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Identification of conserved
proteins from diverse shell matrix
proteome in Crassostrea gigas:
oo characterization of genetic bases
e regulating shell formation

Dandan Feng?, Qi Li*?, Hong Yu?, Lingfeng Kong! & Shaojun Du?

. The calcifying shell is an excellent model for studying biomineralization and evolution. However, the

. molecular mechanisms of shell formation are only beginning to be elucidated in Mollusca. It is known

. that shell matrix proteins (SMPs) play important roles in shell formation. With increasing data of shell
matrix proteomes from various species, we carried out a BLASTp bioinformatics analysis using the
shell matrix proteome from Crassostrea gigas against 443 SMPs from nine other species. The highly
conserved tyrosinase and chitin related proteins were identified in bivalve. In addition, the relatively
conserved proteins containing domains of carbonic anhydrase, Sushi, Von Willebrand factor type A,
and chitin binding, were identified from all the ten species. Moreover, 25 genes encoding SMPs were
annotated and characterized that are involved in CaCO; crystallization and represent chitin related

: or ECMrelated proteins. Together, data from these analyses provide new knowledge underlying

. the molecular mechanism of shell formation in C.gigas, supporting a refined shell formation model
including chitin and ECM-related proteins.

© An amazing diversity of mineralized structures to fulfill a host of biological functions have been constructed by
animal life since the Phanerozoic Eon'. The products of these biomineralization processes range from individ-
ual functional elements, for example, shell, teeth, bone, to large scale geological structures, such as coral reefs?.
. Ever since the onset of metazoan biomineralization at the dawn of the Phanerozoic, their biomineralized struc-
. tures have been mostly constructed from one of three minerals: Calcium carbonate (CaCOj), calcium phosphate
(CaPO,), or silica (SiO,)*. CaCO; products include in most brachiopod shells, molluscan shells, coral skeletons,
echinoderm spines and tests, and sponge spicules?. The calcifying shell primarily consists of aragonite and/or
calcite polymorphs, and exhibits prismatic, nacreous, foliate, cross-lamellar or homogenous microstructures®.
The calcifying shell serves as an excellent model for studying the process of biomineral formation and its
evolution®. However, the molecular mechanisms by which shells are constructed are only beginning to be elu-
cidated®’. It has been shown that in addition to the major component of CaCOs, the shell is an extracellular
. ensemble of organic macromolecules including proteins, pigments, glycoproteins, lipid and polysaccharides.
. These organic materials are secreted by an evolutionarily homologous organ known as the mantle!$. The mantle
* is divided into distinct morphogenetic regions consisting of highly specialized epithelial cell types®. The mantle
. produces shell matrix proteins (SMPs) that play important roles in crystal nucleation, polymorphism, morphol-
. ogy, and organization of CaCO; crystallites during shell formation'.
: In order to study the phylogenetic relationships among molluscs and refine the existing biomineralization
- models, it is necessary to understand the repertoire involved in shell formation. Many studies have been focused
. on the SMPs and genes expressed in the mantle, leading to the identification and characterization of several
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specific shell proteins!!. Recently, high-throughput transcriptomics and proteomics analyses have been succes-
sively used to characterize shell matrix proteomes (SMPEs) in Haliotis asinina®, Pinctada margaritifera'?, Pinctada
maxima'?, Crassostrea gigas'®, Lottia gigantea', Cepaea nemoralis®, Mytilus coruscus'®, Pinctada. fucata'®,
Magellania venosa®, Mytilus galloprovincialis'®, Mya truncata'’, and C. gigas, Mytilus edulis, and Pecten maximus'S.
However, only two global SMPEs comparisons have been performed in C. nemoralis and M. venosa, revealing
low similarities. Even in bivalves, two different models have been proposed for calcifying shell formation. The
well-known matrix model of “chitin-silk fibroin gel proteins-acidic macromolecules” largely explained biominer-
alization in P, fucata from a crystal growth perspective'®!®. While the cellular model shows that shell formation is
orchestrated by cells and the extracellular matrix (ECM) and crystals are formed in haemocytes in eastern oyster,
Crassostrea virginica®>*..

As sessile marine animal living in estuarine and intertidal regions, oysters must cope with harsh and dynami-
cally changing environments under the protection of hard shell’®. The Pacific oyster, C. gigas, is a potential model
organism for marine molluscan due to extensive studies of biology and genetics and its economical, biological and
ecological importance?. Up to date, only two genes related to shell formation have been cloned and characterized
in C. gigas®?*. A previous study of SMPE consisting of 259 SMPs (SMPE-Cgl) suggested that the matrix model
may not apply to C. gigas because the absence of silk-like proteins®®. Recently, a SMPE of C. gigas consisting of 53
SMPs (SMPE-Cg2) was published®, providing new opportunities for comprehensive comparison and character-
ization of SMPs in marine molluscan.

Here, we compared two published SMPEs in C. gigas and chose SMPE consisting of 53 SMPs for global com-
parison against 443 SMPs from nine other species. A total of 58 SMPs were used to identify the homologous
SMPs in C. gigas and analyze the molecular mechanisms of shell formation. Data from this study will assist our
understanding of shell biomineralization and evolution.

