
Development 110. 875-884 (1990)
Printed in Great Britain © The Company of Biologists Limited 1990

875

The dorsoventral axis is specified prior to first cleavage in the direct

developing sea urchin Heliocidaris erythrogramma
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Department of Biology and Institute for Molecular and Cellular Biology, Indiana University, Bloomington, Indiana 47405, USA

Summary

Previous fate mapping studies as well as the culture of
isolated blastomeres have revealed that the dorsoventral
axis is specified as early as the 2-cell stage in the embryos
of the direct developing echinoid, Heliocidaris erythro-
gramma. Normally, the first cleavage plane includes the
animal-vegetal axis and bisects the embryo between
future dorsal and ventral halves. Experiments were
performed to establish whether the dorsoventral axis is
set up prior to the first cleavage division in H.
erythrogramma. Eggs were elongated and fertilized in
silicone tubes of a small diameter in order to orient the
cleavage spindle and thus the first plane of cell division.
Following first cleavage, one of the two resulting

blastomeres was then microinjected with a fluorescent
cell lineage tracer dye. Fate maps were made after
culturing these embryos to larval stages. The results
indicate that the first cleavage division can be made to
occur at virtually any angle relative to the animal-
vegetal and dorsoventral axes. Therefore, the dorsoven-
tral axis is specified prior to first cleavage. We argue that
this axis resides in the unfertilized oocyte rather than
being set up as a consequence of fertilization.

Key words: direct development, sea urchin development,
dorsoventral axis, polarity determination.

Introduction

It is not certain when the dorsoventral axis is
established during the development of echinoids that
form a pluteus larva (Wilt, 1987). Research by
Horstadius and Wolsky (1936) and Kominami (1988)
indicated that there is no relationship between the
larval dorsoventral axis and the first or second planes of
cleavage in Paracentrotus lividus or Hemicentrotus
pulcherrimus. Recently, however, Cameron et al.
(1989) have shown that there is a fairly good correspon-
dence between the first two cleavage planes and the
larval dorsoventral (oral-aboral) axis in Strongylocen-
trotus purpuratus.

Although Horstadius did not find any relationship
between the first two cleavage planes and the larval
dorsoventral axis in Paracentrotus lividus, he argued
that dorsoventral polarity must exist in the unfertilized
eggs. This claim was supported by observations of
complementary left-right or reversed dorsal-ventral
symmetery properties in pairs of embryos developing
from bisected eggs. These symmetry properties were
revealed by staining the cut edges with vital dye before
raising the bisected embryos. On the basis of their fate
mapping studies, Cameron et al. (1989) also concluded
that larval dorsoventral (oral-aboral) polarity exists
prior to first cleavage but suggested that this axis is
specified after fertilization. On the other hand, Komi-
nami (1988) argued that the larval dorsoventral axis is

not specified until after the fifth cleavage division in
Hemicentrotus pulcherrimus.

Whatever the observed relationship between the
early cleavage planes and the larval dorsoventral axis,
this axis is not determined until some time after the 4-
cell stage. This conclusion is substantiated by the results
of blastomere isolation experiments which indicate that
individual cells isolated from 2- and 4-cell embryos are
capable of complete regulation (Dreisch, 1891, 1892,
1900, 1906; Boveri, 1907; Morgan, 1895; Von Ubisch,
1925; Horstadius and Wolsky, 1936). In addition, other
investigators have shown that the larval dorsoventral
axis is easily shifted as a consequence of physical
deformation or centrifugation of the eggs and embryos
of indirect developing sea urchins, those that form a
pluteus larva (Runnstrom, 1925; Lindahl, 1932a,b;
Horstadius, 1938, 1973; Pease, 1939).

Recently, we have demonstrated that the dorsoven-
tral axis is established early during development in the
sea urchin Heliocidaris erythrogramma (Henry and
Raff, 1990). H. erythrogramma displays direct develop-
ment via a non-feeding 'lecithotrophic' larva. Whereas
the pluteus larval dorsoventral (oral-aboral) axis is
offset approximately 45 degrees with respect to the
adult dorsoventral axis in forms with indirect develop-
ment, the dorsoventral axis of the H. erythrogramma
larva is the same as that of the juvenile sea urchin which
emerges during metamorphosis (Wray and Raff, 1989).
The results of fate mapping studies (Wray and Raff,
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1989, 1990) indicate that the first cleavage plane always
bisects the H. erythrogramma embryo between future
dorsal and ventral halves. The ventral blastomere (V)
gives rise to the vestibule and most of the internal
mesenchymal and coelomic cells. Furthermore, when
the two first cleavage blastomeres are separated and
raised in isolation, they display characteristic develop-
mental differences that correlate with the fate mapping
results (Henry and Raff, 1990). Here we present
experiments designed to test whether the dorsoventral
axis is specified prior to the first cleavage division in H.
erythrogramma. Our findings indicate that the dorso-
ventral axis is specified prior to first cleavage. We argue
that this axis resides in the unfertilized oocyte.

Materials and methods

Preparation of Gametes
Adult specimens of H. erythrogramma were collected from
subtidal rock platforms off Sydney, NSW Australia. Gametes
were obtained following the procedures of Wray and Raff
(1988).

