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Abstract
Immunohistochemical TEM of Eastern oyster (Crassostrea virginica) mantle epithelial cells using a polyclonal antibody to a gel purified
48 kDa MW oyster shell phosphoprotein revealed that it is phosphorylated in the Golgi, packaged into secretory vesicles and subsequently
exocytosed across the apical membrane of specialized cells. These phosphoprotein producing cells are concentrated along the mantle side
facing the shell, in the region of the outer mantle lobe. A layer of calcium enriched immuno-reactive mucous is associated with the apical
microvilli of these cells. The 48 kDa phosphoprotein forms a component of the fibrous organic matrix and appears to be involved in calcium
supply thus enabling crystal growth at the mineralization front.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction
The molluscan mantle organ forms the outer integument
that encloses the body of the animal. It functions to provide
protective mucous secretions and participates in shell formation (Simkiss and Wilbur, 1989). The organ is composed of
two epithelia, a gill facing pallial epithelium and a shell facing outer mantle epithelium (OME). Confined within these
two layers are connective, nervous and muscle tissues as well
as circulating immune cells (hemocytes), blood vessels and
hemocoels which comprise a portion of the open circulatory
system of the animal.
In bivalves, such as the Eastern oyster, the outer margin of
the mantle elaborates into three lobes which are involved in
the formation of new shell. Epithelial cells lining the surface
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of the outer lobe, the underlying middle lobe and the intersecting region (between the middle and inner lobes) termed
the periostracal groove secrete a variety of proteins, lipids
and carbohydrates that contribute to the formation of the
organic matrix of calcified shell (Grégorie, 1972; Lowenstam
and Weiner, 1989). In Crassostrea virginica, this organic
fraction accounts for less than 1% of the dry weight of
shell (Kawaguchi and Watabe, 1993; Mount, 1999; Rusenko,
1988).
The function of the complex assemblage of organic matrix
macromolecules in shell formation is poorly understood.
Only general functions have been proposed based on histochemical examination of the tissue and largely in vitro
experiments from shell extracts (Addadi et al., 2006). In
the Eastern oyster, glycosaminoglycans (GAGs) have been
observed surrounding calcite crystals in situ (Kawaguchi and
Watabe, 1993) and phosphoprotein extracts have been shown
to bind calcium carbonate crystals when immobilized in a
hydrogel (Mount, 1999) and inhibit crystal growth when in
solution (Wheeler et al., 1981, 1987).
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To better understand the origin and cellular synthesis of
mineralizing phosphoproteins from secretory cells, we have
isolated and characterized an acidic phosphoprotein (48 kDa
MW) from soluble extracts of foliated oyster shell matrix,
raised an anti-48 kDa antibody to it and conducted immunohistochemical studies on mantle tissues. The information
gained from this study provides insights into the cellular
origin and intracellular processing of phosphoproteins and
illustrates the many specialized cells and secretory products
that comprise the mantle epithelium of this exquisite animal.

through two changes of propylene oxide, 10 min each, followed by 12 h in a 2:1 solution of propylene oxide and Epon
812 (Polysciences Inc.). The tissue was then infiltrated with
the resin for 24 h on a rotary mixer. In some experiments, the
tissue was dehydrated through 95% ethanol and infiltrated
with and embedded in LR White (London Resin Company).
For both light and electron microscopy the embedded tissue
was transferred to appropriate molds filled with fresh resin
and thermally polymerized at 55 ◦ C for 24 h.
2.3. Histochemistry

