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Growth, molting, and hardening cuticle are intertwined processes for arthropods and share common protein systems to execute these functions. For barnacles, these processes are also tied to adhesion, which is vital to their survival and under great selection pressure. Unlike other crustaceans, barnacle growth, deposition of adhesive material and the curing of glue and cuticle, though associated, are spatially distinct from molting and occur at the interface of the calcareous baseplate and substrata. Here, we use an ancient system, the innate immune response as context and use proteomics and enzyme activity assays to test the hypothesis that chemistries associated with barnacle fluids and glue curing have their origins in wound healing and the innate immune response. Glue precursor material was extracted from barnacles and manipulated to accelerate known trypsin activity, curing, and the effects of sequential sampling. Using non-trypsin digests and searching for tryptic peptides, new products of endogenous trypsin were detected. We found extensive evidence of a prophenoloxidase system, including activating factors, serine proteases, and serine protease inhibitors. Through enzyme-specific substrate assays, phenoloxidase-like activity was found in glue and at the periphery of the base. The enzymatic nature of the phenoloxidase-like activity was confirmed through chemical inhibition and through heating the glue material to denature the enzyme. Further evidence for antimicrobial activity mediated by reactive oxygen species previously described during larval settlement and metamorphosis was the presence of peroxidases in glue precursor material. Beyond clotting, numerous extracellular matrix proteins were identified, suggesting glue curing may lead to stabilization of the initial clot and wound repair. We propose a model of the emerging hypothesis and find exciting potential for further testing innate immune components in this evolutionary approach to barnacle glue curing.

Keywords: barnacle adhesion, innate immune, crustaceans, proteomics, prophenoloxidase, reactive oxygen species

INTRODUCTION

The evolutionarily ancient innate immune system is present in all metazoans and enables recognition of self versus non-self and defense responses, which is especially vital in occurrences of wounding (Janeway and Medzhitov, 2002; Medzhitov and Janeway, 2002; Kurtz and Franz, 2003; Litman et al., 2005). In all multicellular organisms, injury activates pathways that stabilize the site, limit infection and repair the injury (Nagai and Kawabata, 2000; Li et al., 2002; Theopold et al., 2002; Frantz et al., 2005; Jiravanichpaisal et al., 2006; Eming et al., 2007). Clotting limits fluid loss is driven by tightly controlled enzymatic cascades (Ravanti and Kähäri, 2000; Werner and Grose, 2003; Theopold et al., 2004; Braiman-Wiksman et al., 2007; Eming et al., 2007).

Convergent evolution has led to extensive overlap between enzyme cascades for blood and hemolymph coagulation and innate immune responses that target microorganisms (Krem and Di Cera, 2002). Three clotting pathways are the blood coagulation cascade (Durliat, 1985; Furie and Furie, 1988; Li et al., 2002), quinone tanning and melanization (Tomasetti et al., 1994; Waite, 1995; Sugumaran, 2002; Suderman et al., 2006), and the prophenoloxidase system (Aspan and Söderhäll, 1991; Sritunyalucksana and Söderhäll, 2000; Wang et al., 2001; Lai et al., 2002; Li et al., 2002; Cerenius et al., 2008; Amparyup et al., 2013). Central to proteolytic cascades is the use of serine proteases to cleave zymogens in activation and serine protease inhibitors to regulate activity, modulating responses with multiple feedback mechanisms (Davie and Ratnoff, 1964; Lee et al., 1998; Dahlbäck, 2000; Jiang and Kanost, 2000; Sritunyalucksana and Söderhäll, 2000; Wang et al., 2001; Yu et al., 2003; Kanost et al., 2004).

The open circulatory systems of invertebrates has extreme sensitivity to exogenous signals and increased clotting speed (Theopold et al., 2004). For arthropods to grow, they must undergo molting events, which can be challenging with an open circulatory system. Molting is complex and requires coordination for the living tissue to separate from the extracellular cuticle so that the exoskeleton can be shed and new material quickly hardened in replacement (Chang and Mykles, 2011). As the molting process unfolds, the internal circulating fluids in contact with tissue, or hemolymph, can be released as a byproduct. Hemolymph can be thought of as a dynamic tissue, the largest tissue of decapod crustaceans, and changes during the molt cycle (Chang, 1995; Chang and Mykles, 2011).

Crustaceans undergo molting in marine or semi-terrestrial environments replete with microbes, enhancing their need for quickly hardening new cuticle and limiting potential infection (Terwilliger, 1999; Taylor and Kier, 2003). One versatile proteolytic cascade that is highly conserved across arthropods, including crustaceans, is the prophenoloxidase system. Phenoloxidases often perform multiple functions, participating in wound healing and cuticle sclerotization via enzymatic oxidation of substrates (Sritunyalucksana and Söderhäll, 2000; Cerenius et al., 2008; Amparyup et al., 2013). Antimicrobial activity is inherent in the proPO cascade as cytotoxic by-products, including quinones and reactive oxygen species are generated in the phenoloxidase reactions. Components of the proPO cascade and quinone tanning mechanisms can be spatially separated with some in the cuticle and others in the hemolymph (Ashida and Brey, 1995; Suderman et al., 2006; Wu et al., 2013). Activation of these components during molting underscores the multifunctionality of phenoloxidases and the degree to which wound healing and cuticle hardening are intertwined, since simultaneous requirements are to harden new cuticle and prevent infection (Dillaman and Roer, 1980; Roer and Dillaman, 1984; Willis, 1999; Glazer et al., 2013).

Barnacles constitute the infraclass of Cirripedia and differ from other crustaceans in their sessile lifestyle and spatial separation of tissues that are shed during molting and the largely calcite shell that remains after molting (Crisp and Bourget, 1985). Planktonic larvae locate a suitable habitat, cued by environmental factors and adult pheromones, and then the cypris larva undergoes settlement and metamorphosis, where it transforms into the adult body plan and permanently adheres to substratum. From that point on, the soft tissue of the animal living within the shell is shed during molting, but the external calcareous shell remains. In acorn barnacles, like Amphibalanus (=Balanus) amphitrite, growth occurs through radial expansion of cuticle of the base and proteinaceous glue is deposited, both of which harden (or cure) and the tissue and glue material eventually becomes calcified into new shell (Bocquet-Vedrine, 1965; Walker, 1971; Bourget and Crisp, 1975; Fyhn and Costlow, 1976; Crisp and Bourget, 1985). The adhesive strength, difficulty to remove these calcareous platforms, and ability to recruit conspecifics and other biofouling organisms through pheromones and kairomones make barnacles particularly pernicious biofoulers on marine substrata. Biofouling comes at great economic cost to the United States Navy, through attempted prevention and removal as well as substantial increases of fuel by ships that become heavily fouled (Schultz et al., 2011). The use of non-toxic coatings on ships to reduce biofouling burden is of great interest to improve efficiency, lessen environmental impact of ships through decreasing fuel use and limit invasive species transport (Callow and Callow, 2002; Holm, 2012). Understanding their glues has gained attention over the last 50 years, both their role in adhesion and in mechanisms to disrupt the curing of them (Saroyan et al., 1968, 1970; Walker, 1971; Lindner and Dooley, 1974).

