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SUMMARY

The epidermis of aerial plant organs is thought to be
limiting for growth, because it acts as a continuous
load-bearing layer, resisting tension. Leaf epidermis
contains jigsaw puzzle piece-shaped pavement cells
whose shape has been proposed to be a result of
subcellular variations in expansion rate that induce
local buckling events. Paradoxically, such local
compressive buckling should not occur given the
tensile stresses across the epidermis. Using compu-
tational modeling, we show that the simplest sce-
nario to explain pavement cell shapes within an
epidermis under tension must involve mechanical
wall heterogeneities across and along the anticlinal
pavement cell walls between adjacent cells.
Combining genetics, atomic force microscopy, and
immunolabeling, we demonstrate that contiguous
cell walls indeed exhibit hybrid mechanochemical
properties. Such biochemical wall heterogeneities
precede wall bending. Altogether, this provides a
possible mechanism for the generation of complex
plant cell shapes.

INTRODUCTION

Because epidermis and epithelia are usually mechanically

limiting for growth, they are essential for shaping organisms

(Bai et al., 2010; Dyson et al., 2014; Kutschera and Niklas,

2007; Marcotrigiano, 2010; Savaldi-Goldstein and Chory,

2008; Savaldi-Goldstein et al., 2007; Swarup et al., 2005).

Epidermal layers also display the intrinsic heterogeneity of the

composing cells. In plants, adjacent cells within the epidermis
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can grow with various rates and directions (Elsner et al., 2012;

Uyttewaal et al., 2012). Growth heterogeneity has also been

proposed to occur at a subcellular scale. In particular, the pres-

ence of jigsaw-puzzle-shaped cells in certain types of plant

epidermis has been proposed to rely on subcellular variations

in expansion rate, inducing local buckling events (Fu et al.,

2002, 2005). More specifically, the growth in these cells is asso-

ciated with a stereotypical cytoskeleton pattern: cortical micro-

tubules converge in the neck regions (indentations) and further

mechanically reinforce the cell wall via the guided deposition of

stiff cellulose microfibrils, thus locally restricting growth, while

actin filaments accumulate on the opposite side, where a lobe

is forming (Armour et al., 2015; Fu et al., 2002; Sampathkumar

et al., 2014). This multi-polar pattern is governed by small Rho

guanosine triphosphatases (ROP for Rho of Plants), which

also display a polar distribution: ROP6, via ROP-INTERACTIVE

CRIB MOTIF-CONTAINING PROTEIN 1 (RIC1) and katanin ac-

tivity, promotes the formation of the dense network of microtu-

bules in the necks, while ROP2, via RIC4, organizes the network

of actin filaments in the lobes (Fu et al., 2005; Lin et al., 2013).

While our understanding of the molecular players involved in

the formation of these multi-polar cells is quite advanced, one

is left with a mechanical paradox. To some extent, the actin-en-

riched lobes have been compared with the tips of root hairs or

pollen tubes, suggesting that cells would push each other.

The presence of strong tensile stresses in the entire epidermis

(Kutschera and Niklas, 2007; Sampathkumar et al., 2014)

should, however, hinder such buckling events (Sampathkumar

et al., 2014).

Here we revisit this question, taking the viewpoint of the

cell wall, and explore the possibility that such a cell shape

emerges from locally established cell wall properties while being

constantly under tension. Pavement cells are surrounded by

periclinal (parallel to the leaf surface) and anticlinal (perpendic-

ular to the leaf surface) walls. The role of periclinal cell walls in

maintaining cell shape is already well documented and involves
vier Inc.
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Figure 1. Cell Wall Composition Controls

Pavement Cell Shape Definition

Representative confocal microscopy images (A)

and cell shape properties (B and C) of pavement

cells in the third leaf of 2-week-old Arabidopsis

wild-types and 16mutants deficient in a wide array

of cell wall components (Key Resources Table;

see Figure S1 for method). Scale bar in (A) repre-

sents 20 mm. Lobe number (B) and circularity (C) of

each cell were measured in an automated way to

characterize the shape of fully developed pave-

ment cells similar in cell area to Col-0 (Figure S1).

Statistics were performed using ANOVA and Tu-

key’s test. Means ± SE are shown, with n values

displayed on the bars. *p < 0.05; **p < 0.01;

***p < 0.001.
a response of cortical microtubules to tension in the outer wall

(Sampathkumar et al., 2014). The exact mechanical contribu-

tions of the anticlinal cell walls, consisting of two primary cell

walls of neighboring cells with the middle lamella in between,

which glues adjacent pavement cells together, still remain

elusive. The primary cell wall contains a network of intercon-

nected cellulose microfibrils and a matrix composed of hemicel-

luloses, pectins and structural proteins, while the middle lamella

primarily contains pectins (Cosgrove, 2005, 2014). The exact

contribution of these different components in determining me-

chanical properties and final cell shape is the subject ofmany de-

bates (Bidhendi andGeitmann, 2016; Cosgrove, 2016). Cellulose

microfibrils are the stiffest and the most inert component of the
Developmenta
primary cell wall and are thus thought to

play a load-bearing role: their orientation

creates mechanical anisotropy in the

wall, which in turn restricts cell expansion

in the microfibril direction (Baskin, 2005;

Cosgrove, 2005, 2014, 2016; Geitmann

and Ortega, 2009; Probine and Preston,

1962). The matrix, which is a dynamic

component of cell walls, determines their

overall mechanical behavior via its prop-

erties and interactions with cellulose mi-

crofibrils (Chanliaud et al., 2002; Fang

and Catchmark, 2015; McCartney et al.,

2000; Mikshina et al., 2015; Peaucelle

et al., 2011; Ulvskov et al., 2005).

Since cell walls play an important role

in controlling cell morphogenesis, we

wanted to understand their role in gener-

ating wavy cell contours in the presence

of tensile stress. To do so, we character-

ized pavement cell shape defects in

different cell wall-deficient mutants. We

generated computational models of anti-

clinal walls in pavement cells to showhow

in principle structural wall heterogeneities

can initiate wavy cell contours in the pres-

ence of tension. We then validated our

model by measuring cell wall mechanical

heterogeneities using atomic force mi-
croscopy (AFM) and by revealing asymmetric distribution of

various cell wall components by electron microscopy.

RESULTS

Wavy Cell Contours Depend on Cell Wall Composition
Cell wall biosynthesis and remodeling-related mutants display a

wide array of defects in Arabidopsis thaliana development. To

quantify the impact of these mutations on the contours of the

pavement cells, we studied the cell geometry of 16 selected

mutants (Figure 1A). The interdigitated shape of the pavement

cells was quantitatively analyzed by measuring the anticlinal

cell wall outlines, using a semi-automated method (Figure S1A).
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As expected, cell areas varied among the wild-type and

different cell wall mutants (Figure S1D), which might influence

the measurement of cell circularity and lobing of the pavement

cells. Thus, we selected mutant cells whose area was similar to

fully developed cells in the wild-type for analysis of circularity

and lobe number (Figures S1E, 1B, and 1C). Strikingly, the

pavement cells of many analyzed cell wall-defective mutants

such as gal10-1, mur3-1, xxt1/xxt2, xxt1/xxt2/xxt5, kor1-1, and

qua1-1 displayed cell geometry defects with increased circu-

larity, which corresponded to decreased interdigitation. We

also noticed that the mur1-2 mutant displayed an increase in

lobe number, which did not influence the circularity of its pave-

ment cells. Moreover, the 35S::GALS-YFP line showed a

decrease in pavement cell circularity, without affecting lobe

number, which suggests a positive effect of galactan on lobe

formation (Figures 1B and 1C). Altogether, this analysis demon-

strates that the formation of interdigitation in pavement cells in-

volves an active contribution of cell wall remodeling and

synthesis.

