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Polychaetes are segmented annelid worms that play a key role in
biomineralization in modern oceans. However, little is known about the
underlying processes and evolutionary mechanisms. The ventro-caudal
shield of Sternaspidae is a typical phosphate biomineral in annelids. Here, we
investigated two sternaspids from the northern China Seas, Sternaspis
chinensis and Sternaspis liui syn. n, which evolved diverse shield
characteristics as local adaptation. Genetic distances, phylogenetic analyses
of nuclear markers (18S and 28S genes), and mitochondrial genomes revealed
that the latter is a junior synonym of the former. The integration of elemental
composition and the transcriptomic analysis provided insights into phenotypic
shield differences. The electron probe microanalysis showed that shields in S.
chinensis were more biomineralized (i.e., with higher iron, phosphorus, and
calcium contents) than those in S. liui syn. n. Transcriptomes of the body wall
around shields determined 17,751 differentially expressed genes (DEGs) in two
morphotypes of the synonymous species. Function enrichment analysis of
DEGs showed that S. chinensis has an enrichment of the putative
biomineralization pathways (i.e., ion transport and calmodulin binding), while
S. liui syn. n consumed more energy and produced more proteins (i.e., oxidative
phosphorylation and ribosome). DEGs allowed to identify seven shell matrix
proteins expressed differentially in the two morphotypes, especially calponin,
filamin, chitinase, and protease inhibitor BPTI/kunitz, which might contribute to
shield evolutionary plasticity response to their living habitats. Overall, this study
1) revealed an environmental biomineralization adaptation in two polychaete
morphotypes of one species by integrating shield chemical composition of
shields and transcriptome analyses and 2) provided insights into the molecular
mechanisms underlying polychaete biomineralization.
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Introduction

Biomineralization is a biological process allowing living
organisms to produce minerals. In invertebrates, biomineralization
has been mainly studied in mollusks, corals, brachiopods, bryozoans,
and echinoderms (Takeuchi et al., 2016; Malachowicz and Wenne,
2019; Clark, 2020; Murdock, 2020). However, polychaetes are also
important biomineralization organisms in marine environments
whose study will help in understanding biomineralization and
evolutionary adaptation in invertebrates (Vinn, 2021). The tubes
of serpulids, sabellids, and cirratulids are composed of calcite,
aragonite, or a mixture of both (Vinn, 2021). Serpulid tubes
contain soluble and insoluble organic matrices that control
biomineralization (Tanur et al., 2010). Sabellids and cirratulids are
characteristic of matrix-mediated biomineralization (Vinn et al.,
2008; Vinn, 2021). The formation of the chitinous tube in the
deep-sea siboglinid tubeworm Paraescarpia echinospica is also
controlled by matrix proteins (Sun et al., 2021). Other polychaetes
produce biominerals as parts of their bodies (e.g., chaetae, elytra, and
shields) (Heffernanal, 1990; Vinn, 2021). However, little is known
about their chemical composition and formation in these cases.

The ventro-caudal shields are typically phosphate
biominerals in Sternaspidae (Polychaeta: Terebellida) and
some Fauveliopsidae, formed by amorphous ferric phosphate
hydrogel (composed of FeO, P,0s, CaO, MgO, BaO, and MnO)
(Lowenstam, 1972; Sendall and Salazar-Vallejo, 2013).
Particularly, sternaspids were considered key animals in
oceanic ferric phosphate hydrogel-sinking processes
(Lowenstam, 1972) due to their worldwide distribution from
shallow to deep waters (Salazar-Vallejo and Buzhinskaja, 2013).

In addition, shield morphology is a diagnostic feature for the
four genera of Sternaspidae (Sternaspis Otto, 1821, Caulleryaspis
Sendall & Salazar-Vallejo, 2013, Petersenaspis Sendall & Salazar-V
allejo, 2013 and Mauretanaspis Fiege & Barnich, 2020) and 43
valid species (Fiege and Barnich, 2020). Recently, however,
Sternaspis sendalli and Sternaspis monroi proved to be
genetically identical based on the mitochondrial cytochrome
oxidase I (COI) and 16S ribosomal RNA (16S) markers despite
having different shield features (Drennan et al., 2019).

