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Mechanical and electrical anisotropy
in Mimosa pudica pulvini
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Abbreviations: C, capacitance; DPDT, double pole double throw switch; HEC, a hydroelastic curvature model; PXI, PCI

eXtensions for instrumentation; R, resistance; T, the circuit time constant; £ time; Q, charge of capacitor; U, voltage;
U,, initial voltage of a capacitor

Thigmonastic or seismonastic movements in Mimosa pudica, such as the response to touch, appear to be regulated by
electrical, hydrodynamical and chemical signal transduction. The pulvinus of Mimosa pudica shows elastic properties,
and we found that electrically or mechanically induced movements of the petiole were accompanied by a change of the
pulvinus shape. As the petiole falls, the volume of the lower part of the pulvinus decreases and the volume of the upper
part increases due to the redistribution of water between the upper and lower parts of the pulvinus. This hydroelastic
process is reversible. During the relaxation of the petiole, the volume of the lower part of the pulvinus increases and the
volume of the upper part decreases. Redistribution of ions between the upper and lower parts of a pulvinus causes fast
transport of water through aquaporins and causes a fast change in the volume of the motor cells. Here, the biologically
closed electrochemical circuits in electrically and mechanically anisotropic pulvini of Mimosa pudica are analyzed using
the charged capacitor method for electrostimulation at different voltages. Changing the polarity of electrodes leads to
a strong rectification effect in a pulvinus and to different kinetics of a capacitor discharge if the applied initial voltage
is 0.5 V or higher. The electrical properties of Mimosa pudica’s pulvini were investigated and the equivalent electrical
circuit within the pulvinus was proposed to explain the experimental data. The detailed mechanism of seismonastic
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movements in Mimosa pudica is discussed.

Introduction

The exact mechanism of seismonastic movements in Mimosa
pudica L. is unknown. There are three main hypotheses: chemi-
cal, muscular and osmotic mechanisms (Table 1). All of these
mechanisms of plant movements have experimental support, but
each hypothesis does not take into account experimental data
supporting the other two mechanisms.

Chemical hypothesis. Pfeffer® and Ricca' suggested that
an unknown chemical compound is responsible for the seismo-
nastic movements in Mimosa pudica. According to Ricca' this
hydrophilic compound, so called a Ricca factor, moves through
the xylem vessels to induce mechanical responses to stimuli.
Schildknecht and Bender® isolated and characterized the Ricca
factor from Mimosa pudica L, which is turgorin 4-0-(B-D-gluco-
pyranosyl-6'-sulfate) gallic acid. The binding site of this turgorin
is located on the plasma membrane in the pulvinus.? The mecha-
nism of a turgorin action can be similar to acetylcholine effects in
animal nerves.?*

*Correspondence to: Alexander G. Volkov; Email: agvolkov@yahoo.com
Submitted: 04/30/10; Accepted: 06/09/10

Muscular hypothesis. Gardiner found that mechanical
properties of the pulvinus are similar to animal muscles. The
seismonastic movement of a petiole may be more efficient than
typical animal muscle movements.” The phosphorylation level of
actin in the pulvinus affects the dynamic reorganization of actin
filaments and causes seismonastic movement.'"'>'® If the flexor
of the pulvinus is cut away, the extensor will still work, reacting
to stimuli.”

Osmotic motor hypothesis. Mechanical stimuli induce
action potential,® which can activate K* and CI voltage gated
ion channels.?® Ton transport in the pulvinus induces osmotic
movement of water and sudden turgor loss in the lower pul-
vinar cells.”” The mechanism of leaf movement exhibited by
Mimosa pudica is different from the movement of guard cells in
the stomata.”®

The exact mechanism of seismonastic movements in Mimosa
pudica L. should include elements of all three hypotheses.

The pulvinus is comprised of three main parts: a central vas-
cular core and two layers of flexor and extensor cells. The action
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Table 1. Hypothetical mechanisms of seismonastic movements of Mimosa pudica leaf

Hypotheses

Diffusion of a
chemical com-
pounds' referred
to turgorins or leaf
movement factors.?

