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Escherichia coli K-12 possesses the transmembrane AcrAD-TolC multidrug efflux complex. This pump is 

involved in the efflux of a variety of antibiotics, as well as amphipathic compounds. Studies suggest that the 

pretreatment of E. coli K-12 with kanamycin resulted in adaptive resistance against kanamycin with an 

increased level of acrD expression. In this study, kanamycin-induced adaptive resistance was further 

explored. Single deletion strains of evgA, cpxR, and baeR are known regulators of acrD and were tested for 

their roles in acrD transcriptional regulation and associated kanamycin resistance. Minimum inhibitory 

concentration assays compared the growth of E. coli K-12 before and after exposure to sub-inhibitory levels 

of kanamycin, which tested for differences in the induction of adaptive resistance found in these 

transcriptional regulator deletion strains. acrD transcription was analyzed using quantitative PCR, which 

detected an increased level of acrD in baeR, cpxR, and evgA knockout strains by a factor of 4, 5.5, and 6 

respectively. No direct correlation was found between pretreatment with sub-inhibitory levels of kanamycin 

and development of adaptive resistance, as the minimum inhibitory concentrations of pretreated strains were 

equivalent to the corresponding untreated strains. This is indicative of an absence, or very limited gain of 

adaptive resistance after pretreatment in these mutant strains. Since an increase in acrD transcription alone 

did not effectively induce adaptive resistance an increase in the expression of all components of the AcrAD-

TolC efflux pump may be necessary before substantial kanamycin resistance can be gained. 

One of the largest growing health related concerns is the 

increasing trend of antibiotic resistance among pathogenic 

bacteria. Abhorrent misuse of antibiotics may cause 

bacteria to be exposed to sub-inhibitory concentrations. 

The major mechanism of adaptive resistance is when 

bacteria respond to low levels of antibiotics by inducing 

the expression of antibiotic efflux genes. Antibiotic 

resistance has led to an inflation of health care costs 

related to the treatment of nosocomial infections. Many 

resistant bacterial strains present severe global problems, 

contributing to numerous deaths in recent years (1). To 

combat pathogens with adaptive resistance, more 

expensive and less efficient drugs are often used for 

treatment (2). It is of great importance to understand the 

paradigm of adaptive resistance in an effort to address this 

problem (1). 

 Escherichia coli has numerous drug efflux pumps, of 

which the AcrAD-TolC complex is a model system of 

study (3). AcrD is a specific component of the tripartite 

complex that exports aminoglycoside antibiotics, such as 

kanamycin. AcrD forms a complex with the periplasmic 

membrane fusion protein AcrA, and in combination with 

the outer membrane pore, TolC, is able to export 

aminoglycosides (4). Previous studies have suggested that 

pretreatment of Pseudomonas aeruginosa with 

aminoglycosides created an inducible expression of an 

AcrD homolog, resulting in an increased ability to grow in 

kanamycin—namely, adaptive resistance (5). This 

pretreatment may also induce adaptive resistance in E. coli 

cells following their exposure to sub-inhibitory 

concentrations of kanamycin (4). 

 Kanamycin is exported to the cell exterior by the 

AcrAD-TolC efflux pump. The adaptive resistance 

conferred, after exposure to sub-inhibitory levels of 

kanamycin, is not likely a consequence of genetic 

mutation, as this resistance has been shown to be transient 

(6). Previous studies have found that the mechanism by 

which this arises is involved with the upregulation of acrD 

transcription; a deletion of the acrD gene appeared to 

hinder the ability to develop induced resistance. This 

adaptive resistance has been demonstrated against 

kanamycin in addition to other aminoglycosides, such as 

tetracycline, streptomycin, and ampicillin (3). Our study 

will explore how different levels of acrD transcription 

affect the level of induced adaptive resistance to 

kanamycin.  

