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Abstract  

Biofouling is a major economic issue regarding maritime industries that raise also 

important environmental concern. International legislation is restricting the use of 

biocidal-based antifouling (AF) coatings, and increasing efforts have been applied in the 

search for environmental-friendly AF agents. A wide diversity of natural AF 

compounds has been described for their ability to inhibit the settlement of macrofouling 

species. However poor information on the specific AF targets was available before the 

application of different molecular approaches both on invertebrate settlement strategies 

and bioadhesives characterization and also on the mechanistic effects of natural AF 

compounds. This review focuses on the relevant information about the main 

invertebrate macrofoulers settlement and bioadhesive mechanisms, which might help in 

the understanding of the reported effects, attributed to effective and non-toxic natural 

AF compounds towards this macrofouling species. Also aim to contribute to the 

elucidation of promising biotechnological strategies in the development of natural 

effective environmentally friendly AF paints. 
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Introduction 

The establishment of new benthic biological communities in aquatic 

environments either in living or non-living substrata (biofouling) generally involves a 

sequence of succession started by the accumulation of a biochemical proteinaceous 

conditioning followed by bacteria, unicellular and multicellular eukaryote colonization 

(Wahl, 1989). The initial step of microbial biofilm formation (microfouling) is known 

to regulate the subsequent colonization of macroalgal spores and invertebrate larvae 

(macrofouling) (Pawlik, 1992). Biofilm properties, including physical characteristics, 

biotic composition and produced chemical signals have been reported to act as either a 

stimulatory or inhibitory stimulus for the settlement of a particular macrofouling 

community (Dobretsov et al., 2006, Hellio et al., 2005, Pawlik, 1992, Qian et al., 2007). 

Nature provides good models of antifouling (AF) by a combination of this chemical 

cues and also physical properties including surface roughness and fluid hydrodynamics. 

Mussels, crabs, sharks, among others, possess exterior surfaces that are able to inhibit 

epibiosis and biofouling (Hadfield and Paul, 2001, Magin et al., 2010). In addition, 

some species of macroalgae (Daoud et al., 2011, Eashwar et al., 2008, Hellio et al., 

2002), sponges (Engel and Pawlik, 2000, Hellio et al., 2005, Sjogren et al., 2008), soft 

corals (Slattery et al., 1995, Nagabhushanam et al., 1995), ascidians (Cima and Ballarin, 

2012, Menin et al., 2008, Teo and Ryland, 1995) have also the ability to prevent 

epibiosis, by their own chemical cues, which may range from small-molecule secondary 

metabolites to high-molecular weight extracellular polymers (Hadfield, 2011b, Fusetani, 

2011).Along with natural surfaces, all submerged artificial structures as ships, pipelines, 

oil platforms, bridge pillars, fishing devices subjected to biofouling suffer adverse 

impacts. Particularly on ships, higher fuel consumption and decreased speed and range 
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are attributed to increased frictional drag (Schultz et al., 2011, Yebra et al., 2004, 

Schultz, 2007), and thus biofouling control is mandatory for maritime industries. The 

majority of antifouling paints currently in use are based on biocidal agents that induce 

general toxic responses in the marine environment associated with heavy metal toxicity, 

antibiotic toxicity, among others. Considering this, a need to develop alternative non-

toxic and environmentally friendly AF agents arise in line with the EU Biocidal Product 

Regulation (EU) 528/2012, which led to increase the investigation on the field of 

natural AF compounds.  A wide range of natural products have been screened for their 

potential to substitute the efficient but extremely toxic tributyltin (TBT), now banned in 

27 countries (IMO, 2008). Some alternative booster biocides have also been introduced 

and believed to be less harmful for the environment, however significant environmental 

risks were also identified (Konstantinou and Albanis, 2004, Thomas and Brooks, 2010). 

A wide range of natural AF compounds from diverse source species has been identified 

lately by their ability to inhibit the settlement of macrofouling species (Fusetani, 2011).  

Recent investigations on this topic permit to recognize that microorganisms in particular 

are promising potential sources of non-toxic or less-toxic AF compounds, as they 

produce a wide-range of promise bioactive metabolites and also have the advantage of 

being easy to culture and to produce in large scale in short periods of time, easily 

ensuring product supplies renovation for commercialization (Burgess et al., 2003, 

Dahms et al., 2006, Dobretsov et al., 2006, Gademann, 2007, Qian et al., 2007, Tan et 

al., 2010, Dobretsov et al., 2013a).  

However, AF compounds identification is often based on a single and general 

endpoint/mechanism of action, showing a narrow spectrum performance towards the 

biofouling community (different species and different life stages), compromising their 

effectiveness and their incorporation in AF paintings. Regarding the variety of adhesion 
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mechanisms and settlement strategies among biofouling organisms, several general 

modes of action of natural products are described including repellants, toxins, surface 

energy modifiers, nervous pathway interference (both anesthetics and neurotransmitters) 

and inhibitors of growth, attachment, adhesion or metamorphosis (Clare, 1996, 

Rittschof, 2000).However, the challenge remains in the identification of molecular 

mechanisms underlying the bioadhesion of a majority of biofouling organisms and the 

potential common effects of natural AF compounds.  Increasing efforts and up-to-date 

techniques have been lately applied on this subject to identify and characterize different 

settlement and metamorphic transition processes as well as characterize bioadhesives 

(Chandramouli et al., 2012a, Chandramouli et al., 2012b, Gantayet et al., 2013, 

Thiyagarajan et al., 2009, Williams and Degnan, 2009, Zhang et al., 2010b). Also, the 

effects and modes of action of a range of AF natural compounds have been tested and 

identified against different biofouling species (Fusetani, 2011, Qian et al., 2013). Thus, 

there is a need to find common denominators mediating effectiveness in attachment that 

could be controlled by a specific/ a combination of mode(s) of action. 

