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Tyrosinase is a type-3 copper protein with six conserved histidine residues
within the copper-binding sites. It participates in mollusk nacre formation.
Here, we identified nacreous-layer-specific tyrosinases (NLSTyr) from Pinctada
fucata martensii (PmTyr-4 and PmTyr-6), as well as their homologs in Pinctada
maxima (PmaxTyr and PmaxTyr4) and Pinctada marqaritifera (PmarTyr and
PmarTyr-4), which encoded tyrosinases without the six conserved histidine
residues within the copper-binding sites. PmTyr-4 and PmTyr-6 mRNAs were
spatially concentrated in the mantle central and pearl sac, which are the organs
responsible for nacre formation. During shell regeneration and pearl formation,
PmTyr-4 and PmTyr-6 were also significantly highly expressed in the mantle
and pearl sac. RNA interference showed that PmTyr-4 participated in
nacreous-layer formation. The recombinant protein of PmTyr-4 (rPmTyr-4)
inhibited the calcium carbonate precipitation rate. Correspondingly, calcium
carbonate crystallization assay showed that the aragonite crystals of the
rPmTyr-4 group were smaller than those of the control group. Moreover, the
calcite and aragonite morphologies of the rPmTyr-4 group were modified
compared with the control group. These results suggested that NLSTyr in pearl
oyster inhibited calcium carbonate precipitation and affected crystal
morphologies during nacre formation. Our findings provided new insights
into the evolution and function gain of tyrosinase in Mollusk.
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Introduction

Biomineralization is widespread and represents an
interdisciplinary research field dealing with the ability of life to
form minerals through biologically mediated processes (Song et al.,
2019; Ehrlich et al., 2021; Masanja et al., 2022). Biominerals provide
a calcification structure and serve as an organ, providing functions
including movement, support, and protection, for different
organisms (Song et al., 2019; Ehrlich et al.,, 2021). Mollusk shells
and pearls are typical biological minerals attracting the attention of
materials scientists and biologists because of their unusual
mechanical properties and high economic value (Endo et al,
2018; Yan et al, 2019). A typical shell structure is composed of
periostracum, a prismatic layer of calcite crystals, and a nacreous
layer of aragonite crystals from the exterior to the interior (Suzuki
etal, 2013; Du et al,, 2017). Nacre (also known as nacreous layer or
mother of pearl) fabricated by mussel, pear]l oyster, and some
gastropoda species is the main component of shell and pearl.
Nacre has excellent combination of strength, stiffness, and
toughness, so its formation mechanism is a research focus in the
biomineralization field (Levikalisman et al, 2001; Michio and
Hiromichi, 2013). More than 95% (w/w) of nacre is calcium
carbonate, but organic macromolecules (<5% (w/w)) such as
shell-matrix proteins (SMPs) play vital roles in shell formation by
forming the organic-matrix framework (Levikalisman et al.,, 2001;
Nudelman et al., 2006; Suzuki and Nagasawa, 2007) and regulating
the nucleation, orientation, polymorphism, and morphology of
calcium carbonate crystals (Yi et al,, 2017; Yang et al., 2019; Yang
et al,, 2020).

