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De la variabilité cellulaire a la reproductibilité des formes : étude de la
mécanique de la morphogenese chez le sépale d’ Arabidopsis thaliana

RESUME EN FRANQAIS

La robustesse du développement est la capacité a produire le méme phénotype au cours du
développement malgré des perturbations intrinseques ou de I'environnement. Chez toutes les
especes, la taille des organes est en général plutét constante, alors que le comportement de leurs
cellules est tres variable.

Les voies de régulation de la taille et de la forme des organes ont été largement étudiées,
cependant la régulation de la reproductibilité, de la taille et de la forme reste a élucider.
Chaque plante d’Arabidopsis thaliana produit plus de 100 fleurs, rendant possible la mesure de
la distribution statistique des tailles au sein d’un organisme individuel.

Les sépales, organes externes de la fleur, nous permettent d’étudier la robustesse dans le
développement, car leur taille et leur forme doit étre strictement régulée tout au long de leur
développement pour protéger les organes reproducteurs. De plus, les tailles des cellules des
sépales sont tres variables.

Chez les plantes, les cellules sont entourées par une paroi pecto-cellulosique. Leurs formes résul-
tent de ’équilibre entre la pression osmotique interne et la rigidité de la paroi. Les propriétés
mécaniques de la paroi ayant un fort impact sur la forme finale des cellules, mon projet de
these vise a élucider leur réle dans la reproductibilité des formes.Précédemment, mon labora-
toire de these avait montré que les cellules végétales peuvent percevoir les forces mécaniques
qu’elles subissent, et modifier les propriétés mécaniques de leur paroi pour y résister. Comme
I’anisotropie mécanique de la paroi module la direction de croissance, nous avons cherché a
déterminer si le niveau de cette réponse cellulaire aux forces pouvait influencer la forme finale
de 'organe en combinant approches théoriques et expérimentales.

J’ai d’abord développé un modeéle purement mécanique, tenant compte des contraintes mé-
caniques, de la croissance anisotropique, ainsi que de la boucle de rétroaction mécanique liant
contraintes et direction de croissance.

Grace & ce modele, j’ai pu prédire que le niveau de contraintes engendrées par le ralentissement
de la croissance de la pointe du sépale associées a une forte rétroaction mécanique pouvait
modifier la forme du sépale.

Cette prédiction a été confirmée expérimentalement par un autre étudiant en theése de mon
équipe.

Le consensus jusqu’a présent est que la forme des organes est dictée par des molécules appelées
morphogenes qui dictent aux cellules ot et quand croitre. Cette étude suggere que la forme des
organes résulte d’une synergie entre de tels morphogenes et les contraintes mécaniques générées
par les différentiels de croissance.

Lorsque j’ai mesuré les propriétés mécaniques de sépales en utilisant un microscope a force

atomique, j'ai trouvé qu’elles étaient fortement variables spatialement. J’ai alors rendu la
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rigidité variable spatialement dans le modele ce qui a rendu les formes moins reproductibles
entre différentes simulations. Pour obtenir des formes reproductibles, j’ai dii ajouter une vari-
abilité temporelle a la variabilité spatiale des propriétés mécaniques. Dans ce cas, la variabilité
temporelle permettait de lisser les différences spatiales au cours du temps et d’augmenter la
reproductibilité des formes finales.

Les hypotheéses suggérées par le modele ont ensuite été testées expérimentalement. Lors d’un
crible génétique pour des mutants ayant des sépales moins reproductibles, nos collaborateurs a
Cornell University ont isolé le mutant ftsh{.Nous avons montré que la variabilité spatiale était
réduite dans le mutant comparé a la plante sauvage. J’ai confirmé en utilisant le microscope
a force atomique que la variabilité spatiale de la rigidité de la paroi était aussi réduite chez le
mutant.

Les expériences ont ainsi validé I'une des deux hypotheses formulées grace au modele : aug-
menter la variabilité spatiale des propriétés mécaniques augmente la reproductibilité des formes.
La plupart des travaux portant sur la taille et la forme des organes se sont concentrés sur
I'impact du geéne étudié sur la taille moyenne des organes. De plus, la variabilité a 1’échelle
cellulaire est peu étudiée chez les organismes multicellulaires, et est souvent considérée comme
désavantageuse. Nous montrons ici que la variabilité au niveau cellulaire peut au contraire
permettre a 'organe de se développer correctement, et c’est la réduction de cette variabilité qui

est délétere pour 'organisme.
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ABSTRACT

Developmental robustness is the ability to produce the same phenotype despite environmental
variability. Indeed, organisms produce similar organs despite a large cellular variability. Regu-
lation of organ size and shape has been widely studied, but the regulation of reproducibility of
organ size and shape is yet to be elucidated.

Arabidopsis thaliana sepals, external organs of the flower, can be used to study developmental
robustness, because each plant produces more than 100 flowers, allowing the robust measure-
ment of variability. Their size is tightly regulated all along the flower development to protect
the reproductive organs.

In plants, cells are surrounded by a stiff cell wall. Cells modulate cell wall stiffness and me-
chanical anisotropy to control their growth. My PhD project aims at understanding the role of
mechanical properties on organ shape reproducibility.

It had previously been shown that plant cells sense their physical environment and accordingly
adjust their cell wall mechanical properties. We first studied whether the strength of this ad-
justment, or feedback, could influence the final shape of the organ. Using a modeling approach,
I showed that the decrease of the growth rate observed at the tip of the sepal could modify
the shape of the tip when the feedback was strong. This prediction has been experimentally
demonstrated by another PhD student of the team.

This study suggests that organ shape results from a synergy between morphogens and the me-
chanical cues generated by growth. Using again a modeling approach, I showed that when
mechanical properties were not variable, the shape of the organ was perfectly reproducible. This
project hence suggest that not only morphogen influence organ shapes, but that mechanical
feedback has a direct impact on shapes.

However, atomic force microscopy measurements showed that mechanical properties were highly
spatially variable. When this variability was implemented in the model, the organ shapes were
not reproducible. To produce reproducible shapes, I increased the temporal variability of the
mechanical properties, which smoothed the spatial variability over time. Moreover, a decrease
of the spatial variability lead to a decrease of organ shape reproducibility. These theoretical
results suggest that spatial and temporal variability influence shape robustness.

The hypotheses raised by the model were experimentally tested: our collaborators identified a
mutant displaying less robust sepal shapes. We showed that the spatial variability was reduced
in this mutant. I confirmed using an atomic force microscope that spatial variability was reduced
as well in the mutant, thus confirming one of the two hypotheses raised by the model: spatial
variability of mechanical properties influence organ shape variability.

Most of the work on organ shape and size focused on the role of the gene of interest of the mean
size of organs. Moreover, the variability at the scale of the cell is rarely studied in multicellular
organisms and considered unfavorable. We show here that the variability at the cellular scale
can enable the proper development of the organ, and it is the decrease of this variability which

is deleterious for the organism.
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Introduction

WO INDIVIDUALS IN THE SAME SPECIES or population have similar sizes and shapes, and
T especially organs such as ears or hands are remarkably similar within a single individual.
Even with the tremendous recent work on morphogenesis, how two organs such as hands have
such remarkable reproducibility is still a mystery. Indeed, studies usually focus on the mecha-
nisms making organs bigger or smaller, but how the organ can sense its shape and regulate it can
be studied only by measuring variability of shapes. Arabidopsis thaliana flowers are a suitable
tool for this study because each plant has dozens of flowers, allowing a robust estimation of
shape variability.

Plant cells are surronded by a stiff cell wall in tension from the internal pressure. The cell wall
mechanical properties are central to cell growth regulation, and in turn play an important role
in organ growth and ultimatey shape. Because morphogenesis is at the interplay of intricate
actors such as genetic regulation, cell growth and physics, using models is mandatory to get an
understanding of the process.

The first part of the introduction will be focused on the study of variability in biology; I will then
describe the cell wall biochemistry and the implication of its mechanical properties on growth.
In a third part I will introduce the different ways to model plant morphogenesis, and lastly

explain why the sepal is a suitable model organ.



1.1 Variability in biology

1.1.1 What can vary in biology?

There are many scales in biology: from populations to subcellular compartments, and every
scale displays variability.

Individuals of a population can develop and behave differently, even in monoclonal populations
such as bacteria populations.

Indeed, in a given organism, organs such as hands, ears, or plant leaves, can have varying sizes
and shapes from 1 to 10% depending on the organ. At the level of the cell, the concentration of
metabolites, transcripts and proteins can vary spatially and temporally.

Differentiating the importance of each of these possible sources of variability on morphogenesis
output has been takled in a study on Drosophila wings, which concluded that the variability
at the level of a monoclonal population or at the level of an organism depended on the genetic
background of the population: specific genes had the specific role to ensure reproducibility of
wings sizes at the level of the individual (Debat and Peronnet, 2013).

Similarly, the cells behavior in one organ can vary; and even at the cellular scale, the concen-
tration of proteins and the gene expression levels can vary over time and space. The variability
of cell behavior is important for some aspects of development. For example, in leaves, stomata
and trichomes are distributed along the surface of the leaf, in a specific pattern. The emergence
of such pattern is granted by the variability of behaviors at the cellular scale (Greese et al.,
2012). However, studying variability using mutants can be misleading, because the measured
variability can be due to incomplete penetrance instead of an actual increase in variability: an
allele has an incomplete penetrance when not all individuals carrying the mutation show the
mutant phenotype. One way to distinguish between regulation of variability and incomplete
penetrance is to also compare mutant and wild-type means: similar means indicate that the

gene regulates variability (Raj et all, 2010).

1.1.2 Sources of variability

The observed variability in shape and behavior has diverse origins. For example, the differ-
ences observed between individuals of a polyclonal population are likely to be linked to genetic
variability. The specific genes involved in a variable phenotypic trait can be determined using
Quantitative Trait Loci (QTLs).

On another hand, the differences between individuals of the same population can also be due to
them growing in different environments. However, organs in the same individual develop in the
same environment and share the same genotype, for example hands show differences of about
1% in length (Palmer, 1996). This measured fluctuating asymetry is a metric of developmental
stability.

The perturbations studied during development usually refer to several processes such as ther-

mal noise at the molecular level, random variation of the rates of biological processes impacting



cell-to-cell communication, rates of cell growth or division (Palmern, 1996). Depending on what
characteristic of the organims and what source of perturbation is tested, the perturbations can
be internal or external, e.g. for the development of a flower, the environmental variability is ex-
ternal whereas the cell scale variability is internal (Masel and Siegal, 2009). One question often
addressed in the studies on variability is whether the cellular response is different for an internal
or an external source or perturbations (Meiklejohn and Hartl, 2002). Moreover, the cellular
response can also differ depending on the kind of environmental perturbation: when exposed
to temperature or starvation, different species of Caenorhabditis nematode reacted differently,
indicating the intricate response of developmental systems to environment (Braendle and Félix,
2008). At an even smaller scale, gene expression itself is noisy, leading to variability in time and
between cells in bacteria (McAdams and Arkin, 1999) and eukaryotic cells (Blake et al), 2003).

1.1.3 What should vary but actually does not

Given all the possible aspects of life that can vary, how is it possible that two hands, or two
leaves are so similar? Only a few studies focused on this paradox.

During the development of the early embryo, many steps of cell differentiation rely on the sensing
of morphogen gradients. Any stochastic variation of morphogen concentration in this gradient
needs to be buffered for a robust development. In particular, in Drosophila, the embryo devel-
opment strongly relies on Bicoid gradient. The Bicoid gradient is very variable, it is sensitive
to environmental factors such as temperature, the total amount of mRNA in the embryo, and
the precise amount of protease. However, the limit of the cells differentiating, detected by their
expression of hunchback along this gradient is strikingly precise (Houchmandzadeh et all, 2002).
How the organisms produce such a reproducible limit from a variable input is not resolved. In
Drosophila, development is robust against environmental variation (temperature), and protein
quantities, but changes in the topology of the regulatory network have large impacts (Houch-
mandzadeh et al), 2002, von Dassow et al., 2000).

In plants, phyllotaxis is the regular arrangement of lateral organs in plants. It has been an
interest for scientists and scholars since the ancient Greeks, and many properties have been
understood as quite robust and reproducible over species. However, how such robustness is
achieved is not understood. The phyllotaxis is set up at the shoot apical meristem of the plant,
where the positionning of organs is determined by inhibitory fields, which in turn depend on
variable processes such as morphogen diffusion. Despite much progress in the identification of
molecular regulators of organogensis and possible self-organized properties at the tissue scale
(e.g. Reinhardt et al| (2003)), how the temporal and spatial robustness of the inhibitory fields
is produced is still a mystery (Mirabet et al), 2012, Vernoux et al), 2011).

Because gene expression is noisy (Blake et al), 2003, McAdams and Arkin, 1999), and because
the environment varies, many phenotypic characteristics should vary. Morphogenesis stability

is the main example that it does not vary nearly as much as it should.



1.1.4 Buffering mechanisms

Development is robust against environmental and genetic variation. This robustness in the de-
velopment is often refered to as canalization (Wagner and Altenberg, 1996), and the mechanisms
allowing such robustness have been the focus of many studies.

Gene networks allow the activity of genes to be backed up by other genes, granting a robustness
against genetic variation: if the activity of one gene is impaired, another gene or set of genes is
likely to be able to fill its function (Hartman et al., 2001)). Moreover, comparing Drosophila pop-
ulations, the most robust ones against genetic perturbations were also the most robust against
environmental perturbations (Stearns et alJ, [1995).

Topology is an important feature in gene regulatory networks: negative feedback loops can
increase robustness of the outcome of the regulatory network, as has been demonstrated in
yeast (Howell et al), 2012). In particular, the microRNA miR-7 acts in several feedforward and
feedback loops during Drosophila development, buffering the involved genetic networks against
environmental variation (Li et al), 2009). MicroRNAs are likely to function in other pathways
as well, such as the control of mRNA transcript copy number, and the degradation of impaired
mRNA transcripts (Ebert and Sharp, 2012). Moreover, some genes have been demonstrated
to specifically increase robustness. The chaperonin Hsp90 is a heat shock protein, and largely
stabilizes morphogenetic pathways, degrading misshaped proteins. When the Hsp90 protein is
active, it allows other mutations to cryptically accumulate; Hsp90 activity degrading the im-
paired proteins.

The identification of such genes is critical for a full understanding of robustness (Masel and
Siegal, 2009). When Hsp90 is compromised, for example by a temperature increase, the cryptic
mutations get expressed, leading to alterations of cells behaviors that can be more important
than those predicted by only the loss of Hsp90 (Rutherford and Lindquist, 1998). Moreover,
Hsp90 is present in all organisms and has been identified in Arabidopsis thaliana ; where the
mutant also presents developmental robustness defects, demonstrating the importance of such
buffering mechanisms (Queitsch et al., 2002). Another protein with a large impact on robustness
has been described in Arabidopsis thaliana, AtCHR23, which is a chromatin remodeler. This
protein has diverse regulates diverse functions of the cell, and when mutated, the plants have a
more variable growth in roots, hypocotyls and leaves (Folta et all, 2014).

Most of the time, the proteins involved in robustness have pleiotropic roles in the cell: pro-
tein modification (such as chaperonin), chromatin modeling, DNA integrity, RNA elongation,
response to stimuli (Levy and Siegal, 2008), and as we will see in chapter E, reactive oxygen
species regulator. These genes are at the crosses of different pathways and are hubs in the
genetic network of the cells (Cooper et al), 2006, Levy and Siegal, 2008).

To determine which genes have an impact on robustness, one can also use quantitative trait
loci (QTLs). Indeed, QTLs are originally used to map a measured quantity to genetics, but
the variability of such quantity can also be mapped to genetics using the same method (Hall
et all, 2007, Ordas et all, 2008). Genes have been identified in Arabidopsis thaliana which im-



pact developmental robustness: for example, the ERECTA gene would be responsible for the
robustness of the number of rosette leaves (Hall et al., 2007). However, the robustness of organ

size has never been addressed in plants (Boukhibar and Barkoulag, 2015, Lempe et al., 2013).

1.1.5 Spatiotemporal averaging as a buffering mechanism

One way to increase robustness is to average sochastic fluctuations in space and time.

Indeed, it has been shown in a theoretical study that averaging protein concentration in space,
by diffusion, enhanced the precision of gene expression patterns by smoothing out bursts of ex-
pression (Erdmann et all, 2009). Similarly, in Schizosaccharomyces pombe the membrane-bond
pomlp protein displays a noisy concentration distribution along the cell, but the temporally
averaged distributions were much smoother. In this case, it was shown that the smoothening of
the protein distribution was due to the clustering of the proteins (Saunders et all, 2012).
Temporal averaging is also used by bacteria to sense shallow chemical gradients. Indeed, when
a chemical gradient is shallow, the stochastic receptor-ligand interactions can exceed the slight
gradient signal. To establish the orientation of the gradient, the bacteria sense the chemical con-
centration in several positions and then stabilizes towards the averaged maximum (Dyer et al.,
2013). Spatiotemporal averaging has been shown to play an important role in the robustness
of morphogen gradient positional precision. Indeed, in Drosophila embryo, the antero-posterior
axis is determined by a gradient of Bicoid concentration, which generates cell differentiation,
classically detected by the expression of hunchback. This gradient is highly sensitive to envi-
ronmental variability (Houchmandzadeh et al), 2002), however the limit of the cells expressing
hunchback is strikingly reproducible. Using a mutant displaying a more flat Bicoid gradient,
He et al; (2010) showed that the robustness of the wild-type gradient sensing was due to time
and spatial averaging. Another way to smooth protein concentration is intrinsic to the different
time scales between the biological processes gene activation, transcription, mRNA translation
and mRNA and protein degradation, which are sufficient to buffer the temporal variability of
gene activation and to produce rather smooth concentrations of proteins over time (Paulsson,
2005).

1.1.6 Is variability always detrimental?

At the cellular level, noise of genetic expression can have beneficial effects. Chemical com-
pounds increasing expression noise in HIV positive cells but where HIV is latent could, when
coupled with reactivating drugs, achieve much more efficient results than the reactivating drugs
alone (Dar et all, 2014).

Phenotypic plasticity, or the ability of organisms to produce different phenotypes from the same
genotype, can be advantageous to a population. Indeed, if the environment changes and a por-
tion of the population dies, the few that were different because of phenotypic stochasticity can
prolifer and develop as a new population. Because the survivors have the same genotype as the

initial population — if the selection pressure is not too long, the new population has the same



genetical background as the former (Johnston and Desplan, 2010). Similarly, in development
and cancer, a cell population can be divided into phenotypic subpopulations. The proportions of
each of these subpopulations is determined by stochastic transitions of cells between the states,
keeping the proportions constant; even when a subpart of the population is removed (Gupta
et all, 2011, Roorda and Williams, 1999, Singh et all, 2013).

Variability at the population level is also useful to interpret signals. For example, the immune
NF-kB pathway is activated in response to the extra-cellular TNF signal. If the TNF signal
oscillates, in some cells, the NF-xB response can synchronize with the TNF input, but only in a
given range of frequencies. However, the cell-to-cell variability allows subpopulations of cells to
synchronize with different frequencies, allowing the population as a whole to synchronize with a
wide range of TNF signal frequencies. In this case, the phenotypic variability of a population of
cells is responsible for the ability of the population to respond to an extra-cellular signal (Kel-
logg and Tay|, 2015). Variability can also be a defense mechanism: it has been shown that
insect herbivore performance is reduced when the variability of nutritional content of plants is
increased (Wetzel et all, 2016).

Robustness against environmental variations is mandatory for a reproducible development in
animals and in plants. Nevertheless, the environment carries information, and organisms have
to adapt to environmental changes (Abley et al., 2016); this is especially true for plants since
they cannot move. Hence, the organisms need to be able to read environmental cues and ac-
cordingly tune their behavior. Here it is worth noticing that the reaction of the plants to a given
environmental cue must be robust: they "produce variability in a reliable manner” (Abley et al.,
2016). Strikingly, the strategies that allow robustness in development are often related to the
mechanisms that allow environmental plasticity: network topology, feedback and feedforward
loops, pleitropic genes (Lachowiec et all, 2016). Thus, if the organism is too robust against
environmental variability, it will not adapt to environmental variability, ultimately reducing its
fitness.

Further than adapting to their environment during their life, robustness and variability have
obvious evolutionnary implications. In particular, how the robustness in development, or canal-
ization, evolves has been at the center of many studies (Eshel and Matessi, 1998, Gibson and
Wagner, 2000, Masel and Bergman, 2003, Pigliucci, 2008, Rice, 1998). These studies demon-
strate that the system allows some variability to keep the system evolvable, and that if a system
is too robust, it will prevent evolution and ultimately lead to the extinction of the species. It has
been theorecized that the buffering mechanisms should be a unified mechanism for both genetic
and environmental robustness (Meiklejohn and Hartl, 2002).

Here, we focus on the robustness of organ shape and size, which has not been investigated so
far. In plants, shape is governed by cell wall mechanical properties. Could the intricate and
entangled structure of the cell wall contribute to organ shape reproducibility? To investigate

this question, we will introduce the cell wall biochemistry.
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Figure 1.1: The cell is surrounded by the cell wall, which is an intricate structure. (A) Major compartments of a plant cell.
V: vacuole, N: nucleus, ER: endoplasmic reticulum, CW: cell wall, M: mitochondrion, P: plast, C: cytoplasm. (B) The pri-
mary cell wall is a complex polysaccharidic structure, composed of cellulose microfibrils, pectin (RGl, RGll, HG) and
hemicellulose (XG, GAX), between the cell plasma membrane (at the bottom) and the middle lamella (at the top), sepa-
rating cell walls of neighboring cells. (from Somerville et all (2004))

1.2 The cell wall and its regulators

Plant cells are surrounded by an extracellular matrix called the cell wall (see Figure Ell) Over a
plant’s life, the chemistry and physical properties of the cell wall change, notably in vasculature,
to support the increasing weight of the above tissue and maintain the stature of the plant against
gravity. The newly synthesized cell wall, or secondary cell wall, is stiffer and characterized by
the presence of lignin. The cells surrounded by secondary cell wall have stopped growing, and
their main function is to support the younger tissue. On the other hand, the cells belonging to
the young, growing tissue are surrounded by the much softer primary cell wall.

My project is focused on organ growth, thus I will focus on the primary cell wall only.
1.2.1 The composition and biosynthesis of the cell wall

Cell wall composition

In Arabidopsis thaliana leaves, the primary cell wall is composed by pectic polysaccharides (42%
of the wall), hemicellulose (24%), cellulose (14%) and proteins (14%) (Zablackis et al, 1995) (see

Figure @), but the cell wall also contains other components such as callose, notably involved

in the regulation of plasmodesmata opening.

Cellulose is an unbranched homopolysaccharide, composed of 5-D-glucopyranose units linked
by 1,4-glycosidic bonds (|OSullivan|, l1997|) (see Figure @) Between 18 and 36 chains assemble
via hydrogen bonds into a cellulose microfibril, forming the crystalline cellulose I (,
). The spatial organization of the cellulose microfibrils can be studied using X-ray scattering,
and several types of crystallized cellulose have been described (|Newman et aIJ, l2013|).
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Figure 1.2: Simplified view of the cell wall. The main components are pectin, hemicellulose and cellulose. Pectin and
hemicellulose are produced in the Golgi and exocytosed in the cell wall, whereas cellulose is synthesised directly at the
plasma membrane, following microtubule orientations.

Hemicellulose is a familly of diverse polysaccharides. It contains all the molecules with equa-

torial §-1,4-linkages, but the sugars can be different from glucose, such as xylose and mannose,

and they often carry side-chains (bcheller and Ulvskovl, b()ld). The main hemicelluloses are xylan

(made of xylose), xyloglucan (made of glucose), mannan (made of mannose) and glucomannan
(made of mannose and glucose) (bcheller and Ulvskovl, tZOld) (see Figure Q) Hemicellulose
backbone can form hydrogen bonds with the cellulose microfibrils (lPark and Cosgrovel, |2015|).

Interestingly, mutants of regulators of xyloglucan biochemistry change the growth patterns in

plants (|Miedes et alL l20124), whereas the mutant depleted of all xyloglucan xzt!/zxt2 shows only
a mild phenotype (lPark and Cosgrové, l2012|).

Pectins also constitute a diverse and compound family of polysaccharides. The main pectin

polysaccharides in Arabidopsis thaliana leaves are homogalacturonan (23% of the cell wall),
rhamnogalacturonan I (11%), and rhamnogalacturonan II (8%) (hablackis et al.|, |1995|). Homo-

galacturonan are linear chains of a-1,4-linked D-galacturonic acid; rhamnogalacturonan I has

a backbone composed of repeating disaccharide a-D-galacturonic acid-a-L-rhamnose, linked to

various side chains; and rhamnogalacturnan II has a backbone composed of a-1,4-linked D-

galacturonic acid, associated with various side chains (Vinckern, )

No links between pectins and other components of the cell wall have been documented, however

indirect evidence suggest that pectin and cellulose may directly interact (tRalet et al.|, b()ld,

|Wang and Husseyl, l2015|). However, Rhamnogalaturonan II molecules can be covalently bound
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Figure 1.3: Cellulose molecular composition. (A) Cellulose is composed of 3-D-glucopyranose units linked by (1—>4)
glycosidic bonds. (B) A cellulose microfibril is composed of between 18 and 36 chains. Inspired by
(2015).

by borate diester bridges on specific sites (IMazurek and Perlin|, |1963|, b’Neill et al], l2004l) (see

Figure @), and homogalacturonan and rhamnogalacturonan II backbones can also be non-

covalently linked by calcium bridges (brant et alL |1973|), according to the "egg-box” model,

thus forming a gelified structure, stiffer than the free form of pectin ([Fraeye et al.|, l201d) (see
Figure @)

Proteins can take up to 14% of the dry mass of the cell wall (hablackis et al.|, |1995). The
large variety of proteins in the cell wall adds another layer of complexity and an exhaustive
overview of the cell wall proteins has yet to be established (|A1benne et alj7 b014]). Nonetheless,

the cell wall proteins can be distinguished between the regulatory enzymes, which modify the

other components of the cell wall, and the structural proteins (lShowalteIL ll99§i).

The structural proteins of the cell wall are the hydroxyproline-rich glycoproteins (HRGPs) or ex-
tensins, the arabinogalactan proteins (AGPs), the glycine-rich proteins (GRPs), the proline-rich
proteins (PRPs), and proteins that have a mixture of these domains (barpita et alJ, |199d, bassabL

). Extensins are the most abundant and the most studied structural proteins (, ):

they are involved in cell recognition pathways, e.g. in the mating system of Chlamydomonas,

and in the growth of the pollen tube during pollinization of maize in particular (, )
Extensins are composed of a succession of hydrophobic and hydrophilic motifs of highly modified

amino acids (, ), which can be linked together by extensin peroxidase (, ,
labelrauch et alL |199d), forming sheets of extensin (hEpstein and Lamportl, |1984|). They can also

be linked to other molecules of the cell wall, but neither the mechanisms nor the nature of the

links are known (, , , |198d, |Qi et all, |1995|). Extensin accumulation is associated

with the end of cell growth (|Cassab|, |199d7 |Ye and V.eu"meli7 |199]J), in accordance with the increase
of cell wall tensile strength due to the formation of an extensin-cellulose network (, )
I will not study this proteic complex during my PhD project. The other cell wall proteins are
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Figure 1.4: Molecular composition of the backbones of the four main hemicellulose subtypes. The side-chains are not
represented, and are linked to any carbon of the glycans. After Scheller and Ulvskov (2010).

enzymes modifying the surrounding polysaccharides and proteins. The roles and means of action
of these enzymes will be developped in the section .

Lignin is synthesized as a part of the secondary cell wall, so it is not in the focus of this
project. Lignin is formed by phenylalanin altered side-chain modifications such as oxydation,
and linked together in the cell wall, forming a macromolecule (Boerjan et alj, 2003, Fraser and
Chapple, 2011). Lignin also covalently links to other components of the cell wall such as cellulose
and hemicellulose (Pérez et all, 2002), thus making the cell wall much stronger.

Callose is composed by glucose residues linked together through 5-1,3-linkages. It has many
regulatory roles, but is not present in high proportion in the cell wall. In particular, it regu-
lates the opening of plasmodesmata, small channels allowing cell-to-cell symplasmic communi-
cation (Levy et al), 2007, Roy et al., 1997, [Turner et al, 1994). It is also the most prominent
physical defense in fungal infection resistance, forming a plug (Aist, 1976), and is found in
specific structures such as the cell plate in dividing cells, pollen mother cell walls and pollen
tubes (Jacobs et all, 2003).

Because the cell wall is so intricate, this presentation of the cell wall components is not exhaus-
tive, and decifering exactly which component interacts with which and how is very challenging.
The mechanical link between cellulose microfibrils, in particular, plays an important role in the
growth of the cell wall. The original view of the cell wall as a thethered network, where cel-
lulose microfibrils are linked by hemicelluloses, has been recently challenged by the "hot spot’

view, where cellulose microfibrils are directly linked in such hot spots via hemicellulose-cellulose
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Figure 1.5: Cross-linking of pectin molecules. (A) Homogalacturonan and rhamnogalacturonan Il backbones can be
linked by Calcium ions on their non-methylesterified residues. (B) Rhamnogalacturonan Il side-chains can be covalently
bound through borate diester bridges forming via L-fucose residues. After \incken (2003)

amalgams (Cosgrove, 2016), but determining the exact relationship between the biochemical

components remains a challenge.

Cell wall biosynthesis

@y cellulose microfibril
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microtubule

Figure 1.6: Schematic representation of cellulose synthesis. Cellulose synthesis takes place at the plasma membrane,
by CESA complexes, which are linked to the microtubules via the Cellulose Synthase Interacting protein CSI1 associated
with the Companion of Cellulose Synthase (CC) proteins.

Cellulose is secreted in the membrane via cellulose synthase (CESA) complexes, each one
synthesizing one chain of cellulose (Somervillg, 2006). Arabidopsis thaliana genome encodes for at
least 9 isoforms of the cellulose synthase. It is known that the CESA complex requires 3 isoforms
of CESA proteins in similar amounts, but the exact stoichiometry is not known (Gonneau et al.,
2014, Hill et al), 2014). CESA complexes are linked to the cortical microtubule network via
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the Cellulose Synthase Interacting (CSI) proteins (Bringmann et all, 2012, Li et al), 2012) and
the Companion of Cellulose Synthase (CC) proteins (Endler et al], 2015) (see Figure @) The
cortical microtubules array orientation is the result of the auto-organization of the individual
microtubules, permitted by a few interaction rules (Wasteneys and Ambrose, 2009), and is also
controlled by the cell (Sedbrook and Kaloriti, 2008). The microtubule array and its regulation
will be detailed in section .

Most of the other components are synthesized in the cell endoplasmic reticulum and in
the golgi apparatus, where specific enzymes synthesize and modify the polysaccharides (Geisler
et al), 2008, Lerouxel et all, 2006, Mohner|, 2008, Scheller and Ulvskov, 2010) (see Figure @)
The exocytosis of the vesicles containing cell wall material is also tightly regulated, as has been
shown for the pectin exocytosis (Anderson et all, 2012). Polysaccharide maturation can also take
place directly in the cell wall, for example xyloglucan are hydrolyzed in the cell wall (Scheller
and Ulvskowv, 2010).

1.2.2 The extension of the plant cell wall

The regulation of cell wall biochemistry is central to cell size regulation. The softening of the
cell wall has diverse causes, indirect such as the effect of hormones and secondary signals, or
direct with the action of specific molecules such as reactive oxygen species and calcium ions,

and regulatory proteins.

Mechanical properties of cell wall components

Both turgor pressure and cell wall mechanical properties influence cell growth, but the cell
wall has been the most studied so far. The role of turgor pressure will be discussed in the
section , here the cell wall biochemistry is detailed.

The stiffness of the cell wall ranges from 10MPa to 10GPa (Boudaoud, 2003, Keckes et all, 2003,
Milani et al), 2011, Mirabet et al., 2011)). However, the stiffness of the isolated major compo-
nents of the cell wall are very different: cellulose is the stiffest component (the stiffness is about
100GPa), whereas hemicellulose (40MPa) and pectin (10-200MPa) are much softer (Mirabet:
et al., 2011)).

