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Abstract

In the marine environment, biofilms on submerged
surfaces can promote or discourage the settlement
of invertebrate larvae and macroalgal spores. The
settlement-mediating effects of biofilms are be-
lieved to involve a variety of biofilm attributes
including surface chemistry, micro-topography, and
a wide range of microbial products from small-
molecule metabolites to high-molecular weight
extracellular polymers. The settled organisms in
turn can modify microbial species composition of
biofilms and thus change the biofilm properties and
dynamics. A better understanding of biofilm dy-
namics and chemical signals released and/or stored
by biofilms will facilitate the development of
antifouling and mariculture technologies. This re-
view provides a brief account of 1) existing knowl-
edge of marine biofilms that are relevant to
settlement mediation, 2) biotechnological applica-
tion of biofilms with respect to developing non-toxic
antifouling technologies and improving the opera-
tion of aquaculture facilities, and 3) challenges and
future directions for advancing our understanding of
settlement-mediating functions of biofilms and for
applying this knowledge to real-life situations.
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Introduction

Most sessile marine organisms produce planktonic
propagules referred to as larvae for invertebrates and
spores for algae. The planktonic phase lasts for
minutes, hours, days, weeks, or even months while
the propagules grow, develop, and drift for various
distances in the water column before they settle in
new habitats (Qian 1999; Levin 2006). The settle-
ment process is characterized by habitat explora-
tion, which is often followed by a cascade of
ontogenetic events and terminates planktonic exis-
tence when propagules finally attach to substrates.
The establishment of a new community of inverte-
brates or algae on solid surfaces is commonly
referred to as colonization.

Sessile marine organisms can be either a nui-
sance or a valuable resource to maritime activities,
depending on the species of concern and the
location of the settlement. For instance, the coloni-
zation of man-made structures by invertebrates and
algae poses serious threats to the safe and efficient
operation of vessels and equipment and consequent-
ly leads to enormous economic losses for maritime
industries (Yebra et al. 2004). The nuisance phe-
nomenon is commonly referred to as Bbiofouling^
and the associated mitigation measures are called
Bantifouling^ techniques (Clare 1998). There is a
substantial industrial and commercial interest in
controlling the biofouling process. In contrast, a big
challenge for the operation of aquaculture farms
(i.e., shellfish and algae) and the rehabilitation of
marine habitats is how to effectively and/or pur-
posely induce the settlement of larvae and spores to
replenish the broodstocks of commercially valuable
or ecologically important sessile organisms. In
addition, aquaculture farm operations are also
challenged by the settlement of biofouling speciesCorrespondence to: P.-Y. Qian; E-mail: boqianpy@ust.hk
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that blocks nets and cages, and outcompete the
farmed species for space and food (Braithwaite and
McEvou 2005). Although the purpose of antifouling
technologies is completely opposite to that of
aquaculture farming and marine habitat conserva-
tion, the operational principle is the same; we can
manipulate the behavior and physiology of inverte-
brate larvae and algal spores during their habitat
exploration and settlement.

In 1935, Zobell and Allen first observed that
the settlement of invertebrate larvae was enhanced
by a thin layer of microbial aggregates present on
artificial substrates. These thin microbial aggre-
gates, referred to as biofilms, are ubiquitous on all
aquatic surfaces (Cooksey and Wiggleworth-
Cooksey 1995; Allison 2003) and are composed of
bacteria, diatoms, fungi, unicellular algae, and
protozoa (Marshall and Bowden 2000; Maki 2002).
During habitat exploration and settlement plank-
tonic propagules typically interface with biofilms.
In recent years, there has been a resurgence of
research interest on interaction between settling
propagules and biofilms, fueled by new experimen-
tal evidence that marine biofilms are instrumental
to habitat selection and the onset of settlement
events for many sessile marine organisms (Maki
1999; Huang and Hadfield 2003; Railkin 2004; Qian
et al. 2003). For example, recent laboratory studies
suggest that invertebrate larvae can distinguish
between biofilms having different microbial com-
munity structure and can Bchoose^ to settle on or
to reject biofilms of different origins and physio-
logical qualities (Lau et al. 2005; Hung et al. 2005a,
b; Dobretsov and Qian 2006). The properties of
biofilms responsible for the mediation of settle-
ment include surface chemistry, micro-topography,
and a wide variety of microbial products ranging
from small-molecule metabolites to high-molecu-
lar weight extracellular polymers (Harder et al.
2002a; Lau et al. 2003a; Lam et al. 2005a, b).

