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Abstract: In recent years, the electromic approach, which is based on the ‘electrome’ concept,
to the analysis of electrical activity in plants has become increasingly relevant, as it can
allow the detection of early signs of stress and the classification of external factors on the
basis of complex, systemic changes in electrical parameters. However, the mechanisms
underlying the observed complex effects remain unresolved. This review describes the
main electrical signals in plants and their influence on physiological processes and tolerance
to abiotic stressors, discusses limitations of traditional methods of investigation of electrical
activity, summarizes modern strategies for electrome analysis, and considers the prospect
of applying mathematical modeling to interpret the electromic data. We suggest that the
integration of the electromic approach and mathematical modeling can greatly enhance
the ability to investigate plant electrical signaling, opening new ways for fundamental and
applied research in plant electrophysiology.

Keywords: plant electrophysiology; plant electrical signals; electrome; mathematical modeling;
plant stress

1. Introduction

Electrical phenomena in plants were discovered in the 18th century, almost immedi-
ately after Galvani’s discovery of biological currents in animals [1]. The hypotheses about
electrical activity in plants were outlined by Betholon in «De 1’electricite des vegetaux» in
1783 [2], as well as by Burdon-Sanderson in 1873 [3] and Darwin in 1875 [4]. The earliest
records of the electrical signals (ESs) in plants were registered by the Indian biophysicist J.
C. Bose [5], who investigated electrical responses in motor plants such as Mimosa pudica.
He hypothesized that the role of ESs in plants is similar to that in animals, and supposed
that phloem vessels are the main way of the ES transmission in plants [1,5]. Since then,
mechanisms and functions of electrical phenomena in plants are actively investigated [6];
the number of articles in this field is rapidly increasing, reaching over two hundred in the
last five years (Figure 1).

Today;, it is known that electrical signals strongly influence numerous physiological
processes in higher plants and can increase their tolerance to action of stressors [7]; as a
result, developing methods of analysis of characteristics of ESs is an important basic and
applied task. Traditionally, such an analysis is based on ‘manual’ or ‘automatic’ revealing
of electrical signals and further estimation of their characteristics [8].
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Figure 1. Dynamics of the number of publications devoted to investigation of plant electrical
phenomena which are present in Dimensions database. Keyword “Plant electrical signals” was used
for the search.

However, alternative approach has been recently proposed to analyze plant electrical
activity based on extracellular measurements [9-11]. In accordance with this approach,
electrical signals and other types of changes in electrical activity can be complexly analyzed
on the basis of concept of ‘electrome’, which is the totality of electrical phenomena in
different scales of organization of plants. Based on this concept, revealing and identifying
ESs (or other electrical responses) is not necessary to analyze changes in plant electrical
activity under action of stressors; in contrast, these changes are detected on the basis of
integral parameters of time-series of electrical potential records.

The complex analysis of electrical activity in plants is a powerful tool for detecting
the action of stressors and revealing their types [12-18]. Considering basic and applied
importance of developing methods for the complex analysis of plant electrical activity,
our review summarizes the results of investigations in this field and discusses potential
directions for future research.

2. Electrical Signals in Higher Plants: Brief Description

Traditionally, electrical phenomena in plants can be classified into steady-state poten-
tials (e.g., resting potential) and local or propagating ESs, which are induced by a local
action of stressors [19-22]. Depolarization electrical signals are well studied [22-25] and
have been observed in many photosynthetic organisms, from charophyte algae to higher
plants [26-28]. They include action potential (AP) [22,29] and variation potential (VP, some-
times called ‘slow-wave potential’). Action potential is considered to be a self-propagating
ES with an impulse shape which can be induced by action of non-damaging stimuli; in
contrast, VP is a response to action of extreme stressors (e.g., heating to 55-60 °C and
further [30]), has a variable shape, and is based on propagation of non-electrical signals
(chemical and/or hydraulic) [21,22]. Both AP and VP often have large amplitudes equaling
to several tens of millivolts [7,10,20,22,31,32].

Besides the classical AP and VP, Zimmermann and co-workers [33,34] proposed a third
type of electrical signals in plants: the system potential (SP), which is the hyperpolarization
electrical signal. System potential also appears to be a propagating signal, but may have
a smaller amplitude than AP and VP, generally not exceeding 30 mV [30,35-37]. The
recent results show [35-38] that the hyperpolarization electrical signals can be induced by
stressors with moderate intensities (e.g., moderate heating to 40 °C), which are widespread
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in natural conditions. System potential seems to be strongly related to VP [39]. Particularly,
there is research [34,35] which shows that VP is observed near the zone of irritation; in
contrast, SP may be observed with increasing distance from this zone. System potential
can also be induced after the second application of the stressor [33]; notably, this stressor
induces a VP during its first action. Additionally, the same stressor can induce both SP and
VP during its action on different parts of the plant [30,39].

Molecular mechanisms of generation of ESs have been proposed for depolarization
electrical signals [22,39]. Both VP and AP include depolarization and repolarization phases.
In higher plants, the depolarization phase begins with an increase in the current of Ca**
ions into the cell through Ca2*-channels of the plasma membrane; an increase in CaZ*
concentration causes reversible inactivation of H*-ATPase, leading to proton accumulation
in the cytoplasm, and the activation of anion channels, leading to the release of C1~ from
the cell. Both processes lead to depolarization of the plasma membrane and consequent
activation of outwardly rectifying K*-channels. The increase in K* ion current into the
apoplast forms the beginning of the repolarization phase. Further formation of repolar-
ization is due to the closure of CaZ* channels and a decrease in calcium ion concentration,
which causes the reactivation of H*-ATPase and closure of anion channels. The difference
in the shape and duration of VP and AP is probably due to the different dynamics of Ca®*
ion concentration in the cell, which is associated with the fact that potential-dependent Ca®*
channels are involved in the generation of AP, while ligand-dependent or mechanosensitive
CaZ* channels are involved in the generation of VP [22,39].

The mechanisms of generation of SP, a hyperpolarizing signal, remain understudied.
The hypothesis of Zimmermann and co-workers [33] suggests that the main mechanism of
SP generation is the activation of plasma membrane H*-ATPase. Potentially, such activation
could be due to a moderate increase in the concentration of Ca?* ions in the cytoplasm [35];
this assumption adequately explains the transformation of EP into SP with increasing
distance from the stressor zone. However, such a hypothesis contradicts data on apoplast
alkalinization during SP generation [33], which rather point to H*-ATPase inactivation.
On the other hand, it is known that a moderate increase in cytosolic Ca®* concentration
can also induce inactivation of inwardly rectifying K*-channels and, hence, a slowing of
K* flux into the cell [22,39]. According to an alternative hypothesis of SP formation [39],
simultaneous inactivation of H*-ATPase and inwardly rectifying K*-channels can cause
both hyperpolarization (K*-channel inactivation predominates) and depolarization (H*-
ATPase inactivation predominates); i.e., depending on the magnitude of Ca?* flux into the
cytoplasm, SP (moderate influx) or VP (large influx) can be observed in the plant.

The mechanisms of electrical signal propagation in plants remain incompletely in-
vestigated. It is known that AP propagation in higher plants is based on local electrical
circuits in the symplast of parenchyma cells of vascular bundles and/or in phloem sieve
elements [7,22,29]; i.e., AP is the self-propagating electrical signal. On the other hand, VP
propagation is associated with the propagation of signals of non-electrical nature, which
induce Ca?* influx and electrical response [7,40]. The propagation of a hydraulic wave that
activates mechanosensitive Ca2*-channels of the plasma membrane or a chemical agent
(wound substance) that activates ligand-activated Ca%*-channels have been considered as
such signals [19,22,23,40]; meanwhile, the hydraulic hypothesis seems to be in better align-
ment with ER propagation velocities. There are also hypotheses describing VP propagation
based on the interaction between hydraulic and chemical signals [40,41]. The mechanism
of SP propagation is currently debated [7,33]. Previously, we suggested that the common
propagation mechanism of VP and SP is the passage of a hydraulic wave [39]; at the same
time, a high amplitude of the hydraulic wave leads to the formation of a variable potential,
and a low amplitude forms a system potential.
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The main role of propagating electrical signals is thought to be to inform neighboring
and distant cells of action of stressors to further induce a systemic adaptive response to ad-
verse factors, which often involves changes in numerous physiological processes [7,20,22].
Particularly, ESs induce the expression of defense genes [42,43], production of stress phyto-
hormones [25,44], decrease of photosynthesis [30,36,38,45], suppression of phloem mass-
flow [46,47], stimulation of respiration [48], changes in transpiration [49], etc. ES-induced
increasing plant tolerance to action of stressors (including stimulation of photosynthetic
tolerance) has also been shown in some studies [38,50-55]; this increase is related to pho-
tosynthetic and transpiration changes and, probably, to other physiological responses [7].
The increased tolerance to action of abiotic stressors can be induced by all electrical signals,
including AP [50,51], VP [53,55], and SP [38]. It should be noted that environmental condi-
tions, including drought [38] and chronic radiation exposure [55], modify the influence of
ESs on plant tolerance; potentially, this effect can be related to changes in photosynthetic
responses induced by electrical signals [36,38].

The mechanisms of influence of electrical signals on physiological processes are not
fully clear [7]. It is likely that one of the key mechanisms linking electrical signals to
subsequent physiological responses may be a Ca?*-dependent change in the absolute
activity of H"-ATPase that develops during the generation of AP, VP, and SP in higher
plants [7,39]. In particular, it has been shown that the inactivation of H*-ATPase leads to
inhibition of photosynthetic processes [56]; apparently, such a response can be mediated by
an increase in the pH of the apoplast and a decrease in the pH of the cytoplasm, stroma,
and lumen of chloroplasts [39,57]. It is possible that changes in H*-ATPase activity can
participate in the influence of ESs on other physiological responses, e.g., on production of
jasmonic acid [44] or transpiration [53].

Thus, ESs, which are induced by the local action of stressors, are likely to play an
important role in plant life, influencing numerous physiological processes and participating
in adaptation of plants to environmental changes. It means that the measurement and
analysis of these signals can be potentially used for agricultural and ecological monitoring;
particularly, revealing the induction of ESs in ‘reference’ plants or changes in characteristics
of these signals can be informative. In addition, it can be potentially used for the estimation
of changes in biosensors based on plants.

