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SUMMARY
Exploding seed pods of the commonweedCardamine hirsuta have the remarkable ability to launch seeds far
from the plant. The energy for this explosion comes from tension that builds up in the fruit valves. Above a
critical threshold, the fruit fractures along its dehiscence zone and the two valves coil explosively, ejecting
the seeds. A common mechanism to generate tension is drying, causing tissues to shrink. However, this
does not happen in C. hirsuta fruit. Instead, tension is produced by active contraction of growing exocarp
cells in the outer layer of the fruit valves. Exactly how growth causes the exocarp tissue to contract and
generate pulling force is unknown. Here we show that the reorientation of microtubules in the exocarp cell
cortex changes the orientation of cellulose microfibrils in the cell wall and the consequent cellular growth
pattern.We usedmechanical modeling to show how tension emerges through growth due to the highly aniso-
tropic orientation of load-bearing cellulosemicrofibrils and their effect on cell shape. By explicitly defining the
cell wall as multi-layered in our model, we discovered that a cross-lamellate pattern of cellulose microfibrils
further enhances the developing tension in growing cells. Therefore, the interplay of cell wall properties with
turgor-driven growth enables the fruit exocarp to generate sufficient tension to power explosive seed
dispersal.
INTRODUCTION

Plants have evolved amultitude of different ways to disperse their

seeds. Many of these dispersal structures have intriguing me-

chanical design features. For example, the pappus of the com-

mon dandelion has many closely spaced bristles, designed to

generate a vortex air flow that optimizes the dispersal of seeds

by wind.1 Exploding seed pods, on the other hand, harness their

own power to launch their seeds far from the plant.Cardamine hir-

suta is a relative of themodel plantArabidopsis thaliana, but unlike

A. thaliana, its seed pods explode. The elongated fruit of both

species look very similar, comprising two valves that encase the

seeds. In C. hirsuta, these valves coil rapidly outward to launch

the seeds at speeds greater than 10m/s.2 This rapid coiling relies

on the differential contraction of valve tissues. Previous work

showed that the outer exocarp cell layer of each valve actively

contracts its reference length.2 In contrast, the inner endocarp b

cell layer of each valve is stiffened by a phenolic polymer called

lignin that resists contraction.3 Tension builds while the elongated

valves are physically attached to the rest of the fruit. When struc-

tural elements of the fruit valves fail above a critical threshold, the

valves rapidly coil to accommodate both the intrinsic contraction
Current Biology 34, 1–13,
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of the outer exocarp layer and the resistance to it from the inner

lignified layer. It is crucial for the explosive mechanism that a sub-

stantial amount of tension develops in the exocarp cell layer, as

this is linked to the velocity of seed launch.

Importantly, C. hirsuta fruit are characterized by their ability to

explode without drying. This distinguishes them frommany other

explosive fruits that generate tension through the differential

shrinkage of drying tissues. The active contraction found in

C. hirsuta fruit is a consequence of how exocarp cell shape de-

forms in response to the innate hydrostatic pressure found in

plant cells called turgor.2 Active osmoregulation alters turgor

pressure and drives the swelling and shrinking of cells. This

mechanism is used, for example, in stomatal guard cells to

open and close the stomatal pore or in the specialized joint struc-

tures of Mimosa leaves to actuate leaf folding.4,5 However, the

contraction of C. hirsuta fruit exocarp cells is not associated

with a change in turgor pressure,2 leaving open the question of

how tension develops in the elongated fruit valves.

Turgor pressure is the major driving force behind expansive

cell growth in plants. Plant cells are encased by a rigid yet

malleable cell wall that functions to counter the large amount

of turgor pressure found within a cell. This mechanical
March 11, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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equilibrium can be turned into expansive growth if the cell wall is

stretched beyond a certain threshold. This stretch induced by

turgor, combined with active loosening of the cell wall,6 leads

to irreversible expansion. Specifically, the relaxation of cell wall

stress by loosening generates a slight reduction in water poten-

tial that allows cells to take up water and expand.7 The growing

cell wall is maintained by reinforcement with new wall synthesis,

and this continuous loop is reiterated, resulting in expansive

growth.8,9 In this way, the precise interplay between turgor pres-

sure, cell wall loosening, and synthesis determines the growth of

plant cells.

The main load-bearing components of the cell wall are cellu-

losemicrofibrils, eachmade up of many b-(1/4)-D-glucan poly-

saccharide chains, typically packed into a crystalline array. Cel-

lulose microfibrils act as biological steel cables that resist being

stretched.9 Since growth is restricted in the direction of aligned

microfibrils, cells preferentially grow in the orthogonal direction.

Cellulose microfibrils are synthesized by a heteromeric enzy-

matic complex composed of cellulose synthase subunits

(CESAs) that are localized at the plasma membrane.10 During

cellulose biosynthesis, CESAs extrude microfibrils into the cell

wall, which in turn propels the movement of the cellulose syn-

thase complex within the plasma membrane. CESA motility is

linear and is usually guided by the cortical microtubule (CMT)

cytoskeleton,11,12 resulting in cellulose microfibrils that mirror

the orientation of microtubules. Aligned CESA trajectories can

also be observed in microtubule-free domains, guided, for

example, by existing cellulose microfibrils when microtubule

guidance is temporarily lost.13,14 Thus, CMTs typically determine

cellulose microfibril alignment, which can then influence the di-

rection of cellular growth and consequently cell shape.15,16

Here, we discovered that fruit exocarp cells acquire the ability

to contract and generate pulling force through the dynamics of

growth. However, since growth is a process that relaxes stress

in the cell wall, it was unclear how growth could generate con-

tractile tension. To address this problem, we used a combination

of computational modeling, live-cell confocal imaging, and

microtubule perturbations. We found that a developmental

switch in microtubule orientation is critical to reorient cellulose

microfibrils and change cellular growth patterns, and conse-

quently cell shape, in the fruit exocarp. Mechanical modeling

shows how growth leads to cell contraction via the effects of

aligned cellulose microfibrils and cell geometry. By designing a

multi-layered modeling framework, we found that a cross-lamel-

late pattern of cellulose microfibrils can further enhance the

active contraction of growing exocarp cells.

RESULTS

Cell shape, anisotropy, and turgor-driven contraction
The elongated seed pods of A. thaliana and C. hirsuta look very

similar despite their striking difference in seed dispersal (Fig-

ure 1A). Yet underlying these similar organ shapes are very

different cell shapes. Exocarp cells, which comprise the

epidermal layer of the fruit valve, have an elongated shape in

A. thaliana, described by high aspect ratios with considerable

variation (Figures 1B and 1D). These same cells are uniformly

square in C. hirsuta (Figures 1B and 1D). Exocarp cells grow

larger by cell expansion without division during post-fertilization
2 Current Biology 34, 1–13, March 11, 2024
development of the fruit in both A. thaliana and C. hirsuta.17,18

Turgor pressure in plant cells exerts mechanical tension on the

cell wall, which generates in-plane stresses in the wall to resist

it. This in-plane stress varies with the size and shape of the cell

and increases when cells become large in both length and width,

causing cell walls to bulge excessively.19 In contrast to the elon-

gated shape of exocarp cells in A. thaliana (Figure 1D), the outer

and inner faces of exocarp cells inC. hirsuta have a large, square

shape (Figure 1D), suggesting that these cell walls could bulge

out in response to turgor and experience significant stress.

To describe the patterns of exocarp cell expansion during

A. thaliana and C. hirsuta fruit development, we measured cell

area and the area of the largest empty circle (LEC) that fits inside

a cell contour (Figure 1D). LEC area has been used previously as

a proxy for themagnitude of mechanical stress that accumulates

in the center of a cell face.19 We found that LEC area remained

relatively constant as exocarp cell area increased in A. thaliana

(Figure 1C), indicating that stress is likely to be minimized by

this pattern of cell expansion. However, in C. hirsuta, LEC area

increased as cell area increased (Figure 1C), predicting a large

increase in stress as cells expand. In fact, the LEC area becomes

twice as large in C. hirsuta compared to A. thaliana cells, even

though cell size is much larger in A. thaliana (Figures 1C and

1D). By analyzing C. hirsuta exocarp cells separately at early

versus late stages of fruit development, we found that LEC

area increased together with cell area only during later stages,

when cells expanded in width to acquire a square shape

(Figures 1D and 1E). Therefore, we predict that the pattern of

exocarp cell expansion during later stages of C. hirsuta fruit

development leads to high mechanical stress in the cell wall.

