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Three variants of the sequence of formation of the nacre-prism transition layer were observed in Pinctada fucata (Bivalvia, Mol-
lusca) shells. In each case, the layer was formed by the organic matrix secreted by the mantle, together with the interprismatic
organic envelope. The continuity of the organic phase throughout the shell was maintained as the new nacreous layer was formed
on the nacre-prism transition layer. Changes in the interprismatic organic envelopes on either side of the nacre-prism transition
zone indicated that the organic matrix of the nacre-prism transition layer becomes embedded into the organic phase of the pris-
matic layer. It is concluded that penetration and erosion of the prisms by the organic matrix generates a strong bond between the

prismatic and nacreous layers.
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Bivalve shells are composite bioceramics formed via the
precise assembly of CaCO; crystals within an organic ma-
trix. The organic matrix is composed of macromolecules,
principally chitin and matrix proteins. These matrix proteins
have been isolated from bivalve shells as a whole or indi-
vidually purified, and their interactions with crystals have
been studied extensively [1-5]. The organic matrix plays a
crucial role in shell formation. Water-soluble proteins in-
duce crystal nucleation [1,6], inhibit crystal growth [7], and
control crystal morphology [4], while water-insoluble pro-
teins are mainly involved in construction of the organic
framework. Thus, the organic matrix controls the formation
of various types of CaCOj; crystals, and their organization,
resulting in the different layers of the shell.

The pearl oyster Pinctada fucata is a typical bivalve
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whose shell is composed of two distinct mineralized layers,
the outer calcitic prismatic layer and the inner aragonitic
nacreous layer. The prismatic layer is assembled on proteins
produced by epithelial cells of the mantle margin, whereas
the nacreous layer is laid down on proteins produced by the
central mantle epithelium [8]. The two calcified layers are
separated by a thin organic lamella, referred to in this paper
as the “nacre-prism transition layer”. The two calcified lay-
ers and the transition layer grow simultaneously as the shell
expands and a “transition zone” between the two types of
shell is always visible where the nacre-prism transition layer
intersects with the inner surface of the shell (Figure 1). The
transition zone advances outward as the shell grows, in the
course of which a sequential change occurs in the mantle
epithelium, from laying down of the prismatic layer, to se-
cretion of the transitional layer, to production of nacre.

The nacre-prism transition layer is important because it
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Figure 1 The inner surface of a Pinctada fucata shell. The nacre-prism
transition zone is visible indicated (arrow and closed box).

provides the initial nucleating surface for aragonite and it
alters the mode of shell growth. Great differences in miner-
alogy, microstructure, and organic matrix exist between the
prisms and the nacre. For example, the major matrix pro-
teins found specifically in the prismatic layer have a lower
pl than those found only in the nacreous layer [9-13]. Thus,
a series of changes must occur on the surface and within the
prismatic layer as the nacre-prism transition occurs. How-
ever, little is known concerning these changes, and the
mechanism by which these two different layers become
closely joined remains uncharacterized.

We investigated this process by observing the changes
that occur in the organic matrix during the formation of the
nacre-prism transition layer in shells of P. fucata. Based on
these observations, we propose an ‘“embedment model”
which explains the role of the organic matrix in the na-
cre-prism transition zone, and the strong adhesion between
the prismatic and nacreous layers.

1 Materials and methods

Pearl oysters (Pinctada fucata) with wet weights of 30—40 g
and shells ~4.0-6.0 cm in diameter were collected from
Guofa Pearl Farm in Beihai, Guangxi Province, China.
Thirty-five P. fucata shells were cleaned with Milli-Q water
and air dried. They were fractured into small fragments us-
ing liquid nitrogen and pieces containing the nacre-prism
transition zone (Figure 1) were selected. Ten additional
shells fractured as above but were observed without under-
going the EDTA treatment. To observe the changes that
occur in the organic matrix in the prisms near the na-
cre-prism transition, 20 shell pieces were slightly decalci-
fied in 5% EDTA for 10 min and another 5 pieces were
completely decalcified in 5% EDTA for 3 h. Ten shells
were prepared similarly but were not subjected the EDTA
treatment. After coating with gold, the inner surfaces of
both treated and untreated shell pieces, and cross-sections of
the untreated pieces, were examined using a scanning elec-
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tron microscope (SIRION 200, FEI Co.).

