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Abstract
The molecular mechanisms of shell formation and pigmentation are issues of great interest in molluscan studies due to the unique
physical and biological properties of shells. The Yesso scallop,Patinopecten yessoensis, is one of the most important maricultural
bivalves in Asian countries, and its shell color shows polymorphism. To gainmore information about the underlyingmechanisms
of shell formation and pigmentation, this study presents the first analyses of histological and transcriptional differences between
different mantle regions of the Yesso scallop, which are thought to be responsible for the formation of different shell layers. The
results showed major microstructural differences between the edge and central mantles, which were closely associated with their
functions. Different biomineralization-related GO functions, which might participate in the formation of different shell layers,
were significantly enriched in the different mantle regions, indicating the different molecular functions of the two mantle regions
in shell formation. The melanogenesis pathway, which controls melanin biosynthesis, was the most significantly enriched
pathway in the DEGs between the two mantle regions, indicating its important role in shell pigmentation. Tyr, the key and
rate-limiting gene inmelanogenesis, was expressed at a remarkably high level in the central mantle, while the upstream regulatory
genes included in melanogenesis were mainly upregulated in the edge mantle, suggesting the different molecular functions of the
two mantle regions in shell pigmentation.
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Introduction

Mollusca, a highly species-rich phylum, is the largest group in
the marine realm. One of the most obvious features of mol-
lusks is that a great majority of them are shelled, including
nearly all bivalves, most gastropods, and some cephalopods

(Williams 2016). Shells are multilayered structures composed
of 95 to 99% calcium carbonate crystals and less than 5%
organic macromolecules (Zhang and Zhang 2006), and they
often occur in fabulous and diverse colors, generally due to the
presence of biological pigments, such as melanins, caroten-
oids, and tetrapyrroles (Comfort 1949a, b, c, 1951; Hedegaard
et al. 2006; Williams 2016; Sun et al. 2017; Zhao et al. 2017).
In recent decades, shells have drawn much attention from
scientists in biology, ecology, evolution, and material science
due to their unique physical and biological properties (Zhang
and Zhang 2006). There are two major hotspots in the study of
shells, which are the underlying mechanisms of shell forma-
tion and pigmentation; these topics are still far from fully
understood because of their high complexity.

Underlying the vast phenotypic diversity of molluscan
shells is an evolutionarily homologous organ, the mantle,
which is in direct contact with the shell and produces shell
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pigments (Williams 2016). The mantle tissue mainly consists
of two sections, the edge mantle and the central mantle, and
the different mantle regions are thought to be responsible for
different shell layers, with the edge mantle secreting the
periostracal and prismatic layers and the central mantle secret-
ing the nacreous layer (Reindl and Haszprunar 1996; Audino
et al. 2015). With the prevalence of next-generation sequenc-
ing, transcriptome analyses have been extensively carried out
for the mantle tissues of many molluscan species to explore
the molecular mechanisms of shell formation or pigmentation,
and a number of related genes have been identified, such as
the shell formation-related genes calmodulin (Sun et al. 2015;
Fang et al. 2011), lustrin A (Zhao et al. 2012), collagen (Fang
et al. 2011), perlucin (Bai et al. 2013; Joubert et al. 2010; Zhao
et al. 2012), Pif (Joubert et al. 2010; Kinoshita et al. 2011; Bai
et al. 2013; Lemer et al. 2015), and glycoprotein (Kinoshita
et al. 2011), and the shell pigmentation-related genes
tyrosinase (Sun et al. 2016; Feng et al. 2015; Ding et al.
2015), MITF (Yue et al. 2015; Sun et al. 2016), Notch (Yue
et al. 2015; Feng et al. 2015), and so on. However, most of
these studies were confined to whole mantle tissues,
neglecting the different molecular functions of the different
mantle regions. Transcriptome analysis performed separately
on different mantle regions has been reported in only the pearl
oyster (Pinctada fucata martensii), but it found divergent ex-
pression levels of many genes in the different mantle regions
(Kinoshita et al. 2011). In our previous study, shell infestation
by Polydora caused different transcriptional changes in the
edge and central mantle (Mao et al. 2018). In addition, studies
of individual shell-related genes or proteins have also found
expression differences among the different mantle regions or
shell layers, as reviewed by Zhang and Zhang (2006), indicat-
ing the different molecular functions of different mantle re-
gions. Therefore, performing more molecular research on dif-
ferent mantle regions will help us better understand the genetic
basis of shell formation and pigmentation.