Wall-like Materials Bend Independently of a Buckling
Process
Early in their development, epidermal pavement cells are

isodiametric and display straight cell walls, before forming

wavy contours later on (e.g., Fu et al., 2002). We used a

computational approach to address whether lobe formation

requires local heterogeneous mechanical properties estab-

lished earlier in initially straight anticlinal cell wall segments

of epidermal pavement cells. Mechanical buckling is known

to bend thin geometrical structures under compressive

forces, and this phenomenon is also reported to occur in

plant tissues (Dumais, 2007; Green, 1999; Shipman and New-

ell, 2004). To understand whether buckling might cause

pavement cell interdigitation, we tested the influence of

compression and tension on the bending process in cell walls
Figure 2. Model of Epidermal Anticlinal Cell Wall Waving under Tensio

(A–D) Fine element modeling (Key Resources Table) of initially straight segmen

(B and D) composites (weaker, blue; stronger, red)shows they display different be

acting along the long axis [red arrows]). The uniaxial compressive forces caused

mechanical equilibrium) (A). Uniaxial compression of the material (consisting of

stronger layer on the convex side (red) (B). While tensional uniaxial loads did not

geneous composite materials (consisting of two layers displaying different elasti

(E–G) Finite element model presenting elastic deformation at equilibrium (final sta

wireframe shows initial position of the walls. The red arrows show the direction

forces, effectively realizing symmetry boundary conditions. Extension of anticlin

under stretching loads remain straight (E). Material heterogeneity introduced alo

with sections of weaker material (blue): stretching deforms both section types in d

walls, where the order of elastically stronger (red) andweaker (blue) layers is altern

on the inner side of composite cell walls bend outward, simulating potential initia

bend inward into the cell, simulating potential initiation of future necks. Different s

The anticlinal walls were built of staggered regions of elastically stronger (red) an

from 4 to 7 (G).

(H) Different mechanical properties across the cell wall width (cell wall consis

deformation under tensional forces.

(I) Graph presenting the relation between the bending deformation and elastic

properties across the walls (absolute stiffness values are changed from 50 kPa [

(J) Graph presenting the relation between bending deformation and relative ela

constant at 100 kPa.

(K and L) Effect of turgor pressure on the curving of the wall. Behavior of heter

pressure acting on both sides of the wall. The turgor pressure did not affect the be

the weak part of the material (red).
with and without heterogeneous mechanical properties. To

do so, we introduced a finite element methods (FEM) model

implementing material inhomogeneity of initially straight sec-

tions, which bend under compressive or tensional loads. We

demonstrated that buckling leads to bending of homoge-

neous wall-like structures and requires compressive forces

(Figure 2A). We then introduced local wall inhomogeneities

composed of elastically stronger and weaker layers, whose

order in consecutive sections was switched alternately along

and across the wall. Compressive forces in the presence of

inhomogeneities produced bending with the elastically stron-

ger layer on the convex side. The direction of the deformation

was reversed in the adjacent section, where the layer order

was switched (Figure 2B). Next we tested the influence of

tensional forces onthe bending behavior of homogeneous

and heterogeneous walls. Homogeneous walls did not bend

under tensional forces (Figure 2C). In the case of heteroge-

neous walls, bending was present but the direction of the

bending was altered in comparison with compressive loads.

This time the elastically stronger layer was on the concave

side (Figure 2D). Therefore, these simulations indicate that

the tensional forces previously described in the Arabidopsis

leaf (Sampathkumar et al., 2014) and implemented in our

model (Figure 2D) can cause a bending of anticlinal cell walls,

in a manner different from that of the compression-driven

buckling process (Figure 2B), and presents a possible mech-

anism explaining the bending of heterogeneous cell wall un-

der tensional forces.

Dual Heterogeneity of Anticlinal Cell Walls Generates
Bending under Tensional Forces
To integrate the role of anticlinal wall mechanical heterogene-

ities in the generation of interdigitation under tension, we built

an FEM model of complete cell anticlinal walls. Since tensional

forces act on the organ level (Sampathkumar et al., 2014), we
n

ts (black frames) consisting of homogeneous (A and C) and heterogeneous

nding under compressive (A and B) and under tensional (C and D) forces (both

buckling of homogeneous materials (bending related to the instability of the

two layers characterized by different elasticity) led to bending, with elastically

lead to bending of homogeneous walls (C) they did cause bending of hetero-

city), with the elastically stronger layer on the concave side (red) (D).

te of the simulation) of the anticlinal walls of the initially square ‘‘cell.’’ The black

of loading forces, while the opposite wall ends are fixed in the direction of the

al cell walls assuming homogeneous material throughout the walls: the walls

ng the walls where elastically stronger sections of material (red) are staggered

ifferent proportions but the walls remain straight (F). Extension of anticlinal cell

ated in sections along the wall length: the regions where the strongermaterial is

tion of future lobes. The regions where the weaker material is on the inner side

izes of local cell wall inhomogeneities along the cell wall modify lobe amplitude.

d weaker (blue) material. The number of staggered sections varied in each wall

ted of elastically weaker [blue] and stronger [red] segments) led to bending

modulus for 10% (blue line) and 20% (red line) differences in the mechanical

40 kPa for weak part] to 500 kPa [400 kPa for weak part]).

sticity difference (from 0% to 60%). The elasticity of the hard part was kept

ogeneous wall segments without (K) and with (L) application of 1 MPa turgor

nding but did have a slight effect of compressing the wall, particularly visible for
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assumed symmetry boundary conditions, which allowed us to

treat a single cell simulation as a part of larger multicellular

model. During bending under tension, the tension comes

from both sides of the composite wall, which, however, extend

to a different degree despite being under the same tensional

force. This might be a topological consequence of accommo-

dating juxtaposed cell walls that extend to different lengths

when their elastic deformation reaches equilibrium. To illus-

trate the precise differences in the elasticity of composite

wall sections, we used a linear elastic material model. The

model geometry consisted of an initially square-shaped

‘‘cell’’ containing anticlinal walls subjected to stretching loads,

as described in turgid tissues (Sampathkumar et al., 2014) (Fig-

ures 2E–2G). First, we analyzed the deformation of the walls

containing homogeneous mechanical properties (Figure 2E)