In this context, this review highlights the recent produced knowledge on identification 

and characterization of the main invertebrate macrofoulers settlement strategies and 

bioadhesive mechanisms, and also on the reported effects and modes of action described 

for effective and non-toxic natural AF compounds isolated from a variety of organisms 

towards invertebrate macrofouling species. This review aims to contribute to the 

identification of promise strategies to select broad-range natural AF compounds suitable 

for the development of effective environmentally friendly AF paints. 
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Diversity of invertebrate macrofouling adhesive strategies 

Innate settling criteria  

Despite biofouling adverse effects start with the formation of biofilms, the most 

disturbing component of this event is the colonization of hard foulers that constitute the 

macrofouling. Bryozoans, molluscs, barnacles, polychaetes and tunicates constitute the 

most dominant groups, which larval stages are induced to settle on selected underwater 

surfaces. Invertebrate larvae are able to actively select by prospection the most 

attractive place to adhere regarding many aspects as surface topology, wettability, 

chemistry, light exposure, streaming conditions, substrate color, among others(Aldred et 

al., 2006, Carl et al., 2012, Di Fino et al., 2014, Dobretsov et al., 2013b). This selection 

is specific on the species and is based on a combination of surface characteristics, also 

including biological cues (Kristensen et al., 2008). These biological settlement signals 

might involve both conspecific cues and extracellular polymeric substances (EPS) 

provided by bacteria.  The constitution of previous formed biofilms will attract specific 

macrofouling species and repel others that in the same way might be attracted by other 

biofilm properties or even by biofilm-free surfaces(Qian et al., 2007, Hadfield, 2011a, 

Wahl et al., 2012). Such responses are well-documented in the main macrofouling 

species such as the bryozoan Bugula neritina (Dahms et al., 2004, Dobretsov and Qian, 

2006), the polychaete Hydroides elegans(Lau et al., 2003, Harder et al., 2002, Chung et 

al., 2010, Shikuma et al., 2014),the mussels from the genus Mytilus (Bao et al., 2007, 

Carl et al., 2012, Satuito et al., 1995, Toupoint et al., 2012, Yang et al., 2008)and 

barnacle Balanus amphitrite(Harder et al., 2001, Zardus et al., 2008).In this context 

quorum sensing (QS) signals, responsible for biofilm formation, propagation and 

maturation in a density dependent cell-to-cell communication and gene regulation 

process, have been also found to have also a role in the regulation of settlement of 
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macrofoulers (Dobretsov et al., 2011, Dobretsov et al., 2009). Evidences show that the 

inhibition/induction of settlement is dependent on the nature of the bacterial biofilms 

regarding the production/ absence of proteolytic enzymes (Dobretsov et al., 2007). 

Conspecific cues also play a crucial role as settlement inducers.  Conspecific 

density and gregarious preferences are common characteristics among macrofouling 

species including mussels (Kobak, 2001, Ompi, 2011, Vooys, 2003), polychaetes (Qian, 

1999)and barnacles (Aldred and Clare, 2008),however, the nature and potential of the  

responsible pheromones  is underexplored in many of these species, except for 

barnacles which have been focus of extensive investigation. One of the described 

biogenic cues responsible for the gregarious settlement and species recognition during 

settlement in barnacles is a contact pheromone known as the settlement-inducing 

protein complex (SIPC)(Dreanno et al., 2006a, Dreanno et al., 2007, Elbourne and 

Clare, 2010). SIPC-like proteins are cuticular glycoproteins of high molecular mass (76-

98 KDa), with lentil lectin (LCA)-binding sugar chains showing sequence similarities to 

a2-macroglobulin (A2M) protein family(Dreanno et al., 2006b, Matsumura et al., 

1998).Based on identification and characterization of settlement-inducing proteins with 

similar molecular weight than SIPC, recent investigations considered SIPC as a 

component of the arthropod in protein complex (APC), the first peptide signal molecule 

attributed to promote gregarious settlement (Khandeparker and Anil, 2011, Knight-

Jones, 1953). Other peptides have been identified as contributors including a glycyl-

glycyl-L-arginine waterborn cue  (GGR) which was described as a settlement stimulant 

in B. Amphitrite (Browne and Zimmer, 2001), and a different  32KDa protein showing 

the same properties (Endo et al., 2009). SIPC glycan profiling evidenced high mannose 

glicans content in the n-glycosation sites of SIPC gene encoding protein, supporting an 

interaction with mannose-binding lectins and exogenous mannose, thus increasing 



	
   8	
  

settlement in B. amphitrite cypris larvae(Pagett et al., 2012). The effectiveness of EPS-

like containing sugars as D-xylose, D-mannose and D-glucose in triggering barnacles 

settlement was also previously demonstrated(Khandeparker and Anil, 2011), however 

Pagett and co-workers (2012) concluded that it might be mannose, as a terminal 

monosaccharide, that contribute to the settlement of cyprids. 

 

Settlement strategies  

 

While the innate criteria that allow invertebrate larvae surface discrimination 

(settlement signals) seem to be more consistent among macrofouling species, the 

methods of settlement and metamorphosis are quite variable. 

Bryozoans as B. Neritina form flexible bushy colonies as adults that release 

competent larvae (sexually produced zooids) that readily attach and metamorphose to 

start a new colony with growth capacity by asexual budding (Mihm et al., 1981). Larvae 

first attaches temporarily, after selection of the preferred substrate using its outer body 

surface and vibrative plume as sensitive parts, and then secretes a bioadhesive derived 

from the pyriform groove enriched in mucopolyssacharides (mucin)(Loeb and Walker, 

1977).B. neritina larval attachment shows preferences by subtidal habitats and biofilm-

associated substrates, although clean surfaces are also targets for this species(Dobretsov 

and Qian, 2006, Dahms et al., 2004).  The final larval stage (late pre-ancestrula) 

permanently attaches using a different adhesive secreted by the internal sac, which 

contains proteic secretory material comprised in delimited granules (0.3µm)(Reed and 

Woollacott, 1983).  A basal adhesion disc was recently described in pre-ancestrula 

stages constituted by elongated and interlocked fibrous cells, which seem to provide 

mechanical support during permanent settlement(Wong et al., 2012).Recent studies 
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using comparative proteomic and phosphoproteomic analysis of B. neritina larval stages 

demonstrated that larval metamorphosis might be mediated by simple changes in 

proteins phosphorylation status. After metamorphosis activation by environmental cues, 

several proteins turn down-regulated to permit sequential metamorphic changes 

(Thiyagarajan et al., 2009). Gene sequencing of different metamorphic pre-ancestrula 

stages permitted to map signal transduction pathways including Wnt/β-catenin pathway 

(important role in metamorphosis control), the mitogen-activated protein kinase 

(MAPK) pathway (regulatory role previously demonstrated in other invertebrate and 

vertebrate metamorphic species) and cell apoptosis pathway suggesting apoptosis as a 

mechanism of tissue reorganization in B. neritina(Wang et al., 2010, Wong et al., 2012). 

