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Increased OmpC expression and kanamycin resistance has been observed in Escherichia coli exposed to sublethal 

concentrations of kanamycin. However, the regulatory pathway through which kanamycin induces OmpC 

upregulation has not been elucidated. It is known that Escherichia coli detects increased environmental osmolarity 

via a membrane-bound sensor, EnvZ, and modulates OmpC and OmpF porin expression to limit permeability of 

the outer membrane. This study investigated the necessity of EnvZ in the induction of OmpC upregulation 

following high salt or kanamycin treatment. Our results showed that pre-treatment with either salt or kanamycin 

led to an increase in OmpC expression in the ΔenvZ strain but not the wild type strain. Overall, the results suggest 

that EnvZ is not an essential protein for the upregulation of OmpC in response to high salt or kanamycin, and that 

other mechanisms may compensate for the loss of EnvZ. Furthermore, OmpC upregulation is not crucial in the 

conferred resistance to lethal concentrations of kanamycin following salt or sublethal treatment.  

In adaptive response to environmental osmotic stress, 

Escherichia coli utilizes a two-component regulatory 

system to detect stress such as hypertonicity (1). This 

system is composed of EnvZ (sensor) and OmpR 

(regulator), and together, they modulate the expression of 

porins OmpF and OmpC (1,2). EnvZ exists as a 

membrane-associated kinase and functions as a signal 

transducer that detects variations in environmental 

osmolarity (3). Under low osmotic pressure, the regulatory 

protein OmpR is unphosphorylated and binds to high 

affinity sites on the ompF promoter, leading to elevated 

OmpF production relative to OmpC (2,3). However, high 

osmotic stress causes the EnvZ sensor to 

autophosphorylate, and subsequently phosphorylate OmpR 

(2). Phosphorylated OmpR can bind low affinity sites on 

the ompC promoter, and thus increase the expression of the 

smaller diameter porin OmpC in the outer membrane (4). 

This differential expression of membrane porins limits 

movement of water out of the cell in hypertonic 

environments and protects bacterial cells from shrinkage 

and subsequent death (5). 
High salt environments may not be the only inducers of 

OmpC upregulation; previous studies done by Hu et al. 

showed that OmpC levels were increased in the outer 

membrane of E. coli B23 following pre-treatment with 

sublethal concentrations of the aminoglycoside antibiotic 

kanamycin. However, the mechanism by which kanamycin 

induces OmpC upregulation has not been elucidated (4). 

Hypertonic environments have also been observed to 

confer transient resistance to kanamycin, and Angeles et 

al. have suggested that this resistance is due to the 

resulting upregulation of OmpC (4).  
E. coli is capable of developing transient antibiotic 

resistance in response to certain environmental stimuli 

(which includes antibiotic exposure) without causing 

changes to its genotype (6). This phenomenon is termed 

adaptive resistance. This reversible form of antibiotic 

resistance generally develops 1-2 hours after the 

environmental change, and can persist for several hours 

after conditions return to normal (6).  

This study investigated the necessity of EnvZ in the 

induction of increased OmpC expression and OmpC-

dependent adaptive resistance to kanamycin following 

exposure to high salt conditions or to sublethal kanamycin. 

We observed that EnvZ was not essential for the 

upregulation of OmpC and that OmpC upregulation does 

not correspond to increased kanamycin resistance. 

MATERIALS AND METHODS 

Bacterial strains and growth media. E. coli strains BW25113 

(wild-type, CGSC#7636) and JW3367-3 (ΔenvZ mutant, CGSC 

#10509) were obtained from the Keio collection (Coli Genetic 

Stock Centre). Both strains were cultured using Luria-Bertani 

(LB) liquid media made with 1% tryptone (Becton Dickinson 

#211701), 0.5% yeast extract (DIFCO #210929), and 0.5% NaCl 

(Fisher Scientific #BP258-1). LB broth containing 2.5% NaCl 

was used to induce osmotic stress in both wild type and ΔenvZ 

strains. 
PCR reaction to confirm envZ deletion. The primers used for 

the PCR reaction were: forward primer 5’- 

TGACCGACAAACTGCAACTG - 3’ and reverse primer 5’- 

TCTGCCAGATAGCCATCCTG - 3’. The DNA polymerase 

used was Taq DNA polymerase (Invitrogen) and the PCR 

reaction was set up according to manufacturer's instructions. To 

each 50 μl sample, a small amount of BW25113 or JW3367-3 

colony material was added. Cycling conditions were as follows: 

