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Abstract

:

Local damage (e.g., burning, heating, or crushing) causes the generation and propagation of a variation potential (VP), which is a unique electrical signal in higher plants. A VP influences numerous physiological processes, with photosynthesis and respiration being important targets. VP generation is based on transient inactivation of H+-ATPase in plasma membrane. In this work, we investigated the participation of this inactivation in the development of VP-induced photosynthetic and respiratory responses. Two- to three-week-old pea seedlings (Pisum sativum L.) and their protoplasts were investigated. Photosynthesis and respiration in intact seedlings were measured using a GFS-3000 gas analyzer, Dual-PAM-100 Pulse-Amplitude-Modulation (PAM)-fluorometer, and a Dual-PAM gas-exchange Cuvette 3010-Dual. Electrical activity was measured using extracellular electrodes. The parameters of photosynthetic light reactions in protoplasts were measured using the Dual-PAM-100; photosynthesis- and respiration-related changes in O2 exchange rate were measured using an Oxygraph Plus System. We found that preliminary changes in the activity of H+-ATPase in the plasma membrane (its inactivation by sodium orthovanadate or activation by fusicoccin) influenced the amplitudes and magnitudes of VP-induced photosynthetic and respiratory responses in intact seedlings. Decreases in H+-ATPase activity (sodium orthovanadate treatment) induced fast decreases in photosynthetic activity and increases in respiration in protoplasts. Thus, our results support the effect of H+-ATPase inactivation on VP-induced photosynthetic and respiratory responses.
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1. Introduction


The systemic adaptation response of plants to the local action of stressors requires generation and propagation of long-distance stress signals including electrical signals. There are three main types of electrical signals, i.e., action potential, system potential, and variation potential (VP) [1,2,3,4,5,6,7,8]. Action potential is a short-term change in the electrical potential difference across the plasma membrane including depolarization followed by repolarization; the signal is induced by non-damage stressors (cooling, touch, salts, etc.) and actively propagates through the plant body [1,2]. The mechanisms of action potential are based on both transient activation of Ca2+, anion, and K+ channels [1,9] and inactivation of H+-ATPase [6,10] in the plasma membrane of plant cells. System potential is long-term propagating hyperpolarization [11,12], which is possibly related to the transient activation of H+-ATPase [11] and changes in the activity of Ca2+ and K+ channels [8,13]. VP is a long-term electrical response induced by local damage which has irregular dynamics (long-term depolarization, long-term depolarization + action potential-like spikes, or fast depolarization + slow repolarization only are possible) [1,2,3,4,5,6,7,8]. Activation of Ca2+ channels and transient calcium-dependent inactivation of H+-ATPase are probably the main mechanisms of VP [4,5,6]; however, activation of anion and K+ channels can also participate in the generation of the response. VP could be a local electrical response that is induced by propagation of hydraulic or chemical signals (or combinations of these signals) after plant damage [4,14,15,16].



Electrical signals can strongly influence the physiological processes in plants [2,3,4,5,6,7,8]; in particular, they stimulate expression of defense genes (e.g., genes of the proteinase inhibitor and anti-insect vegetative storage protein 2) [17,18,19,20], production of stress phytohormones (e.g., abscisic and jasmonic acids) [21,22,23,24,25,26], respiration [27,28,29], and ATP production [30]. In contrast, electrical signals suppress sieve element uploading [31], phloem mass flow [32,33], and plant growth processes [2,3,34]. Electrical signals influence transpiration [35,36,37] and photosynthetic processes (suppression of photosynthetic CO2 assimilation (ACO2), stimulation of non-photochemical quenching of chlorophyll fluorescence (NPQ) and cyclic electron flow and decrease of quantum yields of photosystem I (ΦPSI) and II (ΦPSII), etc.) [28,29,30,35,36,37,38,39,40,41] and both physiological changes modify the reflectance of plant leaves [42,43,44]. The final result of the systemic physiological response induced by electrical signals is likely to increase plant tolerance to stressors [5,7,8], which is supported by changes in the heat tolerance of photosynthetic machinery after the generation of electrical responses [45,46,47,48].



Revealing the mechanisms through which electrical signals influence physiological processes is important; these mechanisms have mostly been investigated for electrical signal-induced changes in photosynthetic processes [5,8]. The following three potential pathways of electrical signal influence on photosynthesis have been considered: Ca2+ flux into cytoplasm and stroma of chloroplasts [38], production of ROS [49], and changes in intra- and extracellular pH [35,39,41,50,51,52,53]. The last hypothesis has been supported by a number of results including (i) electrical signal-related pH increase in the apoplast and pH decrease in the cytoplasm, stroma, and lumen of chloroplasts [35,39,50,51,52]; (ii) the linear relationships between changes in extra- and intracellular pH and changes in photosynthetic parameters [52,53]; (iii) induction of photosynthetic inactivation in isolated chloroplasts after acidification of the incubation medium [35,39,50]; and (iv) induction of photosynthetic inactivation in leaves after artificial induction of H+ influx with protonofore treatment [39]. However, Ca2+ and ROS signals can strongly interact with H+ signals [54], i.e., arguments supporting participation of pH changes in the induction of electrical signal-caused photosynthetic responses do not exclude the indirect participation of Ca2+ and ROS in this induction. Few studies [53] have shown that pH changes are strongly linearly correlated with respiratory changes induced by electrical signals, i.e., pH changes also possibly participated in the induction of the respiratory response.



Electrical signal-related changes in pH are thought to be mainly caused by the inactivation of H+-ATPase in the plasma membrane, because it is the main active proton transporter in this membrane [55,56] and changes in its activity play an important role in the generation of action potential [10], system potential [11,12], and especially VP [4]. This supposition was supported by our earlier theoretical work [57], in which we showed that inactivation of H+-ATPase could decrease the probability of CO2 transport into photosynthetic cells. However, some works [9,58] have experimentally shown that pH changes could be caused by anion efflux, which was accompanied by the generation of electrical signals. Potentially, K+ efflux can influence extracellular pH [57] because the apoplastic buffer can competitively bond both K+ and H+ [59].



Thus, the hypothesized key role of the inactivation of H+-ATPase in the induction of photosynthetic and respiratory responses caused by electrical signals requires further investigations. Our earlier work [60] preliminarily showed that decreases in the activity of H+-ATPase influenced photosynthetic CO2 assimilation and its response induced by VP; this study was devoted to further analyzing the participation of changes in H+-ATPase activity in forming VP-induced photosynthetic and respiratory responses in peas.




2. Results


2.1. Influence of Preliminary Treatment by Sodium Orthovanadate and Fusicoccin on Metabolic Component of Resting Potential


Figure 1 shows the influence of the preliminary treatment by 0.5 mM sodium orthovanadate (OV) and 1 µM fusicoccin (FC) on the metabolic component of the resting potential in the cells of pea seedling leaves. The magnitude of the metabolic component was used to estimate the activity of H+-ATPase in the plasma membrane [60,61] because this transporter is the main mechanism through which ions are actively transported in higher plants [55,56].



We found that the magnitude of the metabolic component of the resting potential was about 45 mV in control leaf cells. Preliminary treatment with OV moderately decreased this magnitude, which was about 29 mV in treated pea seedling leaves. In contrast, preliminary treatment with FC increased the magnitude of the metabolic component of the resting potential; this magnitude was about 63 mV in treated leaves and both effects were significant. The results showed that OV could be used as an inhibitor of H+-ATPase and FC could be used as activator of this transporter; these treatments could be used for moderate modification of H+-ATPase activity.




2.2. Influence of Preliminary Treatment by Sodium Orthovanadate and Fusicoccin on Amplitude of Local Burning-Induced Variation Potentials


Figure 2 shows that local burning of the first mature leaf induced electrical signals, which propagated into the second mature leaf. The electrical signal had an irregular shape (including a fast peak and slow depolarization) and it was long term (tens of minutes), indicating the electrical signal could be classified as a VP [4,6].



