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RpoS is a sigma factor in Escherichia coli that is expressed under environmental stress and binds to RNA 

polymerase to initiate transcription of stress-related genes. Induction of RpoS by one environmental stressor can 

provide cross protection to other stressors such as antibiotics. Another sigma factor, RpoD, is the primary sigma 

factor in Escherichia coli responsible for the expression of house-keeping genes including lacZ. Heat shock of 

Escherichia coli was previously demonstrated to increase RpoS concentrations and induce cross protection to 

tetracycline, but this induced resistance decreased significantly after prolonged exposure. This study examined 

whether high levels of RpoS induced by prolonged heat shock inhibits RpoD-dependent gene expression and causes 

decreased resistance to tetracycline. Wild type Escherichia coli and RpoS
-
 strains were heat shocked and used to 

perform a minimum inhibitory concentration assay with tetracycline. Presence of RpoD and RpoS in heat shock 

lysates was detected using enzyme-linked immunosorbent assays. RpoD activity was indirectly measured using a β-

galactosidase assay. In the wild type strain, the initial increase in tetracycline resistance was lost after prolonged 

incubation at 45
o
C while RpoS concentrations steadily increased relative to RpoD. -galactosidase activity in the 

wild type strain was significantly lower than the RpoS
-
 strain. Our data suggest that increased RpoS expression 

levels may inhibit RpoD-dependent expression of -galactosidase. 

Escherichia coli (E. coli) is constantly exposed to a 

variety of environmental stresses, such as changes in 

temperature, osmolarity, and pH.  To cope with 

environmental changes, genes essential to survival under 

different conditions are regulated in the cell through the 

differential expression of many sigma factors (1). Sigma 

factors bind to the RNA polymerase (RNAP) proteins and 

regulate gene transcription by changing the affinity of the 

polymerase towards the specific promoter sequences. 

Sigma factor S (RpoS) is one of the many sigma factors of 

E. coli RNAP and it is induced under stressful conditions 

to act as a general stress response regulator (2).  Under 

normal growth conditions, expression levels of RpoS are 

relatively low due to the presence of regulatory 

mechanisms (3).  The mRNA coding for RpoS is rapidly 

degraded to prevent accumulation of RpoS when it is not 

required (3). Once the cell is exposed to stressful stimuli, 

expression of RpoS increases and mRNA degradation is 

down-regulated to allow the accumulation of RpoS. An 

increased level of RpoS inside the cell induces a resistant 

state in which the cell becomes more resistant to the 

original stimuli and also acquires cross protection to a 

variety of other environmental stressors (1). 

Recent studies demonstrated that increased levels of 

cellular RpoS are correlated with increased resistance to 

the antibiotic tetracycline, but beyond a certain 

concentration of RpoS, the effect diminished and cells 

returned to the initial sensitive state (4, 5).  An explanation 

for this observation is that increased levels of RpoS 

compete with other sigma factors for binding to RNAP 

which leads to a decrease in the expression of important 

genes that are necessary for cell survival. A likely target of 

RNAP binding inhibition by RpoS is the E. coli sigma 

factor D (RpoD). During exponential growth, RpoD is the 

main sigma factor expressed in E. coli that promotes the 

expression of house-keeping genes, such as lacZ which is 

normally needed when lactose is present as the carbon 

source, for cell growth and survival (1). Competitive 

inhibition of RpoD caused by over expression of RpoS 

could disrupt expression of essential house-keeping genes 

and decrease cell viability.  

To test the hypothesis, heat shocking procedures were 

used as the stress stimulus to induce RpoS expression. 

Heat shocking procedures were previously demonstrated to 

increase RpoS levels inside the cell and provide cross 

protection to tetracycline up until 30 minutes of heat shock 

(5).  The purpose of this study was to determine whether 

high levels of RpoS, induced by prolonged heat shocking, 

inhibited RpoD-dependent gene expression and cause a 

decrease in resistance to tetracycline. Studying the 

relationship between RpoD and RpoS will allow us to 

better understand the mechanism of RpoS and RNAP-

sigma factor interactions. 

