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The Pacific oyster, Crassostrea gigas, is widely distributed and is substantially important
to shellfish cultivation. Oysters with melanin-colored shells and soft parts are increasingly
popular and are of high economic value. However, the distribution and synthesis of
melanin in C. gigas remains unclear and there have been only few relevant studies on it. In
this study, transmission electron microscopy (TEM) was used to observe melanin in the
epidermis of dark mantle tissue. Melanocytes containing melanosomes were observed
below the epidermis, suggesting the possibility of a gradual transfer of melanin from the
mantle tissue to the epithelium. The frozen section technique and three melanin staining
methods were used to confirm the presence of melanin. The results suggest that enzyme
identification (DOPA) is a suitable method of melanin staining in the mantle tissues of C.
gigas. This study preliminarily identified the existence of melanin in the mantle tissues of C.
gigas and is a foundation for the study of melanin synthesis. Furthermore, it provides new
insights into the mechanism of shell color formation.
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INTRODUCTION

The diversity of mollusk shell colors has attracted increased attention in recent decades (Comfort,
1951; Pietak, 1998; Kocot et al., 2016; Huang et al., 2021). Colorful shells have an esthetic value that
has attracted the attention and appreciation of many scientists (Canales-Gómez et al., 2010; Cai
et al., 2011; Zhu et al., 2021). Shell colors, such as black, white, gold, and orange, have become one of
the selection factors for consumers, driving researchers and farmers to study, select, and breed
oysters with different shell colors (Nell, 2001; Brake et al., 2004; Zhu et al., 2018). It is generally
believed that beautiful and diverse shell colors are determined by pigments, such as melanin,
carotenoids, and tetrapyrrole (Williams, 2017). Furthermore, shell color may be influenced by
genetic control, diet, and the environment (Liu et al., 2009; Zhu et al., 2018). However, the
mechanism of pigment deposition in mollusk shells is not fully understood (Williams, 2017).

Crassostrea gigas is a globally distributed mollusk that has been well-studied in the fields of
ecology, genetics, and biology. It is also a potential model organism for marine mollusks (Zhang
et al., 2012; Yu et al., 2016). There are many studies on shell color in C. gigas (Ge et al., 2015; Xu
et al., 2017; Han and Li, 2021). The mantle, located near the shell surface, is a key organ for shell
in.org March 2022 | Volume 9 | Article 8803371
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formation (Ivanina et al., 2017). The mollusk mantle can secrete
organic matrix components responsible for controlling shell
formation (McDougall and Degnan, 2018). Proteomic data also
show that a variety of proteins related to shell formation are
expressed in the mantle (Zhang and Zhang, 2006; Marin et al.,
2007; Kocot et al., 2016). A study revealed the positive
correlation between pigmentation at the edge of the mantle
and shell color in C. gigas (Brake et al., 2004). After several
generations of genetic breeding, there is a high probability of
pigmentation on the edge of the mantle of C. gigas that is
consistent with the occurrence of the black shell (Kang et al.,
2013). Therefore, the mantle may be an important factor
affecting the shell color. Although, the black mantle of C. gigas
is more popular than it once was (Nell, 2001; Kang et al., 2013),
the precise mechanism of melanin formation, and evidence of
the relationship between melanin and shell color are unknown.
Studies show that tyrosinase is important in the synthesis of
oyster melanin, and the promotion of shell growth and
pigmentation (Yu et al., 2014; Feng et al., 2019; Zhu et al.,
2021). However, the location of melanin and the biological
process of melanin formation in the mantle tissue of oysters
are still unclear.

Several methods are currently used to identify melanin and
melanocytes, including the reduction method (Masson-Fontana
silver staining), enzyme identification (DOPA reaction), and
ferrous ion uptake (ferrous sulfate staining) (Barbosa et al., 1984;
Wu et al., 2010; Pang et al., 2016). In Saccostrea glomerata
hemocytes, melanin was detected using the Fontana-Masson
staining method (Butt and Raftos, 2008). Melanin distribution in
Balanus eburneus epidermal cells was measured using the ferrous
sulfate staining method (Barden and Koulish, 1983). However, few
studies have focused on melanin distribution in the mantle of C.
gigas. Therefore, this experiment was conducted to detect melanin
in the mantle of C. gigas, as a foundational study on melanin
formation and shell coloration in mollusks.
MATERIALS AND METHODS

