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Abstract: Plants are able to perceive diverse environmental factors and form an appropriate systemic
functional response. Systemic responses are induced by stimulus-specific long-distance signals
that carry information about the stimulus. Variation potential is proposed as a candidate for the
role of such a signal. Here, we focus on the mechanisms that determine the specificity of the
variation potential under the action of different local stimuli. Local stimuli such as heating, burning
and wounding cause variation potential, the parameters of which differ depending on the type
of stimulus. It was found that the stimulus-specific features of the hydraulic signal monitored by
changes in leaf thickness and variation potential, such as a greater amplitude upon heating and
burning and a significant amplitude decrement upon burning and wounding, were similar. The
main features of these signals are the greater amplitude upon heating and burning, and a significant
amplitude decrement upon burning and wounding. Together with the temporal correspondence
of signal propagation, this evidence indicates a role for the hydraulic signal in the induction of
stimulus-specific variation potential. Experiments using mechanosensitive channel inhibitors have
demonstrated that the hydraulic signal contributes more to the induction of the variation potential
in the case of rapidly growing stimuli, such as burning and wounding, than in the case of gradual
heating. For thermal stimuli (gradual heating and burning), a greater contribution, compared to
wounding, of the chemical signal related to reactive oxygen species to the induction of the variation
potential was demonstrated. Thus, the specificity of the parameters of the variation potential is
determined by the different contributions of hydraulic and chemical signals.

Keywords: abiotic stress; signal transduction; electrical signal; variation potential; hydraulic signal

1. Introduction

To date, sufficient evidence has accumulated that local stimuli trigger systemic func-
tional responses that cover the whole plant body [1,2]. Such responses are known to be
stimulus-specific and involve unstimulated parts of the plant. First of all, it is worth noting
the stimulus-specific differences in the dynamics of various phytohormones [3–7] and
metabolites [4,8], the dynamics of photosynthesis and transpiration responses [3–6], the
level of expression of various genes [6–9], etc. Such stimulus-specific systemic responses
can only be induced by a stimulus-specific long-distance signal that carries information
about the stimulus.

One such signal may be the variation potential (VP), which is a transient depolarization
of irregular shape and duration [1,2,10–12]. VP occurs in response to various damaging
stimuli [1,2,10,11], and its parameters, such as the amplitude and propagation velocity,
may depend on the type of stimulus [5,13] and the area of damage [14]. Experiments on
the stimulus specificity of the VP parameters revealed that in the case of rapidly growing
stimuli, such as burning and wounding, there is a significant decrement during the VP
propagation, whereas in the case of slowly growing stimuli, such as gradual heating,
there is almost no decrement [5,13]. Most importantly, it was shown that VP can induce a
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stimulus-specific systemic response [1,2]. Thus, VP can potentially regulate the systemic
response by changing its parameters.

However, the outstanding question remains: how are VP parameters regulated upon
different stimulations? The specificity of VP may be based on the features of its mechanisms
of generation and propagation, due to its complex nature: VP is an electrical reaction in
response to a hydraulic or chemical signal, or a combination of both [1,2,11,12]. The role of
the hydraulic signal is evidenced by data on the induction of VP by artificially increasing
intra-vessel fluid pressure [14,15], data on increases in the thickness of leaves or stems
preceding the VP [16,17], as well as good agreement with the results of mathematical
ing [18,19]. It is assumed that chemical signals may be some wounding substances propa-
gating from the damage site throughout vascular bundles, such as reactive oxygen species
(ROS) produced by NADPH oxidases [2,11,20–22], which is supported by the similar dy-
namics of ROS wave propagation [11,21]. It is proposed that hydraulic and chemical signals
activate mechanosensitive and/or ligand-gated Ca2+-permeable channels, respectively,
inducing an initial step of membrane potential changes during VP generation [2,11]. An
important role in the formation of the specificity of VP parameters can be played by the
physical features of the propagation of hydraulic and chemical signals, for example, the
higher propagation velocity of hydraulic signals compared to chemical ones [11]. This
can lead to the activation of Ca2+-permeable channels of different types and different lag
times for their activation, which determines the characteristics of the VP parameters. Thus,
differences in the parameters of the VPs caused by various stimuli may be primarily due to
the different contributions of chemical and hydraulic signals to the induction of the VP.

However, the precise mechanism of the specificity of VP parameters needs investiga-
tion. In summary, the present work aimed to identify the stimulus-specific features of the
mechanisms of generation and propagation of VP in wheat plants.

2. Results
2.1. Parameters of Variation Potentials Induced by Different Local Stimuli

Heating, burning and mechanical wounding of the tip of a wheat leaf caused the
generation of a long-distance electrical signal in the form of a transient depolarization of
irregular shape and duration (Figure 1A), with characteristics corresponding to VP [1,2,11].
In the cases of heating and burning, the VP amplitudes near the site of stimulation (3 cm)
were similar (~54.5 ± 3.5 mV), whereas in the case of wounding it was significantly lower
(~32 ± 3 mV). As VP propagates, its amplitude decreases; the degree of attenuation
depends on the type of stimulus. In cases of burning and wounding, the VP amplitude was
significantly attenuated: at a distance of 9 cm from the stimulation site, the amplitude was
46% and 19% of the initial amplitude (at 3 cm), respectively. By contrast, the amplitude
of the heat-induced VP was attenuated to 83% of the initial amplitude (Figure 1B). These
results demonstrate the dependence of VP parameters, such as amplitude and decrement,
on the type of stimulus. These findings suggest that there are stimulus-specific differences
in the mechanisms of VP generation and propagation.

2.2. The Role of the Hydraulic Wave in the Propagation of Variation Potentials Caused by Different
Local Stimuli

Heating, burning and mechanical wounding induced a hydraulic signal that caused
an increase in leaf thickness (Figure 2B). The main stimulus-specific features of changes
in leaf thickness at a distance of 4.5 cm from the stimulation area will be discussed below.
A slight decrease in leaf thickness preceded leaf thickening (Figure 2A,B and Figure S1).
In cases of burning and wounding, the amplitude of the thickness reduction phase was
small (<5 µm), and its duration did not exceed several seconds. In the case of heating,
the amplitude of the thickness reduction phase was several times greater than that upon
burning and wounding, and its duration was several minutes (Figure S1).
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Figure 1. Variation potentials (VPs) induced by local heating, burning or wounding in wheat plants. 
(A) Averaged VP traces. The arrow indicates the moment of mechanical wounding, burning or the 
beginning of gradual heating of the leaf tip. (B) Dependence of the VP amplitude on the distance to 
the area of local stimulation. Data are means ± SEM. Different uppercase letters indicate statistically 
significant differences between stimuli; different lowercase letters indicate statistically significant 
differences between distances within a single stimulus (p < 0.05). (C) Schematic representation of the 
experimental design for monitoring surface potentials in wheat plants. E1, E2, E3: surface electrodes. 
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of burning and wounding, the amplitude of the thickness reduction phase was small (<5 
µm), and its duration did not exceed several seconds. In the case of heating, the amplitude 
of the thickness reduction phase was several times greater than that upon burning and 
wounding, and its duration was several minutes (Figure S1). 

The amplitude (Figure 2C) and duration (Figure 2D) of the phase of increasing leaf 
thickness were significantly greater compared to the thickness reduction phase. The am-
plitude of thickening upon wounding was about 15–20 µm, whereas upon heating and 
burning it reached 20–30 µm. The duration of the thickening phase, i.e., the time taken 
from the beginning of an increase in leaf thickness until the thickness reached its maxi-
mum, was greatest upon heating compared to other stimuli (Figure 2D). The leaf thicken-
ing rate was lowest upon wounding, higher upon heating and highest upon burning (Fig-
ure 2E). 

It is important to note that the thickening phase began almost simultaneously with 
the VP generation under the action of stimuli of all types (Figure 2A), suggesting that the 
hydraulic signal is essential for VP induction. 

The thickness change parameters show a dependence on the distance from the stim-
ulation area. The amplitude of the heat-induced increase in leaf thickness decreased 

Figure 1. Variation potentials (VPs) induced by local heating, burning or wounding in wheat plants.
(A) Averaged VP traces. The arrow indicates the moment of mechanical wounding, burning or the
beginning of gradual heating of the leaf tip. (B) Dependence of the VP amplitude on the distance to
the area of local stimulation. Data are means ± SEM. Different uppercase letters indicate statistically
significant differences between stimuli; different lowercase letters indicate statistically significant
differences between distances within a single stimulus (p < 0.05). (C) Schematic representation of the
experimental design for monitoring surface potentials in wheat plants. E1, E2, E3: surface electrodes.

The amplitude (Figure 2C) and duration (Figure 2D) of the phase of increasing leaf
thickness were significantly greater compared to the thickness reduction phase. The
amplitude of thickening upon wounding was about 15–20 µm, whereas upon heating and
burning it reached 20–30 µm. The duration of the thickening phase, i.e., the time taken
from the beginning of an increase in leaf thickness until the thickness reached its maximum,
was greatest upon heating compared to other stimuli (Figure 2D). The leaf thickening rate
was lowest upon wounding, higher upon heating and highest upon burning (Figure 2E).

It is important to note that the thickening phase began almost simultaneously with
the VP generation under the action of stimuli of all types (Figure 2A), suggesting that the
hydraulic signal is essential for VP induction.

