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Abstract The shape of comparable tissues and organs is
consistent among individuals of a given species, but how
this consistency or robustness is achieved remains an
open question. The interaction between morphogenetic
factors determines organ formation and subsequent
shaping, which is ultimately a mechanical process. Using
a computational approach, we show that the epidermal
layer is essential for the robustness of organ geometry
control. Specifically, proper epidermal restriction allows
organ asymmetry maintenance, and the tensile epi-
dermal layer is sufficient to suppress local variability in
growth, leading to shape robustness. The model explains

the enhanced organ shape variations in epidermal mu-
tant plants. In addition, differences in the patterns of
epidermal restriction may underlie the initial establish-
ment of organ asymmetry. Our results show that epi-
dermal restriction can answer the longstanding question
of how cellular growth noise is averaged to produce
precise organ shapes, and the findings also shed light on
organ asymmetry establishment.
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INTRODUCTION

The three-dimensional (3D) forms of organs are highly
reproducible insofar as the same shape is achieved
regardless of intrinsic and extrinsic perturbations. The
remarkable robustness of organ shaping is evident in
both plants and animals and represents a central
question in biology (Lander 2011). However, the ac-
cumulated evidence indicates that cells within organs
are often variable. For example, stochastic gene ex-
pression occurs in various plant organs (Aratjo et al.
2017; Han et al. 2017), and neighboring cells of similar
identity may grow at different rates (Hong et al. 2018).

Gene expression randomness and subsequent
cell fate divergence can be a driving force for
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pattern formation. For example, gene expression
level stochasticity in sepal and leaf epidermis can
induce giant cells, which derive from endor-
eduplication events (Meyer et al. 2017). In terms of
organ formation, it has been proposed that the in-
itial patterning may result from fluctuations in auxin
levels. For example, a region with randomly higher
auxin levels would induce further auxin accumu-
lation, which would in turn lead to the formation of
the first lateral organ from the shoot apical mer-
istem (de Reuille et al. 2006; J6nsson et al. 2006;
Smith et al. 2006). The initial lateral organ de-
termines the pattern of subsequent lateral organ
formation. Similar auxin level fluctuations at the leaf
margin may also explain leaf margin serrations in
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simple leaves and leaflet patterning in compound
leaves (Bilsborough et al. 2011). Thus, stochasticity is
a driving force for a wide range of patterning
processes. At the same time, organ shape robust-
ness is inherent to most organs. Therefore, how is
organ shape robustness achieved while virtually all
genes have stochastic expression across cells? Re-
cent works have started to shed light on this fun-
damental question. For example, it was recently
shown that reproducible sepal shape requires a
balanced amount of reactive oxygen species (Hong
et al. 2016). In addition, mechanical signals may also
contribute to organ shape reproducibility by iso-
lated rapidly growing cells and limit their imapct on
organ shape (Hervieux et al. 2017). However, it is
presently unknown if there is a conserved mecha-
reproducibility
across a wide range of organs with distinct shapes.

nism that ensures organ shape

The importance of the epidermal cell layer for
growth has long been recognized, with renewed
focus on its role in recent years (Kutschera and
Niklas 2007). This idea, iconized as the “tensile
skin”  theory or “epidermal-growth-control”
theory, proposes that the peripheral thickened
outer cell walls, together with the cuticle of
some aerial organs, confer a higher bending stiff-
ness of the epidermis layer than inner tissue layers
and determine the rate of organ growth (Onoda
et al. 2015; Galletti et al. 2016). Recent theoretical
works that considered the balance between epi-
dermal and inner cells showed that the final organ
shape and size rely on the presence of a stiff epi-
dermis that is limiting for growth (Boudon et al.
2015). Meanwhile, experimental evidence suggests
that the levels of brassinosteroid phytohormones
in the epidermis determine wall stiffness (Wolf
et al. 2012) and organ size (Savaldi-Goldstein
et al. 2007).

In the present study, we investigated how
restriction by the epidermal layer affects the robust-
ness of organ shape. Using mechanical modeling, we
showed that a proper mechanical restriction by the
tensile epidermal layer is necessary for consistent
organ shaping. Epidermal restriction averages varia-
tions in cellular growth, which may otherwise
self-amplify. The role of epidermal restriction in shape
robustness is applicable to a wide range of plant

organogenesis processes.
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RESULTS

