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Abstract: Despite being a member of the shelled mollusks (Conchiferans), most members of extant
cephalopods have lost their external biomineralized shells, except for the basally diverging Nautilids.
Here, we report the result of our study to identify major Shell Matrix Proteins and their domains in
the Nautilid Nautilus pompilius, in order to gain a general insight into the evolution of Conchiferan
Shell Matrix Proteins. In order to do so, we performed a multiomics study on the shell of N. pompilius,
by conducting transcriptomics of its mantle tissue and proteomics of its shell matrix. Analyses of
obtained data identified 61 distinct shell-specific sequences. Of the successfully annotated 27 se-
quences, protein domains were predicted in 19. Comparative analysis of Nautilus sequences with
four Conchiferans for which Shell Matrix Protein data were available (the pacific oyster, the pearl
oyster, the limpet and the Euhadra snail) revealed that three proteins and six protein domains were
conserved in all Conchiferans. Interestingly, when the terrestrial Euhadra snail was excluded, another
five proteins and six protein domains were found to be shared among the four marine Conchiferans.
Phylogenetic analyses indicated that most of these proteins and domains were probably present
in the ancestral Conchiferan, but employed in shell formation later and independently in most
clades. Even though further studies utilizing deeper sequencing techniques to obtain genome and
full-length sequences, and functional analyses, must be carried out in the future, our results here
provide important pieces of information for the elucidation of the evolution of Conchiferan shells at
the molecular level.

Keywords: biomineralization; multiomics; proteomics; shell evolution; Mollusca; Cephalopoda

1. Introduction

Many metazoans have evolved various biomineralized tissues, both internally and
externally [1]. Despite its maintenance cost, many metazoan species have opted to retain
the presence of such tissues because they are deemed useful, for example, for structural and
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morphological support, mineral ions storage and protection and defense from predators
and environmental factors [2,3]. Among extant metazoans, two phyla have anciently
evolved and are still retaining their external biomineralized shells: the mollusks (Mollusca)
and the brachiopods (Brachiopoda) [1]. Most members of these calcifying organisms live
in marine environment, where calcium and carbonate ions are easily available as sources
of the mineralized tissues [4].

With ca. 85,000 extant members, the phylum Mollusca is one of the most successful
metazoan groups. Recent phylogenomics studies have shown that a monophyletic Mol-
lusca is comprised of two groups, Aculifera (polyplacophorans and aplacophorans) and the
biomineralized, external shell-forming Conchifera (="the Conchiferans”). The latter group
is comprised of five families grouped further into two monophyletic clades: the monopla-
cophorans + cephalopods clade and the scaphopods + gastropods + bivalves clade [5-8].
Conchiferans’ ability to form mineralized external shells was acquired very early in their
evolution in the Cambrian [9,10]. The Conchiferan shell is arguably the most well-studied
biomineralized external structure [11]. Mineralogy and microstructure studies have re-
vealed that Conchiferan shells are mainly based on calcium carbonate and composed of
multiple calcified layers (such as the prismatic and nacreous layers) and one organic layer
(the periostracum). The mechanism of shell formation, which includes several distinct
steps such as secretion of various proteins related to mineral depositions by the mantle
tissue, crystal formation breakage, pigmentation, etc., is also shared among the Conchifer-
ans [11]. Meanwhile, recent development in genomics, transcriptomics, proteomics and
other “-omics” approaches have allowed for detailed molecular characterizations of shell
formation and biomineralization. For example, multiomics approaches, such as integrating
transcriptomics or Expressed Sequence Tag (EST) analysis with proteomics, have revealed
a putative list of genes involved in biomineralization processes in mollusks [12-16]. Many
of such proteins are present in trace amounts inside the shell, and thus called the Shell
Matrix Proteins (SMPs). Despite their small amount, the SMPs apparently have essential
roles in shell formation and structural maintenance, such as calcium carbonate nucleation,
crystal growth and choice of calcium carbonate polymorphs [17,18].

Among the five Conchiferan orders, the evolution of the cephalopod shell is arguably
the most intriguing. While the group includes famous extinct members with univalve
shells such as the ammonites and belemnites, almost all extant cephalopods internalized,
reduced or completely lost their shells (such as seen in some cuttlefishes, squids and
octopods). Only Nautilus (Figure 1A,B), the last surviving genus of the basally diverging
Nautilids (Nautilida: Nautilidae) (416 MYA, i.e., Silurian/Devonian boundary) still have
its external calcified shells [19]. The Nautilus shell also shows similar microstructures
to those of other Conchiferan shells ([20], Figure 1C). For example, the outer shell wall
of Nautilus pompilius is also composed of three layers of minerals, the outer and inner
prismatic layers, and the nacreous layer in between (Figure 1C-F; [11,21]). Meanwhile,
another member of the cephalopods, the argonauts (Octopodiformes: Argonautidae) also
have an external calcified shell. However, this shell is considered as not a “true” shell
because it lacks the microstructures of one, brittle and most likely acquired secondarily
from a shell-less Octopodiform ancestor during the evolution of this group [22-24].

Many studies on shell biomineralization genes, proteins and protein domains have
been carried out on bivalves and gastropods. However, in order to obtain a more general
insights on the origin and evolution of the SMPs in the Conchiferans, information from
the Cephalopods is crucial. Therefore, in this study, we conducted a multiomics study on
the hydrophylic proteins extracted from the shell matrix of the Nautilid Nautilus pompilius
(Figure 1B). The results allowed us to identify putative conserved sets of proteins and
protein domains in the Conchiferan SMPs, which then allowed us to further discuss the
finding’s implication on the understanding of the evolution of Conchiferan SMPs and
shell formation.
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Figure 1. (A) Phylogeny of Conchiferans including Nautilus pompilius. (B) N. pompilius. (C) The microstructures of the shell
of N. pompilius. In detail: (D) Outer prismatic layer, (E) Middle prismatic layer and (F) Inner prismatic layer.

2. Materials and Methods
2.1. Sample Collections, Total RNA Extraction from Mantle Tissues and Total Shell
Protein Extraction

Three individuals of Nautilus pompilius were obtained from a local aquarium shop
dealer in Japan. The samples were obtained from The Philippines (Tokyo, Japan). We
obtained these samples at the end of 2011 and beginning of 2012, before the inclusion of
this species in the CITES list and thus prior to the protected status of this species under the
Washington agreement. First, we sedated the individuals in 2% ethanol in cold sea water
for ca. 10 min [25]. Afterward, we removed the shells from the individuals, and dissected
out pieces of the mantle tissue (ca. 25-35 mg each) on ice, and stored them in ISOGEN
(Nippon Gene Co. Ltd., Tokyo, Japan) at —80 °C. The mantle tissues were extracted from
the dorsal part and ventral part of the outermost rim of the mantle, positioned behind the
hood, at the part directly touching the rim of the shell. Total RNA was extracted from the
tissue samples using ISOGEN and the RNeasy kit (Qiagen, Tokyo, Japan) and was stored in
—80 °C until further transcriptome analyses. The rest of the body of the individuals were
euthanized by freezing them in —80 °C, and then preserved in formalin, to be later stored
as vouchered specimens at The University Museum, The University of Tokyo, Japan.

The extraction process of the total shell protein was as follows. The shell of one of the
individuals was first shattered into pieces using a hammer. The shell pieces were cleaned
from any organic tissue by incubation in a 2M NaOH overnight, and a thorough washing
with Milli-Q water 10 times. Cleaned shell pieces were then ground into powder, and
then slowly decalcified using 0.5 M EDTA as the chelating agent, at 4 °C for 3 days. Total
hydrophilic proteins of the shell were extracted using the 3 kDa Amicon Ultra Centrifugal
Filter Unit. Extracted protein were then stored at —80 °C until further analyses.