samples were initially incubated at 94°C for 3 minutes followed 

by 35 cycles of 94°C for 45 seconds, 59°C for 30 seconds, and 

72°C for 90 seconds. A final extension was completed for 10 

minutes at 72°C. The PCR products were run on a 1.0% agarose 

gel in 1X TAE running buffer at 100V for 60 minutes. The gel 

was stained in a 0.5 μg/ml ethidium bromide solution for 15 

minutes prior to visualization.  
Isolation of pCP20 plasmid. PureLink® Quick Plasmid 

Miniprep Kit (Invitrogen #K2100-11) was used to isolate pCP20 

plasmids from 3 mls of E. coli BT340 (CGSC #7629) culture 

grown overnight at 30
o
C. The concentration of isolated plasmid 

was determined using the NanoDrop (Thermo Scientific, model 

2000c). 
Preparation of competent cells. Electrocompetent ΔenvZ cells 

were prepared from a 1.5 ml overnight culture of JW3367-3 

grown at 37
o
C, shaking at 200 rpm with mild aeration. The cells 

were centrifuged and washed twice with chilled, sterile distilled 
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water. The cells were then washed with 100 μl cold 10% glycerol 

and the subsequent pellets were resuspended in 50 μl of cold, 

10% glycerol. 
Removal of the kanamycin resistance gene from E. coli 

JW3367-3. The kanamycin resistance gene from the ΔenvZ strain 

was removed by transforming electrocompetent JW3367-3 cells 

with the pCP20 plasmid. 25 μl of electrocompetent cells were 

mixed with 1 μl of 60 ng/μl pCP20 plasmid. The mixture was 

transferred to a 0.2 cm GenePulser® Cuvette (BioRad #165-

2082) and electroporated using a BioRad MicroPulser® 

configured to the Ec2 setting. Following electroporation, the 

culture was recovered in 1 ml of LB broth and incubated at 30°C 

for 1 hour. Transformants were spread plated onto LB-ampicillin 

(100 μg/ml) plates and incubated overnight at 30°C. An isolated 

colony from this plate was re-streaked onto a new LB-ampicillin 

plate and incubated overnight at 30°C. Isolated colonies from the 

second LB-ampicillin plate were re-streaked onto LB plates and 

incubated overnight at 42°C. This step was repeated a second 

time by re-streaking isolated colonies from the first LB plate onto 

new LB plates and incubated overnight at 42°C. Isolated colonies 

from the second LB-plate were grid plated onto LB-ampicillin 

(100 μg/ml), LB-kanamycin (50 μg/ml), and LB, then grown 

overnight at 30°C. A doubly-sensitive colony was selected for the 

experiment and this new strain was named LYVZ-13W. 
Determination of the minimum inhibitory concentration of 

kanamycin. Overnight cultures of BW25113 and LYVZ-13W 

were diluted to an OD600 of 0.3 in LB and incubated at 37°C in a 

shaking water bath at 200 rpm until the OD600 reached 0.6. The 

cells were then diluted to an OD600 of 0.005 and 100 μl of cells 

were added to 100 μl of diluted kanamycin stock (5 mg/ml) in a 

polystyrene 96-well plate (Becton-Dickinson #30115). Triplicate 

treatments were done at each concentration and the final 

kanamycin concentrations was 128 μg/ml, 64 μg/ml, 32 μg/ml, 16 

μg/ml, 8 μg/ml, 4 μg/ml, 2 μg/ml and 0 μg/ml. Plates were 

incubated at 37°C for 24 hours and visually interpreted. The MIC 

was defined as the lowest kanamycin concentration in which no 

visible growth was observed. The sublethal concentration was 

defined as one-quarter of the MIC. 
Pre-treatment of BW25113 and LYVZ-13W using 2.5% 

NaCl LB or sublethal kanamycin. Overnight cultures of 

BW25113 and LYVZ-13W were diluted to an OD600 of 0.3 and 

grown in 200 ml of either normal LB (untreated), LB containing 

2.5% NaCl (salt), or LB containing 4 μg/ml of kanamycin (kan). 

