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Cell twisting during desiccation reveals axial
asymmetry in wall organization
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ABSTRACT Plant cell size and shape are tuned to their function and specified primarily by cellulose microfibril (CMF)
patterning of the cell wall. Arabidopsis thaliana leaf trichomes are unicellular structures that act as a physical defense to deter
insect feeding. This highly polarized cell type employs a strongly anisotropic cellulose wall to extend and taper, generating
sharply pointed branches. During elongation, the mechanisms by which shifts in fiber orientation generate cells with predictable
sizes and shapes are unknown. Specifically, the axisymmetric growth of trichome branches is often thought to result from
axisymmetric CMF patterning. Here, we analyzed the direction and degree of twist of branches after desiccation to reveal
the presence of an asymmetric cell wall organization with a left-hand bias. CMF organization, quantified using computational
modeling, suggests a limited reorientation of microfibrils during growth and a maximum branch length limited by the wall axial
stiffness. The model provides a mechanism for CMF asymmetry, which occurs after the branch bending stiffness becomes low
enough that ambient bending affects the principal stresses. After this stage, the CMF synthesis results in a constant bending
stiffness for longer branches. The bending vibration natural frequencies of branches with respect to their length are also
discussed.

SIGNIFICANCE The growth of plant cell walls is governed by the direction of cellulose synthesis, but the factors that
influence the overall wall anisotropy are only partially understood. The twist of leaf trichome branches after desiccation
reveals a left-handed asymmetry in cell wall organization even though the geometry is axisymmetric. This surprising
behavior provides information about the directionality of cellulose synthesis control in plant cells.

INTRODUCTION According to the multinet growth hypothesis (14,15),
CMFs realign to the direction of maximum stress. Unfortu-
nately, it is not possible to measure stress in cell walls
directly, so computational models are needed to match
measured load-displacement and/or strain data to infer me-
chanical behavior. Then, model stress patterns can be used
to reveal relations between microtubules and CMFs. Such
analyses for most plant tissues are complicated by cell-
cell interactions because boundary conditions are chal-
lenging to estimate. For this reason, isolated, unicellular
structures, such as the leaf trichomes studied here, provide
valuable insight into the role of stress and cytoskeleton-
patterned cell wall heterogeneity for polarized cell growth
(16).

The organization of cell wall constituents controls the
wall mechanical behavior. In particular, the orientation dis-
tribution of CMFs is critical to the determination of wall
strain and the growth patterns under turgor pressure (6).

The shape and growth pattern of a plant cell are determined
by the organization of cellulose microfibrils (CMFs) (1-4),
the major load-bearing components within cell walls that
are needed to constrain the relatively high (~5-10 atm) hy-
drostatic turgor pressure. The remaining cell wall volume
consists of a hydrated matrix of pectin, hemicelluloses,
and structural proteins (5,6). According to the cellulose syn-
thase constraint hypothesis (7,8), cortical microtubules and
associated proteins control the synthesis of CMFs, and
microtubule orientation has been correlated with plant cell
wall stresses during morphogenesis (9-13). Thus, tracking
of microtubules is often used to reveal information about
CMF organization during growth and the anisotropic me-
chanical properties that arise from their orientation.
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concept is used in biomedical engineering to study the ma-
terial behavior of arteries (17,18). An artery is a pressurized
composite tube composed of smooth muscle cells, elastin,
and collagen, each with different mechanical properties.
Growth and remodeling in the loaded state of the artery pro-
duce stresses for the unloaded state. When a single axial cut
is made in an unloaded artery, the cross-section opens at a
specific angle because of residual stress in the artery wall.
We exploit a similar concept through the removal of turgor
pressure by desiccation; once the pressure is removed, the
cell deformation reflects the stress state under pressure.
Hence, by using a computational approach (cell wall defor-
mation after dehydration and stress release) along with the
experimental measurements, concepts about organization,
such as the multinet growth hypothesis, can be investigated.

In addition, recent studies of trichome dynamics (19,20)
used finite element (FE) models to predict the natural fre-
quencies associated with the modes of bending vibrations.
Their results were interpreted with respect to trichome func-
tionality against herbivore insects and were analyzed rela-
tive to the sounds generated by the insects, but their
predicted frequencies were higher than the range from
many insects. However, their FE models were based on an
isotropic material with mechanical properties that were con-
stant during growth. Clearly, more accurate material infor-
mation would improve the predicted vibration behavior.

