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Abstract 

The focus of this dissertation is the extension of the innate immune response in 

wound healing and non-wound healing contexts. I am interested in interactions at the 

interface between macroorganisms and microorganisms from marine/aqueous 

environments. This dissertation explored two aspects of the interactions: 1) the presence 

and function of macroorganism secretions and 2) the role of secretions in managing 

microfouling on macroorganism surfaces. Particularly of interest are how barriers are 

biochemically reinforced to mitigate microfouling and the potential consequences of a 

breach in those barriers. The innate immune response, an evolutionary conserved 

system in vertebrates and invertebrates, provides an evolutionary context for 

developing the hypotheses.  

In this dissertation the biochemical composition and uses of crustacean secretions 

are explored for barnacles, fiddler crabs and blue crabs. Fluids of interest were 

secretions released during barnacle settlement and metamorphosis and those collected 

from living adult barnacles, fluids on fiddler crab sensory appendages including dactyl 

washings and buccal secretions, and fluids from blue crab egg masses. The biochemical 

composition was determined using a combination of fluorescent probes and confocal 

microscopy, proteomics, and enzyme-specific substrates with a spectrophotometer.  



 

 

v

I demonstrated that self-wounding is inherent to the critical period of settlement 

and metamorphosis, in barnacles. Wounding occurs during cuticle expansion and 

organization and generates proteinaceous secretions, which function as a secondary 

mode of attachment that facilitates the transition to a sessile juvenile. I showed extensive 

proteomic evidence for components of all categories of the innate immune response, 

especially coagulation and pathogen defense during attachment and metamorphosis. 

This work provides insight into wound healing mechanisms that facilitate coagulation of 

proteinaceous material and expands the knowledge of potential glue curing mechanisms 

in barnacles.  

In order to test macroorganism secretions in a non-wound healing context, I 

examined fluids sampled from body parts that macroorganisms must keep free of 

microorganisms. I showed that two types of decapod crustaceans can physically manage 

microorganisms on most parts of their body, but certain parts are particularly sensitive 

or difficult to clean mechanically. I examined sensory regions on the fiddler crab, 

including dactyls that are important for chemoreception and the buccal cavity that is 

used to remove microorganisms from sand particles, and blue crab egg mass fluids that 

protect egg masses from fouling through embryo development.  

This dissertation explores organismal interactions across scales in size, space, and 

time. The findings from the barnacle work inform mechanisms of attachment and glue 

curing, both central to understanding bioadhesion. The work on fiddler crabs and blue 
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crabs contributes to our understanding of chemoreception of feeding and reproductive 

behaviors. 

The work presented here highlights how biological secretions from 

macroorganisms serve multifaceted roles. In cases of physical breaches of barriers, or 

wounding, secretions coagulate to obstruct loss of hemolymph and have antimicrobial 

capabilities to prevent infection by microorganisms. In non-wounding cases, secretions 

remove microorganisms from surfaces, whether that is on the body of the 

macroorganism or in the immediate environment. 
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1. Introduction  

Physical barriers protect macroorganisms from invading microorganisms. These 

barriers are routinely reinforced by components of the innate immune system that act as 

the first line of defense to prevent infection and heal wounds when the barriers are 

breached. Human skin is an example of a barrier that is reinforced with antimicrobial 

peptides as a first line of defense, and mechanisms to quickly recruit immune cells to aid 

in pathogen removal, clotting, and repair (Singer & Clark, 1999; Eming et al., 2007; 

Schauber & Gallo, 2008; Wiesner & Vilcinskas, 2010). The innate immune system is 

universal to multicellular organisms and includes cells, proteins and signal molecules 

that coordinate the initiation of a response, the initial response of clotting and pathogen 

defense, and long-term wound repair. It is a highly conserved evolutionarily and 

vertebrates and invertebrates can share common innate immune response mechanisms, 

pathways, and even specific molecular components (Kimbrell & Beutler, 2001; Salzet, 

2001; Janeway & Medzhitov, 2002; Frantz et al., 2005; Wiesner & Vilcinskas, 2010).  

 

Marine and semi-aquatic macroorganisms have the added challenge of living in 

an environment highly abundant in microorganisms. In aqueous environments, 

microorganisms form biofilms, or aggregates using a sticky extracellular polysaccharide-

based substance (Costerton et al., 1987; Sutherland, 1999; Flemming & Wingender, 2001; 

Donlan, 2002). Biofilm-forming microorganisms foul the surface of macroorganisms. 
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Biofilms are detrimental when they form on sensitive areas on macroorganisms, such as 

sensory appendages, or on egg clutches, because they obstruct information transfer and 

exchange of waste and nutrients with the environment. I am interested in external 

secretions of marine and semi-aquatic macroorganisms because they modulate 

interactions with microorganisms. 

 

In the event of a physical breach of a barrier, or wounding, both vertebrate and 

invertebrate innate immune responses coagulate bodily fluids (blood or hemolymph) 

and prevent the invasion of microorganisms. The vertebrate clotting cascade has no 

direct antimicrobial activity but is cross-reactive with a separate surveillance system, the 

complement system (Davie & Ratnoff, 1964; Dahlbäck, 2000; Markiewski et al., 2007; 

Ricklin et al., 2010). Invertebrate clotting pathways are inherently tied to pathogen 

defense and therefore coagulation and immunity are even more intertwined (Johansson, 

1999; Krem & Ceria, 2002; Jiravanichpaisal et al., 2006; Vazquez et al., 2009; Schmidt et 

al., 2010).  

 

Dickinson (Dickinson, 2008; Dickinson et al., 2009) reasoned that barnacle glues 

could be related to other well-studied biological systems that coagulate in water. Using a 

variety of barnacle glue preparations, Dickinson set out to falsify the hypothesis that 

adhesion in barnacles was related to wound healing. However, all the rudimentary tests 
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for the presence of basic components of the clotting cascade in barnacle glue were 

positive. The wound healing hypothesis was supported by identification of sequence 

and functional homology of barnacle glue proteins to two highly conserved blood 

clotting enzymes, identification of immune cells in barnacle glue, and biochemical 

similarities of clotted blood to cured glue including transglutaminase-mediated cross 

linking. Because innate immunity is so highly conserved and coagulation and immunity 

are linked in invertebrates, I hypothesize that barnacle secretions, at the interface of the 

basis and substratum, coagulate via wound healing pathways and have properties of 

pathogen defense.  

 

I extended the wound healing hypothesis by testing if the similarities between 

barnacle glue curing and blood clotting included the innate immune response. Because 

innate immune response concepts had not been previously applied to data from 

barnacles, I first compiled evidence of cellular and humoral innate immune components 

from the literature to have an inclusive framework of innate immunity. Then I compiled 

literature from barnacles that fit into these components of the innate immune response.  

The framework of the innate immune response includes three processes over 

time: 1) initation and coordination, which is achieved by pattern recognition receptors 

and endogenous signals of a wound, signal transduction pathways, and immune cells, 2) 

the immediate response of coagulation and pathogen defense, achieved by proteolytic 
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cascades like blood clotting, prophenoloxidase system, complement system, and reactive 

oxygen species and antimicrobial peptides and enzymes, and 3) long-term wound 

repair, achieved by the formation and remodeling of an extracellular matrix.  

Previous work in barnacles supports the presence of innate immune response 

components in barnacle secretions. Dickinson (2009) reported three kinds of immune 

cells, or hemocytes, in liquid barnacle glue. Hyaline cells, the most prevalent, burst upon 

exposure to air and release transglutaminase, (Dickinson et al., 2009), a protein cross-

linking enzyme of the clotting cascade (Folk, 1980). Humoral components found in 

barnacles include lectins, proteolytic enzyme cascades, and antimicrobial enzymes like 

peroxidase and lysozyme. Barnacle lectins BRA-1, BRA-2 and BRA-3 are found in larvae 

and adults and in barnacle glue (Dickinson et al., 2009). In adult barnacles, three types of 

lectins are upregulated at molting, BRA-3, C-type lectins and nattectin (Wang et al., In 

Review). These lectins, with undetermined function, have sequence homology to 

mammalian C-type lectins (Takamatsua et al., 1993; Cerenius et al., 2010; Cerenius & 

Söderhäll, 2013; Wu et al., 2013), which may suggest a similar role in recognition and 

initiation of the innate immune response. Key components of the proteolytic cascade in 

blood clotting that have been identified in barnacle glue are trypsin-like serine protease 

and transglutaminse (Dickinson et al., 2009). The trypsin-like serine protease activates 

pro-forms of structural proteins and transglutaminase forms glutamate-lysine cross-

links in protein (Davie & Ratnoff, 1964; Folk, 1980; Greenberg et al., 1991; H Jiang & 
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Kanost, 2000; Lin et al., 2008; Dickinson et al., 2009). Regulation of proteolytic cascades 

in the innate immune response is largely through serine protease inhibitors. One serine 

protease inhibitor, alpha-2 macroglobulin, was found in barnacle glue (Dickinson, 2008). 

Settlement inducing protein complex (SIPC) has sequence homology to alpha-2 

macroglobulin (Matsumura, Nagano & Fusetani, 1998; Dreanno, Matsumura et al., 2006), 

but it is unknown if SIPC functions as an inhibitor. In terms of long-term wound repair, 

the idea that extracellular matrices play a role in barnacle shell formation has been 

explored previously (Fernández et al., 2002). Additionally, metalloproteases, involved in 

long-term wound repair, are in liquid barnacle glue (Dougherty, 1996) and their 

transcription is upregulated prior to molting (Wang et al., In Review). 

 

Pathogen defense is a critical component of the innate immune response and 

antimicrobial enzymes, including peroxidase and lysozyme, are found in barnacles. 

Peroxidase activity is found on living barnacle bases, in footprints of cyprid larvae, and 

in larval and adult glue (Dickinson, 2008). Two antioxidant enzymes, that may have a 

role in the innate immune response, peroxinectin and thioredoxin, are upregulated prior 

to barnacle molting (Wang et al., In Review; Johansson, 1999; Arnér & Holmgren, 2000; 

Theopold et al., 2002; Schmidt et al., 2010). One protein with sequence homology to 

lysozyme has been identified from cured barnacle glue (Kamino & Shizuri, 1998).  
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In Chapter 2, I explored the interface between the barnacle and substratum in 

terms of barnacle secretions and interactions with microorganisms. The research shows 

that self-wounding occurs during barnacle settlement and metamorphosis and provides 

observational evidence of coagulation and pathogen defense. Barnacle settlement 

involves permanent attachment to a substrate, metamorphosis, calcification and 

eventual attachment of the entire base plate to the substratum. Cyprids use adhesive 

material released through the antennules for surface exploration and attachment (Nott et 

al., 1969; Walker, 1971; Dreanno, Kirby et al., 2006b). Once secretion of the permanent 

adhesive is initiated, the antennules become irreversibly embedded in a globular disc of 

proteinaceous and lipidaceous material within 1-3 hours (Nott et al., 1969; Yule & Crisp, 

1983; Yule & Walker, 1985; Phang et al., 2006, 2008; Aldred et al., 2013; Gohad et al., 

2014). One of the most dramatic morphological changes during settlement is the increase 

in surface area in contact with the substrate from the cyprid antennules to the attached 

juvenile base. Little is known about early attachment in juveniles. Insight into this 

transition would help link understanding of the cyprid antennular adhesive plaque and 

adult adhesives that yield the putative glue proteins and structure of cured glue that 

have been identified. Understanding environment at the interface between the barnacle 

and substratum is useful to understanding the context of the early secretions and 

gaining insight into glue curing.  
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Wounding appears to be inherent to barnacle settlement and metamorphosis 

(Essock-Burns, Chapter 2) and occurs during adult growth as cuticle expands, resulting 

in secretions that facilitate attachment (Bourget & Crisp, 1975; Crisp & Bourget, 1985; 

Burden et al., 2012, 2014). Given that mechanisms to heal wounds are highly conserved 

through the innate immune response, I hypothesized that barnacle fluids contain innate 

immune components that enable coagulation and pathogen defense. These are the two 

most critical immediate responses necessary for recovery from wounding during 

settlement and growth, especially in the presence of abundant live bacteria. This work 

revealed extensive proteomic evidence for innate immune components in barnacle fluids 

and gave rise to the innate immune response framework, proposed here. This work 

expands the current view of barnacle glue and glue curing from thinking about it as an 

“industrial adhesive” to thinking about it as a combination of hemolymph and glue and 

considering the biological processes related to 

 

In Chapter 4, I showed that external fluids of two decapod crustaceans are rich in 

enzymes and contribute to biofilm removal in two separate contexts, unrelated to 

wound healing. Microorganisms form complex aggregates, biofilms, on all surfaces in 

aqueous environments (Davey & O’Toole, 2000; Sutherland, 2001b; Donlan, 2002; 

Flemming & Wingender, 2010). Aquatic macroorganisms, especially crustaceans, 

provide surfaces for biofilm development. To manage biofilms on surfaces, crustaceans 
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utilize behavioral measures to physically remove microbes. These include molting, 

burying, scratching and wiping their surfaces (Wahl, 1989; Carman & Dobbs, 1997;  

Wahl et al., 2012). Alternative measures are necessary to clean areas that are more 

sensitive or too small for physical removal processes. I hypothesized that biochemical 

mechanisms, specifically externally secreted enzymes, are used to remove biofilms from 

surfaces. Partial degradation or removal of biofilms has implications for things like 

feeding, management of microfouling, and generating peptide pheromones. Peptide 

pheromones generated by exoenzymes are common in marine systems and critical for 

life functions (Review Rittschof & Cohen, 2004). For decapod crustaceans in particular, 

peptides are important to coordinate egg mass ventilation behavior and hatching cues 

(Forward & Lohmann, 1983; Rittschof, 1990; DeVries & Forward, 1991; Darnell & 

Rittschof, 2010; Reinsel et al., 2014). This work explores how macroorganisms interact 

with microorganisms on their surfaces in a non-wound healing context using secretions 

rich in enzymes. 

 

All of the work presented here is collaborative in nature. Chapter 2 consists of 

confocal microscopy I did independently after extensive research training at Clemson 

University with Drs. Neeraj Gohad and Andrew Mount and at the US Naval Research 

laboratory with Drs. Christopher Spillman and Kathryn Wahl. Chapter 3 contains 
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proteomic work done with Drs. Erik Soderblom and Arthur Moseley at the Duke Center 

for Genomic and Computational Biology and with Dr. Dasha O’Leary at the US Naval 

Research Laboratory. Chapter 4 is a compilation of work conducted in our laboratory by 

undergraduates over the past 30 years, which I completed.  
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2. Barnacles Manage Bacteria During and After 
Settlement and Metamorphosis 

 

2.1 Introduction 

Biofilms are complex mixtures of live and dead microorganisms and 

organic matter, that develop in aqueous environments (Reviews: Costerton et al., 

1995; Flemming & Wingender, 2001, 2010). The relationships between biofilms 

and macrofouling larvae are complex and range from inhibition through no 

effect to stimulation and obligate for settlement and metamorphosis (Maki et al., 

1989; Clare et al., 1992; Unabia & Hadfield, 1999; Lau et al., 2005; Qian et al., 2007; 

Hadfield, 2011). Bacteria provide or modify chemical cues, change surface 

topography and wettability, and provide signals of depth an flow conditions 

(Rittschof et al., 1986; Maki et al., 1989; Clare et al., 1992; Pawlik, 1992; Neal et al., 

1996; Qian et al., 2007; Zardus et al., 2008).  

 

Adhesion is central to the transition from planktonic cypris larva to 

sessile juvenile barnacle with adult morphology (Aldred & Clare, 2008; Gohad et 

al., 2012; Maruzzo et al., 2012). Barnacle adhesion is via glues that connect the 

barnacle body to a surface. First, the cypris permanent adhesive anchors the 

barnacle cyprid to a surface by its antennules (Knight-Jones & Crisp, 1953; Crisp, 

1960; Mullineaux & Butman, 1991; Matsumura, Nagano, Kato-Yoshinaga et al., 
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1998; Phang et al., 2008; Gohad et al., 2012, 2014; Aldred et al., 2013). The 

transition between the fully-metamorphosed juvenile and adult barnacle 

involves growth and secretion of additional glues (Crisp & Bourget, 1985; 

Dreanno, et al., 2006b; Dickinson et al., 2009; Burden et al., 2012, 2014; Gohad et 

al., 2014). It is clear that chemical cross-linking mechanisms cure the glue and fix 

the barnacle base to the substrate (Barlow et al., 2009, 2010; Dickinson et al., 2009; 

Sullan et al., 2009; Wahl et al., 2011), but the precise mechanisms involved are not 

well-described.  

 

Adult barnacle growth involves splitting or wounding during cuticle 

expansion (Bourget & Crisp, 1975; Crisp & Bourget, 1985) and at least two types 

of secretions that vary in space and time (Burden et al., 2012). Barnacle cement 

secretion 1 (BCS1) is leaked through expanding cuticle near the growth front of 

the base (Burden et al., 2012, 2014). Behind the growth front are networks of 

capillaries and ducts that deliver barnacle cement secretion 2 (BCS2) episodically, 

associated with the molt (Burden et al., 2012, 2014). These biological glues 

connect the base with the surface. Self-wounding is inherent to adult barnacle 

growth and secretions released relate to attachment.  
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Given the ubiquity of biofilms on immersed surfaces, interactions 

between barnacle secretions and biofilms, both during initial attachment and 

subsequent growth, are likely. My main interest was the interface between the 

barnacle and substratum during and after settlement. I used confocal microscopy 

and fluorescent dyes to examine the spatiotemporal distribution of bacteria and 

live/dead proportion, for 200 presettlement cyprid larvae, 4 stages of settlement 

and metamorphosis, 3-5 days post-settlement and 6-7 days post-settlement. I 

found that: 1) an amorphous proteinaceous material was associated with the later 

stages of metamorphosis and post-settlement juveniles, 2) bacteria were heavily 

concentrated under barnacles undergoing settlement and most of these bacteria 

were killed during the settlement and metamorphosis process, and 3) reactive 

oxygen species associated with barnacle cuticle were observed under juveniles. 

 

2.2 Methods 

 

2.2.1 Collection or Rearing of Cypris Larvae  

I used larvae of Amphibalanus (=Balanus) amphitrite, which were either 

reared in the laboratory or collected from the plankton at the Duke University 

Marine Laboratory in Beaufort, NC. For rearing of cypris larvae, nauplii released 

from mature adults collected from the field, were raised following established 
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culture techniques (Rittschof et al., 1984; Holm, 1990; Rittschof et al., 1992b, 

2008). Cyprids were sorted from plankton collected off the Duke Marine 

Laboratory docks using a 64μm mesh plankton net in June 2013. Cyprids were 

relaxed in 10% wt/v MgCl2 prior to fixing in 4% buffered formaldehyde (pH 7.5-

8), so that the antennules remained extruded.  

