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This paper investigates the opening and closing mechanism for the Venus flytrap (Dionaea muscipula). A mathematical
model has been proposed to explain how the flytrap transitions between open, semi-closed and closed states. The model
accounts for the charge accumulation of action potentials, which generated by mechanical stimulation of the sensitive
trigger hairs on the lobes of the flytrap. Though many studies have been reported for the Venus flytrap opening and
closing mechanism, this paper attempts to explain the mechanism from nonlinear dynamics and control perspective.

Introduction

The complex process of trap closing in the Venus flytrap (Dionaea
muscipula) has long been recognized as one of the most interest-
ing examples of plant movements in nature. Researchers have
studied both the signaling and mechanics of trap closure since
1875, when Darwin first noted that the closure mechanism was
“one of the most wonderful in the world.” The Venus flytrap is
a small plant consisting of 57 leaves, each of which is divided
further into an upper leaf and a lower leaf. The upper leaf, or trap,
has two trapezoidal lobes that are held together by a midrib at the
base. Each lobe of the leaf contains 3—5 trigger hairs, arranged
in a triangular pattern, which are sensitive to mechanical stimuli.
On the edge of each trap are fingerlike projections known as cilia,
which interlock when the trap closes to keep prey from escaping.

The motion of the Venus flytrap can be divided into three
distinct states:>* (1) The fully open state (Fig. 1A), which occurs
in the absence of prey, and which is characterized by a convex
curvature of the trap lobes. (2) The semi-closed state (Fig. 1B
and D), which occurs immediately after the trap is triggered, and
which is characterized by interlocking cilia that restrict large prey
but allow small prey to escape. (3) The fully closed state (Fig. 1C
and E), which occurs after prolonged stimulation, and which
is characterized by a tight appression and recurved bending of
the trap-margins. The semi-closed state of the Venus flytrap is
of particular interest, as it represents an intermediate step which
has been neglected in most previous models of the trap closing
mechanism. When a trap is in the semi-closed state, two different
outcomes are possible. If the prey escapes or other non-nutritive
material is captured, then the semi-closed state will return to the
fully open state. If, however, there is a constant stimulus in the
semi-closed state, such as the prey struggling and bending the
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trigger hairs, then the trap will proceed to the fully closed state. It
usually takes 5—7 days to complete the digestion process through
an array of digestive glands, and it is only after digestion is com-
plete that trap can begin to open again.

The mechanical stimulation of the trigger hairs generates a
receptor potential (RP) followed by an action potential (AP) lead-

ing to an electrochemical signal for trap closure.”*

This process is
similar to the AP found in mammalian muscle contraction and
nerve impulses. Further experimentation confirmed that an AP
or electrical charges can precede trap closure, and that consecu-
tive injections of smaller electrical charges can also lead to closure
when a total of 14 uC charge is reached.” In addition, the APs
generated from different cell types within the trap do not vary.®
Furthermore, it was demonstrated that two mechanical stimuli,
within 20-30 s, were required for trap closure at temperatures
ranging from 15-25°C.>!" At temperatures between 35-40°C
only one stimulation is required for trap closure.’

With the knowledge of how to initiate trap closure, the next
obstacle to researchers was to determine the biological mecha-
nisms underlying the swift closure of the trap. It was known by
early researchers that the flytrap actively employs turgor pres-
sure and hydrodynamic flow to initiate closure. Once the accu-
mulated charge reaches the trigger threshold, ATP hydrolysis'!

and fast proton transport begin,*!?

which create a gradient that
initiates the opening of aquaporin channels. The movement of
water causes a shape change in the leaf leading to the rapid clos-
ing of the trap. However, these cellular mechanisms alone cannot
explain the rapid motion on a macroscopic scale.”® The mecha-
nism of how water flow can mechanically cause trap closure is not
well established, and several mathematical models have been pro-
posed to explain this process. Forterre et al. suggested that elastic

deformation (snap-buckling theory) plays a role in generating the
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Figure 1. Closing states of the Venus flytrap (Dionaea muscipula). (A)
The open state of the trap characterized by the separation of the 2
lobes, (B) The semi-closed transition state, lobes brought together, but
not tightly closed, (C) Tightly closed state, trap appearance changes
and buckling occurs around outer edges of trap, lobes in direct contact.
(D and E) Higher magnification of the trap lobes in the transition and
tightly closed states respectively. Images captured using a Sony HDR-
HC9 Handycam attached to a Meiji EMZ-13TR Stereoscope. Images were
processed using Pinnacle Studio™ Ultimate.

force required to close the trap.' Transitioning from the open
to the closed state, the lobes of the leaf pass through a region
of bistability and quickly convert its potential energy into the
kinetic energy required for closure. Bobji considered the Venus
flytrap as a bistable vibrator, which is stable in both the open and
closed states.” Volkov et al. combined the snap-buckling theory
and turgor pressure theory, and put forth a hydroelastic curvature
model stating that the lobes possess curvature elasticity and have
inner and outer hydraulic layers with different hydraulic pres-
sures.'® The open state has high elastic energy and a stimulus
induces fast water transport resulting in a mono-stable closed
state. The hydroelastic curvature model is also based on the ana-
tomical observation that the cell walls of the upper and lower epi-
dermis and adjacent mesophyll feature a preferential microfibril
orientation in the direction of the applied stress.'>'¢