Barnacle secretions and hemolymph associated with cuticle expansion during molting must manage the same issues as in other arthropods, which is to harden new cuticle and kill microbes. As in all crustaceans, wounding is an inherent part of barnacle molting and growth and leaking of fluids between the base and the surface occurs (Bourget and Crisp, 1975; Crisp and Bourget, 1985; Burden et al., 2012, 2014; Essock-Burns et al., 2017). Barnacle fluid deposition is spatiotemporally dynamic and related to growth and molting. First a cyprid adhesive is secreted via antennules in a bi-phasic system of lipids and proteins, some of which are phosphorylated (Walker, 1971, 1973; Gohad et al., 2014), followed by complex biopolymeric materials associated with reactive oxygen species during the metamorphic molt (Essock-Burns et al., 2017). As juveniles and adults molt and grow, several distinct proteinaceous materials are released (Burden et al., 2012). Detailed work at the growth interface shows lipids are secreted beyond the base and act as a surface-cleaning fluid followed by the deposition of proteins some of which might be delivered through capillaries and ducts (Burden et al., 2012; Golden et al., 2016; Fears et al., 2018). Numerous cement proteins have been identified from solubilizing hardened glue, as well as two similar groups of cuticular proteins, settlement inducing protein complex (SIPC) and MULTIFUNCin (Kamino and Shizuri, 1998; Matsumura et al., 1998a; Kamino, 2001; Dreanno et al., 2006a; Ferrier et al., 2016).

The wound-healing hypothesis of barnacle glue curing proposed initial glue curing was related to blood clotting (Dickinson et al., 2009). Using precursor material collected from the periphery of barnacle bases, two enzymes, trypsin-like serine protease and transglutaminase, were isolated and characterized to participate in barnacle glue curing. Concurrent with a release of proteinaceous fluids under the cuticle during settlement and metamorphosis, reactive oxygen species are present, and contribute to observed antimicrobial activity (Essock-Burns et al., 2017; Fears et al., 2018). The ability to study glue curing as barnacle larvae undergo the metamorphic transition to the adult form and as they continue to grow and adhere, is a strength to this system of study.

In well-studied marine adhesives there are common themes. One theme is involvement of phosphoproteins and quinone tanning (Waite, 1990a, b, 1995). Another theme is in adhesives associated with calcareous structures, phosphorylated proteins within the extracellular matrix participate in the biomineralization (Flammang et al., 2009). Barnacle glue contains phosphoproteins, released during settlement and metamorphosis and during adult growth (Gohad et al., 2014; Dickinson et al., 2016; Essock-Burns et al., 2017). There is one report of evidence for quinone tanning in barnacle adhesive (Lindner and Dooley, 1974). Two known forms of enzymatic crosslinking in glue curing are oxidase activity (So et al., 2017) and transglutaminase (Dickinson et al., 2009).

Proteomics is a tool that has been used on barnacle secretions, cured glue, larvae, and adult tissues to probe mechanisms in this biological process (Thiyagarajan and Qian, 2008; Zhang et al., 2010; Han et al., 2013; Chen et al., 2014; Al-Aqeel et al., 2016). While many barnacle secretion proteins have been described, much of the focus has been on phylogenetic comparisons of those identified with great confidence and distinctions between barnacle groups (Kamino et al., 1996; Matsumura et al., 1998a; Kamino, 2001; He et al., 2013; Ferrier et al., 2016; So et al., 2016). Factors contributing to inter-study variability include working at the limits of the technology, the species and population of barnacle used, collection technique, sample preparation, mass spectrometry equipment sensitivity, databases and annotation used and scoring cutoffs accepted. Here, we report proteomic surveys on precursor material of glue, under different collection schemes and enzymatic treatment to target aspects of glue curing, enabling the discovery of proteins and enzymatic activity that may be relevant at the interface where adhesion occurs.

To assay enzyme activity suggested by proteomic evidence was present, we use enzyme-specific substrates to measure and test the ability to inhibit activity. The evidence suggests that a prophenoloxidase-like system is present in barnacle precursor material and this oxidase activity may contribute to barnacle glue curing. This enzyme system could function to aid in crosslinking of newly deposited glue and harden new cuticle while exhibiting antimicrobial activity to protect from microbial invasion as barnacles grow on biofilmed substrata. This work expands the hypothesis that barnacle glue has similarities to wound healing processes to include the prophenoloxidase system and additional innate immune system components that may also contribute to coagulation and extracellular matrix formation.

MATERIALS AND METHODS

Barnacle Larval Culture, Settlement and Maintenance

Barnacles, Amphibalanus (=Balanus) amphitrite, were reared at the Duke University Marine Lab in Beaufort, NC from nauplii released from barnacles from the field to mature adults following established culture techniques (Rittschof et al., 1984, 1992, 2008; Holm et al., 2005). Barnacle larvae were settled on glass panels coated with T2® silicone (Dow Corning Silastic, Midland, MI, United States) and grown to a basal diameter of approximately 0.5 cm.

Barnacle Secretion Collection

Barnacle larvae were settled on T2® silicone panels, to allow for removal of the animal while maintaining the integrity of the baseplate (Rittschof et al., 2008). Prior to removal of barnacle from the surfaces were rinsed in deionized water and the surface around the barnacle and outer shell were swabbed with sterile Q-tips and ethanol to minimize biofilm. Using a sterile fine gauge needle (B-D, 22G1, Cat# 305155, Becton Dickinson Company, Franklin Lakes, NJ, United States), barnacles were gently pried from the surface. Immediately after removal, liquid glue was collected by pricking the outer edge of the base, the location of secretion release during cuticle expansion (Dickinson et al., 2009). One to four microliters of fluid were collected with either a glass capillary or a micropipette and sterile plastic tip.

Experimental Design

Precursor glue material was used rather than reworked insoluble cement material as has been done previously (Cheung et al., 1977; Dougherty, 1996; Dickinson et al., 2009). To accelerate the activity of known endogenous trypsin activity, we first treated glue precursor material with experimentally added trypsin (series 1). In a second approach, we allowed extracted precursor material to briefly cure in air, which would result in proteins that become a part of the coagulated material to be bound, and the ones identified to be those that escape the clot (series 2). The third collection scheme was three sequential extractions from the same set of barnacles, 24-h apart, to mimic periodic wounding associated with growth and evaluate the composition of the precursor material (series 3). The material in both series 2 and 3 was digested with a non-trypsin enzyme, a glutamyl endopeptidase, and when searching the database we looked for tryptic peptides assuming those would be from endogenous trypsin activity.

