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In Escherichia coli, RpoS is a global gene expression regulator that is up-regulated 
under environmental stress conditions such as low pH and high osmolarity. Previous studies 
have shown that exposure to a high growth temperature of 42oC may have resulted in 
elevated RpoS levels which then conferred resistance to low pH environment. Likewise, pre-
exposure to sub-lethal low pH has been shown to increase resistance of E. coli to antibiotics, 
including ceftriaxone. In this study, the role of RpoS in acid-induced cross-protection against 
ceftriaxone was investigated by subjecting wild-type E. coli strain BW25113 and ΔrpoS 
strain JW5437-1 to sub-lethal low pH growth environment followed by sub-lethal 
ceftriaxone treatment. It was observed that acid-stress increased RpoS levels. However, this 
up-regulation does not confer antibiotic resistance against ceftriaxone by minimum 
inhibitory concentration (MIC) assays. The ΔrpoS strain grown in low pH MHB had greater 
resistance against ceftriaxone compared to non acid-stressed control samples whereas the 
wild-type strain demonstrated no difference in resistance against ceftriaxone between acid-
stressed and non acid-stressed control samples. This result suggested that other gene 
regulatory mechanism may be involved in acid-induced antibiotic cross-protection.  

 
 
Increased antibiotic resistance has been observed in 

Escherichia coli during exposure to sub-lethal stressors 
found in food preservation systems such as increased 
salt concentrations (>4.5%) and reduced pH (<5.0) (12). 
Interestingly, the observed increase in antibiotic 
resistance was maintained in E.coli after the low-pH 
stress was removed (12). Further investigation of this 
phenomenon is important due to the potential 
development and spread of antibiotic resistance in E. 
coli. 

In order to adapt to stressful conditions, E. coli has 
developed various signal transduction systems to sense 
environmental stressors and control the coordinated 
expression of genes involved in cellular defense 
mechanisms (9). One of the adaptive responses to 
environmental stressors in E. coli is the up-regulation of 
the general stress response regulator, RpoS or σs, a 38 
kDa sigma subunit of RNA polymerase that is also 
strongly up-regulated during stationary phase. During 
times of stress, there is a reduction or cessation of 
growth to provide cells with the ability to survive the 
current stress as well as additional stress factors that 
have not yet been encountered (6). This phenomenon is 
known as “cross-protection” (6). Therefore, triggering 
rpoS expression by exposing E. coli cells to a single 
stress condition may lead to increased expression of 
multiple gene products which could elicit enhanced 
protection against other unrelated stresses (6). 

Previous research has found that when the arcAB 
efflux pump is mutated in E. coli, constitutive 
expression of rpoS during the exponential growth phase 
leads to a partial suppression in drug sensitivity (14). 
Expression of the arcAB efflux pump is normally 
involved in multiple antibiotic resistance (12), and these 
results suggest that rpoS is involved with expression of 
other genes that would induce multi-drug resistance 
(14).  

The purpose of this study was to investigate 
whether increased antibiotic resistance seen in E. coli 
when the culture was pre-exposed to sub-lethal acidic 
conditions was a result of cross-protection by the 
general response regulator, RpoS. Specifically, 
resistance to ceftriaxone, a broad-spectrum beta-lactam 
antibiotic that inhibits the synthesis of the 
peptidoglycan layer of bacterial cell walls, was tested 
(15). Previous research has shown that although 
environmental E. coli isolates grown in low pH 
environments has increased resistance to ceftriaxone, 
the role of RpoS in this physiological change was not 
determined (12). Therefore, in this study, a wild-type 
strain and a ΔrpoS strain were used to provide insight 
into RpoS involvement in the observed cross-protection. 

 
MATERIALS AND METHODS 

 
Bacterial strains and media. Escherichia coli BW25113 wild 

type strain was obtained from the University of British Columbia, 
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Department of Microbiology and Immunology MICB 421 culture 
collection. The JW5437-1 (ΔrpoS746::kan) strain was obtained from 
the Coli Genetic Stock Center, Yale University. JW5437-1 contains a 
deletion mutation in the rpoS gene and both strains have the genotype 
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), LAM-, rph-1, Δ(rhaD-
rhaB)568, hsdR514. Both strains were cultured in Mueller-Hinton 
Broth (MHB) (Difco #0757 01 4). Overnight cultures of each strain 
were grown in pH 7.3 MHB at 37°C and shaken at 200 rpm. 