The amplitudes of the variation potentials in the stem near the second leaf were similar in all investigated variants; they were about 64–68 mV (Figure 2d). This result agrees with the absence of plant treatments in these zones. In contrast, the VPs in the leaflet of the second leaf had different amplitudes. The average amplitude of the VP in the leaflets of control seedlings was about 40 mV. The OV leaf treatment significantly decreased the average VP amplitude; it was about 25 mV in treated leaves. The influence of the FC treatment was not significant; however, an increase in VP amplitude was observed. The modified amplitude of the VP after FC leaf treatment was about 50 mV. Figure 2e shows that VP amplitudes were linearly related to values of the metabolic component of the resting potential. The results showed that preliminary modification of H+-ATPase activity could influence VP parameters.




2.3. Influence of Preliminary Treatment by Sodium Orthovanadate and Fusicoccin on Local Burning-Induced Changes in Photosynthetic Parameters


Figure 3a shows that local burning induced photosynthetic changes in control plants including suppression of photosynthetic CO2 assimilation, decreasing quantum yields of photosystems I and II, and increasing non-photochemical quenching of chlorophyll fluorescence. Figure 3b,c depicts the local burning-induced photosynthetic changes after preliminary treatment of leaves using OV and FC, respectively. The OV treatment decreased these photosynthetic changes; in contrast, FC increased the changes in ACO2 and weakly influenced changes in other parameters.



The photosynthetic changes showed photosynthetic inactivation; they were typical photosynthetic responses to local burning inducing the propagation of variation potentials [5]. The correlation analysis showed (Figure S1) that magnitudes of changes of most of the investigated photosynthetic parameters (ACO2, ΦPSII, and NPQ) were significantly linearly correlated with the amplitudes of the VPs in leaflets of the second leaves. This result supports a key role of variation potentials in the induction of photosynthetic changes.



Figure 4 shows the average magnitudes of changes in the investigated photosynthetic parameters. The OV treatment significantly decreased the magnitudes of changes in ACO2, ΦPSI, and ΦPSII; insignificant decreases in NPQ were also observed. The FC treatment increased the magnitudes of changes in ACO2 (significant decrease) and NPQ (insignificant increase). In contrast, the magnitudes of decreases of ΦPSI and ΦPSII were approximately equaled to that of the control.



The scatter plots in Figure 5 compare the magnitudes of local burning-induced changes in photosynthetic parameters and the average magnitudes of the metabolic component of the resting potential in leaf cells (data from Figure 1 and Figure 4 were used). The magnitudes of the photosynthetic changes could be described as linear functions of the magnitude of the metabolic component. The determination coefficients varied from about 0.68–0.97.



The local burning-induced changes in the photosynthetic parameters and the modifications of these changes after OV and FC treatments were not caused by changes in stomatal opening. Figure S2a shows that local burning induced changes in transpiration; however, the dynamics of this change differed from the changes in the photosynthetic parameters. The magnitudes of transpiration changes were weakly correlated with the magnitudes of the changes in the photosynthetic parameters (Figure S2b).




2.4. Influence of Preliminary Treatment by Sodium Orthovanadate and Fusicoccin on Local Burning-Induced Changes in Respiration


Figure 6a shows the activation of respiration that was measured under dark conditions in the second leaves after local burning of the first leaf in control seedlings. The duration of the activation was about 10 min, which was shorter than the duration of photosynthetic changes (tens of minutes). The OV treatment decreased the respiratory activation (Figure 6b). In contrast, the FC treatment weakly influenced this activation (Figure 6c). The amplitudes of the variation potentials in the leaflets of the second leaf and the magnitudes of the respiratory activation were significantly linearly correlated (Figure S3). The results supported the participation of VPs in the induction of the respiratory response after local burning.



Figure 7a shows the average magnitudes of local burning-induced respiratory activations. The control magnitude of the respiratory response was about 0.6 µmol m−2 s−1. The preliminary OV treatment significantly decreased the average magnitude of the respiratory response (about 0.4 µmol m−2 s−1). In contrast, the preliminary FC treatment increased this magnitude (about 0.8 µmol m−2 s−1); however, the increase was not significant.



Figure 7b shows scatter plots between the magnitudes of the metabolic component of the resting potential in leaf cells and those of the respiratory activations induced by local burnings. We found that the dependence of the respiratory activation magnitude on the magnitude of the metabolic component could be accurately described by a linear equation (R2 > 0.99).




2.5. Influence of Injection of Sodium Orthovanadate on Photosynthesis and Respiration of Protoplasts


Protoplasts, which were isolated from leaf of pea seedlings, were used for additional analysis of the participation of H+-ATPase in the plasma membrane on the induction of photosynthetic and respiratory responses after local damage and propagation of VP.



The influence of the OV injection (final concentration of sodium orthovanadate was 0.25 mM) on the O2 exchange rate of protoplasts was investigated. Figure 8a shows that this injection induced a fast decrease in the O2 exchange rate under light conditions (under illumination by blue actinic light), which showed a decrease in O2 release. This decrease seemed to be related to the inactivation of photosynthetic processes; the effect was similar to photosynthetic inactivation after local burning and propagation of the VP. Figure 8b shows that the OV injection also induced a fast decrease in the O2 exchange rate under dark conditions, shown by the increase in O2 consumption, meaning this effect showed respiratory activation.



The magnitude of the decrease in the O2 exchange rate in protoplasts induced by the OV injection under light conditions (Figure 8a) was greater than that induced under dark conditions (Figure 8b). The result agreed with the large magnitude of the local burning-induced decrease in ACO2 (Figure 4a) and the small magnitude of the local burning-induced increase in RCO2 (Figure 7a).



The influence of the OV injection (final concentration of sodium orthovanadate was 0.25 mM) on the parameters of photosynthetic light reactions in protoplasts was also investigated (Figure 9). We found that the OV injection induced a fast decrease in the quantum yield of photosystem II and increased non-photochemical quenching; these changes were significant. The dynamics of the photosynthetic changes were similar to the dynamics of these changes after local burning and VP propagation.





3. Discussion


Variation potential plays an important role in inducing systemic plant adaptation response to local damage [8]. In particular, photosynthesis and respiration are key targets of the influence of VP. A VP can suppress photosynthetic processes, and thereby modify the tolerance of photosynthetic machinery [45,46,47], meaning it participates in the plant adaptation to stressors [5,8]. A VP also activates respiration in plant leaves [29,30]. Both changes increase the ATP content in leaves [30]. This increase probably participates in plant repair after the actions of a stressor [5,8,62,63].



The increase in pH in the apoplast and the decrease in pH in the cytoplasm, stroma, and lumen of the chloroplasts are probably the main mechanisms through which the photosynthetic response is induced after VP propagation [35,39,50,51,52]. Alternative mechanisms also probably induce the photosynthetic response (Ca2+ influx [38] or stimulation of ROS production [49]); however, their processes can strongly interact with changes in pH [8]. VP-induced changes in respiration, also being induced by pH changes, cannot be excluded, as our earlier results showed that the dynamics of the respiration response is linearly related to the dynamics of pH increase in the apoplast [52].



The transient inactivation of H+-ATPase in the plasma membrane, which is the main action of VPs [1,2,3,4,5,6], is a potential reason for these pH changes [39,51,60]. However, alternative mechanisms of pH changes, including anion [9,58] and K+ [57] effluxes, are also probable. Our results experimentally support the key role of H+-ATPase inactivation in the induction of VP-caused photosynthetic and respiratory responses. First, we showed that the preliminary modification of H+-ATPase activity (preliminary OV and FC treatment) influenced the parameters of VP and photosynthesis and respiration responses, its inactivation decreased the amplitude of electrical signals (Figure 3) and magnitudes of photosynthetic (Figure 4) and respiratory (Figure 7) changes. In contrast, its activation can increase the magnitude of VP-induced changes in ACO2. Second, the VP amplitudes and magnitudes of photosynthetic and respiratory responses are linearly related to the magnitudes of the metabolic component of the resting potential, which demonstrates the activity of H+-ATPase [60,61] (Figure 2e, Figure 5 and Figure 7b). Third, the injection of a H+-ATPase inhibitor (OV) into a suspension of pea protoplasts induced photosynthetic and respiratory changes (Figure 8 and Figure 9) that were similar to changes induced by VP.



