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Abstract This review summarizes current works con-

cerning the effects of electrical signals (ESs) on photo-

synthesis, the mechanisms of the effects, and its

physiological role in plants. Local irritations of plants

induce various photosynthetic responses in intact leaves,

including fast and long-term inactivation of photosynthesis,

and its activation. Irritation-induced ESs, including action

potential, variation potential, and system potential, proba-

bly causes the photosynthetic responses in intact leaves.

Probable mechanisms of induction of fast inactivation of

photosynthesis are associated with Ca2?- and (or) H?-in-

fluxes during ESs generation; long-term inactivation of

photosynthesis might be caused by Ca2?- and (or)

H?-influxes, production of abscisic and jasmonic acids,

and inactivation of phloem H?-sucrose symporters. It is

probable that subsequent development of inactivation of

photosynthesis is mainly associated with decreased CO2

influx and inactivation of the photosynthetic dark reactions,

which induces decreased photochemical quantum yields of

photosystems I and II and increased non-photochemical

quenching of photosystem II fluorescence and cyclic

electron flow around photosystem I. However, other path-

ways of the ESs influence on the photosynthetic light

reactions are also possible. One of them might be associ-

ated with ES-connected acidification of chloroplast stroma

inducing ferredoxin-NADP? reductase accumulation at the

thylakoids in Tic62 and TROL complexes. Mechanisms of

ES-induced activation of photosynthesis require further

investigation. The probable ultimate effect of ES-induced

photosynthetic responses in plant life is the increased

photosynthetic machinery resistance to stressors, including

high and low temperatures, and enhanced whole-plant

resistance to environmental factors at least during 1 h after

irritation.

Keywords Action potential � Electrical signals �
Photosynthesis � Photosynthesis regulation � System
potential � Variation potential

Introduction

Photosynthesis is the transformation of light energy into

chemical energy, and it is the basis of the life of green plants.

Regulation of photosynthesis under different environmental

conditions is a fundamental activity for plants. There are

numerous mechanisms of photosynthesis regulation includ-

ing state transition (Murata 2009; Tikkanen and Aro 2014),

non-photochemical quenching (NPQ) of photosystem II

(PSII) fluorescence (Müller et al. 2001; Bukhov 2004),

ferredoxin-NADP? reductase accumulation at the thy-

lakoids in Tic62 and TROL complexes (Alte et al. 2010;

Benz et al. 2010), activation/inactivation of H?-ATPsyn-

thase (Evron et al. 2000),modification of cyclic electron flow

around photosystem I (PSI) (Shikanai 2014), changes in the

activities of Calvin–Benson cycle enzymes (Bukhov 2004),

and many others. Systems of photosynthetic regulation are

affected, for example, by light intensity (Bukhov 2004;

Murata 2009; Tikkanen and Aro 2014), temperature

(Pastenes and Horton 1996; Luo et al. 2011), and CO2 con-

centration (Golding and Johnson 2003; Miyake et al. 2005).

Regulation of photosynthesis is especially important

under stress conditions, e.g., very intense light, high and
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low temperatures, and drought. In these cases, various

regulatory systems protect photosynthetic machinery

(Munekage et al. 2004; Zhang and Sharkey 2009; Yamori

et al. 2011; Huang et al. 2012; Zivcak et al. 2013). These

systems can stimulate the repair processes of the photo-

synthetic machinery after stress, too (Allakhverdiev et al.

2005, 2008; Nath et al. 2013). Stress-induced photosyn-

thetic changes may participate in defense responses on a

whole-cell level (Pfannschmidt et al. 2001).

The local action of stressors (e.g., high temperature,

mechanical wounding, shifts in water regime, and electric

current) can change photosynthetic processes in intact parts

of the plant (Herde et al. 1995, 1999a; Peña-Cortés et al.

1995; Fromm and Fei 1998; Koziolek et al. 2004; Hla-

váčková et al. 2006; Krupenina and Bulychev 2007; Grams

et al. 2007, 2009; Pavlovič et al. 2011; Hlavinka et al.

2012; Sukhov et al. 2012, 2013b, 2014a, b; Fromm et al.

2013; Bulychev and Komarova 2014). Fast (Krupenina and

Bulychev 2007; Grams et al. 2009; Pavlovič et al. 2011;

Sukhov et al. 2012, 2014a) and long-term (Herde et al.

1999a; Hlaváčková et al. 2006; Fromm et al. 2013) inac-

tivation of photosynthesis, and its activation (Fromm and

Fei 1998; Grams et al. 2007) have been observed after local

irritations in different combinations of photosynthetic

responses. The results show that there are signals that

connect the irritated zone with the intact parts of the plant.

These signals can be hormonal, hydraulic, and electrical;

moreover, different signals may interact (Fromm and

Lautner 2007; Gallé et al. 2015; Vodeneev et al. 2015).

Electrical signals (ESs) play key roles in the induction of

photosynthetic responses over the minutes to tens of min-

utes range (Lautner et al. 2005; Grams et al. 2009; Sukhov

et al. 2012, 2014b; Sherstneva et al. 2015). Analysis of the

participation of ESs in the regulation of photosynthesis is

the aim of the present review.

Electrical signals in plants

Various local irritations (e.g., high temperature, cooling,

crush, prick, and touch) can induce the generation and

propagation of ESs in plants (Fromm and Lautner 2007;

Gallé et al. 2015; Vodeneev et al. 2015). Three plant’s ESs

are known (Vodeneev et al. 2015): the action potential

(AP), variation potential (VP), and system potential (SP).

Plant’s AP (Fig. 1a) is a short-term electrical reaction

(seconds to tens of seconds), which included fast depolar-

ization (decrease of an electric potential difference) and

repolarization (recovery of the potential difference) of

plasma membrane (Davies and Stankovic 2006; Trebacz

et al. 2006; Beilby 2007). Additionally changes in the

electric potential difference on tonoplast membrane can

also participate in AP generation in algae (Beilby 2007).

