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Escherichia coli B23 can use capsular polysaccharide as a defense mechanism against 

T7 phage and certain antibiotics. Previous studies have shown that exposure of cells to 
sub-lethal concentrations of the aminoglycoside antibiotic kanamycin upregulates 
production of capsular polysaccharides. Given the role played by the bacterial capsule in 
resisting bacteriophage infection, we hypothesized that pre-treatment of cells with sub-
lethal concentrations of kanamycin would protect against T7 phage adsorption. In this 
investigation, phage adsorption assays were performed on kanamycin-treated E. coli B23 
cultures followed by salicylate capsule stripping. Kanamycin-treated samples were found 
to have a relatively constant amount of unadsorbed phage from 0 to 8 minutes of co-
incubation with E. coli B23, while untreated samples had up to 6.7 times more adsorbed 
phage in the same length of incubation. Our results demonstrate that the kanamycin-
induced capsule of E. coli B23 cells is protective and correlates to decreased phage 
adsorption. 

 
 

Extracellular polysaccharides produced by bacteria 
have been known to form a capsular material as a 
physical barrier that serves as a bacterial defense 
mechanism against a variety of potentially harmful 
threats including phagocytosis, desiccation, antibiotic 
compounds, and bacteriophage adsorption and infection 
(2, 11, 16). These capsular structures are common 
features of many bacterial species and may differ 
greatly in terms of structure and associated surface 
antigens (15). The induction of Escherichia coli with 
sub-lethal levels of aminoglycoside antibiotics such as 
kanamycin has previously been observed to increase 
extracellular polysaccharide production (5, 9). 
Although the actual mechanism of adaptive resistance 
to the antibiotic remains unknown, evidence suggests 
that the expression of the capsular polysaccharide (cps) 
gene cluster is upregulated to produce capsule (10) 
which may interrupt the entry of antibiotic molecules 
(6) and also interfere with T7 phage adsorption (2). 

Previous studies have shown that T7 phage 
adsorption to E. coli B23 is mediated by the interaction 
between the phage tail composed of fiber protein and 
the lipopolysaccharide (LPS) on the outer membrane of 
the E. coli cell (12, 14). The capsule is involved in the 
concealment of bacterial LPS receptors (12), preventing 
phage adsorption by physically shielding the cell 
receptors completely or impeding the binding of 
receptor and ligand (2). The extracellular 
polysaccharide capsule is comprised of a layer of highly 
negatively charged polysaccharides, and the intensity of 
the negative charge acts as a non-specific phage 
inhibitor (12, 16). Further demonstrating this protective 

nature of the capsule, studies by Scholl et al. (12) found 
that capsule depolymerisation and degradation 
permitted increased phage adsorption and infection. 
Bleackley et al. (2) have shown that treatment of E. coli 
B23 cells with sub-lethal levels of kanamycin 
corresponded to a decrease in T7 phage adsorption to 
bacterial cells. Whether or not the observed decrease in 
phage adsorption was due to the effect of the bacterial 
capsule or other physiological effects caused by the 
antibiotic treatment remained unanswered. 

This study assessed the role of the capsule generated 
by kanamycin-induced extracellular polysaccharides in 
E. coli B23 as a barrier to T7 phage adsorption by 
removal of the capsule to bring about sensitivity. To 
strip cells of their capsules, sodium salicylate was used 
as it should reduce the amount of capsular 
polysaccharide while minimally affecting growth rate in 
E. coli B23 (4, 9). Our findings demonstrate that the 
presence of capsular polysaccharide induced by 
kanamycin treatment corresponded to protection of E. 
coli B23 from T7 phage adsorption, but the salicylate 
did not strip the capsule.  

