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Plant cells come in a striking variety of different
shapes. Shape formation in plant cells is controlled
through modulation of the cell wall polymers and
propelled by the turgor pressure. Understanding the
shaping aspects of plant cells requires knowledge of the
molecular players and the biophysical conditions under
which they operate. Mechanical modeling has emerged
as a useful tool to correlate cell wall structure, compo-
sition, and mechanics with cell and organ shape. The
finite element method is a powerful numerical ap-
proach employed to solve problems in continuum me-
chanics. This Update critically analyzes studies that
have used finite element analysis for the mechanical
modeling of plant cells. Focus is on models involving
single cell morphogenesis or motion. Model design,
validation, and predictive power are analyzed in detail
to open future avenues in the field.

The cell wall, a polysaccharide-rich extracellular
matrix, gives plant cells their shape at the expense of
constraining their growth and movement. All cellular
growth processes and shape changes involve a defor-
mation of this extracellular matrix and are controlled by
it. This control is exerted by modulating the mechanical
properties of the matrix, which, in turn, are regulated
by the polymers present in the wall and the state of
linkages between them. The main polysaccharides of
the primary cell wall are pectins, cellulose microfi-
brils, and xyloglucans (Bidhendi and Geitmann, 2016;
Cosgrove, 2016). Cellulose microfibrils are recognized
as the primary load-bearing component limiting cellu-
lar expansion (Baskin, 2005; Geitmann and Ortega,
2009). However, an increasing amount of evidence
points at pivotal functions of pectins and hemicellu-
loses in defining the mechanics of the cell wall (Parre
and Geitmann, 2005; Peaucelle et al., 2011; Palin
and Geitmann, 2012; Braybrook and Peaucelle, 2013;

Amsbury et al., 2016; Bidhendi and Geitmann, 2016;
Torode et al., 2017). To understand how modulation of
the plant cell wall affects and regulates the change of cell
shape, the biomechanical contextmust be considered; for
instance, see the Update in this issue on wall structure,
mechanics, and growth (Cosgrove, 2018) or previous
reviews (Geitmann and Ortega, 2009; Bidhendi and
Geitmann, 2016).

Biological experimentation with the goal to identify
the crucial players in determining cell mechanics is
challenging. Mutational or pharmacological modifi-
cations of the cell wall biochemistry often result in
pleiotropic effects through feedback mechanisms that
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alter other cellular processes. Therefore, mechanical
modeling has proven useful to guide biological ex-
perimentation by focusing on mechanical aspects of
the behavior. Most modeling approaches in plant cell
mechanics are based on the premise that the cell wall
is a deformable material and that the deforming force
is the turgor pressure, uniformly applied within
the compartment of a single cell. This concept applies
both to irreversible shape changes (cell growth) and
reversible shape changes (stress generation or turgor-
regulated motion). Since turgor is a scalar, for non-
spherical cell shapes to develop during differentiation,
the cell wall mechanical behavior must differ between
subcellular regions. This can be achieved through the
variation of wall thickness or heterogenous distribu-
tion of the material properties (Green, 1962; Sanati
Nezhad and Geitmann, 2015). The mechanical aspects
of shaping or deformation processes can be explored
using a variety of mathematical approaches (Dyson
and Jensen, 2010). The finite element (FE) method is
one of the available computational techniques partic-
ularly suitable for the analysis of problems in contin-
uum mechanics with a high degree of geometrical
details or material complexity (Box 1). This Update
analyzes examples in which this numerical tool is ap-
plied to evaluate the growth and elastic deformations
of individual plant cells.

The uses of FE modeling for cell or tissue studies can
be categorized as forward or inverse approaches. The
forward use of a model describes a deformation be-
havior, reversible or irreversible, inherent to the cell,
such as a growth or shaping process. The purpose is to
predict or explain the mechanical behavior arising from
wall properties and turgor pressure (Fig. 1). Models
used for an inverse approach are employed for the
identification of material parameters from experiments
such as indentation measurements (Bolduc et al., 2006;
Bidhendi and Korhonen, 2012; Forouzesh et al., 2013;
Sanati Nezhad et al., 2013). In this Update, we take a
critical look at selected forward modeling studies of
single plant cells (Fig. 1).

IRREVERSIBLE SHAPE FORMATION IN GROWING
PLANT CELLS

Plant cell growth involves an irreversible stretching
of the cell wall and an increase in cell volume and
surface that can be substantial in certain cell types.
Biologically, this is accompanied by the continuous
insertion of new cell wall material to the existing wall.
Simulating the resulting large deformations and the
concomitant addition of material is a challenge for
mechanical modeling that can be tackled in several
ways. Typically, when using FE modeling, small,
pressure-induced deformations are simulated repeat-
edly, and between the increments, a remeshing is per-
formed. The geometrical structure resulting from the
previous deformation step is meshed again to replace
the often distorted mesh from the previous step.

Stretching of the cell wall due to loading results in a
reduction of cell wall thickness. To account for the ad-
dition of new material, the thickness of the wall is
readjusted (e.g. set to the initial value to maintain a
constant wall thickness). This principle has been used,
for example, to simulate tip growth in the pollen tube,
the delivery organ for the sperm cells in plants (Fayant
et al., 2010).

FE Modeling of Tip Growth

Tip-growing cells such as pollen tubes, root hairs,
and fungal hyphae feature a spatially confined expan-
sion zone allowing these cells to perform invasive be-
havior (Sanati Nezhad et al., 2013; Sanati Nezhad and
Geitmann, 2015; Bascom et al., 2018). The profile of

42 Plant Physiol. Vol. 176, 2018

Bidhendi and Geitmann

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/176/1/41/6117143 by guest on 20 D

ecem
ber 2024



the growing tip is radially symmetrical and remains
self-similar when moving forward. Mutations or
pharmacological treatments interfering with cytoskel-
etal functioning or cell wall composition can affect the
self-similarity, resulting in either a tapered or a swollen
phenotype (Kost et al., 1999; Hwang et al., 2005; Klahre
et al., 2006; Kost, 2008). Modeling of tip growth has
been addressed using a variety of approaches (Goriely
and Tabor, 2003; Dumais et al., 2006; Kroeger et al.,
2008; Campàs and Mahadevan, 2009; Kroeger and
Geitmann, 2011, 2012), one of which focused on the cell
wall mechanical properties using the FE approach. FE
modeling was used specifically to simulate how the
generation of aberrant pollen tube phenotypes is me-
diated by changes in the cell wall mechanics (Fayant
et al. (2010). The wall of the growing pollen tube was
represented with a shell of uniform thickness (Box 2)
but spatially varying material properties. The apical
dome was divided into hoop-shaped subregions in
which the elastic modulus (Box 3; Boudaoud, 2010;
Dumais, 2013; Niklas, 1992; Huang et al., 2012; Julkunen
et al., 2007; Kha et al., 2010; Sun, 2006; Zerzour et al.,
2009) could be assigned independently (Fig. 2A).
Load application was performed repeatedly, and after
each step, the structure was remeshed, and the wall

thickness was reset to the initial value to counter thin-
ning and simulate the addition of cell wall material (Fig.
2B). The goal was to predict the spatial distribution of
material properties in the cell wall that would generate
perfectly cylindrical and self-similar growth patterns
and to identify those that result in deviations such as
swelling and tapering.