Series 1 Liquid Glue Without Curing

A glass capillary pipette was used to harvest 2 to 6 μl samples of fluids from each of 10 mature barnacles. Each sampled was pipetted immediately into a tube containing 60 μl of 50 mM ammonium bicarbonate buffer (pH 8) on ice and then frozen at −80°C. The total processing time was less than 15 s for each sample.

The Duke Proteomics and Metabolomics Shared Resource (DPMSR) received the ten barnacle samples and generated a master pool of 100 μL by combining 10 μL from each. From the master pool, 10 μL (30.5 μg) of the sample was removed and run on a 10-well, 1.5 mm 4–12% Bis-Tris gel (Life Sciences) with a 46-min run time. After following the vendor-recommended gel staining and destaining protocol, four gel bands were excised and subjected to in-gel trypsin digestion with reduction and alkylation using a standardized protocol found here: https://genome.duke.edu/sites/genome.duke.edu/files/In-gelDigestionProtocol_abbreviatedrevised_0.pdf. The bands were approximately 30 kDa, 90 kDa, 97 kDa, and the fourth band was protein >400 kDa, which remained at the top of gel (Supplementary Figure S1). The incubation fluid was transferred to new tubes and samples were spun to dryness in a vacuum centrifuge.

Series 2 Enrichment for Proteins That Escape Curing Glue

We collected 1 to 3 μl of curing glue from each of 30 adult barnacles using a plastic pipette tip and micropipettor. Each drop of glue extruded from the pipette and cured in air as a hanging drop at 25°C for 1 min and then deposited into one tube containing 200 μl of 30% acetic acid at room temperature. This pooled sample was incubated overnight at 4°C to allow diffusion out of the clots and then centrifuged at 10,000 rpm for 3 min. The supernate was transferred to a new tube. The pellet and supernate were lyophilized, then washed with deionized water, and lyophilized again before storing at −80°C. Samples were transported to the DPMSR facility in Durham, NC on dry ice and stored at −80°C until processing.

The freeze-dried glue sample was resuspended in 200 μL of 50 mM AmBic and subjected to bath sonication (4 rounds per sample at ∼30 s per round). A molecular weight cutoff was performed on the samples using a 0.5 mL 10 kDa Amicon filter (Millipore). The low molecular weight fraction of each sample was lyophilized and subjected to a C18 cleanup using a 1 cc C18 Sep-Pak column (Waters). After elution, the samples were spun to ∼50% dryness in the vacuum centrifuge and then lyophilized to full dryness. The high molecular weight fraction samples were supplemented with 1% ALS-I, reduced, alkylated and digested with GluC overnight at 37°C. The samples were then acidified and lyophilized to dryness.

Series 3 Three Sequential Sampling

To assay the effect of time on wounding and the healing response, in this series barnacles were removed from a surface, glue was collected, and wounds were allowed to heal. Thirty adult barnacles of comparable size were used. After collection they were placed upside down (baseplate facing up) on a bed of damp paper towels in a sealed plastic container, at 28°C to maintain the humidity. Then after 24 and 48 h we gently picked open the scab and collected fluid. At each time interval, 2 μl of fluid were collected with a micropipette and sterile plastic tip and immediately transferred into 200 μl of 30% acetic acid in a microcentrifuge tube. The collection procedure was done at time 0, 24, and 48 h. All thirty barnacles were alive at each time point. Barnacle fluid samples were lyophilized overnight and transported on dry ice to the Duke Proteomics Core Facility in Durham.

The samples were resuspended in 200 μL of 50 mM AmBic and subjected to bath sonication (4 rounds per sample at ∼30 s per round). A molecular weight cutoff was performed on the samples using a 0.5 mL 10 kDa Amicon filter (Millipore). The low molecular weight fraction of each sample was lyophilized and subjected to a C18 cleanup using a 1 cc C18 Sep-Pak column (Waters). After elution, the samples were spun to ∼50% dryness in the vacuum centrifuge and then lyophilized to full dryness. The high molecular weight fraction samples were supplemented with 1% ALS-I, reduced, alkylated and digested with the protease, GluC, overnight at 37°C. The samples were then acidified and lyophilized to dryness. GluC cleaves polypeptides at glutamates and asparagine amino acid residues and was used to avoid cross reactivity with endogenous trypsin in barnacle fluids (Dickinson et al., 2009).

Qualitative Analysis of Sample

Samples were resuspended in 12 μL of 0.2% formic acid/2% acetonitrile (series 1 and 2) or 20 μL of 1% trifluoroacetic acid/2% acetonitrile (series 3). Each sample was subjected to chromatographic separation on a Waters NanoAcquity UPLC equipped with a 1.7 μm BEH130 C18 75 μm I.D. X 250 mm reversed-phase column. The mobile phase consisted of (A) 0.1% formic acid in water and (B) 0.1% formic acid in acetonitrile. Following a 5 μL injection, peptides were trapped for 5 min on a 5 μm Symmetry C18 180 μm I.D. X 20 mm column at 20 μl/min in 99.9% A. The analytical column was held at 5% B for 5 min then switched in-line and a linear elution gradient of 5% B to 40% B was performed over 60 min at 400 nL/min. The analytical column was connected to a fused silica PicoTip emitter (New Objective, Cambridge, MA, United States) with a 10 μm tip orifice and coupled to a Waters Synapt G2 QToF mass spectrometer through an electrospray interface operating in a data-dependent mode of acquisition. The instrument was set to acquire a precursor MS scan from m/z 50–2000 with MS/MS spectra acquired for the three most abundant precursor ions. For all experiments, charge dependent CID energy settings were employed and a 120 s dynamic exclusion was employed for previously fragmented precursor ions.

Data Analysis and Processing

LC-MS/MS

All MS/MS samples were analyzed using Mascot (Matrix Science, London, United Kingdom; version 2.4.1) and X! Tandem [The GPM, thegpm.org; version CYCLONE (2010.12.01.1)]. Mascot was set up to search the BALAM_adhesproteins_003 database (1492 entries) and a newly deposited transcriptome for A. amphitrite, deposited to NCBI, (Wang et al., 2015) assuming the digestion enzyme trypsin or GluC, depending on the experiment. X! Tandem was set up to search a subset of the BALAM database also assuming trypsin. The programs, Mascot and X! Tandem, were searched with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 0.80 Da. Deamidation of asparagine and glutamine, oxidation of methionine, acetylation of the n-terminus and carbamidomethyl cysteine were specified in Mascot as variable modifications. Glu->pyro-Glu of the n-terminus, ammonia-loss of the n-terminus, gln->pyro-Glu of the n-terminus, deamidated asparagine and glutamine, oxidation of methionine, acetylation of the n-terminus and carbamidomethyl of cysteine were specified in X! Tandem as variable modifications.

