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Abstract

The widely recognized color polymorphisms of molluscan shell have been appreciated for hundreds of years by collectors
and scientists, while molecular mechanisms underlying shell pigmentation are still poorly understood. Tyrosinase is a key
rate—limiting enzyme for the biosynthesis of melanin. Here, we performed an extensive multi-omics data mining and iden-
tified two tyrosinase genes, including tyrosinase and tyrosinase-like protein 2 (Tyr and Typ-2 respectively), in the Pacific
oyster Crassostrea gigas, and investigated the expression patterns of tyrosinase during adults and embryogenesis in black
and white shell color C. gigas. Tissue expression analysis showed that two tyrosinase genes were both specifically expressed
in the mantle, and the expression levels of Tyr and Typ-2 in the edge mantle were significantly higher than that in the central
mantle. Besides, Tyr and Typ-2 genes were black shell-specific compared with white shell oysters. In situ hybridization
showed that strong signals for Tyr were detected in the inner surface of the outer fold, whereas positive signals for Typ-2
were mainly localized in the outer surface of the outer fold. In the embryos and larvae, the high expression of 7yr mRNA was
detected in eyed-larvae, while 7yp-2 mRNA was mainly expressed at the trochophore and early D-veliger. Furthermore, the
tyrosinase activity in the edge mantle was significantly higher than that in the central mantle. These findings indicated that
Tyr gene may be involved in shell pigmentation, and Typ-2 is more likely to play critical roles not only in the formation of
shell prismatic layer but also in shell pigmentation. In particular, 7yp-2 gene was likely to involve in the initial non-calcified
shell of trochophores. The work provides valuable information for the molecular mechanism study of shell formation and
pigmentation in C. gigas.
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Abbreviations Introduction
Tyr A member of the type-3 copper protein

superfamily The fabulous and diverse surface color of aquatic animals,
Typ-2  Tyrosinase-like protein 2 as the most intuitive phenotypic trait, is one of the factors

influencing consumers’ preference and price at the seafood
market (Alfnes et al. 2006). The widespread color polymor-
phisms of a molluscan shell have always been appreciated
by collectors and a great deal of scientists. However, shell
formation and pigmentation have not been completely eluci-
dated for any mollusk compared with plants, vertebrates, and
certain invertebrate groups (Williams et al. 2017). Although

< QiLi shell color can be affected by biochemistry, substrate or
qili66 @ouc.edu.cn nutrition (Liu et al. 2009; Zhu et al. 2018), breeding stud-
ies in both bivalves and gastropods have shown that color
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Ocean University of China, Qingdao 266003, China polymorphism in many species is a heritable trait, and in

some cases, inheritance patterns involve one or two loci with
dominance (Yusa 2004; Xu et al. 2019; Han and Li 2020).
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Recently, a large amount of transcriptomic, proteomic,
and genomic data in terms of the shell formation and pig-
mentation have been generated in mollusca (Feng et al.
2015; McDougall and Degnan 2018). Some potential genes
have been identified that may have some control over shell
pigmentation, although in most studies it is not possible to
rule out that some of these genes may rather be involved in
biomineralization (Jackson et al. 2006; Lemer et al. 2015).
A study on Pinctada margaritifera suggested that the color
of the nacre is partially under the influence of genes involved
in the biomineralization of the calcitic layer (Lemer et al.
2015). These studies provide useful resource for molecular
and genetic analyses of shell formation and pigmentation.

Much of the pigment-based coloration in mollusca results
from products of the melanin, carotenoid, and tetrapyrrole
synthesis pathways to date (Williams 2017). Of them, mela-
nin is the most widespread pigment in nature. In mollusks,
melanin is secreted from the epithelium of the mantle edge
and in the pallial area (Jabbour-Zahab et al. 1992). Although
the complete pathways involved in the synthesis of melanin
are unknown, several enzymes have been shown to be impor-
tant in the regulation and production of melanin in mollusks
(Palumbo 2003; Lemer et al. 2015). Arguably, one of the
most important enzymes is tyrosinase.

