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Morphomechanical programming of morphogenesis in

Cnidarian embryos
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ABSTRACT The factors governing the pattern formation process in the early morphogenesis of
a marine colonial hydroid, Dynamena pumila, have been studied. Two different types of morpho-
genesis have been distinguished. Morphogenesis of the first type goes on via changesin cell shape
and cell axis orientation, while morphogenesis of the second type is based upon the active
coordinated cell movements associated with cell rearrangements. It was shown that morphogen-
esis of both types can be considered as cascades in which any event is a consequence of the
previous one. The spatial structure of each developmental stage contains information about the
direction and the initial conditions of further morphogenesis. So, an "epigenetic program" of
morphogenesis gradually originates in the course of development and provides the stable
reproduction of spatial structures. It is reasonable to consider the activity of epigenetic factors
guiding Dynamena morphogenesis (geometry/topology of an embryo, heterogeneity of an
embryo spatial structure, configuration of the field of mechanical stresses of the embryo surface)
as "morphomechanical programming” of morphogenesis.
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Introduction

During the past two decades the majority of investigations
dealing with pattern formation in embryogenesis have been
focussed on the genetic aspects of this problem. As a result, we
have a vast collection of data describing the spatiotemporal
regulation of gene expression during the development of different
organisms (for review see Wilkins, 2001). However, itis difficult to
imagine how the three-dimensional structure of an embryo is
regulated by genetic pathways alone. Furthermore, recent works
on molecular mechanisms of embryonic development and cell
differentiation have shown the context-dependency of gene ex-
pression and function (Galbraith and Sheetz, 1998; Wray and
Abouheif, 1998; Chiquet, 1999; Eizinger et al., 1999; Gilbert and
Sarkar, 2000; Grbic, 2000; Wu et al., 2001; Kirwan et al., 2004;
Tian et al., 2004). These are the main reasons for current changes
in the approach to understanding the role of epigenetic factors in
development, differentiation and evolution of morphological fea-
tures (Gilbert and Sarkar, 2000; Goodwin, 2000; Newman and
Muller, 2000; Wilkins, 2001; Strohman, 2002). Indeed, it is rea-
sonable to take into consideration the epigenetic factors which
definitely operate in three-dimensional space (geometry and
mechanical properties of embryonic tissues, heterogeneity of an
embryo, asymmetry of external environment, laws of self-organiz-

ing biochemical networks etc.) as additional (not alternative)
sources of developmental control (Arnolds et al., 1983; Oster et
al., 1983; Belintsev, 1991; Beloussov et al., 1994; Beloussov,
1996, 1998; Kropf et al., 1999; Coffman et al., 2001; Gilbert, 2001;
Davidson et al., 2002; Keller et al., 2003). The problem is that in
the ontogeny of higher Metazoan animals the genetic and epige-
netic regulatory pathways are so intimately connected with each
other that it is very difficult to separate their effects. Epigenetic
factors are of special importance for providing stable ontogenetic
reproduction of newly evolved morphological structures «prior to
the biochemical canalization of developmental pathways and the
stabilization of phenotype» (Newman and Muller, 2000; see also
Cherdantsev et al., 1996). It is possible that epigenetic factors
play a similar role in embryonic development of low Metazoan
animals that preserve the morphogenetic pathways and pattern-
ing mechanisms close enough to the earliest evolutionary mor-
phogenetic pathways.

Cnidaria, being lower Metazoan animals, possess a simple
and evolutionarily primitive body plan and are thus quite attractive
for investigations of the epigenetic factors that might regulate
patterning during embryogenesis. The diversity of Cnidarian

Abbreviations used in this paper: AB axis, apico-basal cell axis; ESF , epithelial
sheet fragment; SEM, scanning electron microscopy.
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Fig. 1. Dynamena pumila colony. (A) Colony fragment (h - hydrant hiding inside the hydrotheca). (B) Colony with the gonothecae (g) containing

immature eggs. (C) Acrocyst with developing embryos. Scale bars, T mm.

developmental pathways is extremely high (Metshnikoff, 1886).
This diversity seems to be degenerate in the sense that different
pathways converge to a fundamentally simple and invariant body
plan of aplanulalarva, the final stage of Cnidarian embryogenesis
that can be considered as a phylotypic stage (Raff, 1996) of this
phylum.

