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Abstract

Development of microbial biofilms and the recruitment of propagules on the surfaces of man-made structures in the marine
environment cause serious problems for the navies and for marine industries around the world. Current antifouling
technology is based on the application of toxic substances that can be harmful to the natural environment. For this reason
and the global ban of tributyl tin (TBT), there is a need for the development of ‘“‘environmentally-friendly’’ antifoulants.
Marine microbes are promising potential sources of non-toxic or less-toxic antifouling compounds as they can produce
substances that inhibit not only the attachment and/or growth of microorganisms but also the settlement of invertebrate
larvae and macroalgal spores. However, so far only few antilarval settlement compounds have been isolated and identified
from bacteria. In this review knowledge about antifouling compounds produced by marine bacteria and diatoms are
summarised and evaluated and future research directions are highlighted.
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Introduction

The colonisation of a substratum in the aquatic
realm has been viewed as going through a four-step
process, viz. biochemically conditioning the surfaces,
bacterial colonisation, diatom and protozoan coloni-
sation and settlement of invertebrate larvae and algal
spores (Wahl, 1997; Maki, 2002). This multistage
process involves i) adsorption of dissolved organic
molecules to a newly submerged surface, ii) coloni-
sation of the surface by bacteria, iii) colonisation by
microscopic eukaryotes (e.g. diatoms, fungi, and
other heterotrophic eukaryotes) and iv) settlement
and subsequent growth of invertebrate larvae and
algal spores. This successional scenario is disputable
with respect to the fact that ““uncolonised’’ surfaces
will rarely be available in natural situations. Instead,
disturbances may provide opportunities for coloni-
sers at any successional stage in the development of
mosaic colonisation patterns (i.e. patch dynamics,
see Wright et al. 2004).

A biofilm itself is distinguished from other types of
microbial aggregations by its formation at interfaces
(Costerton et al. 1995; Wahl, 1997; Maki, 2002).
In marine environments biofilms mainly consist of

bacteria and diatoms (Marshall et al. 1971). Micro-
bial cells in biofilms are enmeshed in a matrix of
extracellular polymers (EPS) that are mainly com-
posed of high-molecular weight polysaccharides
(Decho, 2000). The structure of biofilms is complex
and three-dimensional (Stoodley et al. 2002). It had
been proven that Gram-negative bacteria in biofilms
produce cell-to-cell communication signals (quorum
sensing signals) that accumulate to threshold concen-
trations and activate target genes, as well as having
effects on bacterial biofilm formation (Davies et al.
1998; Parsek & Greenberg, 2000; Sauer et al. 2002).

A broad range of marine invertebrate larvae utilize
biofilms as indicators of substratum suitability for
prospective settlement (see reviews by Scheltema,
1974; Wieczorek & Todd, 1998; Railkin, 2004).
Since the formation of biofilms on newly submerged
substrata as a rule precedes colonisation by inverte-
brates, the establishment of microbial biofilms is
regarded as a general prerequisite for the colonisation
of macroorganisms such as invertebrate larvae and
algal spores (Scheltema, 1974; Rodriguez et al. 1993;
Burgess et al. 2003; Patel et al. 2004). The dynamics
of biofilms mediate not only subsequent microbial
colonisation but also macrofoulers. This also leads to
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a highly variable effect of biofilms on the colonisation
of macroorganisms (Keough & Raimondi, 1996;
Wieczorek & Todd, 1998; Maki, 1999). The physical
properties of biofilms, biotic composition of bio-
films, and accumulation of chemical compounds, as
well as the dynamics of these parameters provide a
discriminative mechanism in shaping biofouling
communities including algal and invertebrate colo-
nisation (Hodgson, 1990; James & Underwood,
1994; Wahl, 1997; Qian, 1999; Qian et al. 2000).

Natural and artificial substrata in the marine
environment are quickly colonised by marine
micro- and macroorganisms in a process known as
“biofouling’. Biofouling causes serious problems
for marine industries and navies around the world
(Yebra et al. 2004). So far, the most effective
methods of biofouling control are based on the
application of toxic substances like tributyl tin (TBT)
(Rouhi, 1998), copper or organic compounds (e.g.
Sea-Nine, Isothiazolone) (Thomas, 2001; Yebra
et al. 2004). All these chemicals are toxic and are
pollutants in aquatic environment (see reviews of
Evans, 1999; Yebra et al. 2004). The International
Maritime Organisation (IMO) and Marine Environ-
mental Protection Committee (MEPC) decided to
ban the usage of TBT or other substances containing
tin as biocides in antifouling paints effective in
January 2008. Therefore, there is a need for the
development of ‘‘environmentally-friendly”> non-
toxic antifoulants.

Biofilms can enhance (Kirchman et al. 1982;
Lau & Qian, 1997; 2001; Qian et al. 2003) or inhibit
larval settlement of marine invertebrates and attach-
ment of algal spores (Rodriguez et al. 1993; Egan
et al. 2000; 2001; Dobretsov & Qian, 2002; Huang &
Hadfield, 2003). Chemical compounds produced by
bacteria and diatoms, as well as biofilms of live micro-
organisms can lead to the disruption of biofilm forma-
tion and/or prevent the epibiosis, and, therefore, they
may be useful for the biotechnological development
of an ‘“‘environmentally-friendly’”’ protection against
marine biofouling (Clare et al. 1992; Holmstrem &
Kjelleberg, 1999; Armstrong et al. 2000a).

The application of natural products from marine
organisms (algae, invertebrates, and microorgan-
isms) as active ingredients in coatings that deter the
growth and settlement of fouling organisms has been
proposed since the 1980s (Mitchell & Maki, 1988).
In laboratory bioassays, a wide variety of marine
natural products from macroorganisms, such as
macroalgae and invertebrates, that show activity
against fouling organisms have been identified (e.g.
Clare, 1998; Rittschof, 2001). The information
about “‘antifoulants’ from marine microorganisms,
however, is rather limited in comparison with that
from macroorganisms (Fusetani, 2004). In order
to develop an effective ‘“‘environmentally-friendly

defence’” against fouling it is necessary to understand
how existing marine biofilms affect subsequent
micro- and macrofouling and why some microorgan-
isms are ‘“more effective’” in terms of antifouling
protection than others.

This overview will focus on antifouling com-
pounds produced by bacteria and diatoms, as these
are the main components of biofilms in a marine
environment and possibly show important effects on
biofouling (Maki, 2002). Antifouling compounds
from cyanobacteria were reviewed earlier (Abarzua
et al. 1999), therefore, they have been excluded from
this review. As this review covers only marine
applications, microbial compounds against medical
pathogens (Demain, 1999; Bush et al. 2004) are not
included. The following objectives are particularly
pursued here: i) to summarise the available informa-
tion about the process of biofilm formation and
production of antifouling compounds by marine
bacteria and diatoms, ii) to evaluate the ecological
relevance of antifouling compounds that are pro-
duced by marine bacteria and diatoms, and iii) to
highlight future directions in the search of novel
antifouling compounds and the development of new
bioassay techniques.

Antifouling activity expressed by bacteria
and diatoms

Antimicrobial activiry of bacteria

In spite of much success in antibiotic drug discovery
from non-marine microorganisms, marine microor-
ganisms have received comparatively little attention
in this regard (Faulkner, 2000). Several studies show
independently that marine bacteria are capable of
producing bioactive compounds that have not been
isolated from terrestrial species (Burkholder et al.
1966; Fenical, 1993; Fenical & Jensen, 1993). Since
the discovery of the first antibiotic compound
produced by the marine bacterium Alteromonas sp.
that was isolated from the Caribbean seagrass
Thalassia sp. in 1966 (Fenical, 1993), the number
of new compounds isolated from marine bacteria has
increased substantially. Some of these compounds
are already in pharmacological clinical trials and as
biocontrol agents in aquaculture (Faulkner, 2000).
Most metabolites with antibiotic effects were isolated
from species that belong to the Strepromyces, Alter-
omonas, Pseudoalteromonas and Roseobacter clades
(Fenical, 1993; Wagner-Dobler et al. 2002). For
example, the actinomycete Chainia purpurogena
SS-228 produces antibiotic benzanthraquinone
(Okazaki et al. 1975). The bacterium Strepromyces
griseus SS-20 produces antibiotic aplasmomycin that
inhibits Gram-positive bacteria (Hotta et al. 1980).
Antibiotic bonactin that inhibits the growth of



Gram-positive and Gram-negative bacterial strains,
as well as yeasts was isolated from liquid
cultures of another Srrepromyces sp. (Schumacher,
2003).

