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Bacteria growing in biofilms often develop multicellular, three-dimensional structures known as microcolo-
nies. Complex differentiation within biofilms of Pseudomonas aeruginosa occurs, leading to the creation of voids
inside microcolonies and to the dispersal of cells from within these voids. However, key developmental
processes regulating these events are poorly understood. A normal component of multicellular development is
cell death. Here we report that a repeatable pattern of cell death and lysis occurs in biofilms of P. aeruginosa
during the normal course of development. Cell death occurred with temporal and spatial organization within
biofilms, inside microcolonies, when the biofilms were allowed to develop in continuous-culture flow cells. A
subpopulation of viable cells was always observed in these regions. During the onset of biofilm killing and
during biofilm development thereafter, a bacteriophage capable of superinfecting and lysing the P. aeruginosa
parent strain was detected in the fluid efluent from the biofilm. The bacteriophage implicated in biofilm killing
was closely related to the filamentous phage Pfl and existed as a prophage within the genome of P. aeruginosa.
We propose that prophage-mediated cell death is an important mechanism of differentiation inside micro-

colonies that facilitates dispersal of a subpopulation of surviving cells.

Bacteria often switch from a free-living lifestyle to a surface-
adapted, multicellular lifestyle known as a biofilm. Bacteria in
biofilms become highly differentiated from free-living bacteria
(51, 59) and often exhibit a developmental sequence, forming
complex, matrix-encased, multicellular structures (microcolo-
nies) which become surrounded by a network of water chan-
nels.

The differentiated microcolony phenotype has been found in
most bacterial biofilms studied to date, including those of
Escherichia coli (10), Pseudomonas aeruginosa (14, 34), and
Vibrio cholerae (65). In the cystic fibrosis lung, P. aeruginosa
forms prominent microcolony structures (55) and is associated
with antibiotic-resistant, often fatal infections (9, 25, 55). How-
ever, much remains to be learned about the ecological and
physiological roles of microcolonies in biofilms. Cell-cell sig-
naling is involved in microcolony development in at least three
organisms, P. aeruginosa (13), Burkholderia cepacia (28), and
Aeromonas hydrophila (38). A recent study demonstrated that
water channels around P. aeruginosa microcolonies are actively
maintained by the quorum-sensing-controlled production of
rhamnolipid surfactants (12). Moreover, dispersal of free-liv-
ing cells from voids inside P. aeruginosa microcolonies has
recently been demonstrated (51). Taken together, these data
suggest that microcolony formation is a coordinated, adaptive
response that facilitates continued biofilm development and
dispersal. However, the key processes regulating multicellular

* Corresponding author. Mailing address: School of Biotechnology
and Biomolecular Sciences and Centre for Marine Biofouling and
Bio-innovation, Biological Sciences Building, University of New South
Wales, Randwick, Sydney, NSW 2052, Australia. Phone: 61 (2) 9385
2092. Fax: 61 (2) 9385 1779. E-mail: J.S.Webb@unsw.edu.au.

4585

differentiation and dispersal inside microcolonies are poorly
understood.

It is hypothesized that multicellular interactions among pro-
karyotes have evolved in surface-associated biofilms (59).
Thus, it may be relevant to examine these biofilm bacterial
populations for the origins of key multicellular traits that occur
in other, more complex organisms. In multicellular organisms,
cell death is a normal component of development (18, 43).
Indeed, programmed cell death is generally believed to be an
adaptation that evolved to meet the specialized needs of mul-
ticellular life (48, 57, 63). Increasing evidence suggests that
programmed cell death also occurs in bacterial development
(19, 35, 56). For example, development of multicellular fruiting
bodies in Myxococcus xanthus requires autolysis of a subpopu-
lation of M. xanthus cells (50, 67). Autolysis, which appears to
be undesirable for a single-cell organism, may be advantageous
for a bacterial population at the multicellular level. Autolysis
has not yet been examined within the context of multicellular
bacterial biofilm development.

Autolysis has previously been observed in P. aeruginosa iso-
lates (5, 6, 26). In early descriptions of this phenomenon the
workers reported bacteriophage plaque-like zones of lysis in P.
aeruginosa cultures on agar. More recently, P. aeruginosa mu-
tants that overproduce the antibiotic and quorum-sensing sig-
nal molecule 2-heptyl-3-hydroxy-4-quinolone showed pro-
nounced lysis on agar plates (11). However, the molecular
mechanism and physiological role of autolysis in P. aeruginosa
remain to be elucidated.