Result and Discussion

C. gigas SMPE characterized by ID.  With the SMPE-Cg2 published by Arivalagan et al., the integrated
dataset with 76 SMPs from this work (SMPE-Cg3, refer to material and methods) and the SMPE-Cg1 from Zhang
et al., in hand, we performed a global SMP comparison analysis. Comparing gene accession of SMPs, 39 proteins
were found in both the dataset with 53 SMPs and 259 SMPs of which 31 SMPs were found in the integrated data-
set with 76 SMPs. By BLASTp research, 45 proteins were identified from both the SMPE-Cg1 and the SMPE-Cg2
to have similar domains, of which 41 were found in the SMPE-Cg3. SMPE-Cg3 included in the majority of SMPs
stably identified from both the SMPE-Cgl and the SMPE-Cg2, suggesting that the majority of SMPs stably iden-
tified from the SMPE-Cgl and the SMPE-Cg2 are specially or highly expressed in mantle. Considering that
SMPE-Cg?2 has more stably identified SMPs than the SMPE-Cg3 and is constructed using the same method as the
other nine SMPEs, we conducted the subsequent comparison analysis using SMPE-Cg2.

It has been shown that proteins containing the repeated low-complexity domain (RLCD) are a prominent fea-
ture of all shell-forming proteomes, and most of which are found to be lineage-specific proteins”%. The RLCDs are
important implications for intrinsically unstructured/disordered (ID) proteins. ID proteins possess low binding
affinity for other organic macromolecules, but weakly bind mineral surfaces and ions in aqueous phases, which
is critical for matrix assembly'*?. In C. gigas SMPEs, 66 out of the SMPE-Cg3 and 47 out of the SMPE-Cg2 were
predicted to have at least one region of ID (Supplementary Table S1). This is higher than that found in P. fucata
which contained 22 ID proteins out of the 35 SMPs!®. XSTREAM analysis predicted that 24 out of SMPE-Cg3 and
21 out of SMPE-Cg2 proteins to contain tandem repeats in C. gigas, which is higher than that reported in P. fucata
(7 out of 35). Collectively, the SMPE-Cg2 contained more ID proteins than the SMPE-Cg3. Given that the SMPE
is dominated by ID proteins within a wide range of molluscan shells, it is proposed that they might play crucial
roles in shell formation or imparting to the shell certain physical properties such as fraction resistance.

Comparisons of shell matrix proteomes. Up to date, SMPEs of 13 species belonging to different taxons
have been published and includes H. asinina 8, P. margaritifera'?, P. maxima'?, C. gigas®, L. gigantea', C. nemor-
alis®, M. coruscus®, P. fucata'®, M. venosa®, M. galloprovincialis'®, M. truncata’, and M. edulis, and P. maximus'S.
In this work, SMPEs from nine species have been used to compare against that of C. gigas. SMPE in M. gallopro-
vincialis was excluded for more than one EST mapped to each peptide. SMPEs in P. maximus and M. edulis were
not published. These nine species belong to two phylums of Mollusca and Brachiopoda and two classes of Bivalve
and Gastropod in Mollusca (Fig. S1). All ten datasets primarily consist of proteins isolated from the shells of the
respective species, which are validated by transcriptomes or ESTS in shell-forming organs or genome databases.
Our data showed that in C. gigas, 29 out of 53 (54.7%) SMPs shared sequence similarity (at an e-value thresh-
old of 10e-06) with one or more proteins derived from other nine SMPEs investigated here (Fig. 1). Interestingly,
SMPs in C. nemoralis showed a poor similarity of 5.1% (3 out of 59) with SMPs in C. gigas, compared to 10.8% (7
out of 65) in M. venosa. Obviously, the C. gigas in Mollusc shared a more recent common ancestry in evolutionary
history with C. nemoralis than with M. venosa in Brachiopoda. However, C. nemoralis living on land is differenti-
ated from other all nine species living in the sea by habitation. Marine and terrestrial shell-forming Mollusca have
adapted to different environments that would fundamentally affect the process of shell formation and the stability
of the secreted composite biomineral®. Therefore, the proteins and genetic bases involved in shell formation could
be expected to have evolved rapidly in response to different selective pressures from different living environment.
Generally, the sequence similarity in Bivalve is greater than 30%, except M. truncata with a 20.9% similarity
which was lower than L.gigantea with a 25.6% similarity in Gastropod. The mineralogy and shell microstruc-
ture of these species may account for that differences. The C. gigas shell is purely calcite: the outer shell layers
are calcite prisms, the middle shell layers are chalky calcite and the inner shell layer are foliated calcite'®. In
contrast, M. truncata shell is composed only of aragonite. Other species in Mollusca are a combination of both
calcitic and aragonitic layers. The imperfection of SMPE, speciation, and mineralogy might result in the relatively
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Figure 1. Comparisons of C. gigas shell proteome against nine other metazoan shell proteomes. BLASTp
based similarity comparison of the 53 C. gigas SMPs against 443 shell-forming proteins derived from nine
other biocalcifying metazoans, P. fucata, P. margaritifera, P. maxima, M. truncata, M. coruscus, L. gigantea, H.
asinina, C. nemoralis, M. venosa. Individual lines spanning the ideogram connect proteins that share significant
similarity (e-value < 10e-06). Transparent red lines connect proteins with the lowest quartile of similarity

