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Abstract As plants are living forms that cannot
communicate their condition (stress, requirements) as
animals, they have been studied to find chemical or
physical signals that could help understand the plant
requirements for several purposes such as substances
and food production. Different research supports
electrical signals (ES) related to different stress
conditions in plants as damage or drought. Some
others have identified and classified these signals
generated by stress condition using diverse Artificial
intelligence (AI) techniques. Finally, some other
researches have used electricity as a stimulator
obtaining a response as chemical compounds produc-
tion, gene expression and growth-promoting. In a few
words, ES from plants can be interpreted, which could
also be sent back to plants. Based on the bibliographic
revision in this work, it is proposed that experiments
and research, where the ES serves to activate chemical
and physiological mechanisms or as elicitor, are
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required to consider the electrical signals as a possible
communication pathway with plants.
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1 Introduction

Nowadays, researchers can get information from the
plant, but also deliver a message to cause a change, for
example, gibberellins are a phytohormone that the
plant naturally produces, and it is related to dormancy
breaking in seeds; if this substance is applied exoge-
nously to seeds, they will break dormancy and
germinate (Cerabolini et al. 2004; Hedden 2019).
The presence of phytohormones and other substances
can help to determine the plant condition; neverthe-
less, the process to know if this substance is presented
will require the realization of experiments in the
laboratory, such as mass spectrometry (Delatorre et al.
2017; Wang et al. 2017; Simura et al. 2018) which
requires a plant sample, the application of expensive
reagents, special equipment and technicians prepared.

There are several possible information exchange
channels, such as mycorrhizal webs and the general
rhizosphere and roots relations; these channels were
detected in an experiment where plants of Vicia faba
were grown in association with Rhizophagus
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irregularis, a mycorrhizal fungus, and infested with
aphids (Acyrthosiphon pisum). The neighbor plants
that were not infested with aphids presented changes
in volatiles compounds, as the infested ones, 24 h later
(Babikova et al. 2013). Another possible communica-
tion channel is the release and caption of volatile
organic compounds (VOC), as it was seen in an
experiment where Populus tree leaves were scraped,
all the plants, with and without damage, shared the
same enclosure, and they had greater concentrations
and rates of synthesis of phenolic compounds (Bald-
win and Schultz 1983). Also, electromagnetic varia-
tions are seen as communication signals inside the
plant (de Toledo et al. 2019). For example, when Vicia
faba is burned or injured, a magnetic field occurs
simultaneously with a long-distance signaling process;
this signal provokes the synthesis of proteins that have
importance in the insect predator defense (Bowles
1990). Finally, the soil can work as a conductive
pathway for electrical signals (ES). It was demon-
strated in an experiment where Aloe vera plants were
electro-stimulated; the electrical signal was also
sensed in neighbor plants (Volkov and Shtessel
2017). ES have physiological roles in helping to
activate the leaf movement response in Mimosa,
Dionaea, and Drosera (Sibaoka 1991; Opritov et al.
1991; Fromm and Lautner 2007; Gallé et al. 2015),
pollination process in Lilium, Hibiscus, and Incarvil-
lea (Dziubinska 2003), and Reactive Oxygen Species
(ROS) production (Gilroy et al. 2016).

Other investigations evaluate methods to classify
some kinds of ES using artificial intelligence (AI) and
relate them to specific stress conditions to estimate or
diagnose plant conditions (Chen et al. 2016; Li et al.
2016; Pereira et al. 2018). As summary, ES have been
related to different types of stress and responses. Also,
there are techniques to classify the signals and use
them to know the plant condition in real-time;
nevertheless, ES has never been reproduced and been
applied to the plant. According to several authors, ES
can be associated with a plant condition just as happen
with phytohormones and other substances (Nadeem
et al. 2016; Egamberdieva et al. 2017; Chhaya et al.
2020); thus, the application of ES related to specific
stress or physiological process may induce a response
in the plants better than applying ES arbitrarily. This
work presents a revision of the literature where ES,
related to some stress, are used to know the plant
condition, and where ES is applied to plants to cause

@ Springer

positive effects; if the ES generate positive effects in
plants, it is called that ES generates eustress in plants
too. The manuscript principally shows types of stress-
related to ES, the caption and classification techniques
of ES measurement, and researches where electricity
has been applied to obtain benefits in plants.