 
MATERIALS AND METHODS 

 
Bacterial strains and growth conditions. The E. coli B23 

culture stock was obtained from the MICB 421 Culture Collection in 
the Department of Microbiology and Immunology at the University 
of British Columbia (Vancouver, British Columbia). Overnight 
cultures were prepared by inoculating 5 ml of Luria broth (LB) (0.5% 
yeast extract, 1% tryptone, and 1% NaCl by % w/vol) with a loopful 
of E. coli B23 and incubating in an air shaker at 100 rpm and 37°C. 
All experiments were carried out with the following four treatment 
groups: sub-lethal kanamycin-treated and sodium salicylate-treated 
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cells (KS); sub-lethal kanamycin-treated cells only (KNS); sodium 
salicylate-treated cells only (NKS); and the control which was not 
subjected to any treatments (NKNS). The next day four flasks each 
containing 25 ml of LB were inoculated with 250 μl of overnight 
culture (one flask per treatment group) and then incubated for 1 hr in 
an air shaker at 100 rpm and 37°C. Cultures of E. coli B23 indicator 
cells were prepared by inoculating a test tube containing 5 ml of LB 
with 50 μl of the overnight culture and incubating in an air shaker at 
100 rpm and 37°C for 2 hr before use. 

T7 phage preparation. The T7 phage culture stock was obtained 
from the MICB 421 Culture Collection in the Department of 
Microbiology and Immunology at the University of British Columbia 
(Vancouver, British Columbia). To amplify and titer the phage stock 
solution, an overnight culture was prepared. The next day a culture of 
E. coli B23 indicator cells was prepared before the phage assay was to 
be performed. Phage bottom agar (PBA) plates (0.5% yeast extract, 
1% tryptone, 1% NaCl, and 1.5% agar by % w/vol) were warmed in a 
37°C incubator 30 min prior to utilization. Aliquots (2.5 ml) of phage 
top agar (PTA) (0.5% yeast extract, 1% tryptone, 1% NaCl, and 
0.75% agar by % w/vol) were boiled at 100°C to melt and then kept 
at 48°C in a water bath. The phage stock solution was serially diluted 
ten-fold from 10-3 to 10-8 and then 100 μl of each dilution was added 
to a test tube containing 2.5 ml of molten PTA and 200 μl of E. coli 
B23 indicator cells. Each tube was then mixed by phage-style mixing 
and poured over a pre-warmed PBA plate. Plates were left at room 
temperature for 15 min to allow the PTA to solidify and then inverted 
plates were incubated for 18-24 hr at 37°C. The plates were examined 
and the two dilution plates which contained wisps of bacterial growth 
were selected. The PTA layer on each selected plate was scraped off 
with a clean glass rod and transferred into a centrifuge tube, to which 
2 ml of LB and 100 μl of chloroform were added. Tubes were 
allowed to stand for two days at 4°C to allow the phage to diffuse out 
of the agar. The tube was then centrifuged at 5000 x g for 7 min and 
4°C and the supernatant which contained the phage was transferred to 
an Eppendorf tube and mixed with 100 μl of chloroform. The phage 
stock titer was then determined by plating as described above and 
counting the plaques. 

Sub-lethal kanamycin treatment. Kanamycin monosulfate 
(Sigma #K4000) was prepared at 20 mg/ml in H2O, filter-sterilized, 
and stored at -20°C. 12.5 μl of the kanamycin solution was added to 
flasks for KS and KNS to give a final concentration of 10 μg/ml and 
the same volume of distilled water was added to flasks for NKS and 
NKNS, as previously described (9). The four flasks were then 
incubated for 1 hr in an air shaker at 100 rpm and 37°C. After 
incubation, a 200 μl sample was taken from each flask for capsule 
staining (as described below). The remaining culture in each flask 
was washed by first centrifuging at 5000 x g for 7 min at 4°C. 
Following centrifugation, the supernatant was discarded, and the 
pellet was resuspended in 25 ml of fresh LB, and transferred to a new 
flask. The four flasks were then incubated for 1 hr at room 
temperature. 

Sodium salicylate treatment. Sodium salicylate (Sigma 
#057K0696) was prepared at 50 mg/ml in H2O, autoclaved, and 
stored at room temperature. 30 μl of the sodium salicylate solution 
was added to flasks for KS and NKS to make a final concentration of 
60 μg/ml and the same volume of distilled water was added to flasks 
for KNS and NKNS. The four flasks were then incubated for 20 min 
at room temperature. After incubation a 5 ml sample was taken from 
each flask for capsule staining (as described below) and turbidity 
measurements using a spectrophotometer (Spectronic 20D+) at 460 
nm wavelength. The remaining culture in each flask was subjected to 
a wash step (as described above) and the pellet was resuspended in 20 
ml of fresh LB. 