Only a limited number of phylogenetic clades of
marine bacteria have been screened so far with
respect to their antifouling activity. The difficulty in
the search of metabolites from marine bacteria is
mainly due to the non-cultivability of bacterial
strains. It has been estimated that 95% of marine
bacterial strains are non-cultivable (Haglund et al.
2002). Extreme environments, such as deep-sea, hot
spring environments and the external and internal
surface of marine organisms are a less explored
source for discovering new bacterial strains and new
metabolites.

The following strains provide examples of marine
bacteria associated with marine organisms that
produce antibiotic substances. The bacteria Pseudo-
alteromonas luteoviolacea, P. tunicata and P. aurantia
isolated from sponges and algae inhibited the growth
of other bacteria from the marine environment
(Holmstrem et al. 2002). The antibacterial com-
pounds produced by P. aurantia (Gauthier &
Breittmayer, 1979), P. rubra (Gauthier, 1976), and
P. luteoviolacea (Gauthier & Flatau, 1976) are of high
molecular weight and inhibit bacterial cell respiration.
Furthermore, the antibacterial activity displayed by
P. luteoviolacea has been suggested to be attributable to
two classes of compounds, viz. cell-bound acidic
polysaccharides that are partly diffusible in a culture
medium (Gauthier & Flatau, 1976) and high mole-
cular proteinaceous compounds (McCarthy et al.
1994). Antibiotic activity being mediated by polyanio-
nic molecules has also been demonstrated for the
bacterium P. citrea (Gauthier, 1977). The antibacterial
compound produced by P. tunicara isolated from the
ascidian Ciona intestinalis is a high molecular mass
protein (>190 kDa) consisting of 2 subunits (James
etal. 1996). The mode of action of this protein has not
been investigated, but the investigators proposed that it
has bacteriostatic effects. The bacteria Bacillus pumilus,
B. licheniformis, B. subtlis and Pseudomonas sp. isolated
from algae and from a nudibranch produced anti-
biotic compounds that inhibited bacterial attachment
(Burgess et al. 2003). Phenazine-1-carboxylic acid
isolated from the epibiotic strain Pseudomonas sp.
showed the highest activity with a minimal inhibitive
concentration of 1—10 ug against different bacterial
strains (Burgess et al. 2003). Several studies also
showed antibacterial effects of streptomycetes asso-
ciated with corals and jellyfishes (Fenical, 1993).

However, the true source of bioactive compounds
from sponges, corals and other marine organisms
remains unclear. For instance, 6-bromindole-3-
carbaldehyde previously isolated from the ascidian
Stomozoa murrayi can be produced by the epibiotic
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bacterium, Acinetobacter sp. associated with this
ascidian (Olguin-Uribe et al. 1997). An anti-bacterial
peptide that was originally isolated from the sponge
Hyatella sp. is synthesised by an associated Vibrio sp.
(Oclarit et al. 1994). In addition, bioactive metabo-
lites isolated from the sponge Theonella swinhoei by
Bewley et al. (1996) could be produced by microbial
symbionts rather than by the sponge itself (Thakur &
Anil, 2000).

A diverse array of antibiotic compounds can be
produced by even phylogenetically closely related
microorganisms and the production of bioactive
compounds is often dependent on the medium. For
instance, the bacteria P. rubra and P. luteoviolacea do
not express any antibacterial activity when grown on
blood-containing media. The expression of active
compounds is very low in bacteria grown on nutrient
agar and tryptic soy agar media (Gauthier, 1976).
Similarly, the actinomycete strain number 18 isolated
from sediments, produces antibiotics against Gram-
positive bacteria only in the presence of salt at
concentrations ranging from 60—110% (v/v) (Imada,
2005). Since the production of most, if not all,
antifouling compounds takes place only under
laboratory conditions, it remains unknown if bioac-
tive compounds will be produced and be effective
under natural conditions.

Bacteria in a biofilm can also affect the growth of
other bacteria in the same biofilm (Burgess et al.
1999). For example, the presence of ‘“resident”
bacterial strains on particles either increases or
decreases the colonisation rate of ‘“‘newcomer’
strains (Grossart et al. 2003). The marine bacterium
Alteromonas sp. produces antibiotic 2-n-phenyl-4-
quinolinol that alters the composition of the bacterial
community developed on particles (Long et al.
2003). A comparison between strains producing
antibiotics and their antibiotic free mutants showed
no inhibitory effect of the newcomers due to the
production of antibiotics. In the mixed-species
biofilms, the antibiotics produced by the bacterium
P. tunicara removed the competing bacterial strain
unless its competitor was relatively insensitive to an
antibacterial protein or produces a strong inhibitory
activity against the bacterium P. municata (Rao et al.
2005). On the contrary, hydrolytic activity of the
antibiotic producing strain enhances the colonisation
rate of newcomers. The growth of a number of
diatoms and other unicellular algae is also inhibited
by marine bacteria in laboratory studies (see antialgal
activity of bacteria, Holmstrem et al. 1996).

Many marine organisms, such as the red alga
Delisea pulchra, use quorum sensing inhibition targeting
acetyl homoserine lactone (AHL) dependent signals to
control epibiotic biofilm formation (Rice et al. 1999).
This red alga produces furanones that interfere with
bacterial quorum sensing signals and therefore inhibit
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bacterial growth and biofilm formation. Similarly,
marine bacteria may produce quorum sensing inhi-
bitors that interfere with the formation of biofilms
(McClean et al. 1997; Bauer & Robinson, 2002). For
example, the bacterium Aeromonas wveronii inhibits
quorum sensing through competition for AHL produc-
tion (McLean et al. 2004).

It must be pointed out that in most previous
antibacterial bioassays pathogenic strains were used.
In order to investigate the antifouling activity of
bacterial isolates, it is necessary to use bacterial
isolates from the same environmental situation in
order to target ecologically relevant bacterial taxa.
This issue is discussed in more detail in the section
“A search for antifouling compounds”.

Antilarval activity of bacteria

Inhibitive bacterial strains for larval settlement are
commonly found in seawater (Wieczorek & Todd,
1998). The relative proportion of inhibitive and
inductive strains in biofilms varies with changes in
environmental condition, species and the physical
conditions of larvae used in bioassays (Hadfield &
Paul, 2001; Lau et al. 2002; Lee & Qian, 2003). For
instance, the marine bacteria Halomonas (Deleya)
marina and Vibrio campbelli from natural biofilms
suppress cyprid attachment of the barnacle B.
amphirrite but the inhibitive effect of the bacteria
varies with the age of the biofilm and the age of the
cyprid larvae (see Table I, Maki et al. 1988; 2000).
It was also reported that biofilms could remain
inhibitive even in the presence of strong pro-
moters for cyprid settlement (conspecific factor) of

B. amphitrite (Rittschof et al. 1984; Lau et al. 2003).
Although inhibitive compounds have not been
identified, Maki and co-authors (1988) proposed
that extracellular polysaccharides were involved;
bacterial polysaccharides attached to lectin receptors
of the larvae and thus, block larval settlement
(Oclarit et al. 1994). In the natural environment,
large variation in biofilm composition may lead to
differential larval settlement (Keough & Raimondi,
1996; Qian et al. 2003).

Mary et al. (1993) studied the effects of bacterial
strains isolated from biofilms associated with adult
shells of the barnacle B. amphitrite on cyprid
settlement and found that 12 out of 16 isolates were
inhibitory to larval settlement. The Gram-negative
and motile isolates were identified as belonging to
the genera Vibrio, Alteromonas, Alcaligenes, Flavobac-
terium and Pseudomonas. The most inhibitory isolate
was identified as a Vibrio sp. (Mary et al. 1993).
Similarly, inhibitive strains were obtained from
natural biofilms by Lau and Qian (2001) and Lau
et al. (2003) (Table I).

Epibiotic bacteria associated with soft-bodied
organisms could be a particularly useful source of
antifouling compounds since they may protect their
hosts from biofouling (Holmstrem & Kjelleberg,
1999). Holmstrem and co-authors (2002) investi-
gated antifouling activity of 10 bacterial strains from
the genus Pseudoalteromonas which were isolated
from marine sponges and algae and found that four
of them inhibited cyprid attachment of the barnacle
B. amphitrite. The bacteria P. citrea and P. ulvae
partially inhibited the larval settlement of H. elegans,
while P. tunicata prevented larvae from attachment to

Table I. Antilarval compounds from marine bacteria.