Tyrosinase is a member of the type-3 copper protein
superfamily and has two conserved copper-binding domains,
Cu (A) and Cu (B) (Ren et al. 2020). High-level activities
of tyrosinase are positively correlated to the production of
melanin due to the fact that tyrosinase was reported to be
an important rate-limiting enzyme in melanin synthesis
(Hoekstra 2006; Gutierrez-Gil et al. 2007). Tyrosinase activity
from shellfish has been found in hemocytes (Luna-Gonzalez
et al. 2003), eggs (Bai et al. 1997), and the mantle (Chen
et al. 2017). In a few mollusks, tyrosinase was considered
to play a key role not only in melanin synthesis but also in
the formation of shell matrix and pigmentation of prismatic
layer (Nagai et al. 2007; Takgi and Miyashita 2014; Chen
et al. 2017). A recent study on Pteria penguin indicated
that tyrosinase was responsible for melanin synthesis and
color formation (Yu et al. 2018). Chen et al. (2017) found
that HcTyr and HcTyp-1 may be involved in the formation
of nacre color in Hyriopsis cumingii. Conversely, several
genes associated with melanin synthesis were identified in P.
margaritifera, and the gene ZINC (a homolog of tyrosinase-
related protein 1) was upregulated in the full albino shells
but downregulated in normal black and half-albino speci-
mens (Lemer et al. 2015).

The Pacific oyster (Crassostrea gigas), as a repre-
sentative bivalve species which has been the most widely
farmed in the world, is a potential model for marine mol-
lusca studies owing to its economic and ecological impor-
tance plus suitable biological characteristics (Yu et al.
2016). In our selective breeding practice of the Pacific
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oyster, four shell color strains (golden, white, black, and
orange) of the Pacific oyster were successfully developed.
Transcriptomic data of different shell color C. gigas
showed that at 12 transcripts coding for tyrosinase-related
genes existed in the mantle, implying that the expansion of
this gene family has occurred during the evolution of this
species (Feng et al. 2015). Recently, knockdown CgTyr
using the bacteria-expressing dsSRNA stratage could block
the shell growth and color formation in the Pacific oysters,
indicating that tyrosinase plays a vital role in the assembly
and maturation of shell matrices (Feng et al. 2019). Huan
et al. (2013) speculated that a tyrosinase gene might func-
tion in the initial phase of the larval shell biogenesis in the
normal C. gigas. However, whether tyrosinase acted as an
important regulator to control the melanin biosynthesis
and adult shell formation in the Pacific oyster is poorly
studied. In addition, it remains unclear whether these
genes play an essential role in larval shell pigmentation
and developments in the black shell C. gigas.

In this study, we performed a multi-omics data min-
ing and identified two tyrosinase genes, including tyrosi-
nase (Tyr) LOC_105324827 and tyrosinase-like protein 2
(Typ-2) LOC_105344040 in the Pacific oyster genome. We
further utilized the selectively breed variety of C. gigas
with black shell and white shell as research models to
investigate potential involvement of the two genes in shell
construction and pigment production in order to provide
valuable information on genetic bases directly linked to
shell biosynthesis and pigmentation in the oyster.

Materials and Methods
Sequence Analysis

The amino acid sequences of tyrosinase/tyrosinase-like
protein from Mus musculus, Danio rerio, Sepia offici-
nalis, Hyriopsis cumingii, Mizuhopecten yessoensis, Azu-
mapecten farreri, Meretrix meretrix, Pinctada margari-
tifera, Pinctada imbricata, Pinctada fucata, Crassostrea
virginica and Crassostrea gigas were retrieved from the
NCBI database followed by further manual curation and
phylogenetic analysis. Sequence alignment of the domains
was performed using the DNAMAN version 8.0 (Lynnon
BioSoft, USA). Signal 4.1 program (http://www.cbs.dtu.
dk/services/SignalP/) was used to predict signal peptide of
Tyr. The protein structural domains were further predicted
using the online research tool (SMART, http://smart.embl-
heidelberg.de/) (Letunic et al. 2015). Phylogenetic tree was
constructed using MEGA 7.0 (Kumar et al. 2016) based
on the neighbor-joining (NJ) method with 2000 bootstrap
replicates.
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Animals and Sampling