Vital dye labeling
Nile Blue sulfate dye was applied to small regions on the
surface of unfertilized eggs utilizing the technique described
by Henry and Martindale (1987). Dye was applied to animal,
vegetal and lateral regions following reference points de-
scribed in the results section. Tetramethylrhodamine isothio-
cyanate (no. T-2018 isomer R, Sigma, St Louis, MO),
prepared as described by Wray and McClay (1988), was also
used to label specific regions on the surface of fertilized eggs.

Orientation of the first cleavage plane
The first cleavage plane was oriented following the method of
Rappaport (1985). Small tubes, cast in silicone, with an
internal diameter of approximately 330^m were used.
Unfertilized eggs were first drawn into the submerged ends of
these tubes. Sperm were then added to these elongated eggs
and fertilization generally took place within five minutes. The
elevation of vitelline envelopes could be monitored through
the transparent walls of the silicone chambers. Immediately

B

following fertilization, the sperm were removed by exchang-
ing the sea water several times and the zygotes finally
withdrawn from the tubes. Eggs fertilized within the tubes
retained their elongated shapes when withdrawn. On the
other hand, unfertilized eggs quickly rounded up after
removal from the tubes. The procedure is illustrated in Fig. 1.
All embryos were cultured in Millipore-filtered, pasteurized
sea water (Clement, 1952) at a temperature of 22 to 25°C.

Micro-injection of tracer dye
One of the two first cleavage blastomeres in the elongated
embryos resulting from eggs fertilized in tubes was micro-
injected with lysyl tetramethylrhodamine-dextran
(lOOmgmn1 in distilled water; no. D1817, Molecular Probes,
Eugene, OR). Micro-injection was carried out following the
procedures of Wray and Raff (1989, 1990). These embryos
were reared to the appropriate stages in order to determine
the relationship between the plane of first cleavage and the
dorsoventral and animal-vegetal axes in the developing
embryo. Micro-injected embryos were reared in complete
darkness in order to prevent photo-bleaching of the dye.
Despite the extensive manipulation of these embryos, their
subsequent development and survivorship was as good as that
observed in previous fate-mapping studies (Wray and Raff,
1989, 1990).

Analysis of development
Observations of external vital dye staining were made on
living embryos. Micro-injected embryos were fixed at 5°C for
10 to 12 h in a 2 % solution of paraformaldehyde in sea water
after 36 h of development. Fixed embryos were rinsed twice in
sea water, dehydrated in ethanol, and then stored in 70%
ethanol at 5°C. Observations of fluorescence were made on
fixed whole embryos in 70 % ethanol. Under these conditions,
the boundary between labeled and unlabeled regions of the
ectoderm could be clearly visualized. Detailed drawings were
made of each specimen, and the relationship between the first
cleavage plane and various developmental axes could then be
determined by projecting the fluorescence labeling patterns
onto the fate maps of Wray and Raff (1989, 1990). Because
the ectoderm undergoes anisotropic stretching and elongation
during development, this analysis must be accomplished by
referring to these fate maps. The relationship between the
first cleavage plane and the animal-vegetal and dorsoventral
axes was expressed as two angles measured relative to a vector

Fig. 1. Experimental procedure illustrating (A) typical equal first cleavage of elongated oocytes fertilized in 330 ̂ (m
diameter silicone tubes. The rigid first cleavage spindle is forced to orient along the long axis of the zygote in most cases.
(B) Equal first cleavage of undisturbed fertilized oocytes. (C and D) Corresponding light micrographs of 2-cell elongated
and control embryos illustrated in A and B, respectively. Scale bar equals 150 fan.



normal to the first cleavage plane. The sign of this vector is
positive in the direction of the labeled hemisphere. The first
angle (a) expresses the angle relative to the animal-vegetal
axis, where 0°=animal pole and 180°=vegetal pole. The
second angle (/?) expresses the angle relative to the
dorsoventral axis, where 0° (or 360°)=the ventral side,
90°=the left side, 180°=the dorsal side, and 270°=the right
side. In some cases, the topology of the labeling patterns
made these angles somewhat harder to determine; the error
range for all measurements is on the order of ±10°.

Results

Location of the animal-vegetal axis in unfertilized
eggs
Wray and Raff (1989) observed that the fertilized eggs
of H. erythrogramma float at the surface of the sea
water with the vegetal pole facing upward. The first
cleavage furrow usually begins at the downward-facing
animal pole. Here we extend these observations to
unfertilized eggs. We noticed, in virtually every case,
that a very small protuberance is present at the float-
down or presumptive animal pole of unfertilized eggs.
This hillock is probably left over from the meiotic
maturation divisions and serves as a useful polarity
marker in these eggs. In a previous study, Wray and
Raff (1989) noticed that none of the embryos survived
when Nile Blue stain was applied exactly to the animal
pole during first cleavage. As a precaution, therefore,
we intentionally placed this stain just next to the
presumed animal pole hillock when the float-down pole
was marked. Exact positioning of these marks was
somewhat difficult as the eggs were free-floating in the
sea water. In 28 cases Nile Blue stain was applied to
either the float-down pole, float-up pole or lateral side
of the eggs (see Table 1). The stained eggs were then
fertilized and raised to the gastrula stage. In the
majority of cases (75 %), these marks ended up at the
animal, vegetal and lateral sides of the gastrula stage
embryos, respectively, as predicted. Thus the animal-

Table 1. Orientation of animal-vegetal polarity in
unfertilized eggs

Initial location of
stain in oocytes

Float-down /^~~\
Pole \&S

Lateral

Float-up
Pole

0
o

Number
scored

1

6

21

Final 1ocation of stain in gastrula
stage embryos

Animal

0 0
0

0

0

1

0

0

Lateral

0
0

3

4

Vegetal

0 0
0

3

6

0

0

11

Diagrams at left indicate the point where Nile Blue dye was
applied to the oocytes with respect to their floating orientation and
the small animal pole hillock. Diagrams at top right indicate the
location of the dye in the resulting gastrula stage embryos after
approximately 20 h of development. Small circle indicates the
position of the vegetally located blastopore.
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vegetal axis is recognizable in H. erythrogramma prior
to fertilization; the animal pole is indicated by the
presence of a small hillock.