The cultures were grown until the OD600 reached 0.6.  
Outer membrane protein isolation. Pre-treated and untreated 

cultures were pelleted by centrifuging at 10,000 x g for 5 mins in 

the Sorvall RC-5B centrifuge using the SLA-1500 rotor. Pellets 

were resuspended in 10 ml of resuspension buffer (10 mM Tris 

HCl  pH 8.0, 1 mM EDTA, 20% sucrose, 1 mg/ml lysozyme). 

Cells were lysed at 15,000 psi using a French pressure cell. 50 μl 

of deoxyribonuclease I (from 10 mg/ml stock solution) was added 

to each sample and incubated for 30 minutes on ice. Lysates were 

centrifuged at 2,500 × g for 25 min at 10°C in the Beckman 

Coulter Avanti J30-I centrifuge using a JA-20 rotor. The 

supernatant was removed and centrifuged at 35,000 x g for 40 

min at 10°C using a JA-30.5 rotor. The pellet was resuspended in 

10 ml of 0.1 M sodium carbonate and incubated on ice for 1 hour. 

Following incubation, the samples were centrifuged again at 

35,000 x g for 40 min at 10°C. Pellets were resuspended in 1 ml 

OMP Resuspension Buffer (2% Triton X-100, 10mM Tris-HCl 

pH 8.0) and placed in the -80
o
C freezer until buffer exchange. 

Buffer exchange. In order to analyze the outer membrane 

proteins on a SDS-PAGE gel, the incompatible Triton X-100 

buffer was replaced with SDS-buffer (2% SDS (BioRad #161-

0302) in 8 mM Tris-HCl pH 8). 500 μl of protein sample was 

added to Millipore Amicon Ultra-0.5 ml 30K filters (Millipore 

#UFC503024) and centrifuged at 14,000 x g for 5 minutes in 

Eppendorf Centrifuge 5424 tubes. Following centrifugation, 450 

µl of SDS buffer was added to each filter and centrifuged again at 

14,000 x g for 5 minutes. This step was repeated 3 more times to 

ensure that the Triton X-100 buffer had been diluted down to a 

negligible concentration. Finally, the filters were inverted and 

spun at 1,000 x g for 3 minutes into a new collection tube and 

stored at -80°C. The final volume of each sample was 

approximately 250 µl. 
BCA assay to normalize protein concentrations for SDS-

PAGE analysis. Outer membrane protein concentration was 

determined using the bicinchoninic acid assay (BCA). The BCA 

reagent used is composed of 1 part 4% cupric sulphate (Sigma 

#C-7631) and 49 parts bicinchoninic acid (Sigma #B-9643). 

Bovine serum albumin (Sigma #P-0914) standards were prepared, 

with concentrations ranging from 31.25 μg/ml to 1500 μg/ml. 

Protein samples were diluted to 1/5 and 1/10 of their original 

concentrations. 25 µl of each standard, as well as diluted protein 

samples, were pipetted into a clear polystyrene 96-well plate. 200 

µl of the BCA reagent was added to each well and the plate was 

incubated at 37
o
C for 30 minutes. Following incubation, the 

absorbance at 562 nm was measured using the Epoch Microplate 

Spectrophotometer (Bio Tek Instruments #7201000). 
SDS-PAGE of outer membrane proteins. The procedure used 

for SDS-PAGE was adapted from Joo et al. (7). A 6% stacking 

gel and 12% separating gel was used. Protein samples were mixed 

with distilled water and 2x SDS sample loading buffer (50 mM 

Tris pH 6.8, 100 mM dithiothreitol (DTT), 2% SDS, 0.1% 

bromophenol blue, 10% glycerol). A total of 20 μg of protein was 

loaded for each sample. The gel was run at 200V for 45 minutes 

and stained with Coomassie Blue to visualize protein bands.  

