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Abstract

Shell color is one of the shell traits of molluscs, which has been regarded as an economic trait in some bivalves. Pacific oys-
ters (Crassostrea gigas) are important aquaculture shellfish worldwide. In the past decade, several shell color strains of C.
gigas were developed through selective breeding, which provides valuable materials for research on the inheritance pattern
and regulation mechanisms of shell color. The inheritance patterns of different shell colors in C. gigas have been identified
in certain research; however, the regulation mechanism of oyster pigmentation and shell color formation remains unclear.
In this study, we performed transcriptomic and physiological analyses using black and white shell oysters to investigate
the molecular mechanism of melanin synthesis in C. gigas. Several pigmentation-related pathways, such as cytochrome
P450, melanogenesis, tyrosine metabolism, and the cAMP signaling pathway were found. The majority of differentially
expressed genes and some signaling molecules from these pathways exhibited a higher level in the black shell oysters than
in the white, especially after L-tyrosine feeding, suggesting that those differences may cause a variation of tyrosine metabo-
lism and melanin synthesis. In addition, the in vitro assay using primary cells from mantle tissue showed that L-tyrosine
incubation increased cAMP level, gene and protein expression, and melanin content. This study reveals the difference in
tyrosine metabolism and melanin synthesis in black and white shell oysters and provides evidence for the potential regula-
tory mechanism of shell color in oysters.
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Introduction

Molluscs shells often exhibit fabulous and variegated colors
and elaborate patterns that influence consumer preference
and increase their economic value (Barnard and De Waal
2006; Saenko and Schilthuizen 2021). Their shells are pro-
duced by the outer fold of the mantle (Boettiger et al. 2009)
and grow linearly by adding new material to the growth
edge in contact with the mantle (Williams 2017). Both shell
growth and pigmentation are under neural control (Boettiger
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et al. 2009). Shell color has been proven to be heritable and
influenced by environments and foods (Hoang et al. 2016;
Xing et al. 2018, 2019). In the past decades, shell color has
become a target trait in several molluscan breeding programs
(Zhang et al. 2016; Xu et al. 2019a, b; Chen et al. 2020;
Nie et al. 2020; Fu et al. 2021; Zhu et al. 2022). Several
shell color strains or lines were developed through selective
breeding, including C. gigas (Xu et al. 2019a, b), Argopecten
irradians (Wang et al. 2020), Meretrix meretrix (Yue et al.
2015), and Ruditapes philippinarum (Yan et al. 2019).

The formation of different shell colors is influenced by
three main reasons, including shell surface color, degree
of coloration (coloration area, coloration depth), and
shell structural or surface pattern (Williams et al. 2016;
Irion et al. 2016; Williams 2017; Huang et al. 2021). The
amount and distribution of pigments influence shell color
polymorphism (Williams 2017). Three main types of pig-
ments affect shell color: melanin, carotenoid, and por-
phyrin (Grant and Williams 2018). These pigments are
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either directly acquired by food uptake or created by bio-
synthesis (Toews et al. 2017). Except for pigment-based
shell colors, the microstructure of the calcium carbon-
ate crystals that make up the shell also affects coloration
(Saenko and Schilthuizen 2021). Structural colors are
usually found in the interior of bivalves and gastropod
shells and are produced in the nacreous layer (Saenko and
Schilthuizen 2021).

Melanin is one of the most widely distributed pigments
in nature, which is an important material basis for the for-
mation of body color in animals (Williams et al. 2016).
Melanin is a class of macromolecules with complex struc-
ture, high molecular weight, insoluble in water, acids, and
organic solvents, and relatively stable physicochemical
properties (Bandaranayake 2006). L-Tyrosine is a precur-
sor of catecholamines and melanins, which is hydroxylated
by tyrosinase to L-dihydroxyphenylalanine (L-DOPA) that
oxidates further to Dopaquinone and subsequently mela-
nin (Slominski and Paus 1994). L-Tyrosine and L-DOPA, in
addition to being substrates and intermediates of melano-
genesis, are also bioregulatory agents that regulate melano-
cyte functions (Slominski et al. 2004, 2012). The regulation
mechanisms of melanin synthesis in mammals and teleosts
are conserved and well-understood (Irion et al. 2016; Luo
et al. 2021). It has been reported that human melanin syn-
thesis is regulated by several pathways, including cAMP,
Wnt, melanogenesis, and tyrosine metabolic signaling path-
ways (Slominski et al. 2004). There are four key regulatory
pathways in fish melanocyte differentiation, development,
and maturation, including SCF/KIT, Wnt/B-catenin, MAPK,
and cAMP (Luo et al. 2021). Microphthalmia-associated
transcription factor (MITF) is a key gene in the regulatory
network of melanin synthesis, which is responsible for
aggregating signals from all upstream pathways and medi-
ating the synthesis of melanin by downstream tyrosinase
family genes (Lister et al. 1999).