Two types of biological constraints were used to
validate the biological relevance of the simulations. To
represent a normally growing tube, the model had
to produce a self-similar shape profile, and the strain
pattern resulting from the deformation of the wall had
to reproduce those observed experimentally (Rojas
et al., 2011). Two key mechanical parameters were an-
alyzed for their ability to shape the tube: (1) the profile
of the elastic modulus gradient from tip to shank; and
(2) the degree of material anisotropy expressing how
different the material responds to loads applied in dif-
ferent directions. The validation suggested that isotro-
pic behavior combined with a characteristic increase in
elastic modulus, gradual from the tip to the flank and
sudden from the flank to the shank, most accurately
reproduce the pollen tube growth pattern. The me-
chanical gradients incorporated in this model were
implemented as varying the elastic modulus between

Figure 1. A, A closed cylindrical shell with hemispherical caps generated by the rotation of a line (orange) around a symmetry
axis (yellow). The thin-shelled closed vessel is constrained on its right half by two nondeforming rigid, flat plates. B, The cylinder is
meshed using three-dimensional quadrilateral shell elements (curved shell). The image on the left shows the first-order elements
defined by four nodes (purple) used to discretize the geometry. Additional nodes (blue) would formulate the second-order ele-
ments. The elements can be regularly shaped or skewed. Excessively skewed element shapes are to be avoided. C, Boundary
conditions are applied to the model. The rigid plates are fixed to prevent their rotation or displacement. Displacement boundary
conditions are applied to prevent the cylinder moving freely in the space. The turgor pressure is applied uniformly to the internal
surfaces. A sliding frictionless contact property is defined between the rigid plates and the deformable cylinder to prevent the
penetration of one body into the other, while allowing their relative displacement. D, The isotropic closed cylinder deforms
toward a spherical shape where it is not constricted by the plates. The heat map represents the von Mises stress distribution.
E, First-order (left) and second-order (right) elements used around a discontinuity. F, Graph depicting the results obtained in a
mesh convergence study. A value such as stress in a critical region is plotted against the total number of elements representing the
structure to verify the independence of results from the mesh quality and the number of elements.
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discrete regions rather than as a continuous and smooth
function, and the values extracted were rather ap-
proximate. Despite these approximations, the model re-
sults matched well with mechanical and biochemical

observations, suggesting that the simplification was not
detrimental to the purpose of the study. Crucially, the
gradient in elastic modulus predicted by the FE model
correlates well with the biochemical composition of the

The geometry of a finite element structure can be 

produced either by parametric drawing using a 

computer-aided design (CAD) software or 

reconstructed from sample images, e.g. from a 3D 

confocal stack. Simplification is a crucial 

consideration. Any feature that is not a part of the 

simulation or is not likely to affect the outcome is 

removed to minimize model development and 

computation times. For instance, symmetry about 

an axis can be exploited to model the 3D problem 

as a 2D axisymmetric model or shape symmetry 

can be exploited to model only a portion of the 

geometry. However, discretion is required to 

avoid eliminating any relevant information in this 

process.

The plant cell wall is usually represented as either 

a “shell” or a “solid” model. In the “shell” approach, 

the thickness of the wall is an input value while in 

the “solid” approach, it is directly reflected by the 

3D geometry. Shell idealization is appropriate 

when the thickness of the cell wall is negligible 

compared to other dimensions (e.g. local radius of 

curvature). This is the case for a typical primary 

cell wall of 100–500 nm thickness compared to a 

typical cell diameter of 10–50 μm. If detailed 

information on stresses or strains through the 

thickness of the wall is needed, however, a “solid” 

approach using volumetric elements is more 

appropriate.

Elements discretizing the body can be 

one-dimensional beams, two-dimensional 

triangles or quadrilaterals, or three-dimensional 

elements, depending on the dimensions and 

curvature of the structure. Elements can be of 

first, second, or higher orders. Second-order 

elements, for instance, have additional midside 

nodes (Fig. 1B). The choice of the element type, 

is a critical step since it affects the computation 

time and the precision of the calculations. For 

instance, additional nodes in second-order 

elements, for the same number of elements, allow 

capturing the curvatures better (Fig. 1E). 

Therefore, there is often a compromise between 

using fewer second-order or more first-order 

elements. Similarly, shear-locking or overly stiff 

behavior in some of the first-order elements 

formulations is alleviated in quadratic elements, 

which enables them to calculate the deformations 

and stresses more accurately in bending-domi-

nated applications (Sun, 2006). Nodes possess 

degrees of freedom that describe their properties. 

In the simplest form, this defines the 

displacement possibilities of the node in 2D or 3D 

space. In special applications, additional degrees 

of freedoms such as pore pressure or temperature 

are added. The size of the elements discretizing 

the geometry is adjusted based on the resolution 

of the solution needed. While the precision can be 

increased by refining the element size, in practice, 

due to limitations such as computation time, 

elements are refined only locally in critical 

regions. These include zones where a more 

precise solution is needed, around discontinuities 

or contacts with other bodies. A mesh 

convergence study must be carried out to ensure 

that the solution of a simulation is not dependent 

on the number and quality of elements used. For 

this purpose, the number of elements is increased 

iteratively, and the results (e.g. critical stress at a 

specified location) are compared until the 

variation in the solution is deemed negligible (Fig. 

1F).

BOX 2. Geometry, Elements, and Meshing

Figure 2. A, A pollen tube modeled as a hol-
low shell with uniform thickness. The apical
dome is divided into subregions, allowing for
the elastic properties to be adjusted in each
region independently. B, Several key points
are followed on the FE model upon each
loading cycle and remeshing tomimic growth.
C, The stiffness gradient predicted by the FE
model to produce a self-similar tube closely
matches the deesterification pattern of pectin.
Imageswere adopted from Fayant et al. (2010).
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pollen tube wall, notably the distribution of esterified
and acidic pectin (Fig. 2C). This result is consistent with
the effect of the pectinase-mediated digestion of pectin,
which results in a dramatic apical swelling of the pollen
tube (Parre and Geitmann, 2005), presumably through
the loss of themodulus gradient. It also accordswell with
mechanical measurements revealing that the cell wall at
the tip of the growing pollen tube is softer andmodulates
its properties to generate an oscillatory growth pattern
(Zerzour et al., 2009). The reciprocation between predic-
tions made by the in silico FE model, experimental vali-
dation, refinement of the model, and guidance toward
further biological experimentation illustrates the value of
FE in the predictive modeling of cell development.