The thickness change parameters show a dependence on the distance from the stimu-
lation area. The amplitude of the heat-induced increase in leaf thickness decreased slightly
with increasing distance from the stimulation site, whereas it greatly decreased in the
case of burning and, especially, in the case of wounding (Figure 2C). The ratios of the
durations of the thickening phases between stimuli were maintained as the distance from
the stimulation area increased (Figure 2D). Thus, hydraulic-signal-induced changes in leaf
thickness also depend on the stimulus type in a similar manner to VP parameters.
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shaded regions (envelopes) represent SEM. The arrow indicates the moment of mechanical wound-
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Figure 2. Systemic changes in leaf thickness induced by local heating, burning or wounding in
wheat plants. (A) Simultaneous representative recordings of leaf thickness changes (∆h, solid lines)
and variation potentials (∆U, dashed lines) at a distance of 4.5 cm and 3 cm, respectively, from
the stimulation area. The arrow indicates the moment of mechanical wounding, burning or the
beginning of gradual heating of the leaf tip. (B) Averaged recordings of leaf thickness changes (∆h);
shaded regions (envelopes) represent SEM. The arrow indicates the moment of mechanical wounding,
burning or the beginning of gradual heating of the leaf tip. (C–E) Dependences of the amplitude (C),
duration (D) and rate (E) of leaf thickening on the distance to the area of local stimulation. Data are
means ± SEM. Different uppercase letters indicate statistically significant differences between stimuli;
different lowercase letters indicate statistically significant differences between distances within a
single stimulus (p < 0.05). (F) Schematic representation of the experimental design for simultaneous
monitoring of surface potentials and changes in wheat leaf thickness. E1, E2, E3: surface electrodes.
Yellow lines are light bands between the sender units and the receiver units of the optical micrometers
(gray rectangles).
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2.3. Systemic Changes in Stomatal Conductance Induced by Different Local Stimuli

The observed increase in wheat leaf thickness due to the propagation of the hydraulic
signal may be associated with changes in water exchange. One of the important components
of water exchange is water loss through the stomata. Changes in stomatal conductance
(gS) induced by local heating, burning or mechanical wounding were investigated in the
unstimulated part of the wheat leaf. Changes in gS were biphasic, with an initial slight
increase in transpiration rate followed by a significant decrease (Figure 3). Note that the
first phase of increasing the transpiration rate either began simultaneously with the VP
generation or preceded it by several seconds. The phase of the decrease in transpiration
rate was more pronounced and prolonged. The amplitude of gS changes was the smallest
upon wounding (gS decrease by 1/4 from the resting level), whereas it was significantly
greater upon burning and heating.
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Figure 3. The dynamics of stomatal conductance (gS) induced by local heating, burning or wounding
in the unstimulated part of the wheat plant. Lines are means; shaded regions (envelopes) represent
SEM. The dashed line indicates the moment of generation of the variation potential.

2.4. Parameters of Variation Potential and Hydraulic Signal in a Detached Wheat Leaf

The study of stimulus-specific features of the mechanisms of propagation and genera-
tion of VP was performed on the basis of inhibitor analysis. Due to the low penetration
of inhibitors through the wheat leaf epidermis, experiments with inhibitors were carried
out using a detached wheat leaf. To assess the suitability of the detached leaf model, VP
parameters in whole plants and detached leaves were compared. The VP in the detached
leaves had its own characteristic shape (Figure 4A). VP amplitudes near the stimulation
area (3 cm) in whole plants and excised leaves were very similar. However, the VP propa-
gation in the detached leaf was altered: VP amplitude was more attenuated with increasing
distance from the stimulation site. The differences were more pronounced in the case of
heating. At distances of 6 cm and 9 cm, the amplitudes were reduced to 56% and 25% of
the initial amplitude (at 3 cm), respectively (Figure 4B), whereas a decrement was almost
not observed in whole plants (Figure 1B). The decrease in amplitude was 47% and 11% at a
distance of 6 cm and 34% and 11% at a distance of 9 cm from the initial amplitude upon
burning and wounding, respectively (Figure 4B). Notwithstanding, the main stimulus-
specific differences between VP parameters were clearly identified using detached leaves
as in whole plants.

The effect of leaf detachment on hydraulic signal parameters was also analyzed
(Figure 5). A significant decrease in leaf thickening amplitude was found for all stimulus
types, both near the stimulation site (4.5 cm) and at a distance of 10.5 cm. However, as for
VP, the main stimulus-specific features of the hydraulic signals were also clearly identified
in detached leaves, such as the presence of a pronounced and prolonged phase of thickness
reduction upon heating, as well as the greatest amplitude of the thickening phase in the
case of heating and the smallest in the case of wounding. It can also be noted that the
changes in hydraulic signals caused by the leaf detachment were similar to those for the VP.
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Figure 4. Variation potentials (VPs) induced by local heating, burning or wounding in the detached
wheat leaf. (A) Averaged VP traces. The arrow indicates the moment of mechanical wounding,
burning or the beginning of gradual heating of the leaf tip. (B) Comparison of the dependences of the
VP amplitude on the distance to the area of local stimulation in detached leaves (solid lines) and whole
wheat plants (dashed lines). Data are means ± SEM. For detached leaves only, different uppercase
letters indicate statistically significant differences between stimuli; different lowercase letters indicate
statistically significant differences between distances within a single stimulus (p < 0.05). (C) Schematic
representation of the experimental design for monitoring surface potentials in wheat plants. E1, E2,
E3: surface electrodes.
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Figure 5. Systemic changes in leaf thickness (∆h) induced by local heating, burning or wounding
in the detached wheat leaf. Lines are means; shaded regions (envelopes) represent SEM. The arrow
indicates the moment of mechanical wounding, burning or the beginning of gradual heating of the
leaf tip.

Similarities in the dependences of the parameters of VP and hydraulic signal on the
type of stimulus between whole plants and detached leaves indicate the suitability of the
detached leaf model for studying the mechanisms of VP generation and propagation.
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2.5. Contribution of Reactive Oxygen Species to the Propagation of Variation Potentials Caused by
Different Local Stimuli

In addition to the hydraulic signal, the VP propagation is associated with a chemical
signal, the role of which, according to hypotheses in some works [2,11,22], can be played
by ROS. The possible contribution of ROS to the VP propagation was evaluated using
an ROS scavenger N,N′-dimethylthiourea (DMTU) [23,24]. Treatment with DMTU led
to a decrease in the VP amplitude near the site of stimulation (3 cm) under the action of
all stimuli (Figure 6). VP propagation was more suppressed upon heating compared to
burning and wounding. To determine the ROS sources, the inhibitor of NADPH oxidases
diphenyleneiodonium chloride (DPI) [25,26] and salicylhydroxamic acid (SHAM), which
inhibits cell wall peroxidases [27] and mitochondrial alternative oxidases [28], were used.
These inhibitors slightly reduced the VP amplitude near the stimulation area but signifi-
cantly suppressed the propagation of heat- and burn-induced VPs. The propagation of the
wound-induced VP was less inhibited, especially upon SHAM treatment. The inhibition of
ROS production also resulted in a change in VP amplitude decrement, which was more
than 75% at a distance of 6 cm from the stimulation area for all stimulus types except SHAM
treatment upon wounding. These results suggest that DPI- and SHAM-inhibited oxidases
are involved in maintaining the propagation of the heat- and burn-induced VPs through
active ROS production [2], whereas they are probably not involved in the propagation of
the wound-induced VP.
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Figure 6. Effects of the reactive oxygen species (ROS) scavenger N,N′-dimethylthiourea (DMTU) and
ROS-producing enzyme inhibitors diphenyleneiodonium chloride (DPI) and salicylhydroxamic acid
(SHAM) on the amplitudes of the variation potentials (VPs) induced by local heating, burning or
wounding in the detached wheat leaf. VP amplitude is represented as the percentage of control, which
is the VP amplitude in untreated leaves (without scavengers and inhibitors). Data are means ± SEM.
* indicates data significantly different from untreated leaves (p < 0.05).

Thus, the different contributions of ROS indicate, first of all, stimulus-specific differ-
ences in the parameters of VP propagation, but not differences in the VP amplitude near the
stimulation area. Therefore, further studies are needed to determine the stimulus-specific
features of the VP generation mechanism.

2.6. Analysis of the Features of the Mechanisms of Generation of Variation Potentials Induced by
Different Local Stimuli

To study the features of the VP generation mechanism, an inhibitor analysis using
inhibitors of ion transport systems was used. It is known that H+-ATPase inactivation plays
a key role in VP generation [2,10,11,22]. Treatment with an H+-ATPase inhibitor sodium
orthovanadate resulted in the almost complete suppression of the VP for all types of stimuli;
the VP amplitude was less than 10% of the amplitude in untreated leaves (Figure 7B).
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Figure 7. Effects of the H+-ATPase inhibitor Na3VO4, the Ca2+-permeable channel blocker LaCl3
and the mechanosensitive channel inhibitor GdCl3 on the variation potentials (VPs) induced by local
heating, burning or wounding in the detached wheat leaf. (A) Averaged VP traces observed at a
distance of 6 cm from the stimulation area in untreated leaves (dashed lines) or those treated with
the inhibitor/blocker (solid lines). (B–D) VP amplitude at a distance of 6 cm from the area of local
stimulation upon treatment with Na3VO4 (B), LaCl3 (C) or GdCl3 (D). VP amplitude is represented
as the percentage of control, which is the VP amplitude in untreated leaves (without inhibitor). Data
are means ± SEM. Statistically significant differences between untreated and treated leaves were
found for all stimuli. * indicates significant differences between the stimuli (p < 0.05).

Changes in H+-ATPase activity may be related to an increase in cytosolic Ca2+ con-
centration due to the activation of Ca2+-permeable channels [2,29]. It is proposed that
both mechanosensitive and ROS-activated Ca2+-permeable plasma membrane channels are
involved in VP generation [2,11,22,29].
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Treatment with the Ca2+-permeable plasma membrane channel blocker LaCl3 led to a
significant (more than 50%) decrease in VP amplitude for all stimuli (Figure 7C). It should
be noted that, along with the suppression of amplitude, there was a pronounced decrease
in the rate of depolarization (Figure 7A).