Further studies on proteome expression patterns during metamorphosis revealed down-

regulation of proteins involved in energetic metabolism, structure, actin and tubulin 

depolarization, and up-regulation of transcription and transduction proteins. Also 

enabled the identification of key proteins such as histones, collagens, and the 

pheromone tempt in (known to have a role in breeding aggregations), illustrating major 

alterations in different characteristics during metamorphosis(Zhang et al., 2010a). 

Modifications of protein glycosylation pattern during larval transition stages were also 

demonstrated in B. neritina, predicted as a way to respond to oxidative stress situations 

and energetic unbalances (Chandramouli et al., 2012b). 

Mussels and mussel final larvae (plantigrade) have the ability to select the 

settlement surface actively by exposing their foot and crawling and attachment is made 

by the production of byssal threads. Each new thread is formed in the ventral groove of 

the mussels foot and expands distally into adhesive plaques which mediate byssal thread 

attachment to a hard substratum (Warner and Waite, 1999). Threads are produced by the 

byssal apparatus,which is composed by different secretory glands responsible by the 
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production of different structural element of the byssus. The collagen gland produces 

byssal collagen core, the accessory gland is responsible for the proteinaceous cortex, 

phenol glands produce the proteinaceous adhesive and other glandular system is known 

to produce a sulphur-rich mucopolysaccharide(Coyne et al., 1997). The distribution of 

these proteins contribute to a structural differentiation of the byssus in terms of 

mechanical properties allowing resistance and an efficient attachment to high-energy 

surfaces and also a certain plasticity to reattach to new substrates by cutting off the 

bundle of byssal threads at the proximal stem (Coyne and Waite, 2000, Waite et al., 

2005). 

 In contrast, barnacle cyprids, the final larval stage before settlement, have 

specialized antennulae with mecano- and chemoreceptors to do surface prospection, 

first exploring with deposition of a temporary proteinaceous glue (footprints) and then 

attaching permanently using an efficient adhesive cement (Aldred and Clare, 2008). The 

nature of these footprints was found to have homologies with the SIPC cuticular protein 

also functioning as a conspecific cue to other cyprids (Dreanno et al., 2007).  The 

cement is a multi-protein complex produced in cement glands. Two types of secretory 

cells are described based on distinct histochemical and morphological characters 

apparently linked to different secretory processes:α cells which are histochemically 

positive for proteins, phenols including phenol oxidase enzyme; and β cells only 

histochemically positive under bromophenol blue staining(Odling et al., 2006, Walker, 

1971).There are also two different types of cement in relation to protein composition: 

the primary cement is the one used for the initial attachment; the secondary cement is 

secreted by adult barnacles during wound healing or during partial reattachment. Thus, 

the primary cement has more adhesive properties, while secondary functions more as 

true cement, however, both share a similar amino acid composition(Aldred and Clare, 
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2008). To reach cyprid stage competent to settle, as a crustacean B. Amphitrite larval 

metamorphosis pass through 6 nauplliar free-swimming stages. This metamorphosis 

processes were found to be regulated by different proteins expression and 

phosphorylation status, similarly to what was demonstrated for the bryozoan B. neritina, 

and despite their relative phylogenetic distance within invertebrates. In fact, different 

proteomic profiles were identified among the distinct larval stages permitting the 

identification of different processes occurring on each stage: significantly up-regulated 

proteins in cyprids were found to be involved in energy and metabolism functions, 

nervous system and signal transduction pathways (Chen et al., 2014). Proteome 

glycosylation pattern changes were also identified in B. amphitrite during larval 

development (Chandramouli et al., 2012b).A transcriptomic approach on B. amphitrite 

larval stages also permitted to identify several differentially expressed genes and 

functional groups including vitellogenin associated with late naupliar stages (may 

function as an energy source for non-feeding cyprids); mannose receptors that might be 

responsible for the advanced sensory system of cyprids; cement-proteins in cyprids 

involved in the adhesive secretion; receptor tyrosine kinases having a role in signal 

perception during cyprids settlement(Chen et al., 2011).   This new molecular evidences 

suggest that crucial changes occurring in the late larval planktonic stages might 

condition the achievement of competent cyprids.  

Among tubeworms, sabellariids (sandcastle worms) as Phragmatopoma 

californica also use proteinaceous cement for fixation as barnacles. This species do not 

represent an important biofouler, however presents useful features for studying wet 

adhesion(Sun et al., 2007). Their inhabiting tube is constructed with natural particulates 

as sand and shell particles, which are bonded together with tubeworm cement secreted 

from thoracic cement glands. Selected particles are transported through the tentacles to 
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the building organ located near the tubeworm mouth, joint with cement and placed at 

the end of the tube.  The cement solidifies via covalent crosslinking through oxidative 

coupling of DOPA, locking in the final solid foam structure of the cement, while 

providing its crucial cohesive strength(Stevens et al., 2007, Stewart et al., 2004). 

Although sabellariids use available natural particles to construct its own tube, serpulid 

marine tubeworms as Hydroides elegans, the most associated with biofouling, 

developed a distinct fixation strategy by synthetizing their own complete mineralized 

structure(Nedved and Hadfield, 2008, Stewart et al., 2004).In this case, the secretion 

they produce is of inorganic-organic nature and its primary function is to be used in the 

construction of their own inhabiting tubes. The tubes and cement are composed of Mg-

calcite, aragonite, or a combination of the two CaCO3 polymorphs, and also soluble and 

insoluble organic matrices(SOM and IOM) composed of carboxylated and sulphated 

polysaccharides and striated and smooth collagen. After trochophore larvae prospection 

and selection of an EPS-enriched substrate that is known to help in CaCO3 

mineralization (Chung et al., 2010), metamorphosis occurs and tube production starts. 

In the process of tube formation, calcareous granules and organic components are 

secreted by calcium-secreting glands located anteriorly on the peristomium near the 

base of the collar that shapes the new produced material to form and quickly develop 

the inhabiting tubes. Epithelial mucocytes near the glandular openings also secrete 

additional organic components (Tanur et al., 2010, Chan et al., 2012). Organic sheets 

within CaCO3-mineralized layers of the shell and organic tube lining- containing 

collagen located on the inner wall of the tube shell, functions as a scaffold for 

biomineralization (Arias and Fernandez, 2008).  
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Adhesive mechanisms – new insights and recent approaches 

 

Along with innate criteria and settlement strategies that show several common 

patterns among taxa, bioadhesive molecules responsible for the attachment to 

underwater surfaces also tend to have several base connecting points. First, its main 

peptidic constitution and also the high contents of specific amino acids as lysine (which 

provides more basic isoelectric points), glycine and serine (yielding conformational 

flexibility)(Callow et al., 2000). Also, modified composition of adhesive proteins either 

by the extensive use of amino acid post-translational modifications (PTMs) as in case of 

mussel byssus or by the simple employ of polar residues in barnacles. However, up-to-

date identification and characterization of molecular adhesive mechanisms in different 

species have been demonstrating that the type of proteins is expected to condition the 

adhesion mechanisms. Barnacles and mussels have received particular attention in this 

context and more and more research studies have been conducted to pursue a full 

characterization of adhesion (Bandara et al., 2013, Kamino, 2013, Waite et al., 2005). 

