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Barnacles interest the scientific community for multiple reasons: their unique
evolutionary trajectory, vast diversity and economic impact—as a harvested
food source and also as one of the most prolific macroscopic hard biofouling
organisms. A common, yet novel, trait among barnacles is adhesion, which
has enabled a sessile adult existence and global colonization of the oceans.
Barnacle adhesive is primarily composed of proteins, but knowledge of
how the adhesive proteome varies across the tree of life is unknown due
to a lack of genomic information. Here, we supplement previous mass
spectrometry analyses of barnacle adhesivewith recently sequenced genomes
to compare the adhesive proteomes of Pollicipes pollicipes (Pedunculata) and
Amphibalanus amphitrite (Sessilia). Although both species contain the same
broad protein categories, we detail differences that exist between these
species. The barnacle-unique cement proteins show the greatest difference
between species, although these differences are diminished when amino
acid composition and glycosylation potential are considered. By performing
an in-depth comparison of the adhesive proteomes of these distantly related
barnacle species, we show their similarities and provide a roadmap for future
studies examining sequence-specific differences to identify the proteins
responsible for functional differences across the barnacle tree of life.

1. Introduction
Barnacles are sessile crustaceans that aggressively colonize marine surfaces, often
crowding out othermicro- andmacrofouling organisms. Barnacle species exhibit a
remarkable breadth of diversification both physically, exhibiting either a stalked or
acorn form, as well as in terms of the environmental conditions and the types of
surfaces on which their larval forms settle and grow. Some species are generalists,
opportunistically growing on any suitable surface they encounter in the marine
environment, whereas others are specialists, growing only on specific hosts (e.g.
sea turtles [1], whales [2] and coral [3]) or in narrowly defined environmental
ranges. This diversity, combined with globalization of the shipping industry, has
enabled the spread of barnacles throughout the world’s oceans, yet their success
is also due to a common, novel trait: adhesion. In general, barnacles produce a
highly proteinaceous adhesive to permanently cement themselves to the substrate
[4]. Mechanical aspects play a role in adhesion, particularly in acorn barnacles
where shell geometry [2] and base plate mechanical properties [5,6] are major con-
tributors. While the exact mechanisms of how proteins contribute to barnacle
adhesion are unknown, many have been proposed [7–9], including specific
protein–protein interactions [10–13], repetitive sequence motifs [14] that drive
nanofibril formation [15–19], evolution of novel adhesive functions from ancestral
wound healing processes [20] and oxidative modification of proteins [21]. All evi-
dence points to barnacle adhesion being distinct from other well-studied marine
adhesive processes which often rely on serine phosphorylation or DOPA [22,23].
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Researchers have traditionally divided the superorder
Thoracica into the Pedunculata (stalked) and Sessilia (acorn)
orders, although the Pedunculata are not a monophyletic
group [24]. While many Thoracican species have been studied
for a variety of reasons, Pollicipes pollicipes and Amphibalanus
amphitrite have emerged as two model organisms for stalked
and acorn barnacles, respectively. P. pollicipes belong to one
of the most basal Thoracican families, the Pollicipedidae,
while A. amphitrite belong to one of the most derived
families, the Balanidae [24]. Both species are of interest com-
mercially, but for different reasons. P. pollicipes is a delicacy in
parts of Europe, garnering interest in aquaculture and popu-
lation management strategies to improve production [25,26].
As a pervasive species with a cosmopolitan distribution,
A. amphitrite has become a model fouling organism [27]
due to its strong adhesion and calcareous shells [28]. With
this backdrop, an increased understanding of adhesive
composition and function is useful for both improving
husbandry of barnacle food stocks as well as controlling
barnacle biofouling.

The composition of the adhesive and how it varies across
the barnacle evolutionary tree [29] is incompletely understood
due, in large part, to a lack of genetic data. Early studies
sequenced a small number of the most abundant proteins
in the partially solubilized adhesive of acorn barnacles
[10,23,30] and these proteins were named after the species
of origin and protein molecular weight (i.e. Mrcp100 k for
Megabalanus rosa cement protein 100 kDa). More recent studies
have taken this a step deeper by developing transcriptomic-
based protein databases [31,32] for proteomic assessment
of both stalked [33,34] and acorn barnacles [14,21,35]. Conco-
mitantly, there has been a dramatic increase in the number
and types of proteins identified in barnacle adhesive,
highlighting the fact that a number of complex biological
processes in addition to adhesion occur at the barnacle
base, contributing to growth and cuticle formation and
breakdown. After decades of access to limited genomic
information the genomes of four barnacle species have now
been assembled (P. pollicipes (RefSeq GCF_011947565.2);
A. amphitrite [36]; Balanus improvisus [37]; Semibalanus bala-
noides [38]), offering new opportunities to understand the
coordinated processes which culminate in expansion of the
adhesion interface to the substrate.

Although differences between the adhesives of stalked and
acorn barnacles have been noted [39], a detailed comparison of
the proteins present in the adhesive proteomes has not been
performed. Here, raw mass spectrometry (MS) proteomic
data from previous studies of the adhesive of P. pollicipes [33]
and A. amphitrite [35] are reanalysed using the recently
available genomic information, and the resulting adhesive
proteomes are compared with focus given to identifying hom-
ologues between the species. Identified proteins are divided
into functional categories and their sequences and structural
properties are assessed. Although several major differences
are noted between the adhesive proteomes, these two dis-
tantly related species show significant overlap with similar
types of proteins, suggesting that the evolution of barnacle
adhesive may have been constrained during species radiation.
This first step in comparing the proteomes of the adhesive
material from these divergent species provides a pathway
for biomolecular studies of individual proteins that vary
between species to promote an understanding of how these
adhesives have developed.
2. Methods
2.1. Mass spectrometry analysis of A. amphitrite

adhesive
Collection and sample processing of adhesive samples from
A. amphitrite are previously described [35]. The hydrated,
thickened barnacle adhesive was collected from the base of
individuals dislodged from silicone panels, and samples
were treated with three solvents (hexafluoroisopropanol
[HFIP], urea or methanol) and extracted using pressure
cycling technology (n = 3 for each solvent). These samples
were analysed using a Triple TOF 5600+ mass spectrometer
(AB Sciex, Foster City, CA, USA) [35]. Here, the samples are
reanalysed with an Orbitrap Fusion Lumos Tribrid (Thermo
Scientific, Waltham, MA, USA) mass spectrometer (electronic
supplementary material, figure S1a).

Liquid chromatography tandemMS (LC-MS/MS) was per-
formed with a U3000 HPLC system (Thermo Scientific,
Waltham,MA, USA) coupled to an Orbitrap Fusion Lumos Tri-
brid mass spectrometer. The U3000 system was configured for
one-dimensional nanoflow separations with on-line desalting.
The autosampler injected and concentrated peptide samples
onto a trap column (PepMap 100, C18, 300 µm ID× 5 mm,
5 µm, 100 Å) with the loading pump at a flow of 2% solvent B
(0.1% formic acid in acetonitrile) and 98% solvent A (0.1%
formic acid in water) at 5 µl min−1. After desalting for 3 min,
the flow was diverted in-line at 300 nl min−1 for separation
across a reverse phase analytical column (Acclaim PepMap
RSLC, 75 µm ID× 150 mm, C18, 2 µm, 100 Å) for a total dur-
ation of 120 min. A two-step gradient of increasing solvent B
(18% over first 80 min, followed by an increase of 60% over
15 min)was used to elute peptides off the column forMS analy-
sis. Nanoelectrospray voltage was applied via the ion source
with a stainless-steel emitter tip.

MS data were recorded on the Orbitrap Fusion Lumos
Tribrid in data dependent mode with dynamic exclusion
enabled. Each samplewas analysed three separate times to col-
lect data with the Orbitrap (OT) and the IonTrap (IT) analysers
after high-energy collisional (HCD) or collision-induced (CID)
dissociation (HCD/IT, CID/IT and HCD/OT methods).
XCalibur (v. 4.2) was used to acquire profile measurements
with the following settings: 20 scans per cycle were performed
with a survey scan range of 400–1600 Da using the Orbitrap
detector (resolution 120 K) for MS1 scans; the maximum injec-
tion time was set to 100 ms and the automatic gain control
(AGC) target was 1.06; the most intense ions with charges of
2–5 were fragmented using 30% HCD or 35% CID for 10 ms;
ions were excluded for 15 s from subsequent MS/MS sub-
mission after one time with a +50 ppm error tolerance;
fragment ions were measured in the IonTrap (rapid rate,
35 ms maximum injection, AGC target = 10 000) or the Orbi-
trap detector (50 000 resolution, 86 ms maximum injection,
AGC target = 50 000).
2.2. Mass spectrometry analysis of P. pollicipes adhesive
Collection and sample processing of adhesive samples from
P. pollicipes [33] are already described. Briefly, the collected
P. pollicipes adhesive proteins were extracted following an
adapted single-pot solid-phase-enhanced sample preparation
protocol. The digested peptides were analysed using a U3000
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HPLC system coupled to an Orbitrap Fusion Lumos Tribrid
mass spectrometer. Ion fragmentation and measurement
were carried out with HCD/IT methods.
 lsocietypublishing.org/journal/rsob
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2.3. Data analysis
MS/MS spectra from both the A. amphitrite Sciex and Orbitrap
files were assigned to the SNU_Aamp_1 proteome, GenBank
GCA_009805615.1 [36] (electronic supplementary material, file
S1). Spectra from the Orbitrap files were also assigned with
both a reducedNRL transcriptomics database of only the ident-
ified adhesive proteins (Adhesive Database) [40] and a
combination of the Adhesive Database and SNU_Aamp1
simultaneously (electronic supplementary material, files S3
and S4) in order to gain insight into sequences with low or
no similarity between the databases. The P. pollicipes cement
protein MS files (E4801_PPCIM1, E4802_PPCIM2 and
E4803_PPCIM3) [33] were obtained from the Mendeley Data
repository (http://dx.doi.org/10.17632/pgkf3mtb4m.1), and
the spectra from these Orbitrap raw files were matched
to the Ppol_2 proteome, RefSeq GCF_011947565.2 (electronic
supplementary material, file S5).

MS/MS spectra of the A. amphitrite Sciex files were
extracted toMascot generic-formatted (MGF) peak lists by Pro-
teoWizard (msconvert v. 3.0.19070) via automated scripting
[41]. Mascot (v. 2.6.2, Matrix Science, Ltd, London, UK) and
Scaffold (v. 4.8.9, Proteome Software, Portland, OR, USA)
were used for peptide-spectrum matching (PSM) of the MGF
files to the proteome database and an in-house list of 191 con-
taminant, mass standard, and reagent peptide sequences (e.g.
trypsin, keratins, etc.) for a total of 296 sequences. Database
search parameters included variable modifications previously
described [35], less than three missed tryptic cleavage sites
per peptide, and precursor and fragment ion tolerances set to
+100 ppm and +0.6 Da, respectively.

MS/MS spectra of the Orbitrap raw files were assigned to
the proteome databases using MaxQuant v. 1.6.10.43 (http://
www.maxquant.org). Default settings were maintained with
the following variations: variable modifications included
oxidation (M), acetyl (Protein N-term) and the label-free
quantification and match between runs features were enabled.
For P. pollicipes samples, the additionalmodification of cysteine
by MMTS (methylthiolation) was set.

