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Escherichia coli cells originally exposed to a single stress develop resistance to further 
environmental stresses. This is referred to as the cross protection phenomenon and is 
regulated by RpoS, a master regulator of the general stress response. Using a cell viability 
assay, the focus of this study was to determine whether wildtype (rpoS+) and mutant   
(rpoS-) E. coli cells exposed to a high temperature (42.5°C) will exhibit resistance to a 
subsequent osmotic shock at 2.5 M NaCl. The results indicate that regardless of the type of 
treatment (e.g. heat shock and/or osmotic shock) applied to the rpoS mutant strain, 
significant decreases in cell viability were observed. In addition, the constant level of cell 
viability observed by rpoS+ E. coli cells that underwent the sequential shocks in comparison, 
further indicates cross protection was conferred for some time. These findings support our 
hypothesis in that the cross protection phenomenon is regulated through an RpoS dependant 
mechanism. 

 
 

  
Bacteria are commonly exposed to adverse 

environments such as hyperosmolarity, heat shock, 
extreme pH conditions or oxidative stress. Some 
bacteria are known to have mechanisms to cope and 
adapt to these changes in the environment. Escherichia 
coli, in particular, utilizes the general stress response 
regulator, σs (RpoS), to upregulate genes that aid in cell 
survival (6).  

RpoS controls the transcription of more than 35 
regulatory genes and this 38 kDa sigma subunit of RNA 
polymerase is commonly referred to as the master 
regulator of the general stress response(5). Furthermore, 
RpoS is induced by a variety of stress signals. It was 
originally found to be induced when E. coli cells 
entered stationary phase (5). Other studies have found 
that RpoS is also induced by stresses such as weak 
acids, starvation, hyperosmolarity and extreme 
temperature (2).   

Several important processes such as rpoS 
transcription and translation are largely dependant on 
the varying environmental conditions present in the 
cell. Under optimal growth conditions, RpoS resides at 
constant low levels because rpoS mRNA forms a stable 
secondary structure inhibiting its translation. 
Additionally, RpoS is degraded by the ClpXP protease 
(2). These two mechanisms ensure the regulation of 
RpoS levels when the cells are not subjected to stressful 
conditions.  

RpoS is more generally recognized as part of a 
phenomenon called "cross protection." Previous studies 
have shown that when bacterial cells are subjected to 

non-lethal stresses, they exhibit significant resistance 
when the same or an unrelated stress is subsequently 
applied (11). An example of this phenomenon occurs 
when E. coli is presented with environmental stresses 
such as extreme pH, oxidative stress, osmotic shock, or 
starvation, and then subsequent thermotolerance is 
observed. This is due to rapid translation of available 
rpoS transcripts, which then act as transcription factors 
upregulating the transcription of survival or stress 
genes. In particular, these transcription factors induce 
synthesis of heat shock proteins, thus allowing the 
organisms to be thermotolerant and remain viable even 
after heat shock at sub-lethal temperatures (11).  

The objective of this study was to test whether cross 
protection will be conferred to hyperosmolarity after E. 
coli cells have undergone heat shock. Previous studies 
have demonstrated that subjecting cells to heat shock 
increases the half-life of cellular RpoS, and thus levels 
of available rpoS transcripts are enhanced (9). Based on 
this observation, we hypothesized that exposing E. coli 
cells to high temperatures will confer resistance to a 
subsequent applied stress, such as hyperosmolarity. 
When cross protection was observed, the results of the 
cell viability assay for both mutant (rpoS-) and wildtype 
(rpoS+) strains were compared, to determine that this 
phenomenon occurred through an rpoS-dependant 
mechanism. 

 
MATERIALS AND METHODS 

 
Bacterial strain. Bacterial strains used in this study were rpoS- 

mutant E. coli strain JW5437-1 (F-, Δ(araD-araB)567, 
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ΔlacZ4787(::rrnB-3), LAM-, ΔrpoS746::kan, rph-1, Δ(rhaD-
rhaB)568, hsdR514) and rpoS+ (wildtype) parent E. coli strain 
BW25113 (F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), LAM-, rph-1, 
Δ(rhaD-rhaB)568, hsdR514). These strains were ordered from Coli 
Genetic Stock Center at Yale University (CGSC).  

