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In mollusks with an equal four-cell stage, dorsoventral polarity becomes noticeable in the
interval between the formation of the third and fourth quartet of micromeres, i.e., between the
fifth and sixth cleavage. One of the two macromeres at the vegetal cross-furrow then partly
withdraws from the surface and becomes located more toward the center of the embryonic cell
mass than the other three macromeres. Only this specific macromere (3D) contacts the micromeres
of the animal pole, divides with a delay, and develops into the stem cell of the mesentoblast (4d).
After suppression of the normal contacts between micromeres and macromeres either by dissocia-
tion of the embryos or by deletion of first quartet cells, the normal differentiation of the
macromeres fails to appear. By deleting a decreasing number of first quartet cells, an increasing
percentage of embryos shows the normal differentiation pattern. Deletion of one of the cross-
furrow macromeres does not preclude formation of the mesentoblast, which then originates by
differentiation of an other macromere. It is concluded that initially the embryo is radially
symmetrical and that the four quadrants have identical developmental capacities; mesentoblast
differentiation from one macromere is induced through the contacts of the first quartet cells and

that single macromere.

INTRODUCTION

In mollusks, only one of the four vegetal
macromeres contributes to the formation of
the mesoderm. In species with an equal
four-cell stage, this macromere can be rec-
ognized after the fifth cleavage when it
gradually attains a central position in the
embryo, and at the sixth cleavage by the
formation of the mesentoblast 4d.

A detailed cytological analysis of the way
in which one of the four macromeres ac-
quires a central position and develops into
the mesentoblast mother cell has been
made in Lymnaea stagnalis (van den Big-
gelaar, 1976a,b), Patella vulgata (van den
Biggelaar, 1977), and Haliotis tuberculata
(in preparation). These descriptive studies
only permit us to speculate about the mech-
anisms that force one of the four macro-
meres into a central position in the embryo,
where it makes contact with the inner cell
walls of most of the other blastomeres and
finally forms the mesentoblast.

The differentiation of the macromeres in
Patella has been explained in a general way
by assuming a differential cellular adhesive-
ness (van den Biggelaar, 1977). This means
that the final disposition, in which the ani-
mal micromeres are in touch with one of
the four macromeres (3D), is the only stable
configurational equilibrium that can be at-
tained under the influence of different ad-
hesive strengths and surface tensions.

According to the above concept all four
macromeres are equipotential, and each
may have the same developmental poten-
tial to behave as 3D if it is directed into a
central position and develops exclusive con-
tacts with the micromeres.

From cell lineage studies it is known that
usually one of the two macromeres at the
vegetal cross-furrow forms the mesento-
blast. If this macromere is indeed deter-
mined by an essentially arbitrary but inev-
itable choice made up by the animal first
quartet cells (van den Biggelaar, 1976a), it

462

0012-1606/79/020462-10$02.00/0
Copyright © 1979 by Academic Press, Inc.
All rights of reproduction in any form reserved.



VAN DEN BIGGELAAR AND GUERRIER

may be assumed that the mesentoblast de-
velops from an other macromere after re-
moval of one of these cross-furrow macro-
meres. In Patella, the mesentoblast-form-
ing macromere may be distinguished from
the other macromeres by its central posi-
tion, by a division delay of about 20 min,
and by an unequal division (van den Big-
gelaar, 1977). Moreover, if the micromeres
play a cardinal role in the differentiation of
the macromeres, deletion of an increasing
number of animal micromeres may inter-
fere with the determination of the macro-
mere that develops the mesentoblast. Dele-
tion of the whole first quartet of microm-
eres may completely prevent the formation
of a central cell and of division asynchrony.
The results of these two kinds of deletion
experiments appear to confirm the pro-
posed hypothesis.

MATERIALS AND METHODS

Patella vulgata is common in the Ros-
coff area. The animals were collected once
or twice a week from October to the end of
January. After dissection each gonad was
vigorously moved around in a Boveri dish
with seawater. Next, the eggs were fertil-
ized. At the onset of first cleavage, normal
two-cell stages were collected one by one,
which then were allowed to develop at
about 18°C until reaching the required
stage.