Notably, OV can also influence Ca2+-ATPase in the plasma membrane; participation of Ca2+-ATPase inactivation in the identified effects cannot be fully excluded (maybe as a result of disturbing Ca2+ signaling, which plays an important role in VP generation [16]). However, the revealed linear relationships between the magnitudes of the investigated responses (VP, photosynthetic and respiratory changes) and the magnitudes of the metabolic component of the resting potential (which are mainly caused by H+-ATPase activity [55,56]) do not support this possibility. Additionally, calcium signaling is mainly based on the strong activation of Ca2+ channels [16]; Ca2+-ATPase-inactivation-induced changes in the Ca2+ concentration should be rather slow. However, our experiments using protoplasts showed fast changes in the photosynthetic and respiratory parameters after OV injection.



Figure 10 shows that the potential pathways through H+-ATPase inactivation participates in the induction of the photosynthetic and respiratory responses by VP. Local damage induces the propagation of hydraulic or chemical signals (or a combination of these signals) through the plant body [1,2,3,4,14,15]. Propagating signals induce the transient inactivation of H+-ATPase in the plasma membrane [2,4,5,6,25], which is probably caused by the Ca2+ flux into the cells and the increase of calcium concentration in the cytoplasm.



The two main possible influences of H+-ATPase inactivation on photosynthetic processes are [5,8] an increase in apoplastic pH and a decrease in intracellular pH. Increased pH in the apoplast can increase the ratio of HCO3− concentration to CO2 concentration in the apoplast [50,57,64]. Considering the low permeability of the biological membranes for HCO3− [64,65], this process should decrease the CO2 conductance through the mesophyll cells and suppress ACO2 [57,60,61]. An alternative influence of pH changes on the CO2 influx is related to the suppression of CO2 transport through aquaporins [5,36]; however, this hypothesis requires further experimental investigations.



H+-ATPase inactivation-related acidification of the cytoplasm [35,39,50,52], which causes decreased pH in the stroma and lumen of chloroplasts [51], can also induce photosynthetic inactivation [5,8]. In particular, lumen acidification can induce increased NPQ [66,67] and decreased photosynthetic electron flow through photosystem II [68,69,70]. Stroma acidification induces ferredoxin-NADP+ reductase accumulation at the thylakoids in the Tic62 and TROL complexes [71,72], which also suppress photosynthetic light reactions.



The pathways through which VP-related H+-ATPase inactivation influences respiration require further investigations. The pH of the incubation medium is known to influence the respiratory rate in mitochondria [73,74,75,76]. In particular, acidification of the incubation medium to a pH of about 6.5 [75,76] or 7 [74] can activate respiration. The pH in the matrix of the mitochondria is related to the pH in the cytoplasm [77,78]; thus, we speculate that VP-caused acidification of the cytoplasm [35,39], which is the result of H+-ATPase inactivation, should decrease the matrix pH. Potentially, matrix acidification can stimulate respiration as a result of the activation of the mitochondrial electron transport chain by increased concentration of H+ or changes in the activity of alternative oxidase [75,76]. The first pathway is supported by our earlier results, which showed that the VP-induced increase of ATP content was accompanied by respiratory activation [30]; however, this finding requires future analysis.



Thus, we showed that the VP-related inactivation of H+-ATPase plays an important role in the induction of photosynthetic inactivation and respiratory activation. Both responses probably participate in the increase in plant tolerance to stressors and the stimulation of repair processes (maybe as a result of the increase in the ATP content in plants) [5,8].




4. Materials and Methods


4.1. Plant Materials and Preliminary Tretmants


We investigated 2–3-week-old pea seedlings (Pisum sativum L.) that were hydroponically cultivated (a half-strength Hoagland–Arnon medium) in a Binder KBW 240 climatic chamber (Binder GmbH, Tuttlingen, Germany) at 23 °C under a 16/8 light/dark photoperiod. White light was used (about 170 µmol m−2 s−1; Fluora® growth lamps, Binder GmbH, Tuttlingen, Germany).



For modification of the initial activity of H+-ATPase in the plasma membrane, the 2nd mature leaves of seedlings were preliminarily treated by 0.5 mM sodium orthovanadate (OV; Sigma-Aldrich, St. Louis, MO, USA) or 1 µM fusicoccin (FC; Sigma-Aldrich, St. Louis, MO, USA). OV was used as the inhibitor of H+-ATPase in the plasma membrane [46,60] because this agent has been widely used for the suppression of P-type transport ATPases (including H+-ATPase [11]). FC was used as the activator of H+-ATPase [11]. In accordance with previous works [11,46,60], the preliminary OV (0.5 mM) and FC (1 µM) treatments were performed by incubation of the leaf (2 h) in solutions of these chemical agents. After that, these leaves were dried using filter paper and used for the next measurements. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). A similar treatment with the standard solution was used as the control.




4.2. Estimation of the Metabolic Component of the Resting Potential


The magnitude of the metabolic component of the resting potential was used for an estimation of H+-ATPase activity in the plasma membrane [60,61] because this transporter plays a key role in the active transport of ions in higher plants [55,56]. Measurements were performed in the mesophyll cells of the second mature leaves.



The intracellular plasma membrane potential was measured using a patch clamp system on the basis of a SliceScope Pro 2000 microscope (Scientifica, Uckfield, UK), which included a MultiClamp 700B amplifier (Molecular Devices, San Jose, CA, USA), a DIGIDATA 1550 data acquisition system (Molecular Devices), and a personal computer. Micropipettes were fabricated on a P-97 Sutter Micropipette Puller (Sutter Instrument, Novato, CA, USA) with a tip diameter of about 1 µm and a resistance of about 40 MOhm. The reference electrode (chlorinated silver wire) was immersed in the solution in the experimental chamber. The measured potential was stable for 10 min of the experiment after electrode injection (total duration of experiment). The average value of the initial resting potential in control plants was −127 mV. The standard error was about 6 mV.



In accordance with our earlier works [60,61], we measured the metabolic component on the basis of the amplitude of the fast depolarization of the membrane potential (several minutes) after the injection of OV into the solution in the experimental chamber (Figure S4). The final concentration of OV was 5 mM. This concentration fully suppressed H+-ATPase activity. The total duration of the potential measurement after the OV injection was about 7 min.




4.3. Local Burning of Seedlings and Measurement of Electrical Signals


Local burning of the upper part of the first mature leaf of pea seedlings (Figure 11a) was induced by an open flame (3–4 s, about 1 cm2) in accordance with our previous works [39,40,41,42,43,44,45,46,47]. This damage is the standard stimulus for induction of VPs [4]. The induction of a VP occurred 1.5 h after the fixation of seedlings in the measuring system.



The propagation of electrical signals into the second mature leaf was measured on the basis of changes in the surface electrical potential using extracellular measurements. The method was simple and suitable for the measurement of the electrical responses in different points of the plants [16,41] and for simultaneous measurement of the photosynthetic and respiratory parameters [39]. The surface electrical potential was measured using Ag+/AgCl electrodes (RUE Gomel Measuring Equipment Plant, Gomel, Belarus), a high-impedance IPL-113 amplifier (Semico, Novosibirsk, Russia), and a personal computer. The electrodes were connected to the center of the leaflet of the investigated leaf (Eleaf) and to the stem near this leaf (Estem). Measuring electrodes were contacted with the stem and leaflet of the second leaf via Uniagel conductive gel (Geltek-Medica, Moscow, Russia), according to our previous studies [39,40]. The reference electrode (Ereference) was placed in a solution surrounding the root. Different leaves were used for control measurements and for measurements in leaves after OV and FC treatments.