and did not observe any change in wall curvature. Next, we

built a model of walls containing alternating sections of elasti-

cally stronger and weaker material along the wall (Figure 2F),

and still did not detect any bending. We then introduced com-

posite walls, built from two layers of material with different

elasticity across the wall section, whereby only a slight

bending of the wall was observed (Figure 2H). Finally, hetero-

geneity of the cell wall mechanical properties along and across

the cell wall with stronger material alternated between the inner

and outer sides of each cell wall was analyzed. Such a hetero-

geneous composition led to a waving curvature in the walls

(Figure 2G). Moreover, we demonstrated that the period and

amplitude of the ‘‘lobes’’ were dependent on the size of the

local cell wall mechanical heterogeneities (Figure 2G). This

suggests that the heterogeneous material composition along

and across anticlinal cell walls might actively participate in

puzzle-like cell shape acquisition. Overall, these simulations

indicate that mechanical heterogeneity across the cell wall

thickness, present in alternating segments along the cell wall,

can be sufficient to initiate the interdigitated shape of pave-

ment cells in an epidermis under tension. To demonstrate

how the elastic modulus of specified wall zones influences

bending capacity of the wall, we analyzed in more detail the

single wall segment of the composite wall with alternated order

of elastically weaker and stronger material. We tested the ef-

fect of elasticity differences (10% and 20%) while varying the

elastic modulus and observed that the deformation decreased

with increasing elastic modulus values (Figure 2I). The bending

deformation increased with increasing relative elasticity differ-

ence between the parts (Figure 2J). Thus, we conclude that

lowering the elastic modulus favors the bending behavior of

the wall. Additional simulations demonstrated that turgor pres-
Figure 3. Quantification Method for Stiffness Analysis across the Cell

(A) Drawing illustrating different cell wall regions measured along curved (yellow)

(B) AFM image taken as a representative example to explain in detail how the for

elastic modulus Ea are brighter). The white rectangles indicate different ROIs (reg

walls (positions 1–18) (the same image as in Figure 4G).

(C) Table presenting stiffness measurement averages, SE, and number of sampl

(D) Graph presenting stiffness in convex (x) and concave (e) regions along the w

(E) AFM image presenting the cell wall stiffness with indicated convex and concave

points were n = 184 for the convex side and n = 207 for the concave side.

(F) Distribution of stiffness measured in convex and concave cell wall regions de

(G) Graph presenting the normal distribution of stiffness measured between con
sure did not have an essential role in the lobing process (Fig-

ures 2K and 2L).

Differences inMechanical Properties along theCellWall
Perimeter Revealed by AFM
Because neighboring pavement cells display alternating geomet-

rical patterns formed by lobe and neck regions, the connecting

anticlinal walls shift from a curved to a straight conformation.

Moreover, within the curved zone of the cell walls, the concave

side (facing the lobe of the cell) and the convex side (facing the

neck of the neighboring cell) can be defined (Figure 3A). To test

the importance of the cell wall within cell shape determination,

we first analyzed the mechanical properties of the contiguous

anticlinal walls at a subcellular resolution by using AFM on ultra-

thin paradermal sections of fully developed epidermal cells from

Arabidopsis third leaf. To access anticlinal cell walls we fixed

and embedded the sections in resin, which inevitably modified

the native mechanical properties of cell walls. However, such a

treatment performed at a tissue scale does not change relative

stiffness within a sample, as shown in other studies (Matsko

and Mueller, 2004). AFM images were taken and used to quantify

the stiffness within the regions of interest (ROIs) as depicted in

Figures 3 and S2. ROIs were placed consecutively along and

across the cell walls as depicted in Figures 3B and S2A. The stiff-

ness was measured at multiple points in each ROI (Figures 3C,

3D, S2B, and S2C). Detailed analysis of stiffness measurements

for two ROIs is presented in Figures 3E–3G and S2D–S2F.

Remarkably, the mechanical properties of the cell walls were

found to be heterogeneous along the perimeter of the pavement

cells in wild-type leaves (Figures 4A–4C and 4L; Table S1A). This

heterogeneity could be correlated to cell wall shape: the straight

regions of the anticlinal cell walls were softer than the adjacent

curved regions (Figures 4B, 4C, and 4L; Table S1A). To validate

the correlation between wall stiffness heterogeneity and cell

wall shape, we next analyzed amutant in which the interdigitation

pattern is abolished. Here we used the constitutively active rop2

(CA-rop2) mutant line in which interdigitation is almost absent

(Fu et al., 2002; Li et al., 2001). AFManalysis revealed that theme-

chanical properties of straight anticlinal cell walls in fully devel-

oped epidermal pavement cells of the CA-rop2 mutant were

significantly more homogeneous than those of the wild-type (Fig-

ures 4D–4F and 4L; Table S1B). Note that the measurements are

relative and dependent on individual samples. However, the alter-

nating stiffness pattern was constant along the cell perimeter in

different samples (Table S1A). Thus, heterogeneities in cell wall

properties along the cell perimeter are correlated with the pres-

ence of wavy cell contours.
Wall

and straight (white) and across convex (x) and concave (e) cell wall regions.

ces were quantified (Key Resources Table) (stiffer places with higher apparent

ions of interest) quantified in convex (x) and concave (e) regions along the cell

es (n) at different ROIs shown in (B).

alls (1–18) measured in different ROIs shown in (B).

regions (used to extract force curves for F andG). The number of quantification

picted in (E).

vex and concave cell wall regions depicted in (E).
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Figure 4. Mechanical Properties Are Heterogeneous across the Wall and along Its Perimeter

(A and B) Representative AFM images of anticlinal pavement cell walls in the wild-type (A) and at higher resolution (B).White square in (A) representsmagnification

shown in (B).

(C and F) Graphic representation of stiffness (apparent elastic modulus Ea) quantification along straight and curved parts of the cell walls in wild-type depicted in

(B) (C) and along straight cell walls in CA-rop2 mutant depicted in (E) (F). The numbers in (F) correspond to the measured positions depicted in (E).

(D and E) AFM images of CA-rop2 mutant (D) and at higher resolution (E). White square in (D) represents magnification shown in (E).

(G and H) Representative high-resolution AFM images of anticlinal pavement cell walls of the wild-type in the curved (G) and straight (H) zones.

(I) Graphic representation of stiffness quantification across the curved and straight cell walls in the wild-type depicted in (G) and (H).

(J) Representative high-resolution AFM image of straight cell walls inthe CA-rop2 mutant.

(K) Graphic representation of stiffness quantification across the straight cell walls inthe CA-rop2 mutant depicted in (J).

(L) Table presenting the average stiffness differences detected between various cell wall regions (see indicated frequencies), SE, frequency of curved or concave

cell wall regions being stiffer (f), and total number of AFM images measured (n) (see Table S1 presenting the values of individual samples).