The embryos were dissociated by treat-
ing them briefly (30-120 sec) with an isos-
motic solution of 0.495 M KCIl, 0.035 M
sodium citrate, 0.5 mM EDTA, adjusted to
pH 8 with NaOH (Krischner and Cham-
bers, 1970). Deletion experiments were per-
formed with a fine breaking-pipet. The
opening was placed upon the blastomere to
be removed, which then was carefully suc-
tioned by mouth into the pipet. At first the
cell membrane resists the suction and en-
teres only slightly into the capillary; pro-
gressive suction causes the membrane to
burst. Usually, the remnants of the killed
blastomere are not actively removed, but
are thrown off by the embryo. The devel-
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opment of the individual embryos has been
studied microscopically. The embryos were
placed upside-down, with the vegetal pole
facing the observer. A ring of paraffin oil is
put around the drop of seawater containing
the embryos, but a free space is left in
between. The preparation is covered with
a coverglass without changing the orienta-
tion of the embryos. In this way the devel-
opment can be observed for several hours
at a magnification of 400x.

RESULTS

1. Division Chronology of the Macromeres
at the Formation of the Fourth Quartet
of Micromeres after Deletion of One of
the Vegetal Cross-furrow Macromeres

One of the cross-furrow macromeres was
removed within 10 min after the onset of
the 32-cell stage (Figs. 1, 4, and 11a). The
division chronology and the formation of a
mesentoblast have been followed in 13 con-
trol and 24 deleted embryos. In the control
embryos, the average division delay of 3D
was 17.2 = 6.6 min as compared to 3A, 3B,
and 3C (Fig. 2). In 19 embryos with a de-
leted macromere (79%), the remaining
cross-furrow macromere (3B/3D) has a di-
vision delay of the same order (16.3 + 5.1
min; Fig. 5) as in control embryos. In 10 of
thdse 19 embryos the course of develop-
ment has been traced up to the first division
of the mesentoblast (4d or M). In each of
these 10 embryos the division of the mes-
entoblast M into M1 and M2 could be ob-
served. In three other embryos one of the
lateral macromeres (3A/3C) intruded the
farthest and divided with a delay of the
same order as that of 3D in control em-
bryos. The micromere that developed from
this lateral macromere divided as a normal
M-cell. In the remaining two embryos none
of the macromeres attained a central posi-
tion, and the fourth quartet cells were
formed almost synchronously; no M-cell
was formed.

The central position of one macromere
necessarily involves a reorientation of the
other blastomeres. As a result, the initial
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radial configuration of the cells changes
into a bilateral symmetrical pattern. This
becomes particularly evident about 25 min
before the division of the macromeres 3A,
3B, and 3C of normal embryos, when the
third quartet cells 3a-3d begin to divide.
Next to the central position of 3D, this
division forms an additional landmark for
the plane of bilateral symmetry and for
dorsoventral polarity of the embryo. The
dorsal micromeres (3¢ and 3d) divide into
small vegetal (3c* and 3d?, closely located
to 3D), and larger upper cells (3¢’ and 3d").
In the ventral micromeres 3a and 3b, the
division inequality is reversed. The higher
cells 3a' and 3b’ are the smaller and 3a® and
3b? are the larger daughter cells (Fig. 2). In
none of the embryos with a deleted mac-
romere did this differentiation appear to be
independent of the central and delayed
macromere. Whether it was the remaining
cross-furrow or one of the lateral macro-
meres which formed the mesentoblast and
behaved as 3D, the size differences in the
division of the third quartet cells proved to
be related to that central and delayed mac-
romere (Fig. 5). Consequently, if a non-
cross-furrow macromere develops into the
mesentoblast mother cell, the adjacent
third quartet cells to the right and to the
left must represent the dorsal micromeres,
and the opposite two third quartet cells
must represent the ventral micromeres.

In one out of a great number of control
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embryos, it was observed that one of the
lateral macromeres had attained the axial
position. Also in this embryo, the deviation
of radial symmetry in the third quartet cells
proved to be correlated with the central
macromere and not with one of the cross-
furrow macromeres.

II. Division Chronology of the Macro-
meres after Dissociation of the Embryos
at the 16- or Early 32-Cell Stage

A possible interaction between the mac-
romeres and the micromeres can be in-
hibited by dissociating the blastomeres
with citrated seawater. Dissociation was
usually performed at the eight-cell stage.
After further division, the daughter cells of
each blastomere stayed together (Figs. 8, 9,
and 10). The course of cleavage of the sep-
arated blastomeres continued in step with
that of the controls up to the 32-cell stage.
In embryos dissociated at the onset of the
32-cell stage, it has often been observed
that the derivatives of the same quadrant
maintain their contacts, whereas the indi-
vidual quadrants are separated from each
other, except at the vegetal pole or except
at both poles of the egg axis. In these em-
bryos the original cross-furrow macromeres
can be recognized (Figs. 6 and 7). In other
embryos, the interquadrant junctions at the
cross-furrows have also disappeared. In
both types of embryos the divisions of the
macromeres could be followed accurately.

