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Abstract

Studying the bending of a cell sheet in vivo, like invagination in embryos, can be com-
plex due to a multitude of cellular processes and properties that interact with each other.
Computer simulations can help to unravel this process. 2D computer simulations, how-
ever, lack the ability to take into account the effect three-dimensional properties, like
endodermal plate shape and cell number, have on the shape of an embryo. There-

fore, we developed a 3D cell-based model, that is able to simulate cells as separate
deformable entities with a conserved cell volume. A blastula is formed by adhering

the cells together as a sphere. The simulation results showed that changing individual
mechanical properties, like cell stiffness, cell-cell adhesion, and the apical constriction
factor, had a direct effect on the cell’s behavior and future shape. These properties influ-
enced the ability of a cell sheet to bend and eventually change the global shape of the
embryo. The observed shape transitions the endodermal region goes through during the
inward bending of the cell sheet in the simulation, can give an insight into the mecha-
nisms involved, and timing of events in biological model organisms. Changing geomet-
rical properties (endodermal plate shape, endodermal cell number and the start position
of constriction), which is not possible in 2D models, showed that the inwards bending

is more dependent on the number of cells involved than on the shape of the endoder-
mal region, and thus that the invagination process is very robust to irregularities. When
qualitatively comparing our simulation results to biological data from literature, we saw
that our simulations did not exactly reproduce the shapes observed in nature. This might
indicate that additional mechanisms are playing a role during invagination.

Author summary

Organisms that develop from a fertilized egg into a complex multicellular organism, go
through multiple shape changes. One of the first changes that occurs, takes place during
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gastrulation, where a part of the embryo bends inward to form the germ layers, creating
a multilayered embryo. Examining how this process takes place and which mechanical
properties are necessary to change the local cell shape tells us something about the devel-
opment of an organism and how robust the process is. We used a computer model to
simulate a 3D embryo with cells that can deform and adhere together to investigate the
bending of a cell sheet. Locally deforming a cell that is connected to other cells transfers
this deformation to the surrounding cells. Thereby transforming a part of the embryo.
The number of cells and the pattern formed by the interconnected cells determine the
embryo’s shape. 3D simulation outcomes differed from real embryos, suggesting that
there are more mechanisms necessary for full gastrulation, that are not captured by 2D
simulations.

Introduction

During embryogenesis, it is the interplay of cellular activities that is responsible for the emer-
gence of embryonic tissue shapes. The cell as an entity, has a central role in the development
of morphological changes by changing its mechanical properties over time [1-4]. Which
properties change and under what conditions, is under continuous investigation by looking
at different model organisms (in vivo) [4-11] and computer simulations (in silico) [12-21].
An example of a morphological event that has been extensively studied, is the transition from
blastula to gastrula, called gastrulation. Gastrulation is one of the earliest shape-changing pro-
cesses during an animal’s morphogenetic development [1,11]. The blastula, a simple multi-
cellular structure, that consists of an epithelialized cell layer, is actively transformed into a
gastrula with different germ layers (mesoderm, endoderm and ectoderm). Eventually this
embryo grows into a complex and organized multilayered organism with distinct tissue types
[1,2,22,23]. There is not a single way for organisms to gastrulate. Different species have found
different mechanisms, of which invagination is one [2]. During invagination, a group of cells,
or several groups of connected blastula cells (blastomeres) that form an epithelial sheet, bend
inwards. When the infolding layer aligns and connects with the remaining part of the blas-
tula, it forms, in the case of diploblastic animals (2 germ layers), a double-layered embryo [2]
(Fig 1).

The initial invagination area (plate) in the blastula can become flat or concave (Fig 2]
and 2K) during the invagination process. This bending of an epithelial sheet, as seen during
invagination (e.g., in fruit fly mesoderm cells invaginate, Fig 2L and 2M [6], and in Cnidaria
(Starlet sea anemone, Fig 2A-2D, and Stony corals, Fig 2E-2I), endodermal cells invaginate
[9-11]), can be accomplished when enough single cells change their shape from columnar to
wedge shaped [24]. The cell deformations are caused by changes in the cell cortex, consisting
of the actomyosin and microtubule cytoskeleton [23,25]. When cells actively constrict their
apices and are confined by neighboring cells, the rest of the cell will passively change its shape.
Depending on the circumstances, the cytosol and nucleus are displaced, resulting in local cell
shape changes [26] like elongation [23,25] or expansion of the basal area, changing the shape
to wedge, squad or bottle shaped [12]. Apical constriction has also been proven to be a strong
driver of morphological changes in other organisms: blastopore lip in Xenopus leavis (Clawed
frog), primitive streak in chick, and neural tube in mouse [27]. Constriction can be in a purse-
string like fashion, where the apical surface becomes smaller but remains convex, as seen in
Nematostella vectensis [10-12], or by apical flattening, as seen in Drosophila melanogaster,
C. elegans [11], and Clytia hemisphaerica [28]. Through adhesion molecules (adherens junc-
tions), which are located apical-lateral [23], the cortical tension (the force generated by apical
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Fig 1. Blastula and gastrula illustration. (A) Blastula. Illustration of a blastula of a diploblastic organism. The endodermal plate (approximately one
fourth of the total number of cells) is located on the future oral side (animal pole) indicated with salmon. Opposite, is the aboral (vegetal) pole. The
axis between the poles forms the primary oral-aboral axis. The rest of the blastoderm is formed by the ectodermal cells (colored beige), that together
with the endoderm encloses the blastocoel (internal space). The epithelialized cells (blastomeres) are laterally adhered together, forming the spherical
hollow blastula. The apical area of the cells is directed outward, while the basal area is directed toward the blastocoel. (B) Gastrula. Illustration of

an invaginated gastrula. After invagination the endodermal plate has moved into the blastocoel and aligned with the ectoderm, forming two germ
layers. The salmon colored cells form the endodermal layer that enclose the archenteron (primitive gut). The ectodermal layer forms the outside of
the embryo. Where the ectodermal layer has curled into the opening, it forms the blastoporal lips (future pharynx), that enclose the blastoporal (oral)
opening. The blastocoel has completely disappeared due to the basal alignment of the two cell layers.

https://doi.org/10.1371/journal.pchi.1013151.9001

constriction) [29] is passed on to neighboring cells [23]. This eventually causes the entire cell
sheet to bend [24], changing the global shape of an organism. In turn, the mechanical and
geometrical properties of the cell’s surroundings influence the internal structure of the cell,
its shape, and its movement [30]. Embryo morphogenesis eventually comes down to local cell
shape changes, which all depend on the mechanics of the individual cell [26].

Therefore, to understand the morphogenetic process of an organism, the first step is to
understand the underlying mechanics of how a cell changes its shape [26]. In vivo research
uses microscopy to look at apical constriction. But analyzing how local cell shape changes
and forces created by the actin cytoskeleton affect the organism’s global shape is still diffi-
cult in vivo, since the cytoskeleton is involved in a lot of morphogenetic processes in the cell
[1]. Another way to gain insight into complex mechanical processes is through computa-
tional simulations. Since we want to simulate invagination in diploblastic embryos (2 germ
layers, e.g., Cnidaria: Nematostella vectensis and stony corals), we needed a model that was
able to simulate mechanical properties that can create shape changes in individual cells that
lead to invagination. The cells in such a model should be individual entities that can move
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Fig 2. Biological images of invagination. (A-D) Confocal z-stacks of Nematostella vectensis invagination. The images show cross sections of phal-
loidin stained embryos of Nematostella vectensis at different developmental stages during gastrulation (time of development in hours in left bottom
corner). The endodermal plate is directed to the right. (A) The endodermal plate starts to constrict. (B) Invagination continues, the endoderm first
aligns laterally and moves aborally. (C) The endodermal and ectodermal layers are fully attached. The embryo has become spherical with a closed off
blastoporal opening. (D) After alignment, the endoderm has spread out and reduced its height. Images modified from [31]. (E-I) Favites abdita (Stony
coral) invagination. The images show invaginating Favites abdita embryos. (E), (F). Embryos, with oral view of the roundish blastoporal opening,
indicated with an asterisk (*). (G). Cross section showing mid-gastrula stage. (H). Cross section showing a fully invaginated embryo with a bowl-like
shape and reduced blastoporal opening. (I). The embryo has become more spherical again, and the endodermal layer has reduced its height. Images
modified from [9]. (J and K) Initial invaginating plate shapes. Cross sections through invaginating embryos. (J). Flat invaginating endodermal plate
shape seen in stony coral (Dipsastraea (Favia) speciosa). The asterisk (*) indicates endodermal plate. (K). Concave invaginating plate shape seen

in Aurelia aurita embryo. bl=blastoporal lip. The asterisk (*) indicates the invaginated endodermal plate. Image (J) modified from [9], Image (K)
modified from [32]. (L and M). Drosophila ventral furrow invagination. (L). Cross section through a Drosophila embryo and (M). Ventral view of
Drosophila embryo. Images (L) modified from [33] Images (M) modified from[34].

