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Pseudomonas aeruginosa is an opportunistic human pathogen that colonizes the lungs of cystic fibrosis (CF)

patients. CF lungs often contain a diverse range of P. aeruginosa phenotypes, some of which are likely to

contribute to the persistence of infection, yet the causes of diversity are unclear. While the ecological

heterogeneity of the lung environment and therapeutic regimes are probable factors, a role for parasitic

bacteriophage cannot be ruled out. Parasites have been implicated as a key ecological variable driving the

evolution of diversity in host populations. PP7 drove cycles of morphological diversification in host

populations of P. aeruginosa due to the de novo evolution of small-rough colony variants that coexisted with

large diffuse colony morph bacteria. In the absence of phage, bacteria only displayed the large diffuse

colony morphology of the wild-type. Further assays revealed there to be two distinct types of resistant

bacteria; these had very different ecological phenotypes, yet each carried a cost of resistance.
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1. INTRODUCTION

Pseudomonas aeruginosa is an important opportunistic

pathogen with a broad host range (plants, invertebrates,

vertebrates; Palleroni 1984) capable also of inhabiting a

number of abiotic environments (soil, water; Palleroni

1984). In humans, P. aeruginosa is the most common

cause of chronic lung infection in cystic fibrosis (CF)

patients (Brennan & Geddes 2002; Lyczak et al. 2002),

and a major cause of nosocomial (hospital-borne)

infections (Emori & Gaynes 1993). The great diversity

of P. aeruginosa phenotypes isolated from the lungs of CF

patients has been noted in a number of studies (e.g.

Martin et al. 1995; Oliver et al. 2000; Haussler et al.

2003; Kresse et al. 2003). A wide range of colony

morphology variants have been observed including small-

colony variants (Drenkard & Ausubel 2002; Haussler

et al. 2003) and mucoid colonies that overexpress alginate

(Govan & Deretic 1996). In addition, isolates with similar

colony morphologies have been shown to display

variation in other phenotypes including motility,

expression of cell-surface components, auxotrophy and

resistance to antibiotics (Mahenthiralingam et al. 1994;

Oliver et al. 2000; Kresse et al. 2003). Certain colony

morphology variants have been shown to be better able to

resist antibiotic treatment (Drenkard & Ausubel 2002) or

evade detection by the immune system (Mahenthira-

lingam et al. 1994; Govan & Deretic 1996), raising the

possibility that diversity in bacterial populations may

prolong infection.
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The large amounts of diversity observed in CF lungs

are consistent with ecological theory. CF lungs are both

spatially and temporally heterogeneous (Oliver et al.

2000), and competition in heterogeneous environments

drives diversification (Korona et al. 1994; Rainey &

Travisano 1998; Doebeli & Dieckmann 2000; Schluter

2000). However, mortality agents (such as predators,

parasites, host immunity and antibiotics) may also

promote the origin and maintenance of diversity (Holt

1984; Frank 1993; Thompson 1999). Mortality agents

may drive sympatric diversification if there are multiple

resistance strategies or fitness costs associated with

resistance (Frank 1993; Abrams 2000; Doebeli &

Dieckmann 2000; Abrams & Chen 2002). Lysogenic

bacteriophages are known to be present in the sputa of CF

patients (Tejedor et al. 1982) and have been suggested,

among other environmental factors, as a cause of

P. aeruginosa mucoid conversion in CF lungs (Martin

1973; Miller & Rubero 1984). While exposure to

antibiotics and host immunity is clearly of relevance to

CF lung colonizers, the role of bacteriophage in the

evolution of P. aeruginosa diversity remains unclear.

Laboratory populations of bacteria and bacteriophage

have provided direct evidence that parasites can increase

host diversity. Several studies have reported coexistence of

bacteriophage and a polymorphic host population con-

taining both resistant and sensitive bacteria, mediated by

costs of resistance (Lenski & Levin 1985; Schrag &Mittler

1996; Bohannan & Lenski 1997, 1999, 2000). Other

studies have found diversification of bacteria into multiple

resistant forms with (Chao et al. 1977; Buckling & Rainey

2002; Brockhurst et al. 2004) and without (Mizoguchi

et al. 2003) evidence of costs, or parasite-mediated
q 2005 The Royal Society
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coexistence of pre-existing spontaneous costless resistance

mutants (Lythgoe & Chao 2003).