Bacterium Inhibits

Inhibitive compound Reference

Alteromonas sp.
Acinetobacter sp.
Pseudoalteromonas marina

Attachment of B. amphitrite
Attachment of B. amphitrite
Attachement of B. amphitrite
and Enteromorpha sp.
Pseudomonas citrea and P. ulvae Settlement of H. elegans and
B. amphitrite
Microbial fouling, attachment
of algal spores and
B. amphitrite

Pseudomonas sp.

Halomonas (Deleya) marina,
Vibrio campbelli

Micrococcus sp., Rhodovulum sp.
and Vibrio sp.

Vibrio sp.

Vibrio alginolyticus

Attachment of B. amphitrite
Attachment of B. amphitrite
Attachment of B. amphitrite
Attachment of B. amphitrite,

H. elegans, and B. neritina

Vibrio sp. and an unidentified
o-Proteobacterium

Settlement of H. elegans and
B. neritina

Ubiquinone

6-bromoindole-3-carbaldehyde

Polar low molecular weight
(>500 Da) heat stable
compound

Unknown

Kon-ya et al. 1995

Olguin-Uribe et al. 1997

Holmstrem et al. 1992; 1996;
Egan et al. 2001

Holmstrem et al. 2002

Phenazine-carboxylic acid;
hydroxyphenazine;
heptylquinol-one;
nonylquinol-one; pyolipic

Unknown exopolysaccharides

Burgess et al. 2003

Maki et al. 1988; 2000

Unknown extracellular polymers  Lau et al. 2003

Unknown

Heat stable, polar, high
molecular weight (>200 kDa)
carbohydrate

Large (>100 kDa), polar,
heat stable polysaccharides

Mary et al. 1993
Dobretsov & Qian, 2002;
Harder et al. 2004a

Dobretsov & Qian, 2004




the surface (Holmstrem et al. 2002). The antifouling
effect of P. runicara was attributed to its toxicity.

More recent studies confirm the antifouling
activity of epibiotic bacteria from sponges, soft corals
and green algae (Dobretsov & Qian, 2002; 2004;
Dobretsov et al. 2004; Harder et al. 2004a; Lee &
Qian, 2004). For instance, most of the bacterial
isolates from the alga Ulva rericulata are either
non-inductive or inhibitive to larval settlement of
H. elegans (Dobretsov & Qian, 2002). The bacterial
strains Pseudoalteromonas sp. and Vibrio alginolyticus
isolated from this alga produce either non-soluble or
waterborne metabolites that inhibit larval settlement
(Dobretsov & Qian, 2002; Harder et al. 2004a). The
most active antifouling compounds from V. algino-
lyticus are >200 kDa polysaccharides consisting of
glucose, mannose, galactose and glucosamine
(Table I). In a separate study, two strains out of 11
bacterial isolates from the soft coral Dendronephthya
sp. were found to be “inhibitive’’, four strains
“inductive”, and the remaining five ‘“‘non-inductive”’
for larval settlement of H. elegans (Dobretsov & Qian,
2004). There is no correlation between the antifoul-
ing activities of bacterial isolates and their phy-
logenetic allocation, i.e. closely related bacterial
strains showing different effects on the larval settle-
ment of H. elegans and Bugula neritina. In addition,
inhibitive compounds from Vibrio sp. and an uni-
dentified a-proteobacterium for larval settlement
of H. elegans and Bugula mneritina are water-
borne, heat-stable polysaccharides with a molecular
weight > 100 kD (Dobretsov & Qian, 2004).

One bacterium can produce more than one type of
antifouling compound. For example, the pigmented
bacterium Pseudoalteromonas tunicata (Holmstrem
et al. 1992) originally isolated from the surface of
the ascidian Ciona intestinalis produces a polar, heat
stable, low molecular weight compound (<500 Da)
that is inhibitory to larvae of both barnacles and
tunicates but acts in a toxic mode of action
(Holmstrem et al. 1992; Holmstrem & Kjelleberg,
1999). This bacterium also produces an antibacterial
compound (James et al. 1996) and compounds
inhibitory to algae and fungi (Holmstrem et al.
1996; Egan et al. 2001). Surprisingly, the antifouling
activity of this bacterium is correlated with its colour
(Egan et al. 2002). Usually, the bacterium is dark-
green in colour. The yellow-pigmented mutant
retains antifouling activity whereas the purple mutant
loses some or all of its ability to inhibit larval
settlement. Further analysis of these mutants identi-
fies the genes that may be involved in the synthesis
and regulation of synthesis of pigment with or without
the antifouling bioactivity. One of these mutants was
disrupted in a particular gene (WmpR), which has a
similar sequence to the ToxR gene from Vibrio
cholerae and the CadC gene from Escherichia coli.
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Analysis of protein expression using two-dimensional
gel electrophoresis showed that WmpR is essential for
the expression of at least 15 proteins important for the
synthesis of antifouling compounds.

With respect to antifouling compounds from
epibiotic bacteria of animate surfaces, it is not yet
understood how bacteria protect their hosts and what
kind of compounds they may produce under natural
conditions. For instance, Harder et al. (2004a) did
not detect bioactive bacterial metabolites that
epibiotic bacteria produced under laboratory condi-
tions in the Ulva rericulata habitat. This may suggest
that either that the compounds released by bacteria
under natural conditions are different from those
produced under laboratory conditions, or the num-
ber of bacteria on the surface of the alga responsible
for the production of antifouling compounds is
low. This argument is partially supported by the
work of Skovhus et al. (2004), who found that
the relative abundance of antifouling bacterium
Pseudoalteromonas spp. was the highest on the surface
of the alga Ulva lactuca and lowest on the tunicate
Ciona intestinalis.

So far, only a few anti-larval settlement com-
pounds have been isolated and identified from
bacteria. One example is provided by the marine
bacterium Alteromonas sp. isolated from the marine
sponge Halichondria okadali that produces the anti-
fouling compound ubiquinone inhibiting larval
settlement of the barnacle B. amphitrite at concentra-
tions of 12.5-25.0 ppm and becoming toxic to
larvae at concentrations >25 ppm (Kon-ya et al.
1995) (Table I). Similarly, an epibiotic bacterium,
Acinetobacter sp., isolated from the surface of the
ascidian Stomozoa murrayi produces 6-bromindole-
3-carbaldehyde that inhibits cyprid settlement
of the barnacle B. amphitrite at concentrations of
10 ug ml~' (Olguin-Uribe et al. 1997). Recently,
Burgess and co-authors (2003) isolated 650 marine
bacteria from different surfaces and screened them
for their antifouling activity. They found that paints
incorporated with supernatants of the inhibitive
bacterium Pseudomonas sp. contained several anti-
fouling compounds (Table I) that inhibited settle-
ment of the barnacle B. amphitrite in laboratory
experiments and the settlement of algal spores in
field experiments.

Based on the above information, it would be
argued that bacteria growing on ships’ hulls may
protect the hulls from biofouling (Wahl, 1997).
To test this hypothesis, Holmstrem et al. (2002)
produced inhibitory “living paints’’ by incorporating
live cells of the inhibitory bacterium P. tunicata into
hydrogels and showed that “living paints” inhibited
the settlement of barnacles for 14 d. Their results
suggest that, given the right bacterium and the right
matrix, inhibitory ‘living paints’ that persist for
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months or years may provide a reasonable antifouling
biotechnology.

Antialgal activity of bacteria

Only few studies report the antialgal activity of
marine bacteria. For instance, the marine bacterium
P. tunicata produces antialgal compounds that inhibit
settlement of spores of Ulva lacruca (Egan et al. 2002).
The antialgal compound is extracellular, heat sensitive,
polar, with a molecular size between 3 and 10 kDa (see
Table II), and consists of an aromatic domain bound
to a fatty-acid side chain. The bacteria Zobellia
galactanovora, Pseudoalteromonas citrea, P. elyakovii
and P. halopankus isolated from 1.5 h, 3 h and 48 h
biofilms also inhibit spore attachment of the alga Ulva
(Enteromorpha) sp. (Patel et al. 2004). 2-n-Pentyl-4-
quinolinol produced by the marine bacterium Alrero-
monas sp. inhibited the growth of plankton diatoms at
concentrations >10 nM (Long et al. 2003).