Tyrosinase is the crucial rate-limiting enzyme for melanin
biosynthesis (Ando et al., 2007; Kanteev et al., 2015; Huang et al.,
2017). It has expanded brilliantly in bivalves (Aguilera et al., 2014;
Du et al, 2017). For example, P. f. martensii has 53 tyrosinase
genes compared with 26 genes in Crassostrea gigas, three genes in
Lottia gigantea, one in humans, and four in stony coral. Fand is
thus an important SMP in nacre (Du et al., 2017; Huang et al,
2017). In mollusk bivalves, studies have outlined the involvement
of tyrosinase in the formation of periostracum (Zhang et al.,
2006), biogenesis of the initial noncalcified shell (Huan et al., 2013;
Miglioli et al., 2019), color formation of the shell (Chen et al,
2017; Zhu et al., 2021), and innate immune system (Zhou et al.,
2012; Yu et al,, 2021). However, tyrosinases reportedly participate
in the shell formation of mollusks because of their high expression
levels in calcified tissues and the direct component of SMPs
(Zhang et al., 2012; Hiining et al, 2016; Du et al,, 2017). For
example, in pearl oyster and mussels, tyrosinases have been
identified from the shell of their prismatic layer and nacreous
layer (Du et al., 2017). The silencing of tyrosinase directly causes
the disordered growth of the nacreous layer in Hriopsis cumingii
(Ren et al,, 2020). These results indicate that the expansion of
tyrosinases generate novel functions rather than catalysis and
directly participates in the formation of calcified shells.
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Tyrosinase belongs to type-3 copper protein containing two
conserved copper-binding sites (CuA and CuB) with three
conserved histidine residues at the CuA and CuB binding sites,
respectively, with the identification of tyrosinase genes and
tyrosinase crystal structure (Decker et al, 2006; Sendovski
et al., 2011; Decker and Tuczek, 2017; Huang et al.,, 2017; Noh
et al., 2020). However, this feature does not seem to be the same
in some albino mutants (Jackman et al., 1991; Breimer et al,,
1994; Boonanuntanasarn et al., 2004; Liu et al., 2010). In
humans, fish, and bacteria, albino phenotypes are caused by
mutations in the conserved histidine residues of tyrosinase
(Jackman et al., 1991; Breimer et al., 1994; Boonanuntanasarn
et al, 2004; Liu et al., 2010). In a previous study, natural
mutations of histidine residues within the copper binding site
have been observed in tyrosinase sequence of pearl oysters
(Aguilera et al., 2014), which has hardly been studied in
mollusks. As mentioned above, tyrosinase seems to be directly
involved in biomineral generation during shell formation.
However, the exact crystallization pathways and mechanisms
of tyrosinase (especially for tyrosinases with histidine residue
mutation) in shell formation remain largely unknown.

The present study aimed to reveal the functions of nacreous-
layer-specific tyrosinase (NLSTyr) in mother-of-pearl formation.
We identified NLSTyr from pearl oyster P. f. martensii and their
homologs in Pinctada maxima and Pinctada margaritifera. We
analyzed the sequence characteristics and structural features of six
tyrosinases, as well as the expression patterns of PmTyr-4 and
PmTyr-6. We also examined the effect of nacre growth after PmTyr-
4 silencing and detected the effect of novel NLSTyr in calcium
carbonate precipitation and calcium carbonate crystallization. The
findings can improve our better understanding of the function of
nacreous-layer-specific tyrosinase in pearl oysters.

Materials and methods
Experimental materials

Marine bivalves P. f. martensii were obtained from Xuwen,
Zhanjiang, Guangdong, China. They were cultured in indoor
tanks for 4 days before use.

Sequence and expression analysis of
tyrosinase gene

The complete sequences of NLSTyr were confirmed through
rapid amplification of cDNA ends technology. To obtain the
full-length sequence, the 5'- and 3’- end fragments were spliced
to the coding sequence by using DNAMAN software. The
sequence was analyzed using bioinformatics tools, including
open reading framework (ORF) Finder (https://www.ncbinlm.
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nih.gov/orffinder/), SMART (http://smart.embl-heidelberg.de/
smart/show_motifs.pl), Clustal Omega (https://www.ebi.ac.uk/
Tools/msa/clustalo/), ProtParam tool (https://web.expasy.org/
protparam/), MEGA7 (Version:7.0.21) and evolview (https://
evolgenius.info//evolview-v2/#login). The Phyre2 online tool
(http://www.sbg.bio.ic.ac.uk/phyre2/protocol) was used to
construct the 3D structure, which was then displayed through
Chimera (version 1.14).

Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) as previously described (Xiong et al., 2019).
The cDNA template was synthesized using oligo (dT)-adaptor,
random primer, and M-MLV reverse transcriptase (Promega,
USA). Quantitative real-time PCR (qQRT-PCR) was performed
with three independent replicates by using SYBR Green gPCR
mix (Thermo Scientific) on an Applied Biosystems 7500/7500
Fast Real-time system (Applied Biosystems, Foster City, CA,
USA). The qRT-PCR was finished under the following program:
5 min at 95°C and 40 cycles (each cycle was for 30 s at 95°C, 15 s
at 60°C, and 15 s at 72°C). Gene expression level was calculated
through the 2 (€T Aactin - CT Target gene) ot d with B-actin as the
reference gene. Statistical analysis of difference was confirmed by
SPSS 22.0 with one-way ANOVA (Duncan-test) or T-test. P <
0.05 was considered to be significantly different. All primers used
in this study are listed in Table S1 (Supplementary Table SI).

