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ABSTRACT

Mobile barnacle cypris larvae settle and metamorphose, transitioning
to sessile juveniles with morphology and growth similar to that of
adults. Because biofilms exist on immersed surfaces on which they
attach, barnacles must interact with bacteria during initial attachment
and subsequent growth. The objective of this study was to
characterize the developing interface of the barnacle and
substratum during this key developmental transition to inform
potential mechanisms that promote attachment. The interface was
characterized using confocal microscopy and fluorescent dyes to
identify morphological and chemical changes to the interface and the
status of bacteria present as a function of barnacle developmental
stage. Staining revealed patchy material containing proteins and
nucleic acids, reactive oxygen species amidst developing cuticle, and
changes in bacteria viability at the developing interface. We found that
as barnacles metamorphose from the cyprid to juvenile stage,
proteinaceous materials with the appearance of coagulated liquid
were released into and remained at the interface. It stained positive for
proteins, including phosphoprotein, as well as nucleic acids. Regions
of the developing cuticle and the patchy material itself stained for
reactive oxygen species. Bacteria were absent until the cyprid was
firmly attached, but populations died as barnacle development
progressed. The oxidative environment may contribute to the
cytotoxicity observed for bacteria and has the potential for oxidative
crosslinking of cuticle and proteinaceous materials at the interface.

KEY WORDS: Antimicrobial, Fouling, Confocal, Attachment,
Bacteria, Reactive oxygen species

INTRODUCTION

Barnacles have a complex life cycle involving drastic changes from
a planktonic free-swimming nauplius and cypris larva, to a sessile
juvenile barnacle with adult morphology (Crisp, 1955; Crisp and
Meadows, 1963; Barnes and Blackstock, 1974; Aldred and Clare,
2008; Gohad et al., 2012; Maruzzo et al., 2012). Adhesion is critical
for survival during the transition from cyprid to juvenile and
necessary to maintain permanent attachment as the juvenile grows
into an adult. Mechanisms of barnacle attachment via fluids that
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undergo curing have garnered scientific interest for applications to
control biofouling in industrial (Callow and Callow, 2002; Holm,
2012) and medical contexts (Shivapooja et al., 2013) and
bioinspired glues that cure in aqueous environments (Joseph
et al., 2011; Kamino, 2013). First, the barnacle cyprid attaches to
the substratum via a permanent adhesive, released from cement
glands through the two walking appendages, a pair of antennules,
embedding them completely, creating an adhesive plaque that
anchors them in place (Knight-Jones and Crisp, 1953; Crisp, 1960;
Walker, 1971, 1973; Yule and Walker, 1985; Mullineaux and
Butman, 1991; Matsumura et al., 1998; Phang et al., 2008; Gohad
et al., 2012, 2014; Aldred et al., 2013). The subsequent phases of
settlement and metamorphosis for acorn (balanomorph) barnacles
involve major changes to the body plan and shape, resulting in a
disk-shaped basis parallel to the substratum as a juvenile. Later, the
shell plates become calcified and the barnacle continues to expand
its basis and side plates as the animal grows and molts throughout its
life. This critical transition from cyprid to juvenile and the ability to
interface with diverse substrata in order to permanently attach is
important to understanding the biology that influences barnacle
adhesion.

Extensive literature describes barnacle settlement in response to
various natural product and biofilm stimuli; however, unlike for
other marine biofouling larvae (Hadfield, 1986, 2011; Pawlik and
Hadfield, 1990; Unabia and Hadfield, 1999), the role of biofilms in
inducing or inhibiting barnacle settlement is complex and larvae
will ultimately settle on surfaces regardless of the biofilm state
(Rittschof et al., 1986; Maki et al., 1988, 1989, 2000; Dobretsov
et al., 2006; Khandeparker et al., 2006). Chemical cues indicating
the presence of other barnacles are the strongest driver of larval
settlement (Knight-Jones and Stevenson, 1950; Knight-Jones and
Crisp, 1953; Crisp and Meadows, 1963; Crisp, 1969; Matsumura
etal., 1998; Dreanno et al., 2006a,b; Khandeparker and Anil, 2011).
Thus, the assumption is that barnacles must utilize mechanisms to
permanently attach to substrata covered in a variety of biofilm
communities. Much work has been done to characterize biofilm
communities on common barnacle substrata (Dobretsov and
Thomason, 2011) and on shell surfaces (Bacchetti De Gregoris
et al., 2012); however, little is known of the interactions between
barnacles and bacteria during and after settlement and
metamorphosis.

The composition of barnacle secretions at each stage of
attachment is crucial to understanding mechanisms that cement
them to substrata. Initially, cyprids adhere using a heterogeneous
mixture containing a proteinaceous bulk material (Hillman and
Nace, 1970; Saroyan et al., 1970, 1996; Gohad et al., 2014),
including phosphoprotein (Gohad et al., 2014), with an outer barrier
(Walker, 1971) that contains lipid (Gohad et al., 2014). Juvenile
attachment mechanisms have been less well studied, but it was
found that a proteinaceous juvenile cement appears to increase
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adhesion within 2 weeks of settlement and metamorphosis (Yule
and Walker, 1984), earlier than the adult cement system is known to
develop (40 days later) (Walker, 1973). Much later, adult barnacles
use a combination of mostly proteinaceous secretions (Walker,
1971; Burden et al., 2012, 2014), which become insoluble over time
(Kamino et al., 1996; Naldrett and Kaplan, 1997; Kamino, 2001;
Dickinson et al., 2009).

In terms of direct interaction between barnacle adhesives and
bacteria on a surface, previous work observed bacteria
surrounding the adhesive plaque, which forms during the
initial stage of settlement (Aldred et al., 2013), suggesting that
bacteria may be attracted to and excluded from the adhesive
material. Additionally, it was found that partially metamorphosed
juveniles adhere more strongly on biofilm-coated surfaces than
on clean ones, but found no difference in adhesion strength for
completely metamorphosed juveniles (Zardus et al., 2008),
suggesting there may be something important about the
interaction with biofilms at specific stages of settlement and
metamorphosis for adhesion.

