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The Morphogenetics Project
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Tissue = Physical object ⟹ Shape evolution is constrained by laws of Mechanics

Genes must regulate mechanical characteristics of the 
tissue

• How do genes influence mechanical characteristics ? 
• How do mechanical characteristics dictate shape ?
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Building up the model

3

What Biology tells us about the foundations of growth in plants ?

Cell Wall = physical system we are studying 
(with mechanical characteristics)

P

Turgor Pressure = constrain (driving force)
Courtesy of Massimiliano Sassi - RDP

1.In plants, growth is highly dependent on turgor pressure. 
2.Plant cells feature a rigid exoskeleton preventing them to burst 
➡Cell expansion results from the yielding of cell wall under turgor-induced constrains 
3.Alteration of the mechanical characteristics of the tissue appears as the triggering 
event, downstream of Auxin signaling.

Growth = biological process regulated by 
mechanics
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Courtesy of J. Legrand, RDP

The OpenAlea “Tissue Structure”
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The tissue is represented as a network of interconnected objects featuring various properties 

Ci

Objects Properties

Cells Volume 
Type 
Prot. X, Y …

Walls Area 
Rigidity 
Transporters…

Vertices Position

Ci

Wj-2 Wj-1 Wj Wj+1 Wj+2

Vk-2 Vk-1 Vk+1 Vk+2Vk

Multi-scale representation with embedded information:!
• Topological: Adjacency graph  
• Geometrical: Volumes of cells, surface Area of walls, orientations … 
• Mechanical: Rigidity, extensibility … 
• Biological: Localization of proteins, TF,  TM transporters … (not represented in 2D)

Edges Length 
Orientation
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Studying development in silico
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A biophysical model is required to compute the development of the numerical tissue

Growth

Structure at t0 Structure at t0+Δt
To make the numerical tissue structure evolves with time, one has to express cell’s expansion 
rule in a quantitative manner as a function of biological, geometrical & mechanical 
parameters.

(without cell division… for now…)
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Describing the meristem with continuum mechanics
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Outline of today’s talk

Courtesy of Massimiliano Sassi - RDP

Macroscopic description of the tissue based on continuum mechanics of deformable solids 
➟ 3 questions: 
• Geometrical description of the tissue 
• Mechanical behavior/properties 
• Growth behavior
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Geometrical description of 
the structure
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Geometrical description of the tissue
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Parametrization of a shape evolution by the deformation gradient F

 
!x t( ) = !χ

!
X,t( )

χ = displacement!
(vector field)

 d
!x t( ) = ∇X

!
χ[ ] ⋅d !X = F ⋅d

!
X

F = deformation gradient !
(matrix field)

current state

ref. state
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Geometrical description of the tissue
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Reversible V.S. irreversible deformation

 dx
!"!

= F ⋅dX
! "!

 dX
! "!

g = Fg ⋅dX
! "!

 dx
!"!

= Fe ⋅dX
! "!

g

F = Fe ⋅Fg
multiplicative decomposition

Reversible part:!
“elastic” behavior 

of the cell wall 
Mechanics

Irreversible part:!
“viscoplastic” 
behavior of C.W. 
Biology

Mechanics is always faster than Biology

 τ e ≪ τ g
We focus on time such as  t ∼ τ g ⇒τ e ∼ 0
Csq: Always at mechanical equilibrium

Ee = f(mechanical load)

 dx
!"!

= Fe ⋅Fg ⋅dX
! "!