FE Modeling of Diffuse Growth during Trichome
Branch Morphogenesis

A similar yet distinct modeling approach was carried
out to investigate the growth mechanics in trichomes.
These epidermal cells (Fig. 3A) come in many shapes,
sizes, and metabolic functions. They can be branched or
unbranched, glandular or nonglandular (Tissier, 2012),
and can be single-cell entities or comprise multiple cells.
Trichome shape is intimately linked to their respective
function, such as defense, pollination, or moisture re-
tention (Oelschlägel et al., 2009; Amada et al., 2017). The
unicellular trichome in Arabidopsis (Arabidopsis thaliana)

forms a stellate body with three or four branches and is
an excellent cell type in which to investigate the me-
chanics underlying complex cellmorphogenesis. Actin is
involved in the diffuse growth of plant cells (see
Szymanski and Staiger, 2018). Disruption of cytoskeletal
components is associated with the loss of branching, a
needle-like phenotype, or swelling (Mathur et al., 1999;
Szymanski et al., 1999; Mathur, 2004), phenotypes that
can be studied using FE modeling. Branch morphogen-
esis in Arabidopsis trichomes was investigated using FE
modeling in conjunction with live-cell imaging to un-
derstand the mechanics of branch growth (Yanagisawa
et al., 2015). Similar to modeling of the pollen tube, the
two constraints on the model to match were the shape of
the branch and the growth (strain) pattern of the wall.
Time-lapse imaging demonstrated that, unlike the self-
similar pollen tube, the trichome tip radius tapers off
while the radius of the base of the branch remains rela-
tively constant (Fig. 3B). Fiducial markers were used to
track the local growth pattern. To justify a choice of
material model, the authors visualized the alignment of
cellulose synthase (CESA) complexes and microtubules
(see Elliott and Shaw, 2018), which were oriented trans-
versely to the branch axis. Motivated by this preferential
orientation inferred for cellulose that is commonly
regarded as the major load-bearing polymer of the cell
wall, transverse isotropy (Box 3) was incorporated in
the elastic model using the Holzapfel-Gasser-Ogden
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hyperelastic material behavior (Gasser et al., 2006). The
critical parameters in this material model are the dis-
persion, fiber angle, and fiber-to-matrix stiffness ratio,
which needs to be sufficiently large for anisotropy to
emerge (Huang et al., 2012). The FE simulations indicated
that strong transverse alignment of fibers results in the
anisotropic, axial growth of the shell. The random ori-
entation of the fibers implemented in this model pro-
duced a spherical bulge instead.

As the tip apex of the trichomes was observed to be
depleted of microtubules, it was concluded that the cell
wall at the tip should be isotropic. Varying the size of
the isotropic zone and comparing the evolution of the
tip radius of curvature against the branch length, the FE
results indicated that the size of the isotropic apical
zone should vary over time to reproduce the experi-
mentally observed tapering. This conclusion was
drawn because no single value of the tip isotropic zone
could produce results that fit the experimental curve. It
is not clear to what extent such detailed results depend
on the choice ofmaterial model, andwhether a different
hyperelastic model would bear a different conclusion
remains to be investigated. However, the transverse
isotropy per se could not reproduce the growth gradi-
ent toward the tip observed experimentally (Fig. 3C).
Therefore, it was suggested that a thickness or elastic
modulus gradient should exist along the trichome
branch. Transmission electron microscopy and light
microscopy confirmed this predicted attenuation of cell
wall thickness toward the tip, with a value close to but
less dramatic than that predicted by the FE model.
Therefore, a combination of both thickness and elastic
modulus gradient parameters might be employed
by the cell, although the FE model used here pro-
duced unrealistic results when combining the two. As

remarked earlier, it would be interesting to investigate
the dependency of simulation results on the material
model employed.

In the Arabidopsis mutant arpc2/distorted2, trichome
branch growth is hampered, the tip radius of curvature
remains high compared with the wild type, and the
stalk swells (Kotchoni et al., 2009). Intriguingly, wall
thickness and growth gradients were both absent in
these aberrant trichome branches, further corroborating
a correlation between wall thickness and growth rate
variations. However, whether the relationship is causal,
and if it is, which is the cause or effect, remain unclear.
While a thinner wall in the model can translate into a
lower rigidity to reproduce a higher strain, a higher
strain in the absence of reinforcing new wall material
results in wall thinning. Likewise, the absence of a
thickness gradient in arpc2 may result from a failure to
grow and a consequent lack of wall thinning. This study
suggests that, while similarities exist, the growth be-
havior particular to trichome branches is distinct from
tip growth, as the tip radius attenuates, wall thickness is
not preserved, and growth occurs in the whole branch
rather than a confined apical zone. Yanagisawa et al.
(2015) report that the cell wall of arpc2 is enriched in
well-aligned cellulose, and microtubules are trans-
versely oriented. Cellulose orientation was used as a
proxy for transverse isotropy bringing about anisotro-
pic (axial) growth in mutant branches. Although tri-
chome branches in arpc2 do not grow considerably,
comparing the time data provided for the branch length
and tip radius for the wild type andmutant shows that,
for an equal length (e.g. at 40-mm branch length), the
mutant branch has a larger tip radius of curvature, in-
dicating that at least some degree of swelling occurs in
the branch too, besides the general swelling in the stalk

Figure 3. A, Epidermal cells on the adaxial surface of an Arabidopsis leaf feature three cell types: trichomes (brown), stomatal
guard cells (red), and pavement cells (green). B, Development of the trichome branch embodies reduction of the tip radius of
curvature, while the radius at the base of the branch remains constant. L, branch length; RT, branch radius at the tip; RB, branch
radius at the base. C, The growth and thickness of the cell wall in a trichome branch are correlated and exhibit a gradient toward
the tip of the branch. Microtubules and CESA trajectories are oriented transversely to the long axis of the branch, while the tip
exhibits a microtubule-depleted zone. Image redrawn after Yanagisawa et al. (2015).
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(see Figs. 1B and 3C in Yanagisawa et al., 2015).
Whether this apparent swelling is a result of changes in
the tip isotropic zone or changes in other wall polymers
is not clear. While the fibrillar texture of the cell walls
between the wild type and the mutant seems unaltered,
the quality of the fibers and their linkages might have
undergone changes. Furthermore, other wall polymers
may have been affected as a result of mutation. This
emphasizes the need for experimental studies to char-
acterize and compare the changes inmechanical properties
in a wide array of Arabidopsis mutants; the mechanical
changes due to mutations can be manifested in ways that
go beyondwhat can be assessed readily byvisually tracing
cellulose orientation.
In the studies that have modeled the shaping process

