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The Venus flytrap (Dionaea muscipula) possesses an active trapping mechanism to capture insects with one of the most rapid
movements in the plant kingdom, as described by Darwin. This article presents a detailed experimental investigation of trap
closure by mechanical and electrical stimuli and the mechanism of this process. Trap closure consists of three distinctive
phases: a silent phase with no observable movement; an accelerated movement of the lobes; and the relaxation of the lobes in
their closed state, resulting in a new equilibrium. Uncouplers and blockers of membrane channels were used to investigate the
mechanisms of different phases of closing. Uncouplers increased trap closure delay and significantly decreased the speed of
trap closure. Ion channel blockers and aquaporin inhibitors increased time of closing. Transmission of a single electrical charge
between a lobe and the midrib causes closure of the trap and induces an electrical signal propagating between both lobes and
midrib. The Venus flytrap can accumulate small subthreshold charges, and when the threshold value is reached, the trap
closes. Repeated application of smaller charges demonstrates the summation of stimuli. The cumulative character of electrical
stimuli points to the existence of electrical memory in the Venus flytrap. The observed fast movement can be explained by the
hydroelastic curvature model without invoking buckling instability. The new hydroelastic curvature mechanism provides an
accurate description of the authors’ experimental data.

Plants can react to mechanical stimuli (Ksenzhek and
Volkov, 1998; Braam, 2005) with the use of mechanosensitive channels. These channels are found in different types of cells—animal, plant, fungal, and bacterial.
The omnipresence of these channels indicates their
important physiological function in the regulation of
osmolarity, cell volume, and growth (Markin and Sachs,
2004). They are ideal transducers of physiologically
relevant mechanical forces (Benolken and Jacobson,
1970). Mechanosensory ion channels in plants are activated by mechanical stress and transduce the sensed
information into electrical signals (Volkov and Haack,
1995). In higher plants, these channels are involved in
the response to environmental stress (Volkov et al.,
1998; Roberts, 2006; Volkov, 2006a, 2006b; Volkov and
Brown, 2006a, 2006b).
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The response of Venus flytrap (Dionaea muscipula) to
mechanical stimulation has long been known (BurdonSanderson, 1873; Darwin, 1875; Burdon-Sanderson and
Page, 1876; Brown, 1916; Sibaoka, 1969). Perhaps all
plants react in response to mechanical stimuli, but only
certain plants with rapid and highly noticeable touchstimulus response, such as the Venus flytrap, have
received much attention (Hodick and Sievers, 1986,
1988, 1989; Juniper et al., 1989; Fagerberg and Allain,
1991; Fagerberg and Howe, 1996). This small plant
consists of five to seven leaves with each leaf divided
into two parts: the upper leaf and the lower leaf. The
upper leaf has a pair of trapezoidal lobes held together
by a blade (midrib). The center of each lobe contains
three sensitive trigger hairs and a red anthocynanin
pigment that attracts insects. The edge of each lobe is
lined with hair-like projections (cilia). The lower leaf,
also known as the footstalk, has an expanded leaf-like
structure. Each trap reaches a maximum size of 3 to 7
cm (Lloyd, 1942). We discovered the trap closure using
electrical stimulation between the lobes and midrib of
the Venus flytrap (Volkov et al., 2007). Time and speed
of closing do not depend on the type of stimuli; both
mechanically and electrically stimulated Venus flytraps close in 0.3 s.
Touching trigger hairs protruding from the upper
leaf epidermis of the Venus flytrap activates mechanosensitive ion channels and generates receptor potentials,
which induce an action potential (AP; Burdon-Sanderson,
1874, 1882; Burdon-Sanderson and Page, 1876; Stuhlman
and Darden, 1950; Jacobson, 1965; Sibaoka, 1966; Volkov
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et al., 2007). A receptor potential always precedes an
AP and couples the mechanical stimulation step to the
AP step of the preying sequence (Jacobson, 1974). A
possible pathway of AP propagation includes vascular
bundles and plasmodesmata in the upper leaf (Volkov
et al., 2007). Within the last 130 years, plant electrophysiologists have measured Venus flytrap action potentials with extremely slow registration systems and
without anti-aliasing low-pass filters (Table I). Due to
the electronic effects of aliasing and the differing time
constants of analog voltmeters (t 5 RC), previous
researchers published AP propagation velocities ranging from 6 to 20 cm/s, AP amplitudes from 8.4 to 200
mV, and AP durations from 300 ms to 10 s (BurdonSanderson, 1874, 1882; Burdon-Sanderson and Page,
1876; Stuhlman and Darden, 1950; DiPalma et al., 1966;
Sibaoka, 1966, 1969; Hodick and Sievers, 1986, 1988;
Krol et al., 2006). Plant physiologists correctly criticized
these results (Sachs, 1887). Using an ultrafast data
acquisition system with measurements in real time,
Volkov et al. (2007) found that the generated AP has the
duration time of 1.5 ms and the velocity of 10 m/s.
Upon closure, the cilia protruding from the edge of
each lobe form an interlocking wall that is impenetrable to all except the smallest prey. The trap shuts when
the prey touches its trigger hairs, which are arranged
in a triangular pattern, three in a lobe. Partial closure
allows the cilia to overlap, but the lobes are still held
slightly ajar. This partial closure occurs in a fraction of
a second, and several minutes may be required for the
lobes to come fully together. When an insect is caught,
the lobes seal tightly and remain so for 5 to 7 d,
allowing digestion to take place (Scala et al., 1969). The
stalk and basal cells containing lipid globules and the
common wall between these two cells are traversed by
numerous plasmodesmata. Electron micrographs of
the trigger hair reveal three regions where the cells
differ in size, shape, and cytoplasmic content (Williams
and Mozingo, 1971). The basal walls of the indentation
cells contain many plasmodesmata. Plasmodesmata
found in anticlinal and podium cells pass through
constricted zones in the cell wall, and there are numerous plasmodesmata in the peripheral podium cells.
Uncouplers and ion channel blockers inhibit APs in
the Venus flytrap. Hodick and Sievers (1988) reported
an excitability inhibition of the Dionaea leaf mesophyll