Cell growth is oriented by the anisotropy of the mechanical properties. The only structure
in the cell wall that is strongly anisotropic geometrically and mechanically is the cellulose mi-
crofibril: it is the stiffest material in the cell wall, and its deposition often leads to the formation
of parallel arrays, thus reinforcing the mechanical anisotropy of the wall: the cell wall is stiffer
in the preferential direction of cellulose microfibrils, and softer in the other direction (Kerstens
et al), 2001). Because the force driving the growth is isotropic, generated by the internal pres-
sure, the resulting deformation is anisotropic and depends on cellulose preferential orientation
in the cell wall (Baskin, 2005).

The cell wall stiffness and anisotropy directly influence the growth. Moreover, the stiffness and
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the anisotropy of the cell wall can be regulated by the cell, via the action of hormones, other
signaling molecules, mechanical stress, and direct modulators. The roles of these actors are

discussed here; the physical aspects of growth are discussed section @

Phytohormones

Auxin was the first phytohormone showed to impact cell growth and cell wall mechanical
properties, its addition causing cell growth (Kutschera and Schopfer, 1986), by both a decrease
of the cell wall pH, and downstream transcriptional effects (Fendrych et all, 2016). Auxin
regulates many genes at the transcriptional level, including regulators of the cell wall (Abel and
Theologis, 1996), but has also direct effects on the cell wall via the activation of H-ATPase,
decreasing the pH in the cell wall, which has various effects including the activation of many
cell wall remodelers (Rayle and Cleland, [1992).

All the other plant hormones have also been shown to impact cell growth: abscissic acid (Kutschera
and Schopfer], 1986), gibberellins (de Lucas et al}, 2008), brassinosteroids (Sanchez-Rodriguez
et al., 2017, Wolf et al,, 2012b), and ethylene (Burg, 1973), but the exact pathways are not fully
uncovered. For all phytohormones, even if they have an effect on cell wall mechanical properties
and ultimately on growth, they also have pleiotropic effects, and distinguishing which effect has

which cause can be very tricky.

Signaling molecules

Reactive oxygen species (ROS) are universal secondary signals in plants and animals (Gilroy
et al), 2014). In particular, ROS are important secondary messengers in wound stress signaling,
where their production triggers covalent crosslinks between cell wall polysaccharides, ultimately
stabilizing the wound (Brisson et alf, 1994). ROS also influence plant development in many
ways (Foreman et al), 2003, Gapper and Dolan, 2006, Liszkay et al), 2003) and are involved in
tissue ageing. They can cause both stiffening and softening of the cell wall depending on the
circumstances (Schopfer et all, 2002, Xiong et al), 2015).

Calcium is also a secondary messenger involved in many cellular processes (Gilroy et all, 2014,
Hepler and Wayne, 1985). In the cell wall, one of its major roles is the non-covalent binding to
homogalacturonan backbone to form pectate gels.

Reactive oxygen species and calcium have diverse cellular roles apart from their roles in cell
wall mechanical properties, making them difficult to use as tools to modify cell wall mechanical

properties, since other properties of the cells will change as well.

Mechanical stresses

The cellular response to mechanical stress has been well established in animal (Bischofs and
Schwarz, 2003) and in plant cells (Monshausen and Haswell, 2013), and can lead to modifica-

tions of cell shape, behavior, and differentiation. In plants, the origin of mechanical stress is
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turgor pressure. No mechanotransduction pathway has been fully described in plants, but pu-
tative cell wall sensors have been reported (lRingli, lZOld, |W01f et al], I‘ZOlQaI), and the FERONIA

receptor-like kinase has been identified during a screen for mutants not responding to external

mechanical stimuli (bhih et a1.|, l2014l). Building on analogies from the animal and bacterial

field, stretch-activated channels could also be mechano-sensors; for instance, the mechanosensi-
tive channel MSL8 in Arabidopsis is necessary for pollen tube viability during an hypoosmotic
shock (lHamilton et alJ, b015|); the putative stretch-activated calcium channel MCA1 could have
a role in sensing mechanical stimuli in roots (|Nakagawa et all, bOO?I); and the OSCA1 channel

is required for osmosensing (|Yuan et alj, l2014l).

Downstream of these mechanosensing pathways, cortical microtubules reorient parallel to maxi-

mal tensile stress directions in cells and tissues (tHamant et al.|, bOOSI). Whether there is a direct

link between the identified mechanosensing pathways and the microtubule reorientation is not
known. Moreover, the cellulose deposition follows microtubule orientation, and cellulose is the
stiffest component of the cell wall (see the section ), hence this reaction to stress allows
the cell to resist to mechanical stress, and prevents cell damage. At the single-cell scale, cell
geometry prescribes a mechanical stress: the shortest width of the cell bears the highest stress.
This leads to the accumulation of transversally aligned microtubules along the smallest widths
of the cell. The accumulation of microtubules in turn induces the transversal deposition of
cellulose, stiffening the cell wall and preventing the widening of the cell at this location, which

hence remains narrow, recruiting even more microtubules. This positive feedback leads to the

formation of the so-called puzzle-shaped cells (bampathkumar et al.|, l2014|).

However, reactive oxygen species, calcium and mechanical signals all have pleitropic effects,
making them difficult tools to investigate the role of cell wall mechanical properties on organ

shape robustness.

‘Wall regulators
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Figure 1.7: Non exhaustive summary of cell wall modificators. The proteins modify the components pointed by the ar-
row. A blue arrow means that the presence of this protein is associated with the decrease of growth, a red arrow shows
an increase of growth, and a black arrow means that the protein is associated with the control of growth anisotropy. PL:
pectate lyase, PG: polygalacturonase, PME: pectin methyl esterase, PMEI: PME inhibitor, XTH: xyloglucan endotransglu-
cosylase/hydrolase.
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Direct modifications on the cell wall molecules

Cellulose can be modified by cellulases.
Cellulases, also called endo-1-4-5-glucanases, break the covalent bonds between the glucosidic
residues of cellulose but also xyloglucan. The KORRIGAN protein is a cellulase linked to the
cellulose synthase complex, and is thought to help the cellulose deposition (Vain et al), 2014),
but other cellulases are believed to break cellulose at other locations in the cell wall (Glass et al|,
2015). Cellulase activity impacts development: several cellulase mutants are smaller than the
wild-type (Glass et all, 2015).

Hemicellulose can be modified by xyloglucan endotransglucosylase/hydrolase or XTH, xy-
losidases, fucosidases and galactosidases.

XTH enzymes can cut and link xyloglucan chains, with the enzymatic activities endohydro-
lase and endotranglucosylase, respectively, thus relaxing the stretch in the cell wall (Campbell
and Braam, 1999, Rose, 2002). This family of proteins gathers 33 proteins belonging to 3 ma-
jor phylogenetic groups. This phylogenetic divergence suggests a specialization of the enzymes:
members of groups 1 and 2 are thought to mediate exclusively transglucosylation, whereas mem-
bers of the group 3 could mediate xyloglucan endohydrolysis as well. However, this trend has not
been tested for all members of the XTH family and exceptions have been reported (Rose, 2002).
Such a large family raises the question whether the genes are redundant or complementary in
some way. An expression analysis of the XTH genes showed that they were expressed in differ-
ent organs at different times in the development, and are differentially regulated by the plant
hormones (Yokoyama and Nishitani, 2001), making the proteins not redundant, but rather each
very specific. Furthermore, the cell wall mechanical properties are directly softened by XTH
activity (Miedes et al), 2011), and XTH directly influence plant growth: the overexpression of
XTH increased growth in hypocotyls (Miedes et al), 2013).

Hemicelluloses can also be cleaved by xylosidases. They play a role in plant growth, because the
mutants grow smaller silliques whereas the overexpressors silliques are bigger than those of the
wild type (Giinl and Pauly, 2011). So far, fucosidases and galactosidases have only been studied
in the context of fruit ripening, where they modify hemicellulose side-chains (Lazan et all, 1995,
Ranwala et al., 1992).

Cellulose microfibrils and hemicellulose are linked by non-covalent hydrogen bonds. These
can be broken by expansins, loosening the cell wall and inducing cell growth; especially in
low pH environments (Cosgrove, 1999, Sampedro and Cosgrove, 2005). It has been shown that
expansin expression has direct effects on leaf growth: reducing the amount of expressed expansin
induced smaller and less extensible leaves, with smaller petiole, whereas increasing the amount of
expansin produced lead to the formation of larger leaves with longer petioles (Cho and Cosgrove,
2000).

The pectin network can be modified by endo- or exo-polygalacturonases (PG), pectate
lyases (PL), pectin methyl-esterases (PME), pectin acetyl-esterases, and modifications of borate
diester and Calcium egg-boxes.

The PGs hydrolyze the homogalacturonan backbone, and the PLs cleave the homogalacturonan
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backbone via a (-elimination mechanism (Andersor|, 2015). Inducing polygalcaturonase activ-
ity induced dwarf phenotypes (Capodicasa, 2004), whereas plants with impaired pectate-lyase
activity were smaller (Vogel, 2002).

The PMEs cleave the methyl groups from the galactose residues of homogalacturonan and
rhamnogalacturonan IT (Micheli, 2001). These proteins belong to a large family comprising
66 members in Arabidopsis thaliana (Pelloux et all, 2007). They are regulated by an equally
compound gene family of pectin methylesterase inhibitors (PMEI) (Giovane et al), 2004). The
methylesterification of pectins can have two distinct consequences, depending on whether PMEs
esterify distant pectin residues, or a large number of neighboring residues (Markovi¢ and Kohn,
1984, Micheli, 2001). When PME activity is sparse, the pectin structure associated with the
release of protons in the cell wall due to PME activity leads to an increased activity of PG,
severing the network and ultimately softening of the cell wall (Micheli, 2001, Moustacas et al.,
1991). When PME activity is clustered, a large number of residues in close vicinity display
free carboxyl groups, able to interact with calcium ions and establish the stiffer egg-box struc-
tures (Goldberg et all, 1996, Micheli, 2001)). The interactions between PME and PMEI families
are intricate: decifering the respective roles of each of them during development is a challenge.
There are many examples of PME or PMEI mutants both inducing and inhibiting growth, re-
viewed in Wolf and Greiney (2012) and Peaucelle et al) (2012).

Acetylation can affect both pectin and hemicellulose residues (Nafisi et al), 2015). Only one
study focused on the impact of acetylation on growth, where the authors show that acute pectin
acetylation defects cause dwarfism (Manabe et al., 2013).

The boron-deficient plants, presenting defects in the borate-diester structures linking rhamno-
galacturonan II polysaccharides, are smaller, more fragile than the wild-type, and some cells do
not expand properly (Dell and Huang|, 1997, O’Neill et al., 2004). In Arabidopsis mutant murl,
the rhamnogalaturonan II L-Fucose residues are replaced by L-galactose (Reuhs et al), 2004),
destabilizing the borate diester bridges; leading to plant dwarfism (O’Neill et al), 2001)).

Indirect modifications via the microtubule network

The cellulose orientation depends on the orientation of the cortical microtubule network,
itself regulated by microtubule associated proteins (MAPs) (Sedbrook and Kaloriti, 2008). Mi-
crotubules have very different roles in the dividing cells and the interphase; many MAPs play
roles in microtubule regulation in both cases, but I will focus on the MAPs involved in micro-
tubule network regulation during the interphase.

The interphasic microtubule network consists in an auto-organizing array, which organization de-
pends on MAPs activity and mechanical cues. Moreover, the microtubule array is very dynamic:
microtubules grow and shrink continuously. Microtubules also encounter other microtubules at
spots called cross-over, and depending on the contact angle, can either depolymerize of zip up to
form bundles. Microtubules tend to depolymerize at the edges of the cells if the MAP CLASP
is absent (Ambrose et al), 2011, 2007). Ensuing from this behavior, the microtubule array in
clasp cells is more sensitive to cell shape (Ambrose et al), 2011). The KATANIN protein cuts

microtubules at cross-overs, contributing majorly to the microtubule array self-organization.
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Although the exact mechanism remains unknown, the KATANIN protein is antagonized by the
SPIRAL2 protein at cross-overs. The katanin plants hence display less dynamic, more disor-
ganized microtubule arrays (Lindeboom et al|, 2013, Stoppin-Mellet et al., 2006), whereas the
spiral2 plants display highly dynamic and aligned arrays (Wightman et al., 2013). The link
between microtubule, cellulose deposition, and growth orientation thus explains the mutant
phenotypes: katanin have round cells and the plants are dwarf (Burk, 2001, 2002), whereas spi-
ral2 have elongated cells and the plants are taller and thinner than the wild-type (Shoji et all,
2004).

Cells regulate their wall through the coordination of all the processes described in this chap-
ter. Which modifications are required depend on the circumstances and the state of the cell
wall, itself monitored by specific proteins called integrity sensors. Wall integrity sensors are not
well described yet in plants, but understanding their action could help understand better the
cell wall regulation process and possible compensatory mechanisms (Cheung and Wu, 2011).
All the cell wall components are entangled and interact, forming an excessively complex struc-
ture, therefore it starts to be studied with a systemic approach (Somerville et all, 2004). My
project focuses on one integrated property of the cell wall: its stiffness. To study the effect of cell
wall mechanical properties regulation on organ growth, I will use the proteic regulators described
in this chapter, which have been shown to have impact on cell wall mechanical properties, but

I will not study the precise effect at the cell wall molecular level of these mutations.

1.3 Mechanics and morphogenesis

1.3.1 Turgor pressure and growth

The cell wall biochemistry plays an important role during plant cell growth, since it is an
emerging property from the mechanical equilibrium between cell wall and turgor pressure. Only a
few studies focused on regulation of turgor pressure during growth, and a full characterization of
turgor pressure during growth is yet to be established. Nevertheless, a few examples have shown
that turgor pressure can be actively regulated during plant cell growth. Indeed, during lateral
root initiation, it is the decrease of turgor pressure in the cortex which allows the emergence of
the lateral root. The decrease of turgor pressure in the root cortex is due to the phytohormone
auxin which modifies aquaporin activity, in turn impacting turgor pressure (Péret et al), 2012).
Furthermore, growing tissues differentially express genes related to turgor pressure such as a
tonoplast aquaporin (Ludevid et al), 1992), and they are more permeable than non-growing
tissue ([Volkov et all, 2007).

But other examples suggest that turgor pressure is not always correlated with growth patterns::
the pollen tube displays growth oscillations without turgor pressure oscillations, showing that
the turgor pressure does not influence growth in this context (Proseus et al), 1999), or in other
contexts (Beauzamy et all, 2014). Nevertheless, turgor pressure is classically correlated to cell

growth, in addition to cell wall mechanical properties (COSGROVE, 1993). Both turgor pressure
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and cell wall mechancial properties can be estimated by biological experiments.

1.3.2 Measuring turgor pressure

The classical tool used to measure turgor pressure is the pressure probe. The cell is poked
by a pressure probe filled with oil, which displacement can be measured to infer the turgor
pressure. This technique furthermore allows to modify the internal pressure, by adding fluid
in the cell, which can be used to study the reaction of the cell to higher pressures (Cosgrove,
1985, Franks et al,, 2001). The major drawback of the pressure probe technique is that the
measured cell dies in the process, but it has long been the only way to estimate turgor pres-
sure in cells, and is nowadays mostly used to assess other less intrusive approaches to measure
turgor pressure. In particular, it has been compared to data obtained by micro-indentation. A
micro-indentor measures the force necessary to indent a sample, and it is possible to estimate
turgor pressure from such measurement without damaging the cell (Lintilhac et al), 2000). The
measurements using such technique were in accordance to pressure probe measurements in the
same systems (Beauzamy et al), 2016, Wang et al), 2006). The micro-indentor is also simpler
to set up, and allows a higher number of experiments to be performed. The main limitation of

indentation is that a model is needed to interpret experiments in terms of turgor pressure.

1.3.3 Measuring cell wall stiffness

The cell wall is external, making it reachable to non invasive measurements. Nano- and micro-
indentation are the most widely used techniques to measure mechanical properties of the cell
wall. The depth of the indentation of a tip into a sample and the force applied to reach this depth
are measured, thus allowing the measurement of the sample stiffness. The applied forces and
depths can range over several orders of magnitude, especially between a nano-indentor, or atomic
force microscope (indentations of 10 to 100nm, forces of 10 to 100nN), and a micro-indentor
(indentations of 1 to 10um, forces of 1 to 10uN) (Geitmann, 2006, Milani et all, 2013, Routier-
Kierzkowska and Smith, 2013, Vogler et all, 2015). Micro-indentation was successfully used to
demonstrate the correlation between pollen tube cell wall biochemistry and stiffness (Geitmann
and Parre, 2004), and atomic force microscopy was sensitive enough to distinguish cells of
different identities in the shoot apical meristem of Arabidopsis thaliana (Milani et all, 2011,
Peaucelle et al., 2011)).

However, a plant tissue is composed of several layers with different mechanical identities: each
cell is surrounded by a stiff cell wall, inflated by turgor pressure, which also resists to the
indentation. What portion of the stiffness measured by the indentor is due to the turgor pressure,
and what portion reflects the cell wall stiffness? Modeling the behavior of a plant like-tissue
material under indentation can greatly help distinguish the different stiffnesses at play (Malgat
et all, 2016): such approach has been successfully used in different contexts to measure turgor
pressure and cell wall stiffness (Felekis et al), 2011, Forouzesh et al), 2013, Hayot et al), 2012,

Routier-Kierzkowska et all, 2012). Furthermore, assessing the correct turgor pressure from
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indentation data requires taking into account the shape of the cell (Beauzamy et al), 2015,
Vogler et all, 2013).

1.3.4 Forces in plants and during morphogenesis

Forces shape cells
Plants have to resist gravity to rise above ground. They can do so thanks to the hydrostatic
pressure (turgor pressure) typically ranging from 0.1MPa to 1MPa. It has been observed that
when peeling a stem, the external tissue shrinks whereas the internal tissue expands, suggesting
that the internal layers are in compression and the external layer under tension (Vandiver and
Goriely], 2008). Similarly, cutting a plant tissue leads to a deformation; because it relaxes the
forces in the tissue, measuring such deformations can inform on stress patterns. In particular,
the widening of a gap means that the original tissue was under tension (Dumais and Steele,
2000). To sum up, the force needed to restore the initial configuration of the cut tissue is equal
to the force originally borne by the intact tissue. This approach allows the estimation of the
forces at play in a tissue.
At the cellular level, cells are at mechanical equilibrium between the turgor pressure and the stiff
cell wall under tension. To evaluate the forces at stake at the cellular level, it is possible to remove
the turgor pressure by plasmolysis, the displacement of the cell wall will then convey information
on the forces in turgid cells. Turgor pressure results from osmotic pressure, hence it is controlled
by the differential of osmolyte concentration between the cell and the outer medium. Hence, it
is possible to plasmolyze cells by increasing the outer concentration in osmolytes, reducing the
stress due to the turgor pressure and the tension in the cell wall. Comparing plasmolyzed and
turgid cells gives information on the tension at play in turgid cell walls (Routier-Kierzkowska
et al), 2012). The interplay between turgor pressure and cell wall mechanical properties is at
the core of our current understanding of plant cell growth.

Forces and growth
The growth of the plant cell is due to the yielding of the cell wall under the tension generated by
turgor pressure. This tension induces deformations of the cell wall, depending on its rheology.
In the simplest rheological model, the cell wall is considered purely elastic: it behaves like a
spring. In this case, the deformation, or strain €, depends only on the stress ¢ applied on the
string, or the cell wall:

e=0/E

where E the stiffness modulus of the cell wall. The principal limitation of this model is that the
spring reverts to its original shape when the force is released: such a cell wall does not grow. A
more realistic representation of the cell wall is a visco-elastic material. In this case, it behaves

like the association of a spring and a damper (see Figure @)
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Figure 1.8: Schematics and behaviors of simple rheologies. (A) A pure elastic material behaves like a spring: it returns

to its original state when the stress is released. (B) A visco-elastic material behaves like the association of a spring and a
damper, and does not revert to its initial state when the stress is released. (C) The behavior of a visco-elasto-plastic ma-
terial depends on the value of the stress applied: if the stress is smaller than the material-specific threshold o, it behaves
elastically, otherwise it behaves visco-elastically.

where p is the dynamic viscosity. Here, when the force is released, the material does not revert
to its original configuration: this rheology allows cell wall growth. One of the most elaborate
rheological model of the cell wall behavior was introduced by Ortega (1985), and proposes that
the cell wall behaves as a visco-elasto-plastic material (see Figure @) the cell wall behaves as
an elastic material when the stress is lower than a threshold og, but as a visco-elastic material

if the stress is larger:
de

% =
Cell wall rheological parameters can be measured, using techniques reviewed in (Milani et al,,
2013, Routier-Kierzkowska et al), 2012, Vogler et all, 2015). Depending on the question ad-

dressed, one can use one or the other of these rheological model. Note that the rheological

do
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parameters of the cell wall can be heterogeneous and/or anisotropic and that these models do
not take this into account.

Mechanical forces are omnipresent in plants, and more particularly during morphogenesis; in
addition, a growing tissue needs to develop harmoniously integrating all the morphogenetic
information over time and space. Models are required to take all actors and their intricate

interactions into account.

1.4 Growth of an organ

Despite much progress in developmental biology, we are still far from understanding how organs
grow and reach their final size and shape. Growth is associated with a variety of cellular scale
phenomena such as cell expansion, cell proliferation, and cell differentiation, as well as cell death
and cell migration in the case of animals. These processes occur within the thousands of cells
that yield a well defined organ. How these various phenomena are coordinated over time and

space to shape a consistent and reproducible organ or organism is still an open question. In this
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chapter, we first introduce quantitative descriptions of growth. We then focus on mechanical
models of growth; we review types of models and we discuss case studies where such models

were used.

1.4.1 Describing morphogenesis
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Figure 1.9: Quantifying morphogenesis. (A) Growth can be converted to scalars: (i) growth rate, (i) growth anisotropy (iii)

growth direction. (B) Example of a software developped to quantify growth: (i) image of an Arabidopsis thaliana sepal with
the membrane tagged, (ii) growth rates quantified over each cell for a 24h interval using MorphGraphX (Barbier de Reuille

et al., 2015).

To better understand morphogenesis and reliably compare mutants to wild type and models
to experiments, qualitative observations are not sufficient: quantitative measurements are nec-
essary. From an analytical viewpoint, morphogenesis can be dissected as the sum of a small set
of elementary transformations.Growth can be decomposed into three parameters: growth rate
(differential of area over time), growth anisotropy (ratio between the maximal and the minimal
principal directions of growth) and maximal growth direction (see Figure @) (Boudon et all,
2015, Coen et al), 2004, Erickson, 1976, Silk and Erickson, 1979). This conversion from image
to quantitative data provides tools to perform statistical analyses and to compare models to
experiments in a systematic manner.

Quantifying cell growth
The technical step of quantitative measurements have been facilitated by the development of
softwares which segment cells and measure their growth parameters semi-automatically, on 2D
surfaces (Barbier de Reuille et al), 2015), and in 3D (Fernandez et ali, 2010). These soft-
wares have been used to extract and characterize cell shapes (Lucas et al}, 2013, Montenegro-
Johnson et all, 2015, Sampathkumar et all, 2013), cell growth (Bringmann and Bergmann, 2017,
Kierzkowski et all, 2012, Tauriello et al), 2015) and in the chapter E, and to compare mutants to
wild-type growth (Yang et al, 2016) and in the chapter . These cell-based softwares have been
used in rather small organs so far (less than a thousand of cells). The growth patterns of bigger
organs such as older leafs and flowers are measured at the supracellular level using a continuous
description.

Quantifying organ growth
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The growth patterns of large organs are measured using methods such as landmark analysis and
clonal analysis. It is possible to use landmarks on an organ, and measure the relative displace-
ments of the landmarks over time. Originally, the used landmarks were natural, such as the
vein intersections in leaves (Maksymowych, [1959), but also ink drawn grids (Avery, [1933) or set
of points (Granier and Tardieu, 1998, Poethig and Sussex, [1985), however, these techniques can
be used only on older leaves. Nowadays, more precise methods can be used such as fluorescent
microparticles (Remmler and a. G. Rolland-Lagan|, 2012, Rolland-Lagan et al., 2014).

On the other hand, it is also possible to use the clonal analysis, constisting in labelling, by
expressing a colored marker, groups of cells or single cells and observing their descendants, thus
defining growth rate, anisotropy and direction at the level of thousands of cells (Poethig|, 1987).
Because the tissue deforms during growth, the interpretation of the clonal analysis requires the
use of a model (Rolland-Lagan et al., 2003).

In addition, two studies have shown that measuring the leaf contour change over time was suffi-
cient to predict the displacement field of all points inside the leaf (Alim et al., 2016, Mitchison,
2016), because the leaf remains flat all over its development, and because its growth is locally
isotropic at later stages of morphogenesis.

In plants, growth is achieved by modulating the mechanical properties of the cell wall. How can
we relate the cell wall mechanical properties to the growth? What are the mechanical principles

behind plant morphogenesis?

1.4.2 Modeling morphogenesis

A B C

Figure 1.10: Main types of models. (A) Continuous models: the surface of the organ is continuous, usually represented
by a triangulated mesh. (B) Cellular Potts model, where the cells are defined on a non-deformable grid. (C) Vertex-based
model, the cells are defined by vertices (circles) and their edges with the neighboring cells.

Different types of models
All the models used to describe morphogenesis fall into two main categories: models considering
a continuous growing medium and models individualizing each cell.

Continuous models usually describe large organs, comprising thousands of cells, where the
cell size is very small compared to the modeled organ size. These models have been used so far

to model the morphogenesis of fruits (Cieslak et al), 2016), but more often, flat organs such as
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leaves, petals and sepals (e.g. Green et all (2010) and in chapter E) The surface of the organ
is modeled as a 2D surface evolving in space, where growth is monitored by the mechanical
properties of the periclinal cell wall (Holloway and Harrison, 2008), which in flat organs is the
thickest and stiffest cell wall, and is thought to restrict the organ growth to the longitudinal
direction.

Many models individualize cells, such as the cellular Potts model, and vertex-based model
(see Figure ) In the cellular Potts model, cells are defined on a discrete fine grid, and the
edges of the cells move depending on a defined set of rules. The cellular Potts model framework
is widely used in the animal field, and can have a finer subcellular resolution than vertex-based
models, but has been used only once in plants as far as we know, to investigate subcellular
localization of auxin in the root (Grieneisen et al., 2007). Indeed, this framework is not suitable
for a tissue deforming elastically, and is commonly used to model purely viscous material such
as animal cells. Individualizing cells as well, many models are vertex-based (Dupuy et all, 2008,
Merks et all, 2011). Cells are then defined by a few points at their edges that can continuously
move in space depending on rules such as growth rate and cell wall stiffness. This structure
allows each cell to be individualized, defined by its edges and links to neighboring cells. Here,
regulatory networks can be defined in each cell, in addition to the communication between cells,
and cell division. In this case, cell growth can be influenced by the periclinal cell wall mechanical
properties, as in the continuous models, but the anticlinal cell wall can also influence growth (De
Vos et al), 2014, Merks et al), 2011, Romero-Arias et all, 2017).

More recently, people started to combine the vertex-based and the continuous approaches,
and use the finite element method to implement models where cells were individualized (Boudon
et all, 2015, Bozorg et al), 2016), allowing simultaneously the modeling of cell scale behavior
(cell division, cell shape), and the consideration of the mechanical properties of the periclinal
cell wall at a subcellular resolution. In addition, Boudon et al| (2015) also included for the
first time internal cell layers, and showed that they impacted morphogenesis in the shoot apical
meristem.

Implementation of growth
Growth can be modeled using two major approaches. In the first type of description, growth
rate, direction and anisotropy are specified or inferred from a gene regulatory network at each
point in time and space of the simulation, leading to the growth of the whole tissue (Green et al.,
2010). In the second type of description, the cell wall mechanical properties such as stiffness and
anisotropy are specified or inferred from regulatory networks, and the mechanical equilibrium
between the mechanical properties and the turgor pressure defines the current growth rate, or
tissue deformation. In this framework, the tissue deformation depends on the tissue rheology,
which can be one of the rheologies previously presented: elastic, viscoelastic or visco-elasto-

plastic.
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1.4.3 Some case studies

Morphogenesis of an isolated plant cell

A first step towards understanding organ morphogenesis is to study cell morphogenesis. A
classical system of interest is the pollen tube, an isolated cell displaying a simple tubular shape.
During pollination, the pollen lands on the tip of the carpel; followed by the emergence of the
pollen tube, which subsequently grows into the carpel reaching the ovule. How a cell can grow
in such directional manner has been investigated several times.

Considering the self-similar tip growing cell wall as a stretchable elastic membrane and using
large elastic deformation theory, Goriely and Tabor (2003) showed that a lower stiffness at the
tip of the tube was sufficient to produce self-similar tip growth, even with no anisotropy of the
cell wall mechanical properties. However, the model later developed by Dumais et al| (2006),
where the authors considered the cell wall as a viscoelastic material stiffer towards the pollen
tube edges, meaning that the material changed shape only when the stress was strong enough;
showed that the cell wall anisotropy was mandatory to retrieve self-similar tip growth, except
in very few specific cases. In these two studies, the equations were numerically solved based on
the circumferential symmetry of the pollen tube, making this modeling framework difficult to
export to other systems. More recently, the pollen tube self-similar growth was modeled using
the more versatile finite element environment (Fayant et al., 2010). The cell wall was considered
as an elastic material, and the loaded configuration was used as the starting geometry for the
next loading step. The influence of anisotropy and of the steepness of the gradient of stiffness
over the edges of the tube were tested, and the interaction between these two quantities allowed
self-similar growth depending on the parameters: a steeper cell wall extensibility gradient was

associated with a more isotropic cell wall to produce self-similar growth.

Curving an elongated organ: tropisms

Plants cannot move, but they react to their environment: the stem and root bend towards
the light and depending on gravity. The molecular mechanisms involved are relatively well
described, and the integration of these mechanisms during growth have been investigated using a
vertex-based model. Specifically, the differential localization of auxin transporters from the PIN-
FORMED family leads to differential concentrations of auxin, which in turn cause differential
growth rates along the transverse axis of roots and hypocotyl (Zadnikova et al,, 2016), ultimately
inducing a bending of the organ (Fozard et al., 2016). These studies focus on the relationship
between auxin, cell differential growth, and bending initiation. But they do not explain the
bending dynamics until the equilibrium is reached. When only the auxin response to gravity is
taken into account, the shoot oscillates around the equilibrium positionwhereas real shoots do not
oscillate around the equilibrium position. However, when the sensing of the local curvature was

taken into account, the dynamics of the curving of the stem reproduced the observed behavior,
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in the case of both gravitropism (Bastien et all, 2013) and phototropism (Bastien et all, 2015).

Shaping a sheet-like organ

Volvox is a green algae in the form of a spherical sheet of cells with an aperture. One major even
in the morphogenesis of Volvox is its inversion: the organism turns inside out. The inversion
of the sheet of cells is associated with a sequence of deformations where cells firstly circularly
invaginate at the equator, accompanied by the posterior hemisphere which moves into the ante-
rior and inverts as well. Finally, the aperture stretches out over the posterior hemisphere. The
deformation of the sheet is associated with cell shape changes, but their role in the sheet inver-
sion remained imprecise. Using high resolution microscopy and modeling the sheet as an elastic
material, the authors showed that the shift in the sheet curvature at the equator combined with
the contraction of the posterior hemisphere were sufficient to trigger this major morphogenetic
event (Hohn et al), 2015).