Muscular
movements.5°"

Osmotic motor

Pro

Gallic acid 4-O-(B-D-glucopyranosyl-6'-sulfate) can induce leaf clos-
ing.?® Gallic acid is a product of acid hydrolysis of the tannins. A sul-
fotransferase involved in sulfation of the turgorins, gallic acid 4-O-(B-
D-glucopyranosyl-6'-sulfate), is pulvini-localized in Mimosa pudica.*
If leaves of Mimosa pudica exposed to *CO,, considerable amounts
of labeled photoassimilates are accumulated in the pulvinus of the
stimulated leaf.® There is a correlation between movements of the
leaf and sucrose translocation in the phloem of Mimosa pudica.®

The degree of bending of a peyiole is correlated with actin tyrosine-
phosphorylation in the pulvinus." Fragmentation of actin fila-
ments and microtubules occurs during bending, although the actin
cytoskeleton, but not the microtubules, is involved in the regulation
of the movement.'? Cytochalasin B and phallodin inhibit the bending
of the petiole.® The ATP level in the pulvinus decreases to 30% dur-
ing falling of a petiole and returns to the initial level after recovery
of a petiole and pulvinus.” Ca, Mg-dependent ATPase in the pulvinus
is similar to the ATPases from muscle and non-muscle motile cells.”®
A tubulin from Mimosa pudica may be involved in the regulation the
movements in Mimosa pudica.” Mimosa pudica has a gelsolin/fragmin
family actin-modulating protein that severs actin filament in a Ca*-
dependent manner.® The central vacuole of the motor cell contains a
contractile protein which undergoes a conformational change during
seismonastic movement.'” The seismonastic movement of a petiole
may be more efficient than typical animal muscle movements.’

Migration of calcium regulates the seismonastic response in Mimosa
pudica. Volume and conformational changes of the contractive tan-
nin vacuoles in the pulvinus correlate with the seismonastic leaf
movement.”” Stimulation of Mimosa pudica causes the secretion of K*
from the cytoplasm into the apoplast.?’ The mechanical stimulation
triggers a large decrease of K* ions in the outer extensor.2?'
Shrinking of extensor cells and swelling of flexor cells bend a
pulvinus.?

Contra

Mechanoreceptors of Mimosa pudica elicit also elec-
trical and hydraulic signals, which induce transport
of K*, ClI, Ca?* ions and fast water translocation in the
pulvinus. The leaf movements are reversible. Some
anesthetics reversibly block the seismonastic move-
ments of a petiole.® Aquaporins are involved in the
seismonastic movements of a petiole.” The mechani-
cal stimulation triggers a large decrease of K* ions in
the extensor site.?

Some anesthetics reversibly block the seismonastic
movements of a petiole.° Aquaporins are involved
in the seismonastic movements of a petiole.” The

mechanical stimulation triggers a large decrease of

K*ions in the extensor site.?

The degree of bending of a petiole is correlated with
actin tyrosine-phosphorylation in the pulvinus."
Fragmentation of actin filaments and microtubules
occurs during bending, although the actin cytoskel-
eton, but not the microtubules, is involved in the
regulation of the movement."? Cytochalasin B and
phallodin inhibit the bending of the petiole.”*'* Gallic
acid 4-0O-(B-D-glucopyranosyl-6'-sulfate) can induce
leaf closing.?® A sulfotransferase involved in sulfation
of the turgorins, gallic acid 4-O-(B-D-glucopyranosyl-
6'-sulfate) is pulvini-localized in Mimosa pudica.* Cells
in flexor and extensor sites have opposite response
to the same action potential.

potential activates voltage gated channels and induces the redis-
tribution of K*, Cl, H* and Ca?* ions between extensor and flexor
layers which in turn leads to the osmotic movement of water,
causing the bending of the pulvinus and movement of the peti-
ole in Mimosa pudica.®*****-3' The potassium concentration in
the apoplast of extensor cells of the Mimosa pudica’s pulvinus
increases from 30—70 mM to 100 mM. Thus the motor cells
shrink and resultantly, the cells from the flexor site take up K
ions from the apoplast and begin to swell.* The differential vol-
ume changes of flexor and extensor sites result from the transport
of ions accompanied by osmotic transport of water. There is a
high gradient of osmotic pressure between extensor and flexor
cells of about 1 MPa in Samanea pulvini.'**