Fic. 1. Vegetal view of an embryo at the beginning of the 32-cell stage. The animal cross-furrow at the
opposite pole and the cross-furrow between 3B and 3D are the only deviations of radial symmetry.

Fi1c. 2. Vegetal view of an embryo at the end of the sixth cleavage. Note the division delay of 3D compared
to 3A, 3B, and 3C. In addition to this division asynchrony, the dorsoventral polarity is adumbrated by the
division inequality in the third quartet of micromeres. In the ventral quadrants the micromeres 3a' and 3b’ are
small, the dorsal counter parts 3c' and 3d' are large; the ventral micromeres 3a’ and 3b’ are large, and the
equivalent dorsal micromeres 3¢” and 3d’ are small.

Fic. 3. Ventral view of an embryo with a deletion of the first quartet of micromeres. End of sixth cleavage.
3A-3D divide synchronously. The third quartet cells fail to develop the normal size differences.

FIG. 4. Vegetal view of an embryo shortly after fifth cleavage, after deletion of a cross-furrow macromere.

F1c. 5. Micrograph of an embryo with a cross-furrow macromere deletion at the end of sixth cleavage.
Vegetal view. The quadrant of the remaining cross-furrow macromere develops into the dorsal quadrant. Note
the presence of normal size differences in the third quartet of micromeres: 3c* and 3d” are small, and 3a” and 3b*
are large. cf. Figs. 2 and 3.

Fi1c. 6. Partly dissociated embryo. The four quadrants still adhere at the vegetal pole. The cross-furrow has
been indicated.
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Fic. 7. Partly dissociated embryo with preserved contacts between the macromeres that divide synchro-
nously.

Fic. 8. Embryo dissociated at the eight-cell stage showing the formation of the second quartet of micromeres
and the first division of the first quartet cells.

Fic. 9. Same embryo as shown in Fig. 8 after formation of the third quartet of micromeres. The second
quartet cells have divided once, and the first quartet cells have divided twice.

Fi1c. 10. Same embryo as shown in Figs. 8 and 9 after another cleavage. Now the celis have formed compact
groups in which it was no longer possible to denominate the individual blastomeres.
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The division chronology of the micromeres
can only be presented with some reserva-
tions. In dissociated and control embryos
an exactly comparable interval of mitotic
inactivity was noticed after the formation
of the third quartet of micromeres. During
this period of about 90 min the mutual
affinity of the blastomeres seemed to in-
crease, as the partly dissociated cells
started to form more closed and compact
cell masses (Fig. 10). During normal devel-
opment the first cells to resume mitotic
activity after fifth cleavage are the primary
trochoblasts, the two lowest tiers of first
quartet cells, 1a?’~1d*' and 1a**-1d*. About
5 to 10 min later, the animal tier 1al'-1d"
divides almost in unison with the two tiers
of second quartet cells, 2a’-2d" and 2a*-2d>.
Another 5 to 10 min later the micromeres
1a2-1d"? and 3a-3d resume division, fol-
lowed 25 min later by the macromeres 3A,
3B, and 3C, and then with an additional
delay of about 20 min, by macromere 3D
(van den Biggelaar, 1977).

The cleavage schedule of dissociated em-
bryos reflects the normal timetable up to
the 32-cell stage, but it begins to deviate at
the transition to the 64-cell stage. All four
tiers of micromeres of the first quartet,
la!-1d", 1a'®-1d"%, 1a?’-1d?, and 1a**-1d*,
simultaneously resumed cleavage about 14
min earlier than the micromeres of the sec-
ond quartet. Another 6 min later the third
quartet cells 3a-3d divided, followed almost
immediately by the four macromeres. In
embryos with completely separated quad-
rants, as well as in embryos in which the
four quadrants still adhered to each other
at the vegetal cross-furrow, the macromeres
3A-3D divided almost synchronously (Fig.
7). The maximal differences between the
beginning of cleavage of the first and last
dividing macromere were 3.6 £ 2.2 and 5.4
+ 4.9 min, respectively.