The developing adult barnacle basis contains overlapping layers
of cuticle, which stretch, break and are augmented by newer bands
during growth (Bocquet-Vedrine, 1965; Bourget and Crisp, 1975;
Crisp and Bourget, 1985). Recent insight into the interfacial fluids
of barnacles revealed two distinct secretions differing
spatiotemporally as the adult barnacle grows, one released at the
periphery and the other delivered periodically via the network of
capillaries and ducts (Burden et al., 2012) connected to the cement
gland (Yule and Walker, 1987). In this study, our driving question
was: how does the interface between the barnacle and the substrate
change during the morphological transition of cyprid to juvenile?
To address this question, we combined confocal microscopy and
specific fluorescent dyes to examine the spatiotemporal distribution
of the secretions and bacteria in the developing interface for cyprid
larvae prior to settlement, at all stages during settlement and
metamorphosis, and for juvenile barnacles up to 7 days after
settlement. In the present study, both the transformation of the
interface between the barnacle and substratum and the presence and
viability of bacteria during those developmental stages was
explored. We also investigated the oxidative environment by
assessing reactive oxygen species (ROS) as potentially active
antimicrobial and/or crosslinking agents at the interface during
settlement and metamorphosis.

MATERIALS AND METHODS

Collection of cypris larvae and juveniles from the field or
rearing of cypris larvae

Larvae of Amphibalanus (=Balanus) amphitrite Darwin 1854 were
used, which were either reared in the laboratory or collected from
plankton at the Duke University Marine Laboratory in Beaufort,
NC, USA. Nauplii released from mature adults collected from the
field were raised following established culture techniques (Rittschof
etal., 1984, 1992, 2008; Holm, 1990). For comparison with animals
from the field, cyprids were sorted from plankton collected off the
Duke Marine Laboratory docks using a 64 pum mesh plankton net in
June 2013. To collect juveniles from the field, coverslips were
secured to plastic rulers with clear rubber bands and the rulers
were tethered with zip ties to PVC pipes from a floating dock,
submerged ~30 cm under the surface. The rulers were checked
daily for barnacle settlement and four juveniles were collected and
fixed for comparison with the lab-reared juveniles, as described
below. For most experiments, cultured cyprids were used and settled
in the lab.

Settlement

Barnacles were examined in seven groups spanning the entire
transition from cyprid to juvenile before, during and after settlement
and metamorphosis. Cyprids were settled and allowed to develop
through the six stages previously defined via morphological
characteristics (Maruzzo et al, 2012). In accordance with
previously established techniques, cyprids were aged for 3 days in
aged filtered seawater (FSW) at 4°C prior to settlement (Rittschof
et al., 1984, 1992). The aged filtered seawater was passed through
four spools of polypropylene thread, 5 um filter size, and aged for at
least 2 weeks prior to use; this aged FSW contains an estimated
bacterial load of 0.53(£0.04)x10° cells ml~!, which is half as much
bacteria as non-aged FSW [1.11(£0.17)x10° cells mI~']. Coverslips
(Fisherbrand Microscope cover glass 12-541-B, 22x22—1.5 mm)
were briefly flamed, then cooled to room temperature and a circle
was drawn with a wax pencil to retain the seawater drop. Using a
pipette, approximately 6—12 cyprids were placed in a small drop of
aged FSW (~1ml). Coverslips with larvae were housed
individually in Falcon® 1006 polystyrene Petri dishes in a 28°C
incubator and observed and sampled as larvae underwent settlement
and metamorphosis. We used the six stages following previous
descriptions, but combined stages 3—5 into one group, as those
transitions occur too rapidly to detect without video observation,
which was how they were originally described (Maruzzo et al.,
2011, 2012). In brief, stage 1 corresponded to cyprids immediately
after irreversible attachment and stage 2 was a cyprid with the
carapace drawn closer to and in parallel with the surface (Maruzzo
et al., 2012). Stages 3-5 included significant changes in
morphology; first, the larva became a small ball within the cypris
carapace; then, it formed a larger bag-like body shape (Maruzzo
et al., 2012). Stage 6 was a fully metamorphosed juvenile with a
fully shed cypris carapace and compound eyes, in the shape of an
adult with visible shell plates (Maruzzo et al., 2012). In addition to
the four groups observed during the transition from cyprid to
juvenile, this study included one group of free-swimming cyprids
prior to settlement, and two groups of juveniles that were 3—5 and
6—7 days old following completion of settlement and metamorphosis
(stage 6). About 218 barnacle larvae were examined in total, from 10
separate batches of larvae, with the majority as stage 6 (N=153),
newly metamorphosed juveniles (Table 1), as this stage of
development was the primary focus of the study.

All barnacles were eventually fixed in 4% buffered
paraformaldehyde (pH 7.5-8) in phosphate-buffered saline
solution (PBS; 10x PBS: 80 g NaCl, 2 g KCl, 14.4 g Na,HPO,,
2.4 g KH,PO,4 in 11 nanopure water, stirred without heat until
dissolved), made fresh at each time of fixation. Cyprid samples were
incubated in 10% w/v MgCl, in aged filtered seawater for
10—15 min prior to fixing in 4% buffered paraformaldehyde (pH
7.5-8), so that the antennules remained extruded. Pre-settlement
cyprids were observed in 8-welled chambered slides (ThermoFisher
Scientific cat. no. 155409PK) with no. 1.5 coverslip bottom, kept in
aged FSW to avoid physically damaging them during confocal
microscopy. Coverslips with attached barnacles were kept in 50 ml
capped tubes completely submerged in fixative (~15ml), and
stored at 4°C for 1 day up to 2 months prior to staining and imaging.

Staining

Prior to staining, samples were washed three times with 1x PBS,
made fresh from the 10x stock solution described above. For
staining, coverslips were treated in individual Falcon® 1006
polystyrene Petri dishes. Barnacles in all groups were stained with
fluorescent nucleic acid dyes to identify the presence, location and
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Table 1. Summary of observations of barnacle larvae before, during and after settlement and metamorphosis using confocal microscopy (N=218),
categorized in seven groups based on development

