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Abstract

Background Shell color formation is an important physiological process in bivalves, the molecular genetic basis has potential
application in bivalve aquaculture, but there is still remaining unclear about this issue. The cystine/glutamate transporter
(Slc7all) and cystathionine beta-synthase (Cbs) are integral genes in pheomelanin synthesis pathway, which is vital to skin
pigmentation.

Methods and results Here, the sequences of b (0, +) -type amino acid transporter 1 (B-aatl) and Cbs in Pacific oyster (Cras-
sostrea gigas) (CgB-aatl, CgCbs) were characterized. Phylogenetically, the deduced amino acid sequences of CgB-aatl and
CgCbs both possessed conserved features. Genes were both ubiquitously expressed in six tested tissues with more abundant
expression level in central mantle. Besides, the polyclonal antibodies of CgB-aatl, CgCbs, CgTyr, and CgTyrp2 were suc-
cessfully prepared. Immunofluorescence analysis revealed that CgB-aatl and CgCbs proteins were both expressed in gill
rudiments of eyed-larvae and concentrated mainly in cytoplasm of epithelial cell and nerve axons in mantle. Additionally,
after CgB-aatl or CgCbs silencing, expressions at mRNA and protein levels of CgB-aatl and CgCbs involved in pheomela-
nin synthesis were significantly suppressed, and CgTyr, CgTyrpl and CgTyrp2 related to eumelanin synthesis were also
down-regulated but no apparent differences, respectively. Moreover, micrographic examination found less brown-granules
at mantle edge in CgB-aatl interference group.

Conclusion These results implied that pheomelanin synthesis was possible induced by CgB-aatl-CgTyr-CgCbs axis, and
it played an essential role on mantle pigmentation in the oysters. These findings provide the useful genetic knowledge and
enrich the physiological information for the shell color formation in bivalve aquaculture.
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Abbreviations Pax3/7 Paired box 3/7
B-aatl B (0, +)-type amino acid transporter 1 Slc7all Solute carrier family 7 member 11 (xCT)
Cbs Cystathionine beta-synthase SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel
Efla o Subunit of elongation factor 1 electrophoresis
HPLC High-performance liquid chromatography Tyr Tyrosinase
HRP Horseradish peroxidase Tyrpl Tyrosinase-related protein 1
IF Immunofluorescence Tyrp2 Tyrosinase-related protein 2
IPTG Isopropyl pB-p-thiogalactoside WB Western blot
Mitf Microphthalmia-associated transcription

factor
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mammals, birds and insects, and only eumelanin was
found in fish [1]. However, melanin in molluscan shells
has not been fully characterized due to the fact that it is
difficult to isolate [2]. Until now, Affenzeller et al. [3]
found the existence of pheomelanin in the terrestrial gas-
tropod Cepaea nemoralis using HPLC.

In addition, the biosynthetic and molecular pathway of
melanin synthesis are well not understood in mollusks,
except in insects and mammals [1, 4]. Generally, Tyr ini-
tiates eumelanogenesis by hydroxylating tyrosine to dopa
and oxidizing the resultant dopa to dopaquinone, which is
then converted to eumelanin polymer by Tyrpl and Tyrp2
[5]. On the other hand, SLC7al1/xCT can transport cystine
into cell. Subsequently, cystine and dopaquinone are cata-
lyzed by CBS and consequently promote the synthesis of
pheomelanin [1, 6]. Recently, omics analysis in different
color varieties of fishes have been done to confirm the con-
served melanogenesis pathway in fish [7-9]. Furthermore,
the sequences, expressions and functions of Slc7al1/xCT
involved in skin color have been characterized in verte-
brate [10-13]. And the structural characterize of Cbs is
also well studied that has crucial role in transsulfuration
for cysteine biosynthesis [14]. These works demonstrated
that Slc7al1/xCT and Cbs act vital roles in pheomelanin
synthesis pathway. To date, the complete pathway of mela-
nin synthesis in mollusks is not known, several genes such
as Tyr, Tyrp2, Mitf and Pax3/7 have been shown to be
important in the regulation and production of melanin in
mollusks [15-17]. However, other research on molecular
pathway of pheomelanin synthesis in mollusks are still
poorly understood and no study to date has addressed these
issues.

