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According to literature, electrostimulation of plants can induce plant movement, activation of ion channels, ion
transport, gene expression, enzymatic system activation, electrical signaling, plant-cell damage, enhanced
wound healing, and can also influence plant growth. Many plants can communicate above ground and under-
ground between adjacent plants. Electrostimulation by square pulses induces passive electrotonic potentials
propagating within and between tomato plants. The amplitude and sign of electrotonic potentials, in both the
electrostimulated and neighboring tomato plants depends on the amplitude, rise and fall of the applied voltage.
Electrostimulation by the pulse train, sinusoidal and triangular saw-shape voltage profile shows the existence of
electrical differentiators and refractory periods in cell-to-cell electrical coupling in tomato plants. Electrical net-
works within one tomato plant can communicate underground with electrical circuits in another tomato plant.
Here, we present the mathematical model of electrotonic potentials transmission between tomato plants
which is supported by the experimental data. The information gained from thismathematical model and analyt-
ical study can be used not only to elucidate the effects of electrostimulation on higher plants, but also to observe
and predict the intercellular and intracellular communication in the formof electrical signals within the electrical
networks within and between tomato plants.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Signaling between plants

Plants can communicate with each other using different
pathways above ground such as volatile organic compounds
(VOC) emission and sensing [1–3]; electromagnetic interactions
[4], and acoustic or sound vibrations [5, 6]. Some plants can take
up volatiles through the stomata and by adsorption on the leaf's
surface [7]. There are many publications about possible under-
ground communication pathways between plants, bushes and
trees. These communication pathways include: root grafting, the
plants' rhizosphere (root ball), and mycorrhizal networks in the
soil [8–15]. There are different pathways for communication
within and between plants such as cell-to-cell, root-to-root,
shoot-to-shoot, and between roots and shoots [17, 18, 20–31].
Soil is a good electrical conductor between neighboring plants
[32]. The soils electrical resistivity depends on moisture, ion ex-
change capacity, porosity, pore size distribution, solute
traethylammonium chloride; V,
ds; λ, The length of electrotonic
concentration, temperature, and chemical content. The resistivity
ρ (Ωm) is defined as follows:

ρ ¼ R � S=Lð Þ

with R being the electrical resistance (Ω), L the length of the cyl-
inder (m) and S its cross-sectional area (m2). The resistivity usu-
ally ranges between 1 Ωm for saline soil and 100 kΩm for dry soil
overlaying crystalline rocks [32].

The experimental and analytical study of electrotonic signal conduc-
tion during the day between Aloe vera plants using underground path-
ways in soil was published recently [20]. Aloe vera L. is a xerophyte in
the Liliaceae family with crassulacean acid metabolism (CAM). Stomata
in Aloe vera open at night and close during the day.

1.2. Electrostimulation of tomato plants

The electrostimulation of plants can induce plant movement, activa-
tion of ion channels, ion transport, gene expression, enzymatic systems
activation, action and electrotonic potentials, plant-cell damage,
enhanced wound healing, and influence plant growth [22, 23, 27,
33–41]. Herde et al. [33, 34] found that electrical current application
(10 V, 30 s) activates pin2 gene expression in tomato plants and
increases endogenous levels of abscisic acid. Stanković and Davies [35]
demonstrated that the electrolysis of tomato plants by 9 V for 3–4 s
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Scheme 1.Diagram of experimental setup. Two Pt-electrodes were used for electrostimulation of a plant from a function generator or 1.5 V D-battery and 8 Ag/AgCl electrodes were used
for measurements of plant electrical responses.
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occasionally induces electrical signals with amplitude of 40 mV
and a speed of 3.5–4.5 mm/s, it also elicits systemic pin2 gene expres-
sion. Transmission of these electrical signals in response to
electrostimulation was found in only 20% of tomato plants [35].
Stanković and Davies [35] found after 9 V electrostimulation that
“5-fold or greater increase in pin2 mRNA levels occurs within 1 hour”.
Authors did not analyze the threshold level of stimulation voltage and
the possible dependence of electrical responses on amplitude and polar-
ity of applied voltage.