https://doi.org/10.1371/journal.pcbi.1013151.9002

freely, can have different properties on the cell (heterogeneity), and deform naturally, cap-
turing detailed cell shapes and interactions, and complex tissue dynamics, with more realis-
tic results. Forces should be able to be transferred between cells and propagate in all direc-
tions, and the effect on the total final shape of the embryo should be able to show asymme-
tries and spatial variations [35]. Deformable cells can be modeled with Lattice-based models,
such as the Cellular Potts Model (CPM) [36]. These models represent space with a grid, sim-
plifying computational processes but limiting their ability to transfer forces and capture com-
plex biological shapes and deformations naturally. This makes them less suitable for study-
ing dynamic processes like apical constriction and adhesion during embryonic development.
Off-Lattice deformable cell models on the other hand, allow for capturing a more natural
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In the multi-particle models, the particles that form one cell in this type of model, interact
with each other via potentials and allow for capturing cellular deformations in more detail.
The connections between these particles are dynamic i.e. they can move independently and
migrate to other positions within the simulated cell. This make it difficult to assign regions
with specific cellular properties. In vertex models, vertices are interconnected by edges, form-
ing a polygon (2D) or polyhedron (3D), which allows for assigning regional properties and
are able to model cellular mechanics (force transfer) more accurately [39] compared to parti-
cle based models. The hollow structure of polyhedrons also reduces computational demands
compared to multi-particle based systems, but now an internal pressure has to be modeled to
conserve cellular volume. Several 2D vertex models already exist that have studied cell sheet
the mechanical properties that lead to it. These 2D models, that have a good likening to in
vivo results [12], show that apical constriction together with cell adhesion, seem to be the
main driver of cell sheet bending. They also demonstrate that shape changes can be a passive
response to the active deformations in the system [12]. However, 2D models, although ele-
gant in their simplicity, do have some drawbacks. They lack the interaction with neighboring
cells in the third dimension and make the assumption that a spherical (radially symmetrical)
or, in the case of Drosophila, oval embryo, can be modeled using a 2D cross section through
the middle of an embryo. This seems logical, but automatically excludes most of the embryo
that falls outside this plane. Anterior or posterior shape effects, or asymmetrical properties
that arise during gastrulation in the embryo, will be missed. In real embryos, forces propa-
gate in all directions (hoop stress), distributing the force in every dimension. However, the
forces generated by a virtual cell in 2D can only travel in 2 dimensions, making them more
pronounced than in reality would be the case. The lack of hoop stress in 2D simulations cre-
ates shape deformations that in reality do not seem to occur [12]. In a 3D embryo, the neigh-
boring cells (that are not modeled in a 2D simulation) resist the shape changing forces created
by the infolding process. Although, vertex models offer a more accurate representation of cell
behavior, models with shared vertices between adjacent cells prevent independent cell move-
above, we argue that an inherently 3D process like embryogenesis can be better modeled with
a 3D vertex model with separate cells. We therefore developed our own 3D deformable cell
based model, where cells are represented by a detailed polygon that has a conserved cell vol-
ume, and definable regions with different properties (stiftness, adhesion, constriction). This
allows for heterogeneity of mechanical properties on the single cell. When multiple adhesive
cells are simulated close to each other, they can form a larger structure. The properties of all
individual cells together determine the emerging behaviors of the super structure.

Our model uses an internal scripting language to set up the simulation experiments. Here,
we can set the properties of each individual cell, making it much less labor intensive to design
and run simulations. The genetical and biochemical properties are modeled implicitly by the
chosen properties and parameters.

This model was used to qualitatively study the cellular mechanical properties (apical con-
striction, cell-cell adhesion, and cytoskeletal stiffness) and their effect on cell shape changes
that lead to invagination in diploblastic embryos. Although a model like this is computation-
ally heavy, it will better capture the biological circumstances that influence morphogenesis,
and thereby help to answer the question: which mechanical cell based mechanisms are nec-
essary for cell sheet bending in 3D, and how does this compare to 2D simulations? Using a
3D model also allowed us to test the effect of geometrical properties like endodermal plate
shape, the number of cells in a blastula, number of endodermal cells, and the start position
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of constriction in the endodermal plate (constriction mode), on the global embryo shape. We
qualitatively validated the model by comparing cell shapes and embryo shapes to existing 2D
models and biological data of Nematostella vectensis, Stony corals, and Drosophila, which was
on a circle in a 2D plane) (see S2 Appendix), representing a cross section through a blastula.
These planar simulations also allowed us to test the model properties.

Model. Our model builds on classical vertex models that have been used to study tissues
during development [47,48]. Internal forces and external constraints determine geometri-
cal shapes in such models, which is why they have been useful to study cell shapes and tissue
morphogenesis. Individual 3D cells are made of a mesh of vertices that form a polyhedron
(Fig 3B 1-3). To simulate polarity, the cell can be divided into regions (see Methods). These
regions can have biological cellular properties like cell stiffness, cell constriction and cell-cell
adhesion. Different cells can have different properties. Our model is based on Newtonian
mechanics. The force generating circumstances are visualized in Fig 3 panel D in a simpli-
fied manner (see also Methods and S1 Appendix). Here, we highlight where the restorative
forces (Volume conservative force, Elastic element, Adhesive force, and Collision detection) are
acting on the system and how the forces are calculated. Together (F,y,;) they determine the
next position of the vertex, which is found by using the Verlet algorithm (see Methods and
S1 Appendix). The effect of the Volume conservative force (Fig 3D 1) on the cell is depicted in
Fig 3B 6. The working of the Elastic element (Fig 3D 2) on a cell is shown in Fig 3B 5, where an
edge has a rest length that the element tries to preserve. Apical constriction, which is essential
for gastrulation, is implemented by decreasing the rest length of the elastic elements that con-
nect the vertices, to a chosen value (constriction factor). The effect of apical constriction on a
single cell, is demonstrated in Fig 3B 4 and 3C 2. Cell-cell adhesion, which is crucial for devel-
opmental processes, is achieved by making individual vertices in a region of the cell adhesive
(Fig 3C 1). As a consequence, two cells next to each other, within a given distance, will expe-
rience an Adhesive force (Fig 3D 3) and will stick together. The distance (I) between the cells at
this points is pulled to I = 0 (see Methods). Adhesion is crucial for the purpose of simulating
an embryo (see Fig 3E 2-4). The modeled cell is the central unit in our system. Multiple cells
can be simulated in the same space. When forming structures with multiple cells, like blas-
tulas, Collision detection (see Methods) comes into play, resolving boundary violations. The
repulsive forces are placed on the vertex that has violated the boundary and the triangle that
has been penetrated, moving the vertex out, causing local deformations. This causes the cells
that form a blastula to deform freely, depending on the constraints from neighboring cells
and volume conservation (Fig 3E 2-4). Adhesion and collision are costly operations, that have
been optimized using Axis Aligned Bounding Box placed around cells (see Methods). This
resulted in a linear relation between the number of cells and the execution time, allowing us
to run the model on a cpu system.

Taken together, the biologically inspired properties of our 3D vertex model: the elastic cor-
tex, constriction and cell-cell adhesion, allow us to perform 3D simulations of early develop-
ment with detailed embryonic shape changes.

