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Bases physiques de la morphogenese:
Couplage entre mécanique et croissance
des plantes et de la levure
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phyllotaxie, division

Résumé

“Comment se fait-il que l’'on comprenne tellement moins la maniere donc les

cellules se faconnent que leur métabolisme et leur génétique?”
Franklin M. Harold

Les scientifiques sont depuis toujours fascinés par la multitude des formes
observées dans la nature. En 1917, D’Arcy Thompson reconnaissait déja
I'importance de la mécanique lorsqu’il montra que de nombreuses formes
adoptées par les systémes biologiques étaient comparables aux formes générées
par la tension de surface dans un fluide sous certaines contraintes géométriques
[9]. De méme, Turing lui-méme, dans son célebre article sur I’établissement
de motifs biochimiques, soulignait 'importance de “I'interdépendance des don-
nées chimiques et mécaniques”. Il décida néanmoins de se focaliser sur les
systéemes ou les aspects mécaniques pouvaient étre ignorer [10].

Au milieu du 20iéme siécle, le rapide développement de la génétique a mené a
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une description détaillée de la biochimie du développement. Par conséquent,
malgré le fait que le role important de la mécanique ait été reconnu tres tot,
la morphogénése est apparue comme régulée essentiellement par les proces-
sus biochimiques [4].

Mais bien que la forme d’un organisme repose en effet sur des interactions
biochimiques complexes, celles-ci sont insuffisantes pour passer de 'information
génétique a la forme. Les différentes parties d'un organisme interagissent
mécaniquement et le controle de leur croissance et de leur changement de
forme implique nécessairement des contraintes mécaniques. L'amélioration
des techniques d’imagerie et de calcul a favorisé un regain d’intérét pour la
mécanique, avec des pionniers comme Paul B. Green, qui souligna que les
cellules de plantes controlent leur forme par le renforcement anisotrope de
leur paroi par la cellulose [1].

Les cellules a parois, telles que les plantes et les levures, sont particuliere-
ment adaptées a I'étude de la mécanique de la morphogénese. En effet, les
forces générées par leur rigidité et leur trés grande pression interne sont
plusieurs ordres de grandeurs plus grandes que les forces observées dans
les tissus animaux. Dans ces cellules, la croissance correspond a la défor-
mation plastique de la paroi cellulaire sous l'effet de la tension mécanique
résultante de la pression [6, 7]. La pression étant isotrope, les propriétés
mécaniques de la paroi cellulaire doivent étre régulées spatialement afin de
déclencher la brisure de symétrie et de générer des formes anisotropes. Plus
précisément, la création de formes dans ces organismes repose sur les con-
cepts d’hétérogénéité et d’anisotropie mécanique. Comme I’écrit Franklin M.
Harold en 1990, “les formes de nombreuses cellules a paroi peuvent étre com-

prises comme [...] une flexibilité localisée avec une force globale” [3].



A présent, il est clair que le role de la mécanique ne se limite pas a Porientation
passive de la croissance par l'intermédiaire des propriétés des matériaux.
Pour reprendre I'exemple de la cellulose, son orientation guide en effet la
croissance, mais la croissance a son tour rétro-agit sur son orientation: les
microtubules se réorientent le long de la contrainte maximale, puis contrélent
la déposition d’'une nouvelle couche de cellulose dans cette direction [2, 5]. Ce
mécanisme peut réinforcer une anisotropie pré-existante dans la paroi, ou
la générer de novo, comme par exemple dans 'hypocotyle de Arabidopsis ou
il a été démontré récemment que la brisure de symétrie est déclenchée par
le ramollissement des parois cellulaires longitudinales, ce qui a pour effet
d’augmenter la contrainte transverse et d’orienter la déposition de cellulose

auparavant aléatoire [8].

Le travail présenté ici est 'aboutissement de trois différents projets sur le
couplage entre la mécanique et la croissance. Le premier chapitre est une re-
vue concernant la mécanique et I'élongation des cellules a parois, ou 'accent
est placé sur les travaux numériques. Le deuxieéme chapitre présente quelques
modeles de la mécanique du développement avec plus de détails techniques.
Le troisieme chapitre est une étude de ’établissement et de la stabilisation de
la polarité chez les spores de la levure a fission, un phénomeéne qui repose sur
un couplage entre mécanique, polarité, et croissance. Le quatrieme chapitre
est une étude numérique d’'un modele chimio-mécanique de phyllotaxie chez
les plantes. Les motifs d’hormone de croissance sont créés par I'intermédiaire
d’une rétro-action entre la mécanique des cellules et le transport polaire de
cette hormone. Nous nous sommes demandé si le champ a lorigine de la
rétro-action est la déformation ou la contrainte, une question ignorée dans

la plupart des travaux sur le couplage entre mécanique et biochimie. Le
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cinquiéme chapitre concerne aussi un couplage entre polarité et mécanique.