2 Electrical signals related to stress conditions

Several studies that reveal that plants generate differ-
ent types of ES, being considered as the principals the
Action potentials (APs), the Variation potentials
(VPs), and the System potentials (SPs) (Sukhov
et al. 2019c). The ES will depend on the kind of
stimulus the plant is facing, like those listed in Table 1.

Different types of stimuli cause each kind of ES, but
they have something in common. The APs are
electrical signals that obey a frontier-cross shot. The
intensity of the stimuli must exceed the frontier
resistance value; when that occurs, the ES starts with
a depolarization phase. The anion channels that
depend on Ca”" are activated when the concentration
of that ion increases, HT-ATPase is inactivated, and a
flow of Ca*" into the cell begins (Fig. 1a). The fast
potential change inactivates the Ca’* dependent
channels. Tt activates the KT channels, flowing out
K™ anions, decreasing the Ca>" concentration, and
reactivating H"-ATPase, starting with the repolariza-
tion phase (Fig. 1b) (Vodeneev et al. 2006; Felle and
Zimmermann 2007). All that ion flux can be seen in a
graphic as a voltage curve increase (depolarization)
and a voltage curve decrease (repolarization) of the
cell membrane (Fig. 1c). Once the signal is generated,
it doesn’t matter anymore if the stimuli’ intensity
increases or decreases (Sukhov 2016; Sukhova et al.
2017). There are three proposed propagation mecha-
nism; the first is considered through the cytoplasm
(symplastic pathway) the vascular tissue cells, specif-
ically parenchyma (Opritov et al. 1991; Sukhov et al.
2011). The second proposes the propagation of the ES
through the plant’s sieve (Fromm and Lautner 2007;
Zhao et al. 2015). The third combines the previous
ones, the APs could be generated in parenchyma cells,
and the sieve may work as an electrical pathway for
the current (Sukhova et al. 2017).

The APs are generated by non-critical damage, a
sensitive intervention that will affect plants but notin a
catastrophic way (Sukhova et al. 2017; Szechynska-
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Table 1 Types of electrical signals that occur during specific damages or stimuli and the plant species

Damage or stimulus

Type of ES
produced

Plant species

References

Electricity
(DC and AC)

Temperature decrease

Contact

Compounds (salt and amino
acids)

Illumination changes

Fire damage

Temperature increase

Mechanical damage

Different color of light

Action potential

Action potential

System potential

Action potential

Action potential

Action potential

Variation potential
System potential

Variation potential

System potential

Variation potential
System potential

System potential

Chara corallina
Dionaea muscipula
Nitellopsis obtusa

Salix viminalis
Lycopersicon esculentum

Helianthus annuus L.

Cucurbita pepo
Zea mays
Dionaea muscipula

Populus trichocarpa

Mimosa pudica
Dionaea muscipula
Aldrovanda vesiculosa
Drosera capensis
Chara corallina
Arabidopsis thaliana
Drosera intermedia

Hordeum vulgare

Dionaea muscipula
Anthoceros sp.

Nicotina tabacum cv. Samsun
Pelargonium zonale
Pisum sativum

Populus trichocarpa
Lycopersicon esculentum
Helianthus annuus L
Vicia faba

Glycine max

Cucurbita sp.

Pisum sativum

Zea mays

Pisum sativum

Vicia faba

Hordeum vulgare
Arabidopsis thaliana

Cucurbita pepo L. var
medullosa

Krol et al. (2006)

Bulychev and Krupenina (2010)
Sevriukova et al. (2014)
Kisnieriene et al. (2016, 2018)
Fromm and Spanswick (1993)
Stankovic and Davies (1996)
Stankovic et al. (1998)
Krupenina and Bulychev (2007)
Retivin et al. (1997)

Fromm and Bauer (1994), Opritov et al.
(2005)

Krol et al. (2006)

Lautner et al. (2005)

Sibaoka (1991)

Shepherd et al. (2008), Degli Agosti (2014)
Krausko et al. (2017), Pavlovic et al. (2017)
Williams and Pickard (1972a, b)

Fromm and Eschrich (1988a, b, ¢)

Felle and Zimmermann (2007)

Trebacz and Sievers (1998)
Pikulenko and Bulychev (2005)
Hlavackova et al. (2006)
Sukhov et al. (2012)

Sukhova et al. (2017)

