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Activation of the Rcs phosphorelay system of Escherichia coli can increase translation of rpoS mRNA through 

stabilization by the small non-coding mRNA, rprA. Increased RpoS levels in the cell causes up-regulation of a 

variety of genes that enhance the cellular stress response. Previous studies have proposed that the increased 

susceptibility to kanamycin of a ΔrcsB strain was due to an inability to produce extracellular capsule. However, the 

RcsB regulator has the additional role of regulating RpoS translation through rprA. In this study, we investigated 

whether constitutive expression of rprA in an RcsB-deficient strain is capable of restoring kanamycin resistance. 

The rprA deletion mutant was supplemented with an rprA-containing plasmid, and an MIC assay was used to 

compare the level of resistance to kanamycin with an isogenic wild-type strain. It was found that expression of rprA 

increased the MIC from 12 μg/ml to 24 μg/ml of kanamycin in the wild-type and from 8 μg/ml to 16 μg/ml of 

kanamycin in the ΔrcsB strain. These preliminary data suggest that rprA expression increased the resistance to 

kanamycin in both WT and ΔrcsB cells. 

The Rcs (regulator of capsule synthesis) phosphorelay 

system in Escherichia coli is a multi-component signal 

transduction system that regulates the expression of stress 

response genes. Under conditions such as osmotic shock, 

the system is activated and begins to up-regulate general 

stress response genes through the central regulator, RcsB 

(1). Al Zahrani et al. used an E. coli K-12 strain with a 

rcsB deletion to investigate the role of capsule in antibiotic 

resistance, since the Rcs phosphorelay system is known to 

regulate capsule formation and deletion of RcsB 

inactivates the system (2). The authors found that pre-

treatment of ∆rcsB mutants with osmotic shock led to 

decreased capsule formation and increased susceptibility to 

kanamycin, a result that was attributed to the lack of 

capsule. However, since the cellular role of the Rcs 

phosphorelay system is multifactorial (3, 4, 5), attenuation 

of survival after knockout of RcsB may not be solely due 

to the absence of capsule. 

One of the main functions of the Rcs phosphorelay 

system is induction of a signaling cascade leading to the 

up-regulation of sigma factor RpoS (3). RpoS regulates a 

wide range of genes expressed under stationary-phase and 

stress conditions and facilitates the cellular response to 

challenges such as osmotic shock or antibiotic exposure (6, 

7).  RpoS levels can increase dramatically during the stress 

response as a result of two main processes. First is up-

regulation of rpoS transcription. Second, RpoS can be up-

regulated by decreasing the degradation of rpoS mRNA in 

the cytoplasm (8). The small regulatory mRNA rprA, 

which is induced by RcsB, serves as this link between 

extracellular stress and RpoS up-regulation (9, 10).  RprA 

interacts with rpoS mRNA in the cytoplasm and decreases 

the rate at which this mRNA is degraded, resulting in 

increased levels of RpoS protein (11). Deletion of RcsB 

abolishes expression of rprA (11), which leads to 

increased degradation of rpoS mRNA. The elimination of 

rprA expression due to deletion of rcsB thus may have 

effects on the cellular ability to survive in a capsule-

independent manner, by reducing the amount of RpoS 

produced in response to stress. As RpoS is important in the 

induction and maintenance of the general stress response 

(6), lowered levels in the cell could explain the previously 

observed reduction of survival in response to antibiotic 

challenge following osmotic shock induction of rcsB 

mutants (2). 

In this study we investigated the role of rprA in 

restoring kanamycin resistance of E. coli following 

osmotic shock.  We used an rcsB knockout strain 

transformed with a plasmid containing rprA under an 

arabinose-inducible promoter to see if over-expression of 

rprA would increase the minimum inhibitory 

concentration (MIC) of kanamycin and rescue the ∆rcsB 

phenotype.  If the increased accumulation of RpoS by 

rprA was responsible for the observed phenotype, then an 

rcsB knockout in which rprA expression is restored should 

have an MIC comparable to that of a wild-type strain.  