Shell notching and pearl
sac production

To test the regular fluctuation of tyrosinase expression levels
during shell repair, a shell-notching assay was performed. The
pearl oysters were cut with a “V” shaped notch on the shell until
it reaches the position of the nacre. At 0 h, mantle pallial and
mantle central (MC) were isolated from the untreated pearl
oyster. All treated oysters were put back in an indoor tank. The
mantle pallial and MC were harvested at 2, 4, 6, 8, 12, 24, 36, 48,
72,120, and 216 h and immediately immersed in liquid nitrogen.
Five samples were collected at each time point.

Host pearl oysters (2 years old) were shade-dried to
stimulate the release of gonads 2 weeks prior to nucleus
implantation. The implantation procedures were completed by
an experienced technician. Mantle grafts (2-3 mm?) were cut
from the donor oyster. Nucleus and mantle graft were implanted
into the pearl pocket site of the host oyster’s gonad. After
surgical implantation, the host pearl oysters were cultured on
rafts in offshore waters in Dajing, Xuwen, Zhanjiang,
Guangdong, China. Then, eight pearl sacs were collected from
the host pearl oysters at 6, 12, and 30 d after transplantation and
immediately immersed in liquid nitrogen.

Silencing the expression of PmTyr-4

RNA interference (RNAi) experiment was performed to
silence PmTyr-4 expression. Double-stranded PmTyr-4 RNA
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(ds_PmTyr-4) was prepared with a T7 High-Efficiency
Transcription Kit (TransGen Biotech, JT101) and EasyPure
RNA Purification Kit (TransGen Biotech, ER701). Sixteen 1.5-
year-old oysters were equally divided into two groups. The RNA
probes were diluted to 600 pg/UL in diethyl pyro carbonate
water and then injected into the adductor muscle of pearl oyster.
A total of 100 uL of double-stranded Red Fluorescent Protein
RNA (ds_RFP) was injected into the control group. All treated
pearl oysters were cultured in the indoor tank and sacrificed 6
days after injection. Mantle tissues were collected, and
interference efficiency was confirmed by qRT-PCR. The shells
were cut into small sections, washed with ultrapure water, and
air dried. The cut shells were observed through scanning
electron microscopy (SEM, JSM-6300LV, 15 kV) after coating
with gold for 3 min.

Recombinant expression and purification
of PmTyr-4

Recombinant PmTyr-4 protein (rPmTyr-4) with maltose-
binding protein (MBP) tag was prepared in cooperation with
Abmart. PmTyr-4 coding sequence was inserted into the vector
modified from pET30a by Abmart. Then, it was transformed
into Rosetta competent cells to express the fusion protein.
Transformed cells (OD600 = 0.5-0.8) were induced with 1
mM isopropyl 1-thio-B-p-galactopyranoside (IPTG; Sigma-
Aldrich) at 37 °C with 220 rpm for 4 h. Then, the induced
cells were collected by centrifuging at 6000 g for 5 min at 4 °C.
After washing three times with PBS, the harvested cells were
resuspended with PBS and disrupted with an ultrasonic
dismembrator at 25% power with 5 s pulse on and 5 s pulse
off repetition cycle on ice until the liquid was clear. After
centrifugation at 13000 g for 10 min at 4°C, the supernatant
was collected and mixed with amylose resin (NEB) at 4°C for 30
min. After washing thoroughly with PBS, the target protein was
eluted with 5 mL of elution buffer (10 mM maltose) and desalted
by dialysis. The purified protein was analyzed by SDS-PAGE gel.
The purified protein concentration was tested using a BCA assay
kit (Sangon Biotech, C503051-0500).

Effects of rPmTyr-4 on the formation of
calcium carbonate

Calcium carbonate precipitation assay was performed based
on the protocol of the research of Fang et al. (Fang et al., 2012)
with some modifications. In a typical procedure, calcium
chloride (100 mM, pH 8.5) and sodium bicarbonate (100 Mm)
buffer were prepared. The protein concentration was diluted to
40 pug/mL with ultrapure water. About 10 UL of protein solution
was added to 100 UL of calcium chloride buffer, and the mixed
solution was transferred to 96-well plates. Finally, 100 uL of
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sodium bicarbonate buffer was quickly added to the plates. The
absorbance at 570 nm was immediately recorded using a
multimode plate reader (EnSpire, PerkinElmer) similar to
Fang et al. (Fang et al., 2012). The values of absorbance at 570
nm were recorded every minute for 6 min. The experiment was
repeated three times. Statistical analysis of difference was
confirmed by SPSS 22.0 with T-test and the results were
shown as the mean value + standard deviation (SD).

