Patterns and form:
from physical systems to living systems

'.?:' t*g' '* ;i’&*‘«;‘\ ."7 "w* g -0 QI
BT ‘”‘""b THCEURN SN T T e
doP U X 4 ﬁ ,,Jga_%,ﬁ | ‘ﬁmkzw ~‘a§{' i y’

,¢§n»~4waw@W$¥%ﬁm# %

Arezki BOUDAOUD
Reproduction et Développement des Plantes

ENS de Lyon / UCB Lyon 1/ CNRS / INRA




Physical Biological

questions questions

e Questionsin nonlinear/statistical physics
e Questionsin physicsinspired by living systems

e Questionsin cell and developmental biology




Self-organisation of droplets
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Couder et al. Phys. Rev. Lett. 2005 Couder et al. Nature. 2005



Self-organisation of droplets
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Couder et al. Nature. 2005; Eddi et al. EPL 2011




=
-
e
G
O
o)
=
—
O
O
o,

César



Packing of thin sheets
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e Broad distributions
of Sizes

A simplified
experimental system:
conical packing Deboeuf et al. EPL 2008




e Dynamics of patterns

e Prediction of patterns

Boudaoud et al. Nature. 2001
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Thin elastic sheet with
metric ds?* = (1+g(y))? dx? + dy?

g(Yy): quantifies growth rate




Up to 5 generations of wrinkles with wavelengths
A, M3, M9, M27, \8B1.

Audoly & Boudaoud Phys Rev Lett 2003




Form and size of an organism

Duckweeed




The genetics of form

T. Blain

Wildtype Line with mutation

thale cress
(Arabidopsis thaliana)

Finding genes that control teeth morphogenesis
A number ot discoveries in genetics and molecular biology



Building an organism

Assembly and stiffness of structural
elements determines form



Building an organism

Arabidopsis
flower
primordium

Optical microscopy Mechanical microscopy (AFM) Atomic force microscope
Stem cells Stiffness

Milani et al. Plant Physiol. 2014

Stem cells are stiffer
'The mechanics of structural elements determines form



Microtubules in the shoot apex Hamant et al. Science 2008



What controls the orientation of microtubules?

eA continuum mechanical model
of the shoot apex

» Much stiffer epidermis

» Hydrostatic pressure (turgor)

ePrediction of force patterns
» Microtubules // main tension

Hamant et al. Science 2008



Cell wall
reinforcement in the
direction of maximal stress




Building elongated forms

Fission yeast .
y Vegetative cell
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Outgrowth occurs when a the outer wall breaks



Building elongated forms

Fission yeast cell Mathematical model:
coupling between structural
elements and cell polarity

Bgs4-GFP = cell wall synthesis
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Bonazzi et al. Dev. Cell 2014

Coordination between biochemistry and biomechanics
ITransition from sphere to elongated shape



Developmental stability

Morphogenesis: organs with
reproducible forms

The two hands?




Developmental stability

Flowering plants: ideal systems to study robustness of form

A perfect model system:
Flower size in Arabidopsis varies by about
5%, despite differences in cell patterns




Developmental stability

Hervieux et al. Curr. Biol. 2016

Growth 1s spatially heterogeneous



Developmental stability

Genetic screen for mutants 1n variability

(Arabidopsis)

Flowers from a single plant
N cj." .

Hong et al. Dev. Cell 2016

Mutant: cell wall stiftness less heterogeneous.
Now: variability in gene expression and robustness of development
Spatiotemporal variability promotes flower robustness!



Conclusions

From simplified systems to living systems
Investigating morphogenesis:
tools from experimental/theoretical physics

in addition to genetics/molecular biology

There 1s biological information 1n variability

AND
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