3. Limitations of Traditional Investigations of Electrical Signals and Plant
“Electrome” Concept

Traditionally, the ‘manual’ identification of ESs (or other electrical responses) and
further analysis of their parameters are used in investigation of electrical signaling in plants.
There are few studies (e.g., [8]) that describe the ‘automatic’ identification of ESs, based on
the wavelet analysis. It should be noted that both ‘manual” and ‘automatic” analysis of ESs
have similar principles: an individual electrical signal should be revealed and characterized.
However, classical studies on plant electrophysiology, based on the identification of specific
electrical responses and the estimation of their types and parameters, often encounter a
number of problems.

Firstly, the mechanisms of electrical responses occurring in the stressed zone are
extremely diverse and may depend on the type of stressor [58], which complicates the
form of such responses and makes their study difficult. The characteristics of electrical
signals induced by external stimuli can also be influenced by the individual physiological
status of the plant [59], growing conditions [60,61], and long-term exposure to damaging
factors [37,38,55]. The laboratory conditions in which studies typically take place may
differ from natural conditions, leading to modification of electrical activity [62]. In addition,
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electrical responses can be induced by low or moderate intensity stimuli [62,63], which are
difficult to control in natural conditions.

Secondly, electrical signals can have low amplitudes (10-25 mV or less) and/or com-
plex shapes that are not amenable to standard analysis [35-38,64—66], making them difficult
to detect and parameterize. Meanwhile, low-amplitude signals affect plant physiological
processes, including photosynthesis [36-38,64], and are involved in plant adaptation to
stressors, including biotic injury [67] and drought [38]; i.e., such ESs also play an important
role in plant’s life. The involvement of low-amplitude electrical signals in physiological
regulation is further supported by the detection of significant changes in the concentrations
of H*, Cl, and, to a lesser extent, CaZ* in the apoplast (substomatal cavities) during the
development of such signals [68], as changes in ion concentrations are a likely mechanism
for the induction of plant physiological responses during the propagation of ESs [7].

Thirdly, another factor complicating the classical analysis of electrical activity is the
generation of AP-like spikes (also having a small amplitude), which in some cases develop
against the background of a long depolarization wave during VP propagation, which is a
key electrical signal with high amplitude in terrestrial plants. The parameters of AP-like
spikes depend on the distance to the lesion zone, stressor properties, and individual plant
status, forming irregular shape of variation potentials, thus complicating the analysis of
electrical signal parameters; at the same time, the possible specific role of such spikes
in the development of the physiological response to stressors is still not clear [39,40].
Significant shape variability is also inherent in the SP [33,34] and electrical signals with
low amplitudes [38]. The latter can be depolarizing, hyperpolarizing, and multiphasic
signals [35,37,38], and the types of signals can also change with increasing distance from
the stressor zone. In the case of AP, the probability of its forming in response to stressors
depends on environmental conditions [7,39]. Particularly, the propagation of AP in higher
plants is mainly observed in stable and favorable conditions [7].

Fourthly, for stressor-induced ESs, there is the phenomenon of mixed electrical poten-
tial waves, representing the superposition of AP and VP, or the presence of AP-like spikes
on the VP background [23,69,70], probably mediated by Ca?* ions flux. These complex
signals require additional analysis of their shape.

Finally, the very principle of recording electrical potential may influence the data
obtained: non-invasive superficial methods may be limited by the cuticular shielding of
the potential, while invasive methods may be limited by the complexity of the technique or
the need for long adaptation to compensate for damage to the tissue in which the electrode
is inserted [71].

It should be noted that these reasons, which limit traditional analysis of the propagat-
ing electrical signals, are also important for local ESs (local electrical responses), which are
formed in the zone of direct action of stressors; however, these responses have additional
reasons of changeability which are related to specific changes in ion transport across the
plasma membrane under the action of specific stressors [72-74].

In addition to noted points related to electrical signals, the efficiency of traditional
analysis of electrical activity can be disrupted through induction of periodic oscillations
and stochastic electrical fluctuations [61], which can be formed without direct action of
stimuli; these electrical responses are insufficiently studied now. The presence of random
activity in plant tissues was first noted by Bose [1]; the study of oscillations in biological
systems developed in the second half of the 20th century [75-77]. It has been hypothe-
sized that oscillations are related to the operation of the vesicular system of cells, and
local osmotic regulation process; presumably, they may also be involved in the dissem-
ination of information across different plant tissues [78]. Among the main processes in
which rhythmic changes in ion flux dynamics are likely to be involved are growth (in the
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pollen tube or shoot apex), transport in the root system, immune response formation, and
symbiotic relationships (mycorrhiza or nodulation) [79-81]. In addition, oscillations may
occur in response to rhythmic changes in lighting [82,83]. Also, there are several studies
that demonstrate spontaneous fluctuations of electrical potential in plant tissues, with a
number of studies showing a change in the nature of fluctuations in response to external
stimuli, such as changes in light intensity or temperature, or to variation in the time of
day [62,63,76,84].

Thus, the electrophysiological responses of plant organisms are highly diverse, which
may be related to an inability to avoid threats due to sessile lifestyle [85]. The totality
of these responses, including slow shifts in resting potential magnitude, local electrical
responses, oscillations, and fluctuations, ‘classical” stress ESs (AP, VP, and SP), and low-
amplitude electrical signals, can be unified by the concept of plant electrome, which is
‘the totality of the ionic dynamics in different scales of plant organization, engendering
a constant electrical activity’ [9-11]. The concept of the electrome opens the possibility
for a comprehensive analysis of plant electrical activity, which can be carried out without
identifying specific electrical signals and analyzing their parameters. It may also help to
describe plant’s adaptive strategies, for example, balance between resilience and reactivity
or resonant response occurrence [7] (Figure 2).

Stress Inner iﬂfx;ﬁf
responses and physiological sensitivity and
acclimatisation processes reactivity

regulation

1

| Excitability and homeostasis maintenance |

1 1

Electrical signals Other electrical
(AP, VP, SP) phenomena

FINL—

| Totality of electrical activity — «electrome» |

l

| Electrome analysis |

|

Identification
] of types of Investigation
Detection of stressors and of
fo:gj;ss . estimation of physiological
) ;5 their characteristics
plants characteristics of plants

Figure 2. A proposed scheme for the function of the plant electrome as a totality of electrical
phenomena in plants. The plant electrome, which can show signs of the presence of a self-organized
critical state, may act as an important mediator of plant response to stimuli (external and internal)
and the maintenance of homeostasis, being in balance between reactivity and sensitivity.

Recent research has increasingly revealed the role of the electrome for plant func-
tion, growth, and development, as well as their interaction with the environment and
adaptability [11,86]. Above all, a number of studies by Souza and co-workers have shown
that complex changes in electrical activity (electrome changes) can be observed when
plants are exposed to a wide range of abiotic stressors, including osmotic stress [9,15],
low light [9], and localized effects of mechanical damage, heat shock, or a combination of
both [87], and the changes detected depend on the type of stressor acting. It is important
that specific sensitivity of total electrical activity of plants to the action of different chemical
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agents [13,14,88] and to light pulses with different durations [12] have also been shown by
Chatterjee and co-workers. The last group of results supports the efficiency of complex
analysis of total electrical activity (i.e., analysis of electrome) to detect the action of stressors
on plants.

4. Methods of Measuring Electrical Activity and Approaches to Analyzing
Electrome Parameters in Plants

The concept of the electrome implies a comprehensive study of plant electrical activity,
which involves both recording such activity in plants and subsequent analysis of the
obtained data. The most effective methods for measuring plant electrical activity are
microelectrode measurements of electrical potential differences at the plasma membrane,
including registration of phloem cell electrical potentials via aphid styles, voltage and patch
clamp, etc. [22,29,89,90]. Despite the high accuracy of microelectrode measurements [29],
they have several limitations: (i) the measurements are invasive and can lead to cell damage,
which increases the difficulty of using the method and limits the length of recordings,
(ii) they require expensive equipment and can only be performed in laboratory conditions,
(iii) simultaneous measurements can be performed in a limited number of cells (often in a
single cell) [22,71,91]. Such specific characteristics of microelectrode measurements allow
them to be widely used to study the mechanisms of electrical responses of individual
cells [22,92-94] but limit their effectiveness for the study of electrome parameters, as such
measurements reflect little of the complex electrical activity in plants.

Within the macroelectrode technique, measuring electrodes can contact the plant
object both invasively (by inserting them into the plant tissue [87,95]) or non-invasively
(by connecting them to the plant surface through ionic contact [55,62,96,97], agar [45] or
conductive gel [35]). Often, macroelectrode measurements allow the realization of mul-
tichannel analysis [35,36]; herewith, each macroelectrode contacts a separate group of
excitable cells, reflecting their complex electrical response [59]. Such features of macro-
electrode measurements reduce their effectiveness for accurate estimation of membrane
potential, while making them a promising tool for comprehensive analysis of plant elec-
trical activity [8,12-14,59,87], including the study of electrome parameters. An additional
advantage of the macroelectrode technique is the potential for its use in open-air conditions.

Among measurement techniques, microelectrode and microneedle arrays are develop-
ing. It is supposed to overcome the limitation of both invasive microelectrode (the need for
long-term adaptation, applicability only in laboratory conditions, and a limited number of
registration channels) and macroelectrode techniques (cuticular electrical shielding). Such
systems provide simultaneous recordings of electrical activity in several areas located at
rather small distances from each other, thus allowing the analysis of, among other things,
the electrical connections of plant cells [71,98-100].

