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Abstract
Molluscan shells are composed of calcium carbonates, with small amounts of extracellular matrices secreted from mantle 
epithelial cells. Many types of shell matrix proteins (SMPs) have been identified from molluscan shells or mantle cells. The 
pen shell Atrina pectinata (Pinnidae) has two different shell microstructures, the nacreous and prismatic layers. Nacreous 
and prismatic layer-specific matrix proteins have been reported in Pteriidae bivalves, but remain unclear in Pinnidae. We 
performed transcriptome analysis using the mantle cells of A. pectinata to screen the candidate transcripts involved in its 
prismatic layer formation. We found Asprich and nine highly conserved prismatic layer-specific SMPs encoding transcript 
in P. fucata, P. margaritifera, and P. maxima (Tyrosinase, Chitinase, EGF-like proteins, Fibronectin, valine-rich proteins, 
and prismatic uncharacterized shell protein 2 [PUSP2]) using molecular phylogenetic analysis or multiple alignment. We 
confirmed these genes were expressed in the epithelial cells of the mantle edge (outer surface of the outer fold) and the mantle 
pallium. Phylogenetic character mapping of these SMPs was used to infer a possible evolutionary scenario of them in Pterio-
morphia. EGF-like proteins, Fibronectin, and valine-rich proteins encoding genes each evolved in the linage leading to four 
Pteriomorphia (Mytilidae, Pinnidae, Ostreidae, and Pteriidae), PUSP2 evolved in the linage leading to three Pteriomorphia 
families (Pinnidae, Ostreidae, and Pteriidae), and chitinase was independently evolved as SMPs in Mytilidae and in other 
Pteriomorphia (Pinnidae, Ostreidae, and Pteriidae). Our results provide a new dataset for A. pectinata SMP annotation, and 
a basis for understanding the evolution of prismatic layer formation in bivalves.
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Introduction

Mollusks are among the most diverse phyla; they have 
evolved several ancient shell forms since the Cambrian. 
Mollusk shells are composed of calcium carbonates (arago-
nite or calcite) and extracellular matrix components such as 
polysaccharides, proteins, and glycoproteins (Levi-Kalisman 
et al. 2001). These extracellular matrix materials are incor-
porated into or form scaffolds around crystals, and are there-
fore involved in crystal morphology, polymorphism, nuclea-
tion, or growth orientation (Belcher et al. 1996). The recent 
development of high-throughput DNA sequencing and mass 
spectrometry techniques has facilitated the identification 
of many skeletal matrix proteins from calcified organisms 
such as corals, mollusks, brachiopods, and sea urchins (e.g., 
Ramos-Silva et al. 2013; Marie et al. 2010; Jackson et al. 
2015; Mann et al. 2008), some of which have demonstrated 
rapid evolution (e.g., Jackson et al. 2006). Although their 
skeletons are composed of different crystal polymorphs and/
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or microstructures, some skeletal matrix proteins share the 
same functional domains (e.g., von Willebrand factor type 
A, chitin-binding domain, or carbonic anhydrase) across 
these metazoans (Jackson et al. 2010; Marie et al. 2012, 
2013, 2017; Zhang et al. 2012; Luo et al. 2015; Shimizu 
et al. 2019; Zhao et al. 2018).

The pen shell Atrina pectinata (Pinnidae) is a large ben-
thic bivalve (shell length ≤ 30 cm) that is widely distributed 
in tidal and sub-tidal environments from subtropical to tropi-
cal regions. Its large posterior adductor muscles or other soft 
parts such as the mantle and foot are commercially impor-
tant as fisheries resources, especially in Asian countries. The 
shell of A. pectinata has two layers, composed of calcium 
carbonate polymorphs; the outer prismatic layer contains 
calcite, and the inner nacreous layer contains aragonite 
(Nudelman et al. 2007; Okumura et al. 2012). These lay-
ers are also present in pearl oysters; for example, Pinctada 
fucata is a model mollusk species for biomineralization dur-
ing nacreous and prismatic layer formation. However the 
prismatic structure in A. pectinata is strictly different from 
that in P. fucata (Okumura et al. 2012) (Fig. 1). The pris-
matic layer in A. pectinata consists of a monolithic single 
crystal and the crystal defects are not observed. On the other 
hand, that in P. fucata has a large variance of lattice spacing 
and subgrain structure that is formed from the arrangements 
of organic macromolecules and contains the crystal defects 
(Okumura et al. 2012; Kintsu et al. 2017). Although these 
differences were probably caused by differences of their 
matrix proteins, it has not been reported their differences yet.

Many shell matrix proteins (SMPs) have been reported 
in P. fucata and other Pinctada species; previous studies 
have shown that SMPs differ between the nacreous and 
prismatic layers (Suzuki and Nagasawa 2013). For example, 
N16/Pearlin and Pif were first isolated from the nacreous 
layer of P. fucata (Samata et al. 1999; Suzuki et al. 2009; 
Suzuki 2020). These SMPs have been found in the nacreous 
layer in P. margaritifera and P. maxima (Kono et al. 2000; 

Montagnani et al. 2011; Suzuki et al. 2013, 2017), but not 
in the prismatic layer of either species (Marie et al. 2012). 
Other SMPs including chitinase have been found only in the 
prismatic layer in P. margaritifera, P. maxima, and P. fucata 
(Marie et al. 2012; Kintsu et al. 2017; Zhao et al. 2018). 
Interestingly, some nacreous or prismatic layer-specific 
SMPs have been identified in freshwater pearl oysters (Marie 
et al. 2017). These findings suggest that differences among 
shell structures and/or calcium carbonate polymorphs are 
produced by specific SMPs secreted by mantle epithelial 
cells in spatially different parts of the shell (Thompson 
et al. 2000; Marie et al. 2012). Although many SMPs were 
reported from the family Pteriidae including genus Pinctada, 
only three SMPs (Asprich, Caspartin, and Calprismin) were 
reported from the family Pinnidae including genus Atrina 
and Pinna (Gotliv et al. 2005; Marin et al. 2005). Asprich 
identified from the mantle tissue in A. rigida consists of 
many aspartic acid residues (Gotliv et al. 2005) like Aspein 
in P. fucata (Takeuchi et al. 2016b). The partial amino acid 
sequences of casprismin and caspartin were identified from 
the prismatic layer of Pinna nobilis (Marin et al. 2005). Cas-
prismin is glycosylated protein and comprise of a pattern of 
four cysteine residues (CX6CX13CX6C). Caspartin consists 
of many aspartic acid residues at the first 75N-terminus and 
involves in the inhibition of the precipitation of calcium car-
bonate (Marin et al. 2005). The whole amino acid sequences 
of these proteins have not been revealed yet. It has not been 
conducted the transcriptome analysis using the mantle tis-
sue to screen the candidate biomineralization genes in the 
family Pinnidae yet.