Nine-month-old Pacific oysters with a black shell and
white shell were collected from the culture population in
Weihai, Shandong, China (Fig. 1A). The left mantle was
fixed in 4% paraformaldehyde (PFA) in 0.1 M phosphate-
buffered saline (PBS) overnight at 4 °C for in situ hybridi-
zation (ISH). The anterior side and posterior side of the
edge and central mantles of both the left and right sides
(AEML, AEMR, PEML, PEMR, CML, CMR; Fig. 1B)
were sampled, flash-frozen in liquid nitrogen and stored
at—80 °C prior to RNA extraction. The other adult tissues
including gill, adductor muscle, labial palps, gonad, and

Fig. 1 The shell pictures (A)
and different mantle regions (B)
of the Pacific oyster Crassostrea

gigas

hemolymph were sampled from oysters, also frozen in lig-
uid nitrogen and stored at —80 °C.

Embryonic and larval samples were obtained and cul-
tured according to Wang et al. (2012). Unfertilized oocytes,
2-cell, 4-cell, 8-cell, morula, blastula, and gastrula embryos,
and trochophores, D-veliger larvae, umbo-larvae, and eyed-
larvae were sampled and treated the same as mantle-tissue
procedure.

RNA Extraction and cDNA Preparation

Total RNAs were extracted from adult tissues and
embryonic—larval samples using a Trizol reagent
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(Invitrogen) according to the manufacturer’s protocols. RNA
concentrations, integrity, and quality were verified by Nan-
oDrop 2000 (Thermo Scientific) and gel electrophoresis. For
gene expression analysis, total RNAs (1000 ng) extracted
from each sample were reversely transcribed into cDNA
according to the PrimeScriptTM reverse transcription kit
with gDNA Eraser (Perfect Real Time) (TaKaRa, Japan)
strictly following the manufacturer’s instructions.

Real-time PCR Analysis

Real-time PCR was used to measure the tyrosinase gene
expression level in the C. gigas. The primer sets used for
real-time PCR were designed using Primer Premier 5 soft-
ware (Table 1). PCR reactions were cycled 40 amplification
cycles (5 s/95 °C, 20 s/60 °C, 20 s/72 °C) using EvaGreen
2 x qPCR MasterMix-ROX (ABM) on a LightCycler® 480
real-time PCR machine (Roche, Switzerland) in a 10-pL
reaction. Parallel amplifications of elongation factor lo
(EFla) reference gene were carried out in the adult and
larval C. gigas (Xu et al. 2018). Melting curves were used
for each individual amplicon to ensure the accurate ampli-
fication. Relative expression levels of the target gene were
calculated as 274A€T,

Tissue In Situ Hybridization

Sense and antisense probe digoxigenin—labeled RNA strands
were transcribed in vitro with a DIG RNA labeling Kit
(Roche, Germany), and forward and reverse primers were
tagged with a T7 promoter, respectively. Serial sections
of 5 pm were produced on a Leica RM 2016 microtome
(Leica, Germany). Sections were deparaffinized, hydrated,
and treated with 10-pg/mL proteinase K for 10 min at 37 °C,
and then prehybridized in the hybridization buffer for 4 h at
60 °C. Following this, sections were hybridized with sense

Table 1 List of primer sequences used in this study

and antisense probes for 16 h at 60 °C. After that, antibody
incubation was performed with 1/5000 anti-DIG antibody
(Roche, Switzerland) in 1% blocking reagents overnight at
4 °C. Hybridization signals were then detected using the
NBT-BCIP mix (Roche, Switzerland) as the chromogen.
Finally, sections were counterstained with 0.5% eosin and
examined by an Olympus BX53 microscope.

Whole-mount In Situ Hybridization

Embryos fixed in 4% paraformaldehyde were washed three
times in methanol and stored at —20 °C until use. Briefly, the
embryos were rehydrated to PBST through graded methanol
baths, then treated with an age-dependent concentration of
proteinase K (50 ng—5 pg/mL) for 30 min at 37 °C. Follow-
ing this, the samples were treated in the same way as the
tissue samples stated above.