(with a threshold of 10 e-6) and green lines with the highest quartile of similarity. The percentage of each shell
proteome that shared similarity with the C. gigas proteome is provided.

low similarity of 20.9-40.0% in Bivalve comparing with the 84.9% (45 SMPs in the SMPE-Cg2 have hits in the
SMPE-Cgl in C. gigas). It had been proposed that gastropod and bivalve nacre is the result of parallel evolution
based on the large-scale differences in genes expression in nacre-forming cells of Pinctada and Haliotis*. Low
and variable similarities of 5.1-25.6% in Gastropod imply the parallel evolution of shell between Gastropod and
Bivalve. Collectively, comparison of the shell proteomes for sequence similarity gives some clues about the rela-
tionships between evolution and sequence conservation. However, it has been suggested that the similarity in
SMPs depends not only on the evolutionary distance but is also influenced by mineralogy of shell, parallel evolu-
tion, adaptation to the environment etc'®.

In order to identify the highly conserved SMPs, we ordered all 29 SMPs in C.gigas that were found in any other
SMPEs according to the number of databases they were found in (Table S2). Four C. gigas SMPs were identified to
have hits in all other five species in bivalve, which were annotated as Putative tyrosinase-like protein tyr-3 (Tyr-
3), Histone-lysine N-methyltransferase MLL3 (MLL3), and Chitotriosidase-1. In molluscs, tyrosinase function
has been implicated in seashell pigmentation and mineralization of seashell?”-?%. The tyrosinase family have gone
through an expansion in bivalve. Chitotriosidase-1 consists of one region of glycohydro18_chitinase-like, which
can hydrolyze chitin, the major non-protein component of mollusc shell?**. The MLL3 proteins has a complex
structure that consists of 16 domains. It was identified because of the tyrosinase region. These results emphasize
the prominent role of tyrosinase and chitin related proteins in the shell formation of bivalve and many metazoan
biominerals.

It should be noted that none of these proteins was found in all databases, suggesting that these SMPs are
diverse or these databases are limited. Yet, ten proteins were found in at least five SMPEs, four of which are con-
served genes in bivalve. Of that, Nacrein_like protein, whose homologue nacrein was the first shell matrix protein
cloned from P. fucata, contains carbonic anhydrase (CA) domain. CA could control pH by converting CO, to
HCO;™ and concentrate CO;*" to form amorphous CaCOj in “chitin-silk fibroin gel proteins-acidic macromole-
cules” model'®. Follistatin-related-protein was also identified, including chitin-binding 2 (CBD), immunoglobu-
lin like (IG-like), and Lam-G. Lam-G is a Ca*? mediated receptor, which has been implicated in cell adhesion and
interaction. IG-like has been also implicated in cell adhesion and interaction. CBD can interact with chitin, which
are usually found together with Von Willebrand factor type-A (VWA) in SMPs, like other three conservative
proteins CGI_10009194, CGI_10028014, CGI_10012353. Both VWA and CBD are typically domains of collagen,
the fundamental component of extracellular matrix (ECM). The identification of these conserved SMPs may help
refine shell formation model, including the function of chitin and ECM related proteins in biomineralization
framework and protein interactions.
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Expression in Best matched BLAST best hit to NCBI Shell
Gene name Categories mantle® gene ID accession (species) layer® Domains®
ACCBP1 CaCO3 N CGI_10024902 EKC41060 (C. gigas) — NCLBD
ACCBP2 CaCO3 N CGI_10024903 EKC41058 (C. gigas) — NCLBD
BMSP Chitin N CGI_10009194 BAK86420 (M. PN VWA;CBD
galloprovincialis)
CalP CaCO3 N CGI 10011294 | D41041 (Preumocystis | pyg CaBEF
carinii)
CaM CaCO3 N CGI_10011293 EKC20234 (C. gigas) PN CaBEF
Cgtyrl Others S CGI_10007793 EKC29813 (C. gigas) — CBS
CgTyr2 Others S CGI_10011913 EKC18549 (C. gigas) p CBS
Chitin synthasel Chitin H CGI_10009438 AAY86556 (Atrina rigida) PN MHD
Chitin synthase2 Chitin N CGI_10012656 BAF73720 (P. fucata) PN MHD
chitobiase Chitin S CGI_10007857 | H2AOL6 (P. margaritifera) PN Glyco_20
Chitotriosidasel Chitin s CGL 10024867 | AFO>3261 (Hyriopsis PN Glyco_20
cumingii)
Chitotriosidase2 Chitin S CGI_10026605 CAI96027 (C. gigas) PN Glyco_20
Clp3 Chitin S CGI_10026599 H2AOL5 (P. margaritifera) P Glyco_18
CopAmOx ECM H CGI_10026457 EKC31553 (C. gigas) P Copper amine
oxidase domain
EGF-ZP1 ECM S CGI_10017543 P86785 (C. gigas) — EGFE;ZP
EGF-ZP2 ECM S CGI_10017544 EKC41439 (C. gigas) — EGF;ZP
EGF-ZP3 ECM H CGI_10017545 P86954 (C. gigas) — EGF;ZP
Fibronectinl ECM H CGI_10016964 EKC41462 (C. gigas) P ﬁbmneﬁtlm type
Fibronectin2 ECM H CGI_10016965 EKC41461 (C. gigas) P ﬁbr""eﬁ;‘“ type
Peroxidasel Others N CGI_10023200 EKC34657 (C. gigas) — CaBS
Peroxidase2 Others S CGI_10010240 EKC26108 (C. gigas) — CaBS
PFMG9 Others H CGI_10010153 ADC52432 (P, fucata) — KAZAL_FS
Pif-likel Chitin N CGI_10014497 AKV63183 (P, fucata) PN VWA;CBD
Pif-like2 Chitin N CGI_10017473 BAK86420 (M. PN VWA;CBD
galloprovincialis)
SPARC ECM N CGI_10005088 ANDY9565 (P, fucata) N'terd“;ﬁzhi‘c‘d“

