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Extracellular polysaccharide production which forms an extracellular capsule has long 
been implicated in many bacterial defence mechanisms to a multitude of different 
environmental dangers, including antibiotic treatment. Previous research has shown that 
treating E. coli cells with sub-inhibitory levels of antibiotics increases capsular production, 
and this increase in capsule was correlated with a decrease in T7 phage adsorption. This 
decreased phage adsorption was previously attributed to the capsule physically interfering 
with the phage's ability to bind to lipopolysaccarides on the cell surface of the bacterial cell, 
which is necessary for viral DNA injection. In this study, we tested this hypothesis by 
comparing wild-type E. coli with a strain that was unable to produce capsular 
polysaccharide. We treated both strains with sub-inhibitory levels of streptomycin, and 
measured T7 phage adsorption. T7 phage adsorption was shown to be decreased in both 
wild-type and knockout strains, and the level of decrease was comparable with both samples. 
This suggests that antibiotic-induced capsular polysaccharide production plays a minor role 
in the observed decreased T7 phage adsorption, and other factors must be involved. 

 
 

Capsular polysaccharide in bacterial cells produces a 
physical barrier to their environment, and allows the 
cells to be protected from certain dangers, including 
phagocytosis, desiccation, certain endotoxins, and 
bacteriophage infection (24). Previous studies have 
shown that treating E.coli cells with sub-inhibitory 
levels of antibiotics, such as streptomycin or 
kanamycin, increases extracellular capsular production 
(5, 18, 17). Bleackley et. al. showed that T7 phage 
adsorption was significantly reduced when E. coli cells 
were treated with sub-inhibitory levels of kanamycin, 
and they attributed this reduced phage adsorption to 
increased capsular production as they observed a 
correlation between the two (2). However, based on 
their results and experimental methods, it cannot be 
definitively concluded that the increased capsular 
production was the only factor involved in the reduced 
phage adsorption, or if it even played a factor at all. 

T7 bacteriophage must adsorb to E. coli cells before 
being able to inject their viral DNA. This adsorption 
system involves the T7 tail fibre interacting with the 
lipopolysaccaride (LPS) on the cell surface of the E. 
coli cell (22). It has been shown that mutant E. coli 
cells that are lacking LPS, or are lacking the heptose 
moiety of LPS, are immune to T7 phage adsorption and 
subsequent infection (23). Capsular polysaccaride has 
been proposed to play a role in T7 phage adsorption by 
either blocking or interfering with the interaction of T7 
with the cellular LPS (24). Sub-inhibitory levels of 
antibiotics have been known to increase capsular 
polysaccharide production via the cps operon (14), and 

as such, have been thought to reduce T7 phage 
adsorption. However, in addition to increased capsular 
polysaccharide production, other general stress 
responses are turned on when E. coli cells are treated 
with sub-inhibitory levels of antibiotics, including 
alterations of the cell’s metabolism, morphology, and 
cellular envelope (10). These factors may also be 
involved in T7 phage adsorption, and may play a more 
significant role than capsular polysaccharide 
production. 

Given this information, our study was to determine 
whether increased capsular production played a role in 
the antibiotic-induced reduction of T7 phage 
adsorption. We directly tested Bleackley et. al.’s 
hypothesis that increased capsular polysaccharide 
production reduced T7 phage adsorption. We repeated 
Bleackley et. al.’s experiment using both wild-type E 
.coli cells and knock-out E. coli cells that were lacking 
part of the cps operon, and hence, unable to produce 
capsular polysaccharide. This allowed us to determine 
if there was a comparable decrease in T7 phage 
adsorption in the wild-type and knock-out E. coli 
strains treated with sub-inhibitory levels of 
streptomycin. 
 

MATERIALS AND METHODS 
 

Growth of E. coli JW2034 and E. coli BW25113. E. coli were 
grown as previously describled by Chiang et al (4).  E. coli JW2034 
(ΔcpsB747), which are unable to produce capsular polysaccharide, 
and E. coli BW25113 (wild-type) were Keio strains obtained from the 
Coli Genetic Stock Center, Yale University.  The starter cultures in 
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LB medium (0.5% yeast extract, 1% tryptone, and 1% NaCl by % 
w/v) were incubated overnight in an air shaker set to 100 rpm and 
37˚C.  The next morning, flasks of LB were inoculated with the 
overnight cultures (1:25 ratio) and incubated for 3 hours at 37˚C.  For 
capsule isolation or phage adsorption assays, two starter cultures of E. 
coli JW2034 and two starter cultures of E. coli BW25113 were 
prepared to ensure continuous prior exposure to the antibiotic at  the 
calculated minimum inhibitory concentration (MIC) of streptomycin 
sulfate (Sigma #S6501-50G). The MIC was 2 μg/ml 

