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The unreasonable effectiveness of computational models
in biological patterning and morphogenesis — eMICHEL
MiLiNnkoviTcH — Dept. of Genetics & Evolution, University of
Geneva, Geneva, Switzerland

I will discuss how vertebrate skin colours and skin appendages (scales,
feathers, hairs) are spatially patterned through Turing and mechanical
instabilities. First, I will show that Reaction-diffusion (RD) models are
particularly effective for understanding skin colour patterning at the
macroscopic scale, without the need to parametrise the profusion of
variables at the microscopic scales. I suggest that the efficiency of RD
is due to its intrinsic ability to exploit continuous colour states and the
relations among growth, skin-scale geometries, and the (Turing) pat-
tern intrinsic length scale. Second, I will show how drug treatments
can permanently trigger transitions between scale appendage types or
even between chemical and mechanical self-organisation. Third, I will
show that a three-dimensional mechanical model, integrating growth
and material properties of embryonic skin layers, captures most of the
dynamics and steady-state pattern of head scales in crocodiles and tor-
toises. Fourth, I will show that the spectacular morphogenesis of the
strongly overlapping snake scales can be recapitulated with a mechan-
ical model integrating tissue plasticity and active material properties.
These studies indicate that Biology, despite its 'messy’ nature (with
its unmanageable profusion of cellular and molecular variables) can be
efficiently and quantitatively investigated mathematically, including
with simple phenomenological models.

BP 3.2 Mon 10:00 BAR/0205
Mechano-chemical stabilisation of topological defects in an
elasto-nematic sheet — eSUGANTHAN SENTHILKUMAR!, KINNERET
Keren2, and Marko Poprovié!3 — 1Max Planck Institute for the
Physics of Complex Systems, Dresden, Germany — 2Technion-Israel
Institute of Technology, Haifa, Israel — 3Ruder Bogkovié Institute,
Zagreb, Croatia

Self-organisation of patterns during animal development involves a
complex interplay of various biophysical and biochemical mechanisms.
A striking example is Hydra, where ordered arrays of nematic actin
fibers give rise to orientational order on animal-scale with +1 topo-
logical defects at the head and foot of an adult animal. To study the
nematic patterns observed during Hydra regeneration we recently pro-
posed a mechano-chemical feedback loop that involves orientational
order, tissue strain and morphogen gradients[l]. Here we develop a
continuum formulation of the same feedback loop in 2d and show that
it can stabilise aster shaped +1 topological defects in a self organ-
ised manner. We obtain a phase diagram for +1 defect stability using
analytical calculations and compare it with vertex model simulations
that employ the feedback loop. Finally, we calculate the correction to
the mobility coefficient of the +1 defect due to the morphogen field
associated with it.

References:

1. Maroudas-Sacks et al Development, (February 2025) 152; doi:
https://doi.org/10.1242/dev.204514

BP 3.3 Mon 10:15 BAR/0205
‘What jellyfish teach us about tissue mechanics and shape pro-
gramming — eANNE MATERNEDZ, ZH1Q1 SHEN'23| DANIEL FONT-
Magrtin%, ViapisLav Koren®, ULvANA SHIMANOVICH®, CHIARA
SinicacLia?, and CarL D. Mobesh2 — IMPI of Molecular Cell Bi-
ology and Genetics, Dresden, Germany — 2Center for Systems Biol-
ogy Dresden, Germany — 3Southern University of Science and Tech-
nilogy, Shenzhen, China — *CNRS Languedoc-Roussillon, France —
5Weizmann Institute of Science, Israel

Jellyfish are little-studied marine organisms with astounding regen-
erative capacities. Their rapid wound closure has been implicated
to rely, at least partially, on the mechanical properties of the indi-
vidual tissues in the jellyfish umbrella. In particular, this includes
the mesoglea, a thick extracellular matrix structure essential for jelly-
fish shape and body function. Here, we model the mesoglea’s role in
wound closure using a coarse-grained spring lattice approach. In this
way, we can capture essential material processes without knowledge of
all molecular- and cellular-scale underpinnings. Our work shows that
simple mesoglea pre-strain is sufficient to initiate closure in a broad
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spectrum of wound shapes. This finding is in line with previous ex-
perimental work in the hydrozoan jellyfish Clytia hemisphaerica and
confirms the essential role of tissue mechanics in the life history of ma-
rine invertebrates. It will be interesting to explore this role more sys-
tematically in the future. Furthermore, our results presented here also
provide unexpected insights for the field of 3D shape-programmable
materials.