The planula has an axis of anterioposterior polarity and con-
sists of two epithelial cell layers, the ectoderm and endoderm. As
arule, the planula larva develops into a polyp - a sessile stage of
the Cnidarian life cycle.

The purpose of the investigation presented here is to demon-
strate the role of epigenetic factors in the embryonic development
of a White Sea colonial hydroid polyp Dynamena pumila L.
(Hydrozoa, Sertulariida) (Fig. 1A).

Normal development of Dynamena pumila

Dynamena embryogenesis has already been described in
great detail (Kraus, Cherdantsev, 1995, 1999, 2003), neverthe-
less, normal development of this species should be portrayed
here in brief.

Dynamena pumila does not form free living medusae. Eggs
are differentiated within the tissues of specialized polyps (gonangia)
surrounded by the gonotheca (Fig. 1B). After the eggs are
completely formed, the acellular mucous acrocyst, which is pro-
duced by gonangium tissues, emerges from the gonotheca.
Mature eggs are shed into the acrocyst; the number of eggs may
vary from 4 to 24. Embryos develop inside the acrocyst until the
planula stage (Fig. 1C). Dynamenanormal development from the
beginning of cleavage to planula larva takes about 72 hours.

Early development of Dynamena starts with irregular cleav-
age. The first cleavage furrow originates at the animal pole and
passes through the egg along the animal-vegetal axis (Fig. 2A).

The second furrow may appear after or before the completion of
the first one. In the first case the cleavage remains synchronous
up to the 8-16 cell stage (Fig. 2B); in the second one cleavage
immediately becomes irregular and strongly asynchronous (Fig.
2C). In both cases at the 32-64 cell stage the embryo becomes a
morula whose characteristic features are the looseness of the
packing of cells, the lack of segregation between the outer and
inner cells and the lack of a regular shape (Fig. 2D, E). Because
Dynamena embryos are tightly packed inside the acrocyst, in
each embryo one can distinguish several flat surfaces that corre-
spond to contact regions with the neighboring embryos (Fig. 2E).

Formation of the continuous superficial epithelial sheet is the
main result in the hydroids which develop via the morula stage.
The epithelial sheet allows isolation of the inner compartment of
the organism from the external environment while maintaining the
organism's tissue integrity and polarity. In Dynamena embryos
only small epithelial sheet fragments (ESFs) consisted of 5-20
epithelial cells are formed at the first step of this process (Fig.
2F,G). Formation of ESFs starts simultaneously in several re-
gions of an embryo, primarily at the bending regions of the
embryonic surface, i.e. at the circumference of a flat surface (Fig.
2F, G, H, 1). Not only superficial cells take part in epithelialization.
The inner cells are involved in this process by forming «rosettes»
including both superficial and inner cells (Fig. 2I).

Atthe next step of epithelial sheet formation the local ESFs are
joined with each other. Protrusion and crawling activity of super-
ficial epithelial cells is a driving force of this process. The active
planar movements of Dynamena embryonic cells have been
monitored using scanning electron microscopy starting from the
morula stage. The moving cells develop leading and trailing
edges in a manner similar to that of the isolated cell (Fig. 3A-D).
It seems as if embryonic cells interpret any discontinuity in the
epithelial sheet as a wound. They move to the ‘wound margin’



(ESF margin), extend filopodia towards the cells of the opposing
fragment and establish cell-cell contacts at the filopodia tips (Fig.
3A, B). Contraction of the anchored filopodia brings together the
margins of adjacent fragments. The final step of ESF joining —
sealing of the margins of two neighboring ESFs by overlapping
lamellae of crawling cells - is presented on the Fig. 3C. Insofar as
ESFs are formed primarily at the circumference of the flat sur-
faces, the joining of the neighboring ESFs creates a surface
looking like atorus, or like a set of toroidal surfaces joined together
(Fig. 4A). It is interesting to note that there is a close similarity
between the Dynamena morphogenesis described above, mor-

