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Despite easy access to bivalves, few studies have examined the development of these animals, at
least in part because most bivalve eggs are very small. In addition, annotating cells of the early
bivalve embryo is difficult because few landmarks are present. We conducted detailed cell annota-
tions of the Japanese purple mussel, Septifer virgatus, during early embryogenesis because of its
relatively large eggs (ca. 130 um in diameter). Septifer virgatus underwent the unique cell division
profile reported for four other bivalve species, suggesting that the cleavage pattern itself is impor-
tant for bivalve morphogenesis. The shell field invagination was led by 2d (X) lineage cells, sup-
porting the hypothesis that lineage cells differentiate into cells excreting the shell matrix. The large
egg size enabled us to trace cell movements in the early gastrulation phase, during which the
invagination of the archenteron was initiated by 4d (M) lineage cells. These observations will serve
as a basis for future analyses of S. virgatus embryogenesis and will contribute to understanding the
evolution of the molluscan body plan, which is achieved by modification of early embryogenesis.
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INTRODUCTION

Some lophotrochozoans, including molluscs, annelids,
nemerteans, and polyclad turbellarians, show a characteristic
spiral cleavage pattern and thus are called Spiralia. In the
late 19th century, Wilson (1892), Lillie (1895), and Conklin
(1897) published remarkably detailed and descriptive cell
lineage accounts of some spiralians. These studies showed
that conserved developmental processes are not limited to
cleavage patterns but also occur in the cell lineage and
development of prototrochs and mesodermal cells. More
recently, experimental and molecular developmental studies
have been conducted on gastropod molluscs and annelids
(e.g., Clement, 1976; Henry and Martindale, 1998). How-
ever, compared with groups on which extensive studies of
model species have been undertaken (e.g., flies and nema-
todes among ecdysozoans; sea urchins, ascidians, and
vertebrates among deuterostomes), knowledge of lophotro-
chozoan or spiralian development is lacking. An inves-
tigation of early developmental mechanisms in spiralian
phyla should help to reconstruct how developmental pro-
cesses evolved in the Lophotrochozoa and across the
Metazoa.

Among the spiralian phyla, molluscs vary greatly mor-
phologically. Molluscs are characterized by having a calcite
skeleton, which for most species is the shell plate. Shell
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morphology is reflected in classification into seven classes:
Aplacophora, Polyplacophora, Monoplacophora, Bivalvia,
Scaphopoda, Cephalopoda, and Gastropoda. Although the
phylogenetic relationships among the classes remain uncer-
tain, one widely accepted hypothesis proposed by molecular
phylogenetic and morphological studies places the apla-
cophorans as the most basal mollusc group, followed by the
divergence of Polyplacophora and Conchifera (Salvini-
Plawen and Steiner, 1996; Todt et al., 2008), with the latter
group including Monoplacophora, Bivalvia, Scaphopoda,
Cephalopoda, and Gastropoda. Monoplacophora is reg-
arded as the basal taxon of the conchiferans (Salvini-
Plawen and Steiner, 1996). The relationship among the
remaining four taxa is still debated, although the phyloge-
netic affinity of gastropods and cephalopods is largely acc-
epted (Haszpunar et al., 2008).

The distinct shell morphology characteristic of each mol-
luscan taxon is observable as early as the gastrula stage of
embryogenesis. The earliest sign of conchiferan shell plate
formation is the invagination of the shell field, which occurs
at almost the same developmental time as gastrulation. In
gastropods, which have a single shell plate, the shell field
invaginates from a single spot and then evaginates, excret-
ing a shell matrix as a single circle (Kniprath, 1981). In con-
trast, in bivalves, which possess bilaterally separated shell
plates, the shell field invaginates much like a slit, and after
evagination the shell matrix is observed as two separated
plates (Kniprath, 1981; Kakoi et al., 2008). The distinct shell
plate morphogenesis of gastropods and bivalves occurs
subsequent to the conserved spiral cleavage pattern.