Cleavage and orientation of elongated oocytes
Previous studies have shown that it is possible to
mechanically orient the first cleavage spindle and thus
the plane of cell division in a variety of zygotes by
elongating or compressing them prior to cleavage
(Rappaport, 1986). We utilized this approach to
determine whether or not the first cleavage division sets
up the dorsoventral axis in H. erythrogramma. From a
total of 484 oocytes loaded into the elongation
chambers, 352 became fertilized while still in these
tubes. Fertilization proceeded very much as described
by Allen (1954) for other constricted sea urchin eggs,
and vitelline envelopes became completely elevated
once the H. erythrogramma eggs were removed.

The fertilized eggs retained their elongated shapes
when removed from the tubes. In 6 cases, the vitelline
envelope was carefully removed with jeweler's forceps
and, in all these cases, the denuded eggs retained their
elongated forms, thus indicating that major changes in
cytoskeletal organization take place following fertiliz-
ation. This elongated shape was apparent within the
empty vitelline envelopes as well. The retention of
elongated shapes by the eggs of indirect developing
echinoids, fertilized in tubes, has been previously
noticed by several investigators, including Horstadius
and Runnstrom (1953) and Allen (1954).

Of the 352 H. erythrogramma eggs fertilized in tubes,
241 zygotes underwent the first cleavage division. In
these elongated embryos, the first cleavage division
took place in one of several orientations with respect to
the long axis (Fig. 2). In the majority of the cases
(76 %), the first cleavage plane was perpendicular to the
long axis and was either equal (Fig. 1A and C) or
unequal. In a smaller number of cases (16%), first
cleavage was slightly diagonal with respect to the long
axis. In a minority of cases (8%), the first cleavage
division took place more or less through the long axis.
The development of these 241 cases is recorded in
Table 2. The second cleavage division of these
elongated embryos is variable. In many cases the
second cleavage division occurred in a direction
perpendicular to the first; however, in other cases the
second cleavage division occurred in the same direction
as the first in one or both cells. All early cleavages of the
elongated embryos took place along the same time
course as untreated embryos.

It is clear that the elongated shapes entrained at
fertilization are sufficient to orient the first cleavage
spindle in most cases. An additional set of experiments
was performed to determine whether the eggs were
orienting randomly when placed within the chambers.
The animal or vegetal pole was marked with Nile Blue
dye in a total of 36 oocytes and these randomly drawn
into constriction chambers. Of these eggs, 27 were
successfully fertilized and underwent the first cleavage
division. For each of these latter cases, the orientation
of the egg within the tubes, the first cleavage plane and
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39% 37% 10% 6%

(Sample Size = 241)

6% 2%

Fig. 2. Cleavage types observed in
elongated zygotes resulting from
eggs fertilized in 330 /im diameter
silicone tubes in which one of the
first cleavage blastomeres was
injected with lysyl tetramethyl-
rhodamine-dextran. Cleavage types
are designated (left to right):
equal, unequal, diagonal equal,
diagonal unequal, longitudinal, and
diagonal longitudinal. No examples
of unequal longitudinal first
cleavage divisions were observed.
Numbers indicate the percentage of
cases observed out of the 241 cases
studied.

the location of the dye mark in the ectoderm of the
resulting gastrula stage embryo is depicted in Fig. 3. In
an additional set of experiments, one end of the
elongated zygotes was stained with tetramethylrhoda-
mine isothiocyanate immediately following fertilization
while they were still within tubes. In all eleven cases,
first cleavage took place perpendicular to the long axis,
and the fluorescent stain remained localized at one end
without shifting position (data not shown). These
results show that the eggs can assume any orientation in
the tubes and that this orientation does not change once
they are fertilized and removed from the tubes.
However, a closer examination of the data regarding
the orientation of Nile Blue stained eggs reveals that
they are not orienting within the tubes completely at
random. In 67 % of the cases (18 out of 27), the animal
and vegetal poles are in contact with the walls of the
tubes. This is somewhat greater then the number of
cases that should have been expected based on simple

calculations of the amount of surface area a 430 fxm
diameter oocyte would have in contact with the wall of a
330 ,um diameter tube (45 %, assuming that the volume
of the egg remains constant). This bias is probably
accounted for by the normal floating orientation of the
eggs before they are pulled into the tubes, as stated
above. Despite this, the data reveal that first cleavage
can take place at any position with respect to the
animal-vegetal axis, regardless of the orientation of the
first cleavage plane relative to the elongation axis.
Finally, the locations of the Nile Blue dye marks in the
resulting gastrula stage embryos indicate that the
animal-vegetal axis is not perturbed as a result of
shifting the first cleavage plane.