Pacific oysters (Crassostrea gigas) are important aqua-
culture bivalves that have been introduced and cultured
in many countries (Guo 2009). Several shell color strains
(black, white, golden, orange, and purple) of C. gigas have
been developed through selective breeding, which exhibited
fast growth and stable shell color (Xing et al. 2018, 2019;
Xu et al. 2019a, b; Han et al. 2020). These strains provide
valuable materials for research on pigment synthesis and the
regulation mechanisms of shell color. Some previous works
have revealed the inheritance patterns of shell color traits
in C. gigas (Ge et al. 2014, 2015; Xing et al. 2019). How-
ever, previous studies on shell color only focused on the
functional genes involved in melanin synthesis (Zhu et al.
2021; Li et al. 2022, 2023b), and the molecular mechanism
of shell color formation is still limited.

In this study, we investigate the mechanism of mel-
anogenesis and shell color formation in C. giga through

transcriptomic and physiological analysis. The differences
in tyrosine metabolism and melanin synthesis in black and
white shell oysters were compared. We identified several key
regulatory pathways and functional genes and further ana-
lyzed some important metabolites and enzymes from these
pathways. In addition, the in vitro L-Tyrosine incubation
assays using oyster mantle cells were performed to verify
the cAMP-mediated melanogenesis pathway. The current
study will provide important clues for understanding the
mechanism of melanin synthesis and shell color formation
in C. giga.

Materials and Methods
Oysters Maintenance and Sample Collection

Black and white shell color Pacific oysters (1 year in age)
were used in this experiment. They are selectively bred
strains and were cultured on a farm in Rongcheng, Shan-
dong, China. Before the experiment, oysters were accli-
matized in the laboratory for 7 days at a seawater tem-
perature of 20+0.3 °C and a pH of 8.1 +0.1. The oysters
were divided into four groups: white shell control group
(CW), black shell control group (CB), white shell tyros-
ine supplement group (TW), and black shell tyrosine sup-
plement group (TB), respectively (Fig. 1A). There were
three replicates for each group and 30 oysters in each rep-
licate. During the experiment, TB and TW groups were
fed Chlorella vulgaris and L-Tyrosine (10 mg/L) (Solarbio,
Beijing, China) once a day. The control groups were fed
C. vulgaris only. The seawater was changed daily before
feeding. After 15 days of feeding, three individuals were
randomly selected from each replicate for sampling. The
edge mantle was collected, frozen in liquid nitrogen, and
stored at — 80 °C.

RNA Extraction and Library Construction

Total RNA was extracted from the collected edge mantle
tissues using an RNA-easy Isolation Reagent (Vazyme,
Nanjing, China). The quality and integrity of total RNA
were detected using a 1% agarose gel, and the concentra-
tion was detected with a NanoPhotometer® spectropho-
tometer (IMPLEN, CA, USA). The quality of the library
was evaluated using an Agilent Bioanalyzer 2100 instru-
ment after the PCR products were purified using the
AMPure XP system following the manufacturer’s recom-
mendations. Libraries were constructed using the NEB-
Next mRNA Library Prep Master Mix Set and Illumina
HiSeq 2500 sequencing.
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Fig. 1 Experimental design and gene expression in the edge mantel
of black and white shell C. gigas before and after L-Tyrosine sup-
plements. A Experimental design. each group has three replicates

Transcriptome Sequencing

The quality of raw reads was assessed using FastQC v0.11.8.
The Q20, Q30, and GC content of the clean data were deter-
mined with fastp v0.20.1. All the downstream analyses used
clean data. The reference genome (cgigas_uk_roslin_v1)
index was constructed using Hisat2 v2.2.0. The number
of reads that mapped to the reference genome was counted
using FeatureCounts software. The fragments per kilobase
per million fragments (FPKM) of each gene were calculated
based on their length and the number of reads mapped to this
gene. The abundance of genes was evaluated using the tran-
scripts per million (TPM) method. Differential expression
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(n=30). B The heatmaps present the expression patterns of DEGs
in each comparison. C The numbers of DEGs in each comparison. D
Venn diagram of DEGs in each comparison

analysis was performed using DESeq2 R software. Genes
with [Log2 Fold Change (1og2FC)l >1 and adjusted P
value < 0.05 were considered differentially expressed genes
(DEGs). ClusterProfiler v4.0.2 R package was used for
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis.

Quantitative Real-time PCR (qPCR) Validation
and Expression Analysis

Fifteen DEGs related to tyrosine metabolism and melanin
synthesis were selected for qPCR validation and expres-
sion analysis. cDNA template was obtained by reverse
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transcription PCR (RT-PCR) using Evo M-MLV RT Kit
with gDNA Clean for qPCR kit (Accurate Biology, China).
The primers were validated by PCR amplification and aga-
rose gel electrophoresis. Amplification efficiency was calcu-
lated using a tenfold gradient dilution of the cDNA template
with an equation: Efficiency = 10 51°°®) Elongation factor
la (EFI-a) and Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were used as internal references for data analysis.
qPCR experiments were performed on a Roche LightCycler
480 system (Roche, IN, USA) with SYBR Green Premix Pro
Taq HS qPCR Kit (Accurate Biology, China). The 2744
method was used to calculate the relative expression level
of genes.