Nous étudions la maniere dont la contrainte générée par la croissance ou la

courbure des tissus peut se substituer aux indications géométriques qui ori-

entent les divisions cellulaires a 'apex de la tige.
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Physical basis of morphogenesis:
Coupling between mechanics and growth
of plants and yeast

Key-words: morphogenesis, mechanics, growth, biochemistry, yeast, plant,

phyllotaxis, division

Summary

“Why is it that we understand so much less about the manner in which cells

shape themselves than we do of their metabolism or genetics?”
Franklin M. Harold

The diversity of forms observed in biological systems have fascinated scien-
tists for a long time. In 1917, D’Arcy Thompson already recognized the im-
portance of mechanics by showing that many shapes observed in biological
systems are similar to the shapes generated by surface tension in a fluid pos-
sessing some geometrical constraints [9]. Similarly, Turing himself, in his
famous work on chemical patterning, recognized the importance of “the in-
terdependence of the chemical and mechanical data”. Nevertheless he chose
to focus on systems where the mechanical aspects could be ignored [10].

But despite the fundamental role of mechanics being acknowledged for so
long, the middle of the 20th century, with the rapid development of biochem-

istry and the subsequent knowledge of the molecular actors of development
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in great details, led to the a view of morphogenesis driven mostly by biochem-
ical processes [4].

But although the shape of an organism does rely on complex biochemical in-
teractions, they are not sufficient to understand the translation of the genetic
information into shape. The different part of an organism interact mechani-
cally and the control of their growth and shape changes necessarily involves
mechanical constraints. With the improvement of imaging and computa-
tional tools, the interest for mechanics grew back, carried by pioneers such
as Paul B. Green, who pointed out the role of the anisotropic reinforcement
of plant cell wall by cellulose in order to control cell form [1].

Walled cells, such as plants and yeasts, are particularly well suited to study
the mechanics of morphogenesis, since their stiffness and huge internal pres-
sure generate forces, which are larger than the forces involved in animal tis-
sues by several orders of magnitude. In these cells, growth corresponds to the
yielding of the cell wall under to the tension generated by the internal pres-
sure [6, 7]. Pressure being isotropic, the mechanical properties of the cell wall
needs to be spatially regulated in order to break the symmetry and generate
anisotropic shapes. More precisely, the formation of shapes in these organ-
isms relies on mechanical heterogeneities and anisotropies. As Franklin M.
Harold wrote in 1990, “the forms of many walled cells can be understood as
[...] localized compliance with global force” [3].

Since then, it has become clear the role of mechanics is not just to passively
orient growth via the properties of the material. To take the aforementioned
example of cellulose, its orientation does guide growth, but growth in turn
feeds back on orientation: the microtubules reorient along the direction of

maximal mechanical stress, then control the deposition of new cellulose in the



same direction [2, 5]. This mechanism can reinforce a pre-existing anisotropy
in the cell wall properties, or generate it de novo, for instance in the Arabidop-
sis hypocotyl where growth symmetry breaking has been recently showed to
be triggered by the softening of the longitudinal cell walls that in turn in-
crease transverse stress and switch from isotropic to anisotropic cellulose

orientation [8].

The work presented here is the result of three different projects about the
coupling of mechanics and growth. The first chapter is a review about me-
chanics and elongation of walled cells, focused on the computational studies.
The second chapter presents some models of the mechanics of development
with more technical details. The third chapter is a study of the establishment
and stabilization of polarity in fission yeast spores, a phenomenon that relies
on a coupling between mechanics, polarity, and growth. The fourth chapter
is the computational study of a chemomechanical model of plant phyllotaxis.
Patterns of growth hormone are achieved thanks to a feedback with cell me-
chanics and polar transport. We focused our attention on the question of
stress- or strain-sensing, ignored in most other studies of the interaction be-
tween biochemistry and mechanics. The fifth chapter is also about a coupling
between polarity and mechanics. We investigate how the mechanical stress
generated by growth or curvature of the tissues can override the geometrical

cues to orient the cell divisions in the shoot apical meristem.
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Chapter 1

Modeling the interplay between
growth and mechanics in

elongated walled cells



1.1 Summary

Symmetry breaking is a fundamental step of morphogenesis. All organisms
have to be shaped from an isotropic cell or tissue, and the generation of elon-
gated structures is a common feature across all the kingdoms. Mechanics is
necessarily involved in the emergence of such structures, especially in walled
cells, on which this review is focused. We show that bacteria, fungi and plants
rely on two strategies to create rod-shape: tip-growth and diffuse anisotropic
growth. In the first case, the softening of the cell wall and the deposition of
new material is localized at the tip. In the second case, growth is not spa-
tially restricted, but it is oriented by an anisotropic material allowing the
elongation in only one direction. We present how these organisms regulate
the mechanics of their wall to achieve these two modes of growth. Then we
show that elaborate feedbacks involving curvature, growth or forces stabilize
the cell elongation.

I wrote the review with some input from Arezki.



