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Abstract. The embryonic development in Chione cancellata, from fertilization to straight-
hinge D-stage veliger larva, occurs in 24h at 251C. Transmission (TEM) and scanning (SEM)
electron microscopy show that morphogenetic processes result in a gastrula with two depres-
sions, 4 h after fertilization (T014 h). Two hours later, one depression, located at the animal
pole, develops into an open cave, the floor of which becomes the shell field, characterized by
scarce microvilli, located below the lower face of the prototrochal pad. The invagination lo-
cated at the vegetal pole is characterized by regular microvilli and constitutes the digestive
tract. At T018 h, the late gastrula differentiates into a typical motile trochophore, possessing
a well-developed prototroch delimiting anterior and posterior embryonic regions. At T019 h,
the shell field, located between the prototroch and the telotroch, appears as a saddle-shaped
region with a wrinkled surface extending on both sides of the embryo, establishing bilateral
symmetry. From TEM observations, the apical surface of the underlying cells possesses a
modified glycocalyx featuring a dense pellicle overlapping the cells of the shell field. At
T0112 h, the prototroch is displaced toward the anterior region by outgrowth of the shell
material. TEM views show that the wrinkled surface observed with SEM corresponds to the
periostracum, attached dorsally to the hinge and ventrally to the cells of the future mantle
edge. At T0115 h, an alveolar matrix of proteinaceous material, which could contain calcite
crystals, appears between the periostracum and the mantle. At T0124h, prodissoconch I
formation is completed and the D-stage larvae possess a calcified shell. At this stage of de-
velopment, only one mantle fold is present, representing the outer fold. The periostracum-
secreting cells are in contact with the marginal cells of the velum. This functional velum is
composed of four bands of cilia. Our TEM observations confirm previous descriptions of the
velum ciliary bands obtained only from SEM analyses, such as described in other bivalves.
The apical sense organ and the digestive tract are poorly developed. From observations at the
ultrastructural level of shell differentiation in C. cancellata, we propose a new interpretation
of shell differentiation, including hinge and ligament for bivalves as opposed to that described
for gastropods.
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In Eulamellibranchia, larval development has been
described in a number of species with as much detail
as possible using light microscopy (Loosanoff &
Davis 1963; Loosanoff et al. 1966; Frenkiel &
Mouëza 1979; Sastry 1979). This includes some
developmental stages of venerid species (for review,
see Mouëza et al. 1999) such as Chione stutchburyi
GRAY 1828 (Stephenson & Chanley 1979) andChione

cancellata LINNÉ 1787 (D’Asaro 1967; LaBarbera &
Chanley 1970). The first observation of the embryonic
development of the shell-field invagination was de-
scribed in gastropods by Gegenbaur and in bivalves
by Stepanoff a century ago (in Kniprath 1980). These
observations were limited to light microscopy; Hump-
hreys (1969), followed by Kniprath (1980), initiated a
study of the early shell-field formation inMytilus edu-
lis LINNÉ 1758 with transmission electron microscopy
(TEM).

Developmental studies using electron microscopy
are still scarce and generally deal with specific
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features like hinge structure (Stephenson & Chanley
1979) or shell morphogenesis (Carriker & Palmer
1979; Hodgson & Burke 1988) observed in scanning
electron microscopy (SEM) during larval develop-
ment. More recently, some papers were published
about the embryonic development of bivalves with
SEM analysis, such as those on scallops (Hodgson &
Burke 1988; Bellolio et al. 1993), lucinids (Gros et al.
1997, 1999), on a venerid (Mouëza et al. 1999), and
on a nuculid (Zardus & Morse 1998). A few papers
have combined TEM and SEM analysis as those of
Eyster & Morse (1984) on Spisula solidissima DILL-

WYN 1817, Casse et al. (1998) on Pecten maximus
LINNÉ 1758, and Zardus & Morse (1998) on Acila
castrensis HINDS 1843. Eyster & Morse (1984) point-
ed out that many histological sections, in any given
embryo, may give the erroneous impression that the
shell-field invagination is closed and that many ques-
tions about very early shell formation remain unan-
swered. A comparative study using SEM and TEM
at key stages of various species may help to clarify the
shell formation processes in bivalves.