2 Results

2.1 Three variants of the nacre-prism transition
sequence

The nacre-prism transition layer is an organic layer that
covers the internal surface of the prismatic layer (Figure
2(a)). The transition layer provides a surface for polycrys-
talline aragonite growth [14]. We identified 3 different con-
figurations of the nacre-prism transition zone, as described
below.

(i) Increased thickness of the organic matrix forming the
interprismatic organic envelopes. This form of the nacre-
prism transition layer has been reported in previous studies
[14] and was observed here in slightly decalcified shells. The
surfaces of the prisms adjacent to the nacre-prism transition
zone were not completely visible and regions close to the
interprismatic organic envelope were covered by organic
matrix (Figure 2(b)). Because the mantle was secreting or-
ganic matrix onto the internal shell surface during the proc-
ess, the surface of the interprismatic organic envelope was
elevated (Figure 2(c)). Organic matrix was continuously
added and, in surface view, appeared to converge toward the
center of the prisms (Figure 2(b)) until the surface was en-
tirely covered by the organic matrix. Thus, the nacre-prism
transition layer was formed at the end of this process.

(i) Transformation of the prismatic layer into the na-
cre-prism transition layer. This second type of transition
layer formation was observed in untreated shells. In surface
view, the shape of the prisms located just outside the nacre-
prism transition zone appeared to change (Figure 3(a) and
(b)) and, extending further into the transition zone, the visi-
ble surface area of the prisms was reduced, or they disap-
peared completely; i.e. they were visible when still partially
invested by the organic matrix but became invisible as they
were covered by the matrix. The interprismatic organic en-
velope surrounding each prism seemed to be incorporated
into the organic matrix (Figure 3(c)). Before this stage, the
thickness of the interprismatic organic envelopes remained
unchanged although their shape was distorted. Therefore, it
appeared that new organic matrix was secreted onto the
inner surface of the prismatic layer.

(iii) Decreased organic matrix in the interprismatic or-
ganic envelopes in the formation of the nacre-prism transi-
tion layer. This variation of transition layer formation was
observed in slightly decalcified shells. On the inner surface
close to the nacre-prism transition zone, the thickness of the
organic envelope of prisms decreased (Figure 4(a)). The
double-layered interprismatic organic envelopes were ele-
vated above the surface in areas distant from the transition
zone (Figure 4(b) and (c)), while in areas nearer to the transi-
tion zone, the surface was smooth (Figure 4(d)). This latter
phenomenon reflected a decrease in the thickness of the
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Figure 2 The first type of nacre-prism transition layer formation. (a) An organic layer representing the nacre-prism transition layer forms on the prismatic
layer; (b) the diameter of the visible surface of the prisms decreases before the formation of the nacre-prism transition; (c) the addition of the organic matrix
to the interprismatic organic envelope of the prismatic layer near to the transition zone. The shell was slightly decalcified in 5% EDTA for 10 min. The white

arrows indicate the growth direction of the shell.

Figure 3 The second type of nacre-prism transition layer formation. (a) and (b) The transformed prisms before the formation of the nacre-prism transition.
(c) Enlargement of the area indicated in (b); dissolution of the interprismatic organic envelope as the nacre-prism transition layer forms. The growth direction

of the shell is from left to right.

