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ABSTRACT: It has been reported that Arabidopsis thaliana leaf trichome can act as a
mechanosensory switch, transducing mechanical stimuli into physiological signals,
mainly through a buckling instability to focus external force (e.g, exerted by insects) on
the base of trichome. The material and structural properties of trichomes remain largely
unknown in this buckling instability. In this report, we mainly focused on material
standpoint to explore the possible mechanism facilitating the buckling instability. We
observed that the Young’s modulus of trichome cell wall decreased gradually from
branch to the base region of trichome. Interestingly, we also found a corresponding
decline of calcium concentration on the trichome cell wall. Results of finite element
method (FEM) simulation suggested that such a gradient distribution of Young’s
modulus significantly promotes force focusing and buckling instability on the base of
trichome. It is indicated that Arabidopsis trichome has developed into an active
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mechanosensor benefiting from gradient cell wall mechanical properties.
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1. INTRODUCTION

In the long period of evolution, plants have dynamically
evolved with different epidermis and derived structures,"” such
as trichomes, spines, and toughened leaves, to defend
themselves against various biotic and abiotic stresses (e.g,
fungi, bacteria, drought, and torridity). Among these specialized
structures, trichome has attracted special interest because
tremendous species-specific diversity enables the trichome to
have a variety of functions,” such as creating a microshell of
relatively high humidity to reduce water transpiration, reflecting
light to protect plants against UV radiation, and forming a
mechanical barrier to prevent insect attack.”~” Such functions
are closely related to the structural traits and material properties
of the trichome, such as element concentration and mechanical
characteristics. Nevertheless, most existing studies on trichomes
have focused on trichome morphogenesis and their defensive
role mainly from the perspective of physiology or biochemical
molecular fields."~"" The structural characteristics and material
properties of trichome are still poorly understood.

Arabidopsis trichome has been widely used as a model system
for studying the biological behaviors of plant cells, including the
molecular mechanisms of differentiation and pattern forma-
tion.""'> Trichomes on Arabidopsis, originating from epidermal
cells, are nonglandular and unicellular hairs with bulged base
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and three to five branches exhibiting an unusual antenna-like
morphology,">™'® and mature leaf trichomes are about 200—
500 pum tall and 40—60 pm wide at the trichome base.'”'® As a
special structure of Arabidopsis leaves, trichomes have been
found to form a mechanical barrier to prevent insect attack.'”*’
Specifically, when insects alight and move on a leaf, they will
mechanically stimulate the trichome, which might vibrate
slightly under weak disturbance or elicit a buckling instability
on its base under strong compression.”’ >’ It has also been
reported that trichomes on Cucurbita leaves are associated with
collenchyma in petioles to affect the potential reorientation of
the leaf and maintain the prestressed state of petioles. In other
words, trichomes on Cucurbita can act as a biomechanical
structure.”* It was interestingly noted that, in order to prevent
microbial infection and herbivores, Arabidopsis leaves could
produce a variety of secondary metabolites that contain a group
of glucosinolate, alongside protease inhibitors, terpenoid
volatiles, and phenolic species.””™** In addition, our group
has previously observed that the trichome can act as an active
mechanosensory switch. When mechanically stimulated,
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Figure 1. Young’s modulus of trichome changed gradually from branch to stalk and base. (a) Microstructure of the trichome from one-month-old
wild-type Arabidopsis imaged by inverted phase contrast microscope. The numbers 1—S5 indicate five different regions on trichome. Scale bar = 50
um. (b) Young’s modulus of trichome different regions. (c) Using potassium as internal standard, energy dispersive spectroscopy was used to
quantitatively detect calcium concentration at different regions of trichome. Error bars in parts b and c represent standard deviations.

trichome can focus force on the base region leading to a
buckling deformation or instability. Such buckling instability
can elicit Ca®* oscillations and pH shifts in surrounding cells,
transducing mechanical signals to epidermal cells.”> Addition-
ally, consistent with Kulich et al,”” our group also found that
the thickness of trichome cell wall was nonuniform, which can
facilitate the buckling instability on trichome base.”> However,
other factors contributing to the buckling instability, especially
trichome cell wall material properties, are yet to be considered.

From the structure standpoint, the nonuniform thickness cell
wall of trichome can make it easier to focus the force to its stalk
base and hence induce buckling instability.”” However, from
the material standpoint, much less attention was paid to
exploring mechanical properties of trichome cell wall which
might facilitate buckling instability. Considering the nonuni-
form cell wall thickness, it is reasonable to assume that the
Young’s modulus of the trichome cell wall could be nonuniform
as well. In this report, we mainly focused on trichome cell wall
material properties to explore further physical mechanism of
buckling instability on the trichome base.