Analyzing the obtained data is the next key step in the study of electrical activity
in plants. According to the traditional approach, such analysis may rely on identifying
electrical responses of a specific type in a recording and then determining the parameters of
such responses, including threshold magnitude, amplitude, duration, propagation velocity,
and others (see, e.g., [33,64,101,102]). In many studies, the identification of electrical
signal parameters is performed based on the researcher’s experience; however, there
are studies [8,103,104] in which the task of identifying electrical response parameters is
implemented automatically using wavelet transform (WT). The WT method is based on the
use of a function that imitates the basic form of the target response; when performing the
WT, it searches for corresponding elements of the recording and estimates the parameters of
the found elements in the time series (first of all onset and duration) [8,105,106]. It should
be noted that WT allows estimation of parameters of specific electrical responses (including
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the time of initiation and duration of these responses) in a noisy recording; however, this
method does not allow a comprehensive assessment of the characteristics of electrical
activity (i.e., in its basic form, it is not applicable to electrome studies).

The analysis of the plant electrome requires more complex processing of experimental
data that may allow us to identify not only typical electrical responses, but also changes
in the electrical potential of the organism under study as a whole. As already mentioned,
data for such analysis can be obtained using macroelectrode measurements; when recorded
over long periods of time, such data represent typical time series suitable for further
processing [8,10,88,107]. The acquisition of electrome data, sometimes referred to as elec-
trophytography (EPG) [70,78,108], may require a certain approach to the design of the
experiment, ensuring a long, multi-hour adaptation of the plant [18,109,110], normalization
and monitoring of environmental parameters, and parallel recording of several physiologi-
cal parameters other than bioelectrical potentials.

At the same time, time series of surface potential difference values obtained by a
pair of macroelectrodes placed side by side on a plant plot are often used for analysis
(i.e., single-channel measurement is used) [13,95].

Firstly, measured time series can be analyzed using basic methods of descriptive
statistics, which reflect the general picture of changes and set the basis for further analysis.
Such methods include the calculation of the standard deviation of the measured value,
its minima and maxima, mean value, kurtosis, asymmetry, and dispersion [66,110-112].
These characteristics may describe the most general characteristics of the surface potential
magnitude distribution determined from its time series.

Then, a classical EEG-like signal analysis may be performed. For time series of
surface potential values, (i) linear correlation [17,70] is calculated, showing the bond
between the analyzed data series, (ii) autocorrelation function [17,110,111], showing pos-
sible periodicity of the recorded surface potential dynamics, (iii) approximate entropy
(ApEn) [15,17,70,87,109,110,113] or, alternatively, (iv) Lempel-Ziv complexity [97,114],
showing the randomness of the time series of electric potential values, and (v) detrended
fluctuation analysis (DTA) [87], showing the fractality of the measured values. From such
series, frequency spectra of the potential value distribution are obtained using fast Fourier
transform (FFT), and based on them (i) power spectral density (PSD, reflects how the
average power of the waves is distributed through the frequencies or measures the en-
ergy variation in a signal distributed over the measured frequencies) [15,66,97,109,111,113],
(ii) probability density function of the noise (PDF, demonstrates the probability of a vari-
able to occur at a certain point of the histogram through a regression of the distribution
values) [15,70,111], and (iii) average band power (ABP, analyzes specific frequencies of the
signal) [87]. The calculation of 3-exponents from PSD can indicate a type of noise that can
vary with plant condition [66].

The mentioned parameters of surface potential dynamics can be used for electrome
analysis and, as a corollary, for the study of general features of electrical activity processes
in plants (the assessment of electrical connectivity of individual plant areas, detection of
periodic patterns in electrical activity, determination of chaos and fractality in such activity,
detection of self-organization effects, etc.). However, from a practical point of view, an im-
portant task of electrome analysis is to assess the state of the plant (and the fact that stressors
of different nature are acting on it) based on measurements of electrical potential [88]. In this
regard, an important method of analyzing bioelectrical processes in plants is machine learn-
ing [86,107], which allows solving the problem of classifying plants by their condition (or
by the type of stressors acting on them) based on the analysis of time series of their electrical
activity. It was shown that analysis of electrical activity may be based on different types of
classifiers, like Bayesian, k-Nearest neighbor, Adaboost, support vector machine, ensemble
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boosted trees, gradient boosted trees, and others [14,17,88,95,107,111,113]. Examples of
successful applications of machine learning analysis include the differentiation of fruit
ripening stages [113], detection of dormancy states and effects on plants and stimuli [18], in-
festation by spider mites [95], and features of plant water balance and detection of drought
and/or salinity stress [71,107,115] based on the analysis of electrome characteristics. In
addition, several studies [14,88] have demonstrated the ability to classify and segregate
plant electrical responses based on the type of chemical stressor. The analysis of plant elec-
trical activity recordings using deep learning algorithms is also being developed [61,66,83].
High prediction accuracy in a number of studies—above 90% for machine [14,71] and deep
learning [61,66]—emphasize the promising development of this direction for the analysis
of electrical activity.

Overall, it can be noted that there is now a well-developed approach to analyzing
plant condition based on complex electrome analysis (using surface potential time series).
Further development of protocols for analyzing plant electrome, including machine and
deep learning, will allow their application in environmental monitoring and agriculture,
determining the cause of plant stress [13,14,88].

5. Perspectives of Using Mathematical Models for Improving the
Electrome Analysis

As mentioned above, electrome analysis may be a fairly effective tool for the general
assessment of plant state, including the identification of stressors. However, the use of
complex electrical activity analysis methods to investigate specific mechanisms of plant
responses to environmental factors is limited by the complexity of the biological system,
which simultaneously includes a significant number of different types of interacting cells
with different forms of electrical activity [30,116]; individual variability of parameters of
such cells (e.g., their plasma membrane H*-ATPase activity [117]) is also highly expected.
As a consequence, it can be anticipated that the results of standard methods for investigat-
ing the mechanisms of electrical responses in plants, including inhibitor analysis [45] or
measurements of intra- and extracellular ionic concentrations [116], may be considered as
very challenging to interpret.

An alternative approach to the interpretation of the results of complex analysis of
electrical activity and electrome in plants may be based on the development of mathematical
models of electrogenesis of plant cell ensembles. In recent decades, several mathematical
models describing electrical activity at the cell level have been developed in the field of
plant biophysics [118]. More specifically, a number of models for the generation of action
potential have been developed based on a detailed description of ion fluxes [119-124].
Such models rely on various combinations of descriptions of the main mechanisms of
electrogenesis: ionic channels, Ca?*-ATPase, H*-ATPase, secondary active transporters
on the plasmalemma and, in some studies, on the tonoplast; the regulatory influence
of Ca?* on ion transport systems has also been taken into account. Similar approaches
relying on the description of plant cell electrical activity can be also used for modeling
VP [125], local electrical signals (local electrical responses) [117,120], stochastic electrical
fluctuations [126], and rhythmic oscillations of membrane potential in cells or cell groups
of higher plants [79,127-131].

It is worth noting that models of electrical responses in some cases rely on the descrip-
tion of an ensemble of excitable cells with local electrical coupling [118]. On the one hand,
such an approach allows us to investigate the role of cooperation of different cells or stochas-
tic heterogeneity of their parameters in the formation of electrical responses [117,118]; on
the other hand, such models are used to describe the active propagation of electrical signals
across the symplast of excitable cells [132,133]. Models describing ensembles of interacting
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cells have considerable potential to explain the interaction of noisy networks. A number
of studies have demonstrated that heterogeneity of the initial activity of H*-ATPases can
lead to a shift in the threshold of generation of electrical signals and induce the stochastic
fluctuations of membrane potential [117,126].

Another approach to describing the propagation of electrical signals in plants may
be the one to describe the propagation of non-electrical signals inducing local electrical
responses. Thus, for VP propagation, models describing its induction by the propagation of
wound substance [125,134,135] or hydraulic wave [136] have been proposed. In particular,
VP models may rely on a description of the active propagation of wound substance. Thus,
Evans and colleagues [134] proposed a mathematical model describing ROS-dependent
propagation of VP in an array of interconnected cells and its integration with Ca?*-wave
propagation; secondary ROS production was taken into account. Such a model is consistent
with one of the previously proposed hypotheses on the mechanism of VP propagation [19].
Notably, there are studies [137-139] in which chemical signal transduction is also used to
model information transfer by action potentials in higher plants; this takes into account, in
particular, the functioning of ensembles of excitable cells with serial or parallel connections.

In addition, mathematical models of electrical activity can be related to descriptions
of physiological processes [118]. Particularly, there are models describing relationships of
electrogenesis to photosynthetic processes [118,140], stomata opening [141-144], or phyto-
hormone production [144]. These models can potentially be used to describe physiological
responses induced by electrical signals; however, there are only a few studies that analyze
this problem (see our review [39]).

When considering the reliability of the data provided by modeling, it is common to
compare it with data from an experiment. A number of papers [120,124,134] demonstrate
the high relevance of mathematical prediction, which is another argument for the usefulness
of modeling as a tool.

Thus, to the present day, there is a rather extensive base of detailed mathematical
models for plant electrogenesis. Such models not only describe the basic mechanisms of
generation of electrical signals and other electrical responses at the level of individual cells,
but also can take into account electrical, chemical, and hydraulic interactions between
individual cells, thus describing the sum of electrical activity of large areas of the plant.
In particular, some developed models allow describing the results of macroelectrode
registration as the sum of electrical responses of individual cells of a plant section [117,126];
at the same time, the shape of the integrated electrical signal may differ significantly from
the individual signal under conditions of low electrical coupling between cells [126]. On
the other hand, the developed models have the potential to investigate the influence of
electrical signals on physiological processes [39,118].

Considering these points, the models of plant electrical activity are an effective tool to
analyze complex mechanisms of electrical responses under the action of various stressors,
including theoretical investigations of roles of specific molecular transporters, interactions
between cells and parts of plant and, perhaps, physiological processes in plants [118]. It
particularly means that the models can be used to increase efficiency of complex inves-
tigations of plant electrome. There are the following potential ways of this increasing.
(i) Revealing mechanisms and improving interpretation of changes in electrome parameters
using analysis of the mathematical models of plant electrical activity. Particularly, the
analysis of the models can show relationships between changes in specific parameters of
electrome and changes in specific electrophysiological characteristics of plants (e.g., activity
of ion transporters, values of electrical conductance between cells, heterogeneity of these
values, parameters of hydraulic and chemical signals in plant, etc.). Models may also de-
scribe synchronization of cell ensembles and, therefore, the occurrence of a self-organized
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critical state [7]; further analysis of modeled data, performed using electrome analysis
methods (as described above), may show dependence of its emergent parameters, such as
fractality [145] or functional coupling, on model’s specific parameters. (ii) Model-based
prediction of parameters of electrome which will be sensitive to action of specific stressors
can improve efficiency of complex analysis of electrical activity of plants. (iii) Model-based
revealing optimal methodological parameters for measurements of electrical activity in
plants. Potentially, it can theoretically show optimal positions of electrodes, their number,
distances between them, the duration and frequency of measurements, and other param-
eters. (iv) Clarification relationships between parameters of electrome and physiological
characteristics of plants including their physiological responses on action of stressors. It
can be based on both more effective interpretations of known electrome parameters and
revealing new parameters, which are sensitive to physiological processes.