organic matrix of the interprismatic organic envelopes and
the retreat of surface of the interprismatic organic envelopes
below the inner surface of the shell (Figure 4(d)). In areas
closer to the nacre-prism transition zone, the prisms ap-
peared to grow over both layers of organic matrix of the
interprismatic envelopes, leaving only the central part ex-

posed (Figure 4(e)). In these regions, the prisms were not
different in shape but, adjacent to the transition zone, the
visible surface area of the prisms decreased suddenly and
the space between neighboring prisms was filled with the
organic matrix (Figure 4(f)). This newly secreted organic
matrix also lay below the inner surface of the shell.
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Figure 4 The third type of nacre-prism transition layer formation. (a) The prismatic layer in the transition zone. Areas enlarged in panels (c), (d) and (e) are
indicated. The shell was slightly decalcified in 5% EDTA for 10 min. (b) The prismatic layer distant from the figure (a). (c) The interprismatic organic enve-
lopes of the prisms far from the transition. (d) The prismatic layer near the transition zone. (e) The interprismatic organic envelopes of the prisms near the
transition zone. (f) The disappearance of the interprismatic organic envelopes on the surface of the organic matrix composing the transition layer. The growth

direction of the shell is from right to left.

2.2 Changes in the organic matrix in cross-sections of
the shell

Examination of cross-sections of an untreated shell revealed
that a rapid change must take place within the organic ma-
trix of the prismatic layer before nacre is formed (Figure
5(a)). The surfaces of the prisms in the prismatic layer were
flat and smooth in regions outside the transition zone (Fig-
ure 5(b)). Close to the nacre-prism transition zone, the
prismatic surface began to be covered by organic macro-
molecules and became rough in texture (Figure 5(c)). In the
transition zone itself a thicker layer of organic macromole-
cules extended over the surface (Figure 5(d)). This change
occurred not only on the surface but penetrated into the in-
terprismatic organic envelopes.

In the transition zone further toward the nacreous layer, it
was observed that the organic matrix of the interprismatic
organic envelopes was much increased and the boundaries
between neighboring prisms were not visible (Figure 5(d)).

Further still into the transition zone, a complete organic
layer was present (Figure 5(e)). This layer partly extended
below the tips of the prisms, which were visible at the
growth front in the nacre-prism transition zone (Figure 6,
white lines and arrows). The height of the organic layer
from the inner surface of the shell to the prisms was ~20
pm. As the nacreous layer increased in thickness, the organic
matrix in the transition layer continuously decreased (Figure
5(e) and (f)). In the fully formed nacreous layer, the organic
matrix was even further reduced (Figure 5(f) and (g)).

3 Discussion

3.1 The continuum of the organic phase in the whole shell

Although the prismatic layer and the nacreous layer differ in
mineral morphology, in organic matrix composition, and in
crystal assembly, the two layers share the common charac-
teristic that the crystals are embedded in an organic matrix.
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Figure 5 Cross-section of the shell showing the transition from the prismatic to the nacreous layer. (a) Cross-section of the shell at low magnification; (b)
the prisms near the transition zone; (c) the addition of organic matrix to the surface of the prisms (white arrow) in the formation of the transition layer; (d)
and (e) an organic layer is formed on the surface; (f) the nacreous layer is deposited; (g) a thick nacreous layer is formed. P, the calcitic prismatic layer; T,
the nacre-prism transition layer; N, the aragonitic nacreous layer. White arrows in (f) and (g) show the reduced levels of organic matrix. The direction of

growth of the shell is from right to left.

Figure 6 The organic layer formed under the surface of the nacre-prism
transition layer. This figure is a labeled similarly to Figure 5(d). SP, the
levels of the tops of the prisms in the prismatic layer; SO, the lower surface
of the organic layer.

The calcitic prisms are arranged perpendicularly to the sur-
face of the shell and are surrounded by interprismatic or-
ganic walls. Aragonite platelets of the nacreous layer are
arranged in continuous parallel layers that are separated by
interlamellar organic sheets and intercrystalline organic