The letters A and B in (H) to (K) correspond to sides of the cell wall where stiffness was measured. Measured forces were significantly different between various

cell wall zones in the wild-type and in CA-rop2. Error bars correspond to ±SE. Statistical significance was tested by Student’s t test (***p < 0.001). In the AFM

images, stiffer places with higher Ea are brighter.
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Heterogeneities in Mechanical Properties across the
Cell Wall
Next, high-resolution AFM analyses were performed on ultrathin

paradermal sections across cell walls in fully developed

epidermal pavement cells. A detailed examination of mechanical

properties across the wall was performed by quantifying the stiff-

ness within the concave or convex cell wall zones (see Figures 3

and S2 for the method). The distribution of force measurements

correlated with their localization within the cell wall in different

ROIs shown in Figures 3B and S2A, revealing a stiffness gradient

across the contiguous cell wall of the wild-type, with the concave

side being stiffer than the contiguous convex side (Figures 4G, 4I,

and 4L; Table S1C). However, a stiffness gradient could also be

detected across the straight region (Figures 4H, 4I, and 4L; Table

S1D). Interestingly, only minor mechanical heterogeneities were

detected across the cell walls in fully developed pavement cells

of the CA-rop2 mutant with straight anticlinal cell walls (Figures

4J–L and Table S1E). Overall, these data are consistent with our

model’s assumption: contiguous walls between adjacent cells

display alternating mechanical heterogeneities both along their

wall perimeter and across their wall width in cells producing

curved walls under tension (Figures 2D and 2G), while this was

not the case for the CA-rop2 mutant with straight walls (Figures

2C and 2E). Note that the measurements are relative and depen-

dent on individual samples, and the differences in stiffness vary

between different samples (Tables S1C–S1E). Such variability

might be related to the stage of the pavement cells’ development

or different ages of neighboring cells influencing the cell walls’

stiffness and their capacity to bend. However, the alternating stiff-

ness detected across the cell walls in the wild-type was constant

in different samples. To confirm that such mechanical gradients

are specific to contiguous walls that lobe, we analyzed forces

across the anticlinal cell walls of non-lobing root atrichoblast cells

(Figures S3A–S3C), in different ROIs shown in Figure S3D. In

agreement with our model’s assumption, only minor mechanical

heterogeneities were found across these straight anticlinal cell

walls, which seemed randomly distributed (Figures S3E–S3H).

Polar Distribution of Galactan and Arabinan Pectin
Components
Mechanical heterogeneities were detected along and across the

anticlinal cell walls in fully developed interdigitated epidermal
Figure 5. Distribution of Low and High Methylesterified Homogalactu

Cell Walls

Immunogold labeling of cell wall epitopes in pavement cells in the wild-type (A–D

Resources Table). Representative TEM images and graphs presenting the dist

methylesterified homogalacturonan epitopes (JIM7), in curved (A and B and G an

wild-type and straight cell walls in theCA-rop2mutant (E and F and K and L, respe

(L) = 24. Representative TEM images presenting polar distribution of (1,4)-b-D-gal

and their distribution close to the plasma membranes in straight cell walls in the w

images present distribution of (1,5)-a-L-arabinan (LM6) epitopes in curved (S) and

cell walls of the CA-rop2 mutant (W). Statistical quantification of gold particle dis

convex, middle, and concave; in the straight parts: close to the plasmamembrane

and straight (P) cell wall zones in the wild-type and straight cell walls in theCA-rop

(V) cell wall zones in the wild-type and straight cell walls inCA-rop2mutant (X). Val

gold particle counts in different zones, sum of all zones = 100%. Number of ima

represents 0.5 mm. Indicated quantifications of gold particle distribution were sig

rop2. Density of different cell wall epitopes between curved and straight cell wall z

was tested by Student’s t test (*p < 0.05; **p < 0.01; ***p < 0.001).

298 Developmental Cell 43, 290–304, November 6, 2017
pavement cells of the wild-type (Figure 4). Given the mechanical

heterogeneities, similar inhomogeneity might also be present in

the cell wall component distributions. To investigate the subpar-

ietal distribution of different primary cell wall components, we

performed immunocytochemistry on ultrathin sections and

analyzed the localization of various epitopes of matrix polysac-

charides and cellulose via transmission electron microscopy

(TEM) in Arabidopsis wild-type and CA-rop2 mutant third leaf

pavement cells (Key Resources Table). To maximize the effi-

ciency and scale of the analysis, we generated an automated

quantitative method for gold particle detection (Figure S4). This

allowed us to determine the distribution of the epitopes within

the different cell wall regions (Figures 5 and S5).

While some of the analyzed epitopes were homogeneously

distributed across the cell wall (Figure S5), low methylesterified

homogalacturonan epitopes (detected by the JIM5 antibody)

were present near the middle lamella, in both the wild-type and

theCA-rop2mutant (Figures 5A–5F). Highmethylesterified homo-

galacturonan epitopes (detected by JIM7) were similarly distrib-

uted in the wild-type (Figures 5G–5J) and were less abundant

and homogeneously distributed in CA-rop2 (Figures 5K and 5L).

Among seven different wall epitopes we tested (Key Resources

Table), two displayed a distinct polar localization across the

curved part of the wall in the wild-type: (1,4)-b-D-galactan epi-

topes (detected by LM5 antibody) and (1,5)-a-L-arabinan (de-

tected by LM6) were mainly localized at the convex (neck) side

of the cell wall and rarely observed on the concave (lobe) side

(Figures 5M, 5N, 5S, and 5T). (1,4)-b-D-Galactan epitopes were

also heterogeneously distributed across the straight cell wall in

the wild-type and in the CA-rop2 mutant, being preferentially

present in close proximity to both plasma membranes (Figures

5O–5R), while the density of these epitopes was lower in

the mutant in comparison with the wild-type. Epitopes of (1,5)-

a-L-arabinan also displayed heterogeneous distribution across

the straight regions, but unlike the (1,4)-b-D-galactan epitopes

they were more concentrated near the middle lamella in the

wild-type (Figures 5U and 5V), and were homogeneously distrib-

uted in straight regions of cell wall in the CA-rop2mutant (Figures

5W and 5X). Intriguingly, the crystalline cellulose epitopes them-

selves were homogeneously distributed (Figures S5M–S5R), indi-

cating that their repartition per se is not essential for the lobing

process, whereas their orientation and degree of interaction
ronans, (1,4)-b-D-Galactans, and (1,5)-a-L-Arabinans in Pavement

, G–J, M–P, S–V) and in the CA-rop2 mutant (E, F, K, L, Q, R, W, and X) (Key

ribution of low methylesterified homogalacturonan epitopes (JIM5) and high

d H, respectively) and straight (C and D and I and J, respectively) cell walls in

ctively). Number of images analyzed: (B) = 24; (D) = 48; (F) = 15; (H) = 31; (J) = 55;

actan (LM5) epitopes at the convex side in curved cell walls in the wild-type (M),

ild-type (O) and in straight cell walls in the CA-rop2mutant (Q). Representative

straight (U) cell walls in the wild-type and homogeneous distribution in straight

tribution across the cell wall in different cell wall regions (in the curved parts:

s [PM] and in the middle): distribution of LM5 recognized epitopes in curved (N)

2mutant (R). Distribution of LM6 recognized epitopes in curved (T) and straight

ues in (B), (D), (F), (H), (J), (L), (N), (P), (R), (T), (V), and (X) represent percentage of

ges analyzed: (N) = 55; (P) = 56; (R) = 28; (T) = 50; (V) = 59; (X) = 16. Scale bar

nificantly different between different cell wall zones in the wild-type and in CA-

ones in the wild-type (Y). Error bars correspond to ±SE. Statistical significance



(legend on next page)
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with other cell wall components might be. This, however, is tech-

nically difficult to assess. Density analysis of gold particles within

straight and curved cell wall regions in wild-type revealed higher

density of (1,4)-b-D-galactan epitopes in the straight cell wall

zones (Figure 5Y).