Table 1. Identification and characterization of SMPs from C. gigas. *represents the gene expression levels

in mantle compared with other organs: S =special, H=high, N = not special or high. "represents the shell

layer that were detected to contain the consistent proteins: p = periotracum, P = prismatic layer, N = nacreous
layer; ‘P, N’ means that the SMPs were found in both the layers; “-” represents unknown. ‘Abbreviation:

CBS = copper-binding sites; MHD = myosin head domain; VWA = von Willebrand factor (vWF) type A
domain; CBD = chitin-binding domain; CaBS = calcium-binding site; EGF = Epidermal growth factor;

ZP = zona pellucida; CaBEF = Ca2+ -binding EF hand domain; NCLBD = neurotransmitter-gated ion-channel
ligand-binding domains; KAZAL_FS = Kazal type serine protease inhibitors and follistatin-like domains;
Glyco_18 = family 18 Glycosyl hydrolases; Glyco_20 = family 20 Glycosyl hydrolases.

Identification and characterization of shell proteins homologues.  Since the first SMP gene Nacrein
was cloned, many SMPs have been cloned and characterized. Besides the shell’s superior mechanical and remark-
able biocompatibility properties, the high commercial value of pear] has made pearl oyster one of the best studied
biomineralization models. Here, we used these SMPs mainly from P, fucata to identify the homologues in C. gigas
and analyzed the structural domains underlying biomineralization. A total of 58 SMP sequences were used to
perform BLAST (Supplementary Table S3) and 25 protein sequences were annotated and characterized (Table 1).
Furthermore, theses SMPs were classified into four categories based on functions and domains: crystallization of
CaCQO;, chitin related proteins, ECM related proteins and other proteins.

Crystallization of CaCOs;, ACCBE, CaLP, Nacrein. Amorphous calcium carbonate-binding protein (ACCBP)
is a member of the acetylcholine-binding protein family that was first isolated from the extrapallial fluid of P.
fucata®'. It has been reported that ACCBP inhibits undesired crystal growth and plays a key role in forming the
exceedingly orderly microstructure of nacre®'. ACCBP contains an ID region near the N-terminus (ACCN) that
has been implicated in regulation of CaCOj; precipitation®. BLASTp search identified nine gene with sequence
similarity to ACCBP (E-value < e-21, score > 100). Phylogenetic analysis of these nine genes formed two clades
(Fig. 2), of which ACCBP, ACCBP-like, CGI_10024902, and CGI_10024903 were clustered into one clade. This
suggests that CGI_10024902 and CGI_10024903 diverged from a common ancestral gene of ACCBP. These
two genes are located on the same scaffold146, suggesting an intragenic duplication. Both proteins contain two
neurotransmitter-gated ion-channel ligand-binding domains (NCLBD), as well as ACCBP and ACCBP-like.
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Figure 2. (a). Molecular phylogenetic tree of the nine ACCBP hits in C. gigas and two ACCBP in P. fucata. A
phylogenetic tree was inferred from the amino acid sequences using the neighbor-joining method. Bootstrap
values from 1000 trials are indicated at each branch node. The scale bar indicates 0.1 amino acid replacements
per site. b. Comparison of neurotransmitter-gated ion-channel ligand binding domains (NCLBD) of ACCBP.
The ACCN sequence is underlined.

Sequence alignment showed that the conserved residues are different from those residues between ACCBP and
the nAChR family (NCLBD-containing proteins in D. melanogaster)®, especially in the ACCN region (Fig. 2).
There are significantly more conserved residues among ACCBP, ACCBP-like and the two proteins in ACCN
sequence, which are assumed to play a role in mineralization activity.

Calmodulin-like protein (CaLP) is a multifunctional calcium sensor that belongs to a new member of the
CaM superfamily****. In bivalve, CaLP contains two Ca®*-binding EF hand domains, each of which contains
a pair of EF-hand motifs. Immunostaining revealed that CaLP was localized in the organic layer sandwiched
between nacre (aragonite) and the prismatic layer (calcite) and the prismatic layer in P. fucata®®. These results
suggested that CaLP might be involved in the growth of nacre layer and prismatic layer. We have identified three
putative genes encoding CaLP using BLASTn search (E-value < E-05, score > 50). BLASTp search identified 26
gene models (E-value < E-05 and score > 100), which included the aforementioned three gene models in the best
six hits. Using the best six protein sequences in BLASTp, the phylogenetic tree showed that CGI_10011294 and
CaLP constitute a single clade, as well as CGI_10011293 and CaM (Supplementary Fig S2). Therefore, we anno-
tated CGI_10011294 as CaLP, and CGI_10011293 as CaM.

