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To determine whether the efflux pump and outer membrane protein system, AcrAB-TolC, in Escherichia coli could 

be upregulated for antibiotic cross-resistance, we carried out several assays comparing cells that were primed with 

an initial kanamycin treatment and cells that were not pretreated. We specifically focused on the expression of the 

TolC outer membrane pore of the efflux complex. The impact of the TolC protein on antibiotic cross-resistance was 

observed by measuring the minimum inhibitory concentrations (MIC) of various antibiotics (ampicillin, 

streptomycin, tetracycline and kanamycin) for “wild type” (WT) E. coli BW25113 strains containing an intact tolC 

gene, with or without prior treatment with kanamycin at subinhibitory levels. The MIC results for the WT strain 

were then compared against values obtained by performing an assay with a transformed tolC deletion strain, 

JWKO5503. WT cells were found to have higher MIC values than the deletion strain. In addition, kanamycin 

pretreatment resulted in an overall increase in MIC of post-treatment antibiotics for both strains. The cell density 

of subinhibitory kanamycin pretreated and non-pretreated WT cells were also measured to further analyze the 

effect of pretreatment on antibiotic sensitivity, and faster growth was observed for pretreated cells. Results thus 

showed that exposure to non-lethal concentrations of kanamycin can infer cross-resistance. The specificity of the 

primers and expression of tolC in non-treated and treated cells were also observed using PCR. The presence of 

TolC in the wild-type strain and absence in the deletion strain were confirmed, and tolC upregulation may be 

responsible for antibiotic cross-resistance in E. coli WT cells. 

The emergence of multidrug-resistant strains of bacteria 

has consistently been problematic with regards to the 

treatment of infections. The Gram-negative Escherichia 

coli uses a variety of mechanisms for multidrug resistance, 

which include the seven different efflux systems that have 

previously been identified (1). Among these is the 

commonly expressed AcrAB-TolC efflux pump system, 

consisting of the periplasmic pump subunit AcrAB and an 

outer membrane channel, TolC. Multidrug resistance has 

been found to result from the overexpression of these 

transporters, which allow for the increase in export of 

unwanted substances out of the cell, such as antibiotics (2). 

The inner membrane transporter AcrB and the 

periplasmic membrane fusion protein AcrA together form 

the translocase complex, which recognizes specific 

substrates. TolC, on the other hand, is a trimeric 12-

stranded alpha/beta barrel embedded in the outer 

membrane and is recruited when the translocase complex 

is bound to its export substrate (1), (4). TolC creates a 

direct path from the cytoplasm to the extracellular space, 

allowing the efflux pump to transfer substances across the 

cell membrane.  This efflux pump system has been found 

to contribute to the intrinsic resistance for beta-lactams (2), 

fluoroquinolones, aminoglycosides (3) and other toxic 

compounds such as antiseptics, detergents, and dyes (1). 

Moreover, the overexpression of the proteins in the efflux 

pumps can result from the initial exposure of the bacteria 

to low antibiotic concentrations, thereby contributing to 

acquired resistance (4). For instance, the upregulation of 

AcrA has been evident from prior treatment with 

subinhibitory levels of kanamycin, resulting in increased 

resistance to different antibiotics (3). 

Similarly, a deletion in any of the other genes involved 

in the efflux system has been found to increase 

susceptibility to these substances (1), (5). In this study, we 

observed that antibiotic cross-resistance is, indeed, induced 

by initial exposure to low concentrations of antibiotics. We 

proposed that the upregulation of multipurpose efflux 

pump systems in response to antibiotic-induced stress is 

responsible for the multidrug-resistance mechanisms of 

bacteria with similar systems. Specifically, we aimed to 

demonstrate that exposure to subinhibitory levels of 

kanamycin induced cross-resistance to other classes of 

antibiotics and determined whether this cross-resistance is 

correlated with the upregulation of the TolC subunit of the 

efflux system. 

MATERIALS AND METHODS 

Bacterial strains and media. The “wild type” (WT) E. coli 

BW25113 strain (obtained from the MICB 421 culture collection 

of the Microbiology and Immunology Department at the 

University of British Columbia) and the ΔtolC deletion strain 

JW5503-1 (ordered from the KEIO collection at the Coli Genetic 

Stock Centre at Yale University) were the primary strains used in 

this study. E. coli JW5503-1 contains a deletion mutation in the 

tolC gene and both strains have the genotype F-, Δ(araD-

araB)567, ΔlacZ4787(::rrnB-3), λ-, rph-1, Δ(rhaD-rhaB)568, 

hsdR514. Both strains were cultured in Luria Bertani (LB) broth 

consisting of 1% (w/v) tryptone, 0.5% (w/v) yeast extract and 1% 

(w/v) NaCl. The pH was adjusted to 6.7 using 5M NaOH. 

