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Abstract

:

Photosynthesis is an important target of action of numerous environmental factors; in particular, stressors can strongly affect photosynthetic light reactions. Considering relations of photosynthetic light reactions to electron and proton transport, it can be supposed that extremely low frequency magnetic field (ELFMF) may influence these reactions; however, this problem has been weakly investigated. In this paper, we experimentally tested a hypothesis about the potential influence of ELFMF of 18 µT intensity with Schumann resonance frequencies (7.8, 14.3, and 20.8 Hz) on photosynthetic light reactions in wheat and pea seedlings. It was shown that ELFMF decreased non-photochemical quenching in wheat and weakly influenced quantum yield of photosystem II at short-term treatment; in contrast, the changes in potential and effective quantum yields of photosystem II were observed mainly under chronic action of ELFMF. It is interesting that both short-term and chronic treatment decreased the time periods for 50% activation of quantum yield and non-photochemical quenching under illumination. Influence of ELFMF on pea was not observed at both short-term and chronic treatment. Thus, we showed that ELFMF with Schumann resonance frequencies could influence photosynthetic light processes; however, this effect depends on plant species (wheat or pea) and type of treatment (short-term or chronic).
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1. Introduction


Photosynthesis, participating in solar energy consumption and its transformation into energy of chemical compounds, is a key process in plant life; however, it is also an important target of action of environmental factors and, thereby, can participate in the development of stress changes in plants. There are numerous investigations, which show that photosynthetic processes can be affected by action of environmental factors on plant organism (light with excess intensity [1,2,3], low or high temperatures [4,5,6], drought [7,8,9], salinity [10,11,12], etc.) or by propagation of long-distance stress signals through plant body (e.g., electrical signals [13,14,15]). These photosynthetic changes have intricate character including photosynthetic damage and decrease of photosynthetic intensity (e.g., decrease of CO2 assimilation and quantum yield of photosystem II (ΦPSII)) [3,9,12] and induction of numerous adaptive responses, which participate in photosynthetic protection and can also modify photosynthetic activity (e.g., increase of non-photochemical quenching (NPQ) [12,16,17], activation of cyclic electron flow [8,17], changes in localization of ferredoxin-NADP-reductase [18,19], etc.).



Photosynthetic light reactions are strongly related to transport of electrons through chloroplast’s electron transport chain (ETC) [16,17] and ion fluxes through thylakoid membranes [20,21]; considering that both processes are charge transfer, they can probably be influenced by magnetic fields (MFs). MFs are important physical factors of environment; they include stationary geomagnetic fields, stationary artificial magnetic fields, and non-stationary MFs. In particular, extremely low frequency magnetic fields (ELFMFs) are widely produced as a result of direct human activity (mainly, MFs with industrial frequencies, equaling to 50 and 60 Hz) and as result of natural environmental events, mainly magnetospheric substorms and lightning [22]. From the beginning of its development, the Earth’s biosphere has been influenced by various electromagnetic fields, among which a special place is occupied by fields at frequencies of Schumann resonances formed by the Earth–ionosphere resonator [22]. The Schumann resonance frequencies equal 7.8, 14.3, 20.8, 27.3, and 33.8 Hz [23,24].



It is important that ELFMFs can strongly influence physiological processes in living organisms (e.g., see works [22,25,26]). There are studies [27,28,29,30] which show the influence of these MFs on growth, seed germination, ions transport, tolerance to environmental stressors, and other processes in plants; however, changes in these processes can be controversial. In particular, numerous investigations (see reviews [27,28,29,30]) focus on the influence of ELFMFs on plant growth processes because positive effects can be important for plant agricultural cultivation, in contrast, negative effects should be considered in plant protection. It is shown that ELFMFs [27,28,29,30] mostly stimulate plant growth and production of biomass; however, their suppression is also observed. Size and (or) direction of the effect is dependent on plant species (e.g., 60 Hz frequency MF strongly stimulates growth of radish, weakly influences the growth in barley and does not influence this process in mustard [31]), duration of long-term ELFMF treatment (e.g., 50 Hz frequency MF stimulates wheat growth at 17–24-h treatment and suppresses it at 2-day treatment [32]), duration of short-term exposition and magnitude of the magnetic fields (e.g., 50 Hz frequency MF induces different growth stimulation at 5, 10, and 15 min of exposition [33]), etc. It is interesting that growth changes can be also observed under low frequencies and magnitudes of MFs; e.g., sinusoidal ELFMF with about 16 Hz frequency and 20 µT magnitude increases root dry weights in wheat and does not influence this parameter in sunflower seedlings [34]. Considering the influence of ELFMFs on processes of plant growth and production of biomass, it can be expected that these magnetic fields influences photosynthetic processes.



There are a number of works (see reviews [27,28,29,30]), which show the influence of ELFMFs on photosynthesis and related processes. In particular, treatment by ELFMF can change the content of chlorophylls and carotenoids [35,36,37,38], stimulate gene expression of ribulose 1,5-bisphosphate carboxylase/oxygenase small subunit [36], influence photosynthetic CO2 assimilation and transpiration [36,38,39]. However, there are only few studies, which are devoted to investigation of the influence of ELFMFs on plant seedlings [36,39]; other works are devoted to the influence of these magnetic fields on seeds [35,37,38]. Results of these works are rather contradictory: Yano et al. [39] show that chronic action of ELFMFs can decrease photosynthetic CO2 assimilation while the short-term action of these magnetic fields (2 h) does not influence the assimilation; in contrast, Alemán et al. [36] show that short-term action of ELFMFs (3 min) both suppresses and stimulates net photosynthesis (the type of effect is dependent on the stage of development). There are many potential reasons of these differences, including the study of different plants (radish [39] and Coffea arabica [36]) and use of very different magnetic field strengths (50 µT [35] and 2 mT [36]). It should be also noted that both papers [36,39] are devoted to the investigation of only MFs with 50 Hz industrial frequency and do not analyze photosynthetic light reactions.