The conserved cleavage pattern of molluscs allows
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homologous blastomeres to be compared and their cell fate
to be elucidated (e.g., Conklin, 1897; Dictus and Damen,
1997). The first two divisions generate four blastomeres,

A

Fig. 1. Septifer virgatus embryogenesis: fertilized egg through 8-
cell stage. (A) Fertilized egg. (B) At 70 min post-fertilization (pf),
after the first cleavage, the polar lobe reintegrates into the CD blas-
tomere. (C) Animal view of a 4-cell embryo, 90 min pf. (D) Animal
view of an 8-cell embryo, 120 min pf. PI, polar lobe. Scale bar: 50
um.

designated A, B, C, and D, which usually correspond to the
left, ventral, right, and dorsal sides, respectively, of the
future larval body (note that there is some variation in the
orientation of the first cleavage in two species of bivalves:
Dreissena polymorpha and Pholas dactylus; Meisenheimer,
1901; Luetijens and Dorresteijn, 1995; Guerrier, 1970).
These blastomeres divide unequally to generate a quartet of
micromeres in the animal tier, designated by lowercase let-
ters (a—d). Micromeres are not situated directly above sister
macromeres, as the orientation of the spindle is oblique with
respect to the animal-vegetal axis. After the first quartet of
micromeres is generated, macromeres, as well as micro-
meres, continue to divide unequally to generate successive
generations of animal micromere quartets. Thus, the largest
cell in a spirally cleaving embryo is usually one of the vegetal-
most macromeres. The molluscan shell plate develops on
the dorsal surface of the larva, and the cells responsible for
shell matrix excretion derive from the D quadrant, usually 2d
(but also see Dictus and Damen, 1997).

Except that some modification of early cleavages was
observed in the lecithotropic species Solemya reidi
(Gustafson and Reid, 1986), in which the shell plates
develop during metamorphosis, the early cleavage pattern is
stereotypic in bivalves. The first two cell divisions are always
unequal, irrespective of polar lobe formation, and thus the D
blastomere is always the largest of the 4-cell embryo. A
unique cleavage pattern occurs in D-quadrant descendants.

After the second round of micromere generation, the larg-
est cell is not a macromere but is the 2d cell, which is a
daughter cell of the 1D macromere on the animal side. Of
interest is that the 2d cell is thought to be the founder cell
of bivalve shells (Lillie, 1895; Meisenheimer, 1901). Given
the importance of the 2d cell and its descendants in the
bivalve embryo, a special notation is used in which the 2d
cell and its largest descendant cell are denoted as X until
the bilateral cleavage stage (Lillie, 1895). X divides
unequally four times, each time alternating the orientation
and relative position of the mitotic spindle in the cell. The
first micromere generated from the X blastomere is called
X', the second X2, and so on, with the largest blastomere
always designated X. In the first two cell divisions, small
blastomeres are deposited vegetally, and thus X' and X2
are located on the vegetal side of X. In the third division,
X3 is deposited animally, whereas in the fourth division X*
is again located vegetally. This pattern has been reported
for at least four bivalve species (for Unio complanata by
Lillie, 1895; Dreissena polymorpha by Meisenheimer,

Fig. 2. Confocal images of S. virgatus embryogenesis: 16-
through 28-cell stages. (A-F) Confocal 3D projection images of
embryos. Only the plasma membrane stained with phalloidin is
evident here. (G-L) Line drawings of images (A—F) in the follow-
ing order: (A, G) 140 min pf: 16-cell stage, animal view. (B, H)
140 min pf: 16-cell stage, vegetal view. (C, I) 160 min pf: 25-cell
stage, animal view. (D, J) 160 min pf: 25-cell stage, vegetal view.
(E, K) 170 min pf: 28-cell stage, animal view. (F, L) 170 min pf:
28-cell stage, vegetal view. Sister blastomeres produced by divi-
sion from an earlier stage are connected with a bold line. X, 2d or
the largest descendant blastomere of 2d. Smaller descendants of
X are denoted as X', X?, and so on, according to the generation
of division. Scale bar: 50 um.
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1901; Pholas dactylus by Guerrier, 1970; Saccostrea keg-
aki by Kin et al., 2009) but has never been observed in gas-
tropods or other molluscs. After the four unequal cleavages,
X divides in a bilaterally symmetric manner. This unique and
conserved cleavage pattern of bivalvian shell plate founder
cells suggests that this cleavage pattern is intimately linked
with the characteristic shell morphology of bivalves.