The Yesso scallop (Patinopecten yessoensis) is a large and
old (dating back to ~ 350 Ma) group naturally living on the
cold and stable ocean bottoms of the northwestern Pacific
Ocean. It is one of the most important maricultural shellfish
in Asian countries due to its high economic value. Many stud-
ies have been conducted on various aspects of the Yesso scal-
lop due to its evolutionarily and economically important po-
sition, including genetic breeding (Dou et al. 2016; Zhao et al.
2017), genomics (Wang et al. 2017), transcriptomics (Hou
et al. 2011; Wang et al. 2013; Zhang et al. 2018), and epige-
netics (Wang et al. 2015; Li et al. 2019), which have provided
abundant genetic resources for studies of the Yesso scallop. As
a bivalve, the Yesso scallop has two shell pieces, with the left
valve slightly smaller and flatter than the right valve. The shell
of the Yesso scallop mainly contains three layers: the
periostracal layer, prismatic layer, and nacreous layer (Pang
et al. 2015). The shell color of the Yesso scallop represents an

unambiguous polymorphism. Typically, most of the left
valves are brown and distinctly different from the white right
valves. In addition, a small percentage of individuals in the
natural population possess white or orange left valves. All of
the above features make the Yesso scallop an ideal model for
the study on shell pigmentation and biomineralization. In re-
cent years, some transcriptome studies have been performed
of the mantle tissue of the Yesso scallop (Sun et al. 2015,
2016; Ding et al. 2015), but none have focused on the expres-
sion differences among different mantle regions, limiting the
mechanistic study of shell formation and pigmentation in
Yesso scallops. In the present study, the histological structure
of the edge and central mantles of the Yesso scallop was ob-
served, and the transcriptional differences between the two
mantle regions were first analyzed with RNA-seq data.
Genes and pathways related to shell formation and pigmenta-
tion were screened. The aim of this study was to explore the
potential molecular functions of different mantle regions of
the Yesso scallop and provide more information for mecha-
nistic studies of shell formation and pigmentation.

Materials and Methods

Scallop Collection

Two-year-old healthy Yesso scallops were collected from
the Dalian Zhangzidao Sea area (Liaoning, China). The
scallops were acclimated in the laboratory for one week
prior to the experiments. Filtered and aerated seawater
was maintained at approximately 8 °C, which is within
the optimum temperature range for their growth. The edge
and central mantles (EM and CM) of the left valves (as
shown in Fig. 1) were separately sampled for histological
sectioning and RNA extraction. No specific permits were
required for the described field studies because the Yesso
scallops used in the present study were cultured marine
animals provided for market sale, and they are not part of
an endangered or protected species. All experiments were
conducted according to the regulations of the local and
central government.

Histological Observation of the Edge and Central
Mantles

Dissected specimens of the edge mantle and central mantle
were fixed in Bouin’s solution. Then, the specimens were
dehydrated in a graded ethanol series (80%, 95%, and
100%), cleared in xylene, and embedded in paraffin. Serial
sections of 4 μm were produced on a Leica RM2255 micro-
tome (Leica, Germany) and stained with hematoxylin and
eosin (HE). Digital images were captured using a Leica
DM4Bmicroscope equippedwith a Leica DMC6200 camera.
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Differential Gene Expression Analysis
Between the Edge and Central Mantles

A total of 314,060,880 raw reads (156,785,500 for the edge
mantle and 157,275,380 for the central mantle) of healthy
Yesso scallops were downloaded from the NCBI database (ac-
cession numbers: SRR7287164, SRR7287165, SRR7287167,
SRR7287170, SRR7287171, and SRR7287173); these reads
were from a transcriptome project of the Yesso scallop in our
previous study (Mao et al. 2018). Three biological replicates for
each mantle region were included. The high-quality reads of
each sample were mapped to the reference transcriptome con-
structed in our previous study by using Bowtie 2 software
(http://bowtie-bio.sourceforge.net) (Langmead and Salzberg
2012), and the FPKMmethod (fragments per kilobase per mil-
lion mapped reads) (Trapnell et al. 2010) was used to calculate
the expression levels of the unigenes in each sample, which
eliminated the effects of gene length and sequencing depth on
the calculation of gene expression. A significance test for ex-
pression differences between the edge mantle and central man-
tle was conducted with negative binomial distribution hypoth-
esis testing, and the false discovery rate (FDR) method was
applied for multiple hypothesis testing to correct the signifi-
cance levels (p values) and eliminate the influence of random
fluctuations and errors. After calibration, a fold change over 2
and p ≤ 0.05 was set as the threshold for DEGs (differentially
expressed genes).

Enrichment analyses were performed by mapping all
DEGs to the GO and KEGG databases. GO functions or path-
ways with statistical significances (p values) lower than 0.05
as evaluated by the hypergeometric distribution test were con-
sidered to be enriched.