Sternaspids are habitually found in China seas, especially in the
Bohai and Yellow Seas (Jin-Bao et al., 2006), while Wu et al., (2015)
described Sternaspis chinensis Wu, Salazar-Vallejo & Xu, 2015 and
Sternaspis liui Wu, Salazar-Vallejo & Xu, 2015 from the northern
China Seas. S. chinensis has a stiff shield with easy-to-brush
sediment particles attached, while S. liui has a slightly sclerotized
and soft shield with firmly adhered sediment. Based on COI and 16S
and the nuclear 18S ribosomal RNA (18S) and 28S markers, we
have revealed that they are genetically identical, S. liui (Wu et al,,
2015) syn. n being a junior synonym of S. chinensis. This led us to
question the molecular mechanisms contributing to shield
evolutionary plasticity of the two morphotypes.
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Therefore, this study aims at 1) further confirming S.
chinensis and S. liui syn. n as two morphotypes being the same
species based on sequencing their mitochondrial genomes, 2)
revealing the shield chemical composition leading to the
observed stiffness, and 3) elucidating the gene regulatory
mechanisms underlying biomineralization.

Materials and methods

Specimen collection, morphological
identification, and molecular taxonomy

Specimens of S. chinensis and S. liui syn. n (Yellow Sea) were
collected using an Agassiz trawl (Figure 1, Table S1) and those of
S. sendalli (South Shetland Islands) and Sternaspis buzhinskajae
(Salazar-Vallejo, 2014) (Arctic Ocean) with a box corer. These
two polar species were used to analyze the genetic distance and
phylogeny of the two morphotypes of synonymous species
(Figure 1, Table S1). All specimens were preserved in 75%
ethanol for morphological examination and DNA extraction
or directly frozen at —80°C for RNA extraction on board.

Shield morphological features (Figures S1-54) were analyzed
following Wu et al. (2015) using a Nikon SMZ1270
stereomicroscope and NIS-Elements 4.50 software. Species
identity was further confirmed by amplifying fragments of COI,
168, 18S, and 28S and comparing the obtained sequences (Tables
S1, S2) with those available in GenBank. The uncorrected paired p
distances of COI, 168, 18S, and 28S between and within species
were calculated by the Kimura 2-parameter (K2P) model
implemented in MEGA v7.0.26 (Kumar et al., 2016).

Mitochondrial genome sequencing
and analysis

Total genomic DNA was extracted from body walls around
shields using MicroElute Genomic DNA Kit (OMEGA, USA).
Genomic DNA libraries with an insert size of approximately 350
bp were constructed with NEBNext® Ultra"™ DNA Library Prep
Kit (Illumina, USA) and sequenced on the Illumina Hiseq 2500
sequencer (Illumina, USA) in Qingdao Insight Exbio
Technology Corporation (China) to generate 150-bp paired-
end reads. Raw reads were quality controlled and filtered using
FastQC v0.11.9 (Andrews, 2010) and Trimmomatic v0.39
(Bolger et al., 2014), respectively, under default parameters.
Clean reads were assembled using SPAdes v3.13 (Nurk et al,
2013) under default settings. The putative mitochondrial contig
was identified using BLASTn against the available annelid
mitogenome in the NCBI database. The mitogenome was
annotated using the MITOs webserver (Bernt et al.,, 2013)
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Sternaspis chinensis

FIGURE 1

Sternaspis liui syn. n

Sampling locations of sternaspid specimens used in the present study and morphological images of two sternaspids from the China Seas. Red
circle, Sternaspis chinensis; cyan circle, Sternaspis liui syn. n; white circle, Sternaspis buzhinkajae; yellow circle, Sternaspis sendalli. Scale bars: S.
chinensis body = 2 mm, shield = 1 mm; S. liui syn. n body = 2 mm, shield = 500 pm.

under default settings with the invertebrate mitochondrial
genetic code. The gene start and stop codons were manually
inspected and adjusted by MEGA v7.0.26 (Kumar et al., 2016).
All assembled mitochondrial genomes were deposited in
GenBank (Table S3).

