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Phenotypic plasticity in molluscan shell microstructures may be related to environmental
changes. The “winter diffusion layer,” a shell microstructure of the Japanese pearl
oyster Pinctada fucata, is an example of this phenomenon. In this study, we used
P fucata specimens with shared genetic background to evaluate the seasonal
plasticity of shell microstructures, at molecular level. To detect the seasonal changes
in shell microstructure and mineral composition, shells of multiple individuals were
periodically collected and analyzed using scanning electron microscopy and Raman
spectrophotometry. Our observations of the winter diffusion layer revealed that this
irregular shell layer, located between the outer and middle shell layers, had a sphenoid
shape in radial section. This distinct shape might be caused by the internal extension
of the outer shell layer resulting from growth halts. The winter diffusion layer could
be distinguished from the calcitic outer shell layer by its aragonitic components and
microstructures. Moreover, the components of the winter diffusion layer were irregular
simple prismatic (the outer and inner sublayers) and homogeneous structures (the
middle sublayer). This irregular formation occurred until April, when the animals resumed
their “normal” shell formation after hibernation. To check for a correlation between
gene expression and the changes in microstructures, we conducted gPCR of seven
major biomineralization-related shell matrix protein-coding genes (aspein, prismalin-14,
msi7, msi60, nacrein, n16, and n19) in the shell-forming mantle tissue. Tissue samples
were collected from the mantle edge (tissue secreting the outer shell layer) and mantle
pallium (where the middle shell layer is constructed) of the same individuals used for
microstructural observation and mineral identification that were collected in January
(winter growth break period), April (irregular shell formation period), and August (normal
shell formation period). Statistically significant differences in gene expression levels were
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observed between mantle edge and mantle pallium, but no seasonal differences were
detected in the seasonal expression patterns of these genes. These results suggest that
the formation of the irregular shell layer in P fucata is caused by a currently unknown
genetic mechanism unrelated to the genes targeted in the present study. Further studies
using big data (transcriptomics and manipulation of gene expression) are required to
answer the questions herein raised. Nevertheless, the results herein presented are
essential to unravel the intriguing mystery of the formation of the winter diffusion
layer, which may allow us to understand how marine mollusks adapt or acclimate to

climate changes.

Keywords: biomineralization, shell matrix protein, shell microstructure, Pinctada fucata, winter diffusion layer,
phenotypic plasticity, gene expression pattern, nacreous structure

INTRODUCTION

Biominerals are inorganic minerals precipitated by living
organisms that are mainly used to form external hard structures
(i.e., exoskeletons and shells) and internal hard tissues (i.e.,
endoskeletons) (Crenshaw, 1990). Such structures are composed
of both minerals and minor organic matrix, and their formation
and organization, including at the microscale (e.g., mineral
composition, crystallographic axes, and microstructures), seem
to be under genetic control, at least to some degree (Carter,
1990). The presence of an external, mineralized shell is one of the
defining characteristics of mollusks (Kocot et al., 2016). Calcium
carbonate-based biominerals (e.g., aragonite, calcite, and rarely
vaterite) are the main components of molluscan shells (Spann
et al., 2010; Frenzel and Harper, 2011). Shells are not uniform
but composed of few superimposed layers that are characterized
by different arrangements — defined as “shell microstructures” —
of their elementary crystallites (Marin et al., 2012). Many studies
admit that the shell construction in mollusks is an organic
matrix-mediated process (Weiner et al., 1983): according to
this view, cells or tissues secrete organic biomolecules that
self-assemble in framework in which inorganic salts precipitate
(Lowenstam, 1981).

Molecular studies on the genetics of shell formation (e.g., its
microstructure and mineral composition) have been successful
in identifying major shell matrix proteins (SMPs) such as
Nacrein (Miyamoto et al., 1996), MSI60, and MSI31 (Sudo et al.,
1997). Follow-up functional studies were also conducted to gain
insights into their function in the regulation of microstructural
formation and crystal polymorphism. For example, Suzuki
et al. (2009) conducted knockdown on the Pif coding gene,
and their experiment revealed that it is essential for nacre
formation. To understand the involvement of Aspein in
calcification, Takeuchi et al. (2008) conducted an in vitro CaCOj3
crystallization experiment, in which they found that it promotes
calcite precipitation. Recent developments in gene and protein
sequencing have allowed for the accumulation of data on
complete gene sequences of novel shell proteins, their molecular
evolution, and the comparison of analogs and homologs of
various SMPs found in different species with similar shell
microstructures (Marie et al., 2011, 2012, 2017; Isowa et al., 2012;
Zhang et al., 2018; Setiamarga et al., 2021).