Computational framework for modeling organ
shapes
We developed a two-dimensional (2D) computational
model. As illustrated in Figure 1A, a typical vascular
plant organ includes outer cell walls, epidermal cells,
and inner cells from the outside to the inside. In our
modeling system, we used a vertex model to simulate
the growth and division of epidermal cells and inner
cells (Figure 1B). Since it has been well known that the
outer wall of an epidermal cell is much thicker than its
inner wall and the wall of inner cells in plant organs
like shoot apical meristem (Kierzkowski et al. 2012)
and leaf (Onoda et al. 2015; Zhao et al. 2020), the
outer cell walls of epidermal cells were assigned
springs three times stiffer than those representing
inner walls. The shape of a cell is described by a set of
vertices that represent the common point of two or
more neighboring cells. Cellular interfaces and cell
volumes (cell volume is simplified as area in 2D model)
can be defined from the positions of the vertices.
Cell expansion is driven by turgor pressure, and the
balance between turgor pressure and wall resistance
determines the cell size. Growth of a cell is reinforced
along the minimum stress direction, while the cell division
plane is oriented along the maximum stress direction
(Uyttewaal et al. 2012; Louveaux et al. 2016) (Figure 1C).
In our model, the cell growth is achieved by increasing
the natural lengths of the wall springs associated
with the growing cell, and the cell division is orientated
along the direction of maximal tensile stress according to
experimental results (Louveaux et al. 2016). Our modeling
framework is solved numerically with the energy mini-
mization method which allows convenient simulations of
different cell division modes (Figure 1D).

Proper epidermal constraints ensure organ shape
anisotropy

To analyze the relationship between organ shape de-
velopment and epidermal restriction, we investigated a
series of conditions with the restrictive effect of the
epidermal layer applied at different levels. We first an-
alyzed the effect of epidermal restriction on anisotropic
organ shape maintenance, which is commonly seen in
nature. We simulated organs with different levels of
shape anisotropy, which were represented by different
initial aspect ratios for the long axis over the short axis
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Figure 1. Schematic diagram of model

(A) Plant tissue structure. From the outside to the inside are the outer cell wall, epidermal cells, and inner cells.
(B) Plant tissue is simplified into a vertex model. Epidermal cells and inner cells are represented by polygons. The
stiffness of outer cell walls was set greater than that of inner cell walls, which was reflected by different wall
thicknesses. (C) Schematic for polarized cell growth via cellular stress. A cell sustains mechanical stresses derived
from the turgor pressure of its inside (outward light green arrows) as well as neighboring cells (inward light
green arrows). The cell growth is promoted in the direction orthogonal to the maximal stress. When the cell
volume (cell area in 2D) reaches a threshold, cell division occurs along the direction of maximal stress. Calculated
maximal tensile stress are shown as red arrows with the length proportional to the intensity of stress. The
differential cell growth in different directions are shown as blue arrows. The orientation of cell division is shown

as a red dotted line. (D) Modeling framework for numerical simulation.

(insets in Figure 2A, D, and G). We first started simu-
lations with an elliptical organ with an aspect ratio of 1.2
(Figure 2A-C, initial shape shown in the inset). With
proper epidermal restriction, as seen in normal plants
(Kutschera and Niklas 2007), the organ shape was
smooth and elongated after growth (Figure 2A). The
outermost inner cells tended to divide anticlinally, in
which the division planes (white outlines) are perpen-
dicular to the epidermal layer and organ surface. A
partial reduction in epidermal restriction through the
removal of the outer cell wall of the epidermal layer
(Figure 2B) eliminated mechanical resistance and led
to an organ with a twisted boundary. Nevertheless,
the majority of cell division planes (white outlines
in Figure 2B) of the outermost inner cells were still
perpendicular to the epidermal layer; this outcome may
reflect tensile force from the epidermal cells dictating
the direction of cellular growth, such that cells prefer-
entially grow and divide perpendicularly. Finally, the
entire epidermal layer was removed to fully abolish the
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epidermal restriction (Figure 2C). In this case, the ori-
entations of the division planes in several outer layers of
inner cells were significantly altered which is parallel to
the organ surface, although the organ shape was less
twisted. The final shape and division pattern are con-
sistent with the in planta observations (Figure 5K, L).
Thus, with no epidermis, the direction of maximum
tensile stress of the outermost cells may change, which
leads to further alterations in the cell division orientation
from anticlinal to periclinal. Moreover, the organ shape
becomes even less anisotropic than its initial state with
the abolishment of entire epidermis (Figure 2C), in-
dicating that the epidermal restriction is required for
anisotropic organ shape formation. Together, our sim-
ulation results show the importance of epidermal re-
striction on organ shape stability and anisotropy.

We further analyzed additional initial organ shapes,
including a less anisotropic organ shape with an initial
aspect ratio of 1.1 (Figure 2D—F). Similar trends were ob-
served with proper and completely eliminated epidermal
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Figure 2. Effects of different types of epidermal constraints on plant tissue development

The three rows show simulations starting from two ellipses with different oval contours (A, D) and a rectangle
(G), and each column represents a different type of epidermal constraint. Column | (A, D, G) represent a normal
epidermal layer, depicted as a solid line, such that the outermost (epidermal) cells are subjected to tensile forces
from the outer cell wall. Column II (B, E, H) represents a partially eliminated epidermal layer, depicted as a dotted
line; there is no outer cell wall, but the outermost (epidermal) cells are forced to peripherally grow and periclinal
divide. In column 1l (C, F, 1), the epidermal layer is completely eliminated; there is no outer cell wall, and
the outermost cells (which perhaps cannot be called epidermal cells) grow and divide in the same manner as

inner cells.

restriction (Figure 2D, F). However, partially eliminated
epidermal layers (Figure 2E) led to the final shape be-
coming less anisotropic than its initial state (Figure 2D),
indicating that the proper epidermal restriction is required
for anisotropic organ shape formation, especially the
shape with a small initial aspect ratio.