Chione cancellata is a tropical venerid bivalve dis-
tributed from North Carolina to Brazil (Warmke
& Abbott 1962; Abbott 1974; Rios 1985). It lives at
0.5–1.5m water depth, shallowly burrowed in the
muddy sand of mangrove lagoons. The embryonic
development inC. cancellata, from fertilization to the
straight-hinge veliger D-stage larva, occurs within
24h at 251C, which allows a good coverage of em-
bryonic stages by regular, 1-h intervals of fixation
over this time lapse.

The purpose of the present article is to compare
patterns of development in tropical venerids and in-
vestigate selected aspects of ontogenesis to introduce a
new interpretation of shell differentiation in bivalves.

Methods

Fertilization and embryonic rearing

Adults of Chione cancellata were collected by hand
in shallow water in mangrove lagoons off the island
of Guadeloupe in the French West Indies. For each
spawning trial, a dozen freshly collected venerids
were cleaned and kept dry for 1–2h. Then, individ-
uals were placed in a 50-L tank filled with seawater
until the onset of spawning. Each spawning female
was quickly transferred to a new 50-L tank, so as to
sequester unfertilized oocytes in the new tank. Fol-
lowing this, sperm from several males was pooled
and added to the tank with oocytes 30min after onset
of spawning to obtain synchronous fertilization. De-
velopment proceeded at room temperature, i.e.,

251C, in seawater at a salinity of 35–37%, which is
typical for their natural habitat. No antibiotics were
used and all seawater used for fertilization and rear-
ing was filtered through a 5-mm Millipore cartridge
filter and then UV treated (Proteco LM6-S86, Pro-
teco, Pamproux, France: 2� 80W Q2). The rearing
tanks were gently aerated with 0.22-mm-filtered air
bubbling in order to avoid sedimentation of eggs and
embryos during the embryonic period.

Electron microscopy

Every hour throughout embryonic development,
2L of seawater containing several thousand embryos
were collected on a 26-mm-mesh nylon screen. The
embryos were quickly placed in small baskets for safe
handling during the fixation. At each time point, two
samples were obtained, one for SEM observation and
the other for TEM.

Scanning electron microscopy

Embryos were fixed at 41C for 1 h in 2.5% glutar-
aldehyde in 0.1molL�1 cacodylate buffer, adjusted
to pH 7.2 and 900mOsm with 0.4molL�1 NaCl and
2mmolL�1 CaCl2. After a rinse in the same cacody-
late buffer, embryos were dehydrated in an ascending
series of acetone dilutions and critical point dried us-
ing CO2 as transitional fluid. Embryos were then
sputter coated with gold before observation in a
SEM Hitachi S-2500 Q3(Elexience, Verrières-le-Buis-
son, France) at 20 kV.

Transmission electron microscopy

Embryos were prefixed for 1 h at 41C following the
same procedure as for SEM. They were then fixed for
45min at room temperature in 1% osmium tetroxide
in the same buffer, rinsed in distilled water, and post-
fixed with 2% aqueous uranyl acetate for 1 h. No de-
calcification process was undertaken. After a rinse in
distilled water, each sample was dehydrated through
a graded ethanol series and embedded in Epon-ara-
ldite according to Mollenhauer (in Glauert 1975).
Sections were cut using an UltracutE Leica ultrami-
crotome Q4(Leica, Reuil-Malmaison, France); thin sec-
tions (70 nm thick) were collected on coated 100-
mesh grids, contrasted 30min in 2% aqueous uranyl
acetate and 10min in 0.1% lead citrate before exam-
ination in a TEM (Hitachi H-8000) at 100kV.

Results

Adults of Chione cancellata spawned in the labo-
ratory throughout the year by keeping them dry for
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Figs. 1–6. Gametes, eggs, and young embryos of Chione cancellata. Fig. 1. Sperm lying on the surface of an oocyte. It is

characterized by a short arched head with an elongated acrosome protected by a thick envelope that has broken down.

