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Abstract

Colorful shell of bivalve is mainly because of the biological pigments, of which mela-

nin plays an important role in shell color formation. More and more studies focus on

the genes function involved in melanin synthesis, but relatively few studies address

the biochemical character and ultrastructure of melanin in bivalve from microscopic

perspective. Here, we investigated the histological structure of mantle of Crassostrea

gigas with orange shell color. Distribution of melanin in mantle was verified with his-

tochemical staining. In addition, immunofluorescence technique showed that strongly

positive signal of CgTYR was specific to the mantle margin, which is consistence with

the location of brown granules in H&E staining. The further result of elementary

composition of melanin displayed that metal Ca, Fe, and Zn were detected using

scanning transmission electron microscope and energy dispersive spectroscopy map-

ping methods. Next, based on TEM observations, it was speculated that the series of

cellular events leading to the formation and release of melanin. Melanocyte in the pri-

mary stage showed many mitochondria and rough endoplasmic reticulum as well as

an extensive Golgi complex with numerous vesicles intermingled with melanosome.

Subsequently, melanosome was expended and their hue gradually intensified, and

Golgi complex and mitochondria were still observed in the cytoplasm. Finally, after

melanosome was discharged into intercellular spaces, the disintegration of mem-

branes in some cells, and severe cellular vacuolization. These data enrich the under-

standing of ultrastructural characteristic and formation of melanin in mantle of

bivalve and pave the way for further investigating shell coloration at the cellular

level.
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Research highlights

1. Melanocytes were observed in mantle of C. gigas using TEM.

2. Elemental distribution of melanosome in mantle of C. gigas was detected using STEM EDS

mapping method for the first time.

3. The supposed melanogenesis in mantle of C. gigas
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1 | INTRODUCTION

The shells of mollusks are unique example of complex patterns during

the ontogenesis, in which the whole developmental processes are

recorded. Usually, shell biomineralization is achieved by the underly-

ing mantle, a thin sheet of tissue that overlies the dorsal surface of

mollusks, it can secrete proteins and other components that form the

shell's organic matrix (Addadi et al., 2006). Furthermore, shell color

formation is also own to the pigmentation at the edge of the mantle

(Brake et al., 2004). Melanin is the most common pigment that closely

related to the shell color (Saenko & Schilthuizen, 2021). To date, more

and more studies revealed that genes related to melanin synthesis

have vital roles in shell color in bivalves (Feng et al., 2019; Lemer

et al., 2015; Li et al., 2021, 2022; Min et al., 2022; Palumbo, 2003; Yu

et al., 2018, 2018b; Zhang et al., 2018; Zhu et al., 2021). However, it

was neglected that the biochemical characters, distribution and mela-

nogenesis studies of melanin in mantle of bivalve.

Melanin has attracted considerable interest because of their

involvement in pigmentation and protection against ultraviolet,

metal binding and many other unique properties (Ito et al., 2013).