The identification and characterization of bioelectrochemical
mechanisms for electrical signal transduction in plants would
mark a significant step forward in understanding this under-
explored area of plant physiology.**** Although plant mechani-
cal and chemical sensing and corresponding responses are well
known, membrane electrical potential changes in plant cells
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and the possible involvement of electrophysiology in transduc-
tion mediation of these sense-response patterns represents a new
dimension of plant tissue and whole organism integrative com-
munication. A short time ago, we discovered the bioelectrochem-
ical mechanisms of electrical signal transduction in biologically
closed electrical circuits in the pinnae and petioles of Mimosa
pudica and the plant’s responses to electrostimulation.”?® The
studies of the mechanisms of concerted movements in plants
from electrical signal transduction to cascades of cellular events
will have a potentially broad impact on both fundamental sci-
ences and engineering.>"%

When describing the propagation of electrical signals in plants,
it is often convenient to represent the real electrical and electro-
chemical properties of biointerfaces with idealized equivalent
electrical circuit models consisting of discrete electrical compo-
nents.” % Biologically closed electrical circuits operate over large
distances in biological tissues.** The activation of such circuits
can lead to various physiological and biophysical responses.®>"%
Recently, we investigated the biologically closed electrical circuits
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in the upper leaf of the Venus flytrap, and
found the equivalent electrical circuit.”!
Mechanical movements in Mimosa pudica
can be induced by electrostimulation if very
high applied voltages, 200-400 volts, were
briefly applied between the soil and the pri-
mary pulvinus to measure the contractile
characteristics of a petiole.” Jonas*® used a
0.5 pF capacitor charged by 50, 100 and
150 volts for electrostimulation and found
oscillations of leaves and fast petiole move-
ment in Mimosa pudica after the application
of an electrical shock. The petioles bend
downward and the pinnae close after the
application of 9 volts to Mimosa pudica.

These high voltages are non-physiological and

have a side effect—plant electrolysis. We ana-

Figure 1. Sequence of photos of a pulvinus of Mimosa pudica after mechanical stimulation.

lyzed, both experimentally and theoretically,
the mechanism of mechanical movements in

Mimosa pudica induced by low voltage electrostimula-
tion of the petiole and pinna.’>*¢ The charged capaci-
tor method is a very efficient tool for the study of the
bioelectrochemistry of cells, clusters of cells or for
electrostimulation of whole plants and evaluation of
biologically closed electrical circuits.

Some plants move their leaves upon sudden shaking
or touch as seismonastic and thigmonastic movements
use osmotic motors, powered by H*-AT Pases.!'** The
osmotic motor often resides in specialized leaf organs,
midribs or pulvini, at the base of the leaves and leaflets.
The osmotic motor transfers water through water chan-
nels or aquaporins.”*

In terms of electrophysiology, these responses in
Mimosa pudica can be considered in three stages:

200s

380s 800s

(1) stimulus perception, (2) signal transmission and

(3) induction of response.®!*?*5! Action potentials
involve effluxes of K* and CI and a temporary change

of turgor, produced by osmotic motors. Like the action

Figure 2. Sequence of photos of a relaxation of a pulvinus of Mimosa pudica after
mechanical stimulation to the initial state during 20 minutes.

potential, a critical threshold depolarization triggers
Ca?* influx, opening of Ca**-sensitive Cl' channels and K* chan-
nels; effluxes last over a short period of time and result in turgor
regulation. 20309253