Ee = Elastic strain tensor

Ee = 1
2 Fe

t ⋅Fe − Id( )
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Mechanical description of 
the elastic equilibrium

10
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Mechanical description of the cell wall
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Elastic properties of the cell wall

Se P( ) = H :Ee

Hooke’s law of linear elasticity:

H = mechanical description of the tissue as 
an elastic linear continuum

How can we relate those coefficients to 
molecular characteristics of the cell wall ?H =

Yxeff µxyYxeff µxzYxeff 0 0 0

µyxYyeff Yy µyzYyeff 0 0 0

µzxYzeff µzyYzeff Yz 0 0 0

0 0 0 Gxy 0 0

0 0 0 0 Gyz 0

0 0 0 0 0 Gzx
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Yieff
Yi

1− µyxµxy + µyzµzy + µzxµxz + µxyµyzµzx + µxzµzyµyx( )With:
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Macro- & microscopic description of the cell wall
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Physics should be the same at all scales

Continuum mechanics !
description:!

Relation between Stress (Se) & Strain (Ee)

Molecular!
description:!

relation between forces (  ) & stretching (   ) f
!"

Δl

Those 2 descriptions have to be the same !
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➟ at the mesoscopic scale:  
An 2D in-homogenous, potentially transverse 

anisotropic, elastic linear continuum.

Setting the mechanical characteristics

➟ at the microscopic scale:  
     2 main components:  

•pectin (dense isotropic matrix)  
•cellulose (big strong fibers)
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Elastic properties of the cell wall
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Mechanical anisotropy comes from the orientation of CMFs within the call 
➟ Can we express Y, G & μ as function of this orientation ?
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Structural description of the cell wall
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CMFs’ distribution in the cell wall

Isotropic Anisotropic

w

One important parameter:   
The angular density of CMFs

ρ θ( ) = N θ( )
Ntot
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Why ρ is an important variable ?
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Because we have an experimental proxy to estimate it

ρ θ( ) = ρ0
1− δ
π

+
δ
A
Exp −

Sin θ −θc( )
w
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The Cortical MicroTubules (CMTs) distribution

θc
θ

ρ(θ)

ρ(θ) is the main molecular 
characteristic we are interested in.
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The “scary” slide…

Yxeff = Y0 ⋅ dθ ⋅ !ρ θ( ) ⋅cos4 θ( )
0

π

∫
Yyeff = Y0 ⋅ dθ ⋅ !ρ θ( ) ⋅sin3 θ( )

0

π

∫
Gxy =

Y0
4
⋅ dθ !ρ θ( ) ⋅sin2 2θ( )
0

π
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Bridging the gap between macroscopic and microscopic mechanical description of the cell wall

H =

Yxeff µxyYxeff 0

µxyYxeff Yyeff 0

0 0 Gxy
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Y0 = k0l0
2ρ0With:
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Intermediate sum up
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From CMTs’ orientation we can estimate rigidity patterns within the walls 

OpenAlea Tissue Structure Sofa Mechanical Scene Graph

Initial structure

H-1 :Se = Ee
Mechanical equilibrium

Output: Ee

computed through an 
implicit integration scheme

Cells Turgor 
Pressure 
CMTs’  
orientation

Walls Anisotropic 
Rigidity

Vertices Position

Ci



O. Ali // RDP-VP — Agropolis Seminar — sept.2014

Growth implementation

18
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Growth implementation

The question:  
“How can we relate Lg to the actual biological 
processes ?”

19

Geometrical representation of growth

F−1
g t( )

Fg t + dt( ) ∼
dt→0

Fg t( )+ !Fgdt

Id + Lgdt

 
Lg = !Fg ⋅F

−1
g = ∇Xg

"
Vg( )( )

Lg = growth velocity gradient
 
with !Fg =

dFg
dt

⎛

⎝
⎜

⎞

⎠
⎟
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Growth implementation

From experiments we know that: !
1.Growth is fueled by turgor pressure!
2.Turgor pressure has to reach a minimal threshold in order to induce growth!
3.Growth is usually perpendicular to CMFs’ main orientation.

20

Phenomenological clues

Lg = ?...