To analyze the involvement of mechanosensitive channels in the generation of VPs
induced by different stimuli, the effects of the inhibitor GdCl3 on the VP parameters were
evaluated. It was shown that treatment with the GdCl3 led to a decrease in VP amplitude
and depolarization rate for all stimuli, but a greater effect was observed in the cases of
burning and wounding, which was expressed as a decrease in amplitude by more than 60%
compared to untreated leaves (Figure 7D).

Thus, a greater contribution of mechanosensitive channels to VP generation was
revealed in the cases of burning and wounding compared to gradual heating.

3. Discussion

The analysis of the parameters of VPs induced by different local stress stimuli revealed
stimulus-specific differences. The smallest amplitude was in the case of wounding, which
rapidly attenuated during VP propagation, and the greatest amplitude was near the stimu-
lation area in the cases of heating and burning, which had a pronounced decrement upon
burning and a small decrement upon heating (Figure 1). The stimulus-specific features of
VPs in wheat plants revealed in this work correspond to those in pea plants [13].

As noted, VP is not a self-propagating signal but is an electrical reaction that is induced
by a hydraulic or chemical signal, or a combination of both [1,2,11,12]. It can be proposed
that the stimulus-specific features of the electrical reaction at a distance from the stimulation
zone are due to the features of these signals, which are discussed below.

3.1. The Role of the Hydraulic Signal in the Formation of the Specificity of Variation Potentials
Induced by Different Local Stimuli

To study the role of the hydraulic signal in VP induction, an analysis of systemic
changes in leaf thickness in response to different stimuli was performed. The stimulus-
induced increase in leaf thickness was several micrometers, lasted for tens of minutes
and was preceded by a decrease in leaf thickness of shorter duration and smaller ampli-
tude (Figure 2). Hydraulic signals, monitored by changes in the thickness of leaves or
stems or other methods, have been shown in previous works in response to externally
applied pressure [15], burning [15,16,30–32], insect feeding [17,30], and mechanical wound-
ing [17,33]. The thickness change parameters from previous studies are in good agreement
with the data in this work: a duration of up to tens of minutes, an amplitude of several mi-
crometers [15–17,30,31], and a decrement in amplitude with distance from the stimulation
area [16,31]. Stimulus-specific differences in the parameters of changes in leaf thickness
have also been shown previously, in particular between burning and insect feeding [30].

This study demonstrated that the stimulus-specific features of VP and leaf thickening
parameters were similar (Figures 1 and 2), suggesting a hydraulic signal as a trigger for
both leaf thickening and VP. This was also evidenced by the fact that an increase in leaf
thickness preceded or coincided with VP generation (Figure 2A) [16,17,32]. VP occurred
when the increase in leaf thickness was at the initial stage (Figure 2A), which may indicate
a small threshold for VP generation.

The mechanisms of VP induction and the increase in leaf thickness by a hydraulic
signal are open questions. Pressure wave propagation or xylem mass flow may be these
mechanisms [11,17]. Hydraulic pressure waves propagate in liquid at very high speeds
and can cause rapid changes in the size of vessels, which causes deformations of adjacent
parenchyma cells [11,19,34]. In the case of hydraulic mass flow, there is a direct fluid
translocation through the vessels, propagating at a much lower speed, but also capable of
causing a change in both the size of the vessels and the cells surrounding them [11,18,35].
These changes may lead to an increase in leaf thickness [14,18,19] and to VP induction
through the activation of mechanosensitive ion channels in the plasma membrane of
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parenchyma cells adjacent to the xylem [2,11,19]. These channels are activated in response
to changes in plasma membrane tension (including sensing membrane tension directed
from the outside of the cell), as well as in response to cell turgor changes [36,37] caused by
water movement from the xylem during hydraulic mass flow.

First, the role of the hydraulic pressure wave as a possible VP inducer will be discussed.
A wave of positive pressure changes originates as a result of wound-induced damage to
xylem vessels and the subsequent release of xylem water column tension [11], since under
normal conditions, there is negative pressure in the xylem as a result of transpiration [38,39].
This can potentially cause leaf thickness increase and VP generation [32], which is supported
by data on the possibility of inducing tissue deformation and VP-like electrical signals by
artificially increasing the pressure in the xylem [14,15,40]. Moreover, the amplitudes of
VP-like electrical signals depend on the size of the applied pressure steps [14]. The role of
the hydraulic pressure wave in VP induction is supported by the dependence of the VP
amplitude on the values of the initial negative pressure (tension) in the xylem [14,40], as
well as by the fact that VP is not observed when the initial xylem pressure is positive [14,32].

However, there are some contradictory facts regarding the involvement of the hy-
draulic pressure wave in the VP induction mechanism. First, although there is some
flexibility in the cell walls of xylem vessels [41–43], it is unlikely that, under normal condi-
tions, pressure-induced changes in xylem vessel size will be sufficient to cause significant
changes in leaf thickness. Moreover, even under severe drought, significant deformations
of xylem vessels cause changes in cell diameter not exceeding a few micrometers [41,43].
Secondly, xylem pressure is unlikely to change significantly with increasing distance from
the stimulation site, even taking into account the gradient of negative xylem pressure from
root to shoot [14,40,44]. Thirdly, due to the high propagation speeds of the pressure wave in
the liquid [11,17,34], the observed changes in leaf thickness (Figure 2) should occur almost
instantaneously; however, there is a time lag between the moment of stimulation and the
phase of increasing leaf thickness.

Another potential mechanism for increasing leaf thickness and VP induction is xylem
mass flow, which results in the movement of fluid from the xylem to surrounding cells
and an increase in their turgor pressure. An increase in the volume of many parenchyma
cells can lead to a significant increase in leaf thickness. In addition, there is evidence of the
possibility of VP induction by changing the turgor of the cells surrounding the xylem [14].
Moreover, one study showed that water influx was required for VP propagation upon
stem excision [45], i.e., pressure change alone was insufficient to trigger VP, suggesting
the involvement of hydraulic mass flow. Finally, hydraulic mass flow can facilitate the
propagation of chemical signals that cause the activation of ligand-gated ion channels and
VP induction [1,2,18], which is supported by the results of this study (Figure 6). Taken
together, the evidence described above is more consistent with the hypothesis of hydraulic
mass flow as the main VP inducer.

The next question is about the water supply involved in hydraulic mass flow. The
most likely supply of water to the xylem is from the apoplast and damaged cells of the
wounded area [16,30,46]. In one study, calculations showed that wound-induced changes
in leaf thickness depended on the amount of water available in the stimulation area [30].
It should also be noted that increasing positive pressure in the damage site can promote
hydraulic mass flow, as evidenced by the increased xylem flow rate upon wounding [44,47].

In addition to positive pressure changes due to the damage-induced release of xylem
tension, water supply may be facilitated by the inhibition of transpiration, which under
normal conditions provides an upward flow of fluid [35,39,44]. It is well known that stimuli
such as heating [5], burning [5,48] and mechanical damage [49] cause a significant decrease
in stomatal conductance and transpiration, which was also shown in this work (Figure 3).
This leads to a positive change in xylem pressure and disruption of the normal fluid flow
in the xylem, which probably underlies the dependence of the amplitude and velocity of
VP propagation on the transpiration rate [50].
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Next, possible mechanisms of stimulus-specific features of the parameters of leaf
thickness changes will be discussed. In the case of heating and burning, the greater
amplitude of leaf thickening compared to wounding (Figure 2B) could have been caused
by heat-driven water expansion [14,17]. In the case of burning, this process was probably
faster and more severe due to the higher flame temperature, providing a high rate of
increase in leaf thickness compared to heating (Figure 2E). The longer duration of the
leaf thickening phase upon heating was likely due to the longer duration of stimulation
(Figure 2D), leading to an increased amount of water available for hydraulic mass flow
(Figure 2C).

Another factor that determines the greater amplitude and duration of leaf thickening
in the case of heating may be the large contribution of changes in transpiration, since
leaf thickness reached its maximum 10–15 min after stimulation (Figure 2B), when the
transpiration rate decreased significantly (Figure 3). In the case of burning and wounding,
the influence of transpiration on changes in leaf thickness was most likely insignificant,
since the decrease in stomatal conductance began no earlier than 5 min after stimulation
(Figure 3), when the increase in leaf thickness had reached its maximum (Figure 2B).

The rather large decrease in leaf thickness observed during heating, which pre-
ceded the VP generation (Figure 2A), can be explained by an increase in the transpiration
rate (Figure 3), which led to a tension increase in the xylem sap column (negative pres-
sure) [39,40,44,51] and, as a consequence, to an accelerated efflux of water from systemic
tissues to the heated area. The increase in the transpiration rate may be associated with both
an increase in temperature [6,52] and with the hydropassive opening of stomata, possibly
due to the loss of turgor in the epidermis [5,48].

The role of hydraulic mass flow in VP induction is also supported by the results of
experiments on detached leaves, which showed a significant reduction in VP amplitude and
an increase in decrement, particularly in the case of heating (Figure 4B). This suggestion is
based on the fact that the pressure in the xylem vessels of a detached leaf is more positive
compared to the whole plant due to a loss of vessel integrity upon excision [14], which
leads to a reduced damage-induced pressure drop, and as a consequence, to impaired
hydraulic mass flow and VP propagation. Another reason for the suppression of hydraulic
mass flow and VP may be the influence of other plant parts, potentially through two ways:
first, by changing the total amount of water available for hydraulic mass flow [30], and
second, by altering xylem water column tension (more negative pressure in intact plants
due to xylem tension in other leaves and active transpiration) [39,40,51].