Scaffold (version Scaffold_4.2.1, Proteome Software Inc., Portland, OR, United States) was used to validate MS/MS based peptide and protein identifications. Peptide identifications were accepted if they could be established at greater than 99% probability by the Peptide Prophet algorithm (Keller et al., 2002) with Scaffold delta-mass correction. Protein identifications were accepted if they could be established at greater than 98% probability and contained at least 1 identified peptide. The peptide FDR and protein FDR for all experiments was 0.0%. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters. Each cluster was counted as a discrete protein.

Proteome Database Treatment

The database used for matching mass spectrometry data to proteins was an amalgamation of previously published and accessible data. The database is largely comprised of sequences translated from the transcriptome of adult Amphibalanus (=Balanus) amphitrite, from the same population of barnacles used in this study, through different stages of molting (NCBI Bioproject PRJNA271096) (Wang et al., 2015). The database also includes two other proteomes from the same barnacle species, one of the barnacle shell (database available with Han et al., 2013) and one that includes tissues in different larval stages (NCBI Bioproject PRJNA79921) (Chen et al., 2014). Recent studies that characterized several novel proteins from barnacle secretions were included (So et al., 2016, 2017). Finally, the contaminant repository for affinity purification (the CRAPome) was added to ensure that background proteins were not incorrectly assigned to samples (Mellacheruvu et al., 2013).

The combined database from the published references was over 3 million sequences. To reduce the database size and only sequences with hits to the public databases were kept as reference. This was done using a BLASTp (Camacho et al., 2009) against NCBI non-redundant protein database was used to annotate the reference proteome. As much of the sequence data was from translated transcripts, asterisks within a sequence indicate a stop codon, sequences containing X’s, indicating unknown amino acids were not removed. A peptide containing a single X generated 20 peptides to be tested through the Mascot program. To avoid excessive search times, Mascot tests all possibilities up to a maximum of 3 B or Z residues and 1 X residue per peptide. Sequences were clustered to eliminate duplicate entries. Enzyme classifications were done using the KEGG pathway analysis (Kanehisa and Goto, 2000). For the functional annotation of the proteome, Gene Ontology (GO) mapping of the protein sequences was performed with Blast2go software (Götz et al., 2008). The final database (Supplementary Data Sheet S1) included 35,748 annotated sequences.

Enzyme Activity Assays

Substrates

Enzyme assays with colorimetric substrates assessed activity on monophenols and diphenols. All reagents were purchased from Sigma-Aldrich, Inc., (St. Louis, MO, United States). Substrates were either 1 or 10 mM in MES buffer (Wang and Stewart, 2013). To assay monophenolase activity, L-tyrosine was used. To assess diphenolase activity of PO L-dopa (3,4-dihydroxyphenylalanine), 4-methoxyphenol and DHPPA, an analog of dopamine, were used. ABTS was a third diphenolase substrate for laccase was also used. Also, 3-methyl-2-benzothiazolinone hydrazone (MBTH) was used in conjunction with DHPPA and L-dopa to trap the initial quinone product as an adduct, more stable than dopachrome (Morales et al., 1995; Espín et al., 1997). All substrates were freshly made for each assay and stored in the dark prior to use to limit the auto-oxidation of L-dopa.

Inhibitors

All inhibitors were made fresh to 10 mM in MES buffer for each assay (Wang and Stewart, 2013). Salicylhydroxamic acid (SHAM) is a copper chelator that inhibits catechol oxidase (diphenolase) activity but not laccase. Phenylthiourea (PTU) is a copper chelator that inhibits all phenoloxidase and laccase activity. Arbutin was used as an L-tyrosine analog that inhibits monophenolase activity. For glue assays, the inhibitor was incubated with the substrate and glue concurrently, for barnacle baseplate assays, the inhibitors were incubated overnight prior to exposure with substrates.

Assay and Analysis

Each assay was run with a standard curve, using 0, 1, 5, and 10 U of tyrosinase (from Mushroom, Cat No 9002-10-2). Each assay with glue used 10 μl of glue combined from 3 to 5 barnacles per well. Solutions were stored at 4°C until the start of the reaction. Total reaction volume was 250 μl (clear bottom 96-well plates), 100 μl of substrate with 50 μl of inhibitor, along with 1, 5, or 10 μl of tyrosinase (for standards) or 10 μl of glue and the rest of the volume with 0.22 μm filtered seawater. The change in absorbance over time was measured using a spectrophotometer Spectramax M2 Microplate Reader (Molecular Devices). Assays were run at 37°C, taking readings every minute and kept in the dark to prevent autooxidation. For L-dopa, the absorbance was read with 490 nm, for L-tyrosine, the wavelength was 405 nm and for ABTS, 280 nm was used. Co-incubation with chymotrypsin was done to test if enzymatic activation of an endogenous phenoloxidase was needed. For assays with heated glue, glue was boiled at 95°C for 10 min prior to incubation with substrates. Prism 7.0 for Mac, GraphPad Software, La Jolla, CA, United States, www.graphpad.com was used for analyses and figures. Statistical analyses conducted were a one-way ANOVA and Tukey’s multiple comparisons test to determine which treatments were significantly different.

RESULTS

Characterization of the Barnacle Proteome Database

The filtering and refinement of the barnacle protein database resulted in 35,748 annotated sequences (Supplementary Data Sheet S1). The results from comparing our database of sequences to the NCBI non-redundant database using BLAST showed that the top hit matches 19,250 different taxa, including microbial and human proteins (Supplementary Data Sheet S2). The most represented invertebrate group was the Mediterranean mussel, Mytilus galloprovincialis (961 sequences, Supplementary Data Sheet S2). There were 19 taxa of barnacles representing 440 sequence entries, with Amphibalanus amphitrite making up 37% (164 sequences) of those. Enzyme classifications revealed 2,330 enzymes in the database, about 70% of which were hydrolases (1619 sequences) matching six EC subclasses (Supplementary Table S1). The most common hydrolase type was peptidases (1220 sequences). Another enzyme group of interest, oxidoreductases, had 283 sequences matching 15 EC subclasses.