cells using uncoupler 2,4-dinitrophenol. Resting potential and excitability are completely restored after 30
min of washing with a standard medium. Anthracene9-carboxylic acid (9-AC), neomycin, ruthenium red,
lanthanum ions, EGTA, and NaN3 inhibit the AP in the
Venus flytrap lobes (Hodick and Sievers, 1988; Krol
et al., 2006; Volkov et al., 2007).
The lobes of the Venus flytrap move because of
changes in the shape, curvature, and volume of cells.
In the case of the osmotic motor, water flux is linked to
ion fluxes. If water follows H1 flux by osmosis, then
the rate of flux will determine the rate of volume
change in the lobes. Rapid movement of each lobe
requires water cotransporters or contractile proteins
(Lea, 1976; Morillon et al., 2001). During the last few
years it has become clear that water flux across biological membranes not only reflects a passive diffusion
across the lipid bilayer, but also facilitates by aquaporins, which may play a pivotal role in osmoregulation in both animals and plants (Maurel, 1997; Maurel
and Chrispeels, 2001; Tyerman et al., 2002; Detmers
et al., 2006; Törnroth-Horsefield et al., 2006). Aquaporins play a crucial role in water transport through
membranes of plant cells. The rate of cellular movement is determined by the water flux. This flux is
induced by a rapid change in osmotic pressure and
is monitored by a fast and transient opening of
aquaporins. K1 channel blockers tetraethylammonium
and nonyltriethylammonium as well as anion channel
blocker Zn21 inhibit water channel activity. Gating
behavior of aquaporins is poorly understood but evidence is mounting that phosphorylation, pH, and
osmotic gradients can affect water channel activity.
We propose a new hydroelastic curvature mechanism based on the assumption that the lobes possess
curvature elasticity and comprise upper and lower
hydraulic layers with different hydrostatic pressures.
The open state of the trap contains high elastic energy
due to the hydrostatic pressure difference between the
hydraulic layers of the lobe. Stimuli open pores connecting both hydraulic layers, water rushes from one
hydraulic layer to another, and the trap relaxes to the
equilibrium configuration corresponding to the closed
state. Our report analyzes the kinetics and mechanism
of trap closure induced by mechanical or electrical
stimuli.