3.2. The Role of the Chemical Signal in the Formation of the Specificity of Variation Potentials
Induced by Different Local Stimuli

Along with the hydraulic signal, the chemical signal is proposed as a VP inducer,
the role of which can be played by ROS [2,11,20–22]. To determine the contribution of
ROS to the VP propagation caused by different stimuli, the effects of ROS scavengers
and ROS production inhibitors on VP amplitude were evaluated. Treatment with DMTU
led to a suppression of VPs, induced by all stimuli (Figure 6). VP suppression was more
pronounced at a distance from the stimulation area, supporting the role of ROS in VP
propagation. The suppression of the wound-stimulated VP was the smallest, suggesting a
smaller contribution of ROS to the induction of wound-stimulated VP compared to other
stimuli. This appears to be related to a reduced initial ROS burst in the stimulated area
compared to burning and heating due to the lack of thermal exposure [53–55].

In addition to ROS transported by xylem mass flow from the stimulation area, the
systemic production of ROS is possible, maintaining the propagation of the ROS wave
in unstimulated parts of the plant [2,11,56–58]. These propagating ROS signals appear
to be dependent on ROS-producing enzymes, which are inhibited by DPI [25,26] and
SHAM [27,28]. This is supported by the significant VP suppression by these inhibitors at a
distance from the stimulation site (Figure 6). According to the literature, the central role in
the systemic propagation of ROS waves is played by DPI-inhibited NADPH oxidases, most



Plants 2024, 13, 2896 12 of 19

likely RESPIRATORY BURST OXIDASE HOMOLOGUE D (RBOHD) [8,20,54,57,59]. This is
consistent with the results that VPs were more attenuated upon DPI treatment compared to
SHAM treatment (Figure 6). Moreover, the results of this work are in good agreement with
data from other studies in which VP propagation in systemic tissues was suppressed in
loss-of-function rbohD mutants, but local membrane potential changes were not suppressed
in the rbohD mutant [8,33].

It should be noted that the statistically significant VP suppression by inhibitors of ROS
production compared to control treatment was observed only upon heating and burning,
but not upon wounding (Figure 6). In addition to the aforementioned reduced initial ROS
burst, the more attenuated ROS wave upon wounding was possibly due to lower systemic
ROS production, which could be related to the different mechanisms of occurrence of
this wave upon different stimulations. This is supported by the fact that the regulatory
mechanisms and propagation pathways of the ROS wave in Arabidopsis are different in
response to the local application of high-light stress on the one hand, and in response to
wounding [33] and heating [6] on the other hand, while the function of RBOHD is required
in response to all stimuli.

3.3. The Features of Generation of Variation Potentials Induced by Different Stimuli

Inhibitor studies have revealed the universality of the involvement of H+-ATPase in
the generation of VPs caused by different local stimuli. H+-ATPase is the major contributor
to VP generation (Figure 7). However, it should be noted that the suppression of VPs
during inhibition of H+-ATPase may be associated not only with its direct contribution to
generation, but also with the dissipation of gradients of other ions [60,61].

The results of this work are consistent with other studies that have demonstrated the
involvement of H+-ATPase in VP generation upon wounding [62,63], burning [5,60,64,65]
and heating [5,66,67], including by detecting pH changes during VP generation [5,65,67].
It can be assumed that the absence of differences in VP parameters between stimuli upon
inhibitor treatment (Figure 7) is due to a similar main contribution of H+-ATPase, probably
H+-ATPase 1 (AHA1) [62,63], to the change in membrane potential during VP genera-
tion [2,10,11,22,29,56], although limitations of the approach used, inhibitor analysis, cannot
be excluded.

The universality of the involvement of Ca2+-permeable plasma membrane channels in
the generation of VPs induced by different local stimuli was also demonstrated (Figure 7).
Other studies have previously shown the involvement of Ca2+-permeable channels in in
VP generation upon heating [66] and burning [64,68], including studies using inhibitors
of Ca2+-permeable channels [64,66] and Ca2+ chelators [64,66,68]. When Ca2+-permeable
channels are inhibited, the VP amplitude is suppressed less than when H+-ATPase is
inhibited (Figure 7), which can be associated with the aforementioned reduction in the
electrochemical potential gradient [60,61].

Treatment with the mechanosensitive channel inhibitor GdCl3 led to the suppression of
VPs caused by all stimuli (Figure 7), further indicating the involvement of hydraulic signals
in the VP generation and propagation. Treatment with GdCl3, like treatment with LaCl3,
led to a decrease in the rate of depolarization, which suggests that the mechanosensitive
channels are involved in the formation of the rapid depolarization phase for all types of
stimuli. These channels appeared to contribute more to the generation and propagation of
burn- and wound-induced VPs than heat-induced VPs, as evidenced by a decrease in VP
amplitude upon GdCl3 treatment (Figure 7). It is possible that this may be associated with
the rate of pressure increase (slope) during the hydraulic signal, which is higher in the case
of burning and, partly, wounding, since a dependence of activation on the rate of pressure
increase has been demonstrated for mechanosensitive plant channels [69]. The results of
this study suggest a greater contribution of mechanosensitive channels to the generation of
VPs in the case of burning and wounding.

The molecular identities of the signaling components underlying the specificity of
the mechanisms of VP generation and propagation, and the mechanisms of their interplay,
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are still not clear. ROS-activated Ca2+-permeable plasma membrane channels have been
suggested to be involved in VP generation and propagation, but the molecular identity of
these channels remains unknown [29,70–72]. To date, ligand-gated Ca2+-permeable cation
channels of the GLUTAMATE RECEPTOR-LIKE (GLR) family have been confirmed to be es-
sential to generating VPs [61,70]. Among the channels of the GLR family, the contribution to
the VP generation and propagation was experimentally shown for GLR3.3 [33,54,63,73–76],
GLR3.6 [33,54,63,73–75], GLR3.1 and GLR3.5 [74,75]. It should be noted that GLR3.3 and
GLR3.6 are required for wound-induced systemic Ca2+ waves [63,74,76–78], hydraulic
waves [33] and RBOHD-mediated ROS waves [33,54,79].

The initial perception of hydraulic waves may be mediated by the stretch-activated
anion channel, MECHANOSENSITIVE CHANNEL OF SMALL CONDUCTANCE-LIKE 10
(MSL10), which plays a critical role in the proper formation of VPs through the regulation
of GLR3.3 and GLR3.6 activity [80], which links this channels to hydraulic waves. It should
be emphasized that for MSL10, the dependence of activation on the rate of pressure increase
is shown [69]. It is possible that other mechanosensitive channels may also be involved in
VP generation and propagation [61].

It should be noted that the above-mentioned GLR3.3 and GLR3.6 may also be involved
in the interplay of various components of the complex plant stress signal—Ca2+, ROS and
hydraulic waves—providing crosstalk between the signals. Thus, based on the similar
suppression of wound-induced Ca2+ waves in the glr3.3;glr3.6 double mutant and rbohD
mutants, it can be assumed that RBOHD is involved in the regulation of Ca2+ signals [33,54],
which in turn provides additional ROS production [11,58]. At the same time, it was shown
that wound-induced GLR3.3-mediated calcium waves are RBOHD independent [77]. It
has also been shown that GLR3.3 and GLR3.6 are involved in maintaining ROS waves
induced by certain stimuli [33]. Thus, wound-induced ROS waves were suppressed in
the glr3.3;glr3.6 double mutant. At the same time, in response to high-light stress, ROS
waves were not completely suppressed [33], indicating a different mechanism for ROS
wave propagation [6,33] and, in general, the presence of the specificity of this signal caused
by different stimuli.

It is important to note that no influence was found of the key ROS wave generator,
RBOHD, on the other component of the complex stress signal, which is the hydraulic
wave [33]. The mechanism of water transport into cells surrounding the xylem during
hydraulic mass flow may involve aquaporins, such as plasma membrane intrinsic protein
2;1 (PIP2;1) [33,81]. Aquaporins are known to play a role in regulating the hydraulic
conductance of vascular bundles [81]. The wound-induced systemic hydraulic signal is
suppressed in the pip2;1 mutant. The function of aquaporins is regulated by calcium,
likely mediated by the cation channels GLR3.3 and GLR3.6. According to the authors, an
increase in cytosolic Ca2+ concentration leads to the closure of aquaporins and a subsequent
increase in hydraulic pressure in the xylem vessels due to the abolished efflux of water into
the cells surrounding the xylem [33]. In addition, aquaporins such as PIP2;1, as well as
plasmodesmata (PD)-localized proteins (PDLP) 1 and 5 play key roles in regulating rapid
systemic ROS signals [33,82].

Thus, it can be proposed that the mechanisms of stimulus-specific VP induction
and propagation are based on the different contributions of the hydraulic and chemical
components of VP. Stimulus-induced damage results in the release of xylem water column
tension and the release of chemical elicitors such as ROS and water from damaged cells. In
the case of thermal stimuli, more ROS are produced compared to mechanical wounding
due to thermal exposure. ROS are transported by xylem mass flow. During hydraulic
mass flow, water moves into the cells surrounding the xylem, resulting in increased cell
turgor and the subsequent activation of mechanosensitive channels, probably MSL10.
Mechanosensitive channels contribute more to the induction of burn- and wound-triggered
VPs, which is related to more abrupt pressure changes due to instantaneous stimulation,
whereas upon gradual heating, prolonged stimulation causes less abrupt pressure changes.
In turn, ROS activate ligand-gated Ca2+ channels, either the proposed ROS-activated Ca2+-
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permeable plasma membrane channel, the molecular identity of which remains unknown,
or GLR3.3 and GLR3.6 through the MSL10-dependent regulation of their activity. Increased
cytosolic Ca2+ levels induce H+-ATPase inactivation and, as a result, VP generation. In
the cases of heating and burning, additional ROS production is mediated by the Ca2+- or
ROS-dependent activation of NADPH oxidases, mainly RBOHD. Other factors, such as
heat-driven water expansion and transpiration changes upon heating, may also contribute
to the mechanism of stimulus-specific VP induction.

