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crystal, but contains small angle grain boundaries, which are slight 
crystal misorientations (Gilbert et al., 2011; Okumura et al., 2010). This 
small crystal defects may improve the strength and toughness of the 
prismatic layer (Olson et al., 2013). Besides, organic matrices are 
localized in a network, along small angle grain boundaries, indicating 
that the organic networks might contribute to the formation of small 
angle grain boundaries (Okumura et al., 2012). Although it is difficult to 
artificially mimic the superior microstructure of calcite prisms, P. fucata 
easily produces these fine structures under normal temperature and 
pressure using organic matrices. 

Organic molecules are soft, flexible and fracture resistant. On the 
other hand, inorganic minerals are hard and brittle. Organic-inorganic 
interaction induces the nano-size crystals, mesoscopic microstructure, 
regulated density of defects, uniformed crystal orientation and special 
chemical composition with trace elements. Organic-inorganic complex 
in biominerals combine the best of these properties and minimize the 
weaknesses as strong and tough materials. (Gao et al., 2003; Gilbert 
et al., 2005; Jackson et al., 1988; Kamat et al., 2000; Nudelman and 
Sommerdijk, 2012). 

In the previous study, we researched the components of the organic 
networks and their function in the formation of small angle grain 
boundaries (Kintsu et al., 2017). From organic networks, chitin was 
identified as the primary component. In addition, the chitinolytic en
zymes that degrade chitin were also identified from the proteins that 
formed a complex with chitin. When calcium carbonate was crystallized 
in chitin gel treated with chitinolytic enzymes to imitate the condition 
during the calcite prism formation, the shape of a synthesized calcite in 
the chitin gel was gradually changed into the round shape and the lattice 
distortion of the synthesized calcite increased, depending on the con
centration of chitinolytic enzymes, whereas a typical rhombohedral 
calcite was observed in the chitin gel without treatment of chitinolytic 
enzymes. 

This finding suggested that chitin and chitinolytic enzymes might 
work cooperatively to induce small angle grain boundaries of calcite. 
When allosamidin, a chitinase inhibitor, was injected into a living 
P. fucata to examine the function of chitinase during the formation of the 
prismatic layer, the abnormal structure of prisms was observed, indi
cating chitinase is necessary for the prism formation in P. fucata. The 
cross section of this prismatic layer prepared by focused ion beam (FIB) 
was observed by transmission electron microscope (TEM). TEM obser
vations revealed that the thickness of chitin fiber after treatment of 
allosamidin became thicker than that of chitin fiber before the treat
ment. These results enabled us to propose that chitin which becomes 
thinner fibers by chitinolytic enzymes degrading may induce crystal 
defects. 

In this study, we performed further analyses of the respective calcites 
which we synthesized in vitro and the prismatic layer of the chitinase- 
inhibited individuals in vivo. In the experiment focusing on the synthe
sized calcite, we investigated how chitin is changed by chitinolytic en
zymes by TEM and atom probe tomography (APT). On the other hand, 
we prepared the prismatic layer inhibited by a chitinase inhibitor in vivo. 
We analyzed the crystal orientation of the prismatic layer by electron 
back scatted diffraction (EBSD) image and measured the hardness and 
elastic modulus of the prismatic layer by nano indentation. These ex
periments would provide us with the evidence that P. fucata utilizes 
chitinolytic enzymes to produce the unique crystal structure. 

2. Material and methods 

2.1. Preparation of living P. fucata 

The Japanese pearl oyster P. fucata that is Mollusca Bivalvia Pter
ioida Pteriidae Pincatada fucata was cultured at Ago Bay by Fisheries 
Research Division, Mie Prefectural Science and Technology Promotion 
Center in Japan. Cultivation was according to the previous method 
(Kintsu et al., 2017). The shell structures and tissues of P. fucata were 

shown in Fig. S1. 