Table I. APs in Venus flytrap

1
2
3
4
5
6
7
8
9

Amplitude

Duration

Speed

Length

mV

s

cm/s

cm

Unknown
130
8.4–14.6
15–20
100
140–200
150–200
67–68
150

0.5–0.8
1
1
0.3–0.8
1
2–10
2–5
10
0.0010–0.0014

20
20
Unknown
Unknown
6–17
17
10
10
1,000

10–16
20
Unknown
Unknown
6–17
34–170
20–50
100
1–1.4

Low-Pass Anti-Aliasing Filter

Citation

No
No
No
No
No
No
No
No
Yes

Burdon-Sanderson (1873, 1874, 1882)
Stuhlman and Darden (1950)
DiPalma et al. (1961)
DiPalma et al. (1966)
Sibaoka (1966)
Hodick and Sievers (1988)
Trebacz and Sievers (1998)
Krol et al. (2006)
Volkov et al. (2007)
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Figure 1. Experimental setup. [See online article for
color version of this figure.]

RESULTS
Speed of Closing

The trap closure of the Venus flytrap was studied
with mechanical and electrical stimulation at different
temperatures. We used the charge injection method
(Fig. 1) and found that the trap was closed by an
electrical charge of 14 mC delivered between the midrib and a lobe of the upper leaf (Fig. 2). Figure 3
demonstrates the closing of the Venus flytrap at two
different temperatures. We measured the distance y(t)
between the edges of the trap leaf in the closing
process. In the open state, the distance between the
edges of the trap leaf is ymax. Individual plants have
various distances between the edges of each trap. We

therefore used the normalized (dimensionless) distance x 5 y/ymax. The speed of trap closure was
calculated as v 5 dx=dt 5 2 ð1=ymax Þðdy=dtÞ; it has
the dimension of s21, as represented in Figure 3.
As one can see, trap closure consists of three distinctive phases: a silent phase with no observable movement; an accelerated movement of the lobe; and the
relaxation of the lobe to its closed state. To describe this
process, we developed the hydroelastic curvature model.
The Model

It was assumed that the leaf includes upper and
lower layers of cells where different hydrostatic pressures are maintained. The driving force of the closing

Figure 2. Closing of the trap with a 14-mC electrical
stimulus.
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two layers; t is time; and x2 is the final relative distance
between the edges of two lobes in the closed state.
Both distance and mean curvature of the leaf are
described by the same function of time. The mean
curvature changes from a positive to a negative value
during the process of trap closure while the Gaussian
curvature stays positive: it decreases in the beginning,
reaches zero, and then begins to increase.
The speed v of trap closure can be obtained from
Equation 1 as follows:




ð1 2 x2 Þ
t pore
t 2 tth
exp
1 2 exp 2
vðtÞ 5
tw
tw
t pore




ðt 2 tth Þ
t 2 tth
exp 2
21
ð2Þ
2
tw
t pore

Effect of Temperature

Figure 3. Kinetics of trap closure at 20°C (1) and 36°C (2) applying a
14-mC charge injection to the midrib; y is the distance between the
edges of the lobes. A, Dependencies of distances between the edges of
the lobes at 20°C (1) and 36°C (2) on time after electrical stimulation. B,
Dependencies of the speed of trap closure n 5 2 ð1=ymax Þ ðdy=dtÞ on
time after electrical stimulation at 20°C (solid line) and 36°C (dashed
line). [See online article for color version of this figure.]