AP generation has all-or-none character, i.e., stimuli

weaker than a certain threshold do not induce AP, whereas

overthreshold stimuli trigger the signal with constant

amplitude (Trebacz et al. 2006). AP is induced by non-

damaging irritations (Trebacz et al. 2006); in particular, it

is induced by electric currents (Krol et al. 2006; Bulychev

and Krupenina 2010; Sevriukova et al. 2014; Kisnieriene

et al., 2016), cooling (Fromm and Bauer 1994; Opritov

et al. 2004; Krol et al. 2006), touch (Sibaoka 1991; Shep-

herd et al. 2008; Degli Agosti 2014), some chemical agents

(Felle and Zimmermann 2007), and changes in the light

regime (Trebacz and Sievers 1998; Pikulenko and Buly-

chev 2005). AP is generally propagating through living

tissues only, its propagation has constant velocity which

usually equals to 0.1–10.0 cm s-1 in plants of different

species (Sibaoka 1991; Trebacz et al. 2006; Beilby 2007;

Favre and Degli Agosti 2007; Lang and Volkov 2008;

Zimmermann et al. 2009; Favre et al. 2011).

AP generation is connected with transitory ion channel

activation (Beilby 1982, 1984, 2007; Trebacz et al. 2006;

Felle and Zimmermann 2007; Sukhov and Vodeneev 2009)

and H?-ATPase inactivation (Vodeneev et al. 2006; Sukhov

and Vodeneev 2009). The process includes the following

chain of events (Vodeneev et al. 2006; Sukhov and Vode-

neev 2009): irritation ? initial depolarization of the elec-

trical potential of plasmalemma to threshold value ?
activation of potential-dependent Ca2? channels ? in-

crease in the Ca2? concentration in the cytoplasm ? acti-

vation of Ca2?-dependent Cl- channels and inactivation of

H?-ATPase ? increase in Cl- efflux and H? influx ?
depolarization ? inactivation of potential-dependent Ca2?

channels ? decrease in the Ca2? concentration in the

cytoplasm ? activation of potential-dependent K? chan-

nels, reactivation of H?-ATPase ? repolarization of the

electrical potential of plasmalemma. It should be noted that

AP generation is connected with changes in ion concentra-

tions (Wacke et al. 2003; Trebacz et al. 2006; Felle and

Zimmermann 2007; Sukhov and Vodeneev 2009), including

increased H? and Ca2? concentrations in the cytoplasm and

their decreased concentrations in apoplasts. AP is a self-

propagating ES (Trebacz et al. 2006; Król et al. 2010;

Sukhov et al. 2011). In algae and mosses, AP propagates

through homogeneous symplast of body cells (Trebacz et al.

2006); in higher plants, the process is connected with sym-

plast of sieve elements (FrommandLautner 2007; Zhao et al.

2015) and (or) symplast of parenchyma cells (Opritov et al.

1991; Sukhov et al. 2011) in vascular bundles.

VP (Fig. 1b) is a unique ES in higher plants (Stahlberg

et al. 2006; Vodeneev et al. 2015). It is a long-term

(minutes to tens of minutes) electrical reaction with an

irregular shape that includes long-term depolarization

(long-term decrease in the electric potential difference on

plasma membrane) and, in many cases, ‘AP-like’ spikes
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(Vodeneev et al. 2015). VP is induced by local damages

(Stahlberg et al. 2006; Vodeneev et al. 2015), including

local burning, crushing, and pricking. VP amplitude is

proportional to the intensity of the damaging stimulus, and

it decreases with increasing distance from the damage zone

(Vodeneev et al. 2015). Velocity of VP propagation is not

constant (*mm s-1) (Grams et al. 2009; Vodeneev et al.

2012, Sukhov et al. 2012, 2014a; Gallé et al. 2013), and it

also decreases with increasing distance from the zone of

irritation (Vodeneev et al. 2012, 2015). It should be noted

(Fromm and Lautner 2007) that VP is able to pass through

inactive or dead tissues.

Currently,VP is considered a local electrical response that

is induced by propagation of a hydraulic signal (Mancuso

1999; Stahlberg et al. 2006), chemical signal (Vodeneev

et al. 2015), or a combined signal (Malone, 1994; Vodeneev

et al. 2012). A hydraulic signal is a pressure wave that is

induced by damage and propagates through a plant (Man-

cuso 1999; Stahlberg et al. 2006); it is possible that the wave

induces VP generation in tissues. An alternative hypothesis

is that local damage induces propagation through a plant of a

specific wound substance that initiates an electrical response

(Vodeneev et al. 2015). The wound substance could be

oligosaccharides from broken cell walls (Bishop et al. 1981),

systemin (Pearce et al. 1991; Peña-Cortés et al. 1995), jas-

monate (Farmer and Ryan 1990; Hlavinka et al. 2012),

ethylene (O’Donnell et al. 1996), abscisic acid (Leon et al.

2001), or H2O2 (Vodeneev et al. 2015). In addition, there are

two combined hypotheses: (i) damage-induced increase of

pressure induces water flow, transporting wound substance

(Malone 1994); and (ii) this pressure change stimulates

turbulent diffusion of the wound substance (Vodeneev et al.

2012, 2015; Sukhov et al. 2013a). All potential mechanisms

are connectedwith the xylem of vascular bundles (Vodeneev

et al. 2015).

VP generation is mainly connected with H?-ATPase

inactivation (Julien et al. 1991; Stahlberg et al. 2006;

Fromm and Lautner 2007; Vodeneev et al. 2015); however,

Ca2?, Cl-, and K? channel activation might also partici-

pate in the process (Vodeneev et al. 2011, 2015; Sukhov

et al. 2013a; Katicheva e al. 2014, 2015; Zhao et al. 2014).

Previously, we suggested the following scheme of VP

generation and propagation (Vodeneev et al. 2015): local

damage ? propagation of chemical and (or) hydraulic

signals ? activation of mechanosensitive and (or) ligand-

dependent Ca2? channels ? increase in the Ca2? con-

centration in the cytoplasm ? inactivation of H?-ATPa-

se ? long-term depolarization ? activation of potential-

dependent Ca2? channels ? subsequent increase in the

Ca2? concentration in the cytoplasm ? activation of

Ca2?-dependent Cl- channels ? ‘AP-like’ spikes ?
time-dependent gradual decrease in the hydraulic and (or)

chemical factor action ? inactivation of mechanosensitive

and (or) ligand-dependent Ca2? channels ? decrease in

the Ca2? concentration in the cytoplasm ? repolarization

of the plasmalemma. VP generation is accompanied with

changes in H? and, probably, Ca2? concentrations (Vo-

deneev et al. 2011, 2015; Sukhov et al. 2013a; Kaiticheva

et al. 2014, 2015). In particular, VP generation is connected

with pH decrease in the cytoplasm and pH increase in

apoplast (Zimmermann and Felle 2009; Grams et al. 2009;

Sukhov et al. 2014a; Sherstneva et al. 2015).