Plants have many different electrical circuits, which can be
activated by different stimuli, such as action potentials, mechani-
cal, thermal or wounding stresses. These circuits are biologically
closed and operate during specific reaction of plants to stimuli. In
the study reported, we analyzed the biologically closed electrical
circuits in a pulvinus of Mimosa pudica through electrostimula-
d*445% and observed

the effects of electrical or mechanical stimulation on the hydro-

tion using the new charged capacitor metho

elastic properties of a pulvinus. We then evaluated an equivalent
electrical scheme of the electrical signal transduction inside the
primary pulvinus. The new charge capacitor method permits the
study of different steps in signal transmission and responses in
the plant kingdom.

www.landesbioscience.com
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Results

Mechanics of petiole movement. After mechanical stimulation
of a petiole or a pulvinus, a petiole falls in a few seconds (Fig. 1)
and relaxes to the initial state in 10~12 minutes (Fig. 2). The
maximal angle between a petiole and a stem varies from 25 to
100 degrees in different plants. Electrostimulation of a pulvinus
by a 47 wWF capacitor charged to 1.5 V (+ on upper part, - on lower
part of a pulvinus) leads to a petiole bending (Fig. 3) similar
to the effect of mechanical stimulation. The lower part of the
pulvinus has a higher volume and curvature when a petiole is in
a relaxed state (Fig. 2). After mechanical or electrical stimula-
tion of a pulvinus, the volume and curvature in the upper part of
the pulvinus increases and a petiole hangs down (Figs. 1 and 3).
A pulvinus changes its shape during the hydromechanical move-
ment of a petiole.
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20s

discharge of a capacitor in the
pulvinus is faster when a positive
Ag/AgCl electrode is connected to
the upper part of the pulvinus and
a negative one to the lower part of a
pulvinus. This difference increases
with an increase of initial volt-
age on the capacitor (Fig. 6A and
B) and is clearly demonstrated on
Figure 7—a sum of Figures GA
and B. At an initial voltage of 0.1
V or less, there is no dependence on
speed of a capacitor discharge on
the polarity of electrodes in upper
and lower parts of a pulvinus. At
potentials of 0.2 V or higher, there
is strong dependence on polarity
and amplitude of applied voltage.
Since the charge of a capacitor Q
is equal to voltage U times capaci-
tance C, this effect can be caused
either by voltage or charge of the

60 s

capacitor.

charged capacitor with initial voltage of 1.5 V.

Figure 3. Sequence of photos of a pulvinus of Mimosa pudica after electrical stimulation by 47 F

Figures 8A and C show the time
dependencies of charged capacitors

Time/s

Figure 4. Kinetics of a petiole bending triggered by electrical stimula-
tion of Mimosa pudica by 47 uF charged capacitor with initial voltage of
1.5 V.

Figure 4 shows the kinetics of a petiole bending, triggered
by electrical stimulation. This bending is synchronized with the
increased volume of the upper part of a pulvinus (Fig. 5A) and
the decreased volume of the lower part of a pulvinus (Fig. 5B).

Electrical processes in pulvinus. Figures 6A (+ on top of the
pulvinus and—in the lower part of the pulvinus) and 6C (- on
top of the pulvinus and + in the lower part of the pulvinus) show
the time dependencies of a 47 wWF charged capacitor discharg-
ing in the pulvinus of Mimosa pudica. Figures 6B and D show
the same dependencies in logarithmic coordinates. Electrical
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discharging in the Mimosa pudica
pulvinus between electrodes located
along the pulvinus. Figures 8B and C show these same values in
logarithmic coordinates. If the applied potential is 0.5 V or higher,
there is a strong deviation of these dependencies from straight
lines according to equation 1 and the equivalent electrical scheme
shown on Figure 9A cannot describe the experimental depen-
dencies. Figure 10 shows the dependence of kinetics of a 47 pF
capacitor discharging between Ag/AgCl electrodes located along
the pulvinus on polarity of electrodes at low and high voltages. If
the positive electrode is located in the pulvinus near a stem, and
the negative electrode is located near a petiole, the 47 WF capacitor
discharge is slightly faster when the applied voltage is 1.5 V.