The Pacific oyster, Crassostrea gigas, is one of the most
economically important marine bivalve species. Recently,
oysters with orange shell both of the right and left, a reces-
sive trait compared to black and white, were obtained from
breeding program [18]. The whole transcriptome analysis
revealed that melanin biosynthesis-related genes func-
tioned on orange shell coloration in C. gigas [19]. Cur-
rently, existing research was limited to quantification of
melanin synthesis related genes in C. gigas. Hence, it is
urgent to study the molecular characteristics and function
in shell color of these genes.

Here, B-aatl and Cbs gene from orange shell color
oysters were characterized and expressed. Furthermore,
gene function was deliberated by RNAI technology, one of
the methods of transporting dSRNA was bacterial feeding,
which has been well applied in C. gigas [20, 21]. These
results will help understand the overall role of B-aatl and
Cbs in pheomelanin synthesis pathway and mantle pig-
mentation as well as advance our knowledge of shell color
genetics in bivalve.
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Materials and methods
Oysters collection

The Pacific oyster is neither an endangered nor protected
species. All experiments in this study were conducted
according to national and institutional guidelines. Here, one-
year old oysters with orange shell color were supplied with
filtered seawater at ambient temperature (24 + 1 °C), salin-
ity (30.5+0.5 psu) and pH (8.1), which was the same with
condition in farm of Rongcheng, Shandong province, China.
Seven days later, the oysters (shell length 24.02 +8.09 cm
and shell height 36.55+9.08 cm) were chosen for sam-
pling. Six tissues, including digestive gland, labial palp,
gill, mantle edge, central mantle, and adductor muscle were
dissected and immediately stored at — 80 °C for RNA extrac-
tion. In embryonic and larval sampling, oysters with orange
shell color were transported to Litao hatchery, Yantai City,
Shandong Province. The embryos were obtained follow-
ing our previous study [21]. In brief, after mixing sperm
and oocytes, fertilized eggs were reared with temperature
(23-25 °C) and salinity (30-31 psu). Isochrysis galbana
and Chaetoceros calcitrans were mixed to feed larvae daily.
In a month, fertilized egg, blastula, gastrula, trochophore,
D-shaped larvae 1/2, umbo larva 1/2 and eyed-larva were
collected for RNA extractions and IF analysis.

Bioinformatics analysis

The amino acid (aa) sequences of b (0, +) -type amino acid
transporter 1 (B-aatl) and cystathionine beta-synthase
(Cbs) in C. gigas (CgB-aatl, XP_034337681.1; CgCbs,
XP_034300359.1) and B-aatl1/Slc7all as well as Cbs
from other organisms were retrieved from NCBI database
(Table 1). The SMART database (http://smart.embl-heide
Iberg.de/) was used to predict gene function domain. The
TMHMM-2.0 database (https://services.healthtech.dtu.dk/
service.dtu.dk/service.php? TMHMM-2.0) was used to
analysis transmembrane helices of CgB-aatl protein. Mul-
tiple sequence alignment of CgB-aatl and CgCbs proteins
with other known B-aatl/Slc7all and Cbs proteins was per-
formed using DNAMAN 8.0 software. The alignment of the
sequences was analyzed using Clustal X 2 and phylogenetic
tree was constructed with the method of maximum-likeli-
hood algorithm using MEGA X.

Gene expression analysis

The cDNA template used for gqPCR was synthesized
using PrimeScript™ RT reagent Kit (Takara, China). The
Primer3 from NCBI (https://www.ncbi.nlm.nih.gov/tools/
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Table 1 The B-aatl/Sic7all and Cbs genes information used for phylogenetic analysis

Protein name (Gene name)

Accession Number

No Organism name

1 Crassostrea gigas

2 Crassostrea virginica
3 Mpytilus coruscus

Mizuhopecten yessoensis

5 Mpytilus galloprovincialis

Haliotis rufescens

7 Pecten maximus

Sepia pharaonis

B (0, +)-type amino acid transporter 1 (B-aatl)