4.4. Measurements of Photosynthetic and Respiratory Responses in Intact Leaves


A GFS-3000 gas analyzer (Heinz Walz GmbH, Effeltrich, Germany), Dual-PAM-100 Pulse-Amplitude-Modulation (PAM)-fluorometer (Heinz Walz GmbH, Effeltrich, Germany), and Dual-PAM gas-exchange Cuvette 3010-Dual common measuring head (Heinz Walz GmbH, Effeltrich, Germany) were used for photosynthetic investigations (Figure 11a). The concentration of CO2 in the measuring cuvette was 360 ppm, relative humidity was about 70%, and temperature was 23 °C. The pulses of measuring blue light (460 nm, 24 µmol m−2 s−1, 2.5 µs), red saturation pulses (630 nm, 300 ms, 10,000 µmol m−2 s−1), and blue actinic light (AL, 460 nm, 240 µmol m−2 s−1) were used for photosynthetic analysis.



The measurements of photosynthetic parameters started after a 20 min dark interval. First, the initial and maximum levels of photosystem II fluorescence (F0 and Fm, respectively) and maximum light absorption by photosystem I (Pm) were measured. Leaf illumination by AL and generation of saturation pulses were started after that; the interval between saturation pulses was 10 s. The current levels of fluorescence (F), maximum fluorescence level after the preliminary illumination (Fm’), current light absorption by photosystem I (P), and maximum light absorption by photosystem I after the preliminary illumination (Pm’) were measured for every saturation pulse. The parameters of the photosynthetic light reactions, including ΦPSI, ΦPSII, and NPQ, were calculated on the basis of the measured parameters in accordance with standard equations [66,67,79]. GFS-3000 (Heinz Walz GmbH, Effeltrich, Germany) was used for measurements of ACO2 and E, which were automatically calculated by GFS-3000 software.



Only GFS-3000 (Heinz Walz GmbH, Effeltrich, Germany) was used for respiratory measurements. RCO2 was calculated on the basis of the CO2 assimilation rate, which was measured under dark conditions (   R  CO 2   = −  A  CO 2    ).




4.5. Preparation of Protoplasts from Pea Leaves and Measurements of Their Photosynthetic and Respiratory Parameters


Protoplasts, which were isolated from pea leaves, were used for additional analysis of the participation of the plasma membrane H+-ATPase in the photosynthetic and respiratory responses induced by electrical signals. A schema of protoplasts isolation and further experiments is briefly shown in Figure 11b. OV was injected to imitate the fast H+-ATPase inactivation that accompanies VP.



The 2nd and 3rd mature pea leaves (about 25) were cut off and the epidermis was eliminated using a razor blade. These leaves were placed in the incubation medium (400 mM sorbitol, 5 mM CaCl2, 5 mM MgCl2·6H2O, 20 mM NaCl, 30 mM MES-KOH (pH = 5.5)) + enzymes (1% cellulose and 0.2% pectinase) + 0.2% bovine serum albumin (BSA) for 2 h under light white light (about 42 µmol m−2 s−1) and controlled temperature (28 °C). The manufacturer of all reagents was Sigma-Aldrich (St. Louis, MO, USA). After that, the solution was replaced on the incubation medium without enzymes, and BSA and protoplasts were separated from the leaves for 5 min. The resulting suspension was passed through a filter with 50 μm pores and centrifuged (5 min, 30× g, 4 °C). Sedimented protoplasts were resuspended in the incubation medium (4 mL).



A modification of Dual-PAM-100 for suspension analysis was used for investigation of the parameters of photosynthetic light reactions in the protoplasts. The experimental procedure was similar to that for the photosynthetic measurements in intact leaves; however, the parameters of photosystem I were not investigated because using a magnetic stirrer disturbed their measurements. The photosynthetic response was induced by injection of OV (final concentration was 0.25 mM). The injection was performed 30 min after initiation of illumination by AL.



The changes in the O2 exchange rate by protoplasts, which were measured using an Oxygraph Plus System (Hansatech Instruments Ltd., Norfolk, UK), were used for the estimation of the responses of photosynthesis (under illumination by blue actinic light, 460 nm, 240 µmol m−2 s−1) and respiration (under dark conditions). The temperature of the suspension during the measurement was constant (25 °C); the circulation of a large volume of water around the cuvette from a container with a controlled temperature was used for maintaining temperature. Two equal samples of protoplasts (each of them included 1 mL of incubation medium and 0.2 mL of protoplasts suspension) were prepared before measurement. We injected 20 µL of OV (final concentration was 0.25 mM) for the experimental sample and 20 µL of standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl) for the control sample after 6 min of measurement. The following changes in the O2 exchange rate by protoplasts were measured for 9 min. The final response was calculated as the difference between the experimental and control rates of the O2 release/consumption for each experiment. Using the difference decreased the experimental error. Increases in O2 exchange rate indicated the increase in O2 release (under light conditions) or decrease in O2 consumption (under dark conditions). The decrease in O2 exchange rate indicated the decrease in O2 release (under light conditions) or the increase in O2 consumption (under dark conditions).




4.6. Statistics


Different seedlings were used for each experiment. Quantities of repetitions are shown in the figures. Mean values, standard errors, representative records, scatter plots, and Pearson correlation coefficients are presented. The significance of differences was estimated using the Student’s t-test. The Kolmogorov–Smirnov test of normality was preliminarily used, which showed that the data distribution did not differ significantly from a normal distribution.





5. Conclusions


Our work demonstrated the participation of variation potential-related decreases in the activity of plasma membrane H+-ATPase in the induction of photosynthetic and respiration changes. The following points support this conclusion: First, preliminary modification of H+-ATPase activity (preliminary sodium orthovanadate and fusicoccin treatments) could influence the parameters of the variation potential and the responses of photosynthesis and respiration. Its inactivation decreased the amplitude of the electrical signals and the magnitudes of the photosynthetic and respiratory changes. In contrast, its activation increased the magnitude of VP-induced changes in photosynthetic CO2 assimilation. Second, the variation potential amplitudes and magnitudes of the photosynthetic and respiratory responses were linearly related to the magnitudes of the metabolic component of the resting potential, which showed the activity of H+-ATPase. Third, injection of a H+-ATPase inhibitor (sodium orthovanadate) into a suspension of pea protoplasts induced photosynthetic and respiratory changes that were similar to the changes induced by the variation potential.








Supplementary Materials


The following are available online at https://www.mdpi.com/2223-7747/9/11/1585/s1, Figure S1: Linear correlation coefficients between amplitudes of variation potentials and local burning-induced changes in CO2 assimilation (ΔACO2), quantum yields of photosystem I (ΔΦPSI) and II (ΔΦPSII), and non-photochemical quenching of chlorophyll fluorescence (ΔNPQ), Figure S2: Example of local burning-induced changes in transpiration rate (E) and the investigated photosynthetic parameters under control conditions (a) and linear correlation coefficients of the magnitudes of the photosynthetic responses to the magnitudes of changes in E (b), Figure S3: Linear correlation coefficients between amplitudes of the variation potentials and local-burning-induced changes in respiration (ΔRCO2), Figure S4: Example of a change in the membrane potential induced by 5 mM sodium orthovanadate (OV) and measurement of the metabolic component of the resting potential.





Author Contributions


Conceptualization, V.S.; methodology, L.Y., O.S., and M.G.; software, S.M.; validation, E.S., V.S., and V.V.; formal analysis, E.S. and V.S.; investigation, L.Y., O.S., S.M., and M.G.; resources, V.V. and V.S.; data curation, V.V. and V.S.; writing—original draft preparation, L.Y. and E.S.; writing—review and editing, V.S.; visualization, S.M.; supervision, V.S.; project administration, V.S.; funding acquisition, V.V. All authors have read and agreed to the published version of the manuscript.