Group
ID Stage Description Bacteria Patchy material
A Cyprid Pre-settlement larvae prior to surface None on carapace or extruded  Not applicable
Pre-settlement (N=8) exploration (lab and field) antennules
B Stage 1 Beginning of settlement, antennular When present (50%), a Adhesive plague from antennules only,
Early settlement adhesive released mixture of live and dead stains for protein and phosphoprotein
(N=6) observed near antennules,
mostly live
C Stage 2 Antennules retracted and cyprid body Always present (100%), a Adhesive plaque from antennules only,
Mid-settlement (N=4) flattened and parallel to surface mixture of live and dead stains for protein and phosphoprotein
observed near antennules,
mostly live
D Stages 3-5 Major changes in the body plan as Often present (85%), amixture ~ Patchy material (59%) outside of
Mid-late settlement metamorphosis begins and basis is of live and dead observed antennule adhesive plaque and
(N=14) formed near antennules associated with cuticle
E Stage 6 Fully metamorphosed juvenile, with Almost always present (92%) Patchy material (99%) outside of
Late settlement/early cyprid molt separated; autofluorescent and mostly dead around antennule adhesive plaque, associated
juvenile (bacteria cuticle appears disorganized,; antennule and live or with cuticle, and stains for protein and
N=76; patchy capillaries and ducts seldom observed mixture around cuticle phosphoprotein; reactive oxygen
material N=153) (1/153) species observed near antennules and
cuticle
F Day 3-5 Juvenile with more organized cuticle Always present (100%) and Patchy material (88%) near antennule
Post-settlement bands and one ring of capillaries and mostly dead around adhesive plaque, associated with the
(bacteria N=23; ducts observed (30%) antennule and mixture cuticle
patchy material around cuticle
N=16)
G Day 6-7 More organized cuticle bands and two Always present (100%) but Patchy material (90%) near antennule
Post-settlement rings of capillaries and ducts observed concentrations less adhesive plaque, associated with the
(N=10) (20%) abundant, mostly dead cuticle

viability state of bacterial cells at the interface. BacLight LIVE/
DEAD® (Life Technologies cat. no. L7007) bacterial viability kit
was used, which contains a mixture of SYTO 9 (excitation 485 nm/
emission 530 nm), a cell membrane-permeable nucleic acid dye,
and propidium iodide (excitation 485 nm/emission 630 nm), a cell
membrane-impermeable nucleic acid dye. The SYTO 9 dye stains
all nucleic acids regardless of the state of the cell membrane, while
the propidium iodide can only access nucleic acids when cell
membranes are damaged (Boulos et al., 1999; Desjardins et al.,
1999). In combination, they can be used to assess cell viability,
where SYTO 9 staining indicates ‘live’ cells and propidium iodide
staining indicates ‘dead’ cells (Boulos et al., 1999; Desjardins et al.,
1999). Equal parts of stain were mixed in 1x PBS for a final
concentration of 3 ul mI~! of PBS. Samples with 1 ml of LIVE/
DEAD stain per sample were incubated in the dark for
approximately 20 min. Samples were washed twice with 1x PBS
and kept in the dark prior to imaging, and were immersed in PBS
during imaging.

The fluorescent probes used to determine whether the interface
between the barnacle and the substrate contained protein and/or
phosphoprotein were SYPRO® Ruby protein gel stain (excitation
460 nm/emission 620 nm) and Pro-Q® Diamond phosphoprotein
stain (excitation 560 nm/emission 600 nm) (Life Technologies cat.
no. S-12000 and P-33300). The SYPRO Ruby general protein stain
protocol was adapted from the manufacturer’ instructions; samples
were incubated at room temperature in the dark for 5 h 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); samples
were incubated with the dye at room temperature in the dark for 1 h
prior to PBS washes and imaging. Samples were stained with Pro-Q
Diamond and imaged first and then washed and stained with SYPRO
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Ruby and imaged second, as instructed by the manufacturers. A
subset of samples was only stained with SYPRO Ruby.

The CellROX® Orange fluorescent probe (excitation 545 nm/
emission 565 nm; ThermoFisher Scientific cat. no. C10443) was
used to determine the oxidative environment at the interface;
unfixed (live barnacle) samples were stained for 30 min with dye at
a final concentration of 5 umol 17! to ensure compatibility with the
stain. The CellROX orange reagent fluoresces when oxidized and is
used to indicate the presence of several ROS including: hydrogen
peroxide, hydroxyl radical, nitric oxide, peroxynitrite anion and/or
superoxide anion. Hoechst 33342 (excitation 350 nm/emission
461 nm; ThermoFisher Scientific cat. no. H3570), a cell membrane-
permeable nucleic acid stain, was used in conjunction at
10 mg ml~" and stained for 15 min.

Confocal microscopy

Confocal laser scanning microscopy was performed as described
previously (Gohad et al., 2009, 2012, 2014; Aldred et al., 2013).
Most 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 performed using a Nikon Clsi Spectral Confocal Imaging
system at the US Naval Research Laboratory and a Nikon Ti-E
inverted microscope equipped with a Nikon C1si Spectral Confocal
Imaging system at Clemson University. FIJI (ImagelJ) was used for
most image processing and Imaris image analysis software
(Bitplane Scientific Software) was used through the Duke
University Light Microscopy Core Facility.

All manufacturer specifications were used for excitation and
emission wavelengths for the fluorescent dyes with the exception of
SYPRO Ruby, for which it was found that the specified optimal
excitation peak of 460 nm was ineffective and a 405 nm excitation
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was effective in this application. Laser power and gain settings were
set to comparable ranges for all sets of dyes, but adjustments were
made when needed to optimize signal to noise ratios for detection.

Quantification of bacteria

To estimate bacterial load in the aged seawater used, water samples
were stained with SYTO 9 and filtered onto a 0.1 um filter, and cells
were counted per field of view under 100% objectives with a Nikon
epifluorescence microscope. Aged (5 um) filtered seawater samples
were compared with non-aged filtered seawater and untreated
estuarine seawater. For estimations of bacterial density observed
at the interface of barnacles via confocal microscopy, three
representative images for each stage of settlement were quantified
(the minimum number of barnacles with bacteria observed at each
stage). Using FIJI, one slice in the Z-direction in the SYTO 9
channel (total bacteria) was extracted from the stack and converted
to a black and white image, and thresholds were applied to minimize
cuticle and material and to only show dots of bacteria. Particles with
an area of 0.5-3 um were analyzed and counted. The density was
calculated as the total number of particles per total area of the image.
Means and s.e.m. are reported.