4. Materials and Methods
4.1. Plant Material and Growth Conditions

Wheat (Triticum aestivum L.) cv. Daria was grown in a growth room at 24 ◦C under
long-day conditions (16 h/8 h light/dark). For all experiments, 14–21-day-old plants,
grown in pots with sand as soil, were used. Due to the low penetration of inhibitors
through the wheat leaf epidermis, experiments with inhibitors were carried out using a
detached wheat leaf (second mature leaf 17 cm long) cut from wheat plants and adapted in
a standard solution (1 mM KCl, 0.5 mM CaCl2, 0.1 mM NaCl) for 17 h.

4.2. Local Stimulation

Local stimulation was applied to the tip (~1 cm long) of a second mature wheat leaf.
Three types of stimuli were used: (1) gradual heating in a cuvette with water to 60 ◦C
for 5–7 min; (2) burning with a flame for 3 s; (3) mechanical wounding by crushing with
a plastic cylinder. One single stimulation experiment was carried out per plant. Before
stimulation, wheat plants were removed from the growth room and acclimated for a
minimum of 1 h in the recording room at ~24 ◦C.

4.3. Extracellular Measurements of Electrical Signals

Surface potentials were recorded using Ag+/AgCl macroelectrodes EVL-1M3 (Gomel
Plant of Measuring Devices, Gomel, Belarus) filled with 3 M KCl, a high-impedance three-
channel amplifier IPL-113 (Semico, Novosibirsk, Russia) and a personal computer. Three
measuring electrodes were placed on the second mature wheat leaf with an inter-electrode
distance of 3 cm and a distance of 3 cm between the damage site and the first electrode. The
interface between the measuring electrode and the leaf was a cotton thread wetted with
a standard solution. A reference electrode was placed in the soil during recordings from
whole plants or in a standard solution surrounding the leaf cut during recordings from
detached leaves. Surface potential recordings were acquired at 1 Hz.

4.4. Inhibitor Studies

To investigate the features of the mechanisms of generation and propagation of VP
induced by different stimuli, inhibitor analysis was performed using the plasma mem-
brane H+-ATPase inhibitor sodium orthovanadate (2 mM), the plasma membrane Ca2+-
permeable channel blocker lanthanum chloride (5 mM), the mechanosensitive channel
inhibitor gadolinium chloride (10 mM), the scavenger of ROS DMTU (1 mM) [23,24], the
inhibitor of NADPH oxidases DPI (20 µM) [25,26], the cell wall peroxidase inhibitor and
the mitochondrial alternative oxidase inhibitor SHAM (1 mM) [27,28]. All chemicals were
from Sigma-Aldrich (St. Louis, MO, USA). Solutions for chemical treatments were made
in a standard solution. The solutions were loaded into a detached wheat leaf by vacuum
infiltration. To do this, the cut of the detached leaf was immersed in a solution of the
corresponding compound, and then exposed to one cycle of vacuum infiltration for 5 min
at 70 kPa in a vacuum desiccator. Control experiments were carried out in exactly the
same way via infiltration with a standard solution. All experiments were carried out 1.5 h
after infiltration.
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4.5. Monitoring of Leaf Thickness

Changes in wheat leaf thickness were monitored to detect hydraulic signals. The
leaf thickness was measured using a system including an OL1 optical micrometer (SICK,
Düsseldorf, Germany), an AOD1 evaluation unit (SICK, Düsseldorf, Germany) and LTR12
analog-to-digital converters in the LTR-EU-2-5 crate (L-Card, Moscow, Russia). Changes
in leaf thickness were recorded at 10 Hz using L-Card Measurement Studio software
(version 1.1.0) (L-Card, Moscow, Russia). A wheat leaf was fixed at an equal distance
between the sender unit and the receiver unit so that the shading of the light band by
the leaf, recorded by the receiver unit, corresponded to the leaf thickness. Regions of
interest (3 mm) were located at distances of 4.5, 7.5 and 10.5 cm from the stimulation
area (Figure 1). Simultaneously with the monitoring of leaf thickness, surface electrical
potentials were recorded.

4.6. Measurements of Leaf Stomatal Conductance

A GFS-3000 gas analyzer (Heinz Walz GmbH, Effeltrich, Germany) and Dual-PAM
gas-exchange Cuvette 3010-Dual common measuring head (Heinz Walz GmbH, Effeltrich,
Germany) were used for investigations of leaf stomatal conductance, which was auto-
matically calculated by GFS-Win software (version 3.82) (Heinz Walz GmbH, Effeltrich,
Germany). The CO2 concentration in the measuring cuvette was 360 ppm, the relative
humidity was about 70%, and the temperature was 23 ◦C. Blue actinic light (460 nm,
240 µmol m−2 s−1) were used in the experiments. The measuring cuvette was placed on the
second mature wheat leaf at a distance of 4.5 cm from the stimulation area. Leaf stomatal
conductance recordings were acquired at 1 Hz.

4.7. Statistical Analysis

All experiments with each stimulus type were repeated with at least 10 independent
biological replicates. Each replicate was performed on a separate wheat plant. Results
are represented as means ± SEM, first-order derivative, typical records of individual
measurements. Statistical significance in pair-wise comparisons was evaluated by Student’s
t-test. For multiple comparisons, two-way ANOVA were performed. The level of statistical
significance was set at p < 0.05. Statistical analysis was performed using Microsoft Excel
(version 2409) and GraphPad Prism 6 software (version 6.07) (GraphPad Software, Boston,
MA, USA).

5. Conclusions

Thus, the study revealed differences in the parameters of VPs induced by different
local stimuli: less of a decrement upon heating compared to burning and wounding, and the
smallest amplitude upon wounding. Differences in VP parameters indicate the possibility of
the VP-mediated induction of stimulus-specific systemic functional responses [1,2]. These
findings suggest that the VP is not only a signal with information about the damaging
effect, but also has the potential to encode information about the stimulus. The mechanism
of the VP-mediated induction of systemic responses is most likely based on shifts in the
concentrations of ions, such as Ca2+ and H+, accompanying VP generation [1,2]. Taken
together, these findings suggest that the stimulus specificity of VP originates in the features
of the chemical and hydraulic signals that form the VP, which, in turn, can influence changes
in ion concentrations.

However, there are outstanding questions about the mechanisms of VP formation
and their roles in the regulation of the physiological state of plants. Can hydraulic signals
independently perform regulatory functions in plants? What is the molecular identity of
ROS-activated Ca2+-permeable channels? What is the precise molecular pathway for VP
generation? How do aquaporins play a role in generating VP and hydraulic signals? These
and many other questions require further research.

Answers to these questions will facilitate the practical implementation of the acquired
knowledge about the mechanisms of specificity of electrical signals in plants, primarily
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for solving agricultural problems. One of the priority applications is the identification of
critical stressors based on the monitoring of electrical activity. To date, there are more works
aimed at identifying the influencing stressor based on the classification of plant electrical
signals using machine learning methods [83–85], including herbivore [86] and pathogen
attacks [87], early detection of water [88,89] and nitrogen deficiency [90], etc. Another
problem is to assess the resistance of plants based on the characteristics of electrical reactions
under the influence of various stressors, such as salinity [91], high temperatures [91] and
heavy metals [92], which allows the selection of the most resistant varieties at the early
stages of selection. Other problems may also be addressed, including the modification of
resistance to stressors by regulating the electrical activity of plants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/plants13202896/s1, Figure S1: Dependences of the amplitude
of leaf thickness reduction on the distance to the area of local stimulation induced by local heating,
burning or wounding in wheat plants.
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Signalling in the Recognition of Captured Prey in the Carnivorous Sundew Plant Drosera capensis. New Phytol. 2017, 213, 1818–1835.
[CrossRef]

5. Mudrilov, M.; Ladeynova, M.; Berezina, E.; Grinberg, M.; Brilkina, A.; Sukhov, V.; Vodeneev, V. Mechanisms of Specific Systemic
Response in Wheat Plants under Different Locally Acting Heat Stimuli. J. Plant Physiol. 2021, 258–259, 153377. [CrossRef]

6. Zandalinas, S.I.; Fichman, Y.; Devireddy, A.R.; Sengupta, S.; Azad, R.K.; Mittler, R. Systemic Signaling during Abiotic Stress
Combination in Plants. Proc. Natl. Acad. Sci. USA 2020, 117, 13810–13820. [CrossRef]

7. Meena, M.K.; Prajapati, R.; Krishna, D.; Divakaran, K.; Pandey, Y.; Reichelt, M.; Mathew, M.K.; Boland, W.; Mithöfer, A.; Vadassery,
J. The Ca 2+ Channel CNGC19 Regulates Arabidopsis Defense Against Spodoptera Herbivory. Plant Cell 2019, 31, 1539–1562.
[CrossRef]

8. Suzuki, N.; Miller, G.; Salazar, C.; Mondal, H.A.; Shulaev, E.; Cortes, D.F.; Shuman, J.L.; Luo, X.; Shah, J.; Schlauch, K.; et al.
Temporal-Spatial Interaction between Reactive Oxygen Species and Abscisic Acid Regulates Rapid Systemic Acclimation in
Plants. Plant Cell 2013, 25, 3553–3569. [CrossRef]

9. Ma, Y.; Flückiger, I.; Nicolet, J.; Pang, J.; Dickinson, J.B.; De Bellis, D.; Emonet, A.; Fujita, S.; Geldner, N. Comparisons of Two
Receptor-MAPK Pathways in a Single Cell-Type Reveal Mechanisms of Signalling Specificity. Nat. Plants 2024, 10, 1343–1362.
[CrossRef]