Gene ontology classification enables the grouping of the barnacle protein database into three main categories: biological processes, cellular components, and molecular functions. Within the category of biological process, several salient subcategories were immune system process (GO:0002376), response to wounding (GO:0009611), regulation of bodily fluid levels (GO:0050878), and secretion (GO:0046903). Representative proteins from each subcategory include fibrinogen, prothrombin, serine peptidase inhibitor, and amyloid-beta A4 family. Cellular component subcategories like extracellular region (GO:0005576) and vesicle (GO:0031982) contained metalloproteases, serine protease inhibitors, coagulation factors, and plasminogen. Molecular function subcategories of interest were serine-type peptidase activity (GO:0008236), of which there were 353 entries, and endopeptidase activity (GO:0004175). Both subcategories included numerous forms of trypsin and other coagulation factors. Gene ontology terms and coagulation literature was used to group the proteins identified through peptide hits into the broad categories of clotting-related, extracellular matrix (ECM)-related, and other, which included vitellogenin, barnacle waterborne settlement pheromone and nucleosome assembly protein and other cell functions.

Clotting-Related Proteins Are Most Common in Barnacle Fluids

Across all experiments, 867 peptides were identified overall matching 73 proteins. Experimental series 1 (accelerated trypsin activity) yielded 544 peptides matching 38 proteins, while series 2 (proteins excluded from the clot) had 141 matching 16 proteins, and series 3 (three sequential wounds) had 182 peptides matching 19 proteins (Table 1). Certain proteins were only found when searching for trypsin specificity for samples digested with glutamyl endpeptidase (GluC), due to the activity of naturally occurring trypsin-like serine proteases in the glue (Table 1). The sampling strategy was the main defining factor between each experiment, but a secondary factor was the sample preparation strategy and two enzyme digests were used, trypsin or glutamyl endopeptidase. The searching strategy for peptides assuming both trypsin and endopeptidase digestion (those with GluC) revealed an additional 57 peptides in series 2 and 144 peptides in series 3 (Table 1).

TABLE 1. Total unique peptides identified in barnacle secretions for each experimental series and enzyme-specificity search strategy.
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The protein sequences that the peptide data recognized were grouped into three broad categories based on the putative function of the best-annotated hit (Tables with the transcript ID are in Supplementary Data Sheet S2). Hypothetical or uncharacterized proteins were classified based on the conserved domains reported or the second best hit if no domains were detected. The proteins identified were grouped into clotting-related, extracellular matrix-related, and other. Clotting included activators and regulators of clotting systems like serine proteases and inhibitors as well as proteins with domains like fibrinogen and C-type lectins. Clotting activators and regulators were in the gene ontology categories of response to wounding (GO:0009611), regulation of bodily fluid levels (GO:0050878) and secretion (GO:0046903). C-type lectins were included here because of their role as a pattern recognition protein in initiating innate immune responses (King et al., 2003; Robinson et al., 2006), and are one way to activate the prophenoloxidase system (Kanost et al., 2004; Wu et al., 2013; Wang and Wang, 2013).

The top seven identified clotting-related proteins found in two or more experiments accounted for 29% of all peptides found (254 unique peptides). These shared proteins included four clotting activators and one inhibitor (Table 2 and Figure 1). Clotting activators were prophenoloxidase activating factor, C-type lectin, heat shock protein 70, and serine proteases. The inhibitor represented was pacifastin-like (light chain), a serine protease inhibitor that regulates the prophenoloxidase cascade. The sampling strategy of pooled glue samples with in-gel trypsin digestion yielded the most clotting-related peptides, but the two others experimental series had representative peptides from all five of these proteins (Figure 1 and Table 2).

TABLE 2. Clotting-related proteins detected in barnacle secretions by LC-MS/MS based on peptides identified and sequence coverage. The protein identification corresponds to the annotation with the top hit in NCBI with the based on the E-value given for the match.
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FIGURE 1. Enrichment of key clotting-related proteins across the three experimental series. Distribution of unique peptides counts (A) and proportion of each (B) for five prevalent clotting proteins shared across experimental series.



Extracellular matrix (ECM)-related proteins shared between experimental series were less prevalent than clotting proteins. The only shared extracellular protein shared in all three studies was a barnacle cuticle protein called settlement inducing protein complex (SIPC). SIPC was found in abundance (143 peptides and 55% sequence coverage) in the accelerated trypsin activity approach (series 1) and detected in lower abundance in series 2 and 3 (Table 3). The top shared ECM-related proteins between series 2 and 3 were actin, vimentin, and tubulin (131 peptides; Table 3). They were revealed when endogenous trypsin digestion was assumed during Mascot searching of the database.

TABLE 3. Extracellular Matrix (ECM)-related proteins detected in barnacle secretions by LC-MS/MS based on peptides identified and sequence coverage. The protein identification corresponds to the annotation with the top hit in NCBI with the based on the E-value given for the match.
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The trypsin-digest approach in experimental series 1 produced another 15 clotting proteins unique to it and 9 ECM-related proteins (Tables 2, 3). The most prevalent clotting-related proteins identified only in series 1 were hemocytin (16 peptides), endoglucanase (10 peptides) and peroxidase (9 peptides) (Table 2). The remaining clotting-related proteins had fewer peptide hits and were categorized based on conserved domains (Table 2). Common themes were hits to proteins that with domains like fibrinogen, von Willebrand factor domain D, trypsin inhibitor, and C-type lectin, totaling 23 unique peptides.

Experimental series 2 aimed to enrich for proteins that escape the clot during initial curing and series 3 for those that are upregulated after initial wounding by sampling. Unique to these experiments were several clotting-related proteins that initiate innate immune responses, CD209 antigen-like protein C, heat shock cognate 71, heat shock protein 90 and 60 (70 peptides; Table 2). The heat shock proteins were found when searching for tryptic specificity in GluC-digested samples. In series 3, the first collection had the most clotting-related proteins (20 peptides for 7 proteins) and the samples collected 24 h after the first wounding event had the most peptides identified (130 peptides), many of which were cytoskeletal and heat shock proteins. The third collection at 48 h, had the fewest peptides overall (18 peptides).

The proteins in the remaining group were comprised of additional previously described barnacle proteins and those with an array of cell functions (Table 4). The two most abundant in series 1 were vitellogenin (112 peptides) and waterborne settlement pheromone (14 peptides) (Table 4). The most abundant protein of this category in series 2 and 3 was a nucleosome assembly protein; histone H4-like, with 17 peptides and 52.4% sequence coverage.

TABLE 4. Other proteins identified in barnacle secretions by LC-MS/MS based on peptides identified and sequence coverage.
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Phenoloxidase Activity Is Detectable on Barnacle Bases and in Glue

To further explore the idea of clotting mediated through the prophenoloxidase (proPO) cascade, we probed barnacle fluid and bases with enzyme-specific substrates and inhibitors. We found that barnacle fluids contain enzyme activities resembling diphenolases in proPO as well as broader phenoloxidase activity in the barnacle basis as described below.