Cystathionine beta-synthase (Cbs)

B (0, +)-type amino acid transporter 1-like isoform X1 (B-aatl)
Cystathionine beta-synthase-like (Cbs)

Cystathionine beta-synthase (Cbs)

B (0, +)-type amino acid transporter 1-like (B-aatl)
Cystathionine beta-synthase-like isoform X1 (Cbs)
Cystathionine beta-synthase (Cbs)

B (0, +)-type amino acid transporter 1-like (B-aatl)
Cystathionine beta-synthase-like isoform X3 (Cbs)

B (0, +)-type amino acid transporter 1-like isoform X2 (B-aatl)
Cystathionine beta-synthase-like isoform X2 (Cbs)
Cystathionine beta-synthase (Cbs)

XP_034337681.1
XP_034300359.1
XP_022344420.1
XP_022322044.1
CAC5416117.1
XP_021347059.1
XP_021364962.1
VDI56218.1
XP_046364599.1
XP_046332497.1
XP_033753742.1
XP_033757822.1
CAE1265012.1

Oreochromis mossambicus X Solute carrier family 7 member 11 transcript variant 1 (Slc7all) QDK64624.1
niloticus
10 Danio rerio cystine/glutamate transporter (Slc7all) XP_009289503.1
Cystathionine beta-synthase (Cbs) AAW78657.1
11 Mus musculus cystine/glutamate transporter (Slc7all) NP_036120.1
Cystathionine beta-synthase (Cbs) AAH26595.1
12 Xenopus laevis cystine/glutamate transporter (SLc7all) XP_018098795.1
Cystathionine-beta-synthase S homeolog (Cbs) NP_001086820.1
13 Gallus gallus cystine/glutamate transporter isoform X1(Slc7all) XP_426289.3
Cystathionine beta synthase (Cbs) VTO094514.1
14 Homo sapiens cystine/glutamate transporter (Slc7all) NP_055146.1
Cystathionine beta synthase (Cbs) VT094514.1

primer-blast/) was used to design qPCR primer pairs (listed
in Table S1), in which efla gene was set as reference gene
[22]. The qPCR reactions were performed with QuantiNo-
vaTM SYBR® Green PCR Kit (QIAGEN, Germany) on
LightCycler 480 real-time PCR instrument (Roche, Switzer-
land). Three repeats of each cDNA sample were reacted in
10 pL volume, respectively, which contained 5 pL. 2X SYBR
Green PCR Master Mix, 1 pL cDNA template, 2 pL ddH,O
and 1 pL each 10 mM primer. The PCR reaction were as
follows: 95 °C for 2 min, followed by 40 cycles of 95 °C
for 5 s and 60 °C for 10 s. All primers specificity were con-
firmed by melt cure (65-95 °C) analysis. The 2-24CT method
was applied to gene expression analysis [23]. All data were
shown as means + standard error (SE) (n=6). Statistically
significant differences were analyzed using #-test and one-
way ANOVA method between two data and among multiple
data, respectively. The significance level was considered at
P <0.05.

Antibody preparation and WB examination

The recombinant CgCbs, CgTyr and CgTyrp2 protein was
generally conducted respectively as described by Liu et al.

[24]. For CgB-aatl, we generated the antibody again rabbit
polyclonal antibody from a 11-residue polypeptide (CGE-
PQIPKKMI). The other purified CgCbs/ CgTyr/ CgTyrp2
recombinant protein was used to immunize two rabbits. In
brief, four immunizations were performed at 8 days inter-
vals. After immunization twice, antiserum collection and
ELISA assay was conducted weekly to assess the immunity
level. Following the titer evaluation, antibody specificity was
verified by WB as described below.