Thus, the problem of the influence of ELFMFs on photosynthetic processes remains poorly investigated; moreover, investigations of the influence of MFs with Schumann resonance frequencies (7.8, 14.3, 20.8, 27.3, and 33.8 Hz [23,24]) on photosynthetic processes are absent. However, ELFMFs with Schumann resonance frequencies are ubiquitously generated as a result of global lightning activity [22]; amplitude of these natural environmental frequencies can be dependent on global climate changes (i.e., it can be indirectly related to human’s activity). Considering these points, problem of the influence of ELFMFs with Schumann resonance frequencies on photosynthetic processes in plants can be important for plant biology. The present work is devoted to the analysis of the influence of ELFMFs with Schumann resonance frequencies (the first, second, and third harmonics that equal 7.83, 14.3, and 20.8 Hz) on photosynthetic light reactions in seedling of wheat and pea.




2. Materials and Methods


2.1. Materials


Wheat (Triticum aestivum L., cultivar “Zlata”) and pea (Pisum sativum L., cultivar “Albumen”) seedlings were used in experiments with treatment by magnetic fields. Seeds were soaked for 3 days before planting. Plants were cultivated (up to 9–13-days age) in vegetation room in pots with soil at 24 °C and 16/8 h (light/dark) photoperiod; luminescent lamps FSL YZ18RR (Foshan Electrical And Lighting Co., Ltd., Foshan, China) were used for illumination.




2.2. Short-Term and Chronic Treatments by Magnetic Fields with Schumann Resonance Frequencies


Two systems for plant treatment by artificial ELFMFs were manufactured: the first system was used for photosynthetic measurements in leaves of plants under simultaneous treatment by MFs (volume of homogenous magnetic field was about 20 × 20 × 20 cm3) (Figure 1a); the second system was used for plant cultivation under chronic action of ELFMFs (volume of homogenous magnetic field was about 30 × 30 × 30 cm3) (Figure 1b). Both systems were based on Helmholtz coils (100 loops for first system and 130 loops for second system for each coil with corrected input impedance of 50 ohm) with different radii (0.3 m for the first system and 0.5 m for the second system). Positions of Helmholtz coils supported the direction of ELFMFs, which was perpendicular to the direction of a geomagnetic field (about 50 µT). RIGOL DG1032 Waveform Generator (RIGOL Technology Co., Ltd., Suzhou, China) was used for the generation of sinusoidal electrical signals with frequencies equaling 7.8, 14.3, and 20.8 Hz (for experiments with short-term treatment) or 14.3 Hz (for experiments with chronic treatment). Magnitude of ELFMFs was 18 µT in all variants of the experiments.



Short-term treatment of wheat seedlings by ELFMFs (in 9–13 days after pea planting and in 9–11 days after wheat planting) was initiated after fixation of plants in the first system; treatment was continued during the measurement of parameters of photosynthetic light reactions (30 min) (Figure 1a). In the control variant, seedlings were fixed in the system and their photosynthetic parameters were measured; however, the ELFMFs did not act on plants.



Both systems were used for chronic treatment of seedlings by the investigated ELFMF: the plants were cultivated in the second system with MF treatment (Figure 1b) from initiation of soaking of seeds to plant planting (3 days) and from plant planting to transfer of seedlings into the first system for photosynthetic measurements (on the 9th day of cultivation) (Figure 1a). The time taken for plant translocation from the second system to the first one was less than 30 s. Parameters of ELFMF in the first system were identical to the ones in the second system in this experimental variant (chronic treatment by MF). Photosynthetic parameters were measured by the action of this field. In control, seedlings were cultivated and measured under similar conditions (analogical system for plant growth was used); however, ELFMF treatment was absent.




2.3. Measurements of Parameters of Photosynthetic Light Reactions


All measurements of photosynthetic parameters (excluding control variants) were performed simultaneously with the plant treatment by magnetic fields; duration of the photosynthetic measurements was about 30 min. Only one photosynthetic measurement was performed for each seedling. In experiments with chronic action of ELFMF, seedlings were measured on the 9th day after plant planting; 9–11 days age wheat and 9–13 days age pea seedlings were used for photosynthetic measurements in experiments with short-term action of ELFMFs.



A system of pulse-amplitude-modulation (PAM) fluorescence imaging (IMAGING-PAM M-Series MINI Version, Heinz Walz GmbH, Effeltrich, Germany) was used for measurements of parameters of photosynthetic light reactions in the second mature leaves of wheat and pea seedlings (Figure 1a). The pulses of measuring light (ML) with low average intensity (less than 1 µmol m−2s−1), saturation pulses (SP) with 800 ms duration and 6000 µmol m−2s−1 intensity, and actinic light (AL) with 625 µmol m−2s−1 intensity were used for analysis. Only, blue light (450 nm) was used for the photosynthetic investigations. Five wheat leaves were simultaneously investigated in each experiment; photosynthetic parameters were calculated as averaging of ones in three areas in each leaf (Figure 2a). Single pea leaf was investigated in each experiment; photosynthetic parameters were calculated as averaging of ones in six areas in the leaf (Figure 2b). Standard round areas (which were formed by software of IMAGING-PAM) were used; their localizations were approximately similar for all investigated leaves in the control and ELFMF-treated plants. The procedure minimized errors, which could be related by different shapes and areas of the investigates leaves.