Animals and Sample Collection
Healthy C. gigas individuals (shell length: 8-10 cm) were selected
from Changdao Farm, Yantai, Shandong province, China. Before
the experiment, the animals were domesticated for two weeks in
aerated seawater (pH 8.1, salinity, 29‰ and temperature 18°C).
The mantle tissues were obtained using a scalpel to quickly open
the oyster. During the collection of transmission electron
microscopy (TEM) samples, the mantle tissues were cut into
cuboids (1 × 1 × 3 mm3 in volume) under an anatomical
microscope and immediately placed in 2.5% glutaraldehyde with
phosphate buffer saline (PBS) for fixation. During the collection of
frozen section samples, the mantle tissues were cut into tissue blocks
with a volume of less than 6mm3, placed in liquid nitrogen for rapid
freezing and stored in a refrigerator at -80°C.

TEM Analysis
The mantle samples were fixed with glutaraldehyde for 4 h and
postfixed with 1% osmium tetroxide for 1 h. Tissue blocks were
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dehydrated with 50%, 70%, 90%, and 100% acetone for 15 min
each. The dehydrated tissue blocks were embedded in Epon 812
resin and cured at 37°C, 45°C, and 60°C for 24 h each. Using
semi-thin sections, toluidine blue staining was used to determine
the areas required for the research. Samples were cut into ultra-
thin sections of 70 nm with ultratome (Reichert-Jung
ULTRACUT E, Austria) and stained with uranium acetate and
lead citrate double staining. The samples were observed using
TEM (JEOL, JEM1200, Japan).

The Frozen Section Technique
The frozen section experiment was performed as described by
Pandiar et al. (2021), with minor modifications. After the frozen
slicer (Leica, CM1950, USA) was pre-cooled to -20°C, a layer of
OCT embedding agent (Solarbio, China) was added to the
chucks and completely frozen. Subsequently, the frozen tissues
were placed on the chucks and additional OCT embedding agent
was added until they were submerged. The tissue-filled chucks
were placed on a freezing stand for freezing and then placed in a
frozen slicer for sectioning at a thickness of 10 mm.

DOPA Staining
Dopa staining method was performed according to procedures
reported previously with minor modifications (Yamashita et al.,
2005). A mixture of 0.1 mol/L disodium hydrogen phosphate
solution and 0.1 mol/L potassium dihydrogen phosphate
solution in a ratio of 9:1 (pH = 7.4) was used to prepare
0.0056 mol/L 3,4-dihydroxy-L-phenylalanine (Macklin Reagent
Company, China) solution, also called DOPA staining solution.
Sample sections (10 mm thick) were immersed in DOPA staining
solution and incubated at 37.5°C. After 30 min, the pre-cooled
DOPA staining solution was replaced and microscopic
examination was performed every 30 min. After approximately
4 h, the staining solution turned brown and the sample sections
were immediately washed with ultrapure water to stop the
reaction. Neutral red staining solution was counterstained for 1
min under a biological microscope (Nikon Corporation, Tokyo,
Japan). Brown or black particles indicated positive results.

Masson-Fontana Staining
Masson-Fontana melanin staining was performed using a
Masson-Fontana staining kit (Solarbio, G2032, China)
according to the manufacturer’s instructions. The sample
sections (10 mm thick) were transferred to Fontana ammoniac
silver solution and dyed in the dark at 56°C for 30–40 minutes.
During dyeing process, the microscope was continuously used
for observation to avoid excessive dyeing. After washing with
ultrapure water, the samples were treated with Hypo solution for
3 min and washed with running water for 5 min. The sections
were counterstained with neutral red staining solution for 1 min
and observed under microscope (Nikon Corporation, CI-L,
Japan). Brown or black particles in the tissue samples indicated
positive results.