BP 3.4 Mon 10:30 BAR/0205
Apical extracellular matrix regulates fold morphogenesis in
the Drosophila wing disc — eVINCENZO MARIA SCHIMMENTI!,
Jana F. FunrMann?] Natanie A. DyeE®4, and Marko Poprovic!
— Max Planck Institute for Physics of Complex Systems, Dresden,
Germany — 2Aix Marseille Univ, CNRS, IBDM, Marseille, France —
3Mechanobiology Institute, National University of Singapore, Singa-
pore — 4Biomedical Engineering Department, National University of
Singapore, Singapore
Tissue folding is a fundamental process in animal organ development.
We investigate how fold shape and mechanics change during Drosophila
wing disc morphogenesis, from larval stages (when folds deepen and
grow) to early pupa, when the tissue unfolds into a bilayer. Using 3D
apical surface segmentation, we introduce quantitative metrics for fold
depth and width on a curved surface. We also identify a fibrous apical
extracellular matrix (aECM) that physically links the two sides of each
fold. A lateral vertex model with an adhesive aECM layer predicts that
unfolding requires aECM removal. Genetic perturbations confirm that
aECM adhesion stabilizes folds: its loss distorts fold shape and dynam-
ics, while failure to remove it prevents unfolding. These perturbations
produce adult wing defects, demonstrating that larval fold morphology
influences adult wing shape. Together, our work highlights a central
mechanical role for aECM in stabilizing epithelial folds during animal
development.

BP 3.5 Mon 10:45 BAR/0205

Elastic coupling between nucleus and cell shape drives a

mechanical transition in epithelial architecture — eIan D.
EsTaBROOK!, ANNE RoOSFELTER?, Yu-CHiuN WAaNG?, and ANNA
ErzBERGER! — !European Molecular Biology Laboratory (EMBL),

Heidelberg, Germany — 2RIKEN Center for Biosystems Dynamics
Research, Kobe, Japan

As the largest organelle, the cell nucleus can affect the shape, spa-
tial organisation and mechanics of cells in a variety of tissue contexts.
Despite extensive studies on the molecular mechanisms underlying nu-
clear positioning and mechanics, it remains unclear whether the nu-
cleus actively controls tissue architecture.

Here, we combine elasticity theory and the Drosophila blastoderm
stage embryo as a generic experimental model to investigate the me-
chanical role of nuclei on epithelial organisation.

By developing a general method that integrates mechanical and ge-
ometrical properties extracted from imaging data, we show that from
elastic coupling between nuclei and the cell surface, a mechanically
driven phase transition emerges between simple columnar and pseu-
dostratified tissue architectures. Genetic and optogenetic experimental
perturbations provide evidence supporting such coupling and confirm
the predicted transitions following changes in mechanical and geomet-
ric parameters.

Our work identifies a novel mechanical role of nuclear elasticity, inde-
pendent of specialised machineries and may represent a general, generic
mechanism controlling emergence of tissue level structures.

15 min. break

BP 3.6 Mon 11:15 BAR/0205
Mechanical regulation of neuroepithelial development —
oNikLAs GampLl2] ALEx KinasTon®, CAREN NorDEN?, and KRis-
TIAN Franze!2% — IMax-Planck-Zentrum fiir Physik und Medizin,
Erlangen, DE — 2Medical Institute of Biophysics, FAU Erlangen-
Niirnberg, DE — 3Cambridge Stem Cell Institute, University of Cam-
bridge, UK — #Gulbenkian Institute for Molecular Medicine, Oeiras,
PT — 5Department of PDN, University of Cambridge, UK