These models describe only the post-stimulation closure stage,
and neglect the triggering process, reopening process, and the
intermediate semi-closed transition state (Fig. 1). As suggested
above, the semi-closed state of the trap is of particular interest,
since it represents an intermediate state from which both the fully
open and fully closed states are accessible. Experiments on Venus
flytraps suggest that within 0.1-0.3 s of receiving enough stimu-
lation, the trap will snap to a semi-closed transition state. In this
state the cilia overlap, but there is still a visible gap between two
lobes. If there is no further stimulation, then the trap will reopen
within 1-2 days; however, if constant stimulation of the trap
takes place, the trap will proceed to a sealed state and will remain
closed for up to 2 weeks. By possessing this intermediate signal-
ing point,'"”"® the plant is able to “make a decision” to reopen if the
prey escapes, which is adaptively advantageous. More specifically,
studies conducted on flytraps fed ants, concluded that constant
mechanical stimulation of the trigger hair causes the trap to fully
close, leading to secretion of digestive enzymes.” It is energetically
costly for the plant to secrete digestive enzymes into an empty
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trap. A holistic model of trap opening and closing, including the
semi-closed state, has not been explored up to this point.

In this paper, we propose a mathematical model to explain
(1) why the Venus flytrap requires two mechanical stimuli in
20-30 s for closure; (2) why the Venus flytrap does not close
from rain drops, or blasts of air; (3) how the Venus flytrap snaps
in 0.3 s; (4) why trap closure results in a “decision-making” semi-
closed state; (5) how the Venus flytrap seals and kills the strug-
gling prey; and (6) how the Venus flytrap slowly reopens.

Model Development

Mathematical modeling. The motion of the flytrap has three
distinct states: open, semi-closed and closed (Fig. 2). When trig-
ger hairs in the open trap receive mechanical stimulation, an
action potential is generated and an electrical charge is accumu-
lated. Once the charge has acquired enough energy to exceed
a threshold value, ATP hydrolysis'' and fast proton transport

start,»!?

which create an ion gradient that initiates the opening of
aquaporin channels. Water driven by fast proton transport rushes
from the outer to the inner layer of the lobes and, in combination
with the high elastic energy of the lobes themselves, causes the
trap to transition to the semi-closed state within 0.3 seconds.'® If
no further stimulation occurs, the lobes will slowly return to an
open position within 12-24 hours. However, if further stimu-
lation does occur, the trap transitions to the fully closed state,
which takes more than 5-7 days to reopen.

Although the molecular and cellular mechanisms involved in
water movement remain poorly understood, we agree that the
macroscopic mechanism is based on the hydroelastic curvature
theory proposed by Volkov et al.'® However, we consider both
the open state and closed state as two stable equilibria, similar to
Bobji’s bistable vibrator theory.”

Trigger process. The trigger process results from mechanical
stimulation of the trigger hairs. The open state is indeed very
stable, and does not spontaneously close, even with rain drops
and gusts of wind. Using a steady stream of water or a gust of air
directed at a trigger hair, it is possible to flex the trigger hair and
initiate trap closure (see experimental data); however this only
occurs when the force of the air or water is strong enough to cause
the trigger hair to flex twice in 30 seconds.

The mechanical stimulation of the trigger hair generates
a receptor potential (RP) followed by an action potential (AP)
leading to an electrochemical signal for trap closure.”® The most
recent experiments using an ultrafast data acquisition system,
measured that the action potential is 150 mV with a duration
time of 1-1.4 ms. The velocity of the action potential is 10 m/s,”
and it has been proven that the trap can accumulate electrical
charges. Researchers have delivered multiple small charges, via
electrodes attached to the trap lobes, and discovered that a total
charge of 14 uC is necessary to initiate closure. Volkov et al.
recorded the dynamics of the action potential induced by a piece
of gelatin stimulating a trigger hair. The action potential jumped
t0 0.15 V at 0.001 s and rapidly dissipated to zero after 0.003 s.2°
As illustrated in Figure 3A, the action potential #_evoked by
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bending the trigger hair can be described as an exponential func-
tion by recent measurements (Fig. 2).”

15¢™ 120
u = 1)

0,1<0

Ueda et al. suggested that the charge accumulation may relate
to the stepwise accumulation of a bioactive substance, resulting
in ion channel activation by the action potential.*® The charge
accumulation can be described by the following linear dynamic
system,

C=-+kC+hu )

where C (unit: uC) stands for the accumulated charge in the lobes,
k_(s") stands for the charge dissipation rate, and %, (WC/V-s)
stands for the charge accumulation rate. Initial charge accumula-
tion is small and negligible.'

