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Phage therapy is being reexamined as a strategy for bacterial control in medical and other environments. As
microorganisms often live in mixed populations, we examined the effect of Escherichia coli bacteriophage �W60
and Pseudomonas aeruginosa bacteriophage PB-1 infection on the viability of monoculture and mixed-species
biofilm and planktonic cultures. In mixed-species biofilm communities, E. coli and P. aeruginosa maintained
stable cell populations in the presence of one or both phages. In contrast, E. coli planktonic populations were
severely depleted in coculture in the presence of �W60. Both E. coli and P. aeruginosa developed phage
resistance in planktonic culture; however, reduced resistance was observed in biofilm communities. Increased
phage titers and reduced resistance in biofilms suggest that phage can replicate on susceptible cells in biofilms.
Infectious phage could be released from mixed-culture biofilms upon treatment with Tween 20 but not upon
treatment with chloroform. Tween 20 and chloroform treatments had no effect on phage associated with
planktonic cells, suggesting that planktonic phage were not cell or matrix associated. Transmission electron
microscopy showed bacteriophage particles to be enmeshed in the extracellular polymeric substance compo-
nent of biofilms and that this substance could be removed by Tween 20 treatment. Overall, this study
demonstrates how mixed-culture biofilms can maintain a reservoir of viable phage and bacterial populations
in the environment.

Since the early 1900s, bacteriophage have been used in the
treatment of bacterial infections (12). The onset of antibiotic
resistance has led to a renewed interest in the use of phage as
therapeutic antibacterial agents (23). As bacteria grow natu-
rally in mixed-population biofilms (9), the investigation of
phage on mixed-culture biofilms is of importance. Bacterium-
phage interactions are important in that they play a vital role in
recycling nutrients in nature, regulating microbial ecosystems,
and facilitating gene transfers among bacterial populations (6,
38). The large numbers of phage found present in ocean water
and soil (�106 PFU ml�1) indicate that phage are ubiquitous
in nature; however, only a small fraction of phage are infec-
tious to their host at any given time (38). In natural microbial
populations, a balance of infected cells and infectious phage is
maintained over time. However, in planktonic lab cultures, the
presence of phage results in susceptible cells becoming quickly
replaced by resistant populations (5). In this context, we ex-
plored the ecology of phage-bacterium interactions in mixed-
population planktonic and biofilm bacteria.

Biofilms consist of structured, enclosed communities gener-
ally attached to a solid substratum and comprise the majority
of bacteria in natural ecosystems (37). The sticky matrix en-
closing these communities and facilitating cellular arrange-

ment is called extracellular polymeric substance (EPS) (13).
The EPS matrix is a major form of protection from extracel-
lular substances, including antimicrobials and bacteriophage
(2). Although polysaccharides are a predominate component,
EPS contains a variety of other substances, including proteins,
extracellular DNA (41), membrane vesicles (36), and other
polymers (10). In Escherichia coli, the composition of its EPS
includes membrane lipids, proteins, nucleic acids, and various
polysaccharides and also �-1,6-N-acetyl-D-glucosamine as a
polysaccharide adhesin (17). In Pseudomonas aeruginosa, the
composition of its EPS includes the galactose- and mannose-
rich Psl polysaccharide, extracellular DNA, proteins, and other
molecules (24). The use of bacteriophage to treat biofilm-
related infections may be limited by the ability of phage to
penetrate the biofilm EPS matrix (18, 21). Depolymerase en-
zymes are associated on the surfaces of some phage, thus
enabling them to penetrate the EPS and gain access to the
phage cell surface receptor (30). However, phage depoly-
merase enzymes are polysaccharide specific (21). The mixtures
of polymers occurring in mixed-population biofilms (29) would
hinder the action of depolymerase enzymes and their associ-
ated phage.