Purified proteins and antibody obtained were detected
using WB. In details, recombinant proteins (20 pg) were sep-
arated on 12.5% (v/v) polyacrylamide vertical slab gel and
transferred onto polyvinyl difluoride membrane (Beyotime,
Shanghai, China). Following blocking with 5% skimmed
milk at 25 °C for 2 h, the membrane was incubated with His-
flag (Beyotime, China) /CgB-aat1/CgCbs/CgTyr/CgTyrp2
polyclonal antibody (diluted 1:2000 in Blocking Solution)
at 4 °C overnight and then incubated with HRP-conjugated
goat anti-rabbit IgG (Beyotime, China) at 37 °C for 2 h.
The chemiluminescence reaction was performed using the
enhanced ECL chemiluminescence reaction detection kit
(Vazyme, China) and protein bands were imaged with Gel
Image System (JS-2000).
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Immunofluorescence

IF examinations of CgB-aatl and CgCbs proteins in eyed-
larva and mantle tissue were performed according to the
description by Wang et al. [10] with some modifications.
Simply, the mantle was treated with fixation in Bouin rea-
gent, dehydration in ethanol, transparent in xylol, embedding
in paraffin and section in 5 pm thickness. Then, the slices
were incubated in 0.01 M citrate buffer (pH=6) at 100 °C
for 10 min for antigen retrieval. After blocking with 7.5%
goat serum (Beyotime), the primary antibody (anti-CgB-aat1
antibody with 1:1000 dilution and anti-CgCbs antibody with
1:500 dilution) incubation was performed at 4 “C overnight,
then the samples were hatched with Alexa fluor® 488-lab-
bled Goat Anti-Rabbit secondary antibody (1:500 dilution,
cat. nos. A0423, Beyotime) at room temperature for 90 min.
The normal goat serum incubation was set as the negative
control. Cell nuclei were counterstained with DAPI (Beyo-
time). Finally, samples were captured using confocal micros-
copy (TCS SP98, Leica, Germany).

Synthesis and feeding of dsSRNA

The fragments of CgB-aatl and CgCbs genes were pro-
duced by PCR with primers listed in Table S1. Sub-clon-
ing, ligation, transfection and induced expression were
used for dsRNA synthesis base on the detailed description
by Feng et al. [20]. Here, after transformation with three
constructed plasmids (CgB-aat1-1.4440, CgCbs-L4440 and
EGFP-1.4440), respectively, bacteria (Escherichia coli strain
HT115) were induced by IPTG for producing three dsRNAs,
respectively. EGFP was used as a negative control (NC).
The non-induced E. coli and IPTG-induced E. coli trans-
formed were collected for RNA isolation using Bacteria
RNA Extraction Kit (Vazyme, China), respectively.
One-year-old oysters with orange shell were used for
dsRNA feeding experiment after acclimating for 10 days
at the same environment mentioned in Part 2.1. In which,
oysters with shell length of 23.67 + 8.03 cm and shell height
of 33.75+7.64 cm were selected. In this study, ten oysters
in CgB-aatl-RNAi group, CgCbs-RNAi group and EGFP-
RNAIi group were carried out, respectively. During the
feeding period, bacteria (E. coli strain HT115) containing
recombinant plasmid were cultivated in LB medium at 37 °C
overnight. The bacteria were diluted 100-fold in 500 mL
medium and cultured until the ODsq5 values reached 0.4.
Subsequently, 0.4 mM IPTG was added and incubated for
4 h to induce dsRNA production. Bacterial pellets obtained
were re-suspended in 500 mL Platymonas subcordiformis
and 125 mL Nitzschia closterium f. minutissima algae
culture liquid. Then, oysters were fed with 625 mL Alga/
dsRNA-producing bacteria co-inoculum once a day and fed
with only alga twice a day. The 60% of seawater volume

@ Springer

was changed daily with aerated seawater (24 + 1 °C). After
40 days feeding, the dead oyster was not observed and man-
tles collected were used for RNA extraction, gene and pro-
tein expressions and histology examination.

Protein expression in mantle of CgB-aatI-RNAi group,
CgCbs-RNAI group and EGFP-RNAIi group (denoted as
B-aatl-i, Cbs-i and Egfp-i, respectively) were analyzed
using WB. In detail, the mantles were homogenized in
1 x PBS buffer and centrifuged at 13,000 g for 15 min, then
the supernatants collected was used to measure the protein
concentration using the Nanodrop 2000 (Thermo scientific,
USA) [25]. Protein with 20 pg was prepared for loading,
which was carried out as described above. The GAPDH
rabbit monoclonal antibody diluted 1000-fold was served
as control. CgB-aatl, CgCbs, CgTyr, Tyrpl (abcam ID:
EPR21956) and CgTyrp2 polyclonal antibody were used to
detected the corresponding protein expression level in three
groups, respectively.