Seedlings were adapted to dark conditions for 15 min after fixation in the measuring system. After that, ML was turned on and SPs were periodically generated every 10 s. The first SP was used for estimation of initial and maximum rates of photosystem II fluorescence (F0 and Fm, respectively); following SPs were used for estimation of the current rates of fluorescence (F) and maximum fluorescence rates under light conditions (Fm′). AL was turned on for 80 s after the first SP; duration of illumination by actinic light was about 10 min. Periodical SPs were generated for 5 min after termination of illuminations. Parameters of photosystem II, including Fv/Fm, the potential quantum yield of photosystem II, ΦPSII, the effective quantum yield of photosystem II, and NPQ, the non-photochemical quenching of chlorophyll fluorescence, were calculated on the basis of F0, Fm, F, and Fm′ in accordance to standard equations [16,40,41].



For further analysis, we used Fv/Fm, ΦPSIIL (effective quantum yield of photosystem II after 10 min of illumination by actinic light), and t1/2(ΦPSII) (time taken for 50% increase of ΦPSII under illumination); estimation of these parameters are shown in Figure 2c. In addition, we used NPQF (fast-relaxing component of NPQ after 10 min of illumination), NPQS (slow-relaxing component of NPQ after this illumination), NPQmax (maximal value of NPQ during illumination), and t1/2(NPQ) (time taken for 50% increase of NPQ under illumination); estimation of these parameters were shown in Figure 2d.




2.4. Statistics


We used 30 wheat seedlings and 9 pea seedlings for each variant of the experiment (control, 7.8, 14.3, and 20.8 Hz) with short-term treatments by magnetic fields. 30 Wheat seedlings and 6 pea seedlings were exposed to chronic treatment by ELFMF (14.3 Hz); same quantities of plants were used in the control. Mean values, standard errors, and Pearson’s correlation coefficients were presented. The Student’s t-test was used for estimation of significance of differences between control plants and plants treated by ELFMFs.





3. Results


3.1. Investigation of the Influence of Short-Term Treatment by Magnetic Fields with Schumann Resonance Frequencies on Parameters of Photosynthetic Light Reactions


Investigation of the influence of short-term treatment by magnetic fields with Schumann resonance frequencies (the first, second, and third harmonics) on parameters of photosynthetic light reactions in wheat and pea seedlings was the first task of our work.



Figure S1 shows light-induced changes in ΦPSII and NPQ, which were different in the control plants and those treated by ELFMF. Figure 3a shows that short-term treatment by ELFMFs (with frequencies equaling to 7.8, 14.3, and 20.8 Hz) did not influence the potential quantum yield of photosystem II, which was related to the maximal photochemical efficiency of photosystem II [16,40,41], in leaves of wheat seedlings. Effective quantum yield under illumination by AL, which was related to the photochemical efficiency of photosystem II under used light conditions [16,40,41], was also not affected by ELFMFs (Figure 3b). In contrast, significant decrease in time taken for 50% increase of ΦPSII under illumination, which can likely be related to light-induced activation of ETC [42,43], was observed under action of MFs with 14.3 and 20.8 Hz frequencies (Figure 3c). This decrease was not significant under the action of ELFMF with 7.8 Hz frequency; however, the tendency for this decrease was also observed at this variant of MF treatment.



Influence of short-term treatment by the investigated ELFMFs on non-photochemical quenching of chlorophyll fluorescence was more expressive. It was shown (Figure 4a) that the treatment of wheat seedlings by MFs with 14.3 and 20.8 Hz frequency significantly decreased fast-relaxing component of NPQ, which can be considered as an energy-dependent component of the non-photochemical quenching [40,43,44]. Figure 4b shows that treatment by ELFMFs with frequencies equaling 7.8, 14.3, and 20.8 Hz could also decrease the slow-relaxing component of non-photochemical quenching, which was probable to be related to components of NPQ, which were caused by state transition (migration of the light harvesting complex II from photosystem II to photosysthem I) and photodamage of photosystem II [3,40,43,45,46]. Figure 4c shows that all used frequencies of ELFMFs, which were used for short-term treatment, decreased the maximal value of NPQ. Figure 4d shows that ELFMFs with 7.8 and 14.3 Hz frequencies decreased time taken for 50% increase of NPQ under illumination. The 20.8 Hz magnetic field also decreased this NPQ activation time; however, the effect was not significant. Considering the strong relation between light-induced photosynthetic activation and transient increase of NPQ (e.g., see our theoretical work [43]), decreases of both NPQmax and t1/2(NPQ) could reflect stimulation of electron transport through ETC and acceleration of H+ transport through thylakoid membranes.



Thus, results of analysis of the influence of short-term treatment by ELFMFs with frequencies equaling 7.8, 14.3, and 20.8 Hz on photosynthetic light reactions in leaves of wheat seedlings showed that these MFs could modify photosystem II parameters (especially, NPQ). This effect was most stable under MFs of 14.3 Hz frequency; as a result, we supposed that ELFMF with this frequency could be used for the analysis of the action of chronic treatment of wheat on photosynthetic light reactions.