The A. amphitrite Sciex wiff and MGF files are located on
the ProteomeXchange Consortium via the PRIDE partner
repository [42] with the dataset identifier PXD012730. The
A. amphitrite Orbitrap raw files are available in the PRIDE
partner repository with the dataset identifier PXD026105.
2.4. Sequence analysis
Sequence similarity between A. amphitrite and P. pollicipes pro-
teins and all non-redundant proteins in the Protein Database
Bank was assessed using NCBI BLASTp (www.ncbi.nlm.nih.
gov/BLAST) [43] (electronic supplementary material, tables
S1 and S2). Sequences were considered similar between the
barnacle species at a threshold E-value > 0.0001. Conserved
domains were identified using the NCBI Conserved Domain
Database [44]. Protein amino acid composition was calculated
using ExPASy ProtParam (http://web.expasy.org/protparam)
[45]. N- and O-glycosylation sites were predicted using
MusiteDeep [46].
Heatmaps and principal component analysis visualization
were performed in R [47] using the function heatmap.2 with
the packages gplots [48], factoextra [49] and ggplot2 [50].
3. Results
Here, data from previous publications that reported on the
adhesive proteomes of A. amphitrite [35] and P. pollicipes
[33] using transcriptomic-based information are reanalysed
following the workflow outlined in electronic supplemen-
tary material, figure S1 using recently released genome
assemblies for each species (A. amphitrite: SNU_Aamp_1,
GenBank GCA_009805615.1 [36]; P. pollicipes: Ppol_2,
RefSeq GCF_011947565.2).

The adhesive proteomes identified through these
methods are comprised of 87 A. amphitrite and 161 P. pollicipes
proteins (electronic supplementary material, tables S3 and
S4), excluding proteins involved in cellular processes
(A. amphitrite: 3; P. pollicipes: 35). Cellular processes proteins
likely entered the samples from cellular contamination and
are not present in the native adhesive. The cellular processes
proteins were identified by annotation as a protein with
defined intracellular function and a lack of a signal peptide,
unless the protein contained a signal peptide and a conserved
motif that indicated its retention in the endoplasmic reticu-
lum (i.e. HDEL). The 87 A. amphitrite adhesive proteins are
mostly comprised of SNU_Aamp_1 sequences but also
include some NRL transcriptomic-based sequences where
warranted (seven sequences in the bulk protein category
only). The homology of these proteomes was examined
(figure 1a) to find proteins with a matching partner in the
set of proteins identified in the adhesive proteome, rather
than in all potential proteins encoded by the genomes.
Seventy-one (82% of the total number identified) A. amphitrite
and 132 (82%) P. pollicipes proteins have a match (E-value >
1 × 10−4) in the adhesive proteome of the opposite species.
The identified proteinswere divided into four broad categories:
non-homologous bulk proteins (proteins unique to barnacles),
pheromones, enzymes and remaining homologous proteins
(proteins with homologous matches in non-Thoracican organ-
isms) (figure 1b [parenthetical values indicate the number of
unique proteins to the adhesive proteome of each species]).

3.1. Bulk proteins: overview
Here, the term bulk protein is used to describe any protein
that is unique to thoracican barnacles. This category includes
proteins such as CP19, CP43, CP52 and CP100 which have
been proposed to either make up the structure or bulk of
the adhesive or contribute directly to surface adhesion
[8,14,23,51], although the distribution of some of these proteins
beyond the surface interface indicates that they could have
expanded physiological roles [52]. These proteins were
named after their predicted molecular weight upon initial
identification, followed by CP for cement protein [10,23,30],
and this terminology has persisted as homologues in different
species with different molecular weights identified. Here, Aa
and Pp will be appended to the names of the proteins to ident-
ify the species. Transcriptomics of A. amphitrite [31] enabled
proteomic analysis of the adhesive of A. amphitrite [14,21,35],
resulting in an expansion in the number of potential bulk pro-
teins. Bulk proteinswere grouped based on sequence similarity
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category
Amphibalanus

amphitrite 
Pollicipes
pollicipes

bulk 43 (15) 42 (13)

pheromones 11 25

enzymes 11 43 (12)

protease inhibitors 11 28 (2)

homologous 13 (1) 23 (3)

16
18%

29
18%

71 = 132

82%

82%

Pollicipes pollicipesAmphibalanus amphitrite

Figure 1. Comparison of the proteins identified via mass spectrometry in the adhesive of A. amphitrite and P. pollicipes. (a) Venn diagram indicating the number
and percentage of the total identified proteins that do and do not share homology between the two species. Seventy-one A. amphitrite proteins align to 132
P. pollicipes proteins. (b) Number of proteins per protein category for each species, with the number of proteins with no homology to the other species in par-
enthesis. These broad categories are based on the annotation or conserved domains present in the protein sequences or homology to barnacle proteins identified in
previous studies. The bulk proteins are either predicted to make up the bulk mass of the adhesive and may contribute to adhesion. Pheromones are either α-
macroglobulins (settlement inducing or MULTIFUNCin pheromones) or have cupin domains (waterborne settlement pheromones). Enzymes cover a range of potential
processes, including oxidation and protease (inhibition) activity. The homologous group includes the remaining proteins with homology to broader taxa. These
numbers exclude highly likely intracellular proteins (35 P. pollicipes; three A. amphitrite), based on annotation and the lack of predicted signal peptides.
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into families with multiple members, where families were
named after the molecular weight of one member. In this
work, the bulk proteins include these families of previously
described proteins and all other proteins in the adhesive pro-
teome that do not have homology to non-Thoracica proteins
in NCBI, following the approach taken by [33].

A similar number of bulk proteins were identified for
A. amphitrite (43) and P. pollicipes (42) (figure 1b). Fifteen of
the A. amphitrite and 13 of the P. pollicipes bulk proteins were
unique to the adhesive proteome of each species. Two of
the 15 unique A. amphitrite proteins and eight of the
13 unique P. pollicipes proteins had homologous matches
in the entire genome of the other species, leaving 13
A. amphitrite and five P. pollicipes bulk proteins that are
completely unique to each species.

3.2. Bulk proteins: families
Table 1 lists the accession numbers of the eight bulk protein
families that have previously been described [14,35], along
with sequence similarity metrics between the species. In some
instances, BLAST alignment did not identify similar sequences
in the A. amphitrite SNU_Aamp_1 proteome and the NRL tran-
scriptomic-based proteome, or these matches were of low
similarity. When this occurred, the original NRL transcrip-
tomic-based sequences are included for analysis if these
sequences were still identified when both the SNU_Aamp_1
and the Adhesive Database were used for spectral assignment.
These instances are indicated when the accession is the protein
name (example: AaCP43-1) rather than the SNU accession.

After identifying the most similar matches in the
SNU_Aamp_1 proteome to the NRL transcriptomic-based
sequences, a self-BLAST was performed to verify that family
members had sequence similarity as before. In most cases,
sequence similarity was maintained in families, but three
families (AaCP43, AaCP52 and AaCP57) had at least one
member that no longer fit. These instances are denoted by
greyed shading in table 1.

Five of the P. pollicipes cement protein families show fewer
family members than analogous families in A. amphitrite. For
example, the A. amphitrite CP19 family contains six proteins,
while the P. pollicipes CP19 family contains four proteins.
The sequence similarity between the CP19 proteins is low
(E-value > 1 × 10−5), and the six AaCP19 proteins were each
identified as individual proteins, but PpCP19-1, -2 and -3 clus-
tered together as one entry because the sequences and
associated MS data were indistinguishable (electronic sup-
plementary material, table S4). All other cement proteins for
both species (besides AaCP34-3a, b and c) were identified as
individual proteins and not clusters. CP20 homologues were
not identified in P. pollicipes, even when using AaCP20
sequences from NCBI (AFX74689.1, AFX74690.1 and
AFX74691.1). All of the AaCP34 proteins, which are 193–826
amino acids in length, had sequence similarity to a single
large P. pollicipes protein (XP_037087633.1, 3230 amino acids)
encoded by the Ppol_2 genome; however, this protein was not
identified via MS. A different protein (XP_037084400.1), which
had sequence similarity to XP_037087633.1 but not to the
AaCP34 proteins, was identified in the P. pollicipes adhesive.
The AaCP57 proteins are split into two families, one with pro-
teins that matched to AaCP57-1 and -3, and the original
AaCP57-2 sequence as its own family. No matching sequence
for AaCP57-2 was identified in SNU_Aamp_1, but this
sequence has high homology to the P. pollicipes protein
XP_037075710.1 (E-value = 5 × 10−108). Finally, the AaCP100
family of two proteins is collapsed into one P. pollicipes protein
with high sequence similarity between the two species.

The CP52 protein family is the only family to show a larger
number of proteins in P. pollicipes than in A. amphitrite, and
further, the structure of the AaCP52 family is significantly
altered after inclusion of the SNU sequences. Four SNU
AaCP52 proteins were identified, but the alignment between
the NRL transcriptomics sequences for AaCP52-2 and -3 was
low, so these sequences were also included. The homology
between all AaCP52 sequences is too low to support containing
these proteins in one family; as such, CP52 is split into three
families (AaCP52-1, -2 and -3). The AaCP52-1 family has only
two proteins, while the PpCP52-1 family contains five. The
other two CP52 families have similar numbers of proteins (1–2).

The AaCP43 family also underwent extensive protein
sequence rearrangement in comparison with its previous
descriptions [14,35] after considering the SNU protein



Table 1. Alignment of A. amphitrite SNU_Aamp1 cement protein families with the Ppol_2 proteome. Length: in amino acids; % ident: per cent identity;
% cov: per cent coverage (Aamp sequences were used as the query during blast alignment); Amino acid %: percentage of amino acids in Ppol_2 protein
sequences that had been identified as enriched in the homologous A. amphitrite proteins; accessions in bold contain a predicted signal peptide (SignalP > 0.5);
accessions in italics indicate the sequence was not identified via mass spectrometry analysis of adhesive samples.