Thirteen protein-coding genes (PCGs) and two rRNA genes
of 27 polychaetes with complete mitogenomes, covering all
families of Sedentaria, as well as those of Chloeia pocicola and
Cryptonome barbada (outgroups) deposited in GenBank were
used for the phylogenetic analysis (Table S3). Maximum
likelihood (ML) analysis was analyzed by IQ-TREE v. 1.6.8
(Nguyen et al., 2015) with 1,000 bootstrap replicates
(Supplementary Material).

Analysis of shield elemental composition

Complete ventro-caudal shields were dissected from three
individuals of S. chinensis and three of S. liui syn. n. Sediment
organic contaminations were removed by first cleaning the
shields with a soft brush, then rinsing with distilled water,
soaking in sodium hypochlorite (10 vol%) for 10 min,
ultrasonic cleaning, and air-dried.
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Cleaned shields were trimmed, polished to 10-30-um thick
using lapping machine and polishing machine, and sputter-
coated with carbon using a JEE-420 vacuum evaporator (JEOL
Ltd., Japan) for electron probe microanalysis (EPMA), which
were performed with the electron probe analyzer JOEL JXA-
8230 at the Marine Geology and Geophysics Lab of the First
Institute of Oceanography (Ministry of Natural Resources,
China). As shields are not formed by chitin (Goodrich, 1897),
the carbon coating acted as the conductive media without
influencing the analysis. The accelerating voltage was set to 15
kV with a beam current of 10 nA and a beam diameter of 1 um.

Based on results of previous shield element analyses
(Lowenstam, 1972) and our total element qualitative analyses,
Iron (Fe), phosphorus (P), calcium (Ca), magnesium (Mg) and
manganese (Mn), nitrogen (N) and sulfur (S) and silicon (Si)
were selected for quantitative analyses. Eight random points per
shield and three shields for each morphotype (n = 8 x 3) were
chosen for element quantified analyses. Student’s t-test (SPSS
26.0 software IBM SPSS Inc., USA) allowed comparing each
element distribution [as mean + standard deviation (SD)]
between two morphotypes, which were plotted with Origin 9.5
(Origin Lab, USA). Backscattered electron (BSE) image intensity
indicating the mean atomic number was used to locate the
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compositional differences (Llovet et al., 2021). EPMA maps
showing individual element distribution in shields were
obtained for microscopic, local, and lateral shields by scanning
with beam diameters of 0.3, 1, and 3 um, respectively.

RNA extraction, sequencing, and
bioinformatic analyses

Total RNA was extracted from the body wall around shields
of five specimens of S. chinensis and five specimens of S. liui syn.
n using MicroElute Total RNA Kit (OMEGA, USA) according to
manufacturer’s instructions. RNA quantity and quality were
evaluated using a NanoDrop 2000 (Thermo Scientific, USA)
and a Bioanalyzer 2100 (Agilent Technologies, USA). The cDNA
libraries were prepared using the TruSeq RNA Library Prep Kit
(Illumina, USA) and then sequenced on an Illumina HiSeq2000
sequencer to produce 150-bp paired-end reads at Shanghai OE
Biotech Co., Ltd. (China).

Adaptors and low-quality Illumina reads were filtered using
Trimmomatic v0.36 (Bolger et al, 2014) under the default
parameters. To compare the two morphotypes’ gene
expression profiles, we assembled their RNA sequencing
(RNAseq) data (Sandoval-Castillo et al., 2020). All clean reads
were de novo assembled using Trinity v2.4.0 (Grabherr et al,
2011) under the default settings. The longest isoform from each
gene was selected as “unigene,” and the redundancy was
eliminated using CD-HIT v4.8.1 with 95% similarity (Li et al,
2001). Unigenes were annotated using Diamond BLASTx
v2.0.14 (Buchfink et al., 2015) with an E-value threshold of le
> against the NCBI NR, Swiss-Port, euKaryotic Orthologous
Groups (KOG), Gene Ontology (GO), eggNOG, and Kyoto
Encyclopedia of Genes and Genomes (KEGG). The protein
family for each unigene was determined using HMMER 3.3.2
(Mistry et al., 2013) against the Pfam database with an E-value
threshold of 1e”.

