J. Ocean Univ. China (Oceanic and Coastal Sea Research)
https://doi.org/10.1007/s11802-023-5478-8

ISSN 1672-5182, 2023 22 (4): 1087-1097
http.://www.ouc.edu.cn/xbywb/

E-mail:xbywb@ouc.edu.cn

Transcriptome Analysis of Mantle Tissues Reveals Potential
Shell-Matrix-Protein Genes in Gigantidas haimaensis

SHI Yu"” 2), YAO Gaoyoul)’ 3), and HE Maoxian" %"

1) CAS Key Laboratory of Tropical Marine Bio-Resources and Ecology, Guangdong Provincial Key Laboratory of Applied
Marine Biology, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou 510301, China

2) Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou 511458, China

3) University of Chinese Academy of Sciences, Beijing 100049, China

(Received June 14, 2022; revised September 19, 2022; accepted November 25, 2022)
© Ocean University of China, Science Press and Springer-Verlag GmbH Germany 2023

Abstract Haima cold seep ecosystem is on the northwestern slope of the South China Sea, which is characterised by high pressure,
low temperature, hypoxia, and low pH value. The deep-sea mussel Gigantidas haimaensis is distributed in this ecosystem. Previous
studies have focused on its adaptation to abiotic stress, biogeography, ecotoxicology, genomes, immunity and symbiosis, but knowle-
dge on biomineralisation remains lacking. Herein, we generated a comprehensive transcript dataset from G haimaensis mantle tissue,
and 30255 unigenes were assembled. The top 20 most highly expressed genes are related to energy supply, such as mitochondrial
genes, suggesting they may mediate the adaptability of this deep-sea mussel to the high pressure and hypoxia environment. Eleven
shell matrix protein (SMP)-related genes were identified from the transcriptome data. Quantitative PCR analyses showed that five of
ten acidic SMPs and nacreous-layer-matrix-protein genes (nacrein, perlucin, perlwapin, pif and mantle protein) were highly express-
ed in mantle tissue, while the expressions of other five genes (chitinase, SPARC, TRY, papilin and calmodulin) were low. Scanning
electron microscopy showed that the shell was composed of a prismatic layer and a nacreous layer, and every nacreous layer was
made of the whole pieces of aragonite that stacked on top of each other. These results indicated the conservation of the structure and
functions of nacreous matrix genes in G. haimaensis. Moreover, the nacreous layer was made of whole pieces of aragonite that were
not quadrilateral or polygonal pieces. Studying these genes will likely reveal the molecular mechanisms of biomineralisation in G
haimaensis and other deep-sea mussels.
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mation of shells (Dujardin and Mann, 2002). Therefore, elu-
1 Introduction cidating the functions of shell matrix proteins (SMPs) is a

) o major goal of biological mineralisation research (Huang
In many species from prokaryotes to eukaryotes, biomi-  ,, ./ 2003).

neralisation is a crucial process that usually occurs with on-
togeny. Bacterial magnetosomes, sea urchin spicules, shells,
animal teeth and bones are all products of mineralisation.
Biological minerals are mainly composed of inorganic sub-
stances that endow organisms with the ability to forage,
navigate and defend themselves (Semeao et al., 1999).
One of the most interesting issues in biological minera-
lisation is the molecular mechanism that regulates the de-
position of inorganic ions into the solid phase in certain
order. Studies have shown that organic matter is mainly
composed of chitin, proteins and other organic macromole-
cules that account for <5% of the total weight of living
minerals, but it may play a pivotal role in the regulation of
mineralisation (Heuer ef al., 1992). Previous studies show e ;
that these organic components play an important regulatory ~ SiIkin-39 (Kong et al., 2009), Mpn88 (Mariom et al., 2019),
role in controlling the nucleation, arrangement and growth ~ and other proteins play a key role in the formation of the

of calcium carbonate crystals and the development and for- ~ Prismatic layer. These studies have laid a solid foundation
for investigating the shellfish biomineralisation mechanism

* Corresponding author. E-mail: hmx2@scsio.ac.cn through analysing the structural and functional of matrix

SMPs are considered the key factors regulating the for-
mation of these structures, hence it is very important to
study the mechanisms and functions of SMPs to understand
the mechanism of shell mineralisation. Important SMPs have
been studied using biochemical isolation and purification,
amino acid sequencing, molecular cloning and omics ap-
proaches. These studies revealed that MSI60 (Sudo ef al.,
1997), N19 (Wang et al., 2009), Pearlin/N16 (Miyashita
et al., 2000), PNU9 (Kong et al., 2019), Pif (Abe et al., 2007,
Suzuki et al., 2009) and other proteins all play a pivotal role
in the formation of the nacreous layer. Meanwhile, MSI7
(Zhang et al., 2003), KRMP family members (Masaoka and
Kobayashi, 2009), Prismalin-14 (Suzuki ef al., 2004), Pri-
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proteins.