Figure 3B shows how action potentials lead to a stepwise
response of charge accumulation in the lobes. If two stimuli occur
within 30 seconds (dashed line), the charge build-up will exceed
the threshold value of 14 uC and trap closure will be triggered.
If, however, there is only one stimulus within 30 seconds, then
the charge build-up will not reach the threshold value, and the
trap will remain open (dot-dashed line). 30 seconds is the critical
time period to reach the threshold (solid line). The values used
in the model are typical values measured in the experiments. The
threshold value and the peak of the action potential may vary in
different settings, thus the trigger interval ranges from 20 to 30 s.

It was demonstrated that two mechanical stimuli were required
for trap closure at temperatures ranging from 15-25°C>! In
contrast, at temperatures between 35-40°C only one stimula-
tion was required for trap closure.” The temperature effect on the
action potential has been investigated previously in plants such as
Chara coralline** There it was found that the peak potential was
largely independent of temperature, and that the duration of the
action potential decreased with increasing temperature.”! Since
the higher temperature does not imply a larger action potential,
it is most likely that the decline of the threshold value causes
the reduction of stimuli at higher temperature. In Figure 3B, we
show that if the threshold value decreases from 14 uC to 8 uC the
first action potential can trigger the closure.

This model can also explain why heavy rain or blasts of wind
could not initiate trap closure. This was proven in our experi-
ments (see experimental data) that a strong stream that bends the
trigger hairs can initiate the trap closure. In nature, there is only a
small chance that, rain or wind would occur with such a focused
stream directed right on the trigger hair twice in 30 seconds. As a
result, the stimulus provided by either rain or wind will typically
be below the trigger threshold value. It thus leads to Darwin’s
observation that rain is not able to initiate trap closure.!

Water kinetics. The mathematical model for the opening and
closing mechanism of the Venus flytrap is based on the water
movement between the outer and inner hydraulic layers of the
lobes. As illustrated in Figure 4, the open state of the Venus
flytrap corresponds to a maximum/minimum water volume in
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Figure 2. The conceptual diagram of the opening/closing mechanism
of the Venus flytrap. The open trap is triggered by mechanical stimula-
tion of the trigger hairs. The resulting action potentials are accumulated
in the leaves. Once the charge accumulates above the trigger thresh-
old, water rushes through open aquaporin channels and the trap is
semi-closed in 0.3 s. If no further stimuli occur, then the trap reopens in
12 hours; if prey struggles and triggers more stimuli, then trap becomes
fully closed. It requires 5-7 days to reopen after digestion of prey.

the inner/outer layer (Fig. 4A). The closed state happens in a
minimum/maximum water volume in the outer/inner layer (Fig.
4C). The semi-closed state has equal water volume in both layers
(Fig. 4B). This state is an intermediate state, which can move to
either the fully closed or open state.

A large number of aquaporin channels exist between two lay-
ers of the lobes to facilitate transcellular water transport.””” At
the open state, no significant gradient exists between the inside
of the cell and the outer environment, thus aquaporins remain
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A 0.18 : . . water channels resulted in a slow closing upon
stimulation of the trigger hairs.” The fast water
0.16 - | movement releases high elastic energy and
causes a rapid change in curvature of the lobes.
014, J The amazing closing speed is thus essentially
caused by the rapid water transport. It has been
- shown that water transport through one aqua-
g | porin channel can proceed as quickly as 10°
S molecules per second.?
s 01 The motion process can be modeled on a
ki macroscopic level as follows,
g 0.08
5 Water change = Water supply - Water con-
£ 006" J sumption + Water transport (3)
0.04] | The water volumes in the outer and inner
. layer of the lobes are denoted by X and X,
respectively. Many plants have the ability to con-
W2t ] trol transpiration rates by controlling the open-
ing of stomatal pores. This ability to maintain
0 relatively constant water tissue concentrations is
: : : . termed ‘isohydric’.?® Thus we assumed that the
0 0.001 0.002 0.003 0.004 0.005 Y . .
total water volume of the lobe tissue is a constant
Time (t) . .
and can be normalized to 1, that is,
B 15 ; - - -
14 X, +X,=1 (4)
13 -
I | i As illustrated in the conceptual diagram in
O 11p S . . .. . Sy
3 10l ¥ Figure 5, volume kinetics implies that fluid is
S o supplied at rate and fluid evaporates at the rate
g 8! w. Thus, without water transport between the
3 7 - - two layers, the water kinetics can be described
§ 6~ S 1 using a two-dimension system of ordinary dif-
E’ 5t e Y 1 ferential equations as follows,
4- - '
3 =
2t y aX,
| -2 _ux
1 o XOP +X1p o (5)
0 1 1 1 1
0 5 10 15 20 25 30 35 40
Time (s)
aX,’
- _ MX (6)
X rex,r !
Figure 3. The ‘memory’ of Venus flytrap. (A) The action potential is evoked by mechanical I [
stimuli of the trigger hair. (B) The first action potential can not accumulate enough charge
accumulation, however, if the second action potential occurs within 30 s (dashed line), then . .
. o where the coefficient is the water supply rate
the charge grows above the activation threshold 14 uC and leads to a trigger impulse. If two . XP X4 X P
action potentials occur over 30 s, the trigger threshold cannot be reached (dot-dashed line). fromp the r(;OtS’ Wzl}lle ax, ( o tAX, ) and
The 30 s time-point is the critical value in reaching the threshold (solid line). aX; /(Xo +X, ) are the water supply rates