2.2. Multiomics Analyses of the Shell Matrix Proteins of Nautilus pompilius

Transcriptome sequencing of the mRNA extracted from the seven tissue samples,
using the Ion Torrent PGM next generation sequencing platform (Thermo Fisher Scientific,
Waltham, MA, USA) was outsourced to the Center for Omics and Bioinformatics, The
University of Tokyo. Obtained raw reads from the seven tissue samples were combined
and assembled altogether using the CLC assembly cell with the default settings on Maser
Computing System (Data Center for Cell Innovation, National Institute of Genetics) [26].
The Maser analytical pipelines (http://cell-innovation. nig.ac.jp/; accessed on 1 November
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2013) were then used for functional estimations of the assembled CLC contigs. For expres-
sion profiling, FASTQ reads were aligned to the CLC contigs using the TMAP mapping
program (https://github.com/iontorrent/TS/tree/master/Analysis/ TMAP; accessed on
1 November 2013).

After digestion into short peptides by trypsin (Promega, Tokyo, Japan), extracted total
shell protein samples were analyzed using a Liquid Chromatography—Mass spectrome-
try/Mass spectrometry (LC-MS/MS) system (DiNa nanoLC system) (KYA Technologies,
Tokyo, Japan) and an LTQ Orbitrap Mass Spectrometer (Thermo Fisher Scientific)). Identi-
fication of obtained spectra was conducted by doing a search on a self-prepared protein
sequence database using the spectra as queries, on the SEQUEST program in Proteome
Discoverer version 1.2 (Thermo Fisher Scientific). The self-made protein sequence database
was built as follows: First, assembled transcriptome contig data from the mantle tissue were
translated and then fragmented into hypothetical peptides in silico to simulate digestion
by trypsin. Afterward, hypothetical molecular masses and spectra of the hypothetical
peptides were calculated. The hypothetical spectrum data were then matched to the actual
experimental spectrum data of the Shell Matrix Protein (SMP) polypeptides obtained from
the LC-MS/MS analyses, resulting in the identification of candidate protein sequences.
Only transcriptome-based protein sequences (the hypothetical protein sequences) matched
by at least two LC MS/MS polypeptides were selected as potential SMPs. Detailed methods
and parameters for the analyses were described in [4,27,28].

2.3. Characterizations of the Shell Matrix Proteins of Nautilus pompilius

Sequence annotation was performed by conducting BLASTp and BLASTx searches on
the nr databases of Genbank and a database of published Conchiferan Shell Matrix Protein
sequences, which we compiled ourselves by expanding the dataset of Arivalagan et al.
(2017) and Feng et al. (2017) (Supplementary Table S1) [29,30]. Domain searches were
performed using multiple online tools: SMART (http://smart.embl-heidelberg.de/; ac-
cessed on 1 September 2019) [31] (PROSITE (https:/ /prosite.expasy.org/; accessed on 1
September 2019) [32], InterProScan (https://www.ebi.ac.uk/interpro/search/sequence/;
accessed on 1 September 2019) [33], NCBI (https://www.ncbi.nlm.nih.gov/; accessed
on 1 September 2019) [34] and Pfam implemented in HMMER v3.3 (http:/ /hmmer.org/;
accessed on 1 September 2019) [35]. Signal peptides were predicted using the online tool
SignalP (http://www.cbs.dtu.dk/services/SignalP/; accessed on 1 September 2019) [36].
Predicted domains were visualized using an R script written in-house.

2.4. Comparative Analysis of Conchiferan Shell Matrix Proteins

In order to identify conserved protein sequences among the five Conchiferan species
analyzed in this study, the annotated 47 Shell Matrix Protein sequences of N. pompilius were
used as queries in reciprocal local BLASTx and tBLASTn searches, against the data of the
four molluscans for which the Shell Matrix Protein sequence data are already published
(71 Crassostrea gigas proteins [16]; 159 Pinctada fucata proteins [16]; 311 Lottia gigantea
proteins [12]; 55 Euhadra quaesita proteins [4]) (e-value < 1 X 105 and threshold > 50%:
“Search Setting 1”7, e-value < 1 x 107°: “Search Setting 2”). The presence of homologous
domains was confirmed manually, based on our reciprocal local BLAST result.

2.5. Phylogenetic Analyses of the Shell Matrix Proteins

Phylogenetic analyses were conducted on a total of six Shell Matrix Proteins obtained
in this study (Pif/BMSP-like protein, Tyrosinase: Figure 4; CD109 Antigen protein, Chiti-
nase, Peroxidase, EGF-like domain-containing protein: Supplementary Figure S2). In order
to do so, homologous amino acid sequences of each protein of various organisms were data-
mined from UNIPROT (https://www.uniprot.org/; accessed on 1 September 2019), includ-
ing molluscan SMPs (if available/when relevant) and non-SMPs. The presence of homolo-
gous domains in the sequences was confirmed using HMMER v3.1b2 (http:/ /hmmer.org;
accessed on 1 September 2019; e-values < 1 x 10~°). These sequences were then aligned
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using the online version of MAFFT v7.310 (http://malfft.cbrc.jp/alignment/server/index.
html; accessed on 1 September 2019; [37]), with the g-INS-i algorithms to allow for global
alignment [38]. Sequences were edited using the online version of GBlocks v.091b [39]
under the least stringent settings. Model selection was conducted on MEGA v10 [40].
Maximum Likelihood trees were inferred using the GUI version of RAXML [41], with the
rapid tree search setting and 1000 bootstrap replications, using the best fitting amino acid
substitution model. The selected model for each protein is written directly in the figure
legend of each tree.

3. Results
3.1. Transcriptomics and Proteomics of the Shell Matrix Proteins in Nautilus pompilius

We conducted transcriptome sequencing of seven pieces (ca. 35 mg each) of the
mantle tissue in seven separate runs on an ION-PGM next generation sequencing platform,
resulting in about five to six million reads per run. After sequence assembly of all reads from
the seven runs combined, 48,633 contigs were obtained, with the largest contig is 13,521 bp-
long, the average length of contigs 414 bp and the N50 value 419. Of these, 11,830 contigs
(24.3%) encode ORFs longer than 100 amino acid residues, in which 8092 contigs encode for
proteins similar to those encoded in the draft genome of the California two-spot octopus
(Octopus bimaculoides), and 3738 encode for non-registered polypeptides, which probably
include novel (previously uncharacterized) protein sequences.

We conducted three runs of the LC-MS/MS mass spectrometer to analyze the extracted
total proteins from the shell of a Nautilus individual for which the mantle transcriptomes
were analyzed. A comparison between obtained protein spectra from the MS/MS analysis
and inferred protein spectra of the transcriptome contigs resulted in the identification of
61 proteins. Of these, 14 contigs were not included in further analyses because they contain
multiple translation frames, most likely caused by sequencing errors. Annotations of the
remaining 47 contigs with single translation frames were conducted by doing BLASTp
searches against three different databases: (1) the protein data of O. bimaculoides predicted
from its genome [42], (2) non-redundant (nr) Genbank sequence database and (3) self-
prepared database of known Shell Matrix Proteins (SMPs) (Supplementary Table S1). The
annotations were successful in identifying 27 sequences (Table 1).

Table 1. Annotation results of the 47 transcriptome contigs, which were identified as Shell Matrix Protein-coding genes by

proteome analysis in Nautilus pompilius.