RESULTS 

The envZ knockout mutation was confirmed in 

JW3367-3. PCR was performed using primers specific to a 

region (from base pairs 377 to 1007) within the envZ gene. 

Genomic DNA isolated from the wild type BW25113 

produced the expected 631 bp product (Fig 1). This 

product was absent in the envZ knock out mutant, which 

confirmed that the ΔenvZ gene had been deleted in the 

strain.  

 
 
FIG 1 Absence of envZ in JW3367-3 confirmed by PCR. The band in 

the WT lane represents the 631 bp envZ gene product. 
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TABLE 1 Determination of kanamycin MIC following exposure to 

high salt or low levels of kanamycin.  

 
 

MIC of kanamycin for the WT and the isogenic 

ΔenvZ strains determined to be 16 µg/ml. A MIC assay 

was performed to determine the minimum kanamycin 

concentration necessary to elicit a bactericidal effect. The 

observed MIC for both BW25113 and LYVZ-13W strains 

was 16 µg/ml of kanamycin as shown in Table 1. There 

were no changes observed between any of the treatments. 

This result was not anticipated because the ΔenvZ strain 

was expected to have lower OmpC expression and 

therefore be more sensitive to kanamycin compared to the 

wild type strain. In addition, we also expected that the wild 

type salt and kanamycin pre-treated samples would 

upregulate OmpC and would therefore require a higher 

lethal concentration of kanamycin, and thus exhibit greater 

MIC values compared to the wild type untreated control. 

This was contrary to what we observed in our MIC data. 

Instead we observed no change in MIC following pre-

treatment with salt or kanamycin in either strain. 
High salt and sublethal kanamycin induced OmpC 

upregulation independent of EnvZ signalling.  By visual 

analysis, the untreated LYVZ-13W strain expressed less 

OmpC and greater OmpF compared to the untreated wild 

type. This is supported by densitometry analysis of relative 

band intensities (Table 2). Treatment with 2.5% NaCl LB 

or 4 µg/ml kanamycin did not appear to affect OmpC or 

OmpF expression in the wild type relative to the untreated 

control. However, the band intensity values from the 

densitometry data indicated a decreasing OmpC expression 

from the untreated to the kanamycin treated wild type 

samples. The OmpC:OmpF ratios also showed a 

decreasing trend. This was contrary to the data we 

expected to observe, which was a greater OmpC:OmpF 

ratio in the kanamycin and salt pre-treated samples 

compared to the untreated control. When the LYVZ-13W 

strain was treated with either 2.5% NaCl or sublethal 

kanamycin, OmpC expression markedly increased in 

comparison to the untreated sample (Fig 2). This was also 

unexpected as the ΔenvZ mutant is not capable of 

detecting osmotic stress and should not be able to 

upregulate OmpC after pre-treatment with kanamycin or 

salt. Although OmpC expression levels increased in the 

mutant treatment samples, these levels still appeared lower 

than the treated wild type samples. Visually, OmpF 

expression seems to be constant between strains and 

treatments (Fig 2); however, the densitometry results show 

otherwise. Band intensity values indicate that OmpF 

expression decreased following salt or kanamycin 

treatment in both the wild type and LYVZ-13W strains. In 

addition, OmpF expression was approximately 2.2 times 

greater in the ΔenvZ samples compared to the wild type. 

The 2.5% NaCl treatment appeared to have no effect on 

the OmpC:OmpF expression ratio in both the wild type 

and the mutant. In contrast, this ratio changed following 

exposure to sublethal kanamycin. The kanamycin pre-

treated wild type strain had a 20% decrease in OmpC 

expression compared to the untreated control. In the ΔenvZ 

mutant, we observe the opposite trend. There was a 2x 

increase in OmpC expression in the kanamycin pre-treated 

ΔenvZ sample compared to the untreated ΔenvZ control. 

Furthermore, according to the densitometry data (Table 2), 

kanamycin pre-treatment in the ΔenvZ strain almost 

completely rescued OmpC expression. The values of the 

kanamycin pre-treated wild type and ΔenvZ strains have 

almost identical OmpC values. The SDS-PAGE results 

also showed an increase in expression of OmpA at ~30 

kDa in the envZ mutant, with the strongest expression of 

this protein in the kanamycin-treated LYVZ-13W strain.  