III. Division of the Macromeres after
Deletion of the First Quartet Cells

A. Deletion of the four micromeres
la-1d (Fig. 11b). At the eight-cell stage the
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Fic. 11. Diagram of deleted blastomeres. The
shaded cells have been deleted.

four animal cells 1a-1d were removed. The
division times of the macromeres at the
formation of the fourth quartet of micro-
meres have been determined in 19 embryos.
In comparison with the non-cross-furrow
macromeres, the two cross-furrow macro-
meres divided with a significant delay of 4.0
min in 18 embryos (signed rank test, P <
0.009). One embryo with an aberrant cleav-
age delay of 30 min in one of the two cross-
furrow macromeres has been left out of
consideration.

B. Deletion of three micromeres of the
tier la-1d (Fig. 11c). This deletion was
made in two embyros only. The maximal
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difference between the onset of the divi-
sions of the macromeres was 3 min.

C. Deletion of two opposite micromeres
(Fig. 11d). In eight embryos two opposite
micromeres were deleted at the eight-cell
stage. If the cross-furrow macromere with
the greatest division delay is arbitrarily de-
nominated as 3D, then this macromere has
a division delay of 7.8 min in comparison
with 3A, 3B, and 3C (signed rank test, P <
0.042).

D. Deletion of two adjacent micromeres
(Fig. 11e). In 17 embryos two adjacent mi-
cromeres were removed at the eight-cell
stage. In nine of these embryos the macro-
mereg divided almost synchronously. The
average difference between 3A/3C on the
one hand and 3B/3D on the other was less
than 1 min (signed rank test, P < 0.362). In
five of the remaining embryos one of the
cross-furrow macromeres had a delay of 14
min on the average. In the other three
embryos one of the non-cross-furrow mac-
romeres had an average delay of 13 min.
This may indicate that after a one-sided
delation the internal disposition of the mac-
romeres may be changed in such a way that
one of the lateral macromeres becomes
more frequently determined as the stem
cell of the primary mesentoblast.

E. Deletion of a cross-furrow micromere
(Fig. 11f). In 20 embryos one of the micro-
meres la-1d was deleted. In all embryos
except one, one of the cross-furrow macro-
meres was significantly delayed in compar-
ison with the other macromeres that di-
vided almost synchronously. The average
delay is of the same order as in control
embryos (15.2 min; signed rank test, P =
0.000).

F. Deletion of 1a'-1d" (Fig. 11g). After
the first division of the micromeres la-1d,
the animal tier 1a'-1d' was eliminated in
six embryos. The absence of these microm-
eres is accompanied with the absence of a
differentiation of the macromeres, as the
maximal observed difference between the
first and last dividing macromere was only
4 min.
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DISCUSSION

During normal development one of the
two cross-furrow macromeres forms the
mesentoblast (4d or M). After deletion of
one of these two macromeres, the remain-
ing cross-furrow macromere or one of the
two lateral macromeres demonstrate the
characteristic behavior of a normal mesen-
toblast mother cell in most of the embryos
(91.7%). It attained the normal central po-
sition inside the embryo and divided une-
qually and with approximately the same
division delay as during normal develop-
ment. In.embryos in which the differentia-
tion between the macromeres failed to ap-
pear (two embryos, 8.3%), none of the mac-
romeres attained a central position, their
division was synchronous, and a mesento-
blast was not formed. These results affirm
the assumption that the determination of
one out of four equipotential macromeres
to become the stem cell of the mesentoblast
requires only that this macromere attains
the exclusive central position in the center
of the embryo.

The results of the micromere deletions
demonstrate that the differentiation of the
four macromeres, the formation of the pri-
mary mesentoblast, and the expression of
bilateral symmetry and dorsoventral polar-
ity require the presence of a minimal num-
ber of micromeres of the animal first quar-
tet. The dissociation experiments also con-
firm that the exclusive contacts developed
between one macromere and the microm-
eres of the animal first quartet in embryos
of Lymnaea and Patella (van den Bigge-
laar, 1976a; 1977) are essential for the dif-
ferentiation of that macromere into the
stem cell of the mesentoblast. It may be
assumed that the differential cell contacts
induce a divergence in the chemodifferen-
tiation of the blastomeres. This may be
deduced from the development of Lymnaea
stagnalis, in which all four macromeres
contain concentrations of maternal RNA
along the cell walls in the region of the
vegetal cross-furrow. These so called ecto-
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somes (Raven, 1946, 1970, 1974; Minganti,
1950; van den Biggelaar, 1971) behave quite
differently in the central 3D macromere as
compared to the other macromeres. In 3D
the ectosomal RNA is redispersed and can
no longer be recognized some time after the
transition from the radially symmetrical
configuration of cells into the bilaterally
symmetrical disposition. In the other mac-
romeres, this ectosomal RNA becomes pro-
gressively concentrated and is probably ex-
truded afterward into the cleavage cavity
(van den Biggelaar, 1976b).