The X descendant cells invaginate, and a dorsal invagi-
nation called the “shell field invagination” (SFI) (Eyster and
Morse, 1984) appears, representing the prospective shell
field. Subsequently, the shell field evaginates and emerges
onto the surface. The shell field then continues to expand
laterally until it covers the whole embryo. As the shell field
is covering the embryo, the secretion of shell matrix and cal-
cification in the shell field begin and continue thereafter. At
almost the same time as the SFI, gastrulation occurs on the
ventral side. Together with the endoderm cells, presumptive
posterior mesoderm cells (4d lineage designated as M)
invaginate. Lillie (1895) described that the M lineage cells
of U. complanata enter the blastocoel before the vegetal
blastomeres invaginate.

Recently, Kin et al. (2009) presented evidence from
S. kegaki that specific expression of the signaling mole-
cule decapentaplegic (Dpp) might be involved in the
development of the bivalvian separated shell plate. The
oyster dpp, SkDpp, is expressed in cells that clip the
bivalvian shell plate anlage from the anterior and poste-
rior. Because exogenous addition of Dpp during shell
plate formation leads to the morphogenesis of a small
shell plate, Dpp may repress cell proliferation at the dor-
sal midline of the bivalve shell anlage and thus lead to
separation of the shell field into two distinct plate anlages
(Kin et al., 2009).

However, the small egg size of most bivalves (e.g., in
Saccostrea kegaki the egg diameter is <50 um) prevents
observations of morphogenesis before the late embryonic
stage and experimental analysis, such as the microman-
ipulation of embryos. We investigated the cleavage pat-
tern of the Japanese purple mussel, Septifer virgatus, a
bivalve with larger (~130 um) and more robust embryos
than those of S. kegaki. Using a confocal laser-scanning
microscope to observe the cleavage pattern, we detected
a cleavage pattern that was highly conserved in S. kegaki
and S. virgatus. We also took advantage of the large
embryo size to observe the blastomeres initiating gastru-
lation and present evidence here that S. virgatus gastru-
lation is initiated from the M lineage. We also observed
the symmetric division of X and demonstrated that the
shell field invagination of bivalves is initiated from X lin-
eages.

MATERIALS AND METHODS

Embryo collection

Adult S. virgatus were collected at Kashima Port, Ibaraki,
Japan. Mature eggs and sperm could be obtained from July to
September in this location. Spawning was induced by heat-shock
treatment with warm filtered-seawater (FSW) at 50°C. After the
heat shock, individual animals were kept separately in small con-
tainers. In a few hours, about half the individuals spawned
mature eggs or sperm. The spawned eggs had already com-
pleted germinal vesicle breakdown, and were ready to be fertil-
ized. In-vitro fertilization was accomplished by adding diluted

sperm to the eggs. Although the fertilized eggs were covered by a
thin membrane, this membrane was hardly visible under the light
microscope because it was tightly attached to the plasma mem-
brane. Embryos were cultured in FSW at 27°C. We usually trans-
ferred swimming gastrulas about 6 h after fertilization into fresh
FSW at a density of less than 100 larvae/ml. The density of larvae
is critical for the normal development of swimming gastrulas into D-
shaped larvae.

Fluorescence staining and observation with confocal laser-
scanning microscopy

Embryos were fixed in 4% paraformaldehyde, 0.1 M MOPS (3-
[N-morpholino] propanesulfonic acid; pH 7.5), 2 mM EGTA, and 0.5
M NaCl and stored in 0.1% sodium azide in PBS at 4°C. Embryos
were stained with YOYO-1 fluorescent dye (Invitrogen, Carlsbad,
CA) to visualize chromosomes and rhodamine-phalloidin (Invi-
trogen) to visualize cell boundaries. Prior to staining with YOYO-1,
embryos were treated with 1 mg/ml RNase in PBS at 37°C for 2 h

