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(Diggle et al., 2003; Wade et al., 2005). The biosynthetic pqs
operon is also upregulated during PMN exposure,
suggesting an increase in PQS signal production.
Concurrently, we found in the biofilm set-up that the
pqsA mutant is unable to respond by increasing rhamno-
lipid production upon exposure to PMNs (Fig. 2a). The
PQS signal is known to stimulate the RhlR-C4-HSL-
controlled lower part of the QS hierarchy through PqsR
and PqsE. It is therefore likely that the cells in a P.
aeruginosa biofilm channel the PMN response by means of
the PQS branch of the QS system. In support of this is the
finding that a QS-deficient (DlasRDrhlR) biofilm showed a
completely different response, i.e. no upregulation of QS-
controlled genes and virulence factors (Table 1).

Comparison with a previous analysis showed that 70 % (19
of 27) of the present PMN-upregulated genes were also
upregulated in a DalgR mutant biofilm studied by Morici

et al. (2007) (genes also upregulated in a DalgR mutant
biofilm are indicated in Table 1). Since AlgR is known to
repress the PQS-controlled genes in biofilms, it is tempting
to speculate that a cue from the PMNs overrides AlgR
repression and thereby induces the observed virulent
response. Evidence has been provided by Zaborina et al.
(2007) that the opioid and endogenous k-agonist dynor-
phin A induces production of PQS and phenazines and this
induction requires functional QS systems. The group
demonstrated that 100 mM dynorphin A (1-17) is required
to enhance the production of virulence factors in a
planktonic P. aeruginosa culture (Zaborina et al., 2007).
Since immune cells are capable of synthesis and release of
opioids at sites of inflammation (Cabot et al., 2001;
Chadzinska et al., 2005; Przewlocki et al., 1992) it is an
appealing hypothesis that these peptides are in fact the
signals by which P. aeruginosa biofilms recognize the
presence of incoming and attacking PMNs.

Fig. 3. Microscopy of sections from (a) a chronic P. aeruginosa-infected wound (b) and a chronic P. aeruginosa-infected CF lung,
showing a sharp interface between biofilm aggregates and immune cells. This interface is also found in PMN-overlaid in vitro
biofilm (c). (a, b) P. aeruginosa (red) are stained with specific PNA FISH and PMNs are stained (blue) with DAPI. The pictures were
obtained using an Olympus fluorescence microscope. (c) P. aeruginosa are tagged with GFP and PMNs are stained (red) with
CYTO62; the pictures were obtained using a Leica TCS-SP5 confocal laser scanning microscope (Leica Microsystems)
equipped with an argon laser and helium-neon laser for excitation of the fluorophores. Magnification: !1000 (a, b); !400 (c).
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controlled lower part of the QS hierarchy through PqsR
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the PQS branch of the QS system. In support of this is the
finding that a QS-deficient (DlasRDrhlR) biofilm showed a
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controlled genes and virulence factors (Table 1).
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of 27) of the present PMN-upregulated genes were also
upregulated in a DalgR mutant biofilm studied by Morici

et al. (2007) (genes also upregulated in a DalgR mutant
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repress the PQS-controlled genes in biofilms, it is tempting
to speculate that a cue from the PMNs overrides AlgR
repression and thereby induces the observed virulent
response. Evidence has been provided by Zaborina et al.
(2007) that the opioid and endogenous k-agonist dynor-
phin A induces production of PQS and phenazines and this
induction requires functional QS systems. The group
demonstrated that 100 mM dynorphin A (1-17) is required
to enhance the production of virulence factors in a
planktonic P. aeruginosa culture (Zaborina et al., 2007).
Since immune cells are capable of synthesis and release of
opioids at sites of inflammation (Cabot et al., 2001;
Chadzinska et al., 2005; Przewlocki et al., 1992) it is an
appealing hypothesis that these peptides are in fact the
signals by which P. aeruginosa biofilms recognize the
presence of incoming and attacking PMNs.

