Gell

Morphomechanical Innovation Drives Explosive
Seed Dispersal

Graphical Abstract Authors

Hugo Hofhuis, Derek Moulton,
Thomas Lessinnes, ..., Alain Goriely,
Richard Smith, Angela Hay

Organism

Correspondence
hay@mpipz.mpg.de

In Brief

The violent explosion of seed pods is one
of the fastest movements in the plant
kingdom. Using interactions between cell
and tissue-level processes, a multi-scale
model reproduces the explosive seed
dispersal in popping cress.

Highlights Accession Numbers

e Fruits explode while turgid, not dry, due to active contraction = KX063714
of epidermal cells

e Asymmetric deposition of lignin in endocarp b cells drives
explosive energy release

e Endocarp b asymmetry is an evolutionary novelty underlying
explosive dispersal

e Explosive dispersal emerges from cell and tissue
interactions in multi-scale model

Hofhuis et al., 2016, Cell 166, 1-12
June 30, 2016 © 2016 The Author(s). Published by Elsevier Inc. ‘ :e“
http://dx.doi.org/10.1016/j.cell.2016.05.002


mailto:hay@mpipz.mpg.de
http://dx.doi.org/10.1016/j.cell.2016.05.002

10.1016/j.cell.2016.05.002

Please cite this article in press as: Hofhuis et al., Morphomechanical Innovation Drives Explosive Seed Dispersal, Cell (2016), http://dx.doi.org/

Morphomechanical Innovation
Drives Explosive Seed Dispersal

Hugo Hofhuis, - Derek Moulton,28 Thomas Lessinnes,28° Anne-Lise Routier-Kierzkowska, - Richard J. Bomphrey,38
Gabriella Mosca,'* Hagen Reinhardt,’ Penny Sarchet,> Xiangchao Gan,! Miltos Tsiantis,! Yiannis Ventikos,®

Simon Walker,” Alain Goriely,? Richard Smith," and Angela Hay'*

Max Planck Institute for Plant Breeding Research, Carl-von-Linné-Weg 10, 50829 Kdln, Germany

2Mathematical Institute, University of Oxford, Radcliffe Observatory Quarter, Woodstock Road, Oxford OX2 6GG, UK

3Structure and Motion Laboratory, Department of Comparative Biomedical Sciences, Royal Veterinary College, University of London,

Hawkshead Lane, Hatfield AL9 7TA, UK

4Institute of Plant Sciences, University of Bern, Altenbergrain 21, 3013 Bern, Switzerland

5Plant Sciences Department, University of Oxford, South Parks Road, Oxford OX1 3RB, UK

SMechanical Engineering Department, University College London, Torrington Place, London WC1E 7JE, UK
7Zoology Department, University of Oxford, South Parks Road, Oxford OX1 3PS, UK

8Co-first author

9Present address: Department of Mathematics, Ecole Polytechnique Fédérale de Lausanne, LCVMM, 1015 Lausanne, Switzerland

*Correspondence: hay@mpipz.mpg.de
http://dx.doi.org/10.1016/j.cell.2016.05.002

SUMMARY

How mechanical and biological processes are coor-
dinated across cells, tissues, and organs to produce
complex traits is a key question in biology. Card-
amine hirsuta, a relative of Arabidopsis thaliana,
uses an explosive mechanism to disperse its seeds.
We show that this trait evolved through morphome-
chanical innovations at different spatial scales. At
the organ scale, tension within the fruit wall gener-
ates the elastic energy required for explosion. This
tension is produced by differential contraction of fruit
wall tissues through an active mechanism involving
turgor pressure, cell geometry, and wall properties
of the epidermis. Explosive release of this tension
is controlled at the cellular scale by asymmetric
lignin deposition within endocarp b cells—a striking
pattern that is strictly associated with explosive
pod shatter across the Brassicaceae plant family.
By bridging these different scales, we present an
integrated mechanism for explosive seed dispersal
that links evolutionary novelty with complex trait
innovation.

INTRODUCTION

Understanding how morphological novelties evolved is a major
goal of biology. Rapid plant movements, such as the “snap” of
a Venus fly trap, are striking character gains that have led to trait
innovations such as carnivory (Darwin, 1875). However, the ma-
jority of fast motions in plants and fungi are adaptations for
dispersal. Catapulted pollen or synchronous puffs of fungal
spores are evolutionary solutions to the problem drag poses to
getting small particles airborne (Edwards et al., 2005; Roper

et al., 2010). While the mechanics of these rapid movements
are well described, little is known about the cellular basis of
such novel phenotypes and how they have evolved.

Although plants are sessile, they can move by swelling, shrink-
ing, or growing; for example, surface stomata open and close
and leaves move with a circadian rhythm (Hoshizaki and
Hamner, 1964; Schroeder et al., 1984). These movements are
water-driven and are constrained by the timescale of water
transport through cells and tissues (Skotheim and Mahadevan,
2005). To overcome this constraint and generate rapid motion
requires a mechanism that stores elastic energy gradually but re-
leases it rapidly. Such physical mechanisms can be diverse and
fascinating: for example, the snap-buckling of a Venus flytrap or
the cavitation catapult of a fern sporangium (Forterre et al., 2005;
Noblin et al., 2012), but the biological processes by which they
are produced are unknown. A key problem is that rapid move-
ments are relatively rare and model species where the experi-
mental tools for detailed functional studies exist, such as Arabi-
dopsis thaliana, do not exhibit such movements. A fundamental
theoretical challenge is that rapid movements are the culmina-
tion of activities integrated across different spatial scales, hence
a complete understanding requires biomechanical models that
link causal events at the cell and tissue levels to the macroscopic
organ and plant response. To address these issues, we used
experimental and theoretical approaches to analyze explosive
seed dispersal in Cardamine hirsuta, a close relative of
A. thaliana, commonly described as popping cress for the explo-
sive shatter of its fruit pods (Hay et al., 2014; Rich, 1991). We took
advantage of the genetic tractability of C. hirsuta (Barkoulas
et al., 2008; Hay and Tsiantis, 2006; Vlad et al., 2014) combined
with biophysical experiments, high-speed videography, quanti-
tative imaging, and multi-scale mathematical modeling, in order
to investigate and fully explain the biological and physical basis
of explosive seed dispersal.

Explosive seed dispersal is a rapid movement found in various
flowering plants and was likely a key innovation for the invasive-
ness of species such as C. hirsuta, Impatiens glandulifera, and
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the dynamite tree, Hura crepitans (Clements et al., 2008; Dee-
gan, 2012; Randall, 2002; Swaine and Beer, 1977; Vogel, 2005;
Yatsu et al., 2003). Seed launch speeds have been previously
calculated using a variety of techniques including advanced
high-speed cameras, which were used to record mean speeds
ranging from 1-6 ms™’ (Deegan, 2012; Garrison et al., 2000;
Hayashi et al., 2009, 2010). Seed dispersal occurs via a process
called pod shatter in both the explosive fruit of C. hirsuta and
the non-explosive fruit of A. thaliana and relies on the precise
patterning of fruit tissues (Liliegren et al., 2004). Fruits of these
species look very similar, with a fruit wall comprised of two
valves that enclose the seeds, attached to the replum. The fruit
splits open by dehiscence along a thin line of specialized tissues
at the valve margins to allow pod shatter (Dinneny and Yanofsky,
2005). In A. thaliana, this occurs as the fruit dries out, separating
the valves from the replum and exposing the seeds for dispersal.
However, in C. hirsuta, explosive pod shatter occurs while the
fruit is turgid, not dry (Schneider, 1935). This observation contra-
dicts the established view that drying generates the energy for
explosive seed dispersal by causing fruit tissues to deform
(Beer and Swaine, 1977; Vaughn et al., 2011) and suggests
that the C. hirsuta fruit uses a previously undescribed mecha-
nism to generate tension actively.

Here, we uncover this mechanism through a comprehensive
experimental and theoretical study of explosive seed dispersal
in C. hirsuta. By combining analyses at different scales of magni-
tude, we identify specific cellular features that cause the tissue-
level mechanics underpinning explosive dispersal. We demon-
strate that tension is actively generated in C. hirsuta fruit by
the anisotropic deformation of living cells that sustain turgor
pressure. This unusual mechanism relies on a combination of
three-dimensional cellular geometry and anisotropic cell wall
properties of the fruit epidermis. Moreover, we show that the
stored potential energy giving rise to tissue tension is released
explosively via coiling of the fruit valves. This coiling mechanism
requires the asymmetric localization of lignin in a single cell layer
of the valve and represents an evolutionary novelty associated
with explosive seed dispersal across the genus Cardamine.

RESULTS AND DISCUSSION

Seed Dispersal Dynamics

To quantify explosive seed dispersal in C. hirsuta at the plant and
organ level, we recorded the shatter of fruit pods using high-
speed videography, extrapolated the trajectories of launched
seeds, and measured the distribution of seeds dispersed around
parent plants. During explosive pod shatter the two valves curl
back from the fruit pod, initially peeling the seeds off the inner
septum and launching them at speeds in excess of 10 ms ™" (Fig-
ures 1A-1C; Movie S1). This process is rapid, taking less than
3 ms, and fires the small seeds upon ballistic trajectories to
land within a 2-m radius of the parent plant (Figures 1D and
1E). The exploded valves come to rest in a curled configuration
of three or four coils (Figure 1C). We identified key properties
of the valve associated with explosive pod shatter by comparing
the valves of non-explosive A. thaliana and explosive C. hirsuta
fruit. Two striking features differentiated these fruit. First,
C. hirsuta valves contain more lignin, localized asymmetrically
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to cell walls on the inner side of the endocarp b layer (Figures
1F and 1G) (Vaughn et al., 2011). Lignin is a complex phenylpro-
panoid polymer that adds stiffness to secondary cell walls, sug-
gesting that this inner valve layer is considerably stiffer in the
explosive fruit of C. hirsuta. Second, shallow incisions to the
outside of the turgid valve caused wounds that gaped instantly
in C. hirsuta but not in A. thaliana (Figures S1A-S1D). This obser-
vation implies that, in C. hirsuta, the outer tissue layer is under
tension while the valve is flat, prior to explosion.

To examine the mechanical properties of different tissues
within the C. hirsuta valve, we performed simple dissections. A
valve curves lengthwise both in water (Figure 1H) and in air (Fig-
ures 1A-1C) when released from the fruit. However, when we
separate the lignified tissue from the rest of the valve, this curva-
ture vanishes (Figures 11 and S1M). Moreover, when we separate
the outer valve tissues from the inner lignified layer, the outer
layer shortens while the lignified layer does not (Table S1). Based
on these findings, we considered the C. hirsuta valve as three
mechanical layers: an active soft outer layer, a passive middle
layer, and a stiff inner layer. The exocarp (active outer layer)
is attached to the inextensible secondary cell wall of the endo-
carp b (stiff inner layer) through the mesocarp and the non-ligni-
fied part of the endocarp b (middle layer), which act as a passive
buffer (Figure 1G). Therefore, a shortening of the exocarp, while
the stiff endocarp b conserves its length, causes the valve to
naturally coil when released from the fruit.

These observations suggest a mathematical model for the
whole valve based on three elastic layers, each with a different
reference geometry, attached together so that, in the flat state,
the outer layer is in tension and the other two are in compression.
The elastic energy stored in this trilayer is determined by the
deformation of underlying tissues and can be expressed as a
function of the curvature along the length of the valve (an explicit
energy description is given in Supplemental Experimental Proce-
dures). The parameters required for the model consist of geomet-
ric parameters measured in live fruit and fresh sections (Supple-
mental Experimental Procedures) and material parameters
characterizing the stiffness of each layer. The Young’s modulus
of lignin is readily available in the literature (Burgert and Dunlop,
2011) and characterizes the stiffness of the endocarp b layer.
We obtained the tissue-level stiffness of the exocarp and middle
layers from extensometer measurements of the valve (Supple-
mental Experimental Procedures). Initially, the trilayered valve is
flat, storing elastic energy. Upon dehiscence, the valve is free
to coil onitself, transforming elastic potential energy to kinetic en-
ergy. We described the dynamics of the coiling using classical
mechanics and found that the model closely matched our obser-
vations of valve coiling (Figures 1A-1C and 1J; Movie S2; Supple-
mental Experimental Procedures). We validated the spatio-
temporal accuracy of this model by directly comparing model
simulations with measured trajectories of distinct points along
the valve tracked from high-speed movies of explosive pod shat-
ter (Figure 1K). The striking agreement we observed between
model and data confirms that the dynamics of explosive pod
shatter are captured correctly and suggests that this tissue-scale
model should be predictive of seed dispersal at the plant scale.

To test this hypothesis, we used the model dynamics of a sin-
gle valve to obtain the ballistic trajectories of seeds explosively
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dispersed away from the parent plant. Taking from the model the
initial velocity of each seed catapulted from the valve and a
spatial orientation of the valve on the plant, we computed the
motion and probability distribution of multiple seeds through
Monte Carlo simulations (Supplemental Experimental Proce-
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Figure 1. Dynamic Model of Explosive Seed
Dispersal in C. hirsuta

(A-C) Explosive seed dispersal recorded at 15,000
fps: the two valves detach from the fruit (A), curl
back with seeds adhered to the inner valve surface
(B), and launch seeds while coiling (C); t, time be-
tween frames; arrows indicate seeds.

(D) Seed flight paths extrapolated from measured
launch conditions; n = 229 seeds from 14 fruits;
velocity max: 10.4 ms™', mean: 5.0 + 2.1 ms™".
(E) Measured distribution of 52,585 seeds
dispersed by 21 plants (red) overlaid with
computed distribution of seeds ejected from a
single valve using model dynamics (blue).

(F) Cartoon of C. hirsuta fruit, dashed line indicates
transverse cut shown in adjacent cartoon, dashed
lines through valve demarcate section shown in
(G); dotted lines indicate longitudinal segment of
valve shown in (H) and (l). v, valve; r, replum;
endocarp b layer, blue; seed, gray.

(G) Transverse valve section labeled as a me-
chanical trilayer; lignified endocarp b secondary
cell walls (End) stain pink with phloroglucinol; non-
lignified cells form two layers, exocarp (Exo) and
mesocarp/non-lignified endocarp b (Mes). Scale
bar, 10 pm.

(H and ) Valve segments in water, intact (H) or
lacking endocarp b layer (l). Scale bar, 1 mm.

(J) Simulated trajectories of coiling valves from
model. Valves shown at successive time intervals
(red); valve tip and midpoint are marked (blue) to
visualize how their position changes over time.

(K) Trajectories at nine points on the valves quan-
tified from high-speed movies (red); and simulated
from the model at equivalent time steps (blue).
Axes in (J) and (K) show distance (mm).

See also Figure S1 and Movies S1 and S2.

dures). In high speed movies we observed
a transient adhesion between seeds
and valve (Figure 1B, arrow), which we
modeled via a linear viscoelastic force
provided by a pectic cell surface. This
means that the force of attachment de-
pends linearly on both time and the dis-
tance between seed and valve. When
the distance between seed and valve ex-
ceeds a critical length, this attachment
breaks and the seed is released to follow
a ballistic trajectory under the influence
of aerodynamic drag. Comparing seed
distributions and seed launch angles be-
tween theoretical predictions and direct
measurements, we found the assumption
of viscoelastic adhesion to be the only
mechanism consistent with the data (Fig-

ure 1E; Supplemental Experimental Procedures). We also found
that the distance of dispersed seeds had a plateau in its distribu-
tion (Figure 1E) (Schneider, 1935), suggesting that this launch
mechanism appears tuned to spread seeds over a maximal
area, rather than to achieve a maximal distance.
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Figure 2. Loss of the Endocarp b Layer in lig2 Prevents Explosive Pod Shatter

(A-F) Exploded fruit observed in air and transverse valve sections through mature stage 17 fruit of wild-type (A-C) and lig2 (D-F). Lignified cell walls stain pink with
phloroglucinol (B and E) and cyan with TBO (C and F). Note vascular bundles contain lignified xylem cells. Wild-type valves have 9.2 + 0.1 cell layers mid-valve and
lig2 valves have 8.2 + 0.1, n = 36 valves, data represented as mean + SEM. Scale bars, 5 mm (A and D), 20 um (B, C, E, and F).

(G) Cartoon of C. hirsuta chromosome 6 region containing L/G2. Name and position of five markers used for mapping are indicated above chromosome; scale bar,
10 cM. Zoomed-in region flanked by two additional markers contains 19 predicted genes (arrows) and a single non-synonymous SNP (*); scale bar, 10 kb.
Zoomed-in CARHR188820/LIG2 locus containing a C2523 > T mutation in exon 11 that causes a Q340 > STOP mutation (*) before the NLS at amino acids
367-383, LIG2 exons are shown as dark gray boxes, non-coding sequences as lines, and the START codon is indicated by an arrow, upstream gene
CAHR188810 is shown as a light gray box. Scale bar, 500 bp.

(H-K) Mature fruits of wild-type (H), /ig2 (I), lig2 complemented with a fluorescently tagged genomic LIG2 construct, LIG2-YFP (J), and not complemented with a

fluorescently tagged mutant /ig2 construct, lig2-YFP (K). Scale bars, 5 mm.
See also Figure S2.