Fig. 3. Confocal images of S. virgatus embryogenesis: 32- through 58-
cell stages. (A-F) Confocal 3D projection images of embryos. Only the
plasma membrane stained with phalloidin is evident here. (G-L) Line
drawings of images (A—F) in the following order: (A, G) 180 min pf: 32-cell
stage, animal view. (B, H) 180 min pf: 32-cell stage, vegetal view. (C, I)
200 min pf: 45-cell stage, animal view. (D, J) 200 min pf: 45-cell stage,
vegetal view. (E, K) 210 min pf: 58-cell stage, animal view. (F, L) 210 min
pf: 58-cell stage, vegetal view. Sister blastomeres produced by division
from an earlier stage are connected with a bold line. X, 2d or the largest
descendant blastomere of 2d. Smaller descendants of X are denoted as
X', X2, and so on. Scale bar: 50 um.
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to destroy cytoplasmic RNA. Embryos were then stained with 10
unit/ml rhodamine-phalloidin in PBT [PBS+0.1% Tween20] for about
1 h at room temperature, followed by staining with 1 uM YOYO-1 in
PBS for 5 min at room temperature. The embryos were subse-
quently washed three times with PBS and mounted in 50% glycerol
for observation. Optical sectioning images in the Z-axis (1.5 pm/
slice) were obtained with a Zeiss LSM510 confocal laser-scanning
microscope. Projection images were reconstructed in 3D from the
Z-series images by using Zeiss LSM Image Browser. The projected
images were traced onto paper by hand, and individual blastomeres
were then identified. Because the embryos of S. virgatus is rich in
yolk and not very transparent, embryos were
mounted between two coverslips, and the same
embryo was observed from two angles by using
H-S Slideframework (Fujiwara Scientific Com-
pany).

To trace the cleavage pattern by examining
fixed material, we collected embryos every 5 min
until the embryos underwent gastrulation and SFI
at 8 h post-fertilization (pf). Because very little
cell movement was observed before gastrula-
tion, we could trace descendent cells through
their relative position and shape. Occasionally
the relative position of the blastomeres seemed
shifted, probably because the cell contact was
relatively loose at this stage (e.g., the relative
positions of 2A-3A and 3D in Fig. 2L and Fig. 3H,
J). Even in this case, we could confidently anno-
tate blastomeres by the relative position of sur-
rounding blastomeres. In this procedure, rotation
of the 3D projection images helped a lot, because
the relative position of each cell could be com-
pared from the same angle of view. Sometimes
chromosome visualization enabled us to distin-
guish mitotic-phase chromosomes from gap-
phase chromosomes, thus helping us determine
the order of cell cleavage.

RESULTS

Cleavage pattern of S. virgatus to the 67-
cell stage

The diameter of fertilized S. virgatus
eggs was approximately 130 um (Fig. 1A).
We observed the polar lobe at approxi-
mately 60 min pf (Fig. 1B). After the polar
lobe appeared, the first cleavage occurred
at 70 min pf. The polar lobe was incorpo-
rated into one of the sister cells, resulting in
an embryo of two cells of very different
sizes. Polar lobe formation occurred again
at the following cell division, producing one
large blastomere (D blastomere) and three
smaller blastomeres of similar size, referred
to as the A, B, and C blastomeres (Fig. 1C).
At approximately 120 min pf, embryos
reached the 8-cell stage, with the typical
spiralian arrangement of blastomeres, i.e.,
smaller blastomeres (1a, 1b, 1c, 1d) occu-
pied the animal half, sitting slightly dextral to
the vegetal “macromeres” (1A, 1B, 1C, 1D)
(Fig. 1D). By 140 min pf, the embryos
reached the 16-cell stage, with 2d (X) the
largest blastomere, as in other bivalves
(Fig. 2A, B: 16-cell stage). Subsequently, X
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and so on.

divided unequally into a smaller X' sitting vegetally and
larger X sitting animally. By 160 min pf, the first quartets (1q)
completed the fifth cell division (Fig. 2C, D: 25-cell stage).
We observed the division of 2b, followed by that of 2c and
2D at 170 min pf (Fig. 2E, F: 28-cell stage). At approximately
180 min pf, the embryos reached the 32-cell stage by divi-
sions of 2a, 2A, 2B, and 2C (Fig. 3A, B: 32-cell stage). By
200 min pf, the embryos reached the 45-cell stage by the
divisions of 1a', 1a?', 1a??, 1b'", 1c', 1¢?!, 1d'!, 1d'?,
1d?', 1d??, X, and X' (Fig. 3C, D: 45-cell stage). By this

" "
19 et

108 o

e

10" 1o

1o
A 1o 1 |Protroch

1ot
E 24" |Larvol mantle
1 2 |Larvol mesabiost

” 3 vl e

%
. |Endoblst
ik w"