Tyrosinase Activity Assay

Tyrosinase activity was detected using a Tyrosinase activ-
ity assay Kit (Solarbio, Bejing, China). Extracting solution
(1 mL) and 0.1 g sample was mixed and fully homogenized
at 4 °C. The homogenates were centrifuged at 12,000 g for
20 min to obtain supernatant. Sample supernatant (20 uL)
and Reagent I were added to a 96-well plate and recorded
the absorbance wavelength (A1) at 475 nm at 10 s. Then
the 96-well plate was placed in an incubator (25 °C) for
30 min and the absorbance wavelength (A2) at 475 nm was
recorded. Tyrosinase activity was calculated according to
the manufacturer’s protocol.

Ferrous Sulfate Melanin Staining

Ferrous sulfate melanin staining was carried out with a fer-
rous sulfate staining kit (Leagene, China). After dewaxing,
the sections of the oyster edge mantle were stained with
ferrous sulfate for 1 h and washed with ultrapure water for
4 min 3 times. Then, the sections were stained with acidic
potassium ferricyanide solution for 30 min and washed with
ultrapure water for 4 min 3 times. The samples were coun-
terstained with Eosin B (Sangon, China). After washing,
samples were observed under a microscope (Olympus Cor-
poration, Japan).

cAMP Measure Assay

A Mollusc cAMP ELISA Kit (GenScript, China) was used
to measure cAMP. Samples and PBS (pH 7.4) with a weight
ratio of 1:9 were fully homogenized using a low-temperature
grinder and centrifuged at 3000 rpm for 20 min to obtain
supernatant. Sample supernatant (50 uL) was added to
96-well plates (pre-coated with the antibody), and then
the biotin-labeled antigen (50 uL) was added to wells and
incubated at 37 °C for 30 min. The plate was washed with
PBST 5 times, and then avidin-Horseradish Peroxidase
(HRP) (50 uL) was added to wells and incubated at 37 °C

for 30 min. After washing with PBST 5 times, the developers
A (50 uL) and B (50 puL) were added to wells for 10 min
(protect from light). Finally, a stop solution (50 uL) was
added to wells and the absorbance at 450 nm wavelength was
measured using a microplate reader (BioTek, USA).

ELISA Assay

The Shellfish ELISA Kits of Melanin, Dopamine (DA),
adrenaline (NA), and Norepinephrine (EPI) (NJJCBIO,
China) were used to measure melanin, DA, NA, and EPI,
respectively. Physiological saline was added to the sam-
ple with a weight ratio of 9:1. Samples were fully homog-
enized and centrifuged at 3000 g and 4 °C for 10 min. Sam-
ple supernatant (10 uL) and sample dilution (40 uL) were
added to 96 plates. Then all wells were added 100 pL of
HRP-labeled detection antibody and incubated for 60 min
at 37 °C. After washing 5 times using wash solution, each
well was added 50 pL of substrate A and B, respectively, and
incubated for 15 min at 37 °C (protect from light). Finally,
50 pL of stop solution was added to each well and the OD
value at 450 nm was recorded using a microplate reader
(BioTek, USA).

Mantle Cells In Vitro Culture and (-Tyrosine
Treatment

In this study, oyster mantle cells were cultured for L-Tyrosine
treatment assay (Potts et al. 2020; Li et al. 2021a). Before the
experiment, oysters were cleaned and sustained with filtered
seawater containing Penicillin (100 U/mL) streptomycin
(100 pg/mL), and gentamicin (50 pg/mL) under a UV lamp
for 2 h. Oysters mantle tissues were collected and washed 6
times with PBS, exposed under a UV lamp for 30 min, then
washed 6 times using a primary medium containing M 199
and L15 medium (V:V=1:1, pH 7.2-7.4), Penicillin (100 U/
mL) streptomycin (100 pg/mL), and gentamicin (50 pg/mL).
After washing, the mantle tissues were cut into minced meat
with sterile scissors and cultured with the primary medium
supplemented with 5% fetal bovine serum in a 12-well
plate at 27 “C. After 48 h, a large number of cells migrated
from the tissue. For treatment with L-Tyrosine, L-Tyrosine
was added into the medium with final contractions of 0, 2,
10, 50, 100, and 500 uM for 16 h. Then the cultured cells
were washed with PBS and collected for analysis. As above
described methods, qPCR was carried out and tyrosinase
activity, melanin content, cAMP, DA, NA, and EPI levels
were detected.

Western Blot Analysis

For western blot analysis, the crude protein was extracted
from the collected samples using RIPA lysis buffer
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(Beyotime, China) containing PMSF (1 mM) (Beyotime,
China). The concentration of crude protein was detected
using a BCA Protein Concentration Assay Kit (Beyotime,
China) and degenerated at 98 °C for 10 min. The samples
with an amount of protein (30 pg) were separated by 10%
SDS-PAGE and transferred to PVDF membranes under
200 mA for 70 min. The PVDF membranes were blocked
with 5% skim milk for 2 h and incubated with antibodies
against cAMP-responsive element binding protein (CREB)
(1:2,000, ABclonal, China), Protein Kinase cAMP-dependent
protein kinase regulator (PRKAR) (1:2,000, ABclonal,
China), MITF (1:2,000, ABclonal, China), Tyrosinase
(TYR) (1:1,000) (Li et al. 2023a), Tyrosinase related protein
(TYRP) (1:1,000) (Li et al. 2023a), and GAPDH (1:2,000,
ABclonal, China) for 14 h. After incubation, the PVDF mem-
branes were washed three times with TBST for 10 min and
then incubated with HRP-conjugated Goat Anti-Rabbit IgG
(1:5,000, ABclonal, China) for 2 h. The immune-reactive
protein bands were detected using an ECL chemilumines-
cence detection reagent (Vazyme, Nanjing, China).