process is the elastic curvature energy stored and
locked in the leaves due to a pressure difference
between the upper and lower layers. The trigger signal
opens the water pores between these layers and the
fluid transfers from the upper to the lower layer. As a
result, the leaf changes its configuration and relaxes to
its equilibrium state, corresponding to the closed state.
Immediately after the stimulus application at the
moment t 5 0, there is no visible reaction until time tth
when the trigger reaches the threshold value. After tth,
closing begins. In this period the distance between the
edges of the lobes can be described by the following
equation:




t pore
t 2 tth
1 2 exp 2
xðtÞ 5 ð1 2 x2 Þ exp
tw
t pore

ðt 2 tth Þ
1 x2
2
ð1Þ
tw
where t pore is the characteristic time of pore opening;
t w is the characteristic time of fluid transfer between

The speed of trap closure depends on temperature
(Fig. 3). At 20°C, the speed of trap closure is twice as
fast as it is at 36°C. At temperatures between 15°C and
25°C, two mechanical stimuli are required for trap
closure (Darwin, 1875), whereas at higher temperatures, between 35°C and 40°C, only one stimulus is
required (Brown and Sharp, 1910). We found significant differences in the kinetics (Fig. 3A) and speed of
the trap during closing (Fig. 3B).
The pulse with inverted polarity of negative voltage
applied to the midrib was not able to close the plant at
either temperature.
Blockers of Ion and Water Channels

Ion channel blockers tetraethylammonium chloride
and Ba21 as well as uncouplers carbonylcyanide-3chlorophenylhydrazone (CCCP), carbonylcyanide-4trifluoromethoxyphenyl hydrazone, pentachlorophenol,
and 2,4-dinitrophenol increase the time of trap closure
and require a significantly larger electrical charge to
close the trap (Volkov et al., 2007). Figure 4A shows
that if the soil around the Venus flytrap is treated by a
blocker of plant anion channels, 9-AC, the trap will
require a charge significantly larger than 14 mC to
close. Figure 4 shows the kinetics of trap closure in the
presence of 9-AC. In the presence of 9-AC, trap closure
is 17 times slower (Fig. 5) and the maximal speed of
closing is three times less in comparison to a nontreated Venus flytrap (Fig. 3).
Figure 6 demonstrates the inhibitory effect of uncoupler CCCP on the speed of trap closure. Electrically
induced trap closure in the presence of CCCP can be
inhibited by depolarization of a membrane or dissipation of a proton gradient during ATP hydrolysis. In the
presence of CCCP, trap closure is significantly slower:
the speed of closing decreases and there is a delay
before the start of closing (Fig. 6, curve 1). This effect is
reversible. After a thorough washing of the soil treated
by CCCP with distilled water, the closing speed of the
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Figure 4. The effect of anion channel blockers on chargeinduced stimulation using two Ag/AgCl electrodes located in the midrib (1) and in one of the two lobes (2).
The soil was treated by 25 mL of 10 mM 9-AC 24 h before
experiments. A, Photos of the trap closing by different
charge stimulations. B, Dependencies of the distance
between the edges of the lobes (y) on injected charges.
An additional electrical charge was injected to the plant
every 5 s. The soil was treated by 25 mL of 10 mM 9-AC
4 h (2) or 24 h (3) before experiments. The capacitor was
charged by a 1.5-V battery. [See online article for color
version of this figure.]

trap returns to 10 s21, but a higher electrical charge is
needed for trap closure (Fig. 6, curve 2).
Zn21 is known as a blocker of aquaporins, Capermeable anion channels, and possibly H1 channels in
plants. Figure 7 shows that Zn21 inhibits the closing
process of a trap stimulated both mechanically and
electrically. In the case of mechanostimulation, Zn21
can block the propagation of electrical signals and
trap closure. In the case of electrostimulation, Zn21
directly inhibits closing of the trap. Electrostimulation
causes the trap to close more quickly than mechanostimulation by a small piece of gelatin (Fig. 7).
Plant Electrical Memory