The strain Y of Pseudoalteromonas sp. produces
water-borne algicidal compounds against the plank-
tonic algae Charonella, Gymnodium, and Heterosigma
(Lovejoy et al. 1998). The antidiatom effects of the
bacterium HYKO0203-SKO02 Pseudomonas putida were
also shown to be effective against the pelagic diatom
Stephanodiscus hantzschii and the cyanobacterium
Microcystis aeruginosa (Kang et al. 2005). Lectins
binding to D-galactose and mannan produced by the
bacterium Pseudoalteromonas sp. were shown to
reduce the ability of the diatoms Amphora coffeae-
formis and Navicula sp. to adhere and to move
(Wigglesworth-Cooksey & Cooksey, 2005). Most
bacterial isolates from the alga Ulva reticulata
inhibited the growth of the diatom Nitzschia paleacea
but did not cause its mortality in a study by
Dobretsov and Qian (2002). On the other hand,
spores of the alga Ulva (Enteromorpha) sp. settle on

biofilms of the bacterium Vibrio anguillarum that
produces acetyl homoserine lactones (AHLs) (Joint
et al. 2002). When Joint and his co-workers used
mutant strains that cannot produce AHLs, bacterial
films inhibited the attachment of algal spores. They
concluded that the alga can detect concentration
gradients of homoserine lactones, and argue that
some bacterial strains can suppress the growth of
Gram-negative bacteria that produce AHLs, which
in turn, suppress the settlement of the macroalga
Enteromorpha sp. Certainly bacterial antialgal activity
in general deserves further studies.

Antifouling activity of diatoms

In contrast to bacteria-derived cues, diatom-derived
cues are less explored. Evidence could not be found
that pennate diatoms produce antibacterial com-
pounds, despite the fact that several diatom toxins
and other forms of bioactivity have been discovered
(Pohnert & Boland, 2002; Adolph et al. 2004;
Wichard et al. 2005). A recent investigation shows
that high abundance of the diatom Asterionellopsis
glacialis, correlates with a low abundance of bacteria
compared to nearby estuarine waters (Abreu et al.
2003). Decanal, produced by the diatom 7T#halassio-
stra rotula, inhibits the growth of the bacterial strains
Vibrio splendidus and Bacillus megaterium (Table III,
Adolph et al. 2004). Conversely, most of the
investigations show that bacteria inhibit the growth
of diatoms (see above).

On the other hand, there is only limited information
about the effect of diatoms on larval development
and settlement. For instance, aldehydes produced by
diatoms are responsible for a suite of physiological
dysfunctions during egg development, hatching and
morphogenesis in copepod, sea urchin and oyster
larvae (Romano et al. 2003; Adolph et al. 2004). The

Table II. Antialgal activity of marine bacteria.

Bacterium

Inhibits

Inhibitive compound

Reference

Pseudoalteromonas tunicate

Alteromonas sp.

Zobellia galactanovora,
Pseudoalteromonas citrea,
P. elyakovii, P. haloplanktis
HYKO0203-SK02
Pseudomonas purida
Pseudoalteromonas sp.

Vibrio sp., Pseudoalteromonas sp.

Pseudoalteromonas sp.

Settlement of Ulva lactuca

Growth of Thalassiosira
weissflogii, Chaetoceros simplex,
Cylindrotheca fusiformis

Settlement of Ulva
(Enteromorpha) sp.

Growth of Stephanodiscus
hantzschii

Growth of Chatonella sp.,
Gymnodium sp. and
Heterosigma sp.

Growth of Nitzschia paleacea

Adhesion of Amphora
coffeaeformis and Navicula sp.

Heat sensitive water-borne
(protein) 3 and 10 kDa
2-n-pentyl-4-quinolinol

Unknown

Unknown, surface attached
Unknown water-borne
Unknown

Unknown lectin binds to
D-galactose and mannan

Egan et al. 2001; 2002

Long et al. 2003

Patel et al. 2004

Kang et al. 2005
Lovejoy et al. 1998
Dobretsov & Qian, 2002

Wigglesworth-Cooksey &
Cooksey, 2005
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Table III. Antifouling compounds from marine diatoms.

Diatom Inhibits

Inhibitive compound

Reference

Thalassiosira rotula Growth of Vibrio splendidus
and Bacillus megaterium

Disruption of egg development
and morphogenesis of
Sphaerechinus granularis,
Crassostrea gigas and Calanus

helgolandicus

Thalassiosira rotula

Settlement of Semibalanus balanoides
Settlement of H. elegans

Achnantes parvula
Amphora tenerrima,
Nitzschia frustulum
Nitzschia frustulum
Monospecies biofilms

Attachment of B. neritina
Settlement of Haliotis rubra

Unsaturated aldehydes
(decanal)

Unsaturated aldehydes
(2E,4E-decadienal,
2E,4E-octadienal,
5E,7E-9-oxononadienoic
acid, 4Z-decenal; 2E-decenal,
decanal)

Unknown

Unknown, non-water soluble

Unknown
Unknown

Adolph et al. 2004

Romano et al. 2003; Adolph
et al. 2004

Le Tourneux & Bourget, 1988
Harder et al. 2002; Lam
et al. 2003
Dahms et al. 2004
Daume et al. 2000

larvae of Semibalanus balanoides tend to attach at high
density to rough substrata bare of diatoms and detri-
tus in field experiments (Table III, LLe Tourneux &
Bourget, 1988). Out of 32 diatom species isolated
from Hong Kong waters, only three were highly
inductive, 10 were weakly inductive, and 19 had no
inductive effect at all on the larval settlement of the
tubeworm Hydroides elegans (Harder et al. 2002).
There is a clear negative correlation between the
diatom cell- and extracellular polysaccharide-free space
available and larval settlement (Lam et al. 2003). The
diatoms Amphora tenerrima and N. frustulum cause
low settlement of the polychaete H. elegans (Table III:
Harder et al. 2002; Lam et al. 2003). Large carbo-
hydrates (>100 kDa) in the biofilm matrix have a
decisive role in the process of larval settlement of the
tubeworm H. elegans (Lam et al. 2005). The absence
of mannose, galactose and glucose in the extracellular
polymers (EPS) matrix of diatoms causes low larval
settlement of H. elegans. In a separate study, it was
found that the diatom effect on larval settlement of the
bryozoan Bugula neritina was lower in the presence of
the diatom Nitzschia frustulum than in the control
(seawater) and in the presence of other diatom species
(Dahms et al. 2004) (Table III). Larval settlement of
the mollusc Haliotis rubra is also lower on mono-
species diatom biofilms than that on mixed biofilms of
Amphora sp. and Navicula sp. (Daume et al. 2000).
On the contrary, larvae of the abalone H. laevigata
prefer to settle on diatom biofilms of Navicula
ramosissima (Daume et al. 1999). In conclusion, the
available information suggests that larval responses
to diatom films depend on the diatom species present
in biofilms, their ability to produce EPS, and the
uncovered space available on a given substratum.

A search for antifouling compounds

To gain a better understanding of chemical antifoul-
ing mechanisms of marine organisms in general, it is
necessary i) to identify the settling preferences of

common fouling species, ii) to be able to determine
the concentrations of secondary metabolites that
settlers would experience in the field and iii) to
develop assay methodologies that deploy compounds
in ecologically realistic ways (see Hay, 1996).
However, from a biotechnological point of view,
conclusive bioassay-derived evidence would be re-
quired that antifouling compounds are not active
against non-target species, harmless to humans,
non-polluting, and biodegradable.

For marine antifouling research, bioactive sub-
stances of particular interest should be ones that
show deterrence properties and can be used for
the development of antifouling coatings (Rittschof,
2001). Natural products generally will not be
available in sufficient quantity to be commercially
harvested from marine macroorganisms. This holds
particularly for natural resources that are rare or
endangered. Moreover, most potent natural product
compounds are structurally too complex to be
commercially synthesised. Alternative compounds
must have a potency that makes them applicable and
the potential for being effectively synthesised. Possi-
ble ways to obtain adequate quantities of useful
natural products include fermentation technologies
and genetic manipulation (Clare, 1998). Incorpora-
tion of compounds that will individually be most
effective against a particular group of fouling organ-
isms in broad spectrum antifouling coatings may
have some potential. From the perspective of
potency for theoretical use in an antifouling coating,
a vast majority of compounds exceeding the potency
criterion should be active at <25 ug ml™! in static
bioassays and have a therapeutic ratio of the effective
median concentration to the 50% lethal concentra-
tion (EC5o/LCsp) larger than 10 (Rittschoff, 2001).