The goal of this work is to find if fast underground electrical signal
conduction exists between neighboring tomato plants. Tomato plants
(Lycopersicon esculentum Mill. cv Cosmonaut Volkov) are dicots and
their stomata are open during the day and closed at night.

2. Materials and methods

2.1. Plants

Fifty tomato (Lycopersicon esculentum Mill. cv Cosmonaut Volkov)
plants were grown in plastic pots with sterilized potting soil in a plant
growth chamber (Environmental Corporation). Plants were exposed to
a 12:12 h light/ dark photoperiod at 22o C. The average air humidity
was 40% and the irradiance was 250–300 μmol photons m−2 s−1 PAR
at plant level. All measurements were performed on 21-to 28-day-old
plants. The soil around the plants was treated with water every day.
All experiments were performed on healthy adult specimens. To avoid
root-to-root connections or mycorrhizal networks between plants, we
moved tomato plants from their pots to a new large pot and separate
soil between plants by a non-penetrable barrier before experiments.

2.2. Electrodes for extracellular measurements

All measurementswere conducted in the laboratory at 21 °C inside a
Faraday cage mounted on a vibration-stabilized table. Teflon coated
silver wires (A-M Systems, Inc., Sequim, WA, USA) with a diameter of
0.2 mm were used for preparation of non-polarizable electrodes.
Reversible Ag/AgCl electrodes were prepared in the dark by electrode-
position of AgCl on 5 mm long silver wire tips without Teflon coating
in a 0.1 M KCl aqueous solution. The anode was a high-purity silver
wire and the cathodewas a platinumplate. Electrical current in the elec-
trolytic cell was limited to 1 mA/cm2 of the anode's surface. Stabilization
of electrodes was accomplished by placing two Ag/AgCl electrodes in a
0.1 M KCl solution for 24 h and connecting a short circuit between
them. The response time of Ag/AgCl electrodes was less than 0.1 μs.
Identical Ag/AgCl electrodes were used as working and reference elec-
trodes for measurements of potential differences in the plants.

Platinum electrodes were used for tomato plant electrostimulation
and prepared from Teflon coated platinum wires (99.99% purity; A-M
Systems, Inc., Sequim, WA, USA) with a diameter of 0.127 mm. Platinum
electrodes are stable over a wide range of potentials, in acidic and
alkaline solutions, and in the presence of redox components [42].
We allowed theplants to rest for 2 h after electrode insertion. Electrodes
were placed along the vascular bundles of a stemand also in soil in some
control experiments.
2.3. Chemicals

Daconil containing 0.087% of chlorothalonil (GardenTech, Colorado
Springs, USA) known also as 2,4,5,6-tetrachloroisophthalonitrile was
used as an antifungal treatment of soil in control experiments. It may
also be used to kill mildew, bacteria, algae, and insects.
2.4. Data acquisition

Experimental setup is shown in Scheme 1. High speed data acquisi-
tion was performed using microcomputers with simultaneous multi-
function I/O plug-in data acquisition board NI-PXI-6115 (National
Instruments, Austin, TX, USA) interfaced through a NI SCB-68 shielded
connector block to Ag/AgCl electrodes. The system integrates standard
low-pass anti-aliasing filters at one half of the sampling frequency.
2.5. Electrostimulation

We used two methods of plant electrostimulation: the function
generator or the 1.5 V D-batteries. The function generator FG300
(Yokagawa, Japan) was interfaced to the NI-PXI-1042Q microcomputer
(National Instruments, Austin, TX, USA) and used for the
electrostimulation of plants (Scheme 1). The function generator gives
many options for the electrostimulation, such as shape, duration, and
frequency of stimulation.

Image of Scheme 1


Fig. 1. Potential difference V between Ag/AgCl electrodes inserted to the tomato stem
along vascular bundles was induced by ±1V sinusoidal waive from function generator,
which was connected to Pt-electrodes above Ag/AgCl electrodes in the same stem.
Distance between Pt electrodes was 0.8 cm. Measurements were performed at 250,000
scans/s with low pass filter at 125,000 scans/s. Panel B was extracted from Panel A to
show high resolution responses.