Analysis of the Tyrosinase Activity

The tyrosinase activity was determined using the tissue
tyrosinase activity assay kit (Solarbio, Beijing, China)
according to the manufacturer’s instructions. In brief, the
fresh edge and central mantles (1 g) of left side were sam-
pled from the black and white shells. Then, the mantles were
homogenized with a homogenizer and treated with the lysis
buffer. The solution was centrifuged for 20 min at 4 °C, and
then, the supernatant was collected and then mixed with
buffer and substrate (tyrosine). Finally, the samples were
incubated at 25 °C for 50 min, and tyrosinase activity was
measured using a spectrophotometer at 475 nm at room
temperature (UV-2800A; Unico, Shanghai). One unit of
tyrosinase activity was defined as the amount of activity
that produced 1 nmol of dopachrome per minute via the
hydroxylation of tyrosine by the standard tyrosinase at 25 °C
and expressed as nmol/g wet weight.

Primer names Primer sequences (5'-3") Experiment
CgTyr-F GGAGCAGCGTATTTCTTCACC gRT-PCR
CgTyr-R TTTGTCTTTGCCTTTGTCGG gRT-PCR
CgTyp-2-F GACTACTGACAGCGAGATGATGG gRT-PCR
CgTyp-2-R GAATCTTCCAAAGGGTCCAGTC gRT-PCR
EFla-F AGTCACCAAGGCTGCACAGAAAG gRT-PCR
EFla-R TCCGACGTATTTCTTTGCGATGT gRT-PCR
CgTyr-F CGAAACCAAGAGGATAGATTAGG ISH
CgTyr-R GATCACTAATACGACTCACTATAGGGCAACCAGATTGTATGAAGACAGACT ISH
CgTyp-2-F AGAGAGGGATTACCCAAGAGGAGT ISH
CgTyp-2-R GATCACTAATACGACTCACTATAGGGACTGAACGAAAACCTTTGCTGC ISH
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Statistical Analysis

Data from the qPCR experiments (n=9) and tyrosinase
activity experiments (n=5) were expressed as the mean + SD.
One-way ANOVA was performed using SPSS 21.0 with the
significance level P <0.05 to determine whether there were
any significant differences.

Results
Sequence Analysis of Tyr and Typ-2 in C. gigas

Two tyrosinase genes were identified in C. gigas, includ-
ing tyrosinase (7yr) and tyrosinase-like protein 2 (Typ-2).
Amino acid sequence alignments of 7yr and Typ-2 gene from
C. gigas and other bivalves were performed. The C. gigas
Tyr shared the highest (58.89%) identity with tyrosinase-like
protein 1 of C. virginica, 32.55% with tyrosinase-like protein
2 of M. yessoensis. The C. gigas Typ-2 showed 43% identity
to C. virginica tyrosinase-like protein 1, and 32.55% to M.
yessoensis tyrosinase-like protein 2. Amino acid sequence
comparison revealed a conserved copper—binding domain
Cu (A) and Cu (B), in which six histidine residues were
highly conserved (Fig. 2A). Tyr and Typ-2 encoded polypep-
tides that contained 699 and 658 amino acids, respectively
(Fig. 2B). Further analysis of the signal peptide revealed that
C. gigas Tyr and Typ-2 possessed a transmembrane region in
addition to a conserved CuA/CuB domain (Fig. 2B).

The different species of phylogenetic tree analysis was
carried out to indicate the evolutionary relationships of
tyrosinases. As shown in Fig. 2C, Tyr is close to tyrosinase-
like protein 1 of C. virginica with a support of 100%, which
belongs to the same clade. Typ-2 was close to C. gigas Tyr
and tyrosinase-like protein 1 of C. virginica with a support
of 99%. All tyrosinases of shellfish referred, including C.
gigas, were grouped into a close cluster, but some species
showed a low support. The tyrosinases from D. rerio and M.
musculus were classified to a vertebrate clade.