Metal chelation is an important biological function of melanin. Using

energy dispersive spectroscopy (EDS) technical detection, more

studies have revealed that melanin in vertebrate contained metal

element, like Ca, Fe, Zn, and Cu (Biesemeier et al., 2011, 2016; Eibl

et al., 2006; Hong et al., 2004; Liu & Simon, 2005; Madkhali

et al., 2019). Nevertheless, relatively little information about metal

composition of melanin has been obtained in bivalve compared to

vertebrates. Besides, visualization of melanin is brown with hema-

toxylin and eosin (H&E) staining, which is nonspecific for melanin

when the pigment is scarce or other pigments are present. In view of

this, other histochemical techniques are also used for melanin identi-

fication, such as the ferrous sulfate technique, potassium permanga-

nate bleaching, and the Masson-Fontana method (Carriel

et al., 2011; _Ządło & Sarna, 2019). Shataer et al. (2020) and Zhang

et al. (2020) considered that the ferrous sulfate method was more

suitable for special staining of melanin than other methods. At

molecular level, melanin synthesis is related to the expression of

melanocytes differentiation and migration related proteins, such as

tyrosinase gene family, including tyrosinase (Tyr), tyrosinase-related

protein 1 (Tyrp1), and tyrosinase-related protein 2 (Tyrp2) (Fang

et al., 2001; Hartman & Czyz, 2015). In vertebrate, a large number of

melanocytic markers have been investigated, among of these, TYR is

a highly specific and sensitive marker for melanocytic differentiation

(Ord�oñez, 2014; Saliba & Bhawan, 2021). Nevertheless, to our

knowledge, rare paper related to immunohistochemical makers of

melanin in bivalve was published, because in previous studied cases,

melanin granule was commonly identified using histochemistry stain-

ing (Bravo Portela et al., 2012; Han et al., 2022; Jiang et al., 2020;

Martin et al., 2021; Nogal & García, 2015).

In vertebrate, melanin is located almost exclusively within well-

defined submicron melanosome, specialized organelles derived from

early endosomal membranes whose functions are to synthesize and

store melanin. And the formation process of melanosomes is well

studied that need a series of well-defined stages (D'Alba &

Shawkey, 2019). In contrast, current models of molluscan melano-

somes are heavily based on observations from cephalopods (Jiang

et al., 2020; Palumbo, 2003). There are significant structural and

genetic differences between different molluscan classes (Jackson

et al., 2010). Now, as far as we know, only a few reports identified the

distribution and ultrastructure of melanin in the mantle of Pacific oys-

ter (Crassostrea gigas) using three melanin staining method or trans-

mission electron microscopy (TEM) methods (Han et al., 2022). Hence,

it is necessary to focus on the more details in ultrastructure of melanin

and melanogenesis in bivalve.

In the present study, the mantle tissue in C. gigas with orange

shell color was studied. Melanin in mantle was identified base on his-

tochemistry staining and immunofluorescence (IF) methods. The ultra-

structure of melanin and melanogenesis in mantle was also

investigated by means of TEM. Besides, elemental analysis of melano-

some was examined by scanning transmission electron microscope

(STEM) EDS mapping technology for the first time. Taken together,

this study presented ultrastructural findings on melanin in mantle of

C. gigas in order to characterize the cells that are responsible for mela-

nin formation.

2 | MATERIALS AND METHODS

2.1 | Animals

Several adults of Pacific oysters with orange shell color were collected

from Rongcheng, Shandong province, China. The oysters were culti-

vated with the recirculating seawater at 23–25�C for 10 days in labo-

ratory before sampling. Prior to the following experiment, five healthy

oysters (shell length: 48 ± 5.88 cm; shell height: 82.15 ± 8.26 cm)

were dissected to obtain mantle samples used for light microscopy

(LM), IF, and TEM examinations. The Pacific oyster is neither an

endangered nor protected species. All experiments in this study were

conducted according to national and institutional guidelines.

2.2 | Light microscopy

Histological examinations of tissues were based on the methods

described by Ruska et al. (2020) with some modifications. All samples

were fixed directly with Bouin' solution (Sbjbio life Science, Nanjing)

for 24 h, dehydrated using gradient ethanol (75%, 80%, 90%, 95%,

and 100%) for 30 min each time, vitrified for 5 min by dimethylben-

zene and embedded in paraffin wax. The paraffin wax tissue blocks

were processed for sectioning at a thickness of 5 μm using a semiau-

tomated rotatory microtome. Then the paraffin sections obtained

were collected on glass slides, cleaned in xylene, and dehydrated by

immersing in serial dilutions of ethyl alcohol-water mixture. After-

ward, the slices were stained with H&E dye in preparation for histo-

logical examinations under an Olympus BX53 light microscope

(Olympus Corporation, Japan).
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Ferrous sulfate staining was performed with ferrous sulfate stain-

ing kit (Leagene, DJ002, China) according to the manufacturer's

instructions. Simply, after dewaxing, the sections were immersed in

ferrous sulfate solution for 45 min and washed with ultrapure water

for 5 min three times. Then the samples were placed in acid potassium

ferricyanide solution (potassium ferricyanide: 4% ethanoic acid: ultra-

pure water = 2:1:1) for 30 min and then were differentiated in acetic

acid for 20 s. Finally, the samples were counterstained with nuclear

fast red solution for 2 min. After washing, the tissue samples were

viewed under an Olympus BX53 light microscope (Olympus Corpora-

tion, Japan).

