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Overview

A Modelling gene regulation

A The sea anemoréematostellavectensisase
study modelling gene regulation

A Cell-based modelling of gastrulation in
Nematostellaand the hydrozoa@lytia
hemisphaerica

A Biomineralization in thescleractiniarcoral
Acroporamillepora

A Modelling calcification physiology in corals

A Morpologicalplasticity and the physical
environment in corals
A Modelling growth and form of coralg (g

Madracissp) and the impact of the physical
environment



Nematostella vectengi®p) /Acropora
millepora(bottom) (Ball et al., Nature
Reviews Genetics: 567, 2004)




Growth of corals: a multiscale problem
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Great Barrier Reef Australia |
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Scleractinian corals
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Coral polyps




Coral polyp with symbiotic algae
(zooxanthellae)
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Coral bleaching | (van Oppen, 2005)




Coral bleaching Il
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Calcification and C9

photosynthesis

COy+ HyO — CHy0 + O (1)

respiration

CHy0 + 03 — GOy + Hy0 (2)

calcification

Ca®t +2HCO; — CaCO3+CO2+ HyO (3)

equilibrium reaction

COy+ HyO = HY + HOOg (4)




Acidification of oceans |
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On concretions, spicules, and specular skeleto
(D.W Thompson, 1942)

Fig. 315. Various holothurian spicules. After Théel.

Fig. 323. Actinomma arcadophorum Hkl.

g, 313. Spicuies of Grantia and other calcareous sponges.
After Haeckel.

Fig. 317. Spic inellid s . After F. E. Schultze.

it

Figz. 320.  Arenaccous Foraminifera; Astrorhiza limicola and arenaria.
From Brady’s Challenger Monograph.

B 116 Lithestrotion Martini. Fig. 191, Cyathophyllum hezagonum.
Adter Nicholson. From Nicholson, after Zittel.

Fig. 328.. A Nasscllarian skeleton, Callimitra agnes |
(0-15 mm. dinmeter).

Vi, 192, Arachnophyllum pentagonum. Fig. 103. Heliolites. After Woods.
After Nicholson.

Fig. 314. Spicules of tetracti-
Fig. 338. Rudiolarian skcletons, after Hacckel. 1. Podocyrtis magnifica. 2. Lyclnocanna sp. nellid sponges (after Sollas).
3. Tripocyrtis sp. (x c. 200 diam.). a-¢, anatriaenes; df, pro-

trinenes.




Central concept of a mode
of biomineralization in a
confined space

Kl The cell physiology is controlling the
rsiistion moge concentrations of the inorganic
components by channels, exchange
cal- sateel- and pumps. Gene regulation control;
i a the release of organic components il
the system. The actual place of the
biomineralization is confined (locatel
In vesicles in unicellular organisms c
outside the cell in multicellular
organisms). In the confined space th
biomineralization is controlled by the

= [ concentrations of inorganic agents a
= M ) the interaction with the organic matri

Predicted biomineral structures Models of interaction organic
matrix and biomineralization




What doAcroporaskeletal proteins tell us
about coral biocalcification ?

A P. RamosSilva, F. Marin, J.A. Kaandorp,
and B. Marie, PNAS, 3. 2013

A P. RamosSilva J.A, Kaandorp, L. Huisman,
B. Marie, |. ZanellaCleon N. Guichard,
D.J. Miller and F. Marin, Molecular
Biology and Evolution, 2013



Organic matrix extraction in the scleractinian céatopora millepora
(RamosSilva et al., Molec. Biol. Evol., 2013)

NaOCl E NaOCl
(5%, Vv/v) R 4 (1%, viv)
/2 h ——re 5h
< 2P0
The organic matrix extraction:
* SN
" Centrifugation
AIM
" Firation
" Ultrafiltration
* Acid-solublematrix (ASM)
m V Acidinsolublematrix (AIM)



Mass spectrometry analysis of the Organic Ir

Protein

samples:
ASM
AIM

Protein
Identification

Proteins are denatured,
reducedand alkylated

Trypsin
digestion

Peptides - Mass Spectrometryj |




Protein identification

_
o = ..

data Acropora spp
Search Acropora
paramet digitifera
ers genome

Zooxanthellae

MASCOT % NCBI

Acropora millepora11)

W Acropora digitifera (24)

Acropora paimatd7)




Protein analysis: distribution of functions from
proteins of the Acidic Soluble Matrix

m Extracellular matrix/Adhesion
proteins
Orphan proteins

® Enzymes
Acidic proteins

m Surface receptors/Signaling

Transport

m Carbohydrate binding

21
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In vitro interaction of Acid Soluble Matrix with CaGO
(RamosSilva et al. Molec. Biol. Evol., 2013)