RESULTS

Bacteria at the interface

Barnacles in all groups of settlement and metamorphosis were
examined using multiple nucleic acid stains except cyprids, for
which only one dye was used (Hoechst 33342 was used for all stages
including cyprids and SYTO 9 and propidium iodide were used on
all stages except cyprids) and interfacial features are summarized in
Table 1. The groups included: group A, pre-settlement cyprids
(Fig. S1); groups B-E, settlement and metamorphosis stages 1, 2,

C

base edge

|

3-5 and 6 (Figs 1-4); group F, juveniles 3—5 days after completion
of settlement and metamorphosis (Fig. 5); and group G, juveniles
6—7 days after settlement (Fig. S2). Pre-settlement cyprids (group
A) lacked bacteria on the carapace or on antennules, including
cyprids collected from the field (Table 1, Fig. 6; Fig. S1). The
bacteria observed beginning at stage 1 through to day 6-7 after
settlement and metamorphosis were similar in morphology, being
1-2 um in length and rod shaped, and were often in doublets,
possibly indicating the end of cell division (Fig. 2A,B). They were
separate from the barnacle tissue and were first observed within a
few micrometers of the surface of the coverslip. The bacteria
showed a gradient of distribution, with areas of high density near the
cyprid adhesive plaque and distributed more evenly throughout the
rest of the area under the barnacle. The average density of bacteria
was similar for stage 1 through to day 3-5 juveniles (Fig. 6C),
ranging from 0.010+0.006 to 0.0142+0.008 cells um~2, whereas
day 6-7 had the lowest density, at 0.003+0.001 cells um~2 (Fig. 6C).

Barnacle stage 1 and stage 2 - early attachment and
settlement

Bacteria were first observed at the interface of stage 1 barnacles (3/6
larvae), which coincides with the initiation of cyprid adhesive release
via the antennules (group B; Figs 1A, 6A,B). Consistent with
previous observations in early settlement, bacteria appeared
surrounding the cyprid adhesive plaque (Gohad et al., 2012, 2014),
but unlike previously, they were seen covering the edge of the cyprid
antennules themselves, where they protruded from the adhesive
plaque. Stage 2 barnacles (group C) had very similar features to stage
1 barnacles in terms of the cyprid adhesive plaque, and bacteria
became more concentrated surrounding it (Figs 1B and 6). Other
than autofluorescence of the antennules and parts of the carapace

Fig. 1. The four stages of Amphibalanus amphitrite
settlement. Representative confocal microscope images
with SYTO 9/propidium iodide staining for live/dead
bacteria and autofluorescence with 405 nm excitation.

(A) Stage 1, paired antennules (at) are the only barnacle
feature at the interface and are surrounded by mostly green
dots indicating live bacteria (I.b.), with interspersed red
dots indicating dead bacteria. (B) Stage 2, the paired
antennules (at) are embedded in the adhesive plaque and
surrounded by live bacteria (I.b.). Additional barnacle
features are visible including the carapace (blue).

(C) Stages 3-5, the barnacle body is rounded and
condensed (edge of basis is visible). The paired
antennules (at) are surrounded by live bacteria (I.b.).

(D) Stage 6, the paired antennules (at) are embedded in
the plaque, separating them from the densely packed dead
bacteria (d.b.). The striations of autofluorescent cuticle
form rings between the antennules and the edge (off of the
image). A material new to the interface appears in irregular
shapes between the plaque and the cuticle. Live bacteria
(.b.) are visible further from the antennules. Scale bars,
50 um.
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within the observed range, no other materials or barnacle features
were observed in these two stages (Fig. 1). After settlement was
initiated (group B), bacteria were observed in 96% of all subsequent
stages (Table 1, Figs 1 and 6).

Barnacle stages 3-5 - substantial changes in shape

The interface of metamorphosis stages 3—5 (group D) was markedly
different from that of earlier stages (Table 1, Figs 1-4 and 6).
Beginning at this time during barnacle development, there was
evidence of'a novel material at the interface, in addition to the cyprid
adhesive plaque. The material was patchy and irregular in shape and
observed in 59% of barnacles in this group (Fig. 6), made obvious
by bright and diffuse staining with SYTO 9 (Figs 1-4). The location
of the material was adjacent to the cyprid antennule adhesive
plaque, but clearly distinct from it, demarcated by the plaque
boundary (Figs 2-4).

Barnacle stage 6 - fully metamorphosed juvenile

The final stage of settlement and metamorphosis, stage 6, was
marked by substantial changes at the interface in terms of the
consistent presence of the patchy material, barnacle basis
development, localization and viability of bacteria. The patchy
material was observed in 152 out of 153 group E barnacles (Fig. 2).
The material stained with both propidium iodide and SYTO 9
nucleic acid stains (Fig. 3), but was most obvious with the SYTO 9
stain (Figs 1D, 2 and 3A—C). It was not visible in unstained controls
when excited with 405 nm light and broad emission settings, but
seemed to weakly interact with the Hoechst 33342 nuclear stain.
Because of overlap between Hoechst 33342 excitation and emission
and the barnacle autofluorescence, we could not conclude whether
Hoechst 33342 interacted with the material.

198

Fig. 2. Confocal microscope images of four stage 6
(newly metamorphosed juveniles) barnacles, near
completion of settlement and metamorphosis. Paired
antennules (at) are present (blue) and are embedded in the
adhesive plaque (green). The patchy material (green) is
visible near the antennules but exterior to the plaque (A,B)
and amidst cuticle bands (C,D). Dead bacteria (d.b., red
dots) were prominent around antennules, while live
bacteria (I.b., green dots) were further away, associated
with the cuticle (C,D) along with other dead bacteria. The
edge of the barnacle is indicated, showing the cuticle and
material occur halfway between the edge and the
antennules. Scale bars, 50 um.

Edge

Cuticle

Barnacle day 3-5 and day 6-7 - post-metamorphic juveniles
Finally, older post-metamorphic juveniles that were 3-5 days
(group F; Fig. 5) and 6-7 days old (group G; Fig. S2) showed
similar features to stage 6 barnacles in terms of the presence of
patchy material and dead bacteria, with the exception that the
autofluorescent striations of the cuticle appeared more organized
than previous stages. The overall density of bacteria was lower in the
last stage examined, day 6—7 (Fig. 6C). The material seen in later
stages of settlement and metamorphosis was also present in these
older post-metamorphic juveniles. However, it was less expansive
and confined to smaller areas associated with cuticle striations (day
3-5; Fig. 5; and day 6-7; Fig. S2). Also observed in the older
juveniles was the formation of radial capillaries with ducts
terminating at the basis (Fig. 5; Fig. S2). These highly fluorescent
capillaries (when excited at 405 nm) were observed in one stage 6
barnacle (group E), and in 30% of day 3—5 post-settlement juveniles
(group F; Table 1, Fig. 5), while two rings were observed in 20% of
day 6-7 post-settlement juveniles (group G; Table 1 and Fig. S2).
Out of 184 barnacles including group D (stage 3—5), when it first
appeared, to group G (6-7 days after settlement), there were 174
(95%) barnacles with the patchy material at the interface (Table 1,
Fig. 6).