Scanning electron microscopy (SEM). Scale bar, 0.3mm. Fig. 2. Initial fertilization wherein the inner membrane of the

acrosome is linked to the ovular microvilli. Two mitochondria from the mid-piece can be observed (asterisks).

Transmission electron microscopy (TEM). Scale bar, 1mm. Fig. 3. After fertilization, a thickening of the glycocalyx,

the vitelline envelope, forms because of the extrusion of dense material from numerous cytoplasmic glo-

bules. TEM. Scale bar, 0.5mm. Fig. 4. A fertilization membrane-like structure appears quickly after fertilization

because of the material expelled from the cytoplasmic vesicles underlying the cell membrane. This material builds up a

dense layer at the tip of microvilli. TEM. Scale bar, 0.5mm. Fig. 5. Two-cell embryo with unequal blastomeres. A polar

body is located in the cleavage furrow and spermatozoa are scattered on the surface of the embryo. SEM. Scale bar,

10mm. Fig. 6. Early gastrula, T014 h. There are two weak depressions in the vegetal pole. The first cilia of the future

prototroch are differentiated in the anterior region. SEM. Scale bar, 10mm.
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periods of 1–2h before placing them back in seawa-
ter. Oocytes, 60mm in diameter, do not have a prom-
inent jelly coat and usually possess a prominent
germinal vesicle. No polar lobe was observed. Sperm
appear very active, and are characterized by a short
arched head, 1mm long, and a 50-mm-long flagellum
(Fig. 1). The acrosome is elongated and protected
by a thick outer envelope which breaks down on
contact with the ovular microvilli and glycocalyx
(Figs. 1, 2). Polyspermy may occur but does not af-
fect embryonic development. After fertilization, the
glycocalyx thickens because of the extrusion of a
dense material from numerous cytoplasmic globules.
It appears to constitute the vitelline envelope (Fig. 3).

The superficial layer of the glycocalyx becomes dens-
er and constitutes a fertilization membrane-like
structure (Fig. 4).

The first polar body appearsB10min after contact
between oocytes and sperm (T0110min). The first
cleavage occurs 30min after fertilization and
results in two unequal blastomeres, AB and CD,
without a polar lobe. The polar bodies are located
in the cleavage furrow (Fig. 5). Successive cleavages
produce an intermediate morula, which develops
quickly into a blastula with a few cilia on its surface.
It is the first mobile stage in the embryonic develop-
ment. The early gastrula (Fig. 6) differentiates 4 h af-
ter fertilization (T014 h). Morphogenetic movements

Figs. 7–10. Shell-field differentiation in gastrulae of Chione cancellata at T016 h. Fig. 7. The gastrula is characterized by

two depressions: a small round blastopore anteriorly (curved arrow) and a large open cave posteriorly (straight arrow).

Scanning electron microscopy (SEM). Scale bar, 10mm. Fig. 8. Sagittal section of a gastrula. The dorso-ventral axis (DV)

extends from the prototrochal pad (PP) through the shell field (delineated by arrowheads) up to the blastopore. The

microvilli constitute a thick brush border in the archenteron (star), whereas they are scarce in the shell field. AP, antero-

posterior axis. Transmission electron microscopy (TEM). Scale bar, 10mm. Fig. 9. Higher magnification of the sagittal

section along the dorso-ventral axis (DV). The section extends through the prototrochal pad, the lumen of the open cave,

and the shell field. The prototrochal pad (PP) overlies the shell field (delineated by arrowheads). TEM. Scale bar, 5mm.

Fig. 10. Cross-section through the pad of the prototroch (PP) and shell field cells (stars). The shell field comprises a few

cells in which microvilli progressively regress. These cells will elaborate the periostracum. TEM. Scale bar, 0.5mm.
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Figs. 11–16. Shell-field differentiation, at T019h, in gastrulae of Chione cancellata. Fig. 11. The trochophore larva is

spherical and motile. The new shell material appears as a transverse pad (asterisk) with a wrinkled surface. It will

progressively assume a dumbbell shape. P, prototroch; T, telotroch. Scanning electron microscopy (SEM). Scale bar, 10mm.

