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Abstract: In environmental conditions, plants are affected by abiotic and biotic stressors which can
be heterogenous. This means that the systemic plant adaptive responses on their actions require
long-distance stress signals including electrical signals (ESs). ESs are based on transient changes in
the activities of ion channels and H*-ATP-ase in the plasma membrane. They influence numerous
physiological processes, including gene expression, phytohormone synthesis, photosynthesis, respi-
ration, phloem mass flow, ATP content, and many others. It is considered that these changes increase
plant tolerance to the action of stressors; the effect can be related to stimulation of damages of specific
molecular structures. In this review, we hypothesize that programmed cell death (PCD) in plant cells
can be interconnected with ESs. There are the following points supporting this hypothesis. (i) Propa-
gation of ESs can be related to ROS waves; these waves are a probable mechanism of PCD initiation.
(ii) ESs induce the inactivation of photosynthetic dark reactions and activation of respiration. Both
responses can also produce ROS and, probably, induce PCD. (iii) ESs stimulate the synthesis of stress
phytohormones (e.g., jasmonic acid, salicylic acid, and ethylene) which are known to contribute to
the induction of PCD. (iv) Generation of ESs accompanies K* efflux from the cytoplasm that is also a
mechanism of induction of PCD. Our review argues for the possibility of PCD induction by electrical
signals and shows some directions of future investigations in the field.

Keywords: electrical signals; physiological responses; programmed cell death; tolerance; stres-
sors; plants

1. Introduction

Plants are affected by numerous environmental factors including abiotic and biotic
stressors. The actions of many stressors (e.g., low or high temperatures, mechanical dam-
ages, drought, insect attacks, damage by pathogens, excess light, and many others) can
be spatially heterogenous. This means that long-distance stress signals, which induce
systemic adaptation responses and coordinate physiological changes in different parts of
plants, are necessary [1-10]. There are different types of long-distance stress signals [1-10]
including numerous chemical signals (phytohormones [1,11-13], small proteins and pep-
tides [7,14], glutamate [9,15], and others), reactive oxygen species (ROS) waves [16-19],
Ca?* waves [20-23], hydraulic waves [3,24-27], and electrical signals (ESs) [8,10,28-37].

ESs can propagate in seconds or minutes after the local actions of stressors because
their velocities are typically from about several hundred pm s~! to several cm s~! and
more [8,29,34,38]. This means that electrical signals (along with hydraulic signals) par-
ticipate in the induction of early systemic physiological responses after the local actions
of stressors [8,34]. It is also considered that ESs can interact with other types of long-
distance stress signals including hormonal signals [10,11], ROS waves [17,19], hydraulic
waves [24,25], and CaZ* waves [20,32]. Additionally, there are numerous works (e.g., see
reviews [8,29-36]) which show the rapid influence of ESs on different physiological pro-
cesses. It is considered that the result of ES-induced physiological changes is increased
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plant tolerance to the actions of stressors [8,34,36,39,40] that is supported by the positive
influence of electrical signals on the tolerance shown in experimental works [41-47]. The
relation between ESs and tolerance to stressors can be the basis of the estimation of the
action of stressors on plants through measurements of electrical activity [47-57].

However, increasing the total plant tolerance to stressors is a complex process which
can include damage to specific processes, cells, or parts of plants. Programmed cell death
(PCD) is a well-known process which regulates the development of a living organism or
protects it under the actions of stressors by inducing the death of certain cells [58,59]. In
particular, in plants, stressors with high intensities are known to induce PCD through the
production of ROS [59-64], synthesis of some phytohormones [62,65-67], K* efflux from
the cytoplasm [68-73], and other mechanisms. The noted processes seem to be similar
to physiological changes (suppression of photosynthetic dark reactions, which is likely
to cause ROS production; increase in respiration; production of jasmonic acid (JA) and
other stress phytohormones; K* leakage) which accompany ESs [8,34]. Considering the
similarity, we hypothesize that ESs can be interconnected with PCD in plant cells. Our
review is devoted to the analysis of this hypothesis based on knowledge about electrical
signaling in plants and PCD.

2. Electrical Signals in Plants: Types and Mechanisms

Unlike animals, where only action potential (AP) is observed, several types of long-
distance electrical signals can be observed in plants [8,34-36]. In higher plants, there are
AP [28,29], variation potential (VP) [31,34,74], and system potential (SP) [75,76]. Stressors
can also induce subthreshold local electrical responses in plants [8,36]; however, their
passive electrotonic propagation is strongly limited (several mm), and we will not analyze
these responses further in this review.

2.1. Action Potential

An AP is a short-term depolarization spike including two phases (depolarization and
repolarization) [28,35,77,78] which is induced by non-damaging irritations (e.g., electrical
current [79-83], cooling [41,79,84], touch [85-87], initiation or termination of illumina-
tion [88,89]). The generation of an AP is in accordance with the “all-or-none law” [8,28,35];
it is a self-propagating signal with typical velocities ranging from 1 mm s~! to 10 cm s~ ! in
different plants [8,38,77,80]. A typical AP in plants (excluding action potentials in carniv-
orous plants) has a long-term refractory period equaling 0.5-20 min (absolute refractory
period) and 2-300 min (relative refractory period) [8,80].

AP generation is initiated by activation of potential-dependent Ca?* channels at
the overthreshold depolarization of the electrical potential in the plasma membrane (the
channels are not yet associated with any specific gene product [73]) and an increasing
concentration of calcium ions in the cytoplasm [8,28,29,35,90,91]. An increase in the CaZ*
concentration activates Ca?*-dependent anion channels [28,90] (probably QUAC1 and /or
SLAC1 channels [33,91]) and inactivates H*-ATP-ase [35,92,93] in the plasma membrane.
Large depolarization inactivates Ca?* channels, thereby decreasing the cytoplasmic con-
centration of calcium ions, and activates outward-rectifying K+ channels [90] (probably
GORK [33,91]); the latter channels participate in the repolarization. A decrease in the
Ca?* concentration inactivates anion channels and activates H*-ATP-ase in the plasma
membrane [35,91]; both processes also contribute to AP repolarization.

AP propagation is an active process which is mediated by plant vascular bundles [8,28].
There are two potential ways of AP propagation: (i) propagation through the symplast of
parenchyma cells in these bundles [8,35], and (ii) propagation through sieve elements [29,94,95].
It is also possible that both ways can simultaneously participate in the propagation of
AP [8].
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2.2. Variation Potential

VP is a long-term depolarization signal (minutes, tens of minutes, and even hours)
which is considered to be a unique ES in higher plants [8,31,74]. A variation potential
is induced by local damages (e.g., burning [11,25,96-98], gradual heating [47,99,100], or
wounding [11,101]); it has some specific properties [8,31]. (i) VP has an irregular shape. It
includes a basic long-term depolarization and, possibly, an additional fast depolarization
and/or “AP-like” spikes [8,31,34,35,74,102]. (ii) The amplitude, shape, and velocity of
the propagation of VP can be dependent on the distance from a damaged zone or the
intensity of stimulus [8,31,74,99,100,103,104]. The velocity of the propagation of VP ranges
from 200 pum s~! to about 2 cm s~! [8]. (iii) VP can propagate at the refractory period of
AP; it is able to pass through inactive and dead tissues [8,29]. Considering its properties,
VP is probably a local electrical response induced by the propagation of a non-electrical
long-distance signal [8,29,31,34,35].

The generation of VP includes two groups of mechanisms [8,31]. The initial fast
depolarization and AP-like spikes are very probably local action potentials induced by the
long-term depolarization [31,35,105]. The mechanisms of these responses are similar to
AP mechanisms (see Section 2.1) [31]: the depolarization transiently activates potential-
dependent Ca?* channels and induces an increase in the Ca?* concentration, where this
increased concentration transiently activates Ca>*-dependent anion channels and inacti-
vates H"-ATP-ase; K* efflux through outward-rectifying K* channels participates in the
repolarization of the AP-like spikes. The duration of the initial fast depolarization and
quantity of AP-like spikes depend on the amplitude and duration of the long-term depo-
larization [31,105]. This means that these components of VP can induce large changes in
the cytoplasmic and apoplastic concentrations of Cl" and K* because the generation of
AP is accompanied by changes in these concentrations [90,93]; the magnitudes of the CI°
and K* concentration changes should be indirectly dependent on the parameters of the
long-term depolarization.