There has also been increased evidence that
propagule settlement can be induced or inhibited by
manipulating settlement-relevant attributes of bio-
films or by presenting biofilm mimetic of those
attributes to invertebrate larvae and algal spores
(Maki 1999; Callow and Callow 2000; Maki et al.
2000; Qian et al. 2003). This novel approach to
controlling the settlement process of sessile marine
organisms constitutes a promising direction in the
development of novel biotechnologies for mitigat-
ing biofouling in a nontoxic manner, increasing the
yield of aquaculture, and facilitating conservation
management of benthic marine habitats.

The aims of this review are to discuss (1)
existing knowledge of marine biofilms that are

relevant to settlement mediation; (2) biotechnolog-
ical implications of biofilms with respect to devel-
oping nontoxic antifouling technologies, improving
the operation of aquaculture facilities, and facilitat-
ing the rehabilitation of benthic marine habitats;
and (3) current challenges and future directions for
advancing our understanding of settlement-mediat-
ing functions of biofilms and for applying this
knowledge to real-life situations.

Biofilm Formation and Dynamics

Much of the early biofilm work focused on the
biofilm development process. It became clear that
within seconds following the initial exposure of a
surface to seawater, dissolved organic matter
adheres to the surface and forms a thin (G100 nm)
conditioning film referred to as molecular fouling
(Little and Zsolnay 1985). Consequently, the surface
receives new physiochemical properties (Charaklis
and Cooksey 1983), which subsequently affect the
type and kinetics of primary colonizers to be
recruited to the surface (Schneider and Marshall
1994). Among the primary colonizers bacteria are
usually dominant components owing to their high
abundance in seawater (õ105�106cells ml

_1) (Dang
and Lovell 2000). Bacterial cells establish the first
surface contact and interact with the conditioning
films. It is thus possible to alter primary coloniza-
tion by manipulating surface physiochemical prop-
erties, as demonstrated by Ista et al. (1996). At any
time, other microbes that displace or cooperate
effectively with existing members will join the
biofilm community and go through the same life
cycle (Marshall and Bowden 2000).

Meanwhile, over the past decade, quorum sens-
ing signaling has become an emerging field of
biofilm research. It is now generally accepted that
bacteria produce and respond to chemical signals
and that cell-to-cell communications leads to the
coordination and reorganization of microbial activ-
ities (Parsek and Greenberg 1999). Quorum sensing
also controls how biofilms develop, what kind of
microbial structure the biofilms will have, and how
individual microbes disperse in biofilms (Parsek and
Greenberg 1999; Greenberg 2003 and references
cited therein). The link between quorum sensing
and biofilm development has stimulated recent
work in bacterial community dynamics.

The succession of a biofilm community can be
influenced by a number of physiological and biolog-
ical events initiated by primary colonizers, as well
as by the modification of physical and biochemical
properties of the surface, which determine the
types/species of bacteria to be recruited as second-
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ary colonizers (Lappin-Scott and Costerton 1989).
Synergistic and/or competitive interactions among
colonizers, together with the arrival of new recruits
and/or loss of previous colonists, continuously
shape the biofilm community (Wimpenny 1996).
Biofilm succession is also influenced by physical
and chemical conditions of the external environ-
ment. For example, microbes capable of rapid
adhesion have a distinct selective advantage in
turbulent flows. Moreover, nutrient loads in the
aqueous phase determine the number, type, and
metabolic state of planktonic microbes available to
surfaces, as well as the tendency of the microbes to
adhere to surfaces and become part of the biofilm
community. On the other hand, microbes also have
the ability to deliberately detach from biofilms
when the local conditions become unfavorable
(Maki 1999).

Diatoms will attach to the surface at any time
during biofilm development and grow when light is
sufficient (Cooksey et al. 1984). The proliferation of
diatoms and bacteria in biofilm results in a patchy
distribution of microcolonies. As the thickness of
the biofilm increases, sharp gradients of pH and
dissolved oxygen develop within the biofilms. The
metabolic byproducts of microbes living in the
deeper zones have important implications in metal
corrosion (Acuňa et al. 2006).