Statistical Analysis

All the data were presented as mean +SD and were analyzed
by SPSS 20.0. The one-way analysis of variance (ANOVA)
was employed to test for differences, and the Tukey post-
hoc test was used to determine differences. The differences
were considered statistically significant at P <0.05 (*) and
P<0.01 (*¥%).

Results
Transcriptome Sequencing and Assembly

In this study, 12 cDNA libraries were constructed. The raw
reads were submitted to NCBI with an accession number
PRINA900369. Approximately 502.5 million clean reads
were filtered from 12 libraries resulting in a total of 75.4G
clean base (Table S1). The abundances of all genes were
normalized and calculated using transcripts per million
(TPM) values. Principal components analysis (PCA) showed
that samples from the same group were clustered together
(Fig. S1). Correlations among those samples varied from
0.83 to 0.99. Hierarchical cluster analysis showed a similar
result to the PCA (Fig. S1).

DEGs and Expression Patterns Analysis
The heat maps of all DEGs were constructed to character-
ize the global expression profiles in four groups (Fig. 1B).

Overall, The CB vs. CW group has a closer DEGs expres-
sion profile to TB vs TW, and TB vs. CB has a closer DEGs
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expression profile with TW vs. CW comparisons. The num-
ber of DEGs in four comparisons is presented in Fig. 1C.
The TB vs. TW comparison showed the highest number of
DEGs (5215) and the TB vs. CB comparison had the lowest
number of DEGs (2747) (Fig. 1C). The TW vs. CW group
exhibited more DEGs than the TB vs. CB. A Venn diagram
showed the shared and specific DEGs in those four com-
parisons (Fig. 1D).

Some genes related to pigment synthesis exhibited a
higher expression level in the black shell C. gigas than
the white, such as TYR, TYRP, Tyramine beta-hydroxylase-
like (TBH), Dopamine beta-hydroxylase (DBH),
5-hydroxytryptamine receptor 4-like (HTR4), Atrial
natriuretic peptide receptor 1 (ANPRA), Melanocortin
receptor 4 (MC4R), Corticotropin-releasing factor
receptor 2 isoform X4 (CRHR?2), elF-2-alpha kinase
GCN2, Calmodulin (CALM), etc. (Table S2). After
L-Tyrosinase feeding, several genes were upregulated in
black shell C. gigas compared to the white, including
TYRPI, TYRP2, DBH, Vacuolar protein sorting-associated
protein 13A-like (VPS13), Bone morphogenetic protein
2-A (BMP2), Aromatic-L-amino-acid decarboxylase
(DDC), and Multidrug resistance-associated protein 4-like
(ABCC4) (Table S2).

GO Enrichment Analysis

GO enrichment analysis was performed with DEGs from
each group. The top 30 GO terms were presented in Fig. S2.
The CB vs. CW and TB vs. TW groups shared GO terms
including monoamine transmembrane transporter activity,
endonuclease activity, nucleoside transmembrane trans-
porter activity, and positive regulation of protein K63-linked
ubiquitination. In the TB vs. CB group, DEGs enriched GO
term mainly involved in amino acid metabolism, biosyn-
thesis, and oxidoreductase activity, such as aromatic amino
acid family metabolic process, primary amino compound
biosynthetic process, serotonin biosynthetic process, tyros-
ine catabolic process, and oxidoreductase activity.

KEGG Enrichment Analysis

The top 30 KEGG pathways in these four groups are selected
and presented in Fig. 2 (left). Several pigmentation-related
pathways were found in the CB vs. CW group, including
Tyrosine metabolism, Melanogenesis, Retinol metabolism,
and cAMP signaling pathway. After L-Tyrosine supplements,
more pigmentation and amino acid metabolism-related path-
ways were found in the TB vs. TW group compared to the CB
vs. CW group, including Cytochrome P450, Steroid hormone
biosynthesis, Betalain biosynthesis, Tyrosine metabolism,
Isoquinoline alkaloid biosynthesis, CAMP signaling pathway,
and Melanogenesis. Besides, compared to TW vs. CW, more
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«Fig.2 KEGG enrichment analysis. The top 30 KEGG and circle
maps of A CB vs. CW, B TB vs. TW, C TB vs. CB, and D TW vs.
CW comparisons. Several pathways involved in melanin synthesis
were marked in red. Ten interested pathways were selected from each
group to perform the circle map analysis (right). Most DEGs in TB
vs. TW and TB vs. CB comparisons were upregulated

metabolism, biosynthesis, and pigmentation-related pathways
were enriched in the TB vs. CB group, such as glycine, ser-
ine and threonine metabolism, Arachidonic acid metabolism,
Metabolism of xenobiotics by cytochrome P450, Cysteine
and methionine metabolism, Isoquinoline alkaloid biosynthe-
sis, cCAMP signaling pathway. The circle Maps were plotted
using 10 interested pathways from each group, in which most
of the DEGs exhibited an upregulated expression in TB vs.
TW and TB vs. CB comparisons (Fig. 2, right).