Plants are composed of two main types of organs: the tubular-shape organs, such as root, stem,
hypocotyl, and the sheet-like organs such as leaves and petals. In angiosperms, the shapes of
the flat organs are very diverse and can change drastically from one species to another. The
underlying regulatory networks are very intricate and predicting the final shape of the petal
or the leaf from regulatory networks is impossible without using a model. The Snapdragon
corolla, in particular, has a very elaborated, asymmetric shape. The wild-type and several mor-
phogenetic mutants have been successfully modeled using a continuous approach (Green et al.,
2010). However, this model does not take into account the fact that at mechanical equilibrium,
the cell wall is under tension — since removing the forces applied by the turgor pressure would
lead to its deformation. This stress is called residual stress, and can be taken into account or not
in the models. Not preserving the residual stress means that the cell wall completely remodels
to reach its final size: the cell wall viscosity is prevailing. Even if this view is less realistic (plant
tissues are continuously under tension), it is easier to implement and understand, and leads
to representative morphogenesis processes (Green et al), 2010).A more realistic point of view is
to consider that the cell wall is continuously under residual stress (Boudon et all, 2015). This
tension can have dramatic effects on the modeled morphogenesis in specific cases. Indeed, when
thin organs display larger growth rates at their edges than in their center, the differential of
growth rates leads to a compressive stress at the edges of the organs. If the residual stress was
not taken into account, the organ would remain flat. However, taking the residual stress into
account leads to the buckling of the edges of the organ (Audoly and Boudaoud, 2003), observed
in the petals and leaves of the Lily (Liang and Mahadevan, 2009, 2011). On the other hand,
Arabidopsis thaliana leaves are flat, thanks to a tight regulation of the growth rates during their
growth which have to be locally isotropic (Alim et al), 2016, Mitchison|, 2016).
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Feedback through mechanical signals

Mechanics are at the core of morphogenesis: the growing cells interact mechanically during
morphogenesis, relaxing and creating stresses. Can these mechanical stresses have an impact on
cells behavior? The question is then to decipher whether cellulose orients in the stress direction
or orthogonally to the strain main direction. The strain maximal direction depends both on the
stress and the cell wall mechanical properties, implying that the stress is not necessarily collinear
with the strain. Bozorg et al| (2014) did simulations where the mechanical feedback depended
on the stress or on the strain. The simulations where the cellulose orientation followed the stress
were in accordance with the experimental observations, whereas the simulations where cellulose
oriented depending on the strain were less stable and the cellulose orientation was eventually
longitudinal instead of the observed transversal orientation.

It has been shown that cells could sense and react to mechanical cues in plants by modifying
the orientation of their cortical microtubule networks (Hamant et al), 2008). Furthermore, it is
well known that the cortical microtubule network guides the deposition of cellulose microfibrils,
which in turn controls the cells growth direction and anisotropy. Consequently, it can be hy-
pothesized that mechanical stress sensing can influence plant morphogenesis. The orientation
of cell division, following cortical microtubule orientations in most cells, is also influenced by
mechanical cues (Louveaux et all, 2016). Cells can also react to mechanical forces to pattern
differentiation.For example, during the growth of leaves, the mesenchyme grows faster than the
epidermis, thus building compressive stresses in the mesenchyme. The mesenchymal cells then
elongate in the direction of the stress, and differentiate into veins. The mechanical feedback
induced differenciation is sufficient to produce venation patterns that are similar to the patterns

observed in dicotyledon leaves (Corson et al), 2010, Laguna et all, 2008).

Variability and morphogenesis

All the illustrated models so far are deterministic: they describe the expected average behavior
of the system. However, the cells in an organ are variable. Modeling the wheat leaf using a cell-
based model which takes turgor pressure and water movements into account, Zubairova et al,
(2016) showed that turgor pressure was variable between the cells of the wheat leaf, and that this
variability correlated with cell identity. The authors suggest that the cells could differentiate
depending on the mechanical signals generated by the variable turgor pressure.

Furthermore, taking variability into account in models can be mandatory to understand an
observed morphogenetic behavior. The growth of a leaf depends on its venation pattern, because
veins are stiffer than mesenchyme. The areas separated by the veins grow at different rates,
depending on their sizes and on the sizes of the neighboring veins, which stiffness depends on
their thickness. Moreover, when the tissue grows under stretching stress, the venation network
reorients towards the direction of the applied stress. Using a vein-based model similar to a
vertex-based formulation, Bar-Sinai et al! (2016) showed that the external stress increased the

variability of the modeled growth rates of the vein-defined areas. However, the areas growing
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under stress were more homogeneous in real leaves. The authors could retrieve such homogeneity
only by taking into account a variability of thickness of the veins, and by considering the tissue
as an elasto-visco-plastic material.

As a conclusion, modeling morphogenesis improved greatly our understanding of the phe-
nomenon, but a lot remains to be understood, such as the role of mechanical feedback on

morphogenesis and the role of variability in morphogenesis.

1.5 Why choosing the sepal as a model system

The sepal of Arabidopsis thaliana flowers is an ideal tool to study the influence of mechanical
properties on organ shape reproducibility.
The sepal is the most external organ of the flower, and protects the reproductive organs of the
plant along their development, its development is synchronized with the development of the
other flower organs (Smyth, 1990). A thorough protection of the flower reproductive organs
requires a tighly closed flower bud, allowed by a precise control of sepal size and shape. For
this reason, the sepal development would be less sensitive to environmental fluctuations than
leaves (Roeder], 2010). When the flower opens, the sepal has stopped growing and has reached
its final size, allowing an easy determination of the final size of the organ, unlike the leaves for
which determining the end of growth is less direct. This will enable a fast and easy assessment
of organ size and shape variability.
Moreover, the sepals are highly variable at the cellular scale. Indeed, sepal epidermis displays
three major cell types in addition to the ordinary epidermal cell. Stomata, shared by all aerial
organs, are small cells allowing gas exchange with the internal tissue. Trichomes are large cells
growing out of the epidermis, whose precise function is not determined. Leaves and stems also
display trichomes, but sepals are the only flower organs with trichomes. Lastly, giant cells are
epidermal cells undergoing up to 4 endoreduplication cycles, making them the largest cells of the
epidermis of the sepals (Roeder et alj, 2010). In addition, because their formation depends on
the fluctuations of the ATMLI transcription factor, their number and pattern are stochastic and
vary from sepal to sepal, increasing the inter-individual variability at the cellular level (Meyer
et al., 2017)).
Furthermore, the sepal has more technical advantages making it an interesting tool for this
project: it is external all along its development, allowing live imaging with a confocal micro-
scope, as well as the estimation of its mechanical parameters using atomic force microscopy and
indentor (Mosca et al), 2017). The large number of flowers in each plant (more than 60) enables
a robust estimation of variability of sepal size and shape with a minimal impact of environment
and genetic variability.

The sepal is a relatively recent model for development (Roeder, 2010), so very few informations
are available as for its development. However, parallels are often drawn with leaf growth, which
has been much more studied (Donnelly et al), 1999, Powell and Lenhard, 2012). Leaf growth

is classically divided into two processes: cell division and cell enlargement, which are tightly
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regulated over the development of the leaf (Powell and Lenhard, 2012). Many molecular actors
have been described contributing to the setting up of these arrest fronts. Sepals are suspected
to grow following the same patterns, but it has not been confirmed.
Leaf size control has been intensively studied, and in particular it has been shown that the two
distinct processes cell division and expansion interact, by a mechanism called compensation.
Indeed, in mutants reducing cell division rate, for example, the expansion phase is stretched so
that the cells are larger, and the overall size of the leaf is similar to the wild-types (Horiguchi
et all, 2006, Mizukami, 2001, Mizukami and Fischer, 2000). However, how the leaves perceive
their size and alter their growth pattern to produce larger or smaller leaves is not understood.
Understanding how sepals regulate their size could also help draw a better insight of the

compensation mechanisms.

1.6 Main questions

Arabidopsis thaliana sepal is a great tool to study the influence of mechanical properties in
morphogenesis and developmental robustness.

Taking advantage of the perks of the sepals, we first investigated how an increase in the variability
of cell wall mechanical properties impacted robustness of morphogenesis.

In a second part, we analyzed how mechanical signals contribute to sepal morphogenesis in
parallel to morphogens.

I also investigated whether a component of the cell wall was more responsible for the sepal shape

reproducibility, but this will not be detailed in this manuscript (data not shown).
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Variable Cell Growth Yields Reproducible Organ
Development through Spatiotemporal Averaging

NDERSTANDING HOW ORGANS regulate their size is still a challenge (Vogel, 2013). In par-
U ticular, it is unknown how the organ achieve such robust shape and size.

Here, we use the sepal as a tool to investigate this question, because they have reproducible
size and shape. Therefore, we genetically screened for mutants displaying more variable sepal
size and shape. Using a modeling approach, we also investigated the impact of the spatial and
temporal variability of mechanical properties on organ shape. With this study, we show that
the variability of mechanical properties impacts sepal shape and size stability, and more im-
portantly, that an increase in mechanical properties variability lead to more robust shapes and
sizes.

This work was done in a collaboration, where I built the models and solved them numerically
and did atomic force microscopy experiments and analyses; and took part in the elaboration of
the experiments following the model outcomes, the characterization of mutants of the screen,
and in the identification of the vos! mutation.

This work was published in Hong et al] (2016), the contents of the article are reproduced in
this chapter. Lilan Hong'% Mathilde Dumond?®®, Satoru Tsugawa®®, Aleksandra Sapala*,
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2.1 Summary

Organ sizes and shapes are strikingly reproducible, despite the variable growth and division of
individual cells within them. To reveal which mechanisms enable this precision, we designed
a screen for disrupted sepal size and shape uniformity in Arabidopsis and identified mutations
in the mitochondrial i-AAA protease FtsH4. Counterintuitively, through live imaging we ob-
served that variability of neighboring cell growth was reduced in ftsh/ sepals. We found that
regular organ shape results from spatiotemporal averaging of the cellular variability in wild-
type sepals, which is disrupted in the less-variable cells of ftsh4 mutants. We also found that
abnormal, increased accumulation of reactive oxygen species (ROS) in ftsh4 mutants disrupts
organ size consistency. In wild-type sepals, ROS accumulate in maturing cells and limit organ
growth, suggesting thatROSare endogenous signals promoting termination of growth. Our re-
sults demonstrate that spatiotemporal averaging of cellular variability is required for precision

in organ size.

2.2 Introduction

Developmental robustness is the ability of an organism to produce the same phenotype regardless
of perturbations that occur; for instance, organisms can produce uniformly sized organs despite
cellular variability. Within a species, the size of an organ is generally highly reproducible or
precise (Lander, 2011). For example, brains of mice vary in size by only about 5% (Williams,
2000), the two arms of a person match in length with an accuracy of 0.2% (Wolpert], 2010),
and Arabidopsis petals are strikingly uniform(Mizukami, 2001). However, the behavior of cells

that make up organs is often variable and unpredictable (Doupé et all, 2010, Gupta et all,
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lZOl]J, |Meyer and Roederl, |2014|, bingh et alj, bOlj). Equivalent neighboring plant cells grow at
markedly different rates in several developing tissues (|Armour et alL l2015|, tElsner et al.|, l‘ZOlﬂ,
tKierzkowski et alL lZOlj, rTauriello et al], b()ld, |Uyttewaal et alj, bOlﬂ), although at later stages

of development, growth may become more uniform (thang et al.|, |201 1a|) Similarly, neighbor-

ing cells have different constriction rates during Drosophila gastrulation (|Martin et alL bOOd).

Thus, how robust organ sizes emerge from the variable growth of cells is a central question in
biology. Although signaling pathways regulating organ size and shape have been identified, the
mechanism of robustness in size and shape has remained elusive. Screens for mutants with al-
tered organ size have isolated mutants with defects in cell size, cell number, or both (
let alL bOO?I, |Andriankaja et al.|, |201ﬂ, tDeprost et alL bOO?I, lDinneny et al], l2004l, lDisch et al],
lZOOd, tHoriguchi et alj, l2005|, tKaridas et alL b015|, tKawade et al.|, lZOlj, tKim and Kende{, b004|,
|Mizukami and Fischer{, lZOOd, |Montagne et alj7 h9994, |Nath et al.|, |2005i, |Ohno|7 l2004l, lPalatnikI
kt alL IZOOj, tPowell and Lenhardl, |201j, tRen et alj, IZOI]J, bauret—Gﬁeto et alj, |201j, ITumanené
|et alL lZOlQL |White|, l2006|). Although these mutants produce larger or smaller organs, they still

tend to produce organs that all have the same size within the same genotype, and thus have little

or no effect on robustness. Similarly, mutants disrupting organ shape have been isolated (
Lst alJ, |201d, |Green et alL l201d, INath et al.|, lZOOi ISauret—Gﬁeto et al.|, l2013|), but little is known

about robustness of shape. Mutants with variable size and shape are needed to investigate the

mechanism of robustness.

There is persuasive evidence that animals and plants ensure organ size robustness not simply
by counting cells or assessing cell size, but by somehow monitoring the overall size of their
organs (lDay and Lawrencé, lZOOd, lPowell and Lenhard|, lZOIﬂ). Plant and animal organs with

)

reducedcell divisions oftenundergo ‘‘compensation,” whereby the cells enlarge to produce al-
most normally sized organs (lHoriguchi and Tsukayal, lZOl]J, lRoeder et al.|, bOld). For example,
plant leaves overexpressing a cyclin-dependent kinase inhibitor have significantly reduced cell
numbers yet still grow to relatively normal size through increased cell expansion (
|et all, |200]J, tFerjani et a1.|, bOO?I, lHemerly et al.|, |1995|, lKawade et all, l201d). Similarly, inhibition
of cell division in Drosophila imaginal disks promotes cell enlargement to produce a normally
sized wing (|Colombani et al.|, bOlj, |Garelli et al.|, bOlﬂ, |Neufeld et al.|, |199£4, |Vallejo et all, b015|,
|Weigmann et a1.|, |1997|). Nevertheless, how growing organs sense their size and know when to

stop growth remains a mystery (, )

Arabidopsis floral organs, particularly sepals, allow robustness in organogenesis to be assessed

within a single plant. Each flower has four sepals with the same size; individual plants can pro-
duce more than 100 flowers, allowing a statistical assessment of organ size within an individual
organism, which generally cannot be done in animals. Sepals are the outermost leaf-like floral
organs, making them accessible for imaging throughout development. The consistent size and
shape of sepals is required to enclose and protect the developing reproductive organs, maintain-
ing an effective barrier against the external environment. In addition, the size of floral organs
is relatively insensitive to environmental effects, allowing us to focus on intrinsic mechanisms.

Finally, there is considerable variability in both cell growth and cell cycle within developing
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sepals (Qu et all, 2014, Roeder et al., 2010, 2012, Schiessl et al., 2012, Tauriello et all, 2015).
Thus, sepals are a good model system for studying how robust organ size and shape arises from
cellular variability.

Plant cells grow through the irreversible, turgor pressuredriven extension of their cell walls.
These walls are composed of a polymer matrix of cellulose, hemicellulose, and pectins as well
as heavily glycosylated proteins. Cellulose microfibrils are the major structural reinforcements
and orient cellular growth (COSGROVE, 1993, Somerville et alj, 2004). Pectins affect cell wall
stiffness, which is fairly heterogeneous within a cell and between cells, but is critical for the
growth rate of cells and consequently for morphogenesis (Chebli et all, 2012, Milani et alJ, 2011,
Peaucelle et all, 2011, 2008). Cell-wall stiffness inversely correlates with growth rates (Bassel
et all, 2014, Milani et al), 2011). Computational modeling enables the prediction of morpho-
genesis from cell-wall mechanics, gene activity, or both (Boudon et all, 2015, Coen et al., 2004,
Green et al), 2010, Kennaway et al,, 2011, Kuchen et al|, 2012, Roeder et al), 2011, Sassi et all,
2014, Sauret-Giieto et all, 2013).

In this study we have used molecular genetics, live imaging, and computational modeling to
disentangle the links between cellular variability and organ precision. In contrast to previous
mutant screens for increased or decreased average organ size, we screened for mutants that
disrupted the robustness of sepal size and shape. We characterized the wvariable organ size
and shape 1 (vosl) mutant, ascribing its phenotype to the overaccumulation of reactive oxy-
gen species (ROS). Our key conclusion is that spatiotemporal averaging of cellular variability

promotes robustness in organ shape.

2.3 Results

2.3.1 wos1 Mutants Have Increased Variability in Sepal Size and Shape

To investigate how plants maintain organ size and shape regularity, we screened for mutants
with disrupted sepal uniformity within an individual plant and isolated a mutant that we named
variable organ size and shape 1 (vosl; Figure @A) In this screen, we isolated six alleles of vos1
(see Experimental Procedures, Section @), with similar phenotypes, indicating that this gene
is essential for maintaining sepal uniformity. Wild-type Arabidopsis flowers have uniform sepal
sizes (mean £ SD 1.23 4+ 0.10 mm?, n = 68, all four sepals from each flower were included in the
analysis; Figures @A, @C, @D, and @D) In contrast, vos! mutants have sepals of different
sizes within the same flower, failing to form an effective barrier to protect the inner developing
reproductive organs (Figures @A, @C, @D, and @D) Thus, vosl sepals have a decreased
average area and increased variance in area (Figure @C' mean + SD 0.85 £+ 0.27 mm?, n =
68, p < 0.001). Different vos! flowers from the same inflorescence also show great variability
(Figures @A and @B

Similarly, vosI sepals have irregular shapes (Figures @A and @B) We quantified variability in
sepal shape (S2), independent of size (Figure @E; see Experimental Procedures, Section @)
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Figure 2.1: vos1 Mutants Have Increased Variability in Sepal Size and Shape

(A) Wild-type (WT) and vos1 flowers from single plants (some vos7 with irregular sepals, some vos7 with normal) before
flower opening at stage 12 (left) and at maturity (stage 14; right).

(B) Scanning electron micrographs show that sepal primordia (stages 3-4 [S3-S4]) form normally in vos1 mutants. The
vos1 sepal variability phenotype (arrowheads) starts at stage 5 (S5) and intensifies as the flower grows (S6-S7).

(C) Compared with WT, vos7 has decreased median sepal area (stage 14) and increased variance in area. Not all organ
size mutants show increased variability as exemplified by klu. *x * xp < 0.001, significant difference in variance from WT
(f test). n = 68 for WT and vos7, n = 67 for klu.

(D) Mean SD of sepal area within one flower is increased in vos7 compared with WT and klu. x x xp < 0.001, significant
difference in mean SD (t test), error bars representing the SD of the mean SD of the sepal area within one flower. n =17
for WT and vos17, n = 14 for klu.

(E) vos1 mutants have variable organ shape as well as size. Superimposed outlines of mature stage 14 sepals from WT,
vos1, and klu were normalized by size to reveal differences igghape. The variation is the difference between the median
outline (red) and that of the individual sepals (gray).



Figure 2.1: (F) Sepal shape variability S2 (squared deviation of sepal outlines): vos71 has increased sepal shape variance,
while klu has sepal shape variance similar to that of WT. x x xp < 0.001 (t test). n = 215 for WT, n = 518 for vos7, n = 66
for klu in (E) and (F).

For the boxplots, the box extends from the lower to upper quartile values of the data, with a line at the median, and the
whiskers extend past 1.5 of the interquartile range. Scale bars represent 500 pm in (A) and 30 um in (B). See also Fig-

ure B.8.

The median shape variability S2 for vos! (median + SE 0.0042 £+ 0.0004, n = 518) was signifi-
cantly increased compared with wild-type (median £+ SE 0.0025 4 0.0001, n = 215; Figure @F)
In vos1, defects in organ regularity are also often observed in petals, stamens, carpels, and leaves
(Figures @A and @A@C). We focus on the sepal phenotypes, which are representative of
the defects seen in other organs.

To confirm that the decreased regularity in vos1 sepals was not a concomitant effect of decreased
sepal area, we analyzed the kluh (klu) mutant, which has smaller leaves (Anastasiou et al), 2007);
klu sepals had smaller areas, but the variance in areas was indistinguishable from wild-type (Fig-
ures @C, @D, and @D; mean + SD 1.05 & 0.13 mm?, n = 67). Likewise, shape variability in
klu sepal was similar to that in wild-type (Figures EIIE and @F; S2 = 0.0026 £ 0.0003 [median
+ SE|, n = 66). We also examined a number of mutants known to affect organ size and did not
observe any obvious decrease in sepal size uniformity (Figure @E) Therefore, vos! mutants
disrupt a distinct mechanism maintaining organ regularity, and loss of regularity is not a side
effect of decreased organ size.

We next determined when during development the irregularity in vos! mutant sepals first oc-
curs. In wild-type flowers, the sepal primordia became visible at stage 3 and grew to completely
cover the bud at stage 6 (Figure @B; Smyth (1990)). vos! sepals exhibited normal primordia
at stages 3 and 4 (Figure @B), indicating that the irregular sepals are not due to a defect in
primordium initiation. The loss of sepal uniformity in vosI started to become visible at stage
5: some flowers had normal sepals, while others had irregular sepals (arrows in Figure @B)
Heterogeneity in shape intensified as vos1 sepals grew. Gaps appeared between the vos1 sepals,
in contrast to the tightly closed sepals of wild-type flowers from stage 6 onward, suggesting that

the vos! mutation affects the protective function of the sepals (Figure @B)

2.3.2 Mechanical Modeling Shows that Spatiotemporal Averaging of Cellular
Variability Can Produce Organ Regularity

Given previous observations that sepal cells are variable in growth and cell cycle (Roeder et al,,
2012, Tauriello et al), 2015), we turned to computational modeling to understand the link be-
tween organ robustness and cellular variability and how this link might be disrupted in vosl
sepals. We built a continuous, tissue-scale, mechanical model of sepal growth (Figure A and
Movie S1; see Experimental Procedures, Section @), as such models are sufficient to investigate

how local regulation of growth determines organ shape (Coen et al, 2004, Green et al), 2010,
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Figure 2.2: A Mechanical Model of Sepal Morphogenesis
Predicts that Spatiotemporal Averaging of Local Variabil-
ity in Growth Generates Robust Organ Shapes

(A) Examples of simulation steps of the model of sepal
growth. A continuous, tissue-scale, mechanical model was
implemented with transverse anisotropy in stiffness and with
no variability of mechanical properties (NV).

(B and C) AFM measurements. Cell-wall mechanical prop-
erties are variable in the wild-type sepals (B) and the vos?
sepals (C).

(D-K) Three models with variability in stiffness. Simulations
are initialized from a half-disc-shaped sepal primordium
shown below the simulated final states (D, F, H) with a ran-
dom distribution of elastic moduli deduced from AFM. The
modulus is represented by a grayscale heatmap: black is
rigid, whereas white is flexible. (D) The spatial variability
model (S) results in misshapen sepals. Stiffness persists
throughout growth. Thus flexible regions (in light colors)
grow protrusively while stiff areas (dark) grow little. Three
replicates starting from different stiffness configurations in
the primordium are shown. (E) Normalized outlines showing
variability in shape for 140 simulations of type S. (F) Ro-
bust sepal shape arises from the spatiotemporal variability
model (ST). At each time frame, each element selects a new
stiffness from the probability distribution. Three replicates
are shown. (G) Normalized outlines showing variability in
shape for 100 simulations of type ST. (H) Sepal shapes are
less robust with decreased local spatial variability (ST-L),
i.e., when the correlation length is increased in the model
otherwise identical to (F). This model mimics the decrease
in local spatial variability (V) observed in vos1 mutants
(Figures B.4D-P_4F). (1) Normalized outlines showing variabil-
ity in shape for 100 simulations of type ST-L. (J) Simulated
sepal area (a.u., initial area ~1) and (K) shape (S2) variability
with no variability (NV), spatial variability (S), spatiotemporal
variability (ST), or spatiotemporal variability with a long cor-
relation length (ST-L). Spatial variability alone leads to lack
of robustness in final shape, while spatiotemporal variability
yields more precise size (J) and shape (K). Longer correlation
length leads to more variable sepals in size (J) and shape (K).
The statistics are obtained over 100 replicates (simulation
runs).

For the boxplots, the box extends from the lower to upper
quartile values of the data, with a line at the median, and the
whiskers extend past 1.5 of the interquartile range. See also
Figure S2 and Movies S1, S2, S3, S4, and S5.

tHerVieux et alL lZOld, lKennaway et alL l201]J, lKuchen et alL l2012!, lSauret—Gﬁeto et alj, |2013|).

We created a two-dimensional model because epidermal cells largely control the rate of growth

in plant organs (lKutschera and Niklaé, l2007|, ISavaldi—Goldstein et alj, bOO?I).

In our mechanical model, we input variability in stiffness to mimic cellular heterogeneity of
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Figure 2.3: vos1 Sepals Mature Earlier Than Wild-Type
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Figure 2.3: (A and E) Confocal stack maximum-intensity projection images of wild-type (WT) (A) and vos1 (E) flowers in
which the epidermal cells are marked with a plasma membrane marker (green; ATML1::mCitrine-RCI2A). Arrows indicate
the gaps between sepals that emerge in the mutant due to variability in sepal sizes. Flowers are staged based on their
width. Each substage lasts for 12 hrs.

(B and F) WT (B) and vosT1 (F) sepals from images (A) and (E) are segmented into cells, and lineages are tracked with Mor-
phoGraphX. Cells derived from the same mother cell at the starting time point are marked with the same color labels.

(C and G) Heatmap of the cellular areal growth rate in WT (C) and vos1 (G) sepals. The growth rate is calculated as the
ratio of the cell area at the later time point to the cell area at the earlier time point (displayed on the earlier time point).

(D) Heatmap of the cellular areal growth rate in a WT sepal at stage 12, which shows much lower growth rate compared
with WT sepals at earlier stages.

(H) Average growth of cell areas calculated as the ratio with the cellular area at the starting time point. Each data point is
mean =+ SD. Total n = 705 for WT and n = 472 for vos1.

(I) Cell division rate represented by the percentage of cells that divide in the corresponding growth interval. Initially WT
cell division rates are high, but decrease when the sepal matures (arrow), while vos1 mutant division rates remain low.

(J) Average logarithmic areas of cells for developing sepals. Note that in WT, the average log area stays constant until the
maturation phase when the average log area increases (arrow), while average log area increases throughout the mutant
growth. n = 5 biological repeats for each genotype in (I) and (J), mean =+ SD.

Scale bars, 50 mm. See also Figure P.10.

the tissue. To assign parameters, we measured the stiffness of wild-type sepal epidermal cells
with atomic force microscopy (AFM) and found significant spatial variability in stiffness (Fig-
ures @B, @C, @A, and @B) In the model, organ growth ceased after the size reached a
threshold (see Experimental Procedures, Section @) We first made a model with high spatial
variability in stiffness of the sepal primordium based on our AFM data (‘“spatial variability
model,” S). Because in the model stiffness determined growth rate, softer regions grew more
and stiffer regions grew less. All simulation runs produced misshapen organs, and size and shape
were highly variable between the runs (Figures @D and @E; Movie S2). This suggested that
some mechanism must mitigate spatial variability of individual cells for regularly sized organs
to be possible.

In our next model, we maintained the spatial variability in stiffness, but allowed each region to
randomly change stiffness in time (‘“‘spatiotemporal variability model,” ST). In each time frame
of the model, stiffness was randomly selected from the same distribution as in the first model.
As the stiffness varied in space and time, the simulation produced correspondingly variable
growth rates (Figures @D and @E), however, the spatiotemporal variability model generated
sepals with regular sizes and shapes over all simulation runs (Figures @F, @G, @J , and @K;
Movie S3). In essence, the temporal variability allowed the differences in stiffness to average in
time; a high stiffness at one time was effectively counterbalanced by a low stiffness earlier or
later in growth such that the sepal grew more like a model with uniform stiffness (‘‘non-variable
model,” NV; Figures @A and @J ; Movie S1). Likewise, a stiff spot next to a softer spot can
somewhat counterbalance each other in growth. We call this combined phenomenon spatiotem-
poral averaging. We also explored models with intermediate levels of temporal variability and
found that a relatively low temporal variability is sufficient to yield robust shapes (Figures @C
and @G; Movie S4). Thus, although these initial models represent extreme cases (neither wild-
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type nor mutant), they demonstrate the fundamental principle that adding temporal variability

over spatial variability produces regular organs through spatiotemporal averaging.

2.3.3 Reduced Local Spatial Variability in the Cell Growth of vos1 Sepals
Underlies Irregular Sepal Shape

Next, we tested whether defects in spatiotemporal averaging could explain the reduced regular-
ity of vosl sepal shapes. To do so, we analyzed cell growth variability through live imaging of
wild-type and vos! sepals (Cunha et al., 2012, Roeder et al), 2010). The same flower was imaged
every 12 hrs (Figures @A and @E; arrows indicate gaps). We focused our analysis on the
epidermis because epidermal cells largely control the rate of organ growth in plants (Kutschera
and Niklas, 2007, Savaldi-Goldstein et all, 2007). MorphoGraphX software (Barbier de Reuille
et al), 2015) was used to calculate growth rates and cell division rates (Figures @B, @F,
and A@D; n = 405 cell lineages in wild-type sepals and 524 cell lineages in vosI mutant
sepals; see Experimental Procedures, Section @) The sepal matures from tip to base (Hervieux
et all, 2016, Roeder et al), 2010). Initially, the tip of the wild-type sepal had a high growth rate,
then cell growth and cell division progressively slowed from the tip downward (Figures @C
and E) vosl mutant sepals also exhibited slower growth descending from tip to base as in
wild-type (Figure @G); however, growth rates decreased in vos! mutants more quickly than in
wild-type (see below).

For spatiotemporal averaging to occur, growth of wild-type sepal cells should be variable in both
time and space. We quantified the temporal variability in growth by calculating the change in
a cell’s growth (in area) between two consecutive 12-hr time intervals (Dgreq; Figures @A
and @C; see Experimental Procedures, Section @) We quantified the local spatial variability
in growth (in area) by calculating the differences in growth rates among neighboring cells (Vyreq;
Figures @D and @F) For wild-type cells, the growth rate was highly variable in both space
and time during stages 8-9 of sepal development (Figures @A, @C, @D, and @F) Thus,
wild-type sepal cells exhibit both spatial and temporal variability in growth.

In contrast, local spatial growth variability (Vie,) was substantially decreased in vos! mu-
tants. The growth rate of each cell was more similar to its neighbors in vos! than in wild-type
(Varea = 5.32% for vos1 versus 7.69% in wild-type, p < 1076 [permutation test]; see Experimen-
tal Procedures, Section @; Figures @E and @F) Temporal variability in growth (Dgpeq) of
vos1 cells partially overlapped with wild-type (Dgreq = 6.94% for vos! versus 8.37% for wildtype,
p < 1076 [permutation test]; Figures @B and @C), suggesting that temporal variability in
cell areal growth was only slightly altered in the vos! mutant. Therefore, contrary to our initial
model, the vos! mutant sepal cells exhibit much less spatial variability and similar temporal
variability in growth.

To understand the mechanistic basis for reduced spatial variability in vosl, we examined the
local spatial variability in cell-wall stiffness of epidermal cells using AFM. In both wildtype and
vosl1 sepals we observed subcellular variability in stiffness (Figure @G) We quantified local
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Figure 2.4: Spatial Variability of Cell Growth Rates in Area Is Decreased in vos1

(A-C) Temporal variation of the cell growth rate (D .,; heatmap with high variability in red and low variability in blue) is
similar in wild-type (WT) and vos17 sepals. Equivalent cells (defined by the proximity of differentiated stomata) outlined in
green are analyzed for WT (A) and vos1 (B) flowers at stages 8 and 9. Additional nonequivalent WT cells at the base of the
sepal are outlined in white. Consecutive 12-hr growth intervals are analyzed; for example, 8-1 to 8-2 — 8-2 to 9-1 means
that the growth rate during the 12-hr interval from stage 8-1 to 8-2 is compared with growth rate during the 12-hr interval
from stage 8-2 to stage 9-1.