MIC assay. The minimum inhibitory concentration (MIC) assay 
was performed by setting up test tubes that contained 3 ml of LB 
medium, either 3 ml of either E. coli BW25113 or E. coli JW2034 
prepared overnight culture, and one of the following concentrations of 
streptomycin: 0 μg/ml, 4 μg/ml, 8 ug/ml, 10 μg/ml, 16 μg/ml, 32 
μg/ml, 64 μg/ml, and 128 μg/ml.  The test tubes were then put onto 
the air shaker for 24 hours at 37˚C.  The samples were then read at 
600nm in the Spectronic20D spectrophotometer. The MIC was 
determined by taking half of the antibiotic concentration where the 
OD reading dropped off significantly, and each concentration was 
done in duplicates. 

T7 phage stock enumeration.  The procedure for determining the 
T7 phage stock enumeration/preparation was described by Chiang et 
al (4).  T7 phage was obtained from MICB 421 culture collection in 
the Department of Microbiology and Immunology at the University 
of British Columbia.  Firstly, the phage bottom agar or PBA (0.5% 
yeast extract, 1% tryptone, 1% NaCl, and 1.5% agar by % w/vol) and 
phage top agar or PTA (0.5% yeast extract, 1% tryptone, 1% NaCl, 
and 0.75% agar by % w/vol) plates were prepared a few days before 
enumerated.  The phage stock solution was serially diluted to 10-8, 10-

9 and 10-10 with LB medium.  100 μl of each dilution was then 
aliquoted into the tube containing 2.5 ml of PTA, along with 200 μl of 
E. coli BW25113 indicator cells.  The indicator cells were made the 
previous day by inoculating 5 ml of LB medium with a loopful of E. 
coli BW25113 and then incubating at 37˚C in the air shaker for a day.  
Each tube was mixed by phage style mixing.  The tubes were then 
poured onto the PBA plates.  Plates were then left alone upright for 
15 minutes, then incubated upside down for a day at 37˚C for 24 
hours.  Plaques were then enumerated. 

Capsule isolation.  The procedure for capsule isolation was 
adapted from Lu et al’s experiment (14).  Firstly, 160 ml of each of 
the 4 samples was centrifuged at 17,000 x g for 20 minutes with the 
Sorvall RC-5B refrigerated superspeed centrifuge with the SLA 1500 
rotor.   The pellets were kept and resuspended in 40 ml of PBS (137 
mM NaCl, 2.7 mM KCl, 1.4 mM Na2HPO4, and 1.8 mM KH2PO4).  
An Osterizer 8300 Series Waring blender was then used to blend the 
samples for 5 minutes at liquefy setting, and centrifuged for 20 
minutes at 17,000 x g.  The extracellular polysaccharides of the 
samples were then precipitated from the supernatant with 70 ml of 
ice-cold acetone.  The precipitates were once again centrifuged at 
6,000 x g with the Sorvall RC-5B refrigerated superspeed centrifuge 
with the SLA 1500 rotor.  The pellet was kept and resuspended in 10 
ml of distilled water.  The dissolved pellets were then put into 
Spectra/Por® molecularporus membrane dialysis tubes (molecular 
weight cut-off: 6000-8000 kDa).  The dialysis solution was 1 litre of 
distilled water.  Dialysis was performed at 4˚C for 24 hours.  
Afterwards, a lyophilizer was used to dry the extracellular 
polysaccharides.  The dried samples were then dissolved with 20 ml 
of sterile 10 mM MgCl2.  Deoxyribonucelase I (Sigma #D-5025) will 
be added to a concentration of 5 μg/ml and ribonuclease A (Sigma R-
5125) was added to a concentration of 100 μg/ml.  The samples were 
then incubated in a 37˚C shaking water bath for 5 hours.  Afterwards, 
pronase (Boehringer Mannheim #165921)was added to a 
concentration of 100 μg/ml and the samples were incubated in the 
same conditions for another 24 hours.  The four samples were then 
heated in an 80˚C water bath for 30 min. They were then centrifuged 
at 17,000 x g for 20 min. in the Sorvall RC-5B refrigerated 
superspeed centrifuge with the SLA 1500 rotor.  Now the 
extracellular polysaccharides were in the supernatants. The 
supernatants were then dialyzed and lyophilized in the same way as 