Determination of sub-lethal acidic pH. Aliquots of pH 7.3 
MHB media were acidified with 1N HCl to final pH values of 1.0, 2.0, 
2.5, 3.0, 3.5, 4.0, and 4.5 (control, pH 7.3) in duplicate and inoculated 
with the overnight cultures and then incubated overnight at 37°C and 
shaken at 200 rpm. The sub-lethal pH stress level was determined as 
the pH at which a 75% reduction in OD600 of stressed cultures was 
observed compared to that of the control cultures for both strains.  

Growth curve determination. Aliquots of the overnight 
cultures were used to inoculate fresh MHB media at pH 7.3 and pH 
4.2 to obtain an OD600 reading of 0.l0 - 0.15. OD600 readings were 
taken every 30 min using Spectronic 20D+ Digital Visible 
Spectrophotometer for a total of 4 hours.  

Induction of acidic stress Cells from each strain were seeded 
from the overnight culture to have an OD600 reading of 0.10 - 0.15 in 
pH 7.3 MHB or pH 4.2 MHB. After 6 hours, cells from the JW5437-1 
strain in each pH media condition had turbidity readings (OD600) of 
approximately 1.5. One sample of 25 ml of cell culture from each 
condition was collected and stored on ice for protein isolation. The 
remaining cell culture was used to perform a minimal inhibitory 
concentration assay. 

Ceftriaxone antibiotic treatment. Ceftriaxone (Sigma #C5793) 
was dissolved in distilled water to make 20 mg/ml working stock and 
filter-sterilized using a 0.2 µm cellulose-acetate syringe filter (VWR 
#CA28145-491), and stored at -20°C. A 128 µg/ml working solution 
was prepared with pH 7.3 MHB and pH 4.2 MHB, respectively prior 
to use in experiments.  

MIC assay. MIC assays were performed in a 96 well flat 
bottom plate (Corning #3596). Each well was filled with 100 µl of 0, 
0.5, 1, 2, 4, 8, 16, 32, and 64 µg/ml ceftriaxone in MHB at pH 7.3 or 
pH 4.2. To the plate 100 µl of log phase culture at OD600 reading of 
approximately 1.5, grown in either pH 7.3 MHB or pH 4.2 MHB, was 
added in duplicates. The plate was incubated at 37°C overnight for 24 
hours. The MIC for each strain in each pH condition was determined 
to be the lowest concentration of antibiotic in which there was no 
visible bacterial growth.  

Protein isolation. From the overnight cultures and cultures 
grown to mid-log phase (approximately 4 generations as determined 
by the growth curves) in pH 7.3 MHB or pH 4.2 MHB, 25 ml of cell 
culture from each strain was collected and centrifuged at 8,000 x g in 
a Sorvall RC-5B centrifuge with an SLA-1500 rotor at 4oC for 5 min. 
Overnight growth cultures were washed with 10 ml of cold Tris 
buffer (25 mM, pH 8.0) and re-centrifuged at the same settings. The 
pellet was re-suspended in 1 ml of cold Tris buffer then lysed using 
FastPrep-24 instrument (MP #116004500) at a setting of 6.0 m/s per 
run for 2 runs of 60 seconds each and then 1 run of 30 seconds. Each 
sample was given 5 minutes to cool down in between the runs. 
Lysates were centrifuged at 14,000 x g in an Eppendorf 5415D 
centrifuge at 4°C for 1 min to remove unbroken cells and cell debris. 
The supernatants were collected and stored at -20°C. 

Bradford assay. The total protein concentrations of the cell 
lysates were determined by Bradford assay (2), using the Bio-Rad 
Bradford Reagent (Bio-Rad C#500-0006). The lysates were diluted 
1:500 using distilled water before adding the Bradford working 
solution. Bovine serum albumin (BSA) (Thermo Scientific #23209) 
was used to make a standard curve for the assay with the following 
concentrations: 0, 10, 20, 40, 60, 80 µg/µl. Samples were read at A595. 