1.2 Paper

Modeling the interplay between growth and
mechanics in elongated walled cells

Jean-Daniel Julien!?? and Arezki Boudaoud!

'Laboratoire Joliot-Curie, ?Laboratoire Reproduction et Développement des
Plantes, and *Laboratoire de Physique, ENS Lyon, 46 allée d’Italie, Lyon
Cedex 07, France

Abstract

The generation of anisotropic shapes participates in the morphogenesis of al-
most all organisms. With the recent renewal of the interest for the mechan-
ical aspects of development, it has become clear that mechanics contribute
to this issue in a subtle interaction with various chemical actors. Here, we
focus on plants, fungi, and bacteria, and we look at the mechanisms by which
elongated cells are generated. We review how the interplay between growth

and mechanics in their morphogenesis has been modeled.



1.3 Introduction

Symmetry breaking is a fascinating feature of the development of all living
organisms. It is observed in contexts such as the directional growth of single
cells [6] or the branching of multicellular organisms [46].

Here we focus on walled cells: plants, fungi, and bacteria. In these cells, the
osmotic pressure, resulting from the concentration of solutes in the cytosol,
drives growth and has to be counterbalanced by a rigid shell that prevents
their burst [33]. This cell wall is also fundamental in determining the shape
of the cell, as it is proven by the consequences that its disruption has on the
morphology of those cells. Although for these different organisms they are not
composed of the same polymers [45, 18, 55], they have common mechanical
properties and their mechanics are regulated to facilitate the shaping of the
cells. In particular, pressure being a global and isotropic force, mechanical
or biochemical heterogeneities and anisotropies are fundamental to establish
and maintain asymmetric shapes.

For this reason, we present in this review the links between mechanics and
growth of elongated cells. We focus our discussion on computational model-
ing, which is a powerful tool to validate hypotheses by setting aside all but
the fundamental actors of the studied phenomena and to pave the way for the

future experimental effort.

1.4 Systems of interest

Rod-shaped bacteria. All kinds of shapes are found amongst bacteria and

shape have long been an important criterion for their classification [12]. It



has been shown to be fundamental for many bacterial functions [63, 56, 15].
The rod is a very common shape, Escherichia Coli being probably the most
famous example, and thus bacteria are perfect systems to study the estab-
lishment of elongated shapes.

The bacterial cell wall is made of peptides and glycans, with an additional
layer of lipopolysaccharide in the case of Gram-negative bacteria [11, 55].
The glycan strands are oriented circumferentially and give to the bacteria
cell wall anisotropic mechanical properties [15]. A detailed model of the outer
wall, where the peptidoglycan network is simulated like a network of spring
[38], is able to reproduce several bacterial cell shapes, like curved, helical,
snake-like, and lemon shapes. The different results are obtained by adding
various defects in the network. Whereas this model does not take into ac-
count growth, it has been the starting point for more recent studies that go
further into the understanding of cell shape in bacteria and that are dis-

cussed in the next section.

Fungal hyphae and yeasts. Among fungi, hyphae and yeasts are good
examples of elongated cells. Hyphae are very long filamentous structures,
collectively organized as the mycellium. They grow at their tip, and new cell
walls can eventually be formed orthogonally to the tubular part to divide the
hypha into several cells. Yeasts are unicellular fungus. In particular, the
fission yeast Schyzosaccharomyces pombe has long been a perfect system for
studying symmetry breaking and tip growth. Indeed, it is able to display a
two-folds increase in length while maintaining a constant diameter.

The cell wall of fungi is made mostly of glucans, mannoproteins, and chitin

[45]. Although some of those components are fibrous, because of their lack



of preferential orientation the fungal cell wall does not have anisotropic me-
chanical properties [15]. Despite its composition being well known, no model

has tackled the question of its building.

Single cells in plants, pollen tubes and root hairs. Plants will provide
two other systems to our study, the pollen tube and the root hairs. The pollen
tube is a tubular protuberance formed from the pollen grain [24, 42]. In order
to fertilize a flower, its growth is fast and highly directional. Root hairs are
long tubular outgrowths from the epidermal cells of the root. They are impor-
tant for the acquisition of nutrients and the anchorage of the plant [14, 28].

As most plant cells, their cell wall is made of cellulose microfibrils and hemi-
cellulose embedded in a matrix of pectin [61]. Many different kind of cellulose
organization are observed in single plant cells, ranging from the highly direc-
tional circumferential alignment to random orientations [18]. A preferen-
tial orientation of cellulose microfibrils can give anisotropic properties to the
plant cell wall and therefore it is very important in the context of directional
elongation. In pollen tubes and root hairs, cellulose usually displays a helical
arrangement that could help resist bending forces and invade the external
medium. It could also reinforce the transition region between the tip and the
cylindrical part, which is known to bear the highest stress [24]. A model has
been implemented, where the orientation of cellulose emerges from geomet-
rical constraints. The condition of optimal packing of cellulose microfibrils
restraints their direction and the movement of their synthesizing complexes

along the axis of the cell can generate various kind of alignments [21, 48].