Fig.2.Early cleavage, morula and epithelial sheetfragmentformation (ESF) stages. (A)
Formation of the first furrow. (B) Regular cleavage, 4-cell stage. (C) Irregular cleavage. (D)
Early morula. (E) Schematic drawing of histological section of a morula (FS - flat surface). (F)
An embryo having multiple ESFs, viewed from the flat surface. (G) An embryo at the
beginning of ESF formation, schematic drawing of histological section. (H) An embryo at the
stage of ESF formation, viewed from a bending region (br) of the embryonic surface. (l)
Formation of epithelial ‘rosettes’ including both superficial and inner cells, schematic
drawing of histological section (iec - inner epithelial cell). (A,B,C,D,F,H), SEM data. (E,G,),
taken from Kraus and Cherdantsev (1999), with modifications. Scale bars, 100 um.
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phogenetic movements leading to the formation of continuous
epithelial sheet in the embryos of high Metazoan animals, wound
healing in adult and embryonic tissues and the process of contact
formation between cells in tissue cultures (Kiehart et al., 2000;
Martin and Parkhurst, 2004; Martin-Blanco and Knust, 2001;
Vasioukhin and Fuchs, 2001; Jacinto and Martin, 2001). The
‘active’ mode of formation of intercellular contacts (Vasioukhin et
al., 2000) based on the protrusion activity of crawling cells is a
characteristic feature of all these processes.

‘Healing’ of holes situated in the centers of toroidal surfaces
proceeds at the next step of embryonic development in the same
manner as the process of joining of ESFs (Fig. 4C).
The morphology of the toroidal embryo and mor-
phology of epithelial cells taking part in the process
of hole healing are presented on the figures 4 A-D.
It is interesting to note that moving epithelial cells
do not lose their apico-basal polarity. They form
leading and trailing edges at their apical surfaces
preserving the shape that is specific for an epithe-
lial cell (Fig. 4C, D).

Finally, toroidal embryos convert into the ellip-
soidal ones (Fig. 8A). An elongation of the major
axis of the ellipsoidal embryo, the morphological
differentiation of its poles and the formation of the
epithelial endoderm from the inner cells are the
final steps of Dynamena embryonic development
leading to planula formation (Fig. 8B).

Morphogenesis of local epithelial sheet
fragments

It is possible to distinguish at least two types of
morphogenetic processes in embryogenesis using
as a key feature the main mode of cell behavior.
Morphogenesis of the first type goes on via changes
in cell shape and cell axis orientation. In this case
the epithelial cells do not change their neighbors,
so that any cell can change its position only due to
the shaping of the embryonic surface as a whole.
Morphogenesis of the second type is based upon
active mutually coordinated cell movements when
the cells change their neighbors, keeping their
shapes more or less constant.

The formation of local ESFsinthe early develop-
ment of Dynamena is associated with morphogen-
esis of the first type. ESF formation is indeed a real
morphogenesis. Each cell that joins an ESF gradu-
ally changes its shape in concert with the changes
in the shape of an entire ESF (Fig. 5A).

It was already shown that epithelial morphogen-
esisinthetissues of Vertebrata embryos are based
upon cooperative cell-to-cellinteractions (Beloussov
etal., 1974, 1975; Cherdantsev, 1977; Belintsev et
al., 1987). These interactions are also responsible
for the origin of local order of epithelial cells within
an ESFin Dynamenaembryos (Kraus, Cherdantsev,
1999). This conclusion has been drawn from the
following data:

1. A spatial sequence of cell shapes within a
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developing ESF corresponds to the successive stages of cell
shaping during epithelialization (Fig. 5A, B, C).

2. Not only superficial cells become epithelial. The inner cells
are involved in the epithelialization too, so that an ESF may
include both superficial and inner cells (Fig 21, 4C).

3. The formation of local ESFs is an extremely variable pro-
cess: the embryos differ from each other in the number and
disposition of the developing ESFs and ESFs of a same embryo
differ in the number of cells involved. Therefore, both the shape
and the internal structure of individual embryos exhibit a maximal
diversity and each embryo has a unique shape at this stage.

4. Any heterogeneity of an embryo structure, such as the
bending points of an embryonic surface, or the contact zones
between the cells having the different size, may become the
starting point for ESF formation (Fig. 2 F-I). Thus, any microscopic
heterogeneity has an opportunity to be expressed at the macro-
scopic level as a change of shape of an embryo.