2. Materials and methods
2.1. Animal collection
Live specimens of the Eastern oyster, Crassostrea
virginica, were collected during low tide from the Clambank Creek oyster beds, North Inlet Estuary, Georgetown,
South Carolina. To minimize potential effects of anaerobic
metabolism on the mantle, only animals still submerged at
the time of collection were used. Animals were selected for
study only if they were actively forming new shell as evidenced by the presence of a brown pliable extension from
the shell margin. Animals were transported in seawater to
the Belle Baruch Marine Lab for immediate processing. The
time elapsed from collection to the beginning of processing
was less than 90 min.
2.2. Tissue preparation
The right valve of the animals was removed and in order
to relax the tissue, the mantle fluid was replaced with a 1%
(w/v) solution of cocaine–HCl in 0.2 M sodium phosphate
buffered saline (PBS), pH 7.6. Once the mantle was no longer
responsive to mechanical stimulation (∼10 min.), strips of
the tissue (1 cm wide) extending dorsally from the ventral
margin to the adductor muscle were dissected and pinned on
a paraffin coated petri dish. The tissue was fixed with 4%
glutaraldehyde in 0.2 M sodium phosphate buffer for 2 h.
The tissue was rinsed 2 × 15 min each with 0.2 M sodium
phosphate buffer and post-fixed with 2% osmium tetraoxide
(OsO4 ) in 0.2 M sodium phosphate buffer. In some experiments, the tissue was fixed in 4% paraformaldehyde and
2.5% glutaraldehyde for 1 h. Following buffer washes, the
tissue strips were suspended in an airtight container containing 2 ml of 2% OsO4 until the tissue had become tan colored
(approximately 2–3 min). In experiments designed to detect
calcium accumulations, the tissue was prepared as described
above with the exception that the fixative and buffer solutions
included 0.1 M sodium fluoride (NaF). The pH and osmolality of all fixative and buffer solutions were adjusted to 7.6 and
1–1.05 osmolality (Osm), respectively as described above.
Following fixation, the tissue was rinsed 2 × 15 min with
0.2 M sodium phosphate buffer and dehydrated through a
graded series of ethanol (EtOH) (35, 50, 60, 70, 80, 90, 95, 95,
100, 100%; 10 min each). The tissue was further processed