2. EXPERIMENTAL SECTION

2.1. Plant Materials and Growth Conditions. Arabidopsis
ecotype Columbia was used in this study. Plants were grown in a
Turba substrate (Kekkila DSM 2W) from Kekkila Garden (Vantaa,
Finland) in a growth chamber with an average photon flux density of
90—120 pmol m™2 57" at 22 °C; the light cycle is 16 h of light (7 am.
to 11 p.m.) and 8 h of darkness (11 p.m. to 7 a.m.). Before seeds were
sown in soil, they were pretreated at 4 °C for 3 days.

2.2. SEM and Elemental Analysis by SEM—EDS. One-month-
old Arabidopsis leaves were freeze-dried and mounted on a double-
sided carbon tape and were then sputtered with a thin layer of gold. To
avoid the influence of plant age and the different degree of maturation,
we analyzed trichomes on the fourth leaves of a one-month-old plant.
The microstructure of trichome was scanned under a focused beam of
high energy electrons in raster scan pattern, and the scanning electron
microscopy (SEM) analysis was carried out in a high vacuum mode
using an ultrahigh resolution field emission scanning electron
microscope ZEISS MERLIN Compact with 10 keV of operating
power source. Element analysis of trichomes’ cell walls was performed
through energy dispersive X-ray spectroscopy (EDS) with EDAX
Apollo XP detector operating at an accelerating voltage of 10 keV at
high vacuum mode. Mapping analysis of element concentration and
distribution was conducted through energy dispersive X-ray spectros-
copy (EDS) as well. Elemental concentration obtained from EDS was
calculated as weight percentage (%).
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2.3. Nanoindentation. The mechanical properties of the trichome
were measured using a Hysitron TI9S0 TriboIndenter (Hysitron). The
indentations were performed using a Berkovich indentor. More details
about nanoindentation were described in Supporting Information. To
minimize the influence that may be induced by the hollow structure of
trichome branch and stalk, we employed force control mode and
tested different forces from 100 to 1000 uN. Considering the
minimization of deformation impact on trichome, finally, we set 200
UN to measure the Young’s modulus of trichome.

2.4. Finite Element Method (FEM) Simulation. On the basis of
SEM images of a trichome, a three-dimensional geometry model of
trichome was developed by using a standard computer-aided design
software (Creo, PTC, Needham, MA). The overall dimensions of
trichomes were obtained from the SEM image of a mature tirchome,
where cell wall thickness was assigned as 1.5—6 pm as studied by Zhou
et al”**’ The cell wall was thickened ranging from the tip of the
branch to the connection region. In the model, the cell wall thickness
of the connection region was set as 6 ym. Due to the thickness
tapering rapidly from the stalk to the base of the trichome, accordingly
the thickness of the base region was assigned as 1.5 um. Then, the
geometry data were imported into a finite element analysis software
(ABAQUS 6.13) where the cell wall of trichome was modeled as a
shell with nonuniform thickness and Young’s modulus. The value of
the uniform Young’s modulus was assigned as 2.3 GPa, while
nonuniform Young’s modulus was assigned as 0.6—2.3 GPa from
trichome base to the connection region and 2.3—5.0 GPa from the
connection region to the branch tip according to the measurement
result with linear interpolation. The trichome was meshed with S4R
and S3 shell elements, and the element shape was quad-dominated
(mesh size 4 pm). The buckling behavior was simulated both at
normal and shear force. The strain energy density (SED) was
nondimensionalized by the mean strain energy density (MSED).
Herein, MSED was calculated by MSED = f vode/V = f  Fg dI/V,
where Fy is the reaction force, [ is the displacement at the loading
points, and V is the volume of trichome cell wall.