Barnacle baseplates showed colorimetric changes in response to L-dopa, L-tyrosine, and ABTS (Figure 2A). Exposure to inhibitors prior to the addition of substrate did not affect the reaction. A dose-response of color change was observed when comparing 1 to 10 mM substrates, especially L-dopa (Figure 2A). The regions of the observed color change were often at the edge of the base, where the parietal plates meet the baseplate, and found in concentric rings away from the edge. The phenoloxidase activity on the barnacle base resembles broader phenoloxidase activity as it reacts with monophenols (L-tyrosine), diphenols (L-dopa) and ABTS, a substrate for laccase, an enzyme with a similar role to diphenolases.
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FIGURE 2. Colorimetric enzyme-specific substrate incubated on barnacle bases (A) and with liquid glue in spectrophotometric assays (B). (A) Arrows indicate example regions of observed color changes, L-dopa product was black (darker with higher concentration substrate), L-tyrosine product was lighter brown, and ABTS product was purple. (B) Top third of plate shows enzyme standards, run in triplicate with every assay and the corresponding units of tyrosinase added to generate the associated color change. Middle region shows liquid glue with L-dopa substrate (12 replicates for each concentration), and bottom third shows assays with heated glue. Scale bars are 1 cm.



The sole activity in glue assays was with L-dopa as a substrate (Figure 2B). There was no monophenolase-like activity with L-tyrosine and no diphenolase-like activity with the other substrates, DHPPA or ABTS. The addition of MBTH did not change activity with L-dopa, nor did co-incubation with chymotrypsin on the standards or the glue assays (data not shown). Glue showed diphenolase-like activity, acting with L-dopa significantly more than the L-dopa alone, for both 1 mM (p < 0.001) and 10 mM (p < 0.0001) concentrations (Figures 3, 4).
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FIGURE 3. Colorimetric assays for diphenolase activity in barnacle glue with L-dopa as the substrate. (A,B) Diphenolase activity in glue is reduced in the presence of salicylhydroxamic acid (SHAM) inhibitor. (C,D) Heating the glue prior to the assay limits the diphenolase activity. Bars indicate the 95% confidence intervals of the mean at each time point. Non-overlapping data points are considered statistically different.
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FIGURE 4. Endpoint data from colorimetric assays of diphenolase activity in barnacle glue, taken at 30 min. (A) Activity with 1 and 10 mM substrate (L-dopa), inhibitor (SHAM) and control with substrate alone. (B) Activity with both substrate concentrations and glue untreated as compared to heated prior to the assay. Significance is indicated by asterisks (∗∗p < 0.01 and ****p < 0.0001).



Activity in glue could be effectively inhibited by the addition of a copper chelating inhibitor SHAM (Figures 3A,B, 4A). At the endpoint of the L-dopa with glue enzyme assay, estimation of activity was significantly higher in treatments with substrate and glue over that with the SHAM inhibitor (p < 0.01) (Figure 4A). While diphenolase activity in the glue was greater in assays with a higher concentration of substrate (p < 0.0001), and SHAM was equally effective at inhibiting diphenolase activity at both concentrations (p < 0.0001) (Figures 3A,B, 4A). There was no significance difference between SHAM inhibitor and 1 or 10 mM L-dopa alone.

Further evidence of endogenous diphenolase activity was in the heated glue treatments. Heating the glue significantly eliminated diphenolase activity (p < 0.0001) (Figures 2B, 3C,D, 4B). This effect was equally pronounced at both concentrations of substrates (p < 0.0001) (Figure 4B). By inferring activity levels in glue from the standard curve of activity with tyrosinase, 10 μl barnacle glue has between 0.48 and 0.68 units of diphenolase-like activity (Supplementary Figure S2).

DISCUSSION

Our goal was to probe aspects of barnacle glue curing and similarities to coagulation cascades using a broad proteomics approach with targeted enzymatic treatment of precursor material to selectively enrich rarer proteins swamped by the dominant ones. The three proteomic-series were designed to accelerate the effect of trypsin on precursor material to analyze the products of a known endogenous enzyme, which yielded more serine proteases than any other strategy. In addition to serine proteases detected in strategies that relied on endogenous trypsin, initiator proteins of the prophenoloxidase cascade were identified when searching for tryptic peptides, further supporting that trypsin-like serine proteases are key activators in precursor glue material (Dickinson et al., 2009). While we found previously described barnacle cement proteins, these were in the minority. This was expected as most of cement studies begin with reworked cured cement, and our strategies were designed to enrich for less abundant proteins and precursors in curing rather than the final product. As full curing and reworking may take many weeks especially for some oxidative chemistries to take effect, we expected the beginning material would be substantially richer in content than the final calcified cement products.