Fig. 1 Action potential a,
variation potential b, and
system potential c in plants.

Changes in the difference of

electrical potentials on the

inside and outside of the plasma

membrane are shown. Redrawn

from the works of Fromm and

Bauer (1994), Sukhov et al.

(2014a), and Zimmermann et al.

(2009)
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It should be noted that the mechanisms of VP and AP

generation are fundamentally similar (Vodeneev et al.

2015), and differences in AP and VP properties are con-

nected with different potential mechanisms of their prop-

agation. However, recently, ESs were associated with

another generation mechanism: SP (Zimmermann et al.

2009). SP (Fig. 1c) represents transitory hyperpolarization

(increase in the electric potential difference on plasma

membrane), which is self-propagated (0.9–1.7 mm c-1)

and is connected with H?-ATPase activation (Zimmer-

mann et al. 2009). A few works have demonstrated the

propagation of transitory hyperpolarization after different

stimulations (Fromm and Eshrich 1993; Lautner et al.

2005; Zimmermann et al. 2009; Fromm et al. 2013).

However, the mechanisms of the SP are unclear. There is a

hypothesis that SP is connected with H2O2 propagation

(Suzuki and Mittler 2012); however, this requires further

experimental investigation.

ESs induce various physiological responses in plants

(Fromm and Lautner 2007; Gallé et al. 2015). ESs increase

whole-plant resistance to stressors (Retivin et al. 1997;

Sukhov et al. 2015b); induce the expression of pin2 genes

(Peña-Cortés et al. 1995; Stanković and Davies 1996;

Fisahn et al. 2004); inhibit protein synthesis (Fromm and

Lautner 2007); stimulate the production of abscisic and

jasmonic acids, systemin and ethylene (Dziubinska et al.

2003; Fisahn et al. 2004; Hlaváčková et al. 2006; Hlavinka

et al. 2012; Mousavi et al. 2013); activate respiration

(Dziubinska and Trêbacz 1989; Filek and Kościelniak

1997; Sukhov et al. 2012, 2014a; Lautner et al. 2014);

change transpiration and stomata opening (Koziolek et al.

2004; Grams et al. 2007; Sukhov et al. 2012, 2015b);

suppress metabolite loading into the phloem (Fromm 1991;

Fromm and Bauer 1994) and reduce phloem mass flow

(Furch et al. 2010); decrease elongation growth of the stem

(Fromm and Lautner 2007); regulate leaf movement

(Sibaoka 1991; Volkov et al. 2008a, b); and induce ces-

sation of cytoplasmic streaming (Fromm and Lautner

2007). Numerous works show that local irritations and,

probably, irritation-induced ESs influence photosynthesis

(Peña-Cortés et al. 1995; Koziolek et al. 2004; Hlaváčková

et al. 2006; Krupenina and Bulychev 2007; Grams et al.

2009; Pavlovič et al. 2011; Hlavinka et al. 2012; Sukhov

et al. 2012, 2013b, 2014a, b; Fromm et al. 2013).

Question about the similarities and differences between

the physiological responses induced by different ESs is not

clear. The a priori similarity of mechanisms of AP and VP

generation suggest that the physiological responses are

similar; however, experimental results are contradictory.

The responses can be very similar, e.g., AP- and VP-in-

duced respiratory activation (Filek and Kościelniak 1997;

Sukhov et al. 2014a; Sherstneva et al. 2015); however, they

can be essentially different, e.g., changes in transpiration

induced by flame (VP) and ice water (AP) (Lautner et al.

2005). It is probable that this question requires a separate

analysis for each physiological response.

Influence of electrical signals on photosynthesis
of plants

Various local irritations can induce different photosyn-

thetic responses in intact parts of plants which are revealed

by changes in CO2 assimilation rate under light conditions

(Fig. 2), photochemical quantum yields of PSI and PSII,

NPQ, etc. In particular, fast inactivation of photosynthesis

(Bulychev et al. 2004; Grams et al. 2009; Pavlovič et al.

2011; Pavlovič and Mancuso 2011; Sukhov et al. 2012),

long-term inactivation of photosynthesis (Herde et al.

1999a; Hlaváčková et al. 2006; Sherstneva et al. 2015), and

Fig. 2 Local irritation-induced photosynthetic responses which are

revealed by changes in CO2 assimilation rate under light conditions in

intact leaves of different plants. a Heat-induced fast inactivation of

photosynthesis in geranium (redrawn from Sukhov et al. 2012); b re-

irrigation-induced activation of photosynthesis in maize (redrawn

from Fromm and Fei 1998); c heat-induced long-term inactivation of

photosynthesis in tobacco (redrawn from Hlaváčková et al. 2006);

d heat-induced combined photosynthetic response in pea which

includes fast and long-term inactivation of photosynthesis (redrawn

from Sukhov et al. 2015b). Arrows indicate irritation
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activation of photosynthesis (Fromm and Fei 1998; Grams

et al. 2007) have been observed in intact leaves of plants

after local stimulation. Sequences of different types of

photosynthetic responses can also be observed (Peña-

Cortés et al. 1995; Sukhov et al. 2014b); moreover, the

sequence can depend on the type of irritation (Peña-Cortés

et al. 1995). Thus, the first fundamental question is ‘What

is the participation of ESs in each photosynthetic

responses?’

Fast inactivation of photosynthesis (Fig. 2a) is the most

extensively investigated photosynthetic response. It

includes a fast (minutes after stimulation) decrease in the

CO2 assimilation rate under light conditions, lowering of

photochemical quantum yields of PSI and PSII, reduction of

linear electron flow through photosystems, increased NPQ,

and changes in the cyclic electron flow around PSI (Grams

et al. 2009; Pavlovič et al. 2011; Sukhov et al. 2012, 2015a).