closed to stop water from flowing through the pores of the cells
from the outer to inner layer. An AP opens voltage-gated chan-
nels that connects the layers, and creates a gradient that allows
water to flow through aquaporin channels from the outer to the
inner layer. The importance of water flow on the closing process
of the Venus flytrap has been illustrated in experiments with ion
and water channel blockers and uncouplers. Treatment with both
uncouplers of ion transport, and blockers of aquaporin-based
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distributed to both layers depending on the vol-
ume of the layer with a cooperative coefficient
p > L. If the coefficient p = 1, then the water dynamics can be
balanced at any point in the line X, + X, = 1. However, in the
case of the Venus flytrap, much more water is directed towards
the larger layer initially allowing the cells in this layer to grow,
elongate, and result in the hydroelastic curvature.””?>% In fact,
the system dynamics has no significant difference for any p > 1.
In this paper, we choose p = 2, that is, the flow rates to the outer/
inner layers has a ratio of X, D ¢
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Figure 4. Water volume in the outer and inner layers in the open, semi-
closed, and closed states. (a) The open state has large inner layer and
small outer layer. (b) The semi-closed state has equal volume in both
layers. (c) The closed state has large outer layer and small inner layer,

in contrast to the open state. (d) An intermediate state has zero mean
curvature. It happens between the open and the semi-closed state.

The water consumption rate W describes the water loss due to
plant transpiration and chemical synthesis. Because of relatively
constant water volume in the lobes, the water supply rate o must
be the same as the water consumption rate w.*> A rapidly trans-
piring sunflower leaf loses the equivalent of the entire leaf water
content every 20 minutes.”” Since the leaf of the Venus flytrap is
smaller than the sunflower leaf, we assume that the Venus flytrap
consumes the entire of leaf water every hour, i.e, w = 1. The
smaller value of W is, the longer time it takes to reopen the trap.

As illustrated in Figure 6, there are three steady states for the
above system. Two stable equilibria, (0, 1) and (1, 0) (circles in
Fig. 6), are in symmetric positions corresponding to the open
and closed states. The unstable equilibrium (0.5, 0.5) (square in
Fig. 6) is the semi-closed state with equal volumes of both layers.
This is a transient state between two attractor states. Without
water transport, the Flytrap will eventually stay in one of the
stable states. Water transport can drive the dynamics away from
stable states. If the dynamics do not move across the transient
state, then the dynamics will return to the original stable state.
However, once the dynamics run across the semi-closed state,
then the dynamics will flip to another stable state.

The opening and closing mechanism of the flytrap is essen-
tially based on the water transport between the two layers. In the
open state, voltage-gated channels block water flow to the inner
layer by maintaining a stable H* gradient, which leads to high
elastic energy in the open state of the trap. In an energy consum-
ing step, an AP triggers an ATP-dependant H* pump that rapidly
pumps H* against the gradient.* This ATP consumption step
consumes most of the cell’s ATP storage, and thus if subsequent
APs are generated, the flow of water is not as great.?® It is believed
that aquaporin channels are the main driving force behind water
transport in the Venus flytrap, and these channels are dependent
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Figure 5. A bistable model of the Venus flytrap opening/closing mecha-
nism. The model is constructed based on water kinetics between the
outer and inner layers of the lobes. Water supply is distributed to both
layers depending on the layer volume, while water is consumed by tran-
spiration and chemical reactions. Voltage-gated channels block water
flow to the inner layer by maintaining a H* gradient, which leads to high
elastic energy in the open state of the trap. In an energy consuming
step, the AP triggers an ATP-dependant H* pump that rapidly pumps H*
against the gradient. APs open the voltage gated channels for a short
time, water rushes into the inner layer, and the trap relaxes to semi-
closed state. More APs can open the voltage gated channels again, and
push a small amount of water to the inner layer. The reopening signal
can transport the water back to the outer layer.

on an osmotic gradient for flow.” If prey stimulates an AP, then
the voltage gated channels open for a short time creating a gradi-
ent, which allows the aquaporin channels to open. Water then
rushes into the inner — outer layer, and the trap relaxes to semi-
closed state. Our model is based on experimental evidence for a
H* gradient, however, other ionic pumps exist and function in a
similar manner.'>?*® More APs can open the voltage gated chan-
nels again, and push a small amount of water to the inner — outer
layer. The flow would not be as great, however, due to depleted
ATP stores. This process leads to the fully closed state. Although
water could theoretically then diffuse back to the outer — inner
layer at this stage, we assume that the diffusion rate is very small
and can thus be neglected. Once digestion is finished, however,
the water flow will be transported back to the outer — inner
layer, causing a slow reopening of the trap. The experimental data
on water flow in the reopening step is highly lacking, and thus we
will assume that the mechanism involves a similar pathway to the
closing process, although without the speed of the reaction. We
assume there exists a chemical signal driving the water transport
in the reopening process.