To examine whether the epidermis can smooth out
extreme protrusions of the plant surface, we computed

December 2020 | Volume 62 | Issue 12 | 1853-1867

organ development starting from initial shape of a
rectangular with an aspect ratio of 1.7. As shown in
Figure 2G, despite the strong anisotropy, mechanical re-
striction evened out the shape angles, resulting in a
smoothly developed organ. In contrast, partial removal
(Figure 2H) or complete removal (Figure 21) of the epi-
dermal restriction led to a grown organ with angles,
suggesting reduced robustness in shape formation.
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Epidermal constraints eliminate growth noise the distribution and shape of cells, resulting in highly
The above simulation results highlight that organ shape  robust final shapes (column | in Figure 3). When the
robustness requires epidermal restriction. To test this epidermal restriction was partially removed (column II
relationship more directly, we introduced cell growth in Figure 3), the final shapes could be highly variable
perturbations, which are an inherent feature of real (compare the values of shape variability be-
cells. To mimic cell growth stochasticity, we started with ~ tween Figure 3G and H). Thus, the cell growth sto-
an elliptical shape of the same aspect ratio but randomly ~ chasticity can be amplified without sufficient epi-
divided the inner tissues into the same number of cells in dermal restriction. On the other hand, when the
each independent replicate (Figure 3). epidermal restriction was fully removed (column IlI

With proper epidermal restriction, we found that in Figure 3), the final shapes lost the original shape
the final shape was insensitive to initial variations in polarity and degenerated into circles. Collectively, the
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Figure 3. Role of epidermal constraints in eliminating the growth noise generated by the inner tissue

In the first (A—C) and second (D-F) rows, the simulations start with an initial ellipse tissue with the same contour
and cell number but slight differences in the distribution and shape of cells between each row. Each column
illustrates a different type of epidermal constraint (as described in Figure 2). The third row show superimposed
outlines of organ shapes from multiple simulations with full (G), partial (H) or no (1) epidermal restriction.
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simulation results strongly support the ability of the
epidermal layer to normalize internal tissue growth
randomness, leading to both reproducible and aniso-
tropic organ shapes.

Reduced organ shape robustness in atml1 pdf2 plants
To experimentally test the predicted roles of the ep-
idermal layer on organ morphogenesis, we used atml1
pdf2 double mutant plants (Abe et al. 2003). Both
ATML1 (Arabidopsis thaliana MERISTEM LAYER 1) and
PDF2 (PROTODERMAL FACTOR 2) are specifically ex-
pressed in the epidermal cell layer and redundantly
define the epidermal fate. By scanning electron mi-
croscopy (SEM), we observed that the epidermal cells
do not properly develop in atml1 pdf2 mutant leaves
(Figure 4A-C). The pavement cells lose the jigsaw
puzzle-like shapes which is typical in the epidermis of
wild-type leaves (Figure 4B, left), and become into
long rectangle shapes (Figure 4B, right). Moreover,
the adhesion of neighboring pavement cells is largely
compromised in atml1 pdf2 and results in many cracks
throughout the entire leaf (Figure 4B, C), indicating

Zhou et al.

that the epidermal restriction is reduced to the level
not sufficient to resist inner-tissue growth. This cell
adhesion defect in atml1 pdf2 epidermis is consistent
with the fact that ATML1 is required for cuticle for-
mation and outer cell wall integrity maintenance
(Ingram and Nawrath 2017). Thus, the mechanical
properties of epidermis are likely to be altered in atml1
pdf2 leaves.

To examine the mechanical properties of epi-
dermal layers in wild-type and mutant leaves, we
performed atomic force microscopy (AFM) to directly
measure the elastic modulus of the outer walls in
epidermal cells. Atomic force microscopy-based mi-
cromechanical approaches have been demonstrated
as important assessments to the mechanical proper-
ties of plant tissue at a cellular resolution (Milani et al.
2013; Routier-Kierzkowska and Smith 2013; Vogler
et al. 2015). It was revealed that the elastic modulus is
dramatically reduced in the pavement cells of atml
pdf2 leaves compared with the one in the wild type,
reflecting a decrease in outer cell wall stiffness
(Figure 4D-F). Based on the morphology and
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Figure 4. atml1 pdf2 double mutant displays reduced epidermal restriction and stiffness in leaves

(A-C) SEM images of adaxial leaf phenotypes in Col (A) and atml1-1 pdf2-1 (C). The morphology of leaf pavement
cells of Col (highlighted by blue dashed line) and atmli-1 pdf2-1 (highlighted by red dashed line) are shown in (B).
Note that the leaf epidermis of atmli-1 pdf2-1 is distributed by cracks from pavement cell separation (B, right).
Scale bars are indicated as dotted lines. (D-F) Three-dimensional rendering of adaxial leaf epidermal cell top-
ography overlaid by elasticity obtained by AFM in Col (D) and atmli-1 pdf2-1 (F). Note that different scales of
elastic modulus are used. Quantification of elastic modulus of epidermis obtained by AFM in Col (n = 6 leaves
from 6 individual plants) and atmi1-1 pdf2-1 (n=7 leaves from 7 individual plants) leaves are shown in (E). Values

are mean + SD. **P < 0.01 by student's t-test.
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mechanical defects, atml1 pdf2 mutant provides an
ideal model system with a reduced epidermal con-
straint to test our simulation results.