Calcite and aragonite crystallization is a common assay to
simulate biomineralization. In vitro, calcite and aragonite
crystallization assay was performed to study the effects of
rPmTyr-4 on the growth of calcite and aragonite crystals in
reference to Yan et al. (Yan et al., 2007). 2 ug of MBP was used as
control. In a typical procedure, 0.5 g of CaCOj5 (Sigma-Aldrich)
was dissolved in 50 mL of ultrapure water, and aerated CO, gas
was bubbled into this solution for 4 h. Excess CaCO; was
removed by passing through 0.22 pum filter unit. The filtrate
was aerated with CO, gas for another 2 h. About 40 UL of fresh
crystallization reaction solution containing 2 pg of rPmTyr-4
protein was added to the cover-glass surface and incubated at
25 °C for 24 h. For aragonite-crystallization assay, in addition to
protein, the crystallization reaction solution also contained an
additional 50 mM Mg** which is critical for the formation of
aragonite crystals. Finally, the crystallization solution was
removed, and the crystals were washed with ultrapure water
three times. Raman spectroscopy can identify different crystal
types based on photon scattering and the SMP can observe the
ultrastructure of the crystal surface. Therefore, the air-dried
crystals were characterized by Raman and SEM analyses. The
experiment was repeated three times.

Results
Sequence analysis of tyrosinase gene

We cloned six tyrosinase genes from Pinctada spp. (Table 1).
PmTyr-4 encoded 478 amino acids with a signal peptide and a
tyrosinase domain in P. f. martensii. PmTyr-6 encoded 685
amino acids with a signal peptide and a tyrosinase domain in
P. f. martensii. PmaxTyr encoded 511 amino acids with a
tyrosinase domain in P. maxima. PmaxTyr-4 encoded 405
amino acids with a tyrosinase domain in P. maxima. PmarTyr

TABLE 1 The six cloned tyrosinase genes.

Gene ID Accession number OREF (bp) 5'-UTR(bp)

PmTyr-4 OL310923 1437 58
PmTyr-6 OK482676 2058 146
PmaxTyr OL551676 1536 145
PmaxTyr-4 OM210027 1218 196
PmarTyr OL739292 2466 12
PmarTyr-4 OM649203 1257 55
Frontiers in Marine Science 04

10.3389/fmars.2022.935609

encoded 821 amino acids with a tyrosinase domain in P.
margaritifera. PmarTyr-4 encoded 425 amino acids with a
tyrosinase domain in P. margaritifera. The sequences of the
six cloned tyrosinases were demonstrated in the Figure S1
(Supplementary Figure S1).

Sequence alignment, phylogenetic
analysis and tertiary structure
of tyrosinase

A total of 54 tyrosinases from 15 mollusks were aligned. The
conserved CuA motif Hy;(8/9)H,XG(6)Hy3 and CuB motif
Hg1(3)Hp,(15)DPXF(3)Hp; existed in all bivalves in this study
(Figure 1). In Pinctada spp., some differences existed in the CuA
and CuB motifs in some members of the tyrosinase family due to
histidine residue mutation. The CuA motif of PmTyr-4,
PmaxTyr-4, and PmarTyr-4 changed to I;(7)M>,XG(6)N4s,
whereas the CuA motif of PmTyr-6, PmaxTyr, and PmarTyr
changed to Hx;(8)Y4>XG(6)N4;. The CuB motif of six cloned
tyrosinase changed to Qg (3)Hp,(15)DXXF(3)Rp;. Phylogenetic
tree showed that PmTyr-4, PmaxTyr-4, and PmarTyr-4 were in
a branches, while PmTyr-6, PmaxTyr, and PmarTyr were in
another branches (Supplementary Figure S2). The tertiary
structure of 6 cloned tyrosinases showed that the amino acid
mutations altered the tertiary conformations of CuA and
CuB (Figure 2).