Aside from EPS production, bacteria within biofilms exhibit
altered metabolism and gene expression in comparison to their
planktonic counterparts. Notable features seen in monoculture
biofilms include slow growth, high cell density, and a diversity
of chemical microenvironments. These features, predicted by
Costerton, Gilbert, and others (8, 16), have been validated by
subsequent research. Examples include patterns of global (42)
and microenvironment-specific (24) gene expression, cell sig-
naling (11), and biofilm-specific stress response genes (25, 40).
We now realize that, analogous to higher organisms, cell de-
velopment and specialization occur within biofilm communi-
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ties (33). In contrast, limited studies have been done with
mixed-culture biofilms. Of relevance to the present study,
there is evidence that a disinfectant (Betadine)-susceptible or-
ganism, Pseudomonas putida, can gain protection by associat-
ing with resistant organisms in mixed-culture biofilms (43). In
this context, we explored the influence of monoculture and
mixed-culture growth using P. aeruginosa and E. coli as model
organisms in association with their phages PB-1 and �W60.
These two bacteria grow together in several environments,
notably, the gastrointestinal tract and polluted water (15). As
well, phages PB-1 and �W60 have been proposed as therapeu-
tic agents (4, 28).

MATERIALS AND METHODS

Bacteria and bacteriophages. E. coli MG1655 (obtained from D. A. Siegele,
Texas A&M University) and P. aeruginosa PAO1 (obtained from V. Deretic,
University of New Mexico) were grown in Luria-Bertani (LB) broth (Accumedia
Manufacturers, Inc., Lansing, MI) at 37°C in a continually rotating shaker water
bath (Max Q 2000; Thermo Scientific, Waltham, MA). High-titer bacteriophage
stocks of �W60 (ATCC 97537) (28) and PB-1 (ATCC 15692-B3) (4) were
prepared using the agar overlay technique described by Adams (1). Lysed over-
lays were scraped into 10 ml LB broth and phage was eluted at 4°C for 4 h. Cell
debris was pelleted at 3,200 � g (Eppendorf centrifuge 5810R V3.5; Eppendorf
International, Westbury, NY), and the supernatant was filtered (0.22 �m; Fisher
25-mm syringe filter; Fisher Scientific Inc., Dublin, Ireland) and stored at 4°C.

Planktonic growth. E. coli and P. aeruginosa were grown for 18 h in LB broth
at 37°C and 60 rpm in a rotating shaker bath (Max Q 2000; Thermo Scientific,
Waltham, MA). For monoculture, 10 ml LB broth in a 25-ml Erlenmeyer flask
was inoculated with 100 �l of an overnight culture of E. coli or P. aeruginosa at
a final cell density of 106/ml. For mixed culture, 10 ml LB broth was inoculated
with 100 �l each of E. coli and P. aeruginosa. For phage infection, monocultures
and mixed cultures were infected at a multiplicity of infection (MOI) of 10 with
�W60 and PB-1. Cultures were incubated in a 37°C horizontally shaking water
bath at 60 rpm (Forma Scientific model 2564 shaker bath; Forma Scientific Inc.,
Marietta, OH). At 24-h intervals, cultures were assayed for both CFU and PFU.
Both monocultures and mixed cultures were diluted 1:100 in 10 ml fresh LB
broth in new 25-ml Erlenmeyer flasks daily. E. coli and P. aeruginosa were
differentiated in mixed cultures by growth on LB medium which contained either
20 �g ml�1 cefsulodin (44) (selects for E. coli [M. M. Weber, W. Boswell, and
R. J. C. McLean, unpublished data]) or 100 �g ml�1 ampicillin (selects for P.
aeruginosa).

Biofilm growth. Silicone rubber disks, 7 mm diameter by 1 mm (Dapro Rubber
Inc., Tulsa, OK) were placed in 250-ml beakers which contained 50 ml LB broth
and inoculated with overnight cultures of E. coli and P. aeruginosa at a final cell
density of 106/ml. Monocultures and mixed cultures were incubated in a 37°C
horizontally shaking bath at 60 rpm for 2 days at 37°C. During this incubation,
the biofilm-colonized disks were transferred to fresh medium after 24 h. Biofilm
growth was measured using the sonication and dilution plating protocol de-
scribed by Corbin et al. (7).