SDS-PAGE. The isolated proteins of both strains were resolved 
by sodium dodecyl sulphate polyacrylamide agarose gel 

electrophoresis (SDS-PAGE) as previously described (10). The cell 
lysates were adjusted to 2 mg/ml in 25 mM Tris buffer, based on the 
total protein concentration measured by the Bradford assay. Diluted 
samples were mixed with 20 µl of 5X Sample buffer (50 mM Tris 
HCl pH 6.8, 10% glycerol, 2% SDS, 0.1% bromophenol blue and 
0.05% β-mercaptoethanol). Samples were then heated to 98°C for 5 
min and centrifuged at 13,000 x g at room temperature for 10 seconds. 
Molecular weights were determined by parallel electrophoresis using 
the Precision Plus ProteinTM KaleidoscopeTM standards protein weight 
marker (Bio-Rad #161-0375EDU). In each lane, 40 µg of total protein 
were run in running buffer (25 mM Tris base pH 6.8, 192mM glycine, 
1% SDS) on a 12% SDS-polyacrylamide gel, at 150 V in a Bio-Rad 
PAGE apparatus for 1.5 hr.   

Western blotting and immunodetection of RpoS. The gel 
from SDS-PAGE was used for a western transfer. The proteins were 
blotted onto a HybondTM-P membrane (Amersham Biosciences 
#RPN303F) that was pre-soaked in methanol for 10 seconds. The 
membrane was then soaked in transfer buffer (25 mM Tris base pH 
6.8, 192 mM glycine, 20% methanol) for 10 minutes. The membrane 
and the gel were assembled in a Bio-Rad electroblotting apparatus for 
western transfer and run at 200 V for 1 hr in 4°C cold room. The 
membrane was then submerged in 5 ml of Ponceau S stain solution 
(Sigma #P7170) to check for transfer efficiency. The membrane was 
then washed with TBST buffer (50 mM Tris, 150 mM NaCl, 0.2% 
KCl, 0.5% Tween 20, pH 7.5) three times. The washed membrane 
was blocked with western blocking reagent (Sigma #W0138) for 30 
minutes. Following another 3 washes with TBST, the membrane was 
blotted with a primary mouse anti-RpoS antibody (Neoclone 
Biotechnology #W0009) to final concentration of 1 in 1000 using 
western blocking reagent overnight at room temperature on a shaking 
apparatus. Following three additional 5 minute washes with TBST, 
the membrane was blotted with a secondary alkaline phosphatase-
linked goat anti-mouse IgG (Chemicon International #AP124A) at 
final concentration of 1 in 3000 using western blocking reagent for 1 
hr. The membrane was then given three 5 minute TBST washes, 
followed by another two 5 minute washes with substrate buffer (100 
mM Tris pH 9.5, 100mM NaCl, 50 mM MgCl2). Lastly, the 
membrane was treated with 10 ml of BCIP/NCT substrate (Sigma 
#3B1911) for detection of RpoS. A photograph was taken upon 
colour formation.  

 
RESULTS 

 
Sub-lethal acidic pH determination. The sub-

lethal acidic pH for each strain was defined as the pH 
level in which there was a 75% reduction in OD600 
reading of the overnight acid-stressed cultures in 
comparison to the non-stressed controls in pH 7.3 MHB 
(12). Using OD600 reading comparisons between the 
acidified MHB cultures and pH 7.3 MHB controls 
incubated overnight, the sub-lethal pH of 4.2 was 
determined for both BW25113 and JW5437-1 strains. 

Growth rate determination of non-stressed and 
acid-stressed cultures. In order to determine the time it 
takes for E. coli strains BW25113 and JW5437-1 to 
reach mid-log phase growth, two growth curves were 
constructed for each strain using under control (MHB, 
pH 7.3) or acid-stressed (MHB, pH 4.2) conditions. 
Similar growth rates between the two strains were 
observed at each pH value, with a doubling time of 
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approximately 60 min and 90 min at pH of 7.3 and 4.2, 
respectively (Fig. 1). In both growth conditions, the 
growth rate of ∆rpoS strain was higher than the wild-
type strain (Fig. 1). Additionally, at an OD600 reading of 
1.5, both strains appeared to be in mid-log phase in both 
growth conditions after the culture had been growing 
for 3 generations in control MHB compared to 2 
generations under acid-stressed conditions (Fig. 1).  

