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Andrew S. Mount,1* A. P. Wheeler,1
Rajesh P. Paradkar,2† D. Snider3
The growth of molluscan shell crystals is usually thought to be initiated from
solution by extracellular organic matrix. We report a class of granulocytic
hemocytes that may be directly involved in shell crystal production for oysters.
On the basis of scanning electron microscopy (SEM) and x-ray microanalysis,
these granulocytes contain calcium carbonate crystals, and they increase in
abundance relative to other hemocytes following experimentally induced shell
regeneration. Hemocytes are observed at the mineralization front using vital
ﬂuorescent staining and SEM. Some cells are observed releasing crystals that
are subsequently remodeled, thereby at least augmenting matrix-mediated
crystal-forming processes in this system.
Molluscan shell formation is often cited as
resulting in large measure from extracellular
events mediated by organic matrix secreted
from the mantle epithelium (1–3). The matrix-mediated hypothesis states that the complex organic matrix induces heterogeneous
nucleation of calcium carbonate crystals on
its surface and regulates crystal growth,
thereby forming the crystal morphologies that
are unique to the various layers of molluscan
shell. In vitro studies using natural and synthetic molecular systems have shown that
matrix control of crystal morphology is possible (3–10). However, these experiments are
often conducted at levels of calcium carbonate supersaturation that are far higher than
values reported for the extracellular environment in which shell is formed, leaving the
extent of matrix involvement in crystal induction an open question. When in vitro experiments were conducted using insoluble matrix
extracts (IM) from the shell of the oyster
Crassostrea virginica, the level of supersaturation required to induce mineralization was
no lower than that of controls (11). Furthermore, analysis using flow-cell atomic-force
microscopy of oyster shell foliated pieces
revealed that in situ matrix-coated crystals do
not induce secondary nucleation events on
their surfaces (12).
One alternative to the matrix-mediated
hypothesis is that crystal nucleation is intracellular and that crystallogenic cells supply
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nascent crystals to the mineralization front.
Earlier radioisotope analyses of calcium uptake in the oyster support this hypothesis.
These studies have shown that only 2.4% of
the calcium of the shell-forming mantle tissue
turns over rapidly (13–15), revealing a large,
nonexchangeable pool of calcium sequestered in these tissues. Although the source of
the nonexchangeable pool has not been identified, one candidate is the circulating amoeboid hemocytes. These cells can migrate to
the surface of the shell-facing outer mantle
epithelium (OME) (16, 17), and one class of
the hemocytes contains granules that are birefringent when examined by polarized light
microscopy. We reasoned that some of these
granules might be calcium carbonate crystals.
There are two major forms of amoeboid
cells in oyster hemolymph: agranulocytes and
granulocytes (17–19). Agranulocytes tend to
spread out thinly across a glass cover slip and
secrete collagen fibers (20). Granulocytes are
highly motile cells that appear to have a
macrophage-like function (19). Some of
these latter cells form a subclass known as
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refractive granulocytes (REF granulocytes or
REF cells), which contains the birefringent
granules (fig. S1). REF granulocytes have
been reported to be spent granulocytes (21),
whereas others consider them to be the result
of cellular differentiation, thus opening the
possibility that they may have some role in
shell formation (19, 22).
In order to observe cellular involvement
in shell formation, we induced rapid shell
growth by notching the oyster in the shell
margin where the highest rates of biomineralization are observed (23). Newly formed
shell is observed as a light brown to dark
purple leather-like material that is lightly
mineralized (24). Figure 1A is an image of an
intact oyster, 48 hours after induction. Regenerated shell, indicated by the arrow, is visible
within the notched region of the shell.
There are three distinct shell layers associated with an adult oyster shell. The outermost layer, or periostracum, is composed
chiefly of organic matrix, which has a smooth
appearance when examined by SEM (23–25).
Immediately below the periostracum is the
prismatic layer of the shell. It is a thin sheet
of calcite composed of crystals in the form of
prisms surrounded by organic matrix (Fig. 1,
B and D) (24). The innermost foliated layer
covers the underlying prismatic layer of shell
and constitutes most of the mineralized shell
volume (Fig. 1C). It is composed of layers of
thin laths of calcite.
A common criticism of shell induction
experiments is that the shell layers of regenerated shell do not resemble those associated with normal shell growth (15, 26).
Our SEM observations of regenerated outer
prismatic and inner foliated layers from
notched oysters, however, do resemble
their normal counterparts with some minor
exceptions. Comparison of regenerated
prismatic shell (Fig. 1D) to adult prismatic
shell (Fig. 1B) shows newly formed prisms
growing across the surface of the periostracum. These prisms have not yet completely
covered the outer membrane but have the