In contrast, long-term depolarization is a unique electrical response induced by non-
electrical signals [8,31]. The generation of long-term depolarization is related to a transient
inactivation of H"-ATP-ase in the plasma membrane [8,29,31,74,106]. This inactivation is
induced by a Ca?* influx through mechanosensitive and/or ligand-dependent calcium
channels [8,31,34,35,107] (possibly GLR, MSL, and CNGC [19]), which increase the concen-
tration of calcium ions in the cytoplasm. It is considered [31] that changes in the C1~ and
K* concentrations are rather weak at the generation of long-term depolarization only (if
the initial fast depolarization and/or AP-like spikes are absent).

There are chemical and hydraulic hypotheses about the mechanisms of the prop-
agation of VP [8,31,34,35]. In accordance with the chemical hypothesis, long-term de-
polarization is a local electrical response induced by a specific chemical agent (wound
substance) which propagates from the damaged zone and activates ligand-dependent
calcium channels [8,31]. The wound substance remains unclear; however, H,O, seems to
be a likely candidate [31]. There are modified variants of the chemical hypothesis including
“hydraulic dispersion” (propagation of the wound substance in a water mass flow induced
by increased pressure in the damaged zone [24,108,109]) and “turbulent diffusion” (propa-
gation of the wound substance in xylem on the basis of diffusion accelerated by a turbulent
water flow [35,104,105,110]).

The hydraulic hypothesis is an alternative hypothesis of VP propagation [8,31]. The
hypothesis supposes that local damages induce the propagation of waves of an increased
pressure through the plant body, activation of mechanosensitive calcium channels, and an
increase in the Ca?* concentration in the cytoplasm [25,31,74,103,111].

It should be noted that both the chemical and hydraulic hypotheses suppose a key
role of Ca?* influx in the induction of changes in the membrane potential (mainly through
inactivation of H*-ATP-ase) [8,31]. This means that the mechanisms of VP generation
can be the same at different mechanisms of VP propagation. Moreover, it cannot be fully
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excluded that VP propagation is simultaneously based on different mechanisms (e.g.,
hydraulic and ROS waves).

2.3. System Potential

SP are long-term hyperpolarization signal in higher plants [75,76], which was shown
in 2009. System potential is still weakly investigated. Transient activation of H*-ATP-ase
in the plasma membrane is considered to be the main mechanism of SP generation [75];
however, there are results [112] supporting the participation of Ca?* and K* channels in
this generation. An SP is considered to be a self-propagating signal [75]. It is known that
an SP is accompanied by a decrease in the Ca* concentration in the apoplast [75]. On the
basis of these facts, we earlier hypothesized [8] that SP propagation can be related to the
propagation of waves of the decreased Ca?* concentration.

2.4. Electrical Signals and ROS Waves

ROS waves are waves of an increased ROS concentration which can be induced by the
actions of stressors and propagate through the plant body [4,17,19,39,40]. In accordance
with the hypothesis by Mittler and co-workers [17,19,32,40], the propagation of ROS waves
is based on the secondary production of ROS and an increase in the Ca?* concentration
in the cytoplasm: HyO, is transported into the cytoplasm through aquaporins in the
plasma membrane (plasma membrane-intrinsic protein channels, PIP2) and activates Ca?*
channels in the plasma membrane and/or tonoplast; the increase in the Ca?* concentration
activates the respiratory burst oxidase homolog D (RBOHD) in the plasma membrane and,
thereby, stimulates the production of a superoxide radical; finally, the superoxide radical is
transformed into HyO,, which can be transported into cells again. There are two potential
ways of propagation of ROS waves [19,40]: apoplastic transmission of HyO, from cell to
cell, and symplastic transmission of the systemic signal through plasmodesmata, which can
also induce an increase in the Ca?* concentration and ROS production in neighboring cells.

The propagation of ROS waves is considered to be related to the propagation of
ESs [32,40]. This hypothesis is in good accordance with the key role of the increase in the
Ca?* concentration in the generation of AP and VP [8,29-31,35]; it can be supposed that
the increase in the Ca?* concentration, which accompanies the ROS wave propagation, can
induce the generation of electrical responses in the cells. The mechanism of AP propagation
has been well investigated (see Section 2.1, works [8,28,29,35,94,95]); participation of ROS
waves in this propagation seems unlikely. SP is caused by transient activation of H"-ATP-
ase in the plasma membrane [75,76]; this means that an ROS wave-related increase in the
concentration of Ca?*, which should inactivate this transporter [31,35,92,93], cannot be a
mechanism of SP, too.

In contrast, interaction between VP propagation and ROS waves seems to be probable.
In particular, long-term ESs with an irregular shape can be observed at the propagation
of ROS waves [39]. The durations of increases in the ROS concentration at ROS waves
can be equal to tens of minutes [39], similar to the durations of VPs [8]. The velocities of
ROS waves induced by different stimuli can be 0.4-1.4 mm s~1 [40]; the velocities of VP
propagation can be similar (less than 1 mm s~ ! under the local crush, and about 2 mm s~!
under the local heating [99]). Moreover, some works [99] showed that the velocity of VP
propagation can be approximately constant regardless of the stimulus (e.g., after the crush
and heating in pea seedlings). This result is in good accordance with the self-propagating
mechanism of the propagation of ROS waves [40].

Results have shown that ROS waves can be considered as one of the potential mecha-
nisms of VP. However, VP properties, which are not in accordance with the properties of
ROS waves, can also be observed: these are the high velocities of VP propagation (e.g., up to
20 mm s~ [8]) and the decrease in the amplitude and/or the VP velocity with the increase
in the distance from the damaged zone [31,47,99]. Our earlier theoretical analysis [99]
showed that the results can be explained by the complex mechanism of VP propagation
(e.g., combination of ROS waves with the turbulent diffusion of H,O,). Induction of VP
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on the basis of the combination of ROS waves and hydraulic signals [8,31,34,35,103,111] is
also possible.

3. Physiological Roles of Electrical Signals
3.1. Brief Phenomenology of Influence of Electrical Signals on Physiological Processes

It is well known that ESs participate in the induction of movement in some
plants [29,30,77,113] including the movements of leaves in Mimosa, traps in carnivo-
rous plants, filaments of stamens, and stigmas of pistils of Berberis. The mechanisms
of ES-regulated movements are actively investigated (e.g., the trap control by ESs in
Dionaea muscipula [86,87,114,115]). However, ESs can induce numerous physiological
responses in plants without moving organs [8].

3.1.1. Gene Expression

The expression of defense genes is an important target of ESs in plants [8]. It is well
known that ESs can stimulate the expression of the genes of the proteinase inhibitor 1 and
2 (pinl and pin2) [11,116-119] and anti-insect vegetative storage protein 2 (vsp2) [101],
which protect plants against insect attacks. The expression of other genes (e.g., those
encoding calmodulins [120,121] or the chloroplast mRNA-binding protein [122]) can also
be stimulated by ESs. It is important that these changes in the expression of genes can be
quickly induced after the propagation of ESs (e.g., the increase in the expression of pin2
genes is initiated within 15 min after stimulation [119,121]).

3.1.2. Phytohormone Production

Stimulation of the production of some stress phytohormones is another response
induced by ESs [8,10]. It is known [11,86,87,96,97,100,101,123,124] that ESs can increase
the production of abscisic, jasmonic, and salicylic acids (ABA, JA, and SA, respectively) in
plant leaves. The increase can be induced for 10-20 min after stimulation [96,97,100,124];
the duration of the response can be from about 1-2 [100,124] to, at least, 6 h [11,125,126].
An increase in ethylene production in plant leaves is another result of ES propagation [127].