Sequence Identification and Characterization Analysis
of the PyTyr Gene

To identify the Tyr gene of the Yesso scallop, a BLASTN
search was performed to align the cDNA sequence
(CL14061Contig1) annotated with “putative tyrosinase-like
protein tyr-3” in the transcriptome to the whole-genome se-
quences (Wang et al. 2017) with E value ≤ 1E−5. Gene struc-
ture was analyzed according to the genome sequence and
annotation information. ORF (open reading frame) finder
(http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and DNAStar
(version 7.1) were used to predict amino acid sequences.
Then, the predicted amino acid sequence was confirmed by
BLAST against the NCBI nonredundant protein sequence
database. The conserved domains were identified by the
simple modular architecture research tool (SMART) (http://
smart.embl.de/). Multiple sequence alignment was
performed using the ClustalW2 program (Larkin et al. 2007)
with the Tyr protein sequences of P. yessoensis and other
species, including Chlamys farreri, Crassostrea gigas,
Hyriopsis cumingii, Pinctada margaritifera, Meretrix
meretrix, Crassostrea virginica, Perna viridis, Homo sapiens,
Mus musculus, Gallus gallus, and Danio rerio, which were
downloaded from NCBI (http://www.ncbi.nlm.nih.gov) (the
accession numbers of these sequences are listed in
Supplementary Table S1), and pairwise sequence identity
(percent identity) and genetic distance (divergence) among
these species were calculated. A phylogenetic tree was con-
structed using MEGA 6 (Tamura et al. 2011) with the
neighbor-joining method (Saitou and Nei 1987).
Bootstrapping with 5000 replications was performed to eval-
uate the phylogenetic tree.

Fig. 1 Pictures of the mantle
tissue and shells of P. yessoensis
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Quantitative Real-time PCR Analysis of the PyTyr
Gene

Total RNA of the edge and central mantle was extracted by
using an RNAprep Pure Tissue Kit (Tiangen). The quantity
and quality of the total RNA were determined by a Micro-
Spectrophotometer NV3000 (Vastech) and agarose gel elec-
trophoresis. First-strand cDNA was synthesized using a
PrimeScript RT reagent Kit (TaKaRa) following the manufac-
turer’s protocol. All of the cDNA products were diluted to
200 ng/μl for use as qRT-PCR templates. The β-actin gene
was selected as a reference gene. The qRT-PCR was per-
formed in an ABI 7500 Real-time PCR System (Life
Technologies) with a volume of 20 μl, which contained 1 ×
SYBR Green Master Mix (TaKaRa), 0.2 μM of each primer,
2.0 μl of cDNA template, and 0.4 μl of ROX Reference. The
running program was as follows: 95 °C for 10 s, followed by
40 cycles of 95 °C for 10 s and 60 °C for 32 s. The primers
used in the present study were designed by Primer Premier 5.0
software, and the sequences were as follows: β-actin-F: 5′-
CCAAAGCCAACAGGGAAAAG-3′, β-actin-F: 5′-TAGA
TGGGGACGGTGTGAGTG-3 ′ ; Tyr -F : 5 ′ -AGCG
ACAATGATGTGCGTAA-3 ′ , Ty r - R : 5 ′ -AGAT
GGCTCTATGGAGTTGA-3′. The specificity of the primers
was assessed by alignment with the Yesso scallop genome.
Melting curve analysis was also performed to verify that each
primer set amplified a single product. Three technical repli-
cates were performed for each reaction, and three individuals
were used as biological replicates. The data from qRT-PCR
were analyzed by the 2−ΔΔCT method (Livak and Schmittgen
2001) to evaluate the relative gene expression levels of Tyr in
the different mantle regions of Yesso scallops. Statistical anal-
ysis of the data was performed with SPSS (version 19.0) soft-
ware using the independent T test. Differences were consid-
ered significant at p ≤ 0.05.

Results

Histological Structure of the Edge and Central
Mantles

The mantle tissue of the Yesso scallop mainly consists of two
parts: the edge mantle and the central mantle (Fig. 1). The
microstructures of the edge mantle and central mantle were
observed by histological study (Fig. 2). The edgemantle was a
muscular, dissociative, and thick membrane (Fig. 1) com-
posed of the secretory outer fold (of), the sensory middle fold
(mf), and the muscular inner fold (if) (Fig. 2a, b). These folds
were made up of the outer epithelium, inner epithelium, and
connective tissues. The outer fold was the first finger-like
protuberance close to the shell, and a periostracal groove
(pg) was present between the outer fold and the middle fold

(Fig. 2a). The middle fold was obviously composed of several
protuberances, and most of them had abundant nerve fibers
distributed between the two epithelia (Fig. 2d), while the inner
fold was much larger than the other folds and had very devel-
oped muscle tissues (Fig. 2b). In addition, a large, rounded
ganglion (ga) was observed in the region where the three folds
converged (Fig. 2e). In contrast to the edge mantle, the central
mantle was a transparent and thin membrane (Fig. 1) that
adhered to the inner surface of the shell and was mainly com-
posed of the outer epithelium, inner epithelium, and loose
connective tissues (containing hemocytes, nerve fiber bun-
dles, and a few muscle fibers) (Fig. 2c). Bushy and short cilia
were distributed in the inner epithelium of the central mantle
(Fig. 2g), while in the edge mantle, relatively sparse cilia were
found in only the inner epithelium of the outer fold and outer
epithelium of the middle fold (Fig. 2f), i.e., where the
periostracal groove was located.

