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Chapter 11
Identification of Barnacle Shell Proteins 
by Transcriptome and Proteomic  
Approaches

Yue Him Wong, Noriaki Ozaki, Wei-Pang Zhang, Jin Sun, Erina Yoshimura, 
Mieko Oguro-Okano, Yasuyuki Nogata, Hsiu-Chin Lin, Benny K. K. Chan, 
Pei-Yuan Qian, and Keiju Okano

Abstract In barnacle shell, the calcified shell layer is laid on top of the epicuticle. 
Here, we report our strategy and some preliminary results on the identification of 
potential shell proteins of the barnacle Megabalanus rosa. At first, M. rosa proteins 
from acid-soluble and acid-insoluble shell extracts were subjected to proteomic 
analysis and searched against M. rosa complete transcriptome. Then using the infor-
mation that the calcified shell is formed just after the  larval-adult molt, juvenile 
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differentially expressed genes against larval stages were screened. Sixty secretory 
protein sequences were identified as primary candidates of M. rosa shell proteins, 
among which 37 are novel proteins.

Keywords Barnacle · Shell formation · Transcriptome · Proteomics

11.1  Introduction

Thoracican barnacles produce a heavily calcified shell that, unlike their crustacean 
relatives, does not shed away (Walley 1969). The calcified shell offers physical 
protection against predators and wave actions (Astachov et al. 2011). The shell also 
enables barnacles to prevent desiccation in the intertidal region.

The calcified shell plates produced by the subtidal thoracican barnacle 
Megabalanus rosa are composed of the operculum plates (OPs), the lateral wall 
plates (WPs), and the basal shell plate (BP) (Fig. 11.1). OPs consist of two pairs of 
shell plates, namely, terga and scuta. These are movable plates that serve as the shut-
ter of the soft body. M. rosa produces four pairs of WPs, which are the major shell 
plates that protect the interior soft body from mechanical impact. BP is the calcified 
shell plate at the bottom of the barnacle, separating the barnacle soft body from the 
rock substratum surface. Hence, each of these plates has different functions. Details 
of barnacle shell anatomy can be found in Chan et al. (2009).

Obviously, it is important to understand what molecules are involved in the for-
mation of these shell structures. Matsubara et al. (2008) isolated two C-type lectin 
proteins BRA-2 and BRA-3 from the regenerating M. rosa shell. Zhang et al. (2015) 
reported a list of acid-soluble shell proteins, including carbonic anhydrase and an 
aspartic acid-rich partial protein sequence from the intertidal barnacle Amphibalanus 
amphitrite. The aspartic acid-rich partial protein, however, has shown no sequence 
homology to the molluscan Asprich shell protein family (Gotliv et  al. 2005), 

Fig. 11.1 The thoracican barnacle Megabalanus rosa and a schemetic drawing of the adult shell 
structure. (a) 2-month M. rosa juvenile, with cirri reaching out from its calcified shell for feeding 
on planktons. (b) A schemetic drawing of M. rosa shell structure. M. rosa shell composes of the 
operculum plates (OPs), the wall plates (WPs), and a basal plate (BP)
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 suggesting that aspartic acid-rich proteins in barnacles and mollusks have indepen-
dently evolved.

In this study, we used M. rosa as the study model for barnacle shell formation. 
We present an integrated transcriptomic and proteomic approach for the identifica-
tion of barnacle shell protein candidates.

11.2  Material and Methods

11.2.1  M. rosa and Its Larval Culture Construction

Adult individuals of M. rosa were obtained in the Oga Peninsula, Akita, Japan, 
from the bouy deployed by local fishermen. Upon arriving the lab, the M. rosa 
individuals were maintained in a 20 °C aquarium until being sampled. Larval sam-
ples were prepared at Central Research Institute of Electric Power Industry, accord-
ing to Yoshimura et al. (2006a, b).

