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Abstract

How plant cells expand and gain shape remains enigmatic. Current models consider that these
processes are driven by turgor pressure acting upon the cell wall. Using nanoimaging, we show
that the cell wall contains pectin nanofilaments that possess an intrinsic expansion capacity. We
show, by growth models containing such structures, that a complex plant cell shape can derive
from a chemically induced local and polarised expansion of the pectin nanofilaments, without
turgor-driven growth. Thus the plant cell wall, outside of the cell itself, is an active participant in
shaping plant cells. Extracellular matrix function in multiple kingdoms, including animals, may
similarly guide cell shape.

One Sentence Summary:

Methylation of ordered pectin drives changes in plant cell wall shape.
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The plant cell wall, a component of the plant extracellular matrix, responds to extra- and
intracellular cues to affect cell shape, cell size, and cell division (1-3).

It is an intricate composite of polysaccharides, such as cellulose, hemicellulose, and pectins.
The cell wall is considered biphasic: crystalline cellulose microfibrils tethered by
hemicellulose are submerged in a gel-like matrix of pectins and proteins. How its
components associate into a coherent, strong and dynamic material remains unknown.
Cellulose microfibrils, the main load-bearing components that drive growth anisotropy, are
deposited directly in the cell wall by plasma membrane-localized cellulose synthase
complexes that are guided by cortical microtubules (4-7). Pectins constitute a structurally
diverse family of polysaccharides with the defining feature of 1,4-linked a.-D-
galactosyluronic acid (GalpA). We focus on homogalacturonan (HG) polysaccharides
containing exclusively linear chains of GalpA. Homogalacturonan also exists as HG glycan
domains in heteroglycans containing more complex and branched pectins
(rhamnogalacturonan type I and 1), and in glycoconjugates such as the proteoglycan APAP1
(8, 9). Homogalacturonans are synthesized in methylated form and undergo a
demethylesterification only after insertion into the wall (2). The demethylated HG and the
resulting negatively charged acidic carboxyl groups it contains, is present in rapidly
expanding cells and demethylation correlates with wall elasticity change (2, 3). However, the
relationship between HG methylesterifiction and growth remains elusive. In the primary cell
wall, matrix polysaccharides may form a continuous cross-linked network with covalent
bonds to structural glycoproteins. Nuclear Magnetic Resonance indicates numerous
intermolecular links between wall polysaccharides, notably direct association of cellulose
and pectins, though their supramolecular complexes are yet to be determined (10).

In the currently accepted model, plant cell growth is driven by turgor pressure (11) causing
strain in the wall and leading to irreversible deformation or creep (12). On the molecular
level this is thought to be mediated by reorganizing the cellulose microfibrils (wall
remodeling) (11). Anisotropic expansion is caused by ordered arrays of cellulose
microfibrils that restrict growth parallel to their orientation (13), however, some evidence
suggests that microfibril alignment is not sufficient for anisotropic expansion (14).

Here we study growth and morphogenesis of epidermal cells, the pavement cells, in the
Arabidopsis cotyledon (Fig. 1A). These cells possess an undulatory pattern in their lateral
(anticlinal) walls, called “lobes”, with mathematical order that can be perceptualized by data
sonification (fig. S1, Audio files S1 and S2). Lobes are initiated by ROP GTPases
concentrating microtubules at the future convex position (15, 16) associated with increased
cell wall thickness, radial microfibril distribution, and HG demethylesterification (16, 17).
Turgor-induced buckling of anticlinal walls due to tension in periclinal walls and their local
reinforcement linked to pectin demethylation has been proposed to explain pavement cell
shape (18).

The prevailing view of pectin tertiary structure in the wall is as an amorphous collection of
polymers. However, there is a rich literature proposing a crystalline structure for HG (19, 20
and references within). Prior /n vitro X-ray diffraction studies identified HG tertiary
structures as helices with three galacturonic acid residues per helical turn. These helices
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arrange uniaxially in fibrous quaternary structures packed in hexagonal and rectangular
lattices for methylated and demethylated HG, respectively (19, 20). Yet, little is known about
HG higher-order structure in intact tissues.

Here we present the /7 muro nanostructure of the homoglycan polymeric form of HG using
super-resolution three-dimensional direct STochastic Optical Reconstruction Microscopy
(3D-dSTORM) (21-25) and cryo-Scanning Electron Microscopy (cryoSEM). We show that
in the cotyledon anticlinal walls HG assembles into discrete nanofilaments rather than a
continuously interlinked network. Although the fine structure of these nanofilaments is not
discerned with our techniques, we propose that they may be a quaternary structure similar to
that observed by X-ray diffraction. This led us to formulate an intrinsic cell wall expansion
‘expanding beam’ model of pavement cell morphogenesis. In this model, local
homogalacturonan demethylesterification leads to nanofilament radial swelling, caused by
conversion between quaternary structures with different packaging. We further test this
hypothesis by showing that demethylesterification of HG alone is sufficient to induce tissue
expansion. Finally, we formalize the model as a three-dimensional nonlinear finite element
method (FEM) model predicting tissue topology, local cell wall thickness, tension, and
growth.