LR White blocks were trimmed and sectioned on a
Reichert Ultracut E ultramicrotome. One-half to twomicrometer sections were cut with a diamond knife. Sections
were picked up and floated out on 30% (v/v) acetone in
double distilled water (ddH2 O) and allowed to air dry onto
glass slides.
For orientation and description of the tissue, sections were
stained with 1% Methylene Blue and 1% azure II in 0.2 M
boric acid for 1–2 min and rinsed with ddH2 O.
Glycoproteins and proteoglycans were demonstrated with
1% Alcian Blue in 3% acetic acid (Luna, 1968). Sections
were stained for 2–3 h, rinsed briefly with 3% acetic acid
and rinsed for 5 min under running tap water. Sections were
counterstained with 0.5% aqueous eosin for 1 h followed by
exhaustive washing with ddH2 O.
Intracellular calcium accumulations were identified
histochemically by staining the sections overnight in 1%
Alizarin Red with the pH adjusted to 6.4 with NH4 OH.
The sections were washed with ddH2 O for 5 min and the
stain differentiated with 0.01 M HCl for approximately
30 s followed by counterstaining with fast green FCF
(Puchtler et al., 1969). Alternatively, calcium deposits were
demonstrated in tissue processed in the presence of 0.1 M
NaF. In this protocol, calcium fluoride is precipitated and
detected as electron-dense deposits by TEM.
Following staining, sections were air dried, mounted
in mounting medium (Permount) and viewed with an
Olympus BH2-NIC microscope system. Specimens were
photographed using T-Max 100 and Ektachrome 160T film
(Eastman Kodak Company, Rochester, NY) and the PM10AK automatic exposure photomicrographic system.
2.4. Transmission electron microscopy
For general orientation and description at the electron
microscope level, ultra-thin sections (70–90 nm) were cut
on a diamond knife using a Reichert Ultracut E ultramicrotome. Sections were floated onto copper or nickel grids and
stained with 2.5% uranyl acetate (methanolic for Epon sections and aqueous for LR White sections) for 15 min in the
dark and counterstained with Reynolds’s (1963) lead citrate
for 3 min. Sections were viewed and photographed with a
Hitachi 600AB or a Jeol 100CX transmission microscope at
an accelerating voltage of 60 or 75 kV.
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2.5. Protein preparation
Soluble matrix proteins were prepared according to the
methods of Wheeler et al. (1988) with the exception that
the shell demineralization procedure was carried out at 4 ◦ C.
Dialyzed and lyophilized whole soluble matrix extracts were
fractionated by SDS-PAGE and visualized with Stains-All
(Myers et al., 1996).
2.6. Polyclonal antibody production
One hundred micrograms (g) of purified 48 kDa SM protein was dissolved in 100 l of Tris buffered saline, mixed
1:2 with Freund’s complete adjuvant, and injected subcutaneously into white leghorn hens. A booster injection was
performed at 10 days after the initial injection with an additional 100 g of protein emulsified with an equal volume of
Freud’s incomplete adjuvant. Eggs were collected two weeks
after the booster injection and the yolk IgY was monitored by
ELISA for specific antibody. Yolk IgY was isolated according
to methods of Polson et al. (1985) and final antibody extracts
were reconstituted in Tris buffered saline pH 7.5, to a protein
concentration of approximately 15 mg/ml. Extracts exhibiting the highest specific activity were pooled and stored in
1 ml aliquots at −20 ◦ C.
2.7. Enzyme-linked immunosorbent assay (ELISA)
Selected proteins were dissolved in Tris buffered saline
(TBS), pH 7.5 and serially diluted to protein concentrations
ranging from 10 to 0.004 g/ml. Fifty microliters of each protein dilution was applied in triplicate to the wells of 96-well
microtiter plates (Immulon) and allowed to adsorb overnight
at 4 ◦ C. Coat proteins were aspirated from the wells and
the plate was washed gently with TBS, pH 7.5. Plates were
blocked with 200 l of 3% BSA and 1% rabbit serum in TBS,
pH 7.5, for 3 h at room temperature. After blocking, plates
were washed 1X with TBS, pH 7.5. IgY antibody extract
containing the anti-48 kDa antibody was diluted to a working dilution of 1:200 in 1% BSA in TBS, pH 7.5 (ELISA
buffer) and 100 l was applied to the protein coated wells
and incubated for 1.5 h at 37 ◦ C. Plates were washed 3X with
TBS containing 0.05% Tween-20 (wash buffer) followed by
the application of 100 l of rabbit anti-chicken horseradish
peroxidase conjugated antibody, diluted 1:35,000 in ELISA
buffer. After 1 h incubation at 37 ◦ C, plates were washed
3X with wash buffer and color was developed at room temperature by the addition of 200 l of o-phenylenediamine
dihydrochloride (OPD). After 30 min, OD values were determined at 450 nm wavelength.
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(v/v) methanol, pH 8.3. Blots were blocked overnight at
4 ◦ C in 3% BSA buffered in TBS, pH 7.5. After a brief
rinse in TBS, blots were incubated in anti-48 kDa antibody
extract diluted 1:100 in 1% BSA in TBS, pH 7.5 (western
buffer) for 2 h at room temperature (RT). Blots were rinsed
3X in TBS containing 0.05% Tween-20 (wash buffer) for
5 min each with gentle shaking, and then incubated in rabbit anti-chicken horseradish peroxidase conjugated antibody,
diluted 1:35,000 in Western buffer for 1.5 h at RT. After 3,
5 min. rinses in wash buffer, blots were developed in 3,3 diaminobenzidine (DAB) until signal was discernable above
background (about 1 min). The reaction was quenched with
dH2 O and the blots were air dried and photographed.
2.9. Immunocytochemistry
The right valve of the oysters was removed and the mantle
fluid replaced with a 1% solution of cocaine–HCl in PBS.
After 10 min, strips of tissue 1 cm wide extending from the
mantle margin to the adductor muscle were dissected and
placed in fixative. The tissue was fixed for 1 h with 4% freshly
depolymerized formaldehyde and 2.5% glutaraldehyde in
0.2 M sodium phosphate buffer, pH 7.8 at 950–1050 mOsm.
Following two 10 min rinses with PBS, the tissue strips
were suspended in an airtight container containing 2 ml of
2% OsO4 until the tissue became light brown (approximately 30–45 s). Tissues were dehydrated and embedded as
described above. Ultra-thin sections (70–90 nm) were cut on a
diamond knife and floated onto 200 mesh nickel grids. These
sections were blocked for 1 h with Cas-Block and endogenous biotin and avidin activity was blocked as previously
described. Nickel grids were floated on a 1:100 dilution of the
primary antibody for 4 h. The grids were rinsed 4 times 30 min
each with Cas-Block and floated on a 1:200 dilution of rabbit
anti-chicken biotin conjugate for 4 h in a moist chamber. Following four 30-min rinses with Cas-Block, grids were floated
on a 1:50 dilution of streptavidin–gold conjugate for 4 h in a
moist chamber. The grids were rinsed four times 30 min each
with Cas-Block and briefly rinsed with distilled water. The
grids were floated on 2.5% aqueous uranal acetate for 15 min
in a dark chamber and counterstained with Reynolds’s (1963)
lead citrate for 3 min. Grids were viewed and photographed
with a Hitachi 600AB or a Joel 100CX transmission microscope at an accelerating voltage of 60 or 75 kV.
Control sections were prepared in which the primary antibody was omitted or replaced with pre-immune yolk extract.
In addition, un-reacted sections were examined in the epifluorescent mode to check for autofluorescence.