Since the advent of second-generation sequencing tech-
nologies, research on the mechanism of shell biominera-
lisation can be carried out using omics approaches with high
speed and accuracy, which can also generate large quanti-
ties of sequence data. Transcriptome sequencing has been
performed on mantle tissues of various shellfish, revealing
genes involved in shell formation including lectins, shema-
trins, lysine-rich SMPs (KPMPs), mantle genes, met-rich
matrix, secreting calcium-binding proteins, proteases, pro-
tease inhibitors, glycine-rich shell SMPs, calponin-like pro-
tein, calcineurin-binding protein, follistatin-like and carbo-
nic anhydrase 1, and others (Shi ez al., 2013a, 2013b; Wer-
ner et al., 2013; Artigaud et al., 2014; Deng et al., 2014;
Freer et al., 2014).

One group identified 80 SMPs from the prismatic and
nacreous layers of the shell of Pinctada margaritifera and
Pinctada maxima (Marie et al., 2012). MSP130, IPC-1,
superoxide dismutase and even cytoskeleton actin proteins
were found in the shell Laqueus rubellus, suggesting there
may be some similarity in the mechanisms of extracellu-
lar and intracellular crystallisation (Isowa ef al., 2015). Shell
SMPs contain not only functional proteins related to con-
served mineralisation processes, but also proteins encoded
by germline-specific genes that often share high amino acid
sequence identity, reflecting homology and differences in
biological mineralisation during evolution.

SMPs can be classified according to their physical and
chemical properties, and amino acid characteristics, as well
as the distribution and isoelectric point differences of SMPs
in different mineralised structures of shells. Using this ap-
proach, SMPs can be divided into acidic and alkaline SMPs.

1) Acidicic SMP: Major acidic SMPs include MSP-1
(Sarashina and Endo, 2001), MSP-2 (Hasegawa and Uchi-
yama, 2005), PfN44 (Pan et al., 2014), Mpn88 (Mariom
et al., 2019) and others. One characteristic of acidic SMPs
is an isoelectric point (pI)<6. These proteins are more abun-
dant in the prismatic layer, and they promote calcite crys-
tallisation in vitro (Ren et al., 2011). Some acidic SMPs
are found in the nacreous layer, including Nacrein (Miya-
moto et al., 1996), Pearlin/N16 (Miyashita et al., 2000), Pif
(Suzuki et al., 2009) and others. Additionally, there are some
extrapallial fluid proteins such as ACCBP (Ma et al., 2007)
and SPARC (Miyamoto ef al., 2013).

2) Alkaline SMP: A few alkaline SMPs are extremely al-
kaline, including some members of the KRMP protein fa-
mily (Masaoka and Kobayashi, 2009), PNU9 (Kong ef al.,

2019), and others. Others are weakly alkaline, such as She-
matrin family proteins (Yano et al., 2006) and others. Ad-
ditionally, there are some extrapallial fluid proteins includ-
ing PFMG1 (Liu et al., 2007) and EFCBP (Huang ef al.,
2007).

3) Shell frame protein: According to the solubility of
SMPs during the extraction process, they can be divided into
EDTA-soluble and EDTA-insoluble proteins, among which
shell frame proteins constitute the main components of in-
soluble SMPs. As an organic support of shells, frame pro-
teins participate in the construction of mineralised struc-
tures. Main frame proteins include KRMP family proteins
(Masaoka and Kobayashi, 2009), Shematrin family proteins
(Yano et al., 2006) and others.

Much of our current understanding of biomineralisation
is derived from shallow marine species, which limit our
understanding about the diversity of biomineralisation.
Studies on biomineralisation of deep-sea molluscs is cur-
rently restricted to scaly-foot snail (Chrysomallon squami-
Sferum), which revealed the biomineralised armour of lo-
photrochozoan lineages (Sun ef al., 2020).