Thus, despite potential limitations (e.g., the inability to completely describe a system
with an excess of factors, including variable external conditions), it can be expected that
the integration of mathematical models of electrical activity in plants, designed to simulate
electrome time series dynamics (especially, models based on the description of ensembles of
excitable cells with local electrical coupling [117,126]) may be an effective tool for improving
plant investigations on the basis of the electrome concept.

In summary, we illustrate a potential way of improving both traditional and electromic
approaches in studying plant electrical activity in Figure 3.

“white box” “black box”

Fine reactions outside visible pattern .
Traditional approach . 4 Electromicapproach

Spedific electrical responses: local
ESs, AP, VP, SP, oscillations etc.

Total electrical activity

I
Analysis of statistical and spectral
parametres, correlation analysis;
classification & clusterisation,
including machine learning methods

Inhibitory analysis, analysis of ESs
characteristics (amplitude, velocity,
threshold etc.)

!

Revealing molecular mechanisms of
electrical signaling pathways and
various “cross-talks”; physiological
effects

Deep mechanisms analysis,
experimental datainterpretation

Revealing characteristics of systemic
electrical activities; stimuli and
stressors classification

|

Deep mechanisms analysis,
experimental data interpretation

Pliysiological impact, signaling pathways “cross-talk”

| Mathematical modeling of electrical activity and physiological |
responses

Figure 3. Proposed scheme for improving traditional and electromic approaches in plant electro-

physiology. The traditional approach to plant electrical activity analysis can be resembled to a ‘white
box’ model, where known mechanisms underlie specific electrical events, including local electrical
signals (ESs), action potential (AP), variation potential (VP), system potential (SP), oscillations, and
others. On the other hand, the electromic approach can be conceptualized as a ‘black box’, capturing
emergent effects of collective electrical activity without fully deciphering the underlying processes.
However, by applying mathematical modeling to both approaches, improving data interpretation
and enhancing analytical capabilities may be achieved.

6. Conclusions

Electrical activity in plants, including electrical signals, is an important mechanism
of their adaptive response to the action of environmental stressors. The complex analysis,
based on the electrome concept, is an effective tool to detect action of specific stressors on
the plant and to estimate changes in general characteristics of its electrogenesis, which is
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important in the development of high-efficiency farming [146,147]. However, the efficiency
of the electrome analysis for revealing specific mechanisms of changes in plant electrical
activity and physiological responses is limited. The development of mathematical models
of electrical responses in plants, including models of electrogenesis in individual cells,
models of interactions between these cells, and models of physiological responses, is a
perspective tool for increasing the efficiency of the complex analysis of the plant electrical
activity on the basis of the electrome concept.

Author Contributions: Conceptualization, E.K. and V.S.; writing—original draft preparation, EK.,
L.Y, ESS. and V.S,; writing—review and editing, E.K. and V.S,; visualization, E.K.; supervision, V.S.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AP Action potential

EEG Electroencephalography
EPG Electrophytography

ESs  Electrical signals

ROS  Reactive oxygen species
SP System potential

VP Variation potential

WT  Wavelet transform

References

1. Shepherd, V.A. At the Roots of Plant Neurobiology. In Plant Electrophysiology; Volkov, A.G., Ed.; Springer: Berlin/Heidelberg,
Germany, 2012; pp. 3—43.

2. Bertholon, P. De I’électricité Des Végétaux; Didot: Paris, France, 1783.

3.  Sanderson, ].B. Note on the Electrical Phenomena Which Accompany Irritation of the Leaf of Dionaea Muscipula. Proc. R. Soc.
Lond. 1872, 21, 495-496.

4. Darwin, C. Insectivorous Plants; John Murray: London, UK, 1875.

5.  Bose, J.C. The Nervous Mechanism of Plants. Nature 1926, 118, 654-655. [CrossRef]

6.  Chaparro-Cardenas, S.L.; Ramirez Bautista, J.A.; Gamboa Contreras, W.; Moreno-Chacén, A.L.; Vargas-Tangua, F.C. Plant
Electrophysiology: Bibliometric Analysis, Methods and Applications in the Monitoring of Plant-Environment Interactions. DYNA
2021, 88, 112-123. [CrossRef]

7. Sukhov, V.; Sukhova, E.; Vodeneev, V. Long-Distance Electrical Signals as a Link between the Local Action of Stressors and the
Systemic Physiological Responses in Higher Plants. Prog. Biophys. Mol. Biol. 2019, 146, 63-84. [CrossRef] [PubMed]

8.  Chen, Y,; Zhao, D.-J.; Wang, Z.-Y.; Wang, Z.-Y.; Tang, G.; Huang, L. Plant Electrical Signal Classification Based on Waveform
Similarity. Algorithms 2016, 9, 70. [CrossRef]

9. Souza, G.M.; Ferreira, A.S.; Saraiva, G.ER,; Toledo, G.R.A. Plant “Electrome” Can Be Pushed toward a Self-Organized Critical
State by External Cues: Evidences from a Study with Soybean Seedlings Subject to Different Environmental Conditions. Plant
Signal. Behav. 2017, 12, €1290040. [CrossRef]

10. De Toledo, G.R.A.; Parise, A.G.; Simmi, F.Z.; Costa, A.V.L.; Senko, L.G.S.; Debono, M.-W.; Souza, G.M. Plant Electrome: The
Electrical Dimension of Plant Life. Theor. Exp. Plant Physiol. 2019, 31, 21-46. [CrossRef]

11. Debono, M.-W.; Souza, G.M. Plants as Electromic Plastic Interfaces: A Mesological Approach. Prog. Biophys. Mol. Biol. 2019, 146,
123-133. [CrossRef]

12.  Chatterjee, S.K.; Ghosh, S.; Das, S.; Manzella, V.; Vitaletti, A.; Masi, E.; Santopolo, L.; Mancuso, S.; Maharatna, K. Forward and
Inverse Modelling Approaches for Prediction of Light Stimulus from Electrophysiological Response in Plants. Measurement 2014,
53,101-116. [CrossRef]

13. Chatterjee, S.K.; Das, S.; Maharatna, K.; Masi, E.; Santopolo, L.; Mancuso, S.; Vitaletti, A. Exploring Strategies for Classification of

External Stimuli Using Statistical Features of the Plant Electrical Response. J. R. Soc. Interface 2015, 12, 20141225. [CrossRef]


https://doi.org/10.1038/118654a0
https://doi.org/10.15446/dyna.v88n218.92405
https://doi.org/10.1016/j.pbiomolbio.2018.11.009
https://www.ncbi.nlm.nih.gov/pubmed/30508537
https://doi.org/10.3390/a9040070
https://doi.org/10.1080/15592324.2017.1290040
https://doi.org/10.1007/s40626-019-00145-x
https://doi.org/10.1016/j.pbiomolbio.2019.02.007
https://doi.org/10.1016/j.measurement.2014.03.040
https://doi.org/10.1098/rsif.2014.1225

Plants 2025, 14, 1500 13 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chatterjee, S.K.; Malik, O.; Gupta, S. Chemical Sensing Employing Plant Electrical Signal Response-Classification of Stimuli
Using Curve Fitting Coefficients as Features. Biosensors 2018, 8, 83. [CrossRef] [PubMed]

Saraiva, G.ER; Ferreira, A.S.; Souza, G.M. Osmotic Stress Decreases Complexity Underlying the Electrophysiological Dynamic in
Soybean. Plant Biol. ]. 2017, 19, 702-708. [CrossRef] [PubMed]

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]

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

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]
Gilroy, S.; Bialasek, M.; Suzuki, N.; Gérecka, M.; Devireddy, A.R.; Karpiniski, S.; Mittler, R. ROS, Calcium, and Electric Signals:
Key Mediators of Rapid Systemic Signaling in Plants. Plant Physiol. 2016, 171, 1606-1615. [CrossRef]

Szechyriska-Hebda, M.; Lewandowska, M.; Karpiriski, S. Electrical Signaling, Photosynthesis and Systemic Acquired Acclimation.
Front. Physiol. 2017, 8, 684. [CrossRef]

Garcfa-Servin, M. A.; Mendoza-Sanchez, M.; Contreras-Medina, L.M. Electrical Signals as an Option of Communication with
Plants: A Review. Theor. Exp. Plant Physiol. 2021, 33, 125-139. [CrossRef]

Li, J.-H.; Fan, L.-F,; Zhao, D.-].; Zhou, Q.; Yao, ].-P.; Wang, Z.-Y.; Huang, L. Plant Electrical Signals: A Multidisciplinary Challenge.
J. Plant Physiol. 2021, 261, 153418. [CrossRef]

Stahlberg, R.; Cleland, R.E.; Van Volkenburgh, E. Slow Wave Potentials—A Propagating Electrical Signal Unique to Higher
Plants. In Communication in Plants; Baluska, F,, Mancuso, S., Volkmann, D., Eds.; Springer: Berlin/Heidelberg, Germany, 2006; pp.
291-308. [CrossRef]

Barlow, P.W. Reflections on ‘Plant Neurobiology’. Biosystems 2008, 92, 132-147. [CrossRef]

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]

Staves, M.; Wayne, R. The Touch-Induced Action Potential in Chara: Inquiry into the Ionic Basis and the Mechanoreceptor. Funct.
Plant Biol. 1993, 20, 471. [CrossRef]