Fig. 2. Potential difference V between Ag/AgCl electrodes inserted to the tomato stem
along vascular bundles was induced by ±1V triangular wave from function generator,
which was connected to Pt-electrodes above Ag/AgCl electrodes in the same stem. Fig. B
was extracted from Fig. A to show high resolution electrical responses. Distance
between Pt electrodes was 0.8 cm. Measurements were performed at 250,000 scans/s
with low pass filter at 125,000 scans/s.
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2.6. Images

A photo camera Nikon D3x with AF-S Micro Nikkor 105 mm 1:2.8 G
ED VR lens was used for the photography of plants.

2.7. Statistics

All experimental results were reproduced at least 25 times using dif-
ferent tomato plants. Software SigmaPlot 12 (Systat Software, Inc., San
Jose, CA, USA) was used for statistical analysis of experimental data.

3. Results

3.1. Electrostimulation of electrotonic potential propagation in a stem of
tomato plant

Following insertion of the electrodes, the plants were allowed to rest
until a stable potential difference was obtained between the electrodes.
During the day, electrical potential differences between the Ag/AgCl
electrodes in theplantswere stable in the absence of stresses or external
stimuli. The mechanism of generation of these potential differences in
leaves, roots and a stem of plants is unknown.
Electrostimulation of a tomato plant by a sinusoidal (Fig. 1), triangu-
lar (Fig. 2), or square pulse trains (Fig. 3A) from a function generator
induced electrical signals along the stem that was registered by Ag/AgCl
electrodes. The reaction of the plant strongly depends on the shape of
electrical stimulus. Fig. 1 shows the differences in response to sinusoidal
stimuli. The panels show both the stimulation and response of tomato
plant stem.

If the stimulus changes very fast (Fig. 3A), the plant's response is
very significant and nonlinear: the square impulses initiate electrical
responses with shapes completely different from the stimulating volt-
age, which look like spikes or “action” potentials. Any stimulation that
is not instantaneous, such as a sinusoidal or triangular function, does
not induce electrical spikes as responses in the case of square pulses,
but the responses are different from stimuli (Figs. 1, 2).

Sinusoidalwaves transform to cosinewaveswith a phase shift of 90o

(Fig. 1) and triangular waves transforms to steps (Fig. 2). This phenom-
enon shows that electrical networks in plant tissue have electrical
differentiators. A real differentiator that describes cell-to-cell electrical
coupling can be presented as an equivalent electrical circuit in Scheme 2,
whichoutput isdirectlyproportional totherateofchangeof thedifference
between the input Vin(t) and the output V(t) voltages:

V tð Þ ¼ C0R0
d
dt

Vin tð Þ−V tð Þð Þ ð1Þ

Image of Fig. 1
Image of Fig. 2


Fig. 3. Dependencies of electrotonic potentials on time (A) and distance between
polarizing Pt electrode and working Ag/AgCl electrodes (B). Potential difference V
between Ag/AgCl electrodes inserted to the tomato stem along vascular bundles
was induced by 1 V square pulse train from a function generator with 1 Hz
frequency as in Fig. 2, which was connected to Pt-electrodes above Ag/AgCl
electrodes in the same stem. Distance between Pt electrodes was 0.8 cm. Distance
between upper polarizing Pt-electrode and working Ag/AgCl electrodes is shown
in panel B. Measurements were performed at 250,000 scans/s with low pass filter
at 125,000 scans/s.

Scheme 2. Equivalent electrical circuit of a differentiator.
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where Vin is the input voltage, V is the output voltage, R0 is the resistance
and C0 is the capacitance of the equivalent circuit.

If

dV tð Þ
dt

bb
dVin tð Þ

dt
ð2Þ

then.

V tð Þ ¼ C0R0
d
dt

Vin tð Þ ð3Þ

According to eq. (3), Vin= A sin(ωt) yields

V tð Þ ¼ ωR0C0A cos ωtð Þ ð4Þ

i.e. the 90o phase shift is expected and shown in Fig. 1. The existence of
electrical differentiators [20, 27] and cell-to-cell electrical coupling was
demonstrated in different plants [20, 27, 42–45].