 The two-component signal transduction systems, 

BaeSR, CpxAR, and EvgSA are known regulators of acrD 

transcription. The CpxAR and BaeSR signal transduction 

systems regulate protective responses following membrane 

stress. Meanwhile, the EvgSA system regulates multidrug 

efflux pumps more specifically with the expression of 

acrD for use in the AcrAD-TolC efflux pump (7). Lacking 

a component of these two-part signal transduction systems 

could affect the levels of acrD expression (7). Therefore, 

acrD expression of the single deletion strains evgA, baeR, 

and cpxR, following the pretreatment with sub-inhibitory 

concentrations of kanamycin, was investigated to study 

their respective roles in acrD regulation and induced 

adaptive resistance against kanamycin.
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TABLE 1 Renamed E. coli K-12 strains after genetic modification. 

Strain Name Deletion Parent Strain 

BW25113 n/a BW25113 

STVV11W-1 ΔacrD JW2454-1 

CFLP12W-1 ΔevgA JW2366-1 

CFLP12W-2 ΔcpxR JW3883-1 

CFLP12W-3 ΔbaeR JW2064-3 

 We incorporated the wild-type (WT) E. coli K-12 strain 

and the E. coli K-12 acrD deletion strain used by Sidhu et 

al. (3), along with single deletion strains of transcription 

regulators evgA, cpxR, and baeR, to investigate the role of 

each in the acrD transcription pathway. A set of these five 

strains were subjected to sub-inhibitory concentrations of 

kanamycin and qualitatively assessed for growth in 

kanamycin and quantitatively assessed for acrD 

transcription levels. These results were subsequently 

compared to the corresponding untreated strains, which 

were examined using the same analytical tools. 

  Our study found that although regulators directly 

involved in the expression of acrD were deleted, upon 

exposure to sub-inhibitory levels of kanamycin, acrD 

levels in these deletion strains were found to have great 

fold increases. These fold changes were much higher than 

in the WT strain after pretreatment. Additionally, 

pretreatment of WT and all deletion strains, with 

kanamycin, did not result in significant changes in MIC. 

Through these two observations, acrD transcript levels 

alone were found to not have an impactful change on E. 

coli K-12’s ability to grow in the presence of kanamycin. 

MATERIAL AND METHODS 

Bacterial strains. E. coli BW25113 (K-12 WT parent strain) and 

STVV11W-1 (ΔacrD) were obtained from the MICB 421 culture 

collection of the Microbiology and Immunology Department at 

the University of British Columbia. E. coli JW2064-3 (ΔbaeR), 

JW3883-1 (ΔcpxR), and JW2366-1 (ΔevgA) were obtained from 

the KEIO collection at the Coli Genetic Stock Centre at Yale 

University. 

 Culture methods. Overnight cultures were prepared for each of 

the above five strains by single colony inoculation of 20 mL LB 

(5 g yeast extract, 10 g tryptone, 10 g NaCl, per 1 L dH2O). Each 

culture was incubated overnight at 37
o
C in a shaking water bath 

with mild aeration. Working cultures of each strain were grown to 

an OD600 of approximately 1.0 by diluting the overnight culture 

1:20 in LB. Subsequently, the cultures were incubated for 1.5 

hours in a 37
o
C shaking water bath. 

 Preparation of competent knockout strains. JW2064-3 

(ΔbaeR) cells were grown to an OD600 of between 0.6 and 1.0 in 

20 mL LB broth at 37
o
C in a shaking water bath. This culture was 

pelleted at 4
o
C. The pellet was washed twice in ice cold 10% 

glycerol, re-suspended in a smaller volume of ice cold 10% 

glycerol and re-centrifuged. The resulting pellet was once again 

re-suspended in ice cold 10% glycerol and kept on ice.  This 

preparation was completed identically for JW3883-1 (ΔcpxR) and 

JW2366-1 (ΔevgA) strains. 

 Removal of the kanamycin resistance gene in knockout 

strains. The kanamycin resistance gene found in the JW2064-3 

(ΔbaeR) genome was removed by transforming the cells with 

pCP20, a plasmid carrying an ampicillin resistance gene and FLP 

recombinase, an enzyme able to remove the kanamycin resistance 

gene flanked by FRT sequences via homologous recombination. 