(C) Graph plotting the average temporal variability of the growth rates (< Dy, > signifies the average of D¢, Over
cells) in each sepal epidermis at each time point. Three WT flowers (a—c, blue) and four vos1 mutant flowers (a-d, ma-
genta) are shown. Dotted black lines indicate the average temporal variability for all cells at all time points (WT 8.37%;
vos1 6.94%). The WT and mutant data partially overlap and only slight differences of temporal variability (< Dgyeq >)
are detected (p < 10_6, permutation test). The error bars represent the SE. Scale bar represents 50 pm.
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Figure 2.4: (D-F) Local spatial variation in the cell growth rate (V,.co; heatmap with high variability in red and low vari-
ability in blue) is decreased in vos1 sepals. Flowers are the same as in (A)-(C). The 12-hr interval analyzed is specified by
stages. For example, 8-1 to 8-2 on 8-2 is the 12-hr interval from stage 8-1 to stage 8-2 displayed on the sepal cells at
stage 8-2.

(F) Graph plotting the average spatial variability in growth rate among neighboring cells (< V..., > signifies the average
of Vi-eq OVer cells) for all the cells of each sepal at each floral stage imaged. Dotted black lines indicate the average
spatial variability for all cells at all time points (WT 7.69%; vos1 5.32%). Note that vos? flowers tend to have decreased
spatial variability (lower < Ve >;p < 1076, permutation test). The error bars represent the SE. Scale bar represents
50 um.

(G and H) Local spatial variation in the cell-wall stiffness is decreased in vos7 sepals. (G) Cell-wall stiffness of WT and
vos1 sepals at stage 10 measured by AFM is displayed as a heatmap with stiff points in red and soft points in blue. Cells
are outlined in black based on topology maps. Each square represents one measurement point, which is 5 yum from the
next measurement. (H) Graph plotting the average spatial variability in cell-wall stiffness (< V4pps >) for WT and vos?
sepals. Note that vos7 sepals have decreased spatial variability in cell-wall stiffness (lower V4 pps) compared with WT.
***p < 0.001 (t test). n =8 for WT and n = 9 for vosT.

For the boxplots, the box extends from the lower to upper quartile values of the data, with a line at the median, and the
whiskers extend past 1.5 of the interquartile range. See also Figure P.11].

stiffness variability (Vapas) in a 35-by-35-um square, by analogy with the calculation of Vi, eq
(see Experimental Procedures, Section @) Compared with wild-type, vos! had a substantial
decrease in local spatial variability of stiffness (Vapyr = 37.3% for vosi versus 43.7% for wild-
type, p < 1071 [t test]; Figure @H) This result is consistent with the decreased local spatial
variability in growth rates observed in vos1.

Our model prediction that reducing temporal variability produces irregular sepals does not ex-
plain our observations in wosl. Instead, the growth and AFM analysis in vos! suggest that
the lower level of spatial variability inhibits sepal shape robustness, which we tested in our
next model. Reducing local spatial variability means that neighboring cells are more correlated.
Therefore, in the model we increased the correlation length of stiffness (the distance over which
the stiffness is similar). We maintained temporal variation as in the spatiotemporal variabil-
ity model. The simulated sepals from this ‘“‘spatiotemporal variability model with low spatial
variability” (ST-L) were less regular in shape than the simulated sepals produced by the ST
model (Figures @H«@K and Movie S5). They were also somewhat more variable in size than
those produced by the initial spatiotemporal variability model (Figure @J ). Although the ST-L
model increases size variability, it does not reproduce the extent of sepal size variation or the
smaller average size of vos! sepals compared with wild-type. Thus, size and shape regularity can
be partly uncoupled. An additional mechanism must contribute to sepal size variability in vos1,
which we discuss below. To conclude, our revised model confirms that decreased local spatial
variability can lead to irregularity of sepal shape. Thus, counterintuitively, we find that the
higher level of local spatial variability found in wild-type sepals actually promotes sepal shape

robustness.
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Figure 2.5: High Local Spatial Variability of Cellular Growth Promotes Organ Regularity

(A and C) The principal direction of growth in the maximal growth direction (PDG,,, 4. ; White line) of the wild-type (A) and
vos1 (C) sepal cells calculated for each 24-hr interval show spatial and temporal variations (e.g., red arrows). Equivalent
cells outlined in green are analyzed for wild-type and vos7. Only cells in which the growth is anisotropic are considered
(maximum growth minus minimum growth >10%); PDG,,,4.. is not shown for cells growing isotropically where the direc-
tion is not well defined.

(B and D) PDGy, 4, of wild-type cells calculated for the cumulative growth from 0 to 48 hrs (B) become much more coor-
dinated across the sepal (e.g. red arrow), indicating that the plant is temporally averaging the variations seen at 24 hrs in
(A). In contrast, the vos1 sepal cells (D) show less temporal averaging of variability than wild-type, as the PDGy,, .. for the
cumulative 48-hrs growth are not aligned.

See also Figure P.13.

2.3.4 Wild-Type Sepals Undergo Spatiotemporal Averaging of the Principal
Direction of Growth, Resulting in Regularity, which Is Disrupted in
vos1 Mutants

To further explore how spatiotemporal averaging produces regular sepal shapes from variable cel-
lular growth, we examined the principal directions of growth (PDGs) (Dumais and Kwiatkowska,
2002). Here we show only the vector in the direction maximal of growth, PDG,,4,. Cells growing
isotropically (nearly equally in all directions) were excluded from analysis because in this case
the PDGs become arbitrary. The PDG,,,,, provide a visual indication of the coordination of
growth directions between nearby cells and their overall alignment with the growth of the organ.
In wild-type sepals, the PDGyq; of cells during short 24-hr growth intervals showed varied ori-
entations (Figure @A) in space and in time (Figure @A, arrows), consistent with the spatial
variability in cellular growth. We tested whether spatiotemporal variability averages to produce
regular growth by examining PDGs calculated for longer time intervals. Over intervals of 48 hrs,
we found that the PDGy,4, were highly aligned in the tip base axis of the sepal (Figure @B,
arrow ), indicating that the spatial and temporal variability averages lead to regularity of plant
growth. In the vos! mutant sepal cells, the PDG,,,,, were also spatially and temporally variable

over 24-hr intervals; however, the PDG,, ., of vos! mutant cells calculated for the cumulative
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growth over 48 hrs were not well aligned with each other, indicating that vos! mutants are de-
fective in the spatiotemporal averaging of growth direction (Figures @C and @D) Averaging
was still defective over longer time intervals in vos! (Figure A). The reduced spatiotemporal

averaging of variability in growth direction might explain the irregular shape of mutant sepals.

2.3.5 wosl1 Is a Mutant of the FtsH4 Mitochondrial Protease

Genetic analysis and map-based cloning revealed that the vos! phenotype is caused by recessive
mutations in the FtsH4 gene (Figures @A and A). Hence, we renamed the vos! mutant
ftsh4-5; the ftsh/-5 mutation causes a premature stop codon in the FtsH4 protein. FtsH/ en-
codes an AAA-ATPase metalloprotease in the FtsH family ((Janska et all, 2010, Sakamoto
et al), 2003, Urantowka et all, 2005) FtsH proteases play key roles in quality control of mem-
brane proteins in prokaryotic organisms and organelles of bacterial origin (i.e., mitochondria
and chloroplasts) by eliminating abnormal membrane proteins and by promoting assembly of
oxidative phosphorylation complexes ([to and Akiyama, 2005). There are four FtsH proteases in
Arabidopsis mitochondria: FtsH3, FtsH4, FtsH10, and FtsH11. Based on their topology in the
membrane, FtsH4 and FtsH11 are classified as i-AAA proteases, which face the intermembrane
space (Figure B), unlike matrix-facing m-AAA proteases FtsH3 and FtsH10 (Heazlewood
et all, 2004, Sakamoto et al), 2003, Urantowka et al|, 2005). Although phylogenetically related,
FtsH4 and FtsH11 are functionally divergent, with their mutations affecting different aspects
of plant growth (Gibala et al), 2009, Wagner et al), 2011, Zhang et al), 2014). They form inde-
pendent homo-oligomeric i-AAA protease complexes in mitochondria, and FtsH11 is localized
in both mitochondria and chloroplasts (Urantowka et al), 2005). FtsH4 is the only i-AAA pro-
tease required for the proper assembly and stability of oxidative phosphorylation complexes in
Arabidopsis mitochondria (Kolodziejczak et al|, 2007). Because the premature stop codon in
ftsh4-5 leads to the deletion of both the AAA-ATPase domain and the metalloprotease domain
of FtsH4, ftsh4-5 is likely to be a null mutant. Notably, from our screen, we isolated six ftsh/
mutants. Although these had different mutations in FtsH4, all the alleles had variable sepal size
phenotypes similar to that of ftsh4-5 (Figures @A and A).

FtsH4 homologs are highly conserved in Escherichia coli, yeast, humans, and Arabidopsis (Fig-
ure A). We rescued the variable sepal size phenotype of ftsh4-5 mutants by transgenically
expressing YMEL, the yeast homolog of FtsH4; this demonstrated that the biochemical function
of FtsH4 is conserved between eukaryotic kingdoms (Figures @F and @G)

2.3.6 The Increased Irregularity in ftsh4 Sepals Is Caused by Increased ROS

Levels

Building on the well-established role of FtsH4 homologs at the molecular and organelle levels,
we focused our analysis on the cell and organ levels. Mutations in FtsH4 have previously been
shown to cause mitochondrial defects, including reduced cristae in mitochondria (Gibala et al.,
2009). Mitochondrial defects can lead to increased levels of ROS (Pulliam et all, 2013). In
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Figure 2.6: Reactive Oxygen Species Regulates Sepal Growth

(A) The protein domains of FtsH4 and the mutation sites of ftsh4 alleles isolated in our study. The AAA-ATPase domain is
shown in green, the protease domain in blue, and the transmembrane (TM) domain in orange.

(B and C) DAB staining for HoO2 in WT (B) and ftsh4-5 (C) inflorescences. ftsh4-5 mutants have a higher level of HoO2
throughout the inflorescences.

(D and E) NBT staining for superoxide in WT (D) and ftsh4-5 (E) flowers. ftsh4-5 has higher and more variable level of
superoxide in the sepals. S9-S14: flowers at different stages.

(F and G) Expression of the yeast homolog gene of FtsH4 (YME1) in Arabidopsis ftsh4-5 mutants (F) rescues the variable
sepal size phenotype (G). (H) Overexpression of a catalase gene (CAT2), which catalyzes the decomposition of H2O2, in
ftsh4-5 rescues the irregular sepal size and shape phenotype.

(I) Wild-type (WT) flowers treated with 100mM HoO5 (WT + H2O2) mimics ftsh4 phenotype, generating sepals of variable
sizes. The control WT was mock treated. Arrows show smaller sepals.

(J) WT flowers overexpressing a peroxidase gene (WT + APX1) or CAT2 (WT + CAT2), which both decrease H2O5, have
larger mature sepals. WT flowers overexpressing a NADPH oxidase gene (WT + RBOHD), which produce superoxide,
have smaller mature sepals, as plotted in (L).

(K) WT + RBOHD flowers have larger variability in mature sepal (stage 14) shape Sy. WT data were reproduced from Fig-
ure D for comparison. ***p < 0.001, significant difference from WT (t test).
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Figure 2.6: (L) Area of sepals in (J) confirming that decreasing ROS (WT + APX1 and WT + CAT2) increases sepal size
while increasing ROS (WT + RBOHD) decreases sepal size. ***p < 0.001, significant difference from WT (t test). Data are
mean + SD. n = 68 for WT, n = 108 for WT + APX1, n = 145 for WT + CAT2, n = 69 for WT + RBOHD.

(M and N) Cell walls are stiffer (had a lower percent shrinkage in osmotic treatments) in ftsh4-5 sepals than in WT at
stages 8-9. In the heatmap, the cells in red have low shrinkage and are stiffer than cells in blue with high shrinkage. (N)
Plots of area shrinkage for the whole sepal. *p < 0.1, significant difference from WT (t test). Data are mean = SD. n = 3 for
WT and ftsh4-5.

For the boxplots, the box extends from the lower to upper quartile values of the data, with a line at the median, and the
whiskers extend past 1.5 of the interquartile range. Scale bars represent 1 mm in (B)—(E), 500 pum in (F)—(J), and 50 pum in
(M). See also Figures and B.14.

addition, studies of chloroplast FtsH protease mutants have shown that high ROS accumulation
is a major cause of morphological defects in leaves (Kato et al), 2009). Thus, we compared
ROS levels between wild-type and mutant sepals. ROS include many molecules, with hydrogen
peroxide (H202) and the superoxide radical (O5) as the two major ones (Apel and Hirt;, 2004).
Using chemical stains specific for these two molecules, we found that ftsh4-5 mutants have
higher levels of both HyO2 and O; in their sepals (Figures @B«@E)

Remarkably, O, formed a gradient in wild-type sepals that paralleled the wave of cellular
maturation from the tip to the base of sepals (Figure @D) High levels of O, were first
detectable in the sepal tip of flowers at stage 10, and progressed downward as the sepal grew,
finally spreading to the whole sepal when it matured (stage 13; Figure @D) In ftsh4-5 sepals,
O, levels were higher and more variable. High levels of O, were present in very young buds,
and were unevenly distributed between different parts of a single sepal and between different
sepals within the same flower (Figure @E)

We next tested whether premature and uneven ROS were sufficient to disrupt sepal size uni-
formity. Wild-type flowers treated with HyOo from early stages mimicked the ftsh4 phenotype,
generating variably sized sepals that were smaller on average (Figure @I) We then decreased
ROS levels in ftsh4-5 by overexpressing CATALASE 2 (CAT2). CAT2 encodes a peroxideme-
tabolizing enzyme with high specificity for HoOy (Mhamdi et al), 2010, Mittler et all, 2004).
The transgene restored sepal size uniformity in the ftsh/ mutant (Figures @F and @H), and
transgenic flowers had lower ROS levels (Figure D). These results indicate that increased

ROS levels cause the increased variability and decreased average size of ftsh4 sepals.

2.3.7 ROS Act as a Growth Regulator in Wild-Type Sepals, Promoting Mat-
uration and Termination of Growth

The pattern of O, accumulation from the tip to the base of the wild-type sepal, coincident with
the progressive maturation of the sepal from tip to base (Hervieux et al), 2016, Roeder et al.,
2010), raised the question of whether O acts as an endogenous growth regulator controlling

the termination of sepal growth. To test this, we decreased ROS levels in wild-type sepals by
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overexpressing either the catalase-encoding gene CAT2 or the ASCORBATE PEROXIDASE 1
(APX1) gene, which encodes another enzyme that scavenges HoOg9 in Arabidopsis (Davletova
et all, 2005, [shikawa and Shigeoka, 2008, Mittler et all, 2004). Both kinds of transgenic plants
had larger sepals than wild-type: 1.20 £+ 0.13-fold for APX1 (mean + SD, n = 108) and 1.21
+ 0.12-fold for CAT2 (mean + SD, n = 145; Figures @J and @L) Overexpression of CAT2
did not abolish the tip-to-base accumulation of O, but delayed it, consistently with the larger
sepal sizes observed (Figure G). This demonstrated that decreasing the ROS level could
promote sepal growth, and suggested that ROS act as endogenous signals to limit wild-type
sepal growth. ROS may be general signals promoting a shift from cell division to maturation, as
leaves had a similar pattern of O, accumulation from tip to base correlating with the cessation
of cell division, and overexpression of CAT2 produced larger leaves (Figures C and E)

2.3.8 ftsh4 Sepals Exhibit Cellular Characteristics of Maturation Earlier than
Wild-Type

To further test whether ROS act as maturation signals, we reexamined the growth of ftsh/
flowers to determine whether their early increase in ROS correlated with early cellular mat-
uration. Based on wild-type, we defined the region of maturing cells as those with slower
growth rates and low cell division which we observed developing from tip to base (Figures @C
and E) (Hervieux et al), 2016, Roeder et al., 2010). Growth rates decreased in ftsh4 mutants
more quickly than in wild-type; growth rates of cells in mutant sepals at stage 9 appeared more
similar to maturing cells of wild-type sepals at stage 12 (Figures @D and @G) The average
of cellular growth rates over 12 hrs was lower in ftsh4-5 (mean + SD 1.28 + 0.19, n = 472) than
wild-type (mean + SD 1.37 4+ 0.22, n = 705) (Figure @H) Accordingly, while wild-type cell
lineages grew 3.43-fold larger on average in 48 hrs, ftsh4 mutant cell lineages required 60 hrs to
grow 3.3- fold (Figure R.3H).

Maturation coincided with a shift from rapid cell division to slow cell division in wild-type sepals
(Figures @I and @E) In ftsh4 mutant sepals, the cell division rate remained low, throughout
stages 7-11 (Figures EI and E) Initially cell division and growth were balanced in wild-
type sepals, yielding a constant average logarithm of cell area (Figures @J and G). As cell

division decreased, maturation coincided with a general increase in the average logarithm of cell

area (Figure @J ). In ftsh4 mutant sepals, the average logarithm of cell area began increasing at
an unusually early stage of development (Figures @J and H) Mature ftsh4 sepals contained
substantially fewer epidermal cells that were larger on average than wild-type sepal cells (Fig-
ures I and J ), consistent with reduced cell division and early entry into cell expansion
observed in the developing mutant sepals. In summary, ftsh/ sepal cells behave like wild-type
sepal cells of a later developmental stage, suggesting that ftsh4 sepals begin maturation too early

and that ROS promote cellular maturation in sepals.
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2.3.9 ftsh4 Sepals Are Stiffer Than Wild-Type

One possible mechanism through which ROS may directly slow growth and reduce cellular
growth variability is by modifying cell-wall mechanical properties (Barcel6 and Laura, 2009,
Cosgrove, 2005, Lu et all, 2014). ROS may promote cell-wall stiffening by facilitating the
formation of crosslinks between wall polysaccharides and glycoproteins (Fry|, 2004, Ralph et al.,
2004); alternatively, ROS may also loosen the cell wall by cleaving wall polysaccharides (Fryl,
1998, Schopfer, 2001, Schweikert et al), 2000). As AFM allowed us to probe only small regions
in the center of the sepal, we did not detect any difference in average stiffness between wild-type
and ftsh cell walls (Figure @G) We therefore used osmotic treatments to assess the stiffness
of the whole sepal (Kierzkowski et al), 2012). Wild-type sepals had a gradient with stiffer cells
at the tip (Figures @M and D), which matched the decreased growth rates of similarly
staged sepal tips (compare with Figure @C) Likewise, ftsh/ flowers showed a gradient with
stiffer cells at the tip; however, whole ftsh4 sepals were stiffer than wild-type sepals (wild-type
17% + 2.6% shrinkage; ftsh4 11% + 1.7% shrinkage; mean £+ SD, n = 3 sepals of each genotype;
Figures @M, @N, and D). These results are consistent with a scenario in which ROS limit

growth in sepals by increasing the number of crosslinks in cell walls.

2.3.10 Reduced Cellular Variability and Spatiotemporal Averaging Correlate
with ROS Accumulation in Maturing Wild-Type Sepal Tips

If ROS signals in wild-type sepals promote maturation, and the ftsh4 phenotype is generated
by an overabundance of ROS signal (essentially a gain of function), then we would expect to
observe inhibition of spatiotemporal averaging of growth in the tips of wild-type sepals as the
ROS signal initiates there. As expected, the maturing tips of wild-type sepals exhibited reduced
local spatial variability in growth (Figure D) and reduced spatiotemporal averaging of PDGs
(Figures B and C) but no change in temporal variability of growth (Figures A
and B), compared with the middle of the sepal, where ROS had not yet accumulated. These
results are consistent with ROS inhibiting cellular variability and spatiotemporal averaging

during wild-type sepal maturation.

2.3.11 Spatiotemporal Averaging Combined with a Maturation Gradient
Regulated by ROS Produce Sepal Regularity

Based on our observation that O, accumulates and growth slows from the sepal tip downward
(Figures @C and @D), we postulated that ROS act as signals that terminate sepal growth.
Therefore, we created an “‘arrest front” (AF) model, in which we initiate a ROS signal at the tip
when the sepal reaches a defined height, with variability in the initiation height (see Experimental
Procedures, Section @) The signal propagates down the developing sepal and growth stops
when the signal reaches the base (Figure @A) This AF model was initially implemented in the

NV model template to examine the effects of variability in arrest front alone. AF models with
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Figure 2.7: Reproducible Organs Arise from Variable Cells

(A and B) Examples of simulation steps of the arrest front model of sepal growth. When the sepal reaches a threshold

in length, a front (dotted black line) propagates at constant velocity toward the base, arresting growth when the front
reaches the base, which determines the final sepal size and shape. If the height of the threshold is variable, then sepal
size is also variable (green high threshold, larger size; magenta low threshold, smaller size). This model was run with uni-
form stiffness based on the NV model from Figure P.JA to isolate the effect of the arrest front.

(B) Boxplot of simulated sepal area (a.u., initial area !1) with #¥0 sets of parameters: arrest front with a little noise on
threshold (3.0 = 0.05), and arrest front with smaller average threshold and enhanced noise on threshold (2.7 + 0.5) (arrest
front follows a Gaussian curve of parameters mean 4 SD).



Figure 2.7: (C-H) The wild-type and vos1 phenotypes have been reproduced with the model. (C) Three replicates of the
wild-type-like model, with parameters: correlation length 1/5, renewal 1/10 (see Figure B.9), arrest front threshold 3.0

=+ 0.08. (D) Three replicates of the vos7-like model, with parameters: correlation length 1/3.5, renewal 1/10, front arrest
2.7 £ 0.15. (E) Normalized simulated sepal outlines showing shape variability of the wild-type-like model. (F) Normal-
ized simulated sepal outlines showing increased shape variability of the ftsh4- like model. (G) Simulated sepal area of the
wildtype- like model (WT-like) and the ftsh4-like model (vos7). Note that the simulated ftsh4-like sepal has a smaller me-
dian size and larger range than the wild-type-like sepal and is comparable with the real sepal data in Figure R.1IC (mean
ratio of area mutant/ wild-type: experimental data = 0.69, model = 0.62; coefficient of variation of wild-type: experimental
data = 0.08, model = 0.10; coefficient of variation of mutant: experimental data = 0.32, model = 0.28) (f test, p < 1076).
(H) Simulated sepal shape variability of the wild type- like model (WT-like) and the ftsh4-like model (t test, p < 10*5).
Note that the simulated ftsh4-like sepal has increased shape variability comparable with the real sepal data in Figure F
(shape variation S for WT sepals: experimental data = 0.00253, model = 0.00242; shape variation Sy for mutant sepals:
experimental data = 0.00423, model = 0.00331). The statistics in (B, G-H) were obtained over 100 replicates (simulation
runs).

(I) Conceptual summary. Spatiotemporal averaging of cellular growth variability produces regular organ shapes. For in-
stance, the maximum principal direction of growth (PDG,,,4.; blue line) in a cell may tilt to the left and then later to the
right such that the variability averages so that the cumulative growth (red PDG) is highly regular, aligning with other cells,
to produce uniform organs. Our data suggest that ROS (aqua) inhibit spatiotemporal averaging while promoting the mat-
uration of cells, reduction of cell division, and termination of growth. ROS accumulate in maturing cells starting at the tip
and descending toward the base of the sepal (aqua arrow). Increased, variable, and premature accumulation of ROS in
ftsh4 mutants causes irregular sepal shapes by reducing cellular variability and inhibiting spatiotemporal averaging and
irregular sepal sizes by variable initiation of the arrest front.

For the boxplots, the box extends from the lower to upper quartile values of the data, with a line at the median, and the
whiskers extend past 1.5 of the interquartile range. See also Movies S1, S4, and S6.

low variability in the initiation height produce robust sepal sizes (e.g., arrest front height 3 +
0.05 SD in Figure @B), whereas large variability in the arrest front initiation height produced
large variation in sepal size (e.g., 2.7 = 0.5 SD in Figure @B)

However, sepals produced by the AF model did not show any variation in shape. Therefore, to
model wild-type sepals, we combined the AF model (ROS arrest front initiation height = 3.0 £
0.04 SD) with the ST model, which produced robust sepals with little variation in shape (S2)
and size (coefficient of variation, CV), comparable with wild-type sepals (Figures @C, @E,
and @G@H compared with Figures @C, @E, and @F ; Movie S6). To fit simulation output
to experiments, we chose a level of temporal variability corresponding to a renewal value of 10%,
meaning that 10% of the mechanical properties are updated from one computational step to the
next (Figures @F and @G)

To model ftsh4 sepals, we combined the AF model initiated with a lower and more variable
arrest front reflecting the early and variable accumulation of O; (Figure @E; ROS arrest
front initiation height = 2.7 £+ 0.15 SD) with a reduced spatiotemporal variability model (ST-L
correlation length of 1/3.5). This model reproduced both the size (CV) and shape (S2) variability
of ftsh4 sepals relative to wild-type (Figures @D@F compared with Figures @C—@F : Movie
S6). Thus, modeling and experiments together suggest that the size irregularity of ftsh/ sepals
arises primarily from the variable accumulation of ROS, whereas the shape irregularity of ftsh4
sepal arises from the decreased cellular spatial variability and reduced spatiotemporal averaging.

To test this conclusion experimentally, we induced more uniform ROS accumulation in real
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sepals. Induction of ectopic expression of an NADPH oxidase, which produces O, caused the
sepals to be uniformly smaller, with variability in sepal size comparable with wild-type sepals
(mean £ SD 0.69 + 0.10 mm?, n = 69; Figures @J and @L; compared with wild-type 1.23 +
0.10 mm?), but sepals were irregular in shape with variability in shape similar to that of ftsh4
mutants (NADPH oxidase S2 = 0.0041 + 0.0005, n = 69; ftsh4 S2 = 0.0042 £+ 0.0004, n =
518; wild-type S2 = 0.0025 + 0.0001, n = 215; mean + SE; Figures R.1F, R.6K, and p.13E).
This result confirms that the variability of ROS accumulation in ftsh4 mutants contributes to
the irregular sizes, and is consistent with ROS accumulation reducing cellular growth variability

and inhibiting spatiotemporal averaging.

2.4 Discussion

We address the key question of how organs can reach precise shapes and sizes despite the vari-
able growth of their cells. We found that organs average variations in cellular growth over space
and time to achieve constant morphology. First, using computational simulation, we predicted
that robust shapes could emerge from a combination of spatial and temporal variability in a
phenomenon termed spatiotemporal averaging. This phenomenon was observed in the cellular
growth of wild-type sepals. For example, if a cell’s growth is oriented toward the left at one time
point and then toward the right at another time point, the total growth averages to vertical, and
aligns with neighboring cells (Figure @I) In this way, organs can maintain robust morphology.
We verified this model by screening for mutants in Arabidopsis with disrupted organ uniformity
(i.e., mutants with differently sized and shaped sepals in the same plant). We identified ftsh/,
which disrupted regularity in floral organ size and shapes, due to premature and uneven ROS
accumulation. First, ROS accumulation inhibited spatiotemporal averaging in ftsh4 mutants,
which caused irregularity primarily in shape. In fish4 mutants the local spatial variability in
cell growth decreased. Similarly, model simulations with decreased local spatial variability pro-
duced more irregular sepal shapes. Imagine a cell that starts growing awry, e.g., in the “wrong”
direction. If local spatial variability is high, its neighbors will not follow it and will somehow
compensate for the “wrong’’ direction. If local spatial variability is low, its neighbors are corre-
lated with this cell and will also grow awry, which can affect overall organ growth. Second, the
uneven ROS accumulation in ftsh4 mutants caused substantial variability in sepal size. Cellular
growth in ftsh4 mutants exhibited many characteristics of sepal cells maturing earlier than in
wild-type, suggesting that ROS act as growth regulators promoting maturation (Figure @I)
Enzymatically reducing ROS in ftsh4 mutants restored uniform sepal size and shape, which
demonstrated that the abnormal ROS accumulation caused the failure of organ size uniformity
in ftsh4 mutants.

ROS also accumulated in the maturing cells of wild-type sepals, coincident with a wave of arrest
propagating from tip to base (Figure @I) Interestingly, ROS accumulation in wild-type sepal
tips also inhibited spatiotemporal averaging, but since these cells were already slowing their

growth and maturing, this had little effect on sepal regularity. We demonstrated that ROS reg-
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ulates wild-type sepal growth by reducing ROS enzymatically in wild-type sepals, which caused
the sepals to grow significantly larger than wild-type. Thus, ROS is a key growth regulator
that promotes maturation and termination of organ growth while simultaneously inhibiting spa-
tiotemporal averaging. The correct pattern and timing of ROS accumulation in the sepal is

required to maintain organ regularity.

2.4.1 Spatiotemporal Averaging as a General Mechanism to Deal with
Stochasticity

Growth on the cellular level is highly variable. In plants, such variability is also found for cell-
wall stiffness measured with AFM (Milani et al., 2011, Yakubov et al), 2016), consistent with
our results on sepals. In addition, experiments and modeling have shown that feedback loops
between mechanical stress and plant cell growth orientation can promote heterogeneity in the
growth rates and orientations between neighboring cells in Arabidopsis (Uyttewaal et all, 2012).
In theory, time integration (temporal filtering) can explain the maintenance of robustness in the
face of variability originating from random or unpredictable cellular or molecular behaviors (Lan-
den, 2011)). In a developmental context, spatiotemporal averaging has been proposed to account
for precise distributions of hunchback mRNA in the Drosophila embryo despite stochastic hunch-
back transcription (Little et al,, 2013). The use of spatiotemporal averaging to overcome noise
in biology at these two different scales (transcript to cell and cell to organ) suggests that it may
be a common mechanism ensuring robustness in many biological processes.

Variability on the cellular level could be beneficial to organisms. Unicellular organisms use ex-
pression variability to create population heterogeneity, to switch between different physiological
states, and to deal with environmental stresses (Blake et all, 2006, Kussell and Leibler, 2005).
Expression variability has been proposed to facilitate the evolution of gene regulation ((Wolf
et all, 2015). Maintenance of growth heterogeneity within the shoot apical meristem has also
been proposed to prime cells for differential growth and organogenesis (Uyttewaal et all, 2012).
Our results indicate that cellular variability yields consistent organs as the reduced local spatial
variability in cellular growth in area of ftsh4 mutants leads to the production of more variable
organs.

The observation that spatiotemporal averaging is decreased in the wild-type sepal tip as ROS
accumulate to promote maturation and terminate organ growth suggests that there might be
an inherent conflict between terminating organ growth and maintaining regularity through spa-
tiotemporal averaging. In wild-type, this inhibition of spatiotemporal averaging occurs only
during maturation when growth slows, so it does not create highly variable shapes as seen in the
ftsh4 mutant, where spatiotemporal averaging is blocked throughout much of sepal development.

It may, however, account for the small amount of shape variability in wild-type.
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2.4.2 ROS as a Signal that Promotes Cellular Maturation and Growth Arrest

Previous screens for mutations in genes regulating robustness have been done only in
yeast (Bauer et alf, 2015, Boukhibar and Barkoulag, 2015, Levy and Siegal, 2008, Rinott
et al), 2011). These yeast studies show that genes that are master regulators of robustness (also
called phenotypic capacitors) encode proteins that are often part of highly connected nodes in
the gene regulatory networks. In both plants and animals, ROS form highly connected nodes
bridging several signal transduction networks that regulate growth and cell proliferation (Co-
varrubias et all, 008, Mittler et al}, 2011, Xia et al), 2015).

In addition to the well-established role of ROS in plant stress responses (Choudhury et al,, 2013,
Perez and Brown, 2014), our work and that of others show that ROS signaling is important
for plant development (Foreman et all, 2003, Gapper and Dolan, 2006, Rodriguez et al., 2002).
Previous studies have suggested that ROS could affect organ growth through controlling cell
division in many organisms (Boonstra and Post, 2004). In mammalian cells and Drosophila
eye imaginal disks, increasing ROS induces the CDK inhibitors that induce cell-cycle arrest or
delay (Owusu-Ansah et al), 2008, Russo et all, [1995). As well as limiting cell proliferation, ROS
can also affect cell enlargement. In Arabidopsis roots, different types of ROS modulate the
balance between cell proliferation and cell elongation creating the characteristic zones of the
root meristem, which affect root growth (Reyt et al), 2015, Tsukagoshi et al), 2010). In leaves,
reducing ROS levels due to elevated level of antioxidants will delay cell proliferation exit, thus
resulting in more cells (Xue et al), 2015). On the other hand, modulating ROS balance in leaves
by increasing peroxidase activity will also lead to smaller cells (Lu et all, 2014). Moreover, our
dynamic analysis of cell and organ growth reveals that ROS play an important role in organ
size and shape robustness through limiting cell division and promoting maturation, as well as
through inhibiting spatiotemporal averaging of cellular growth variability.