Inactivation of photosynthesis has been shown in Chara

algae after current stimulation (Bulychev et al. 2004) and in

different higher plants after burning, mechanical wounding,

and current stimulation (Herde et al. 1995; Peña-Cortés

et al. 1995; Sukhov et al. 2012, 2014a, b, 2015a).

There are several arguments supporting the participation

of ESs in the induction of fast inactivation of photosyn-

thesis after irritation. First, the photosynthetic response is

absent if ESs do not propagate into leaves or propagate

with strongly lowered amplitudes (Sukhov et al. 2012,

2014b). Second, the lag phase before the photosynthetic

response increases with the growth of the distance from

vascular bundles (potential channels of AP and VP prop-

agation) and from the irritated zone (Lautner et al. 2005;

Grams et al. 2009). Third, ice blocks disrupt ES propaga-

tion and suppress the development of the response (Gallé

et al. 2013). An alternative hypothesis (Grams et al. 2007)

supposes that fast inactivation of photosynthesis is con-

nected with hydraulic signals, because this response is

absent after the suppression of pressure changes in plants.

However, hydraulic signals are connected with VP propa-

gation (Vodeneev et al. 2012, 2015); moreover, suppres-

sion of ES propagation by cooling eliminates fast

inactivation of photosynthesis (Grams et al. 2007).

What are the ESs that induce fast inactivation of pho-

tosynthesis? AP initiates fast inactivation of photosynthesis

in Chara algae (Bulychev et al. 2004; Krupenina and

Bulychev 2007; Krupenina et al. 2008) and Venus flytrap

(Pavlovič et al. 2011; Vredenberg and Pavlovič 2013); VP

induces fast inactivation in mimosa (Koziolek et al. 2004),

maize (Grams et al. 2009), soybean (Gallé et al. 2013),

poplar (Lautner et al. 2005), pea (Sukhov et al. 2014a, b),

and geranium (Sukhov et al. 2012). However, cold-induced

AP does not influence photosynthesis in poplar (Fromm

et al. 2013) and maize leaves (Lautner et al. 2005).

Moreover, few works (Hlaváčková et al. 2006; Sherstneva

et al. 2015) have demonstrated that fast inactivation of

photosynthesis is absent after VP in tobacco and pumpkin.

Thus, the influences of ESs on photosynthesis over short

time ranges (minutes) have different expressions and can

be absent; however, AP- and VP-induced photosynthetic

responses are rather similar.

Activation of photosynthesis (Fig. 2b) has been demon-

strated in a few works (Fromm and Fei 1998; Grams et al.

2007). They showed that re-irrigation induces AP and

increases the CO2 assimilation rate under light conditions in

maize leaves, which starts about 10 min after stimulation

and reaches a maximum at 20–30 min. The response is

suppressed by the disruption of AP propagation by a cold

block (Grams et al. 2007), i.e., AP actually induces the

response. Transient activation of photosynthesis could be

developed after local action of high temperature (Herde et al.

1995; Peña-Cortés et al. 1995), which is traditionally con-

sidered VP-inducing stimulus (Vodeneev et al. 2015); i.e.,

VP is also capable of inducing activation of photosynthesis.

Only long-term inactivation of photosynthesis (Fig. 2c),

including decrease in the CO2 assimilation rate under light

conditions, lowering of photochemical quantum yields of

photosystems and increased NPQ, have been observed in

tomato (Herde et al. 1999a), tobacco (Hlaváčková et al.

2006), pumpkin (Sukhov et al. 2013b; Sherstneva et al.

2015), and maize (Fromm et al. 2013) after local action of

high temperature, mechanical wounding, and current

application. This reaction starts at about 2–10 min after

stimulation and reaches a peak at 30–40 min. Photosyn-

thesis can be inactivated for up to 5 h or more (Herde et al.

1999a). According to Sherstneva et al. (2015a), the mag-

nitude of long-term inactivation of photosynthesis increa-

ses linearly with the growth of VP amplitude, i.e., the ES

probably induces the inactivation.

An alternative hypothesis supposes that damage can

induce production of systemin, and abscisic and jasmonic

acids, which can propagate into the intact parts of the plant

and suppress photosynthesis (Peña-Cortés et al. 1995;

Hlaváčková et al. 2006; Hlavácková and Naus 2007; Hla-

vinka et al. 2012). Damage-induced increase in abscisic

and jasmonic acids in undamaged parts (Hlaváčková et al.

2006; Hlavinka et al. 2012) and the negative influence of

these substances on photosynthesis (Herde et al. 1997;

Lovelli et al. 2012) support the hypothesis. However,

propagation of an ES into intact leaves (1–2 min after

stimulation) precedes the changes in phytohormone con-

tents (more than 10 min) (Hlaváčková et al. 2006; Hla-

vinka et al. 2012) and electric current application increases

abscisic and jasmonic acid concentrations (Herde et al.

1996, 1999a, b). These results show that the following

chain of events is also possible: ESs ? phytohormones

synthesis ? long-term inactivation of photosynthesis. The

chain can simultaneously explain data associated with
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abscisic and jasmonic acids (see above) and the depen-

dence of long-term inactivation of photosynthesis on VP

amplitude (Sherstneva et al. 2015).

Detailed analysis of AP and VP participation in the

induction of long-term inactivation of photosynthesis is

lacking. The results of Herde et al. (1999a) showed that

long-term inactivation develops after a VP-inducing stim-

ulus (heat treatment) and after a classical AP-inducing

stimulus (electric current application). Moreover, the

combined photosynthetic response (see examples in

Fig. 2d; Herde et al. 1995; Peña-Cortés et al. 1995; Gallé

et al. 2013; Sukhov et al. 2014b, 2015b) can differ after

AP-inducing and VP-inducing stimuli in 10–15 min range,

but the long-term inactivation of photosynthesis was sim-

ilar after both stimuli (Herde et al. 1995; Peña-Cortés et al.

1995). Thus, I hypothesized that both AP and VP induce

long-term inactivation of photosynthesis; however, the

connection between ES and the inactivation has been

directly investigated only for VP (Sherstneva et al. 2015).

The influences of SP on photosynthesis have not been

investigated deeply. There are a few works that show that a

hyperpolarization signal (probably SP) can induce fast

inactivation of photosynthesis (Lautner et al. 2005) and its

long-term inactivation (Fromm et al. 2013); however, the

connection of this ES with photosynthetic responses has

not been analyzed.