Gene expression levels were determined using Bowtie2
(Langmead and Salzberg, 2012). The results were normalized
as transcripts per kilobase of exon model per million mapped
reads (FPKM) (Trapnell et al, 2010). Principal component
analysis (PCA; visualized using the R package PCAtools
v2.5.13) allowed comparing the gene expression profiles
among morphotypes and individuals. Differentially expressed
genes (DEGs) between the two morphotypes were determined
using DESeq (Anders and Huber, 2012). Only unigenes with
log,fold change >1 and a p-value <0.05 were selected. GO and
KEGG enrichment analyses of DEGs were conducted using
Goseq R and KOBAS software packages, respectively
(Kanehisa et al., 2007; Young et al., 2010). DEG heatmap and
volcano plot were created using the R package pheatmap and
ggplot, respectively.

Differential biomineralization mechanisms in S. chinensis
and S. liui syn. n were revealed by identifying the putative
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biomineralization-related genes by BLASTx-identified DEGs
against the Shell Matrix Protein (SMP) database (https://doi.
org/10/cz2w) with a threshold of E-value 1e'? and a >50%
identity (Altschul et al., 1997). The correlation heatmap was
created using the R package ComplexHeatmap v2.11.1.

Real-time PCR validation

Gene expression profiles were validated using real-time
polymerase chain reaction (RT-PCR) analysis. Five
representative SMP-like DEGs were selected, and the
corresponding primers were designed using the online NCBI
primer-BLAST tool (Table 54). The identical RNA samples were
used for RT-PCR and RNAseq analyses, and cDNA was
synthesized from 0.5 pug of DNase-treated RNA using
TransScript First-Strand cDNA Synthesis SuperMix (TransGen
Biotech, China). RT-PCR was performed on an ABI7500
instrument (Applied Biosystems, USA) with SYBR®Green
(Applied Biosystems, USA) with three technical replicates per
individual and three individuals for each morphotype. A three-
step method was employed for RT-PCR amplification. The
annealing temperature was done at 58°C. Relative expression
levels were calculated using the 27AAC method (Livak and
Schmittgen, 2001), with the mean expression levels of 18S and o~
tubulin being used as references. Expression profiles and Pearson
correlation coefficient between RT-PCR and RNAseq were
calculated and visualized using GraphPad Prism 8.

Results

Synonymy of S. chinensis with
S. liui syn. n based on DNA
barcoding and mitogenomes

The interspecific uncorrected p distance (0-0.007) of COI,
168, and the nuclear 18S and 28S markers between S. chinensis
and S. liui syn. n was at least one order of magnitude smaller
than that of between other species but was equivalent to their
intraspecific genetic distance (0-0.009, Table S5), suggesting that
they might be genetically identical (Drennan et al., 2019).

The mitogenome size of S. chinensis, S. liui syn. n, S. sendalli,
and S. buzhinskajae ranged from 15,287 to 17,728 bp (Table S6)
and contained 13 PCGs, two rRNAs, and 22 tRNAs. Their gene
orders were the same, while the order of the 13 PCGs was
conserved with the putative ground pattern of Pleistoannelida
(Weigert et al.,, 2015), except for the translocation of NADH-
ubiquinone oxidoreductase chain 1 (nadl) (Figure S5).

The four sternaspids showed a monophyletic relationship
(Figure 2). Sternaspis liui syn. n and S. chinensis had a branch
length close to 0 (Figure 2), mitochondrial genomes with a 99.9%
sequence similarity (Table S7), and paired nucleotide distances
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for the 13 PCGs and the two rRNAs ranging from 0 to 0.002
(Table S8), supporting that the former should be a junior
synonym of the latter despite having two morphotypes.

Elements

Fe, P, Ca, Mg, and Mn were significantly more abundant in
S. chinensis than in S. liui syn. n, while N and S were significantly
less abundant (Figure 3; Figures S6, S7). The distribution of these
elements was relatively uniform in S. chinensis and
heterogeneous in S. liui syn. n (Figures S6, S7). N and §,
which might represent proteins, were more abundant in the
areas with low contents of Fe, P, Ca, Mg, and Mn in S. liui syn. n
(Figure S6). The two shield types showed higher abundances of
Fe, P, and Ca in the central shield area, with external radiation
strip regions (Figure 4), which corresponded to the ribs on the
shield surface (Figures S1, S2). Notably, a polygonal
microstructure was found in the shields of the two shield types
(Figure 5, Figure S6B), with the highest Fe, P, and Ca contents at
the edge, intermediately inward, and zero-areas scattered inside
(Figure 5). This structure occurred in the whole shield of S.
chinensis but only in the central with radiation strip regions with
high Fe, P, and Ca contents in S. liui syn. n (Figure 5, Figure S6).

