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Biochemical signals drive positional information

Flyex

In Drosophila



Biochemical signals drive positional information

Ex: auxin and organ initiation

PS5

P7

P9
P4
p2. B
,%m
%;'8 P6
P3

Smith et al., 2006 PNAS



From one signal to complex networks

CHz- COOH

Auxin

ARF/AuxIAA interactome
Vernoux et al., 2011

Towards larger networks...



Translating biochemistry to shape:

Molecular input Shape



Translating biochemistry to shape:
the laws of mechanics




Translating biochemistry to shape:
A strategy

~ ‘i,%\“,l :

Quantitative imaging Computational modeling



A few definitions



Definition: Complex system

e A set (whole) of entities that interact according to simple
local rules.

e The system shows the emergence of properties that
cannot be deduced from the local properties and rules.

 Well suited to describe structures without a clear leader



Experience a complex system in action




Complex is NOT complicated

Clock : COMPLICATED
(depends on one leader)

Ant colony: COMPLEX



Ex: The shape of ant colonies can be entirely predicted
based on how ants interact with each other

Ant colony



Application of Systems biology: examples

Extracting meaningful information from huge datasets
The contribution of gene network topology in regulation
The role of stochasticity

Multiscale emerging properties

The counter-intuitive implications of feedbacks

Visualizing the invisible, e.g. forces



Defining tension and compression

Tension: length increase

—>
<«

Compression: length decrease

<
————"



Mechanical force vs. Mechanical stress

F F
< —>>
Lo

4——-—’/

L

Stress o = F/A, (in N/m? or Pa)
Strain € = (L-Lg)/Lq (dimensionless)

Ex: 04> opbecause A; < A,



In 1D

Defining stiffness

unstretched
spring

Hooke's Law:

= —kx

spring
Spring constant k

‘4—x —



Stiffness relates stress and strain

o=F/A
A
F
Ao
<«
Lo
F =
A, Slope = E
(,__.//f’
L
>
£ = (L-Lo)/Lo

Hooke’s law (spring):
F = k(L-Lo)
k: spring stiffness

Hooke’s law (material):
o=Ee

E: Young’s modulus
(i.e. stiffness of a material)



Examples of Young modulus values

Material Young’s modulus
(MPa)
Resilin 1.8 4 Ibone
Rubber 7 2000
Human cartilage 24
Vertebrate tendon 1,200 o hair
Cheap plastic 1,400 (MPa)
Hair (keratin) 5,000 to 8,000
Locust cuticle 10,000 resilin
Plywood 14,000 : — >
Vertebrate bone 20,000 ' ,
Cellulose (crystalline) 25,000 0 0.2 € 04 0.6
Glass 70,000
Iron 210,000
Diamond 1,200,000

From J. Dumais lecture on biomechanics



Strain rate

e, = (L-Lo)L

s = (A-AGA,



Strain rate

_|_ Maximal strain rate

Minimal strain rate

Anisotropy vs. Isotropy



Growth: irreversible increase in volume

y

Cell proliferation “(L Cell expansion -
M G1
a N
G2 K /

S + endoreduplication



Animal cell Plant cell

4 N h

(

o s

Extra Cellular Matrix
Actin
Microtubules



Animal cell Plant cell

Extra Cellular Matrix
Actin
Microtubules




Animal cell Plant cell

|

E(\ R\

-

Actin: cell shape Actin: vesicle transport
MT: vesicle transport MT: cell shape




The deposition of cellulose is guided
by cortical microtubules

Microtubules

Cellulose
microfibrils




The deposition of cellulose is guided
by cortical microtubules

'» cgw_:f_lhv_ Paredez et al., 2006
il Emons 2006

PM

in Plant Science

YFP:CESA CFP:TUAT1




Animal cell Plant cell

Cell stiffness: kPa range

Cell stiffness: MPa range



Animal cell Plant cell

Contractility
(actomyosin)

Stiffness
(cell wall)



Summary

Definitions:

- Complex systems

- Tension/compression

- Stress/strain

- Stiffness

- Growth (rate, direction)

