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Summary 

Bacteria spend much of their lives experiencing starvation due to fierce competition for 
limited nutrients in the natural environment. Thus bacterial adaptation to starvation stress is 
critical to their survival in long-term stationary phase. In this study starved cultures of 
Salmonella enterica serovar Typhimurium were used as a model system to explore the 
evolutionary and physiological processes of bacterial adaptation and selection during 
long-term stationary phase. It was observed that as a bacterial colony aged, most cells 
gradually reduced or ceased growth, but a fraction of mutants in the aging colony had a 
growth advantage phenotype expressed as their ability to outgrow the parental cells. Here, 
two new mutations in rpoS, which is a stationary-phase sigma factor, were demonstrated to 
confer a growth advantage on aging cells. Furthermore, cells from papillae that appeared on 
top of some aging colonies were shown to have a growth advantage phenotype over the wild 
type cells. The mutations responsible for the growth advantage of papillae cells have not yet 
been identified.   
 
In this work, the influence of incubation temperature on bacterial growth and survival during 
long-term stationary phase was also studied. The results indicated that 37 °C was not optimal 
temperature for bacterial survival in long-term stationary phase as stationary phase cells died 
faster at 37 °C than at 30 °C. Furthermore, the dynamics of bacterial population growth was 
investigated and the results showed most of the cells died during the long-term stationary 
phase. In addition, morphological changes of stationary phase cells and colony were 
observed, and the observation showed stationary phase cells underwent structural changes 
and stationary phase colony had some papillae colonies appearing on the surface. 
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Introduction 

In the natural environment bacteria usually experience periodic exponential growth rather 
than continuous fast growth because of frequent periods of nutrient shortage. When nutrients 
become available, bacteria can keep relatively fast growth rates. However, as there is strong 
competition for limited nutrients in nature, most of the natural bacteria live under starvation 
stress (Morita, 1990). It was reported that E. coli isolated from several years’ culture without 
added nutrients still could grow when supplied with a new energy source (Finkel and Kolter, 
1999). When available nutrients are exhausted, bacteria enter stationary phase and experience 
developmental changes. For example, in response to starvation some gram-positive bacteria 
like Bacillus and Clostridium can form dormant endospores resistant to different 
environmental stress. By contrast, starvation can also induce developmental changes without 
sporulation such as structural changes of cell envelope (Kjelleberg et al., 1987) and 
topological changes of chromosome (Balke et al., 1987). The structural changes can also 
increase resistance of some gram-negative bacteria against environmental stresses. Moreover, 
unlike the complete dormant state of endospore, resting bacteria like E. coli still keep low 
level metabolisms at starvation period (Zambrano and Kolter, 1996). 

Induction of stress sigma factor - σs 

Structural changes in the bacterial cell occur at the onset of stationary phase, due to the 
induction of a large number of genes. Most of these genes are induced by the global 
transcriptional factor σs encoded by gene rpoS. Sigma S (σs) is an alternative to the 
housekeeping sigma factor (σ70) of RNA polymerase holoenzyme, and directs transcription 
initiation to specific promoters, recognizing two consensus DNA sequences (-10 element and 
-35 element) which are centered approximately 10 bp and 35 bp 5’ of the transcription start 
site (+1) respectively (Campbell et al., 2002). RpoS can regulate multiple stress resistance 
both in starved and stressed cells and so far more than 70 RpoS-dependent genes have been 
identified that confer resistance to UV irradiation, oxidative stress, hyperosmolarity and acidic 
pH, and other stresses (reviewed by Hengge-Aronis, 2002). Additionally, RpoS-regulated 
genes are associated with changes in cell morphology (Lange and Hengge-Aronis, 1991). 
Regulation of rpoS itself depends mainly on post-transcriptional mechanisms involving rpoS 
mRNA secondary structure, the Hfq and HU proteins, small RNAs, ClpXP protease and the 
phosphorylation-modulated rpoS recognition factor RssB (reviewed by Hengge-Aronis, 
2002).  

Mutants with growth advantage in long-term stationary phase 

By testing mixtures of 10-day-growth cells added as a minority and 1-day-growth cells added 
as majority in liquid cultures, it was found that the 10-day-growth cells could grow better than 
the 1-day-growth cells (Zambrano et al., 1993). This surprising result demonstrates that a 
fraction of cells from old cultures have a growth advantage over the parent cells in stationary 
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phase. Analysis of the cells with the growth advantage revealed that the responsible mutations 
were in rpoS gene, including a 46-bp duplication near the end of the gene (Zambrano et al., 
1993). The rpoS mutations lead to a reduction in the expression of many RpoS-dependent 
genes that affect physiology in stationary phase. Consequently, these growth advantage 
mutants lose high resistance to environmental stress. It is still not clear whether this lost 
ability is directly associated with their improved growth during long-term starvation. However, 
null mutations in rpoS do not confer a growth advantage on the aging cells (Zambrano et al., 
1993). Interestingly, many natural isolates and laboratory strains are also found to carry 
different rpoS mutations. This has been interpreted to indicate that it is common to undergo 
stationary-phase selections both in the laboratory and in the natural environment (Zambrano 
and Kolter, 1996). Moreover, upon aging growth-advantage cells that carried rpoS mutations, 
another in-frame three-base-deletion was selected in the lrp gene. This gene encodes a 
leucine-responsive regulatory protein acting as a global transcriptional factor. Both the lrp 
mutations and rpoS mutations can increase fitness by enhancing amino acid catabolism in 
starvation (Zinser and Kolter, 1999). In other words, the growth advantage mutants are more 
competitive at scavenging nutrients released from dead cells in aging cultures. In addition, 
recently, mutations in rpoB which encodes the beta subunit of RNA polymerase have been 
identified to confer a growth advantage on aging cells grown as colonies on agar plates. These 
rpoB mutants also display a rifampicin-resistance (Rif R) phenotype. It is still unknown how 
rpoB mutants confer a growth advantage on aging cells (Wrande et al., 2008). In addition, it 
has been shown that bacteria with inactivation mutations in rpoS can also have a growth 
advantage in aging colonies (Wrande and Hughes, unpublished data). 