In this study, we focused on the prismatic layer of the 
pen shell A. pectinata and analyzed transcriptome sequences 
using the outer part of the mantle tissues corresponding to 
the prismatic layer. We first searched the prismatic layer-
related transcripts previously reported in in the family Pin-
nidae (Asprich, Caspartin, and Calprismin). To understand 
the universality of the prismatic layer-related SMPs between 

Fig. 1   Phylogeny of four 
Pteriomorphia models and the 
prismatic layer in A. pectinata 
and P. fucata 
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the A. pectinata and the pearl oysters, we searched for the 
highly conserved prismatic layer-related transcripts previ-
ously reported in three kinds of pearl oysters (P. fucata, P. 
margaritifera, and P. maxima). We also performed mul-
tiple alignment analysis and/or molecular phylogenetic 
analysis and annotated 7 candidate transcripts that probably 
involve in the prismatic layer formation (Asprich, Tyrosi-
nase, Calcification-related Chitinase [CR-CN], EGF-like 
proteins [EGF-like 1 and EGF-like 2], Calcification-related 
Fibronectin [CR-FN], prismatic uncharacterized shell pro-
tein 2 [PUSP2]) from A. pectinata. These conserved proteins 
in the prismatic layers of the pearl oysters may play impor-
tant roles in the prismatic layer formation or calcite crystal-
lization in A. pectinata, as reported in P. margaritifera, P. 
maxima, and P. fucata.

Materials and Methods

RNA Extraction and Transcriptome Analysis

We bought adults of the pen shell A. pectinata (shell length 
is over 25 cm) from Tsukiji market (Tokyo, Japan). To 
extract total RNA, 50 ~ 100 mg of mantle tissues (mixed 
mantle edge and pallium) was dissected from three individu-
als, and Sepasol®-RNA I (1 ml) was added to each sample. 
After homogenizing samples for 5 min, 0.2 ml of chloro-
form was added to precipitate the proteins in each sample. 
The sample was centrifuged at 19,000×g for 15 min at 4 °C, 
and the supernatant was mixed with 0.5 ml 2-propanol to 
precipitate total RNA. After centrifugation at 19,000×g 
for 10 min at 4 °C, the supernatant was collected and 75% 
ethanol (1 ml) was added to remove salt. The samples were 
centrifuged at 19,000×g for 5 min at 4 °C and the super-
natant was removed, and then finally total RNA was dis-
solved to distilled water. The concentration of total RNA 
was assessed by the absorbance at 260 nm. Before the RNA 
library preparation, we checked the quality of total RNA 
sample by Agilent 2100 Bioanalyzer (Agilent Technology, 
California, USA), and the mRNA sample was enriched from 
total RNA using oligo (dT) beads. We then prepared 150 bp 
RNA libraries from 1 µg of mRNA sample using NEBNext 
UltraRNA Library Prep Kit (E7350L, Illumina, California, 
USA), and performed 150-base pair-end sequencing using 
NovaSeq 6000 (Illumina). Low-quality reads (base qual-
ity is less than 20) were removed from raw read data. Only 
high-quality paired end reads were assembled with Trinity 
v2.5.1 (Grabherr et al. 2011; Haas et al. 2013). Hierarchi-
cal clustering was performed based on multiple mapping 
events and expression pattern and removed redundance with 
CORSET (Davison and Oshlack 2014). We chose the longest 
transcripts of each cluster as unigenes. We mapped the tran-
scripts for each of the reads back to the de novo assembled 

sequence by RSEM (Li and Dewey 2011) and calculated 
the number of fragments per kilobase of exon per million 
mapped reads (FPKM) of each transcript. Quality of the 
assembled sequences was calculated by the BUSCO v2/v3 
(Simão et al. 2015) using metazoan dataset implemented in 
gVolante (ver. 1.2.1) web server (Nishimura et al. 2017, https​
://gvola​nte.riken​.jp/index​.html, last accessed November 14, 
2020). Coding sequence (CDS) prediction was conducted 
two ways, and about 65% of unigenes (40,111/61,263) 
were translated from nucleotide sequences to amino acid 
sequences. CDS was extracted from unigene sequences 
and translated into peptide sequences based on the stand-
ard codon table when we found the similar sequences from 
the non-redundant protein sequence database (NR) of NCBI 
(http://blast​.ncbi.nlm.nih.gov, last accessed November 14, 
2020) and Swiss-Prot database (https​://www.unipr​ot.org, last 
accessed November 14, 2020) by BLAST. Unigenes with 
no hit in BLAST were analyzed with ESTScan (3.0.3) (Iseli 
et al. 1999) to predict their CDS. These shot-gun raw read 
sequences and assembly sequences are available in the DNA 
Data Bank of Japan (Sequence Read Archive: DRR209159, 
BioProject: PRJDB9333, BioSample: SAMD00206368, 
TSA: ICPQ01000001-ICPQ01061263).

Gene Functional Annotation

To find similar sequences to unigenes and CDS, we per-
formed Diamond (v0.8.22) search using non-redundant 
protein sequence databases (NR) of NCBI (http://blast​.ncbi.
nlm.nih.gov, last accessed February 14, 2020, the e-value 
threshold is 1.0e−5), or Swiss-Prot database (https​://www.
unipr​ot.org, last accessed February 14, 2020, the e-value 
threshold is 1.0e−5). Results from NR and Swiss-Prot 
searches were integrated to Blast2Go v2.5 (Götz et al. 2008). 
We then performed gene function and pathway classification 
using Ontology (GO) terms (e-value thresholds are 1.0e−6).