Nacrein is the first identified molluscan organic matrix component®. Nacrein expressed throughout the
entire mantle epithelium and it functions in the production of both prismatic and nacreous layer®”-*. Nacrein
contains two functional domains, a CA and a NG-repeat domain with a repeated sequence rich in Asn and
Gly?®. Nacrein-related proteins have been found in some congeneric species (P. maxima and P. margaritifera)
and also one gastropod, Turbo marmoratus®. They have a similar primary structure as nacrein in P. fucata'!. No
nacrein-related genes could be identified using BLASTp search with E-value < E-21 and score > 100. However,
four nacrein-related genes were identified with E-value < E-05 and score > 80. Sequence alignment showed that
the four hits have no NG-repeat domain and corresponding active site®. Phylogenetic tree of the aforementioned
protein sequences showed two different clusters of nacrein group and hits group (Supplementary Fig. S3). These
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Figure 3. Diagrams of domain structures and phylogenetic tree analyses. (a). Diagrammatic representations
of the domain structure of chitin synthase in different species. The myosin head domain is represented by a
slashed box. Predicted coiled-coil regions are partially shaded. Asterisks represent the position of the chitin
synthase active site (QRRRW), which is used to align the diagram. The three domains in these proteins are
denoted A, B, and C. PfCHS, ArCHS and DmCHS are chitin synthases from Pinctada fucata, Atrina rigida and
Drosophila melanogaster®. (b). A phylogenetic tree showing the evolutionary relationship of the predicted chitin
synthases in C. gigas with known chitin synthases. The tree was constructed using maximum likelihood method.
Sequences in the QRRRW catalytic domain were aligned to generate the tree. Numbers on the nodes indicate
bootstrap values. ArCHS (AAY86556.1), PfCHS (BAF73720.1), MgCHS (ABQ08059.1), LaCHS (AHX26699.1),
PACHS (AHX26708.1), DmCHS (AAG09735.1) and CeCHS (NP_493682.2) are chitin synthases from A.

rigida, P. fucata, Mytilus galloprovincialis, Leptochiton asellus, Platynereis dumerilii, Drosophila melanogaster,
Caenorhabditis elegans.

four hits are not specifically or highly expressed in mantle. Taken together, we argue that the four hits as CA, but
not nacrein, suggesting the NG-repeat domain in CA proteins was acquired independently in the lineages of
bivalves and gastropods.

These three SMPs have been reported to participate in concentration of Ca>" and CO;*~, crystal nucleation,
and inhibition of crystal growth.

Chitin Related Proteins: Chitin synthase, Clp. ~ Chitin existing in both nacreous and prismatic organic matrix is
thought to play important role in biomineralization®. Chitin synthases are expressed in mantle edge, contribut-
ing to the formation of the framework for shell calcification®. Chitin synthases characterized so far comprises
three domains, A, B, and C¥. It is noteworthy that the chitin synthase identified in Mollusca share a special
feature-a myosin domain in the N-terminus®**!. We have identified two predicted gene models (CGI_10009438,
CGI_10012656) that are homologous to chitin synthase using BLASTn search (E-value < E-63, score > 250). The
two predicted gene models were located two different scaffolds. They encode two different predicted proteins that
were also identified by BLASTp with E-value =0, score > 1800.

We aligned the amino acid sequences of chitin synthases and discovered that these two proteins included all
domains (a myosin domain and A, B, C domains) in PfCHY (Fig. 3). COILS analysis of CGI_10009438 showed
a strong potential for coiled coil formation at four positions with PfCHS. Specifically, three positions showed
a strong potential and one position showed a fairly weak potential. COILS analysis of CGI_10012656 showed
strong potential for coiled coil formation at the same two relative positions with DmCHS. The phylogenetic tree
strongly confirmed that the putative chitin synthase from C.gigas belongs to the chitin synthase family (Fig. 3).
The mollusk chitin synthase group including PfCHS, ArCHS, MgCHS is separated from other chitin synthase
groups by forming an independent cluster. This position of CgCHS in the phylogenetic tree is consistent with the
evolutionary position in Mollusca. These data suggested that the chitin synthase of molluscan species gained the
coiled-coil sequence in the N-terminal region during evolution.

Chitinase-like proteins (Clp) were first detected from P. margaritifera and P. maxima. Clp transcripts were
localized in the mantle edge specifically implicated in the biomineralization of the prisms'2. Clp3 in P. mar-
garitifera includes in a region of GH18_chitinase-like, which can hydrolyze chitin. Using the Clp3 sequences,
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14 gene models are identified by BLASTp with E-value < E-39, Score > 150. Of that, three hits CGI_10026599,
CGI_10024867, CGI_10026605 are detected to specially express in mantle of C.gigas'?, which strongly suggested
that these gene models are related with shell formation. These three hits contain GH18 domain, showing hydrol-
ysis of chitin activity.

Both of chitin synthase and chitinase play key roles in construction and reconstruction of chitin framework,
just like “chitin-silk fibroin gel proteins-acidic macromolecules” model.