Thus, plant ESs are a probable mechanism of photo-

synthetic response induction after local irritation. Both AP

and VP can induce fast inactivation of photosynthesis, its

activation, and long-term inactivation of photosynthesis. It

is probable that SP also participates in the induction of

photosynthetic changes but the problem has not been

investigated thoroughly.

Mechanisms of electrical signals-induced
photosynthetic responses in plants

A number of studies have investigated various ways of

developing ES-induced inactivation of photosynthesis. The

potential mechanisms of fast and long-term inactivation of

photosynthesis have been summarized in Fig. 3. The

mechanisms of ES-induced activation of photosynthesis

have received relatively little attention (see below).

Fast inactivation of photosynthesis

Changes in ion concentrations accompanied with ESs are

the probable mechanism of fast inactivation of photosyn-

thesis (Pyatygin et al. 2008). There are two potential

mechanisms of induction of inactivation in plants. First,

Ca2? concentration increases in the cytoplasm and, later, in

chloroplast stroma, are initiators of inactivation of

photosynthesis (Krupenina and Bulychev 2007; Bulychev

and Komarova 2014). Indeed, AP is initiated by potential-

dependent Ca2? channel activation (Felle and Zimmer-

mann 2007; Sukhov and Vodeneev 2009) and VP is

probably induced by ligand-dependent and (or)

mechanosensitive Ca2? channel activation (Sukhov et al.

2013a; Vodeneev et al. 2015); therefore, influx of calcium

ions and increases in the Ca2? concentration in cytoplasm

are accompanied with both ESs. Ca2? is transported into

chloroplast stroma (Muto et al. 1982; Kreimer et al. 1985);

later, an increase in calcium ion concentration can inacti-

vate the Calvin–Benson cycle (Wolosiuk et al. 1993;

Johnson et al. 2006), thereby, suppressing the photosyn-

thetic light reactions (see below). The hypothesis of

Bulychev and co-workers (Krupenina and Bulychev 2007;

Bulychev and Komarova 2014) is supported by the simi-

larity between the change in light dependence of PSII NPQ

after AP and that after the action of the Ca2? ionophore

(A23187) in Chara algae; in contrast, changes in the light

dependence after the application of protonophore (niger-

icin) are very different from the changes after AP and

A23187.

The second hypothesis supposes that ES-related changes

in intra- and extracellular pH are the main mechanisms of

fast inactivation of photosynthesis (Grams et al. 2009;

Sukhov et al. 2013b; 2014a; Sherstneva et al. 2016). H?-

ATPase inactivation plays the main role in VP generation

(Sukhov et al. 2013a; Katicheva et al. 2014; Vodeneev

et al. 2015) and participates in AP development (Vodeneev

et al. 2006; Sukhov and Vodeneev 2009). The inactivation

induces a pH increase in the apoplast (0.2–0.7 pH unit) and

a pH decrease in the cytoplasm (0.3–0.6 pH unit) (Grams

et al. 2009; Sukhov et al. 2014a; Sherstneva et al. 2015,

2015b). Another potential mechanism of the pH changes is

Ca2?-dependent Cl- channel activation during AP (Felle

and Zimmermann 2007; Sukhov and Vodeneev 2009) and

VP (Sukhov et al. 2013a; Katicheva et al. 2014; Vodeneev

et al. 2015), and efflux of chlorine ions, because changes in

the Cl- concentration could be connected with changes in

extracellular pH (Felle and Zimmermann 2007; Zimmer-

mann and Felle 2009). Moreover, ES-connected K? efflux

(Felle and Zimmermann 2007; Vodeneev et al. 2015) could

also influence the apoplastic pH because its fixed negative

charges can concurrently bind H? and K? (Gradmann

2001; Sukhov and Vodeneev 2009) (this pathway is not

shown in Fig. 3). There are several arguments supporting

the participation of pH changes in inactivation of photo-

synthesis: (1) induction of proton flux into cell reduces the

photochemical quantum yields of PSI and PSII (UPSI and

UPSII) and stimulates NPQ in pea leaves similarly to VP-

induced photosynthetic response (Sukhov et al. 2014a); (2)

pH decrease in perfusion solution increases NPQ in Chara

algae (Bulychev et al. 2013); (3) acidification of incubation
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medium reduces photochemical quantum yields of photo-

systems and increases NPQ in pea and pumpkin chloro-

plasts (Sukhov et al. 2013b, 2014a; Sherstneva et al. 2015);

and (4) VP-accompanied pH changes in peas are correlated

strongly with the NPQ and CO2 assimilation rate responses

(Sherstneva et al. 2016).

Taking into account the influence of Ca2? influx on H?-

ATPase and Ca2?-dependent Cl- channel activity (Sukhov

and Vodeneev 2009; Sukhov et al. 2013a; Vodeneev et al.

2015), a direct calcium effect on photosynthesis and its

effect on pH changes are not easily distinguished

experimentally. I hypothesize that both mechanisms of fast

inactivation of photosynthesis induction could be realized

at AP and VP. It is possible that these mechanisms have

different contributions in various plants; also, the contri-

bution can depend on ES type, because AP and VP have

different durations and dynamics of ion fluxes (Sukhov and

Vodeneev 2009; Sukhov et al. 2013a).

Development of fast inactivation of photosynthesis after

induction is related to inactivation of the photosynthetic

dark reactions. Decrease in the CO2 assimilation rate pre-

cedes the decrease in PSII photochemical quantum yields

Fig. 3 Schema of the probable

pathways of fast and long-term

inactivation of photosynthesis

induced by electrical signals.