Lautner et al. (2005)
Stankovic and Davies (1996)
Stankovic et al. (1998)
Zimmermann and Felle (2009)
Galle et al. (2013)

Vodeneev et al. (2011)
Sukhov et al. (2014a, b)
Sukhova et al. (2017)
Vuralhan-Eckert et al. (2018)
Sukhova et al. (2017)
Zimmermann et al. (2009)
Mousavi et al. (2013)

Eschrich et al. (1988)
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Table 1 continued

Damage or stimulus Type of ES produced

Plant species References

Abscisic acid System potential

Biotic stress Action potential
(insect attack) System potential
Re-watering System potential

Action potential

Fromm et al. (1997)
Zimmermman et al. (2016)

Salix viminalis
Hordeum vulgare
Vicia faba
Nicotiana tabacum
Vuralhan-Eckert et al. (2018)
Fromm and Fei (1998)

Zea mays

Hebda et al. 2017). The non-critical damage or stimuli
can be listed in Table 1; these damages include the
gradual decrease in temperature, as it happens at night,
the application of a low electrical current, low changes
in soil salinity, the physical interaction with some
objects or animals (contact) and changes in light
intensity (Pikulenko and Bulychev 2005; Krol et al.
2006; Felle and Zimmermann 2007; Krausko et al.
2017; Kisnieriene et al. 2018). On the other hand, the
VPs are electrical signals that, unlike APs, will occur
once the stimuli start; in this type, the amplitude of the
signal will vary depending on the intensity and time
exposure (Opritov et al. 1991). The plant generates
VPs signal once a damage occurs, and it generation
mechanism has not been fully understood. It is
proposed that could start with a hydraulic wave that
travels through the xylem, also it is proposed that starts
with a special substance that is produced after the plant
suffer the damage, finally, is also proposed the
combination of those two options, a hydraulic wave
that travels through xylem and that carries a special
damage-related substance. The activity mentioned
induce the activation of mechano-sensitive Ca®"
channels or ligand-dependent Ca®" channels, here
starts the depolarization phase (Vodeneev et al.
2011, 2015; Sukhov et al. 2013; Katicheva et al.
2014,2015). The increase in the concentration of Ca?t
could be considered the motive of the long-term
inactivation of H*-ATPase, driving in the long-term
depolarization. The repolarization phase starts once
the hydraulic or chemical signal ends and Ca*"
channels are inactivated and H*-ATPase re-activated
(Stahlberg et al. 2006; Fromm and Lautner 2007;
Vodeneev et al. 2015; Sukhov 2016; Sukhova et al.
2017). The velocity of propagation and amplitude are
inversely proportional to the distance traveled from
the damage zone; it means that, as the signal propa-
gates away from the damage zone, the amplitude and
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velocity decrease (Vodeneev et al. 2012; Sukhov et al.
2013). The signal also is different. The VPs are
characterized by an irregular depolarization; once the
curve achieves the top value, the decrease of the
voltage starts, the descent is not fast; instead is more
like an irregular fall-rise succession until stability is
reached (Fig. 2) (Opritov et al. 1991; Vodeneev et al.
2011; Sukhov et al. 2013). The VPs are generated
when the plant suffers critical damage, where tissue or
structures are severely affected. An open flame
exposure is a universal stimulus that will cause this
type of signal, even in different plant species (Sukhov
etal. 2012; Gallé et al. 2013; Sukhov 2016). In the case
of mechanical damage (punction, cutting, flattening),
not in all plant species, VPs are registered; for
instance, in Lycopersicon esculentum, despite wounds,
no ES was sensed (Rhodes et al. 1999).

SPs are the type of signal less studied according to
the literature. This type of signal is related to APs and
VPs because one of these signals is normally on
course; for example, during the refractory period,
plant’s stimulated area, the SPs occurs (Zimmermann
et al. 2009). The SPs’ difference respect to the other
signals is that they are propagated through channels
where the others do not, as apoplast (Zimmermann
et al. 2009). This type of ES will be generated when
plants face stress as insect attack, mechanical damage,
light color changes, fire damage and temperature
variations (Eschrich et al. 1988; Lautner et al. 2005;
Zimmermman et al. 2016; Vuralhan-Eckert et al.
2018).