When cells are plasmolyzed during osmotic treatments, the

amount of shrinkage and its directions can be used to estimate

cell wall stiffness and anisotropy. Previously, we showed that a

strongly anisotropic cell wall, combined with the cell geometry

seen in later-stage C. hirsuta exocarp cells, will cause cells to

contract in length and expand in depth and width in response

to turgor pressure.2 To understand exocarp cell mechanics,

and how they change during C. hirsuta fruit development, we

performed osmotic treatments on valves at early versus late

stages of fruit development (Figures 2A and 2B). We quantified

exocarp cell surface dimensions of plasmolyzed versus turgid

cells in plants containing a p35S::GFP:TUA6 microtubule re-

porter,2 using the depolymerization of CMTs as an indicator of

plasmolysis.20 In elongating fruit at early stages of development

(stage 15), exocarp cells responded to increased turgor by ex-

panding in length (+9.4% ± 0.3%; mean ± SEM; Figures 2A

and 2C) and contracting slightly in width (–4.2% ± 0.4%) (Fig-

ure S1). However, during later fruit stages (stage 17b), cells con-

tracted in length in response to increased turgor (–14% ± 0.3%;

Figures 2B and 2C) and expanded in width (+14.9% ± 0.2%).

Thus, exocarp cells switched their response to turgor during fruit

development, from length expansion to length contraction (Fig-

ure 2C). These findings suggest that cell wall anisotropy changes

during development, such that mature exocarp cells contract in

length in response to turgor.

We reproduced this turgor-driven contraction of mature

exocarp cells using finite element method (FEM) simulations

both here (Figure 2D) and previously.2We found that the contrac-

tion in cell length results from the combined action of turgor



Figure 1. Different patterns of cell expan-

sion underlie similar fruit shapes

(A) Mature fruits of A. thaliana and C. hirsuta.

(B) Exocarp cell aspect ratio (ratio of cell length to

width) in mature A. thaliana and C. hirsuta fruits.

n = 145 cells.

(C) Exocarp cell area (x axis) versus the largest

empty circle area (LEC, y axis) in stage 15–17b fruit

of A. thaliana (red) and C. hirsuta (blue). Smooth

curves fitted and 95% confidence intervals (gray)

shown; black line indicates perfect circle. n = 1,568

cells.

(D) Exocarp cells in mature fruit of A. thaliana and

C. hirsuta, stained with propidium iodide; repre-

sentative cell outlined (red) and largest empty cir-

cle that fits inside (LEC, yellow) indicated in each

image.

(E) C. hirsuta exocarp cell area (x axis) versus LEC

(y axis) in early fruit (stage 15–17a, n = 1,220 cells)

and late fruit (stage 17b, n = 258 cells). Smooth

curves fitted and 95% confidence intervals (gray)

shown; black line indicates perfect circle.

(F) Explanatory cartoon describing exocarp cell

length (L), width (W), and depth (D) in relation to the

length (l), width (w), and depth (d) of the fruit valve.

From left: fruit attached to the plant stem, valve

attached to fruit with directions l and w indicated,

zoom-in of boxed region of the valve exocarp with

direction d indicated, and zoom-in of exocarp cell

shown in green with directions L, W, and D indi-

cated. Description of exocarp cell walls: outer face

facing outside of fruit; inner face facing inside of

fruit and anticlinal walls.

Scale bars, 1 mm (A) and 50 mm (D).
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pressure, which pushes the cell wall to expand, and highmaterial

anisotropy in the direction parallel to the cell length. This causes

the cell wall to resist stretch in the length direction. When pres-

surized, these cells expand in width and depth and increase their

curvature much more in the length direction, causing the large

cell faces to bulge out (Figure 2D). In this way, the straight-line

distance along the cell length contracts (Figure 2D). We used

further FEM simulations to investigate whether expansion in

cell width, which we observed during later stages of C. hirsuta

fruit development (Figures 1D and 1E), could be instrumental
C

in building contractile force when com-

bined with material anisotropy of the

cell wall. Using inflation simulations with

MorphoMechanX software (https://www.

morphomechanx.org/), we explored the

effects of increasing cell width for a fixed

combination of anisotropic material prop-

erties and pressure2 (Table S1). All cell

files were generated with the same cell

length (50 mm) and depth (10 mm), while

cell width was progressively increased in

each simulation (Figure 2E). For each

cell width, a file of non-pressurized cells

with ends fixed in the y-direction were in-

flated to 0.7MPa.Whenwe computed the

stretch ratio between the length of the cell
file with free versus fixed ends (Figure S2B), we found that

increasing cell width enhanced the length contraction (Figure 2E).

The stretch ratio decreased from 0.98 to 0.78 as cell width

increased from 10 to 100 mm, although it started to plateau

beyond a cell width of 50 mm (Figure 2E). Mechanical stress

increased in the center of the surface walls as cell width

increased from 10 to 50 mm (Figure 2F), particularly the longitudi-

nal stress component that is directly connected to the pulling

force (Figure S2C). This is in agreement with the increased stress

predicted by LEC area measurements of mature exocarp cells
urrent Biology 34, 1–13, March 11, 2024 3
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Figure 2. Contraction of exocarp cell length is determined by cell wall anisotropy and enhanced by cell width
(A and B) Osmotic treatment of (A) stage 15 and (B) stage 17bC. hirsuta fruit. Heatmaps show percentage change in exocarp cell length, relative to the long axis of

the fruit, in high turgor pressure (pure water) relative to low turgor pressure (1 M salt). Lines indicate expansion (white) or shrinkage (red) of cell dimensions.

(C) Boxplot of change in exocarp cell length showing mean (red cross) for stage 15 (n = 165 cells from 3 fruit) and stage 17b (n = 227 cells from 6 fruit) and

significant difference at ***p < 0.001 using a Wilcoxon signed-rank test.

(D–F) FEM simulations in MorphoMechanX of cells inflated from 0 to 0.7 MPa.

(D) Material anisotropy is specified in the length direction, indicated by double-headed arrow, in 50 3 50 3 10 mm (length 3 width 3 depth) cells. Inflated cells

expand in width (cyan cell viewed end on, left) and contract in length (yellow cell viewed side on). Dashed lines indicate initial cell dimensions before inflation. High

anisotropy in the length direction causes the cells to bulge in depth upon inflation (curvature of double-headed arrow).

(E) Plot of stretch ratio (y axis), measured along the length of inflated cell file when ends are free versus fixed, in six different simulations where cell width (x axis)

progressively increases.

(F) Length contraction compared between three simulations with different cell widths (10, 25, and 50 mm). For each cell width, trace of Cauchy stress tensor (MPa)

is compared when the inflated cell file ends are fixed versus free. White lines indicate direction of material anisotropy in each simulation. Coordinates show the

orientation of cell depth (z), width (x), and length (y) relative to the fruit (D and F).

Scale bars, 20 mm (A and B), 10 mm (D), and 50 mm (F).

See also Figures S1 and S2.
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that expanded in width to acquire their final, square shape

(Figures 1D and 1E). A reduction in wall stress was associated

with contraction of the cell file after the ends were released in

the simulations (Figure 2F). Therefore, these inflation simulations

indicate that as cells become wider, they can contract more in

length.

The relatively shallow depth of mature exocarp cells is also

important for length contraction. For example, increasing cell

depth from 10 to 50 mm elevated the stretch ratio from 0.83 to

0.92 (Figure S2D). These cells accumulated high mechanical

stress in the center of not only inner and outer cell faces, but

also anticlinal walls (Figure S2D). This created conflicts during

the minimization of cell wall mechanical energy, which reduced

the amount of length contraction in the simulation (Figure S2D).