In this study, we explored the hypothesis that cell death in P.
aeruginosa may function in multicellular biofilm development.
We observed that killing and lysis occur in localized regions in
wild-type P. aeruginosa biofilms, inside microcolonies, by a
mechanism that involves a genomic prophage of P. aeruginosa.
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We propose that prophage-mediated cell death benefits a sub-
population of surviving cells and has an important role in
subsequent biofilm differentiation and dispersal.

MATERIALS AND METHODS

Bacterial strains and culture media. P. aeruginosa strain PAO1, obtained from
B. Iglewski, was used unless indicated otherwise. Additional PAOT1 isolates used
were ATCC 15692 and strains obtained from the culture collection of the Center
for Biofilm Engineering at Montana State University and the culture collection
at the University of New South Wales, Sydney, Australia. P. aeruginosa cystic
fibrosis isolates were obtained from the Prince of Wales Hospital, Sydney. Batch
cultures of P. aeruginosa strains were grown at 37°C with shaking in Luria-Bertani
(LB) medium. For cultivation of biofilms, M9 medium containing 48 mM
Na,HPO,, 22 mM KH,PO,, 9 mM NaCl, 19 mM NH,CI, 2 mM MgSO,, 100 pM
CaCl,, and 5 mM glucose was used. Twitching and swimming motility assays
were carried out in LB medium supplemented with 1 and 0.3% agar, respec-
tively, as described elsewhere (49). P. aeruginosa PAO1 rpoN:Gm" (61),
pilA=Tel'fliM::Gm’", and double pil4::TelrfliM:Gm" (30) mutants were main-
tained on LB medium containing 30 pg of gentamicin ml~! and/or 50 wg of
sodium tellurite ml~". P. aeruginosa rhl cell-cell signaling mutants were obtained
from H. Schweizer, S. Beatson (4), and D. Ohman (7). A P. aeruginosa lasl
signaling mutant (JP1) was obtained from B. Iglewski (46).

Biofilm experiments. Biofilms were grown in continuous-culture flow cells
(channel dimensions, 1 by 4 by 40 mm; flow rate, 150 pl min~') at room
temperature as previously described (45). Channels were inoculated with over-
night cultures and incubated without flow for 1 h at room temperature. Bacterial
viability was determined by using a BacLight LIVE/DEAD bacterial viability
staining kit (Molecular Probes Inc., Eugene, Oreg.). Two stock solutions of stain
(SYTO 9 and propidium iodide) were each diluted to a concentration of 3 pl
ml~! in biofilm medium and injected into the flow channels. Live SYTO
9-stained cells and dead propidium iodide-stained cells were visualized with a
scanning confocal laser microscope (Olympus) by using fluorescein isothiocya-
nate and tetramethyl rhodamine isothiocyanate optical filters, respectively.

Free intracellular radicals within biofilms were detected by using dihydrorho-
damine 123 (DHR) (Sigma). A solution containing 5 pg of DHR ml~! in M9
medium was prepared from a stock solution containing 2.5 mg of DHR ml~" in
ethanol. The DHR solution was injected into the flow channels (approximately
0.5 ml per channel), and the flow cells were incubated in the dark for 2 h without
flow. Biofilms were viewed without further processing by using an epifluores-
cence microscope (Leica model DMR) and a rhodamine optical filter.

Bacteriophage experiments. Bacteriophage capable of superinfecting and kill-
ing host P. aeruginosa cells were detected in the fluid effluent from biofilms by
using a top-layer agar method (17). Droplets (20 wl) of supernatant were placed
onto an LB medium top layer containing 0.8% agar and seeded with P. aerugi-
nosa cells from an overnight culture (1:10, vol/vol; approximately 1 X 10% cells
ml~"). The plates were incubated at 37°C overnight. Similarly, to determine
phage titers from the biofilm effluent (or other phage preparations), serial dilu-
tions of preparations were made in SM buffer (39) and dropped onto top-layer
agar seeded with P. aeruginosa cells.

