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ARTICLE INFO ABSTRACT

Keywords: Color polymorphism in Mollusca is of great interest for consumer preference. Although the heritability of shell
CgTyp-1 color variation has been conducted by experimental crossing, little is known about molecular basis involved in
Celyp-3 . these patterns. Tyrosinase-like proteins are important enzymes which are members of the type-3 copper protein
f/[r:f:zis:ea 818 superfamily. In this research, two tyrosinase-like protein genes including CgTyp-1 and CgTyp-3 were identified in

the Pacific oyster Crassostrea gigas. Tissue expression analysis showed that CgTyp-1 and CgTyp-3 were dominantly
expressed in the mantle. Particularly, they were expressed significantly higher in the edge mantle than that in the
central mantle whether on the left or right mantles. Additionally, expressions of CgTyp-1 and CgTyp-3 were
mainly found in the black shell color oysters, with relative lower levels in the white shell color oysters. In situ
hybridization showed that positive signals for CgTyp-1 and CgTyp-3 were both detected within the outer
epithelium of the outer fold either in the black or white shell color oysters. After interference, the expression
levels of CgTyp-1 and CgTyp-3 mRNA were significantly attenuated, and the efficiency of RNAi reached 84.72%
and 71.58%, respectively. Besides, knockdown CgTyp-1 or CgTyp-3, obviously decreased the tyrosinase activity of
mantles. Furthermore, the number of the melanosomes within epithelium of the outer fold was sharply reduced
by silencing of each Typ. These findings argue that CgTyp-1 and CgTyp-3 may be involved in the melanin syn-

Shell color

thesis, which lends insight into regulation mechanism of shell pigmentation in C. gigas.

1. Introduction

Mollusks have high phenotypic variation and conspicuous colora-
tion, and color patterns have attracted increasing interest from many
different perspectives. Molluscan shellfish, as a major product of aqua-
culture, their shell color also influences consumers’ preference (Alfnes
et al.,, 2006). Although it has been demonstrated that shell color is
influenced by environmental factors, such as substrate (Whiteley et al.,
1997), temperature (Lecompte et al., 1998), salinity (Sokolova and
Berger, 2000) or nutrition (Zhu et al., 2018), breeding studies have
shown that shell color polymorphism is considered as a heritable trait, in
some cases, which is controlled by variation at a single locus (Liu et al.
2009; Kobayashi et al. 2004). A large number of studies have been
carried out to elucidate the molecular basis involved in shell pigmen-
tation in molluscan shellfish (Aguilera et al., 2014; Jiang et al., 2020;
Yao et al., 2020). However, the molecular processes that underlie the
regulation of shell pigmentation in mollusks are not well understood.

Shell color is most commonly attributable to the presence of bio-
logical pigments (Williams, 2017). Chemical studies showed that
molluscan shell pigments are composed of three of the more common
classes of pigments identified to date, including melanins, porphyrins
and carotenoids (Williams, 2017; Cai et al., 2011; Bergamonti et al.,
2013). Melanin, as the most widespread pigment in nature, has been
determined in many molluscan shellfish, such as cephalopods, gastro-
pods and bivalves (Lemer et al., 2015). Melanin synthesis is a complex
pathway in vertebrates (Hoekstra, 2006), within Mollusca it is best
understood, although still incompletely in cephalopods (Derby, 2014).
Melanosome is an unique organelle within which melanin pigments are
synthesized and stored (Marks and Seabra, 2001). Multiple melanogenic
enzymes and structural proteins act on the maturation of melanosomes
(Palumbo, 2003). Tyrosinase (Tyr) is considered as melanosome-specific
protein in this melanogenesis pathway (Hoekstra, 2006; Derby, 2014).

Tyrosinase and tyrosinase-like proteins (Typs) are important en-
zymes which are members of the type-3 copper protein superfamily

Abbreviations: CgTyp-1, tyrosinase-like protein 1; CgTyp-3, tyrosinase-like protein 3.
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(Johansson and Soderhall, 1996). Interestingly, Tyr and Typs genes have
been identified that they contribute to the shell pigmentation in mol-
lusks, although in most studies it is not possible to rule out that these
genes might function in the shell formation (Nagai et al., 2007; Chen and
Chan, 2012; Feng et al., 2019; Zhu et al., 2021). In addition, Tyr
expression and spatial localization in the organ responsible for shell
pigmentation, the mantle, is consistent with a role in shell formation
(Nagai et al., 2007). A study on Pinctada fucata showed that two tyros-
inase proteins (Pftyl and Pfty2) were identified in the prismatic shell
layer, specifing the role of tyrosinase genes in the shell melanin synthesis
(Nagai et al., 2007). Jiang et al (2020) suggested that there might be a
link between the shell formation and shell color by studying the
expression of the Rptyr9 gene in Ruditapes philippinarum. However, OT47
gene (a homolog of tyrosinase related protein 1) from Pinctada margar-
itifera associated with melanin synthesis was high expressed in the full
albino strains compared with black and half albino strains, suggesting
OT47 might over-express in order to overcompensate for a nonfunc-
tional melanin protein in the full albino strains (Lemer et al., 2015).

