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Escherichia coli biofilms are aggregate communities of stationary cells that are known to be 

inefficient in producing T4 bacteriophage progeny.  Previous publications have shown a peak in 
viral titers in four-day old biofilms infected with T4 phage.  A novel method of studying phage 
infectivity in biofilms grown on LB agar was devised. T4 phage infectivity of E. coli biofilms 
grown in LB broth was compared to infectivity on LB agar. A peak in infectivity at day four was 
observed for both cultures.  Viability of each biofilm was assessed using spread plates to 
enumerate the population of cells.  A large peak in biofilm viability was observed for both broth 
and agar cultures at day four, which corresponds to the spike in phage titres.  Moreover, 
viability of the biofilms decreased after infection with T4 phage, suggesting that biofilms are 
perhaps more capable of producing T4 phage progeny at day four because they are more 
proliferative at that age. These results indicate that the observations seen in phage infections of 
biofilms grown in LB broth are reproducible in infections of biofilms grown on LB agar. 
However, the latter method to culture biofilms produces low cell viability counts, suggesting that 
the method must be further validated and optimized before concluded as reliable. 

 
 

Biofilms are slimy layers of bacterial 
microcolonies. Biofilm cells are surrounded by large 
amounts of exopolysaccharide, extracellular 
polymers that contribute to the texture of the biofilm 
(4). Biofilms mainly form during the stationary phase 
of bacterial growth. Many bacteria form biofilms in 
their natural environment, adhering to solid surfaces 
that are in contact with fluids such as blood and 
seawater (6). The implication of biofilm formation 
ranges from environmental to medical concerns; for 
example, a variety of infections including urinary 
tract infections and meningitis has been thought to 
occur as biofilm-associated infections (7). Studies in 
the formation and physiology of biofilms would 
therefore contribute to important research on ways to 
treat human infections. 

In a study by Chan et al. (2), free-floating 
stationary cells and biofilm cells of an E. coli culture 
were separately infected with T4 phage to determine 
the differences in their susceptibility to infection over 
7 days of growth. Low levels of viral progeny were 
found from the free-floating cells prior to stationary 
phase and no progeny after stationary phase 
establishment (4). In contrast, a peak of viral progeny 
levels was found for four-day old aggregate biofilm 
cultures while days three and five found low progeny 
levels for the same cells (2). The authors 
hypothesized that the peak was due to a change in the 
physiology of the biofilm cells that was not present in 
the free-floating cells (2). Previous studies on biofilm 
growth have been done using liquid cultures, which 
can support biofilm formation at the solid-liquid 

interface. However, this method is labour-intensive 
and introduces potential for culture contamination as 
the process involves separating free-floating cells 
from biofilm cells by extracting and filtering used 
media. In addition, this method allows for only small 
volumes of biofilm to be harvested. Therefore, in the 
present study, we tested a method that grows biofilms 
on solid media (3). This method is less labour-
intensive, less prone to contamination, and produces 
a larger amount of biofilms to work with. The aim of 
this study was to validate the novel agar based 
biofilm assay by comparing the two methods to 
ensure that biofilm physiology was similar with 
respect to growth in liquid and solid media such that 
solid media can be used as a feasible alternative for 
growing biofilms to study phage development. 
Similarity in biofilm behaviour was assessed by 
comparing the viability and susceptibility to phage 
infection of biofilms grown in liquid or solid media 
over the course of 6 days. 

 
MATERIALS AND METHODS 

 
Preparation of E. coli overnight culture.  Escherichia coli 

strain ZK126 was obtained from the MICB 421 culture collection 
in the UBC Department of Microbiology and Immunology at the 
University of British Columbia.  An overnight culture was 
prepared as described by Chan et al. (2) for subsequent 
preparations of E. coli biofilms and T4 phage stock as well as used 
for plaque assays to titer T4 phage concentrations after biofilm 
infections. All overnight cultures were prepared by inoculating 30 
ml of LB broth (1% bacto tryptone, 0.5% yeast extract, 1% NaCl) 
with a loop of ZK126 cells (from an LB agar plate) and incubated 
for approximately 16 hours at 37ºC in a shaking bath at 200 rpm. 
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Overlay plating assay. Bacteriophage was titered and 
quantified as plaques in the standard overlay plating technique, as 
described by Chan et al. (2) with different dilutions of supernatant. 
Phage supernatants for titering were combined with a few drops of 
chloroform and diluted 10-2, 10-4, 10-6, 10-8, and 10-10 while post-
infection cultures for phage quantification were assayed undiluted, 
diluted 10-2, and 10-4.  All dilutions were made in tryptone sodium 
glucose broth (0.05% Bacto tryptone, 0.3% NaCl, 0.7% BD yeast 
extract, 0.13% glucose). For each dilution, one test tube was 
prepared with 2.7 ml molten soft agar, 0.2 ml overnight E. coli 
ZK126 culture, and 0.1 ml phage dilution. Contents of each test 
tube were mixed gently and poured over an LB agar plate (1% 
bacto tryptone, 0.5% yeast extract, 1% NaCl, 1.2% Invitrogen 
agar). After solidification of the overlay, plates were inverted and 
incubated overnight at 37oC and plaques were counted the next 
day. 