 

MATERIALS AND METHODS 

Bacterial Strains and Growth Conditions. E. coli BW28357, 

BW28465 and B23 were obtained from the MICB 421 bacterial 

culture collection in the Department of Microbiology and 

Immunology, University of British Columbia. The genetic 

mutations in strain BW28357 include Δ(araD-araB)567, 

ΔlacZ4787(::rrnB-3), λ-, Δ(rhaD-rhaB)568 and hsdR514. Strain 

BW28465 shares all mutations with strain BW28357 in addition 

to a deletion in rpoS (ΔrpoS1271). E. coli BD792 was ordered 

from Coli Genetic Stock Center containing an inactivating base 

pair mutation rpoS396(Am), rph-1, and λ-. All strains were 

cultured in M9 minimal media pH 7.2 (8.6 mM NaCl, 49.3 mM 

Na2HPO4, 22 mM KH2PO4, 18.7 mM NH4Cl, 0.8 mM MgSO4, 

0.2% glycerol). Overnight cultures of each strain were grown at 

37
o
C and shaken at 150 rpm to reach stationary phase. 

Heat Shock. After overnight incubation, the turbidity of each 

master culture was determined using the Spectronic 20+. Each 

culture was diluted to 0.5 OD600, aliquoted into 10 ml portions 
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and then induced for 20, 40, 60, or 80 minutes at 45°C in a water 

bath shaking at approximately 150 rpm. At the specified time 

points samples of live culture were removed, immediately 

pelleted by centrifugation and either lysed for use in ELISA or 

retained on ice for subsequent -galactosidase activity analysis. 

All lysate samples were kept on ice throughout the cell lysis 

process to retain the integrity of RpoS and -galactosidase. 

Minimum Inhibitory Concentration (MIC) Assay. The 

minimal inhibitory concentration of heat induced BW28357 and 

BW28465cultures was determined by plating 100 μl of each 

culture, diluted to approximately 500,000 cells/ml, with 100 μl of 

tetracycline at double the final concentration (Sigma, #T-3383). 

Each well contained 50,000 cells at concentrations of 8, 4, 2, 1, 

0.5, 0.25, 0.125 μg/ml. The cultures and tetracycline were diluted 

in Tryptone Soy Broth (TSB) pH 7.0 (1.0% w/v Bactotryptone, 

0.5% w/v Bacto yeast, 0.5% w/v NaCl). MIC plates were then 

incubated at 37°C and analyzed for growth the next day. 

Cell Lysis. Samples removed from heat shock were 

immediately pelleted by centrifugation at 10,000 rpm for 1 

minute. Pellets were harvested by resuspending in 500 μl of lysis 

buffer (H2O, 0.1% w/v Lysozyme, 0.1% w/v, 0.06% DNase, 1% 

v/v MgCl2; Protease Inhibitor Cocktail, Sigma-Aldrich, P8465) 

and transferred to bead bash fast prep tubes. Half a gram of 0.1 

mm in diameter glass beads and one large bead were then added 

into each tube. Subsequently, samples were placed in a bead 

beater (MPBio, FastPrep-24) for 6 rounds of cell lysis at 6.5 m/s 

for 45 seconds. The samples were spun down at 5600 rpm for 5 

minutes and the lysates collected. 500 μl of lysis buffer was then 

added to each tube before centrifugation at 5600 rpm for 5 

minutes as a wash. Supernatants were transferred to new 

microcentrifuge tubes and protein samples were collected as part 

of the resulting supernatant. 

Enzyme-linked immunosorbent assay (ELISA) assay for 

RpoS and RpoD. Protein lysate samples collected from the heat 

shock were diluted in Tris-buffered saline (TBS) pH 7.5 (50 mM 

Tris, 150 mM NaCl) and 100 μl plated on Nunc Maxisorp 96-well 

plates, which were then left overnight at 4°C to allow protein 

binding to the plate. Next, the plate was washed 2 times with 

ELISA wash buffer (TBS, 0.05% tween-20), and blocked for 1 hr 

at room temperature with 100 μl Blotto (TBS, 1% skim milk 

powder, 0.02% antifoam A). After 2 washes, 100 μl anti-RpoS 

(Neoclone 1RS1) or anti-RpoD (Neoclone 2G10) antibody, 

diluted at 1:500 in Blotto, was added and incubated for 1 hr at 

room temperature. After 3 washes, 100 μl of goat anti-mouse 

peroxidase labeled antibody, diluted 1:500 in Blotto, was added to 

the plate and incubated for 1 hr at room temperature. Next, 7 

stringent washes were conducted, allowing 1 minute per wash to 

soak the wells and wash away unbound peroxidase labeled 

antibody. Then, 100 μl of 3,3′,5,5′-Tetramethylbenzidine (TMB) 