The results of above-mentioned biological studies have
indicated that mollusks might have undergone a specific
evolution in their shell mineralization process. However, these
studies have not tackled the drastic microstructural evolutions
that occurred throughout the geological periods. For example,
such studies have targeted mollusk species with nacreous
structures (mother of pearl) in their shells, partly due to scientific
interests stemming from their commercial value. Originally,
the nacreous structure was thought to be a symplesiomorphy
in Conchiferan mollusks because it is present in the shell
microstructures of the group’s four major classes (Bivalvia,
Gastropoda, Cephalopoda, and Monoplacophora). However,
recent findings in paleontology indicate that the nacreous
structure might have evolved independently in each class, and
thus is probably a result of convergence (Checa et al.,, 2009;
Vendrasco et al., 2011, 2013). Moreover, a recent phylogenetic
study of Sato et al. (2020a) showed that in Protobranch
bivalves (a basal taxon of bivalves), the nacreous structure
was repeatedly lost in various lineages. Most Protobranch
lineages that have lost the nacre tend to show a homogeneous
structure. A similar pattern of shell microstructural evolution
(nacre to homogeneous) was also found in Thraciid bivalves
(Anomalodesmata) (Taylor et al., 1973). These examples suggest
that even within a class, the nacreous structure is probably not
homologous. From group to group, crystallographic variations
in the crossed lamellar structure, another major molluscan
shell microstructure, may also indicate convergent evolution
(Kogure et al., 2014).

Moreover, phenotypic plasticity in the microstructures of
molluscan shells among different individuals of the same
lineage/species was also observed. One such variation is
the thermal dependence of the crystallization and shell
microstructures. For example, Hoche et al. (2021) reported
variations in crystal size in Arctica islandica shells depending
on water temperature. Fiillenbach et al. (2014) reported that
the first-order lamellar orientation of the crossed lamellar
structure in the freshwater gastropod Viviparus viviparus
becomes uniform in stable and warm conditions. Gilbert et al.
(2017) also reported thermal dependence in the thickness of
molluscan nacre tablet crystals. Moreover, variations in the
shell microstructure were reported by Lutz and Clark (1984:
Geukensia demissa) and Nishida et al. (2012, 2015: Scapharca
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broughtonii). Other than thermal dependence variation, Carter
etal. (1998) reported nested occurrences of aragonitic and calcitic
microstructures within the same shell layers in some bivalves,
which were probably related to habitat conditions. A similar
phenomenon was later confirmed by Sato et al. (2020b) in
Pectinodontid limpets.

Most of the aforementioned reports on microstructural
plasticity were studied in nacreless species. However, a similar
phenomenon was observed for species with nacre. Moini et al.
(2014) observed that Nautilus pompilius in aquaria forms
shells with a disordered crystalline structure. Moreover, unique
microstructures were observed from the repaired shells of
nacre-bearing species (e.g., Mytilus edulis, Suzuki and Uozumi,
1979; Haliotis tuberculata, Fleury et al, 2008), suggesting
that the molluscan mantle is originally capable of controlling
microstructural plasticity. A similar phenomenon was also
described in the Japanese pearl oyster Pinctada fucata by Wada
(1961); he reported the formation of the “winter diffusion layer,”
alayer in the shell microstructure showing an irregular formation
of mineral crystals formed only in winter, although he did
not provide detailed images. These examples imply that the
physiological condition of an animal, which in most cases occurs
as a response to environmental changes, might somehow affect
shell formation at the microstructural level.

The margaritid Japanese pearl oyster, P. fucata, is an important
aquaculture species that has been industrially raised and cultured
because of its pearl. However, it has been further developed as
a model system for biological research, with its whole genome
sequenced and published recently (Takeuchi et al., 2012, 2016).
Some studies on P. fucata have focused on the molecular
evolution of its genes (Koga et al., 2013; Setiamarga et al,
2013). The species has also been used as a model organism in
several molluscan biomineralization studies (Suzuki et al., 2009).
Thus, not only because of the availability of experimental tools,
protocols, and a breadth of biological data, but also because it also
has a winter diffusion layer, whose formation is probably related
to low temperatures in winter, P. fucata is an appropriate model
system for studying the mechanisms of seasonal phenotypic
plasticity in the shell microstructure.

To our knowledge, no study has explicitly addressed the
effect of low temperature on gene expression to explain the
genetic mechanisms behind the formation of the winter diffusion
layer. Therefore, in this study, we focused on the formation
of the winter diffusion layer in P. fucata and examined its
shell microstructure in samples taken in time series throughout
the year. We also obtained mantle tissue samples from
various months corresponding to seasonal changes throughout
the year, and studied the expression patterns of seven shell
matrix protein-coding genes. Our study on the expression of
the shell matrix protein-coding gene in time series samples
allows us to determine whether there is a correlation between
possible fluctuations in gene expression and water temperatures
caused by seasonal changes, and thus, a glimpse into the
mechanisms of microstructural phenotypic plasticity in nacre-
bearing Conchiferan mollusks. This also allows us to discuss
the possible implications for the evolution of the biomineralized
shell in mollusks.