Lg =
γ Ee − Eth( ) Ee ≥ Eth

0 Ee ≤ Eth

⎧
⎨
⎪

⎩⎪

3.bis Growth is usually collinear to elastic strain (Ee)

CMFs main direction = direction of highest rigidity
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Growth implementation
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Phenomenological growth law, toward a “Lockhart-like” equation

Lg = γ Ee − Eth( )

Linear Elasticity + Mechanical Equilibrium:

Ee = C :Se P( ) C = H-1With the compliance:

Lg = Γ : Se P( )− Sth( ) Γ = γC
Sth = H :Eth

⎧
⎨
⎩

With:

Extensibility Threshold (in strain)

Tensorial extensibility

Threshold (in stress)
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Sofa Mechanical Scene Graph

Intermediate sum up (II)

22

The feed-back loop is completed by the growth equation

Cells Turgor 
Pressure 
CMTs’  
orientation

Walls Anisotropic 
Rigidity 
Extensibility

Vertex Position

OpenAlea Tissue Structure

H-1 :Se = Ee

Mechanical equilibrium

Lg = γ Ee − Eth( )
Growth law

i

O
utputs

• Shape evolution!
• Mechanical stresses
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Some qualitative results

23
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Purely digital structure

24

The i-meristem…

• CZ: Central Zone 
• Fr: Frontier 
• Pr: Primordium 

• Ad: Adaxial zone 
• Ab: Abaxial zone 

• Pe: Periphery
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First simulations: How to get directional growth
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Anisotropic rigidity is required to sustain directional growth

The whole 
structure: 

Homogenous 
& isotropic

In order to generate 
directional growth 
several strategies 
could be applied

Mechanically isotropic 
structures evolves toward 
spheroid structures

Central Zone: 
isotropic rigidity

Periphery: 
anisotropic 
rigidity

2 zones:

Boudon, Ali, Chopard et al., submitted

Sassi et al, Current Biol. 2014
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Boudon, Ali, Chopard et al., submitted

Primordium initiation - I

26

Softening the  
cell wall means: H
Lg = Γ : Se P( )− Sth( )

Sth = H :EthΓ = γC

Softening of the initial seems to be the first step in the generation of a lateral organ
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Boudon, Ali, Chopard et al., submitted

Primordium initiation - I

26

Softening the  
cell wall means: H
Lg = Γ : Se P( )− Sth( )

Sth = H :EthΓ = γC

Softening of the initial seems to be the first step in the generation of a lateral organ

have enabled a literal ‘‘in-depth’’ look at the cell mechanics
associated with organ formation. The results presented here
support a model in which subepidermal tissues play an impor-
tant mechanical role in organ initiation, and epidermal tissues
in regulating subsequent growth. The key role of pectin modi-
fications in the regulation of cell wall mechanics during organ
formation has been highlighted. AFM-based techniques
most likely will continue to provide crucial insights into the
mechanics of growth and development in plants.

Experimental Procedures

Plant Material and Growth Conditions
Arabidopsis thaliana plantswere grown in controlled chambers under short-
day or long-day conditions, as described previously [11]. The PME5oe and
PMEI3oe transgenic Arabidopsis plants have been described elsewhere
[12]. The L1-PME5oe lines were generated by transforming plants contain-
ing pAtML1-AlcR with the pAlcA-PME5 construct [12]. Ten independent
L1-PME5oe lineswere obtained. Three of these lineswere used for the study
of phyllotactic modifications and for the immunolabeling of demethylesteri-
fied HG (Figure S3), and one line was used for AFM and confocal analysis.
These lines also expressed pAlcA-GFP, and this marker was restricted to
the L1 (data not shown).

Scanning Electron Microscopy
Images were obtained with an S-3500N variable-pressure scanning electron
microscope (Hitachi).

Confocal Microscopy
A. thaliana meristems were dissected from nontransgenic, induced
35S:PMEI3, and induced 35S:PME5 plants and stained in 0.05% propidium
iodide for visualization of cell walls. Transgenic plants were induced for
48 hr as described [11, 42]. Confocal stacks were taken of 12 meristems
per genotype, using a 633 long-distance water immersion lens attached
to a Leica DMR XE7 as described in [43]. Samples were mounted in water,
and 0.5 mm deep optical sections were taken to cover the depth of the meri-
stem and youngest primordia. Resulting image stacks were processed
using Imaris software (V6) to obtain surface projections and slices through
different staged organs and the meristem. Images in figures are representa-
tive of all samples examined (n = 12 per genotype).