Expression patterns of
tyrosinase gene

qRT-PCR was used to detect the relative expression levels of
the target genes. The expression levels of PmTyr-4 and PmTyr-6
in eight different tissues: adductor muscle (A), foot (F), gill (GI),
hepatopancreas (HE), MC, mantle edge (ME), mantle pallial
(MP), and pearl sac (PS) were confirmed (Figure 3). The result
presented that PmTyr-4 was significantly highly expressed in
MC and PS (Figure 3), which are the organs responsible for the
formation of the nacre and pearl, respectively. PmTyr-6 showed
relatively higher expression levels in MC, MP, PS, and
F (Figure 3).

3-UTR(bp)  poly (A)(bp) pl MW (kDa)

649 26 8.79 54.76
220 27 8.68 77.46
1198 29 8.1 57.64
1009 28 7.62 46.72
215 26 8.59 91.53

- - 8.48 48.83
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FIGURE 1

Multiple-sequence alignment of members of the tyrosinase family in 15 mollusks. The black background indicates the conserved amino acid;
the gray one indicates amino acid with strong similarity. The green box indicates the sites of six conserved histidine residues. Amino acids
marked in red in a green box indicate mutated amino acids. N, nacre layer; P, prismatic layer. The full names of the species corresponding with
the abbreviations are listed in Table S2 (Supplementary Table S2).

FIGURE 2

Tertiary structure of the copper-binding sites of tyrosinase. (A) PmTyr-4. (B) PmaxTyr-4. (C) PmarTyr-4. (D) Tyrosinase-like protein 1
(BAF42771.1). (E) Tyrosinase B1.1 (AHZ34289.1). (F) Tyrosinase 2 (CCE46152.1). (G) PmTyr-6. (H) PmaxTyr. (1) PmarTyr. (J) Structure comparison
of copper-binding sites in (A, D, G). (K) Structure comparison of copper-binding sites in (B, E, H) (L) Structure comparison of copper-binding
sites in (C, F, 1).
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Expression patterns of PmTyr-4 and PmTyr-6 in different tissues. A, adductor muscle; F, foot; Gl, gill; HE, hepatopancreas; MC, mantle central; ME,
mantle edge; MP, mantle pallial; PS, pearl sac. Statistical significance was determined by Duncan-test. Error bars correspond to mean + SD. Different
lower-case letters (a, b, ¢, and d) were significantly different (P<0.05), whereas same ones (a, b, ¢, and d) were not significantly different (P>0.05).

Tyrosinase participated in shell
regeneration and pearl formation

A damaged shell can be repaired, which is controlled by
mantle tissue and involves shell-mineralization genes (Huang
et al, 2019; Xiong et al, 2021). PmTyr-4 presented relatively
higher expression levels at 8 and 36-120 h in the MP, and
relatively higher expression levels at 36-120 h after shell
notching in the MC (Figures 4A, B). The expression levels of
PmTyr-6 were significantly upregulated at 12 and 36 h after shell
notching in MC (Figure 4C). The formation of pearls, which is
similar to shell regeneration, is controlled by the pearl sac and
involves SMP genes (Jin et al., 2019; Sato and Komaru, 2019).
The expression level of PmTyr-4 in the pearl sac was
significantly upregulated at 12 and 30 d (the stage of pearl
formation), whereas the expression level of PmTyr-6 in the pearl
sac was significantly upregulated at 30 d (Figures 4D, E).

PmTyr-4 participated in
nacre formation

The function of PmTyr-4 during nacre formation was
analyzed by RNAi technology. In the experimental group, the
expression levels of PmTyr-4 in MP and MC were significantly
downregulated compared with the control group-injected
ds_RFP probe (Figure 5A). Nacre surfaces presented irregular
growth compared with the control group (Figure 5B).

Expressed rPmTyr-4 protein

rPmTyr-4 was expressed under 1 mM IPTG induction at
37 °C. MBP-tagged rPmTyr-4 was obtained. The amino acid
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composition of PmTyr-4 was listed in Table S3 (Supplementary
Table S3). Owing to PmTyr-4 containing numerous positively
charged residues, the main band of rPmTyr-4 that appeared in
the SDS-PAGE gel was about 100 kDa which was a little larger
than the predicted molecular mass of 93.11 kDa (53.11 kDa for
PmTyr-4 plus 40 kDa for MBP) (Figure 6)

Effects of rPmTyr-4 in calcium carbonate
formation

In vitro, the effect of rPmTyr-4 on the precipitation rate of
calcium carbonate was revealed by recording the absorbance of
the calcium carbonate precipitation system at 570 nm. The
absorbance values of the control group were larger than that
of the experimental group which showed that rPmTyr-4
inhibited the precipitation rate of calcium carbonate (Figure 7).