Mathematical model. The mathematical model of the flytrap
opening/closing mechanism can be described as follows,

2
aX,

=——9% 4y +u —-u —-uX 7
) X02+X12 ptU, U, —UA, @)
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Figure 6. The nonlinear dynamics of Venus flytrap model [Equation
(4-6)]. The total water volume has been normalized to one. The open
state corresponds to (X, X)) = (1, 0) (circle on the left), the semi-closed
state is (X, X,) = (0.5, 0.5) (square) and the closed state (X, X,) = (0, 1)
(circle on the right). The open/closed states are two attractors and semi-
closed state is a saddle. The water dynamics moves along the line X

+ X = 1. It tends to the open state when X_ > 0.5, and converges to the
closed state when X, < 0.5.

Table 1. Parameters of the Venus flytrap model

Symbol Description Value
k. (s7) dissipation rate of charge accumulation 0.012
k. (uC/V-s) accumulation rate of charge 0.11
C, (u0) trigger threshold 14
a (hour") water supply rate 1
u (hour) water consumption rate 1
: transport parameter from the inner to the
k. (s7) . . 10
G outer layer according to hydraulic pressure
K (s) transport parameter from the inner to the 3
7 outer layer according to osmotic gradient
diffusion coefficient from the inner
k,(s") to the outer layer according 0.000045
to electrochemical energy
T,(s) the time of water channel opens 0.3
T, (houn the time of reopening chemical 15
signal occurs
2
aX;
=———-u,—uU, +u, — uX
h I
1 on +X12 a c (8)
XI + Xo =1 9)

where #,, # and u_are the water transport rates driven by a
hydraulic gradient, osmotic gradient and chemical signals in
different processes. The system parameters are summarized in
Table 1.

(1) Capture process: From open to semi-closed. The clos-
ing process is characterized by fast water transport. Every time
the charge accumulation is above the trigger threshold, the
voltage gate will be opened for a short time (a few seconds). If
we denote the opening period of the voltage gated channels by
T seconds, then the voltage gate opening can be looked at as an
impulse:
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Lt stst +T,

8,(1) = (10)

0, otherwise

where 7 is the trigger time when the charge accumulation
reaches the trigger threshold.

This impulse triggers fast water transport driven by the
hydraulic pressure. The hydraulic transport rate #, is propor-
tional to the hydraulic pressure induced by the volume differ-
ence.”’ Moreover, aquaporin channels allow water to flow only
from the inner layer to the outer layer. Hence, the hydraulic
transport rate can be written as follows,

w, (1) =k, (X, () = X, (1)) 6,(¢) (11)

where the coefficient £ is a flow rate coefficient describing the
capacity allowing flow moving through the channels.

The water transport driven by osmotic gradient [Eq. (12)]
and chemical signals [Eq. (14)] does not occur in the capture
process, i.e., #, = 0, and #_= 0. As shown in Figure 7, the outer
volume rapidly decreases and the outer volume increases. The
water dynamics approaches an equal volume position in 0.3 s.
This implies that the lobes transition from the open state to the
semi-closed state.

Markin et al. also linked the pressure difference to the mean
curvature.’! The curvature changes from convex to concave in
this stage. It is notable that there exists an intermediate state that
the mean curvature is zero.®! But this intermediate state (Fig. 4D)
is not the semi-closed state. It is a state between the open and the
semi-closed states.

(2) Release process: From semi-closed to open. The release
process has no water transport between two layers, i.e., %, = 0,
u, =0 and # = 0. The water dynamics tend to the semi-closed
state (X, X)) = (0.5, 0.5) during the capture process, but the
inner layer is still slightly larger than the inner layer. However,
without further water transport between the two layers, the water
dynamics will return to the closest equilibrium, i.e., open state
(X, X)) = (1, 0). That is because the water supply rate favors the
larger layer, the inner layer thus becomes larger and larger. Figure
8 illustrates the reopening process; the inner volume is gradually
refilled, while the outer volume slowly returns to the minimal
level. It takes 14 hours to transition from the semi-closed state to
the open state. The opening speed significantly decreases in the
final 2 hours. Since the water change directly leads to a curvature
change, the water kinetics can be translated to kinetics of the
distance between the two lobes, as in Stuhlman’s paper.?