If the morphogenesis of a local ESF is based on self-organiza-
tion, it should be governed by epigenetic factors. The question is:
which factors from this set might be employed?

The morula cells, in contrast to the epithelial cells, do not
possess any signs of definite polarity - they lack an apico-basal
(AB) axis, structurally and functionally distinct surfaces (apical,
basal and lateral ones) and the area of their contact zones is
smaller than the area of their free surfaces (Fig. 2E). These cells
are asymmetric in the sense that their contact zones are randomly
distributed along the cell surface. It is known that any cell having
at least punctate contact with its neighbor tends to increase the
area of contact zone and the mechanism of this process has been
recently studied (Yonemura et al., 1995; Ohno, 2001; Vasioukhin
and Fuchs, 2001; Jamora and Fuchs, 2002). As a consequence,
the cells establish or restore their polarity, creating a fragment of
an epithelial cell layer. It is possible that the cells are driven to
acquiring a highly polarized equilateral shape because such cells
are mechanically equilibrated (Belintsev, 1991). Correspond-
ingly, one may suggest that the morula cells are in the state of
unstable equilibrium and any influence changing the proper-
ties of the cell surface can disturb its equilibrium and initiate
the conversion of this cell into a properly equilibrated highly
polarized state. In fact, epithelialization of morula cells starts
in the regions where the formation of cell-cell contacts is

Fig. 3 (Top). The process of toroidal embryo formation (joining of
epithelial sheet fragments). (A) Margins of two neighboring frag-
ments, SEM data (LE ,leading; TE, trailing edges of crawling cell). (B)
The region framed in (A); arrows, filopodia). (C) The last step of joining
of two neighboring ESFs. (D) Leading edge of the crawling cell, TEM
data (cc, cell-cell contact zone; y, yolk granules; mv, microvilli; f,
filopodia; L, lamella). Scale bars: A,C, 10 um; D, 2 um.

Fig. 4 (Bottom). Morphology of a toroidal embryo and the process
of ‘hole’ closure by the crawling of epithelial cells. SEM data. (A)
Toroidal embryo having three flat surfaces (two of them are visible), a
‘hole’ is situated in the center of each surface. (B) Half of the split of
a toroidal embryo, the section passes through the ‘hole’ (ES, epithelial
sheet). (C) The region framed by the rectangle in (B). Abbreviations:
iec, inner epithelial cell; double arrow, apico-basal axis of epithelial
crawling cell; oval frame, region of the zipping up of the hole margins.
(D) The region marked by the asterisk in (C). as, apical surface of
epithelial crawling cell. Scale bars: A,B, 100 um; C,D, 10 um.



impeded (for example, at the bending points of embryonic sur-
face), so it is possible that it is the deficiency in cell-cell contact
area which triggers the epithelialization.

The two-dimensional algorithm of epithelialization presented
on the figure 5A has been reconstructed on the basis of histology,
electron microscopy, morphometric and statistical analysis. We
will trace the morphological transformations of cell I, which is one
of two cells situated directly on the bending point of the embryonic
surface. There is an obvious deficiency in the contact area
between cells / -1/ (Fig 5A, step 1).