Many active compounds cannot easily be detected
because they degrade during collection, storage, and
extraction. Compounds that are stable in the cells
of microorganisms can become labile following
extraction (Fenical & Pawlik, 1991) and volatile
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compounds may be lost during freeze-drying (Hay
& Fenical, 1988). Extraction procedures that have
not removed some of the bioactive compounds
may also be responsible for screening differences.
Unfortunately, little has been published regarding
the effects of various extraction or storage procedures
on individual compounds.

Concentration is a confounding factor in biofoul-
ing assays. At some exposure level, the same
substance may be attractive, repellent, and even
toxic. Hence, it is crucial to relate the response to a
biologically relevant concentration (Steinberg et al.
2002). For bioassays in the field, an attempt must be
made to reproduce the concentrations potentially
experienced by biota in nature. However, when an
organism is being tested, it is difficult to estimate
ecologically relevant concentrations or to determine
whether and to what extend these substances are
released into the surrounding seawater, if the micro-
scale localisation of metabolites is not known.

Considering the possibility of multifunctional
effects of bioactive substances interacting with fouling
processes, ideally, the compounds should be tested
against several different naturally co-occurring organ-
isms. This is of particular importance for antimicrobial
bioassays if compounds are tested against cultivable
pathogenic bacteria (Fenical & Pawlik, 1991).
Also, the compounds will likely interact with the
chemical-producing organisms under consideration
in the natural environment. Therefore, the use of field
assays becomes indispensable if it is intended to
determine how specific or broadly active bioactive
substances are, and where they are produced or
applied later on (Hay, 1996).

In contrast to the rapid progress made in
documenting the ecological effects of environmen-
tally relevant bioactive substances, ecologically
realistic demonstrations of semiochemical microbial
activities are hampered by a lack of data on where
microorganisms produce antifouling compounds and
how the compounds are deployed under natural
conditions (Thompson, 1985).

Looking ahead

The studies reviewed here demonstrate that marine
microorganisms, such as bacteria and diatoms,
provide a significant source of new antifouling
compounds. Although there are numerous examples
of compounds being extracted from marine microbes
which have antimicrobial or antitumor properties
(Demain, 1999), there is little information on anti-
fouling compounds from marine microorganisms.
Furthermore, bioactive compounds from marine
bacteria are far better investigated than from diatoms
and other marine microalgae in general. Therefore,
marine diatoms and other marine microalgae may

hide a high potential for antifouling compound
production.

There are a number of benefits associated with
using microorganisms as sources of antifouling
compounds. The first advantage is the relief of
problems relating to compound supply. For the
extraction of an antifouling compound from a marine
organism, large numbers of animals or algae would
have to be collected. In contrast, bacteria described
in this review can be easily cultured. Another
advantage of using microbes as a source of antifoul-
ing compounds is that microorganisms can produce
compounds much more rapidly and in large amounts
compared to invertebrates and algae. By analogy to
biomedical applications, antifouling molecules from
microorganisms may be easily genetically and che-
mically modified (Demain, 1999). In addition,
bacterial strains of the same species can produce
different bioactive compounds under different cul-
ture conditions, therefore, increasing the potential
number of useful compounds (Armstrong et al.
2000a). Many microbes do not produce compounds
in single culture; therefore co-culture of microbial
strains with target marine biofilms may also increase
antifouling production (Mearns-Spragg et al. 1998).
Since only a small proportion of microorganisms
have been screened for the production of antifouling
compounds, much research has to be done in order
to isolate and culture these organisms to fully utilise
their potential.

The surfaces and internal spaces of marine
organisms, such as sponges, are unique microhabi-
tats where bacteria are regularly detected. These
environments contain more nutrients than the
ambient seawater and sediments and thus provide a
rich source for the isolation of diverse bacteria with
diverse metabolic capabilities and potentials. As
more evidence is obtained, it is also becoming
clearer that bacteria associated with macroorganisms
may have highly specific, symbiotic relationships with
their “hosts’’. In many cases, they may be considered
as an important source of antifouling compounds.
Since most of them are not cultivable under
“standard” conditions, it becomes necessary to
develop new methods, such as using special media
for cultivation or by the transfer of target genes into
cultivable species that allow the production of
bioactive compounds from such ‘‘uncultivable”
species. For example, the uncultivable symbiotic
bacterium Endobugula sertula has been shown to be
the true source of bryostatin — a potent antitumor
compound — by cloning and expressing the target
genes responsible for the production of this com-
pound by the epibiotic bacterium on the bryozoan
Bugula neritina (Hildebrand et al. 2004). An alter-
native to this approach is to demonstrate that
certain biosynthetic machinery resides in symbiotic



microorganisms. For example, the application of
nucleotide probes for biosynthethic genes may
confirm their presence in the uncultiviable symbiont.
Real time PCR (RT-PCR - see Heid et al. 1996) can
be used for the analysis of bacterial species abun-
dance associated with hosts (Skovhus et al. 2004), as
well as for the investigation of the expression of
functional biosynthetic genes i situ. It will particu-
larly be the source allocation of a compound under
natural conditions that will prove the obligatory
association of a host with such microorganisms.

It has been demonstrated that some bacteria can
produce a set of different antifouling compounds
targeting different groups of microorganisms and
macroorganisms (Holmstrem & Kjelleberg, 1999).
Bacteria that are capable of producing a broad
spectrum of antifouling compounds are promising
sources of biotechnologically interesting substances
for ‘“environmentally-friendly”’ antifouling applica-
tions. Searching for bacteria that interfere with
other microorganisms wvia the production of anti-
biotics or inhibitors of quorum sensing signals shall be
an important future research direction. Those
promising bacterial candidates will not only inhibit
the formation of biofilms and the growth of micro-
foulers directly, but also affect the settlement of
invertebrate larvae and algal spores indirectly in
terms of mediating properties of microbial commu-
nities (Jin & Qian, 2005).

In most studies, antifouling activity of microorgan-
isms is tested for several target fouling organisms
while in antibacterial bioassays the organisms tested
are predominantly pathogenic strains. Practically,
prospective antifouling compounds should prevent
fouling of all fouling taxa, not just of pathogens and
dominant foulers. More importantly, it is necessary
to test antibacterial properties of compounds against
environmentally relevant microorganisms under nat-
ural conditions because most of them are un-
cultivable. In the authors’ laboratory, compounds
are incorporated into Phytagel’™ (Sigma, USA)
matrices and then such gels are exposed for micro-
bial settlement under natural conditions (Harder
et al. 2004b). This method allows not only con-
sideration of the abundance of bacteria on gels but
also characterisation of differences in bacterial
community composition by utilising molecular finger
printing methods, such as terminal restriction frag-
ment polymorphism (T-RFLP) (Liu et al. 1997).

Most antifouling compounds tested in laboratory
assays are adsorbed to glass or simply added to a dish
containing test organisms. Therefore, it is also
necessary to investigate the performance and effective-
ness of antifouling compounds included in a potential
paint coating under natural conditions. It will be
important to consider publications where investiga-
tors have used ship paint matrices for their studies
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(i.e. Willemsen & Ferrari, 1993; Railkin & Dobretsov,
1994; Armstrong et al. 2000b; Burgess et al. 2003).
Because the composition of paint matrices is important
for the effectiveness of antifouling compounds, co-
operation between academic institutions and the
industry should be fruitful (Rittschof, 2000).

Previously, it was suggested that in contrast to
inducers, deterrents appear to be primarily non-
polar secondary metabolites with low solubility,
being effective only at low concentrations (Steinberg
et al. 2001; 2002). Recent findings demonstrate that
some bacteria can produce large (>100kDa) water-
borne, polar compounds that act as antifoulants
(Dobretsov & Qian, 2002; 2004; Harder et al.
2004a). Antifouling compounds could be particularly
large carbohydrates from bacteria that mainly accu-
mulate in the bacterial film matrix, and are released to
boundary layers only at low concentrations. Therefore,
the dispersal kinetics of water-borne biofouling micro-
bial metabolites will be another important future
research direction.

Opverall, marine bacteria could provide a source of
biologically active metabolites for the antifouling
industry and other biotechnological applications.
With the improvement of isolation and cultivation
techniques and the employment of molecular tools
for uncultivable strains, it may be possible to detect
more isolates, to identify more novel antifouling
compounds and to engineer ‘‘environmentally-
friendly’’ biotechnologies against biofouling.

Acknowledgements

We thank Dr T. Harder (Germany) for constructive
comments on the manuscript and Professor C.H.
Fernando (Canada) for proof-reading the manuscript.
This project was supported by a grant from China
Ocean Mineral Resources Research and Development
Association (COMRRDAO03/04.SC01) and a Hong
Kong RGC grant (HKUST6240/04M) to P-Y. Qian.