3.1.3. Photosynthesis

The effect of ESs on photosynthetic processes is complex [8,34]. First, it has been shown
that ESs decrease mesophyll conductivity for CO, [128] that suppresses photosynthetic
dark reactions and, thereby, limits a linear electron flow and stimulates a cyclic electron flow
around photosystem I (PSI) in the electron transport chain of chloroplasts [96-99,129-132]. The
increase in the non-photochemical quenching of chlorophyll fluorescence (NPQ) is another
result of the CO; assimilation drop [129-132]; in particular, stimulation of the energy-
dependent component of NPQ was shown in our earlier work [133]. Second, ESs can further
decrease the linear electron flow and increase the cyclic electron flow and NPQ under
low CO, concentrations and suppression of photosynthetic dark reactions [43,131,132,134].
This means [34] that ESs can additionally influence photosynthetic electron flows without
changes in photosynthetic dark reactions. Third, ESs can induce weak changes in the
distribution of light energy between photosystems and stimulate light absorption by
photosystem II (PSII) [104]. It is important that the photosynthetic changes include two
components [8,35]: a fast photosynthetic inactivation, which is initiated within about 1
min after the propagation of ESs and is observed for about 5-10 min, and a long-term
photosynthetic inactivation, which is formed for 15-30 min and can be observed for hours.
It should also be noted that ES-induced photosynthetic changes (mainly inactivation of
photosynthetic dark reactions and a decrease in ATP consumption) increase the ATP content
in leaves [135]. Results have shown that photosynthesis is an important target of electrical
signals in plants [8,34].
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3.1.4. Respiration

It is known that ESs stimulate respiration in plants [130,131,135-138]. It is probable
that the activation is related to ES-induced stimulation of alternative respiratory ways (e.g.,
stimulation of rotenone-insensitive alternative NADPH dehydrogenases) [138]. However,
the ES-induced activation of respiration is strongly related to a transient increase in the
ATP content in leaves [135]; this result rather supports the influence of electrical signals on
the basic respiratory way.

3.1.5. Phloem Mass Flow

A decrease in phloem mass flow is also induced by electrical signals [8,95]. The
decrease is probably based on several processes. First, ESs induce unloading of phloem
in plant leaves [139,140]. Second, ESs induce fast suppression of the phloem mass flow
(from 15-45 s to 7-15 min after induction of ESs) [141-143]. Third, ESs can induce callose
deposition which causes sieve plate occlusion and suppresses the phloem mass flow; the
occlusion is formed for 15-25 min and remains for 1-3 h after induction of ESs [141-143].
It is probable that the intensity of irritation and the type of ES (AP or VP) influence the
duration of suppression of the phloem mass flow [95,144].

3.1.6. Transpiration

There are numerous works [11,44,96,97,131,145-152] which show that local irritations
of plants induce changes in transpiration. The changes can be complex including a first
fast decrease in transpiration (about 5 min after local damage) and its subsequent increase
(about 15 min) and second long-term decrease (30-50 min) [152]; the magnitudes of the
components of changes in transpiration are dependent on the humidity of the air. The
fast decrease and increase in transpiration are weakly related to parameters of ESs [152];
in contrast, the long-term decrease is strongly related to these parameters. This means
that fast changes in transpiration are probably directly caused by hydraulic waves; the
long-term changes are caused by electrical signals.

3.1.7. Plant Growth

Plant growth can be also affected by ESs [8,29,30]. It is known that ESs can decrease
the growth processes; the duration of the effect can range from about 5 min (AP) [153] to
tens of minutes (VP) [106].

3.1.8. Leaf Reflectance

We earlier showed that ESs influence leaf reflectance in plants [133,154-156], changing
different reflectance indices (e.g., photochemical reflectance index or water index). The
reflectance changes are results of specific ES-induced physiological responses (the photo-
chemical reflectance index is related to photosynthetic processes [157-162], while the water
index is related to the water content [156,163]); i.e., they can potentially be used for remote
and proximal sensing of physiological responses induced by ESs.

3.2. Potential Mechanisms of Induction of Physiological Responses by Electrical Signals

It is considered that the mechanisms of ES-induced physiological changes are mainly
based on changes in ion concentrations accompanying the generation of electrical signals [8];
however, other mechanisms are also possible.

3.2.1. Changes in Plasma Membrane H*-ATP-ase Activity and Intra- and Extracellular pH

Changes in the activity of H"-ATP-ase in the plasma membrane likely represent the
general mechanism of generation of ESs (its inactivation during AP [92,93] and
VP [29,31,74,106] generation and its activation during SP generation [75,76]). In particular,
the H"-ATP-ase inactivation accompanying AP [92,93] and VP [29,31,74,106] generations
induced alkalization of the apoplast and acidification of the cytoplasm [90,92,134,150,164]
which can influence physiological processes.
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The participation of the inactivation of H"-ATP-ase and pH changes in the fast photo-
synthetic inactivation induced by ESs has been well investigated [8,35]. There are several
points supporting this mechanism. (i) Modification of the activity of H*-ATP-ase strongly
influences the magnitude of the fast photosynthetic inactivation [165,166]. (ii) The ES-
induced decrease in photosynthetic CO, assimilation is strongly correlated with the pH
increase in the apoplast [167,168]. Additionally, our experimental [169] and theoretical [170]
investigations showed that an increase in the apoplastic pH should decrease CO, flux into
cells and suppress photosynthetic dark reactions. (iii) The ES-induced increase in NPQ
is strongly correlated with the pH increase in the cytoplasm [167,168]; generation of ESs
causes acidification of the stroma and lumen of chloroplasts [171]. (iv) Artificial inactivation
of H*-ATP-ase [166] or induction of a proton influx [134] causes photosynthetic changes
which are similar to the fast changes induced by ESs. (v) The artificial decrease in the pH
in medium for chloroplasts [134,150,172] or in perfused cells [173] induces photosynthetic
changes which are similar to the fast changes induced by ESs. Results showed [8,35] that
there are at least two mechanisms of these ESs’ effects on photosynthetic processes: the
increase in the apoplastic pH, which suppresses CO; flux into cells (probably through
changes in the CO, /HCOj3" ratio [172] and modifications of activity of aquaporins transmit-
ting CO; [128]), and the decrease in the cytoplasmic pH and thereby the pH in the stroma
and lumen, which directly affect photosynthetic light reactions (e.g., through stimulation
of NPQ [174]).

Changes in the H*-ATP-ase activity and pH accompanying ESs are likely to also
participate in the induction of other physiological responses [8]. Potentially, pH changes
can affect the induction of expression of defense genes (an artificial inactivation of H*-
ATP-ase [175] or induction of proton influx [176] activates the genes encoding pinl and
pin2), activation of respiration (modification of the H"-ATP-ase activity strongly influences
the magnitude of this response, and the artificial inactivation of H"-ATP-ase induces a
response of respiration which is similar to the ES-induced one [166]), changes in transpi-
ration (modification of the H"-ATP-ase activity strongly influences the magnitude of the
transpiration response [44]), and suppression of plant growth (the apoplastic alkalization
can decrease “acid growth” [177]).

3.2.2. Activation of Ca?* Channels and Increase in Cytoplasmic Concentration of
Calcium Ions

Activation of Ca?* channels and an increase in the Ca?* concentration in the cytoplasm
are key processes in the induction of AP and VP [8,28-30,34,35]; probably, CaZ* channels
also participate in SP generation. Considering the great role of calcium signaling in living
organisms (including plants [178]), it can be supposed that the Ca?* concentration increase
should participate in the induction of physiological responses by ESs.

The participation of calcium signaling in suppression of the phloem mass flow in
plants of the Fabaceae family (Vicia faba) was investigated in series of works in
detail [95,141,142,144]. Representatives of the Fabaceae family contain Ca?*-responsive
proteins, the forisomes, in their sieve tubes. In the absence of Ca?* ions, the forisomes
represent tightly packed spindles anchored at the plasma membrane, while upon entrance
of Ca2* into the phloem, they detach from the plasma membrane, disperse, and seal the
sieve tubes. The works [95,144] showed that a weak Ca?* influx related to propagation
of ESs weakly influences the mass flow (detachment/swelling of forisomes and disper-
sion of forisome ends are observed), the strong and short-term Ca?* influx induces the
short-term suppression of the mass flow (full forisome dispersion), and the strong and
long-term Ca?* influx induces the long-term suppression of the mass flow (full forisome
dispersion and callose deposition). Ca?*-dependent mechanisms also probably participate
in the suppression of the phloem mass flow in other plant families (e.g., the effect was
shown in Cucurbita maxima) [143]. It cannot be fully excluded that this effect of ESs is
based on the activity of homologs of forisomes in other plants; however, this suggestion is
speculation now.
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It is probable that the Ca* influx participates in forming other physiological responses
induced by ESs [8] including expression of defense genes (Ca?* ionophores induce the
expression of these genes [179,180], while ES-induced activation of the expression was
suppressed at the disruption of the Ca®* influx [181]), an increase in the concentration of
stress phytohormones (at least JA, because the Ca?* influx is necessary for the increase
in its production induced by ESs [123]; additionally, Ca?* is known as an inductor of
ABA [182] and JA [183] synthesis), activation of respiration (application of a Ca%* ionophore
induced the respiratory response which was similar to the ES-induced response [138]), and
fast photosynthetic inactivation (application of a Ca?* ionophore induced photosynthetic
changes similar to ES-induced changes [129], while application of a blocker of Ca?* channels
eliminated the photosynthetic response [98]).