Contig ID FPKM BLASTn Searches Result e-Value
contig_130 73.5 None

contig_145 140,864.70 None

contig_171 2072.40 Sushi-like protein [Mytilus coruscus] 3.00 x 102
contig_175 2671.90 None

contig_218 29,476.20 None

contig_605 321.6 EGF-like domain-containing protein 2 isoform X3 [Octopus bimaculoides] 2.00 x 107107
contig_737 41,106.30 None

contig_749 175,497.30 None

contig_790 97350.2 None

contig_835 862.5 CD109 Antigen-like isoform X1 [Crassostrea gigas] 0
contig_872 88.1 Chorion Peroxidase-like [Octopus vulgaris] 3.00 x 10~%
contig_1003 2305.10 protein PFC0760c-like [Octopus vulgaris] 1.00 x 1073
contig_1132 1428.80 Phospholipase A2-like [Centruroides sculpturatus] 1.00 x 10~%
contig_1391 239 hypothetical protein KP79_PYT17609 [Mizuhopecten yessoensis] 6.00 x 10710
contig_1429 1.9 None

contig_2249 6547 Aplysianin-A-like [Crassostrea virginica] 9.00 x 107°
contig_2301 77,909.50 hypothetical protein LOTGIDRAFT_176428 [Lottia gigantea] 3.00 x 108
contig_2437 224.1 Chitinase [Sepia esculenta] 2.00 x 10~42
contig_3214 1694.2 hypothetical protein LOTGIDRAFT_236297 [Lottia gigantea] 1.00 x 107#
contig_3983 1112.5 None
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Table 1. Cont.

Contig ID FPKM BLASTn Searches Result e-Value
contig_ 4501 663.3 Papilin-like [Lingula anatina] 2.00 x 107%
contig_6305 420.8 uncharacterized protein LOC112560033 isoform X3 [Pomacea canaliculata] 2.00 x 102
contig_6751 2281.00 BMSP [Mytilus galloprovincialis] 3.00 x 101
contig_7092 93.4 Collagen Alpha-3(VI) chain isoform X2 [Cricetulus griseus] 6.00 x 108
contig_7381 440 hypothetical protein OCBIM_22014960mg [Octopus bimaculoides] 3.00 x 10~
contig_8396 288.3 Sushi-like protein [Mytilus coruscus] 6.00 x 107%
contig_8398 6029.2 None
contig_11910 1079.4 PREDICTED: nucleobindin-1-like, partial [Paralichthys olivaceus] 2.00 x 107
contig_13424 197.6 Heme-binding protein 2-like [Limulus polyphemus] 3.00 x 10~8
contig_14184 431.7 Peroxidase-like protein [Mizuhopecten yessoensis] 9.00 x 10742
contig_14880 772.8 None
contig_16223 267.3 None
contig_ 17506 164.2 Protein PIF [Mizuhopecten yessoensis] 1.00 x 102
contig_21095 770.1 None
contig_21964 195.5 None
contig_23085 713 None
contig 25822 83.8 hypothetical protein KP79_PYT14004 [Mizuhopecten yessoensis] 9.00 x 10~8
contig_30055 123.8 uncharacterized protein LOC106876168 [Octopus bimaculoides] 3.00 x 1018
contig 30170 134.5 Mucin-5AC-like isoform X2 [Pomacea canaliculata] 4.00 x 1071
contig_30322 109.8 None
contig_33774 152.2 None
contig 34307 12.1 Collagen-like protein-1, partial [Mytilus coruscus] 3.00 x 10713
contig_35294 13.7 None
contig_38157 3.4 Tyrosinase-like protein [Octopus vulgaris] 3.00 x 10777
contig_38801 167 None
contig_46079 0 None
contig_46877 59.3 hypothetical protein LOTGIDRAFT_169029 [Lottia gigantea] 3.00 x 1073

All assembled Shell Matrix Protein-coding gene sequence data newly acquired in this
study are publicly archived on DDB]/Genbank under the Genbank accession numbers
LC653254-L.C653300.

3.2. Homology Comparisons of the Shell Matrix Proteins and Their Domains among Several
Conchiferan Mollusks

We carried out reciprocal local BLASTn searches among the Shell Matrix Proteins
(SMPs) of Nautilus and a select set of four Conchiferans for which detailed SMPs data were
available as of July 2019 (the pacific oyster Crassostrea gigas, the pearl oyster Pinctada fucata,
the limpet Lottia gigantea and the snail Euhadra quaesita), in order to identify conserved
proteins and protein domains among the SMPs in the Conchiferans. The searches were
conducted with the threshold of >50% sequence homology, and e-value of <1 x 107>
(“Search Setting 1”). Considering the stringency of our searches and the highly frag-
mented nature of our transcriptome sequences, there was a possibility that we did not
pick up possible conserved protein-coding gene sequences in our data. Therefore, we
also conducted reciprocal local BLASTn searches using less stringent settings following
previous studies (only by setting the maximum e-value of < 1 x 102 [4,16], (“Search
Setting 2”) (Figure 2).
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Figure 2. Comparisons of the Shell Matrix Proteins in several Conchiferans for which the data are available using Search
Settings 2. Detailed explanation of the settings is written in the main text. (A) Venn diagram showing the numbers of
shared proteins identified through local BLASTp searches among the five Conchiferans. Red line enclosure is the number
of conserved proteins among the Conchifera. (B) Homologous proteins of the five Conchiferans compared, plotted on
to the phylogeny of the animals. (C) Homologous proteins colored deep green were conserved among all five species.
(D) Homologous proteins colored Pale green were conserved among marine mollusks.
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Reciprocal local BLASTx and tBLASTn searches of the 47 SMP sequences of Nautilus
as queries under Search Setting 1 found 43 proteins to be specific to Nautilus (23 were
annotated, while 20 were unknown proteins). However, the less stringent searches found
31 proteins (11 annotated, 20 unknown) to be specific to Nautilus. Meanwhile, searches us-
ing Search Setting 1 identified no protein, while Search Setting 2 identified additional three
proteins (Pif/BMSP-like protein, CD109 Antigen protein, and Tyrosinase) in all Conchifer-
ans. Our most stringent searches identified another protein (EGF-ZP domain-containing
protein), and additional four (Chitinase, Peroxidase, Kunitz domain-containing protein
and L. gigantea LOTGIDRAFT_169029 (Chitin-binding domain-containing protein) by the
less stringent searches, to be also shared among the four marine members, excluding E.
quaesita. Thus, a total of eight proteins (Pif/BMSP-like protein, CD109 Antigen protein,
Tyrosinase, Chitinase, Peroxidase, Kunitz domain-containing protein, L. gigantea LOT-
GIDRAFT_169029 and EGF-like domain-containing protein) were found to be conserved
among the four marine Conchiferans analyzed in this study (Figure 2B). A complete list
of the proteins is shown in Table 1, while the result of reciprocal local BLAST searches is
shown in Supplementary Figure S1 and Supplementary Table S2 (for Search Setting 2), and
Supplementary Figure S1 and Supplementary Table S3 (Search Setting 1).

In-silico domain searches predicted the presence of domains in 22 of the 27 annotated
sequences. Meanwhile, of the 20 contigs we were unable to annotate, domains were
predicted in one contig. Diagrams showing the domains of the 22 + 1 sequences of N.
pompilius are shown in Figure 3A and listed in Supplementary Table S3. We manually
searched for the presence of the identified domains in the other four Conchiferan Shell
Matrix Protein (SMP) datasets. The result was summarized and shown in Figure 4B and
Supplementary Tables S4-S7. We found that six domains (A2M_comp, A2M_recep, Chitin-
binding Type 2 (ChtBD2), Signal Peptide, Tyrosinase and Von Willebrand Factor Type
A (VWA)) were present in the five Conchiferans we analyzed in this study. When the
terrestrial gastropod E. quaesita was excluded, additional six domains (An_Peroxidase,
Glyco_18 domain, Zona Pellucida (ZP), Epidermal Growth Factor-like (EGF), BPTI/Kunitz
family of Serine Protease Inhibitors (KU) and Thiol-Ester bond-forming region (Thiol-
ester_cl)) were found to be also shared among the four marine Conchiferans (Figure 3B).