MATERIALS AND METHODS 

Bacterial strains. E. coli strains BW28357 (WT control) and 

BW30009 (ΔrcsB) were obtained from the University of British 

Columbia, Department of Microbiology and Immunology MICB 

421 culture collection. Both strains were F-, Δ(araD-araB)567, 

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

BW30009 strain is a rcsB1320 deletion mutant. Plasmids 

pNM12:rprA and an empty pNM12 were isolated from E. coli 

strain NM22508, which was kindly provided as a gift by Susan 

Gottesman at the National Institute of Health. The pNM12 was a 

pBAD24 derivative with the addition of a McsI restriction site. 

The rprA gene insert was located downstream of an arabinose-

inducible promoter in pNM12:rprA. 

Growth conditions. All cultures were grown in either Luria 

Broth (LB) or LB supplemented with 2% w/v arabinose. 

Overnight cultures were incubated at 37°C with shaking at 150 

rpm for 18-24 hours. 

Preparation of antibiotic stock solutions. A stock solution of 

ampicillin (Sigma-Aldrich®) was prepared by dissolving 

ampicillin powder in distilled water to a final concentration of 

100 mg/ml. Kanamycin (Gibco®) stock solution was prepared in 

distilled water to a final concentration of 1280 mg/ml. Both 

solutions were filter sterilized using a 0.22 µm nitrocellulose 
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filter. Luria agar plates containing ampicillin were prepared by 

spread-plating ampicillin stock solution to a final concentration of 

100 µg/ml. 

Confirmation of the presence of both pNM12 and rprA in 

strain NM22508. The vector strain NM22508 was recovered 

from dried filter papers by plating on Luria agar plates. An 

isolated colony was picked for both the empty pNM12 and 

pNM12:rprA carrying vectors and streak plated onto MacConkey 

Agar (BD BBL
TM

 MacConkey Agar) with 2% w/v arabinose and 

100 µg/ml ampicillin and incubated at 37°C overnight. Colonies 

containing the pNM12:rprA plasmid expressing RpoS appeared 

red on MacConkey plates. 

Isolation of plasmid DNA from strain NM22508. Overnight 

cultures of the empty pNM12 and pNM12:rprA vector strains 

were prepared and grown to an OD600 of 2.0. Plasmid extraction 

using 10 ml of each culture was performed using the Invitrogen
TM

 

PureLink® HiPure Plasmid MiniPrep DNA Purification Kit 

according to the manufacturer’s instructions. Concentration of the 

obtained plasmid DNA was determined using the NanoDrop 

2000c Spectrophotometer. Isolated plasmid was stored at -80°C 

until transformation. 

Preparation of competent WT and ΔrcsB cells. A 1 ml 

volume of WT and ΔrcsB overnight cultures was inoculated into 

30 ml of LB and grown to an OD600 of 0.6. Duplicate 5 ml 

aliquots of each culture were centrifuged in the IEC Centra MP4R 

centrifuge (819 rotor) at 1000 x g for 15 minutes. The supernatant 

was discarded and the pellet was washed twice by sequential 

resuspension in 5 ml of ice-cold 10% glycerol and centrifugation. 

The pellet was then resuspended in 250 μl of 10% glycerol and 

centrifuged once more before being resuspended in 50 μl of 10% 

glycerol and stored at -80°C until transformation. 

Transformation of WT and ΔrcsB strains with 

pNM12:rprA or empty pNM12 plasmid. Competent WT and 

ΔrcsB cells were transformed by electroporation. A total of 333 

ng of plasmid DNA was added to 50 μl of competent cells and 

transferred to a chilled 0.2 cm electroporation cuvette. 