Consistent with previous reports, we observed
widespread developmental defects in atml1 pdf2 shoot
organs, with many abnormal and irregularly shaped
organs. Furthermore, the abnormal organ shapes
were highly variable (Figures sA-C, S1A-F). We sec-
tioned wild-type and atml1 pdf2 mature leaves to an-
alyze the variations in leaf shape. Whereas wild-type
leaves had a consistently flattened laminar shape
(Figure 5D), atml1 pdf2 leaves were often substantially
thicker and of variable shapes with disordered cell
organization (Figure 5E, F). Quantification of shape
variability in multiple wild-type and mutant leaves
further indicated that the epidermal constraints
confer the organ shape robustness in both transverse
and horizontal directions (Figures 5G-I, S1G-I). Since
the patterns of leaf polarity genes do not change in
atml1 pdf2 leaves (Ogawa et al. 2015), we reasoned
that the leaf phenotypes are largely due to the al-
teration in epidermal mechanical properties.

To analyze cell division patterns, we combined
physical and optical tissue sectioning with FB28
staining (for cellulose-containing structures) to
identify new cell walls derived from recent cell di-
visions (Figure S2). By analyzing cells from different
sections along the proximal-distal axis in the fourth
youngest leaves (P,), we found that most inner cell
divisions were perpendicular to the mediolateral
axis in wild-type leaves (Figure 5J). On the other
hand, epidermal cell division was always perpen-
dicular to the outer surface in wild-type leaves
(Figure 5J). The cell division patterns were sub-
stantially different and more randomized in atmli
pdf2 leaves, with more cell divisions parallel to the
organ surface in both the outermost layer (sup-
posed epidermis in mutants) and inner tissue
(Figure 5K, L). Taken together, atml1 pdf2 plants are
unable to maintain robust and anisotropic leaf
growth, and the highly variable organ shapes with
randomized cell division patterns in these plants are
consistent with the simulation results.

Effect of heterogeneous epidermal tensile resistance
on organ shape development

Previous atomic force microscopy measurements
showed that the Young's modulus, which describes

www.jipb.net

tensile elasticity, of the epidermal walls can undergo
spatiotemporal changes (Peaucelle et al. 2011, 2015;
Qi et al. 2017). It is generally assumed that differences
in elasticity correlate with wall extensibility that af-
fects cell expansion and organ growth. Tensile elas-
ticity is measured by tensile resistance strength in
our model. We therefore tested if variations in epi-
dermal wall tensile resistance strength regulate
organ shapes.

To examine how a heterogeneous epidermal re-
sistance strength affecting an initial isotropic shape,
we first simulated a circular organ with differences in
epidermal tensile resistance strength. Specifically, if
half of the epidermal layer had lower tensile resist-
ance strength (soft) than the other half (stiff), the
resulting organs always exhibited greater expansion
on the soft side, leading to an anisotropic growth
(Figure 6A-C). This growth pattern is independent of
the relative locations of the soft and stiff parts in the
epidermal layer. We next examined how a hetero-
geneous epidermal tensile resistance affecting an
initial anisotropic shape (Figure 6D-F). We also in-
troduced low anisotropy and started with an initial
ellipse with an aspect ratio of 1.1. When the soft re-
gion spanned one-quarter of the epidermal wall, the
final organ had a gourd-like shape (Figure 6D). When
the epidermal wall had alternating soft and stiff re-
gions (Figure 6E inset), the anisotropy of the final
shape was more pronounced (Figure 6E). Finally,
when one-quarter of the epidermal wall had higher
stiffness, the final organ had a bottom convex and
top concave shape (Figure 6F), which was similar to a
natural flattened leaf as shown in Figure 5J. There-
fore, the heterogeneity in tensile resistance of the
epidermal walls may provide the source of organ
shape variety.

Sensitivity to parameters

In order to analyze model robustness, we performed
sensitivity analysis on parameters. We changed the
parameters individually, re-simulated, and checked if
and how these changes would affect the final shapes.
Other parameters were based on values given in
Section Implementation. The effect of a 10% increase
or 10% decrease of parameters (including turgor
pressure p, wall spring constant k,,, cell area threshold
Agiv and cell growth rate r) on the variability of shapes
is shown in Figure S3. Neither a 10% increase nor 10%

December 2020 | Volume 62 | Issue 12 | 1853-1867
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Figure 5. Defective mechanical properties of epidermis lead to reduced leaf shape robustness