MATERIALS AND METHODS

Materials
This study examined cultured individuals of the Japanese pearl
oyster, P. fucata, at the MIKIMOTO Pearl Research Laboratory
(Mie Prefecture, Japan). Pearl oysters in this institution are
bred for commercial purposes. Our specimens were chosen at
random from a single congenic breed to standardize their genetic
background and placed in Ago Bay in front of the laboratory.
Pinctada fucata has a nacroprismatic shell; the outer shell layer
has a calcitic columnar regular simple prismatic structure, the
middle layer is of a sheet nacreous structure, the myostracum
layer has an irregular simple prismatic structure, and the inner
layer is again of a sheet nacreous structure (Taylor et al., 1969;
Carter and Sato, 2020). Following the description of Wada
(1961, 1972), the seasonal cycle of nacre formation in Japanese
pearl oysters was defined for descriptive purposes as follows:
(1) Winter growth break: shell formation in P. fucata ceases
when the seawater temperature falls below 14°C; (2) Brief period
of irregular shell formation: P. fucata resumes shell formation
once the water temperature increases above 14°C; and (3) the
normal nacroprismatic shells are secreted at a proper temperature
(normal shell formation period). Wada (1961) mentioned that
during the period of irregular shell formation, the middle and
inner shell layers consist of incondite crystals called “a winter
diffusion layer,” although their microstructural diagnosis was
unclear. Thus, to describe these incondite nacre crystals in detail
and then evaluate intraspecific variations in the gene expression
profile of the SMPs, five individuals of P. fucata were collected
at each of the following dates: January 26 (winter growth break
period), April 4 (irregular shell formation period), and August 2
(normal shell formation period), 2018. The seawater temperature
at the sampling locality (2-m depth) was logged every 2 h on
each collection date, and the daily averaged values were recorded
as 11.0, 16.7, and 28.4°C, respectively (Figure 1). Samples were
immediately dissected to collect mantle edges that secrete the
calcitic columnar regular simple prismatic structure of the outer
shell layer and interior parts of the mantle (mantle pallium),
which is essential for the formation of the nacreous structure.
Both parts were isolated from the dissected mantle piece based
on the visual inspection of their color (mantle edge is brown and
mantle pallium is faint yellow). Each mantle was cut into small
(up to 5-mm square) pieces and fixed using RNA stabilization
reagent (RNAlater, Qiagen, Hilden, Germany), and stored at
-80°C until subsequent experiments. Remaining shells were used
for shell microstructural observations and mineral identification.
Furthermore, three shell samples were collected from each
respective population at the end of each month from February
to August 2018 for the observation of shell microstructures to
assess the accurate period of the incondite nacre crystal formation
and any individual specificities (see Supplementary Table 1 for
details of sample use).

Mantle Gene Expression Level Analysis
Total cellular RNA was isolated using the RNeasy Mini Kit
(Qiagen, Valencia, CA, United States) from each mantle sample.

Frontiers in Ecology and Evolution | www.frontiersin.org

March 2022 | Volume 10 | Article 794287


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Sato et al.

Irregular Layer of Pinctada fucata

35
30 x
—~~
O 25
b
9 20
2
g 15 4
2 10
qE) *
25
0
< Y ¥ Y O OY O OY Y Y Y Y Y Y Y Y OY Y OY YT
= = X ~ - = = -~ X = = =~ = X T X
by g ooy - o Sy -~ P -~ P pScrny 1 b o ~ S o | e i Moy ~ S~
B O ~ 0 O O «~ N «~ N ™M F 1B © N 0 0o O «
Aot b T -~ = ~ b,
|
2017 2018
FIGURE 1 | Daily mean water temperature at the sampling point (2-m depth). Stars indicate the sampling dates (January 26, April 4, and August 2, 2018).