The Pacific oyster (Crassostrea gigas), as an important bivalve species
with economic value, has large production in the world. C. gigas displays
a different shell color which is regarded as a quantitative trait, according
to its continuous variation from near-white to near-black shells (Brake
et al., 2004). Shell color has been viewed as a trait for increasing the
commercial value of oysters (Nell, 2001), and thus is becoming new high
potential traits. Up to now, more evidences are found that tyrosinase
gene control the mantle edge pigmentation. In previous study, 26
tyrosinase genes were found from C. gigas genome (Feng et al., 2017).
Knockdown tyrosinase by dsRNA interference blocked the shell growth
in the C. gigas, confirming this gene was involved in the shell biomin-
eralization (Feng et al., 2019). Comparison of black and white shell color
C. gigas is an ideal method to identify the gene expression directly linked
to shell pigmentation. Previously, we described their relationship, for
which Tyr might play key role in the shell color pigmentation, while Typ-
2 might contribute to the shell formation and pigmentation (Zhu et al.,
2021). However, functional studies about whether Typs regulate the
melanin biosynthesis in C. gigas remains unclear.

RNA interference (RNAi) can induce post-transcriptional gene
silencing in organisms to analyze the genes function in mammal (Cullen
and Arndt, 2005) and insects (Boutros et al., 2004). In this research, two
tyrosinase-like protein genes including tyrosinase-like protein 1 (CgTyp-
1) LOC_105346503 and tyrosinase-like protein 3 (CgTyp-3)
LOC_105348943 were identified in the C. gigas genome by a multi-omics
data mining. Expression patterns of two genes were assessed in the black
and white shell color oysters, which investigated the potential partici-
pation of Typs in the regulation of melanin synthesis. In particular, the
exact effect of tyrosinase-like protein genes was deliberated by RNAi
technology. These data enrich the knowledge of mechanisms of gene
regulation in synthesis of melanin, which aid elucidation of their func-
tion in the shell color formation in the Pacific oyster.

2. Materials and methods
2.1. Phylogenetic analysis and gene structure prediction.

The amino acid sequences of tyrosinase/tyrosinase-like protein were
retrieved from the NCBI database. Multiple alignment of the domains
was conducted with the DNAMAN (Lynnon BioSoft), and signal peptide
of Typs was predicted by Signal 4.1 (http://www.cbs.dtu. dk/services/
SignalP/). For oyster Typs conserved domains, they were predicted by
the online tool (SMART, http://smart.emblheidelberg.de/) (Letunic
et al., 2015). Phylogenetic tree was constructed with MEGA 11.0 using
neighbor-joining (NJ) method and 2000 bootstrap replicates. The
detailed information of these sequences with their GeneBank accession
numbers are as follows: Mus musculus tyrosinase isoform 2
(NP_001304326.1), Xenopus laevis tyrosinase-like (XP_041438658.1),
Danio rerio tyrosinase (NP_571088.3), Illex argentinus tyrosinase 2
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(BAC87844.1), Sepia officinalis tyrosinase (CAC82191.1), Hyriopsis
cumingii Tyrosinase (APC92581.1), Meretrix meretrix tyrosinase
(ALG64484.1), Mizuhopecten yessoensis tyrosinase-like protein 2
(XP_021373699.1), Azumapecten farreri tyrosinase (ACF25906.1),
P. margaritifera tyrosinase 1 (CCE46151.1), Pinctada imbricata
tyrosinase-like protein tyr-1 (AGR88240.1), P. fucata tyrosinase
(AAZ66340.1), P. fucata tyrosinase-like protein (BAF74507.1), Crassos-
trea virginica tyrosinase-like protein 1 (XP_022344830.1), C. gigas
tyrosinase-like protein 1 (XP_011453423.2), C. gigas tyrosinase-like
protein 3 (XP_019918154.2).

2.2. Animals and sampling

Black and white shell oysters used for real-time PCR (qPCR) and in
situ hybridisation (ISH) were supplied by the oyster farm in Weihai,
Shandong, China (Fig. 1A), and were acclimated in artificial seawater
for 1 week before processing. Tissue samples including anterior and
posterior sides of the marginal mantles and central mantles of the both
left and right sides (Aeml, Peml, Cml, Aemr, Pemr, Cmr; Fig. 1B), he-
molymph, gill, adductor muscle, labial palps, and gonad were taken for
immediate RNA extraction. Left mantles were obtained for ISH, and they
were fixed in 4% paraformaldehyde in PBS for 12 h at 4 °C, then
dehydrated, and stored at —20 °C in methanol until use.

2.3. RNA extraction and reverse transcription

Total RNA from various tissues were extracted following TRIzol
protocol (Invitrogen). RNA concentrations, integrity, and quality were
detected by NanoDrop 2000 (Thermo Scientific) and electrophoresis on
1% agarose gels. Total RNA (1000 ng) was converted to cDNA using the

Fig. 1. The shell color (A) and different mantle regions (B) of C. gigas.
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PrimeScriptTM reverse transcription kit (Takara).

2.4. Real-time PCR

Forward and reverse primers for qPCR were designed with Primer
Premier 5, and as an internal control EFla (Xu et al., 2018) were listed in
Table 1. The reaction was run in a 10 pL volume using EvaGreen 2 x
gPCR MasterMix-ROX (ABM) and was cycled 40 cycles at 95 °C for 5 s,
60 °C for 20 s, 72 °C for 20 s on a LightCycler® 480 machine (Roche,
Switzerland). 222CT was used to calculate the relative quantification of
target genes (n = 9).