3. Results
2.8. Western blot
3.1. Histochemistry
Protein samples were resolved on 10% Tris–glycine, SDS
gels and transferred onto nitrocellulose for 40 min at 100 V
in buffer containing 25 mM Tris, 192 mM glycine and 20%

The anatomy of the mantle from its fusion with the adductor muscle to the three mantle lobes at the shell forming
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margin are shown in this montage (Fig. 1). The outer lobe
(OL) is long, slender, and separated from the middle lobe
(ML) by the periostracal groove (PG). A tentacle (ST) is associated with the middle lobe. The circumpallial nerve (CPN)
and artery (CPA) are visible as are small blood sinuses and
nerves. The most commonly observed fibers are the radial
muscle (RM) and radial nerves (RN). There are also small
groups of muscle fibers that run between the two epithelial sheets and may be important in extending the mantle
following contractile events.
Secretory cells are present in both epithelia and may be
found throughout the mantle. Fig. 2 illustrates the relative
distribution of these cells in the two epithelia. Secretory
cells are more numerous and larger on the pallial side of
the mantle than on the shell facing side (Fig. 2A). A pallial cell (1) reacts with Alcian Blue and is characterized by
small (.05 m) densely packed spherical secretory granules
(Fig. 2B). Cell (2) reacts with Alcian Blue and has large spherical (1–2 m) loosely packed secretory granules which stain
light blue (Fig. 2B). Cell (3) contains loosely packed granules (0.5–1 m). This cell contains a mixture of granules,
some of which stain dark blue while others are reactive with
eosin (3). Pallial cell (4) has large (1–2 m) loosely packed
granules which stain red with eosin (4) (Fig. 2B). Some shell
facing mantle secretory cells (Fig. 2C) contain calcium laden
orange vesicles (stained with Alizarin Red) which ranged
in size from 1 to 2 m (1) while smaller vesicles (0.5 m)
counterstained green (2).
3.2. Ultrastructural studies
Consistent with light microscopy, a conspicuous feature
of the mantle epithelia viewed by transmission electron
microscopy is the presence of a large number of secretory
cells. These cells differ in ultrastructural morphology as there
are wide variations in the size, shape, electron density, and
degree of vesicle packing (Fig. 3).
One type of OME secretory cell has membrane bound
spherical vesicles that are 1–1.5 m in diameter. These
vesicles contain an electron-dense core with a peripheral
electron-lucent zone and are packed loosely in the cells and
are surrounded by cytoplasm studded with polyribosomes
(Fig. 3A). Two pallial secretory cells are shown in Fig. 3B.
The cell on the left has membrane bound vesicles that are
quite variable. Some are up to 2 m in diameter while others
in the same cell are only 0.5 m in the largest dimension.
The vesicles are irregularly shaped and contain variable proportions of electron-dense and electron-lucent material. Cells
of this type are densely packed with secretory vesicles and
contain little surrounding cytoplasm. Secretory granules with
various degrees of electron density characterize the cell on
the right. Most granules are uniformly electron-dense while
others show a peripherally located electron-lucent zone. In
contrast, mantle secretory cells located in the outer lobe, contain densely packed vesicles ranging in size from 0.1 to 1 m
(Fig. 3C). There are numerous Golgi bodies and rough endo-