 

2.2.2 Settlement  

Barnacles were examined in 7 stages before, during, and after settlement 

and metamorphosis. Cyprids were settled and allowed to develop to 4 stages 

during settlement. First, 3-day old cyprids were allowed to attach to flamed glass 

coverslips. Approximately 6-12 larvae were placed in a small drop of aged 

filtered seawater (approximately 1 mL) within a circle drawn on the coverslip 

with a wax pencil. The circle limited the spread of the seawater drop on the 

hydrophilic coverslip. Coverslips were housed in Falcon® 1006 polystyrene petri 

dishes in a 28°C incubator and observed and sampled as larvae settled and 

metamorphosed. During the settlement and metamorphosis process, the barnacle 

larvae were grouped into stages, reflecting characteristics of previously 

identified detailed morphology (Maruzzo et al., 2012). Stage 1 was defined as 

cyprids immediately after irreversible attachment (Maruzzo et al., 2012). Stage 2 

was characterized by the flattening of the cyprid carapace and maintenance of 
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the larvae close and parallel to the surface (Maruzzo et al., 2012). Stage 3-5 

included the progression of metamorphosis, the shedding of the cypris carapace 

and development into the early juvenile. This final transition involves changes in 

shape and size, first in to a small round ball within the cypris carapace and then 

into a larger bag-like body shape as the cypris carapace and larval compound 

eyes are shed (Maruzzo et al., 2012). Stage 6 is a fully metamorphosed juvenile 

with the shape of an adult with visible shell plates (Maruzzo et al., 2012). Post-

settlement juveniles were fully metamorphosed juveniles that developed to Day 

3-5 or Day 6-7 post settlement. Staging of attached larvae was accomplished 

using a light microscope. 

 

Free-swimming cyprids and attached larvae in the six previously 

describes stages, as well as 3-5 day-old and 6-7 day-old juvenile barnacles, were 

fixed in 4% buffered formaldehyde (pH 7.5-8), made fresh at each time of 

fixation. Pre-settlement cyprids were observed in chambered slides kept in fluid 

as to not to physically damage them during confocal microscopy. Coverslips 

with attached barnacles were kept in 50mL capped tubes completely submerged 

in fixative (~15mL), and stored at 4°C prior to staining. For staining, coverslips 

were treated in individual Falcon® 1006 polystyrene petri dishes. 
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2.2.3 Staining  

Prior to staining, samples were washed three times with phosphate 

buffered saline (PBS). The recipe used for 10x PBS was 80 g NaCl, 2 g KCl, 14.4 g 

Na2HPO4, 2.4 g KH2PO4 in 1000 mL nanopure water, stirred without heat until 

dissolved. Washes were done with 1x PBS. I used fluorescent nucleic acid stains 

for bacteria to determine whether a given cell was alive or dead. BacLight 

LIVE/DEAD® Life Technologies (Cat No. L7007) bacterial viability kit was used 

and contains a mixture of SYTO9 (Ex 485/Em 530), a cell membrane permeable 

nucleic acid dye and Propidium Iodide (Ex 485/Em 630), a non cell membrane 

permeable nucleic acid dye. Equal parts of stain were mixed in PBS for a final 

concentration of 3μl per mL of PBS.  Samples with 1 mL of Live/Dead stain per 

sample were incubated in the dark for approximately 20 minutes. Samples were 

washed twice with PBS and kept in the dark prior to imaging, and were 

immersed in PBS during imaging.  

 

Fluorescent probes were used to detect reactive oxygen species (ROS). 

CellROX® Deep Red reagent (Ex 644/Em 655) for oxidative stress detection, 

specific to the hydroxyl radical and superoxide anion, was used from Life 

Technologies (Cat. No C10422) at final concentration of 5 μM and stained for 30 

minutes. Hoechst 33342 (Ex 350/Em 461) cell membrane permeable nucleic acid 
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stain was used from Life Technologies (Cat No H3570) at 10 mg/mL and stained 

for 15 minutes.  

 

Fluorescent probes were used to determine if the interface between the 

barnacle and the substrate contained protein and/or phosphoprotein. SYPRO® 

Ruby protein gel stain (Ex 460/Em 620) and Pro-Q® Diamond (Ex 560/Em 600) 

phosphoprotein stains were used from Life Technologies (Cat No. S-12000 and P-

33300). The SYPRO Ruby general protein stain protocol was adapted from the 

manufacturer. Samples were incubated at room temperature in the dark for 5 

hours prior to PBS washes and imaging. Pro-Q Diamond stain for 

phosphoproteins was also developed for protein gels, but has been used for 

confocal scanning laser microscopy previously (Gohad et al., 2014) and samples 

incubated at room temperature in the dark for 1 hour prior to PBS washes and 

imaging. Samples were stained with Pro-Q Diamond and imaged first and then 

washed and stained with SYPRO Ruby and imaged second, as instructed by the 

manufacturers.  
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2.2.4 Confocal Microscopy  

Confocal Laser Scanning Microscopy was performed as described 

previously (Gohad et al., 2009b, 2012, 2014; Aldred et al., 2013). The majority of 

images were taken using the Zeiss LSM 780 inverted confocal laser scanning 

microscope at Duke University equipped with laser lines of 405, 458, 488, 514, 

561, and 633 nm. Additional imaging was done using a Nikon C1si Spectral 

Confocal Imaging system at the US Naval Research Laboratory and using a 

Nikon Ti-E inverted microscope equipped with a Nikon C1si Spectral Confocal 

Imaging system at Clemson University. FIJI (ImageJ) was used for most image 

processing and Imaris image analysis software (Bitplane Scientific Software) was 

used for 3D rendering through the Duke University Light Microscopy Core 

Facility. 

All manufacturer specifications were used for excitation and emissions 

wavelengths for the fluorescent dyes with the exception of SYPRO Ruby. I found 

that the optimal excitation peak of 460 nm was ineffective and a 405 nm 

excitation was effective. 
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2.3 Results 

Fluorescent dyes and confocal microscopy were used to examine the 

interface between barnacles and a surface immediately prior to settlement, 

during settlement, and after settlement until several days after attachment and 

metamorphosis. I observed evidence of amorphous proteinaceous material, 

localization of live/dead bacteria, and localization of reactive oxygen species 

between the barnacle and the glass coverslip (Table 1). Approximately 200 larvae 

and juveniles in 7 groups were examined including presettlement cyprids 

(Appendix, Fig. 19), 4 stages of settlement (Fig. 1), 3-5 days after settlement (Fig. 

2), and 6-7 days after settlement (Appendix, Fig. 20). Autofluorescent rings of 

capillaries marking delivery of barnacle cement secretion 2 (BCS2) were first 

observed in one stage 6 barnacle, and in 30% of Day 3-5 post-settlement 

juveniles. Two rings of capillaries could be observed in 20% of Day 6-7 post-

settlement juveniles (Appendix, Fig. 20). The outer edge of the barnacle base was 

not fully in contact with the surface until Day 6-7.  
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Table 1. Summary of observations of barnacle larvae before, during, 

and after settlement and metamorphosis using confocal microscopy (n=194) 

 

Amorphous material under the base was observed in 143 out of 144 Stage 

6 barnacles (Fig. 2). Of 184 barnacles in stage 3-5 to up to 1 week after settlement, 

174 barnacles had visible amorphous material (95%) (Table 1 and Fig. 2). The 

amorphous material appeared in two areas: 1) within 20μm of the antennules but 

external to the cypris adhesive plaque (Fig. 2, Fig. 3A and 3B, Fig. 4C and 4D, and 

Fig. 5B-5C) and 2) 30-100 μm from the antennules associated with the first ring of 

cuticle (Fig. 1D, Fig. 2, Fig. 3B-3D, Fig. 4, and Fig. 5). The material spanned the 

Barnacle    Stage    Descrip on    Bacteria    Amorphous    Material    

Cyprid 

Pre-se lement  

(n=8) 

Prese lement larvae prior to 

surface explora on (lab and 

field) 

None on carapace or extruded 

antennules 

NA 

Stage 1 

Early se lement 

(n=6) 

Beginning of se lement, 

antennular adhesive released 

When present (50%), a mixture 

of live and dead observed near 

antennules, mostly live 

Adhesive plaque from 

antennules stains for protein 

and phosphoprotein.  

Stage 2 

Mid-se lement 

(n=4) 

Antennules retracted and 

cyprid body fla ened and 

parallel to surface 

Always present (100%), a 

mixture of live and dead 

observed near antennules, 

mostly live 

Adhesive plaque from 

antennules stains for protein 

and phosphoprotein.  

Stage 3-5 

Mid-Late Se lement 

(n=14) 

Major changes in the body plan 

as metamorphosis begins and 

base is formed 

O en present (85%), a mixture 

of live and dead observed near 

antennules 

59% had amorphous material 

observed outside of antennules 

and associated with cu cle 

Stage 6 

Late Se lement/Early Juvenile 

(Bacteria n=76; Amorphous 

Material n=153) 

Fully metamorphosed juvenile, 

with cyprid molt separated. 

Autofluorescent cu cle 

appears disorganized. 

Capillaries and ducts seldomly 

observed (1/153) 

Almost always present (92%) 

and mostly dead around 

antennule and live or mixture 

around cu cle. 

99% had amorphous material 

observed outside of antennules 

and associated with cu cle, 

which stain for protein and 

phosphoprotein. Reac ve 

oxygen species observed near 

antennules and cu cle. 

Day 3-5 

Post-se lement 

(Bacteria n=23; Amorphous 

material n=16) 

Juvenile with more organized 

cu cle bands observed and 1 

rings of capillaries and ducts 

observed (30%) 

Always present (100%) and 

mostly dead around antennule 

and mixture around cu cle. 

 

88% had amorphous material 

near antennules and associated 

with the cu cle.  

 

Day 6-7 

Post-se lement 

(n=10) 

More organized cu cle bands 

observed and 2 rings of 

capillaries and ducts observed 

(20%) 

 

Always present (100%) but 

concentra ons less abundant, 

mostly dead 

90% had amorphous material 

near antennules and associated 

with the cu cle.  
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space between the glass coverslip and the barnacle surface. The amorphous 

material was observed first in Stage 3-5 larvae and in every stage 6 juvenile and 

every post-settlement juvenile. During Stage 3-5 and Stage 6 of settlement, the 

parts of the barnacle in contact with the substrate were the antennular adhesive 

plaque and the initial ring of cuticle. The cuticle appeared as autofluorescent 

bands similar to adult cuticle but less organized in parallel bands (Burden et al., 

2012, 2014). The first ring of cuticle had disjointed striations that varied in the 

gap size between adjacent bands. The amorphous material always spanned the 

depth of the z-stacks, which were usually 8-15 microns, indicating that it filled 

the space between the base and the substratum (Appendix, Fig. 20). The edge of 

barnacle base was often not in focus, or just appeared in the top of the stack, 

indicating it was farther away from the surface than any other visible feature of 

the barnacle (Fig. 3C-3D, Fig. 4, Fig. 5, Appendix, Fig. 21).  
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Figure 1. Confocal microscope images representative of observations 

for the four stages of settlement: A) Stage 1, B) Stage 2, C) Stage 3-5, and D) 

Stage 6. The paired antennules are autofluorescent blue/purple. The 

green/blue in D shows the amorphous material surrounded by dead bacteria 

(red dots). Green dots indicate live bacteria. The scale bars are 50 μm. 

 

 

 

A B 

C D 
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The amorphous material stained positively for general protein and 

phosphoproteins (Fig. 5 and Fig. 6). I found that the material stained for both 

general protein using SYPRO Ruby (in 41/41 barnacles) (Fig. 5) and 

phosphoproteins using Pro-Q Diamond fluorescent stains (in 35/36 barnacles) 

(Fig. 6) (Table 1). Pro-Q Diamond stained positively and was particularly evident 

at the edges of the amorphous material. SYPRO Ruby was positive for large 

expanses of amorphous material, and also revealed specific regions between 

adjacent bands of cuticle that were not observed with the other stains (Fig. 5C 

and 5D). Consistent with previous work, I found that the bulk phase of the 

cyprid adhesive plaque fluoresced with the general protein stain, and the inner 

part of the plaque between the antennules for phosphoproteins (Gohad et al., 

2014). The amorphous material also stained strongly with SYTO 9 of the nuclear 

live/dead stain (Appendix, Fig. 21). The amorphous material also was visible in 

brightfield and the outline was faintly visible in control images taken prior to 

staining when excited with ultraviolet light (405 nm). 
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Figure 2. Confocal microscope image of a Day 3-5 juvenile barnacle 

using a live/dead stain for bacteria. The image shows the antennules (at.) 

anchoring the juvenile and the amorphous material (a.m.) in green associated 

with the green/blue autofluorescent bands of cuticle (cu.). Dead bacteria (d.b.) 

in red are prevalent closest to the antennules, while dense live bacteria (l.b.) in 

green are further away. The first glue duct (g.d.) and capillary ring is 

autofluorescent blue. The upper right corner shows a gas bubble (g.b.) 

outlined in green. Those were evident closest to the edge of the base (e.). The 

scale bar is 50 μm. 
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Bacteria were absent on cyprids and abundant under barnacles during 

settlement and metamorphosis (Appendix, Fig. 19). After settlement was 

initiated (Stage 1), bacteria were present in 96% of all stages (Table 1, Fig. 1 and 

Fig. 2). Bacteria observed with Stage 1 (Fig. 1A) and 2 (Fig. 1B) barnacles were 

predominantly alive. Bacteria associated with Stage 3 larvae (Fig. 1C) through 1 

week after metamorphosis (Fig. 1D, Fig. 3, and Fig. 7) were a mixture of live and 

dead. Dead bacteria were usually closest to the antennules, while bacteria on the 

periphery were alive (Fig. 3 and Fig. 7). No bacteria were present under the base 

of adults (Appendix Fig. 22). There was high variability in the live/dead status of 

bacteria (Table 1). Many juveniles in stage 6 or later had exclusively dead 

bacteria surrounding the antennules and live bacteria prevalent near the cuticle 

(Fig. 1D, Fig. 2, Fig. 3B and 3C). As the amorphous material was often observed 

in both of these regions, there was not a correlation between live or dead bacteria 

and the material. The bacteria were either all dead around antennules and mostly 

live around cuticle, or mixed live and dead spanning the base.  
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Figure 3. Frequency of the presence of bacteria (top) and the 

observations of amorphous material per barnacle (bottom) at all stages pre-, 

during, and post-settlement. For bacteria (Cyprid, n=8; Stage 1, n=6; Stage 2, 

n=4; Stage 3-5, n=11; Stage 6, n=76; Day 3-5, n=23; Day 6-7, n=10). For the 

amorphous material (Cyprid, n=8; Stage 1, n=6; Stage 2, n=4; Stage 3-5, n=14; 

Stage 6, n=153; Day 3-5, n=16; Day 6-7, n=10).  
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Due to the prevalence of dead bacteria, I hypothesized that oxidative 

activity under the barnacle could contribute to the antimicrobial activity 

observed. To test this, I stained for presence of reactive oxygen species with 

CellROX red. Approximately 60% of barnacles had positive reactive oxygen 

species (ROS) staining. ROS staining was most often observed near the cuticle 

and lateral to the antennules (Fig. 7). The nucleic acid dye, Hoescht, was used to 

label bacterial cells along with the ROS dyes. This showed that there was no 

correlation between ROS staining and concentrated bacterial cells, indicated the 

source of ROS was from the barnacle, not the bacteria.  
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Figure 4. Confocal microscope images of four Stage 6 barnacles, near 

completion of settlement and metamorphosis (A-D). Paired antennules are 

present in blue/purple and are embedded in the adhesive plaque. The 

amorphous material appears green and is visible near the antennules but 

exterior to the plaque (A and B) and amidst cuticle bands (C-D). Dead bacteria 

(red dots) were prominent around antennules while live bacteria (green dots) 

were further away, associated with the cuticle (C-D). The scale bars are 50 μm. 

 

 

B A 

C D 
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In summary, barnacles have two points of contact with the surface during 

the later stages of settlement and the initiation of metamorphosis. The points of 

contact were the antennule adhesive plaques and the amorphous material. The 

proteinaceous amorphous material formed during metamorphosis (Stage 3-5) 

and was always observed in Stage 6 juvenile barnacles. Bacteria were always 

present under barnacles during settlement and within one week of settlement. 

Bacteria were dead closest to antennules in later stages of metamorphosis and 

under juveniles. Evidence of oxidative chemistries-reactive oxygen species-was 

observed associated with the expanding cuticle.  
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Figure 5. Confocal microscope images of four Stage 6 barnacles stained 

with SYPRO Ruby for general protein (red/pink). Due to the imaging 

conditions (Ex. 405), there is overlap for the autofluorescence (blue) and the 

emission for SYPRO Ruby (red), yielding some pink regions. Regions with 

only autofluorescence appear blue and are the antennules and part of the 

barnacle base. Proteinaceous material is seen in dark pink associated with the 

antennules. Amorphous material stains pink (A-B) as does space between 

bands of cuticle (A-D). The yellow within the antennular plaque is from Pro-Q 

Diamond residual stain, which was done first. The scale bars are 50 μm.  
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Figure 6. Confocal microscope images of four Stage 6 barnacles stained 

with Pro-Q Diamond for phosphoproteins (yellow/orange). Antennules 

autofluoresce in blue/purple surrounded by the adhesive plaque in orange. 

Amorphous material stains orange, especially at the edges (A-D). The scale 

bars are 50 μm.  

A B 

C D 
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Figure 7. Confocal images of two Stage 6 barnacles stained with 

CellROX red for reactive oxygen species. The barnacle antennules 

autofluoresce in blue. Amorphous material is visible associated with cuticle 

(A) and ROS expands from antennules to the cuticle. Blue dots are bacteria 

with the Hoechst nuclear stain. The scale bars are 50 μm. 
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2.4 Discussion 

In order for barnacles to stay attached to the substrate during the 

transformative time of settlement and metamorphosis, additional adhesive 

measures to the antennular plaque are necessary. This work demonstrates that 

the interface between a barnacle and substratum is highly dynamic during 

settlement and metamorphosis. Three major findings are reported: 1) amorphous 

material observed here is proteinaceous and appears during the later stages of 

settlement and metamorphosis, along with a dramatic increase in the surface 

area of the newly formed base; 2) bacteria are absent or rare on cyprids, but are 

present as soon as glue is released during settlement, and are killed throughout 

metamorphosis; 3) reactive oxygen species are present under barnacle base and 

are indicative of oxidative chemistries, which can contribute to both protein 

cross-linking and killing bacteria.  