3.2.3. Increase in ROS Concentration

Waves of ROS (and, in particular, an increase in H,O,) are considered as a poten-
tial mechanism of propagation of ESs [17,19,39,40]. This means that an increase in ROS
concentrations can also be the mechanism of induction of ES-caused physiological re-
sponses. It is known that increased ROS concentrations can stimulate the expression of
defense genes [184] and ABA [182] and JA [185,186] production. Investigations of ROS
waves [186-190] caused by excess light and /or high temperature showed that the waves
induce the stimulation of the expression of defense genes and JA production. Addition-
ally, the fast photosynthetic inactivation can also be related to an increase in the ROS
concentration because a treatment with an inhibitor of ROS production decreased the
response [98].

3.2.4. Increase in ABA and JA Concentrations

An increase in ABA and JA concentrations can be a result of the propagation of
ESs [96,97,100,124,125]; however, ES-caused increases in the concentrations of these hor-
mones were shown to be likely inductors of physiological changes in plants [8,34]. It
is known that ABA and JA can induce the expression of pin2 genes [11,191] (moreover,
disruption of ABA or JA synthesis eliminates the ES-induced increase in the pin2 ex-
pression [11,123,125,126]) and cause long-term photosynthetic inactivation [96,97] (pho-
tosynthetic parameters are strongly correlated with phytohormone concentrations, and
the inactivation is eliminated in ABA-deficient plants) and, probably, the second tran-
spiration decrease [44,96,97,152] (transpiration changes are strongly correlated with the
concentrations of both phytohormones and are dependent on modification of the H*-ATP-
ase activity).

3.2.5. Interactions between Potential Mechanisms of Induction of Physiological Responses

Finally, it should be noted that the mechanisms discussed above can strongly inter-
act [8,11,17,19,39,40]: ROS are considered as a potential wound substance inducing CaZ*
influx, and this influx inactivates H"-ATP-ase in the plasma membrane and probably
stimulates ROS production (through RBOHD); ROS and Ca?* are very likely to stimulate
the production of ABA and JA; and ABA and JA can induce ROS, CaZ*, and H* signals.
This means that the specific roles of each mechanism in ES-induced physiological changes
can be weakly distinguished in some cases.

4. Electrical Signals and Plant Tolerance to Action of Stressors: Potential Role of PCD
4.1. Evidence Supporting Positive Effects of ESs on Plant Tolerance to Stressors

ES-induced physiological changes are considered to increase plant tolerance to the
actions of stressors [8,34,40-42]. This hypothesis is supported by the following experimen-
tal results. (i) Induction of ESs increases whole plant tolerance to low [41] and high [44]
temperatures. (ii) Induction of ESs increases the tolerance of the photosynthetic machinery
to low [42] and high [42-45,47] temperatures. The last effect is complex: an ES-induced
decrease in PSII damage is observed under increased temperatures [42,47]; however, both
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an ES-induced decrease in PSI damage and an increase in PSII damage can be observed un-
der high temperatures [43-45]. (iii) Induction of ESs stimulates reparation of PSII after the
actions of non-optimal temperatures [42,45]. (iv) Generation of local electrical responses in
the zone of the action of stressors (gradual temperature increase [46] or decrease [192-194])
decreases plant damage; the effect depends on the parameters of electrical responses [46].
(v) Induction of ESs by local actions of heating and excess light (or local irritations without
measurements of ESs) eliminates the decrease in the chlorophyll content under the action
of heating, and the increase in ion leakage under excess light [39,189]. (vi) Induction of ESs
(or local irritations without measurements of ESs) causes expression of defense genes in
non-irritated zones of plants [11,101,116-119,186-190,195,196] (e.g., pinl, pin2, and vsp2
genes protecting against insect attacks [11,101,116-119], or the ZAT12 gene participating in
light acclimation [187]). (vii) Induction of ESs (or local irritations without measurements of
ESs) causes increased production of ABA and JA [96,97,100,124,125]; these phytohormones
participate in plant tolerance to abiotic and biotic stressors [12,13,197-200]. Interestingly,
ESs can stimulate ethylene production [127] which is also known to participate in the
adaptation of plants to stressors [200,201]. (viii) ESs induce physiological responses which
are known as adaptive changes under the actions of stressors (e.g., increase in NPQ and
stimulation of the cyclic electron flow around PSI [34,129-132]).

Thus, it is highly probable that there is a positive influence of ESs on plant tolerance to
the actions of stressors. Figure 1 shows a brief scheme of the potential ways electrical signals
can influence a plant’s tolerance to stressors which are described in more detail below.

4.2. Increase in Plant Tolerance to Specific Stressors Induced by Electrical Signals

The problem of the possibility of a specific influence of ESs on plant tolerance to
stressors includes two aspects [8]. First, are there different influences of different types of
ESs (mainly AP and VP because SP are weakly investigated signals) on plant tolerance to
stressors? Second, can specific signals (AP or VP) encode information about different local
stressors, induce different physiological responses, and cause plant tolerance to the action
of specific stressors?

4.2.1. Specific Tolerance on Basis of Different Types of Electrical Signals

Our previous analysis [8] showed that it is probable that different types of ESs dif-
ferently affect plant tolerance; however, a direct experimental comparison between toler-
ance changes induced by AP vs. VP is absent at present. Briefly, physiological changes
induced by AP seem to be similar to the changes induced by VP (e.g., changes in respi-
ration [136-138], photosynthesis [128,131,134,137,150,202], production of stress phytohor-
mones [11,202], and expression of genes [117]). However, VP might have additional ways
of influencing physiological processes (e.g., the additional mechanism of the stimulation of
JA production [126]), and the signal can cause a response in plants in the absence of AP-
induced responses (e.g., the fast photosynthetic response in some plant species [112,203] or
the suppression of the phloem mass flow [95,141-143]).

Considering these points, we hypothesize [8] that the VP influence on physiolog-
ical processes is stronger than the AP influence that can be related to the longer dura-
tion of the VP signal. However, the parameters of VPs (amplitude, duration, shape,
and velocity) can depend on the distance from the damaged zone and the intensity of
stimuli [8,31,74,99,100,103-105]. This means that VP-induced changes in physiological
processes and tolerance can be limited by the distance of the VP propagation [8] which,
in turn, depends on the intensity of the stressor. Different propagations of VPs caused by
burning, heating, or crushing in leaves [99], or different propagations of VP in different
leaves [104,135], which are accompanied by different photosynthetic responses, support
this suggestion. Thus, the parameters of VP propagation (amplitude, duration, shape,
propagation distance, and velocity) can encode the intensities of damages as well as the
distance from the zone of their actions [8]; however, these results do not support an ability
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to encode information about the type of stressor, which is necessary for an increase in the
specific tolerance.
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~ I
Environmental conditions Constant and favorable conditions

Specific physiological
responses (e.g., changes <
in photosynthesis or

transpiration)
Increase of plant Direct increase of Modification of responses on direct
tolerance to specific non-specific action of stressors or propagation of
stressors tolerance of plant non-electrical specific stress signals
Pofd vl
3 Facilitation of adaptive
Incr ea;se of non-.spe.uﬁc .= responses on actions of
: tolerance of crucial stressors or stress signals
H processes and structures . .. (e.g., increase of ATP
- . - : : : - <T) - £
(eg, increase of NPQ) = .o concentration)
N 2
Increase of tolerance to actml.l:s Facilitation of damage of some
of the. mo.st I_" ol;al:fle.stl ?SSOI; H- physiological processes, which
(“-g-’l“‘cf egse Od explzessmn o contributes plant tolerance (e.g.,
pinl, pin2, and vsp2 genes) stimulation of damage of PSII
. Y : P contributing to protection of PSI)
: | Isolation of parts of plant near zone | : R A
: | oflocal damage (e.g., suppression of | : - Stimulation of processes of reparation
the phloem mass flow) - (e.g., increase of ATP concentration)
- N oo oo | A A A

E Modification of PCD in plants (direct initiation of PCD by electrical signals; ESs-induced i
i changes in thresholds of initiation of PCD at further direct actions of stressors or i
H - . . . . !
: propagation of non-electrical specific stress signals) !
g i

_______________________________________________________________________________________________

Figure 1. Potential ways of influence of electrical signals on plant tolerance to actions of stressors.
Only two types of electrical signals (ESs), variation potential (VP) and action potential (AP), are
shown; system potential is not analyzed. Ways related to VP are marked in red; ways related to
AP are marked in blue. Dotted lines and box show hypothetical influence of electrical signals on
programmed cell death (PCD). For details, see Section 4.