Fig. 3. Microscopy of sections from (a) a chronic P. aeruginosa-infected wound (b) and a chronic P. aeruginosa-infected CF lung,
showing a sharp interface between biofilm aggregates and immune cells. This interface is also found in PMN-overlaid in vitro
biofilm (c). (a, b) P. aeruginosa (red) are stained with specific PNA FISH and PMNs are stained (blue) with DAPI. The pictures were
obtained using an Olympus fluorescence microscope. (c) P. aeruginosa are tagged with GFP and PMNs are stained (red) with
CYTO62; the pictures were obtained using a Leica TCS-SP5 confocal laser scanning microscope (Leica Microsystems)
equipped with an argon laser and helium-neon laser for excitation of the fluorophores. Magnification: !1000 (a, b); !400 (c).
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bacterium. V. anguillarum possesses a sophisticated QS
regulatory system (Milton, 2006) employing both a LuxRI-
type system (VanRI) and a LuxMN-type system (VanMN)
and produces mainly N-(3-oxodecanoyl)-L-homoserine
lactone (3-oxo-C10-HSL) via VanI and N-(3-hydroxyhex-
anoyl)-L-homoserine lactone (3-hydroxy-C6-HSL) and C6-
HSL via VanM (Milton et al., 1997, 2001). The VanRI and
VanMN systems form a regulatory hierarchy where the
expression of vanR and vanI are dependent on a functional
vanM, and consequently both vanIM and vanM mutants
do not produce AHLs while a vanI mutant continues to
produce 3-hydroxy-C6-HSL and C6-HSL (Milton et al.,
2001).

Ulva zoospores were attracted to, and settled on, both V.
anguillarum wild-type and vanI mutant biofilms and there
was a positive correlation between the numbers of
zoospores settling and bacterial cell density (Joint et al.,
2002). However, the zoospores were not attracted to
biofilms of either the V. anguillarum vanM or vanIM
mutants or to the wild-type strain rendered AHL-negative
through the in situ expression of an AHL-inactivating
lactonase (Joint et al., 2002; Tait et al., 2005). Further
confirmatory evidence for zoospore AHL sensing was
obtained by expressing vanI and vanM respectively in E.
coli and by evaluating the attraction of zoospores to agarose
films containing synthetic AHLs which diffuse out and
generate an AHL gradient (Joint et al., 2002; Tait et al.,
2005). While the zoospores responded to a wide range of
AHLs with differing acyl chain lengths and C-3 position
substitutents, they failed to settle on films containing the
corresponding ring-open N-acylhomoserine compounds.
Although these experiments suggest that zoospores pre-
ferentially respond to long-chain AHLs with 3-oxo or 3-
hydroxy substituents, the differential solubility, diffusibility
and degradation rates of the different AHLs in the
experimental system used make it difficult to draw any
firm conclusions about AHL structural preference (Tait

et al., 2005). However, zoospore settlement onto AHL-
producing biofilms can be reduced by adding synthetic
AHLs to destroy the AHL gradient. In such experiments,
the zoospores were attracted to all of the AHLs tested
except the shortest acyl chain compound tested (C4-HSL)
(Joint et al., 2002; Tait et al., 2005).

Image analysis using GFP-tagged V. anguillarum biofilms
revealed that zoospores settle directly onto the bacterial
cells and in particular on microcolonies, which are sites of
concentrated AHL biosynthesis (Fig. 9; Tait et al., 2005).
Furthermore, surface topography does not appear to play a
major role in zoospore settlement on V. anguillarum
biofilms since treatment of the biofilm with chlorampheni-
col or by exposure to UV light to kill the biofilm bacteria
significantly reduced settlement without changing the
physical integrity of the biofilm (Tait et al., 2005).

Although the experiments described above used V.
anguillarum as a model marine bacterium, AHL-producing
and -degrading bacteria have recently been isolated from
marine rocks colonized by Ulva. These include species
belonging to the genera Shewanella, Sulfitobacter and
Pseudoaltermonas, organisms not previously known to
make or degrade AHLs (K. Tait, H. Williamson, P.
Williams, M. Camara & I. Joint, unpublished). Interest-
ingly, zoospore attachment experiments using these bac-
teria have revealed different patterns of settlement as a func-
tion of bacterial biofilm density and it is clear that the tim-
ing of both AHL production and degradation in both
single- and mixed-species biofilms markedly affects
zoospore attraction and hence exerts wider ecological
effects across different kingdoms. (K. Tait, H. Williamson,
P. Williams, M. Camara & I. Joint, unpublished).