Discussion

Mechanical and electrical stimulation of the leaf movement.
While the mechanism of thigmonastic movement in Mimosa
pudica is not clear at the present time, there are a few hypotheses
to describe it (Table 1). The osmotic hypothesis states that the
thigmonastic movement of Mimosa pudica is powered by a sud-
den loss of turgor pressure in the motor cells of the pulvinus.
The mechanism of this movement can be explained as follows.
The pulvinus is a flexible hinge located at the base of the stalk of
the leaf. It has a very anisotropic structure. The motor cells are
organized in such a way that they allow changes with changing
turgor only in length, but not in circumference.” As a result, the
antagonistic changes in the length of the flexor and extensor cells
produce the petiole movements. This mechanism is similar to
the work of a bimetallic strip that converts a temperature change
into a mechanical displacement. The different expansions force
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the flat strip to bend one way if heated, and in the opposite direc-
tion if cooled below its normal temperature. In a similar way, the
pulvinus uses a hydroelastic mechanism?®” that converts a differ-
ence of turgor pressure in extensor and flexor cells to the bending
and ensuing rotation of the petiole. Bending of the pulvinus also
manifests itself by a change in the curvature of the extensor and
flexor sides. Movement of the petiole and the change in curvature
closely follow each other as demonstrated in Figures 1-3 and 5.
During the falling of a petiole, the volume of the lower part of
the pulvinus decreases and the volume of the upper part increases
in a few seconds. During relaxation of a petiole to its initial state,
the volume of the extensor side of a pulvinus increases and the
volume of the flexor side decreases in 20 minutes (Fig. 2). This
seems to occur due to the redistribution of water between the
upper and lower parts of a pulvinus.

Through the usage of nuclear magnetic resonance, the move-
ment of water from the lower half of the pulvinus to the upper half
following a mechanical stimulus was observed.® This observation
gives direct evidence for the theory of fast movement of water from
the lower half to the upper half of the pulvinus.’® Movement of
water from the upper half of the pulvinus to the lower half of the
pulvinus during petiole relaxation is slow (Fig. 2).

The details of the mechanism for the concerted action of
the flexor and extensor sides of the pulvinus are not yet known,
although osmotic pumps are definitely involved in water exchange
in these two layers of the pulvinus.

The hydroelastic mechanism of Mimosa movement parallels
with the mechanism that closes the Venus fly trap.’” The hydro-
elastic model is based on the assumption that the leaf possesses
curvature elasticity and consists of outer and inner hydraulic lay-
ers where different hydrostatic pressure can build up.”” The open
state contains high elastic energy accumulated due to a hydrostatic
pressure difference between the outer and inner layers of the leaf.
Stimuli induce water flow from one hydraulic layer to another.
This very fast process also involves water exchange between two
layers of cells in the lobes of the trap with a consequent change of
leaf curvature. The closing of the Venus flytrap was described by
the hydroelastic curvature (HEC) mechanism.*”>

Cl and H* ions also participate in osmotic changes in a pulvi-
nus using anion voltage gated anion channels and proton pumps.
There is an opinion that ATPase activity is strongly involved in
the thigmonastic movement of Mimosa pudica because a high
density of H*-ATPases in the phloem and pulvini was found.”>>

Electrostimulation of a pulvinus can lead to the same response
in Mimosa pudica as mechanostimulation.” Using the charged
capacitor method, we can evaluate some electrical properties of
plant tissue. The vascular bundle in the petiole is surrounded
by a sclerenchyma sheath which gives symplastic isolation.’®
Application of a small voltage to the petiole up to 1.5 V does
not induce the pulvinus bending or the petiole movement. The
equivalent electrical circuit is passive and consists of resistors and
capacitors.®® Application of a high voltage of 9 V induces the peti-
ole movement."