11.2.2  Transcriptome Data Analysis

The details of the preparation of M. rosa Illumina transcriptome will be reported 
elsewhere. The  M. rosa transcriptome assembly covered various larval stages, 
attached larvae, metamorphosing larvae, 1-day and 3-day-old juveniles, and adult 
tissues. The transcriptome data were mainly assembled using Trinity v2.3.2 
(Grabherr et al. 2011). But we soon discovered that Trinity failed to resolve highly 
repetitive tandem repeat structures often found among potential shell protein tran-
scripts, owing to the use of fixed short kmer length (kmer = 25 bp). Therefore, we 
switched to a multiple kmer strategy, in which the Illumina read data were assem-
bled using Transabyss v1.6.3 (Robertson et al. 2010) with kmer size ranging from 
21 to 161 bp, for every 10 bp. These assemblies were then merged using the script 
Transabyss-merge. Transcript abundance estimation was performed using the soft-
ware RSEM (Li and Dewey 2011). The levels of transcript expression were normal-
ized according to coverage and then converted to the relative expression levels in 
FPKM values. Differential expression analysis was performed using the software 
edgeR (Robinson et al. 2010).

11.2.3  Preparation of Shell-Soluble and Shell-Insoluble 
Fractions

To extract shell proteins, the mineralized shell plates, namely, OPs, WPs, and BP as 
described above, were subjected to acid decalcification. After removing the pro-
mosa (all soft body parts) from the shell, OPs, WPs, and BP were then cleaned by 
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10% bleach solution (household bleach) for 3  days, with daily exchange of the 
bleach solution. After bleaching, the shell plates were washed with distilled water 
extensively and then dried in freeze drier for 1 day. The dried shell plates were then 
crushed into fine powder smaller than 110 μm (filtered by a mesh filter). Altogether, 
20 M. rosa specimens (integument diameter ranging from 2 to 5 cm) were being 
sacrificed. Then, around 12 g of OP powder, 20 g of WP powder, and 20 g of BP 
powder were independently decalcified by 10% acetic acid overnight in 4 °C. By 
4000 × g centrifugation, the supernatants, which represent the acid-soluble fractions 
(ASF), and the pellets, which represent the acid-insoluble fractions (AIF) of OP, 
WP, and BP, were separated. Acetic acid in the  ASF of OP, WP, and BP was 
exchanged with Milli-Q water by dialysis (6–8 kDa dialysis membrane). Proteins in 
the ASFs were then concentrated by 3  kDa cutoff centrifugal filtering device 
(Amicon Ultra, Millipore). After removal of lipids by methanol-chloroform precipi-
tation, purified ASF protein samples were redissolved in 40 μl 2 M thiourea. To 
extract proteins from AIF, Milli-Q water-washed insoluble pellets from OP, WP, and 
BP were treated with 1 ml of 8 M urea for 1 h at room temperature. The retrieved 
solubilized AIFs were then subjected to methanol-chloroform precipitation. The 
purified AIF proteins were redissolved in 40 μl 2 M thiourea. ASF and AIF protein 
samples were then loaded onto a 4–20% SDS-PAGE gradient gel. The gel was sub-
sequently stained with Coomassie Brilliant Blue G-250.

11.2.4  In-Gel Digestion, LC-MS/MS Analysis, and Protein 
Identification

The AIF and ASF samples from OPs, WPs, and BP were divided into nine size frac-
tions and independently retrieved for in-gel digestion. Destaining, reduction, alkyla-
tion, in-gel digestion, and the final peptide digest retrieval were performed as in Sun 
et al. (2012), except that 1 μg of trypsin (sequencing grade) dissolved in 100 μl of 
10 mM of triethylammonium bicarbonate was applied to the gel pieces from each 
sample; standard shotgun proteomics techniques were used to analyze the samples 
on a Thermo Scientific LTQ VelosTM platform (Thermo Fisher Scientific, Bremen, 
Germany). Operation details of the LC-MS/MS can refer to Zhang et al. (2014). 
Identification of protein was performed using MASCOT search engine (v2.3.02), 
with the parameter setting the same as in Zhang et al. (2014). The transcriptome 
data generated from M. rosa (method and sample details mentioned above) were in 
silico translated to a protein database using Transdecoder v.3.0.3 (Haas and 
Papanicolaou 2016), with minimum length of the open reading frame set at 100 
amino acid. Decoy sequences consisting of shuffled protein sequences for each of 
the proteins were concatenated to the original protein database to generate a target- 
decoy database for protein identification.