Expression Profiles of the Tyrosinases in Tissues of C.
gigas

The expression patterns of Tyr and Typ-2 in tissues of
black shell C. gigas were analyzed by RT-qPCR. Sig-
nificantly high expression levels of 7yr and Typ-2 mRNA
were detected in the mantle (Fig. 3). Whereas Tyr and
Typ-2 were expressed only at low or very low levels
in other tissues. To investigate the role of the tyrosi-
nase genes in the formation of shell color, the expres-
sion of Tyr and Typ-2 in different mantle regions (edge
and central mantles of the left and right sides) was first
analyzed in black-shell oysters. As shown in Fig. 4,

the expression profiles of the two tyrosinase genes in
different mantle regions shared a similar pattern. Both of
the two genes were expressed at a higher level in the edge
mantle (either in the anterior or posterior areas) com-
pared with that in the central mantle either on the left or
right sides. Interestingly, the higher expression level of
the Tyr was detected in the anterior area of the left-edge
mantle than that in the right-edge mantle (Fig. 4A). On
the contrary, that of the Typ-2 was dominantly expressed
in the anterior side of the right edge (Fig. 4B).

With the central mantle expressing lower levels of tyrosi-
nase, only the anterior side of left-edge mantle was used to
compare the relative expression levels between the black and
white shell colors. The patterns of expression levels of each
of these two genes were similar between the two shell colors
in terms of mantle edger, in which 7yr and Typ-2 genes were
expressed at significantly higher levels in the black shell than
white shell oysters (Fig. 5).

Expression Profiles of the Tyrosinases in C. gigas
During Embryonic-Larval Developmental Stages

The expression patterns of tyrosinase genes during embry-
onic and larval stages of black shell C. gigas were also ana-
lyzed by quantitative RT-PCR analysis. The 7yr mRNA was
highly expressed in eyed-larvae, but was almost undetect-
able in other stages (Fig. 6A). By contrast, Typ-2 mRNA
was mainly expressed at the trochophore and early D-veliger
(18 h) stages and was particularly high in the trochophore
(Fig. 6B). With the larval development, the expression level
of Typ-2 rapidly decreased in the following developmental
stages from D-veliger to eyed-larvae.

Localization of the Tyrosinases mRNA in C. gigas
Mantle

ISH analysis showed that the two tyrosinase genes exhibited
distinct expression patterns, which was generally consistent
with the real-time PCR results. Positive signals of Tyr and
Typ-2 were found abundantly in the edge mantle, while no
positive signal was detected in the central mantle (Figs. 7
and 8). The edge mantle was characterized by the enlarge-
ment of the sheath at the shell margin into three terminal
folds: the outer fold (of), middle fold (mf), and the inner fold
(if). Apparently, ISH analysis displayed strong signals for
Tyr in the inner surface of the outer fold either in the black
shell or white shell colors (Fig. 7). Conversely, the localiza-
tion of Typ-2 was detected in the outer surface of the outer
fold, but not in the inner surface, which was different from
the observation in Tyr. In contrast, no positive signals were
detected when using the sense probes (data not shown).
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Tyrosinase 1 Pinctada margaritifera
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0.20

Fig.2 Sequence alignment and phylogenetic analysis. A: Multiple
sequence comparison of Tyr copper-binding domain among mollus-
cans. Cg, Crassostrea gigas; So, Sepia officinalis; Pm, Pinctada mar-
garitifera; Pi, Pinctada imbricata; Pf, Pinctada fucata; My, Mizuho-
pecten yessoensis; Mm, Meretrix meretrix; He, Hyriopsis cumingii;
Cv, Crassostrea virginica; Af, Azumapecten farreri. The conserved
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amino acids were written in black background, and similar amino
acids were shaded in green and pink. The highly conserved histidine
residues were signed with . B: Schemes depicting the structure of
Tyr and Typ-2 protein in C. gigas. The Cu (A)/Cu (B) domain with
six conserved histidine residues was shown in green box. C: Phyloge-
netic analyses of tyrosinase genes
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Localization of the Tyrosinases in C. gigas During
the Embryonic-Larval Developmental Stages