Enumeration of cell viability post-treatments. Each of the 
treatment samples collected after the sodium salicylate treatment was 
serially diluted to 10-7 and 10-8, plated in duplicate on pre-warmed 
PBA plates, and incubated for 18-24 hr at 37°C. Colonies were 

enumerated on each plate in order to determine the number of viable 
cells in each treatment. 

Phage adsorption assay. Cultures of E. coli B23 indicator cells 
were prepared as described above. Phage binding assays were 
performed according to the protocol outlined by Adams et al. with 
some modifications (1). Briefly, the amount of bacterial cells in each 
treatment was normalized according to the measured OD460 values 
and then made up to 6 ml in a test tube with LB. For the phage 
binding assay, 120 μl of the phage dilution stock was added to each 
test tube and then mixed by phage-style mixing. Samples of 1 ml 
were removed from each test tube at 0, 1, 4, and 8 min of co-
incubation. Between time points the test tubes were kept in a 25 rpm 
shaking water bath at 37°C. Each 1 ml sample was centrifuged in an 
Eppendorf 5415D centrifuge at 5000 x g for 1 min. The supernatant 
which contained the unadsorbed phage was collected in a separate 
Eppendorf tube while the cell pellet which contained the adsorbed 
phage was resuspended in 1 ml LB in the original Eppendorf tube. To 
enumerate the unadsorbed phage, 10, 20, and 40 μl samples of the 
supernatant were added to a test tube containing 2.5 ml of molten 
PTA and 200 μl of E. coli B23 indicator cells. Each tube was then 
mixed by phage-style mixing and poured over a pre-warmed PBA 
plate. The same method was performed to enumerate the adsorbed 
phage in the resuspended pellet sample. Plates were left at room 
temperature for 15 min to allow the PTA to solidify and then inverted 
plates were incubated for 18-24 hours at 37°C. Plaques were 
enumerated on each plate in order to determine the titer of adsorbed 
and unadsorbed phage in each treatment. 

Capsule staining solutions. A 1% Congo red solution was 
prepared by dissolving 0.10 g of Congo red dye (Sigma #72F-0612) 
in 10 ml of H2O. Staining solution 2 (Maneval’s stain) was prepared 
by combining 15 ml of 5% aqueous phenol solution, 4.5 ml of 20% 
aqueous glacial acetic acid, 2 ml of 30% aqueous ferric chloride, and 
0.75 ml of 1% aqueous solution of acid fuchsin. Stains were stored at 
room temperature. 

Capsule staining and visualization. A drop of 1% Congo red 
solution was placed at the end of the slide and mixed with a loopful of 
the treated E. coli B23 culture. A separate clean slide was placed at an 
angle and backed-into the mixture, allowing it to spread across the 
junction of the two slides, and then pushed across the surface of the 
slide to create a thin smear. The sample was air dried before adding a 
few drops of Staining solution 2 and spread using the same method as 
the previous stain. After 1 min the slide was rinsed with H2O, blotted 
dry and then visualized at 1000x magnification under oil immersion. 
Photographs were taken by aligning the lens of a digital camera with 
the ocular lens of the microscope. 
 

RESULTS 
  

Phage adsorption assay. In Fig. 1, the sub-lethal 
kanamycin-treated and sodium salicylate-treated sample 
(KS) and the sub-lethal kanamycin-treated non-sodium 
salicylate treated sample (KNS) had a similar constant 
amount of adsorbed phage from 0 to 8 min. This was 
especially true for KNS, which maintained the same 
relative proportion of adsorbed phage, with no increase 
of phage adsorption over the 8 minutes, suggesting that 
after initial phage adsorption at time 0, insignificant 
amounts of phage were later adsorbed. To further 
elucidate the basis of this observation, unadsorbed 
phage assays were also carried out. 