Y. H. Wong et al.
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11.2.5  Analysis of M. rosa Shell Protein Candidates

The identified protein sequences were analyzed for the presence of N-terminal sig-
nal sequence using SignalP server 4.1 (Nielsen 2017), followed by manual correc-
tion. The identified proteins with N-terminal signal peptide were then selected and 
categorized based on their annotation status.

11.3  Results and Discussion

11.3.1  Development of Shell Formation in M. rosa Juvenile

Figure 11.2a shows the life cycle of thoracican barnacles including M. rosa. M. rosa 
larvae are in general encased in chitinous cuticles. They do not produce any calci-
fied shell structure at any larval stage. Formation of calcium carbonate shell occurs 
only after post-settlement metamorphosis, that is, the transition of a cypris larva into 
a juvenile barnacle. This means that the genes responsible for barnacle shell forma-
tion start to be expressed during metamorphosis and in the early juvenile stage. As 
shown in Fig. 11.2b, in M. rosa, the progression of calcification was the most obvi-
ous at the first 5 days of juvenile development. At 5 days after metamorphosis, all 
shell plates are completely nontransparent, indicating these shell plates are all 
mineralized.

11.3.2  Identification of Proteins in M. rosa Shell Extract

In total, 431 translated protein sequences (Fig. 11.3a) from all the 6 samples, that is, 
the AIF and ASF of BP/OPs/WPs, were identified using the translated protein data-
base generated from the multiple kmer Transabyss pipeline (contains 35,998 trans-
lated nonredundant protein sequences).

11.3.3  Filtering Shell Proteome Data with Transcriptome 
Analysis

We noticed that, among the 431 identified translated protein sequences identi-
fied from all the shell samples, ovary proteins such as vitellogenin were detected 
(Fig.  11.3a), indicating that the shell plate samples were contaminated by ovary 
tissue, and bleaching obviously was not effective in removing all of these ovary 
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proteins stuck to the shell during sampling. From our preliminary SEM and EDX 
analyses, we have observed that at the juvenile stage, shell material is being actively 
synthesized. We therefore selected the identified proteins whose transcripts were 
four-folds (16 times) more highly expressed in the juvenile stages than in the larval 
stages (FDR <0.001). This criterion filtered out 349 proteins, leaving 82 relevant 
shell proteins, among which 60 contain a signal peptide (Fig.  11.3b). With the 
juvenile- specific expression pattern and the presence of signal peptide as the crite-
ria, the list of identified shell protein candidates became much smaller yet specific. 
Among the 60 shell protein candidates, some of them were implicated in shell for-
mation in other systems, including carbonic anhydrase, C-type lectin domain pro-
tein, and chitin-binding domain proteins (Miyamoto et al. 1996; Suzuki et al. 2007; 
Joubert et al. 2010). In addition, 37 unknown/novel proteins were also discovered, 
and these proteins are now under our major investigation. Our results clearly 

Fig. 11.2 Life cycle of M. rosa and the development of young juvenile. (a) The barnacle spawned 
as nauplius larva, which undergoes four successive molts and then transforms into a cypris larva. 
The cypris larva actively searches for an appropriate substratum and will then fully commit to 
settlement, which involves attachment of the larval body onto the substratum by cement secretion, 
and metamorphosis, which involves ecdysis of the cyprid body molt. The soft newly metamor-
phosed juvenile soon begins to feed on planktons using the cirri and develops into an adult barna-
cle, protected by calcified shells. (b) Development of young juvenile. The 0 day juvenile, that is, 
the stage when ecdysis was just completed. Five days after completion of metamorphosis, the 
juvenile has developed mineralized shell plates
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indicate that our transcriptome-based filtering method, that is, to filter the shell pro-
teome data with the corresponding transcript expression patterns, is an excellent 
pipeline for the purpose of relevant shell protein identification.
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