The gradual displacement of one of the
four macromeres toward the center of the
embryonic cell mass in the interval between
the fifth and the sixth cleavage may be
regarded as a decisive event. This displace-
ment probably happens as soon as a critical
number of cells is reached. It forces each of
the other blastomeres to change its position
in relation to that single central cell, and
the initial radial symmetry is instanta-
neously lost. Any differentiation within the
successive tiers of micromeres along the egg
axis is based upon the topographical rela-
tions to the axial macromere. This is dis-
tinctly demonstrated in the division pattern
of the third quartet cells. The micromeres
to the right (3d) and to the left (3c) of the
central macromere divide into smaller
lower and larger upper cells, whereas the
two micromeres of the opposite future ven-
tral side (3a and 3b) divide into larger lower
and smaller upper cells (Fig. 2). This leads
to the conclusion that positional differences
between blastomeres with comparable cy-
toplasmic compositions precede the diver-
gence of their developmental pathways.
The decisive morphogenetic significance of
the configuration of the blastomeres is sup-
ported by the development of a normal
embryo from a single blastomere of a two-
cell stage in Lymnaea palustris. In this
species a normal embryo is obtained if an
isolated blastomere divides as a normal egg,
i.e., if the complete division program is re-
peated, and a normal cell configuration is
attained. If the blastomeres divide still
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being part of the whole embryo and develop
a four-cell stage with two micromeres and
two macromeres, abnormal embryos are ob-
tained (Morrill ef al., 1973).

The possibility of an epigenetic determi-
nation of dorsoventral polarity has also
been demonstrated in Limax maximus. In
this gastropod the eggs develop normally,
irrespective of the position of the first me-
ridional cleavage plane (Guerrier, 1970a).
No difference can be observed between the
developmental potencies of the blastomeres
isolated at the two-cell stage (Guerrier,
1970c).

In any model of blastomere determina-
tion via cellular interactions, it is clear that
the cell membrane must play a key role in
the control of differentiation. The present
results demonstrate that cellular interac-
tion is of crucial importance during the
early development of the molluscan em-
bryo, and that it is no longer tenable to rely
exclusively upon preformed regional differ-
ences as assumed in the mosaic model. On
the contrary, dynamic structures have to
be introduced that can recognize contact
signals. Translated in the competent cells
these signals may be further active either
in controlling nuclear functions or in regu-
lating cellular mechanisms at a posttran-
sctiptional or posttranslational level.

According to the above concepts it ap-
pears possible to interpret the determina-
tion of dorsoventral polarity in spiralian
embryos, irrespective of whether they de-
velop an equal or an unequal four-cell stage.
In forms with an equal four-cell stage, all
four macromeres contain vegetal structures
and appear to be equipotential. In the in-
terval between the fifth and sixth cleavage,
these structures are activated in one mac-
romere, and as a consequence, this macro-
mere differentiates into the stem cell of the
mesoderm. In forms with an unequal four-
cell stage the vegetal structures are exclu-
sively segregated into one of the macro-
meres via the fusion of a polar lobe or an
unequal division. The vegetal determinants
appear to have an important and definite
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morphogenetic value. Removal of the polar
lobe at first cleavage leads to the formation
of radially symmetrical embryos (Clement,
1952; van Dongen and Geilenkirchen, 1975;
van Dongen, 1976; Wilson, 1904). Equal
subdivision of the vegetal region between
the first two blastomeres results in the pro-
duction of double embryos (Guerrier, 1970;
Guerrier et al., 1978).

Experiments by Clement on embryos of
Ilyanassa have indicated that the polar
lobe region, including most of the vegetal
structures, does not immediately exert its
influence. This is postponed to the interval
between fifth and sixth cleavage. This is
exactly the same interval as that in which
dorsoventrality is determined in species
with an equal first division. Therefore, it
may also be expected that in spiralian em-
bryos forming a polar lobe, the important
vegetal structures must be activated during
the cleavage cycle prior to the formation of
the mesentoblast, via an interaction with
the animal micromeres.

It may be concluded that in addition to
the cytoplasmic composition of the blasto-
meres, the cell contacts, the biochemical
mechanism causing specific cellular affini-
ties, and the mechanisms by which such
contacts may control the differentiation of
the interacting cells must be investigated
for a better understanding of early mollus-
can morphogenesis.
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