Yan, X.; Wang, Z.; Huang, L.; Wang, C.; Hou, R.; Xu, Z.; Qiao, X. Research Progress on Electrical Signals in Higher Plants. Prog.
Nat. Sci. 2009, 19, 531-541. [CrossRef]

Kupisz, K.; Dziubiniska, H.; Trebacz, K. Generation of Action Potential-Type Changes in Response to Darkening and Illumination
as Indication of the Plasma Membrane Proton Pump Status in Marchantia Polymorpha. Acta Physiol. Plant 2017, 39, 82. [CrossRef]
Fromm, J.; Lautner, S. Electrical Signals and Their Physiological Significance in Plants. Plant Cell Environ. 2007, 30, 249-257.
[CrossRef]

Lautner, S.; Grams, T.E.E.; Matyssek, R.; Fromm, ]. Characteristics of Electrical Signals in Poplar and Responses in Photosynthesis.
Plant Physiol. 2005, 138, 2200-2209. [CrossRef]

Baluska, F. (Ed.) Long-Distance Systemic Signaling and Communication in Plants; Signaling and Communication in Plants; Springer:
Berlin/Heidelberg, Germany, 2013; Volume 19. [CrossRef]

Klejchova, M,; Silva-Alvim, EA.L.; Blatt, M.R.; Alvim, J.C. Membrane Voltage as a Dynamic Platform for Spatiotemporal Signaling,
Physiological, and Developmental Regulation. Plant Physiol. 2021, 185, 1523-1541. [CrossRef]

Zimmermann, M.R.; Maischak, H.; Mithofer, A.; Boland, W.; Felle, H.H. System Potentials, a Novel Electrical Long-Distance
Apoplastic Signal in Plants, Induced by Wounding. Plant Physiol. 2009, 149, 1593-1600. [CrossRef]

Zimmermann, M.R.; Mithofer, A.; Will, T.; Felle, H.H.; Furch, A.C.U. Herbivore-Triggered Electrophysiological Reactions:
Candidates for Systemic Signals in Higher Plants and the Challenge of Their Identification. Plant Physiol. 2016, 170, 2407-2419.
[CrossRef]

Yudina, L.; Sukhova, E.; Popova, A.; Zolin, Y.; Abasheva, K.; Grebneva, K.; Sukhov, V. Local Action of Moderate Heating and
Ilumination Induces Propagation of Hyperpolarization Electrical Signals in Wheat Plants. Front. Sustain. Food Syst. 2023, 6,
1062449. [CrossRef]

Yudina, L.; Popova, A.; Zolin, Y.; Sukhova, E.; Sukhov, V. Local Action of Increased Pressure Induces Hyperpolarization Electrical
Signals and Influences Photosynthetic Light Reactions in Wheat Plants. Plants 2023, 12, 2570. [CrossRef] [PubMed]

Yudina, L.; Sukhova, E.; Popova, A.; Zolin, Y.; Abasheva, K.; Grebneva, K.; Sukhov, V. Hyperpolarization Electrical Signals
Induced by Local Action of Moderate Heating Influence Photosynthetic Light Reactions in Wheat Plants. Front. Plant Sci. 2023,
14,1153731. [CrossRef] [PubMed]

Yudina, L.; Popova, A.; Zolin, Y.; Grebneva, K.; Sukhova, E.; Sukhov, V. Local Action of Moderate Heating and Illumination
Induces Electrical Signals, Suppresses Photosynthetic Light Reactions, and Increases Drought Tolerance in Wheat Plants. Plants
2024, 13, 1173. [CrossRef] [PubMed]


https://doi.org/10.3390/bios8030083
https://www.ncbi.nlm.nih.gov/pubmed/30201898
https://doi.org/10.1111/plb.12576
https://www.ncbi.nlm.nih.gov/pubmed/28449392
https://doi.org/10.1016/j.compag.2020.105464
https://doi.org/10.1016/j.bioelechem.2020.107493
https://doi.org/10.1080/15592324.2024.2333144
https://doi.org/10.1104/pp.16.00434
https://doi.org/10.3389/fphys.2017.00684
https://doi.org/10.1007/s40626-021-00203-3
https://doi.org/10.1016/j.jplph.2021.153418
https://doi.org/10.1007/978-3-540-28516-8_20
https://doi.org/10.1016/j.biosystems.2008.01.004
https://doi.org/10.1111/nph.16646
https://www.ncbi.nlm.nih.gov/pubmed/32392391
https://doi.org/10.1071/PP9930471
https://doi.org/10.1016/j.pnsc.2008.08.009
https://doi.org/10.1007/s11738-017-2378-9
https://doi.org/10.1111/j.1365-3040.2006.01614.x
https://doi.org/10.1104/pp.105.064196
https://doi.org/10.1007/978-3-642-36470-9
https://doi.org/10.1093/plphys/kiab032
https://doi.org/10.1104/pp.108.133884
https://doi.org/10.1104/pp.15.01736
https://doi.org/10.3389/fsufs.2022.1062449
https://doi.org/10.3390/plants12132570
https://www.ncbi.nlm.nih.gov/pubmed/37447131
https://doi.org/10.3389/fpls.2023.1153731
https://www.ncbi.nlm.nih.gov/pubmed/37089652
https://doi.org/10.3390/plants13091173
https://www.ncbi.nlm.nih.gov/pubmed/38732388

Plants 2025, 14, 1500 14 of 18

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.

62.

63.

64.

Sukhova, EM.; Yudina, L.M.; Sukhov, V.S. Changes in Activity of the Plasma Membrane H*-ATPase as a Link Between Formation
of Electrical Signals and Induction of Photosynthetic Responses in Higher Plants. Biochemistry 2023, 88, 1488-1503. [CrossRef]
Vodeneev, V.; Akinchits, E.; Sukhov, V. Variation Potential in Higher Plants: Mechanisms of Generation and Propagation. Plant
Signal. Behav. 2015, 10, €1057365. [CrossRef]

Malone, M. Wound-induced Hydraulic Signals and Stimulus Transmission in Mimosa pudica L. New Phytol. 1994, 128, 49-56.
[CrossRef]

Wildon, D.C.; Thain, J.E; Minchin, PE.H.; Gubb, LR,; Reilly, A.].; Skipper, Y.D.; Doherty, H.M.; O’Donnell, PJ.; Bowles, D.J.
Electrical Signalling and Systemic Proteinase Inhibitor Induction in the Wounded Plant. Nature 1992, 360, 62-65. [CrossRef]
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]

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]

Bialasek, M.; Gérecka, M.; Mittler, R.; Karpinski, S. Evidence for the Involvement of Electrical, Calcium and ROS Signaling in the
Systemic Regulation of Non-Photochemical Quenching and Photosynthesis. Plant Cell Physiol. 2017, 58, 207-215. [CrossRef]
Furch, A.C.U.; Zimmermann, M.R.; Will, T.; Hafke, ].B.; Van Bel, A.J.E. Remote-Controlled Stop of Phloem Mass Flow by Biphasic
Occlusion in Cucurbita Maxima. J. Exp. Bot. 2010, 61, 3697-3708. [CrossRef] [PubMed]

Van Bel, A J.E.; Furch, A.C.U,; Will, T.; Buxa, S.V.; Musetti, R.; Hafke, ].B. Spread the News: Systemic Dissemination and Local
Impact of Ca2t Signals along the Phloem Pathway. J. Exp. Bot. 2014, 65, 1761-1787. [CrossRef] [PubMed]

Lautner, S.; Stummer, M.; Matyssek, R.; Fromm, J.; Grams, T.E.E. Involvement of Respiratory Processes in the Transient Knockout
of Net CO, Uptake in Mimosa Pudica upon Heat Stimulation. Plant Cell Environ. 2014, 37, 254-260. [CrossRef] [PubMed]

Kaiser, H.; Grams, T.E.E. Rapid Hydropassive Opening and Subsequent Active Stomatal Closure Follow Heat-Induced Electrical
Signals in Mimosa pudica*. . Exp. Bot. 2006, 57, 2087-2092. [CrossRef]

Retivin, V.G.; Opritov, V.A,; Fedulina, S.B. Generation of Action Potential Induces Preadaptation of Cucurbita pepo L. Stem Tissues
to Freezing Injury. Russ. J. Plant Physiol. 1997, 44, 432-442.

Retivin, V.G.; Opritov, V.A.; Lobov, S.A.; Tarakanov, S.A.; Khudyakov, V.A. Changes in the Resistance of Photosynthesizing
Cotyledon Cells of Pumpkin Seedlings to Cooling and Heating, as Induced by the Stimulation of the Root System with KCl
Solution. Russ. J. Plant Physiol. 1999, 46, 689-696.