In this article, desiccation of leaf trichome branches is
used to quantify the cell wall mechanical properties using
a computational model that reproduces the experimental de-
formations. The model is then used to understand changes in
the axial stiffness, bending stiffness, and vibrational natural
frequencies of the branch during growth. The stiffnesses
define the capacity of the branch to deformation for a spe-
cific loading direction, and the natural frequency has been
suggested as a defensive mechanism against environmental
threats from insects. The results are expected to impact
future studies focused on the role of genetics and/or environ-
ment on plant growth and development. Specifically, other
important trichoblasts include cotton fibers (21,22), for
which small advances in modeling efforts could have a
dramatic impact on the global textile industry through iden-
tification of genetic modifications that can enhance fiber
performance metrics. Computational approaches, when
effectively integrated with advanced biological methods,
may allow new crop varieties to be developed efficiently.

MATERIALS AND METHODS

Microtubule imaging and microtubule orientation
quantification

Plate-grown Col-0 seedlings carrying a transgenic UBQI1p:TUB6-RFP
construct were used for imaging trichomes on leaves 3 to 5. Briefly, images
were acquired on a spinning disk confocal microscope with a 100x 1.4 NA
oil immersion objective, using a 561-nm solid-state laser as previously
described (16). Several partially overlapping image stacks were acquired
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along the long axis of the cell to capture the whole trichome branch. Indi-
vidual image stacks for a given branch were stitched together using the im-
age montaging and alignment approach (Slidebook Software, Intelligent
Imaging Innovations, Denver, CO). This approach allowed us to image
one-half of the branch volume along its entire length. The expression level
of the TUB6-RFP was low, and laser power was also optimized to enable
repeated imaging without bleaching. The resulting images were adjusted
for brightness and contrast. The 15-pixel-radius rolling ball method was
used to reduce variability in brightness due to background. The continuity
of the microtubule signal was improved visually by sequential Gaussian
blur and unsharp mask steps. All of the image processing used standard fea-
tures of Image]J that were applied equally to the entire montage image, and
none of the steps had a detectable effect on the measured microtubule
network orientation outputs. To obtain estimates of the overall microtubule
network within a region of interest that included the microtubule pattern of
the entire branch, the ImageJ plugin OrientJ (23) was used. Mean microtu-
bule orientations were measured for 121 trichomes using the following bins
to define each class (0° and 180° oriented parallel to the long axis of the
cell): longitudinal, 0°-14° and 166°-180°; transverse, 75°-105°; left-
handed helical 15°-74°; right-handed helical 106°-165°.

Plant materials, growth conditions, trichome
stage definition, and desiccation

The Arabidopsis (Arabidopsis thaliana) Columbia and Ler ecotypes were
used to observe trichome behavior under turgor pressure removal. For all
experiments, a range of branch lengths from young trichomes (branch
lengths less than 50 pm) to old trichomes (branch lengths longer than
300 um) was examined during desiccation with time-lapse imaging. Seeds
were stratified at 4°C for 2 days and then grown in a growth chamber for 2
to 22 days under 12-h day length at 24°C and relative humidity of 50%—
60%. The goal was to study different trichome branches with many different
lengths.