ECM related Proteins: Pif and BMSB, EGF-ZP, SPARC. Pif is an acidic matrix protein which regulates nacre
formation. It was first identified in the pearl oyster P. fucata. The Pif gene encoded a precursor protein, which
was posttranslationally cleaved to produce Pif 97 and Pif 80, respectively. Pif 97 has two conserved domains, a
VWA domain for protein-protein interaction and chitin-binding domain. Pif 80 has aragonite-binding activity*2.
Sequence analysis revealed that blue mussel shell protein (BMSP) is a Pif homologous preproprotein in M. gal-
loprovincialis. BMSP consisted of a signal peptide and two proteins, BMSP 120 and BMSP 100, respectively*’. In
addition, other Pif homologues from bivalves (P. margaritifera, P. maxima, and Pteria penguin) and gastropods (L.
gigantea) have been identified, suggesting a common ancestral gene during evolution®.

We have identified six putative BMSP genes by BLASTp search (E-value < E-05 and score > 100), but no
putative BMSP gene hits using BLASTn search (E-value < E-05, score > 50). Of that, the gene CGI_10009194 is
homologous to BMSP with E-value =0, score = 1415. Another two genes, CGI_10014497 and CGI_10017473,
consist of the VWA domains and a CBD. We have identified ten putative Pif genes by BLASTp (E-value < E-05
and score > 100) using Pif177, but none using BLASTn search (E-value < E-05, score > 50). In addition to the
former three genes (CGI_10014497, CGI_10017473, CGI_10009194), one more gene (CGI_10006697) with both
VWA domains and a CBD is considered to be homologue of Pif, others have neither VWA domain no CBD. In
phylogenetic analysis, the CGI 10009194 and BMSP formed a separate clade, suggesting that CGI 10009194
should be annotated as BMSP. The CGI 10014497 and CGI 10017473 clustered with Pif genes from L. gigantea
with a low confidence value. CGI 10006697 formed a single clade with others and showed distant evolution,
not being annotated as Pif (Fig. 4). Phylogenetic analysis of VWA domain showed that the former three VWA
domains in CGI 10009194 formed a single clade consistently with the former three in BMSP that were evolved
from BMSP-4 and CGI 10009194-4 (Fig. 4). These data indicated that BMSP and CGI 10009194 were likely
evolved from an ancestral with four VWA domains. The phylogenetic tree showed that VWA domains in CGI
10014497 and CGI 10017473 have evolved from CGI 10009194-4 and Pif177, being annotated as Pif-likel and
Pif-like2. Schematic representation of Pif showed the common VWA domains, CBDs, chitin-binding like domains
and various C-terminal aragonite-binding sequences (Fig. 4).

Epidermal growth factor (EGF) domain-containing SMPs were first identified from C. gigas* and named as
Cgigas-IMSP-2.They were subsequently discovered in P. maxima, P. margaritifera, and L. gigantea'>'. Generally,
the SMP consists of both EGF-like domain and one zona pellucida (ZP) domain. The presence of both domains
in one protein is uncommon'?. EGF-like domains, which are characterized by six conserved cysteines linked in
a characteristic pattern of disulfide bonds and two small 3-sheets, are among the smallest but most widely dis-
tributed modules found in extracellular proteins. EGF-like domains occur in a variety of proteins associated with
diverse biological functions such as cell adhesion, signaling, and Ca*"-binding*. The ZP domains are present in
a range of extracellular filament or matrix proteins. The ZP domain is characterized by eight conserved cysteine
residues, which are involved in protein polymerization. The specific function of the EGF- and ZP-containing
SMPs in calcified shell biomineralization await validation. Three EGF-ZP genes were identified by BLASTp using
the known IMSP-2 genes of C. gigas with (E-value < E-48, score > 100). CGI_10017543, CGI_10017544, and
CGI_10017545 are located on the same scaffold 120. In combination with their relatively high degree of sequence
identify (37.53%), it strongly suggests that they originated from a gene duplication event. A sequence alignment
of these EGF-ZPs illustrated a strong conservation of each domain (signal peptide, EGFE, ZP), suggesting a funda-
mental role in biomineralization (Fig. S4).

SPARC (secreted protein, acidic, rich in cysteine), also known as BM-40 or osteonectin, is a major noncol-
lagenous matrix protein of bone and a common mineralization-related proteins of vertebrates and molluscs®.
The primary structure of SPARC is characterized by the presence of three functional domains: the N-terminal
acidic domain I; the follistatin-like domain II with 10 conserved cysteine residues; and the C-terminal domain
I11, which is involved in interactions with collagen molecules*. By searching the C. gigas genome, we could only
identify a single SPARC gene (CGI_10005088). Thus, the C. gigas genome contains one SPARC gene as observed
in most triploblastic organisms. The SPARC protein consists of a region Kazal type serine protease inhibitors,
follistatin-like domains (KAZAL_FS), and a region extracellular Ca?* binding domain (SPARC_EC). KAZAL_FS
can inhibit serine proteases and play an important role in tissue specific regulation. SPARC_EC functions to regu-
late cell-matrix interactions and binds to proteins such as collagen and vitronectin. The EC domain interacts with
a follistatin-like (FS) domain which appears to stabilize Ca** binding.

These ECM related proteins are involved in crystallization, chitin-binding, and interactions with macro-
molecules. Typically, Pif is modularly constructed with aragonite-binding domain, chitin-binding domain, and
protein-protein interaction domain, strongly suggesting that each shell protein is able to perform different func-
tions. ECM-related domains in the SMPs are generally related with mediating communication between cells and
the extracellular matrix.