B20008 L D57 x1,0k 100um 0.1_20017 L D57 x1,8k 50um 0.5_10022 L D56 x1,0k 100um
blank 2 0.1 microg/ml 0.5 microg/ml

/{(}' .-

2_20046 L D59 x1,0k 100um 10_10064 L D59 x1,8k 50 um 20_10072 L D59 x1,0k 100um
2 microg/ml 20 microg/ml




Conclusions

A First attempt to fully characterize the
organic matrix of a reef coral using
proteomics together with the available
genomic resources

A In vitro interaction of Acid Soluble Matrix
with CaCQ shows that the crystallization
process is strongly influenced



Modelling calcification physiology in a
confined space

A H.F. Willard, E.S.DeutekomD. Allemand,
S. TambutteJ. A. Kaandorp Testing
hypotheses on the calcification In
scleractiniarcorals using apatictemporal
model that shows a high degree of
robustnesslournal 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
A Enhanced Calcifying
Medium (ECM)

I Located between tissue
and skeleton

I Blomineralzation

I Strong biological control

I High calcification

i Increased pH and €a
concentration

A Light-enhanced
calcification (LEC)




Many hypotheses!

A Hypotheses ioitransport, reviewed by Allemand et al. (2011):

Only paracellular (passive) transport
Only transcellular (active) transport
Combination of paracellular and transcellular transport

A Hypotheses on LighEnhanced Calcification

Modification of the CQ -chemistry within coral tissues caused by,CO
uptake for photosynthesis (Goreau, 1959, McConnaughey and Whelan,
1997)

Increased available energy, simulating-teemsport. (Fukuda et al., 2003,
ColombagPallotta et al., 2010)

Stimulation respiration by more availablg @inkevichand Loya, 1984)
Removal of inhibiting substanceSifnkiss 1964)

Synthesis by symbionts of organic matmoleculesoprecursors
(Muscatine andCernichiarj 1969)

Stimulation Ca*-ATPase in light conditions (AHoraniet al., 2003,
Taubnetret al., 2019)



Spatiectemporal modelling

AModelling technique using both time and space
AUsed to test and create hypotheses

A Spatietemporal experimental data

AMicroscopy in combination with pidensitive dye
(Venn et al. 2011)

AMeasurements with microsensors-Abrani et al.
2003)

AMore spatiotemporal data (e.g. Ca 2+ concentrations)



Calcification me2el

A Topology is as simple as possible!
I Cell layers are combined

A Reactiondiffusion model:
CO,-chemistry (Zeebe et al. 2001)

i HYOH
i CO/HCO,;/CO2
i B(OH)y/B(OH),

A Only CO, diffuses over celinembrane




Calcification model

A Photosynthesis
A Respiration
A Active iontransport

A Carbonic Anhyd ras
o [ =R
A Calcification o |

ca2+ Car. 2O co 4= (0,+ 1,0

ECM

Light @

dependent
processes




Modelling approach |

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

A Both diffusion (spatial information) and chemical reactions.

A Can we create a simple spatial model that reproduces data from
In vivo measured data (e. g. Abrani2003) of the ECM in reef
building corals?

A Can we, using this model, gain a better understanding on how
t he cor al keeps the ECMOS <che
calcification?

A Can we, using this model, reproduce the ligatk dynamics
that are the effect of LEC?



Modelling approach |

A Spatial ReactioiDiffusion model

I Including CQ-chemistry based on the system
of ZeebeandGladrow(2001)

A Simple topology
I Cell membranes only permeable by £O
| Calcification at skeleton boundary
| Seawater constant concentrations

100 pm

3 pm co,

& Mitochondrion l lf’L*h ) -
4 pm

CO,+H,0 —(:}—b CO;> + 2H*

(@ Ca?*-ATPase

Carbon Anhydrase



Modelling approach ll|

* Chemical composition ECM i1s controlled by

— Respiration 1n Calicoblastic cells

— Ion transport of Ca*"-ATPase

 Modelled as flux over Calicoblastic cells

[H]?[Ca* ey
Kex + [H_]z[caz_]ce]l

— Carbonic Anhydrase

* Jex:Jexm

[CO, ]
“Kea HCO,]

e Vea = E(CA) i k

eawater

I Coelenteron

\
& Mitochondrion 2 pm 5 > Calicoblastic cells

(@ Ca’+-ATPase

Carbon Anhydrase




Modelling approach IV

A System reaches steady state
I Flux of C#*-ATPase equals calcification rate
I CO, T diffusion equals calcification rate

T

N

fic




Modelling approach V

A We assume that, for every biologically relevant set of
parameters, there exists at least stadleequilibrium
point for which the concentrations in the ECM are
constant. The latter also for biologically relevant ranges.