KS and KNS were found to have a relatively 
constant amount of unadsorbed phage from 0 to 8 min 
(Fig. 2), demonstrating that T7 phage were not able to 
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adsorb and infect the bacterial cell. This result 
correlates with that of the adsorbed phage assay (Fig. 
1). The amount of adsorbed phage was constant, which 
meant that the amount of free phage would also be 
constant. The constant amount of adsorbed and 
unadsorbed phage for treatments KS and KNS was 
likely the result of T7 phage infrequently binding to the 
few still exposed LPS receptors after capsule induction. 
These results suggest that treatment of E. coli B23 with 
sub-lethal levels of kanamycin mostly conferred 
protection against T7 adsorption and entry into the 
bacterial cell. 

As expected, the two samples without the 
kanamycin treatment, NKS and NKNS, had up to 6.7 
times more adsorbed phage in 8 minutes than the 
kanamycin-treated samples (Fig. 1). The increase in 
phage adsorption occurred most rapidly in the first 
minute, after which the amount of adsorbed phage 
remained relatively constant from 4 minutes onward, 
indicating that the interaction between phage and cells 
had reached a maximum. The results indicate that 
without induced capsule as protection against phage 
adsorption, NKS and NKNS did indeed exhibit greater 
phage adsorption. 

However, for NKS and NKNS, the increase in 
adsorbed phage (Fig. 1) did not result in an expected 
decrease in unadsorbed phage (Fig. 2). On the contrary, 
the proportion of unadsorbed phage had a greater than 
2-fold increase by 8 minutes (Fig. 2). This result shows 
that the amount of free phage increased significantly 
over the 8 minutes. 

Capsule stripping with sodium salicylate. Another 
point of comparison between NKS and NKNS was the 

effect of sodium salicylate on E. coli B23 cells that had 
no induced capsule. Contrary to expectations, the 
capsule-stripped NKS was found to have adsorbed 
proportionally less phage than NKNS (Fig. 1) and 
suggests that salicylate was ineffective in capsule 
removal. Capsule imaging using a Congo 
red/Maneval’s stain combination also reconfirmed the 
sodium salicylate treatment resulted in ineffective and 
non-uniform capsule stripping.  

Similarly, the effect of salicylate was compared 
between the treatments which were subjected to sub-
lethal levels of kanamycin for capsule induction, KS 
and KNS. From Fig. 1, both KS and KNS had a similar 
constant amount of adsorbed phage in 8 minutes. This 
contradicts with the expected result that KS would have 
a higher amount of adsorbed phage due to the expected 
stripping of the induced bacterial capsule, and again 
suggests that capsule removal was not achieved. 

Capsule staining. Capsule staining carried out on 
kanamycin-treated samples confirmed the presence of 
induced capsules for KNS and KS (Fig. 3). Both NKS 
and NKNS showed cells lacking thick white halos, 
indicating a lack of capsule formation (Fig. 3A, B). 
Interestingly, the presence of a capsule for the KS 
treated cells was unexpectedly observed (Fig. 3C), 
providing further doubt on the effectiveness of the 
salicylate as a capsule stripping agent under the 
experimental conditions used in these assays. Taken 
together, these microscopic images, along with the 
phage adsorption assay support the assumption that 
capsule formation was not seen in non-kanamycin-
treated samples. 
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FIG. 1. Effect of sub-lethal kanamycin and sodium 

salicylate treatments on the amount of adsorbed T7 phage to 
E. coli B23. The four treatment groups are as follows: sub-lethal 
kanamycin-treated and sodium salicylate-treated cells (KS); sub-
lethal kanamycin-treated cells only (KNS); sodium salicylate-
treated cells only (NKS); and the control which was not subjected 
to any treatments (NKNS). Data points are relative to the 
calculated pfu/ml at time 0, and represent the average of three 
replicates +/- SD. (au = arbitrary units) 
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FIG. 2. Effect of sub-lethal kanamycin and sodium 