10. Lee, K.; Seo, P.J. Wound-Induced Systemic Responses and Their Coordination by Electrical Signals. Front. Plant Sci. 2022, 13,
880680. [CrossRef]

11. Huber, A.E.; Bauerle, T.L. Long-Distance Plant Signaling Pathways in Response to Multiple Stressors: The Gap in Knowledge.
J. Exp. Bot. 2016, 67, 2063–2079. [CrossRef] [PubMed]

12. Vodeneev, V.; Akinchits, E.; Sukhov, V. Variation Potential in Higher Plants: Mechanisms of Generation and Propagation. Plant
Signal. Behav. 2015, 10, e1057365. [CrossRef] [PubMed]

13. Vodeneev, V.; Mudrilov, M.; Akinchits, E.; Balalaeva, I.; Sukhov, V. Parameters of Electrical Signals and Photosynthetic Responses
Induced by Them in Pea Seedlings Depend on the Nature of Stimulus. Funct. Plant Biol. 2018, 45, 160. [CrossRef]

https://www.mdpi.com/article/10.3390/plants13202896/s1
https://www.mdpi.com/article/10.3390/plants13202896/s1
https://doi.org/10.1016/j.pbiomolbio.2018.11.009
https://www.ncbi.nlm.nih.gov/pubmed/30508537
https://doi.org/10.3390/ijms221910715
https://www.ncbi.nlm.nih.gov/pubmed/34639056
https://doi.org/10.3390/plants13182594
https://www.ncbi.nlm.nih.gov/pubmed/39339569
https://doi.org/10.1111/nph.14352
https://doi.org/10.1016/j.jplph.2021.153377
https://doi.org/10.1073/pnas.2005077117
https://doi.org/10.1105/tpc.19.00057
https://doi.org/10.1105/tpc.113.114595
https://doi.org/10.1038/s41477-024-01768-y
https://doi.org/10.3389/fpls.2022.880680
https://doi.org/10.1093/jxb/erw099
https://www.ncbi.nlm.nih.gov/pubmed/26944636
https://doi.org/10.1080/15592324.2015.1057365
https://www.ncbi.nlm.nih.gov/pubmed/26313506
https://doi.org/10.1071/FP16342


Plants 2024, 13, 2896 17 of 19

14. Stahlberg, R.; Cleland, R.E.; Van Volkenburgh, E. Slow Wave Potentials—A Propagating Electrical Signal Unique to Higher
Plants. In Communication in Plants; Baluška, F., Mancuso, S., Volkmann, D., Eds.; Springer: Berlin, Heidelberg, Germany, 2006;
pp. 291–308, ISBN 978-3-540-28475-8.

15. Stankovic, B.; Zawadzki, T.; Davies, E. Characterization of the Variation Potential in Sunflower. Plant Physiol. 1997, 115, 1083–1088.
[CrossRef]

16. Malone, M. Kinetics of Wound-Induced Hydraulic Signals and Variation Potentials in Wheat Seedlings. Planta 1992, 187, 505–510.
[CrossRef]

17. Kurenda, A.; Nguyen, C.T.; Chételat, A.; Stolz, S.; Farmer, E.E. Insect-Damaged Arabidopsis Moves like Wounded Mimosa pudica.
Proc. Natl. Acad. Sci. USA 2019, 116, 26066–26071. [CrossRef]

18. Evans, M.J.; Morris, R.J. Chemical Agents Transported by Xylem Mass Flow Propagate Variation Potentials. Plant J. 2017, 91,
1029–1037. [CrossRef]

19. Sukhova, E.; Akinchits, E.; Gudkov, S.V.; Pishchalnikov, R.Y.; Vodeneev, V.; Sukhov, V. A Theoretical Analysis of Relations between
Pressure Changes along Xylem Vessels and Propagation of Variation Potential in Higher Plants. Plants 2021, 10, 372. [CrossRef]

20. Miller, G.; Schlauch, K.; Tam, R.; Cortes, D.; Torres, M.A.; Shulaev, V.; Dangl, J.L.; Mittler, R. The Plant NADPH Oxidase RBOHD
Mediates Rapid Systemic Signaling in Response to Diverse Stimuli. Sci. Signal. 2009, 2, ra45. [CrossRef]

21. Mittler, R.; Vanderauwera, S.; Suzuki, N.; Miller, G.; Tognetti, V.B.; Vandepoele, K.; Gollery, M.; Shulaev, V.; Van Breusegem, F.
ROS Signaling: The New Wave? Trends Plant Sci. 2011, 16, 300–309. [CrossRef]

22. Farmer, E.E.; Gao, Y.; Lenzoni, G.; Wolfender, J.; Wu, Q. Wound- and Mechanostimulated Electrical Signals Control Hormone
Responses. New Phytol. 2020, 227, 1037–1050. [CrossRef] [PubMed]

23. Arfan, M.; Zhang, D.-W.; Zou, L.-J.; Luo, S.-S.; Tan, W.-R.; Zhu, T.; Lin, H.-H. Hydrogen Peroxide and Nitric Oxide Crosstalk
Mediates Brassinosteroids Induced Cold Stress Tolerance in Medicago Truncatula. Int. J. Mol. Sci. 2019, 20, 144. [CrossRef]
[PubMed]

24. Jiang, J.; Su, M.; Wang, L.; Jiao, C.; Sun, Z.; Cheng, W.; Li, F.; Wang, C. Exogenous Hydrogen Peroxide Reversibly Inhibits Root
Gravitropism and Induces Horizontal Curvature of Primary Root during Grass Pea Germination. Plant Physiol. Biochem. 2012, 53,
84–93. [CrossRef]

25. Lee, D.J.; Choi, H.J.; Moon, M.; Chi, Y.; Ji, K.; Choi, D. Superoxide Serves as a Putative Signal Molecule for Plant Cell Division:
Overexpression of CaRLK1 Promotes the Plant Cell Cycle via Accumulation of O2

− and Decrease in H2O2. Physiol. Plant. 2017,
159, 228–243. [CrossRef]

26. Kai, K.; Kasa, S.; Sakamoto, M.; Aoki, N.; Watabe, G.; Yuasa, T.; Iwaya-Inoue, M.; Ishibashi, Y. Role of Reactive Oxygen Species
Produced by NADPH Oxidase in Gibberellin Biosynthesis during Barley Seed Germination. Plant Signal. Behav. 2016, 11, e1180492.
[CrossRef]

27. Khokon, A.R.; Okuma, E.; Hossain, M.A.; Munemasa, S.; Uraji, M.; Nakamura, Y.; Mori, I.C.; Murata, Y. Involvement of
Extracellular Oxidative Burst in Salicylic Acid-induced Stomatal Closure in Arabidopsis. Plant Cell Environ. 2011, 34, 434–443.
[CrossRef]

28. Vanlerberghe, G. Alternative Oxidase: A Mitochondrial Respiratory Pathway to Maintain Metabolic and Signaling Homeostasis
during Abiotic and Biotic Stress in Plants. Int. J. Mol. Sci. 2013, 14, 6805–6847. [CrossRef]

29. Johns, S.; Hagihara, T.; Toyota, M.; Gilroy, S. The Fast and the Furious: Rapid Long-Range Signaling in Plants. Plant Physiol. 2021,
185, 694–706. [CrossRef]

30. Alarcon, J.-J.; Malone, M. Substantial Hydraulic Signals Are Triggered by Leaf-Biting Insects in Tomato. J. Exp. Bot. 1994, 45,
953–957. [CrossRef]

31. Boari, F.; Malone, M. Wound-Induced Hydraulic Signals: Survey of Occurrence in a Range of Species. J. Exp. Bot. 1993, 44,
741–746. [CrossRef]

32. Mancuso, S. Hydraulic and Electrical Transmission of Wound-Induced Signals in Vitis vinifera. Funct. Plant Biol. 1999, 26, 55.
[CrossRef]

33. Fichman, Y.; Mittler, R. Integration of Electric, Calcium, Reactive Oxygen Species and Hydraulic Signals during Rapid Systemic
Signaling in Plants. Plant J. 2021, 107, 7–20. [CrossRef] [PubMed]

34. Lopez, R.; Badel, E.; Peraudeau, S.; Leblanc-Fournier, N.; Beaujard, F.; Julien, J.-L.; Cochard, H.; Moulia, B. Tree Shoot Bending
Generates Hydraulic Pressure Pulses: A New Long-Distance Signal? J. Exp. Bot. 2014, 65, 1997–2008. [CrossRef] [PubMed]

35. Christmann, A.; Grill, E.; Huang, J. Hydraulic Signals in Long-Distance Signaling. Curr. Opin. Plant Biol. 2013, 16, 293–300.
[CrossRef]

36. Basu, D.; Haswell, E.S. Plant Mechanosensitive Ion Channels: An Ocean of Possibilities. Curr. Opin. Plant Biol. 2017, 40, 43–48.
[CrossRef]

37. Hamilton, E.S.; Schlegel, A.M.; Haswell, E.S. United in Diversity: Mechanosensitive Ion Channels in Plants. Annu. Rev. Plant Biol.
2015, 66, 113–137. [CrossRef]

38. Dainese, R.; Tarantino, A. Measurement of Plant Xylem Water Pressure Using the High-Capacity Tensiometer and Implications
for the Modelling of Soil–Atmosphere Interaction. Géotechnique 2021, 71, 441–454. [CrossRef]