membranes [15-17]. The interaction between aragonite pla-
telets and the organic matrix increases the fracture resis-
tance of the nacreous layer [8]. The nacre-prism transition
layer is essentially an organic sheet that joins the prismatic
layer and nacreous layer. We propose that, although the
crystal phase is discontinuous, the organic phase is con-
tinuous throughout the shell. Further, the continuum of the
organic phase contributes to the strong adhesion between
the prismatic and nacreous layers in the shell. To test this
scenario, we examined the changes that occur in the organic
matrix during the formation of the nacre-prism transition.
By examining 30 shells, we distinguished three different
appearances of the nacre-prism transition layer related to the
interprismatic organic envelopes. In the first type, the or-
ganic matrix secreted by the mantle was assembled in con-
junction with the interprismatic organic envelopes (Figure
2(b) and (c)) rather than with the crystalline phase, implying
continuous growth of the organic matrix. In the second type,
the shapes of the prisms and their interprismatic organic
envelopes changed within the transition zone, and the inter-
prismatic organic envelopes became indistinguishable from
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the organic matrix. In the third type, the quantity of organic
matrix in the interprismatic organic envelopes decreased
near to the nacre-prism transition zone on the inner surface
of the shell. However, the interprismatic organic envelopes
seemed to be integrated into the organic matrix around the
prisms at the point that the prisms disappeared in surface
view (Figure 4(f)).

The variation in the appearance of the transition layer
during its formation may reflect different growth rates of
the shells. When shells grow slowly, the transition in the
manner of growth is moderate, whereas when shells grow
fast the transition becomes acute. In this study, we identi-
fied three types of nacre-prism transition formation, but
more types might exist. However, we believe that the three
types observed provide information that helps to elucidate
the role of the organic matrix in the formation of the na-
cre-prism transition to some extent. During the formation of
the nacre-prism transition layer, the organic matrix from
this layer together with components of the interprismatic
organic envelopes appears to be reassembled into a new
structure. A key point is that although the changes occurring
in the interprismatic organic envelopes were different, the
organic phase was always continuous throughout the whole
shell.

3.2 Embedding of the organic matrix into the
prismatic layer

The organic matrix of the nacre-prism transition layer no
doubt differs from that of the nacreous and prismatic layers
but probably has components in common with both layers.
Pif, a nacre-specific protein, had been shown to exist in the
nacre-prism transition layer [18]. A prismatic layer-specific
protein, Prisilikin-39, also exists in the transition layer [19].
A study by Dauphin et al. of the structure and composition
of the nacre-prism transition layer also indicated that these
layers are not sharply defined from each other [20]. Arago-
nite pellets were observed to form on the polycrystalline
aragonites [21]. Therefore, a series of changes may take
place in the composition of the organic matrix of the na-
cre-prism transition layer that induce the formation of the
polycrystalline aragonites [14], rather than the formation of
calcite or of aragonite pellets.

In the first type of transition layer, the calcite continued
to grow and the diameter of the newly formed prisms be-
came smaller (Figure 7(a)—(c)). This decrease was visible
on the growth surface of the prisms and continued until the
surface was covered by the organic matrix (Figure 2(a)).
The newly secreted organic matrix inhibited calcite growth
in the prismatic layer while the organic matrix of the inter-
prismatic organic envelopes increased (Figure 7(b)). The
continuous growth of prisms resulted in the invasion of or-
ganic matrix into the prismatic layer (Figure 7(c)). Previous
studies have observed that because of the inhibition of the
final stages of prism growth, the surface of the prisms under
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Figure 7 Inhibition of prism growth in the first type of nacre-prism tran-
sition layer formation. (a) Biomacromolecules are added to the surface of
the interprismatic organic envelopes; (b) the increased organic matrix of
the interprismatic organic envelopes begins to inhibit the growth of the
prisms; (c) part of the organic matrix of the nacre-prism transition layer is
embedded in the prismatic layer causing growth of the prismatic layer. B,
biomacromolecules; O, organic matrix; I, the interprismatic organic enve-
lopes; P, the calcite prismatic layer.

the nacreous layer is raised in cross sections of shells [20].
Inhibition of prism growth could explain the first type of
appearance of nacre-prism transition layer but not the sec-
ond and third types.