Relationship between the first cleavage plane and the
dorsoventral and animal-vegetal axes
The experiments described above demonstrate that the
first cleavage plane can be readily shifted in the

Table 2. Cleavage and development of elongated and micro-injected H. erythrogramma embryos

Cleavage type

Equal

CD
Unequal

CD
Dia. Equal

CD
Dia. Unequal

CD.
Longitudinal

Dia. Longitudinal
S N

Initial
number
created

95

90

23

15

14

4

Normal

Number
observed

21

22

3

1

2

1

development

Number with
interpretable

patterns

16

17

3

0

2

0

Radial

Number
observed

43

39

13

8

4

2

development

Number with
interpretable

patterns

12

19

3

2

3

1

% Survival
to larva

67

70

68

60

43

75

Totals 241 50 38 109 40

Diagrams illustrate observed differences in the first cleavage division. The abbreviation 'Dia.' stands for 'Diagonal'. Refer to text for
further information.
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Oocyte First Gastrula
Orientation Cleavage Stage

Animal
Pole

Stained

Vegetal
Pole

Stained
0

0

embryos of H. erythrogramma. Therefore, we per-
formed a series of experiments to determine whether or
not the dorsoventral axis is set up as a consequence of
the first cleavage division. One of the two first cleavage
blastomeres was injected with fluorescent dextran in a

Fig. 3. Diagrams illustrating the development of elongated
H. erythrogramma embryos in which Nile Blue dye was
applied to either the animal or the vegetal pole. The
location of the dye marks in the oocytes while they were
being fertilized in the tubes is shown, as are the resulting
2-cell embryos. Animal-pole-stained embryos numbered
four through six, and vegetal-pole-stained embryos
numbered three through ten and fourteen through twenty
all had their animal and vegetal poles in contact with the
walls of the silicone tubes while they were being elongated.
The type of first cleavage is also shown, as is the location
of the dye in the gastrula stage embryos after 20 h of
development. The gastrula stage embryos are oriented with
their vegetal pole located downward. The blastopore is
indicated by a small circle. Dashes indicate that these
embryos did not complete development to the gastrula
stage.

total of 241 elongated embryos. The first cleavage
pattern and subsequent development of these embryos
is recorded in Table 2. In those cases that underwent an
unequal first cleavage division, the larger of the two
resulting blastomeres was injected. Out of the 241 cases
injected, a total of 50 developed normally but only 38
had interpretable labeling patterns. Another 109 cases
developed in a radialized fashion and 40 of these latter
cases had distinct labeling patterns. Radialized embryos
differentiated all distinguishable cell types but lack
dorsoventral polarity. Cases were deemed uninterpre-
table if they contained too little or no fluorescent dye or
were completely labeled. In a few cases, no clear
boundary between labeled and unlabeled regions could
be seen and these were not scored in the final analysis.
Labeling patterns in the interpretable normal embryos
are recorded as two angles (a and fi) relative to the
animal-vegetal and dorsoventral axes, respectively, as
measured from a vector normal to the plane of first
cleavage (see Materials and methods). The basis for this
analysis is diagramed in Fig. 4A-C. The first cleavage
plane is determined from the boundary between labeled
and unlabeled ectodermal regions of the embryo. The
actual cases diagramed in Fig. 4A-C are shown in
Fig. 5A-C. A wide variety of labeling patterns were
observed and these are recorded in Fig. 6. A normal
dorsal pattern is shown in Figs 4A and 5A. In only six
cases did the labeling pattern correspond exactly to that
of the normal fate map (o-=90° and /3=0° or 180°). In
the example shown in Fig. 4B and 5B, the plane of first
cleavage actually took place through the dorsoventral
axis as would normally have been the case during the
second cleavage division (a-=90° and /?=90°). In
Figs 4C and 5C a case is shown in which the first
cleavage plane took place at an oblique angle with
respect to the animal-vegetal and dorsoventral axes. In
two cases first cleavage took place in the equatorial
plane (ar=180°). Since no angle relative to the
dorsoventral axis (ft) could be determined in these two
specimens they were not recorded in Fig. 6. These
results indicate that the first cleavage plane can be made
to occur with virtually any angular relationship to the
animal-vegetal and dorsoventral axes.
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= 90°
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Larva

V

V

Fig. 4. Diagrams depicting observed ectodermal fate maps in larvae resulting from three representative elongated embryos
in which one of the first cleavage blastomeres was injected with lysyl tetramethylrhodamine-dextran. The actual larvae
from which this illustration was prepared are shown in Fig. 5. All cases illustrated displayed an equal first cleavage division.
Larval views are left-frontal, and the vestibule is outlined on the ventral surface. The relationship between the first
cleavage plane and the animal-vegetal (N-G) and dorsoventral (D-V) axes is depicted as two angles measured relative to
a vector normal to the first cleavage plane. This vector is indicated by a line with a black dot at its end. The sign of this
vector is positive in the direction of the labeled hemisphere. The convention for determining the angles (a), relative to the
animal-vegetal axis, and (/3), relative to the dorsoventral axis, are shown for each case as projected on the zygote (refer to
the Materials and methods section for further details). (A) Example in which the labeling pattern was the same as that
seen in undisturbed normal embryos in which the dorsal (D) blastomere had been injected (Wray and Raff, 1989, 1990). In
this case, the first cleavage plane included the animal-vegetal axis and occurred orthogonal to the dorsoventral axis.
(B) Example in which the first cleavage plane included both the animal-vegetal and dorsoventral axes (equivalent to the
normally occurring second cleavage plane). (C) Example in which the first cleavage plane took place somewhat obliquely.
The labels D' and V in B and C indicate a possible dorsoventral axis which might have arisen if the first cleavage division
had been tied to the specification of this axis.