Ferrous Sulfate Staining
Ferrous sulfate melanin staining was performed using a ferrous
sulfate staining kit (Solarbio, G2031, China) according to the
March 2022 | Volume 9 | Article 880337
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manufacturer’s instructions. Specifically, the sample sections
were placed in ferrous solution for 1.5 hours and washed with
ultrapure water five times. The samples were placed in acid
potassium ferricyanide solution for 30 min and then
counterstained with nuclear fast red solution for 2 min. After
washing, the tissue samples viewed under microscope (Nikon
Corporation, CI-L, Japan) showed melanin in green and nuclei
in red.
RESULTS

Observation of the Pigment Particles at
the Mantle’s Edge Using Transmission
Electron Microscopy
As shown in Figure 1A, epithelial cells are closely aligned to
form the epidermis of the mantle. A nucleus containing dense
chromatin was also observed. In addition, many electron-dense
components of different sizes were found in the upper, middle,
and lower epidermis. These were speculated to be pigment
particles in the epidermis. In addition to the epidermis,
the mantle tissue also contained muscles and fibers below the
basement membrane (Figure 1B). Cells located below the
basement membrane were loosely distributed, but intact
melanocytes and pigment granules were observed (Figure 1B).
Among them, melanosomes with different electron-density
components and irregularly shaped membranes were
distributed in the cytoplasm of melanocytes.

Detection of Melanin Using Silver Staining
The locations of the frozen sections selected on the mantle are
shown in Figure 2A. Based on the ability of melanin to reduce
the silver ions in silver ammonia solution to metallic silver, the
presence of melanin was indirectly identified through an
Frontiers in Marine Science | www.frontiersin.org 3
argyrophilic reaction. As shown in Figure 2B, the black area of
the mantle surface contained a substantial number of black
particles and melanin was located there. The white area of the
mantle surface contained few black particles and less melanin.

Detection of Melanin Using DOPA Staining
The DOPA staining method is a better method for staining
melanin because it cannot stain silver particles, chromaffin
particles, or lipofuscin. As shown in Figures 3A, B, DOPA-
positive staining positions were observed in many parts of the
mantle tissue. Consistent with the results in Section 3.2, more
melanin was detected in the black part of the mantle surface,
whereas less melanin existed in the white part (Figures 3A, B).
Additionally, there was a large number of black particles in the
mantle epidermis, indicating that melanin may be more
distributed in the black part of the epidermis. The nuclei,
fibers, and cuticle of the epidermis became red after neutral
red counterstaining (Figure 3B).

Detection of Melanin Using the Ferrous
Sulfate Method
As shown in Figure 4, the ferrous sulfate staining method was
used to detect the distribution of melanin in mantle tissues. Part
of the mantle region showed positive light green staining
(Figure 4A). After counterstaining with nuclear fast red dye,
the green positive part was less obvious (Figure 4B). This may be
because the green color shown by the ferrous sulfate method was
not evident in the tissue sections with a background color.
DISCUSSION

In this study, pigment particles were observed in the epidermis of
the mantle tissue of C. gigas. It is generally believed that the
A B

FIGURE 1 | Transmission electron microphotographs of the mantle. (A) Pigmented granules (PG) in mantle epithelium. (B) General view showing the melanocytes
(M) and the melanosomes in the melanocytes beneath the basement membrane (arrow). Bar, 5 mm.
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amount of melanin in the epidermis determines the depth of skin
color. This indicates that the amount ofmelanin in themantle ofC.
gigas is closely related to the number of pigment particles in the
mantle tissue. Similar results were found in the foot epithelium of
abalone. The existence of melanocytes with high electron density
particles in the deeper side of the foot epithelium was identified
Frontiers in Marine Science | www.frontiersin.org 4
using ultrastructural analysis, but not in the light-colored sole foot
epithelium (Bravo Portela et al., 2012). In normal human skin, a
large amount of melanin exists in the basal layer of the epidermis
and after UV stimulation melanin is transferred to the epidermal
cells through a long process to prevent UV radiation (Nielsen et al.,
2006). However, in this study, TEM results showed that the basal
FIGURE 2 | Masson-Fontana staining of melanin in frozen-sectioned mantle tissue. (A) The area of mantle tissue used for frozen section analysis. (B) Masson-Fontana
staining of melanin in mantle tissue and counterstaining with neutral red stain. Brown or black particles indicate positive results. Bar, 100 mm.
FIGURE 3 | DOPA staining of melanin in frozen-sectioned mantle tissue. (A) DOPA staining of melanin in mantle tissue with (B) and without (A) neutral red
counterstaining. Brown or black particles indicate positive results. Bar, 100 mm.
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layer was not observed in the mantle tissues. Notably, pigment
particles were found in themantle epidermis andmelanocyteswere
found below the basement membrane of the mantle tissues. It has
been speculated that melanocytes secrete melanin to the epidermis
by transferring melanin.