Aims 

According to the known mutations, I hypothesized that there might be several different types 
of mutations that could confer a growth advantage on bacterial cells in an aging colony and 
speculated that these different mutations might share some common feature, such as affecting 
transcription regulation. Thus, the primary aim of my work was to select novel growth 
advantage mutants. To achieve that aim, a temperature sensitive plasmid was employed in an 
attempt to select new growth advantage mutants in aging colonies. If the selection was 
successful, the growth advantage mutants would be analyzed by DNA sequencing to check 
whether the mutations occurred in likely candidate genes (rpoA, rpoB, rpoC, rpoS) which are 
four different subunits of RNA polymerase. In addition, bacteria population dynamics (growth 
and death) as well as the morphological changes occurring in the process of aging were to be 
studied by FACScan flow cytometer and microscope.  
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Results  

Screening for growth-advantage mutants using a temperature-sensitive plasmid 

A temperature sensitive (ts) plasmid (pHSG422) was employed in the experiment. The 
replication of the plasmid works at 30 °C but not 37 °C (Hashimoto-Gotoh et al., 1981). Thus, 
if the initial exponential phase of growth is at 30 °C then the bacteria should stably inherit the 
ts plasmid, and all the cells are expected to have the plasmid when the colony enters 
stationary phase at 30 °C. If the colony is then transferred to incubate at 37 °C the plasmid 
should only be lost from cells that actively divide. In contrast, growth-arrested cells should 
still maintain the ts plasmid because they do not divide in stationary phase. Thus, cells from 
which the plasmid has been lost are predicted to be the ones which have a growth advantage 
in the aging colony. By applying this strategy, the test strain was constructed by transforming 
a ts plasmid (pHSG422) into wild-type Salmonella enterica serovar Typhimurium LT2 
(TH4527) with selection for AmpR. Colonies of the test strain were initiated on nitrocellulose 
filters on fresh LA plates at 30 °C and then transferred to 37 °C at predetermined time points. 
After a period of incubation under different temperature conditions (Figure 1), the aging 
colonies were harvested and tested for colony forming units (cfu), which is the number of 
viable cells by plating on LA, and for plasmid loss fraction, the fraction of cells in a colony 
that have lost the plasmid, by plating on LA+Amp.  
 
According to the results plotted in Figure 1A, the cfu increased for the first ten days of 
incubation at 30 °C. A sharp decrease of cfu was observed after shifting to 37 °C and 
incubation for an additional week. If comparing the cfu after 10 days at 30 °C (D10) with that 
after 10 days at 30 °C followed by 7 days at 37 °C (D10+D7), the reduction in cfu was nearly 
155 fold after the temperature up-shift. In addition, according to Figure 1B, a major plasmid 
loss took place after transferring the aging colonies to 37 °C for another week of incubation. 
Therefore, considering the obvious plasmid loss after temperature up-shift, there were 
apparently many cells continuing to grow in the aging colonies. Also, the ts plasmid was 
observed to be lost even from day 1 at 30 °C and thus the ts plasmid seems not to be 
completely stable at 30 °C.   
 
However, it is a problem to apply this method to select growth advantage mutants in the aging 
colony as the process of temperature up-shift appeared to result in a significant cfu reduction. 
Therefore, before testing other approaches for selection of growth advantage mutants, I 
attempted to design new experiments to ask why the cfu reduction happened in the aging 
colony after the temperature up-shift. 
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Figure 1. The dynamics of both cfu and plasmid loss fraction of TH4527 corresponding to different 
temperature conditions at predetermined time points. A) Changes of cfu in response to different 
temperature and time-length incubations. B) Changes of plasmid loss fraction in response to different 
temperature and time-length incubations. In both graphs, D1, D3, D7 and D10 represent incubation at 30 
°C for 1 day, 3 days, 7 days and 10 days respectively. D3+D7, D7+D7, D10+D7 represent the incubation 
at 3 days 30 °C + 7 days 37 °C, 7 days 30 °C + 7 days 37 °C, 10 days 30 °C + 7 days 37 °C respectively. 
Four independent colonies were assayed for both cfu and plasmid loss fraction at each time point. The 
plasmid loss fraction (PLF) was calculated by the equation: PLF = [(cfu on LA) – (cfu on LA + amp)] / 
cfu on LA. 