References

Adolph S, Bach S, Blondel M, Cueff A, Moreau M, Pohnert G,
Poulet SA, Wichard T, Zuccaro A. 2004. Cytotoxicity of
diatom-derived oxylipins in organisms belonging to different
phyla. J Exp Biol 207:2935 —2946.

Abarzua S, Kacan S, Fuchs P. 1999. Status and potential of natural
product antifouliants. In: Fingerman M, Nagabhushanam R,
Thompson F, editors. Recent advances in marine biotechnol-
ogy. Vol. 3. Biofilms, bioadhesion, corrosion, and biofouling.
Enfield, NH: Science Publishers Inc. pp 37-65.

Abreu PC, Roering LR, Gracia V, Odeberecht, Biddanda B. 2003.
Decoupling between bacteria and the surf-zone diatom
Asterionellopsis glacialis at Cassino Beach, Brazil. Aquat Microb
Ecol 32:219-228.

Armstrong E, Boyd KG, Burgess JG. 2000a. Prevention of marine
biofouling using natural compounds from marine organisms.
Biotech Ann Rev 6:221-241.



52 S. Dobretsov et al.

Armstrong E, Boyd KG, Pisacane A, Peppiatt CJ, Burgess JG.
2000b. Marine microbial natural products in antifouling
coatings. Biofouling 16:215—-224.

Bauer WD, Robinson JB. 2002. Disruption of bacterial quorum
sensing by other organisms. Curr Opin Biotech 13:234—237.

Bewley CA, Holland ND, Faulkner DJ. 1996. Two classes of
metabolites from Theonella swinhoei are localized in distinct
populations of bacterial symbionts. Experientia 52:716—722.

Bush K, Macielag M, Weidner-Wells M. 2004. Taking inventory:
antibacterial agents currently at or beyond phase 1. Curr Opin
Microb 7:466—476.

Burgess JG, Jordan EM, Bregu M, Mearns-Spragg A, Boyd KG.
1999. Microbial antagonism: a neglected avenue of natural
products research. J Biotech 70:27 —32.

Burgess JG, Boyd KG, Armstrong E, Jiang Z, Yan L, Berggren M,
May U, Pisacane T, Granmo A, Adams DR. 2003. The
development of a marine natural product-based antifouling
paint. Biofouling 19:197-205.

Burkholder PR, Pfister RM, Leitz FP. 1966. Production of a
pyrrole antibiotic by a marine bacterium. Appl Microbiol
14:649-653.

Clare AS. 1998. Towards non-toxic antifouling. J Mar Biotechnol
6:3-6.

Clare AS, Rittschof D, Gerhard D], Maki JS. 1992. Molecular
approaches to non-toxic antifouling. Invert Reprod Dev
22:67-176.

Costerton JW, Lewandowski Z, Caldwell DE, Korber DR,
Lappin-Scott HM. 1995. Microbial biofilms. Ann Rev Micro-
biol 49:711-745.

Dahms H-U, Dobretsov S, Qian P-Y. 2004. The effect of bacterial
and diatom biofilms on the settlement of the bryozoan Bugula
neritina. ] Exp Mar Biol Ecol 313:191-209.

Daume S, Brand-Gardner S, Woelkerling WJ. 1999. Preferential
settlement of abalone larvae: diatom films vs. non-geniculate
coralline red algae. Aquaculture 174:243—254.

Daume S, Krsinich A, Farrell S, Gervis M. 2000. Settlement, early
growth and survival of Haliotis rubra in response to different
algal species J Appl Phycol 12:479 —488.

Davies DG, Parsek MR, Pearson JP, Iglewski BH, Costerton JW,
Greenberg EP. 1998. The involvement of cell-to-cell signals in
the development of a bacterial biofilm. Science 280:295 —298.

Decho AW. 2000. Microbial biofilms in intertidal systems: an
overview. Continental Shelf Res 20:1257-1273.

Demain AL. 1999. Pharmaceutically active secondary metabolites
of microorganisms. Appl Microbiol Biotechnol 52:455—463.
Dobretsov S, Qian P-Y. 2002. Effect of bacteria associated with
the green alga Ulva reticulata on marine micro- and macrofoul-

ing. Biofouling 18:217 —228.

Dobretsov S, Qian P-Y. 2004. The role of epibotic bacteria from
the surface of the soft coral Dendronephthya sp. in the inhibition
of larval settlement. J] Exp Mar Biol Ecol 299:35-50.

Dobretsov S, Dahms H-U, Qian P-Y. 2004. Antilarval and
antimicrobial activity of waterborne metabolites of the sponge
Callyspongia (Euplacella) pulvinara: evidence of allelopathy. Mar
Ecol Prog Ser 271:133 - 146.

Egan S, James S, Kjelleberg S. 2002. Identification and
characterization of a putative transcriptional regulator control-
ling the expression of fouling inhibitors in Pseudoalteromonas
tunicatae. Appl Environ Microbiol 68:372—378.

Egan S, Thomas T, Holmstrem C, Kjelleberg S. 2000.
Phylogenic relationship and antifouling activity of bacterial
epiphytes from marine algae Ulva lactuca. Environ Microbiol
2:343-347.

Egan S, James S, Holmstrem C, Kjelleberg S. 2001. Inhibition of
algal spore germination by the marine bacterium Pseudoalter-
omonas tunicata. FEMS Microbiol Ecol 35:67—73.

Evans SM. 1999. TBT or not TBT?: that is the question.
Biofouling 14:117-129.

Faulkner DJ. 2000. Marine natural products. Nat Prod Rep
17:7-55.

Fenical W. 1993. Chemical studies of marine bacteria: developing
a new resource. Chem Rev 93: 1673 -1683.

Fenical W, Jensen PR. 1993. Enzyme inhibitors and other
bioactive compounds from marine actinomycetes. In: Attaway
D, Zaborsky O, editors. Marine biotechnology. Vol. 1.
New York: Plenum Press. pp 419—-457.

Fenical W, Pawlik JR. 1991. Defensive properties of secondary
metabolites from the Caribbean gorgonian coral Erythropodium
caribaeorum. Mar Ecol Prog Ser 75:1-8.

Fusetani N. 2004. Biofouling and antifouling. Nat Prod Rep
21:94-104.

Gauthier M]J. 1976. Alteromonas rubra sp. nov., a new marine
antibiotic-producing bacterium. Int J Syst Bacteriol 26:459—
466.

Gauthier MJ. 1977. Alteromonas citrea, a new Gram-negative,
yellow-pigmented species from seawater. Int J Syst Bacteriol
27:349 -354.

Gauthier M]J, Flatau GN. 1976. Antibacterial activity of marine
violet-pigmented Alteromonas with special reference to the
production of brominated compounds. Can ] Microbiol
22:1612-1619.

Gauthier M]J, Breittmayer VA. 1979. A new antibiotic-producing
bacterium from seawater: Alteromonas aurantia sp. nov. Int J
Syst Bacteriol 29:366—372.

Grossart HP, Kierboe T, Tang K, Ploug H. 2003. Bacterial
colonization of particles: growth and interactions. Appl Environ
Microb 69:3500—-3509.

Hadfield MG, Paul V]J. 2001. Natural chemical cues for
settlement and metamorphosis of marine-invertebrate larvae:
In: McClintock JB, Baker BJ, editors. Marine chemical ecology.
Boca Raton, FL: CRC Press. pp 431-461.

Haglund A-L, T6érnblom E, Bostrém B, Tranvik L. 2002. Large
differences in the fraction of active bacteria in plankton,
sediments, and biofilm. Microb Ecol 43:232—-241.

Harder T, Lam C, Qian P-Y. 2002. Induction of larval settlement
in the polychaete Hydroides elegans by marine biofilms: an
investigation of monospecific diatom films as settlement cues.
Mar Ecol Prog Ser 229:105-112.

Harder T, Dobretsov S, Qian P-Y. 2004a. Waterborne polar
macromolecules act as algal antifoulants in the seaweed Ulva
reticulata. Mar Ecol Prog Ser 274:133-141.

Harder T, Lau SCK, Tam WY, Qian P-Y. 2004b. An ecologically
realistic method to investigate chemically-mediated defense
against microbial epibiosis in marine invertebrates by using
TRFLP analysis and natural bacterial populations. FEMS
Microbiol Ecol 47:93-99.

Hay ME. 1996. Marine chemical ecology: what is known and what
is next. ] Exp Mar Biol Ecol 200:103 - 134.