RNA was quantified, and its integrity was assessed using a
NanoDrop Lite spectrophotometer (NanoDrop Technologies
Inc., Wilmington, DE, United States). Then, reverse transcription
was carried out using ReverTra Ace qPCR-RT Master Mix
Kit (TOYOBO, Osaka, Japan) according to the manufacturer’s
instructions. The expression levels of seven biomineralization-
related (aspein, prismalin-14, msi7, msi60, nacrein, n16, and n19)
and two housekeeping genes (gapdh and efla) were analyzed
by quantitative RT-PCR analysis using a set of forward and
reverse primers (Table 1). aspein (Tsukamoto et al., 2004) and
prismalin-14 (Suzuki et al., 2004) are biomineralization-related
shell matrix protein genes, which were discovered from the
prismatic structure and are predominantly produced both at
the mantle edge and center. Those discovered from nacreous
structures such as msi60 (Sudo et al., 1997), nacrein (Miyamoto
et al,, 1996), and n16 (Samata et al., 1999) are dominant in the
mantle pallium (Kinoshita et al., 2011). In addition, the gene
expression level of n19 (Yano et al., 2007), which is isolated
from the nacreous structure, is moderate in the mantle center
and high in the pearl sac (Wang et al., 2009). msi7, found by
Zhang et al. (2003), is produced at both the mantle edge and
center. The expression levels of the two housekeeping genes
were analyzed to normalize the expression levels of the seven
target genes based on the assumption that the expression levels
of these housekeeping genes do not exhibit seasonal variation
(Lee and Nam, 2016; Li et al., 2019). Quantitative PCR (qPCR)
amplification using a Rotor-Gene SYBR Green PCR kit (Qiagen,
Hilden, Germany) was carried out on a Rotor-Gene Q real-
time PCR cycler (Qiagen, Hilden, Germany), using the following
profile, based on the manufacturer’s protocol: initial denaturation
for 5 min at 95°C, followed by 40 cycles of denaturation for
5 s at 95°C and annealing/extension for 10 s at 60°C. After
qPCR, the amplicon melting temperature curve was analyzed to
confirm the absence of non-specific products (55-95°C with a
heating rate of 1°C for each step, with continuous fluorescence
measurement). The comparative threshold cycle (Ct) method
was applied to analyze the expression levels of the examined

genes using the Rotor-Gene Q Series Software ver. 2.0.2 (Qiagen,
Hilden, Germany).

Statistics

Data distribution of the gene expression levels of SMPs from
each of the five specimens collected in January, April, and
August and two different parts of the mantle (mantle edge/mantle
pallial) were analyzed using the Kolmogorov-Smirnov test and
two-sample ¢-test, respectively. Then, a non-parametric Kruskal-
Wallis test was applied to assess the significant differences among
the three groups (January, April, and August). Statistical analyses
were performed with EZR version 1.50 (Kanda, 2013), which is a
graphical user interface for R version 4.0.2 (R Core Team, 2020),
and the statistical tools in Microsoft Excel (version 2008).

Observations of Shell Microstructures

and Determining Their Mineralogy

Miyamura and Makido (1958) confirmed that the characteristics
of the pearl from various parts of the mantle are more
continuous in P. fucata than in the freshwater pearl-producing
bivalve (Hyriopsis schlegeli) (Mizumoto, 1965). Therefore, the
posterodorsal parts of the shells were cut into small pieces
(approximately 1 x 2 cm square) using a hand cutter and
observed under a scanning electron microscope (SEM, Hitachi-
S3400N, Tokyo, Japan). The left valves were used for most
specimens, but the right valve was used in one specimen (sample
ID: 180802-1). Both the inner shell surfaces and polished planes
of the radial section of the shells were observed to characterize
the shell microstructures around the mineralization front of
the nacreous layer (i.e., the boundary between the outer and
middle shell layers). The polished planes were filled with epoxy
resin (Crystal Resin II super clear, Nisshin Resin Co., Kanagawa,
Japan) before cutting using a low-speed saw (Minitom, Struers,
Copenhagen, Denmark) and were prepared using a graded series
of carborundum powder. After these processes, they were treated
through: (1) removal of organic matter contained in the shell
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TABLE 1 | Nucleotide sequences of primers used in real-time PCR.

Primer name Sequence References
Prismalin14 Forward primer ATTTCCCGCGTTTCTCCTAT Takeuchi and Endo, 2006
Reverse primer CCTCCGTAACCACCGTTAAA Takeuchi and Endo, 2006
Aspein Forward primer TACTTTCCCAGTGGCTGACC Takeuchi and Endo, 2006
Reverse primer CATCACTGGGCTCCGATACT Takeuchi and Endo, 2006
MSI7 Forward primer GATAAAAGGTCGGTGCCCAAC Zhang and He, 2011
Reverse primer AAGGTTGATGCCAGGTCCGTA Zhang and He, 2011
N16 Forward primer CTCATACTGCTGGATACCCTACGA Miyazaki et al., 2010
Reverse primer TCATTCCACATCTAAGCCACTCA Miyazaki et al., 2010
N19 Forward primer TGGCAACAAAGCAGTCATAACCG Zhang and He, 2011
Reverse primer GGCGTCGTTGTAGCATTGAAGG Zhang and He, 2011
MSI60 Forward primer GATCTCCCCACACAACATAGATAGAG Miyazaki et al., 2010
Reverse primer TGAATTGAAGCCTAATACTGGTCTGT Miyazaki et al., 2010
Nacrein Forward primer CTTCATTGCATGTGGAATTGGA Miyazaki et al., 2010
Reverse primer TCGGTTCTGATGATTGGTCACT Miyazaki et al., 2010
GAPDH Forward primer TATTTCTGCACCGTCTGCTG Takeuchi and Endo, 2006
Reverse primer ATCTTGGCGAGTGGAGCTAA Takeuchi and Endo, 2006
EF1-a Forward primer CCTGGCCACAGAGATTTCAT Takeuchi and Endo, 2006
Reverse primer AATTCCCCAACACCAGCAG Takeuchi and Endo, 2006