A multicellular case, the shoot apical meristem. Our last system of
interest, which is multicellular, also comes from plants. The shoot apical
meristem is the above-ground tip of the plant. It is the site of most of the
organogenesis. The organs are initiated around the central zone and emerge
as protuberances from the apical dome. Thus they are a good example of sym-
metry breaking on a multicellular scale. As for single cells, the deposition of
cellulose microfibrils in a preferential direction can provide anisotropic me-

chanical properties to the meristem.

1.5 Generating elongated shapes

Using local growth. Although the systems described here seem very dif-
ferent, their strategy to make elongated cell is the same: growth is restricted
to the tip. The importance of mechanics leaded to the development of several
models describing tip-growth and not focusing on a particular organism. A
general mechanical has been inspired from the inflating of rubber balloons
[4]. The rubber balloons are modeled as elastic shells whose stiffness is het-
erogeneous. More precisely, the extensibility of the material is large on a
small annular region around the tip and small on the cylindrical part of the
shell. Such profile of stiffness is able to reproduce the observed deformation
of some cells. Despite the system being very different from a living cell, this
work highlights the importance of regulating the global force that is pressure
with the local supply of the cell wall material or with the local modification of
the cell wall properties. The spatial extent of the wall deposition, and more
precisely how it depends on the size of the cell, has been proven theoretically

to change the shape of the growing tip [13]. In this model, the cell is modeled
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as a shell whose viscosity is finite only at the tip. Growth is compensated by
material addition at this tip. The temporal evolution of the shape of the cell
is studied depending on its size and of the extents of the material addition
and of the viscosity. It is shown that the supply in new material has to verify
precise scaling relations for the shape of growing tips to be independent of
their size.

In hyphae, the delivery of new material is thought to be organized thanks to a
structure called the vesicle supply center (VSC) and from which vesicles em-
anate randomly. The movement of the VSC in a preferential direction makes
the delivery of new cell wall heterogeneous and leads to the emergence and
growth of the tip. This phenomenon was first simulated in two dimensions
with a linear displacement of the VSC that releases vesicles moving in any
random direction. The movement of the VSC creates a self-similar tip once
the proper distance from the cell wall is reached [2]. Later the model has
been improved to make it more realistic. It has been adapted into 3D simu-
lations to show that during its expansion, the cell wall moves orthogonally to
its plan [25]. This result fits with the general idea that the driving force of
tip growth is the internal pressure. A second improvement was to replace the
ballistic motion of the vesicles by diffusion [58], which modifies slightly the
shapes generated by the model. The mechanics of hyphal growth have been
also investigated with the nonlinear elasticity theory of shells, thus allow-
ing the computation of large deformations [26]. Importantly, an assumption
of this model is that the tip of the hypha is softer than the cylindrical part.
Growth is simulated by computing the deformation of the hypha due to tur-
gor pressure then taking the deformed shape as a new initial shape that can

be deformed further. So in this model growth appears to be local thanks to
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this softening of the tip. More recently, the same model was used to study the
effect of the friction between the growing tip and the external medium. This
friction leads to a flattening of the tip that is consistent with experimental
data [27]. The study of such effects emphasizes the evolution of the computa-
tional approaches to tackle more and more complex questions.

In yeasts, the local delivery of new cell wall is driven by microtubules and
actin filaments. They can be necessary for growth, or just define the location
where growth takes place. For instance, chemical treatments and mutants
have proved that disruption of microtubules leads to major geometrical de-
fects in the fission yeast [30]. Application of actin inhibitors can modify the
timing of growth or completely arrest it depending on the concentrations in-
volved. Consequently, the microtubules and actin filaments must efficiently
target the cell tips [52, 57] to deliver the new material to the proper location,
where the deformation is supposed to be plastic, that is irreversible. A model
has showed that the tip of microtubules are used as landmarks by a diffus-
ing growth signal to generate the shapes of fission yeasts [19]. In this work,
microtubules are modeled as growing and shrinking flexible rods attached
to the nucleus of the yeast. Simulations where the growth signal is directly
linked to the likelihood of microtubule tip contact are not able to generate
rods with a stable width. The model was improved with the assumption that
microtubules control the deposition of landmark proteins that will in turn at-
tract the growth signal. This model initiates the description of the molecular
regulation of fission yeast cell shape.