Quaternary structure of polymeric homogalacturonans as nanofilaments

The 3D-dSTORM nanoscopy provides insight into biological structures at the nanometer
scale (21-25). Combining 3D-dSTORM and immuno-labeling using antibodies against
highly methylesterified (LM20) and low- or non-esterified (2F4) HG on 4 pm thick tissue
sections we obtained ~40-50 nm lateral and ~80 nm axial resolution and depth
reconstruction of ~800 nm (26, 27), (figs. S2 and S3). Both antibodies bind in the cell wall
near the plasma membrane, but rarely in the middle lamella, suggesting limited epitope
accessibility to an antibody or lack of such epitopes in this location, (Fig. 1B). 3D-dSTORM
revealed that in the anticlinal walls HG forms aligned filaments perpendicular to the
cotyledon surface, which we hereafter call HG nanofilaments (Fig. 1C, figs. S4 and S5A,
and Movie S1). Their estimated width is ~40 nm (Fig. 1D and fig. S5B), which is the limit
of our reported lateral resolution. In the periclinal walls, in contrast, we didn’t detect a
filamentous pattern, suggesting distinctive HG organization in different walls of the same
cells (Fig. 1E and fig. S5C and Movies S2 to S4). Different photo-switching properties of
fluorescent probes used in this study, Alexa647 and CF568, makes the nanofilament
organization more apparent when using Alexa647 (28), (fig. S3C). Swapping the
fluorophore confirmed that HG in anticlinal walls organizes into parallel and often
interspaced nanofilaments, either predominantly methylated or demethylated (fig. S5D, and
Movies S5 and S6). These observations let us hypothesize that HG nanofilaments are the
quaternary structures predicted by X-ray diffraction studies. However, 3D-dSTORM
resolution was insufficient to discern any difference in LM20 and 2F4 tagged nanofilaments.
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HG methylation affects cell wall filament diameter

To gain better insight into the HG nanofilaments architecture, we used cryo-fracture SEM,
which, by using hydrated and ultra-frozen samples, permits examination of the native tissue
structure. The cryogenically prepared tissue is fractured, allowing the observation of
otherwise hidden anticlinal walls (Fig. 1F). Similarly to 3D-dSTORM, cryoSEM revealed
organized filaments in anticlinal, but not periclinal walls (Fig. 1G, fig. S6A), with median (+
median absolute deviation) full width at half-maximum (FWHM in nm) of 26 £ 8,20 + 4
and 21 £ 7 and a median filament interspacing of 58 + 18, 42 +10 and 46 £ 12 in convex and
concave sides of lobed walls, and in straight walls, respectively (Fig. 1H and fig. S6, B and
C). To test the potential impact of HG differential methylation on the cryoSEM structures,
we used plants with inducible overexpression of PECTIN METHYLESTERASE 5
(PME5o0e) to promote HG demethylation and inducible overexpression of PECTIN
METHYLESTERASE INHIBITOR 3 (PMEI30e) to inhibit demethylation (2, 29, 30). We
observed filaments with a median width of 26 + 9 nm and 19 + 7 nm and median
interspacing of 49 + 17 nm and 39 £ 15 nm respectively for PME5oe and PMEI3oe (Fig. 1,
G and H). Filaments in HG-demethylated walls (PME5oe) were approximately 1.4 times the
cross-section of filaments in HG-methylated (PMEI3oe), consistent with /n vitro differential
packaging of methylated and demethylated HG in distinct quaternary structures (19, 20).
While the cryoSEM lacks chemical information, the filament position, size, and reaction to
PME activity suggest they contain HG. These data and the close association of cellulose
with pectin supported by Nuclear Magnetic Resonance let us speculate that cellulose and
HG may coexist in the same higher-order structures (10).