Cell Il increases the length of contact zones between its ‘left’
lateral wall and cell | and between its ‘right’ lateral wall and cell /1.
Cell I starts by extending its ‘left’ contact zone, which is extremely
short. So, the initial cell's asymmetry, which was initiated by the
heterogeneity of embryonic surface, is reinforced (Fig 5A, step 2).
At the following steps of epithelialization (Fig. 5A, steps 2 - N) cell
IIbecomes more and more polarized. The transfor-
mation of cell morphology looks more evident if we
approximate the cell /I at the different stages of
epithelialization by quadrilateral planar figures (Fig.
5C). We find that, during epithelialization, the angle
between the ‘left’ lateral wall and the apical surface
(oL ) differs from the angle between the ‘right’ lateral
wall and the same cell apical surface (aR) (cells 2
and 3, Fig. 5C). The lengths of the ‘left’ and ‘right’
lateral walls of the same cell also are not equal to
each other. The differences between the ‘left’ and
‘right’ angles and the ‘left’ and ‘right’ lateral walls
gradually decrease with the progress of epithelial-
ization (cf. cells 2, 3 and 4). Thus, a cell that is
unilaterally perturbed by an external factor tends to
come to the equilibrium (symmetric) state, but, by
doing so, increases the asymmetry of its ‘left’ and
‘right’ sides. Under these conditions, in order to
finally come to the symmetric state, a cell has to
continue its transformation up to the equilateral
state (Fig. 5A, step N; Fig. 5C, cell 4). Examples of
cells passing through the different stages of epithe-
lialization are presented in the figures 5D and 5E.
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of its lateral walls, but gradually rotates due to the changes in its
shape and in the shape of the developing ESF (Fig. 5A). Changes
in the shape of cell /I affect the behavior of cell //l. The contact
zone between the ‘right’ lateral wall of cell /I and the ‘left’ lateral
wall of cell I/l becomes extremely small (Fig. 5A, step 2). This
means that cell // loses its equilibrium due to the morphological
transformations of the neighboring cell directed towards the
restoration of its own equilibrium. At this point cell //I becomes
involved in the ESF. The subsequent shape changes of cell //l are
identical with the shape changes of cell // described above. In a
similar way, the cell /V is involved in the epithelialization at the
step 3 and so on. So, epithelialization is a process capable of
active cell-to-cell spreading, i.e. it is really a self-organizing
process. While it is a morphogenetic wave, since we have no
evidence that the cells change kind in the process, it is not a
differentiation wave (Gordon, 1999). The formation of an ESF is

Cells in Figure 5D are strongly asymmetric, while
the cell in Figure 5E has a longer AB axis that
suggests it is close to the symmetrical state.

Cell /I not only gradually increases the lengths

Fig. 5. Morphogenesis of local epithelial sheet frag-
ments (ESFs). (A) Schematic drawing of a spatiotemporal
sequence of cell shapes within a developing ESF. 1-N,
steps of fragment epthelialization, |-V, cell numbers which
correspond to the stages of cell epthelialization at step 4;
double arrow, cell’s apico-basal axis; as, apical, arrow-
head, bending point of the embryonic surface; arrow, the
direction of epithelialization spreading. (B) Drawings of
histological sections of forming ESFs: bs, basal surface.
(C) Changes in the cell shape, stages -1V (L, left; R, right
lateral cell wall; «R and L, angles between the cell lateral
wall and the cell apical surface). (D) Asymmetric cells at
the beginning of epithelialization, SEM data and drawing
(outlining of cells on the SEM picture) (Is, lateral cell
surface). (E) Cell at the next stage of epithelialization, SEM
data and drawing (outlining of cells on the SEM picture).
Scale bars, 30 um.
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Fig. 6 (Left). Toroidal embryo. (A) An embryo at the toroidal stage
having four flat surfaces (three of them are visible), SEM data. Dotted
curve shows the plane of the section presented on (C), dotted line shows
the plane of the section presented on (D). (B) An embryo at the toroidal
stage having only two flat surfaces, SEM data (arrowheads, wrinkles
forming at the ‘hole’ margin). (C) Schematic drawing of the latitudinal
section of toroidal embryo. (D) Schematic drawing of the meridional
section of an embryo passing through the ‘holes’ (h) (efm, enrolling free

margins of epithelial sheet). (E,F) Coherent cellmovements leading to changes in the shape of an embryo as a whole, SEM data (double-headed arrow,
meridian of embryonic surface; arrow, direction of cell movement). Scale bars, A,B, 100 um, E,F, 5 um.

Fig. 7 (Right). Shaping of a toroidal embryo. (A) Schematic picture of a toroidal embryo (thick lines, meridians of an embryo, directions of the
maximal stretching; thin lines, latitudes of an embryo; arrows, direction of cell movement). (B) Schematic drawing of the section passing through the
meridian of a toroidal embryo (double-headed arrow, the direction of stretching which results from the rolling up of the epithelial sheet’s free margin).
(C) Scheme of cell movements (double-headed arrow, orientation of forming long axis). (D) Gradual changes in the shape of a toroidal embryo (Ih,

last ‘hole’ of the embryonic surface).

terminated when all the cells involved in it become equilateral and
the fragment as awhole becomes part of a circle (Figs. 2I; 5A, step
N). During epithelialization, the cells move, however, their dis-
placements are not associated with the changes of their neigh-
bors.