Complete removal of the turgor pressure was needed to measure the
amount of twist with respect to branch length. For slow desiccation, the
whole plant was kept in soil at room temperature for about one month
without watering (this duration may be different if this protocol were to
be executed in a different facility due to the difference in humidity levels
and months of the year). During this time, the plants were exposed to day
and night light conditions in which the plant was naturally grown. Using
this desiccation process, the cell persistently lost water, which led to the
collapse and twist of trichomes. For fast desiccation, a vacuum was applied
for 20 min that decreased the pressure from 1 to ~0.05 mbar. All branches
within each image were analyzed with respect to their twist with 570
branches measured overall (227 with slow desiccation; 343 with fast desic-
cation). To identify the direction of twist only, removal of a fraction of the
cell water content was sufficient because the direction of twist was evident
even after partial dehydration. A plastic Petri dish (2 and 3.5 in) was pre-
pared, and the bottom of the plate was covered with strips of double-sided
tape. Each leaf was trimmed from its attachment to the petiole. If the first
and second leaves were the last or the last visible leaves, the whole plant
was trimmed from its attachment to the root to avoid any possible damage
to the leaves. The empty spaces between the leaves were filled with desic-
cant beads (silica gel desiccants 2.25 x 1.5 inches) to expedite the moisture
removal. If the leaves were not visible by the naked eye and only observable
under a 10x microscope, less than one day (~10 h) was required to remove
the turgor pressure and observe the direction of the twist. Typically, it took
more than 10 days for the older and larger leaves or the trichomes farther
away from the petiole to dry out and twist. Finally, after sufficient time (de-
pending on the size of the leaf and the position of the trichome), the direc-
tion of twist was visible using a 20x lens of a laser scanning confocal
microscope. Scanning electron microscopy (SEM) was useful for this study
only for fully developed leaves and trichomes. At those stages of growth,
enough space existed between trichomes for imaging. For small leaves,
the SEM vacuum resulted in tangling of trichomes and bending of the
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leaf such that high-quality images were challenging. The amount of twist
for each range of branch length was measured by selecting a point on
one of the edges of the collapsed trichome branch and moving along the
path of the edge and measuring the amount of sweep angle. For a better un-
derstanding, see Fig. S2A and B that show the method used to measure the
length and amount of twist, respectively.

Finite element model

An FE model of the trichome branch response to desiccation was created
using the commercial finite element software Abaqus 2019. Several factors,
including geometry, material properties, and boundary conditions, play a
role in the deformation pattern after turgor pressure removal. The model pa-
rameters were adjusted to match the amount and direction of twist of the
branches at different stages of growth (i.e., length). A more detailed
description of the FE model, including the sensitivity study for mechanical
properties and estimates of shear strain, is included in the Supporting Ma-
terial. The trichome branch was modeled as a composite shell in which the
branch diameter at the flank was constant with a radius of 8 um (16). The
cell wall was modeled as an orthotropic laminate composite with single
dominant fiber orientation. The fiber direction was determined for a given
branch length to match the amount of twist measured in the experiments. A
layer of viscoelastic matrix, representative of the pectin in the wall, defined
the time-dependent behavior of the cell wall using values based on pave-
ment cell viscoelastic properties (24,25). The matrix modulus and modulus
of the orthotropic layer perpendicular to the cellulose fibers were assumed
as 100 MPa (26), and the modulus of the orthotropic layer parallel to the
fibers was assumed as 70 GPa (27-30). Assuming a Poisson’s ratio of
0.45 resulted in a shear modulus in all directions of 45 MPa. The wall ma-
trix was assumed to constitute ~36% of the cell wall with a density of
1000 kg/ m? (31), and the remaining volume was assumed to be occupied
by cellulose (32), with a density of 1650 kg/ m? (29), which results in a den-
sity of the whole cell wall of 1416 kg/ m3, consistent with measurements
(33). The homogenized elastic properties were ~45 GPa in the direction
of fibers and ~100 MPa perpendicular to the fibers, values close to the

range from Gibson (34). The trichome branch was modeled as a shell reser-
voir under constant hydrostatic turgor pressure with a pressure on the outer
wall to represent atmospheric pressure (0.1 MPa). The turgor pressure in the
model was increased from 0 to 0.6 MPa, held constant for ~20s, and then
removed at the same rate as the increase. At this point, the branch was sub-
jected to atmospheric pressure alone. A nonlinear analysis was imple-
mented to model the large deformation after desiccation. Previous models
of trichome branches provided little insight into the appropriate mechanical
properties that were necessary to demonstrate the same twist after the
removal of turgor pressure. Thus, the branch model was constructed based
on the trichome branch shape, and the model properties were iterated to find
the fiber orientation that reproduced the measured behavior. A comparison
of values from experimental measurements and values used in the FE model
is provided in Table S1, and the details of parameters used in the FE model
are given in Table S2. An example FE model is accessible for download at
https://github.com/Turner-TULiPS.