substrate solution (Life Technologies) was added to the wells and 

the plates were immediately covered in aluminium foil and 

incubated at room temperature for exactly 15 minutes. At 15 

minutes, 50 μl of 1 M phosphoric acid was added to stop the 

ELISA reaction and the absorbance of each well was measured 

using the Biotek Epoch at a wavelength of 450 nm. The data was 

manipulated for both the RpoD and RpoS ELISA’s, as the ratio 

for the absorbance of the wild-type E. coli strain to the rpoS 

strain was determined at each time point and plotted. The ratio of 

the RpoS sample to the RpoD sample was then calculated and 

also plotted.  

Permeabilized cell Beta-Galactosidase Assay. Heat shocked 

B23 and BD792 cultures growing in 2 mM IPTG spiked media 

were withdrawn and placed in microcentrifuge tubes. 0.5 ml of 

culture and 0.5 ml of Z-buffer (60 mM Na2HPO4, 40 mM 

NaH2PO4, 10 mM KCl, 1 mM MgSO4, 50 mM -

mercaptoethanol) were combined.  In addition, 100 μl of 8 mg/ml 

ONPG substrate and one drop of toluene were added and mixed 

to permeabilize the cells. The reactions were left to incubate 

overnight at room temperature and stopped the next day with 400 

μl of 1 M Na2CO3. A control reaction tube with 1 ml of Z-buffer 

and no culture was left to subtract the rate of spontaneous ONPG 

breakdown. The absorbance was measured as OD450. 

 
RESULTS 

Initial increases in tetracycline resistance due to heat 

shock are lost after prolonged incubation at 45
o
C.  

To verify that the effects observed in previous studies were 

reproducible, a MIC assay was performed to determine the 

level of tetracycline resistance after various lengths of heat 

shock.  Using the resistance to tetracycline at 0 minutes, it 

was determined that the baseline level of tetracycline 

resistance of both wild-type and rpoS strains of E. coli 

was 0.5 ug/ml (Fig 1, 0 min).  As expected, the level of 

resistance to tetracycline, in the wild-type E. coli 

BW28357, increased with increased length of heat shock, 

until 40 minutes, after which resistance dropped off (Fig 

1).  During the 20-40 minute interval, E. coli BW28357 

showed four-fold greater resistance to tetracycline 

compared with an rpoS E. coli BW28465 strain (Fig 1, 

20-40 min).  In addition, rpoS E. coli strain BW28465 

demonstrated no increase in tetracycline resistance over 

the period of heat shock.  Although resistance dropped off 

in the BW28357 strain, the resulting level of resistance 

was still twice the resistance of strain BW28465 (Fig 1, 

60-80 min).  This result shows that RpoS is necessary for 

the heat-induced tetracycline resistance.  

 
FIG 1  Minimum inhibitory concentration of tetracycline for E. coli 

BW28465 (WT) and the rpoS strain BW28465 (RpoS-) after various 

times of heat shock. 

 

RpoS inhibited RpoD-dependent gene expression.  

Using a -galactosidase assay to measure the expression of 

lacZ, the activity of RpoD was indirectly measured.  The 

activity of -galactosidase was found to increase with heat 

shock in both the wild-type E. coli B23 and in the RpoS
-
 

strain E. coli BD792 (Fig 2).  As expected, it was observed 

that -galactosidase activity was higher in the RpoS
-
 strain 

compared to the wild-type strain after 20 minutes of heat 

shock (Fig 2, 20-80 min).  After 80 minutes of heat shock, 

the RpoS
-
 strain had 27% higher -galactosidase activity 

compared to the wild-type strain (Fig 3, 80 min).     

 In E. coli BW28357, expression of RpoS increased 

relative to RpoD over the period of heat shock.  To 

measure the level of RpoS and RpoD expression in both 
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the wild-type and rpoS strains of E. coli, a direct ELISA 

 
FIG  2  Expression of -galactosidase is higher in the RpoS- strain 

BD792 (RpoS=) compared to RpoS+ E. coli B23 (WT) after increased 
length of heat shock. 