Here, we investigate the role of a pilus-binding lytic

bacteriophage, PP7, in P. aeruginosa diversification. The

process by which this and many other phage, including

DMS3, a transducing lysogenic phage isolated from a

clinical strain of P. aeruginosa (Budzik et al. 2004), infect

P. aeruginosa suggests they could drive the evolution of

diversity. Moreover, there are probably both costs of

resistance to phage and multiple resistance mechanisms,

allowing us to explore the role of both these factors in

determining parasite-mediated host population dynamics

and diversity. PP7 is a small single-stranded RNA-

containing lytic bacteriophage belonging to the Levivir-

idae that binds to the type-IV polar pili of P. aeruginosa

(Bradley 1966; Olsthoorn et al. 1995) and infects the cell

upon retraction of the pilus (Bradley 1966, 1974). Type-IV

polar pili are used for twitching motility (Mattick 2002)

and are known to contribute to virulence by allowing

adhesion to epithelial cells (Comolli et al. 1999).

Mutations conferring resistance to pilus-binding phage

change pilus expression thereby preventing phage adsorb-

tion and infection. Typically, such mutations result in the

loss of the pilus (unpiliated bacteria) or loss of pilus

retraction (hyperpiliated bacteria) in P. aeruginosa and

other bacteria (Bradley 1972a,b, 1974; Lythgoe & Chao

2003). While clearly of benefit in the presence of phage,

such resistance mutations will probably carry a cost in the

absence of phage because of the loss of pilus function. In

apparent contrast, resistance to pilus-dependent phage F6
was not found to be costly in Pseudomonas syringae

(Lythgoe & Chao 2003). However, these experiments

were carried out in homogeneous (shaken) microcosms

where motility and adhesion are probably less important

than in spatially heterogeneous environments.

To investigate the role of PP7 in the evolution of

P. aeruginosa diversity in experimental microcosms, we

measured a number of bacterial traits. First, we measured

colonymorphology, a simple way to measure differences in

a variety of ecologically relevant phenotypic traits that has

been employed in a number of studies (Korona et al. 1994;

Rainey & Travisano 1998;Mizoguchi et al. 2003). Second,

we tested for resistance to phage. Third, we measured

bacterial swimming motility which, though not directly

reliant upon pili, is known to be affected by changes in

pilus expression (Deziel et al. 2001; Mattick 2002) and

allows for hyperpiliated and unpiliated bacteria to be

distinguished. Fourth, we tested for change in niche

preference, hyperpiliated P. aeruginosa isolates for example

have been shown to grow as biofilms at the air–broth

interface in staticmicrocosms (Deziel et al. 2001;Chiang&

Burrows 2003). Finally, and most importantly, we

measured genotype fitness, or relative growth rates,

under a variety of ecological conditions. We hypothesized

that bacteriophage PP7 would increase P. aeruginosa

diversity if there were multiple mechanisms of phage

resistance with associated fitness costs.
2. MATERIALS AND METHODS
(a) Culturing techniques

Fifty-six microcosms (30 ml glass universal bottles containing

6 ml of Luria Broth (LB) media) were inoculated with

approximately 105 cells of P. aeruginosa PAO1 (grown for 24 h
Proc. R. Soc. B (2005)
at 37 8C in an orbital shaker at 200 r.p.m.). Half of the

microcosms were also inoculated with approximately 106

clonal particles of PP7, a lytic bacteriophage. All microcosms

were then grown in a static incubator, to promote phage

binding, at 37 8C. Eight populations (four with phage, four

without) were destructively sampled each day for 7 days. On

day 7, an aliquot (60 ml) of each of the remaining eight

populations was used to inoculate seven fresh microcosms

that were then destructively sampled over the next 7 days.

Every day, population densities were assayed by counting

bacterial colonies on LB plates and counting phage plaques

on soft LB agar lawns, containing exponentially growing

ancestralPA01, anda sample stored in20%glycerol atK80 8C.

(b) Resistance assays

The evolution of bacterial resistance to phage was determined

daily by streaking 20 independent bacterial colonies across a

line of ancestral phage that had previously been streaked on to

an agar plate. Agar plates were incubated for 24 h. A colony

was defined as resistant if there was no inhibition of growth

(i.e. bacterial lysis); otherwise, it was defined as sensitive. As a

control, an ancestral bacterial colony was also streaked on

every plate.

(c) Measuring diversity

(i) Morphological diversity

In the first instance, host diversity was measured by

determining the morphology of at least 100 bacterial colonies

per population, per time point. Within-population diversity

was then calculated as the complement of Simpson’s index of

concentration (1Kl; Simpson 1949):

1K l Z 1K
X
i

p2i

 !
N

N K1

� �
;

where pi is the proportion of the ith morph and N is the total

number of colonies sampled. This measure is the probability

that two randomly selected colonies from a single population

are morphologically different.