40 radialized embryos with interpretable labeling
patterns were also examined. Because these cases form
with no discernible dorsoventral polarity, only the angle
(a) relative to the animal-vegetal axis could be
determined. As in the normal embryos, a wide range of
labeling patterns was observed in these radialized
embryos (Fig. 7), again indicating that the first cleavage
plane can be made to occur at any angle relative to the
animal-vegetal axis. Out of the 40 radialized embryos
examined, 12 cases displayed labeling patterns typical
of radialized embryos that arise spontaneously in
undisturbed cultures (a=90°; Wray and Raff, unpub-
lished data).

Discussion

Previous studies have shown that the first cleavage
plane in the direct developing sea urchin H. erythro-
gramma normally bisects the zygote into prospective
dorsal and ventral halves (Wray and Raff, 1989, 1990).
Furthermore, blastomere isolation experiments reveal
that a segregation of dorsoventral developmental
potential takes place at first cleavage (Henry and Raff,
1990). Here we show that the establishment of
dorsoventral polarity is not directly tied to the first
cleavage division. Through experimental manipulation,
the first cleavage division can be made to occur at
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Fig. 5. Fluorescence light micrographs of three elongated embryos (after 36 h of development) in which lysyl
tetramethylrhodamine-dextran was injected into one of the first cleavage blastomeres. These three cases are illustrated
schematically in Fig. 4. All cases shown resulted from embryos in which the first cleavage division took place equally.
White arrowheads indicate the boundary between labeled and unlabeled regions of the ectoderm. (v=vestibule).
(A) Left-frontal view of a larva in which the first cleavage plane included the animal-vegetal axis and occurred
perpendicular to the dorsoventral axis. The vestibule is unlabeled on the ventral side of the larvae. This is typical of a
normal dorsal (D) blastomere labeling pattern (Wray and Raff, 1989, 1990). (B) Frontal view of a larva with a bilaterally
symmetrical labeling pattern. In this example the first cleavage plane included both the animal-vegetal and dorsoventral
axes (equivalent to the normally occurring second cleavage plane). (C) Frontal view of an example in which the first
cleavage plane took place somewhat obliquely. Scale bar equals 50 ,um.

virtually any angle relative to the animal-vegetal or
dorsoventral axes. Therefore, dorsoventral polarity
must reside within the egg or the zygote prior to first
cleavage.

This does not, however, mean that the dorsoventral
axis is absolutely fixed prior to first cleavage. In fact,
there were a large number of cases (44 %) in which the
angular relationship between the first cleavage plane
and the dorsoventral axis (but not necessarily the
animal-vegetal axis) was the same as that seen in
undisturbed embryos, i.e. /3=0° or 180°. This percent-
age is somewhat greater than would be expected if there
was no relationship between the dorsoventral axis and
the plane of first cleavage. Given the degree of accuracy
with which we could determine these angles (±10°) one
would expect that 11 % (40°H-360°=11 %) of the cases
should lie along the lines £=0° or 180° if the first
cleavage plane occurs at random with respect to the
dorsoventral axis. The percentage actually observed
(44 %) suggests that in a proportion of the experimental
sample analyzed (44%-11 %=33%) the prospective
dorsoventral axis was shifted by changing the plane of
first cleavage in H. erythrogramma. Since the first
cleavage plane always corresponds with the frontal
plane in undisturbed embryos, one might assume that
some mechanism operates to preserve the correct
angular relationships between cleavage and symmetry
properties during normal development. Such a mechan-
ism may be active in some elongated embryos such as
those that displayed unequal, diagonal and longitudinal

forms of cleavage. The experimental treatment may not
have been entirely effective in changing the cleavage
plane in these forms. Therefore, the proportion of cases
in which the dorsoventral axis appears to have been
shifted may be even smaller. Nevertheless, in a majority
of cases (56% versus 33%), there was a retention of
intrinsic polarity properties, despite dramatic changes
in the shape of the eggs and the experimentally imposed
orientation of the first cleavage plane. Therefore, while
the dorsoventral axis is specified prior to first cleavage
in H. erythrogramma, it is not rigidly determined.

In the eggs and embryos of echinoderms that develop
via a feeding larva, the larval dorsoventral axis appears
to be more readily altered or entrained by various
experimental treatments (Runnstrom, 1925; Lindahl,
1932a,b; Horstadius, 1938, 1973; Pease, 1939). For
example, Lindahl (1932a) claimed that constriction of
sea urchin eggs in capillaries frequently entrained larval
dorsoventral polarity. He noted that the first end to
enter the tubes, opposite the site of fertilization, often
became the ventral side of the developing embryo. We
certainly did not observe such an effect in our
experiments with H. erythrogramma.

