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Overview
ÅModelling gene regulation

ÅThe sea anemone Nematostellavectensiscase 
study modelling gene regulation

ÅCell-based modelling of gastrulation in 
Nematostellaand the hydrozoan Clytia
hemisphaerica

ÅBiomineralization in the scleractiniancoral 
Acropora millepora

ÅModelling calcification physiology in corals

ÅMorpologicalplasticity and the physical 
environment in corals

ÅModelling growth and form of corals (e.g
Madracissp.) and the impact of the physical 
environment 



Nematostella vectensis(top) / Acropora

millepora(bottom) (Ball et al., Nature 

Reviews Genetics: 567, 2004)



Growth of corals: a multiscale problem

Macromorphology
cm ς m
months ς years 

Micromorphology
˃Ƴ ς mm; days - weeks

cell physiology
1 ς мл ˃ƳΤ ƴǎ - hours  

molecular physiology
Å ς nm; s - mins

tissue physiology
1 ς млл ˃ƳΤ ƴǎ -˃ǎ



Great Barrier Reef Australia I



Great Barrier Reef Australia II



Scleractinian corals



Coral polyps



Coral polyp with symbiotic algae 

(zooxanthellae)



Coral bleaching I (van Oppen, 2005)



Coral bleaching II



Coral bleaching III



Calcification and C02



Acidification of oceans I



On concretions, spicules, and specular skeletons 

(D.W Thompson, 1942)



Central concept of a model 

of biomineralization in a   

confined space

The cell physiology is controlling the 

concentrations of the inorganic 

components by channels, exchangers 

and pumps. Gene regulation controls 

the release of organic components in 

the system. The actual place of the 

biomineralization is confined (located 

in vesicles in unicellular organisms or 

outside the cell in multicellular 

organisms). In the confined space the 

biomineralization is controlled by the 

concentrations of inorganic agents and 

the interaction with the organic matrix



What do Acropora skeletal proteins tell us 

about coral biocalcification ?

ÅP. Ramos-Silva, F. Marin, J.A. Kaandorp, 

and B. Marie, PNAS, 3ï5. 2013

ÅP. Ramos-Silva J.A, Kaandorp, L. Huisman, 

B. Marie, I. Zanella-Cléon, N. Guichard, 

D.J. Miller and F. Marin, Molecular 

Biology and Evolution,  2013



Powder
< 200 µm

Organic matrix extraction in the scleractinian coral Acropora millepora

(Ramos-Silva et al., Molec. Biol. Evol., 2013)
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Mass spectrometry analysis of the Organic matrix

Protein 

samples:

ASM 

AIM

Trypsin 
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Proteins are denatured,
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Protein analysis: distribution of functions from 

proteins of the Acidic Soluble Matrix

Extracellular matrix/Adhesion

proteins

Orphan proteins

Enzymes

Acidic proteins

Surface receptors/Signaling

Transport

Carbohydrate binding

G-coupled receptor

21



ω 
LDL/Fibronectin 

ω Ras/GTP
binding protein

ω Receptor 
for REJ-likeω SCP-like 

extracellular protein

ω Galaxin

ω ZP-like

ωG-coupled receptor

ω ECM-4

ωIg-like

ωUncharacterized 
proteins (6)

ω Proteases (3)

ωThr-rich

ωCupredoxin

ωLectin

ωGlu-rich

ωAsprich-1
ωsap1

ωECM-like,-2, -3

ωAsprich-2

ωCUB (2)

ωsap1-like

ω Thr-rich/TSP
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In vitro interaction of Acid Soluble Matrix with CaCO3
(Ramos-Silva et al., Molec. Biol. Evol., 2013)
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Conclusions

ÅFirst attempt to fully characterize the 

organic matrix of a reef coral using 

proteomics together with the available 

genomic resources

ÅIn vitro interaction of Acid Soluble Matrix 

with  CaCO3  shows that the crystallization 

process is strongly influenced



Modelling calcification physiology in a 

confined space

ÅH.F. Willard, E.S.Deutekom, D. Allemand,

S.Tambutté, J. A.Kaandorp, Testing 

hypotheses on the calcification in 

scleractinian corals using a spatio-temporal 

model that shows a high degree of 

robustness, Journal of Theoretical Biology, 

Volume 561, 21 March 2023

https://www.sciencedirect.com/journal/journal-of-theoretical-biology
file:///D:/D101121-laptop2/D/yksityinen/CV12/Volume 561