To investigate the link between pilus function, colony

morphology and resistance, and to provide broader measures

of bacterial diversity, 48 colonies from each population on day

3 of cycle 1 were subjected to the following assays in order.

(ii) Swimming assay

Each colony was inoculated into 1/100 strength semi-solid LB

agar plates (0.35%agar) by stabbing directly into themedium.

The diameter of bacterial growth was recorded after 6 h.

(iii) Niche preference

Each colony was inoculated into a fresh static microcosm and

the region of dominant growth (either biofilm growth at the

air–broth interface, or broth growth in the liquid phase) was

recorded after 24 h.

(iv) Resistance assay

Each colony was streaked across a line of ancestral phage on

an agar plate, as above.

(d) Competition experiments in the presence of phage

On the basis of the diversity assays, two classes of resistant

mutant were identified. Six independent colonies represent-

ing each resistant class and six sensitive colonies were selected

for further investigation. In order to assay the fitness of the
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Figure 1. MeanGs.e.m. sympatric bacterial diversity (closed circles) in the presence (a) and absence (c) of phage. Diversities
were calculated as the complement of Simpson’s Index, based on the frequencies of colony morphology variants. MeanGs.e.m.
densities of bacteria (LD morphology, open squares, SR morphology, closed squares) and phage (open triangles) are shown in
the presence (b) and absence (d ) of phage. Panel 1 of each figure shows cycle 1, panel 2 shows cycle 2.
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resistant mutants, it was necessary to compete them with a

marked ancestral strain that could be easily distinguished

from wild-type. P. aeruginosa PAO1 DpanB (gift from Iain

Lamont) requires pantothenate-supplemented media for

growth; however, when pantothenate is abundant (i.e. in

LB competition media), the deletion incurs only a small cost

(mean fitness of P. aeruginosa PAO1 DpanB relative to

P. aeruginosa PAO1 in LB competition media (W )Z0.93G

s.e.m. 0.025). Competition experiments between derived

types and the marked ancestor were carried out in the

presence of phage to determine the selective advantage of

resistance.

Competitors were grown separately in microcosms sup-

plemented with 0.0024 mM pantothenic acid for 24 h at

37 8C and shaken at 200 r.p.m., so they were in the same

physiological state. A total of 107 cells were then inoculated

into static microcosms supplemented with 0.0024 mM

pantothenic acid at 1 : 1 ratios of derived : ancestral compet-

ing genotypes. Genotypes were competed for 24 h. Relative

fitness (W ) was calculated from the ratio of the estimated

Malthusian parameters (m) of the competitors, mZln

(Nf /N0), where N0 is the starting density and Nf the final

density (Lenski et al. 1991). Densities were determined by

plate counts of colonies grown on LB agar supplemented with

4.8!10K4 mM pantothenic acid, and colonies grown on M9

agar plates. The M9 count gives the density of the derived

type; the M9 count subtracted from the LB count gives the

density of the marked ancestor.
Proc. R. Soc. B (2005)
(e) Individual growth rate experiments in the absence

of phage

Paired competition experiments in the absence of phage were

not possible, because some bacteria and phage could not be

separated despite numerous attempts using several methods

(serial dilution, Virkon treatment; data not shown). Growth

rates were therefore measured individually. A single colony of

each derived type and six colonies of the marked ancestor

were each diluted into 100 ml of LB. Thirty microlitres of each

was then inoculated into two separate static microcosms

supplemented with 0.0024 mM pantothenic acid. Densities

were determined at 4 and 24 h by plate counts of colonies

grown on LB agar supplemented with 4.8!10K6 mM

pantothenic acid. Growth rates were calculated asMalthusian

parameters (m), mZln (Nf /N0), where N0 is the starting

density and Nf the final density (Lenski et al. 1991). Relative

fitness (W ) was calculated from the ratio of the estimated

Malthusian parameters for each derived type relative to the

average of the marked ancestor.
3. RESULTS AND DISCUSSION
The bacteriophage PP7 caused an increase in morpho-