In summary, cell shape plays an important role in amplifying

exocarp cell contraction.
4 Current Biology 34, 1–13, March 11, 2024
Orientation of cortical microtubules and CESA3
trajectories predict growth direction
Our results from osmotic treatments and model simulations

show that wider cells can contract more when inflated. To un-

derstand how exocarp cells grow into this more optimal

shape, we quantified growth at cellular resolution during

C. hirsuta fruit development. Specifically, we used time-lapse

confocal microscopy to image the exocarp of fruit expressing

a CMT marker (p35S::GFP:TUA62) and analyzed these

confocal stacks using MorphoGraphX.21 From an initial time

series, we identified a switch in anisotropy (Figure S2E). To

capture this transition, we began each of our time series rep-

licates in 7-mm-long fruit, once cell division had ceased in the

exocarp, and imaged three subsequent time points (48 h, 96 h,

and 8 days). We identified two phases of highly anisotropic

growth during the first 48 h and the last 96 h, separated by



Figure 3. Orientation of cortical microtubules and CESA3 trajectories predict directional growth in fruit exocarp cells

(A and B) Time-lapse confocal imaging of C. hirsuta exocarp cells during 8 days of fruit development starting with 7-mm-long fruit at 0 h. Growth anisotropy (ratio

of PDGmax to PDGmin) between consecutive time points shown as heatmaps on second time point (A).White lines in each cell indicate themagnitude and direction

of PDGmax (longer lines) and PDGmin (shorter lines). CMTmarker GFP-TUA6 at 0, 48, and 96 h and 8 days (B). Orientation andmagnitude of CMT arrays calculated

with FibrilTool and shown as direction and length of red lines; cells outlined in cyan; magnified views shown below.

(C and D) Histograms showing the principal direction of growth (PDGmax, red) and CMT orientation (blue) as angles relative to the long axis of the fruit at 0–48 h

(C) and 96 h–8 days (D). PDGmax calculated between consecutive time points as indicated, n = 535 (C) and 253 cells (D). CMT orientation calculated at 0 h, n = 934

cells (C), and 96 h, n = 398 cells (D).

(E) Co-localization of GFP-CESA3 andmCherry-TUA6 in exocarp cells ofC. hirsuta fruit at 0, 48, and 96 h, starting with 7-mm-long fruit at 0 h. Average projections

of confocal time-lapse movies (Videos S1, S2, and S3) showing GFP-CESA3 (green), mCherry-TUA6 (magenta), and merge of both channels. Orientation and

magnitude of CESA3 trajectories and CMT arrays calculated with FibrilTool and shown as direction and length of blue lines.

(F) Scatterplot showing correlation between the angles of GFP-CESA3 trajectories and CMT orientations in fruit exocarp cells relative to the long axis of the fruit;

dots indicate individual cells and lines indicate linear regressions at 0 h (blue; r = 0.87, p < 4.9e�19, n = 58 cells), 48 h (red; r = 0.95, p < 4.15e�34, n = 65 cells), and

96 h (yellow; r = 0.86, p < 9.87e�11, n = 34 cells).

Scale bars, 100 mm (A and B) and 5 mm (B [magnified] and E).

See also Figure S2 and Videos S1, S2, and S3.
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a period of more isotropic growth between 48 and 96 h (Fig-

ure 3A). The largest amount of growth occurred during the first

48 h (Figures 3A, S4D, and S4E). Growth anisotropy was par-

allel to the long axis of the fruit from 0 to 48 h and then

switched to perpendicular (Figure 3A). Through this pattern

of anisotropic growth, exocarp cells initially expand by
elongating and then switch to growth in the width direction

to acquire their final, square shape.

Cells grow principally in the direction orthogonal to aligned

cellulose microfibrils in the cell wall. Since the alignment of mi-

crofibrils usually mirrors the orientation of CMTs,11 we investi-

gated to what extent the growth anisotropy of exocarp cells
Current Biology 34, 1–13, March 11, 2024 5
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was predicted by CMT orientation. The initial alignment of CMTs

was perpendicular to the long axis of the fruit (0 h; Figure 3B), giv-

ing a distribution of CMT angles skewed toward 90� (Figure 3C).

This CMT alignment was a good predictor of the principal direc-

tion of cellular growth (PDGmax) in the orthogonal direction during

the subsequent 48 h (Figure 3C). CMT arrays began to re-align

and had no principal orientation by 48 h (Figure 3B), prior to

the subsequent period of more isotropic growth (48–96 h;

Figures 3A and S2F–S2H). By 96 h, CMT arrays were well aligned

and their orientation had switched to parallel to the long axis of

the fruit (96 h; Figure 3B), resulting in a distribution of CMT angles

skewed toward 0� (Figure 3D). This new CMT alignment accu-

rately predicted a switch in PDGmax to the orthogonal direction

during the subsequent 96 h (Figure 3D). This CMT alignment par-

allel to the fruit long axis was maintained through to the last time

point at 8 days (Figure 3B). Therefore, CMT orientation is highly

predictive of growth anisotropy in the fruit exocarp.

However, CMT orientation is only a proxy for cellulose micro-

fibril alignment. Therefore, we analyzed the orientation of cellu-

lose synthase 3 (CESA3) trajectories during exocarp cell growth.

Specifically, we visualized pCESA3::GFP:CESA3 together with

pUbi10::mCherry:TUA6 in exocarp cells of C. hirsuta fruit during

96 h of development (Videos S1, S2, and S3). We measured the

orientation of CMTs and CESA3 trajectories per cell in average

projections of these time-lapse movies (Figure 3E). The orienta-

tion of CMTs and CESA3 trajectories were highly correlated at

each time point (Figure 3F) and showed the same switch from

transverse to longitudinal orientations that we observed for

CMTs previously (Figures 3B–3E). Thus, CMT orientation

matches the orientation in which new cellulose microfibrils are

synthesized in exocarp cells of C. hirsuta fruit. Consequently,

CMT realignment in mature exocarp cells contributes to a

change in both cell wall anisotropy and growth direction.

Dynamics of growth and tension
Prior to the reorientation of exocarp CMTs, C. hirsuta fruit are

fully elongated but lack the tension required to explode.2 There-

fore, by switching the direction of cell wall reinforcement and

growth, exocarp cells grow in width and acquire a more optimal

shape to build contractile tension. But how is it possible that

growth, a process that relaxes stress in the cell wall, generates

more contractile tension in the valve?

To explore this apparent paradox, we performed FEM growth

simulations using MorphoMechanX software (STAR Methods;

Methods S1). We modeled growth as irreversible cell wall exten-

sion, also referred to as cell wall yielding or creep.9 The amount

of growth depends on the elastic strain on the cell wall, which is

proportional to the stress resulting from turgor pressure.22–25

The strain is then multiplied by an extensibility parameter to

determine the growth of the elements.22 When we added this

growth model to cell file simulations with material anisotropy in

the length direction, we found that maximal strain, and hence

growth, was oriented in the width direction (Figure 4A; Video

S4). This matches the growth we observed in cell width when

the deposition of cellulose microfibrils was oriented to the length

direction in exocarp cells (Figures 3D and 3E).

To investigate how this growth could lead to an increase in

contractile tension, we designed a series of simulations with a

file of cells geometrically comparable to exocarp cells starting
6 Current Biology 34, 1–13, March 11, 2024
growth in the width direction. Cell size was set to 50 3 26 3

10 mm (length, width, and depth), and other mechanical param-

eters were assigned that were identical to previous inflation sim-

ulations (Table S1). Turgor pressure remained constant2 and cell

wall extensibility was set uniformly. The simulation cycle con-

sisted of (1) cell pressurization at a fixed value that is maintained

throughout the simulation; (2) a growth step, in which elastic

strain multiplied by extensibility was used to simulate yielding

and grow the cell wall; and (3) recalculation and update of me-

chanical equilibrium (STARMethods). Steps (2) and (3) were reit-

erated until cells reached a target width of 50 mm,whichmatches

our measurements of mature exocarp cell width (Figures 1D and

3A). We fixed the ends of the cell file to mimic the constraint ex-

erted on the growing exocarp tissue by its physical attachment

to the rest of the fruit (Video S4).

We used these simulations to assess the effect of growth on

contractile tension. To do this, we stopped the simulation at in-

termediate points and released the cell file ends. In this way,

we could measure the stretch ratio between the length of the

cell file with free versus fixed ends at intermediate growth steps

in the process (Figure 4B). We tested two growth scenarios

where we allowed almost none (Figures 4B and S3A), or some

(Figure S3A), relaxation of cell wall stress in the stiffer, length di-

rection. This was done by modulating the yield threshold of the

cell wall, which has to be exceeded to activate growth9: a higher

threshold of 0.1 in the first scenario and a lower threshold of 0.01

in the latter (STARMethods;Methods S1). As the soft direction of

the wall is stretched beyond both of these thresholds, the yield

criterion will only significantly affect growth in the stiff direction.