During embryonic development, initially flat neuroepithelial tissues re-
model themselves into complex 3D structures such as the brain or
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retina. This process is driven by intrinsically generated forces that
depend on the cells’ mechanical environment. However, how accumu-
lated tension in the tissue feeds back on individual cells to influence
their fate or migration patterns is not well understood. To address
this, we downregulated the cellular force sensor Piezol in zebrafish
and Xenopus laevis embryos, thereby reducing local mechanosensing
capabilities. Piezol downregulation led to impaired retinal lamination,
deformed retinae and nuclear rounding. Additionally, live imaging of
Piezol-deficient zebrafish eye primordia revealed defects in retinal pro-
genitor migration during optic cup morphogenesis. These finding sug-
gest that Piezol activity contributes to coordinating force generation
and tissue level tension in the developing neuroepithelium, thus lead-
ing to nuclear and tissue shape changes. Combining laser ablation to
locally perturb force propagation with direct measurement of tissue
tension will clarify how Piezol-dependent mechanical feedback links
nuclear shape, cell fate decisions and tissue morphogenesis.

BP 3.7 Mon 11:30 BAR/0205
Emergence of hyperuniform tiling in the developing retina
— eMEeuMET CaN Ucar! and SANDRA SiEGERT? — !University of
Sheffield, Sheffield, UK — 2Institute of Science and Technology Aus-
tria, Klosterneuburg, Austria

Efficient tiling and space-filling are fundamental design principles
of living systems: from neurons and immune cells to vascular net-
works, these structures must optimize spatial coverage for proper func-
tion. Yet how cells collectively achieve non-redundant coverage dur-
ing growth remains largely unexplored. Here, we combine a theoret-
ical model of growing, branched cells with tunable local interactions
and experimental analysis of developing retinal microglia. Our model
shows that simple neighbor repulsion during growth is sufficient to
drive non-redundant tiling, yielding a substantial increase in coverage
with minimal territory overlap. Strikingly, this mechanism also leads
to the emergence of a hyperuniform organization, where density fluctu-
ations are progressively suppressed. Consistent with these predictions,
microglia in the developing retina exhibit both efficient tiling and sup-
pressed fluctuations, supporting the proposed mechanism for retinal
patterning. Together, these findings reveal how local interactions can
generate both efficient tiling and hyperuniform order, suggesting a gen-
eral principle for tissue-wide optimization.

BP 3.8 Mon 11:45 BAR/0205
Reshaping morphogen gradients through porous tissue archi-
tecture — eD1aNa KHoRrRoMskaIal2, MoHniT Darwapi?, and ZENA
HapiivasiLiou?3 — 1Universitdt Miinster, Germany — 2Francis
Crick Institute, London, UK — 3University College London, UK —
4University of Oxford, UK

The morphogenesis of tissues during embryonic development is con-
trolled by concentration gradients of morphogens — signalling molecules
whose readout determines cell fate decisions. How the spread of mor-
phogens is affected in tissues with complex geometry and spatially
heterogeneous architecture is not well understood. To address this
question, we introduce a porous vertex model, by explicitly consider-
ing the network of extracellular spaces between the cells. Morphogens
produced by source cells disperse through the tissue via three modes of
transport: extracellular diffusion, membrane-bound diffusion, and cell-
based transport through recycling. With this model we investigate how
cell-scale geometry, such as cell size, cell shape anisotropy, and cell dis-
tance, influences effective diffusion and degradation of morphogens at
tissue-scale, employing numerical and semi-analytical upscaling meth-
ods. A non-linear coupling between cell packing and morphogen con-
centration renders the morphogen gradient robust to perturbations by
locally buffering fluctuations in the production. Our characterisation
of tissues as active porous materials provides new insights into how
morphogenesis and cell fate determination may interact during embry-
onic development.