3.3. Phylogenetic Analysis of the Shell Matrix Proteins in Conchifera

In order to investigate their molecular evolution, we selected six successfully anno-
tated SMPs (Pif/BMSP-like protein, Tyrosinase: Figure 4; CD109 Antigen protein, Chiti-
nase, Peroxidase, EGF-like domain-containing protein: Supplementary Figure S2), and
conducted Maximum Likelihood phylogenetic inferences together with their metazoan
homologs which sequences were obtained from GenBank and UniProt. Relatively robust
phylogenetic trees were obtained for all six proteins, with most nodes supported moder-
ately to strongly. Deeper nodes were unsupported, despite their general agreement with
the accepted metazoan taxonomy. The sequences form monophyletic groups at the phylum
level (e.g., Mollusca), but not so at the lower taxonomic levels. However, all analyzed SMPs
do not form monophyletic groups with their non-SMP homologs in their consecutive phyla
(Figure 4; Supplementary Figure S2).
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Figure 3. Comparisons of the domains contained in the Shell Matrix Proteins of several Conchiferans for which the data
are available. (A) Schematic representations of the domains in the Shell Matrix Proteins of Nautilus pompilius. (B) Shared
domains in the Shell Matrix Proteins of the five Conchiferans (N. pompilius, Pinctada fucata, Crassostrea gigas, Lottia gigantea
and Euhadra quaesita) compared, mapped on to the phylogeny of the animals. The reconstructed Ancestral Conchiferans
most likely had all of the shared domains.
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Rano: Rattus norvegicus, Trps: Trichinella pseudospiralis, Toca: Toxocara canis. An OTU name started with the word “Contig”

denotes the Nautilus pompilius sequence obtained in this study.
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4. Discussion
4.1. The Shell of Nautilus pompilius Is a Typical Conchiferan Shell

Like other Conchiferans, the outer shells of the cephalopods are thought to also
function by protecting their soft parts against predators. Shell morphological studies have
indicated that outer shell breakages caused by fatal and non-fatal predatory attacks were
often found in various extant Nautilus [43] and extinct, shelled cephalopod fossils [44,45].
Moreover, members of the cephalopods had developed swimming ability, which had
assisted their radiation both horizontally and vertically in the ocean habitat, in contrast to
the rest of the marine mollusks, which are mostly benthic. Among the shelled cephalopods,
such swimming ability was acquired by the formation of chambered shells (outer shell
wall + internal septa), which functioned as a hydrostatic apparatus and unique to the
cephalopods [46].

Microstructures of the Conchiferan shells have been classified in several ways based
on their crystalized mineral morphology and architecture [47]. The differing classification
methods however agreed on the presence of the prismatic and nacreous layers, which have
been observed in the shell of all Conchiferans including Nautilus, various bivalves (e.g.,
Pterioidea, Mytiloidea and Nuculoidea) and gastropods (e.g., Trochoidea and Haliotoidea).
The wide occurrence of these types of microstructures among the Conchiferans strongly
suggests that the Nautilus shell retains some of the ancestral characters of the Conchiferan
shell, and thus most likely, its biomineralization processes.

4.2. Homology Comparisons and the Evolution of the Shell Matrix Proteins and Their Domains
among Several Conchiferan Mollusks

Homology searches among several Conchiferan mollusks for which the Shell Matrix
Proteins (SMPs) have been studied as of July 2019 (the pacific oyster Crassostrea gigas,
the pearl oyster Pinctada fucata, the limpet Lottia gigantea and the snail Euhadra quaesita)
revealed that three proteins (Pif/BMSP-like protein, CD109 Antigen protein and Tyrosinase;
Figure 2B) are apparently shared among the Conchiferans. The three proteins are known to
be very important in the formation and maintenance of shell structures. For example, the
Pif/BMSP proteins are involved in the formation of the nacreous layer of the shell [14,48,49].
Pif and BMSP are composed of signal peptide, von Willebrand Factor Type A domain
(VWA), and Chitin-binding domains. The Signal Peptide domain, which function is to
guide synthesized proteins to the membrane complex of the cell for secretion, is present
in all secretory proteins [50]. The VWA domain is known to function in protein-protein
interaction, while Chitin-binding domain is known to interact with calcium ions in calcium
carbonate [49]. Tyrosinase (both as a protein and a domain) is known to be involved
in pigmentation [51,52], and found in all mollusks compared in this study. The protein
was probably recruited to form the diverse coloration and color patterns of the shell. In
mammals, including humans, the CD109 Antigen protein is known to be involved in
mineralized tissue formation, by being involved in osteoclast formations [53]. Molecularly,
it is a protease inhibitor, and it works by regulating TGF-beta receptor expression, TGF-beta
signaling and STAT3 activation to inhibit TGF-beta signaling [54,55].

In addition to the three proteins detailed above, when the land snail Euhadra quaesita
was excluded in the reciprocal BLASTx searches, another five proteins (EGF-ZP domain-
containing protein, Chitinase, Peroxidase, Kunitz domain-containing protein and L. gigantea
LOTGIDRAFT_169029 (Chitin-binding domain-containing protein) were found to be con-
served among the marine Conchiferans (Figure 3B). While it is very enticing to suggest that
the difference in the types of proteins inside the shell matrices were caused by adaptation to
terrestrial environment, we cannot conclusively suggest so based only our result reported
here, because of the differing sequencing methods and depths of the studies. However,
previous reports have suggested that the proteins reported as conserved only among the
marine Conchiferans were also probably important during shell formation. For example,
the EGF-ZP domain-containing protein, Chitinase and Peroxidase were suggested to be
involved in the formation of calcium carbonate crystals in the shell [29,30,56-58]. The pres-
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ence of homologs of these proteins in all Conchiferan SMPs including the basal cephalopod
Nautilus might have underlined their importance in Conchiferan shell formation.

Two proteins, the Nucleobindin-like and Phospholipase A2-like proteins, were shown
to be shared only between the limpet Lottia gigantea and Nautilus. Nucleobindin is known
to be related to calcium ion binding in humans [59]. Phospholipase A2 is a hydrolyzing
enzyme which function of cleaving phospholipids depends on the presence of calcium
ions [60]. While the specific function of both enzymes during shell formation and biomin-
eralization has never been assessed, we could deduce that both enzymes are probably
related to the calcification process of the shell. However, our analyses did not find these
two enzymes in the shell matrices of other Conchiferans compared in this study, besides
the limpet and Nautilus. This could be attributed not only to the exhaustiveness of data, but
also to possible evolutionary scenarios, where the two genes were either lost by the other
Conchiferan groups, or independently recruited by the limpet and Nautilus. Interestingly,
the traditional view of molluscan taxonomy puts the gastropods as the sister group of
the cephalopods [61,62]. It is also to be noted that we found two Phospholipase A2-like
proteins in Nautilus.

Based on the information we presently obtained from this study, we could deduce a
putative set of Conchiferan SMPs (Figure 2B). However, phylogenetic analyses of the six
proteins (Figure 4; Supplementary Figure 52) showed that the SMPs were not monophyletic,
as what would be expected if the proteins were specifically recruited as SMPs only once in
the ancestral Conchiferan. We found that the SMPs were not monophyletic even among
closely related taxa/species (e.g., Tyrosinase: Figure 4B). Therefore, our present findings
suggest that the same proteins were probably recruited multiple times in various taxa across
Conchiferans from preexisting proteins, which functions and structures were probably
useful and easier to tinker for the formation of biomineralized structures.

From the 47 protein sequences we obtained from the shell of Nautilus, we identified
the presence of 19 domains (Figure 3A). When compared with other the data of other
Conchiferans analyzed in this study, we found that five domains were conserved in all
species, five additional domains were conserved only in the marine ones (Figure 4B), and
three domains were found only in Nautilus. They are common domains usually found in
many proteins, including those unrelated to biomineralization in metazoans. However,
from our results, we can deduce that the proteins containing these domains were probably
recruited for shell formation, because the domains” known functions indicate that they are
most likely related to one or several events of shell formation and maintenance, including
biomineralization.