Electrical anisotropy of a pulvinus. If a capacitor of capaci-
tance C is discharged through a resistor R, the capacitor voltage

U is then

www.landesbioscience.com
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Figure 5. Kinetics of a volume changes in the upper and lower part of a
pulvinus during a petiole bending triggered by electrical stimulation of
Mimosa pudica by 47 uF charged capacitor with initial voltage of 1.5 V.
These results were reproduced 16 times.

t
Ue(t)=Uyxexp(--)
, where T = RC 1)

and the charge remaining at the capacitor is

Q - C[]o g-t/"r - Qoe-t/"r (2)

Where Q, = CU, is the initial charge on the capacitor. The
capacitive time constant RC governs the discharging process. At ¢
=T = RC the capacitor charge is reduced to CU ¢, which is about
37% of its initial charge. For R in ohms and C in farads, the
time constant RC is in seconds. The voltage across the capacitor
decreases exponentially with the same time constant T from the
initial value U, to zero.

Figures 6 and 8 show the experimental dependencies of voltage
of various charged capacitors on time. Logarithmic dependencies
in Figures 6B and C, and 8B and D show significant devia-
tions from the linear prediction of equation 1. Such deviations
can be described by the equivalent schemes shown on Figure 9B
and D. Additional membrane capacitance C_ can cause a devia-
tion from a linear dependence. The equivalent electrical circuit
shown in Figure 10A predicts the independence of the results
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Figure 6. Time dependence of electrical discharge between electrodes located across the Mimosa pudica pulvinus and connected to 47 pF charged
capacitor (A and C). These results were reproduced 14 times. Voltage between electrodes was measured every 15 ms. Time dependence of electrical
discharge in the Mimosa pudica’s pulvinus between electrodes connected to 47 pF charged capacitor in logarithmic coordinates (B and D).
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Figure 7. Time dependence of voltage differences (Fig. 6A + C) during
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harge in the Mimosa pudica’s pulvinus between elec-

trodes of different polarities located across the Mimosa pudica pulvinus
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from the polarity of the electrodes during a capacitor discharge
in the pulvinus of Mimosa pudica. Changing the polarity of the
electrodes leads to different results in the kinetics of the capacitor
discharge (Figs. 6A and C, 7 and 8A and C). The time con-
stant T = RC also depends on the polarity of the electrodes. This
effect is similar to the electrical discharge in the Venus flytrap
and can be caused by the opening of voltage gated ion channels
when the applied voltage exceeds the threshold value. It is con-
venient to represent electrochemical properties of biologically
closed electrical circuits with idealized equivalent electrical cir-
cuit models consisting of discrete electrical components. We can
simulate the voltage gated K* and Cl ion channels using diodes
(Fig. 9C). Figures 6A-D and 8A-D show a very large deviation
from equation (1) as well as unusual slopes and changes in the
curvatures of the time dependencies of the capacitor’s discharge.
Figures 7 and 9 show the various kinetics of capacitor discharg-
ing between the same electrodes in the pulvinus after the polarity
of the capacitor was changed. There is a strong rectification effect
inside a pulvinus that is sensitive to the polarity of the capacitors
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Figure 8. Time dependence of electrical discharge in Mimosa pudica pulvinus between electrodes located along the pulvinus and connected to 47 pF
charged capacitor (A and C). These results were reproduced 25 times. Voltage between electrodes was measured every 15 ms. Time dependence of
electrical discharge in the Mimosa pudica’s pulvinus between electrodes located along the pulvinus and connected to a charged capacitor in logarith-
mic coordinates (B and D).

(Figs. 7 and 9). This can be caused by a redistribution of K*, CI
and Ca** ions through ion channels in the pulvinus.

Figures 6 and 8 show the kinetics of the discharge when the A o -( o

electrodes are inserted into the pulvinus either across or along

this structure. It is useful to normalize these figures by the initial R, C,
voltage U at the capacitor for a better comparison of these depen- -(
dencies. The results are presented in Figure 11A for data shown o

in Figure 6 and in Figure 11B for data shown in Figure 8. Ag/
AgCl electrodes were inserted across the pulvinus (Fig. 11A) or B -(

along the pulvinus (Fig. 11B).
If the electrical structure of the pulvinus was stationary and R, C,