The structure and composition of biofilms as
well as their mediatory effects on microbial and
larval propagules are very dynamic owing to
changes in environmental variables. Since even a
mature biofilm is never static, the relationship
between habitat and biofilm community is tight
and reciprocal so that the structure, composition
and/or physiology of a biofilm community effec-
tively reflect key environmental factors of a
substratum.

Response of Larvae and Algal Spores to Biofilms

Natural biofilms can either enhance (Kirchman et al.
1982; Mitchell and Maki 1988; Callow and Callow
2000; Qian et al. 2003; Huang and Hadfield 2003;
Hung et al. 2005a, b; Lau et al. 2005), or inhibit
settlement of marine invertebrate larvae and macro-
algal spores (Maki et al. 1988; Holmstrøm et al.
1992; Egan et al. 2001; Dobretsov and Qian 2002;
Dobretsov and Qian 2004), or have no observable
effect (Todd and Keough 1994; Lau et al. 2003a). The
ability of larvae and spores to differentiate between
biofilms of varying composition (e.g., Patel et al.
2003; Lau et al. 2005), density (e.g., Maki et al. 1988;
Joint et al. 2002a), metabolic activity (e.g., Holmstrøm
and Kjelleberg 1999), age (e.g., Szewzyk et al. 1991;

Keough and Raimondi 1996), or origin (Qian et al.
2003; Thiyagarajan et al. 2005; Dobretsov and Qian
2006) is remarkable, indicating a finely tuned
response by dispersal stages to mediatory cues
present in biofilms. In general, bacterial biofilms
of different species differ significantly with respect
to their mediatory effect on larval and spore
settlement (Holmstrøm et al. 1996; Lau et al.
2002; Huang and Hadfield 2003; Patel et al. 2003).
The relative proportion of inhibitive and inductive
strains in biofilms varies with environmental con-
ditions (Dobretsov et al. 2006). However, there is no
predictive relationship between the phylogenetic
affiliation of bacteria and their effects on larval or
spore settlement (Lau et al. 2002; Patel et al. 2003;
Dobretsov and Qian 2004).

While some invertebrate species only settle on
biofilms with viable bacterial cells, (Lau et al.
2003b), others can settle on biofilms of nonviable
cells (Hung et al. 2005a). In an effort to identify the
settlement signal of the common fouling tubeworm
Hydroides elegans, it has been suggested that
bacterial extracellular polymeric substance (EPS)
facilitates larval settlement by scavenging water-
borne cues produced by bacteria (Harder et al.
2002a; Lau et al. 2003a). Similar to the studies on
monospecies bacterial films, monospecies benthic
diatom films are categorized in regard to their
mediatory effect on larval settlement (Harder et al.
2002b). Contrary to bacterially induced larval set-
tlement by waterborne bacterial metabolites, the
mediatory effect of diatoms is evoked by diatom
EPS in two studies by Lam et al. (2003, 2005a).
Differences (i.e., molecular weight and monomer
composition) between EPS obtained from diatoms
grown under different environmental conditions are
clearly reflected in the larval settlement response
(Lam et al. 2005b), confirming the ability of larvae
to distinguish between biofilms of varying compo-
sition, physiological condition, and growth phase
(Wieczorek and Todd, 1998f).

As mentioned earlier, in recent years numerous
studies have shown that quorum sensing signals are
involved in cell-to-cell communication within pro-
karyotes and between prokaryotes and eukaryotes
(Parsek and Greenberg 1999; Joint et al. 2002b; Yan
et al. 2003; Tait et al. 2005). At least one class of
quorum sensing signals, acetylated homoserine
lactones (AHLs), is recognized as a mediatory cue
for algal spore settlement (Joint et al. 2002a). For
instance, zoospores of the marine green alga Ulva
intestinalis respond to quorum sensing signal mol-
ecules on bacterial films for the selection of surface
sites for permanent attachment (Joint et al. 2002a)
and spore settlement is positively correlated with
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the density of wild-type V. anguillarum biofilms, but
not to the density of bacterial strains unable to
produce AHLs (Tait et al. 2005). In fact, U. intestinalis
zoospores appear to be able to sense a range of
different AHL molecules, which is indicated by the
fact that spores often settle directly on bacterial
cells and on the sites of concentrated AHL produc-
tion. More recently, Wheeler et al. (2006) shows that
U. intestinalis zoospores rapidly reduce swimming
speed when they are exposed to specific AHLs. The
effect on swimming speed becomes more pro-
nounced with proximity to a point source of
AHL, resulting in a massive accumulation of
zoospores around the point source. The authors
argue that the decreased swimming speed may
contribute to increased settlement on bacterial
biofilms by both concentrating zoospore numbers
and increasing the likelihood that settlement will
occur. These studies clearly demonstrate the rec-
ognition of quorum sensing signals between pro-
karyotes and eukaryotes, suggesting that quorum
sensing signals released by marine bacteria in
biofilms are important not only for biofilm for-
mations but also for settlement of propagules of
marine organisms.