 

 
FIG 3  Increased lengths of heat shock correlate with an increase in 
RpoS expression relative to RpoD expression.  (a)  Ratio of RpoD 

expression in the wild-type strain of E. coli BW28357 to the rpoS 

strain of E. coli BW28465.  (b)  Ratio of RpoS expression in the wild-

type strain of E. coli BW28357 to the rpoS strain of E. coli 

BW28465.  (c)  Ratio of the RpoS ratio to the RpoD ratio in E. coli.    

 

was performed.  The raw data from each sample showed 

great variability, making it difficult to identify possible 

patterns (Table 1 and Table 2).  Since each sample was 

treated to identical conditions, comparing the relative 

amounts of RpoS and RpoD at each time point removed 

any effects due to background noise and some patterns 

became apparent.  The expression level of RpoD in the 

wild-type strain BW28357, relative to the expression of 

RpoD in the rpoS strain BW28465 remained fairly 

constant over the duration of the heat shock (Fig 3a).  

However, the expression of RpoS in the wild-type strain 

increased relative to the rpoS strain for the first 60 

minutes of heat shock (Fig 3b).  After 80 minutes of heat 

shock, the relative amount of RpoS decreased in the wild-

type strain (Fig 3b, 80 min).  The amount of RpoS relative 

to the amount of RpoD continually increased from the start 

of heat shock to the 60 minute mark (Fig 3c).  From 60-80 

minutes, the amount of RpoS relative to the amount of 

RpoD decreased to the amount observed prior to heat 

shocking (Fig 3c, 80 min).  Figure 3b shows that the 

maximal amount of RpoS was detected after 60 minutes of 

heat shock, but the wild-type culture only demonstrated 

50% of its maximal tetracycline resistance by 60 minutes 

(Fig 1, 40-60 min).  These results show that heat shock 

induces the expression of RpoS and has no effect on the 

expression of RpoD.  
 

TABLE 1  Absorbance data from the ELISA using RpoD specific 

antibodies on E.coli B23 lysates after various lengths of heat shock 

Time (min) Absorbance (A450) 

 E. coli BW28357 
(WT) 

E. coli BW28465 

(rpoS) 

0 1.36 0.93 

20 1.02 1.05 
40 1.59 1.13 

60 1.42 1.13 

80 1.74 1.34 

 

TABLE 2  Absorbance data from the ELISA using RpoS specific 

antibodies on E.coli B23 lysates after various lengths of heat shock 

Time (min) Absorbance (A450) 

 E. coli BW28357 
(WT) 

E. coli BW28465 

(rpoS) 

0 0.70 0.55 

20 0.56 0.66 
40 1.14 0.70 

60 1.33 0.70 

80 1.04 0.91 

 

DISCUSSION 

Since increasing amounts of RpoS produced during a 

stress response have been shown to be involved in 

increasing cell viability (5), rpoS mutant strains with 

deletions in their coding sequence are expected to be 

more susceptible to antibiotic treatment after heat 

shock, and should exhibit a lower MIC. The MIC assay 

performed in our experiment agrees with this model, 

showing a 100 - 200% increase in the MIC for the wild-

type E. coli when compared to the E. coli BD792 rpoS 

strain over a 40-60 minute time interval (Fig 1). The 

results are consistent with previous studies performed 

on E. coli B23 cultures, showing that the expression 

levels of RpoS correlated with resistance to tetracycline 

at varying temperatures (4, 5). As seen in Figure 1, the 

rpoS E. coli strain appears to be unaffected by the 

length of heat shock treatment, suggesting that RpoS is 

needed in order to contribute tolerance to the antibiotic 

0.50

0.60

0.70

0.80

0.90

1.00

0 20 40 60 80A
b

so
rb

a
n

ce
 (

A
4

2
0

n
m

) 

Time (min) 

WT

RpoS-

A

. 

B 

C 



Journal of Experimental Microbiology and Immunology (JEMI)  Vol. 18: 18 – 23 
Copyright © April 2014, M&I UBC 

 

21 
 

under a heat-shock induced stress environment. Limited 

RpoS decreases the expression of genes involved in 

stress resistance brought on by shifts in temperature (6).  

This explains why our data displays no change in the 

MIC for the rpoS strain (Fig 1).  