of plant cells using the FE method, the geometry is
loaded incrementally while cell wall thickness is ad-
justed to account for the addition of material. The
drawback of this strategy is that this process results in
the elimination of stresses that develop in each incre-
ment.While it is possible to retain the stress information
and transfer it to the next increment, it might differ from
the quality of wall stresses during the insertion of wall-
building materials. Attempts to describe cell growth
were also been done by using viscoelastic behavior
(Huang et al., 2015). However, loading to deform an
elastic or viscoelastic structure develops stresses that
cleavage of chemical bonds and insertion of new ma-
terials might not. In fact, currently, we have little in-
formation on changes occurring in cell wall stress
during growth or cell deformation. Additionally, in
most of the available modeling studies, stress infor-
mation is presented only in relative form. Absolute
stress values could serve as a useful parameter to fur-
ther validate the quality and relevance of a model’s
predictions. However, reporting absolute values based
on models that are inevitably greatly simplified re-
quires considerable experimental support, as explained
below.

Stress Development in Plant Cells Correlates with
Morphogenetic Phenomena

A subset of forward FE simulations of plant cells are
the stress analysis models. The main parameter inves-
tigated in thesemodels is generally the stress developed
in a single step of turgor application. The stress analysis
models of plant cells or tissues published so far do not
fall under irreversible FE models and are static, since
they do not involve remeshing, wall modification,
stress update, or otherwise introduction of a form of
permanent deformation. While these models do not
explicitly simulate irreversible material deformation,
since they are sometimes employed to investigate the
link between the mechanics and a physiological or
morphogenetic response, such as cytoskeletal pattern-
ing, that can be linked to an irreversible biological re-
sponse, we categorize them under the irreversible use
of FEmodels. Several studies use static stress analysis to

correlate the mechanical aspects with a morphogenetic
problem such as gene expression, hormonal activity,
and ontogeny at tissue scale (Bassel et al., 2014; Bozorg
et al., 2014; Boudon et al., 2015). To illustrate the con-
cept, however, here we will discuss those that focus
primarily on cell shape, namely the shape of epidermal
pavement cells in relation to microtubule organization
and wall biochemistry. Pavement cells in the leaf epi-
dermis of eudicotyledons form interlocking patterns
similar to pieces of a jigsaw puzzle (Fig. 3A). There have
been numerous hypotheses, such as cuticle stiffening or
cells being squeezed physically during growth, to ex-
plain the peculiar shaping phenomenon in these cells
(Korn, 1976; Armour et al., 2015). The potential role of
mechanics underlying the shaping process and the
potential advantages of such cell shape for the epider-
mis or leaf have remained elusive (Jacques et al., 2014).
Since pavement cells, as opposed to trichome branches,
are tightly connected to neighboring cells, they allow
studying the mechanics of cell-tissue interaction.
Studies have suggested the involvement of the cyto-
skeleton in the shaping process downstream of an
auxin-dependent pathway (Fu et al., 2005; Xu et al.,
2010; Zhang et al., 2011; Lin et al., 2013). Microtubules
are suggested to be associated with regions of inden-
tation (often termed the neck), putatively resulting in
anisotropic reinforcement of these regions by guiding
CESA complexes and preferential deposition of cellu-
lose microfibrils (Panteris and Galatis, 2005; Belteton
et al., 2018). For simpler cell shapes, it is known that
microtubules reorient in the direction of maximal me-
chanical stress (Williamson, 1990; Hamant et al., 2008).
Whether the microtubule arrays experimentally ob-
served in pavement cells equally correlate with stress
patterns, however, was unknown for lack of informa-
tion on stress distribution.

FE Modeling of Turgor-Induced Stresses in the Periclinal
Pavement Cell Walls

The correlation between cell shape, mechanical
stress, andmicrotubule alignment can be easily verified
for simpler cell geometries, such as the tubular shapes
of trichome branches or root and shoot epidermal cells.
In a pressurized thin-walled cylindrical vessel with
hemispherical caps, the pressure-induced transverse
stress that arises due to cell shape is twice the longitu-
dinal component. However, in the case of pavement
cells, predicting the local distribution of stress is not as
straightforward. Sampathkumar et al. (2014) used FE
modeling to study the effect of cell shape and tissue-
level stresses on microtubule arrangement in pavement
cells. The static model developed in this study focuses
on cell-level stress development and how it correlates
with tissue-level mechanical and physiological re-
sponses. The FE model consists of the outer periclinal
walls (the horizontal walls parallel to the plane of leaf)
of pavement cells, extracted from confocal microscopy
stacks, modeled as thin shells. At the borders of
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periclinal walls, the anticlinal walls (the vertical side
walls) were modeled as 1D beam elements adding
stiffness to borders. Tensile stress was generated in the
cell walls upon the application of pressure to the inner
face of the walls. Whether an isotropic or transversely
isotropic hyperelastic material was used, the result in-
dicated a higher stress at the indentation side of the
wavy borders. The location and pattern of stress from
the shell FE model matched well with the anisotropic
alignment of microtubules, with a preference for bun-
dling at sites of indentation (Fu et al., 2005; Zhang et al.,
2011; Armour et al., 2015). These data suggest that
stress resulting from cell shape at the subcellular scale
might act as a mechanical cue for the cytoskeletal ar-
rangement, even in cells with complex shapes.

Sampathkumar et al. (2014) used the FE model of the
pavement cells further, to predict the microtubule or-
ganization based on tissue-level stress patterns and
their alterations upon the application of external forces
or cell ablation. The FE model suggested that, upon
laceration, or more subtly, cell ablation, the stress pat-
tern becomes circumferential around the vacant region
(Fig. 4, A and C). Cell removal was reproduced in the
model by gradual reduction in turgor pressure and cell
wall stiffness in compromised cells. Time-lapse imaging
reported an increase in microtubule bundling and a
change in organization hours after laceration. Previ-
ous observations also had reported a reorientation of

microtubules due to externally applied mechanical
stress in Arabidopsis leaves (Jacques et al., 2013). The
authors propose that this indicates that changes in
tissue-wide mechanical stresses can affect microtubule
organization despite the initial cell-level order imposed
on microtubular arrangement. However, to what de-
gree the perturbation of mechanical stresses at tissue
scale can override the cell-level control of microtubule
arrangement is disputable. First, the FE model devel-
oped by Sampathkumar et al. (2014) predicts that, upon
laceration or cell removal, circumferential stress pat-
terns would be produced in pavement cells in a region
of tissue spanning over multiple cells (Fig. 4A). Con-
versely, observation of a fluorescently tagged microtu-
bule line seems to suggest thatmicrotubule arrangement
is affected more strongly only in cells near the afflicted
region (Fig. 4B). Second, the study reports that the re-
sponse of microtubules to changes in mechanical stress
depends upon the magnitude of stress. To demonstrate
this, the FEmodel was used to reproduce the ablation of
only a few pavement cells. Similar to the case of lacer-
ation but with a lower magnitude, the FE model pre-
dicts a circumferential rearrangement of microtubules
adjacent to the location of the perished cells (Fig. 4C).
However, the experimental observation does not seem
to closely match the FE prediction (Fig. 4, C and D).
The authors argue that this observation demonstrates
a stress-magnitude dependency of the microtubule