Also, recent research has been focus in the detection and mapping of signal transduction 

pathways, which may play major roles during larval metamorphosis in macrofouling 

species. 

Mussels 

Byssal threads differentiated structure is primarily attributed to the occurrence of 

different collagenous proteins known as PreCol variants, with both adhesive and 

cohesive properties that ensure byssus mechanical properties asshock absorber(Coyne 

and Waite, 2000). In addition, protein families generically denominated Mytilus foot 

proteins (Mfps) were also found in the constitution of the adhesive plaque and threads 
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as both protective cuticular poteins (Mfp-1), matrix proteins (Mfp-2 and Mfp-4) and 

also adhesive proteins (Mfp-3 and Mfp-5) (Papov et al., 1995, Waite and Qin, 2001). 

Mefps are polar molecules all characterized by its post- or co-translational modified 

aminoacids such as the catecholic 3,4-dihydroxyphenylalanine (DOPA) present at 

around 20 mol% in Mfp-3 and Mfp-5 as adhesion promoter, 4-hydroxylated arginines 

and phosphorylated serines (Lin et al., 2007, Waite and Qin, 2001, Zhao et al., 2006). 

Similar proteins were also identified in other mussel species as Dreissena polymorpha 

(Gantayet et al., 2013).More recently, a new non-collagenous family of proteins was 

identified and characterized in byssus. A glycine (Gly)-, tyrosine (Tyr)- and asparagine 

(Asn)-rich protein family, named as thread matrix proteins (TMPs). TMPs are 

intimately associated with the preCOLs within the secretory granules and are present 

throughout the byssal threads, conferring new side chains and backbone structure 

heterogeneity given by the Asn residues deamidation, providing a viscoelastic matrix 

around collagenous fibers (Sagert and Waite, 2009).Thus, progresses have been made in 

the understanding of mussels adhesion mechanism, which is determined by the structure 

and interactions of mussel adhesion proteins (Table 1), and strongly dependent on 

different variables such as DOPA content, redox chemistry, metal interactions, and a 

synergisms among parameters (Hwang et al., 2010, Lauren and Wilker, 2007). 

Tubeworms 

Sabellariids (sandcastle tubeworms) composite tube building is mediated by amultipart 

adhesive cement, constituted by different reactive components, each one located in 

separate condensed granules of two types: homogenous and heterogenous. Three 

general protein families were first identified in P. californica bioadhesive, namely PC1, 

PC2 and PC3 (Table 1). The first two have basic pIs (around 10) and contain 10% 

DOPA, 30-45% Gly, 2-4% Cys and and Tyr residues modified to DOPA. PC3 is a 
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family of at least seven acidic variants with very high levels of Pho-Ser peptide repeats 

(60-90%) (Waite et al., 1992, Zhao et al., 2005). Ser-encoding PCR primers permitted 

to clone two close-related PC-3: PC-3A, highly rich in Ser residues (4-13) and 

punctuated with single Tyr residues; and and PC-3B, with shorter polySer-Tyr segments 

and with a non-repetitive C-terminal domain. Two more polybasic proteins, PC-4 and 

PC-5, rich in Lys and His residues, were recently identified (Wang and Stewart, 2012, 

Wang and Stewart, 2013). Immunolabeling techniques permitted to demonstrate that 

PC-2 and PC-5 are located in the homogenous granules whereas PC-1, PC3A,B and PC-

4 are within the heterogenous granules(Wang and Stewart, 2012).This proteinaceous 

cement enrichment with DOPA and Pho-Ser residues is responsible for surface coupling 

and quinone-tanning of the cement during hardening, similarly to what happens in 

mussel byssus system(Stewart et al., 2004, Waite et al., 1992). Recent findings suggest 

that sabellariids cement contain both Mg2+ and Ca2+, and also Cys-DOPA residues 

suggesting the occurrence of intermolecular crosslinking and also metal-inducing 

bonding as responsible for cement adhesive properties.The granular distinct contents of 

opposite charged polyelectrolytes, fuse together only outside the secretion organ(Sun et 

al., 2007). The combination of the physicochemical properties of these cement proteins, 

including aminoacid composition, occurrence of divalent cation species along with the 

environmental pH-shift between secretory gland and surrounding seawater permits to 

form a highly hydrophobic complex coacervate, which guarantees tubeworm wet 

adhesion(Wang and Stewart, 2013).  

Serpulid tubeworms (e.g. Hydroides sp.) cement is composed of CaCO3 polymorphs, 

and also soluble and insoluble organic matrices (SOM and IOM) composed of 

carboxylated and sulphated polysaccharides and striated and smooth collagen. SOM is 

enriched with Asp (8.4%), Glu (10.2%), Gly (14.5%) and Pro (21.4%) residues. 
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Sequences of acidic (Asp and Glu) and neutral (Gly) aminoacids have a role in Ca2+ 

binding and mineralization by the exposure of negatively charged aminoacids. Pro 

residues that show a high representativeness have a function on collagen stabilization 

and conformation(Tanur et al., 2010).  