Prediction of Prismatic Layer‑Related Transcripts 
in A. pectinata

We first searched the similar transcripts of A. pectinata 
to the previous known acidic protein Asprich in A. rigida 
(Gotliv et al. 2005) using BLASTP program. A multiple 
sequence alignment was performed with the online version 
of MAFFT (v7.310; http://mafft​.cbrc.jp/align​ment/serve​r/
index​, last accessed February 14, 2020; Katoh et al. 2002) 
using whole part of amino acid sequences. We then searched 
the similar transcripts of A. pectinata to 25 prismatic layer-
related SMPs (12 gene groups) in P. fucata that are highly 
conserved among other pearl oysters P. margaritifera and 
P. maxima using BLASTP program (e-value < 1.0e−10). 
We searched the signal peptide and the structural domains 
by SignalP (Petersen et al. 2011) and Pfam protein domain 

https://gvolante.riken.jp/index.html
https://gvolante.riken.jp/index.html
http://blast.ncbi.nlm.nih.gov
https://www.uniprot.org
http://blast.ncbi.nlm.nih.gov
http://blast.ncbi.nlm.nih.gov
https://www.uniprot.org
https://www.uniprot.org
http://mafft.cbrc.jp/alignment/server/index
http://mafft.cbrc.jp/alignment/server/index
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search (https​://pfam.xfam.org, last accessed February 14, 
2020 Finn et al. 2016,), respectively. Multiple sequence 
alignments were performed with the online version of 
MAFFT (v7.310; http://mafft​.cbrc.jp/align​ment/serve​r/
index​, last accessed February 14, 2020; Katoh et al. 2002), 
and these sequences were trimmed by TrimAl (1.2rev59) 
(Capella-Gutiérrez et al. 2009). We chose the best-fit amino 
acid substitution model using MEGA (v5.1) (Tamura et al. 
2011) and maximum likelihood trees with 100 bootstrap 
replications were constructed with the online version of 
RAxML (Stamatakis 2014).

cDNA Synthesis and Gene Cloning

Synthesis of cDNA was conducted from 1 µg of total RNA 
using Prime Script RT reagent kit (#RR037A, Takara, 
Tokyo, Japan) according the manufacturer’s protocol. Partial 
sequences of nine target genes of A. pectinata (ApeAsprich, 
ApeCR-CN1, ApeCR-CN2, ApeEGF-like 1, ApeEGF-like 2, 
ApeCR-FN, ApeMP10, ApeAlveolin, and ApePUSP2) were 
amplified with PCR using specific primers designed with 
reference to transcriptome data (Supplementary Table S1). 
These PCR amplicons were purified by the QIAquick PCR 
Purification Kit (#28104, Qiagen, Hilden, Germany) and 
were ligated into the pGEM-T easy vectors using a DNA 
ligation kit (#A1360, Promega). The vectors were then trans-
formed to the competent Escherichia coli BL21 cells. Inserts 
of the vectors were sequenced by ABI3130 (Applied Bio-
systems, CA) with the standard protocols using T7 and SP6 
primers, and nucleotide sequences of them (ApeAsprich, 
ApeCR-CN1, ApeCR-CN2, ApeEGF-like 1, ApeEGF-like 
2, ApeCR-FN, ApeMP10, ApeAlveolin, and ApePUSP2) 
are available in the DNA Data Bank of Japan (LC574994-
LC575002) (Supplementary Table S1).

Probe Synthesis and Section in situ Hybridization

Fragments amplified using T7 and SP6 primers were puri-
fied by the QIAquick PCR Purification Kit (#28104, Qia-
gen). Antisense probes were synthesized using DIG RNA 
labeling Mix (#11277073910, Roche), 10 mM Dithiothreitol 
(DTT), RNase ribonuclease inhibitor (#SIN201, Toyobo), 
T7 or SP6 RNA polymerase with 1X transcription buffer 
(#10881767001 or #10810274001, Roche), and purified 
PCR products (500 ng per reaction) according to manufac-
turer’s protocol. Probe synthesis reactions were performed 
at 37 °C for at least 3 h and then treated with DNase I 
(#M6101, Promega) at 37 °C for 1 h. Synthesized probes 
were purified using NucAway spin columns (#AM10070, 
Thermo Fisher Scientific) and stored at − 20 °C.

Adult mantle tissues of A. pectinata were fixed with 
fixation buffer (4% paraformaldehyde, 0.5 M NaCl, 0.1 M 
MOPS, and 2 mM EGTA) overnight at 4 °C. After washing 

with PBS, samples were dehydrated with a gradual series 
of ethanol/PBS (30/70, 50/50, 80/20) for 10 min each at 
20 °C and stored in 80% ethanol at − 20 °C. Samples were 
rehydrated with PBS, followed by the replacement with 
a gradual series of sucrose/PBS (5/95, 10/90, 15/85) for 
15 min each at 20 °C and with 30% sucrose in PBS for 
overnight at 4 °C. Removing excess 30% sucrose solu-
tion, samples were mounted in cryomolds with frozen 
section compound (FSC 22, Leica) and were immediately 
frozen in -80 °C freezer for overnight. Sections (thickness 
is 20 µm) were prepared with the cryosection (CM1900, 
Leica) and put on the MAS-coated microscope slides 
(#MAS02, Matsunami Glass IND. LTD., Osaka, Japan). 
Slides were dried at 20 °C for at least 1 h and stored in the 
sealed box at − 20 °C until staining.

The slides were dried at 20 °C for at least 1 h and washed 
twice with PBS for 5 min each. After treatment with Pro-
teinase K (1 µg/ml in PBS) at 20 °C for 10 min, slides were 
quickly washed three times with PBS and immediately fixed 
with fixation buffer (4% PFA in PBS) for 30 min. Samples 
were treated with 0.1 M triethanolamine (TEA) (pH 8.0) for 
5 min. Slides were acetylated twice with 0.25% (v/v) acetic 
anhydride in 0.1 M TEA for 5 min each and then washed 
twice with PBS for 5 min each. Pre-hybridization was con-
ducted with pre-hybridization buffer (50% formamide, 5x 
SSC, 5 mM EDTA) at 55 °C for 1 h. Solution was replaced 
with hybridization buffer (50% formamide, 5x SSC, 5 mM 
EDTA, 100 μg /ml Torula RNA, 100 μg/ml Heparin, 0.1% 
Tween-20) containing the RNA probes (final concentration: 
0.5–1 ng/μl) and it was preheated at 80 °C for 10 min and 
hybridized overnight at 55 °C.