Clotting Systems Are Prevalent in Barnacle Secretions

Proteolytic clotting systems in arthropods contain diverse proteins to initiate cascades. Once the cascade is initiated, serine proteases sequentially activate other enzymes and serine protease inhibitors help to regulate the processes. Serine proteases, prophenoloxidase activating factor, and serine protease inhibitors were most common proteins across all experiments, which are major components of the clotting and prophenoloxidase cascades (Figure 5; Davie and Ratnoff, 1964; Jiang and Kanost, 2000; Wang et al., 2001; Kanost et al., 2004; Dickinson et al., 2009). Additional clotting activators identified include C-type lectins, heat shock protein 70, endoglucanase, and hemocytin, each of which are implicated in initiating clotting responses and defense systems in invertebrates (Ochiai and Ashida, 1988; Kotani et al., 1995; Cheng et al., 2003; Kikuchi et al., 2005; Cellura et al., 2006; Wu et al., 2013; Niksirat et al., 2014). Heat shock proteins have intracellular roles as chaperones, but have emerged as potent signals eliciting innate immune responses (Byrd et al., 1999; Milani et al., 2002; Srivastava, 2002a, b). In particular, heat shock protein 70 is an evolutionarily conserved molecule that can prime the prophenoloxidase system in crustacean (Artemia), inducing a protective effect to challenge with bacteria (Baruah et al., 2011). HSP90 was one of the most differentially expressed proteins identified in a proteomic study of shrimp hemocytes after infection (Somboonwiwat et al., 2010). While we also identified heat shock protein 60 and 90, only HSP70 was included in the clotting initiators because of its aforementioned connection with the proPO cascade, but it is possible that they all initiate immune responses.
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FIGURE 5. Emerging hypothesis of barnacle glue coagulation scheme mediated by the prophenoloxidase cascade. During barnacle growth cuticle is extended at the outer edge of the base over a biofilmed surface (dotted box). As the cuticle stretches (purple), there are tears, which release fluids (black arrows) that come into contact with microorganisms (orange/green/blue shapes), which present microbe-associated molecular patterns (MAMPs) to the host innate immune system. Two main clotting and defense responses are initiated, one mediated by the prophenoloxidase system (proPO) and one mediated by peroxinectin. ProPO can be activated by initiator proteins like C-type lectins and heat shock protein 70, and other pattern recognition proteins (PRPs) that recognize MAMPs, like endoglucanase. Activation of the phenoloxidase system is initiated via prophenoloxidase activating factor/enzyme (pro-ppA) and mediated by zymogen activation via serine proteases. After the activation of pro-ppA, intermediates like phenoloxidase activating enzyme (ppA), and prophenoloxidase (PPO) are cleaved until finally phenoloxidase (PO) is freed to act on monophenol and diphenol substrates. Serine protease inhibitors (SERPINs), including pacifastin, inhibit (red line) the action of serine proteases at any step of the cascade. Reactive oxygen species (ROS), quinones, and cytotoxic intermediates can all kill nearby microorganisms via encapsulation, melanization and direct oxidation. A concurrent pathway could occur through activation cell adhesion molecules like peroxinectin, a multifunctional protein with peroxidase activity, which converts hydrogen peroxide to a hydroxyl radical (a reactive oxygen species) that can kill microbes and also converts that to water, thus creating and neutralizing ROS in one enzyme. Peroxinectin and hemocytin can interact with clotting proteins (fibrinogen-like proteins) and the crosslinking enzyme transglutaminase (TGase), which crosslinks proteins. Transglutaminase also may act on α-2 macroglobulin, incorporating it into the clot to inhibit bacterial proteases. A crustacean serine protease inhibitor, Pacifastin, stops the phenoloxidase-like activity of peroxinectin (red line). Blue boxes indicate proteins identified through proteomics in this study, dotted blue box indicates confirmation through enzyme assays of this study, the yellow-filled gray box has been shown through microscopy of previous studies (Essock-Burns et al., 2017; So et al., 2017), and gray boxes indicate suspected proteins based on previous work, such as peroxinectin (So et al., 2016) and transglutaminase (Dickinson et al., 2009).



Previous work identified trypsin-like serine proteases and characterized their activity in barnacle glue (Dickinson et al., 2009). This allowed us to test the impact of endogenous trypsin activity on proteins in samples by searching for tryptic peptides in the experiments not digested with trypsin. Serine proteases were identified in all experiments, even those without trypsin digestion, demonstrating the prevalence of this endogenous proteolytic activity. Additional clotting enzymes demonstrated in glue include transglutaminase, a crosslinking enzyme conserved in fibrinogen-based blood clotting and peroxidases (Dickinson et al., 2009; So et al., 2017). Although we identified several peroxidase peptides, they did not match the recently described proteins from the same barnacle species and a similar database (So et al., 2017). Fibrinogen domains were prevalent in proteins identified like techylectin, ficolin, and uncharacterized proteins, which could be substrates for transglutaminase.

In addition to activators and inhibitors of prophenoloxidase, evidence of phenoloxidase-like activity was supported by the enzyme activity assays. Barnacle baseplates, particularly at the periphery where new cuticle growth occurs, converted many of the substrates, indicating substrate promiscuity of the active enzymes. In contrast, the extracted glue solely had diphenolase activity, which was effectively inhibited by a copper chelator and through heating the glue. The fact that the activity with L-dopa could be inhibited by heating the glue prior to the assay indicates that the activity is enzymatic and not due to auto-oxidation. We hypothesize that the cuticle and shells of barnacle bases provide a broader range of enzyme functions, including monophenolase and diphenolase activity as shown here, and peroxidase activity as previously described (Dickinson, 2008; So et al., 2017). This suggests that the components to initiate the prophenoloxidase cascade and the diphenolase activity of the phenoloxidase are mostly in the glue, but enzymes with monophenolase activity in the first part of the reaction are in the cuticle. Separation of quinone tanning components in hemolymph and cuticle is common in other arthropods (Ashida and Brey, 1995; Suderman et al., 2006; Gorman et al., 2007; Wu et al., 2013). As the growing cuticle at the periphery of the barnacle base is the site of expansion and release of glue fluids, all of the enzymatic components of this reaction occur in the same region. This interface between new barnacle growth, glue release, and phenoloxidase activity also include microbial biofilms on a natural surface in seawater. We hypothesize that the phenoloxidase activity in glue is involved with crosslinking, clotting and killing microorganisms and the phenoloxidase activity in base/cuticle assists in these aspects of cuticle sclerotization and biomineralization (Figure 5). The presence of phenoloxidase components and activity in barnacle glue has been debated for the past 50 years (Walker, 1971; Lindner and Dooley, 1974; Cheung et al., 1977; Lindner, 1984; Naldrett, 1993). We propose that the analysis of precursor material presented here presents a fuller picture of potential molecular players in the mechanisms contributing to glue curing.

Many of the oxidase enzymes can play interchangeable roles in coagulation and pathogen defense in arthropods. One such dual-functioning protein has been identified in barnacle, peroxinectin, has roles in defense via phenoloxidase activation leading to encapsulation and phagocytosis of invading microorganisms (Johansson, 1999; Lin et al., 2007) as well as peroxidase activity which generates reactive oxygen species, hydrogen peroxide (H2O2), at sites of injury (Johansson, 1999; Lin et al., 2007; Minibayeva et al., 2009). Phenoloxidases also generate ROS in the conversion of monophenols to quinones. ROS are present in barnacles at times of cuticle expansion and fluid release during barnacle metamorphosis (Golden et al., 2016; Essock-Burns et al., 2017; Fears et al., 2018). We suspect that the ROS found are involved in clotting and killing microorganisms on the surface, and then are neutralized by protective enzymes, like thioredoxin, previously found to be upregulated prior to molting (Wang et al., 2015). As defense and crosslinking mechanisms are intertwined, we expected that barnacle fluids would contain redundant mechanisms for antimicrobial defense. This would include antimicrobial peptides, which were not identified in the present study, but are common in crustaceans (Amparyup et al., 2008; Battison et al., 2008; Smith et al., 2008).

Regulation of proteolytic cascades by protease inhibitors is crucial to survival (Werner and Grose, 2003; Kanost et al., 2004). Our proteomic data suggest that the putative prophenoloxidase cascade in barnacle secretions is likely mediated by the serine protease inhibitor similar to pacifastin light chain, a well-described serine protease inhibitor first described in the plasma of freshwater crayfish Pacifastacus leniusculus, and involved in many arthropod prophenoloxidase cascade (Kopáček et al., 1993; Liang et al., 1997; Söderhäll and Cerenius, 1998; Simonet et al., 2002; Breugelmans et al., 2009). Another inhibitor of proteases that was identified is α2-macroglobulin, which can bind a broad range of proteases, physically trapping them, and marking them for removal through endocytotic pathways in innate immune systems, including arthropods (Orth et al., 1992; Armstrong and Qmoley, 1993; Armstrong et al., 1993; Armstrong and Quigley, 1999).