Endocarp b Deletion Mutant Is Non-explosive

To investigate whether the endocarp b layer is strictly required
for explosive pod shatter, we took a genetic approach. Having
shown that this stiff layer plays a mechanical role in generating
valve curvature, we reasoned that an endocarp b deletion
mutant should reveal how important this layer is for explosive
shatter. This class of mutant had not been previously identified
in A. thaliana, so rather than follow a targeted genome editing
approach we conducted a mutant screen. We screened a popu-
lation of ethyl methanesulfonate (EMS)-treated C. hirsuta plants
for mutants with less lignified valves. In one such mutant, less
lignin2 (lig2), the entire endocarp b cell layer was missing (Fig-
ures 2A-2F). We showed that /ig2 is a loss-of-function mutant
caused by a premature stop codon before the nuclear localiza-
tion signal in the C. hirsuta ortholog of the DNA-binding protein
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BRASSINOSTEROID-INSENSITIVE4 (At5g24630; Figures 2G-
2K) (Breuer et al., 2007; Kirik et al., 2007). LIG2 is expressed in
endocarp b cells and throughout the fruit, and the /ig2 mutation
prevents nuclear accumulation of LIG2, resulting in loss of
endocarp b layer integrity through mechanisms that remain
to be determined (Figure S2). Importantly, pod shatter in the
lig2 mutant was non-explosive (Figure 2D), providing genetic
evidence that the endocarp b layer is indeed necessary for
explosive pod shatter.

Secondary Cell Wall Geometry Enables Explosive
Energy Release

We have shown that the lignified endocarp b layer is required for
explosive pod shatter and has a mechanical role in generating
valve curvature. However, explosive pod shatter also requires
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Figure 3. Lignified Cell Wall Geometry Triggers Explosive Energy
Release

(A) Cartoon of valve geometry specified in model, exocarp (red), middle layers
(green), lignified endocarp b (blue), for wild-type (hinged), and boxed endocarp
b cell wall.

(B and C) Lignin autofluorescence in endocarp b cell walls pre- (B) and post-
explosion (C); cartoons show hinge angle, n = 659 cells, data represented as
mean + SEM. Scale bars, 20 um.

(D) Cartoon of how the endocarp b hinge mechanism triggers energy release.
Left panel: valves are curved in cross section and building tension while
attached to the fruit. Dehiscence zones (orange) form along the valve margins,
weakening this attachment. Right panel: valves flatten in cross section via
opening of the lignified endocarp b hinge (blue). Valves detach from the fruit as

a means of rapid energy release. To identify this mechanism, we
investigated the role of the fruit valve geometry and the geometry
of the lignified secondary cell walls of the endocarp b layer. Dur-
ing fruit maturation, the growing seeds deform the valve, so that
the valve cross-section is not flat but rather is bowed outward
(Figures 3A, S3A, and S3B). In order to release valve tension
by coiling lengthwise, the valve must first flatten in cross-section
(Figure 3A). The same principle is in action in so-called “slap
bracelets” (these bracelets are made out of a strip of metal
with a curved cross section when the central axis is straight
and a flat cross section when the central axis is coiled). For the
fruit valve to deform from a curved to a flat cross-section, either
the endocarp b layer must widen (Figure 3A, blue) or the exocarp
layer must narrow (Figure 3A, red). We hypothesized that the ge-
ometry of the endocarp b secondary cell wall provides the key:
lignin is deposited with subcellular precision to form three stiff
rods connected by very thin hinges (Figures 2B and 2C; Figures
S3C and S3D). We observed that these hinged cell walls open
during explosion (Figures 3B and 3C), enabling the stiff endocarp
b layer to widen passively at a negligible cost of mechanical en-
ergy (Figure 3A; Supplemental Experimental Procedures). There-
fore, once sufficient tension is established along the length of the
valve and the dehiscence zone weakens at the valve margins,
this hinge mechanism allows the valve to change freely from a
curved to a flat cross-section and release the tension by coiling
(Figure 3D).

This mechanism for energy release can be quantified by
modeling the energy landscape of the valve from the moment
it detaches from the fruit (Figure 3E; Supplemental Experimental
Procedures). For this analysis, we identified three valve configu-
rations: the initial state with a curved cross-section, a transitory
state with a flattened cross-section, and the final energy mini-
mizing (equilibrium) state that is coiled lengthwise (Figure 3A).
The energy in each valve configuration is the sum of the bending
and stretching contributions due to the deformation of the three
idealized tissue layers shown in Figure 3A. We found that the
equilibrium configuration of the detached valve is a coiled struc-
ture with three to four coils, which matches well with experi-
mental data for fully hydrated valves (Figures 3E and S3L). We
also computed a drop in energy of ~0.5 mdJ from the initial valve
configuration to the coiled state (Figure 3E). This energy, con-
verted from elastic potential energy into kinetic energy, is what
drives the explosive nature of pod shatter and seed dispersal

they coil to relieve tension, transferring kinetic energy to launch seeds (brown).
Replum (yellow).

(E) Energy profile of valve with hinged (red) or boxed (blue) endocarp b wall
geometry modeled during explosive pod shatter. Energy computed once the
valve cross-section is flat and plotted as a function of longitudinal curvature.
For each case, the energy minimizer is shown as a point on the curve and the
energy released as a dashed line; coils per valve are indicated for these points.
Points on the y axis indicate initial energy when the valve cross section is
curved; note that energy input is required to flatten the valve with boxed
endocarp b wall geometry.

(F-H) Fruit observed in air and transverse valve sections through mature
NST3::VND7 fruit (F). Boxed geometry of lignified endocarp b cells and two
adjacent mesocarp layers stained pink (G) and cyan (H). Scale bars, 5 mm (F);
20 um (G and H).

See also Figure S3.
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C. hirsuta

C. flexuosa C. parviflora

Cardamine

C. alpina C. resedifolia C. corymbosa C. trichocarpa Rorippa Leavenworthia Arabidopsis

Capsella  Geococcus Turritus Heliophila
islandica alabamica thaliana grandiflora pusilus laxa coronopifolia
| | |

Figure 4. Morphomechanical Innovation Drives Explosive Seed Dispersal

Endocarp b secondary cell wall geometry in representative species with explosive pod shatter in Cardamine and with non-explosive pod shatter in a Brassi-
caceae-wide sample. Lignified cell walls stain cyan with TBO in transverse valve sections through mature fruit; fruit morphology is shown for each species and
their phylogenetic relationship is indicated by the cladogram below. Scale bars, 10 um (cells); 2 mm (fruits).

See also Figure S4.

in C. hirsuta. Our model suggests that the passive opening of the
hinged secondary cell wall in the endocarp b layer during cross-
sectional flattening of the valve is of fundamental importance in
explosive pod shatter. Without hinges, the valve transition from
a curved to a flat cross-section would require energy input,
which would considerably alter the energy landscape during
pod shatter. For example, the same computation using a
“boxed” geometry for the lignified endocarp b cell wall results
in a much smaller energy difference between the initial and the
equilibrium states and fewer coils in the equilibrium state valve
(Figures 3A and 3E; Supplemental Experimental Procedures).
Notably, this boxed geometry is found in A. thaliana and Brassica
crops (Spence et al., 1996), plausibly explaining why pod shatter
is non-explosive in these related species.

Hinged Secondary Cell Wall Geometry Is an Evolutionary
Novelty

To test our hypothesis that the hinged geometry of endocarp b
cells provides the key mechanism for explosive energy release,
we employed transgenic and phylogenetic analyses. We
modified secondary cell wall patterning in endocarp b cells to
create a boxed geometry that cannot “open,” and assessed
explosive pod shatter. To do this, we expressed the A. thaliana
VASCULAR-RELATED NAC-DOMAIN PROTEIN7 (VND7) gene,
which induces secondary wall formation (Kubo et al., 2005), us-
ing the promoter of the C. hirsuta NAC SECONDARY WALL
THICKENING PROMOTING FACTORS3 (NST3) gene (Mitsuda
et al., 2007). This transgene initiates lignification of the endocarp
b at a similar stage to wild-type and subsequently lignifies two
adjacent mesocarp cell layers but not the endocarp a (Figures
S3E-S3K). In comparison to wild-type, the secondary wall of
endocarp b cells in NST3::VND7 lines was uniformly thickened
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and lignified, creating a stiff box around each cell (Figures 3G
and 3H). This modified geometry prevented explosive pod shat-
ter and dehisced valves formed only one coil, similar to our
model predictions (Figures 3E, 3F, and S3L). Therefore, the
hinged geometry of the endocarp b secondary cell wall is funda-
mental to the explosive release of energy stored in the valve.

To test whether the hinged geometry found in the endocarp b
secondary cell wall of C. hirsuta may represent a morphome-
chanical innovation associated with trait evolution, we analyzed
this character across a broad sample of species in the Brassica-
ceae. To our knowledge, Cardamine is the only genus in this
large plant family where explosive seed dispersal is found,
and we observed a hinged secondary cell wall in the endocarp
b layer of all Cardamine species that we sampled with explosive
pod shatter (Figure 4). Conversely, we observed a boxed
secondary cell wall in the endocarp b layer of a wide sample
of species with non-explosive pod shatter (Figures 4 and S4).
Together with this phylogenetic association, we have provided
genetic evidence that the endocarp b cell layer, and specifically
the geometry of its secondary cell wall, is necessary for explo-
sive pod shatter. Additionally, we have provided a model that
explicitly describes how this cell wall geometry enables explo-
sive pod shatter. Therefore, we conclude that the hinged geom-
etry of endocarp b secondary cell walls in Cardamine is an
evolutionary novelty that allows valves to release elastic poten-
tial energy stored in the valve trilayer to drive ballistic seed
dispersal.

Turgor-Driven Shrinkage

We have identified the role of the endocarp b secondary cell wall
in energy release; however, the other critical component for
explosive pod shatter is the build-up of elastic energy in the
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Figure 5. Turgor-Driven Shrinkage

(A-C) Exocarp cells aligned to longitudinal fruit axis. (A) Side view of segmented cells from CLSM stacks of propidium iodine (Pl)-stained fruits pre- and post-
explosion, in water. (B) Top and side view of Pl-stained cells treated with 1 M salt or water prior to imaging, cell outlines in yellow were used for quantitation and
crosshairs show principal directions of shrinkage (red) and expansion (white). (C) Side view of cells segmented from CLSM stacks of Pl-stained short valve
segments treated with 1 M salt or water prior to imaging. Scale bars, 50 um (A, B), 20 um (C).

(D-F) FEM simulations of cells pressurized from 0 Mpa (left) to 0.7 MPa (right); heatmap shows relative increase (orange) or decrease (blue) in cell length; hor-
izontal yellow line shows initial length. Cell dimensions: 100 x 20 x 20 um for A. thaliana exocarp cells (D), 50 x 50 x 20 um for C. hirsuta exocarp cells (E and F).
Cell wall material: isotropic (D and E), anisotropic (F). Pressure: 0 MPa (left, D and E), 0.7 MPa (right, D-F).

(G) FEM simulations of exocarp cells in immature fruit of cell dimensions 30 x 20 x 14 um (left) and mature fruit of cell dimensions 50 x 50 x 20 um (right), micro-
indented by a CFM tip. Heatmap shows stress in MPa. Scale bar, 20 um.

(H) Barplot of turgor pressure and cell wall elasticity parameters given by the FEM model for immature (dark gray) and mature (light gray) exocarp cells shown in
(G). Young’s modulus in the width (Eyiqtn) and length (Ejengtn) directions of the cell wall, defined by the fruit’s principal axes.

() Sensitivity analysis of FEM model. Effect of best-fit parameters and values 15% lower and higher for pressure (dashed lines) and the Young’s modulus ratio

(Ewidtn:Elength, SOIlid lines) on cell stiffness (N/m) and cell volume (ratio change), shown on the left and right y axes, respectively.

See also Table S1 and Movies S3, S4, and S5.

system. To address this mechanism, we investigated the cellular
basis for the differential shortening of the fruit valve that gener-
ates tension (Figures 1H and 1l). We measured a 20% reduction
in cell length in the outermost exocarp layer between the flat
valve, attached to the fruit, and the curled, detached valve (Fig-
ure 5A; Table S1). To understand the mechanics of this cell short-
ening, we challenged a previous proposal that shrinkage in the
C. hirsuta valve is caused by passive loss of cell turgor pressure
via drying (Vaughn et al., 2011). Under the “drying” hypothesis,
detached valves would flatten out in pure water where cell turgor
pressure is high due to osmosis. Yet, we observed higher curva-
ture in water than in air, which then flattened out upon transfer to
salt solution where the cells lost turgor (Figures S1H-S1J). More-
over, explosive shatter can be prevented by drying fruits with
alcohol or freezing them (Figures S1E-S1G). These results
show that drying is not the cause of exocarp cell shortening in
C. hirsuta and suggest that exocarp shortening is an active pro-
cess, requiring living cells that can sustain turgor pressure.
Turgor-induced shrinkage is counter-intuitive since turgor
pressure drives plant cell expansion. To resolve this apparent
contradiction, we compared the three-dimensional shape of
exocarp cells at low turgor (1 M salt treatment) and high turgor

(pure water). We found that exocarp cells in mature fruit re-
sponded to increased turgor by a 53% expansion in volume
but a 12% shrinkage in length (along the fruit axis), accompanied
by an expansion in depth (40%) and width (18%) (Figures 5B and
5C; Table S1). Therefore, as exocarp cells pump up, they
shorten, analogous to artificial air muscles that contract when
pressurized (Tondu, 2012). However, while the valve is attached
to the fruit, these cells are prevented from contracting because
the stiff endocarp b layer is inextensible, so the valve is held
flat in a state of tension. In this state, the system is building
elastic energy. When the valve is detached from the fruit,
exocarp cells are free to relax toward their reference dimensions
and hence, in the energy-minimizing state, the valve is coiled.
To understand how contraction in one direction can occur dur-
ing overall volumetric expansion, we considered the stresses
that develop in the cell wall during an increase in turgor and
explored which cellular parameters were responsible for this
behavior. To approach this problem, we constructed a finite-
element model of pressurized cells (Bassel et al., 2014) and
used this model to identify the parameters required to mimic
the cell deformations measured in response to osmotic treat-
ments (Figures 5C-5F; Supplemental Experimental Procedures).
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First, we used rectangular boxes made of isotropic material to
model typical plant cells, such as exocarp cells in A. thaliana
(100 x 20 x 20 um, length x width x depth). When these cells
were inflated with an internal pressure of 0.7 MPa, we found
that the cells lengthened, as expected (Figure 5D; Movie S3).
However, when we used cellular dimensions for the exocarp of
C. hirsuta fruit that are competent to explode (50 x 50 x
20 um), the cells shortened slightly (Figure 5E; Movie S4). The
increased surface area of the relatively shallow cells caused
the surface and bottom walls to bulge out, increasing the depth
and shortening the length of cells. However, the shortening was
negligible and insufficient to reproduce the change in geometry
observed in osmotic treatments (Figure 5C; Table S1). Next,
we hypothesized that an anisotropic cell wall material, which is
stiffer in the longitudinal direction of the fruit, might cause the
cells to shorten. Using the same cell template, we implemented
anisotropic material properties for the cell wall in our model.
We found that a significantly higher Young’s modulus in the
longitudinal compared to the transverse direction resulted in
12% shrinkage in length when cells increased in volume by
53%, which matched the deformations of exocarp cells
measured during osmotic experiments (Figures 5C and 5F; Table
S1; Movie S5). These results suggest that both cell shape and
cell wall anisotropy play an important role in turgor-driven
shrinkage and predict that changes in cell geometry or wall
material properties during fruit development may contribute to
explosive pod shatter.

We then tested whether turgor pressure increased in the valve
during development, since valve tension requires turgid cells.
Although the absolute stiffness measured by cellular force mi-
croscopy (CFM) (Routier-Kierzkowska et al., 2012) was higher
in the exocarp of mature rather than immature C. hirsuta fruits,
we investigated whether this could simply be an effect of cell ge-
ometry (Figure 5@G). This is because larger cells are expected to
appear stiffer given the same turgor pressure (Weber et al.,
2015). We performed finite element simulations of pressurized
cells to model the exocarp of immature fruits, for which we
assumed an isotropic cell wall material, as well as mature fruits
with cell walls stiffer in the longitudinal direction (Supplemental
Experimental Procedures). The cellular models could fit both
the deformations measured during osmotic treatments and the
stiffness data quantified by CFM. Mechanical parameters such
as the Young’s moduli (Ewigth and Ejengtn) and turgor pressure ex-
tracted from the model fit (Figure 5H) are within the ranges pre-
viously reported for plant cells (Cosgrove, 2016; Kim et al., 2015;
Pritchard et al., 1989; Wang et al., 2004; Weber et al., 2015). The
value of the Young’s modulus for the stiffer direction (Ejengtn) is
approximate, as the simulation is less sensitive to variation of
this parameter (Figure 5I). In contrast, the model is very sensitive
to variations in turgor pressure (Figure 5I), so the value for this
parameter is more precise. Because we were able to fit the
data for both immature and mature fruits without invoking any
substantial change in turgor pressure as the fruit developed (Fig-
ure 5H), we conclude that the increase in apparent stiffness as
the fruit matures is due to the changes in cell geometry rather
than an increase in turgor pressure. This suggests that tension
develops in the valve while the cell turgor pressure remains rela-
tively constant at 0.65-0.7 MPa.

8 Cell 166, 1-12, June 30, 2016

Cellular Mechanics Play a Key Role in Turgor-Driven
Shrinkage

A key prediction from the cellular model is that exocarp cell
shortening can only occur in anisotropic cells. To test this, we
estimated the degree of cell anisotropy that best fit the measure-
ments from CFM and osmotic treatments in finite element simu-
lations. Our results showed that exocarp cell walls became
distinctly anisotropic during development, becoming stiffer in
length (along the fruit axis) and softer in width directions (Fig-
ure 5H). Because plant cell walls are directionally reinforced by
stiff cellulose microfibrils, these results predict a significant
change in their net alignment in the cell walls of the exocarp layer
during fruit development. Cortical microtubules (CMTs) act as
tracks at the plasma membrane to guide cellulose deposition
(Paredez et al., 2006). In growing cells, the alignment of CMT ar-
rays predicts the direction of minimal cell expansion, since stiff
cellulose microfibrils restrict growth. We observed well-aligned
CMT arrays in the exocarp that reoriented from transverse
(45°-90°) to longitudinal (0°-30°) before valves were competent
to curl (Figures 6A and 6B). We verified a similar reorientation
in cellulose microfibril alignment (Figure S5). This reorientation
increases longitudinal cell wall stiffness and switches the
maximal direction of cell expansion to the width direction,
contributing to the change in cell shape from rectangular to
square.