Other Proteins of Interest: Tyrosinase, Peroxidase. Tyrosinases belong to the type-3 copper protein superfamily
that also include tyrosinase-related proteins, arthropod phenoloxidases, and widespread hemocyanins. These
protein possess a conserved pair of copper-binding domains®**’. Tyrosinases can be classified into three sub-
classes of secreted (), cytosolic (3), and membrane-bound () based on domain architecture and conserved res-
idues in the copper-binding sites*®. Tyrosinase is a key enzyme that mediates the hydroxylation of monophenols
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Figure 4. Phylogenetic tree of Pif and BMSP proteins in Mollusca. The tree was constructed using the NJ
method, and the number at each node shows the bootstrap value.

and oxidation of o-diphenols. It is thus also classified as a phenoloxidase. Tyrosinase is well known for its key
biological role in melanin biosynthesis via transformation of tyrosine to L-DOPA. Tyrosinase functions in pig-
mentation and innate immunity?’. In addition, other products of the melanin pathway participate in cuticle scle-
rotization in insects*’.

In Mollusca, tyrosinase have been suggested in pigmentation and biomineralization of seashell. Cephalopod
tyrosinases are expressed in the ink sac, suggesting an important role in melanin production®. In P, fucata, three
tyrosinase genes have been characterized, Pftyl and Pfty2 are suggested to function in prismatic formation and
OT47 is proposed to influence the periostracum formation®*2. In C. gigas, Cgtyr1 was cloned and proposed to
specifically function in the initial phase of the larval shell biogenesis?®. CgTyr2 was also cloned and showed high
levels of expression in mantle edges. It has been suggested to play a role in the formation of periostracum/pigmen-
tation. These reports strongly suggest that tyrosinases play diverse roles in stages when seashell is constructed,
pigmented, and covered with the periostracum.

Twenty six tyrosinase genes were identified from C. gigas genome. Two tyrosinase genes CGI_10007793 and
CGI_10011913 were found to be identical to the reported Cgtyrl and CgTyr2, respectively (Fig. 5). The tyrosinase
gene family can be further classified into three types: secreted form with signal peptides (Type A), cytosolic form
(Type B) and member-bound form (Type C). According to SignalP v4.0, and TMHMM Server v2.0, there are six
TypeA tyrosinase genes, 15 Type B tyrosinase genes and five Type C tyrosinase genes. The phylogenetic tree of 26
tyrosinases showed that there are eight pairs of duplication genes. Among them, only two pairs of CGI_10021076
Type C and CGI_10021075 Type A, CGI_10009319 Type A and CGI_10009318 Type B are located in the same
scaffold separately, belonging to intragenic duplication. The phylogenetic tree showed that the clusters of tyrosi-
nase genes are influenced by not only position of genes, but also the type of genes. The phylogenetic tree consists
of two major groups, one of which consists of eight Type B tyrosinase genes. In the other group, CGI_10011916
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Figure 5. Tyrosinase genes diversity in C. gigas. The phylogenetic tree of tyrosinases was constructed by the
maximum likelihood method. Numbers on the nodes indicate bootstrap values. The tyrosinase genes are named
by accession number and type.

Type B, CGI_10011913 Type C, CGI_10011911 Type B and CGI_10011912 Type A are clustered, all of which are
located in Scaffold 43702. Above all, it suggests that the tyrosinases have evolved through both intergenic dupli-
cation and intragenic duplication.

Peroxidases are iron proteins that catalyse the oxidation of many aromatic amines and phenols by hydrogen
peroxide. Inactivation experiments provide strong evidence that the DOPA reaction in the mantle of Lymnaea
stagnalis is catalyzed by peroxidase, suggesting that peroxidase is involved in the quinone-tanning of peri-
ostracum proteins®. Peroxidase is exclusively expressed in the ink gland of Sepia officinalis, likely involved in
melanin biosynthesis®. Typical peroxidase is characterized by a unique structural domain that contains two his-
tidines (proximal and distal histidines) and one calcium-binding site, which was suggested to function in main-
taining the protein structure in the heme environment**. Peroxidase has been retrieved from the shell matrix
of P. margaritifera and L. gigantea. It was proposed to be involved in biomineral-hydrogel formation via protein
matrix framework assembly'?. We identified 26 peroxidase genes by BLASTp using the known peroxidase genes
of P. margaritifera with (E-value < E-23, score > 100). The peroxidase genes have gone through an expansion as
shown for tyrosinases in C. gigas. Nine out of the 26 peroxidase were specially or highly expressed in mantle of
C. gigas. The two best hits (CGI_10023200 and CGI_10010240) are specifically expressed in mantle'®. All nine
peroxidases consist of two histidines and one calcium-binding site. Phylogenetic analysis showed that these per-
oxidases formed two clusters that could be identified as melanin biosynthesis group and the shell formation group
(Fig. 6). Peroxidases from Drosophila melanogaster, Bombyx mori and Sepia officinalis have been implicated in
melanin synthesis form melanin polymer>.