Itis possible to conclude that ESF shaping, i.e. morphogenesis
at the supracellular level, is only a side effect of a coherent self-
reinforcing shaping of individual cells, each of them tending to
reach the equilibrium (symmetric) state. Thus, the program of
morphogenesis described above is contained in the morphogen-
esis itself - after the initiation of an ESF by a non-specific trigger,
each step of cell shaping reorganizes the geometrical and me-
chanical conditions in such away, that the next step of the celland
ESF transformations becomes inevitable. In the other words,
there is a positive feedback between the shaping on the cellular
and supracellular levels of this developing system. So, we can
consider that the final shape of an ESF (a part of a circle) is
preformed by cooperative epithelialization of the morula cells.

A correlation between the asymmetry of cells of embryonic
Anlage and subsequent changes in the shape of this Anlage was
found long ago by Gurwitsch (1922). He wrote that ‘the configu-
ration of embryonic Anlagen is dynamically preformed’ by the cell
shapes. Up to now the connection between the elements of
asymmetry of a developing system and subsequent transforma-
tions of its shape has been found only in the morphogenetic
events of the first type, when cells do not change their neighbors.
The data on Dynamena early development has shown that this
connection also works in the morphogenesis of the second type,
which is based upon cell rearrangements.

Shaping of toroidal embryos

The active movements of Dynamena embryonic cells at the
stage of local ESF formation are not concerted, i.e. there is no
preponderant direction of cell displacement. However, this mode
of cell behavior is very important for the formation of an integral



superficial epithelial sheet having a toroidal shape (Figs. 4A; 6 A,
B). Atthe latitudinal sections of embryos of this stage, we can find
a continuous epithelial sheet (Fig. 6C). At the meridional section
of an embryo we can see that the margins of a ‘hole’ corresponds
to the free margins of the forming epithelial sheet (Figs. 6D, 7B).
The SEM data shows that coherent cell movements start from
this stage on. The long axes of cell apical surfaces are oriented
along the latitudes and the cells move preponderantly towards
meridians of toroidal surfaces (Fig. 6 E, F). This morphogenetic
movement represents the process of planar intercalation of
epithelial cells (Keller, 1987). The cell rearrangement leads to
changes in the shape of an embryo as a whole - the meridians
become longer while the latitudes become shorter (Fig. 7C, D).
This means that the toroidal embryo should convert into the
spherical one. However, in the case of real morphogenesis this
is impossible. The spherical shape is dynamically unstable
(Beloussov, 1996), i.e. any arbitrary fluctuation, which is a
common occurrence in the course of normal morphogenesis,
leads to the formation of an ellipsoid instead of a sphere (Fig. 7D,
8A). The major axis of an ellipsoid corresponds to the future
anterio-posterior axis. So, coherent cell movements provide the
first step of planula shaping: formation of its long axis.

Which mechanism governs this morphogenesis? We should
take into account that a toroidal embryo acquires a closed
epithelial sheet, providing mechanical integrity of the embryonic
surface. This means that feedback between the cell position,
shape of epithelial sheet and configuration of the field of me-
chanical stresses may originate at this stage. The experiments
with cutting different regions of embryos and orientation of
wrinkles which are formed at the ‘hole’ margin (Fig. 6B), demon-
strate thatthe embryonic surface isindeed mechanically stressed
atthis stage and the direction of the maximal stretching coincides
with the meridians of the toroidal embryo. This is the result of an
active morphogenesis of the epithelial sheet free margins, which
are involuted within the ‘hole’ of the toroidal surface (Fig. 7A, B).
Since the cells are mechanically sensitive and their protrusive
activity depends on their mechanical state (for example, see
Raucher and Sheetz, 2000; Riveline et al., 2001), an imbalance
of the latitudinal and the meridian mechanical stresses should
trigger their displacement. Cells tend to move towards minimiz-
ing the disequilibrium of mechanical
stresses existing in the epithelial sheet
(Beloussov, 1998; Beloussov etal., 2000).
This displacement is itself a coherent
movement described above which con-
verts a toroidal embryo into an ellipsoidal
one. Each embryo consists of a set of flat
surfaces with holes situated in their cen-
ters. Insofar as each hole has an indi-
vidual rate of healing, the hole taking
longer to heal than the others becomes
the ‘last hole’ determining the direction of
cellmovements. Thus, the formation of an
ellipsoidal embryo and the differentiation
of the long axis of a planula are just side-
effects of the process providing the equili-
bration of the field of mechanical stresses
on an embryonic surface. The morphol-
ogy of an embryo at the toroidal stage
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determines the configuration of the field of mechanical stresses,
which in its turn determines the direction of coherent cell move-
ments and, thus, the geometry of an embryo at the next, i.e.
ellipsoidal stage. In the other words, the shape of an ellipsoidal
embryo is already preformed in the toroidal shape.