Since cells in natural biofilms are conglutinated
in a blend of EPS, a combined or synergistic effect of
EPS of the resident cells and metabolites on larvae and
spores may be a likely mode of action (Harder et al.
2002a). A wide range of hitherto nearly unknown
Binfochemicals^ affecting biofouling processes are
encrypted in marine biofilms (Harder et al. 2002b;
Dahms and Qian 2005; Dahms et al. 2004). In
summary, biofilm components, such as bacteria and
diatoms, can be regarded as small-scale proxies,
indicating the suitability of substrata for larvae of
sessile invertebrates and algal spores seeking a
permanent settlement site.

Technological Implications of Biofilms

Antifouling technologies. The recruitment and
growth of sessile organisms on man-made
structures causes serious problems to maritime
industries and navies around the world (Yebra et al.
2004, Whelan and Regan 2006). Micro- and
macrofouling reduces the hydrodynamic efficiency
of ships and propellers, leads to pipeline blockage,
and sensor malfunction, and increases the weight of
appliances deployed in seawater. Since biofilms are
important cues for larval settlement, effective
control and/or manipulation of biofilm formation
on the surfaces of marine structures should be a
primary target of biofouling control (Evans and
Hoagland 1986). One well-known example of such

defense in nature is the red alga Delisea pulchra,
which produces halogenated furanones that
interfere with bacterial quorum sensing signals,
inhibit bacterial growth, biofilm formation (Rice et
al. 1999), and larval settlement (de Nys et al. 1995)
and algal spore attachment (Dworjanin et al. 2006).

Marine microbes are a potent source of antifoul-
ing compounds. Yet so far, only a small number of
marine bacteria have been screened and only several
anti-settlement compounds have been isolated and
identified (Fusetani 2002; Dobretsov et al. 2006; Paul
et al. 2006). Inhibitor of the barnacle Balanus
amphitrite larval settlement ubiquinone-8 (1) was
produced by the marine bacterium Alteromonas sp.
isolated for the marine sponge Halichondria okadai
(Kon-ya et al. 1995). Similarly, the bacterium
Acinetobacter sp., isolated from the surface of the
ascidians Stomosoa murrayi produces inhibiting
compounds for larval settlement of B. amphitrite
(Olguin-Uribe et al. 1997). Recently, five antifouling
diketopiperazines were isolated from the deep sea
bacterium Streptomyces fungicidicus (Li et al.
2006). Fifty percent effective concentrations (EC50)
of these compounds against larval settlement were
quite low compare to the other antifouling agents
and above mentioned bacterial antifouling com-
pound. These examples showed that bacterial com-
pounds may be used for biofouling control.

Antifouling compounds have also been isolated
from the tissues of macroorganisms (Fusetani 2004;
Blunt et al. 2006; Paul et al. 2006), but using
microbes as sources of antifouling compounds has
clear advantages. First of all, compound supply has
always been a bottleneck of marine natural product
chemistry; it is almost impossible to harvest suffi-
cient macroorganisms from the natural environ-
ment or from mariculture farms to meet the needs
of commercialization of bioactive compounds. In
contrast, it is possible to develop large-scale bacte-
rial cultures for compound productions on a com-
mercial scale. Secondly, microorganisms that
produce the compounds can be genetically modified
to increase the yield (Demain and Davies 1999).
Thirdly, bacterial strains of the same species can
produce different compounds under different cul-
ture conditions, thereby increasing the potential
number of bioactive compounds (Armstrong et al.
2001). Since only a small proportion of microorgan-
isms have been screened for antifouling compounds
more effort should be made to isolate and culture
microbes, especially from extreme environments,
since microbes from such environments have rarely
been studied and may produce novel chemical
compounds. Furthermore, paint matrices that are
compatible with the chemistry of the novel anti-
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fouling compounds may need to be developed. This
process will require an intense co-operation be-
tween academic institutions and industry (Rittschof
2000).