Aging-cell state in response to temperature shift-up 

It is known that some bacteria remain viable even if they cannot form colonies after plating 
(Byrd et al., 1991). Thus live-dead cell staining was applied to check whether the reduction in 
cfu was associated directly with bacterial cell death after temperature up-shift. In live-dead 
cell staining, appropriate mixture of two nucleic acid stains were used - green fluorescent 
SYTO 9 which can enter all cells and is used for assessing total cell counts, and red 
fluorescent propidium iodide which can be pumped out of cells with intact membrane and 
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thus retained only by dead cells. So the emission properties of the two stain mixture of live or 
dead cells can be detected by the green and red channels of flow cytometer (Stocks, 2004). By 
applying this method, after three days’ incubation at 30 °C, the ratio of viable cells to that of 
dead cells was 85 %:15 %. After ten days’ incubation at 30 °C followed by transfer to 37 °C 
for one week, the ratio shifted dramatically: only 0.7 % cells were viable. Therefore, most of 
the viable bacteria died after the temperature up-shift, and the cfu reduction indeed was due to 
cell death.  

Influence of ts plasmid and prophage genes on cfu reduction 

Considering the possibility that the plasmid might encode toxins that killed the bacteria, I 
compared the cfu of the strains with the ts plasmid and strains without ts plasmid at the same 
incubation conditions as shown in Figure 1. Comparison of D10 and D10+D7 data showed 
that both of the strains underwent a sharp cfu reduction (cfu of the strains with the ts plasmid 
0.6 %; cfu of the strains without the ts plasmid 1.8 %) after temperature up-shift. Then I asked 
whether the cfu reduction might be due to the induction of prophage genes and subsequent 
entry into a lytic cycle after temperature up-shift. To answer this question I examined the cfu 
of wild-type strains carrying the normal Salmonella LT2 prophage genes (Fels 1 and 2, Gyfsy 
1 and 2) and that of a mutant strain (TH7775) in which three of the prophages (Fels 2, Gyfsy 
1 and 2) had been deleted. The data showed that both of the strains responded to the 
temperature up-shift in the same way – the cfu was reduced to 2 % after 10 days’ incubation 
at 30 °C followed by 7 days’ incubation at 37 °C. These results suggest the cfu reduction was 
not due to either the ts plasmid or the induction of prophage genes.  

Influence of different temperature-incubating strategies on cfu reduction 

In order to further explore the reason for this interesting phenomenon, I designed the 
experiment shown in Figure 2 to ask whether the loss of cfu also occurred after a temperature 
down-shift or continued growth at one temperature without any temperature shift. 
Furthermore, I asked whether the reduction in cfu was species-specific or whether it also 
occurred in E. coli.  
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Figure 2. Flow scheme of the incubation strategies for both Salmonella LT2 (TH4527) and E. coli MG1655 
at different temperature conditions. The red line represents 37 °C while the blue line represents 30 °C. 
 
The wild type Salmonella LT2 (TH4527) and E. coli MG1655 were used in the test and the 
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incubation strategies are shown in Figure 2. Based on the results shown in Figure 3, both 
Salmonella LT2 and E. coli MG1655 showed the same response to the steady temperature 
incubation and temperature up-shift or down-shift incubation. In Figure 3A, both of the 
strains exhibited a cfu reduction at Day 10 when incubated at 37 °C. However, the 
temperature up-shift seemed to have no effect on the cfu when comparing D10, D14, and D17 
with D3+D7, D7+D7 and D10+D7 respectively. Likewise, in Figure 3B, temperature 
down-shift did not affect the cfu when comparing the same sets of data. A clear cfu reduction 
occurred at D14 when strains were incubated at 30 °C, which was later than the time of cfu 
reduction for steady 37 °C incubation. In addition, by comparing the data in Figure 3B with 
Figure 3A, the decrease of cfu was slower at 30 °C than at 37 °C after 7 days’ steady 
incubation. In other words, stationary phase cells died faster at 37 °C than at 30 °C. These 
results suggest that the cfu reduction was not due to a temperature shift but rather that 37 °C 
was not a good temperature for bacterial survival during long-term stationary phase (> 7 
days).  
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Figure 3. Changes of cfu corresponding to different temperature conditions and incubation time for both E. 
coli MG1655 and Salmonella LT2 (TH4527). A) Cfu variation at different times (D3, D7, D10, D14, D17) 
at 37 °C and up-shift from 30 °C to 37 °C. B) Cfu variation at different times (D3, D7, D10, D14, D17) at 
30 °C and down-shift from 37 °C to 30 °C. 
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Morphologies of aging colonies and aging cells 

In addition to measuring cfu in aging colonies, the morphological changes of aging cells were 
observed under the microscope. By comparing Figure 4A and Figure 4B, the familiar rod 
shape of Salmonella cells was seen to be lost after 10 days of incubation at 37 °C. Most of the 
cells observed in Figure 4B were much smaller and almost spherical. In addition, some white 
shining cells and bacteria that formed chains were observed (arrows in Figure 4B). These 
observations are consistent with previous studies that the cell envelops experienced structural 
changes and that cells had a tendency to aggregate in the aging colonies (Kjelleberg et al., 
1987). 
 