2.3 | Immunofluorescence

Additional serial sections (5 � m thickness) mounted on poly-lysine-

coated slides were used for immunohistochemical investigations. The

sections were cleaned in xylene and dehydrated by immersing in gra-

dient ethyl alcohol (100%, 95%, 80%, and 70%). Then, sections were

washed in PBS for 5 min twice. Next, antigen retrieval was performed

in 0.01 M citrate buffer (pH 6) at 100 � C for 10 min and then cooled

naturally to the room temperature. Prior to reacting with primary anti-

body, sections were blocked with 7.5% goat serum (Beyotime) at

room temperature for 30 min. After blocking nonspecific binding cites,

antibody incubation was performed with rabbit polyclonal anti-CgTYR

primary antibody (antibodies obtained from our previous study that

not published, 1:50 dilution) at 37� C for 1 h and subsequently at 4� C

overnight. Sections were then incubated with Alexa fluor®

488-labbled Goat Anti-Rabbit secondary antibody (1:500 dilution, cat.

nos. A0423, Beyotime) at room temperature for 1 h. The negative

controls were incubated with normal goat serum. Cell nuclei were

counterstained with DAPI (Beyotime) for 5 min at room temperature.

Finally, samples were mounted onto glass slides and images were cap-

tured using confocal microscopy (TCS SP98, Leica, Germany) and

examined by LASX software (Lecia).

2.4 | Transmission electron microscopy

Mantle tissue isolation for the ultrastructure analysis was performed

according to Jiang et al.,2020. Briefly, the isolated mantle with 1 mm3

was fixed in 2.5% glutaraldehyde at 4� C. Specimens were postfixed

with 1% osmic acid for 2 h and washed in 0.1 M phosphate buffer

(pH 7.0) for 10 min three times, dehydrated by immersing in serial

dilutions of ethanol (30%, 50%, 70%, 90%, and 100%) for 10 min each

time, and then embedded in EPON 812 resin at room temperature

and solidified in 37, 45, and 65� C for 24 h each time. Finally, ultrathin

sections (60 nm) obtained were stained with uranyl acetate for

15 min, following with lead citrate for 15 min and then examined

under a JME-1200EX transmission electron microscope (JEOL, Japan)

operated at 80.0 kV. In addition, other unstained sections (60 nm)

were used for the next analysis.

2.5 | STEM EDS mapping analysis

For elemental analysis of melanin, the unstained ultrathin sections

(60 nm) were mounted on Ni grids. STEM EDS mapping analysis were

performed on a Zeiss sigma 500 SEM, and an EDS detector (Oxford

X-Man 80) operated at 20.0 kV with a magnification of 15,000 X. The

spectra were collected with activity time of 10 min. The chemical

composition of the melanin was analyzed using EDS spectroscopy.

The EDS spectra was quantitatively analyzed by the INCA software

F I G U R E 1 H&E staining of mantle in C. gigas. (a) The right shell of
oysters with orange shell color. (b) The area of mantle tissues used for
paraffin section analysis. (c) Central zone of mantle inC. gigas. The
epithelia (e) enclose loosely packed interstitial tissue containing
muscle (M), vesicular cell (V). Thin bands of muscles (M) traverse the
mantle and lie against the epithelial layer. (d) the tissue is more
densely packed than in the central zone. The mantle margin formed
into three major folds: Outer fold (of), middle fold (mf), and inner
fold (if)
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