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Abstract Morphogenesis in plants depends critically on directional (anisotropic) growth. This
occurs principally perpendicular to the net orientation of cellulose microfibrils (CMFs), which is in
turn controlled by cortical microtubules (CMTs). In young lateral roots of Arabidopsis thaliana,
growth anisotropy also depends on RAB-A5c, a plant-specific small GTPase that specifies a
membrane trafficking pathway to the geometric edges of cells. Here we investigate the functional
relationship between structural anisotropy at faces and RAB-A5c activity at edges during lateral
root development. We show that surprisingly, inhibition of RAB-A5c function is associated with
increased CMT/CMF anisotropy. We present genetic, pharmacological, and modelling evidence
that this increase in CMT/CMF anisotropy partially compensates for loss of an independent RAB-
A5c-mediated mechanism that maintains anisotropic growth in meristematic cells. We show that
RAB-A5c associates with CMTs at cell edges, indicating that CMTs act as an integration point for
both mechanisms controlling cellular growth anisotropy in lateral roots.

DOI: https://doi.org/10.7554/eLife.47988.001

Introduction

Plants display an astonishing morphological diversity both at the organ and the cellular scale. As
plant cells are encased by a rigid cell wall and cannot migrate from their position in the tissue, this
diversity in shape depends on the plant’s ability to precisely control directional cell growth. Plant
cells grow through plastic deformation of the cell wall, a process driven by the cell's undirected
internal turgor pressure (Lockhart, 1965). Directional growth therefore depends on differential
extensibility of cell walls at different cell faces, which in turn is achieved through local modifications
of cell wall mechanical and structural properties.

Plant cell walls consist of three main polysaccharides (cellulose, hemicelluloses, and pectins) as
well as a small fraction of enzymatic and structural proteins (Cosgrove, 2014). Cellulose microfibrils
(CMFs) have a long been seen as the most important cell wall component in terms of structural
anisotropy (Green, 1962). With a Young's modulus in fibre direction of ~130 GPa, they are much
stiffer than other cell wall components (Burgert, 2006), and therefore constrain cell wall extensibility
in fibre direction. Consequently, the leading paradigm for directional growth control predicts direc-
tional growth is controlled through oriented deposition of CMFs in the cell wall, with maximum
expansion perpendicular to the net orientation of CMFs (Green, 1962; Green, 1980). CMF orienta-
tion is determined during deposition by cortical microtubule (CMT) arrays, which guide cellulose syn-
thase complex (CSC) trajectories in the plasma membrane (Bringmann et al., 2012; Li et al., 2012,
Paredez et al., 2006). However, the CMT/CMF paradigm alone is insufficient to explain directional
plant growth in various cases (Baskin et al., 1999; Taiz and Métraux, 1979). In an intriguing classic
example, pharmacological or genetic perturbation of transverse CMT patterns in elongating
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elLife digest A fundamental challenge in biology is to understand how plants, animals and other
multicellular organisms make organs of various shapes and sizes. Plant cells are surrounded by rigid
walls that fix them into their position relative to the surrounding cells. Therefore, neighbouring cells
have to precisely coordinate how fast and in which directions they grow to form organs. In roots, for
example, cells need to primarily grow in a longitudinal direction (along the length of the root),
rather than radially, in order for the root to maintain its cylinder shape.

Plant cell walls are made of fibres known as cellulose microfibrils, which are embedded within a
matrix of other cell wall material. These fibres are much stiffer than the cell wall matrix, and their
orientation controls in which direction a cell will grow. When microfibrils are lying parallel to each
other, they limit cell growth in the direction they are orientated, causing cells to grow at right angles
to the microfibrils. However, the way microfibrils are angled does not always fully expain the
direction in which a cell will grow: for example, young cells in lateral roots (roots that branch out
from the primary root) mainly grow in a longitudinal direction although their microfibrils are
randomly arranged. This suggests other mechanisms are also involved in controlling in which
direction a cell will grow.

In order to grow, cells transport cell wall material and other cargo to the cell surface through
different transport routes. A protein known as RAB-A5c controls a pathway directed to the edges of
cells where two faces meet. It is not clear what exactly is transported in this edge-directed pathway,
but root cells no longer grow in a longitudinal direction when RAB-A5c is inhibited. Previous studies
have found that the edges of cells help to arrange cellulose microfibrils in the cell wall, but it is not
clear whether RAB-A5c controls cell growth through this or another process. To address this
question, Kirchhelle et al. used several different approaches to study the role RAB-A5c plays in how
lateral roots grow in the small weed Arabidopsis thaliana.

The experiments found that RAB-A5c controlled which direction cells in the lateral roots grew
independently of cellulose microfibril orientation. Inhibiting RAB-A5c activity disturbed longitudinal
growth, but unexpectedly increased the proportion of cellulose microfibrils that were arranged at
right angles to the root’s main axis. Kirchhelle et al. propose that RAB-A5c controls growth direction
by changing the cell wall’'s mechanical properties at the edge where two cell faces meet. Cells can
partially compensate for loss of this mechanism by increasing the number of microfibrils that are
deposited in a parallel arrangement.

These findings demonstrate that there are two separate mechanisms that control in which
direction root cells grow. All land plants have versions of the RAB-A5c protein, suggesting that the
new mechanism revealed in this work may also be found in other plants. Understanding how plant
cells control growth may benefit agriculture in the future, for example, by providing new targets to
develop herbicides against weeds.

DOI: https://doi.org/10.7554/eLife.47988.002

Arabidopsis roots caused cell swelling which preceded changes in cellulose microfibril orientation
(Sugimoto et al., 2003; Whittington et al., 2001; Wiedemeier et al., 2002), indicating that (1) ani-
sotropic microfibril orientation is not always sufficient to confer anisotropic growth, and (2) microtu-
bules may control growth anisotropy through mechanisms independent of CMF orientation. In
recent years, models of cell wall structure and mechanics have undergone major revisions, incorpo-
rating new insights into additional mechanisms of directional growth control (Cosgrove, 2014). In
particular, the methyl-esterification status of pectins has been attributed a much more important
role in determining the structural and mechanical properties of the cell wall (Wolf and Greiner,
2012). In the context of anisotropic growth control, differential demethyl-esterification at longitudi-
nal and transverse cell faces in the hypocotyl was associated with a shift from isotropic to anisotropic
growth and preceded changes in CMF orientation (Peaucelle et al., 2015).

In addition to cell faces, the geometric edges of cells (where two faces meet) have recently
emerged as a spatial domain with importance for anisotropic growth control (Ambrose et al., 2011,
Kirchhelle et al., 2016). The plant-specific small Rab GTPase RAB-A5c is an endomembrane traffick-
ing regulator that specifies a putatively exocytic membrane trafficking pathway to geometric edges
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in organ primordia (Rutherford and Moore, 2002; Kirchhelle et al., 2016). Its inhibition caused a
shift in cell growth direction from anisotropic to near-isotropic without a change in overall growth
rates or default endomembrane trafficking, indicating a requirement for this pathway in directional
growth control (Kirchhelle et al., 2016). Cells’ geometric edges have been identified as important
organisational domains for CMTs (Ambrose et al., 2011, Ambrose and Wasteneys, 2011,
Gunning et al., 1978). Cell-edge geometry can influence CMTs at the faces as sharp transverse
edges present a physical barrier to CMTs, leading to ‘edge catastrophe’ of longitudinally oriented
CMTs encountering such edges and subsequently, transverse CMT arrays (Ambrose et al., 2011).
The microtubule-associated protein CLASP accumulates at geometric edges of some cells and ena-
bles CMTs to overcome these barriers (Ambrose et al., 2011). Furthermore, cell edges have been
identified as sites of microtubule nucleation in different plant species through accumulation of y-
tubulin complex components (Ambrose and Wasteneys, 2011, Gunning et al., 1978; Gun-
ning, 1980), further contributing to their role as cell-level CMT organisers. However, we have previ-
ously proposed the role of RAB-A5c at cell edges may be independent of CLASP-mediated CMT
organisation, as only a minor fraction of CLASP and RAB-A5c colocalised at cell edges, and localisa-
tion of RAB-A5c to cell edges was independent of CLASP (Kirchhelle et al., 2016). Instead, we pro-
posed RAB-A5c may act through locally changing cell wall properties at cell edges, which was
supported by a 2D Finite Element (FE) linear elastic model in which reduction of cell wall stiffness
edges caused cell swelling.

Here, we use a combination of experimental and computational techniques to investigate the
functional relationship between RAB-A5c-mediated trafficking and CMT organisation at cell edges in
the context of directional growth control. Specifically, we set out to test whether RAB-A5c activity
affects growth anisotropy though changes in CMT organisation, following the classic paradigm for
directional growth control, or through an independent mechanism as we have hypothesised before.
Combining experimental and computational approaches, we demonstrate that in young lateral
roots, both re-organisation of CMTs into anisotropic arrays and RAB-A5c-mediated edge-directed
trafficking contribute to anisotropic growth. We provide evidence that these pathways act indepen-
dently and at different developmental stages, but can partially complement each other. We further-
more demonstrate that RAB-A5c associates with CMTs at cell edges and changes in CMT array
organisation affect the RAB-A5c localisation pattern, suggesting CMTs act as an integration point of
both mechanisms controlling growth anisotropy in lateral roots: cellulose anisotropy at faces, and
RAB-A5c activity at cell edges.

Results
CMT and CMF anisotropy increase when RAB-A5c is inhibited

To test whether RAB-A5c function at cell edges controlled directional growth through CMT organi-
sation, we introduced the microtubule marker pUBQ1::RFP:TUB6 (Ambrose et al., 2011) into the
RPS5a > Dex > RAB-A5c[N125I] pUBQ10::YFP:NPSN12 background (Kirchhelle et al., 2016). In
these lines, RAB-A5c function can be conditionally disrupted through expression of a dexametha-
sone (Dex)-inducible, dominant-negative protein variant RAB-A5c[N125I]. As this protein variant is
predicted to act through titration of interacting factors, this strategy can overcome redundancy
amongst different members of the same gene family as well as allowing temporal and dosage con-
trol (Batoko et al., 2000; Jones et al., 1995; Olkkonen and Stenmark, 1997; Pinheiro et al., 2009,
Schmitt et al., 1986). Previous work in these lines revealed gross morphological defects in lateral
roots within 48 hr — 72 hr after transfer to Dex-containing medium, with a dramatic shift from the
normally highly anisotropic cellular growth to almost fully isotropic growth (Kirchhelle et al., 2016).
We induced expression of RPS5a > Dex > RAB-A5¢[N125l] for 72 hr and quantified mean CMT
array anisotropy and orientation. Surprisingly, CMT array anisotropy at the outer periclinal cell face
in meristematic lateral root cells was significantly increased in the presence of RAB-A5c[N125I]
despite the loss of growth anisotropy (Figure 1A-C, Figure 1—figure supplement 1A,B). Further-
more, while the CMT arrays of individual cells were essentially randomly oriented relative to the lon-
gitudinal axis in wild-type roots, in the presence of RAB-A5c[N125I] they were highly transverse,
resulting in a prominent supra-cellular pattern (Figure 1A,B,D). This change in mean CMT array ori-
entation occurred within 24 hr of induction with both saturating and sub-saturating concentrations
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Figure 1. Inhibition of RAB-A5c function caused increased anisotropy of the CMT array in meristematic cells. (A,B) Maximum intensity projections of
confocal stacks of lateral roots co-expressing YFP:NPSN12 (top) and RFP:TUB6 (middle) either in wild-type (A) or in a RPS5a > Dex > RAB-A5c[N125]]
line (B) three days after seedlings were transferred to agar plates containing 20 uM Dex. Bottom image shows merge of both channels as well as

manually drawn cell outlines (yellow) and vectors indicating mean orientation and degree of anisotropy of the CMT array in each cell as measured with

Figure 1 continued on next page
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Figure 1 continued

FibrilTool (Boudaoud et al., 2014). (C) Plot showing anisotropy of CMTs in meristematic cells from lateral roots like those shown in (A) for wild-type

(n = 114 cells) and RPS5a > Dex > RAB-A5¢[N125]] line 1 (n = 43 cells) and line 2 (n = 41 cells). Note 0 corresponds to a fully isotropic array, one to a
completely parallel (anisotropic) array. Mean CMT array anisotropy was significantly increased in the presence of RAB-A5¢[N125I] (Welch's t-test:
p<0.001 (***)). Error bars are SD. (D) Rose diagrams showing mean orientation of the CMT array in cells used in (C) relative to the longitudinal and
transverse axes of the lateral root. (E,F) CMT orientation at inner vs. outer periclinal cell walls in wild-type (E) and RPS5a > Dex > RAB-A5¢[N125l] (F)
roots. Epidermal meristematic cells expressing YFP:NPSN12 were segmented in 3D using MorphoGraphX (Barbier de Reuille et al., 2015), co-
expressed RFP:TUB6 was projected onto the 3D cell mesh, and mean CMT orientation at inner and outer periclinal faces was quantified using with
FibrilTool (Boudaoud et al., 2014). Seedlings were imaged 24 hr after transfer to agar plates containing 20 um Dex. (G,H) Average time projections of
maximum intensity projections of confocal stacks of lateral roots expressing mCherry:CESA1 in a wild-type (G) or RPS5a > Dex > RAB-A5c[N125]
background (H). Seedlings were imaged 24 hr after transfer to agar plates containing 20 um Dex. Stacks were acquired in 10 s intervals, each time
average projection is based on 60 stacks (corresponding to 10 min total imaging time). (1,J) Maximum intensity projections of confocal stacks expressing
CLASP:GFP in the RPS5a > Dex > RAB-A5¢[N125]] background showing lateral roots 3 days after transfer to agar plates containing 0.1% DMSO (1) or 20
uM Dex (J). Cell walls were stained with Propidium lodide (PI). (K,L) Maximum intensity projections of confocal stacks expressing GCP2:3xGFP in a wild-
type (K) and RPS5a > Dex > RAB-A5c[N125]] (L) background showing lateral roots 3 days after transfer to agar plates containing 20 uM Dex. Scale bars
10 um. Cell walls were stained with Propidium lodide (Pl). All scale bars 10 um.