New material at the interface

In general, the new interfacial material was observed in two regions:
(1) adjacent to the adhesive plaque, usually within 20 um of the
antennules (Figs 1D, 2A,B), as was seen in stage 3—5 (group D), and
(2) associated with the adjacent striations of cuticle, which were 30—
100 um lateral from the antennules (Figs 1D, 2B-D, 3 and 4). The
material always spanned the depth of the interface (8—20 um) and
was physically in contact with the basis and the substratum (Fig. 4;


http://jeb.biologists.org/lookup/doi/10.1242/jeb.145094.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.145094.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.145094.supplemental
http://jeb.biologists.org/lookup/doi/10.1242/jeb.145094.supplemental

Journal of Experimental Biology (2017) 220, 194-207 doi:10.1242/jeb.145094

Movie 1). The edge of the barnacle basis was often visible, but
>20 um above the substratum, and on the upper limit of the depth
imaged (Figs 3, 4; Movie 1). The autofluorescent ring-like striations
of the cuticle were prominent in stage 6 (Figs 1D, 2C,D and 4). The
cuticle striations formed halfway between the antennules and the
edge of the barnacle basis and appeared disjointed, and varied in the
gap size between adjacent bands. Overall, bands of cuticle were
much less uniform at this stage of newly metamorphosed juveniles
(stage 6) than what was seen in older juveniles (day 3-5; Fig. 5; and
day 6-7; Fig. S2).

Live/dead patterning of bacteria at the interface

Bacteria observed at the interface of early stages of settlement and
metamorphosis, stage 1 through to stages 3—5, were ~75% live and
randomly mixed with dead bacteria as indicated by positive SYTO 9
staining and negative propidium iodide staining (Fig. 1A—C). Stage
6 barnacles (N=76) had different patterns of bacteria from previous
stages. In terms of distribution, bacteria covered the entire area
under the barnacle basis, but were especially dense surrounding the
cyprid adhesive plaque. Additionally, there were two patterns of
bacterial population viability. In about half of the stage 6 barnacles
observed, the bacteria concentrated within 30 um of the adhesive
plaque were mostly (75-100%) dead, as indicated by positive
propidium iodide staining, while bacteria beyond 50 um of the
antennules were a more evenly dispersed mixture of live and dead
bacteria (Figs 1D, 2A—C, 3A,B,D and 4). In the other half of cases,
there was no clear patterning and a mixture of live and dead bacteria
were present throughout the interface (Fig. 2D). Occasionally,
bacteria surrounding the cyprid adhesive plaque were all dead on
one side of the disc and all live on the opposite side. The material
was often observed in both of these regions near the adhesive plaque

Fig. 3. Confocal microscope image of a newly
metamorphosed juvenile (stage 6) showing the spatial
organization of the stained interfacial material to the
live and dead bacteria under the barnacle. SYTO 9/
propidium iodide staining showing antennules and the
edge of the barnacle via autofluorescence (blue), live
bacteria (green dots), dead bacteria (red dots) and patchy
material (green and red) amidst rings of cuticle (blue lines).
(A) Combined channels of broad-spectrum
autofluorescence with 405 nm excitation and SYTO 9 and
propidium iodide channels. (B) Channels for SYTO 9/
propidium iodide only. (C) Autofluorescence and SYTO 9.
(D) Autofluorescence and propidium iodide. Scale bars,
50 um.

and amidst the developing cuticle, independent of bacteria. Thus,
there was no correlation between bacterial viability and the presence
of the patchy material.

Protein staining

The interfacial material of newly metamorphosed, stage 6 juveniles
stained positively for general protein (SYPRO Ruby 41/41
barnacles; Table 1, Fig. 7; Movie 1, Fig. S3A,C,D) and for
phosphoproteins (Pro-Q Diamond, 35/36 barnacles; Table 1;
Movie 1, Fig. S3A,B,D). SYPRO Ruby stained large expanses of
the material, and revealed that specific regions between adjacent
bands of cuticle contain proteins (Fig. 7; Movie 1, Fig. S3A,C,D),
which was not evident with the other stains including Pro-Q
Diamond. The general protein staining filling the space between the
separated cuticle was more expansive at the surface and confined at
the cuticle origin on the basis (Movie 1). Pro-Q Diamond staining
was evident in the cyprid adhesive plaque (Fig. 7A,C, 8; Movie 1,
Fig. S3A,B,D) and the patchy material (Fig. 8; Fig. S3A,B,D).
Unstained barnacles showed no autofluorescent material with the
excitation and emission settings for either protein stain (Fig. 7E,F).

ROS staining

We examined five live post-metamorphic day 3—5 juveniles using
the CellROX orange reagent, which fluoresces when oxidized, and
the nucleic acid stain Hoechst 34222 (Fig. 9). CellROX orange
showed positive staining in three regions: amidst cuticle bands near
the edge of the basis (Fig. 9), the patchy material (Fig. 9C), and
within a capillary (Fig. 9D). While the patchy material is often less
expansive in day 3—5 juveniles than it is in newly metamorphosed
juveniles (stage 6), it was observed with positive CellROX orange
staining in the cuticle-associated regions, where the material was
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Fig. 4. Three-dimensional rendering showing a relief image with the
prominent material within the confocal Z-stack. The stage 6 (newly
metamorphosed juvenile) barnacle was stained with SYTO 9/propidium iodide
for live/dead bacteria. The brightfield image is overlaid to show the edge of the
barnacle basis (lower right) in relation to the antennules (upper left in blue), the
patchy material (green) with the initial cuticle (green striations) and the
adjacent bands of the autofluorescent outer cuticle (blue striations). The red
dots around the antennules are dead bacteria and the green dots, interspersed
with the patchy material and cuticle, are live bacteria. Scale bar, 30 um.

observed with other stains (Fig. 9). The nucleic acid dye Hoechst
33342 was used to label bacterial cells in conjunction with ROS
staining. Most bacterial cells at the interface stained only with
Hoechst 33342, but ones closest to the edge of the basis stained
positive with CellROX orange (Fig. 9). Even with the CellROX
labeling of some bacteria, this was distinct from its staining of
barnacle features at the interface. The cyprid adhesive plaque
showed some positive CellROX orange staining (Fig. 9B,E), but
controls showed some autofluorescence at these settings in the
cyprid adhesive plaque. The autofluorescence was not seen adjacent
to the cyprid plaque (Fig. 9E), or in any of the regions of interest
associated with the cuticle or where the patchy material appears
(Fig. 9F).