In plant cells, root hairs and pollen tubes are quite similar to yeasts in the
way they control their polar growth. Plant cells have two kind of micro-

tubules: the cortical microtubules, which form a dense network just beneath
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the plasma membrane and can be oriented in many different ways, and the
endoplasmic microtubules, which are located in the cell cytoplasm similarly
to what is observed in yeasts. As in yeast, endoplasmic microtubules and
actin filaments are oriented toward the cell tip and are involved in its tar-
geting during the supply of new material [54, 29, 17]. In root hairs, they are
organized thanks to the nucleus [1]. Detailed measurements of the surface
expansion of root hairs have proven that their growth takes place mostly in
a ring just below the tip, on which it is isotropic. Farther from the tip, the
expansion becomes mostly radial and vanishes [53]. A computational model
is able to reproduce the strain and stress that is measured on several tip
growing cells, amongst which root hairs [20]. This viscoplastic model is used
to study the relationship between the shape of the tip and some mechani-
cal properties such as its extensibility profile or its anisotropy. Growth is
simulated via the yielding of the material when the stress reaches a thresh-
old. In addition, the stretching of the material is compensated by a deposi-
tion that keeps its thickness constant. The main result is that the cell has
to have anisotropic mechanical properties to display the same strains and
stresses that are observed experimentally. More precisely, the material has
to be transverse isotropic, meaning that its properties in its thickness are
different from its properties in its tangent plane. Such anisotropy can be ex-
plained by the deposition of cellulose with a random orientation in the plane
of the cell wall.

A similar softening is observed in the tip of pollen tubes [64, 35]. Their shapes
are reproduced with an elastic model that includes the existence of a sharp
gradient of stiffness at the tip [22]. In the simulations, growth is simply
obtained by considering that the shape of the tube deformed by the turgor
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pressure is its new undeformed shape, thus allowing further elongation. The
best fitting of the shapes was achieved with an isotropic material. Interest-
ingly, the gradient of stiffness used in the simulation is consistent with the
gradients that are observed in the fluorescence of various cell wall compo-
nents, such as pectin, cellulose, and callose, that are known to determine its
mechanical properties.

The importance of local softening in plants morphogenesis is known also at
the multicellular scale of the shoot apical meristem. Measurements of the
stiffness of the cell wall proves that it decreases on the organs that emerge
from the apical dome [47]. This softening is induced by the presence of the
growth hormone auxin and is necessary to the emergence of the organ [10].
A model is able to reproduce, amongst other things, the shape of a meristem
with its emerging organs [36]. A chemical patterning system of equations is
implemented on a surface. Then growth is achieved by the normal movement
of the surface according to the concentration of a growth catalyst. This work
does not model the mechanics of the tissue but is able to generate complex
shapes just thanks to various chemical patterns. More recently, efforts have
been made to model the mechanics of multicellular tissues more realistically
[7]. In the simulations, every cell wall is modeled as a surface with elastic,
plastic and viscous properties. By tuning the stiffness and/or growth rate of
the cells, the model is able to simulate the emergence of one or several organs
around the meristem. To do so, it is necessary to finely tune the softening of
the tissue where the organ will be located. This work shows how stiffness het-
erogeneities are able to generate complex shapes, and interestingly, several
solutions are sometimes possible for creating a given shape. For this reason,

the comparison of the computational outputs with the real tissues cannot be
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limited to their shapes and more complex observations have to be made.

Using anisotropies. Several organisms use another mechanism to create
cylindrical cells. Although growth is diffuse, it is made anisotropic thanks to
the mechanical properties of the cell wall. Indeed, the stiffness of a material
is not just a scalar number. The material can have different properties in dif-
ferent directions, that is being anisotropic, as for instance a fiber-reinforced
medium that is harder to stretch in the direction of the fibers.

In rod-shaped bacteria, growth usually does not take place at the tips but
on the cylindrical region [15]. The insertion of new material occurs on small
patches on the cylindrical part of the cell, and is coordinated by MreB fila-
ments. A study of the insertion of new material in the outer wall of Gram-
negative bacteria has proven that this insertion does not need to be spatially
coordinated in order to fit with experimental measurements [60]. More pre-
cisely, the outer wall of the bacteria is modeled like an incompressible vis-
cous fluid, and the simulations assume that insertion events occur at a fixed
rate, are randomly distributed in space, have an exponentially distributed
duration, and lead to the addition of a fixed amount of material. These as-
sumptions, which were chosen for simplicity, were sufficient to explain the
observed growth patterns. Despite the growth being distributed on their
cylindrical part, bacteria still grow as elongated cells because their walls are
reinforces circumferentially, thus preventing radial growth. A model of this
elongation by anisotropic reinforcement has been able to reproduced rod-like
shapes, divisions and bulging of E. coli cells [40]. In this work the cells are
modeled as a continuous material whose growth is driven by the minimiza-

tion of a mechanochemical energy. Growth occurs on a temporal scale much
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larger that the scale involving MreB movement, thus the mechanical effect
of helical MreB filaments is averaged and modeled as a radial force resisting
turgor pressure. Without this force, E. coli cells grow spherically. In addition
this work shows that the disappearance of MreB filaments is necessary both
for divisions and reproduction of bulging shapes.

