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General Introduction 

On immersion of a surface in the marine environment the 

fundamental processes that contribute to the development 

of fouling communities are initiated. Fouling results in 

modification of the immersed structures leading to deterioration of its 

performance and is a complex mixture of physical, chemical and biological 

phenomenon. In general, the first stage is the adsorption of a conditioning film 

of organic and inorganic compounds to the surface. Conditioned surfaces are 

then colonized by various microorganisms such as bacteria, diatoms etc. 

(Marshall et al. 1971; Costerton et al. 1978) followed by attachment of algal 

spores and invertebrate larvae (Wahl 1989). These biofilms play an important 

role in mediating settlement and metamorphosis of invertebrate larvae.

Barnacles are dominant fouling organisms found all over the world and are 

the major target organisms in the development of antifouling technology. 

Among barnacles, Balanus amphitrite is an important model organism for 

these studies because of its rapid larval development, the ease of raising 

synchronous mass cultures and the predictable settlement in static conditions. 

B. amphitrite is euryhaline (Anil et al. 1995), breeds throughout the year 

(Karande 1967; Anil 1986) and is a dominant fouling organism in the fouling 

community in Indian waters (Karande 1967; Anil 1986; Venugopalan and 

Wagh 1990; Fernando 1990; Rao 1989; Santhakumaran 1989). It has been 

reported from both east and west coasts of India (Karande 1967,1974; 

Fernando 1978; Anil 1986; Pillai 1958).
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The larval development of this organism includes six naupliar instars and a 

non-feeding pre-settling cyprid instar, specialized for exploration of a suitable 

surface for settlement and metamorphosis into the adult. Cypris larva is 

discriminating in its choice of settlement site (Knight-Jones 1953; Crisp and 

Meadows 1962, 1963).  Laboratory and field studies have demonstrated that 

barnacle cyprids prefer to metamorphose on or near conspecifics. This 

gregarious feature has been related to settlement pheromone, a glycoprotein 

present in the adults, referred as arthropodin (Knight-Jones and Crisp 1953; 

Knight-Jones 1953; Crisp and Meadows 1963). Native barnacle pheromones 

are thought to be a heterogenous group of 3,000 to 5,000 Dalton peptides 

(Rittschof 1985). Recently, a settlement-inducing protein complex (SIPC) from 

the adult barnacle, B. amphitrite has been isolated which is composed of 

three major subunits with molecular weights of 76, 88 and 98 kDa (Matsumura 

et al. 1998b). The settlement-inducing activity of the adult extract (AE), which 

has SIPC, was suppressed by lentil lectin (LCA), suggesting that the 

carbohydrate moiety of the adult glycoprotein is important in this species 

(Matsumura et al. 1998a).

Two types of barnacle adhesion to a substratum have been observed, namely 

temporary and permanent adhesion (Maki et al. 1994). In the marine 

environment the cyprid employs the antennular disc, an adhesive organ, for 

temporary attachment to the substratum (Nott 1969; Nott and Foster 1969). 

Barnacle cement is used for permanent settlement and is an underwater 

adhesive insoluble protein complex.  Temporary attachment by the 

antennules retains the larva on the substratum and enables exploration to 
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take place (Walker et al. 1987). However, if a substratum proves unsuitable, 

cyprid can detach and swim-off to locate other surfaces. The various factors 

influencing settlement site selection are outlined by Crisp (1974), among 

which the chemical factors are sensed by antennular disc apical sense organ 

and terminal setae of fourth antennular segment (Fig. 1).

a.c.d. a.o.

a.s.

s.t.s.

III IV
II

I

t.s.

Fig. 1 Cypris antennule showing segments I-IV with attachment organ (a.o.) on third segment,
a.c.d. – axial cement duct, a.s. – axial sensory seta, s.t.s – subterminal setae, t.s – terminal
setae; Source: Walker G, Yule A.B. and Nott J.A. 1987, Barnacle biology: Crustacean Issues 
5, A.A. Balkema, Rotterdam. 