To understand whether CMT reorientation and subsequent
cell shape change might provide sufficient developmental inputs
to cause cell shortening, we analyzed valve tension in situ. Spe-
cifically, we analyzed the development of tension in the valve by
quantifying the magnitude and principal direction of shrinkage in
the exocarp after excision at successive stages of fruit develop-
ment (Figures 6C-6E, 61, and S6). In valves that were full-length
but not yet competent to curl, maximal tension was aligned
across the valve, possibly exerted by expanding seeds (Figures
6C, S3A, S3B, and S6). The tension required to curl is exerted
along the length of the valve and increased sharply once exocarp
cells began to expand in width, coincident with thickening and
lignification of endocarp b secondary cell walls (Figures 6D-6l
and S6). In summary, our analysis suggests the following
sequence of events: a change in cell wall anisotropy following
CMT reorientation, coupled with tension in the direction of the
fruit width, causes exocarp cell growth to switch from the length
to the width direction. This reorientation drives a change in
exocarp cell shape from rectangular to square. Subsequent
anisotropic deformation of these cells results in their shortening,
causing tension to rapidly establish along the length of the valve.
This tension is harnessed to drive curvature by coincident stiff-
ening of the endocarp b layer (Figure 6l).

Valve Extension Experiment Links Multi-scale Models

Our results show that the mechanism of explosive seed dispersal
has important features at the organ, tissue, and cellular scales.
We have developed a series of models to understand each of
these features and how they are connected at different scales.
To validate our multiscale approach, we devised a link between
a mechanical experiment performed at the organ level with a
theoretical model built from organ and tissue levels. We then
compared the predictions provided independently by this model



Please cite this article in press as: Hofhuis et al., Morphomechanical Innovation Drives Explosive Seed Dispersal, Cell (2016), http://dx.doi.org/
10.1016/j.cell.2016.05.002

INd
IS

22

2.0

Shrinkage (%)
®
Cell length/width ratio

Fruitlength (mm)

SRY --. Longitudinal shrinkage
>
2 — Exocarp cell lengthiwidth
310
5 MT longitudinal orientation
w

5 30 45 60 75 90 15 30 45 60 75 90 .-

CMT orientation (° ) Endocarp b lignified

Figure 6. Cellular Determinants of Valve Tension

(A and B) Principal direction and degree of cortical microtubule (CMT) alignment (red lines) in exocarp cells (outlined in cyan) of fruit at stage 16 (A, 12 mm fruit
length) and stage 17a (B, 17 mm fruit length); CMTs visualized by GFP-TUAG expression; barplots quantify the distribution of CMT orientations, relative to the
longitudinal fruit axis, n = 66 cells. Scale bars, 50 pm.

(C-E) Principal direction and amount of tension (red lines) in hydrated exocarp cells during successive stages of fruit development: early stage 17a (C), late stage
17a (D), and stage 17b (E). Heatmap shows tension as % cell shrinkage in the exocarp after tension is release by excising the valve from the fruit. In (A)-(E) images
are aligned to the longitudinal fruit axis. L, fruit length in mm; curl, no curl, valve does or does not curl when cut. Scale bars, 50 pm.

(F-H) Transverse TBO-stained sections of fruit valves at early stage 17a (F), late stage 17a (G), and stage 17b (H), showing progressive thickening and lignification
of endocarp b secondary cell walls. Scale bars, 10 um.

() Barplot of valve tension (% shrinkage in longitudinal direction, dashed line) shown on left y axis and exocarp cell shape (cell length/width ratio, solid line) shown

on right y axis, relative to CMT reorientation (gray) and endocarp b lignification (blue) during development, fruit length shown as a heatmap on x axis.

See also Figures S5 and S6.

and our cell-level model (Figure 7; Supplemental Experimental
Procedures).

To measure the force required to extend whole valves, we
clamped a curled valve, freshly excised from the fruit, to a high
precision extensometer and recorded force-displacement mea-
surements as the clamps were moved apart, flattening the valve
(Figures 7A and S7). We recorded five replicates of this experi-
ment. We then used an organ-level model, treating the excised
valve as a single elastic beam with intrinsic curvature, to fit the
experimental force-displacement curves and extract the
bending stiffness of the whole valve (Figure 7A). In our tissue-
level model, we used this effective stiffness to compute the
Young’s modulus of the exocarp layer (Figure 7B; Supplemental
Experimental Procedures). This is an important parameter of our
tissue-level model in determining the total energy available for
coiling. Therefore, we used the close match that we obtained be-
tween the simulated and measured dynamics of valve coiling
and seed launch (Figures 1E and 1K) to validate this parameter
value. Hence, an additional outcome of this experiment to bridge
different modeling scales was an experimentally determined
value for the elasticity of the exocarp.

Next, we compared the value for the Young’s modulus of the
exocarp layer, derived above, with an independent calculation
from our cell-level model. The Young’s modulus was computed
in the cell-level model by simulating a stretched file of turgid
exocarp cells and measuring the force exerted at the ends of
the file (Figure 7B). Parameters in the cell-level model are based
on imaging experiments that were performed in water, where

the cells are maximally turgid, therefore the force estimated
from this model is expected to be slightly higher than that obtained
from valve extension experiments, which were performed in air.
The computed force acting on the exocarp layer before explosion
in the tissue-level model (mean of five experimental replicates =
37 + 20 mN, max = 75 mN) is in good agreement with the value
obtained from the cellular model (61 + 9 mN), showing that the
predictive value of each model is consistent across scales. Note
that this force corresponds to an approximate weight of 5 g;
four orders of magnitude greater than a C. hirsuta seed, illustrating
the considerable force required to disperse small projectiles that
are dominated by drag (Vogel, 2005).

Conclusions

Through a combined experimental and theoretical analysis, we
have identified cellular innovations for the storage and rapid
release of energy that underpin the evolution of explosive seed
dispersal in C. hirsuta. Our study demonstrates the strength of
combining a genetically tractable system with theoretical models
at different spatial scales to obtain an integrated and compre-
hensive understanding of the developmental and mechanical
basis of this rapid plant movement. In particular, we have shown
that the mechanical catalyst for explosive energy release is the
hinged cell wall of a single fruit layer, which appears to have
evolved once in the Brassicaceae and promoted ballistic seed
dispersal. A specific prediction from our work is that genes regu-
lating secondary cell wall synthesis and patterning are likely tar-
gets of evolutionary modification. Additionally, we found that
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Figure 7. Linking Multi-scale Models

(A) Force-displacement curves measured (blue
dots) and computed from an organ model (red line)
showing the force exerted, as a valve is pulled from
curved to flat in air. Insets show valve at three time
points during the experiment indicated by arrows
on the curve, overlaid in red is the corresponding
profile calculated from the organ model. Scale
bars, 1 mm.

(B) Cartoon of experimental design: valve stiffness
(yellow) determined in (A) was used to compute
exocarp stiffness (red), from which exocarp pulling
force (F) was calculated. The same force param-
eter was extracted independently from the cell-
level model.

See also Figure S7.

Image Analysis, Microscopy, and Osmotic
Treatments

MorphoGraphX was used for quantitative image
analysis (Barbier de Reuille et al., 2015). The main
axes of cellular deformation were quantified using
the algorithm normally used to compute principal
directions of growth. The principal orientation of
GFP-TUA6 signal was computed using the Fibril
orientations algorithm. Images were acquired by
confocal laser scanning microscopy, light micro-

Organ model Tissue model

tissue shortening in the fruit valve does not arise from passive
shrinkage as previously thought, but is an active, turgor-driven
process dependent on the three-dimensional geometry and
anisotropy of exocarp cells. It will be interesting to determine
whether this cellular mechanism, that shares design principles
with robotic “air muscles,” has been used by other organisms
as a common evolutionary solution to power rapid movements.

EXPERIMENTAL PROCEDURES

Plant Material and Generation of Transgenic Plants

The C. hirsuta reference accession Oxford (Hay and Tsiantis, 2006) was
used as wild-type in this study. The lig2 mutant was isolated from an EMS
screen and the causal mutation identified by map-based cloning and whole
genome sequencing. The following transgenes were constructed using
multisite Gateway in the pGREENII125 binary vector containing norflurazon
selection: pLIG2::gLIG2-vYFP, pLIG2::glig2-vYFP, ChpNST3::AtVND7-vYFP
and ChpNST3::GUS. 35S::GFP:TUA6 was described previously (Ueda
et al., 1999). Constructs were transformed into C. hirsuta by floral dip using
Agrobacterium tumefaciens. Primers used for plasmid construction and
gene expression analysis are listed in Table S2.
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scopy, and transmission electron microscopy. Os-
motic treatments were performed with segments
of fruit valve pre-stained with propidium iodide
(PI). Turgid cells were imaged in deionized water.
These samples were then treated with 1 M NaCl,
re-stained, and plasmolyzed cells were reimaged
in deionized water. GUS, lignin, and cellulose
microfibril staining were performed as previously
described (Landrein et al., 2013; Liliegren et al.,
2000; Roeder et al., 2003).

Force Measurements and High-Speed
Videography
Cellular force microscopy was performed as previ-
ously described (Routier-Kierzkowska et al., 2012;
Weber et al., 2015). A high precision extensometer was custom built from a
miniature load cell and a piezoelectric micropositioner arm, which progres-
sively stretched the whole fruit valve by increments of 50 um. Explosive pod
shatter was filmed with two synchronized high-speed cameras fitted either
with 55 mm or 105 mm lenses and configured to save images at 1,500 frames
per second (fps) and 256 x 1,024 pixels, or at 15,000 fps and 256 x 272 pixels.
Seed trajectories were tracked manually using software custom-written in
MATLAB (Walker et al., 2009).

Further details of these methods and a detailed description of all models can
be found in the Supplemental Experimental Procedures.

Cell model
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Figure S1. Mechanical and Osmotic Experiments in C. hirsuta and A. thaliana Fruits, Related to Figure 1

(A and B) Incision of the C. hirsuta valve shows mechanical tension in situ. Mature fruit before (A) and after a shallow cut is made in the valve outer layers (B). The
cut layers immediately gape in the long direction of the fruit, revealing the white, lignified endocarp b cell walls underneath (arrowhead), indicating that the valve
was in a state of tension while attached to the fruit.

(C and D) The same experiment in A. thaliana shows no tension. Ink was applied to the intact valve (C) to aid visibility of the incision (D, arrowhead), which did not
gape.

(E-J) Turgor pressure in living cells is required for full valve curvature. Valves of alcohol-dried fruits fall off without explosion and are almost flat (E). Re-hydration in
water produces little curvature in alcohol-treated valves (F) or in valves killed by freezing (G), as observed previously upon re-hydration of oven-dried C. parviflora
fruits (Hayashi et al., 2010). Valves of living, freshly exploded fruits are curled much more tightly in coils of ~2 mm diameter (H). Hydration of these same valves in
water results in even tighter curling in coils of ~1 mm diameter (I), while after plasmolysis in 4M salt solution the coils open to ~5-6 mm diameter (J). Thus, the tight
coiling of valves in explosive fruits (H) is an active process requiring living cells that can sustain internal pressure. In contrast to this, the slight residual curvature in
dead, hydrated valves (F and G) is passive and could be explained by gradients of cell wall composition within the valve (Hayashi et al., 2010; Vaughn et al., 2011).
(K and L) Both inner and outer layers of the valve and turgor pressure are required for curvature. In pure water (K), a valve segment comprising all layers (left)
curves, while a segment of excised outer layers (right) remains flat. Please note that these data are presented in Figure 1 of the main text but are also shown here
for clarity. In 8 osmoles of salt solution (L), curvature of the same intact valve segment (left) is very reduced, while the same segment of excised outer layers (right)
curves slightly in the opposite direction, indicating that the outermost exocarp layer increases in length following plasmolysis.

(M) Endocarp layers alone do not curve in water, as shown by separating the outer layers of a valve segment from the endocarp a and b layers (white arrow). The
valve segment comprising all layers curves, while each of the separated layers remain flat. Therefore, a bilayer composed of the inner and outer valve layers is
necessary and sufficient for curvature, rather than a bilayer composed of the endocarp a and b layers as previously proposed (Hayashi et al., 2010). Scale bars:
1 mm (A-D, K-M), 2 mm (E-J).
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Figure S2. The lig2 Mutation Prevents Nuclear Accumulation of the DNA Binding Protein LIG2, Related to Figure 2

(A and B) CLSM of DAPI-stained fruit mesocarp cells from lig2; LIG2-YFP (A) and lig2; lig2-YFP (B) transgenic lines. DAPI signal (red) indicates the nucleus, YFP
signal (yellow) accumulates in the nucleus in lig2; LIG2-YFP (A) cells, but is extremely reduced in lig2; lig2-YFP (B) cells, and the merged DAPI and YFP signals
confirms the nuclear localization of YFP in (A).

(C) RT-PCR performed on cDNA template reverse transcribed from RNA samples of lig2, lig2 LIG2-YFP and lig2 lig2-YFP transgenic lines. LIG2 and YFP primers
were used to amplify a 402 bp product from the LIG2-YFP transgene and a 224 bp product from the /ig2-YFP transgene. 402 bp and 224 bp amplicons in these
samples indicated that both transgenes were expressed. No amplification was observed in the lig2 sample. Amplicons of the ACT8 housekeeping gene indicated
equal amounts of cDNA template in each RT-PCR reaction.

(D) Expression levels of LIG2, measured by gRT-PCR, are low throughout fruit development with no significant differences between stage 9 and other stages
(Student’s t test p > 0.05). LIG2 is expressed in all tissues of stage 17 fruit with significantly higher expression in the seed than the valve and significantly higher
expression in the valve than the rest of the fruit (Student’s t test p < 0.01). Mean values and standard deviations are shown. LIG2 expression was normalized to
expression of the reference gene Clathrin/AP2M (CARHR174880).

(E and F) CLSM of LIG2-YFP expression (yellow). Nuclear expression is observed in the seed and all layers of the valve in a cross section of stage 15 fruit (E).
Nuclear expression is observed in the endocarp b and a layers in an en face section of a stage 16 valve; cells are outlined by propidium iodide staining (F).
(G-J) Transverse valve sections, 70 um thick, stained with phloroglucinol to visualize lignin. A lignified endocarp b cell layer is present in wild-type (G), absent in
lig2 (H), restored when a LIG2-YFP transgene is introduced into the lig2 mutant (I) but not when a lig2-YFP transgene containing the /ig2 mutation is introduced into
the lig2 mutant (J). Scale bars: 25 pm (A, B, E), 50 pm (F), 20 um (G-J).
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Figure S3. C. hirsuta Valve Geometry and Anatomy, Related to Figure 3

(A) Transverse sections through the fruit show the valve is bowed outward when adjacent to a seed and valve depth, especially that of the endocarp b cell layer, is
much reduced when the valve is adjacent to a seed versus non-adjacent, suggesting that seed expansion may exert tension in the lateral direction across the
valve (see Figure S6); S: seed.

(B) Bar chart of mean cross-sectional area of endocarp b cells at positions in the valve immediately adjacent to a seed (gray) and non-adjacent to a seed (black).
Sections were analyzed from every fruit along a single inflorescence stem at successive developmental stages (14 to 17b). From stage 16 onward, cell area is
considerably reduced if positioned adjacent to a seed. Error bars show SEM.

(C) CLSM en face view of the lignified secondary cell walls of the endocarp b cell layer showing lignin autofluorescence in three long rods per cell connected by
thin hinges; cell length ~2 mm.

(D) Transmission electron micrograph transverse view of the lignified secondary cell walls of endocarp b cells showing thin hinges (arrowheads) connecting three
rods on the cell face adjacent to the seeds.

(E-G) C. hirsuta NST3::GUS fruits stained and viewed as whole mounts (E, F) or a 100 um thick vibratome cross section (G). GUS expression is observed in cells
of the replum but not the valve just prior to stage 16 (E), and in the valve from stage 16 onward (F) in the endocarp b cell layer and adjacent few mesocarp cell
layers (G).

(H-K) Timing of lignification in phloroglucinol-stained 70 pm thick vibratome cross sections of wild-type (H, J) and ChNST3::AtVND7-vYFP (|, K) valves. Lignin was
first deposited in the endocarp b cell layer at stage 16 in both wild-type (H) and ChNST3::AtVND7-vYFP (l). At stage 18, the final pattern of lignification differed
dramatically between the endocarp b cell layer in wild-type (J) and the endocarp b and adjacent few mesocarp cell layers in ChNST3::AtVND7-vYFP (K).