A 

      

B

Figure 4. Morphological difference between the 3-day-old cells and 10-day-old cells (TH4527). A) 
3-day-old cells incubated at 30 °C. B) 10-day-old cells incubated 3 days at 30 °C and then 7 days at 37 °C. 
White arrows indicate the white shining cells. The cell morphologies were observed at 100x magnification.  
 
Morphological changes of colonies were also observed on agar plates (Figure 5). As shown in 
Figure 5, the edge of the aging colony was quite uneven with a "fried-egg" appearance. Some 
of the edges could protrude to form sectors. In addition, some small papillae were observed 
on the surface of aging colonies. These observations demonstrate that the bacterial 
populations in the aging colony were dynamic and that subpopulations maybe coexist in the 
long-term starvation phase. 
 

Figure 5. Colony from a 10- day-old 
(3 days 30 °C+7 days 37 °C) agar plate 
(TH4527). Arrows indicate the small 
papillae present both in the center and 
border of the aging colony.    

 
 
Based on my cfu data (Figure 3), the number of viable cells in a colony increased during the 
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first seven days of incubation but began to decrease after ten days’ growth both at 30 °C and 
37 °C. However, these changes in cfu were not directly reflected in colony size. For instance, 
the colony size after 1 day of incubation was much smaller than that after 14 days of 
incubation (Figure 6), although the cfu in the former was greater than that in the latter (cfu of 
day 1, 2 ×109; cfu of day 14, 6.7 ×108). 
 

       

A B

Figure 6. Changes of colony size during long-term stationary phase. A) 1-day-old colonies of Salmonella 
LT2 on LA plate. B) 14-day-old colonies of Salmonella LT2 on LA plate. Each plate contains 4 independent 
colonies.  

Growth advantage mutants from papillae and from a very old colony 

To isolate possible growth advantage mutants, I tested cells taken both from very old colonies 
and from visible papillae on aging colonies by using colony competition experiment. In the 
experiment, the growth advantage candidate cells in the old colonies had received 
chromosomal insertion of a transposition-defective transposon-Tn10dTet causing tetracycline 
resistance (TetR). As control in colony competition experiments, otherwise wild-type cells 
(TH4527) contained Tn10dCam causing chloramphenicol resistance (CamR) were used. A 
mixture containing equal number of TetR cells and CamR cells were spotted onto the top of the 
one-day-growth wild-type colony lacking either transposon. These colonies were incubated 
for one week and then assayed for the ratio of TetR/CamR. The ratio of TetR/CamR at day 7 
was compared to that at day 1, and the change in ratio from day 1 to day 7 was defined as the 
competition index (CI). A ratio significantly greater than 1 indicated the presence of a growth 
advantage mutant. 
 
By applying this method, the CI of 22 strains was measured (Figure 7). Among those, four 
clones were isolated from four different papillae on the surface of a 16-day-old colony 
(TH4527); two clones were randomly picked from a 14-week-old colony (TH4527) and 16 
clones were picked from 16 different sectors of a 15-week-old colony (TH4527). However, 
five of the 22 clones had lost their tetracycline resistance (TH7794, TH7797, TH7798, 
TH7799 and TH7806) during the aging process and thus only 17 clones were assayed in the 
experiment. As shown in Figure 7, each of the 17 clones outgrew the unaged wild-type cells. 
Among these, TH7795 had the largest growth advantage, with a CI of 579. These results 
suggest that most of the surviving cells in very old colonies had acquired growth advantage 
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mutations. In addition, the four clones isolated from papillae also had an obvious growth 
advantage over the wild-type cells.  
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Figure 7. The competitive growth advantage of 17 different strains over the wild type strain. TH7785, 
TH7786, TH7787, TH7788 were picked from papillae colonies. TH7793 was randomly picked from the 
colony of 14-week-old Salmonella LT2 (TH4527). TH7795, TH7796, TH7800, TH7801, TH7802, TH7803, 
TH7804, TH7805, TH7807, TH7808, TH7809, TH7810 were picked from 12 different sectors of the colony 
of 15-week-old Salmonella LT2 (TH4527). 

Sequence analysis of growth advantage mutants 

The candidate genes (rpoA, rpoB, rpoC and rpoS) of the 22 strains described above were 
amplified by PCR and sent for DNA sequencing. By analyzing the sequencing result, three of 
the 22 strains (TH7793, TH7794 and TH7795) were found to have acquired different 
mutations in the rpoS gene. No mutations were identified in the other three candidate genes 
(rpoA, rpoB, rpoC) but this may not be significant as the quality of these sequencing reactions 
was not good. Two of the three identified mutations in rpoS were single-nucleotide 
substitutions S90F (Ser to Phe at position 90 [90th amino acid] in the protein) in TH7793 and 
W148Stop (Trp to stop codon at position 148 [148th amino acid] in the protein) in TH7795. 
The third mutation identified was a 75 bp deletion from 677 to 751 of the rpoS gene, counted 
from the translational start in TH7794. The 75 bp deletion in TH7794 was also visible after 
PCR by agarose gel electrophoresis. Both TH7793 and TH7795 conferred large growth 
advantages in the aging colony with CI values of 237 and 579 respectively (Figure 7). It is 
still unknown whether TH7794 also conferred a growth advantage in aging colonies because 
TH7794 was one of the mutants that had lost the tetracycline resistance during the aging 
process.  
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Discussion 