Barnacles 

Similarly to mussel and tubeworm bioadhesives, barnacles cement adhesive properties 

are attributed to its main protein content (approximately 90% by weight) (Walker, 

1972), however no DOPA residues were found so far in its proteins constitution 

contributing to adhesion, in contrast to mussel byssus and tubeworm cement (Kamino, 

2013). The first reports on the primary structure of barnacles adhesive proteins were 

performed in Megabalanus rosa and five cement proteins have been identified, namely 

Megabalanus rosa cement protein Mrcp-100k, Mrcp-68k, Mrcp-52k (Kamino et al., 

2000), Mrcp-20k (Kamino, 2001) and Mrcp-19k (Urushida et al., 2007) (Table 1). The 

first three Mrcps are larger and characterized by their insoluble nature and notable 

hydrophobicity. No homologies were found in published databases to highlight their 

function, however their presence seem to be essential for stabilizing the cement 

complex underwater and seem to constitute the bulk of the cement adhesive(Kamino et 

al., 2000).  Mrcp-20k is characterized by multiple repeated Cys residues and charged 

amino acids including Asp (11.5%), Glu (10.4%) and His (10.4%). Mrcp-19k is heavily 

biased with Gly, Thr, Ser, Ala, Lys and Val (66%). Both Mrcp-20k and Mrcp-19k seem 

to have a role in preventing random aggregation of Mrcp-100k and Mrcp-52k during 

transport via the cement duct and surface coupling with substratum, with Mrcp-20k 

being more specific to calcified materials and Mrcp-19k being more eclectic to different 

surface constituents and presumably responsible for the very first contact with 

substratum(Mori et al., 2007). Post-translational modifications were not found in these 
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adhesive proteins, conversely to adhesive proteins from mussels, which are heavily 

modified to enable underwater attachment. In this case, evidences demonstrate that 

barnacles can deal with the adhesion challenge by using only simple proteins 

constituted by standard amino acids (Urushida et al., 2007, Kamino, 2013). 

Homologous genes of Mrcp-19k were isolated from Balanus albicostatus (Balcp19k) 

and Balanus improvisus (Bicp19k) with the same prevalence of the six amino acids, Ser, 

Thr, Ala, Gly, Val and Lys (69–80%mol) showing strong similarity to that of M. rosa, 

and thus suggesting an important common function for this protein in barnacle first 

contact bioadhesion (Urushida et al., 2007, (Liang et al., 2014).Two homologues of the 

Mrcp-20k, Bamcp20k-1 and Bamcp20k-2 respectively, were also recently cloned from 

Balanus amphitrite(Chen et al., 2011). Their different localization in secretory cells 

(Bamcp20k-1 at α cells and Bamcp20k-2 at β cells) and differential solubility 

(Bamcp20k-2 is insoluble in PBS buffer) suggest a distinct role in the process of 

adhesion(He et al., 2013). The insolubility of Bamcp20k-2 is attributed to crosslinking 

by disulfide bonds as the PI value for these homologue protein was found to be more 

acidic than Bamcp20k-1.  

 

Modes of action and effectiveness of natural AF products 

 

Along with the scientific development on the bioadhesive mechanisms of 

invertebrate biofouling species, progresses have been also achieved in the search, 

characterization and development of alternative AF products. To reach more 

environmentally friendly alternatives, research is focusing on natural compounds used 

for chemical defense and /or metabolic processes in a variety of marine organisms 

(Fusetani, 2011). A wide diversity of natural AF compounds has been purified so far 
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including mainly lactones, furanes, peptides, phenols, carotenoids, alkaloids and 

terpenoids. Furan and lactone rings have been considered important functional groups 

for antifouling activity and indications point that not only the functional group but also 

their lipophilicity are essential for the bioactivity (Xu et al., 2010, Clare et al., 1999). 

Advantages have been recently taken from bioactive compounds extracted from 

microorganisms as bacteria, cyanobacteria, fungi and also seaweeds, from which a wide 

diversity of metabolites, autoinducers and toxins are produced and large biomass 

amounts are easier to obtain (Dobretsov et al., 2013a).  

The challenge for the selection of promise AF candidates might include a 

mechanism-oriented approach permitting to select broad-spectrum effect non-toxic 

products that do not act as biocidal agents. In line with the Biocidal Product Regulation 

(EU) 528/2012, a clear description of the mode of action, biological targets and 

environmental fate of new products is now required to their introduction into the 

market. Thus, recent research approaches on this matter are focusing on the 

identification of AF mechanisms (Qian et al., 2013). This led to recognize that AF 

compounds acting on more specific targets show less toxic responses and thus are more 

effective in biofouling inhibition.  The evaluation of the AF effectiveness versus 

toxicity is generally considered on screening studies for new natural AF compounds 

using the effective concentration causing 50% of AF activity (EC50) and the 50% lethal 

concentration (LC50). A standard requirement of EC50<25µg/mL was established by the 

U.S. Navy program as an efficacy level for natural antifouling agents (Thiyagarajan et 

al., 2004). The quotient given by those indexes (LC50/EC50), known as the therapeutic 

ratio, is generally considered as an index of potential in which values higher than 15 

indicate a promise non-toxic AF agent, and much higher values lead to consider suitable 

AF candidates (Qian et al., 2010b). The most commonly used AF bioassays for this 
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purpose is by using the anti-settlement activity of representatives of the macrofouling 

community to reach a broad range effect AF compound. Thus, the screening bioassays 

for suitable AF candidates might include a measure of whole-organism effectiveness vs 

toxicity (therapeutic ratio) and also provide evidences of the mode of action, target 

functions, processes or signaling pathways somehow involved in the settlement and/or 

on bioadhesive mechanims of different macrofouling species. Ultimately, this 

knowledge could be very important in the development/improvement of new and faster 

AF screening bioassays. 

Considering this, an overview of the recently identified natural AF candidates 

towards macrofouling, its suitability regarding effectiveness vs toxicity (LC50/EC50 

ratio) and the attributed mechanims of AF action regarding the main macrofouling 

species are presented in this review (Table 2).  

 

Anti-bioadhesion 

Inhibition of macrofouling adhesion has been described as possibly induced by 

target non-biocidal mechanisms. This inhibition may act by simply modifying the 

attachment surface, by removing superficial inductive proteinaceous clues or detergent-

preventing adhesion; by inhibiting biofilms occurrence by different mechanisms which 

are crucial for the subsequent macroadhesion; and by the inhibition of macrofoulers 

adhesive production itself, release/cleavage of proteinaceous adhesives, reduce adhesive 

strength, induce repellent compounds production (Dobretsov et al., 2007, Qian et al., 

2013).  Some potential natural AF candidates from a wide diversity of source species 

have been found to produce anti-settlement bioactivity towards invertebrate 

macrofoulers attributed to several of these anti-bioadhesion targets (Table 2).  
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A proteolytic enzyme extracted from the bacteria Pseudoalteromonas 

issachenkonii UST041101-043 showed relevant bioactivity (EC50= 0.001 µg/ml) 

towards anti-settlement of the bryozoans Bugula neritina, and Schizoporella sp. and 

also the barnacle B. amphitrite attributed to the removal of proteinaceous clues 

apparently essential for the successional colonization of biofouling species (Dobretsov 

et al., 2007). The interference in bacterial community is also described as a target in the 

prevention of macrofouling adhesion, either by the selection of a particular biofilm 

constitution or by simply inhibiting biofilms propagation (quorum sensing inhibition). 