2.2. Synthesis of calcium carbonate in the chitin hydrogel 

Chitin hydrogel was prepared according to the previous method 
(Tamura et al., 2006). The prepared chitin hydrogel was treated with 
Yatalase (an enzyme complex containing chitinase and chitobiase ac
tivities from Corynebacterium sp. OZ-21; TaKaRa) as chitinolytic enzyme. 
Yatalase was added to this chitin hydrogel in various concentrations (0, 
0.12, 1.2 mg/mL) and stirred for 24 h. After reaction, chitin hydrogel 
was filtered and washed with 10 mM calcium chloride to remove 
Yatalase. The washed chitin hydrogel was spread on a plate (33.5 mm x 
33.5 mm). This plate was put into desiccator filled with the gas of 5 g of 
ammonium carbonate (Kanto Chemical), followed by the calcium car
bonate crystallization in the chitin hydrogel for 24 h. Chitin hydrogel 
was dissolved with 50 % sodium hypochlorite to collect the calcium 
carbonate crystals. 

2.3. Calcium carbonate crystallization using chitin nanofiber 

1.1 % (w/v) chitin nanofiber in 0.5 % acetic acid solution was pre
pared (Ifuku et al., 2010). The chitin nanofiber solution was neutrali
zation with 1 M NaOH. 10 mM calcium chlorite solution was added to 
the chitin nanofiber solution. Calcium carbonate was then crystallized in 
the chitin nanofiber solution using the same method described above. 
The formed calcium carbonate crystals were observed with SEM and the 
cross-sections prepared by FIB were observed by TEM. 

2.4. TEM observations of the calcium carbonate crystals 

The calcium carbonate crystals synthesized in the chitin hydrogel 
were washed with distilled water to remove the sodium hypochlorite. 
The inside of these calcium carbonate crystals was also observed by TEM 
to investigate the inside detailed microstructure. Electron-transparent 
thin specimens for TEM observation were prepared using a focused 
ion beam (FIB) (FB 2100, Hitachi). The samples were locally coated with 
tungsten and trimmed using Ga ion beam and thinned down to a final 
thickness of 200 nm. These electron-transparent specimens were 
observed with a JEM-2010UHR TEM (JEOL) operated at 200 kV. The 
intracrystalline organic matrices were imaged by Fresnel contrast, not 
focusing on the organic matrices. 

2.5. Atom probe tomography 

The method of ATP analysis was performed according to previous 
study (Pérez-Huerta et al., 2016). Briefly, the tip specimens of the syn
thesized calcium carbonate crystals were prepared with a radius of 
about 50 nm by using FIB. These specimens were ionized with the local 
electrode (LEAP 3000 XSi) of The University of Alabama. Parameters 
were following; laser pulse energy = 150 and 1300 pJ, detection rate =
2%, base temperature =50 K. Three dimensional reconstructions from 
data of ion distributions were performed using the CAMECA IVAS soft
ware platform (details in (Pérez-Huerta et al., 2019)). 

2.6. Cultivation of P. fucata 

Three individuals of P. fucata (the age is about one year) were 
selected for each condition of allosamidin injection, PBS injection and 
no injection, respectively. 500 mL of allosamidin solution (2 mg/mL 
allosamidin in PBS) was injected into the adductor muscle of P. fucata 
every three days for a month. The same volume of PBS solution was also 
injected into the adductor of another three individuals as a negative 
control experiment. The injected individuals were cultured in seawater 
at 20 ◦C. After cultivation, the mantle tissue and shells of each individual 
was collected. The mantle tissues were homogenized in the extract 
buffer (50 mM HEPES-KOH (pH 7.8)/420 mM KCl/0.1 mM EDTA/5 mM 
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3. Results and discussion 