As cell width increased through growth from approximately 30 to

50 mm, we found that the stretch ratio of the cell file decreased

from 0.93 to 0.89 when the yield threshold was low (Figure S3A;

Table 1). At the higher yield threshold, the stretch ratio

decreased even further to 0.84 (Figures 4B and S3A; Table 1).

These results demonstrate that although growth is a stress-

release process, the release of stress in the width direction can

increase stress in the length direction by changing cell geometry

and increasing the stress associated with a larger cell surface

area. This requires that the relaxation of wall stress in the length

direction is inhibited, in this case by significant reinforcement of

cellulose microfibrils in that direction, which reduces the strain

below the yield threshold.

In summary, the stretch ratio of 0.84 obtained for a simulated

file of growing cells (Figure 4B; Table 1) is comparable to the

empirical value of 0.8 reported previously.2 Therefore, material

anisotropy, specified as longitudinally aligned fiber reinforce-

ment, combined with turgor-driven growth and limited relaxation

in the fiber direction, can explain the generation of contractility as

a file of cells grows in width.

A cross-lamellate pattern of cellulose microfibrils
enhances contractility
CMT arrays are dynamic and can reorganize within a scale of mi-

nutes,26,27 and these arrays guide only the most recently added

layer of cellulose microfibrils in the cell wall. This leads to a de-

gree of heterogeneity in microfibril orientation and contributes

to a cross-lamellate pattern between different cell wall

layers.28–30 This type of pattern was observed in mature exocarp

cells of C. hirsuta fruit where longitudinally aligned cellulose



Figure 4. Interaction of growth and cell wall anisotropy determines cell length contraction

All FEM growth simulations performed in MorphoMechanX using cell templates of dimensions 50 3 26 3 10 mm (length 3 width 3 depth) inflated to 0.7 MPa.

(A and B) Strain-based growth model comprising transversely isotropic material reinforced with longitudinal fibers of 4,000 MPa stiffness.

(A) Direction of maximal strain, and therefore main growth direction, indicated by black lines in a file of inflated cells before growth.

(B) Plot of stretch ratio (y axis), measured along the cell file length when ends are free versus fixed, at intermediate steps of the growth simulation as cell width

(x axis) increases to a final target of 50 mm.

(C–E) Multi-layer growth model comprising an isotropic layer undergoing strain-based growth joined with two layers of stiff fibers (2,000 MPa each layer) that do

not respond to growth. Fiber orientation in each of the two layers is indicated as white lines on initial cell file. Shown for each simulation: a file of inflated cells with

fixed ends before growth starts (Initial), at the end of growth (Final, fixed), and once the ends of the cell file are released (Final, free).

(C) Length contraction and stress compared between three simulations with either 0�, 14�, or 56� fiber angles, with respect to vertical. Stress ratios: 0.84 (0�), 0.78
(14�), and 1.005 (56�).
(D) Plot of stretch ratio (y axis), measured along the cell file length when ends are free versus fixed, in simulations with different fiber angles (x axis) from 0� through
to 56�. Stretch ratios computed at 50 mm cell width or maximal width if less than 50 mm. Maximal cell width achieved through growth is annotated on the plot for

each simulation (shown in mm). Fiber angles of 14� (minimal stretch ratio) and 56� (inversion) are highlighted by red dashed lines.

(E) Growth simulation in a block of cells with 14� fiber angle. Stress increases during growth to amaximum cell width of 41.4 mm (compare Initial versus Final, fixed)

and drops once the cell file ends are released (Final, free). Stretch ratio: 0.82. Heatmaps display trace of Cauchy stress tensor.

Scale bars, 20 mm (A) and 50 mm (C and E).

See also Figure S3 and Videos S4 and S5.
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microfibrils are not parallel, but rather cross at acute angles.2 For

these reasons, we performed a new series of simulations to

explore whether deviations from a parallel fiber orientation can

affect the process of building contractility in growing exocarp

cells.

To vary the orientation of fiber reinforcement in the cell wall, we

designed a multi-layer model. The cell wall is treated as a contin-

uum in all of our models, rather than an explicit description of

discrete fibers. Therefore, we used multiple layers to ascribe

distinct orientations of fiber reinforcement within a growing,
composite material. This multi-layer model comprises an

isotropic layer that grows and two different fiber-dominated

layers, representing the averaged contribution of cellulose mi-

crofibrils oriented at distinct angles in each layer, which do not

grow (Figure S3B). The anisotropic component of the previous

growth model was essentially split between the two fiber-domi-

nated layers (parameter details in Table S1). These fiber-domi-

nated layers are prevented from growing due to the high density

of oriented cellulose microfibrils, which, according to our previ-

ous results (Figure 4B), will not be able to stretch beyond the
Current Biology 34, 1–13, March 11, 2024 7



Table 1. Summary of stretch ratios from FEM growth simulations

Growth model Stretch ratio after inflation Stretch ratio after growth

Transversely isotropic material, low strain threshold (0.01; Figure S3A) 0.93 0.89

Transversely isotropic material, high strain threshold (0.1; Figures 4B and S3A) 0.93 0.84

Multi-layer, cell file, 0� fiber angle (Figure 4C) 0.94 0.84

Multi-layer, cell file, 14� fiber angle (Figure 4C) 0.94 0.78

Multi-layer, cell file, 56� fiber angle (Figure 4C) 1 1.02

Multi-layer, cell block, 0� fiber angle (Figure S3F) 0.93 0.86

Multi-layer, cell block, 14� fiber angle (Figure 4E) 0.93 0.82

Stretch ratios measured along the cell file length for different growth model simulations after inflation (before growth) and after growth (when ends are

free versus fixed). Stretch ratios were computed after growth achieved a target cell width of 50 mm or else the maximal cell width achieved if less than

50 mm. See also Figures 4 and S3.
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yield threshold that initiates growth. Therefore, these two layers

deform purely elastically. Only the isotropic layer undergoes irre-

versible expansive growth, which implies a change in its refer-

ence configuration and a relaxation of the accumulated tension

in this layer.9,22,23 The three layers are geometrically joined,

meaning that their mesh nodes are shared, their displacement

is unique, and the nodal forces moving the points toward their

equilibrium configuration are computed as the sum of the forces

provided by each layer (Figure S3B; Methods S1; STAR

Methods). In this way, the three layers can be treated as a com-

posite material.

In order to compare this multi-layer model with our previous

growth model, we assigned a common fiber direction parallel

to the longitudinal cell file in both fiber layers. Under a hypothesis

of full compressibility (Poisson ratios equal to zero; Table S1),

where the two modeling approaches are theoretically compara-

ble, the multi-layer model produced the same stress pattern and

deformation as the previous growth model (Figure S3E). We also

tested the effect of imposing symmetry on the fiber angles in

each layer. Comparable results were produced with asymmetric

fiber angles, although the cell file twisted when its ends were

released (Figure S3C). Therefore, symmetric angles allowed a

simpler computation of stretch ratios.

We performed simulations with two symmetric families of fi-

bers at increasing angles relative to the vertical direction

(Figures 4C and 4D). We computed the stretch ratio at the end

of the growth process when cells reached a target width of either

50 mm or the maximal width attained if less than 50 mm. As

before, we calculated the stretch ratio by comparing the final

cell file length with free versus fixed ends (Figures 4C and

S2B). To test the effect of fiber angle on stretch ratio, we varied

the angle from 0� up to 56� with respect to vertical (Figure 4D).

We found that the stretch ratio reached a minimum around a

fiber angle of 14� and then increased at angles above 14� (Fig-

ure 4D). An inversion in the stretch behavior was reached at

56� (Figures 4C and 4D; Table 1), in agreement with analytical

predictions for a cylinder under pressure that is reinforced by

two populations of fibers at symmetric angles to vertical.31

In simulations where the fiber angles were 0� or 14�, we found

a large reduction in stress was associated with contraction of the

final cell file once the ends were released (Figure 4C; Video S5).