family member Aamp Accession length Ppol Accession length E-value % ident % cov

CP19 1 KAF0308143.1 203 XP_037084082.1 208 3 × 10−9 35% 83%

like XP_037073093.1 211 1 × 10−6 32% 57%

2 KAF0313208.1 641 XP_037079079.1 134 9 × 10−6 42% 11%

3 KAF0308142.1 456 XP_037082465.1 208 5 × 10−8 40% 36%

4 KAF0308139.1 485 — — — — —

5 KAF0308140.1 372 — — — — —

6 KAF0308144.1 167 — — — — —

CP20 1 KAF0308400.1 129 — — — — —

2 KAF0288457.1 118 — — — — —

CP34 1 KAF0294702.1 241 XP_037087633.1 3230 4 × 10−21 27% 89%

3a KAF0306042.1 193 2 × 10−11 27% 70%

3b KAF0295669.1 826 2 × 10−13 28% 37%

3c KAF0306041.1 749 4 × 10−13 28% 23%

2 KAF0294701.1 196 — — — — —

like — — XP_037084400.1 454 — — —

CP43 like KAF0313428.1 a 500 XP_037080313.1

XP_037080173.1

449

449

3 × 10−3 30% 58%

1 AaCP43-1 448 2 × 10−19 32% 86%

2 KAF0306941.1 316 4 × 10−26 36% 90%

3 KAF0295687.1 285 — — — — —

CP52 1a KAF0287842.1 770 XP_037074603.1 356 2 × 10−15 39% 82%

1b XP_037074712.1 360 1 × 10−14 34% 30%

1c KAF0311022.1 388 XP_037076617.1 366 4 × 10−89 42% 96%

1d XP_037076634.1 320 2 × 10−58 41% 71%

1e XP_037074597.1 389 1 × 10−21 30% 80%

2a AaCP52-2 437 XP_037084479.1 225 3 × 10−26 44% 35%

2b KAF0312989.1 177 XP_037083850.1 257 5 × 10−46 63% 92%

3a AaCP52-3 536 XP_037068781.1 243 5 × 10−19 43% 70%

3b KAF0306294.1 127 6 × 10−22 43% 41%

CP57 1a KAF0312796.1 541 — — — — —

1b KAF0314286.1 541 — — — — —

3 KAF0293188.1a 247 — — — — —

2 AaCP57-2 802 XP_037075710.1 a 721 5 × 10−108 34% 89%

CP100 1 KAF0310707.1 1156 XP_037084548.1 1146 0 44% 96%

2 KAF0305748.1 1000 0 38% 95%

CP105 1a AaCP105-1 1558 XP_037082434.1 1202 1 × 10−54 25% 44%

1b XP_037088353.1 492 9 × 10−39 27% 31%

1c XP_037082049.1 425 5 × 10−36 29% 28%

2a AaCP105-2 1024 XP_037082494.1 1159 3 × 10−162 45% 65%

2b KAF0305740.1 178 XP_037083173.1 314 4 × 10−25 52% 48%

3a AaCP105-3 545 XP_037082052.1 495 9 × 10−30 28% 48%

3b KAF0305741.1 407 2 × 10−12 24% 44%
aDuplicated genes or entries exist in either SNU_Aamp1 or Ppol2; shading indicates members of the same family (based on sequence similarity >1 × 10−4),
with darker or alternate colours delineating distinct families.
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sequences. AaCP43-1 is a protein that was first identified
using HFIP (hexafluoroisopropanol) as a solvent and its
sequence was verified via RT-PCR sequencing (mRNA
sequence KY285984.1) [14]. When searching for the matching
sequence to AaCP43-1 in SNU_Aamp_1, two entries with
only 50% sequence similarities were identified
(KAF0313428.1 and KAF0306452.1), neither of which was
identified via MS. The AaCP43-1 mRNA coding sequence
was used to search the A. amphitrite genome (SNU_AA5) for
the presence of a similar genomic region (electronic sup-
plementary material, figure S2). A region on Contig787 with
100% coverage and 95% sequence similarity was identified
(electronic supplementary material, figure S2a). This region
has no predicted coding sequence in the NCBI assembly
(electronic supplementary material, figure S2b), but the six-
frame translation reveals two coding sequences with an
approximately 100 nucleotide gap in between (electronic sup-
plementary material, figure S2c). The protein translations of
these two truncated sequences were aligned with AaCP43-1
(electronic supplementary material, figure S3). The first
sequence aligns along the N-terminal of AaCP43-1 with low
similarity (E-value = 0.002, 43% identity, 13% coverage), and
the second sequence aligns after a gap of approximately 40
amino acids to the C-terminus with high similarity (E-value =
2 × 10−153, 87% identity, 67% coverage), including a region of
approximately 250 amino acids with almost 100% consensus.
Sequence 2 and AaCP43-1 were both identified via MS; there-
fore, NRL transcriptomics sequence of AaCP43-1was included
for further analysis. Other NRL transcriptomics sequences
for AaCP43 family members align either to different regions
of the same protein or to no SNU proteins (electronic
supplementary material, table S1). Additionally, AaCP43-3
(KAF0295687.1) shows low sequence similarity to the other
AaCP43 family members and should be considered an unre-
lated protein. Two nearly identical PpCP43 proteins align
to the AaCP43 proteins, but both proteins were identified
individually, and not clustered, in the MS results.

The other bulk proteins identified (11 A. amphitrite,
19 P. pollicipes) do not align with any of the previously pub-
lished cement protein families. A group of four proteins
(A. amphitrite: KAF0303467.1 and KAF0314143.1; P. pollicipes:
XP_037072930.1 and XP_037072849.1) exhibit sequence simi-
larity to each other and could be classified as a novel family.
Of these other bulk proteins, four A. amphitrite and seven
P. pollicipes proteins exhibit some sequence similarity to a
bulk protein in the adhesive proteome of the other species,
while five A. amphitrite and 11 P. pollicipes proteins do not.

3.3. Bulk proteins: amino acid composition
Heatmaps were created to analyse how all bulk proteins (the
cement proteins listed in table 1 and the other identified non-
homologous proteins) cluster based on total amino acid com-
position (A. amphitrite: figure 2; P. pollicipes: figure 3), as
barnacle cement proteins have also been classified by amino
acid biases [18,33,35]. The proteins in the heatmaps form clus-
ters of proteins with enrichment for leucine (Leucine-rich
Cement Protein: LrCP), glycine, alanine, serine and threonine
(Glycine-rich Cement Protein: GrCP), and an additional
cluster for A. amphitrite bulk proteins with enriched cysteine
content (Cysteine-rich Cement Protein: CrCP).

The column dendrogram for A. amphitrite shows three
groupings of amino acids that drive protein clustering:
cysteine and lysine; leucine, valine and arginine; and glycine,
alanine, serine and threonine. The A. amphitrite bulk proteins
separate into five major clusters, LrCP1/2, GrCP1/2 and
CrCP (figure 2). AaLrCP and AaGrCP both separate into
two distinct clusters. AaLrCP1 proteins exhibit further
enrichment with tyrosine and isoleucine, while AaLrCP2
proteins have elevated arginine, alanine and glycine. Both
AaGrCP1 and -2 proteins generally have high levels of gly-
cine, alanine, serine and threonine, or some combination
thereof, but the profiles of these two clusters do not appear
to differ greatly beyond AaGrCP1 members having higher
levels of overall enrichment.

The P. pollicipes bulk proteins separate into two major
(PpLrCP and PpGrCP) and three minor clusters (electronic
supplementarymaterial, figure S4). The eight proteins forming
the minor clusters (enriched for: proline; threonine and valine;
glycine and arginine) were removed from further analysis for
simplicity and the heatmap was remade (figure 3). No
cysteine-enriched cluster is observed in P. pollicipes. PpLrCP
and PpGrCP groups show some enrichment for alanine,
serine and glycine, while this enrichment is only seen in the
AaGrCP groups. PpLrCP and PpGrCP can be further divided
into two separate clusters. The PpLrCP1 proteins mostly dis-
play enrichment for leucine and arginine, with some
apparent enrichment for alanine, serine and glycine as well.
The PpLrCP2 proteins show little enrichment for any amino
acid overall as a group. The PpGrCP1 proteins show an abun-
dance of alanine, serine and glycine and some enrichment of
threonine. The PpGrCP2 proteins mostly show enrichment
for alanine and glycine, with little to no enrichment for either
serine or threonine. The column dendrogram provides support
for alanine, serine and glycine driving clustering of P. pollicipes
bulk proteins.

The overlap between similar A. amphitrite and P. pollicipes
proteins in the GrCP and LrCP groups is visualized as Venn
diagrams (figure 4a). The GrCP1 proteins overlap extensively
(although five A. amphitrite proteins do not have a matching
P. pollicipes partner), while the GrCP2 proteins show little over-
lap. AaLrCP1 and -2 proteins nearly align with P. pollicipes
proteins in the same category (only one AaLrCP1 protein
does not), yet P. pollicipes has several unique proteins in each
group. Multiple instances exist where proteins with sequence
similarity between the species appear in different amino acid
groups. The analysis of proteomes permits us to broaden
protein sets when comparing homology between gooseneck
and acorn barnacle adhesive proteins beyond previous work
[13]. Generally, P. pollicipes was observed to have low protein
sequence alignment with other acorn barnacles ranging from
26 to 36% looking across just two proteins, cp19 k and
cp100 k. Homology was higher among acorn barnacle species
in the case of cp19 k, cp20 k and cp100 k (ranging mostly
between 18 and 45%, with cp100 k occupying 42–45% and out-
liers reaching 60 and 64%). In our analysis, protein identity
ranges between 24 and 63% with CP100 sequences ranging
from 38 to 44% (table 1) identity. Based on per cent identity,
higher overall homology was observed between P. pollicipes
and A. amphitrite proteins sequences derived from genomic
sequences than previous analysis, largely falling between
30 and 45% with outliers at 52 and 63%. These values relate
P. pollicipes with A. amphitrite at homology values similar to
previous comparisons among acorn species.

The amino acid composition of A. amphitrite and P. polli-
cipes LrCP and GrCP groups was further analysed with
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principal component analysis (PCA). PC1 explains most of
the separation between the LrCP and GrCP groups (figure 4b;
the same plot but with individual protein names is
provided as electronic supplementary material, figure S5).
The GrCP1 and -2 groups overlap while the LrCP1 and -2
groups are mostly separated, although one A. amphitrite
(KAF0300381.1) and three P. pollicipes (XP_037083579.1,
PpCP57-2 and XP_037072783.1) proteins do not cluster with
the other LrCP1 proteins. These outlier proteins also form
distinct nodes in the amino acid heatmaps (figures 2 and
3). No separation by species is clearly observed. A variable
plot of the PCA data (figure 4c) shows that glycine, serine
and alanine contribute the greatest amount to the location
of the GrCPs, while leucine and tyrosine contribute to the
location of the LrCPs. Multiple amino acid appear to
contribute to the separation of the LrCP1 and -2 groups.
3.4. Bulk proteins: feature characterization
The barnacle bulk proteins show no sequence similarity to
other proteins in NCBI, and few conserved domains are
observed. KAF0304842.1 (AaGrCP1) and XP_037090570.1
(PpLrCP2) align with higher similarity than most of the bulk
proteins (E-value = 2 × 10−46, 59% identity), and both contain
a predicted C-type lectin domain (cd00037). KAF0312935.1
(AaGrCP2) and XP_037085159.1 (PpLrCP2) align with lower
similarity (E-value = 3 × 10−15, 35% similarity) and both con-
tain a predicted juvenile hormone-binding protein domain
(cl12117). Eight P. pollicipes proteins have predicted annota-
tions (XP_037068781.1, XP_037081766.1, XP_037073093.1,
XP_037093877.1, XP_037081111.1, XP_037078034.1,
XP_037079857.1, XP_037070787.1), but little support for these
were observed after blast analysis.



A
la

Se
r

G
ly

T
yr H
is

C
ys T
rp

M
et

Ph
e

Il
e

G
lu

A
sp

A
sn

G
ln

L
ys

T
hr

A
rg

L
eu Pr
o

V
al

XP_037072571.1

XP_037083878.1

PpCP52-2b

XP_037076579.1

XP_037081111.1

XP_037072930.1

XP_037072849.1

PpCP52-2a

PpCP52-3

PpCP43-1

PpCP43-2

PpCP19-3

PpCP19-1

PpCP19-2

XP_037072783.1

PpCP57-2

XP_037083579.1

PpCP52-1e

PpCP100

PpCP52-1d

PpCP52-1c

PpCP52-1b

PpCP52-1a

XP_037092049.1

PpCP105-2b

XP_037090570.1

PpCP34-like

XP_037085159.1

XP_037085598.1

XP_037087209.1

PpCP105-3

PpCP105-1b

PpCP105-1c

PpCP105-2a

PpCP105-1a

LrCP1

GrCP2

GrCP1

LrCP2

5 10 15 20

Figure 3. Heatmap of P. pollicipes bulk cement protein amino acid (AA) composition. Only glycine and leucine-enriched bulk cement proteins are included in this
analysis. Clustering is based on row means and shows distinct grouping of proteins based on amino acid enrichment. The two leucine-rich groups (LrCP1 and LrCP2)
glycine-rich proteins (GrCP1 and GrCP2) groups seen in A. amphitrite are apparent in this P. pollicipes analysis.

royalsocietypublishing.org/journal/rsob
Open

Biol.11:210142

8

Cement proteins are hypothesized to reach the surface inter-
face either via transport through a series of ducts after being
produced in cement glands [53–56] and/or secretion from a
layer of epithelial cells at the leading edge of the barnacle
base that also likely contribute to cuticle formation in acorn bar-
nacles, as the interface building process is complex and
intimately related to moulting [16,17]. Either way, the proteins
would be secreted from their origin cells and contain a signal
peptide sequence. Approximately 65% of the A. amphitrite
and 75% of the P. pollicipes bulk proteins contain predicted
signal peptides (table 1 and electronic supplementary material,
tables S1 and S4). The majority of the P. pollicipes bulk proteins
with no predicted signal peptide are PpCP105 familymembers.
No clear patterns for A. amphitrite bulk protein signal peptides
were observed as a function of family or amino acid category.