Chemical compounds produced by microorgan-
isms can not only modify biofilms (i.e. disrupt or
enhance the growth of existing biofilms) but also
induce or inhibit larval settlement (Dobretsov et al.
2006). For example, antifungal, antibacterial, anti-
algal, and antilarval compounds were isolated from
the epibiotic bacterium Pseudoalteromonas tunicate
(Holmstrøm et al. 1996; Holmstrøm and Kjelleberg
1999, Egan et al. 2001). Therefore, microorganisms,
which not only directly inhibit the formation of
biofilms and the growth of microfoulers but also
indirectly affect the settlement of invertebrate
larvae and algal spores, will be promising source
for future antifouling applications.

Along these lines of reasoning, Wahl (1997)
proposed that industrial appliances can be protected
by bacteria growing on their surfaces. Possibility of
surface protection by Bliving bacterial paints^ was
demonstrated by Holmstrøm et al. (2002). The
question of whether bacterial biofilms can persist
for months or years and successfully protect man-
made structures from biofouling deserves further
investigation, particularly in the following respects:
1) whether there is a technically feasible matrix to
keep microbes alive on ship hulls or other man-
made surfaces, 2) provided there is a suitable matrix,
whether the Blive paint^ can provide service time
similar to the conventional organometal-based
paints, both in terms of the longevity of the
microbial cells and the durability of the paint
matrix, 3) since microbial physiology varies with
the external environment, whether microbial syn-
thesis in Blive paint^ will work independently of
environmental factors, 4) whether or not the anti-
fouling effects of the Blive paint^ are affected by
other biofilms that will inevitably form on the paint
surface, and 5) what will be environmental impact
from introduction of biologically active bacterial
species into new environments? In summary marine
microbes may be considered as important source of
both antimicrobial and antifouling compounds. Iso-
lation and identification of antifouling compounds
from marine microbes deserves further studies.

Aquaculture. Biofouling is a nuisance for fish
farms because of the dense layers of macrofoulers
covering facilities like net cages and rafts (Braithwaite
and McEvou 2005). On the other hand, larval
settlement can be fostered for the farmed species.
In fact, considerable efforts have been made to
enhance the larval settlement of trade shellfishes

(Morse and Morse 1984; Kang et al. 2004). Previous
studies have shown that many species of benthic
diatoms in biofilms can enhance larval settlement of
commercially valuable invertebrate species, such as
abalone (Slattery 1992; Daume et al. 1999) and that
settlement is often correlated with diatom cell
density in biofilms (Daume et al. 1999). In addition,
Zhao et al. (2003) show that biofilms induce larval
settlement of the pearl oyster Pinctada maxima.
Biofilms can also induce larval settlement of the
oyster Crassostrea virginica although it is not clear
whether inductive cues are from diatoms or bacteria,
or both (Weiner et al. 1993). In fact, oyster larvae can
respond similarly to waterborne substances released
by either adult oysters or bacterial biofilms (Weiner
et al. 1993; Tamburri et al. 1996). However, up to
this stage, no settlement cues from natural biofilms
have been isolated or identified. Identification of
inductive cues for commercial aquaculture species
will certainly be of interest to the mariculture
industry in the years to come. In particular,
identification of waterborne inductive cues that are
largely ignored nowadays (Fusetani 2004; Paul et al.
2006) should be a focal points of future studies.

On the other hand, biofilms can not only
enhance larval settlement but also provide a suit-
able food source to newly metamorphosed juveniles
of some shellfish. This is important to abalone
hatcheries that are currently suffering from exces-
sively high juvenile mortality, which is largely due
to unsuitable biofilms as a food source for the spats.
To achieve breakthroughs in shellfish hatchery
industries, we need to gain a better understanding
of 1) what kind of inductive chemical signals are
produced by biofilms, 2) which microbial species
produce the inductive chemical cues, 3) under what
conditions microbes release the cues, 4) what kind
of microbial composition in biofilms is necessary
for high juvenile growth and survival, and 5) how to
maintain desirable biofilms in aquaculture systems.

Additionally, biofilms can benefit aquaculture
by serving as biofilters to absorb and biodegrade
excessive nutrients. For example, some bacteria can
be involved in oxygen- or nitrate-dependent sulfide
oxidation in the biofilters of a marine circulation
aquaculture system (Golz et al. 1999). Bacteria and
diatoms immobilized in biofilms within biofilters
that remove ammonia and nutrients in seawater
supply systems are worthy of further exploration.