(A—C) Seedling phenotypes of 15-d-old Col with normal flattened cotyledons and true leaves (A) and atml-1 pdf2-1
mutants with rod-like (red arrowheads) and fused (black arrowheads) leaves due to compromised epidermis devel-
opment (B-C). (D-F) Semi-thin transverse sections showing the cellular organization in Col (D) and atml1-1 pdf2-1 true
leaves (E, F). Note that dramatic organ deformations occur in atmli-1 pdf2-1 leaves. (G-) Superimposed outlines of
multiple individual true leaves from Col (G) and atmlt-1 pdf2-1 (1), showing the shape variability in the transverse direction.
Due to the bilateral symmetry nature of Col leaf, only the half outline of each leaf sample is shown. The median outlines
of leaf shapes are represented as blue and red line for Col and atmlt-1 pdf2-1, respectively. Quantification of leaf shape
variability in Col and atml1-1 pdf2-1 is shown in (H). Values are mean + SD. ***P < 0.001 by student's t-test. n = 23 for Col,
n = 26 for atmli-1 pdf2-1. (J) Cell division pattern in Col leaf primordium. The cell division planes are labeled white in
epidermal cells and green in inner cells. The medio-lateral axes of the leaf primordium are shown by the dashed lines/
arrows in blue. (K) Cell division pattern in atmli-1 pdf2-1 leaf primordium with a rod-like form. The cell division planes are
labeled green in all cells due to indistinguishable epidermal and inner cell identities. (L) Cell division pattern in atmi-1
pdf2-1 leaf primordium fused by several rod-like organs. Scale bars: 500 um in (A-C), 50 um in (G-1), and 10 um in (J-L).
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Figure 6. Organ shape variability with heterogenous epidermal tensile resistance strength

(A-C) In each example, the initial pattern comprises two approximately equal soft and stiff cell wall segments
around a circle. The orientation of the soft and stiff segments determines the preference of tissue growth. (D-F)
The initial patterns comprise two or four unequal soft and stiff cell wall segments around an ellipse. The different
patterns of epidermal elasticity result in different developed shapes. Blue dashed lines represent an outer cell
wall with low tensile resistance strength (soft), and red solid lines represent an outer cell wall with high tensile

resistance strength (stiff) (kjeq = 2kgie)-

decrease of all parameters led to a substantial devia-
tion of the variability value, suggesting that the small
variation of parameters does not affect the conclusion
of this paper.

DISCUSSION

Organ shape development is highly robust despite
variations in the levels of different molecules, such as
transcripts or proteins, in cells. While there has been
increasing focus on stochasticity and heterogeneity,
especially their roles in patterning, fairly little is known
about how shape robustness is achieved with these
variabilities. The present study takes advantage of
recent developments in mechanical modeling
approaches to investigate the impact of restriction
by the tensile epidermal layer on organ shape

robustness.

www.jipb.net

“Tensile skin” to maintain shape and to average noisy
cellular growth

Although cells are subunits in multicellular plant
forms, the existence of epidermis as the outermost
cell layer highly coordinates individual cell activities,
making the organism as a whole during morpho-
genesis. (Kaplan and Hagemann 1991; Kaplan 1992)
The “tensile skin” theory proposes that the epi-
dermis is a driving force of organ growth rate
(Kutschera and Niklas 2007). However, it is unclear
whether the epidermis contributes to aspects of
organ patterning other than size. In this study, we
show that the epidermis is essential for organ shape
maintenance. Without the sufficient epidermal re-
striction, organ shape is highly variable and more
isotropic, as observed in atmlt pdf2 mutant plants
(Figures 5, S1). Our computational modeling results
indicated that this regulation by the epidermis is
achieved at two levels.

December 2020 | Volume 62 | Issue 12 | 1853-1867
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First, proper epidermal restriction allows the
maintenance of existing organ shape asymmetry
(Figure 2). Without sufficient epidermal restriction, an
organ would exhibit isotropic growth, leading to a loss
of asymmetry or a reduced anisotropic level. Our
modeling results also showed that in terms of iso-
tropy, an optimal strength of epidermal restriction is
shape
(Figure S4). With an increased level of epidermal re-
striction, an organ may also exhibit isotropic growth

essential  for asymmetry  maintenance

accompanied by reduced growth rate, as the “tensile
skin” theory would predict.

Second, epidermal restriction averages variations
in cell growth, which is a widespread phenomenon
given that virtually every gene has stochastic ex-
pression. By introducing low levels of randomness in
cell growth, the computational modeling showed that
without epidermal restriction, stochasticity would lead
to large shape variations.

As cell growth represents a balance between epi-
dermal restriction and internal turgor pressure, these
two factors must be coordinated. Because the meas-
urement of turgor pressure remains technically chal-
lenging in most cell types, we assumed a uniform
turgor pressure in our models. When variations in
turgor pressure exist, as recently proposed (Robinson
and Kuhlemeier 2018), turgor difference may coor-
dinate with the epidermal layer to ensure organ shape
robustness.