3 Electrical signal influence in plant physiology
Several types of research exhibit the influence of ES in

the physiological processes of the plant. The first
evidence of this was found in the plant’s study with
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Fig. 1 Ions flux through the cell membrane during an Action
potential and the voltage curve that represents the two phases.
a The flow of Ca®" into the cell membrane inactivates H-
ATPase. b The change of potential inactivates Ca®* channels
and activates K depending channels. ¢ The voltage curve of the
APs is a singular and fast spike

evident movement presented in “Carnivorous plants”
(Dionaea, Aldrovanda, and Drosera). In these plants,
the close of the trap leaves and the subsequent
signaling pathways (Jasmonic Acid) related to
enzymes synthesis for the prey digestion are activated
by APs (Pavlovic et al. 2017; Krausko et al. 2017,
Hedrich and Neher 2018). Another plant with evident
movement is Mimosa, it has the peculiarity that the
leaves move to a vertical position, grouping together

when the plant faces mechanical contact. This move-
ment is induced by APs and VPs and could have the
objective of protecting the leaves from insect attacks,
violent wind, or rain (Sibaoka 1991; Fromm and
Lautner 2007; Gallé et al. 2015). ES also influence
plant respiration. The rate may increase or decrease
after the plant faces a stimulus as heating/cooling and
salt exposure in Vicia faba and APs signals are
generated (Filek and Koscielniak 1997). Pruning or
the exposure to electrical stimuli has an increasing
effect on respiration ratio when VPs signals are
generated, as seen in Conocephalum conicum (Tre-
bacz et al. 2006). VPs signals induced by burning were
related to respiration ratio affectation in Pelargonium
zonale, Cucurbita sp. and Pisum sativum (Sukhov
etal. 2012, 2014a; Sherstneva et al. 2015). The process
of photosynthesis is affected by several factors,
including ES. A large amount of research shows that
the generation of ES can induce a fast photosynthesis
inactivation. In Chara coralline, APs induced by
electrical stimulation inactivates photosynthesis (Bu-
lychev et al. 2004; Krupenina and Bulychev 2007;
Krupenina et al. 2008). In Dionaea muscipula, the
physical stimulation of the mechano-sensitive fila-
ments in the trap leaves generates an APs that causes
the trap closure and the inactivation of photosynthesis
(Pavlovic et al. 2017). The same effect can be seen
with VPs in Mimosa pudica after being heated
(Lautner et al. 2014), in Populus sp., Pelargonium
graveolens, Pisum sativum, and Zea mays after being
burned (Lautner et al. 2005; Sukhov et al. 2008, 2012;
Sukhova et al. 2018; Vuralhan-Eckert et al. 2018).
Nevertheless, not always the generation of ES carries
an inactivation effect in photosynthesis, in some cases,
depending on the type of stimuli that could happen or
not. If Zea mays and Populus sp. are faced with
freezing APs will be generated, but the photosynthesis
will not be inactivated (Lautner et al. 2005; Fromm
et al. 2013). Another physiological aspect where ES
has influence is in the pollination of flowers; at the
moment that the stigma is stimulated, several signals
of APs are generated and propagated through the
ovary, preparing it for fertilization in plants of
Hibiscus sp. and Incarvillea sp. (Fromm et al. 1995;
Dziubinska 2003). The phytohormones that the plant
produces as a response to stress also present relation
with the ES. In plants of Solanum tuberosum and
Solanum lycopersicum was found a possible relation
between the generation of electrical signals (APs,
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Fig. 2 Voltage curve of a
variation potential. Unlike
APs, the VPs curve is not a
singular and fast spike, the
time of depolarization and
repolarization is longer,
also, several smaller spikes
could be seen, depending of
stimulus intensity

VPs), due to mechanical wounding, electrical stimu-
lation, and burning, with the production of abscisic
acid (ABA) and jasmonic acid (JA) (Pefia-Cortés et al.
1995; Herde et al. 1996). In Pisum sativum a VPs
signal is related to a JA concentration increase after a
leaf is burned (Ladeynova et al. 2020). The gene
expression can be seen as the most important process
provoked by stimuli in the plant, where ES are
generated. Solanum lycopersicum and Solanum
tuberosum APs induced by electrical stimulation and
VPs induced by fire damage can evoke pin2 gene
expression (Herde et al. 1995, 1996; Stankovic and
Davies 1996). In Solanum tuberosum the APs gener-
ated by heating induced pin2 gene expression (Fisahn
et al. 2004). In Arabidopsis thaliana, APs induced by
electrical stimulation and VPs induced by wounding
stimulated the expression of genes associated with
insect defense (Mousavi et al. 2013).