Transmission of a single electrical charge (mean
13.63 mC, median 14.00 mC, SD 1.51 mC, n 5 41) causes
the trap to close and induces an electrical signal that
propagates between the lobe and the midrib (Volkov
et al., 2007). Figure 4B illustrates that the Venus flytrap
can accumulate small charges, and when the threshold
value is reached, the trap closes. A summation of
stimuli is demonstrated through the repetitive application of smaller charges. If we apply two or more
consecutive injections of electrical charge within a
period of less than 50 s, the trap will close when a total
of 14 mC charge is reached. In the presence of 9-AC, a
significantly larger charge is required for trap to close
(Fig. 4B, curves 2 and 3).
In our experiment, we applied the charge of 14 mC
between the upper and the lower leaves, but the trap
did not close. The same was true when we increased
the injected charge to 1 mC. When we applied 14 mC
between the midrib and lobe, the trap closed.
698

DISCUSSION

The fast movement of the Venus flytrap has intrigued scientists since it was first described by Darwin
(1875), and since then it has caused periodic bursts of
research activity. The experimental technique pioneered by Darwin (1875) was employed in the most
recent analysis of this movement (Forterre et al., 2005).
The mechanism of the trap movement is still debated,
with ideas stretching from the expansion of cell walls
through acid increase to the snap-buckling instability.
Conflicting models have been proposed about the
mechanism of Venus flytrap closure. Darwin (1875)
was the first to observe that the lobes of each trap are
convex when held open and concave when held shut.
Brown (1916) noted that the underside of the lobes
expands during closure and the inner sides of the lobes
increase upon reopening. This model helps to explain
the flipping action of ‘‘the most wonderful plant’’ as
described by Darwin (1875). By painting the surface
with dots, Darwin (1875) was able to prove that during
the process of closing, the superficial layer of leaf cells
contracts over the whole upper surface.
The rapid trap closure of the Venus flytrap has been
explained by a loss of turgor in the upper epidermis or
by a sudden acid-induced wall loosening of motor
cells. Another plausible explanation is an expansion of
the cell wall through acid growth (Williams and
Bennet, 1982). Several recent articles have linked trap
closure with a rapid decrease in pH: traps have been
shown to close when immersed in solutions to a pH of
4.5 and below (Williams and Bennet, 1982). The low
pH can activate enzymes that expand the lobes’ cell
walls. Leaves infiltrated with neutral buffers keeping
the pH above 4.5 do not close in response to stimPlant Physiol. Vol. 146, 2008
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Figure 5. Kinetics of trap closing at 20°C by a 42-mC charge injection
to the midrib; y is the distance between rims of lobes. A, Variation of
distance between the edges of the lobes at 20°C after electrical
stimulation. B, Variation of trap closure speed n 5 2 ð1=ymax Þ ðdy=dtÞ
with time after electrical stimulation at 20°C. The soil was treated by
25 mL of 10 mM 9-AC 4 h before experiments. The capacitor was charged
by a 1.5-V battery.

ulation of their trigger hairs although APs are generated.
The closing process essentially involves a change of
the leaf’s geometry. The upper leaf is convex in the
open position and concave in its closed position.
Forterre et al. (2005) presented comprehensive analysis
of upper leaf geometry during closing. Bobji (2005)
considered the Venus flytrap as a bistable vibrator,
which can be in an open or closed state. This last
proposition is tempting, but Bobji and Forterre’s model
does not take into account a number of experimental
facts: (1) the trap is stable and does not close spontaneously without stimuli; (2) two mechanical stimuli
with an interval of up to 35 s are required for trap
closure; (3) the trap does not close during rain or by
blasts of air; and (4) reopening of the trap is a slow
process, during which the lobes change their shapes
from flat to concave and finally to convex (Darwin,
1875). This means that significant changes in the structure and mechanics of the trap occur during closing.