(L) Distribution of the number of complete coils per valve in water for wild-type and 3 independent CANST3::AtVND7-vYFP transgenic lines; homo: homozygous,
het: heterozygous for transgene. Below the graph are shown representative ChNST3::AtVND7-vYFP and wild-type valves in water. Scale bars: 20 um (A), 100 pm
(C, G), 2 um (D), 2 mm (E, F), 1 mm (L).
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Tunitis Camelina Bochera  Olimarabidopsis ~ Physaria Lepidium Brassica Arabis Pseudotunitis Braya
glabra microcarpa stricta pumila fendleri apetalum rapa sagittata tunita alpina

Figure S4. “Boxed” Geometry of Endocarp b Secondary Cell Wall in Brassicaceae Fruit with Non-explosive Pod Shatter, Related to Figure 4
Endocarp b secondary cell wall geometry in representative species with non-explosive pod shatter in the Brassicaceae family. Lignified cell walls stain cyan with
TBO in transverse valve sections and fruit morphology is shown for each species. Scale bars: 1 mm (fruits), 10 um (histology panels).
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Figure S5. Realignment of Cellulose Microfibrils in the Fruit Exocarp, Related to Figure 6

(A-E) Surface projections of cellulose microfibrils stained with S4B in C. hirsuta exocarp cells at successive stages of fruit development. Microfibrils are aligned in
a uniformly transverse direction at stage 16 (A) but longitudinally aligned in the inner cell wall at stage 17a (D) such that net alignment is no longer transverse at
stage 17b (E). Signal is projected from the following surface depths: 0 - 0.9 um (total cell wall, A), 0 — 1.4 um (total cell wall, B), 0 — 0.5 um (outer cell wall, C), 1 -
1.4 um (inner cell wall, D) and 0 - 1.6 um (total cell wall, E).

(F-K) Surface projections of 35S::GFP:TUA6 expression marking cortical microtubules (MT) in exocarp cells at successive stages of C. hirsuta (F-H) and
A. thaliana (I-K) fruit development. Please note that panels (F, G) are presented in Figure 6 of the main text but are also shown here for clarity. MT orientation
switches from transverse in stage 16 (F, I) to longitudinal in stage 17a (G, J). Cells are outlined in blue, and red lines indicate the principal direction of MT orientation
in each cell. At stage 17b (H, K), C. hirsuta exocarp cells change shape from rectangular to square (H), while A. thaliana exocarp cells remain rectangular (K). This
suggests that the MT reorientation alone is not sufficient to change cell shape and that other factors must also contribute to lateral cell expansion in C. hirsuta. A
possible candidate is the lateral tension exerted by expanding seeds during C. hirsuta fruit maturation (Figures S2 and S6).

(L) Distribution of MT orientations in stage 16 and 17a exocarp cells of C. hirsuta (black) and A. thaliana (gray). All images are oriented such that vertical cor-
responds to the long axis of the fruit. Scale bars: 10 um (A-E), 50 um (F-K).
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Figure S6. Changes in Exocarp Tension In Situ during C. hirsuta Fruit Development, Related to Figure 6

(A-J) Valve regions were imaged on the fruit, then cut off the fruit and re-imaged, and deformations were quantified at the cellular scale. The exocarp shrank after it
was cut off the fruit, indicating that it was in a state of tension while attached to the fruit. The direction of maximal shrinkage of the exocarp is quantified in a
developmental series of fruits from two different plants (A-E, F-J). All images are oriented such that vertical corresponds to the long axis of the fruit. Red lines
show the direction of maximal shrinkage for each cell and the heatmap indicates the percentage of shrinkage in this maximal direction. Fruits at near final length
and width (D, E, J) exhibit valve curling after cutting and these exocarp cells are under maximal tension in the longitudinal direction. Prior to this developmental
stage, valves do not curl after cutting and exocarp tension is maximal in the lateral direction (A, B, F, G). The switch in direction of maximal tension occurs during
an intermediate stage (C, H, I). Please note that panels (B, D, E) are presented in Figure 6 of the main text but are also shown here for clarity. The cartoons to the
right of each pair of images summarize the dimensions of the fruit and exocarp cells at each developmental stage, and the principal direction of tension.
(Kand L) Graphs showing the percentage of exocarp cell shrinkage in lateral (blue) and longitudinal (orange) directions for each fruit developmental series: (A)—(E)
shown in (K) and (F)—(J) shown in (L).

(M) Graph showing exocarp cell size in the length (red) and width (purple) dimensions for each fruit developmental series (A-E, solid lines) and (F-J, dashed lines).
VL: total valve length before cutting, VW: total valve width before cutting, CL: mean cell length, CW: mean cell width. Asterisk indicates valves that curled when
detached from the fruit. Scale bar: 50 um.
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Figure S7. Profile of Extensometer Experiments and Correction for Setup Stiffness, Related to Figure 7

(A) Image sequence (a-g) extracted from a movie of experiment V2 was used to determine the exact time of valve rupture and compare with the force recorded in
time.

(B) Just before rupture, the force exhibits a local maximum (e) due to the scissors pressing on the valve, after which the force drops to zero and the valve is
released from the clamp (f). Using the point of rupture (e) as a reference, the other time points were traced back on the force-time curve: initial pulling on the valve
(a) and complete straightening of the valve (d), as well as intermediate points of valve uncurling (b and c). Note that the force decreases with time between (d) and
(e) due to creep of the whole experimental setup.

(C—F) Force-displacement curves. (C) Curve from experiment V2 shown above; time points (a-g) extracted from the movie are indicated in red. The stiffness of the
experimental setup, composed of the force sensor, clamps, actuator and straight valve, is extracted by fitting a line to the force-displacement curve before valve

(legend continued on next page)
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rupture (green line). The setup stiffness is then used to obtain a corrected force-displacement curve (D) that can be fitted to the organ model shown in Figure 7 of
the main text. (E) Curves from 5 different experiments (V1, V2, V3, V4, V6), truncated after valve rupture for clarity. Setup stiffness for each experiment was
determined based on the linear fit of the curves before rupture (solid lines). Note that clamping of the valve is different for each experiment, resulting in variation in
setup stiffness. (F) Each curve corrected for setup stiffness.
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Extended Experimental Procedures

Plant material

Plants were grown on soil in a greenhouse under long day conditions [16 h light (20°C) and 8 h dark
(16°C)] with supplemental lighting. Seeds were stratified for 2-4 days at 4°C before sowing. In all cases,
the C. hirsuta wild type is the reference Oxford (Ox) accession [specimen voucher Hay 1 (OXF)] (Hay and
Tsiantis, 2006). The /ig2 mutant was isolated from an EMS mutagenesis screen and is monogenic recessive.
Other Brassicaceae species analyzed: C. flexuosa, C. parviflora, C. alpina, C. resedifolia, C. corymbosa, C.
trichocarpa, Leavenworthia alabamica, Rorippa islandica, Arabidopsis thaliana, Olimarabidopsis pumila,
Brassica rapa, Turritus glabra, Turritus laxa, Pseudoturritis turrita, Bochera stricta, Braya alpina, Arabis
sagittata, Physaria fendleri, Camelina microcarpa, Capsella grandiflora, Lepidium apetalum, Geoccocus
pusilus, Heliophila coronopifolia.

C. hirsuta seeds were washed for 15 mins in 0.1% Triton® X-100 and mutagenized by agitation with
0.18% EMS (Sigma) in deionized water for 10 h, washed extensively in deionized water, with the final
wash replaced with 0.1% agarose and seeds then sown on soil and selfed progeny harvested individually
from 515 M1 plants (Vlad et al., 2014). Fruits of 13,905 M2 plants were subsequently stained for lignin and
screened for pod shatter. Stage 17b siliques, which in the wild type have undergone lignification of the
endocarp b and the dehiscence zone, were pooled from multiple individuals of a single M2 family and
stained with phloroglucinol as described below. When an aberrant phloroglucinol-staining pattern was
observed within a pool, corresponding plants were stained individually to identify the mutant plant, which
was then backcrossed twice to wild type before analysis. The /ig2 mutant was isolated from M2 A279-i.
277 homozygous lig2 mutants were analyzed from a F2 mapping population generated by selfing the
progeny of a cross between the lig2 mutant and the polymorphic Wa accession of C. hirsuta. Rough
mapping was performed on pooled samples containing equal amounts of DNA from 36 individuals. Seven
markers, located on chromosome 6 between positions 14978109 bp and 15807704 bp, were subsequently
analysed in each of the 277 individual /ig2 DNA samples. Eight additional markers were then analysed in
the remaining /ig2 recombinants to fine-map the /ig2 mutation between positions 15429314 bp and
15539723 bp. Primer sequences for markers are given in Table S2. The EMS-induced SNPs in this interval
were identified by Illumina Whole Genome Sequencing. DNA was extracted from pooled tissue of 48 lig2
individuals from the F2 mapping population and sequenced on the Illumina HiSeq 2000 platform (MPIPZ
genome centre). SNP sites were identified by comparison with the Ox reference genome sequence. We
excluded SNPs derived from the Wa accession by comparison to genome resequencing data which left

three EMS-derived SNPs in the interval, including one non-synonymous SNP. The software package IMR/
DENOM was used for SNP calling with a cutoff of Phred score at 20 (Gan et al., 2011).

Seed distribution

Twenty one C. hirsuta plants were grown in a large greenhouse without supplemental lighting or
temperature regulation at Wytham Field Station, University of Oxford, in the summer of 2009. Each plant
was grown in a single pot, fitted with an Aracon base (Arasystem) of 5 cm diameter. Just before the plants
set seed, they were staked upright and placed at the centre of a series of concentric rings drawn on a large
sheet of plastic. Circles were drawn every 25 cm until 175 ¢cm, with an additional circle at 15 cm, such that
a total diameter of 3.5 m was assayed around every plant. Following seed dispersal, every seed in each of
the concentric rings and the Aracon was counted for each plant and an average for each ring calculated;
52,585 seeds were counted in total. Fruits that matured on C. hirsuta plants after cessation of watering did
not explode and the seed in these fruits were not included in our analysis.

Binary plasmid construction and generation of transgenic plants

A 3.4 kb fragment starting at position -1 of the upstream regulatory sequence of the C. hirsuta NST3 gene
was amplified with the primer combination pNST3-F and pNST3-R. A 0.5 kb fragment of the upstream
regulatory sequence of LIG2 was amplified using the primer combination pLIG2-F and pLIG2-R. Both
promoter sequences were subsequently recombined into a pGEMt-easy1R4 entry vector (Galinha et al.,
2007) using BP clonase II Plus (Life Technologies). Full length LIG2 (2.8 kb) and truncated lig2 (2.5 kb)
genomic sequences were amplified using the primer combinations gLIG2-F1 & gLIG2-R1 and gLIG2-F1
& glig2-R1, respectively. Both fragments were recombined in a pGEMt-easy221 entry vector. All
sequences were amplified from C. hirsuta genomic DNA; primer sequences are listed in Table S2. We used




multisite Gateway (MSG) LRII plus recombination to generate the following expression constructs. A
ChpNST3::AtVND7-vYFP expression construct was generated by recombining ChpNST3 pGEMt-easy1R4,
the A. thaliana VND7 pGEMt-easy221 (Bennett et al., 2010) and Venus YFP-nosT pGEMt-easy2R3
(Prasad et al., 2011) entry vectors. A ChpNST3::GUS transcriptional reporter was generated by
recombining ChpNST3 pGEMt-easy1R4, GUS pGEMt-easy221 and nosT pGEMt-easy2R3 entry vectors. A
LIG2::gLIG2-vYFP translational fusion was generated by recombining pL/G2 pGEMt-easylR4, gLIG2
pGEMt-easy221 and Venus YFP-nosT pGEMt-easy2R3 entry vectors. A LIG2::glig2-vYFP translational
fusion was generated by recombining pL/G2 pGEMt-easy1R4, glig? pGEMt-easy221 and Venus YFP-nosT
pGEMt-casy2R3 entry vectors. All entry vectors were recombined into a MSG-compatible pGREENII
destination vector (Galinha et al., 2007). The pGREENII125 binary vector used contained norflurazon
selection. A 35S5::GFP:TUAG6 construct in a kanamycin selectable binary vector was previously described
(Ueda et al., 1999). All constructs were transformed into C. hirsuta by floral dip using Agrobacterium
tumefaciens strain GV3101 or C58 (Hay et al., 2014). For norflurazon selection, T1 seeds were sown on
wet paper, sprayed with 1 pM norflurazon (in dH,O, Supelco, N12668), stratified at 4°C, germinated under

greenhouse conditions in the dark and subsequently exposed to light. For kanamycin selection, T1 seeds
were selected on MS plates supplemented with 100 pg/ml kanamycin (in dH,O, Sigma). Transgenic T1

plants were transplanted to soil and self-pollinated. For each construct a minimum of 10 independent T1
lines were obtained, of which at least 3 independent, single insertion T2 lines were analyzed in detail.

RT-PCR analysis

Transgene expression was analysed in stage 16 fruits of the following genotypes: lig2, lig2 expressing the
complementing pLIG2::gLIG2-vYFP transgene or the non-complementing pLIG2::glig2-vYFP transgene.
Fruit tissue was harvested and immediately frozen in liquid nitrogen. Total RNA was extracted from 5 fruits
per sample using the Spectrum Plant Total RNA Kit (Sigma, STRN50) and treated on-column with DNasel
(Sigma, DNASE70). One pg of eluted RNA was used for complementary DNA (cDNA) synthesis using the
SuperScriptlll kit (Invitrogen). A fragment was amplified from the reference gene C. hirsuta ACTS8
(CARHR094190) to validate that each sample contained equal amounts of cDNA using the primer
combination ACT8-F & ACTS-R. Transgene expression was examined by RT-PCR using the primer
combination LIG2-F2 & YFP-R, which amplified a 402 bp product from the complementing L/G2-YFP,
and a 224 bp product from the /ig2-YFP transgene. Primer sequences are listed in Table S2.

Quantitative RT-PCR analysis

Gene expression levels were quantified in tissue samples from intact C. hirsuta wild-type fruits at
developmental stages 9, 15, 16 and 17, and stage 17 fruits dissected into valves, seeds, and remaining fruit
tissues. All samples were immediately frozen in liquid nitrogen and stored at -80°C before processing. Total
RNA was extracted from 100 mg of tissue using the Spectrum Plant Total RNA Kit (Sigma, STRNS50),
treated on-column with DNasel (Sigma, DNASE70), and | pg of eluted RNA was used for complementary
DNA (cDNA) synthesis using the SuperScriptlll kit (Invitrogen). cDNA templates were used in qPCR
reactions to amplify LIG2, with the primer pair qLIG2-F3 & qLIG2-R3, and AP2M, with the primer pair
AP2M-F & AP2M-R, using Power SYBR Green Supermix (Applied Biosystems) on a ViiA7 machine
(Applied Biosystems). Transcript levels for each gene were calculated using the formula (Etarget)—
ACPtarget (control-sample)/(Eref)-ACPref (control-sample) (Pfaffl, 2001) and expression of LIG2 was
normalized to the reference gene Clathrin/AP2M (CARHR174880). Primer sequences are listed in Table
S2.

High-speed filming and image analysis

Explosive pod shatter was filmed with two synchronized high-speed cameras (Photron Fastcam SA3 120K-
M2, Photron Europe Ltd, Bucks, UK) and different experimental set-ups were used in order to analyse the
trajectories of the valves and the seeds. In both cases, ¢. 30 stereo images were taken of a custom
calibration grid held in a range of orientations and positions within the volume of view. These calibration
images were used to calibrate the space according to a photogrammetric model described in (Walker et al.,
2009) using custom Matlab code (The Mathworks Inc., Natick, MA).

To film the initial stages of pod shatter, cameras were fitted with 105 mm lenses (Sigma 1:2.8DG Macro)
and configured to save images to a continuous circular buffer at 15000 frames per second at a resolution of
256 x 272 pixels. Fruits were illuminated with three 96-LED panels (HDV-Z96) and cameras were
triggered automatically when an exploding valve tripped a light beam linking a laser pointer to a
photodiode in a custom circuit. We centre-triggered the cameras and saved images either side of the trigger.
Image sequences were saved using Photron FASTCAM Viewer software (Ver. 3273). Plants were



monitored for no longer than overnight and discarded if a pod shatter event did not occur in this time. Three
recordings were selected for full kinematic analysis of valve dynamics as described below in the modeling
section.

To capture seed trajectories, the cameras were fitted with 55 mm lenses and configured to save images at
1500 frames/second and a resolution of 256 x 1024 pixels. Mature fruits were carefully excised from the
plant and the pedicel clamped to position the fruit upright. Fruits were illuminated from above and from the
side. Applying gentle vibration to the fruit with the metal projection from an electric toothbrush induced
pod shatter and cameras were post-triggered manually. Twenty fruit recordings were selected for tracking
and analysis of seed trajectories. The image coordinates for each seed were digitised manually across the
frames for which they were visible to both cameras using tracking software custom-written in Matlab
(Walker et al., 2009). We measured seed launch conditions for 229 seeds from 14 fruits and predicted seed
trajectories using iterative ballistics incorporating drag.

Seed velocities were measured from movies recorded at 1500 fps. We could not measure the muzzle
velocity of seeds because the coiling valve often obscured our view of their initial release. In addition, the
location of the first sighting of each seed (and hence the distance already travelled along its total trajectory)
was variable between seeds. Therefore, our measured dynamics may slightly underestimate the real seed
dynamics because seeds may have already slowed a little before we could observe their flight. For these
reasons we show both maximum and mean values.

Pontamine Fast Scarlet 4B staining (adapted from (Landrein et al., 2013))

Pontamine Fast Scarlet 4B (S4B) stain was used to visualize cellulose microfibrils in valve exocarp cells.
Siliques from a series of developmental stages were harvested, fixed in 6:1 (v/v) acetic acid/ethanol for 10
minutes, cut into 3-5 mm segments and fixed for a further 20 minutes while shaking. Tissue was washed
twice with 100% ethanol and once with 50% ethanol, for 30 minutes each wash. Valves were then excised
from the fruit segments by cutting along the valve margin and stored in phosphate buffered saline (PBS pH
7.3) for at least 30 minutes. Valve segments were then stained for 2-6 hrs with 5 pg/ml Direct Red23
(Sigma Aldrich, catalogue number 212490) in PBS (pH7.3) and rinsed with deionized water before

analysis. Stain accumulated in 3-4 cell layers adjacent to a cut surface.