Overnight cultures were prepared by inoculating 10 ml of LB 

broth and incubating at 30°C, shaken at 200 rpm. 

Knockout of kanamycin-resistant gene in E. coli JW5503-1. 

The removal of the kanamycin resistance gene present in the 

JW5503-1 strain was accomplished by the pCP20 plasmid, 

carrying an ampicillin resistance gene and an FLP recombinase 
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TABLE 1 Minimum inhibitory concentrations of select antibiotics 
ampicillin (AMP), streptomycin (STR), tetractcline (TET), and 

kanamycin (KAN) for the treatment of E. coli following no 

pretreatment (-) or kanamycin pretreatment (+). Data shows mean 
values.  

 

MIC (μg/ ml) 

WT ΔtolC 

- + - + 

AMP 5.0 5.7 2.7 2.7 

STR 8.7 8.6 7.3 8.0 

TET 0.9 3.3 0.5 2.3 

KAN 29.0 34.3 27.3 28.3 

gene. To prepare for competent JW55033-1 cells, a 1/10 dilution 

of the overnight culture was performed in LB broth and allowed 

to grow for 2 hours to reach a density reading of 0.7 OD600 units. 

Two mls of the suspension was centrifuged for 1 min at 5,000 

rpm, followed by two washes in 2 ml cold sterile distilled water, a 

wash using 100 µl of cold sterile 10% glycerol, and a final 

resuspension in 40 µl cold sterile 10% glycerol. Electroporation 

of the cells alongside 1 μl of 58 ng/μl of pCP20 was achieved 

using a BioRad GenePulser. Surviving transformed cells were 

then recovered and plated on LB agar with ampicillin (LB+amp, 

100 µg/ml) and incubated at 30°C for 24 hours to test the 

presence of the plasmid (containing ampicillin resistance). 

Successfully growing E. coli were then incubated on LB at 42°C 

to activate FLP recombinase, then re-plated again onto LB+amp 

to verify the deactivation of ampicillin resistance. The resulting 

doubly-susceptible "mutant" strain was renamed JWKO5503. 

Preparation of antibiotic stock solutions. A stock solution of 

ampicillin was created by diluting 12.5 mg of ampicillin sodium 

in 5 ml of distilled water to achieve a final concentration of 2.5 

mg/ml. A 20 mg/ml solution of streptomycin was diluted to a 

concentration of 2 mg/ml in a 5 ml final volume. 60 mg of 

kanamycin sulfate was diluted in 5 ml to achieve a final stock 

concentration of 12 mg/ml. Finally, 25 mg of tetracycline 

hydrochloride was diluted in 5 ml of 70% ethanol to achieve a 

final concentration of 5 mg/ml. 

Initial minimal inhibitory concentration (MIC) 

microdilution assay. MIC microdilution assays were performed 

in 96-well flat bottom plates. Wells were filled with 100 µl of E. 

coli BW25113 (WT) or JWKO5503 (mutant) that were diluted to 

a density of 0.007 OD600 units from the overnight cultures. Stock 

solutions of ampicillin, tetracycline and kanamycin were diluted 

1/100 in LB broth, and the following concentrations were 

achieved in the wells: 1, 2, 3, 4, 6, 7 and 8 µg/ml for ampicillin, 2, 

4, 8, 14, 18, 24 and 30 µg/ml for streptomycin, 30, 32, 34, 36, 38, 

40 and 42 µg/ml for kanamycin, and 0.1, 0.3, 0.5, 0.7, 0.9 and 1 

µg/ml for tetracycline. The plates were incubated at 30°C 

overnight. 