In the calcite-crystallization system, Raman spectrum
showed that the crystals of the control and experimental
groups were calcite, with characteristic peaks at around 154,
280/281, 712, and 1086 cm™ (Figure 8A). The crystals of the
control group were regular cuboid crystals, and no obvious
change from the typical rhombohedral calcite crystals was
found (Figure 8A). Compared with the control group, the
edges and corners of calcite crystals in the experimental group
presented morphology alteration of contraction (Figure 8A). In
the aragonite-crystallization system, Raman spectrum showed
that the crystals of the control and experimental groups were
aragonite, with characteristic peaks at around 153, 205/206, 705/
706, and 1085/1086 cm™ (Figure 8B). The aragonite crystals of
the control and experimental groups were spherical (Figure 8B).
However, the aragonite surface of the experimental group was
shriller than that of the control group (Figure 8B). Additionally,
the aragonite crystals of the experimental group were smaller
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than those of the control group (Figure 8B). These findings
indicated that rPmTyr-4 did not change the crystal type but
modified the crystal shape and inhibited crystal formation.

Discussion

How SMPs construct a matrix framework and how SMPs
regulate biomineral deposits is not fully understood. Tyrosinase is
a popular SMP with a bivalves-specific expansion (Aguilera et al,,
2014; Du et al, 2017; Huang et al,, 2017) and plays an important
role in shell formation (Zhang et al., 2012; Du et al., 2017; Ren et al,,
2020). In our previous study, 12 tyrosinase including 2 NLSTyr’s
were identified from the shell organic matrix protein in P. f.
martensii (Du et al,, 2017). In this study, we obtained the full-
length sequences of the NLSTyr (PmTyr-4 and PmTyr-6). We
further cloned their orthologous genes from P. maxima (PmaxTyr
and PmaxTyr-4), and P. margaritifera (PmarTyr and PmarTyr-4).
The deduced amino acid sequences of these six cloned genes
contained the conserved tyrosinase domain. Tyrosinase is known
to contain two conserved copper-binding sites (CuA: Hy,(8/9)
H»XG(6)Hp; and CuB: Hp,(3)Hp,(15)DPXFE(3)Hps), and six
conserved histidine residues within the CuA and CuB motifs are
used to coordinate the two copper ions (Decker et al., 2006;
Sendovski et al., 2011; Decker and Tuczek, 2017; Huang et al.,
2017; Noh et al., 2020). However, the cloned six tyrosinase genes did
not encode the six histidine residues within the CuA and CuB
motifs. The phenomenon of histidine mutation in tyrosinase has
been reported in a previous research (Aguilera et al., 2014). We

7 —=— Control
1— 40 pg/mL .
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Effect of rPmTyr-4 on the precipitation rate of calcium carbonate. @: 40 pg/mL MBP as control;4: 40 ug/mL rPmTyr-4. * indicates significant
difference by T-test (P<0.05). ** indicates extremely significant difference by T-test (P<0.01). Error bars correspond to mean + SD.
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found that the mutation of histidine residues occurred specifically in
the nacreous-layer-specific tyrosinase in P. f. martensii. Among the
15 mollusks, the tyrosinase mutants appeared to be a common
feature in Pinctada spp. according to the result of multiple sequence
alignment. Mutations in the histidine residues of tyrosinase can
induce substantial changes in the tertiary structure of proteins,
resulting in the loss of copper-ion binding and defective catalytic
ability (Jackson and Bennett, 1990; Passmore et al., 1999; Cheng
et al,, 2006). The tertiary structure of the tyrosinase mutants in
Pinctada spp. showed a significant change compared with the
unmutated tyrosinase, indicating the loss of copper-ion binding
ability. We speculated that NLSTyr may have derived new functions
in Pinctada spp. The SMPs incorporated into the shell are primarily
secreted by the mantle tissue (Luke et al., 2011; Endo et al., 2018).
Mantle edge and mantle pallial or MC tissues are responsible for the
calcification of the prismatic layer and the nacreous layer,
respectively (Luke et al, 2011; Endo et al,, 2018). By detecting the
expression levels of PmTyr-4 and PmTyr-6 in different tissues, we
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found that their expression levels were the highest in the MC,
indicating that they played an important role in the formation of
the nacreous layer. Mother of pearl deposition can be observed
on the pearl isolated from the pearl sac at 30 d (Mariom et al., 2019).
The main biominerals of the pearl and nacreous layer are nacre with
a similar formation mechanism (Sato and Komaru, 2019). The
highest expression levels of PmTyr-4 and PmTyr-6 in pearl sac were
at 30 d after transplantation, indicating their contribution to nacre
formation. The similar expression pattern and similar type of
mutation within the copper-binding sites indicated a similar
function in nacre formation.