Preparation of T4 viral stock.  Bacteriophage T4 was 
obtained from the MICB 421 culture collection in the UBC 
Department of Microbiology and Immunology. It was prepared 
using the standard overlay plating technique except for using T-
phage nutrient agar (10% Bacto tryptone, 10% Invitrogen agar, 1% 
glucose, 0.15% NaCl) for the bottom layer and 3 ml of molten soft 
agar (1.3% Bacto tryptone, 0.2% sodium citrate, 0.3% glucose, 
0.8% NaCl, 0.75% Invitrogen agar) for the top layer. After 
infection, the molten soft agar top layer was scraped off from 
plates showing confluent plaque formation, soaked in chloroform 
(200 µl) for 72 hours, and centrifuged at 11,000 × g (Beckman J2-
21) for 10 minutes to pellet the top agar. The supernatant was 
collected, titered for phage using the plaque assay, and saved as 
phage stock. 

Preparation of E. coli biofilms grown in LB broth. Biofilms 
in liquid culture were grown according to the procedure by Chan et 
al. Thirty test tubes containing 5 ml of LB broth each were 
inoculated with 50 μl of E. coli ZK126 overnight culture, then 
incubated at 37oC. Ten of the tubes were incubated for 2 days, ten 
for 4 days, and ten for 6 days to assess biofilm growth and 
susceptibility to infection over these time intervals. 

Preparation of E. coli biofilms grown on LB agar (3). 
Thirty 0.22 µm nitrocellulose membranes (25 mm in diameter) 
were autoclaved in aluminum foil wrapping.  One millilitre of 
overnight E. coli ZK126 culture at 0.1 OD600 was filtered through 
each of 30 membranes by using a vacuum pump. Each membrane 
was then laid out aseptically on a thick LB agar plate, with 5 
membranes per plate (6 plates total).  Plates were incubated at 
37oC, two for 2 days, two for 4 days, and two for 6 days such that 
10 membranes were incubated for each day. 

Preparation of biofilms for T4 infection.  On days 2, 4, and 
6, ten membranes containing full lawn growth were resuspended in 
30 ml of fresh LB medium in an Erlenmeyer flask at a turbidity of 
1.0 OD600 and subsequently infected with T4 phage at 108 pfu/ml 
(1 phage per 10 cells) at 37ºC in a shaker bath at 150 rpm for 1 
hour.  The LB broth in the test tubes used for culturing the liquid 
biofilms was removed without disturbing the aggregate biofilm 
community and subsequently filtered through a 0.22 μm 
nitrocellulose filter to eliminate the free-floating stationary phase 
cells. This filtered media was then used to resuspend the aggregate 
biofilms in the tubes, which were then pooled in an Erlenmeyer 
flask at a turbidity of 1.0 OD600 for subsequent infection at 108 
pfu/ml at 37ºC in a shaker bath at 150 rpm for 1 hour. 

Quantification of viable biofilm cells (3).  The spread plate 
technique was used to assay the number of viable cells in biofilms 
grown in LB broth and on LB agar.  After the biofilms were 
resuspended, but before the OD600 was adjusted to 1.0, an aliquot 
of the culture was removed and serial diluted at 10-6, 10-7, 10-8, 10-

9, and 10-10 in TSG broth (0.06% Bacto tryptone, 0.7% yeast 
extract, 0.1% glucose, 0.05M NaCl).  Then, 0.1 ml of each dilution 
was spread on 1.2% LB agar plates.  Serial dilutions at 100, 10-1, 
10-2, 10-3, and 10-4 were performed on the cultures after infection 
with T4 phage and 0.1 ml of each dilution was spread on LB agar 

plates in the same manner.  All plates were incubated overnight at 
37ºC. 

Determination of phage titer. Following biofilm infection 
and adjustment of the cell concentration to 1.0 OD600, each of the 
cultures was centrifuged at 10,000 x g for 5 minutes. The 
supernatant from each culture was used to perform plaque assays 
to titer for T4 phage concentrations, as described above in the 
“Overlay plating assay.”  
 

RESULTS 
 

A peak in T4 bacteriophage infectivity is seen 
in 4-day old E. coli biofilms.  An increase in E. coli 
biofilm susceptibility to T4 phage infection at Day 4 
has previously been observed (1, 2).  This 
observation was confirmed for both biofilms 
harvested from LB broth and LB agar. Plaque assay 
results are shown in FIG. 1.  
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  FIG. 1.  Comparison of T4 bacteriophage concentrations 
recovered from infected biofilms grown on LB broth and LB agar. 