Hay MF, Fenical W. 1988. Marine plant-herbivore interaction: the
ecology of chemical defence. Ann Rev Ecol Syst 19:111-145.

Heid CA, Stevens ], Lival KJ, Williams PM. 1996. Real time
quantitative PCR. Gen Res 6:986—994.

Hildebrand M, Waggoner LE, Liu H, Sudek S, Allen S, Anderson
C, Sherman DH, Haygood M. 2004. BryA: an unusual
modular polyketide synthase gene from the uncultivated
bacterial symbiont of the marine bryozoan Bugula neritina.
Chem Biol 11:1543-1552.

Hodgson G. 1990. Sediment and the settlement of larvae of the
reef coral Pocillopora damicornis. Coral Reefs 9:41—43.

Holmstrem C, Kjelleberg S. 1999. Marine Pseudoalteromonas
species are associated with higher organisms and produce active
extracellular compounds. FEMS Microbiol Ecol 30:285-293.

Holmstrem C, Rittschof D, Kjelleberg S. 1992. Inhibition of
settlement of larvae of Balanus amphitrite and Cliona intestinalis
by a surface-colonizing marine bacterium. Appl Env Microb
58:2111-2115.



Holmstrem C, James S, Egan S, Kjelleberg S. 1996. Inhibition of
common fouling organisms by marine bacterial isolates with
special reference to the role of pigmented bacteria. Biofouling
10:251-259.

Holmstrem C, Egan S, Franks A, McCloy S, Kjelleberg S. 2002.
Antifouling activities expressed by marine surface associated
Pseudoalteromonas species. FEMS Microbiol Ecol 41:47-58.

Hotta K, Okami Y, Umezawa H. 1980. Studies on new amino-
glycoside antibiotics, istamycins, from an actinomycete
isolated from a marine environment. II. Possible involvement
of plasmid in istamycin production. ] Antibiot (Tokyo)
33:1510-1514.

Huang S, Hadfield M. 2003. Composition and density of bacterial
biofilms determine larval settlement of the polychaete Hydroides
elegans. Mar Ecol Prog Ser 260:161—172.

Imada C. 2005. Enzyme inhibitors and other bioactive com-
pounds from marine actinomycetes. Antonie van Leeuwenhoek
87:59-63.

James G, Holmstrom C, Kjelleberg S. 1996. Purification and
characterization of a novel antibacterial protein from the marine
bacterium D2. Appl Env Microb 62:2783—2788.

James R], Underwood AJ. 1994. Influence of colour of substratum
on recruitment of spirorbid tubeworms to different types of
intertidal boulders. J Exp Mar Biol Ecol 181:105-115.

Jin T, Qian P-Y. 2005. Amino acid exposure modulates the
bioactivity of biofilms for larval settlement of Hydroides elegans
by altering bacterial community components. Mar Ecol Prog
Ser 297:169-179.

Joint I, Callow ME, Callow JA, Clarke KR. 2002. The attachment
of Enteromorpha zoospores to a bacterial biofilm assemblage.
Biofouling 16:151—158.

Kang Y-H, Kim J-D, Kim B-H, Kong D-S, Han M-S. 2005.
Isolation and characterization of a bio-agent antagonistic to the
diatom, Stephanodiscus hantzschii. ] Appl Microbiol 98:1030—
1038.

Keough MJ, Raimondi PT. 1996. Responses of settling inverte-
brate larvae to bioorganic films: effects of large-scale variation
in films. J Exp Mar Biol Ecol 207:59-78.

Kirchman D, Graham D, Reish D, Mitchell R. 1982. Lectins may
mediate in the settlement and metamorphosis of Fanua
(Dexiospira) brasiliensis Grube (Polychaetea: Spirorbidae). Mar
Biol Lett 3:201-222.

Kon-ya K, Shimidzu N, Otaki N, Yokoyama A, Adachi K, Miki W.
1995. Inhibitory effect of bacterial ubiquinones on the settling of
barnacle, Balanus amphitrite. Experientia 51:153—155.

Lam C, Harder T, Qian P-Y. 2003. Induction of larval settlement
in the polychaete Hydroides elegans by surface-associated
settlement cues of marine benthic diatoms. Mar Ecol Prog
Ser 263:83-92.

Lam CC, Harder T, Qian P-Y. 2005. Induction of larval
settlement in the polychaete Hydroides elegans by extracellular
polymers of benthic diatoms. Mar Ecol Prog Ser 286:145 —154.

Lau SCK, Qian P-Y. 1997. Phlorotannins and related compounds
as larval settlement inhibitors of a tube-building polychaete
Hydroides elegans (Haswell). Mar Ecol Prog Ser 159:219-
2217.

Lau SCK, Qian P-Y. 2001. Larval settlement in the serpulid
polychaete Hydroides elegans in response to bacterial films: an
investigation of the nature of putative larval settlement cue. Mar
Biol 138:321-328.

Lau SCK, Thiyagarajan V, Qian P-Y. 2003. The bioactivity of
bacterial isolates in Hong Kong waters for the inhibition of
barnacle (Balanus amphitrite Darwin) settlement. J] Exp Mar
Biol Ecol 282:43-60.

Lau SCK, Mak KKW, Chen F, Qian P-Y. 2002. Bioactivity of
bacterial strains from marine biofilms in Hong Kong waters for
the induction of larval settlement in the marine polychaete
Hydroides elegans. Mar Ecol Prog Ser 226:301-310.

Microbial inhibition of biofouling 53

Le Tourneux F, Bourget E. 1988. Importance of physical and
biological settlement cues used at different scales by the larvae
of Semibalanus balanoides. Mar Biol 97:57 - 66.

Lee OO, Qian P-Y. 2003. Chemical control of bacterial epibiosis
and larval settlement of Hydroides elegans in the red sponge
Mycale adhaerens. Biofouling 19:171—180.

Lee OO, Qian P-Y. 2004. Potential control of bacterial epibiosis
on the surface of the sponge Mycale adhaerens. Aquat Microb
Ecol 34:11-21.

Liu WT, Marsh TL, Cheng H, Forney LJ. 1997. Characterization
of microbial diversity by determining terminal restriction
fragment length polymorphisms of genes encoding 16S rRNA.
Appl Environ Microbiol 63:4516—4522.

Long RA, Qureshi A, Faulkner DJ, Azam F. 2003. 2-n-pentyl-4-
quinolinol produced by a marine Alteromonas sp. and its
potential ecological and biogeochemical roles. Appl Environ
Microbiol 69:568-576.

Lovejoy C, Bowman JP, Hallegraeff GM. 1998. Algicidal effects of
a novel marine Pseudoalteromonas isolate (class Proteobacteria,
gamma subdivision) on harmful algal bloom species of the
genera Chartonella, Gymnodinium, Heterosigma. Appl Environ
Microbiol 64:2806—2813.

Maki JS. 1999. The influence of Marine microbes on biofouling.
In: Fingerman M, Nagabhushanam R, Thompson F, editors.
Recent advances in marine biotechnology, Vol. 3. Biofilms,
bioadhesion, corrosion, and biofouling. Enfield, NH: Science
Publishers Inc. pp 147-171.

Maki J. 2002. Biofouling in the marine environment. In: Bitton H,
editor. Encyclopedia of environmental microbiology. New York:
Wiley & Sons. pp 610-619.

Maki JS, Rittschof D, Costlow JD, Mitchell R. 1988. Inhibition of
attachment of larval barnacles, Balanus amphitrite, by bacterial
surface films. Mar Biol 97:199-206.

Maki JS, Ding L, Stokes ], Kavouras JH, Rittschof D. 2000.
Substratum/bacterial interactions and larval attachment: films
and exopolysaccharides of Halomonas marina (ATCC 25374)
and their effect on barnacle cyprid larvae, Balanus amphitrite
Darwin. Biofouling 16:159—-170.

Marshall KC, Stout R, Mitchell R. 1971. Mechanism of the initial
events in the sorption of marine bacteria to surfaces. ] Gen
Microbiol 68:337—-341.

Mary A, Mary V, Rittschof D, Nagabhushanam R. 1993.
Bacterial-barnacle interaction: potential of using juncellins
and antibiotics to alter structure of bacterial communities.
J Chem Ecol 19:2155-2167.

McCarthy SA, Johnson RM, Kakimoto D. 1994. Characterization
of an antibiotic produced by Alteromonas luteoviolacea Gauthier
1982, isolated from Kinko Bay. Japan ] Appl Bacteriol
77:426—-432.