For preparation of phage stocks, 10-ml overnight P. aeruginosa cultures were
each infected with a single plaque, and the infected cultures were seeded into
top-layer agar (1:10, volvol; final concentration, approximately 1 x 10% cells
ml~"). The plates were incubated at 37°C overnight, after which confluent lysis
was observed. The top-layer agar was then scraped off, 2 ml of SM buffer was
added to each plate, and the mixture was vortexed vigorously for 1 min and
incubated at 4°C for 2 h. The phage mixture was then centrifuged at 8,000 X g
for 10 min at 4°C, the supernatant (representing the phage stock) was collected
and filtered through a 0.2-wm-pore-size syringe filter (Pall Corporation), and the
phage titer was determined. The phage stock was stored at 4°C.

For large-scale preparation and purification of phage, LB medium cultures (1
liter) were inoculated with 5 ml of an overnight P. aeruginosa culture and allowed
to grow to the mid-log phase (~1 X 10° CFU ml~!) at 37°C. The cultures were
then infected with phage stock at a multiplicity of infection of 10 PFU cell ! and
grown overnight at 37°C. The cultures were then centrifuged twice at 13 000 X
g for 20 min, and each supernatant was passed through a 0.45-pm-pore-size filter.
DNase I and RNase I (Sigma) were each added to the filtrate to a concentration
of 1 pg ml~! and incubated at room temperature for 2 h. An equal volume of a
solution containing 4% (wt/vol) polyethylene glycol 8000 (Sigma) and 2 M NaCl
was added to the filtrate with stirring, and the mixture was left to precipitate
overnight at 4°C. The supernatant was centrifuged at 11,000 X g for 20 min, and
the pellet was resuspended in 8 ml of SM buffer. The phage suspension was then
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ultracentrifuged at 40,000 rpm by using an SW41Ti rotor (Beckman-Coulter),
and the supernatant was discarded. The pellet was resuspended in 8 ml of SM
buffer and centrifuged at 7,000 X g for 20 min to remove debris. The supernatant
was then subjected to CsCl gradient purification as previously described (70).
The phage band was extracted and dialyzed against two changes of buffer con-
taining 50 mM Tris (pH 7.5) and 7 mM MgSO,, and the titer of phage was
determined.

To identify the infecting phage, we first carried out a transmission electron
microscopic examination of CsCl-purified phage preparations. Carbon Formvar-
coated 300-mesh copper grids were dipped into appropriate dilutions of phage
preparations for 1 min, negatively stained in 1% uranyl acetate for 30 s, air dried,
and then analyzed by using a Hitachi-7000 transmission electron microscope. We
then manufactured a digoxigenin-labeled Pfl-specific DNA probe (Roche Diag-
nostics GmbH) using primers 437F (5'-ACCCGGCGAAAGAGAACTGC-3")
and 437R (5'-CGAGGTTGATGATTTCCGCCG-3'), corresponding to bp 8314
to 8333 and 9188 to 9208 of GenBank accession no. AE004507, respectively.
These primers amplify a region of Pfl open reading frame 437 (24). Top-layer
LB agar plates containing 30 to 50 plaques were used for plaque hybridization.
Cell lysis, DNA transfer to nylon membranes, and hybridization of the Pfl-
specific DNA probe were carried out according to the manufacturer’s instruc-
tions (Roche Diagnostics GmbH). Hybridization of the probe to individual
plaques was carried out against a background of P. aeruginosa genomic DNA. We
also used primers 437F and 437R to investigate whether the Pfl-like prophage
was present in other laboratory P. aeruginosa PAO1 strains and in P. aeruginosa
cystic fibrosis isolates. PCRs were carried out by using genomic DNA extracted
from P. aeruginosa isolates as previously described (3).

In order to add back the CsCl-purified phage to P. aeruginosa biofilms, we first
grew biofilms for 1 day. After this time, approximately 1 X 107 PFU ml~! was
added aseptically to the reservoir of sterile biofilm medium, and growth of
biofilms was allowed to continue. After 3 days of biofilm growth, the biofilms
were stained by using a BacLight LIVE/DEAD kit and examined by confocal
laser microscopy.

To determine whether DNA damage or reactive oxygen species (ROS) could
induce infective bacteriophage from P. aeruginosa cells, different concentrations
of mitomycin C (1 to 50 pg ml~') and hydrogen peroxide (1 to 100 mM) were
added to 3-ml aliquots of a mid-log-phase (approximately 1 X 10’ CFU ml~ ') P.
aeruginosa culture. After 2 h of incubation at 37°C, 1-ml aliquots of the cultures
were centrifuged at 12,000 X g for 5 min, and the supernatants were passed
through a 0.2-wm-pore-size Acro-disk filter (Pall Corporation) to remove the
cells. The bacteriophage titer in each filtrate was then determined.