®
X x| 18t Somatoblast
X xe
o
o

=

= 2 A L
w«m? 4 6 W 19 . I » — |Endoblost
L i 1 Jiy R A N

1

Tine(rin) ofr_ fervizaniny 27 C e

pe
|

0 12 %0 10 1% 20

1 |

Fig. 4. Confocal images of 67-cell embryos and summary of the S. virgatus cell lineage.
(A, B) Confocal 3D projection images of embryos. Only the plasma membrane stained
with phalloidin is evident here. (C, D) Line drawings of images (A, B) in the following
order: (A, C) 240 min pf: 67-cell stage, animal view. (B, D) 240 min pf: 67-cell stage, veg-
etal view. Scale bar: 50 um. Sister blastomeres produced by division from an earlier
stage are connected with a bold line. (E) Cell cleavage tree showing the timing of cell divi-
sion for each blastomere up to the 67-cell stage. The cell fates of blastomeres were taken
from Lillie (1895) and Kakoi et al. (2008). X, 2d or the largest descendant blastomere of
2d; M, 4d descendant blastomere. The smaller descendants of X are denoted as X', X2,
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stage, X had completed the third unequal cell division, bear-
ing X2 to the vegetal side and X3 to the animal side. At
approximately 210 min pf, the embryos reached the 58-cell
stage by divisions of 1a'?, 3a, 1b'?, 1b2', 1b??, 2b', 2b?,
1¢'2, 2¢', X, and 3D (Fig. 3E, F: 58-cell stage), followed by
divisions of 1c'"", 1¢?, 2¢?, 3C, 1d'"", and X to achieve the
64-cell stage at about 220 min pf. At approximately 240 min
pf, the embryo reached the 67-cell stage by division of 2b'",
3b, 3B, and 3d (Fig. 4C, D: 67-cell stage). This fifth cell divi-
sion of X occurred in a bilaterally symmetric manner, yield-
ing Xt and X®. Fig. 4E summarizes the cleavage pattern of
S. virgatus.

Further cell divisions of X and shell field invagination
As described above, the X blastomere underwent four
asymmetric cell divisions by the 58-cell stage. The first two
divisions yielded two small blastomeres on the vegetal side
of X (X' and X?); in the third unequal cleavage, the chromo-

Fig. 5. Cleavage pattern of X lineage cells to the shell field invagi-
nation stage. Confocal 3D projection images of embryos. Nuclei
were visualized by staining with YOYO-1, and the plasma mem-
brane was stained with phalloidin. (A) Summary of the cleavage pat-
tern of X to the bilaterally symmetric cell division (67-cell stage).
White arrows indicate the movement of chromosomes at each cell
division. (B—F) Cleavage pattern of X blastomeres to the SFI stage.
Daughter blastomeres after a cell division are connected with a bold
line. Some cells appear to have more than one nucleus. This is
because the cells are tightly packed at this stage, and the nuclei of
the cells lying behind are visible. SFI, shell field invagination. Scale
bar: 50 um.

somes moved to the dorsal midline of the animal pole, with
a small blastomere on the anterior side (X°). Before the
fourth cell division, the chromosomes moved vegetally
again, yielding X* on the vegetal side. After these four asym-
metric cell divisions, X divided symmetrically. This unique
cleavage pattern is identical to that observed in three other
bivalves (Lillie, 1895; Meisenheimer, 1901; Kin et al., 2009;
Fig. 5A).

Taking advantage of the large egg size of S. virgatus,
we followed further cell divisions to the shell field invagina-
tion stage. After the symmetric division, both Xt and XR
underwent asymmetric cell divisions, yielding small blastom-
eres vegetally (X2 and XR?; Fig. 5B). The next cell divisions
of X' and XR! were almost equal, but cleavage occurred
along the animal-vegetal axis, with one cell to the animal
side and the other to the vegetal (Fig. 5C-E). The X--X®
blastomeres then divided rapidly (5 times within 120 min).
These rapid divisions were remarkably synchronized
between the X- and X lineages, with symmetric division
patterns on either side of the dorsal midline (Fig. 5C-E).
About 30 min after the bilaterally symmetric cell division
yielding X- and XR (6 h pf), shell field invagination was initi-
ated in the region occupied by X' and X®' descendents
(Fig. 5F). After shell field invagination, we could not anno-
tate the blastomeres, as extensive migration occurred along
with shell field invagination and gastrulation.