 
FIG. 1 shows a slight peak in T4 infectivity for four-
day old biofilms grown in both LB broth and LB 
agar. Note that FIG. 1 displays the total T4 titer from 
each infection.  Day 4 biofilms had 8% and 4% more 
phage than day 2 biofilms grown in broth and on 
agar, respectively. A comparison of the infectivity of 
biofilms in both types of media shows that both 
cultures exhibit the same trend in addition to the 
slight infectivity peak at day 4 – infectivity was 
marginally higher at day 2 than day 6. As illustrated 
in FIG. 1, the production of viral progeny appeared 
more efficient for biofilms grown in LB broth as a 
higher phage concentration was observed on all three 
days compared to biofilms grown on LB agar. 
However, statistical analyses have not been made 
since only one replicate was performed. As a result, 
the difference between phage concentrations from 
biofilms grown in broth compared to agar cannot be 
concluded as either significant or negligible. 

There are significantly more viable E. coli cells 
in four-day old biofilms. The results from spread 
plates determining the number of viable E. coli cells 
prior to infection are displayed in FIG. 2.  The trend 
for cell viability of biofilms grown in LB broth was 
similar to that of biofilms grown on LB agar, where a 
large peak in viability was seen on day 4.  For both 
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culture conditions, viability decreased to counts 
similar to two-day old biofilms by day 6 (FIG. 2).  
However, there was 81% more viable cells at day 4 in 
biofilms cultured in LB broth than those cultured on 
LB agar (FIG. 2), suggesting that cultures in LB 
broth were able to grow more efficiently compared to 
cultures on LB agar. 
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  FIG. 2 Concentration of viable cells in 2-, 4- and 6-day old E. 
coli biofilms grown in LB broth and on LB agar. 
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  FIG. 3 Change in viability of biofilms grown in LB broth (A) and 
on LB agar (B) after infection with T4 phage  
 

Biofilm viability decreases upon infection with 
T4 bacteriophages.  The change in biofilm viability 
due to T4 phage infection is shown in FIG. 3A for 
biofilms grown in LB broth and FIG. 3B for biofilms 
grown on LB agar. For all biofilms, viability 
decreased after 1 hour of infection with four-day old 
cultures showing the greatest percent change in the 
concentration of viable cells: a decrease of 100% 
(FIG. 3).  Although two-day old cultures displayed a 
percent change in viability close to that of four-day 

old cultures, the absolute decrease in viability due to 
infection in four-day old cultures is 11- and 16-fold 
greater than two-day old broth and agar cultures, 
respectively, since there were substantially more 
viable cells in four-day old cultures preceding 
infection (FIG. 2). Biofilms grown for 6 days show 
the smallest percent change in viability after infection 
(38% change for cultures grown in LB broth and 60% 
change for cultures grown on LB agar), which 
corresponds with the lowest post-infection T4 phage 
burst (FIG. 1). 
 

DISCUSSION 
 

Chan et al. (2) showed that the change in biofilm 
susceptibility to T4 phage infection at day 4 was due 
to the aggregate biofilm community rather than the 
free-floating stationary cells and hypothesized that 
some physiological change was responsible for this 
peak in infectivity. However, the authors lacked a 
reliable assay to determine biofilm viability. The 
crystal violet assay was used by Chan et al. (2) to 
determine the concentration of viable cells in 
biofilms cultured for 1 to 7 days.  The accuracy of 
this method, however, is questionable due to the 
staining of dead cells, difficulty in correlating 
absorbance measurements with E. coli concentration, 
as well as spectroscopic limitations at high 
absorbance readings. We have taken a simpler 
approach in determining biofilm viability by 
modifying their procedures to incorporate an 
assessment of biofilm viability that uses colony 
counts from spread plates on biofilm cultures pre- 
and post-infection.  

We found that the peak in T4 progeny produced 
at day 4 corresponds with the peak in biofilm 
viability at day 4. This peak, although subtle, agrees 
with the pattern seen in previous publications (1,2). 
We have shown the spread plate technique as a 
feasible method for enumerating the number of viable 
cells in a biofilm community. One may argue that 
disrupting the extracellular polymeric interactions 
that form the aggregate slime characteristic of E. coli 
biofilms inevitably changes the physiology of these 
communities and thus alters their viability, perhaps 
by shifting them back into logarithmic growth.  
However, for purposes of comparison between aging 
cultures, this plating assay appears to provide a 
means to quantify a relative viability count in relation 
to one another as long as the technique is performed 
with consistency.  Nevertheless, the decrease in 
viability seen after infection with T4 (FIG. 3) further 
supports the spread plate technique as a feasible 
method to enumerate viable cells as one expects low 
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colony counts proceeding lysis due to phage 
production and burst.   