2.5. In situ hybridization

Probes were synthesized in vitro using DIG RNA labeling Kit (Roche).
To guarantee the authenticity of ISH experiment, negative controls
(sense probe of CgTyp-1) were set up. Sense and antisense probes were
tagged with a T7 promoter in forward and reverse primers respectively.
The fixed mantles were dehydrated though a graded series of EtOH and
cleared in xylene before transferring into paraffin. Then blocks were cut
at 5 pm using a Leica RM 2016 microtome (Leica). After that, sections
were de-waxed and treated with proteinase K (10 pg/mL, 10 min, 37 °C)
before prehybridization (4 h, 60 °C). Sections were then conducted in
hybridization buffer with sense or antisense probes at 60 °C for 16 h.
Following this, sections were performed with anti-digoxigenin antibody
(1 : 5000; Roche) in blocking buffer for 1 h at room temperature (RT),
and then overnight at 4 °C. Color development was carried out in the
NBT-BCIP mix (Roche). Sections were washed in ultrapure water,
counterstained with 0.5% eosin, and digital images were captured using
Olympus BX53 microscope.

2.6. RNAi experiment

Three-month-old black shell C. gigas (shell height: 58.13 + 5.89 mm;
shell length: 37.08 + 4.47 mm) cultured in Weihai was selected for
RNAI. Oysters were fed Chlorella vulgaris, and the water temperature was
maintained at an average of 17 + 1 °C for 1 week prior to processing.
After the acclimation period, oysters were divided into the pre-
experimental and experimental groups.

Small interference RNA (siRNA) for certain genes were synthesized
by GenePharma (Shanghai, China) (Table 1). Oysters were anesthetized
according to Liu et al (2019). The siRNA was diluted using 0.1 M PBS
contained phenol red (1 : 20 diluted with DEPC). For RNAi experiment,
30 pL PBS containing 15 pg of siRNA was injected into the pericardial
cavity of C. gigas (Fig. 1B), while the control group was injected with an
equal volume of PBS also contained phenol red. In the pre-experiment,
nine individuals were used in each treatment group (siRNA group and
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control group), then mantles were collected at 12, 24, 36 and 48 h post-
injection by dissecting oysters using the sterilized scissors. Three in-
dividuals were set as biological replicates in each group. The expression
levels of CgTyp-1 and CgTyp-3 performed by qPCR after injecting were
used to identify the most efficient interference time for further experi-
ment. In the experimental group, individuals were also divided into two
groups, including siRNA group (n = 45) and control group (n = 45), then
oysters were injected with the same dose of siRNA or PBS at 48-h-long
interval at 1st, 3d, and 5th day. At the 7th day, mantles were obtained
and frozen in liquid nitrogen until used for qPCR and tyrosinase activity
assay. Meanwhile, mantles were fixed in 2.5% glutaraldehyde for elec-
tron microscopy.

2.7. Tyrosinase activity assays

Tyrosinase activity assay kit (Solarbio) was used to detect the
tyrosinase activity of mantles. Briefly, 0.5 g mantle was homogenized
with the lysis buffer under the ice water conditions. The solution was
centrifugated to obtain the supernate, then supernate was mixed with
buffer. After that, the mixture was incubated at 25 °C for 50 min, and
tyrosinase activity was determined spectrophotometrically at 475 nm.
Every set contained five oysters as biological replicates, tyrosinase ac-
tivity was expressed as nmol/g wet weight.

2.8. Electron microscopy of mantles

Mantles were dehydrated through a graded acetone series, then
postfixed in osmium tetroxide before embedding in EPON 812 resin.
Then sections cut at 5 pm and then stained with toluidine blue for
localization of different mantle regions under the light microscope.
Ultra-thin sections of 60 nm were stained with uranyl acetate and lead
citrate and observed by a transmission electron microscope (JEM-
1200EX ) at 80.0 kV.

2.9. Statistical analysis

Statistical analyses were conducted using SPSS 21.0 software. The
comparison among samples was analyzed by One-way ANOVA test.
Significant difference was indicated at P < 0.05 and P < 0.01.
3. Results
3.1. Sequence analysis of CgTyp-1 and CgTyp-3 in C. gigas

Amino acid sequences of CgTyp-1 and CgTyp-3 from C. gigas were

aligned with the sequences from other bivalves (Fig. 2A). Sequence
analysis of CgTyp-1 showed 37.33% identity to P. margaritifera