Deep-sea hydrothermal vent and seep environments are
characterized by high pressure, low temperature, hypoxia,
low pH values, and dense populations of invertebrates
(Campbell, 2000; Levin, 2005). Among the large deep-sea
fauna, deep-sea mussels Bathymodiolus (Bivalvia, Mytili-
dae) are widely distributed at many hydrothermal vent and
cold seep ecosystems around the world (Sibuet and Olu,
1998; Campbell, 2000). Previous studies have focused on
adaptation to symbiosis (Dubilier ef al., 2008), abiotic stress
(Boutet et al., 2009), immunity (Bettencourt et al., 2010),
biogeography (Johnson et al., 2013), ecotoxicology (Bou-
gerol et al., 2015) and genomes (Sun et al., 2017). The
deep-sea mussel Gigantidas haimaensis is widely distri-
buted in the Haima cold seep ecosystem on the northwes-
tern slope of the South China Sea (Xu ef al., 2019b), but
limited information is available on this species.

2 Materials and Methods

2.1 Animals and Collection

G. haimaensis mantles (Fig.1) were obtained from the
Haima cold seep (16.73°N, 110.475°E, depth 1446 m) us-
ing the manned submersible ROV Haima during cruise
HYDZ6-202005 onboard the research vessel (R/V) Hai-
yang 6 of the Guangzhou Marine Geological Survey (Chi-
na; September 1-6, 2020). Foot, muscle, gill, mantle tissues

Fig.1 Photo of G haimaensis. (a), Lateral view; (b), ventral view. Scale bar=1 cm.
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and digestive gland were removed from each individual,
immediately frozen in liquid nitrogen for 24 h, and were then
stored at —80°C. After the cruise, the samples were placed
on dry ice and were transported to the South China Sea
Institute of Oceanology, Chinese Academy of Sciences. All
animal experiments were conducted in accordance with the
guidelines and approval of the Animal Research and Ethics
Committees of the Chinese Academy of Sciences.

2.2 Construction of a Complementary DNA Library
and Illumina Sequencing
Total RNA was isolated from the mantle tissues of three
G. haimaensis individuals which were used as input mate-
rial to prepare the RNA sample. Construction of the com-
plementary DNA Library and Illumina sequencing were per-
formed as described by Shi ef al. (2022).

2.3 Data Filtering and de novo Assembly

Raw data were filtered to obtain clean data and transcrip-
tomes were separately assembled de novo following the
methods reported by Shi et al. (2022).

2.4 Gene Functional Annotation

Based on the study of Shi et al. (2022), gene functions
were annotated using the following databases: Nr (NCBI

non-redundant protein sequences), Nt (NCBI non-redun-
dant nucleotide sequences), Pfam (Protein family), KOG/
COG (Clusters of Orthologous Groups of proteins), Swiss-
Prot (manually annotated and reviewed protein sequence),
KO (KEGG Ortholog database) (Mao et al., 2005) and GO
(Gene Ontology) databases (Young et al., 2010).

2.5 Quantitative Real-Time PCR (qPCR) Validation

SMPs with known functions were identified. Totally 11
SMPs were found in the mantle transcriptome of G hai-
maensis, and all were subjected to qPCR validation. Foot,
muscle, gill, mantle, and digestive gland (DG) tissues of G
haimaensis were collected from three mussels for gPCR,
following the protocol described by Shi ez al. (2022) using
primers listed in Table 1, with 60S ribosomal protein L15
(60S RP-L15) as a reference gene.

2.6 Scanning Electron Microscopy (SEM) Images of
the G haimaensis Shell

The shell of each individual was thoroughly cleaned with
Milli-Q water and then air-dried. Subsequently, the shells
were broken into sheets and were fixed on the scanner with
the inner nacreous surface pointing upward. Then they were
sputter-coated with 10-nm-thick gold and analyzed using
SEM (S-3400N; Hitachi, Japan).