DOI: https://doi.org/10.7554/elife.47988.003

The following source data and figure supplements are available for figure 1:

Source data 1. Quantification of CMT anisotropy and mean orientation in the absence and presence of RAB-A5¢[N125I].
DOI: https://doi.org/10.7554/eLife.47988.008

Figure supplement 1. CMTs in the absence and presence of RAB-A5cNI.

DOI: https://doi.org/10.7554/eLife.47988.004

Figure supplement 2. CMT rearrangement occurs during early stages of RAB-A5¢[N125I] induction.

DOI: https://doi.org/10.7554/elife.47988.005

Figure supplement 2—source data 1. Quantification of CMT anisotropy in epidermal lateral root cells during early stages of RAB-A5c[N125I]
induction.

DOI: https://doi.org/10.7554/eLife.47988.006

Figure supplement 3. GCP2 and RAB-A5c localisation in lateral roots.

DOI: https://doi.org/10.7554/eLife.47988.007

Figure supplement 3—source data 1. Quantification of colocalisation between YFP:RAB-A5c and GCP2:GFP at cell edges.
DOI: https://doi.org/10.7554/elife.47988.012

of Dex and preceded obvious changes in cell geometry (Figure 1—figure supplement 2). Since
CMT arrays can differ at outer and inner faces in some cell types (Crowell et al., 2011;
Panteris et al., 2013), we investigated whether CMT array organisation was similarly affected at the
inner periclinal face (at the L1/L2 interface). The inner periclinal face can have a complex surface
topology depending on its neighbouring cortical cells, so we employed an image analysis strategy
involving 3D-segmentation of cells based on the plasma membrane marker YFP:NPSN12, and subse-
quent projection a co-expressed RFP:TUB6 marker onto the 3D cell surface (Figure 1 E,F; Figure 1—
figure supplement 1C,D). Using this technique, we found that in wild type roots, CMT arrays at the
L1/L2 interface had a relatively low anisotropy although they appeared to be oriented in transverse
orientation more often than those at the outer epidermal face. In the presence of RAB-A5c[N125l],
we observed an increase of CMT anisotropy and transversely oriented arrays at the L1/L2 interface
similar to our observations at the outer face. We also introduced the cellulose synthase marker
pCESA1::mCherry:CESA1 (Vain et al., 2014) into the RPS5a > Dex > RAB-A5c[N125]] background
and imaged cellulose synthase trajectories 24 hr and 48 hr after induction of RAB-A5c[N125I]
(Figure 1G,F; Figure 1—figure supplement 3A,B). While trajectories were variable in their orienta-
tion in wild-type meristematic cells, they were predominantly transverse in the presence of RAB-A5c
[N125I], following the pattern observed for CMTs. This indicated that the change in CMT orientation
indeed lead to an increase in CMF anisotropy, and consequently, cell wall anisotropy.

The surprising increase in CMT and CMF anisotropy appears to contradict the common assump-
tion that anisotropic CMT and CMF arrays are associated with anisotropic growth — however, simi-
larly transverse anisotropic arrays have been described in the clasp-1 mutant, which also has shorter
and more swollen cells than wild-type plants (Ambrose et al., 2011; Ambrose et al., 2007). We
therefore tested if RAB-A5c function was required for localisation of CLASP at cell edges, but found
CLASP:GFP still localised to edges in RPS5a > Dex > RAB-A5¢[N1251] lines 72 hr after transfer to
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Dex (Figure 11,J), indicating edge-localisation of CLASP does not depend on RAB-A5c. We also con-
sidered that RAB-A5c might act through y-tubulin complex protein 2 (GCP2), which can act as a
CMT array organiser through nucleation of new MTs at transverse cell edges in primary roots
(Ambrose and Wasteneys, 2011). GCP2:GFP localised to both longitudinal and transverse cell
edges in lateral roots (Figure 1—figure supplement 3C) and partially overlapped with YFP:RAB-A5c
(Figure 1—figure supplement 3D-F). GCP2:GFP was enriched approximately two-fold at transverse
compared to longitudinal cell edges in lateral roots, so a loss of the MT nucleating activity of GCP2
from these edges could conceivably result in the more transverse CMT array observed in the pres-
ence of RAB-A5¢[N125I]. However, GCP2:GFP still localised to transverse cell edges in RPS5a > Dex
> RAB-A5c[N1251] lines 72 hr after transfer to Dex (Figure 1K,L). Therefore, the observed effect of
RAB-A5c[N125I] on CMT array organisation is likely not mediated through either CLASP or GCP2.

Increased cell wall anisotropy can counteract edge-mediated cell
swelling in silico

We previously proposed that RAB-A5c may act through locally changing cell wall mechanical proper-
ties at edges. In this context, the observed increase of CMT and CMF anisotropy reported above
can be interpreted as a secondary, compensatory effect counteracting the loss of RAB-A5c activity.
We used a computational modelling approach to test whether increased CMF anisotropy at cell
faces could counteract cell swelling caused by local reduction in cell wall stiffness at the cell edges.
The model follows a previous approach for axon contribution to the mechanical behaviour of brain
white matter (Garcia-Gonzalez et al., 2018), allowing us to independently define the CMF and
matrix responses. CMF orientation and degree of anisotropy were introduced as mechanical features
of the constitutive model, and the matrix was defined as a hyperelastic isotropic material. We also
introduced a term to define cross-linking of CMFs, which we considered to be isotropic and to rep-
resent both direct cellulose-cellulose interactions and interactions mediated by matrix components
in accordance with the mechanical hotspot theory (Cosgrove, 2014). Our constitutive model
requires the identification of seven parameters: the bulk modulus K; the shear moduli of the cell wall
matrix p,,, cellulose microfibrils y;, and microfibril cross-linking p.; the microfibril fraction ¥; and the
mean orientation of the microfibrils a, along with their degree of anisotropy ¢ (see 'Supplementary
materials and methods’ in Appendix 1 for model derivation and parameter definition). The constitu-
tive model was implemented in a 3D FE framework for large deformations, using a meristematic cell
with idealised dimensions (Figure 2A) whose instantaneous response to inflation under turgor pres-
sure was examined.

We first considered an idealised case in which CMFs were oriented fully randomly (isotropic) at all
cell faces (Figure 2A, left). To simulate the postulated RAB-A5c-mediated modification of cell wall
properties at the edge, we varied the shear moduli p,,, 4, and u, at cell edges from 10-fold less to
10-fold more rigid in comparison to cell faces. As the apparent shear modulus in our current 3D
model is a combination of all shear moduli p,,, p, and u,, this approach effectively changed the
apparent shear modulus by factor 10, following our previous approach in a 2D linear elastic FE
model (Kirchhelle et al., 2016). Reduction of shear moduli at edges caused increased displacement
at the outer face (i.e., cell swelling; Figure 2B, top, D), reproducing the results from a previous sim-
ple 2D model (Kirchhelle et al., 2016). Increasing shear moduli at cell edges relative to faces
decreased displacement at the outer face and was associated with a concentration of stresses at the
cell edge domain (Figure 2—figure supplement 1A). To simulate our experimental observations
regarding CMF reorganisation, we next introduced parallel (anisotropic) CMFs at longitudinal walls
(Figure 2A, right). Anisotropy at cell faces reduced the displacement at the outer face caused by
modification of shear moduli at cell edges (Figure 2B, bottom, D). While we did not observe
increased CMT anisotropy at the inner faces in wild-type lateral roots, transverse anisotropy at inner
faces has been reported for both CMT and CMF arrays in the primary root epidermis
(Panteris et al., 2013, Sugimoto et al., 2003). We therefore tested the effect of changing cellulose
anisotropy at the outer face in cells which had transverse anisotropic arrays at the inner anticlinal
and periclinal longitudinal face (Figure 2A, middle). Introducing anisotropy at just the outer face was
sufficient to counter-act cell swelling related to changes in edge properties (Figure 2B, middle, D).
These findings are consistent with our hypothesis that increased cell wall anisotropy at faces can par-
tially compensate cell swelling induced by local softening of the cell wall at edges.

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 6 of 26


https://doi.org/10.7554/eLife.47988

e LI FE Research article Cell Biology | Plant Biology

A1 1 2 2
R R
k L k L
T T
[l Edges []isotropic faces . Anisotropic faces
B “edges < Hraces “edges = Mraces pedges > Mfaces C “edges < Hfaces “edges = Mraces “edges > Hraces
———— e
| | -
e —
2 - - 2 -
| . - | -
displacement (um)
00 04 08 12 16 20 24
D S . E 3
£ £
3 2 =2
25 2 25 2
c c
[3] []
2 2
2 ‘_(-u’ §
— L 15 5 1.5 ©
1~ € €
= - =] =}
= _— - B 1 g B 1 g
= - © ©
1S S
. — . 0.5 . — . 0.5
pedges < Mfaces uedges = Mfaces “edges > Mfaces uedges < Mfaces Uedges = Mfaces pedges > Mfaces

Figure 2. A 3D FE model of a meristematic root cell. (A) Morphology of the uninflated model from the outside (left) and in section (right) of a cell with
isotropic CMFs at all faces (left, 1), isotropic CMFs at transverse anticlinal and the outer periclinal face, and anisotropic CMFs at longitudinal anticlinal
and the inner periclinal face (middle, 2), and isotropic CMFs at transverse anticlinal, and anisotropic CMFs at longitudinal anticlinal and periclinal faces
(right, 3). Edges are colour-coded in red, isotropic faces in grey, and anisotropic faces in teal. R: radial, L: longitudinal, T: transverse. (B,C) Effect of
selective increase or reduction by factor 10 of shear moduli shear moduli p1,,,, y1, and p,, at cell edges (Uedges) compared to shear moduli at faces (Hfaces)
on cell morphology for cells in which CMFs were oriented as described in 1,2, and 3 in (A). Cells are colour coded for displacement. (B) idealised cases
with FA of O (fully isotropic) and 1 (fully anisotropic); (C) cases with FA corresponding to experimentally determined CMT orientation, with FA = 0.08
Figure 2 continued on next page
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Figure 2 continued

corresponding to the isotropic and FA = 0.2 corresponding to the anisotropic case. At faces, K = 10 GPa, p,, = 18 MPa, y; = 1.2 GPa, y, = 18 MPa and
J¢ = 0.5 in all cases. (D,E) Plots showing maximum displacement of cell models as those shown in (B,C).

DOI: https://doi.org/10.7554/eLife.47988.009

The following figure supplements are available for figure 2:

Figure supplement 1. Stress distribution in in silico meristematic cells.

DOI: https://doi.org/10.7554/eLife.47988.010

Figure supplement 2. Effect of varying model parameters.

DOI: https://doi.org/10.7554/eLife.47988.011

In the idealised cases considering either fully isotropic or fully anisotropic CMFs at cell faces, the
effect of CMF orientation on cell swelling outweighed the effects of variations in u. and in shear
moduli at edges relative to faces (Figure 2—figure supplement 2A-C, E). However, these idealised
cases are unlikely to represent the real cell wall accurately, as (1) new CMFs are not deposited per-
fectly parallel, (2) cell walls contain CMFs laid down during previous stages of development at differ-
ent orientations, and (3) CMFs in outer layers can change their orientation towards more
longitudinal orientations during growth (Anderson et al., 2010). Therefore, we used our experimen-
tally determined values for CMT anisotropy in meristematic cells in the presence and absence of
RAB-A5c[N125I] (0.2 and 0.08 respectively; Figure 1C) as a proxy for CMF anisotropy to ask whether
a reduction of cell swelling could still be observed in these more realistic cases. This 2.5-fold increase
in anisotropy was sufficient to reduce cell swelling in all cases but one (Figure 2—figure supplement
2D), although its contribution towards cell swelling was much smaller relative to variations in p, and
in shear moduli at edges relative to faces. We also tested the effect of varying absolute values of the
model parameters 9, p., u,, and u;, and K (Figure 2—figure supplement 2) and found that across
all conditions tested, reduction of stiffness at edges enhanced cell swelling, and introduction of
anisotropy reduced cell swelling. Taken together, our in silico results predict that RAB-A5c acts
through locally modifying cell wall properties at edges, and the observed changes in CMT/CMF
organisation are secondary effects that can partially compensate for inhibition of RAB-A5c function.