Construction of a P. aeruginosa Pfl::Gm" mutant. Preparation of chromo-
somal and plasmid DNA, restriction endonuclease digestion and ligation, and
PCRs were carried out by using standard protocols (3). A Pf1::Gm" cassette was
constructed by (i) PCR amplifying Pf1 genes from genomic DNA of P. aeruginosa
PAOL1 with primers Pfl 3 (5-GACTGAAGAAGAAGCTCGC-3') and Pfl 4
(5'-TCTGTTCGGTTAGAAGAATTCG), corresponding to bp 5300 to 5318
and 7352 to 7331 of GenBank accession no. AE004507 and amplifying a 2,031-bp
region of the Pfl genome, (ii) cloning the blunted and Ncol-digested 1,946-bp
PCR fragment into EcoRI-Smal-digested pUCI18Not (23), resulting in
pUCI18NotPfl, and (iii) inserting an 800-bp Smal-digested gentamicin resistance
gene into a blunted BstEII site of pUC18NorPfl 41 bp from the start of the gene
V helix destabilizing protein of Pf1 (PA0720) to obtain pUC18NorPf1Gm.

The knockout plasmid pCK318Pf1Gm was constructed by cloning the
Pf1::Gm"-containing NotI fragment into the NotI site of gene replacement vector
pCK318, which carries RP4mob, oriR6K, and the sacB gene for sucrose coun-
terselection in homologous recombination.

The P. aeruginosa Pfl mutant was constructed by allelic displacement by using
triparental mating as described previously (1). Transconjugants with knockout con-
structs inserted were selected on plates supplemented with gentamicin (60 pg/ml).
Subsequent sucrose-based screening for double-crossover mutants was performed as
described by Schweizer (52). In order to confirm that the Pf1::Gm" cassette had been
inserted into the genome and not into the replicative form (RF) of the phage, we
carried out a PCR using primers that recognize both the insertion cassette and the
adjacent chromosomal DNA. The primers used were Gental (5'-GCGTAACATC
GTTGCTGCTG-3') and PA0716 (5'-CGCAAACCCTTAGTGACTTCC-3'; rec-
ognizing the hypothetical P. aeruginosa protein PA0716 and corresponding to bp
4253 to 4273 of GenBank accession no. AE004507).

RESULTS AND DISCUSSION

Cell death and lysis occur within P. aeruginosa microcolo-
nies. Killing and lysis within P. aeruginosa PAO1 biofilms were
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FIG. 1. Cell death occurs in localized regions in microcolonies of
mature P. aeruginosa biofilms: confocal micrographs of P. aeruginosa
biofilm development in glass flow cells visualized by using the BacLight
LIVE/DEAD viability stain. Green fluorescent cells are viable,
whereas red fluorescent cells have a compromised cell membrane and
are dead. Images were obtained 3 h (a), 3 days (b), and 7 days (c) after
the flow cells were inoculated. (a and b) Images taken at the biofilm-
substratum interface. Scale bars = 50 um. (c) x-y plane view through
the center of a microcolony that was 50 wm high. A subpopulation of
cells inside the microcolony was not killed (arrow). Scale bar = 25 pm.
Similar results were obtained in five other experiments.

observed when they were allowed to develop in glass flow cell
reactors for at least 1 week (Fig. 1). By using the BacLight
LIVE/DEAD viability probe (Molecular Probes), we observed
that cell death occurred with temporal and spatial organization
in the biofilm, inside microcolonies. After 12 days of biofilm
development (the maximum length of time for which experi-
ments were conducted), up to 50% of the microcolonies in
biofilms showed killing and lysis in their centers. We observed
dead cells and partially lysed cells, as well as amorphous red
propidium iodide-stained material which may have been DNA-
containing debris from lysed cells. Subpopulations of cells in
these regions that did not die were always observed (Fig. 1c).
Recent studies have revealed similar losses of viability inside
microcolonies formed by oral bacteria (2, 27), and workers in
our laboratory are currently examining cell death that occurs
inside microcolonies formed by El Tor and classical strains
of V. cholerae and the marine biofilm-forming bacterium Pseu-
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doalteromonas tunicata. Thus, cell death inside microcolonies
may be widespread among biofilm-forming bacteria.