The stretch ratiowas0.84when the fiber anglewas 0� (Figures 4C
and 4D; Table 1). This value is identical to the previous growth

model, with a single layer of transversely anisotropic material
8 Current Biology 34, 1–13, March 11, 2024
properties, grown to 50 mm cell width (Figures 4B; Table 1),

providing further evidence that the two modeling approaches

are comparable. However, as the fiber angle changed from par-

allel to 14�, with respect to vertical, we found that the stretch ratio

of the cell file decreased from 0.84 to 0.78 (Figures 4C and 4D;

Table 1). Since both cell files had the same stretch ratio before

growth (0.94; Table 1), this suggests that the higher contractility

of the cells with crossed fibers (14�) is actively reached through

growth.

The reason that fibers in a crossed pattern (14�) can achieve a

lower stretch ratio lies in the additional tension exerted on the fi-

bers during growth. The expansion in cell width due to growth of

the isotropic layer exerts an additional elastic stretch on the fiber

layers when the fibers are tilted rather than orthogonal to the di-

rection of growth. This stretch in the direction of growth is trans-

mitted along the tilted fiber direction and partially translated into

additional pulling force (Figure S3D). Due to this interaction with

growth, our findings suggest that crossed patterns of cellulose

microfibrils can actually enhance the process of building con-

tractile tension in growing exocarp cells.

Our findings also revealed the influence of increasing fiber an-

gles on the maximum cell width achieved by growth. At fiber an-

gles closest to parallel (0�), cells achieved the highest growth in

width, and at angles from 14� and above, cells could no longer

reach a width of 50 mm (Figure 4D). At these angles, the fibers

restrict the amount of transverse strain generated for growth in

width. Therefore, in our simulations, when fibers were crossed

and offset at a slight angle to vertical, this limited the final cell

width attained by growth, providing an intrinsic mechanism to

halt the growth process.

To verify that our results are not limited to the simplified case of

a single cell file, we implemented our multi-layer growth model in

a block of cells that more realistically represents the growth of

cells in the context of exocarp tissue (Figures 4E and S3F;

STAR Methods). A large reduction in stress was associated

with contraction of the cell block length once the ends were

released after the growth process (Figures 4E and S3F). The

stretch ratio of the central cell file in this block was 0.82 at a fiber

angle of 14�, slightly higher than the ratio of 0.78 achieved in a

single cell file (Table 1). The block configuration constrained

the growth in width of these central cells such that they reached

only 41.4 mm (Figure 4E). Even with this constraint, the stretch ra-

tio of the central cell file with fibers offset at 14� (0.82; Figure 4E)

was lower than a cell file with parallel fibers in a block



Table 2. Simulated exocarp pulling force

FEM simulation, cell template: width 3

length 3 depth (mm) Final cell width (mm) Stretch ratio Exocarp pulling force (mN)

Crossed fibers (14� angle)

Inflation, 26 3 50 3 10 29 0.94 35.6

Inflation, 45 3 50 3 10 50 0.84 44.0

Growth, 26 3 50 3 10 49 0.78 62.9

Parallel fibers (0� angle)

Inflation, 26 3 50 3 10 29.4 0.94 32.4

Inflation, 45 3 50 3 10 50.6 0.85 44.1

Growth, 26 3 50 3 10 51.6 0.84 39.9

Force exerted at the ends of an exocarp cell layer after growth or inflation simulations. Final cell width, stretch ratio, and corresponding pulling force

extrapolated from a cell file to a cell layer (valve width: 1 mm) are measured for the different multi-layer model templates indicated. Fiber angle in the

multi-layer model is either crossed (14� angle) or parallel (0� angle) as indicated. Exocarp pulling force previously computed from extensometer ex-

periments2 for comparison: average = 37 mN, max = 75 mN.
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configuration (0.86; Figure S3F) or as a single file (0.84; Figure 4C)

(Table 1). Thus, our findings can be generally applied to a tissue

context.

The stretch ratio is a simple and precise measure of the

amount of contraction occurring in the exocarp both in planta

and in silico. However, we were also interested in the force pro-

duced by exocarp contraction since this is fundamental to the

explosive nature of seed dispersal in C. hirsuta. We previously

used empirical extensometer experiments to measure the force

required to extend coiled fruit valves, and then compute the

force exerted by the exocarp layer before explosion.2 To

compare our simulations with these results, we computed the

force exerted at the ends of a cell file and extrapolated this

to the pulling force for the whole exocarp layer (valve width

1 mm; Table 2). Our results fell within the range of previously

determined forces2 (Table 2). We found that simple inflation

simulations using tissue templates made of wider cells (�50

versus �29 mm final cell width; Table 2) contracted more and

produced more exocarp layer pulling force (Table 2). We found

a similar increase in cell contraction and pulling force when cell

width increased to �50 mm, from an initial width of 26 mm, in

growth simulations (Table 2). Interestingly, we found that

growing cells with a crossed pattern of fibers, offset at 14�, pro-
duced the greatest pulling force (Table 2). This result indicates

that if cells reach an optimal width through growth, they con-

tract more and pull with greater force. This effect depends on

the interaction of growth with crossed fibers. In fact, before

growth onset, right after inflation, the pulling force and contrac-

tility are very similar for crossed and parallel fibers, and the dif-

ference increases only through growth (Tables 1 and 2; Fig-

ure S3D). In summary, our simulations show that growth

actively generates more length contraction at the cell level

and more pulling force at the tissue level, which contributes

to the mean coiling velocity of the valve.

Cortical microtubules contribute to explosive valve
coiling
Our findings predict that explosive valve coiling depends on

exocarp CMTs, since these contribute to the orientation of cellu-

lose microfibril synthesis in the cell wall and the consequent

cellular growth pattern. To test this prediction, we performed
microtubule perturbation experiments. Treating C. hirsuta fruit

with the microtubule depolymerizing drug oryzalin resulted in

non-explosive fruit where the valves failed to coil (Figure S4A).

However, it was not possible to ascribe this effect exclusively

to exocarp cells since microtubules were depolymerized in all

cell types of the fruit in these experiments.

To achieve more precise spatial and temporal resolution, we

used a genetic system to depolymerize microtubules via induc-

ible expression of a truncated version of the atypical tubulin ki-

nase PROPYZAMIDE-HYPERSENSITIVE 1 (PHS1DP).32 We ex-

pressed PHS1DP in exocarp cells using an epidermal-specific

promoter (pML1::GR-LhG4/pOp6::PHS1DP:mCherry) and veri-

fied that CMTs were depolymerized specifically in response to

dexamethasone and only in epidermal layers of the fruit

(Figures S4B and S4C). For example, themechanically important

endocarp b cell layer of the fruit valve was unaffected in these

transgenic lines (Figure S4C). Using live confocal imaging of

pML1::LhGR>>PHS1DP:mCherry; p35S::GFP:TUA6 plants, we

imaged exocarp cells in 7-mm-long fruit, immediately before

and after dexamethasone treatment (48 h, 96 h, and 8 days; Fig-

ure 5). The initial alignment of exocarp CMTs was perpendicular

to the long axis of the fruit (pre-induction; Figure 5A). Repeated

dexamethasone treatment ensured that microtubule depolymer-

ization was maintained throughout the time-lapse experiments

(Figure 5A).

Following microtubule depolymerization, exocarp cell growth

was slower and more isotropic (Figures 5B, S4D, and S4E). In

particular, dexamethasone treatment significantly reduced

the anisotropic growth in width observed in mock-treated fruit (96

h–8 days; Figures 5B, 5C, S4F, and S4G). To test whether cell wall

anisotropy was also disrupted, we used osmotic treatments.

Mature exocarp cells of dexamethasone-treated compared to

mock-treated fruit contracted significantly less in length in

response to increased turgor (Figures 5D and 5E). Thus, in the

absence of CMTs to guide the orientation of newly deposited cel-

lulose microfibrils, cell wall anisotropy was reduced.

Explosive valve coiling was also reduced by microtubule

depolymerization. Exploded valves from dexamethasone-

treated fruit coiled more loosely, with reduced curvature,

compared to the tightly coiled valves from mock-treated fruit

(Figures 5F and 5G). Thus, CMT arrays contribute to the patterns
Current Biology 34, 1–13, March 11, 2024 9



Figure 5. Cortical microtubules in fruit exocarp cells contribute to explosive valve coiling

Time-lapse confocal imaging of C. hirsuta pML1::LhGR>>PHS1DP:mCherry; p35S::GFP:TUA6 exocarp cells during 8 days of fruit development starting with

7-mm-long fruit.