Fig. 1. Light micrograph montage of the mantle. LR White sections cut at
0.5 m and stained with Methylene Blue. At the margin are the three mantle
lobes. The inner lobe (IL) is short and thick and the circumpallial nerve (CPN)
is present at the base. The middle lobe (ML) and outer lobe (OL) are separated
by the periostracal groove (PG). In this section, a portion of a tentacle (ST)
is seen extending from the tip of the middle lobe. The circumpallial artery
(CPA) is seen just dorsal to the CPN and numerous blood sinuses are present
throughout the connective tissue space (not labeled). Also seen in this section
are fibers of the radial muscle (RM) and radial nerve (RN). A conspicuous
feature of the mantle is the presence of numerous vesicular cells (VC). The
boxed region is the region of the OL that was examined by light microscopy
and by TEM. Scale bar is 250 m.
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Fig. 2. The relative distribution of secretory cells in mantle epithelium. (A) LR White sections cut at 0.5 m and stained with Methylene Blue. The cells of the
pallial epithelium, adjacent to the mantle cavity (MC) are more numerous and larger on the pallial side of the mantle than on the extrapallial (shell facing) side
(EP). Scale bar is 100 m. (B) LR White sections cut at 0.5 m demonstrating a representative section of the mantle stained with Alcian Blue to demonstrate
the distribution of mucopolysaccharide secretory cells in the pallial epithelium. A pallial cell (1) characterized by small (.05 m) densely packed spherical
secretory granules. Cell (2) has large spherical (1–2 m) loosely packed secretory granules which stain light blue. Cell (3) contains loosely packed granules
(0.5–1 m). This cell contains a mixture of granules, some of which stain dark blue while others are reactive with eosin (3). Cell (4) has large (1–2 m)
loosely packed granules which stain red with eosin (4). (C) LR White sections of shell facing mantle epithelia cut at 0.5 m and stained with Alizarin Red and
counterstained with fast green FCF. Cells containing calcium deposits are stained reddish-orange and ranged in size from 1 to 2 m (1) while smaller vesicles
(0.5 m) counterstained green (2).

plasmic reticulum surrounding the vesicles and the nucleus
is located in the basal region of the cell. These cells resemble typical mucus cells and appear to correspond to those
cells staining positive for acid mucopolysaccharides. Another
secretory cell, also identified in the OME, has densely packed
membrane bound granules (Fig. 3D). These granules are
mostly electron-lucent with a peripherally located crescent
shaped electron-dense zone. Other pallial cells have irregularly shaped and large (up to 2 m) secretory granules that
are uniformly electron-dense (Fig. 3E).
Examination of ultra-thin sections of outer mantle lobe
treated with 0.1 M NaF revealed a calcium precipitate layer
closely associated with the microvilli of the epithelium
(Fig. 4A). The presence of calcium in this layer was confirmed
by electron microprobe analyses (Fig. 4B).
3.3. Immunocytochemistry
ELISA and Western analyses were used to determine the
specificity of the anti-48 kDa antibody for its protein antigen.
Cross-reactivity was evaluated using other phosphoproteins,
including phosphophoryn, a matrix protein associated
with the formation of tooth dentin, and phosvitin, a class
of proteins found in the eggs of vertebrates. Absorbance
values obtained from ELISA analyses (Fig. 5) show that the
oyster anti-48 kDa antibody reacted highest with phosvitin,
followed closely by the 48 kDa protein and phosphophoryn
which reacted similarly. A negative control protein, ␤-lacto
globulin, did not react with the anti-48 kDa SM antibody and
experiments conducted using yolk extracts collected before
challenge resulted in absorbencies at or near background
levels.
Western analysis (Fig. 6A) confirmed the high reactivity to
phosvitin (lane 4) and also indicated that the antibody reacts
preferentially with a doublet band that corresponds to the