3.1. Transmission electron microscope (TEM) observations of calcite 
crystals synthesized in chitin gels 

Calcite crystals was synthesized in chitin gel with yatalase, a 
commercially available chitinolytic enzyme, at different concentration 
(0, 0.12 and 1.2 mg/mL) (Fig. S2). We also prepared calcite crystals 
synthesized in chitin nanofiber solution which is made by chemical and 
physical treatment and has uniformed thickness, because we predicted 
the thickness of chitin was important for the formation of crystal defects. 
Each calcite crystal was shaped into thin cross-section with focused ion 
beam (FIB) for transmission electron microscope (TEM) analysis. TEM 
bright field images of the cross-sections revealed that the calcite crystal 
formed in the chitin gel without yatalase treatment (0 mg/mL) con
tained many thick chitin fibers with a bright contrast indicated by red 
arrows in Fig. 1a. The bright contrast means the void of organic mole
cules inside the calcite crystal. The contrast of typical bend contour 
(interference fringe of equal inclination) which was observed in the 
single crystal indicated by white arrows in Fig. 1a was distributed in 
whole area, indicating that chitin gel without chitinolytic enzyme 
treatment did not affect the formation of crystal defects in calcite crys
tals. In addition, selected area electron diffraction (SAED) patterns re
flected that the calcite crystals synthesized in these conditions were 
single crystals (Fig. S3a). 

By contrast, following 0.12 mg/mL chitinolytic enzyme treatment 
(Fig. 1b), slightly disordered interference fringes were partially 
observed around the small spherical Fresnel contrasts indicated by red 
arrows. The small spherical Fresnel contrasts mean the localization of 
thin organic molecules (Okumura et al., 2012, 2010). The thin organic 
molecules might be a degraded chitin fiber by chitinolytic enzymes. If 
the sample was a perfect single crystal, equal inclination interference 
fringes would have shown clear straight lines. The disordered lines of 
interference fringes contrast showed that the small misorientations were 
generated. In Fig. 1b, interference fringes of equal inclination around the 
area of white circles were interrupted by lattice distortions generated by 
thin chitin fibers indicated by red arrows. These observations suggested 
that the positions of partial interrupted interference fringes corre
sponded to that of chitin fibers. SAED pattern (Fig. S3b) showed that the 
crystal orientation in whole area in Fig. 1b was almost uniformed, 
suggesting that the misorientation of crystal might be small. Thus, thin 
chitin fiber might induce the small angle grain boundaries in calcium 
carbonate crystals. 

At 1.2 mg/mL chitinolytic enzyme treatment, thin chitin fibers were 
embedded with calcium carbonate. In Fig. 1c, the Fresnel contrasts 
means the position of thin chitin fibers indicated by red arrows. The 
interference fringes of equal inclination were completely stopped by the 
thin chitin fibers suggesting that the thin chitin fibers treated by 1.2 mg/ 
mL yatalase made the perfect grain boundaries. The SAED pattern from 
the whole area in Fig. 1c showed the ring pattern (Fig. S3c), which 
means the calcite crystal containing grain boundaries was polycrystal. 
Since high concentration of yatalase decreased the thickness of chitin 
fiber, thinner chitin fiber might become the grain boundary. 

Finally, we used the chitin nanofiber prepared by the physical 
treatments. In the chitin nanofiber solution, the interference fringes 
indicated by white arrows were disordered throughout the entire area 
(Fig. 1d). In the high magnification image, there were many Fresnel 
contrasts indicated by red arrows showing the distributions of chitin 
nanofibers. SAED pattern (Fig. S3d) showed that the crystal orientation 
in whole area in Fig. 1d was almost uniformed, suggesting that the 
misorientation of crystal might be small. This result was really similar to 
that of 0.12 mg/mL chitinolytic enzyme treatment. The chitin nano
fibers interrupted the lines of interference fringes, suggesting that the 
small angle grain boundaries were generated around the areas of white 
circles in Fig. 1d 

Based on these observations, TEM observations also supported the 

possibility that lattice distortion increased as the chitin fibers were 
degraded by chitinolytic enzymes, because the increasing surface areas 
of the chitin fibers strengthened the interactions between calcium car
bonate and the chitin fiber. This strong interaction may have allowed 
chitin fibers to attach to the crystal growth front and inhibit growth of 
the crystal face in a random manner to induce a rounded shape. 