Note that similar heterogeneities in cell wall component distri-

bution could be detected in another species: we analyzed the

epidermis in camphor tree (Cinnamonum camphora), an early

diverging angiosperm plant. Both (1,4)-b-D-galactan and (1,5)-

a-L-arabinan epitopes displayed a similar polar localization in

the curved regions (Figures S6A and S6C) but not in the straight

parts of the cell walls (Figures S6B and S6D), while fucosylated

xyloglucan epitopes were distributed uniformly in the curved

and straight zones of the cell walls (Figures S6E and S6F). Alto-

gether, these results are consistent with the presence a mecha-

nochemical asymmetry across the cell wall of wavy pavement

cells in plants.

Mechanochemical Polarization of Anticlinal Cell Walls
Appears before Lobe Formation
So far, our results are consistent with a model in which jigsaw-

puzzle cell shapes require mechanical and structural heteroge-

neities along and across anticlinal walls. Yet our model infers

that such heterogeneities should also precede lobing. To test

this prediction, we analyzed cell wall mechanochemical proper-

ties before bending occurs. In young leaves, the presence of

meristemoids with stereotypical cell division patterns (Robinson

et al., 2011) and cell shapes provides the opportunity to predict

the position of a wall bending event before it occurs (Figure 6A).

At such positions, we analyzed the mechanical properties along

and across the straight or early bending cell walls in the wild-

type. Remarkably, before wall bending was visible a mechanical

heterogeneity was detected along the anticlinal wall in the wild-

type, being softer in themiddle part where the lobewill develop in

the future and stiffer on the two sides closer to the corners (Fig-

ures 6A–6F). This suggests that the initiation of the lobing pro-

cess might require a local softening of the cell wall. These data

are in direct correlation with our in silico prediction showing

that the bending deformation occurs more easily for softer wall

zones (Figure 2I). By quantifying the stiffness on each side of

cell walls that are yet to lobe (Figures 6G–6M), heterogeneous

mechanical properties were also found to be present across
Figure 6. Mechanical Properties of Non-lobed Cells

(A, B, and D) Representative AFM image of anticlinal pavement cell walls in expand

cell walls) (A). White squares in (A) represent magnifications shown in (B) and (D). (B

square in (D) represents magnification shown in (F).

(C) Graphic representation of stiffness (apparent elastic modulus Ea) quantificatio

(E) Graphic representation of stiffness quantified along cell walls in the wild-type

(F and G) High-resolution image taken as a representative example to explain in de

in D).White square in (F) representsmagnification shown in (G). The white rectangl

1–9) (G).

(H) Table presenting averages, SE, and number of quantification points (n) for sti

(I) Graph presenting stiffness on two sides A and B along the cell walls (positions

(J) AFM image with black rectangles indicating the position where samples were

(K) and (L).

(K) Graph presenting the distribution of stiffness measured in convex and conca

(L) Graph presenting the normal distribution of stiffness measured between two

(M) Graph presenting the stiffness measured on two sides A and B of the walls d

Indicated measured forces were significantly different between various cell wall zo

tested by Student’s t test (*p < 0.05; ***p < 0.001). In the AFM images, stiffer pla
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straight or early bending cell walls, being stiffer at the future

concave side (younger cell side) and softer at the future convex

side (older cell side) of the wall in the wild-type (Figure 6M). Our

hypothesis is that the stiffness gradient precedes lobing, being

already present across straight cell walls while deformation is

not yet visible. However, the range of stiffness needed to initiate

the bending process remains difficult to address and cannot be

resolved using methods analyzing only a single time point.

To further explore whether the structural heterogeneities are

also generated before lobing occurs, we performed immunogold

labeling on straight cell walls of the wild-type and CA-rop2

mutant at this early developmental stage. In wild-type the occur-

rence of galactan, arabinan, and low methylesterified homoga-

lacturonan epitopes varied along the perimeter of the straight

cell walls, being significantly more abundant in the middle cell

wall zone where bending will develop and form a curved wall,

while fucosylated xyloglucan was less abundant in this zone (Fig-

ures 7 and S7). In contrast, the CA-rop2 mutant had less galac-

tan, arabinan, low methylesterified homogalacturonan, and fu-

cosylated xyloglucan signals in the middle zones than in the

corner regions of cell walls (Figures 7 and S7). The narrow width

of the cell walls made the investigation of the epitopes’ relative

distributions across the walls unfeasible.

Observations in the wild-type indicate that mechanical hetero-

geneities are present along cell walls, being softer in the middle

part where the lobe will develop, and these differences also

occur across straight walls between younger and older cells

before the lobing process is initiated. Our results also demon-

strate that anticlinal cell walls modify their composition along

their perimeter in a strikingly different way in the wild-type and

CA-rop2mutant, showing that wavy cell contours involve exten-

sive control of wall mechanochemical asymmetries.

DISCUSSION

By analyzing mutants with a wide range of defects related to ma-

jor cell wall components, we first showed that even minor alter-

ations in the cell wall composition lead to severe defects in the

geometry of the leaf pavement cells. A computational modeling

approach suggested that mechanical heterogeneity along and

across the anticlinal cell wall is needed to initiate the interdigi-

tated shape of pavement cells in an epidermis that is under
ing epidermis of young leaves in wild-type (white rectangles indicate quantified

and D) AFM images of the cell walls in the wild-type at higher resolution. White

n along cell walls depicted in (B).

depicted in D.

tail how the forces were quantified across the cell walls (same sample as image

es indicate ROIs quantified on two sides, A and B, along the cell walls (positions

ffness measured in different ROIs shown in (G).

1–9) measured in different ROIs shown in (G).

taken in zone A (n = 182) and zone B (n = 169), used to quantify stiffness for

ve cell wall regions depicted in (J).

cell wall regions depicted in (J).

epicted in (J).

nes in the wild-type. Error bars correspond to ±SE. Statistical significance was

ces with higher Ea are brighter.



Figure 7. Distribution of Matrix Polysaccharides along Straight

Cell Walls

(A and B) Representative TEM images presenting distribution of (1,4)-b-D-

galactan epitopes (LM5) in the wild-type (A) and in the CA-rop2 mutant (B).

Scale bar represents 0.5 mm.

(C and D) Statistical quantification of gold particle distribution along the

straight cell walls in the wild-type (C) and the CA-rop2 mutant (D). Values

represent percentage of gold particles in different cell wall subdomains, all

gold particles counted = 100%. Number of images analyzed: (C) = 20; (D) = 24.

Indicated quantifications of gold particle distribution showed significantly

increased number of gold particles in the middle zone of the cell wall in the

wild-type. Error bars correspond to ±SE. Statistical significance was tested by

Student’s t test (*p < 0.05; ***p < 0.001).
tension. Such heterogeneities were detected by AFM in straight

cell walls prior to and at a very early stage of lobe formation. In

addition, the direction of bending from themechanically stronger

toward the mechanically weaker cell wall domain, as predicted

by the model, was confirmed by AFM in anticlinal walls at the

very early stage of wall lobing. We detected lower elastic

modulus in the cell wall side facing the younger cell prior to

lobe formation, which corresponds to the future concave side.