447 ng/μL pCP20 was added to competent JW2064-3 (ΔbaeR) 

cells and electroporated in a well chilled 0.2 cm electroporation 

cuvette using a Bio-Rad MicroPulser. Transformed cells were 

immediately transferred into room temperature (23
o
C) LB and 

incubated at 30
o
C for 2 h on a shaking platform. This transformed 

culture was then spread plated on LB + ampicillin (100 μg/mL) 

and grown overnight at 30
o
C. Colonies found to be ampicillin 

resistant were streaked on LB agar plates and incubated overnight 

at 42
o
C to inhibit plasmid replication and activate FLP 

recombinase. An isolated colony was re-streaked on LB agar and 

again incubated overnight at 42
o
C to dilute potential remaining 

plasmids. Isolated colonies were grid plated on LB + ampicillin 

(100 μg/mL), LB + kanamycin (50 μg/mL) and LB + 

chloramphenicol (25 μg/mL). A triply sensitive colony was 

selected, renamed CFLP12W-3, and used in all subsequent 

experiments. The removal of kanamycin resistance genes for 

JW3883-1 and JW2366-1 followed the same procedure. JW3883-

1 was renamed CFLP12W-2 and JW2366-1 was renamed 

CFLP12W-1 (Table 1). 

 Antibiotic stock solution. A stock solution of 5 mg/mL 

kanamycin monosulfate (Sigma #K-4000) was prepared, filter 

sterilized and stored at -20
o
C. 

 Determination of minimal inhibitory concentrations. The 

MIC of kanamycin was determined for all five strains. For each 

strain, sixteen different concentrations of kanamycin solutions 

were made up in LB and added to 96-well plates in duplicate. 

Working cultures were diluted to an OD600 of 0.0001 for each of 

the five strains and added to each of the antibiotic containing 

wells giving a ½ dilution. The plates were then incubated at 37
o
C 

for 24 h and the MIC was determined by visual interpretation as 

the lowest concentration at which there was no visible growth. 

Sub-inhibitory concentrations were defined as half of the MIC of 

kanamycin. 

 Determination of minimal inhibitory concentrations after 

pretreatment. A working culture of each strain was diluted 1:20 

and pretreated in LB + sub-inhibitory levels of kanamycin. A 1:20 

dilution was also completed for untreated samples, and both sets 

of cultures were incubated in a shaking water bath at 37
o
C for 1.5 

h. Working kanamycin solutions were made up in LB at 1, 1.5, 2, 

2.5 and 3 times the MIC for each strain and added to 96-well 

plates (82.1581.001) in triplicate. Working cultures of both sets 

were diluted to an OD600 of 0.0001 and added to each of the 

antibiotic containing wells giving a ½ dilution. The plates were 

then incubated at 37
o
C for 24 h and the MIC was visually 

determined. 

 Analysis of the expression of acrD. A working culture of each 

strain was diluted 1:20 and pretreated in LB + subinhibitory 

levels of kanamycin. A 1:20 dilution was also completed for 

untreated samples, and both sets of cultures were incubated in a  

 
FIG 1 Effect of pretreatment with kanamycin on the relative 
expression of acrD. 
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FIG 2 Effect of pretreatment with kanamycin on the ratio of relative 

acrD expression between pretreated and untreated strains. 

shaking water bath at 37
o
C for 1.5 h. Less than 10

9
 cells were 

taken from each of the 10 samples and RNA was isolated using 

the PureLink® RNA Mini Kit (Life Technologies) following the 

manufacturer’s instructions. RNA concentration was measured 

using a spectrophotometer and integrity was assessed by running 

each sample on a 1% agarose gel. 0.5 μg of RNA from each 

sample was used for first strand cDNA synthesis using the 

SuperScript® III one-step RT-PCR system (Life Technologies) 

following the manufacturer’s instructions. qPCR was completed 

using primers for the target gene acrD (forward: 5’-

TGTTCCTGTTCCTGCGTTTG-3’, reverse: 5’-

TTTCAGGGTCTGTTGTTGCG-3’), and the reference gene 

mdoG (forward 5’ – AGCGTCCAAAACCGACTGAT – 3’, 

reverse: 5’ – TCGACTGCACATCCACAACC – 3’) with 

SsoAdvanced™ SYBR® Green Supermix (Life Technologies) 

while following the manufacturer’s instructions. The reaction was 

held at 95°C for 1 minute followed by 40 cycles of 95°C for 5 

seconds and 50°C for 30 seconds. Melt curve data was collected 

over a temperature range between 65
o
C and 95

o
C, increasing in 

0.5
o
C increments every 3 seconds. Analysis of relative acrD 

expression was completed using 2
-AVGΔC

T (Fig. 1) and 2
-ΔΔC

T 

(Fig. 2) equations to demonstrate qPCR data (12). 