Demethylation-mediated nanofilament inflation underlie anisotropic growth

We propose that lobes in the anticlinal wall could emerge by spatially varying HG
demethylation along and across the wall causing local radial swelling of the HG
nanofilaments, thus local wall expansion. To formalize this hypothesis we refer to the /n
vitro quaternary structure of homogalacturonans (19) where uniaxially oriented helices of
methylated HG pack in a hexagonal net with a = 0.837 nm side length whereas demethylated
and calcium-bound HG in a rectangular lattice with unit cell dimensions b =1.23 nm and ¢ =
0.99 nm. We hypothesize that, in vivo, HG demethylation converts between these quaternary
structures, leading to the expansion ratio 1.42 in average lateral dimension and shortening in
the axial dimension of -0.013 nm per helical repeating unit (Materials and Methods). The
~1.42-fold expansion is compatible with our cryoSEM measurements of HG nanofilaments
width going predominantly from methylated (PMEI30oe) to demethylated (PME50e) form
(Fig. 1H).

Finite Element Method implementation of the model

To test the above hypothesis, we developed a 3D nonlinear finite element method model that
simulates lobe growth and morphogenesis by local swelling of oriented HG nanofilaments
(31, 32). The two-cell junction is comprised of the bottom and top periclinal walls connected
by a perpendicular anticlinal wall (fig. S7). At each growth iteration, exocytosis deposits an
amount of methylated HG proportional to the area of the element’s face directly in contact
with the cytoplasm. The change of the element’s edge relaxation length is proportional to the
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HG demethylation rate obtained from 3D-dSTORM data and follows the local HG
anisotropic organization (Fig. 2, and figs. S8 and S9). HG exocytosis rate was the only non-
experimental parameter and was set initially to 0.05. The primary outputs of the model are
the shape prediction - the lobes in anticlinal walls, the topography of the periclinal walls -
and the local cell wall thickness. Starting from a straight wall after around 200 iterations, we
observe maturing lobes in the anticlinal wall, corresponding in shape to 2-3 days after
germination in plant tissue (Fig. 3, A to C).

One outcome of the model is variability in the thickness along the length of the anticlinal
wall, (Fig. 3, C and D), that does not exceed 250 nm. This is less than that measured in
dSTORM images (~250-500 nm) and significantly less than the >1 micron figures forming
the basis of other models and based on TEM data (17). These (ASTORM and TEM)
experimental methods rely on sections and pretreatments that may relax and distort tissues.
CryoSEM, with cryo-fracture, is expected to preserve the native constrained state of the
walls and imaging of the wall in WT and overexpressor lines demonstrate wall thicknesses
(< 250 nm) that are within the range of those in the model (Fig. 3E).

Next, to model the impact of HG methylation on lobe formation, we induced /n sifico PME
and PMEI overexpression starting at iteration 25, corresponding to one-day post-germination
induction in the cotyledon. Simulation of PMEI induction agreed with observations leading
to growth impairment (Fig. 3, A, to C and fig. S10A). To achieve size concordance for PME
induction between the model and experiment, we had to decrease the exocytosis rate by 60
%, suggesting the existence of a regulatory loop between wall composition and exocytosis.
As exocytosis of new wall material is expected to impact wall thickness, we compared
outputs of the model (Fig. 3D) with cryo-fractured walls (Fig. 3E). Thickness variability
along the anticlinal wall was more pronounced for WT (compare thicknesses for model, Fig.
3D, with cryo-fractures lobed vs straight, Fig. 3E) than for the PME50e and PMEI3oe lines
where anticlinal wall thickness was found to be more homogenous between lobed and
straight portions (Fig. 3, D and E).

Testing model predictions by reversible dehydration

In contrast to models that correlate tissue tension to growth, our model predicts a limited
amount of local tension and compression in the anticlinal walls. If this is similar to the
situation /n vivo, then lobes should not change their shape in cotyledons when turgor
pressure is reduced. On the other hand, the model does predict that the periclinal walls are
under tension in the lobed regions, and under compression in indentations. This agrees with
the observed shape of periclinal walls over lobes and indentations and with the microtubules
aligned along the direction of maximal tensional stress in the periclinal walls (33), Fig. 4A.
To test for the presence of wall tension, we followed cell shape changes after partial and
reversible cotyledon dehydration (Fig. 4, B, and C, and Movie S7). Drying is characterized
by wrinkling and inversion of the periclinal wall, indicating that the turgor was reduced
enough to return wall regions to their resting length. We observed no change in the outline of
the anticlinal walls, despite the drying being inhomogeneous throughout the tissue.
Therefore, alleviating turgor in anticlinal walls does not lead to observable strain which is in
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contrast to the lobed periclinal walls which flatten/invert upon dehydration, consistent with
the computational model Fig. 4D.