Table 1

List of primers sequences used in this study.
Primer names Primer sequences (5'-3) Experiment
CgTyp-1-F AAACAGACCTATGGACCTTTACGA qPCR
CgTyp-1-R GTTGGTAGCACAGGAAGGCATA qPCR
CgTyp-3-F GTAAGGACAGGTTTCTGTGGCAA qPCR
CgTyp-3-R GGCATCTCGTCTGGGTAATCG qPCR
EFla-F AGTCACCAAGGCTGCACAGAAAG qPCR
EFla-R TCCGACGTATTTCTTTGCGATGT qPCR
CgTyp-1-F GATCACTAATACGACTCACTATAGGGGGAACGGTCCAGTCGTCAAT ISH
CgTyp-1-R AGTTGGTAGCACAGGAAGGC ISH
CgTyp-1-F GGAACGGTCCAGTCGTCAAT ISH
CgTyp-1-R GATCACTAATACGACTCACTATAGGGAGTTGGTAGCACAGGAAGGC ISH
CgTyp-3-F GACGCCCCAAAATACTCCCA ISH
CgTyp-3-R GATCACTAATACGACTCACTATAGGGAGAGCTTCAGCATGGCTCTG ISH
CgTyp-1-F GCACCAAAUAACCCAAUAATT siRNA
CgTyp-1-R UUAUUGGGUUAUUUGGUGCTT siRNA
CgTyp-3-F CGGCAAACGUAGUGCAAAUTT siRNA
CgTyp-3-R AUUUGCACUACGUUUGCCGTT siRNA
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Cg Typ-3 AVQ. RNRI FGCLNRLKRDF T1 DR. . TRSI YDLI GSLESG. QAAQL GFLGREALYVLALETACR. . . . . TPIP
So Tyr NEE. RENYHQAI I MLKQDTTVLP. . NK. . FEVI ADLJ§VG. FI TNS| GELPWSRI YNV WIEGLREQI PSVVVP
Pm Tyrl DDA. RNNLENTI VDLKAPSNG). . . SR. . YDTI AGLISRQ. . Al AN, NELGWSRLYLDVFJSVAL QETRS DVVLC
Pi Typ-1 DQE. RADYHRAI NVMLKRDTSVRP. . NR. . FDALGLLEQR. . RGDD GFLGFERVLLVV NALRQKVPTVNLP
Pf Tyr SEE. WRRLANAI RRLKFDPG. . . . . NR. . EDTVARI |3 \AI\/PAVIA SSI LGWSRVELYLF NALRRKVPGVVLC
My Typ-2 QQE. WDDF VGRNNWLKMQTDVSP. . NR. . FDALASFEQG. I ASHS! NEYG! \RLYLLL TALG. . . . . VsSIP
Mm Tyr VNE. RFRYFNAVNRMKTDTSLPPN. . . . VYDFLAAYISTG. ENI G \F AFPSWSRLYLW Y)8JYFLRLQDP TVT VPENA
He Tyr DSE. RTAYHSVLNVMKRNGE. . . . .. ... YDTFARI §SGP. NLGQF)§D{€PNFLGWsRI YLAYFIJEAVRRYDNSLSLPE|
Cv Typ-1 STGGFDPF ARCI QRLQNETVEPPSAGRNTYQTFAA]\:}ESG TTLSZ:E@PAFLP%I YLLL TECN. .. .. TPIP
Af Tyr RSE. WNQF TKRI NI LKKPI ALPGGGSFI P YDVI SNV§RGRRSLE SNEPS IYLLV AAIG. ... . irIp
Consensus e w
Cg Typ-1 STMENDNAEPQ. . ETAMET S QLVIENGNEP VVNEPFANWEEDDG. PLTRNI AT ARS SNVVKTALNRFFEGNAATTHRDVVV
Cg Typ-3 FMMPGANNDPT. . SSAI WSNTFE[ENGNEP VRT[EF CGNWVTP QNTPI I RNVGAGGVRIPRRDALRALNSRTRTSEI TEPQP
So Tyr VTRIBSALEDPR. . RSI I WSPEFQJENGHEL VT S[EPFAGWLTGYG. PLHRNYAVFT. HBLTRENVRTVF TQKSLAQI SQLTA
Pm Tyrl STLIFLNP GTS QVNT VSES AELF[ENGREVVI FRFVWRLP GGRTLQRFI ARPGS STRPGVVDLI ATDPRI NTNSQI VF
Pi Typ-1 SRLIBQPLRDPT. . RSI I WSPQFL{€TVRERVT NEPFAFWQTP AG. PL VRNGGQEG. EJFT YNHI RAVNTRSRLEE[ SEPHA
Pf Tyr STIBYLI PGPGQAQSS SES HNVE{ENS R[EL VRT[€PFANEP TP WG. PLRRNF GGEGGSI§VRPHVVDM ASDPRI RSHGQI VD
My Typ-2 TSLPFKNI DPT. . RSI VWS RRYF[ENGNEL VI NEPERGWQ. TFGVPLTRNI GSDG. SILS QRVI NRVLSQI YGFQI TEGS A
Mm Tyr SVLIDANPDSA. . QTVLETPGFE[€ NP VI RT[€PFGNWP QI NPQTSFSRNVRGG. EJJFT YAGVERVLRRRRNADI LI PTA
He Tyr YTLIBFPLSDPT. . QSVLWS ATFL{ENGDIEVVWS{EPES GWVVNGS. PLI RNTGHQG. AIBNSKQDVDTVLT. . RCDTSEI TFP
Cv Typ-1 SGLIPHDNTDPT. . NSVL“GPQFF DVVNEPFSDVRTI LGTPI I RNYGT GNNAJF TKEGLRAVL SRRRF ADI SEPQT
Af Tyr HRMBYDNDEPI . . DSI WTDEFF EVK FANWTTABNEPLSRNI GLTG. Si#I SECVVKGLLRYKSHDPI I YPTI
Consensus d * 1
Cg Typ-1 G. FGVNLAN. dINNVEN“VGGT NADAVITAYREVE! LHETFI DYI BERERQKI RQQGQDPTDYPMP NQN
Cg Typ-3 A...MSVFS NAVENHI DGHF SALDTSTF.XE\XFLISM—"HY zEK NNQRARGVDP QRDYP RGP
So Tyr N. .. EQRYI ) NI J§DW GGTVS VQAWAS FINJAIJVLI |§GYVDYI Q. EVQLEANI NI SEDYPNTS
Pm Tyrl R. . GQGFPDP DTGRP GHS WADEENNTEVRVGGVNQNVVS S P QNEVI WF HIE T Y VDY VlJEL . QKI GPGAREQYP ADA
Pi Typ-1 P...PPPFD......... FJ8I RIEGDVIEQVVGGI NAP AETAGYNEWYF LHISCF VDYLNVE VI§R. RSQKEKGVDP TTDYPRRY
Pf Tyr GQGATGFI DSNTGQR. TSLIBAEIENNAISVAVGALNAVI PNAAWNYLIYYFHSCYI DY WQLJ§RRKL RNRLGI DP ARDYL GHG
My Typ-2 S....PIFS......... LIJGI ENGPEAWLDGANGVSETS T ADIWI YCLIEAHI DYI [JEQ§R. HKQRQYGI NP ARDYP QS S
Mm Tyr Q ...ADSN......... FI8L Q§GAG)3 VE VS GDNNNLNRAARDYI 1§F SHSF VDQI [JQRIFR. NNQRRSGI NP QT DYP F DA
He Tyr R..ETGTYN. ... ... .. LIE RVIENWGGNVEL LDTAAFNSARF LHEAF VDY WELJRL RQL T VCGI NPEANYPNVV
Cv Typ-1 S...GSIYS......... LISGHENGPE VWVGGHL S GLNT AP WOdWId YVHIEAY CDAVARIZR. EQQVENGI DP ENDYP RRP
Af Tyr Ko.... SYS. . ... .. LIgDI jENGPJERWVAGQL S VLRKS P Qg J§F L HIgSF VDYL\YYLIJRKS TRET GNI DPSTDYPDKG
Consensus e h h dp f h w f