above.  The dried samples were then dissolved again in 0.05 M Tris 
base with 0.1 M NaCl.  Sodium deoxycholate was then added at a 
concentration of 1.5 mM.  Then, the samples were incubated for 15 
min. at 65˚C and then quickly chilled to room temperature with ice to 
stop the reaction.  20% acetic acid is then added to a concentration of 
1 %.  Lastly, the sample was centrifuged for 5 minutes at 16,000 x g 
using the IEB Centra-4B centrifuge with the 8/86 rotor.  The 
supernatant containing pure capsule was then kept at 4˚C. 

Anthrone carbohydrate assay.  The procedure for the anthrone 
carbohydrate assay was adapted from Lu et al’s experiment (17).  
First the anthrone reagent was made by dissolving 200 mg in 5 ml of 
anhydrous ethanol.  Next 93% sulphuric acid was added to a volume 
of 100 ml.  The reagent was chilled in 4˚C before use.  0.5 ml of each 
sample was then aliquoted into test tubes and chilled for 2-3 min. on 
ice.  2.5 ml of anthrone reagent was then added to each of the capsule 
samples and then the samples were vortexed.  The samples were then 
put into 100˚C water bath for 10 min., while being capped with glass 
marbles.  They were then quickly put back on ice to cease the 
reaction.  Once the samples were cold, the absorbance was read at 
625 nm with a Spectronic20D spectrophotometer.  The standard curve 
was made using glucose in concentrations 0, 12.5, 25, 50, 100, and 
140 μg/ml.    The glucose standards were prepared with a stock 
solution of 1120 μg/ml, with water as the diluent. The glucose 
solutions were treated with the anthrone reagent in the same way as 
the capsule samples. 

Phage adsorption assay.  The procedure for the phage adsorption 
assay was adapted from Chiang et al’s experiment (4).    6 ml of 
prepared culture was aliquoted into a test tube.  Note that the cultures 
were normalized, so that they all had the same OD600.  Adjustments to 
volume were made with LB medium.  For the assay itself, 100 μl of 
the phage dilution stock is to be added to each test tube and then 
phage-style mixed.  The four treatments were co-incubated in a 25 
rpm shaking water bath at 37˚C for 8 minutes, taking samples of 1 ml 
at 0, 4, and 8 minutes.  The 1 ml samples were centrifuged at 5000 x 
g for 1 min. using the Eppendorf 5415D centrifuge.  The supernatant 
containing unadsorbed phage was transferred (into another ependorf 
tube, meanwhile the pellet containing the adsorbed phage was 
resuspended with 1 ml LB medium.  10 and 40 µl aliquots of the 
supernatant were each put into test tubes containing molten PTA (2.5 
ml) and 200 µl of E. coli JW2034-1 indicator cells.  The same was 
done with the resuspended pellet.  Note that the indicator cells were 
made the previous day by inoculating 5 ml of LB medium with a 
loopful of E. coli BW25113 and then incubating at 37˚C for a day.   
The tubes were then poured onto PBA plates pre-warmed to 37˚C.  
The tubes were phage-style mixed after addition of the phage.  Plates 
were then left alone upright for 15 minutes, then incubated upside 
down for a day at 37˚C.  Plaques were then enumerated the next day 
to determine the amount of adsorbed and unadsorbed phage.  Note 
that the plates were prepared in the same way as described above in 
“T7 Phage Stock enumeration.” 

 
RESULTS 

 
Carbohydrate production was greater in the wild-

type than in the cps knockout strain. The anthrone 
carbohydrate assay showed a net increase in 
carbohydrate concentration in cells treated with 
streptomycin compared with the control (Table 1). 
JW2034 strain (ΔcpsB747) showed a minor increase in 
carbohydrate concentration while BW25113 (wild-type) 
showed almost a threefold increase between the 
treatment and the control sample (Table 1). The 
streptomycin treatment was hypothesized to stimulate 
capsule growth which is illustrated by JW2034 which 
was unable to produce any capsule. It is interesting to 
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note that the JW2034 strain (ΔcpsB747) has almost the 
same carbohydrate concentration as the wild-type 
treated control, and almost 2 times as much as the wild-
type untreated control. 