Minimal inhibitory concentration (MIC) microdilution 

assay for subinhibitory kanamycin pretreated cells. Overnight 

cultures of WT and mutant cells were treated with sub-inhibitory 

concentrations of kanamycin, which is defined as ½ MIC 

determined from initial MIC assay (14 µg/ml for WT cells and 13 

µg/ml for mutant cells). Treated cells were allowed to incubate 

overnight at 37°C, and a 1/300 dilution in LB broth with a final 6 

ml volume was performed to achieve turbidity of approximately 

0.005 OD600 units. 100 µl of the diluted cell suspension was used 

to fill a 96-well flat bottom plate. Stock solutions of ampicillin, 

tetracycline and kanamycin were diluted 1/100 in LB broth, and 

the following concentrations were achieved in the wells: 1, 2, 3, 

4, 6, 7 and 8 µg/ml for ampicillin, 2, 4, 8, 14, 18, 24 and 30 µg/ml 

for streptomycin, 0.1, 0.3, 0.5, 0.7, 0.9, 1, 2, 3, 4, 5, 6, 7 and 8 

µg/ml for tetracycline and 34, 36, 38, 40, 42, 44, 46, 48, 50 µg/ml 

for kanamycin. The plates were incubated at 30°C overnight. 

Cell density assay. 100 µl of the WT overnight culture was 

used to inoculate 9.9 ml of LB broth with or without 

subinhibitory kanamycin (14 µg/ml) and then incubated in a 37°C 

air shaker. 100 µl of cells were then transferred to 9.9 ml of LB 

broth containing inhibitory kanamycin (29 µg/ml) and an initial 

density reading was measured (600 nm), followed by incubation 

in a 37°C air shaker. Density readings were taken after 1, 3 and 

24 hours of incubation. 

Primer specificity test and confirmation of the presence or 

absence of tolC gene.  A volume of 0.5 ml of overnight cultures 

were centrifuged, washed in sterile distilled water, then 

resuspended in 100 µl of water. A 1/50 dilution was performed 

and 100 µl of diluted cells were heat lysed at 95°C for 10 min. A 

temperature gradient-PCR was performed for non-treated and 

kanamycin pretreated WT cells to determine the optimal 

annealing temperature, with the pre-denaturation at 95°C for 2 

min, 36 cycles of denaturation (94°C for 1.5 min), annealing (at 

42, 44, 46, 48 or 50°C for 1.5 min) and extension (at 70°C for 1 

min), as well as the final extension at 70°C for 10 min. After 

determining the optimal condition for the tolC primers, non-

treated WT and mutant cells were heat lysed and underwent PCR 

at the optimal annealing temperature to confirm that the mutant 

strain was truly tolC-deleted. The PCR products were analyzed on 

a 1.5% agarose gel containing ethidium bromide, run at 120 volts 

for 30 minutes. The primers used for PCR were the tolC forward 

(5’-AAGCCGAAAAACGCAACCT-3’) and reverse (5’-

CAGAGTCGGTAAGTGACC ATC-3’) primers (Integrated 

DNA Technologies). 

RESULTS 

Pretreatment with subinhibitory levels of kanamycin 

increased MIC of antibiotic post-treatment. The MIC 

assays involving different antibiotics showed the effect of 

kanamycin pretreatment (subinhibitory concentration is 

equal to ½ MIC, which is 14 µg/ml for WT cells and 13 

µg/ml for mutant cells) on the inhibition of cell growth. A 

qualitative analysis showed that the MIC values of the 

antibiotics were specifically found to have increased 

following pretreatment for the WT strain, compared to the 

absence of a pretreatment. The exception lies in the data 

for streptomycin, whereby the MIC value remained 

relatively the same for the WT strain despite pretreatment 

with kanamycin. The most dramatic increase was observed 

for tetracycline treatment, both for the WT and mutant 

strains (around a 4-fold increase in the concentration of 

tetracycline). Increases in MIC values of streptomycin and 

kanamycin were also observed for the pretreated mutant 

strain, but to a much lesser degree. The MIC value of 

ampicillin remained unchanged for the mutant strain, 

despite pretreatment. A broad-spectrum reduced resistance 

was observed overall for the tolC mutant. 

Treatment with subinhibitory kanamycin reduced 

subsequent sensitivity to inhibitory concentrations of 

kanamycin. After the treatment of WT cells with 

subinhibitory kanamycin and then post-treatment with 

inhibitory kanamycin, faster growth was observed 

compared to conditions in which there was no pretreatment 

(FIG. 1). Control conditions involved the growth of WT 

cells without any exposure to kanamycin. Growth was 

observed by measuring the turbidity of the broth culture.  
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FIG 1 Sub-inhibitory kanamycin pretreatment allows cross-resistance and faster growth of WT cells. Samples were non-treated or pretreated 
with sub-inhibitory kanamycin for 1 hour (14 μg/ml), and then exposed to inhibitory kanamycin (29 μg/ml). 