The barnacle cyprid is discriminating in its choice of settlement sites and in 

order to exercise its power of discrimination it has to explore the surface. The 

third antennular segment with its attachment disc is the most obvious point of 

contact between the cyprid and the substratum during the search (Nott 1969; 

Nott and Foster 1969). Darwin (1851,1854) observed that the attaching 

antennular segment consists of large, thin, circular sucking disc at the edge of 

which cement is secreted, and the antennular disc becomes attached to the 

substratum. The cyprid after settling and attachment to a surface molts its 

carapace and the body exoskeleton except for the embedded parts of the 

antennule after which it metamorphoses into an adult (Lindner 1984).
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While exploring some surfaces, cyprids leave behind ‘footprints’ of temporary 

adhesive, which are believed to be secreted by the glands of the antennular 

disc. A relatively attractive substratum will acquire a correspondingly large 

number of footprints. The presence of footprints increase the attractiveness of 

a substratum and should result in gregarious settlement even in the absence 

of conspecific adults (Walker and Yule 1984; Yule and Walker 1985). 

However, the detection of settlement pheromone in the solution directs the 

attention to the fourth antennular segment that bears an impressive array of 

sensory setae (Gibson and Nott 1971; Clare and Nott 1994) as the putative 

site of pheromone reception. Flicking of the fourth antennular segment is 

evident while a cyprid explores a substratum (Clare et al. 1994). If a 

chemosensory mechanism of pheromone recognition is involved in the 

barnacle recruitment, there must be a signal transduction step in the pathway. 

Rittschof et al. (1986) suggested that settlement might be effected by an 

external protein/peptide receptor and a transduction pathway that involves the 

stimulation of adenylate cyclase. Yamamoto et al. (1995) demonstrated that a 

protein kinase C (PKC) signal transduction system plays an important role in 

larval metamorphosis of B. amphitrite. The evidence for the involvement of 

cyclic AMP (cAMP) in the settlement of this species is provided by Clare et al. 

(1995) and is in accord with mammalian olfaction for which cAMP is a signal 

transduction pathway component (Anholt 1991). Cyclic AMP acts as an 

intracellular signaling molecule in all prokaryotic and animal cells. It is 

synthesized from ATP by a plasma-membrane-bound enzyme adenylyl 

cyclase, and it is rapidly and continuously destroyed by one or more cyclic 

AMP phosphodiesterases, which hydrolyze cyclic AMP to adenosine 5’- 
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monophosphate (5’-AMP). Clare and Matsumura (2000) suggested that 

barnacle settlement induction involves receptor-ligand interactions and a 

signal transduction pathway(s) that translates into attachment and 

metamorphosis. However, larvae are likely to respond to more than one 

sensory stimulus when searching for a settlement location, and some factors 

such as naturally produced bacterial metabolites may override the importance 

of others (Maki et al. 1989). 

In many cases the recognition of the chemical cues and other environmental 

stimuli by the larvae is suggested to be mediated by the larval nervous system 

(Bonar et al. 1990; Morse 1990). It has been illustrated that 5HT, DOPA and 

dopamine induce the settlement of cyprid larvae (Kon-ya and Endo 1995) thus 

suggesting that neurotransmitters (biogenic amines) are regulators of 

barnacle settlement and/or metamorphosis. The surface wettability has also 

been showed to rearrange the bacterial components that are exposed to the 

larvae.

Marine invertebrate larvae are presented with a wide range of cues as they 

approach a substratum. These cues may be physical ones or biologically 

derived chemical cues associated with bacteria, microflora and microfauna. 

Microbial biofilms have generally been examined as a stimulus for the 

settlement of macrofouling organisms (Crisp 1974). The larvae may use 

specific chemical signatures from biofilms or characteristic microbial 

assemblages to indicate preferred ecological conditions at a site. Films 

composed of individual strains of bacteria can have varying effects on larval 
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attachment (Kirchman et al. 1982a; Weiner et al. 1985,1989; Maki et al. 

1988,1989; Szewzyk et al. 1991; Holmstrom et al. 1992; Avelin Mary et al. 

1993; O’ Connor and Richardson 1996). A bacterium may also elicit different 

responses by different fouling organisms. The bacterium, Deleya marina,

stimulated the settlement of spirorbid polychaete larvae but inhibited the 

settlement of both bryozoan (Maki et al. 1989) and barnacle larvae (Maki et al. 

1992). Maki et al. (1990) showed that the same bacterium when adsorbed on 

different substrata it elicited different attachment responses by barnacle 

larvae. Neal and Yule (1994) demonstrated that the age of the biofilm, rather 

than the surface wettability determined the larval adhesion. Barnacle cyprids 

like most other larvae prefer to settle on the substrata that possess a well-

developed biofilm (Crisp 1984; Clare et al. 1992). The studies related to 

interactions between cypris larvae and bacterial films have generally found 

most bacterial species to inhibit attachment of B. amphitrite cyprids to 

polystyrene surfaces, although several bacterial species showed no effect 

(Maki et al. 1988,1990,1992; Avelin Mary et al. 1993; Neal and Yule 1994a,b).