Differential Gene Expression Analysis
Between the Edge and Central Mantles

Differential gene expression analysis was conducted between
the edge mantle and the central mantle with RNA-seq data
obtained from our previous Yesso scallop transcriptome pro-
ject (Mao et al. 2018). A total of 3350 genes were differen-
tially expressed between the two mantle regions, with 1730
upregulated in the edge mantle and 1620 in the central mantle
(p ≤ 0.05) (Fig. 3).

To analyze the functions of these differentially expressed
genes (DEGs), GO enrichment analysis was separately carried
out for the up- and downregulated genes, the results of which
are summarized in Table 1. For the upregulated genes in the
edgemantle, one of themost enrichedGO terms was related to
nervous system constituent and neurotransmission, followed
by terms related to muscular constituents, development, and
activities. In addition, many GO functions related to responses
to environmental stimuli, such as temperature, salt stress,
wounding, fungi, and bacteria, were also significantly
enriched. Most notably, many GO terms related to biominer-
alization were also significantly enriched for the upregulated
genes in the edgemantle, e.g., “calcium ion binding,” “cellular
calcium ion homeostasis,” “calcium ion transport,” “positive
regulation of calcium ion transport,” “ossification,” “protein-
aceous extracellular matrix,” “extracellular matrix,” “regula-
tion of bone mineralization,” “collagen binding,” and “chitin
binding.” Among these DEGs, many genes were related to
shell formation, such as genes for “cartilage matrix protein,”
“collagen,” “perlucin,” “pif,” “fibrinogen,” and “glycopro-
tein” (Table 3). For the upregulated genes in the central mantle
(Table 2), the most enriched GO terms were those related to
cilium components, assembly, and movement. Some nervous
system–related terms were also enriched, but these were much
fewer than in the edge mantle . In addi t ion, the

686 Mar Biotechnol (2019) 21:683–696



Fig. 2 Histological sections of the
edge mantle and the central
mantle of P. yessoensis. a The
edge mantle with outer fold,
middle fold, and partial inner fold.
b The inner fold of the edge
mantle. c The central mantle. d
The developed nerve fibers
distributed in the middle fold. e
The ganglion in the edge mantle. f
The cilia distributed in the outer
epithelium of the middle fold. g
The cilia distributed in the inner
epithelium of the central mantle.
Abbreviations: of outer fold, mf
middle fold, if inner fold, pg
periostracal groove, nf nerve
fiber, mf muscle fiber, he
hemocytes

Fig. 3 Volcano plots (a) and hierarchical clustering (b) of DEGs between the edge mantle and the central mantle. The red color represents DEGs
upregulated in the edge mantle, and the green color represents DEGs upregulated in the central mantle
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Table 1 Significantly enriched GO terms for the genes upregulated in the edge mantle

iD Term Gene number p (p ≤ 0.05)

Nervous system

GO:0045211 Postsynaptic membrane 21 6.05E−05
GO:0007268 Synaptic transmission 17 9.07E−04
GO:0007218 Neuropeptide signaling pathway 14 1.29E−05
GO:0042734 Axon guidance 13 1.64E−02
GO:0033270 Synapse 12 1.96E−02
GO:0008188 Neuropeptide receptor activity 11 8.48E−06
GO:0004889 Acetylcholine-activated cation-selective channel activity 10 1.25E−05
GO:0007411 Postsynaptic density 9 1.24E−02
GO:0050877 Neurological system process 8 1.14E−04
GO:0043197 Neuron projection development 8 1.58E−03
GO:0005892 Acetylcholine-gated channel complex 7 2.23E−05
GO:0030182 Neuron differentiation 7 1.69E−04
GO:0001764 Dendritic spine 7 5.95E−03
GO:0006836 Neuron migration 7 8.82E−03
GO:0007271 Synaptic transmission, cholinergic 6 7.03E−04
GO:0042166 Acetylcholine binding 5 2.24E−05
GO:0046686 Presynaptic membrane 5 1.96E−02
GO:0016199 Axon midline choice point recognition 4 4.49E−04
GO:0045202 Neurotransmitter transport 4 1.37E−02
GO:0001607 Neuromedin U receptor activity 3 2.86E−04
GO:0043194 Axon initial segment 3 4.96E−04
GO:0019228 Neuronal action potential 3 7.97E−04
GO:0015464 Acetylcholine receptor activity 3 1.21E−03
GO:0004983 Paranode region of axon 3 1.21E−03
GO:0050804 Neuropeptide Y receptor activity 3 1.74E−03
GO:0014069 Modulation of synaptic transmission 3 6.95E−03

Muscular tissue

GO:0003779 Actin binding 11 1.43E−03
GO:0006936 Muscle contraction 9 1.28E−07
GO:0005861 Troponin complex 7 0.00E+00

GO:0030239 Myofibril assembly 7 1.07E−07
GO:0030016 Myofibril 6 1.47E−05
GO:0016459 Myosin complex 5 2.16E−02
GO:0005865 Striated muscle thin filament 4 1.28E−06
GO:0032982 Myosin filament 4 1.28E−06
GO:0008307 Structural constituent of muscle 4 4.59E−05
GO:0030240 Skeletal muscle thin filament assembly 3 0.00E+00