3.2. Atom probe tomography (APT) of calcite crystals synthesized in 
chitin gels 

Atom probe tomography (APT) is a useful technique to determine the 
three-dimensional (3D) distribution of atoms or ions in the materials 
(Gordon et al., 2012; Pérez-Huerta et al., 2016; Valley et al., 2014). In 
APT analysis, the specimen shaped into a needle-like tip with a radius of 
50–100 nm by a focused ion beam was ionized by field evaporation to 
detect atoms of ions with 2D ion distributions, followed by a 3D 
reconstruction. In Fig. 2, the 3D reconstruction images show that ion 
clusters of COH+ (yellow) and COH2

+ (pink) derived from chitin are 
detected within calcium carbonate ions (red). Fragments of chitin were 
partially detected in calcium carbonate at a concentration of 0 mg/mL 
(Fig. 2a). Most of signals were localized in the edge of sample. These 
signals might be due to the artifact from the sample preparation. On the 
other hand, there were few signals inside the calcium carbonate. These 
results suggested that no treatment of chitinolytic enzymes made no 
distribution of chitin signals inside the calcium carbonate. 

On the other hand, the yellow and pink signals of chitin increased 
and were distributed in wide area within calcium carbonate at higher 
concentrations (0.12 and 1.2 mg/mL) of chitinolytic enzymes (Fig. 2b, 
c). The continuous chitin signals were homogeneous. Almost all chitin 
signals appeared inside the calcite crystal. At 1.2 mg/mL chitinolytic 
enzyme treatment, the amounts of yellow and pink signals significantly 
increased (Fig. 2c). From these observations, these chitin signals might 
be derived from both chitin oligomers and chitin nanofibers degraded by 
chitinolytic enzymes. These APT results support the hypothesis that 
chitin without the treatment of chitinolytic enzymes could not give any 
molecules inside the calcite crystal, while high concentration of chiti
nolytic enzymes produced the small fragments of chitin and gave the 
impurities to the calcite lattice at the atomic level. 

In case of the artificial chitin nanofiber produced by physical pro
cedure, high density signals derived from chitin were detected (Fig. 2d). 
This result suggested that the chitin nanofibers were distributed ho
mogeneously in calcite crystals and showed the high amounts of signals. 
This observation also supported the evidence that thin chitin fiber 
(oligomer or nanofiber) interacts with calcium carbonate inside the 
crystal. 

3.3. Electron backscatter diffraction (EBSD) analyses of calcite prisms 
treated by chitinase inhibitor in vivo 

As previously mentioned, we showed that chitinolytic enzymes may 
play important roles in formation of the P. fucata prismatic layer. To 
show the importance of chitinolytic enzymes on the formation of the 
prismatic layer, allosamidin, an inhibitor of GH18 chitinase (Sakuda 
et al., 1987), was injected into a living P. fucata every 3 days for a month. 
P. fucata was grown in natural sea water. Measurement of chitinase 
activity from mantle extracts showed that allosamidin suppressed ac
tivity for 1 month, indicating that the shell was formed under conditions 
of low chitinase activity (Fig. S4). If our hypothesis that chitinolytic 
enzymes degrade chitin and affect crystal growth was correct, the prism 
should be affected by inhibition of activity. Fig. 3 and Fig. S5 showed 
EBSD mapping of the surface and longitudinal cross-section of prismatic 
layers along the c axis, and line profiles of one prism. We chose the 
position of growth front in the prismatic layer to see the effect of in
hibitor on the prism formation. In the normal prismatic layer without 
inhibitor, crystal orientation on the surface of calcite prisms were almost 
uniformed (Fig. S5a). The strong red color of mapping image on the 
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Marie, B., Zanella-Cléon, I., Corneillat, M., Becchi, M., Alcaraz, G., Plasseraud, L., 
Luquet, G., Marin, F., 2011. Nautilin-63, a novel acidic glycoprotein from the shell 
nacre of Nautilus macromphalus. FEBS J. 278, 2117–2130. https://doi.org/10.1111/ 
j.1742-4658.2011.08129.x. 

Miyamoto, H., Miyashita, T., Okushima, M., Nakano, S., Morita, T., Matsushiro, A., 1996. 
A carbonic anhydrase from the nacreous layer in oyster pearls. Proc. Natl. Acad. Sci. 
U. S. A. 93, 9657–9660. https://doi.org/10.1073/PNAS.93.18.9657. 

Montagnani, C., Marie, B., Marin, F., Belliard, C., Riquet, F., Tayalé, A., Zanella-Cléon, I., 
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