Eqs. (3) and (4) can be confirmed via analytical frequency domain
analysis. The transfer function derived from Eq. (1) is presented as

G sð Þ ¼ V sð Þ
Vin Sð Þ ¼

τ1s
τ1sþ 1

where s is a Laplace variable, and τ0 = R0C0. For τ0 = 10−2s the ampli-
tude and phase in Bode plots are presented in Fig. 4.

Based on Bode plots, it is clear that Eq. (1) corresponds to
the real differentiator, while Eqs. (3) and (4) are valid for the
sinusoidal input Vin(t) = A sin (ωt) at the approximate frequency
range 0 b ω b 75 1/s.

Amplitude and the sign of this response depend on the polarity of
electrostimulating electrodes (Figs. 1, 2, 3A, 5) and the amplitude of
applied voltage. So, the response does not obey the all-or-none rule
and it is not an action potential but rather corresponds to the propagat-
ing electrotonic potential.

Amplitude of the electrical response decreases with distance from
the electrostimulating electrodes. In the process of electrical signal
transmission along the stem, its amplitude exponentially decreases
(Fig. 3B) and it can be described by equation

V ¼ a exp −bxð Þ ð5Þ

For the results shown in Fig. 5B, parameters are a=0.49 V and b=
0.21 cm−1. The constant of length in this electrotonic potential trans-
mission is λ=1/b=4.8 cm. λ is the distance from the point at which
voltage is injected to the point at which the electrotonic depolarization
has fallen to e−1, i.e. 0.37, of its original value (Vin).

3.2. Electrostimulation of electrical signals transmission between two
tomato plants

If two different tomato plants are placed in the same pot, there is a
possibility of electrical communication between both plants through
wet soil as an electrical conductor (Fig. 5). Electrostimulation of one
tomato plant by a sinusoidal, triangular, or square pulse trains from a
function generator induces electrical signals propagating in the stem
of an adjacent tomato plant (Fig. 5). Amplitude of electrical response
increases with decreasing distance between Pt-electrodes or plants.
The similar dependence of electrical responses on distance between
stimulating electrodes was also shown for single plants in our previous
publications [23, 27, 40].

If t=0 and cos(ωt) = 1, V(t)will be equal toωRCA according to eq.
(4) and we can expect that V should be proportional to frequency ω
(Fig. 6A). If frequency of the applied voltage is below 70 Hz, the ampli-
tude of V(t) is proportional to the frequency of applied sinusoidal or tri-
angular voltage to the neighbor tomato plant (Fig. 6) as it is expected for
the electrical differentiator. Amplitude of V(t) decreases at high fre-
quencies (Fig. 5) and differentiation of applied electrical signals disap-
pears (Fig. 7). These effects can be caused by a refractory period
during generation of electrotonic potentials in tomato plants. The
refractory period is the time during which another stimulus given to
tomato plant will not lead to differentiation in cell-to-cell electrical sig-
nal transduction. The refractory period in Figs. 4A and 5C is equal to

Image of Fig. 3
Image of Scheme 2
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Scheme3.The equivalent electrical circuits in vascular bundles of twoneighboring tomato
plants in the same pot with moist soil.
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13 ms. If frequency of electrostimulation is less than 76 Hz, the eq. (4)
will describe electrical differentiator properties in tomato plant cor-
rectly (Fig. 6 A,B). If amplitude of electrostimulation is higher than 77
Hz, phase shift during differentiation of sinusoidal wave will disappear.
Potential difference, V, between electrodes inserted in the stem of
tomato plant induced byhigh frequency triangular, sinusoidal, or square
pulse train from a function generator will have the same shapes as the
applied voltage Vin (Fig. 7).

Results shown in Figs. 6 and 7 can be confirmed/reproduced via
analytical frequency and time domain analysis (Fig. 8) of the propaga-
tion of the electrotonic stimulation potential Vin through the system of
two tomato plants along stems connected through soil, which equiva-
lent electrical circuit is presented below in Scheme 3.