The sponge Acanthella cavernosa was found to produce compounds (namely kalihinol 

A and 10-B-formamidokalihinol A) able to induce anti-settlement of B. amphitrite 

cyprids with high AF potential (LC50/EC50 ratio around 200 and 2000, respectively), 

given its ability to mediate the growth of specific biofilms (Yang et al., 2006). 

Diketopiperazines and benzene-type secondary metabolites extracted from the 

bacterium Pseudomonas rhizospherae act as quorum sensing inhibitors preventing the 

adhesion of B. neritina and B. amphitrite larvae, some with promise therapeutic effect 

(LC50/EC50 =17;22) concerning anti-settlement activity (Qi et al., 2009). Also, 

diketopiperazines extracted from Streptomyces fungicidicus show bioactivity in 

preventing B. amphitrite cyprids attachment (Li et al., 2006), enhancing the potential of 

this type of compounds for AF purposes.  The anti-settlement activity by detergent 

prevention of biofilm adhesion and lysis of microorganism was also pointed for the 

compound polymeric alkylpyridinium salts (Poly-APS) extracted from the marine 

sponge Reniera sarai (Turk et al., 2007).  Other studies provided evidence that Poly-

APS also exert anti-settlement activity in B. amphitrite mediated by a neurotransmission 

disturbance (acetylcholinesterases inhibition).  Poly-APS also showed AF potential 
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given its effectiveness and low toxicity (EC50= 0.27 µg/ml; LC50/EC50= 111) (Faimali 

et al., 2003b, Sepcic and Turk, 2006). 

Several biofilms themselves may act as anti-bioadhesives. Active compounds 

(Poly-ethers A and B) extracted of the bacterium Winogradskyella poriferorum, known 

as a biofilm inhibitor, showed bioactivity towards larval settlement inhibition in B. 

amphitrite and H. elegans, with high AF potential (LC50/EC50 ratio between 40 and 

50) towards two different macrofouling species (Dash et al., 2009, Dash et al., 2011). 

Other anti-epibiotic compounds have also been described as potential AF compounds 

from other source taxa, as sponges, macroalgi and fungi. Hydroquinone-C acetate and 

dihydrofurospongin II from the sponges Ircinia spinosa and Cacosponjia scalaris, 

respectively, induced larval settlement inhibition in B. amphitrite, and also 

cytochalasin-analogues extracted from the soft-coral associated fungus Aspergillus 

elegans (Zheng et al., 2013, Hellio et al., 2005). Different compounds 

(isorhodoptilometrin, citreorosein, emodin and 6,8,5’6’- tetrahydroxy-3’-methylflavone) 

extracted from the marine gorgonian coral-associated fungus Penicillium sp. 

SCSGAF0023 also inhibited the larval settlement of B. amphitrite and showed AF 

potential based on the low EC50 levels (6.1-17.9) (Bao et al., 2013). The macroalga 

Delisea pulchra produce bioactive halogenated furanones, with efficient antibacterial 

activity and also anti-settlement activity towards B. amphitrite (de Nys et al., 1995). 

Analogues of these furanone compounds were used successfully as bioactive ingredient 

of “Netsafe” and “Pearlsafe” antifouling paints (Raveendran and Mol, 2009). 3-chloro-

2,5-dihydroxybenzyl alcohol extracted from the fungus Ampelomyces sp., with 

recognized anti-bacterial activity, also inhibited larval settlement in B. neritina and H. 

elegans, however only showing AF effectiveness against B. neritina (LC50/EC50= 
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88.9), and some precocious toxicity to H. elegans (LC50/EC50= 3.77) (Kwong et al., 

2006). This precludes its classification as a broad-spectrum promise AF candidate. 

Some natural compounds have been also described only for its potential to 

inhibit invertebrate species attachment. Capsaicin-analogue compounds from the chili 

pepper plants Capsicum frutenscens were able to inhibit mussels (Dreissena 

polymorpha) attachment (Angarano et al., 2007). These compounds were recently found 

to induce blocking of bacteria surface attachment sites (Peng et al., 2012), and thus this 

might be at least one of the target mechanisms contributing to the anti-settlement 

capacity of capsaicins. A few other compounds extracted from a cyanobacteria 

(Lyngbya majuscula), including isolmajusculamide, majusculamide A and dolastatin 16 

revealed high bioactivity against B. amphitrite larval settlement and great AF potential 

with terapeutic ratios of 77, 111 and 6666, respectively (Tan et al., 2010). Despite this 

apparent potential and other advantages related with their microorganism nature, 

cyanobacterial is still a quite unexplored group regarding promise AF compounds 

towards macrofouling species, and at the best of our knowledge this study applying L. 

majuscula is the single study testing the potential of cyanobacterial-produced 

metabolites in anti-settlement bioassays. Some other compounds were identified as 

potential AF compounds against larval settlement extracted from fungus species. The 

alkaloid penispirolloid A presented a promise EC50 (2.4 µg/ml) towards the anti-

settlement activity of B. neritina (He et al., 2012); cochliomycin A, zeaenol and LL-

Z1640-1 were extracted from Cochliobolus lunatus and tested as B. amphitrite larval 

settlement inhibitors with promise EC50 values of 1.2, 5 and 5.3 µg/ml, 

respectively(Shao et al., 2011b); aspergilone A from Aspergillus sp. also showed a 

promise EC50 value of approximately 7 µg/ml for the same endpoint (Shao et al., 

2011a).  From sponges, Acanthella cavernosa produce other kind of compounds 
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(sesquiterpenes) with potent bioactivity towards B. amphitrite settlement (EC50= 0.14-

7.2 µg/ml) and isocianide 1, a very promise compound towards the same bioactivity 

with very competitive levels conferring effectiveness of this natural compound (EC50= 

0.046 µg/ml and LC50/EC50 higher than 650) (Nogata and Kitano, 2006, Nogata et al., 

2003). Extracted from Dysidea avara, the modified metabolite 4’-propylthioavarone 

was considered efficient with a therapeutic ratio higher than 40 (Tsoukatou et al., 2007). 