Excess probes were removed by washing with pre-hybrid-
ization buffer at 55 °C for 10 min and then washed with a 
gradual series of wash buffer (2x SSC with 0.1% Tween-
20, 0.2x SSC with 0.1% Tween-20, 0.05x SSC with 0.1% 
Tween-20) for 30 min each at 55 °C. Two washes in maleic 
acid buffer (MAB) pH 7.5 were performed at 20 °C for 
5 min each. Blocking was performed with blocking buffer 
(2% blocking reagent Roche, 11096176001) and 0.1% sheep 
serum for 1 h, and then slides were treated with antibody 
solution (1:1500 dilution of anti-Digoxigenin-AP Fab frag-
ments in blocking buffer; Roche, 11093274910) overnight 
at 4 °C.

Excess antibody was removed by washing three times 
with MAB at 20 °C for 20 min each and replaced solution 
with alkaline phosphatase buffer (0.1 M Tris pH 9.5, 0.1 M 
NaCl, 0.1% Tween-20) for 10 min. Color development with 
NBT/BCIP was conducted with NBT/BCIP detection buffer 
(0.1 M Tris pH 9.5, 0.1 M NaCl, 50 mM MgCl2, 10% N,N-
dimethylformamide [DMF], 2% NBT/BCIP stock solution; 
Roche, 11681451001) in the dark. Color development was 
stopped by washing with PBT, and samples were fixed with 
4% PFA in PBS for 1 h at 20 °C. Three washes in PBS were 

https://pfam.xfam.org
http://mafft.cbrc.jp/alignment/server/index
http://mafft.cbrc.jp/alignment/server/index
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performed for 5 min each, and slides were mounted with 
80% glycerol.

Results and Discussion

Gene Complement and Annotation

After removing low-quality reads, we obtained 81,287,282 
reads and 111,987 transcripts by de novo transcriptome 
assembly using the Trinity software. After filtering and 
clustering using the Corset software (Davison and Oshlack 
2014), we obtained 62,275 contigs and 61,263 unigenes. The 
final assembly unigenes ranged from 201 to 13,685 bases, 
with an average length of 1,107 bases. Among the clean 
reads, 81.33% were successfully mapped back to the fil-
tered de novo transcriptome, and 92.33% of core (universal 
single-copy orthologous) metazoan genes were completely 
or partially detected from 61,263 unigenes (Supplementary 
Table S2). Thus, the quality of the filtered de novo tran-
scriptome was sufficient for transcriptome data analysis. 
BLASTX search results indicated that 23,263 (37.97%) and 
17,742 (28.96%) unigenes were similar to known proteins 
in the NCBI nr protein database and Swiss-Prot database, 
respectively, using a cutoff e-value of 1e-5 (Supplementary 
Tables S3 and S4). The gene functions of 21,035 unigenes 
(90.4% and 34.34% of annotated and total unigenes, respec-
tively) were predicted using Gene Ontology (GO) terms, 
which were classified into three groups: biological process 
(BP), cellular component (CC), and molecular function 
(MF) (Supplementary Fig. S1, Table S5). The most common 
major BPs were cellular, metabolic, and single-organism 
processes (Supplementary Fig. S1), and the most common 
MF was binding (GO:0005488) and/or catalytic activity 
(Supplementary Fig. S1).

Identification of the Candidate Prismatic Layer SMPs 
Encoding Transcripts in A. pectinata

We first identified the previous known three SMPs iden-
tified from Pinnidae (Asprich, Caspartin, and Calprismin) 
and only found Asprich from A. pectinata. We then seek to 
find highly conserved prismatic layer SMPs from three kinds 
of pearl oysters P. fucata, P. margaritifera, and P. maxima 
using BLASTP program. We found at least 25 prismatic 
layer SMPs were conserved among them (Supplementary 
Table S6). We then searched similar sequence of these 
conserved SMP through the transcriptome data of A. pecti-
nata; 17 of 25 prismatic layer SMPs were identified (e-val-
ues < 1.0e−10) (Fig. 2, Supplementary Table S6). These pro-
teins were classified into eight groups: tyrosinase, chitinase, 
EGF-like proteins (EGF-like), fibronectin, V-rich proteins, 
and prism uncharacterized protein 2 (PUSP2) (Fig. 2). We 
further performed molecular phylogenetic analysis and gene 
expression analysis, focusing on these conserved prismatic 
layer SMPs.

Asprich

Some acidic shell matrix proteins (MSP1, Aspein, Asprich, 
Caspartin, Pif and MPP1) that are composed of many acidic 
residues (aspartic acid and glutamic acid) have been identi-
fied from mollusks shells (Sarashina and Endo 2001; Tsu-
kamoto et al. 2004; Gotliv et al. 2005; Marin et al. 2005; 
Samata et al. 2008; Suzuki et al. 2009). For example, Aspein 
was first identified as an acidic SMP in P. fucata (Tsukamoto 
et al. 2004). This acidic protein is found in many aspar-
tic acids (60.41% of a full-length PfuAspein, except for a 
signal peptide region) and is among the most acidic SMPs 
in mollusks (Tsukamoto et al. 2004). Homologs of aspein 
have been isolated from other Pteriidae species including 
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P. maxima, P. penguin, and Isognomon perna (Isowa et al. 
2012). Expression analysis and in vivo crystallization exper-
iments have shown that aspein plays important roles in cal-
cite formation in the prismatic layer (Takeuchi et al. 2008). 
Although Pteriidae species are closely related, their amino 
acid sequences are diverse (Isowa et al. 2012). The acidic 
protein Asprich is similar to aspein, found in A. rigida (Ari-
Asprich), where it is present only in the prismatic layer (Got-
liv et al. 2005). We found the transcript Asprich (Ape_Clus-
ter-22716.14618) from A. pectinata (ApeAsprich), which 
is similar to AriAsprich (A. rigida), in the transcriptome of 
a closely related species (A. pectinata). This result demon-
strates the good quality of our transcriptome de novo assem-
bly for feature analysis, since Asprich contains many repeat 
sequences. However it is difficult to compare ApeAsprich 
with the C-terminus of AriAsprich, because Ape_Clus-
ter-22716.14618 is a partial sequence (Fig. 3). We thus 
amplified the full length of Aspein sequence by PCR with 
specific primers and compared it with AriAspein. ApeAs-
pein contained signal peptides and the polyaspartic acid 
domain (D-domain), like AriAsprich (Gotliv et al. 2005) or 
aspein (Tsukamoto et al. 2004; Isowa et al. 2012); however, 
we did not find DEAD repeats, which may have Mg-binding 
capabilities (Fig. 3). The sequences around the D-domain of 
ApeAsprich showed wide variation compared with those of 
the closely related species A. rigida, although their signal 
peptides were completely conserved. Some SMPs contain 
partially similar sequences, including some specific domains 
that interact with proteins or other organic substances such 
as chitin among mollusks (Marie et al. 2011). However, 
some acidic amino acid-rich sequences that interact with 
calcium carbonate crystals can show greater diversity than 
specific domains, such as C-terminal amino acid sequences 
of Pif in P. fucata (Suzuki et al. 2013; Suzuki and Nagasawa 
2013). Our results support this hypothesis, suggesting that 
the molecular evolution of acidic proteins like Asprich is 
faster than that of other proteins.