with sodium hypochlorite for 30 min, and (2) etching with 0.2%
(vol/vol) HCI for 1 min. The surfaces of the polished planes
were coated with gold, but some were re-polished after SEM
observation or not coated for mineral identification. Raman
spectroscopy (inVia RefreX, Renishaw) was used to determine
the calcium carbonate phase of the irregular shell layer, using
a 532-nm laser with a holographic notch filter as a laser
excitation source. The shell surfaces were carefully observed
using SEM prior to Raman analysis to verify the position of
the irregular shell layer. Each layer was marked by carbon
adhesive tape or felt pen immediately after SEM observation (see
Figures 2A,C). These landmarks were corrected by repeated SEM
observations, and minor amendments of their positions were
performed. The regions of interest were selected through SEM
imaging and subsequently analyzed with Raman spectroscopy.
Several spots in a single sample were analyzed to identify the
mineralogy of each shell layer. The Raman peaks were identified
based on Kontoyannis and Vagenas (2000).

RESULTS

Shell Microstructure Surrounding the

Nacre Growth Front

Scanning electron microscope images obtained from the small
pieces of P. fucata shells collected monthly from January
to August 2018 are shown in Figures 3-5. Outer calcitic
columnar regular simple prismatic and middle sheet nacreous
structures were observed in all specimens, and the outer prismatic
structure was composed of wide prominent first-order prisms
(more than 20 pm on average) perpendicularly aligned to
the shell surface (Figures 3A,B). Each prism was filled with
second-order fine granular to lamella crystals (Figure 3C) and
ensheathed by the organic wall. Second-order lamella crystals

were stacked horizontally or obliquely to the shell surface,
and their angle changed depending on the prism (Figure 3C).
A thin layer (<20 wm in thickness), the so-called initial
nacreous layer (Dauphin et al., 2008; Saruwatari et al., 2009),
was inserted between the prismatic and nacreous structures
in all the observed specimens (Figure 3C). This layer was
the aggregation of hemispherical prisms with second-order
irregularly shaped acicular crystals radiating from the center of
the hemisphere (high-angle non-denticular composite prismatic
structure). The middle sheet nacreous structure consisted of
flattened polygonal column-to-circular cylindrical tablets stacked
vertically to the shell surface (Figures 3D-I). Their bottom shape
varied according to the individuals and/or dorsoventral axes
(i.e., the mineralization front of the nacre to the thickened part
of the middle shell layer). Regarding the bottom morphology
of the nacre tablets near the mineralization front, their shape
changed from circular to elliptic from winter to summer
(Figures 3E,EH,I).

Another thin sphenoid layer in the radial shell section often
lied next to the initial nacreous layer (Figures 4, 5) in the
area where the outer prisms were discontinued in a wedge
shape (Figures 4A,D,G,H). Aragonite was detected in this layer
(sample ID 180226-1, Figures 4A-C) using Raman spectrometry
(Figure 2). This layer comprised three components: a middle
sublayer consisting of fine-grained crystals (less than 1 pum in
diameter) sandwiched between the outer and inner sublayers
of irregularly shaped acicular crystals (Figures 4C,E,I). The
boundary of the initial nacreous layer was sometimes difficult to
identify (Figures 4B,E). The middle sublayer sometimes did not
appear depending on the specimens (aragonitic simple prismatic
structure; Figures 4G,H). Organic walls stood perpendicular to
the shell surface and surrounded the crystals irregularly in this
layer at the side close to the outer shell layer (Figures 4B,E,I);
moreover, they decreased distal to the outer shell layer
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FIGURE 2 | Scanning electron micrographs (A,C) of the areas where Raman analyses were conducted, and the resulting Raman spectra (B,D). The broken-lined
circle roughly indicates the part from which the Raman spectra were acquired (1-6). (A) Radial section of ID 180226-1. A similar position before re-polishing to
remove evaporated gold for Raman analysis is shown in Figure 4B. A carbon tape was attached to the right as a landmark. (B) Inner shell surface of ID 180226-1
(Figure 5A). Dots on the right side were used as landmarks. (B,D) Raman spectra of calcitic columnar regular simple prismatic structures are indicated by 3 and 4;
the sheet nacreous structure is indicated by 2; the winter diffusion layers are indicated by 1, 5, and 6. Aragonite peaks (152, 205) are clear in 1, 2, 5, and 6, whereas

calcite peaks (154, 280) are detected in 3 and 4.