Melanin is produced by melanocytes in melanosomes through
complex cellular processes (D’Alba and Shawkey, 2019).
Melanosomes gradually mature after stages I to IV, and the
melanin in the melanosomes is then transferred to keratinocytes
resulting in skinpigmentation (Ebanks et al., 2011; Benito-Martıńez
et al., 2020). The results of TEM showed that the granular material
in melanocytes, below the basement membrane, had an irregular
shape and containedmembranous or granular matter presumed to
bemelanosomes. Studiesof the cuttlefish,Sepia officinalis, show that
early melanosomes are mostly irregular in shape, contain vesicular
or granular material inside, and may be derived from the Golgi
complex or endoplasmic reticulum (Schraermeyer, 1994). In
abalone, Haliotis tuberculata, the Golgi complex was found in
melanocytes and the Golgi was shown to promote the formation
of earlymelanosomes (Bravo Portela et al., 2012). This suggests that
the Golgi complex can be further studied to explore the source of
melanosomes in the mantle of C. gigas.

Three frozen section staining techniques were used in this study
to identify the presence ofmelanin in themantle ofC. gigas. Among
them, DOPA staining is a better detection method that can clearly
observe the presence of melanin particles and exclude the
interference of argyrophilic and chromaffin granules, as well as
lipofuscin. Melanin formation is the final product of a complex
Frontiers in Marine Science | www.frontiersin.org 5
transformationprocess involving tyrosine,whichcanaffectmelanin
production (Slominski et al., 2004; Ando et al., 2007). DOPA
staining, which detects the location of melanocytes based on
tyrosinase content, has been used in a variety of mammals, such
as cattle, mice, and guinea pigs (Amakiri, 1979; Yamashita et al.,
2005). Thismethod ismainly used to stainmelanocytes that secrete
melanin particles, whereas melanocytes that are unable to secrete
melanin are not stained (Na et al., 2006). Therefore, it is one of the
methods used to stain active melanocytes. Masson-Fontana
staining was initially used to detect the presence of
enterochromaffin cells (Pearse et al., 1974). This method is known
as the “gold standard” formelanin particle identification in paraffin
and frozen sections, owing to its ability to reduce the silver ions in
silver ammonia solution to black material for experimental
observation (Joly-Tonetti et al., 2016). However, Masson-Fontana
staining cannot distinguish argyrophilic cells that also have the
ability to reduce silver nitrate, which is a shortcoming of this
staining method (Shataer et al., 2020). The ferrous sulfate method
is also a conventional method for melanin detection, but it cannot
distinguish melanin from other argyrophilic and chromophilic
particles (Valembois et al., 1994; Wu et al., 2010; Du et al., 2017).
In addition to these methods, immunohistochemistry can be used
to detect melanin-specific antigens more sensitively, but this
method has high requirements for antigen preservation and is
affected by various experimental conditions (Joly-Tonetti et al.,
2016). Moreover, it is difficult to obtain specific antibodies against
marine shellfish and it is difficult to use immunohistochemical
methods to identify melanin.
FIGURE 4 | Ferrous sulfate staining of melanin in frozen-sectioned mantle tissue. (A) Ferrous sulfate staining of melanin in mantle tissue with (B) and without (A)
nuclear fast red counterstaining. The enlarged area in the black and red boxes corresponding to Figure A or B (g, h, m, n). The green areas (arrow) represent positive
results. Bar, 100 mm.
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In this study, TEM was used to measure the ultrastructure of
mantle tissue with a black surface and pigmented particles were
observed in the mantle tissues of C. gigas. Three melanin staining
methodswereused to identify the presenceofmelanin in themantle
tissue. From the perspective of observation and the specificity of
staining, DOPA staining is a more suitable staining method for
mantle sectionsofC. gigas. Inbivalve shellfish, the formationof shell
color is very complex. An increasing number of studies have shown
a correlation between the mantle and shell color (Brake et al., 2004;
Kang et al., 2013; Li et al., 2014; Zheng et al., 2021). This preliminary
study proved the existence of melanin in the marginal tissue of the
mantle, in hopes of providing ideas for related studies on shell color.
In addition, most studies on melanin formation in bivalves have
focused on tyrosinase (Nagai et al., 2007; Zhu et al., 2021) and
relatively few studies have explored pigmentation from the
perspective of cellular processes. In this study, melanosomes were
observed in themantle tissueofC.gigas as a foundation for the study
of melanin synthesis.
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