Histology analysis

Mantle tissues from oysters in three groups were sampled
after RNAi experiment and were used for analyzing histo-
logical structure changes of mantle. The slices of mantle
were obtained following the method mentioned in IF. Then
the sections were stained with H&E and examined under
an Olympus BX53 light microscope (Olympus Corporation,
Japan).

Results
Identifications of CgB-aat1 and CgCbs protein

In the deduced 497 aa CgB-aatl protein, ten transmembrane
regions were predicted using TMHMM-2.0 database (Fig.
S1). The deduced aa sequences of CgB-aatl and CgCbs,
both possess conserved features among multiple species
(Fig. S2a, c). Phylogenetic analysis showed that CgB-aatl
clusters together with sequences from other mollusks, finally
with vertebrates (Fig. S2b). Phylogenetic analysis of CgCbs
revealed all Cbs genes were classified into two clusters, Cbs
genes in vertebrates and invertebrates were classified to a
big clade, respectively (Fig. S2d).

Expressions of CgB-aat1 and CgCbs

The expression of CgB-aatl gene have distinct expres-
sion pattern in embryo-larval stages, significant increase
of CgB-aatl gene expression was detected at D-shaped
1 stage, where the expression upped to the top (P <0.05)
(Fig. 1a). The mRNA level of CgB-aatl gene was widely
distributed in six tissues, in which the highest expression
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Fig. 1 Expression analysis of CgB-aatl and CgCbs genes estimated
by qPCR. a, ¢ Gene expression profiles of CgB-aatl (a) and CgCbs
(c) in six tissues. The digestive gland tissue was set as control. b, d
Gene expression profiles of CgB-aatl and CgCbs during embryonic

was detected in central mantle, the lowest was in digestive
gland (Fig. 1b). The results showed that CgCbs gene was
also mainly expressed in eyed-larva (P <0.05), with lower
expression in the period before the blastula stage (P <0.05)
(Fig. 1c). CgCbs gene was also ubiquitously expressed in
adult six tissues investigated with more abundant expression
level in central mantle (Fig. 1d).

Prokaryotic expression and antibody preparation

The expression of CgCbs/CgTyr/CgTyrp2 recombinant
protein was successfully induced by IPTG in E. coli BL21
(DE3), SDS-PAGE result indicated that the target band
migrated at about 18 kDa, 25 kDa, 20 kDa, respectively
(line 3 in Fig. 2a, b, c, respectively). Purified recombinant

and larval development. The fertilized egg was set as control. The
significant difference (P <0.05) was shown with different letters and
all data were shown as mean + standard error (SE) (n=6)

CgCbs, CgTyr and CgTyrp2 proteins revealed a single
band, respectively, and located at predicted molecular
mass range (Fig. S3a—c). Purified protein was confirmed
by WB, the result showed that purified protein with N-ter-
minal His tag was specific to Rabbit anti-His-tag antibody
(Fig. S3d). Polyclonal CgCbs/CgTyr/CgTyrp2 antibody
was produced by immunizing rabbit with recombinant
CgCbs/CgTyr/CgTyrp2 protein and the binding relation-
ship with antigen was monitored by WB. After the specific
antibody against the Cbs/Tyr/Tyrp2 fusion protein, a sin-
gle band at around 18 kDa (Fig. 2d) / 25 kDa (Fig. 2e) /
20 kDa (Fig. 2f) was detected, respectively. Additionally,
the specificity of Tyrpl monoclonal antibody in mantle
of C. gigas was confirmed by IF pretest (data not shown).
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Fig.2 Production of recombinant CgChs, CgTyr and CgTyrp2 pro-
teins as well as WB validation of the antibodies. Determination of
expression and purification of recombinant CgCbs (a), CgTyr (b)
and CgTyrp2 (c) protein by SDS-PAGE analysis. M, molecular
marker; Lane 1, BL21 without recombinant plasmid; Lane 2, protein
expressed without IPTG induction (used as a negative control); Lane
3, protein expressed with IPTG induction for 6 h; Lane 4, soluble pro-
tein of supernatant; Lane 5, inclusion body; Lane 6, purified recombi-
nant protein. The specificity of the CgCbs (d), CgTyr (e) and CgTyrp2
(f) antibody was verified by WB, respectively