Szechyniska-Hebda, M.; Kruk, J.; Gérecka, M.; Karpiriska, B.; Karpiniski, S. Evidence for Light Wavelength-Specific Photoelectro-
physiological Signaling and Memory of Excess Light Episodes in Arabidopsis. Plant Cell 2010, 22, 2201-2218. [CrossRef]

Sukhov, V,; Surova, L.; Sherstneva, O.; Bushueva, A.; Vodeneev, V. Variation Potential Induces Decreased PSI Damage and
Increased PSII Damage under High External Temperatures in Pea. Funct. Plant Biol. 2015, 42, 727. [CrossRef]

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]

Grinberg, M.A.; Gudkov, S5.V; Balalaeva, 1.V.; Gromova, E.; Sinitsyna, Y.; Sukhov, V.; Vodeneev, V. Effect of Chronic 3-Radiation
on Long-Distance Electrical Signals in Wheat and Their Role in Adaptation to Heat Stress. Environ. Exp. Bot. 2021, 184, 104378.
[CrossRef]

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]
[PubMed]

Grams, T.E.E.; Lautner, S.; Felle, H.H.; Matyssek, R.; Fromm, J. Heat-induced Electrical Signals Affect Cytoplasmic and Apoplastic
pH as Well as Photosynthesis during Propagation through the Maize Leaf. Plant Cell Environ. 2009, 32, 319-326. [CrossRef]
Mudrilov, M.; Ladeynova, M.; Grinberg, M.; Balalaeva, I.; Vodeneev, V. Electrical Signaling of Plants under Abiotic Stressors:
Transmission of Stimulus-Specific Information. Int. J. Mol. Sci. 2021, 22, 10715. [CrossRef] [PubMed]

Zhao, D.-J.; Wang, Z.-Y.; Li, ].; Wen, X,; Liu, A.; Huang, L.; Wang, X.-D.; Hou, R.-F.; Wang, C. Recording Extracellular Signals in
Plants: A Modeling and Experimental Study. Math. Comput. Model. 2013, 58, 556-563. [CrossRef]

Calvo, P; Gagliano, M.; Souza, G.M.; Trewavas, A. Plants Are Intelligent, Here’s How. Ann. Bot. 2020, 125, 11-28. [CrossRef]
Gonzélez Jucla, D.I; 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]

Wang, Z.-Y.; Leng, Q.; Huang, L.; Zhao, L.-L.; Xu, Z.-L.; Hou, R.-F,; Wang, C. Monitoring System for Electrical Signals in Plants in
the Greenhouse and Its Applications. Biosyst. Eng. 2009, 103, 1-11. [CrossRef]

Oyarce, P.; Gurovich, L. Electrical Signals in Avocado Trees: Responses to Light and Water Availability Conditions. Plant Signal.
Behav. 2010, 5, 34—41. [CrossRef]

Vuralhan-Eckert, J.; Lautner, S.; Fromm, ]. Effect of Simultaneously Induced Environmental Stimuli on Electrical Signalling and
Gas Exchange in Maize Plants. . Plant Physiol. 2018, 223, 32-36. [CrossRef]


https://doi.org/10.1134/S0006297923100061
https://doi.org/10.1080/15592324.2015.1057365
https://doi.org/10.1111/j.1469-8137.1994.tb03985.x
https://doi.org/10.1038/360062a0
https://doi.org/10.1038/nature12478
https://doi.org/10.1073/pnas.1907379116
https://doi.org/10.1093/pcp/pcw232
https://doi.org/10.1093/jxb/erq181
https://www.ncbi.nlm.nih.gov/pubmed/20584788
https://doi.org/10.1093/jxb/ert425
https://www.ncbi.nlm.nih.gov/pubmed/24482370
https://doi.org/10.1111/pce.12150
https://www.ncbi.nlm.nih.gov/pubmed/23763645
https://doi.org/10.1093/jxb/erj165
https://doi.org/10.1105/tpc.109.069302
https://doi.org/10.1071/FP15052
https://doi.org/10.1073/pnas.2005077117
https://doi.org/10.1016/j.envexpbot.2021.104378
https://doi.org/10.3390/plants9111585
https://www.ncbi.nlm.nih.gov/pubmed/33207655
https://doi.org/10.1111/j.1365-3040.2008.01922.x
https://doi.org/10.3390/ijms221910715
https://www.ncbi.nlm.nih.gov/pubmed/34639056
https://doi.org/10.1016/j.mcm.2011.10.065
https://doi.org/10.1093/aob/mcz155
https://doi.org/10.1038/s41598-023-36683-3
https://doi.org/10.1016/j.biosystemseng.2009.01.013
https://doi.org/10.4161/psb.5.1.10157
https://doi.org/10.1016/j.jplph.2018.02.003

Plants 2025, 14, 1500 15 0f 18

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Cooper, R.L.; Thomas, M.A.; Vascassenno, R.M.; Brock, K.E.; McLetchie, D.N. Measuring Electrical Responses during Acute
Exposure of Roots and Rhizoids of Plants to Compounds Using a Flow-Through System. Methods Protoc. 2022, 5, 62. [CrossRef]
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]

Wang, G.; Hu, C.; Zhou, J.; Liu, Y,; Caj, ].; Pan, C.; Wang, Y.; Wu, X,; Shi, K,; Xia, X,; et al. Systemic Root-Shoot Signaling Drives
Jasmonate-Based Root Defense against Nematodes. Curr. Biol. 2019, 29, 3430-3438.e4. [CrossRef] [PubMed]

Zimmermann, M.R,; Felle, H.H. Dissection of Heat-Induced Systemic Signals: Superiority of Ion Fluxes to Voltage Changes in
Substomatal Cavities. Planta 2009, 229, 539-547. [CrossRef] [PubMed]

Hafke, ].B.; Furch, A.C.U,; Fricker, M.D.; Van Bel, A J.E. Forisome Dispersion in Vicia faba Is Triggered by Ca?+ Hotspots Created
by Concerted Action of Diverse CaZ* Channels in Sieve Element. Plant Signal. Behav. 2009, 4, 968-972. [CrossRef] [PubMed]
Saraiva, G.ER.; Ferreira, A.S.; Souza, G.M. Beyond APs and VPs: Evidences of Chaos and Self-Organized Criticality in Electrical
Signals in Plants. bioRxiv 2016. [CrossRef]

Zhou, J.; Fan, P; Zhou, S.; Pan, Y.; Ping, J. Machine Learning-Assisted Implantable Plant Electrophysiology Microneedle Sensor
for Plant Stress Monitoring. Biosens. Bioelectron. 2025, 271, 117062. [CrossRef]

Krol, E.; Dziubinska, H.; Stolarz, M.; Trebacz, K. Effects of Ion Channel Inhibitors on Cold- and Electrically-Induced Action
Potentials in Dionaea muscipula. Biol. Plant. 2006, 50, 411-416. [CrossRef]

Opritov, V.A,; Lobov, S.A.; Pyatygin, S.S.; Mysyagin, S.A. Analysis of Possible Involvement of Local Bioelectric Responses in
Chilling Perception by Higher Plants Exemplified by Cucurbita pepo. Russ. J. Plant Physiol. 2005, 52, 801-808. [CrossRef]
Pikulenko, M.M.; Bulychev, A.A. Light-Triggered Action Potentials and Changes in Quantum Efficiency of Photosystem II in
Anthoceros Cells. Russ. J. Plant Physiol. 2005, 52, 584-590. [CrossRef]

Nishizaki, Y. Rhythmic Changes in the Resting Potential of a Single Plant Cell. Plant Cell Physiol. 1968, 9, 613—616. [CrossRef]
Pickard, B.G. Electrical Signals in Higher Plants. Naturwissenschaften 1974, 61, 60-64. [CrossRef]

Fisahn, J.; Mcconnaughey, T.; Lucas, W.]J. Oscillations in Extracellular Current, External pH and Membrane Potential and
Conductance in the Alkaline Bands of Nitella and Chara. ]. Exp. Bot. 1989, 40, 1185-1193. [CrossRef]

Debono, M.-W. Dynamic Protoneural Networks in Plants: A New Approach of Spontaneous Extracellular Potential Variations.
Plant Signal. Behav. 2013, 8, €24207. [CrossRef] [PubMed]

Toko, K.; Souda, M.; Matsuno, T.; Yamafuji, K. Oscillations of Electrical Potential along a Root of a Higher Plant. Biophys. J. 1990,
57,269-279. [CrossRef] [PubMed]

Shabala, S. Physiological Implications of Ultradian Oscillations in Plant Roots. In Roots: The Dynamic Interface Between Plants and
the Earth; Abe, J., Ed.; Springer: Dordrecht, The Netherlands, 2003; pp. 217-226. [CrossRef]

Damineli, D.S.C.; Portes, M.T.; Feij6, ].A. Electrifying Rhythms in Plant Cells. Curr. Opin. Cell Biol. 2022, 77,102113. [CrossRef]
Wang, Z.-Y.; Qin, X.-H.; Li, ].-H.; Fan, L.-E; Zhou, Q.; Wang, Y.-Q.; Zhao, X,; Xie, C.-].; Wang, Z.-Y.; Huang, L. Highly Reproducible
Periodic Electrical Potential Changes Associated with Salt Tolerance in Wheat Plants. Environ. Exp. Bot. 2019, 160, 120-130.
[CrossRef]

Yao, J.; Ling, Y,; Hou, P; Wang, Z.; Huang, L. A Graph Neural Network Model for Deciphering the Biological Mechanisms of
Plant Electrical Signal Classification. Appl. Soft Comput. 2023, 137, 110153. [CrossRef]

Novak, B.; Greppin, H. High-Frequency Oscillations and Circadian Rhythm of the Membrane Potential in Spinach Leaves. Planta
1979, 144, 235-240. [CrossRef]

Kollist, H.; Zandalinas, S.I.; Sengupta, S.; Nuhkat, M.; Kangasjarvi, J.; Mittler, R. Rapid Responses to Abiotic Stress: Priming the
Landscape for the Signal Transduction Network. Trends Plant Sci. 2019, 24, 25-37. [CrossRef]

Debono, M.-W. The Cognitive Power of Plants: From Mesological Plasticity to Non-Explicit Cognitive Skills. Theor. Exp. Plant
Physiol. 2024, 36, 477-490. [CrossRef]

Costa, A.V.L.; Oliveira, T.ED.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] [PubMed]

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

Salvador-Recatala, V.; Tjallingii, W.F. A New Application of the Electrical Penetration Graph (EPG) for Acquiring and Measuring
Electrical Signals in Phloem Sieve Elements. JoVE 2015, 101, 52826. [CrossRef]

Furch, A.C.U.; Zimmermann, M.R.; Will, T. Measurement of Electropotential Waves in Intact Sieve Elements Using Aphids as
Bioelectrodes. In Phloem; Liesche, J., Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2019; Volume 2014, pp.
449-457. [CrossRef]