DISCUSSION 

Expression of OmpC was 2.5 times higher in the wild 

type strain than in the envZ knockout strain, which was 

expected since the latter was unable to detect 

environmental salinity and thus would always sense 

conditions as being hypotonic. In contrast, OmpF levels 

were observed to be relatively higher in the mutant 

strain than in the wild type strain. This increased 

expression may be to compensate for the lack of OmpC 

porins present in the outer membrane in order to 

maintain the movement of solutes and water flow into 

and out of the cell (8). 
The results between treatments for the wild type strain 

were unexpected. Wild type strain OmpC expression 

was observed to be slightly lower in the salt and 

kanamycin treated samples when compared to the 

untreated control. This was contrary to the studies done 

by Angeles et al. and Hu et al. which claim that the 

expression of OmpC becomes upregulated in response 

to osmotic stress and kanamycin, respectively (4,5). The 

discrepancy in results, however, may be due to different 

subinhibitory levels of kanamycin used to pre-treat the 

cells. In our study, we defined the subinhibitory level to 

be one-quarter (¼) of the MIC while in studies done by 

both Hu et al. and Angeles et al., the subinhibitory level 

was defined as one-half (½) of the MIC (4,5). The 

lower kanamycin concentration used for pre-treatment 

may have only had a minimal effect and was too low to 

induce differential OmpC and OmpF expression (8).  
Previous studies have concluded that upregulation of 

OmpC expression is key for observed increase in 

kanamycin resistance after subinhibitory pre-treatment 

(4,5). However, a recent publication by Moen et al. 

suggests that it is actually the downregulation of OmpF, 

not the upregulation of OmpC, that is responsible for 

increased antibiotic resistance (9). This is intuitive 

because upregulating the smaller diameter porin 

(OmpC) would not prevent kanamycin from being able 

to enter the cell through the larger diameter porin 

(OmpF). Therefore, using OmpC:OmpF ratios to assess  
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TABLE 2 Densitometry analysis of relative intensity of bands representing expression levels of OmpC and OmpF separated on a SDS-PAGE gel 
following exposure to high salt or sub-inhibitory levels of kanamycin. 

FIG 2 Expression of outer membrane proteins following treatment in regular LB, 2.5% NaCl, or sublethal kanamycin (4 µg/ml) .  
 

obtained increases in kanamycin resistance may not be 

useful. Instead, looking at absolute OmpF expression 

would be a more accurate method of assessing acquired 

kanamycin resistance. In our SDS-PAGE (Fig 2) data, 

we observed no significant changes in OmpF 

expression between treatments within wild type and 

ΔenvZ groups. Similarly, there were also no differences 

in the MIC data between all samples (Table 1). The data 

from the two assays was consistent because we would 

not expect to see major changes in antibiotic resistance 

if OmpF was not down regulated. Furthermore, data 

from Hu et al. show a general trend of decreasing 

OmpF expression with increasing kanamycin resistance 

(5). In their data, samples that had an increased OmpC 

expression compared to the control happened to have a 

decrease in OmpF expression (5). Hence we believe 

that there is a correlation between decreases in OmpF 

expression and increase in kanamycin resistance. The 

densitometry data, however, does suggest that OmpF 

expression was greater in ΔenvZ strain. If OmpF 

expression alone was responsible for determining 

kanamycin resistance, we would expect the wild type to 

be more resistant to kanamycin compared to the ΔenvZ 

strain as it expresses less OmpF. To explain this 

discrepancy, we speculated that the OmpF levels must 

be below a critical value in order to see a significant 

change in kanamycin resistance. Above this critical 

value, we would see no correlation between OmpF 

expression and kanamycin resistance but below this 

value we would expect to see a decrease in OmpF 

expression with an increase in kanamycin resistance.   

  

 

We believe that the OmpF expression of our wild type 

and ΔenvZ strains are above this critical value and 

hence no differences in resistance were observed. Since 

the wild type and LYVZ-13W strains had identical MIC 

values when grown under untreated conditions, it is  

unlikely that EnvZ affects basal resistance to 

kanamycin. Furthermore, it is unlikely that expression 

levels of OmpC plays a major role in resistance to 

kanamycin since the LYVZ-13W strain was shown to 

have much lower OmpC:OmpF ratio relative to wild 

type but still maintained an equivalent MIC value. 