39. Schenk, H.J.; Jansen, S.; Hölttä, T. Positive Pressure in Xylem and Its Role in Hydraulic Function. New Phytol. 2021, 230, 27–45.
[CrossRef]

https://doi.org/10.1104/pp.115.3.1083
https://doi.org/10.1007/BF00199969
https://doi.org/10.1073/pnas.1912386116
https://doi.org/10.1111/tpj.13624
https://doi.org/10.3390/plants10020372
https://doi.org/10.1126/scisignal.2000448
https://doi.org/10.1016/j.tplants.2011.03.007
https://doi.org/10.1111/nph.16646
https://www.ncbi.nlm.nih.gov/pubmed/32392391
https://doi.org/10.3390/ijms20010144
https://www.ncbi.nlm.nih.gov/pubmed/30609774
https://doi.org/10.1016/j.plaphy.2012.01.017
https://doi.org/10.1111/ppl.12487
https://doi.org/10.1080/15592324.2016.1180492
https://doi.org/10.1111/j.1365-3040.2010.02253.x
https://doi.org/10.3390/ijms14046805
https://doi.org/10.1093/plphys/kiaa098
https://doi.org/10.1093/jxb/45.7.953
https://doi.org/10.1093/jxb/44.4.741
https://doi.org/10.1071/PP98098
https://doi.org/10.1111/tpj.15360
https://www.ncbi.nlm.nih.gov/pubmed/34058040
https://doi.org/10.1093/jxb/eru045
https://www.ncbi.nlm.nih.gov/pubmed/24558073
https://doi.org/10.1016/j.pbi.2013.02.011
https://doi.org/10.1016/j.pbi.2017.07.002
https://doi.org/10.1146/annurev-arplant-043014-114700
https://doi.org/10.1680/jgeot.19.P.153
https://doi.org/10.1111/nph.17085


Plants 2024, 13, 2896 18 of 19

40. Stahlberg, R.; Cosgrove, D.J. A Reduced Xylem Pressure Altered the Electric and Growth Responses in Cucumber Hypocotyls.
Plant Cell Environ. 1997, 20, 101–109. [CrossRef]

41. Cochard, H.; Froux, F.; Mayr, S.; Coutand, C. Xylem Wall Collapse in Water-Stressed Pine Needles. Plant Physiol. 2004, 134,
401–408. [CrossRef]

42. Ménard, D.; Blaschek, L.; Kriechbaum, K.; Lee, C.C.; Serk, H.; Zhu, C.; Lyubartsev, A.; Nuoendagula; Bacsik, Z.; Bergström,
L.; et al. Plant Biomechanics and Resilience to Environmental Changes Are Controlled by Specific Lignin Chemistries in Each
Vascular Cell Type and Morphotype. Plant Cell 2022, 34, 4877–4896. [CrossRef] [PubMed]

43. Zhang, Y.-J.; Rockwell, F.E.; Graham, A.C.; Alexander, T.; Holbrook, N.M. Reversible Leaf Xylem Collapse: A Potential “Circuit
Breaker” against Cavitation. Plant Physiol. 2016, 172, 2261–2274. [CrossRef] [PubMed]

44. Benkert, R.; Balling, A.; Zimmermann, U. Direct Measurements of the Pressure and Flow in the Xylem Vessels of Nicotiana Tabacum
and Their Dependence on Flow Resistance and Transpiration Rate. Bot. Acta 1991, 104, 423–432. [CrossRef]

45. Stahlberg, R.; Cosgrove, D.J. Rapid Alterations in Growth Rate and Electrical Potentials upon Stem Excision in Pea Seedlings.
Planta 1992, 187, 523–531. [CrossRef]

46. Malone, M. Hydraulic Signals. Phil. Trans. R. Soc. Lond. B 1993, 341, 33–39. [CrossRef]
47. Vodeneev, V.; Orlova, A.; Morozova, E.; Orlova, L.; Akinchits, E.; Orlova, O.; Sukhov, V. The Mechanism of Propagation of

Variation Potentials in Wheat Leaves. J. Plant Physiol. 2012, 169, 949–954. [CrossRef]
48. Kaiser, H.; Grams, T.E.E. Rapid Hydropassive Opening and Subsequent Active Stomatal Closure Follow Heat-Induced Electrical

Signals in Mimosa Pudica*. J. Exp. Bot. 2006, 57, 2087–2092. [CrossRef]
49. Fromm, J.; Hajirezaei, M.-R.; Becker, V.K.; Lautner, S. Electrical Signaling along the Phloem and Its Physiological Responses in the

Maize Leaf. Front. Plant Sci. 2013, 4, 239. [CrossRef]
50. Stahlberg, R.; Cleland, R.E.; Van Volkenburgh, E. Decrement and Amplification of Slow Wave Potentials during Their Propagation

in Helianthus annuus L. Shoots. Planta 2005, 220, 550–558. [CrossRef]
51. Wei, C.; Tyree, M.T.; Steudle, E. Direct Measurement of Xylem Pressure in Leaves of Intact Maize Plants. A Test of the Cohesion-

Tension Theory Taking Hydraulic Architecture into Consideration. Plant Physiol. 1999, 121, 1191–1205. [CrossRef]
52. Sadok, W.; Lopez, J.R.; Smith, K.P. Transpiration Increases under High-temperature Stress: Potential Mechanisms, Trade-offs and

Prospects for Crop Resilience in a Warming World. Plant Cell Environ. 2021, 44, 2102–2116. [CrossRef] [PubMed]
53. Hasanuzzaman, M.; Nahar, K.; Alam, M.M.; Roychowdhury, R.; Fujita, M. Physiological, Biochemical, and Molecular Mechanisms

of Heat Stress Tolerance in Plants. Int. J. Mol. Sci. 2013, 14, 9643–9684. [CrossRef] [PubMed]
54. Lew, T.T.S.; Koman, V.B.; Silmore, K.S.; Seo, J.S.; Gordiichuk, P.; Kwak, S.-Y.; Park, M.; Ang, M.C.-Y.; Khong, D.T.; Lee, M.A.; et al.

Real-Time Detection of Wound-Induced H2O2 Signalling Waves in Plants with Optical Nanosensors. Nat. Plants 2020, 6, 404–415.
[CrossRef] [PubMed]

55. Li, Z.; Howell, S.H. Heat Stress Responses and Thermotolerance in Maize. Int. J. Mol. Sci. 2021, 22, 948. [CrossRef]
56. Vega-Muñoz, I.; Duran-Flores, D.; Fernández-Fernández, Á.D.; Heyman, J.; Ritter, A.; Stael, S. Breaking Bad News: Dynamic

Molecular Mechanisms of Wound Response in Plants. Front. Plant Sci. 2020, 11, 610445. [CrossRef]
57. Suda, H.; Toyota, M. Integration of Long-Range Signals in Plants: A Model for Wound-Induced Ca2+, Electrical, ROS, and

Glutamate Waves. Curr. Opin. Plant Biol. 2022, 69, 102270. [CrossRef]
58. Choi, W.-G.; Hilleary, R.; Swanson, S.J.; Kim, S.-H.; Gilroy, S. Rapid, Long-Distance Electrical and Calcium Signaling in Plants.

Annu. Rev. Plant Biol. 2016, 67, 287–307. [CrossRef]
59. Fichman, Y.; Miller, G.; Mittler, R. Whole-Plant Live Imaging of Reactive Oxygen Species. Mol. Plant 2019, 12, 1203–1210.

[CrossRef]
60. Yudina, L.; Sherstneva, O.; Sukhova, E.; Grinberg, M.; Mysyagin, S.; Vodeneev, V.; Sukhov, V. Inactivation of H + -ATPase

Participates in the Influence of Variation Potential on Photosynthesis and Respiration in Peas. Plants 2020, 9, 1585. [CrossRef]
61. Mudrilov, M.A.; Ladeynova, M.M.; Kuznetsova, D.V.; Vodeneev, V.A. Ion Channels in Electrical Signaling in Higher Plants.

Biochem. Mosc. 2023, 88, 1467–1487. [CrossRef]
62. Kumari, A.; Chételat, A.; Nguyen, C.T.; Farmer, E.E. Arabidopsis H + -ATPase AHA1 Controls Slow Wave Potential Duration and

Wound-Response Jasmonate Pathway Activation. Proc. Natl. Acad. Sci. USA 2019, 116, 20226–20231. [CrossRef] [PubMed]
63. Shao, Q.; Gao, Q.; Lhamo, D.; Zhang, H.; Luan, S. Two Glutamate- and pH-Regulated Ca 2+ Channels Are Required for Systemic

Wound Signaling in Arabidopsis. Sci. Signal. 2020, 13, eaba1453. [CrossRef] [PubMed]
64. Katicheva, L.; Sukhov, V.; Akinchits, E.; Vodeneev, V. Ionic Nature of Burn-Induced Variation Potential in Wheat Leaves. Plant

Cell Physiol. 2014, 55, 1511–1519. [CrossRef] [PubMed]
65. Sukhov, V.; Sherstneva, O.; Surova, L.; Katicheva, L.; Vodeneev, V. Proton Cellular Influx as a Probable Mechanism of Variation

Potential Influence on Photosynthesis in Pea. Plant Cell Environ. 2014, 37, 2532–2541. [CrossRef]
66. Julien, J.L.; Desbiez, M.O.; De Jaegher, G.; Frachisse, J.M. Characteristics of the Wave of Depolarization Induced by Wounding in

Bidens pilosa L. J. Exp. Bot. 1991, 42, 131–137. [CrossRef]
67. Ladeynova, M.; Kuznetsova, D.; Pecherina, A.; Vodeneev, V. pH Change Accompanying Long-Distance Electrical Signal Controls

Systemic Jasmonate Biosynthesis. J. Plant Physiol. 2024, 296, 154225. [CrossRef]
68. Vodeneev, V.A.; Akinchits, E.K.; Orlova, L.A.; Sukhov, V.S. The Role of Ca 2+, H +, and Cl − Ions in Generation of Variation