In this schematic, C0eq and R0eq are the equivalent differential capac-
itance and the resistance respectively, C1eq is the equivalent capacitance
due to electrostatic forces along the length of the tomato stem; R1eq, R2eq
are equivalent membrane resistance and a resistance along a tomato
stem due to the resistance to a current respectively, R3eq, R4eq are the
resistances that characterize the voltages V1, V2 distribution along the
soil length. The parameters of the equivalent circuit (Scheme 3) can
be calculated as in [43]:

R1eq ¼ R
L

Ω �m½ �; R2eq ¼
~R
S

Ω=m½ �; C1eq ¼ CL F=m½ �;

whereR [Ω ⋅m2], and the specific capacitanceC [F/m2] correspond to
the measured resistance and the capacitance of one unit area of the
membrane respectively; the measured area of a cross-section, and the
length of the cross-section contour of the studied tomato stem are S

[m2] and L [m] respectively; ~R [Ω ⋅m] is themeasured specific resistance
of the tomato stem tissue.

The dynamics of the propagation of the electrotonic stimulation
potential Vin through the system of two tomato plants along stems con-
nected through soil can be described by a transfer function that is
straightforwardly derived for the electrical circuit in Scheme 3:

W sð Þ ¼ V sð Þ
Vin Sð Þ ¼ K1eq

s
τ0eqsþ 1
� �

τ1eqsþ 1
� �
where

K1eq ¼
R1eqR4eqR0eqC0

R1eq þ R2eq
� �

R3eq þ R4eq
� � ; τoeq ¼ R0eqC0eq; τ1eq

¼ C1eq
R1eqR2eq

R1eq þ R2eq

and

C0eq ¼ 150 � 10−9 F; R0eq ¼ 86 � 103Ω; C1eq ¼ 1 � 10−9 F;
R1eq ¼ 150 � 103Ω; R2eq ¼ 86 � 103Ω
R4eq ¼ 100 � 103Ω; R3eq ¼ 790 � 103Ω

The amplitude 20log10|W(jω)| in Bode plot is produced by MATLAB
and is presented below.

Image of Fig. 4
Image of Scheme 3


Fig. 5. Potential difference V between electrodes inserted in the stem of tomato plant induced by±0.5 V triangular (A), sinusoidal (B) or square pulse (C) train from a function generator,
which was connected to Pt-electrodes in a stem of another tomato plant in the same pot. Distance between Pt-electrodes was 0.3 cm. Distance between lower Pt and Ag/AgCl electrodes
and soil was 4 cm. Measurements were performed at 250,000 scans/s with low pass filter at 125,000 scans/s.
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Fig. 6. Amplitude – frequency characteristic of electrical responses V between
Ag/AgCl electrodes 1 and 2 inserted to the tomato stem along vascular bundles
induced by sinusoidal (A) or triangular (B) wave with voltage varies between 0
and 2 V from a function generator, which was connected to Pt-electrodes.
Distance between Pt electrodes was 0.2 cm. Distance between lower Pt and
Ag/AgCl electrodes and soil was 4 cm.

Fig. 7. Potential difference V between Ag/AgCl electrodes inserted in the stem of
tomato plant induced by 2 V sinusoidal (A) or triangular (B) wave from a
function generator with frequency of 500 Hz, which was connected to Pt-
electrodes in a stem of another tomato plant in the same pot. Distance between
Pt electrodes was 0.2 cm. Distance between lower Pt and Ag/AgCl electrodes and
soil was 4 cm. Measurements were performed at 500,000 scans/s with low pass
filter at 250,000 scans/s.
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Image of Fig. 6
Image of Fig. 7
Image of Fig. 8


Fig. 9. The results of the analytical/simulation study fit the experimental results
closely.

Fig. 10. Dependence of amplitude of electrical responses V between electrodes inserted
into the tomato stem along vascular bundles. Panel B is extracted from Panel A to show
high resolution electrical responses. Distance between Pt electrodes in a stem of another
tomato plant in the same pot was 0.4 cm during electrostimulation by 1.5 V square
pulse from a battery. Distance between lower Pt and Ag/AgCl electrodes and soil was 4
cm. Distance between of Channel 1 and Channel 2 was 9 cm. Distance between stems of
plants was 11 cm. Measurements were performed at 250,000 scans/s with low pass
filter at 125,000 scans/s.
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One can conclude that the amplitude in Bode Plot obtained experi-
mentally and presented at Fig. 6 fits closely the one obtained using the
frequency analysis of the equivalent electrical circuit.