In yeast, mutating the yeast FtsH4 homolog YMEI] results in growth defects (Thorsness and
Fox, 1993, Thorsness et all, 1993). Expressing yeast YMEL in Arabidopsis rescues the ftsh4 mu-
tant, suggesting conserved biochemical function across eukaryotes. Our analyses of yeast ymel
mutants revealed that, under some growth conditions, ymel mutants produced higher levels of
ROS and had lower proliferation than wild-type (Figure . These results are consistent with
previous studies indicating a role for ROS in inhibiting cell proliferation.

In addition to its signaling role, our osmotic treatments support a role for ROS in directly ar-
resting growth mechanically by stiffening cell walls through the formation of crosslinks between
wall polysaccharides and glycoproteins (Barcel6 and Laura, 2009, Bell et al), 2009, Cosgrove,
2005, Fry, 2004, Lu et al,, 2014, Ralph et all, 2004). As cell-wall stiffness controls growth
rate, this could explain the reduced spatial variability in the growth rate of the ftsh/ mutant
(Figures @G and @H)

To conclude, the abnormal accumulation of ROS in ftsh4 mutants disrupts sepal uniformity in
two ways. First, it creates a more variable termination signal, causing the sepal to mature early.

Second, it inhibits spatiotemporal averaging of cellular variability, resulting in oddly shaped
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sepals.

2.5 Experimental procedures

Detailed methods are described in Supplemental Experimental Procedures, Section @

2.5.1 Plant Material and Treatment

Arabidopsis accession Col-0 plants are used as wild-type throughout. Mutants were generated
by ethyl methanesulfonate mutagenesis. Mutations were isolated using standard map-based
cloning (Lukowitz et al), 2000). Allelism tests were conducted between different ftshj alleles.
Plants were examined under a dissecting microscope for the sepal phenotype. Flowers were
staged according to (Smyth, 1990).

The YME!? gene, CAT2 gene, and APX1 gene full-length ¢cDNA were amplified and LR re-
combined into the gateway vector pB7TWG2. Full-length cDNA of the RBOHD gene was used
for dexamethasone-inducible expression from the pOp/LhGR expression system (Craft et al.,
2005). All of the intermediate and final plasmids used for plant transformation were verified by
sequencing. The final constructs were individually transformed into ftsh4-5 or wild-type plants
by Agrobacterium-mediated floral dipping.

For HyO4 treatment or dexamethasone induction, flowers were dipped into 100 mM H3O4 or 5

uM dexamethasone solution once a day for 7 days.

2.5.2 Microscopy and Image Analysis

Low-magnification whole sepal/flower images were photographed using a dissecting microscope
mounted with a camera.

For sepal area and shape measurements, custom Python programs were used to extract the con-
tour and measure the area of each stage 14 sepal. The data were sorted, analyzed, and plotted in
Microsoft Excel or the statistical software R. The shape variability was studied by analyzing the
sepal’s contour points using Fourier decomposition. The contours were normalized with respect
to the average radius. The squared deviation of a given contour from the median contour was
used to quantify shape variability.

AFM was performed on off-plant stage 10 flowers, using a JPK Nanowizard III atomic force
microscope with an extended vertical range of 100 um. The cantilevers (SCANASYST-AIR,
Bruker) had a nominal spring constant of 7 N/m and a pyramid-shaped tip (tip angle 18°,
nominal radius 2 nm). Scanning electron microscopy was performed using a Leica 440 (Roeder
et al), 2010).

For live imaging, flowers expressing pAR169 (pATMLI1::RCI2A-mCitrine) were imaged with a
Zeiss LSMT710 confocal microscope every 12 hrs. MorphoGraphX was used to segment individual
cells, track cell lineages, and calculate cell area and PDGs. The spatial and temporal variability

in the growth of cell area used the consecutive areas of the cells with the same lineage, based
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on the area calculated in MorphoGraphX.

Sepal stiffness was measured by treating stage 8-9 sepals with 0.4 M NaCl solution for 30 min,
imaging the cell wall with a Leica SP8 confocal microscope, and calculating the cell shrinkage
in MorphoGraphX.

In situ detection of HoO2 and O, was carried out by 3,3’-diaminobenzidine and nitroblue tetra-

zolium staining, respectively.

2.5.3 Computational Modeling

A continuous mechanical model for sepal morphogenesis was built, based on a model previously
developed for fission yeast (Bonazzi et al), 2014). Only surface cell walls were modeled, yielding
a two-dimensional material with a prescribed distribution of elastic modulus, F. Morphogenesis
occurred by successive increments in area. The model was implemented in Freefem++ (Hecht,

2012) and the results were analyzed using Python scripts.

2.6 Supplemental Experimental Procedures
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Figure 2.8: vos1 mutants have increased variability in sepal size and shape, related to Figure a

(A) Flowers taken sequentially from the same WT inflorescence have similar sepals. (B) Flowers sequentially from the
same vos1 inflorescence (the lower row) have irregular sepal shape and size. Note that the vos7 phenotype does not be-
come progressively more irregular. (C) vos1 mutants have more twisted cauline leaves than WT. (D) Outlines of WT, vos1
and klu sepals revealing both size and shape variability (equivalent to Fig. B_E except that the sepals are not normal-
ized by area). (E) Areas of mature stage 14 sepals from WT (blue and light blue), vos7 (magenta; data reproduced from
Fig. BAIC for comparison) and hormone signaling mutants (white), showing that most mutants affecting organ size do not
increase variance in area. axr1-12, bri1-6 and ein2-1 are in the Col (Columbia, blue) background. gai-1 and gin2-1 are

in the Ler (Landsberg erecta, light blue) background. ***p < 0.001, significant difference in variance from WT (F test). In
boxplots, the box extends from the lower to upper quartile values of the data, with a line at the median, and the whiskers
extend past 1.5 of the interquartile range. Scale bars: 1 mm in Aand B, 1 cm in C.
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Figure 2.9: A mechanical model of sepal morphogenesis predicts that spatiotemporal averaging of local variability
in growth generates robust organ shapes, related to Figure E

(A, B) Additional AFM measurements of wild-type (A) and vos1 (B) sepals. Each box corresponds to one sepal and each
plot to a separate batch of experiments. (C) Example of a model with intermediary temporal variability, in which me-
chanical properties are partially renewed: Ateach time point and at each vertex, mechanical properties are replaced by a
weighted average of the properties at the previous step and of random properties following similar probability distribution
functions. Here, the weight of the random modulus is 10% (ST-0.1) so that 90% of the previous properties are kept. (D-E)
Typical heat maps of the growth rates in simulations. Growth is computed every 15th step, as an integration of growth
over the 15 previous steps. (D) No variability model (NV). (E) Spatiotemporal variability model (ST). (F-G) Simulated sepal
area (F) and shape (G) with the same models as in Figure 2K, with different levels of renewal: 0% (S), 0.3% (ST-0.003),
10% (ST-0.1), 90% (ST-0.9) and 100% (ST).
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Figure 2.10: Cell lineage tracking and
cell area analysis on sepal epidermis,
related to Figure E

(A-D) The Multi Step Lineage Tracking
(MSLT) tool tracks cell lineages over mul-
tiple consecutive time points (TO, T1, T2).
Daughter cells of one cell have the same
color and are marked with yellow line. (A)
Cell lineage generated between TO and
T1, cells in red are daughters of a single
cell at TO. (B) Lineage of the correspond-
ing cells generated between T1 and T2.
Both the upper cell and lower cell divide
to make two daughter cells (blue, upper;
brown, lower). (C) Using the MSLT it is
possible to generate cell lineages be-
tween TO and T2, showing that all 4 purple
daughter cells in T2 descended form a
single cell at TO. (D) Heat map of cell
proliferation between TO and T2. Color
scale represents number of cells originat-
ing from one parent cell, i.e. brown color
indicates 4 daughters at T2 descended
from 1 cell at TO. (E-F) Spatial maps of
cell division in WT (E) and vos1 (F) sepals.
Flowers were staged based on their width.
Each sub-stage lasts for 12 hours. The
cells that have divided in the previous
12-hour sub-stage are marked in red.
The WT sepal had active cell proliferation
throughout the sepal at stage 8. Then the
-4 cells progressively exited from prolifera-
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Figure 2.11: Spatial variability of cell growth rates in area is decreased in maturing cells at the wild type-sepal tip,
related to Figure R.4

(A) Temporal variation of the cell growth rate in area (D, See materials and methods for details) of the tip part of a
wild-type sepal, where the cells are maturing. The images were taken such that the top of the flower is shown revealing
the tips of three sepals. In comparison flowers in Fig. El] were imaged from the side. Variability is displayed as a heat
map with high variability in red and low variability in blue. Consecutive 12-hour growth intervals were analyzed; for exam-
ple, 8-1 to 8-2 — 8-2 to 9-1 means that the growth rate during the 12-hour interval from stage 8-1 to 8-2 was compared
to growth rate during the 12-hour interval from stage 8-2 to stage 9-1. (B) Graph plotting the average temporal variabil-
ity of the areal growth rates (< D, >= the average of D) in each sepal epidermis. The < D, ., > plots
from Fig. P.4C are reproduced here (wild type a-c and vos? a-d), for comparison to the wild-type tip data. We divided the
sepals of two wild-type flowers imaged at relative later stages (flower d and e) into the middle and tip (defined based on
the differentiation of stomata). Wild-type flower f is the flower shown in A and only the tip is available for analysis. Note
that for all flowers, the average temporal variability < D,,.., > plots largely overlap suggesting there is little difference
between the middle and the tip parts of the wild-type sepals. (C) Local spatial variation in the cell growth rate in area is
decreased in the tip of a wild-type sepal. Local spatial variability was quantified by calculating the differences in growth
rates for a cell and all of its neighbors (V) in the tip of wild type sepals for each 12-hour interval of growth (see Exper-
imental Procedures for details). Variability is displayed as a heat map with high variability in red and low variability in blue.
(D) Graph plotting the average spatial variability in areal growth rate between a cell and its neighbors (< Ve >) for all
the cells of each sepal at each floral stage imaged. The < V.., > plots from Fig. P.4F are reproduced here (wild type
a-c and vos1 a-d), for comparison to the wild-type tip and middle data. Flowers shown in panels C and D are the same
as in panels A and B. The maturing tip cells of wild type sepals have lower < V.., > than the middle cells in the later
stage wild-type sepals.
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Figure 2.12: vos1 sepal and wild-type sepal tip show less temporal averaging of variability in the cell growth direc-
tions and lower cell wall extensibility, related to Figure E

(A) The integrated growth directions of vos7 sepal cells over 60 hours. The axes show the maximal growth directions
(PDGs; white line) of the cells, with the length of the axes indicating the magnitude of the growth in that direction. The
PDGs were mapped on the ending time point of the growth interval. Note that even after 60 hours the maximal growth
directions are not well aligned. (B) The PDGs of cells on the tip part of a wild-type sepal, calculated for each 24-hour
interval of growth (stages at the bottom). Flower is the same as that shown in Figures S4A and S4C. (C) The PDGs of the
sepal tip cells calculated for the cumulative growth from 0 to 48 hours. The tip sepal cells show less temporal averaging
of variability than cells in the middle of wild-type sepals, as the PDGs integrated for 48 hours are less aligned (compared
with Figure 5B). (D) Cell wall extensibility in wild type and ftsh4-5 (vos1) sepals at stages 8-9. Cell wall extensibility was
measured by calculating the change in area (% shrinkage) of the sepal epidermal cell region after osmotic treatment.
Area shrinkage for each cell region was shown in heatmaps on the segmented images. The greater the shrinkage the
more extensible the cell wall. In the heatmaps, the cells in red have low extensibility/shrinkage and cells in blue have high
extensibility/shrinkage. Note that the sepal tips are less extensible than the middle part of the sepal. Scale bars represent
50 um.
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Figure 2.13: FtsH4 mutations increases ROS and leads to variable sepals, related to Figure E



Figure 2.13: (A) Full-length protein alignment of FtsH4 homologs from Arabidopsis (FtsH4), human (Homo sapiens,
YME1L1), yeast (Saccharomyces cerevisiae, YME1), and E. coli (Escherichia coli, HF1B). Sequences were aligned using
the CLUSTAL W program. Conserved amino acid residues are shaded in black. The residues of the ATPase domain are
highlighted in red, and the protease domain in green. The mutation sites for different ftsh4 alleles isolated in this research
are marked in red boxes, with the allele names and the amino acid changes labeled. (B) The intra-mitochondrial localiza-
tion and function of FtsH4 proteins. (C) The superoxide distribution detected by NBT staining (upper panel) anticorrelates
with cell division activity indicated by CYCB1;1-GUS expression (lower panel) in young wild-type leaves. Images on the
right are magnifications of the red boxed regions in the left images. Similar to sepals, superoxide accumulates on the tip
of the young leaves, where the cells have low cell division activity, and spreads toward the base as leaves grow. (D) NBT
staining for superoxide in flowers showing that overexpressing a catalase gene CAT2 in ftsh4-5 (ftsh4-5+CAT2) reduced
superoxide level in the sepals, as the much lighter staining in ftsh4-5+CAT2 sepals indicates. (E) Wild-type plants over-
expressing CAT2 (WT+CAT2) have larger and more expanded leaf blades. (F) Outlines (grey) of mature stage 14 sepals
from WT and WT plants overexpressing a NADPH oxidase gene RBOHD (WT+RBOHD), showing decreased size and in-
creased variation in shape. Outlines on the right have been normalized by sepal size and the median contours for each
genotypes are shown in red revealing the difference in shape. WT data were reproduced from Fig. 1E for comparison. (G)
Wild-type plants overexpressing CAT2 (WT+CAT2) have a similar but delayed superoxide gradient in sepals, which pro-
gresses downward as sepals mature. Although the overall pattern of progressive accumulation of superoxide from the tip
to the base of the sepal is the same in WT and WT+CAT2, at a given sepal size, superoxide accumulation has progressed
further down the WT sepal than the WT+CAT2 sepal. In stage 14 flowers, stamens are strongly stained with NBT (arrows).
To clearly visualize the superoxide accumulation pattern, flowers were stained for a longer time than flowers in D. Scale
bars =1 mmin C and D, 200 pumin G.
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Figure 2.14: FtsH4 homolog YME1 affects growth rate and ROS production in yeast, related to Figure E

Growth assay of wild-type yeast (YME1) and yme1 mutant (yme1) at optimal temperature 28°C or low temperature 24°C
and NBT staining for superoxide level of yeasts growing at %400. Upper row, yeasts growing at 28°C. Lower row, yeasts
growing at 24°C. yme1 mutants have similar growth rate and superoxide level when growing at 28°C. When growing at
24°C, yme1 mutants produce higher superoxide and have lower proliferating activity.



Supplemental Experimental Procedures

Mutations and genotyping

Arabidopsis accession Col-0 plants are used as wild type (WT) in this study. WT seeds were
mutagenized with 0.3% ethyl methanesulfonate in 10 ml 0.02% Tween 20 for 24 hours. M2 plants
(plants in the second generation after mutagenized plants were self-fertilized) were examined
under a dissecting microscope for the variable sepal size phenotype. Mutants of interest were
crossed with a Landsberg erecta accession plant to generate mapping populations. Mutations were
isolated using standard map-based cloning (Lukowitz et al., 2000). The ftsh4-5 mutation contains
a G to A change at base 543 of the coding sequence of FtsH4, which generates a premature stop
codon. The ftsh4-5 mutation can be PCR-genotyped by amplifying with primers oLH168 and
oLH169 (sequences listed in Primer Table) at 55°C annealing temperature, followed by digesting
the product with Ncol to produce a 103-bp wild-type product or a 124-bp mutant product. fish4-5
plants were backcrossed three times to wild-type Col-0 plants prior to further analysis. Allelism
tests were conducted between fish4-5 and fish4-6 (a G to A change at base 808 of the CDS,
resulting in G to R change in amino acid residues), between fish4-5 and ftsh4-7 (a G to A change
at base 910 of the CDS, resulting in G to R change in amino acid residues), and between fish4-5
and ftsh4-8 (a G to A change at base 1142 of the CDS, resulting in R to K change in amino acid
residues). All alleles failed to complement fish4-5, establishing that the variable sepal size
phenotype is due to the mutation in the FzsH4 gene. Another two alleles, fish4-9 (a G to A change
at base 1289 of the CDS, resulting in G to D change in amino acid residues) and ftsh4-10 (a G to
A change at base 1463 of the CDS, resulting in G to D change in amino acid residues), were also
isolated in the screen.

Flower stage
Flowers were staged according to (Smyth et al., 1990).

Sepal area measurements

Sepals dissected from stage 14 flowers were flattened between two slides and photographed on a
black background using a dissecting microscope mounted with a camera. Custom Python programs
(Data File S1) were used to extract each sepal’s contour from the sepal photos and to measure
sepal’s area. Briefly, images were segmented using the watershed method. Contours were
extracted and aligned along their longest axis determined by a principal component analysis of the
contour points. Images and contours were smoothed on a scale of diameter 25um. The data were
sorted, analyzed and plotted in Microsoft Excel or the statistical software R.

Quantification of shape variability

The shape variability is studied by analyzing the sepal’s contour points, (x1,y1), -+, (X, Yn)
where N is the number of contour points, using Fourier methods (Data File S1). In order to remove
the translational degree of freedom, the contours are first centered at the center of mass of the
contour points, (x¢,¥.) = (& Xi-1X;,~ Xie, ¥i). The radial distance 7(6) of the contour points
from the center can then be obtained as a function of the polar angle 8. Since 6 = 0 is so far defined
arbitrarily, we remove the rotational degree of freedom with the help of the polar Fourier

transformation as r(6) = ry + X, ™% ¢, cos(n(0 + ¢,,)). Here 1, = — JJ"r(e)as is the average



radius of the contour, nmax 1s chosen to be large enough such that the Fourier series well describe
the fluctuations in (), and ¢, specifies the angular phase of the nth Fourier mode. To fix the
orientation of the contour, we choose the convention that ¢, = 0 for the second harmonic. The
second harmonic is used to fixed the orientation since 7,,4(8) = 1y + cos(2(0 + ¢,)) represents
a shape close to an ellipse, and setting ¢, = 0 implies that 8 = 0 is defined by the long axis of the
ellipse-like shape. With the translation and orientation fixed, the non-normalized (in size) contours
for each genotype are then plotted as shown in Figures S1D and S6F .

To further compare the contours independent of the sepal size, we consider the normalized
contours with respect to the average radius, defined by 7,,m(0) =71(0)/ry =1+
yhmax cn cos(n(0 + ¢by,)), with ¢, = 0. The normalized contours are plotted in Figures 1E and S6F

n=1 7,
in the main text. For each genotype, we also evaluate the “median” normalized contour, denoted
by Form (0), (red line in Figures 1E and S6F) that is defined by the median radius at each angle
from the set of contours belonging to the same genotype. To quantify shape variability, we consider
the squared deviation of a given contour 7,4, o(8) (@ = 1,2, ..., Neontour) from the median

contour, S, = % fozn(rnorm_a (8) — Frorm(0))%2d8. Here Neontour is the number of sepal contours

for the genotype under consideration. The median of S, from the set of contours of the same
genotype provides us with a statistical measure of shape variability. The median, instead of the
mean, is used in our analysis since it is relatively insensitive to the effects of outliers. We also note
that the main reason to introduce Fourier analysis here is to remove the translation, orientation and
size effects in the evaluation of shape variability. The box plots in Figures 1F and 6K give the S2
of the different genotypes studied in this research.

Permutation test to check if two populations have the same statistics

We use the permutation test, which does not require the knowledge of the underlying distribution
functions, to test if the statistics of two populations are the same (Data File S1). Suppose we have
two populations, {x4, ..., X, } and {y, ..., yx} with finite sizes M and N, respectively, and we want
to test if these two populations have the same, e.g. median, with the presence of sampling errors.
Let us denote the observed medians be X¥ and y, respectively, and assume X > ¥ without loss of
generality. In order to tell if the two medians are different, we consider the observed difference
A= X — ¥. One expects that if A is very large, it is more likely that the medians are different. To
have a sense what value of A is big enough for us to draw a statistical conclusion, we compare the
observed A with the cases when the medians are the same as follows: The two populations are
joined to form a single population with size M+N, and the ordering of the elements is permuted.
After the permutation, the medians of the first M elements and the last N elements, denoted by
Xpermute N Vpermute, T€Spectively, are evaluated to obtain the permuted difference A, ermuyte=
Xpermute — Ypermute- The above permutation is then carried out many times, €.g., 1000 times, to
construct the distribution of A,ermute. SINCE Xpermute aNd Ypermute cOme out from the same
population, the expectation value of Apermyee should be zero and the distribution of A, ermyte
represents the possible fluctuations in the value of A, zpmyse due to finite sampling. Finally, the
observed difference A is compared with the distribution of Aperpmyce to obtain the one-sided p-
value, which is defined as the percentage of A, myute having values larger than the observed A. A
small p-value therefore implies that the observed A is large and it is more likely to have ¥ > j. We
declare that X > ¥ is statistical significant if the -value is less than 5%.



SEM observation
Scanning electron microscopy was performed as described using a Leica 440 (Roeder et al., 2010).

Cell division activity analysis by GUS staining

Cell division activity in young leaves was assayed using the CYCB1-GUS transgenic line having
the CYCBI, 1 promoter and the destruction box fused to the reporter uid4 gene (Colon Carmona
et al., 1999). GUS staining was performed as described (Sessions et al., 1999). In brief, seedlings
were stained with staining solution (50 mM sodium phosphate buffer pH 7.0, 0.2% Triton-X-100,
10mM potassium ferrocyanide, 10mM potassium ferricyanide, ImM X-gluc) overnight at 37 °C.
The stained tissue was dehydrated and cleared with an ethanol series. GUS-stained seedlings were
imaged with a digital camera mounted on a dissecting microscope.

Live imaging of sepal development

Live imaging of plants expressing pAR169 (pATMLI1::RCI2A-mCitrine) was conducted
according to procedures in (Cunha et al., 2012; Roeder et al., 2010), except that plants were imaged
every 12 hours. Three-dimensional optical stacks were collected with a Zeiss 710 confocal laser
scanning microscope using a x20 water-immersion objective. The depth of z-sections was set to
0.5 um for accurate curvature analysis. Samples were excited with an argon laser (488 nm), and
data were collected in the yellow fluorescent protein (505 to 545 nm) channel. The resulting
confocal stacks were converted from the LSM format to TIFF image stacks using FIJI
(http://fiji.sc/Fiji) and imported into MorphoGraphX (Barbier de Reuille et al., 2015). The YFP
stack was loaded into the software, and the stack was processed (Gaussian blur, edge detect, and
fill holes) to obtain a sharp outline of the sepal abaxial surface. The surface was fit with a polygonal
mesh using 5 um cubes, and subsequently the mesh was subdivided and smoothed three times to
~500,000 vertices. YFP signal marking the plasma membrane was projected perpendicularly onto
the surface from 4 to 8 pm depth within the stack, using the surface as measure 0 pm. Individual
cells in the images were manually seeded and segmented using the watershed algorithm. For single
growth intervals, cell lineage was defined manually by matching mother and daughter cell labels.
For analyzing growth over several time points, progeny information between single time points
was combined using 'Multi-step lineage tracking' (MSLT). MSLT is a script written in Python
programming language which enables tracking cell clones over any permutation of time points in
a time lapse imaging series in an automated way (Figures S3A-S3D; Data File S1). Heatmaps were
generated to visualize the areal growth rate (defined as the cell lineage area at the second time
point divided by cell area at the first time point). The values for each cell in the heatmaps were
exported and analyzed with Microsoft Excel to calculate the mean of the logarithm of cell area,
cellular area growth rate, and cell division rate for each sepal. The cell division rate for a sepal was
calculated as the ratio of the number of cells that divided in the 12-hour growth interval to the total
cell number at the beginning of that growth interval for the observed regions of the sepal.

Both wild-type and vos! flowers were developmentally staged by their flower width because
flower width is minimally affected in vos/ (Figures 1B, SI1A, and S1B) (Smyth et al., 1990). Our
SEM data (Figure 1B) showed that vos/ sepal size irregularity appeared at relatively late stages,
so flowers at stages 7 to 11 were used for imaging.

For mature sepal cell number and cell area measurements, sepals dissected from stage 14
flowers expressing pAR169 (pATMLI::RCI2A-mCitrine) were imaged with a Zeiss 710 confocal
laser scanning microscope using a x20 water-immersion objective. The stack images were



processed in MorphoGraphX to segment individual cells and calculate cell area, using the above
mentioned procedures.

Detection and measurements of ROS

In situ detection of H,O, and O, were carried out as described previously (Dutilleul et al., 2003),
with minor modifications. For H,O, detection, inflorescences were vacuum-infiltrated (three
cycles of 5 min) with 0.1% (w/v) DAB in 10 mM sodium phosphate buffer (pH 4)/Tween-20
(0.05% v/v) and incubated in the dark (covered with aluminum foil) at room temperature
overnight. For O, detection, inflorescences or seedlings were vacuum-infiltrated and incubated in
0.1% (w/v) NBT in 50 mM sodium phosphate buffer (pH > 6.8)/ 0.05%Tween-20 (v/v) for 90 min
at room temperature in dark. After reaching the optimal staining state, stained samples were
removed from the staining solution and cleared by boiling in acetic acid:glycerol:ethanol (1:1:3,
v/v/v) solution. The clearing solution was replaced once after the boiling. After clearing, samples
(sometimes individual flowers were detached from the inflorescence if necessary) were
photographed against a white background using a dissecting microscope mounted with a camera.

Transgenic plants

The YMEI gene, CAT2 gene, and APXI gene full-length cDNA were first PCR amplified and
cloned into pENTR/D-TOPO vectors (Invitrogen) as described in the manual, using primer pairs
listed in Primer Table. The resultant vectors were LR recombined into the gateway vector
pB7WG2 (Karimi et al., 2002) to generate three final constructs p35S::YMEI, p35S::CAT2 and
p35S::APX1. All of the intermediate and final constructs were verified by sequencing. The three
final constructs were individually transformed into fish4-5 plants by Agrobacterium-mediated
floral dipping. Seedlings about one week after germination were selected with 100 png/mL Basta.
Surviving plants were genotyped (primer sequences listed in Primer Table) and observed for sepal
size phenotype.

For the overexpression of the RBOHD gene, the pOp/LhG4 inducible trans-activation system was
used (Craft et al., 2005). The RBOHD gene full-length cDNA were first PCR amplified, using
primer pairs listed in Primer Table, and cloned into a pBJ36-6xOPpro plasmid after the 6xOP
promoter, resulting in plasmid pBJ36-6xOPpro:RBOHD. The 6xOPpro:RBOHD fragment from
this plasmid was digested and cloned together with fragment 35Spro:GR-LhG4 (digested from the
pBJ36-GR-LhG4) into the pMOA34 plasmid, to generate the pMOA34-6xOPpro:RBOHD-
35Spro:GR-LhG4 construct. This final construct was transformed into wild-type plants by
Agrobacterium-mediated floral dipping. Seeds were selected on 1/2MS medium with 50 pg/mL
hygromycin. Surviving plants were transplanted to soil and genotyped (primer sequences listed in
Primer Table). After the transgenic plants started bolting, the inflorescences were treated with a
solution containing 5 uM dexamethasone (Sigma-Aldrich), 0.1% v/v ethanol and 0.01% v/v Silwet
L-77, once every day for seven days. The flowers at stage 14 on these treated inflorescences were
used for sepal size and shape analyses.



Primer Table: Primers used in this study.

Name Primers Description
oLH168 | AGAAAGGACTCACTTTAAAGAACAGCCATG 5’ primer for ftsh4-5 genotyping
oLH169 | TCCTCTGTCCTCGATAAGAGCTCC 3’ primer for fish4-5 genotyping
oLH266 | CACCATGAACGTTTCAAAAATACTTGTG 5’ primer for amplifying YMEI CDS and
genotyping p35S::YMELI
oLH267 | TCATGCATTTAACATTGTAGGAA 3’ primer for amplifying YMEI CDS
oLH248 | CACCATGGATCCTTACAAGTATCGTCCAG 5’ primer for amplifying CAT2 CDS
oLH249 | TTAGATGCTTGGTCTCACGTTCAG 3’ primer for amplifying CAT2 CDS
oLH233 | CACCATGACGAAGAACTACCCAACCGTG 5’ primer for amplifying APXI1 CDS
oLH234 | CACACACACACAGAGCATACGTC 3’ primer for amplifying APXI CDS
oLH275 |TCTTCAACCTGTTGGACGTATG 5’ primer for genotyping p35S::CAT2
oLH281 | GATGGGCTTATCTGACAAAGACATT 5’ primer for genotyping p35S::APX1
0AR424 | GGAGAAAAATAGAGAGAGATAG 3’ primer for genotyping p35S::YMEI,
p35S::CAT2 and p35S::APX1
oLH237 | ATGAAAATGAGACGAGGCAATTC 5” primer for amplifying RBOHD CDS
oLH238 | CTAGAAGTTCTCTTTGTGGAAGTC 3’ primer for amplifying RBOHD CDS
oLH232 | CACACACACACAGAGCATACGTC 5’ primer for genotyping pMOA34-
6xOPpro:RBOHD-35Spro:GR-LhG4
0AR315 | CTACGTGTTCCGCTTCCTTTAG 3’ primer for genotyping pMOA34-
6xOPpro:RBOHD-35Spro:GR-LhG4

Computational modeling

We built a continuous mechanical model for sepal morphogenesis (Data File S1), starting from a
model previously developed for fission yeast (Bonazzi et al., 2014). Only surface cell walls are
modeled, yielding a two-dimensional medium with a prescribed distribution of elastic modulus, E.
Morphogenesis occurs by successive increments in area: the rest shape at step » is inflated by
turgor pressure, P, leading to a new equilibrium shape, which is then used as a rest shape for the
next step, n+1. At each step, the equilibrium configuration is found using the finite element method
and the sepal is remeshed so as to keep a roughly constant mesh size. The model was implemented
in Freefem++ (Hecht, 2012) and the results were analyzed using Python scripts. There are about
1500 epidermal cells in the Arabidopsis sepal (Roeder et al., 2010) and there are on average about
6 triangular elements per cell in the final model, which enables us to describe a cell with a complex
shape and to allow some level of heterogeneity within one cell. In the present study, we accounted
for three new ingredients: mechanical anisotropy, growth arrest front, and variable properties, as
detailed hereafter.

Mechanical anisotropy was introduced to obtain a higher expansion rate along the y axis than the
x axis, corresponding respectively to the proximo-distal and medio-lateral axes of the sepal. We
thus used the generalized Hooke’s law linking the stress tensor o and the strain tensor ¢ through
the elasticity matrix,
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where A; = (1 —-V)E/(Q1+v)(A-2v))1+a/2), A, =1 —-V)E/((Q1+v)(A-2v))(1 -
a/2), B=pf/A14,, C=E/(1+v), E being the reduced elastic modulus, vthe reduced



Poisson’s ratio, a the mechanical anisotropy, and £ a non-dimensional modulus (f < 1 for the
elasticity matrix to be well-defined) (Landau and Lifshitz, 1986).

The starting configuration is always a semi-disk of radius 1.1. When the sepal reaches a length L,
a front propagates proximally by a distance d per simulation step. The simulations are arrested
when this front reaches the basis.

We considered variability of either the arrest front or the elastic modulus. In the former case, L is
a random Gaussian variable of mean M; and standard deviation S;. In the latter, £ is a random
Gaussian variable, of mean My and standard deviation Sg, defined at each vertex and each time
step; in order to avoid abnormally low stiffness, £ is redrawn when it is smaller than 7. In the
case of pure spatiotemporal variability, the distribution of E is reset at each time step. In the case
of pure spatial variability, the distribution of £ is set in the initial configuration and then inherited
throughout time: Following each remeshing, the value of modulus at a given vertex is interpolated
from the previous mesh using the adaptmesh function of Freefem++.