A reasonable explanation for the latter two scenarios is
that the organic matrix from the nacre-prism transition layer
penetrates into the organic phase below the surface of the
prismatic layer. In the second type, the change in the shape
of the prisms may be attributed to the rapid growth of the
shell; the organic matrix embeds into the space that is cre-
ated by the transformation of the prisms. Penetration of the
prisms by the organic matrix could also explain the de-
creased quantity of organic matrix in interprismatic organic
envelopes in the third type of transition layer formation. The
apparent decrease in the organic matrix of the interprismatic
organic envelopes may reflect a slower rate of addition of
organic matrix to the surface of the interprismatic layer than
in the first type (Figure 4(b)). However, the overgrowth of
the prisms (Figure 4(c)) suggests that the crystalline com-
ponent grew faster than the organic component before the
formation of the nacre-prism transition layer. It should be
noted that this area was very near the transition zone. If all
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of these changes occurred in the prismatic layer, it is
unlikely that a nacre-prism transition layer composed solely
of organic matrix could be formed in a short time. However,
the thickness of the crystalline component decreased, and
the organic part suddenly increased beside the overgrowth
area (Figure 4(f)). After slight decalcification, the calcite
overgrowths had fractured off from the prisms and were
attached to the surface of the organic matrix surrounding the
prisms (Figure 4(f), white arrows). Therefore, it appears that
the rate of addition of the organic matrix to the surface of
the interprismatic layer is rapid and that a series of changes
must take place beneath the surface of the prismatic layer
resulting in the formation of the nacre-prism transition
layer. This hypothesis for the penetration of the organic
matrix into the prismatic layer may help the understanding of
other aspects of the process. As the organic matrix increases
beneath the surface of prismatic layer, it may dissolve away
part of the prisms, decreasing their diameter (Figure 8(a)—
(c)). However, on the surface of the prismatic layer, the over-
growing part of calcite covers part of the interprismatic

Figure 8 The change of the interprismatic organic envelopes in the third
type of nacre-prism transition formation. (a) Biomacromolecules are added
to the surface of the interprismatic organic envelopes; (b) the regions
around the interprismatic organic envelopes become smooth and organic
matrix flows on to them; (c) parts of the prisms are dissolved by the or-
ganic matrix and overgrowths from the prisms cover both sides of the
interprismatic organic envelopes; (d) the overgrowths from the prisms are
dissolved. B, biomacromolecules; I, the interprismatic organic envelopes; P,
the calcite prismatic layer.
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organic envelopes (Figure 8(c)). Finally, the overgrowing
calcite is dissolved (Figure 8(d)) and the visible diameter of
prisms continues to decrease until the prismatic layer is
covered by organic matrix.

In each variant of the formation of the nacre-prism tran-
sition layer, the organic matrix newly secreted by the mantle
was embedded into the prismatic layer. The organic layer
that is visible in cross-sections of the transition zone pro-
vides direct evidence for the presence of embedment (Fig-
ure 5(d) and (e)). The lower boundary of the organic layer is
straight (Figure 5(d)—(f)) and is located below tops of the
prisms near the nacre-prism transition zone (Figure 6). We
propose that the organic lamella is not composed solely of
organic matrix because the appearance of the organic layer
is rapid and it is unlikely that the calcites could be eroded
completely in such a short time. Instead, we suggest that it
contains prisms embedded in macromolecules of the or-
ganic matrix newly secreted by the mantle. This organic
material had a different morphology from the interprismatic
organic matrix. The interaction between newly secreted org-
anic matrix and the intrinsic matrix of the prismatic layer
plays a key role, as they are reassembled into a new organic
admixture. We propose that the embedment of this newly
secreted organic matrix into the organic phase of the pris-
matic layer acts as a bond between the shell layers. This
concept may stimulate new ideas for the design and synthe-
sis of composite multilayered biomaterials.

The decreased thickness of the organic matrix in the na-
cre-prism transition layer was observed during nacreous
layer formation and even after a thick nacreous layer cov-
ered the structure (Figure 5(e)—(g)). The reason for this
phenomenon remains unknown. However, it is evident that
this decrease results in the approach of the nacreous layer
and the prismatic layer and this may assist in their adhesion.

4 Conclusion

During the formation of the nacre-prism transition layer in
the shell of P. fucata, some of the newly secreted organic
macromolecules cover the surface of the prisms to form the
nacre-prism transition layer and some are embedded into the
interprismatic organic envelopes to provide an adhesive.
The prismatic and nacreous layers are closely bonded to-
gether by this interaction.
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