Results

Our vertex model was specifically developed to simulate the bending of a cell sheet (invagi-
nation) in a blastula. Using a planar configuration (3D cells in a plane, see S2 Appendix) we
explored the model properties and validated that we could qualitatively reproduce previ-
ous results from Odell et al. [1981] and Tamulonis et al. [2011][12,13]. Next, we applied this
knowledge to run the different 3D simulations that follow below.
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Fig 3. 3D Deformable cell based model. This figure introduces the 3D deformable cell based model. The model simulates a single cell, which is a distinct entity
with its own local properties that can interact with other cells to form a larger structure. Each 3D cell is formed by a detailed polyhedron surrounding a conserved
volume, making it freely deformable and movable. The boundary of this polyhedron consists of a triangulated mesh representing the biological cell cortex, com-
posed of interconnected vertices and elastic elements that adapt to applied forces. The cortex can actively deform by constricting edges or passively by interaction
with neighboring cells. The vertices and edges allow for different regions to be placed on the same cell to simulate cellular properties like adhesion, stiffness, and
constriction of the cortex. These properties can change over time according to predefined rules encoded in a basic scripting language executed by the model code,
effectively simulating genetic traits that govern cellular behavior. Multiple of such cells can be simulated in the same space to form larger entities or structures,
such as blastulas. The cells can be pushed when they are adjacent but unconnected to other cells, or be pushed and pulled when they are adhered to other cells.
Panels (A-F) explain the cell model concept and how multiple cells together can simulate a hollow blastula, where cells adopt a wedge shape due to the local
cell-cell interactions rather than by pre-programming the shape. (A) Description of the properties of the simulated cell. (B) A single cell with: Elastic elements,
Volume conservation and Constriction. Images (B1, B4) show a single cell that has a deformable cortex. Images (B2-B3) illustrate the cell cortex that consists of
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edge interconnected vertices. Image (B5) depicts the edges that are modeled as a restorative Elastic element with a given rest length. When the actual length devi-
ates from the rest length, a restorative force is generated (push or pull). Image (B6) illustrates Volume conservation. Deviation from the cells rest volume results

in a volume restorative force. In image (B1), the dark blue edges in the apical, top of the cell, region (0-50%) of the spherical cell (with uniform cell stiffness) are
assigned to constrict. Image (B4) shows the cell after the edges have constricted. The constricted apical edges have reduced their length, resulting in a flattened
apical area and expanded lateral-basal region due to the volume conservation. The cell shape still resembles the initial spherical shape. (C) Adhesion region. Image
(C1) shows the adhesion region on a single cell, visualized in light blue, where the vertices within this region are adhesive. Image (C2) depicts the same cell but
now the edges in the apical region have constricted (see also Image B4). The adhesion region has now moved apically, reducing the area of the adhesion region,
but not the number of vertices. This also results in the expansion of the basal non-adhesive region. (D). Vertex Restorative Forces. This panel is an abstraction

of the model, to highlight the different forces that can work on a single vertex: (D1) Volume Force, (D2) Elastic Element Force, (D3) Adhesion pulling Forces, and
(D4) Collision Forces that resolve boundary violations. These forces together result in Fy,,, that determines the new position of a vertex (See also Methods and S1
Appendix). (E) Multi-cellular simulations. Multiple cells can be adhered together to form a larger structure, here they form a hollow blastula. Image (E1) shows
128 single cells that are assigned a cell type, endoderm (salmon) and ectoderm (beige). Image (E2) demonstrates cells that are adhered together to form a blastula.
The cells here have a stiff apical (outer) area, an intermediate stiff lateral region, and a soft basal (inner) area. This pulls the apical area flat and extends the basal
area, changing the cell shape from round to elongated wedge shaped. Opening up the blastula in Image (E3) shows the emerged cell shapes and the two different
sizes of the adhesion regions (light blue) placed on the two different groups of cells (endoderm and ectoderm). The endoderm has a small apical band (light blue
and salmon), while the ectoderm is fully adhesive (completely light blue). Image (E4) features a close up of the cells to visualize the adhesive bonds (dark blue)
between the vertices in the light blue zones. The cells are pulled apart slightly to stretch the adhesive bonds, making them more visible. (F) Cell model algorithm,
shown as pseudo code.

https://doi.org/10.1371/journal.pchi.1013151.9g003

Constriction. Constricting a single detached cell (Fig 3B 4), shows that without geomet-
rical constraints in the form of other cells, apical constriction alone was not enough for cell
elongation to occur. Therefore, multiple cells were adhered together to form a plate (with 83
cells) and a blastula (consisting of 256 cells). These plate and blastula were used to test the
effect constriction has on the local cell shape and the global plate and embryo shape. For this,
the endodermal plate was divided into rings, starting with a single cell in the center of the
plate followed by concentric rings (referred to as ring constriction, Fig 4B and 4C, brown gra-
dient). We examined three different constriction modes: Mechanism 1). All plate cells con-
strict simultaneously; Mechanism 2). Ring constriction starts at the edges of the plate, with a
time interval between constricting rings; Mechanism 3). Ring constriction starts at the center
of the plate, with a time interval between constricting rings.

Fig 4A-4C shows the results for the detached plate simulations (time series). The adhe-
sion region in these plates is 20-65% of the spherical cell. The cells for mechanism 2 and 3
constrict with a time interval of 100 time units between cells. S1 Fig shows again plates with
an adhesion region of 20-65% of the spherical cell, but now with a time interval of 500 time
units for mechanism 2 and 3. S2 Fig shows plates with an adhesion region of 20-100%, with a
constriction interval of 100 time units. These images show that the plates where the cells con-
stricted simultaneously (Fig 4A), curled up at the edges before the center of the plate was lev-
eled out, even though constriction was simultaneous for all cells. The plates where the edges
constricted first (Fig 4B), seemed to curl up in a similar manner, except now the center of the
plate remained convex much longer before it became concave. Plates where the center con-
stricted first (Fig 4C) showed a dip at the center of the plate, before the plate flattened out
and the edges curled up. Increasing the time interval (to 500 time units) between constrict-
ing cells (S1 Fig) showed a more pronounced bulge when the edge cells constricted first, and
a more pronounced dip when the center cell constricted first. The end results of the plates
were more or less the same for all experiments, forming a sort of closed oval shape. Plates
where the cells were adhered 20-100% (S2 Fig) showed similar results to the 20-65% plates
(Fig 4A-4C) with time interval 100 time units. The images of the single cells in Fig 4A-4C
(right images) show the center cell of each of the plates. These cells are elongated compared
to the single cell experiment (Fig 3B 4). Cells of plates with 100% adhesion (S2 Fig) that con-
stricted simultaneously or the edges first, due to the full adhesion, had a slightly wider basal
area.
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Fig 4. Constriction modes. The images show time series of detached endodermal plates and whole blastulas with different constriction modes. The
adhesion regions are located apico-lateral (20-65%), the constriction factor is 0.1, and the cell stiffness is uniform in all cells (k=0.5). (A-C) Detached
endodermal plates with 83 cells. (D-G) Blastulas with 256 cells. The endoderm cells are colored salmon. (A) Simultaneous constriction of all cells.
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(B) Edge cells (brown gradient) constrict first, with time interval between constricting cells, 100 units. (C) Center cell (brown gradient) constricts first,
with time interval between constricting cells, 100 units. (D) Simultaneous constriction of all the endoderm cells (58) in a blastula. (E) Simultaneous con-
striction of all the endodermal cells (36) in a blastula. (F) Ring constriction of the endodermal cells (58) in a blastula. Edge cells constrict first. (G) Ring
constriction of the endodermal cells (58) in a blastula. Center cell constricts first. Simultaneous constriction in a detached endodermal plate (A) caused
the edge cells to curl up first. Because all cells constricted simultaneously, the center of the plate flattened faster, than when the edge cells constricted

first (B). Constricting the center cell first (C), created a dip in the center of the plate before the edge cells curled up. Constricting endodermal plates in an
embryo showed similar results as with a detached endodermal plate. When cells constricted simultaneously (D), this caused the edge cells of the plate to
move inwards first, which pushed the center of the endodermal plate outwards. With fewer endodermal cells (E), this effect was less pronounced and the
plate became flatter sooner before invaginating. When the edge cells constricted first (F), the top of the endodermal plate formed an extreme bulge, where
the cells were almost pushed out before invaginating in. Constricting the center cell first (G) and continuing ring by ring created a concave shape in the
center of the plate right at the beginning of invagination. These simulation experiments show that the endodermal plate shape during the invagination
process reveals something about the timing and the constriction mechanism in the endodermal plate.