Fig. 12. Sagittal section. Similar to the stage observed 3h earlier, this young trochophore has two cavities: the blastopore

(curved arrow) with regular microvilli is located ventrally (V) whereas the open cave (straight arrow) is located dorsally (D).

The floor of this cave is constituted by the shell field (delimited by arrowheads); small arrows indicate the cilia of the

prototroch. The dorso-ventral axis (DV) extends through the prototrochal pad (PP) up to the blastopore. AP, antero-

posterior axis. Transmission electron microscopy (TEM). Scale bar, 10mm. Fig. 13. Cross-section through the prototrochal

pad (PP) and shell field (delimited by arrowheads). At this stage, the apical poles of the shell-field cells (stars) are covered by

a dense pellicle, which constitutes the periostracal material that appears wrinkled in Fig. 11. TEM. Scale bar, 10mm. Fig. 14.

High magnification of the periostracum, which appears as a dense line (arrow) covering the apical poles of two adjacent

shell-field cells. The junction complex is delineated by small arrows. TEM. Scale bar, 0.5mm. Fig. 15. Sagittal section of the

open cave through the dorso-ventral axis (DV), showing the prototrochal cells (PP) and the shell-field cells which bear scarce

microvilli at the far end of the cave (star). Next cells of the shell field are already covered by the new periostracum (arrow).

TEM. Scale bar, 10mm. Fig. 16. Saddle-stage trochophore at T0110h. Bilateral symmetry is established, while the

trochophore is still spherical. Curved arrow, blastopore; P, cilia from the prototroch; T, telotroch. SEM. Scale bar, 10mm.
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induce the formation of two weak depressions. The
larger one featuring the shell field is located dorsally
to the other, which is the blastopore. Thus, there are
two independent structures with distinctive func-
tions. The embryo already possesses a few cilia, lo-
cated in the anterior region, which prefigure the
future prototroch (Fig. 6).

At T016 h, the dorsal region is marked by an open
cave, which is expanding under and posterior to the
developing prototrochal pad (Fig. 7). A TEM section
of the embryo indicates that the floor of this open
cave constitutes the shell field, and its roof is the low-
er face of the prototrochal pad (Fig. 8). The shell
field, which is part of the ectodermal layer without

Figs. 17–20. Trochophores of Chione cancellata at T0112 h and T0115 h. Scale bars, 10mm. Fig. 17. Postero-lateral view

of a trochophore at T0112 h. The two lobes of the saddle-shaped shell field are expanding over the body. Bilateral

symmetry is now obvious and the hinge line is well delineated (arrowheads). P, prototroch. Scanning electron microscopy

(SEM). Fig. 18. Transverse section of a 12-h-old trochophore. Periostracum, as a fine line, appears attached both to the

hinge (straight arrow) and to the mantle edge (curved arrows). It delineates the area in which the calcified layer of the shell

will appear. Opposite to the hinge, the apical sense organ (ao) is located at the center of the prototroch, which will

progressively develop into a velum. C, coelom. Transmission electron microscopy (TEM). Fig. 19. Trochophore at

T0115 h. The valves, while covering the entire body and compressing the trochophore laterally, still appear uncalcified as

suggested by their wrinkled aspect. The velum (V) is now well developed. The hinge is delineated by arrowheads. T, cilia

from the telotroch. SEM. Fig. 20. Transverse section of a 15-h-old trochophore, showing insertion of the periostracum at

the hinge area. The periostracum-secreting cells (arrows) are separated by non-secreting cells, which represent the inactive

ligament secretory cells with microvilli at their apical pole. C, coelom; mc, muscle cells. TEM.
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any invagination process (Fig. 9), is characterized by
scarce microvilli (Figs. 9, 10). The blastopore is lo-
cated ventrally and, according to SEM views, it ap-
pears smaller than the open cave (Fig. 7). The
developing archenteron is characterized by a brush
border constituted by regular microvilli (Fig. 8).