DISCUSSION
During the transition from a planktonic to a sessile lifestyle, bacteria
between the barnacle basis and substrata were relevant to the
dynamics observed at this critical interface. Bacteria associated with
the cyprid once it initiated attachment, by releasing cyprid adhesive
via antennules. Bacteria seemed to concentrate in specific regions
under the barnacle, but died during later stages of settlement and
metamorphosis, beginning with those closest to the cyprid adhesive
plaque at the antennules. We discuss the implications of the
development of the new interfacial material during settlement and
metamorphosis and how the observed interactions with bacteria at
the interface inform the study of barnacle growth and development.
Our first objective was to characterize the presence and
association of bacteria with barnacles at the interface for each
stage of settlement, metamorphosis and transition to juvenile. We
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Fig. 5. 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 patchy material (arrows) in green associated with the
green/blue autofluorescent bands of cuticle. Dead bacteria (d.b.) in red are
prevalent closest to the antennules, while dense live bacteria (I.b.) in green are
further away. The first glue duct (g.d.) and capillary ring are autofluorescent
blue and were evident closest to the edge of the basis. Scale bar, 50 um.

were surprised to find that the cyprids were free of bacteria prior to
settlement. This observation was confirmed with cyprids collected
from the field and laboratory cyprids reared 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 et al., 1984).
This may be unique to A. amphitrite and other short-lived cyprids as
longer-lived barnacle cyprids, such as Semibalanus (=Balanus)
balanoides, are routinely fouled with bacteria (N. Aldred and A. S.
Clare, personal communication). The mechanisms by which cyprids
are kept clean of bacteria were not investigated here, but warrant
further attention.

As soon as adhesive was released during the early stages of
settlement in which cyprids began attachment, bacteria were
present, surrounding the antennules first and becoming
increasingly abundant throughout the interface as settlement and
metamorphosis progressed. While the estimated bacterial density
was rather constant until the 1 week old juvenile stage, the
distribution was often clumped, surrounding the cyprid plaque and
scattered evenly throughout the rest of the area under the basis. The
localization of bacteria around the adhesive plaque suggests that
bacteria may be attracted to the plaque location via positive
chemotaxis. Bacteria surrounding the cyprid adhesive plaque were
observed previously (Aldred et al., 2013), which led to the
discovery of a lipidaceous barrier to the plaque, covering and
perhaps protecting the proteinaceous portion of the adhesive
(Gohad et al, 2014), a potential nutrient-rich material for
bacteria. By stage 6, the newly metamorphosed juvenile, bacteria
were abundant and showed two patterns of viability. In about half of
the barnacles at this stage (N=38), bacteria closest to the cyprid
adhesive plaque were all dead and bacteria elsewhere had mixed
viability. In the other half, bacteria were mixed, live and dead,
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Fig. 6. Occurrence of bacteria and new material to the interface by stage
of transition from cyprid to juvenile. (A) Percentage of individual barnacles
showing bacteria at the interface. (B) Percentage presence of new material at
the interface. (C) Mean bacterial density. Error bars represent s.e.m. Stages
were before (cyprid), during (stage 1-6) and after (day 3-5 and day 6-7)
settlement and metamorphosis. For bacteria presence: cyprid, N=8; stage 1,
N=6; stage 2, N=4; stages 3-5, N=14; stage 6, N=76; day 3-5, N=23; day 67,
N=10. For the new material: cyprid, N=8; stage 1, N=6; stage 2, N=4; stages 3—
5, N=14; stage 6, N=153; day 3-5, N=16; day 6—7, N=10. For bacterial density:
cyprid, N=3; stage 1, N=3; stage 2, N=3; stages 3-5, N=3; stage 6, N=3; day 3—
5, N=4; day 6-7, N=2. Total count of 0.5-3 um dots in one plane of the SYTO 9
channel divided by total area in field of view.

without clear patterning. Regardless of the patterning, the period of
development at the completion of settlement and metamorphosis
was clearly a time of very high mortality of bacteria under the
barnacle.

To explain the observation of dead bacteria, we first suspected
that the abundance of oxygen might be an issue under the barnacles,
as the basis in contact with the substratum eventually becomes a flat
surface, presumably rendering the interface uninhabitable by
aerobic bacteria. While we did not measure available oxygen
under the larvae, confocal imaging shows that there is ample space

at the interface even when the larvae are fully metamorphosed: day
3-5, 6.4-34.5 um; and day 67, 11-14 um. At this critical point for
bacterial viability (associated with stage 6 barnacles), only the
cyprid antennules embedded in the adhesive plaque and the first
rings of cuticle and associated material are in contact with the
substratum, leaving space elsewhere. While it is possible that the
observed bacteria may all be capable of anaerobic respiration, a
limitation of oxygen for the bacteria in this space is unlikely, but not
impossible.

A plausible explanation for the bacterial mortality observed is the
presence of antimicrobial agents at the interface. We observed
positive staining for oxidative chemistries associated with the
developing cuticle, which may account for the observed
cytotoxicity of bacteria. The generation of ROS, or free radicals,
can explain the observed mortality of bacterial populations
(Bandyopadhyay et al., 1999; Cabiscol et al., 2000; Fang, 2004)
under the barnacle. The data show that oxidative chemistries were
present in several interface features including the cuticle, the patchy
material and within a capillary, a feature that delivers one type of
barnacle cement secretion to the interface (Burden et al., 2012). The
bacterial staining showed that the ROS was largely distinct from the
bacteria and from features of the barnacle. We hypothesize that these
ROS at the cuticle layers also contribute to oxidative crosslinking
(Okay et al., 1995; Dijkgraaf et al., 2003; Lattuada et al., 2013), as
seen in other crustaceans (Willis, 1999; Glazer et al., 2013), and are
critical to cuticle development and hardening, as seen in insects
(Hopkins and Kramer, 1992; Suderman et al., 2006; Andersen,
2010). Further work is needed to define the specific ROS present
and show the extent of their presence during development as only
post-metamorphic  juveniles were examined. Additional
investigation is needed to determine whether ROS is one of the
mechanisms by which these cyprids are kept free of bacteria.