As shown in Figure 1, there was no significant growth 

during the one-hour, and three-hour periods following 

pretreatment. Therefore, cultures were allowed to grow 

overnight to achieve at least half of a generation of 

cultures, resulting in observable distinctions between the 

pretreated and non-pretreated cultures. 

Qualitative analysis of the presence and upregulation 

of tolC using PCR. The specificity of the tolC primers was 

also examined using a temperature gradient-PCR, with 

temperatures ranging from 42°C to 50°C (FIG. 2). Non-

treated and kanamycin-treated WT were heat lysed at 95°C 

prior to undergoing PCR. The presence of the 100 bp 

amplicon of the tolC primers is evident from the bands, 

indicating the presence of tolC in the control strain. 

Thicker bands can be observed for the lanes corresponding 

to kanamycin pretreated cells, which suggests a higher 

expression of TolC in the treated cells. Optimal PCR 

conditions were observed at the 42°C annealing 

temperature for both treated and non-treated conditions. 

However, there is an absence of a band corresponding to 

non-pretreated cells and an annealing temperature of 44°C 

(lane 5). 

The absence of tolC in the JWKO5503 mutant strain can 

be confirmed with the absence of a 100 bp band (FIG. 3), 

while its presence can be detected in the BW25113 WT 

strain. The thick bright bands at the bottom of the gel 

indicate the accumulation of the primers, due to the low 

molecular weight and high concentration in the PCR 

reaction. 

DISCUSSION 

Previous studies showed that the pretreatment of E. coli 

with subinhibitory concentrations of kanamycin resulted in 

a higher MIC for kanamycin. This study built upon the 

previous studies to test whether resistance to other 

antibiotics occurred following the sub-inhibitory 

kanamycin pre-treatment. Previous studies have 

quantitatively demonstrated that the increase in resistance 

to various antibiotics correlated to the up-regulation of 

AcrAB gene. The major finding of this study is that 

kanamycin-induced adaptive resistance to subsequent 

antibiotic treatment is related to the function of TolC. Our 

results obtained from the initial MIC assays of the four 

tested antibiotics showed a trend of higher MIC in the wild 

type strain (E. coli BW25113) compared to tolC deletion 

strains (E. coli JWKO5503), as expected (Table 1). Thus 

TolC has proved to function in the development of 

adaptive resistance to various antibiotics after the sub-

inhibitory kanamycin pre-treatment. There are different 

levels of increase in MIC for the E. coli BW25113 strain 

after the sub-inhibitory kanamycin pre-treatment. As there 

are various mechanisms responsible for the antibiotic 

resistance, the efflux AcrAB-TolC works better for 

tetracycline, than that for kanamycin, ampicillin and 

streptomycin. The affinity of the pump to different 

substrates varies, which also explains the various elevation 

levels in MIC for different antibiotics. As a general 

diffusion outer membrane protein, the protein product of 

tolC is important in the expulsion of hydrophilic molecules 

(9). Of the antibiotics tested, all were hydrophilic to 

varying extents. Naturally, the deletion of tolC would then 

lead to an expected decrease in the concentration of drug 

that the bacteria can withstand. Additionally, TolC is 

necessarily involved in the functioning of the major 

multidrug efflux translocase complex AcrAD, as well as 

several other smaller such complexes. Strains lacking TolC 

prevent the function of a major active transport mechanism 

and thus lower MIC significantly.  

Of the four antibiotics, the difference between the 

control strain and the ΔtolC strain was largest in 

tetracycline. Again, our results are as expected. TolC and 

the AcrAD translocase complex are highly correlated with 

inherent resistance against a series of antibiotics, one of 

which is tetracycline (8). Tetracycline is incidentally also 

the only one of our four tested antibiotics that matches this 

description. Because there was still an increase in the MIC 

required to inhibit the ΔtolC mutant strain, it is important 

to consider other mechanisms of acquired antibiotic 

resistance, such as the upregulation of antibiotic modifying 

enzymes or altered membrane permeability. 

Primer specificities were tested at different annealing 

temperatures for PCR. Due to unclear results in a previous  
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FIG 2 Temperature gradient-PCR of non-treated and kanamycin-treated WT cells using tolC primers. PCR products were electrophoresed on 
1.5% agarose gel as follows: lane 1, low DNA mass ladder; lanes 2 – 6, non-treated cells with annealing temperatures of 50, 48, 46, 44, and 42°C, 

respectively; lanes 7 – 11, kanamycin-treated cells with annealing temperatures of 42, 44, 46, 48 and 50 °C, respectively. 