Phage infection. Disks which contained biofilm growth were gently rinsed with
20 ml phosphate-buffered saline (5 mM K2HPO4, 4.5 mM KH2PO4, 150 mM
NaCl, pH 7.2) in sterile petri dishes for 1 min to remove unattached cells and
placed into individual 28- by 61-mm scintillation vials (VW74504-20; Kimble
Chase Life Science, Vineland, NJ) which contained 10 ml LB broth and incu-
bated at 37°C at 60 rpm in a horizontally shaking water bath. For phage infection,
�W60, PB-1, or a mixture of both phages was added to broth in vials at a biofilm
density equivalent to an MOI of 10. Infected and uninfected biofilm disks were
selected at 24-h intervals and assayed for CFU and PFU by dilution plating (7).
At 24-h intervals, 9 ml spent medium was removed and 9 ml fresh medium was
added to the remaining biofilm growth vials.

Bacteriophage resistance and bacteriophage selection. Planktonic and biofilm
monocultures and mixed cultures were grown and infected as previously de-
scribed. Four bacterial isolates were chosen from each monoculture and mixed
culture following 5 days of incubation. Each bacterial isolate was grown and used
as indicator cells to assay the original infecting phage population. To determine
if bacteriophage were selected to infect a resistant cell population, supernatant
from planktonic and biofilm 5-day cultures was assayed for infectivity using both
the initial bacterial stock and 5-day bacterial isolates as indicator cells.

Infectious centers and free and trapped virions. Planktonic and biofilm mo-
nocultures and mixed cultures were grown and infected as previously described.
Planktonic and biofilm media from 5-day cultures were assayed before and
following filtration (0.22 �m) to determine infectivity due to infectious phage
particles and infectious centers, respectively. Biofilm supernatants were mixed
with either 0.5 ml chloroform per ml supernatant to lyse infectious centers or 0.1
ml 0.5% Tween 20 (Sigma Aldrich Inc., Saint Louis, MO) per ml supernatant to
release EPS-trapped phage. Treated supernatants were assayed for infectivity as
previously described.

Electron microscopy. Medium (10 �l) containing phage was placed on 400 �m
Formvar/carbon-coated copper grids (SPI Supplies, West Chester, PA) and al-
lowed to dry for 1 min. Excess liquid was removed with no. 1 Whatman filter
paper (Whatman, Inc., Florham Park, NJ), and phage was negatively stained with
1% (wt/vol) uranyl acetate for 5 min. Excess stain was removed using Whatman
filter paper, and grids were air dried and stored in sterile petri plates prior to
viewing. All grids were examined in a JEOL 1200 EXII transmission electron
microscope (TEM) at an accelerating voltage of 120 kV.

RESULTS

E. coli and P. aeruginosa growth in the presence and absence
of phage. E. coli and P. aeruginosa were grown in both mixed
and monoculture biofilms to determine if each could grow as
well in the presence of the another. In order to differentiate
these two organisms, we assessed their antibiotic susceptibility
using a number of antibiotics before choosing ampicillin and
cefsulodin. In preliminary studies, we observed no deleterious
effects of cefsulodin on E. coli or ampicillin on P. aeruginosa.
As well, conservative estimates of spontaneous cefsulodin-re-
sistant mutations in P. aeruginosa and ampicillin-resistant mu-
tations in E. coli were 10�5 to 10�6 (data not shown), so the
selection medium used appeared to work well to differentiate
P. aeruginosa PAO1 and E. coli MG1655.