Table 1 List of primers for quantitative PCR analyses

Gene name Tran ID Primer sequence (5’—37)
- F: AACAACAGCACAACCCAC
chitinase Cluster-1047.0 R: AGTTCGCATTACATTTCC
S F: CAAAGTCAACCTCGTCAA
ferritin Cluster-6061.5082 R: GAATCCTGGGAGTGCTAC
. Cluster-185.0 F: CACCCTAATTCTCGTTCA
nacren uster-1es. R: ACGGTGGAGACATGGTAC
. F: TCAGTCAATGGGCTCCTA
perlucin Cluster-6061.5440 R: ATTTCAGCACAAGTTTCG
, F: TCTTAGCCAATCACAATG
pelwapin Cluster-18936.0 R: CACAACCAGAGGGACAAC
. F: TAAAGAACGGAACGGAGAC
pif Cluster-13568.0 R: TGTAACGAACACCGAAGG
F: GATTGGGTCCTCGTCGTCTT
SPARC Cluster-9682.0 R: ATCGGCTGCTTTACCACTTC
F: ATGGGCGAAGATTGGAGA
TRY Cluster-4348.0 R: GCAGCAGCACATTGGTTG
F: AGCATCTGACACGGAGCA
60S RP-L15 Cluster-4389.7866

R: GACACGAGCCAGCAAGAA

3 Results

3.1 Sequence Analysis and de novo Assembly

[llumina sequencing of mantle tissue transcriptomes ge-
nerated 65274446 raw reads with a length of 100bp, which
were reduced to 63108634 (96.68%) after quality filtering
(Table 2). From each library, 21036211 filtered clean reads
with Q20>97.12% and Q30>92.58% were obtained. The
raw reads were submitted to the Science Data Bank under
accession numbers CSTR 31253.11.sciencedb.01540/DOI
10.11922/sciencedb.01540. All sequencing reads are avail-

able through NCBI under bioproject accession number
PRJNAS823813. Reads were assembled de novo into 49101
transcripts, with a median contig of 596 bp and an N50 of
918bp (Table 3). These transcripts were subsequently as-
sembled into 30255 unigenes, with an average contig of
763 bp (Table 4). Benchmarking Universal Single-Copy Or-
thologs (BUSCO) revealed a transcriptome complete (sin-
gle) value of 53%, indicating high-quality de novo assem-
bly.

3.2 Gene Annotation
In total, 14529 (48.02%) of the 30255 unigenes were an-
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Table 2 Clean data summary

Sample Raw_reads Clean_reads Clean_bases Error rate Q20 Q30 GC pct
Ml 21541544 20714655 6.21G 0.03 97.12 92.58 34.12
M2 20732814 20026738 6.01G 0.03 97.73 93.64 34.95
M3 23000088 22367241 6.71G 0.03 97.61 93.31 34.61

Table 3 List of frequency distribution of splicing length
Length_interval 300bp—500bp 500bp—1kbp 1kb—2kbp >2kbp Total
Number of transcripts 19236 18614 9812 1439 49101
Number of Unigenes 11914 11313 6189 839 30255

Table 4 List of splicing length distribution

Min_length Mean length Median length Max length N50 N90

Total nucleotides

301
301

763
763

596
597

Transcripts
Genes

7061
7061

918
921

392
392

37482738
23076306

notated in at least one of the public Nr, Nt, Pfam, KOG/
COG, Swiss-Prot, GO and KEGG databases with E values
<1x107° (Table 5). The highest percentage of unigenes
was annotated in the NR database, accounting for 32.5%
of all unigenes, followed by 27.29% annotated in PFAM and
GO databases, 21.25% in the Swiss-Prot database, 15.3% in
the NT database, 14.83% in the KO database, and 11.64%
in the KOG database (Table 5). Some of the annotations
derived from multiple databases. Gene sequences from Mi-
zuhopecten yessoensis matched the most unigenes (29.4%),
followed by Crassostrea gigas (16.9%), Crassostrea vir-

ginica (16.6%), Mytilus galloprovincialis (8.9%) and Lot-
tia gigantea (2.7%). Most unigenes (47%) shared 60%—
80% sequence identity with annotated genes, and only 3.6%
shared 95%—100% similarity (Fig.2).

Based on GO analysis, all genes were linked to 869 bio-
logical processes, 187 cellular components and 169 mole-
cular functions, mainly related to cellular process, metabo-
lic process, cellular anatomical entity and binding (Fig.3).
Meanwhile, all genes were associated with 284 KEGG an-
notations, mainly associated with signal transduction, trans-
lation, transport and catabolism and endocrine system (Fig.4).