Finally, the potential for bulk protein glycosylation was
examined (figure 5). The number of predicted glycosylation
sites foroverall bulkproteins (figure5a) andcategories (figure5b)
is similar between species. Overall, approximately 40 N-linked
and >300 O-linked glycosylation sites are predicted for all bulk
proteins of each species. Both A. amphitrite and P. pollicipes
GrCP groups are predicted to have on average 10–15 O-linked
sites compared with fewer than four N-linked sites per protein.
LrCP groups are predicted to have an even lower number of
N- and O-linked sites per protein (less than five). The AaCrCP
group has a low number of predicted sites for either type of gly-
cosylation. The minor clusters of P. pollicipes bulk proteins that
show enrichment for either proline or threonine and valine
also have a high number of predicted O-linked (12–27) and a
low number of predictedN-linked (less than four) glycosylation
sites (data not shown), similar to the GrCP groups.

3.5. Pheromones
Two major types of pheromones have been characterized
in barnacles: the α-macroglobulin pheromones (settlement
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inducing protein complex: SIPC; MULTIFUNCin: Multi)
[57–59] and the waterborne settlement pheromones (WSP)
[60,61]. Both types have been identified in the adhesive of
A. amphitrite and P. pollicipes previously [33,35] and in this
study (figure 6).

In addition to serving as cues for juvenile settlement and
appearing in the adhesive of diverse marine invertebrates [7],
α2-macroglobulins are conserved actors of the innate immune
system that function to clear circulating proteases [62].
This molecular function relies on a set of specific conserved
domains (A2M_N, MG3, MG4, A2M_N_2, A2M, A2M_2/
Isopren_C2 and A2M_recep), where the A2M_N_2 domain
(pfam07703) serves as a bait region for cleavage by proteases.
Upon cleavage, α2-macroglobulins undergo a conformation
change where a thiol ester bond is formed between the
A2M_2 domain (cl08267) and the protease, resulting in a
cage-like entrapment and inactivation of multiple classes of
proteinases. The conformational change after cleavage also
exposes a conserved COOH-terminal receptor-binding
domain in the A2M_recep domain (pfam07677) which
targets the protein for degradation [63,64].
A distance tree of the α-macroglobulin pheromones
containing a specific conserveddomain (A2M_2/Isopren_C2_-
like, cl08267) shows that the proteins separate into four distinct
families (SIPC and Multi 1–3), with members from each
species clustering together (figure 6a). In the MS results, eight
separate A. amphitrite α-macroglobulin pheromones were
identified, although one SIPC entry contains a cluster of six
separate proteins. The major protein making up this cluster
(KAF0294116.1, 1450 amino acids) is similar to other reported
sequences of SIPC (AAR33079.1, 1547 amino acids, 90.74%
identity; AMR58954.1, 1533 amino acids, 90.32% identity). Of
the 14 total A. amphitrite α-macroglobulin protein sequences
identified, nine contained the A2M_2 domain. Twenty-two
individual P. pollicipes α-macroglobulin proteins were ident-
ified, but only 13 contained the A2M_2 domain and were
included in this analysis. Of the 22 A2M_2 domain containing
proteins from both species, nine have a predicted signal pep-
tide. The A. amphitrite and P. pollicipes A2M_2 domain α-
macroglobulins exhibit high sequence similarity to each other
(electronic supplementary material, table S4: E-value > 1 ×
10−175). The α-macroglobulin pheromones contain different
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combinations of approximately 10 predicted conserved
domains. Most of the A2M_2 domain containing proteins
also have A2M (pfam00207) and A2M_recep (pfam07677)
domains. The Multi-1 family—comprised of proteins from
both species—are all similar as they contain these three core
domains (along with one A2M_N_2 domain, pfam07703 in
XP_037083522.1), are approximately 700–1000 amino acids
long, and do not have predicted signal peptides. The Multi-2
and -3 proteins are more diverse and show little similarity
between the species beyond the three core domains. The
AaMulti-2 proteins do not contain the A2M domain (the
single PpMulti-2 protein does), but two contain a P-loop
domain (cl38936), not observed elsewhere among the α-macro-
globulin proteins. The Multi-2 proteins most consistently
contain A2M_N (pfam01835), MG3 (pfam17791) and
A2M_N_2 domains compared with all other α-macroglobulin
pheromones. AaMulti-3 contains only the three core domains,
with a reduced Isopren_C2_like domain, while the PpMulti-3
proteins are at least double the length and contain a combination
of other domains. The AaSIPC KAF0294116.1 structure is simi-
lar to six of the PpSIPC proteins. Some P. pollicipes α-
macroglobulin proteins contain YfaS (COG2373) and MG4
domains (pfam17789), which are not observed in the A. amphi-
trite α-macroglobulin proteins.

The relationship between the A. amphitrite and P. pollicipes
WSP proteins is dissimilar to the relationship of the α-macro-
globulin proteins (figure 6c). Here, the distance tree indicates
that the proteins separate by species rather than WSP family,
which could be indicative of the protein’s species-specific
recruitment activity. All WSP proteins are 178–265 amino
acids long, contain only cupin_RmlC-like domain (cl40423),
and all but one have predicted signal peptides. The WSP pro-
teins also have lower sequence similarity between the species
than the α-macroglobulin proteins (electronic supplementary
material, table S4: E-value = 1 × 10−48 – 1 × 10−75), but this
similarity is higher than that exhibited between many of the
bulk proteins.

As glycosylation of SIPC has been documented [65], the
predicted glycosylation patterns for all of the pheromones
were examined (figure 6d ). The WSP proteins have negligible
potential for glycosylation (less than three sites per protein),
while the α-macroglobulin proteins have higher levels
of potential glycosylation (eight N-linked and 19 O-linked
predicted sites per protein maximum). The locations of pre-
dicted N-glycosites for AaSIPC (KAF0294116.1) and PpSIPC
(XP_037083773.1) were compared to seven previously
predicted N-glycosites of A. amphitrite SIPC (AAR33079.1,
data not shown) [59]. The six AaSIPC N-glycosites aligned
exactly with those of AAR33079.1, while the region that con-
tains the seventh AAR33079.1 N-glycosite is missing in
AaSIPC. For PpSIPC, four of its eight total predicted N-glyco-
sites aligned with those of AAR33079.1. Generally, for all of
the α-macroglobulin proteins, the SIPC family for both species
have more potential N-linked sites than the MULTI proteins
families. Finally, PpMulti and AaSIPC contain more O-linked
sites than the PpSIPC and AaMulti proteins.

Family and species differences exist in the location of the
predicted glycosylation sites in relation to the conserved
domains (electronic supplementary material, table S5). The
Isopren_C2_like domain contains 1–3 predicted N-linked
sites in the SIPC and PpMulti-1 family members, but either
no or one O-linked site in the AaMulti-1 and Multi-2 and -3
families. The PpSIPC A2M domain contains 1–2 predicted
N-linked sites, while the AaSIPC family has no potential gly-
cosylation in this domain. The reverse pattern is seen for the
A2M_recep domain, where the AaSIPC proteins contain two
O-linked sites and the PpSIPC proteins contain almost none
(one N-linked site for one protein). Predicted glycosylation
sites exist for other domains, but the pattern is less clear.

3.6. Enzymes and protease inhibitors
Many of the identified adhesive proteins likely function as
enzymes or protease inhibitors. All of the 11 enzymes and 11
protease inhibitors in the A. amphitrite adhesive have a match-
ing partner in the P. pollicipes adhesive, but the converse is not
true: 12 of the 43 P. pollicipes enzymes and two of the 28 P. pol-
licipes protease inhibitors are unique. The enzymes identified in
the adhesive fall into 10 families with an array of potential
functions (table 2). Enzymes with potential oxidase (peroxi-
dases and lysyl oxidases) and serine protease functions are
found in both species, but more members of the peroxidases
(10 versus four) and serine proteases (22 versus five) are ident-
ified in P. pollicipes. In addition, several enzymes covering a
range of processes were identified in P. pollicipes and not in
the adhesive of A. amphitrite, including a cyclophilin and
enzymes involved in cellulose and chitin degradation (lytic
polysaccharide mono-oxygenase (LPMO), chitin deacetylase
and chitinase). Five classes of potential protease inhibitors
were identified: serine protease inhibitors (serpins, Kunitz
and pacifastin), peptidase inhibitors and cysteine protease
inhibitors. All types except for the pacifastin serine protease
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inhibitors (unique to P. pollicipes) were identified in both
species. More serpin and peptidase inhibitors were identified
inP. pollicipes (15 versus four andnine versus four, respectively).
The majority of members of protease inhibitor families have
predicted signal peptides for both species, although more of
the P. pollicipes than the A. amphitrite enzyme members do.

3.7. Homologous proteins
The remaining proteins that could not be classified as bulk
proteins, pheromones or enzymes are classified here as hom-
ologous proteins. These proteins have homologues seen in a
wider range of taxa than the bulk proteins, and many contain
predicted conserved domains that imply a biological function.
A. amphitrite has 13 and P. pollicipes has 23 homologous pro-
teins. Only one A. amphitrite (a mucin type protein) and three
P. pollicipes homologous proteins (putative defense, fasciclin
and c-type lectin proteins) are unique to their species.

The families and potential functions of the homologous
proteins identified in the adhesive are listed in table 3. The
homologous proteins form smaller families than the enzymes
and protease inhibitors, containing nomore than six members.
The majority of the homologous proteins also contain pre-
dicted signal peptides. The protein families can be further
grouped by potential functions. The hemocytin/mucin [66],
apolipophorin [67], vitellogenin [68], SVWC (single domain



Table 2. Enzyme and protease inhibitor families identified in the adhesive proteomes of A. amphitrite and P. pollicipes.

family # Aamp # Ppol conserved domains accession

peroxidase 4 (3) 10 (6) An_peroxidase pfam03098

lysyl Oxidase 2 (1) 2 (2) Lysyl_oxidase cl03127

SR smart00202

serine protease 5 (1) 22 (18) Tryp_SPc cd00190

CLIP_1 pfam18322

Tryp_SPc super family cl21584

cyclophilin 0 1 (1) cyclophilin super family cl00197

cellulase 0 1 (0) LPMO_10 pfam03067

chitin deacetylase 0 3 (3) CE4_CDA_like_1 cd10974

LDLa cd00112

CBM_14 pfam01607

chitinase 0 4 (3) CBM_14 pfam01607

GH18_chitinase-like super family cl10447

serine protease inhibitor (serpin) 4 (3) 15 (12) serpin cd00172

serpin super family cl38926

Asp super family Cl37951

serpin_crustaceans… cd19594

pacifastin serpin 0 1 (1) Pacifastin_I pfam05375

Kunitz serine protease inhibitor 2 (2) 1 (1) KU super family cl00101

peptidase inhibitor 4 (2) 9 (6) WAP PF00095

cysteine protease inhibitor 1 (1) 2 (1) Thyroglobulin_1 pfam00086

TY cd00191

TY super family cl00150

# Aamp & # Ppol: total number of proteins identified in each family for A. amphitrite and P. pollicipes and (the number of proteins with predicted signal
peptides); conserved domains and their accessions as identified via the NCBI Conserved Domains Database.
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von Willebrand factor type C) [69], putative defense protein
[70], C-type lectin [71] and CAP (cysteine-rich secretory pro-
teins, antigen 5 and pathogenesis-related 1 proteins) families
are all implicated in arthropod innate immunity by the pro-
motion of pathogen agglutination, although each protein
could also perform other biological functions, including lipid
transport involved with reproduction. The fasciclin [72]
family has a potential broad adhesion function, while the
remaining families likely function with a more specialized
binding capacity (proteoglycans: glycoprotein with carbo-
hydrate and calcium binding; annexin: phospholipid binding
[73]; acetylcholine receptor: acetylcholine binding; cuticle pro-
teins: chitin binding).