Funding


The investigation of the influence of the modification of H+-ATPase activity on photosynthesis and respiration in protoplasts was funded by the Ministry of Science and Higher Education of the Russian Federation, contract no. 0729-2020-0061. The investigation of relationships between H+-ATPase activity and electrical signal-induced changes in photosynthesis and respiration in plants was funded by the Ministry of Science and Higher Education of the Russian Federation for large scientific projects in priority areas of scientific and technological development, contract no. 075-15-2020-774.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Trebacz, K.; Dziubinska, H.; Krol, E. Electrical signals in long-distance communication in plants. In Communication in Plants. Neuronal Aspects of Plant Life; Baluška, F., Mancuso, S., Volkmann, D., Eds.; Springer: Berlin/Heidelberg, Germany; New York, NY, USA, 2006; pp. 277–290. [Google Scholar]

	



Fromm, J.; Lautner, S. Electrical signals and their physiological significance in plants. Plant Cell Environ. 2007, 30, 249–257. [Google Scholar] [CrossRef]

	



Gallé, A.; Lautner, S.; Flexas, J.; Fromm, J. Environmental stimuli and physiological responses: The current view on electrical signaling. Environ. Exp. Bot. 2015, 114, 15–21. [Google Scholar] [CrossRef]

	



Vodeneev, V.; Akinchits, E.; Sukhov, V. Variation potential in higher plants: Mechanisms of generation and propagation. Plant Signal. Behav. 2015, 10, e1057365. [Google Scholar] [CrossRef]

	



Sukhov, V. Electrical signals as mechanism of photosynthesis regulation in plants. Photosynth. Res. 2016, 130, 373–387. [Google Scholar] [CrossRef]

	



Sukhova, E.; Akinchits, E.; Sukhov, V. Mathematical models of electrical activity in plants. J. Membr. Biol. 2017, 250, 407–423. [Google Scholar] [CrossRef]

	



Szechyńska-Hebda, M.; Lewandowska, M.; Karpiński, S. Electrical signaling, photosynthesis and systemic acquired acclimation. Front. Physiol. 2017, 8, 684. [Google Scholar] [CrossRef]

	



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. Progr. Biophys. Mol. Biol. 2019, 146, 63–84. [Google Scholar] [CrossRef]

	



Felle, H.H.; Zimmermann, M.R. Systemic signalling in barley through action potentials. Planta 2007, 226, 203–214. [Google Scholar] [CrossRef]

	



Sukhov, V.; Vodeneev, V. A mathematical model of action potential in cells of vascular plants. J. Membr. Biol. 2009, 232, 59–67. [Google Scholar] [CrossRef]

	



Zimmermann, M.R.; Maischak, H.; Mithöfer, 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. [Google Scholar] [CrossRef]

	



Zimmermann, M.R.; Mithöfer, A.; Will, T.; Felle, H.H.; Furch, A.C. Herbivore-triggered electrophysiological reactions: Candidates for systemic signals in higher plants and the challenge of their identification. Plant Physiol. 2016, 170, 2407–2419. [Google Scholar] [CrossRef]

	



Lautner, S.; Grams, T.E.E.; Matyssek, R.; Fromm, J. Characteristics of electrical signals in poplar and responses in photosynthesis. Plant Physiol. 2005, 138, 2200–2209. [Google Scholar] [CrossRef]

	



Mancuso, S. Hydraulic and electrical transmission of wound-induced signals in Vitis vinifera. Aust. J. Plant Physiol. 1999, 26, 55–61. [Google Scholar] [CrossRef]

	



Malone, M. Wound-induced hydraulic signals and stimulus transmission in Mimosa pudica L. New Phytol. 1994, 128, 49–56. [Google Scholar] [CrossRef]

	



Vodeneev, V.; Mudrilov, M.; Akinchits, E.; Balalaeva, I.; Sukhov, V. Parameters of electrical signals and photosynthetic responses induced by them in pea seedlings depend on the nature of stimulus. Funct. Plant Biol. 2018, 45, 160–170. [Google Scholar] [CrossRef] [PubMed]

	



Wildon, D.C.; Thain, J.F.; Minchin, P.E.H.; Gubb, I.R.; Reilly, A.J.; Skipper, Y.D.; Doherty, H.M.; O’Donnell, P.J.; Bowles, D. Electrical signalling and systemic proteinase inhibitor Induction in the wounded plant. Nature 1992, 360, 62–65. [Google Scholar] [CrossRef]

	



Peña-Cortés, H.; Fisahn, J.; Willmitzer, L. Signals involved in wound-induced proteinase inhibitor II gene expression in tomato and potato plants. Proc. Natl. Acad. Sci. USA 1995, 92, 4106–4113. [Google Scholar] [CrossRef]

	



Stanković, B.; Davies, E. Both action potentials and variation potentials induce proteinase inhibitor gene expression in tomato. FEBS Lett. 1996, 390, 275–279. [Google Scholar] [CrossRef]

	



Mousavi, S.A.; Chauvin, A.; Pascaud, F.; Kellenberger, S.; Farmer, E.E. GLUTAMATE RECEPTOR-LIKE genes mediate leaf-to-leaf wound signalling. Nature 2013, 500, 422–426. [Google Scholar] [CrossRef] [PubMed]

	



Hlavácková, V.; Krchnák, P.; Naus, J.; Novák, O.; Spundová, M.; Strnad, M. Electrical and chemical signals involved in short-term systemic photosynthetic responses of tobacco plants to local burning. Planta 2006, 225, 235–244. [Google Scholar] [CrossRef]

	



Hlavinka, J.; Nožková-Hlaváčková, V.; Floková, K.; Novák, O.; Nauš, J. Jasmonic acid accumulation and systemic photosynthetic and electrical changes in locally burned wild type tomato, ABA-deficient sitiens mutants and sitiens pre-treated by ABA. Plant Physiol. Biochem. 2012, 54, 89–96. [Google Scholar] [CrossRef] [PubMed]

	



Krausko, M.; Perutka, Z.; Šebela, M.; Šamajová, O.; Šamaj, J.; Novák, O.; Pavlovič, A. The role of electrical and jasmonate signalling in the recognition of captured prey in the carnivorous sundew plant Drosera capensis. New Phytol. 2017, 213, 1818–1835. [Google Scholar] [CrossRef] [PubMed]

	



Pavlovič, A.; Mithöfer, A. Jasmonate signalling in carnivorous plants: Copycat of plant defence mechanisms. J. Exp. Bot. 2019, 70, 3379–3389. [Google Scholar] [CrossRef] [PubMed]

	



Farmer, E.E.; Gao, Y.Q.; Lenzoni, G.; Wolfender, J.L.; Wu, Q. Wound- and mechanostimulated electrical signals control hormone responses. New Phytol. 2020, 227, 1037–1050. [Google Scholar] [CrossRef]

	



Ladeynova, M.; Mudrilov, M.; Berezina, E.; Kior, D.; Grinberg, M.; Brilkina, A.; Sukhov, V.; Vodeneev, V. Spatial and temporal dynamics of electrical and photosynthetic activity and the content of phytohormones induced by local stimulation of pea plants. Plants 2020, 9, 1364. [Google Scholar] [CrossRef]

	



Filek, M.; Kościelniak, J. The effect of wounding the roots by high temperature on the respiration rate of the shoot and propagation of electric signal in horse bean seedlings (Vicia faba L. minor). Plant Sci. 1997, 123, 39–46. [Google Scholar] [CrossRef]

	



Pavlovič, A.; Slováková, L.; Pandolfi, C.; Mancuso, S. On the mechanism underlying photosynthetic limitation upon trigger hair irritation in the carnivorous plant Venus flytrap (Dionaea muscipula Ellis). J. Exp. Bot. 2011, 62, 1991–2000. [Google Scholar] [CrossRef]

	



