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We present a mathematical model of the genetic regulation controlling skeletogenesis and the influence of
the physical environment on a branching sponge with accretive growth (e.g. Haliclona oculata or
Lubomirskia baikalensis). From previous work, it is known that high concentrations of silicate induce spicule
formation and upregulate the silicarein gene. The upregulation of this gene activates locally the production
of spicules in the sponge and the deposition of the skeleton. Furthermore, it is known that the expression of
the gene Iroquots induces the formation of an aquiferous system, consisting of exhalant and inhalant pores.
We propose a model of the regulatory network controlling the separation in time and space of the
skeletogenesis and the formation of the aquiferous system. The regulatory network is closely linked with
environmental influences. In building a skeleton, silicate is absorbed from the environment. In our model,
silicate is transported by diffusion through the environment and absorbed at the surface of a geometric
model of the sponge, resulting in silicate gradients emerging in the neighbourhood of the sponge. Our
model simulations predict sponge morphology and the positioning of the exhalant pores over the surface of
the sponge.
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1. INTRODUCTION
Within the metazoans, sponges represent the phylum with
the simplest body plan (Pilcher 2005). This makes these
organisms an excellent case study for understanding
morphogenesis and the physical translation of the genetic
information into a growth form, using a combination of a
geometric model of the growth form and a model of the
spatial and temporal expression of developmental genes.
In sponges, only species (as, for example, Haliclona
oculara and Lubomirskia baikalensis) with a certain kind of
skeletal architecture can develop erect tree-like growth
forms (Kaandorp & Kubler 2001; Kaluzhnaya ez al.
2005a,b), as shown in figure la. The skeletal architecture
emerges in an accretive growth process where the
individual skeleton elements (the spicules) are arranged
in a radiate accretive architecture (Wiedenmayer 1977).
In this growth process, growth occurs only at the tip of the
sponge, where new layers are deposited on top of the
previous layers, while the previous growth stages remain
unchanged. An example of this architecture is shown in
figure 15. In some Haliclona species (Haliclona simulans),
the spicules in the growth layers are arranged in triangles,
and in H. oculata the spicules are arranged in a polygonal
pattern, which can be subdivided again in a triangular
pattern (for detailed drawings of the spicule architecture in
Haliclona species, see Kaandorp & Kubler 2001).
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Recently, new details (Adell ez al. 2003; Le Pennec et al.
2003; Muller et al. 2003, 2004; Perovic et al. 2003;
Schréder er al. 2007) about the genetic regulation of
growth and form of sponges have become available,
including evidence for spatial and temporal gradients of
morphogens controlling the growth in a positional
information system. The regulatory network, together
with environmental influences, controlling the formation
of the skeleton and the aquiferous system in a sponge is
summarized in figure 2a. The genes (gene products) and
the external environment influence the two major
biomechanical processes shaping the sponge: the depo-
sition of the skeleton and the formation of the aquiferous
system. Triangular arrows indicate activation of a gene or
process, while blocked arrows indicate suppression of a
gene or process.

For building a skeleton, two species of silicate (silicic
acid) are absorbed by the sponge from the environment.
Silicate is transferred over the diffusive boundary layer
around the sponge and locally silicate is depleted. When
there is a constant supply of silicate from the environment
and the silicate is continuously being absorbed, silicate
gradients will emerge in the direct neighbourhood of
the sponge.

High concentrations of silicate (or ferric ions) induce
spicule formation and upregulate the silicazein, collagen and
myotrophin genes (Le Pennec et al. 2003). The upregula-
tion of the genes activates the production of spicules in the
sponge and leads to deposition of the skeleton. The second
major morphogenetic event is the construction of
the aquiferous system together with the formation of the
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Figure 1. (a) Growth form of the sponge H. oculata showing the distribution of the growth zones at the tips and the exhalant
pores over the surface of the sponge. (b) Section through a branch of the sponge H. oculara in which all soft tissues have been
removed showing the radiate accretive architecture of the skeleton.