In the intermediate case of partial renewal, the value of modulus £, at step n is computed from the
interpolated value E,.; at step n-1, E, = (1-m) E,.; + e, where e is a random variable, of mean Mg-
(1-m) M,., and standard deviation \(Sz*-(1-m)>S,.;%), where M,., and S,.; are the mean and the
standard deviation of the elastic modulus at step -1 in the whole sepal. (£, was also redrawn when
smaller than 7%.) The renewal parameter m is such that 0 < m < 1, m = 0 corresponding to no
renewal and m = 1 to full renewal; m=0.1 (corresponding to 10% renewal) was used for the wild-
type-like and the ftsh4-like models.

In the simulations shown here, we used P = 0.5 MPa, E = 3.27 MPa (estimated from AFM),
v=048, a=0.2, $=0.5, L =3, d=0.05. The parameters for the random variables were M; = 3
or 2.7, S, = 0.05 or 0.5, Mg = 3.27 MPa, Sg = 2.7 MPa, Tz =0.1 Mpa. The size of the mesh was
1/1.5, 1/5, and 1/3.5 corresponding to high (ST), low (ST-L), and ftsh4-like local variability,
respectively. In addition, we explored a range of other values and found the same qualitative
results.

Atomic force microscopy (AFM)

Stage 10 flowers were dissected off the stem and then put in a Petri dish containing solid growth
medium as described (Fernandez et al., 2010). The flowers were oriented with abaxial sepals facing
upward and covered with a water drop for measurements. Atomic force microscopy was performed
as described in (Milani et al., 2013), with minor modifications. We used a JPK Nanowizard AFM
with an extended stage enabling a vertical range of 100pm, which was required because of the
bumpiness of the sepal surface. The cantilevers (SCANASYST-AIR, Bruker Inc.) had a nominal
spring constant of 7N/m and a pyramid-shaped tip (tip angle 18°, nominal radius 2 nm). Each
cantilever was calibrated by using indentation on sapphire and thermal tune, in water. Areas of
about 100 pm x 100 pm in the center of the sepal were first scanned to obtain sample topography,
then approach and retraction were performed on a square grid of 20x20 equally separated points,
with two measurements at each point, yielding 800 curves per sepal. Approach and retract velocity
was Sum/s. Maximal depths ranged from 100 to 200 nm, in order to obtain curves that are mostly
sensitive to cell wall mechanics. Force curves were fitted to the Hertz-Sneddon equation as in
(Milani et al., 2013); fits with coefficient of determination smaller than 0.95 (about 20% of the



data) were discarded. We thus obtained effective elastic moduli that quantify cell wall mechanics
around each point of the grid.

Osmotic treatments measuring sepal stiffness

All flowers except for one of stage 8-9 were dissected off the inflorescence. The sample was
incubated in water containing 0.1% PPM (Plant Cell Technology) for 1-2 hours and stained in
0.1% Propidium Iodide solution (Sigma-Aldrich) for 15 minutes. The sample was immobilized in
%2 MS medium in such a way that the end of the stem was stuck in the medium and the flower
remained above the surface of the medium covered in water and the first confocal stack was taken.
The water was then removed and the sample was incubated in NaCl (Roth) solution for 30 minutes.
Confocal stacks were taken directly before and after NaCl treatment.

The concentration of osmolyte in which epidermal cell plasmolysis can be observed was
determined by conducting the osmotic treatment procedure on Col-0 flowers in NaCl
concentrations raging from 02 M to 1 M. PI was used to visualize the cell wall and
pUBQI10::myrYFP marker donated by Raymond Wightman was used to visualize the plasma
membrane. In this marker line YFP is N-terminally modified with a short myristoylated and
probably acetylated peptide. The optimal NaCl concentration for which plasma membrane was
visibly detached from the cell wall while maintaining good image quality was 0.4 M for both Col-
0 and ftsh4 sepals.

For confocal imaging SP8 microscope with water immersion long working distance objective
(HCX APO 40x/0.8, Leica) was used. Images were collected at 605-664 nm for PI (excitation at
524 nm, argon laser) and 520-550 nm for YFP (excitation at 488 nm, argon laser).

Images from before and after the osmotic treatment were segmented in MorphoGraphX. Giant
cells were segmented individually while small cells were clustered in groups which shape roughly
resembled the shape of giant cells. Change in cell area (% shrinkage) was calculated and displayed
on the segmented images as heat map. When cells are placed in hypertonic solutions (high salt),
water flows out of the cell decreasing the turgor pressure; the shrinkage of the cell is an indication
of the cell wall elastic properties, with stiffer cells shrinking less.

Analysis of spatiotemporal variability in the growth of cell area

The growth of cell area was based on the quantification of area in MorphographX (Barbier de
Reuille et al., 2015). In this analysis (Data File S1), we used the consecutive areas of the cells with
same lineage. If the mother cell divided during the time interval, the areas of all daughter cells
were summed in order to calculate the corresponding areal growth rate. The areas of the parent
cell and all the daughter cells were denoted by A, and 4,, respectively. Then, the areal growth rate
was defined as AGR = (A, /A,)/At where At is the time interval of the consecutive time frames.
In order to calculate the local spatial variability in the areal growth rate among neighboring cells,
we defined the areal growth rate for the cell of interest (labelled f) as AGR(f) and for neighboring
cells surrounding cell f'as AGR(i) where i = 1,2,--- N(N is the number of neighbors of cell f).
Then, the difference of the areal growth rates among neighboring cells was defined as V.., =



1N AGR(f)—-AGR()|
N “i=114GR(F)+AGR()|’
taken as outliers.

In order to calculate the temporal variation of the areal growth rate, we defined the areal
growth rate for the cell of interest at the current time frame as AGR® and the areal growth rate for
the same cell at the next time frame as AGR®+29 | If the cell of interest has divided into m cells,
we obtain m different quantitites of the type AGR¢+28, The temporal variation of the areal growth
rate for the same cell lineages between consecutive growth intervals was then defined as D, ¢, =
[AGR(®) —AGR(t+4D)|
|AGR(D)+AGR(E+AD)|'
were taken as outliers.

The areal growth rates with cumulative probability p(V,req) > 0.95 were

In this case, the areal growth rates with cumulative probability p(D,es) > 0.95

Accession Numbers

FtsH4/VOS1, AT2G26140; CAT2, AT4G35090; APXI, AT1G07890; RBOHD, AT5G47910;
FtsH3, AT2G29080; FtsHI10, AT1G07510; FtsHI1, AT5G53170; YMEILI, AJ132637; YMEI,
DQ333030; HFIB, NP_417645
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A Mechanical Feedback Restricts Sepal Growth and
Shape in Arabidopsis

T IS CLASSICALLY ADMITTED that morphogenesis is the result of morphogen activity. Mor-
I phogens thus impose growth rates and directions to the cells of a tissue, the interaction of
the cellular growth thus leading to the final organ shape. In plants, morphogens modulate cell
growth by modulating wall mechanical properties. However, the wall mechanical properties can
be modified by other means, in particular, cells react to their physical environment: one best
characterized reaction is the alignment of microtubules against maximal tensile stress, in turn
changing the cellulose microfibrils orientation and the cell wall mechanical properties.
Here, using mutants affected in the efficiency of this mechanical response and modeling, we
demonstrate that mechanical feedback does indeed influence the growth pattern of the sepal.
In addition, trichome emergence is correlated with an alignment of the microtubule network
around the trichome. Whether trichome growth induces morphogenetic changes in sepals have
been studied in a submitted paper (see the Appendix@), where the modeling framework I de-
signed is used to test if mechanical feedback strength associated with trichome emergence could
trigger sepal shape modifications.

This work was done in a collaboration, where I built the models and solved them numerically,

and took part in the elaboration of the experiments and the writing of the article. A mechanical
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3.1 Summary

How organs reach their final shape is a central yet unresolved question in developmental biol-
ogy. Here we investigate whether mechanical cues contribute to this process. We analyze the
epidermal cells of the Arabidopsis sepal, focusing on cortical microtubule arrays, which align
along maximal tensile stresses and restrict growth in that direction through their indirect impact
on the mechanical anisotropy of cell walls. We find a good match between growth and micro-
tubule orientation throughout most of the development of the sepal. However, at the sepal tip,
where organ maturation initiates and growth slows down in later stages, microtubules remain
in a configuration consistent with fast anisotropic growth, i.e. transverse, and the anisotropy
of their arrays even increases. To understand this apparent paradox, we build a continuous
mechanical model of a growing sepal. The model demonstrates that differential growth in the
sepal can generate transverse tensile stress at the tip. Consistently, microtubules respond to
mechanical perturbations and align along maximal tension at the sepal tip. Including this me-
chanical feedback in our growth model of the sepal, we predict an impact on sepal shape that is
validated experimentally using mutants with either increased or decreased microtubule response
to stress. Altogether this suggests that a mechanical feedback loop, via microtubules acting
both as stress sensor and growth regulator, channels the growth and shape of the sepal tip. We
propose that this proprioception mechanism is a key step leading to growth arrest in the whole

sepal in response to its own growth.

3.2 Introduction

A central and still unresolved question in developmental biology is how organs reach repro-
ducible size and shape (Vogel, 2013). Evidence that organ size is controlled by intrinsic signals

has been accumulating over the years. This was nicely demonstrated by Twitty and Schwind
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in 1931 (Vogel, 2013): grafting the limb bud from a large salamander onto a small salamander
results in the growth of a large limb on a small salamander. In most organisms including plants,
the size and shape of organs is highly characteristic and varies little between individuals. In
plants, evidence that organ size is tightly controlled is illustrated by the concept of compensa-
tion. Leaves with a reduced cell number can reach their normal size by increasing the rate or
duration of the cell expansion phase (Hisanaga et all, 2015, Horiguchi et al}, 2006). However,
the associated mechanisms are unknown. The control of organ size and shape involves the
tight regulation of growth arrest, in addition to other variables, such as the number of cells
recruited to the new organ primordium and the expansion and division rate of those cells. While
morphogen gradients are involved in the growing phase of organs, they have also been proposed
to be involved in growth arrest: morphogens become diluted as growth occurs, and beyond a
certain threshold of concentration, they may not promote growth anymore. This provides an
interesting geometrical negative feedback loop in which shape and distance determines growth
arrest (Jaeger et all, 008, Kuchen et al), 2012, Wartlick et all, 2011)).

Mechanical signals have been proposed to act as a means to inform the genetic control of devel-
opment by providing a mechanism to probe an organ’s developing size and shape (e.g. (Hamant
et al), 2008, Shraiman, 2005)). In the wing imaginal disc of Drosophila melanogaster, cells
grow uniformly despite the gradient of the growth promoting factor Dpp emanating from the
center of the disc (Hufnagel et al|, 2007, Schluck et al), 2013, Shraiman, 2005). A simple stress
feedback on growth has been proposed to explain this disconnect between observed growth and
the morphogens controlling it (Aegerter-Wilmsen et all, 2007, LeGoff et all, 2013, Shraiman,
2005). Dpp promotes growth of the central cells, causing compressive stresses locally, while also
causing tensile stresses in the surrounding cells at the periphery of the disc. Beyond a certain
threshold, compression is proposed to trigger an arrest of cell proliferation, whereas tensile
stress enhances proliferation. The observed synchrony in cell division and growth in the wing
disc is consistent with this hypothesis (Aegerter-Wilmsen et al), 2007, Hufnagel et al., 2007,
Schluck et al, 2013, Shraiman, 2005). Yet, the role of mechanical forces in organ size is still
debated. In particular, dpp concentration in the wing disc also scales with disc size (Wartlick
et al), 2011)) , opening the possibility that both morphogen dilution and mechanical compression
contribute to growth arrest.

In plants mechanical stress and strain drive growth (Lockhart, 1965) , providing a pervasive
passive feedback on growth. The strongest evidence for active mechanical feedback in plants
involves the cortical microtubules, which orient along maximal tensile stress directions(Green
and King, 1966, Hamant et al), 2008, Williamson, [1990). Since the cortical microtubules
guide the trajectories of cellulose synthase (Paredez et al., 2006) that orient the deposition of
cellulose microfibrils, this feedback directly controls the direction of maximal stiffness in cell
walls (Baskin, 2005, Landrein et all, 2013). Cellulose restricts wall expansion in the direction
of the microfibrils, and thus likely plays a key role in growth arrest and in channeling final
shape. An analysis of tension and microtubule patterns in the jigsaw puzzle shaped pavement

cells supports such a scenario at the single cell scale (Sampathkumar et all, 2014). Using the
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Arabidopsis sepal as a model system, we show that this mechanism also operates at the organ

level.

3.3 Results

3.3.1 The abaxial sepal exhibits a stereotypical growth pattern

The sepal is the outermost organ in the flower; out of the four sepals in each flower, the abaxial
sepal is the farthest from the stem axis. Because the final size and shape of this organ is
relatively insensitive to environmental conditions, the contribution of intrinsic signals in its
final shape can be analyzed more easily, making it an ideal system to investigate the role of
mechanical signals in shaping organs.

To analyze cellular growth in the wild type sepal, we performed time lapse imaging of the abaxial
sepal expressing a fluorescent plasma membrane marker. We used MorphoGraphX (Barbier
de Reuille et all, 2015) to segment cells in the epidermis for each time point and analyze their
growth properties. We chose 24-hour intervals, which reduced variability when compared with
6 hour intervals reported previously (Tauriello et al), 2015). A stereotypical pattern of growth
could be observed (Figure @A and B, Figure @, n=3 long time sequences). Using the staging
defined in (Smyth, 1990) , we observed that, from the initiation of the primordium until stage
6, both growth rate (Figure @A) and growth anisotropy (Figure @B) were very high at
the sepal tip and lower towards the base. The direction of maximal growth was along the
longitudinal axis of the growing sepal (Figure @B) Then, between stage 6 and 7, growth rates
were greatly reduced at the sepal tip while maintaining a relatively fast anisotropic growth at
the lateral margin. From stage 7, a region of isotropic, relatively fast growth appeared around
the center of the sepal and gradually proceeded towards its base in later stages (Figure @B)
Cell proliferation followed global gradients in growth rates as well as reflected the appearance

of stomata lineages (Figure @C)

3.3.2 The tip of the sepal exhibits a stereotypical cortical microtubule pattern

To examine the molecular basis of this growth pattern, we next analyzed the microtubule
behavior during sepal growth. We used a transgenic line expressing both a membrane marker
(LTI6b-2xmCherry) under the control of the UBQ10 promoter and a microtubule marker
(GFP-MBD) under the control of the CaMV35S promoter.

As shown in other tissues (e.g. (Landrein et al), 2013, Shaw, 2013, Wasteneys and Ambrose,
2009) ), we found that the cortical microtubule (CMT) network is dynamic over time and
space (Figure @, Figure @) We focused our analysis on regions and stages where the growth
pattern exhibited marked changes in order to draw more clear-cut correlations. Before stage 6,

CMT orientation was consistent over several cell files, perpendicular to the longitudinal axis
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Figure 3.1: Growth analysis for a time-lapse series of an abaxial sepal growing for 168 hours

The white arrow shows the apico-basal axis of the sepal (the tip of the arrow corresponds to the distal tip of the sepal) for
all images. (A) Heat map of areal expansion (in %) over consecutive 24-hour intervals, displayed on the second time point
(see also Figure B.5). Developmental stage of the flower was assigned at each time point as in SmytH (1990). Each time
point is displayed from the side (left) and from the top (right). Note that the same magnification is used for all stages. Note
that averaged growth data are represented: averaging is a similar approach to the Tauriello displacement field (Tauriello

et all, 2015) and has a similar effect, i.e. smoothing out the noise to identify underlying trends. (B-C) Images of selected
time points from the image sequence displayed in (A). (B) Anisotropy of growth calculated as deformation in maximal
growth direction (Principal Growth Direction, PDG,.x) divided by deformation in minimal growth direction (PDG,,). White
bars represent direction of maximal growth for cells displaying growth anisotropy above 20%. (C) Cell proliferation over
24 hours displayed for selected time points. Color scale: number of daughter cells that arose from a single cell within the
previous 24 hours. Scale bars 50 ;im. See also Figure B.5.
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Figure 3.2: A stereotypical growth and cortical microtubule pattern prescribed a mechanical stress pattern at the
tip

(A, D and G) CMT organization at the surface of the abaxial sepal (see also Figure B.6). The direction and length of the

red bars indicate the average orientation and anisotropy of CMTs in each cell, respectively. (B,E and H) Heat map of areal
expansion (%) over 24-hour intervals displayed on the first time point. Principal directions of growth (PDGs) are indicated
in white for expansion and in red for shrinkage. (C, F and |, J) Details of CMT organization in regions highlighted with a
white symbol in (A, D and G) respectively. (K) Heat map of the anisotropy of CMT arrays presented in (G). Scale bar 20
pm. (L and M) Mechanical simulation of a growing sepal (successive time points), without any mechanical feedback.
Areal growth rates (L) as well as stress direction and magnitude (M) are represented. Scale is identical for all time points in
the simulation. See also Figure B.8.



of the sepal (Figure @A—C, n>10). This orientation is also consistent with the predominant
longitudinal growth direction at that stage (see Figure @B), compatible with the role of CMTs
in guiding cellulose deposition, and thus in channeling growth direction. Then, at stage 7,
when growth became more isotropic, we observed that the CMT network also became more
isotropic (Figure @D—F, n>10), again consistent with a scenario in which growth direction
mainly depends on CMTs. At stage 9, the correlation between CMT orientation and growth
was however only partially maintained (Figure G and H, n>10): whereas isotropic growth
in the center of the sepal correlated with isotropic CMT orientations (Figure @J), CMTs in
several cell layers at the slow isotropically growing tip were well aligned, tangentially to the
sepal edge (Figure @I) Importantly, microtubule arrays at the tip became more anisotropic,
even though growth became slower and more isotropic (Figure K) Proximal and side views
of growing sepals provided consistent patterns (Figure @C and D).

It is well established that CMTs orient according to cell geometry, i.e. along the longitudinal
axis of the cell, when growth stops in the hypocotyl (Lloyd, 2011). As CMTs remain predomi-
nantly transverse at the tip (Figure @I), we next explore whether that CMT behavior at the
tip may be better explained by a supracellular cue (Hamant et al., 2008, Jacques et al), 2013,
Sampathkumar et al), 2014).

3.3.3 The sepal growth pattern prescribes a mechanical stress pattern

Many supracellular cues may be involved in prescribing such a specific microtubule behavior at
the sepal tip. Here we investigated whether growth-derived mechanical stress may be one of
these cues. CMTs have indeed been found to orient along maximal tensile stress direction in
meristem, cotyledons and immature seeds (Creff et al., 2015, Hamant et al), 2008, Sampathku-
mar et al), 2014).

To test this hypothesis, we built a continuous two-dimensional mechanical model of the sepal
that accounts for the surface walls of the epidermis and we aimed at simulating stage 7 onwards.
The simulations were initialized with a half-disk shape. At a given time point, the system is
assumed to be elastic and the elastic modulus increases from the basis to the tip of the sepal
so as to mimic stiffening associated with maturation; as we observed a sharp decay in growth
rate at the tip of sepals from stage 8 onwards, we assumed the extent of the gradient to be
bigger than the initial size of the simulated sepal and the increase in stiffness to be 10-fold. The
base of the sepal is fixed and turgor pressure is applied perpendicularly to the remainder of the
boundary; equilibrium displacements are computed using the finite element method (for details,
see Experimental procedures), yielding an equilibrium shape with a greater area than the initial
shape. Growth is modeled incrementally: the equilibrium shape of the previous step is taken
in the following step as the initial shape to which turgor is applied again (Kuchen et al., 2012).
This leads to a succession of configurations with increasing area (Figure @L), simulating sepal

growth. As expected from the gradient in stiffness (Bassel et al), 2014, Lockhart, 1965) , we
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observed a distal region with reduced growth rates, and that covered more and more of the
simulated sepal (Figure @L) As spatial differences in growth rate can induce mechanical
stress, we examined the orientation of the main stress (Figure @M) and found a pattern of
transverse tensile stress at the proximal part of the stiff region.

To test whether the emergence of such a stress pattern depends on the model design, we also
developed a model variant in which elastic properties are constant over the whole sepal and
differential growth is instead implemented by a gradient in plastic properties. The corresponding
simulations provided qualitatively similar results, i.e. transverse tensile stress at the border
between the more or less plastic regions (Figure @B and C).

These results thus provide a scenario in which a growth gradient can generate transverse tensile
stress at the border between the two growing domains. In turn these stresses may coordinate
cell behavior. Interestingly, this predicted pattern of stress matches the transverse orientation
of CMTs at the sepal tip (see Figure @G, I and K). Therefore, these data are consistent
with the following scenario: first, CMTs channel the sepal growth direction; then, as a growth
gradient appears, tensile stresses are building up at the tip of the sepal, which in turn would
lock the CMTs in a tangential orientation at the tip, restricting radial growth of the sepal at
the tip.

3.3.4 CMTs align along maximal tensile stress in growing sepals

To test this hypothesis, we performed mechanical perturbations and checked whether CMTs
would align along the new stress pattern.

First, we performed compression experiments. Young floral buds were placed under a coverslip
for 3 hours, and microtubule orientation was recorded before and after compression (Fig-
ure @A—I, n=6). As observed in cotyledons with the same set-up (Sampathkumar et al), 2014),
we found that CMTs became hyperbundled in the compressed part of the sepal (Figure @E),
while CMTs in the non-compressed sides of the sepal seemed unaffected (Figure @F ). The
response was reversible, demonstrating that the microtubule hyperbundling response was not
caused by cell death (Figure @H)

To further test the impact of mechanical stress on sepal shape, we next induced a transient
phase of isotropic growth by depolymerizing CMTs in the sepal and observe the resulting sepal
shape and microtubule behavior. We reasoned that such a treatment should enhance growth
rate in the sepal transverse direction, when compared to the untreated sepal, and thus the
anisotropy and magnitude of mechanical stress at the tip.

Sepals were treated with 20ug/ml oryzalin for 3 hours, and this was sufficient to deplete most
of the microtubules for a period of 24 hours (Figure @J—N, n=10). As observed in the shoot
apical meristem, this did not impact the pattern of growth rate (Hamant et al|, 2008): the tip
of the sepal still experienced slow growth after oryzalin treatment (Figure @M) As expected,
oryzalin treatment also amplified growth isotropy in the sepal (Figure @K and M). CMTs
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Figure 3.3: CMTs align along maximal tensile stress in growing sepals

(A to l) Compression of abaxial sepal results in the reversible apparent bundling of CMTs. A white star is added to ease
the observation of cell lineage in the different time-points. (A, D and G) Live imaging of an abaxial sepal before (A) and
after compression (D and G). (B, E and H) Close-up of CMT apparent bundling response in the compressed domain. (C,

F and ) Close-up of the CMT behavior in the uncompressed domain (control). (J to N) Effect of oryzalin treatment on
CMT orientation and growth pattern. (J and L) Live imaging of abaxial sepal after ozyzalin treatment. (K and M) Heat map
of areal expansion (%) over 24 hours interval displayed on the first time point. Principal directions of growth (PDGs) are
indicated with expansion in white and shrinkage in red. (N) Close-up of the tip of the abaxial sepal 48h after oryzalin treat-
ment showing a supracellular CMT alignment at the tip. Scale bar 20 um. See also Figure BA.

did repolymerize in this context, and the first aligned CMT arrays could be observed 48 hours
after oryzalin treatment. Strikingly, CMTs followed a clear-cut supracellular alignment at the
tip and isotropic orientations in the center of the sepal (Figure @N), matching the predicted
pattern of stress.

Altogether, these data are consistent with CMTs aligning with maximal tensile stress in the
sepal, as shown in other tissues. A scenario in which CMT align at the sepal tip along growth-

derived stress is thus plausible.

3.3.5 A mechanical feedback may channel sepal shape

To test whether such a mechanical feedback would be sufficient to affect sepal shape, we
incorporated such a hypothesis in our sepal growth model. Because of the similarities between

the plastic and elastic model presented above, in the following, we concentrated our efforts on
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the growth model that is based on a gradient of elastic properties. We assumed the material to
be mechanically anisotropic, so as to represent the anisotropy of cellulose arrays in the cell wall,
high anisotropy corresponding to high alignment of cellulose microfibrils and the orientation of
the stiffest direction to the main orientation of microfibrils. In order to account for the orien-
tation of CMTs according to stress and the subsequent cellulose synthesis, we assumed that, at
each step, the direction of the stiffest direction aligns with the direction of maximal stress in
the previous step, and that the level of mechanical anisotropy is an increasing Hill-like function
of the stress anisotropy (Figure @A, see Experimental procedures); the level of feedback can
be modulated through the two parameters of this Hill-function (sharpness s of response and
maximal response ayr). We found that moderate levels of feedback yielded unstable, noisy
sepal shapes, consistently with growth heterogeneity observed in a cellular model with similar
hypotheses (Uyttewaal et al), 2012). As CMTs exhibit supracellular patterns, we reasoned that
such a feedback would contribute to sepal shape only if microtubules primarily respond to the
stronger surpacellular stress pattern, and less to the local stress pattern, as shown previously
in cotyledons (Sampathkumar et all, 2014). Therefore, we assumed that mechanical anisotropy
depends on the stress field averaged over the whole sepal. Such spatial averaging may reflect
the time it takes for the wall mechanical anisotropy to change and would also account for the
stabilization of microtubule orientation by tension (Hamant et al), 2008, Sampathkumar et all,
2014). This yielded more regular shapes. In all cases, mechanical stress was transverse at the
proximal part of the slowly growing region, close to the front with the fast growing region
(Figure @B, E and H). Promoting feedback strength led to increased mechanical anisotropy
in the transverse orientation in the upper part of the sepal (Figure @C, F and I). As feedback
strength increased, we found that the tip became more and more triangular (Figure @A, D
and G; see Figure @L for no feedback at all). For higher feedback level, we found that the
tip was sharper and the sepal was narrower (Figure @G) The predicted pattern of mechanical
anisotropy is comparable to observed CMT alignment at the very tip of the sepal, when a sharp
growth gradient appears with the tip slowing down its growth (see Figure @G—I). At later
stages however, the CMT pattern looks more heterogeneous. Such noisy patterns may in part
reflect local heterogeneities in growth rates, and thus in mechanical stress.

To check whether the main conclusion from the simulations depend on the choice of parameters,
we tested different types of gradients in model variants: a larger linear gradient, a quadratic
gradient, a sigmoid gradient and a double gradient was implemented and although simulations
provided quantitatively different results, they were all qualitatively similar: when the feedback
strength increased, the tip became more triangular and the sepal became narrower (Figure @)
Altogether this confirms that growth-derived stress may impact sepal shape.

To test these conclusions experimentally, we used two mutants impaired in microtubule dynam-
ics to modify the response of the sepal cells to mechanical perturbations. The CMT response
to stress depends on katanin-driven microtubule severing activity (Sampathkumar et al., 2014,
Uyttewaal et all, 2012). First, we verified that mutants with reduced microtubule severing

activity slowed down their CMT response to mechanical stress in the sepal. To do so, we
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Figure 3.4: A mechanical feedback may channel sepal shape

(A-C) Mechanical simulation of a growing sepal, with a weak mechanical feedback on growth direction (s = 6, ap; = 2).
The areal growth rate (A), the stress direction and magnitude (B) and the resulting mechanical anisotropy (C) are repre-
sented. Scale is identical for all time points. (D-F) Mechanical simulation of a growing sepal, with a moderate mechanical
feedback on growth direction (s = 20, ap; = 2). The areal growth rate (D), the stress direction and magnitude (E) and
the resulting mechanical anisotropy (F) are represented. Scale is identical for all time points. (G-I) Mechanical simulation
of a growing sepal, with a strong mechanical feedback on growth direction (s = 20, a.py = 3.5). The areal growth rate
(G), the stress direction and magnitude (H) and the resulting mechanical anisotropy (l) are represented. Scale is identi-
cal for all time points. (J-L) Live imaging of CMT response after mechanical ablation in different genotypes. (J) Ablation
induces a circumferential orientation of microtubule arrays around the site of ablation in WT. (K) The CMT response to
ablation is slower in the botero1-7 mutant. (L) The CMT response to ablation occurs earlier in the spiral2-2 mutant: a full
CMT reorientation was visible as early as 3 hours after ablation. The direction and the length of the red bars indicate the
average orientation and anisotropy of CMTs in each cell, respectively. Scale bar 20 ym. (M and N) Mature sepals in the
wild-type (Col-0), botero1-7 and spiral2-2 mutants. Scale bar 1 mm. (N) Close-up of the tip of mature sepals in the corre-
sponding genotype. Scale bar 0.5 mm. See also Figure E'SO



performed large-scale ablations in the botl-7 katanin allele. As expected, a circumferential
reorientation of the CMTs could be detected 3 hours after ablation in the WT (Figure @J ,
n>10; Figure @A), whereas the CMT reorientation was slower and less obvious in the bot1-7
mutant (Figure @K, n>10). To further test the conclusions of the model, we also required a
mutant with an increased microtubule response to mechanical stress. SPIRAL2/TORTIFOLIA
was proposed to prevent microtubule severing at the site of crossing over (Buschmann et all,
2004, Shoji et al), 2004, Wightman et al., 2013); thus, in a spr2 mutant, we would expect an
enhanced response to mechanical perturbations because microtubule severing and dynamics is
promoted. As predicted, CMT array were oriented circumferentially around the ablation in
spr2-2. Interestingly, this happened earlier than in the WT as full CMT reorientation was
accomplished as early as 3 hours after ablation (Figure @L, n=8). Note that cells with well
aligned CMTs tend to reorient their CMT arrays more slowly than cells with more random
CMT orientations in the wild type, consistent with the promotion of CMT reorganization by
crossovers (see e.g. (Atkinson et al), 2014, Sambade et al), 2012, Vineyard et all, 2013, Zhang
et al), 2013)). This differential response was observed in response to mechanical perturbations
in meristematic cells with different microtubule patterns before ablation(Uyttewaal et al), 2012).
Although CMTs were well aligned in all cells of the spr2-2 sepals before ablation (Figure @L,
left panel), CMTs still reoriented faster than the wild type, thus further confirming that this
mutant exhibits an increased microtubule response to mechanical stress. Altogether, this
provides a series of genotypes in which the effects of an enhanced (spr2-2) or reduced (bot1-7)
mechanical feedback on CMT can be analyzed.

We also noticed that the sepal shapes of bot1-7 and spr2-2 seem to support our model’s predic-
tion, that modulating the response of CMTs to mechanical stress should affect the final shape
of the tip (Figure @M and N, n>10). While the tip was smooth and rounded in bot1-7, the tip
of spr2-2 sepals formed triangular shapes, which is consistent with a hyper-response of CMTs
at the tip, as predicted by our model (compare Figure @A, D, G with Figure @M and N).
We also observed that spr2-2 sepals were narrower than botl-7. While this is consistent with
our model predictions, because of the complexity and heterogeneity of such a large tissue, it
is likely that other players are also involved. In particular, in addition to the regulators of
cellulose deposition and associated mechanical feedback, sepal shape also relies on large-scale
biochemical gradients. Although the presence of a genetic “polarizer” remains to be formally
demonstrated in such tissues (Cui et al), 2010, Green et all, 2010), it may add another layer
of complexity to this picture, potentially adding robustness to sepal shapes in parallel to the
mechanical feedback described here (Figure @B—D). Altogether, our results show that the
modulation of the microtubule response to mechanical stress can affect the shape of the sepal

tip, consistent with a role of mechanical signals in channeling organ shape.
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3.4 Discussion

Our study suggests that differential growth during sepal development generates a stress pattern
that feeds back on CMT orientation and further channels the growth pattern, notably at the
sepal tip. Albeit at a different scale, this result echoes the work conducted on shoot apical
meristems, where it was shown that differential growth between adjacent cells also generates
mechanical conflicts that in turn further promotes the maintenance of growth heterogeneity
and the competence to generate marked differential growth during organogenesis (Uyttewaal
et al), 2012). We propose that the microtubule-tension feedback operating at the tip of the
sepal functions as a shape sensing mechanism: by resisting tangential tension, microtubules
hinder further transverse expansion of the sepal; this may be the first step leading to growth
arrest at the tip. Interestingly, in the shoot meristem, the domain that exhibits such a strong
supracellular microtubule alignment is predicted to be under high tensile stresses. In that
domain, cells grow at a very low rate and mostly in the direction of maximal stress (Burian
et al), 2013), consistent with a scenario in which cells end up reducing their growth by resisting
the increasing maximal stress.