At T019 h, the late gastrula has differentiated into
a typical motile trochophore (Figs. 11, 12) possessing
a well-developed prototroch, composed of two ciliary
crowns delimiting two regions: (i) the anterior pre-
trochal area bearing the long ciliary tuft of the apical
sense organ and (ii) the posterior post-trochal area
occupied by the blastopore in a ventral position and
the shell field in a dorsal position. The latter is bor-
dered on its posterior margin by the developing tel-
otroch (Fig. 11). The lower face of the prototrochal
pad still constitutes the roof covering the shell field
(Fig. 12) as described for earlier embryos (Fig. 8).
The cells located under the shell field are undifferen-
tiated embryonic cells (Figs. 12, 13). At higher mag-
nification, a dense pellicle is observed covering the
apical pole of the shell-field cells (Figs. 13, 14), which
appears wrinkled in SEM view (Fig. 11). The shell
field and prototrochal pad remain in close contact
(Figs. 15, 16).

At T0112h, the shell material of the old trochoph-
ore spreads out and differentiates into two discrete
lobes expanding over the body. Thus, the trochoph-
ore is laterally compressed (Figs. 17, 18). Moreover,
the lobes (i) pull forward the ciliated crown of the
prototroch emerging anteriorly to form the velum
and (ii) pull downward the telotroch. Bilateral sym-
metry is now obvious and the hinge line is well de-
lineated whereas the valves appear, as yet, not
calcified (Fig. 17). The periostracum inserts both to
the hinge and to the mantle edge (Fig. 18). It delin-
eates the area in which the calcified layer of the shell
will develop. At this stage of development, the apical
sense organ appears to be comprised of a few ciliated
cells with basal nuclei (Fig. 18).

From T0115h to hatching, both uncalcified valves
continue to expand and become thicker, compressing
the trochophore laterally (Figs. 19, 20). The valves
now completely enclose the soft body of the embryo
(Fig. 20). At hinge, the periostracum emerges from
secreting cells (T1) separated by non-secreting cells
(T2) (Fig. 21). The numerous microvilli of the T2 cells
are uncovered whereas the periostracum spreads
from T1 cells over non-secreting cells (T3). T2 cells
represent ligament secretory cells that are not yet ac-
tive (Fig. 21). T1 secreting cells bear a few covered
microvilli, whereas T3 cells are devoid of microvilli
(Fig. 20). At the mantle margin, the periostracum in-
serts at similar T1 secreting cells (Fig. 22).

At T0123–24 h, the newly hatched veliger larva is
enclosed in the calcified prodissoconch I (Fig. 23),
characterized by its smooth surface (Fig. 24). In
TEM views, a secondary layer is identified between
the mantle tissue and the single layer of periostracum.
The internal organization of this secondary layer is

Figs. 21, 22. Details of periostracum insertion. Transmis-

sion electron microscopy (TEM). Scale bars, 0.5mm.

Fig. 21. The periostracum (arrows) originates at the

hinge. It is produced by T1 secreting cells (stars) which

are separated by non-secreting T2 cells characterized by

numerous microvilli at their apical pole. The T1 secreting

cells in contact with these inactive ligament secretory cells

(T2) bear sparse and irregular microvilli covered by the

dense pellicle of the periostracum. T3 cells, covered by the

periostracum, are devoid of microvilli. Fig. 22. Origin of

the periostracum (curved arrow) at the mantle margin

emanating from secretory T1 cells (star). The secretory

T1 cells in contact with the inner prototrochal cells (pc)

are characterized by scarce microvilli that are covered by

the dense pellicle of periostracum. T3 cells, covered by the

periostracum, are devoid of microvilli.
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not obvious at this stage (Fig. 25). The newly calcified
shell layer, covered by periostracum, encloses the
veliger larva from hinge to mantle edge. Straight-
hinge veliger larvae of C. cancellata range 85–95mm
in shell length, with a hinge length of 55–60mm.