Claims have been made that dorsoventral polarity is
morphologically discernible in the eggs of three other
species of direct developing echinoderms: the holothur-
ians Cucumaria frondosa and Psolus phantapus (Runn-
strom and Runnstrom, 1920), and the starfish Asterina
gibbosa (Horstadius, 1925). In all three cases, the eggs
usually appear to be elongated in an axis perpendicular
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Fig. 6. Graphic representation of fluorescence labeling patterns in 36 normally developing larvae resulting from elongated
embryos in which one of the two first cleavage blastomeres had been microinjected with lysyl
tetramethylrhodamine-dextran. Each specimen is represented by a single point. Multiple cases with identical labeling
patterns are indicated by a corresponding number of concentric circles. The labeling patterns are represented by two angles
measured relative to a vector normal to the first cleavage plane. The angle (a-), relative to the animal-vegetal axis, is read
on the ordinate while the angle (/3), relative to the dorsoventral axis, is read on the abscissa. Refer to Fig. 4 and the text
for further details. Points located along the shaded horizontal line (a=90°) are cases in which the first cleavage plane
included the animal-vegetal axis. Points located along the two vertical shaded lines (/5=0° or 180°) are cases in which the
angular relationship between the first cleavage plane and the dorsoventral axis (but not necessarily the animal-vegetal axis)
was the same as that seen in undisturbed embryos (Wray and Raff, 1989, 1990). Specimens with completely normal ventral
(V) or dorsal (D) blastomere labeling patterns (Wray and Raff, 1989, 1990) are located where a-=90° and /Neither 0° or
180°, respectively. Refer to Fig. 4 and the text for further details. In two additional cases, the first cleavage plane occurred
along the equatorial plane ((^=180°). Since no angle relative to the dorsoventral axis could be determined for these two
cases, they are not recorded in this graphic representation.

to the animal-vegetal axis. The poles of this elongated
axis are said to be the future ventral and dorsal poles,
the latter of which appears to be heavier in P.
phantapus (Runnstrom and Runnstrom, 1920). In the
case of A. gibbosa, the first cleavage division appears to
bisect the embryo into dorsal and ventral halves
(Horstadius, 1925), as is the case in H. erythrogramma.

The results of the Nile Blue marking experiments
presented here indicate that the animal-vegetal axis is
rigidly specified in the eggs and embryos of H.
erythrogramma. This is in general agreement with the
results of previous studies using indirect developing
echinoids (Morgan and Spooner, 1909; Horstadius,
1953; Harvey, 1956), which demonstrate that exper-
imental manipulations do not affect animal-vegetal
polarity.

It is notable that the angle a was found to be greater
than 90° (more label in the vegetal hemisphere) in most
of the injected cases examined in this study. Wray and
Raff (unpublished) also observed a greater number of
cases, with vegetally labeled cells in their fate mapping
studies of H. erythrogramma. These results could
suggest that the injection affects animal-vegetal po-

larity formation. However, as mentioned earlier, the
eggs and embryos orient naturally with their vegetal
sides upwards. It is easier to inject the uppermost
blastomere. It seems more likely that this accounts for
some of the bias in these samples. In nearly half of the
cases, cleavage took place unequally, and in these cases
the larger blastomere was always injected. One would
expect that the larger blastomeres would contain
vegetal material more frequently than the smaller
blastomeres, and these would contribute to the forma-
tion of more vegetal progeny. Clearly, injection does
not appear to influence dorsoventral polarity, since a
similar number of injected embryos with dorsal versus
ventral patterns were observed. In addition, Wray and
Raff (unpublished) did not observe any bias in
dorsoventral fates in their original fate mapping studies
of H. erythrogramma.

It may be of some significance that the first cleavage
plane took place along either what normally would have
been the first (a-=90°, /3=0° or 180°), second (a-=90°,
0=90° or 270°) or third (a=0° or 180°, /3=unknown)
cleavage planes in a number of cases (12 out of 38
cases). These three planes may represent more stable
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Fig. 7. Histogram representing fluorescence labeling
patterns in 40 radially developing larvae resulting from
elongated embryos in which one of the two first cleavage
blastomeres had been microinjected with lysyl
tetramethylrhodamine-dextran. Since radially developing
embryos have no discernible dorsoventral polarity, the
labeling patterns are represented as a single angle (a)
measured between a vector normal to the first cleavage
plane and the animal-vegetal axis. Typically, a=90" in
radially developing embryos that arise spontaneously from
undisturbed cultures (Wray and Raff, unpublished data).
Refer to Fig. 4 and the text for further details.

positions, which bias where cleavage can take place.
This may be a further indication that a scaffold of
animal-vegetal and dorsoventral symmetry properties
is set up in the egg or zygote.

In a previous study (Henry and Raff, 1990), we
demonstrated that a segregation of developmental
potential takes place as a result of the first cleavage
division in H. erythrogramma. We proposed that an
asymmetric segregation of maternal determinants,
responsible for the specification of what are classically
termed 'vegetal' cell fates, takes place between the two
resulting blastomeres, since one of these blastomeres
differentiates most vegetal structures such as the
endoderm and mesoderm. We further proposed that
this segregation of vegetal determinants is coupled with
the establishment of the dorsoventral axis, as most
vegetal cell types are derived from the ventral half of
the embryo. The results of the present investigation do
not support the hypothesis that ventral differentiation is
linked to the pattern of distribution of vegetal
determinants. If this were the case, one would expect
from the fate mapping of elongated embryos that those
labeled cells with more vegetal cell fates (a>90°) would
also be more ventral in character (/?<90° or >270°).
This was not the case. Thus the specification of ventral
cell fates and the dorsoventral axis appears to be
dissociable from the specification of vegetal cell fates.