Lautner, S.; Stummer, M.; Matyssek, R.; Fromm, J.; Grams, T.E.E. Involvement of respiratory processes in the transient knockout of net CO2 uptake in Mimosa pudica upon heat stimulation. Plant Cell Environ. 2014, 37, 254–260. [Google Scholar] [CrossRef]

	



Surova, L.; Sherstneva, O.; Vodeneev, V.; Katicheva, L.; Semina, M.; Sukhov, V. Variation potential-induced photosynthetic and respiratory changes increase ATP content in pea leaves. J. Plant Physiol. 2016, 202, 57–64. [Google Scholar] [CrossRef]

	



Fromm, J. Control of phloem unloading by action potentials in Mimosa. Physiol. Plant. 1991, 83, 529–533. [Google Scholar] [CrossRef]

	



Furch, A.C.; van Bel, A.J.; Fricker, M.D.; Felle, H.H.; Fuchs, M.; Hafke, J.B. Sieve element Ca2+ channels as relay stations between remote stimuli and sieve tube occlusion in Vicia faba. Plant Cell 2009, 21, 2118–2132. [Google Scholar] [CrossRef] [PubMed]

	



Furch, A.C.; Zimmermann, M.R.; Will, T.; Hafke, J.B.; van Bel, A.J. Remote-controlled stop of phloem mass flow by biphasic occlusion in Cucurbita maxima. J. Exp. Bot. 2010, 61, 3697–3708. [Google Scholar] [CrossRef] [PubMed]

	



Shiina, T.; Tazawa, M. Action potential in Luffa cylindrica and its effects on elongation growth. Plant Cell Physiol. 1986, 27, 1081–1089. [Google Scholar]

	



Grams, T.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. [Google Scholar] [CrossRef] [PubMed]

	



Gallé, A.; Lautner, S.; Flexas, J.; Ribas-Carbo, M.; Hanson, D.; Roesgen, J.; Fromm, J. Photosynthetic responses of soybean (Glycine max L.) to heat-induced electrical signalling are predominantly governed by modifications of mesophyll conductance for CO2. Plant Cell Environ. 2013, 36, 542–552. [Google Scholar] [CrossRef] [PubMed]

	



Vuralhan-Eckert, J.; Lautner, S.; Fromm, J. Effect of simultaneously induced environmental stimuli on electrical signalling and gas exchange in maize plants. J. Plant Physiol. 2018, 223, 32–36. [Google Scholar] [CrossRef]

	



Krupenina, N.A.; Bulychev, A.A. Action potential in a plant cell lowers the light requirement for non-photochemical energy-dependent quenching of chlorophyll fluorescence. Biochim. Biophys. Acta 2007, 1767, 781–788. [Google Scholar] [CrossRef]

	



Sukhov, V.; Sherstneva, O.; Surova, L.; Katicheva, L.; Vodeneev, V. Proton cellular influx as a probable mechanism of variation potential influence on photosynthesis in pea. Plant Cell Environ. 2014, 37, 2532–2541. [Google Scholar] [CrossRef]

	



Sukhov, V.; Surova, L.; Sherstneva, O.; Katicheva, L.; Vodeneev, V. Variation potential influence on photosynthetic cyclic electron flow in pea. Front. Plant Sci. 2015, 5, 766. [Google Scholar] [CrossRef]

	



Sukhova, E.; Mudrilov, M.; Vodeneev, V.; Sukhov, V. Influence of the variation potential on photosynthetic flows of light energy and electrons in pea. Photosynth. Res. 2018, 136, 215–228. [Google Scholar] [CrossRef]

	



Sukhov, V.; Sukhova, E.; Gromova, E.; Surova, L.; Nerush, V.; Vodeneev, V. The electrical signal-induced systemic photosynthetic response is accompanied by changes in the photochemical reflectance index in pea. Funct. Plant Biol. 2019, 46, 328–338. [Google Scholar] [CrossRef] [PubMed]

	



Sukhova, E.; Yudina, L.; Akinchits, E.; Vodeneev, V.; Sukhov, V. Influence of electrical signals on pea leaf reflectance in the 400-800-nm range. Plant Signal. Behav. 2019, 14, 1610301. [Google Scholar] [CrossRef] [PubMed]

	



Sukhova, E.; Yudina, L.; Gromova, E.; Nerush, V.; Vodeneev, V.; Sukhov, V. Burning-induced electrical signals influence broadband reflectance indices and water index in pea leaves. Plant Signal. Behav. 2020, 15, 1737786. [Google Scholar] [CrossRef] [PubMed]

	



Sukhov, V.; Surova, L.; Sherstneva, O.; Vodeneev, V. Influence of variation potential on resistance of the photosynthetic machinery to heating in pea. Physiol. Plant. 2014, 152, 773–783. [Google Scholar] [CrossRef] [PubMed]

	



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, 727–736. [Google Scholar] [CrossRef] [PubMed]

	



Surova, L.; Sherstneva, O.; Vodeneev, V.; Sukhov, V. Variation potential propagation decreases heat-related damage of pea photosystem I by 2 different pathways. Plant Signal. Behav. 2016, 11, e1145334. [Google Scholar] [CrossRef]

	



Sukhov, V.; Gaspirovich, V.; Mysyagin, S.; Vodeneev, V. High-temperature tolerance of photosynthesis can be linked to local electrical responses in leaves of pea. Front. Physiol. 2017, 8, 763. [Google Scholar] [CrossRef]

	



Białasek, M.; Górecka, M.; Mittler, R.; Karpiński, 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. [Google Scholar] [CrossRef]

	



Sherstneva, O.N.; Vodeneev, V.A.; Katicheva, L.A.; Surova, L.M.; Sukhov, V.S. Participation of intracellular and extracellular pH changes in photosynthetic response development induced by variation potential in pumpkin seedlings. Biochemistry 2015, 80, 776–784. [Google Scholar] [CrossRef]

	



Sukhov, V.; Surova, L.; Morozova, E.; Sherstneva, O.; Vodeneev, V. Changes in H+-ATP synthase activity, proton electrochemical gradient, and pH in pea chloroplast can be connected with variation potential. Front. Plant Sci. 2016, 7, 1092. [Google Scholar] [CrossRef]

	



Sherstneva, O.N.; Surova, L.M.; Vodeneev, V.A.; Plotnikova, Y.I.; Bushueva, A.V.; Sukhov, V.S. The role of the intra- and extracellular protons in the photosynthetic response induced by the variation potential in pea seedlings. Biochem. (Mosc.) Suppl. Ser. A Membr. Cell Biol. 2016, 10, 60–67. [Google Scholar] [CrossRef]

	



Sherstneva, O.N.; Vodeneev, V.A.; Surova, L.M.; Novikova, E.M.; Sukhov, V.S. Application of a mathematical model of variation potential for analysis of its influence on photosynthesis in higher plants. Biochem. (Mosc.) Suppl. Ser. A 2016, 10, 269–277. [Google Scholar] [CrossRef]

	



Gilroy, S.; Białasek, M.; Suzuki, N.; Górecka, M.; Devireddy, A.R.; Karpiński, S.; Mittler, R. ROS, calcium, and electric signals: Key mediators of rapid systemic signaling in plants. Plant Physiol. 2016, 171, 1606–1615. [Google Scholar] [CrossRef] [PubMed]

	



Sze, H.; Li, X.; Palmgren, M.G. Energization of plant cell membranes by H+-pumping ATPases. Regulation and biosynthesis. Plant Cell 1999, 11, 677–690. [Google Scholar] [PubMed]

	



Palmgren, M.G. Plant plasma membrane H+-ATPases: Powerhouses for nutrient uptake. Annu. Rev. Plant Physiol. Plant Mol. Biol. 2001, 52, 817–845. [Google Scholar] [CrossRef]

	



Sukhova, E.M.; Sukhov, V.S. Dependence of the CO2 uptake in a plant cell on the plasma membrane H+-ATPase activity: Theoretical analysis. Biochem. Mosc. Suppl. Ser. A 2018, 12, 146–159. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef]