Propidium iodide (PI)_staining and osmotic treatments

To visualize exocarp cell walls in intact mature fruits, valves were punctured with a small needle to
facilitate uptake of 1% PI in deionized water. Exocarp cells distant from the wound site were then imaged.
Valve segments of 2-4 mm length, containing the previously imaged cells, were either detached from the
fruit by cutting along the valve margin or the outer valve layers only were detached. Segments were re-
stained with PI for an additional 5 minutes before being re-imaged.

Osmotic treatments were performed with 2-4 mm valve segments of mature fruit pre-stained with 1% PI in
deionized water for 5~10 minutes. Exocarp cells were imaged in deionized water (turgid), transferred into
IM NaCl for 45~60 minutes, re-stained with 1% PI for 5 minutes, and reimaged in deionized water
(plasmolyzed). Plasmolysis was assessed by retraction of the plasma membrane away from the cell wall.

Confocal Laser Scanning Microscopy (CLSM)

A Leica DM6000 TCS SP8 microscope equipped with a HyD detector was used with a 100x/1.3 oil
immersion objective to visualize S4B stained cellulose microfibrils (excitation 514 nm, emission
584-630nm). Samples were mounted in water on microscope slides and Z-stacks were acquired with 0.1
pm interval. 20x/0.5 and 63x/0.9 water immersion objectives were used to visualize DAPI (excitation 405,
emission 416-502), LIG2-YFP and lig2-YFP fluorescence (excitation 514, emission 520-542). A Leica TCS
SP2 microscope fitted with long distance water immersion objectives was used to visualize GFP-TUAG6
(excitation: 488 nm, emission: 495-545 nm), lignin auto-fluorescence (excitation 405nm, emission 450-550
nm) and PI (excitation 488nm, emission 600-650nm) fluorescence. Z-stack step size was optimized for the
objective used and ranged between 0.5 pm and 0.25 pm for 40x and 63x objectives, respectively. All
samples were submerged in deionized water during imaging. Valve segments and sections sink naturally;
whole fruit samples were fixed with adhesive tags to the bottom of small petri dishes.

Light microscopy.
A Zeiss AxiolmagerD2 compound microscope equipped with an Axiocam HR3 camera and a 100x/1.3 oil

immersion objective was used to image semi-thin sections of paraffin and plastic-embedded tissues. A Zeiss
Axiophot compound microscope equipped with a Leica DFC490 camera and 20x and 40x objectives was
used to image fresh tissues. A Nikon SMZ18 stereoscope equipped with equipped with a DS-Fi camera was



used to image whole valves.

Transmission electron microscopy

Small sections of fruit were isolated under the surface of the fixative (3% glutaraldehyde, 2%
paraformaldehyde in 0.03 M phosphate buffer, pH 7.2), degassed using a vacuum pump and then fixed at
room temperature for 6 hrs. After washing in buffer, the tissue was postfixed on 1.5% osmium tetroxide in
distilled water for 3 hr at room temperature, washed in distilled water, dehydrated in an ethanol series and
embedded in medium-hard embedding resin (TAAB Laboratory Equipment Cat T262) following the
manufacturer's instructions. Once hardened, gold-refracting sections were cut from the blocks using a LKB
Ultracut microtome, post-stained in uranyl acetate and lead citrate, and viewed in a JEOL 2000CX
transmission electron microscope operating at 80 k'V.

Toluidine blue staining of paraffin and plastic-embedded tissue sections

Mature fruits were cut into 2-3 mm segments and processed in one of three ways. Samples were either
fixed in 4% formaldehyde freshly prepared from paraformaldehyde, processed through to paraffin using a
Tissue-Tek® processor (Sakura Finetek USA, Inc), and 8 um sections were stained with 0.05%
toluidine blue; or samples were fixed in 2.5% glutaraldehyde in phosphate buffer, dehydrated, step-
wise infiltrated with and embedded in TAAB Low Viscosity resin (TAAB), and 1.5 um sections were
stained with 0.05% toluidine blue. Alternatively, samples were fixed in 2% paraformaldehyde, 2%
glutaraldehyde in 0.1M sodium cacodylate buffer (pH 6.9) for 2 hours at room temperature then overnight
at 4 °C, and post-fixed for 2 hours at room temperature in 1% aqueous osmium tetroxide. After washing
and dehydration, these samples were equilibrated gradually in acetone, embedded in Agar Low Viscosity
Resin (Plano GmbH) for 8 days, polymerized in flat embedding moulds at 60 °C for 24 hours, and 1 pm
thin sections were stained with 1% toluidine blue supplemented with 1% sodium tetraborate, and mounted
permanently in Low Viscosity Resin (Agar Scientific).

Fresh tissue sections

Mature fruits were embedded in 10% low melting agarose in deionized water. Agar was kept at 45 °C and
rapidly transferred to ice while embedding the sample. Agar blocks were cut into 4-6 mm long stubs and
samples were cut into 100-250 pum sections with a TPI Vibratome series 1000 (Technical Products
International Inc.). Vibratome sections of 70 pm were made using a Leica VT 1000 S vibratome. Sections
were either stained with 1% PI in deionized water or directly imaged in deionized water by CLSM.

Phloroglucinol staining
For whole-mount visualization of lignin, fruits were first fixed in 14.2% acetic acid in ethanol for 1 to 4

hours shaking at room temperature, or overnight shaking at 4 °C, then rinsed and washed with 100%
ethanol for 5 minutes and 70% ethanol for 2 minutes before being cleared for 1 to 3 hours in chloral
hydrate solution. Fixed and cleared fruits were stained with phloroglucinol solution (1.72% phloroglucinol,
81.9% ethanol, 13.8% hydrochloric acid in water) and inspected after 10, 20 and 40 minutes (adapted from
(Liljegren et al., 2000)). To visualize lignin at the tissue level, fruits were freshly cut into 70 um sections
with a vibratome, as described above, and sections were transferred to chambers demarcated by tough tags
on glass slides and stained with phloroglucinol solution as above. To visualize lignin at the cellular level,
samples were fixed, paraffin embedded and sectioned as described above. After paraffin removal, sections
were stained with 2% phloroglucinol w/v in 95% ethanol for 2-5 min, washed in 10 N hydrochloric acid for
1 min, rinsed in deionized water, and mounted in 5 N hydrochloric acid for viewing (adapted from (Mitsuda
and Ohme-Takagi, 2008)).

GUS staining (adapted from (Roeder et al., 2003))

Fruits were prefixed in cold (4 °C) 90% acetone at room temperature for 20 minutes and rinsed with
deionized water. Cold GUS staining solution (50 mM phosphate buffer pH 7.2, 0.2% triton X-100, 5 mM
Ferro- and Ferri-cyanide and 2 mM X-Gluc (5-Bromo-4-chloro-3-indolyl-B-D-glucuronide monohexyl
ammonium salt, Carl Roth GmbH) was added and vials were vacuum infiltrated on ice for 45 minutes.
Staining was performed overnight in the dark at 37 °C. Samples were taken through the following ethanol
series at room temperature: 20%, 30%, 50% ethanol, post fix solution (50% ethanol, 3.7% formaldehyde,
5% Acetic acid), 70%, 80% and 90% ethanol, with each step taking 30 minutes. Samples were kept in the
fridge until fully cleared before sectioning with a vibratome as described above.

Quantitative image analysis

To quantify exocarp cell deformations, CLSM image stacks from case and control samples were loaded into
MorphoGraphX software and the tissue surface detected and converted into a mesh by applying the edge-
detect and marching cube algorithms (de Reuille et al., 2015). The surface-associated signal (2 - 6 um) was




projected onto this mesh to allow for cell shape segmentation with the watershed 2D tool. Differences in
cell length and width between samples were computed by applying the principal direction of growth
algorithm on co-segmented cells. To determine differences in cell depth, cells were segmented with the
watershed 3D tool and an ellipsoid was fitted to the extracted cell shape with the PCA algorithm with the
smallest diameter of the ellipsoid representing the maximal depth of the cell. We computed cell volume and
area by converting cell shapes into a 3D mesh and applying the heat map tool to quantify volume and area.
Changes in exocarp cell length, width, volume, area and depth in response to osmotic treatments were
calculated as described above, although over-segmentation was required in order to reconstruct correct 3D
cell shapes in the fully plasmolyzed samples. Moreover, it was important to extract the surface area from
segmented 3D cell shapes because the cuticle had swollen during salt treatment.

To quantify changes in exocarp tension in situ during C. hirsuta fruit development, CLSM image stacks of
exocarp cells expressing a plasma membrane marker were acquired from intact fruit, and the same region
of cells was re-imaged in water after the segment of valve was cut off the fruit. These image stacks were
loaded into MorphoGraphX software and the main axes of deformation were quantified at the cellular scale
using the algorithm normally used to compute principal directions of growth (de Reuille et al., 2015).
Overall curling of the cut valve segment (about 1.5 mm long) was assessed by eye. Experiments were
performed on fruits at five consecutive stages of development in two different plants.

To quantify the hinge angle of lignified endocarp b secondary cell walls, CLSM image stacks were
acquired, imported into MorphoGraphX software and rotated such that a clipping plane was perpendicular
to the major axis of the valve. Digital cross-sections in this clipping plane were exported as TIFF files and
used to measure the geometry of the secondary cell wall in ImageJ (V1.46R). The angle between the
lignified cell walls on two adjacent cell faces was measured as shown in Fig. 3B, C of the main text.

To quantify the degree and direction of cortical microtubule alignment, CLSM image stacks of
358::GFP:TUAG6 expression in exocarp cells were loaded into MorphoGraphX software and their surfaces
extracted with the marching-cube algorithm (de Reuille et al., 2015). The surface mesh was subdivided into
a fine mesh and the surface-associated signal (3-6 um) was projected on to this mesh to allow for cell
segmentation with the watershed 2D tool. The GFP signal was re-projected within a distance of 0.5-3 pm of
the extracted surface, depending on the signal depth in the sample. The principal orientation of the GFP
signal within each cell was computed using the Fibril orientations algorithm.

To measure the cross-sectional area of C. hirsuta endocarp b cells, transverse semi-thin plastic sections of
valves from stage 14 to 17b were stained with toluidine blue and the cross-sectional area of endocarp b
cells quantified using ImagePro software (MediaCybernetics).

Cellular Force Microscopy (CEM)

CFM was performed as previously described (Routier-Kierzkowska et al., 2012; Weber et al., 2015). Whole
C. hirsuta fruits were immobilized on glass petri dishes with the valve facing upwards using strong
waterproof tags (Tough Tags, Diversified Biotech, Dedham, USA) and submerged in water to avoid
artifacts due to water loss or movements during measurements. To eliminate artifacts due to surface
curvature (Routier-Kierzkowska et al., 2012), measurements were taken only on flat areas of the exocarp
cells.

Valve pulling experiment using custom-built extensometer

One valve was first taken off the fruit and its diameter of curvature measured under a stereoscope. The rest
of the fruit (including valve and replum) was then attached with strong adhesive tags on one end to a
miniature load cell (LSB200, Futek, Advanced Sensor Technologies Inc.) and on the other end to a
piezoelectric micropositioner arm (SLC-2475, SmarAct GmbH). The replum was then dissected off. The
starting configuration ("zero load") is a curved valve (positioner arm and load cell are close to each other).
The valve was then progressively stretched by increments of 50 pm. The stretching was stopped
immediately by cutting the valve with scissors once the valve was visibly flat, in order to avoid further
damage of the valve. The diameter of curvature of this pulled valve was then measured under a stereoscope.
Experiments were filmed with a high magnification (300x) webcam. Scripts for the analysis of the force-
displacement curves were written in Octave.




Modelling

1 Elastic energy — Tissue model

A mechanical model of the elastic energy in the valve was constructed by considering the valve as
consisting of three distinct mechanical layers: a thin soft exocarp layer (exo), a soft middle mesocarp
layer (meso), and the lignified stiff endocarp b layer (endo). The meso layer plays only a passive role,
noncritical to the explosive mechanism. The mechanics is driven by a change in reference geometry of
the exo layer, marked by a decrease in length and proportional increase in depth. Modelling details for
the change in reference geometry are provided in Sec. 4. For the purposes of modelling in the present
section, this change in geometry is taken as a fixed input, and we derive the energy landscape in the
system to predict the degree of valve curvature when free from the replum and the amount of total elastic
energy available for coiling. First, we describe the geometry of this tri-layer system.

1.1 Geometry

The tissue-level valve geometry is pictured schematically in Display item 1. We consider three distinct
configurations of the valve. While attached to the replum, Config. I, the valve has a curved cross-section.
Once off the replum, the valve must flatten before coiling, a transient state we refer to as Config. II.
The length in Config IT is the same as in Config I, with changes only occurring in the width and depth.
Once flattened, the valve curls along its length until reaching an energy minimising state, Config. III.
This involves changes in depth and length only, hence the width in Config III is equal to that in Config
11

In Config. I, let the width and depth of the layers be respectively given by W; and f)i, wherei =1,2,3
for the endo, meso, and exo layers, respectively. Similarly, let D; denote the depths in Config. II, and
d; accordingly in Config. III. The length of all layers in Configs I and II is equal, given by L, while the
width in all layers in Configs IT and III is equal, given by W. We let I; denote the lengths in Config. II1
and note that [y = L due to the inextensibility of the lignified endo layer.

Let the cross-sectional curvature be given by U in Config. I and the axial curvature (both measured
to the centre of the endo layer) in Config III given by w. Approximating the curved valve cross-sectional
shape by the arc of an annulus, we note the relationships

Wi= 2 Wo= (e +8), Wa= (g + 8+ 5, (1)
where §; = (131 + 152) /2 is the distance in depth between the centre of the endo and meso layers, and
similarly 8y = (Dy + D3)/2, and ¢ is the arc angle as shown in Display item 1.

The coiling of the valve is driven by a change in reference geometry of the exo layer, marked by a
decrease in length and an increase in depth. We define d3 and [ as the reference depth and length for
this layer. Similar variables could be defined for the width or for the other layers, but is unnecessary as
no other change in reference geometry is observed. Hence the reference dimensions for the meso layer
and exo width are taken as those in Config. I. Letting ¢ < 1 denote the scale factor for the change in
reference dimension, and assuming no growth or residual stress, we write 5 = gL, d3 = Dy /g.

1.2 Energy

The mechanical energy consists of bending and stretching energies in the different layers. We approximate
each layer as an incompressible hyperelastic cuboid with quadratic strain energy. For a cuboid with
Young’s modulus F, the stretching energy is given by

1
5/15’(/\§+>\§+/\§—3) dx, (2)
Q
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Display item 1: Valve geometry.

where integration is over the reference cuboid, and \; are the principal stretches. Assuming a uniform
deformation from dimensions w*, d*, [* to dimensions w, d, [, the principal stretches are simply the ratios
of current to reference dimensions, and (2) simplifies to

EV (rwN2  (d\° [1)?
el ((w*) (&) +(F) - 3) | @)
where V' = wdl is the volume, assumed to be conserved in each layer through the deformation. Due to

the inextensibility of the endo layer, stretching is negligible there, and the stretching energy is given by
contributions of the meso and exo layers only. Explicitly, the stretching energy is

EoesoVo [((WN?  [da\®  [1)° EoVs (W [ds\®  [I3\°
2 Wa D L 2 W3 d3 I3
where Eeso and Eey, are the Young’s moduli for the meso and exo layers, respectively, and V5 and V3

are the respective volumes.
The bending energy for a layer with curvature 4 is

£ / a? ds, (5)
2 T

where I is the 2nd moment of area, equal to wd®/12 for a rectangular cross-section, and integration is
along the reference length. Note that curvature is taken with respect to reference arclength. For our
simplified geometry with constant curvature in each layer and curvature u in the endo layer, the total
bending energy is

BanaoWd? 5 EnesoWd3 5 EooWd3 (Lu)?
Zendo WA p L .
04 Ut T MM T T

Note that the extra factor in the exo term accounts for the change in reference length in this layer.

& = (6)

1.3 Lignin geometry

The cross-sectional curvature in Config. I arises in part due to the growth of the seeds within the
pod bowing out the valve. Once detached from the replum, the valve must first flatten in cross-section
before lengthwise coiling can occur. The question is how this flattening affects the energy landscape. In
particular, in the bowed state there is a width differential between outer and inner layers, e.g. W3 > W,
in Config I, whereas all widths are equal in Config II.

The hinged geometry of the lignin enables the endo layer to accommodate the flattening by opening
the hinges and increasing the width of the endocarp cells to Wi. Taking the reasonable assumption that
the hinges can open/close passively, i.e. with negligible energy cost, then in terms of the endo and exo
layers, the transition from Config I to II can occur at no energy cost. It is quite possible that there is
in fact an energy gain, as the meso and exo layers may be flat in their stress-free states. The details
of this depends on developmental specifics of the various cells. Such information is both very difficult



to ascertain and beyond the scope of our analysis, in part because the dynamics model for coiling that
we develop in Sec. 8 assumes a fixed width (i.e. it considers the dynamics starting from Config IT) and
would be made unnecessarily complicated by including possible energy exchange from Config I to II.