Abbreviations: gCO2
is the

conductance for CO2 diffusion

in the leaf mesophyll; gstomata is

the stomata conductance; UPSI

and UPSII are the photochemical

quantum yields of PSI and PSII;

NPQ is the non-photochemical

quenching; LEF and CEF are

photosynthetic linear flow and

cyclic electron flow around PSI,

respectively; FNR is ferredoxin-

NADP? reductase, indices ‘ap’,

‘cyt’, ‘str’, and ‘lum’ indicate

the apoplast, cytoplasm,

chloroplast stroma, and lumen,

respectively. Up and down

arrows indicate an increase and

decrease of a process or

parameter, respectively. The

processes from the scheme are

described in detail in the

‘Mechanisms of electrical

signals-induced photosynthetic

responses in plants’ section
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(Koziolek et al. 2004; Lautner et al. 2005); AP- (Pavlovič

et al. 2011) and VP-induced (Sukhov et al. 2008a, 2012,

2014a, b, 2015a; Sherstneva et al. 2016) photosynthesis

responses are reduced under low activity of the photosyn-

thetic dark reactions (disrupted leaf gas exchange or low

CO2 concentration). The decrease of CO2 influx (CO2

concentration lowering) causes inactivation of photosyn-

thesis, which is similar to that induced by VP (Sukhov et al.

2012, 2014b, 2015a), and the CO2 assimilation rate is

correlated strongly with parameters of the photosynthetic

light reactions during the fast response (Sukhov et al.

2012).

There are two potential targets of ESs on the photo-

synthetic dark reactions: Calvin–Benson cycle enzymes

and CO2 flux into chloroplast stroma. It is probable that

Ca2? is transported into stroma and directly inactivates

Calvin–Benson cycle enzymes (Krupenina and Bulychev

2007). Potentially, a similar mechanism could also partic-

ipate in the influence of H? on the photosynthetic dark

reactions because Calvin–Benson cycle enzyme activities

are controlled by stroma pH (Wolosiuk et al. 1993). ESs

are accompanied by a decrease in cytoplasmic pH (Grams

et al. 2009; Sukhov et al. 2014b; Sherstneva et al. 2015),

and this decrease can induce lowering of the chloroplast

stroma pH which depends on the cytoplasmic pH (Werdan

et al. 1975). However, correlation analysis showed (Sher-

stneva et al. 2016) that changes in apoplastic pH are

strongly connected with the response of the CO2 assimi-

lation rate; however, changes in intracellular pH correlated

weakly with the response; i.e., external pH changes prob-

ably induce gas exchange responses. The last result sup-

ported the hypothesis of the influence of ESs on CO2

influx, and agrees with Gallé et al. (2013), who showed that

VP decreases the conductance for CO2 diffusion in the leaf

mesophyll. The mechanisms of the influence of the

increase in external pH on CO2 conductance is not clear

(Sukhov et al. 2014a); it could be connected with lowering

of the CO2:HCO3
- ratio (Sherstneva et al. 2015); inacti-

vation of aquaporins (Gallé et al. 2013), which participate

in CO2 transport (Uehlein et al. 2003, 2008) and are reg-

ulated by pH (Luu and Maurel 2005); and changes in the

activity of carbonic anhydrase (Grams et al. 2009).

It is probable that inactivation of the photosynthetic dark

reactions increases ATP:ADP and NADPH:NADP? ratios

in chloroplast stroma (Pavlovič et al. 2011; Sukhov et al.

2012, 2014a, 2015a). ADP concentration decrease can

suppress thylakoid H?-ATPsynthase activity and, there-

fore, contribute to the decrease of H? efflux from lumen

and its acidification. The lumen acidification decreases

linear electron flow (Kramer et al. 1999; Tikhonov 2013,

2014), i.e., it decreases photochemical quantum yields of

photosystems and stimulates NPQ (Maxwell and Johnson

2000; Müller et al. 2001). NADP? concentration decrease

also decreases linear electron flow (Pavlovič et al. 2011)

and reduces PSI and PSII photochemical quantum yields.

Decrease of linear electron flow contributes to the oxida-

tion of the PSI donor side ([P700?] increase), which

induces activation of cyclic electron flow around PSI

(Golding and Johnson 2003; Miyake et al. 2005; Huang

et al. 2012; Zivcak et al. 2013; Sukhov et al. 2015a).

Detailed analysis of ES-induced changes in the param-

eters of photosynthetic light reactions showed that the

changes could be developed without the inactivation of

photosynthetic dark reactions (Sukhov et al. 2012, 2014a,

b, 2015a; Vredenberg and Pavlovič 2013; Sherstneva et al.

2016), i.e., ESs can also influence the photosynthetic light

reactions through other pathways. The following argu-

ments support this influence: (i) VP-induced changes in

photochemical quantum yields of PSI and PSII, NPQ,

linear electron flow and cyclic electron flow around PSI

could be observed under full suppression of CO2 assimi-

lation inactivation (Sukhov et al. 2012, 2014a, b, 2015a);

(ii) AP changed the PSII fluorescence induction curve in

about 0.2–1.0 s after the start of illumination (Vredenberg

and Pavlovič 2013); (iii) VP-induced dynamics of CO2

assimilation rate and NPQ could be distinguished (Sukhov

et al. 2014a; Sherstneva et al. 2016).

Pathways by which ESs could influence the photosyn-

thetic light reactions without inactivation of the dark

reactions are not fully clear. One of them is probable to be

connected with chloroplast stroma acidification which can

be induced by ES-accompanying pH decrease in the

cytoplasm, because protons can enter the stroma, using

different H?-transporting systems in membrane envelope

(Peters and Berkowitz 1991; Wu and Berkowitz 1992;

Song et al. 2004), and stroma pH depends on the cyto-

plasmic pH (Werdan et al. 1975). The stroma acidification

induces ferredoxin-NADP? reductase accumulation at the

thylakoids in Tic62 and TROL complexes (Alte et al. 2010;

Benz et al. 2010), which can disrupt NADP? reduction

and, thereby, suppress electron flow through the acceptor

side of PSI. VP-induced decrease of electron flow through

the PSI acceptor side in geraniums (Sukhov et al. 2012)

supports the participation of this effect in the photosyn-

thetic response. Other pathways of ESs influence on the

photosynthetic light reactions can not be also excluded.

Long-term inactivation of photosynthesis

The first question related to ES-induced long-term inacti-

vation of photosynthesis is ‘Can changes in Ca2? concen-

tration and pH participate in this inactivation?’ Taking into

account that the duration of plasmalemma Ca2? channel

activation is about 30–40 s (Katicheva et al. 2015), the

participation of increased Ca2? concentration in the cyto-

plasm in the induction of long-term inactivation of
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photosynthesis is not very likely; however, this way cannot

be fully disproved. Alternatively, the duration of AP- and

VP-induced pH changes can be tens of minutes in the

cytoplasm (Felle and Zimmermann 2007; Sukhov et al.