Under the culturing conditions in the present study, in which
the medium was replaced daily, these two organisms main-
tained relatively stable biofilm populations over 5 days in mo-
noculture (Fig. 1A) and mixed culture (Fig. 1B). Although they
were cultured under aerobic conditions with shaking, it is likely
that some oxygen depletion occurred in the culture flasks.
Oxygen has been recently shown to inhibit the competitive
ability of P. aeruginosa (35). Planktonic monoculture popula-
tions of E. coli and P. aeruginosa were unaffected by the intro-
duction of their respective phages, �W60 and PB-1 (Fig. 2A
and B), likely due to the onset of phage resistance (Tables 1
and 2). While a population drop due to phage introduction
(time zero) undoubtedly occurred, the monoculture planktonic
populations had recovered by 24 h due to the growth of phage-
resistant populations. In mixed planktonic cultures, E. coli
populations dropped considerably in the presence of its phage,
�W60 (Fig. 2C), whereas the effect of PB-1 on the P. aerugi-
nosa population was more muted (Fig. 2D). When phage
�W60 was introduced into monocultures of E. coli biofilms, the
phage titer dropped significantly after 24 h before stabilizing at
2.2 � 0.62 log10 PFU/mm2 (Fig. 3A). In contrast, introduction
of PB-1 phage to P. aeruginosa biofilm monocultures did not
noticeably affect the concentrations of either phage or bacteria
(Fig. 3B). Similar patterns of growth were seen under other
culture conditions. In mixed bacterial growth (Fig. 3C to F),
E. coli and P. aeruginosa levels in biofilms remained relatively
constant regardless of whether one or both phages were
present (compare Fig. 3C to F with Fig. 1). The E. coli �W60
phage concentrations showed a similar decline in mixed cul-
ture after 24 h, as was the case in monoculture E. coli biofilms
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(compare Fig. 3C and E with A). The P. aeruginosa PB-1 phage
remained relatively constant (compare Fig. 3D and F with B).
The results suggest mixed-phage infection did not have a syn-
ergistic effect on the viability of the biofilm. In addition, the
infection of P. aeruginosa with its phage did not have a signif-
icant effect on the replication of phage �W60.

Bacteriophage resistance. To determine bacteriophage resis-
tance in host E. coli and P. aeruginosa cultures, individual colonies

were isolated from planktonic and biofilm cultures that were
exposed to phage for 5 days (referred to as t5 phage), and phage
from initial inoculations (t0) were assayed using 5-day cells as
indicators. The results demonstrate both E. coli and P. aeruginosa
in planktonic growth developed high levels of resistance to phage,
whereas, biofilm cultures developed limited levels of resistance
(Tables 1 and 2). Overall, in both mixed and monoculture bio-
films, E. coli developed less resistance compared to P. aeruginosa.

FIG. 1. Mean biofilm bacterial density without bacteriophage. (A) E. coli (F) and P. aeruginosa (�) in monoculture biofilms. (B) E. coli (F)
and P. aeruginosa (�) in mixed-culture biofilms. Error bars in all figures represent standard error. Values (�SE) depict log10 CFU mm�2 for
bacteria and log10 PFU mm�2 for phages.

FIG. 2. Planktonic populations of monoculture and mixed-culture E. coli and P. aeruginosa populations in the presence and absence of their
respective phage. Values (�SE) depict log10 CFU mm�2 for bacteria and log10 PFU mm�2 for phages.
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The development of increased phage resistance by P. aeruginosa
suggests P. aeruginosa is more susceptible to phage infection than
is E. coli in biofilms.

Phage selection. To determine if phage were selected to infect
resistant cells, phage were isolated from planktonic and biofilm
cultures, which were exposed to bacteriophage for 5 days, and t5
phage were assayed using 5-day cells as indicators. The results
show t5 phage from planktonic cultures could infect t0 cells but not
t5 cells (Table 3). However, t5 phage from biofilm cultures could
infect both t0 cells and t5 cells. The results of planktonic growth
indicate phage were not selected to infect a population of resis-
tant cells (Table 3). In biofilms, however, phage populations were
selected which infect resistant cells (Table 4). P. aeruginosa bio-
film grown cells show no significant difference in resistance to the
t5 phage population compared to t0 phage (Table 1). E. coli
biofilm grown cells showed reduced resistance, indicating either
susceptibility to new t5 phage populations or the lack of develop-
ment of phage resistance.

Infectivity. To determine if phage infectivity was present as
either virions or infectious centers, planktonic and biofilm cul-
tures were assayed for infectivity on t0 bacteria, both before
and after filtration (0.22 �m) to remove infectious centers. The
results show that a majority of PFU in planktonic culture are
present as infectious virions (Fig. 4A). In contrast, infectivity
within biofilm populations decreased to �10 PFU/ml after
filtration. The results suggest that infectivity is present in bio-
films as infectious centers and not free virions (Fig. 4B).