Trap closure is believed to represent nonmuscular
movement based on hydraulics and mechanics
(Brown, 1916; Skotheim and Mahadevan, 2005). The
nastic movement in various plants involves a large
internal pressure (turgor). It is quite likely that these
movements are driven by differential turgor that is
actively regulated by the plants. Trap closure occurs
via quick changes in the curvature of each lobe rather
than movement of the leaf as a whole. The cell walls of
the upper and lower epidermis and adjacent mesophyll feature a preferential microfibril orientation in
the direction of the applied stress (Hodick and Sievers,
1989). These anatomical features were selected as the
basis of the hydroelastic curvature model presented
above.
The driving force of the closing process is most
likely the elastic curvature energy stored and locked in
the leaves due to a pressure difference between the
upper and lower layers of the leaf. The trigger signal
opens the water pores between these layers and the
fluid transfers from the upper to the lower layer. The
leaf relaxes to its equilibrium state, corresponding to
the closed configuration. This process develops very
quickly; we found that it takes a small fraction of a
second.
To close the trap, an electrical charge of 14 mC can
either be submitted as a single pulse or be applied
cumulatively as a sequence of small charges applied
during a short period of time. Trap closure by electrical
stimulus obeys the all-or-none law: there is no reaction
for under-threshold stimulus, and the speed of closing
does not depend on stimulus strength above threshold.
Electrostimulation and mechanical stimulation using a string or a piece of gelatin cause the trap to close
in 0.3 s with the same speed. In the presence of an
inhibitor of anion channels 9-AC, accumulation of an
84-mC electrical charge is required to close the trap
(Fig. 4A). Uncouplers increase delay in trap closure
and significantly decrease the speed of closing. A

Figure 6. Kinetics of a trap closing n 5 2 ð1=ymax Þ ðdy=dtÞ after 70 mC
electrical stimulation (1). Fifty milliliters of 10 mM CCCP was added to
the soil 4.5 h before experiments. The soil around the Venus flytrap was
washed with distilled water to decrease CCCP concentration (2).
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Fast proton transport induces transport of water and a
change in turgor.
The trap possesses curvature elasticity and consists
of outer and inner hydraulic layers where different
hydrostatic pressures can build up. The open state of
the trap contains high elastic energy accumulated due
to the hydrostatic pressure difference between the
outer and inner layers of the lobe. Applied stimuli
open pores connecting the two layers, water rushes
from one hydraulic layer to another, and the trap
relaxes to the equilibrium configuration, its closed
state.
Uncouplers can inhibit H1 transport, and blockers
of aquaporins can inhibit water flow. In the absence of
inhibitors, the trap closes in 0.3 s. After the trap closes,
the cilia slowly mesh and lock the trap to capture its
prey. Digestion takes place within 4 to 5 d. During trap
reopening, the convex shape of each lobe is restored.
Our results demonstrate the role and kinetics of
electrical, biochemical, and mechanical events leading
to the fast trap closure induced by mechanical or
electrical stimuli. The reception of electrical stimulus
has a cumulative character, indicating the existence of
electrical memory in this plant. There are many quick
mechanical movements in plants, and this new hydroelastic curvature theory can be used for understanding and estimating their exact mechanisms. The
new noninvasive charge capacitor method permits the
study of different steps in signal transmission and
responses in the plant kingdom.
Figure 7. The kinetics of trap closure after stimulation of the trigger
hairs by a small piece of gelatin (2) or by 28 mC electrical stimulation
(1). Fifty milliliters of 10 mM ZnCl2 was added to the soil 4.5 h before
experiments. A, Dependencies of distances between the edges of the
lobes on time at 20°C after electrical stimulation. B, Dependencies of
trap closure speed n 5 2 ð1=ymax Þðdy=dtÞ on time after electrical
stimulation at 20°C.

70-mC electrical charge is required for trap closure in
the presence of CCCP. CCCP concentration decreases
when the soil is washed out by distilled water, and
the speed of the trap closure increases. Ion channel
blockers and aquaporin inhibitors tetraethylammonium
and Zn21 also decrease the speed and increase the time
of trap closure.
The possible mechanism of trap closure is shown on
Figure 8. When trigger hairs in the open trap receive
mechanical stimuli, a receptor potential is generated.
Two mechanical stimuli are required for closing the
trap in vivo. However, at high temperatures (36°C–
40°C) only one stimulus is required for trap closure.
Receptor potentials generate APs, which can propagate in the plasmodesmata of the plant to the midrib.
Uncouplers and blockers of fast anion and potassium
channels can inhibit AP propagation in the Venus
flytrap. The trap accumulates the electrical charge
delivered by an AP. Once a threshold value of the
charge is accumulated, ATP hydrolysis (Jaffe, 1973)
and fast proton transport start (Williams and Bennet,
1982; Rea, 1983), and aquaporin opening is initiated.
700

Figure 8. The mechanism of trap closure based on experimental and
theoretical analysis of this work and experimental data from Volkov
et al. (2007).
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MATERIALS AND METHODS

chloride were obtained from Fluka; 9-AC was purchased from American
Tokyo Kasei.