salicylate treatments on the amount of unadsorbed T7 phage 
to E. coli B23. The four treatment groups are as follows: sub-
lethal kanamycin-treated and sodium salicylate-treated cells 
(KS); sub-lethal kanamycin-treated cells only (KNS); sodium 
salicylate-treated cells only (NKS); and the control which was 
not subjected to any treatments (NKNS). Data points are relative 
to the calculated pfu/ml at time 0, and represent the average of 
three replicates +/- SD. (au = arbitrary units) 
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Cell viability post treatments. Treatment of cells 
with sub-lethal concentrations of kanamycin had an 
effect on cell growth and viability. After kanamycin 
treatment, cell growth was impeded in KS and KNS. 
Non-kanamycin-treated cells (NKS, NKNS) had 
approximately 15 times more viable cells compared to 
the kanamycin-treated cells (KS, KNS) (data not 
shown). 

 
DISCUSSION 

  
As previously observed by Bleackley et al. (2), the 

results of this study demonstrated that adsorption of T7 
bacteriophage to E. coli B23 treated with sub-lethal 
levels of kanamycin was decreased in comparison to T7 
phage adsorption to untreated E. coli B23. Non-
kanamycin-treated control cells (NKS, NKNS) 
exhibited an increase in phage adsorption over time, 
while the kanamycin-treated cells (KS, KNS) showed 
minimal phage adsorption (Fig. 1). The two treatments 

only differed in the addition of kanamycin to the 
growth media, suggesting that the difference in phage 
adsorption was due to the addition of the antibiotic. 
Microscopic visual comparisons provided further 
evidence for the presence of a capsule in KNS (Fig. 3). 
These results corroborated with previous studies which 
found that E. coli B23 grown in the presence of sub-
lethal levels of kanamycin formed a capsule comprised 
of induced extracellular polysaccharides (2, 9, 10). 

 
 

FIG. 3.  Effect of sub-lethal kanamycin and sodium salicylate treatments on E. coli B23 bacterial capsule. A negative staining 
method employing the combination of Congo red solution and Maneval’s staining solution was used for capsule visualization of NKS (A), 
NKNS (B), KS (C), and KNS (D). The four treatment groups are as follows: sub-lethal kanamycin-treated and sodium salicylate-treated cells 
(KS); sub-lethal kanamycin-treated cells only (KNS); sodium salicylate-treated cells only (NKS); and the control which was not subjected to 
any treatments (NKNS). 

Further supporting previous studies (2, 9, 10), the 
capsule made of the induced extracellular 
polysaccharides appeared to be protective against phage 
adsorption (Fig. 1). However, the results indicate that 
the presence of a capsule does not completely eliminate 
phage adsorption; only that phage adsorption remains 
relatively constant and minimally increases beyond the 
initial amount adsorbed. The formation of a capsule 
may not be uniformly induced in all the treated cells. 
Some cells may still have LPS receptors exposed that 
were capable of interacting with T7 phage, a theory 
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supported by our results which suggest that there were 
few available sites for phage adsorption (Fig. 1). The 
amount of adsorbed phage and free phage remained 
constant, indicating that available adsorption sites had 
become saturated (Fig. 1). 

In accordance with other studies, salicylate was 
used as the method for attempted capsule stripping (4, 
9). This was done to determine whether the antibiotic-
induced capsule was the sole factor responsible for the 
reduction of phage adsorption, and not other antibiotic-
induced physiological effects. Visual inspection of the 
salicylate treated cells (KS) showed no obvious 
removal of capsule (Fig. 3), indicating that the results 
under these control conditions could not be trusted. A 
potential reason for this observation is that the amount 
of time allowed for the salicylate treatment, 20 min, 
was insufficient to achieve considerable capsule 
stripping. This is consistent with reports in the literature 
which have found that even after 120 min, treatment 
with salicylate resulted in only a 40% relative change in 
capsular polysaccharide (9). The length of time for the 
salicylate treatment would need to be increased to 
observe a corresponding decrease in bacterial capsule. 