In contrast, the self-propagating AP can potentially induce similar physiological re-
sponses in the whole plant body [8]; however, the effect should be moderate in comparison
with VP-induced changes. Additionally, the properties of APs in higher plants seem to be
contradictory (see our previous review [8] for details): (i) potentially, the signal can be in-
duced by weak stimuli (e.g., weak cooling), (ii) AP has the long-term refractory period [80]
(in particular, the probability of AP propagation after 1 h of rest is about 50% [8]), and (iii)
there are higher plants which have non-propagating AP [8], or AP does not influence their
physiological processes [112,203]. Altogether, these points rather support a facultative role
of APs in higher plants (however, in algae or mosses, AP can be the key ES). Earlier, we
concluded [8] that propagation of AP in higher plants can be observed under stable and
favorable environmental conditions; in contrast, fluctuations in the conditions (e.g., fluctua-
tion in the light intensity or mechanical touches) and/or the non-optimal parameters of the
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conditions (e.g., low or high temperatures) can disturb the plant rest period and limit AP
propagation. This can be explained on the basis of the hypothesis by Retivin et al. [41,42]
(with our modifications [8]): after a long-term time interval with stable and favorable
conditions, even weak changes in environmental conditions can be predictors of future
actions of stressors (i.e., they require the systemic physiological response, which is induced
by AP); in contrast, under changeable and /or non-optimal conditions, the weak changes
can be results of noise in the environmental conditions (i.e., AP propagation and induction
of this systemic response are not useful for plants under these conditions).

4.2.2. Induction of Specific Tolerance on Basis of Same Type of Electrical Signal

The following question is still of utmost importance [8]: can electrical signals of a
specific type (AP or VP) encode information about the type of stressor and thus increase
the specific tolerance of the plant to the actions of this stressor?

Theoretically, the plant AP is not likely to transmit specific information about the stres-
sor [8] because the “all-or-none” law [28] prevents information coding by the amplitude,
and the long-term refractory period [80] excludes this coding by the frequency of the AP
propagation. Experiments showed that APs induced by different stimuli cause similar
responses (see our review [8]), e.g., an electrical current, which directly influences potential-
dependent ion channels, and mechanical stimulation, which activates mechanosensitive
ion channels (both stimuli are well known as AP-inducing stimuli), caused similar changes
in gene expression, ABA and JA production, and photosynthesis [11,125,126,145,202].

Potentially, VP can encode the specific information about stressors because the pa-
rameters of the signal (amplitude, duration, shape, propagation distance, and velocity)
depend on the type of damage [8,31]. Some experimental works support this suggestion. (i)
ESs induced by different chemical agents cause different photosynthetic and transpiration
changes in willow [204]. (ii) VPs induced by re-irrigation and by heating, respectively,
have different parameters and induce different changes in photosynthesis and stomata
conductance in maize [151]. (iii) Burning- and heating-induced VPs propagate into pea
leaves [99]; in contrast, a crush-induced VP does not propagate into the leaves. The fast
photosynthetic inactivation is observed at the propagation of burning- and heating-induced
VPs, but it is absent at the propagation of the crush-induced VP [99]. (iv) Burning- and
heating-induced VPs have different amplitudes and durations; they cause different changes
in the apoplastic pH, parameters of photosynthesis and transpiration, and concentration
of ABA, JA, and SA in wheat leaves [100]. (v) ESs induced by light with different spectral
bands cause different plant tolerances to biotic damages: thus, systemic signals induced
by white light were shown to increase plant tolerance to a phytopathogen 1 h after in-
duction, the signals induced by red light increased this tolerance at 8 h, and the signals
induced by blue light were influenced 24 h after induction [36,205]. (vi) An ROS wave
induced by the local action of excess light decreases the stomata aperture in non-irritated
leaves of Arabidopsis; in contrast, an ROS wave induced by the local heating increases
the aperture [189]. Considering the proposed relations between the ROS waves and ESs
(see, e.g., [17,19,39,40]), these results additionally support the possibility that a VP encodes
information about the type of stressor. Moreover, combinations of actions of excess light
and heating eliminate the changes in the stomatal aperture [189].

These results support the possibility of VPs to encode information about the type of
stressor. This encoding could be the basis of induction of the increase in the plant tolerance
to the action of specific stressors. There is work [189] which experimentally supports
this increase at the propagation of ROS waves. It shows that a light-induced ROS wave
increases the tolerance of non-irritated leaves to the excess light; a heating-induced ROS
wave does not influence the tolerance. In contrast, the heating-induced ROS wave increases
the tolerance of non-irritated leaves to the increased temperature; the light-induced ROS
wave does not influence the tolerance. The tolerance changes are based on the accumulation
of many different stress-specific transcripts and metabolites [189]; the accumulation differs
at the propagation of ROS waves induced by the local action of the excess light and heating.
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The last result supports the possibility of the VP-induced increase in the plant tolerance
to the action of specific stressors. However, this problem requires further investigations
because some points are not fully clear (Can ROS waves be considered as the signal which
is identical to VP? Can similar effects be formed in other plants?).

4.3. Direct Increase in Non-Specific Plant Tolerance Induced by Electrical Signals

In accordance with the hypothesis by Retivin et al. [41,42], ESs can increase the non-
specific plant tolerance to stressors. The hypothesis was initially proposed for APs in
higher plants [41]; however, considering the similarity of physiological responses induced
by AP and VP, we hypothesized [8] a similar influence of AP and VP on the non-specific
plant tolerance to the actions of stressors takes place in plants. The positive influence of
both signals on plant tolerance [41,42,44-47] supports this hypothesis. Therefore, we will
use the general term “electrical signals” (without division of APs and VPs) in the following
sections.

There are two general directions of increase in the non-specific tolerance [8]: a di-
rect increase in the tolerance before the actions of stressors, and a modification of plant
responses to the direct action of stressors or propagation of other non-electrical specific
stress signals. The first direction is analyzed in this section.

We suppose that several potential pathways can be used for the direct increase in the
non-specific plant tolerance induced by ESs: (i) increase in the non-specific tolerance of
crucial processes and structures, (ii) increase in the tolerance to actions of the most probable
stressors, and (iii) isolation of parts of the plant near the zone of local damage.

4.3.1. Increase in Non-Specific Tolerance of Crucial Processes and Structures

There are some processes and structures which can be damaged by the actions of
different types of stressors; their damages are extremely dangerous for the plant organism.
In particular, the light-induced damage of the photosynthetic machinery, which is crucial
for plant life, can also be stimulated by other types of stressors (e.g., drought or non-optimal
temperatures) [8,206-208]. The photosynthetic damages stimulate the overproduction of
ROS that can disrupt other structures in cells. Considering these points, preliminary
protection of the photosynthetic machinery and minimization of the photodamage can
increase plant tolerance to further actions of different stressors (i.e., the non-specific plant
tolerance) [8,34]. It is known that ESs induce photosynthetic changes, which participate in
the decrease in photodamage [34]: increase in NPQ [34,129-131,133] (including the energy-
dependent component of NPQ [133]) and stimulation of the cyclic electron flow around
PSI [132]. It can be expected that the photosynthetic changes should directly increase the
non-specific tolerance of the photosynthetic machinery to stressors. A similar physiological
role can also be assigned to ROS wave-induced (i.e., possibly ES-induced) activation of
expression of the ZAT12 gene which participates in light acclimation [187].

The plasma membrane is another important target of actions of different types of
stressors [209] as supported by the increase in ion leakage under the action of water
deficit [210], excess light [189], and high temperatures [210]. It is known [192-194] that
depolarization of the membrane potential and K* efflux contribute to protection of the
plasma membrane. Considering the strong depolarization [31,34,35] and the increase
in the apoplastic K* concentration [90], which accompany the generation of ESs, these
mechanisms can also participate in the increase in the non-specific plant tolerance to
stressors [8].