Cross protection against ceftriaxone antibiotic 
treatment. The MIC results of the BW25113 and 
JW5437-1 strains under control and acid-stressed 
conditions are shown in Table 1. Consistent MIC values 
were obtained for each set of duplicates. Under non-
stressed conditions, the wild-type E. coli strain 
BW25113 displayed higher resistance to ceftriaxone 
than ∆rpoS strain (Table 1). However, after 5 hours of 
growth under acid-stress (approximately 3 generations), 
∆rpoS experienced a doubling increase in MIC to 
ceftriaxone from 2 µg/ml to 4 µg/ml, whereas the MIC 
for BW25113 remained unchanged (Table 1).  

Effect of sub-lethal acidic pH stress on RpoS 
protein level. Equal concentrations of cell lysates were 
used in SDS-PAGE gel electrophoresis to determine the 
effects of acid-stress on RpoS level. Expression of 
RpoS protein in BW25113 wild-type and JW5437-1 
∆rpoS strains grown under control and acid-stressed 
conditions along with stationary phase controls were 
identified based on the RpoS molecular weight of 38 
kDa (8). As expected, RpoS was present in all wild-
type lysates (Fig. 2, lanes 2, 4, 6) and absent in all the 
lysates of ∆rpoS (Fig. 2, lanes 3, 5, 7). The wild-type 
stationary phase lysate was loaded in lane 2 as the 
positive control for RpoS, which could be identified as 
a strong band at approximately 38 kDa (Fig. 2, lane 2). 
According to visual observations of band intensity, the 

non-stressed BW25113 strain displayed a much less 
intense band at 38kDa than the corresponding positive 
control (Fig 2.), signifying decreased RpoS expression. 
Again by visual inspection, the RpoS level of the acid-
stressed wild-type was approximately twice as intense 
as the wild-type under control conditions. Therefore, 
our western immunoblot results suggested that the level 
of RpoS protein was up-regulated when the wild-type 
strain had been stressed under the sub-lethal pH of 4.2. 

 
DISCUSSION 

 
Previous literature has suggested that the growth of 

E. coli in acidic environment could induce antibiotic 
resistance (12). As a global regulator of the stress 
response, sigma factor RpoS (σs) expression is known 
to be up-regulated in acid stress (3). There is a 
substantial amount of literature that has demonstrated 
the significant effects of rpoS expression during 
stationary phase in E. coli (4). However, the 
physiological roles and magnitude of regulation of 
RpoS in exponential phase remain to be elucidated (4).  

Our results indicate that RpoS wild-type strain in 
exponential phase did not acquire acid-induced 
resistance to ceftriaxone (Table 1). Although this 
suggests that pre-exposure to acid-induced stress does 
not lead to increased resistance to ceftriaxone through 
cross-protection, the lack of difference between 
ceftriaxone MIC results between acid-stressed and 
control cultures for the wild-type E. coli may be due to 
the wide range of concentrations of ceftriaxone used for 
this particular MIC assay. Since the assay was 
conducted using ceftriaxone concentrations of 0, 0.5, 1, 
2, 4, 8, 16, 32, and 64 µg/ml, it is possible that pre-

 
 
FIG. 1. Effect of sub-lethal acidic pH on the growth rate of E. 
coli strain BW25113 (wild-type) and strain JW5437-1(ΔrpoS) 
cultures 
 

TABLE 1. Effect of pre-exposure to sub-lethal acidic pH on 
ceftriaxone MIC for E. coli strains BW25113 and JW5437-1. To 

increase the validity of the results, duplicate MIC assays were 
performed and the average values were taken. 