3. RESULTS AND DISCUSSION

To test the Young’s modulus of the trichome cell wall, we
performed nanoindentation experiments at different regions
(ie., branch, connection domain, stalk and base) of mature
trichome as shown in Figure la, which was isolated from the
fourth leaves of a one-month-old plant. The gradient image of
indentations on the pressed trichome branch was shown in
Figure S2. We found that the Young’s modulus decreased
gradually from branch tip (region 1), to connection region
(region 3) and base (region S) as shown in Figure 1b. For
instance, the Young’s modulus at branch tip was 4.698 + 0.54
GPa, nearly 10 times higher than that at stalk base (0.577 +
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Figure 2. Gradient of calcium concentration positively correlated with papillae density. (a) Scanning electron micrograph of a mature trichome,
where higher magnification images of branch and stalk are included as the inset. Scale bar for the whole trichome is 50 m. Scale bar for insert is 10
um. (b) Papillae density determined as the number of papillae per 100 um? (c) Scanning electron micrograph of a mature trichome, scale bar is 60
pum. (d) Map analysis of calcium concentration on trichome. (e) Higher magnification of trichome connection region, scale bar is 10 ym. (f) Map
analysis of calcium concentration on the connection region of three branches of trichome. Error bars in part b represent standard deviations.
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Figure 3. Calcium on trichome cell wall increased with papillae development. (a—c) SEM images of papillae at different growth stage, from part a to
part ¢ means from young to mature. Scale bar is 10 ym. (d—f) Using Mg, K as internal standards, energy dispersive spectroscopy was used to
qualitatively detect calcium concentration in trichomes with three different growth stages. (d) Calcium concentration in part a. (e) Calcium
concentration in part b. (f) Calcium concentration in part c. Error bars in parts d—f represent standard deviations.

0.06 GPa). These findings indicate that the nonuniform spatial
distribution of cell wall material property from the branch to
the base might make it easier for trichome to serve as a
mechanical transducer. It should be noted that the native leaf is
wavy, which is not suitable for testing in the sample chamber.
Additionally, isolated trichomes need to be freeze-dried and
pasted on a hard substrate since nanoindentation could not be
performed on wet and unfixed samples. Furthermore, water in
trichome mainly exists in the central vacuole; the freeze-drying
step used in nanoindentation was speculated to have no
significant influence on cell wall structures and material

properties. Besides, all samples were treated in the same way;
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therefore, the mechanical properties of trichome wall can be
compared at a relative basis.*

It has been well-known that pectin as an important
composition is abundant in the trichome cell wall,>" while
calcium ions, as a vital factor in normal plant growth, are prone
to bind with pectin to form calcium pectate, crucial for
stabilization of cell wall structures.*”*®> Thus, it is conceivable
that calcium on the trichome cell wall might be abundant as
well. Therefore, inspired from the Young’s modulus results, we
examined calcium concentration and its spatial distribution on
trichome cell wall by performing SEM—EDS at the same five
regions of trichome (Figure 1c). Elemental analysis revealed
that the calcium concentration also decreased gradually from
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Figure 4. FEM simulation and experiments of trichome buckling inability. (a—c) Control group: trichomes with nonuniform cell wall thickness but
with uniform Young’s modulus at the loads of normal force and shear force. (d—f) Test group: trichomes with nonuniform cell wall thickness and
with nonuniform Young’s modulus at the loads of normal force and shear force. The color in (a—f) represents the dimensionless strain energy
density. (g, h) Scanning electron micrograph of trichome under normal condition (g) and compression by a moderate force (h). Scale bar = SO ym.
(i, j) The relationship of reaction force and displacement at the loading points under the loads of normal force and shear force. Dots on lines mean

the critical points.

branch tip to the base region, consistent with the variation of
cell wall modulus. It should be noted that SEM analysis requires
dry tissue, which may not be the same as the fully hydrated
leaves in vivo. The freeze-drying step used to prepare the
samples for SEM—EDS has been shown to have no significant
influence on cell wall structures and material properties.”*™>
We also observed no significant change of the trichome
structure after processing.

To further explore the mechanism of calcium distribution on
the trichome, our focus was next placed upon the protrusion on
the trichome surface (i, papillae), since papillae act as
subcuticular depositions of the trichome cell wall.”*"~** We
visually observed that the density papillae on trichome branch
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was higher than that on the stalk (Figure 2a). We then
quantified the papillae density and found, on average, 8.5 + 1.4
papillae per 100 ym? trichome area on the branch, which was
about 4 times higher than that on stalk (2.1 + 1.2) (Figure 2b).
On the basis of these findings, we speculated a positive
correlation between calcium concentration and papillae density
on trichome surface. For validation, we performed SEM-EDS
mapping analysis to image the distribution of individual
element, e.g, carbon, oxygen, potassium, and calcium.
Corresponding results shown in Figure 2c—f indicated that
calcium was richer on papillae compared with that in the
nonpapillae region, thus confirming the positive correlation
between calcium concentration and papillae density. Built upon
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this, we assumed that papillae might possess the ability to
gather calcium. To examine this, we performed SEM—EDS
analysis of trichomes with different growing stages (Figure 3a—
c) and observed a gradual increase of calcium concentration
with increasing papillae size (Figure 3d—f). To further verify
the calcium collecting ability of papillae, we examined the first
true leaf of a 7-day-old Arabidopsis and found that young
trichomes with no papillae have less calcium concentration
compared with older ones with high papillae density (Figure
S3). Taken together, these data indicate that papillae have the
ability to collect calcium and thus enrich the calcium
concentration of trichome, which might affect the mechanical
properties of the trichome cell wall, such as the Young’s
modulus. Additionally, Suo et al. have reported that mutants of
GLASSY HAIR (GLH) genes showed phenotypes with reduced
papillae formation and significant reduction of cellulose
content,” indicating that a positive correlation might exist
between papillae density and cell wall mechanical properties.
Trichome of the EXO70H4-1 gene mutant, as reported by
Kulich et al, was covered with papillae but failed on
development of the secondary cell wall of trichome.” Thus,
we should pay more attention to mutants to investigate the
material properties and functions about papillae in the furture.