BP 3.9 Mon 12:00 BAR/0205
Mechanics and hydraulics of the C. elegans germ line
— eCHANDRANIVA Guna Ray!2:3 JoNaTHAN Jackson?, Jonas
NerpeL!23, Juria PranzerTer?, STEpHAN W. GriLn?34, and

PierrRE A. Haas!:23 — 1Max Planck Institute for the Physics of

Complex Systems — 2Max Planck Institute of Molecular Cell Biology
and Genetics — 3Center for Systems Biology Dresden — #Cluster of
Excellence Physics of Life, TU Dresden

In the cylindrical germ line of the nematode Caenorhabditis elegans,
germ cells surround a tube called the rachis, to which all germ cells
are connected via openings in the cells called rachis bridges. These
rachis bridges allow exchange of cytoplasm between the rachis and
the germ cells, which mature as they move towards the proximal end
of the germ line where a hydraulic instability decides germ cell fate
[1]. However, cortical contractility would collapse static germ cells by
releasing their cytoplasm into the rachis through the rachis bridges.
Here, we explain how the hydraulic flows in the germ line prevent this
collapse and thus stabilise the germ line mechanically: We present a
coarse-grained vertex model of a steady-state germ line that couples
these hydraulic effects to cell mechanics. We compare the model to
experimental observations and thus show how the interplay of fluid
pumping and cell contractility can build a dynamically stable germ
line.

[1] N. T. Chartier et al., Nat. Phys. 17, 920 (2021)

BP 3.10 Mon 12:15 BAR/0205
Hydrodynamic theory of two-dimensional human gastru-

loid development — ¢OLIVER M. Drozpowski!, CHLOE RoFFay?,

SARAH Jay?, Diana Pin"EIRO?, and Epouarp HAaNNEzO! —
Hnstitute of Science and Technology Austria, Klosterneuburg, Aus-

tria — 2Research Institute of Molecular Pathology, Vienna, Austria

Gastrulation is a crucial stage of embryonic development, as it entails
the formation of the three germ layers. Two-dimensional in-vitro sys-
tems derived from human embryonic stem cells, so-called gastruloid
discs, recapitulate the underlying patterning mechanisms, resulting in
the formation of concentric rings of extraembryonic amnion-like cells
at the edge and the three germ layers. Starting from experimental
data of flattening amnion-like cells at the gastruloid edge, we devel-
oped a cross-sectional bubbly vertex model to describe the observed
columnar to squamous transition. In agreement with experimentally
measured morphometrics and mechanical properties, cell flattening is
shown to be driven by local active wetting. Since gastruloids display
fluid-like tissue properties, we developed a hydrodynamic description
of the tissue-scale dynamics derived from the vertex model. This model
predicts a gastruloid morphology consistent with experimental obser-
vations, suggesting that local cellular mechanics contribute to human
gastruloid shape dynamics.

BP 3.11 Mon 12:30 BAR/0205
A mechanical origin for implantation defects in embryos
from aged females — Kare E. Cavanaucu'?2, eMaRia-JOSE

FraNco-ORaTE®4, Diana J. LAIRD®, Patrick W. Oakes®, Ri-

carRD ALERT®*7, and Orion D. WeINER!'2 — !Cardiovascular Re-
search Institute, University of California, San Francisco, USA —
2Department of Biochemistry and Biophysics, University of Califor-
nia, San Francisco, USA — 3Max Planck Institute for the Physics of
Complex Systems, Dresden, Germany — *Center for Systems Biology
Dresden, Germany — ®Department of Obstetrics, Gynecology, and
Reproductive Sciences, University of California, San Francisco, USA
— 6Department of Cell and Molecular Physiology, Loyola University
Chicago Stritch School of Medicine, IL USA — 7Cluster of Excellence
Physics of Life, TU Dresden, Germany

Women over 35 experience reduced fertility, linked to impaired embryo
implantation. In mouse embryos from aged mothers, we observe de-
fective spreading of the extra-embryonic tissue. To uncover the mech-
anism, we use a continuum model that treats the tissue as a droplet of
active polar fluid. Fitting the model to experimental data shows that
increased tissue surface tension and viscosity in aged embryos account
for the impaired spreading. Experimental measurements of forces and
spreading dynamics confirm that these mechanical changes are suffi-
cient to explain the implantation defect. This work shows how physical
modeling of embryo mechanics can quantitatively predict implantation
success and guide embryo selection in Assisted Reproductive Technolo-
gies.