4.3. Transcriptomics of the Mantle Tissue in Nautilus pompilius Using ION Torrent PGM Is
Arguably Enough to Reveal the Presence of Several Core Shell Matrix Proteins

In this study, we successfully identified 61 Shell Matrix Protein (SMP) sequences,
although not all of them were usable in further downstream analyses due to sequencing
errors (47 SMPs = without frameshift errors). However, the number of obtained proteins
is reasonable, when compared with other previous studies (e.g., Mya truncata = 67 [63];
Crassostrea gigas = 53 [64]; Mytilus coruscus = 63 [65]; Pinctada fucata = 75 [66]; Cepaea
nemoralis = 59 [67]; Pinctada margaritifera = 78 [13]; Euhadra quaesita = 55 [4]. One of the
possible advantages of using an arguably shallower system for transcriptome sequencing
(such as ION-PGM) is that most of the sequences we obtained here were probably the most
abundantly expressed transcripts (major SMPs), and thus not background expression genes
accidentally picked-up. However, using a shallow next generation sequencing system also
brings some disadvantages. For example, failure in domain predictions and annotations
of several SMP contigs were probably because they were too fragmented and thus the
sequences were incomplete, causing annotation programs to fail in detecting any domain.
There is also a possibility that sequencing errors might have caused incorrect in silico-
translations of some contigs. Of course, however, the possibility that some of the contained
domains were unpredictable because they were novel domains, and that the 13 protein
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sequences are novel, previously uncharacterized proteins, cannot be eliminated by our
present results.

For example, in this study, we did not detect the presence of Nautilin-63, which was
extracted from the acid-soluble fraction of the shell of a congener of Nautilus pompilius, N.
macromphalus [68]. This is probably caused by the shallowness of the sequencing system
we presently employed in this study, although the possibility that this protein is species
specific also cannot be denied. Future analyses are still needed to see if Nautilin-63 is
a major protein in all Nautilids, or specific to N. macromphalus. We also did not detect
the presence of Nacrein, despite its putative crucial role during the formation of nacres
in Conchiferan shells [69]. This could probably be attributed to the limitations of the
sequencing machine as mentioned above, besides the fact that we only analyzed the water-
soluble fraction of the SMPs in this study. Therefore, in order to obtain a more complete
picture of SMPs in extant Nautilids, including N. pompilius, further studies using deep
transcriptome sequencing platforms such as Illumina, and proteomics analyses of both the
hydrophilic and hydrophobic components of the SMPs, are still needed in the future.

4.4. Concluding Remarks

In this study, we conducted transcriptomics and proteomics analyses of the Shell
Matrix Proteins of an extant basally diverging cephalopod, the Nautilid Nautilus pompilius.
We successfully identified 47 proteins, in which 27 were successfully annotated. We
were unable to annotate the other 20 protein sequences probably because they are too
short/too fragmented, or because they are previously uncharacterized and/or novel protein
sequences. Of the 27 sequences we annotated, we found 11 proteins to be present only
in the shell matrix of Nautilus pompilius (Table 1). With only our present data, we are
unable to actually say if the absence of these proteins in other Conchiferans is biological
or technical. This is because the lack of sequence information prohibits us to deduce
if the sequences were unique to Nautilus or shared with other organisms we compared
in this study. For example, it is possible that the protein shared between Nautilus and
the octopus (hypothetical protein OCBIM_22021924mg [Octopus bimaculoides]) is actually
a protein sequence specific to the cephalopods, while the heme-binding protein 2-like
[Limulus polyphemus] is shared between the cephalopods and the limulid horseshoe crab.

In order to obtain a more in-depth view and conclusive insights regarding the evolu-
tion and functions of these proteins during the formation and maintenance of the shell in
Nautilus, the cephalopods and the Conchiferans, comprehensive future studies involving
molecular evolution studies, comparative genomics and functional analyses are needed
still needed. For example, studies involving comparison across different taxa will be
needed to elucidate the specificity (or non-specificity) of hypothetical protein OCBIM_
22021924mg [Octopus bimaculoides] and heme-binding protein 2-like [Limulus polyphemus] in
Nautilus, while comprehensive functional and molecular evolutionary studies of L. gigantea
LOTGIDRAFT_169029 should be carried out in order to understand its specific functions
during Conchiferan shell formation.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/genes12121925/s1, Figure S1: Schematic presentation of the homologous relationships of the
Shell Matrix Proteins among five Conchiferans, Figure S2: Phylogenetic trees of selected Shell Matrix
Proteins, Table S1: Annotation results of the 47 transcriptome contigs, which were identified as shell
matrix protein-coding genes by proteome analysis, Table S2: Comparison of Shell Matrix Proteins
of four Conchiferans under “Search Setting 1” (sequence homology >50%, e-value < 1 x 107°),
Table S3: Comparison of Shell Matrix Proteins of four Conchiferans under “Search Setting 2” (e-value
<1 x 107>, Table S4: Annotation results of the 47 transcriptome contigs identified as shell matrix
protein-coding genes by proteome analysis, Table S5: The domain of four species (Pinctada fucata,
Lottia gigantea, Euhadra quaesita and Crassostrea gigas) as predicted by SMART, Table S6: Comparison
of the conserved domains among the five species of Conchifera analyzed in this study (Nautilus
pompilius, Pinctada fucata, Lottia gigantea, Euhadra quaesita and Crassostrea gigas), Table S7: The specific
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domains of the five species of Conchifera analyzed in this study (Nautilus pompilius, Pinctada fucata,
Lottia gigantea, Euhadra quaesita and Crassostrea gigas).

Author Contributions: D.H.E.S. conceived the idea, initiated and managed the course of the study.
D.H.E.S., K.H.,, M.-a.Y. and K.I. conducted data analyses. D.H.E.S., T.S., K.S. and M.I. euthanized and
dissected samples and extracted total RNA from the tissue samples. The rest of the samples were
then vouchered by T.S. at the museum. Y.T. conducted shell microstructure analyses. D.H.E.S., KH.,
Y.I. and K.K. conducted molecular works. D.H.E.S. wrote the first draft of the manuscript, which
were then edited further by D.H.E.S., KH., M.-a.Y,, Y.T. and K.E., D.H.E.S., K.H. and Y.T. prepared
Figures and Tables of the manuscript. All authors confirmed the content of the final version of this
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: During this study, D.H.E.S. was initially supported by the JSPS Foreigner Postdoctoral
Fellowship (F02330) with the entailing research grant awarded to K.E. (12F02330). Afterward, D.H.E.S.
was partially supported by the FY2016 Research Grant for Chemistry and Life Sciences (The Asahi
Glass Foundation) and the FY2017 Research Grant for Zoology (Fujiwara Natural History Research
Foundation). The study was also supported partially by the FY2018 Grant-in-Aid for Scientific
Research (C) (Grant number: 18K06363) awarded to M.-a.Y. (PI) and D.H.E.S. (Co-PI), and the FY2019
Grant-in-Aid for Challenging (Exploratory) Research (Grant number: 19K21646) awarded to T.S. (PI)
and D.H.E.S. (Co-PI). M.-a.Y. was also partially supported by the Human Frontier Science Program
(HFSP) Grant (RGP0060/2017). K.E. was partially supported by FY2011 Grant-in-Aid for Scientific
Research (A) (Grant number: 23244101) and FY2011 Grant-in-Aid for Challenging (Exploratory)
Research (Grant number: 23654177). K.S. was partially supported by Grant-in-Aid for JSPS Fellows
(Grant number: 12J09867).

Institutional Review Board Statement: All experiments were conducted in accordance with the
guidelines and protocols of The University of Tokyo, in order to ensure proper and humane treatments
of the experimental animals sacrificed during the course of this study.

Informed Consent Statement: No human subject was used in this study.

Data Availability Statement: All assembled sequence data newly acquired in this study are publicly
available on DDB]J/Genbank under the Genbank accession numbers LC653254-1.C653300.

Acknowledgments: D.H.E.S. and K.H. would like to thank the constant support and invaluable
advice given by present and former members of the Setiamarga lab at NITW.

Conflicts of Interest: All authors declare the absence of any conflict of interest related to this study.