A more detailed model of the outer wall, where the peptidoglycan network
is simulated like a network of spring, is able to reproduce several bacterial
cell shapes, like curved, helical, snake-like, and lemon shapes [38]. The var-
ious results are obtained by adding defects in the network, such as removal,
substitution or relaxation of springs. A second work is based on the same
model and take also growth into account as the insertion of new peptidogly-
can strands into the network [23]. The mechanical anisotropy of the cell wall
is maintained by the circumferential orientation of the glycan strands, which
are much stiffer than the longitudinal peptide crosslinks. Then this work
goes further by challenging a role of mechanical forces and cell wall density
in the regulation of bacterial shape. The result is that the probability to in-
sert a new strand to the network has to be independent of the local density
of peptide crosslinks. Otherwise, the insertion of new strands leads to a local
increase of this density, that will in turn increase the probability of insertion.
This positive feedback loop is unable to generate robust rod-like shapes. An
attempt to bias the insertion of new wall towards region of high mechanical
stress generates the same kind of feedback loop, thus showing that only the
simplest hypothesis of uniform insertion is able to generate shape-preserving
growth. Moreover, it shows that the condition of uniform insertion can be
verified if it occurs on a fixed helical pattern that could be created by a MreB

helix.
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In the multicellular context of the shoot apex, the strategy of local soften-
ing discussed above is combined with stiffness anisotropy. Thanks to their
ability to orient the deposition of cellulose, the plant cell wall can be very
anisotropic. This is the case on the boundary between an emerging organ and
the meristem[31]. Such mechanical properties provide an additional mech-
anism for the directional growth of an organ. The model discussed earlier
also includes mechanical anisotropy to reach a greater agreement with the
simulations [7]. Interestingly, the optimal mechanical properties are not the
intuitive ones. For instance, the lower part of the flower bud grows faster, so
that the flower grows upward. This observation leads to the first hypothesis
that its stiffness has to be reduced. Nevertheless, for the best agreement,
it is necessary to include its anisotropic stiffening compared with the rest of
the flower bud. Additionally, the different regions that were defined, and on
which the mechanical properties are tuned, are inspired by the patterns of
expression of some genes. Finally, this study paves the way for a better un-

derstanding of genetic regulation of the mechanical properties of the tissue.
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Figure 1.1: Systems of interest: growth mode and composition of the
cell wall. (A) In many rod-shaped bacteria, such as E. Coli, growth is diffuse,
localized on the whole cylindrical part on the cell. The cell wall of E. Coli
and others gram-negative bacteria is composed of a stiff layer of peptides
and glycans surrounded by two lipid membranes [55, 15]. (B) Tip growth is
observed in fungal hyphae and fission yeasts. Over the plasma membrane are
found three layers, made respectively of chitin, glucan and mannan [45, 8].
(C) In plants, pollen tubes and root hairs are tip-growing cells. On a larger
scale, growth has to be focused on the tip of emerging organs around the
shoot apical meristem. The plant cell wall is made a network of cellulose and
hemi-cellulose embedded in a matrix of pectin [18]. An additional layer of
callose can be found in the pollen tubes [16]. In the three systems the relative
quantities of the different components can vary, for instance between species
or even inside a single cell depending on the precise part of the cell.
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1.6 Feedbacks that stabilize elongated shapes

Sensing curvature. A recent geometrical model, where material deposi-
tion and curvature are coupled, has successfully reproduced the cell shapes
of several organisms [39]. In this model, the spatial extent of the deposition
is not intrinsically restricted. Deposition is directly assumed to be an increas-
ing function of the curvature. Thus local growth is a result of this feedback
and a consequence of the pre-established shape of the cell.

There is evidence for the existence of such a feedback in bacteria. In the
previous section, we mentioned the modeling of the bacterial as a network
of springs mimicking the peptidoglycans [38] and able to grow via the inser-
tion of new strands in the network [23]. A second work based on this model,
shows that the role of MreB is not limited to the orientation of growth by me-
chanical reinforcement [59]. The spatial and temporal correlation of growth
and MreB localization indicates that MreB directly controls the location of
the previously mentioned bursts of growth on the cylindrical part of the cell.
This results is confirmed by the disruption of growth heterogeneity upon de-
polymerization of MreB. Additionally this work suggests the existence of a
feedback between the curvature of the cell wall and growth distribution. In-
deed, simulations where the insertion of material is biased toward the regions
of negative curvature are able not only to maintain a cylindrical shape but
also to recover from a initial bended shape. Thus, sensing curvature is a way
to stabilize the shape of the cell and even to restore it after some disrup-
tions. Recent observations of the preferential localization of MreB in regions

of negative curvature confirm the existence of this feedback mechanism [5].
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Sensing forces In fission yeasts, a recent work have showed that the tran-
sition from unstable to stable polarity is triggered mechanically by the break-
ing of the protective shell of the spore [6]. Interestingly, the ratio between the
volume at the transition and the initial volume of the spore is constant, de-
spite the initial sizes of the spore being quite different. Simulations leads to
the same result, assuming that the transition coincides with the breaking of
the shell. The outer wall is modeled as an elastic stiff shell. The inside of
the spore is also elastic and the supply in new material is modeled by giving
plastic properties to the spore. Growth takes place on a patch moving ran-
domly, mimicking the displacement of the polarity proteins that is observed
experimentally. When it is intact, the outer shell prevents the outgrowth and
keeps the spore roughly spherical. The tension stored in the shell increases,
up to a threshold over which its rupture initiates the polar growth. Thanks to
this mechanism of stress-sensing via mechanical breaking, the spore starts
its outgrowth with a precise increase in its volume.