logical diversity in P. aeruginosa populations (figure 1a,

panel 1; diversity averaged through time, Mann–Whitney

test: wZ26, pZ0.03), whereas populations evolving in the

absence of phage showed no morphological diversification

(figure 1c, panel 1). The increase in diversity in

populations with phage was due to the rapid evolution
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Figure 2. Bacterial diversity on day three of cycle one in the
presence (a) and absence (b) of phage. Bars show the
frequency of colonies with a given swim diameter that grow
predominantly as a biofilm at the air–broth interface (black
bars) or in the broth (white bars) of a static microcosm. The
grey area shows the proportion of bacteria with a given swim
diameter that are resistant to ancestral PP7.
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and rise to high frequency of small-rough (SR) colony

variants. SR variants coexisted at measurable frequency

with wild-type-like large-diffuse (LD) colony morphs

from days 1 to 6, but then fell below measurable density

by day 7 (figure 1b, panel 1). However, this increase in

diversity was repeated upon inoculation of fresh micro-

cosms with an aliquot of each day 7 population as the

frequency of SR increased again (figure 1b, panel 2,

diversity averaged through time, Mann–Whitney test,

wZ26, pZ0.03).

The increases in diversity in the presence of phage

coincided with viral blooms (figure 1b) and hence are

probably the result of evolution of resistant bacteria.

Consistent with this hypothesis, all SR variants tested were

resistant to PP7, while LD morphs were either resistant

(LDR; 39% of total LD bacteria tested for all time points)

or sensitive (LDS; 61% of total LD bacteria tested for all

time points). Furthermore, all bacteria tested in the early

stages of diversification were resistant (100% resistant,

days 1 and 2, both cycles), although the resistant

proportion decreased through time to leave predominantly

sensitive bacteria (LDS) at the end of each diversification

cycle (80% LDS cycle 1, 85% LDS cycle 2). The different

colony morphologies of SR and LDR bacteria suggest that

they may utilise different resistance mechanisms. Con-

versely, the polymorphism among LD colony morphs

indicates that colony morphologies conceal some of the

diversity within the bacterial population.

Assays used to provide broader measures of bacterial

diversity revealed very different patterns of bacterial

motility, resistance and niche preference in the presence

and absence of phage. Bacteria propagated in the absence

of PP7 displayed little variation in swimming ability

(figure 2b; mean variance 0.30). Furthermore, all tested

bacteria inhabited the broth phase of microcosms and

were sensitive to PP7. By contrast, bacteria propagated in

the presence of PP7 showed much greater variation in

swimming ability (figure 2a; mean variance 7.86; F-test of

swim diameters in presence and absence of phage,

F191,191Z21.8, p!0.0001). Low range swimmers (0 to

4 mm swim diameter) tended to inhabit the air–broth

interface of static microcosms by forming a mat and had

SR morphologies. By contrast, mid- to high-range

swimmers (8–10 mm swim diameter) tended to inhabit

the broth phase, and had LD morphologies. In addition,

resistance to PP7 was proportionally greatest in the

extreme swimming classes.

On the basis of these diversity assays, two classes of

resistant bacteria were identified. First, mat-forming

resistant (MFR) bacteria that inhabit the air–broth inter-

face of the microcosm, have the SR colony morphology on

agar plates and small swim diameters relative to wild-type.

Secondly, broth dwelling resistant (BDR) bacteria that

inhabit the liquid phase of the microcosm, have the LD

colony morphology on agar plates and large swim

diameters relative to wild-type. Mutations conferring

resistance to pilus-dependent phage often change pilus

expression, typically resulting in loss of the pilus (unpi-

liated bacteria) or loss of pilus retraction (hyperpiliated

bacteria) in P. aeruginosa and other bacteria (Bradley

1972a,b, 1974; Lythgoe & Chao 2003). The BDR

phenotype is consistent with that of an unpiliated mutant

(compared with P. aeruginosa DPilA; data not shown),

while the MFR phenotype is consistent with that of
Proc. R. Soc. B (2005)
hyperpiliated mutants observed in previous studies

(Deziel et al. 2001; Haussler 2004). The phage population

dynamics also support the presence of a hyperpiliated

mutant; the precipitous decline in phage numbers after

day 1 is suggestive of ‘soaking’ whereby phage irreversibly

bind to non-retractile pili and are removed from the

population. This phenomenon has been repeatedly

observed in hyperpiliated Pseudomonas mutants (Bradley

1974; Lythgoe & Chao 2003).

Theory predicts the coexistence of sensitive and

resistant types in the presence of parasites because of

costs of resistance (Frank 1993; Sasaki 2000; Agrawal &

Lively 2003). To investigate this, we measured relative

fitness of evolved resistant and sensitive bacteria.