4.3.2. Increase in Tolerance to Actions of the Most Probable Stressors

Another pathway of direct increase in plant tolerance can be based on the non-specific
activation of specific mechanisms decreasing damage under the action of the most probable
stressors [8]. In particular, ESs which are induced by abiotic stressors (burning, mechanical
wounding, or electrical current) stimulate expression of pinl, pin2, and vsp2 [11,101,116-119] or
suppress the phloem mass flow [95,141-145] that disturbs insect feeding. These responses
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cannot be characterized as specific because in these examples, abiotic stressors induce
protection against insect attacks; however, these non-specific responses can contribute to
plant survival at the relatively high probability of biotic damage.

Potentially, a decrease in transpiration [44,152,156] caused by the local burning and,
probably, ES propagation can play a similar role. It is known that the magnitude of the
decrease is the largest under a low relative water content in air [152]. The probability of
water deficit seems to be high under such conditions; this means that the stomata closing
induced by the non-specific local action of stressors can also contribute to plant survival.

The ES-induced increase in ABA (protecting against water deficit) and JA (protecting
against biotic damages) is in good accordance with both mechanisms (stimulation of
expression of defense genes and suppression of transpiration) [8].

4.3.3. Isolation of Parts of Plant near Zone of Local Damage

This mechanism is mainly based on the VP-induced suppression of the phloem mass
flow [95,141-145] which can isolate part of the conductive system of the plant; an AP
does not induce this effect. The latter result seems to be expected because an AP is the
self-propagating signal [28]. This means that a hypothetical AP-induced suppression
of the mass flow would be observed in the whole plant body and should damage the
plant. In contrast, VP is expected to induce the suppression within a specific distance
from the damaged zone (the VP amplitude and duration are decreased with an increase in
distance from the damaged zone [104,135], and the mass flow suppression depends on the
magnitude and duration of the increase in the Ca2* concentration [95,144] related to the
VP parameters).

The isolation can be considered [8,95,144] as a protective process; at least, a decrease
in the phloem mass flow should restrict the propagation of pathogens and uncontrolled
propagation of strongly disturbed concentrations of ions (e.g., shifted pH or increased Ca2*
concentration) and neutral molecules (e.g., strongly increased ROS concentrations) from
the damaged zone. Additionally, a decrease in the phloem mass flow contributes to an
increase in concentrations of sugars in the cells near the damaged zone [8,34] that can,
therefore, also play a protective role (e.g., as a source of energy, see below).

Thus, VP-induced isolation of part of the conductive system of the plant can be
considered as the extremal protective response which can be induced before the direct
action of the stressor.

4.4. Modification of Responses on Direct Action of Stressors or Propagation of Other Specific
Stress Signals

Modification of plant physiological responses to the direct action of stressors or
propagation of non-electrical specific stress signals can represent another effective direction
of increase in the whole plant tolerance to adverse factors [8]. There are some potential
pathways contributing to this effect [8,34]: (i) facilitating adaptive responses to direct
actions of stressors or further propagation of other stress signals, (ii) facilitating damage
of specific processes by stressors, which contributes to the whole plant tolerance, and (iii)
stimulation of reparation processes.

4.4.1. Facilitating Adaptive Responses to Direct Actions of Stressors or Propagation of
other Stress Signals

It can be supposed [8,34] that the propagation of ESs facilitates the formation of
adaptive responses induced by the further direct action of stressors or further propagation
of non-electrical specific stress signals. This facilitation should decrease the plant damage
under the action of stressors due to specific changes in protection against specific stressors;
i.e., it increases the whole plant tolerance.

The ES-induced increase in the ATP content in plants [34,135,211] can be considered
as a mechanism of facilitating the physiological responses induced by the direct action of
stressors or specific stress signals because ATP is necessary for the most of these responses
(e.g., synthesis of protective proteins) [8]. This increase is based on the ES-induced activa-



Plants 2021, 10, 1704

14 of 29

tion of respiration [130,131,135-138], the suppression of the mesophyll CO, conductance,
the decrease in photosynthetic dark reactions [34,128,130-132], and, probably, the decrease
in the sugar outflow by phloem unloading [139,140] and the suppression of the phloem
mass flow [95,141-145].

Potentially, modifications of the NPQ induction, which is an important pathway of
adaptation of the photosynthetic machinery to actions of stressors [174,206,212-216], can
also be the mechanism facilitating adaptive responses. It has been shown that ESs induce
the long-term stimulation of the transition from violaxanthin to zeaxanthin [202]; these
transitions can be considered as “light memory” which accelerates NPQ forming under
repeated light action [174,216]. Probably, an increase in the zeaxanthin concentration can
also accelerate NPQ stimulation under the actions of other stressors.

An alternative variant of the ES influence is the stimulation of the formation of adap-
tive responses induced by non-electrical specific stress signals, which are propagated
through the plant body [36,39,40]. In accordance with [39], ES-induced increased concen-
trations of serine and sucrose can stimulate respiration and photorespiration (the activation
of respiration is observed after propagation of ESs [130,131,135-138]) which contribute to
an increase in NAD(P)H concentrations in mesophyll cells. These processes can facilitate
the formation of adaptive responses induced by both the direct actions of stressors and
non-electrical specific stress signals [39,40].

Finally, ES effects on the expression of numerous adaptive genes including genes
encoding components of signaling cascades [36,39,40,101,187-190,205] can also contribute
to the adaptive responses induced by the direct actions of stressors and non-electrical
specific stress signals (e.g., a moderate increase in concentrations of transcripts of the signal
pathway can facilitate the induction of adaptive responses related to this pathway).

4.4.2. The Protective Role of Facilitating Damage of some Physiological Processes by
Stressors and Stimulation of Repair

The damage of physiological processes can play a positive role in plant tolerance
under high-intensity actions of stressors [8]. For example, damage of PSII, which can be
repaired within relatively short-term time intervals (hours), can protect PSI that contributes
to the whole tolerance of the photosynthetic machinery (reparation of PSl is a long-term
process, and damage of PSI disrupts ATP synthesis, which is related to the cyclic electron
flow around PSI) [34,217-220]. Additionally, a decrease in the photosynthetic electron
flow which is caused by PSII damage [8,219,220] can lower ROS production and thereby,
probably, the ROS-induced disruption of other physiological processes. This means that
stimulation of PSII damage (e.g., facilitating its damage by stressors) can be the extremal
pathway of protection of the photosynthetic machinery and the whole plant.

It is known [34,43-45] that ESs can facilitate heating-induced damage of PSII (in
particular, through stimulation of leaf heating under high temperatures [44]). This increase
in PSII damage is accompanied by an increase in PSI thermotolerance [43] and a decrease
in heat-induced suppression of plant growth [44]. Importantly, this effect is only observed
under high temperatures [43]; under moderate heating, ESs protect PSII against the heat
damage [47]. These results suggest [34] that ESs can stimulate the stress tolerance of plants
through facilitation of the damage of some physiological processes (e.g., photosynthetic
processes).

Stimulation of repair processes is another potential target of ESs [8,34]. In particular, it
is known [42,45] that induction of ESs can stimulate processes of reparation of the photosyn-
thetic machinery damaged by some stressors, for instance, by non-optimal temperatures.
It can be supposed [8,34] that this effect is related to the ES-induced increase in the ATP
concentration in plants [135,211] because the increased ATP levels contribute to reparation
of the photosynthetic machinery after the actions of stressors (e.g., increased temperatures
or excess light) [206,221]. Potentially, this mechanism can also contribute to the ES-induced
increase in the reparation of other processes impaired due to the action of stressors [8].
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4.5. Potential Pathways of Induction of Programmed Cell Death in Plants by Electrical Signals

PCD is a process of controlled elimination of specific cells in living organisms (in-
cluding plants) [59,222,223] which includes several components: apoptosis, relatively slow
autophagic PCD, and regulated necrosis. In animals, apoptosis is characterized by the
shrinkage of cells, condensation of chromatin, and destruction of the nucleus [59]; it is
caused by cytochrome release from the mitochondria and activation of caspases and en-
donucleases [59]. “Apoptotic-like cell death”, which has some similar properties, occurs in
plants. Autophagic PCD [72], which is widely observed in plants, is based on activation of
autophagic proteins, appearance of autophagosomes, their fusion with vacuoles, stimula-
tion of the vacuolar processing enzymes, and, finally, destruction of vacuoles. Regulated
necrosis includes the types of PCD which cannot be characterized as apoptosis (apoptotic-
like cell death) or autophagic PCD [59,223], e.g., ferroptosis, which is based on stimulation
of lipid peroxidation [223].