HHH HH H
B Cglip-1(828aa) —-—-.--l

HHH
CgTyp-3 (655aa)

HH H

Typ-1 Crassostrea gigas @

Typ-3 Crassostrea gigas @

Tyrosinase Hyriopsis cumingii

Tyrosinase-like protein 1 Pinctada imbricata

Tyrosinase Meretrix meretrix

100

Tyrosinase Pinctada ficata
Tyrosinase 1 Pinctada margaritifera
Tyrosinase-like protein Pinctada fucata

e Tyrosinase Sepia officinalis

ol 7 yrosinase 2 Illex argentinus

Tyrosinase Azumapecten farreri

Tyrosinase Danio rerio

100

Tyrosinase isoform 2 Mus musculus

6;:»'osinase-like Xenopus laevis

Tyrosinase-like protein 1 Crassostrea virginica

187
188
174
188
181
187
188
201
213
196
233

264
266
250
268
257
266
264
278
287
274
310

335
333
317
342
324
345
330
344
356
341
376

Tyrosinase-lilke protein 2 Mizuhopecten yessoensis

Gene 840 (2022) 146742

Fig. 2. Sequence alignment and
phylogenetic analysis. A: Multiple
sequence alignment of CgTyp-1 and
CgTyp-3 with copper-binding domain
from Molluscan. Conserved histidine
residues are marked by %. B: Schemes
depicting the structure of CgTyp-1 and
CgTyp-3 protein in C. gigas. The Cu (A)
/ Cu (B) domain with six conserved
histidine residues is shown in green
box. Blue box indicates trans-
membrane region. Pink box indicates
low complexity. C: Phylogenetic ana-
lyses of Typs genes.
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tyrosinase 1, 35.10% with tyrosinase of P. fucata, and 27.55% — 34.71%
to other tyrosinase or tyrosinase-like proteins. The CgTyp-3 showed
32.90% identity to P. imbricata tyrosinase-like protein 1, and 27.60% —
32.45% to other tyrosinase or tyrosinase-like proteins. It was notable
that the CgTyp-1 and CgTyp-3 possessed six histidine residues, which was
consistent with the observation in other species (Fig. 2A). In addition,
CgTyp-1 and CgTyp-3 encoded putative proteins of 828 and 655 deduce
amino acid respectively, which contained two copper-binding domains
(Fig. 2B), displaying a high degree of similarity with other species
tyrosinase or tyrosinase-like proteins. Signal peptide revealed that
CgTyp-1 possessed three low complexity domains which located in the
97-111, 209-219 and 445-453 residue regions, whereas CgTyp-3
possessed a transmembrane region and a low complexity domain which
located in the 5-22 and 547-558 residue regions, respectively.

The phylogenetic tree was constructed using the amino acid se-
quences to investigate the evolutionary relationships of tyrosinase and
tyrosinase-like protein genes from different species. The tree was clus-
tered into two large clades, in which one clade covered vertebrates
including human, mouse, fish; the other clade was mollusk species, such
as bivalvia and cephalopoda (Fig. 2C). What’s more, CgTyp-1 exhibited
the closest relationship with M. yessoensis, and CgTyp-3 was close to
C. virginica.