At this stage, the functional velum is composed of
four bands of cilia (Fig. 22): one inner pre-oral band,
one outer pre-oral band, an adoral band, and the
post-oral band surrounding the mouth. The outer
pre-oral band is composed of the inner and outer
rows of cirri, each cirrus being composed of 5–7 cilia

stuck together (Figs. 26, 27). According to TEM, the
kinetochores of these cilia are also linked to one an-
other (Fig. 28). The innermost cells of the outer pre-
oral band are adjacent to the mantle edge secreting
cells. Therefore, the periostracal groove is located
between the mantle cells and the velum cells. When
the larval valves are closed, the ciliary bands of the
velum fold into the pallial cavity overlying the apical
organ and mouth (Figs. 23, 26).

The apical sense organ remains poorly developed.
It appears to be composed of a few ciliated cells with
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basal nuclei and numerous mitochondria (Fig. 29).
Their normal cilia possess long double striated roots
sinking into the cytoplasm up to the nucleus.

The digestive tract remains rudimentary. Its ante-
rior part, from the mouth up to the stomach, is in
close contact with the apical sense organ (Figs. 23,
29). The oesophagus appears non-ciliated at this
stage (Fig. 29), whereas the stomach and the gut are
heavily ciliated (Fig. 23).

Discussion

Embryonic development

Embryonic development in Chione cancellata is
very similar to that of the venerid Anomalocardia
brasilianaGMELIN 1791 (Mouëza et al. 1999). Oocytes
have a small size and a limited vitelline supply typical
of planktotrophic development (Ockelmann 1965).
The average size of 60mm described in this study is
smaller than the average of 74mm stated by D’Asaro
(1967). The reasons for this difference ofB25% can-
not be explained. D’Asaro (1967) described a small
polar lobe after fertilization, which was never ob-
served in our study. The embryonic stages of C. can-
cellata are fairly rapid and similar to those of A.
brasiliana, with a ciliated blastula 3h after fertilization,
a typical trochophore 6h later, and a fully developed
veliger by 24h at 251C. It is difficult to compare age at
various stages of development with those described by
D’Asaro, because of mismatches between the descrip-
tion and the schedule of development.

During gastrulation, the cave in which the shell
field will develop appears well before the formation
of the prototroch. Authors do not agree on the order
of appearance of these two structures (for review, see
Waller 1981), but a sequential sampling at hourly in-

tervals confirms that, at least in small tropical vene-
rids, this cave appears when the gastrula possesses
only a few cilia (Mouëza et al. 1999; this study).

The size of the D-stage larvae is not homogeneous
for C. cancellata. D’Asaro (1967) described a veliger
with a shell length of 100–125mm, whereas LaBarb-
era & Chanley (1970) found a shell length of
B90mm. In our experiments, 24-h D-stage larvae
were B90mm long, with a straight hinge of 60mm
on average. These variations in size for the first stage
of larval development are difficult to reconcile.

Shell differentiation

Other authors working on shell differentiation
during the embryonic development of bivalve mol-
luscs have reported the invagination process de-
scribed one century ago by Stepanoff (in Kniprath
1980). It has been suggested that the invagination
needs to close either completely before the shell for-
mation, as in the case of Mytilus galloprovincialis
(Kniprath 1980) and Pecten maximus (Casse et al.
1998), or partially, as proposed for Spisula solidi-
ssima (Eyster &Morse 1984). These studies related to
bivalves were based on a process described from gas-
tropods (Kniprath 1980; Eyster 1983). Gastropods
are univalve, whereas in bivalves, the shell is com-
posed of two discrete valves articulating at a hinge
and linked by a ligament which can be located inside
or outside the shell. None of the previous studies
shows how these different parts of the bivalve shell
are built. Observations at the ultrastructural level
during embryonic development of C. cancellata lead
us to propose an alternate interpretation of shell dif-
ferentiation including hinge differentiation, which
appears at the trochophore stage as an independent
phenomenon.