Plants also contributed to the knowledge on this field of promise natural AF compounds 

with several identified bioproducts including flavone and isoflavone derivatives from 

terrestrial plants extracts, genistein from soybeans and recently piperamides from the 

species Piper betle (Table 2) (Huang et al., 2014, Zhou et al., 2009b). In this last 

particular case, two compounds (piperoleine B and piperine) were selected as potent 

settlement inhibitors in three macrofouling species, B. amphitrite, H. elegans and B. 

neritina showing strong broad-spectrum AF effectiveness, both in terms of EC50 values 

(ranging from 0.7 to 1.6 µg/ml) and therapeutic ratios (Table 2). Promise compounds 

have been also extracted from soft corals including from the species Leptogorgia 

virgulata (pukalide) and Renilla reniformis (renillafoulin A) with very low EC50 values 

(0.05 and 0.02, respectively) towards the anti-settlement of B. amphitrite cypris (Keifer 

et al., 1986, Rittschof et al., 1985).  

More specific targets of anti-settlement bioactivity have been proposed related 

with mechanisms of adhesion. Inhibition of mussels efficient attachment, for instance, 

was attributed to an interference with redox reactions occurring during the formation of 

the byssus in D. polymorpha exposed to L-dopa and phenolic anti-oxidants from plant 

extracts. These compounds showed high effectiveness as AF products (EC50=0.4-29; 

LC50/EC50= 125) (Cope et al., 1997), and this bioactivity seems to deal with the main 

constitution of byssal threads, heavily composed by dopa-containing proteins.  
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The inhibitory effect of some potential AF compounds towards the activity of 

key enzymes related with the metabolism of adhesion has also been described. The 

enzyme phenoloxidase, responsible for a step in the production of mussels byssal thread 

plaques, by an oxidation process to convert phenols into 0-quinones, was found to be 

inhibited by meroditerpenoids from the macroalga Cystoseira baccata (Mokrini et al., 

2008), bastandins from the sponge Ianthella basta (Bayer et al., 2011), n-substitued 

imides (Zentz et al., 2002), and other natural organic extracts derived from macroalgae 

(Cope et al., 1997, Hellio et al., 2000), with concomitant inhibition of mussels (Mytillus 

edulis) attachment (Table 2). Chitinase activity, responsible for the hydrolyze of chitin 

into oligomers of N-acetyl-d-glucosamine, important in the moult cycle of barnacle 

cyprids, was inhibited by styloguanidines extracted from the marine sponge Stylotella 

aurantium, acting in preventing barnacles cyprids adhesion (Kato et al., 1995). 

New source species were also searched for potential natural AF bioproducts in 

preliminary studies using biological extracts. Attachment inhibition ability was reported 

for biofilm exudates of Baccilus and Macrococcus towards the attachment of the mussel 

Aulacomya maoriana (Alfaro et al., 2011). Organic extracts of the sea hare Notarchus 

leachii cirrosus and the bryozoan B. neritina, usually tested as a target biofouling 

species, revealed bioactivity towards settlement inhibition of another species of 

barnacles, Balanus albicostatus (EC50 around 20 µg/ml) (Feng et al., 2011). These kind 

of studies based on biological extracts showing promise AF activity are a good bottom 

line for bioassay-guided approach to reach pure AF compounds. 

 

Neurotransmission disruption 

Compounds that somehow exert neurotransmission disruption have also been 

found to induce anti-settlement of invertebrate larvae, as a number of neurotransmitters 
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and their derivatives are settlement and metamorphosis inducers of several marine 

invertebrates (Faimali et al., 2003a). During the exploration period larvae are known to 

follow particular cues (settlement signals) to select the substrate and metamorphose.  

These cues originate cascade signaling pathways in which will intervene a range of 

molecules including neurotransmitters (Gohad et al., 2012). Studies on the anti-

settlement potential of vertebrates self-stable a2-adrenoreceptor agonists used as 

veterinary sedative agents (medetomidine) have revealed positive results against B. 

improvisus cyprids settlement, attributed to activation of octopamine receptors with 

concomitant hyperactivity in locomotor response (Dahlstrom et al., 2000, Lind et al., 

2010). Also, other imidazoline-type compounds (Dahlström et al., 2005), cetirizine, 

mizolastine (antagonists of histamine) (Zhou et al., 2009a), and several signaling 

influencing compounds (Rittschof et al., 2003, Jin et al., 2014) were found to inhibit 

larval settlement in B. amphitrite. The dopamine receptor antagonist SCH23390 was 

also found to inhibit barnacles settlement by interfering with the successful release of 

the adhesive cement (Martensson and Gunnarsson, 2005). Serotonergic neurons are also 

believed to be involved in cyprids settlement as serotonin is known to mediate signal 

transduction inducing larval settlement and serotonin-uptake blockers produce the 

inverse response in cyprids successful attachment (Yamamoto et al., 1996). L-

tryptophan, and dopamine neurotransmitters were also found to promote larval 

searching behavior and settlement in B. amphitrite (Kon-ya et al., 1995, Yamamoto et 

al., 1999). Concerning compounds from natural sources, 2,5,6-tribromo-1-methyl 

gramine, a competitive serotonin antagonist extracted from the bryozoan Zoobotryon 

pellucidum showed effective bioactivity towards the anti-settlement of B. amphitrite 

(EC50=0.015) and also M. edulis (Kon-ya et al., 1994). The analogue compound 5,6-
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dichlorogramine was already tested as coating in an acryl board surface submerged in 

seawater, and its AF activity was validated for at least two months (Omae, 2003).  

The enzyme acetylcholinesterase (AChE), responsible for modulating motor and 

cognitive functions in synaptic neurons by the maintenance of the neurotransmitter 

acetylcholine, is also believed to play a fundamental role in the permanent attachment of 

cyprids (Faimali et al., 2003a). If so, compounds able to inhibit AChE at very low 

concentrations might be promise AF compounds. It is the case of poly-APS extracted 

from the sponge R. sarai, previously mentioned as effective towards B. amphitrite. 

Thus, all this indirect anti-adhesion mechanisms based on neurotransmitters are suitable 

to be applied as biochemical screening methods for natural AF compounds.  

 

Metabolic-signaling pathways inhibition 

 As the modes of action compromising bioadhesion are generally tested alone 

(just anti-settlement response) or in synergy of few of them (i.e. anti-settlement and a 

biochemical endpoint), poor information about the antifouling targets are reached. 