Strain JW2034 and strain BW25113 both showed 
a significant large decrease in plaque formation 
when treated with sub inhibitory levels of 
streptomycin.  Results from the phage adsorption assay 
show that subinhibitory levels of streptomycin 
decreased the number of plaque formations in both 
JW2034 and BW25113 strains, whereas we expected a 
drop in plaque formations only in the BW25113 strain 
if capsular formation was the only factor involved in 
reduced T7 phage adsorption (Fig 1). This suggests 
another underlying mechanism prevents phage 
adsorption which is independent of capsule formation. 
Furthermore, strain JW2034 showed almost a twofold 
decrease in plaque formations between the first and last 
time points while strain BW25113 showed more than a 
six fold increase between the same time points (Fig 1). 
These trends over time within the same samples were 
inconclusive due to low reliability resulting from only 
one replicate and the fact that the plaque counts were all 
very low values. However, the differences between the 
treated and untreated samples were significant. 

DISCUSSION 
 

The phage adsorption assay showed a significant 
decrease in phage adsorption in the treated samples 
compared to the untreated samples for both the JW2034 
and BW25113 strains, which suggests that capsule 
production alone does not prevent T7 phage adsorption 
as the JW2034 strain was unable to produce capsular 
polysaccharides (Fig 1). Unfortunately, the magnitude 
of adsorption reduction was just approximated because 
samples with no streptomycin induction contained an 
uncountable number of plaques. Nonetheless, these 
results indicated that another underlying mechanism 
was preventing phage uptake in cells treated with sub-
inhibitory concentrations of streptomycin.  

We believe the levels of streptomycin used may have 
caused a general stress response in the cells, altering 

physiology and metabolism and thus blocking T7 phage 
attachment or replication (10). One result of a stress 
response in E. coli could be an alteration of the cellular 
membrane such that the T7 binding receptors on the 
cell may become inaccessible and or simply down-
regulated so that T7 can no longer bind (10). 
Furthermore, stress response in E. coli results in a 
metabolic switch to stationary phase in order to prevent 
cell damage and reduce nutrient consumption (15). 
Infection of such cells by T7 may still be occurring yet 
will be undetectable by a plaque assays as T7 cannot 
replicate effectively in stationary phase cells (21).  
However, this would only be relevant if the antibiotic 
level was inhibitory, which is highly unlikely unless the 
MIC assay was faulty. 

For the streptomycin treated samples, JW2034 and 
BW25113 strains showed opposing trends in plaque 
counts: JW2034 showed almost a twofold decrease in 
plaque formations between the first and last time points, 
while BW25113 showed more than a six fold increase 
between the same time points (Fig 1). Proper 
interpretation of these results however, is made difficult 
because the total number of plaques for all plates was 
below 30 which suggested low reliability. Furthermore, 
there was only 1 replicate of each treatment condition 
which also added to the unreliability of these results. 
Finally, data showed the plaque counts to be very close 
in number. Because some of the plate counts were also 
very low, there was high overlap in error margins and 
we cannot interpret the trends with confidence in the 
result. However, when comparing the streptomycin 
treated with the non-treated control, the phage 
adsorption decrease was significant for both strains. 

Fowler et al showed that treating cells with sub-
inhibitory levels of streptomycin increased capsular 
carbohydrate production (7).  Consistent with Fowler’s 
results, the carbohydrate concentration of E. coli 
BW25113 cells pre-treated with streptomycin was 
larger than the non-treated cells by a factor of 2.58, as 
shown in Table 1. This is understandable, as E. coli 
cells increase capsular production to form a protective 
layer against aminoglycoside antibiotics (21).  

The carbohydrate concentration of E. coli JW2034 
increased by a factor of 1.1 as shown in Table 1. If this 
was a true increase of carbohydrate, then it could 
indicate that streptomycin may be activating some other 
metabolic pathway that increases intracellular 
carbohydrate production, since JW2034 strain is 
incapable of producing extracellular capsule. The lack 
of the cpsB gene in JW2034 strain means that it cannot 
properly produce and transport colonic acid needed for 
capsule formation (12).  If this is true, it would mean 
that the 2.58 times increase in carbohydrate 
concentration of the E. coli BW25113 strain could be 
the result of increased capsule production and increased 

TABLE 1. Effects of subinhibitory levels of streptomycin on 
capsule carbohydrate production in E. coli BW25113 and E. coli 

JW2034 with and without streptomycin treatment. 
 