AFM Measurements
All samples were plasmolyzed in 10% (0.55 M) mannitol prior to measure-
ment. This treatment was fully reversible and did not affect the viability
of the meristem (data not shown). The following numbers of meristems
were analyzed: NT, n = 36 (5 mm beads) and n = 12 (1 mm beads); PMEI3oe,
n = 8; PME5oe, n = 13; L1-PME5oe, n = 8.

For EA measurement using force spectroscopy, an approach and retract
period of 0.3 s with no delay was used and a constant maximum force was
imposed; this value was determined for each experiment to obtain a
maximum deformation at all points of the sample of about 500 nm (10%
deformation of a meristematic L1 cell in Arabidopsis).

To evaluate the viscoelasticity of meristem tissue, we performed three to
four successive long indentation cycles (10 s indentation followed by 10 s
partial release). An initial indentation ofw0.5–1 mmwas followed by cyclical
indentation and releases of 0.25 mm for at least three cycles. In the indenta-
tion portion force was kept constant, and in the release portion deformation
was constant.

Viscosity Calculations
Our modified Kelvin-Voigt model yields the following equation:

FðtÞ= a
dx

dt

!
12 e2bt

"
; (1)

where

b=
k1 + k2

h
(2)

and

a=
k1k2
k1 + k2

: (3)

Although we could not solve k1 and k2 from the model, we could gain the
bulk elasticity, a, and also determine the relaxation time, b. We focused
on the part of the experiment where the deformation was kept constant,
where the model predicts that the force will evolve as a negative exponen-
tial. MATLAB (http://www.mathworks.com/products/matlab/) was used to
fit the data using the above Equations 1–3.

Indentation cycles were performed at several positions on the meristem,
incipient organs, and primordia. The meristem, incipient organs, and
primordia were determined following an initial AFM elasticity mapping.
The average value of a and b is presented for each point of measurement
for four meristems.

Apparent Young’s Modulus Calculations
The Hertzian contact model [22] provides the relationship between the force
applied, F, and the resulting indentation, d:

F = ldb =A
E

12 v2
db: (4)

Exponent b and shape factor A depend on the precise bead shape (see
Table 1 in [22]). E is the Young’s modulus (herein referred to as apparent
Young’s modulus, EA) and n the Poisson ratio (assumed n z 0.5).

I

P

M

Walls of decreased EA

Stiff walls

Auxin flow

Expanding cells

New periclinal cell walls

Figure 4. Organogenesis in Arabidopsis from a Mechano-
chemical Perspective

Representation of an Arabidopsis inflorescence meristem.
Auxin flow creates maxima at incipient organ sites; purple
arrows show the direction of auxin flow in the outer
epidermal layer (L1) as well as the channeling down of auxin
at the convergence point. At these positions, localized de-
methylesterification of pectins in the cell walls occurs, which
contributes to increases in wall elasticity (a decrease in the
apparent Young’s modulus, EA). The decrease in EA is the
first observable mechanical event associated with cell
expansion driving organ emergence (red arrows). At the
site of an incipient organ (I), the decrease in EA is detected
only in the underlying tissues, not in the epidermal layer,
illustrating that the increase in wall elasticity occurs first in
subepidermal layers. Within an emerged organ (P), the walls
of all cells have a lower EA, which is correlated with the
increased growth rate of these cells. The decrease in EA in
underlying tissues first could lead to periclinal divisions in
the L2 (yellow lines) as it diverges from a distinct monolayer
of cells into a more complex tissue. Within the meristem
dome (M), all cells appear to have relatively stiffer walls.
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Summary