However, biochemical responses, molecular changes and metabolic-signaling pathways 

alterations occur behind general mechanisms effectively contributing to the inhibitory 

effect. The recent characterization studies on gene sequencing, proteome and 

phosphoproteome of biofouling invertebrate larvae during settlement and 

metamorphosis provided a base to explore the molecular effects of promise AF 

compounds towards this species (Chen et al., 2014, Han et al., 2013, Wang et al., 2010, 

Zhang et al., 2010a, Zhang et al., 2010b). As a consequence, research efforts have been 

made recently to reach more specific AF targets (Table 2).  

 Butenolide and analogue compounds from the bacteria Streptomyces 

albidoflavus have been deeper investigated as a promise natural AF compound. First 
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described as a potent and broad-range effective larval settlement inhibitor for B. 

amphitrite (EC50= 0.518 µg/ml; LC50/EC50≈ 97), B. neritina (EC50= 0.199 µg/ml; 

LC50/EC50≈ 251) and H. elegans (EC50= 0.0168 µg/ml; LC50/EC50≈ 119)(Xu et al., 

2010), butenolides were found to affect abundance and phosphorylation status of 

structural proteins, mitochondrial peptidases, Ca2+binding proteins and molecular 

chaperones in B.neritina (Qian et al., 2010a), and influenced the primary metabolism of 

energy production (ACAT1 and ACADVL) in B. amphitrite and B. neritina (Zhang et 

al., 2012b). These altered mechanisms were proposed as targets for the anti-settlement 

potential of these compounds at the observed low concentrations. Alterations in the 

redox-regulatory mechanims of settlement were demonstrated in B. amphitrite cyprids 

exposed to poly-ether B extracted from the bacterium Winogradskyella poriferorum 

(Dash et al., 2012), compound that was previously selected as a promise AF agent 

towards this species and H. elegans (Dash et al., 2011). Also, the compound 

methyltetradecanoid acid (12-MTA) extracted from the bacterium Streptomyces sp. 

showed anti-settlement potential towards H.elegans larvae (EC50= 0.6 µg/ml; 

LC50/EC50≈ 133), concomitant with alteration in the expression of genes important for 

larval settlement (Xu et al., 2009). Meleagrin extracted from the fungus Penicillium sp. 

influenced protein expression involved in metabolic pathways, also in extra-cellular 

matrix receptor interactions, actin cytoskeleton reactions and inhibition of cypris major 

protein of B. amphitrite associated with settlement inhibition (Han et al., 2013). 

Compounds extracted from sponges with previously described AF potential were also 

studied for specific targets. It is the case of Isocianide 1 extracted from Acanthella 

cavernosa that promotes binding and alteration of specific proteins including a 30KDa 

voltage-dependent anion channels protein, a phosphorylation precursor (NADH-

ubiquinone oxireductase) and cytochrome P450 in both B. amphitrite and B. neritina 
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(Zhang et al., 2012a); bastadins from Ianthella basta was previously reported to inhibit 

the activity of phenoloxidase and efficient attachment in mussels, was also found to 

inhibit B. improvisus larval settlement attributed to induced alterations on intracellular 

Ca2+ levels (Ortlepp et al., 2007).  

 All this mechanistic and molecular responses give valuable insights to 

the understanding of how bioactive compounds act in the target organisms and which 

repercussions it may cause to macrofouling organisms populations and also for the 

surrounding environment, in the case of its application as a natural AF agent. As so 

there is a need to invest in further studies on specific modes of action of natural 

bioactive compounds using comparative genomic and proteomic approaches, taking 

advantages of the recent base knowledge on transcriptomic and proteomic profiling of 

the main macrofouling species. This knowledge is also of great importance in the 

improvement of screening techniques towards new bioactive compounds, as novel 

molecular bioassays or biomarkers based on this specific molecular AF targets might be 

developed.  

An overview of the current scenario of natural AF candidates shows that a large 

amount of compounds have been described as anti-bioadhesives based only on anti-

settlement activity, to less of them have been designated a more specific mode of action 

and to very few compounds have been attributed AF target(s). From these last well-

studied compounds few have been included in AF paints as active ingredients mainly 

due to their poor yields which raises commercial supply issues (Fusetani, 2011, Qian et 

al., 2013). Some alternatives have been developed to overcome this question including 

the search for AF candidates from easy culturable natural resources and/or by the 

chemical synthesis of promise compounds, like for example isocyanides (Kitano et al., 

2011). Also, in the pursuit for potent AF compounds, structural optimization studies 
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based on the structure-activity relationships (SAR) have been applied to promise 

candidates to identify the elements responsible for bioactivity.  In fact, this review 

shows that despite the wide variety of compounds identified from very different source 

species, similar or even the same anti-settlement targets are often reached for unrelated 

compounds. This suggests that common structural elements/functional groups might be 

responsible for recognized AF activity. In the case of the compound butenolide, for 

instance, recent studies showed that furan and furanone functional groups are 

responsible for AF bioactivity (Li et al., 2012). Thus, all these research approaches are 

of great importance for the identification of natural eco-friendly AF compounds suitable 

to be included in AF coatings and eligible to be commercialized unreservedly.  

 

Conclusions 

 A considerable amount of diverse natural AF compounds have been isolated, 

characterized, and considered effective and non-toxic based on toxicological 

assumptions. However there is still a gap to fill in the research for their mode of action, 

specific targets, presumable environmental fate and thus their potential to be 

incorporated on effective AF paints. This necessity enhanced efforts in developing more 

knowledge on molecular identity of biofouling species, particularly regarding larval 

settlement and bioadhesive mechanisms via transcriptome description (Chen et al., 

2011), gene expression (Lin et al., 2013) and proteomic profiling (Han et al., 2013, 

Chen et al., 2014, Thiyagarajan et al., 2009, Zhang et al., 2010b) as described in this 

review. This recent knowledge provides valuable tools to future comparative studies on 

molecular expression towards promise AF compounds. The molecular evidences of 

biological changes during larval transition stages and concerning bioadhesive molecules 

should help in the understanding of AF compounds the modes of action and specific 
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targets. This potential is starting to be exploited in some recent studies, in which 

specific molecular targets were identified as being responsible for the AF bioactivity 

potential. This seems to indicate that the strategies for screening potential AF products 

might include the evaluation of AF specific targets along with the elucidation of the 

anti-settlement efficacy vs toxicity in the main macrofouling species. Regarding the 

promise compounds with already identified AF targets, research efforts would focus 

now on increasing commercial suitability and potency by chemical synthesis and 

structural optimization for maximizing bioactivity.  
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