GO:0061061 Muscle structure development 3 6.62E−05
GO:0051371 Muscle alpha-actinin binding 3 4.96E−04
GO:0043292 Contractile fiber 3 4.96E−04
GO:0006937 Regulation of muscle contraction 3 7.97E−04
GO:0005927 Muscle tendon junction 3 1.21E−03
GO:0046716 Muscle cell cellular homeostasis 3 1.21E−03
GO:0048747 Muscle fiber development 3 2.42E−03
GO:0051017 Actin filament bundle assembly 3 5.52E−03

Response reaction

GO:0009409 Response to cold 11 2.99E−06
GO:0009651 Response to salt stress 11 6.95E−06
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biomineralization-related terms were mainly related to calci-
um activity, such as “calcium ion binding,” “calmodulin

binding,” “calcium channel activity,” and “positive regulation
of cytosolic calcium ion concentration.”

Table 1 (continued)

iD Term Gene number p (p ≤ 0.05)

GO:0006952 Defense response 10 9.22E−05
GO:0009611 Response to wounding 9 3.99E−06
GO:0050832 Defense response to fungus 7 6.36E−04
GO:0042742 Defense response to bacterium 7 1.59E−03
GO:0009408 Response to heat 6 2.14E−02
GO:0009414 Response to water deprivation 6 1.44E−04
GO:0031347 Regulation of defense response 4 1.28E−06
GO:0009266 Response to temperature stimulus 3 1.49E−04

Biomineralization

GO:0005509 Calcium ion binding 55 3.49E−05
GO:0005578 Proteinaceous extracellular matrix 25 2.17E−07
GO:0006874 Cellular calcium ion homeostasis 12 3.83E−06
GO:0031012 Extracellular matrix 9 7.43E−05
GO:0006816 Calcium ion transport 9 5.62E−04
GO:0001503 Ossification 6 1.22E−03
GO:0030500 Regulation of bone mineralization 4 2.39E−05
GO:0051928 Positive regulation of calcium ion transport 4 1.33E−04
GO:0005518 Collagen binding 3 1.51E−02
GO:0008061 Chitin binding 3 3.99E−02

Table 2 Significantly enriched
GO terms for the genes
upregulated in the central mantle

iD Term Gene number p (p ≤ 0.05)

Cilium activity
GO:0031514 Motile cilium 16 3.26E−15
GO:0003341 Cilium movement 10 7.71E−13
GO:0003777 Microtubule motor activity 18 2.18E−12
GO:0005874 Microtubule 30 1.67E−11
GO:0001539 Cilium or flagellum-dependent cell motility 7 5.87E−10
GO:0005858 Axonemal dynein complex 7 1.15E−09
GO:0036156 Inner dynein arm 6 6.77E−09
GO:0005929 Cilium 15 4.79E−07
GO:0030286 Dynein complex 7 6.70E−07
GO:0005930 Axoneme 10 7.20E−07
GO:0036159 Inner dynein arm assembly 5 1.23E−06
GO:0036158 Outer dynein arm assembly 4 3.24E−06
GO:0060294 Cilium movement involved in cell motility 3 3.79E−05
GO:0035082 Axoneme assembly 5 5.58E−05
GO:0060271 Cilium morphogenesis 4 1.02E−02
GO:0036064 Ciliary basal body 5 1.27E−02

Nervous system
GO:0005328 Neurotransmitter:sodium symporter activity 11 3.36E−07
GO:0007268 Synaptic transmission 8 2.07E−02
GO:0030672 Synaptic vesicle membrane 3 2.44E−02
GO:0007528 Neuromuscular junction development 4 8.79E−03

Biomineralization
GO:0005509 Calcium ion binding 46 1.01E−10
GO:0005516 Calmodulin binding 4 4.81E−03
GO:0005262 Calcium channel activity 5 9.97E−03
GO:0007204 Positive regulation of cytosolic calcium ion concentration 3 2.80E−02
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KEGG Enrichment Analysis of DEGs Between the Edge
and Central Mantles

First, KEGG enrichment analysis was performed for all the
differentially expressed genes between the edge and central
mantle. A total of 54 pathways were significantly enriched
(p ≤ 0.05), and those ranked in the top 20 are shown in
Fig. 4a. Among these pathways, “melanogenesis”was notably
the most significantly enriched pathway (marked with a red
star); this pathway controls the synthesis of melanins. Then,
KEGG enrichment analysis was separately carried out for the
upregulated genes in the edge and central mantles, and 63 and
36 pathwayswere separately enriched (Fig. 4b, c, markedwith
red stars). Notably, the pathway of melanogenesis was signif-
icantly enriched in both mantle regions. The genes included in
the melanogenesis pathway and the genes detected to have
altered regulation are marked in the pathway map