exhalant pores. The aquiferous system is constructed, only
after the skeleton has been built. The expression of the
gene Iroquois is induced by increased water current and
activates the formation of exhalant pores and the aquiferous
system (Perovic et al. 2003; Miiller et al. 2004). During the
formation of this aquiferous system, some material has to
be removed from the original skeleton and skeletogenesis is
stopped in the regions of the sponge where the aquiferous
system is formed. Exhalant pores are formed at more or less
regular distances from each other (figure 1a), this suggests a
feedback mechanism preventing Iroquois from being
expressed everywhere on the surface, which would lead to
a disintegration of the sponge. The regulator suppressing
Iroquots is not yet known. Furthermore, both the skeleto-
genesis and the formation of exhalant pores are processes
occurring more or less at the surface of the sponge. It has
been demonstrated in the sponge Suberites domuncula that
the gene Frizzled works as a polarity factor in the sponge
(Adell et al. 2003). In S. domuncula, Frizzled is expressed at
the surface of the sponge. It is hypothesized here that
Frizzled works as a positional information system, indicat-
ing the ‘upward’ direction (the direction towards the
external environment in a branching sponge).

In this study, we have translated the observations and
hypotheses discussed above and which are summarized in
figure 2a, into a mathematical model, with the aim to test
the idea whether this knowledge is sufficient to predict the
body plan and morphology of the sponge.

2. MATERIAL AND METHODS

(a) The sponge Haliclona oculata

The sponge H. oculata was used as a case study for our
model. All materials shown in this paper were collected in
the eastern Scheldt in The Netherlands. Details on environ-
mental conditions are provided elsewhere (Kaandorp &
de Kluijver 1992).
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(b) Model of accretive growth and environment

In the model, we have simplified the environmental influence
and assumed that the accretive growth process is entirely
determined by a diffusion-limited supply of silicate and the
influence of water current is neglected. In reality, this
describes a physical environment under stagnant conditions.
Although this is a major simplification, in some cases the
sponge H. oculata may grow at very sheltered and almost
stagnant locations (Kaandorp & de Kluijver 1992). The
growth velocity of the sponges (approx. 1-2 cm in one month;
see Kaandorp & de Kluijver 1992) is much slower compared
with the diffusion process. The distribution of silicate in the
environment will be in a steady state with a source of silicate
and absorption of silicate at the surface of the sponge. The
distribution of silicate can be modelled by a Laplace equation

Vzpsilicate(x) =0. (21)

To model the growth process, we have used a diffusion-
limited accretive growth model that can lead to the
spontaneous formation of branches (Merks er al. 2003;
Kaandorp er al. 2005). The growth process is modelled as a
surface-normal deposition process, where new material is
deposited along the normal vectors that are constructed on
the surface of the previous growth stage. In the model, the
growth layers are represented by layers of triangles. A small
detail of the model is shown in figure 2b, where a new layer of
triangles (layer ¢+ 1 with vertices ;) is constructed on top
of the previous layer (layer ¢ with vertices ;). We based the
simulation model on the hypothesis that silicate is the main
limiting factor in skeletogenesis, and growth is limited by the
local amount of silicate available to the sponge. The nutrient
distribution was simulated using a lattice-based diffusion
model (for a more detailed description of this model see
Kaandorp et al. 2005). The diffusion model was coupled to
the accretive growth model, by mapping the geometric
representation (the layers of triangles) onto a lattice of 200>
nodes (figure 2¢). The lattice representation was used for
computing the gradients around the simulated growth form.
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Figure 2. (a) Regulatory genes (rectangular boxes) and
(external) environmental influences (round-edged boxes)
controlling the two major morphogenetic biomechanical
processes, viz. the deposition of the skeleton and the
formation of exhalant pores and the aquiferous system in a
sponge through removal of material. Triangular arrows
indicate activation of a gene or process, while blocked arrows
indicate suppression of a gene or process. Only the shaded
components in the diagram have been included in the model.
(b) Small detail of the accretive growth model showing the
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After the gradients have been computed, the normalized flux
of nutrients Ff1 into the sponge surface can be calculated.