- Plant/animal cell structural elements

- In plants, cortical microtubules guide cellulose deposition



All living organisms are pre-stressed



the form of an object is a “diagram of forces”

ON
GROWTH AND FORM

D'ARCY WENTWORTH THOMPSON

Cambridge :
at the University Press

1917
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imple way to generate a shape
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“diagram of forces
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Cathédrale Saint Jean, Lyon
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the form of an object is a “diagram of forces’
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Gaudi’ s sand bag model



the form of an object is a “diagram of forces™

Berkeley




PAJLTRT -

D’Arcy Thdmpson, 1917 On growth and forms
Fritz Kahn,1939 Man in Structure and Function



In living organims?

Wolff’ s law: bone architecture can be

predicted by patterns of forces



A local response of cells to the mechanical load

control abduction adduction

Tsubota et al., 2009



Shapes can be generated by a balance
between compression and tension

. 4
—>







A balance of forces in soft tissues?

a—

"-L <L—°’

\ /tretch

Savin et al., 2011 Nature



A balance of forces in soft tissues?

P
N

Savin et al., 2011 Nature




Turgor pressure ~ bike tyre pressure




An analog model of a plant?




An epidermis under tension in plants

19.5 cm

A peeled epidermis contracts

Radishes « open »



An epidermis under tension in plants

%

Intact Outer tissues Inner tissues

Peeling experiments with excised
hypocotyl segments of 4-day-old
etiolated sunflower seedlings



Mechanically, aerial plant tissues
behaves like a pressure vessel

Beauzamy et al., 2015 Fr. PI. Sci.

Dumais and Steele, 2000 J.P. Gr. Regul.



Wall thickness (um)
~ 2.0 (OEW)

In plants,
the epidermis
is limiting for growth

Thickness of the cell walls in the
sunflower hypocotyl (TEM)

Co=cortex,

Ep=epidermis,

OEW-=outer epidermal wall,
SEp=subepidermis.

Kutschera and Niklas 2007




In plants, the epidermis is limiting for growth

Brassinosteroids
promote growth




In plants, the epidermis is limiting for growth

cpd;ML1-CPD-YFP bri1;ML1-BRIT-GFP

Savaldi-Goldstein et al., 2007 Nature



An analog model of a plant




Calculating a stress pattern

“If you can’t demonstrate it with balloons, it’'s
probably not important anyway ”

Stephen A. Wainwright




Axial Stress Area for a ring
A= mr((r+t)> —(r?)
= (2rt + t?)
~2mrt

r>>t

AN =4/

|4—p—>

For a sphere \/J\ N

—

Applied force at a given cross section: F = P (pressure x projected area)
Area of matenal resisting: A = 2ar¢

o=F/A=Pri2t

For a cylinder (axaal stress)

Applied force at a given cross section: F = w2P
Area of matenal resisting: A = 2t

= F/A = Pr/2t (same as sphere)



o = Pr/2t
Circumferential Stress
L
—>
r
For a cylinder (circumferential stresses)
Applied force at a given cross section: F = 2r x L x P
Area of matenal resisting: A = 1L
Ogx=FIA=Prit=20; m t N\
\ Ox '
M .
For any pressurized cylinder: creumferential \ j l '
stresses are 2x longitudinal stresses. A\ 7 /
t l - L ‘I







Cell separation depends on turgor pressure:
PEG experiments

Control medium

WT

quai-1

Verger et al., elife in press



Cell separation depends on turgor pressure:
PEG experiments

Control medium +50 mOsm +100 mOsm

. - - -
. ---

Verger et al., elife in press




Cell separation depends on turgor pressure:
Agar concentration

quai-1

Verger et al., elife in press



Cell separation depends on turgor pressure:
Agar concentration

quai-1 quai-1

Verger et al., elife in press



Extracting tensile stress directions from gaping patterns

0 200 400 600 800 1000 1200 1400

Verger et al., elife in press



Isotropic stress pattern in cotyledon blade

qual (Agar 1%)

Verger et al., elife in press




Growth-induced directional stress
at the petiole-blade junction

Verger et al., elife in press



Shape-induced stress
in cylindrical stem

qual (Agar 2.5%)

Verger et al., eLife in press



Shape-induced stress
in cylindrical stem

qual (Agar 2.5%)

Verger et al., eLife in press



Droplets Q0

o Cels
A

Mesenchymal cells

Q.