The location of Typ-2 transcripts was characterized in twelve
embryonic—larval developmental stages (Fig. 9). Typ-2
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mRNA was first detected at the trochophore, which was
expressed in the whole shell field. In the early D-veliger
(18 h), Typ-2 signals were detected at the edge of the shell
field and in the hinge region but not in the central region of
the shell field. At a slightly later stage (24 h), Typ-2 mRNA
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was clearly downregulated and hard to detect. In the subse-
quently cleavage stages from the umbo-larvae to eyed-larval,
the expression of Typ-2 was continuously not detectable.
No positive signal was detected using sense probes (data
not shown).
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The Tyrosinase Activity in C. gigas

The tyrosinase activity in the left-edge and central mantles
of the black and white shell colors was shown in Fig. 10.
The tyrosinase activity in the edge mantle was significantly
higher than that in the central mantle in both shell color
oysters, which was generally consistent with the real-time
PCR and tissues ISH results. Notably, the tyrosinase activ-
ity in the central mantle of the white shell displayed higher
levels than that of black shell colors. Though the activity of
the edge mantle in the black shell was higher than that in
the white shell colors, there was no significant difference
between the two shell color oysters.

Discussion

Tyrosinases and tyrosinase-related proteins are members of
the type-3 copper protein superfamily. The type-3 copper
protein superfamily can be classified into three subclasses
based on domain architecture and conserved residues in
the copper-binding sites—secreted (a), cytosolic (b), and
membrane-bound (c) subclasses (Aguilera et al. 2013). In
C. gigas, tyrosinase comprises large gene family expansions,
leading to paralogues and a number of other duplicates (27
genes total) (Aguilera et al. 2014). In this study, tyrosinase
and tyrosinase-like protein 2 named Tyr and Typ-2, respec-
tively, were identified. The protein sequences of the two
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Fig. 6 Relative expression levels of Tyr (A) and Typ-2 (B) during embryonic and larval stages. The significant difference (P <0.05) among dif-
ferent embryonic—larval developmental stages is indicated by the different lowercase letters
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Fig. 7 Tissue distribution of Tyr

by in situ hybridization. A and A

B: Tissue distribution of black

shell strains of C. gigas. C and

D: Tissue distribution of white

shell strains of C. gigas. Black

arrows indicated the positive if
signals of Tyr. of, outer fold;

mf, middle fold; if, inner fold

mf

B it

e
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genes contained the important tyrosinase domain with two
copper-binding sites of CuA and CuB, supposed to be the
sites of catalysis (Chang 2009). The conserved domains of
C. gigas Tyr and Typ-2 showed a high degree of similarity
with those of other mollusk tyrosinases. This indicated that
the two genes belong to the family of tyrosinases, as con-
firmed by the results of the phylogenetic analysis.

It has been reported that tyrosinase genes played a criti-
cal role in various physiological processes, including pig-
ment synthesis, sclerotization of the cuticles, oxygen trans-
port, and innate immunity (Cerenius et al. 2008; Andersen
2010; Cieslak et al. 2011; Chen et al. 2017; Yu et al. 2018).
Tissue-specific expression analysis revealed that Tyr and
Typ-2 were more highly expressed in the mantle, where
they likely contribute to the shell biomineralization and
pigmentation (Marin et al. 2012; Lin et al. 2015). The gene
expression of Tyr and Typ-2 was mainly restricted to the
edge mantle including anterior and posterior mantles, and
hardly detectible in the central mantle. In molluscan shells,
the deposition of shell layers appears to be controlled by
regionalized expression of genes within different zones
of the mantle (Jackson et al. 2006, 2007). The molluscan-
mantle tissue is usually divided into different zones, distal,
central and proximal, with the distal zone in direct contact
with the prismatic shell layer and the central and proximal

Lp
Py,
if li’?’-’n:.,, /

mf

[ |

zones with the nacreous shell layer (Aguilera et al. 2014).
Our gPCR results showed high expression of tyrosinase
genes in the edge mantle, suggesting the roles in prismatic
shell layer construction or periostracum formation. The role
of tyrosinase genes in the mantle could also be supported
by ISH analysis, in which the Tyr and Typ-2 were mainly
expressed at the edge mantle, but not in the central mantle.