https://doi.org/10.1371/journal.pchi.1013151.9004

We repeated the endodermal plate experiments with different constriction modes, but now
in an embryo of 256 cells. The endodermal cells are colored salmon. Constricting all endo-
dermal cells simultaneously (no time interval between constricting cells) (Fig 4D) caused first
an inward movement of the edge of the endodermal plate attached to the ectodermal cells
and an outward movement of the top of the endodermal plate (convex shape), similar to the
detached plate simulation (Fig 4A). The plate then flattened out, before it moved inwards. The
gastrula shape became bowl-like with a wide blastoporal opening. Time point T=85 resem-
bles stony coral invagination (Fig 2]). Again, constricting all endodermal cells in a blastula,
but now with fewer endodermal cells (Fig 4E), shows a less pronounced outward bulge of
the center of the endodermal plate. When the edges of the endodermal plate constricted first
(Fig 4F), a stronger outward bulge was created than with the simultaneous constriction mode,
almost pushing the final constricting cells out of the plate before finally invaginating. A blas-
tula where the endodermal plate started ring constriction at the center (Fig 4G), got a dip in
the center of the plate that continued to expand towards the edges of the plate during invagi-
nation. This immediately created a concave invagination in the plate from the beginning.

We find that the different constriction modes translate into different plate shapes during the
invagination process, even though the end results are qualitatively similar.

Cell stiffness and constriction factor. In nature, depending on the species, blastulas that
are ready to gastrulate can consist of different cell numbers (blastula sizes). In Nematostella
vectensis embryos, the blastula with blastocoel is formed at the 32-64 cell stage. Therefore,
the smallest blastula cell number used here is 32. The maximum cell number is 1024 (21,

10 rounds of cell cleavages), which is when Aurelia aurita embryos start to gastrulate. These
blastula sizes (32-1024) were used to determine the morphological effects different cell num-
bers, stiffnesses and constriction factors have on invagination in a 3D simulated embryo. The
number of endodermal cells of a blastula is determined by the rings and the cells therein, that
form the endodermal plate. The endoderm cells are only adhered together apico-laterally (20-
65% of the spherical cell). The ectoderm of the blastulas is fully adhered together (100%). The
adhesion keeps the cells closely attached. Fig 5A shows gastrulas with uniform cell stiffnesses
(Parameter values are given in S1 Table). Due to the apical constriction factor (0.1), the api-
cal area became smaller, and the endodermal cells became more elongated, causing cell sheet
bending. The embryo shapes became bowl-like. In the 1024 celled gastrula the germ layers
did not align (see S1 Video). With a smaller edge constriction factor (0.05 instead of 0.1),
cells elongated more (Fig 5B), and fewer endoderm cells could move into the blastocoel in the
smaller embryos. Therefore, the number of endoderm cells was reduced in all blastulas. This
influenced the global shape of the gastrulas, which remained rounder compared to the results
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Fig 5. Cell Stiffness and constriction factor. This figure shows cross sections through blastulas that have constricted
the apices of the endodermal plate. The endodermal plate (salmon) is oriented to the left. Below each blastula is the
total number of cells in the blastula (32-1024) and number of endodermal cells between parentheses (). (A) Uniform
cell stiffness constriction factor 0.1. Simulating with the following parameters: Cell stiffness 0-100% k=0.5. Constric-
tion factor 0.1 and endodermal adhesion region 20-65%. All blastulas invaginated, but the global shape was bowl-like
with a large opening. In the 1024 blastula the endodermal and ectodermal layer did not establish contact. (B) Uni-
form stiffness with constriction factor 0.05. Simulating with the following parameters: cell stiffness 0-100% k=0.5,
constriction factor 0.05, endodermal adhesion region 20-65%, The endodermal cells elongated and expanded more
basally due to the smaller edge constriction factor. This placed more strain on the smaller embryos, therefore the
number of endodermal cells were reduced to allow better invagination into the blastulas. Reduction of endodermal
cells strongly influenced the global shape. The final gastrula was rounder than seen in Fig 5A but now no germ layer
alignment occurred. All blastulas invaginated, but the larger the embryo size, the more bowl shaped the embryo
became with a larger opening. (C) Non-uniform cell stiffness. Simulating with the following parameters; constriction
factor 0.05, endodermal adhesion region 20-65%. The cells are divided into three stiffness zones (apical region: 0-30%
of the spherical cell, lateral region: 30-70% and basal region: 70-100%). The cell stiffness is stiffest in the apical region
(k = 1) in the lateral region the stiffness is k = 0.5 and the basal region is the softest (k = 0.1). All the blastulas invagi-
nated and the endoderm and ectoderm aligned completely in the smaller gastrulas. The larger gastrulas (512 en 1024
cells) approached alignment. The global shape became bowl-like, with a large opening. (D) Increased cell stiffness
over time. The endodermal cell stiffness is increased apically and decreased basally over time. Simulating with the
following parameters: Constriction factor 0.1, endodermal adhesion region 20-65%. The cell stiffness at the start
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of the experiment is k = 0.5. For the endoderm cells the stiffness of the apical top (0-40%) is slowly increased

to k = 1.5 and the basal side (40-100%) decreased to k = 0.1. For the ectoderm cells the apical stiffness is

increased to k = 1.4 and for the basal side it is decreased to k = 0.35. The cells showed a more bottle like appearance close
to the ectoderm (blastoporal lip cells). The layers did not connect. The smaller gastrulas remained rounder,

but the largest gastrula (256 cells) had a strong bowl-shape and large opening. (E) Number of

endoderm. Image E shows the 256 celled blastula from row C, but now the number of endodermal cells is

reduced from 58 to 36. This results in more blastocoel space remaining between the endodermal plate and the ectodermal
layer. The smaller number of endodermal cells resulted in one more ectodermal ring that could move

into the blastoporal opening.

https://doi.org/10.1371/journal.pchi.1013151.9005

shown in Fig 5A, since fewer cells invaginated, and more cells remained ectoderm. However,
now no germ layer alignment occurred in any of the gastrulas.

Fig 5C shows gastrulas with non-uniform cell stiffnesses. The cell surface was divided into
three regions: apical (0-30%), cells stiftness k=1, lateral (30-70%), cell stiffness k=0.5, and
basal (70-100%), cell stiffness k=0.1. These gastrulas have longer endodermal and ectodermal
cells compared to the uniform cell stiffness gastrulas (Fig 5A and 5B). Some endodermal cells
start to differentiate their cell shape, resembling bottle-like cell shapes [12]. The stiffer apical
area caused the outer surface of the embryo to become flatter. Under these conditions, only
the 512 and 1024 celled gastrulas did not align the germ layers (Fig 5C). When the number
of endoderm cells of the 256 cell blastula with non-uniform cell stiffnesses were reduced from
58 to 36 (Fig 5E), more ectoderm moved into the blastoporal opening, but now the endoderm
did not fully align with the ectodermal layer. Fig 5D shows simulation results where the stiff-
ness of the apico-lateral region (0-40%) of the endodermal cells was increased over time from
k=0.5 to k=1.5. The basal-lateral region (40-100%) had a stiffness of k=0.1. The ectodermal
apico-lateral cell stiffness was increased from k=0.5 to k=1.4 and the basal-lateral cell stift-
ness was k=0.35. The gastrulas show bottle shaped endodermal cells. These cells have a nar-
row elongated apical neck with a broader basal body. The cells with the most profound bottle
shapes are found close to the ectodermal edge.

The shape of a cell depends on its position in the embryo. In S3 Fig the center aboral ecto-
dermal cell, the center endodermal cell and a blastoporal lip cell of the 256 celled gastrula of
Fig 5C, are visualized and compared to a spherical cell. The position of the cells has, apart
from the different shapes, also an effect on the cell surface area. The cell with the largest sur-
face area was found in the blastoporal lip.

Apical shape. In Xenopus leavis embryos, the constricting cells form a ring on the embryo
with stretched apices. In isolated explants, these same cells have spherical apices [4].