Analysis of the influence of short-term treatment by ELFMFs with 7.8, 14.3, and 20.8 Hz frequencies on photosynthetic light reactions in leaves of pea seedlings showed other results. Figure S2 shows light-induced changes in ΦPSII and NPQ, which seemed to be similar in the control plants and those treated by ELFMF. Figure 5 and Figure 6 show that this treatment did not influence all photosynthetic parameters, which were investigated in our work (Fv/Fm, ΦPSIIL, t1/2(ΦPSII), NPQF, NPQS, NPQmax, and t1/2(NPQ)); even tendencies to changes were absent. As a result, we could not select an optimal frequency for analysis of the chronic action of ELFMFs on pea seedlings on the basis of these results. Considering the high efficiency of short-term treatment of wheat seedlings by 14.3 Hz MFs, we also used the second harmonic in Schumann resonance frequencies for investigation of the influence of chronic ELFMF on pea seedlings in a further investigation.




3.2. Investigation of the Influence of Chronic Treatment by Magnetic Fields with the Second Harmonic in Schumann Resonance Frequencies on Parameters of Photosynthetic Light Reactions


Analysis of the influence of chronic treatment by ELFMF with 14.3 Hz frequency on photosynthetic light reactions in leaves of wheat seedlings showed that the effect of this treatment was different from the effect of short-term treatments by the investigated ELFMFs (Figure 7 and Figure S3). The potential quantum yield of photosystem II decreased under chronic treatment by 14.3 Hz frequency MF (Figure 7a); in contrast, the effective quantum yield of photosystem II under light conditions was increased under this treatment (Figure 7b). It is important that magnitudes of both changes were small (about 1.5% for Fv/Fm and 4% for ΦPSIIL); these magnitudes were lower than photosynthetic changes, which were induced by short-term ELFMFs treatment (mainly, 10–20%). Figure 7c shows that time taken for 50% increase of ΦPSII under illumination decreased under chronic action of 14.3 Hz frequency MF; magnitude of this effect was about 20% and was similar to the magnitudes of photosynthetic changes under short-term action of ELFMFs.



Figure 8 shows that chronic treatment by 14.3 Hz frequency ELFMF did not change the fast and slow relaxing components of NPQ and maximal value of non-photochemical quenching in leaves of wheat seedlings; in contrast, time taken for 50% increase of NPQ under illumination was significantly decreased by this chronic MF treatment (more than 20%).



Figure 9, Figure 10, and Figure S4 show that chronic action of 14.3 Hz frequency ELFMF did not influence most of the investigated parameters of photosynthetic light reactions in leaves of peas seedlings, excluding the slow-relaxing component of NPQ. This parameter was significantly decreased under chronic action of ELFMF with frequency equaling 14.3 Hz (Figure 10b); the magnitude of this effect was about 14%. It is also interesting that a weak tendency to decrease under chronic treatment by 14.3 Hz frequency ELFMF was observed for t1/2(ΦPSII) and t1/2(NPQ). This effect was similar to changes in these parameters in wheat seedlings under short-term and chronic treatment by MFs.





4. Discussion


It is known that photosynthesis can be strongly affected by numerous environmental stressors, including light with excess intensity [1,2,3], low or high temperatures [4,5,6], drought [7,8,9], salinity [10,11,12] or long-distance signals, relating to the action of stressors (e.g., electrical signals [13,14,15]). However, there are environmental factors with weakly-investigated influence on photosynthetic processes; in particular, ELFMFs that can be produced by direct human activity (mainly, 50 and 60 Hz [22]) and by natural environmental events (mainly, thunderstorm-caused Schumann resonance frequencies [23,24,25]). Considering the strong relation of photosynthetic activity to electron transport through chloroplast’s ETC [16,17] and ion fluxes through thylakoid membranes [20,21], it can be expected that these processes should be affected by EFLMFs, which can likely influence charge transfer in different ways [27].



There is a small amount of work devoted to the investigation of ELFMFs on photosynthesis and relating processes (see reviews [27,28,29,30]). Moreover, only few works show the influence of these MFs on photosynthesis in plant seedlings [36,39]; other works investigate the influence on photosynthetic parameters in plants after seed treatments by ELFMFs [35,37,38]. Our current work, which is devoted to the analysis of the influence of ELFMFs with 7.8, 14.3, and 20.8 Hz frequencies (the first, second and third Schumann resonance frequencies) on parameters of photosynthetic light reactions, shows the following points:



1. ELFMFs with Schumann resonance frequencies can significantly influence photosynthetic parameters in plants; however, this effect is dependent on plant species: changes are observed in wheat seedlings (Figure 3, Figure 4, Figure 7 and Figure 8) and mainly absent in pea seedlings (Figure 5, Figure 6, Figure 9 and Figure 10), excluding NPQS decrease under chronic action of MF (Figure 10b).



2. Effects induced by short-term and chronic treatments by ELFMFs are different: short-term action mainly influences NPQ (Figure 4a–c), chronic action mainly modifies quantum yields (Figure 7a,b). However, magnitudes of changes in these yields under chronic action of MFs (1.5–4%) are much lower than magnitudes of changes in NPQ under the short-term action (10–20%).