	



Gradmann, D. Models for oscillations in plants. Aust. J. Plant Physiol. 2001, 28, 577–590. [Google Scholar] [CrossRef]

	



Yudina, L.; Sukhova, E.; Sherstneva, O.; Grinberg, M.; Ladeynova, M.; Vodeneev, V.; Sukhov, V. Exogenous abscisic acid can influence photosynthetic processes in peas through a decrease in activity of H+-ATP-ase in the plasma membrane. Biology 2020, 9, 324. [Google Scholar] [CrossRef]

	



Sukhov, V.S.; Gaspirovich, V.V.; Gromova, E.N.; Ladeynova, M.M.; Sinitsyna, Y.V.; Berezina, E.V.; Akinchits, E.K.; Vodeneev, V.A. Decrease of mesophyll conductance to CO2 is a possible mechanism of abscisic acid influence on photosynthesis in seedlings of pea and wheat. Biochem. Mosc. Suppl. Ser. A 2017, 11, 237–247. [Google Scholar] [CrossRef]

	



Allakhverdiev, S.I.; Nishiyama, Y.; Takahashi, S.; Miyairi, S.; Suzuki, I.; Murata, N. Systematic analysis of the relation of electron transport and ATP synthesis to the photodamage and repair of photosystem II in Synechocystis. Plant Physiol. 2005, 137, 263–273. [Google Scholar] [CrossRef]

	



Allakhverdiev, S.I.; Kreslavski, V.D.; Klimov, V.V.; Los, D.A.; Carpentier, R.; Mohanty, P. Heat stress: An overview of molecular responses in photosynthesis. Photosynth. Res. 2008, 98, 541–550. [Google Scholar] [CrossRef] [PubMed]

	



Bulychev, A.A.; Cherkashin, A.A.; Vredenberg, V.; Rubin, A.B.; Zykov, V.S.; Muller, S.K. Fluorescence and photosynthetic activity of chloroplasts in acidic and alkaline areas/regions of Chara corallina cells. Russ. J. Plant Physiol. 2001, 48, 326–332. [Google Scholar] [CrossRef]

	



Tholen, D.; Zhu, X.-G. The mechanistic basis of internal conductance: A theoretical analysis of mesophyll cell photosynthesis and CO2 diffusion. Plant Physiol. 2011, 156, 90–105. [Google Scholar] [CrossRef] [PubMed]

	



Maxwell, K.; Johnson, G.N. Chlorophyll fluorescence—A practical guide. J. Exp. Bot. 2000, 51, 659–668. [Google Scholar] [CrossRef] [PubMed]

	



Porcar-Castell, A.; Tyystjärvi, E.; Atherton, J.; van der Tol, C.; Flexas, J.; Pfündel, E.E.; Moreno, J.; Frankenberg, C.; Berry, J.A. Linking chlorophyll a fluorescence to photosynthesis for remote sensing applications: Mechanisms and challenges. J. Exp. Bot. 2014, 65, 4065–4095. [Google Scholar] [CrossRef]

	



Kramer, D.M.; Sacksteder, C.A.; Cruz, J.A. How acidic is the lumen? Photosynth. Res. 1999, 60, 151–163. [Google Scholar] [CrossRef]

	



Tikhonov, A.N. pH-dependent regulation of electron transport and ATP synthesis in chloroplasts. Photosynth. Res. 2013, 116, 511–534. [Google Scholar] [CrossRef]

	



Tikhonov, A.N. The cytochrome b6f complex at the crossroad of photosynthetic electron transport pathways. Plant Physiol. Biochem. 2014, 81, 163–183. [Google Scholar] [CrossRef]

	



Alte, F.; Stengel, A.; Benz, J.P.; Petersen, E.; Soll, J.; Groll, M.; Bölter, B. Ferredoxin: NADPH oxidoreductase is recruited to thylakoids by binding to a polyproline type II helix in a pH-dependent manner. Proc. Natl. Acad. Sci. USA 2010, 107, 19260–19265. [Google Scholar] [CrossRef]

	



Benz, J.P.; Stengel, A.; Lintala, M.; Lee, Y.H.; Weber, A.; Philippar, K.; Gügel, I.L.; Kaieda, S.; Ikegami, T.; Mulo, P.; et al. Arabidopsis Tic62 and ferredoxin-NADP(H) oxidoreductase form light-regulated complexes that are integrated into the chloroplast redox poise. Plant Cell 2010, 21, 3965–3983. [Google Scholar] [CrossRef] [PubMed]

	



Tobin, A.; Djerdjour, B.; Jourrnet, E.; Neuburger, M.; Douce, R. Effect of NAD+ on malate oxidation in intact plant mitochondria. Plant Physiol. 1980, 66, 225–229. [Google Scholar] [CrossRef] [PubMed]

	



Edman, K.; Ericson, I.; Moller, I. The regulation of exogenous NAD(P)H oxidation in spinach (Spinacia oleracea) leaf mitochondria by pH and cations. Biochem. J. 1985, 232, 471–477. [Google Scholar] [CrossRef] [PubMed]

	



Elthon, T.; Stewart, C.; McCoy, C.; Bonner, W. Alternative respiratory path capacity in plant mitochondria: Effect of growth temperature, the electrochemical gradient, and assay pH. Plant Physiol. 1986, 80, 378–383. [Google Scholar] [CrossRef]

	



Millar, H.; Hoefnagel, M.; Day, D.; Wiskich, J. Specificity of the organic acid activation of alternative oxidase in plant mitochondria. Plant Physiol. 1996, 111, 613–618. [Google Scholar] [CrossRef]

	



Møller, I. Plant mitochondria and oxidative stress: Electron transport, NADPH turnover, and metabolism of reactive oxygen species. Plant Physiol. Plant Mol. Biol. 2001, 52, 561–591. [Google Scholar] [CrossRef]

	



Santo-Domingo, J.; Demaurexm, N. The renaissance of mitochondrial pH. J. Gen. Physiol. 2012, 139, 415–423. [Google Scholar] [CrossRef]

	



Klughammer, C.; Schreiber, U. Saturation pulse method for assessment of energy conversion in PS I. PAM Appl. Notes 2008, 1, 11–14. [Google Scholar]








[image: Plants 09 01585 g001 550] 