Genes involved in P. aeruginosa cell death. Our observations
of cell death in P. aeruginosa microcolonies are strikingly sim-
ilar to the autolysis that is required for the development of
fruiting bodies in the social bacterium M. xanthus (50, 68). We
hypothesized that genes that control fruiting body develop-
ment and cell death in M. xanthus may similarly influence P.
aeruginosa development. In M. xanthus, development of fruit-
ing bodies is controlled in part by RpoN (21, 22) and by
cell-cell signaling (54). In P. aeruginosa, microcolony develop-
ment is also influenced by RpoN (61) and cell-cell signaling
(13). Therefore, to investigate the role of cell death in biofilm
development, we examined P. aeruginosa mutants that were
defective in rpoN and cell-cell signaling.

Cell death did not occur in biofilms of a P. aeruginosa rpoN
mutant strain (Fig. 2b) and could be restored by complement-
ing the rpoN gene in trans (Fig. 2c). The P. aeruginosa cell-
signaling systems include the las circuit, which has previously
been reported to be involved in biofilm development (13), and
the rhl circuit. These signaling systems act through intercellular
acylated homoserine lactone signal molecules. We found that a
las mutant and two different rh/ mutants showed wild-type cell
death in biofilms (Fig. 2d and e). Cell death in P. aeruginosa
biofilms therefore requires a functional rpoN gene but can
occur independent of the P. aeruginosa acylated homoserine
lactone cell-signaling circuits.

One feature of the rpoN mutant is that it is defective in two
types of cell surface structures, type IV pili (T4P) and flagella
(62). While screening P. aeruginosa cell-signaling mutants, we
found that one rhl mutant (PDO100) was defective in twitching
motility, a type of bacterial motility that requires T4P, and
swimming motility, which requires flagella. These defects are
likely due to secondary mutations (4), but interestingly, this
mutant did not exhibit cell death and lysis in biofilms. Thus, all
the mutants resistant to biofilm killing were defective in T4P
and flagella. We therefore examined biofilm development in P.
aeruginosa mutants that specifically lacked T4P (pil4) and fla-
gella (fliM). Both P. aeruginosa pilA and fliM mutants exhibited
cell death inside microcolonies that was similar to that of the
wild-type strain (data not shown). However, a double pilA4 fliM
knockout mutant did not exhibit cell death inside microcolo-
nies (Fig. 2f). Thus, cell death in P. aeruginosa microcolonies
may require either T4P or flagella.

Analysis of the fluid effluent from mature biofilms showed
bacteriophage activity. Flagella and T4P are both common
receptors for bacteriophages. We hypothesized that cell death
and lysis inside microcolonies may be due to T4P- and flagel-
lum-mediated bacteriophage infection and lysis. We therefore
examined the effluent from flow cell biofilms for phage parti-
cles capable of superinfecting and killing the P. aeruginosa
parent strain. During the onset of cell death and during biofilm
development thereafter, effluent from biofilms caused lysis of
P. aeruginosa on agar plates (Fig. 3a). However, there was no
evidence of lytic phage in the effluent during the first week of
biofilm growth. Similarly, infective phage particles were not
present in growing or stationary-phase planktonic cultures
(data not shown). We diluted the effluent from mature (10-
day) biofilms and observed individual plaques with titers of 10°
to 10® PFU ml ™. All plaques consisted of a central clear zone
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FIG. 2. Confocal photomicrographs showing viability within microcolonies in 10-day-old biofilms containing the P. aeruginosa wild type (a),
rpoN mutant (b), rpoN mutant with rpoN complemented in trans (c), lasI mutant (d), 74/l mutant (S. Beatson) (e), and an fliM pilA double mutant
(f). Scale bar = 50 pm. The results are representative of the results of three experiments.

of lysis (diameter, <0.5 mm) surrounded by a turbid zone that
was 1 to 2 mm in diameter. Only one type of plaque was
observed.