PCD can participate in organism development (dPCD) and in responses to the action
of environmental stressors (ePCD) [59,61,223]. It can be expected that just ePCD can be
affected by ESs participating in the systemic plant responses to stressor actions [8]. In our
review, we analyze the possibility of the ES influence on the PCD induction in plants and
focus on the most general factors of this induction; analysis of PCD details is beyond the
scope of this review. An increase in the ROS concentration (e.g., hydrogen peroxide) is
widely considered as a “universal” factor of PCD induction [59-63,223]. This means that
there are, at least, several potential pathways of PCD induction by ESs (Figure 2).

4.5.1. ROS Waves

ROS waves are considered as one of the potential mechanisms of VP (see Section 2.4).
RBOHD in the plasma membrane catalyzes the secondary generation of a superoxide
radical [17,19,31] which is quickly reduced to hydrogen peroxide participating in long-
distance signaling. Production of the superoxide radical is localized on the outer side of
the membrane; this means that its participation in the induction of PCD is unlikely (its
lifetime is about 1 us [61] which is not enough for the transport of the superoxide radical
through the plasma membrane). In contrast, HyO; is a relatively long-lived molecule (its
lifetime ranging from 1 ms to several seconds [61,64]) which can be transported from the
apoplast to the cytoplasm through aquaporins located in the plasma membrane, PIP2 [19].
An increase in the hydrogen peroxide concentration is a widely known mechanism of
induction of PCD [60,61], and RBOHD participates in the regulation of PCD including its
stimulation near the damaged zone (phytopathogens) [224].

Thus, ROS waves, particularly HyO, waves, can potentially participate in PCD induc-
tion; this hypothesis is supported by long-term increase of ROS content after propagation
of stress signals [195]. This hypothesis implies that VP (but not AP) can induce PCD via
ROS waves. However, ROS waves cannot be considered as the only mechanism of VP
propagation. The properties of self-propagating ROS waves [19,40] are not in accordance
with some properties of VP propagation (see Section 2.4). This means that several mech-
anisms of VP propagation are possible; i.e., results which are shown in investigations of
ROS waves cannot be relevant for other pathways of VP propagation, e.g., the hydraulic
mechanism [8,25,31,35,111].

4.5.2. Decrease in the Rate of Photosynthetic Dark Reactions and Increase in the Rate
of Respiration

Fast and long-term decreases in the rate of photosynthetic dark reactions caused by a
decrease in the mesophyll CO, conductance [34,128] are typical photosynthetic responses
induced by ESs [8,34,130-132,134]. Overreduction of the electron transport chain in chloro-
plasts is probably a result of the ES-induced photosynthetic inactivation [34,130]. Increased
production of singlet oxygen, a superoxide radical, and hydrogen peroxide can be caused by
this overreduction [34,62,225]. Potentially, the increased ROS production can induce PCD
because HyO, can directly cause the response [60,61], while singlet oxygen [62,225,226]



Plants 2021, 10, 1704 16 of 29

and the superoxide radical [225] can modify JA and SA synthesis, which can also cause
PCD. This pathway is supported by studies which show an important role of chloroplasts
and the activity of their electron transport chain in the initiation of PCD [227,228].

Local actions of stressors
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Figure 2. Potential pathways of influence of electrical signals on induction of programmed cell death (PCD). Only two types
of electrical signals (VP and AP) are shown; system potential is not analyzed. Pathways related to VP are marked in red;
pathways related to AP are marked in blue. For details, see Sections 4.5 and 4.6.

Investigation of light-induced long-distance stress signals in Arabidopsis, which are
probably electrical signals [36,205], showed that the signals decrease the stomata conduc-
tance and induce overreduction of the plastoquinone pool [229]; these responses were
accompanied by stimulation of PCD. The authors supposed [205] that the limitations of
the CO, flux into the leaf due to stomata closure suppress photosynthetic dark reactions
and stimulate photorespiration that increase H,O; production and induce PCD. These
results are in good accordance with the stimulation of PCD under an artificial decrease
in stomata conductance and restriction of the CO, flux into the leaf [230]. It is interest-
ing that PCD stimulation can be observed even under a 50% decrease in the stomata
conductance [229,230]. Considering the high magnitudes of ES-induced decreases in meso-
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phyll CO, conductance [128] and stomata conductance [44,131], induction of PCD by this
pathway seems likely.

ES-induced stimulation of respiration [130,131,135-138], which should increase the
ROS production, seems to represent an additional potential mechanism of PCD induction
because mitochondria are considered to be an important source of ROS for initiation of
PCD [231,232].

It should be noted that these proposed mechanisms can both directly induce PCD
and indirectly stimulate PCD initiation under the continuing actions of stressors or during
propagation of non-electrical specific stress signals. An ES-induced increase in the ATP
concentration [135,211] can also stimulate the induction of the responses because energiza-
tion of plant cells can contribute to the induction of PCD under the action of stressors (the
action of stressors on low-energized cells rather induces necrosis) [233].

4.5.3. Stimulation of Production of Stress Phytohormones

As discussed above, ESs can stimulate the production of several stress phytohormones
including JA [11,96,97,100,101,123-125], SA [100], ethylene [127], and ABA [11,96,97,100,124].
The increase can be long term: its duration equals about several hours or more (e.g.,
strongly increased concentrations of ABA are observed 5-6 h after the local stimulation of
plants and induction of ESs [126,202]).

JA [61,66,225,234], SA [66,224,234], and ethylene [66,224,234] are considered to partici-
pate in the induction of PCD in plants (particularly through stimulation of ROS production).
Investigation of light-induced long-distance stress signals in Arabidopsis [229] (probably
ESs [36,205]) showed that ethylene participates in PCD induction for 1 h after the signal
initiation; JA and SA additionally stimulate PCD after long time intervals (several hours).
Results have shown that ESs can potentially stimulate PCD via increased JA, SA, and ethy-
lene production. It cannot be excluded that ABA, which induces stomata closure, decreases
mesophyll CO, conductance, and suppresses photosynthetic dark reactions [165,169] (i.e.,
induces ROS production), can also stimulate PCD in plants [61,235,236].

454. Kt Efflux

Generation of electrical signals accompanies changes in the activity of H*-ATP-ase, Ca?*,
anions, and inward-rectifying and outward-rectifying K* channels in the plasma
membrane [8,31,34,35,237]. These processes cause large and often long-term changes in the
concentrations of protons, calcium ions, chlorine ions, and potassium ions [90,134,150,164]; the
changes, in turn, participate in the initiation of ES-induced physiological responses [8,34,166].
In particular, it has been shown that changes in K* concentrations in the cytoplasm (de-
crease) and apoplast (increase) can equal several mM or more [8,90]; at VP generation, the
K* efflux can be increased near the damaged zone [31].

K* leakage, which is stimulated by stressors, leads to a decrease in the cytoplasmic
pool of potassium ions and is considered as a mechanism of PCD induction through the
activation of caspase-like proteases by potassium ions [68-73]. The leakage is related to
ROS activation of K* permeable non-selective cation channels (NSCC) [69]. However, the
actions of many stressors (e.g., cooling or salt stress) can also induce depolarization of the
plasma membrane [8,209] that inactivates Arabidopsis K* transporters (AKT) and activates
guard cell outward-rectifying K* channels (GORK) [69]. It is known that depolarization is
the necessary initial stage of AP and VP generations [8,31,34,35]; moreover, activation of
GORK channels plays an important role in the generation of electrical signals [91]. This
means that the generation of ESs can potentially modify the induction of PCD through an
increase in the K* efflux.

However, the induction of PCD requires large changes in the cytoplasmic K* concen-
tration (e.g., about 50 mM [71]); in contrast, a moderate decrease in the cytoplasmic K*
concentration can stimulate catabolic processes and thereby help in saving “metabolic”
energy for adaptation and repair processes [70,72,73]. This means that direct AP-induced
initiation of PCD is rather unlikely; in contrast, it is probable that VP can directly induce
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PCD near the damaged zone because their magnitude is maximal in this plant part (and,
thereby, changes in K* are also maximal). Additionally, the increased concentration of K*
after ES generation should facilitate PCD induction under further direct actions of stressors
or during propagation of the non-electrical stress signal.

4.6. Potential Roles of the ES-Induced Programmed Cell Death in Increase in Plant Tolerance
to Stressors

Section 4.5 shows that there are indirect arguments supporting the participation of
ESs which are caused by the local actions of stressors in induction of ePCD: in particular,
ESs strongly influence processes which can induce PCD. However, we have only few direct
pieces of experimental evidence supporting the ES effect on PCD (e.g., [229]). As a result,
we can only speculate about the role of the ES-induced stimulation of PCD in the increase
in plant tolerance to stressors. Below, we consider some potential possibilities (Figure 2).