consisted of a number of resistors and capacitors, the normalized

curves in Figure 11 would overlap. However, this overlapping did

not happen: the capacitor with a high initial voltage discharged R,

faster, meaning that the electrical circuits change with applied

voltage. Usually this means that some ion channels are open in C

the plant tissue. Another interesting feature: Figure 11A with J- -[

Figure 9. Electrical equivalent schemes of a capacitor discharge in a
plant tissue. Abbreviations: C,, charged capacitor from voltage source U;
C,, capacitance of plant tissue; R, resistance in the Mimosa pudica tissue.
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Figure 10. Time dependence of voltage differences (Fig. 8A + C) during
electrical discharge in the Mimosa pudica’s pulvinus between elec-
trodes of different polarities located along the Mimosa pudica pulvinus
and connected to 47 pF charged capacitor.
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Figure 11. Normalized presentation of time dependence of electrical
discharge in Mimosa pudica’s pinna between electrodes connected to
47 uF charged capacitor. U, is the initial capacitor voltage in volts.

(A) experimental data was taken from Figure 6; (B) experimental data
was taken from Figure 8.

electrodes across the pulvinus in contrast to Figure 11B dem-
onstrates the saturation effect. When small voltages are applied,
the curves differ from one another, but if U exceeds 0.5 V the
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curves remain very close to each other. This indicates that all ion
channels are already open and remain in this state. However, this
does not happen in Figure 11B in which the electrodes are placed
along the pulvinus indicating that the pulvinus has a very aniso-
tropic electrical structure. This would agree with the fact that, as
mentioned above, the mechanical structure of the pulvinus is also
very anisotropic.

Another interesting parameter is the input resistance of the
tissue that can be defined as

e = ~U/C, AU (3)

This parameter is often analyzed in electrical impedance
spectroscopy studies of biological tissues.’***%* Figure 12A
presents the time dependence of the input resistance for initial
voltage of 1 V with the electrodes placed across the pulvinus.
This dependence is perfectly modelled by the circuit in Figure
9C. The input resistance also changes with voltage, thus we
analyzed the initial input resistance Rmpm(UO) as a function of
initial voltage. For data shown in Figure 12B these values are
presented in the Table 2.

Dependencies of the input resistance on the absolute value
of initial voltage are shown in Figure 12B. They are very close
to each other and very well fitted with the single exponential
functions

Ry =02528+3.T91Exp-11.8670,] )

for negative initial voltage and

R, =0.1440+ 4.497 Exp{ -11.395U)] 5)

for positive initial voltage. In the Figure 12B to make the com-
parison more convenient, we plotted the absolute values of volt-
age. As one can see, both curves sit very close to each other.
Therefore, the opening of channels in this plant’s tissue does not
depend on the polarity of applied voltage.

The activation of biologically closed electrical circuits in
Mimosa pudica can lead to different responses in the plant tis-
sue. Mechanical or electrical stimuli can induce different elec-
trical signals such as action potentials, variation potentials, slow
wave potentials and streaming potentials which propagate along
the conductive bundles. The plasma membranes in phloem cells
facilitate the passage of electrical excitations in the form of action
potentials. The internal functioning of a plant can be maintained
and developed in a continuously varying environment only if all
cells, tissues and organs function in concordance. Voltage-gated
ionic channels control the plasma membrane potential and the
movement of ions across membranes thereby regulating various
biological functions. These voltage gated channels play vital roles
in signal transduction in higher plants.

Propagation of an action potential can induce a mechanical
response by activating the H*-ATPase, Cl voltage gated chan-
nel, and the voltage gated K* ion channel in a pulvinus (Fig. 13).
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Figure 12. Dependence of input resistance for initial voltage of 1V on
47 WF capacitor on time (A) and dependencies of input resistance on
initial voltage (B). Data for b was taken from Table 2.
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Figure 13. The mechanism of the seismonastic movements in Mimosa
pudica.