Localization of CgB-aat1 and CgCbs proteins

IF analysis in eyed-larvae showed that CgB-aatl pro-
tein mainly located in mantle and gill rudiments [Fig. 3a
(b1-b2)]. And positive signals of anti-Cbs were observed
in gill rudiments and anterior adductor muscle [Fig. 3a

@ Springer

(cD)]. IF analysis results in mantle showed green fluores-
cence was mainly distributed on the cytoplasm of epithelial
cell and nerve axons, indicating that CgB-aatl and CgCbs
proteins are mainly located on the cytoplasm in this organ
(Fig. 3b). There was no signal was found in control groups
conducted in both of eyed-larvae [Fig. 3a (d)] and mantle
tissues [Fig. 3b (b1-b3)].

Expressions of CgB-aat1 and CgCbs were inhibited
after RNA interference

Gene expressions levels of CgB-aatl and CgCbs genes were
reduced by 97.52% in CgB-aatl dsRNA group (Fig. 4a) and
63.46% in CgCbhs dsRNA group (P <0.05) in comparison
with EGFP dsRNA group (negative control, NC), respec-
tively (Fig. 4b). WB results displayed that CgB-aat1/CgCbs
protein was obvious depressed when compared with NC
group (Fig. 4c). There was no doubt that CgB-aat1/CgCbs
dsRNA feeding could effectively inhibit CgB-aat1/CgCbs
expression.

Effect of CgB-aat1 and CgCbs silencing
on the expression of the key genes associated
with melanin synthesis

The expression differences of CgCbs and key genes associ-
ated with melanin synthesis, CgTyr, CgTyrpl and CgTyrp2
genes were analyzed by qPCR after the downregulation of
CgB-aatl/CgCbhs. As shown in Fig. 4a, b, CgCbs, participat-
ing in the intermediate process of pheomelanin synthesis, its
expression was also decreased by 74.76% (P <0.05) after
CgB-aatl silencing. And there was no significant change
of CgB-aatl gene expression in CgCbs interference group.
CgTyr played a vital role in catalyzing melanin synthesis and
its transcriptional level was significantly declined by 83.93%
(P<0.05) in CgChs dsRNA feeding. However, no significant
difference was observed after CgB-aatl silencing. Tyrpl and
Tyrp2 were functioned in melanocyte migration and differ-
entiation, CgTyrpl and CgTyrp2 gene expression were also
no obvious difference after CgTyrpl and CgTyrp2 knock-
down, respectively. The same phenomenon was occurred in
corresponding protein expression (Fig. 4c).

Histology changes of mantle after RNA interference

The effects of CgB-aatl and CgCbs silencing on histological
features of mantle were displayed in Fig. 5. Compared with
NC group, brown-granule in the epithelial tissue of man-
tle was decreased in CgB-aatl interference group (Fig. 5a).
However, there was no obvious changes of melanin granules
of mantle between CgCbs interference group and NC group.
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Fig.3 IF localization of
CgB-aatl and CgCbs proteins
in eyed-larva (a) and in the
mantle (b). a IF of competent
eyed-larvae sections for CgB-
aatl and CgCbs protein (green
fluorescence). The blue fluo-
rescence is nucleus (N). Each
fluorescent IF section is accom-
panied with section stained with
H&E technique (al-a2). aam:
anterior adductor muscle; ao:
apical organ; f: foot; gr: gill
rudiments; m: mantle; pam:
posterior adductor muscle; pg:
pedal ganglion v: vellum with
cilia; ve: visceral cavity; vm:
vellum membrane. b1—c1 Sagit-
tal section of whole competent
larvae. Scale bar=100 pm.
b1-b2 Obvious positive signals
of anti-CgB-aat] were observed
in mantle (m shown with white
arrow in bl), gill rudiments

(gr shown with white arrows

in b2). The false positive was
shown in the around of the
visceral cavity. ¢l Sagittal sec-
tion of whole competent larvae.
Stronger positive signals of
anti-CgCbs were shown in gill
rudiments and anterior adductor
muscle, showing with white
arrows. d1 Immunofluores-
cence localization analyses in
negative control. The negative
controls (NC) were incubated
with normal goat serum.