 
Strain Minimum Inhibitory 

Concentration (µg/ml) 

 Control (pH  
7.3) 

Acid-stressed (pH  
4.2) 

BW25113 
wild-type 

4.0 4.0 

JW5437-1 
ΔrpoS 

2.0 4.0 
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exposure to acid-induced stress had actually slightly 
increased resistance of the wild-type E. coli from 
4µg/ml (Table 1) to a higher concentration. However, 
this increased resistance to ceftriaxone was undetected 
due to the fact that pre-exposure to acid-stress increased 
MIC for ceftriaxone to higher than 4µg/ml but lower 
than 8µg/ml, which was the next higher concentration 
of ceftriaxone tested after 4µg/ml. 

On the other hand, the MIC assay results showed 
the ∆rpoS strain to have enhanced resistance to 
ceftriaxone after being exposed to acidic conditions 
(Table 1). This suggested that RpoS may not be 
involved in cross protection against ceftriaxone. 
Research conducted by Bearson et al. has shown that 
there are certain RpoS-independent genes that are 
induced in low pH conditions to combat the general 
stressful condition (1).  

The observed increase in resistance to ceftriaxone 
for the ∆rpoS strain after exposure to acidic conditions 
may also be related to the antibiotic used. Ceftriaxone is 
a third generation celphalosporin broad-spectrum β-
lactam antibiotic that inhibits peptidoglycan synthesis 
in bacterial cell walls, which results in defective cell 
wall and an osmotically unstable spheroplast (3). Under 
acid-stress, RpoS functions to regulate the expression of 
DNA repair enzymes that can lead to the inactivation of 
certain target sites for antibiotic binding such as the 
penicillin binding proteins (11, 12). Therefore it is 
possible that the increased resistance of the ∆rpoS 
strain to ceftriaxone had to do with the inability of the 

antibiotic to interact with the bacterial cell wall. 
Furthermore, certain genes that are regulated by RpoS 
might still be expressed in an rpoS mutant due to 
modulation by another regulatory protein (4). The genes 
regulated by RpoS in stationary phase compared to 
exponential phase can vary, which strongly suggests 
that other regulatory factors are involved in adaptive 
gene expression during cell growth (4). 

Surprisingly, although the MIC for the wild type 
strain did not differ between the neutral and acidic pH 
conditions (Table 1), an up-regulation in RpoS level 
was observed in acid-stressed wild-type strain (Fig. 2). 
This result corresponded with another study, 
demonstrating that when a stress such as low pH is 
introduced to the cell, the stability of RpoS is increased 
(6). Under exponential growth and non-stressful 
conditions RpoS has a half-life that is less than 2 
minutes, however, when stressors are introduced, the 
stability of RpoS increases to a half-life of greater than 
30 minutes (16). The increase of RpoS stability allows 
greater RpoS-dependent gene expression, which based 
on our results (Table 1), does not induce cross-
protection against ceftriaxone (6). The increase in half-
life of RpoS occurs through the dephosphorylation of 
RssB, an RpoS-binding protein that allows ClpXP 
protease to recognize and cleave RpoS (6). But when 
the cells undergo environmental stress, RssB is 
dephosphorylated, thus its binding affinity for RpoS 
decreases which allows RpoS to evade the degradation 
by ClpXP protease (6). In addition, the half-life of 
RpoS in stationary phase growth can be greater than 30 
minutes (16). Thus, in this study, both the MIC assay 
plating and cell protein isolation for RpoS level 
determination were conducted after 6 hours with initial 
growth at OD600 reading of approximately 1.5 
(approximate range 1.5 - 1.7) to allow the cells to 
undergo at least 4 generations of growth into log phase, 
thereby eliminating any possible carryover of RpoS 
proteins from overnight stationary growth. (4). 
Consequently, the RpoS increase observed in the wild-
type strain (lane 6, Fig. 2) can be attributed to acid-
stress. However, despite a greater amount of RpoS 
being present in the wild-type grown under acidic 
condition (Fig. 2, lane 6), the significant amount of 
RpoS present in the normal pH condition for the wild-
type strain may have affected the MIC results. If the 
levels of RpoS were similar between each condition, it 
is difficult to postulate with certainty the effects of rpoS 
expression on ceftriaxone MIC in the wild-type.  