We mentioned in the previous sections that the morphogenesis of the shoot
apical meristem relies both on local softening and mechanical anisotropies.
The two mechanisms are tuned thanks to a feedback from mechanics. Indeed,
the local softening that triggers the emergence of the organs is achieved by
the increase in the concentration of the growth hormone auxin. It is well
known that the patterns of auxin are generated thanks to its feedback with
its transporters, the PIN1 protein: by pumping the auxin towards the cells
having a higher concentration, PIN1 reinforces auxin heterogeneities. This
so-called “up the gradient” model has been well studied [41] and recent ex-
perimental evidence suggests that the transporters indirectly “measure” the

auxin concentrations via the mechanics of the cell walls [34, 49, 10]. More
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precisely, they are preferentially inserted in the walls that are more mechan-
ically stressed. A local increase of auxin concentration leads to softening of
the cell. The neighboring cells, having to compensate for the weakness of
the soft cell, are locally more stressed and therefore orient their transporters
toward it. This chemomechanical model has been implemented using the fi-
nite elements method for the mechanics coupled with a system of differential
equation for the auxin dynamics [34]. It is able to generate some patterns of
auxin and to reproduce the radial PIN1 reorientation observed around a cell
ablation.

In many tissues, particularly in the meristem, mechanics also regulate the
orientation of cellulose microfibrils. Indeed, cellulose and microtubules are
often observed to be aligned. It has led to the hypothesis that microtubules
could also control the deposition of cellulose, and not only geometry [3]. Ad-
ditionally, microtubules are known to orient along the direction of maximal
mechanical tension. Consequently, the preferential orientation of cellulose
microfibrils reinforces the material in the direction of mechanical stress, thus
increasing the stress anisotropy and stabilizing the microtubules [43]. Sev-
eral computational model simulated this feedback loop between mechanical
stress and anisotropy. In a first work [31], the meristem is modeled as 3-
dimensionnal elastic surface, thus limited to the first layer of cells. The me-
chanics is computed thanks to a vertex model, meaning that the cell walls
are mimicked by 1-dimensionnal springs. The stiffnesses of these springs
increases as their angle with the local stress decreases, thus mimicking the
orientation of the microtubules and their feedback on the mechanical proper-
ties of the tissue. Growth is driven by the turgor pressure coming from the

internal tissue. Above a stress threshold, the cell walls yield and thus deform
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plastically. By initiating the emergence of an organ via the local softening of
a group of cells, the cellulose reorientation leads to a circumferential pattern
around the organ, reinforcing the boundary with the apical dome and thus
making the symmetry breaking more effective. Another model leads to sim-
ilar results using two other methods to compute the mechanics of the tissue
[9]. The paper first shows the results from simulations based on the finite
element method, then the results relying on triangular biquadratic spring, a

more recent technique, simpler even though less general.

Sensing growth rate. In fission yeasts, an additional result from the me-
chanical model discussed above is that a positive feedback between growth
and polarity can explain the polarity stabilization during spore germination
and outgrowth [6]. The first assumption that the displacement of the polar-
isome is random can be replace by a motion toward the location of maximal
surface expansion of the spore. Feedback based on curvature or mechanical
stress were tested, but the growth-based was the only one able to generate
cylindrical shapes. Future effort should unravel the precise biochemical reg-
ulation of this feedback, which is still unclear.

A model coupling the deposition of new material and the mechanics of the
cell wall has reproduced the morphologies of pollen tubes and is able to ex-
plain the growth oscillations that are observed in the rapidly growing tubes
[51]. In this model, the rate of deposition of wall material decreased with
the speed of elongation of the cell. Consequently, the cell oscillates between
phases of high deposition and slow elongation and phases of low deposition
and fast elongation. Depending on the strength of the negative feedback, this

simple mechanism can lead both to oscillatory or steady growth and gener-
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ate smooth or pearled pollen shapes. This negative feedback could come from
the cell wall stretching that activates the entrance of cytosolic calcium that
itself downregulates the polymerization of the actin cytoskeleton and thus

slow down the delivery of vesicles [62].