Tissue mechanics have been shown to play a key role in the
regulation of morphogenesis in animals [1–4] and may have
an equally important role in plants [5–9]. The aerial organs of
plants are formed at the shoot apical meristem following
a specific phyllotactic pattern [10]. The initiation of an organ
from the meristem requires a highly localized irreversible
surface deformation, which depends on the demethylesteri-
fication of cell wall pectins [11]. Here, we used atomic force
microscopy (AFM) to investigate whether these chemical
changes lead to changes in tissue mechanics. By mapping
the viscoelasticity and elasticity in living meristems, we
observed increases in tissue elasticity, correlated with
pectin demethylesterification, in primordia and at the site
of incipient organs. Measurements of tissue elasticity at
various depths showed that, at the site of incipient pri-
mordia, the first increases occurred in subepidermal tissues.
The results support the following causal sequence of events:
(1) demethylesterification of pectin is triggered in subepi-
dermal tissue layers, (2) this contributes to an increase in
elasticity of these layers—the first observable mechanical
event in organ initiation, and (3) the process propagates to
the epidermis during the outgrowth of the organ.

Results

The Mechanical Properties of the Meristem: Viscoelasticity
and Elasticity
In plants, organ emergence requires cell expansion, which
is controlled by turgor pressure and wall relaxation [12, 13].
As such, organ emergence likely requires changes in wall
mechanics as suggested by the triggering of ectopic organs
by applying the wall-loosening agent expansin [14]. Manipula-
tion of pectins within the cell walls of the meristem also affects
organ emergence [11]. The plant cell wall can be considered as
a fiber-reinforced composite: rigid cellulose microfibrils are
embedded in, and crosslinked by, a hemicellulose and pectin
matrix [15–17]. In the absence of growth (irreversible, or

plastic, deformation), plant cell walls behave as a viscoelastic
material—they retain shape after deformation, but with a time
delay [18]. We first used atomic force microscopy (AFM) to
examine the viscoelasticity of the meristem through relaxation
time experiments. Using an AFM cantilever mounted with a
5 mm bead, we performed 20 s cyclical indentations at several
positions on plasmolyzed meristems to study the tissue
response (see Figure S1 available online). The data were fitted
with a modified Kelvin-Voigt model, separating the behavior
into two components: a bulk elastic constant and a relaxation
time (Figure S1). The bulk elastic constant showed large
variation between the meristem dome and the primordia (Fig-
ure 1A), whereas the relaxation time values did not differ sig-
nificantly. The increased elasticity correlates with the higher
growth and division rates in primordia compared to the meri-
stem [19–21].

Changes in Tissue Mechanics Associated with Organ
Initiation in the Apical Meristem
We next focused solely on the elastic component by in-
creasing the speed of indentations to negate the viscous
behavior (Figure S1). We used a Hertzian model to fit the in-
dentation data and define the apparent Young’s modulus
(EA, coefficient of elasticity) for the tissue [22] (Figure S1).
The higher the EA, the less elastic (or stiffer) the tissue is.
We mapped EA on inflorescence meristems using a 5 mm

diameter tip, which, as shown below, provided information
from several cell layers of the meristem combined. We
observed that EA was lower in primordia (P2–P4) than in the
meristem (Figures 1C and 1D; Figure S1). Surprisingly, the
areas corresponding to the incipient primordia also showed
lower EA. Thus, decreases in EA both preceded and accompa-
nied organ emergence and correlated with an increased pectin
demethylesterification [11]. The observed differences in EA in
principle may reflect several parameters: cell geometry, wall
anisotropy, wall elasticity, or wall thickness. Because the
decrease in EA occurred without obvious changes in cell
geometry (Figures 1E–1J) and did not correlate with the pre-
dicted degree of cellulose anisotropy in the outer tangential
cell wall of the epidermal layer (see Supplemental Experi-
mental Procedures) [7, 8], we conclude that it must reflect
changes in wall elasticity and/or thickness.