References

1.  Cowen, R. History of Life, 4th ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2009.

2. Lowenstam, H.A.W.S. On Biomineralization; Oxford University Press: New York, NY, USA, 1989.

3.  Simkiss, K.; Wilbur, K.M. Biomineralization; Elsevier: New York, NY, USA, 2012.

4. Shimizu, K.; Kimura, K; Isowa, Y.; Oshima, K.; Ishikawa, M.; Kagi, H.; Kito, K.; Hattori, M.; Chiba, S.; Endo, L. Insights into
the evolution of shells and love darts of land snails revealed from their matrix proteins. Genome Biol. Evol. 2019, 11, 380-397.
[CrossRef]

5. Kocot, K.M.; Cannon, ].T,; Todt, C.; Citarella, M.R.; Kohn, A.B.; Meyer, A.; Santos, S.R.; Schander, C.; Moroz, L.L.; Lieb, B.; et al.
Phylogenomics reveals deep molluscan relationships. Nature 2011, 477, 452—-456. [CrossRef] [PubMed]

6. Smith, S.A.; Wilson, N.G.; Goetz, FE.; Feehery, C.; Andrade, S.C.S.; Rouse, G.W.; Giribet, G.; Dunn, C.W. Resolving the
evolutionary relationships of molluscs with phylogenomic tools. Nature 2011, 480, 364-367. [CrossRef]

7. Kocot, K.M. Recent advances and unanswered questions in deep molluscan phylogenetics. Am. Malacol. Bull. 2013, 31, 195-208.
[CrossRef]

8.  Kocot, KM.; Poustka, A.J.; Stoger, I; Halanych, K.M.; Schrodl, M. New data from Monoplacophora and a carefully-curated
dataset resolve molluscan relationships. Sci. Rep. 2020, 10, 101. [CrossRef]

9.  Jackson, D.J.; McDougall, C.; Woodcroft, B.; Moase, P.; Rose, R.; Kube, M.; Reinhardt, R.; Rokhsar, D.S.; Montagnani, C.; Joubert,
C.; et al. Parallel evolution of nacre building gene sets in molluscs. Mol. Biol. Evol. 2010, 27, 591-608. [CrossRef]

10. Shi, Y;; Yu, C; Gu, Z; Zhan, X.; Wang, Y.; Wang, A. Characterization of the pearl oyster (Pinctada martensii) mantle transcriptome
unravels biomineralization genes. Mar. Biotechnol. 2013, 15, 175-187. [CrossRef] [PubMed]

11.  Marin, E; Le Roy, N.; Marie, B. The formation and mineralization of mollusk shell. Front. Biosci. 2012, 4, 1099-1125. [CrossRef]
[PubMed]

12.  Mann, K.; Edsinger-Gonzales, E.; Mann, M. In-depth proteomic analysis of a mollusc shell: Acid-soluble and acid-insoluble

matrix of the limpet Lottia gigantea. Proteome Sci. 2012, 10, 28. [CrossRef] [PubMed]


http://doi.org/10.1093/gbe/evy242
http://doi.org/10.1038/nature10382
http://www.ncbi.nlm.nih.gov/pubmed/21892190
http://doi.org/10.1038/nature10526
http://doi.org/10.4003/006.031.0112
http://doi.org/10.1038/s41598-019-56728-w
http://doi.org/10.1093/molbev/msp278
http://doi.org/10.1007/s10126-012-9476-x
http://www.ncbi.nlm.nih.gov/pubmed/22941536
http://doi.org/10.2741/s321
http://www.ncbi.nlm.nih.gov/pubmed/22202112
http://doi.org/10.1186/1477-5956-10-28
http://www.ncbi.nlm.nih.gov/pubmed/22540284

Genes 2021, 12, 1925 15 of 16

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

Marie, B.; Joubert, C.; Tayalé, A.; Zanella-Cléon, I.; Belliard, C.; Piquemal, D.; Cochennec-Laureau, N.; Marin, E; Gueguen, Y.;
Montagnani, C. Different secretory repertoires control the processes of prism and nacre deposition of the pearl oyster shell. Proc.
Natl. Acad. Sci. USA 2012, 109, 20986-20991. [CrossRef] [PubMed]

Miyamoto, H.; Endo, H.; Hashimoto, N.; Limura, K.; Isowa, Y.; Kinoshita, S.; Kotaki, T.; Masaoka, T.; Miki, T.; Nakayama, S.; et al.
The diversity of Shell Matrix Proteins: Genome-wide investigation of the pearl oyster. Pinctada fucata. Zool. Sci. 2013, 30, 801-816.
[CrossRef]

Zhang, G.; Fang, X.; Guo, X,; Li, L.; Luo, R,; Xu, F; Yang, P; Zhang, L.; Wang, X.; Qi, H.; et al. The oyster genome reveals stress
adaptation and complexity of shell formation. Nature 2012, 490, 49-54. [CrossRef] [PubMed]

Zhao, R.; Takeuchi, T; Luo, Y.J.; Ishikawa, A.; Kobayashi, T.; Koyanagi, R.; Villar-Briones, A.; Yamada, L.; Sawada, H.; Iwanaga, S.;
et al. Dual gene repertoires for larval and adult shells reveal molecules essential for molluscan shell formation. Mol. Biol. Evol.
2018, 35, 2751-2761. [CrossRef] [PubMed]

Addadi, L.; Joester, D.; Nudelman, F.; Weiner, F. Mollusk shell formation: A source of new concepts for understanding
biomineralization processes. Chem. A Eur. ]. 2006, 12, 980-987. [CrossRef] [PubMed]

Marin, F.; Marie, B.; Hamada, S.; Romos-Silva, P. “‘Shellome”: Proteins involved in mollusk shell biomineralization-diversity,
functions. In Recent Advances in Pearl Research; Watabe, S., Maeyama, K., Nagasawa, H., Eds.; Terrapub: Tokyo, Japan, 2013;
pp. 149-166.

Kroger, B.; Vinther, ].; Fuchs, D. Cephalopod origin and evolution: A congruent picture emerging from fossils, development and
molecules. BioEssays 2011, 33, 602-613. [CrossRef] [PubMed]

Mitchell, PR.; Phakey, P.P. Notes on the microstructure of the Nautilus shell. Scanning Microsc. 1995, 9, 16.

Grégoire, C. Ultrastructure of the Nautilus shell. In Nautilus: The Biology and Paleobiology of a Living Fossil; Saunders, W.B.,
Landman, N.H., Eds.; Plenum Press: New York, NY, USA, 1987; pp. 463-486.

Naef, A. Cephalopoda. In Fauna und Flora des Golfes von Naples; Monografia; Progress for Scientific Translations: Jerusalem, Israel,
1923; p. 863.

Wolfe, K.; Smith, A.M.; Trimby, P.; Byrne, M. Vulnerability of the Paper Nautilus (Argonauta nodosa) Shell to a Climate-Change
Ocean: Potential for Extinction by Dissolution. Biol. Bull. 2012, 223, 236-244. [CrossRef]

Hirota, K.; Yoshida, M.-A.; Itoh, T.; Toyoda, A.; Setiamarga, D.H.E. The full mitochondrial genome sequence of the greater
argonaut Argonauta argo (Cephalopoda, Argonautoidea) and its phylogenetic position in Octopodiformes. Mitochondrial DNA B
Resour. 2021, 6, 1451-1453. [CrossRef]

Butler-Struben, H.M.; Brophy, S.M.; Johnson, N.A.; Crook, R.J. In vivo recording of neural and behavioral correlates of anesthesia
induction, reversal, and euthanasia in cephalopod molluscs. Front. Physiol. 2018, 9, 109. [CrossRef]

Kinjo, S.; Monma, N.; Misu, S.; Kitamura, N.; Imoto, J.; Yoshitake, K.; Gojobori, T.; Ikeo, K. Maser: One-stop platform for NGS big
data from analysis to visualization. Database 2018, 2018, bay027. [CrossRef]

Elias, ].E.; Gygi, S.P. Target-decoy search strategy for increased confidence in large-scale protein identifications by mass spectrom-
etry. Nat. Methods 2007, 4, 207-214. [CrossRef] [PubMed]