Correlation Analysis of Selected Pathways and DEGs

To clarify the relationship in these pigmentation-related
pathways, we performed a Gene-Concept Network analysis
using DEGs from the selected pathways. In the CB vs. CW
group, Tyrosine metabolism, Melanogenesis, Wnt signaling
pathway, and cAMP signaling pathway were selected, and
their interactions and key genes were presented in Fig. 3A. In
the TB vs. TW group, seven pigmentation-related pathways
were employed to conduct correlation analysis (Fig. 3B). As
a result, the Melanogenesis pathway plays a central role in
these processes. Some important genes involved in tyrosine
metabolism and pigment synthesis were presented.

The global expression profiles of all DEGs from the cAMP
signaling pathway, Tyrosine metabolism, and Melanogenesis

A CBvs CW B

TFB1M MOXD
TDC2 FA

MAOB

HD1
MOXD
DBH

TBH Tyrosine’ metabolism

TYRP2 TYRP1 -
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Fig.3 Correlation analysis of tyrosine metabolism and melanin
synthesis-related pathways and DEGs. A Four selected pathways
from CB vs. CW group. B Seven selected pathways from TB vs. TW
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were presented with a heatmap (Fig. S3). The expression pro-
files of 30 representative DEGs were shown in Fig. 4. DEGs
from the cAMP signaling pathway, such as HTR-8996, HTR-
0084, MC4R ANPRA-8111, and ADCY1, were expressed
more abundantly in the black shell oysters (CB) than in the
white shell oysters (CW). DEGs from Tyrosine metabolism
and Melanogenesis pathway also showed a significantly
higher expression in the black than in the white, including
DBH-1753, DBH-3978, TBH-2404, CALML3-8357, MITF,
TYRP-6503, and TYRP-2218. After feeding with L-Tyrosine,
several Tyrosine metabolism and Melanogenesis rate-limiting
enzymes presented an upregulated expression in the black
compared to a downregulated or insignificant change in the
white, including DBH-0867, DDC-9411, DDC-0937, TYRP1-
4830, TYRP-8244, TYRP2-4040, and TYRP1-2956.

qPCR Validation

To validate the accuracy of RNA-seq data, qPCR analysis
was performed using 15 interested DEGs. Table S3 contains
a list of the specific primers used in this experiment. Primer
amplification efficiencies ranged from 0.83 to 1.20. The fold
change values of these DEGs detected by qPCR and RNA-
seq are shown in Table 1. The qPCR results are consistent
with the RNA-seq results.

Tyrosinase Activity Analysis

Based on the results of the transcriptome, we found a differ-
ence in tyrosine metabolism between black and white shell

TBvs TW
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«Fig.4 The expression profiles of representative genes from cAMP,
Tyrosine metabolism, and Melanogenesis pathway. Most of these
genes exhibited a higher TPM value in the black shell oysters than
in the white. Most of these genes were upregulated in the black shell
oysters after L-Tyrosine feeding

oysters. Then we compared the tyrosinase activity between
black and white shell oysters. The tyrosinase activity was
higher in black shell oysters than in the white (P <0.05), but
the difference was not significant (Fig. 5A). Noticeably, after
L-Tyrosinase feeding, the activity of tyrosinase significantly
increased in the black (P <0.05) while that increased but was
not significant in the white shell oysters.

Melanin Determination and Ferrous Sulfate Staining

The concentration of melanin was significantly higher in
black shell oysters than in white shell oysters (P <0.05)
(Fig. 5B). After L-Tyrosine supplements, melanin highly
increased in the black shell oysters (P <0.05) but that change
was not significant in white shell oysters. The oyster edge
mantle has threefold, outer fold, middle fold, and inner fold.
The ferrous sulfate staining showed clearly the distribu-
tion of melanin in oyster mantles. As is shown in Fig. 5C,
melanin was only distributed in the part of the middle fold
epidermis of white shell oysters, while in the black, melanin
was widely distributed in one side of the middle fold and the
two sides of the outer fold. After L-Tyrosinase feeding, more
melanin was found in the groove between the outer fold and
the middle fold of black shell oyster.

Concentration Analysis of cAMP, DA, NA, and EPI

cAMP is regarded as a crucial messenger in the control of
pigmentation in some vertebrates. It functions as an intra-
cellular second messenger to activate CREB/CREM that
activates MITF and induces melanogenesis. As is shown
in Fig. 6A, the concentration of cAMP in black shell oys-
ter were significantly higher than in white shell oyster
(P<0.01). A substantial rise in cAMP level was seen in
black shell oysters following L-Tyrosine feeding (P <0.01),
while that change in white shell oysters was not significant.