While many of the same types of homologous proteins are
observed in the adhesive proteome of both A. amphitrite and
P. pollicipes, the conserved domains and signal peptide presence
in some families differ between the species. The hemocytin pro-
teins of each species are predicted to have a variety of conserved
domains with most present in both species; the AaHemocytins
do not have a predicted signal peptide, while the PpHemocytin
protein does. The A. amphitrite proteins identified with a CAP
domain (cd05380; found in a wide array of proteins) also lack
a predicted signal peptide, while the P. pollicipes proteins have
one. In addition, the PpCAP proteins have an MAM super
family (meprin, A5 protein, and protein tyrosine phosphatase
Mu, cl27660) domain, which is an adhesive extracellular
domain found in transmembrane proteins [74]. Each species
has a protein with the predicted fasciclin domain (pfam02469;
involved in adhesion), though the AaFasciclin protein only
contains one, while the PpFasciclin contains four. The
P. pollicipesproteoglycan proteins contain a numberof immuno-
globulin-like and lipoprotein domains that are not present in
the A. amphitrite homologues. The annexin proteins in both
species contain four annexin domains (pfam00191; involved
in adhesion) with the PpAnnexin proteins containing an
additional CLIP_1 domain (pfam18322; interacts with serine
protease-like domains). Overall, the P. pollicipes homologous
proteins tend to have higher rates of predicted signal peptides
and more diverse conserved domains.

Analysis of the predicted glycosylation sites for the homolo-
gous protein families indicates that whilemany show low levels
of potential glycosylation, several have the potential for high
levels, including members of the hemocytin (N: 11;O: 68), apo-
lipophorin (N: 13;O: 9), proteoglycan (N: 23;O: 45) and annexin
(N: 3; O: 25) families. The number of predicted glycosylation
sites does not vary greatly between species.
4. Discussion
Barnacles have evolved a sessile existence dependent on their
ability to adhere to surfaces using a proteinaceous adhesive.



Table 3. Homologous protein families identified in the adhesive proteomes of A. amphitrite and P. pollicipes.

family # Aamp # Ppol putative function # N-glyco # O-glyco

hemocytin/mucin 4 (1) 1 (1) immunity 7; 11 68; 65

apolipophorin 1 (1) 3 (1) immunity 4; 13 7; 9

vitellogenin 2 (1) 1 (1) immunity 2; 9 4; 3

SVWC 1 (1) 1 (1) immunity 0; 1 0; 2

putative defense protein 0 1 (1) immunity NA; 0 NA; 4

C-type lectin 0 1 (1) immunity NA; 2 NA; 6

CAP 2 2 (2) immunity 1; 0 11; 7

fasciclin 1 2 (1) adhesion 3; 9 2; 4

proteoglycan 1 (1) 3 (2) glycoprotein 23; 3 40; 45

annexin 1 (1) 2 (2) phospholipid binding 3; 2 25; 19

acetylcholine receptor 1 (1) 1 (1) ligand binding 2; 1 0; 0

cuticle protein 1 (1) 6 (6) chitin binding 0; 1 0; 9

Family acronyms: SVWC, single-domain von Willebrand factor type C; CAP, cysteine-rich secretory proteins, antigen 5 and pathogenesis-related 1 proteins.
# Aamp & # Ppol: total number of proteins identified in each family for A. amphitrite and P. pollicipes and (the number of proteins with predicted signal
peptides).
# N-glyco & # O-glyco: the maximum number of predicted N- and O-linked glycosylation sites for each family; A. amphitrite #; P. pollicipes #.
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This adhesive does not rely on the same adhesion mechan-
isms described in other marine invertebrates [22,23].
Barnacle adhesive is composed of both novel proteins with-
out homology to non-Thoracican organisms and a number
of proteins with a predicted biological function that are
highly conserved. How these proteins contribute to adhesion
remains poorly understood. A more thorough characteriz-
ation of the proteins present in the adhesive across the
barnacle tree of life can provide valuable insight into how
the components of this robust adhesive have been both pre-
served and diversified during evolution. The development
of improved sample processing techniques for proteomics
analysis [33–35] and genomic assemblies for acorn [36] and
stalked (Ppol_2, RefSeq GCF_011947565.2) barnacles now
allow for more in-depth analyses that go beyond general
observations, enabling the comparison of proteins present at
the adhesive interface across species in unprecedented detail.

Early studies of barnacle adhesive relied on gel-based
analysis and led to the discovery of a handful of non-homolo-
gous proteins [10,23,30]. More recently, better breakdown of
the adhesive combined with MS analysis has revealed that
the adhesive is composed of potentially hundreds of proteins
[14,33–35], some of which are unique to barnacles while
others are not and likely participate in a number of biological
activities at the substrate interface, such as moulting, immu-
nity, conspecific communication and, broadly, adhesion.
Employment of various imaging and spectroscopic tech-
niques at the acorn barnacle substrate interface has revealed
a complex and dynamic area capable of clearing microbial
biofilms, preparing the surface for adhesion, and secretion
and delivery of the adhesive chemistries, all progressing
through a cyclic process of growth and expansion interrelated
with moulting [16,17,75,76].

One major advantage of having genomic rather than tran-
scriptomic-derived protein sequences is that complete coding
sequences allow for signal peptide analysis of the identified
proteins. This analysis provides more definitive characteriz-
ation of proteins involved in intracellular processes that are
most likely not present in the native adhesive and perhaps
introduced during sample collection. Our analysis reveals
many of the identified proteins that lack obvious intracellular
roles still do not contain signal peptides, raising the question
of whether proteins lacking a signal peptide that would facili-
tate their transport to the substrate interface are the result
of contamination or presented through a different means
during barnacle growth. We note that many cellular struc-
tural components, including actin, tubulin, myosin, etc.,
were identified in the P. pollicipes adhesive analysis but not
in A. amphitrite, which may indicate that the identified pro-
teins without signal peptides that do not have an attributed
intracellular role may be present in the native barnacle
adhesive. These proteins could be released from epithelial
cells known to be present along the acorn barnacle basal lead-
ing edge [17]. While the direct observation of such a cell layer
has not been noted at the leading edge of stalked barnacles,
its presence also cannot be ruled out. However these proteins
arrive in the adhesive, a critical issue is whether they perform
a function that contributes to either adhesion or to some other
activity at the interfacial region. It is noteworthy that some
enzymes, specifically oxidases, do appear to maintain their
function long after the adhesive is formed in A. amphitrite
[21], lending support to the idea that proteins present in the
adhesive can actively perform their biochemical function.

Many of the identified proteins can be associated with the
immune system. Arthropods possess an innate immune
system that functions by finding and destroying pathogens
through a variety of means, including lysis, agglutination, mel-
anization and phagocytosis [77]. The phenoloxidase cascade
can be activated by multiple prophenoloxidase activating fac-
tors, including serine proteases [78] and apolipophorins [67].
Hemocytin [66], vitellogenin [68], apolipophorin [79], single
domain von Willebrand factor type C [69] and C-type lectin
[71] proteins bind to carbohydrates found on pathogen cells
to initiate agglutination. Proteins involved with immunity
and wound healing also overlap with cuticle sclerotization
and have been associated with barnacle metamorphosis [80],
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but may have evolved novel adhesive roles in barnacles [20].
It is certainly possible that these proteins serve multiple func-
tions including the promotion of protein agglutination as the
adhesive interface expands.

The α-macroglobulin type pheromones, MULTIFUNCin
and SIPC, may also have evolved from ancestral immune
functioning α-macroglobulins [58]. α2-Macroglobulins clear
circulating proteases [62] and contain a set of specific con-
served domains which are present in various combinations
in the pheromones identified in the adhesive of P. pollicipes
and A. amphitrite. The extent of this modularity is greater in
the pheromones identified from the P. pollicipes adhesive
samples. Regions of AaSIPC have been shown to be impor-
tant for promoting and dissuading cyprid settlement [81] as
removal of 600 amino acids from the N-terminus, which cor-
responds to deletion or disruption of the A2M_N, MG3 and
A2M_N_2 domains, induced avoidance behaviour. Previous
research has also established that α-macroglobulin phero-
mones act as single proteins [59] or complexes [58]. The
potential number of α-macroglobulin pheromones with con-
served domain modularity combined with the possibility
that multiple smaller proteins could form complexes and
the added complexity of post-translation modification via
glycosylation all point to a highly complex and adaptable
protein-based pheromone communication that differs
between stalked and acorn barnacles.

Beyond proteins that either function in immunity or
sclerotization, several identified proteins suggest the poten-
tial for ligand binding or involvement in adhesion. Proteins
with extracellular acetylcholine receptor (AChR), fasciclin
and annexin domains were identified in both species, as
were several predicted proteoglycans. These proteins and
many others can be involved in extracellular matrix (ECM)
formation or remodelling, suggesting its presence in the
adhesive samples. The make-up of ECM includes large glyco-
proteins that polymerize to provide structure to the matrix, so
it is noteworthy that two of the P. pollicipes proteoglycans are
annotated as basement membrane-specific heparan sulfate
proteoglycans. Formation and remodelling of the ECM is con-
trolled by a diverse set of proteins, including some identified in
the present study that include AChR containing proteins [82],
fasciclin via integrin binding [72] and proteases that degrade
ECM connective tissue [83]. A cyclophilin identified here was
also noted in the proteomic analysis of a crayfish chitinous
ECM [84]. Since the cuticle is an extracellular matrix produced
by a layer of epithelial cells [85], the proteins described may be
important regulators in this region.

The chitinous ECM also likely plays an important role in
barnacle adhesion as adhesive proteins not only bind to the
substrate but either directly or indirectly interact with the
cuticle. As acorn barnacles grow, cells at the leading edge
release a number of biomacromolecules (including protein)
that are deposited at the leading edge of the barnacle base
and under the developing cuticle [17]. The folded cuticle,
created during a previous moult cycle, stretches flat and is
observed pulling the biomacromolecules across the substrate.
The old cuticle eventually tears, revealing a newly formed
cuticle ready for expansion. Stalked barnacles also have a
thick cuticle lining the base of the stalk [33]. The entire pro-
cess of moulting, from the formation of a new cuticle to the
breakdown of the old cuticle, is a dynamic process requiring
a number of enzymes and structural proteins. Proteins with
chitin-binding domains are integral components of the cuticle
[86] and were identified in the adhesives of both A. amphitrite
and P. pollicipes. Furthermore, oxidation plays an important
role during arthropod cuticular sclerotization [87], which
supports the identification of multiple oxidases in this
study. Multiple types of enzymes are involved in cuticular
degradation, including chitinases and serine proteases [88].
Proteomic analysis of the moulting fluid from the silk moth
Bombyx mori revealed that chitinases, serine proteases, pepti-
dases and protease inhibitors are important regulators of
moulting [89]. Here, all of these enzymes were identified in
the adhesive of both barnacle species with the exception of
chitinases, which were only identified in P. pollicipes. These
results provide further support for the idea that the adhesive
material of A. amphitrite and P. pollicipes collected for proteo-
mics analysis also contains cuticular material and suggests
that the interaction between the cuticle and the substrate
interface proteins is critical for the proper function of adult
barnacle permanent adhesive and, ultimately, survival of
the animal. This tracks with the observations of the cyprid
adhesive in acorn barnacles [90].

The non-homologous bulk proteins have garnered themost
scientific interest as they are thought to function as the actual
adhesive at the interface [8,23,51].While an in-depth discussion
of how each type of bulk protein (note: we are grouping
together proteins previously termed bulk and interfacial pro-
teins for simplicity [14]) could contribute to adhesion is
outside the scope of this work, this topic has been discussed
elsewhere [7,8,21,33]. In the current work, more unique bulk
proteins were identified in the adhesive proteome of A. amphi-
tritewithout homologues identified in the P. pollicipes genome.
Also, several of the A. amphitrite bulk protein families contain
more individually identified members. Stalked barnacles are
closer to the ancestral node than acorn barnacles on the barna-
cle tree of life [29], so these differences may be evidence of an
expansion of these specialized proteins in acorn barnacles.
Despite this, the amino acid composition and the potential
for glycosylation of the glycine and leucine-rich bulk proteins
show no clear differences between the species, suggesting
that certain properties of bulk proteins have been conserved
between acorn and stalked barnacles. Additionally, approxi-
mately 70% of the identified bulk proteins do have a
homologous partner in the adhesive proteome of the other
species, again supporting the extent of conservation between
these adhesive proteomes.