The previous results, Fig 5, and S3 Fig (cell area) have already shown that the geometrical
setting of cells determines how they are shaped. Here, we show how the apical area is influ-
enced by the geometrical setting. Fig 6A shows a spherical embryo with a rectangular shaped
plate of cells (colored salmon). The center row in the plate has constricted. The cells apical
area in this single constricted row has reduced vertically, but barely horizontally. When the
rows above and below the center row are constricted, the apical area of these rows remains
larger and the area of the first row is increased again. The graphs in S1 Graph shows the verti-
cal and horizontal length of the apical area of the cells in the endodermal plate over time. The
graphs show that the rows 1-4 above and below the center row are stretched vertically before
they started constriction. Every extra row that constricts pulls on the rows that constricted
before them, stretching the apical area again. This is visible in the wave, or pulsed pattern of
the vertical graph. The last row to constrict, can constrict its apical area the most vertically
since the adjacent ectodermal cells are flexible and do not oppose the constriction forces as
much as the constricted cells do. Horizontally the center row can initially constrict the least,
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Elongated plate constriction

Purse string constriction

Fig 6. Apical shape. (A) Linear row of endodermal cells. This image shows two time points of an embryo with 512 cells that has an elongated endo-
dermal plate shape. The simulation parameters are given in 52 Table. Constricting one row of endodermal cells mostly reduced the apical area of the
cells vertically, due to the deformability of the passive surrounding cells and resistance of the constricting cells. When more rows constricted, the
apical areas became rounder again, since now the force pattern changed (see S1 Graph). (B) Endodermal purse string constriction. The endodermal
cells of a 512 celled blastulas with 87 endodermal cells constricted using a purse-string method. The single cell shows the center cell from this gastrula
with a purse string constriction. The green zone indicates the constriction region. Due to the outward volume pressure created by the purse string
constriction in the cell, the apical top stiffness also had to increase. During constriction the cell stiffness of the apical top (0-20%) was increased from
k=0.9 to k = 1.8 and the 20-60% zone from k = 0.5 to k = 1.4, to prevent excessive bulging of the apical area.

https://doi.org/10.1371/journal.pchi.1013151.g006

because the cells are inhibited by the surrounding cells, but it can eventually slowly constrict
further and decrease its area. The horizontal apical area of most cells appear to be in the same
range (0.7-0.9).

The previous constriction mechanisms were by flat apical constriction. However, Magie
etal. [2007] [11] suggest that in Nematostella vectensis apical constriction is by a purse string
mechanism, where the apical region, contrary to Drosophila and Clytia hemisphaerica, does
not flatten, but bulges outward. Fig 6B shows purse-string constriction. In the single cell (right
image), the green area indicates the constricted region. Instead of apical flattening, we now
saw a small outward bulge at the apical region of a cell. An increased apical stiffness was nec-
essary to prevent the apical surface from bulging outwards too much. The overall shape of the
plate and the global embryo shape did not differ much from flat apical constriction.

The endodermal plate and blastoporal opening. Up to now we assumed that an endo-
dermal plate would be spherical, like those found in Stony corals [9], but in Nematostella
vectensis endodermal plates do not necessarily have to be spherical [10]. We created different
plate shapes (see Fig 7A-7E and S2 Video) and tested how robust the invagination process is
when an endodermal plate is not spherical in shape. The figures show that irregular shaped
plates could still invaginate and reach the aboral side, but the embryos shape stayed bowl-like
with a large blastoporal opening.

In Nematostella vectensis, Aurelia aurita, and Stony corals [9,11,32] the future blasto-
poral opening immediately becomes smaller again after invagination and closes, forming
spherical embryos. The 3D invagination simulations (Figs 5A-5E and 7A-7E) show that the
global embryo shapes were bowl-like and the blastoporal opening did not close but remained
wide, opposed to the planar simulations (See S2 Appendix), where the opening often became
smaller during invagination and the embryos became rounder again. We explored two differ-
ent mechanisms to study how the blastoporal opening could be closed and how this affected
the embryo shape. First, we used softer ectoderm, which allowed the ectoderm cells to stretch
and reshape, closing the blastoporal opening more (Fig 7F). This, however, had no effect on
the global shape of the embryo, which remained bowl-like.
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Fig 7. The endodermal plate shape and blastoporal opening. This figure shows different blastulas (256-512 cells) with different endodermal plate
shapes. The front view shows the oral side with the initial (T = 50) and final endodermal plate shape, and the cross section at the end of the simula-
tion. The numbers of endodermal cells depends on the plate shape; Plate shape: (A) 67 cells, (B) 64 cells, (C) 69 cells, (D) 71 cells, (E) 73 cells, (F) 58
cells, (G) 31 cells, (H) 32 cells, (I) 64 cells, (J) 64 cells, (K) 128 cells. The parameters of each blastula are given in tables S2 Table and S3 Table. In all
simulations the plates of the blastulas invaginated regardless of the shape. However, not all endodermal plates connected with the ectodermal layer.
All the gastrula shapes became bowl-like. The blastula in row (F), had a spherical plate with softer ectoderm and smaller adhesion region between the
ectodermal cells, which helped to close the blastoporal opening more. The oral view shows an angular shape and folds in the embryo. The plate shapes
in row (G), (H) and (I) allowed for a better closure of the blastoporal opening, but not a better layer alignment. Only gastrula I seemed to align the
layers better, except for the blastoporal lip region, where the ectoderm interrupted the endodermal plate. Row (J) and (K) show blastulas with 512 cells
in a star shaped pattern. Row (J) had a better closure of the blastoporal opening, but the layers did not connect. While the layers in row (K) (larger star
shape plate) did connect, but now the opening remained large.

https://doi.org/10.1371/journal.pcbi.1013151.9007
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Next, we focused on the shape of the plate. For this we created plate shapes with a trian-
gle, T-shape and star shape in 256 and 512 celled blastulas (Fig 7G-7K). These shapes helped
remove folds in the blastoporal region that would otherwise prevent blastoporal closure,
but now the gastrulas did not always align the germ layers and the embryo shape remained
bowl-like.

Discussion

To study the driving forces behind invagination, we looked at existing data of model organ-
isms, such as Nematostella vectensis (sea anemone), Aurelia aurita (common jellyfish),

Stony corals (Platygyra contorta, Favites abdita, Dipsastraea (Favia) speciosa), (which are all
Cnidaria), and Drosophila melanogaster (fruit fly) [9-11,32,43,45,49-51], that all use invagi-
nation to bend a cell sheet inwards. However, identifying the exact processes that can cause
invagination in vivo can be difficult due to many interacting cellular processes. Therefore, 2D
that apical constriction and adhesion are important properties to create cell shape changes
that can bend the endodermal plate into the blastocoel during invagination [26]. These 2D
models, however, lack the ability to implement geometrical properties and asymmetries found
in real natural 3D blastulas and show the role they play in the eventual global shape an organ-
ism adopts.

In this study, we developed a 3D deformable cell based simulation model with a Newto-
nian force based approach. Our choice of making a 3D vertex model was driven by the need
to accurately capture shapes of individual cells in detail and the complex mechanics of embry-
onic development. The ability to model separate cells with regional heterogeneity, efficiently
simulate physically accurate force transfer, and represent continuous deformation makes this
model well-suited for studying how mechanical forces reshape tissues over time. It provides
a powerful framework for studying the impact of mechanical properties on complex cellular
behaviors and understanding morphogenetic processes in 3D systems. It also offers insights
into how differences in local properties can lead to large-scale tissue changes without pre-
programmed patterns and enabled us to qualitatively compare simulation results with real
biological tissue shapes. Although, we here modeled invagination in a diploblastic organism,
the cell model is not restricted to modeling a hollow blastula. Due to its modular concept, the
model could be used to form any biological entity to study the effect of local cell properties
on tissues as a whole and the behavior of these tissues in different biological contexts, when
cross-sections do not capture the true nature of the system.

We validated and tested the cell based model by performing planar simulations (3D cells
in a 2D plane). The outcomes of the simulations were qualitatively compared both to available
real biological data from the literature and true 2D simulation results [12,13]. We observed
that with the planar simulations, we found shapes that resembled not only the biological data,
but also the results from existing 2D models [12,13], both cellular as well as embryo shape.