DA, EPI, and NA are intermediates of tyrosine metabo-
lism and are potential activators in the cAMP signaling
pathway. According to Fig. 6B, the DA level was higher
in black shell oysters than in white, but the difference was
not significant. However, after L-Tyrosinase feeding, the
difference became significant (P < 0.01). The concentra-
tion of NA was lower in black than in white shell oysters
(P <0.01) (Fig. 6C) and it dramatically increased in black
shell oysters after L-Tyrosinase feeding (P <0.01). There
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were no significant differences in EPI levels between black
and white shell oysters (Fig. 6D). After L-Tyrosinase feed-
ing, no significant difference was observed in EPI levels
in both black and white shell oysters.

Cell Culture and L-Tyrosine Incubation Assay

In this study, an L-Tyrosine incubation experiment was con-
ducted to identify the interaction of the cAMP pathway and
tyrosine metabolism and melanin synthesis in C. gigas.
After incubation with L-Tyrosine, the expression of cAMP
and Melanogenesis pathway genes (PKA, PRKAR, CREM,

Table 1 Validation of RNA-Seq results using the gPCR method

Group Gene ID Abbreviation  Log2 fold change
RNA-seq qPCR
TBvs.CB  LOCI105340585 ADCYI -1.1 -09
LOC117680611 ABCC4-0611 1.2 2.3
LOC105328996 HTR4-8996  —1.5 -1.7
LOC105344040 TYRP2-4040 1.9 2.1
LOC105337069 EIF2AK4 -13 -1.0
LOC105342404 TBH-2404 1.3 1.5
LOC105318244 TYRP-8244 1.5 1.6
LOC105331837 PER-1837 2.5 1.3
LOC105326074 SLC22A14 1.5 2.1
TW vs.CW LOC105326628 GPROARI 1.1 1.5
LOC105340585 ADCYI -1.1 -13
LOC105327938 MC4R 1.6 1.6
LOC117688080 TBH-8080 39 2.5
LOC105320937 DDC -19 -1.6
LOC105318244 TYRP-8244 -12 -11
LOC105331837 PER-1837 -4.1 —-4.4
CBvs.CW LOC105344201 ADCY10 -2.0 0.3
LOC105327938 MC4R 1.0 0.5
LOC105328996 HTR4-8996 1.6 2.0
LOC117688080 TBH-8080 2.4 3.1
LOC105332956 TYRP1-2956 2.1 1.0
LOC105337069 EIF2AK4 9.0 5.0
LOC105331837 PER-1837 -24 -19
TB vs. TW  LOC105326628 GPROARI -15 -12
LOC105344201 ADCYI0 -14 -1.7
LOC105327938 MC4R -1.1 -11
LOC117680611 ABCC4-0611 1.2 2.5
LOC105344040 TYRP2-4040 22 2.1
LOC105332956 TYRP1-2956 2.7 1.7
LOC105337069 EIF2AK4 6.6 4.0
LOC105320937 DDC 2.5 2.0
LOC105318244 TYRP-8244 2.6 22
LOC105331837 PER-1837 42 2.8
LOC105326074 SLC22A14 1.6 1.1
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Fig.5 Tyrosinase activity
(A) and melanin content (B)
analysis. Data represents as the
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CREB3L2, CREB3L3, CBP, MITF, TYR, and TYRP) were
detected. Those genes and proteins were upregulated with
the increasing concentration (2—100 uM) of L-Tyrosine
(Fig. 7A and B). After L-Tyrosine incubation (10 pM), the
tyrosinase activity and melanin content increased (Fig. 7C
and D). Consist with them, the cAMP level also was sig-
nificantly upregulated (Fig. 7E). Besides, we found the
DA level was remarkably increased after incubation with
2-100 uM L-Tyrosine, but it decreased at 500 uM (Fig. 7F).
NA level only upregulated under 2 puM L-Tyrosine and
decreased at 100-500 uM of L-Tyrosine (Fig. 7G). The
EPI level has not significantly increased under L-Tyrosine
incubation and decreased at 500 uM L-Tyrosine (Fig. 7H).

Discussion

In the past decade, several shell color strains of C. giga have
been developed through selective breeding (Xing et al. 2018;
Xu et al. 2019a; Han et al. 2020). Those strains provide
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excellent materials for the study of melanin synthesis and
shell color formation. Oyster mantle plays an important role
in shell growth and shell color formation (Brake et al. 2004).
It could be divided into the central mantle and edge mantle,
the latter has three folds, outer, middle, and inner folds. The
central mantle is mainly involved in mineralization and the
formation of the nacreous shell layer (Aguilera et al. 2014),
and the edge mantle is responsible for shell color formation
(Zhu et al. 2022). In this study, we compared the difference
in the edge mantle transcriptome of black and white shell
oysters before and after L-Tyrosine feeding.

Some pigment-related genes (TYR, TYRP, DBH, TBH,
HTR4, ANPRA, MC4R, and CRHR?2) were found differen-
tially expressed in the black and white shell oyster strains.
TYR and TYRP are rate-limiting enzymes in tyrosine metab-
olism and melanin synthesis, which have been identified in
many molluscans (Yu et al. 2018). In C. gigas, the knock-
down CgTyp-1 or CgTyp-3 decreased tyrosinase activity
and the number of melanosomes in the outer fold of the
mantle (Zhu et al. 2022). TYRPI involves in the survival
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and proliferation of melanocytes and plays a role in con-
verting Dopaquinone to melanin polymer (Del Marmol and
Beermann 1996; Bian et al. 2021). We also found the tyrosi-
nase activity and melanin content in black shell oysters were
higher than in white (Fig. 5). L-Tyrosine feeding dramati-
cally increased tyrosinase activity and melanin content in
the black shell oyster, but no significant change in the white
(Fig. 5). Those results indicate a variation in melanin synthe-
sis and tyrosine metabolism in these two shell color strains.