2014a; Sherstneva et al. 2016) and apoplast (Felle and

Zimmermann 2007; Zimmermann and Felle 2009); the

dynamics of apoplastic pH increase can be multi-phasic.

The results show that ES-induced long-term inactivation

could be caused by pH changes in the cytoplasm and

apoplast. The mechanisms of influence of pH changes on

photosynthesis are probably similar to the mechanisms of

fast inactivation (see above).

However, long-term inactivation of photosynthesis can

be observed up to 5 h after irritation (Herde et al. 1999a),

which is essentially longer that the duration of the pH

changes. Local irritation and, probably, ESs (see ‘Influence

of electrical signals on photosynthesis in plants’ for detail)

can increase abscisic and jasmonic acid concentrations in

intact part of plants (Peña-Cortés et al. 1995; Herde et al.

1996, 1999a, b; Hlaváčková et al. 2006; Hlavácková and

Naus 2007; Hlavinka et al. 2012). The increase starts about

8 min (abscisic acid) and 15 min (jasmonic acid) after

irritation (Hlaváčková et al. 2006), and could be observed

up to 5–6 h after that (Herde et al. 1996, 1999a, b).

Abscisic and jasmonic acids inactivate photosynthesis

(Herde et al. 1997; Lovelli et al. 2012); moreover, Hla-

váčková et al. (2006) showed that concentrations of

abscisic and jasmonic acids are linearly associated with

CO2 assimilation during VP-induced long-term inactiva-

tion of photosynthesis. Thus, it was hypothesized that

increases in abscisic and jasmonic acid concentrations

participate in long-term inactivation of photosynthesis after

irritation (Hlaváčková et al. 2006; Hlavinka et al. 2012).

Investigation of abscisic acid-deficient mutants (Hlavinka

et al. 2012) showed that abscisic acid inactivates CO2

assimilation, decreasing stomata conductance and CO2

influx, and the jasmonic acid reduces the activities of

Calvin–Benson cycle enzymes; both ways can change

photosynthesis independently.

Additional mechanisms of development of ES-induced

long-term inactivation of photosynthesis are also possible. I

speculate that an ES-induced decrease in sugar transport

from mesophyll cells to phloem sieve elements can also

suppress photosynthesis. It is known that ESs can reduce

phloem translocation (Fromm 1991; Fromm and Bauer,

1994; Furch et al. 2010), and restricting sucrose transport

from leaves decreases photosynthetic activity (Ainsworth

and Bush 2011). Taking into account that (i) ESs are

observed in phloem sieve elements (Fromm and Lautner

2007), (ii) the duration of changes in electrical potential

(Sukhov et al. 2012, 2014b) and increase of apoplastic pH

(Felle and Zimmermann 2007; Zimmermann and Felle

2009) can be tens of minutes, (iii) H?-sucrose symporter

plays a key role in the apoplastic loading of sieve elements

(Lalonde et al. 1999), and (iv) an increase in apoplastic pH

and depolarization of plasma membrane can decrease

activity of the H?-sucrose symporter (Sukhov et al. 2013c);

I hypothesize that ES-induced suppression of H?-sucrose

symporter activity also participates in long-term inactiva-

tion of photosynthesis.

Activation of photosynthesis

Mechanisms of ES-induced activation of photosynthesis

(increase of CO2 assimilation under light conditions in

10–30 min after irritation) (Herde et al. 1995; Peña-Cortés

et al. 1995; Fromm and Fei 1998; Grams et al. 2007) are

currently unclear. Our early theoretical analysis (Sukhov

et al. 2008b) showed that a decrease in thylakoid mem-

brane ions permeability could be a potential mechanism of

activation of photosynthesis after ESs; however, experi-

mental data concerning the influence of ESs on this per-

meability are lacking. Thus, mechanisms of ES-induced

activation of photosynthesis require further investigations.

Influence of electrical signals on resistance
of photosynthetic machinery to stressors

The influence of ESs on photosynthesis supports the

hypothesis that the ES-induced responses play important

roles in plants. As described in the last section, ESs inac-

tivate the photosynthetic dark reactions (Pavlovič et al.

2011; Sukhov et al. 2012, 2014a, b, 2015a; Gallé et al.

2013), which can cause an increased ATP concentration in

chloroplast stroma (Pavlovič et al. 2011; Sukhov et al.

2014a) and stimulates NPQ (Krupenina et al. 2008; Pav-

lovič et al. 2011; Sukhov et al. 2012, 2014a) and cyclic

electron flow around PSI (Sukhov et al. 2015a). NPQ is a

mechanism of PSII protection from excess light under

stress conditions (Müller et al. 2001; Roach and Krieger-

Liszkay 2014); moreover, decreasing the PSII activity,

which is induced by the processes, could contribute to the

resistance of PSI to stressors (Sonoike 2011; Tikkanen

et al. 2014; Tikkanen and Aro 2014). Increase in the cyclic

electron flow around PSI is also a typical photosynthetic

response to stressors (Bukhov et al. 1999; Allen 2003;

Rumeau et al. 2007; Zhang and Sharkey 2009, Sharkey and

Zhang 2010; Johnson 2011; Sonoike 2011; Roach and

Krieger-Liszkay 2014), which supports the transthylakoid

pH difference and ATP synthesis, contributes to regulated

energy dissipation in PSII, oxidizes the acceptor side of

PSI, and controls reactive oxygen species production,

thereby protecting the photosynthetic machinery. Finally,

according to Allakhverdiev et al. (2005, 2008), ATP

stimulates PSII repair processes under stressor action and
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after that. Thus, inactivation of the photosynthetic dark

reactions induces processes that protect the photosynthetic

machinery and contribute its reparation; the processes can

explain the positive influence of the inactivation on the

resistance of PSI and PSII to increased temperature

(Sukhov et al. 2014b). Moreover, inactivation of the pho-

tosynthetic dark reactions also participates in the regulation

of reactive oxygen species production, stimulating H2O2

synthesis (Kim and Portis 2004). It is known that moderate

stimulation of reactive oxygen species production can

regulate gene expression (Foyer and Noctor 2009, Fischer

et al. 2013). In particular, increase of H2O2 content can

activate expression of genes participating in abiotic stress

tolerance (Uchida et al. 2002; Hossain et al. 2015),

including genes of heat shock proteins.