McClean KH, Winson MK, Fish L, Taylor A, Chhabra SR,
Camara M. 1997. Quorum sensing and Chromobacterium
violaceum: exploitation of violacein production and inhibition
for the detection of N-acylhomoserine lactones. Microbiol
143:3703-3711.

McLean RJC, Pierson LS, Fuqua C. 2004. A simple screening
protocol for the identification of quorum sensing signal
antagonists. J] Microbiol Methods 58:351—-360.

Mearns-Spragg A, Bregu M, Boyd KG, Burgess JG. 1998. Cross-
species induction and enhancement of antimicrobial activity
produced by epibiotic bacteria from marine algae and
invertebrates after exposure to terrestrial bacteria. Lett Appl
Microb 27:142 - 146.

Mitchell R, Maki JS. 1988. Microbial surface films and their
influence on larval settlement and metamorphosis in the marine
environment. In: Thompson M-F, Sarojini R, Nagabhushanam
R, editors. Marine biodeterioration: advanced techniques
applicable to the Indian Ocean. New Delhi: Oxford & IBH
Publishing Company. pp 489—-497.



54 S. Dobretsov et al.

Oclarit JM, Okada H, Ohta S, Kaminura K, Yamaoka Y, lisuka T,
Miyashiro S, Ikegami S. 1994. Anti-bacillus substance in the
marine sponge, Hyatella species, produced by an associated
Vibrio species bacterium. Microbios 78:7—16.

Okazaki T, Kitahara T, Okami Y. 1975. Studies on marine
microorganisms. IV. A new antibiotic SS-228 Y produced by
Chainia isolated from shallow sea mud. J Antibiot (Tokyo)
28:176—-184.

Olguin-Uribe G, Abou-Mansour E, Boulander A, Debard H,
Francisco C, Combaut G. 1997. 6-Bromoindole-3-carbaldehyde,
from an Acinetobacter sp. Bacterium associated with the ascidian
Stomoza murrayi. ] Chem Ecol 23:2507 — 2521.

Parsek MR, Greenberg EP. 2000. Acyl-homoserine lactone
quorum sensing in Gram-negative bacteria: a signaling me-
chanism involved in associations with higher organisms. Proc
Natl Acad Sci USA 97:8789—-8793.

Patel P, Callow ME, Joint I, Callow JA. 2004. Specificity in larval
settlement — modifying response of bacterial biofilms towards
zoospores of the marine alga Enteromorpha. Env Microb 5:338 —
349.

Pohnert G, Boland W. 2002. The oxylipin chemistry of attraction
and defense in brown algae and diatoms. Nat Prod Rep
19:108-122.

Qian P-Y. 1999. Larval settlement of polychaetes. Hydrobiologia
402:239-253.

Qian P-Y, Rittschof D, Sreedhar B. 2000. Macrofouling in
unidirectional flow: miniature pipes as experimental models
for studying the interaction of flow and surface characteristics
on the attachment of barnacle, bryozoan and polychaete larvae.
Mar Ecol Prog Ser 207:109-121.

Qian P-Y, Thiyagarajan V, Lau SCK, Cheung SCK. 2003.
Relationship between bacterial community profile in biofilm
and attachment of the acorn barnacle Balanus amphitrite. Aquat
Microb Ecol 33:225-237.

Railkin AI. 2004. Marine biofouling: colonization processes and
defenses. Boca Raton, FL: CRC Press.

Railkin AI, Dobretsov SV. 1994. Effect of bacterial repellents and
narcotising substances on marine macrofouling. Russ J Mar
Biol 20:16-21.

Rao D, Webb JS, Kjelleberg S. 2005. Competitive interactions in
mixed-species biofilms containing the marine bacterium
Pseudoalteromonas tunicate. Appl Environ Microb 71:1729—
1736.

Rice SA, Givskov M, Steinberg, Kjelleberg S. 1999. Bacterial
signals and antagonists: the interaction between bacteria and
higher organisms. ] Mol Microbiol Biotechnol 1:23-31.

Rittschof D. 2000. Natural product antifoulants: one perspective
on the challenges related to coatings development. Biofouling
15:119-125.

Rittschof D. 2001. Natural product antifoulants and coatings
development. In: McClintock JB, Baker BJ, editors. Marine
chemical ecology. Boca Raton, FL.: CRC Press. pp 543-566.

Rittschof D, Branscomb ES, Costlow JD. 1984. Settlement and
behaviour in relation to flow and surface in the barnacle,
Balanus amphitrite Darwin. ] Exp Mar Biol Ecol 82:131 - 146.

Rodriguez SR, Ojeda FP, Inestrosa NC. 1993. Settlement of
benthic marine invertebrates. Mar Ecol Prog Ser 97:193-207.

Romano G, Russo GL, Buttino I, Ianora A, Miralto A. 2003. A
marine diatom-derived aldehyde induces apoptosis in copepod
and sea urchin embryos. J Exp Biol 206:3487 —3494.

Rouhi AM. 1998. The squeeze of tributyltins. Chem Eng News
April 27:41-42.

Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies DG.
2002. Pseudomonas aeruginosa displays multiple pheno-
types during development as a biofilm. J Bacteriol 184:1140—
1154.

Scheltema RS. 1974. Biological interactions determining larval
settlement of marine invertebrates. Thalassia Jugosl 10:263 —
296.

Schumacher RW. 2003. Isolation and structure determination of
an antimicrobial ester from a marine sediment-derived bacter-
ium J Nat Prod 66:1291—-1293.

Skovhus TL, Ramsing NB, Holmstrem C, Kjelleberg S, Dahllof 1.
2004. Real-time quantitative PCR for assessment of abundance
of Pseudoalteromonas species in marine samples. Appl Environ
Microbiol 70:2373—2382.

Steinberg PD, De Nys R, Kjelleberg S. 2001. Chemical mediation
of surface colonization. In: McClintock JB, Baker JB, editors.
Marine chemical ecology. Boca Raton, FL: CRC Press.
pp 355-387.

Steinberg PD, De Nys R, Kjelleberg S. 2002. Chemical cues for
surface colonization. ] Chem Ecol 28:1935-1951.

Stoodley P, Sauer K, Davies DG, Costerton JW. 2002. Biofilms
as complex differentiated communities. Ann Rev Microbiol
56:187-209.

Thakur NL, Anil AC. 2000. Antibacterial activity of the sponge
Ircinia ramosa: importance of its surface-associated bacteria.
J Chem Ecol 26:57-72.

Thomas KV. 2001. The environmental fate and behaviour
of antifouling paint booster biocides: a review. Biofouling 17:
73-86.

Thompson JE. 1985. Exudation of biologically-active metabolites
in the sponge Aplysina fistularis. 1. Biological evidence. Mar Biol
88:23-26.

Wagner-Dabler I, Beil W, Lang S, Meiners M, Laatsch H. 2002.
Integrated approach to explore the potential of marine
microorganisms for the production of bioactive metabolites.
Adv Biochem Eng Biotechnol 74:207 —238.

Wahl M. 1997. Living attached: aufwuchs, fouling, epibiosis.
In: Nagabhushanam R, Thompson M, editors. Fouling
organisms of the Indian Ocean: biology and control
technology. New Delhi: Oxford & IBH Publishing Company.
pp 31-84.

Wichard T, Poulet S, Halsband-Lenk C, Albaina A, Harris R,
Liu D, Pohnert G. 2005. Survey of the chemical defence
potential of diatoms: screening of fifty species for alpha,
beta, gamma, delta-unsaturated aldehydes. J Chem Ecol
31:949-958.

Wieczorek SK, Todd CD. 1998. Inhibition and facilitation of the
settlement of epifaunal marine invertebrate larvae by microbial
biofilm cues. Biofouling 12:81—93.

Wigglesworth-Cooksey B, Cooksey KE. 2005. Use of fluorophore-
conjugated lectins to study cell-cell interactions in model
marine biofilms. Appl Environ Microbiol 71:428-435.

Willemsen ER, Ferrari GM. 1993. The use of anti-fouling
compounds from sponges in antifouling paints. JOCCA
10:423-427.

Wright JP, Gurney WSC, Jones CG. 2004. Patch dynamics in
a landscape modified by ecosystem engineers. Oikos 105: 336 —
348.

Yebra DM, Kiil S, Dam-Johansen K. 2004. Antifouling tech-
nology — past, present and future steps towards efficient and
environmentally friendly antifouling coatings. Prog Organic
Coatings 50:75—104.