Although recent studies have demonstrated that tyrosi-
nase has abundant functions in different cell types (Cerenius
et al. 2008; Andersen 2010; Cieslak et al. 2011), the earliest
reported function of tyrosinase has an important enzymatic
function as one of the phenoloxidases in melanogenesis,
which starts with transformation of tyrosine to L-DOPA
(Kwon et al. 1988). Here, we found that tyrosinase genes
were mainly expressed in the mantle, an organ in direct con-
tact with the shell that is thought to produce shell pigments
(Budd et al. 2014). Pigmentation occurs with shell extension
and along the growing edge, the position of which continu-
ally changes over time as the new shell is added (Williams
2017). The shell pigments of black shell oyster strains are
black while white shell oyster strains are non-pigmentation
(Fig. 1). Considering the occurrence of shell color in oysters
is associated with gene expression changes, it is critical to
determine how genes regulate pigmentation in oysters. The
reported pigmentation-involved function of tyrosinase genes
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Fig.8 Tissue distribution of
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A and B: Tissue distribution of of

black shell strains of C. gigas.
C and D: Tissue distribution of
white shell strains of C. gigas.
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Fig.9 Distribution of Typ-2
during embryonic and larval
stages by whole mount in situ
hybridization. The white dotted
lines indicated the shell field
and the shell hinges were indi-
cated by double lines
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Fig. 10 The tyrosinase activity in the different mantle regions of the
left side of black and white shell strains of C. gigas. BEM, edge man-
tle of black shell colors; BCM, central mantle of black shell colors;
WEM, edge mantle of white shell colors; WCM, central mantle of
white shell colors. The significant difference (P <0.05) among differ-
ent mantle regions of the left side is indicated by the different lower-
case letters

and the high expression of Tyr and Typ-2 in the black shell
confirmed the important role of the two genes in the shell
pigmentation of C. gigas. Similarly, knockdown P. penguin
PpTyr significantly decreased the formation of melanin, indi-
cating that tyrosinase was a determinant of melanin syn-
thesis in P. penguin (Yu et al. 2018). Knockdown of both
zebrafish Tyrpl genes resulted in the formation of brown
instead of black eumelanin accompanied by severe mela-
nosome defects, suggesting that black eumelanin formation
essentially relies on the presence of Tyrpl (Braasch et al.
2009). In mollusca, the mantle involves in the calcification
of varieties of macromolecular protein, secretion of matrix
proteins, and other secreted factors, which promote shell
deposition (Song et al. 2019). Indeed Tyr and Typ-2 were
expressed at the outer fold of the edge mantle. This further
highlighted the potential roles of tyrosinase-related genes
in pigmentation. Interestingly, 7yr was mainly localized in
the epithelial cells of the inner surface of the outer fold,
while Typ-2 signals were detected in the epithelial cells of
the outer surface of the outer fold. In all bivalves, the peri-
ostracum arises from a groove located between the outer
fold and the middle fold (Jabbour-Zahab et al. 1992). The
epithelial layer in the inner surface of the outer fold, com-
posed of cells with microvilli, which may play an important
part in periostracum maturation through the secretion of
neutral glycoproteins (Jabbour-Zahab et al. 1992). In gen-
eral, it is demonstrated that eumelanin mainly occurs in the
outermost, non-mineralized and highly pigmented layer of

the shell (referred to as the periostracum) (Affenzelle et al.
2019). These observations potentially revealed that Tyr gene
may be involved in the shell coloration in oysters. On the
other hand, the prismatic layer of the shell is derived exclu-
sively from the tall columnar cells lining the outer surface of
the outer mantle fold. Some studies revealed that the middle
layer of the periostracum was involved in the prismatic layer
of the shell (Jabbour-Zahab et al. 1992; Checa et al. 2012).
Based on these, we speculate that the C. gigas Typ-2 is more
likely to play critical roles not only in the formation of the
prismatic layer of the shell but also in shell pigmentation
in adult oysters as demonstrated in H. cumingii (Chen et al.
2017).