L-Tyrosine serves as a precursor to the melanin pigment,
catecholamines, tyramine/octopamine, and thyroid hor-
mones (Slominski et al. 2012) and is often used as a dietary
supplement to improve body color (Wang et al. 2018). In
this study, more DEGs were identified between the two shell
color strains after L-Tyrosine feeding. Some important genes
were significantly regulated in black shell C. gigas, such as
VPS13, BMP2, BMP4, DDC, and OCA2. VPS proteins are
mainly responsible for the sorting and delivery of soluble
vacuoles (Song and Wang 2021). Recently, several studies
have proven VPS plays an important role in pigment accu-
mulation (Clancey et al. 2013; Song and Wang 2021). VPS13
genes were found to interact with melanophore survival and
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density in red tilapia (Fang et al. 2022). In scallops, VPS29
functions as an important regulator in carotenoid-induced
coloration (Song and Wang 2021). DDC catalyzes the decar-
boxylation of DOPA to Dopamine, which plays a crucial
role in Dopamine-melanin synthesis in insects (Chen et al.
2019). Silencing DDC in third-instar larvae of Harmonia
axyridis resulted in an abnormal phenotype with decreased
elytra melanin (Chen et al. 2019). The upregulated DDC
gene expression in the black shell oysters implies the differ-
ence in L-Tyrosine metabolism and melanin synthesis in the
two shell color strains. Our findings indicate a potential role
of VPS13 and DDC genes in oyster tyrosine metabolism and
melanogenesis. OCA2, also known as P protein, is a 12-pass
membrane protein that has been suggested to modulate
melanosome pH and transport L-Tyrosine and Tyrosinase
(Bilandzija et al. 2013; McCauley et al. 2016). In Pinctada
margaritifera, an OCA2 gene downregulated in the albino
phenotype mantle of P. margaritifera (Auffret et al. 2020).
In our result, OCA2 expression was significantly higher in
the white than the black before and after L-Tyrosine feed-
ing. This finding is opposite to some previous research. The
upregulated expression of OCA2 in the white shell oyster
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«Fig.7 Mantle cell culture and L-Tyrosine incubation assays. A qgPCR
analysis of the relative expression level of genes (from cAMP-mediated
melanogenesis pathway) in the mantle cells of black shell oysters after
L-Tyrosine incubation. B Western blot analysis of CREB, PRKAR,
MITF, TYR, and TYRP after L-Tyrosine incubation. GAPDH was
used as an internal reference. The blotting band intensity was deter-
mined using ImageJ software. C Tyrosinase activity and D melanin
content analysis in mantle cells after L-Tyrosine incubation. E The
cAMP level in mantle cells after L-Tyrosine incubation. F DA, G NA,
and H EPI content analysis after L-Tyrosine incubation with different
concentrations. Data represents as the mean+SD (n=3). The * repre-
sents P <0.05. Bars with different letters indicate significant differences
(P <0.05) between groups

may be to compensate for the functional defects (Sun et al.
2016). We speculate that the relatively higher expression of
the OCAZ2 gene in the white shell oysters is associated with
the defect of tyrosine metabolism and melanin synthesis.

Several pathways related to tyrosine metabolism and
melanin synthesis were found in the present study (Fig. 2).
Retinol metabolism and Cytochrome P450 pathways were
reported to interact with melanin biosynthesis by catalyz-
ing retinoate into retinoic acid (Yu et al. 2017). Retinoic
acid is a metabolic intermediate product of vitamin A,
mainly affecting growth and promoting cell prolifera-
tion, differentiation, and other metabolic effects (Albalat
2009). High concentration of retinoic acid affects the
shell structure and arrest development at the trochophore
stage in molluscs (Albalat 2009). According to the report
of Jin et al. (2022), all-trans retinoic acid could activate
CgTYR expression. Retinoic acid receptor (CgRAR) regu-
lates Tyr-2 transcriptional expression, which contributes
to melanin production. Cytochrome P450 is participate
in pheomelanin synthesis and pigment accumulation in
some bivalves (Yu et al. 2017; Song and Wang 2019). It
was reported that CYP450 plays an important role in the
formation of orange coloration by accumulating different
pigments in scallops (Song and Wang 2019). In C. gigas,
a CYP450 gene implicates the production of melanin and
carotenoid and is negatively regulated by a microRNA
dme-miR-1-3p (Li et al. 2021b). According to Yu et al.
(2017), Cytochrome P450 genes were upregulated in the
black C. gigas mantle and adductor muscle. Those results
support that CYP450 and Retinol metabolism could affect
retinoic acid production, increase tyrosinase activity, and
produce melanin in C. gigas.