Figure 1. Average magnitudes of the metabolic component of the resting potential of cells of leaves in pea seedlings under control conditions and after preliminary treatment with fusicoccin (FC) and sodium orthovanadate (OV) (n = 6–10). The magnitude of the metabolic component, which showed H+-ATPase activity in the plasma membrane, was estimated on the basis of short-term changes in membrane potential after the action of the high OV concentration (see Section 4.2 and Figure S4 for details). The second mature leaves in seedlings were preliminarily treated with OV (0.5 mM) and FC (1 µM) treatments by incubation of the leaf (2 h) in solutions of these chemical agents; after that, these leaves were dried by filter paper and used for intracellular measurement of electrical activity. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). Similar incubation in the standard solution was used as the control. *, difference between experiment and control plants was significant (p < 0.05). 
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Figure 2. Examples of variation potential (VP) measurements in pea seedlings under control conditions (a) and after preliminary treatment by sodium orthovanadate (OV) (b) or fusicoccin (FC) (c); average amplitudes of VP (d) (n = 6–15) and scatter plot between values of the metabolic component and VP amplitudes in leaflets (e). The preliminary OV (0.5 mM) and FC (1 µM) treatment of the second mature leaves in seedlings was performed by incubation of the leaf (2 h) in solutions of these chemical agents; after that, these leaves were dried using filter paper and used for the extracellular measurement of electrical activity. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). Similar incubation in the standard solution was used as the control. The arrows mark the local burning of the first mature leaf (flame, 2–3 s). Extracellular measurements of surface potentials were recorded in the second leaves and in the stems near these leaves. The values of the metabolic component were taken from Figure 1. *, statistically significant difference between experiment and control plants (p < 0.05). R2, determination coefficient. 
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Figure 3. Examples of local burning-induced changes in photosynthetic CO2 assimilation (ACO2), non-photochemical quenching of chlorophyll fluorescence (NPQ), and quantum yields of photosystems I (ΦPSI) and II (ΦPSII), in the second leaf of pea seedlings under control conditions (a) and after preliminary treatment by sodium orthovanadate (OV) (b) and fusicoccin (FC) (c). The preliminary OV (0.5 mM) and FC (1 µM) treatments of the second mature leaves in seedlings were performed by incubation of the leaf (2 h) in solutions of these chemical agents. After that, these leaves were dried by filter paper and used for photosynthetic measurements. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). Similar incubation in the standard solution was used as the control. The arrows mark the local burning of the first mature leaf (flame, 2–3 s). 
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Figure 4. Magnitudes of local burning-induced changes in photosynthetic CO2 assimilation (ACO2) (a), non-photochemical quenching of chlorophyll fluorescence (NPQ) (b), and quantum yields of photosystems I (ΦPSI) (c) and II (ΦPSII) (d), in the second leaf of pea seedlings under control conditions and after preliminary treatment by sodium orthovanadate (OV) and fusicoccin (FC) (n = 5–6). The preliminary OV (0.5 mM) and FC (1 µM) treatments of the second mature leaves in seedlings were performed by incubation of the leaf (2 h) in solutions of these chemical agents. After that, these leaves were dried by filter paper and used for photosynthetic measurements. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). Similar incubation in the standard solution was used as the control. The first mature leaf was burned (flame, 2–3 s). *, significant difference between experiment and control plants (p < 0.05). 
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Figure 5. Scatter plots between the values of the metabolic component of the membrane potential and magnitudes of local burning-induced changes in photosynthetic CO2 assimilation (ACO2) (a), non-photochemical quenching of chlorophyll fluorescence (NPQ) (b), and quantum yields of photosystems I (ΦPSI) (c) and II (ΦPSII) (d), in the second leaf of pea seedlings. Data from Figure 1 and Figure 3 were used. 
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Figure 6. Examples of local burning-induced changes in respiration (RCO2) in the second leaf of pea seedlings under control conditions (a) and after preliminary treatment by sodium orthovanadate (OV) (b) and fusicoccin (FC) (c). Respiration was measured under dark conditions. The preliminary OV (0.5 mM) and FC (1 µM) treatments of the second mature leaves in seedlings were performed by incubation of the leaf (2 h) in solutions of these chemical agents. After that, these leaves were dried by filter paper and used for respiratory measurements. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). Similar incubation in the standard solution was used as a control. The arrows mark the local burning of the first mature leaf (flame, 2–3 s). 
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Figure 7. Magnitudes of local burning-induced changes in respiration (RCO2) (a) and scatter plot between the values of the metabolic component of the membrane potential and the magnitudes of these changes (b) (n = 5–6). Respiration was measured under dark conditions. The preliminary OV (0.5 mM) and FC (1 µM) treatments of the second mature leaves in seedlings were performed by incubation of the leaf (2 h) in solutions of these chemical agents. After that, these leaves were dried using filter paper and used for respiratory measurement. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). Similar incubation in the standard solution was used as a control. The first mature leaf was burned (flame, 2–3 s). The values of the metabolic component were taken from Figure 1. *, significant difference between experiment and control plants (p < 0.05). 
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Figure 8. Average changes in O2 exchange rate induced by injection of sodium orthovanadate (OV) in pea protoplasts under light (a) and dark (b) conditions (n = 7–10). OV was dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl); the arrows mark the OV injection into the protoplast incubation medium (injection volume was 30 µL and final OV concentration was 0.25 mM). The incubation medium for protoplasts included sorbitol (400 mM), CaCl2 (5 mM), MgCl2·6H2O (5 mM), NaCl (20 mM), and MES-KOH (30 mM). The pH was about 5.5. The final volume (the incubation medium + protoplasts) was 1.2 mL. Blue actinic light (460 nm, 240 µmol m−2 s−1) was used in the experiment under light conditions. In each experiment, the change in O2 exchange rate was calculated as the difference between the O2 release/consumption rate in the variant with injection of OV (experiment) and the rate in the variant with injection of standard solution (control). Increases in O2 exchange rate indicated the increase in O2 release (under light conditions) or decrease in O2 consumption (under dark conditions). The decrease in O2 exchange rate indicated a decrease in O2 release (under light conditions) or increase in O2 consumption (under dark conditions). 
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Figure 9. Example of changes in quantum yield of photosystems II (ΦPSII) and non-photochemical quenching of chlorophyll fluorescence (NPQ) after injection of sodium orthovanadate (OV) (a) and average magnitudes of these changes (b) in protoplasts of peas (n = 6). OV was dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl); the arrows mark the OV injection into the protoplast incubation medium (injection volume was 30 µL and final OV concentration was 0.25 mM). The incubation medium for protoplasts included sorbitol (400 mM), CaCl2 (5 mM), MgCl2·6H2O (5 mM), NaCl (20 mM), and MES-KOH (30 mM). The pH was about 5.5. The final volume (the incubation medium + protoplasts) was about 3 mL. Photosynthetic measurements were recorded under blue actinic light (460 nm, 108 µmol m−2 s−1). *, the average change was significant (p < 0.05). 
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Figure 10. Potential pathways through which the variation potential-related inactivation of H+-ATPase in the plasma membrane influences photosynthesis and respiration. It is hypothesized that local damage induces the propagation of hydraulic and (or) chemical signals, which decrease the activity of H+-ATPase in the plasma membrane (maybe through Ca2+ flux into the cytoplasm), and thereby generate variation potential. Inactivation of H+-ATPase both increases pH in the apoplast and decreases pH in the cytoplasm. The increased apoplastic pH increases the HCO3−/CO2 ratio in the apoplast and decreases the CO2 flux into the mesophyll cells through the plasma membrane because CO2 is more permeable through biological membranes than HCO3−. The decreased CO2 flux induces the suppression of photosynthetic CO2 assimilation. The decreased pH in the cytoplasm can decrease the pH in the stroma and lumen of chloroplasts; suppression of photosynthetic light reactions (decrease in quantum yields of photosystem I and II, increase in NPQ, etc.) is induced by these changes in pH. In contrast, the decreased pH in the cytoplasm can stimulate respiration. The effect is probably caused by the decrease in pH in the mitochondrial matrix and the stimulation of respiratory electron flow. Thus, both the decrease in photosynthetic activity and the increase in respiration are the results of the propagation of variation potentials. 
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Figure 11. (a) Schema of investigations of the influence of the preliminary modification of the activity of H+-ATPase in the plasma membrane on electrical signal-induced photosynthetic and respiratory responses. Activity of H+-ATPase was decreased by leaf treatment with sodium orthovanadate (OV) and increased by treatment with fusicoccin (FC). The preliminary OV (0.5 mM) and FC (1 µM) treatments of the second mature leaves in seedlings was performed by incubation of the leaf (2 h) in solutions of these chemical agents. After that, these leaves were dried using filter paper and used for extracellular measurement of photosynthetic and electrical activities. OV and FC were dissolved in standard solution (1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl). Similar treatment using the standard solution was used as the control. The arrows mark the local burning of the first mature leaf (flame, 2–3 s). Eleaf and Estem are the measuring electrodes that were placed on the second leaves (center of leaflet) and stems near these leaves, respectively; Ereference is the reference electrode. (b) Schema of experiments using a suspension of protoplasts from pea leaves. Photosynthetic light reactions were investigated under actinic light (AL, 460 nm, 239 µmol m−2 s−1) using a Dual-PAM-100. O2 exchange rate was investigated under AL (for photosynthetic investigations) or under dark conditions (for respiratory investigations) using an Oxygraph Plus System. The standard solution included 1 mM KCl, 0.5 mM CaCl2, and 0.1 mM NaCl. 
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