’
Figs. 23–28. D-stage veliger larvae of Chione cancellata. Fig. 23. At T0124h, the veliger larva is enclosed in the calcified

prodissoconch I from the hinge (arrow) to the mantle edge (arrowhead). The new calcified shell, which appears white, is

covered by the periostracum. M, mantle; stars, sections of the digestive tract; V, cilia from the velum. Transmission

electron microscopy (TEM). Scale bar, 1mm. Fig. 24. Early veliger or D-larva at T0124 h, enclosed within the

prodissoconch I. The velum (V) extends between the shell valves during swimming or feeding. The straight hinge is

indicated by arrowheads. Scanning electron microscopy (SEM). Scale bar, 1mm. Fig. 25. Cross-section of the

prodissoconch I of a veliger larva. A secondary layer, located between the mantle (M) and the periostracum (arrow),

encloses the first calcium crystals (asterisks) of the shell. TEM. Scale bar, 0.5mm. Fig. 26.Apical section of a veliger larva.

The rows of velar cilia are withdrawn inside the valves. Cilia from the post-oral (small arrows) and adoral (arrowheads)

bands are randomly distributed. The outer pre-oral band is composed of a double row in which cilia appear to be linked

(stars). Asterisks: prodissoconch I shell. TEM. Scale bar, 10mm. Fig. 27.View of ciliary bands of the velum. The outer pre-

oral band of the velum consists of double cirri (OP1 and OP2) with up to 7 cilia per row (curved arrow). The inner cirrus

(OP1) is separated from the outer cirrus (OP2) by a narrow space (arrow). SEM. Scale bar, 1mm. Fig. 28. Section through

the velar margin showing the insertion of the pre-oral cirri. Confirming the SEM view, the outer pre-oral band bears two

bands of cirri (OP1 and OP2) with compound cilia. Each band is composed of parallel ranks of cirri, each cirrus including

5–7 cilia in a row, the kinetochores of which (small arrows) are linked to one another. TEM. Scale bar, 1mm.
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A comparative TEM and SEM analysis shows that
morphogenetic movements put the shell field in a
dorsal position below the future prototroch (Fig.
30), which develops a pad of ciliated cells overhang-
ing the shell field. The shell field, which includes both
shell and ligament secretory cells, does not migrate
inward and never builds an invagination by itself.
The prototrochal pad and the shell field constitute
an open cave, at the far end of which they are in
close contact.

The periostracum is the first observable part of the
shell. It is elaborated by T1 cells, which may be as-
similated to stem cells described for the proliferation
of various epithelial cells. At first step, the per-
iostracum appears continuous because the apical
poles of the ligament secretory T2 cells are covered

by the adjacent T1 cells (Fig. 31). When the T2 cells
reach the surface of the shell-field epithelium, they set
apart the T1 cells, and the hinge line becomes obvious
(Fig. 31). Thus, the intrusion of the T2 cells between
T1 cells is the event at the origin of the typical bivalve
shell before building up the ligament.

T3 cells, issued from T1 stem cells, do not elabo-
rate periostracum material; they produce the second
organic layer of the shell and are involved in the cal-
cification of the shell. At this stage, the three types
of shell secretory cells are differentiated. The first
type (T1 cells) elaborates the first organic layer of

Fig. 29. Transmission electron microscopy section showing

the velar margin, the apical sense organ, and the anterior part

of the digestive tract. The apical sense organ (ao) is composed

of a few cells with basal nuclei and cilia characterized by long

double-ciliary roots up to the nucleus. The sagittal section of

the digestive tract gets through the mouth (m), the oeso-

phagus (O), which seems to lack cilia at this stage, and the

stomach (S). The lumen of the stomach contains numerous

bacteria ingested by the veliger. The periostracum (arrows)

delineates the unique mantle fold. Asterisks, prodissoconch I

shell; M, mantle. Scale bar, 5mm.

Fig. 30. Shell-field differentiation in Chione cancellata:

gastrula to trochophore transition. A. Dorso-lateral view

of a young gastrula, 6 h after fertilization. The dorsal region

of this almost spherical embryo is identified by the shell field

(arrow), which is expanding below the prototroch and

constituting the floor of the open cave. B. Dorso-lateral

view of a trochophore, 12 h after fertilization, which is still

nearly spherical. The extension of the shell field by epiboly

has already begun. The new shell material expands gradu-

ally over the body, covering both sides of the embryo

between the prototroch and the telotroch. The uncalcified

valves are separated by the hinge line (arrowheads). C.