Figure 4. A, FE model suggesting a stress
pattern in pavement cells circumferential to
the site of laceration. B, Fluorescence-tagged
microtubules demonstrate hyperbundling and
a seemingly circumferential pattern around
the wound site. White arrowheads show ex-
amples of noncircumferential microtubules in
cells away from the site of laceration. The
white arrow shows that, even in cells adjacent
to laceration, there seems to be a local com-
petition between the cell shape-dictated
microtubule organization and the putative
circumferential reorientation of microtubules
due to tissue-level stress. C, FE model sug-
gesting a stress pattern in pavement cells cir-
cumferential to removed cells. D, Microtubules
demonstrate a change in bundling and orien-
tation upon the small-scale wound. However,
their orientations seem longitudinal to cell axes
rather than being circumferential to the site of
the wound. White arrows indicate examples of
cells with microtubules oriented parallel to
the long cell axis, inconsistent with the hy-
pothesized circumferential orientation. The star
indicates ablated cells. Numbers indicated in-
dividual cells. All these images are reprinted
from Sampathkumar et al. (2014) with permis-
sion from the authors. Bars = 25 mm (B) and
50 mm (D).
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rearrangement and that ablation of only a few cells does
not seem to be able to strongly rearrange the microtu-
bules circumferentially in neighboring cells. However,
a closer look reveals microtubules in neighboring cells
to be oriented predominantly parallel to the long axes of
the cells, rather than featuring a circumferential orien-
tation around the site of ablation (Fig. 4D). This might
indicate that the rearrangement of microtubules due to
cell ablation might at least partially occur due to other
cues, such as a wound response, a mechanism shown
previously (Geitmann et al., 1997). Furthermore, the
microtubule response might depend upon a competi-
tion between the subcellular and supercellular cues,
with a weight factor for each that depends on the ho-
meostasis within the cell and tissue, rather than being
dominated consistently by one.

FE Modeling of Wave Formation in Anticlinal Walls of
Pavement Cells

While the model by Sampathkumar et al. (2014) was
useful to predict how stresses in fully differentiated
pavement cells are distributed, it does not address the
generation of the cell undulations. Majda et al. (2017)
proposed an FE model to explain the underlying me-
chanics ofwave formation in pavement cells.Motivated
by their undulating shapes, the model focuses exclu-
sively on the anticlinal cell walls. The authors propose
that wave formation results from bending of the anti-
clinal walls due to their stretching combined with a
particular spatial distribution of mechanical properties.
The FE model developed in this study purportedly
demonstrates that, if segments with high and low
elastic moduli are laid alternatingly along and across
the anticlinal walls, stretching this structure forms
bends resembling the protrusions and indentations of
the pavement cell wall. A main result of the model is
that the indentation side of the bend of the anticlinal
wall is associated with the softer material. While this
result seems corroborated by the atomic force micros-
copy (AFM) stiffness measurements reported in this
study, it is challenged by available data on the me-
chanics of the pavement cell wall. First, as mentioned
before, well-aligned microtubules are associated with
indentation sides in anticlinal and periclinal walls (Fu
et al., 2005; Zhang et al., 2011; Armour et al., 2015), al-
though whether these antecede the initiation of undu-
lations warrants further investigation (Belteton et al.,
2018). It was hypothesized that this microtubular array
leads to the deposition of well-aligned cellulose en-
richment, thus preventing further expansion in these
areas of the periclinal walls (Panteris and Galatis, 2005).
This local stiffening in the periclinal wall of differenti-
ated cells is corroborated by AFM stiffness mapping
(Sampathkumar et al., 2014). Moreover, using fiducial
markers on the surface of growing pavement cells,
Armour et al. (2015) demonstrated that cell wall ex-
pansion is more pronounced on the protrusion side of
undulations while the opposing indentation sides

seemed restricted in their growth. This further corrob-
orates an added stiffness at the indentation side, all of
which seems to be difficult to reconcile with the results
of the anticlinal wall FE model developed by Majda
et al. (2017).

While the two scenarios are not mutually exclusive,
reconciling them would necessitate allowing for a
drastic and sudden change in the biochemical and
biomechanical makeup at the border between adjacent
cell wall regions. An indentation would have to feature
a stiff periclinal wall (Panteris and Galatis, 2005;
Sampathkumar et al., 2014; Armour et al., 2015) directly
neighboring a soft anticlinal wall (Majda et al., 2017).
Only detailed analysis of the local wall biochemistry
and mechanical behavior will provide conclusive an-
swers. An additional consideration is the geometry.
Given that the very narrow band of the anticlinal wall
is bordered by two large sheets of periclinal wall, po-
tentially representing significant boundary conditions
limiting the freedom of displacement, one wonders
whether the former can dominate the latter and
whether modeling the anticlinal wall while entirely
neglecting the periclinal walls can be a justifiable sim-
plification. We posit that an FE model that represents
the entire 3D geometry of the cell, including all its load-
bearing walls, is warranted to address the challenge of
wavy pavement cell morphogenesis.

REVERSIBLE SHAPE CHANGES IN PLANT CELLS

Reversible shape changes in plant organs and cells
can be generated by modulation of the turgor pressure.
As opposed to growth-related deformations, these re-
main mostly in the elastic range and do not involve
dynamic modification of the cell wall material and bi-
ochemistry. However, these reversible movements are
still governed by the mechanical properties of the cell
wall material and the geometry of the cell or tissue. At
the tissue level, the opening of the Venus flytrap
(Dionaea muscipula) and processes enabling seed dis-
persal are examples of the exploitation of turgor mod-
ulation, cell shape, and wall mechanics to accomplish
actuation (Forterre et al., 2005; Geitmann, 2016; Hofhuis
et al., 2016). Similarly, motion at the single cell level,
such as stomatal opening and closing, is powered hy-
draulically.