Gastrulation site of S. virgatus
At almost the same time as shell field invagination, gas-

Fig. 6. Cell divisions and cell movements during the gastrulation in
S. virgatus embryos stained with phalloidin and YOYO-1. (A) Vege-
tal view of a 230 min pf embryo. (B) Vegetal view of a 270 min pf
embryo. (C) Vegetal view of a 300 min pf embryo. (D) Vegetal view
of a 360 min pf embryo. Daughter blastomeres after a cell division
are connected with a bold line. Some cells appear to have more
than one nucleus. This is because the cells are tightly packed at this
stage, and nuclei of the cells lying behind are visible. Bp, blastopore.
Scale bar: 50 um.
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trulation began on the opposite side of the embryos. We
traced cell movements during the early phase of gastrula-
tion, paying particular attention to the cells initiating invagi-
nation. After the 64-cell stage, 4d divided in a bilaterally
symmetric manner into M- and MR. These cells are thought
to be the precursor cells of the endomesoderm (posterior
mesoderm) and are given the special annotation M (Lillie,
1895; Meisenheimer, 1901; Fig. 6A). M- and MR divided
asymmetrically, yielding m‘ and m"®, respectively (Fig. 6B).
After this cell division, gastrulation was initiated on the veg-
etal side of M- and MR (Fig. 6C). The M lineages had com-
pletely invaginated 6 h pf (Fig. 6D). Thus, in S. virgatus, M
lineage cells lead to invagination during gastrulation.

DISCUSSION

Similarities and differences in bivalve cleavage patterns

We found that the cleavage pattern of the Japanese purple
mussel, Septifer virgatus, is quite similar to that of four other
bivalves that undergo indirect development: Unio complanata
(Lillie, 1895), Dreissena polymorpha (Meisenheimer, 1901),
Pholas dactylus (Guerrier, 1970) and Saccostrea kegaki
(Kakoi et al., 2008; Kin et al., 2009). All five species with
indirect development display unequal cleavage as early as
the first cell division and fix the dorso-ventral axis before the
4-cell stage, although the polar lobe is not formed in U.
complanata, D. polymorpha, or P. dactylus. The 2d blasto-
mere (X) is the largest cell, as in other species, and under-
goes bilaterally symmetric cell division after three asymmetric
divisions of 2d (X). The bilateral cell division occurs at the
64-cell stage in S. virgatus but at the 46-cell stage in S.
kegaki (Kin et al., 2009). The cleavage sequence of X in D.
polymorpha is more similar to that of S. kegaki, with sym-
metric division at the 49-cell stage (Meisenheimer, 1901). In
U. comlapanata, it occurs as early as the 38-cell stage. Nev-
ertheless, cell divisions of the 1q (four first quartets: 1a, 1b,
1c, and 1d) lineage of U. comlapanata are slower than those
of other species (Lillie, 1895) (Table 1). In U. comlapanata,
only 16 cells are derived from 1q, whereas more than 24
cells have been generated by the comparable stage in the
other three species. In bivalves and most molluscs, the 1q
lineage contributes to the formation of the anterior-most
ectodermal tissues of the veliger, which include the anterior
velum (pretrochal ectoderm) and its first ciliary band and
the apical organ, composed of the apical ganglion (Hejnol
et al.,, 2007). Embryos of the three species other than U.
comlapanata develop into veliger larvae, which use the
ciliary band and velum to swim. In contrast, U. comlapanata
develops into a glochidium larva, which is parasitic on host

Table 1. Number of cells in each quadrant in embryos at the 45- or
46-cell stage, for four species of bivalve mollusc.

Species

Quadrant  S.virgutus  S.kegaki U. complanata' D.polymorpha?

1q 26 24 16 25

2q 11 13 19 11

3q 8 7 8 7

4q - 2 2 2

Total 45 46 45 45
TLillie (1895).

2 Meisenheimer (1901).

animals such as fish and lacks a well-developed velum. This
may account for the retarded division rate of the 1q lineage
in U. comlapanata (Lillie, 1895).

Comparison of gastrulation patterns and origin of the
bivalve mesoderm

Our observations of cell movements in early gastrulation
showed that M lineage cells initiate the cell invagination of
gastrulation (Fig. 6). Lillie (1895) and Meisenheimer (1905)
also noted cell movements during gastrulation but sug-
gested that the vegetal blastomeres (A, B, C, and D) initi-
ated gastrulation. Lillie (1895) described M and 2a (called
Y), which he reported to be the origin of the endomesoderm
and ectomesoderm, respectively, as delaminating individual
blastomeres before gastrulation. Hence, some variation in
cell movements during gastrulation appears likely among
bivalve species.