RESULTS AND DISCUSSION

Trichome branch twist reveals cell wall
organization

Changes in the shape of individual trichome branches
(A. thaliana WT Col-0) were studied and quantified by
applying slow or fast desiccation treatments (Fig. 1; see sup-
porting Video S1). The slow approach resulted in complete
removal of turgor pressure as quickly as a few hours or as
long as ~30 days depending upon leaf age and the cell po-
sition relative to the petiole. The fast desiccation treatment
(~20 min; see Materials and Methods and Fig. S2) showed
that the twist was not affected by possible reorientation of
CMFs during the dehydration process. The geometry of
the branch was symmetric about its long axis (i.e.,
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Twist of trichome branches during collapse after desiccation. (A) axisymmetric growth of leaf trichome branches (presented with permission

from Nature Plants (16)) in 6 h and 30 min (B) and (C) are twisted trichome branches of Arabidopsis WT (Col) after desiccation. Arrows in (B) denote these
branches. (D) Right-handed twist of a short trichome branch observed in less than 5% of the branches and only when they were short. (E-G) Left-
handed twist of trichome branch imaged using SEM. (H) and (J) Trichome branch after dehydration. (/) and (K) The trichome branch in (H) after rehydration
(~2 h in water), which shows that the collapse of branches is elastic and recoverable; plastic deformation is not observed in the dehydration process.
(L) Amount of twist and (M) twist per unit of length of desiccated branches for each range of length (in ° and ®/pm respectively), from measurements of
more than 570 trichome branches with slow and fast desiccation methods. **p < 0.01. Scale bars represent 40 um in (A)—(K). To see this figure in color,

go online.
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axisymmetric) for all lengths (Fig. 1 A). However, the
observed twist after desiccation was not possible unless
the wall had an organization that was asymmetric. An image
of a collection of trichome branches (Fig. 1 B and C) shows
the consistency of the behavior after desiccation. The
amount and direction of their twist were measured as a func-
tion of branch length. Interestingly, there was a clear length
dependence to the twisting that occurred only for branches
longer than ~100 pum. Branches shorter than this value
(Fig. 1 D) showed minimal twist suggesting an axisym-
metric organization of the cell wall. A right-handed twist
was observed at this stage in only a small number of
branches (less than 5%). On the other hand, 91.8% of
branches with length >100 pm (Fig. | E-G) showed a clear
twist, and the remaining 8.2% showed a collapse without
twist. The twisted branches were left-handed for all but
two branches (they had lengths of 108 and 113 pm). The
branches in early stages (<100 um length) recovered their
original shape after rehydration (Fig. 1 H-K), which sug-
gested that the response was elastic and reversible. This
behavior may indicate an efficient mechanism for shape re-
covery during or after acute water stress. The twist per unit
length (see supporting material) became a constant value of
0.81°/pum (fast desiccation) or 0.94°/um (slow desiccation)
(Fig. 1 L) for branches longer than the transition length
(~100 pm), indicating that the wall organization was
consistent with growth. The maximum amount of twist
per unit of length (Fig. | M) increased from ~0.5°/pm to
~1°/um when the mean branch length was about 150 pm
and then dropped to ~0.81°/um for branches longer than
400 pm.

Finite element model of a trichome branch

An FE model was used to estimate the mechanical proper-
ties that would lead to the observed twist behavior. Although
direct measurements of plant pavement cells have been
made using nanoindentation (24,25,35), atomic force micro-
scopy (36-39), and other related devices (40), such ap-
proaches are challenging with trichome branches because
of their location above the plane of the leaf. For this reason,
the initial cell wall material properties for the model were
based on direct measurements from pavement cells (16).
The FE model was then used parametrically to identify
the ranges of material properties and organization (i.e.,
elastic moduli, fiber orientation) that were plausible relative
to the deformations observed. Although there was an
inherent nonuniqueness to this analysis (i.e., multiple values
of properties may result in the same behavior), overall
behavior could be quantified because the direction of anisot-
ropy was the primary factor that defined the twist. To find a
plausible set of material properties, different combinations
of properties were assumed, and the results were compared
with the deformations observed in desiccated trichome
branches. The loading conditions for the model were
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defined using the turgor pressure, which was increased to
a maximum value and held constant for a consistent amount
of time, which allowed the viscoelastic branch wall to relax
fully. Then, the turgor pressure was removed so that the
external atmospheric pressure was the only remaining
applied force, which collapsed the branch. The relaxation
process allowed residual stresses to develop in the cell
wall. In arteries (17,18), the growth-induced residual
stresses and material properties determine the opening angle
of the orthotropic structure after a single cut is made. By
analogy, residual stresses in the cell wall develop during
growth as part of the expansion process and their status is
revealed by the desiccation. The trichome branches undergo
large deformations after desiccation such that a nonlinear
solver for large deformation behavior was used in the FE
model.

