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Acylated homoserine lactones (AHLs) play a widespread role in intercellular communication among bacte-
ria. The Australian macroalga Delisea pulchra produces secondary metabolites which have structural similar-
ities to AHL molecules. We report here that these metabolites inhibited AHL-controlled processes in pro-
karyotes. Our results suggest that the interaction between higher organisms and their surface-associated
bacteria may be mediated by interference with bacterial regulatory systems.

Acylated homoserine lactones (AHLs) serve as signals in
bacterial communication. AHLs and their derivatives regulate
bioluminescence, Ti plasmid transfer, production of virulence
factors and antibiotics (for reviews, see references 15 and
24), and swarming motility (14). These bacterial processes are
fundamental to the interaction of bacteria with each other,
their environment, and, particularly, higher organisms. It might
therefore be expected that plants or animals would have
evolved strategies to interfere with bacterial AHL-mediated
processes. The seaweed Delisea pulchra (Rhodophyta) pro-
duces a number of halogenated furanones (9), which are struc-
turally similar to the bacterial AHLs (Fig. 1) and have strong
biological activity (7), including antifouling and antimicrobial
properties (8, 23). We hypothesized that these metabolites
could interfere with bacterial processes which involve AHL-
driven quorum-sensing systems. This hypothesis was tested in
terms of responses known to be regulated by AHLSs; swarming
motility in Serratia liquefaciens (14) and bioluminescence pro-
duced by the marine bacterial strains Vibrio fischeri and Vibrio
harveyi (15).

Bacterial swarming is a multicellular, density-dependent be-
havior that is induced in response to recognition of surfaces
with a certain viscosity. Cells differentiate into a multinucle-
ated, elongated, and hyperflagellated form, orient themselves
lengthwise in close contact with each other, and then move
rapidly in a coordinated fashion over the surface of the growth
substratum. Swarming has been described for a variety of bac-
teria, including members of the genera Serratia, Proteus, Vibrio,
Bacillus, Escherichia, and Salmonella (1, 2, 17). For Proteus
mirabilis and Vibrio parahaemolyticus, the ability to differenti-
ate into the swarmer cell state plays an important role in
bacterial virulence, surface adsorption, and colonization (3-5).

S. liquefaciens is a suitable model organism, because mem-
bers of the genus can colonize a wide variety of surfaces in
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water, soil, plants, insects, fish, and humans (16). The forma-
tion of a swarming colony of S. liquefaciens was recently shown
to involve two genetic switches, the first of which encodes a
quorum-sensing control mechanism employing at least two ex-
tracellular signal molecules, N-butanoyl-L-homoserine lactone
(BHL) and N-hexanoyl-L-homoserine lactone (Fig. 1 and ref-
erence 14). The second involves the fIlADC master operon,
which regulates expression of the flagellar regulon and governs
control over swim and swarm cell differentiation (13).

Development of a swarming colony can be roughly divided
into three stages. In stage 1, the cells grow and establish a
normal-sized colony. In stage 2, aligned bundles of elongated,
hyperflagellated, highly motile swarm cells emerge at the edge
of the dense colony. Following this, in stage 3, the colony
spreads rapidly over the surface by means of swarming motility.
A swarming colony displays multicellular behavior. The front
consists of swarming cells, followed by a thick layer of vegeta-
tive cells engaged in growth and cell division. The two layers of
cells never separate. Therefore, the velocity at which the col-
ony expands is dependent on the bacterial growth rate as well
as the activity of the swarm cells.

Agar plates for induction of swarming motility in S. liquefa-
ciens contained minimal AB medium (6) supplemented with
0.4% glucose, 0.5% Casamino Acids, and 0.6% Bacto agar. On
this medium, the radius of the swarming colony expands at a
rate of approximately 6 mm/h at 30°C. If the medium of an
agar plate was supplemented with either of the two D. pulchra
furanones shown in Fig. 1, the velocity by which the swarming
colony expanded was reduced in a concentration-dependent
way (Fig. 2 and 3A). The compounds did not affect the forma-
tion of a dense colony at the point of inoculation. Once swarm-
ing cells had been formed, the Delisea compounds caused a
reduction in the velocity at which the colony spreads over the
surface (Fig. 3A).