 Statistical analysis. qPCR determination of relative acrD 

mRNA levels, demonstrated the extent of the roles played by the 

three individual transcription regulators, EvgA, CpxR, and BaeR. 

acrD transcription values were normalized relative to mdoG in all 

qPCR samples. A t-test was used to compare normalized averages 

between pretreated and untreated groups for each strain 

(Student’s t-test of replicate 2
ΔC

T values). A significance level 

was set at 0.05.  

RESULTS 

No increases in MIC were observed for WT, ΔacrD, 

ΔbaeR, ΔevgA or ΔcpxR strains after pretreatment with 

sub-inhibitory levels of kanamycin. The MIC of 

kanamycin for ΔacrD (16 μg/mL) was twice the MIC of 

the WT parent strain (8 μg/mL, Table 2). WT also had the 

same MIC as ΔevgA. The MIC for ΔcpxR (12.5 μg/mL) 

was approximately 1.5 times greater than both WT and 

ΔevgA strains. The MIC for ΔbaeR (20 μg/mL) was the 

highest of all strains, approximately 2.5 times greater than 

WT. Pretreated cultures maintained an MIC equivalent to 

the corresponding untreated strains (data not shown). The 

MIC assays were run in triplicate for each sample and the 

results were consistent for replicates of each strain. The 

TABLE 2 Minimum Inhibitory Concentration (MIC) of growth in 
kanamycin (KAN) in E. coli K-12 strains. 

 
MIC (μg/mL) 

WT ΔacrD ΔevgA ΔcpxR ΔbaeR 

KAN 8 16 8 12.5 20 

 

strains pretreated with kanamycin were compared to the 

corresponding untreated cultures with respect to their 

antibiotic sensitivity. There was no change in MIC for any 

strain following sub-inhibitory treatment; however, the 

assay used may not have been sensitive enough to detect a 

minimal change in antibiotic resistance. 

 acrD transcript levels are largely increased in ΔevgA, 

ΔcpxR, and ΔbaeR single deletion strains after 

pretreatment with sub-inhibitory levels of kanamycin. 

Figures 1 and 2 show the relative levels of mRNA between 

pretreated and untreated strains of E. coli K-12, on the 

basis of amplification product quantity. Differential 

baseline expressions were visualized (Fig. 1). The relative 

mRNA expression was interpreted as the total relative 

expression of pretreated and untreated strains (Fig. 1) or 

the relative fold change within each strain after 

pretreatment (Fig. 2). Relative expression refers to the 

expression of a target gene (acrD) normalized to the 

expression of a reference gene (mdoG) for the comparative 

analysis of multiple samples. Figure 2 shows that 

pretreatment with ½ MIC of kanamycin significantly 

upregulates the expression of acrD in ΔevgA, ΔcpxR, and 

ΔbaeR strains. Despite the apparent upregulation of acrD 

expression in these acrD regulator deletion strains, there 

was no induced adaptive resistance observed (data not 

shown). ΔevgA showed the highest fold change (6 fold 

increase, p-value 0.0129); ΔcpxR showed the second 

highest fold change (5.5 fold increase, p-value 0.029); and, 

ΔbaeR showed the lowest fold change (4 fold increase, p-

value 0.264).  In WT, however, there was a minimal 

change in the expression of acrD following pretreatment 

with kanamycin (1.5 fold increase, p-value 0.348). 