10.3389/fmars.2022.984989

Transcriptomes

The body wall around the shield of the two morphotypes
produced 493.39 million clean reads (49.34 million reads per
individual on average) (Table S9). De novo assembly resulted in
128,181 unigenes with an N50 of 1,146 bp and a GC content of
40.11%. These unigenes were successfully annotated with any of
the seven protein databases (Tables S10, S11).

The first axis of the PCA accounted for 77.49% of
variations and allowed to clearly distinguish the two
morphotypes, while they showed a strong clustering for the
individual samples (Figure 6A). The mitochondrial genes
cytochrome b (cob) and NADH dehydrogenase subunit 2
(nad2) that showed a high loading in PCI (Figure 6B) were
highly expressed in S. liui syn. n, while the genes encoding
actin-related protein (arp) and myosin regulatory light chain
(mrlc) with high loading in PCI exhibited a high expression in
S. chinensis (Figure 6B).

Sternaspis chinensis and S. liui syn. n showed 17,751 DEGs,
with 6,503 and 11,248 upregulated genes, respectively
(Figures 6C, D). Upregulated genes in S. chinensis were mainly
annotated GO terms related to biomineralization (ion transport
and calmodulin binding) (Figure 7). While upregulated genes in
S. liui syn. n were associated with protein synthesis and energy
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production (respiratory chain, respiratory chain complex III,
and cytosolic large/small ribosomal subunits) (Figure 7). In
addition, shield formation-related pathways (calcium signaling
and pantothenate and coenzyme A (CoA) biosynthesis) were
enriched in S. chinensis and transcription and energy
metabolism-related pathways (ribosome and oxidative
phosphorylation) in S. liui syn. n (Figure S8).

Biomineralization-related differentially
expressed genes and proteins

Among the two sternaspid morphotypes, a total of 24
DEGs were identified as SMP-related genes through the
homolog search against an SMP database, including two
BPTI/Kunitzs, nine Cyclophilin PPIases, one Filament/
Filmin, eight fructose-bisphosphate aldolase (FBPA), one
Glycoside hydrolase, Peroxiredoxin, and two Transgelin-
Calponin (Table S12). Six of them were highly expressed in
S. chinensis, and 18 SMP-related genes were actively
transcribed in S. liui syn. n (Figure 8, Table S12). FBPA,
Transgelin-Calponin, and BPTI/Kunitzs were highly
expressed in both morphotypes (Figure 8).
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Gene expression validation by RT-PCR

Five DEGs possibly related to shield formation were selected for
RT-PCR analysis: two encoding SMPs (FBPA and transgelin-
calponin), two of chitin synthesis-related GO terms (chitin-based
embryonic cuticle biosynthetic process and chitin synthase activity),
and one of heat shock protein (Table S4). Their log,fold change
values in RT-PCR and RNAseq were significantly correlated (R* =
0.89, p < 0.05), and all of them were upregulated in both data in S.
chinensis compared to S. liui syn. n (Figure S9), implying the high
quality of our transcriptome data.

Discussion

Shield morphological variation and
chemical composition

Sternaspis chinensis and S. liui syn. n were originally
described based on morphological features (Wu et al., 2015),
including the shields. In S. liui syn. n, they are soft, with
prominent ribs and concentric lines near the margin, while in
S. chinensis, they are stiff, with flat ribs and concentric lines (Wu
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et al., 2015). However, we have demonstrated that these two
species are genetically identical, with 0-0.007 pairwise genetic
distances for COI, 16S, 18S, and 28S. The monophyletic
relationship, low branch length, and intraspecies level genetic
distance based on mitogenomes clearly support that the two
morphotypes correspond to synonyms instead of species.
Therefore, shield examination and molecular evidence must be
integrated into the taxonomic diagnosis of sternaspids, as
postulated by Drennan et al. (2019). However, whether they
are the two ecotypes of S. chinensis including the genetic
variations of the two populations needs to be further analyzed
using nuclear DNA single nucleotide polymorphisms (SNPs).
The shield elemental compositions of the two morphotypes
revealed Fe, P, and Ca as being higher in S. chinensis than in S.
liui syn. n. The hardness of the sternaspid shield seemed to be
determined by the abundance of mineralized Fe (Bartolomaeus,
1992),
biomineralization and stiffness in S. chinensis than in S. liui