Pectin Modification Alters Cell Wall Mechanics
in Apical Meristems
We next focused on the role of pectin in cell wall mechanics.
The degree of methylesterification of the pectic polymer ho-
mogalacturonan (HG) is directly related to its physicochemical
properties [23]. HG is secreted in a highlymethylesterified form
and is selectively demethylesterified in the cell wall by pectin
methylesterases (PMEs). PME activity is antagonized by
endogenous PME inhibitors (PMEIs) [23].
We have shown that the overexpression of PECTIN

METHYLESTERASE 5 (PME5oe) leads to decreased pectin
methylesterification and ectopic primordia, whereas overex-
presssion of PECTIN METHYLESTERASE INHIBITOR 3
(PMEI3oe) leads to increased pectin methylesterification and
the inhibition of organ formation (Figures 2A and 2B) [11].

5These authors contributed equally to this work
*Correspondence: alexis.peaucelle@versailles.inra.fr (A.P.), herman.hofte@
versailles.inra.fr (H.H.)
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1Institut Jean-Pierre Bourgin, UMR1318 INRA-AgroParisTech,
78026 Versailles, France
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Summary

Tissue mechanics have been shown to play a key role in the
regulation of morphogenesis in animals [1–4] and may have
an equally important role in plants [5–9]. The aerial organs of
plants are formed at the shoot apical meristem following
a specific phyllotactic pattern [10]. The initiation of an organ
from the meristem requires a highly localized irreversible
surface deformation, which depends on the demethylesteri-
fication of cell wall pectins [11]. Here, we used atomic force
microscopy (AFM) to investigate whether these chemical
changes lead to changes in tissue mechanics. By mapping
the viscoelasticity and elasticity in living meristems, we
observed increases in tissue elasticity, correlated with
pectin demethylesterification, in primordia and at the site
of incipient organs. Measurements of tissue elasticity at
various depths showed that, at the site of incipient pri-
mordia, the first increases occurred in subepidermal tissues.
The results support the following causal sequence of events:
(1) demethylesterification of pectin is triggered in subepi-
dermal tissue layers, (2) this contributes to an increase in
elasticity of these layers—the first observable mechanical
event in organ initiation, and (3) the process propagates to
the epidermis during the outgrowth of the organ.

Results

The Mechanical Properties of the Meristem: Viscoelasticity
and Elasticity
In plants, organ emergence requires cell expansion, which
is controlled by turgor pressure and wall relaxation [12, 13].
As such, organ emergence likely requires changes in wall
mechanics as suggested by the triggering of ectopic organs
by applying the wall-loosening agent expansin [14]. Manipula-
tion of pectins within the cell walls of the meristem also affects
organ emergence [11]. The plant cell wall can be considered as
a fiber-reinforced composite: rigid cellulose microfibrils are
embedded in, and crosslinked by, a hemicellulose and pectin
matrix [15–17]. In the absence of growth (irreversible, or

plastic, deformation), plant cell walls behave as a viscoelastic
material—they retain shape after deformation, but with a time
delay [18]. We first used atomic force microscopy (AFM) to
examine the viscoelasticity of the meristem through relaxation
time experiments. Using an AFM cantilever mounted with a
5 mm bead, we performed 20 s cyclical indentations at several
positions on plasmolyzed meristems to study the tissue
response (see Figure S1 available online). The data were fitted
with a modified Kelvin-Voigt model, separating the behavior
into two components: a bulk elastic constant and a relaxation
time (Figure S1). The bulk elastic constant showed large
variation between the meristem dome and the primordia (Fig-
ure 1A), whereas the relaxation time values did not differ sig-
nificantly. The increased elasticity correlates with the higher
growth and division rates in primordia compared to the meri-
stem [19–21].