The simulated skeleton is constructed from discrete and
nearly equal-sized elements (the spicules) with basic unit size s.
The surface is covered with triangles with almost equal-sized
edges, varying slightly about this basic unit s. Triangles that
become very large when the growth layer is expanding split
up into new ones, while the small ones in a shrinking growth
layer are deleted. In figure 2b, it can be observed that a
number of triangles in the previous layer 7 have split up into
smaller ones during the construction in layer ¢+1. For
further details about the splitting up and deletion of triangles,
we refer to a previous paper on the accretive growth model
(Merks et al. 2003). The linear extension rate of the
simulated skeleton is driven by the amount of absorbed
simulated silicate. The thickness of a new layer /,,;, the
distance between two successive vertices V; and V., from
the previous growth layer ¢ and the new growth layer :+ 1 are
computed using the growth function

li+l — niijsilicateS’ (22)

where n, is the normal vector in vertex V; (the average of the
normal vectors of the surrounding triangles); Ffﬂicm is the
normalized amount of absorbed silicate in an area around
vertex V3 and s is the maximal thickness of a growth layer
(the length of an individual spicule). In this growth function,
we assume a linear relationship between the local amount of
deposited material and the local amount of absorbed silicate

from the environment.

(¢) Regulatory network model

In our model, we have tried to simplify the network of
figure 2a as much as possible; the aim here was to have a
network model that can predict some aspects of the body plan
formation and still can be investigated by numerical
simulation. In §2b, we explained the first simplification step
where we model the influence of the physical environment as
a diffusion-limited process. We have simplified the genes
involved in the regulatory network of figure 2a into a system
consisting of four genes: silicatein; Frizzled; Iroquois; and an
inhibitor of Iroquois (all components included in our model
are shaded in figure 2a). In this simplification, we have
lumped all influences of the genes involved in the deposition
of the skeleton into one gene, viz. silicatein. This gene plays
the central role in this process. In the model, Frizzled is only
expressed at the surface of the sponge. We hypothesize that
only in the presence of (a constant amount of) Frizzled, the
other gene products can be activated. Therefore, all simulated
interactions take place only at the sponge surface. In the

construction of a new layer (layer i+ 1) on top of the previous
layer (layer 7). The thickness /;;; of the new layer and the
distance between the vertices I; and V/;, | are determined by
the growth function in equation (2.2). (¢) Basic idea of the
coupled simulation model. The simulated form consisting of
triangulated growth layers is mapped onto a discrete lattice.
The discrete representation is used for computing the
diffusion model and the flux of nutrients into the sponge
surface. Simulated silicate is exclusively distributed by
diffusion, and the top plane is the source of silicate, while
all silicate is absorbed at the surface of the growth form and
periodic boundary conditions are applied at the vertical faces
of the simulation box.
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model, silicatein product (si), Iroquois product (irg) and the
inhibitor of Iroquois (inh) can freely diffuse over the sponge
surface, not hindered by cells, spicules or other sponge
structures. It should be noted here that in the network,
skeletal growth can only be downregulated by decreasing
environmental silicate concentrations and is not influenced by
Iroquors or its inhibitor.

After determining the amount of silicate absorbed by the
area around each vertex of the mesh object in the accretive
growth model, a system of coupled differential equations is
used to simulate the regulatory network controlling the
formation of the exhalant pores. Three gene products are
considered: silicatein (sil); Iroquois (irq); and an inhibitor of
Iroquois (inh). The amount of silicarein is set equal to the
amount of normalized absorbed silicate at each growth step.
Iroquots is produced when the concentration of silicatein drops
below a certain threshold. The third gene product inhibits the
production of Iroquois. To simulate the expression pattern of
Iroquois, we use a Gierer—Meinhardt model (1972) for the
production of Iroquois and the inhibition of Iroquois. Equation
(2.2) describes the regulatory system

dp(x, 1)
ot
where p = (p;g. pins,) are the concentrations of Iroquois and its
inhibitor, respectively; x is a two-dimensional spatial variable
on the surface; ¢ is time; and D and A are the diagonal matrices
with the respective diffusion and decay coefficients. The first
term in the equation describes the diffusion of the gene
products over the sponge surface. Decay of the products is
modelled by the second term, while the third term governs
the reaction between the gene products. In addition, Iroquois
is suppressed by silicatein, which is due to the absorption
process predominantly present at the top of the branches. To
obtain a regular pattern of Iroquois in the regions below the
top of the branches, the diffusion coefficient for Iroquois is
much smaller than that for the inhibitor of Iroquois.
Furthermore, Iroquois has a negative regulation by the
inhibitor and a positive autoregulation, while the inhibitor is
positively regulated by Iroquois. Equations (2.4) and (2.5)
specify the production of activator (Iroquois) and inhibitor,
respectively. In case the local silicatein concentration p; is
below the threshold d,;, we apply the normal production rule
for Iroquois. Otherwise, we set the production term in the
Iroquois equation to zero as a simple way of simulating strong