A. Curvature-sensing in bacteria B. Growth- and force-sensing C. Force-sensing in the shoot apex
in fungi and pollen tubes

A

Figure 1.2: Feedbacks that stabilize elongation. (A) In E. Coli, the inser-
tion of new cell wall is increased on the region of negative curvature. Thanks
to this feedback the rod shape is stabilized and can even be recovered from
initially curved shapes [59, 5]. (B) In pollen tubes and fission yeasts, surface
expansion at the tip is coupled with the mechanics of the cell wall. In Pollen
tubes this feedback leads to oscillatory tip growth [51] whereas in fission
yeast it is coupled with a positive feedback between surface expansion and
polarity proteins position. It prevents this feedback to stabilize the growth
axis and leads to the random movement of the polarity proteins cluster in
the spore. After the breaking of the outer spore wall, the positive feedback
can take place and promotes tip-growth [6]. (C) In the plant shoot apex, two
loops involving mechanics are coupled. Through the enhancement of growth
hormone transport, mechanical stress focus growth at the tip of the organ. It
also increase the mechanical anisotropy of the cell wall via the deposition of
cellulose oriented by stress-sensing microtubules. Then both growth hetero-
geneity and mechanical anisotropy feedback on stress [31, 34].

1.7 Conclusion

The generation of anisotropic shapes in walled cells relies mainly on two
strategies. Many cells, such as hyphae, yeasts, root hairs or pollen tubes

grow directionally via the supply of new material to the cell wall on a precise
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and restricted location [58, 19]. Various models for this local growth have
been implemented and are able to reproduce most of the shapes that are ob-
served. These computational approaches can give some information about
the mechanics of the cell wall [20, 22] or about its behavior with respect to
certain perturbations [27]. Rod-shapes bacteria use a very different strategy,
based on the mechanical reinforcement of their lateral part, whose growth
has to be restricted to maintain their shapes. This reinforcement is achieved
thanks to the circumferential alignment of the glycan strands on the cell wall,
deposited along the curved filaments of the MreB protein [38, 23]. On a mul-
ticellular scale, plants combine those two approaches to initiate the growth of
their organs. Simulations have proven that both mechanisms are necessary
to induce the massive shape change required for organogenesis. The major
actors of this mechanical control of morphogenesis, each corresponding to one
of the strategies discussed here, is the hormone auxin, whose is involved in
the softening of the plant cell wall [50], and cellulose, a stiff polymer whose
oriented deposition leads to stiffness anisotropy [3].

Several feedbacks have been identified that regulate growth. Bacteria, thanks
to a simple mechanism of curvature-sensing based on the MreB protein, are
able to maintain and even to generate de novo cylindrical shapes [5, 59]. It is
remarkable that this feedback provides such an impressive robustness with
respect to massive perturbations of the shape and mechanics of the cells. In
fission yeast, a precise volume doubling between the germination and the
outgrowth is granted by the mechanical breaking of its protective shell [6].
The role of this mechanism of force-sensing is unclear but could be to provide
some kind of robust timer for the exit of the protective shell or to regulate

the size of the spore at the outgrowth. Force-sensing is also involved in the
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organogenesis in the plant shoot apex. Mechanical stress, auxin softening
and cellulose anisotropy feedback each other in a complex loop necessary for
the generation of precise shapes [31, 34]. Finally, growth-sensing explains
both the random movement and the stabilization of polarity before and after
the triggering of the outgrowth in fission yeast [6]. Indeed, before the out-
growth, the outer spore wall mechanically inhibits growth and its aforemen-
tioned breaking acts like a switch on the growth feedback and consequently
on the transition from unstable to stable polarity. Growth-sensing is also rel-
evant for the oscillatory growth in pollen tubes [51]. All these studies show
the efficiency of computational approaches to unravel the complex feedbacks
that now appear to drive the growth of all organisms and to explain the re-
markable robustness of developmental processes. Simulations allow to test
alternative hypotheses that can be difficult to differentiate experimentally.
They can predict experiments likely to lead to shed light on the relevant ac-
tors.

The molecular actors behind many of these feedbacks are unknown. Curvature-
sensing in bacteria could be due to a curvature-dependent binding energy of
the targeting machinery MreB. Negative curvature and MreB localization
could also be driven by a common signal such as proteins involved in cell wall
synthesis [5]. In fission yeasts, mechanisms similar to the oscillatory growth
of pollen tubes could explain the stabilization of polarity by surface expan-
sion [62, 51]. Alternatively, polarity could be diluted and destabilized in the
absence of sufficient growth [44]. The outer spore wall could also restrict
the space for new material deposition. Finally, growth could be involved in
the monitoring of cellular dimensions by intracellular gradient [37]. Iden-

tifying the actors behind mechanosensing at the shoot apex is still a chal-
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lenging questions, both for the orientation of microtubules and the insertion

of auxin transporters. Stretching of the cell membrane could activate some

ion channels or modify the conformation of some protein, thus leading to the

activation or relocation of some biochemical factors that would impact on mi-

crotubules or PIN1 proteins [43]. In the case of auxin transporters, another

hypothesis is the activation of exocytosis and inhibition of endocytosis by the

tension in the cell membrane [32]. All these hypotheses lack evidence, but

new insights can be expected with the improvement of the techniques of cel-

lular and developmental biology.
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