Table 5 Number of genes annotated in NR, NT, KO, Swiss_prot, PFAM, GO and KOG databases

Database Numbers of unigenes Percentage (%)

Annotated in NR 9834 32.50
Annotated in NT 4632 15.30
Annotated in KO 4489 14.83
Annotated in Swissprot 6431 21.25
Annotated in PFAM 8258 27.29
Annotated in GO 8258 27.29
Annotated in KOG 3522 11.64
Annotated in at least one database 14529 3.03

Annotated in all databases 918 48.02
Total unigenes 30255 100

Species classification

B Mizuhopecten yessoensis
B Crassostrea gigas

B Crassostrea virginica
B Mytilus galloprovincialis
0 Lottia gigantea

8 Other

Fig.2 Species classification of sequences matching unigenes from G. haimaensis mantle tissue.
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Gene function classification (GO)
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Fig.3 GO annotation classification statistics. The horizontal axis is GO terms, and the vertical axis is the number of genes
annotated to GO terms.

KEGG classification

Sensory system [ 67
Nervous system [ 157
Immune system ] 259
Excretory system [ 68
Environmental adaptation [ 55
Endocrine system ) 307 E
Digestive system [y 155
Development ] 67
Circulatory system [y 98
Aging 000 56
Xenobiotics biodegradation and metabolism I 68
Nucleotide metabolism [II—— 97
Metabolism of terpenoids and polyketides [ 25
Metabolism of other amino acids [ 80
Metabolism of cofactors and vitamins [ 85
Lipid metabolism ] 137 D
Glycan biosynthesis and metabolism I 99
Global and overview maps [ 126
Energy metabolism [ 147
Carbohydrate metabolism ——] 182
Biosynthesis of other secondary metabolites [l 20
Amino acid metabolism I 164
Translation [ ] 366
Transcription 1] 167 C
Replication and repair "1 116
Folding, sorting and degradation [ ] 264
Signaling molecules and interaction g 107
Signal transduction ) 524 B
Membrane transport (2 20
Transport and catabolism | 1333
Cellular community-prokaryotes [ 6
Cellular community-eukaryotes [ ] 181
Cell motility C———172
Cell growth and death [ 1220

0 5 10 15
Percent of genes (%)

Fig.4 Statistical map of KEGG metabolic pathway classification. The vertical axis is the names of KEGG metabolic path-
ways, and the horizontal axis is the number of genes annotated to pathways and their proportion of the total number of
genes annotated. Genes were divided into five branches according to the KEGG metabolic pathway and involved: A, cel-
lular processes; B, environmental information processing; C, genetic information processing; D, metabolism; E, organis-
mal systems.

@ Springer



1092

SHI et al. / J. Ocean Univ. China (Oceanic and Coastal Sea Research) 2023 22: 1087-1097

3.3 Highly Expressed Genes

The top 20 genes which have the highest expression le-
vels are listed in Table 6. The richest unique sequences were
annotated as Bathymodiolus platifrons mitochondrion. The

other highly expressed sequences included interleukin-4
receptor alpha chain, N-terminal/ATP synthase protein 8§,
cytochrome c oxidase subunit III (mitochondrion), ribo-
somal proteins and NADH dehydrogenase, as shown in Ta-
ble 6.

Table 6 Most highly-expressed genes in the Gigantidas haimaensis transcriptome

Gene ID FPKM Annotation E value
Cluster-6061.5327 534484.6 Bathymodiolus platifirons mitochondrion, complete genome (NT description) 0
Cluster-6061.5328 524299.8 Bathymodiolus platifrons mitochondrion, complete genome (NT description) 0
Cluster-6061.5060 84327 34 irrlit;ﬁzlrlll;ln—4 receptor alpha chain, N-terminal/ATP synthase protein 8 (PFAM Des- 0
Cluster-6061.4508 37132.12 Ribosomal protein L44 [Azumapecten farreri] (NR description) 3.60E-52
Cluster-6061.4964 3110276 Cytocj,hr'ome ¢ oxidase subunit III (mitochondrion) [Bathymodiolus platifrons] (NR 2 30E-117