inhibition by silicatein,
klptzrq

inh

= DV?p(x, 1) — Ap(x, ) + R(p(x, 1)),

(2.3)

if (ps < 0gi) Ry =

nq

+k, else R,,=0, (2.4)

irq

Ry, = k3pig + kg (2.5)
The reaction—diffusion calculations are done after the silicate
absorption. We use a method for surface diffusion on
triangulated manifolds (Zemlin 2002) to update the concen-
trations of all the gene products at each iteration of the
reaction—diffusion processes on the triangulated growth layer.
After each growth step, equation (2.2) is solved until steady
state. Note that this approach implicitly assumes a separation
of time scales: a slow accretive growth and a fast reaction—
diffusion process in the surface of the sponge.

(d) Coupling the accretive growth model and

the regulatory network model

The coupling of the accretive growth model with the other
model components can be described in an algorithmic form
as follows:
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(1) initialization of the accretive growth model with a
spherical object,

(i) growth_step=0,

(iii) while (growth_step <max_growth_step) do,

(iv) map geometrical object onto the 2002 lattice,

(v) compute diffusion silicate until steady state (equation
(2.1)) using the lattice representation,

(vi) compute thickness new growth layer (equation
(2.2)), and construct a new growth layer geometric
model,

(vil) compute regulatory network on the surface using a
new geometric model (equations (2.3)—(2.5)), and

(viii) growth_step =growth_step+1.

3. RESULTS AND DISCUSSION

In figure 3, a series of successive growth stages of the
simulated sponge is shown; the light blue spots with a
relatively high upregulation of Iroquois indicate the future
positions of the exhalant pores. The simulation is
initialized with a small spherical triangulated object
consisting of 2562 vertices (figure 3a). Furthermore,
there is a constant source of silicate at the top plane in the
three-dimensional simulation box and silicate is absorbed
at the surface of the simulated growth form and at the
bottom of the simulation box (figure 2¢). In figure 3, there
is a clear separation in time and space of the growing zones
(dark blue regions at the tips without spots, where silicatein
is expressed and Iroquois is suppressed) and the zones
where exhalant pores are formed. Growth occurs in the
dark blue regions without spots where relatively high
concentrations of environmental silicate activate silicazein.
The gene product of silicatein is produced near the surface
(with high concentrations of Frizzled product) and diffuses
through the sponge. As soon as the growth process
stops when the silicate concentration is nearly depleted,
the silicatein gene is suppressed and the Iroquois gene
is activated.

In figure 3, it can be observed that under the diffusion-
limited conditions, we get a branching object. Under the
diffusion-limited conditions, the accretive growth model
produces branches as an emergent phenomenon (Merks
et al. 2003); there are no explicit branching rules in the
model. In section, the model displays a radiate accretive
architecture comparable to the structure shown in figure 156
(an example of a section through the accretive growth
model is shown in figure 4). In figure 3, the growing zones
are visible as dark blue regions without light blue spots. An
exception can be seen at the lower left branch, which is
shielded by the other branches; growth stopped due to a
local depletion of silicate and suppression of Iroquois is
stopped, leading to the formation of exhalant pores on the
tip. This phenomenon can also be observed in actual
sponges (an example is shown in figure S1 of the electronic
supplementary material). The exhalant pores are formed
near the surface (with high concentrations of Frizzled
product). Since Iroquois is suppressed by silicatein, the
formation of exhalant pores can only occur at low silicatein
product concentrations. In the simulations, the positions of
exhalant pores are formed at more or less regular equal
distances. In figure3.mov of the electronic supplementary
material showing the entire development in time of this
object, it can be seen that the spots indicating the future
exhalant pores only appear below the growing tips and the