3.2. Expression profiles of the CgTyp-1 and CgTyp-3 in tissues of C. gigas

Real-time PCR was conducted to identify two tyrosinase-like protein
genes expression patterns in various tissues of the black shell C. gigas.
Overall, different tissues varied in their tyrosinase-like protein genes
expression. Two genes were significantly higher expressed in the mantle
(P < 0.05), with lower levels or none in other tissues (Fig. 3A, D). The
expression of CgTyp-1 and CgTyp-3 were recognized among different
mantle regions in black shell oysters. Two genes were expressed at
higher levels in the marginal mantle than central mantle whether on the
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left or right sides (P < 0.05) (Fig. 3B, E). Besides, a significantly high
expression level of two genes was detected in the anterior areas of
mantle compared with that in the posterior areas (P < 0.05). Never-
theless, the expression level of CgTyp-1 in the anterior areas of the right
mantle was significantly higher than that in the left mantle (P < 0.05)
(Fig. 3B), while higher expression of the CgTyp-3 was observed in the
anterior areas of the left side (P < 0.05) (Fig. 3E).

The anterior side of left mantle was applied to compare expression
profiles of shell color strains, due to the lower expression levels of
tyrosinase-like protein genes found in the central mantle. It was clear
that the expression levels of CgTyp-1 and CgTyp-3 in the black shell color
oysters were significantly higher than that in the white shell color oys-
ters (P < 0.05) (Fig. 3G, F).

3.3. Localization of the CgTyp-1 and CgTyp-3 mRNA in C. gigas mantle

To investigate whether CgTyp-1 and CgTyp-3 function in melanin
synthesis or shell biosynthesis, tissue location of two genes transcripts
was examined by ISH. CgTyp-1 and CgTyp-3 were specially expressed in
the marginal mantle (Fig. 4). Notably, strong signals for CgTyp-1 were
detected in the outer surface of the outer fold either in the black (Fig. 4A,
B) or white (Fig. 4C, D) shell color oysters based on the ISH analysis.
Expression of CgTyp-3 was different from the observation of CgTyp-1, it
was found in the outer epithelium of the outer fold, but mainly
distributed in the top of the outer fold (Fig. 4E-H).

3.4. RNAi-mediated CgTyp-1 and CgTyp-3 knockdown in C. gigas

RNA interference was carried out to further confirm the function of
CgTyp-1 and CgTyp-3 in melanin synthesis, and gPCR was performed to
evaluate the silencing effects. Increasing time of RNAi resulted in a
change in mRNA expression of CgTyp-1 and CgTyp-3 in the mantle, while
there was no trend of change for the two genes expression level in the
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Fig. 3. The expression of CgTyp-1 and CgTyp-3. Relative expression levels in tissue (A), mantle regions (B), and different shell color oysters (C) for CgTyp-1. Relative
expression levels in tissue (A), mantle regions (B), and different shell color oysters (C) for CgTyp-3. Add, adductor muscle; Hem, hematocyte; Gon, gonad; Gil, gill;
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Fig. 4. CgTyp-1 and CgTyp-3 expression in the mantle of C. gigas by in situ hybridization. CgTyp-1 is found expressed in the black shell color oysters (A and B) and
white shell color oysters (C and D). CgTyp-3 is found expressed in the black shell color oysters (E and F) and white shell color oysters (G and H). Black arrows indicate
the positive signals. of: outer fold; mf: middle fold; if: inner fold.

control group (Fig. 5A, D). Strikingly, the expression of CgTyp-1 with that of the control group until 48 h (Fig. SA). In contrast, compared

decreased significantly and then increased with the time of interference with the PBS-injected controls, CgTyp-3 expression in siRNA-injected
after injecting siRNA. The best interference effect was achieved at 12 h exhibited a trend decreasing with the time of interference, and highest
(P < 0.01), and the efficiency of RNAi reached 84.72% at this time point. interference effect appeared in 48 h (P < 0.01), which reached 71.58%
The expression level of the RNAi group was also decreased compared (Fig. 5D).
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Fig. 5. The effect of genes silencing on genes expression and tyrosinase activity. Expression levels of CgTyp-1 (A) and CgTyp-3 (D) in the mantle at different time
points after RNAi. Expression levels of CgTyp-1 (B) and CgTyp-3 (E) in the mantle at the 7th day after the injection. The tyrosinase activity of CgTyp-1 group (C) and
CgTyp-3 group (F) in the mantle at the 7th day after the injection. 12 h, 24 h, 36 h and 48 h represent 12, 24, 36, and 48 h after the injection, respectively. Significant
difference is indicated by * (P < 0.05) and highly significant difference is indicated by ** (P < 0.01).
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In order to better reflect the interference effect, according to the pre-
experimental results, we chose to inject into the experimental oysters at
48-h-long interval, and detected the expression at the 7th day after the
siRNA injection. Apparently, qPCR analyses displayed that expression
levels of CgTyp-1 (Fig. 5B) and CgTyp-3 (Fig. 5E) in RNAIi groups were
significantly lower than that in the control group (P < 0.01).

3.5. CgTyp-1 and CgTyp-3 silencing inhibited tyrosinase activity

The tyrosinase activity in mantles of the black shell colors after RNAi
was shown in Fig. 5. The tyrosinase activity was obviously decreased
either in siRNA CgTyp-1 (Fig. 5C) or siRNA CgTyp-3 (Fig. 5F) group
compared to the control group (P < 0.01).