Because of their role in crosslinking and antimicrobial activity,
oxidative chemistries, including ROS, are commonly delivered to
wound sites (Winston et al., 1996; Kanost et al., 2004; Labreuche
et al., 2006; Cerenius et al., 2010) in many animals, including
crustaceans such as crabs and shrimp (Bell and Smith, 1993;
Campa-Cordova et al., 2002). It is possible that the developing
cuticle undergoes tearing, especially in later stages of
metamorphosis, concurrent with substantial changes to the
barnacle shape. Consistent with the suggestion of oxidative
crosslinking at the developing interface, recent studies of adult
barnacle interfaces using in situ cyclic voltammetry have revealed
electrochemical behavior consistent with the presence of redox
active compounds (Golden et al., 2016), as well as spectroscopic
evidence for the presence of phenolic compounds in interfacial
barnacle fluids (Burden et al., 2012). Quinone tanning can be driven
by free radicals or enzymes and mediates crosslinking in diverse
systems and contexts, including sclerotized insect cuticle and
mussel byssal threads (Korytowski et al., 1987; Waite, 1995;
Suderman et al., 2006; Yang et al, 2014). Surprisingly,
antimicrobial properties of barnacle secretions have not been
deeply explored, even after the identification of a barnacle cement
protein with homology to the antibacterial enzyme lysozyme
(Kamino and Shizuri, 1998).

Our second major finding was the presence of a novel interfacial
material under larvae midway through settlement and
metamorphosis until the 1 week old post-metamorphic juvenile
stage. The material, present in nearly all newly metamorphosed
juveniles, consisted of irregularly shaped patches between and
surrounding the cuticle folds. The irregularity of the material
suggested it was originally released as fluid and coagulated at semi-
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irregular locations, but never filled the entirety of the area of the
basis. The patchy material spanned the depth of the interface,
demonstrating it physically contacts both the barnacle basis and
the substratum. While the patchy material was first observed
with the nucleic acid stains, the protein stains suggest the material
was mainly proteinaceous and at least some proteins were
phosphorylated. Cyprid adhesive and adult glues contain a large
fraction of protein (Kamino and Shizuri, 1998; Urushida et al.,
2007; He et al., 2013; Gohad et al., 2014). Phosphoprotein was of
particular interest as it was found in the cyprid adhesive plaque
(Gohad et al., 2014) and is a critical component of other marine
adhesives such as mussel (Waite and Qin, 2001; Flammang
et al., 2009). Additionally, phosphoproteins are important to the
development of extracellular matrices and the transition to
calcification (Borbas et al., 1991; Arias et al., 1993; George et al.,
1993; Fernandez et al., 2002; Johnstone et al., 2015a). Barnacle
baseplate and shell biomineralization involve an initial organic
matrix in which calcite crystals form (Fernandez et al., 2002; Mori
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Fig. 7. Confocal microscope images of four newly
metamorphosed juvenile (stage 6) barnacles stained
with SYPRO Ruby for general protein (red/pink). Because
of the imaging conditions (excitation 405 nm), 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
tissue of the barnacle basis. Proteinaceous material is dark
pink associated with the antennules. Patchy new material
(arrows) stains pink (A,B) as does space between bands of
cuticle, as indicated by arrows (A-D). The yellow within the
antennular plaque is residual stain from Pro-Q Diamond,
which was done first. Control images were unstained and
imaged with the same excitation/emission settings for both
protein stains (SYPRO Ruby and Pro-Q Diamond) (E,F).
Controls show no signal, consistent with the protein staining,
and only show autofluorescence from 405 nm excitation.
Arrows on control images indicate typical regions where
protein staining was positive in treated samples (E,F). Scale
bars: A-D, 50 um; E,F, 20 um.

et al., 2007; Lewis et al., 2014), with the potential for involvement
of calcite-carrying hemocytes, as seen in oyster calcification (Mount
et al., 2004; Zhang et al., 2013; Johnstone et al., 2015; Li et al.,
2016). Estimates of barnacle hemocyte concentrations are
1.7x102 cells pl~! hemolymph, mostly composed of hyaline cells
and some semigranular cells (Waite and Walker, 1988; Dickinson
et al., 2009). Our knowledge of barnacle hemocyte function is
limited, but they may phagocytose bacteria (Waite and Walker,
1988) and lyse upon contact with air, releasing the crosslinking
enzyme transglutaminase (Martin et al., 1991; Dickinson et al.,
2009). Based on staining observations, the material occurring at the
interface of newly metamorphosed juveniles contains a mixture of
proteins, phosphoproteins and nucleic acids. While the finding that
the patchy material stained for nucleic acids was unexpected, this
may be due to release of nucleic acids from hemocytes upon
delivery to the interface and apoptotic events during tissue
morphogenesis and development. Further work is needed to
explore the nucleic acid content of the patchy material and the
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role of hemocytes, to elucidate aspects of barnacle interface
development and growth.

The patchy material is clearly not extracellular polymeric
substance (EPS) because many bacteria-rich areas are not stained.
The material could originate via two potential mechanisms: either
the substance is secreted to the interface via defined secretory
orifices or it is leaked as a result of physical damage to tissues
underlying the cuticle. If the material were released from a duct
system, it would be more regular in deposition patterning than what
was observed. The two known secretion routes of cement to the
interface in barnacles are movement of the cyprid adhesive from the
cement glands through the antennules (Yule and Walker, 1984) and
via a network of capillaries and ducts in the adult that deliver spots
of cement secretion (Burden et al., 2012), 40 days after
metamorphosis (Walker, 1973). The patchy material we found
under juveniles is distinct from both of these. It is spatially distinct
from the cyprid adhesive plaque, which originates in stage 1 and has
aclear boundary (Gohad et al., 2014) separating the plaque from this
material. The second route of secretion is not active until the adult
cement system matures (Yule and Walker, 1984). The first one or
two sets of capillaries and ducts were observed after stage 6, in day
3-5 and day 6-7 juveniles, indicating that the establishment of the
duct network begins earlier in A. amphitrite than it does in
S. balanoides. In A. amphitrite, the patchy material appears
temporally and spatially distinct from the development and
location of the capillaries and ducts at the interface. In post-
metamorphic juveniles, capillaries occur closer to the edge of the
basis, whereas the interfacial material occurs midway between the
cyprid adhesive plaque from the antennules and the capillaries and
ducts at the edge of the basis. These arguments discount the
possibility that the material originates from previously described
secretory orifices and mechanisms.

Fig. 8. Confocal microscope images of stage 6 barnacles
stained with Pro-Q Diamond for phosphoproteins
(orange). Autofluorescence, with 405 nm excitation, shows
antennules (blue/purple) surrounded by the adhesive plaque
(orange). Patchy material stains orange amidst cuticle
striations (blue) (A-D). Arrows show the interfacial material
staining for phosphoprotein. Scale bars, 50 um.