Modelling genetic regulation in sponges

J. A. Kaandorp er al. 2573

(b) i
| *

¥
¥
¥

Figure 3. Simulated growth forms and body plan of a
branching sponge after respectively (a) 0, (b) 17, (¢) 34,
(d) 51, (¢) 68 and (f) 84 construction steps. The light blue
spots indicate relatively high concentrations of Iroquois and
mark the future positions of the exhalant pores. An animation

of this object is provided in figure4.mov of the electronic
supplementary material.

d)

position of the spots does not change in time. In actual
sponges, the position of the exhalant pores also remains
fixed. The model also predicts the position of a new pore if a
pore is removed in an experiment or if the space between
neighbouring pores becomes too large.

In our simulations, we have hypothesized a feedback
system, where an Iroquois inhibitor is controlling the
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Figure 4. Section () through an object (@) simulated with the
accretive growth model under diffusion-limited conditions.
The radiate accretive architecture can be constructed by
tracing the growth trajectories of the nodes of the triangles on
the surface within the successive growth layers.

positions of the spots with high Iroquois expression.
Without some feedback mechanism controlling the
distance between neighbouring exhalant pores, activation
of Iroquois would lead to the removal of the material
everywhere at the surface. Although we have selected the
simplest system producing a stable pattern of spots in
space in time, the simulated pattern in figure 3 resembles
the pattern of exhalant pores in sponges, as shown in
figure la. Although the molecular evidence that Iroguois
and its inhibitor interact in the way as described by our
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Table 1. Parameters of the regulatory network model
described in equations (2.3)—(2.5).

parameter value description

Ot 0.025 stlicatein—Iroquots suppression
threshold value

D,, 5%X107° diffusion constant for Iroquois

D, 1x1072 diffusion constant for the

inhibitor of Iroquois
Airg 0.1 decay parameter for Iroquois

Aink 0.11 decay parameter for the
inhibitor of Iroquois

kq 0.1 Gierer—Meinhardt model
parameter

ko 0.01 Gierer—Meinhardt model
parameter

ks 0.1 Gierer—Meinhardt model
parameter

ky 0.001 Gierer-Meinhardt model
parameter

model is absent, our model presents a number of testable
predictions on the positioning of the exhalant pores over
the sponge morphology.

In the absence of quantitative data on the interaction
between Iroquois and its inhibitor, results from Gierer—
Meinhardt models have to be interpreted carefully. It has
been shown by several authors (see Koch & Meinhardt
1994) that such systems are capable of producing a large
variety of patterns observed in organisms.

In the case of the sponge H. oculata with its large variety
in complex-shaped growth forms (Kaandorp & Kiubler
2001) under different environmental conditions, it is
conceivable that a relatively simple mechanism, which is
effective in a large range of morphologies as presented
above, is controlling the positioning of the exhalant pores.
Our model predicts the existence of a diffusible inhibitor
of Iroquois. Iroquois genes (Iro) play a major role in pattern-
ing the nervous system in vertebrates. Iro genes show a
complex interaction with Wnt and BMP4 signalling
pathways, where they act as antagonists (Cavodeassi
et al. 2001). The diffusible inhibitor might be a product
stemming from the Wnt or BMP4 signalling pathway.
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for their constructive comments on the manuscript. We
would like to thank S. L.. M. Kaandorp for her help in creating
the illustrations. This work is supported by grants from The
Netherlands Organization for Scientific Research
(635.100.0.10) and the EC (MORPHEX, NEST contract
no. 043322).

APPENDIX A. PARAMETERS REGULATORY
NETWORK MODEL

Table 1 describes the parameters used in equations
(2.3)—(2.5) in the regulatory network model. In a paper
by Koch & Meinhardt (1994), an analysis has been done
of the Gierer—-Meinhardt model. Our regulatory network
model corresponds to their model used for the insertion of
new maxima of activator during growth. The authors
demonstrate that pattern formation requires a parameter
setting where D;,,>> D;,, and A;,,> ;.55 in our case, we
used a similar parameter setting and the additional
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constraint that the model reaches a steady state. In the
parameters.pdf of the electronic supplementary material,
we show additional experiments for different parameters
settings. It should be noted here that these parameter
values are arbitrary and not based on experimentally
measured quantities.
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