Because P. aeruginosa rpoN and double pilA4 fliM mutants did
not show cell death in the biofilms, we tested the ability of the
phage to infect rpoN, T4P, and flagellar mutants. The phage
caused plaque formation on single pil4 and fliM mutants in
top-layer agar plates, whereas rpoN and double pil4 fliM mu-
tants were resistant to the phage in plaque assays (data not
shown). Interestingly, we found that biofilms of rpoN and dou-
ble pilA fliM mutants could also produce phage that formed
plaques with the wild-type strain. These plaques had the same
morphology as those produced by phage from the wild-type
strain. Because these mutants could produce the phage but
were resistant to subsequent infection and cell death, our data
suggest that the mechanism of cell death in P. aeruginosa bio-
films involves infection by the phage and not phage induction.

In order to demonstrate that the phage could kill biofilm
cells, we first purified the phage in a preformed CsCl gradient
by using ultracentrifugation. The phage formed a single blue
band at a density of approximately 1.33 g cm > that typically
had a titer of 1 X 10'° PFU ml~!. We then added 1 X 107 PFU
of the purified phage ml ™' to the biofilm medium. Addition of
the phage caused early cell death inside microcolonies and also
killed other cells within the biofilm (Fig. 4a and b). Because we
had already established that biofilm killing required T4P or
flagella, we tested mutants defective in these cell surface struc-
tures for sensitivity to the phage in biofilms. The results of
these experiments mirrored the results of previous experiments
with P. aeruginosa mutants in that single fiM and pilA mutants
were sensitive to the phage like the wild-type strain but rpoN
and double fliM pilA mutants, which did not show biofilm

killing, were resistant to phage added to the biofilm medium
(Fig. 4c to f).

A Pfl-like phage is involved in P. aeruginosa biofilm killing.
Electron microscopic examination of the CsCl-purified phage
revealed filamentous phage particles that were approximately
1.5 pm long (Fig. 3b). The genome of P. aeruginosa contains a
filamentous prophage that is closely related to phage Pfl, and
Pf1 genes are known to be upregulated in P. aeruginosa bio-
films (66). Moreover, it is known that Pfl can infect a cell by
using T4P (24). Flagella have also been reported to be recep-
tors for filamentous phage (44), and our data suggest that the
P. aeruginosa Pfl-like phage may additionally infect a cell
through the flagellum. We also carried out PCR with Pfl-
specific primers 437F and 437R using DNA extracted from the
CsCl-purified phage band. The 894-bp PCR product was se-
quenced, and the sequence showed 100% identity with the
sequence of the Pfl-like prophage from P. aeruginosa. We also
hybridized a PCR-labeled, Pfl-specific DNA probe with indi-
vidual plaques generated from the biofilm effluent, linking the
P. aeruginosa Pfl-like phage with host killing.

Many filamentous phages establish a symbiotic state in
which continuous replication and release of phage from the
cell occur (40, 41). Similarly, with the Pfl-like phage of P.
aeruginosa there is continual release of phage particles from
cells (66). Our finding that the Pf1-like prophage is involved in
biofilm cell death was therefore surprising because (i) filamen-
tous phages are generally thought not to harm host cells and
(i) bacteria harboring prophages (lysogens) are normally im-
mune to superinfection and plaque formation by the phages.
Indeed, P. aeruginosa cells harboring the Pf1-like prophage are
normally resistant to superinfection by the phage. Intriguingly,
however, filamentous phages may exhibit a high frequency of
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FIG. 3. Analysis of bacteriophage activity in the fluid effluents from
wild-type P. aeruginosa biofilms. (a) Droplets of biofilm effluent fluids
were placed on a lawn of target cells of the P. aeruginosa strain. Fluids
from 1-day (sector i), 2-day (sector ii), 3-day (sector iii), 5-day (sector
iv), 7-day (sector v), and 9-day (sector vi) biofilms were used. Lysis of
P. aeruginosa cells occurred after 1 week, which correlated with the
onset of biofilm killing inside microcolonies. (b) Transmission electron
microscopy examination of the purified phage revealed filamentous
phage particles. Bar = 200 nm.

mutation and reversible switching between nonlytic and super-
infective, lytic phenotypes (32, 33, 53). Moreover, the first
known mechanism of immunity of a filamentous phage has
recently been described (8). In this study, immunity-defective
phage mutants that could form plaques on lysogenized cells
arose spontaneously during normal culture. We propose that
similar genetic variations in the Pfl-like filamentous phage
result in killing of P. aeruginosa cells. The frequency with which
such genetic variations occur in biofilms is probably important
in the regulation of cell death and lysis in P. aeruginosa micro-
colonies. The processes which may increase the frequency of
variation in biofilms include adaptive mutation. In E. coli,
adaptive mutation is induced by the SOS response (42), which
is likely to occur in slowly growing, nutrient-limited popula-
tions of cells inside microcolonies (58, 60).