Simultaneous disruption of RAB-A5c-function and CMT/CMF
reorganisation causes a synergistic growth phenotype

To test whether reorganisation of CMTs and CMFs could partially compensate for inhibition of RAB-
A5c function as predicted by our model, we investigated how genetic and pharmacological pertur-
bations of either CMT or CMF organisation affected the RAB-A5cNI phenotype. ectopic root hair 3—
3 (erh3-3; Webb et al., 2002) causes a lesion in the microtubule-severing protein KATANIN p60
(KTN), whose activity at CMT crossover sites is required to establish ordered (anisotropic) CMT
arrays (Burk and Ye, 2002; Zhang et al., 2013). To quantitatively compare the effect of RAB-A5c
inhibition on anisotropic growth in the presence and absence of functional KTN, we measured mean
lateral root diameter as a proxy for radial cell swelling in RPS5a > Dex > RAB-A5c¢[N125]] and RPS5a
> Dex > RAB-A5c[N125I] erh3-3 lines. Induction of RAB-A5c[N125I] in the wild-type background for
72 hr caused a relative increase of the mean lateral root diameter by 29% (Figure 3A,B,l). In the
erh3-3 background, radial swelling was significantly more severe, with a relative increase of mean lat-
eral root diameter by 44% (Figure 3A,B,I). This finding indicated that as predicted, CMT reorganisa-
tion counteracted cell swelling caused by inhibition of RAB-A5c function.

Loss of KTN function has also been associated with partial reduction in cellulose content
(Burk et al., 2001), which may contribute to the synergistic phenotype observed. However, in our
computational model, reducing cellulose content by half through changing the fibre fraction 9; had
only a minor effect on cell swelling relative to changes in mechanical properties at edges and anisot-
ropy at faces (Figure 2—figure supplement 2A). Furthermore, we also investigated the effect of
inhibiting CMT reorganisation through pharmacological agents: the microtubule-stabilising agent
taxol (Morejohn and Fosket, 1991; Schiff et al., 1979, Baskin et al., 1994), which reduces CMT
array dynamics, and the microtubule-depolymerising agent oryzalin (Hugdahl and Morejohn, 1993,
Morejohn et al., 1987), which causes CMT arrays to fragment or fully depolymerise (Baskin et al.,
1994). Both drugs could prevent the establishment of anisotropic CMT arrays in meristematic lateral
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Figure 3. Phenotypic interactions between microtubule mutants and RAB-A5¢[N125I]. (A-H) Confocal stacks of lateral roots expressing RPS5a > Dex >
RAB-A5c[N125]] in wild-type (A,C,D,E,G), erh3-3 (B), pom2-4 (F), or clasp-1 (H) backgrounds; 3 days after transfer to 0.1% DMSO (left) or 1 uM Dex
(right), in (D), plates additionally contained 250 nM Ory. Cell walls were stained with Propidium lodide (A,B,E-H), or cell outlines were visualised using
the plasma membrane marker YFP:NPSN12 (C,D). Images are snapshots from MorphoGraphX or maximum intensity projetions of confocal stacks. Scale

Figure 3 continued on next page
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bars 50 um. (I-L) Mean diameter of lateral roots such as those shown in (A-H) (n > 21). Difference in diameter (%) between DMSO and 1 uM Dex
treatments for each genotype noted above respective columns. Two-way ANOVA and post hoc Tukey's test: same letter indicates no significant
difference in relative diameter increase (p>0.05), different letters indicate significant difference (p<0.05).

DOI: https://doi.org/10.7554/elife.47988.013

The following source data and figure supplements are available for figure 3:

Source data 1. Quantification of lateral root thickness in microtubule mutants in the absence or prasence of RAB-A5c[N125I].

DOI: https://doi.org/10.7554/eLife.47988.016

Figure supplement 1. Synergistic effect of microtubule inhibitors and RAB-A5¢[N125I] expression on lateral root morphology.

DOI: https://doi.org/10.7554/eLife.47988.014

Figure supplement 1—source data 1. Quantification of lateral root thickness in response to treatment with oryzalin and taxol in the absence or pres-

ence of RAB-A5c[N125I].

DOI: https://doi.org/10.7554/eLife.47988.015

root cells expressing the inhibitory mutant RAB-A5c[N125I] (Figure 3—figure supplement 1A, F;
note subsaturating levels of oryzalin were used so CMT arrays were partially fragmented rather than
fully depolymerised). The increase in mean lateral root diameter in RPS5a>Dex>RAB-A5c[N125I]
lines after treatment with subsaturating or saturating concentrations of Dex (9% and 35%, Figure 3—
figure supplement 1G, J) was significantly increased in the presence of both taxol (49% and 51%,
respectively, Figure 3—figure supplement 1H, K) and oryzalin (52% and 57%, respectively;
Figure 3C, D, J; Figure 3—figure supplement 1I, L). Therefore, preventing reorganisation of CMTs
into anisotropic arrays through either genetic or pharmacological perturbations rendered lateral
roots hypersensitive to inhibition of RAB-A5c function.

According to our computational model, reorganisation of CMTs counteracts cell swelling in the
presence of RAB-A5c[N125I] through the increased anisotropy of newly deposited CMFs. To confirm
that the role of CMT arrays in guiding CMF deposition and not an unrelated CMT function was
required to counteract cell swelling, we examined the phenotypic interaction between RPS5a > Dex
> RAB-A5dN125[] and pom-pom2-4 (pom2-4; Bringmann et al., 2012). pom2-4 is deficient in POM-
POM2/CELLULOSE-SYNTHASE INTERACTIVE PROTEIN1 (POM2/CSI1), a protein linking CMTs and
cellulose synthase complexes (Bringmann et al., 2012; Li et al., 2012). In pom2-4, CSC trajectories
are no longer aligned with CMTs, allowing us to differentiate between CMT reorganisation and ori-
entation of CMF deposition. Similar to erh3-3, induction of RAB-A5¢[N125I] in the pom2-4 back-
ground caused a significantly larger increase in mean lateral root diameter compared to the wild-
type background (67% vs. 37%, Figure 3E,F,K). This indicated that the effect of CMTs on CMF ori-
entation and not another CMT function was required to compensate for inhibition of RAB-A5c
function.

If perturbing the establishment of anisotropic CMT arrays enhanced the RAB-A5c[N15I] pheno-
type, premature establishment of anisotropic CMT arrays may be sufficient to partially suppress cell
swelling. To test this prediction, we investigated the effect of RPS5a > Dex > RAB-A5¢[N125I] in the
clasp-1 background (Ambrose et al., 2007), in which CMT arrays in meristematic root cells display
increased anisotropy in transverse orientation (Ambrose et al., 2011; Ambrose et al., 2007). clasp-
1 lateral roots have a significantly larger diameter than wild-type roots in the absence of RAB-A5c
[N1251], but in the presence of RAB-A5c[N125l], mean lateral root diameter was similar in clasp-1
and wild-type backgrounds. Therefore, the relative increase in lateral root diameter in clasp-1 com-
parted to wild-type lateral roots was significantly reduced (22% vs. 30%, Figure 3G,H,L), indicating
that premature alignment of CMTs into anisotropic arrays may indeed partially compensate RAB-
A5c[NI]-related cell swelling.

Taken together, these experimental results confirm the predictions of our computational model
that the observed increase of CMT and CMF anisotropy in the presence of RAB-A5¢[N125I] is a com-
pensatory response partially counteracting the cell swelling caused by inhibition of RAB-A5c
function.

YFP:RAB-A5c is associated with CMTs at cell edges

Edge-localisation of YFP:RAB-A5c compartments was shown to be sensitive to pharmacological
depolymerisation of microtubules (Kirchhelle et al., 2016). To further investigate the relationship

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 10 of 26


https://doi.org/10.7554/eLife.47988.013
https://doi.org/10.7554/eLife.47988.016
https://doi.org/10.7554/eLife.47988.014
https://doi.org/10.7554/eLife.47988.015
https://doi.org/10.7554/eLife.47988

LI FE Cell Biology | Plant Biology

between RAB-A5c and CMTs, we introduced the microtubule markers p35S::RFP:MBD and pUBQ1::
RFP:TUB6 (Ambrose et al., 2011) into YFP:RAB-A5c lines. Confocal stacks of lateral roots express-
ing either marker combination revealed that YFP:RAB-A5c compartments at cell edges were associ-
ated with CMTs (Figure 4A-C; Figure 4—figure supplement 1; Figure 4—Videos 1-3). At edges
that were densely labelled with YFP:RAB-A5c, CMTs were always present — perhaps not surprising
considering the confined space at a cell edge. However, YFP:RAB-A5c compartments were also
sometimes found on cell faces away from the edge, where they were also associated with the ends
of microtubules (Figure 4B, white arrows). Furthermore, in preprophase cells, where CMTs form the
distinctive preprophase band (PPB), YFP:RAB-A5c compartments were progressively restricted to
the points on the geometric edges of the cell where the PPB intersected (Figure 4B,C, arrowheads;
Figure 4—figure supplement 1) indicating that YFP:RAB-A5c localisation at cell edges was confined
to regions where CMTs were present. After the mitotic spindle was formed, YFP:RAB-A5c was no
longer associated with microtubules or cell edges but labelled punctae dispersed throughout the
cytoplasm (Figure 4D, Figure 4—figure supplement 1, Figure 4—video 3) before relocating to the
cell plate during cytokinesis as previously reported (Kirchhelle et al., 2016).

CMT array structure influences YFP:RAB-A5c pattern

Colocalisation analysis also revealed that not all microtubules at cell edges were associated with
YFP:RAB-A5c compartments (Figure 2B,C, blue arrows), indicating the presence of CMTs alone may
not be sufficient to recruit RAB-A5c to a cell edge. Nevertheless, CMT arrays may influence the rela-
tive distribution at different cell edges because in the elongation zone, where CMT arrays are
strongly transverse, only longitudinal edges are labelled by YFP:RAB-A5c (Kirchhelle et al., 2016).
To test this inference, we analysed YFP:RAB-A5c localisation in mutants with defects in CMT array
organisation (Figure 4E-J, Figure 4—figure supplement 2). These mutants included clasp-1
(Ambrose et al., 2007; Ambrose and Wasteneys, 2008) and erh3-3 (Webb et al., 2002) described
above as well as spiral3 (spr3; Nakamura and Hashimoto, 2009), which carries a missense mutation
in the y-tubulin complex protein 2 (GCP2) resulting in a CMT array with a left-handed helical twist
(Nakamura and Hashimoto, 2009).

3D quantitative analysis revealed that in meristematic cells of wild-type lateral roots, YFP:RAB-
A5c was not evenly distributed along all edges of the cell, but was significantly enriched at the longi-
tudinal edges in comparison to transverse edges (Figure 4E,l; Figure 4—figure supplement 2A).
This pattern changed in the clasp-1, erh3-3, and spr3 backgrounds. In clasp-1, YFP:RAB-A5c was sig-
nificantly enriched at the longitudinal edges in comparison to the wild-type. In contrast, both erh3-3
and spr3 caused a significant reduction in relative YFP:RAB-A5c intensity at longitudinal edges and a
significant increase at transverse edges. As all three mutations also affected cell geometry, we con-
sidered the altered YFP:RAB-A5c localisation pattern might be related to such changes. We quanti-
fied mean edge length, and found that all mutants had significantly shorter longitudinal and longer
transverse walls than the wild-type (Figure 4J; Figure 4—figure supplement 2B). However, while
cell dimensions were statistically indistinguishable between the three mutants, they had opposing
effects on YFP:RAB-A5c localisation, indicating that changes in cell geometry were not causal for the
observed effects on YFP:RAB-A5c localisation.

Since clasp-1 causes increased transverse CMT anisotropy in meristematic root cells (resulting in a
relative enrichment of microtubules crossing longitudinal edges) and mutations in erh3-3 delay
establishment of transverse CMT anisotropy in older cells, we conclude that CMTs are necessary for
RAB-A5c compartment localisation at edges, but on their own, insufficient to explain their distribu-
tion at different edges.