Effect of chloroform and Tween 20 on infectivity. To deter-
mine if infectivity in biofilms is indeed infectious centers or
infectious virus trapped in EPS, biofilm supernatants were
treated with either chloroform to lyse membrane-bound infec-
tious centers or a 0.5% Tween 20 solution to dissolve EPS,
filtered (0.22 �m), and assayed for infectivity. Results show
that treatment with chloroform did not result in an increase in
infectivity (Fig. 5). Treatment with 0.5% Tween 20 resulted in
an increase in infectivity similar to that seen in planktonic
infected cells. The data indicate �W60 and PB-1 infectious
phages are trapped in biofilm EPS.

Electron microscopy. We employed a TEM to see whether
phage could be visualized in infected biofilms. Filtered (0.22
�m) and Tween 20-treated biofilm supernatants were nega-
tively stained with uranyl acetate and examined using trans-
mission electron microscopy and compared to phage from
planktonic cultures (Fig. 6 and 7). Although the planktonic-
grown phage were relatively clean (Fig. 6), biofilm grown
phage (Fig. 7A and B) were associated with organic material
(presumably EPS). This material could be removed by treat-
ment with Tween 20 (Fig. 7C).

DISCUSSION

This study reports the effect of mixed-phage infection on the
density of two-species biofilm bacterial communities. The effect of
single phage infection on monoculture and two-species plank-
tonic bacterial communities has been reported (7, 19). Our ratio-
nale was that chronic infections can occur as mixed-species bio-
films (9) and in that context it would be prudent to target multiple
organisms. In the absence of phage and with daily transfers to
fresh media, both E. coli and P. aeruginosa grew as well in mixed
cultures as in monocultures (Fig. 1 and 2). During prolonged
(�72 h) batch cultures in LB broth, P. aeruginosa outcompetes
E. coli (M. M. Weber and R. J. C. McLean, unpublished obser-
vations). In planktonic monocultures, infection with either or
both �W60 and PB-1 bacteriophages resulted in phage multipli-
cation with no significant effect on the cell density of either bac-
terium (Fig. 2A and B). In mixed planktonic culture, the presence
of �W60 caused a dramatic decline in E. coli populations (Fig.
2C). There was also an initial decline in P. aeruginosa populations
when this organism was cocultured with E. coli in the presence of
its phage, PB-1 (Fig. 2D). These findings are similar to those of
Harcombe and Bull (19) who observed that planktonic E. coli
grown in coculture with Salmonella enterica did not survive chal-
lenge with E. coli phage T5 or T7, due to the combined stresses of
lytic phage infection and bacterial competition. Harcombe and
Bull considered nutrient competition to be the basis for S. enterica
outcompeting E. coli (19). In contrast to S. enterica, P. aeruginosa
has been shown to use a number of toxic molecules, often envel-
oped in outer membrane “predatory vesicles” (3, 26), during
microbial competition.

In contrast to the planktonic culture results (Fig. 2), monocul-
ture and mixed-culture biofilm cultures maintained stable popu-
lations in the presence of phage (Fig. 3). Although mixed-phage
infection did not have a long-term effect on bacterial densities our
results show bacterial biofilms support phage multiplication and
may act as reservoirs for infectious phage. Phage multiplication in
biofilms may act to limit spread of biofilm cells and maintain cells
at a density low enough to allow the immune response to clear the
infection.