3. Both short-term and chronic treatments by ELFMFs are likely to decrease the time of light-induced activation of ETC in wheat seedlings, because decreases of t1/2(ΦPSII) (Figure 3c and Figure 7c) and t1/2(NPQ) (Figure 4d and Figure 8d) are shown under short-term and chronic treatments. Relative magnitudes of these decreases are about 20%.



The last point shows some potential mechanisms of revealing photosynthetic changes. t1/2(NPQ) for wheat seedling is about 0.9–1.4 min in our experiments (Figure 4d and Figure 8d). These fast changes are related to the induction of the energy-dependent component of NPQ, which is caused by pH decrease in the chloroplast lumen and protonation of PsbS proteins in the light-harvesting complex [46,47,48]; i.e., they are dependent on proton transport through a thylakoid membrane. It should be additionally noted that slower mechanisms of NPQ can also be dependent on proton transport: synthesis of zeaxanthin and anteraxanthin from violaxanthin in the xanthophyll cycle [46,49,50,51] and state transition [52] are activated by decrease of pH in lumen.



It is probable that light-induced increase of ΦPSII (Figure 3c, Figure 7c, and Figures S1 and S3) is also influenced by proton transport through thylakoid membrane and increased pH in the stroma of chloroplasts [53] because stroma alkalization can stimulate enzymes of the Calvin-Benson cycle [54,55] and activate ferredoxin-NADP-reductase through change in its localization [18,19].



If the hypothesis about participation of proton transport in both NPQ and ΦPSII increase under illumination is correct, it should be expected that t1/2(NPQ) and t1/2(ΦPSII) should be related. Correlation analysis shows that Pearson’s correlation coefficients between these values are 0.71 (p < 0.05) and 0.68 (p < 0.05) for the control wheat seedlings in short-term and chronic experiments, respectively. Moreover, these coefficients are 0.61–0.78 for different experimental variants with treatment by MFs (p < 0.05 for all variants, data not shown). The results support the hypothesis about participation of proton transport in the increase of NPQ and ΦPSII under illumination.



There are different mechanisms of proton transport through thylakoid membranes [20,21,56]: proton influx to lumen at ETC activity, proton efflux to stroma through H+-ATP-synthase, and proton fluxes through co-transporters of protons and ions (in particular, Ca2+/H+ antiport in thylakoid membrane [57]). Potentially, increases in rates of both H+ influx to lumen and H+ efflux to stroma should decrease time of forming of stationary pH; however, increase in H+ influx is accompanied by stimulation of lumen acidification under illumination and increase of H+ efflux is related to weakening of this acidification. Our experimental results show that NPQF, NPQS, and NPQmax are decreased in wheat seedlings under short-term treatment by ELFMFs, which induces a decrease of t1/2(NPQ) and t1/2(ΦPSII) (Figure 4); moreover, similar insignificant decreases are also observed under chronic action of ELFMFs (Figure 8). Considering a strong relation between NPQ formation and decrease of pH in lumen [46,47,48,49,50,51,52], the results support weakening of lumen acidification under treatment by ELFMFs; i.e., increase of rate of H+ efflux is a more probable result of wheat treatment by ELFMFs than increase in H+ influx rate.



Probable stimulation of H+ efflux by treatment by ELFMFs with Schumann resonance frequencies can also be supported by literature data. (i) Increase in the membrane permeability for ions (including protons) after plant treatment by ELFMFs [58]; the effect is observed at 10 or 100 µT and 50 or 60 Hz. Similar increase in the membrane permeability can contribute to proton leak and stimulate H+ efflux to lumen. (ii) ELFMFs can influence Ca2+ homeostasis in plants (including increase in free Ca2+ concentration) [59,60,61,62,63] that can be related to the direct or indirect effects of cyclotron resonance [27,62]. Considering Ca2+/H+ antiport in thylakoid membrane [53], increase in Ca2+ concentration can stimulate H+ efflux. (iii) Increase in Ca2+ concentration can also modify the activity of the Calvin-Benson cycle [57,64]; in accordance with our previous work, modification of the photosynthetic dark stage can strongly influence the activity of H+-ATP-synthase and luminal and stromal pH [65].



The influence of ELFMFs on photosynthetic light reactions in wheat seedlings and the absence of the influence in pea plants is another important result of our work. It is in good agreement with the results of others (e.g., [31,34]), which show different MF-induced physiological changes in different plant species. Mechanisms of revealed differences in photosynthetic responses on ELFMFs require future investigations; however, some potential ways can be speculated. Our results show that pea seedlings are more sensitive to light intensity than the wheat ones. In particular, pea leaves have low ΦPSII (Figure 5b and Figure 9b) in comparison to wheat leaves (Figure 3b and Figure 7b) under the used intensity of actinic light. The energy-dependent component of NPQ in pea leaves is larger than this parameter in wheat (average NPQF, which is calculated on the basis of all control plants, is 0.881 ± 0.042 in pea and 0.696 ± 0.023 in wheat, p < 0.05) and NPQ relaxation under light conditions is slower (Figures S1–S4). Considering the relation between energy-dependent NPQ forming and lumen acidification [46,47,48,49,50,51,52], pea chloroplasts can likely have a larger magnitude of proton gradient across the thylakoid membrane than wheat ones. In this case, the influence of the ELFMF-induced increase of proton leak on pH in lumen should be weak (proton concentration in lumen is high). Additionally, the potential effect of ELFMF-induced stimulation of Ca2+/H+ antiport, which is localized in the thylakoid membrane [53], can also be weak because high proton gradient should induce strong Ca2+ flux into the lumen even without the additional stimulation by ELFMFs (i.e., this additional stimulation of antiporter probably weakly influences Ca2+ concentrations in lumen and stroma of chloroplast).