Hence, for simplicity we assume in the case of hinged lignin that flattening occurs at no energy cost
and that the width in Config II is given by W = Ws. However, as illustrated schematically in Display
item 2, in the case of bozed lignin the transition from Config I to II is not without energy cost. For one,
the boxed lignin is unable to open and hence the endo layer cannot increase in width, so that the width
in Config [Tis W = Wi. Thus, the width differential must be accommodated by the meso and exo layers.
In particular, the exo width must decrease and the exo depth must accordingly increase (since there is
no length change from I to II). Recall that the exo layer geometry is such that the reference dimensions
involve an increased depth and decreased length by a proportional factor g < 1, i.e. I5 = gL, dj = D /g
If the exo depth already increases during flattening while the length is unaffected, the result is that in
coiling the exo layer is unable to reach its reference dimensions: if dz = dj, we will have [3 > [35 while
l3 =13 implies d3 > dj. As a consequence, the energy landscape is not as favourable for coiling.

Display item 2: Hinged versus boxed lignin.

There is another effect of the boxed lignin geometry. We have observed that the lignin in the endo
layer forms after the bowing of the valve. The formation of boxed lignin in an already curved valve
stiffens the layer in a curved state, effectively “sealing in” the curvature. In this way, the endo layer can
be thought of as having a nonzero reference cross-sectional curvature U that requires energy to flatten.
Thus in Configs II and III, we surmise an additional “flattening” energy present in the case of boxed
lignin only, given by

EendoLD?
& = —endo 1 ‘;’4 Ly, U2, (7)

1.4 Energy minimization

The geometrical arguments above suggest that a hinged geometry is energetically favorable for explosive
coiling. To quantify the analysis, we determine the energy minimising state and the change in stored
energy between the different configurations. We take as input the geometry in Config I, i.e. the parame-
ters {WZ, D;, L} for i = 1,2, 3 (subject to the constraints of Eqn (1)), the change in reference proportion
for the exo layer, g, and the material parameters Feyxo, Fmeso, Fendo- As discussed above, the width in
Config IT and III is given by W = Wj in the hinged case and W = W; in the boxed case. Since the
length for all layers is L in Config II, the depths D, in Config II are also known.

As the endo width and depth do not change from Config II to III, the remaining unknowns are the
meso and exo depths and lengths as well as the curvature u. Geometry enables us to write the depth in



Parameter Description Value

Wy endo width on replum 0.94 mm
Wy meso width on replum 0.98 mm
W3 exo width on replum 1.04 mm
Dy endo depth on replum 15 pm
Dy meso depth on replum 85 um
D exo depth on replum 20 pm
L length on replum 18 mm
g exo geometry ratio 0.8
Fexo Young modulus exo layer 16.5 MPa
Freso Young modulus meso layer | 16.5 MPa
Fendo Young modulus endo layer | 4.5 GPa

Display Table 1: Model parameter values for C. hirsuta wild type.

terms of the curvature u, as follows: Since u is the curvature measured to the center of the endo layer,
simple geometry for circular arcs gives the expression

Lu(% +6) =1, (8)

where § = (dy + d2)/2 is the distance in depth between the centre of the endo and meso layers. By
volume conservation we have lo = DyL/ds, thus (8) provides a quadratic equation that can be solved
to give dy as a function of w. A similar calculation yields d3 = ds(u). Then another application of
volume conservation gives Iy = l3(d2(u)) and similarly for I3. In this way, for both the boxed and hinged
geometries, the total energy can be expressed as a function of the single variable w, the curvature in
Config III. The energy function expresses a single minimum value that defines Config III, and note that
u = 0 corresponds to the flat state, Config II. We define the coiling energy as the drop in energy from
Config II to Config ITII. Having computed the energy minimising curvature, the number of coils N is
obtained from the relation

2n N
— =1L
L 9)

1.5 Parameters

Parameter values for the wild type are provided in Display table 1. Geometric parameters were obtained
by measuring whole fruits and fruits freshly sectioned with a vibratome as described in materials and
methods. The Young’s modulus of the endo layer is based on the stiffness of lignin and an approximation
of the proportion of the endo layer that is lignified, roughly 50% for the wild type.

It remains to estimate the Young’s modulus of the exo layer and meso layers. Being unlignified, both
layers were assumed to have a comparable stiffness; thus we set Fies0 = Fexo- An important feature of
the energy landscape we have observed is that the location of the energy minimum is robust to changes
in the exo stiffness. Thus, the curvature in Config III is essentially unchanged by varying Fex,. However,
the energy difference between Config II and III, that is the amount of energy released in coiling, is
strongly affected. A 10-fold difference in Foy, produces a nearly 10-fold difference in energy.

Thus, Fexo plays an important role in the coiling timescale. To obtain an estimate of Fey, we utilised
a multi-scale approach, connecting our tissue-level model to an organ-level model of the valve that was
matched to an experiment on the whole valve. This is described in Sec. 2, and the determined value of
E.y is reflected in Display table 1.

1.6 Hinged vs boxed lignin

The parameters for the transgenic plants C. hirsuta NST3::VND7 with boxed lignin are given in Display
table 2. Aside from the boxed lignin, these valves showed an increased depth of lignified cells, but with
proportionally less lignin, hence an increased value of Dy compared to the wild type but a decreased
stiffness Feondo- The energy profile is given in Main text, Fig. 3E. Compared to the Wild type, the
model predicts approximately 80% less coiling energy and a decreased curvature, with approximately



Parameter Description Value

Wy endo width on replum 0.94 mm
Wo meso width on replum 1.0 mm
W3 exo width on replum 1.04 mm
Dy endo depth on replum 50 pm
Dy meso depth on replum 50 pm
D exo depth on replum 20 pm
L length on replum 18 mm
g exo geometry ratio 0.8
Fexo Young modulus exo layer 16.5 MPa
Freso Young modulus meso layer | 16.5 MPa
Fendo Young modulus endo layer 1 GPa

Display Table 2: Parameter values for transgenic plant with boxed lignin C. hirsuta NST3::VND?7.

’ Valve type \ Coiling energy (mJ) \ Number of coils \ Endo flattening energy (mJ) ‘
Wild type 0.47 3.5 0
Boxed transgenic 0.1 1.5 0.14
Boxed wild type 0.11 1.5 0.01

Display Table 3: Energy summary for different valve simulations, comparing the Wild Type, the trans-
genic plants C. hirsuta NST3::VND7 with boxed lignin, and a hypothetical transgenic plant equivalent
to the Wild Type except for having boxed lignin (final row). Number of coils is computed per 18mm
length.

1 coil in Config III. Moreover, the energy cost associated with flattening the cross-sectional reference
curvature of the endo layer in Config I is 0.14 mJ, nearly 3 times the coiling energy. Note that due to
this extra component of the energy not present in wild type, the total energy in the system is higher in
the simulated transgenic valve. Effectively, most of the energy is “trapped” due to the boxed geometry,
so that only a fraction is available for coiling.

The comparison between the wild type and transgenic is summarised in Display table 3. Since these
two plants do not differ only in the lignin geometry (as stated the total depth of lignified cells, referred
to as the endo depth, is greater in the transgenic), we also simulated a valve with identical dimensions to
the wild type, but with boxed lignin. The result is also displayed in Display table 3: these valves again
showed a significantly decreased coiling energy and decreased curvature in Config III, though both were
slightly higher than the transgenic valve. These factors, in particular the slight energy cost in flattening,
make it unlikely that such a valve would exhibit explosive pod shatter.

2 Valve pulling experiment

2.1 Organ level model

We model the pulling experiment at the organ level, treating the valve as a single elastic rod with fixed
intrinsic curvature. The intrinsic curvature is measured experimentally and is assumed to be a known
parameter in the model. Due to the formation of “kinks” in the relaxed state of the clamped valve, and
supposing that the kink points act merely as a hinge, so that the valve has zero moment at these points,
then mechanically the situation is equivalent to pulling on an inextensible beam with intrinsic curvature
and zero moment (pinned) boundary conditions. This situation is described by the elastica equations:

2’ = cosé
' =siné
i (10)

m' = ngsinf — n, cos
szb(H—ﬂ)



DataSet | 4 (mm™') | E,=K (Nmm?) | FEeo (MPa) [ g |

V1 0.58 0.0075 11.9 0.85
V2 0.91 0.0046 5.8 0.74
V3 0.86 0.0092 14.3 0.79
V4 0.90 0.0072 10.6 0.78
V6 0.90 0.0035 3.8 0.72

Display Table 4: Best fit values of 4 and K, using high curvature measurement, to match organ-level
model with pulling experiment, and the corresponding values of F.y, and g when translating to tissue-
level trilayer model.

[DataSet [ a4 (mm™') | FE,=K Nmm?) | FEuo MPa) [ g |
V1 0.34 0.0187 34.1 0.92
V2 0.57 0.009 14.5 0.86
V3 0.66 0.0143 24.3 0.85
\Z! 0.57 0.0144 24.8 0.87
V6 0.36 0.012 20.7 0.91

Display Table 5: Equivalent values as in Display table 4, using low curvature fit.

along with boundary conditions

m(0) = m(L) = 0 (11)

Here all variables are functions of the fixed arclength s € (0, L), where L is the length of the valve,
(z(s),y(s)) is the position of material point s, 8 is the angle between the tangent and the z-axis, m is
the moment, @ the intrinsic curvature of the bilayer, and Ej the effective bending stiffness of the whole
valve, the product of Young’s modulus and 2nd moment of area. The stress in the beam is given by the
constant vector (ng,n,), but symmetry implies n,, = 0; we are left with the unknown n,, which is the
tensile force measured by the extensometer in the pulling experiment and is a function of the imposed
end displacement AL. Under a small angle linearisation, |0] < 1, (10) simplifies to

0" —c?0 =0
/ / . (12)
6'(0) =0'(L) = a,
where ¢ = y/n,/Ep. This is easily solved exactly, from which the end displacement condition yields the
following relation:
@2 (sinh(cL) — cL)
4¢3 cosh(cL/2)2

For given values of length L and curvature 4, this relation defines a force displacement curve, n,
vs AL. The only free parameter is the stiffness Ej, as the length and curvature are measured in the
experiment. However, two different values of curvature 4 were reported, one for the freshly exploded half
of the valve and one measured after the pulling experiment. The latter gave a smaller curvature value,
likely due to “tiring” of the valve from pulling. Excellent fits with the data could be obtained with either
value. Hence, we have fit Ej, to the data twice, using both the high and low curvature values.

The fitting exercise was conducted for five different data sets, with the best fit value of Ej, given
in Display tables 4 (high curvature) and 5 (low curvature). The next step is to determine the bending
stiffness of the exo layer from the effective bending stiffness of the whole valve, which requires a tissue-
level analysis of the trilayer.

AL = (13)

2.2 Tissue level model

At the tissue level, we return to the trilayer energy of Sec 1, and use the effective stiffness determined
at the organ level to estimate the Young’s modulus of the exo and meso layers. The energies described



in Sec 1 correspond to linear constitutive laws. Consider a bilayer structure, letting a ‘+’ superscript
denote a quantity in the outer layer, and equivalently a ‘-’ for the inner layer. The constitutive laws are

nt=kT(at - 1)
mt = Ktu" (14)
m- =K u,

where nt is the inner layer axial stress, a linear function of the axial stretch. Note the inner ‘-’ layer
will ultimately correspond to the inextensible endo layer; hence there is no constitutive law for n™, as it
is instead replaced by the geometrical constraint of inextensibility. Here o is the axial stretch, equal to
the ratio of current to reference length in the ‘4’ layer, k is the axial stiffness coefficient, and m* are
the bending moments, linear functions of curvature with bending stiffness coefficients K=.

To map to the organ level model, we follow the ideas in Lessinnes et al. (2015) and use the fact that
two planar elastic rods with constitutive laws of the form (14) are mechanically equivalent to a single
elastic rod with constitutive law

M= K(u— 1), (15)

where the effective stiffness and intrinsic curvature, K and 4 respectively, are given by

3k*(1—g)

K+ +gK~ + 8%kt (16)

K:é(K++gK_+62k+), o=

In these expressions ¢ is the length differential between the reference lengths, i.e. g = 1*/L in the parlance
of Sec 1, and § is the distance in depth between each layer. Note that the effective rod is defined with
centreline at the centre of the inextensible ‘-’ rod. Since our tissue model for the mechanics in fact utilizes
a trilayer, we must apply these equations twice. We take as input the dimensions of endo, meso, and exo
layers, as well as endo Young’s modulus (following Display table 1). For a layer with width w, depth d,
and Young’s modulus E, the stiffness parameters are k = Ewd, K = Fwd?/12. Hence, in terms of the
K*, the only unknown is Fieso = Fexo. The distance between layers, §, was computed using the depths
D; in Config IT. We first determined the effective stiffness of the endo and meso layers by applying Eqns
(16) with g = 1 (since no reference length differential exists between meso and exo layers). Hence for
these two layers & = 0 and K := K; > depends on the as yet unknown FE..,. We then considered the
effective stiffness of the whole valve by applying Eqns (16) again, with K~ = K; » corresponding to the
effective meso+-endo layer and k+, K+ corresponding to the exo layer. Here we take K and @ as the
best-fit values from the organ-level model. Then Eqns (16) provide two equations to solve for the two
unknowns g and Fey,-

For each data set we applied the above procedure to solve for g and Eey,. The resulting values are
given as the final two columns in Display tables 4 and 5. The average values from the 5 data sets were

Eexo = 9.3MPa, ¢ =0.78. (17)

for the high curvature, and
Eexo = 23.7TMPa, ¢ =10.88. (18)

for the low curvature. The value of g corresponds well with the independent experimental measure of
g = 0.8 as represented in Display table 1. The average of the two computed Young’s moduli, 16.5MPa,
is reflected in Display table 1 and was used for subsequent computations. The Young’s modulus was
validated against the cellular-level model, as discussed in Sec.7.

3 Mechanical model of 3D cellular plant tissue

In order to understand the change in geometry in the exocarp cell layer that drives the mechanics of
explosive seed dispersal, we constructed a mechanical model of C. hirsuta exo cells. 3D cells were created
as a staggered array of boxes (Display item 3a) representing an idealised geometry for the exocarp-layer.
Each 3D cell was represented by a closed triangular surface mesh using the vertex-vertex data structure
(Smith et al., 2004). Nodes on the walls between cells were shared. Because of the symmetry of the
problem, only one quarter of the template was simulated. All models were developed under the Virtual
Laboratory modelling environment, (Federl and Prusinkiewicz, 1999).

The mechanical simulation was performed with a GPU-accelerated, explicit finite element method
which extends the model of Bassel et al. (2014) to handle anisotropy. Triangles representing sections



of cell wall were modelled as membrane elements with a linear, hyperelastic, transverse isotropic, St.
Venant material law (Holzapfel, 2000; Bonet and Burton, 1998). For the membrane elements we used
plane stress and a zero transversal shear strain hypothesis (for a modified version of the Kirchhoff-Love
plate theory see Chapelle and Bathe (2003)).

Assuming the fibre direction in the y axis, so that x and z are the isotropic axes, the elasticity tensor
for the transversely isotropic St. Venant model in Voight notation is

E(1-ni?) E,v E(v.+ni?)
m(14+vz) 71;17« m(1+v,) 0 0 0
Eyv E,(1-v.) Eyv
T e T o 0 0
E(v.4+ni?) B, E(1—np?)
S=| mtr:) m w0 0 0 (19)
0 0 0 26 0 0
0 0 0 0 & 0
0 0 0 0 0 2G
where
n=~E,/E, m=1-2ni*—v, (20)

and E, is the Young modulus along the fibers, E is the Young modulus in the orthogonal plane (which
is isotropic), 7 = v, = “£=. For small strains -v,, determines (at first order) the strain induced in the
fibre direction because of a strain in one of the isotropic directions. The same holds for v,,, but with the
directions inverted. v, is Poisson ratio in the isotropic plane and G is the shear modulus between the
fibre direction and the isotropic plane. All the symmetry properties of the material have been exploited
in the writing of the matrix. The II Piola-Kirchhoff stress tensor S is then

Sii = Sijki€ri (21)

where £ is the Green-Strain tensor. Expanded, this becomes

E(1—ni?) E, E(v.+ni?)
m(l+v,) m m(1l+v,) 0 0 0 gza:
Syy ~2 ~ -9
E(v.+no”) E,v E(1—np*) E..
Szz _ m(l+v,) m m(1l4+v,) 0 0 0 (22)
Sey .
5 0 0 0 26 0 0 zy
Syz
Y 0 0 0 0 2 o ||&
0 0 0 0 0 2G) \fu

Triangular membrane elements allow the nodal force calculations to be performed in 2D by rotating
each deformed triangle onto the xy-plane. Reference triangles are constructed from rest lengths of edges
stored in the triangular mesh, and rotated so that their fiber direction is aligned with the y axis. The
non null components of the Green-Strain tensor in the plane are, in turn, evaluated as:

Eve = (Dz[1]u+ 0.5(D,u)" (Dyu))
Eyy = (Dy[2Ju + 0-5(Dyu)T(Dyu)) (23)
Evy = 0.5 (Dz[1)u + Dy[2lu + (Dyu)” (Dyu))

D, and D, are defined as

(%‘” 0 9 o 9 g (24)
D, = T ogs T o P ) 24
0 5 0 ZF 0 32
O¢1 0 [el22y 0 [eleEy 0
D, = By A %y o By 8¢ (25)
( 0 a—yl 0 6; 0 8—;‘



where ¢; are the (linear) hat basis functions. We will use D;[j] to indicate operator D;, row j. Under
the plane stress hypothesis (S,, = 0) the strain connected to the change in thickness of the membrane
element can be computed as follows:

(Szzurgvr + Szzyygyy)

522 = -
'Szzzz

(26)

The nodal forces F on a triangle due to its deformation were calculated as

T

| ((Du1]+ (0.7 Daw) Suw + (Dy[2] + (D, Dyw) Sy +
Fy (D.[2] + Dy[1] + (DT Dy + D, " Dy)u) Smy)tA

where u is the vector of nodal displacements, ¢ is the element thickness and A is the area of the triangle
in the undeformed configuration. Forces were then rotated back to the global configuration and the
contribution from pressure added to the nodes in the direction of the triangle normal. Pressure was
defined to be constant in all cells. The forces were then summed over the nodes and a pseudo-time
stepping method was used to reach mechanical equilibrium. The process was repeated until the sum
of the squared forces on the nodes was smaller than a prescribed tolerance. Integration was performed
with backward Euler, with the resulting nonlinear system linearised with Newton’s method and solved
with a GPU-based Krylov solver. Calculations were performed using an nVidia GeForce Titan graphics
card that has the equivalent of 896 double-precision cores. GPU operations were coded using the Thrust
toolkit (http://docs.nvidia.com/cuda/thrust/index.html).