Note that we considered the growth of the abaxial sepal, independent from the contact of its
neighbours. It is possible that other organs within the flower, and most notably the opposing
adaxial sepal, adds another mechanical input, by further restricting the expansion of the abaxial
sepal. This type of mechanical constraint within the developing leaf bud was proposed to play
a role in shaping folded leaves (Couturier et alf, 2012, 2009, 2011).

There is now accumulating evidence that mechanical signals play a key role in controlling cell
division, cell polarity and cell fate in animal single cells (Dalous et al), 2008, Engler et all, 2006,
Houk et all, 2012, Minc et al), 2011, Swift and Dischen, 2014, Théry et all, 2007, Verkhovsky
et all, 1999). This also implies that mechanical signals largely contribute to shaping individual
cells. Although this remains to be fully shown, mechanical signals also seem to shape plant cells
(e.g. (Lynch and Lintilhad, 1997, Sampathkumar et all, 2014)). The contribution of mechanical
signals in shaping multicellular objects is more difficult to tackle because of the added complex-
ity, notably in animal tissues where cells can migrate/intercalate and because growth can be
very fast during the main morphogenetic events of embryogenesis. Yet, mechanical forces have
been involved in promoting major multicellular shape changes, notably in Drosophila (Aigouy
et all, 2010, Collinet et ali, 2015, Lecuit et all, 2011, Pouille et ali, 2009), Ciona (Sherrard
et al), 2010), Zebrafish (Brunet et al|, 2013, Heckel et all, 2015) or Caenorhabditis (Zhang et al.,
2011a). However, the role of forces in tissues does not seem to be restricted to the channeling
of existing morphogenetic events, as they have been proposed to trigger growth arrest through
their shape-sensing role (Aegerter-Wilmsen et al), 2007, Hufnagel et al), 2007, Shraiman, 2005)
and even to initiate major developmental steps, such as mesoderm differentiation (Brunet et al.,
2013, Desprat et al), 2008, Farge, 2003). Here we take advantage of the relatively simpler
mechanics of plant tissues to show that supracellular mechanical signals do contribute to the

formation of organs with consistent shapes, through a microtubule-based growth restriction
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process and in parallel to morphogens, despite heterogeneity at the individual cell level. As
shown for organ polarity in which mechanical stress has been involved both in plants and
animals (Aigouy et al), 2010, Kuchen et al), 2012), we thus propose that mechanical signals act
as organ shape sensing factors across kingdoms, triggering growth arrest and generating organs

with reproducible shapes.

3.5 Experimental procedures

3.5.1 Plant material and growth conditions

For growth analysis, we used the pUBQ10::myrYFP line kindly provided by Raymond Wight-
man. In this line, myrYFP corresponds to a YFP which is N-terminally modified with a short
peptide that is myristoylated and probably acylated (R. Wightman, unpublished). Plants
were grown in long day conditions (Vlad et al), 2014). The p35S::GFP-MBD (WS-4) and
p35S5::GFP-TUA6 were described previously (Hamant et all, 2008, [Ueda et al), 1999). The
membrane reporter line pUQ10::Lti6b-2xzmCherry (Col-0) was kindly provided by Yvon Jaillais.
The botero1-7 katanin mutant allele was previously isolated by Bichet et al, (2001) and described
in Uyttewaal et al) (2012). The spiral2-2 mutant allele was previously described in Shoji et al.
(2004). For mechanical perturbations and microtubule alignment analysis, plants were grown
on soil in a phytotron in short day conditions (8h/16h light/dark period) for 4 weeks and then
transferred to long day conditions (16h/8h light/dark period).

3.5.2 Live imaging of the growing abaxial sepal

1 to 2 cm long main inflorescence stems were cut from the plant. To access young buds,
the first 10 to 15 flowers were dissected out and the stem was then kept in an apex culture
medium (Hamant et al), 2014) supplemented with BAP 900 pg/L. 24 hours after dissection,
the young buds were imaged with a SP8 Laser-Scanning Confocal Microscope (Leica) using a
long distance 25x or 40x water dipping objective (NA: 0.95). During time-lapse imaging plants
were kept in % MS medium (Vlad et al|, 2014) and imaged every 24 hours for up to 8 days.
Flowers were dissected at the end of the time-lapse series to determine their growth stage based

on internal organs (Smyth, 1990).

3.5.3 Mechanical perturbations

All experiments were performed on dissected apices as described above. Ablations were per-
formed manually using a small needle, as in Uyttewaal et al| (2012). Compression was achieved

by placing a coverslip on top of the flower for 3h; the coverslip was then removed carefully for
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imaging as in Sampathkumar et al, (2014). Oryzalin treatment were achieved by immersed
dissected plants in an aqueous solution containing oryzalin at 20pg/ml for 3h, then washed

twice with water, as in Hamant et al| (2008).

3.5.4 Image analysis

Images were processed with MorphoGraphX 3D image analysis software (Barbier de Reuille
et al), 2015). Stages of flower growth were determined in the time-lapse series using Mor-
phoGraphX clipping planes to examine internal organs in cross section. In order to better
visualize the general growth patterns, the areal growth maps displayed in Figure Ell show the

growth averaged for each cell and its immediate neighbors, weighted by cell area.

3.5.5 Computational Modeling

We built a continuous mechanical model for sepal morphogenesis, starting from a model pre-
viously developed for fission yeast (Bonazzi et all, 2014). Only surface cell walls are modeled,
yielding a two-dimensional medium with a prescribed distribution of mechanical properties.
Morphogenesis occurs by successive increments in area: the rest shape at step n is inflated by
turgor pressure, P, leading to a new equilibrium shape, which is then used as a rest shape for
the next step, n+1. At each step, the equilibrium configuration is found using the finite element
method and the sepal is remeshed so as to keep a roughly constant mesh size. The model was
implemented in Freefem++ (Hecht, 2012) and the results were analyzed using Python scripts.
In the present study, we accounted for three new ingredients: mechanical anisotropy, mechanical
feedback, and gradient in mechanical properties, as detailed hereafter.

Mechanical anisotropy was introduced to account for cellulose fibrils locally more oriented in
direction a; the coordinate system (a, b) may vary spatially. We used the generalized Hooke’s

law linking the stress tensor o and the strain tensor € through the elasticity matrix C,

Oaa €aa AT, B 0
ow | =C' | ew | .C'=| B Ay 0],
Oab €ab 0 0

where Ay = (1 -v)E/(1+v)(1-2v))(14+a/2), Ao =(1—-v)E/(1+v)(1—-2v))(1—«a/2),
B = 8y/A1As, and C = A/(1+v), E being the reduced elastic modulus, v the reduced Poisson’s
ratio, a the mechanical anisotropy, and 8 a non-dimensional modulus (5 < 1 for the elasticity
matrix to be well defined). Note that A; > Ay, meaning that direction a is stiffer than direction
b, consistent with the mean orientation of cellulose microfibrils.

To incorporate the mechanical feedback, we first compute the eigenvalues (o1 and o9, 01 > 02)

and corresponding eigenvectors (v1 and vy) of the stress tensor. In the next step, we set direction
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a = v; and the mechanical anisotropy o = 2a/[1 + exp[—s(o1 — 02)/(01 + 02)]] — apr. These
two equations are similar to previous work (Bozorg et ali, 2014). They mean that the next-
stiffest direction matches the maximal stress orientation, whereas anisotropy varies between 0
for isotropic stress and its maximal value a;; when the stress is highly anisotropic; s quantifies
the steepness of the response to stress.

The starting configuration is always a semi-disk of radius 1.1. In order to account for the
observed growth gradient at later stages, we assume a low value of modulus, £ = Y, F, in the
proximal region delimited by a line at a distance d,, from the sepal basis, a high value of the
modulus, F = Y/ F, in the distal region delimited by a line at a distance dj; from the sepal
basis, and a distance-based linear interpolation of the two values of modulus between these two
lines.

We also tested quadratic and sigmoid interpolations of the two values of the modulus, as well
as the use of two linear elasticity gradients, with the second one remaining at the tip of the
sepal (d}, = 3, d}w =4, d2, = 2 from the tip, d3, = 1 from the tip, Y = 0.1 at the bottom,
Y?2 = 0.5 in the middle, Y3 = 1 at the tip). We also considered the possibility of a molecular
polarizer biasing growth toward the longitudinal direction in the proximal region, i.e., before the
elasticity gradient. We defined a new elasticity matrix C? in addition to the previously defined
C', with parameters £ = 3.27 MPa and A; — Ay = 0.6 MPa, and a new parameter -, such that
C = (1 —7)C' +~C?. (Thus, 7 represents the relative strength of the molecular polarizer.)
v1 = 0.75 in the proximal region and o = 0 in the distal region. To test whether the observed
shapes were due to the artificial increase of the modulus, we also implemented a version where
the observed growth gradient was reproduced through differential plasticity (at each time step,
a fraction p of the displacement field is kept as a permanent deformation accounting for growth),
with no elasticity gradient, where p,,, = 1 and py; = 0.1.

In the simulations shown here, we used p = 0.5 MPa, E = 3.27 MPa, v = 0.48, 5 = 0.5, ajy =2
or 3.5, s=6or20,Y,=0.1Yy=1d, =3, dy =4, and d,, = 1, djyy = 5 to test for longer
gradient. The dimensionless size of the mesh was 1/5. In addition, we explored a range of other

values and found the same qualitative results.

3.6 Supplemental Experimental Procedures
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72h (stage 7)
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96h (stage9)

Figure 3.5: Live imaging of two abaxial sepals, related to Figure B.1
The sepals are viewed from the side (left) and from the top (right). Color scale represents area extension over 24-hour
intervals as in Figure 1. Scale bar 50 pm.
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t=12h t=24h t=48h

t=12h t =24h t=48h t =60h

t=108h

Oh (stage6) 24h (stage7)

Oh (stage6) 24h (stage7) 48h (stage8) 72h (stage9)

Figure 3.6: Microtubule and cell shapes during sepal growth, related to Figure B.3

(A) Live imaging CMT behavior at the surface of the abaxial sepal. CMTs were labeled using a p35S::GFP-MBD con-
struct. (B) Live imaging of cell shapes at the surface of the same abaxial sepal. Cell contours were labeled using a
pUBQ10::Lti6b-2xmCherry construct. (C-D) CMT organization at the surface of abaxial sepals, imaged from a proximal
(C) and side (D) viewpoints. The direction and length of the red bars indicate the average orientation and anisotropy of
CMTs in each cell, respectively. The dashed white line indicates the base and side of the sepal. Scale bar 20 um
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Figure 3.7: Mechanical models of a growing sepal, related to Figure E



Figure 3.7: (A) Implementation of the microtubule - tension feedback in the model. Scale is identical for all time points.
The areal growth rate (left column) and the stress direction and magnitude (blue lines, central column) are represented
in all simulations. The mechanical anisotropy resulting from the mechanical feedback is represented (red lines, right col-
umn). (B-C) Mechanical simulation of a growing sepal with a gradient in plastic properties, and constant elastic prop-
erties, without a mechanical feedback on mechanical anisotropy. (D-F) Same as (B-C), with a mechanical feedback
(s = 20, apr = 2). (G-H) Mechanical simulation of a growing sepal with a large linear gradient in elastic properties
without a mechanical feedback on mechanical anisotropy. (I-K) Same as (G-H), with a mechanical feedback ((s = 20,
M = 2). (L-M) Mechanical simulation of a growing sepal with a quadratic gradient in elastic properties without a me-
chanical feedback on mechanical anisotropy. (N-P) Same as (G-H), with a mechanical feedback (s = 20, ap; = 2).
(Q-R) Mechanical simulation of a growing sepal with a sigmoid gradient in elastic properties without a mechanical feed-
back on mechanical anisotropy. (S-U) Same as (Q-R), with a mechanical feedback (s = 20, aps = 2). (V-W) Mechanical
simulation of a growing sepal with a two-step gradient in elastic properties without a mechanical feedback on mechanical
anisotropy. (X-Z) Same as (V-W), with a mechanical feedback (s = 20, apy = 2).
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7 5 6

Figure 3.8: A mechanical feedback may channel sepal shape, related to Figure E

(A) Live imaging of CMT response after ablation in the p35S::GFP-TUAG line. Ablation induces a circumferential orienta-
tion of microtubule arrays around the site of ablation, as observed in the p35S::GFP-MBD line. (B-D) Mechanical simu-
lation of a growing sepal with a gradient in elastic properties, with a mechanical feedback on mechanical anisotropy and
with a polarizer biasing growth towards the longitudinal direction of the sepal at the lower end. The areal growth rate (B),
the stress direction and magnitude (C) and the mechanical anisotropy resulting from the mechanical feedback (s = 20,
apr = 2) (D) are represented.
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Discussion

During this project, I showed that the variability of cell wall mechanical properties could lead
to organ shape reproducibility in the context of Arabidopsis thaliana sepal morphogenesis, and
that morphogenesis depended not only on morphogen regulation, but also on the sensing of

mechanical cues in the growing organ.

4.1 Variability may have beneficial effects during development

Variability is classically considered deleterious for development, environmental noise leading to
lack of developmental robustness and defects in the grown organism. However, variability can
be beneficial: for instance, bacteria use variability of gene expression to build population het-
erogeneity, thus enabling the population to resist to environmental stresses(Blake et al), 2003,
Kussell and Leiblen, 2005). In this project, I additionally showed that mechanical properties
are highly variable in space. If, as it was previously considered, this variability was deleterious
for sepal morphogenesis, a mutant displaying more variable organ shape should also display
more variable mechanical properties, or any cellular characteristic. To our surprise, however, we
established that a mutant with more variable sepal shapes had actually less variable mechanical
properties, thus leading us to the conclusion that an increased small scale variability yielded
robust shapes. This behavior is permitted by the spatiotemporal averaging of growth. Indeed,
an equilibrium rises between the fast growing and the slow growing areas, and as long as the
distinct areas are small enough, and changing rapidly enough in time, the growth integrated
over time is smooth, even if the differences between areas are high. If the properties do not
change fast enough, growth differences become too high to be smoothed-out over time, and if the
areas are too large, the differential amount of growth is, as well, too large to be smoothed-out
over time, which is what happens in the vos! mutant.

Similar spatiotemporal averaging have been shown to improve robustness in diverse systems
implying interpreting a fluctuating signal such as in Drosophila development (Little et all, 2013,
Reeves et all, 2012), bacteria chemoattraction (Dyer et al), 2013, Saunders et all, 2012) and to
smooth gene expression in general (Erdmann et ali, 2009).

Even if the tackled question in this project is different: how to robustly develop instead of how

to robustly read a fluctuating signal, spatiotemporal averaging is in both cases key to smooth
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variations and produce reproducible results.

An obvious advantage of having a system that is robust to small scale variations is that this
system is much more robust to chance. Indeed, in a system sensitive to very small variability,
any stochastic variation or modification of the system would have large consequences. For
example, if sepals were characterized by a constant stiffness, if a small area is by chance twice
as soft as the rest of the organ, the grown sepal would likely be highly deformed. A naturally
variable system will not be as strongly impacted by such modification. Therefore, increasing

variability at small scale can be a noticeably effective way to increase robustness in a system.

4.2 Morphogens act in parallel to mechanical signals during

morphogenesis

The consensus so far was that morphogenesis is channeled by morphogens, their concentrations
and gradients defining growth rates and directions. However, during this project, we showed
that morphogenesis could be influenced by mechanical sensing, in parallel to morphogen con-

centrations and gradients.

4.2.1 Mechanical sensing influences morphogenesis

It has been shown previously that mechanosensing influences cell shape and cytoskeleton behav-
ior (Dalous et al., 2008, Houk et al|, 2012, Théry et al, 2007), division orientation (Minc et al.,
2011), and cell fate (Engler et al), 2006). In plants, because of the tight link between cytoskeleton
and cell wall deposition, cell wall mechanical properties are also ultimately impacted (Hamant
et al), 008, Jacques et al, 2013, Lynch and Lintilhad, 1997, Sampathkumar et al., 2014). In the
presented study, modifying the mechanical sensing of cells changed organ shape, meaning that
shape is not fully defined by morphogen concentrations and gradients. This result is strength-
ened by the fact that the presence of trichomes also impact the final shape of the organs, by
modifying the mechanical landscape of the sepal (see the Appendix). These studies are still
pioneer and this observation needs to be backed up, but this radically new way of appreciating
morphogenesis could open new horizons where organs can sense their own shape and modify

their growth in consequence, thus fine-tuning their shape to any non-canonical event.

4.2.2 Cell wall sensing could play a role in compensation

We described a process where morphogenesis changes during growth depend on growth output,
which is a first step towards understanding compensation. Indeed, compensation is the name
given to morphogenesis processes which give rise to phenotypes surprisingly close to the wild-
type. For example, a mutant with smaller cells should have smaller leafs than the mutant; but
when measured, its leaves were not as small as expected, because the cells had divided more

times than in the wild-type. Such behavior was also recorded for mutants displaying larger
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cells, and fewer and more cells, which then divide less, or display larger or smaller cells, re-
spectively (Hisanaga et all, 2015). How can the organs sense that they do not have the right
size, and change their growth accordingly? Mechanosensing could be this missing link, sensing
the size of the developping organ, and altering its morphogenesis to rescue any growth defect.
Indeed, it has been shown in other organisms that mechanical sensing had an impact on organ
shape and size determination during Drosophila wing development (Aegerter-Wilmsen et al.,
2007, Hufnagel et al), 2007, Lecuit and Lenne, 2007, LeGoff et al), 2013, Schluck et al), 2013),
C. elegans development (Zhang et al), 2011b), and that mechanical sensing influenced tumor
size (Low et all, 2014, Zeng and Hong|, 2008). Consistent with our results, mechanical cues have
also been shown to play roles in growth arrest through their shape-sensing roles in Drosophila
wing discs (Aegerter-Wilmsen et al), 2007, Hufnagel et al{, 2007, Shraiman|, 2005).

However, the means of mechanical sensing are as not well known in plants as in animals, where
the YAP/TAZ family is a well described family of mechanosensors (Dupont et alj, 2011). As
far as we know, three putative mechanosensors have been identified in plants: the receptor-
like kinase FERONIA (Shih et al), 2014) and a previously unknown plasma membrane protein
MCA1 (Nakagawa et all, 2007) have been shown to play a role in the transduction of mechanical
signals: the mutants show altered Ca* signalling and reduced touch-specific genes activation
in response to mechanical stimuli, as well as the previously unknown plasma membrane protein
OSCAL, implied in osmosensing ([Yuan et al, 2014).

It would be interesting to directly study the interaction between compensation and mechanical
sensing by combining mutants displaying compensation and mutants showing mechanosensing
defects, which would help decifering whether mechanosening really plays a role in the compen-

sation phenomenon.

4.3 Mechanics and robustness of morphogenesis

With these studies on the influence of the variability of cell wall mechanical properties on shape
robustness, and the influence of mechanical feedback on organ shape, the question on how
cell wall biochemistry and mechanical feedback influence organ shape reproducibility naturally

surface.

4.3.1 Cell wall biochemistry and robustness

During my PhD project, I also investigated whether cell wall biochemistry could influence sepal
shape robustness (data not shown). To do so, I did a screen directed towards cell wall modifi-
cators expressed during sepal development to see if one or the other cell wall components had
a stronger impact. The cell wall modificators I tested impacted biosynthesis and regulation of
cellulose, hemicellulose and pectin. Because cellulose deposition greatly depends on the inter-
phasic microtubule array, I also tested the influence of microtubule associated proteins on sepal
shapes. The mutants were purchased from NASC (Scholl et al}, 2000), and genotyped with the
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help of my Maters student Justine Chabredier. For each studied mutant, I dissected around 60
abaxial sepals of stage 13 (early opened flowers) over 6 plants, flattened them and took pictures.
The pictures were then analyzed to extract morphological information such as length, width,
area and perimeter of each sepal, using the same procedure as in Hong et al! (2016). I then
compared the mutant sepals to the same amount of sepals from wild-type plants. To reduce the
environmental effect, I took control pictures along with every mutant I analyzed. I analyzed
more than 130 mutants and took over 10,000 pictures, with the help of the engineer in the team
Nelly Dubrulle.

Preliminary results of this study showed that the mutants impacted in cellulose orientation were
more likely to display reduced robustness of sepal shape than the other mutants. However, this
study does not allow to determine whether pectin and hemicellulose mutants were not more
variable than the wild type due to the underlying structure of the cell wall and because pectin
and hemicellulose have radically different roles compared to the cellulose; or because the gene
families are more redundant, thus explaining the lack of variability phenotype by a compensa-
tion from the other genes of the same family.

The c¢sil mutant, affecting cellulose orientation, was selected to be further investigated. The
CSI1 protein, also called POM2, links the cellulose synthase complexes to the microtubule, thus
leading the cellulose deposition along the microtubules (Bringmann et al), 2012). The mutant
displays altered phyllotactic patterns due to the lack of guidance of cellulose deposition by the
microtubules (Landrein et all, 2013). A further study of this mutant will, in particular, help

linking the variability at smaller scale and the organ shape robustness.

4.3.2 Mechanosensing and robustness

We established that the strength of the mechanical feedback had an influence on sepal shape.
Does mechanical feedback influence organ shape robustness? The screen presented in the previ-
ous part included the two mutants used to study the influence of mechanical feedback on organ
shape: katanin and spiral2. Both mutants displayed different organ shape and size variability
compared to the wild-type, indicating that mechanical feedback could influence organ shape
robustness. Furthermore, mechanical feedback loops promote heterogeneity of growth rates and
orientations between neighboring cells in the shoot apical meristem of Arabidopsis thaliana:
differential growth generates mechanical conflicts, which in turn promote growth heterogeneity,
and the ability to generate differential growth during morphogenesis (Uyttewaal et al, 2012).

The importance of mechanosensing on robustness in plants have been further demonstrated
through the thorough study of the mechanosensor FERONIA. The feronia mutant lacks calcium
signaling in response to mechanical perturbations, impairing biological responses to mechanical
stimuli. The mutant displays root developmental defects: growth is more spatiotemporally vari-
able in feronia plants, meaning that FERONIA-linked signalling regulates growth, in response
to external as well as internal mechanical cues (Shih et al|, 2014). However, the sepal size and

shape of the mutant were not significantly more variable than those of the wild-type.
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4.4 (General conclusion

This work allowed to consider plant morphogenesis with a new light, by both stepping back from
the morphogens, and showing that variability could actually enhance reproducibility, which was
not previously considered. Moreover, the large amount of collected data on sepal shapes on that
many mutants has a lot of work to offer, especially in the more precise analysis of shapes, and
in the more thorough study of the different mutants phenotypes — which are for now grouped
depending on the impacted cell wall component.

Understanding better the intricate interplay between mechanical properties, mechanical feedback
and organ shape robustness and compensation is still a challenge, but this work opens new

insights on these questions.
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Appendix

5.1 Mechanical isolation of rapidly growing cell buffers growth
heterogeneity and contributes to organ shape reproducibil-
ity

This not finalized article explores the implication of the mechanical response to trichome growth

on sepal shape.

I trained a post-doc in the team, Antoine Fruleux, who modified the modeling framework used in

chapters E and E to investigate the impact of trichome development on sepal shape.
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Summary

Final organ shapes are highly reproducible despite local growth heterogeneities. The corresponding
buffering mechanism is unknown. Here we focus on fast growing trichome cells in the Arabidopsis
sepal, a reproducible floral organ. We show via computational modeling that rapidly growing cells
may distort organ shape. However, the cortical microtubule alignment along growth-derived maxi-
mal tensile stress in adjacent cells would mechanically isolate rapidly growing cells and limit their
impact on organ shape. In vivo, we observed such microtubule response to stress and consistently
found no significant effect of trichome number on sepal shape, in WT and lines with trichome num-
ber defects. Conversely, modulating the microtubule response to stress in katanin and spiral2 mu-
tant made sepal shape dependent on trichome number, suggesting that, while mechanical signals are
propagated around rapidly growing cells, the resistance to stress in adjacent cells mechanically iso-

late rapidly growing cells, thus contributing to organ shape robustness.

Keywords
Shape reproducibility, growth heterogeneity, mechanical signals, trichome, microtubules, microme-

chanics, modeling



Introduction

Recent evidence suggests that stochasticity is widespread in cellular and molecular mechanisms
(Meyer and Roeder, 2014). Growth is not uniform and neighboring cells can grow at highly dif-
ferent rates, notably in plant tissues (Elsner et al., 2012)(Kierzkowski et al., 2012)(Tauriello et al.,
2015)(Uyttewaal et al., 2012). This observation raises the question of how variability and stochasti-
city observed at the level of each cell composing a tissue can lead to reproducible organ size and

shape.

In theory, morphogen gradients may provide a supracellular synchronizing cue within a given re-
gion, leading in the end to reproducible shapes (Jaeger et al., 2008; Kuchen et al., 2012; Nelissen et
al., 2012). However, even within such regions, adjacent cells can still display high level of growth
heterogeneity (Uyttewaal et al., 2012)(Elsner et al., 2012). Thus reproducible shapes in the presence
of growth heterogeneity could emerge from the combination of many, partially overlapping, supra-
cellular gradients. While there is evidence that indeed multiple morphogen gradients contribute to
morphogenesis, it remains to be shown that such combinations would be sufficient to generate hete-
rogeneity among individual cell. More pragmatically, because patterns of cell growth are not identi-
cal between individuals, growth heterogeneity cannot only be the result of a well-choreographed

genetic regulation.

Mechanical signals have been proposed to play a central role in the control of organ size and shape.
For instance, in organs where cells adhere to each other, differential growth generates mechanical
conflicts between neighboring cells that impact final organ shape (Coen and Rebocho, 2016). The
accumulation of mechanical stresses was even proposed to trigger growth arrest at the level of the
whole organ (Shraiman, 2005). While this proposal is still debated, it may apply to the wing imagi-
nal disc in Drosophila, where faster growth in the outer part of the disc compresses internal cells
and would provoke an arrest in cell division (Shraiman, 2005)(Aegerter-Wilmsen et al., 2007). In
plants, a mechanical conflict emerges between the fast growing center and slow growing tip of the
sepal; the resulting transverse tensile stresses at the tip was proposed to channel sepal shape,
through an impact of stress on microtubule and cellulose deposition (Hervieux et al., 2016a). While
these studies show that mechanical stress can act as supracellular signals, they do not address the

link between growth heterogeneity at the cell level and organ size and shape.



In theory, local mechanical conflicts between adjacent cells may add noise to morphogen-derived
growth patterns. In that scenario, such random processes would disturb stereotypic development
and lead to abnormal individuals in the population. Because organ size and shapes are reproducible,
while displaying heterogeneity at the cell level, this suggests instead that either noise is very low or

that it is buffered.

On the one hand, it was proposed that a spatiotemporal averaging of cellular growth variability in
sepal of Arabidopsis leads to precise organ shape. The averaging mechanism requires a reduced
production of Reactive Oxygen Species (ROS), and in the simplest scenario does not involve a me-
chanical feedback (Hong et al., 2016). On the other hand, mechanical feedback from growth onto
microtubule behavior has been proposed to amplify differences in growth rate between neighboring
cells in the shoot apical meristem of Arabidopsis (Uyttewaal et al., 2012). Mechanical feedback
would thus not act as buffering mechanism, but would instead increase noise. Reproducibility of

organ size and shape thus results from different noise modulation mechanisms.

Here we investigate the relation between local mechanical conflicts and final shape using the Arabi-
dopsis sepal as a model system, for its variability in cell type (Roeder et al., 2010) and in cell

growth rate (Hervieux et al., 2016a)(Hong et al., 2016)(Tauriello et al., 2015).



Results

Rapidly growing cells induce a circumferential tensile stress pattern in adjacent cells

A local modification of the maximal stress directions in a tissue under tension, by ablating a cell,
leads to a circumferential rearrangement of these principal stress directions around the ablation
(Hamant et al., 2008)(Sampathkumar et al., 2014). At the level of the tissue each cell grows at its
own rate and such growth heterogeneity may affect the local pattern of stress, notably because plant
cells are glued to one another through their cell walls. To analyze the impact of rapidly growing
cells on their neighbors, we take inspiration from trichomes (i.e. plant hair cells) which exhibit loca-
lized rapid growth, leading to their bulging out of the epidermis surface (Hiilskamp, 2004). We im-
plemented a mechanical model of a tissue with 3D pressurized cells using the finite element method
(FEM). The model construction follows Bassel et al. (Bassel et al., 2014a) and consists of a single
layer of 3D cells arranged as a staggered grid of rectangular boxes (Figure 1A). The cell wall was
discretized into triangular surface elements, with shared nodes on the walls connecting adjacent
cells. We used an isotropic, linearly hyperelastic material model, with a Young’s modulus of 300M-
Pa, and a Poisson’s ratio of 0.3 (see Methods and Figure 1 — figure supplement 1). In the initial step
of the simulation, cells were pressurized with a turgor pressure of 0.5 MPa (Figure 1B). Since all
the cells are identical in size and shape, stress patterns are the same in all cells, except for minor

differences at the edges due to boundary conditions.

We next explored the impact of a rapidly growing cell on the stress pattern in adjacent cells, taking
the trichome as a model system. One hypothesis is that the trichome develops increased turgor pres-
sure (Ruan et al., 2001). To simulate this possibility, we progressively increased the pressure in the
central cell of our model and observed the effect on the stress in neighboring cells. A circumferen-
tial pattern of stress started to appear for pressures above 3 MPa (Figure 1 — figure supplement 2). A
higher pressure in the trichome would also provide an explanation for its increased growth rate,

since growth depends on both cell wall relaxation and turgor pressure (Lockhart, 1965)(Ruan et al.,

2001)(Cosgrove, 2016).

Using a Lockhart-type growth model described in (Bassel et al., 2014a) we then grew the tissue by
expanding the elements’ resting shape. At each growth step, the new reference shape of the ele-

ments representing the cell wall was computed by multiplying the amount of strain due to turgor



pressure with a fixed growth factor. Higher pressure in the trichome resulted in more stretch in the
cell wall, causing faster growth than in the surrounding cells (Figure 1C-D). With the inclusion of
growth, the circumferential patterns of stress could be obtained for much lower pressures in the cen-

tral cell (e.g. 1 MPa) than in the non-growing case (Figure 1 — figure supplement 3).

There is increasing evidence that the epidermis of plant aerial organs are under tension (e.g. (Kut-
schera and Niklas, 2007)(Sampathkumar et al., 2014)). How this global pattern of stress would im-
pact the local growth-derived stress around rapidly growing cells? Previously published simulation
models have shown that when there is global tissue tension, the load borne by an ablated cell is
transferred to its neighbors, producing a circumferential pattern of tensile stress around the ablation
(Hamant et al., 2008)(Sampathkumar et al., 2014). We reasoned that a more extensible cell wall in
the trichome could have a similar effect thus potentially acting in synergy with increased turgor
pressure in the trichome cell (see (Ruan et al., 2001). As the trichome grows, tissue tension would
be transferred to its neighbors, increasing their stress. We then simulated this scenario by applying
tension to the boundary and increasing the growth of the central cell, both by decreasing the cell
wall elasticity and by increasing its growth factor (corresponding here to relaxation rate or extensi-
bility (Lockhart, 1965)). Under the conditions we tested, differences in wall mechanical properties
alone did not result in a visible mechanical influence between the cells (Figure 1E). When stret-
ching the tissue, a circumferential pattern of stresses emerged around the growing trichome without
even requiring any difference in turgor pressure (Figure 1F). When increasing turgor pressure in the
central cell, while maintaining the tissue under tension, the circumferential pattern of stress was

reinforced (Figure 1G — NEW SIMULATION)

To conclude, increased growth rate in the emerging trichome cell triggers a circumferential tensile

stress orientation in adjacent cells and tension in the epidermis would rather reinforce this pattern.