Tyrosinase

Tyrosinase is a copper-containing enzyme that catalyzes 
hydroxylation of monophenols and oxidation of o-diphe-
nols. Many tyrosinases have been reported as SMPs in 
mollusk species (Nagai et  al. 2007; Zhang et  al. 2012; 
Liao et al. 2015). Tyrosinase is a well-conserved domain 
among mollusk SMPs (Shimizu et al. 2019). Tyrosinases 
are also involved in pigmentation, similar to melanisation 
(Naraoka et al. 2003; Liao et al. 2015), and periostracum 
formation (Sánchez-Ferrer et al. 1995; Zhang et al. 2006). 
Interestingly, the tyrosinase gene family has expanded in 
mollusks (Aguilera et al. 2014) and members of this fam-
ily have independently evolved as SMPs in several taxa 
(Aguilera et al. 2014; Shimizu et al. 2019). We identified 

15 transcripts containing tyrosinase domains (PF00264) 
from the A. pectinata transcriptome by BLASTP program 
(e-values < 1.0e−10) (Supplementary Fig. S3). Phylogenetic 
analysis using whole part of amino acid sequences showed 
that tyrosinases were diverse in A. pectinata and expressed 
in mantle tissues, but did not form a clade with shell-related 
tyrosinases of the bivalves C. gigas, P. fucata, P. margari-
tifera, and P. maxima with high bootstrap support (≥ 50%) 
(Fig. 4) (Nagai et al. 2007; Marie et al. 2012; Zhang et al. 
2012; Zhao et al. 2018). These results demonstrate the dif-
ficulty of examining biomineralization-related tyrosinases 
in A. pectinata without proteome analysis.

Chitinase

Many mollusk shells are composed of chitin, which is an 
extracellular matrix component that plays important roles in 
organic framework formation (Schonitzer and Weiss 2007; 
Suzuki et al. 2007). Chitinase catalyzes chitin degrada-
tion. Like other SMPs, Chitinase containing the glycoside 
hydrolase family 18 (GH18) domain (PF00704) has been 
identified in mollusk shells (Marie et al. 2012; Yonezawa 
et al. 2016; Kintsu et al. 2017; Zhao et al. 2018). Functional 
analyses using allosamidin, which is a chemical inhibitor of 
GH18 chitinase, showed that chitinolytic enzymes control 
the thickness of organic layers on shell surfaces in the pond 
snail Lymnaea stagnalis (Yonezawa et al. 2016) or the fine 
control of prismatic layer microstructure construction in P. 
fucata (Kintsu et al. 2017). We found 15 transcripts with 
sequences similar to Chitinase (PfuClp1, PfuClp3, PfuPU2, 
and PfuPNU3) containing the GH18 domain in the A. pec-
tinata transcriptome by BLASTP program (Supplementary 
Fig. S3). Molecular phylogenetic analysis using whole 
part of amino acid sequences showed that two transcripts 
(Ape_Cluster-22716.11152 and Ape_Cluster-22716.15449) 
formed well-supported clusters with calcification-related 
chitinase protein 1 and 2 (CR-CN1 and CR-CN2) identi-
fied from Pinctada prismatic shell layers (Marie et al. 2012; 
Kintsu et al. 2017; Zhao et al. 2018) (Fig. 5). These results 
suggest that Ape_Cluster-22716.11152 (ApeCR-CN1) and 
Ape_Cluster-22716.15449 (ApeCR-CN2) correlate with 
prismatic layer microstructure formation as in P. fucata 
(Kintsu et al. 2017).

EGF‑like Proteins

EGF-like domain-containing proteins have been reported as 
SMP in bivalves (Marie et al. 2011, 2012; Liu et al. 2015; 
Gao et al. 2015; Zhao et al. 2018; Iwamoto et al. 2020). 
All of them were identified from calcite structures including 
prismatic layer, fibrous prismatic layer, and chalky layer. 
We found three transcripts (Ape_Cluster-22716.12182, 
Ape_Cluster-22716.16837, Ape_Cluster-22716.12019) 
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with sequences similar to EGF-like protein (PfuPU12) in 
the A. pectinata transcriptome by BLASTP program (e-val-
ues < 1.0e−10) (Fig. 6a). All of them have two EGF-like 

domains in the N-terminal region. We then conducted phy-
logenetic analysis using EGF-like proteins from three kinds 
of pearl oysters, P. fucata, P. margaritifera, and P. maxima, 

Fig. 3   Alignment of Asprich. 
Alignment of the amino acid 
sequences of ApeAsprich (A. 
pectinata) and seven Ari-
Asprichs (A. rigida). Blue 
characters indicate aspartic acid 
(D) residues. Red and orange 
boxes indicate signal peptide 
and DEAD repeat region, 
respectively. ‘*’Indicates 
positions which have a single, 
fully conserved residue. ‘:’ and 
‘.’ indicate that ‘strong’ and 
‘weak’ similar groups are fully 
conserved, respectively (Color 
figure online)
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the pacific oyster, C. gigas, and the limpet, L. gigantea. The 
result of the molecular phylogenetic analysis using whole 
part of amino acid sequences showed that EGF-like pro-
teins separated two groups; Ape_Cluster-22716.16837 
(ApeEGF-like-1) formed a monophyletic group with other 
bivalves EGF-like-1 proteins (Fig.  6b), and Ape_Clus-
ter-22716.12182 (ApeEGF-like-2) formed a sister clade 
with other bivalves EGF-like-2 proteins including PfuPU12 
(Fig.  6b). These results suggest that ApeEGF-like-1 

(Ape_Cluster-22716.16837) and ApeEGF-like-2 (Ape_
Cluster-22716.12182) probably involve in prismatic layer 
formation or calcite aggregation as in C. gigas (Iwamoto 
et al. 2020).