Cooper, R.L.; Thomas, M.A.; McLetchie, D.N. Impedance Measures for Detecting Electrical Responses during Acute Injury and
Exposure of Compounds to Roots of Plants. Methods Protoc. 2022, 5, 56. [CrossRef]


https://doi.org/10.3390/mps5040062
https://doi.org/10.1088/1748-3190/acbad2
https://doi.org/10.1016/j.cub.2019.08.049
https://www.ncbi.nlm.nih.gov/pubmed/31588001
https://doi.org/10.1007/s00425-008-0850-x
https://www.ncbi.nlm.nih.gov/pubmed/19011895
https://doi.org/10.4161/psb.4.10.9671
https://www.ncbi.nlm.nih.gov/pubmed/19826217
https://doi.org/10.1101/064790
https://doi.org/10.1016/j.bios.2024.117062
https://doi.org/10.1007/s10535-006-0058-5
https://doi.org/10.1007/s11183-005-0118-2
https://doi.org/10.1007/s11183-005-0087-5
https://doi.org/10.1093/oxfordjournals.pcp.a079383
https://doi.org/10.1007/BF00596196
https://doi.org/10.1093/jxb/40.11.1185
https://doi.org/10.4161/psb.24207
https://www.ncbi.nlm.nih.gov/pubmed/23603975
https://doi.org/10.1016/S0006-3495(90)82529-7
https://www.ncbi.nlm.nih.gov/pubmed/19431754
https://doi.org/10.1007/978-94-017-2923-9_21
https://doi.org/10.1016/j.ceb.2022.102113
https://doi.org/10.1016/j.envexpbot.2019.01.014
https://doi.org/10.1016/j.asoc.2023.110153
https://doi.org/10.1007/BF00388764
https://doi.org/10.1016/j.tplants.2018.10.003
https://doi.org/10.1007/s40626-024-00332-5
https://doi.org/10.3390/plants12040924
https://www.ncbi.nlm.nih.gov/pubmed/36840271
https://doi.org/10.1371/journal.pone.0285321
https://www.ncbi.nlm.nih.gov/pubmed/37141215
https://doi.org/10.3791/52826
https://doi.org/10.1007/978-1-4939-9562-2_35
https://doi.org/10.3390/mps5040056

Plants 2025, 14, 1500 16 of 18

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Miller, A.J.; Cookson, S.J.; Smith, S.J.; Wells, D.M. The Use of Microelectrodes to Investigate Compartmentation and the Transport
of Metabolized Inorganic Ions in Plants. J. Exp. Bot. 2001, 52, 541-549. [CrossRef]

Fromm, J.; Hajirezaei, M.-R.; Becker, VK.; Lautner, S. Electrical Signaling along the Phloem and Its Physiological Responses in the
Maize Leaf. Front. Plant Sci. 2013, 4, 239. [CrossRef]

Zimmermann, M.R.; Hafke, ].B.; Paulmann, M.K.; Furch, A.C.U. Measurement of Electropotential Waves in Intact Phloem Sieve
Elements Using Microelectrodes. In Phloem; Liesche, ]., Ed.; Methods in Molecular Biology; Springer: New York, NY, USA, 2019;
Volume 2014, pp. 439—447. [CrossRef]

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]

Stankovi¢, B.; Davies, E. Both Action Potentials and Variation Potentials Induce Proteinase Inhibitor Gene Expression in Tomato.
FEBS Lett. 1996, 390, 275-279. [CrossRef]

Cabral, E.F; Pecora, P.C.; Arce, A.I.C.; Tech, A.R.B.; Costa, E.J.X. The Oscillatory Bioelectrical Signal from Plants Explained by a
Simulated Electrical Model and Tested Using Lempel-Ziv Complexity. Comput. Electron. Agric. 2011, 76, 1-5. [CrossRef]

Masi, E.; Azzarello, E.; Mancuso, S. Multielectrode Array: A New Approach to Plant Electrophysiology. In Plant Electrophysiology;
Volkov, A.G., Ed.; Springer: Berlin/Heidelberg, Germany, 2012; pp. 187-204. [CrossRef]

Zhao, D.-].; Wang, Z.-Y.; Huang, L.; Jia, Y.-P; Leng, ].Q. Spatio-Temporal Mapping of Variation Potentials in Leaves of Helianthus
annuus L. Seedlings in Situ Using Multi-Electrode Array. Sci. Rep. 2014, 4, 5435. [CrossRef]

Armada-Moreira, A.; Dar, A.M.; Zhao, Z.; Cea, C.; Gelinas, ].; Berggren, M.; Costa, A.; Khodagholy, D.; Stavrinidou, E. Plant
Electrophysiology with Conformable Organic Electronics: Deciphering the Propagation of Venus Flytrap Action Potentials. Sci.
Adv. 2023, 9, eadh4443. [CrossRef] [PubMed]

Favre, P.; Agosti, R.D. Voltage-dependent Action Potentials in Arabidopsis thaliana. Physiol. Plant. 2007, 131, 263-272. [CrossRef]
[PubMed]

Favre, P.; Greppin, H.; Degli Agosti, R. Accession-Dependent Action Potentials in Arabidopsis. J. Plant Physiol. 2011, 168, 653—-660.
[CrossRef] [PubMed]

Ding, J.; Wang, L.; Li, H.; Li, D. Studies On the Weak Electric Wave Signals of Plants by the Wavelet Analysis. In Proceedings
of the 2007 Chinese Control Conference, Zhangjiajie, China, 26-31 July 2007; IEEE: Piscataway, NJ, USA, 2006; pp. 104-107.
[CrossRef]

Das, S.; Ajiwibawa, B.J.; Chatterjee, S.K.; Ghosh, S.; Maharatna, K.; Dasmahapatra, S.; Vitaletti, A.; Masi, E.; Mancuso, S. Drift
Removal in Plant Electrical Signals via IIR Filtering Using Wavelet Energy. Comput. Electron. Agric. 2015, 118, 15-23. [CrossRef]
Addison, P.S. Wavelet Transforms and the ECG: A Review. Physiol. Meas. 2005, 26, R155-R199. [CrossRef]

Quotb, A.; Bornat, Y.; Renaud, S. Wavelet Transform for Real-Time Detection of Action Potentials in Neural Signals. Front.
Neuroeng. 2011, 4, 7. [CrossRef]

Sai, K.; Sood, N.; Saini, I. Classification of Various Nutrient Deficiencies in Tomato Plants through Electrophysiological Signal
Decomposition and Sample Space Reduction. Plant Physiol. Biochem. 2022, 186, 266-278. [CrossRef]

Gardiner, J. Insights into Plant Consciousness from Neuroscience, Physics and Mathematics: A Role for Quasicrystals? Plant
Signal. Behav. 2012, 7, 1049-1055. [CrossRef]

Reissig, G.N.; Oliveira, TED.C,; Oliveira, R.P.D.; Posso, D.A,; Parise, A.G.; Nava, D.E.; Souza, G.M. Fruit Herbivory Alters Plant
Electrome: Evidence for Fruit-Shoot Long-Distance Electrical Signaling in Tomato Plants. Front. Sustain. Food Syst. 2021, 5, 657401.
[CrossRef]

Zaiosc Simmi, F; José Dallagnol, L.; Oliveira Almeida, R.; Da Rosa Dorneles, K.; Maia Souza, G. Barley Systemic Bioelectrical
Changes Detect Pathogenic Infection Days before the First Disease Symptoms. Comput. Electron. Agric. 2023, 209, 107832.
[CrossRef]

Parise, A.G.; Reissig, G.N.; Basso, L.F.; Senko, L.G.S.; Oliveira, TED.C.; De Toledo, G.R.A ; Ferreira, A.S.; Souza, G.M. Detection
of Different Hosts from a Distance Alters the Behaviour and Bioelectrical Activity of Cuscuta racemosa. Front. Plant Sci. 2021,
12,594195. [CrossRef] [PubMed]

Gensler, W. Bioelectric Potentials and Their Relation to Growth in Higher Plants. Ann. N. Y. Acad. Sci. 1974, 238, 280-299.
[CrossRef]

Reissig, G.N.; Oliveira, TED.C.; Costa, AVL.; Parise, A.G.; Pereira, D.R.; Souza, G.M. Machine Learning for Automatic
Classification of Tomato Ripening Stages Using Electrophysiological Recordings. Front. Sustain. Food Syst. 2021, 5, 696829.
[CrossRef]

Nagarajan, R. Quantifying Physiological Data with Lempel-Ziv Complexity-Certain Issues. IEEE Trans. Biomed. Eng. 2002, 49,
1371-1373. [CrossRef] [PubMed]

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]


https://doi.org/10.1093/jexbot/52.356.541
https://doi.org/10.3389/fpls.2013.00239
https://doi.org/10.1007/978-1-4939-9562-2_34
https://doi.org/10.3390/app11041414
https://doi.org/10.1016/0014-5793(96)00672-2
https://doi.org/10.1016/j.compag.2010.12.001
https://doi.org/10.1007/978-3-642-29119-7_8
https://doi.org/10.1038/srep05435
https://doi.org/10.1126/sciadv.adh4443
https://www.ncbi.nlm.nih.gov/pubmed/37494449
https://doi.org/10.1111/j.1399-3054.2007.00954.x
https://www.ncbi.nlm.nih.gov/pubmed/18251897
https://doi.org/10.1016/j.jplph.2010.09.014
https://www.ncbi.nlm.nih.gov/pubmed/21112666
https://doi.org/10.1109/CHICC.2006.4346914
https://doi.org/10.1016/j.compag.2015.08.013
https://doi.org/10.1088/0967-3334/26/5/R01
https://doi.org/10.3389/fneng.2011.00007
https://doi.org/10.1016/j.plaphy.2022.07.022
https://doi.org/10.4161/psb.21325
https://doi.org/10.3389/fsufs.2021.657401
https://doi.org/10.1016/j.compag.2023.107832
https://doi.org/10.3389/fpls.2021.594195
https://www.ncbi.nlm.nih.gov/pubmed/33815431
https://doi.org/10.1111/j.1749-6632.1974.tb26797.x
https://doi.org/10.3389/fsufs.2021.696829
https://doi.org/10.1109/TBME.2002.804582
https://www.ncbi.nlm.nih.gov/pubmed/12450368
https://doi.org/10.1038/s41598-019-53675-4

Plants 2025, 14, 1500 17 of 18

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Shabala, S. Heterogeneity in Bean Leaf Mesophyll Tissue and Ion Flux Profiles: Leaf Electrophysiological Characteristics Correlate
with the Anatomical Structure. Ann. Bot. 2002, 89, 221-226. [CrossRef]

Sukhova, E.; Ratnitsyna, D.; Sukhov, V. Stochastic Spatial Heterogeneity in Activities of H"-ATP-Ases in Electrically Connected
Plant Cells Decreases Threshold for Cooling-Induced Electrical Responses. Int. . Mol. Sci. 2021, 22, 8254. [CrossRef]