Electroporation was performed using the Bio-Rad® 

MicroPulser
TM

 at the Ec2 setting (single pulse of 2.5 kV for 5 ms, 

for a field strength of 12.5 kV). Negative controls were set up by 

adding 4 μl of distilled water to 50 μl of competent cells. Cells 

were immediately resuspended in SOC recovery media after 

electroporation and transferred to a test tube for incubation for 1 

hour at 37°C and 150 rpm. Each culture was diluted and final 

dilutions of 10
-4

, 10
-5

, and 10
-6

 were spread-plated on Luria agar 

plates containing 100 µg/ml ampicillin. Final strains of 

WT+pNM12:rprA, WT+pNM12, ΔrcsB+pNM12:rprA, and 

ΔrcsB+pNM12 were obtained and designated as strains AKS131, 

AKS132, AKS133, and AKS134, respectively, and added to the 

MICB 421 culture collection. 

Growth assay of strains WT+pNM12:rprA and 

ΔrcsB+pNM12:rprA with and without arabinose induction.  A 

1 ml volume of overnight cultures from WT+pNM12:rprA or 

ΔrcsB+pNM12:rprA strain  was used to inoculate 28 ml of either 

LB or LB supplemented with 2% w/v arabinose. The turbidity of 

each condition was determined using a Spectronic 20
TM

 

spectrophotometer immediately after inoculation and recorded as 

OD600 at zero time. Cultures were then incubated and culture 

turbidity was read at 20 minute intervals over 3.5 hours. 

Microscopy of transformed strains with and without 

arabinose induction. A loopful of culture (strains 

WT+pNM12:rprA, WT+pNM12, ΔrcsB+pNM12:rprA, and 

ΔrcsB+pNM12 for each condition was smeared onto a 

microscope slide and allowed to dry before being heat fixed. 

Crystal violet stain was applied to the slide for 1 minute before 

washing off excess stain with distilled water. Cells were viewed 

using a phase contrast microscope at 1000X magnification. 

Minimum Inhibitory Concentration (MIC) assay of 

WT+pNM12:rprA, WT+pNM12, ΔrcsB+pNM12:rprA, and 

ΔrcsB+pNM12 strains. Strains WT+pNM12:rprA, WT+pNM12, 

ΔrcsB+pNM12:rprA, and ΔrcsB+pNM12 were grown overnight 

in LB or LB supplemented with 2% w/v arabinose. Osmotic 

shock was performed by adding 6M NaCl solution to each culture 

to obtain a final NaCl concentration of 0.56 M, and incubated for 

45 minutes. Cultures were diluted to an OD600 of 0.125. A 1-in-

100 dilution was then made by adding 200 μl of the 0.125 OD600 

culture into 19.8 ml of LB or LB with 2% w/v arabinose. The 

assay was performed using a 96-well flat bottom Falcon plate 

where 50 μl of each bacterial culture was added to 50 μl of 

serially diluted kanamycin for a total volume of 100 μl per well. 

The final antibiotic concentrations were 0, 0.125, 0.25, 0.5, 1, 2, 

4, 8, 16, 32, 64, and 128 μg/ml and each condition was tested 

using two replicates. Plates were read using the BioTek Epoch
TM

 

Microplate Spectrophotometer immediately and after 24 hours of 

incubation. The MIC was defined as the minimum concentration 

of antibiotic at which no growth was observed. A positive growth 

condition was defined as an OD600 of greater than 0.55 based on 

concurrence with visual identification. 