The effect of constriction mode. During the invagination process in an embryo, the
cell sheet undergoes shape transitions while bending inwards, which can differ in different
species (e.g. Nematostella vectensis, Aurelia aurita, Dipsastraea (Favia) speciosa [9,31,32]. The
invaginated plate shape observed in Aurelia aurita embryos (Fig 2K) are concave. However,
the initial invagination shape of endodermal plates in Nematostella vectensis, Favites abdita
and Dipsastraea speciosa(Fig 2A, 2G and 2]) are less concave than the plates shapes found
in Aurelia aurita. Assuming that the basic mechanisms for invagination are shared between
species, then these different invagination shapes could indicate that there are variations in
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how the mechanisms (constriction modes) contribute to the infolding process across differ-
ent species. We tested how different constriction modes (constricting all cells simultaneously,
or start constriction at the edge of the plate, or start constriction at the center of the plate) in
detached plates and 3D embryos affected the tissue shape. These simulations not only showed
that cell-cell adhesion and apical constriction are enough to bend an endodermal plate, but
also that the mode of constriction, and constriction time interval, influenced the shape tran-
sitions seen during the constriction process. Simultaneous constriction resulted in that the
edge cells reduced their apical area first. In the detached plate this was seen by the curling
up of the edges, while in the simulated embryo the plate buckled downwards at the circum-
ferential edge and upwards in the center before it flattened and became concave. This can be
explained by the fact that in a single detached cell (Fig 3B 4) the cell tries to reduce its apical
area and push its volume basally. This results in lateral expansion due to the elastic proper-
ties of the cell cortex. However, in an endodermal plate or blastula, adhered cells form a geo-
metrical constraint that opposes these forces and pushes the volume of the constricting cells
basally, thereby elongating them. During simultaneous apical constriction, all the cells try to
constrict their apices at the same time, thereby resisting apical deformation due to the stiff-
ening of the apex during constriction. The ectodermal cells, however, do not constrict and
are thus apically more flexible than the endodermal cells. In the detached plate there are no
surrounding edge cells to delay deformation. The edge of the endodermal plate is therefore
the first region that can move as a response to the forces that are generated by constriction,
even though the timing of constriction is simultaneous in all cells. After that, a wave moves
through the plate, to the center, of cells reducing its apical area. This flattens the plate before
making it concave, finally causing invagination into the blastocoel. The flat plate shape seen
in stony coral embryos [9] (Fig 2]), resembles the plate shape seen during simultaneous con-
striction, suggesting that the time interval between the constricting individual cells is close
together in this organism.

Asynchronous constriction (with time intervals between predefined constricting groups of
cells) that started at the center of the plate, caused a dip at the constriction site, that expanded
when more cells constricted concentrically, resembling the plate shape seen in Nematostella
vectensis (Fig 2A-2D) and Aurelia aurita (Fig 2K). When cells at the edge of the plate con-
stricted first an extreme bulge emerged at the center of the plate. The mechanism of how a
plate constricted, influenced its appearance during the invagination process, even though the
end states were visually similar. The constriction mode (synchronous versus asynchronous,
and center or edge start position) therefore determines the shape the plate adopts during
invagination and gives us insight into how the invagination process can take place in different
species.

Geometrical setting. The effect of the geometrical surroundings on the cell shape in our
3D simulations, is shown by constricting a single row of cells in the center of a rectangu-
lar plate in a spherical embryo. The apically constricted cell areas reduced vertically, but not
as much horizontally, creating a horizontally elongated area, even though the constriction
force on the apical area was isotropic. This horizontally elongated apical shape is caused by
the passive expansion of the apical area of neighboring cells above and below the constrict-
ing cell row, while the constricting cells in the center row resist deformations in the horizontal
direction. When neighboring rows above and below the center row constricted, the vertical
pulling force from these neighboring cells pulled the apical area of the center row more spher-
ical again. By putting a uniform apical constriction force on the individual cells, in an elon-
gated plate (asymmetrical situation), the constricting cells autonomously reshaped, creating
an anisotropic shape pattern. These results resemble the model results of Fierling et al. [19],
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where they put isotropic stress, in the form of constriction, on the mesodermal cells of an oval
Drosophila embryo, which resulted in an anisotropic shape pattern in the furrow.

In contrast, the embryos of Fig 5, which have the same uniform constriction force in a
spherical (symmetrical) setting, created a spherical (isotropic) shape pattern. This shows, that
in the model, the mechanical properties determine how a cell can respond to the forces cre-
ated by neighboring cells that act upon them, but the geometrical setting determines the even-
tual shape the cell and apical area can become. Cell shape therefore does not necessarily have
to be genetically predetermined [52].

The constriction region determines if the apical shape becomes flat or stays convex. Full
apical constriction can create a flat apical area (e.g., Drosophila melanogaster, C. elegans [11]
and Clytia hemispaerica [28]), while a purse string region only constricts the region just below
the apical area, creating a convex apex (e.g., Nematostella vectensis [L0-12]). We found that
the type of constriction did not affect the invagination process, only the appearance of the
local cell shape and the embryo; the surface of the endodermal plate was less smooth with
purse string constricting cells, than with flattened apical constricting cells. However, when
a purse-string mechanism was used, the apical area needed to be stiffer to provide a counter
force to the volume pressure, otherwise the apex ballooned outwards.

3D Geometrical properties. We have shown that the shape cells adopt is a consequence
of their mechanical properties, their surroundings and how they interact with it. The cells
can actively change their shape and through adhesion, affect both their own shape as well as
their neighbors, which influences the progress of the infolding process and the shape of the
embryo. The embryo shape, however, is also influenced by geometrical properties that are
present in the pre-gastrula, like the plate shape. Changing the endodermal plate shape from
spherical to irregular in hollow blastulas showed that the plate shape does not really matter
for the bending of the plate and invagination process. As long as the constricting cells in the
endodermal plate were adhered together, the embryo invaginated, which shows that invagi-
nation is a very robust process that can resolve the natural variation that is present between
embryos [53].

When the number of endoderm cells in the plate was changed, only the germ layer align-
ment changed; a high number of endodermal cells could align the germ layers easier, while
a low number of endoderm, meant that more ectodermal cells had to move into the blasto-
coel to get a good fit between the two cell layers. The global gastrula shape after invagination
in the simulations, however, was always more or less bowl-shaped with a large opening, inde-
pendent of the plate shape or cell number, and not spherical, as is seen in biological embryos
of for example Nematostella vectensis. The global shape in the simulations can be explained
by the fact that the blastoporal opening is surrounded by ectoderm cells, that form the future
blastopore lip region. The circumferential number of ectoderm cells that form this region, is
already larger than the circumferential number of endoderm cells that form the edge of the
constricted plate. Therefore, there is an excess of cells in the blastoporal lip region that can
resist deformation and prevent the opening from closing. Together with the reduction in the
apical endodermal plate area by constriction, these excess cells create folds in the blastopo-
ral lip region (Fig 8C, 8E, 8F, and 8I), preventing closure of the opening. Making the ecto-
derm in the lip region less stiff, led to more bending and thus better closure of the blastopore
opening and helped germ layer alignment. However, the embryo shape remained bowl-like,
and viewing the gastrula orally showed an angular appearance (Fig 7B), which is not seen in
real embryos. Changing the endodermal plate shape (triangular, star shaped or T-shaped)
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256 cells 512 cells

Uniform cell stiffness, constriction factor 0.1

256 cells 512 cells
Uniform cell stiffness, constriction factor 0.05

256 cells } 512 cells 1024 cells

Non-uniform cell stiffness

Fig 8. Blastoporal opening. The simulation results show the blastoporal opening of the gastrulas from Fig 5A-5C

of the 256-1024 celled gastrulas. Here image A-C show the oral view of the 256, 512 and 1024 celled gastrula, with
uniform cell stiffness and constriction factor 0.1. Images D-F show the oral view of the 256, 512 and 1024 celled
gastrula, with uniform cell stiffness and constriction factor 0.05. Images G-I show the oral view of the 256, 512 and
1024 celled gastrula, with non uniform cell stiffness. The larger the blastula and the smaller the opening, the more the
embryo gets folded around the blastoporal opening.

https://doi.org/10.1371/journal.pchi.1013151.g008

also helped to reduce the blastoporal opening in the simulations. These shapes created nat-
ural folds, that are also seen in Nematostella vectensis embryos [10], and reduced the open-
ing. However, in our simulations, these non-spherical plate shapes have large areas inter-
spaced with ectoderm that do not constrict apically. This prevented the cells from elongating
and establishing contact with the blastocoel wall. So, although alternative plate shapes did
reduce the blastoporal opening, it did not change the global embryo shape (which remained
bowl-like) or increase the layer alignment.