The cell wall includes many constituents such as cellulose
microfibrils, pectin, hemicelluloses, and different proteins
(5,41). Computational models of plant cells must account
for these constituents in some way. Their length scale rela-
tive to the cell size dictates either high-resolution and
massive computational models with limited scope or models
based on material homogenization, such as that used here,
that allow extensive parametric studies to be conducted.
Thus, the trichome branch cell wall was modeled as a ho-
mogenized composite shell with mechanical properties
derived from cellulose and pectin in which the orientation
of cellulose fibers was allowed to vary with respect to posi-
tion (Fig. 2 A; discussion of the sensitivity study is given in
the Supporting Material). The properties of each element of
the model were homogenized from the assumed composite
organization to include both anisotropic and viscoelastic
behavior. The direction of the anisotropy for the CMF orien-
tation is denoted as M such that 90° aligns with the branch
longitudinal axis and 0° with the radial direction. The visco-
elastic properties, representative of the pectin-rich matrix,
defined the time-dependent behavior of the cell wall (25).
Cell wall thickness plays an essential role in the overall
trend concerning the twist along the length of the trichome
(Fig. 2 B). Previous measurements of Arabidopsis tricho-
blasts (16) showed the presence of a thickness gradient
from the tip toward the base, but those measurements
focused on the early stages of growth and cell shape
patterning. If a thickness gradient was used over the entire
branch length, the FE models showed that the twist behavior
was attenuated toward the base (Fig. 2 B), suggesting a
uniform thickness in longer branches along the majority
of the length away from the tip (see Supporting Material).
The layered, composite organization used here could
include any number of layers and organization (Fig. 2 A).
We focused on a three-layer composite to represent the
“average” wall behavior to simplify the quantification
relative to the measurements. In this way, the trends with
respect to length could be observed (Fig. 2 C and D). As ex-
pected, the amount and direction of branch twist depended
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FIGURE 2 Finite element model of a trichome branch. (A) The organization of the cell wall is modeled as a composite shell of orthotropic and viscoelastic
layers to represent the cellulose and pectin components, respectively, for different branch lengths. (B) Effect of the thickness profile on branch twist; if the cell
wall thickness increases continuously from the tip to the base the twist is confined to the tip only; a constant thickness of 200 nm for positions more than
50 nm from the tip leads to the same twist observed in experiments. (C) and (D) Cell wall von Mises stress of the trichome branch model after removal of
turgor pressure for branch length of 75 and 150 pm with dominant angle of —30° and —45° and +45°, respectively. Effect of right-handed fiber orientation on
the direction of twist is shown in (D). (E) FE model of trichome branch with all longitudinal fibers without pressure (left), swelled under constant pressure
without any longitudinal strain (middle), and star-shaped collapse after removing the pressure (right). To see this figure in color, go online.

upon fiber orientation, whether left-handed or right-handed
(Fig. 2 D), with similar stress patterns. Based on the twist
data, longer trichomes must have a higher percentage of
fibers aligned more closely with the growth axis than
shorter trichomes. However, if all fibers were oriented
parallel with the branch longitudinal axis, the model pre-
dicted wall collapse without twist (Fig. 2 E), i.e., an axisym-
metric collapse. Thus, the observed twist cannot be
explained using fibers aligned only with the direction trans-
verse to the longitudinal axis (circumferential) or aligned
with it (axial).
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Microtubule handedness is consistent with twist

The handedness of the twist of longer branches was clearly
biased in the left-hand direction and highlighted the asym-
metry in the cell wall that must be present. The angle of
cortical microtubule orientation can be used as an additional
validation of the model because microtubules and cellulose
synthase (CESA) complexes are highly correlated in
trichome branches (16). Live-cell microtubule imaging of
entire branches was achieved by creating a montage of
several high-resolution images that spanned the entire branch



Cell anisotropy revealed by desiccation

length (Fig. 3 A-D) to reveal clear patterns of cellular scale tubules, whereas the orientation showed a directionality for
cortical microtubule organization. As previously reported longer branches. A bias toward left-handed asymmetry in