Unfortunately, we could not observe the fate of M lin-
eage cells after gastrulation, in part because substantial cell
migration begins to occur at this stage, along with gastrula-
tion and shell field invagination. The relative positions of
blastomeres change drastically at this stage, creating diffi-
culties in identifying blastomeres using our current method.
Thus, we could not confirm the fate of M and Y lineage cells
or determine whether these lineages actually differentiate
into the endomesoderm (posterior mesoderm) and ectome-
soderm (anterior mesoderm), respectively. Lillie (1895) pos-
ited that the adductor muscle cells, which are a novel struc-
ture in bivalves, derive from the ectomesoderm. We explored
this issue by examining the expression of molecular markers
for mesodermal cells, including twist and cdx (Nederbragt et
al., 2002).

Highly conserved unequal cleavage pattern of X and
evolution of shell morphogenesis

We found that X blastomeres of S. virgatus display a
cleavage pattern that is highly conserved among bivalves.
(Fig. 5). One of the most remarkable characteristics of
bivalve cleavage is that the second cleavage of the D quad-
rant yields an animal blastomere (2d) that is larger than 2D.
This cleavage has not been observed in other spiralians.
Furthermore, the cell division pattern is highly stereotypic.
The first three cell divisions of X occur in the spiralian
manner, but the vegetal cells (X' and X2) are smaller in the
first two cell divisions, and the animal cell takes over the X
blastomere designation, as the X blastomere nomenclature
is reserved for the largest blastomere of the 2d lineage prior
to the bilateral cleavage. However, in the third division, the
animal cell (X3) is smaller, and the X blastomere occupies
the vegetal position. These asymmetric cell divisions, as
well as the following bilaterally symmetric division, are
wholly conserved in all four species, suggesting that the
small blastomeres X'~2 may also perform important roles in
bivalve morphogenesis. However, We know little about the
fate of these blastomeres. Of interest is that the oyster dpp,
SkDpp, is expressed in X', and Kin et al. (2009) suggested
that this SkDpp-positive cell migrates to occupy a position
below the ligament. If so, then X'=3, which clip the bilaterally
divided X blastomeres both anteriorly and posteriorly (Fig.
5A), may be involved in the development of the ligament,
which is a novel structure in bivalves.
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The bilaterally symmetric division of the presumptive
cells of the shell plate anlage is highly suggestive of “bi-
valve” morphogenesis. However, bilateral cleavage is widely
observed in spiralian embryogenesis during the develop-
ment of the bilateral body plan. The best known example is
the bilateral division of the endomesoderm cell lineage (M
blastomere) in gastropods and annelids (Conklin 1897;
Wilson 1892). In addition, the 2d cell (X in bivalves) of the
polychaete Platynereis divides bilaterally after two spiral cell
divisions (Schneider and Bowerman, 2007). Thus, the bil-
ateral division of X is not likely an invention of bivalves to
develop separated shell plates. Instead, bivalves exapted
the regulatory mechanism of bilateral cell division to evolve
the separated shell plates. In this exaptation process, the
atypical spiral cleavage that leaves 2d (X) larger than 2D,
making the presumptive shell field cell the largest blastom-
ere in the early embryo, may be an important bivalve inno-
vation. The bilateral division of this large blastomere may
allow for the development of two bilaterally symmetric cell
populations that form the separated shell fields.

In this study, we traced the cleavage pattern and cell
movements to the shell field invagination stage. This is the
most detailed description to date of the development of shell
field precursor cells, and we present the first evidence that
shell field invagination originates with X lineage cells (X-'112
and XR1112) something that neither Lillie (1895) nor Meisen-
heimer (1901) documented. This observation strongly sug-
gests that X lineage cells develop into shell field cells. How-
ever, we still do not have experimental evidence that X
lineage cells truly differentiate into cells that secrete shell
matrix. Investigating whether X', X2, or X3 contributes to
shell field cells or is responsible for ligament development is
also important. These issues will be resolved by a future
study on the early development of S. virgatus. Experimental
analyses are more feasible using the larger eggs of this
bivalve. The current study will serve as the basis for future
studies on the morphogenesis of the bivalve body plan.
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