    Increases in intracellular RpoS can help promote cell 

survival under stressful conditions; however, excess 

intracellular levels of RpoS appear to decrease cell 

viability (5, 7). Our results are consistent with this 

statement, as the MIC decreases by half between 40 and 

60 minutes for the wild-type strain (Fig 1). The 

mechanism behind these observations has been studied, 

but no clear interpretations have been drawn (7). One 

such mechanism can be explained by competition 

between the sigma factors RpoS and RpoD for core-

polymerase binding. In order for competition to exist 

between the sigma factors, the core-polymerase needs 

to be present in the cell in limiting quantities. Studies 

done to quantify the levels of sigma factors in E. coli 

have suggested that the core-polymerase is present in 

limiting numbers when compared to the different sigma 

factors (8).  This observation would help explain why 

the wild-type culture expressing increased amounts of 

RpoS begins to display a lower MIC as the heat-shock 

time increases. Stress induced expression of RpoS leads 

to higher than normal levels of the sigma factor 

compared to the primary sigma factor RpoD, which 

regulates the expression of all essential E. coli genes 

required for growth and survival under optimal 

environmental conditions (8, 9). Higher levels of RpoS 

competing for the same amount of core-polymerase in 

the cell, reduces the probability of binding of RpoD to 

RNAP, and thus, decreased expression levels of genes 

needed for normal cell functioning and survival. 

Induction of RpoS, while protecting the cell from the 

stress factor, may possibly be interfering with RpoD-

regulated transcription patterning, and in-turn, the cell 

is unable to maintain its protection against that very 

same stress. Previous studies conducted on E. coli 

mutants that over-expressed either RpoD or RpoS 

showed similar results (9, 10). Over-expression of 

RpoD during the stationary phase demonstrated 

increased cell viability and increased gene expression of 

RpoD dependent genes. Over-expression of RpoS led to 

decreased cell viability and a reduction in gene 

expression of RpoD dependent genes (10). These 

observations appear to contradict our results; however, 

our experiments were carried out under a stress free 

environment. Without a stress factor, cells expressing 

excess RpoD should control the regulation of essential 

genes, whereas excess RpoS would cause these same 

cells to lack the “house-keeping” proteins needed for 

normal cell growth (10). The findings suggested that 

competition between the sigma factors during stationary 

phase of growth resulted from limiting quantities of 

core-polymerase (10).  

    In order to confirm expectations of competition 

between the RpoS and RpoD sigma factors, an RpoD-

regulated “house-keeping” gene is needed to test 

whether RpoS is limiting the expression of such genes. 

The lacZ gene can be used as an indirect measure of 

RpoD-regulated promoter activity, through an assay 

measuring the activity of the lacZ gene product -

galactosidase (11). As seen in Figure 2, the two strains 

of E. coli illustrate opposing trends in -galactosidase 

activity. The cause of such differences derives from the 

fact that the BW28465 RpoS mutant expresses non-

functional RpoS, diminishing any effects on 

competition for core-polymerase binding as observed in 

the wild-type strain. Intracellular levels of RpoD do not 

experience much change due to its importance in 

regulating growth, so any changes in -galactosidase 

activity is a result of changes in the levels of RpoS 

during a stress response (12). Figure 2 indicates 27% 

more -galactosidase activity in the RpoS mutant at the 

end of heat-shocking, which does not appear to be 

significant, but the difference between the two strains 

appears to increase over time. The longer the cultures 

are exposed to high temperatures the more significant 

the difference in the enzyme activity and thus, 

transcriptional expression of lacZ. The data reinforces 

the idea of competition occurring between the sigma 

factors, but it is still unknown whether the competition 

occurs as a result of direct RpoS binding which lowers 

the amount of free core-polymerase for RpoD to bind, 

or whether certain RpoS regulated stress molecules 

inhibit RpoD binding by decreasing its affinity for its 

consensus promoter sequence (13).  

    An alternate explanation to the mechanism behind 

decreased “house-keeping” gene expression upon 

increased RpoS levels due to cellular stress could be 

down-regulation of RpoD as result of RpoS inhibition. 