3.6. CgTyp-1 and CgTyp-3 silencing affected the distribution of
melanosome of mantles

To further investigate the function of CgTyp-1 and CgTyp-3 in C. gigas,
melanosomes in the outer surface of the outer fold of the mantle, known
as unique organelles in melanin synthesis, was analyzed after RNA
interference using a transmission electron microscopy. In the control
group, a great deal of homogeneous melanosomes which contained
melanin were distributed in epithelia of the mantle, and some were
concentrated towards the apical microvillar surface near the lumen
(black arrowheads) (Fig. 6A-D). Typically, granular endoplasmic retic-
ulum (ger) and mitochondria (mi) were present in the peripheral region
of melanosomes (Fig. 6B, D). In contrast to the control group, the
number of high-melanization melanosomes within the outer fold were
sharply reduced both in CgTyp-1 siRNA and CgTyp-3 siRNA groups.
Besides, in CgTyp-1 siRNA group, numerous melanosomes with non-
pigmented and partially pigmented granules were abundantly found in
the outer fold epithelium (Fig. 6E-H). Occasionally, melanosomes can

Control |

CgTyp-1

CegTyp-3
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also be observed in CgTyp-3 siRNA group, but they were relatively less
(Fig. 6K, L). Large number of non-pigmented melanosomes were found
throughout the cells of epithelium (Fig. 6I-K), noticeably smaller
numbers being found in the cells of the control group examined.

4. Discussion

The tyrosinase gene family has undergone a large expansion, leading
to 12 paralogues and 24 duplicates genes in C. gigas (Aguilera et al.,
2014). In this study, two tyrosinase-like genes (CgTyp-1 and CgTyp-3)
which belonged to the same tyrosinase gene family, were identified by
the extensive analysis of data in the NCBI. Tyrosinase-like protein genes,
as copper-binding proteins, possessed two conserved copper-binding
sites, called as Cu (A) and Cu (B), each of which was coordinated by
three conserved histidines, suggesting the potential homology. These
sites were also observed in other copper-binding proteins, such as phe-
noloxidases, catecholoxidase, hemocyanin, and tyrosinases of various
organisms (Decker and Tuczek, 2000; van Holde et al., 2001). These
similar active sites indicated that tyrosinase-like protein genes had
phenoloxidase function. Phylogenetic analysis further revealed close
homology of the C. gigas Typs to the tyrosinase/tyrosinase-like in in-
vertebrates, suggesting their ancestral evolutionary status.

Tyrosinases, which are characterized by oxygenase and oxidase ac-
tivities, play a critical role in many biological activities, including insect
cuticle sclerotization, pigmentation, formation of egg capsules, oxygen
transport and wound healing (Andersen, 2010; Nagai et al., 2007; Cer-
enius et al., 2008; Bai et al., 1997). Tissue expression analysis indicated
that CgTyp-1 and CgTyp-3 were predominantly expressed in the mantle.
In bivalves, mantle have been implicated in biomineralization and
pigment synthesis. That might explain why there were the highest
expression of CgTyp-1 and CgTyp-3 in mantle. Besides, in the case of a
bivalve the mantle is zootomically divided into two regions, namely

Fig. 6. Transmission electron microscopy of the outer fold of mantle epithelia in C. gigas. Ultrastructure of the outer fold of mantle epithelia are showed in the control
group (A to D), CgTyp-1 siRNA group (E to H) and CgTyp-3 siRNA group (I to L). Black arrowheads indicate melanosomes. Black arrows indicate melanosomes with
partially pigmented granules. White arrowheads indicate non-pigmented vesicles. mv, microvilli; nu, nuclei; mi, mitochondria; ger, granular endoplasmie retieulum.
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marginal mantle and central mantle, in which the marginal mantle plays
a role in the mineralization of prismatic shell layer and the central
mantle is associated with the formation of nacreous shell layer (Aguilera
etal., 2014). CgTyp-1 and CgTyp-3 genes were predominantly expressed
in the marginal mantle, and hardly detectable in the central mantle,
indicating that their expression were associated with the prismatic shell
layer or periostracum construction. The ISH results further verified the
expression of two genes that positive signals were only present in the
marginal mantle but not in the central mantle.