Although the results indicate that dorsoventral
polarity exists prior to first cleavage in H. erythro-
gramma, we cannot unequivocally determine whether
this property resides in the oocyte or is set up as a

consequence of fertilization. We believe, however, that
the site of fertilization was constrained when the H.
erythrogramma eggs were fertilized within the 330//m
diameter tubes. For example, tetramethylrhodamine
isothiocyanate does not appear to diffuse past one end
of the elongated eggs while constricted in these tubes,
and most eggs took very long to become fertilized if
sperm was added only to the end of the tube located
farthest from the egg. It is likely, therefore, that the
elongated eggs were fertilized on the end where they
are located closest to the opening of the tube (refer to
Fig. 1). Since there is generally no relationship between
the long axis of these zygotes and the dorsoventral axis,
we favor the hypothesis that this axis is specified
maternally.

Horstadius (1973) concluded that the unfertilized
eggs of indirect developing echinoids possessed larval
dorsoventral polarity, but there is actually no definitive
evidence supporting this point. Several investigators
have examined the role of the sperm in setting up
embryonic polarity; however, no clear relationship has
been determined (reviewed by Horstadius, 1973).
Recently, Schroeder (1980) and Schatten (1981) found
no relationship between the site of fertilization and the
first cleavage plane in the indirect developing sea
urchins Paracentrotus lividus, Arbacia lixula, and
Lytechinus variegatus. On the other hand, Schatten
(1981) did observe that the first cleavage plane occurs
within 8° of the path of male pronuclear centripetal
migration in the zygotes of L. variegatus. On the basis
of these results, Cameron et al. (1989) suggest that
centrosomal migration and position following fertiliz-
ation could serve to orient the future larval dorsoven-
tral (oral-aboral) axis since they have observed a
correlation between this axis and the first two cleavage
planes. We are planning to investigate the role of these
factors in establishing developmental polarity in H.
erythrogramma in the near future.

Our results are analogous to those obtained for the
amphibian Xenopus laevis. During normal develop-
ment in X. laevis, there appears to be some variability
in the correlation between the first cleavage plane and
the plane of bilateral symmetry (Klein, 1987; Danilchik
and Black, 1988; Masho, 1990). Experiments clearly
indicate, however, that the first cleavage division can be
dissociated from the plane of bilateral symmetry (Black
and Vincent, 1988). Therefore, there is no causal
relationship between the first cleavage plane and the
establishment of the dorsoventral axis in X. laevis;
rather, the dorsoventral axis is established relative to
the subcortical rotation of cytoplasm that takes place
following fertilization (Vincent et al. 1986).

We thank Donald Anderson, Ian Hume, Maria Byrne,
Valerie Morris, Jane Chrystal and Heather Sowden for their
generous help during our research in Sydney. Charles
Marshall and Brian Parr provided critical comments on the
manuscript. This work was supported by NIH research grant
(HD 21337), and a NSF US/Australia Cooperative Program
Grant to R. A. R., in addition to a NIH postdoctoral
fellowship (GM 12495) to G.A.W.



884 /. /. Henry, G. A. Wray and R. A. Raff

References

ALLEN, R. D. (1954). Fertilization and activation of sea urchin
eggs in glass capillaries. I. Membrane elevation and nuclear
movements in totally and partially fertilized eggs. Expl Cell Res.
6, 403-424.

BLACK, S. D. AND VINCENT, J-P. (1988). The first cleavage plane
and the embryonic axis are determined by separate mechanisms
in Xenopus laevis. II. Experimental dissociation by lateral
compression of the egg. Devi Biol. 128, 58-64.

BOVERI, T. (1907). Zellenstudien. VI Die Entwicklung dispermer
Seeigeleir. Jena Z. Naturw. 43, 1-292.

CAMERON, R. A., FRASER, S. E., BRITTEN, R. J. AND DAVIDSON, E.
H. (1989). The oral-aboral axis of a sea urchin embryo is
specified by first cleavage. Development 106, 641-647.

CLEMENT, A. C. (1952). Experimental studies on germinal
localization in Ilyanassa. I. The role of the polar lobe in
determination of the cleavage pattern and its influence on later
development. J. exp. Zool. 121, 563-626.

DANILCHIK, M. V. AND BLACK. S. D. (1988). The first cleavage
plane and the embryonic axis are determined by separate
mechanisms in Xenopus laevis. I. Independence in undisturbed
embryos. Devi Biol 128, 58-64.

DRIESCH, H. (1891). Entwickelungsmechamsche Studien I—11. Z.
wiss. Zool. 53, 160-184.

DRIESCH, H. (1892). Entwickelungsmechamsche Studien III-VI. Z.
wiss. Zool. 55, 1-62.

DRIESCH, H. (1900). Die isolierten Blastomeren des
Echinidenkeimes. Wdhelm Roux Arch. EnnvMech. Org. 10,
361-410.

DRIESCH, H. (1906). Studien zur Entwicklungsphysiologie der
Bilateralitat. Wilhelm Roux Arch. EntwMech. Org. 21, 756-791.

HARVEY, E. B. (1956). The American Arbacia and Other Sea
Urchins. Princeton Univ. Press. Princeton, N.J.