 

This novel amorphous material observed here likely originates from tears 

underlying tissue during initial cuticle organization as cuticle tears are an 

inherent part of growth (Bourget & Crisp, 1975; Crisp & Bourget, 1985) and one 

barnacle glue (BCS1) originates from these tears in adult cuticle expansion at the 

growing edge (Burden et al., 2012, 2014). This was supported by the protein and 

phosphoprotein detected between adjacent bands of cuticle and in large expanses 
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of amorphous material. The presence of bacteria overlapping with the regions of 

cuticle separation and amorphous material may present an opportunity for 

pathogen invasion in the base tissue. The occurrence of oxidative activity in this 

region, as well as the death of bacteria, suggests that the observed oxidative 

activity may play a role in bacterial cytotoxicity. The oxidative activity may be 

responsible for the cytotoxicity observed (Wojtaszek, 1997; Niethammer et al., 

2009), and is consistent with the pathogen defense side of innate immunity 

(Janeway & Medzhitov, 2002; Lavine & Strand, 2002; Chisholm et al., 2006). 

Taken together, the observations of proteinaceous material leaking out of 

barnacles, apparent coagulation of the material, and bacteria dying in an 

environment that also contains cytotoxic reactive oxygen species, all support the 

wound healing hypothesis (Dickinson et al., 2009) and the two-secretion model 

for barnacle glues (Burden et al., 2012, 2014). I hypothesize that the proteinaceous 

amorphous material is a visible feature of the coagulated fluids that contribute to 

early attachment (Barlow et al., 2009, 2010; Dickinson et al., 2009; Sullan et al., 

2009).  

 

Settlement and metamorphosis is a dramatic transition in body shape and 

organization resulting in increased surface area with a flat circular base that 

becomes attached to the substrate. In early settlement (Stages 1 and 2), the cypris 
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antennules anchor the barnacle during metamorphosis. During metamorphosis, 

once the juvenile body has taken shape (Stage 3-5) and becomes fully formed 

(Stage 6), the additional mechanisms observed here may play a role in adhesion 

of the base to the surface. Barnacles that completed metamorphosis always 

showed evidence of the proteinaceous amorphous material, as shown by the 

SYPRO Ruby and Pro-Q Diamond staining. The proteinaceous material was 

associated with newly formed cuticle and seen filling the space between adjacent 

bands of cuticle. The amorphous material was confined to specific regions 

around the antennules, separate from of the adhesive plaque and between bands 

of cuticle. Because it never covered the entire base, we can presume that it is not 

in fluid form, but something semisolid, like a coagulated fluid. Previous work 

demonstrated that the cuticle tears during growth (Bourget & Crisp, 1975; Crisp 

& Bourget, 1985) and that fluid is leaked during cuticle expansion and this fluid 

contributes to adhesion (Burden et al., 2012, 2014). Because of the previous and 

current observations of proteinaceous fluid originating from cuticle tears and 

previous work showing that barnacle fluids contain blood coagulation proteins 

and capabilities (Dickinson et al., 2009), I suggest that the proteinaceous material 

observed here is coagulated fluid originating from tears in cuticle during 

metamorphosis and early growth. As the base grows, the barnacle can no longer 

rely solely on the antennules to stay attached. During this time, secondary modes 
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of attachment to the antennular adhesive plaque are necessary to connect the 

base to the substrate.  

 

Surprisingly, cyprids examined during this study were free of bacteria 

prior to settlement. This observation was confirmed with cyprids collected from 

the field and laboratory cyprids raised without antibiotics. It is likely that A. 

amphitrite in the field reach the cyprid stage quickly and spend only a brief time 

in the plankton (Rittschof, Branscomb et al., 1984). This may be unique to A. 

amphitrite cyprids as longer-lived barnacle larvae are routinely heavily fouled, 

such as Semibalanus balanoides or Balanus balanoides (Aldred and Clare, pers. 

comm). Further work is needed to identify the mechansims cyprids use to keep 

their carapace and antennules clean while in the plankton.  

 

While cyprids were free of bacteria prior to settlement, bacteria were 

abundant after glue was released at Stage 1. As shown previously, bacteria were 

present around the antennular adhesive plaque, but are separated from the 

antennules by the lipidaceous barrier of the plaque (Gohad et al., 2009a, 2012, 

2014). My work shows that numerous bacteria were present under the barnacle 

during and post settlement, and often times breached the plaque barrier and 

covered antennules. Bacteria were abundant and surrounded the plaque within 
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hours of initiation of settlement. Two patterns were observed with live and dead 

bacteria under barnacles. The live and dead bacteria were either mixed under the 

base, regardless of location, or there was a spatial separation of live and dead 

bacteria. In the case of spatial separation, bacteria in close proximity to the 

antennules were always killed first, and bacteria associated with the cuticle were 

alive longer. All bacteria were killed as the base fully attached to the surface after 

metamorphosis.  

 

One multifunctional innate immune response is generation of reactive 

oxygen species (ROS). ROS can signal immune cells, recruiting them to wound 

sites (Martin & Feng, 2009; Niethammer et al., 2009), and ROS indiscriminately 

oxidize molecules at the wound site (Plaine, 1955; Lesser, 2006). The observation 

of ROS associated with the barnacle base is an addition to the set of known 

mechanisms that barnacles may use to chemically manage bacteria. Other 

identified mechanisms in barnacles include the antibacterial enzymes lysozyme 

(Kamino & Shizuri, 1998) and peroxidase (Dickinson, 2008). The production of 

reactive oxygen species can be beneficial when cytotoxic ROS react with 

microorganisms at wound sites but is usually detrimental to the tissue of the 

organism (Bandyopadhyay et al., 1999; Sharma et al., 2012).  
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Reactive oxygen species (ROS) may be beneficial to barnacles in 

additional ways than cytotoxicity of microorganisms. ROS can form reactive 

products of protein, lipid, or sugars, which can be cross-linked into the 

extracellular matrix (Fu et al., 1994; Singh et al., 2001; Dijkgraaf et al., 2003; 

Suderman et al., 2006; Saito & Marumo, 2010). These reactive macromolecules 

alter the structure of the extracellular matrix, which is usually thought of as 

detrimental in cases like connective tissue degeneration (Sell & Monnir, 1989; 

Monnier et al., 1992). However, it may be beneficial to barnacles when ROS result 

in oxidation and crosslinking of protein, lipid and carbohydrate in barnacle 

adhesive (Walker, 1971, 1981; Dickinson et al., 2009; Gohad et al., 2014), which 

can be incorporated into the extracellular matrix, reinforcing the structure and 

facilitating attachment (Gailit & Clark, 1994; Ravanti & Kähäri, 2000; Fernández 

et al., 2002).  

 

These findings of proteinaceous material associated with cuticle 

expansion and organization suggest an additional mode of attachment during a 

particularly critical period of settlement and metamorphosis. In the presence of 

cuticle tears and leakage of fluid during settlement, metamorphosis, and growth, 

the barnacle is at risk for infection especially given that bacteria are abundant 

under the base. One way the barnacle can prevent infection is through reactive 
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oxygen species, which were observed near the antennular plaque and associated 

with the cuticle. The three lines of evidence, coagulated proteinaceous material 

generated separations of cuticle, presence of live and dead bacteria, and reactive 

oxygen species, are analogous to wound healing mechanisms observed in 

invertebrates and vertebrates. Investigating these mechanisms in the context of a 

wounding event and innate immune response leads to new ways of 

understanding how barnacles stay attached during settlement and 

metamorphosis. 
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3. Proteomics of Barnacle Fluids 

This is a two-part chapter with back-to-back studies with similar 

experimental designs. The first part is a comprehensive proteomic approach to 

understanding the starting points and processes of barnacle glue curing with 

varied collection techniques of barnacle fluids. First we tested the hypothesis that 

barnacle glue contains additional components of the blood coagulation cascade, 

beyond the two enzymes shown previously (Dickinson et al., 2009). The 

overwhelming proteomic evidence for innate immune response components led 

to the development of the innate immune response model for barnacle glue 

curing. Second, the innate immune model was extended by testing that barnacle 

fluids collected at later times following an initial wound should have additional 

innate immune components. This work supported the innate immune response 

model.  
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3.1 Part I. Evidence from Proteomics for Wound Healing 
Mechanisms in Barnacle Glue: An Innate Immune 
Response Model 

 

3.1.1 Introduction 

Components of the phylogenetically ancient innate immune system are 

present in all animals and enable an immediate response to wounding, followed 

by wound repair (Reviews: Janeway & Medzhitov, 2002; Medzhitov & Janeway, 

2002; Kurtz & Franz, 2003; Litman et al., 2005). Immune responses vary in the 

details of specific molecular pathways, but have common functions of 

coagulation, antimicrobial activity, and extracellular matrix formation and 

remodeling (Nagai & Kawabata, 2000; D Li et al., 2002; Theopold et al., 2002; 

Frantz et al., 2005; Jiravanichpaisal et al., 2006; Eming et al., 2007). Immediate 

innate immune responses require initiator proteins, coordination through signal 

transduction, and regulators to modulate enzyme cascades (Review Ravanti & 

Kähäri, 2000; Werner & Grose, 2003; Theopold et al., 2004; Braiman-Wiksman et 

al., 2007; Eming et al., 2007).  

 

In crustaceans, molting involves shedding exoskeleton and hardening 

new cuticle. Cuticle tears during molting result in leaking of bodily fluid, or 

hemolymph (Terwilliger, 1999; Taylor & Kier, 2003). Proteins in hemolymph 
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mediate processes that facilitate hardening new cuticle and preventing infection 

(Dillaman & Roer, 1980; Roer & Dillaman, 1984; Willis, 1999; Glazer et al., 2013). 

Thus, molting has a component of inherent wounding and subsequent wound 

healing in many arthropods and crustaceans.  

 

Cuticle tearing is inherent to molting and growth in all crustaceans, 

including barnacles (Bourget & Crisp, 1975; Crisp & Bourget, 1985; Essock-Burns, 

Chapter 2). Barnacle growth and molting involve fluids deposited between the 

base and the surface (Bourget & Crisp, 1975; Crisp & Bourget, 1985; Burden et al., 

2012, 2014). There are at least two distinct adult barnacle glues, the first leaked at 

the expanding edge of the base where bands of cuticle separate, called barnacle 

cement secretion 1 (BCS1), and the second, called barnacle cement secretion 2 

(BCS2), is delivered through the capillary and duct system from the cement 

glands, 150-200 μm from the edge of the base (Burden et al., 2012, 2014). In 

addition to the well-described morphology of barnacle cuticle, one group of 

cuticular proteins has been identified, settlement inducing protein complex 

(SIPC) (Matsumura, Nagano, Kato-Yoshinaga et al., 1998; Dreanno, Kirby et al., 

2006a; Dreanno, Matsumura et al., 2006). I hypothesize that cuticle expansion and 

associated secretions present an opportunity for wound healing and repair 
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mechanisms to contribute by physically connecting the barnacle base to a 

substratum largely through coagulation of secretions and protein cross-linking.  

 

Coagulation and pathogen defense are often intertwined in invertebrate 

innate immune responses. In invertebrates, wounding activates the 

prophenoloxidase activating system in a highly conserved proteolytic cascade 

that initiates clotting, melanization, and pathogen defense responses 

(Sritunyalucksana & Söderhäll, 2000; De Gregorio et al., 2002; Cerenius et al., 

2008; Amparyup et al., 2013). Extensive work has detailed the similarities and 

differences among arthropods in the enzymes involved in melanization for 

hardening cuticle and for trapping pathogens (Sugumaran & Nelson, 1998; 

Sritunyalucksana & Söderhäll, 2000; Kanost et al., 2004; Suderman et al., 2006; 

Gorman et al., 2007). Crustaceans have fibrinogen-like clotting proteins and 

precursors that are activated by serine proteases, similar to vertebrate blood 

clotting (Farrell et al., 1992; Dahlbäck, 2000; Nagai & Kawabata, 2000; Cerenius & 

Söderhäll, 2004; Lin et al., 2008; Dickinson et al., 2009). Part of the control system 

is serine protease inhibitors, which regulate the clotting and limit damage from 

cytotoxic by-products (Hergenhahn et al., 1987; Hall et al., 1999; H Jiang & 

Kanost, 2000; Lin et al., 2008).  
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Dickinson et al. (2009) hypothesized that barnacle glue curing functioned 

similarly to blood clotting, and the wound healing hypothesis was developed. 

Dickinson et al. demonstrated the presence of proteolytic cascades similar to 

blood clotting and their contribution to barnacle glue curing. I hypothesized that 

additional aspects of the innate immune response to the previously identified 

blood coagulation proteins, were present in barnacle fluids. Proteomics was used 

to identify protein components of liquid barnacle glue and gain insight into 

potential cross-linking mechanisms for glue curing. The present study expands 

the wound healing hypothesis to an innate immune system model for barnacle 

glue curing and provides biochemical, ecological and evolutionary contexts. 

 

3.1.2 Methods 

Proteomics was conducted on barnacle fluids using three different 

approaches of collection of starting material, sample preparation and enzymatic 

digestion prior to running LC-MS/MS. This approach was designed to target 

different aspects of the glue curing process and help to determine which proteins 

appeared several times in different experiments.  
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3.1.2.1 Barnacle Larval Culture, Settlement and Maintenance 

Mature, adult barnacles, Amphibalanus (=Balanus) amphitrite, were 

collected from the field at the Duke University Marine Lab in Beaufort, NC. 

Nauplius larvae were released from barnacles and reared to mature adults 

following established culture techniques (Rittschof et al., 1984, 1992a, 2008; Holm 

et al., 2005). Barnacle larvae were settled on glass panels coated with Silastic® T-2 

silicone (Dow Corning, Midland, MI, USA) and grown to a basal diameter of 

approximately 0.5 cm. 

 

3.1.2.2 Collection of Barnacle Secretions and Sample Preparation 

Prior to removal of barnacles from the silicone panels, the panels were 

rinsed in deionized water and the surface around the barnacle and the parietal 

plates of the barnacle were wiped with sterile swabs and ethanol to minimize 

biofilm. Barnacles were gently pried from the substrate using a sterile fine gauge 

needle (B-D, 22G1, Cat# 305155, Becton Dickinson Company, Franklin Lakes, NJ, 

USA). Immediately after removal, liquid glue was collected by pricking the outer 

edge of the base (Dickinson et al., 2009). One to four microliters of fluid were 

collected with either a glass capillary or a micropipette and sterile plastic tip.  
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3.1.2.2.1 Experiment 1: Variety of Collection Techniques and Buffers 

 

This eclectic group of experiments was performed to optimize chemical 

treatment of barnacle secretion samples and proteomics techniques and compare 

methods. The glue samples compared included liquid glue collected as described 

above, gummy glue that was scraped with a fine gauge needle, and washes of 

baseplates after removal from a substrate. Although methods are disparate, the 

data provide valuable proteomics information. Barnacle secretions were collected 

after removing barnacles from the silicone substrate or gold SPR (surface 

plasmon resonance) chip and washing base and attachment spot with buffer. 

Buffers used included phosphate buffered saline (recipe from Methods in 

Essock-Burns, Chapter 2), cell lysis buffer (RIPA Lysis and Extraction Buffer, 

Thermo Fisher Scientific, Cat #89901), 50 mM MES buffer (50 mM MES or 2-(N-

morpholino)ethanesulfonic acid, 150 nM NaCl, pH 6.4, as described in Stewart et 

al., 2013), MES with and without a general protease inhibitor cocktail (Sigma, 

P2714-1BTL), and SDS PAGE sample buffer (BioRad, Laemmli Sample Buffer, 

Cat#161-0737).   

Individual bands from protein extracts of each sample separated on SDS-

PAGE gels were excised and digested in gel by trypsin. Peptides were extracted 

by 2% formic acid in 50/50 acetonitrile/water, followed by 100% acetonitrile. 

Digests were analyzed by liquid chromatography-mass spectrometry/mass 
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spectrometry (LC-MS/MS) using Tempo-MDLC coupled to a QStar Elite mass 

spectrometer (AB Sciex, Foster City, CA). Tandem mass spectra were extracted 

by AB Sciex MS data convertor version 2. Charge state deconvolution and 

deisotoping were not performed. 

 

3.1.2.2.2 Experiment 2. Pooled Liquid Glue  

 

This experiment consisted of liquid glue pooled from adult barnacles, 

placed directly into a buffer. Using a glass capillary pipette, 2 μL to 6 μL samples 

of fluids were collected from 10 adult barnacles. Samples were placed 

immediately in 60 μL of 50 mM ammonium bicarbonate buffer (pH 8) on ice.   

The Duke Proteomics Core Facility (DPCF) received ten samples and 

treated them as follows. Ten microliters from each sample were pooled to 

generate 100 μL total. From the pooled sample, one volume of 10 μL (30.5 μg) 

was removed and run on a 10-well, 1.5 mm 4-12% Bis-Tris gel (Life Sciences) for 

46 minutes. Following the vendor-recommended gel staining and destaining, 

four gel bands were excised and subjected to in-gel trypsin digestion with 

reduction and alkylation. The bands were approximately 30 kDa, two were 90-97 

kDa, and the fourth was the protein that did not enter the gel due to its size. The 

incubation fluid was transferred to new tubes and samples were then spun to 

dryness in the vacuum centrifuge. 
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Samples were resuspended in 12 μL of 0.2% formic acid/2% acetonitrile. 

Each sample was subjected to chromatographic separation on a Waters 

NanoAquity 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% mobile phase 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) 

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. 
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3.1.2.2.3 Experiment 3. Proteins That Escape From Curing Liquid Glue 

 

This experiment was designed to enrich for proteins that do not become a 

part of the cross-linked matrix as liquid glue cures. I collected 1 μL to 3 μL of 

liquid glue from each of 30 adult barnacles using a plastic pipette tip and 

micropipettor. Each drop of liquid glue was extruded from the tip, cured in air 

for one minute and then deposited into 200 μL of 30% acetic acid at room 

temperature in a 1.5mL Eppendorf tube. The sample was incubated overnight at 

4°C.  Samples were centrifuged at 10,000 rpm for 3 minutes and the supernatants 

were transferred to a new tube. Both samples including the pellet and 

supernatant were lyophilized, then washed with deionized water, and 

lyophilized again before storing at -80°C.  Samples were transported to the Duke 

Proteomics facility in Durham, NC on dry ice and stored at -80°C until 

processing.  

The Duke Proteomics Core Facility (DPCF) received five freeze-dried 

barnacle glue samples. The samples were resuspended in 200 μL of 50 mM 

AmBic and subjected to bath sonication (4 rounds per sample at ~30 seconds 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 a 
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vacuum centrifuge and then lyophilized to full dryness. The high molecular 

weight fractions 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. The qualitative analysis followed the same 

methods described for Experiment 2.  

 

3.1.2.3 Data Analysis and Processing 

3.1.2.3.1 Liquid Chromatography Mass Spectrometry/Mass Spectrometry 

 

All MS/MS samples were analyzed using Mascot (Matrix Science, 

London, UK; 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_adhesporteins_003 database (1492 entries) and a new transcriptome for 

A. amphitrite, deposited to NCBI but not yet publicly available (Wang et al., In 

Revision), assuming the use of 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. 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, 
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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. Post-

translational modifications were determined as the following: 

carbamidomethylation (+57.0214 Da on C) was set as a fixed modification, 

whereas oxidation (+15.9949 Da on M) and deamidation (+0.98 Da on NQ) were 

dynamic modifications.  