(A) CMT marker GFP-TUA6 immediately before (pre-induction) and 48 h, 96 h, and 8 days after dexamethasone treatment. Individual cells outlined in cyan.

(B and C) Growth anisotropy (ratio of PDGmax to PDGmin) between consecutive time points in mock- and dexamethasone-treated (Dex) fruit. Shown as heatmaps

on second time point; white lines in each cell indicate the magnitude and direction of PDGmax (longer lines) and PDGmin (shorter lines) (B). Shown as boxplots (C),

n R 260 cells from 4 fruit per time point (mock) and 262 cells from 5 fruit per time point (Dex).

(D and E) Osmotic treatment of mock- and dexamethasone-treated fruit. Percentage change in exocarp cell length, relative to the long axis of the fruit, in high

turgor pressure (purewater) relative to low turgor pressure (1M salt); shown as heatmaps, lines indicate expansion (white) or shrinkage (red) of cell dimensions (D),

and boxplots (E), n = 195 cells from 4 fruit (mock) and 164 cells from 3 fruit (Dex).

(F and G) Mock- and dexamethasone-treated fruit and coiled valves, 11 days after treatment (F), and scatterplot showing minimum and maximum curvature of

coiled valves (1/radius) (G), n = 35 valves (mock) and 31 valves (Dex). All plots indicatemean (red cross) and significant differences at ***p < 0.001 using aWilcoxon

signed-rank test or Student’s t test.

Scale bars, 10 mm (A), 100 mm (B), 50 mm (D), and 1 mm (F).

See also Figure S4.
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of cellular growth and cell wall anisotropy that determine

exocarp cell contraction and underpin explosive valve coiling.

DISCUSSION

Exploding seed pods in C. hirsuta harness properties of cellular

growth to generate tension. We identified a key role for CMTs in

this process. A switch in microtubule alignment reorients the di-

rection of cellulose microfibril synthesis in the wall, changing

growth direction and consequently cell shape. The large, square

faces of these cells, reinforced by aligned cellulose microfibrils,

bulge out in response to turgor pressure and pull in the length di-

rection. This puts the outer exocarp layer of the fruit valve under

tension and the lignified inner layer under compression, resulting

in the build-up and storage of potential elastic energy that

powers explosive seed dispersal. Thus, by combining computa-

tional modeling with biological experiments, we could explain
10 Current Biology 34, 1–13, March 11, 2024
how specific cellular features cause the tissue-level mechanics

underpinning explosive dispersal.

Cell geometry plays a key role in explaining how growth, which

is a stress relaxation process, can generate tension. Exocarp

cells initially grow by elongating, but later in fruit development

they switch to grow in width. As they widen, the outer and inner

faces of these relatively shallow cells become large and square,

causing mechanical stress to accumulate as they bulge out.

Therefore, although growth is a stress-release process, growth

in thewidth direction actually increases stress in the length direc-

tion and generates pulling force. For this to work, it is important

that the cell wall resists yielding in the longitudinal direction,

which is reinforced by aligned cellulose microfibrils, in order

not to lose its longitudinal elastic tension under the action of

growth.

A second mechanism, which acts in concert with cell shape, is

the cross-lamellate pattern of cellulose microfibrils in the cell
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wall. Growth in the width direction exerts an extra stretch on the

fibers, making them pull harder in the length direction (Fig-

ure S3D). In this way, growth becomes an active element that in-

creases contractility beyond just the effect on cell geometry. As

such, the exocarp behaves as a novel analog of a McKibben

actuator, using growth to enhance the pulling force. This obser-

vation has potential applications in the field of biomimetics in

connection with soft-actuator design. A similar mechanism

based on cross-lamellate patterns of cellulose has been pro-

posed for the formation of reaction wood.33

A key developmental event during exocarp cell growth is the

switch in microtubule orientation. CMTs often align with the di-

rection of maximal tension in plant tissues34–38 and have been

proposed to spontaneously orient with the direction of maximal

tensile stress.39 However, in fruit exocarp cells, microtubules re-

orient to align with the direction of minimal rather than maximal

tensile stress. Based on both the geometry and cell wall anisot-

ropy of exocarp cells prior to microtubule reorientation, maximal

tensile stress is predicted to be oriented in the transverse direc-

tion.9,23 Yet microtubules reorient to the longitudinal direction,

suggesting that a developmental signal may dominate other pro-

posed mechanisms, such as stress sensing, to orient microtu-

bules in these cells. Identifying such a signal and understanding

how exocarp microtubules switch orientation will be an impor-

tant follow-up to this study.

Different perturbations showed that CMTs contribute to cell

wall and growth anisotropy, and ultimately to explosive coiling

of the fruit valves. Oryzalin treatment abolished explosive valve

coiling, but it also disrupted secondary cell wall patterning in

the endocarp b cell layer of the valves, which is known to be crit-

ical for explosive coiling.2 On the other hand, tissue-specific

perturbation may have underestimated the full role of microtu-

bules in the exocarp, since growth of the exocarp cell layer is

constrained by its physical attachment to underlying tissues,

meaning it is not free to grow fully isotropically in response to

microtubule depolymerization. Generating mutant alleles in

C. hirsuta for known microtubule regulators will allow different

types of perturbations that should further inform this question.

Our experiments underscore the importance of visualizing

both CMTs and CESA proteins in different cell types and at

different stages of development. For example, we observed

that CESA3 particles were lost from the plasma membrane of

exocarp cells soon after the last time point in our experiments,

while CMTs remained well aligned. Therefore, CMT alignment

cannot always be assumed to indicate active cellulosemicrofibril

synthesis. In addition, the highly correlated orientation of CMTs

and CESA3 trajectories in exocarp cells does not exclude the

presence of aligned CESA3 trajectories in CMT-free do-

mains.13,14 For example, it may be interesting to investigate

whether CMT guidance of CESA3 trajectories contributes more

to the process of reorienting in response to developmental

cues than to maintaining aligned trajectories during exocarp

cell growth.

Our simulations indicate that a cross-lamellate pattern of cel-

lulose microfibrils can enhance the active contraction of growing

exocarp cells. Although it might have been possible to address

this question using a classical modeling approach with two fam-

ilies of fibers,40 the multi-layer formulation that we designed here

has several advantages, including (1) the intuitive meaning of
mechanical parameters assigned to each layer, (2) the ability to

prescribe individual growth rules to each layer, and (3) computa-

tional ease. For example, it is possible to extend themodel to any

number of layers without additional complexity or significant

computational cost. For these reasons, we suggest that this

type of multi-layer modeling approach has potential applications

beyond the scope of this study. For example, it opens up exciting

possibilities to model the mechanics of plant cell walls,41

including the formation of reaction wood that is thought to be

driven by cross-lamellate patterns of cellulose.33 By discrimi-

nating newly deposited layers in the cell wall from progressively

aging layers, it allows testable hypotheses to be formulated

about the differential contribution of these layers to cell me-

chanics, growth, and morphogenesis.

In summary, exocarp cells harness mechanical forces associ-

ated with turgor-driven growth to contract and generate tension

in exploding seed pods of C. hirsuta. This illustrates how a novel

mechanical trait can emerge from tinkering with existing cellular

components during evolution.42
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Experimental models: Organisms/strains

A. thaliana: Col-0 NASC N1093

C. hirsuta: Ox Hay et al.43 N/A

C. hirsuta: pML1::LhGR>>PHS1DP:mCherry; 35S::GFP:TUA6 This study N/A

C. hirsuta: pCESA3::GFP:CESA3; pUbi10::mCherry:TUA6 This study N/A

Software and algorithms

Fiji N/A https://fiji.sc/

MorphoGraphX N/A https://www.MorphoGraphX.org

MorphoMechanX N/A https://www.MorphoGraphX.org/MorphoMechanX

Inflation & growth models for MorphoMechanX This study https://doi.org/10.5281/zenodo.10492759

RStudio Posit https://posit.co/
RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Angela

Hay (hay@mpipz.mpg.de)

Materials availability
All materials are available upon request.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d All original code, instructions and all templates to reproduce the computational simulations can be found here: https://doi.org/