The white arrows mean false
positive. b Positive signals of
anti-CgB-aatl and anti-CgCbs
immunolabeling were shown

in green fluorescence (al, cl),
which was mainly distributed on
the cytoplasm of epithelial cell
and nerve axons in mantle. The
blue fluorescence is nucleus (N)
(a2, c2). The negative controls
(NC) were incubated with
normal goat serum and there
was no obvious positive signal
observed in NC group. Scale
bar=100 pm. (Color figure
online)
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Fig.4 Expressions of CgB-aatl, CgCbs, CgTyr, CgTyrpl and»

CgTyrp2 after CgB-aatl and CgCbs silencing, respectively. a, b Gene
expressions of CgB-aatl, CgCbs, CgTyr, CgTyrpl and CgTyrp2 in
mantle by qPCR detection, respectively. The cDNA samples from
EGFP-RNAi group (Egfp-i) and CgB-aatl and CgCbs silencing
group (B-aatl-i, Cbs-i) were analyzed by qPCR. The internal gene
efla of C. giga was as control. All data were shown as mean+ SE
(n=6). Asterisk (*) was used to indicate the significant differ-
ence (P<0.05). ¢ Protein expressions of CgB-aatl, CgCbs, CgTyr,
CgTyrpl and CgTyrp2 in mantle by WB analysis, respectively.
GAPDH was used as internal control

Discussion

Skin color formation is an important physiological process
in the life of organisms. The most abundant pigment is mela-
nin, including eumelanin (brown/black) and pheomelanin
(orange/red), have been the main research target in skin
pigmentation so far. Previous researches verified that the
biosynthesis of pheomelanin is inseparable from the partici-
pation of cysteine, which was transported to pigment cells by
Slc7all, followed conversed to pheomelanin by Cbs [1, 9].
It has been identified that Slc7all was an important regula-
tor in pheomelanin production in the skin of mammals [6].
Nevertheless, little is known about the function of B-aatl
gene in invertebrate and we questioned whether it shares the
similar function as Slc7al 1 with regard to melanin synthesis.
For this purpose, the deduced B-aatl aa sequence possessed
typical characteristics, which indicated that the processing
of CgB-aatl may be similar to Slc7all in other species.
Besides, B-aatl aa sequence also had several putative trans-
membrane domains, which was conserved with Slc7all aa
sequences in red tilapia [9] and mammals [11-13]. Cbs is
a downstream gene of Slc7all in pheomelanin biosynthe-
sis and is also the key enzyme in transsulfuration pathway.
The catalytic core of Cbs consist of a pyridoxal phosphate
(PLP) domain containing the active site and CBS domains
facilitating allosteric activation by S-adenosylmethionine
[26]. Herein, like in other species, the CgCbs also include
two domains (PALP and CBS), which stabilize the protein
structure and enable the protein to play significant biologi-
cal roles in the conversion of homocysteine to cysteine [27].
These findings indicated that structural and functional of
B-aat1/Cbs in bivalves might be similar with Slic7al1/Cbs
in other species.

Knowledge of temporal and tissue-specific expression
characteristics of a gene is also worthy for predicting its
function. Here, transcriptional level of CgB-aatl/CgCbs
was both significantly up-regulated after D-veliger larvae
and expression of CgCbs gene upped to the top at eyed-
larva. Because eyed-larvae are the earliest development
stage to develop the eye containing the pigment. This
result indicated that CgB-aatl/CgCbs maybe function in
preparation of melanin synthesis at early developmental
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stages. Moreover, the maximum expression level of CgB-
aatl/CgCbs was both observed in central mantle, which
acted on secretion of biomineralization proteins and pig-
mentation in the shell [28]. The gene expression level of
CgB-aatl was consistently high Sic7all in red tilapia
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Fig.5 Histology of mantle edge
in CgB-aatl and CgCbs silenc-
ing groups and control group.
al-a3 indicated the CgB-aatl
silencing group, b1-b3 meant
the CgCbs silencing group,
c1—c3 indicated the NC group
(EGFP silencing group was
used as negative control).
Compared with NC group, the
less brown granules (melanin
granules) were observed in
mantle edge after CgB-aatl
interference (al-a3). And