Tyrosinase activity is found both in the particulate and
soluble fractions of the cells (Iwata et al. 1990). In this study,
the edge mantle demonstrated higher levels of tyrosinase
activity than that in the central mantle in the two strains
of C. gigas, suggesting its potential function in the forma-
tion of periostracum and prismatic shell layer. In addition,
the edge-mantle activity of black shell was higher than that
in the white shell colors. The black-pigmented tissues may
have higher enzyme activity, as the amount of melanin syn-
thesis was positively correlated with the activity of tyrosi-
nase (Jackson and Bennett 1990). Tyrosinase proteins were
found in the prismatic shell layer of P. fucata; this layer
is recognized as the pigmented region in P. fucata (Nagai
et al. 2007). The spatial localization of tyrosinase in the
pigmented shell and mantle tissue suggests a role in shell
pigmentation (Nagai et al. 2007). Surprisingly, the tyrosi-
nase activity in the central mantle of the white shell was
significantly higher than that in the black shell colors. In
Haliotis asinina, pigments were localized in the edge man-
tle, implying the important role of this mantle zone in shell
pigmentation (Budd et al. 2014), but whether the central
mantle functions in shell color formation is still unclear.
The differences in tyrosinase activity in the central mantle
among different shell colors may be due, not only to different
numbers of enzymes but also possibly to different catalytic
activity of enzyme (Iwata et al. 1990).

To better understand the role of tyrosinase genes in the
early embryonic development, the expression patterns
were examined during ontogenesis in the black shell C.
gigas. Expression pattern analysis indicated that high
expression level of Tyr was detected in eyed-larvae. It
was reported that, the eyes in oysters developed in the
larva only during the eyed-larvae which were a pair of
spherical densely pigmented organs, situated in the body
wall just dorsal to the attachment of the gill rudiments
(Cole and Sc 1938). Each eyespot consists of an almost
spherical cup of pigmented epithelium, which distributes
large amounts of pigmented granules (Cole and Sc 1938).
Based on these observations, it is suggested that Tyr plays
a key role in pigmentation of C. gigas. This phenomenon
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has also been observed in Siniperca chuatsi (Wu et al.
2020) and zebrafish (Camp and Lardelli 2001). Besides,
the tyr mRNA expression level also changed correspond-
ingly with their body pigmentation in the different embry-
onic development stages. In contrast, Typ-2 was highly
expressed in the trochophore stage, which represents the
time of initial non-calcified shell (InCaS) formation, sug-
gesting that Typ-2 might be involved in InCaS formation.
The Typ-2 maintained higher expression level until the
early D-veliger (18 h) stage, then dramatically downregu-
lated at D-veliger (24 h) and was hardly detected at the
umbo-larvae and eyed-larvae stages. ISH indicated that
Typ-2 mRNA was distributed in the whole shell field at
the trochophore stage, and detected in the edge of the shell
field and hinge region at the early D-veliger (18 h) stage.
Tyrosinase 1 in normal C. gigas also showed the similar
patterns (Huan et al. 2013). Differently, the cells at the
edge of the shell field and in the hinge region expressed
cgi-tyrl at about 14 h. The difference may be due to the
bias of incubation temperature during embryonic develop-
ment. The InCaS was first formed during the trochophore
stage (Moueza et al. 2006), suggesting that Typ-2 may
function in the biogenesis of the larval shell. A recent
study also reported that tyrA I might participate in the bio-
genesis of the initial non-calcified shell of trochophores in
Crassostrea angulata (Yang et al. 2017).

In summary, we identified and characterized two tyrosi-
nase genes in C. gigas; phylogenetic and sequence feature
analyses confirmed their identities and evolutionary sta-
tus. Most importantly, expression patterns of tyrosinase
genes in different mantle regions and different shell colors
proved an important role in shell biosynthesis and pigmen-
tation. In particular, Typ-2 gene was involved in the initial
non-calcified shell of trochophores. The work provides
valuable information for the molecular mechanism study
of shell formation and pigmentation in the Pacific oyster.
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