region of the 48 kDa phosphoprotein band (lanes 2 and 3, see
arrow) as identified by SDS-PAGE (Fig. 6B).
Examination of ultra-thin sections established the intracellular distribution of the 48 kDa phosphoprotein from
translation through secretion. The protein is present within
the Golgi apparatus and in transition vesicles (Fig. 7A).
Immuno-reactive sites also exist in electron-lucent regions
of mature vesicles (Fig. 7B). Membrane bound spheres containing the remnants of the secretory vesicles may be seen in
the extrapallial space (Fig. 7C). These structures represent
recently exocytosed contents of the 48 kDa phosphoprotein from cells. There are fibrous strands approximately
50 nm wide that are highly decorated with anti-48 kDa
antibody labeled gold particles (Fig. 7D). The immunoreactivity is predominately located just past the tips of the
microvilli although some gold particles are observed in close
association with the microvillar surface. This observation
demonstrates that the 48 kDa phosphoprotein is released into
the extrapallial space and is a component of complex fibrous
strands.
Phosphoprotein reactive cells have certain characteristics
that make them readily distinguishable from the plethora of
secretory cells found in the mantle epithelia (Fig. 8). The
cells have small densely packed, electron-lucent membrane
bound secretory vesicles. There is a basally located ovoid
nucleus with several small nucleoli often present. Numerous
mitochondria are seen accumulated near the basolateral area
of these cells. In many sections, an extremely well developed
Golgi system is seen associated with mitochondria.

4. Discussion
We have categorized the mantle epithelial cells based on
morphology, the affinity of their secretory products for his-
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Fig. 3. TEM of the different secretory cells in the mantle epithelia. The tissue was fixed with 4% PFA and 2.5% GA, post-fixed in osmium vapors and embedded
in LR White resin. (A) One type of mantle secretory cell has membrane bound spherical vesicles that are 1–1.5 m in diameter. These vesicles contain an
electron-dense core with a peripheral electron-lucent zone and are packed loosely in the cells and are surrounded by cytoplasm studded with polyribosomes.
(B) Two pallial secretory cells. The cell on the left has membrane bound vesicles that are quite variable. Some are up to 2 m in diameter while others in the
same cell are only 0.5 m in the largest dimension. The vesicles are irregularly shaped and contain variable proportions of electron-dense and electron-lucent
material. Cells of this type are densely packed with secretory vesicles and contain little surrounding cytoplasm. Secretory granules with various degrees of
electron density characterize the cell on the right. Most granules are uniformly electron-dense while others show a peripherally located electron-lucent zone.
(C) Shell facing mantle secretory cells located in the outer lobe, contain densely packed vesicles ranging in size from 0.1 to 1 m. There are numerous Golgi
bodies and rough endoplasmic reticulum surrounding the vesicles and the nucleus is located in the basal region of the cell. These cells resemble typical mucus
cells and appear to correspond to those cells staining positive for acid mucopolysaccharides. (D) Another secretory cell, also identified in the mantle lobe,
has densely packed membrane bound granules. These granules are mostly electron-lucent with a peripherally located crescent shaped electron-dense zone. (E)
Some pallial cells have irregularly shaped and large (up to 2 m) secretory granules that are uniformly electron-dense. Scale bar is 1 m.