Because trichomes switch from a growth in XY plane to a growth in the Z direction as they bulge
out, the pattern of stress would likely not be remain circumferential. To formally demonstrate that
hypothesis, we next XXXXXX (transfer the load to the trichome and see the new stress pattern —
Figure 1H)



Figure 1. Mechanical simulations of a pressurized cell layer.

(A) Template used for all Finite- Element simulations, colored by cell labels. (B) Internal pressure is applied
to the model, causing cell walls to stretch and bulge outwards until a mechanical equilibrium is found. (C-F)
Close-up view of the mechanical stresses resulting from different hypotheses. (C) Uniform pressure and me-
chanical properties within the tissue results in similar stress patterns between cells. Note that local stress is
equal in all directions (i.e. isotropic) at the cell centers. (D) Increasing the internal pressure in the central cell
to 4 MPa, compared to 0.5 MPa in the other cells, results in a circumferential pattern of stresses around the
cell. While the local stress in the circumferential direction slightly increases, the stress in the other direction
is decreased but remains non-zero in most places. (E) A softer cell wall in the central cell causes the cell to
bulge out more at equilibrium, even when pressure is uniform within the tissue. However, local stresses re-
main nearly unchanged in the neighboring cells. (F) Circumferential stress patterns become apparent once
the whole tissue is stretched and allowed to grow. The fast-growing central cell relaxes stresses faster than its
neighbors, resulting in stress concentration around it, similar to an ablated cell. (G) Increasing the internal
pressure in the central cell and streching the whole tissue reinforces the circumferential stress pattern. (H)
When the trichome bulges out, the circumferential stress pattern is lost

Crosses: principal directions of stress. Colorbar: sum of local stresses in MPa. Scale bars: (A-B) 40 um, (C-

F) 50 um.



Figure 1 — Figure supplement 1. Material parameters and boundary conditions used for the FEM
simulations.

(A) Top and bottom cell walls (red) are assigned a different thickness parameter than anticlinal cell
walls (blue). The anticlinal cell walls of two neighboring cells are touching each other and are me-
chanically coupled, as in real plant tissues. We therefore assigned a thickness of 1 um to the top and
bottom walls, while the anticlinal cell walls belonging to each individual cell are each 0.5 pum thick,
summing up to 1 pm for the total thickness. (B) The central cell (green) was assigned different pa-
rameters than the rest of the tissue (red), either pressure or cell wall elasticity and growth parameter.
(C) Boundary conditions applied to the tissue. Positions of the vertices at the tissue edge (red) were
fixed along the directions showed by the white lines. The same directions were used to displace the

vertices when stretching the tissue. Scale bars: 40 um
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Figure 1 — Figure supplement 2. Effect of increased turgor pressure on stress patterns.

Identical material parameters were assigned to all the cells, while only the pressure of the central
cell varied from 0.5 MPa to 4 MPa. Note that a visible circumferential stress pattern occurs from 3
MPa. Turgor pressure of other cells: 0.5 MPa. Material parameters: Young's modulus =300 MPa,

Poisson's ratio = 0.3, Cell wall thickness = 1 um. No restriction on boundaries. Scale bars: 40 um



Figure 1 — Figure supplement 3. Effect of increased turgor pressure on stress patterns in a growing
tissue.

First step of the simulation is identical to the conditions applied to Figure S2, with internal pressure
in the central cell equal to 1MPa and all the other cells 0.5 MPa. Once mechanical forces are at
equilibrium (A), growth was simulated by changing triangles rest length according the amount of
elastic deformation they underwent, multiplied by a growth factor. The growth factor was twice as
large in the central cell, resulting in this cell bulging into its neighbors and creating a circumferen-
tial stress pattern, as visible after 12 (B) and 20 (C) steps of growth simulation. A side view of the
tissue shows that the central cell also bulges outward, similar to a trichome cell. Material parame-
ters: Young's modulus =300 MPa, Poisson ratio's = 0.3, Cell wall thickness = 1 um, growth factor

= 0.1 (0.2 for central cell). No restriction on boundaries. Scale bars: 20 um



Cortical microtubules reorient along predicted maximal tensile stress around growing tri-

chomes

We next tested this prediction experimentally. We use the abaxial sepal, which is the farthest of the
four sepals from the stem axis. Sepals exhibit substantial variability at the cell level (Roeder, 2010),
having a wide range of cell sizes and cell identities on the abaxial epidermis, while displaying
roughly similar final shapes. Trichomes are one of the cell types present in the abaxial epidermis of

the sepal (Figure 2A-D).

First, we confirmed that trichomes grow faster than their neighboring cells in sepals. To do so, we
performed time-lapse imaging of emerging trichome on the abaxial sepal expressing a fluorescent
plasma membrane marker. We used MorphoGraphX (Barbier de Reuille et al., 2015) to segment
cells in the epidermis for each time point and analyze their growth properties. As hypothesized we
observed that trichome cells grow approximately twice as fast as their neighbors before they bulge
out (Figure 2E-F). Although the number of time points once the trichome starts to elongate along
the Z axis (i.e. normal to sepal surface) is low, growth in the XY plane (i.e. tangential to sepal sur-

face) seemed to decrease rapidly at that point.

We next investigated whether this local heterogeneity of growth rate leads to a mechanical conflict
and a reorientation of principal stress directions as suggested in our model. Cortical microtubules
(CMTs) align with predicted maximal tensile stress after artificial mechanical perturbations, like
ablations or compressions, in the sepal (Hervieux et al., 2016a), as well as in shoot meristems (Ha-
mant et al., 2008) and cotyledon pavement cells (Sampathkumar et al., 2014). We thus used a mi-
crotubule marker (GFP-MBD) under the control of the CaMV35S promoter to visualize CMTs as a
read-out of principal stress directions. The sub-cellular alignment of CMTs was then analyzed from

2.5D extracted cell surfaces (Barbier de Reuille et al., 2015)(Tsugawa et al., 2016).

Qualitatively, we observed that CMTs became circumferential around the trichome during the peri-
od of fast trichome growth and this circumferential CMT pattern was then lost after the trichome
bulged out (Figure 2G). To quantify this behavior, we used a subcellular nematic tensor-based tool
to generate so-called CMT anisotropy segments (CMT segments in short) that represent the orienta-

tions and strength of the CMT alignment in a local circle of radius 1pm ((Tsugawa et al., 2016), see

Methods).



As expected from our qualitative observation and as predicted in our model, we measured a signifi-
cant bias towards circumferential orientations for CMTs in the first ring around the growing tri-
chome, i.e. between 10 and 20 um around the center of the trichome before it bulged out (Figure 2H
and 3A-C, Figure 3 — figure supplement 1A). Note that this response was less obvious in the outer
ring, between 20 and 30 pum, around the center of the trichome (Figure 3D, Figure 3 — figure sup-
plement 1B). Using this method, we could also demonstrate that this circumferential organization
disappeared once the trichome bulged out (Figure 3C, Figure 3 — figure supplement 1A). This fits
with the tissue tension hypothesis; as trichome growth in the XY plane slows down, it no longer
transfers the load to its neighbors and the circumferential stress pattern disappears, as shown in our

model (Figure 1H).



Figure 2. Circumferential CMT orientation around a fast growing trichome in sepals

(A) Trichomes at the surface of floral buds (sepals) Scale bar: 0.5 mm. (B) Trichomes on a dissected
abaxial sepal. Scale bar: 0.5 mm (C-D) SEM image of the surface of an abaxial sepal at low (C,
scale bar: 300 um) and high magnification (D, scale bar: 50 um). (E) Heatmap of area extension
(%) over 24-hr intervals displayed on the first time point. Scale bar = 20 um. (F) Details area exten-
sion (%) in regions highlighted with a white symbol in (E). Scale bar = 20 um. Note that the cell
highlighted with a small triangle is another trichome. (G) Close-up of the CMT organization at the
surface of the abaxial sepal around a growing trichome. Scale bar = 20um (H) Results of anisotro-
py vectors of images shown in (G) See Figure 3A for the definition of angle v. Note a slight change

of inclination between (G) and (H) in order to better visualize anisotropy vectors.



The CMT response to growth-induced stress can be modulated genetically

To further test this response, we next used the botl-7, katanin allele (in WS-4 ecotype), in which
CMTs response to mechanical perturbations is slower due to an impaired katanin-driven micro-
tubule-severing activity (Hervieux et al., 2016a)(Sampathkumar et al., 2014)(Uyttewaal et al.,
2012). As expected, CMTs around growing trichomes in bot1-7 was not as clear-cut as in the WT, at
least qualitatively. We next quantified the CMT behavior as shown above (see Methods). Although
CMTs also became circumferential around a growing trichome in botl-7, the response was slower
and weaker during the growing phase of the trichome in the XY plane, when compared to the WT
(Figure 3C-D, Figure 3 — figure supplement 1, Figure 3 — figure supplement 2). Also consistent with
a slower CMT dynamics and delayed response to stress, a bias towards a circumferential organiza-
tion was still detected in botl-7, but it appeared after the trichome bulged out (Figure 3C, Figure 3 —
figure supplement 1, Figure 3 — figure supplement 2A). The statistical differences between WT and
botl-7 were confirmed with a permutation test for the probability distribution of the weighted orien-
tations at each time point (see Methods). The p-values for are p=0.048 at time -48h, p <10-15 at
time -24h, p <1015 at time 0, p <1015 at time 24h and p <10-15 at time 48h. The p -values for are
p<10-15 at time -48h, p =0.21 at time -24h, p =3.0x10 at time 0, p =1.0x10- at time 24h and p <10
15 at time 48h. For , the distributions of the weighted orientation are statistically different, except at

time -24h.

Taken together these data suggest that the transient reorganization of CMTs around a growing tri-
chome is largely due to a modification of mechanical stress pattern and the ability of CMTs to re-
spond to this perturbation. Furthermore, a tight regulation of CMT dynamics mediated by katanin

activity is needed to allow this transient response to occur without delay.

Because our model suggests that local growth heterogeneity may be buffered by the cell response to
stress, we next analyzed the impact of the adjacent cell response to stress on local growth pattern.
We measured Npos, the number of neighbors growing more slowly than the trichome, before and af-
ter the trichome bulged out, and normalized to the total number of neighbors Ny, (Figure 3E, see

Methods).

In the wild type, Nyos decreased rapidly before the trichome bulged out, suggesting that the direc-
tional reinforcement of the walls in the cells surrounding a trichome may constrain trichome growth

in the XY plane (Figure 3E). To test that hypothesis, we performed the same analysis in the botl-7



mutant, which displayed a delayed microtubule response to stress. As expected, Nyos also decreased
in botl-7, but with a delay (Figure 3E, p =0.0018 at time -48h, p =0.0013 at time -24h, p =0.0038 at
time 0, p =0.0008 at time 24h; the distributions of the averaged proportion of slower neighbors are
statistically different between wild type and botI-7). Altogether, these results suggest that while the
microtubule response to growth-induced stress is transient in sepal trichomes, it is sufficient to have

a local impact on growth.



A.Raw WT circumferential MT -
A% o<|«1<n/z

c Circumferontial wr

B. Raw bot1-7 circumferential MT

Averaged o]
o
©

Not circumferential

-48 -24 0 24 48

tme of bulging out

Clrcumforential bott.?

-

C. Raw spr2 circumferential MT O

Averaged 0
o
©

o
®

Not circumferential

48 -24 0 24 48

e of bulging out

1.

48 24 0 24

tene of bulging out

o
~

m
-
- N

WT —
bott.?

average of N, /Nyo,
=
o ®

o o o
N S

o

Figure 3. Quantification of the local impact of a fast growing trichome on adjacent cells

(A-C) Close-ups: circumferential CMT alignment around growing trichome cells in WT (A), bot1-7
(B) and spr2-2 (C). (D) Schematic explanation of the angle y represented in Figure 3H. (E) Sche-
matic representation of distance chosen for the analysis. The black cross in the center represents the
center of the trichome. (F-G) CMT orientation in wild type and botI-7, before and after trichome
starts to grow along the Z direction (bulging out) between 10um and 20pm (F) and between 20um
and 30um (G) from the center of the trichome. Time is in hours. (H) Growth heterogeneity before
and after trichome bulges out: Ny is number of total neighbors around trichomes at time ti; Npyos 18
the number of neighbors that grow slower than the trichome. The average of the ratio Npos/Niwot over
all trichomes provides how heterogeneous the growth is around trichome (i.e. the proportion of

cases when the trichome grows faster than its neighbours, averaged over all trichomes).



Figure 3 — figure supplement 1. CMT orientation around a fast growing trichome in bot1-7 (A-C)

and spr2-2 (D-F) sepals
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Z direction (bulging out) between 10pum and 20um (A) and between 20pum and 30um (B) from the

center of the trichome. #N-1 refers to 1 trichomes on the same sepal N. Time in hours.



Theory: Rapidly growing cells may distort organ shape, depending on the ability of adjacent

cells to resist local stress

In an organ with an imposed growth pattern, the addition of noise, i.e. local growth heterogeneity,
may in theory affect final organ shape. To test that hypothesis formally, we use a continuous, tissue-
scale, finite element model of sepal growth, as in (Hong et al., 2016). Note that such a two-dimen-
sional model matches our focus on the epidermis, and its growth limiting role in shaping organs

(Savaldi-Goldstein et al., 2007)(Kutschera and Niklas, 2007).

TEST 1 : No feedback : organ shape reproducibility decreases when trichome number increases

Next, we investigated whether a mechanical resistance of cells adjacent to a rapidly growing cell

would limit the impact on organ shape

TEST 2 : Constant feedback : stiff ring around trichomes : organ shape reproducibility becomes less

dependent on trichome number

Last, we investigated whether an optimum in buffering exist by modulating the size of the resisting

ring around rapidly growing cells.

TEST 3 : Variable feedback : small vs large rings around trichomes : organ shape reproducibility is

reached for an optimum in trichome number and ring size

Altogether, these results suggest that while local growth heterogeneities may affect organ shape re-
producibility, a mechanical reinforcement in cells neighboring rapidly growing cells can cancel that

effect, thus contributing to organ shape reproducibility.



Figure 4. The local response to stress may contribute to organ shape reproducibility
(A) No feedback, variable number of soft cells
(B) Constant ring size, variable ring number

(C) Variable ring size, variable ring number



The cell response to stress modulates the relation between trichome number and sepal shape

reproducibility.

Because our model predicts that the mechanical isolation of rapidly growing cells can counteract
the impact of rapidly growing cells on organ shape reproducibility, we next analyzed sepal outlines
with a previously described pipeline (Hong et al., 2016) and performed a morphometric analysis of

the mature sepal shape to detect correlations with the number of trichomes in WT sepals.

In two wild-type ecotypes (Col-O and WS-4), we did not detect any significant correlation between
the number of trichomes and sepal width, length or aspect ratio (Figure 5, n=197 Col-0 sepals and

n=XXXX WS-4 sepals).

To challenge that result, we also analyzed the relation between trichome number and sepal shape
reproducibility in two lines (35SR and gl3egl3) with altered epidermal identity, and notably, in their
ability to generate trichomes. Strikingly, even in these genotypes, we could not detect a significant
impact of trichome number on sepal shape reproducibility (Figure 5, n= XXX 35SR sepals, n=
XXXX gl3egl3 sepals).

Because we cannot exclude the possibility that a higher number of trichomes may affect sepal
shape, we next investigated whether a reduced response to stress in the katanin mutant would make
sepal shape reproducibility dependent on trichome number. Although the effects were weak, we
could detect a significant impact of trichome number on sepal shape reproducibility in the katanin

mutant (Figure 5, n=431 botI-7 sepals).

To further challenge this result, we conducted the same analysis in the spiral/2 mutant background.
SPIRAL2/TORTIFOLIA is present at the sites of microtubule cross-overs and has been proposed to
prevent microtubule severing at those sites (Buschmann et al., 2004; Shoji et al., 2004; Wightman et
al., 2013). In a spr2 mutant, severing is thus dramatically increased and microtubule can self-orga-
nize more rapidly. Consistently, the spr2 mutation has recently been shown to promote the CMT
response to mechanical perturbations both in shoot meristems and in sepals (Hervieux et al., 2016a)
(Louveaux et al., 2016a). We thus reasoned that in a spr2 mutant background, the CMT alignment
around growing trichomes should be enhanced. In spr2-2 (in Col-0 ecotype), we observed circum-
ferential CMTs around a growing trichome as expected. Nonetheless, our quantifications did not

detect a significant difference between Col-0 and spr2-2 in the 10-20 um ring (Figure 3, Figure 3 —



figure supplement 1, Figure 3 — figure supplement 2). However, when analyzing the more distant
cells from the trichome center (20-30 um ring), a bias towards circumferential CMTs was present in
spr2-2, whereas this could not be detected in the WT (Figure 3, Figure 3 — figure supplement 1,
Figure 3 — figure supplement 2). The CMT circumferential alignment was also more stable in time
in spr2-2 than in the WT, as it was still observed even after the trichome cell budged out, both in the
10-20 pm and 20-30 um rings from the trichome center (Figure 3, Figure 3 — figure supplement 2).
The permutation test was performed between wild type and spr2-2. The p-values for are p<10-15 at
time -48, p<10-15 at time -24, p=0.30 at time 0, p=0.020 at time 24 and p=0.1883 at time 48. The p-
values for are p<10-15 at time -48, p<10-13 at time -24, p<10-15 at time 0, p<10-1> at time 24 and
p=0.012 at time 48. The distributions of the weighted orientation are statistically different, except

for at time 0 and 48h.

Impact on growth heterogeneity in spr2 as in WT (Figure 3XXX)

Interestingly, when analyzing sepal shape reproducibility in spr2-2 mutant, we found it to be de-
pendent on trichome number (Figure 5, Col-0: n= 189 Col-0; spr2-2: n = 367 sepals). We also
found that sepal width increased with trichome number (Figure 5). This observation seems consis-
tent with an impact of trichomes on the growth pattern of the sepal (Figure 4C), the circumferential

microtubule alignments reducing the bias towards growth along the longitudinal axis of the sepal.

Coming back to our initial question, our results demonstrate that rapidly growing cells can impact
the behavior of contiguous cells in sepals, notably through the microtubule response to mechanical
signals. The consecutive mechanical isolation then buffers growth heterogeneity and thus con-

tributes to organ shape reproducibility.
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Figure 5. The presence of trichomes does not affect sepal shape and size in WT, 35SR and gl3egl3
lines, but impacts sepal shape in botl-7 and spr2-2

(A) Superimposed outlines of mature stage 14 wild-type (WS-4, Col-0), botl-7 (in WS-4), spr2-2
(in Col-0), 358R (in Col-0) and gl3egl3 (in Col-0) sepals. Outlines were normalized by size to re-
veal differences in shape. The variation is the difference between the median outline (black) and
that of the individual sepals (colored). Colors scale bar represents the number of trichomes for each
sepal outline. (B-D) Quantification of width (B), length (C) and aspect ratio (D) in wild-type
(WS-4, Col-0), bot1-7 (in WS-4), spr2-2 (in Col-0), 35SR (in Col-0) and gl3egl3 (in Col-0) sepals,
in function of the number of trichomes per sepal (4 classes: no trichome, 1-3 trichomes, 4-7 tri-

chomes, more than 8 trichomes).



Discussion

Our study on sepal trichomes suggests that differential growth between adjacent cells generates a
mechanical conflict with neighboring cells, which in turn locally and transiently impacts CMT
orientations. Differential growth was already proposed to generate large-scale mechanical conflicts
between different regions of a growing sepal (Hervieux et al., 2016a). A global level of growth hete-
rogeneity between adjacent cells had also been proposed to self-maintain through a mechanical
feedback on microtubules in shoots apical meristems (Uyttewaal et al., 2012). However, in both of
these studies, the local response of cells to differential growth had not been investigated. The no-
velty of the present study resides in such local analysis: we demonstrate in silico and in experiments
that two adjacent cells growing at different speed can indeed respond to each other via a mechanical
signal; the response of the neighboring cells constrain the rapidly growing cell and prevent it from
distorting the tissue (Figure 6). Interestingly in leaves, cells surrounding trichomes are elongated
radially, consistent with the circumferential CMT orientation around young trichomes that we ob-

served in sepals (Figure 6 — figure supplement 1).

Averaging variation in cellular growth over space and time is essential to achieve reproducible
shape (Hong et al., 2016). Nevertheless, how this spatiotemporal averaging occurs is still unknown.
Our results suggest that mechanical feedback could be a mechanism essential for this spatiotempo-
ral averaging. In fact we could argue that the first response of CMTs around a rapidly growing cell
occurs in order to restrain the propagation of the mechanical stress: reinforcing the cell wall with
oriented cellulose deposition (Paredez 2016) is a way to resist to mechanical stress. Our analysis of
growth heterogeneity before and after trichome emergence in wild type and microtubule severing

mutants shows that the microtubule response to stress indeed constrains the growth of the trichome.

Note that we only consider the implication of local mechanical feedback. It is possible that other
factors such as hormones or small chemical species like ROS could be generated by the emerging
trichome and lead to the reorganization of CMTs. For instance, auxin (Sassi et al., 2014) and ROS
(Livanos et al., 2014) were shown to affect CMT organization. Nonetheless, our data are consistent
with a scenario in which growth-derived mechanical stress is buffered through the optimal response

of CMTs, leading to robust organ shapes.

Interestingly, large-scale mechanical signals are likely to contribute to shape reproducibility. In the
feronia mutant, which is partly impaired in mechanoperception, the root growth pattern exhibits in-

creased variability (Shih et al., 2014). Similarly, neuron growth trajectory depends on the stiffness



of their mechanical environment (e.g. (Sur et al., 2013)). It seems therefore that mechanical signals
add robustness to shapes, both via large-scale coordinating mechanisms, such as growth-derived
tensile stress at the sepal tip, as well as via local buffering event, such as the CMT response to fast

growing trichomes.
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Material and methods

Plant Material and Growth Conditions

Plants were grown on soil in a phytotron under short-day conditions (8 hr/16 hr light/dark period)
for 4 weeks and then transferred to long-day conditions (16 hr/8 hr light/dark period). The micro-
tubule reporter line p35S::GFP-MBD (WS-4) and the membrane reporter line pUQ10::Lti6b-
2xmCherry (Col-0) were described previously (Hervieux et al., 2016a). The boterol-7 (katanin loss
of function mutant allele) and spiral2-2 mutants were previously described (Uyttewaal et al., 2012)

(Hervieux et al., 2016a).

Live Imaging of the Growing Abaxial Sepal

One- to 2-cm-long main inflorescence stems were cut from the plant. To access young buds, the first
10-15 flowers were dissected out and the stem was then kept in an apex culture medium(Hamant et
al., 2014) supplemented with 6-benzylaminopurine (900 mg/L). Twenty-four hours after dissection,
the young buds were imaged with an SP8 laser-scanning confocal microscope (Leica) using long-

distance 253 (NA 0.95) water-dipping objectives.

SEM observation

Scanning Electron Microscopy images of sepals from stage 14 flowers were acquired using a Hirox

mini SEM 3000.

Image Analysis

Images were processed with MorphoGraphX 3D image analysis software (Barbier de Reuille et al.,

2015). Cortical microtubules orientation was analyzed as described in (Tsugawa et al., 2016).

Sepal area measurements

Sepals dissected from stage 14 flowers were flattened between two slides and photographed on a

black background using a dissecting microscope mounted with a camera. Custom Python programs

(Data File S1) were used to extract each sepal’s outline from the sepal photos and to measure se-



pal’s area. Briefly, images were segmented using the watershed method. Outlines were extracted
and aligned along their longest axis determined by a polar Fourier transformation of the outline

points (see below for sepal orientation).

Alignment of sepal center and orientation

The alignment of the center and orientation of the sepal allows us to estimate the sepal width and
length, and allows comparison of different sepals. Given the sepal’s outline points,

, where N is the number of outline points, the center of the outline is chosen to be

(X Y (X )

the center of mass of the outline points, . The radial distance r(0) of the outline points from the
center is then evaluated as a function of polar angle . In order to fix the rotational degree of free-
dom (orientation), we employ the polar Fourier transformation of the radial distance as . Here is the
average radius of the outline, n,4x is chosen to be large enough such that the Fourier series well des-
cribe the function r(0), and ¢, is the angular phase of the n-th Fourier mode. As the second harmo-
nic represents a shape close to an ellipse with perpendicular long and short axes, we fix the orienta-
tion of the outline by choosing the convention , implying that corresponds to the long axis of the

ellipse-like shape.

For outlines from the wild type with distinct long (tip-to-bottom) and short (side-to-side) axes (see
Fig. 4A), there is no ambiguity in fixing the orientation to align the sepal along the long axis, which
always corresponds to the tip-to-bottom direction. However, outlines from bot1-7 are quite round
and special care is needed to unambiguously align the sepals. We observe that two dents always ap-
pear at the bottom of dissected bot1-7 sepals (see Figure 5A) that allows us to correctly distinguish

the tip-to-bottom direction from the side-to-side direction.
After fixing the sepal orientation, the width is given by the distance between the outline points at
and , i.e., width equals to . Similarly, the length is given by the distance between the outline points

atand , i.e., length equals to .

Computational Modeling



The model construction follows (Bassel et al., 2014b), with some modifications as described below.
The tissue template was generated in MorphoGraphX (Barbier de Reuille et al., 2015). It contained
33 cells of dimensions 50x50x20 um, arranged in 5 rows. Cells were staggered to obtain realistic 3
way junctions. The whole template was divided into 22080 isosceles right triangles with 5 wm long
sides. Individual triangles were assigned a thickness either of 0.5 wm or 1 um, as described in Figu-
rel — figure supplement 1. By default, the linearly hyperelastic triangular membrane elements were
assigned a Young's modulus = 300 MPa, Poisson's ratio = 0.3 and internal pressure = 0.5 MPa. Tis-
sue boundaries were free unless otherwise specified. We first used static (i.e. non-growing) simula-
tions to test the effects of different parameters on the stress patterns at mechanical equilibrium. The
internal pressure of the central cell was increased from 0.5 to 4 MPa by steps of 0.5 MPa, while all
other parameters remained as default (Figure 1, Figure 1 — figure supplement 2). We then tested the
effect of softening the cell wall in the central cell by assigning it a Young's modulus = 150 MPa,
with an internal pressure of 0.5 MPa (Figure 1E). For growth simulations, the default growth factor
was set to 0.1. Once the equilibrium configuration was found after applying internal pressure, the
principal strains were computed for each triangle. The rest lengths of each triangle were then upda-
ted by adding the projection of principal strains on the triangles sides, multiplied by the growth fac-
tor. A new mechanical equilibrium was found at the end of each growth iteration. We simulated
growth in a stretched tissue (Figure 1F) by restraining degrees of freedoms for displacement at the
boundaries (Figure 1 — figure supplement 1C). Boundary nodes were then displaced in the direc-
tions of width and length to simulate a stretch of 20%. The central cell was assigned a Young's mo-
dulus = 150 MPa and growth factor = 0.2, while pressure was set to default. A total a 5 growth steps

where performed.

CMT orientation around trichomes

We quantified the orientation of CMT segments relative to the trichome as follows. First, we de-
fined the center of the trichome cell as the center of mass of the intersections of the neighboring
cells. Second, as depicted in Figure 3D, we defined the -axis passing through the center of trichome
and the center of the CMT segment (thick line segment), and the -axis that passes through the center
of the CMT segment and is perpendicular to the -axis. By definition, the polar coordinate system ()
is determined by a distance and an angle of the center of the CMT segment from the center of tri-
chome. The -axis and -axis are always radial and circumferential, respectively, relative to center of

the trichome.



Next we calculated the angle between the CMT segment and the -axis. The absolute value repre-
sents the degree of circumferential alignment of CMT segments around a trichome ranged from O
(circumferential) to (radial) (Figure 2D). To investigate the spatial trend of CMT segments, we de-
fined three circles, surrounding the center of the trichome, and with radii of 10, 20 and 30 pm, re-
spectively (Figure 3E). Then we calculated the mean orientation of all CMT segments between two
consecutive circles (Figure 3F-G). Note that we use a weighted mean to account for anisotropy of
the microtubule arrays: highly anisotropic arrays contribute more to the orientation. The weighted

mean orientation around trichome is defined as follows,

where is the number of CMT segments and is the weight of CMT segment i corresponding to the
length of the CMT segment. Randomized orientations should give a mean of (~0.8) with , circum-
ferential orientations should give a mean superior to 0.8, and radial orientations, a mean inferior to
0.8. Note that we mix all the CMT segments around different trichomes of same genotype together (

are about 1000~3000 segments at each time). The weighted standard deviation is defined as,

The numbers of trichomes are for wild type and for bot 1-7. The smaller the value of mean orienta-
tion , the lesser the CMTs orient circumferentially. The CMT segment i satisfies in Figure 3F (or in

Figure 3G).

Quantification of growth heterogeneity

In order to calculate the growth heterogeneity, we exclude the curvature effect as the trichome
bulges in the Z-axis (normal to sepal surface) because the growth of trichome surface area can be
twice as much as those of neighboring cells as mentioned in the main text. Therefore, we conside-
red the principal direction of growth (PDG) (Barbier de Reuille et al., 2015)(Goodall and Green,
1986) that describes how much a cell deforms on the XY plane (tangential to sepal surface). The 2 x
2 deformation matrix summarizes the deformation of the coordinates of "landmark" points in the
sepal from the initial to the next time frame. We chose the landmark points as the intersections bet-
ween neighboring cells. The PDG provides a stretch cross of which the long arm shows the maxi-

mum relative extension and the length of the short arm indicates the minimum relative extension .



Then, we can calculate the approximated growth in cell area on the XY plane as follows. We defi-
ned and as the maximum and minimum extention on the XY plane of the trichome at time , and
and as the maximum and minimum extension on the XY plane of the neighboring cell of the tri-

chome at time . Then, the growth rate in cell area (AG) on the XY plane is given as:

From these growth rates, we calculate the growth differences between trichome and neighboring
cells. Note that the growth difference should be a dimensionless quantity because we want to com-
pare them between different genotypes. Therefore, the normalized growth difference (Dj) between a

trichome and neighboring cell j at time ti can be defined as:

Di(t)= (AGT (1)~ AGi (1) (AGT(£)+AGI(t:)).

The growth variability in cell area (Varea) can be evaluated by the average value of D; over all the

neighboring cells:

where N is the total number of neighboring cells surrounding a trichome. Since the growth vari-
ability quantifies the degree of growth difference between trichome and neighbors, it can be posi-
tive if the neighbors grow slower and negative if the neighbors grow faster. If we define the number
of slower growing neighbors as Np.s in which >0, we can calculate the growth heterogeneity Npos/

Nio: that describes how many neighboring cells grow slower than the trichome.

Statistical test of CMT orientations and growth heterogeneity

We used the permutation test to compare two data sets of CMT orientations between WT and
botl-7, and two data sets of growth heterogeneity between WT and bot/-7. The samples are in
CMT orientations and the ratio in growth heterogeneity. The null hypothesis is that the means (the
weighted mean orientation or the averaged in the main text) of the two data sets have no diffe-

rence. In the CMT orientation case, for instance between WT and botI-7 for the 10-20 pm ring at



time 0, the numbers of data are for WT and for botl-7. The two observed means are (WT)=0.980
and (bot1-7)=0.890 and their difference is . We put the two data sets together, and from the mixed
distribution, we created the m-times permutated distribution where we randomly picked up the
number of data of without replacement. We also define as the rest of the data remaining in the
mixed distribution. Then we calculated the permutated difference . After the permutation trials per-
formed times, the p-value is approximated by the percentage where / is the number of trials which
satisfy . We used this nonparametric approach because it does not require any knowledge of the dis-

tribution of . The significance level of the test was chosen as 0.05.
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