RESULTS 

Vector strains maintained the rprA insert. In order to 

confirm that the vector strain E. coli NM22508 had 

maintained rprA, and to differentiate between the vector 

strain containing empty pNM12 and the one containing 

pNM12:rprA, the two strains were plated on MacConkey 

agar supplemented with 2% w/v of arabinose. The 

NM22508 strain had an RpoS::lacZ fusion, which allowed 

identification of colonies which produced elevated 

amounts of RpoS protein (12). Production of β -

galactosidase due to fusion to RpoS resulted in 

fermentation of lactose and acidification of the 

surrounding media. Colonies expressing rprA were 

selected on the basis of red colouration as the neutral red 

pH indicator caused colonies of high β-galactosidase and 

RpoS expression to turn red. The NM22508+pNM12 

strain, which did not contain rprA, resulted in pink 

colonies due to the low production of RpoS. Two 

individual NM22508+pNM12:rprA strain colonies were 

similarly transferred to MacConkey agar, of which one 

displayed characteristics resembling the 

NM22508+pNM12 strain and the other which resulted in 

bright red colonies due to the elevated production of RpoS 

and β-galactosidase. 

Growth rate and morphology of strains transformed 

with empty pNM12 or pNM12:rprA were similar. The 

growth rate and morphology of transformed WT and 

ΔrcsB strains were compared in order to eliminate the 

attenuation of growth or an altered morphology as possible 

explanatory factors for differences in MIC. Overnight 

cultures containing arabinose was found to have decreased 

turbidity as compared to cultures without arabinose. The 

ΔrcsB cultures grew to a turbidity of 3.45 OD600 when in 

arabinose and 6.65 OD600 without arabinose. This 

corresponded to a 1.9X higher growth when arabinose was 

not present. Similarly for WT strains, culture turbidity 

were measured to be 3.95 OD600 in arabinose and 6.75 

OD600 when arabinose was not present, translating to a 

1.7X increase without arabinose. After 3.5 hours of 
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incubation during the growth assay, a similar trend was 

found where cultures grown in the presence of arabinose 

had reduced growth for both strains (Fig 1). The observed 

slowing of growth after arabinose was consistent with 

previous literature (13, 14) as well as with our expectations 

of increased rprA levels leading the induction of the 

cellular stress response. A reduction in growth rate was 

also observed in the ΔrcsB strain as compared to the wild-

type strain in both induced and uninduced arabinose 

conditions, however statistical analysis of these data was 

not performed. Under 1000X magnification, all strains 

(WT+pNM12:rprA, WT+pNM12, ΔrcsB+pNM12:rprA, 

and ΔrcsB+pNM12 exhibited typical E. coli characteristics 

with a uniform rod-shape and approximately equal size 

between conditions. WT+pNM12:rprA and 

ΔrcsB+pNM12:rprA strains also did not have any changes 

in cell morphology after arabinose induction of plasmid 

expression and maintained their rod-shape (data not 

shown). 

Induction of pNM12:rprA resulted in a higher MIC 

for ΔrcsB mutants and WT strains.  Each strain was 

induced with 0.6M NaCl in order to activate the RcsB 

phosphorelay and the transcription of rprA and rpoS in the 

WT strains. This allowed for comparison of the WT and 

ΔrcsB strain stress responses with and without the 

presence of rprA. The MIC was performed using serially 

diluted kanamycin for direct quantification of the ability of 

the strains to grow in the presence of kanamycin, with 

higher MICs considered indicative of greater stress 

response induction. The induced WT+pNM12:rprA had 

the highest MIC between the conditions of 24 μg/ml, 

which was 1.5X higher than that of the induced 

ΔrcsB+pNM12:rprA strain and 2X higher than either the 

uninduced or the induced WT+pNM12 strains (Table 1). 

Induced ΔrcsB+pNM12:rprA had an MIC of 16 μg/ml, 

which was 2X higher than both the uninduced 

ΔrcsB+pNM12:rprA and the induced ΔrcsB+pNM12 

strains, which both had MICs of 8 μg/ml. The MIC of the 

induced and uninduced WT+pNM12 was 75% of the 

induced ΔrcsB+pNM12:rprA, though statistical analysis 

was not performed and cannot be stated whether this is a 

significant difference. The MICs of uninduced 

WT+pNM12:rprA and ΔrcsB+pNM12 strains were 

determined to be inconclusive due to the large difference 

in reported MIC between replicates. 