Fibronectin‑like Proteins

Fibronectin proteins containing some fibronectin type 3 
(FN3) domains have been reported as SMPs in bivalves 
(Marie et al. 2011, 2012; Liu et al. 2015; Gao et al. 2015; 
Zhao et al. 2018). In human, it has been known that FN 
proteins have calcium-binding ability (Amphlett and Hrinda 
1983) and involves in calcium oxalate crystal growth inhi-
bition and aggregation (Khamchun et al. 2019). Although 
three or more Calcification-related Fibronectin-like proteins 
(CR-FN) were identified as SMPs from each species includ-
ing three kinds of pearl oysters, P. fucata, P. margaritifera, 
and P. maxima and the pacific oyster, C. gigas, their evolu-
tionary processes were unknown. We found two transcripts 
(Ape_Cluster-22716.3775 and Ape_Cluster-11531.0) with 
sequences similar to CR-FN proteins (PfuPU3, PU5, PU15, 
and PU16) in the A. pectinata transcriptome by BLASTP 
program (e-values < 1.0e−10) (Fig.  7a). Ape_Clus-
ter-22716.3775 contains four FN3 domains, and Ape_Clus-
ter-11531.0 contains three FN3 domains and two immuno-
globulin I-set domains (Fig. 7a). The result of phylogenetic 
analysis using whole part of amino acid sequences showed 
that Ape_Cluster-22716.3775 (ApeCR-FN) formed a mono-
phyletic group with other bivalves CR-FN proteins except 
for PfuPU16 and PmaxFN1 (Fig. 7b). This result suggests 
that the duplications of CR-FN proteins were independently 
occurred several in the pacific oyster C. gigas and the com-
mon ancestor of three kinds of pearl oysters (P. fucata, P. 
margaritifera, and P. maxima). These results suggest that 
Ape_Cluster-22716.3775 (ApeCR-CN) probably inter-
acts with calcium ion and involves in the prismatic layer 
formation.

Valine‑Rich Proteins (MP10 and Alveolin‑like 
Protein)

Valine-rich protein encoding gene called PFMP10 was 
first isolated from the mantle of the pearl oyster P. fucata 
(Liu et al. 2007), and later MP10 was identified as SMP 
from the prismatic layers of P. fucata, P. margaritifera, and 
P. maxima (Marie et al. 2012; Liu et al. 2007; Zhao et al. 
2018). Marie et al. (2012) also found other valine-rich pro-
tein called Alveolin-like protein from the prismatic layers 
of P. margaritifera and P. maxima. MP10 and Alveolin-like 
proteins were the second and the third abundant prismatic 
layer SMPs in P. margaritifera (Marie et al. 2012). These 
two valine-rich proteins MP10 and Alveolin-like encoding 
genes were tandemly arranged in the same scaffold of P. 
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Fig. 4   Phylogeny of Tyrosinase in mollusks. The maximum like-
lihood tree was inferred from 115 tyrosinase amino acid sequences 
under the LG + Г model (170 positions, 100 bootstrap replicates). 
Bootstrap support values < 50% are not shown. Black circles on nodes 
indicate high bootstrap values (≥ 70%) and white circles indicate 
medium bootstrap values (50 ~ 70%). Branch lengths are proportional 
to the expected number of substitutions per site, as indicated by the 
scale bar. Red, blue, and green circles indicate proteins that have 
been identified as SMPs from nacreous, prismatic layers, and whole 
shells of C. gigas, respectively. Ape, Atrina pectinata; Cgi, Crassos-
trea gigas; Hsa, Homo sapiens; Lgi, Lottia gigantea; Mmu: Mus mus-
culus; Nve, Nematostella vectensis; Pfu, Pinctada fucata. Pmarg, P. 
margaritifera; Pmax, P. maxima (Color figure online)
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fucata (Takeuchi et al. 2016a). We found three MP10-like 
transcripts (ApeMP10) and three Alveolin-like (ApeAlve-
olin-like) transcripts from the A. pectinata transcriptome 
(Fig. 8a). The result of the molecular phylogenetic analysis 
using whole part of amino acid sequences showed that these 
transcripts formed a monophyletic group with MP10 pro-
teins or with Alveolin-like proteins (Fig. 8b).

Prism Uncharacterized Shell Protein 2 (PUSP2)

Fifty prism SMPs were found from P. margaritifera (Marie 
et al. 2012), and 19 of them were classified as prism unchar-
acterized proteins (PUSPs). Four kinds of PUSPs (PUSP1, 
2, 4, 5) were well conserved in three kinds of pearl oysters 
P. fucata, P. margaritifera, and P. maxima (Supplemen-
tary Table S6) and only one PUSP2-like transcript (Ape_
Cluster-22716.11342) was found from the transcriptome 
of A. pectinata (ApePUSP2). PUSP2 proteins have signal 
peptide and some low complexity regions but not contain 
any specific domains (Fig. 9a). ApePUSP2 (Ape_Clus-
ter-22716.11342) has signal peptide and one low complexity 

region in the C-terminus (Fig. 9a). We also found PUSP2-
like protein from the pacific oyster C. gigas, and this protein 
identified from the shell of C. gigas (Zhang et al. 2012; Feng 
et al. 2017). We multiple aligned the amino acid sequences 
of PUSP2 and found some conserved residues (Fig. 9b). The 
C-terminus of PUSP2 in pearl oysters has conserved aspar-
tic acid (D)-rich site (Fig. 9b). However, we could not find 
D-rich site from the PUSP2-like proteins of A. pectinata and 
C. gigas (Fig. 9b). Instead of D-rich site, glutamic acid (E) 
and serine (S) rich site were found form the C-terminus of 
ApePUSP2 (Fig. 9b). This ES-rich site possibly has similar 
function to D-rich site of PUSP2 in the pearl oyster, because 
glutamic acid and aspartic acid are negative charged amino 
acid and interact with calcium ion.