Epithelial cells

W i i

)

\
/

Anisotropic
normal stress
56,(NN pm™?)

25
-

1.25
-0

-1.25

I -2.5

Anisotropic
normal stress
56,(NN pm™?)

- 4.0
2.0
—0

-2.0

B o

Quantifying
mechanical
stresses in living
embryonic tissues,
using fluorescent,
cell-sized oil
microdroplets

Campas et al., 2013 Nat. Methods



Summary

A shape prescribes a pattern of stress (and vice versa) at
all scales, in all objects and living organisms

Inferring a stress pattern using calculus, analogous models
or experiments

Epidermis is under tension in the aerial parts of plants



Tissue shape and growth prescribe a stress pattern.
In turn, can mechanical stress control cell behavior?



Mechanical Shape
stress pattern and growth




Shape
and growth

Mechanical
stress pattern




The shoot apical meristem



Microtubules depolymerisation
leads to isotropic growth




A foam-like behavior

2 —
In 2D foams: \ PP « Convex walls when the number

\ of vertices is < 6

”

 Concave walls when the number of
vertices is > 6

Corson , 2009 PNAS



Microtubule depolymerisation prevents crease formation
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Patterns of microtubule orientations mark morphogenetic events

After MT depolymerization:
no crease



Patterns of microtubule orientations mark morphogenetic events

" Cell shape
B Microtubules



Crease: Bump:
Anisotropic walls Local wall loosening
(microtubules) (auxin)



What is orienting the microtubules?

" Cell shape
™ Microtubule orientation



Microtubule orientation matches
pattern of maximal tensile stresses




Analogous to Wolff’s [aw in plants?

Wolff’ s law: bone architecture can be Pattern of forces

predicted by patterns of forces



Building a cell-centered mechanical model

¥
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Cell walls represented by springs




Building a cell-centered mechanical model

- Cell walls represented by springs
- Growth by increasing relaxed length (I,
- Resistance to stress by increasing k




Hypothesis: MTs align along maximal tensile stress
direction

The mechanical model faithfully reproduces the Mts
pattern in the meristem
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Test the stress hypothesis:
Ablations




Test the stress hypothesis:
Ablations




Test the stress hypothesis:
Ablations




L

Test the stress hypothesis:
Ablations




Test the stress hypothesis:
Ablations




Test the stress hypothesis:
Ablations




Test the stress hypothesis:
Ablations




NEYS

iving mer

Mechanical tests on |

Compressions

ion

dentat

INn

Nano

(wu) uonos|jeq Jere|yued

Sample Height (#m)

Ablations

Pharmacological tests

ben

ISOXa



Cortical microtubules align along maximal tension

Tension

Microtubules

Cellulose synthase complex

Green and King, 1966 Aust J Pl Sci.
Hejnowicz et al., 2000 J Pl Growth Regul.
Hamant et al., 2008 Science



A mechanical feedback loop

| Direction ,, . D
/I of cell growth \ :
MlFrotuI?uIe Shape
orientation

‘5&# RIS Direction
TENCEN '

2% of mechanical stress I

amrid
= % ;3 “4 4 ¢ GreenandKing, 1966 Aust J PI Sci.

Hejnowicz et al., 2000 J Pl Growth Regul.
Hamant et al., 2008 Science



Comparable mechanical feedback loops in animals

Systems-level physical properties
(tissue geometry)

|

Q Low resistance
© A 3 : Mechanical constraints
» + Isotropic
8 ' resistance J
o :
.
D
b
1 Actomyosin
’ meshwork organization
Cell force
‘ directionality

I\

Generation of tissue form

It
;

Chanet et al., 2017 Nat. Com.



Summary

Microtubules guide the deposition cellulose, and thus the
mechanical anisotropy of cell walls

Microtubule align along maximal tensile stress directions

This mechanical feedback loop contributes to plant
morphogenesis

Comparable feedback loops exist in animals