Coral calcification 
ÅEnhanced Calcifying 

Medium (ECM)

ïLocated between tissue 

and skeleton

ïBiomineralization 

ïStrong biological control 

ïHigh calcification 

ïIncreased pH and Ca2+-

concentration

ÅLight-enhanced 

calcification (LEC)

ECM



Many hypotheses! 
Å Hypotheses ion-transport, reviewed by Allemand et al. (2011): 

ï Only paracellular (passive) transport

ï Only transcellular (active) transport

ï Combination of paracellular and transcellular transport 

Å Hypotheses on Light-Enhanced Calcification 

ïModification of the CO2 -chemistry within coral tissues caused by CO2 

uptake for photosynthesis (Goreau, 1959, McConnaughey and Whelan, 

1997)

ï Increased available energy, simulating ion-transport. (Fukuda et al., 2003, 

Colombo-Pallotta et al., 2010)

ï Stimulation respiration by more available O2 (Rinkevich and Loya, 1984)

ï Removal of inhibiting substances (Simkiss, 1964)

ï Synthesis by symbionts of organic matrix moleculesor precursors 

(Muscatine and Cernichiari, 1969)

ï Stimulation Ca2+-ATPase in light conditions (Al-Horani et al., 2003, 

Taubner et al., 2019)



Spatio-temporal modelling 

ÅModelling technique using both time and space

ÅUsed to test and create hypotheses

ÅSpatio-temporal experimental data

ÅMicroscopy in combination with pH-sensitive dye 
(Venn et al. 2011)

ÅMeasurements with microsensors (Al-Horani et al. 
2003)

ÅMorespatio-temporal data (e.g. Ca 2+ concentrations)



Calcification model

Å Topology is as simple as possible! 

ïCell layers are combined

Å Reaction-diffusion model:                  

CO2-chemistry (Zeebe et al. 2001)

ïH+/OH-

ïCO2/HCO3
-/CO3

2-

ïB(OH)3/B(OH)4
-

Å Only CO2 diffuses over cellmembrane

Seawater

Skeleton

Coelenteron



ÅPhotosynthesis 

ÅRespiration

ÅActive ion-transport 

ÅCarbonic Anhydrase 

(CA)

ÅCalcification

Calcification model 

Light 

dependent 

processes 

HCO3
-



Å Spatial model considering chemical processes controlling the 
chemical composition of the ECM. 

Å Both diffusion (spatial information) and chemical reactions. 

Å Can we create a simple spatial model that reproduces data from 
in vivo measured data (e. g. Al Horani 2003) of the ECM in reef 
building corals? 

Å Can we, using this model, gain a better understanding on how 
the coral keeps the ECMôs chemical composition favorable for 
calcification?

Å Can we, using this model, reproduce the light-dark dynamics 
that are the effect of LEC?

Modelling approach I



ÅSpatial Reaction-Diffusion model

ïIncluding CO2-chemistry based on the system 
of Zeebe and Gladrow (2001)

ÅSimple topology

ïCell membranes only permeable by CO2

ïCalcification at skeleton boundary

ïSeawater constant concentrations

Modelling approach II



Modelling approach III



ÅSystem reaches steady state 

ïFlux of Ca2+-ATPase equals calcification rate

ïCO2 ï diffusion equals calcification rate  

Modelling approach IV



ÅWe assume that, for every biologically relevant set of 
parameters, there exists at least one stable equilibrium 
point for which the concentrations in the ECM are 
constant. The latter also for biologically relevant ranges. 

ÅThe chemical concentrations corresponding to this 
equilibrium point are assumed to be controlled by the 
Calicoblastic cells. 

ÅBy understanding how this stable point is controlled, we 
might be able to simulate the light-dark dynamics as 
observed by, among others, Al-Horani (2003). 