Changes in Tissue Mechanics Associated with Organ
Initiation in the Apical Meristem
We next focused solely on the elastic component by in-
creasing the speed of indentations to negate the viscous
behavior (Figure S1). We used a Hertzian model to fit the in-
dentation data and define the apparent Young’s modulus
(EA, coefficient of elasticity) for the tissue [22] (Figure S1).
The higher the EA, the less elastic (or stiffer) the tissue is.
We mapped EA on inflorescence meristems using a 5 mm

diameter tip, which, as shown below, provided information
from several cell layers of the meristem combined. We
observed that EA was lower in primordia (P2–P4) than in the
meristem (Figures 1C and 1D; Figure S1). Surprisingly, the
areas corresponding to the incipient primordia also showed
lower EA. Thus, decreases in EA both preceded and accompa-
nied organ emergence and correlated with an increased pectin
demethylesterification [11]. The observed differences in EA in
principle may reflect several parameters: cell geometry, wall
anisotropy, wall elasticity, or wall thickness. Because the
decrease in EA occurred without obvious changes in cell
geometry (Figures 1E–1J) and did not correlate with the pre-
dicted degree of cellulose anisotropy in the outer tangential
cell wall of the epidermal layer (see Supplemental Experi-
mental Procedures) [7, 8], we conclude that it must reflect
changes in wall elasticity and/or thickness.

Pectin Modification Alters Cell Wall Mechanics
in Apical Meristems
We next focused on the role of pectin in cell wall mechanics.
The degree of methylesterification of the pectic polymer ho-
mogalacturonan (HG) is directly related to its physicochemical
properties [23]. HG is secreted in a highlymethylesterified form
and is selectively demethylesterified in the cell wall by pectin
methylesterases (PMEs). PME activity is antagonized by
endogenous PME inhibitors (PMEIs) [23].
We have shown that the overexpression of PECTIN

METHYLESTERASE 5 (PME5oe) leads to decreased pectin
methylesterification and ectopic primordia, whereas overex-
presssion of PECTIN METHYLESTERASE INHIBITOR 3
(PMEI3oe) leads to increased pectin methylesterification and
the inhibition of organ formation (Figures 2A and 2B) [11].

5These authors contributed equally to this work
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areas corresponding to the incipient primordia also showed
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nied organ emergence and correlated with an increased pectin
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decrease in EA occurred without obvious changes in cell
geometry (Figures 1E–1J) and did not correlate with the pre-
dicted degree of cellulose anisotropy in the outer tangential
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mental Procedures) [7, 8], we conclude that it must reflect
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The degree of methylesterification of the pectic polymer ho-
mogalacturonan (HG) is directly related to its physicochemical
properties [23]. HG is secreted in a highlymethylesterified form
and is selectively demethylesterified in the cell wall by pectin
methylesterases (PMEs). PME activity is antagonized by
endogenous PME inhibitors (PMEIs) [23].
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Softening the  
cell wall means: H
Lg = Γ : Se P( )− Sth( )

Sth = H :EthΓ = γC
Softening of the inner tissue

Softening of the initial seems to be the first step in the generation of a lateral organ

Softening of the L1 layer
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Primordium initiation - II
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How does “softening of the cell wall” happen ?

hypo.#1: isotropic decrease
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anisotropy 
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2 hypothesis hypo.#2: anisotropic decrease
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hypo.#2: anisotropic decrease

Structural anisotropy is not conserved
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hypo.#1: isotropic decrease

Structural anisotropy is conserved

Primordium initiation - II
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Does a loss of structural anisotropy is required to initiate lateral organs ?

Loss of structural anisotropy is required but not sufficient - ➘ of the overall rigidity is also needed
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Flower bud formation
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Toward more complex shapes generation

Translated into mechanical 
characteristics

Initial conditions:
• Digitalized structure!
• Differentiation pattern

Cell division !  
(work in progress)
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What’s next ?
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…

In terms of numerical framework development:
• Cell division implementation!
• Quantitative outputs

In terms of physics & modelling:

• Molecular grounds for the phenomenological growth equation!
• Riemannian geometry formalism… (?)

In terms of biology:

• Cell wall structural properties visualization!
• Interactome of cell wall modifying enzymes
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