Data Acquisition
All measurements were conducted at a constant room temperature inside a
Faraday cage mounted on a vibration-stabilized table. To estimate possible
high-frequency content of the evoked responses, a high-performance National
Instruments data acquisition system was used. High-speed data acquisition of
low-pass filtered signals was performed using a simultaneous multifunction
I/O plug-in data acquisition board NI-PXI-6115 or NI-PCI-6115 (National
Instruments) interfaced through an NI-SCB-68 shielded connector block to
0.1-mm-thick nonpolarizable reversible Ag/AgCl electrodes (Fig. 1). The
results were reproduced on a workstation with data acquisition board
NI-6052E-DAQ with input impedance of 100 GV interfaced through an
NI-SC-2040 Simultaneous Sample and Hold. The system integrates standard
low-pass anti-aliasing filters to eliminate all signal frequencies over one-half of
the sampling frequency. The multifunction data acquisition board NI-PXI6115 provides high resolution and a wide gain range. Any single channel can
be sampled at any gain at up to 10 million samples/s. The system integrates
standard low-pass anti-aliasing filters at half of the sampling frequency.

Electrodes
Ag/AgCl electrodes were prepared from Teflon-coated silver wires
(Volkov, 2000, 2006a; Volkov and Mwesigwa, 2001). After insertion of the
electrodes into each lobe and midrib, the traps closed due to the mechanical
stimulation. We allowed the plants to rest until the traps were completely
open.

Plant Electrostimulation
The Charge Injection Method (Fig. 1) has been used to estimate precisely
the amount of electrical energy necessary to cause trap closure. Two critical
parameters have been analyzed: the amount of charge and the applied
voltage. Both parameters are tested to determine the minimum amount of
charge and the minimum voltage sufficient to close the plants’ trap. A doublepole, double-throw switch was used to connect the known capacitor to the
voltage source during charging, and then to the plant during electrical
stimulation. Because the charge of the capacitor Q is related to the voltage
source V in the equation Q 5 CV, we can precisely regulate the amount of
charge using different capacitors and applying various voltages. By changing
the switch position, we can instantaneously connect the charged capacitor to
the plant and induce an evoked response.

Mechanostimulation
String Stimulus
Mechanical stimulation was performed by using a cotton thread to gently
touch one or two of the six trigger hairs inside the upper leaf of the Venus
flytrap (Dionaea muscipula). The thread was then immediately removed before
the leaves closed.

Gelatin Stimulus
Plants were fed a 6- 3 6- 3 2-mm cube of 4% (w/v) gelatin and induced to
close by stimulating two of the six trigger hairs of the Venus flytrap, as
suggested by Jaffe (1973).

Images
Digital video recorders Sony DCR-HC36 and Canon ZR300 were used to
monitor the Venus flytraps and to collect digital images, which were analyzed
frame by frame. The National Television Standards Committee format consists
of 30 interlaced frames of video per second, which represents the maximum
sampling frequency of parameters extracted from the video stream.

Chemicals
CCCP, carbonylcyanide-4-trifluoromethoxyphenyl hydrazone, 2,4-dinitrophenol, 2,3,4,5,6-pentachlorophenol, gelatin, ZnCl2, and tetraethylammonium

Plants
Three hundred bulbs of Venus flytrap were purchased for this experimental work from Fly-Trap Farm and grown in a well-drained peat moss in plastic
pots at 22°C with a 12:12-h light:dark photoperiod. The soil was treated with
distilled water. All experiments were performed on healthy adult specimens.
Received August 27, 2007; accepted December 4, 2007; published December 7,
2007.
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