Instead, the evidence strongly suggests that the material
leaks through the developing cuticle, during the late stages of
metamorphosis, while it undergoes organization and expansion.
The development of new cuticle during growth is well
characterized, especially in terms of the timing of the formation
of multiple layers in relation to growth and molting (Bocquet-
Vedrine, 1965; Bourget and Crisp, 1975; Anderson, 1994). The
cuticle layers add flexibility to the exoskeleton, as the growth front
extends (Bocquet-Vedrine, 1965; Anderson, 1994; Burden et al.,
2014). The new underlying layer of folded cuticle develops and
eventually replaces the interfacial layer, which stretches and tears
(Bourget and Crisp, 1975; Anderson, 1994). The process of
stretching and tearing of epicuticle may include tearing of
underlying tissue layers, potentially resulting in the loss of fluids
to the interface. Recent evidence suggests interfacial fluids are
associated with cuticle expansion at the growth front (Burden
et al., 2012).

An additional hypothesis is that the material is secreted from
stores within the cuticle layers upon activation by molecules that
recognize microbial patterns. Pattern recognition proteins are
ubiquitous in crustacean innate immune systems (Medzhitov and
Janeway, 2000; Vasta et al., 2007; Vazquez et al., 2009; Wang and
Wang, 2013) and often activate coagulation of proteinaceous
material with antimicrobial consequences (Martin et al., 1991;
Jiravanichpaisal et al., 2006; Schmidt et al., 2010; Loof'etal., 2011).
The origin of the fluids associated with cuticle expansion remains
unanswered and requires further attention.

After metamorphosis, the surface area parallel to the substratum
increases substantially from two small points of the cyprid
antennules to a larger circular basis. The patchy material
physically connects the barnacle and substratum at this interface,
and likely provides additional attachment support. Although
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attachment strength was not measured here, it has been shown that
within the first 2 weeks following metamorphosis, juvenile
S. balanoides adhere more strongly than the force of the cyprid
adhesive alone (Yule and Walker, 1984). Yule and Walker (1984)
removed the juvenile and stained the substratum and basis with
Bromophenol Blue, revealing a proteinaceous material on juvenile
bases that was suspected to originate from the hypodermis. Their
findings support our observations as they report the area of the
juvenile cement was of variable symmetry and covered a large
portion of the basis (Yule and Walker, 1984).

In summary, we observed that proteinaceous material is deposited
concurrent with cuticle development and patches of material fill the
interface between the barnacle basis and the substratum. In these
stages of development, expansion of a robust adhesive interface is
critical for barnacle survival. Therefore, we postulate that cuticle
tearing is associated with the deposition and expansion of a
cement-like material and hypothesize that this material is a
candidate for mediating attachment. Furthermore, two previous
studies demonstrated an increase in adhesion mid-metamorphosis
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Fig. 9. Confocal images of unfixed post-metamorphic
(day 3-5) juvenile barnacles stained with CellROX orange
for oxidative chemistry and Hoechst 34222 for nucleic
acids. Live juvenile barnacles were used. (A) Positive
staining amidst banded cuticle (orange bands) and bacteria
(blue dots) is present at the interface. Arrows indicate ROS
staining in cuticle bands. Scale bar, 40 um. (B) Positive
staining is again seen amidst cuticle near the edge and the
patchy material (arrow); antennules had autofluorescence at
the settings for CellROX orange. Scale bar, 40 um.

(C) Positive staining of patchy material (arrow) and outer
cuticle bands just after a capillary is shown. Scale bar, 20 um.
(D) Positive staining is present along the outer cuticle
(orange, banded pattern) and within a capillary (arrow). Scale
bar, 20 um. (E) Control image with unstained barnacle with
the excitation/emission settings for CelROX orange and
Hoechst 34222, showing the antennules embedded in the
adhesive plaque in blue and some degree of
autofluorescence in orange within the plaque (arrow). Scale
bar, 15 um. (F) Control image with unstained barnacle
showing only blue autofluorescence of the cuticle from the
405 nm excitation and no orange where it was seen amidst
cuticle (arrows) in stained samples. Scale bar, 15 um.

and immediately following metamorphosis (Yule and Walker,
1984; Zardus et al., 2008), corresponding with the stage at which
this material was observed. The previously observed difference in
adhesion of barnacles mid-metamorphosis on biofilm-coated
surfaces (Zardus et al., 2008) may indicate that the process of
killing bacteria at the interface is important to cement curing
mechanisms. One barnacle glue curing mechanism for which there
is evidence is proteolytic cascades similar to blood coagulation
(Dickinson et al., 2009). The possibility that barnacle adhesive
fluids have abilities associated with wound healing, combined with
a dynamic cuticle from which the observed fluids may be released,
is an interesting avenue of comparative biology research.
Arthropod cuticle is not solely a physical barrier to the
environment but can contribute to critical processes such as
immune responses and cross-linking for cuticle hardening and
calcification of exoskeleton (Ashida and Brey, 1995; Sugumaran
and Nelson, 1998; Adachi et al., 2005; Suderman et al., 2006;
Glazeretal., 2013). In crustaceans, cuticle tearing leaks hemolymph
and releases proteins, which coagulate sealing the wound and
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preventing infection (Iwanaga et al., 1998; Li et al., 2002;
Jiravanichpaisal et al., 2006). Crustacean circulatory fluids
contain different compositions of proteins and hormones
depending on the stage of molting (Vacca and Fingerman, 1983;
Engel and Brouwer, 1987; Terwilliger, 1999; Engel et al., 2001),
further underscoring the importance of considering timing when
studying these materials. Like vertebrate bodily fluids (Davie and
Ratnoff, 1964; Furie and Furie, 1988), hemolymph also contains
proteins involved in coagulation, activated upon wounding (Nagai
and Kawabata, 2000; Li et al., 2002; Theopold et al., 2002, 2004,
Dickinson et al., 2009). The two functions of stopping the loss of
bodily fluid and preventing infection are routinely linked; most
mechanisms for coagulation provide antimicrobial activity
(Iwanaga et al., 1998; Li et al., 2002; Cerenius and Soderhill,
2004; Theopold et al., 2004). Multifunctional cytotoxic byproducts,
including quinones from protein crosslinking and ROS
(Bandyopadhyay et al., 1999; Nappi and Ottaviani, 2000; Abele
and Puntarulo, 2004; Apel and Hirt, 2004; Nappi and Christensen,
2005) also act as bacteriocides. The findings presented here inform
crustacean larval development during the critical time of settlement
and metamorphosis and provide insight into potential attachment
mechanisms that may be relevant throughout juvenile and adult
barnacle growth.
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