4.6.1. Local PCD Induction in Cells near the Damaged Zone

ES-induced PCD can participate in the elimination of plant cells near the damaged
zone, which is observed after the action of local damages on plants [224]. It can be sup-
posed that this response protects plants by means of restriction of the damaged zone (e.g.,
restriction of phytopathogen propagations on the basis of elimination of potential “targets”
for infection). However, this potential pathway strongly requires ESs which are attenuated
with an increase in the distance from the damaged zone (i.e., VP [8,31,74,99,100,103,104]
which weaken with the increasing distance). The magnitudes of physiological changes
induced by these signals should also be attenuated with the increasing distance from the
damaged zone and weakening of the signals because they depend on the parameters of
ESs [8]. This means that these magnitudes should be enough for PCD initiation only within
the specific distance from the damaged zone.

In contrast, signals with constant amplitudes (e.g., self-propagating AP [8,28,35] or
ROS waves [19,40,99]) will likely induce similar physiological changes over the whole
distance from the zone of stimulation. This means that these signals would induce PCD
in the whole plant body provided that the magnitudes of ES-induced changes suffice for
the PCD initiation or would not induce the response provided that the magnitudes of
ES-induced changes do not suffice for the PCD initiation. Thus, these signals (AP and ROS
waves) cannot participate in the PCD initiation in cells near the damaged zone.

It is interesting that the potential zone of PCD induction by VP (as well as the induction
of other physiological responses [8]) should correlate with the intensity of the action of the
local stressor and thus would probably lead to a stronger restriction of the damaged zone
at more intensive damage.

It should be noted that the described mechanism should modify only damages caused
by the actions of local stressors which induce ESs. The influence of PCD induction around
the zone of the local damage on the systemic plant tolerance seems to be limited because it
is possible for the further direct action of stressors to continue in other parts of the plant
which can be far from the zone of the initial local damage. Thus, other potential pathways
of the influence of the ES-induced increase in PCD on the systemic plant tolerance should
be discussed.

4.6.2. Systemic PCD Induction in “Weak” Cells

ES-induced physiological changes [8,34] can be additional factors inducing PCD: in
healthy cells, they are unlikely to induce PCD; however, these changes can initiate PCD
in cells which had been weakly or moderately damaged by the stressors (“weak” cells).
Regarding this, PCD is not initiated in these cells without the additional influence of ESs.
Potentially, the mechanism can exclude the weak cells before the intensive phase of the
action of a stressor (as discussed above, ESs can be a sufficient predictor of this action in
accordance with this hypothesis [8,41,42]) and, thereby, increase the probability of whole
plant survival.
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This hypothesis is in good accordance with the positive influence of ESs on systemic
plant tolerance [8,34,36,40-42,189,205] and seems to be very promising. In particular, the
hypothesis supports different actions of attenuated and non-attenuated (self-propagating)
electrical signals on PCD initiation (and plant tolerance): self-propagating signals should
induce similar changes in the whole plant body (possibly induction of PCD in moderately
stressed plant cells); in contrast, the magnitude of changes induced by attenuated signals
should be decreased with the increase in the distance from the damaged zone (e.g., induc-
tion of PCD in weakly and moderately stressed cells near the zone of the local stressor
action, and this induction in moderately stressed cells further from this zone). It is probable
that this systemic induction of PCD can also participate in the ES-induced increase in plant
tolerance to specific stressors, which was shown in some works [189].

However, there are experimental results which rather contradict this chain of events
(local damage—ES propagation—elimination of weakly/moderately stressed cells in the
plant body—increase in the systemic tolerance to the further intensive action of the stressor
on the whole plant or a large part of it). It is important that the proposed mechanism
can also positively influence the plant tolerance at the induction of electrical signals after
initiation of the direct action of the stressor (as the additional regulatory mechanism). This
probability has been weakly investigated; however, work [205] showed that the induction
of ESs after initiation of a phytopathogen infection does not positively influence plant
damage. Thus, this potential pathway of participation of the ES-induced PCD stimulation
in plant tolerance requires further investigations.

4.6.3. Systemic Facilitation of PCD Induction at Further Direct Actions of Stressors and/or
Non-Electrical Specific Stress Signals

The next pathway of influence of the ES-caused stimulation of PCD on plant tolerance
can be based on the facilitation of the induction of programmed cell death at the further
direct actions of stressors on the whole plant body (or a large part of it) and/or propagation
of non-electrical specific stress signals. This means that only changes induced by ESs prior
to the action of stressors or only further changes induced by the direct stressor action
or by propagation of specific stress signals cannot induce PCD in this case; in contrast,
a combined action of both processes induces programmed cell death. Alternatively, ES-
induced changes can accelerate the induction of PCD at the further direct action of the
stressor or during propagation of the specific stress signal.

This pathway is also in good agreement with the ES-induced increase in the non-specific
and/or specific plant tolerance to the actions of stressors [8,34,36,40-42,189,205]. Potentially,
it seems to be the most effective of all the proposed mechanisms because the facilitation of
PCD induction by stressors does not strongly influence PCD in plant cells without the direct
action of stressors and/or the propagation of specific stress signals; i.e., the plant does not
spend its resources in this case. In contrast, if the direct action of a specific stressor or the
propagation of a specific stress signal require the initiation of PCD in specific plant cells (e.g.,
cells at the early stages of damage), then preliminary induction of ESs and physiological
changes (such as propagation of ROS waves [17,31,39,40], a decrease in photosynthetic dark
reactions [8,34,128,130-132,134], activation of respiration [130,131,135-138], synthesis of
stress phytohormones [11,96,97,100,101,123-125,127], and /or K* leakage [8,31,90]) should
facilitate this initiation and increase the probability of plant survival. Like the induction of
PCD in “weak” cells (see above), this mechanism can potentially provide dependence of
the PCD response on the intensity of a stressor action and the distance from the damaged
zone and support specific changes in PCD (at least for VPs).

The experimental work of [205] additionally supports this pathway of PCD regula-
tion: the induction of ESs can ameliorate further plant damage by phytopathogens, and
participation of changes in PCD in this response is very likely. Other works [41,44] which
showed an increase in plant tolerance to stressors (non-optimal temperatures) after induc-
tion of ESs are also in accordance with this pathway of activation of PCD. Finally, it should
be noted that ES-induced facilitation of PCD initiation by further actions of stressors or
propagation of specific signals resembles other mechanisms of increase in plant tolerance
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(Figure 1, [8,34]) through facilitation of adaptive processes (e.g., by means of an increase in
the ATP contents [135,211]).

5. Conclusions and Perspectives

Our review shows that the generation and propagation of electrical signals (par-
ticularly variation potentials and action potentials) can be important mechanisms of an
increase in plant tolerance to the actions of abiotic and biotic stressors. This increase
probably includes non-specific and specific components which support plant survival in
environmental conditions. Initiation of programmed cell death by electrical signals seems
to be probable in plants. There are several potential pathways relating ES-induced physio-
logical responses to PCD, which include ROS waves, a decreased rate of photosynthetic
dark reactions, activation of respiration, synthesis of stress phytohormones, and K* leakage.
Potentially, these mechanisms can influence plant tolerance through local PCD initiation
near the damaged zone, systemic PCD activation in “weak” cells, and systemic facilitation
of PCD initiation at further direct actions of stressors and/or propagation of non-electrical
specific stress signals.

Finally, several perspectives of the investigations of the relationship between electrical
signals and PCD can be proposed: (i) direct analysis of the possibility of PCD initiation
by electrical signals which are induced by different stressors and/or in different plant
species; (ii) comparison between influences of variation potentials and action potentials on
PCD; (iii) analysis of influence of electrical signals (possibly induced by different stimuli)
on PCD initiation at further direct actions of stressors (e.g., excess light or non-optimal
temperatures); (iv) analysis of the role of changes in PCD induced by electrical signals in
modifications of plant tolerance to different stressors; (v) quantification and simulation of
investigated processes that can be used for the complex theoretical analysis of relations
between electrical signals, plant tolerance to stressors, and PCD at different conditions.
We suppose that the solution to these problems will provide a basis of revealing and
characterizing novel mechanisms of regulation of plant tolerance by electrical signals.
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