A number of processes other than swarming motility per se
could be influenced by these compounds. A reduction in bac-
terial growth rate or general inhibition of motility could ac-
count for the observed effect. We therefore monitored growth,
from early log phase to stasis, in the presence of the highest
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FIG. 1. Structure of AHLs produced by S. liguefaciens and two furanones
produced by D. pulchra.

concentration of both furanone compounds (100 pg/ml). Nei-
ther of the compounds had any growth inhibitory effect (see
Fig. 6A). Interference with general requirements for motility
was investigated by classical swimming of S. liguefaciens in soft
medium (0.3% Bacto agar) where cells swim through the wa-
ter-filled channels (Fig. 3B). Bacterial growth and motility lead
to the formation of concentric circles of high bacterial density,
which move rapidly outward from the point of inoculation. The
presence of 100 pg of either furanone per ml in the soft agar
did not reduce the outward velocity of the circles, demonstrat-
ing that swimming was unaffected by the presence of D. pulchra
compounds 1 and 2 (Fig. 3B). Swimming motility is, in contrast
to swarming motility, an AHL-independent process (14). Our
result indicates that the necessary development of flagellation
by the swimming cells is unaffected by the two furanones.
Furthermore, the fact that the velocity at which the expanding
chemotactic rings developed in the 0.3% swim agar is depen-
dent on the growth rate as well as on swimming motility further
supports our contention that growth is unaffected by fura-
nones.

The presence of furanone compounds could abolish the
FIhDC-controlled developmental process leading to hyper-
flagellated swarm cells (13). Fewer flagella per cell would then
in turn account for the reduced surface motility observed in
the presence of the compounds. The flagellar content per cell
mass in relation to surface motility was assessed by analyzing
cells from the edge of fast-swarming colonies as well as from
slowly swarming colonies which were obtained from expand-
ing colonies cultured in the presence of 50 g of either fura-
none per ml. Cells from the edge of the colonies were washed
off and normalized to the same optical density (OD at 450 nm
[OD,50] = 1). The amount of flagellar protein in each sample
was assessed by a Western blotting (immunoblotting) analysis
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FIG. 2. Effect of increasing concentrations (0, 30, 50, and 100 wg/ml) of
D. pulchra furanone 2 on S. liquefaciens swarming motility. Agar plates were stab
inoculated at the center from an exponentially growing culture (ODy,s, of ap-
proximately 0.5) and incubated at 30°C. Swarming colonies were photographed
20 h after inoculation.
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FIG. 3. (A) Velocities at which the front of the swarming S. liguefaciens
colonies spread over the 0.6% agar surface in the presence or absence of each of
the two D. pulchra furanone compounds calculated over a 5-h period, beginning
20 h after inoculation. (B) Velocities at which the front of the swimming colonies
spread through the 0.3% agar in the presence or absence of the two D. pulchra
compounds. This was calculated over a 5-h period beginning 20 h after inocula-
tion. Plates were stab inoculated from an exponentially growing culture (OD,5,
of approximately 0.5) at the center of the agar plates and incubated at 30°C. In
all cases, the AB medium was supplemented with 0.4% glucose, 0.5% Casamino
Acids, and D. pulchra compounds (Comp. 1 and 2) as indicated.