Six colonies with MFR characteristics (i.e. SR colony

morphology, low-range swimming, biofilm niche prefer-

ence, resistant), six with BDR characteristics (i.e. LD

colony morphology, high-range swimming, broth niche

preference, resistant) and six sensitive bacteria (S) were

selected for fitness assays. Paired competition experiments

between evolved types and a genetically marked ancestor

revealed that BDR and MFR-types were significantly

fitter, relative to the ancestor, than S in the presence of

PP7 (figure 3, BDR-types two-sample t-test, tZ3.5,

d.f.Z5, pZ0.009; MFR-types two-sample t-test,

tZ6.63, d.f.Z5, pZ0.0006). However, the relative fitness

of BDR and MFR in the presence of phage did not differ

(figure 3, two-sample t-test, tZ0.64, d.f.Z8, pZ0.5).

Individual growth rate experiments over 24 h in the
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Figure 4. Bacterial diversity after 3 days in static microcosms
inoculated with MFR-type resistant mutants (a) and BDR-
type resistant mutants (b). Bars show the frequency of
colonies with a given swim diameter that grow predominantly
as a biofilm at the air–broth interface (black bars) or in the
broth (white bars) of a static microcosm. The grey area shows
the proportion of bacteria with a given swim diameter that are
resistant to ancestral PP7.
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absence of phage revealed BDR-types to be less fit than

S types (figure 3, two-sample t-test, tZ3.82, d.f.Z8,

pZ0.003), demonstrating a cost of resistance. By contrast,

MFR-types showed no fitness cost over 24 h (figure 3,

two-sample t-test, tZ0.78, d.f.Z7, pZ0.2).

The lack of fitness cost of MFR is surprising and begs

the question, why does costly BDR resistance evolve? One

possibility is that we were not simply measuring fitness of

MFR. LD morphology revertants were observed in all

24 h MFR competition experiments. It is possible that the

cost of MFR-resistance was being ameliorated by rapid

reversion to sensitivity. To test this, fitness was measured

over 4 h to reduce the effect of evolved LD morphs

(figure 3). Over the course of 4 h MFR-types were

significantly less fit than S (two-sample t-test, tZ8.34,

d.f.Z8, p!0.000 01), as were BDR-types (two-sample

t-test, tZ2.71, d.f.Z6, pZ0.02).

We carried out reconstruction experiments to explicitly

determine the stability of the different resistance mutants.

BDR and MFR-types were propagated separately with

PP7 in static microcosms for 3 days, after which time 24

colonies from each microcosm were assayed in terms of

swimming ability, niche preference and resistance. These

experiments revealed that BDR-type bacteria were stable;

no reversion to sensitivity was observed among BDR-types

and all bacteria tested retained resistance to PP7, high-

range swimming and broth niche preference (figure 4b).

By contrast, MFR-type bacteria were highly transient and

diversified; the 3 day populations contained BDR and

MFR type bacteria, as well as sensitive bacteria (figure 4a).

The costs of both types of resistance displayed over 4 h

suggests that there should be strong selection to revert to

sensitivity in the absence of phage. Although the genetic

causes of the observed phenotypes are not known, the

inability of BDR-type mutants to revert suggests that

reverse mutation or compensatory mutations to restore

pilus production were not readily available. Conversely,

the transience of MFR-type bacteria suggests that reverse

mutation or compensatory mutations were readily avail-

able. Deziel et al. (2001) also observed reversion to
Proc. R. Soc. B (2005)
wild-type in non-phage induced hyperpiliated mutants of

P. aeruginosa 57RP. They suggested that hyperpiliation

might be under the control of a phase variation mechan-

ism. Phase variation generates diverse populations

through high frequency, often reversible, genetic

events, effectively acting as an on/off molecular switch

(Henderson et al. 1999). The assertion is that phase

variation regulates the switch from planktonic to biofilm

growth, allowing rapid adaptation to low and high nutrient

environments respectively (Deziel et al. 2001). The very

rapid rise to high frequency of SR colony variants in this

study (0 to 97.8%Gs.e.m. 1.01 of the phage containing

bacterial populations in 24 h), combined with the MFR to

S reversion (20.3%Gs.e.m. 3.3) observed in the recon-

struction experiments is certainly suggestive of high

frequency, reversible genetic change. Haussler et al.

(2003) also observed reversion among hyperpiliated

small-colony P. aeruginosa isolates from CF lungs.