PCR gel electrophoresis, the absence of the TolC product 

in the mutant strain needed to be confirmed. Changes in 

the annealing temperatures used in the PCR protocol can 

lead to the formation of separate, distinct DNA amplicons 

depending on the primer and the sample (11). The tolC 

primers provided were determined by the DNA melting 

point formula to be approximately 53°C; accordingly, 

annealing temperatures were tested from as low as 42°C to 

50°C, to account for inaccuracies in primer-template 

binding caused by approximated melting temperatures 

(12). As shown in Fig. 3, while slight differences in band 

intensities did result from the temperature gradient PCR, 

no separate band was formed to indicate any loss in primer 

specificity due to annealing temperature. Fig. 3 confirms 

the validity of our initial PCR protocol with regards to the 

annealing temperature used (47°C). Bands formed at 

100bp, which matches the expected size of the tolC 

amplicon. With this we can confirm that the acquired 

primers for tolC PCR amplification function as expected, 

throughout the temperature range tested. 

In a comparison with wild type BW25113 cells, the 

absence of the band with size 100bp for JWKO5503 strain 

(FIG. 3) also confirms the absence of tolC in the suspected 

tolC deletion strain JWKO5503. 

The experimental data showed that the minimal 

inhibitory concentration (MIC) of sub-inhibitory 

kanamycin pre-treated WT E. coli strain (BW25113)was 

higher than that of tolC deleted strain (JWKO5503), 

indicating that tolC is important in inducing cross-

resistance by the pre-exposure to sub-inhibitory level of 

kanamycin. Previous studies have also proved that acrA is 

up-regulated in sub-inhibitory kanamycin pre-treated WT 

E. coli. Therefore, the AcrAB-TolC efflux pump functions 

to induce cross-resistance to other classes antibiotics. 

FUTURE DIRECTIONS 

To identify the amount of time required for kanamycin 

pretreatment to induce cross-resistance in WT cells, a 

growth curve can be determined by measuring the optical 

density of the cell suspension up to a period of at least 

24hours, with the starting point of the curve indicating the 

time at which cells were pretreated with subinhibitory 

kanamycin. A small sample of cells at different time points 

(for example, 1, 2, 3 hours and so on, after pretreatment) 

can then be exposed to kanamycin at the inhibitory 

concentration, and thee the turbidity of the cell suspension 

and be qualitatively examined. This qualitative 

examination of the turbidity is similar to what was done 

during the observation of the turbidity in the 96-well plates 

during the MIC assays. The minimum amount of time after 

pretreatment that inhibitory kanamycin does not result in 

loss of turbidity is the amount of time it takes for WT cells 

to induce cross-resistance by upregulating gene expression 

of the efflux system. 

Growth curves can also be used as an alternative to a cell 

density to examine the effect of pretreatment on the growth 

of cells exposed to inhibitory levels of kanamycin. This 

requires optical density to be measured at frequent time 

intervals, and cell density over time can be plotted on a 

graph. Pretreatment and subsequent exposure to inhibitory 

kanamycin should show faster growth compared to non-

pretreated cells. 

 
FIG 3 Confirming the absence of tolC in JWKO5503 cells. PCR 
products were electrophoresed on 1.5% agarose gel as follows: lane 1, 

low DNA mass ladder; lanes 1 and 2, BW25113 cells; lanes 3 and 4, 

JWKO5503 cells; lane 5, Low DNA mass ladder. 



Journal of Experimental Microbiology and Immunology (JEMI)  Vol. 17: 19 – 23 
Copyright © April 2013, M&I UBC 

 23 

In our study, we used PCR to qualitatively observe 

whether tolC upregulation was responsible for antibiotic 

cross-resistance, but this method does not confirm it with 

absolute certainty. For further study, reverse transcriptase 

(RT) quantitative PCR should be used to quantitatively 

confirm the upregulation of tolC gene. This requires the 

isolation of mRNA from the cells, and the formation of 

cDNA for the tolC primers to anneal to. 

Furthermore, different levels of elevation in MIC were 

observed for different antibiotic treatment, so the affinity 

of the pump to different substrates should be evaluated in 

future studies. This requires  

The study of multidrug efflux pump can lead to a new 

treatment to the bacterial infection, that drugs can be 

designed to target to disrupt the efflux machinery. For 

instance, multi-drug resistant ability can be reduced with 

the lack of tolC gene expression, or by interference with 

the efflux pump assembly. 
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