Viable cells decrease with time  

As shown in Figure 6, an aged big colony had less cfu than that a young tiny colony had. This 
reflects that majority of cells were dead in the aged big colony and only a fraction of viable 
cells were potentially growth advantage mutants. The surviving cells may take up and grow 
on nutrients released by dying cells. Others have shown that the number of viable cells 
remains constant even after many weeks when grown in Luria Bertani (LB) broth (Zambrano 
et al., 1993), which is quite different from the results of this study when bacteria were 
incubated on solid agar. It may be due to the accumulation of cellular toxic metabolites 
present in the highly condensed colony but diluted in LB. 

37 °C is not an optimal temperature for bacterial survival in aging colonies 

Human pathogenic bacteria such as E. coli and Salmonella are usually thought to grow well at 
body temperature (37 °C) although they live in a wide range of habitats. However, according 
to my cfu data corresponding to different temperature incubations, 37 °C accelerates bacterial 
death while 30 °C can slow down the process of cell death in the long-term stationary phase. 
This result suggests lower temperatures may enhance bacterial survival over longer times. It is 
interesting to note that higher temperatures of course bring higher reaction rates, including 
faster growth and shorter generation times. So the classical 37 °C may be better only for the 
growth of exponential phase but not for survival during long-term stationary phase. There are 
three hypotheses to explain this phenomenon. The first one is that at the higher temperature, 
the faster metabolic activities result in a rapid exhaustion of nutrition, so that the cells then 
starve to death. The second hypothesis is that all environments possibly available to bacteria, 
only mammals, birds, and before them dinosaurs, offered constant high temperature 
environments, but on an evolutionary scale, those were not along for more than a very brief 
period of bacterial evolution. The third possibility is that in the host it is important to grow 
quickly since there is lots of nutrients. Outside the host it is important to be able to survive for 
a long time on low nutrients, before a new host shows up. 

Subpopulations with various morphologies exist in the aging colony 

Morphological changes that arose when the cells enter long-term stationary phase were 
confirmed by microscopy. It has been proposed that the phenomenon of cell shape becoming 
smaller and spherical is due to cell divisions without an increase in cell mass (Lange and 
Hengge-Aronis, 1991). Another study has pointed out the cytoplasm is highly condensed and 
the position of subcellular compartments also changes dramatically within the starved cell 
(Reeve et al., 1984). As for the white shining cells and cells-chains observed in this study, a 
possible explanation may be that the cell envelope experiences changes in order to protect the 
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cell in response to starvation. This is also consistent with the previous studies - the 
membranes of starved cells are composed of more hydrophobic molecules that favor adhesion 
and aggregation, and structural changes occur in the cell walls of starved cells causing more 
resistance to autolysis (Kjelleberg et al., 1987). However, there is still no report of papillae 
colonies similar to those observed in this work. Although I have confirmed that the papillae 
cells have a competitive growth advantage over their parent cells, it is not yet known what 
mutations confer their growth advantage and what other properties they may have. 

rpoS mutations confer growth advantage on aging cells 

Competition experiments and DNA sequencing results showed that two single-nucleotide 
substitutions in rpoS could confer a growth advantage on cells in aging colonies. It is noted 
that one of the substitutions (S90F, TH7793) is in the sigma 2 domain which is a highly 
conserved region of the Sigma-70 family (Gruber and Bryant, 1997). Residues in this region 
are involved in important activities of sigma factor including core RNA polymerase binding 
and – 10 element recognition of specific promoters (Campbell et al., 2002). Thus the mutation 
S90F in this region might result in a poor binding of RpoS to both RNA polymerase and 
RpoS-specific promoters. The second substitution (W148Stop, TH7795) is close to the end of 
the sigma 2 domain and causes premature termination of translation in this region. So this 
incomplete protein product will lack the sigma 4 domain which is essential for – 35 element 
recognition (Campbell et al., 2002). Therefore, both of the substitutions in rpoS could result in 
decreased expression of RpoS-dependent genes. But the physiological basis of the rpoS 
mutant phenotype remains unknown. In addition, considering that tetracycline resistance is 
due to carrier-mediated efflux which can pump out the tetracycline in the cell (Levy, 1992), it 
is possible to lose TetR as the TetR starved cells maybe pump out nutrients as well as 
tetracycline in the long-term stationary phase.  