which might imply a higher level of shield

syn. n. Variations in structure and composition of biominerals
are also common in mollusks, usually in association with the
environmental condition and fostering local adaptations
(Hoffman et al., 2009; Zieritz et al., 2010). Iron sulfide
contents in the sclerites of scaly-foot snails were positively
correlated with its environmental concentration, likely being a

detoxication mechanism (Nakamura et al., 2012), while water
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chemistry and food and nutrient supply highly impacted the
shell production in the blue mussel Mytilus edulis (Michalek,
2019). Therefore, variations in shield element contents in the
two morphotypes might be related to their living environments,
although further detailed analysis of the elemental composition
of their habitats is required to evaluate this hypothesis.

The mechanical properties of the biominerals can be affected
by many factors, including chemical composition,
microstructure, and organic matrix embedded in the minerals
(Marcus et al., 2017; Bianco-Stein et al., 2020; Yamagata et al,,
2022). Herein, Fe, P, and Ca are critical elements of shield
components, distributed as polygonal microstructures in the
whole shield of S. chinensis but only in the center with radiation
strip regions in S. liui syn. n (Figure 5, Figure S6). The polygonal
microstructure is commonly found with various functions in
skeletons of marine organisms, such as strengthening hardness
and lightening weight in sea urchin Cidaris rugosa exoskeleton
and changing body color in polychaete Aphrodita aculeata
2018).
microstructure proved to be excellent in economizing

spines (Murray, Furthermore, the polygonal
materials because hexagonal cells require the least total wall
length when filling a flat plane (Murray, 2018). However, the
interrelationship between the chemical composition,
microstructure, and mechanical properties especially shield
hardness needs further exploration.
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Differential gene expression

The divergent shield biomineralization shown by the two
morphotypes may be associated with their differential gene
regulation, especially in biomineralization-related gene
expression. Two mitogenes (cob and nad2) identified in PCA
were highly expressed in S. liui syn. n, which may be a reflection
of the difference in energy metabolism involved in biological
processes, including biomineralization. Mitogenes are involved
in complex bioenergetic pathways helping marine animals cope
with disturbances by phenotype selection, habitat translocations,
and responses to climate-related conditions. Some mitogenes in
the mantle of Mytilus chilensis from two different habitats played
key roles in its adaptive responses to biomineralization, feeding,
and locomotion (Yévenes et al, 2022). The other two genes
identified in PCA actively transcribed in S. chinensis were mrlc
and arp, which may foster a high level of shield
biomineralization. The former is a calcium-binding protein
with the SMP-related EF-hand domain that is involved in shell
formation (Guan et al,, 2017), while the latter could control
biomineralization by forming dynamic scaffolds and templates
(Tyszka et al., 2019).

A large number of DEGs and GO enrichments between the
two sternaspid morphotypes showed their unique physiological
functions. Given that tissues around the shield may play
multiple functions, these differential expressions were not
just representative biomineralization-specific genes. For §.
chinensis, the enriched ion transport (Yarra et al., 2021) and
calmodulin binding (Yan et al., 2007; Fang et al., 2008; Mao
et al,, 2019) were suspected to be associated with hypothetical
biomineralization pathways. Compared with S. chinensis, the
transcripts of S. liui syn. n has more upregulated DEGs
involved in energy metabolism and protein synthesis. For
example, 1) “respiratory chain” and “respiratory chain
complex III” are protein complexes forming electron
transport systems, highly expressed in the mineralized teeth
region of Cryptochiton stelleri, providing the energy for iron
transport required for mineralization (Nemoto et al., 2019),
and 2) “cytosolic large/small ribosomal subunits” are the places
for intracellular protein synthesis (Brar and Weissman, 2015).
Although mitochondrial and ribosomal genes are not
biomineralization genes, they were among the most
abundantly expressed in the mollusk mantles that is the shell
formation tissue (Shi et al., 2013; Shi et al., 2019).