To illustrate the application of FE modeling to re-
versible shape changes, the example of stomatal guard
cells is examined here. Guard cells form pores in the leaf
epidermis that are specialized to optimize gas exchange
between the plant and the environment. The ability of
these epidermal valves to respond efficiently to various
stimuli, such as light and aridity, is crucial for photo-
synthesis, water retention, and, thus, survival. Stomatal
opening is driven by an increase in turgor pressure in
the guard cells. The pressure in subsidiary cells, the
specialized epidermal cells immediately surrounding
the guard cells, antagonizes this process, together
regulating the stomatal dynamics (Von Mohl, 1856;
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Edwards et al., 1976; Franks and Farquhar, 1998). The
shape and structure of guard cells vary among species.
Stomata in graminaceous monocots have guard cells
that are typically narrow and dumbbell shaped,
whereas those of dicots are kidney shaped. Here, we
focus on the latter. The increase in the width of the
stomatal aperture by inflation of the guard cells is
suggested to occur in two stages. The guard cells in the
closed state of the pore display a nearly elliptical cross-
section that becomes circular when pressurized (Fig.
5A). The first stage of the pore opening or increase in
volume of guard cells is suggested to be governed
mainly by an inflation-driven change in the cross-
sectional shape of guard cells with little stretch in the
wall. The further increase in cell volume is attributed to
stretching of the cell wall accompanied by its thinning
and expansion at the poles (Sharpe andWu, 1978). How
the swelling of the two guard cells, their specific design,
and their wall mechanics enable pore opening has
been the subject of multiple studies with somewhat
antithetical outcomes (DeMichele and Sharpe, 1973;
Raschke, 1975; Cooke et al., 1976, 2008; Sharpe and
Wu, 1978; Amsbury et al., 2016; Carter et al., 2017;
Woolfenden et al., 2017). Several cell features have been
hypothesized to be critical for pore opening when
guard cell pressure rises: (1) the increased thickness of
the ventral walls of guard cells (Fig. 5A); (2) the radial
reinforcement by cellulose microfibrils, resulting in
anisotropy of the cell wall (Fig. 5B); (3) the elliptical
cross-section of guard cells under low turgor pressure;
and (4) the constraint on polar expansion of guard cells
due to pectin deesterification.

Reversible Changes in Guard Cell Cross-Sectional Shape
May Underlie Stomatal Pore Opening

FE studies by Cook and colleagues were among the
first to consider a realistic closed-cell geometry for
guard cells. The comprehensive analyses carried out in
these studies produced results that remain cogent to
date (Cooke et al., 1976, 2008; Lee, 1986; more infor-
mation is available under Stomatal Control System
[hdl.handle.net/1813/45423]). Cooke et al. (1976)
modeled a generic stomate with a doubly elliptical to-
roidal shell by rotating an ellipse forming the transverse
cross-section about another ellipse that lies in the hor-
izontal plane (Fig. 5A; videos demonstrating the data
for the guard cell model and results, for shell and solid,
can be accessed at the following links: hdl.handle.net/
1813/43793 and hdl.handle.net/1813/43794). The pa-
rameters investigated were the effects of guard cell
geometry, wall thickness, radial cellulose reinforce-
ment, and the turgor pressure in both guard and sub-
sidiary cells. Thickening of the ventral wall has long
been proposed to underlie pore opening (Meidner
and Mansfield, 1968). Considering a nonuniform wall
thickness, Cooke et al. (1976) found that opening of
aperture width is virtually the same as in a model with
uniform wall thickness, suggesting the wall thickness
gradient to be insubstantial for stomatal opening. These

Figure 5. A, Cross-sectional view of guard cells composed of ventral
wall (VW), dorsal wall (DW), inner wall (IW), and outer wall (OW). Ra
and Rb refer to the horizontal and vertical radii of the elliptical cross-
section, respectively. Only the outer ledge (OL) is shown. Inflation of the
guard cells causes a change of the elliptical cross-section to circular and
then to an ellipse with the major axis perpendicular to the plane of the
leaf. B, Confocalmicrograph of guard cells in an Arabidopsis cotyledon,
stained with Calcofluor White to reveal cellulose. Bar = 15 mm.
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results indicated, however, that the geometry of guard
cells is paramount in their function. If the torus was set
to be doubly circular in this model or if the cross-section
was defined to be elliptical with the major axis per-
pendicular to the leaf (dotted ellipse in Fig. 5A), the
pore was shown to close upon pressure application
unless some physiologically implausible criteria were
enforced. In these cases, the guard cell deformation
majorly consisted of cell wall stretching rather than
change in cell cross-sectional shape. In contrast to other
geometries, the authors determined that a doubly el-
liptical geometry opens upon the application of turgor
pressure and disturbs the neighboring cells minimally
when inflated. The simulations indicated that, during
deformation and pore opening, the cells bulge out of the
leaf plane. While the width of the pair increases as a
result of pore opening, the width of a guard cell can
decrease slightly because of the out-of-plane bulge of
the inner and outer walls. Interestingly, the aperture
length was observed to remain virtually constant dur-
ing pore opening, without necessitating a displacement
restraint to be imposed a priori on guard cell poles.
Parametric studies carried out by Cooke et al. (1976)

revealed that the aperture width is a multilinear func-
tion of the pressures in guard cells and subsidiary cells.
An antagonism ratio was defined to express the con-
tribution of each cell type in aperture opening. The ra-
dial orientation of cellulosemicrofibrils in mature guard
cells (Fig. 4B) has long been known (Ziegenspeck, 1955),
and the resulting transverse isotropy has been consid-
ered a crucial feature promoting stomatal opening. An
early study even made a physical model of stomatal
opening by radially reinforcing a pair of elongated
balloons using adhesive tape (Aylor et al., 1973). In
contrast, simulations by Cooke et al. (1976) suggest
that circumferential cellulose reinforcement acts as a
hindrance to aperture opening driven by guard cell in-
flation. Ceteris paribus, their model, predicted that in-
creasing the elastic modulus of the wall in the radial
direction, representing a higher anisotropy ratio by ra-
dial cellulose bundles, diminishes the effect of a unit
increase in guard cell pressure on pore opening while it
increases the contribution of a unit increase in the
pressure of subsidiary cells in closing it. From this, the
authors concluded that radial cellulose anisotropy is
not a mechanism to open but, conversely, a leverage to
close the pore. Interestingly, a recent study by Rui and
Anderson (2016) has demonstrated that guard cells in a
mutant with reduced cellulose content and anisotropy
exhibit a wider aperture, which seems to, at least partly,
support the findings of the model by Cooke et al. (1976),
although assessing the dynamics of the pore opening
and the effect of subsidiary cells will require further
investigation. The emergence of such complex and
nonlinear control on the Watergate by relying only on
geometry and mechanics is a spectacularly simple
strategy and may be, in part, how plants can respond
rapidly and reliably to environmental cues (Roelfsema
and Hedrich, 2005; Franks and Farquhar, 2007; Raven,
2014). Together, Cooke et al. (1976, 2008) and Lee (1986)

conclude that opening of the stomatal pore is influenced
saliently by the elliptical geometry of the guard cell
cross-section. They suggest that nonuniform wall thick-
ening or anisotropic material properties are not required
per se, although they might regulate the dynamic re-
sponse of guard cells.