Meristematic lateral root cells exhibit anisotropic growth

Edge localisation of RAB-A5c is most pronounced in meristematic lateral root cells, where CMT
arrays are relatively disordered (Figure 1A,C). In contrast to unidirectionally growing cells on the
cylindrical part of the root, these cells are located on the tapering root apex and therefore have to
accommodate a degree of radial and circumferential growth. To investigate 3D growth patterns in
these cells, we quantified total volume growth as well as growth in the longitudinal, radial, and cir-
cumferential directions in lateral root epidermal cells. To distinguish meristematic cells from the
more rapidly elongating transition and elongation zone cells, we used a threshold of 1.5-fold volume
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Figure 4. YFP:RAB-A5c localisation and CMT organisation. (A) Maximum intensity projections of 3D confocal stacks from lateral roots expressing YFP:
RAB-A5c (left) and RFP:TUB6 (middle). Scale bar 20 um. (B,C) Maximum intensity projections of 3D confocal stacks from lateral roots expressing YFP:
RAB-A5c (left) and RFP:MBD (middle). Scale bars 5 um. White arrows indicate YFP:RAB-A5c compartments at cell faces co-localising with RFP:MBD,
blue arrows indicate CMTs at cell edges not labelled with YFP:RAB-A5c, white arrowheads indicate preprophase bands. (D) Schematic summary of RAB-
Figure 4 continued on next page
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Abc localisation in relation to microtubule localisation at different stages of the cell cycle based on images such as those shown in (A-C) and Sé. (E-H)
Maximum intensity projections of confocal stacks of lateral roots expressing YFP:RAB-A5c either in wild-type (E), clasp-1 (F), erh3-3 (G), and spr3 (H)
backgrounds. Cell walls were stained with propidium iodide (Pl). Scale bars 10 pm. (I,J) Plots showing relative enrichment of YFP:RAB-ASc intensity at an
edge normalised against mean edge intensity in the respective cell (I) and mean transverse and longitudinal edge length in those cells (J) for lateral
roots like those shown in (E-H). (n > 103 cells for each genotype; two-way ANOVA and post hoc Tukey's test: same letter indicates no significant
difference (p>0.05), different letters indicate significant difference (p<0.01).

DOI: https://doi.org/10.7554/elife.47988.017

The following video, source data, and figure supplements are available for figure 4:

Figure supplement 1. YFP:RAB-A5c and RFP:TUB6 dynamics during lateral root development.

DOI: https://doi.org/10.7554/elife.47988.018

Figure supplement 2. YFP:RAB-A5c localisation in microtubule mutants.

DOI: https://doi.org/10.7554/eLife.47988.019

Figure supplement 2—source data 1. Quantification of YFP:RAB-A5c intensity at cell edges in microtubule mutant backgrounds.

DOI: https://doi.org/10.7554/eLife.47988.020

Figure 4—video 1. 3D maximum intensity projections of 3D confocal stacks from lateral roots expressing YFP:RAB-A5c (top, green) and RFP:MBD (mid-

dle, red).

DOI: https://doi.org/10.7554/eLife.47988.021
Figure 4—video 2. 3D maximum intensity projections of 3D confocal stacks from lateral roots expressing YFP:RAB-A5c¢ (top, green) and RFP:MBD (mid-

dle, red).

DOI: https://doi.org/10.7554/eLife.47988.022
Figure 4—video 3. Maximum intensity projections of a 4D confocal stack from a lateral root expressing YFP:RAB-A5c (green) and RFP:TUB6 (red) at

consecutive 40 min time intervals.

DOI: https://doi.org/10.7554/eLife.47988.023

growth over 6 hr (Figure 5—figure supplement 1). This analysis showed that although total growth
rates varied markedly between the two cell populations, in both cases the total volume growth was
mostly accounted for by the longitudinal growth vector alone (Figure 5A,B). Thus despite their lack
of transverse CMT anisotropy, meristematic cells can sustain highly anisotropic longitudinal growth.

Discussion
In this study, we examined the functional relationship of CMT organisation and RAB-A5c activity at
cell edges during lateral root development. A major and surprising finding was that the loss of
growth anisotropy caused by RAB-A5c inhibition was associated with increased CMT and CMF
anisotropy in meristematic cells of lateral roots. Our data suggest that RAB-A5c contributes to cell
growth anisotropy through a mechanism independent of CMT or CMF organisation. Based on our in
silico data, we propose that this mechanism involves local modification of cell wall stiffness at edges,
which can be partially compensated by increased cell wall anisotropy at the faces. Correspondingly
we showed experimentally that increased CMT anisotropy could partially compensate the cell swell-
ing phenotype, whereas loss of CMT and CMF reorganisation synergistically enhanced the RAB-A5c
[N125I] phenotype. Feedback from cell wall properties to CMT array organisation has been
described before: for example, CMT arrays have been shown to react directly to changes in mechan-
ical stresses (Hamant et al., 2008; Uyttewaal et al., 2012; Uyttewaal et al., 2010). It has also been
suggested that CMT arrays can be actively altered through changed expression levels of microtu-
bule-interacting proteins when cell wall composition is altered, as in the xyloglucan-deficient xxt1
xxt2 mutant (Xiao and Anderson, 2016). Finally, CMT array organisation is also believed to be influ-
enced by cellulose synthesis (Fisher and Cyr, 1998; Paredez et al., 2008). While our data indicate
RAB-A5c does not act though CMTs, its localisation to cell edges is sensitive to CMT array organisa-
tion, and pharmacological depolymerisation of CMTs abolishes edge-localisation (Kirchhelle et al.,
2016). This indicates CMTs are an integration point for both mechanisms organising anisotropic
growth, and also offers a possible explanation for the previously postulated role of CMTs in a mech-
anism of growth anisotropy that acts independently of CMF orientation (Sugimoto et al., 2003):
namely, through organising a secretory pathway to the cell edge.

Meristematic cells in lateral roots maintain anisotropic growth despite largely isotropic CMT/
CMFs at the outer periclinal face (Figure 1A,C-E, S1 and , S2A). It is possible that parallel CMT/
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Figure 5. Two mechanisms drive growth anisotropy in meristematic lateral root cells. (A,B) Snapshots from time-lapse confocal series of two lateral
roots expressing YFP:NPSN12 at O hr (top) and 6 hr (middle, bottom). Epidermal cells were segmented in 3D using MorphoGraphX (Barbier de Reuille
et al., 2015) and are colour-coded for absolute volume (top, middle) or relative volume growth (bottom). (C) boxplot showing relative volume (vol),
longitudinal (long), radial (rad), and circumferential (circ) growth for cells shown in (A,B). Cells were split up in two populations based on volume growth
to separate slow-growing meristematic cells (growth <1.5, n = 51) from more rapidly growing elongation zone cells (growth >1.5, n = 31). Two-way
ANOVA and post hoc Tukey's test: same letter indicates no significant difference (p>0.05), different letters indicate significant difference (p<0.01). Note
that while cells grow substantially faster once they have entered the elongation zone, growth is predominantly longitudinal in both meristematic and
elongation zone cells, and there is no significant difference in radial or circumferential growth between both cell populations. (D) Proposed model of
growth anisotropy regulation in epidermal lateral root cells. Top: in wild-type meristematic cells, CMTs (red) and consequently CMFs (grey) are largely
isotropic. Growth anisotropy is predominantly conferred through local modification of cell wall properties at edges (green) through a RAB-A5c-
dependent trafficking pathway. In elongation zone cells, CMTs and CMFs are aligned transverse anisotropic, further contributing to anisotropic growth.
Middle/Bottom: inhibition of RAB-A5c function through RAB-A5c[N125I] abolishes local modification of cell wall properties at edges, leading to the lack
Figure 5 continued on next page
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Figure 5 continued

of a mechanism promoting anisotropic growth in meristematic cells. This can be partially compensated through premature transverse alignment of
CMTs, leading to moderate swelling of cells. If compensatory CMT alignment is prevented through genetic or pharmacological means, cells lack both
mechanisms promoting growth anisotropy, and cells swell dramatically.

DOI: https://doi.org/10.7554/elife.47988.024

The following source data and figure supplements are available for figure 5:

Source data 1. Quantification of directional growth in epidermal cells of lateral roots.
DOI: https://doi.org/10.7554/elife.47988.027

Figure supplement 1. Cell growth rates in lateral roots.

DOI: https://doi.org/10.7554/eLife.47988.025

Figure supplement 2. YFP:RAB-A5c localisation in young primary roots.

DOI: https://doi.org/10.7554/elife.47988.026

CMF organisation at inner faces contribute to growth direction control instead, as described for
hypocotyl epidermal cells (Crowell et al., 2011). Parallel CMF arrays at the inner periclinal face have
been described in primary roots (Sugimoto et al., 2000; Panteris et al., 2013). Our findings pre-
sented here indicate that in lateral roots, CMT arrays at the L1/L2 interface are oriented in transverse
orientation more frequently that those at the outer face, however CMT anisotropy is relatively low.
Here, we describe an alternative CMF/CMT-independent mechanism mediated by RAB-A5c which
can also control growth direction. We propose the following model (Figure 5C): in wild-type meri-
stematic cells, CMTs and consequently CMFs are predominantly isotropic, and growth anisotropy is
conferred through local modification of cell wall properties at edges through a RAB-A5c-dependent
trafficking pathway. As cells begin to enter the elongation zone, CMTs and CMFs are aligned in
transverse direction, further contributing to rapid anisotropic growth. Inhibition of RAB-A5c function
through RAB-A5c[N125I] interferes with local modification of cell wall properties at edges, causing
loss of growth direction control. This can be partially compensated through premature transverse
alignment of CMTs and CMFs, causing cells to only moderately swell. If compensatory CMT or CMF
reorganisation is prevented through genetic or pharmacological means, cells lack both mechanisms
promoting growth anisotropy, so growth becomes isotropic and cells swell dramatically. This model
implies cells use different mechanisms to promote anisotropic growth at different developmental
stages: anisotropic growth control in meristematic cells is dominated by RAB-A5c activity at cell
edges, whereas cells in the elongation zone largely rely on CMT and CMF anisotropy at faces to con-
trol growth anisotropy. This may explain our previous observation that loss of growth anisotropy is
most pronounced if RAB-A5c is inhibited in meristematic cells that enter the elongation zone subse-
quently, whereas cells that were in the transition zone (where parallel CMT arrays are established at
the outer face) when RAB-A5c was inhibited maintained anisotropic growth (Kirchhelle et al., 2016).

Why might different mechanisms be involved in directional growth control in these different cell
populations? This remains an area of speculation but we offer some considerations below. It may be
that the simple transverse CMT/CMF mechanism that is adequate to sustain simple rapid cylindrical
extension of cells (and roots) in the elongation zone is inadequate for the meristem. The root meri-
stem has a tapering apex that must be organised into a regular cylinder by the time cells enter the
transition zone. This may require more flexibility in growth direction and thus in CMT and CMF
arrangement. Secondly, the meristem must contend with multiplicative and formative cell divisions,
each of which will have imperfections in positioning and insertion angle that must be accommodated
to achieve a regular organ geometry. It has been noted previously how variability in growth proper-
ties is greater at the cellular scale than the organ scale and is possibly required for the high degree
of uniformity observed at the higher scale (Hong et al., 2016; Meyer and Roeder, 2014). However,
while there may be an increased requirement for flexibility in the growth vector in meristematic lat-
eral root cells, they still grow largely anisotropically even in the absence of transverse CMF arrays
(Figure 5A,B).

One possible explanation for why the CMT/CMF mechanism may be inadequate to provide suffi-
cient anisotropy while maintaining flexibility arises from the observation that cell wall thickness in the
root remains relatively constant as cells progress through the meristem (Dyson et al., 2014). As
changes in facial anisotropy through CMF orientation rely on deposition of new material, it follows
they are largely growth-rate dependent, and may therefore be inefficient in slow-growing
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meristematic cells. It is conceivable that RAB-A5c acts through a mechanism that is not growth-rate
dependent, for example through the secretion of cell wall modifying enzymes that can locally change
the properties of the cell wall (Peaucelle et al., 2015). Furthermore, our 3D model predicts that cells
with largely isotropic CMF arrays will be particularly sensitive to alterations in mechanical properties
at cell edges (Figure 2C), whereas CMF anisotropy will dominate in cells with highly aligned CMF
arrays (Figure 2B). Therefore, it is possible that premature establishment of highly anisotropic arrays
will render meristematic cells devoid of the required flexibility in regulating growth directionality,
whereas a RAB-A5c-mediated mechanism acting at cell edges may provide the requisite anisotropic
growth control while leaving CMT and cell wall anisotropy sufficiently flexible for regular organ
morphogenesis.

YFP:RAB-A5c was poorly expressed and generally did not localise to cell edges in older lateral or
primary roots (Kirchhelle et al., 2016). Why are such roots less dependent on the RAB-A5c-based
mechanism? A CMF/CMT-based mechanism might be sufficient to control directional growth in lon-
ger roots which do not taper as dramatically as young lateral roots. Alternatively, anisotropic growth
in older roots may be aided by the overlying lateral root cap which could mechanically resist radial
and circumferential (transverse) growth, favouring longitudinal growth. Indeed, in young primary
roots YFP:RAB-A5c was present at cell edges in meristematic cells that were not covered by the lat-
eral root cap but not in adjacent cells lying beneath it (Figure 5—figure supplement 2). Further-
more, genetic ablation of the root cap results in cellular growth defects in the primary root
epidermis that are reminiscent of loss of RAB-A5c activity (Tsugeki and Fedoroff, 1999). It may be
significant that young lateral root primordia that express RAB-A5 lack a well-developed overlying
root cap to counteract radial swelling of meristematic cells. These findings, together with our previ-
ous observation that RAB-A5c is predominantly expressed in the lateral root epidermis
(Kirchhelle et al., 2016), suggest a requirement for RAB-A5c specifically in cells at the organ
surface.