In monoculture planktonic (Fig. 2) and biofilm (Fig. 3) cul-
tures, �W60 and PB-1 were not effective in maintaining low den-
sities of either E. coli or P. aeruginosa. Harcombe and Bull (19)
demonstrated that E. coli but not Salmonella species in two-
species planktonic cultures experienced competition in the pres-
ence of their phage. We observed a similar effect in E. coli expo-
sure to �W60 in planktonic coculture with P. aeruginosa (Fig. 2C).
This difference may be due to the particular phages used by
Harcombe and Bull (T7 and T5) and the types of bacteria resis-
tance that they selected. Indeed, preliminary data (T. C. Erwin
and G. M. Aron, unpublished) show T4 to be effective in main-

TABLE 2. P. aeruginosa resistance to PB-1 bacteriophage

Culture
type

% of colonies isolated found resistant to original t0 phage

P. aeruginosa
monoculture

with PB-1

Mixed culture
with PB-1

Mixed culture
with both

phages
(PB-1)

Planktonic 100 100 100
Biofilm 75 50 75

TABLE 1. E. coli resistance to �W60 bacteriophage

Culture
type

% of colonies isolated found resistant to original t0 phage

E. coli monoculture
with �W60

Mixed culture
with �W60

Mixed culture
with both

phages
(�W60)

Planktonic 100 100 100
Biofilm 0 0 25
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taining low densities of E. coli in mixed planktonic culture with P.
aeruginosa. Thus, the potential use of phage treatment depends in
part on the type of phages selected. Our findings are in agreement
with others which show that phage infection does not have a
long-term effect on the growth of cell density in planktonic culture
(19).

The infectivity of both phages maintained high levels in plank-

FIG. 3. Monoculture and mixed-culture E. coli and P. aeruginosa biofilm density in the presence of phages �W60 and PB-1. (A) E. coli and
�W60 in monoculture biofilms. (B) P. aeruginosa and �W60 in monoculture biofilms. (C) Mixed-culture E. coli and P. aeruginosa in the presence
of �W60. (D) Mixed-culture E. coli and P. aeruginosa in the presence of PB-1. (E) Mixed-culture E. coli and �W60 in the presence of both phages.
(F) Mixed-culture P. aeruginosa and PB-1 in the presence of both phages. Values (�SE) depict log10 CFU mm�2 for bacteria and log10 PFU mm�2

for phages.

TABLE 3. �W60 phage selection to infect resistant E. coli

Culture
type

% of colonies isolated found susceptible to t5 phage

E. coli monoculture
with �W60

Mixed culture
with �W60

Mixed culture with both
phages �W60 and PB-1

Planktonic 0 0 0
Biofilm 100 100 100
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tonic culture, whereas, in biofilms PB-1 infectivity was lower and
�W60 infectivity decreased substantially. Possible explanations
include (i) lower phage multiplication and apoptosis, (ii) shedding
of phage receptors, and (iii) phage penetration and entrapment of

released phage particles in the biofilm EPS matrix. Phage multi-
plication has been shown to occur at a reduced rate in biofilm
cells which are metabolically less active than planktonic cells (37).
In addition, apoptosis of phage-infected cells in biofilm commu-
nities may lower the number of bacteriophage released into the
environment (32). E. coli MG1655 typically sheds its outer mem-
brane during biofilm development and may act as an inhibiting
adsorbent for the �W60 J protein receptor which binds to lamB
porin. (14). Shedding of lamB-maltose specific proteins were in-
creased in E. coli biofilms, including lamB, malG and malE trans-
porter proteins (14, 34). Lipopolysaccharide (LPS)-containing
membrane vesicles are produced by many Gram-negative bacte-
ria, including P. aeruginosa (27), and are found as a component in

TABLE 4. PB-1 phage selection to infect resistant P. aeruginosa

Culture
type

% of colonies isolated found susceptible to t5 phage

P. aeruginosa
monoculture

with PB-1

Mixed culture
with PB-1

Mixed culture with
both phages PB-1

and �W60

Planktonic 0 0 0
Biofilm 33 50 33

FIG. 4. Infectivity. Phage infectivity in monoculture and mixed-culture planktonic populations (A) was due to free virions (grey). In contrast,
the bulk of the infectivity in biofilm populations (B) was due to infectious centers (black). For details, please refer to the text. Values (�SE) depict
log10 CFU mm�2 for bacteria and log10 PFU mm�2 for phages.
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biofilm matrices (36). Smooth LPS is a specific receptor for bac-
teriophages E79 and PB-1, and LPS fragments have been shown
to inactivate phage particles in suspension (22). Extracellular LPS
particles can act as a neutralizing absorbent in the EPS matrix,
binding the tail receptors of PB1-like phages.