In the simulations, getting the germ layers to come into complete apposition, while also
creating a smaller blastoporal opening and rounder embryo shape, was not possible. Perhaps a
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different or additional mechanism besides apical constriction and cell-cell adhesion is needed
to get a complete spherical gastrula.

2D planar versus 3D space simulations

Performing simulations in a 2D plane has some advantages over 3D simulations. On the
practical side, planar simulations save time, due to the limited number of cells involved and
less cell-cell interactions per cell. When we consider a planar simulation as a cross-section
through a 1024 celled blastula, the average simulation time is 10x faster. This increases the
number of simulations experiments that can be done in a given amount of time. Besides the
practical aspects, planar experiments are easier to interpret, since movements occur in only
two directions, instead of three in a full 3D modeled embryo. When comparing the simu-
lation results from the planar cross-sections (S2 Appendix) to the full 3D embryos, we find
that, although both can invaginate a cell sheet, the overall embryo shape differs. The planar
simulations were able to qualitatively reproduce cellular and global shapes, seen in earlier 2D
models [12] and in vivo results, including a closed oral pore, while the 3D simulated embryos
remained bowl-like and did not have a closed oral opening. One of the reasons for this differ-
ence could be that forces in 2D affect shapes more profoundly and deformations thus are eas-
ier to achieve. In 3D simulations, forces are dispersed and not all deformations can be accom-
plished, since the extra simulated cells create hoop stress that opposes global deformations
and the embryo can gain folds as a result (Fig 8C, 8E, 8F and 8I).

This 3D deformable cell based model has shown that simulating mechanical properties
in 2D creates qualitatively different shape outcomes compared to 3D simulations. Indicating
again, that perhaps we are missing other mechanisms that help the embryo to fully gastrulate
and change its shape.

Outlook. This research raises several new questions that we would like to explore further.
The simulation results showed that the endoderm and ectoderm in the 3D gastrulas did not
always come into complete apposition, and thereby did not close the blastocoel completely.
These results also showed that the embryo shapes became bowl-like and not spherical with a
closed-oft blastoporal opening, as seen in Nematostella vectenis and Aurelia aurita. It is possi-
ble that extra mechanisms play a role during invagination in biological organisms. For exam-
ple, Nematostella vectensis and Aurelia aurita have a zippering process, where filopodia attach
the endodermal cells to the ectoderm, and pull the plate inwards to align and connect the
germ layers [11]. Therefore, we are interested to see if the process of zippering can help align
and connect the germ layers, and if this mechanism can assist in creating a more spherical
embryo after invagination, with a smaller blastoporal opening.

Conclusion

Our 3D simulations have shown that only a limited number of mechanical cellular properties
are required for cell sheet bending: cell-cell adhesion (region), apical constriction factor, cell
cortex stiffness and cell volume conservation. These properties are important cellular factors
for the shape changes of individual cells. Cell-cell adhesion, which couples the cytoskeleton of
cells together, can propagate the pulling forces that the individual cells generate by constrict-
ing their cytoskeleton, to neighboring cells. This displaces the cell volume (cytoplasm and
nucleus), and depending on the cell cortical stiffness, results in shape changes that bend the
cell sheet. The spatial and temporal properties of the embryo determine how the invagination
process unfolds and the eventual global shape of the embryo. The shape of the endodermal
plate, the number of endodermal versus ectodermal cells in an embryo, the start position of
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constriction, and the onset of cell constriction, all determine how the endoderm invaginates,
how far it can go inwards and if the two germ layers can fully connect.

Methods

Cortical elastic elements. The cortical elements stiffness is length dependent so that
stretching is more difficult than compression. This is based on the assumption that on short
timescales in a biological cell cortical material is elastic but also limited and thus can not be
stretched endlessly (strain stiffening) which gives a nonlinear response [54], while during
compression, excess material can be folded into wrinkles.

The cortical elastic elements length dependent spring “constant” is described by:

F= —klx (1)
lo
x=(I1-1), I=x+1 (2)
which can be rewritten to:
PEACAL) UL R 3)
lo lo
Where, k: elastic constant (Stiffness), I: element length, ly: rest length, x: difference from rest

length

Cortical strain. In nature, cells can adapt quickly to new cell shapes, free floating cells
round up [55], thereby minimizing their surface area, while cells in a blastula can adapt to
non-spherical shapes when pushing or pulling forces by neighboring cells are exerted on them
through adhesion molecules. Any deviation from the spherical ground state results in an
increased surface area created by expansion of the cell cortex. When a cell shape changes from
spherical to more elongated, the surface area increases in the cell’s expansion direction and
decreases perpendicular to the elongation direction.

When a cell deattaches again it rounds up once more, which means that the biological cell
is able to store or use excess material in the cell (cortex) in the form of wrinkles or molecules,
or that a quick rearrangement of components can take place [25,26,54,56].

In the model, cells mostly go from spherical to more elongated shapes. These changes
need adjustment of the triangulated mesh of the modeled cell, which is facilitated by “cortical
strain” [12,13]. This means that the elements are always stretched and try to become shorter,
which is opposed by the volume conservation of the cell. For the cortical strain, all edge rest
lengths in the modeled cell are factorized at run time, to have a constant tension on the cell to
mimic the cells behavior of removing excess cortex material and thereby getting a smooth cell
surface. Additional material is generated by stretching the elements.

Due to the conserved cell volume, edges keep tension and they can never reach the equilib-
rium state where [ = [,.;. Strain on the edges is phrased as follows, each edge “tries” to reach a
set rest length. An important effect of this method is, that when the edges of the entire cell are
trying to reach a certain “set length” (e.g. 0.25*initial Length) and all edges have the same cell
stiffness k, the cell will remain spherical (as seen in a free floating cell) [55].

lO :fetlrest (4)

Constriction. The cortex can also be actively reshaped by constricting (shortening the rest
length of) a designated group of edges, which will automatically lead to expansion of non con-
stricting edges due to volume conservation. To constrict, the edge rest length [; is set to a new,
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shorter, length I, = f.ly. Thereby, the edge will try to become the newly designated length, but
most probably will never reach it due to the counter acting pulling forces of attached neigh-
boring elements. When the new shape is reached, this shape becomes the new equilibrium
shape.

Constriction can be set at any start time on a specific region. The shortening of edges dur-
ing constriction is done by setting I, to its new target length gradually over a certain dura-
tion to avoid abrupt changes.

Volume polyhedron

The simulated cell volume is modeled as an elastic body with the cell cortex as its boundary.
When part of a cell is squeezed the volume conservation causes expansion of other parts of
the cell by applying forces proportional to the local volume shifts on the cortex so that the cell
can adapt its shape.

The volume of each polyhedral cell is found by:

Vpalyhedmn =

[SSHI

i=n
> & FiA, (5)
facej=1

where x; is an arbitrary point on the plane of face;, of which the area is represented by the
normalized face normal, F; times the area, A;.
Volume conservative forces are found by:

(6)

where F, is the directional force per vertex, k,: volume stiffness, Vj: initial volume, V: current
volume (See S1 Appendix for extended explanation).

Cell adhesion

A spherical cell can be divided into regions (Fig 9A). This region can be freely set at the start
of the experiment, creating an apical side (outer), lateral side and basal (inner) side with dif-
ferent properties like adhesion or cell stiffness.

The cells of the blastula are adhered together by cell-cell adhesion, where an elastic ele-
ment connects two vertices, each on a different cell (Fig 9B). The adhesive properties can be
set per cell and change over time. These include the regions on a cell, the connect length and
pull strength of the elastic element. The adhesive properties are given to the vertices inside
the chosen region and the vertices link when they are within range of the connect length. The
attached vertices are then pulled together with the chosen force. The adhesive links will pull
with a constant force and try to reach a zero length. At zero length the cells will touch. Ver-
tices that are within connect length can connect with a certain chance (adhesion chance and
break chance (0-100%), where 0% adhesion chance means no adhesion and 100% adhesion
means that every vertex in range will adhere, and are pulled together with the chosen force.
The break chance determines of the number of vertices that are attached, how many will
disconnect, to reattach to a possible new position.