Display item 3: Template for finite element model of a C. hirsuta valve. Colorbar represents cells volume
in pm3. For cut cells we used the volume of the corresponding whole cell a) Initial cell template. b)
Template after slight pressurization to obtain more realistic cell shapes. Due to symmetry, only i of the
template is required for the simulation. c) Fully pressurized template before indentation. d) Template
after indentation.



4 Model of turgor driven shrinkage

3D cellular templates were created with dimensions taken from averaged values for C. hirsuta valve
exocarp cells at two different developmental stages (Display Table 6). In order to have a zero-turgor
(stress-free) template with a more realistic shape, the initial templates were pressurised slightly (Display
item 3b). This gave a slight curvature to the cell walls that more closely matched the zero-pressure
(plasmolised) state (Main text Fig. 5B). The slightly deformed cell template was then used as the
stress-free starting point (reference configuration) for further simulation. Pressure inside the cells was
then applied to the template (Display item 3c) and the parameters for the two Young’s moduli (E and
E,) adjusted to approximate the deformation data obtained from osmotic treatments (Supplementary
Table S1). This allowed us to estimate how much anisotropy was required in order to match the length
shrinkage and volume increase of the cells. Note that these values are approximations, as the cell wall
material most likely exhibits non-linear behaviour, and we are approximating it with a linear material
model. The disadvantage of choosing a non-linear material model is that the parameter interpretation
becomes more complex. Display Table 7 shows the model is much less sensitive to changes in anisotropy
than to changes in pressure. Volume increase was calculated from the template centre cell, and length
increase from the distance between the centres of the central cell and the cell adjacent to it in the fibre
direction , in order minimise any effect from boundary conditions.

500 nm

Display item 4: Transmission electron micrograph of two cell walls between adjacent exocarp cells in C.
hirsuta fruit. The pectin component of the cell wall is labeled by immuno-gold using the JIM7 antibody.
The average thickness for two adjacent cell walls (N=>53) was halved to give an average cell wall thickness
of 0.203um + 0.007 pum (standard error of mean).

We set the Poisson’s ratio in the isotropic case to v = .4. In the anisotropic case nv = v,, was
set to 0.4, while the Poisson’s ratio in the isotropic plane v, was set to .8 so that the total cell wall
compressibility was comparable to the isotropic case. The shear modulus is not an independent parameter
in the isotropic case. For the anisotropic case we set G = ﬁ, so to be the same as for an isotropic
material with Young’s modulus E and Poisson’s ratio v = 0.4. A list of simulation parameter values is
given in Display Table 6.



Parameter Symbol ‘ Value Main text Figure
All simulations Fig. 5, 7
Thickness ! t 2pum

Mesh element size Ixw 2pum x 2pm

C. hirsuta Stage 15:

Pressure P 0.7 MPa

Young’s modulus E 600 MPa

Poison’s ratio v 4

Cell size Ixwxh | 30um x 20pm x 14pum

C. hirsuta Stage 17b: Fig. 5G
Pressure P 0.65 MPa

Young’s moduli E 150 MPa

Ey 9000 MPa

Shear modulus G 54 MPa

Poison’s ratio 2 % 4/n = 0.0067

Poison’s ratio (iso plane)? | v, .8

Cell size Ixwxh | 50pum x 50pm x 20pum
Long cells, isotropic Fig. 5D
Pressure P 0.7 MPa

Young’s modulus E 300 MPa

Poison’s ratio 1% 0

Cell size Ixwxh | 100pm x 20pm x 20pm
Square cells, isotropic Fig. 5E
Pressure P 0.7 MPa

Young’s modulus E 300 MPa

Poison’s ratio 1 0

Cell size Ixwxh | 50pum x 50pm x 20pum
Square cells, anisotropic Fig. 5F
Pressure P 0.7 MPa

Young’s moduli E 200 MPa

E, 4800 MPa

Shear modulus G 96 MPa

Poison’s ratio 2 1% 4/n =0.017

Poison’s ratio (iso plane)? | v, 78

Cell size Ixwxh | 50pum x 50pm x 20pum

Display Table 6: Parameter values for FEM simulations.
1See Display item 4.
2Values set so that compressibility (total change in material volume) is comparable to isotropic case.

5 Cellular Force Microscopy (CFM)

CFM measurements were performed as described previously (Weber et al., 2015). Stiffness was measured
by a straight-line fit of the force indentation curve from an indentation depth of approximately 0.5-1
um (see Display item 5). As is typical with CFM measurements, there was a slight difference between
the indentation and retraction stiffness, so the average of the two stiffness values was used. For every
fruit sample about 5 to 8 average sized exocarp cells were selected for CFM experiments (Display Table
8), and 3 to 12 indentations were performed on each cell. Stiffness values were averaged over all cells
measured in a single fruit sample. Measurements were discarded when force-indentation curves showed
sudden drops in force during the indentation or exhibited other non-linear behaviour, or more than a
33% difference in stiffness between the indentation and retraction phase. With these criteria about 60%



Parameter change | E E, P Volume | Length | Reaction | Stiffness
ratio ratio force

Actual | 153 | .88  ]20 | 24

Fitted model 150 | 9000 | 0.65 | 1.53 | 0.91 | 2221 | 24.58

Ey 15% less 150 | 7650 | 0.65 | 1.53 0.91 22.25 24.46

E, 15% more 150 | 10350 | 0.65 | 1.53 0.91 22.54 25.05

E, 50% less 150 | 4500 | 0.65 | 1.55 0.92 21.5 23.55

E, 50% more 150 | 13500 | 0.65 | 1.52 0.91 22.59 25.1

P 15% less 150 | 9000 | 0.55 | 1.49 0.91 19.6 21.44

P 15% more 150 | 9000 | 0.74 | 1.57 0.91 24.97 27.37

Display Table 7: Sensitivity analysis of stage 17b fruit model to changes in anisotropy £, and pressure
P. All other parameters as in Display Table 6.

of the indentations were used to calculate average stiffness values (Display Table 9).

25
X Data points

Linear fit indenta-
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Display item 5: Typical force-indentation curve obtained from a CFM indentation experiment. The
zero-point on the x-axis denotes the sample surface. To calculate the stiffness, a linear fit was made to
the data points between 8 and 20 uN. This was done independently for the indentation and retraction
phase.The average of these values was then used for the stiffness.

6 Modeling the Cellular Force Microscopy (CFM) experiments.

Even with the above assumptions for Poisson’s ratios and the shear moduli, the model still has too many
free parameters to fit volume and length shrinkage data, since the pressure is unknown. To address
this, measurements were made with the CFM which is known to be highly sensitive to pressure (Weber
et al., 2015; Routier-Kierzkowska et al., 2012). The CFM experiment was simulated as follows. After
the initial pressurisation of the template converged, the bottom of the template was fixed in z and



Stage ‘ Length ‘ Width ‘ Depth ‘ n

Early | 28.9 + 4.55 pm | 19.6 & 0.42 pum | 14 pum (est) | 11
Late | 46.7 + 12.1um | 47.8 + 1.84 pm | 18 pum (est) | 7

Display Table 8: Summary of exocarp cell size for CFM measurements on C. hirsuta fruits. + indicates
standard deviation and n indicates the number of fruit samples. Early developmental stage corresponds
to stage 15 (bmm fruit length), and late is stage 17 (17mm fruit length). Depth values were estimated
from optical sections.

Retraction
Stiffness

Stage | Indentation
Stiffness

Average
Stiffness

=

Early | 16.5 + 1.82 N/m
Late | 20.8 + 1.97 N/m

21.1 £3.60 N/m | 32 | 19 N/m
28.8+3.92N/m | 50 | 24 N/m

Display Table 9: Summary of stiffness measurements on C. hirsuta fruits. 4 indicates standard deviation
and n indicates the number of fruit samples. Early developmental stage corresponds to stage 15 (5mm
fruit length), and late is stage 17 (17mm fruit length).

then indentation was simulated by displacing a central node on the upper surface of the template in
the z direction (Display item 3d). Previous studies have shown that for turgid cells, the indenter size
does not affect the reaction force if the indenter is small (Weber et al., 2015). The displacement was
performed in small steps, with the force recorded after mechanical equilibrium was reached for each
step. This produced a force-indentation curve similar to that obtained from the CFM experiments (see
Display item 5). The force-indentation curves from CFM experiments were more linear after significant
indentation than during contact (see Display item 5). Therefore we used the stiffness after significant
indentation, calculated as the difference in force at the depths .5um and 1.5um. The use of stiffness
rather than absolute force to fit the model is more robust since it avoids non-linearities in force during
contact and the associated uncertainty of the exact contact point. With the addition of stiffness data
from CFM experiments, there were then three experimental measurements, stiffness, length decrease,
and volume increase, to fit to the three model parameters, two Young’s moduli and the pressure. To
ensure that the results were independent of the mesh discretisation, we performed mesh refinement until
the results differed by less than 2.5% between successive refinement steps. This resulted in a mesh with
approximately 3600 triangles.

7 Connection with macroscopic model of seed launch

In order to compare the cellular model with the tissue level model of explosive seed dispersal, we inves-
tigated how much tension the model would predict the valve to have in the outer layer before explosion.
To achieve this, the ends of the model were fixed in y before pressurisation to prevent any decrease in
the length of the structure. We then pressurised the model and recorded the forces on the ends after the
system reached mechanical equilibrium. Using the cell size parameters in Display Table 6 for the stage
17b fruit, the pulling force for the complete exo layer was computed as 61 mN.

In Display Table 7 the results for different parameters are shown. Although the stiffness ratio, defined
as E,/E weakly affects the fitted parameters for the CFM indentation experiments (see Main text Fig.
5G-I), here it plays a more significant role.

To compare this result with the tissue level model, we computed the force needed to keep a layer
of cells 1mm wide by 20 um deep at their original length, if they have shrunk by 10%. Following the
constitutive law for n* in Eqn (14) and using the average of the computed exo Young’s moduli, the force
is computed as

1
n = Eexowd(a — 1) =~ 16.5MPa x 1000pm x 20um X (@ —1) ~ 36.6mN. (28)

While this average value is lower than that from the cell model computation, it is the same order of
magnitude and the cell value is within the range of computed tissue values (e.g. the computed force



E, | Reaction force on the tissue end face (mN)

9000 61
7650 (15% decrease) | 57 (9% decrease)
10350 (15% increase) | 65 (6% increase)

Display Table 10: Pulling force on the outer layer of a C. hirsuta valve obtained by preventing length
increase by fixing the ends of a line of cells. All parameters are the same as in Display Table 6, except

E,.

using the V1 data in Table 4 is 75mN).

8 Coiling dynamics

To describe the dynamics of the coiling valve, we used a Lagrangian characterisation. The basic setup is
depicted in Display item 6. We discretise the valve along its length with N equally spaced points, and
track the position in space of discretised points along the endo layer, denoted r;(t) = (z;(t),y:(t)). We
orient (for now) the uncoiled valve along the z-axis with the attachment to the plant at the origin and
the free tip at (L,0), and let 6; be the angle between z-axis and the ith segment (i.e. the line joining
r;_1 and r;). Supposing that the point (zg,yo) is fixed at (0,0) for all time, we have the relations

zi(t) = ZZ cosf;(t), wi(t) = [Z sin0;(t), (29)
j=1 j=1
where
L
N

with L the total length. Since we are tracking the inextensible endo layer, these lengths I do not vary
with time. From (29) it follows that

Z:

i = _[zsinﬁjéj, Ui = [Z cos 0,0;. (30)
j=1 Jj=1

Thus the position and velocity of any point are given in terms of the angles 0;, and the total kinetic

energy
N

T=3 mi(i? + i) (31)
i=1
can be expressed in terms of the §;. Note m; is the mass of the ith segment; for simplicity we suppose
each m; = M /N, where M is the total mass of the valve. The general approach is to write the Lagrangian
fully in terms of the variables {61, 6s,...60x}. For this we next turn to the potential energy.

For the potential energy, we use discretised versions of the expressions for bending and stretching
energy derived in Section 1. We make the simplification that the width of the valve does not vary
dynamically, in other words we do not explicitly include the flattening and consider the coiling dynamics
starting from Config II.

As described in Section 1, the energy can be expressed as a function only of the curvature u, which
is well approximated in the discrete setting by the turning angle, that is

Oiy1—0;

A (32)

u(x;) & u; =
and the discretised potential energy £(u) is fully expressible in the Lagrangian variables {6;} via (32). The
formula &(u) is quite cumbersome due to the nonlinear formulas d;(u) and ;(u), hence for computational
ease we used a Taylor expansion of the energy for small v in our dynamic calculations. Since the curvature
takes a maximum value at approximately u = 1, we have kept terms up to «® in the expansion, which
approximates the energy to within 10~3mJ.



v = (i, yi)

Display item 6: Coiling valve dynamics. Lagrangian setup, geometrical parameters.

8.1 Opposite valve

One further component is needed in the energy to account for the presence of the opposing valve. Both
valves are curling away from the plane of the replum in a symmetric manner, and the presence of the
other essentially keeps each valve from crossing the replum plane. We model this within the Lagrangian
framework by adding an energy term with a large penalty on any point r; for which y; < 0, and negligible
if y; > 0. We have used the functional form

b c

with the values p = 1078, a = —0.12,b = 0.005125, ¢ = 0.5,n = 5,m = 3. The extremely small value of
u assures that the energy only has an effect when a y coordinate becomes negative. With this form, the
dynamics is generally robust to the specific parameter values. We then add the energy term

N
Evep = Z U(y)l. (34)

8.2 Lagrangian

The total potential energy is given by the sum of the above described components, that is
V=&+E+E+E. (35)
The kinetic energy is given by (31), and the Lagrangian is

L=T-YV.

We note that V is a function of {61,0s,...0y5} while T is a function of {61,865, . 0N, 01,0s, .. L ONH
The dynamics is governed by the system of equations

dor o av _

0, i=1,2....,N (36)

Along with this we have the initial conditions 6;(0) = 6;(0) = 0, for i = 1,2..., N. This system was
integrated forward in time numerically, treated as a system of differential-algebraic equations, as the
derivatives cannot be solved for directly (i.e. it cannot be written in the general form v = f(v)).

For numerical stability, we have used a clamped boundary condition on the left end, 6,(¢t) = 0.
Inspection of high speed films of valve coiling suggest that this is a reasonable approximation for the

1These functions may be written explicitly, tracing the equations above back to the 6;, but we do not provide them here
as it is not informative to do so.



first portion of the coiling. Thus our model should be able to predict the trajectory of seeds on the half
of the valve from the middle to the free tip; seeds on the other half tend to follow a more complicated
dynamics, as the valve itself becomes ballistic once the propagating coiling wave reaches the end.

We have also added a damping term, both for numerical stability and to account for energy dissipation.
We have taken a simple form proportional to 62 to account for both air resistance and other forms of
dissipation, thus changing (36) to

doT 0T oV .
—— — — 4+ — 4 10?=0, i=1,2...,N 37
dt 891 892 + 861 +v 7 ) ? ’ ) ( )
We have used a small damping coefficient, v = 0.015/N, which puts the time scale of coiling on the order
of 3 ms, consistent with experimental observation. A typical coiling simulation appears in Main text
Fig. 1J.

9 Coiling dynamics comparison with experiment

Explosive pod shatter was captured with paired, synchronized, calibrated high-speed cameras (see Ma-
terial and Methods section). A calibration plane was placed in different orientations throughout the
volume of view and used in a photogrammetric technique known as direct linear transformation to create
a calibration matrix that transformed x and y pixel positions from each camera into x, y, z coordinates
in space. Further details of the calibration procedure are available elsewhere Walker et al. (2008). Iden-
tifiable locations along the valve and the ejected seeds were tracked until they left the fields of view.
Positional data acquired at 15,000 frames per second were filtered using a 3rd order Butterworth filter
with a cut off frequency of 3000 Hz.
The result of the data extraction is multiple sets of points in 3-space, each set of the form

{(mla Y1, Z1)7 (1‘27 Y2, Z?)a ey (xruy’ru Zn)},

tracking the location of a particular material point at each time step. To convert the data to a form
comparable with the Lagrangian model, we first converted this data to a planar form by determining the
plane of best fit and projecting all data points on the plane. We then rotated all data points to orient the
valve along the x-axis. To mimic the experiment with the Lagrangian model, we chose material points
corresponding to the same locations along the valve as the data and plotted the location of each material
point at equivalent time steps (Main text Fig. 1K).

9.1 Seed release

The Lagrangian dynamics provide the accelerations and velocities for any material point on the valve.
To investigate the distribution of seeds, we require, for a seed at a given location on the valve, the launch
velocity and ballistic trajectory. This requires first a criterion for a seed to be be ejected from the valve.