employing antibodies directed against S. liguefaciens flagellar
protein. The flagellar protein content per cell mass did not
differ significantly between cells from fast- and slowly swarming
colonies (media supplemented with 50 wg of furanones per ml)
or cells from a nonswarming swrl colony (Fig. 4). The latter
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FIG. 4. Content of S. liquefaciens flagellar protein. (A) Western blot. Lanes:
a and d, fast-swarming wt cells; b, slowly swarming wt cells in the presence of 50
wg of D. pulchra compound 1 per ml; ¢, slowly swarming wt cells in the presence
of 50 pg of D. pulchra compound 2 per ml; e, nonswarming swrl cells; f and g, wt
and swrl cells, respectively, obtained from liquid cultures. (B) Velocities at which
the front of the corresponding colonies spread over the surface. Cells from the
edge of a colony were washed off in 0.9% NaCl, harvested by centrifugation, and,
upon resuspension, normalized to an OD 5, of 1. Aliquots (50 pl each) were heat
denatured in sodium dodecyl sulfate (SDS)-containing sample buffer, and the
proteins were then separated by means of a standard SDS-polyacrylamide gel
electrophoresis procedure, transferred to an Immobilon-P membrane (Milli-
pore), and subjected to Western blotting analysis involving rabbit antibodies
directed against S. liquefaciens flagellar protein. After binding of secondary
alkaline phosphatase-labelled anti-rabbit immunoglobulin G, detection was per-
formed with p-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-in-
dolylphosphate (BCIP).
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FIG. 5. Competition experiment showing the effect of various concentrations
of D. pulchra compounds 1 and 2 and BHL on S. liquefaciens swrl swarming
motility. In panel A, furanone compound 1 was used as an inhibitor, and in panel
B, furanone compound 2 was used as an inhibitor. The concentrations used are
indicated below. Media, inoculation, and incubation are as described in the
legend to Fig. 3. The radii of the swarming swrI colonies were measured from 18
to 30 h after inoculation. A, 2 uM BHL; A, 20 uM BHL; (0, 2 uM BHL + 2 pM
compound 1 or 2; O, 20 uM BHL + 2 uM compound 1 or 2; m, 2 pM BHL +
20 uM compound 1 or 2; @, 20 uM BHL + 20 pM compound 1 or 2.

strain is unable to synthesize AHL molecules and therefore is
unable to form a swarming colony (14). Microscopic inspec-
tions revealed that the cells present in the swarm of the slowly
and fast-swarming colonies were equally elongated (not shown).
The samples included in lanes f and g were obtained from grow-
ing liquid cultures of wild-type (wr) and swr! strains (OD,s, = 1)
demonstrating the smaller amount of flagellar protein present in
cells expressing the swim cell morphology. The D. pulchra com-
pounds therefore reduce the motility of the swarm cells by means
other than influencing flagellar synthesis, cell elongation, or
growth rate.

Cell-to-cell communication by means of AHL signal mole-
cules plays a crucial role in swarming motility (14). On the
basis of a DNA sequence analysis (25), S. liquefaciens is ex-
pected to encode an AHL receptor protein (a LuxR analog
[15]) which we hypothesize functions as a regulator of gene
expression. After a threshold value of the AHL-receptor com-
plex has been reached, the autoinduction circuit would be
triggered, which, in combination with a suitable surface, leads
to formation of motile swarmer cells. Because of the structural
similarities between the AHL molecules and the D. pulchra
furanones, we hypothesized that these compounds affected the
interaction between the AHL molecules and the putative reg-
ulatory protein by competitively binding to the receptor site.
AHL molecules possessing substitutions in the homoserine
lactone ring have previously been shown to inhibit biolumines-
cence in V. fischeri (11). Increasing the concentration of BHL
in the swarm agar would then be expected to overcome the
inhibition. In order to perform such an analysis, we employed
the swrl mutant of S. liquefaciens in which swarming motility is
inducible by the addition of BHL to the medium of the 0.6%
agar plates. A concentration of 0.2 pM BHL was found to fully
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FIG. 6. S. liguefaciens cells harboring the bioluminescent AHL monitor plas-
mid pSB403 were grown at 30°C in AB medium with 0.4% glucose and 0.5%
Casamino Acids for approximately 10 generations prior to splitting into three
subcultures, two of which were supplemented with either D. pulchra compound
1 or 2 (Comp. 1 or 2) at 100 pg/ml. (A) Bacterial growth was measured as ODysy,.
The arrow labelled “Add” indicates the point at which the D. pulchra compounds
were added. (B) Expression of bioluminescence in the absence or presence of
D. pulchra compounds 1 and 2. Emission of bioluminescence was measured in a
Turner TD-20e luminometer (Turner Designs, Sunnyvale, Calif.). The arrow
labelled “Ind” indicates the point at which the specific activity of biolumines-
cence (relative light units [RLU]/OD,s,) starts to increase in the unsupple-
mented culture.