10.5281/zenodo.10492759.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions
Cardamine hirsuta (Ox), herbarium specimen voucher Hay 1 (OXF),43 and Arabidopsis thaliana (Col-0) were used throughout this

study. Plants grown on soil were cultivated in the greenhouse in long-day conditions (days: 20�C, 16 h; nights: 18�C, 8 h). Transgenic

plants were generated by the floral dip method using Agrobacterium tumefaciens.C. hirsuta p35S::GFP:TUA6 plants were described

previously.2

METHOD DETAILS

Generation of transgenic lines
pML1::GR-LhG4/pOp6::PHS1DP:mCherrywas generated as amultiple expression GreenGate cassette from two intermediary mod-

ules, built using previously described entry vectors44–46 (PHS1DP, gift fromA.Maizel; all other vectors, Addgene). Bothmoduleswere

combined in pGGZwf013 and transformed intoC. hirsuta p35S::GFP:TUA6 plants.2 Twenty-eight Basta-resistant lines were selected,
e1 Current Biology 34, 1–13.e1–e4, March 11, 2024
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tested for dexamethasone induction, and transgene copy number determined (iDNA Genetics). pUBIQUITIN10::mCherry:TUA6 was

generated byNotI digest of pMT813 to release the expression cassette. The insert was blunted, ligated intoSmaI-digested pPZP200-

Basta binary vector, and transformed into C. hirsuta plants. Transgene copy number was determined (iDNA Genetics) for nine inde-

pendent lines. A pCESA3::GFP:CESA3 construct47 (gift from A. Sampathkumar) was transformed into C. hirsuta pUbi10::mCherry:

TUA6 plants. Ten hyogromycin-resistant lines were selected, analyzed for GFP-CESA3 localization at the plasma membrane, and

transgene copy number determined (iDNA Genetics). Representative lines for each construct were analyzed in the T3 generation.

Microscopy and quantitative image analysis
A Leica TCS SP8 was used for Confocal Laser Scanning Microscopy (CLSM) with a Nikon 20x water dipping objective (20x/0.95 wa-

ter) or a Nikon 63x oil objective (63x/1.4 oil) and with the following excitation (ex) and emission (em) parameters (wavelength in nm):

GFP ex: 488, em: 550-650 bandpass filter; mCherry and basic fuchsin ex: 561, em: 600-665 bandpass filter; PI ex: 461, em: 550-650

bandpass filter.

Time-lapse imaging and dexamethasone induction of pML1::LhGR>>PHS1DP:mCherry
C. hirsuta pML1::LhGR>>PHS1DP:mCherry;p35S::GFP:TUA6 fruit of 7 mm length were carefully taped to a glass slide, while still

attached to the plant, and 0.6 mmz stack slices of GFP signal in exocarp cells were acquired by CLSM using a 20x/0.95 water dipping

lens (0 h time-point, pre-induction). After imaging, plants were separated into treatment and mock groups and fruit were dipped for

10 s in a solution containing 0.02% Silwett L-77 with 1mM water-soluble dexamethasone (Sigma-Aldrich) (Dex) or without (Mock).

Plants were returned to the greenhouse overnight and the same treatments repeated the following day. At the 48 h time-point,

CLSM imaging of the same fruits was repeated. After imaging, treatment of the fruits was repeated, and plants were returned to

the greenhouse. Treatment of fruits continued every 48 h and CLSM imaging of the same fruits was repeated at 96 h and 8 d

time-points. A minimum of four fruit valve replicates were imaged throughout each time-lapse experiment. z stack images were

loaded into MorphoGraphX and segmented using signal from the GFP channel.48 Parent relations for each cell between successive

time points were determined and heat maps displayed on the second of two time points. Microtubule orientation, growth anisotropy

and all other cellular parameters were quantified using existing functions in MorphoGraphX.48 The principal direction of growth was

determined relative to the fruit long axis.

At the 96 h time-point, GFP-TUA6 signal in the endocarp a and b cell layers was imaged in detached valves from dex- and mock-

treated fruit from the experiment. Whole valves were mounted in water between a glass slide and coverslip and 0.3 mm z stack slices

of GFP signal were acquired by CLSM using a 25x/0.95 water dipping lens.

At the 11 d time-point, dex- and mock-treated fruit from the experiment were triggered to explode. The coiled valves were photo-

graphed and circles were fitted to the maximum and minimum curvature of each valve using Fiji.49 The radius of each circle was

measured and valve curvature was quantified as the reciprocal of the radius of curvature.

At the 11 d time-point, detached valves from dex- andmock-treated fruit from the experiment were also embedded in 5% agarose.

100-150 mm sections were cut with a Leica Vibratome VT1000 S, stained for lignin using ClearSee with 0.2% Basic Fuchsin as pre-

viously described,3 and 0.5 mm z stack slices of Basic Fuchsin signal were acquired by CLSM using a 20x/0.95 water dipping lens.

Osmotic treatments

Valves were detached from stage 15 (7 mm length) or stage 17b (20-22 mm length) C. hirsuta p35S::GFP:TUA6 fruit and incubated in

1mg/mL propidium iodide (PI, Sigma-Aldrich) for 10min. Valves were then rinsed in water, cut into smaller sections and adhered with

silicone vacuum grease to a small Petri dish with the exocarp facing up, and covered with water. The Petri dish was moved to the

CLSM stage and 0.6 mm z stack slices of PI signal were acquired, starting at the exocarp cell surface, by CLSM using a 20x/0.95

water dipping lens (high turgor). Water was then removed from the Petri dish, replaced with 1 M NaCl and valves were incubated

for 60 min before imaging of the same cells was repeated (low turgor). Plasmolysis was verified by checking that microtubules

were fully depolymerized. Six replicate experiments were performed. z stack images were loaded into MorphoGraphX and

segmented using signal from the PI channel.48 Parent relations for each cell between high and low turgor treatments were determined

and heat maps displayed on high turgor images. The orientation and magnitude of PDG values were determined relative to the fruit

long axis with existing functions in MorphoGraphX.48 PDG values were calculated using the principal directions of stretch of the cell

junctions on 2.5D meshes, projected locally onto a best fit plane for each cell. This method gives similar dimension measurements

as a 2D mesh if the sample is relatively flat. Osmotic experiments using mock- and dexamethasone-treated fruit of

pML1::LhGR>>PHS1DP:mCherry;p35S::GFP:TUA6 plants were performed as described above. Four mock- and three dexametha-

sone-treated replicates were analyzed at 11 d post-induction.

GFP-CESA3 live imaging and analysis

Valves were detached from stage 15 (7 mm length), stage 16 (10-12 mm) or early stage 17a (17-19 mm) C. hirsuta pCESA3::GFP-

CESA3;pUbi10::mCherry:TUA6 fruit. These fruit stages match the 0 h, 48 h and 96 h timepoints in the timelapse experiment

described above. Older fruit did not have GFP-CESA3 signal at the plasma membrane. Valves were cut into smaller sections,

mounted in perfluoroperhydrophenanthrene (Sigma-Aldrich) between a glass slide and coverslip, and GFP and mCherry signals

were acquired by CLSM using a 63x/1.4 oil immersion lens. A single z-slice was taken every 12 s for 30 time-frames. Live imaging

was performed for a minimum of 34 cells at each fruit stage. These two-channel images were processed using Fiji.49 The Stackreg

function was used to correct for sample drift and then split into two separate channels. Samples were corrected using the Bleach

Correction function followed by background subtraction (50 pixel rolling ball radius). An average projection of the time series was

then taken. The brightness/contrast was adjusted for both channels to optimize for visualization and subsequent analyses.
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Specifically, the GFP-CESA channel was adjusted to avoid intense signal derived from the Golgi vesicles in order to better visualize

GFP-CESA3 at the plasmamembrane. Images were rotated to ensure that the cell long axis is parallel to the fruit long axis. TUA6 and

CESA3 trajectory orientations were measured using FibrilTool50 and the angle between the orientation and fruit long axis was

measured.

Oryzalin treatments

C. hirsuta p35S::GFP:TUA6 fruit of 7 mm length were dipped in 125 mMOryzalin or mock solution (0.03% Silwet) for 10 min each day

for 16 days. GFP-TUA6 was imaged by CLSM, as described above, to verify CMT depolymerization. Whole fruit and dehisced valves

were photographed after 16 days.

QUANTIFICATION AND STATISTICAL ANALYSIS

The following statistical analyses were done with R Statistical Software: Shapiro-Wilks, Wilcoxon signed-rank, F-test, Student’s

t-test, Pearson’s correlation. Graphs were produced using the ggplot2 package.51 All statistical details of experiments can be found

in figure legends, including the statistical tests used, exact value of n, what n represents, and the definition of center and dispersion

measures.