A more significant finding can be interpreted 
from FIG. 3.  Rather than correlating phage burst 
with OmpC up regulation, as suggested by Chan et 
al., the increase in T4 progeny titers can be linked to 
biofilm viability.  That is, perhaps four-day old 
biofilms are capable of producing more phage upon 
infection merely because the biofilms themselves are 
more able to grow and reproduce.  The reason behind 
this increased proliferative competence and/or change 
in cellular physiology at day 4 remains to be 
explored. 

An alternative approach to preparing biofilms was 
investigated where a stationary lawn of E. coli cells 
was allowed to flourish on nitrocellulose membranes 
(3). The biofilms grown using this approach 
exhibited similar patterns of infectivity to biofilms 
grown in liquid media at the time intervals tested. 
These results were not surprising, as the biofilms 
from both types of media were infected following 
identical methods and were subject to the same 
conditions after the infection. However, a 
significantly different viability count was observed 
between biofilms grown in liquid media compared to 
solid media. An 81% higher count was observed from 
biofilm cells cultured in liquid media for 4 days 
before infection. This difference is possibly due to 
the nature of biofilm cells in the different media 
conditions; cells grown in liquid culture are in full 
contact with the available nutrients in the media as 
the liquid can flow past and around them. In contrast, 
cells accumulating as biofilms on agar grow in a 
monolayer with little space in between adjacent cells. 
Moreover, diffusion of nutrients to the cells and 
diffusion of metabolic waste products away from the 
cells are slower for biofilms grown on agar.  These 
differences mean that the accessibility of these cells 
to nutrients is impaired compared to those in liquid 
culture. This impairment could contribute to the 
decline in health of the cells grown on agar, which 
would play a role in their lower viability compared to 
cells grown in broth.  Moreover, we have found that 
the cellular lawns on the membranes continued to 
expand in a radial fashion such that growth extended 
passed the filters as the lawns aged whereas the 
turbidity of the broth cultures levelled off after one 
day, signifying a plateau in reproduction.  Therefore, 
although the stationary lawn technique yields higher 
growth and proliferation over time in comparison to 
broth biofilms, most of the lawn is likely dead, as 
indicated by the viability data in FIG. 2. 

Our results have shown that the growth of 
biofilms on solid media is a feasible alternative to 
growth in liquid media for studying phage 

development. The cells grown on agar exhibited 
similar susceptibility to T4 bacteriophage as those 
grown in broth; however, the viability of solid media 
biofilm cells may be compromised compared to 
liquid media cells. This problem can be addressed by 
increasing the surface area of agar that the cells are 
exposed to. Transferring membranes to fresh agar 
periodically should not be an option as the cells 
would have to adapt to the new environmental 
conditions each time they are transferred, and might 
grow when the old medium containing quorum 
factors that control the local population density is 
switched away (8).   

In summary, the current study suggests four-day 
old E. coli biofilms grown in both broth and on agar 
display an increase in viability and proliferative 
advantage over two-day and six-day old cultures 
which may explain their ability to provide a higher 
burst in viral progeny when infected with T4 
bacteriophage.  Furthermore, the spread plate 
technique was assessed as a means to enumerate 
biofilm viability and the method of culturing biofilms 
on agar as a stationary lawn of cells was investigated 
as a feasible alternative to liquid biofilm cultures.  
Moreover, the stationary lawn of cells exhibited a T4 
phage infectivity pattern much like liquid biofilm 
cultures such that a spike in phage progeny was also 
seen at day 4. 

 
FUTURE EXPERIMENTS 

 
Since infection of biofilms grown on agar actually 

took place in LB broth, it might be more useful to 
look at phage burst from infections that occurred by 
introducing the virus directly onto the membranes as 
the cells are likely to start shifting into exponential 
growth when cultured in fresh broth. This procedure 
would involve growing cells from an overnight E. 
coli culture on nitrocellulose membranes that are 
placed on thick LB agar plates (3). After incubation 
at 37oC for 2, 4, and 6 days, the membranes would be 
infected with phage by pipetting a phage stock 
directly onto the cells on the membranes at a ratio of 
one phage per ten cells. Following one hour of 
infection, the membranes would be placed in LB 
medium to resuspend the infected cells. The resulting 
culture would be assayed for cell viability and 
centrifuged to collect supernatant to determine phage 
titer. It would be important to investigate the 
characteristic differences between biofilms grown in 
broth and on agar to understand why broth cultures 
appear to have significantly more viable cells at Day 
4. The biofilms can be harvested at smaller intervals 
of time to determine cell viability in order to assess 
when viability becomes noticeably impaired, and 
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whether impairment is due to the agar diminishing in 
thickness. It would also be important to confirm our 
findings by conducting more replicates and assay 
viability at days 3, 5, and 7. 
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