(42), shorter branches had more transversely aligned micro- trichome branch microtubule networks had been reported
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(43), but those measurements were limited with respect to
trichome branch length and the fraction of the branch surface
that was analyzed. We conducted high-resolution live-cell
imaging of the cortical microtubule network of half of the
branch cortex along its full length by tiling the individual im-
ages (Fig. 3 A). At whole branch scales the microtubule array
often had a clear predominant orientation (Fig. 3 A-D and F);
however, subdomains with mixed orientations were often
observed. The microtubule organizations in 121 trichomes
were categorized based on the mean microtubule orientation
in the image field using the OrientJ plugin in ImagelJ. Angles
were defined with 0° and 180° oriented parallel to the long
axis of the branch; longitudinal of 0°-14° and 166°-180°;
transverse of 75°-105°; left-handed helical of 15°-74°; and
right-handed helical of 106°-165°. Fig. 3 G reveals a distinct
change in organization from transverse in cells <100 pum to a
most frequently left-handed helical array in branches
>100 pm. Of the 35 trichomes with a branch length greater
than 100 um and a uniform orientation, 87% had a left-
handed helical organization (Fig. 3 E). Clearly, the microtu-
bule patterning, as a pathway for CMF synthesis, exhibited a
bias that was consistent with the branch twist behavior and
was dominated toward the left-handed orientation. The con-
sistency of trichome twist direction and handedness of mi-
crotubules showed a preferred asymmetry for branch wall
organization similar to the crystal texture of other systems
in nature, such as giant barnacle shells (44).

Branch stiffness and natural frequency

During branch growth, the new CMFs are synthesized in
different directions. The fiber orientations that matched
the twist behavior with respect to branch length are shown
in Fig. 4 A. The orientation is transverse (0°) to the branch
longitudinal axis when the branch is short. Then the orien-
tation shifts with growth. The overall organization will
affect the axial stiffness of the branch, defined as a weighted
average of the material stiffness in the growth direction over
the cross-sectional area of the wall (left schematic of Fig. 4;
calculations provided in Supporting Material). Fig. 4 B
shows the computed axial stiffness as a function of branch
length for the Col trichome branches based on the models
that matched the twist data. The stiffness initially decreases
as a function of branch length due to the dominance of trans-
verse CMFs and corresponding lack of twist in desiccated
branches. The black trend line shows the prediction for axial
stiffness if the CMFs remained transverse for all lengths. In
longer branches, the axial stiffness increases because the
CMFs are aligned more closely with the growth axis (see
Fig. 4 A). The material displacement and stress at the base
of the branch will be affected by the axial stiffness (i.e.,
higher stiffness will lead to lower displacement for the
same turgor pressure). The model predicts that the longest
branch would have an axial stiffness of ~110 N/m (the sym-
bol indicated with an A in Fig. 4 B). At this point, it is un-
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clear if this value has biological meaning with respect to
trichome growth.