However, here strong selection and abundant mutations

were thought to account for these dynamics and phase

variation was not invoked (Haussler 2004). The rapid

evolution and rise to high frequency of Pseudomonas

fluorescens ‘wrinkly spreader’ colony mutants in static

microcosms provides evidence that random mutation and

strong selection alone can cause such evolutionary

dynamics (Rainey & Travisano 1998).

If MFR bacteria are indeed hyperpiliated, then it is

probable that the ability of MFR-type bacteria to revert to
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sensitivity carries some degree of risk, especially when

parasite prevalence is high and sensitive bacteria will

probably become infected. Furthermore, PP7 is known to

bind covalently (i.e. irreversibly) to P. aeruginosa type-IV

pili (Bradley 1966), and reversion while phage are bound

would lead to infection. Phage infection of ancestor and

MFR-type mixtures, even after dilution of ambient phage

from MFR-type colonies, suggests that such events do

occur. In this experiment, PP7 population density

decreased over the course of 7 days, reducing the selective

pressure to retain resistance. The domination of endpoint

populations by sensitive bacteria suggests that in a

changeable environment transient resistance allowing

reversion to sensitivity may be advantageous. This is

consistent with the view that phenotypically plastic

characters, which should bemade distinct from genetically

reversible characters, should be more favoured in variable

environments (de Jong & Gavrilets 2000; Agrawal 2001).

Our findings are of potential relevance to the study and

treatment of P. aeruginosa as a human pathogen; however,

the implications are as yet hypothetical. Although the

prevalence of lytic bacteriophage in the lungs of CF

patients is unclear, lysogenic bacteriophages have been

shown to reach high densities (between 103 and 107

pfu mlK1 of CF patient sputum; Tejedor et al. 1982), and

have been shown to induce colony morphology variation

(mucoid colonies; Martin 1973; Miller & Rubero 1984).

Crucially, a number of studies have described lysogenic

bateriophages that, like PP7, infect via the type-IV pilus

(Roncero et al. 1990; Budzik et al. 2004), including

DMS3, which was isolated from a clinical strain of

P. aeruginosa (Budzik et al. 2004). It is possible therefore,

in the light of our results, that pilus-dependent phage such

as DMS3may drive the evolution of aberrant type-IV pilus

mutants in clinical populations of P. aeruginosa.

Type-IV pili are known to contribute to P. aeruginosa

virulence by allowing adhesion to epithelial cells (Hahn

1997; Comolli et al. 1999), yet P. aeruginosa isolates from

CF lungs with both unpiliated (Kresse et al. 2003) and

hyperpiliated phenotypes (Haussler et al. 2003) have been

observed. In addition, type-IV pili are also responsible for

bacterial twitching motility (Mattick 2002). Motility

appears to decrease as lung infections proceed, one study

reporting that 39% of P. aeruginosa isolates from chronic

lung infections were non-motile (Mahenthiralingam et al.

1994). Loss of cell surface machinery, such as pili and

flagella, may be adaptations to reduce virulence and evade

phagocytes, or to conserve energy (Mahenthiralingam

et al. 1994). Furthermore, type-IV pili are required for

infection of P. aeruginosa by pilus-dependent transducing

lysogenic phage (Roncero et al. 1990; Budzik et al. 2004).

Transduction of antibiotic resistance by lysogenic phage

has been shown to occur in P. aeruginosa (Blahova et al.

1994, 1998, 1999). Hence, type-IV pilus-dependent

transducing lysogenic bacteriophages such as DMS3

(Budzik et al. 2004) may contribute to the spread of

antibiotic resistance genes in P. aeruginosa populations.

It may be possible therefore to use lytic pilus-dependent

phage in early stages of infection as a phage therapy

(Levin & Bull 1996, 2004) to both reduce P. aeruginosa

virulence in CF lung infections and to reduce the spread of

antibiotic resistance genes in nosocomial populations by

selecting for aberrant type-IV pili. The tendency for

hyperpiliated P. aeruginosa to form biofilms (Deziel et al.
Proc. R. Soc. B (2005)
2001; Chiang & Burrows 2003; Haussler et al. 2003) may

impair treatment as biofilms are known to display

increased resistance to antibiotics (Drenkard & Ausubel

2002; Stewart 2002). However, the risk of reversion

inherent to hyperpiliation (Deziel et al. 2001; Haussler

et al. 2003) suggests that a continuous high dose of lytic

pilus-dependent phage may favour the evolution of

unpiliated bacteria that are unable to form a biofilm and

are likely to display reduced virulence.
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