Moreover, these heterogeneous mechanical properties were

related to differential distribution of specific components such

as low methylesterified homogalacturonan, (1,4)-b-D-galactan,

and (1,5)-a-L-arabinan, suggesting that these components

could actively modulate wall elasticity and pointing to these epi-

topes as contributing to the observed cell wall weakening.

Furthermore, we demonstrated that mechanical heterogeneities

as well as altered distributions of cell wall components precede

wall bending. Observations in older leaves, where the lobes were

already present, also demonstrated a correlation between the

abundance of (1,4)-b-D-galactan and (1,5)-a-L-arabinan at the

mechanically weaker concave sites at the lobes as well as at

the mechanically weaker straight wall segments, where cell

wall expansion likely continues after lobe emergence.

It is well known that pectins have an impact on the mechanics

of the cell wall (Dick-Pérez et al., 2011; Dyson et al., 2012; Park

and Cosgrove, 2012; Peaucelle et al., 2011, 2015), and cell wall

stiffness likely depends on the relation between pectin and cel-

lulose, cellulose/pectin composites being strongly influenced

by pectin conformation (Agoda-Tandjawa et al., 2012). Recently,

pectin-derived mechanical heterogeneities were found to under-

lie polar (Palin and Geitmann, 2012) and anisotropic growth

(Peaucelle et al., 2015). Mechanistically, it remains to be investi-

gated whether and how pectins trigger the observed mechanical

heterogeneities. Our results show that straight cell walls display

local weakening on the future lobe side, which corresponds to

increased concentration of low methylesterified homogalactur-

onan, (1,4)-b-D-galactan, and (1,5)-a-L-arabinan epitopes. Ho-

mogalacturonan methylesterification level and pattern are

thought to also play a role in regulating cell wall properties,

notably by formation of calcium-mediated crosslinks (resulting

in stiffer walls) (Derbyshire et al., 2007; Ross et al., 2011; Sied-

lecka et al., 2007) and by determining sites and pH environment

for homogalacturonan degradation (resulting in softer walls) (Ha

et al., 2005; Jarvis, 1992; Parre and Geitmann, 2005). Accumula-

tion of (1,4)-b-D-galactan epitopes near the necks could be ex-

plained by several factors. First, galactan epitopes are enriched

at the proximity of the plasma membrane where new wall

material is deposited. Moreover, tensile stresses are thought

to be highest in the peripheral cell wall regions under strain

(McCartney et al., 2000), suggesting that such asymmetric distri-

bution may depend on stress levels across cell walls. In partic-

ular, we found that (1,4)-b-D-galactans are associated with

decreased mechanical stiffness; arguably, this could be due to

their water-retaining viscoelastic character (Ha et al., 2005;

McCartney et al., 2000). Galactan and arabinan display high dy-

namicity andmodulate primary cell wall microenvironments (Ulv-

skov et al., 2005) during hydrous fluctuations and fast cell wall

deformations (Ha et al., 2005; MacDougall et al., 1997; Ryden

et al., 2000). Cell wall bending in pavement cells may indeed

be consistent with such local environments.
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Altogether, our model and data show that the dynamics and

hybrid mechanochemical nature of plant walls might contribute

to generating wavy cell contours in the absence of compression.

Our results also prove that contiguous cells retain a large level of

control over their cell walls, adding another layer of complexity to

their mechanics and chemistry. Because such mechanochem-

ical polarity likely exists in other tissues, this finding may very

well have fundamental implications for cell polarity in plants in

general.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d CONTACT FOR REAGENT AND RESOURCE SHARING

d EXPERIMENTAL MODEL AND SUBJECT DETAILS
B Arabidopsis thaliana

B Cinnamonum camphora

d METHOD DETAILS

B Atomic Force Microscopy

B Resin Embedding and Sectioning

B Immunolocalization for Electron Microscopy

B Confocal Microscopy Image Acquisition

B Automated TEM Image Analysis

B Cell Shape Analysis

B Finite Element Model Simulation

d QUANTIFICATION AND STATISTICAL ANALYSIS

SUPPLEMENTAL INFORMATION

Supplemental Information includes seven figures and one table and can be

found with this article online at https://doi.org/10.1016/j.devcel.2017.10.017.

AUTHOR CONTRIBUTIONS

M.M., B.Z.-M., E.J.M., and S.R. initiated the work. M.M., P.G., E.J.M., and S.R.

designed the experiments. M.M. carried out most of the biological experi-

ments. I.M.S. designed the software for automated gold particle detection

and performed the quantification analysis with the assistance of M.M. T.V.

developed the confocal image data analysis. P.G. acquired confocal images

and performed their analysis with the assistance of T.V. H.J. and P.K. per-

formed the computational model. P.G., O.H., and P.M. assisted M.M. in the

AFM analysis. P.G. and C.V. assisted M.M. in the TEM analysis. M.M., P.G.,

and S.R. wrote the manuscript. All authors revised the manuscript.

ACKNOWLEDGMENTS

We thank the many researchers who kindly provided us with published Arabi-

dopsis lines, and we acknowledge theArabidopsisBiological Resource Center

and the Nottingham Arabidopsis Stock Center for distributing seeds. We

gratefully acknowledge Grégory Mouille, J€urgen Kleine-Vehn, and Siamsa

M. Doyle for helpful discussions and critical reading of the manuscript. The au-

thors acknowledge the access to and technical assistance of the Umeå Core
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Höfte, H. (2011). Pectin-induced changes in cell wall mechanics underlie organ

initiation in Arabidopsis. Curr. Biol. 21, 1720–1726.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal CCRC M1 CarboSource RRID: AB_CCRCM1

Mouse monoclonal CCRC M89 CarboSource RRID: AB_CCRCM89

Rat monoclonal JIM5 PlantProbes Cat#JIM5

Rat monoclonal JIM7 PlantProbes Cat#JIM7

Rat monoclonal LM5 PlantProbes Cat#LM5

Rat monoclonal LM6 PlantProbes Cat#LM6

Green Fluorescent Protein-CMB3 Nzytech 14021

EM Goat anti-Rat IgG: 10 nm Gold BBInternational EM.GAT

Goat anti-Rat IgG: 10 nm Gold TAAB GEM027

EM Goat anti-Mouse IgG: 10 nm Gold BBInternational RRID: AB_EM Goat

anti-Mouse IgG: 10 nm Gold

Goat anti-Mouse IgG (H+L): 10 nm Gold TAAB GEM025

Chemicals, Peptides, and Recombinant Proteins

Paraformaldehyde Sigma-Aldrich 158127

Glutaraldehyde Sigma-Aldrich G5882

Albumin from bovine serum (BSA) Sigma-Aldrich A2153

LRW resin, medium grade - catalyzed TAAB essentials for microscopy, England, UK L012