Using recently assembled genomes to re-examine the
adhesive proteome of representative stalked and acorn barna-
cles, this work represents a new level of analytical detail into
the make-up and comparison of barnacle adhesive. Our work
highlights the overall similarity in the types of proteins pre-
sent in the adhesive of these distantly related barnacles
while revealing that the largest differences between the
species exist in the specialized bulk proteins. These obser-
vations are especially striking given that these similarities
are being observed between a basal (P. pollicipes) and a
highly derived (A. amphitrite) barnacle species. As omic
sequencing continues to improve, both in the types of species
that are sequenced and the quality of the sequencing data,
this work provides a roadmap to reveal the fundamental bio-
molecular contributors to one of nature’s most robust marine
adhesives. Quantification of the amino acid composition of
the entire adhesive for each species [91] and the abundance
of each type of protein, as well as in vitro experiments exam-
ining species specific differences in fibril formation [18,19] or
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other traits are additional steps that will significantly contrib-
ute to understanding the role of bulk proteins in adhesion
and whether these proteins have become more specialized
across barnacle lineages. Finally, continued improvements
in sample preparation, for both gDNA/mRNA and proteins,
and the application of standard collection and sample proces-
sing methods to the adhesive from different species will
enhance the ability for direct comparison of different species,
highlighting both the similarities and interspecies differences
in the adhesive proteome.

Data accessibility. All raw mass spectrometry files associated with this
study are available externally at the ProteomeXchange Consortium
(Amphibalanus amphitrite: Sciex files: PXD012730; Oribtrap files:
PXD026105) or Mendeley Data (Pollicipes pollicipes: http://dx.doi.
org/10.17632/pgkf3mtb4m.1). All results files from MaxQuant are
included as electronic supplementary material, files S2–S6.

The data are provided in electronic supplementary material [92].

Authors’ contributions. J.N.S. conceived and planned the study and pro-
teomic analysis, performed all data analysis and wrote the
manuscript. W.J.H. provided bioinformatics support. C.M.S.,
W.J.H., K.W., C.S. and C.T. provided critical editing of the manu-
script. D.L. read the manuscript. K.W. and C.M.S. supervised the
effort. All authors contributed to the article and approved the sub-
mitted version.

Competing interests. The authors have no competing interests to declare.
Funding. Funding for this work was provided by internal Basic
Research and internal Karles Fellowship programmes at the US
Naval Research Laboratory.
Open
Biol.1
References
1:210142
1. Zardus JD, Lake DT, Frick MG, Rawson PD. 2014
Deconstructing an assemblage of ‘turtle’ barnacles:
species assignments and fickle fidelity in Chelonibia.
Mar. Biol. 161, 45–59. (doi:10.1007/s00227-013-
2312-7)

2. Kim HK, Chan BK, Kang C-B, Kim HW, Kim W. 2020
How do whale barnacles live on their hosts?
Functional morphology and mating-group sizes of
Coronula diadema (Linnaeus, 1767) and
Conchoderma auritum (Linnaeus, 1767) (Cirripedia:
Thoracicalcarea). J. Crust. Biol. 40, 808–824. (doi:10.
1093/jcbiol/ruaa075)

3. Anderson D. 1992 Structure, function and
phylogeny of coral-inhabiting barnacles (Cirripedia,
Balanoidea). Zool. J. Linn. Soc. 106, 277–339.
(doi:10.1111/j.1096-3642.1992.tb01249.x)

4. Walker G. 1972 The biochemical composition of the
cement of two barnacle species, Balanus hameri
and Balanus crenatus. J. Mar. Biol. Assoc. U.K. 52,
429–435. (doi:10.1017/S0025315400018786)

5. Ramsay DB, Dickinson GH, Orihuela B, Rittschof D,
Wahl KJ. 2008 Base plate mechanics of the barnacle
Balanus amphitrite (= Amphibalanus amphitrite).
Biofouling 24, 109–118. (doi:10.1080/
08927010701882112)

6. Hui C-Y, Long R, Wahl KJ, Everett RK. 2011
Barnacles resist removal by crack trapping. J. R. Soc.
Interface 8, 868–879. (doi:10.1098/rsif.2010.0567)

7. Davey PA et al. 2021 Omics-based molecular
analyses of adhesion by aquatic invertebrates. Biol.
Rev. Camb. Philos. Soc. 93, 1051–1075. (doi:10.
1111/brv.12691)

8. Kamino K. 2013 Mini-review: barnacle adhesives
and adhesion. Biofouling 29, 735–749. (doi:10.
1080/08927014.2013.800863)

9. Liang C, Strickland J, Ye Z, Wu W, Hu B, Rittschof D.
2019 Biochemistry of barnacle adhesion: an updated
review. Front. Mar. Sci. 6, 565. (doi:10.3389/fmars.
2019.00565)

10. Naldrett M, Kaplan D. 1997 Characterization of
barnacle (Balanus eburneus and B. cenatus)
adhesive proteins. Mar. Biol. 127, 629–635. (doi:10.
1007/s002270050053)

11. Naldrett MJ. 1993 The importance of sulphur cross-
links and hydrophobic interactions in the
polymerization of barnacle cement. J. Mar. Biol.
Assoc. U.K. 73, 689–702. (doi:10.1017/
S0025315400033221)

12. Kamino K, Nakano M, Kanai S. 2012 Significance of
the conformation of building blocks in curing of
barnacle underwater adhesive. FEBS J. 279,
1750–1760. (doi:10.1111/j.1742-4658.2012.
08552.x)

13. Jonker J-L, Abram F, Pires E, Coelho AV, Grunwald I,
Power AM. 2014 Adhesive proteins of stalked and
acorn barnacles display homology with low
sequence similarities. PLoS ONE 9, e108902. (doi:10.
1371/journal.pone.0108902)

14. So CR et al. 2016 Sequence basis of barnacle
cement nanostructure is defined by proteins with
silk homology. Sci. Rep. 6, 36 219. (doi:10.1038/
srep36219)

15. Barlow DE, Dickinson GH, Orihuela B, Kulp III JL,
Rittschof D, Wahl KJ. 2010 Characterization of
the adhesive plaque of the barnacle Balanus
amphitrite: amyloid-like nanofibrils are a major
component. Langmuir 26, 6549–6556. (doi:10.
1021/la9041309)

16. Burden DK, Spillmann CM, Everett RK, Barlow DE,
Orihuela B, Deschamps JR, Fears KP, Rittschof D,
Wahl KJ. 2014 Growth and development of the
barnacle Amphibalanus amphitrite: time and
spatially resolved structure and chemistry of the
base plate. Biofouling 30, 799–812. (doi:10.1080/
08927014.2014.930736)

17. Fears KP, Orihuela B, Rittschof D, Wahl KJ. 2018
Acorn barnacles secrete phase-separating fluid to
clear surfaces ahead of cement deposition. Adv. Sci.
2018, 1700762.

18. So CR et al. 2019 Molecular recognition of structures
is key in the polymerization of patterned barnacle
adhesive sequences. ACS Nano. 13, 5172–5183.
(doi:10.1021/acsnano.8b09194)

19. Estrella LA et al. 2020 Engineered Escherichia coli
biofilms produce adhesive nanomaterials shaped by
a patterned 43 kDa barnacle cement protein.
Biomacromolecules 8, 365–373. (doi:10.1021/acs.
biomac.0c01212)

20. Dickinson GH, Vega IE, Wahl KJ, Orihuela B, Beyley
V, Rodriguez EN, Everett RK, Bonaventura J,
Rittschof D. 2009 Barnacle cement: a polymerization
model based on evolutionary concepts. J. Exp. Biol.
212, 3499–3510. (doi:10.1242/jeb.029884)

21. So CR et al. 2017 Oxidase activity of the barnacle
adhesive interface involves peroxide-dependent
catechol oxidase and lysyl oxidase enzymes. ACS
Appl. Mater. Interfaces 9, 11 493–11 –505. (doi:10.
1021/acsami.7b01185)

22. Jonker JL, Von Byern J, Flammang P, Klepal W,
Power AM. 2012 Unusual adhesive production
system in the barnacle Lepas anatifera: an
ultrastructural and histochemical investigation.
J. Morphol. 273, 1377–1391. (doi:10.1002/jmor.
20067)

23. Kamino K, Odo S, Maruyama T. 1996 Cement
proteins of the acorn-barnacle, Megabalanus
rosa. Biol. Bull. 190, 403–409. (doi:10.2307/
1543033)

24. Chan BK et al. 2020 The evolutionary diversity of
barnacles, with an updated classification of fossil
and living forms. Zool. J. Linn. Soc. xx, 1–58.
(doi:10.1093/zoolinnean/zlaa160)

25. Molares J, Freire J. 2003 Development and
perspectives for community-based management of
the goose barnacle (Pollicipes pollicipes) fisheries in
Galicia (NW Spain). Fish. Res. 65, 485–492. (doi:10.
1016/j.fishres.2003.09.034)

26. Franco SC, Aldred N, Cruz T, Clare AS. 2016
Modulation of gregarious settlement of the
stalked barnacle, Pollicipes pollicipes: a laboratory
study. Sci. Mar. 80, 217–228. (doi:10.3989/scimar.
04342.01A)

27. Holm ER. 2012 Barnacles and biofouling. Int. Comp.
Biol. 52, 348–355. (doi:10.1093/icb/ics042)

28. Clare A, Aldred N. Surface colonisation by marine
organisms and its impact on antifouling research. In
Advances in marine antifouling coatings and
technologies (eds C Hellio, D Yebra), pp. 46–79.
Oxford, UK: Woodhead Publishers.

29. Ewers-Saucedo C, Owen CL, Pérez-Losada M, Høeg
JT, Glenner H, Chan BKK, Crandall KA. 2019 Towards
a barnacle tree of life: integrating diverse
phylogenetic efforts into a comprehensive
hypothesis of thecostracan evolution. PeerJ 7,
e7387. (doi:10.7717/peerj.7387)

http://dx.doi.org/10.17632/pgkf3mtb4m.1
http://dx.doi.org/10.17632/pgkf3mtb4m.1
http://dx.doi.org/10.17632/pgkf3mtb4m.1
http://dx.doi.org/10.1007/s00227-013-2312-7
http://dx.doi.org/10.1007/s00227-013-2312-7
http://dx.doi.org/10.1093/jcbiol/ruaa075
http://dx.doi.org/10.1093/jcbiol/ruaa075
http://dx.doi.org/10.1111/j.1096-3642.1992.tb01249.x
http://dx.doi.org/10.1017/S0025315400018786
http://dx.doi.org/10.1080/08927010701882112
http://dx.doi.org/10.1080/08927010701882112
http://dx.doi.org/10.1098/rsif.2010.0567
http://dx.doi.org/10.1111/brv.12691
http://dx.doi.org/10.1111/brv.12691
http://dx.doi.org/10.1080/08927014.2013.800863
http://dx.doi.org/10.1080/08927014.2013.800863
http://dx.doi.org/10.3389/fmars.2019.00565
http://dx.doi.org/10.3389/fmars.2019.00565
http://dx.doi.org/10.1007/s002270050053
http://dx.doi.org/10.1007/s002270050053
http://dx.doi.org/10.1017/S0025315400033221
http://dx.doi.org/10.1017/S0025315400033221
http://dx.doi.org/10.1111/j.1742-4658.2012.08552.x
http://dx.doi.org/10.1111/j.1742-4658.2012.08552.x
http://dx.doi.org/10.1371/journal.pone.0108902
http://dx.doi.org/10.1371/journal.pone.0108902
http://dx.doi.org/10.1038/srep36219
http://dx.doi.org/10.1038/srep36219
http://dx.doi.org/10.1021/la9041309
http://dx.doi.org/10.1021/la9041309
http://dx.doi.org/10.1080/08927014.2014.930736
http://dx.doi.org/10.1080/08927014.2014.930736
http://dx.doi.org/10.1021/acsnano.8b09194
http://dx.doi.org/10.1021/acs.biomac.0c01212
http://dx.doi.org/10.1021/acs.biomac.0c01212
http://dx.doi.org/10.1242/jeb.029884
http://dx.doi.org/10.1021/acsami.7b01185
http://dx.doi.org/10.1021/acsami.7b01185
http://dx.doi.org/10.1002/jmor.20067
http://dx.doi.org/10.1002/jmor.20067
http://dx.doi.org/10.2307/1543033
http://dx.doi.org/10.2307/1543033
http://dx.doi.org/10.1093/zoolinnean/zlaa160
http://dx.doi.org/10.1016/j.fishres.2003.09.034
http://dx.doi.org/10.1016/j.fishres.2003.09.034
http://dx.doi.org/10.3989/scimar.04342.01A
http://dx.doi.org/10.3989/scimar.04342.01A
http://dx.doi.org/10.1093/icb/ics042
http://dx.doi.org/10.7717/peerj.7387