description)
Cluster-6061.5382 29619.84 g?liii};?)thase FO subunit 6 (mitochondrion) [Bathymodiolus securiformis] (NR Des- 5.90E-41
Cluster-6061.5267 24377.93 40S ribosomal protein S12-like [Crassostrea virginica] (NR description) 6.50E-65
Cluster-6061.5192 15565.89 40S ribosomal protein S26-like [Mizuhopecten yessoensis] (NR description) 1.40E-34
Cluster-6061.5163 14261 .83 Cytoc{hrgme ¢ oxidase subunit I (mitochondrion) [Bathymodiolus securiformis] (NR 6.20E-263
description)
Cluster-6061.5429 13021.48 ﬁgrfl’) synthase FO subunit 6 (mitochondrion) [Bathymodiolus platifrons] (NR Descrip- 6.50E-93
Cluster-6061.5644 12286.37 Ribosomal protein [Pinctada fucata] (NR description) 9.00E-59
Cluster-6061.4493 10793.48 Ribosomal protein [Mytilus galloprovincialis] (NR description) 1.40E-19
Cluster-6061.5164 10398.21 NADH Fiehydrogenase subunit 1 (mitochondrion) [Bathymodiolus platifrons] (NR | 10E-154
description)
Cluster-6061.5591 9563.027 NADH 'dehydrogenase subunit 4 (mitochondrion) [Bathymodiolus platifrons] (NR 1 70E-165
description)
Cluster-6061.4156 762,687 EORIIIE)DICTED: 40S ribosomal protein S19-like [Octopus bimaculoides] (NR Descrip- 3 50B-58
Cluster-6061.5127 8348.013 Ribosomal protein [Mytilus trossulus] (NR description) 5.70E-23
Cluster-6061.5519 7945.677 40S ribosomal protein S20 [Crassostrea virginica] (NR description) 7.10E-56
Cluster-6061.4653 7866.61 PREDICTED: 60S ribosomal protein L37a [Crassostrea gigas] (NR description) 5.10E-40
Cluster-6061.5134 7825.263 NADH Flehydrogenase subunit 6 (mitochondrion) [Bathymodiolus platifrons] (NR | 80E-29
description)
Cluster-6061.5019 7821.213 60S ribosomal protein L35-like [Crassostrea virginica] (NR description) 2.40E-50

3.4 Tissue Expression of Genes Related
to Biomineralisation

All the transcriptome data were searched and 11 SMPs
were detected in the foot, gill, muscle, and mantle tissues
via qPCR (Fig.5). Five genes (nacrein, perlucin, perlwa-
pin, pif and mantle protein) were significantly expressed in
mantle tissue, five genes (chitinase, ferritin, SPARC-related
modular calcium-binding protein I-like isoform X2 (SPARC),
tyrosinase-like protein (TRY), papilin and calmodulin) were
expressed lowly in mantle tissue, and only perlucin was ex-
clusively expressed in mantle tissue.

3.5 SEM Images of the G haimaensis Shell

The structure of the shell was observed using SEM. It was
composed of an outermost prismatic layer with a nacreous
layer beneath (Figs.6a—d). The nacreous layer has a multi-
layer structure, and is made of whole pieces of aragonite
that stack on top of each other, but not with quadrilateral or
polygonal pieces of nacreous layers connected to each other
(Figs.6c, d), as described previously by Shi et al. (2020).

4 Discussion

Mitochondria are the only organelles containing extra-

a) Springer

nuclear DNA (mtDNA) in humans and other animals. Mi-
tochondria are the main site of aerobic metabolism, and
generate ATP through a series of oxidative phosphorylation
processes, providing more than 90% of the body’s energy
supply (Lee and Wei, 2000). The function of mtDNA is
not only related to its structural integrity, but also its copy
number; an increase in copy number is believed to support
mitochondrial respiratory function (Lee and Wei, 2000).
Therefore, as the power stations of cells, mitochondria play
a crucial role in cell damage caused by hypoxia, and the
adaptation of tissues and cells to a hypoxic environment
(Agani et al., 2000). In the process of environmental adap-
tation, mitochondrial morphology, function, and mtDNA se-
quence can all change (Zhang et al., 1997). Studies on the
functions of mtDNA on environmental fitness have main-
ly focused on the bird Tetraogallus himalayensis in East Pa-
mir (An ef al., 2016), the Eastern honey bee Apis cerana
on the Qinghai-Tibet Plateau (Yu ef al., 2019), and pika
(Li et al., 2018). Studies on the adaptability of species in
a deep-sea high-pressure anoxic environment are scarce.
Analysis of the top 20 most highly expressed genes in tran-
scriptomes revealed that expression levels of mitochondrial
genes are extremely high, and genes related to energy sup-
ply such as cytochrome c oxidase, NADH dehydrogenase
and ATP synthase F0 are typically in the top 20 most high-
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ly expressed genes. For example, high expressions of cyfo-  ed among the top 20 most highly expressed genes in the
chrome c oxidase and NADH dehydrogenase were report-  shallow-sea mollusc Pinctada fucata martensii, but no mi-