Table 1
Constituents of intracellular granules in mantle epithelial cells
Granule size

Mucous presence

Calcium presence

P

EP

P

EP

P

EP

0.5 m
0.5–1.0 m
0.5–1.5 m
1.0–2.0 m

+++
++/−
−
+/−

+++
++
−
−

−
−
−
−

−
−
−
++

+++
−
−
−

+++
−
−
−

P: pallial side; EP: extrapallial side of epithelium.

48 kDa antibody

J.M. Myers et al. / Tissue and Cell 39 (2007) 247–256

253

Fig. 4. TEM of outer mantle lobe demonstrating the presence of calcium. The tissue was fixed with 4% GA, post-fixed with 2% osmium and embedded in
Epon resin. The tissue was processed with 0.1 M NaF in all fixative and wash solutions in order to precipitate calcium as CaF2 . (A) Calcium precipitate layer
closely associated with the microvilli of the OME. Scale bar is 1 m. (B) The presence of calcium in this layer was confirmed by electron microprobe analyses.

tochemical dyes and by the fine structure of the intracellular
granules as visualized by TEM. Numerous classes of compounds appear to be manufactured and packaged into separate
secretory vesicles by different cells of the mantle epithelium
(Table 1). The variety of secretory cells that are apparent
underscores the complexity of the mantle and the many roles
this organ plays in the physiology of the oyster. Secretory
cells appear to have two major functions: (1) organic matrix
production, including the 48 kDa phosphoprotein and (2)
mucous secretion.
Alcian Blue reactive cells are found in the epithelia on
both sides of the mantle and are likely involved in the production and secretion of mucous into the pallial and extrapallial
cavities. Acidic phosphoproteins and glycosaminoglycans
(GAGS) are present in appreciable quantities in many mucins
(Hunt, 1973; Pearse, 1980), and are also prominent con-

Fig. 5. ELISA demonstrating specificity and cross-reactivity of the anti48 kDa antibody with selected proteins. Coat protein concentrations were
plotted as log values. The 48 kDa phosphoprotein was gel purified from
whole SM. Phosphophoryn was derived from rat incisor and was graciously
provided by Dr. A. Veis (Takagi and Veis, 1984). Phosvitin, a chicken
egg yolk derived phosphoprotein, was obtained commercially (Sigma). ␤lactoglobulin (Sigma) was included as a negative control.

stituents of mineral derived matrix (Lowenstam and Weiner,
1989). GAGs were previously identified in the matrix of C.
virginica and found to localize between crystal interfaces
(Kawaguchi and Watabe, 1993). More recently, a mucinlike protein, mucoperlin, was identified in the shell matrix of
Pinna nobilis. Marin et al. (2000), suggests this protein has
been co-opted to function in shell formation. The association
of the 48 kDa matrix phosphoprotein to secreted extrapallial
mucous strands suggests that these fibrous assemblages are
relevant to biomineralization.
The 48 kDa matrix phosphoprotein was localized within
the mantle tissue and tracked through its processing using an
anti-48 kDa polyclonal antibody. The high cross-reactivity
of this antibody with other phosphoproteins including,
phosvitin, a class of highly phosphorylated proteins found
in vertebrate egg yolk (Byrne et al., 1984; Maurizio et al.,
2004), and phosphophoryn, a matrix phosphoprotein associated with the formation of vertebrate tooth (George et al.,
1998), indicates that they share structural similarity with the
48 kDa protein. We suggest that a common phosphoserine
domain is the dominant epitope recognized and accounts for
the cross-reactivity (Rusenko et al., 1991; Maurizio et al.,
2004).
We found that the 48 kDa phosphoprotein is produced and
secreted by specialized mantle cells which contain densely
packed, small, electron-lucent, membrane bound granules.
Within these cells, the 48 kDa protein is concentrated around
the Golgi apparatus and surrounding vesicles which shows
that this protein is post-translationally modified—a trait typical to mineral derived proteins (Lowenstam and Weiner,
1989).
Post secretion, the 48 kDa phosphoprotein was detected
as a component of mucous strands that accumulate along
the microvilli of the distal end of the OME (Fig. 7D). This
phosphoprotein enriched mucous contains a calcium precipitate. However, since these nanometer sized precipitates are
a direct consequence of NaF treatment, the actual mineral
phase in the mucous is unknown. The small size of the CaF
particles when compared to the sub micron sized crystals that
are observed in mineralizing oyster hemocytes (Mount et al.,
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Fig. 6. Western analysis and PAGE of 48 kDa phosphoprotein antibody reactivity to whole soluble matrix. Protein extracts were resolved on 10% Tris–glycine,
SDS gels and transferred onto nitrocellulose. (A) Western Lane 1 – Kaleidoscope pre-stained broad range standards (Bio-Rad). The reference lane is from the
same blot as the samples. Lane 2 – soluble extract from foliated shell (approximately 100 g dry weight). Lane 3 – SE II extract (approximately 100 g dry
weight). SEII is the second peak fraction resulting from size exclusion chromatography of the soluble shell extract using S-300 media (Pharmacia) (Rusenko,
1988). Lane 4 – Phosvitin (10 g dry weight). Phosvitin is a commercial preparation derived from chicken egg yolk (Sigma). The anti-48 kDa antibody
demonstrates specificity for a doublet band on Stains-All stained gel. (B) SDS-PAGE of whole soluble shell extract following Stains-All staining. Protein was
resolved on a 4–20% Tris–glycine gel. Lane 1 – See blue pre-stained protein standard (Invitrogen). Lane 2 – whole soluble extract – the 48 kDa phosphoprotein
band is visible following Stains-All staining, as are the 55 kDa band and a 38 kDa bands.