Thus, it is very probable that ESs increase the resistance

of photosynthetic machinery to stressors. Indeed, AP

induced an increase of PSII resistance to cold (-8 �C, 25)

and increased temperature (?45 �C, 10 min) after ES

induction, and stimulates the repair process after the

actions of stressors (Retivin et al. 1999a). VP decreased

PSI damage and increased PSII damage under high tem-

perature (temperature increases to ?53 �C, 30 min)

(Sukhov et al. 2014b, 2015b).

There are two potential reasons for these differences in

the influence of ESs on resistance of the photosynthetic

machinery to increased temperature. First, it could be

related to the different ESs (AP and VP) inducing changes

in the photosynthetic machinery. However, both AP and

VP suppress the photosynthetic dark reactions, stimulate

NPQ and, probably, increase ATP concentration in plants

(Pavlovič et al. 2011; Sukhov et al. 2012, 2014a; Sherst-

neva et al. 2015). AP’s influence on cyclic electron flow

around PSI has not been investigated; however, VP-in-

duced activation of this flow is mainly connected with the

inactivation of the photosynthetic dark reactions (Sukhov

Fig. 4 Schema of the probable

pathways of the influence of

electrical signals (ESs) on

resistance of the photosynthetic

machinery and whole plant to

increased temperature. Up and

down arrows indicate increase

and decrease of process or

parameter, respectively. The

processes from the scheme are

described in detail in the

‘Influence of electrical signals

on resistance of photosynthetic

machinery to stressors’

section. gstomata, stomata

conductance; NPQ non-

photochemical quenching, CEF

photosynthetic cyclic electron

flow around PSI, ATP ATP

concentration in the leaf
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et al. 2015a) and the inactivation developed after AP

(Pavlovič et al. 2011); i.e., AP-induced stimulation of the

cyclic flow around PSI is probable. Thus, I suppose that AP

and VP effect similar changes in photosynthetic machinery

resistance; however, this supposition requires further

investigation. Using of different temperatures (moderate or

high) can be an alternative reason of different influence of

ESs on photosynthetic machinery. It has been shown

(Sukhov et al. 2014b, 2015b) that the positive influence of

VP on PSI resistance to increased temperature was

observed in leaves under temperature rise to 45–47 �C
(temperature of leaf surface), but is absent under its rise to

43 �C.
The positive influence of VP on PSI resistance to high

temperature is connected strongly with inactivation of the

photosynthetic dark reactions, which is supported by the

suppression of VP-induced photosynthetic response and

PSI resistance increase under inactivation of the photo-

synthetic dark reactions (lack of Rubisco carboxylation as a

result of low CO2 concentration) and the similarity

between CO2 lowering- and VP-induced changes in pho-

tosynthesis and PSI resistance (Sukhov et al. 2014b).

Growth of PSII damage under high temperature is mainly

caused by VP-induced stomatal closing, which is caused by

H?-ATPase inactivation (Sukhov et al. 2015b). The closing

decreases the transpiration rate under heating and, thereby,

increases leaf temperature (Sukhov et al. 2015b). It should

be noted that VP-induced intensification of PSII damage

under high temperature can contribute to PSI resistance,

because lowering the PSII activity decreases the electron

flow to PSI and protects this photosystem from damage

(Tjus et al. 1998; Sonoike 2011; Tikkanen et al. 2014;

Tikkanen and Aro, 2014). Our analysis showed (Surova

et al. 2016) that negative correlations are observed between

PSI and PSII damage after the action of increased tem-

perature. The mechanisms of the positive influence of AP

on PSII resistance to moderate temperature have not been

investigated; however, they are probably connected with

the photosynthetic response (e.g., stimulation of NPQ and

increase of cyclic electron flow around PSI).

Repair of PSII is an important process that supports

photosynthetic activity after the actions of different stres-

sors (Nath et al. 2013). Retivin et al. (1999a) showed that

AP could also stimulate PSII repair. PSI is weakly repaired

(Sonoike 2011; Tikkanen et al. 2014), but its de novo

synthesis also participates in the recovery of photosynthetic

activity after the actions of stressors. It is probable that an

increased ATP concentration contributes to both the pro-

cesses. The connection between photosynthetic responses

and changes in ATP concentration have not been investi-

gated thoroughly; however, both AP and VP can increase

the ATP content in phloem exudates (Retivin et al. 1999b),

and ATP concentration changes show multi-phasic

dynamics (Pyatygin et al. 2008).

We presume that the final result of changes in the

resistance of the photosynthetic machinery is increased

whole-plant resistance, which is observed after AP (Retivin

et al. 1997) and VP (Sukhov et al. 2015b). ES-induced

decrease in transpiration (Sukhov et al. 2012, 2015b) and

the increase of the ATP content in plants (Retivin et al.

1999b) could also contribute to the increased plant resis-

tance. Figure 4 summarizes the potential influence path-

ways of ESs on plant resistance to increased temperature. It

is probable that the influence of ESs on resistance to other

stressors has similar mechanisms; however, this requires

further investigation.

Conclusion

Our review shows that local irritation-induced ESs can

influence photosynthesis in the intact leaves of plants,

including fast and long-term inactivation of photosynthesis

and activation of photosynthesis. Fast inactivation of pho-

tosynthesis can be caused by Ca2? and (or) H? influxes,

whereas long-term inactivation may be connected with

these influxes, production of abscisic and jasmonic acids,

and inactivation of H?-sucrose symporters. Further photo-

synthetic inactivation is mainly connected with the inacti-

vation of the photosynthetic dark reactions, which changes

the light reactions; however, other pathways of ESs influ-

ence on the photosynthetic light reactions are also probable.

The mechanisms of ES-induced activation of photosyn-

thesis require further investigation. It is possible that

changes in the resistance of the photosynthetic machinery to

stressors, including increased temperature, are caused by

the ES-induced photosynthetic responses. Protection of the

photosynthetic machinery and the whole plant from stres-

sors is probably the result of these changes. Thus, ESs

participate in photosynthesis regulation in the whole plant

after the local action of stressors.
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