The salicylate treatment reduced phage adsorption 
by NKS in comparison to NKNS, when the treatment 
should have increased adsorption by capsule removal 
(Fig. 1). Since both of the treatments had similar cell 
viability, the result suggests that the salicylate more 
likely had a direct effect on T7 phage instead of the 
cell. Salicylate has been found to delay the 
multiplication of bacteriophage T2r+, and explanations 
for this include: a direct inactivation of the phage 
particle, an effect on the adsorption of the virus to the 
cell, or an effect on the invasion, multiplication, and 
release of the virus from the host cell (13). Any of these 
effects may have also occurred between T7 phage and 
salicylate. These unintentional effects of the salicylate 
on T7 phage may have affected the results and the 
mechanism of this interaction would need to be further 
investigated if the study continued to use salicylate. 

Kanamycin induction of capsule formation may not 
have been the only cause for reduced phage adsorption 
between the treatments. Antibiotics, including sub-
lethal levels of kanamycin, decrease the growth rate of 
E. coli, and have been found to negatively affect phage 
adsorption (2, 8). T7 phage production in E. coli can be 
influenced by the levels of essential intracellular 
resources, such as genomic DNA, RNA polymerase, 
ribosomes, nucleoside triphosphates, and amino acids 
(17). As cell size increases with increased cell growth 
rate, variations occur in the concentrations of the 
resources that affect phage growth rate (17). 
Compounding this effect is that phage adsorption rate is 
positively correlated to cell size (8). Studies have also 

shown that the faster the host cells grow at the time of 
phage infection, the faster the phage will grow, 
corresponding to a shorter intracellular eclipse time, 
and leading to faster progeny production rate (3, 8, 17). 
This effect is also observed for NKS and NKNS, which 
experienced an increase in the amount of free phage in 
8 minutes. The non-antibiotic treated cells had greater 
viability at the time of phage infection compared to the 
kanamycin-treated cells. Thus, the decreased phage 
adsorption in KS and KNS might be partly attributed to 
the decreased E. coli growth rate and size. 

Although induced capsular formation by the 
kanamycin treatment appears to be the cause of reduced 
T7 phage adsorption by E. coli, the attempted stripping 
of capsule by salicylate was not successful in 
eliminating capsule or sensitizing cells. Many other 
factors may have contributed to this observed effect. 
These factors include: salicylate interaction with T7 
phage, incomplete capsule stripping, variations in E. 
coli growth rate due to antibiotic treatments, and 
kanamycin effects not specific to capsule induction. 
Unless these variables are eliminated, induced capsular 
formation by kanamycin cannot be conclusively viewed 
as the sole reason for reduced T7 phage adsorption. It 
will be useful to find an alternative method of capsule 
stripping that does not interfere with the interaction 
between phage and cells. Also, the method of induction 
of capsule should not have a significant effect on 
cellular growth rate. This study confirmed that the 
formation of kanamycin-induced capsule in E. coli B23 
was protective against T7 phage infection. 
Nevertheless, the aforementioned variables need to be 
eliminated to strengthen the conclusion that the 
decreased T7 phage adsorption was only due to the 
intended effect of the kanamycin. 
  

FUTURE DIRECTIONS 
 

In previous studies, sodium salicylate has been 
shown to strip capsule (4, 9). However, this method of 
capsule stripping needs to be further optimized to be 
effective in removing kanamycin-induced capsules in 
E. coli B23. More importantly, the length of incubation 
should be increased to maximize capsule stripping 
while minimizing unwanted effects on cell viability. 

If sodium salicylate is to be used as the capsule 
stripping agent, its effect on T7 phage adsorption to E. 
coli B23 needs to be elucidated. This can be done by 
including another control comparing the incubation of 
T7 phage with and without sodium salicylate and their 
subsequent ability to adsorb and infect cells. 

The ability to remove kanamycin-induced capsules 
would allow for the affirmation that the effects of 
kanamycin treatment on T7 phage binding were due to 
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the formation of a protective capsule and not other 
physiological changes in the cell. 

Another approach is to use a strain of E. coli B23 
with a knockout of the cps genes. This strain is 
deficient in the genes necessary for capsule synthesis 
(7), and would thus be unable to form a capsule upon 
kanamycin induction. Any changes in the ability of 
these cells to adsorb phage after kanamycin treatment 
may then be attributed to the antibiotic’s induction of 
other physiological changes in the cell. 
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