Potential in Pumpkin Plants. Russ. J. Plant Physiol. 2011, 58, 974–981. [CrossRef]

https://doi.org/10.1046/j.1365-3040.1997.d01-7.x
https://doi.org/10.1104/pp.103.028357
https://doi.org/10.1093/plcell/koac284
https://www.ncbi.nlm.nih.gov/pubmed/36215679
https://doi.org/10.1104/pp.16.01191
https://www.ncbi.nlm.nih.gov/pubmed/27733514
https://doi.org/10.1111/j.1438-8677.1991.tb00254.x
https://doi.org/10.1007/BF00199972
https://doi.org/10.1098/rstb.1993.0088
https://doi.org/10.1016/j.jplph.2012.02.013
https://doi.org/10.1093/jxb/erj165
https://doi.org/10.3389/fpls.2013.00239
https://doi.org/10.1007/s00425-004-1363-x
https://doi.org/10.1104/pp.121.4.1191
https://doi.org/10.1111/pce.13970
https://www.ncbi.nlm.nih.gov/pubmed/33278035
https://doi.org/10.3390/ijms14059643
https://www.ncbi.nlm.nih.gov/pubmed/23644891
https://doi.org/10.1038/s41477-020-0632-4
https://www.ncbi.nlm.nih.gov/pubmed/32296141
https://doi.org/10.3390/ijms22020948
https://doi.org/10.3389/fpls.2020.610445
https://doi.org/10.1016/j.pbi.2022.102270
https://doi.org/10.1146/annurev-arplant-043015-112130
https://doi.org/10.1016/j.molp.2019.06.003
https://doi.org/10.3390/plants9111585
https://doi.org/10.1134/S000629792310005X
https://doi.org/10.1073/pnas.1907379116
https://www.ncbi.nlm.nih.gov/pubmed/31527254
https://doi.org/10.1126/scisignal.aba1453
https://www.ncbi.nlm.nih.gov/pubmed/32665412
https://doi.org/10.1093/pcp/pcu082
https://www.ncbi.nlm.nih.gov/pubmed/24928219
https://doi.org/10.1111/pce.12321
https://doi.org/10.1093/jxb/42.1.131
https://doi.org/10.1016/j.jplph.2024.154225
https://doi.org/10.1134/S1021443711050256


Plants 2024, 13, 2896 19 of 19

69. Maksaev, G.; Haswell, E.S. MscS-Like10 Is a Stretch-Activated Ion Channel from Arabidopsis thaliana with a Preference for Anions.
Proc. Natl. Acad. Sci. USA 2012, 109, 19015–19020. [CrossRef]

70. Demidchik, V.; Shabala, S.; Isayenkov, S.; Cuin, T.A.; Pottosin, I. Calcium Transport across Plant Membranes: Mechanisms and
Functions. New Phytol. 2018, 220, 49–69. [CrossRef]

71. Pei, Z.-M.; Murata, Y.; Benning, G.; Thomine, S.; Klüsener, B.; Allen, G.J.; Grill, E.; Schroeder, J.I. Calcium Channels Activated by
Hydrogen Peroxide Mediate Abscisic Acid Signalling in Guard Cells. Nature 2000, 406, 731–734. [CrossRef]

72. Zhang, W.; Jeon, B.W.; Assmann, S.M. Heterotrimeric G-Protein Regulation of ROS Signalling and Calcium Currents in Arabidop-
sis Guard Cells. J. Exp. Bot. 2011, 62, 2371–2379. [CrossRef] [PubMed]

73. Mousavi, S.A.R.; Chauvin, A.; Pascaud, F.; Kellenberger, S.; Farmer, E.E. GLUTAMATE RECEPTOR-LIKE Genes Mediate
Leaf-to-Leaf Wound Signalling. Nature 2013, 500, 422–426. [CrossRef] [PubMed]

74. Nguyen, C.T.; Kurenda, A.; Stolz, S.; Chételat, A.; Farmer, E.E. Identification of Cell Populations Necessary for Leaf-to-Leaf
Electrical Signaling in a Wounded Plant. Proc. Natl. Acad. Sci. USA 2018, 115, 10178–10183. [CrossRef] [PubMed]

75. Salvador-Recatalà, V. New Roles for the GLUTAMATE RECEPTOR-LIKE 3.3, 3.5, and 3.6 Genes as on/off Switches of Wound-
Induced Systemic Electrical Signals. Plant Signal. Behav. 2016, 11, e1161879. [CrossRef]

76. Yan, C.; Gao, Q.; Yang, M.; Shao, Q.; Xu, X.; Zhang, Y.; Luan, S. Ca2+/Calmodulin-Mediated Desensitization of Glutamate
Receptors Shapes Plant Systemic Wound Signalling and Anti-Herbivore Defence. Nat. Plants 2024, 10, 145–160. [CrossRef]

77. Bellandi, A.; Papp, D.; Breakspear, A.; Joyce, J.; Johnston, M.G.; De Keijzer, J.; Raven, E.C.; Ohtsu, M.; Vincent, T.R.; Miller, A.J.;
et al. Diffusion and Bulk Flow of Amino Acids Mediate Calcium Waves in Plants. Sci. Adv. 2022, 8, eabo6693. [CrossRef]

78. Toyota, M.; Spencer, D.; Sawai-Toyota, S.; Jiaqi, W.; Zhang, T.; Koo, A.J.; Howe, G.A.; Gilroy, S. Glutamate Triggers Long-Distance,
Calcium-Based Plant Defense Signaling. Science 2018, 361, 1112–1115. [CrossRef]

79. Zandalinas, S.I.; Mittler, R. Vascular and Nonvascular Transmission of Systemic Reactive Oxygen Signals during Wounding and
Heat Stress. Plant Physiol. 2021, 186, 1721–1733. [CrossRef]

80. Moe-Lange, J.; Gappel, N.M.; Machado, M.; Wudick, M.M.; Sies, C.S.A.; Schott-Verdugo, S.N.; Bonus, M.; Mishra, S.; Hartwig,
T.; Bezrutczyk, M.; et al. Interdependence of a Mechanosensitive Anion Channel and Glutamate Receptors in Distal Wound
Signaling. Sci. Adv. 2021, 7, eabg4298. [CrossRef]

81. Sade, N.; Shatil-Cohen, A.; Moshelion, M. Bundle-Sheath Aquaporins Play a Role in Controlling Arabidopsis Leaf Hydraulic
Conductivity. Plant Signal. Behav. 2015, 10, e1017177. [CrossRef]

82. Fichman, Y.; Myers, R.J.; Grant, D.G.; Mittler, R. Plasmodesmata-Localized Proteins and ROS Orchestrate Light-Induced Rapid
Systemic Signaling in Arabidopsis. Sci. Signal. 2021, 14, eabf0322. [CrossRef] [PubMed]

83. Buss, E.; Aust, T.; Wahby, M.; Rabbel, T.-L.; Kernbach, S.; Hamann, H. Stimulus Classification with Electrical Potential and
Impedance of Living Plants: Comparing Discriminant Analysis and Deep-Learning Methods. Bioinspir. Biomim. 2023, 18, 025003.
[CrossRef] [PubMed]

84. Costa, Á.V.L.; Oliveira, T.F.D.C.; Posso, D.A.; Reissig, G.N.; Parise, A.G.; Barros, W.S.; Souza, G.M. Systemic Signals Induced by
Single and Combined Abiotic Stimuli in Common Bean Plants. Plants 2023, 12, 924. [CrossRef]

85. Bhadra, N.; Chatterjee, S.K.; Das, S. Multiclass Classification of Environmental Chemical Stimuli from Unbalanced Plant
Electrophysiological Data. PLoS ONE 2023, 18, e0285321. [CrossRef]

86. Najdenovska, E.; Dutoit, F.; Tran, D.; Plummer, C.; Wallbridge, N.; Camps, C.; Raileanu, L.E. Classification of Plant Electrophysiol-
ogy Signals for Detection of Spider Mites Infestation in Tomatoes. Appl. Sci. 2021, 11, 1414. [CrossRef]

87. Simmi, F.Z.; Dallagnol, L.J.; Ferreira, A.S.; Pereira, D.R.; Souza, G.M. Electrome Alterations in a Plant-Pathogen System: Toward
Early Diagnosis. Bioelectrochemistry 2020, 133, 107493. [CrossRef]

88. Tran, D.; Dutoit, F.; Najdenovska, E.; Wallbridge, N.; Plummer, C.; Mazza, M.; Raileanu, L.E.; Camps, C. Electrophysiological
Assessment of Plant Status Outside a Faraday Cage Using Supervised Machine Learning. Sci. Rep. 2019, 9, 17073. [CrossRef]

89. De Toledo, G.R.A.; Reissig, G.N.; Senko, L.G.S.; Pereira, D.R.; Da Silva, A.F.; Souza, G.M. Common Bean under Different Water
Availability Reveals Classifiable Stimuli-Specific Signatures in Plant Electrome. Plant Signal. Behav. 2024, 19, 2333144. [CrossRef]

90. González, I.; Juclà, D.; Najdenovska, E.; Dutoit, F.; Raileanu, L.E. Detecting Stress Caused by Nitrogen Deficit Using Deep
Learning Techniques Applied on Plant Electrophysiological Data. Sci. Rep. 2023, 13, 9633. [CrossRef]

91. Qin, X.-H.; Wang, Z.-Y.; Yao, J.-P.; Zhou, Q.; Zhao, P.-F.; Wang, Z.-Y.; Huang, L. Using a One-Dimensional Convolutional Neural
Network with a Conditional Generative Adversarial Network to Classify Plant Electrical Signals. Comput. Electron. Agric. 2020,
174, 105464. [CrossRef]
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