Bacteria can also produce surface-bound and soluble chemical cues that 

either stimulate or inhibit larval settlement (Kirchman et al. 1982a; Maki et al. 

1990; Szewzyk et al. 1991; Maki et al. 1992). The bacteria can change the 

nature of the substratum either by altering the surface wettabilty or by 

exposing different surface molecular domains for example, in the form of 

exopolymers (Anil et al. 1997; Khandeparker et al. 2002). Exopolymers and 

other excreted products produced by microorganisms have been shown to be 

involved in settlement of macrofoulers, metamorphosis induction, growth and 
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development of organisms (Maki et al. 1990, 1992; Holmström et al. 

1992,1996; Holmström and Kjelleberg 1994; Mary et al. 1993; Keough and 

Raimondi 1996). The structure of bacterial exopolymers is capable of either 

determining the effectiveness of the cypris temporary adhesive or affecting 

the cyprid’s  ‘willingness to detach’ (Yule and Walker 1984).

Natural microbial communities on estuarine and marine substrata, presumably 

containing a variety of bacterial species, can stimulate, inhibit, or have no 

effect on settlement (permanent attachment) of larval barnacles (Strathmann 

et al. 1981; Maki et al. 1988,1990). The period over which a natural microbial 

film has developed can also influence the settlement response of cyprids 

(Keough and Raimondi 1995; Weiczorek et al. 1995). 

The involvement of lectins in the settlement and metamorphosis of 

invertebrates has been hypothesized for many years. Lectins, a class of 

naturally occurring proteins or glycoproteins exists in almost all living 

organisms and can recognize and bind carbohydrates specifically and 

noncovalently. Lectins play a key role in cell adhesion and processes, which 

involve specific recognition between cells during development (Frazier and 

Glaser 1979; Barondes 1980).

The lectin model was hypothesized after a series of experiments (Kirchman 

and Mitchell 1981; Kirchman et al. 1982a,b, 1983,1984; Mitchell and 

Kirchman 1984). In the lectin model, lectins present on the invertebrate larvae 

recognize a specific carbohydrate molecule from the microbial biofilm inducing 
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settlement. Initial experiments utilized natural sugars to block the interaction 

between invertebrates and surface biofilms (Kirchman and Mitchell 1983). 

Lectin-mediated processes can be inhibited by low molecular-weight sugars, 

since the added sugar competes for the carbohydrate-binding site on the 

protein (Sharon and Lis 1972). The role of lectins in larval settlement has 

been investigated in several studies (Kirchman and Mitchell, 1981,1983,1984; 

Kirchman et al. 1982a,b; Maki and Mitchell 1985; Mitchell 1984; Mitchell and 

Kirchman 1984; Mitchell and Maki 1988). The settlement of a polychaete, 

Janua brasiliensis was also mediated by lectins on the larval surface that are 

proposed to recognize and bind to the bacterial polymer containing glucose 

(Kirchman et al. 1982a). However no such studies are reported in case of 

barnacles.

Cypris, the terminal larval instar, prolong their larval duration until a conducive 

substratum is available for settlement and subsequent metamorphosis. The 

influence of different cues is dependent on cypris larvae that have been raised 

through traditional rearing protocol and preconditioned at 5° C for a day or two 

prior to settlement assays. Holm (1990) also indicated that temporal variation 

in cyprid behavior may be a result of changes in larval culture conditions 

and/or maternal effects. Cyprids like other invertebrate larvae derive their 

energy from stored lipids. These competent larvae delay metamorphosis in 

the absence of stimuli. However, after postponement, larvae will settle in a 

less discriminatory manner (Rittschof et al. 1984) possibly because of 

depleting energy reserves (Lucas et al. 1979), which will jeopardize post 

metamorphic growth and/or survival (Pechenik and Cerulli 1991; Pechenik et 
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al. 1993). This signifies the importance of energy reserves and/ or nutritional 

stress of the larvae that is used. 

Taking into consideration the above, following were addressed to study the 

cues that regulate metamorphosis of the larvae of B. amphitrite.

Significance of sugars in exploration and metamorphosis.

Evaluation of different inducers from microorganisms that 
influence the metamorphosis. 

Lectins as probes to evaluate the role of signaling molecules from 
the bacteria.

Influence of larval rearing conditions and ageing on the energetics 
and metamorphosis. 