 

Scaffold (version Scaffold_4.2.1, Proteome Software Inc., Portland, OR) 

was used to validate MS/MS based peptide and protein identifications. Peptide 

identifications were accepted if they could be established at greater than 95% 

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 95% probability and contained at least 1 identified 

peptide. For Experiment 1, the peptide false discovery rate (FDR) was 0.0% and 

the protein FDR was 0.0%. For Experiment 2, the peptide FDR was 0.3% and 

protein FDR was 0.9%. For Experiment 3, the peptide FDR was 0.7% and protein 

FDR was 0.5%. 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 
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satisfy the principles of parsimony. Proteins sharing significant peptide evidence 

were grouped into clusters. Each cluster was counted as a discrete protein. 

 

3.1.2.3.2 Functional Categories of Annotated Proteins 

 

The annotations were categorized by protein function in the literature 

and were grouped into categories based on known biological functions. Further 

work is needed to determine the extent of the functional similarity in barnacles. 

Previously identified proteins in barnacle were grouped in a separate category to 

be conservative, even though the proteins may fit into these functional 

categories. Innate immune response categories were initiation, signal 

transduction, clot formation, regulation, pathogen defense and extracellular 

matrix proteins. The initiation category comprised any protein known to 

recognize microbial signatures or endogenous signals of stress or injury and/or 

modify cellular responses (Medzhitov & Janeway, 1997; Janeway & Medzhitov, 

2002; Srivastava, 2002; Wallin et al., 2002; Schmidt et al., 2010). Signal 

transduction consisted of proteins that modify the state of other proteins around 

them, such as kinases and phosphatases, calcium binding, or G-proteins (Wera & 

Hemmingst, 1995; van Hemert et al., 2001; Ausubel, 2005; Racioppi & Means, 

2008; F Li & Xiang, 2013). Clot formation included proteins involved in 

coagulation in vertebrates and invertebrates, such as fibrinogen-related proteins, 
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trypsin, other serine-proteases, and amyloid proteins (Davie & Ratnoff, 1964; 

Farrell et al., 1992; Sritunyalucksana & Söderhäll, 2000; Stefani & Dobson, 2003; 

Lin et al., 2008). Regulation included inhibitors of clot formation such as serine 

protease inhibitors, enzymes that deter fibrin deposition, or degrade fibrin clots 

or amyloid proteins (Potempa et al., 1994; Markland, 1998; Söderhäll & Cerenius, 

1998; Kanost et al., 2004; Tayler et al., 2010). Pathogen defense included any 

proteins with antimicrobial functions or antioxidant enzymes due to their role in 

metabolizing antimicrobial reactive oxygen species (Nagai et al., 2001; Theopold 

et al., 2002; Tincu & Taylor, 2004; Lin et al., 2007; MW Robinson et al., 2010; 

Wiesner & Vilcinskas, 2010). Extracellular matrix proteins were structural 

proteins or mediators that contribute to forming or degrading the protein matrix 

(Gailit & Clark, 1994; Ravanti & Kähäri, 2000; J Li et al., 2003). Structural proteins 

were cytoskeletal or cell adhesion proteins (Gailit & Clark, 1994; Geiger et al., 

2001). Mediator proteins were those that directly interacted with structural 

proteins to facilitate interactions with the matrix (JC Adams, 2001; Bosman & 

Stamenkovic, 2003; Badylak et al., 2009). Other mediators were enzymes that 

degrade the matrix such as metalloproteases and peptidases (Aimes & Quigley, 

1995; Ravanti & Kähäri, 2000). Cell recovery included constitutively expressed 

cellular proteins that participate in cell energy (ATP, lipid production), 

transcription, protein synthesis, protein degradation, cell proliferation, and 
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vesicle formation and facilitate recovery to baseline physiological levels of 

functioning. 

 

3.1.3 Results 

All of the peptide data were compared using the National Center for 

Biotechnology Information (NCBI) database to the best available information for 

barnacles and the closest match was determined based on sequence similarities 

to annotated proteins. The peptide data were categorized by the known 

functions of the annotated proteins from the literature (see Methods), as the 

actual functions of most barnacle proteins are unknown. The combined total of 

peptides identified across all three experiments was 1197 unique peptides 

matching 137 discrete proteins (Fig. 8 and Table 2). Of this total 443 peptides 

(37%) were from four previously identified barnacle proteins including: 

settlement inducing protein complex (SIPC), vitellogenin and barnacle cypris 

larval protein 2 and the newly identified cement protein called Aacp114 (Wang 

et al., In Revision) (Fig. 8 and Appendix, Table 13).  
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Figure 8. Proportions of 1197 unique peptides identified across all three 

experiments in the categories of previously identified barnacle, innate 

immune and extracellular matrix components, and cell recovery proteins. 

 

Across all three experiments, 502 peptides matched 65 discrete proteins 

reported as components of the innate immune system (Fig. 8; Tables 2 and 3). 

The results are described by experiment (see Methods). The innate immune 

system proteins are categorized as 1) initiation, 2) signal transduction, 3) clot 

formation, 4) regulation, 5) pathogen defense and 6) extracellular matrix 

structural and mediator proteins (Tables 2-4).  
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Table 2. Totals of all peptides with protein matches by experiment in 

all of the categories including previously identified barnacle, innate immune 

and extracellular matrix components, and cell recovery proteins. 

 

 

 

The remaining 252 peptides matched 68 discrete proteins involved in cell 

recovery. These were grouped into categories based on knowledge of each 

protein’s function in cell energy, transcription, protein synthesis, protein 

degradation and other, such as vesicle-related or regulators of cell proliferation 

(Fig. 8 and Table 5).  

 

Experiment 1 Experiment 2 Experiment 3 Total 

Barnacle 278 130 35 443 

Immune & Extr. Cell Matrix 356 73 73 502 

Cell Recovery 252 0 0 252 

Total 885 203 181 1197    



 

 
56

 

Figure 9. Distribution of 502 peptides matching innate immune 

response proteins for all three experiments by functional category. The 

category of recognition and communication includes initiation and signal 

transduction. Immediate wound response includes clot formation, regulation 

and pathogen defense. Wound repair includes extracellular matrix structural 

and mediator proteins.  

 

Table 3. Summary of the unique peptide counts by experiment and 

innate immune category for all three experiments.  
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Innate immune components were prevalent in all experiments (Table 2). 

Four distinct proteins were represented in all three experiments. These were 

trypsin-like serine proteases, serine proteases, pascifastin inhibitor, and annexin 

B-10 (Fig. 10). Eight proteins, heat shock protein 90, von Willebrand Factor, actin, 

tubulin, 14-3-3 zeta, and thrombospondin-3 and lipoprotein receptor and 

fibrinogen, were found in two of the three experiments (Fig. 10).  

 

Figure 10. Innate immune components identified more than once for 

each experiment with the unique peptide count in parentheses.  

Experiment 1 
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Experiment 2 

Pooled liquid glue 
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Pacifas n inhibitor (8) 
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Tubulin (71) 

Ac n (32) 
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Heat shock 90 (3) 

Fibrinogen (2) 

 

Von Willebrand Factor (2) 

 

14-3-3 zeta (39) 

Lipoprotein receptor (2) 

 



 

 
58

3.1.3.1 Experiment 1. Variety of collection techniques and buffers 

From Experiment 1, 885 unique peptides were identified matching 118 

discrete proteins, 278 of these peptides matching known barnacle proteins 

including vitellogenin, settlement inducing protein complex (SIPC) and 

Amphibalanus amphitrite cement protein 100 kDa (Aacp100), and were removed 

from further analysis as their functions are unknown. Based on the known 

function of the best protein match, the remaining data were categorized into 

three groups, innate immune, extracellular matrix, and cell recovery. The innate 

immune group included components of immediate wound responses such as 

initiation, signal transduction, clotting, regulation, and pathogen defense. The 

second group was extracellular matrix structural and mediator proteins, 

involved in long-term wound healing. The extracellular matrix group is a part of 

the innate immune response, but was separated to better present the large 

amount of data in Experiment 1. The third group, cell recovery, included 

proteins involved in cell energy, transcription, protein synthesis, protein 

degradation, and proteins related to vesicles and cell proliferation.  

 

A total of 356 peptides matched 49 immune and extracellular matrix 

proteins (Tables 3 and 5). The data are separated into immediate immune 

response (Table 4) or wound repair including extracellular matrix components 
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(Table 5). The immediate immune response includes 199 peptides matching 32 

proteins. The proteins per category were: Initiators: 2, Signal Transducers: 12, 

Clotting: 4, Regulators: 6, and Pathogen Defense/Antioxidant: 6 (Table 3). 

Initiation proteins matched to the data were heat shock protein 90 and plasma α-

L-fucosidase. Some prominent proteins in the signal transduction category were 

annexin B-10, 14-3-3 zeta, serine/threonine protein kinase and phosphatase, 

histidine phosphatase, and neuronal acetylcholine receptor (Table 4). Clot 

formation proteins were serine proteases 2a and trypsin-like serine protease 

(Table 4). One peptide matched an activated phenoloxidase (Table 4). Proteins 

with fibrinogen-like domains, a key clotting component, were identified in two 

of the experiments (Fig. 10 and Table 4). Regulator proteins were all types of 

anticoagulants. The regulator with the most peptide data (26 peptides) was 

enolase (Table 4). The second-most represented regulator (7 peptides) matched a 

sequence from a patent titled “anti-amyloid immunogenic compositions, 

methods and uses”, and inhibits the formation of amyloid plaques (US Patent 

7507710; Table 4). Regulation proteins, anti-thrombin and pacifastin, were 

identified (Table 4). Pathogen defense/antioxidant proteins included superoxide 

dismutase, aldehyde dehydrogenase, alpha-S1-casein, glutathione 

dehydrogenase, and catalase (Table 4).  
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Table 4. Experiment 1 peptide data in innate immune response 

categories including the protein annotation, NCBI database accession 

numbers, molecular weight in kilodaltons, and the number of unique peptides 

matching that cluster of proteins 
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Extracellular matrix proteins, part of innate immune responses, were separated 

here for clarity. Experiment 1 had 157 peptides matching 17 extracellular matrix proteins 

(Tables 2 and 5). The structural components were cytoskeletal proteins, myosin, actin 

and tubulin. The most abundant mediator protein was a disulfide isomerase (Table 5). 

Mediators included thrombospondin-3, filamin, actinin, tenascin and tropomyosin 

(Table 5). Enzymatic mediators were glycosyltransferase, prostasin, , cathepsin K, thimet 

oligopeptidase, and zinc metalloproteinase (Table 5).  

 

The third category of proteins in Experiment 1 is cell recovery. This group 

includes 252 peptides matching 64 proteins involved in cell energy, transcription, 

protein synthesis, protein degradation, and other, such as vesicle-related or regulating 

cell proliferation (Table 6). The full table of protein annotations (Table 14) can be found 

in the Appendix. 
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Table 5. Experiment 1 peptide data matching structural and mediator proteins 

of the extracellular matrix 

 

 

 

Table 6. Experiment 1 peptide data that matched cell recovery proteins 

categorized by their role in cell energy, transcription, protein synthesis, protein 

degradation and other.  
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3.1.3.2 Experiment 2. Pooled liquid glue  

In Experiment 2 peptide data were obtained from pooled liquid glue from 10 

adult barnacles (see Methods). A total of 203 peptides had protein annotations (Table 2). 

Previously identified barnacle proteins represented 130 peptides matching 3 proteins. 

These were removed from further analysis (Appendix, Table 13). The remaining 73 

peptides matched 15 discrete proteins in the immune category, including extracellular 

matrix proteins. The proteins were: Initiators: 0, Signal Transducers: 3, Clotting: 3, 

Regulators: 2, Defense: 2, and Extracellular Matrix: 4 (Table 7). No initiator proteins were 

found. Signal transduction protein matches to our data were 14-3-3 zeta, plexins and 

neuronal acetylcholine receptor (Table 7). Clotting proteins included serine proteases 

including 2a-like and 42-like, trypsin-like serine proteases including a kringle domain, 

known to bind fibrinogen, and von Willebrand factor, which promotes cross-linking by 

binding transglutaminase (Table 7). The regulator proteins were pacifastin and low-

density lipoprotein receptor. Pathogen defense protein matches included glycoside 

hydrolase 9 and peroxinectin (Table 7). No extracellular matrix structural proteins were 

identified; seven peptides matched four extracellular matrix mediators, 

thrombospondin-3 and annexin B10 (Table 7 and Fig. 10). Other extracellular matrix 

mediators were fasciclin and laminin-type epidermal growth factor (Table 7). 
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Table 7. Experiment 2 peptide data matching innate immune proteins 

 

In Experiment 2, we mapped post-translational modifications, oxidation, 

phosphorylation, and deamidation, onto the proteins identified. All post-translationally 

modified peptide sequences were found on settlement inducing protein complex (SIPC). 

Seven unique tyrosine oxidations were identified by the +15.99 Da modification. Of 

seven suggested oxidized residues on SIPC, two had spectra corresponding with the 16 

kDa addition of an oxidation on the spectra, suggesting a true oxidation on the tyrosine 

residue. This indicates the addition of an -OH on a tyrosine, resulting in the dopa 

structure on SIPC. This result shows that modifications are made to barnacle cuticular 

proteins consistent with protein cross-linking mechanisms like quinone tanning and/or 

the prophenoloxidase cascade.  
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3.1.3.3 Experiment 3. Proteins that escape from curing liquid glue 

Experiment 3 targeted proteins that escape the cross-linked protein matrix in 

glue (see Methods). A total of 181 peptides matching 22 proteins were identified (Table 

2). Of these, 108 peptides matched two known barnacle proteins, SIPC and vitellogenin 2 

(Appendix A, Fig. 19). The remaining 73 peptides matched 20 discrete proteins in the 

immune response categories: Initiation: 3, Signal Transduction: 1, Clot Formation: 4, 

Regulation: 2, Extracellular Matrix: 10 (Table 8). The initiation proteins included heat 

shock proteins 90 and 70. The signal transducer identified was calmodulin (Table 8). 

Clotting proteins included serine protease 42-like, trypsin like serine protease, 

fibrinogen, and von Willebrand factor (Table 8). Regulators included pascifastin and a 

serine protease inhibitor bound to a protease (Table 8). Both extracellular matrix 

structural and mediator proteins were identified (Table 8). Extracellular matrix 

structural proteins were actin, tubulin, and myosin (Table 8). Eight extracellular matrix 

mediators were identified; the most abundant were thymosin beta-4 and chitin-binding 

peritrophin-A.  
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Table 8. Experiment 3 peptide data matching innate immune proteins 
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3.1.4 Discussion 

The three-pronged approach taken here yields a more complete picture of the 

barnacle secretion proteome. The goal was to understand the composition of the starting 

material of liquid glue and gain insight into protein-crosslinking mechanisms that may 

be involved in glue curing. The overwhelming evidence of innate immune components 

comprising the starting material regardless of collection technique or treatment suggests 

that barnacle glue and hemolymph are similar and that barnacle glue curing and the 

innate immune response are similar processes. This shift in thinking to include aspects 

of the innate immune response has great potential to broaden our understanding of 

barnacle glue curing.   

The evolutionarily conserved innate immune system enables responses of 

immediate clotting and pathogen defense and the subsequent stabilization of wounds 

with the formation of the extracellular matrix. Previous work has shown that barnacle 

settlement and metamorphosis involves leakage of protein fluid (Essock-Burns, Chapter 

2) and the cuticle tears during adult growth resulting in fluids that facilitate attachment. 

I hypothesized that self-wounding is inherent to barnacle lifestyle and the fluid leaked is 

most similar to hemolymph that contains innate immune response mechanisms to 

enable barnacle glue curing via protein cross-linking. We used proteomics to determine 

if barnacle fluids contain components of the innate immune response. This study 

supports three innate immune responses in barnacles: 1) recognition and signaling to 
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initiate a response, 2) clotting and pathogen defense to contain the injury and prevent 

infection, and 3) extracellular matrix formation and remodeling to stabilize the area and 

repair damaged tissue (Ravanti & Kähäri, 2000; Reviews: Janeway & Medzhitov, 2002; 

Jiravanichpaisal et al., 2006; Gurtner et al., 2008; Schmidt et al., 2010). These findings 

allow for an innate immune response framework to be applied to barnacle growth and 

secretions that become highly cross-linked during glue curing.  

 

The comprehensive approach taken yielded 1197 unique peptides matching 137 

discrete proteins. Approximately 40% of those, 502 unique peptides, matched 65 

proteins were associated with innate immune responses. The other 60% of the data were 

previously identified barnacle proteins and cellular proteins relating to transcription, 

translation and energy. Peptides from barnacle fluids matched proteins in all innate 

immune categories: cytoskeletal initiator molecules (Turner, 1996; Review Janeway & 

Medzhitov, 2002; Wallin et al., 2002; Young Lee & Söderhäll, 2002), signal transducers 

(Li & Xiang, 2013; XW Wang & Wang, 2013), clotting (Iwanaga et al., 1998; 

Sritunyalucksana & Söderhäll, 2000; Jiang & Doolittle, 2003), regulators (Iwanaga et al., 

1998; Lavine & Strand, 2002; Cerenius et al., 2010), pathogen defense (Lavine & Strand, 

2002; Nappi & Christensen, 2005; Zhu et al., 2005; Wiesner & Vilcinskas, 2010), ECM 

structural proteins including cytoskeletal (Gailit & Clark, 1994; Geiger et al., 2001), and 

ECM mediators for wound repair (Ravanti & Kähäri, 2000; J Li et al., 2003; Frantz et al., 
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2005; Zuliani-Alvarez & Midwood, 2014). The data support several protein cross-linking 

mechanisms involved in both immediate clotting, and long-term wound repair via the 

formation and remodeling of the extracellular matrix. Not only are protein-cross-linking 

mechanisms elucidated, but also there is evidence for additional mechanisms for 

pathogen defense present that may contribute to the cytotoxicity to bacteria under 

barnacles that was previously observed (Essock-Burns, Chapter 2). The details of the 

support for the innate immune response are expanded upon below.  