Homogalacturonan demethylation alone leads to tissue expansion

Finally, we tested whether demethylation of HG could lead to cell wall expansion in the
absence of turgor pressure. Plasmolyzed cotyledons were maintained at a high calcium
concentration, and HG demethylation was achieved either by adding PME enzyme or by
incubating the tissue at high pH, causing HG demethylation (fig. S11). Assuming that
polymeric HG constitutes 10 % of the wall and upon demethylation it expands by a factor of
1.42 in lateral dimension (Fig. 5A), for tissue length A one gets 10 %-A-1.42 - 10 %A =
~4.2 % expected expansion if all HG were demethylated. As presented in Fig. 4, E and F and
fig. S10B, both treatments led to tissue expansion within this range; however, this may be
further influenced by contaminating cell wall remodeling enzymes.

Discussion

Here we observe that, in the anticlinal walls of pavement cells, HG organizes into
nanofilaments, either methylated or demethylated, that are oriented perpendicular to the
cotyledon surface. We propose that these nanofilaments are the quaternary structures of
homogalacturonan previously observed in vitro by Walkinshaw and Arnott (19, 20),
composed of individual 3-screw symmetry helical chains arranged on a hexagonal
(methylated HG) or a rectangular (demethylated HG) lattice (Fig. 5A). Based on our
observations and the prior X-ray characterization, we propose an ‘expanding beam' model
for lobe formation. In this framework, the undulating form of anticlinal walls is initiated by
demethylation-induced and spatially-varying radial swelling and axial contraction of HG
nanofilaments, causing local and oriented wall expansion in the direction perpendicular to
the dominant nanofilament orientation (Fig. 5, B, and C). The HG methylation influences
the width of filaments detected with cryoSEM, supporting the hypothesis that nanofilament
swelling is due to the conversion between two quaternary forms of HG. Our model indicates
that local methylation asymmetry alone may not be sufficient to explain lobe formation,
suggesting that HG organization in nanofilaments is necessary for lobe morphogenesis (30).

It remains to be determined if cellulose and other more complex associations of
heteroglycans and glycoconjugates reside in the filaments. The HG nanofilaments appear to
be absent in the periclinal walls, suggesting that HG forms an amorphous mesh, as depicted
in current cell wall models (Fig. 5B), (6). The nanofilament orientation is compatible with
the spring-like behavior of epidermis, since filaments would stiffen the tissue along their
axis and permit reversible lateral extension (34).

In our model, wall thickening and cell expansion are inevitably linked, even though
thickening is not always observed in rapidly expanding cells (4). In addition, the model
focuses on the most recently deposited material, assuming that previous layers adapt to
expansion, thus clearly stating the importance of cell wall remodeling to permit cell
expansion.
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While the basis for the proposal of the expanding beam model for Arabidopsis pavement
cells is an observation of HG nanofilaments, similar self-expansion may well apply to other
types of extracellular matrix polymers in which organized structures could be changed post-
synthesis (35). For example, the carrageenan of red algae (36) and the polarized calcium-
dependent alginates in brown algae (37) have the requisite attributes. Thus, biochemical
processes similar to those that act upon pectins could underlie growth in organisms that have
cell walls but do not have HG. Our observations could inspire the development of smart
materials with the regulated capacity to expand. It may even be the case that localized
swelling of the extracellular matrix in non-walled organisms such as animals could alter
morphogenetic or metastatic processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. The 3D-dSTORM nanoscopy and cryoSEM reveals homogalacturonan nanofilaments.
(A) A surface view of cotyledon epidermal pavement cells using cryoSEM. (B) A high

magnification epidermal region observed by dSTORM; methylated (violet) and
demethylated (green) HG. Pixel size, 10 nm. (C) Diffraction-limited image of the lobed
region of the anticlinal wall (top), and the same region imaged with 3D-dSTORM shown as
a 3D scatterplot of the coordinates of localized emitters (bottom); demethylated (green) and
methylated (orange-violet colormap encoding the Z-position) HG nanofilaments. Grey insets
represent two wall segments in the orthogonal view. Scale bars, 500 nm. (D) Lateral view of
segmented nanofilament represented as a bidirectional graph (top); the filament width is
estimated as the median pairwise distance between centroid (black dot) and each point in the
graph. The nanofilament width (bottom) representing respectively 159 and 96 methylated
and demethylated filaments. (E) The 3D-dSTORM imaging of lobed wall segment showing
junction between the anticlinal wall (black arrow) and periclinal walls (magenta stars). The
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orange-blue colormap encodes Z-position. (F) Representative gross-scale cryoSEM picture
with the fracture exposing convex anticlinal wall (magenta star). Pixel size, 20 nm. (G) Fine-
scale pictures of the convex anticlinal walls in PMEI3oe and PME5oe (top row) and WT
convex, concave and straight anticlinal walls (bottom row). Pixel size, 4 nm. (H) The
filament width distribution observed by CryoSEM, representing 109, 137 and 104 filaments
measured in respectively WT convex, concave and straight walls. For PME5oe and
PMEI3o0e, the convex and concave wall data were pooled together; 139 and 322 filaments
were measured in PME5o0e and PMEI3oe. P-values: * - p < 0.05, ** - p < 0.001, *** - p <
0.0001, obtained with multiple group comparison Kruskal-Wallis test and Bonferroni
correction. In (D) and (H), black dot and dashed line represent median and mean
respectively.
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Fig. 2. HG methylation asymmetry affects |obe for mation.
(A) Representative lobed wall segments imaged with 3D-dSTORM in WT, PME5oe and