The mechanism for the change in CMF orientation
observed after the transition length of 100 pm was examined
using the model. An axisymmetric organization of CMFs in
the wall, whether transverse to the branch longitudinal axis
or aligned with it, would result in wall stresses that also
reflect this axisymmetry. In other words, the principal
stresses would align with the axial and transverse directions
during the early stages of growth. Such an axisymmetric
wall stress or strain could not induce an asymmetric CMF
synthesis, nor could it cause a passive realignment of exist-
ing CMFs. However, as the branch extends beyond a
threshold value, the length itself could provide a mechanism
to break the symmetry. The axial stiffness of the branch
(Supporting Material) scales linearly with the axial modulus
and inversely with length (~L™'). The bending stiffness
(right schematic of Fig. 4) also scales linearly with axial
modulus, but inversely with the cube of the length
(~L™>). In other words, as the branch grows with constant
properties defined by the transverse CMF alignment, it be-
comes more susceptible to bending motion that would shift
the direction of maximum principal stress in the cell wall
and break the symmetry. This shift, in turn, could influence
microtubules and the angle of cellulose fiber synthesis. Re-
sults from the Col FE model (solid lines in Fig. 4 B), based
on an assumption of only transverse CMFs, show the trend
for both axial stiffness and bending stiffness with respect to
branch length. The model predicts that a branch of length
~100 pm would have a bending stiffness of ~0.08 N/m
(symbol indicated with B in Fig. 4 B). Remarkably, models
created to match the measured twist data predict a bending
stiffness for longer branches that plateaus to a constant
value. Ambient environmental variations, such as thermal
noise, could strongly influence such a compliant structure.
A similar type of thermal noise is often exploited to cali-
brate atomic force microscope cantilevers (45) that can be
much stiffer (~40 N/m), but more resonant. The estimated
bending displacements of tens to hundreds of nanometers
would be enhanced at the branch tip as tapering occurs
due to the reduced cross-section. After the synthesis of ori-
ented CMFs is initiated, the subsequent growth would never
return to the condition of axisymmetric synthesis, and the
principal stresses would remain unaligned with the branch
longitudinal axis. The reason for the left-hand bias cannot
be ascertained at this point. At subsequent stages of growth,
the shear stress could also cause some degree of passive re-
orientation of CMFs (14). A combination of a bending mo-
tion, the progressively decreasing cell diameter during the
tapering process that could affect microtubule stability
(46), or the disappearance of tip-localized cytoskeletal reg-
ulators (16,47) may explain the length associated with the
symmetry-breaking event that dramatically alters microtu-
bule and CMF synthesis patterns. The degree of twist and
direction of twist are controlled by cytoskeletal (48) and
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FIGURE 4 Influence of cellulose microfibril (CMF) orientation on bending stiffness, axial stiffness, and natural frequency of the first vibration mode. (A)
Fiber orientation angle necessary to match the observed branch twist behavior. (B) Predicted axial and bending stiffness of trichome branches with different
lengths based on model values needed to match twist data. Solid lines show predicted trends of axial and bending stiffnesses if CMF orientation remained
transverse for the entire length. Axial stiffness (see Supporting Material) converges to about 100 N/m at point A, which suggests that growth stops when the
value of axial stiffness is reached. Bending stiffness for WT trichome branches shows an initial reduction but then a stabilization as a function of length. After
a length of about 100 pm, when the bending stiffness reaches the minimum possible value, the CMF deposition is no longer transverse to the branch lon-
gitudinal axis, which stabilizes the influence of bending even for longer branches. (C) First natural frequency of bending vibration for the branch based on the
model values needed to match the twist data (note: the vertical axis is logarithmic). The frequency asymptotes to ~20 kHz after a length of ~300 um. To see

this figure in color, go online.

cell wall biosynthesis (49) systems that have poorly under-
stood effects on cell wall patterning and morphogenesis.
The approach described here provides a reliable strategy
to integrate cell growth and desiccation phenotypes with
biomechanics and their genetic control.

The results presented also suggest a limit to the hypothe-
sis regarding passive reorientation. The multinet growth hy-
pothesis suggests that cell wall elongation or expansion
modifies the organization of CMFs that are exposed to shear
stress in the cell, potentially resulting in passive reorienta-
tion toward the growth direction (14,39). For a longitudinal
strain of 14%, the average orientation of wall polymer

chains of onion was observed to rotate along the stretch di-
rection by ~5.3 © (50). However, this tilt and realignment of
CMFs have not been observed in all cell types. For example,
live-cell imaging of Arabidopsis was used to analyze cellu-
lose reorientation during root cell growth in WT seedlings
(51). No evidence of reorientation was detected in a mutant,
procustel-1 (prcl-1) with a partial defect in cellulose syn-
thesis. Complete reorientation of all microfibrils to the sym-
metry direction would not support the twist measured here.
After the left-handed deposition initiates, additional elonga-
tion of the branch would be accompanied by some reorien-
tation of CMFs, which would enhance the axial stiffness of
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the branch. This behavior is thought to decrease the net
growth rate of the cell, and eventually cease the growth pro-
cess (51). By observing the growth of the WT Arabidopsis
trichome branch, it was clear that the growth rate was almost
constant during the first 50 pm. This rate increased for some
later periods of growth but never fell below the initial rate
(16). The growth rate should be correlated with the CMF
orientations, a subject for future investigations. Analysis
of helical growth from Arabidopsis mutants such as the
tor2 or tor2 zwichel double mutant indicated that microtu-
bules play a significant role in the helical phenotype of
leaf trichomes (52). Arabidopsis mutants growing with a
right-handed twist have been reported to have cortical mi-
crotubules that are oriented around the cell in left-handed
helices and vice versa (53). The relationship between micro-
tubules and the direction of cell growth is usually explained
by assuming that microtubules control the deposition of
load-bearing cellulose microfibrils of the cell wall, so the
cells elongate or expand in a direction perpendicular to
the deposited cellulose (16). Furutani et al. (52) used this
model to explain helical growth in spiral mutants for which
expansion perpendicular to cellulose fibers that are synthe-
sized in a left-handed direction would result in right-handed
growth and vice versa. Others explain the behavior as a helix
that unwraps in the direction opposite to the direction of
stretch so that a wall generated with a left-handed helical
pitch would unwind with a right-handed twist as the cell
elongates (54). The results here suggest that the helical
growth observed in mutant trichome branches (55) cannot
be the result of microtubule handedness alone because the
handedness of synthesis in the WT gives rise to a straight
branch.