Table 2. Input resistance between Ag/AgCl electrodes inserted across the pulvinus

-0.5
275.7

-0.2
604.6

-1.5
212.5

-1.0
278.8

U,V
R kOhm

input’

Redistribution of ions between the upper and lower parts of a
pulvinus induces fast transport of water through aquaporins and
causes a fast change in the volume of the motor cells (Fig. 14).
Voltage gated K* and Cl ion channels can operate as an electri-
cal starter of the osmotic motor in a pulvinus. Ion fluxes acti-
vate fast water transport through aquaporins between the lower
half of the pulvinus and the upper half of the pulvinus following
an electrical stimulus. Our mechanism does not contradict the
chemical, muscle and osmotic motor hypotheses and it explains
recent observation.

Materials and Methods

Electrodes. All measurements were conducted in the laboratory
at 21°C inside a Faraday cage mounted on a vibration-stabilized
table (Fig. 15). Ag/AgCl electrodes were prepared from Teflon
coated silver wires (A-M Systems, Inc., USA) according to the
method described by Ksenzhek and Volkov.” The resistance
between two Ag/AgCl electrodes that are 2 cm apart in 0.1 M
KClI solution was found to be 10 kOhm. The response time of

www.landesbioscience.com

-0.1
1410.5

Plant Signaling & Behavior

0.1 0.2 0.5 1.0 1.5
1583.0 604.0 162.1 195.6 89.9

Ag/AgCl electrodes was less than 0.1 ps. As a control experi-
ment, we also used platinum electrodes instead of Ag/AgCl elec-
trodes and received the same results. Platinum electrodes were
prepared from Teflon coated platinum wires (A-M Systems,
Inc.,). We allowed the plants to rest until the leaves were com-
pletely open. The dependence of the electrical discharge on time
in Mimosa pudica was measured 3 to 25 hours after insertion of
the electrodes.

Plant electrostimulation. PXI (PCI
Instrumentation) is a rugged PC-based platform that offers a
high-performance solution for measurement and automation
systems. PXI combines the Peripheral Component Interconnect
electrical bus with the rugged, modular Eurocard mechanical
packaging of CompactPCI and adds specialized synchroniza-
tion buses and key software features. A NI-PXI-4071 digital
multimeter (National Instruments, Austin, TX) connected
to 0.2 mm thick nonpolarizable reversible Ag/AgCl elec-
trodes was used to record the digital data. A NI-PXI-4110 DC
Power Supply (National Instruments) was the voltage source
for capacitor charging. The charged capacitor was used for

eXtensions for
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Figure 14. Schematic diagram of a pulvinus cross section in relaxed and
bended states.

electrostimulation of Mimosa pudica. The NI-PXI-4110 is a
programmable, triple-output precision DC power supply in a
single-slot, 3U PXI module. The NI-PXI-4110 has 16-bit reso-
lution for programming the voltage set point and current limit
and for using the voltage and current read back/measurement
functionality.

The Charged Capacitor Method®¢414445% was used to
estimate, with high precision, the amount of electrical energy
necessary to induce a response. A double pole, double throw

(DPDT) switch was used to connect the known capacitor to the
NI-PXI-4110 DC Power Supply during charging, and then to the
plant during plant stimulation. Since the charge of a capacitor Q
connected to the voltage source Uis Q = CU, 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 a response.

Images. Digital video recorders, Sony DCR-HC36 and Sony
HDR-XR500 (Sony, USA), were used to monitor the move-
ments of the Mimosa pudica and to collect digital images, which
were analyzed frame by frame. A photo camera Nikon DX40DX
(Nikon USA Inc.,) with AF-S Micro Nikkor 105 mm 1:2.8 G
ED VR lense (Nikon, USA) was used for the photography of
Mimosa pudica.

Plants. The seeds of Mimosa pudica L. were soaked in warm
water (30°C) for 48 h. 70 plants were grown in well drained peat
moss at 21°C with a 12:12 hr light:dark photoperiod. After grow-
ing for two weeks, the seedlings were transplanted into pots in a
plant growing chamber. The humidity averaged 45-50%. The
plants were watered every day. Two—three month old plants were
used for the experiments. Irradiance was 700—800 pwmol photons
m~?s? PAR. All experiments were performed on healthy adult
specimens.
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