 

3.1.4.1 Recognition and Initiation 

Endogenous signals of stress or damage or exogenous cues from invading 

pathogens initiate immune responses (Janeway & Medzhitov, 2002; Medzhitov & 

Janeway, 2002). Proteins that recognize these signals are lectins or pattern recognition 

receptors that bind endogenous proteins released during injury or conserved domains 

on microorganisms, such as cell wall components (Arason, 1996; Turner, 1996; Janeway 

& Medzhitov, 2002; Frantz et al., 2005; Vazquez et al., 2009). Heat shock proteins 60, 70 

and 90 were identified, which serve as endogenous signals of stress and initiate innate 

immune responses (Byrd et al., 1999; Milani et al., 2002; Srivastava, 2002; Wallin et al., 

2002; Tsan & Gao, 2004). Heat shock protein 70 was identified in mussels (Cellura et al., 

2006), present in adult barnacle glue (Dickinson, 2008), and its gene expression is 

upregulated in environmentally stressed barnacles (Cheng et al., 2003). Components 
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such as pattern recognition proteins that recognize microbial signatures are important 

initiators in crustacean innate immune responses (Bohlson et al., 2007; Schmidt et al., 

2010; Wang & Wang, 2013). Lectins serve many biological functions, one of which is 

acting as a pattern recognition protein (Turner, 1996; Thiel et al., 1997; MJ Robinson et 

al., 2006). Putative lectins have been found in other crustaceans (Young Lee & Söderhäll, 

2002; Wu et al., 2011; Wang & Wang, 2013). Previously, lectins named BRA-1, 2, 3 were 

identified in barnacle larvae (Takamatsua et al., 1993; Matsumura, Nagano, Kato-

Yoshinaga et al., 1998), in liquid glue from adults (Dickinson, 2008), and upregulated 

prior to molting (Wang et al., In Revision). These lectins may also be initiators in 

barnacle innate immune responses, but their function has not yet been demonstrated.  

 

3.1.4.2 Clotting 

Enzymatic cross-linking is part of clotting. Three immune response clotting 

pathways include blood coagulation cascade (Durliat, 1985; Furie & Furie, 1988; D Li et 

al., 2002), quinone tanning and melanization (Tomasetti et al., 1994; Waite, 1995; 

Sugumaran, 2002; Suderman et al., 2006), and the prophenoloxidase activating system 

(Aspan & Söderhäll, 1991; Sritunyalucksana & Söderhäll, 2000; Wang et al., 2001; Li et 

al., 2002; Lai et al., 2002; Cerenius et al., 2008; Amparyup et al., 2013). Evidence for 

clotting systems in barnacle fluids includes activators, clotting proteins, regulators, and 

post-translational modifications consistent with enzymatic activity.  
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All clotting systems have zymogens that are activated by enzymatic clipping via 

serine proteases (Davie & Ratnoff, 1964; Lee et al., 1998; Dahlbäck, 2000; H Jiang & 

Kanost, 2000; Sritunyalucksana & Söderhäll, 2000; R Wang et al., 2001; Yu et al., 2003; 

Kanost et al., 2004; Dickinson et al., 2009). Thirty-one peptides matching three forms of 

serine proteases were identified, including trypsin zymogens, which are major activators 

of the clotting cascade and prophenoloxidase (Davie & Ratnoff, 1964; Jiang & Kanost, 

2000; Wang et al., 2001; Kanost et al., 2004; Dickinson et al., 2009). Fibrinogen, the 

protein central to vertebrate blood clotting, is highly conserved (Farrell et al., 1992; SM 

Zhang et al., 2004; Zuliani-Alvarez & Midwood, 2014). Proteomics identified a suite of 

peptides that all have recognized functions in the fibrin-clotting cascade. Proteins that 

promote clotting, fibrinogen, von Willebrand factor and vitellogenin share structural 

and functional homology in coagulation (Baker, 1988; Farrell et al., 1992; Hall et al., 1999; 

Marsden et al., 2003; Marazzi et al., 2014; Zuliani-Alvarez & Midwood, 2014). Proteins 

that regulate clotting or degrade fibrin clots were also matched to the data including 

enolase, antithrombin, urokinase plasminogen activator and proteins with kringle 

domains, which often interact with fibrinogen (Reich et al., 1988; Dahlbäck, 2000; 

Pancholi, 2001; Terrier et al., 2007). These data suggest that a functional clotting system 

exists in barnacles. Previous work on barnacle secretions identified the clotting activator 

trypsin-like serine protease and cross-linking enzyme transglutaminase (Dickinson et al., 
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2009). The evidence presented here supports the wound healing hypothesis proposed by 

Dickinson et al. (2009) and shows similarities to other crustacean clotting systems (Hall 

et al., 1999; H Jiang & Kanost, 2000; Lin et al., 2008). 

 

Regulator molecules prevent excess cross-linking, formation of cytotoxic 

byproducts, and extracellular matrix proteins and damage to the host (Werner & Grose, 

2003; Kanost et al., 2004). Serine protease inhibitors complexed to proteases were found, 

especially when samples were enriched for cross-linking activity. In particular, there 

was evidence for serine protease inhibitors, serpins, critical for regulating cross-linking 

pathways (Iwanaga et al., 1998; De Gregorio et al., 2002; Kanost et al., 2004; Dementiev et 

al., 2006). Additional peptide evidence for regulators of wound healing included a 

clotting inhibitor, Pacifastin, found previously in crayfish (Hergenhahn et al., 1987). 

Previously, α-2 macroglobulin (Dickinson, 2008), a common serine protease inhibitor in 

immune pathways and substrate for transglutaminase (Sottrup-Jensen et al., 1985; Hall 

& Söderhäll, 1994; Armstrong & Quigley, 1999; Review Cerenius et al., 2010) was 

reported in barnacles. Settlement inducing protein complex (SIPC) shares homology 

with α-2 macroglobulin (Dreanno et al., 2006), however its role as an inhibitor has yet to 

be tested.  
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Additional evidence of cross-linking mechanisms can be found in post-

translational mapping onto barnacle fluid proteins (Experiment 2). The modifications 

found were oxidations of tyrosine on a barnacle cuticular protein, SIPC, resulting in the 

addition of a hydroxyl, forming dihydroxyphenylalanine (dopa) at the modified 

tyrosines. Further work will be necessary to demonstrate that the oxidations observed 

here are biological in origin. The peptide matches to phenoloxidase in Experiment 1 

(Table 4) and tyrosine monoxygenase activator protein (Chapter 3, Part II, Table 9) 

support that it is enzymatic. This is the first evidence to date of post-translational 

modifications on barnacle glue proteins (Kamino, 2008; Power et al., 2010) and dopa-

mediated cross-links in quinone tanning is a common mechanism to harden chitinous 

cuticle in arthropods (Dennell, 1947; Tomasetti et al., 1994; Review Andersen, 2010) and 

protein cross-linking during curing of other marine adhesives (Waite, 1992; Nicklisch & 

Waite, 2012; Wang & Stewart, 2013). The evidence presented here suggests that 

oxidoreductase activity, such as phenoloxidase or tyrosine hydroxylase, may be 

responsible for generation of the dopa motifs on the barnacle cuticular protein SIPC. 

 

3.1.4.3 Pathogen Defense 

Pathogen defense is achieved directly through antimicrobial peptides and 

enzymes and indirectly through cytotoxic intermediates generated by oxidative 

chemistries (Abele & Puntarulo, 2004; Sharma et al., 2012). We identified two potential 
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antimicrobial enzymes in barnacle fluids. These were glycoside hydrolase 9, a family of 

enzymes that degrade cellulose and bacterial cell walls, and peroxinectin, one cell 

adhesion protein that activates prophenoloxidase and has peroxidase activity in 

crustacean immunity (Johansson, 1999; Lin et al., 2007). A structural homolog to an 

antimicrobial enzyme in the glycoside hydrolase family, lysozyme, was found 

previously in barnacle glue (Kamino & Shizuri, 1998). Peroxidase activity has been 

shown on barnacle bases, in cyprid footprints and in barnacle glue (Dickinson, 2008).  

 

Reactive oxygen species are cytotoxic to microorganisms and, in excess, 

detrimental to the barnacle by reacting with its own tissue. Barnacle fluids contain 

antioxidant enzymes that convert reactive oxygen species to less reactive forms, and 

eventually to water and oxygen. These include thioredoxin, superoxide dismutase, 

catalase and glutathione related enzymes. Thioredoxin is upregulated prior to molting, 

possibly in response to oxidative stress associated with cuticle expansion and wounding 

(Wang et al., In Revision). Many of the enzymatic cross-linking cascades generate 

cytotoxic intermediates. Quinone tanning, melanization and prophenoloxidase 

activating systems form reactive intermediates of quinones or melanin that kill nearby 

microorganisms (Cerenius & Söderhäll, 2004; Nappi & Christensen, 2005; 

Jiravanichpaisal et al., 2006).  
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3.1.4.4 Extracellular Matrix 

Wound repair involves forming a stabilizing protein matrix at the wound site 

and reworking the structural extracellular matrix over time (Gailit & Clark, 1994; 

Ravanti & Kähäri, 2000; Li et al., 2003). Barnacle fluids have the structural proteins, 

mediators, coordinators, and enzymes required to form and remodel the extracellular 

matrix strongly suggesting that barnacle glue curing includes this aspect of wound 

repair (Gailit & Clark, 1994; Ravanti & Kähäri, 2000; Fernández et al., 2002; J Li et al., 

2003). The extracellular matrix provides a dynamic structural scaffold that can be 

degraded, reinforced, or calcified over time (Bosman & Stamenkovic, 2003; Badylak et 

al., 2009). In addition to wound repair, extracellular matrices are an important part of 

connective tissue (Montesano & Orci, 1988; Peterkofsky, 1991), calcified eggshells (Arias 

et al., 1993; Arias & Fernández, 2003), bone, enamel, and cartilage (George et al., 1993; 

Kawasaki et al., 2009; Saito & Marumo, 2010), and suggested to have a role in barnacle 

shell calcification (Fernández et al., 2002). The formation and remodeling of the 

extracellular matrix in wound repair is well-described in vertebrates (Review Kirsner & 

Eaglstein, 1993; Review Ravanti & Kähäri, 2000; Review Robson et al., 2001; Li et al., 

2003; Frantz et al., 2005; Braiman-Wiksman et al., 2007; Eming et al., 2007) and I suggest 

a similar extracellular matrix is relevant to barnacles that provides a protein scaffold to 

connect the base to the substratum and may direct biomineralization and calcification 

(Fernández et al., 2002; Arias & Fernández, 2008).  
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Barnacle fluids secreted between the base and substrate provide structural 

material and become highly cross-linked as evidenced by the structure of cured glue 

(Kamino, 2006, 2013; Barlow et al., 2009, 2010; Sullan et al., 2009). Evidence for matrix 

remodeling capabilities in barnacles comes from proteomic evidence of proteases that 

degrade fibrin clots, collagen and peptides (Markland, 1998; Review Ravanti & Kähäri, 

2000; Review Parks et al., 2004; Swenson & Markland, 2005). Zinc metalloproteases, a 

critical part of reworking extracellular matrices (Review Ravanti & Kähäri, 2000; Parks et 

al., 2004), have been identified in liquid barnacle secretions (Dougherty, 1996) and their 

gene expression is upregulated prior to molting (Wang et al., In Revision). 

 

Coordination of wound responses is through intracellular signaling. Signal 

transduction proteins identified here have roles in diverse intracellular pathways. 

However, each representative participates in immune response signaling, including 14-

3-3 protein family, serine/threonine kinases and phosphatases, and calcium signaling 

(Wera & Hemmingst, 1995; Widmann et al., 1999; Tzivion et al., 2001; McCahill et al., 

2002; Roberts et al., 2002; Vierstraete et al., 2004; Morishita & Yagi, 2007; Devallière & 

Charreau, 2011; Adams et al., 2011). One type of serine/threonine kinase pathway, the 

mitogen activated pathway kinase (MAPK) was implicated in barnacle settlement (He et 

al., 2012; Zhang et al., 2013); however, evidence of signal transduction pathways has not 
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been found previously from barnacle fluids or the connection between signal 

transduction and the innate immune response in barnacles.  

 

3.1.5 Conclusion 

The present study provides evidence for molecular innate immune components 

of wound healing pathways. Immediate innate immune responses trigger coagulation 

and pathogen defense primarily via proteolytic cascades and reactive oxygen species. 

The protein fluid that is coagulated during the immediate innate immune response 

prevents further loss of hemolymph and provides pathogen defense for the barnacle. 

Subsequently, an extracellular matrix is formed with structural material and 

enzymatically reworked, connecting the barnacle to the surface. The reworked 

extracellular matrix reinforces its structure through incorporation reactive adducts of 

protein, lipid and sugars. The innate immune response model provides an experimental 

framework for probing barnacle glue curing and adhesion.  

 

The innate immune response framework has utility and consequences for 

providing a context for biological adhesives, including barnacle glue. Glues have been 

traditionally viewed much as industrial adhesives. Our work takes an evolutionary 

approach to reinforce that barnacle glue is part of a dynamic biological system. Biology 

is critical to understanding the myriad mechanisms for cross-linking barnacle glue. 
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Cross-linking mechanisms that are highly evolutionarily conserved are excellent 

candidates to test as components of barnacle glues. These include proteolytic cascades 

that activate clotting factors and enzymatic reactions that generate reactive material to 

reinforce extracellular matrices. Incorporation of phenolic material (quinone tanning and 

melanization) (Dennell, 1947; Review Andersen, 2010), reactive sugar molecules 

(glycation) (Sell & Monnir, 1989; Review Singh et al., 2001), reactive lipid molecules 

(lipoxidation) (Review Singh et al., 2001) to reinforce protein structures are examples. 

Oxidative activity via enzymes and reactive oxygen species are central to many of these 

mechanisms (Andersen, 1989; Peter, 1989; Tomasetti et al., 1994; Sugumaran & Nelson, 

1998; Di Giulio & Meyer, 2008; Sharma et al., 2012).  
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3.2 Part II. Insight into the Barnacle Wound Healing Response 
using Proteomics 

 

3.2.1 Introduction 

The innate immune response includes recognition of injury or invading 

pathogens, coagulation and pathogen defense, and extracellular matrix formation and 

remodeling and recovery to baseline (Li et al., 2003; Werner & Grose, 2003; Diegelmann 

& Evans, 2004; Eming et al., 2007). The extracellular matrix is essential for tissue 

stabilization and long-term wound repair (Gailit & Clark, 1994; Singer & Clark, 1999; 

Ravanti & Kähäri, 2000; Eming et al., 2007). The extracellular matrix is comprised of 

structural proteins, mediator proteins and enzymes that form and rework a flexible 

structural protein matrix. Extracellular matrix formation and remodeling is a critical part 

of wound healing (Ravanti & Kähäri, 2000; Li et al., 2003) and paves the way for 

biomineralization (Arias et al., 1993; Arias & Fernández, 2003).  

 

Dickinson et al. (2009) suggested that curing of barnacle glue could be related to 

wound healing by containing enzymes involved in the proteolytic cascade of blood 

coagualtion. With exploratory proteomics into barnacle fluids, the hypothesis was 

expanded to include all aspects of the innate immune response. Previous work showed 

abundant proteomic evidence for clotting and pathogen defense mechanisms as well as 

molecular components known to initiate, transduce signals and regulate innate immune 
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responses, leading to the innate immune response model (Essock-Burns, Chapter 2). The 

present study used proteomics on barnacle fluids from repeated wounding to explore 

the barnacle wound response on a temporal scale. I hypothesized that innate immune 

components are common in fluids after initial wounding. This study provides insight 

into a more complete picture of the immune response in barnacles and wound recovery. 

 

3.2.2 Methods 

3.2.2.1 Barnacle Larval Culture, Settlement and Maintenance 

Mature, adult barnacles, Amphibalanus (=Balanus) amphitrite, were collected from 

the field at the Duke University Marine Lab in Beaufort, NC. Nauplius larvae were 

released from barnacles and reared to mature adults following established culture 

techniques (Rittschof et al., 1984, 1992a, 2008; Holm et al., 2005). Barnacle larvae were 

settled on glass panels coated with Silastic® T-2 silicone (Dow Corning, Midland, MI, 

USA) and grown to a basal diameter of approximately 0.5 cm. 

 

3.2.2.2 Collection of Barnacle Secretions  

Prior to barnacle removal from the silicone panels, the panels were rinsed in 

deionized water and the surface around the barnacle and outer barnacle surface were 

swabbed with sterile q-tips in ethanol to minimize biofilm. Using a sterile fine gauge 

needle (B-D, 22G1, Cat# 305155, Becton Dickinson Company, Franklin Lakes, NJ, USA), 
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barnacles were removed from silicone. Immediately after removal, fluid was collected 

by pricking the outermost edge of the base (Dickinson et al., 2009). Fluid was obtained 

from 30 adult barnacles of comparable size. Two microliters of fluid were collected with 

a micropipette and sterile plastic tip and immediately dispensed into 30% acetic acid in a 

microcentrifuge tube. After collection barnacles were placed upside down (baseplate 

facing up) on a bed of damp paper towels in a sealed plastic container, and kept at 28°C 

(to maintain humidity). Fluids were again collected 24 and 48 hours later. All thirty 

barnacles were alive at each time point, and only 2 μL were collected to standardize the 

volume of material from each barnacle. Collected fluid was pooled for the thirty 

barnacles at each time point, resulting in three total samples. Barnacle fluid samples 

were lyophilized overnight and transported on dry ice to the Duke Proteomics Core 

Facility in Durham. 

 

3.2.2.3 Sample Preparation 

Three freeze-dried barnacle samples, corresponding to 0, 24, and 48 hour 

collections, were prepared. The samples were resuspended in 200 μL of 50 mM 

ammonium bicarbonate buffer (pH 8.0) and subjected to bath sonication (4 rounds per 

sample at ~30 seconds per round).  Samples were separated by molecular weight 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 
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(Waters).  After elution, the samples were spun to ~50% dryness in a vacuum centrifuge 

and then lyophilized to full dryness. The high molecular weight fraction was 

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 

and Chapter 3, Part 1).  

 

3.2.2.4 Qualitative Analysis of Samples 

Samples were resuspended in 20 μL of 1% trifluoroacetic acid/2% acetonitrile. 

Each sample was subjected to chromatographic separation on a Waters NanoAquity 

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 1.5 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) 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 
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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. 

 

3.2.2.5 Data Analysis and Processing 

 

3.2.3.1 Liquid Chromatography Mass Spectrometry/Mass Spectrometry 

 

All MS/MS samples were analyzed using Mascot (Matrix Science, London, UK; 

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_adhesporteins_003 database (1492 entries) and 

a newly deposited transcriptome for A. amphitrite, deposited to NCBI, but not yet 

publically available (Wang et al., In Revision), 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. 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. 

 

Scaffold (version Scaffold_4.2.1, Proteome Software Inc., Portland, OR) was used 

to validate MS/MS based peptide and protein identifications. Peptide identifications 

were accepted if they could be established at greater than 95% probability by the Peptide 
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Prophet algorithm (Keller et al., 2002) with Scaffold delta-mass correction. Protein 

identifications were accepted if they could be established at greater than 95% probability 

and contained at least 1 identified peptide. For Experiment 1, the peptide false discovery 

rate (FDR) was 0.6% and the protein FDR was 0.7%. 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. 