restore swarming to the level of the wr strain (14). In the
experiments presented in Fig. 5, the concentrations of both
BHL and the D. pulchra furanone compounds were varied. As
judged from the velocity of the expanding colonies, addition of
either furanone 1 or 2 at 0.2 M had no effect in the presence
of 0.2 uM BHL (not shown). However, the inhibitory effect of
addition of furanones to 2 and 20 wM is reversible by the
addition of increasing concentrations of exogenous BHL. This
strongly suggests that BHL and the two furanone compounds
compete for the receptor site of the putative regulatory pro-
tein.

The observed competitive inhibition of bacterial swarming
motility suggested that the D. pulchra compounds would also
inhibit other AHL-regulated phenotypes. We tested this by
using the bioluminescent monitor plasmid pSB403, which has
proven useful for identifying AHL-producing organisms (14).
This plasmid encodes the LuxR regulatory protein from V. fis-
cheri, which in turn controls expression of bioluminescence
from the Photorhabdus luminescens luxCDABE operon present
on the same plasmid. The presence of this system in S. lique-
faciens monitors the presence of AHL in the host bacterium
as well as monitoring autoinduction of AHL production.
The latter is reflected in a sudden burst in the emission of bio-
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luminescence once the required bacterial density has been
reached (Fig. 6). If the D. pulchra compounds block AHL
signalling, autoinduction of bioluminescence would be inhib-
ited. As shown in Fig. 6, bioluminescence in growing cultures
of S. liquefaciens harboring the monitor plasmid was inhibited
by 100 pg of the two furanones per ml. Most importantly, at
the transition between the exponential and stationary growth
phases, the autoinduction of bioluminescence was clearly
switched off by compound 1 and delayed by compound 2 in
relation to bacterial density.

To confirm that the concentrations which inhibited AHL-
induced bioluminescence did not interfere with physiologi-
cal requirements for the light-emitting reaction, we tested if
addition of the D. pulchra compounds interfered with expres-
sion of bioluminescence from Escherichia coli cells harboring
a constitutively expressed /ux fusion present on the plasmid
pPMRSI15D (12). We showed that the concentrations found to
switch off AHL-induced bioluminescence did not affect expres-
sion of bioluminescence in the constitutive system (data not
shown).

We have also examined the effect of D. pulchra compounds
on AHL-dependent phenotypic responses in marine bacteria.
The expression of bioluminescence in V. fischeri and V. harveyi
was reduced 50- to 100-fold in the presence of 10 to 20 pg of
the D. pulchra compounds per ml (data not shown). For both
of these bacteria, this compound-induced effect occurred at
concentrations that did not reduce their rate of growth.