4 Electrical signal analysis and classification due
to stress

The ES could be a plant condition indicator; this due to
the relation of certain types of ES and specific stress
conditions as seen before; derived from this informa-
tion, other kinds of research arose. As mentioned
before, all types of ESs are voltage—time relations; in
other words, the description of the behavior of the
voltage value through time. This kind of information
can be analyzed and classified by applying Al and
mathematical algorithms.

Mathematical models have been made to describe
the mechanisms that are already studied and to help in
the understanding of the complete process of ES
occurrence. For APs was made a model that describes
the moment of the signal generation based on the
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previous physiological process; moreover, it’s
described using 4 equations, the plasma membrane
transporters, tonoplast participation, the active and
passive ion transport, the ion passage probability, and
evidence of the high importance of the vacuolar area in
the signal generation (Novikova et al. 2017). Another
mathematical model for APs describes the propaga-
tion mechanisms, contributing to theoretical analysis
of the intercellular conductivity and H(+)-ATPase
relation (Sukhov et al. 2011). For VPs, some mathe-
matical models have also been made. As a first stage a
former model simulated the principal characteristics
of the signal propagation as ion flux through the
plasma membrane, and the possible participation of
hydraulic damage-related signals and the influence in
the signal features by the damage intensity (Sukhov
et al. 2013). Based on the previous model mentioned,
the second stage contributes to the possible relation
between pH changes and photosynthetic response
during VPs propagation (Sherstneva et al. 2016).
Other research works focus on identifying the stress
or stimuli that the plant is facing from the signal
observed. Usually, Al, statistical information, and
other algorithms are used. Some of these works are
listed in Table 2, an algorithm (96% accuracy) that
detects, describes, and classifies possible APs wave-
forms, which considers frequency and time domain. It
employs nonlinear analysis and statistical information,
through AI as Backpropagation Artificial Neural
Network (BP-ANN) with an 84.8% of accuracy,
Support Vector Machines (SVM) with a 78.2% of
accuracy, and Deep learning with 77.4% (Chen et al.
in 2016). Signals in Leaves of Zea mays plants were
measured after periods of water stress; the signal was
analyzed employing wavelet transform (WT) and
Discrete Fourier Transform (DFT); this work con-
cludes that some parameters related to ES occurrence
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Table 2 Techniques employed for ES identification and classification due to a specific stress or stimuli

Technique

Stress or stimuli associated

Plant species References

Algorithm and (AI)
Frequency analysis with DFT and WT
MLA, 1A

Electrical stimulation
Osmotic stress (Drought)
Low temperature
Deficient light

Osmotic stress

Cucumis sativus
Zea mays

Glycine max

Chen et al. in (2016)
Zhang et al. (2012)
Pereira et al. (2018)

Al Salt

Discriminant analysis and statistical features
NaCl)

A decision tree based multi-class classification
strategy NaCl)

Binary classifier Drought

Chemical damage (H,SO,, O3,

Chemical damage (H,SO,, Os, -

Qin et al. (2020)
Chatterjee et al.

Triticum sp.

Solanum

lycopersicum (2015)
Chatterjee et al.
(2017)
Olea europaea L. Comparini et al.
(2020)

during osmotic stress that can be sensed could be used
as a sensor of water demand in plants (Zhang et al.
2012). In other work for the classification of ES
according to the type of stress, different techniques of
identification as Machine Learning Algorithms
(MLA) and Interval Arithmetic (IA) were used, plants
of Glycine max were exposed to low temperature,
deficient light, and osmotic stress, this work concludes
that TA is a better technique than MLA for the ES
classification in plants (Pereira et al. 2018). A one-
dimensional convolutional neural network was used to
identify salt stress signals in seedlings of Triticum sp.
to classify ES related to salt tolerance, achieving a
92.31% accuracy (Qin et al. 2020). In other examples,
the discriminant analysis combined with different
statistical features was used for ES classification due
to stress type; work concludes that diverse statistical
features can be used to differentiate the stress or
stimuli (Chatterjee et al. 2015). Finally, to identify the
Drought stress intensity in Olea europaea L., they
were exposed to three different irrigation regimes.
Later ES was sensed and analyzed by a binary
classifier method, achieving a complete plant water
condition monitoring (Comparini et al. 2020).