there was no significant change
between CgCbs silencing group
(b1-b3) and NC group (c1-c3).
MG: melanin granules. Bars in
al-a3 and b1-b3 were 25 pm,
in c1-c3 were 10 pm

and mammals [11, 12, 29-31], indicating that CgB-aatl
may also play an important role in color formation of
shell color in mollusks. So far, there has been no report
about the cellular location and expression of CgB-aatl
and CgCbs in other mollusks. IF results of CgB-aatl and
CgCbs protein was detected in cytoplasm of epithelial
cell and nerve axons in mantle, where they may play vital
roles in biochemical synthesis of pheomelanin. The same
result was also happened in red tilapia [10]. Gasol et al.
[32] discovered that Slc7al1/xCT is known as a multi-pass
membrane protein, XCT maybe involved in membranous
elements composition in the cytoplasm. Moreover, no
more information on the cellular location of B-aatl and
Cbs is available in other mollusks.

Feeding of CgB-aat1-dsRNA and CgCbs-dsRNA resulted
in significant down-regulation on CgB-aatl and CgCbs
mRNA as well as protein expression level, respectively.
In vertebrate, Cbs also play a part in the pheomelanin bio-
synthesis under the activating of Slc7all expression [33].
Here, CgCbs gene expression also significantly suppressed
after CgB-aatl silencing. Histology result also showed that
less brown-granules (melanin granules) were observed in
CgB-aatl silencing group. Affenzeller et al. [3] identified
eumelanin and pheomelanin in Cepaea nemoralis. Taken
together, the down-regulation of CgB-aatl and CgCbs
maybe reflected that the CgB-aatl- CgCbs axis in regulat-
ing the melanin synthesis pathway (specifically speaking
pheomelanin) were existent in the Pacific oyster. How-
ever, mass spectrometric investigations for the presence of

eumelanin and pheomelanin in different shell color of the
Pacific oyster also need to be studied in the future.

In addition, the expressions result of Tyrpl and Tyrp2
exhibited the lower expression level after CgCbs silencing,
which is possible to effect melanin formation. CgTyr gene
expression was also decreased under CgB-aatl silencing
and significantly down-regulated after CgCbs interference.
Tyr can initiate catalyzed reaction and influence the rate of
melanin synthesis [34]. As mentioned earlier, 7yr not only
participate in eumelanin synthesis but also play an import
role in pheomelanin synthesis pathway, in which it initiates
biosynthesis of pheomelanin by providing dopaquinone for
condensation with cysteine [1]. Combined the histological
results, these studies reflected that CgB-aatl-CgTyr-CgCbs
axis in pheomelanin regulation pathway maybe also con-
served among C. gigas and other species, such as insect
[35]. fish [8, 36] and mammals [37]. Additionally, Emaresi
et al. [38] suggested that the Tyr gene typically involved
in eumelanin synthesis was strongly correlated and nega-
tively associated with the Slic7all and Cbs genes typically
involved in pheomelanin synthesis in the tawny owl. This
research was slightly different with the results in C. gigas,
indicating function in melanogenesis pathway study between
B-aatl-Cbs and Tyr genes need to be research further.

Taken together, CgB-aatl-CgTyr-CgCbs axis maybe
responsible for the pheomelanin synthesis and played an
important role in mantle pigmentation of C. gigas. This
finding provides a clue to the melanin pigment mechanisms
in bivalves and will be beneficial to bivalve physiology in
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shell color formation. Nevertheless, the interplay between
the eumelanin and pheomelanin synthesis pathway in C.
gigas is still a problem that deserves further research.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11033-022-08037-1.
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