Extracellular Matrix Formation May Be a Precursor to Calcification

Due to the prevalence of structural, mediating, and reworking proteins common to extracellular matrices found in barnacle precursor material, this extended similarities of barnacle glue curing beyond initial clotting to incorporate aspects of wound repair. Similar to wound healing in barnacles, the initial clot formed through proteolytic cascades previously described becomes further crosslinked and reworked into an extracellular matrix (ECM). Wound repair involves the stabilization of tissue at the wound site and reworking the structural ECM (Gailit and Clark, 1994; Ravanti and Kähäri, 2000; Li et al., 2003), providing a structural scaffold with the flexibility to become degraded, reinforced, or calcified over time (Bosman and Stamenkovic, 2003; Badylak et al., 2009).

The cuticular protein complex with pheromone activity, named SIPC, was classified as ECM-related in this study because of its prevalence in glue and cuticle, and homology with α2-macroglobulin (Matsumura et al., 1998b; Dreanno et al., 2006b) and we also identified a distinct α2-macroglobulin annotation. Although the role of SIPC α2-macroglobulin has not been defined, it acts as a substrate for the crosslinking enzyme transglutaminase in crayfish and can mediate ECM development (Hall and Söderhäll, 1994; Narita et al., 1997). In addition to SIPC, a variety of potential ECM structural proteins are found in barnacle fluids, including vimentin and laminin, which participate in cardiac ECM formation (Speiser et al., 1992; Bosman and Stamenkovic, 2003; Li et al., 2003). Mediator proteins in barnacle secretions, like annexin B-10 and cartilage oligomeric matrix protein could interface with structural proteins like SIPC and cytoskeletal proteins (Adams, 2001; Werner and Grose, 2003), similar to mediator interaction with actin in crayfish (Niksirat et al., 2014).

Actin is another potential substrate for transglutaminase and was most abundant 24 h after the initial sampling in the sequential wounding in the present study (Nemes et al., 1997). Both actin and tubulin are upregulated after bacterial infection in shrimp Penaeus monodon hemocytes, and were most abundant 24 h after the first sampling in our sequential wounding experiment (Somboonwiwat et al., 2010). The release of cytoskeletal proteins in barnacle fluids may provide structural elements for the extracellular matrix that participate in binding of the calcium carbonate base plate to the substratum. We found very few constitutive proteins related to general cellular function and recovery, which reflects the relatively low density of cells, as compared to tissues, in the coagulating fluids.

Extracellular matrices (ECM) are central components in wound repair across all taxa, as they help form connective tissue (Montesano and Orci, 1988; Peterkofsky, 1991), calcify eggshells and bone (Arias et al., 1993; Arias and Fernández, 2003), and barnacle shell (Fernández et al., 2002; Li et al., 2003; Verderio et al., 2004; Saito and Marumo, 2010). Much of the proteomic evidence for the extracellular matrix was structural, rather than mediators and enzymes to coordinate and rework. Components to rework the clot into an ECM may be more prevalent later, and not detected in the time course of sequential wounding. Zinc metalloproteases participate in ECM remodeling by degrading fibrin, collagen and peptides and are a critical part of reworking extracellular matrices (Ravanti and Kähäri, 2000; Parks et al., 2004). Zinc metalloproteases were previously identified in liquid barnacle secretions and their gene expression is upregulated prior to molting (Dougherty, 1996; Wang et al., 2015).

A consequence of having growth and adhesion tied to the innate immune response is redundancy in the function of clotting components. Part of the reason why barnacle glue curing is a difficult process to study is that it is a dynamic process that occurs in the same spatial area, the periphery of the baseplate at the interface with the substratum. We propose that barnacle fluids released between the base and substrate provide material structural biopolymers precursors that become highly crosslinked as evidenced by the structure of cured glue (Kamino, 2006, 2013; Barlow et al., 2009, 2010; Sullan et al., 2009;So et al., 2016). Unlike mussel and tubeworm attachment, which employs specialized glands and applicators, juvenile and adult barnacle adhesion may be an extension of molting and related to arthropod clotting and cuticle hardening. We hypothesize that, as in other crustaceans, expansion associated with molting tears cuticle-releasing fluids and activates innate immune responses, including the prophenoloxidase system and cell adhesion molecules (Figure 5). Cell adhesion molecules, like peroxinectin, can have peroxidase activity as well as phenoloxidase activity in crustaceans (Johansson et al., 1999; Sritunyalucksana et al., 2001; Lin et al., 2007; Schmidt et al., 2010). Additional cell adhesion proteins found in precursor material, like hemocytin and others with fibrinogen domains can be further crosslinked by transglutaminase, and non-enzymatic means like reactive oxygen species and quinones. This initial clot can be eventually reworked through matrix metalloproteinases and other enzymes and the extracellular matrix becomes a stable structure that is calcified over time. The innate immune system hypothesis provides an experimental framework for probing barnacle glue curing, adhesion and calcification.

CONCLUSION

Ancient protein systems, like the innate immune response, that are common across taxa provide opportunities to understand their core components, functions, and evolution. Barnacle glue curing is external to the animal, but is driven by mechanisms related to molting, blood clotting and wound repair. Insight into potential coagulation and cross-linking mechanisms that may contribute to barnacle glue curing is interesting from a comparative biology perspective and may have roles in fouling management and medicine. Through an understanding of the biological processes that drive barnacle glue curing, we can better design modes of intervention with biological adhesion for economic applications such as foul-release coatings for ships and medical applications such as biocompatible surgical glues that cure in aqueous environments and potentially direct calcification.
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FIGURE S1 |
Pooled barnacle secretion sample and corresponding bands cut for the in-gel trypsin digestion in experimental series 1.

FIGURE S2 |
Standard curves shown with 1 and 10 mM L-dopa and varying concentrations of tyrosinase for the two experiments, both with glue and inhibitors (A,B) and with heated glue (C,D). Error bars indicate the standard deviation of triplicate conditions.

TABLE S1 |
Distribution of enzyme classes present in the proteome database, highlighting two subclasses of interest, oxidoreductases and hydrolases and number of sequences within each classification.

DATA SHEET S1 |
Fasta file of the annotated, clustered, database used for proteomic searches.

DATA SHEET S2 |
Frequency of database annotations by species.
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