Finally, the first natural frequency of trichome branch
bending was calculated based on the model values that
matched the twist behavior (Fig. 4 C). The results show a
convergence to a constant value of ~20 kHz as the branch
reaches the length of ~300 um. The vibration frequencies
of leaf trichomes have been shown to correlate with protec-
tion of the leaves against insects such as caterpillars (19,20).
Previous models of trichome vibrations (19,20) predicted
frequencies above the range of many insects (56-58), but
those models were based on a thicker cell wall (1.5-6 pm)
(59), isotropic properties, and lower cell wall stiffness
(0.6-4.7 GPa) (34,60). They also assumed that the proper-
ties were constant during growth. Our results based on the
twist observations as a function of growth show that the fre-
quencies would plateau when the branch reaches full matu-
rity and lie within the frequency band of feeding, courtship,
and communication of several insects including caterpillars
(19,20), crickets (56), katydid (57), and cicadas (58).

Limitations

This study had some limitations that are worth noting. Our
study did not include direct observations of the CMFs them-
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selves. Ideally, cross-sectional maps are needed to quantify
the organization of the CMFs with respect to position within
the branch cell wall (radially and axially). The known cor-
relations between microtubules orientation and CMFs does
provide some confidence in the results, although the micro-
tubules represent only the CMFs synthesized at the inner
surface of the cell wall. A simply three-layer composite
model was able to reproduce the twist observations, but
more sophisticated models may be needed. In addition,
the computational model required several parameter as-
sumptions that are difficult to verify. In particular, the wall
thickness variation was assumed fixed, and the wall proper-
ties were assumed to be uniform. The sensitivity study pro-
vides details regarding the impact of the assumptions, but
additional experiments are needed to quantify cell wall
properties directly. Such experiments are challenging as
well if the full anisotropic, viscoelastic behavior of trichome
branches is to be quantified fully. Clearly, more research is
needed on several fronts.

CONCLUSION

In this article, we have presented a predictive computational
model that replicates the mechanical twist of desiccated
trichome branches to provide insight into the organization
of constituents within the branch cell wall that change during
growth. The presence of an asymmetric organization is hid-
den by the axisymmetric geometry of the pressurized
branch. The FE model was used to quantify the observations
of the branch twist that revealed the changes that occurred
during growth, and the microtubule imaging validated the
wall organization necessary for twist. The observed behavior
cannot be the result of CMF reorientation or changes due to
cell wall decomposition during the desiccation process
because the twist was present even for fast desiccation.
These observations do not support strong passive realign-
ment of CMFs, although it may be present to some extent af-
ter the transition point of ~100 um at which time CMF
synthesis asymmetry initiates. Shorter branches have only
transversely oriented CMFs, and such an organization would
have principal stresses aligned with the axial and transverse
directions. The length of the transition of CMF orientation
corresponds with a predicted branch bending stiffness, based
on models created to match the measured twist, that would
allow ambient noise of the plant and environment to induce
bending displacements of the branch.

Our results firmly establish that removal of turgor pres-
sure can reveal salient information about cell wall composi-
tion, which can improve the interpretation of genetic and
environmental effects on plant growth. Desiccation of cells
has been used by others recently (61) to test hypotheses
about changes in cell wall organization during growth.
They showed that dehydration of cotyledons led to wrin-
kling of the periclinal cell walls, whereas anticlinal walls
were affected much less. If more accurate information about



cell wall mechanical properties can be determined by means
of desiccation, imaging, and computational models during
growth, then more accurate predictions can be made
regarding overall static and dynamic behavior. Further
research and multiscale models are needed to understand
the role of mechanical stress on individual cell wall constit-
uents to predict growth mechanics more accurately.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
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