(map04916) (F ig . 5) . Among these genes , Wnt
(CL2260Contig1, CL5293Contig1, CL33407Contig1,
CL39128Contig1, CL15607Contig1, CL3041Contig1,
CL58260Contig1), GNAS (guanine nucleotide-binding pro-
tein G(s) subunit alpha, CL54338Contig1), GSK-3β (glyco-
gen synthase kinase-3 beta, CL33363Contig1), and MAPK
(Mitogen-activated protein kinase, CL45618Contig1) were
upregulated in the edge mantle (marked with red); Tyr (tyros-
inase, CL14061Contig1) was upregulated in the central man-
t l e (ma r ked w i t h g r e en ) , a nd FZD ( F r i z z l ed :
CL34951Contig1, upregulated in the edge mantle, and
CL26136Contig1 and CL3646Contig1, upregulated in the
central mantle) and CAM (calmodulin: CL33708Contig1,
CL56040Contig1, CL32987Contig1, CL34373Contig1,
c om p 1 3 4 6 2 0 _ c 1 _ s e q 1 _ 3 , C L 4 7 9 2 2C o n t i g 1 ,
CL12604Contig1, CL14037Contig1, CL62949Contig1,
CL28607Contig1 and comp127217_c0_seq1_2, upregulated

Fig. 4 KEGG pathway enrichment analysis. a Enrichment analysis for all the DEGs between the edge mantle and the central mantle. b and c Separate
enrichment analyses for the upregulated DEGs in the edge mantle and the central mantle
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in the edge mantle, and CL11292Contig1, CL26634Contig1,
CL30465Contig1, CL36393Contig1, and CL50141Contig1,
upregulated in the central mantle) both showed altered regu-
lation in both mantle regions (marked with yellow).
Additionally, another pathway, “tyrosine metabolism,” which
was also related to melanin synthesis, was significantly
enriched among the upregulated genes in the central mantle
(Fig. 4c, marked with a blue star). In addition, “calcium sig-
naling pathway” was enriched in both mantle regions, and
“mineral absorption” was enriched in the central mantle
(Fig. 4, marked with a green star), and these pathways were
probably related to shell formation.

Sequence and Expression Characterization
of the Gene PyTyr

Tyrosinase (Tyr) is the key enzyme during the synthesis of
melanins, which has been widely studied in vertebrates. In this
study, a gene for Tyr (CL14061Contig1, named PyTyr) was

detected as significantly differentially expressed between the
edge and central mantle using RNA-seq data. To explore the
molecular function of PyTyr in scallop pigmentation and test
its expression level in different mantle regions of Yesso scal-
lop, sequence characterization ofPyTyrwas analyzed aided by
the whole-genome sequence of Yesso scallop (Wang et al.
2017), and its expression level was validated separately in
the edge and central mantle by qRT-PCR.

PyTyr was confirmed to be present in the genome of Yesso
scallop by BLAST search of the transcript against the genome
sequence, and the complete DNA sequence of PyTyr was
6667 bp, including 3 exons and 2 introns with an average
length of 647 bp and 2201 bp. The GT-AG rule was used to
distinguish intron-exon boundaries. The full-length cDNA of
PyTyr was 2265 bp with a 137 bp 5′UTR, 187 bp 3′UTR, and
1941 bp ORF encoding 646 amino acids. Two unambiguous
functional domains, a signal peptide domain and a tyrosinase
domain, were recognized in the amino acid sequence of PyTyr
in the 1–20 and 124–294 residue regions. The gene structure

Fig. 5 Map of the melanogenesis pathway. Genes upregulated in the edge mantle are marked with a red background, those upregulated in the central
mantle are green, and yellow shows regulation in both tissues
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of PyTyr is shown in Fig. 6a. Two highly conserved copper-
binding sites, the Cu(A)-binding site and the Cu(B)-binding
site, which are characterized by the H1(n)-H2(8)-H3 and
H1(3)-H2(n)-H3 motifs, were found in the tyrosinase domain,
and six conserved histidine residues were detected in PyTyr
(Fig. 6b), which confirmed the identification of PyTyr in the
present study. Multiple sequence alignment analysis
(Supplementary Table S2) showed that the amino acid identity
of Tyr between Yesso scallop and other mollusks ranged from
16.9% (P. yessoensis andM. meretrix) to 26.4% (P. yessoensis
and C. farreri), and the conservation of Tyr among molluscan
species (16.9–59.4%) was much lower than that among ver-
tebrates (60.5–86.2%). These results were consistent with the
phylogenetic analysis, the tree of which clustered into two
groups representing vertebrates and Mollusca (Fig. 6c). The
expression levels of PyTyr in different mantle regions as de-
tected by qRT-PCR were consistent with the RNA-seq data;
significantly more PyTyrmRNAs were detected in the central
mantle than in the edge mantle (p < 0.01).