Materials and methods

(species) or Source or Additional
resource Designation reference Identifiers information
Gene RAB-A5c/ARA4 PMID: 1748311 AT2G43130
(Arabidopsis thaliana) PMID: 26906735

Gene KTN PMID: 11283338 AT1G80350
(Arabidopsis thaliana)

Gene CLASP PMID: 17873093 AT2G20190
(Arabidopsis thaliana)

Gene CSI1/POM2 PMID: 20616083 AT2G22125
(Arabidopsis thaliana)

Gene TUBS PMID: 1498609 AT5G12250
(Arabidopsis thaliana)

Gene GCP2 PMID: 17714428 AT5G05620
(Arabidopsis thaliana)

Gene CESA1/RSW1 PMID: 9445479 AT4G32410
(Arabidopsis thaliana)

Strain, strain WT,; Wild- Type; NASC Nasc stock
background Col0 number: N1093
(Arabidopsis thaliana)

Genetic reagent erh3-3 PMID: 11782406

(Arabidopsis thaliana)

Genetic reagent spr3 PMID: 19509058

(Arabidopsis thaliana)

Genetic reagent clasp-1 PMID: 17873093

(Arabidopsis thaliana)

Continued on next page
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(species) or Source or Additional
resource Designation reference Identifiers information
Genetic reagent pom2-4 PMID: 22294619

(Arabidopsis thaliana)

Genetic reagent RPS5a > Dex > RAB- PMID: 26906735

(Arabidopsis thaliana) A5c[N125l]

Genetic reagent RAB-A5c::YFP:RAB-A5c PMID: 26906735

(Arabidopsis thaliana)

Genetic reagent UBQ10:: YFP:NPSN12 PMID: 19309456

(Arabidopsis thaliana)

Genetic reagent UBQ10:: mCherry: PMID: 19309456

(Arabidopsis thaliana) NPSN12

Genetic reagent CLASP::GFP:CLASP PMID: 17873093

(Arabidopsis thaliana)

Genetic reagent UBQ1:RFP:TUB:6 PMID: 21847104

(Arabidopsis thaliana)

Genetic reagent
(Arabidopsis thaliana)

GCP2:GCP2:3xGFP PMID: 20935636

Genetic reagent p35S::RFP:MBD This paper

(Arabidopsis thaliana)

Chemical Oryzalin Sigma-Aldrich CAS: 19044-88-3

compound, drug

Chemical Taxol Sigma-Aldrich CAS: 33069-62-4

compound, drug

Chemical Dexamethasone Sigma-Aldrich CAS: 50-02-2

compound, drug

Software, algorithm Fiji (Fiji is just PMID: 22743772 https://imagej.net/Fiji
ImageJ)

Software, algorithm MorphoGraphX PMID: 25946108 https://www.mpipz.

mpg.de/MorphoGraphX

Plant material and growth conditions
The Columbia ecotype was used throughout. Seeds expressing YFP:RAB-A5c under its native pro-
moter and lines expressing RAB-A5c[N125I] under the control of the Dex-inducible pOp/LhGR
expression system (RPS5a > Dex > RAB-A5c[N125l]) were described before (Kirchhelle et al., 2016).
Seeds expressing plasma membrane markers YFP:NPSN12 or mCherry:NPSN12 under the UBIQUI-
TIN10 promoter are part of the WAVE line collection (Geldner et al., 2009). Lines expressing GFP:
CLASP under its native promoter in a clasp-1 background (Ambrose et al., 2007), seeds expressing
RFP:TUB6 under a UBIQUITIN1 promoter (Ambrose et al., 2011), seeds expressing GCP2:3xGFP
under its native promotor (Nakamura et al., 2010), and seeds expressing mCherry:CESA1 under its
native promoter (Vain et al., 2014) have been described before. Mutants clasp-1 (Ambrose et al.,
2007), erh3-3 (Webb et al., 2002), pom2-4 (Bringmann et al., 2012) and spr3 (Nakamura and
Hashimoto, 2009) have been described before. To generate p35S::RFP:MBD expressing plants,
Col-0 plants were transformed with p35S::RFP:MBD in gateway vector pK7WGR2 (Van Damme
et al., 2004) via Agrobacterium-mediated transformation (Clough and Bent, 1998).

Lateral roots were imaged from seedlings after 7-14 days in a growth chamber (20°C, 16 hr light/
8 hr dark) on vertically oriented 0.8% Bacto agar (BD Biosciences) plates with half-strength Mura-
shige and Skoog medium (MS, Sigma-Aldrich), and 1% w/v sucrose (pH 5.7) ("2 MS). For Dexametha-
sone (Dex, Sigma-Aldrich) induction and pharmacological treatments, seedlings were germinated
and grown for 6-11 days to allow lateral root development and then transferred onto medium con-
taining either the respective drug or an equivalent volume of solvent for up to three days. Dex was
applied at 300 nM, 1 uM or 20 uM diluted from a 20 mM stock in DMSO, Oryzalin (Ory, Sigma-
Aldrich) was applied at 250 nM diluted from a 10 mM Stock in DMSO and Taxol (Tax, Sigma-Aldrich)
was applied at 10 uM diluted from a 10 mM Stock in DMSO.
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Microscopy

All confocal images were acquired using a HCX PL APO CS 20x/0.7 IMM UV lens or a HCX PL APO
63x/1.2 NA lens on a Leica TCS SP5, as described previously (Kirchhelle et al., 2016). Time-lapse
imaging of lateral roots was performed in imaging chambers as described before (Kirchhelle and
Moore, 2017).

Quantitative image analysis

Quantification of YFP:RAB-A5c was performed using MorphographX (Barbier de Reuille et al.,
2015) in essence as described previously (Kirchhelle et al., 2016), with two modifications: (1) the
analysis was limited to the region 0-2 um from the outer surface of each cell, with the region 0-1 um
from the anticlinal wall considered as edge, and (2) longitudinal and transverse walls were consid-
ered separately.

To quantify colocalisation between GCP2:GFP and YFP:RAB-A5c, cytosolic background signal
was removed from confocal stacks using a hysteresis filter (thresholds based on mean and maximum
intensity + 2SD) in Fiji (Schindelin et al., 2012). On maximum intensity projections of filtered stacks,
longitudinal and transverse edges were manually identified and Mander's colocalisation coefficients
(Manders et al., 1993) were determined for a region extending 1 um in each direction from the cell
edge using JACoP (Just Another Colocalisation Plugin) in Fiji (Bolte and Cordeliéres, 2006). Cell
edges where either fluorophore occupied less than 10% of the pixels were excluded to avoid bias.

Microtubule array anisotropy was quantified either as described before using the FibrilTool plugin
in Fiji (Boudaoud et al., 2014), or in MorphoGraphX (Barbier de Reuille et al., 2015). For Morphog-
raphX-based CMT array quantification, 2.5D segmentation was performed as described before
(Barbier de Reuille et al., 2015; Kirchhelle et al., 2016). After segmentation was completed, the
RFP:TUB6 stack was imported into MorphoGraphX, filtered with a Gaussian Blur filter with a radius
of 0.1 um, and projected onto the surface (0-1.5 um from the organ surface). CMT array anisotropy
was determined using the Fibril Orientation tool. Maximum (A,ax) and minimum (A..;,) anisotropy
values for each interphase meristematic cell were exported from MorphographX as csv files. Dividing

cells were excluded from the analysis. Anisotropy values were normalised as follows for each

. (Amax—Aunin).
cell: TRe=zmey

have an anisotropy of 1.

To assess microtubule orientation at the L1/L2 interface, 3D segmentation was performed as
described before (Barbier de Reuille et al., 2015; Kirchhelle et al., 2016). After segmentation was
completed, the RFP:TUB6 stack was imported into MorphoGraphX, filtered with a Gaussian Blur fil-
ter with a radius of 0.1 um, and projected onto the surface (0-1.5 um from the organ surface). Note
that the cell wall thickness at the L1/L2 interface of less than 200 nm is below the z-resolution limit
of CLSM, we therefore cannot exclude a contribution of microtubules from the outer face of cortex
cells to our measurements at the L1/L2 interface, and therefore use the term ‘L1/L2 interface’ instead
of inner periclinal face.

To quantify root thickness, bright-field images of lateral roots were imported into Fiji, both sides
of the root were traced manually along their longitudinal axis, and XY Cartesian coordinates for each
pixel on the outline trace were exported as csv files and imported into RStudio (https://www.rstudio.
com/). For each pixel on one side, the closest neighbour on the other side was determined and the
Euclidian distance between pixels calculated using the nn2 function in the RANN package (https://
CRAN.R-project.org/package=RANN). The mean diameter of each root was calculated as the aver-
age of all evaluated pixels excluding the tip-most 100 um of each root to exclude the tapering tip.

that is purely isotropic arrays had an anisotropy of 0 and purely anisotropic arrays

Statistical data analysis and plotting

Two-way ANOVA (analysis of variance) was performed in R using the aov function from the stats
package (https://stat.ethz.ch/R-manual/R-devel/library/stats/), Tukey's test was performed in R using
the TukeyHSD function from the stats package, Student's t-test and, for samples with unequal vari-
ance, Welch's t-test were performed in R using the t.test function from the stats package. Plots were
generated in R using the plot function from the graphics package (R Core Team, 2012; https://stat.
ethz.ch/R-manual/R-devel/library/graphics/), in Gnumeric (http://www.gnumeric.org/), or in Microsoft
Office Excel 2016 (https://products.office.com/en-gb/excel).

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 18 of 26


https://www.rstudio.com/
https://www.rstudio.com/
https://CRAN.R-project.org/package=RANN
https://CRAN.R-project.org/package=RANN
https://stat.ethz.ch/R-manual/R-devel/library/stats/
https://stat.ethz.ch/R-manual/R-devel/library/graphics/
https://stat.ethz.ch/R-manual/R-devel/library/graphics/
http://www.gnumeric.org/
https://products.office.com/en-gb/excel
https://doi.org/10.7554/eLife.47988

e LI FE Research article

Cell Biology | Plant Biology

Acknowledgements

The work on this manuscript has been overshadowed by the untimely death of lan Moore in August
2018. In sorrow, we dedicate this work to his memory. We thank Geoff Wasteneys for providing the
CLASP:GFP and RFP:TUB6 lines, Takashi Hashimoto for the spr3 and GCP2:GFP lines, and Jane
Langdale for critical reading of the manuscript. This work was supported by Leverhulme Trust grant
RPG-2014-276 and a John Fell Award to IM, BBSRC grant BB/P01979X/1 to IM, CK, and AJ, and a
BBSRC doctoral training award, Clarendon Scholarship, and Leverhulme Early Career Fellowship
ECF-2017-483 to CK. DG-G and AJ acknowledge funding from the European Union’s Seventh
Framework Programme (FP7 2007-2013) ERC Grant Agreement No. 306587.

Additional information

Funding
Funder Grant reference number  Author
Biotechnology and Biological ~ BB/P01979X/1 Charlotte Kirchhelle
Sciences Research Council Antoine Jérusalem
lan Moore
Leverhulme Trust RPG-2014-276 Niloufer G Irani
lan Moore
Leverhulme Trust ECF-2017-483 Charlotte Kirchhelle
John Fell Fund, University of Charlotte Kirchhelle
Oxford Antoine Jérusalem
lan Moore
Seventh Framework Pro- ERC Grant Agreement No.  Daniel Garcia-Gonzalez
gramme 306587 Antoine Jérusalem

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Charlotte Kirchhelle, Conceptualization, Data curation, Formal analysis, Funding acquisition,
Validation, Investigation, Visualization, Methodology, Writing—original draft, Project administration,
Writing—review and editing; Daniel Garcia-Gonzalez, Software, Investigation, Visualization,
Methodology, Writing—review and editing; Niloufer G Irani, Resources, Writing—review and
editing; Antoine Jérusalem, Software, Supervision, Funding acquisition, Methodology, Writing—
review and editing; lan Moore, Supervision, Funding acquisition, Investigation, Project
administration, Writing—review and editing

Author ORCIDs
Charlotte Kirchhelle @ https://orcid.org/0000-0001-8448-6906
Daniel Garcia-Gonzalez () http://orcid.org/0000-0003-4692-3508

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.47988.032
Author response https://doi.org/10.7554/elife.47988.033

Additional files

Supplementary files
« Source code 1. Computational model, abaqus subroutine.
DOI: https://doi.org/10.7554/eLife.47988.028

« Transparent reporting form
DOI: https://doi.org/10.7554/eLife.47988.029

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 19 of 26


https://orcid.org/0000-0001-8448-6906
http://orcid.org/0000-0003-4692-3508
https://doi.org/10.7554/eLife.47988.032
https://doi.org/10.7554/eLife.47988.033
https://doi.org/10.7554/eLife.47988.028
https://doi.org/10.7554/eLife.47988.029
https://doi.org/10.7554/eLife.47988

e LI FE Research article

Cell Biology | Plant Biology

Data availability

Source data files have been provided for Figure 1, Figure 4, Figure 5, Figure 3, Figure 1—figure sup-
plement 2, Figure 1—figure supplement 3, and Figure 3—figure supplement 1. The source code file
has been provided for the computational model (Figure 2 and Figure 2—figure supplements 1 and
2).