 

3.2.3.2 Functional Categories of Annotated Proteins  

 

Protein annotations were grouped according to previous work in Chapter 3, Part I. See 

section 3.1.2.3.2
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3.2.3 Results 

Barnacle fluids collected from 30 adults, sampled at three time points (0, 24, and 

48 hours) were analyzed using LC-MS/MS to determine the peptide content. Overall 561 

unique peptides were identified, matching 122 proteins. Peptides and matching proteins 

were most abundant in 24 hours after the first wounding. The samples from Time=0 had 

67 peptides matching 12 proteins, time=24 hrs had 287 peptides matching 99 proteins, 

and time=48 hrs had 205 peptides matching 37 proteins (Figs. 11 and 12). The proteins 

that our data best matched could be categorized into known roles as 1) previously 

identified barnacle proteins 2) immediate immune responses, 3) wound repair, and 4) 

cell recovery proteins (see Methods). 
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Figure 11. The distribution of unique peptides identified matching proteins by 

category for each time point: 0 hours, 24 hours and 48 hours after wounding. 
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Figure 12. The distribution of unique proteins identified by category for each time 

point: 0 hours, 24 hours, and 48 hours. 
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Overall, 107 peptides matched 20 known proteins in the immediate innate 

immune response. There were 5 peptides matching 2 immune response proteins in 

time=0, 85 peptides matching 19 proteins time=24 hrs, and 17 peptides matching 6 

proteins time=48 hrs (Table 9). The subgroups of the proteins in immediate innate 

immune system were initiation, signal transduction, clot formation, regulation and 

pathogen defense. Initiator proteins identified included heat shock proteins 60, 71 and 

90 kDa (Table 9). Signal transducers were tyrosine 3-monooxygenase/tryptophan 5-

monooxygenase activator protein, calmodulin, 14-3-3 family proteins, and both 

serine/threonine kinase and serine/threonine phosphatase (Table 9). Clotting proteins 

were represented at all three time points, including serine proteinases and amyloid beta 

precursor (Table 9). Clot regulation proteins were represented in all three wounds but 

most prominent time=24 hrs. Regulatory proteins included matches to a patented 

sequence to block amyloid protein aggregates (Sequence 3 from patent US 7270818), 

cyclophilin, pacifastin inhibitor, and a serine protease inhibitor complexed with a 

protease (Table 9). The only innate immune response protein with peptides detected in 

all three time points was the serine protease inhibitor with 11 peptides total (Table 9). 

Pathogen defense proteins were exclusively found in Time 24 hours and included 

peroxiredoxin, glutathione s-transferase, disulfide transferase, and peroxinectin (Table 

9).  
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Table 9. Innate immune protein matches of peptide data found at three time 

points: 0 hours, 24 hours and 48 hours 
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Wound repair included structural proteins and mediators that contribute to the 

formation and remodeling of the extracellular matrix. In the wound repair category, 212 

peptides matched with 16 proteins. Seventy percent of the peptides (149 peptides) were 

from time=24 hrs (Table 10). Structural proteins included tropomyosin, actin, tubulin, 

vimentin, myosin, and spectrin. Peptides for actin, tubulin and vimentin were detected 

at all three time points (Table 10). Extracellular matrix mediators included thymosin 

beta-4, cathepsin L, microtubule-associated protein tau, fascin, kinesin, actinin, prolyl 

carboxypeptidase, filamin, and protocadherin (Table 10). Cathepsin L was the only 

mediator with peptides detected at all three time points (Table 10).  

 

Cell recovery proteins are constitutively expressed in the cell but are critical to 

wound recovery by regenerating proteins lost in the immediate wound response and 

extracellular matrix formation. The category of cell recovery proteins had 231 peptides 

matching 85 discrete proteins and were most abundant at time=24 hrs (78%) (Table 3). 

Proteins were grouped into cell energy, transcription, protein synthesis and folding, 

protein degradation, and other (Table 11). Cell energy had the most protein matches at 

time=24 hrs and included ATP synthase, glycolysis-related proteins, and mitochondrial 

proteins (Table 11). The transcription subcategory was represented at all time points and 

was most prevalent at t=24 hrs, and included transcription factors, histones, and splicing 

factors. The protein synthesis and folding category was most abundant at t=24 hrs and 
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included ribosomes, elongation factors, and T-complex proteins that assist in folding. 

Protein degradation was only represented in Time 24 hours and consisted of 

proteoasomes and ubiquitin-related proteins. The category, other, included globins, 

vesicle-related and cell proliferation proteins. The categories of cell energy, 

transcription, and other were represented at all three time points (Table 11). Only three 

specific proteins had peptides detected at each time point, two histones, H3 and H4, and 

ATP synthase protein, Atp1 (Appendix Table 15).  
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Table 10. Peptide data matching extracellular matrix structural and mediator 

proteins from three time points 

 

  

 

 

Table 11. Cell Recovery proteins from peptide data at the three time points 
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3.2.4 Discussion 

 Wounding in barnacles induces the immediate immune responses of clotting 

and pathogen defense (Dickinson et al., 2009; Essock-Burns, Chapter 3 Part I). The work 

presented here shows that wounding leads to abundant innate immune response 

proteins, beyond the initial responses of coagulation and pathogen defense. The 

response highlighted here involves long-term wound repair, including the formation 

and remodeling of the extracellular matrix and cell recovery to return to homeostasis, 

which is consistent with wound healing models in vertebrates and invertebrates (Gailit 

& Clark, 1994; Singer & Clark, 1999; Li et al., 2003, 2007; Review Kanost et al., 2004; 

Theopold et al., 2004; Frantz et al., 2005; Eming et al., 2007; Palmer et al., 2011).  

 

The hypothesis that barnacles have an innate immune response was tested by 

repeated collection of fluids following a wound. The experimental design captured a 

time course of a wound response, with additional wounding at each time point. I 

hypothesized that immune response proteins would be present at the first wound and 

would become more prominent at subsequent time points (Dickinson et al., 2009; 

Essock-Burns, Chapter 3 Part I). I found that immune response proteins were present in 

small numbers in fluids from the first wound, but were highly abundant after 24 hours, 

and remained above baseline levels by 48 hours. The only immune proteins represented 

at time zero were serine proteases and a serine protease inhibitor complexed with a 
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protease, an activator and regulator of coagulation systems and zymogens (H Jiang & 

Kanost, 2000). Active serine proteases were detected at the first and second wound and 

the inhibitor complex was found at all three wounds. While previous work showed 

more diverse immune proteins at the time of the first wound (Dickinson et al., 2009; 

Essock-Burns, Chapter 3 Part I ), the detection of serine proteases and serpins is 

consistent with previous work in barnacles (Essock-Burns, Chapter 3 Part I) and other 

crustaceans (Muta et al., 1991; Iwanaga et al., 1998; Kanost, 1999; Yu et al., 2003).  

 

In addition to immune response proteins at the later times, proteins of 

extracellular matrix and extracellular matrix remodeling were abundant. The 

extracellular matrix mediators were prevalent at 24 hours and 48 hours. The structural 

material available for the wound matrix includes the barnacle cuticular protein complex 

(SIPC), fibrinogen (Dickinson et al., 2009; Essock-Burns, Chapter 3 Part I), and 

cytoskeletal proteins which may originate from hemocytes that burst at wound sites to 

deliver enzymes, observed in barnacles (Dickinson et al., 2009).  

 

Barnacle fluids have proteomic evidence for coagulation mechanisms with 

similarities to the vertebrate blood clotting cascade and invertebrate prophenoloxidase 

activating system (Dickinson et al., 2009; Essock-Burns, Chapter 3 Part I) Both 

proteolytic cascades activate zymogens with serine proteases and are tightly regulated 
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by inhibitors to control clotting and reactive intermediates that are detrimental in excess 

(Kanost, 1999; De Gregorio et al., 2002; Cerenius & Söderhäll, 2004). Clotting regulators 

were detected, including serine protease inhibitors (serpins) complexed with proteases, 

pacifastin inhibitor, a clotting inhibitor in crayfish (Liang et al., 1997; Söderhäll & 

Cerenius, 1998). The presence of regulators indicates that the later wounds capture 

phases of wound healing beyond immediate clotting (Nellaiappan & Sugumaran, 1996; 

Dahlbäck, 2000).  

 

All of the pathogen defense proteins found here were all antioxidant enzymes. 

This indicates that protecting barnacle tissues from reactive oxygen species is important. 

Previously, a family of antimicrobial enzymes that break down bacterial cell walls was 

identified structurally in barnacle glue (Kamino & Shizuri, 1998 and Essock-Burns, 

Chapter 3 Part I). Peroxinectin is an extracellular cell adhesive protein important to 

crustacean immunity because of its peroxidase activity (Johansson, 1999; 

Sritunyalucksana & Söderhäll, 2000; Lin et al., 2007), and proteomics and activity assays 

indicate it is in barnacles (Dickinson, 2008; Essock-Burns, Chapter 3 Part I). 

Peroxiredoxin is an antioxidant enzyme that metabolizes to hydrogen peroxide 

(Robinson et al., 2010). Disulfide isomerase was detected, which facilitates disulfide 

bonds to link proteins, and contains thioredoxin domains. Thioredoxin oxidizes 

peroxiredoxin effectively regulating peroxidase activity and both thioredoxin and 
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peroxiredoxin transcription is upregulated prior to molting (Wang et al., In Revision). 

Lastly, glutathione S-transferase was detected, another enzyme that metabolizes foreign 

compounds. These antioxidant enzyme data combined with upregulation of antioxidant 

enzymes prior to molting (Wang et al., In Revision) are highly suggestive of a 

mechanism to protect host tissues. Previous work has shown the presence of reactive 

oxygen species under newly settled juvenile barnacles (Essock-Burns, Chapter 2). I 

hypothesize the source is biological, from reactive oxygen species released in response to 

wounding, or from byproducts of oxidoreductases during cross-linking. It appears that 

several antimicrobial mechanisms are present in barnacle fluids, which may contribute 

to the cytotoxicity observed under newly metamorphosed barnacles (Essock-Burns, 

Chapter 2 and 3).  

 

3.2.4.1 Extracellular Matrix  

Repeated wounding demonstrated the importance of extracellular matrix 

proteins in barnacle wound healing. Extracellular matrix formation and remodeling is 

used for long-term wound repair (Reviews: Gailit & Clark, 1994; Ravanti & Kähäri, 

2000). The results suggest that the most critical period for wound stabilization seems to 

be 24 hours after wounding. At 24 hours, there were abundant structural proteins, 

cytoskeletal, and barnacle cuticular, and diverse mediators of extracellular matrix 

interactions. One extracellular matrix mediator, thymosin beta-4, has intracellular roles 
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in actin sequestration, and diverse roles in fluids surrounding tissue, largely in wound 

healing and tissue regeneration (Safer et al., 1991; Sosne et al., 2002). Enzymatic 

mediators identified included cathepsin L, a cysteine proteinase that cleaves collagen 

and elastin, and controls immune cell protease activity (Chapman et al., 1997; Felbor et 

al., 2000). Extracellular matrices provide structural scaffold with flexibility to be 

remodeled and lay the groundwork for downstream calcification (Monnier et al., 1992; 

Arias et al., 1993; Fu et al., 1994; Ravanti & Kähäri, 2000; Geiger et al., 2001; Fernández et 

al., 2002; Verderio et al., 2004; Arias & Fernández, 2008; Saito & Marumo, 2010). 

 

3.2.4.2 Cell Recovery  

Cell recovery proteins were prominent 24 and 48 hours after wounding. The 

group includes proteins that alter transcription, protein synthesis, folding, and 

degradation, metabolism and energy, and vesicle regulation and transport. The 

abundant vesicle proteins may indicate upregulation of proteins delivered to wound 

sites (Review Théry et al., 2009). Vesicles facilitate branching during duct formation 

(Lindner, 1976, 1984), which may be related to barnacle cement secretion 2 (BCS2) 

delivery via capillaries and ducts. The prominence of cell recovery observed in 

subsequent time points fits with previous work demonstrating the need for recovery 

following wounds to return to homeostasis and prepare for new growth and molting 
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(Eming et al., 2007) and upregulated following immune challenge (Vierstraete et al., 

2004). 

 

3.2.4.3 Implications for Innate Immune Response in Barnacles 

This work expands the view of barnacle immune responses to beyond immediate 

wound healing responses of clotting and pathogen defense. Extracellular matrix proteins 

were prevalent at 24 and 48 hours, indicating the extracellular matrix is important for 

barnacle wound healing (Kirsner & Eaglstein, 1993; Gailit & Clark, 1994; Ravanti & 

Kähäri, 2000; Braiman-Wiksman et al., 2007). The extracellular matrix may provide 

critical structural support that connects the barnacle base to the substrate and provide a 

scaffold for calcification and biomineralization (Fernández et al., 2002; Arias & 

Fernández, 2008).  

 

Immediate wound healing mechanisms like clotting and pathogen defense may 

be prevalent during barnacle cuticle expansion, when barnacle cement secretion (BCS1) 

is leaked (Dickinson et al., 2009; Burden et al., 2012, 2014; Essock-Burns, Chapter 2). 

During cuticle expansion, in between molts and release of BCS2, there is upregulated 

transcription of cuticular proteins, lectins, oxidative stress proteins and metalloproteases 

(Wang et al., In Revision). The transcripts reflect structural proteins, initiators, pathogen 

defense and cross-linking, and extracellular matrix remodelers, which reflect an immune 
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response following the wounding associated with cuticle expansion and BCS1. 

Immediate clotting and pathogen defense occur at the barnacle edge followed by 

extracellular matrix formation and remodeling and eventually calcification of the 

baseplate.  

 

The proteins related to amyloid precursors and inhibitors are clues to the 

transition from clotting to formation of the extracellular matrix. The presence of amyloid 

precursor protein in the last wound in conjunction with the anti-amyloid protein 

matched here and in previous barnacle fluid (Essock-Burns, Chapter 3 Part I) indicates 

the potential for barnacle fluids to regulate the formation of amyloid fibrils. These 

findings are supported by previous work that characterized barnacle/substrate interface 

proteins and found a high density of amyloid nanofibrils (Barlow et al., 2009, 2010; 

Sullan et al., 2009).  

 

Extracellular matrices consist of fiber forming proteins, which are prevalent in 

cured barnacle glue (Barlow et al., 2009, 2010; Dickinson et al., 2009; Sullan et al., 2009). 

Barnacle extracellular matrices are likely comprised of cytoskeletal and chitin-like 

cuticle, fibrin clots, tanned chitin from phenoloxidase and amyloid fibrils (Wang et al., In 

Review; Essock-Burns, Chapter 3 Part I; Dreanno et al., 2006; Dickinson, 2008; Barlow et 

al., 2010; Burden et al., 2014). Several mechanisms can alter the rigidity of extracellular 
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matrices, including enzymatic degradation and the incorporation of proteogylcans. 

Proteoglycans are glycosylated proteins that add physical flexibility to extracellular 

matrices and allow the matrix to withstand hydrodynamic pressure (Yanagishita, 1993; 

Iozzo, 1998). Glycoproteins and proteoglycans are present in barnacles (Matsumura, 

Nagano, Kato-Yoshinaga et al., 1998; Fernández et al., 2002; Dreanno, Kirby et al., 

2006a). Disulfide bonds also contribute to extracellular matrix flexibility and are in 

barnacle glue (Naldrett, 1993; Kamino et al., 2000; He et al., 2013). Lastly, sugar 

molecules, like proteoglycans, react with oxidative chemistries, which generates sugar 

adducts that can cross-link into the protein matrix (Kohn et al., 1984; Monnier et al., 

1992; Singh et al., 2001; DeGroot, 2004).  

 

Using the innate immune response framework (Essock-Burns, Chapter 3 Part I) 

to explore potential cross-linking mechanisms expands the scope of bioadhesive 

research. This work suggests that extracellular matrices are critical in barnacle wound 

healing, as they are in vertebrate wound repair, connective tissue development, avian 

eggshell and arthropod exoskeleton formation (Arias et al., 1993; Willis, 1999; Nagai et 

al., 2001; Adachi et al., 2005; Andersen, 2010; Glazer et al., 2013). Cross-linking 

mechanisms to reinforce the extracellular matrix are well established for vertebrates. 

Reactive forms of sugars and lipids are incorporated to protein matrices stiffening the 

overall structure through glycation and lipoxidation (Monnier et al., 1992; Fu et al., 1994; 
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Singh et al., 2001; DeGroot, 2004). Oxidative enzyme cross-linking also reinforces 

collagen dominated extracellular matrices (Eyre et al., 1984; Reiser et al., 1992; Saito & 

Marumo, 2010). Reactive oxygen species contribute to cross-linking (Dijkgraaf et al., 

2003). Medical literature on cross-linking mechanisms in the extracellular matrix will 

greatly inform research in biological adhesives. 
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4. Enzymes Manage Biofilms on Crab Surfaces Aiding in 
Feeding and Antifouling 

 

4.1 Introduction 

In aqueous environments biofilms are ubiquitous. Biofilms form on all inert 

surfaces. Biofilms are composed of consortia of microorganisms embedded in an 

exopolymer matrix (Reviews Costerton et al., 1987, 1995; Whitfield, 1988; Wingender et 

al., 1999; Review Sutherland, 2001; Review Flemming & Wingender, 2010). We were 

curious about the roles exoenzymes might play in deposit feeding and biofouling 

management. Specifically, if enzymes enable fiddler crabs Uca pugilator to detect and 

remove biofilms from inorganic substrates and if enzymes are used by blue crabs 

Callinectes sapidus to manage biofilms on surfaces such as brooded eggs.     

 

Sand fiddler crabs, Uca pugilator, are semi-terrestrial deposit feeders. They rely 

on chemoreceptors on their chelae and dactyls to detect food in sand (Robertson et al., 

1981; Rittschof & Buswell, 1989; Reinsel & Rittschof, 1995). Diatoms, benthic algae, blue-

green algae, ciliates and bacteria stimulate feeding (Robertson et al., 1981). Carbohydrate 

components and amino acids of diatoms stimulate Uca feeding (Robertson et al., 1981; 

Rittschof & Buswell, 1989; Weissburg & Zimmer-Faust, 1991). Female Uca pugnax are 

more sensitive to phagostimulants than males (Weissburg, 1990, 1992, 1993). 
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Robertson et al., 1981 suggested that continued feeding after initial 

chemoreception may require input from the buccal region, such as mouthpart receptors. 

Enzymatic removal of organic material by crabs has been unexplored. The present study 

investigates the enzymology of buccal and dactyl secretions through saliva samples and 

leg washings to address the role of exoenzymes in U. pugilator food detection and 

processing.  

 

Exopolysaccharides glue microbial biofilms to sand particles (White and Benson, 

1984; Flemming & Wingender, 2001; Sutherland, 2001). Fiddler crabs are proficient at 

food removal from sand (Miller, 1961; Robertson et al., 1980; Reinsel & Rittschof, 1995). 

Previous reports of Uca feeding described the appendages used in mechanical removal 

of organic material from sand grains (DC Miller, 1961; Robertson & Newell, 1982; Lim, 

2004). We hypothesized that enzymatic mechanisms of food removal would 

complement the physical appendages that facilitate separation of organic material from 

sand grains. 