It is reasonable to note that two types of morphogenesis
distinguished above, are successive stages of morphogenesis in
Dynamena early development. Indeed, the formation of ESFs
(morphogenesis of the first type) inevitably leads to shaping of the
toroidal embryo (morphogenesis of the second type). Crawling
activity of epithelial cells joining the ESFs provides a transitional
step between these two stages.

Conclusions

1. Both the morphogenesis of a local ESF and the shaping of
atoroidal embryo can be considered together as a cascade where
a morphogenetic event is the result of a previous one. The spatial
structure of each developmental stage implies that it has informa-
tion on the direction and initial conditions of its own transformation
and on the spatial structure of the next stage. This information can
be interpreted as an ‘epigenetic program’ which gradually origi-
nates in the course of morphogenesis and provides the stable
reproduction of spatial structure at any developmental stage. The
epigenetic factors which govern Dynamena embryogenesis are:
the general geometry (topology) of an embryo, an arbitrary
heterogeneity of embryo spatial structure and the configuration of
the field of mechanical stresses on the embryonic surface. Since
all of these factors take part in the creation of the program of
normal Dynamena development, it is reasonable to define their
operation as ‘morphomechanical programming’ of morphogen-
esis.

2. Thus, in the case of Dynamena development, we do not
need to assume any ‘preexisting’, detailed spatiotemporal pro-
gram defining the structures which are formed at the successive
developmental stages. Prior to the beginning of development,
such a program does not exist at all. On the other hand, in order
to getareproducible result of development, we have to specify the
initial conditions (the initial geometry of an egg cell, spatial
distribution of the macromolecules, the yolk distribution and

Fig. 8. Preplanula formation. (A) An ellipsoidal embryo (double arrow, long axis of an embryo, future
axis of antero-posterior polarity). (B) Early planula stage (A and P, anterior and posterior poles). Scale
bars, 100 um.
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concentration, etc.) and the parameters (a set and properties of
cytoskeleton, ion channel, intercellular contact and signaling
molecules, etc.) of development.

3. From this point of view the ‘genetic program’ of embryogen-
esis should look much more like a set of the developmental
parameters than a detailed schedule of developmental events.

Materials and Methods

Dynamena colonies were collected at the White Sea Biological Station
of Moscow State University during the reproduction season, in July -
August. Acrocysts were isolated from colonies and raised in filtered sea
water at 14-16°C. Embryos at successive developmental stages (from
early cleavage up to planula formation) were prepared for light or electron
microscopy.

The embryos prepared for light microscopy were fixed in 4% formal-
dehyde in filtered seawater. Fixed embryos were washed in filtered
seawater and prestained in an ethanol solution of boric acid carmine. A
series of paraffin sections (2-4 um thickness) were prepared by the
routine technique and poststained by alcian or toluidine blue. When
preparing for SEM and TEM, we fixed the embryos in 2,5% glutaralde-
hyde, in 0.1M cacodilic acid buffer (pH 7.2) and then postfixed themin 1%
osmium tetroxide in the same buffer. Samples for SEM were dehydrated
through a graded series of ethanol and then dried from acetone using the
«critical point» technique. Samples were examined by S-405A (Hitachi)
and CamScan microscopes. Samples for TEM were also dehydrated in
ethanol and acetone and then embedded in Araldite embedding medium
(Fluka), sectioned using routine technique, stained in a water solution of
uranyl acetate and lead citrate and examined by transmission electron
microscope JEOL JEM-1000B.

The detailed description of morphometrical and statistical analysis of
the cell shapes is presented in Kraus and Cherdantsev (1995).
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