References

Ambrose JC, Shoji T, Kotzer AM, Pighin JA, Wasteneys GO. 2007. The Arabidopsis CLASP gene encodes a
microtubule-associated protein involved in cell expansion and division. The Plant Cell 19:2763-2775.
DOI: https://doi.org/10.1105/tpc.107.053777, PMID: 17873093

Ambrose C, Allard JF, Cytrynbaum EN, Wasteneys GO. 2011. A CLASP-modulated cell edge barrier mechanism
drives cell-wide cortical microtubule organization in Arabidopsis. Nature Communications 2:430. DOI: https://
doi.org/10.1038/ncomms1444, PMID: 21847104

Ambrose JC, Wasteneys GO. 2008. CLASP modulates microtubule-cortex interaction during self-organization of
acentrosomal microtubules. Molecular Biology of the Cell 19:4730-4737. DOI: https://doi.org/10.1091/mbc.
e08-06-0665, PMID: 18716054

Ambrose C, Wasteneys GO. 2011. Cell edges accumulate gamma tubulin complex components and nucleate
microtubules following cytokinesis in Arabidopsis thaliana. PLOS ONE 6:€27423. DOI: https://doi.org/10.1371/
journal.pone.0027423, PMID: 22110647

Anderson CT, Carroll A, Akhmetova L, Somerville C. 2010. Real-time imaging of cellulose reorientation during
cell wall expansion in Arabidopsis roots. Plant Physiology 152:787-796. DOI: https://doi.org/10.1104/pp.109.
150128, PMID: 19965966

Barbier de Reuille P, Routier-Kierzkowska AL, Kierzkowski D, Bassel GW, Schiipbach T, Tauriello G, Bajpai N,
Strauss S, Weber A, Kiss A, Burian A, Hofhuis H, Sapala A, Lipowczan M, Heimlicher MB, Robinson S, Bayer EM,
Basler K, Koumoutsakos P, Roeder AH, et al. 2015. MorphoGraphX: a platform for quantifying morphogenesis
in 4D. elife 4:05864. DOI: https://doi.org/10.7554/elife.05864, PMID: 25946108

Baskin TI, Wilson JE, Cork A, Williamson RE. 1994. Morphology and microtubule organization in Arabidopsis
roots exposed to oryzalin or taxol. Plant & Cell Physiology 35:935-942. PMID: 7981964

Baskin TI, Meekes HT, Liang BM, Sharp RE. 1999. Regulation of growth anisotropy in well-watered and water-
stressed maize roots. Il. role of cortical microtubules and cellulose microfibrils. Plant Physiology 119:681-692.
DOI: https://doi.org/10.1104/pp.119.2.681, PMID: 9952465

Batoko H, Zheng HQ, Hawes C, Moore I. 2000. A rab1 GTPase is required for transport between the
endoplasmic reticulum and golgi apparatus and for normal golgi movement in plants. The Plant Cell 12:2201-
2217. DOI: https://doi.org/10.1105/tpc.12.11.2201, PMID: 11090219

Bolte S, Cordeliéres FP. 2006. A guided tour into subcellular colocalization analysis in light microscopy. Journal
of Microscopy 224:213-232. DOI: https://doi.org/10.1111/}.1365-2818.2006.01706.x, PMID: 17210054

Boudaoud A, Burian A, Borowska-Wykret D, Uyttewaal M, Wrzalik R, Kwiatkowska D, Hamant O. 2014.
FibrilTool, an ImageJ plug-in to quantify fibrillar structures in raw microscopy images. Nature Protocols 9:457—
463. DOI: https://doi.org/10.1038/nprot.2014.024, PMID: 24481272

Bringmann M, Li E, Sampathkumar A, Kocabek T, Hauser MT, Persson S. 2012. POM-POM2/cellulose synthase
interacting1 is essential for the functional association of cellulose synthase and microtubules in Arabidopsis.
The Plant Cell 24:163-177. DOI: https://doi.org/10.1105/tpc.111.093575, PMID: 22294619

Burgert I. 2006. Exploring the micromechanical design of plant cell walls. American Journal of Botany 93:1391-
1401. DOI: https://doi.org/10.3732/ajb.93.10.1391, PMID: 21642086

Burk DH, Liu B, Zhong R, Morrison WH, Ye ZH. 2001. A katanin-like protein regulates normal cell wall
biosynthesis and cell elongation. The Plant Cell 13:807-827. DOI: https://doi.org/10.2307/3871342, PMID: 112
83338

Burk DH, Ye ZH. 2002. Alteration of oriented deposition of cellulose microfibrils by mutation of a katanin-like
microtubule-severing protein. The Plant Cell 14:2145-2160. DOI: https://doi.org/10.1105/tpc.003947,
PMID: 12215512

Carpita NC, Gibeaut DM. 1993. Structural models of primary cell walls in flowering plants: consistency of
molecular structure with the physical properties of the walls during growth. The Plant Journal 3:1-30.
DOI: https://doi.org/10.1111/j.1365-313X.1993.tb00007.x, PMID: 8401598

Clough SJ, Bent AF. 1998. Floral dip: a simplified method for Agrobacterium-mediated transformation of
Arabidopsis thaliana. The Plant Journal 16:735-743. DOI: https://doi.org/10.1046/].1365-313x.1998.00343.x,
PMID: 10069079

Cosgrove DJ. 2014. Re-constructing our models of cellulose and primary cell wall assembly. Current Opinion in
Plant Biology 22:122-131. DOI: https://doi.org/10.1016/].pbi.2014.11.001, PMID: 25460077

Cosgrove DJ. 2016. Plant cell wall extensibility: connecting plant cell growth with cell wall structure, mechanics,
and the action of wall-modifying enzymes. Journal of Experimental Botany 67:463-476. DOI: https://doi.org/
10.1093/jxb/erv511, PMID: 26608646

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 20 of 26


https://doi.org/10.1105/tpc.107.053777
http://www.ncbi.nlm.nih.gov/pubmed/17873093
https://doi.org/10.1038/ncomms1444
https://doi.org/10.1038/ncomms1444
http://www.ncbi.nlm.nih.gov/pubmed/21847104
https://doi.org/10.1091/mbc.e08-06-0665
https://doi.org/10.1091/mbc.e08-06-0665
http://www.ncbi.nlm.nih.gov/pubmed/18716054
https://doi.org/10.1371/journal.pone.0027423
https://doi.org/10.1371/journal.pone.0027423
http://www.ncbi.nlm.nih.gov/pubmed/22110647
https://doi.org/10.1104/pp.109.150128
https://doi.org/10.1104/pp.109.150128
http://www.ncbi.nlm.nih.gov/pubmed/19965966
https://doi.org/10.7554/eLife.05864
http://www.ncbi.nlm.nih.gov/pubmed/25946108
http://www.ncbi.nlm.nih.gov/pubmed/7981964
https://doi.org/10.1104/pp.119.2.681
http://www.ncbi.nlm.nih.gov/pubmed/9952465
https://doi.org/10.1105/tpc.12.11.2201
http://www.ncbi.nlm.nih.gov/pubmed/11090219
https://doi.org/10.1111/j.1365-2818.2006.01706.x
http://www.ncbi.nlm.nih.gov/pubmed/17210054
https://doi.org/10.1038/nprot.2014.024
http://www.ncbi.nlm.nih.gov/pubmed/24481272
https://doi.org/10.1105/tpc.111.093575
http://www.ncbi.nlm.nih.gov/pubmed/22294619
https://doi.org/10.3732/ajb.93.10.1391
http://www.ncbi.nlm.nih.gov/pubmed/21642086
https://doi.org/10.2307/3871342
http://www.ncbi.nlm.nih.gov/pubmed/11283338
http://www.ncbi.nlm.nih.gov/pubmed/11283338
https://doi.org/10.1105/tpc.003947
http://www.ncbi.nlm.nih.gov/pubmed/12215512
https://doi.org/10.1111/j.1365-313X.1993.tb00007.x
http://www.ncbi.nlm.nih.gov/pubmed/8401598
https://doi.org/10.1046/j.1365-313x.1998.00343.x
http://www.ncbi.nlm.nih.gov/pubmed/10069079
https://doi.org/10.1016/j.pbi.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25460077
https://doi.org/10.1093/jxb/erv511
https://doi.org/10.1093/jxb/erv511
http://www.ncbi.nlm.nih.gov/pubmed/26608646
https://doi.org/10.7554/eLife.47988

e LI FE Research article

Cell Biology | Plant Biology

Crowell EF, Timpano H, Desprez T, Franssen-Verheijen T, Emons AM, Hofte H, Vernhettes S. 2011. Differential
regulation of cellulose orientation at the inner and outer face of epidermal cells in the Arabidopsis hypocotyl.
The Plant Cell 23:2592-2605. DOI: https://doi.org/10.1105/tpc.111.087338, PMID: 21742992

Dyson RJ, Vizcay-Barrena G, Band LR, Fernandes AN, French AP, Fozard JA, Hodgman TC, Kenobi K, Pridmore
TP, Stout M, Wells DM, Wilson MH, Bennett MJ, Jensen OE. 2014. Mechanical modelling quantifies the
functional importance of outer tissue layers during root elongation and bending. New Phytologist 202:1212—
1222. DOI: https://doi.org/10.1111/nph.12764, PMID: 24641449

Fisher DD, Cyr RJ. 1998. Extending the microtubule/Microfibril paradigm. Cellulose synthesis is required for
normal cortical microtubule alignment in elongating cells. Plant Physiology 116:1043-1051. DOI: https://doi.
org/10.1104/pp.116.3.1043, PMID: 9501137

Garcia-Gonzalez D, Jérusalem A, Garzon-Hernandez S, Zaera R, Arias A. 2018. A continuum mechanics
constitutive framework for transverse isotropic soft tissues. Journal of the Mechanics and Physics of Solids 112:
209-224. DOI: https://doi.org/10.1016/j.jmps.2017.12.001

Geldner N, Dénervaud-Tendon V, Hyman DL, Mayer U, Stierhof YD, Chory J. 2009. Rapid, combinatorial analysis
of membrane compartments in intact plants with a multicolor marker set. The Plant Journal 59:169-178.

DOI: https://doi.org/10.1111/j.1365-313X.2009.03851.x, PMID: 19309456

Green PB. 1962. Mechanism for plant cellular morphogenesis. Science 138:1404-1405. DOI: https://doi.org/10.
1126/science.138.3548.1404, PMID: 17753861

Green PB. 1980. Organogenesis-A biophysical view. Annual Review of Plant Physiology 31:51-82. DOI: https://
doi.org/10.1146/annurev.pp.31.060180.000411

Gunning BE, Hardham AR, Hughes JE. 1978. Evidence for initiation of microtubules in discrete regions of the cell
cortex in Azolla root-tip cells, and an hypothesis on the development of cortical arrays of microtubules. Planta
143:161-179. DOI: https://doi.org/10.1007/BF00387788, PMID: 24408367

Gunning BS. 1980. Spatial and temporal regulation of nucleating sites for arrays of cortical microtubules in root
tip cells of the water fern Azolla pinnata. European journal of cell biology 23:53-65. PMID: 7460968

Hamant O, Heisler MG, Jénsson H, Krupinski P, Uyttewaal M, Bokov P, Corson F, Sahlin P, Boudaoud A,
Meyerowitz EM, Couder Y, Traas J. 2008. Developmental patterning by mechanical signals in Arabidopsis.
Science 322:1650-1655. DOI: https://doi.org/10.1126/science. 1165594, PMID: 19074340

Hong L, Dumond M, Tsugawa S, Sapala A, Routier-Kierzkowska AL, Zhou Y, Chen C, Kiss A, Zhu M, Hamant O,
Smith RS, Komatsuzaki T, Li CB, Boudaoud A, Roeder AH. 2016. Variable cell growth yields reproducible
OrganDevelopment through spatiotemporal averaging. Developmental Cell 38:15-32. DOI: https://doi.org/10.
1016/j.devcel.2016.06.016, PMID: 27404356

Hugdahl JD, Morejohn LC. 1993. Rapid and reversible High-Affinity binding of the dinitroaniline herbicide
oryzalin to tubulin from Zea mays L. Plant Physiology 102:725-740. DOI: https://doi.org/10.1104/pp.102.3.725,
PMID: 12231861

Jones S, Litt RJ, Richardson CJ, Segev N. 1995. Requirement of nucleotide exchange factor for Ypt1 GTPase
mediated protein transport. The Journal of Cell Biology 130:1051-1061. DOI: https://doi.org/10.1083/jcb.130.
5.1051, PMID: 7657691