(Figure 4A). As a result, the appearance of irregular pits
(Figures 5C,E) at the inner shell surfaces also decreased toward
the dorsal side in the middle sublayer, and then this sublayer
became analogous to the homogeneous structure because it had
no apparent structural unit (Figures 4C, 5C). Discontinued and
irregular networks of organic walls (Figure 5B) and adjoined
or collapsed nacre tablet-shaped prisms (Figures 5EG) were
observed on the inner shell surfaces of the outer and inner
sublayers. This layer appeared in the inner shell surface of
specimens collected from February to April, but it was distant
from the nacre mineralization front of the remaining specimens
(collected from May to August).

Expression Patterns of Shell Matrix
Protein Genes

The expression levels of the seven biomineralization-related
genes were analyzed using quantitative real-time PCR (qPCR)
(Figure 6). Statistically significant differences were observed

between mantle edge and mantle pallium in the expression
levels of n16, msi60, and aspein in efla normalized data and of
nl6, nacrein, and aspein in gapdh normalized data. Although
not statistically significant, the expression levels of msi60, nl16,
and n19 were higher in mantle pallium than in mantle edges
in all three groups (collected in January, April, and August).
Conversely, aspein and prismalin-14 were generally expressed
significantly in the mantle edge. The expression levels of nacrein
and msi7 in the mantle exhibited no clear statistical significances.

Regarding seasonal expression patterns, no statistically
significant pattern was noted in any of the analyzed genes.
Nonetheless, msi60 and nl6 expression patterns were lower
in April. n19 had the highest expression levels in the mantle
pallium of January individuals and the second-highest in
those of April individuals. April individuals had the lowest
expression of prismalin-14 and aspein in the mantle edge when
considering efla-normalized data, but their expression was
lowest in August individuals considering gapdh-normalized data.
When considering efla-normalized data, nacrein expression
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FIGURE 3 | Scanning electron micrographs of microstructures of Pinctada fucata. (A-C) Radial sections of the polished plane. Growth directions (i.e., direction of
the shell margin) are on the right side. (A) Outer calcitic columnar regular simple prismatic to middle sheet nacreous structures of a specimen collected on June 26,
2018 (ID: 180626-1). (B) Detailed view of panel (A); a thin initial nacreous layer is visible between the outer and middle shell layers. (C) Detailed view of the outer shell
layer of specimen collected on January 26, 2018; ID: 180126-5). (D-I): growth front of nacre on the inner surfaces and the upper sides of these images indicate the
direction of the shell margins. (D,E) Specimen collected on May 28, 2018, ID: 180528-1. (F) Specimen collected on June 26, 2018, ID: 180626-1; (G,H). Specimen
collected on July 25, 2018, ID: 180725-1. (I) Specimen collected on August 2, 2018, ID: 180802-1. The outer calcitic columnar regular simple prismatic structure

and the middle sheet nacreous structure appear on the upper and lower sides of panels (D,G), respectively.

levels showed a trend similar to those of msi60 and n16 in
the mantle pallium, with April individuals having the lowest
expression levels; however, no clear trend was noted for nacrein
expression levels when considering gapdh-normalized data. The
expression levels of msi7 were the lowest in August.

DISCUSSION

Diagnosis of the Irregular Shell Layer

We carefully described the microstructural characteristics of the
irregular shell layer formed within the sheet nacreous structure
of the middle shell layer. This layer was found on or close to
the inner shell surfaces of cultured P. fucata individuals collected
from February to April. We consider this seasonal formation to
be analogous to that of the “winter diffusion layer” reported by
Wada (1961). Our analysis revealed that this irregular layer (1)
has a sphenoid shape in the radial section of the shell, (2) is found
between the initial and regular nacreous layers, (3) is aragonitic

(Figure 2), and (4) is composed of three sublayers: outer and
inner layers of irregular simple prismatic structures, and middle
layer with homogeneous to aragonitic simple prismatic structures
(Figures 4, 5). Wada (1961) described the “winter diffusion layer”
as being composed of four components: (1) a granular layer
constructed before hibernation, (2) a roughened surface resulting
from shell dissolution during hibernation, (3) a conchiolin layer
constructed immediately after the end of hibernation, and (4)
a granular layer constructed after hibernation. The difference
between our observations and those of Wada (1961) probably
results from the method used, as the latter was mainly conducted
on the inner shell surface, which makes the microstructural
diagnosis unclear. Although further verification is needed, the
granular layers of Wada (1961) probably coincide with our
irregular shell layer comprising three sublayers.