Cell viability assay. Cell viability under hyperosmotic conditions 
was evaluated using four different samples. These samples included 
wildtype and mutant cultures that were exposed to heat shock before 
being subjected to hyperosmotic conditions (hereafter referred to as 
RpoS+(HS+) and RpoS-(HS+), respectively), and the respective 
controls which were not heat shocked (hereafter referred to as 
RpoS+(HS-) and RpoS-(HS-)). Both the mutant and wildtype strains 
were grown overnight in Lennox (LB) media (1.0% w/v Bacto 
tryptone, 0.5% w/v Bacto yeast, 0.5 % w/v NaCl, pH = 7.0) at 37ºC. 
Then, the overnight cultures were diluted to a 0.1 OD600 using fresh 
LB media. They were then grown in a 37ºC shaking waterbath until 
the OD600 reached 0.246, 0.211, 0.232, and 0.225 for RpoS+(HS+), 
RpoS-(HS+), RpoS+(HS-) and RpoS-(HS-), respectively. The 
RpoS+(HS+) and RpoS-(HS+) samples were then subjected to heat 
shock at 42.5ºC for 20 minutes, and the RpoS+(HS-) and RpoS-(HS-) 
samples were kept at 37ºC  for 20 minutes. The samples were then 
diluted to 1/10 using new LB media containing 2.5 M NaCl. At 5, 10, 
30, 60, 90, and 120 minute time intervals, samples were serially 
diluted up to 10-7 using 0.85% w/v sterile saline solution, and then 
were pour-plated using LB media with 1.5% w/v agar kept in a 49ºC 
waterbath. For each time interval, multiple dilutions were plated, and 
for each dilution, 1 replicate plate was made. The plates were then 
incubated at 37ºC until visible growth was obtained, and then 
colonies were counted. The experiment was repeated twice in order to 
increase the accuracy of the results. 

 
RESULTS 

 
The bacteria were grown to exponential phase, and 

then exposed to heat shock and/or hyperosmotic shock. 
Figure 1 shows changes in percent viability of the cells 
after it was exposed to 2.5 M NaCl. The colony counts 
of the 4 samples just prior to inducing osmotic shock 
were obtained by pour-plate method and are 
represented as 100%. General trends show that wildtype 
with the heat shock showed the highest osmotic 
resistance, and the rpoS- mutant, whether it was heat 
shocked or not, show lower resistance. The wildtype 
without heat shock shows higher osmotic resistance 
than the mutants, but lower resistance than the wildtype 
with the heat shock. Generally, cell viability of the 
RpoS+(HS+) was about six fold greater than the 
RpoS+(HS-) condition, and about 40 fold greater than 
both of the mutant conditions (i.e., RpoS-(HS+) and 
RpoS+(HS-)). The RpoS+(HS-) condition seemed to 
have an overall cell viability trend which was 
approximately eight fold greater than the mutant 
conditions. 

 
DISCUSSION 

 
Consistent with our hypothesis, cross protection from 

heat shock to hyperosmolarity was conferred and 
observed as a slower decrease in cell viability of the 
wildtype strain relative to the control that was only 
subjected to hyperosmolarity. Furthermore, the cross 
protection seemed to involve an RpoS-dependant 

mechanism since the rpoS mutant strain displayed a 
distinct decrease in cell viability in comparison to the 
wildtype strain (Fig. 1). Whether both shocks or only 
the osmotic shock were applied was not an issue 
because the rpoS mutant strain displayed a steady 
decrease in cell viability in all treatments, providing 
further evidence that RpoS played an important role in 
the cross protection phenomenon. 

FIG. 1.  Osmotic resistance to 2.5 M NaCl of an E. coli 
JW5437-1 (rpoS- mutant) after the heatshock at 42.5°C for 20 
minutes (▲) or without the heatshock (●), and of an E. coli 
BW25113 (rpoS+ wildtype) after the heat shock (■) or without the 
heat shock (�). Standard deviations were approximately 15% of the 
listed values. 

Past studies have been done where organisms were 
subjected to a shock such as hyperosmolarity or 
high/low pH and then tested for thermotolerance. Cross 
protection was always seen in these studies and this was 
referred to as the "heat shock response" (2). When a 
stress is introduced to the cell, there is an upregulation 
of RpoS expression and an increase in its stability. The 
abundant RpoS then directs RNA polymerase to heat 
shock promoters, inducing heat shock proteins (HSPs). 
HSPs remain in the cell and allow thermotolerance 
whenever the cell is heat shocked, thus cross protection 
is conferred. Studies have not looked into cross 
protection from heat shock to other stresses and mostly 
hypothesized that these were RpoS-independant 
mechanisms (11). However, Figure 1 shows a 
noticeably faster decrease in the cell viability of the 
mutant strain in comparison with the wildtype strain. 
There was no distinct difference in the osmotic 
tolerance between the heat shocked mutant and the 
unshocked mutant as neither condition had an active 
rpoS gene, so no cross protection was likely and thus 
the cell viability would decrease in a similar manner. 
Hengge-Aronis et al. (4) demonstrated that there is a 
subfamily of genes that exhibit RpoS-dependent 
osmotic induction; these include otsA, otsB, and treA. 
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We theorized that the increase in RpoS expression after 
heat shock induced the upregulation of the above genes 
and thus conferred the cross protection observed as a 
slower decrease in cell viability relative to the controls.  

Generally, rpoS mRNA is present in cells in an 
inactivated form. However, when stresses such as high 
temperature shock are introduced into the environment, 
the conformation of rpoS mRNA changes into an active 
form in the cell (5). The active form of mRNA can then 
be translated to produce RpoS. Under non-stressful 
conditions, RpoS has a half-life that is less than 2 
minutes, however, when a stress is provided, the 
stability of RpoS increases to a half-life of greater than 
30 minutes (12). An increase in RpoS stability allows a 
greater abundance of RpoS levels in the cell, thus 
leading to adequate RpoS-dependant gene expression 
(10). The increase in RpoS half-life occurs through the 
dephosphorylation of RssB, an RpoS-binding protein 
that allows ClpXP protease to recognize and cleave 
RpoS. The dephosphorylation of RssB occurs in 
response to the cell undergoing environmental stresses 
and it decreases its binding affinity for RpoS, thus 
allowing RpoS evasion of degradation by ClpXP 
protease (1).  