chitinase nacrein perlucin
10p 8 1L.5p

*

ot b

6

Relative mRNA concentration
=

Relative mRNA concentration
Relative mRNA concentration

F Mu G Ma DG

perlwapin pif SPARC

Relative mRNA concentration
F-

Relative mRNA concentration

Relative mRNA concentration

F Mu G Ma DG E Mu G Ma DG

TRY mantle protein peroxidase

el
1
=]
w
1

=
o

0.6

0.4

=
[ 3%
Relative mRNA concentration

Relative mRNA concentration
Relative mRNA concentration

F Mu G Ma DG

papilin calmodulin

Relative mRNA concentration
Relative mRNA concentration

F Mu G Ma DG F Mu G Ma DG

Fig.5 Expression levels of eleven SMP genes examined in the foot (F), muscle (M), gill (G), mantle (Ma) and digestive
gland (DG) of G haimaensis obtained via qPCR. Results are shown as mean+standard deviation (S.D.) of samples (n=3)
and are expressed as fold-change in mRNA expressions. Significant differences are indicated by an asterisk (* P<0.05).
SPARC, SPARC-related modular calcium-binding protein 1-like isoform X2; TRY, tyrosinase-like protein 1.
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Fig.6 SEM images of G haimaensis’s shell. (a), Panoramic view of horizontal images of the shell. Scale bar=500 pm; (b),
Horizontal image of the prismatic layer. Scale bar=10 um. (c) and (d), Horizontal images of the nacreous layer. Scale bar

=50um (c) and 10 um (d).

tochondrial genes were identified (Xu et al., 2019a). These
results suggest that the increase of mitochondrial gene copy
numbers may be related to the adaptability of deep-sea mus-
sels to the high-pressure hypoxic environment, and the in-
crease in mitochondrial gene, cytochrome c oxidase, NADH
dehydrogenase and ATP synthase FO copy numbers may
strengthen respiratory function.

Chitin is a major component of mollusc shell organic mat-
ter. The framework growth model (Addadi ez al., 2006) pre-
dicts that before mineral deposition, the insoluble organic
matrix framework is first formed by chitin, and chitin in the
framework is arranged in a highly ordered manner. Calcium
carbonate crystals then nucleate and grow at specific parts
on the organic framework. Chitinase plays a crucial role in
chitin metabolism, hence it may be participating in the for-
mation of the shell organic framework.

Among all enzymes involved in the physiological pro-
cesses of chitin, chitin synthase (CS) (Behr ef al., 2001) and
chitinase play the most prominent roles. Chitin synthase is
a membrane-bound glycoside invertase, which can synthe-
sise chitin precursors into chitin and promote the elonga-
tion of chitin molecules. Conversely, chitinase catalyses the
hydrolysis of chitin. The two functions complement each
other to control the synthesis and hydrolysis of chitin, and
thereby regulate chitin physiological processes.

The only framework protein-related chitinase found in
mussels was not highly expressed in mantle in the present
work, possibly because there are many types of chitinase,
and the examined chitinase was not involved in biomine-
ra lisation. It is also possible that as mussels mature, the
growth of shells slows or stalls, and expression of chitinase
may be inhibited.

We identified five acidic and nacreous SMPs (nacrein,
perlucin, perlwapin, pif and mantle protein) expressed at
high levels in mantle in G haimaensis.

@ Springer

Nacrein was the first SMP identified in P, fucata marten-
sii, which was shown to mainly regulate the nacre forma-
tion (Miyamoto et al., 2005). Subsequent studies found that
it is also present in the prismatic layer of the shell (Trec-
cani et al., 2006), hence it may regulate the mineralization
of both nacre and prismatic layers of the whole shell. Na-
crein protein has two functional domains; a gly-x-asn do-
main (x is Asp, Asn or Glu) that bonds calcium ions, and a
carbonic anhydrase domain that catalyses the formation of
HCO3" ions. The results of crystallisation experiments in
vitro showed that the gly-x-asn repeat region could inhibit
the precipitation of calcium carbonate, indicating that Na-
crein may play a negative role in shell calcification (Miya-
moto et al., 1996; Miyamoto et al., 2005).