DISCUSSION 

In wild-type E. coli the RcsC sensor kinase, which 

spans the inner cell membrane, detects stressor signals 

and results in phosphorylation of RcsB (1). Activated 

RcsB up-regulates expression of rprA, which increases 

RpoS transcription and an enhanced cellular stress 

response (Fig 2A). A diminished stress response is 

expected in a ∆rcsB mutant, since rprA expression is 

abolished which should result in increased degradation 

of rpoS mRNA and lower overall levels of RpoS 

protein (Fig 2B). Restoring rprA expression using an 

inducible plasmid transformed into a ΔrcsB strain, 

suggested that rprA may be sufficient to restore the 

ΔrcsB phenotype as shown in Fig 2A. 

The growth rates of WT and ΔrcsB cultures were the 

same when the plasmid was uninduced. The induction 

of the rprA plasmid by arabinose slowed the growth 

rate of both the WT and ΔrcsB culture, though it 

appeared to have a more pronounced effect on the 

ΔrcsB cells (Fig 1). As RpoS levels would be expected 

to increase following rprA induction, triggering the 

stress response of the cells, this slowed growth rate was 

consistent with our expectations (15). This observation 

was also consistent with previous studies using 

arabinose-inducible plasmid constructs (11, 16). Thus, 

the lowered growth rate seen may be due to the 

presence of the plasmid and not only because of the 

induction of stationary phase genes by RpoS. Although 
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TABLE 2  Absorbance data from the ELISA using RpoS specific 

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

Background Plasmid Arabinose 

(+/-) 

MIC 

(μg/ml) 

 pNM12:rprA + 24 

WT - 8-32* 

 pNM12 + 12 

 - 12 

 pNM12:rprA + 16 

ΔrcsB  - 8 

 pNM12 + 8 

  - 8-32* 

 

these data suggested the induced WT has a faster 

growth rate than the induced ΔrcsB (Fig 1), turbidity 

readings for induced overnight cultures were not 

significantly different (data not shown) and thus this 

discrepancy would likely disappear if the growth was 

measured over a longer time period. 

Expression of rprA from an arabinose-inducible 

promoter increased the MIC for ΔrcsB cells. Once 

pNM12:rprA was induced the MIC doubled from 8 

μg/ml to 16 μg/ml. This increase in MIC appeared to be 

arabinose-independent as the induced ΔrcsB+pNM12 

strain, which has an empty plasmid, had the same MIC 

as the uninduced ΔrcsB+pNM12:rprA strain (Table 1). 

These data supported the idea that rprA had a role in 

improving survival following kanamycin challenge 

consistent with our predictions. Our proposed 

mechanism of increased survival due to increased 

translation of rpoS mRNA would explain the data but it 

cannot be confirmed as RpoS levels were not monitored 

over the course of the experiment. The inconclusive 

result reported for the uninduced ΔrcsB+pNM12 strain 

was due to a 4-fold difference in MIC found between 

two replicates. Averaging of these two disparate values 

was decided to be misrepresentative of the data so these 

results were reported as inconclusive with the range of 

MICs reported for completeness as neither plate could 

be determined to be closer to the true value due to only 

two duplicate plates being made. 

The highest MIC (24 μg/ml) was observed in the 

WT+pNM12:rprA strain with induced rprA expression 

(Table 1). This result was consistent with our 

expectations, as the WT condition had endogenous 

expression of rprA and the Rcs phosphorelay was 

intact. This increased level of rprA should result in 

rpoS mRNA remaining longer in the cell without being 

degraded, increasing the amount of rpoS mRNA in the 

cell. Previous studies have shown that increased levels 

of rpoS mRNA correlated with an increased amount of 

RpoS protein (9). An inconclusive result was obtained 

for strain WT+pNM12:rprA without induction with 

arabinose as there was also a 4-fold difference in the 

MIC between the two replicates. However, when 

compared to strain WT+pNM12 with and without 

arabinose, both results fell within this range of 8-32 

μg/ml. Under the assumption that these three values 

were not significantly different, we concluded that the 

decreased levels of rprA (either in the uninduced 

condition, or due to absence in the vector) resulted in 

decreased kanamycin tolerance. 