Microbial biofilms may transmit infectious
diseases to cultivated organisms (Zhao et al. 2003).
As yet, this phenomenon has hardly been pursued
in the context of epibiotic marine biofilms. A Btake-
over^ in a given biofilm community by strains that
are pathogenic for certain organisms may take
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place. This holds true particularly for epibiotic
microbial communities on animate substrata where
diseases and tissue necroses commonly occur
(Mitchell and Chet 1975).

In addition, microbes from marine biofilms may
suppress microbial infection and may be useful in
preventing diseases. In most cases, such biofilms
cover invertebrates and algae as well as their
dispersal stages. For example, the surface of estua-
rine shrimp eggs (Palaemon macrodactylus) is often
colonized by a monospecies biofilm of the bacteri-
um Alteromonas sp. (Gil-Turnes et al. 1989). When
the bacteria are suppressed by antibiotic treatment,
the eggs become susceptible to infection by crusta-
cean pathogens that subsequently kill eggs (Gil-
Turnes et al. 1989). Similarly, a Gram-negative
bacterium that lives on the surface of embryos of
the American lobster Homarus americanus produ-
ces the antifungal compound tyrosol, which inhib-
its the growth of pathogenic fungi in vitro (Gil-Turnes
and Fenical 1992). It is also suggested that com-
pounds produced by a bacterium associated with the
aquaculture of bivalve Agropecten purpuratus con-
trol the growth of pathogenic strains, such as Vibrio
alginolyticus and V. anguillarum (Riquelme et al.
1996). Overall, using microbes as pathogen control
agents may be an alternative in disease control of
marine fisheries and aquaculture industries.

Looking Ahead

Genetic Diversity of Biofilms. Up to this stage,
several major components of biofilms have not
been studied with respect to their contribution to
the bioactivity of entire biofilms. This holds for
cyanobacteria that are dominating components in
biofilms of certain euphotic environments such as
the upper intertidal and the spray zones. Similarly, a
possible effect of fungi on the settlement of marine
organisms has rarely been investigated (Dobretsov
et al. 2006). Furthermore, in almost all the
documented analysis of marine biofilms, focus has
been limited to particular microbial taxa; the combined
effects of microbes from different taxa have yet to be
explored, owing to the following technical challenges.
First, although DNA fingerprinting techniques such as
denaturing gradient gel electrophoresis (DGGE),
terminal restriction fragment length polymorphism
(TRFLP), single-strand conformational polymorphism
(SSCP), clone libraries, and fluorescein in situ
hybridization (FISH) are powerful tools used to reveal
microbial diversity and composition in biofilms, each
of these techniques has its own limitations in accuracy,
sensitivity, and specificity. Second, none of these
fingerprinting techniques is substantially quantitative.

Thirdly, it is even more difficult to analyze bacteria,
fungi, diatoms, and other microbes in biofilms in a
single study using molecular techniques because we
need to first identify effective specific primers (genes)
for each major taxon and ensure that those primers will
be amplified under the same polymerase chain reaction
(PCR) settings in order to provide any relative quan-
titative estimation. Real-time PCR is quantitative in
nature but is unrealistically labor intensive if one
wants to analyze all the different phyla in biofilms.
This is due to the fact that standard curves for each
pair of primers need to be established although real-
time PCR does not require the same or similar PCR
conditions for quantitative estimation. The micro-
array technique may overcome some of these techni-
cal difficulties in the future but again it is not
quantitative in nature. Finally, the greatest challenge
is how to correlate settlement effect with the pres-
ence, absence, or quantity of certain microbes so as to
deduce which microbes might be responsible for the
observed effects. Although coupling larval settlement
assays with DNA fingerprinting can show two vary-
ing factors (larval settlement and microbial composi-
tion) in the assay dishes, it is never possible to tell
Bwhich organisms^ are responsible for the observed
effects, even with an ultra-high density microarray
printed with a half-million probes, to reveal microbial
diversity in the finest resolution current technology
allows. We will be nowhere closer to knowing Bwhich
organism^ is actually producing a signaling effect for
larval settlement induction or inhibition. Therefore, a
more promising direction is to first determine the
chemical cues from natural biofilms that really facil-
itate the communication between the larvae and the
microbes. Once we know the cues, we will be able to
trace them down stream along the larval receptor/
signal transduction pathways and to search upstream
to the microbial producers (see later). However, direct
evidence for the in situ role of chemical cues for larval
settlement induction or inhibition remains scarce.