9.2 Seed ejection criterion

The mechanism for seed ejection is quite complex, as it depends on the exact nature of the adhesion be-
tween the seed and the valve, the changing geometry of the coiling valve, the air flow past the valve/seed,
and the accelerations, which vary both with time for any given seed, and over the length of the valve. It
is not our intention here to go into great detail in modelling the exact nature of the seed to valve bond.
Rather, we take a data driven approach. The Lagrangian dynamics give access to the accelerations and
velocities at all material points. From these, we consider three hypotheses, and examine the feasibility
of each in the context of experimental observables, namely seed distribution and observations of launch
angles.

Maximum speed release. First, we examine the idea that each seed is launched at the point when
its speed is maximal. While it is forces that ultimately cause seed release, not velocities, this hypothesis
is nevertheless worth consideration as this is the criterion for each individual seed to travel as far as
possible. It is conceivable that the plant could have devised a mechanism for release to occur at this
point, for instance by having differential adhesion properties along the length of the valve. However,
from the coiling dynamics, we find that maximal speed occurs almost simultaneously with the velocity
pointing in the direction tangent to the valve itself, and with a roughly 45° launch angle to the valve.
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Display item 7: Schematic for the viscoelastic seed release model. During coiling the seed feels a force
due to the acceleration of the valve; this deforms the viscoelastic “glue”; the seed launches when its
strain crosses a threshold value; the initial velocity and position of the seed are then taken to be that of
the valve when the threshold is crossed.

Therefore, under this hypothesis all seeds launch with roughly the same angle (Display Item 8(a)). As
this does not match experimental observation (Display item 8(c)), we discard this hypothesis.

Critical force hypothesis The simplest physics-based hypothesis is that seeds at all points along the
valve have a similar adhesive bond, and that the seed departs from the valve when the force due to
acceleration of the valve passes a threshold value. This hypothesis is problematic for two reasons: first
the seeds towards the free tip of the valve feel accelerations on the order of 10 times that of seeds towards
the middle, and second, the acceleration at any given material point is maximal immediately after that
point begins coiling. Under this hypothesis the seeds that eject at all would eject at an angle directly
orthogonal to the axis of the valve, which is also not the case.

Viscoelastic adhesion hypothesis A small but important extension to the notion of a critical force is
to allow the forces felt by the seed to integrate over time and ultimately lead to ejection. We utilised a
simple Kelvin-Voigt viscoelastic spring model to investigate this hypothesis. We suppose that in its rest
state, the seed is connected to the valve by a coat of “glue” of thickness ly. Letting I(t) denote the total
length of the glue at time ¢, and defining

which measures the strain of the viscoelastic glue (and the distance the seed has pulled away from the
valve), we have

ne'(t) + E(e — 1) = o(t), (38)

where 7 is the viscosity and E the Young’s modulus of the glue and o is the stress in the material. At
time ¢, the seed at material point s along the valve is subject to the force

F(t) = ma(s,t) (39)

where m is the mass of the seed and a the acceleration vector determined from the Lagrangian dynamics.
In the viscoelastic spring model, the stress o is given by |F|/A, where A is the cross-sectional area;
assuming a cylindrical column of glue with fixed volume V', we have

The launch criteria is then given by defining a threshold strain €*, or equivalently a seed-to-valve
distance [*, at which the glue has thinned to the point of breaking. At this point the seed becomes
ballistic with an initial velocity equivalent to the material velocity v(s,t*), where €(t*) = €*.

A full analysis requires measuring of the amount and rheological properties of the glue, as well
as determining a critical strain. We leave such details for a future study; the objective here is to
investigate this adhesion hypothesis by testing the qualitative effect on the ballistic launch and eventual
distribution of seeds. For this, we estimated the viscoelastic and geometric parameters (Display Table
11). Viscoelastic parameters were estimated from previous seed mucilage rheology study Deng et al.
(2013). For a seed at a given material point, we used the output of the Lagrangian model to integrate
forward Eqn (38). The point at the free tip is subject to the largest accelerations and hence highest
strain, hence we used this point to set the threshold strain. We then integrate (38) forward for material



Parameter Description Value

n viscosity 50 Pa-s

E modulus of elasticity 500 Pa

lo initial glue thickness 5 pm

v glue volume 6.2-10~% mm?
m seed mass 0.11 mg

Display Table 11: Parameter values for viscoelastic model.

points from the free tip to around the midpoint of the valve?; at each point, once we have determined
the time at which the threshold strain is reached, we pass the position and velocity at that time to a
calculation of the ballistic trajectory of the seed.

Display item 8(b) shows the launch point and velocity for 10 seeds under the viscoelastic release
hypothesis. We find that the seeds launch with a distribution of velocities and angle: the seeds at the
free tip launch nearly perpendicularly to the initial valve axis and with a large velocity; the seeds further
away, subject to smaller forces, hold on to the valve for a longer time before reaching the threshold strain
and thus launch in a direction more parallel to the valve axis. This general behaviour was confirmed in
seed dispersal videos in which launch angles were evident as blurred lines, see Display item 8(c).

9.3 Seed distribution

We now turn to the largest scale we shall consider: that of seed dispersal. In particular, the probability
density function of the seeds landing points around the plant is of central importance in understanding
the advantage of the ballistic mechanism of Cardamine hirsuta.

The models of Secs. 8 & 9 provide the velocity and position of seeds as they leave a seed pod in a
frame of reference attached to the pod. To infer the seed distribution, both the distance between the
seed pod and the ground and its orientation with respect to the vertical must be taken into account.
The latter can be specified by the three angles a € [0, 7/2], the angle to the vertical, ¢» € [0,27), the
rotation about the vertical axis, and ¢ € [0,7), the rotation about the valve axis, as shown on Display
item 9. Since the angle 1) does not influence how far the seeds land, we fix ) = 0 for all computations.

More specifically, we define d, the unit vector along the length of the pod and d;, the unit vector
perpendicular to the plane of the replum, and denote s the arc-length along the valve. The model of
Sec. 9 provides the components (va vb)T of the velocity vector v of the seeds at launch as a function
of s and in the planar basis {d,, d;}:

v(s) = va(s) da + vy (s) do. (40)

Then the components (vw vy vz)T of the velocity in the fixed orthogonal basis (lab frame) {e,, e,,e.}
(see Display item 9) are given by

Vg cos(a+7/2) 0 sin(a+7/2) 1 0 v
vy | = 0 1 0 0 —sing (Va> (41)
Vs —sin(a+7/2) 0 cos(a+7/2) 0 cos¢ b

To take into account the fact that each pod has two valves, for each seed launched with velocity v
defined by Eq. (41), there is also a seed launched with velocity v1:

vi cos( +7/2) 0 sin(a+7/2) 1 0 v
vi | = 0 1 0 0 —sin(¢p+m) (va> . (42)
VZ —sin(a+7/2) 0 cos(a+7/2) 0 cos(¢p+m) b

Given the initial position and velocity of the seeds at launch from the valve, their trajectory can be
computed to determine their landing point. To this end, a seed is tracked by its position vector r(t) in
the frame {e;,e,,e.}. The forces acting on it are the gravitational force: —mge, and the drag force
Fy given by the drag equation Fj; = —cg A paic|t’| ' where m = 1.11077 kg is the mass of the seed,
g = 9.81m/s? is the nominal gravitational acceleration, ¢y ~ 0.9 is the shape dependent drag coefficient

2As stated earlier, the Lagrangian model is only well suited for this range of the valve, due to the use of a clamped
boundary condition. In the latter half of the valve, the dynamics are far more complicated and varied, since the valve itself
often (though not always) becomes ballistic.
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(c) Experimental seed release

Display item 8: Launch angle and velocity under different seed release hypotheses: maximum speed
hypothesis (a) and viscoelastic glue hypothesis (b). (c): Single frame of explosive seed dispersal, recorded
at 1,500 fps; each seed is a blurred line, indicating the distance moved in one frame (0.67 ms); launch
vectors of three successively launched seeds are shown.



of a streamlined body, A ~ 0.5mm? is the average cross-sectional area (perpendicular to the direction
of flight) of the seed, pai; = 1.2kg/m? is the mass density of the air and ’ denotes time derivatives.
Newton’s second law of motion therefore reads

A air
" =—ge, — M\ﬂ r. (43)
m

Finally the distribution of seed landing points around the plants can be estimated by a Monte Carlo
computation. The angle o between the longitudinal axes of the pod d; and the vertical e, was measured
for 108 fruits. We found that the distribution can be modelled as Gaussian with an estimated 37.6°
mean and 5.1° standard deviation. We could not obtain an explicit distribution for the angle ¢, but we
performed bimodal observations on 24 plants: for each valve on each plant it was assessed whether ¢ was
closer to zero or 7/2. The majority (473 out of 504 valves) displayed an orientation closer to ¢ = 90°,
hence we have taken ¢ to be Gaussian distributed with mean 90° and standard deviation 31.5°. The
Monte Carlo simulation proceeds by choosing a valve orientation from the assumed distributions, then
computing the trajectory, in particular the landing distance from the plant, of each seed. In this way,
for given initial seed velocities we produce a probability density function (pdf) of the landing distance
of the seeds.

The landing distance pdf for the baseline valve parameters listed in the Display tables in this SOM
text is shown in the Main text Fig. 1E, along with the experimental data. It is important to note that
in the model, trajectories were only computed for seeds from the free tip to the midpoint of the valve,
due to the coiling and ballistic complexities mentioned earlier for seeds on the other half of the valve. In
producing Main text Fig. 1E, we have thus scaled the height of the distribution down by a factor of 2 to
account for the missing seeds, hence this pdf only adds to 0.5 when taken over all bins. The experimental
data, on the other hand, includes seeds from the entire length of each valve, and we would thus expect
the model to predict a subset of the experimental data. This is found to be the case, with the primary
difference between model and data being that the data showed close to half of the seeds landing within
0.5 m of the plant, while the model predicts only a very small fraction in this range. Nevertheless, this
fact is consistent with the general trend we observe in seed trajectories: while we do not explicitly model
the remaining seeds, we can surmise that they would land closer to the plant than those from the free tip
half of the valve, because the launch speed is generally highest for the seed at the free tip and decreases
as the distance from the free tip increases. Hence the seeds furthest from the free tip will launch with
the lowest initial speed.

Moreover, we remark that we have only assumed a distribution on the valve orientations. In reality,
there are many parameters that may vary from valve to valve (and from plant to plant) that will affect
the overall distribution of seeds. While it is impractical to exhaustively vary or provide distributions for
all parameters, we assessed the sensitivity to two key factors: the drag coefficient, and the mechanical
energy built up in each valve. The former can vary significantly based on whether the seed travels in a
tumbling motion or a more aerodynamically favourable “frisbee” type motion. This is hard to ascertain
since high speed films can only capture the first couple milliseconds of flight with high resolution before
the seeds leave the field of view. Rather than delve into the specifics of the aerodynamics, we assessed
the sensitivity to drag by simulating the base values for initial velocity with a drag coefficient reduced
by 30%. To assess the sensitivity to mechanical energy, we simulated a low energy and high energy valve
coiling, by changing the degree of exocarp length decrease, while keeping all other parameters fixed.
That is, we varied the differential shrinkage factor g from the base value 0.8 to 0.75 (increased energy)
and 0.85 (decreased energy). We then computed launch velocities and ran Monte Carlo simulations to
compute the landing pdf for each case. The result is plotted in Display item 10, which shows the pdf
for the base values, reduced energy, increased energy, and reduced drag cases. This shows a predictable
shift: the higher energy valves result in seeds landing further from the plant, the lower energy valves
land closer, and the reduced drag seeds land the furthest. In all cases, the computed pdf remains within
the range of the experimental data. These simulations, when taken to be a lumped representation of the
variation across different valves, suggest that the wide distribution of seeds landing observed in the wild
type fruit comes from differential launch velocities along the valve, combined with a variation in energy,
fruit orientation, and possibly seed aerodynamics.



Display item 9: Schematic of the valve geometry for coiling and seed launch. The orientation of the valve
is determined by the angles «, ¢, and 1, which measure the angle from the vertical, the rotation about
the axis of the valve, and the rotation about the vertical direction, respectively.
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Display item 10: Simulated seed distributions for varying valve energy and drag. Base case (¢ = 0.80
and c¢g = 0.9) together with decreased potential energy (g = 0.85), increased potential energy (g = 0.75)
and decreased drag (cq4 = 0.6).



Explosive pod shatter Osmotic treatment

Ratio pre- to post-shatter Ratio 1M NaCl to water

Wild type lig2 Wild type
Cell geometry Whole valve Minus endocarp Whole valve Whole valve
Length 0.80 £ 0.004 0.85 £ 0.002 0.89 £ 0.002 0.87 £ 0.010
Width 1.01 £ 0.004 0.96 + 0.003 1.02 £ 0.002 1.18 £ 0.012
Depth 1.41 +£0.010 1.48 £ 0.007 1.07 £ 0.007 1.39 £ 0.021
Surface area 0.99 £ 0.002 1.03 £ 0.003 0.97 £ 0.003
Volume 1.53 £ 0.025

Table S1. C. hirsuta Exocarp Cell Deformations, Related to Figure 5. Exocarp cell deformations shown as ratios; error is
standard error of the mean ratio. Exocarp cells were imaged on the whole fruit pre-shatter, and short segments of either the
whole valve, or the whole valve dissected off from the endocarp, were imaged post-shatter. This turgor response of exocarp
cells does not require a bilayer, as similar cell deformations were observed in /ig2 mutants, and in wild-type valves
consisting only of outer layers (minus endocarp). N =< 219 cells per measurement.



Name Oligo sequence Reference
pNST3-F GGGGACAACTTTGTATAGAAAAGTTGTTggtaattacgtcagtatgagcatgggttt ChpNST3-fg
pNST3-R GGGGACTGCTTTTTTGTACAAACTTGTtgatgatgatggcgatatctttttggtcct ChpNST3-Rg
pLIG2-F  GGGGACAACTTTGTATAGAAAAGTTGT Tctcttcttcactgtcacttttgett CHpBIN4F
pLIG2-R GGGGACTGCTTTTTTGTACAAACTTGTaattcacttcttcagagctcaaaac CHpBIN4R
gLIG2-F1  GGGGACAAGTTTGTACAAAAAAGCAGGCTTTatgagcagctctagagaggaatctcc CHgBIN4F
gLIG2-R1  GGGGACCACTTTGTACAAGAAAGCTGGGT Ttttcttggtttttggcttcttaggage CHgBIN4R
glig2-R1 GGGGACCACTTTGTACAAGAAAGCTGGGTTatcatctggctttgaaccagtcttg CHgBIN4Rdelta
gLIG2-F3 GCGATTATAGCCGAGGAAGTAACAACG hfe1_qrtBIN4f1
gLIG2-R3 CAAGTCCAAGTACATGTCCCCGG hfe2_qrtBIN4r1
AP2M-F  TCGATTGCTTGGTTTGGAAGATAAGA gPCR AP2M FW
AP2M-R  TTCTCTCCCATTGTTGAGATCAACTC gPCR AP2M RV
LIG2-F2  CCACAATCTAATGTCTATGAGGCAGA SNP15514471F_Bcll
YFP-R TTACGTCGCCGTCCAGCTCGAC Venus-r
ACTS8-F AGCTCCGTATTGCTCCTGAA NB80_Ch ACT8-F
ACT8-R CAGTGAGGTCACGACCAGCA SH843_Ch ACT8-R
mapping  TTCCATTTGTAGAAGAACAAGTG 14637-F
mapping GGTTGCTCAGAACATGAAAGATGGC 14637-R
mapping GGCTGTTGGGCTAAGCTATGCAAC 14546-F
mapping  ATATCATTATTCTCTACACTCC 14546-R
mapping  ACCATACCAAAGAACAATAACATG SNP_22377-F
mapping  AAGCGGTTTGATAAGTACGTAACTG SNP_22377-R
mapping TGTTTAGAGATTTCTCCCTCACC 14528-F
mapping  TTGAAGACTGGTATCAGAAGCATT 14528-R
mapping  AAACACAACTCCCATCACAATC 640-F
mapping CGTTTTGATTCGCATCTTCA 640-R
mapping TGGTTTGTGTCTGGTTTCATAA 210-F
mapping TTGCAAATCTACAGGAATCTTCA 210-R
mapping  ATGAACCCAGAAACCAAGAATG 853_1F
mapping TTGTTTTTGGTGGGTCTCTTCT 853_1-R
mapping  TATTAAGTTGGGGTTTTGTAAGA 15339098-F



mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping
mapping

mapping

CTCAAACTTGAAAAACATTTGAACC
AGAGTTGAGACATCAAACAGT
CCCCTCAAAACAATATACGTAA
ATGTGAAAGTCACCGTAATTCT
TGTTTCTTTAAGTCTTTGGCTAAT
TACATCAACATTAGCATATATGT
AAAACAACAATAAGAAAAACTAAAA
GATATCGAACTTGCAATATTTCAT
AATGATCAAACATTTGACACATGG
GGAAGCTGCACTAGTAGTAAGA
CTCTCACAGCTTCTGAGACTCCAT
AAGCTGCACTAGTAGTAAGAAAAT
CTTCTGAGACTCCATCCTGCAAT
ATATCTTTGGTTAATTCTCATCCA
CTGTAATGATGAGATGTGAAAGG
TTCTCCCATGAATTAAAGAGGTG
GTACAAACATAATGTTTAAATAT
AAGTAAGAAATTTTGTTTTGTT
ACCACCAAAATGAAAAAAAAGTTT

15339098-R
15400849-F
15400849-R
15421459-F
15421459-R
15429314-F
15429314-R
15438646-F
15438646-R
15445290-F
15445290-R
15463003-F
15463003-R
15483622-F
15483622-R
15639723-F
155639723-R
15561005-F
15561005-R

Table S2. Oligonucleotides Used in This Study, Related to Experimental Procedures.
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