5 Application of electricity expecting a response
In the plant physiology area, not only the electricity

produced by the own plant is an object of study. Also
has been observed the physiological effect of electrical

current or voltage applied to plants. In Cucumis
sativus, the application of 0.5-3 mA increased
ethylene production; at this work the electricity is
used as a stress source (Inaba et al. 1991). In Pisum
sativum, were applied 30-100 mA. Consequently, an
increase of phytoalexin (pisatin) was observed; at this
work, the electricity is used as an elicitor for plant
compounds production (Kaimoyo et al. 2008). In
Amaranthus hypochondriacus, a current of 500 mA
was applied and observed changes in antioxidant
enzymatic activities and in the total content of
flavonoids (Ozuna et al. 2017). The exposure to low
voltage, as 1-6 V, accelerates the growth rate in Vigna
mungo and has an increasing effect on the fresh weight
of roots and young plants of Solanum tuberosum
(Mizuguchi et al. 1994; Ward 1996). Voltage and
current exposure generate ion flux, ion channels
activation, and electrical signals propagation through
the plant; these could be the most common results of
the electricity application, and because of that, the
electricity application is a constant technique to
generate APs (Black et al. 1971; Fromm and Span-
swick 1993; Stankovic and Davies 1996, 1997; Mishra
et al. 2001; Dziubinska et al. 2001; Krol et al. 2006;
Favre and Agosti 2007; Volkov et al.
2011, 2013, 2019). In the works of Table 3, electricity
is used as a source to stress to plants, such as are the
cold, fire, mechanical damage, insect attack, and so on.
Electricity can be classified as an elicitor (Kaimoyo
et al. 2008), a compound that can trigger a defense
system in the plant or stimulate metabolism (Alvarado
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Table 3 Application of electricity to plants expecting physiological responses.

Electrical Effect in the plant

stimulation

Plant species References

Voltage Low Trap closure,

Volkov et al.
(2007, 2011, 2013, 2019)

Dionaea muscipula,

(0.25-2 V) Induction of electrotonic potentials, Aloe vera L.,
Activation of ion channels, Brassica oleracea L., Mizuguchi et al. (1994)
Increase in growth rate, Lycopersicon Dziubiniska et al. (2001)
Electrical signal propagation esculentum,
Arabidopsis thaliana,
Mimosa pudica,
Vigna mungo,
Helianthus annuus
High Initiation of Pin2 mRNA accumulation, Solanum lycopersicum  Herde et al. (1995, 1996)
(3-18 V) increase of abscisic acid, Solanum phureja From and Spanswick
Generation of electrical signals Salix viminalis L., (1993)
APs generation, Solanum tuberosum Stankovic and Davies
Increase weight in fresh sprout and root Dionaea muscipula (1996, 1997)
Arabidopsis thaliana Ward (1996)
Krol et al. (2006)
Favre and Agosti (2007)
Current Low Activation of ion channels, Solanum lycopersicum  Black et al. (1971)
(3 pA- Increase of Ethylene production and Cucumis sativus, Inaba et al. (1991)
300 mA) secondary metabolites, Sorghum bicolor, Mishra et al. (2001)
Electrical signal propagation Cicer arietinum, Kaimoyo et al. (2008)
Medicago truncatula
High Increase of phenol content, antioxidant Raphanus sativus Dannehl et al. (2009)

(500-1000 mA) ivity
activities

activity, anthocyanins and enzymatic

Amaranthus Ozuna et al. (2017)

hypochondriacus

The list is divided by the type of electrical stimuli applied: voltage (classified in low values under 2 V and high values above 3 V)
and current (classified in low values under 300 mA and high values above 500 mA). The classification was made according the

number of investigations that used similar ranges

et al. 2019). Even the application of electricity has an
effect on the plants as compounds synthesis or
growing stimuli, none of the researches listed in
Table 3 apply an electrical stimulus to plants similar to
those electrical signals that occur inside the plants; in
other words, there is no assurance that the character-
istics of the electricity applied to the plants (Voltage,
current) are similar to the voltage or current values,
through the time, that the plants generate; generally,
these values are chosen arbitrarily and justly accom-
plishing the condition of non-lethality.