The elastic element for adhesion is modeled with a constant pulling force, except when
arriving close to its target length, length [ = 0. Then a length dependent linear component
(LinLength) is included to avoid “bouncing” of the cells due to on/off switching of the pulling
force (equation (7). This constant force is based on the assumption that adhesion proteins are
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A B

Fig 9. Cell region and adhesion. (A) A cell with different regions. The colored bands mark different regions on a cell,
which can vary in thickness. (B) Cell-cell adhesion. Two cells are adhered together by adhesion molecules (elastic
element that connects two vertices) in the selected adhesion region (blue region).

https://doi.org/10.1371/journal.pchi.1013151.9009

connected to the actin cytoskeleton and myosin motors and have a constant pulling force and
not behave like springs.

The Constant-Force element is a non continuous function, the behavior is as follows, linear
from zero till and including a given length. Thereafter, F = kygp.

Kaan

I < LinLength, Fagnesion = —————
- 24 adhesion lmlength

1, 1> LinLength, Fihesion = kudh (7)

Collision

Forming a simulated blastula, by adhering different cells together, requires a way to keep the
boundaries of different cells together without being pulled into each other, but still allows for
forces to be transferred from one object to another and shape deformations to occur. This is
done by collision detection and handling.

This means that all collisions (boundary violations) must be detected and acted upon
accordingly to the laws of physics. Collision is defined as a vertex of one simulated cell cross-
ing the triangular face of the boundary of another body (Fig 10A). When this happens, and is
detected, both cells have to locally move their elements out of each others boundaries (Fig 10B
and 10C) (see S1 Appendix for extended explanation). Moving out in this case means, that
both cells will locally get an opposing force on the violating elements and adjust their shape
accordingly to the new situation. Restorative forces are put on both the intruding vertex as
well as the three corners of the involved face to ensure local directional force transfer. The
magnitude of the restorative force is determined by the perpendicular distance between the
vertex and the face (penetration depth). A restorative force will be put on the elements as long
as the overlap exists.

The deformable nature of the model makes both the detection and the handling of the
collisions a local matter.
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a0 GO 4O

Fig 10. Collision visualization. Collision handling examples of deformable cells: (A) Two overlapping cells, no collision handling. (B) Two equally
stiff cells. Collision handled. The stiffness equality causes the cells to deform in the same magnitude. (C) Two cells which have a different stiffness.
Collision Handled. The right cell is stiffer than the left cell. The left cell shapes it self around the stiffer right cell. All cell are made transparent to be
able to view the effect of the collision handling.

https://doi.org/10.1371/journal.pcbi.1013151.g010

Model dynamics

The system/model dynamics are based on Newton’s second Law of Motion, equation (8),
where, m, represents the mass, r, the displacement and F, the total force acting on parti-
cle/vertex i
&>
mi—— =F; 8
in )
For each discrete model time step, ¢, the vertex displacement is determined by the total
force acting on it, equation (9).

)

The Verlet algorithm (see S1 Appendix) with linear viscous damping, equation (10) is used
to determine the new vertex position, x,.,+;. Where c is the viscous damping factor and x,,_;
and x, the previous and current position.

%p1 = (2 - 0%, - (1= €)%,y + GAL (10)

Optimization

Most simulations described here, are done with multiple interacting cells that consist of 642
vertices and 1280 faces. For realistic shape changes, the cells need to deform and transfer
forces when they interact. These interactions are adhesion and collision of cells. Determin-
ing which vertices and faces of the cells collide and which vertices adhere between objects,
are costly operations, considering the amount of potentially interacting elements. Reducing
the number of interaction tests, therefore lowers the computational cost. These reductions
are done by placing an Axis Aligned Bounding Box (AABB) around the cells (Fig 11). Only
boxes that overlap are checked for interactions, and only those element combinations that are
in proximity (in the overlapping part) and thus have a chance to interact, are evaluated. This
number will be considerably less, than evaluating the total number of elements against each
other, To further reduce the number of tests, the overlapping part of the box can be split into
smaller sub boxes, which contain has even less elements to test.

These optimizations, result in a linear relation between the number of cells and the exe-
cution time (Fig 12). Although the computational load, especially for the higher cell number
simulations, are still high, they are now doable on cpu based systems.
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Fig 11. Axis aligned bounding boxes. Two overlapping cells and their axis aligned bounding boxes (AABB). The
overlap contains all potentially interacting elements. In this example, the overlap is exaggerated for illustrative pur-
poses. During simulations, the collision detection will have intervened as soon as an overlap is detected and objects
will not overlap this much.

https://doi.org/10.1371/journal.pchi.1013151.9g011

Model Effeciency

Computational time scales linear with the number of cells

00:16:

00:07:49 512

00:03:44, 256

Time for 10000 Iterations
(logarithmic scale)

10 100 1000 10000
Number of Cells
(logarithmic scale)

Fig 12. Model efficiency. Model efficiency for blastula simulations with 16-2048 cells. This figure shows the wall
clock time (hh:mm:ss) for 1000 iterations when the simulations are in equilibrium state. The time scales linear with
the number of cells (axis are logarithmic scale). Doubling the number of cells per blastula results in twice the amount
of execution time for the same amount of iterations.

https://doi.org/10.1371/journal.pchi.1013151.9g012

Planar experiments

Planar experiments are 3D cells placed in a 2D plane. The cells are held in place by two plates,
that can be placed at a constant distance (see S2 Appendix).
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Supporting information

S1 Appendix. Extended methods. Additional information for the methods.
(PDF)

$2 Appendix. Planar simulation results. Planar simulations (3D cells in a 2D plane) that show
the effect of individual mechanical parameters on a circular row of cells with 64 cells that sim-
ulate a cross section through a blastula. Here the effect of the timing of constriction, constric-
tion factor, adhesion region, cell stiffness and number of endodermal cells on the cell length
and the final shape of the gastrula is shown.

(PDF)

S1 Fig. Constriction modes in endodermal plate, adhesion region of 20-65%. Time series of
endodermal plates with 83 cells. Time interval between constricting cells 500 time units. The
shapes that the plates adopted became more extreme.

(PDF)

$2 Fig. Constriction modes in endodermal plate, adhesion region of 20-100%. Time series of
endodermal plates with 83 cells. Simultaneous constriction, edge cells constrict first, and cen-
ter cell constricts first. Time interval between constricting cells 100 time units. These results
resemble the results with an adhesion region of 20-65% and 100 time units interval between
constricting cells.

(PDF)

S3 Fig. Cell area. This figure shows the initial round cell, the center ectoderm cell, the center
endoderm cell, and a blastoporal lip cell of Fig 5C. The areas increase depending on the shape,
which depends on the position in the gastrula.

(PDEF)

S1 Graph. Apical area graphs. The graphs show the effect of apical constriction in an embryo
with a rectangular plate.
(PDF)

S$1 Video. Movie of Fig 5A. The different blastula sizes (32-1024) with a uniform cell stiffness
constrict the endodermal plate.
(MP4)

S2 Video. Movie of Fig 7A-7E. Different plate shapes are used for the constricting endoder-
mal plate.
(MP4)

$3 Video. Movie of planar simulations of Fig D, S2 Appendix. The constriction factor of

the apical area is made smaller for each planar blastula. The largest factor blastula (top left)
remains bowl-like. The smallest constriction factor (bottom right) creates a stronger concave
shape and the blastula invaginates faster.

(MP4)

S4 Video. Movie of planar simulations of Fig G, S2 Appendix. The number of endoderm cells
in the planar blastulas is increased, from 8-26. Showing that this influences the alignment of
the layers and the filling of the blastocoel space.

(MP4)
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S1 Table. Parameters used for 3D simulations in Figs 4-5.
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S2 Table. Parameters used for 3D simulations in Figs 6-7.
(PDF)

$3 Table. Parameters used for 3D simulations in Fig 7F-7K.
(PDF)

$4 Table. Parameters used for simulations in Fig 3, Figs A,B,D-G, S2 Appendix.
(PDF)
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