In this study, we have used S. liquefaciens or E. coli con-
structs as model organisms to investigate interference with
AHL-driven systems by furanones, because the details of the
AHL regulatory systems are well known for these organisms.
These organisms do not encounter D. pulchra in the field. How-
ever, swarming in general is likely to play an important role in
bacterial colonization of submerged surfaces (swarm cells have
been observed in biofilms [20]), and we believe our results in
general have considerable relevance both for the interaction
between D. pulchra and associated bacteria and more broadly
for chemically mediated interactions between eukaryotes and
prokaryotes. This contention is based on two considerations.
First, furanones also inhibit swarming motility of marine bac-
teria, including those isolated from D. pulchra. For example,
Maximilien et al. (22) have shown that nearly 25% of 180
bacterial strains isolated from the surface of this alga or from
the nearby habitats exhibit swarming motility. Six of these
isolates (including one Serratia species) were examined in de-
tail, and in swarming assays, furanones added at between 5 and
25 pg/ml of medium slowed or inhibited swarming in all six
isolates without affecting growth (22). Furanones also inhibited
attachment of these isolates at non-growth-inhibitory concen-
trations, both when surfaces were coated with the compounds
and when cells were preincubated with furanones (22). Thus,
furanones inhibit important surface colonization traits in eco-
logically relevant bacteria. Second, furanones inhibit these
phenotypes at ecologically relevant concentrations. The con-
centrations of individual furanones found on the surface of
D. pulchra in the field range between 10 ng and 5 pg/cm? (10),
and these levels strongly inhibit bacterial attachment in both
laboratory and field assays (22). The concentrations used in the
swarming assays in this study are well within this range. A
theoretical concentration of furanones on the surface of the
plates can be calculated by assuming that swarming cells will
only encounter furanones in the upper 10 wm of agar. Assum-
ing homogeneity of furanones in the plates, then a concentra-
tion of furanones of 100 pg/ml translates to a “surface” con-
centration of 100 ng/cm”—well within the range of actual
concentrations on the plant.
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Bacteria can be highly detrimental to marine algae and other
eukaryotes (21). Moreover, because bacteria are generally the
first colonizers of submerged surfaces, the abundance and
composition of the bacterial community on the surface of an
alga will significantly affect the subsequent development of a
macrofouling community (18). Furanones from D. pulchra
have strong inhibitory effects against bacteria, and thus these
compounds may play an important role in algal-microbial in-
teractions. Moreover, our evidence to date suggests that this
inhibition may occur via interference with AHL regulatory
systems. Thus, the ecological relevance of AHL regulatory
systems may extend well beyond bacterium-bacterium interac-
tions (19). Since the harmful activities of a number of plant and
animal pathogens are regulated by AHL-driven systems (15,
24), the ability of furanones to inhibit AHL systems may also
have important applied implications.

This work was supported by grants from the Australian Research
Council. Rocky de Nys was funded by an ARC postdoctoral fellowship.
The visits of Michael Givskov and Lone Gram to the University of New
South Wales were financed by the Danish Centre for Microbial Ecol-
ogy, the Carlsberg Foundation, Lgvens Kemiske Foundation, and the
Danish Technical Research Council.

We are grateful to Gunna Christiansen for providing flagellum an-
tibodies and to Inge Lundt, Mikael Rasmussen, Jakob Kjer Larsen,
and Roger Read for synthesizing AHL compounds.

REFERENCES

1. Alberti, L., and R. M. Harshey. 1990. Differentiation of Serratia marcescens
274 into swimmer and swarmer cells. J. Bacteriol. 172:4322-4328.

2. Allison, C., and C. Hughes. 1991. Bacterial swarming: an example of pro-
karyotic differentiation and multicellular behavior. Sci. Prog. 75:403-422.

3. Allison, C., H.-C. Lai, D. Gygi, and C. Hughes. 1993. Cell differentiation of
Proteus mirabilis is initiated by glutamine, a specific chemoattractant for
swarming cells. Mol. Microbiol. 8:53-60.

4. Belas, M. R. 1992. The swarming phenomenon of Proteus mirabilis. ASM
News 58:15-22.

5. Belas, M. R., and R. R. Colwell. 1982. Adsorption kinetics of laterally and
polarly flagellated Vibrio. J. Bacteriol. 151:1568-1580.

6. Clark, J. D., and O. Maalge. 1967. DNA replication and the division cycle in
Escherichia coli. J. Mol. Biol. 23:99-112.