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210142

16
30. Kamino K, Inoue K, Maruyama T, Takamatsu N,
Harayama S, Shizuri Y. 2000 Barnacle cement
proteins importance of disulfide bonds in their
insolubility. J. Biol. Chem. 275, 27 360–27 –365.
(doi:10.1016/S0021-9258(19)61519-X)

31. Wang Z et al. 2015 Molt-dependent transcriptomic
analysis of cement proteins in the barnacle
Amphibalanus amphitrite. BMC Genomics 16, 859.
(doi:10.1186/s12864-015-2076-1)

32. Machado AM, Sarropoulou E, Castro LFC,
Vasconcelos V, Cunha I. 2019 An important resource
for understanding bio-adhesion mechanisms:
cement gland transcriptomes of two goose
barnacles, Pollicipes pollicipes and Lepas anatifera
(Cirripedia, Thoracica). Mar. Genomics 45, 16–20.
(doi:10.1016/j.margen.2018.11.001)

33. Domínguez-Pérez D et al. 2020 The quantitative
proteome of the cement and adhesive gland of the
pedunculate barnacle, Pollicipes pollicipes.
Int. J. Mol. Sci. 21, 2524. (doi:10.3390/
ijms21072524)

34. Domínguez-Perez D et al. 2021 Proteogenomic
characterization of the cement and adhesive gland
of the pelagic gooseneck barnacle Lepas anatifera.
Int. J. Mol. Sci. 22, 3370. (doi:10.3390/
ijms22073370)

35. Schultzhaus JN, Dean SN, Leary DH, Hervey WJ,
Fears KP, Wahl KJ, Spillmann CM. 2019 Pressure
cycling technology for challenging proteomic
sample processing: application to barnacle adhesive.
Integr. Biol. 11, 235–247. (doi:10.1093/intbio/
zyz020)

36. Kim J-H, Kim H, Kim H, Chan BK, Kang S, Kim W.
2019 Draft genome assembly of a fouling barnacle,
Amphibalanus amphitrite (Darwin, 1854): the first
reference genome for Thecostraca. Front. Ecol. Evol.
7, 465. (doi:10.3389/fevo.2019.00465)

37. Rosenblad MA, Abramova A, Lind U, Ólason P,
Giacomello S, Nystedt B, Blomberg A. 2021 Genomic
characterization of the barnacle Balanus improvisus
reveals extreme nucleotide diversity in coding
regions. Mar. Biotechnol. 23, 1–15. (doi:10.1007/
s10126-021-10033-8)

38. Nunez JC et al. 2021 From tides to nucleotides:
genomic signatures of adaptation to environmental
heterogeneity in barnacles. Mol. Ecol. 00, 1–17.
(doi: 10.1111/mec.15949)

39. Jonker J-L, Morrison L, Lynch EP, Grunwald I, Von
Byern J, Power AM. 2015 The chemistry of stalked
barnacle adhesive (Lepas anatifera). Interface Focus.
5, 20140062. (doi:10.1098/rsfs.2014.0062)

40. Fears KP et al. 2019 Adhesion of acorn barnacles on
surface-active borate glasses. Phil. Trans. R. Soc. B
374, 20190203. (doi:10.1098/rstb.2019.0203)

41. Hervey WJ et al. 2009 Evaluation of affinity-tagged
protein expression strategies using local and global
isotope ratio measurements. J. Proteome Res. 8,
3675–3688. (doi:10.1021/pr801088f )

42. Vizcaíno JA et al. 2016 2016 Update of the PRIDE
database and its related tools. Nucleic Acids Res. 44,
D447–D456. (doi:10.1093/nar/gkv1145)

43. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ.
1990 Basic local alignment search tool. J. Mol.
Biol. 215, 403–410. (doi:10.1016/S0022-
2836(05)80360-2)

44. Lu S et al. 2020 CDD/SPARCLE: the conserved
domain database in 2020. Nucleic Acids Res. 48,
D265–D268. (doi:10.1093/nar/gkz991)

45. Gasteiger E, Gattiker A, Hoogland C, Ivanyi I, Appel
RD, Bairoch A. 2003 ExPASy: the proteomics server
for in-depth protein knowledge and analysis.
Nucleic Acids Res. 31, 3784–3788. (doi:10.1093/nar/
gkg563)

46. Wang D, Liu D, Yuchi J, He F, Jiang Y, Cai S, Li J, Xu
D. 2020 MusiteDeep: a deep-learning based
webserver for protein post-translational modification
site prediction and visualization. Nucleic Acids Res.
48, W140–W146. (doi:10.1093/nar/gkaa275)

47. R Core Team. 2018 R: a language and environment
for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing.

48. Warnes GR et al. 2009 gplots: various R
programming tools for plotting data. R package
version. 2, 1. https://CRAN.R-project.org/package=
gplots.

49. Kassambara A, Mundt F. 2017 Package ‘factoextra’.
https://CRAN.R-project.org/package=factoextra.

50. Wickham H. 2011 ggplot2. Wiley Interdiscip. Rev.
Comput. Stat. 3, 180–185. (doi:10.1002/wics.147)

51. Urushida Y, Nakano M, Matsuda S, Inoue N, Kanai S,
Kitamura N, Nishino T, Kamino K. 2007
Identification and functional characterization of a
novel barnacle cement protein. FEBS J. 274,
4336–4346. (doi:10.1111/j.1742-4658.2007.
05965.x)

52. Schultzhaus JN et al. 2020 Distribution of select
cement proteins in the acorn barnacle
Amphibalanus amphitrite. Front. Mar. Sci. 7,
586281. (doi:10.3389/fmars.2020.586281)

53. Lobo-Da-Cunha A, Alves Â, Oliveira E, Cunha I. 2017
The cement apparatus of the stalked barnacle
Pollicipes pollicipes. Mar. Biol. 164, 11. (doi:10.
1007/s00227-016-3047-z)

54. Power AM, Klepal W, Zheden V, Jonker J, McEvilly P, von
Byern J. 2010Mechanisms of adhesion in adult barnacles.
In Biological adhesive systems (eds J von Byern, I
Grunwald), pp. 153–168. Vienna, Austria: Springer.

55. Lacombe D, Liguori VR. 1969 Comparative
histological studies of the cement apparatus of
Lepas anatifera and Balanus tintinnabulum. Biol.
Bull. 137, 170–180. (doi:10.2307/1539940)

56. Lacombe D. 1970 A comparative study of the
cement glands in some balanid barnacles
(Cirripedia, Balanidae). Biol. Bull. 139, 164–179.
(doi:10.2307/1540134)

57. Matsumura K, Nagano M, Fusetani N. 1998
Purification of a larval settlement-inducing protein
complex (SIPC) of the barnacle, Balanus amphitrite.
J. Exp. Zool. A: Ecol. Genet. Physiol. 281, 12–20.
(doi:10.1002/(SICI)1097-010X(19980501)281:1<12::
AID-JEZ3>3.0.CO;2-F)

58. Ferrier G, Kim S, Kaddis C, Loo J, Ann ZC, Zimmer R.
2016 MULTIFUNCin: a multifunctional protein cue
induces habitat selection by, and predation on,
barnacles. Integr. Comp. Biol. 56, 901. (doi:10.1093/
icb/icw076)
59. Dreanno C, Matsumura K, Dohmae N, Takio K,
Hirota H, Kirby RR, Clare AS. 2006 An α2-
macroglobulin-like protein is the cue to gregarious
settlement of the barnacle Balanus amphitrite. Proc.
Natl. Acad. Sci. 103, 14 396–14 –401. (doi:10.
1073/pnas.0602763103)

60. Endo N, Nogata Y, Yoshimura E, Matsumura K. 2009
Purification and partial amino acid sequence
analysis of the larval settlement-inducing
pheromone from adult extracts of the barnacle,
Balanus amphitrite (= Amphibalanus amphitrite).
Biofouling 25, 429–434. (doi:10.1080/
08927010902875113)

61. Clare AS, Matsumura K. 2000 Nature and
perception of barnacle settlement pheromones.
Biofouling 15, 57–71. (doi:10.1080/0892701
0009386298)

62. Armstrong PB, Quigley JP. 1999 α2-Macroglobulin:
an evolutionarily conserved arm of the innate
immune system. Dev. Comp. Immunol. 23,
375–390. (doi:10.1016/S0145-305X(99)00018-X)

63. Enghild JJ, Thogersen IB, Roche PA, Pizzo SV. 1989
A conserved region in alpha-macroglobulins
participates in binding to the mammalian alpha-
macroglobulin receptor. Biochemistry 28,
1406–1412. (doi:10.1021/bi00429a069)

64. Van Leuven F, Cassiman J-J, Van Den Berghe H.
1986 Human pregnancy zone protein and alpha 2-
macroglobulin. High-affinity binding of complexes
to the same receptor on fibroblasts and
characterization by monoclonal antibodies. J. Biol.
Chem. 261, 16 622–16 –625. (doi:10.1016/S0021-
9258(18)66612-8)

65. Pagett HE et al. 2012 Structural characterisation of
the N-glycan moiety of the barnacle settlement-
inducing protein complex (SIPC). J. Exp. Biol. 215,
1192–1198. (doi:10.1242/jeb.063503)

66. Lesch C, Goto A, Lindgren M, Bidla G, Dushay MS,
Theopold U. 2007 A role for hemolectin in
coagulation and immunity in Drosophila
melanogaster. Dev. Comp. Immunol. 31, 1255–1263.
(doi:10.1016/j.dci.2007.03.012)

67. Cerenius L, Liang Z, Duvic B, Keyser P, Hellman U,
Palva ET, Iwanaga S, Söderhäll K. 1994 Structure
and biological activity of a 1,3-beta-D-glucan-
binding protein in crustacean blood. J. Biol. Chem.
269, 29 462–29 –467. (doi:10.1016/S0021-
9258(18)43902-6)

68. Zhang S, Wang S, Li H, Li L. 2011 Vitellogenin, a
multivalent sensor and an antimicrobial effector.
Int. J. Biochem. Cell Biol. 43, 303–305. (doi:10.
1016/j.biocel.2010.11.003)

69. Qin N, Sun H, Lu M, Wang J, Tang T, Liu F. 2020 A
single von Willebrand factor C-domain protein acts
as an extracellular pattern-recognition receptor in
the river prawn Macrobrachium nipponense. J. Biol.
Chem. 295, 10 468–10 –477. (doi:10.1074/jbc.
RA120.013270)