Isowa, Y.; Sarashina, I.; Oshima, K.; Kito, K.; Hattori, M.; Endo, K. Proteome analysis of shell matrix proteins in the brachiopod
Lagqueus rubellus. Proteome Sci. 2015, 13, 1-10. [CrossRef]

Feng, D.; Li, Q.; Yu, H,; Kong, L.; Du, S. Identification of conserved proteins from diverse shell matrix proteome in Crassostrea
gigas: Characterization of genetic bases regulating shell formation. Sci. Rep. 2017, 7, 45754. [CrossRef]

Iwamoto, S.; Shimizu, K.; Negishi, L.; Suzuki, N.; Nagata, K.; Suzuki, M. Characterization of the chalky layer-derived EGF-like
domain-containing protein (CgELC) in the pacific oyster, Crassostrea gigas. J. Struct. Biol. 2020, 212, 107594. [CrossRef]

Letunic, I.; Bork, P. 20 years of the SMART protein domain annotation resource. Nucleic Acids Res. 2018, 46, D493-D496. [CrossRef]
Hulo, N.; Bairoch, A.; Bulliard, V.; Cerutti, L.; De Carstro, E.; Langendijk-Genevaux, P.S.; Pagni, M.; Sigrist, C.J.A. The PROSITE
database. Nucleic Acids Res. 2006, 34, D227-D230. [CrossRef]

Jones, P;; Binns, D.; Chang, H.Y.; Fraser, M.; Li, W.; McAnulla, C.; McWilliam, H.; Maslen, J.; Mitchell, A.; Nuka, G.; et al.
InterProScan 5: Genome-scale protein function classification. Bioinformatics 2014, 30, 1236-1240. [CrossRef] [PubMed]

Altschul, S.E; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.J. Basic local alignment search tool. . Mol. Biol. 1990, 215, 403—410.
[CrossRef]

Eddy, S.R. Profile Hidden Markov Models. Bioinformatics 1998, 14, 755-763. [CrossRef] [PubMed]

Petersen, T.N.; Brunak, S.; Von Heijne, G.; Nielsen, H. SignalP 4.0: Discriminating signal peptides from transmembrane regions.
Nat. Methods 2011, 8, 785-786. [CrossRef]

Katoh, K.; Misawa, K.; Kuma, K.I,; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast
Fourier transform. Nucleic Acids Res. 2002, 30, 3059-3066. [CrossRef]

Katoh, K.; Kuma, K.I; Toh, H.; Miyata, T. MAFFT version 5: Improvement in accuracy of multiple sequence alignment. Nucleic
Acids Res. 2005, 33, 511-518. [CrossRef]

Castresana, J. Genes on human chromosome 19 show extreme divergence from the mouse orthologs and a high GC content.
Nucleic Acids Res. 2002, 30, 1751-1756. [CrossRef]

Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725-2729. [CrossRef] [PubMed]

Silvestro, D.; Michalak, I. raxmIGUI: A graphical front-end for RAXML. Org. Divers. Evol. 2012, 12, 335-337. [CrossRef]


http://doi.org/10.1073/pnas.1210552109
http://www.ncbi.nlm.nih.gov/pubmed/23213212
http://doi.org/10.2108/zsj.30.801
http://doi.org/10.1038/nature11413
http://www.ncbi.nlm.nih.gov/pubmed/22992520
http://doi.org/10.1093/molbev/msy172
http://www.ncbi.nlm.nih.gov/pubmed/30169718
http://doi.org/10.1002/chem.200500980
http://www.ncbi.nlm.nih.gov/pubmed/16315200
http://doi.org/10.1002/bies.201100001
http://www.ncbi.nlm.nih.gov/pubmed/21681989
http://doi.org/10.1086/BBLv223n2p236
http://doi.org/10.1080/23802359.2021.1911710
http://doi.org/10.3389/fphys.2018.00109
http://doi.org/10.1093/database/bay027
http://doi.org/10.1038/nmeth1019
http://www.ncbi.nlm.nih.gov/pubmed/17327847
http://doi.org/10.1186/s12953-015-0077-2
http://doi.org/10.1038/srep45754
http://doi.org/10.1016/j.jsb.2020.107594
http://doi.org/10.1093/nar/gkx922
http://doi.org/10.1093/nar/gkj063
http://doi.org/10.1093/bioinformatics/btu031
http://www.ncbi.nlm.nih.gov/pubmed/24451626
http://doi.org/10.1016/S0022-2836(05)80360-2
http://doi.org/10.1093/bioinformatics/14.9.755
http://www.ncbi.nlm.nih.gov/pubmed/9918945
http://doi.org/10.1038/nmeth.1701
http://doi.org/10.1093/nar/gkf436
http://doi.org/10.1093/nar/gki198
http://doi.org/10.1093/nar/30.8.1751
http://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://doi.org/10.1007/s13127-011-0056-0

Genes 2021, 12, 1925 16 of 16

42.

43.
44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Albertin, C.; Simakov, O.; Mitros, T.; Wang, Z.Y.; Pungor, J.R.; Edsinger-Gonzales, E.; Brenner, S.; Ragsdale, C.W.; Rokhsar, D.S.
The octopus genome and the evolution of cephalopod neural and morphological novelties. Nature 2015, 524, 220-224. [CrossRef]
Tanabe, K. Record of trapping experiment. Kagoshima Univ. Res. Center South Pac. Occas. Pap. 1988, 15, 5-15.

Takeda, Y.; Tanabe, K. Low durophagous predation on Toarcian (Early Jurassic) ammonoids in the northwestern Panthalassa
shelf basin. Acta Palaeontol. Pol. 2015, 60, 781-794. [CrossRef]

Takeda, Y.; Tanabe, K.; Sasaki, T.; Landman, N.H. Durophagous predation on scaphitid ammonoids in the Late Cretaceous
Western Interior Seaway of North America. Lethaia 2016, 49, 28-42. [CrossRef]

Denton, E.J.; Gilpin-Brown, ].B. On the buoyancy of the pearly Nautilus. J. Mar. Biol. Assoc. United Kingd. 1966, 46, 723-759.
[CrossRef]

Carter, J.G. Skeletal biomineralization: Patterns, processes and evolutionary trends. Geol. Mag. 1990, 128, 411-413.

Suzuki, M.; Saruwatari, K.; Kogure, T.; Yamamoto, Y.; Nishimura, T.; Kato, T.; Nagasawa, H. An acidic matrix protein, Pif, is a key
macromolecule for nacre formation. Science 2009, 325, 1388-1390. [CrossRef] [PubMed]

Suzuki, M.; Iwashima, A.; Tsutsui, N.; Ohira, T.; Kogure, T.; Nagasawa, H. Identification and characterisation of a calcium
carbonate-binding protein, blue mussel shell protein (BMSP), from the nacreous layer. Chembiochem 2011, 12, 2478-2487. [CrossRef]
[PubMed]

Blobel, G.; Dobberstein, B. Transfer of proteins across membranes. 1. Presence of proteolytically processed and unprocessed
nascent immunoglobulin light chains on membrane-bound ribosomes of murine myeloma. J. Cell Biol. 1975, 67, 835-851.
[CrossRef] [PubMed]

Nagai, K.; Yano, M.; Morimoto, K.; Miyamoto, H. Tyrosinase localization in mollusc shells. Comp. Biochem. Physiol. Part. B
Biochem. Mol. Biol. 2007, 146, 207-214. [CrossRef] [PubMed]

Yao, H.; Cui, B,; Li, X,; Lin, Z.; Dong, Y. Characteristics of a novel tyrosinase gene involved in the formation of shell color in hard
clam Meretrix meretrix. J. Ocean. Univ. China 2020, 19, 183-190. [CrossRef]

Wang, Y.; Inger, M.; Jiang, H.; Tenenbaum, H.; Glogauer, M. CD109 plays a role in osteoclastogenesis. PLoS ONE 2013, 8, e61213.
[CrossRef] [PubMed]