The sphenoid shape entering the outer shell layer herein
shown is similar to the extension of the outer shell layer into
the inner shell layer observed in some unioid bivalves (Checa,
2000). The irregularly layered unioid shells are considered to
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FIGURE 4 | Scanning electron micrographs of the microstructure of the irregular shell layer in P fucata. All images show radial sections in polished planes. Growth
direction of the shells are on the right side of images. White double-headed arrows indicate the middle sublayer of the irregular shell layer between the outer and
middle layers. Black arrows show the distribution of the outer and inner sublayers. (A) Outer to middle shell layers of ID 180226-1, collected on February 26, 2018.
Detailed views in panels (B,C). (D) Outer to middle shell layers of ID 180404-4, collected on April 4, 2018. Detailed views in panels (E,F). (G-1) Show the same
structures as in panels (A,D), but are of different individuals collected on April 4, 2018 [ID 180404-1 (G), ID 180404-3 (H), and ID 180404-2 (I)].

result from the retraction of the outer mantle fold during annual
or semi-annual growth halts [see description by Checa (2000)].
Some arcid bivalves also have an annual sphenoid insertion of the
composite prismatic structure into the crossed lamellar structure
within the outer shell layer (Kobayashi, 1976a,b; Nishida et al.,
2012). Nishida et al. (2015) experimentally confirmed that the
variation in thickness of the composite prismatic structure was
synchronized with water temperature. A similar physical reaction
(i.e., retraction of the mantle due to the low water temperature)
is likely to have occurred during the formation of the winter
diffusion layer in P. fucata; therefore, this layer can be considered
a unique type of annual disturbance ring.

Putative Mechanisms of Formation of
the Winter Diffusion Layer

Genetic or epigenetic mechanisms might be a component in
the formation of peculiar microstructures such as the winter
diffusion layer. In vitro studies by Takeuchi et al. (2008),

genetic manipulation studies by Suzuki et al. (2009), and
other biochemical and physicochemical studies (e.g., Olson
et al, 2012; Zhang et al, 2018) have strongly suggested
that physics and chemistry cannot thoroughly explain the
intricate mechanisms of biomineralization in living organisms.
Meanwhile, several studies have also examined the expression of
some shell matrix protein-coding genes in margaritid bivalves
and found a correlation between gene expression patterns and
variations in environmental conditions (e.g., food supply and
high temperature) (Joubert et al., 2014; Latchere et al., 2017).
We hypothesized that the expression pattern of SMPs changes
at low temperature, leading to the formation of the winter
diffusion layer.

We herein focused on the genes coding for SMPs as they
are possibly directly related to the biomineralization process
during shell formation, as shown by Suzuki et al. (2009)
and Zhang et al. (2018). No information is available on the
signaling pathway controlling the expression of SMP-coding
genes. However, our working hypothesis was that this does
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April 4, 2018), and (G) (ID 180404-3, collected on April 4, 2018).

FIGURE 5 | Scanning electron micrographs of the microstructure of the irregular shell layer in P, fucata. Allimages show inner shell surfaces. Shell margins are on the
upper sides of the images. (A) Inner shell surface of ID 180226-1, collected on February 26, 2018. Gray arrow indicates the outer calcitic columnar regular simple
prismatic structure. The irregular shell layer covers the inner surface of the outer layer (B,C) and the middle sheet nacreous gradually accumulates (D) on it (indicated
by the white and black arrow). Variations of the irregular shell layer are shown in panel (E) (ID 180424-1, collected on April 24, 2018), (F) (ID 180404-1, collected on

not matter because all upstream mechanisms controlling the
expression of the SMP-coding genes must affect the expression
of the SMP-coding genes themselves, with a possible feedback
loop to the signaling pathways causing possible attenuation or
suppression of the downstream genes controlling the phenotypes
(Venturelli et al., 2012; Zhang et al., 2012; Liu et al.,, 2017).
Changes in SMP-coding genes must then be translated into
the actual biomineralization process. Thus, we examined the
expression levels of seven biomineralization-related proteins in
specimens collected in different seasons to cover the herein
defined seasonal cycle of nacre formation (i.e., winter growth
break, irregular shell formation, and normal shell formation).
However, no statistical significance was detected in the SMP
gene expression levels among seasons, which interestingly shows
that these seven SMPs, although important for shell formation,
are probably not affected by temperature changes, and are thus
not involved in the formation of the winter diffusion layer of
P. fucata. Nevertheless, whether changes in the expression levels
of other SMPs with varying environmental factors influence the