Proteins involved in differential
biomineralization

Seven SMP-related proteins involved in molluskan
biomineralization were annotated from the DEGs of the two
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sternaspid morphotypes (Figure 8). These proteins contained
some key biomineralization domains, for example, Glyco_18,
CH (Calponin homology domain), IG_FLMN (Filamin-type
immunoglobulin domain), KU (BPTI/Kunitz family of serine
protease inhibitors domain), and TIL (Trypsin Inhibitor like
cysteine-rich domain) (Table S12) (Liao et al., 2021; Yarra et al,,
2021). The genes coding FBPA and cyclophilin PPlase were
differentially expressed in the two morphotypes (Figure 7).
These two proteins proved to have multiple biological
functions not limited to biomineralization. Thus, they could
invoke different expression profiles in the two morphotypes.
FBPA containing glycolytic domain plays a role in the
stabilization of amorphous calcium carbonate in crustacean
exoskeleton mineralization (Sato et al., 2011; Abehsera et al,,
2018), participates in carbohydrate metabolism, and provides
energy for the organism (Guo et al, 2010; Di et al, 2017).
Cyclophilins with pro_isomerase domain was found to be
integral to primary mesenchymal sea urchin cells as well as
protein folding (Wilt and Killian, 2008; Manno et al., 2012;
Nemoto et al., 2012).

Protease inhibitor BPTI/kunitz and peroxiredoxin were
actively transcribed in this junior synonym species. Protease
inhibitors with KU and TIL domains are common mollusk
shell matrix proteins, having an inhibitory function on
biomineralization (Y.-J. Rose-Martel et al., 2015; Luo, 2017;
Takeuchi et al., 2021). Peroxiredoxin is involved in the
reduction of iron oxide in the mineralized cusp of chiton
teeth (Kisailus and Nemoto, 2018). Therefore, their
expression in S. liui syn. n might contribute to the
biomineralization process.

The SMP-related proteins chitinase, transgelin-
calponin, and filament/filamin were highly expressed in
S. chinensis (Figure 8). Chitinase with the conserved
Glyco_18 domain is an enzyme that hydrolyzes chitin
oligosaccharides (Zhang et al., 2019; Liao et al., 2021; Liu
et al.,, 2021) and participates in the formation of the
metazoan chitin scaffold (Le Pabic et al., 2017). Calponin
with the CH domain is an important protein involved in
calcification in mollusks and branchiopods (Y. ]. Luo et al,,
2015; Sun et al., 2021). Filamin proteins with CH and
IG_FLMN domains in humans and pearl oysters could
interact with the calcium-sensing receptor and promote
the calcification Rho signaling pathway (Awata et al., 2001;
Pi et al., 2002; Matsuura et al., 2018). Therefore, these
upregulated genes might contribute to the high shield
biomineralization level in S. chinensis, while the
differential expression of protease inhibitors with the
function of biomineralization inhibition between the two
morphotypes might govern their differential levels
in biomineralization.
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Conclusion

This study proved that S. liui syn. n is, in fact, a junior
synonym of S. chinensis. Shield biomineralization in these two
morphotypes of synonymous species has been revealed by
composition and structure analysis, showing the natural
formation of a polygonal microstructure composed of ferric
phosphate hydrogels. Our study also showed that higher
abundance of Fe, P, and Ca in S. chinensis shield corresponds
to more polygonal microstructures than that in S. liui syn. n.
Transcriptome analyses provided insights into the respective
biomineralization molecular mechanism, suggesting that S.
chinensis exhibited higher biomineralization activities,
especially high expression of some SMP-related proteins (i.e.,
calponin, filamin, chitinase) resulting in a high level of shield
biomineralization. Sternaspis chinensis. syn. n exhibited a
high expression of energy mechanism-related genes
and encoding protease inhibitor genes, reflecting its low
level of biomineralization. Overall, our findings enhance
the understanding of the mechanisms underlying
biomineralization in sternaspids, with chemical and
molecular data generated being also useful for further studies
on the evolution of the mineralization process in
polychaete annelids.
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