It has been discovered that many previously 
identified RpoS stationary-phase dependent genes were 
not controlled by RpoS in exponential phase and 
several genes were RpoS-regulated only in exponential 

 
 
FIG. 2. Effect of sub-lethal acid pH on RpoS expression in 
E. coli WT and ∆rpoS strains. Expression in cell lysate (40 µg 
of total protein per lane) was visualized by western 
immunoblotting, with lane loading as follows: 1) Protein ladder 
(Precision Plus ProteinTM KaleidoscopeTM standards), 2) 
Stationary phase control*, 3) Stationary phase control+, 4) pH 
7.3*, 5) pH 7.3+, 6) pH 4.2*, 7) pH 4.2+ (* refers to BW25113 
WT, + refers to JW5437-1 ∆rpoS).  
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phase, suggesting the involvement of other regulators 
(4). RpoS-dependent genes such as osmY, tnaA and 
malK are controlled by the transcriptional regulator Crl 
(4). Typically Crl binds to RpoS during transcription of 
adaptive stress related genes. However, when RpoS 
level in the cell is low, Crl continues to maintain a 
strong positive regulatory effect on transcription of 
these genes (4). This suggests that the antibiotic cross-
protection observed in the mutant strain may have been 
due to the up-regulation of adaptive genes by a different 
regulatory factor such as Crl (4). Although it has been 
shown that many genes are controlled by Crl when 
RpoS is expressed at low levels, not all genes are 
regulated in this way (4). More research needs to be 
done to investigate the specific genes involved in cross-
protection to ceftriaxone, and whether these genes are 
regulated by Crl to some extent remains to be 
determined. 

The findings of this study demonstrated that the 
up-regulation of RpoS induced by acid-stress does not 
induce cross-protection against ceftriaxone. From the 
study, it can be seen that there are RpoS-dependent and 
RpoS-independent mechanism for acid-induced 
antibiotic resistance. The wild-type strain may rely 
more on RpoS-dependent regulatory mechanisms while 
the ∆rpoS strain relies on the RpoS-independent 
mechanism.  

 
FUTURE DIRECTIONS 

 
While we have demonstrated that acid-induced up-

regulation of rpoS expression does not translate to 
increased ceftriaxone resistance in E. coli, it would be 
interesting to expand this investigation by testing for 
cross-resistance to other antibiotics. Research by 
McMahon et al. has shown that certain environmental 
isolates of E. coli demonstrated increased resistance to 
antibiotics amikacin and nalidixic acid (12). Since these 
antibiotics have different mechanisms of action than 
ceftriaxone in which amikacin affects mRNA synthesis 
by binding the 30S ribosomal subunit, and nalidixic 
acid affects DNA replication by preventing bacterial 
DNA from unwinding (13, 5), acid-induced increase in 
antibiotic resistance due to RpoS up-regulation might 
be observed. In E. coli, because there are multiple 
inducible genes that confer acid resistance and some of 
them are under partial RpoS regulation (3), it would be 
worthwhile to investigate whether acid-stress would 
confer cross-protection against other antibiotics besides 
ceftriaxone.  

Since RpoS is a global gene regulator that can turn 
on other various downstream regulators that may 

individually impact the acid-induced antibiotic 
resistance (4), it would be worthwhile to evaluate these 
other downstream mechanisms by using other gene 
knock-out strains to conduct this experiment. The roles 
that other transcriptional regulators besides RpoS, such 
as Crl, have in adaptive gene up-regulation involved in 
antibiotic cross protection in E. coli should also be 
considered. This could be investigated by subjecting a 
mutant crl strain or double-mutant crl/rpoS strain to a 
particular stressor such as low-pH stress, followed by 
exposure to different antibiotics to determine if 
environmental stress could induce the development or 
expression of antibiotic resistance in E.coli. 

In addition, it would be useful to investigate if 
there are any phenotypic or physiological differences 
such as cell wall or cell membrane composition 
between the wild-type and ∆rpoS strain as our 
experiment demonstrated that the enhanced ceftriaxone 
resistance acquired by ∆rpoS strain is most likely due 
to RpoS-independent mechanisms. Furthermore, it 
would be helpful to conduct MIC assay with narrower 
range of antibiotic concentrations so that detection of 
change in antibiotic resistance can be made more 
precise.   
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