Future work 

Since 5 of the 22 strains lost the TetR phenotype as colonies aged, it would be interesting to 
make colony competition experiments to check whether all of them have a growth advantage, 
in particular, the strain that carries a 75 bp deletion in rpoS. It could be an option to try to use 
other antibiotic resistances in colony aging experiments if TetR does not work again. It would 
also be useful to reconstruct the other two rpoS mutations (S90F, W148Stop) by transduction 
of the mutations into wild-type strains. These reconstructed strains would then be tested in 
colony competition experiments to determine whether the identified rpoS mutations were 
sufficient to confer the growth advantage phenotype on wild type cells. 
 
Concerning the growth advantage mutants that did not have mutations in the candidate genes 
(rpoA, rpoB, rpoC and rpoS), I would plan to purify the chromosomal DNA and send it for 
comparative genome sequencing (CGS) in order to identify the responsible mutations if 
financing is available. Mutations identified by CGS would be moved into the wild-type strain 
to test whether they confer the growth advantage phenotype. 
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In addition, it has been reported recently the bacterial ancestor’s growth can be inhibited by 
direct contact with their late descendents at the stationary phase (Lemonnier et al., 2008). By 
following the same idea, I would design experiments to test whether growth advantage 
mutants inhibit the growth of their parent cells in the aging colony. This might give a 
connection between the growth advantage mutants and the contact-depend inhibition of 
ancestor bacteria by late descendents.  
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Materials and Methods 

Bacteria, plasmid and phage 

Both Salmonella enterica serovar Typhimurium and Escherichia coli K-12 MG1655 were 
used in this study. All the strains used in this study are listed in Table 2 (see page 19). The 
plasmid used in this study was pHSG422 which carries a pSC101 replicon conferring the 
plasmid both temperature sensitive and low copy number (Hashimoto-Gotoh et al., 1981). The 
phage used in this study was bacteriophage P22 HT (high transducing). 

Selection of mutants 

In Table 2, the 15-week-old colony growing on a nitrocellulose filter (82 mm diameter, 0.2 
μm pore-size, Protran BA 83; Whatman, Schleicher&Schuell) was cut into 16 sectors by using 
sterile scissors and the cells on each sector were suspended in 500 µl of 0.9 % NaCl solution. 
Appropriate dilution of each sector was plated on LA and incubated at 37 °C overnight. After 
overnight incubation, one colony was randomly picked from each plate of the corresponding 
16 plates. 

Bacterial medium 

Bacterial strains were grown at both 30 °C and 37 °C with shaking in Luria Bertani (LB) 
broth (Tryptone 10 g, yeast extract 5 g, NaCl 10 g, 1 liter distilled water, pH 7.0). Bacterial 
colonies were grown at both 30 °C and 37 °C on a nitrocellulose filter placed on agar plate 
(LB medium with 1.5 % agar, 0.2 % glucose and 3 mM CaCl2). Antibiotics were added to the 
following concentrations: ampicillin 50 μg/ml, tetracycline 15 μg/ml and chloramphenicol 50 
μg/ml. 

Preparation of electrocompetent cells 

1 ml cells from an overnight culture (TH4527) grown at 37 °C with shaking was inoculated 
into 50 ml LB medium. Then the cells were grown at 37 °C with shaking until the OD600 
reached 0.4-0.6. The culture was transferred to 15 ml Falcon tubes, cooled on ice and then 
centrifuged at 3000 g for 15 minutes at 4 °C. After centrifugation, the supernatant was 
discarded and the pellet was resuspended in 1 ml ice-cold 10 % glycerol in an Eppendorf tube. 
The washing was repeated at least 3 times with centrifugation at 13000 g for 1 minute at 4 °C 
between washes. After the last round of washing, the supernatant was discarded and the pellet 
was resuspended in 0.75 ml ice-cold 10 % glycerol. 40 μl aliquots of the competent cells were 
transferred to a new Eppendorf tube. 
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Plasmid transformation 

A mixture of 40 μl electrocompetent cells and 2 μl plasmid pHSG422 (500 ng) was added to 
the cold 0.1 cm cuvette. The transformation was done by the BIO-RAD Gene Pulser with the 
following settings: voltage 1800 V, resistance 200 Ω and capacitance 25 μF. Then 500 μl 
pre-warmed LB was added to the cells in order for them to recover. After incubating them for 
1-2 hours at 30 °C, 100 μl from the mixture was plated on selective LA plates. 

Phage transduction 

1 ml donor culture (TH7793 and TH7795) was mixed with 100 μl P22 bacteriophage in 4 ml 
TTA, 50 μl CaCl2 (0.1 mM) and soft agar (1 g glucose, 7 g agar, 8 g NaCl, 10 g tryptone, 1 
liter distilled water, and LB with the volume of 45 %). Then the mixture was poured onto a 
LA plate and incubated at 37 °C overnight. Next day, the soft agar was scraped into 50 ml 
Falcon tubes with adding 1 ml LB and vortexed followed by a centrifugation at 3000 g for 15 
min. After centrifugation, the supernatant was filtered through a 0.2 μm filter membrane 
(Sarstedt, Germany) and collected in a 15 ml Falcon tube. Then, 10 μl lysate was mixed with 
1 ml overnight recipient culture (wild-type LT2) grown on antibiotic selective plates and 
incubated at 37 °C overnight.  