Expression of the Candidate Prismatic Layer SMPs 
Encoding Transcripts in the Mantle Edge

The results of molecular phylogenetic analysis or multiple 
alignment analysis showed that 7 transcripts (ApeAsprich, 
ApeCR-CN1, ApeCR-CN2, ApeEGF-like 1, ApeEGF-like 2, 

Fig. 5   Phylogeny of Chitinase 
in mollusks. The maximum 
likelihood tree was inferred 
from 95 chitinase amino acid 
sequences under the LG + Г 
model (336 positions, 100 
bootstrap replicates). Bootstrap 
support values < 50% are not 
shown. Black circles on nodes 
indicate high bootstrap values 
(≥ 70%) and white circles indi-
cate medium bootstrap values 
(50 ~ 70%). Branch lengths are 
proportional to the expected 
number of substitutions per site, 
as indicated by the scale bar. 
Red, blue, and green circles 
indicate proteins that have been 
identified as SMPs from nacre-
ous, prismatic layers, and whole 
shells of C. gigas respectively. 
Ape, Atrina pectinata; Cgi, 
Crassostrea gigas; Hsa, Homo 
sapiens; Lgi, Lottia gigantea; 
Mga: M. galloprovincialis; 
Mmu: Mus musculus; Pfu, 
Pinctada fucata; Pmarg, P. 
margaritifera; Pmax, P. maxima 
(Color figure online)
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ApeCR-FN, ApeMP10, ApeAlveolin-like, and ApePUSP2) 
probably involve in the prismatic layer formation. We then 
confirmed their expression regions in the mantle edge that is 
related to the prismatic layer formation using in situ hybridiza-
tion. All of these transcripts were expressed in the outer sur-
face of the outer fold and outer pallium as expected (Fig. 10), 
and only ApeMP10 and ApeAlveolin-like were expressed both 
in outer and inner surfaces of the outer fold (Fig. 10). No sig-
nals were detected at the dorsal region of the mantle and the 
middle and the inner folds in all transcripts (Fig. 10).

Molecular Evolution of the Prismatic Layer‑Related 
Genes in Pteriomorphia

Prismatic layers consist of calcite crystals were observed in 
the shells of Pteriomorphia except for some family. Numer-
ous kinds of SMPs were identified from the shells of three 
families of Pteriomorphia using transcriptome and proteome 
analyses (Pteriidae, Marie et al. 2012, Liu et al. 2015; Zhao 
et al. 2018; Ostreidae, Zhang et al. 2012, Feng et al. 2017; 
Mytilidae, Gao et al. 2015; Liao et al. 2015). However, the 

Fig. 6   Schematic representa-
tion and phylogeny of EGF-like 
proteins in mollusks. a The 
domain structures of EGF-like 
proteins in A. pectinata. b The 
maximum likelihood tree was 
inferred from 18 EGF-like 
amino acid sequences under 
the LG + Г model (339 posi-
tions, 100 bootstrap replicates). 
Bootstrap support values < 50% 
are not shown. Black circles on 
nodes indicate high bootstrap 
values (≥ 70%) and white circles 
indicate medium bootstrap val-
ues (50 ~ 70%). Branch lengths 
are proportional to the expected 
number of substitutions per site, 
as indicated by the scale bar. 
Red, blue, and green circles 
indicate proteins that have been 
identified as SMPs from nacre-
ous, prismatic layers, and whole 
shells of C. gigas, respectively. 
Ape, Atrina pectinata; Cgi, 
Crassostrea gigas; Lgi, Lottia 
gigantea; Mga: M. gallopro-
vincialis; Pfu, Pinctada fucata. 
Pmarg, P. margaritifera; Pmax, 
P. maxima (Color figure online)



752	 Journal of Molecular Evolution (2020) 88:742–758

1 3

SMPs in Pinnidae remain unclear. We focused on the con-
served prismatic layer-related SMPs in in three kinds of 
pearl oysters (P. fucata, P. margaritifera, and P. maxima). 
In his study, we should consider the limitations of transcrip-
tome analysis; the de novo assembly cannot completely iden-
tify all transcripts and may contain fragmented transcripts, 
partial transcripts (lack of 3′ or 5′ terminus), and assembly 
errors. However, we found some candidate homologues of 
these SMPs (ApeCR-CN1, ApeCR-CN2, ApeEGF-like 1, 
ApeEGF-like 2, ApeCR-FN, ApeMP10, ApeAlveolin-like, 

and ApePUSP2) from the transcriptome data of A. pectinata 
(Pinnidae) (Figs. 2, 3, 4, 5, 6, 7, 8, 9 and 10). To understand 
the evolutionary scenario of these prismatic layer-related 
SMPs, we compared five groups of them (CR-CN, EGF-like 
proteins, CR-FN, V-rich proteins, and PUSP2) among four 
Pteriomorphia species (P. fucata, C. gigas, A. pectinata, and 
M. galloprovincialis) and found different evolutionary pat-
terns among five groups (Fig. 11).

CR-CNs were found from four Pteriomorphia spe-
cies (Figs. 2 and 5). The result of molecular phylogeny of 

Fig. 7   Schematic representation 
and phylogeny of Fibronectin in 
mollusks. a The domain struc-
tures of Fibronectin proteins in 
A. pectinata. b The maximum 
likelihood tree was inferred 
from 34 Fibronectin amino acid 
sequences under the LG + Г 
model (213 positions, 100 
bootstrap replicates). Bootstrap 
support values < 50% are not 
shown. Black circles on nodes 
indicate high bootstrap values 
(≥ 70%) and white circles indi-
cate medium bootstrap values 
(50 ~ 70%). Branch lengths are 
proportional to the expected 
number of substitutions per site, 
as indicated by the scale bar. 
Red, blue, and green circles 
indicate proteins that have been 
identified as SMPs from nacre-
ous, prismatic layers, and whole 
shells of C. gigas, respectively. 
Ape, Atrina pectinata; Cgi, 
Crassostrea gigas; Lgi, Lottia 
gigantea; Mga: M. gallopro-
vincialis; Pfu, Pinctada fucata. 
Pmarg, P. margaritifera; Pmax, 
P. maxima (Color figure online)
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CR-CNs showed that CR-CNs in M. galloprovincialis are 
different clades with CR-CN1 and CR-CN2 in P. fucata, C. 
gigas, and A. pectinata (Fig. 5b). This result suggests that 
CR-CNs were independently evolved as SMPs in Mytilidae 
(CR-MCN) and in the derived Pteriomorphia (A. pectinata, 
C. gigas, and P. fucata) (Fig. 11). CR-CN was duplicated at 