As a whole, we reveal changes in the parameters of photosynthetic light reactions in wheat seedlings under short-term and chronic treatment by ELFMFs with Schumann resonance frequencies. The results show that photosynthetic light reactions can be affected by ELFMFs and that light-induced changes in photosynthetic processes (possibly relating to proton transport through thylakoid membrane) are likely to be more sensitive to the action of these magnetic fields than stationary photosynthetic parameters.




5. Conclusions


We investigated the influence of ELFMFs with Schumann resonance frequencies (7.8, 14.3, and 20.8 Hz) on parameters of photosynthetic light reactions in wheat and pea seedlings. These are the following points shown in our current investigation:



ELFMFs with Schumann resonance frequencies can significantly influence photosynthetic parameters in plants; however, this effect is dependent on plant species: changes are observed in wheat seedlings and mainly absent in pea seedlings, excluding NPQS decrease under chronic action of MF.



Effects induced by short-term and chronic treatments by ELFMFs are different: short-term action mainly influences NPQ, while chronic action mainly modifies quantum yields. However, magnitudes of changes in these yields under chronic action of MFs are much lower than those in NPQ under the short-term action.



Both short-term and chronic treatments by ELFMFs are likely to decrease the time of light-induced photosynthetic activation in wheat seedlings, because decreases in t1/2(ΦPSII) and t1/2(NPQ) are shown under short-term and chronic treatments.
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Figure 1. (a) Schema of plant localization in experiments with simultaneous action of artificial extremely low frequency magnetic field (ELFMF) and measurements of parameters of photosynthetic light reactions using IMAGING-PAM M-Series MINI Version. ML measuring light, SP saturation pulse, and AL actinic light. Blue light (450 nm) was used for ML, SP, and AL. FL is chlorophyll fluorescence. (b) Schema of localization of plants in experiments with chronic action of ELFMF. Luminescent lamps FSL YZ18RR were used as a light source for growth. Wheat plants were used as examples in both figures. Localization of plants in control experiments was identical for both variants; however, they were not treated by ELFMF. The direction of ELFMF was perpendicular to the direction of the geomagnetic field (about 50 µT). 
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Figure 2. (a) Localizations of investigated areas (ROIs) in wheat leaves at PAM-imaging. Photosynthetic parameters were averaged for each wheat leaf (3 ROIs were averaged). (b) Localizations of investigated areas (ROIs) in pea leaves at PAM-imaging. Photosynthetic parameters were averaged for pea leaf (6 ROIs were averaged). (c) Record of changes in quantum yield of photosystem II (ΦPSII) under action of actinic light (its intensity is marked as PAR). Fv/Fm is the potential quantum yield of photosystem II, ΦPSIIL is the effective quantum yield of photosystem II after 10 min of illumination by actinic light, and t1/2(ΦPSII) is the time taken for 50% increase of ΦPSII under illumination. Wheat leaf is used for this record. (d) Record of changes in non-photochemical quenching (NPQ) under action of actinic light. NPQF is fast-relaxing component of NPQ after 10 min of illumination, NPQS is slow-relaxing component of NPQ after this illumination, NPQmax is maximal value of NPQ, and t1/2(NPQ) is time taken for 50% increase of NPQ under illumination. Wheat leaf is used for this record. 
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Figure 3. Influence of short-term treatment by artificial extremely low frequency magnetic field on potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosystem II under illumination (ΦPSIIL) (b), and time taken for 50% increase of ΦPSII under illumination (t1/2(ΦPSII)) (c) in wheat seedlings (n = 30). Action of the artificial magnetic field was immediately initiated before dark adaptation; total duration of its action was 30 min. Photosynthetic parameters were measured by the action of this field. Magnitude of the magnetic fields was 18 µT; frequencies were 7.8, 14.3, and 20.8 Hz. Control plants were not treated by this artificial magnetic field. *, difference between the experiment and control plants was significant (p < 0.05). 
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Figure 4. Influence of short-term treatment by artificial extremely low frequency magnetic field on the fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under illumination (t1/2(NPQ)) (d) in wheat seedlings (n = 30). Action of the artificial magnetic field was immediately initiated before dark adaptation; total duration of its action was 30 min. Photosynthetic parameters were measured by the action of this field. Magnitude of the magnetic field was 18 µT; frequencies were 7.8, 14.3 and 20.8 Hz. Control plants were not treated by this artificial magnetic field. *, difference between the experiment and control plants was significant (p < 0.05). 
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Figure 5. Influence of short-term treatment by artificial extremely low frequency magnetic field on potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosystem II under illumination (ΦPSIIL) (b), and time taken for 50% increase of ΦPSII under illumination (t1/2(ΦPSII)) (c) in pea seedlings (n = 9). Action of the artificial magnetic field was immediately initiated before dark adaptation; total duration of its action was 30 min. Photosynthetic parameters were measured by the action of this field. Magnitude of the magnetic fields was 18 µT; frequencies were 7.8, 14.3 and 20.8 Hz. Control plants were not treated by this artificial magnetic field. Significant differences between the experiment and control plants were absent. 
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Figure 6. Influence of short-term treatment by artificial extremely low frequency magnetic field on fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under illumination (t1/2(NPQ)) (d) in pea seedlings (n = 9). Action of the artificial magnetic field was immediately initiated before dark adaptation; total duration of its action was 30 min. Photosynthetic parameters were measured by the action of this field. Magnitude of the magnetic fields was 18 µT; frequencies were 7.8, 14.3, and 20.8 Hz. Control plants were not treated by this artificial magnetic field. Significant differences between the experiment and control plants were absent. 
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Figure 7. Influence of chronic treatment by artificial extremely low frequency magnetic field on potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosystem II under illumination (ΦPSIIL) (b), and time taken for 50% increase of ΦPSII under illumination (t1/2(ΦPSII)) (c) in wheat seedlings (n = 30). Chronic action of the artificial magnetic field was initiated from soaking of seeds. Magnitude of the magnetic field was 18 µT; frequency was 14.3 Hz. Photosynthetic parameters were measured by the action of this field. Control plants were not treated by this artificial magnetic field. *, difference between the experiment and control plants was significant (p < 0.05). 
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Figure 8. Influence of chronic treatment by artificial extremely low frequency magnetic field on fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under illumination (t1/2(NPQ)) (d) in wheat seedlings (n = 30). Chronic action of the artificial magnetic field was initiated from soaking of seeds. Magnitude of the magnetic field was 18 µT; frequency was 14.3 Hz. Photosynthetic parameters were measured by the action of this field. Control plants were not treated by this artificial magnetic field. *, difference between the experiment and control plants was significant (p < 0.05). 
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Figure 9. Influence of chronic treatment by the artificial extremely low frequency magnetic field on the potential quantum yield of photosystem II (Fv/Fm) (a), effective quantum yield of photosystem II under illumination (ΦPSIIL) (b), and time taken for 50% increase of ΦPSII under illumination (t1/2(ΦPSII)) (c) in pea seedlings (n = 6). Chronic action of the artificial magnetic field was initiated from soaking of seeds. Magnitude of the magnetic field was 18 µT; frequency was 14.3 Hz. Photosynthetic parameters were measured by the action of this field. Control plants were not treated by this artificial magnetic field. Significant differences between the experiment and control plants were absent. 
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Figure 10. Influence of chronic treatment by the artificial extremely low frequency magnetic field on fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under illumination (t1/2(NPQ)) (d) in pea seedlings (n = 6). Chronic action of the artificial magnetic field was initiated from soaking of seeds. Magnitude of the magnetic field was 18 µT; frequency was 14.3 Hz. Photosynthetic parameters were measured by the action of this field. Control plants were not treated by this artificial magnetic field. *, difference between the experiment and control plants was significant (p < 0.05). 