Culture conditions of aging colonies 

A 2 μl drop containing 100-1000 cfu from a diluted overnight liquid culture was placed on a 
nitrocellulose filter on a fresh LA plate. Each filter was placed on one LA plate and four 
colonies were grown per filter. The plates were incubated at both 30 °C and 37 °C for one 
week or a longer time depending on the experimental design. After a period of incubation, the 
colony-carrying filter was cut according to the colony size and suspended in 1 ml 0.9 % NaCl 
by vigorous vortexing. Appropriate dilutions were spread on LA plates and LA+ampicillin 
plates and incubated overnight at 37 °C. After overnight incubation, the colony number on 
each plate was counted and then converted to cfu according to the corresponding dilutions. 
The plasmid loss fraction (PLF) was calculated by the equation: PLF = [(cfu on LA) – (cfu on 
LA + amp)] / cfu on LA. 

Colony competition experiment 

The same nitrocellulose filter as described above was placed on an LA plate and then 
wild-type colonies were placed as background on the filter. After overnight incubation at 37 
°C, a 4 μl mixture that contained equal numbers of growth advantage candidates inserted with 
a tetracycline resistance cassette (TetR) and wild-type cells inserted with a chloramphenicol 
resistance cassette (CamR) was added to the top of the day 1 wild-type colony. After 1 day of 
incubation at 37 °C, the colony was cut from the filter and suspended in 1 ml 0.9 % NaCl. 
Appropriate dilutions were spread on LA, LA+tetracycline, LA+chloramphenicol plates 
respectively and the colony numbers of each plate was recorded after overnight incubation. 
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After 7 days’ incubation at 37 °C, the same procedure was followed as day 1 for the day 7 mix 
colony.  The ratio of TetR / CamR on day 7 was compared to that on day 1, and the ratio 
changes from day 1 to day 7 was defined as the competition index (CI) which reflects the 
magnitude of growth advantage of the mutant cells over the wild-type parental cells. The 
competition index (CI) was calculated by the equation: CI= (TetR / CamR on day 7) / (TetR / 
CamR on day 1). 

Analysis of cell viability in FACScan flow cytometer 

To distinguish and quantitate live and dead cells in aging colonies, LIVE/DEAD BacLight 
Bacterial Viability and Counting Kit (Molecular Probes, US) was applied using a FACScan 
flow cytometer (BD Biosciences, CA, US). 1 ml aging cell was centrifuged at 10000 g for 3 
minutes. After centrifugation, the supernatant was discarded and the pellet was suspended in 1 
ml 0.9 % NaCl. After incubating for 1 hour, the cells were washed at least three times by 
centrifugation at 10000 g followed by suspension in 0.9 % NaCl. After the last round of 
centrifugation, the pellet was resuspended in 1 ml 0.9 % NaCl. 10 μl aliquots of the cells were 
added to the flow cytometry analysis tube to which 1.5 µl of 3.34 mM SYTO 9 nucleic acid 
stain (Molecular Probes, US), 1.5 µl of 30 mM propidium iodide (Molecular Probes, US) and 
987 µL of 0.9 % NaCl had been added. After 15 minutes of incubation at room temperature in 
the dark, the mixture was loaded to the FACScan flow cytometer for test. The number of live 
and dead cells were counted by the machine software CELLQuestTM (BD Biosciences, CA, 
US). 

Agarose gel electrophoresis 

PCR products were loaded on a 1 % agarose gel in TAE buffer (40 mM Tris acetate, 2 mM 
Na2EDTA·2H2O, pH 8.5). The DNA sample was mixed with 6X loading dye (12 % glycerol, 
60 mM Na2EDTA, 0.6 % sodium dodecyl sulfate, 0.003 % bromphenol blue, 0.003 % xylene 
cyanol, pH 8.0). 1 kb DNA Ladder (Fermentas) was used in the electrophoresis and the gel 
was run at 100 volts for 1 hour. 

PCR amplification and DNA sequencing 

Primers were designed to target different subunits of RNA polymerase including rpoA, rpoB, 
rpoC and rpoS based on the Salmonella LT2 genome sequence (McClelland et al., 2001) 
(Table 1). The colony PCR was performed by mixing one colony with 100 µl cold sterile 
water followed by 5 minutes’ boiling. After boiling, the lysed cells were immediately put on 
ice. Then PuReTaq Ready-To-Go™ PCR Beads (GE Healthcare, UK) were used to run the 
PCR reaction with a 25 µl reaction system including 1 μl DNA sample, 1 μl forward primers 
(0.4 μM), 1 μl reverse primers (0.4 μM) and 22 μl cold sterile water. The PCR program was 
set as an initial stage at 95 for 5 min followed by 30 cycles of 95 °C for 30 s, 53 °C for 30 
s, 72 °C for 2 min and a last stage consisting of 72 °C for 10 min. All the PCR reactions were 
run in MJ Research PTC-200 Thermo Cycler (SDS-Diagnostics, Falkenberg). Then the 
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amplification product was purified by QIAquick PCR Purification Kit (Qiagen, Germany) and 
the DNA concentration was checked by Nanodrop NO-1000 spectrophotometer. The sample 
was sent to Macrogen Inc. (Seoul, South Korea) for DNA sequencing. The sequences were 
aligned by using Bioedit software. 
 