Our observation of phage infection-mediated killing in P.
aeruginosa biofilms raises the question of the organization of
cell death. I.e., why are most cells in the wall of a microcolony
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FIG. 4. Add-back of purified phage to young (3-day) biofilms of P.
aeruginosa strains before the onset of normal cell death. (a and b)
Wild-type strain; (¢ and d) rpoN mutant; (e and f) pil4 fliM double
mutant. Biofilms were visualized by using the BacLight LIVE/DEAD
stain after 2 days of growth in the presence of phage. (a, c, and e)
Combined live (green) and dead (red) channels; (b, d, and f) corre-
sponding dead channel only. Bar = 50 pm.

not killed? It is possible that expression of receptors for the
phage is developmentally regulated, as is the case for type IV
pili in M. xanthus (69). Indeed, RpoN controls morphogenesis
and development in M. xanthus and also regulates T4P and
flagella in P. aeruginosa (21, 22, 62). T4P have also been re-
ported to be downregulated during P. aeruginosa biofilm de-
velopment (66). In addition, more subtle regulation of cell
death may occur. For example, filamentous phage infection
requires the outer membrane protein TolA (29). TolA is both
differentially expressed in biofilms (66) and controlled by cell-
cell signaling (64). In order to identify genes that are involved
in the organization of killing by the Pfl-like phage of P. aerugi-
nosa, workers in our laboratory are currently performing a
proteomic analysis of a subpopulation of cells that emerges
from P. aeruginosa biofilms and is resistant to the phage.
Additionally, we noted that phage-mediated cell death may
have clinical significance. By using the Pfl-specific PCR prim-
ers 437F and 437R, which recognize Pfl open reading frame
437, we detected and confirmed by sequencing the presence of
the Pfl-like prophage in each of three P. aeruginosa PAOL1
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strains commonly used by different laboratories worldwide and
in 8 of 11 P. aeruginosa isolates from different cystic fibrosis
patients.

In order to examine in more detail the role of the Pfl-like
prophage in biofilm development, a P. aeruginosa mutant strain
with an insertion in the Pfl-like prophage was generated. DNA
replication in all filamentous phages involves the generation of
double-stranded circular DNA molecules known as RF mole-
cules, which are stably maintained between generations of bac-
terial cells (40, 41). We therefore used primers Gental and
PAO0716 (which amplify a region overlapping both the Pfl
prophage and the adjacent chromosomal DNA) and generated
a 2,235-bp PCR product, confirming that the gentamicin gene
had been inserted into the Pfl prophage and not the RF.
However, the Pf1::Gm" mutant still showed cell death in mi-
crocolonies and generated superinfective filamentous phage
particles in biofilms with plaque morphology identical to that
observed with the wild-type strain. This result is most likely
explained by the persistence of wild-type RF molecules within
the cell. We found evidence of wild-type RF molecules in the
Pf1::Gm" strain by using PCR primers Pfl 3 and Pfl 4, which
amplify a region in the phage genome encoding the Gm" in-
sertion. These primers generated two products whose sizes
correspond to the size of this region in the mutant prophage
(encoding Gm") and to the size of the same region in the
wild-type RF (data not shown). Compared with what is known
about the classical lysogenic bacteriophages, such as \, rela-
tively little is known about the regulation of integration and
excision of filamentous prophages. It is possible that dynamic
excision of the prophage and insertion of the RF into the
chromosome occur, which may hinder inactivation of the pro-
phage. Future studies should involve targeted mutagenesis of
the Pf1 insertion site and should be directed towards curing P.
aeruginosa of the RF phage.

ROS accumulate inside microcolonies and cause release of
phage. The data presented above suggest a model in which cell
death in P. aeruginosa biofilms is due to mutation of the Pfl-
like phage, which results in superinfection and killing of P.
aeruginosa cells. In order to obtain further details concerning
the mechanism of cell death and lysis in biofilms, we hypoth-
esized that conditions which typically induce such a mutation
(e.g., bacterial SOS responses and increased recombinase ac-
tivity) can occur in localized regions inside microcolonies.
Physiological conditions that induce the SOS response include
DNA damage and the accumulation of ROS, which can dam-
age cellular lipids, proteins, and DNA (15, 20, 31). We there-
fore examined whether (i) exposure of P. aeruginosa cells to
DNA damage and ROS can induce the phage and (ii) ROS can
accumulate inside microcolonies and thus provide one possible
mechanism of phage release.