Figure 10. Influence of chronic treatment by the artificial extremely low frequency magnetic field on fast-relaxing component of non-photochemical quenching under illumination (NPQF) (a), slow-relaxing component of non-photochemical quenching after this illumination (NPQS) (b), maximal value of non-photochemical quenching (NPQmax) (c), and time taken for 50% increase of NPQ under illumination (t1/2(NPQ)) (d) in pea seedlings (n = 6). Chronic action of the artificial magnetic field was initiated from soaking of seeds. Magnitude of the magnetic field was 18 µT; frequency was 14.3 Hz. Photosynthetic parameters were measured by the action of this field. Control plants were not treated by this artificial magnetic field. *, difference between the experiment and control plants was significant (p < 0.05).



[image: Cells 10 00149 g010]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Fv/Fm

08

0.7

B Control 0143 Hz

05
@ Control 0143 Hz

04 *

Dpsi™

03

02 +

(@)

ti2(Ppsu), min

(b)

B Control 0143 Hz






media/file4.png
(DPS[I

0.8

0.6

04

0.2

—o— Mpsi

r"’

i 1/2®Dpsi™

H\Fv/Fm PAR“

<> 5 1 0 1 5.
t1/2(MDpsi) Time, min

(c)

800

!
S
o
o
PAR, pmol ms!

' - 4
il _

(b)
2 PAR 800-
1.5 . NPQma,\‘ 'E
g =
z 1 - - 4oo§
05 . n-
1/2NPQumax
0 = : : 1 0
0 5 10 15
< i :
t1/2(NPQ) Time, min

(d)





media/file18.png
0.9 - 0.5

@ Control 014.3 Hz @ Control 014.3 Hz
0.8 - 04 -
= -
= £
Z = I
0.7 - 0.3 -
0.6 - | 0.2 “
(b)
3.5 -
O Control 014.3 Hz
2.5 -

ti12(Ppsi), min
—H

1.5 -






media/file3.jpg
(@) (b)

-~ NPQ
PAR

L

]
J

f [12NPQua | NPOS
y

= Dpsn
. 2
L4 Fy/Fm PAR] ®°

800

5
&
g
PAR, jtmol m

02

10 15 0 5 10 15
W3(@ren)  Time, min aaNeQ)  Time, min

(©) (@

261
N





media/file19.jpg
12

NPQr

NPQuuax

08

06

25

15

@ Control 014.3Hz

07

06

NPQs

@ Control 0143 Hz

05
04
@ (b)
1
@ Control 0143 Hz @ Control 014.3 Hz
£ 08
E
o
£
Zos
5
04

(©)

(d)





media/file7.jpg
NPQ:

07

0.6

05

04

@Control B7.8Hz 08 B Control M7.8Hz
0143Hz 0208Hz 0143Hz D208Hz
07
5 4 ‘
* z 3 *
T 06 T
T 3
05
(@) (b)
@Control B7.8Hz 14 B Control M7.8Hz
0143Hz 0208Hz 0143Hz 0208Hz
* £12
* T H
T § bl i
[T
€ 1
08
(c) (d)





media/file10.png
Fv/Fm

0.8 -

0.7 -

0.6 -

0.5 -

T
L

0143 Hz 020.8 Hz

|-q

@ Control W 7.8 Hz 0.3 - @ Control B 7.8 Hz
014.3 Hz [0020.8 Hz
: } 0.2 -
z
=
0.1 -
| 0 -
(b)
4.5 - @ Control B 7.8 Hz

014.3 Hz 0O020.8 Hz

3.5 -

—t

t12(Ppsi), min

2.5






media/file14.png
Fv/Fm

0.9

0.8

0.7

0.6

O Control 014.3 Hz

ti12(Ppsi), min

0.5 -

0.4 -

O Control 014.3 Hz

Hi %

L
Dpsyy

0.3 -

(b)

O Control 014.3 Hz

—— %






media/file11.jpg
14

NPQ:

@ Control B7.8Hz
0143Hz D208Hz

I

©Control B7.8Hz
O0143Hz D208Hz

07
I ¢ t
z
06
05
@ (b)
@ Control 7.8Hz 18 ©Control M7.8Hz
0143Hz D208Hz 0143Hz 0208Hz
1.4
i ¢ ]
I

t12(NPQ), min
<

I

(©)

(d)





media/file6.png
Fv/Fm

0.9

0.8

0.7

0.6

1

O Control B7.8 Hz 0.5 -
014.3 Hz 020.8 Hz

t12(Ppsi), min

L
Dpsyy

0.3 -

O Control 7.8 Hz
014.3 Hz 020.8 Hz

——

O Control B7.8 Hz

014.3Hz 020.8 Hz

+

(b)






media/file15.jpg
NPQy

09

08

07

06

B Control 014.3Hz

07

NPQs.

06

@Control 0143 Hz

(@)

@Control 0143 Hz

05

15

@

ti2(NPQ), min

(b)

@Control 0143 Hz

(©)

@





nav.xhtml


  cells-10-00149


  
    		
      cells-10-00149
    


  




  





media/file16.png
NPQr

O Control 014.3 Hz

(2)

O Control 014.3 Hz

0.8 -

0.7 -

NPQs

0.6 -

O Control 014.3 Hz

0.5

1.5 -

—
w
]

t1 /2(NPQ), min

(b)

O Control 014.3 Hz

0.9

(d)





media/file2.png
Light source

...............................................

IMAGING-PAM M-Series MINI Version

Measurement of
parameters of
photosynthetic light

reactions

ML + SP
+AL

ELFMF

(a) (b)





media/file20.png
1.2 -

NPQr

0.8 -

0.6 -

2.5

NPQumax
N

1.5 -

O Control 014.3 Hz

(2)

O Control 014.3 Hz

—t—t

0.7 -
O Control 014.3 Hz
0.6 -
2
-
=
Z *
0.5 - I
1
04
(b)
1 -
O Control 014.3 Hz
= 0.8 -
=
o
=
Z. 0.6 - 1
§ 1
. 04

(d)





media/file5.jpg
Fv/Fm

09

07

@Control W7.8Hz 05
0143Hz 0208Hz

04

@psit”

03

02+

@Control W7.8Hz
0143 Hz 0208 Hz

(@)

ti2(Ppsu), min

4

w

@Control W7.8Hz

(b)

0143Hz 0208Hz

—






media/file1.jpg





media/file12.png
1.1

NPQr

0.9

0.8

0 Control 7.8 Hz
014.3 Hz 020.8 Hz

(a)
O Control 7.8 Hz
014.3 Hz 020.8 Hz

T
1

0.8 - O Control 7.8 Hz
014.3 Hz 020.8 Hz
0.7 -
72)
S i
-9 1
Z
0.6 -
0.5
(b)
1.8 - O Control B7.8 Hz
014.3 Hz 020.8 Hz
1.6 - T
=
=
§1A-
=
<
= 1.2 -
1

(d)





media/file9.jpg
Fv/Fm

08 @Control B7.8Hz 03 @Control m7.8Hz
0143Hz 0208Hz 0143Hz 0208Hz
07 02 3
H
e
06 04
05 + 0+

(@)
45

tia(@psu), min
©
o

(b)

©Control M7.8Hz
0143Hz 0208Hz

——






media/file0.png





media/file8.png
0.7 - O Control B7.8 Hz
014.3 Hz 020.8 Hz

5 .
-
rd ? *
T
L]
(2)
r O Control B7.8 Hz

*

%

014.3 Hz 020.8 Hz

%

(c)

NPQs

t12(NPQ), min

0.8 -

0.7 -

0.6 -

0.5 -

—_
N
!

—
1

0.8 -

O Control B7.8 Hz
014.3 Hz 020.8 Hz

—

(b)

O Control B7.8 Hz
014.3 Hz 020.8 Hz

(d)





media/file17.jpg
Fv/Fm

09 05
B Control 0143 Hz B Control 0143 Hz
08 04
=
z
)
07 03
06+ 02+
@ (b)
35
B Control 0143 Hz
25

ti(@psu), min

15