Fig. 1. (A) Eastern
Oyster C. virginica at
48 hours after induction. The arrow points
to new shell that has
regenerated within
the cut or notched region of the mollusk.
Bar, 1 cm. (B) SEM of
mature prismatic shell.
The prisms range from
5 to 25 m in edge
length. Bar, 20 m. (C)
Mature foliated shell showing individual laths that appear to be coated with organic material. Bar,
2.5 m. (D) SEM of regenerated prismatic shell 48 hours after induction. The prisms are nearly the
same size as in (B) yet have not completely grown together. Periostracum is visible as a smooth
unmineralized sheet between the crystals. Bar, 50 m. (E) Regenerated foliated shell 48 hours after
induction. The individual laths appear free of debris and are arranged as in (C). Laths range from
0.25 to 5.3 m in width (23). Bar, 5 m.
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Table 1. Hemocyte morphology at the time of
induction (0 hours) and 48 hours after induction of
shell in C. virginica. Data were normalized to percent from a mean of three different oysters. A
minimum of ﬁve ﬁelds from each oyster’s hemolymph sample was enumerated.

Hemocyte morphology
Agranulocytes
Non-REF granulocytes
REF granulocytes
Total

298

Percent
0 hours

48 hours

55
40
5
100

54
31
15
100

One cell had filopodia-like extensions around
its periphery (Fig. 4A), whereas the other
appeared more elongated with pseudopodlike projections (Fig. 4B), resembling the cell
in Fig. 3D. Both cells appeared motile and
shared the same morphological features as
circulating oyster hemocytes.
Crystals released at the regeneration front
have a striking appearance in that their morphology resembles inorganic calcite and their
surfaces appear clean with sharply defined
edges. However, they are quickly remodeled.
Crystals presumably secreted by hemocytes
at the margin of the newly formed shell are
depicted in Fig. 3E. The crystals have grown
in size, and holes can be seen near the centers
of several individual crystals. They appear to
be dissolved by a process that starts near their

centers and terminates when only the outer
walls remain (Fig. 3F). A single remodeled
crystal may yield several plates, all of uniform thickness and with dimensions similar
to those of the foliated laths of regenerated
shell (Fig. 1E). Preliminary indications are
that hemocytes actively participate in these
remodeling and assembly processes.
The supply of crystalline calcium carbonate by hemocytes can occur at a rate sufficient to support normal shell formation in
oysters. Radioisotope incorporation studies
estimate an average of 6 g per cm2 of
mantle per hour calcium deposited in oysters
as shell (2, 14, 27). Based on the average
crystal size of secreted crystals detected by
SEM (Fig. 3) and assuming four crystals are
secreted per cell, it is estimated that 200,000

Fig. 2. SEM of crystalbearing REF granulocytes isolated from
hemolymph, 48 hours
after induction. (A)
The peripheries of four
cells are outlined in
white. The membrane
has been removed
from the largest cell,
revealing many cytoplasmic granules and
the presence of a single crystal in the cell.
The box highlights the crystal within the cell. Bar, 10 m. (B) Enlargement of the box in (A). The
polyhederal shape resembles a calcite crystal. The crystal was subjected to SEM-EDS by line scan.
The scanned region is indicated by the straight line. The jagged line shows count intensity obtained
from the calcium main alpha K line. Bar, 1 m. The crystal contains a higher relative abundance of
calcium in comparison to the cellular background, including the spherical cytoplasmic granule that
was scanned to its left (23).