(3) Sealing process: From semi-closed to fully closed. The
sealing process requires further stimulation. We found that if
the prey is not moving, the plant will proceed to release pro-
cess and expel the prey. To start the digestion of the unmov-
ing prey, touch of the hairs or rub the surface is necessary. If
the prey struggles inside the lobes, more trigger impulses will be
evoked until the prey is killed by acid fluid (pH 2-3) secreted by
the trap.> More APs can open the voltage gated channels again,
and push a small amount of water to the outer layer. The flow
would not be as great, however, due to depleted ATP stores. The
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hydraulic pressure is no longer a major factor, 1 : . . . . ' . . .
because the pressure between the inner and outer inner X, ()
layer becomes negative and the' backw.ard trans- 0.9 outer X~ [
port is blocked by the osmotic gradient. This | & o
electrochemical energy can only result in a small > 08} 7
flux of water transport. As more action potentials (% 07l |
occur; more water will be pushed into the outer 5
layer. This leads to the fully closed state. E 06l i
The water transport rate # driven by osmotic g
gradient depends on the remaining volume in the ® 05¢
inner layer. It can be written as follows, ﬁ X
s 04t . i
5 1
Wy o Ko@8 0. C = G 3 o3} | |
0, C< CT’ (12) g 0.2 05 Semi-closed |
=
where k is the transport parameter from the 01} Closed -
outer to the inner layer according to osmotic gra- 0 05 1 Xo
dient. The hydraulic pressure #, is in a direction 00 07 02 03 04 05 08 07 08 09 1
opposite to osmotic gradient to impede the water Time t )
transport. The chemical reopening signal has not
been released, and thus #_= 0. 7 is the number
of triggering after capture process, and NV is the Figure 7. lllustration of the capture process. The water rapidly flows into the outer layer,
maximal number oftriggers after the capture pro- and the open trap (X, X,) = (1, 0) moves to the semi-closed state [(X, X)) = (0.5, 0.5)] in 0.3 s.

cess that leads to ATP depletion. In this paper,
we assume V is a large number.

As illustrated in Figure 9, the sealing process
requires multiple bursts of water transport trig-

gered by APs. Each small burst of water transport 1 ' .

leads to a stepwise response to accelerate the clos- nner X ()

ing. The prey in the trap can struggle foralong | . 09t ! -

time until killed by an acidic fluid. The complete S Quter Xo ®

sealing can take hours, and has been reported in o 0.8} i

some experiments that the trap can be sealed in g 071l 1

1 hour post-stimulation using a 5-sec period of | &

stimulation.” % 06} 4
(4) Reopening process: (from fully closed to %

open). The trap reopening requires a stimulus ° e i

to initiate opening. Our experiment confirmed *'CE 0al X |

that the flytrap can identify whether the prey | ¢

has nutrient value, if not, the trap proceeded to € p3l 1! i

the open state within 1-2 days (see experimen- S Semi-closed

tal data). The reopening signal can interrupt g 02f 05 :

the sealing process. Lysophosphatidic acid com- g 0.1 Closed

pounds have been suggested for such a reopen- ol 0 05 1 Xo l

ing signal.'"® These compounds increased in the 0 . .

closing process and returned to a normal con- 0 3 10 15

centration in 24 hours post-stimulation, which is Time t (hour)

consistent with the reopening process. In another

bapet .leaf growth Vf’as suggesteg 0 be the major Figure 8. lllustration of the release process. It takes 14 hours to transition from the

factor in the reopening process.” No matter what semi-closed state (X, X)) = (0.5, 0.5) to the open state (X, X)) = (1, 0). The opening speed

the driving force is, the fact is that the trap does | significantly decreases in the final 2 hours.

slowly and reversely repeat the closing process.
Thus, there exists a force slowly directing water
transport to the inner layer, and across the water-
balanced semi-closed state. Let us assume this
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Figure 9. lllustration of the sealing process. Stepwise stimuli accelerate the flytrap transi-
tion from the semi-closed state (X, X,) = (0.5, 0.5) to the closed state (X, X_) = (0, 1). Two
trigger impulses occur at 2 and 3 seconds, respectively. They can help the dynamics move
across the semi-closed state. The cell growth becomes the main driving force later. It may
take more than 1 hour to complete the whole process.
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Figure 10. lllustration of the reopening process. Electrochemical force drives the water
dynamics across the semi-closed state (X, X)) = (0.5, 0.5) in 15 hours. Then the Flytrap
transits from semi-closed state (X, X,) = (0.5, 0.5) to open state (X, X)) = (1,0) in 8 hours.
The maximum opening speed occurs in the neighborhood of the semi-closed state. The
opening speed significantly decreases in the final 2 hours.
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force is a chemical signal, which is an impulse
with duration 7', hours as follows,

LT

wn =t =T, +T,

OB
0, Otherwise (13)

The water flow from the outer to inner layer is
a very slow process. The chemical signal contin-
ues pushing water at a small constant rate. Thus,
the water flow rate #_due to the chemical signal
can be approximated as follows,

u(0) = kP (1), (14)

where £, is the water flow coefficient according to
chemical energy.