The experiment, which results are presented in Fig. 7, was
repeated/reproduced via simulations using the transfer functionW(s).
Potential difference, V, between electrodes inserted in the stem of
tomato plant induced by high frequency triangular or sinusoidal
input from a function generator will have the same shapes as the
applied voltage Vin.

Electrostimulation of a plants underground electrical communica-
tion can be done by a battery (Fig. 10) instead of a function generator
(Fig. 9) to avoid possibility of a ground loop or direct electrical commu-
nication between a function generator and data acquisition system.
Results obtained by both methods are similar and our function genera-
tor can be used for such experiments.

Daconil, containing 0.087% of chlorothalonil, was used as antifungal
treatment of soil in control experiments. It may also be used to
kill mildew, bacteria, algae, and insects. Soil was treated by 5 ml of
Daconil 12 h before electrostimulation and response measurements.
Daconil did not influence the electrical responses in tomato plants
during electrostimulation by the pulse train, sinusoidal or a triangular
saw-shape voltage profiles.

If two tomato plants are grown in different pots without electrical
connection between them, there is no electrical coupling between elec-
trical networks of both neighboring plants (Fig. 11).

Direct electrostimulation of a tomato plant by electrodes
located in soil near a plant is shown in Fig. 12. Electrostimulation
of platinum electrodes in soil by a sinusoidal, triangular, or square
pulse trains from a function generator induces electrical signals
propagating in a stem of an adjacent tomato plant (Fig. 5). Ampli-
tude of electrical response increases with decreasing distance
between Pt-electrodes in soil. Since fungi can contribute to under-
ground communication between plants, we used Daconil for a soil
treatment against fungi for a week and received the same results
as shown in Fig. 12.
4. Discussion

Plants communicate with other plants using different pathways:
(1) volatile organic compounds' (VOC) emission and sensing;
(2) mycorrhizal networks in the soil; (3) the plants' rhizosphere (root
ball); (4) electrostatic or electromagnetic interactions; (5) roots of the
same species can sometimes naturally graft. We found the additional
signaling pathway of electrotonic potentials propagation between
roots of neighboring plants through soil.

Image of Fig. 9
Image of Fig. 10


Fig. 11. Dependence of amplitude of electrical responses V between electrodes inserted
into the tomato stem along vascular bundles. Distance between Pt electrodes in a stem
of another tomato plant in the different pot was 0.4 cm during electrostimulation by 1.5
V square pulse from a battery. Distance between lower Pt and Ag/AgCl electrodes and
soil was 4 cm. Distance between stems of plants was 11 cm. Measurements were
performed at 250,000 scans/s with low pass filter at 125,000 scans/s.
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Electrical signaling on long and short distances exists in plants. Elec-
trical networks in plants consist of different electrical circuits [19]. Bio-
electrical impulses travel from the root to the stem and vice versa [16,
20, 23, 28, 29]. Chemical treatment, intensity of the irritation, mechani-
cal wounding, previous excitations, temperature, and other irritants in-
fluence the speed of electrical signal propagation.

The action potential can propagate over the entire length of the cell
membrane and along the conductive bundles of tissue with constant
amplitude, duration, and speed. Electrotonic potentials in plants expo-
nentially decrease with distance.

Electrotonic potentials are also well known in animal tissue such as
neurons, heart, andmuscles tissue [44, 45]. The amplitude of an electro-
tonic potential exponentially decreaseswith distance both in plants and
animal tissues. These potentials play a rather important role. For exam-
ple, the spread of a receptor potential is accomplished bymeans of elec-
trotonic potentials [45]. Some small neurons have only electrotonic
potentials; some neurons utilize electrotonic potentials to trigger the
action potential. Electrotonic potentials can influence the duration of
action potentials [44]. In animal tissue, studying both action potentials
and electrotonic potentials is very advanced and can be done at the
level of a single excitable cell. This is almost impossible to do with
plant tissue. The rare exceptions are Chara and Nitella [46]. In other
cases we deal with the ensemble of cells, but we are unsure of the posi-
tion of the electrodes.