Discussion

The Yesso scallop has a typical mantle structure, which is
mainly composed of the edge mantle and the central mantle.
The morphological and histological structure of the edge

mantle is more complex than that of the central mantle, and
their structures are closely associated with their functions. At
the molecular level, differential gene expression analysis with
the RNA-seq data showed that many differentially expressed
genes were related to tissue composition, which was consis-
tent with the histological observations. For example, we found
that the edge mantle possessed a much more developed nerve
distribution than the central mantle based on histological ob-
servations. First, a large, rounded ganglion was observed in
the edge mantle (Fig. 2e). It is the most significant nerve in the
scallop mantle margin and is responsible for the innervation of
the mantle folds and organs (Audino et al. 2015). Second,
developed nerve fibers were found in the middle fold, which
extended to the epithelial cells (Fig. 2d), allowing for sensory
functions.Meanwhile, in the differential gene expression anal-
ysis between the twomantle regions, among the most enriched
GO functions of the upregulated genes in the edge mantle
were those related to the nervous system (Table 1), such as
“postsynaptic membrane,” “synaptic transmission,” “neuro-
peptide signaling pathway,” “axon guidance,” and “synapse.”.
Most likely because of the developed nerves in the edge man-
tle, especially in the middle fold, it is more sensitive to envi-
ronmental changes and stimulations, and as a result, many
functions related to response reaction were also significantly
enriched among the upregulated genes in the edge mantle
(Table 1). In addition, it has been reported that both shell

Fig. 6 Sequence characterization and expression analysis of the gene
PyTyr. a The gene structure of PyTyr. b Multiple sequence alignment
analysis of the Cu(A)-binding site and Cu(B)-binding site among
different mollusks. Red triangles represent the six conserved histidine

residues. c Phylogenetic analysis of Tyr among different species. d
Expression levels of PyTyr in the edge and central mantles as measured
by RNA-seq and qRT-PCR
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growth and pigmentation were under neurosecretory control
(Boettiger et al. 2009; Budd et al. 2014); thus, the developed
nerve system in the Yesso scallop mantle may also play an
important role in shell formation and pigmentation. In the
central mantle, the most enriched GO functions among the
upregulated genes were those associated with cilium activity
(Table 2). Histologically, bushy cilia were found in the outer
epithelium of the central mantle (Fig. 2g), which probably
took part in substance (e.g., shell-related) absorption, secre-
tion, and transportation, as many secretory cells were discov-
ered under the cilia layer and some related signaling pathways,
such as “salivary secretion” and “mineral absorption,” were
significantly enriched in the KEGG analysis; in contrast, in the
edge mantle, relatively sparse cilia were mainly observed in
the periostracal groove region, which was responsible for
periostracum secretion (Wilbur and Saleuddin 1983; Audino
et al. 2015), so the cilia here were probably related to the
secretion and transportation of the shell components.

Functions related to shell formation were of special interest.
In the present study, biomineralization-associated GO functions
and KEGG pathways were significantly enriched in both the
edge and central mantles, especially in the edge mantle
(Tables 1 and 2). Among these functions, two aspects were
included, one of which was related to “calcium”while the other
was related to “organic shell matrix.” Calcium is an important
component of the shell, and the calcium metabolic process
plays an important role in regulating shell formation (Liu
et al. 2007; Huang et al. 2007; Kinoshita et al. 2011; Sun
et al. 2015). In our KEGG enrichment analysis, “calcium sig-
naling pathway” was significantly enriched in both mantle re-
gions (Fig. 4), indicating its important role in all shell layer
formation. In the edge mantle, the GO functions “calcium ion
binding,” “cellular calcium ion homeostasis,” “calcium ion
transport,” and “positive regulation of calcium ion transport”
were significantly enriched, and all have strong relationships
with calcium ion transport. In the central mantle, in addition
to “calcium ion binding,” the additional functions “calmodulin
binding,” “calcium channel activity,” and “positive regulation
of cytosolic calcium ion concentration” were significantly
enriched; these pathways were probably related to the processes
of calcium ion absorption and storage, as the pathway “mineral
absorption” was also enriched in the central mantle (Fig. 4c).
That “calcium ion binding” was obviously enriched in both the
mantle regions is probably because it was the basic process for
other calcium ion activities, and the differences in calcium ion
activities between the two mantle regions probably suggested
their different molecular roles in shell formation.

Despite its low content in the shell, the organic shell matrix,
including proteins, glycoproteins, polysaccharides, and lipids,
is thought to control the formation of calcium carbonate crys-
tals, such as the nucleation, growth, and spatial orientation of
calcium carbonate crystals, and thus to be responsible for their
extraordinary properties (Wheeler and Sikes 1984; Belcher