The mechanism of zoospore attraction does not seem to
involve chemotactic orientation towards AHLs but instead
a chemokinesis in which spore swimming speed rapidly
decreases in the presence of AHLs such that the zoospores

Fig. 9. Attraction of Ulva zoospores to AHL-producing Vibrio anguillarum biofilm microcolonies. (a) AHL production in biofilm
microcolonies of V. anguillarum carrying a gfp-based AHL biosensor. (b) DAPI-stained biofilm showing zoospores settled on a
V. anguillarum microcolony. Images are transmission images overlaid with the fluorescent colour image. Reproduced from Tait
et al. (2005) with permission from Blackwell Publishing.
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P. aeruginosa (Figure 3A and Figure 4A and B) and
S. aureus (Figure 3B and Figure 4D and E) and there
was no significant difference between the blank and the
APTS process control for either bacterium. Reductions
in bacterial cell adhesion were observed for all DHP-
treated samples for both strains of bacteria compared
to the controls (Figure 3).

For P. aeruginosa significant reductions in the
surface area covered by adherent bacteria of
65.8 + 3.1, 54.8 + 2.8, 74.4 + 4.2 and 58.9 + 7.0%
were observed for DHPs 1–4, respectively compared to
controls. Of these surface coatings, DHP-1 and DHP-3
performed significantly better than DHP-2 and DHP-4
against P. aeruginosa (p 5 0.05). For surfaces coated
with any of the DHPs 25–30% of adherent bacteria
stained red or red and green simultaneously, indicating
damaged membranes and are considered to be dead
cells (Figure 3A). The proportion of dead cells was
comparable to the control surface with approximately
27% of cells staining red (Figure 3A).

For S. aureus, significant reductions in the surface
area covered by adherent bacteria were 79.3 + 3.3,
56.7 + 6.1, 60.2 + 6.2 and 76.5 + 4.3% for DHP 1–
4, respectively compared to the control surface. There
were differences observed between the DHPs. DHPs-1
and -4 showed significantly fewer adherent bacteria
than DHP-2 and DHP-3 (p 5 0.05). There was no
significant difference between DHP-1 and DHP-4, and
no significant increase in the proportion of cells
staining red.

Discussion

The rapid increase in implant-associated infections in
addition to the emergence of antibiotic resistance has
resulted in the need to develop surfaces which prevent
biomaterial associated infections. While many bacteria
are particularly aggressive pathogens in their own right,
once bacteria colonize a surface and differentiate into
complex communities or biofilms, they become espe-
cially difficult to eradicate. Biofilms represent a parti-
cular challenge for antibiotic therapy. Here it is reported
that surface coating with DHPs is able to reduce the
total numbers of adherent bacteria for two of the most
common organisms associated with biomaterial infec-
tions, P. aeruginosa and S. aureus (Donlan 2001),
without apparently killing the bacteria that adhered.

Surfaces were successfully coated with DHPs 1–4
using a two-step strategy for specific attachment. Once
attached the DHP analogues were found to be able to
significantly reduce adhesion of both strains of
bacteria. However, there were differences in the
spectrum of activity between the compounds. For
activity against P. aeruginosa, DHP-1 and DHP-3 were
found to be equally the most effective in reducing
bacterial adhesion. While for S. aureus, the most
effective compounds were DHP-1 and DHP-4 and
again there were no significant differences between
these two compounds. This information indicates that
while all the DHP compounds tested had the capacity
to reduce bacterial adhesion, DHP-1 gave the best
broad spectrum activity and that the para-substituted

Figure 3. Image analysis of the percentage of surfaces
covered by bacteria stained using live/dead fluorescent stain.
Live bacteria stain green and bacteria with permeabilised
membranes stain red. Areas covered by green staining
bacteria are proportionately represented by black and the
areas covered by red-staining bacteria are proportionately
represented by the white area in the bars; the combination of
black and white bars represents the total areas. Error
bars ¼ SDs; *indicates p 5 0.001 compared to untreated
control; Dindicates p 5 0.05 when compared between DHPs.

Figure 4. Fluorescence microscopy of P. aeruginosa and
S. aureus following adhesion to (A) and (D) untreated
control; (B) and (E) APTS-treated process control; (C) and
(F) DHP-1 treated surfaces. Live bacteria stain green and
bacteria with damaged membranes stain red. Magnification
6400. Scale bar ¼ 50 mm.
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• Modification of surfaces

Biofilm Control Strategies

Surface modification to control fouling
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Summary
•  Understanding biofilm development can 

identify novel mechanisms for control of 
biofilms!

•   These include intra and extra-cellular signals!

•   Microbial physiology, structural biology and 
“-Omics” methods are important in these 
approaches!

•   Surface topography or surface chemistry can 
be modified to control biofilm formation
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