Propidium iodide Sigma-Aldrich P4170

Experimental Models: Organisms/Strains

Arabidopsis thaliana (Col-0) N/A N/A

Arabidopsis thaliana (WS) N/A N/A

CA-rop2 (Fu et al., 2002) N/A

gal10-1 (Sampedro et al., 2012) N/A

gals1 (Liwanag et al., 2012) N/A

35S::GALS-YFP (Liwanag et al., 2012) N/A

gsl8-2 (Chen et al., 2009) N/A

kor1-1 (Nicol et al., 1998) N/A

mur1-2 (Bonin et al., 1997) N/A

mur2-1 (Reiter et al., 1997) N/A

mur3-1 (Reiter et al., 1997) N/A

mur4-1 (Reiter et al., 1997) N/A

pom1-2 (Zhong et al., 2002) N/A

prc1-1 (Desnos et al., 1996) N/A

qua1-1 (Bouton et al., 2002) N/A

qua2-1 (Bouton et al., 2002) N/A

xxt1/xxt2 (Cavalier et al., 2008) N/A

xxt5 (Zabotina et al., 2008) N/A

xxt1/xxt2/xxt5 (Zabotina et al., 2012) N/A

Cinnamonum camphora University of Wroclaw N/A

Software and Algorithms

R https://www.r-project.org/ N/A

CellSet 1.5.1.0 https://www.cpib.ac.uk/tools-resources/software/cellset/ N/A

Matlab R2012b, The MathWorks https://mathworks.com/products/matlab.html N/A

Nanoscope version 8.15, Bruker https://www.bruker.com N/A

Abaqus (Dassault Systemes Simulia

Corp.) v6.12.

https://www.3ds.com/products-services/simulia/products/

abaqus/

N/A
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Stéphanie

Robert (stephanie.robert@slu.se).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Arabidopsis thaliana
Before sowing, Arabidopsis thaliana seeds were sterilized (2 mins in 70% EtOH with Tween20, replaced with 95% EtOH and left until

dry) and stratified at 4�C for 48 h for uniform germination. Seedlings were grown for 14 days at 22�C with 16 h of light per day on

vertical plates of growth medium containing 1/2MS and 1% sucrose (Fisher) at pH 5.6 with 0.7% agar (Duchefa Biochemie).

Epidermal pavement cells were analyzed on the adaxial side of the 3rd leaf (in order of appearance: cotyledons, leaf 1, leaf 2,

leaf 3), which were 6-8 mm long and 4-5 mm wide, from 14-day-old Arabidopsis plants as described in (Fu et al., 2002). For analysis

of non-lobed pavement cell in the wild type, the 5th leaf from 14-day-old Arabidopsis plants was used. The CA-rop2 mutant line

(Fu et al., 2002) was used in AFM and EM experiments. The pavement cell screen was performed on Arabidopsis lines: gal10-1 (Sam-

pedro et al., 2012); gals1, 35S::GALS-YFP (Liwanag et al., 2012); gsl8-2 (Chen et al., 2009); kor1-1 (Nicol et al., 1998);mur1-2 (Bonin

et al., 1997);mur2-1 (Reiter et al., 1997);mur3-1 (Reiter et al., 1997);mur4-1 (Reiter et al., 1997); pom1-2 (Zhong et al., 2002); prc1-1

(Desnos et al., 1996); qua1-1, qua2-1 (Bouton et al., 2002); xxt1/xxt2 (Cavalier et al., 2008); xxt5 (Zabotina et al., 2008); xxt1/xxt2/xxt5

(Zabotina et al., 2012). Columbia (Col-0) ecotype was used as wild-type control in seedling growth experiments, except for kor1-1

and qua1-1 (Wassilewskija (WS) ecotype) (Key Resources Table).

Cinnamonum camphora
Five-year-old camphor trees (Cinnamomum camphora, Lauraceae family) were cultivated in a greenhouse with non-controlled tem-

perature and lighting. Fully developed leaves were collected from five different trees. Epidermal pavement cells were analyzed on the

adaxial side of the leaf.

METHOD DETAILS

Atomic Force Microscopy
AFM indentation experiments were carried out with a Catalyst Bioscope (Bruker Nano Surface, Santa Barbara, CA), that was

mounted on an optical macroscope (MacroFluo, Leica) using the objectives 5x and 20x (Plano objective, Leica). To create an elastic

modulus map, PeakForce Quantitative Nanoscale Mechanical Characterization (QNM) AFMmode was used (Foster, 2012). A Nano-

scope V controller and Nanoscope software version 8.15 were utilized (Key Resources Table). All quantitative measurements were

performed using standard conical tips (ScanAsyst Air, Bruker, Inc.). The tip radius is given by the manufacturer to be between 2 nm

and 10 nm. The spring constant of cantilevers was measured using the thermal tuning method (Hutter and Bechhoefer, 1993; Maa-

loum and Lévy, 2002) and ranged from 0.3–0.7 N/m. The deflection sensitivity of the cantilevers was calibrated against clean silicon

Safire.Measurements weremade on leaf sections embedded in LRWhite (LRW) Resin (aromatic acrylic resinmixture; viscosity 8 cps)

(see below) at room temperature. The sample was then positioned on an XYmotorized stage and held by amagnetic clamp. Then, the

AFMheadwasmounted on the stage and an approximated positioningwith respect to the cantilever was done using the optical mac-

roscope. The elasticity of the sample (demonstrated on the images) was estimated using the DMTmodel (Derjaguin, Muller, Toropov

modulus (Derjaguin et al., 1975)), which estimates the contact area between the tip of the AFM cantilever and the sample (elastically

isotropic material) by quantifying the load forces and adhesion forces outside the contact area. Nanoscope software then converted

the elasticity measurements to an image where stiffer areas were represented by brighter pixels and more elastic areas by darker

pixels.

Resin Embedding and Sectioning
Leaf pieces (approx. 1 mm x 1 mm) were fixed in ice-cold fixation solution (4% Paraformaldehyde and 0.05% Glutaraldehyde dis-

solved in 100 mM phosphate buffer, pH 7.2) at 4�C overnight. The samples were washed 3 times for 10 min with 100 mM phosphate

buffer and embedded in LRW resin, medium grade - catalyzed (TAAB essentials for microscopy, England, UK) according to the man-

ufacturer’s instructions (Key Resources Table). Serial paradermal ultrathin sections (thickness of 50 - 70 nm) were prepared using an

ultramicrotome (RMC Power Tome & Reichert Ultracut Microtome) and mounted on formvar coated grids.

Immunolocalization for Electron Microscopy
Grids holding sample sections were incubated in blocking reagent (1% albumin from bovine serum (BSA) in Phosphate-buffered sa-

line (PBS), SIGMA-ALDRICH) for 30 minutes, then in primary antibodies (Key Resources Table, A to F) diluted 10 times in blocking

reagent for one hour, washed in PBS (10 min, 3 times), incubated in secondary antibodies (10 nm gold particles conjugated to goat

either anti-mouse IgG or anti-rat IgG) diluted 20 times in the blocking reagent (Key Resources Table), rinsed subsequently in blocking

reagent, in PBS and in dH2O (10 min, 6 times) and left to dry on filter paper (30 min). All these steps were carried out at room tem-

perature. For better visualization in EM, sections on the grids were incubatedwith 5%uranyl acetate in the dark for 15min, after which
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they were rinsed in dH2O and left to dry on filter paper. Grids with sections were imaged using an electron microscope (JEOL 1230

TEM, accelerating voltage 80 kV, with a Gatan MSC 600CW 2k x 2k CCD camera).