Chemical Diversity of Biofilms. The complex
relationships between microbial community
composition, chemical compound production, and
settlement-mediating effects of biofilms remain
highly speculative because of the lack of proper
analytical methods. First of all, the identification of
cues derived from natural biofilms made of many
microbial species has not been a common practice
in laboratory bioassays although it is ecologically
more relevant, perhaps because it has proven
difficult. So far, the isolation and identification of
larval settlement inducers and inhibitors are
primarily based on monospecies biofilm developed
under laboratory conditions. As indicated by several
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studies, cultivable bacteria are often functionally
inactive minorities in the natural environment but
can adapt well to laboratory culture conditions
(Eilers et al. 2000). In other words, cultivable
bacteria involved in previous colonization studies
possibly represent only a minor and functionally
insignificant subset of microbes present in natural
marine environments (Lau et al. 2003b).

Second, chemical signal profiles released from
multispecies biofilms may be complex, posing
serious analytical challenges to laboratory bioassays
and chemical analysis. To overcome these chal-
lenges, it is desirable to analyze natural biofilms
with contrasting bioactivity for larval settlement to
narrow down the search for bioactive compounds.
For instance, in our previous study, we found that
mid intertidal biofilms induced cyprid settlement of
Balanus amphitrite while subtidal biofilms from
the same site induced cyprid settlement of Balanus
trigonus (Thiyagarajan et al. 2005). Thus, intertidal
biofilms contain inductive cues for Balanus amphi-
trite while the subtidal biofilms do not. It may be
feasible to identify unique compounds in the
extracts if we can compare chemical profiles of
extracts of the natural biofilms from both tidal
heights using liquid chromatography-nuclear mag-
netic resonance (LC-NMR) and LC-NMR-MS,
which allow separation of extracts, trapping of
compounds and their identification. The challenge
of this method is that these cues may be extremely
waterborne and nonstable, which may seriously
affect their isolation and identification.

Lastly, the synthesis of bioactive metabolites by
bacteria changes with environmental conditions
(Kjelleberg et al. 1993). Changes in the type and
amount of compound production in entire multi-
species biofilms are likely to occur (Cooksey and
Wiggleworth-Cooksey 1995), but have not been
characterized either under laboratory or field con-
ditions. Therefore, it is necessary not only to isolate
bioactive compounds from microbes under repro-
ducible laboratory conditions but also to monitor
their production and release rates under natural
conditions where the cells occur in heterogeneous
consortia in biofilms (Paerl and Pinckney 1996). In
fact, microbes may exhibit additive or synergistic
effects in biofilm. Further, a wide range of hitherto
unknown Binfochemicals^ that facilitate maritime
fouling processes may be encrypted in marine
biofilms. However, no Binfochemical^ from any
bacterial source with antifouling properties has
been fully identified so far. More knowledge about
such Binfochemicals^ will facilitate the develop-
ment of novel, environmentally benign means for
the avoidance or enhancement of fouling and will

improve our understanding of the interaction be-
tween biofilm constituents and colonization.