After L-Tyrosine feeding, Melanogenesis and Tyrosine
metabolism pathways were enriched in TB vs TW groups.
The Melanogenesis pathway has been well investigated in
some vertebrates. The key regulatory pathways, SCF/KIT,
Wnt/B- catenin, MAPK, and cAMP, were identified in the
process of melanogenesis in fish (Luo et al. 2021). In the
Melanogenesis pathway, MITF plays an important role that
aggregates signals from all upstream pathways and mediates
tyrosine metabolism and melanin synthesis by downstream
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tyrosinase family genes. The process of tyrosine metabolism
is different between invertebrates and mammals (Vavricka
et al. 2014). Compared with mammals, invertebrates have
more homologous enzymes involved in tyrosine metabolism.
In that process, Tyrosine is hydroxylated to L-DOPA which
can directly involve in melanin production, or be catalyzed
by DDC to Dopamine, then Dopamine continues to produce
norepinephrine by the action of DOPA hydroxylase (Alberto
et al. 2011; Sun et al. 2017).

The cAMP signaling pathway is known to regulate metab-
olism, secretion, calcium homeostasis, muscle contraction,
cell fate, and gene transcription (Schmidt et al. 2013). This
pathway involved in pigment has been well investigated in
some fish (Yamanome et al. 2007; Luo et al. 2019). In barfin
flounder, the melanocyte-stimulating hormone (MSH) pep-
tide increases intracellular cAMP levels and activates protein
kinase A (PKA) thus inducing tyrosinase enzyme activa-
tion to produce melanin (Yamanome et al. 2007). A long
non-coding RNA and mRNA sequencing analysis revealed
cAMP signaling, melanogenesis, and tyrosine metabolism
appear to affect the skin pigmentation of Koi carp (Cyprinus
carpio L.) (Luo et al. 2019). Here, the cAMP signaling path-
way was enriched in CB vs. CW and TB vs TW groups. The
integrated analysis presented the association between cAMP
and the melanogenesis pathway (Fig. 3). Our results suggest
a potential role of the cAMP signaling pathway in melanin
synthesis and tyrosine metabolism in C. gigas.

cAMP is a key messenger in the regulation of skin pig-
mentation (Bertolotto et al. 2001). It activates a melanocyte-
specific pathway and regulates the activity of melanogenic
enzymes (Otreba et al. 2012). In the present study, the cAMP
level was significantly higher in the black shell oyster than
in the white (Fig. 6). The expression of genes in the cAMP-
mediated melanogenesis pathway including MC4R, ADCY1,
PKA, CREM, MITF, TYR, and TYPR also was higher in the
black shell oysters than the whites (Fig. 4). The level of cAMP
significantly increased and was consistent with the upregu-
lated expression of MITF, TYR, and TYPR in the black shell
oysters after L-Tyrosine feeding. It has been reported that an
elevated level of intracellular cAMP activates CREB leading
to an increase in the expression of MITF and melanogenic
enzymes (Kim et al. 2015; Sun et al. 2017). The in vitro incu-
bation assays showed that these gene and protein expressions
(CREM, CREB, CBP, MITF, TYR, and TYR) also increased
following the upregulated cAMP levels in oyster mantle cells
(Fig. 7). Those results imply a cAMP-mediated melanogen-
esis pathway might regulate tyrosine metabolism and melanin
synthesis in C. gigas.

DA and NA are metabolites of tyrosine metabolism
as well as signaling molecules of the cAMP signaling
pathway (Florou et al. 2012). They activate AC through
GPCR, then AC converts ATP to cAMP and regulates
downstream gene expression. Our result revealed that the



Marine Biotechnology (2024) 26:364-379

377

NA level of black shell oysters is significantly higher
than that of white shell oysters (Fig. 6). Besides, after
L-tyrosine feeding, the level of DA, and NA dramatically
increased in black shell oysters while no significant
changes in white shell oysters. The in vitro incubation
assays showed that tyrosinase activity and melanin con-
tent also increased following the increase of cAMP, DA,
and NA levels. Our results indicate DA and NA might
function as feedback regulators and participate in the
cAMP-mediated melanogenesis pathway. Interestingly,
this regulatory mode seems more active in the black shell
oyster since not only the level of cAMP, DA, and NA
but also the expression of genes in the cAMP-mediated
melanogenesis pathway showed a higher level in the
black than the white. We presume that a cAMP-mediated
melanogenesis pathway might regulate pigmentation and
shell color formation in C. gigas.

Conclusion

In this study, we compared the mantle transcriptome of black
and white shell strains of C. gigas based on L-Tyrosine feed-
ing. Several key regulatory pathways involved in tyrosine
metabolism and melanin synthesis were found, including
Cytochrome P450, melanogenesis, tyrosine metabolism, and
the cAMP signaling pathway. Most DEGs in those pathways
exhibited a higher expression in the black shell oyster than
in the white indicating the difference in gene expression may
cause the variation of tyrosine metabolism and melanin syn-
thesis in black and white shell C. gigas. Through the tran-
scriptomic and physiological analysis, we found the impor-
tant roles of cAMP in the regulation of tyrosine metabolism
and melanin synthesis in oysters. The present study not only
reveals the difference in tyrosine metabolism and melanin
synthesis in black and white shell oysters but also provides
evidence for cAMP-mediated melanogenesis regulating shell
color formation in C. gigas.
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