Strain + Treatment 
[Carbohydrate] 
(µg/ml) / OD 

JW2034 (ΔcpsB747) 72 

JW2034 (ΔcpsB747) + streptomycin 80 

BW25113 (WT) 36 

BW25113 (WT) + streptomycin 93 
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intracellular carbohydrate production. However, a 
factor of 1.1 is not a significant increase and is more 
likely a result of small differences in measurement. 
Note that in the E. coli JW2034 sample with no 
streptomycin induction, carbohydrates are still being 
detected by the anthrone carbohydrate assay despite the 
sample’s lack of capsule.  This means that the "capsule 
isolation" is not isolating only capsular carbohydrates, 
and there may be intracellular carbohydrate remnants.  
Therefore, the similarity in carbohydrate concentration 
in both the streptomycin treated and untreated E. coli 
JW2034 samples supports that there is a minimal 
increase in extracellular carbohydrate production as a 
result of streptomycin treatment. 

Looking at Table 1, E. coli JW2034 contained a 
larger concentration of carbohydrates without 
streptomycin induction than E. coli BW25113 by a 
factor of 2. This may be attributed to the fact that 
although the samples were normalized to OD readings, 
the capsule present in the BW25113 strain can under-
represent the number of cells present in OD readings 
due to increased size of the cell. It has been shown that 
the capsule can attribute to up to 60% of the bacterial 
dry weight (24). This increased size can possibly skew 
the OD:cell ratio. Therefore this observation that strain 
JW2034 contains a larger concentration of 
carbohydrates without streptomycin treatment than 
BW25113 could be because the E. coli JW2034 sample 
contained more cells than E. coli BW25113 sample.  It 
is unlikely that E. coli JW2034 has more intracellular 

carbohydrate material than the E. coli BW25113 
capsule and its other carbohydrates combined. 

Our results with the anthrone carbohydrate assay 
supports that subinhibitory levels of streptomycin does 
increase carbohydrate production.  Also, the phage 
adsorption assay shows that T7 phage adsorption 
decreases as a result of sub-inhibitory streptomycin 
induction, similarly to Bleackley et al (2).  What is 
interesting is that E. coli JW2034 also had decreased 
adsorbed phage after sub-inhibitory streptomycin 
treatment, suggesting that this decrease in phage 
adsorption could be the result of other E. coli general 
stress responses as opposed to increase in capsule 
production alone. 
 

FUTURE DIRECTIONS 
 

For future experiments in this field, we recommend 
more replicates to increase confidence in results.  Also, 
for capsule isolation and later anthrone carbohydrate 
assay, the cultures grown should be normalized to the 
same turbidity for comparison between different strains, 
and the OD:plate count ratio should be calculated to 
normalize for capsule size under-representing the 
number of cells. 

The next logical experiment would be to test the 
other possible reasons as to why streptomycin reduces 
phage adsorption.  For example, the experiment could 
be repeated with just the E. coli JW2034 strain and 
varying concentrations of streptomycin to ensure that 
the antibiotic levels were, in fact, subinhibitory.  With 

 

FIG. 1. Effects of sub inhibitory levels of streptomycin on T7 phage adsorption.  T7 phage adsorption assay shows the plaques 
resulting from the phage recovered from the cell pellet. Samples showing 3.0 x 1010 pfu/ml were based on plates that were too numerous to 
count (TNTC).   
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the maximum concentration being just enough to 
induce growth inhibition and the minimum 
concentration being ten-fold less than that.  The 
minimum concentration should have no change in 
phage adsorption since strain JW2034 does not contain 
a capsule and is not in stationary phase, while the 
maximum concentration should contain a decrease in 
phage adsorption due to T7’s inability to replicate in 
stationary phase E. coli cells (19). 

To test if T7 binding receptors are being 
downregulated or inaccessible, then the same 
experiment could be repeated except with fluorescently 
tagged viruses.  If the E. coli JW2034 strain has less 
adsorption after sub-inhibitory streptomycin induction 
again, then there should be fluorescence bound to the 
T7 binding receptors in that sample than in the E. coli 
JW2034 sample with no streptomycin induction. 
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