@ Springer

6 Perspectives in the electrical signals field

The benefits that the ES study could contribute to crop
and plant production are abundant. As seen in this
work, the ES can be related to specific stress sources or
conditions in the plant; these could be used as
diagnostic elements in evaluating plant health. As in
any production chain and even more in the food
industry, the soon notice of a problem allows a fast
answer and a reduction in any threat’s negative
impact. Nevertheless, the methodologies for the
caption of the signals are not exactly practical; the
most common technique consists of the insertion of
electrodes in the plant (stem or branches); usually,
plants are placed under a Faraday cage to avoid
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Fig. 3 a The usual methodology for ES caption in plants is a
process that require time to be setting plant by plant. b Given the
results of resent research, physical properties that can be

electrical interference and are used diverse hardware
and software for the signal recording in succession as
seen in Fig. 3a (Wildon et al. 1992; Stankovic and
Davies 1996; Retivin et al. 1997; Stankovic et al.
1998; Lautner et al. 2005; Krol et al. 2006; Saraiva
et al. 2017; Volkov and Shtessel 2017; Simmi et al.
2020; Comparini et al. 2020; Tinturier et al. 2020;
Silva et al. 2021). The usual methodology presents the
disadvantage of a complex assembly. Once the
electrodes are inserted in the plant, a period of time
for the signal caption must pass due to the ES
generated by the damage done with the electrodes
(Volkov and Haack 1995), and the measurement must
be done plant by plant. The method seems to be
difficult to be applied on field plants; however, some
recent research suggests a relation between ES and
changes in the reflectance of the leaves. In plants of
Pisum sativum, VPs induced by burning were related
to modifications in the photochemical reflectance (in a
range between 400 and 800 nm) due to photosynthetic
changes minutes after the stimulus (Sukhov et al.

measured with hand-meters could be used as indicator of ES
presence and relate it to a specif stress, alllowing a fast response

2019a, b; Sukhova et al 2019, 2020). Reflectance is a
physical property of plant leaves related to chlorophyll
content affected by water content, nutrients, N content,
and diseases (Zebarth et al. 2009; Muioz-Huerta et al.
2013; Rustioni and Bianchi 2021). Given these
relations, many technologies have been developed
for a fast in-field chlorophyll lecture and determina-
tion of many nutriment contents. For example, in N
determination based on leaves’ reflectance and trans-
mittance, hand-meters have been used as the SPAD-
502 (Gromaz et al. 2017), or GreenSeeker equipment
(Friedel et al. 2020). These are small-size devices that
place a leaf into a chamber (without removing it from
the plant or damaging the leaf), It is exposed to lights
of different lengths, and several readings are calcu-
lated (Xiong et al. 2015). If ES generated by specific
stress is related to specific reflectance values, they
could be measured by one of these hand-meters, so the
farmer could know at the moment, without the
difficulty of electrodes insertion, if there is a prob-
lematic situation and have a fast reaction (Fig. 3b).
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Another possible benefit of the ES study is related
to the fact that the signals in the plants could trigger
many defense mechanisms. As seen before in the
works listed in Table 3, if electricity is applied to
plants, a response will be observed in chemical
compounds production, growing ratio increase, and
APs generation (Ward 1996; Ozuna et al. 2017;
Volkov et al. 2019). Nevertheless, there is no report
about a direct triggering effect in defense mechanisms
due to electrical stimulation. It must be mentioned that
there is no report proving that the values of voltage and
current that were applied in the works in Table 3 are
similar or related to the ES that the plants generate.
The question arises: what would happen if an electrical
signal, similar in voltage and current values to the ones
that the plant generates under specific stress, is applied
to a plant free of that stress? Could an artificial signal,
similar to those generated by plants, trigger better
those defense mechanisms? And if so, would the plant
be prepared to face the specific stress without being
exposed to it? Several experiments are required to
answer those questions.

7 Conclusions

The study of electrical signals could open new
techniques and technologies that would bring benefits
to agriculture. They help solve several important food
production problems: excessive resource expenditure,
contamination caused by agrochemicals, quality in
crop, and yield. The electrical signals could be used as
a problem indicator in plants and could stimulate and
obtain desirable agronomical and biotechnological
responses from the plants. Nevertheless, several
experiments are required to find easier and practical
methodologies for ES caption, application, and study,
also, nowadays is missing other experiments to
evaluate the effect of electrical signals that “mimic”
the electrical signals generated inside the plants, on
genetic expression, metabolites generation, physio-
logical variables, etc.
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