The epidermis not only provides mechanical re-
striction to inner tissues, but also serves as a source of
signals  that
(Chickarmane et al. 2012; Knauer et al. 2013; Gruel
et al. 2016; Han et al. 2020). ATML1 and PDF2 are key
regulators of epidermal cell differentiation, and the

biochemical directs development

atmlt pdf2 mutants are expected to lose, at least
partially, both mechanical restriction and epidermis-
derived biochemical signals (Abe et al. 2001). In this
study, we were able to explain the observed organ
shape variation of atml1 pdf2 mutant plants by using
only the reduced mechanical restriction of epidermis.
The combination of theoretical and experimental
analyses showed that a reduction of mechanical re-
striction alone is sufficient to substantially reduce
organ shape robustness. Nevertheless, we do not
exclude unidentified contributions from biochemical
signals on organ shape robustness. Notably, Arabi-
dopsis adaxial/abaxial patterning mutants also exhibit

December 2020 | Volume 62 | Issue 12 | 1853-1867

reduced organ shape asymmetry as in atml1 pdf2
(McConnell et al. 2001; Emery et al. 2003). However,
the expression patterns of adaxial/abaxial identity
genes, like PHB and FIL, remain unchanged in atmli
pdf2 leaves (Ogawa et al. 2015). This may indicate that
the variable leaf shapes in atml1 pdf2 are not due to
altered leaf polarity, which is different from adaxial/
abaxial patterning mutants.

Varying mechanical properties of the epidermis may
explain organ shape asymmetry establishment

The development of functional organs requires a
certain level of asymmetry accompanied by cell
specification for specialized biological functions.
Moreover, organ and tissue shaping requires gene
regulators and cellular effectors. Upstream gene
regulators, such as transcription factors, signal
transduction components, and hormones, divide an
organ into domains to form the initial patterns.
Downstream cellular effectors translate fate deci-
sions into physical shapes. Essential cellular ma-
chinery components are often utilized for this
purpose and can lead to mechanical forces, as
previously proposed (Keller 2012).

Extensive studies over the years have identified a
large number of upstream gene regulators. Among
others, we have identified initial morphogens for em-
bryogenesis asymmetry breaking and leaf asymmetry
patterning (Ueda and Laux 2012; Du et al. 2018). On the
other hand, we know little about how patterns of
morphogens can be translated into physical shape
asymmetry. Our simulation showed that an epidermis
with uneven mechanical properties could induce aniso-
tropic tissue growth to establish organ asymmetry
(Figure 6). In general, inner cells are less constrained by
softer epidermal regions, allowing greater tissue de-
formation. Conversely, stiffer epidermal regions have a
stronger restrictive effect on inner cell growth. Tissue-
scale mechanics could therefore increase the complexity
of growth anisotropy. Nevertheless, heterogeneous me-
chanical properties can lead to heterogeneous growth,
which is clearly an essential factor for physical shaping
(Ali et al. 2014; Sampathkumar et al. 2014; Hamant 2017).
During Arabidopsis and tomato leaf formation, a tissues-
scale mechanical heterogeneity of cell walls, mediated by
methyl-esterification modifications of pectin, is critical to
the anisotropic growth and organ shape asymmetry
(Qi et al. 2017).
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METHODS

Hamiltonian

We defined the system's Hamiltonian H by summing
up Hamiltonian H. of N individual cells making up the
2D shape

H= ZN H, (1)

c=1

Cell Hamiltonians were used to describe the dif-
ferent energy compartments in the system, that is,
turgor pressure and cell wall elastic deformation. For
cell ¢, the potential energy was described by the fol-
lowing Hamiltonian:

c / i ’
He = —pA. + %Z:‘ﬂ kc,i’-c,i[% - 1] (2)

C,i

where p is turgor pressure, A. is the area of cell c.
ke,i = 1/2k,, for a segment of inner cell walls (the
factor 1/2 comes from the fact that inner walls are
shared by two contiguous cells in our vertex model)
and k.; = 3k, for a segment of outer cell walls of
epidermal cells. k,, defines the spring constant of the
inner cell wall per unit length. Note that with this
convention the outer epidermal cell walls are three-
times stiffer than inner walls (shared by two cells). L.,
i=1,2,, n, is the rest length of each wall segment
of cell ¢, /; is the actual length of cell wall segment i.
The first term on the right side of the above equation
accounts for the driving force of growth derived from
turgor pressure. The second term represents elastic
energy in cell walls.

The total energy of the system is a function of the
coordinates of all vertices, thus the forces applied to
vertex k can be derived from the following formula

OoH
o= Gof) =5 3)

where r, = (x4, y,) is the vector of coordinates of
vertex k.