Rowe and Kirk (11) found the cross-protection 
phenomenon to be induced at an initial adaptation time 
of 15 minutes, which was the shortest time investigated. 
However, in this study, cross protection was observed 
at five minutes. Other observations include the RpoS-

(HS+) trend line that steadily decreases over time at a 
faster rate, indicating that the cross protection seen in 
the wildtype experiment was RpoS-dependant. We 
expected a greater contrast in the different treatments 
and the lack of these results may be due to exposure of 
the cells to a greater than required salt concentration. It 
has been hypothesized that too high of a salt 
concentration may lead to improper protein folding 
through segregation of essential amino acid residues 
(3). Thus, a longer cross protection period may be 
observed if the salt concentration can be reduced, yet 
still be sufficient to induce a stress response in the cell.  

Though the major stress response observed in the 
results was an RpoS dependant mechanism, there are 
alternate survival mechanisms that exist. An illustration 
of these survival mechanisms is observed in rpoS-
deficient strains which show an increase in production 
of exopolysaccharides as an adaptive action to deal with 
exposure to hyperosmolarity. This is a consequence of 
the osmotic induction of the wca operon, which is 
usually negatively controlled by RpoS and encodes 
genes responsible for the production of 
exopolysaccharides (7). This type of alternative 
response might have been the reason that the rpoS 
mutants could both partially survive, regardless of the 
number of stresses they were subjected to. This can be 
clearly observed in Figure 1 which displays overlapping 

trend lines for both RpoS-(HS+) and RpoS-(HS-) that 
steadily decrease over time.   

The cell viabilities of both wildtype and mutant 
strains of E. coli in various stress-inducing situations 
were compared in Figure 1. It is known that RpoS aids 
in cell survival either to a single stressor or to multiple, 
consecutive stressors, through the cross protection 
mechanism (11). Figure 1 showed a faster decline in 
cell viability with the rpoS mutant strain than that of the 
wildtype strain and this was consistent with the fact that 
the mutant strain lacked RpoS and could not tolerate the 
stress provided. Moreover, the wildtype strain showed a 
much slower decrease in cell viability confirming the 
function of RpoS in providing protection against 
stresses encountered by bacterial cells.  

Similar viability patterns were observed between the 
mutant control and that of the mutant experiment in 
Figure 1. Since there was no RpoS in either situation, 
neither could tolerate the stress well nor confer cross 
protection. Furthermore, the patterns between the 
viability of the RpoS+(HS-) and that of the RpoS+(HS+) 
showed differences that are thought to be the result of 
the cross protection issue. Since the cross protection is 
known to encourage the cellular ability to survive 
stresses (5), the RpoS+(HS+) showed higher viability 
than that of the RpoS+(HS-) .  

To conclude, our results show that cross protection 
was conferred to hyperosmolarity after E. coli was 
subjected to heat shock. Although our experiment 
demonstrated that there is cross protection, several 
improvements can be made in future studies.  

 
FUTURE EXPERIMENTS 

 
In this experiment, a significant number of replicate 

plates could not be performed due to time constraints 
and this may have impacted the reliability of the results 
in this study. However, to offset the inaccuracy incurred 
by the low replicate plates, a range of dilutions for each 
time interval was instead performed. Therefore, in order 
to improve the reliability of the results, future 
experiments could increase the number of replicate 
counts for both the wildtype and mutant strains.   

Additionally, in Figure 1, huge decreases in cell 
viability are observed almost immediately at the 
beginning of the experiment for all the conditions. It 
could possibly be that the 2.5 M NaCl was too lethal for 
the E. coli cells because previous studies have only 
experimented with a NaCl concentration of 0.8 M (6). 
Therefore the E. coli cells may have been unable to 
show enough resistance to counter the hyperosmolarity 
even though some cross protection was observed. Thus, 
this NaCl limitation can be an important issue to 
address in the future to see whether using varying NaCl 
concentration will have an impact on the results. 
Furthermore, by using lower concentrations of NaCl, 
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subtle changes in the cell viability could be observed 
rather than extreme changes, which will allow cross 
protection to be observed even more precisely.  

RpoS is a general stress response regulator that plays 
an important role in the signaling cascade. Through this 
cascade, it functions in producing proteins that act as 
transcription factors in the stress response and the 
important roles that these proteins play in cross 
protection can be identified by determining the genes 
regulated by RpoS through the creation of mutant 
strains. Future experiments can also expand on our 
existing knowledge of stress mechanisms by attempting 
to identify components of the alternative pathway 
mentioned previously in our discussion. The levels of 
expression of the components in the RpoS-dependant 
mechanism and the alternative pathway can also be 
compared which could provide further insight to which 
mechanism the cell preferentially uses under certain 
conditions. 
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