Reassessing the Contribution of Cellulose-Induced Radial
Anisotropy to Stomatal Opening

The role of cellulose orientation and cell wall anisot-
ropy was reassessed in a recent study by Woolfenden
et al. (2017), who used nonlinear elasticity with a trans-
versely isotropic material behavior to represent the
guard cell wall, similar to studies by Cooke et al. (1976).
The authors observed that, using isotropic material
properties, increasing the turgor pressure causes the
stomatal pore to close rather than open. A radially
reinforced version of their model engendered pore
opening. They concluded that circumferentially oriented
cellulose microfibrils are crucial for stomatal opening.
However, these resultswere based on a structurewith an
idealized circular cross-section for the guard cells,
whereas the base model in the study by Cooke et al.
(1976) was elliptical in cross-section (Fig. 5A). While
Woolfenden et al. (2017) did simulate this situation as
well, they stated that, at higher ‘correct’ pressures, the
pore closes in the absence of anisotropic properties. The
study does not explicitly state a caveat that cannot be
neglected, however. Many of the model inputs, includ-
ing the cell wall thickness, cross-sectional shape, and
material model parameters including the elastic moduli,
are significantly simplified, and idealized or arbitrary
values are used, as is inevitable in the absence of bio-
mechanical data. Therefore, it is hardly possible to expect
themodel to reliably predict anythingmore than general
tendencies, even if biologically relevant absolute pres-
sure values are used. A small change in, say, the as-
sumed Young’s modulus of the cell wall or the use of a
different nonlinear elastic model has the potential to
significantly alter the observed threshold values or even
the trends at which the model switches from open to
closed. Arguing that one model more accurately reflects
the reality over another, if neither uses better quality
input parameters, warrants substantiation. Similar ca-
veats apply to attempts aimed at quantitatively identi-
fying material constants from such models; many
approaches are best suited to remain qualitative. This
points to a limitation of modeling in plant cell mechanics
in general. In the absence of detailed quantitative infor-
mation, many parameters required to define the model
must be input based on educated guesses, and whether
the predictions made by the model hold in experimental
conditions remains to be shown. That a given combi-
nation of material and geometrical parameters produces
results resembling the biological situation is seducing
but does not prove this combination to be the one
reflecting the reality. Other solutions often are possible.
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This caveat should at least be acknowledged but is not
always done.

Another example is the observation that the aperture
is least sensitive to turgor pressure at higher width (the
curve moves toward a plateau; Franks and Farquhar,
1998). This ledWoolfenden et al. (2017) to conclude that
a strain stiffening must occur in the cell wall matrix.
While this explanation is reasonable, it may not be the
only one. Annexing increasing numbers of parameters
to the model to match an observed behavior, without
proper substantiation, risks appearing opportunistic if
not arbitrary. The nonlinear behavior observed in ex-
periments (Franks and Farquhar, 1998) also could be
caused by a two-step opening mechanism, similar to
the one described before and demonstrated in the FE
model by Cooke et al. (1976, 2008). This would entail an
initial turgor-induced change in geometry from ellipti-
cal to circular (inflation), followed by an accommoda-
tion of any further increase in pressure by cell wall
stretching, a process that requires higher turgor differ-
entials to produce visible results. Therefore, the matrix
strain-stiffening conjecture proffered by Woolfenden
et al. (2017), while consistent with polymer chemistry
(Bidhendi and Geitmann, 2016), could be a secondary
mechanism responsible for the apparent low sensitivity
of aperture opening at high pressures. These concepts
certainly merit further validation. Woolfenden et al.
(2017), furthermore, did not extensively explore the
effect of subsidiary cells in their model. They suggested
that, in the presence of cellulose-mediated anisotropy in
the guard cell walls, the effect of pressure in the sub-
sidiary cells becomes negligible. This result is in clear
contrast to that of Cooke et al. (1976), who reported the
guard cell anisotropy to augment the effect of subsidi-
ary cells in closing the stomata. Further investigations
must address this discrepancy.

Correlating the Mechanics and Phenotype of Genotypes:
The Devil May Lie in the Ultrastructural Details

While cell wall mechanical studies often focus on
cellulose orientation, parameters such as cell wall
thickness, cross-section shape, and other cell wall poly-
mers seem to have the potential to influence the me-
chanics and function of guard cells. However, since a
multitude of parametersmay interplay, isolating the role
of each may not always be straightforward. It has been
reported that pectin chemistry is correlated with the
ability of guard cells to function correctly (Merced and
Renzaglia, 2014; Amsbury et al., 2016). pme6-1 was
shown to have a decreased dynamic range and a defect
in stomatal opening. Interestingly, the results of immu-
nolabeling suggest that, in wild-type Arabidopsis,
unesterified pectin (antibody, LM19) is present in all cell
wall regions of guard cells. Highly methylated pectin
(antibody, LM20), on the other hand, is absent from
guard cell walls, as also reported previously by Merced
andRenzaglia (2014), and is limited to cell junctions, as is
calcium-bridged pectin (antibody, 2F4). This means that

unesterified pectin in the guard cell walls, although
negatively charged, does not seem to be gelated by cal-
cium ions. In pme6-1, the pectin distribution was re-
versed: highly esterified pectinwas reported in the entire
guard cell wall. The authors concluded that pectin de-
termines the mechanics of the cell wall and that lack of a
functioning pectin methylesterase causes the wall to
become too rigid and lose the deformability required to
open the pore (Amsbury et al., 2016).