Additionally, ΔacrD showed a slight decrease in the 

amount of acrD expression (p-value 0.328). However, the 

ΔacrD expression levels are minimal (Fig. 1) and the melt  

curve analysis for this strain showed a large variance in 

comparison with all the other strains. Multiple peaks 

ranging from 82.5°C to 90.5°C were observed for ΔacrD 

while all the other samples showed a consistent peak at 

85°C.  

DISCUSSION  

The MIC assay showed that the acrD knockout had twice 

the MIC of kanamycin when compared to the WT strain 

(Table 2). This may imply that the absence of AcrD is 

correlated with increased resistance against kanamycin in 

E. coli K-12. Or, it may suggest that the increased 

expression of acrD has a negligible role in the 

development of adaptive resistance. Although our ΔevgA 

mutant induced a greater level of acrD transcription (Fig. 

1), its MIC remained identical to the WT strain. The other 
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acrD regulator knockouts had a higher MIC initially and 

we observed that their MIC, after pretreatment with sub-

inhibitory kanamycin levels, did not change (data not 

shown); however, each showed an upregulation in acrD 

mRNA (Fig. 1). Taken together, our results suggest that an 

increase in acrD mRNA transcription does not confer 

greater antibiotic resistance towards kanamycin. This is 

not consistent with the observations made by Sidhu et al 

(3). The lack of adaptive resistance to this aminoglycoside 

demonstrates that pretreatment may have a very limited 

effect on inducing adaptive resistance, or no effect at all. 

Moreover, our MIC assay may not have been sensitive 

enough to detect minimal improvements in kanamycin 

resistance. Furthermore, the melt curve data (data not 

shown) shows a consistent peak at 85°C for the 

dissociation of acrD PCR product. This is consistent for all 

strains except for ΔacrD, and suggests that the acrD 

primers are amplifying only one product in these strains. 

The absence of the peak at 85°C in the acrD knockout 

strain suggests that the unique product found in all the 

other strains is indeed the chosen target sequence of acrD. 

Pretreatment induces the upregulation of acrD, but this 

upregulation of acrD is not observed to confer any 

substantial adaptive resistance towards lethal levels of 

kanamycin. These findings suggest that the mechanism of 

adaptive resistance to kanamycin in E. coli K-12, 

following pretreatment with a sub-inhibitory concentration 

of kanamycin, may not be as effective as previous studies 

demonstrated (3). 

 This is consistent with the other findings that suggested a 

limited effect of kanamycin-induced adaptive resistance on 

antibiotic efficacy (9). A possible explanation as to why an 

increased amount of acrD expression does not result in 

significant adaptive resistance is because the AcrAD-TolC 

efflux pump requires more than just AcrD in order to form 

a functional pump. An increase in acrD expression may 

not necessarily result in the increased expression of the 

other efflux pump components. The lower basal 

concentration of other efflux pump components, AcrA or 

TolC, may limit the number of AcrAD-TolC efflux 

complexes formed. 

 A direct explanation of our findings could be that evgA, 

baeR and cpxR actually repress acrD transcription; 

however, previous experiments have demonstrated that 

these three regulators are inducers of acrD transcription 

(9). Overexpression of each of these regulators resulted in 

an induction of acrD expression (8). Contrary to this 

finding, the results of our experiment indicated that the 

removal of these previously characterized inducers 

actually upregulated the production of acrD mRNA. This 

is clearly observable when comparing ΔevgA with the WT 

strain (Fig. 1). The initial, untreated MIC values of both of 

these strains were identical; therefore, both of these strains 

were subjected to the same pretreatment conditions. A 

possible reason for why our results differ from previous 

findings may be due to reliance of previous studies on an 

upregulation of each gene product to a state of non-

physiological conditions (8). Cells have a very intricate 

system in maintaining homeostasis, with the expression of 

various genes acting to balance any disruption. The 

overexpression of a repressive regulator may cause 

compensating mechanisms that function antagonistically to 

out-compete the initial overexpression, giving the 

impression that these acrD regulators are inducers, when 

they are actually repressors.  

 We demonstrate that the removal of any of these genes 

results in an upregulation of acrD expression after 

pretreatment (Fig. 1). To remain consistent with what has 

been established in previous literature – that baeR, evgA 

and cpxR are all inducers of the acrD gene and not 

repressors – the presence of all three acrD regulators may 

cause them to actively inhibit one another from greatly 

increasing acrD transcription in our WT strain.  