Finnson, K.W,; Tam, B.Y,; Liu, K.; Marcoux, A.; Lepage, P.; Roy, S.; Bizet, A.A_; Philip, A. Identification of CD109 as part of the
TGEF-f3 receptor system in human keratinocytes. FASEB |. 2006, 20, 1525-1527. [CrossRef] [PubMed]

Litvinov, I.V,; Bizet, A.A.; Binamer, Y.; Jones, D.A.; Sasseville, D.; Philip, A. CD109 release from the cell surface in human
keratinocytes regulates TGF-f3 receptor expression, TGF-f3 signalling and STAT3 activation: Relevance to psoriasis. Exp. Dermatol.
2011, 20, 627-632. [CrossRef]

Kintsu, H.; Okumura, T.; Negishi, L.; Ifuku, S.; Kogure, T.; Sakuda, S.; Suzuki, M. Crystal defects induced by chitin and chitinolytic
enzymes in the prismatic layer of Pinctada fucata. Biochem. Biophys. Res. Commun. 2017, 489, 89-95. [CrossRef]

Liao, Z.; Jiang, Y.T.; Sun, Q.; Fan, M.H.; Wang, J.X.; Liang, H.Y. Microstructure and in-depth proteomic analysis of Perna viridis
shell. PLoS ONE 2019, 14, €0219699. [CrossRef]

Hohagen, J.; Jackson, D.J. An ancient process in a modern mollusc: Early development of the shell in Lymnaea stagnalis. BMC Dev.
Biol. 2013, 13, 1-14. [CrossRef] [PubMed]

Gaudet, P; Livstone, M.S.; Lewis, S.E.; Thomas, P.D. Phylogenetic-based propagation of functional annotations within the Gene
Ontology consortium. Brief. Bioinform. 2011, 12, 449-462. [CrossRef]

Dennis, E.A. Diversity of group types, regulation, and function of phospholipase A2. . Biol. Chem. 1994, 269, 13057-13060.
[CrossRef]

Yochelson, E.L.; Flower, R.H.; Webers, G.F. The bearing of the new Late Cambrian monoplacophoran genus Knightoconus upon
the origin of the Cephalopoda. Lethaia 1973, 6, 275-309. [CrossRef]

Salvini-Plawen, L.; Steiner, G. Synapomorphies and plesiomorphies in higher classification of Mollusca. In Origin and Evolutionary
Radiation of the Mollusca; Taylor, J., Ed.; Oxford University Press: New York, NY, USA, 1996.

Arivalagan, J.; Marie, B.; Sleight, V.A.; Clark, M.S.; Berland, S.; Marie, A. Shell matrix proteins of the clam, Mya truncata: Roles
beyond shell formation through proteomic study. Mar. Genom. 2016, 27, 69-74. [CrossRef]

Arivalagan, J.; Yarra, T.; Marie, B.; Sleight, V.; Duvernois-Berthet, E.; Clark, M.S.; Marie, A.; Berland, S. Insights from the shell
proteome: Biomineralization to adaptation. Mol. Biol. Evol. 2017, 34, 66-77. [CrossRef]

Liao, Z.; Bao, L.E; Fan, M.H.; Gao, P; Wang, X.X.; Qin, C.L.; Li, X.M. In-depth proteomic analysis of nacre, prism, and myostracum
of Mytilus shell. ]. Proteom. 2015, 122, 26-40. [CrossRef] [PubMed]

Liu, C; Li, S.; Kong, J.; Liu, Y.; Wang, T.; Xie, L.; Zhang, R. In-depth proteomic analysis of Shell Matrix Proteins of Pinctada fucata.
Sci. Rep. 2015, 5, 1-14. [CrossRef] [PubMed]

Mann, K.; Jackson, D.J. Characterization of the pigmented shell-forming proteome of the common grove snail Cepaea nemoralis.
BMC Genom. 2014, 15, 249. [CrossRef] [PubMed]

Marie, B.; Zanella-Cléon, I.; Corneillat, M.; Becchi, M.; Alcaraz, G.; Plasseraud, L.; Luquet, G.; Marin, F. Nautilin-63, a novel acidic
glycoprotein from the shell nacre of Nautilus macromphalus. FEBS ]. 2011, 278, 2117-2130. [CrossRef] [PubMed]

Miyamoto, H.; Miyashita, T.; Okushima, M.; Nakano, S.; Morita, T.; Matsushiro, A. A carbonic anhydrase from the nacreous layer
in oyster pearls. Proc. Natl. Acad. Sci. USA 1996, 93, 9657-9660. [CrossRef] [PubMed]


http://doi.org/10.1038/nature14668
http://doi.org/10.4202/app.00131.2014
http://doi.org/10.1111/let.12130
http://doi.org/10.1017/S0025315400033440
http://doi.org/10.1126/science.1173793
http://www.ncbi.nlm.nih.gov/pubmed/19679771
http://doi.org/10.1002/cbic.201100317
http://www.ncbi.nlm.nih.gov/pubmed/21932217
http://doi.org/10.1083/jcb.67.3.835
http://www.ncbi.nlm.nih.gov/pubmed/811671
http://doi.org/10.1016/j.cbpb.2006.10.105
http://www.ncbi.nlm.nih.gov/pubmed/17150393
http://doi.org/10.1007/s11802-020-4202-1
http://doi.org/10.1371/journal.pone.0061213
http://www.ncbi.nlm.nih.gov/pubmed/23593435
http://doi.org/10.1096/fj.05-5229fje
http://www.ncbi.nlm.nih.gov/pubmed/16754747
http://doi.org/10.1111/j.1600-0625.2011.01288.x
http://doi.org/10.1016/j.bbrc.2017.05.088
http://doi.org/10.1371/journal.pone.0219699
http://doi.org/10.1186/1471-213X-13-27
http://www.ncbi.nlm.nih.gov/pubmed/23845038
http://doi.org/10.1093/bib/bbr042
http://doi.org/10.1016/S0021-9258(17)36794-7
http://doi.org/10.1111/j.1502-3931.1973.tb01199.x
http://doi.org/10.1016/j.margen.2016.03.005
http://doi.org/10.1093/molbev/msw219
http://doi.org/10.1016/j.jprot.2015.03.027
http://www.ncbi.nlm.nih.gov/pubmed/25857279
http://doi.org/10.1038/srep17269
http://www.ncbi.nlm.nih.gov/pubmed/26608573
http://doi.org/10.1186/1471-2164-15-249
http://www.ncbi.nlm.nih.gov/pubmed/24684722
http://doi.org/10.1111/j.1742-4658.2011.08129.x
http://www.ncbi.nlm.nih.gov/pubmed/21585656
http://doi.org/10.1073/pnas.93.18.9657
http://www.ncbi.nlm.nih.gov/pubmed/8790386

	Introduction 
	Materials and Methods 
	Sample Collections, Total RNA Extraction from Mantle Tissues and Total Shell Protein Extraction 
	Multiomics Analyses of the Shell Matrix Proteins of Nautilus pompilius 
	Characterizations of the Shell Matrix Proteins of Nautilus pompilius 
	Comparative Analysis of Conchiferan Shell Matrix Proteins 
	Phylogenetic Analyses of the Shell Matrix Proteins 

	Results 
	Transcriptomics and Proteomics of the Shell Matrix Proteins in Nautilus pompilius 
	Homology Comparisons of the Shell Matrix Proteins and Their Domains among Several Conchiferan Mollusks 
	Phylogenetic Analysis of the Shell Matrix Proteins in Conchifera 

	Discussion 
	The Shell of Nautilus pompilius Is a Typical Conchiferan Shell 
	Homology Comparisons and the Evolution of the Shell Matrix Proteins and Their Domains among Several Conchiferan Mollusks 
	Transcriptomics of the Mantle Tissue in Nautilus pompilius Using ION Torrent PGM Is Arguably Enough to Reveal the Presence of Several Core Shell Matrix Proteins 
	Concluding Remarks 

	References