PMEI3oe cotyledons. The orange-violet colormap encodes Z-position. Scale bars, 500 nm.
(B) HG methylation asymmetry between convex and concave regions of a lobe in the
periclinal walls and (C) in the lobed anticlinal walls for WT, PME5o0e and PMEI3oe and
straight walls for WT plants. P-values: * - p < 0.05, ** - p < 0.001, *** - p < 0.0001,
obtained with multiple group comparison Kruskal-Wallis test and Bonferroni correction. The
number of analyzed regions: 100, 39, and 23 (B), 53, 22 and 25 (C) for WT, PME5oe, and
PMEI3oe cotyledons respectively.
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Fig. 3. The expanding beam model of pavement cell shape.
(A) Finite element method implementation of the model in WT (green), PME5oe (violet)

and PMEI3oe (orange) cotyledons. (B) Digital microscope images of a time-course of WT,
PME5oe and PMEI3oe cotyledons at 1, 2, and 3-days post-germination. Tracked cells are
highlighted in yellow with magenta contours; white stars, selected tracked cells. (C) Single
element-high cross-section of the anticlinal wall at selected iteration steps showing the
development of lobes and the cell wall thickness. Black arrows point from the 251 iteration
(the start of PME50e/PMEI30e induction) to the 200t iteration. (D) A spatiotemporal heat
map of cell wall thickness output from the computational model, obtained using a single
element-height middle segment of the anticlinal wall. Each color represents the wall
thickness at a particular local portion or segment of the wall used in the model, termed an
anticlinal wall element (X-axis), for any given growth iteration of the model (Y-axis). The
wall begins with uniform thickness (Iteration O at the top of each image) that increases in
variability between elements with increasing iterations. Dashed lines represent the center of
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the lobes. The WT relaxed corresponds to stress-free incompatible growth state, before
elastic transformation is applied (fig. S7B). (E) CryoSEM images of cryo-fractured lobed
and straight walls in WT, PME5oe and PMEI30e cotyledons. In each image, the fractured
anticlinal wall is labelled with a dotted line together with the measured thickness. Scale bars,
250 nm.
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Fig. 4. Model tests by dehydration.
(A) The topography of pavement cell by cryoSEM. (B) Digital microscope images of a WT

cotyledon at the inset (top), during (middle) and after (bottom) dehydration. (C)
Enlargement of undulating walls from (B). (D) FEM model of a cell wall upon dehydration.
(E) Confocal images of a WT cotyledon before (top) and after (bottom) PME enzyme
treatment. (F) Tissue expansion quantification upon HG demethylation with PME enzyme or
with a pH 12 buffer measured as the %-change in the distance between two reference points
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(yellow line in (C)); bars (mean + standard deviation) showing different measurements from
different cotyledon regions ordered according to the amount of expansion.
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Fig. 5. Cell wall model including homogalacturonan nanofilaments.
(A) HG nanofilaments as quaternary structures composed of helical chains uniaxially

arranged on a hexagonal or a rectangular net for (left) methylated and (right) demethylated
HG with unit cell areas (orange polygons) A, and Ay, respectively; Ey y, expansion in a
lateral dimension. Color circles: blue — oxygen, small grey — carbon, magenta — methyl
hydrogen (black arrow), large orange - calcium ion. Color scheme is based on the
monochrome diagram of Walkinshaw and Arnott (1981a,b) (19, 20). (B) The cell wall
models (left) without and (right) with homogalacturonan nanofilaments. (1) Cellulose
microfibrils (blue) embedded in pectin matrix containing: (2) homogalacturonans
methylated and demethylated (violet and green segments), (3) and (4) rhamnogalacturonans
type Il and | (red). Updated cell wall model contains (5) methylated (violet), and (6)
demethylated (green) HG nanofilaments. (C) The expanding beam model: (left) young wall
comprised of (5) methylated HG; (right) local HG nanofilament demethylation causes
asymmetric cell wall expansion and lobe formation (green).
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