We noted in our bioinformatics analyses that in many cases, BLASTn gave no hits, however, BLASTp give
hits (Table S2). This suggested that genes encoding SMPs have undergone more variation than SMPs protein
sequences. Until now, literature on biomineralization is scattered with these identified SMPs. Obviously, SMPs
do more than providing a framework for crystallization. They could be involved in interactions with other mac-
romolecular components of the matrix and cells, giving subtle feedbacks between the shell and the calcifying
mantle epithelium.
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Figure 6. Peroxidase genes diversity in C. gigas. The phylogenetic tree of peroxidases was constructed by
the maximum likelihood method. Numbers on the nodes indicate bootstrap values. The peroxidase genes are
named by accession number and species.

Melanin

Materials and Method

Construction and characterization of SMPE in C. gigas. 1In C. gigas, a SMPE consisting of 53 proteins
was recently published'®. The SMPE was constructed from peptide fragments in shell, which can be mapped to
the genome. In addition, a SMPE in C. gigas consisting of 259 proteins was also analyzed, which was constructed
by Zhang and colleagues using the same method. Many house-keeping proteins, such as elongation factor 1o
and ribosomal proteins, were found in these 259 SMPs, which are significantly more than SMPs identified from
other molluscan shell proteome to date. Generally house-keeping proteins should not be found in shell matrix
proteome and they do not play special role in biomineralization. Given that housekeeping genes are generally
expressed at relatively constant levels in most non-pathological situations, we identified genes that are specif-
ically or highly expressed in mantle to minimize the interference from housekeeping proteins. An integrated
SMPE consisting of 76 SMPs was constructed. The revised SMPE was constructed from the intersection of two
databases:1) 259 proteins isolated from oyster shells; 2) 492 genes that were specifically or highly expressed in
mantle, of which, the highly expressed genes were defined as having RPFM values of at least 5 and at least five
times of other organ average'. Intrinsically unstructured/disordered (ID) domains were predicted by IUPRED>¢
and XSTREAM?®. IUPRED was used to recognize disordered regions from the amino acid sequences of SMPs
based on the estimated pairwise energy content. XSTREAM was used to detect proteins with tandem-arranged
repeat units in the default settings.

Comparisons of shell-forming proteomes. Based on BLASTp, the global similarity comparison of C.
gigas SMPE was performed against 443 SMPs derived from nine other biocalcifying metazoans. These included
53 M. coruscus proteins'®, 75 P. fucata proteins'®, 45 P. margaritifera proteins'?, 26 P. maxima proteins'?, 39 L.
gigantea proteins'®, 14 H. asinina proteins®, 59 C. nemoralis proteins®, 67 M. truncata'’, and 65 M. venosa® proteins.
All protein sequences are validated by mapping to the transcriptomes, ESTs in biocalcifying organs or genome
assemblies. The e-value threshold was set to 1e-06. These comparisons were made using blast+ %: blastp -query
XX.fa -db XX.change.fasta -out XX.blp -outfmt 6 -evalue 10e-6 -num_threads 10. The *.blp files generated by
blast4 were modified using custom Perl scripts and then passed to Circos in order to generate an ideogram®. The
* blp file with details of the BLASTp results is provided (Supplementary Table S4).

Identification of validated SMPs from C. gigas draft genome. The SMP searches in the C. gigas
gene models (oyster_gene_v1) and induced protein sequences (oyster_peptides_vl) were performed using
Opysterbase!?. Shell formation complementary DNAs (cDNAs) in C.gigas were BLASTn and BLASTp searched.
Identifies of the hit gene models associated with the original cDNAs were confirmed by sequence alignment.
Similarly, SMPs identified from other molluscan species were BLAST searched, and the obtained gene models were
reciprocally BLASTp searched against the NCBI nonredundant (nr) database to confirm the best-hit sequence.

Characterization of homologous SMPs in C.gigas. The conserved structural domains were examined
using the SMART® and InterproScan®'. The amino acid sequences were aligned using MEGA5%* or DNAMAN
(Lynon Biosoft). For phylogenetic analysis, poorly aligned positions were checked and removed manually, the phy-
logenetic tree with bootstrap value was constructed using MEGAS5. Protein sequences for the phylogenetic analysis
were retrieved from GenBank, Swiss-Prot, or the Oysterbase. In the case of secretory proteins or peptides, the pres-
ence of a signal peptide was predicted by SignalP 4.0%. COILS was used to detect coiled coil formation®. To iden-
tify membrane proteins, the TMHMM Server v2.0 prediction algorithm was used for transmembrane helices®.

Conclusion

We compared two different SMPEs of C. gigas consisting of 76 SMPs and 53 SMPs and chose the latter one to
perform a broad level comparison by bioinformatic analysis. These SMPE were characterized by having a high
proportion of ID proteins, especially RLCD proteins. We used a marine SMPE in C. gigas to perform a broad
comparison against 443 SMPs from nine other species using BLASTp. Our data confirms the earlier findings
that the SMPs similarity depends not only on the evolutionary distance but is influenced by mineralogy of shell,
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parallel evolution, adaptation to the environment etc. The highly conserved proteins tyrosinase and chitotrio-
sidase are identified in bivalve, and the relatively conserved proteins with domains of CA, VWA, CBD, IG-like
and LaG are identified from all ten species. 25 genes encoding SMPs were annotated and characterized that are
chitin related or ECM related proteins involved in crystallization of CaCO;. These conserved SMPs and universal
domains enrich the molecular knowledge of shell formation mechanism in C. gigas, urging for a refined shell
formation model including both chitin and ECM-related proteins.
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