Addition of mitomycin C and hydrogen peroxide to plank-
tonic cultures of P. aeruginosa caused the release of phage with
plaque morphology identical to that of the phage obtained
from biofilm effluent. The titers of PFU liberated from cultures
treated with a range of concentrations of mitomycin C were as
follows: control (no treatment), no PFU; 1 pg of mitomycin C
ml !, no PFU; 10 pg of mitomycin C ml~*, 15 PFU ml~%; and
50 pg of mitomycin C ml~*, 2 X 10° PFU ml~'. The titers of
phage liberated after hydrogen peroxide treatment were as
follows: control, no PFU; 0.5 mM hydrogen peroxide, no PFU;
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FIG. 5. Microcolonies in mature P. aeruginosa biofilms can accu-
mulate ROS: phase-contrast images of DHR-stained biofilms (a and c)
and the corresponding rhodamine 123 fluorescence displays (b and d).
Young (3-day) biofilms (a and b) and mature (10-day) biofilms (c and
d) were used. Bar = 50 pm.

1 mM hydrogen peroxide, 1 X 10> PFU ml™'; and 10 mM
hydrogen peroxide, 3 X 10> PFU ml~'. We also demonstrated
that ROS can accumulate inside microcolonies. P. aeruginosa
biofilms stained with DHR showed localized, bright fluores-
cence inside microcolonies in mature biofilms but not in young
biofilms (Fig. 5). Moreover, bright fluorescence was detected
only in microcolonies that had developed internal voids. Mi-
crocolonies at this stage of development, after the onset of
phage-mediated lysis, increasingly were hollow colonies with
less fluorescence in the void spaces (presumably due to the
release of ROS and other material from the voids). Microcolo-
nies that had not undergone this differentiation generally did
not exhibit fluorescence. These data strongly suggest that pro-
phage-mediated cell death and lysis are correlated with the
accumulation of ROS inside microcolonies.

Evolutionary and ecological implications. The importance
of cell death in a number of bacterial adaptive responses is well
established. In Myxococcus spp. and Bacillus subtilis, autocide-
induced killing events occur as part of an adaptive program
culminating in sporulation (16, 50, 67, 68). This study demon-
strated that cell death also occurs during P. aeruginosa biofilm
differentiation and involves a genomic prophage. Parallels be-
tween the regulation of prophages and cellular differentiation
and developmental processes have been discussed previously
(47). More specifically, an evolutionary link between a pro-
phage and differentiation in B. subtilis has been described in
detail. SinR, a repressor protein which regulates the master
controller of sporulation, Spo0OA, in B. subtilis is structurally
identical to the repressor protein of a Bacillus bacteriophage in
the DNA binding domain (36). Moreover, a number of B.
subtilis cell wall endolysins (enzymes that mediate autolysis
during sporulation) are derived from bacteriophage lytic en-
zymes (37). Thus, bacteriophages appear to have played an
important role in the evolution of cellular differentiation pro-
cesses in B. subtilis.
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We propose that cell death inside microcolonies is an im-
portant physiological event that plays a role in subsequent
differentiation and dispersal of a subpopulation of surviving
biofilm cells. Recently, a proteomic comparison showed that
dispersing cells of P. aeruginosa are more similar to planktonic
cells than to mature biofilm cells (51). This suggests that dis-
persing biofilm cells revert to the planktonic mode of growth.
However, the mechanism(s) by which voids are created within
microcolonies and by which cells inside disperse is unclear. The
data obtained in this study suggest a model in which prophage-
mediated cell lysis and cell dispersal may both contribute to
void formation inside microcolonies and in which cell death
benefits a subpopulation of surviving cells which undergo con-
tinued differentiation and dispersal. Our observations may also
have medical importance. P. aeruginosa biofilms are linked
with chronic infection and mortality in cystic fibrosis patients
(9, 25). In the cystic fibrosis lung, regulation of mechanisms
that control the susceptibility of cells to prophage-mediated
cell death is a possible target for therapeutic control of P.
aeruginosa biofilm infections.
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