Computational FEM simulations
All Finite Element Method simulations were performed within the MorphoMechanX framework (https://morphographx.org/), a

modeling platform based on MorphoDynamX and evolved from MorphoGraphX (https://morphographx.org/). Simulation templates

were created with the Cell Maker Plugin of MorphoDynamX by using the Block Cell Layers feature and editing a text file to adjust for

the different cell templates (see https://doi.org/10.5281/zenodo.10492759 for detailed instructions and example files). The reference

template consisted of a line of 5 cells connected in the length (y-axis) direction, each cell has the dimensions 263 503 10 mm inwidth

(x axis), length (y-axis) and depth (z axis) respectively. All simulations used the aforementioned template, except where cell width or

depth was varied (Figures 2E, 2F, and S2C), or in the cell block simulations where cells were arranged in a staggered 53 535 block of

files (Figures 4E and S3F). Templates were all triangulated with a regular mesh where the elements biggest side is equal to 1 mm.

When two cells share a face, this is not duplicated, instead the same mesh elements and nodes refer to both cells. All simulations

use a membrane approximation to represent the cell wall, with plane stress and a zero transversal shear strain hypothesis

(Kirchhoff-Love theory for membranes52). Specific material properties assigned are listed (Table S1).

Inflation simulations (Figures 2, S1A, and S2)

Before the inflation simulation, the ends of the cell file (anticlinal walls orthogonal to the y-axis and belonging to only one cell) are

prevented from being able to move in the y-direction (Dirichlet boundary condition). Afterwards, the template is inflated and the

Cauchy stress can be visualized. Given the fixed ends and the orientation of material anisotropy in simulations shown in Figures 2

and S2, the maximal Cauchy stress component coincides with the longitudinal stress (parallel to the y-axis in our template orienta-

tion), therefore, this can be visualized as well. To know the maximal stress orientation and magnitude of the Cauchy stress tensor, its

eigenvectors and values have been computed using the GSL library, specifically the gsl_eigen_symmv function (https://www.gnu.

org/software/gsl/doc/html/eigen.html), which works for real, symmetric matrices.53

Once the inflation process has reached convergence (see the following paragraph for the criterion used), the template ends are

allowed to move in all space directions again, and contraction takes place. The stretch ratio is obtained by measuring the length

(along y-axis) of the three central cells before inflation, and after the cell ends are released from any constraint (Figure S2B).

The inflation simulations use a Saint Venant-Kirchhoff transversely isotropic material (the material properties have rotational

symmetry around a specific direction, which is the direction conferring anisotropy to the wall, and which can be interpreted as

the one reinforced by fibers, even if the description is purely continuous here) and have been developed adopting the same

mathematical formulation and computational scheme reported in Hofhuis et al.2 There is a small difference for the convergence

tolerance, which now requires the mean of average residual force norm and maximal residual force norm to both be below an

assigned threshold (Table S1). Material anisotropy was assigned on the cell faces before inflation and growth as indicated

(Figure S2A).

Single layer growth simulations (Figures 4A, 4B, S1B, and S3A)

These growth simulations use the same formulation for material description and elastic deformation reported for the inflation simu-

lations (Table S1). Templates start with either a cell file block where each cell is 163 153 8 mm (Figure S1B) or a file of cells of sizes

263 503 10 mm (Figures 4A, 4B, and S3A) in width, length and depth respectively. The cell file ends are initially fixed in the y-direction

as described for Figures 4A, 4B, and S3A, while ends are free for Figure S1B. After elastic equilibrium has been reached, an iterative

growth process takes place (one step of growth, followed by mechanical equilibrium re-computation) until the template reaches a

width of approximately 50 mm (Figures 4A, 4B, and S3A) or after 20 iterations (Figure S1B); during this process the cell file ends

are kept fixed in the y-direction (Figures 4A, 4B, and S3A). Growth is occurring as a turgor-driven, strain-based relaxation

of the reference configuration and acts only as a planar tensor in the element local coordinates (no in-thickness growth). Details about

themathematical formulation and its implementation in MorphoMechanX are provided (Methods S1). At the end of the growth phase,

the cell-file ends, which were prevented from moving in the y-direction, are released, and the cell file is free to elastically contract

(Figures 4A, 4B, and S3A); note that this step is not required in Figure S1B.
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Multi-layer growth simulations (Figures 4C–4E and S3C–S3F)

Multi-layer growth simulations are conceptually identical to the simulations described in the previous section, with the difference that

the material used to describe the cell wall is now comprised of three layers (Figure S3B). This means that each triangle element of the

mesh is assigned three different reference configurations (identical at simulation start), three different material laws and three

different growth rules, but share the same current configuration (given by the space coordinates of the triangle vertices, Methods S1).

Since membrane elements have a purely virtual thickness, each layer can be thought of as fully co-penetrating the others and vice-

versa, without any notion of spatial hierarchy. While the current configuration is unique and shared with all the layers,

MorphoMechanX enables the user to identify each layer in theGUI and assign to it its own reference configuration, material properties

and growth rule. In the specific three-layer model used in this work, there are.

(1) Two layers with transversely isotropic Saint-Venant Kirchhoff material properties.2 For each layer, the anisotropy direction M

(Methods S1) was assigned at an angle gwith respect to the long axis of the cell file at the simulation start (y-axis in Figure S2A);

this angle should not be confused with the angle a made by M with respect to the first triangle side in the reference configu-

ration (Methods S1). For all simulations, but one case (Figure S3C), one fiber layer was displaced by an angle +g, and the other

by an angle � g, with respect to the y-axis, so that the fibers make a symmetric crossed pattern. The stiff component of each

of these layers has a Youngs modulus (Efiber) equal to half the value assigned to the Youngs modulus of the stiff component in

the single layer growth model. The soft component Youngs modulus (Eiso) is assigned to be extremely soft (Table S1), as its

value should be negligible with respect to the stiffness of the isotropic layer. These two transversely isotropic layers are not

undergoing any growth process, only purely elastic deformation.

(2) One isotropic layer with Sain-Venant Kirchhoff material properties. The Youngs modulus (E) of this layer has the same value as

the soft component (Eiso) of the single layer growth model. This layer is undergoing turgor-driven, strain-based growth.

All three layers are assigned to be rather incompressible (Poisson ratio v = 0.4) and turgor pressure acts on one layer (it is irrelevant

which one), as its mechanical effect in terms of deformation is then affecting equally all the layers since they share the same unique

current configuration.

Computation of the elastic equilibrium for the multi-layer in MorphoMechanX. Given the current configuration (unique) of the mesh

triangles, and each layer’s reference triangle andmaterial properties, the nodal reaction forces for each layer are computed as usual.2

In the assembly of the force vector (Voigt notation), the nodal forces from the three layers are summed, the same holds for the ‘‘stiff-

ness matrix’’ used in the semi-implicit Euler scheme,54 whose entries are given by the derivative of the nodal forces with respect to a

mesh node’s virtual displacement (which means that the contribution of the different layers for the same two nodes involved in the

computation is summed). For further details see Methods S1.

Computation of growth for the multi-layer in MorphoMechanX. As already mentioned, only the isotropic layer performs growth, and

this is computed as explained above for single layer growth simulations (see also Methods S1). This means that only for this layer the

reference configuration will change, while for the other two layers it will stay the same from the simulation start until the end.

A tutorial explaining how to set-up and run a growth simulation for the multi-layer models is provided (Video S6).

Sensitivity analysis simulations (Tables S2 and S3)

To assess the dependance of the contractility (both pulling force and stretch ratio) of the line of cells on the choice for material pa-

rameters related to cell wall stiffness (Eiso and Efiber), we performed a sensitivity analysis for a line of 5 cells of initial dimensions 503

50 3 10 mm (length 3 width 3 depth) which undergo an inflation simulation (Table S2). To assess the sensitivity of pulling force and

stretch ratio to varying the Poisson ratio, we performed FEM inflation simulations using cell templates with size before inflation: 503

503 10 mm (length3 width3 depth), and FEM growth simulations with parallel or crossed (14�) fibers using multi-layer model tem-

plates with size before inflation: 50 3 26 3 10 mm (length 3 width 3 depth) and grown to reach approximately 50 mm in width

(Table S3).
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