Confocal Microscopy Image Acquisition
For pavement cell shape analysis, the 3rd leaves of Arabidopsis were imaged on a confocal microscope (Zeiss LSM 780) after the

leaves had been fixed overnight in a solution of absolute ethanol and glacial acetic acid (9:1), rehydrated in descending ethanol con-

centrations (70%, 50%, 40%, 30%, 20%, 10%) and stored in 50%glycerol solution. Fixed leaves were treated with propidium iodide

(Sigma-Aldrich) for visualization of the cell outline. At least 5 leaves and 50 cells per leaf from the middle of the leaf blade were

analyzed from each line. The experiment was repeated three times.

Automated TEM Image Analysis
Plasma membrane borders were manually outlined using the software GIMP2.8.8 while gold particles within the cell wall were auto-

matically detected and analyzed through scripts in Matlab (R2012b, The MathWorks, Inc., Natick, Massachusetts, United States),

(Key Resources Table). The pixel size in each image was derived by manually marking the beginning and end of the scale bar and

providing the length as input. The midline in the cell wall was extracted by applying a watershed transform on a distance transform

calculated from the plasmamembrane borders. The local curvature was measured along the midline by fitting a polygon to points on

the midline 230 nm ahead of and behind the current midline point and calculating the curvature analytically for that polygon. The cur-

vature vector was smoothed using a median filter of length 5 and the wall region was divided into straight and convex regions based

on thresholding the curvature values on the midline. Suitable thresholds were chosen by visual assessment of several images and

then kept constant for all images. Regions of the wall corresponding to midline pixels too close to the image border to calculate local

curvature were excluded from the analysis. The numbers of pixels in the convex and straight regions, multiplied by the pixel size were

used as area estimates.

In order to compensate for different contrast and intensity levels in the micrographs, the intensities within the wall region were lin-

early stretched between the 0.05 and 99.95 percentile intensity values.

Gold particles were detected as small dark spots surrounded by bright pixels. The image was inverted and pixels whose intensity

was higher than 200 and at the same time had a local contrast of 60, calculated as the difference between the pixel intensity and the

15th darkest intensity value in a 5x5 neighborhood, were saved as potential gold particle pixels. Out of these potential gold particle

pixels, the pixels with intensity higher than 86%of the highest intensity or a local contrast higher than 100, were saved as gold particle

pixels. This marks pixels in small bright regions with dark surroundings. Out of these only the brightest pixel within a radius of 2 pixels

was kept as the center of a gold particle. The automatic gold detection results were visually assessed for each image and images

where the detection was deemed too poor (too many false positives or negatives) were discarded from the analysis.

The distance for each gold particle to the two plasma membranes was simply derived by extracting that position’s value in the two

distance transforms (DTs) calculated from the twomembranes respectively. The ratio was derived as the distance of the gold particle

from one side of the plasmamembrane divided by its total distance between both plasmamembranes. This ratio gave the position of

the gold particle expressed as a percentage. Then measurements were grouped into three groups according to how far the gold par-

ticle was located from one plasma membrane.

Cell Shape Analysis
Laser Scanning Confocal Microscope (LSCM) raw images were pre-processed in order to enhance cell wall signal using the following

ImageJ 1.49p (Schindelin et al., 2012; Schneider et al., 2012) functions: Subtract background and Enhance contrast. Images were

segmented using CellSeT (Pound et al., 2012) (Key Resources Table). Stomata were then filled with background. Area and Circularity

weremeasured for each cell using the Analyze particles function in ImageJ. A circularity value of 1.0 corresponds to a perfect circular

shape, while a smaller value indicates a relative level of interdigitation. Lobe number was estimated automatically using Skeletonize

function and the plugin Analyze Skeleton. Cell area values were log transformed to reduce skewness and compared using ANOVA

and Tukey’s test in R software. Circularity and lobe number were compared for cells having log (cell area) value between 2.62 and

3.10 (Col-0 and associated mutants) and 2.42 and 3.05 (WS and associated mutants) using ANOVA and Tukey’s test in R software.

Finite Element Model Simulation
The model of the thin walled initially square ‘‘cell’’ was built and simulated using Abaqus (Dassault Systemes Simulia Corp.) v6.12

(Key Resources Table). This software solves continuous mechanic equations by a Finite Elements Method (FEM), which, in general,

is based on linearization andminimization of a strain energy density. The particular formof this energy depends on thematerial model.

In our simulations we used a linear elastic material (Saint Venant-Kirchhoff model) resulting in the strain energy W in the form

WðέÞ= En

ð1+ nÞð1� 2nÞ½trðέÞ�
2 +

E

2ð1+ nÞ tr
�
έ2
�
;

where έ is a Lagrangian Green strain tensor, E is the Young elastic modulus and n is the Poisson coefficient.

We used Poisson coefficient 0.3 and Young modulus 50 kPa for weak composite material and 100kPa for hard material to test the

values in the range reported experimentally (Chanliaud et al., 2002; Hayot et al., 2012; Nezhad et al., 2013) and representing the elas-

ticity difference of about 50%. The homogenous material Young modulus was chosen as the average of hard and weak materials
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Young moduli, 90 kPa. The square ‘‘cell’’ of dimensions 100 mm by 100 mm, depth 50 mm, and wall thickness of 2 mm, was modeled

with the use of eight-node brick elements with reduced integration. Mesh independence of our result was tested by using different

coarsens meshes with at least 4 elements across the wall thickness. For single slab simulations (Figures 2A–2D) we used the same

dimensions, 100 mm 3 50 mm 3 2 mm, and the same material properties as for the Figures 2E–2G simulations.

We assumed that the turgor pressure in all considered cells is the same so the cumulative effect of it on the tissue scale reduces to

tensional forces on the anticlinal walls. This allows considerably reducing computational complexity of the model and improving sta-

bility of the simulation. To confirm that presence of compressive forces across the wall thickness coming from turgor pressure do not

alter our conclusions we performed a simulation of bending of single wall segment of inhomogeneous composite wall with pressure

loads on both sides of the wall (Figures 2K and 2L) and could not detect any influence of the turgor pressure on the bending process.

The forces used to stretch the walls were in the order of 10 nN and were applied to the four free ends of the wall segments (Figures

2E–2G) as surface tractions following rotation. The opposite ends of the wall segments were constrained in the direction of loading

forces. They were free to move in a perpendicular direction providing x- and y-symmetry boundary conditions for these walls respec-

tively. The bottom edge of the structure was constrained in the z direction.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were preformed using Microsoft Excel and R software (Key Resources Table). Statistics were performed using

ANOVA and Tukey’s test. Means ± SE are shown, n values are displayed on the graphs (Figures 1 and S1). Statistical significance

was tested by Student’s T-test. Error bars correspond to ± SE (Figures 4, 5, 6, 7, S5, and S7). Significance was defined as

*P < 0.05; **P < 0.01; ***P < 0.001.
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