Receptor Studies. Taking the settlement of
invertebrate larvae and algal spores as a whole, there
has been substantial effort in identifying structure,
nature, and origin of natural larval settlement cues
(Morse and Morse 1984; Morse et al. 1984; Tamburri
et al. 1992, 1996; Zimmer-Faust and Tamburri 1994;
Turner et al. 1994; Decho et al. 1998; Eri et al. 1999;
see review by Hadfield and Paul 2001; Dreanno et al.
2006, in press), larval receptors (Trapido-Rosenthal
and Morse 1986; Hadfield et al. 2000), possible signal
transduction pathways and regulatory mechanisms
(Degnan and Morse 1995; Carpizo-Ituarte and
Hadfield 2003), and potential genes involved in
larval settlement and metamorphosis (Seaver et al.
2005; Seaver and Kaneshige 2006). However, we find
there is still a long way to go before we can draw
conclusions on any of the above-mentioned aspects.
Although a variety of chemical compounds have
been proposed as larval settlement cues (see review
by Qian 1999; Hadfield and Paul 2001; Steinberg et
al. 2002), few cues have been isolated from natural
habitats or natural biofilms and tested in the field.
There is considerable evidence suggesting that the
process of perceiving natural or artificial inductive
substances is ascribed to an external epidermal
sensory cell (Baloun and Morse 1984; Trapido-
Rosenthal and Morse 1986; Baxter and Morse 1992)
or to the cephalic sensory organ (Chia and Koss
1984), rhinophores (Chia and Koss 1982), and the
anterior portion of the propodium (Chia and Koss
1989, Chia et al. 1992), there is little direct evidence
to suggest that these structures are predisposed to
perceived settlement or metamorphic cues.
Therefore, whether the receptors responsible for larval
settlement response to chemical cues are located on
larval surfaces or on internal tissues remains an open
question. The conclusion of this issue will certainly
affect our interpretation of observable larval behavior
in laboratory bioassays, owing to potential differences
in duration required for larvae to detect and then
respond to the cues. Although G protein-coupled
receptors and cAMP signal transduction pathways are
involved in morphogenetic signal transduction
pathways in red abalone (Trapido-Rosenthal and
Morse 1986), it is also suggested that G protein-
coupled receptors are not involved in larval
settlement of the polychaete Hydroides elegans
(Carpizo-Ituarte and Hadfield 2003). There is
evidence that two distinct developmental pathways
governing gene expression xand metamorphosis
in Haliotis and the morphogenetic pathways are
directly linked to the processes of settlement and
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metamorphosis (Degnan and Morse 1995). But it is
unclear whether this will apply to other marine
invertebrate larvae.

To identify and locate the larval receptors
triggered by chemical cues, we must know if a
particular cue acts directly or indirectly on larvae
since there is strong evidence that chemical cues
can either directly act on larvae or alternatively
affect larval settlement by modifying biofilms de-
veloped in the assay vessels (Beckmann et al. 1999;
Jin and Qian 2004, 2005), which complicates the
relationship between settling larvae and chemical
cues. In situ hybridization with whole-mounted
larvae may help us to localize the receptor(s) that
are affected by chemical cues and successful expres-
sion of segmentation genes during larval develop-
ment in the polychaete Capitella sp. I and
Hydroides elegans. Work by Seaver and her collab-
orators (Seaver et al. 2005; Seaver and Kaneshige
2006) sheds some light on this aspect of research as
well as providing detailed methodology for future
studies to follow. Genes involved in larval segmenta-
tion are most likely involved in larval settlement and
metamorphosis of those invertebrates and may pro-
vide hints for receptor studies. Further, to narrow
down the targeted receptor(s) we also need to know the
mode of action of the chemical cues on settling larvae.

To overcome these challenges, one possible
practical approach is to first identify the genes that
are affected by specific chemical cues, examine the
expression level of those genes in larvae treated
versus those untreated with chemical cues, and
then try to understand the potential role of those
genes in signal transduction pathways. For instance,
if one can identify effective inductive and inhibitive
compounds derived from natural biofilms for larval
settlement of a particular species, one can then
expose the settling larvae of this species to those
compounds. Then both the up-regulated and down-
regulated genes of the settled larvae versus compe-
tent larvae can be cloned and identified, using
differential display PCR (DD-PCR) techniques. The
expression level of those genes can then be deter-
mined using real-time PCR. Through these meth-
ods, the genes actively involved in larval settlement
and metamorphosis may be identified.

In conclusion, biofilms are promising tools for
marine technological applications. However, a bet-
ter understanding of the genetic basis as well as
signal transduction pathways underlying settlement
processes will be essential to the development of
new antifoulants or attractants, which will allow us
to develop nontoxic biotechnological approaches
where targeted species are either prevented from
colonization or promoted to settle. To gain an

understanding of biofilm derived signal recognition
we need to (1) identify both effective inducers and
inhibitors that are released from biofilms for the
settlement of larvae and spores (see above), (2) to
identify and locate larval chemo-receptors being
activated by cues, (3) to elucidate the signal trans-
duction pathways involved in the settlement of
dispersal stages, and 4) to identify potential genes
regulating signal transduction pathways. Once ge-
netic regulation of the colonization process is better
understood, chemicals can be identified and applied
that will directly interfere with genetic transcrip-
tion itself or inhibit or foster any step along the
signal transduction pathway. Without a thorough
understanding of these issues, it will be difficult to
develop either a nontoxic antifouling technology or
a biotechnology in which surface colonization is
enhanced.
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