An ELISA determining the levels of both sigma factors 

throughout the heat-shocking experiment helped 

indicate whether the alternate mechanism was also a 

factor along with our explanation of competition 

occurring between the sigma factors. Figure 3a does not 

show any clear trend in the ratio of RpoD in the wild-

type to rpoS strain. The levels of RpoD appear to 

fluctuate throughout the experiment, but the ratio is 

always above 1.0, meaning the wild-type strain has 

higher intracellular levels of RpoD throughout. Figure 

3c shows that the ratio of RpoS to RpoD increases after 

heat-shock and returns to normal levels at the end, but 

this can be explained by the fact that intracellular RpoS 

levels increase during heat-shock, rather than the levels 

of RpoD decreasing due to RpoS interfering with 

expression (14). Without any data from the ELISA 

showing the levels of RpoD significantly decreasing, 

the alternate mechanism is most likely not a factor in 

affecting cell viability and we can further support the 
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idea of competition occurring between the sigma 

factors.  

    Our data seems to contradict some previous studies 

where RpoS was shown as being unable to continue to 

increase cell viability at very high intracellular 

concentrations (5). Figure 3b demonstrates that the 

levels of RpoS in the wild-type strain at 80 minutes 

actually returns to initial levels before the heat-shock 

stress began. This observation suggests that the 

decrease in cell viability near the end of the experiment, 

as shown in the MIC assay in Figure 1, is not caused by 

excessively high levels of RpoS but rather a decrease to 

initial RpoS levels found in a stress free environment. 

This seems reasonable as we already known that RpoS 

is induced in a stressful environment and it helps 

protect cells by expressing genes that are needed to 

tolerate the stress factors (1). Recent studies on RpoS 

regulation have found that tRNA modification 

specifically alters the steady-state levels of the protein 

(15). The continued exposure to elevated temperatures 

may in some way alter tRNA molecules specific for 

amino acids in the RpoS coding sequence, causing a 

reduction in its translation.  

    The purpose of this experiment was to investigate the 

role of the sigma factor RpoS on cell viability and 

RpoD-dependent gene expression. Our findings 

indicated that rpoS E. coli cultures displayed 

decreased cell viability, a lower MIC, and increased -

galactosidase activity compared to the wild-type E. coli 

culture after being introduced into a stressed 

environment through heat-shock. The intracellular 

concentrations of RpoD did not change significantly, 

whereas RpoS increased throughout the experiment, 

and then returned to initial levels when heat-shock was 

complete. The data support a mechanism through which 

increased RpoS inhibits RpoD-dependent gene 

expression is by competing with RpoD for RNAP 

binding rather than down-regulating expression of 

RpoD molecules. The levels of RpoS correlate with 

protection from stress factors, as increased RpoS levels 

lead to enhanced tolerance to cellular stress. 

 
FUTURE DIRECTIONS 

Some adjustments can be made to future experiments in 

order to avoid the problems we encountered. The heat 

shocking procedures in this study were conducted at 45°C. 

Previous studies have suggested that heat shocking E. coli 

at 45°C significantly increased RpoS levels but also 

decreased cell resistance to hyperosmolarity (16). This 

decrease in cell protection could have contributed to the 

decrease in tetracycline resistance observed after 

prolonged heat shocking. Therefore lower temperatures, 

such as 42°C, should be implemented in future 

experiments to optimize the heat shocking procedures. 

In the RpoS and RpoD ELISA experiments, background 

noise of the ELISA readings made it very difficult to 

interpret the results without re-organizing and processing 

the data. To avoid this in the future, control wells 

containing no lysates should be included in the ELISA 

assay. These wells will undergo the same blocking, 

washing and incubating steps as all other wells in order to 

determine the background noise produced by unspecific 

binding of primary and secondary antibodies. Readings 

from these control wells can then be averaged and 

subtracted from the data obtained in other wells to 

eliminate background noise. 

Given that the results suggested RpoS inhibited RpoD-

dependent β-galactosidase expression, future studies can 

be conducted with other RpoD reporter proteins such as 

MalG and MalF in order to confirm that RpoS inhibits 

expressions of other RpoD-dependent proteins, not just β-

galactosidase (17). 

 
ACKNOWLEDGEMENTS 

This project was conducted at the Department of Microbiology 

and Immunology at the University of British Columbia. We 

would like to thank Dr. William Ramey and Dr. David Oliver for 

all their support and assistance throughout this experiment.  We 

would also like to express our gratitude to the Department of 

Microbiology and Immunology, University of British Columbia 

for the financial support and for providing the necessary 

laboratory space, equipment and supplies. 
 