formation and irregularities of shell microstructures remains
to be tested. Moreover, further experiments using samples
cultured in a controlled environment to cancel other parameters
(e.g., food supply) that could affect the gene expression of
SMPs should be performed. Genetic mechanisms may also be
indirectly involved in the formation of irregular microstructures.
For example, the increased expression of housekeeping genes
as a result of environmental cues might be involved in the
subsequent induction of the appropriate expression of upstream
genes (regulatory genes and transcription factors) related to
development, growth, and cell proliferation (e.g., dpp) (Rogulja
and Irvine, 2005; Shimizu et al., 2013) or to direct metabolic
and physiological responses to such changes (Shinomiya et al.,
1999). Although the stability of the expression of downstream
genes such as the SMP-coding genes is controlled by homeostasis
(as is also suggested by our results), cells expressing SMPs
are either physically or chemically different as they respond
to environmental cues, which in turn may cause variations in
their phenotypes.
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The thermodynamic process is another candidate driving
force of the formation of the winter diffusion layer. Olson
et al. (2012) hypothesized that the crystallographic axes and
morphology of nacre crystals could be related to environmental
factors (water temperature and pressure), and Gilbert et al.
(2017) demonstrated that the thickness of nacre tablets is
correlated with water temperature. Both studies attributed these
changes to thermodynamics, whereas Cartwright et al. (2020)
considered that changes in nacre thickness were rather a type of
biological control determined by the position of the interlamellar
membranes, which are secreted before nacre formation. Olson
et al. (2012) and Gilbert et al. (2017) also hypothesized that
the addition of some proteins to chitin nanocrystals affects
the thermally dependent thickening of nacre tablets, besides
suggesting the existence of gaps in the knowledge on the role
of SMPs on nacre thickness and irregular shell formation,
which could be driven by other genetic mechanisms involving
transcription factors, cell metabolism-controlling genes, and
other upstream genes. We herein observed that the interlamellar
membranes surrounding the nacre tablets reduced and showed
an irregular distribution or even disappeared, which may have
resulted from the low expression of specific insoluble SMPs.
Moreover, the downsized and deformed crystals were found
in the winter diffusion layer. These may be linked to the

change in calcium carbonate deposition and/or nucleation rate;
or. from a biological perspective, they may have been caused
by the inhibitory activity of SMPs on the crystallization of
CaCO3. SMPs other than those herein tested may be directly
or indirectly involved in the formation of these microstructural
changes. Furthermore, the time gap between our sampling
and the animals’ irregular shell formation and the number
of individuals for statistical analysis should be considered in
further studies.

Some of the SMP genes herein tested (aspein, prismalin-14,
nl19, and msi7) had higher expression in the mantle pallium
of winter individuals, although these data were not statistically
significant. These expression patterns were consistent with the
development of nacre tablets. Wada (1972) showed that the (001)
planes of aragonite in the middle and inner nacreous layers (i.e.,
basal planes of nacre tablets) became larger during winter until
animal hibernation, when the calcification process was slow. This
relationship between nacre growth and SMP expression may be
statistically significant in a sampling period larger than that used
in the present study. Therefore, future studies with DNA chip
analysis and exhaustive exploration of the mantle transcriptome
and shell proteomics might provide biological insights into the
genetic mechanisms of the formation of the winter diffusion layer
in P. fucata shells.
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The Formation of the Irregular Shell
Microstructures and Its Implication to

Molluscan Shell Evolution

As previously mentioned, some Protobranchia and Thraciidae
bivalves that presented a nacreous structure lost their nacreous
shells and acquired a homogeneous structure mostly in the
Paleozoic and Mesozoic (Taylor et al., 1973; Sato et al., 2020a).
Many studies have suggested that the nacreous structure is
costly and has gradually lost its “market share” in the course of
molluscan evolution (Cartwright and Checa, 2007; Fryda et al.,
2010; Vendrasco et al., 2013). Meanwhile, the similar appearance
of a homogeneous structure with an irregular microstructure
within the nacreous structure as in winter P. fucata has also been
reported for Nautilus pompilius in the aquarium [see Figure 7 in
Moini et al. (2014)]. The phenotypic plasticity of the shells in
these two species seems to be triggered by adverse conditions,
and may thus be a biological response to produce a low-cost
shell. The production cost of molluscan shells can be estimated
from their organic content (Palmer, 1992), and the homogeneous
structure is presumed to be a low-cost material compared to the
nacreous structure (Taylor and Layman, 1972). Consequently,
the biomineralization mechanism that controls the phenotypic
plasticity from a nacreous to a homogeneous structure also seems
to drive shell microstructural evolutions. Therefore, in addition
to exploring the genes involved in the formation of the irregular
structure of the winter diffusion layer in P. fucata, assessing the
homology between SMP genes in the homogeneous structure
of mollusks (e.g., protobranchs) should be tackled in future
paleobiological studies.
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