 

As in all small crustaceans, blue crabs (Callinectes sapidus) molt frequently, groom 

appendages and bury, all behaviors that help control fouling. One area sensitive to 

fouling is the egg mass of ovigerous females. Each egg mass averages 2-6 million eggs of 

approximately 250-275 um diameter (Dickinson et al., 2006; Darnell et al., 2009). Brooded 
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crustacean eggs are glued in strings to abdominal pleopod filaments (Rogers-Talbert, 

1948; Saigusa, 1994). Embryo development is generally synchronous and can be tracked 

by observing color changes and embryo details in the egg clutch (DeVries et al., 1983).  

  

Decapod crustaceans are well studied with respect to chemical and physical cues 

and synchrony of hatching (Forward, 1987; Review Rittschof, 1993; Tankersley et al., 

2002; Review Rittschof & Cohen, 2004; Reinsel et al., 2014). Specific chemical cues trigger 

larval release behavior (DeVries et al., 1989). Females physically assist in egg hatching 

and propel the embryos into the water column.  Trypsin-like proteases are implicated in 

pheromone production and egg hatching (Rittschof et al., 1985; Review Forward, 1987; 

DeVries & Forward, 1991; Saigusa, 1992). Eggs must be minimally fouled to facilitate 

oxygen delivery to embryos and waste removal (Crisp, 1959; Baeza & Fernández, 2002; 

Fernandez & Brante, 2003; Reinsel et al., 2014). If crustacean embryos become detached 

from the female, they foul and die (Fisher, 1976, 1983; Fisher et al., 1976; Forward & 

Lohmann, 1983; Saigusa, 1992, 1993).  

  

 We tested the hypothesis that crabs use enzymes to feed and manage fouling. 

Hydrolytic enzymes of interest were amylase, trypsin and lysozyme as they all catalyze 

hydrolysis of chemical bonds in carbohydrates, proteins and bacterial cell walls. We 

chose these enzymes as we hypothesized they have roles in degrading biofilm 
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components including the extracellular matrix made up of carbohydrates and protein 

and bacterial cells. Data support the roles of enzymes in feeding and fouling 

management through the removal of biofilms. 

 

4.2 Methods 

 

4.2.1 Animal Collection 

Sand fiddler crabs (Uca pugilator Bosc) were collected by hand at night in the 

Rachel Carson Research Reserve near the Duke University Marine Laboratory in 

Beaufort, North Carolina. Large male and female crabs were used to facilitate the 

collection of test fluids. Fiddler crabs used in feeding experiments were maintained in 

groups in a water table with dripping seawater and sand for burrowing and fed 

pulverized dry “Ocean Flavored” Friskies cat food. Animals used for collection of fluids 

for studies were kept individually in 40 ml glass finger bowls with approximately 0.5 

centimeter of seawater. Temperature was 25°C and crabs were exposed to the natural 

diurnal light cycle. Crabs fasted overnight prior to feeding experiments. Sexes were 

tested separately and sample sizes ranged from 10-30.  

 

Blue crabs (Callinectes sapidus) were collected in the Rachel Carson Research 

Reserve on foot using dipnets at night. We collected ovigerous females with egg clutches 
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at each stage of development as indicated by clutch color (Rogers-Talbert, 1948). Crabs 

were kept in tanks with flowing seawater at 33 to 36 salinity and ambient temperature. 

For experiments, crab fluids were sampled 1-3 hours after placement in a damp bucket 

at 25°C.  

 

4.2.2 Fluid Sample Collection 

Saliva and exoskeletal fluid samples were collected from the crabs using a 200 µL 

mechanical micropipette. Saliva was extracted by gentle pipetting of the fluid at the 

entrance to the mouth cavity. Leg washings were obtained by repeatedly pipetting 50-80 

µL aliquots of 100,000 kDa-filtered aged seawater over all 10 legs in a 1.5 mL Eppendorf 

tube. Samples were kept on ice and used in assays immediately following collection.  

 

Blue crab egg masses were sampled by pipetting 100 μL of fluid from each 

clutch. Each 100 μL sample was combined with 150 μL of substrate solution in a 250 μL 

microwell of a clear bottom 96 well microtiter plate. There were a minimum of five and a 

maximum of 12 samples for each egg stage. Control samples were taken from the tanks 

in which the crabs were kept. The color of the egg mass was recorded for each crab at 

the time of sampling.  
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4.2.3 Enzyme Activity Measures 

Enzyme activity was measured in the same way on all sample types. The regions 

of interest were U. pugilator leg washings and buccal cavity fluids, and C. sapidus egg 

mass fluid. Measurements used enzyme specific substrates that become absorptive or 

fluorescent when cleaved by an enzyme. Activity was quantified as a function of change 

in absorbance or fluorescence over time using a spectrophotometer. We used 

commercial substrates and enzymes for standards. Using the definition for units for each 

enzyme we converted readings into moles of product produced per milliliter fluid per 

unit time.  

 

Activity in samples was quantified for saliva, leg washing and egg fluid samples 

spectrophotometrically on a Spectramax M2 Microplate Reader (Molecular Devices). 

Standard curves were produced by combining 150μL substrate solution and 100μL of 

varying combinations of seawater and enzyme solution. There were five replicates for 

each amount of enzyme used, giving 25 points for each standard curve.  Filtered 

seawater was used as a solvent to maximize the similarities between the lab standards 

and the natural crab environment. The maximum velocity (Vmax) was determined for the 

assays and was used to generate a ratio of units of enzyme activity (units/mL) to Vmax  

(mOD/min or RFU/min). Negative controls were deionized water and positive controls 

were known units of pure enzyme. For egg mass washings, controls were seawater from 
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the tank where crabs were kept and those values were subtracted from egg mass activity 

measures. 

 

4.2.3.1 α-Amylase 

The enzyme standard for α-Amylase was from Bacillus licheniformis, Type XII-A 

(Sigma, A-3403, LOT 67H1563, 30 mg protein/mL, 870 units/mg protein).  Initially the 

enzyme was diluted to 26 units/mL with deionized water.  Amylase activity was 

measured using an α-amylase kit (Stanbio, REF 0970-101, LOT 083291CE). The substrate 

reagent was reconstituted with 10 mL of DI water, rather than 15 mL.  When α-amylase 

is present, para-nitrophenol-D-maltaheptaoside (PNPG7) is converted to para-

nitrophenol, a yellow product. Absorbance was measured at 405 nm at 37°C over one 

hour at one-minute intervals. One unit of amylase cleaves 1.0 mg of maltose every 3 min 

at 20°C. Units per liter were calculated as the change in absorbance times total reaction 

volume times 1000, divided by the extinction coefficient times the light path times the 

sample volume, following the kit instructions. The units per liter were divided by 3.66 as 

the Q10 factor for a 17°C change as our measurements were done at 37°C not 20°C. Then 

they were multiplied by 0.33 mg to get mg product per liter per minute and divided by 

the formula weight of the product and converted to get μmol product per minute. The 

standard curve produced a slope of 0.049, a y-intercept of -0.790, and a correlation 

coefficient of 0.980 (Table 12). 
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4.2.3.2 Trypsin 

The enzyme standard for trypsin was from bovine pancreas, Type 1 (Sigma, 

Pcode 1000575748, LOT 049K7002, 13964 units/mg). Trypsin stock was 3212 units/mL in 

1.0 mM HCl. Trypsin activity was measured using the substrate Nα-Benzoyl-L-arginine 

4-nitroanilide hydrochloride BAPNA (Sigma) (Erlanger et al., 1961). The concentration 

of the stock solution was 1.48 mM in deionized water, with 100 μL DMSO per 10 mL 

water to dissolve the solid BAPNA.  Final concentration of substrate was 0.89 mM in 

each 250 μL well. Absorbance was then measured at 405 nm for one hour at one-minute 

intervals at 37°C. Using BAPNA as a substrate; one trypsin activity unit is defined as the 

amount of trypsin that produces 1 μmol of p-nitroanilide, in one minute (Table 12).  

 

4.2.3.3 Lysozyme 

The enzyme standard for lysozyme was from chicken egg white (Sigma, 

088K1358, 46900 units/mg solid, 49900 units/mg protein). The stock solution was initially 

diluted to 1600 units/mL in deionized water. The fluorogenic substrate 4-

methylumbelliferyl β-D-N,N’,N′′-triacetylchitotrioside (MUF 3-NAG) (Sigma, 029K4024, 

CAS 53643-13-3, 785.8 g/mol) was used to assess lysozyme activity (Jacks & Kircher, 

1967). A 1 mL 1:1 deionized water and pyridine solution dissolved 1 mg of MUF 3-NAG 

solid before the concentration of the stock solution was diluted to 26 μM.  Final 

concentration of substrate was 15.6 μM in each 250 μL well. Activity was detected at an 



 

110 

excitation wavelength of 360 nm and an emission wavelength of 450 nm, and each plate 

was run at 37°C for two hours at one-minute intervals (Table 12).
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Table 12. Enzyme-specific substrates and formulas to calculate activity. 
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4.2.4 Fiddler Crab Feeding Experiments 

Experiments were conducted on Uca pugilator to investigate the role of 

exoenzymes in feeding. Feeding experiments were performed on eyestalk ablated 

female crabs as described previously (Rittschof & Buswell, 1989). We determined the 

efficiency of removal of diatoms from sediments. In the test, 10 ablated female crabs 

were placed on field sediments. A chemical spatula was used to collect undisturbed 

sediment and to collect sediments after the crabs had processed them and were 

returning feeding pellets to the surface of the sediment.  In the latter instance, the 

spatula was placed under the pellet as it was being deposited. Diatom contents of 

sediments were determined by epifluorescent microscopy. Chlorophyll in diatoms was 

stimulated to fluoresce by excitation with 480 nm light. The number of diatoms per field 

was determined for 10 unprocessed and 10 processed sediment samples. Numbers of 

diatoms before and after processing were compared.  

 

An assay for feeding responses in Uca has been well described (Sears et al., 1991). 

Thirty crabs were eyestalk-ablated following established procedures and then tested 

against two feeding stimulants, dextrose and starch, and an amylase inhibitor. 

Treatments were seawater as a negative control, 0.125 g/mL dextrose and 0.045 g/mL 

corn starch. Crabs were tested in groups of two in a solution for thirty seconds, then 
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rinsed for 30 seconds in seawater and tested in the next solution.  Crabs were then 

incubated in a solution of 300 units of human amylase inhibitor (Sigma, chemical 

company, St Louis Mo, #A1520) for 5 minutes and the tested again in each solution with 

rinses in amylase inhibitor in seawater between tests.  

 

4.2.5 Blue Crab Fouling Experiments 

To determine the role of exoenzymes in fouling management on C. sapidus eggs, 

we removed eggs from the female and allowed them to develop separately, with and 

without added enzymes. Clusters of 10 to 20 eggs containing eyed embryos were 

removed from a female blue crab and put immediately in either 5 mL of aged 100 kDa 

filtered sea water or put in to the same water containing 0.5 units of amylase/mL, 4 units 

of lysozyme/mL and 2 units of trypsin/mL. Eggs were incubated for 1.5 hours. After 1.5 

hours, 5 replicate clusters of 10 to 20 eggs from the eggs incubated in control seawater 

were transferred into 5 mL fresh aged 100kDa seawater in 5 separate Falcon 1006 sterile 

lidded polystyrene petri dishes. From the enzyme treated eggs, 15 replicate egg clusters 

were transferred, 5 replicates into each of 4 separate enzyme treatments. The treatments 

are given as a ratio of amylase, trypsin and lysozyme units, including: 2A:2T:4L, 

20A:10T:4L, 40A:20T:8L, and 80A:40T:24L. Remaining eggs from the original treatments 

were incubated until eggs hatched or died. The 20 new groups of eggs were incubated 
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without shaking at 25°C and the seawater and seawater + enzyme combination changed 

every two days until day 6 when larvae and dead embryos in eggs were counted.  

 

4.2.6 Statistical Analyses 

Enzyme activity levels are presented as means with 95% confidence intervals 

(Fig. 13). Mean values were from five replicates with 30 crabs per test unless otherwise 

indicated. A Z-test of proportions was used for the U. pugilator feeding response with 

amylase inhibitor experiment (Fig. 15) and the effect of enzyme treatments on detached 

egg clusters on mortality and hatching response (Fig 17). Egg mass enzyme activity data 

were analyzed by one-way ANOVA (Fig. 16).  

 

 

4.3 Results 

 

4.3.1 Enzyme Activity Measures – Feeding 

Using enzyme-specific substrates, amylase, trypsin, and lysozyme activities were 

detected on leg washings and saliva for both males and females. Amylase activity was 

the lowest of all three enzymes and not different between saliva or leg washings or 

between males and females (Fig. 13). Trypsin activity was high for both saliva and leg 

washings in males and females. Trypsin activity in female saliva (95% CI [143.52, 1958]) 
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and leg samples (95% CI [347.42, 1084]) was significantly higher than all amylase activity 

(saliva 95% CI [2.37, 4.30] and legs 95% CI [2.95, 5.11]) and higher than lysozyme activity 

in female saliva (95% CI [1.54, 5.24]) (Fig. 13). Although trypsin activity was an order of 

magnitude higher in females as compared to males, the difference was not significant. 

Lysozyme activity on male leg washings (95% CI [348.03, 964.34]) was nearly two orders 

of magnitude higher than amylase activity in male saliva (95% CI [5.38, 7.8]) and male 

leg washings (95% CI [53.46, 10.90]) (Fig. 13).  

 



 

116 

 

Figure 13. Enzyme product (μmol) measured in washings of male and female 

U. pugilator body parts. Bars indicate the 95% confidence interval and letters indicate 

significant differences in enzyme activity. Substrates used for detective activity 

resembling amylase, trypsin, and lysozyme. For male amylase measures (N=56), 

trypsin (N=10), and lysozyme (N=10). For female amylase measures (N=24), trypsin 

(N=10), and lysozyme (N=10). 
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4.3.2 Fiddler Crab Feeding Experiments 

We measured diatom extraction efficiency by counting autofluorecent microbial 

cells in epifluorescent images of sediment grains before and after Uca feeding. Diatom 

removal was between 60-90% and achieved in approximately 9 seconds (Fig. 14).  

 

 

Figure 14. Number of diatoms counted in one field of view of an 

epifluorescent microscope at the 100x power before and after feeding by U. pugilator 

(N=30). The cleaning process took an average of 8.6 seconds. Bars indicate the 

standard error of the mean.  

 

Lastly, we probed feeding responses to dextrose and starch with and without 

human amylase inhibitor (Fig 15). Dextrose was the simple feeding stimulant and starch 

was the complex feeding stimulant. Both elicited a 100% feeding response that was 

significantly different from the seawater control (z=8.211, p<0.0001) (Fig. 15). Dextrose is 
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a monomer of starch and requires no enzymatic degradation to digest it. Starch should 

require an amylase-like enzyme for degradation. With the addition of human amylase 

inhibitor, feeding responses were reduced to 80% for dextrose and 30% for starch (Fig. 

15). Both reductions in feeding were significantly different in the presence of human 

amylase inhibitor (Dextrose z=2.738, p<0.05; Starch z=-2.190, p<0.05). Human amylase 

inhibitor significantly reduced feeding responses to starch more than it reduced feeding 

response to dextrose (z=-6.846, p<0.01).  
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Figure 15. U. pugilator feeding responses with and without human amylase 

inhibitor treatment (N=30). Seawater was used as a negative control, dextrose as a 

positive control, and starch as the test polysaccharide. Different letters indicate 

significantly different feeding responses as determined by a Z-test of proportions. 
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4.3.3 Enzyme Activity Measures – Fouling Management 

We tracked enzyme activity through embryo development by estimating enzyme 

activities in C. sapidus clutches of different developmental stages as determined by egg 

mass color. All enzyme measures were significantly different from the control: lysozyme 

(ANOVA; F(4,39)=7.53, p=0.0001), amylase (ANOVA; F(4,36)=4.57, p=0.004) and trypsin 

(ANOVA; F(4,38)=5.58, p=0.001). As embryos in blue crab egg clutches develop, 

lysozyme activity remains low, trypsin activity remained elevated and amylase activity 

was high throughout and increased in late stage eggs (Fig. 16). Lysozyme levels were 

not significantly different between groups (ANOVA; F(3,32)=1.68, p=0.19) (Fig. 16). The 

amylase activity detected in black eggs was an order of magnitude higher than earlier 

stage eggs and significantly different from all other clutch colors (ANOVA; F(3,29)=4.15, 

p=0.015) (Fig. 16). Trypsin activity in black clutches was 1.5 fold higher than other clutch 

colors and groups were significantly different (ANOVA; F(3,31)=4.43, p=0.01) (Fig. 16).  
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Figure 16. The difference in lysozyme, trypsin, and amylase activity from the 

surrounding seawater as compared to samples from blue crab egg clutches. Egg clutch 

color approximates the stage of embryo development: yellow (newly deposited and 

mostly yolk), orange (less yolk and developing), brown (developing eyes), and black 

(fully developed eyes) (Rogers-Talbert, 1948; Devries et al., 1983). Sample sizes ranged 

from 5-12 crabs per egg clutch color. Error bars indicate the standard error of the 

mean.  
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4.3.4 Blue Crab Egg Fouling Experiments 

To test effectiveness of exoenzymes in fouling management, egg clutches were 

removed from C. sapidus females and allowed to hatch away from the female. We added 

enzyme mixtures reflecting ranges found in egg clutches and compared to controls in 

seawater (Fig. 16). We were interested to see if added enzymes would improve egg 

hatching and embryo survival. Aged filtered seawater with no enzyme added resulted 

in 90-100% mortality rates and 0-10% hatching. All enzyme treatments with amylase, 

trypsin, and lysozyme improved mortality from the seawater controls (z=8.366, 

p<0.0001)(Fig. 17). The most successful ratio of enzymes was 20U Amylase: 4U 

Lysozyme: 10U Trypsin, per milliliter seawater gave 80% hatching and >90% survival 

(z=6.283, p<0.0001)(Fig. 17).    
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Figure 17. Mortality and hatching success of embryos in eggs detached from 

female C. sapidus and incubated in seawater-enzyme treatments (5 replicates or ~75 

eggs per treatment). Ratios indicate the units per milliliter of amylase, lysozyme, and 

trypsin.  
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4.4 Discussion 

 

4.4.1 Enzymes in Feeding 

Enzymes are prevalent on U. pugilator dactyls (leg washings) and buccal 

secretions (saliva). Amylase, trypsin and lysozyme contribute to cutting microbial 

exopolymers and structures to generate phagostimulants, enhancing chemoreception 

and physically separating food from sand particles and aiding food processing in the 

mouth. The findings discussed here support that these hydrolytic enzymes are used in 

chemoreception and feeding.  