HENRY, J. J. AND MARTINDALE, M. Q. (1987). The organizing role
of the D quadrant as revealed through the phenomenon of
twinning in the polychaete Chcetopterus variopedatus. Roux'
Arch, devl Biol. 196, 499-510.

HENRY, J. J. AND RAFF, R. A. (1990). Evolutionary change in the
process of dorsoventral axis determination in the direct
developing sea urchin, Heliocidaris erythrogramma. Devi Biol.
141, 155-169.

HORSTADIUS, S. (1925). Entwicklungsmechanische Studien an
Asterina gibbosa L. Ark. Zool. B17, no. 6, 1-6.

HORSTADIUS, S. (1938). Schnurungsversuche an Seeigelkeimen.
Wilhelm Roux Arch. EntwMech. Org. 138, 197-258.

HORSTADIUS, S. (1953). The effect of lithium ions on centrifuged
eggs of Paracentrotus lividus. Pubbl. Stan. Zool. Napoli 14,
132-179.

HORSTADIUS, S. (1973). Experimental Embryology of Echinoderms.
Clarendon Press, Oxford.

HORSTADIUS. S. AND RUNNSTROM, J. (1953). Fertilization and
membrane formation of sea urchin eggs aspirated in capillaries.
Expl Cell Res. 4, 468-476.

H6RSTADIUS. S. AND WOLSKY, A. (1936). Studien uber die
Determination der Bilateral-symmetrie des jungen Seeigel
Kiemes. Wilhelm Roux Arch. EntwMech. Org 135, 69-113.

KLEIN, S. L. (1987). The first cleavage furrow demarcates the
dorsal-ventral axis in Xenopus embryos. Devi Biol. 120,
299-304.

KOMINAMI, T. (1988). Determination of dorsoventral axis in early

embryos of the sea urchin. Hemicentrotus pulcherrimus. Devi
Biol. 127, 187-196.

LINDAHL, P. E. (1932a). Zur experimentellen Analyse der
Determination der Dorsoventralachse beim Seeigelkeim. I.
Versuche mit gestreckten Eiern. Wilhelm Roux Arch.
EntwMech. Org. 127, 300-322.

LINDAHL, P. E. (19326). Zur experimentellen Analyse der
Determination der Dorsoventralachse beim Seeigelkeim.
II. Versuche mit zentrifugierten Eiern. Wilhelm Roux Arch.
EntwMech. Org. 127, 323-338.

MASHO, R. (1990). Close correlation between the first cleavage
plane and the body axis in early Xenopus embryos. Develop.
Growth and Differ. 32, 57-64.

MORGAN, T. H. (1895). Studies of the -partial' larvae of
Sphaerechinus. Wilhelm Roux Arch. EntwMech. Org. 2, 81-126.

MORGAN, T. H. AND SPOONER, G. B. (1909). The polarity of the
centrifuged egg. Wilhelm Roux Arch. EntwMech. Org. 28,
104-117.

PEASE, D. C. (1939). An analysis of the factors of bilateral
determination in centrifuged echinoderm embryos. /. exp. Zool.
80, 225-247.

RAPPAPORT, R. (1985). Repeated furrow formation from a single
mitotic apparatus in cylindrical sand dollar eggs. J. exp. Zool.
234, 167-171.

RAPPAPORT, R. (1986). Establishment of the mechanism of
cytokinesis in animal cells. Int Rev. Cytol. 105, 245—281.

RUNNSTROM, J. (1925). Experimentellen Bestimmung der Dorso-
Ventralachse bei dem Seeigelkeim. Ark. Zool. A. 18, no. 4,
1-6.

RUNNSTROM, J. AND RUNNSTROM, S. (1920). Uber die Entwicklung
von Cucmaria frondosa Gunnerus and Psolus phantopus
Strussenfelt. Bergens Mus. Arb. Naturvid. 5, 1-99.

SCHATTEN, G. (1981). Sperm incorporation, the pronuclear
migrations, and their relation to the establishment of the first
embryonic axis: Time lapse video microscopy of the movements
during fertilization of the sea urchin Lytechinus vanegatus. Devi
Biol. 86, 426-437.

SCHROEDER, T. E. (1980). Expression of the prefertilization polar
axis in sea urchin eggs. Devi Biol. 79, 428-443.

VINCENT, J-P., OSTER, G. F. AND GERHART, J. C. (1986).
Kinematics of gray cresent formation in Xenopus eggs: The
displacement of subcortical cytoplasm relative to the egg
surface. Devi Biol. 113, 484-500.

VON UBISCH, L. (1925). Entwicklungsphysiologische Studien an
Seeigelkeimen. II. Z. wiss. Zool. 124, 457-468.

WILT, F. H. (1987). Determination and Morphogenesis in the sea
urchin embryo. Development 100, 559-575.

WRAY, G. A. AND MCCLAY, D. R. (1988). The origin of spicule-
forming cells in a 'primitive' sea urchin (Eucidaris tribuloides)
which appears to lack primary mesenchyme cells. Development.
103, 305-315.

WRAY, G. A. AND RAFF. R. A. (1989). Evolutionary modification
of cell lineage in the direct developing sea urchin Heliocidaris
erythrogramma. Devi Biol. 132, 458-470.

WRAY, G. A. AND RAFF, R. A. (1990). Novel origins of lineage
founder cells in the direct-developing sea urchin Heliocidaris
erythrogramma. Devi Biol. 141, 41-54.

{Accepted 15 August 1990)