Kirchhelle C, Chow CM, Foucart C, Neto H, Stierhof YD, Kalde M, Walton C, Fricker M, Smith RS, Jérusalem A,
Irani N, Moore |. 2016. The specification of geometric edges by a plant rab GTPase is an essential Cell-
Patterning principle during organogenesis in Arabidopsis. Developmental Cell 36:386-400. DOI: https://doi.
org/10.1016/j.devcel.2016.01.020, PMID: 26906735

Kirchhelle C, Moore I. 2017. A simple chamber for Long-term confocal imaging of root and hypocotyl
development. Journal of Visualized Experiments 123:€55331-. DOI: https://doi.org/10.3791/55331

Li S, Lei L, Somerville CR, Gu Y. 2012. Cellulose synthase interactive protein 1 (CSI1) links microtubules and
cellulose synthase complexes. PNAS 109:185-190. DOI: https://doi.org/10.1073/pnas. 1118560109

Lockhart JA. 1965. An analysis of irreversible plant cell elongation. Journal of Theoretical Biology 8:264-275.
DOI: https://doi.org/10.1016/0022-5193(65)90077-9, PMID: 5876240

Manders EMM, Verbeek FJ, Aten JA. 1993. Measurement of co-localization of objects in dual-colour confocal
images. Journal of Microscopy 169:375-382. DOI: https://doi.org/10.1111/].1365-2818.1993.tb03313.x

Meyer HM, Roeder AH. 2014. Stochasticity in plant cellular growth and patterning. Frontiers in Plant Science 5:
420. DOI: https://doi.org/10.3389/1pls.2014.00420, PMID: 25250034

Morejohn LC, Bureau TE, Mole-Bajer J, Bajer AS, Fosket DE. 1987. Oryzalin, a dinitroaniline herbicide, binds to
plant tubulin and inhibits microtubule polymerization in vitro. Planta 172:252-264. DOI: https://doi.org/10.
1007/BF00394595, PMID: 24225878

Morejohn LC, Fosket DE. 1991. The biochemistry of compounds with anti-microtubule activity in plant cells.
Pharmacology & Therapeutics 51:217-230. DOI: https://doi.org/10.1016/0163-7258(91)90078-Z, PMID: 16
86112

Nakamura M, Ehrhardt DW, Hashimoto T. 2010. Microtubule and katanin-dependent dynamics of microtubule
nucleation complexes in the acentrosomal Arabidopsis cortical array. Nature Cell Biology 12:1064-1070.

DOI: https://doi.org/10.1038/ncb2110, PMID: 20935636

Nakamura M, Hashimoto T. 2009. A mutation in the Arabidopsis gamma-tubulin-containing complex causes
helical growth and abnormal microtubule branching. Journal of Cell Science 122:2208-2217. DOI: https://doi.
org/10.1242/jcs.044131, PMID: 19509058

Nguyen TD, Jones RE, Boyce BL. 2007. Modeling the anisotropic finite-deformation viscoelastic behavior of soft
fiber-reinforced composites. International Journal of Solids and Structures 44:8366-8389. DOI: https://doi.org/
10.1016/j.ijsolstr.2007.06.020

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 21 of 26


https://doi.org/10.1105/tpc.111.087338
http://www.ncbi.nlm.nih.gov/pubmed/21742992
https://doi.org/10.1111/nph.12764
http://www.ncbi.nlm.nih.gov/pubmed/24641449
https://doi.org/10.1104/pp.116.3.1043
https://doi.org/10.1104/pp.116.3.1043
http://www.ncbi.nlm.nih.gov/pubmed/9501137
https://doi.org/10.1016/j.jmps.2017.12.001
https://doi.org/10.1111/j.1365-313X.2009.03851.x
http://www.ncbi.nlm.nih.gov/pubmed/19309456
https://doi.org/10.1126/science.138.3548.1404
https://doi.org/10.1126/science.138.3548.1404
http://www.ncbi.nlm.nih.gov/pubmed/17753861
https://doi.org/10.1146/annurev.pp.31.060180.000411
https://doi.org/10.1146/annurev.pp.31.060180.000411
https://doi.org/10.1007/BF00387788
http://www.ncbi.nlm.nih.gov/pubmed/24408367
http://www.ncbi.nlm.nih.gov/pubmed/7460968
https://doi.org/10.1126/science.1165594
http://www.ncbi.nlm.nih.gov/pubmed/19074340
https://doi.org/10.1016/j.devcel.2016.06.016
https://doi.org/10.1016/j.devcel.2016.06.016
http://www.ncbi.nlm.nih.gov/pubmed/27404356
https://doi.org/10.1104/pp.102.3.725
http://www.ncbi.nlm.nih.gov/pubmed/12231861
https://doi.org/10.1083/jcb.130.5.1051
https://doi.org/10.1083/jcb.130.5.1051
http://www.ncbi.nlm.nih.gov/pubmed/7657691
https://doi.org/10.1016/j.devcel.2016.01.020
https://doi.org/10.1016/j.devcel.2016.01.020
http://www.ncbi.nlm.nih.gov/pubmed/26906735
https://doi.org/10.3791/55331
https://doi.org/10.1073/pnas.1118560109
https://doi.org/10.1016/0022-5193(65)90077-9
http://www.ncbi.nlm.nih.gov/pubmed/5876240
https://doi.org/10.1111/j.1365-2818.1993.tb03313.x
https://doi.org/10.3389/fpls.2014.00420
http://www.ncbi.nlm.nih.gov/pubmed/25250034
https://doi.org/10.1007/BF00394595
https://doi.org/10.1007/BF00394595
http://www.ncbi.nlm.nih.gov/pubmed/24225878
https://doi.org/10.1016/0163-7258(91)90078-Z
http://www.ncbi.nlm.nih.gov/pubmed/1686112
http://www.ncbi.nlm.nih.gov/pubmed/1686112
https://doi.org/10.1038/ncb2110
http://www.ncbi.nlm.nih.gov/pubmed/20935636
https://doi.org/10.1242/jcs.044131
https://doi.org/10.1242/jcs.044131
http://www.ncbi.nlm.nih.gov/pubmed/19509058
https://doi.org/10.1016/j.ijsolstr.2007.06.020
https://doi.org/10.1016/j.ijsolstr.2007.06.020
https://doi.org/10.7554/eLife.47988

e LI FE Research article

Cell Biology | Plant Biology

Olkkonen VM, Stenmark H. 1997. Role of rab GTPases in membrane traffic. In: Jeon K. W (Ed). International
Review of Cytology - a Survey of Cell Biology. 176 Elsevier. p. 1-85. DOI: https://doi.org/10.1016/S0074-7696
(08)61608-3

Panteris E, Adamakis ID, Daras G, Hatzopoulos P, Rigas S. 2013. Differential responsiveness of cortical
microtubule orientation to suppression of cell expansion among the developmental zones of Arabidopsis
thaliana root apex. PLOS ONE 8:e82442. DOI: https://doi.org/10.1371/journal.pone.0082442, PMID: 24324790

Paredez AR, Somerville CR, Ehrhardt DW. 2006. Visualization of cellulose synthase demonstrates functional
association with microtubules. Science 312:1491-1495. DOI: https://doi.org/10.1126/science. 1126551,

PMID: 16627697

Paredez AR, Persson S, Ehrhardt DW, Somerville CR. 2008. Genetic evidence that cellulose synthase activity
influences microtubule cortical array organization. Plant Physiology 147:1723-1734. DOI: https://doi.org/10.
1104/pp.108.120196, PMID: 18583534

Peaucelle A, Wightman R, Héfte H. 2015. The control of growth symmetry breaking in the Arabidopsis
hypocotyl. Current Biology 25:1746-1752. DOI: https://doi.org/10.1016/j.cub.2015.05.022, PMID: 26073136

Pinheiro H, Samalova M, Geldner N, Chory J, Martinez A, Moore |. 2009. Genetic evidence that the higher plant
Rab-D1 and Rab-D2 GTPases exhibit distinct but overlapping interactions in the early secretory pathway.
Journal of Cell Science 122:3749-3758. DOI: https://doi.org/10.1242/jcs.050625, PMID: 19789181

Rivlin RS. 1948. Large elastic deformations of isotropic materials. IV. further developments of the general theory.
Philosophical Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences 241:379-
397. DOI: https://doi.org/10.1098/rsta.1948.0024

Rutherford S, Moore I. 2002. The Arabidopsis rab GTPase family: another enigma variation. Current Opinion in
Plant Biology 5:518-528. DOI: https://doi.org/10.1016/51369-5266(02)00307-2, PMID: 12393015

Schiff PB, Fant J, Horwitz SB. 1979. Promotion of microtubule assembly in vitro by taxol. Nature 277:665-667.
DOI: https://doi.org/10.1038/277665a0, PMID: 423966

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, Preibisch S, Rueden C, Saalfeld S,
Schmid B, Tinevez JY, White DJ, Hartenstein V, Eliceiri K, Tomancak P, Cardona A. 2012. Fiji: an open-source
platform for biological-image analysis. Nature Methods 9:676-682. DOI: https://doi.org/10.1038/nmeth.2019,
PMID: 22743772

Schmitt HD, Wagner P, Pfaff E, Gallwitz D. 1986. The ras-related YPT1 gene product in yeast: a GTP-binding
protein that might be involved in microtubule organization. Cell 47:401-412. DOI: https://doi.org/10.1016/
0092-8674(86)20597-0, PMID: 3094963

Sugimoto K, Williamson RE, Wasteneys GO. 2000. New techniques enable comparative analysis of microtubule
orientation, wall texture, and growth rate in intact roots of Arabidopsis. Plant Physiology 124:1493-1506.
DOI: https://doi.org/10.1104/pp.124.4.1493, PMID: 11115865

Sugimoto K, Himmelspach R, Williamson RE, Wasteneys GO. 2003. Mutation or drug-dependent microtubule
disruption causes radial swelling without altering parallel cellulose microfibril deposition in Arabidopsis root
cells. The Plant Cell 15:1414-1429. DOI: https://doi.org/10.1105/tpc.011593, PMID: 12782733

Taiz L, Métraux JP. 1979. The kinetics of bidirectional growth of stem sections from etiolated pea seedlings in
response to acid, auxin and fusicoccin. Planta 146:171-178. DOI: https://doi.org/10.1007/BF00388228,

PMID: 24318055

Tsugeki R, Fedoroff NV. 1999. Genetic ablation of root cap cells in Arabidopsis. PNAS 96:12941-12946.
DOI: https://doi.org/10.1073/pnas.96.22.12941, PMID: 10536027

Uyttewaal M, Traas J, Hamant O. 2010. Integrating physical stress, growth, and development. Current Opinion
in Plant Biology 13:46-52. DOI: https://doi.org/10.1016/].pbi.2009.10.004, PMID: 19914123

Uyttewaal M, Burian A, Alim K, Landrein B, Borowska-Wykret D, Dedieu A, Peaucelle A, Ludynia M, Traas J,
Boudaoud A, Kwiatkowska D, Hamant O. 2012. Mechanical stress acts via katanin to amplify differences in
growth rate between adjacent cells in Arabidopsis. Cell 149:439-451. DOI: https://doi.org/10.1016/j.cell.2012.
02.048, PMID: 22500806

Vain T, Crowell EF, Timpano H, Biot E, Desprez T, Mansoori N, Trindade LM, Pagant S, Robert S, Héfte H,
Gonneau M, Vernhettes S. 2014. The cellulase KORRIGAN is part of the cellulose synthase complex. Plant
Physiology 165:1521-1532. DOI: https://doi.org/10.1104/pp.114.241216, PMID: 24948829

Van Damme D, Van Poucke K, Boutant E, Ritzenthaler C, Inzé D, Geelen D. 2004. In vivo dynamics and
differential microtubule-binding activities of MAP65 proteins. Plant Physiology 136:3956-3967. DOI: https://
doi.org/10.1104/pp.104.051623, PMID: 15557096

Webb M, Jouannic S, Foreman J, Linstead P, Dolan L. 2002. Cell specification in the Arabidopsis root epidermis
requires the activity of ECTOPIC ROOT HAIR 3-a katanin-p60 protein. Development 129:123-131. PMID: 117
82406

Whittington AT, Vugrek O, Wei KJ, Hasenbein NG, Sugimoto K, Rashbrooke MC, Wasteneys GO. 2001. MOR1
is essential for organizing cortical microtubules in plants. Nature 411:610-613. DOI: https://doi.org/10.1038/
35079128, PMID: 11385579

Wiedemeier AM, Judy-March JE, Hocart CH, Wasteneys GO, Williamson RE, Baskin TI. 2002. Mutant alleles of
Arabidopsis RADIALLY SWOLLEN 4 and 7 reduce growth anisotropy without altering the transverse orientation
of cortical microtubules or cellulose microfibrils. Development 129:4821-4830. PMID: 12361973