et al. 1996; Naka and Chujo 2001; Blank et al. 2003; Fu
et al. 2005; Addadi et al. 2006). The different crystal polymor-
phisms and microstructures of the different shell layers are
controlled by proteins secreted from different mantle regions,
with the outer calcite prismatic layer formed by the edge man-
tle and the inner aragonite nacreous layer formed by the cen-
tral mantle (Zhang and Zhang 2006). In the present study, GO
functions related to the organic shell matrix and biominerali-
zation process were significantly enriched mainly in the edge
region of the mantle, such as “proteinaceous extracellular ma-
trix,” “extracellular matrix,” “ossification,” “regulation of
bone mineralization,” “collagen binding,” and “chitin bind-
ing,” consistent with the fact that shell formation is more
strongly activated in the edgemantle than in the central mantle
(Lydie et al. 2001; Kinoshita et al. 2011). Moreover, some
genes for shell matrix proteins were included in these func-
tions, such as “cartilage matrix protein,” “collagen,”
“perlucin,” “pif,” “fibrinogen,” and “glycoprotein,” which
have also been reported in other studies of shell formation
(Miyamoto et al. 2002; Weiss et al. 2000; Kröger 2009;
Suzuki et al. 2013; Kinoshita et al. 2011; Areva et al. 2002;
Luo et al. 2015). The expression levels of these genes were
significantly higher in the edge mantle than in the central
mantle (fold change > 2 and p ≤ 0.05, Table 3), which proba-
bly indicated that they might be involved in regulation the
formation of the prismatic layer in Yesso scallop. However,
“perlucin” and “pif” have been reported as important nacre-
specific genes (Weiss et al. 2000; Kröger 2009), in contrast to
the present study. The likely reasons are that functional differ-
ences in these genes may exist among different mollusks due
to gene differentiation or that these genes can participate in the
formation of both the prismatic and nacreous layers. A similar
situation has been found in other studies. Some prismatic
genes, including MSI31 (Sudo et al. 1997), aspein
(Tsukamoto et al. 2004), and prismalin-14 (Suzuki et al.
2004), were expressed at similar levels in the edge mantle
and central mantle according to Kinoshita et al. (2011).
Gene duplication often causes divergent expression of
paralogous genes (Force et al. 1999). In Pinctada fucata
martensii, different isoforms of N16, another nacreous gene
(Samata et al. 1999), were specifically expressed in different
mantle regions, with N16.6 specific to the mantle edge and
N16.7 specific to the central mantle (Kinoshita et al. 2011).
The functions of the shell formation-related genes detected in
our study require further investigation.

The coloration of shells is most commonly due to the pres-
ence and distribution of biological pigments (Williams 2016).
Melanins, as one of the most widespread pigments in nature,
have also been detected in molluscan shells, including that of
the Yesso scallop (Sun et al. 2017). The molecular mechanism
of melanin biosynthesis is well understood in vertebrates, but
understanding remains limited in mollusks. Melanin biosyn-
thesis is initiated by the oxidation of tyrosine to dopaquinone,
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catalyzed by the key and rate-limiting enzyme tyrosinase (Tyr)
(Chang 2012), which is directly and positively regulated by
the transcription factor MITF, the master regulator of melano-
genesis (Vance and Goding 2004). MITF is the target of many
regulatory pathways involved in melanogenesis, such as the
cAMP signaling pathway, Wnt signaling pathway, and ERK
(MAPK) signaling pathway (Fig. 5). In the present study,
melanogenesis was the most significantly enriched pathway
in the DEGs between the edge and central mantles, illustrating
its important role in shell pigmentation. Genes included in
melanogenesis and highly expressed in the edge mantle were
mainly upstream regulatory genes in the cAMP, Wnt, and
ERK signaling pathways. However, Tyr, the key gene for me-
lanogenesis, was significantly upregulated in the central man-
tle, and this finding was validated by sequence analysis and
qRT-PCR. In our previous study, PyMITF had the same ex-
pression trend as PyTyr, being expressed at a significantly
higher level in the central mantle than in the edge mantle
(Mao et al. 2019). In addition, the pathway of tyrosine metab-
olism was significantly enriched in the central mantle (Fig.
4c), which provided the raw material tyrosine for melanin
biosynthesis. Therefore, these findings probably suggest the
different molecular roles of different mantle regions in shell
pigmentation; the main melanin synthesis process probably
occurs in the central mantle cells and is regulated by products
from the edge mantle, although more studies are required to
validate the conclusion.

In conclusion, histological and transcriptional difference
analyses among different mantle regions were first conducted
in the Yesso scallop. The results showed that large microstruc-
tural differences existed between the edge and central mantles,
which were closely associated with their functions. Different
biomineralization-related GO functions were significantly
enriched in the different mantle regions, which might partici-
pate in the formation of different shell layers, and indicated the
different molecular functions of the two mantle regions in

shell formation. The pathway of melanogenesis, which con-
trols melanin biosynthesis, was the most significantly
enriched pathway among the DEGs between the two mantle
regions, indicating its important role in shell pigmentation.
Tyr, the key and rate-limiting gene in melanogenesis, was
expressed at a remarkably higher level in the central mantle,
while the upstream regulatory genes included in melanogen-
esis were mainly upregulated in the edge mantle, suggesting
the different molecular functions of the two mantle regions in
shell pigmentation. The present study provides valuable infor-
mation for mechanistic molecular studies of shell formation
and pigmentation.
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