Fig. 7. TEM showing the localization of immunoreactivity of the 48 kDa phosphoprotein antibody in intracellular compartments and extracellular sites of
selected secretory cells. (A) Immunoreactivity is observed in small vesicles (V) in the vicinity of the Golgi apparatus (G). Here several gold particles are seen
on either side of the Golgi apparatus (arrowheads) Scale bar is 150 nm. (B) Immunoreactivity observed in the contents of secretory vesicles. These vesicles are
uniformly 0.5 m in diameter and are enclosed within an electron-dense membrane. Scale bar is 1 m. (C) Membrane bound spheres containing the remnants of
the secretory vesicles as seen in the extrapallial space. These large spherical structures are closely associated with the apical epithelial border and are thought to
be exocytosed phosphoprotein vesicles. Scale bar is 350 nm. (D) There are fibrous strands approximately 50 nm wide that are highly decorated with anti-48 kDa
antibody labeled gold particles It ranges in thickness from 0.1 to 1.0 m. Scale bar is 400 nm.
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a saltwater scallop (Clark, 1974). In the scallop, new crystals formed on the surface of the mantle eventually become
integrated into the periostracum. In freshwater mussels, it is
thought that the gel-like inner periostracum controls the presence and density of the polycrystalline prisms that comprise
the prismatic layer of shell (Checa, 2000).
It is also feasible that calcium secretions from the extrapallial secretory cells act to increase mucous viscosity as it is
well-established that calcium serves to increase the viscosity of the protein/proteoglycan matrices that form mucous.
(Gray, 1926; Cook and Shirbhate, 1983; Hunt, 1973; Denny
and Gosline, 1981). The fact that only a few calcium secreting
cells are noted on the pallial epithelium and the observation
that pallial cavity mucous is thin and watery supports this
contention. However, it is not known if the calcium used
to stiffen the mucous is also available for crystal growth.
Additional experiments are required to address the question.
It is apparent that the formation of the organic matrix is
a complex cellular process which involves many different
secretory cell types and their products. Once crystals have
been provided and bound to the matrix, rapid crystal growth
may occur due to the presence of localized extracellular calcium deposits. Organic matrix production in oysters appears
to have evolved from innovation of unique crystal binding
proteins such as the 48 kDa phosphoprotein and the co-option
of mucous producing cells.
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