Modelling approach V



Å System shows one stable point
ï {DIC*, TA*} = {3.1 mM, 4.6 mM}

Å These values correspond with literature 
10 14

ïɋ* = 24.1

Å Stable points seems global
ï not formally proven 

Å Steady state is analyzed by changing
ï Jex

max

ï Rresp

ï E(CA)tot

Steady state of the model



Calcification model results 

ÅModel (solid black line)can reproduce 

experimental data(red areas)(Al -Horani et 

al. 2003)for light and dark (grey shade) 

conditions

ÅModel is robust, essential for biological 

models (Kitano et al. 2002)



Testing hypotheses using 

calcification model

CA is essential for

CO2 supply to ECM 

Controls pHECM 

Limited effect on 

Calcification rate 

Influx CO 2 rate-determining 

step

Effect of photosynthesis 

on [DIC] ECM is limited 

Only paracellular transport 

insufficient for calcification  



Conclusions 

Å The effect of paracellular transport was limited in the model. Only 

paracellular transport does not sufficiently supply ions to the ECM 

for calcification. 

Å Carbonic Anhydrase is essential for the CO2-supply into the 

modelôs ECM. 

Å Light-enhanced calcification was the result of two processes: more 

available respirational CO2 and increased activity of   Ca2+-ATPase. 



Morphological plasticity in 

scleractinian corals: examples



The scleractinian coral 

Montastrea annularis1m

22m

30m

25m



The stony coral Madracis mirabilis

6m

15m

20m



The stony coral Pocillopora damicornis; a range from very 

sheltered ï very exposed (top left to right bottom) (after Veron 

and Pichon 1976)



Acropora digitifera low flow morphology



Acropora digitifera high flow morphology



Survival of Acropora digitifera for high and low flow 

velocities (Nakamura & van Woesik, 2001)



Symmetry in the colony shape of 

the scleractinian coral 

Pocillopora verrucosa 

(experiment by Mass & Genin, 

2008)



Symmetry of colony shape
ÅIs morphological plasticity in corals genetically 

controlled or influenced by external factors? Growth of 

the coral Pocillopora verrucosa under the influence of 

uni-directional current.

Mass et al., 2010



Symmetry in Pocillopora verrucosa 

(experiment by Mass & Genin 2008)
A-symmetrical form (uni-directional

flow

Symmetrical form



Research Questions
}Research question 1: Is the 

symmetry found in coral 

colony  determined  by 

symmetry in the flow rather 

than intrinsic control by the 

coral?

}(Additional) Research 

question 2: Is a local 

increase of O2 

concentrations produced by 

photosynthesis the cause of 

bleaching under low flow 

conditions?

CT scan Pocillopora 

verrucosa (from 

experiment by Mass & 

Genin 2008) 



Radiate accretive growth in 

scleractinian corals and sponges: 

growth layers and surface structure 

of a growth layer



Growth layers in 3D images of 

corals (Montastrea annularis)



Radiographs of slices through the 

scleractinian Porites porites (after 

Tissier et al., 1994)



Surface view of the scleractinian 

Montastrea annularis



Modelling the influence of the 

physical environment (diffusion, 

light, hydrodynamics) on 

calcification



Central concept of accretive growth 

ÅLayers of material are 
deposited on top of the 
previous ones. The 
previous layers remain 
unchanged

ÅThe local thickness of a 
new growth layer is 
determined by the local 
absorption of nutrients / 
local light intensity 
along the surface normal 
vector



Simulation of radiate accretive growth: 

1. a new layer of triangles is constructed on top of a previous one 

2. The previous deposited layers remain unchangend

3. the triangles are organized in polygons

4. The thickness l of a new layer is determined by the local 

amount of absorption of nutrient / light along the mean surface 

normal vector



Accretive growth: initial object



Insertion/fusion rules
Two subsequent meshes



insertion fusion

Insertion and fusion rules
Consequences for triangle mesh



Coupling accretive growth model 

and diffusion / light model

Light 

direction

Corresponds 

to vertical



Modelling diffusion-limited growth

ÅThe thickness of a new layer ὰ, the distance between two 

successive vertices ὠὭand ὠὭ+1, is computed by using the 

growth function: 

Åwhere ὲis the average normal vector in vertex ὠ and  the is 

the amount of absorbed simulated nutrients and ί is the 

maximal thickness of the growth layer.



Accretive growth: layered deposition of 

material (diffusion limited growth)



geomr0

Accretive growth: layered deposition of 

material (diffusion limited growth)
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