To examine whether the gradient distribution of Young’s
modulus on the trichome cell wall could promote buckling and
force focusing in the stalk base, we analyzed the mechanical
response of typical trichomes by FEM simulation (Figure 4).
Since external loading on the trichome is stored as strain
energy, we first compared the strain energy density of a
trichome having uniform Young’s modulus (Figure 4a—c) to
that with gradient Young’s modulus (Figure 4d—f). To facilitate
the FEM simulation, external forces exerted on a trichome from
nature (e.g, by insects) could be equivalent to normal forces
(Figure 4b,e) and shear forces (Figure 4cf) acting on the
connection part of three branches on the trichome. Under
normal compression, for the case of uniform Young’s modulus,
the greatest density of strain energy was found not only on the
base of trichome, but also on the connection part (red region)
(Figure 4b). In contrast, for the case of gradient Young’s
modulus, the greatest density of strain energy was only found
on the trichome base (Figure 4e). Under shear force, however,
the strain energy density was mainly focused on the trichome
base (Figure 4c,f), whether the Young’s modulus is uniform or
not. While the simulation results agree in general with
experimental observations (Figure 4gh), negligible variance in
buckling instability was found (Figure 4h) owing to the
difficulty in experiments of precisely controlling the compres-
sion on trichome. To quantitatively characterize the buckling
behavior of trichome, we analyzed the relationship between
reaction force and displacement at the loading point for both
normal (Figure 4i) and shear (Figure 4j) forces. In either case,
we found that there exists a critical point of the buckling force.
More importantly, the critical force for the case of gradient
modulus is significantly smaller than the uniform -case,
indicating that it is much easier for a trichome with gradient
Young’s modulus to initiate buckling instability and thus
efficiently sense or transduce mechanical signals. Specifically, in
response to the shear force, the critical load of buckling was
about 2 mN for a trichome with uniform modulus, about 10
times greater than that with gradient modulus (0.3 mN)
(Figure 4h). With 2 mN buckling force for a trichome with
uniform modulus, only larger herbivores such as feeding
cabbage loopers (20—40 mN) or mirid bugs (2—6 mN) might
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effectively perturb the trichome.*”*" In sharp contrast, a much

smaller shear force (0.3 mN) could induce buckling instability
in a trichome with gradient Young’s modulus, implying that
trichomes on Arabidopsis leaves are very sensitive: even small
insects such as aphid might have the ability to disturb
Arabidopsis trichomes  effectively.*** Since bending stiffness
(EI) is strongly dependent on cell wall geometry, we also
calculated bending stiffness of base, stalk, and connection,
which are 2.96 x 1071}, 3.71 x 107!, 7.88 x 107" N m?
respectively. The deformation of trichome under the shear
force includes the bending deformation and buckling
deformation. Such gradient of bending stiffness may make it
easier to reach critical load and cause buckling on the trichome
base, which is critical for mechanical signal transduction.

4. CONCLUSIONS

In this report, we found that the Young’s modulus of the
trichome cell wall decreased gradually from branch tip to
connection region and base, correlating well with the gradual
decrease of calcium concentration. We also found papillae,
which covered on the surface of trichome cell wall, owned the
ability to collect calcium. FEM simulations further showed that
gradient Young’s modulus can significantly reduce the critical
force of buckling instability on trichome base, and enhance the
sensitivity of trichome which acts as a mechanosensor. These
findings suggest that nonuniform spatial distribution of cell wall
mechanical properties from connection region to the base make
it easier for trichome to serve as mechanosensor, which inspire
us to study more about biomimetic engineering in the future.
Moreover, it seems quite necessary to extend our research to
other plants, especially crops.
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