7. de Nys, R., P. D. Steinberg, C. N. Rogers, T. S. Charlton, and M. W. Duncan.

o

o

10.
11.

12.
13.

14.

17.

18.

20.

21.

22.

23.

24.

25.

J. BACTERIOL.

1996. Quantitative variation of secondary metabolites in the sea hare Apylsia
parvula and its host plant, Delisea pulchra. Mar. Ecol. Prog. Ser. 130:135-146.
de Nys, R., P. D. Steinberg, P. Willemsen, S. A. Dworjanyn, C. L. Gabelish,
and R. J. King. 1995. Broad spectrum effects of secondary metabolites from
the red alga Delisea pulchra in antifouling assays. Biofouling 8:259-271.

de Nys, R., A. D. Wright, G. M. Konig, and O. Sticher. 1993. New haloge-
nated furanones from the marine alga Delisea pulchra (cf. fimbriata). Tetra-
hedron 49:11213-11220.

Dworjynan, S., et al. Unpublished data.

Eberhard, A., C. A. Widrig, P. McBath, and J. B. Schineller. 1986. Analogs
of the autoinducer of bioluminescence in Vibrio fisheri. Arch. Microbiol.
146:35-40.

Eberl, L. 1992. Ph.D. thesis. Technical University Graz, Graz, Austria.
Eberl, L., G. Christiansen, S. Molin, and M. Givskov. 1996. Differentiation
of Serratia liquefaciens into swarm cells is controlled by the expression of the
flhD master operon. J. Bacteriol. 178:554-559.

Eberl, L., M. K. Winson, C. Sternberg, G. S. A. B. Stewart, G. Christiansen,
S. R. Chhabra, B. W. Bycroft, P. Williams, S. Molin, and M. Givskov. 1996.
Involvement of N-acyl-L-homoserine lactone autoinducers in controlling the
multicellular behaviour of Serratia liquefaciens. Mol. Microbiol. 20:127-136.

. Fuqua, W. C., S. C. Winans, and E. P. Greenberg. 1994. Quorum sensing in

bacteria: the LuxR-LuxI family of cell density-responsive transcriptional
regulators. J. Bacteriol. 176:269-275.

. Grimont, P. A. D., and F. Grimont. 1978. The genus Serratia. Annu. Rev.

Microbiol. 32:221-248.

Harshey, R. M., and T. Matsuyama. 1994. Dimorphic transition in Esche-
richia coli and Salmonella typhimurium: surface-induced differentiation into
hyperflagellate swarmer cells. Proc. Natl. Acad. Sci. USA 91:8631-8635.
Henschel, J. R., and P. A. Cook. 1990. The development of a marine fouling
community in relation to the primary film of microorganisms. Biofouling
2:1-11.

. Kell, D. B, A. S. Kaprelyants, and A. Grafen. 1995. Pheromones, social

behaviour and the functions of secondary metabolism in bacteria. Trends
Ecol. Evol. 10:126-129.

Lawrence, J. R., D. R. Korber, B. D. Hoyle, J. W. Costerton, and D. E.
Caldwell. 1991. Optical sectioning of microbial biofilms. J. Bacteriol. 173:
6558-6567.

Littler, M. M., and D. S. Littler. 1995. Impact of CLOD pathogen on pacific
coral reefs. Science 267:1356-1360.

Maximilien, R., et al. Unpublished data.

Reichelt, J. L., and M. A. Borowitzka. 1984. Antimicrobial activity from
marine algae: results of a large-scale screening programme. Hydrobiology
116/117:158-168.

Salmon, G. P. C., B. W. Bycroft, G. S. A. B. Stewart, and P. Williams. 1995.
The bacterial enigma: cracking the code of cell-cell communication. Mol.
Microbiol. 16:615-624.

Winson, M. K., and M. Givskov. Unpublished data.