The ΔrcsB cells uniformly had a lower MIC than the 

WT cells regardless of condition and the carried 

plasmid (Table 1). The MIC of strain WT+pNM12 and 

induced ΔrcsB+pNM12:rprA strains had a difference of 

4 μg/ml, which is unlikely to be significant within the 

accuracy of this assay. However, statistical analysis was 

not performed on these data and thus this cannot be 

conclusively stated. There was however, a larger 

difference of 8 μg/ml between the induced 

WT+pNM12:rprA and ΔrcsB+pNM12:rprA strains 

which was more likely to be significant, indicating that 

there may have been some rprA-independent factor 

missing from the ΔrcsB strain which improved the 

ability of WT cells to grow in the presence of 

kanamycin. As the ΔrcsB mutant was unable to form a 

capsule, this result may have been due to an antibiotic-

resistance effect conferred by capsule presence, as 

previously reported (17), or due to another effect of the 

Rcs phosphorelay within the cell. A possible Rcs-

dependent mechanism to explain this difference is the 

negative regulation that RcsB exerted on the inhibitor of 

rpoS translation, LrhA (3). The absence of RcsB would 

have removed the repression of the LrhA pathway and 

thus resulted in lower levels of RpoS in the cell. 

Supporting this explanation, RcsB has been found to 

induce RpoS expression in an rprA independent manner 

an additional three to five times, an effect which may be 

due to this LrhA pathway (3). The intact Rcs 

phosphorelay of the WT strain is also capable of 

inducing endogenous rprA expression, meaning that the 

levels of rprA in the WT may be higher and thus may 

be another explanation for the observed difference in 

MICs.   

Our data found a higher MIC than was previously 

reported for the WT and ΔrcsB strains (2), a factor 

which may be due to our reading of the plates with a 

spectrophotometer rather than by eye, but this may also 

be attributable to lack of osmotic induction of stress 

genes in previous studies. It is probable that the 

activation of the cellular stress response would have 

increased the MIC needed in the previous paper due to 

the role of the RpoS sigma factor in antibiotic resistance 

(6, 7) and brought it more in line with our observations. 

Though the MIC of induced ΔrcsB+pNM12:rprA 

strain was 1.5-fold lower than the induced 

WT+pNM12:rprA strain, we can conclude that rprA  
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expression results in some level of increased kanamycin 

tolerance by comparison with the uninduced conditions. 

This suggests that rprA expression improved tolerance 

to kanamycin challenge for both ΔrcsB and WT cells. 

Thus, our data suggests that rprA improved the ability 

of cells to grow in the presence of kanamycin, possibly 

due to higher levels of RpoS in the cell. However, due 

to our lack of statistical analysis and the limited validity 

of having only two replicates for the MIC we cannot 

definitively state such without further testing. 

FUTURE DIRECTIONS 

Replication of our experiment would allow the 

determination of the true MIC for the conditions found to 

be inconclusive in our study and increase the significance 

of our results. Due to the qualitative nature of the MIC 

assay, future replication of this experiment should solely 

rely on a visual determination of MIC, which may serve to 

resolve some of the ambiguity that we encountered. It may 

also be useful to confirm RpoS levels within each 

condition by using a Western blot. In addition, the 

utilization of a strain which has a deletion of the rprA gene 

would be beneficial to further elucidate the effects of rprA 

without interference of any cell defects that may occur due 

to the inactivation of the Rcs phosphorelay system or from 

the addition of a plasmid. Repeating a similar experiment 

to look at the effect different stressors have on the survival 

and MIC of an rprA deletion mutant would also be 

valuable to investigate the conditions that play a role in the 

RpoS-mediated stress response. 
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