As illustrated in Figure 10, without mechani-
cal stimuli, the dynamics move across the semi-
closed state in 15 hours driven by chemical energy
and gradually move to the fully open state in 23
hours. The maximum opening speed occurs near
the position of the semi-closed state. The opening
speed significantly decreases in the final 2 hours.
This result is consistent with the observation
by Stuhlman.® If any AP is evoked to open the
aquaporin channels, the water transport, driven
by a hydraulic or osmotic gradient, takes effect,
i, #, = 0oru =0,and the reopening process
will be interrupted, while the capture or sealing
process starts again.

Results

(A) Forced water and air stimulation. Results
from the forced water experiment confirmed the
results of Brown and Sharp’s 1910 experiment
that indicated that water was capable of causing
trap closure. Using a syringe with a 22 g needle
it was possible to achieve bending of the trig-
ger hair for 0.03 s initially and then again for
another 0.03 s to initiate trap closure (Fig. 11).
The trigger hair was minimally flexed by each jet
of water, but still able to cause trap closure. The
initial test distance of 5 mm was the most effec-
tive at initiating closure because more force was
applied directly to the trigger hair, and caused
the hair to bend the most. At distances greater
than 15 mm it was difficult to consistently apply
enough force to the hair to consistently initiate
closure. Similarly, the greatest stimulation of
the trigger hair was achieved using the highest
amount of pressure applied to the syringe. At low
levels of pressure, the trigger hair did not bend
and trap closure was not initiated (See Suppl.
Material, Movie 1).
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Similar to the forced water experiments,
forced air was able to initiate trap closure
through bending of the trigger hair. Since the
pressure of the air was much greater than that
of the water, trap closure was initiated at every
distance. The bending of the trigger hair due to Os
the air experiments was much greater than water
experiments, and often led to the hair bending
near the trap surface (Fig. 12). It is thus possible
that a strong gust of wind could initiate trap
closure if the trigger hair was flexed to a great
enough degree (See Suppl. Material, Movie 2).

(B) Semi-closed state. In order to charac-

1.91s

0.02s 0.03s 1.90s

1.93s 1.94s

terize the semi-closed state for the purpose of

model integration it was necessary to measure
the amount of time that the trap remained at

Figure 11. Steady streams of water can bend the trigger hair, and thus lead to trap closure.
The trigger hair was slightly bent twice, which initiated the closure.

this state. It was determined that after the ini-
tial process of closing to the semi-closed state,

without further stimulation, the trap would
minimally begin to proceed to the open state
within 8 hours. By the end of 12-36 hours the
trap would return to the fully open state. If,
however, the trap was further stimulated while
at the semi-closed state, then it would rapidly
proceed to the fully closed state. It would often Os
take between 1-2 weeks for the trap to open
from the fully closed state, and varied greatly
on the individual specimen. Similar results were
obtained from dropping small pieces of plastic
into the trap. This initiated trap closure to the
semi-closed state, even close to closed state, but
without further stimulation, the trap proceeded

0.01s 0.02s 0.03s

to the open state within 1-2 days.

Materials and Methods

Figure 12. Strong jets of air can bend the trigger hair, and thus lead to trap closure. The
trigger hair was significantly bent twice, which initiated the closure.

(A) Plants. Healthy adult Venus flytraps were

purchased from a local nursery and used for these experiments.
The flytraps were grown in well-drained peat moss in 250 ml
plastic pots at 27°C. Flytraps were maintained in a 12 hour
light/dark cycle and placed in indirect sunlight. Throughout the
course of experimentation, the flytraps were pruned, and dead
traps were removed.

(B) Forced water stimulation. To experimentally test if a
stream of water was capable of initiating trap closure, a Becton-
Dickinson 5-ml syringe with attached 22 gauge necedle was
used to directly force water onto the trigger hair. The distance
between the needle and the trigger hair varied from 5-30 mm,
and the stream was always directed onto one trigger hair. In addi-
tion, to varying the distance between the needle and hair, the
strength of the stream was varied by applying differing forces to
the syringe (high, low, intermediate). Hyclone® cell culture grade
water (Thermo Scientific), pH 7, was used to ensure that closure
was not the result of an ionic imbalance. To record mechani-
cal stimulation of the trigger hair, experiments were conducted
under a Meiji EMZ-13TR stereoscope with an attached Sony
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HDR-HD9 video camera and recorded using the Pinnacle®
Studio™ Ultimate (Avid) software.

(C) Forced air stimulation. Forced air stimulation was
achieved with a Fisherbrand AirIT™ compressed air canis-
ter with attached straw. This system allowed air to be directed
onto a specific trigger hair. The same experimental apparatus
described above was used to visualize the specimen. Again the
distance between the straw and trigger hair was varied, but the
stream of air was directed at one trigger hair. The same setup
as above was used to visualize the bending of the trigger hair.

(D) Semi-closed transition state. It was important to char-
acterize the semi-closed transition state for the purposes of the
model described above. Briefly, one trigger hair of a trap was
mechanically stimulated several times with a fiber held by a
hemostat. This triggered the rapid closing of the trap to the
semi-closed state. This state was always characterized by a loose
association between the cilia, and a gap between the trap lobes
(Fig. 1B and D). An experimental group was established, in
which the trigger hair was constantly stimulated while at the
semi-closed state. A control group was also established that had
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no stimulation after reaching this state. Similarly, small pieces
of plastic were dropped into the trap to initiate closure, and
then the Flytrap was monitored to determine if they would pro-
ceed to the fully closed state without further stimulation.