Perlucin was first SMP separated from the nacre of Aba-
lone, regulating the formation of pearl and shell by increas-
ing the precipitation of calcium carbonate, connecting ara-
gonite and chitin layers, and promoting growth of calcium
carbonate crystals and the nucleation (Weiss et al., 2000).

Perlwapin is a growth inhibitor of calcium carbonate crys-
tals in saturated calcium carbonate solution. It may inhibit
the growth of some crystal planes in the mineral phase of
nacre in polymer/mineral composites in the growth of na-
cre (Treccani et al., 2006).

Strong expressions of nacrein, perlucin, perlwapin and
mantle protein in mantle tissue indicate their roles in bio-
mineralisation in G. haimaensis. Furthermore, shell scan-
ning results suggest that nacrein may be mainly involved in
the formation of the nacreous layer rather than the prisma-
tic layer in G. haimaensis.

The formation of mineral precursors usually involves
amorphous calcium carbonate (ACC). ACC is considered
to be the precursor of biominerals and is abundant in vari-
ous organisms (Nassif et al., 2005). To form ACC, mol-
luscs need high concentrations of CO;* and Ca”" in seawa-
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ter. Ca’" can be concentrated by acidic proteins such as Pif
(Suzuki ef al., 2009) and Aspein (Takeuchi et al., 2008),
while CO;”" can be concentrated by carbonic anhydrase en-
zymes such as nacrein. Pif has a chitin-binding domain that
binds chitin and participates in controlling the formation of
mineral precursors (Bahn et al., 2015). In vivo, Pif may work
together with N16 protein to regulate the morphology of ara-
gonite fragments by controlling its growth and the crystal-
lisation in nacre, which plays a pivotal role in the normal
deposition and development of nacre (Suzuki ef al., 2009).
Pif plays multiple functions in different stages of biomine-
ralisation, and high expression of pif'in mantle tissue sug-
gests a role in biomineralisation in G haimaensis. It may al-
so play a crucial role in crystal growth by binding to calcium
carbonate.

SPARC is a matricellular protein which might play a role
in bone formation and mineralisation in vertebrates and in-
vertebrates (Choi et al., 2010). Papilin is also found among
nacre matrix proteins in Elliptio complanate and Villosa li-
enosa (Marie et al., 2017). The main function of calmodu-
lin is transport and absorption of calcium ions (Li ef al.,
2004), suggesting a role in biomineralisation. Herein, SPARC,
papilin and calmodulin were expressed in all tissues in G
haimaensis, not only in mantle, implying diverse functions
of SPARC and papilin in addition to biomineralisation in
mantle.

Tyrosinase-like protein, an acidic SMP, is usually in charge
of the production of melanin in the prismatic layer (Jim-
bow, 1999). Overall expression levels of #y were very low
in this deep-sea mussel, but relatively high in the foot, im-
plying that it may not be involved in the generation of me-
lanin in the prismatic layer.

5 Conclusions

In summary, we report a comprehensive transcript data-
set obtained from the mantle tissue of the deep-sea mussel
G. haimaensis using an Illumina Novaseq platform. A to-
tal of 30255 unigenes were assembled from 21036211 fil-
tered clean reads. The data provide a common genomic re-
source for understanding the characteristics of deep-sea mus-
sel biomineralisation. The top 20 most highly expressed
genes were annotated as genes related to energy supply, in-
cluding mitochondrial genes, suggesting they may be re-
lated to the adaptability of deep-sea mussels to the high-
pressure and hypoxic environment. Eleven SMP-related
genes were identified from the transcriptome data, and qPCR
results showed that five of ten acidic SMPs plus nacreous
matrix genes (nacrein, perlucin, perlwapin, pif and mantle
protein) were significantly expressed in mantle tissue, while
five genes (chitinase, SPARC, TRY, papilin and calmodu-
lin) were expressed lowly in mantle tissue. SEM results
showed that the shell is composed of a prismatic layer with
a nacreous layer beneath, and the nacreous layer is made
of whole pieces of aragonite that stacks on top of each other.
These results indicate that the structures and functions of
nacreous matrix proteins are conserved in G haimaensis,
and the nacreous layer is built from whole pieces of ara-
gonite, not from quadrilateral or polygonal pieces. The iden-

tified genes will contribute to studies on the molecular me-
chanisms of biomineralisation in G. haimaensis, and pro-
vide a new perspective for studying biomineralisation me-
chanisms in other deep-sea mussels.
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