Anionic EPS components may physically block or through
electrostatic repulsion to negatively charged phage proteins
prevent phage access to cell surface receptors (39). Phage
depolymerases permit ingress through the bacterial EPS layer
(30). Phage F116 and GL1 migration through P. aeruginosa
biofilms is facilitated by a reduction in alginate viscosity
brought about by enzymatic degradation. The phage utilizes a

bacterial enzyme by attaching it to its outer coat proteins to
assist penetration of biofilm exopolysaccharide (18). Phage
PB-1 may have been able to penetrate and therefore replicate
within P. aeruginosa biofilms more easily than �W60 in E. coli
biofilms. However, phage depolymerases are highly specific to
target EPS chemistry (18). In mixed-culture biofilms, the di-
versity of polymers present and the heterogeneous distribution
of bacteria and their polymers throughout a biofilm (29) would
be expected to thwart the action of polysaccharide-specific
phage depolymerase enzymes (21). �W60 and PB-1 particles
bound to EPS were infectious upon release with Tween 20
treatment (Fig. 4), but not chloroform treatment. Tween 20 is

FIG. 5. Effect of chloroform and 0.5% (v/v) Tween 20 on infectious phage release from biofilms. Infectious centers within biofilm populations
(from Fig. 3) could be released upon treatment with 0.5% Tween 20, but not by chloroform. For details, please refer to the text. Values (�SE)
depict log10 CFU mm�2 for bacteria and log10 PFU mm�2 for phages.

FIG. 6. Examination with a TEM of negatively stained phages �W60 (A) and PB-1 (B) from planktonic cultures.
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a surfactant that dissociates biofilm EPS (20) (Fig. 6), whereas
chloroform disrupts cell membranes. The data suggest binding
of infectious phage particles to the biofilm matrix, rather than
cell entrapment. Similar findings were reported by Resch et al.
which showed Staphylococcus aureus phage SA113 eluting
from S. aureus biofilms (31). The inability of phage to fully
penetrate biofilms by entrapment in EPS may be beneficial by
providing a population of susceptible cells. Uninfected biofilm
cells can act as a phage host reservoir and lead to new phage
replication as susceptible cells are released from the biofilm.
As described previously, P. aeruginosa can compete with other
organisms through the production of predatory membrane ves-
icles (3, 26). Since membrane vesicles are an integral compo-
nent of biofilm matrices (36), one might anticipate competition
to be enhanced in biofilms. As is the case with phage, the EPS
component of mixed-population biofilm matrices may also in-
hibit access of P. aeruginosa membrane vesicles to the E. coli
cell surface. Regardless of its competitive ability under labo-
ratory conditions, E. coli is a very successful organism in its
natural gastrointestinal environment (15) wherein it is exposed
to competition from multiple microorganisms, the host, and
also phage. In this context, it is certainly conceivable that the
biofilm mode of growth might explain part of the ecological
success of E. coli.

Planktonic cells develop complete phage resistance due to
mutation of cell surface receptor genes, altered growth physi-
ology, and natural selection (19). The rapid onset of resistance
is readily observed in planktonic cultures but less so in biofilm
populations (Tables 1 and 2). In a natural ecosystem, a lack of
susceptible host cells as suggested by our planktonic results
(Tables 1 and 2) might be expected to lead to an extinction of
the phage as individual virions become physically or chemically
inactivated. As well, multiple stressors, including phage preda-
tion and bacterial completion, might be expected to have a

deleterious effect on planktonic populations. In this context,
the biofilm mode of growth provides a mechanism whereby the
component bacteria can persist in spite of lytic phage (Fig. 3),
as the phage are entrapped in the biofilm matrix (Fig. 4 and 6).
From the phage perspective, biofilms can serve as a phage
reservoir and provide a continuous supply of host organisms as
susceptible cells are released by the biofilms (33) (Fig. 3).
Thus, biofilm ecology has relevance to microbial competition,
phage therapy (12, 39), and persistence of phage (38) and
bacteria in the environment.
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