Stress of a cell

A cell is subjected to local stress exerted by sur-
rounding cells. The following equations define stress
tensor S; on cell i by calculating the force at every
vertex as the energy's gradient f, = —V H and
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interpolating the force at two vertices linearly along
the edge between them (Alim et al. 2012):

& fxi xf + in+1 Xi+1 fX,‘ Xi+1 + fx‘-+1xi
Sexx = Z +

' i=1 3AC 6IAC
Sty Y f Y T RN
Seyy = Z 3A + oA
i=1 ¢ ¢
ne fxiy,- + fy[ Xi + mey’-_‘_1 + +fyw Xit1
SCer = 2521 6A
C
fxl-yi+1 + fyl.xl'+1 + fxiﬂyi + +fy|,+1xl'
+ (4)
12A,

where x and y are a cell's vertex coordinates, and A,
denotes the cell's area. The direction e (unit vector)
that maximizes the stress can be defined as

e'Sce = max{u'Su}jy)= (5)

Mechanical equilibrium

Cell positions and shapes of a leaf are determined by the
mechanical equilibrium of all vertices. This is achieved by
minimizing the total energy of all cells in the system:

r;;ki}nH({rk}) (6)

where H is defined by Equations (1) and (2). {r} rep-
resents the set containing all vertices.

Modeling cell growth

In our model, cell growth is achieved by increasing the
natural lengths of the wall springs associated with the
growing cell, simulating biosynthesis of new wall
materials and plastic wall deformation (Rudge and
Haseloff 2005):

ad _ 2 [ )
— = AL, A =r[1 — n(s1))],
dt ! 7

wherer is the cell growth rate, § = (cos6,, sin6,) is the
unit direction of maximum stress of the cell, and I is
the unit direction of the walls. n € [0,1] represents the
strength of the stress feedback on cell growth and
division orientations. With 7 = o, there is no stress
feedback and cells exhibit isotropic growth. With 7 = 1,
walls aligned closely perpendicular to the direction of
maximum tensile stress § exhibit mostly growth.
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Modeling cell division

In our model, cell division is achieved by a straight line
(new cell wall) going through the centroid of the cell.
The new cell wall aligns in the direction of the max-
imum stress of the cell.

Implementation

The initial shape input to the model was usually a
Voronoi diagram. Each polygon represents a cell.
Typically, the Voronoi diagram was generated by
randomly and uniformly distributed points within a
specific boundary. During simulations, we used the
following parameters (in arbitrary units): turgor
pressure p = 1, wall spring constant k, = 10, growth
constant 4 = 0.5, and cell area threshold Ay, = 2.75.
All simulations performed seven time steps. The en-
ergy was minimized using the largescale algorithm,
implemented by the fmincon function provided by the
MATLAB Optimization Toolbox.

Plant materials and growth conditions

Arabidopsis thaliana ecotype Col-o plants were germi-
nated on Murashige and Skoog agar plates (1/2xMS
salts, 0.8% agar, 1% sucrose, pH = 5.8) under 8 h light and
16 h darkness for 15 d. The phenotypes of wild-type and
mutant plants were observed using a Zeiss Discovery
V20 stereomicroscope. The genotyping of the atmlt-1
pdf2-1 mutant was performed as previously described
(Ogawa et al. 2015) with a modified ML1-F1 primer to
improve PCR efficiency. The following gene-specific
primers were used for amplification: ML1-F1 (5'-CATC
ATCATATGTTCGATATGACGCCG-3') and ML1-3N (5'-GTT
TTGGAGCTACAGGGATCCAGA-3’) for ATML1 and PDF2-F1
(5-GATCAGTGCCTTGAAGGAAA-3') and PDF2-R2 (5'-CTG
TTGTCGACATTGTTGTC3) for PDF1. The primers used
for detecting T-DNA were ML1-F1 and JL202
(5’-CATTTTATAATAACGCTGCGGACATCTAC3') for atmlt-1
and PDF2-F1 and JL202 for pdf2-1.

Atomic force microscopy

The procedure of AFM was performed as previously de-
scribed (Qi et al. 2017). For material preparation, leaves
were detached from 15-d-old wild-type and atmli1-1 pdf2-1
mutant seedlings. A small area without trichome in the
middle part of the leaf was further dissected with a sy-
ringe tip and pasted onto a Petri dish. The measurement
was carried out with the samples under water at room

temperature. Data were analyzed with Nanoscope
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Analysis software (version 1.8). We neglected outlier data
obtained by AFM. Outliers are defined as elements more
than two standard deviations from the mean.

Scanning electron microscopy

In material preparation for SEM, the oldest true leaf
was collected from each 15-day-old wild-type seedling.
As to atmli-1 pdf2-1 mutant in which the phyllotaxis is
completely irregular, the largest true leaf in size was
collected from each mutant plant. Leaves were fixed in
pure methanol for 15 min and then dehydrated in 100%
ethanol for 30 min at room temperature. After one
change of 100% ethanol, the tissues were stored in 100%
ethanol overnight at room temperature. Tissues were
dried with CO, in a critical point drier and coated with
gold in a sputter coater. Tissues were imaged using a
Hitachi S-3000N variable pressure scanning electron
microscope at an accelerating voltage of 5kV.

Agarose gel sectioning and microscopy

Agarose gel sectioning was performed as previously
described (Skopelitis et al. 2017) with minor mod-
ifications. Briefly, older Arabidopsis leaf primordia and
cotyledons were removed, and the seedlings were col-
lected into freshly prepared fixative solution (4% paraf-
ormaldehyde and 0.015% Tween-20 in 1X PBS, pH = 7.0).
Vacuum infiltration at —0.075 MPa (550 mm Hg) was
performed twice for 10 min each time. Tissues were
washed three times (10 min per wash) in 1x PBS and
embedded into 6% low-melting agarose (Promega).
Transverse sections (40 um) were obtained using a
VT1000S vibratome (Leica).