A Thechemical concentrationsorresponding to this
equilibrium point are assumed to be controlled by the
Calicoblastic cells.

A By understanding how this stable point is controlled, we
might be able to simulatie lightdark dynamicss
observed by, among others,-Abrani(2003).




Steady state of the model|

A System shows one stable point
i {DIC*, TA*} = {3.1 mM, 4.6 mM} P PR

A These values correspond with literature
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Calcification model @ésults

A Model (solid black line¢an reproduce
experimental datéred areas(Al-Horani et

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

A Model is robust, essential for biological
models (Kitano et al. 2002)

Variables in ECM




Testing hypotheses using
calcification model

Scawatcr

Oral layer i

Ca>* 2H* + CO

]

Calcification

Only Paracellular transport

insufficient for calcification
Effect of photosynthesis
on [DIC] gy IS limited
Controls pHecwu

Limited effect on
Calcification rate

Influx CO , rate-determining
step

CAis essential for
CO:supply to ECM



Conclusions

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

paracellular transport does not sufficiently supply ions to the ECM
for calcification.

A Carbonic Anhydrase is essential for the ,&0Dpply into the
model 6s ECM.

A Light-enhanced calcification was the result of two processes: more
available respirational C{and increased activityf C&*-ATPase.



Morphological plasticity In
scleractinian corals: examples



The scleractinian core
Montastrea annularis

30m




The stony coraMadracis mirabilis

15m




The stony coraPocillopora damicornisa range from very

sheltered very exposed (top left to right bottom) (after Vel
and Pichon 197R)




Acropora digitiferalow flow morphology

XA Visualization Toolkit - OpenGL
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Acropora digitiferahigh flow morphology
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Survival of Acropora digitiferafor high and low flow
velocities (Nakamura & van Woesik, 2001)

~m- - Flow (50-70 cmvsec)
—&— Minimum flow (<3 crmysec)
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Figure 2. Percent survival (a)of Acropora digitifera
at elevated temperatures(b) while maintained under
high (50-70 cm/sec) and low (<3 cm/sec) flow
(Nakamura & Van Woesik 2001).




Symmetry in the colony shape of
the scleractinian coral
Pocillopora verrucosa

(experiment by Mass & Genin,
2008)



Symmetry of colony shape

A Is morphological plasticity in corals genetically
controlled or influenced by external factofsfowth of
the coralPocilloporaverrucosaunder the influence of
uni-directional current.

Mass et al., 2010

Fig. 1. Underwater setup of flow-manipulation experiment showing 2 units each
consisting of a transparent, upside down U-shape box (40 x 40 x 30 cm) and a
pump attached to a 50 cm long, 10.1 cm diameter pipe directed at the coral




Symmetry inPoclillopora verrucosa
(experiment by Mass & Genin 2008)

A-symmetrical form (undirectional
flow

CT 455 enhanced- A

Symmetrical form




Research Questions

CT scanPocillopora
verrucosa(from
experiment by Mass &
Genin 2008)

Research question 1lIs the
symmetry found in coral
colony determined by
symmetry in the flow rather
than intrinsic control by the
coral?

(Additional) Research
guestion 2 Is a local
Increase of O2
concentrations produced by
photosynthesis the cause of
bleaching under low flow
conditions?



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
scleractiniarfPorites poriteqafter
Tissler et al., 1994)




Surface view of the scleractinian
Montastrea annularis
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Modelling the influence of the
physical environment (diffusion,
light, hydrodynamics) on

calcification



Central concept of accretive growth

centers coralliles

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

A The local thickness of a
new growth layer Is
determined by the local
absorption of nutrients
local light intensity
along the surface norm:;
vector

growth trajectories




Simulation of radiate accretive growth

1. a new layer of triangles is constructed on top of a previous on
2. The previous deposited layers remain unchangend

3. the triangles are organized in polygons

4. The thickneskof 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 subseguent meshes




Insertion and fusion rules
Consequences for triangle mesh

fusion



Coupling accretive growth model
and diffusion / light model

Light
direction
Corresponds
to vertical

jubstrate plane



Modelling diffusiorrlimited growth

ﬁ=D?2c

where ¢ i1s the concentration, { time
and D the diffusion coeflicient.

Arhethickness of a new layerthe distance between two
successive verticas@ndw®1, is computed by using the
growth function:

total

Avheret is the average normal vector in verteand :
the amount of absorbed simulated nutrientsiaisdhe
maximal thickness of thgrowth layer.



Accretive growth: layered deposition of
material(diffusion limited growth)




Accretive growth: layered deposition of
material(diffusion limited growth)
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