least in the common ancestor of Pinnidae, Ostreidae, and 
Pteriidae, because all of them have two kinds of CR-CNs 
(CR-CN1 and CR-CN2) (Figs. 5 and 11). EGF-like proteins 
were found from four Pteriomorphia species (Figs. 2 and 6). 
Duplication of EGF-like protein encoding gene was prob-
ably occurred in the common ancestor of Pinnidae, Ostrei-
dae, and Pteriidae, because only one EGF-like protein (EGF-
like 1/2) was found from M. galloprovincialis (Figs. 6 and 
11). Three paralogs of CR-FN were found from three kinds 
of pearl oysters P. fucata, P. margaritifera, and P. maxima 
(Figs. 2 and 7) but only one CR-FN was found from M. 
galloprovincialis, A. pectinata (Figs. 2 and 7), and other 
CR-FN paralogs were found from C. gigas (Figs. 2 and 7). 
This result suggests that the gene duplication was indepen-
dently occurred twice in the common ancestor of Pteriidae 
and in that of Ostreidae (Fig. 11). Two kinds of V-rich pro-
teins called MP10 and Alveolin-like proteins were found 
from A. pectinata, C. gigas, P. fucata, P. margaritifera, and 
P. maxima (Figs. 2 and 8), and only Alveolin-like proteins 
were found from M. galloprovincialis (Figs. 2 and 8). The 
genes of MP10 and Alveolin-like were tandemly arranged in 
the same scaffold of P. fucata (Takeuchi et al. 2016a). Thus 
the origin of MP10 and Alveolin-like encoding genes were 
probably same and the tandem duplication was occurred in 
the common ancestor of Pinnidae, Ostreidae, and Pteriidae 
(Fig. 11). We found PUSP2 from A. pectinata, C. gigas, P. 
fucata, P. margaritifera, and P. maxima but not from M. gal-
loprovincialis (Figs. 2 and 9). It is relatively difficult to find 
PUSP2-like proteins than other characterized SMPs such as 
CR-CN, EGF-like protein, and CR-FN, because PUSP2 does 
not contain some specific domains except for signal peptide 
(Fig. 9a). However, we found PUSP2-like protein from A. 
pectinata but not from M. galloprovincialis (Fig. 9). Thus 
PUSP2 was possibly evolved as SMPs at least in the com-
mon ancestor of Pinnidae, Ostreidae, and Pteriidae (Fig. 11).

Conclusion

We performed transcriptome analysis of mantle cells of the 
pen shell A. pectinata and obtained a total 61,263 unigenes, 
which included core (universal single-copy orthologous) 
genes of metazoans and will be useful for future studies. 
We focused on 17 highly conserved prismatic layer-related 
SMPs from the pearl oysters P. fucata, P. margaritifera, and 
P. maxima. We performed molecular phylogenetic analyses 

Fig. 8   Schematic representation and phylogeny of valine-rich proteins 
(MP10 and Alveolin-like) in bivalves. a The domain structures of 
valine-rich proteins (MP10 and Alveolin-like) in A. pectinata. b The 
maximum likelihood tree was inferred from 18 valine-rich amino acid 
sequences (MP10 and Alveolin-like) under the WAG + Г model (213 
positions, 100 bootstrap replicates). Bootstrap support values < 50% 
are not shown. Black circles on nodes indicate high bootstrap val-
ues (≥ 70%) and white circles indicate medium bootstrap values 
(50 ~ 70%). Branch lengths are proportional to the expected number 
of substitutions per site, as indicated by the scale bar. Blue circles 
indicate proteins that have been identified as SMPs from prismatic 
layer. Ape, Atrina pectinata; Cgi, Crassostrea gigas; Mga: M. gallo-
provincialis; Pfu, Pinctada fucata. Pmarg, P. margaritifera; Pmax, P. 
maxima (Color figure online)
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and identified 10 candidate transcripts that possibly related 
with prismatic layer formation from A. pectinata (Asprich, 
Tyrosinase, CR-CN1, CR-CN2, EGF-like 1, EGF-like 2, 
CR-FN, MP10, Alveolin-like, and PUSP2), with evolution-
ary processes that differ among genes. We identified the 
unique acidic protein Asprich encoding transcript in A. pec-
tinata. Although A. pectinata is closely related to A. rigida, 
Asprich contains many mutations such as insertion/deletion 
and transition/transversion following nonsynonymous sub-
stitution. The tyrosinase gene family is among the most con-
served SMPs in mollusks; however, members of this family 
have expanded in mollusks and evolved independently as 
SMPs in several species. The SMPs EGF-like 1, EGF-like 

2, CR-FN, and Alveolin-like encoding genes each evolved 
once in the linage leading to four Pteriomorphia families 
(Mytilidae, Pinnidae, Ostreidae, and Pteriidae), and PUSP2 
also evolved in the linage leading to three Pteriomorphia 
families (Pinnidae, Ostreidae, and Pteriidae). CR-CN was 
independently evolved as SMPs in Mytilidae (CR-MCN) and 
in other Pteriomorphia (Pinnidae, Ostreidae, and Pteriidae) 
(CR-CN1 and CR-CN2). This is the first report to apply 
transcriptome analysis to confirm predicted biomineraliza-
tion candidate genes in Pinnidae. Our results provide a new 
dataset for understanding the molecular mechanisms and 
evolution of genes related to the prismatic layer formation 
in bivalves.

Fig. 9   Schematic representa-
tion and alignment of PUSP2 
in bivalves. a The domain 
structure of prismatic uncharac-
terized shell protein 2 (PUSP2) 
in A. pectinata. b Alignment 
of the amino acid sequences 
of PUSP2 in Atrina pectinata, 
Crassostrea gigas, Pinctada 
fucata, P. margaritifera, and P. 
maxima. Blue and red charac-
ters indicate acidic amino acids 
aspartic acid (D) and glutamic 
acid (E), respectively. Red, 
blue, and orange boxes indicate 
signal peptide, E-rich region, 
and D-rich region, respectively. 
‘*’Indicates positions which 
have a single, fully conserved 
residue. ‘:’ and ‘.’ indicate that 
‘strong’ and ‘weak’ similar 
groups are fully conserved, 
respectively. Ape, Atrina pecti-
nata; CGI, Crassostrea gigas; 
Pfu, Pinctada fucata. Pmarg, P. 
margaritifera; Pmax, P. maxima 
(Color figure online)
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