 Based on previous literature, CpxR induces the 

expression of acrD directly or, indirectly, through the 

facilitated induction of acrD via BaeR (10). CpxR binds 

upstream to BaeR’s binding site on the acrD promoter to 

form a complex, enhancing acrD transcription (10).  

However, when all three regulators are present, EvgA may 

inhibit the activity of the CpxR-BaeR complex leading to a 

decrease in acrD induction (Fig. 3). This explains why, in 

the evgA knockout strain, our acrD expression had the 

highest fold increase when compared to the other two 

single knockouts. This also explains why our baeR 

knockout had the lowest amount of acrD induction. 

Removal of baeR limits the amount of acrD that can be 

induced directly by BaeR and indirectly by CpxR. The 

cpxR knockout resulted in a moderate induction of acrD 

and this is in line with our proposed regulation pathway 

(Fig. 3). Without CpxR, acrD can still be induced directly 

by BaeR and EvgA.In conclusion, our study indicates that 

the presence of AcrD does not directly correspond with 

adaptive resistance to kanamycin following pretreatment 

with sub-inhibitory levels of kanamycin. Although the 

qPCR analysis determined that there was an increased 

level of acrD transcription in our tested acrD regulator 

knockout strains, an increased level of acrD transcription 

was not linked to the development of substantial adaptive 

resistance against kanamycin. This is surprising, since one 

would expect that an increase in acrD transcription would 

result in an increase in AcrD translation, to form AcrAD-

TolC efflux  

 
FIG 3 Proposed model of functional interactions among acrD 

regulators (adapted from Hirakawa et al. (10). 
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pumps. Perhaps, AcrA or TolC now become the limiting 

factor. It should be noted that an increase in acrD 

transcripts might not necessarily result in an increase in 

AcrD protein synthesis. There may be additional steps 

involved in the regulation of AcrD synthesis such as post-

transcriptional or post-translational modifications. Our 

acrD regulators may be involved in the regulation of AcrD 

synthesis at multiple points and removal of any of these 

regulators may result in a lower amount of AcrD 

production. 

FUTURE DIRECTIONS 

Our results indicate that acrD expression is largely 

increased in cpxR, evgA and baeR knockout strains, yet 

this increase did not directly confer changes to the MIC of 

corresponding pretreated strains. Although acrD is being 

transcribed at a higher level, the transcript may not be 

actively translated. To further characterize the role that 

AcrD plays within E. coli, a Western blot should be used 

to semi quantitatively assess the presence of AcrD in each 

of the above strains. Outer membrane proteins and related 

periplasmic proteins can be isolated by rupturing E. coli 

cells in a French press, centrifuging and treating them with 

sodium carbonate, and following this with the collection of 

treated membranes by ultracentrifugation. They can then 

be separated by electrophoresis and differentiated using a 

Western blot (11). An increase AcrD protein levels would 

further suggest that AcrD alone does not play a large role 

in kanamycin resistance. To further confirm our qPCR 

findings, primers for cpxR, evgA and baeR should be 

designed and tested against the corresponding strains using 

PCR and gel electrophoresis, expecting a negative result. 

Also, a DNase treatment of isolated RNA could be applied 

to ensure there is no genomic DNA contamination. This 

contamination could result in a false signal, which is 

especially important for the accurate quantification of 

mRNA transcribed at very low levels.  

 Finally, we suggest using double knockouts of evgA and 

cpxR; evgA and baeR; and, cpxR and baeR; as well as a 

triple knockout of all three genes, in order to solidify the 

suggested mechanism of acrD regulation (Fig. 3). To be 

consistent with our findings, qPCR analysis of an evgA and 

cpxR double knockout should result in increased acrD 

transcription relative to WT; an evgA and baeR double 

knockout should result in a minimal increase in acrD 

transcription; a cpxR and baeR double knockout should 

show a slight induction in acrD transcription; and, the 

triple knockout should perform similarly to the WT strain.  
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