While this is a reasonable hypothesis (Bidhendi and
Geitmann, 2016), the study provides no evidence for the
fact that the weakly esterified pectin was gelated by
calcium or whether themechanical properties of the cell
wall materials were altered in any way. The antibody
2F4 was not used on the mutant, let alone micro-
mechanical testing of cell wall properties. More im-
portantly, the study fails to ascertain that no other
parameters are changed in the mutant. While the au-
thors claim a lack of any noticeable difference in ultra-
structure between the wild type and the mutant,
transmission electron microscopy cross-section micro-
graphs of the guard cells of pme6-1 and the wild type
provided in their study seem to reveal an interesting,
yet conflicting, phenomenon (see Supplemental Fig. S2,
G and H, of Amsbury et al., 2016). In cross-sections, the
guard cell walls of the mutant appear considerably
thicker than those of thewild type, relative to the area of
the lumen. This seems especially the case for the inner
walls. Whether the images in this paper are represen-
tative remains open. However, compensation mecha-
nisms are common when a normal process of the cell is
disturbed and can cause a chain of events. Here, in re-
sponse to a disturbed function of pectin methylesterase,
an increase in cell rigidity may have occurred through
abnormal wall thickening. If this were confirmed, the
change in cell wall dimensions or cross-sectional shape,
rather than biochemical processes, would be the factor
altering the mechanics of the unit surface of the wall
(see Supplemental Fig. S2, G and H, of Amsbury et al.,
2016). The irregular cell shape as viewed in the cross-
section and inner wall thickness may explain the
anomaly in stomatal opening, which requires further
investigation through FE modeling. It should be noted
that an earlier study on the chemical alteration of
the guard cell wall during development in Funaria
hygrometrica by Merced and Renzaglia (2014) reserves
a special role for rhamnogalacturonan I distribution
in guard cell walls, in addition to the role of homo-
galacturonan. Further assessment of the potential
contribution of other types of pectin in guard cell me-
chanics may provide answers to some of the out-
standing questions.

The Roles of Pectin-Induced Stiffening and Adjacent
Subsidiary Cells in the Polar Prevention of Guard Cell
Elongation and Stomatal Opening

Pectin biochemistry was also the focus of a modeling
study that suggests deesterification of pectin at poles of
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guard cells to underlie pore opening (Carter et al.,
2017). Ventral walls of guard cells are generally thicker
compared with dorsal walls (Meidner and Mansfield,
1968; Renzaglia et al., 2017). Using AFM stiffness
measurements, Carter et al. (2017) suggested that ven-
tral wall thickening does not occur in young guard cells,
while the stomata are still as functional as in mature
guard cells. This is consistent with predictions made by
an FE model developed in the same article, similar to
the model by Woolfenden et al. (2017), suggesting the
effect of ventral wall thickening to be minimal in sto-
matal opening, as also proposed by Cooke et al. (1976).
Interestingly, Carter et al. (2017) showed that pectin is
unesterified in guard cell poles and that the application
of polygalacturonases rendered guard cells incapable
of opening the aperture. Probing the stiffness of the
enzyme-treated guard cells with AFM, the authors
suggested that the guard cells’ dysfunction arises from
the removal of polar stiffening due to polygalacturo-
nase treatment. However, from the image provided, it
seems that, rather than the removal of stiffness from
poles, the enzyme treatment had caused the relative
apparent stiffness to spread over a broader region of the
guard cell walls (see Fig. 4I of Carter et al., 2017). Fur-
thermore, it should be considered that the enzyme
treatment also might change the turgor pressure in the
guard cells or subsidiary cells. Neither of these possible
collateral effects nor any possible changes in cell ultra-
structure resulting frompectinmodificationwere verified.
The simulations predicted that, whether or not the

cells are fixed at the poles, a threshold pressure (1 MPa)
is required to initiate aperture opening. A threshold
pressure has indeed been observed in biological sam-
ples. This lag in response was found to be due to the
antagonizing effect of turgid subsidiary cells (Franks
and Farquhar, 1998). As the pressure in these cells
approaches zero, for example due to damage, the
threshold pressure vanishes and the pore opens at
guard cell pressures close to zero. The role of subsidiary
cells is not spelled out in the model by Carter et al.
(2017), but the modeling equivalent of an external
constraining obstacle was nevertheless incorporated,
only motivated by an unrelated biological feature.
Carter et al. (2017) used the experimental finding of the
stiffened guard cell poles to hypothesize that polar
stiffening augments the pore opening at a given turgor
pressure. They argued that the stiffened polar cell wall
fixes the cell ends in place, and this concept was
implemented by adding a boundary condition to the
Woolfenden et al. (2017) FE model, on which the model
by Carter et al. (2017) is based. This boundary condition
consisted of fixing the poles in place. The problem of
this translation of a biological concept into the FEmodel
is that, to replicate the polar stiffening due to pectin
deesterification, it should have been implemented as a
property (e.g. locally elevated Young’s modulus) of the
guard cell wall. Instead, the constrained displacement
boundary condition removes displacement degrees of
freedom at the poles, which biologically can only reflect
an external constraint such as the above-mentioned

surrounding subsidiary cells. Therefore, while the
simulations are consistent with the findings by Franks
and Farquhar (1998), the biological justification used by
Carter et al. (2017) to implement the boundary condi-
tion merits reassessing. It is important to note that, as
mentioned before, the model developed by Cooke et al.
(1976; videos are available under hdl.handle.net/1813/
43793 and hdl.handle.net/1813/43794) did not dem-
onstrate a considerable polar expansion even though
the poles were free to displace. Clearly, the choice of the
model geometry is a crucial step in model construction.

Future studies to address these questions, specifically
the effects of cell cross-sectional shape and subsidiary
cells on the stomatal complex, have the potential to
further elucidate the functioning of pectin in stomatal
mechanics. Suffice it to say that the scenarios proposed
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by various groups, even if seemingly inconsistent,
provide food for further thought. We wonder whether
guard cells use different mechanisms redundantly,
or distinctly at different stages of development. An
observation reinforcing this hypothesis may be the
change from semicircular to elliptical cross-section be-
tween early-stage and mature guard cells (Merced and
Renzaglia, 2014).

REMARK

FEmodeling is a powerful tool that has been employed
successfully to simulate the behavior of geometrically
complex plant cells. The modeling technique has been
used to localize and predict stress and strain in cells with
the purpose to understand the underlying biological
mechanisms, and it has been applied to both reversible
and irreversible processes, such as guard cell movement
and cell growth events, respectively. Despite, or because,
the rapid adoption of FE modeling by the plant cell
community, caremust be taken in interpreting FE results.
FE modeling, as with anymodeling strategy, is subject to
a dependency on the quality of inputs; flawed inputs
result in flawed outcomes. Oversimplification or mis-
representation of the model components, ranging from
the geometry,material behavior, or boundary conditions,
has the potential to bear misleading results or to rein-
force a bias as a self-fulfilling prophecy (see Outstanding
Questions). Goodmodeling practice is to experiment with
and eliminate the parameters that may affect the outcome
before accepting the remaining ones. It is the responsibility
of the user to ascertain that the inputs agree well with the
physics of the problem and that the output is biologically
relevant, which requires a proper understanding of both
the physics and the biology of the problem.
Received November 27, 2017; accepted December 7, 2017; published December
11, 2017.
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