 

Feeding on starch was significantly decreased in the presence of a human 

amylase inhibitor. The inhibition of feeding response with human amylase inhibitor 

suggests the amylase enzyme on crab legs is similar to human amylase. The reduction in 

feeding response was greater when starch was the stimulant than the response to 

dextrose. The reduction in response to dextrose was unexpected because the monomer 

should not need enzymatic degradation for the crab to detect it, but suggests that the 

amylase inhibitor may inhibit receptors for polysaccharide breakdown products. 

Support for enzymatic contributions to mechanical feeding was the high efficiency in 

which fiddler crabs extract diatoms from sediment. These data suggest that crab buccal 

fluids are similar to human saliva, in breaking down polysaccharides via amylase. We 
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propose that just like enzymes in saliva are important to food chemoreception and 

processing in humans, the enzymes in buccal secretions are important for generating 

phagostimulants and food removal and processing in fiddler crabs.  

 

Carbohydrates stimulate U. pugilator feeding (Robertson et al., 1981; Rittschof & 

Buswell, 1989; Weissburg & Zimmer-Faust, 1991) and are approximately as potent as 

total organic content (Reinsel & Rittschof, 1995). Carbohydrates are important 

components of the extracellular mucose sheaths of diatoms and blue-green algae 

(Weissburg, 1993). Amylase degrades carbohydrates by cleaving glycosidic linkages. 

The observed concentrations of amylase in the saliva support the idea that this starch-

digesting enzyme plays a major role in the removal of biofilms from substrates during 

feeding. Exposure to sugars in a laboratory setting provokes the feeding response 

(Rittschof & Buswell, 1989; Sears et al., 1991), which comprises the primary component 

of the fiddler crab diet, in the form of bacterial and protistal cell walls. Previously, α-

amylase was found in the hepatopancreas of the crab Carcinus maenas (Blandamer & 

Beechey, 1964, 1966). Human amylase is found in saliva and the pancreas, thus, the 

findings presented here fit with previous work showing similarities between enzymatic 

functions in humans and crabs.  
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The data show the enzymes on fiddler crab legs hydrolyze large polymers, 

releasing phagostimulants. Previous work supports the hypothesis of enzyme use in U. 

pugilator feeding. Robertson and colleagues (1981) tested fiddler crab feeding with a 

broad range of stimulants, using combinations of amino acids, polymers, and 

microorganisms to test synergistic effects. Disaccharides and insoluble macromolecules 

stimulated feeding more than monosaccharides and amino acids at similar molar 

concentrations (Robertson et al., 1981).  Enzymatic degradation of disaccharides and 

macromolecules would increase the concentrations of phagostimulants.  

 

Male and female fiddlers are sexually dimorphic and have different feeding rates 

(Weissburg, 1992, 1993; Weissburg & Derby, 1995). Females use both claws and males 

use only the small claw. Females have higher food extraction efficiency (Weissburg, 

1992). Weissburg and Derby (1995) reported that female chemoreceptor pathways are 

more sensitive than males and that increased sensitivity allows females to detect 

phagostimulants that do not stimulate male feeding. Here, I show females had higher 

trypsin activity on saliva and leg washings than amylase or lysozyme. This expands the 

hypothesis of sexual dimorphism in feeding. The female high demand for energy, 

specifically protein, for egg production is likely related to their high trypsin activity. 
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4.4.2 Enzymes in Fouling Management  

Blue crab egg clutches were used because of the ability to manipulate the large 

clutch. Activities resembling amylase, trypsin and lysozyme were prevalent in egg 

masses throughout embryo development. Based on these data and previous work, three 

functions of enzymes in egg masses are proposed: 1) manage fouling on brooding eggs, 

2) synchronize egg hatching and 3) generate species-specific body odors. Body odors 

serve as settlement pheromones (Review Rittschof, 1993; Clare & Matsumura, 2000) prey 

cues (Rittschof et al., 1983, 1984; Rittschof, 1985, 1993; Review Rittschof & Cohen, 2004) 

and shell availability cues (Reviews: Rittschof, 1990, 1993; Rittschof & Cohen, 2004). 

These data support the hypothesis that in addition to enzymes in hatching eggs from 

late stage embryos (DeVries & Forward, 1991) larval release pheromones are generated 

by enzymes from females (Rittschof et al., 1990; Darnell & Rittschof, 2010). This work 

opens up questions of egg mass structure and additional cues to trigger larval release. 

We suggest that amylase, trypsin and lysozyme contribute to fouling management and 

generate chemical cues and pheromones.   

 

4.4.3 Fouling Management on Egg Masses 

Amylase activity was prevalent in egg mass fluid at all stages of embryo 

development. We observed a spike in amylase activity in egg masses as they matured, 

peaking prior to egg hatching.  Amylase targets exopolysaccharides in microbial glues to 
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manage fouling on eggs. As metabolism increases, the release of bacterial energy 

sources, such as ammonium, increases later in development (Review Regnault, 1987; De 

Vries et al., 1994; Weihrauch et al., 2004). Amylase released at this time would be 

adaptive to counteract the stimulation of microbial growth. The saccharide molecules 

generated by amylase may be another signal or ventilation pheromone, similar to signals 

reported from fish mucus which alter crustacean larval behavior (Review Rittschof & 

Cohen, 2004).  

 

Trypsin-like serine proteases are endopeptidases and generate peptide signaling 

molecules (Reviews: Rittschof, 1993b; Rittschof & Cohen, 2004; Reinsel et al., 2014), 

including larval release pheromones (Rittschof et al., 1985; Rittschof, 1990; DeVries et al., 

1991). The constant production of trypsin by the female with eggs may generate 

signaling molecules that cue egg mass ventilation (Saigusa, 1996; Reinsel et al., 2014). 

This explains why all stages of brooded eggs generate larval release pheromones 

(Forward & Lohmann, 1983; Rittschof et al., 1985; Forward, 1987).  

 

Lysozyme activity on egg masses is a direct mechanism for fouling management 

as it lyses bacterial cell walls. Previous work has shown possible lysozyme activity in 

hemolymph extracts and exoskeleton fluid of four marine decapod crustaceans (Haug et 
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al., 2002). Lysozyme levels were constant across all egg mass stages, indicating a 

continuous demand for chemical management of microfouling. 

 

Eggs fouled and embryos died when separated from females without enzyme 

treatment, underscoring the importance of enzymes for fouling management. Treating 

removed eggs with amylase, trypsin and lysozyme allowed eggs to hatch and embryos 

to survive. While there is clear evidence of enzymes present in egg clutches, the source is 

not known. There are several potential sources of enzymes in egg clutches (Rittschof et 

al., 1990; DeVries & Forward, 1991; Saigusa, 1994, 1996).  Three obvious sources are 

microorganisms, the brooding female and the embryos. All may have roles in 

controlling female behavior. If the source of enzymes were from microorganisms on 

eggs or from the embryos, activity should continue after removal from the female. This 

suggests the source of enzymes is the brooding female. If not originating directly from 

the female, the embryos need to be attached to the female for enzyme production. Our 

experiments show eggs hatch in the absence of shaking. Because eggs hatched on time, 

and we did not add increased levels of enzymes we suggest the enzymes involved in 

egg hatching are from embryos and the enzymes to prevent fouling are from the female.  
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4.4.4 Pheromones to Synchronize Hatching 

Enzymes have three roles in management of brooded eggs. One role is to reduce 

egg clutch fouling. Microbial growth is stimulated by wastes released by embryos and 

affects egg hatching and embryo survival by fouling surfaces necessary for gas and 

waste transport (Crisp, 1959; Strathmann & Strathmann, 1995). Microfouling on egg 

masses is associated with embryo mortality. Antimicrobial treatment lowers embryo 

mortality in the Dungeness crab, Metacarcinus magister (Fisher, 1976; Fisher & Nelson, 

1977), American Lobster, Homarus americanus (Fisher et al., 1976) and the mud crab, 

Rhithropanopeus harrisii (Forward & Lohmann, 1983). Here, it is shown that enzymes 

enable embryo survival presumably by reducing egg clutch fouling. 

 

4.4.5 Body Odor Chemical Cues 

Enzymes are a well-established and generalized phenomenon in microorganisms 

(Reviews: Glenn, 1976; Miller & Bassler, 2001; Diggle et al., 2008) and observed in 

buccal, gastric, and ocular secretions of macroorganisms, including humans. The 

hydrolysis of structural polymers and glues are the origin of many kairomones and 

body odors in marine communities (Review Rittschof & Cohen, 2004). Products of 

enzyme hydrolysis that reflect habitat information are critical for larval behavior 

(Rittschof, 1993; Forward et al., 1996), including settlement cues for a variety of marine 

larvae (Burke, 1986) including sand dollars (Burke, 1984), abalone (Morse & Morse, 
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1984), barnacles (Rittschof, 1985), polychaete worms (Jensen & Morse, 1990), oysters 

(Zimmer-Faust & Tamburri, 1994), mud crabs Rhithropanopeus harrisii (Rittschof et al., 

1990), and Panopeus herbstii (Rodriguez & Epifanio, 2000). Secretion of enzymes that 

target biofilms enable marine organisms to sense their environment, feed, coordinate 

development, manage fouling, cue behaviors and induce metamorphosis. 

 

 4.5 Conclusions 

Enzymes are used by decapod crustaceans in feeding and fouling management. 

Three central functions of enzymes are generation of food cues, degradation of food, and 

managing biofilms on eggs. Fiddler crabs use enzymes on their legs for removing 

biofilms from substrates generating detectable phagostimulants, through 

chemoreception. Fiddler crabs use enzymes in their saliva to degrade polymers, freeing 

organics from biofilms on sediment and aiding food processing. We have demonstrated 

similarities to human salivary enzyme function. Blue crabs use enzymes in their egg 

mass fluid to prevent fouling by microorganisms on the clutches. Enzymes in egg 

masses also generate pheromones that coordinate female behaviors that improve 

hatching success and survival. We have demonstrated that the absence of these enzymes 

has severe consequences for embryo survival and replacement of enzymes rescues this 

consequence and leads to low mortality and high hatching success. This study 

exemplifies chemical management of biofilms by marine organisms. These are two 
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examples of marine organisms using the same suite of enzymes to remove biofilms in 

different contexts. Biofilm removal achieves different goals in the two systems, 

facilitating both feeding and fouling management on eggs. This work resulted from 30 

years of research done by undergraduates in Dr. Dan Rittschof’s laboratory.  
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5. Conclusions 

This dissertation uses ecological and evolutionary theory to understand the use 

of secretions by macroorganisms to modulate interactions with microorganisms. The 

guiding hypothesis is secretions released from crustaceans contain enzymes and/or 

innate immune system components that facilitate aspects of wound healing including 

coagulation of fluids and killing and removal of microorganisms.  

 

Crustaceans have a hardened exoskeleton provides protection from predators 

while allowing for mobility and growth. Exoskeletons must pliable at times allowing for 

major transitions, like molting and growth, in which wounding is routine. Immediate 

wound healing mechanisms regulate loss of bodily fluid through coagulation and 

pathogen defense. Long-term wound repair is crucial to stabilize wound sites to protect 

from future damage in that area. The innate immune system is under high selection 

pressure because efficient wound responses are critical for the survival. A brief 

summary of the key findings for each data chapter is presented here, as well as an 

integrated model for barnacle wound healing, and the significance of this work. 
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5.1 Chapter 2. Barnacles Manage Bacteria During and After 
Settlement and Metamorphosis 

Barnacles were observed before, during, and after the critical transition to a 

sessile lifestyle. The interface between barnacles and the substrate was highly dynamic. 

The interface contains coagulated proteinaceous secretions, live and dead bacteria, and 

reactive oxygen species. I found that wounding is inherent to barnacle settlement and 

metamorphosis and found evidence for wound healing during this period. Wounding 

was observed as visible tears in barnacle cuticle with coagulated protein filling the space 

between the cuticle. Large expanses of amorphous material stained for protein and 

phosphoprotein, which appears to be coagulated fluid originating from the barnacle 

cuticle. The wounding occurs during a dramatic morphological change and cuticle 

expansion resulting in a large circular base of the barnacle. We hypothesize that the 

amorphous material we observed during and after this transition results from wounds 

created during metamorphosis via cuticle expansion. The fluid that emerges from the 

wounds coagulates quickly and connects the barnacle base to the substrate.  

 

The fluid not only physically connects the barnacle base to the substrate, but also 

has biochemical properties that contribute to protein cross-linking and pathogen 

defense. Bacteria under barnacles were killed during and after settlement and 

metamorphosis. Reactive oxygen species were observed under barnacles during the 

transition from larvae to juvenile. Reactive oxygen species react with nearby protein, 
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lipid and sugar material, forming reactive intermediates that cross-link protein and are 

cytotoxic to nearby microorganisms. This chapter provides insight into the timing of 

fluids released at the barnacle-surface interface, interaction with bacteria before, during 

and after settlement, and information on the oxidative chemistries involved.  

 

5.2 Chapter 3. Evidence of Wound Healing Mechanisms in 
Barnacle Glue: An Innate Immune Response Model 

Proteomic insight into barnacle fluids revealed the potential for an innate 

immune response to contribute to glue curing. Barnacle fluids contain components of 

the innate immune response that enable wound healing in invertebrates and vertebrates. 

These external fluids appear to be an extension of the innate immune response and 

contribute to immediate wound responses and long term wound repair. Barnacle 

secretions contain molecular components known to initiate and coordinate a response, 

facilitate clotting, regulate clotting, defend against pathogens, and form and remodel the 

extracellular matrix. Proteins involved in immediate immune responses and long-term 

wound repair are very abundant 24 hours after an initial wound. Extracellular matrix 

formation and remodeling is critical for wound repair in all organisms and may facilitate 

adhesion in barnacles by building a protein matrix that physically connects the barnacle 

base to the surface. This chapter provides the basis for the innate immune response 

model presented here and offers a new way to approach barnacle glue curing, by testing 
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hypotheses of wound healing mechanisms that involve and promote cross-linking 

chemistries. 

 

5.3 Chapter 4. Enzymes Manage Biofilms on Crab Surfaces 
Aiding in Feeding and Antifouling   

I found that two types of decapod crustaceans use enzyme-rich fluids for 

removal of biofilms for detecting food and feeding and for fouling management on body 

surfaces. Fluids from fiddler crabs and blue crabs were collected and enzyme activities 

were measured for trypsin, lysozyme and amylase. These three hydrolytic enzymes 

cleave proteins, bacterial cell walls and starch, all of which are components of biofilms. 

Fiddler crabs use hydrolytic enzymes to remove microbes from sediment. Hydrolysis 

products aid in food detection and food processing. Blue crabs use hydrolytic enzymes 

to remove microbes to prevent microfouling on egg masses, which are detrimental to 

egg hatching and embryo survival. This chapter demonstrates the use of external 

enzymes by crustaceans in contexts other than wound healing. 

 

5.4 Integrated Model 

The innate immune response model for barnacle glue curing was developed 

based on the findings of Chapter 2 and Chapter 3 (Fig. 18). The innate immune system is 

highly conserved in functionality, with many mechanisms that coagulate fluids, prevent 
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infection and heal wounds. The model shows the aspects of an innate immune response 

supported by confocal observations and proteomic evidence in barnacle fluids in the 

context of other crustaceans and invertebrates. Each part of the model is color-coded by 

the number of pieces of evidence that support it including previous work in barnacle.
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Figure 18. Innate immune framework for barnacle glue curing, color-coded by 

numbers of pieces of evidence for barnacles. Light blue represents one piece of 

evidence, medium blue is two pieces of evidence, and navy blue is three or more 

pieces of evidence. Gray shows hypothesized innate immune contributions that have 

not yet been demonstrated in barnacles.
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5.5 Significance 

This dissertation is a synthesis of the roles of secretions in altering microbes on 

and around crustacean surfaces. It informs attachment during barnacle settlement and 

metamorphosis, barnacle glue curing, crab chemoreception and feeding, and antifouling 

on external egg clutches. The innate immune response model for barnacle glue curing 

presents a framework for development of a testable hypothesis grounded in 

biochemical, ecological and evolutionary theory. Barnacle fluids are a viable model to 

test wound healing mechanisms and other aspects of the innate immune response. This 

work can inform ways to control biofouling in environmental and medical applications. 

In an applied context, arthropod fluids have been highly useful to screen food for 

microbial contamination in medicine. Additionally, glue curing of biofouling organisms 

has provided inspiration for a variety of biomimetic glues applied to industry and 

medicine. In a broader sense, this work informs understanding of the evolutionary 

conserved mechanisms of wound healing and roles of the innate immune response in 

biology.  
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Appendix A

 

Figure 19. Confocal microscope image of a cyprid stained with Hoescht nuclear 

stain. No bacteria are seen (they would be seen as blue dots) and only the 

autofluorescence of the animal is visible, in red. The antennules are extruded from 

treatment with MgCl2 prior to fixation.  
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Figure 20. Confocal microscope image of a juvenile barnacle 6-7 days after 

settlement and metamorphosis, stained with STYO9/Propidium Iodide to show live 

(green dots) and dead (red dots) bacteria. The antennules (a.t.) are visible in the upper 

right corner, surrounded by dead bacteria (d.b.). Two sets of autofluorescent capillary 

and duct rings are observed and the material fluorescing blue is apparent at the base 

of the 1st duct. Amorphous material (a.m.) is observed in two areas, and it appears 

more structured with tears separating pieces, than at previous stages. 

 

a.t. 

d. b.  

1st duct 

 2nd duct a. m. 

a. m. 
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Figure 21. A three-dimensional rendering showing a relief image with the 

prominent material within the confocal z-stack. The Stage 6 barnacle is stained with 

SYTO9/Propidium Iodide for live/dead bacteria. The brightfield image is overlayed to 

show the edge of the barnacle base (lower right) in relation to the antennules (upper 

left in blue), the amorphous material in green with the initial cuticle (green striations) 

and the adjacent bands of the outer cuticle (blue striations). The red dots around the 

antennules are dead bacteria and the green dots interspersed with the amorphous 

material and cuticle are live bacteria.  
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Figure 22. Confocal microscope images showing live/dead bacterial staining 

(SYTO9/Propidium Iodide) on adult barnacles covered in a dense biofilm. No bacteria 

are observed under the barnacle base, they are only at the edge (A) and adjacent to the 

barnacle (A, B). A) The scale is 50 μm, the most recent duct (d) and capillary (c), region 

of cuticle expansion (c.e.) since the last molt, and a mature biofilm (b). B) The scale is 

200 μm (bottom right corner) on a less magnified adult barnacle with numerous bands 

of autofluorescent capillary and duct rings in blue (c) and a dense biofilm (b) 

A 

B 

d 

c 

c.e. 

b 

b 

c 
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Table 13. Peptide data from Chapter 3 matching previously identified barnacle 

proteins 
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Table 14. Cell recovery proteins matching peptide data from Chapter 3 Part I, 

continued on the next page 
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 Table 15. Cell Recovery proteins matching peptide data from Chapter 3 Part II, 

continued on next page  
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