Melanin synthesis in pigment cells is an enzymatic process that
converts tyrosine to melanin (Yu et al., 2018). Tyrosinase is the first rate-
limiting in melanogenesis which facilitates the formation of carboxy
group-containing eumelanins in vertebrates and invertebrates (Camp
et al., 2003). Research on tyrosinase/tyrosinase-like protein genes has
concentrated on the function controlling the pigment formation in me-
lanocytes (Vachtenheim and Borovansky, 2010). In molluscs, the
mantle, as an evolutionarily homologous organ phenotypic diversity of
mollusc shells, is thought to be responsible for the phenotypic diversity
of mollusc shells (Sud et al., 2002; Jolly et al., 2004). Pigments produced
by the mantle are incorporated into the shell along the growing edge and
continually accumulated as new shell is added (Williams, 2017). White
shell color oysters are supposed to be mainly the result of the absence of
melanin biosynthesis or of synthesis of non- or partly functional melanin
protein (Oetting and King, 1999). In the present study, two tyrosinase-
like protein genes in mantles showed differential expression patterns
between the black and white shell color oysters, implying that the two
genes function in the mantle to regulate the shell pigmentation. On the
other hand, it is generally believed that the prismatic layer of the shell
arises from the mantle epithelial cells lining the outer surface of outer
fold (Jabbour-Zahab et al., 1992). Based on the ISH analysis, CgTyp-1
and CgTyp-3 mRNA were found to be expressed in the outer epithelium
of the outer fold, supporting the assumption that they contributed to the
prismatic layer development. Moreover, the localization of tyrosinase
proteins were observed in the prismatic shell layer, which is recognized
as the pigmented zone in P. fucata (Nagai et al., 2007). Overall, our
expression profile analyses suggested potentially diverse functions of the
two tyrosinase-like protein genes in the oysters which are potentially
involved in melanin biosynthesis and shell biomineralization. Similarly,
HcTyr and HcTyp-1 in H. cumingii were significantly expressed between
purple and white mussel, and strong mRNA signals for HcTyp-1 were
expressed in the epithelium of the mantle pallial and periostracal groove
revealing a potential role in periostracum and nacreous layer biomin-
eralization, while HcTyr mRNA signals were found in the epithelium of
the mantle pallial, revealing that HcTyr might involve in nacre calcifi-
cation (Chen et al., 2017). Contrary to observations for C. gigas, OT47
gene (a homolog of tyrosinase related protein 1) from P. margaritifera
was expressed significantly higher in full albino phenotypes than that in
the half albino and black phenotypes, tend to suggest that the over-
expression of this gene was correlated to overcompensate for a
nonfunctional melanin protein (Lemer et al., 2015). In P. fucata, OT47
was primarily expressed in the middle fold of the mantle indicating its
role in the periostracum development (Lemer et al., 2015).

To better understand the role of tyrosinase-like protein genes in
melanin synthesis, RNAi was used to explore their function. The results
showed that the gene was silenced in oysters by pericardial cavity in-
jection of siRNA contained phenol red, which provided a new and
effective way to study gene function at the individual level. Meanwhile,
the expression levels of two genes were obviously attenuated after
CgTyp-1 and CgTyp-3 interference, which indicated the high silencing
efficiency of genes. Besides, the decreased tyrosinase activity observed
from the two RNAI groups can be attributed to the silencing effects of the
CgTyp-1 siRNA and CgTyp-3 siRNA. Indeed, some studies have presented
evidence demonstrating that tyrosinase activity plays an important role
in controlling mixed melanogenesis (Wakamatsu et al., 2021). When
tyrosinase activity is significantly reduced, melanogenesis is suppressed
to a stage where only the production of cysteinyldopa is apparent and
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little to no pigment is produced (Lamoreux et al., 2001). These indicated
CgTyp-1 and CgTyp-3 might be determinants of melanin synthesis in
C. gigas. On the other hand, black color is mainly produced by mela-
nocytes synthesizing melanin. Each melanocyte contains thousands of
melanin-containing melanosomes, which is a specialized membrane-
bound organelle that is involved in melanin synthesis, storage, and
transportation (Marks and Seabra, 2001). Melanosomes are formed
through a series of morphologically defined stages beginning with a
membrane-bounded vesicle that is gradually filled with electron-dense
melanin (Aspengren et al., 2008). It was reported that melanocytic ac-
tivity in each melanocyte and the size and maturation of the melano-
somes can cause skin differences (Miyamura et al., 2007). In this study,
there were numerous, mature, large melanosomes which characterized
by ellipsoidal and intensely melanotic within the outer fold epithelium
in the control group, while the melanosomes both in CgTyp-1 siRNA and
CgTyp-3 siRNA groups proved to be smaller and less dense, reflecting an
impaired melanogenesis in RNAi groups. Generally, tyrosinase and
tyrosinase-related protein 1 are synthesized on ribosomes and are
transported through the endoplasmie retieulum and Golgi apparatus.
Then these melanogenic enzymes are sorted from the trans-Golgi
network to early melanosomes by secretory vesicles, after that they
are localized in the limiting membrane of these organelles, where the
synthesis of melanin usually begins (Costin et al., 2003). Based on these,
it was speculated that the tyrosinase processing and trafficking were
disrupted before delivery to early melanosomes after tyrosinase-like
protein genes silencing, thus explaining the reduced melanosomes
seen in RNAI groups melanocytes. Taken together, knockdown CgTyp-1
and CgTyp-3 greatly reduce tyrosinase catalytic activity and melanin
production indicating the two genes have large potential in the synthesis
of melanin pigments in C. gigas. Similarly, knockdown D. rerio Tyrp1 led
to the production of brown instead of black eumelanin accompanied by
severe melanosome defects, indicating Tyrp1 could function in the black
eumelanin formation (Braasch et al., 2009). In the absence of PpTyr in
P. penguin, the content of PDCA and PTCA (eumelanin markers) was
sharply decreased, indicating its role in melanin biosynthesis (Yu et al.,
2018).

In conclusion, two tyrosinase-like protein genes were identified in
the Pacific oyster, sequence and structural characterization of the genes
confirmed their identities; phylogenetic analysis revealed the molecular
evolution of Typs. Expression patterns of CgTyp-3 and CgTyp-3 of oysters
suggested the potential ability of two genes in the shell biosynthesis and
pigmentation. The altered tyrosinase activity and melanosomes after the
two genes silencing further supported their biological functions in the
synthesis of melanin pigments. The work enables deeper insight into
shell pigmentation regulation mechanisms in the Pacific oyster.
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