Conclusions

The goal of this study was to generate a mathematical model
to explain the complex stages involved in trap opening and
closing, and to model the transition state between these two
states. Our model comprehensively accounts for the effects of
temperature, electrical charge accumulation, multiple mechani-
cal stimuli, and the slow opening and fast closing states. Most
models generated thus far have ignored the semi-closed transi-
tion state; however, biologically this is one of the most impor-
tant stages involved in trap closure. This “decision-making”
state allows the plant to select whether to fully close and secrete
digestive enzymes, or to reopen in the event of a “false” closure.
The secretion of digestive enzymes and the biological conse-
quences of the fully closed state are energetically costly. If the
plant were to proceed to the fully closed state with any kind
of mechanical stimulation of the trigger hair, without second-
ary signaling, then a lot of energy would be consumed and not
regained. In addition, the opening process has been hypoth-
esized to also require energy and thus be a costly movement.
In the case of a trapped insect, the energy gained from diges-
tion of the insect will more than compensate for the energy
lost in trap closure, which can be seen as growth of the trap
upon digestion. Without the increased nutrients gained from
digestion, traps often remain small. It is this type of biological
redundancy systems that leads to “bio-inspired” applications in
the engineering fields.

Experimental data for the semi-closed transition state was
able to more accurately explain some of the conditions impor-
tant for design of the model. It was observed that without fur-
ther stimulation, the semi-closed state returned to the open
state within 12-24 hours. If further mechanical stimulation
was applied, by cotton fibers brushing the trigger hair in our
experiments, then the trap would proceed to the fully closed
state within 30—45 min. Once at this fully closed state, it took
1-2 weeks for the plant to return to the open state. Similar
studies have been conducted by feeding insects to the flytrap.
If the insects were small, then they were able to escape through
the gaps in the cilia. However, if the insect was large, then the
insect would constantly apply pressure to the trigger hairs, until
death, and the trap would proceed to the fully closed state.’
In this way the flytrap is able to select the size of its prey. It
can be assumed that the energy gained from digestion of an
insect small enough to escape the trap does not replenish the
energy expended in closure of the trap. Hypothetically, the trap
will only allow insects large enough to give the plant an overall
energy gain to remain in the trap. This complex sensing and
trapping system is an example of what is commonly termed
“smart biology.”

www.landesbioscience.com

Plant Signaling & Behavior

The other “decision-making” step in trap closure has been
widely studied since the discovery of this plant. The require-
ment for two mechanical stimuli within 20-30 s to allow trap
closure can also be explained in terms of the plant “making a
decision” on whether or not to close. As explained earlier, trap
closure is an energetically costly process. Early researchers were
stunned to learn that a memory function existed in these plants
and that multiple stimuli were required to initiate closure.
However, biologically this evolved system is a way of prevent-
ing closure of the trap to rain, wind, and other environmental
conditions. If the trap closed every time that it rained, and then
took 1-2 weeks for the trap to reopen, the plant would spend
most of its life in the closed state. Additionally, if the trap closed
with rain, then less surface area would be available for the plant
to obtain sunlight and water from the environment. By requir-
ing multiple signals, the plant can try to ensure that the signals
for closure are from a prey item and not the environment. Our
experiments were aimed at proving that a stream of water or a
jet of air directed at the trigger hair would cause the trigger hair
to bend, and the trap to close. This was proven in our experi-
ments; however, it is unlikely that such a situation would occur
in nature with such a focused stream directed right on the trig-
ger hair. When conducting the same experiments with drops of
water, we observed that the drop of water did not bend the trig-
ger hair due to the angle from which the drop encountered the
hair. The drops tended to fall directly on the tip of the trigger
hair, and thus did not bend the hair. This is no doubt what led
to (1)’s observation that rain was not able to initiate trap clo-
sure. A similar concept can be illustrated with the gusts of wind
observed by (1). The gusts are not focused or strong enough
to cause the trigger hair to bend, artificially this force can be
generated from compressed air, but this is unlikely in nature.

Studies of complex biological systems such as these are of
significant interest to engineers, and more recently this disci-
pline is lending itself to the idea of “bio-inspired” technology.
By mathematically modeling the processes involved in trap clo-
sure, and the sensing system used in the Venus flytrap we can
begin to apply this model as a control component in a large
number of engineering applications. Another avenue to explore
is the potential to derive a kind of robotics approach based on
the movements of the flytrap. The rapid speed of closure has
long been of interest to engineers wishing to develop a simple,
high-speed switching mechanism. Through more thorough
models of the mechanism of closure and the signaling compo-
nents used by this plant it can be imagined that this system
could one day be integrated into a “smart robot.”
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