Fig. 3. (A) SEM of crystal-bearing hemocytes (REF granulocytes) of newly formed prismatic shell on
the mineralization front, 48 hours after induction. The cells are oriented along a line of ﬁlamentous
secretions and at least three crystals are visible. Bar, 10 m. (B) Enlargement of the box in (A). Two
crystals associated with two different hemocytes are visible. Bar, 5 m. (C) Enlargement of the box
in (B). A single crystal-bearing hemocyte is visible and the crystal size is 2 m by 2 m. Bar, 5 m.
(D) Crystal-bearing hemocyte disgorging several crystals at once. Crystal sizes range from 1 m by
2 m to 2 m by 4 m edge length. The crystals have a polyhederal shape that resembles calcite.
Bar, 10 m. (E) Crystals that appear to be undergoing remodeling. These crystals occur in the
transition between prismatic and foliated shell layers. Bar, 50 m. (F) Enlargement of the box in (E).
The walls of the dissolved crystals have formed plate-like structures with dimensions more similar
to foliated laths (arrow) (23). Bar, 10 m.
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same irregular shapes and sizes as in adult
shell (Fig. 1B). A comparison of regenerated folia (Fig. 1E) to adult folia (Fig. 1C)
reveals an identical microstructure of the
crystals with the exception that newly
formed folia have smoother surfaces and
sharper edges than those of mature shell.
Several observations suggest that REF
granulocytes play a role in the induced
biomineralization response of oysters.
First, comparisons of hemocytes collected
at time of induction to those collected at 48
hours after induction indicate that there is
an increase of REF granulocytes from 5 to
15% of the total hemocyte population (Table 1). Second, SEM of REF granulocytes
reveal crystal-shaped inclusions in these
cells (Fig. 2A; fig. S2). The edge length of
the crystals ranged from 0.5 to 1 m (Fig.
2B). It is likely that the inclusions are
calcium carbonate crystals, given their
rhombohedral appearance and the fact that
line scan and spot analyses by x-ray microanalysis (SEM-EDS) confirmed that they
contain calcium at higher levels than surrounding regions of the cell (Fig. 2B; fig
S3). Third, crystal-bearing REF granulocytes appear to release their crystals at the
mineralization front. SEM observations of
regenerated (newly formed) shell pieces revealed REF cells on the prismatic shell
surface in association with lines of fibrous
materials and crystals (Fig. 3A; fig. S4).
Several of these cells are clustered in close
association with secreted crystals (Fig. 3, A
and B). Some cells contain just one or two
crystals (Fig. 3C), whereas others contain
several (Fig. 3D; fig. S5). In Fig. 3D, crystals in varying stages of cellular release are
evident. These observations of directed activity at the mineralization front suggest
that the REF granulocytes represent a developmental stage that delivers crystals to
the site of shell formation.
Further evidence that living hemocytes
are present at the mineralization front was
obtained using the vital fluorescent stain, calcein AM. Hemocytes can be observed (Fig.
4) on newly regenerated prismatic shell. The
labeled cells ranged in size from 14 to 20 m.

REPORTS
regenerated per hour to sustain the reported
average rate of calcium incorporation into
shell. In addition, intracellular deposits of
calcite in REF granulocytes could account for
the large (approximately 97%) nonexchangeable pool of bivalve mantle tissue calcium
that has been reported in several radioisotope
studies (13, 14, 29).
A separate class of calcium carbonate
crystals has been observed on the shellforming surface of the OME (Fig. 5A).

Fig. 4. Fluorescent microscopy of living cells on a regenerated prismatic shell piece,
48 hours after induction.
Shell pieces are incubated in
calcein AM, a ﬂuorescent reagent that determines cell viability. The esterase activity
of living cells cleaves the dye,
producing a charged green
ﬂuorescent product (23). The
organic matrix that forms the
walls of the prisms is autoﬂuorescent in the FITC (ﬂuorescein isothiocyanate) channel and is visible in the background. (A) Granulocyte exhibiting
ﬁlopodia-like extensions around its periphery. Esterase-positive granules can be seen. Bar, 10 m.
(B) Calcein-positive hemocyte that resembles the cell in Fig. 3D. Several pseudopodia are visible.
Bar, 10 m.

