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Rapid movement is rare in the plant kingdom, but a prerequisite for
ballistic seed dispersal. A particularly dramatic example of rapid mo-
tion in plants is the squirting cucumber (Ecballium elaterium) which
launches its seeds explosively via a high-pressure jet. Despite intrigu-
ing scientists for centuries, the exact mechanism of seed dispersal
and its effect on subsequent generations remain poorly understood.
Here, through a combination of experimentation, high-speed videog-
raphy, quantitative image analysis and mathematical modeling, we
develop a full mechanical description of the process. We quantify the
turgor pressure driving ballistic ejection, and uncover key mechanical
interactions between the fruit and stem both prior to and during seed
ejection, including the unique feature that fluid is redistributed from
fruit to stem prior to ejection, a developmental event that goes against
the paradigm of rapid seed ejection but which is of key importance in
successful dispersal for Ecballium. Combining modeling elements,
we quantify and simulate the ballistic trajectories of seeds, which are
dispersed over distances greater than 2000 times their length. We
demonstrate how together these mechanical features contribute to
a nearly uniform distribution of seeds away from the parent plant.
Parametric variation of key developmental events in the modeling
framework indicates how a suite of adaptive features in combination
drives the spatial distribution of offspring over consecutive gener-
ations, and suggests that ballistic seed dispersal has a stabilizing
effect on population dynamics by reducing intraspecific competition.

Plant mechanics | Biomechanics | Ballistics | Seed dispersal | Mathe-

matical model

he evolution of the seed transformed life on earth. Seed

plants, including flowering plants, reset the Earth-life
system and drove a macroecological revolution on land (1).
Seeds enable dormancy in a plant’s life cycle and colonization
of new environments. Accordingly, diverse solutions to the
problem of dispersing seeds have evolved, either by abiotic
vectors (such as gravity, wind, or water) or biotic vectors (such
as animals, including humans). Autogenic seed dispersal refers
to mechanisms produced by the plant itself i.e., in the absence
of external dispersal agents. This class includes some of the
most remarkable feats of natural engineering found in the
plant kingdom. For instance, the fruits of the deadly sandbox
tree (Hura crepitans) (2) explode to launch disk-shaped seeds
at 70m/s to distances of up to ~ 30m (3). Other examples of
explosive seed projection include the rapid coiling of capsules
in Cardamine hirsuta (4) and Impatiens spp. (5, 6), and
the seed catapulting in Ozalis sp. (7) and Ruellia brittoniana
(Acanthaceae) (8).

A typical mechanism for explosive seed projection is a sud-
den morphological reconfiguration that converts stored elastic
energy into the kinetic energy of projectile seeds through elas-

tic snap-buckling, cavitation, or fracture (4-11). Another
mechanism is turgor-driven ballistic autochory by which the
seed or spore is forcefully ejected by the fruit or capsule as
a result of turgor pressure caused by the build-up of internal
hygroscopic tension, leading to explosive dehiscence (bursting)
(12-14); this is frequent in the fungus kingdom (15, 16) as a
means of spore dispersal and among spore plants, for example
in sphagnum moss spore capsules (17). In vascular plants,
however, this mechanism is rare. The berries of the mistletoe
Arceuthobium (Loranthaceae) disperse seeds in a stream of
mucilage (18, 19) following the build-up of osmotic pressure
and thermogenesis-induced dehiscence (20). This shows strik-
ing parallels with the squirting cucumber, and an apparent
example of convergent evolution. However the evolutionary
drivers behind ballistic seed dispersal remain unknown.

The squirting cucumber FEcballium elaterium, shown in
Fig. 1A, is a member of the gourd family (Cucurbitaceae) which
contains about 1000 species (including the melon, pumpkin,
squash and zucchini). Many are climbing vines with twining
tendrils that wrap around and cling to slender objects they
come into contact with (21, 22). Ecballium is unique in the
family concerning its remarkable mechanism of seed dispersal.
When the fruits are ripe, detachment of the stem from the
cucumber body (abscission) occurs via a fracture, regulated
by ethylene (23), that has been reported as one of the most
rapid motions in the plant kingdom, close to the physical
limit of plant movement (10, 11). Following abscission, the
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ripe fruit rapidly ejects both the fluid and seeds contained
within its shell in a unidirectional stream — see image montage
in Fig. 1D — within a time period of approximately 30 ms.
Remarkably, the ballistic seeds attain speeds around 20m/s
and reach distances of ~10m from the plant.

FEcballium was described by the Roman naturalist Pliny
the Elder (24) and, at a basic level, the dispersal mechanism
is straightforward and well described by its common name —
the highly pressurized fruit detaches from the stem and the
seeds become ballistic as they squirt out of the fruit. The
liquid jet that carries the seeds is driven by a pressure differ-
ence between the fruit interior and the external (atmospheric)
pressure. That the liquid jet was driven by internal pressure
was known in the 19" Century (25-27), but it was not until
the 1940s that attempts were made to estimate this pressure.
Obaton (28) attributed dispersal properties to the conical
opening of the fruit and constructed an apparatus capable
of forcing water, under known pressure, through the natural
opening of a recently discharged but eviscerated specimens

Fig. 1. The squirting cucumber.
A. Images of Ecballium elaterium
in the Oxford Botanic Garden.
(R) and (U) indicate ripe and un-
ripe fruits. B. CT scan of the
cucumber shows how the seeds
are arranged in pairs attached to
four pillars located at 90 degree
intervals around the long axis of
the fruit. (For CT scan video see
SM Video 1.) C. Images of fruit
reorientation at t-minus 72, 48,
24 and 1 hour (left-to-right) to
launch. D. Images of seed dis-
persal at 2, 5, 10 and 20 ms (left-
to-right) after abscission of the
stem.

and inferred, by comparing droplet with seed velocities, an
internal pressure of p = 0.72bar. Shortly thereafter, Lewes
(29) estimated an internal pressure of 0.22 bar by inserting a
syringe needle connected to a mercury manometer into a fruit,
but conceded that the measurements were an underestimate
due to apparatus constraints and the use of unripe specimens.
He also hypothesized that internal fruit pressure increases and
collapses internal compartments until squirting. The effect
of water stress has been analyzed (30) and, more recently,
this seed dispersal strategy has inspired the development of
microcapsules that eject nanoparticles for on-demand drug
delivery (31, 32).

However, despite its apparent simplicity, the details of
the dispersal mechanism of Ecballium, which are key to its
reproductive success, are poorly understood and a number
of outstanding questions remain. Why does the plant change
its shape prior to ejection? (See Fig. 1C.) How is elasto-
hydraulic energy in the pressurized fruit converted to kinetic
energy? What is the velocity distribution imparted to the
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