Wolf S, Greiner S. 2012. Growth control by cell wall pectins. Protoplasma 249:169-175. DOI: https://doi.org/10.
1007/s00709-011-0371-5

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 22 of 26


https://doi.org/10.1016/S0074-7696(08)61608-3
https://doi.org/10.1016/S0074-7696(08)61608-3
https://doi.org/10.1371/journal.pone.0082442
http://www.ncbi.nlm.nih.gov/pubmed/24324790
https://doi.org/10.1126/science.1126551
http://www.ncbi.nlm.nih.gov/pubmed/16627697
https://doi.org/10.1104/pp.108.120196
https://doi.org/10.1104/pp.108.120196
http://www.ncbi.nlm.nih.gov/pubmed/18583534
https://doi.org/10.1016/j.cub.2015.05.022
http://www.ncbi.nlm.nih.gov/pubmed/26073136
https://doi.org/10.1242/jcs.050625
http://www.ncbi.nlm.nih.gov/pubmed/19789181
https://doi.org/10.1098/rsta.1948.0024
https://doi.org/10.1016/S1369-5266(02)00307-2
http://www.ncbi.nlm.nih.gov/pubmed/12393015
https://doi.org/10.1038/277665a0
http://www.ncbi.nlm.nih.gov/pubmed/423966
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1016/0092-8674(86)90597-0
https://doi.org/10.1016/0092-8674(86)90597-0
http://www.ncbi.nlm.nih.gov/pubmed/3094963
https://doi.org/10.1104/pp.124.4.1493
http://www.ncbi.nlm.nih.gov/pubmed/11115865
https://doi.org/10.1105/tpc.011593
http://www.ncbi.nlm.nih.gov/pubmed/12782733
https://doi.org/10.1007/BF00388228
http://www.ncbi.nlm.nih.gov/pubmed/24318055
https://doi.org/10.1073/pnas.96.22.12941
http://www.ncbi.nlm.nih.gov/pubmed/10536027
https://doi.org/10.1016/j.pbi.2009.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19914123
https://doi.org/10.1016/j.cell.2012.02.048
https://doi.org/10.1016/j.cell.2012.02.048
http://www.ncbi.nlm.nih.gov/pubmed/22500806
https://doi.org/10.1104/pp.114.241216
http://www.ncbi.nlm.nih.gov/pubmed/24948829
https://doi.org/10.1104/pp.104.051623
https://doi.org/10.1104/pp.104.051623
http://www.ncbi.nlm.nih.gov/pubmed/15557096
http://www.ncbi.nlm.nih.gov/pubmed/11782406
http://www.ncbi.nlm.nih.gov/pubmed/11782406
https://doi.org/10.1038/35079128
https://doi.org/10.1038/35079128
http://www.ncbi.nlm.nih.gov/pubmed/11385579
http://www.ncbi.nlm.nih.gov/pubmed/12361973
https://doi.org/10.1007/s00709-011-0371-5
https://doi.org/10.1007/s00709-011-0371-5
https://doi.org/10.7554/eLife.47988

e LI FE Research article Cell Biology | Plant Biology

Woolfenden HC, Bourdais G, Kopischke M, Miedes E, Molina A, Robatzek S, Morris RJ. 2017. A computational
approach for inferring the cell wall properties that govern guard cell dynamics. The Plant Journal 92:5-18.
DOI: https://doi.org/10.1111/tpj. 13640, PMID: 28741858

Wysocki M, Toll S, Larsson R, Asp LE. 2010. Anisotropic and tension—compression asymmetric model for
composites consolidation. Composites Part A: Applied Science and Manufacturing 41:284-294. DOI: https://
doi.org/10.1016/j.compositesa.2009.10.016

Xiao C, Anderson CT. 2016. Interconnections between cell wall polymers, wall mechanics, and cortical
microtubules: teasing out causes and consequences. Plant Signaling & Behavior 11:€1215396. DOI: https://doi.
org/10.1080/15592324.2016.1215396, PMID: 27611066

Zablackis E, Huang J, Miiller B, Darvill AG, Albersheim P. 1995. Characterization of the cell-wall polysaccharides
of Arabidopsis thaliana leaves. Plant Physiology 107:1129-1138. DOI: https://doi.org/10.1104/pp.107.4.1129,
PMID: 7770522

Zhang Q, Fishel E, Bertroche T, Dixit R. 2013. Microtubule severing at crossover sites by Katanin generates
ordered cortical microtubule arrays in Arabidopsis. Current Biology 23:2191-2195. DOI: https://doi.org/10.
1016/j.cub.2013.09.018, PMID: 24206847

Kirchhelle et al. eLife 2019;8:e47988. DOI: https://doi.org/10.7554/eLife.47988 23 of 26


https://doi.org/10.1111/tpj.13640
http://www.ncbi.nlm.nih.gov/pubmed/28741858
https://doi.org/10.1016/j.compositesa.2009.10.016
https://doi.org/10.1016/j.compositesa.2009.10.016
https://doi.org/10.1080/15592324.2016.1215396
https://doi.org/10.1080/15592324.2016.1215396
http://www.ncbi.nlm.nih.gov/pubmed/27611066
https://doi.org/10.1104/pp.107.4.1129
http://www.ncbi.nlm.nih.gov/pubmed/7770522
https://doi.org/10.1016/j.cub.2013.09.018
https://doi.org/10.1016/j.cub.2013.09.018
http://www.ncbi.nlm.nih.gov/pubmed/24206847
https://doi.org/10.7554/eLife.47988

e LI FE Research article Cell Biology | Plant Biology

Appendix 1

DOI: https://doi.org/10.7554/eLife.47988.030

Supplementary materials and methods

Computational Model

To adequately describe the mechanical behaviour of the different components of the plant cell
wall under turgor pressure (positive on the wall, by convention), both bulk and shear
responses need to be considered. Here, we decompose the stress response into volumetric
and deviatoric (isochoric) components as:

0 = Ovyol T Oiso (1M

where ¢ is the Cauchy stress tensor, and o, and ais, are the volumetric and deviatoric
components of the Cauchy stress tensor, respectively. The deformation gradient is similarly
multiplicatively decomposed into volumetric and deviatoric components:

F = J’F* )

where J = det(F) is the Jacobian and F* is the distortional part of the deformation gradient.
The volumetric stress response is defined by a linear approximation as:

ovol=K(J—1)I (3)

where K is the bulk modulus of the material and | is the second order identity tensor.

The plant cell wall is a composite material dominated by the polysaccharides cellulose,
hemicellulose, and pectin, with cellulose microfibrils being considered the main component
conferring anisotropy (see Introduction). To test our hypothesis that localised modifications of
cell wall properties at cell edges as well as anisotropy at cell faces can significantly contribute
to cell geometry, we employed a general energy-based formulation considering the overall
response of the cell wall as the combination of an isotropic matrix contribution ¥, (dominated
by pectins) and an anisotropic fibre contribution ¥; (dominated by cellulose microfibrils):

V=0, +U; (4)

The contribution of each phase of the model is weighted by the introduction of the fibre
fraction ¥ in the definition of both matrix and fibre energy functions, allowing for the
prediction of the mechanical behaviour of cell wall depending on its specific composition.

We consider the cell wall matrix to act as an isotropic hyperelastic material, and choose a
Neo-Hookean energy function as a first approximation (Rivlin, 1948):

U, = (1 —ﬁf)%(r; -3) (5)

where y,, is the shear modulus of the cell wall matrix and If = tr C* is the distortional first
strain invariant. The distortional right Cauchy-Green deformation tensor is defined
by C* = (F*)"F*. Following the usual conventions (see for example Garcia-Gonzalez et al.,
2018), the constitutive equation that defines the stress response of the matrix reads:
Oy, 1
Om = 2JFWF (6)

The fibre contribution is defined following the previous approach of the authors for the
axonal contribution in white matter mechanical behaviour (Garcia-Gonzalez et al., 2018).
Here, the orientation of the fibres and their distribution are introduced through a symmetric
structure tensor A,. This structure tensor depends on a dispersion parameter ¢ and the fibre
orientation a, as:
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A, =€+ (1-39a, R ao 7)

The value adopted by the dispersion parameter & determines the degree of anisotropy.
This coefficient adopts a value of O if the fibres are perfectly aligned, leading thus to a pure
anisotropic response, and a value of 1/3 if there is an isotropic distribution of the fibres
resulting in a pure isotropic response. The parameter & for a specific fibre fractional anisotropy
(FA) can be obtained by interpolation through £ = —1FA + 1. Note that an absence of fibres
also leads to £ = 1/3. While we acknowledge this limitation, we assume Equation 7 as a first
approximation of anisotropic distribution in the presence of fibres, as pertains in the plant cell
wall.

The average distortional stretch of the fibres A}, can be defined as:
Ap=VIp (®)
where I} is the fourth distortional strain invariant that depends on A, and C* through:
I = tr(A,CY) ©)

The free energy function of the fibre contribution is defined by the standard reinforcing
model (Nguyen et al., 2007; Wysocki et al., 2010):

U= |2 (1 -3) + £ (G - 1)7] (10)
where 1 is the shear modulus of the fibre phase. We also introduce an additional shear
modulus g, which accounts for cross-linking of cellulose microfibrils either through direct
interaction or mediated through hemicellulose. Note that even in highly anisotropic cell walls,
such crosslinking has been described (Cosgrove, 2014), and omission of this parameter would
lead to a complete absence of resistance to deformation perpendicular to fibre direction in a
perfectly anisotropic array. As cross-linking sites (or mechanical hotspots) occur in both
anisotropic and isotropic microfibril arrays and are substantially shorter than microfibrils
themselves (Cosgrove, 2014), we consider its contribution to be isotropic. The constitutive
equation that defines the stress response of the fibres then reads:

0Us
o= 2JF%F (11)

The constitutive model was implemented in a material subroutine for Abaqus/Implicit
(SIMULIA, see http://abaqus.software.polimi.it/vé6.14/index.html for documentation) and
assigned to the corresponding parts of an idealised cell model. Cells were modelled as cubes
measuring 12 um in radial, circumferential, and longitudinal directions. Anticlinal walls were
0.25 pum thick, periclinal walls 0.5 um thick. A fillet with a radius of 0.5 um was added at all
edges, the regions of the cell wall adjacent to the fillets were defined as edges (Figure 2A,
red), and the regions between edges were defined as faces (Figure 2A, grey, teal). The cell
was meshed with 29,985 linear tetrahedral elements (C3D4).

The model requires the identification of seven parameters: the bulk modulus K; the shear
moduli of the cell wall matrix pu,,, cellulose microfibrils 1, and crosslinking p; the microfibril
fraction 9J¢; and the mean orientation of the microfibrils a, and their degree of anisotropy
related to £. Experimental determination of cell wall mechanical properties is notoriously
difficult, and depending on the experimental technique employed, results vary over several
orders of magnitude (Cosgrove, 2016). Considering there are no reliable data available for
meristematic root cells, we adopted recently published values for Arabidopsis guard cells of
1, = 18MPa, s = 1.2GPa, and K = 10GPa (Woolfenden et al., 2017). We tested the effect of
increasing and decreasing p,,, ¢, and K by factor 2 to assess the the sensitivity of the model
parameters (Figure 2—figure supplement 2). We found that changes in all three parameters
resulted in small changes in maximum displacement of the outer face. We found that changes
in 11, had a larger effect in isotropic than in anisotropic cases, whereas changes in
predominantly affected anisotropic cases. This observation from the model is consistent with
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the expectation that the matrix may dominate the material response when microfibrils are
randomly oriented, whereas microfibrils may dominate in cases where they are ordered. As
there were no data available for the shear modulus ., we tested the effect of varying this
parameter (Figure 2—figure supplement 2) on the overall output of our model. Cell swelling
was progressively reduced when p,. was increased, but introduction of anisotropy at faces
further reduced cell swelling. In the primary cell wall, estimates for cell wall composition vary
somewhat, from 14% cellulose + 24% hemicellulose (Zablackis et al., 1995) to approximately
50% for the cellulose-hemicellulose fraction of total cell wall mass (Carpita and Gibeaut,
1993). Considering that hemicellulose contributes to the fibre fraction in our model through
crosslinking, but cellulose is the main load-bearing fibre, we tested our model for ¥; = 0.25
and 0.5 to examine whether relative fibre content significantly influenced our findings

(Figure 2—figure supplement 2). Both tested values yielded very similar results, and we
performed subsequent simulations with ¥; = 0.5. £ can adopt values between 0 (perfectly
parallel, anisotropic fibre alignment) and 1/3 (fully isotropic fibre alignment). Therefore, £ = 0
corresponds to a FA of 1 following the convention laid out above, and ¢ = 1/3 corresponds to
FA = 0. In addition to these idealised cases, we also tested conditions in which the fibre
dispersion parameter ¢ corresponded to the experimentally determined CMT anisotropy in
meristematic cells in the wild-type background (largely isotropic orientation; FA = 0.08, ¢ =
0.31) and the RPS5a>Dex>RAB-A5c[N125[] background (increased anisotropy, FA = 0.2; £ =
0.27).
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