Dorsal view of a late trochophore, 15 h after fertilization.

Both uncalcified valves continue to expand, compressing

the trochophore laterally. Thus, the prototroch is displaced

ventrally and constitutes the velum. The valves enclose now

almost completely the soft body of the embryo. The hinge is

indicated by arrowheads. ao, apical organ; B, blastopore;

P, prototroch; T, telotroch; V, velum.
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the shell (i.e., the periostracum). The second type
(T2 cells) elaborates a material specific to the
ligament. The third type (T3 cells) builds up the
secondary organic layer that will enclose calcium
crystals. Each shell valve comprises two sets of T1

stem cells, one at the hinge and the other at the man-
tle edge, separated by an increasing number of
daughter T3 cells.

The new shell material spreads out, pushing the
adjacent tissues as growth proceeds (Fig. 30), over-

Fig. 31. Shell-field and hinge differentiation inChione cancellata during embryonic development from early gastrula to D-

stage veliger. The figure presents pairwise comparisons between scanning electron microscope views and diagrammatic

cross-sections through the shell field at successive stages of development. T014 h: The shell field includes both shell and

ligament secretory cells. The apical pole of the ligament secretory T2 cells is covered by the periostracum-secreting T1

cells. FromT016 h, the proliferation of the periostracum-secreting T1 cells is similar to the process described for epithelial

stem cells. The new T3 cells do not elaborate periostracummaterial. Up to T0112 h, the expansion of the shell field is only

due to the proliferation of the daughter T3 cells. From T0112h, the ligament secretory T2 cells reach the surface of the

shell-field epithelium, set apart the T1 cells, and create the two valves of the bivalve shell. The hinge field becomes obvious.

At T0124h, T3 cells elaborate a secondary organic layer which encloses calcium crystals. Therefore the valves, which are

now calcified, lose their wrinkled aspect. T2 cells are now secreting the ligament material.
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lapping the embryo, pushing aside the proto-
trochal pad to the top and to the front, and the
telotroch to the bottom and to the front of the
trochophore. Mantle epiboly and shell expansion
play a major role in the transformation from
trochophore to veliger, by compressing the soft
body and displacing the prototroch that becomes
the velum (Fig. 30).

Thiele (in Kniprath 1980) disclaimed, as early as a
century ago, the relationship between bivalve and
gastropod shell-field development; he considered
that the two types of shell were only analogous. How-
ever, his proposal that the formation of the pallial
isthmus structures preceded that of the valves had
not been investigated; the present article demon-
strates that the shell valve partition precedes liga-
ment formation.

Further investigations will be necessary to under-
stand (i) when and how the T1 cells adjacent
to the T2 cells stop to elaborate the periostracum,
so that its expansion will be only due to the T1 cells of
the mantle edge and (ii) when and how T2 cells begin
to elaborate the ligament.

Velum and mantle

In this study, we confirm that the two outer pre-
oral bands consist of two long cirri composed of 5–7
cilia separated by a narrow space, as described in A.
brasiliana for 3-day-old veligers (Mouëza et al. 1999).
The TEM views of this organ confirm the low num-
ber of cilia involved in the velum, unlike other species
(for review, see Cragg 1996). Kinetosomes are linked
to each other in rows, suggesting that the cilia con-
stituting internal and external cirri of the outer pre-
oral band move together at the same time. Such
movements could be involved in transferring food
particles to the mouth, as for the adoral band. How-
ever, it is difficult to confirm that the velum of 24-h-
old veligers of C. cancellata possesses an inner pre-
oral band, as described in 3-day-old veligers of A.
brasiliana (Mouëza et al. 1999). All other bands con-
stituting the velum are similarly organized. The cells
that secrete the periostracum are still directly in con-
tact with the most-internal cells of the velum, which
will soon disappear. Velar involution during the pe-
diveliger stage is not well understood and needs fur-
ther investigation. Before velar involution, the
mantle edge comprises only one fold, representing
the outer fold (Yonge 1957). Further investigations
will be necessary to understand how and when the
inner and middle folds, typical of the adult structure
of the mantle edge, differentiate.
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