Thus, our experiment indicates upregulation of OmpC 

did not confer protection against kanamycin. 

While OmpC expression was observably lower in the 

untreated envZ mutant strain, relative to the untreated 

wild type, it appears that salt-treatment and kanamycin-

treatment resulted in the upregulation of OmpC despite 

the absence of EnvZ as an osmotic sensor. This 

suggests that EnvZ is not necessary for the mechanism 

by which salt or kanamycin induce upregulation of 

OmpC.  

Furthermore, it was observed that the OmpC:OmpF 

ratio was higher in both treated samples of the mutant 

when compared to the untreated. This was not observed 

in the wild type strain, but is consistent with studies that 

have shown the preferential expression of OmpC over 

OmpF after exposure to salt or kanamycin in order to 

decrease outer membrane permeability (4,5). 

Interestingly, this ratio is speculated to increase due to 

both upregulation of OmpC and the repression of 

OmpF.  
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It is clear that the envZ knockout strain was capable of 

differentially expressing OmpC and OmpF in response 

to treatment with NaCl or sublethal kanamycin. This 

suggests that these proteins do not solely depend on 

EnvZ for their regulation. It is possible that E. coli has 

alternate regulatory systems that can compensate for the 

loss of function of envZ and rescue OmpC expression in 

the absence of EnvZ-OmpR signalling. This allows E. 

coli to maintain the ability to modulate outer membrane 

permeability and adapt to environmental osmotic stress. 

For instance, another E. coli sensor protein (BarA) has 

been shown to signal through OmpR when expressed in 

high copy numbers. Perhaps our ΔenvZ strain 

compensates for the lack of EnvZ by overexpressing 

BarA, which phosphorylates OmpR and upregulates 

OmpC in response to osmotic stress (10). 
In response to sublethal kanamycin treatment, the 

LYVZ-13W strain appeared to upregulate expression of 

OmpA. OmpA is involved in maintenance of membrane 

integrity and has similar pore sizes compared to OmpC 

and OmpF (11). Perhaps the mechanism compensating 

for the envZ deletion may also regulate expression of 

other porins such as OmpA. This mechanism also 

seemed to only be present when LYVZ-13W strain was 

pre-treated with kanamycin. This indicates that 

detection of osmotic and antibiotic stress may be 

through different mechanisms. 
Overall, our study has shown that removal of EnvZ 

resulted in lower expression of OmpC in basal 

conditions, but OmpC expression was partially restored 

following treatment with 2.5% NaCl or 4 μg/ml 

kanamycin. Therefore, we can conclude that 

upregulation of OmpC in response to sublethal 

kanamycin treatment can employ signalling pathways 

that are able to compensate for the loss of EnvZ. 

Additionally, varying expression of OmpC does not 

affect resistance to kanamycin. 

FUTURE DIRECTIONS 

Our results have shown that expression of outer 

membrane proteins can be changed in the absence of EnvZ 

regulation and that treatment with kanamycin slightly 

restores expression of OmpC. However, we only 

investigated treatment with kanamycin at 4 μg/ml (which 

is ¼ the minimal inhibitory concentration). Therefore, it 

would be useful to test the effects of varying 

concentrations of sublethal kanamycin on OmpC 

expression in the LYVZ-13W and WT strains. These 

experiments may elucidate if the concentration of 

kanamycin used to pre-treat strains affects the degree to 

which OmpC expression is restored. 
It is unclear if kanamycin is utilizing the OmpR 

regulatory pathway to upregulate OmpC, or if upregulation 

is a side effect of a different response, such as kanamycin-

induced cell stress. We have shown that the EnvZ osmotic 

sensor is not necessary for upregulation of OmpC, but 

compensating mechanisms may still utilize the OmpR 

regulator. The role of OmpR in kanamycin-induced 

upregulation of OmpC could be assessed by exposing an 

ompR knockout to the various treatments used throughout 

this study.  
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