To examine the cell division patterns, the sections
were stained with 0.01% Fluorescent Brightener 28 (FB28)
in 1x PBS for 20 min in darkness for cell wall labeling,
followed by three washes (5 min per wash) in 1x PBS.
Sections were mounted in 90% glycerol in 1x PBS and
imaged using a Nikon At confocal laser scanning micro-
scope. To detect FB28 staining, a 405 nm laser line was
used for excitation, and emission was collected at 425—

475 nm.

Semi-thin sectioning

The oldest true leaves of Col-0 and atml1-1 pdf2-1 were
fixed in FAA solution under vacuum for 3 X 10 min at —
0.075 MPa then maintained in fresh FAA solution
overnight at 4°C. After dehydration in an ethanol
series to 100% ethanol, tissues were embedded using
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the SPI low viscosity Spurr's kit (SPI Supplies). Sec-
tions (2um) were obtained using a Leica RM 2265
rotary microtome and stained with 1% toluidine blue in
water supplemented with 1% sodium tetraborate at
65°C for 20-30 min. Sections were mounted in 50%
glycerol for optical microscopy with an Olympus BX60
microscope equipped with a Nikon DS-Ri1 camera.

Leaf shape robustness analysis

The first pair of true leaves were detached from each
15-d-old Col wild-type seedling. As to atmi1-1 pdf2-1 mutant
plant in which the phyllotaxis is completely irregular, the
largest true leaf in size was chosen. For shape robustness
analysis in the horizontal direction, leaves were laid flat
and photographed using a Zeiss Discovery V20 stereo-
microscope. For shape robustness analysis in the trans-
verse direction, leaves were embedded in agarose gel
followed by sectioning along the adaxial-abaxial axis. The
sections were stained with FB28 and photographed using
a Nikon A1 confocal laser scanning microscope. For the
leaf shape recognition and measurement, we use matlab
to binarize the image and get the contour of all the
leaves. For the average shape of blade, we standardize all
polygons (leaves shape) and then overlap them, and
ensure that the centroids of polygons coincide and the
major axes of ellipse fitted by polygons coincide. We take
the boundary of the area region with more than half of
the number of samples overlapped as the average shape.
Shape variability (SV) of leaf i from average shape is de-
fined as follows:

Ai U Aze — AN Age

SV, = 8
' Ai Y Aave ( )

where A; is the area enclosed by leaf i outline, A,y is
the area of average shape. Operators U and N repre-
sent Union and intersection respectively.
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Additional Supporting Information may be found online in
the supporting information tab for this article: http://
onlinelibrary.wiley.com/doi/10.1111/jipb.12998/suppinfo
Figure S1. Leaf shape robustness is dramatically
reduced in atmli-1 pdf2-1

(A) Seeding phenotype of 15-d-old Col showing normal
leaf morphologies. (B-F) Seeding phenotypes of 15-d-
old atmlt-1 pdf2-1 showing highly variable leaf mor-
phologies. Scale bars: 500 pum. (G-1) Superimposed
outlines of multiple individual true leaves from Col (G)
and atml1-1 pdf2-1 (1), showing the shape variability in
the horizontal direction. The median outlines of leaf
shapes are represented as blue and red lines for Col
and atml1-1 pdf2-1, respectively. Quantification of leaf
shape variability in Col and atml1-1 pdf2-1 is shown in
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(H). Values are mean =+ SD. ***P < 0.001 by student's
t-test. n=52 for Col, n=68 for atmli-1 pdf2-1.

Figure S2. Identification of newly formed cell walls in
Arabidopsis leaf primordium

(A) Agarose-gel cross section of P4 after staining with
FB28 dye which specifically associates with cellulose and
polysaccharides in cell walls. (B) Magnification of the inset
in (A). The new cell walls have weaker staining than the
old cell walls because of less FB28 deposition. (C)
Measurement of FB28 fluorescence intensity in the new
cell walls and old cell walls along the arrow in (B). (D)
Heat map of (B), which clearly shows the difference in
FB28 fluorescence intensity between new and old cell
walls. Scale bars: 10 um in (A); 5 um in (B) and (D).
Figure S3. Sensitivity to key parameters

The effect of a 10% increase or 10% decrease of four in-
dicated parameters on the variability of simulation out-
puts is shown for each of three situations: full epidermis
restriction (A); partial epidermis restriction (B); no epi-
dermis restriction (C). Data represent mean + SE from 10
independent replicates.

Figure S4. Comparison of plant tissue development
with varying epidermal constraint (spring constant of
outer cell wall) strength levels

For all the simulations shown, the initial tissue
was rectangular in shape (the same as Figure 2G).
Decreasing tensile resistance strength leads to
unstable tissue growth (compare A with B), and
increasing tensile resistance strength significantly

inhibits or even terminates tissue growth (compare
C with B).
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