We selected PmTyr-4 as the representation to explore the exact
crystallization pathways and mechanisms of NLStyrs in pearl oyster.
The disordered growth of the nacreous layer caused by the silencing
of PmTyr-4 is evidence for its involvement in nacreous-layer
formation. We obtained recombinant PmTyr-4 protein through
prokaryotic expression in vitro. We found that rPmTyr-4 protein
visibly inhibited the precipitation of calcium carbonate. This finding
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was also illustrated by the fact that the aragonite crystals in the
experimental group were smaller than those in the control group.
Furthermore, we found that the edges and corners of calcite crystals
in the experimental group became more rounded, whereas the
surface of aragonite crystals was shriller. This finding indicated that
rPmTyr-4 protein obviously altered the morphology of the calcite
and aragonite crystals. Previous research has shown that
biominerals grew in a controllable and regular manner during
shell formation (Vi et al., 2017; Kong et al., 2019). Thus, PmTyr-4
may be used as a guardian against excessive crystal growth and
regulate the crystal morphology during shell formation. Previous
studies have shown that natural stresses affect biomineralization
processes by affecting the physiological activities of mantle tissue
(Huang et al., 2019; Zhao et al., 2020; He et al., 2021; Xu et al., 2022).
Shell regeneration is controlled by the mantle tissue (Chen et al.,
2019; Huang et al,, 2019; Xiong et al,, 2021). The significantly high
expression level of PmTyr-4 at 36-120 h after shell damage
indicated its active participation in shell regeneration. Previous
studies have shown that the shell repair is an emergency response
accompanied by unsynchronized nucleation (Huang et al.,, 2019),
and shell regeneration process accelerate at 36 h after shell damage
(Xiong et al., 2021). The high expression of PmTyr-4 during shell
regeneration seemed to be contradictory to the requirement of
accelerating mineralization. However, it is a common case that
inhibitory proteins increase after shell damage (Yi et al., 2017; Yang
et al, 2020). Shells are known to be unable grow infinitely and
contain amazing regular structures (Kei and Takenori, 2015), which
are limited to geometric energy balance and SMPs (Chen et al,
2019; Zhang et al,, 2019; Najafkhani et al., 2021). Grain growth is
always constrained by grain-boundary dynamics affected by SMPs
(Polowczyk et al, 2016; Yi et al, 2017; Zhang et al, 2021).
Accordingly, we speculated that PmTyr-4 may affect grain-
boundary movement to form well-organized crystals under the
requirements of energy balance and growth regulation.

Opverall, in the present study, we obtained six tyrosinase genes
from P. maxima, P. margaritifera and P. f. martensii that did not
encode the six conserved histidine residues within the copper-
binding sites. In P. f. martensii, PmTyr-4 and PmTyr-6 were
nacreous-layer-specific SMPs. PmTyr-4 played crucial role in the
formation of mother of pearl by inhibiting calcium carbonate
precipitation and modifying crystal morphology. This type of
tyrosinase mutants of Pinctada spp. may participate in the
formation of mother-of-pearl through similar functions. Our
results improved our understanding of the function of
nacreous-layer-specific tyrosinase in pearl oysters.
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SUPPLEMENTARY FIGURE 1

Sequences of the 6 cloned tyrosinase. The nucleotide with a frame represents
the start and stop codons. Single underlined amino acid sequences are the
signal peptide or transmembrane region. Double underlined amino acid
sequences are the region of tyrosinase domain. Amino acids marked with
gray background are CuA regions. Amino acids marked with gray background
and in italics are CuB regions.
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