70. Bao Y-Y, Xue J, Wu W-J, Wang Y, Lv Z-Y, Zhang C-X.
2011 An immune-induced reeler protein is involved
in the Bombyx mori melanization cascade. Insect
Biochem. Mol. Biol. 41, 696–706. (doi:10.1016/j.
ibmb.2011.05.001)

http://dx.doi.org/10.1016/S0021-9258(19)61519-X
http://dx.doi.org/10.1186/s12864-015-2076-1
http://dx.doi.org/10.1016/j.margen.2018.11.001
http://dx.doi.org/10.3390/ijms21072524
http://dx.doi.org/10.3390/ijms21072524
http://dx.doi.org/10.3390/ijms22073370
http://dx.doi.org/10.3390/ijms22073370
http://dx.doi.org/10.1093/intbio/zyz020
http://dx.doi.org/10.1093/intbio/zyz020
http://dx.doi.org/10.3389/fevo.2019.00465
http://dx.doi.org/10.1007/s10126-021-10033-8
http://dx.doi.org/10.1007/s10126-021-10033-8
http://dx.doi.org/10.1111/mec.15949
http://dx.doi.org/10.1098/rsfs.2014.0062
http://dx.doi.org/10.1098/rstb.2019.0203
http://dx.doi.org/10.1021/pr801088f
http://dx.doi.org/10.1093/nar/gkv1145
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1093/nar/gkz991
http://dx.doi.org/10.1093/nar/gkg563
http://dx.doi.org/10.1093/nar/gkg563
http://dx.doi.org/10.1093/nar/gkaa275
https://CRAN.R-project.org/package=gplots
https://CRAN.R-project.org/package=gplots
https://CRAN.R-project.org/package=factoextra
http://dx.doi.org/10.1002/wics.147
http://dx.doi.org/10.1111/j.1742-4658.2007.05965.x
http://dx.doi.org/10.1111/j.1742-4658.2007.05965.x
http://dx.doi.org/10.3389/fmars.2020.586281
http://dx.doi.org/10.1007/s00227-016-3047-z
http://dx.doi.org/10.1007/s00227-016-3047-z
http://dx.doi.org/10.2307/1539940
http://dx.doi.org/10.2307/1540134
http://dx.doi.org/10.1002/(SICI)1097-010X(19980501)281:1%3C12::AID-JEZ3%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1097-010X(19980501)281:1%3C12::AID-JEZ3%3E3.0.CO;2-F
http://dx.doi.org/10.1093/icb/icw076
http://dx.doi.org/10.1093/icb/icw076
http://dx.doi.org/10.1073/pnas.0602763103
http://dx.doi.org/10.1073/pnas.0602763103
http://dx.doi.org/10.1080/08927010902875113
http://dx.doi.org/10.1080/08927010902875113
http://dx.doi.org/10.1080/08927010009386298
http://dx.doi.org/10.1080/08927010009386298
http://dx.doi.org/10.1016/S0145-305X(99)00018-X
http://dx.doi.org/10.1021/bi00429a069
http://dx.doi.org/10.1016/S0021-9258(18)66612-8
http://dx.doi.org/10.1016/S0021-9258(18)66612-8
http://dx.doi.org/10.1242/jeb.063503
http://dx.doi.org/10.1016/j.dci.2007.03.012
http://dx.doi.org/10.1016/S0021-9258(18)43902-6
http://dx.doi.org/10.1016/S0021-9258(18)43902-6
http://dx.doi.org/10.1016/j.biocel.2010.11.003
http://dx.doi.org/10.1016/j.biocel.2010.11.003
http://dx.doi.org/10.1074/jbc.RA120.013270
http://dx.doi.org/10.1074/jbc.RA120.013270
http://dx.doi.org/10.1016/j.ibmb.2011.05.001
http://dx.doi.org/10.1016/j.ibmb.2011.05.001


royalsocietypublishing.org/journal/rsob
Open

Biol.11:210142

17
71. Pees B, Yang W, Zárate-Potes A, Schulenburg H,
Dierking K. 2016 High innate immune specificity
through diversified C-type lectin-like domain
proteins in invertebrates. J. Innate Immun. 8,
129–142. (doi:10.1159/000441475)

72. Kawamoto T, Noshiro M, Shen M, Nakamasu K,
Hashimoto K, Kawashima-Ohya Y, Gotoh O,
Kato Y. 1998 Structural and phylogenetic
analyses of RGD-CAP/βig-h3, a fasciclin-like
adhesion protein expressed in chick chondrocytes1.
Biochim. Biophys. Acta (BBA)-Gene Struct.
Expr. 1395, 288–292. (doi:10.1016/S0167-
4781(97)00172-3)

73. Moss SE, Morgan RO. 2004 The annexins. Genome
Biol. 5, 1–8.

74. Beckmann G, Bork P. 1993 An adhesive domain
detected in functionally diverse receptors. Trends
Biochem. Sci. 18, 40–41. (doi:10.1016/0968-
0004(93)90049-S)

75. Burden DK, Barlow DE, Spillmann CM, Orihuela B,
Rittschof D, Everett RK, Wahl KJ. 2012 Barnacle
Balanus amphitrite adheres by a stepwise
cementing process. Langmuir 28, 13 364–13 372.
(doi:10.1021/la301695m)

76. Golden JP et al. 2016 Imaging active surface
processes in barnacle adhesive interfaces.
Langmuir 32, 541–550. (doi:10.1021/acs.langmuir.
5b03286)

77. Baxter RH, Contet A, Krueger K. 2017 Arthropod
innate immune systems and vector-borne diseases.
Biochemistry 56, 907–918. (doi:10.1021/acs.
biochem.6b00870)

78. Choo YM et al. 2010 Dual function of a bee venom
serine protease: prophenoloxidase-activating factor
in arthropods and fibrin(ogen)olytic enzyme in
mammals. PLoS ONE 5, e10393. (doi:10.1371/
journal.pone.0010393)

79. Cerenius L, Söderhäll K. 2004 The prophenoloxidase-
activating system in invertebrates. Immunol. Rev.
198, 116–126. (doi:10.1111/j.0105-2896.2004.
00116.x)

80. Essock-Burns T, Gohad NV, Orihuela B, Mount AS,
Spillmann CM, Wahl KJ, Rittschof D. 2017 Barnacle
biology before, during and after settlement and
metamorphosis: a study of the interface. J. Exp. Biol.
220, 194–207. (doi:10.1242/jeb.145094)

81. Kotsiri M, Protopapa M, Mouratidis S, Zachariadis M,
Vassilakos D, Kleidas I, Samiotaki M, Dedos SG. 2018
Should I stay or should I go? The settlement-
inducing protein complex guides barnacle
settlement decisions. J. Exp. Biol. 221, jeb.185348.
(doi:10.1242/jeb.185348)

82. Nguyen VT, Arredondo J, Chernyavsky AI, Kitajima Y,
Grando SA. 2003 Keratinocyte acetylcholine
receptors regulate cell adhesion. Life Sci. 72,
2081–2085. (doi:10.1016/S0024-3205(03)00087-0)

83. Decock J, Paridaens R, Cufer T. 2005 Proteases and
metastasis: clinical relevance nowadays? Curr. Opin.
Oncol. 17, 545–550. (doi:10.1097/01.cco.
0000180435.39614.63)

84. Glazer L, Roth Z, Weil S, Aflalo ED, Khalaila I, Sagi
A. 2015 Proteomic analysis of the crayfish gastrolith
chitinous extracellular matrix reveals putative
protein complexes and a central role for GAP 65.
J. Proteomics 128, 333–343. (doi:10.1016/j.jprot.
2015.08.016)

85. Moussian B. 2013 The arthropod cuticle. In
Arthropod biology and evolution (eds A. Minelli,
G. Boxshall, G. Fusco), pp. 171–196. Berlin,
Germany: Springer.
86. Willis JH. 2010 Structural cuticular proteins from
arthropods: annotation, nomenclature, and
sequence characteristics in the genomics era. Insect
Biochem. Mol. Biol. 40, 189–204. (doi:10.1016/j.
ibmb.2010.02.001)

87. Andersen SO. 2012 Cuticular sclerotization and
tanning. In Insect molecular biology and
biochemistry (ed. L Gilbert), pp. 167–192.
Cambridge, MA: Academic Press.

88. Wei Z, Yin Y, Zhang B, Wang Z, Peng G, Cao Y, Xia
Y. 2007 Cloning of a novel protease required for the
molting of Locusta migratoria manilensis. Dev.
Growth Differ. 49, 611–621. (doi:10.1111/j.1440-
169X.2007.00957.x)

89. Liu H-W, Wang L-L, Tang X, Dong Z-M, Guo P-C,
Zhao D-C, Xia Q-Y, Zhao P. 2018 Proteomic analysis
of Bombyx mori molting fluid: insights into the
molting process. J. Proteomics 173, 115–125.
(doi:10.1016/j.jprot.2017.11.027)

90. Aldred N, San Chan VB, Emami K, Okano K, Clare
AS, Mount AS. 2020 Chitin is a functional
component of the larval adhesive of barnacles.
Comm. Biol. 3, 1–8. (doi:10.1038/s42003-020-
0751-5)

91. Engel B, Suppan J, Nürnberger S, Power AM,
Marchetti-Deschmann M. 2021 Revisiting amino
acid analyses for bioadhesives including a direct
comparison of tick attachment cement
(Dermacentor marginatus) and barnacle cement
(Lepas anatifera). Int. J. Adhes. Adhes. 105,
102 798. (doi:10.1016/j.ijadhadh.2020.102798)

92. Schultzhaus JN, Hervey WJ, Taitt CR, So CR, Leary
DH, Wahl KJ, Spillmann CM. 2021 Comparative
analysis of stalked and acorn barnacle adhesive
proteomes. FigShare.

http://dx.doi.org/10.1159/000441475
http://dx.doi.org/10.1016/S0167-4781(97)00172-3
http://dx.doi.org/10.1016/S0167-4781(97)00172-3
http://dx.doi.org/10.1016/0968-0004(93)90049-S
http://dx.doi.org/10.1016/0968-0004(93)90049-S
http://dx.doi.org/10.1021/la301695m
http://dx.doi.org/10.1021/acs.langmuir.5b03286
http://dx.doi.org/10.1021/acs.langmuir.5b03286
http://dx.doi.org/10.1021/acs.biochem.6b00870
http://dx.doi.org/10.1021/acs.biochem.6b00870
http://dx.doi.org/10.1371/journal.pone.0010393
http://dx.doi.org/10.1371/journal.pone.0010393
http://dx.doi.org/10.1111/j.0105-2896.2004.00116.x
http://dx.doi.org/10.1111/j.0105-2896.2004.00116.x
http://dx.doi.org/10.1242/jeb.145094
http://dx.doi.org/10.1242/jeb.185348
http://dx.doi.org/10.1016/S0024-3205(03)00087-0
http://dx.doi.org/10.1097/01.cco.0000180435.39614.63
http://dx.doi.org/10.1097/01.cco.0000180435.39614.63
http://dx.doi.org/10.1016/j.jprot.2015.08.016
http://dx.doi.org/10.1016/j.jprot.2015.08.016
http://dx.doi.org/10.1016/j.ibmb.2010.02.001
http://dx.doi.org/10.1016/j.ibmb.2010.02.001
http://dx.doi.org/10.1111/j.1440-169X.2007.00957.x
http://dx.doi.org/10.1111/j.1440-169X.2007.00957.x
http://dx.doi.org/10.1016/j.jprot.2017.11.027
http://dx.doi.org/10.1038/s42003-020-0751-5
http://dx.doi.org/10.1038/s42003-020-0751-5
http://dx.doi.org/10.1016/j.ijadhadh.2020.102798

	Comparative analysis of stalked and acorn barnacle adhesive proteomes
	Introduction
	Methods
	Mass spectrometry analysis of A. amphitrite adhesive
	Mass spectrometry analysis of P. pollicipes adhesive
	Data analysis
	Sequence analysis

	Results
	Bulk proteins: overview
	Bulk proteins: families
	Bulk proteins: amino acid composition
	Bulk proteins: feature characterization
	Pheromones
	Enzymes and protease inhibitors
	Homologous proteins

	Discussion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