Although the general OME is not as active
as the gland located in the periostracal
groove (25, 30), it is involved in shell
thickening and its surface is accessible to
hemocytes (16, 17). Raman microspectroscopy of OME-extracted crystals revealed
their mineralogy to be calcite, consistent
with the known mineralogy of prismatic
and foliated shell layers (23) (Fig. 5C).
Although OME crystals have similar appearances and shapes as crystals released
by hemocytes, they are somewhat larger in
size (5 to 7 m edge length) than the newly
secreted crystals (1 to 4 m edge length)
(Fig. 5, A and B). We speculate that the OMEdeposited crystals arise from nascent crystal
secretions of REF cells and grow after deposition onto the surface of the OME.
A cellular basis for oyster shell formation is consistent with many other biomineralization processes, such as spicule formation. Spicules occur in most phyla, including notably the Mollusca (3, 31). In
most of these taxa, spicule mineralization is
usually mediated by a single cell type
(scleroblast) and involves filamentous collagen-like proteins, and mature spicules
form extracellular structures that may undergo further growth and remodeling.
The involvement of cells in shell formation may have evolutionary significance for
the Mollusca. Scheltema’s phylogeny of
extant Mollusca proposes two separate evolutionary lineages: Aculifera (spicule formers) and Conchifera (shell formers) (32,
33). Although any cellular processes of
mineralization in the two groups may be
strictly homologous, it is possible that they
have a common origin.
The discovery that hemocytes can initiate
mineral growth on secreted organic sheets
reduces the difficulties associated with nucleation of crystals from oyster extrapallial fluid, which at best is marginally supersaturated
(10, 11). Apparently, crystal formation involves complex interactions between organic
phases and cells.
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REF cells would be required to sustain this
level of mineralization. Typical C. virginica
hemocyte counts averaged approximately 10
million cells per ml, which falls within the
range of published values (18, 28). Assuming
conservatively that an oyster has about 3 ml
of hemolymph and that during periods of
active shell growth 10% of the hemal cell
population is crystal-bearing REF granulocytes (Table 1), then only approximately 7%
of the REF cell population would need to be
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Fig. 5. (A) DIC (differential interference contrast) light micrograph of shell facing (OME) with cell
junctions clearly visible, as indicated by the arrow. Note the individual crystals (in the upper right
corner of the panel), which have edge lengths of approximately 5 to 7 m. Bar, 10 m. (B)
Extracted crystal from the surface of the OME, shown in the crosshairs of the Raman confocal
microscope, before excitation with the laser. (C) Raman spectra of the crystal showing peak
intensities at 1087, 712, 280, and 154 cm–1 Raman shift. The inset ﬁgure is a calcite standard that
has the same peak intensities. From these data it was concluded that the crystals on the
shell-facing surface of the OME are calcite crystals, consistent with the mineralogy of both
prismatic and foliated shell layers (23).
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Susceptibility to asthma depends on variation at an unknown number of genetic
loci. To identify susceptibility genes on chromosome 7p, we adopted a hierarchical
genotyping design, leading to the identiﬁcation of a 133-kilobase risk-conferring
segment containing two genes. One of these coded for an orphan G protein–
coupled receptor named GPRA (G protein–coupled receptor for asthma susceptibility), which showed distinct distribution of protein isoforms between bronchial
biopsies from healthy and asthmatic individuals. In three cohorts from Finland and
Canada, single nucleotide polymorphism–tagged haplotypes associated with high
serum immunoglobulin E or asthma. The murine ortholog of GPRA was up-regulated in a mouse model of ovalbumin-induced inﬂammation. Together, these data
implicate GPRA in the pathogenesis of atopy and asthma.
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lated traits have been undertaken (1). The
first published genome-wide scan in asthma
suggested six tentative genetic loci, among
them chromosome 7p, which was then
strongly implicated in a study of Finnish and
Canadian families and confirmed in West
Australian families (2– 4). To positionally
clone asthma candidate genes on chromosome 7p, we studied the Finnish Kainuu subpopulation and considered three alternative
hypotheses. First, that only one copy of the
susceptibility allele may have survived in this
population, with long-conserved haplotypes
being observed, as would be consistent with
some previous findings (5–7). Second, there
might exist a founder effect, common to
many European populations. This would be
consistent with the common disease/common
variant hypothesis, as observed for example
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in psoriasis (8, 9). In this case, the carrier
frequency should be higher than a few percent, with only a short conserved haplotype
(⬍200 kb) detected (8). Third, numerous mutations might exist in the putative gene, in
which case only weak or absent haplotype
associations might be detectable.
To distinguish between these hypotheses, we
adopted a genotyping scheme whereby we increased the density of markers used, with intermediate analyses to guide further genotyping
(Fig. 1A). More specifically, if genetic association analysis suggested that a haplotype occurred
in patients more often than in controls, additional
markers were genotyped to either exclude or
support the identity-by-descent of the haplotypes
observed in unrelated patients. For the haplotypes to be identical by descent, all newly typed
markers would have to be identically shared
between them. The genotyping was done on 86
original genome scan families and an additional
103 trios (all together, 874 subjects) (10). Successive rounds of genotyping and analysis by the
haplotype pattern mining (HPM) algorithm (11)
suggested the strong association of a conserved
haplotype pattern spanning between NM51 and
SNP563704, separated by 46 kb (Fig. 1A). The
HPM algorithm searches for allele patterns
shared between several haplotypes among large
sets of unrelated haplotypes.
To fully explore the genetic variation in
associated haplotypes, we sequenced nonrepetitive DNA segments in this interval (from
position 506,401 to 638,799 in the public
sequence NT_000380; all positions are given
with reference to this sequence) in one patient
homozygous for the susceptibility haplotype
and one control subject homozygous for
the most common (nonrisk) haplotype. These
sequences were then compared to the public
sequence (NT_000380). Two observations
emerged from these analyses: first, the
patient did not reveal a single instance of
heterozygosity, confirming the identityby-descent of this chromosome segment.
Second, comparison of the susceptibility
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