Table 1. Primers. 
Primer Target Sequence (5'→3') 

rpoA4362F Forward primer for rpoA CTGCGGACATTAACGAACAC
rpoA3231R Reverse primer for rpoA CAGTTGACGACCACTCTTAC 

   
rpoB5845F Forward primer for 1st part of rpoB GTGTTGCACAAACTGTCCCC 

rpoB4367237R Reverse primer for 1st part of rpoB CATCCACTTCGCCTTTACCG 
   

rpoB7167F Forward primer for 2nd part of rpoB GAGCAAAGACGACATCATTG
rpoB4368557R Reverse primer for 2nd part of rpoB CCAGAATGTCACCGCCTGTC 
      

rpoB8486F Forward primer for 3rd part of rpoB CTGCGCTCTCCAAACTGGATG
rpoB4369997R Reverse primer for 3rd part of rpoB  GGAGTTAGCACAATCTGGTG
      

rpoC69930F Forward primer for 1st part of rpoC CGAGTAATTCTCGCTCAAAC 
rpoC71426R Reverse primer for 1st part of rpoC GCGGTACGTGAACAGCCATC
      

rpoC71349F Forward primer for 2nd part of rpoC CTATCCAGCTGCACCCGCTG 
rpoC72862R Reverse primer for 2nd part of rpoC GATGCTGGATTCAGCAGCCG
      

rpoC72791F Forward primer for 3rd part of rpoC GGTACACAGCTGACGATGC 
rpoC74280R Reverse primer for 3rd part of rpoC CCCGGAATTCGGTATCCAGC 
      

rpoS5426F Forward primer for rpoS CTGCTGGCAGAAGACAAACG
rpoS6588R Reverse primer for rpoS GAAATCCGTAAACCCGCTGC
Note: As the genes of rpoB and rpoC are too long, the amplification region was divided into three parts,   
respectively. 
 
 



Table 2. Bacterial strains used in this study. 

Species Strain  Strain Information Source 
E. coli       

  MG1655 Wild-type E. coli K-12 MG1655 Lab stock 
Salmonella 
Typhimurium       
  TH4527 Wild-type Salmonella LT2 From Dan Andersson group 
  TH7775 DEL(Fels-2 Gifsy-1 Gifsy-2) From Dan Andersson group 
  TH7785  LT2, zhe-8953::Tn10d-Tet picked from papillae colony 1 from 16-day-old colony of TH4527 
  TH7786  LT2, zhe-8953::Tn10d-Tet picked from papillae colony 2 from 16-day-old colony of TH4527 
  TH7787  LT2, zhe-8953::Tn10d-Tet picked from papillae colony 3 from 16-day-old colony of TH4527 
  TH7788  LT2, zhe-8953::Tn10d-Tet picked from papillae colony 4 from 16-day-old colony of TH4527 
  TH7793 zfd-6825::Tn10d-Tet  Randomly picked from 14-week-old colony of TH4527 
  TH7794 zfd-6825::Tn10d-Tet, TetR lost Randomly picked from 14-week-old colony of TH4527 
  TH7795 zfd-6825::Tn10d-Tet  One cell from sector 1 of 15-week-old colony of TH4527 
  TH7796 zfd-6825::Tn10d-Tet One cell from sector 2 of 15-week-old colony of TH4527 
  TH7797 zfd-6825::Tn10d-Tet, TetR lost One cell from sector 3 of 15-week-old colony of TH4527 
  TH7798 zfd-6825::Tn10d-Tet, TetR lost One cell from sector 4 of 15-week-old colony of TH4527 
  TH7799 zfd-6825::Tn10d-Tet, TetR lost One cell from sector 5 of 15-week-old colony of TH4527 
  TH7800 zfd-6825::Tn10d-Tet One cell from sector 6 of 15-week-old colony of TH4527 
  TH7801 zfd-6825::Tn10d-Tet  One cell from sector 7 of 15-week-old colony of TH4527 
  TH7802 zfd-6825::Tn10d-Tet  One cell from sector 8 of 15-week-old colony of TH4527 
  TH7803 zfd-6825::Tn10d-Tet  One cell from sector 9 of 15-week-old colony of TH4527 
  TH7804 zfd-6825::Tn10d-Tet  One cell from sector 10 of 15-week-old colony of TH4527 
  TH7805 zfd-6825::Tn10d-Tet  One cell from sector 11 of 15-week-old colony of TH4527 
  TH7806 zfd-6825::Tn10d-Tet, TetR lost One cell from sector 12 of 15-week-old colony of TH4527 
  TH7807 zfd-6825::Tn10d-Tet One cell from sector 13 of 15-week-old colony of TH4527 
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  TH7808 zfd-6825::Tn10d-Tet One cell from sector 14 of 15-week-old colony of TH4527 
  TH7809 zfd-6825::Tn10d-Tet One cell from sector 15 of 15-week-old colony of TH4527 
  TH7810 zfd-6825::Tn10d-Tet One cell from sector 16 of 15-week-old colony of TH4527 
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