REFERENCES 

1. Battesti A, Majdalani N, Gottesman S. 2011. The RpoS-
mediated general stress response in Escherichia coli. Annu. Rev. 

Microbiol. 65: 189-213. 

2. Hengge-Aronis R. 2002. Signal transduction and regulatory 
mechanism involved in control of σS (RpoS) subunit of RNA 

polymerase. Microbiol. Mol. Biol. Rev. 66: 373-395. 

3. Fischer D, Teich A, Neubauer P, Hengge-Aronis R. 1998. The 

general stress sigma factor σS of Escherichia coli is induced 

during diauxic shift from glucose to lactose. J. Bacteriol. 180: 

6203-6206. 
4. Ahn CH, Ahn CY, Kim I, Yoo JH. 2012. RpoS-dependent 

mechanisms are needed for tetracycline resistance but are not 

involved in the cross-protection against other antibiotics in 
Escherichia coli. J. Exp. Microbiol. Immunol. 16: 24-29. 

5. Hui J, Sun E, Tang F, Wong KY. 2013. Reduced tetracycline 

resistance when RpoS is over-produced through heat shock in 
Escherichia coli. J. Exp. Microbiol. Immunol. 17: 51-54. 

6. Vijavakumar S, Kirchhof MG, Patten CL, Schellhorn HE.  

2004. RpoS-regulated genes of Escherichia coli identified by 
random lacZ fusion mutagenesis. J. Bacteriol. 186: 8499-8507.  

7. Becker G, Klauck E, Hengge-Aronis R. 1999. Regulation of 

RpoS proteolysis in Escherichia coli: The response regulator 
RssB is a recognition factor that interacts with the turnover 

element in RpoS. Proc. Natl. Acad. Sci. U.S.A. 96: 6439-6444.  
8. Gruber TM, Markov D, Sharp MM, Young BA, Lu CZ,  

Zhong HJ, Artsimovitch I, Geszvain KM, Arthur TM, 

Burgess RR, Landick R, Severinov K, Gross CA. 2001. 
Binding of the initiation factor sigma(70) to core RNA 

polymerase is a multistep process. Mol. Cell. 8: 21-31.  
9. Notley-McRobb L, King T, Ferenci T. 2002. rpoS mutations 

and loss of general stress resistance in Escherichia coli 

populations as a consequence of conflict between competing 

stress responses. J. Bacteriol. 184: 806 – 811.  
10. Farewell A, Kvint K, Nystrom T. 1998. Negative regulation by 

RpoS: a case of sigma factor competition. Mol. Microbiol. 29: 

1039-1051. 



Journal of Experimental Microbiology and Immunology (JEMI)  Vol. 18: 18 – 23 
Copyright © April 2014, M&I UBC 

 

23 
 

11. Gruber TM, Gross CA. 2003. Multiple sigma subunits and the 

partitioning of bacterial transcription space. Annu. Rev. 
Microbiol. 57: 441–466. 

12. Maeda H, Fujita N, Ishihama A. 2000. Competition among 

seven Escherichia coli σ subunits: relative binding affinities to 

the core RNA polymerase. Nucl. Acids. Res. 28: 3497-3503.  

13. Bachman MA, Swanson MS. 2004. Genetic evidence that 
Legionella pneumophila RpoS modulates expression of the 

transmission phenotype in both the exponential phase and the 

stationary phase. Infect. Immun. 72: 2468-2476.  
14. Bougdour A, Cunning C, Baptiste PJ, Elliot T, Gottesman S. 

2008. Multiple pathways for regulation of σS (RpoS) stability in 

Escherichia coli via the action of multiple anti-adaptors. Mol. 

Microbiol. 68: 298-313.  
15. Thompson KM, Gottesman S. 2014. The MiaA tRNA 

modification enzyme necessary for robust RpoS expression in 

Escherichia coli. J. Bacteriol. 196: 754-761.  
16. Hung J, Liang T, Smid A, Talmazan Y. 2008. The effect of 

sequential high temperature and hyperosmotic shock on RpoS 

expression and cell viability in Escherichia coli B23. J. Exp. 
Microbiol. Immunol. 12:34-38. 

17. Ferenci T. 2005. Maintaining a healthy SPANC balance through 

regulatory and mutational adaptation. Mol. Microbiol. 57:1-8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 