Sukhova, E.; Akinchits, E.; Sukhov, V. Mathematical Models of Electrical Activity in Plants. J. Membr. Biol. 2017, 250, 407-423.
[CrossRef]

Mummert, H.; Gradmann, D. Action Potentials in Acetabularia: Measurement and Simulation of Voltage-Gated Fluxes. ]. Membr.
Biol. 1991, 124, 265-273. [CrossRef]

Sukhov, V.; Vodeneev, V. A Mathematical Model of Action Potential in Cells of Vascular Plants. . Membr. Biol. 2009, 232, 59-67.
[CrossRef]

Jane Beilby, M.; Al Khazaaly, S. Re-Modeling Chara Action Potential: I. from Thiel Model of Ca?* Transient to Action Potential
Form. AIMS Biophys. 2016, 3, 431-449. [CrossRef]

Jane Beilby, M.; Al Khazaaly, S. Re-Modeling Chara Action Potential: II. The Action Potential Form under Salinity Stress. AIMS
Biophys. 2017, 4, 298-315. [CrossRef]

Novikova, E.M.; Vodeneev, V.A.; Sukhov, V.S. Mathematical Model of Action Potential in Higher Plants with Account for the
Involvement of Vacuole in the Electrical Signal Generation. Biochem. Moscow Suppl. Ser. A 2017, 11, 151-167. [CrossRef]

Cuin, T; Dreyer, I.; Michard, E. The Role of Potassium Channels in Arabidopsis Thaliana Long Distance Electrical Signalling:
AKT2 Modulates Tissue Excitability While GORK Shapes Action Potentials. Int. J. Mol. Sci. 2018, 19, 926. [CrossRef]

Sukhov, V.; Akinchits, E.; Katicheva, L.; Vodeneev, V. Simulation of Variation Potential in Higher Plant Cells. . Membr. Biol. 2013,
246, 287-296. [CrossRef]

Sukhov, VS,; Sukhova, E.M,; Ratnitsyna, D.A.; Grinberg, M.A.; Yudina, L.M.; Vodeneev, V.A. Theoretical Analysis of the Influence
of Fluctuations in the Activity of the Plasma Membrane H*-ATPase on Low-Temperature-Induced Electrical Responses in a Plant
Cell. Biochem. Moscow Suppl. Ser. A 2020, 14, 298-309. [CrossRef]

Gradmann, D.; Blatt, M.R.; Thiel, G. Electrocoupling of Ion Transporters in Plants. J. Membr. Biol. 1993, 136, 327-332. [CrossRef]
Gradmann, D.; Hoffstadt, J. Electrocoupling of Ion Transporters in Plants: Interaction with Internal Ion Concentrations. J. Membr.
Biol. 1998, 166, 51-59. [CrossRef]

Gradmann, D. Impact of Apoplast Volume on Ionic Relations in Plant Cells. . Membr. Biol. 2001, 184, 61-69. [CrossRef]
Gradmann, D. Models for Oscillations in Plants. Funct. Plant Biol. 2001, 28, 577. [CrossRef]

Shabala, S.; Shabala, L.; Gradmann, D.; Chen, Z.; Newman, I.; Mancuso, S. Oscillations in Plant Membrane Transport: Model
Predictions, Experimental Validation, and Physiological Implications. . Exp. Bot. 2006, 57, 171-184. [CrossRef] [PubMed]
Garkusha, I.V,; Petrov, V.A; Vasiliev, V.A.; Romanovsky, Y.M. Propagating of Bioelectric Potentials in Green Plants” Conducting
System: Mathematical Modeling and Experiment. In Proceedings of the Saratov Fall Meeting 2001: Optical Technologies in
Biophysics and Medicine III, Saratov, Russia, 2-5 October 2001; pp. 384-394. [CrossRef]

Sukhov, V.; Nerush, V.; Orlova, L.; Vodeneev, V. Simulation of Action Potential Propagation in Plants. J. Theor. Biol. 2011, 291,
47-55. [CrossRef] [PubMed]

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

Blyth, M.G.; Morris, R.J. Shear-Enhanced Dispersion of a Wound Substance as a Candidate Mechanism for Variation Potential
Transmission. Front. Plant Sci. 2019, 10, 1393. [CrossRef] [PubMed]

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]
Awan, H.; Adve, R.S.; Wallbridge, N.; Plummer, C.; Eckford, A.W. Communication and Information Theory of Single Action
Potential Signals in Plants. IEEE Trans. Nanobiosci. 2019, 18, 61-73. [CrossRef]

Awan, H.; Zeid, K.; Adve, R.S.; Wallbridge, N.; Plummer, C.; Eckford, A.W. Communication in Plants: Comparison of Multiple
Action Potential and Mechanosensitive Signals With Experiments. IEEE Trans. Nanobiosci. 2020, 19, 213-223. [CrossRef]

Awan, H.; Adve, R.S.; Wallbridge, N.; Plummer, C.; Eckford, A.W. Information Theoretic Based Comparative Analysis of Different
Communication Signals in Plants. IEEE Access 2019, 7, 117075-117087. [CrossRef]

Sukhova, E.; Ratnitsyna, D.; Sukhov, V. Simulated Analysis of Influence of Changes in H*-ATPase Activity and Membrane CO,
Conductance on Parameters of Photosynthetic Assimilation in Leaves. Plants 2022, 11, 3435. [CrossRef]

Chen, Z.-H.; Hills, A.; Batz, U.; Amtmann, A.; Lew, V.L,; Blatt, M.R. Systems Dynamic Modeling of the Stomatal Guard Cell
Predicts Emergent Behaviors in Transport, Signaling, and Volume Control. Plant Physiol. 2012, 159, 1235-1251. [CrossRef]

Hills, A.; Chen, Z.-H.; Amtmann, A.; Blatt, M.R.; Lew, V.L. OnGuard, a Computational Platform for Quantitative Kinetic Modeling
of Guard Cell Physiology. Plant Physiol. 2012, 159, 1026-1042. [CrossRef]


https://doi.org/10.1093/aob/mcf029
https://doi.org/10.3390/ijms22158254
https://doi.org/10.1007/s00232-017-9969-7
https://doi.org/10.1007/BF01994359
https://doi.org/10.1007/s00232-009-9218-9
https://doi.org/10.3934/biophy.2016.3.431
https://doi.org/10.3934/biophy.2017.2.298
https://doi.org/10.1134/S1990747817010068
https://doi.org/10.3390/ijms19040926
https://doi.org/10.1007/s00232-013-9529-8
https://doi.org/10.1134/S1990747820030125
https://doi.org/10.1007/BF00233671
https://doi.org/10.1007/s002329900446
https://doi.org/10.1007/s00232-001-0074-5
https://doi.org/10.1071/PP01017
https://doi.org/10.1093/jxb/erj022
https://www.ncbi.nlm.nih.gov/pubmed/16330526
https://doi.org/10.1117/12.475624
https://doi.org/10.1016/j.jtbi.2011.09.019
https://www.ncbi.nlm.nih.gov/pubmed/21959317
https://doi.org/10.1111/tpj.13624
https://doi.org/10.3389/fpls.2019.01393
https://www.ncbi.nlm.nih.gov/pubmed/31803200
https://doi.org/10.3390/plants10020372
https://doi.org/10.1109/TNB.2018.2880924
https://doi.org/10.1109/TNB.2019.2951289
https://doi.org/10.1109/ACCESS.2019.2933809
https://doi.org/10.3390/plants11243435
https://doi.org/10.1104/pp.112.197350
https://doi.org/10.1104/pp.112.197244

Plants 2025, 14, 1500 18 of 18

143.

144.

145.

146.

147.

Minguet-Parramona, C.; Wang, Y.; Hills, A.; Vialet-Chabrand, S.; Griffiths, H.; Rogers, S.; Lawson, T.; Lew, V.L.; Blatt, M.R. An
Optimal Frequency in Ca?* Oscillations for Stomatal Closure Is an Emergent Property of lon Transport in Guard Cells. Plant
Physiol. 2016, 170, 33—42. [CrossRef] [PubMed]

Gan, X.; Albert, R. Analysis of a Dynamic Model of Guard Cell Signaling Reveals the Stability of Signal Propagation. BMC Syst.
Biol. 2016, 10, 78. [CrossRef] [PubMed]

Parise, A.G.; De Toledo, G.R.A.; Oliveira, TED.C.; Souza, G.M.; Castiello, U.; Gagliano, M.; Marder, M. Do Plants Pay Attention?
A Possible Phenomenological-Empirical Approach. Prog. Biophys. Mol. Biol. 2022, 173, 11-23. [CrossRef] [PubMed]

Chen, Y,; Leng, Y.-N.; Zhu, E-Y.; Li, S.-E.; Song, T.; Zhang, ]. Water-Saving Techniques: Physiological Responses and Regulatory
Mechanisms of Crops. Adv. Biotechnol. 2023, 1, 3. [CrossRef]

Sha, S; Cai, G.; Liu, S.; Ahmed, M.A. Roots to the Rescue: How Plants Harness Hydraulic Redistribution to Survive Drought
across Contrasting Soil Textures. Adv. Biotechnol. 2024, 2, 43. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1104/pp.15.01607
https://www.ncbi.nlm.nih.gov/pubmed/26628748
https://doi.org/10.1186/s12918-016-0327-7
https://www.ncbi.nlm.nih.gov/pubmed/27542373
https://doi.org/10.1016/j.pbiomolbio.2022.05.008
https://www.ncbi.nlm.nih.gov/pubmed/35636584
https://doi.org/10.1007/s44307-023-00003-7
https://doi.org/10.1007/s44307-024-00050-8

	Introduction 
	Electrical Signals in Higher Plants: Brief Description 
	Limitations of Traditional Investigations of Electrical Signals and Plant ‘Electrome’ Concept 
	Methods of Measuring Electrical Activity and Approaches to Analyzing Electrome Parameters in Plants 
	Perspectives of Using Mathematical Models for Improving the Electrome Analysis 
	Conclusions 
	References