The pulse train, sinusoidal and a triangular saw-shape voltage
profiles can be used for electrostimulation of plants and fast
underground electrotonic signal transmission between plants.
Electrical voltage from a function generator Vin(t) applied to
Pt-electrodes inserted to a stem is converted to electrotonic poten-
tials due to electrical cell-to-cell coupling between cells in plant
tissue by an electrical differentiator. The amplitude and sign of
electrotonic potentials in both electrostimulated and neighboring
tomato plants depends on the amplitude, rise and fall of the
applied voltage. Electrostimulation by a sinusoidal wave from a
function generator induces electrical response in plants with a
phase shift if frequency of applied voltage does not exceed 76 Hz.
At higher frequencies a phase shift decreases and finally disap-
pears. Electrostimulation by a saw-shape voltage wave from a
function generator induces electrical response in plants in forms
of horizontal positive and negative steps if frequency of applied
voltage does not exceed 76 Hz. At higher frequencies responses
reproduce a saw-shape voltage wave. Decreasing amplitude of
responses with frequencies of sinusoidal or triangular waves
higher than 100 Hz shows the existence of a refractory period at
the cell-to-cell electrical coupling. The most common pathway
for the cell-to-cell electrical communication in higher plants is
plasmodesmata [47–50]. Spanswick estimated that plasmodesmata
have an electrical “resistance about 60 times higher than would be
the case if they were completely open channels” [49]. The ampli-
tude of electrotonic potentials are sensitive to various membrane
active drugs. Injection of tetraethylammonium chloride (TEACl)
near or between Pt-electrodes in plants decreases the amplitude
without decreasing the duration of electrotonic potential [40].
TEACl is known as a blocking agent of K+ ion channels and aqua-
porins. We can assume that ion channels are involved in cell-to-
cell electrical coupling in plants and the generation of electrotonic
responses. The refractory period in Fig. 6 is a well-known property
of voltage gated ion channels.

If voltage gated ion channels are closed and not involved in signal
transmission along a plasma membrane in vascular bundles, the propa-
gation of passive electrotonic potentials can be described by a cable the-
ory [10, 27, 51, 52] along a circuit consisting of plasma membrane
capacitors C1, resistors R1, resistance along a plasma membrane R2, soil
capacitance C3 and resistance R3 (Scheme 3). Electrical circuits in the
roots and at the root/soil interface are very complicated and many
authors propose different active and passive equivalent electrical
schemes. Due to additional RC-circuits in a root and soil, the duration
of electrotonic potentials can increase. The analytical/simulation study
of the equivalent circuit in Scheme 3 fits well the experimental time
domain and frequency domain results.

In this article, we investigated passive electrotonic signal transmis-
sion between tomato plants. In the future, it will also be very interesting
to investigate the possibility of active electrical signal communication
between plants if the length of action potentials is larger than distance
between roots of two plants. Propagation of action potentials through
dead plant tissue on short distances is well known in literature [53–55].

Knowledge of electrical networks in plants is required in order to
successfully influence plantmetabolismand function [5–10]. The reason
why plants have developed pathways for electrical signal transmission
probably lies in theplants necessity to respond rapidly to environmental
stress factors. Different environmental stimuli evoke specific responses
in living cells, which have the capacity to transmit a signal to the
responding region. In contrast to chemical signals, such as hormones,
electrical signals are able to rapidly transmit information over long dis-
tances with high speed. Electrical potentials have been measured at
the tissue and whole plant levels. The generation of electrical gradients
is a fundamental aspect of signal transduction. In plants, these potentials
can be induced through mechanical or electrical stimulation, changing
the direction of light, chemical treatment, and plant-insect interaction.
Biologically closed electrical circuits play a very important role in the
physics of living systemsand they operate over largedistances in biolog-
ical tissues. The activation of such a circuit can lead to various physiolog-
ical and biophysical responses.
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Fig. 12. Potential difference V between Ag/AgCl electrodes inserted to the tomato stem along vascular bundles was induced by ±1V square pulse train (A), sinusoidal (B) or triangular
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