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Abstract

:

The aim of this study was to determine the effects of pre-sowing seed treatment with cold plasma (CP) and an electromagnetic field (EMF) on the agricultural performance of two cultivars of common buckwheat (Fagopyrum esculentum Moench)—‘VB Vokiai’ and ‘VB Nojai’. For this, the effects of CP and EMF on seed germination, plant growth in the field, photosynthetic efficiency, biomass production, seed yield, and the amount of secondary metabolites and minerals in the harvested seeds were estimated. Although the percentage of seedlings that emerged under field conditions decreased by 11–20%, seed treatments strongly improved buckwheat growth and yield. Irrespective of differences in the dynamics of changes in the growth and photosynthetic activity between the two cultivars, the weight of seeds collected per plant for both cultivars was significantly higher (up to 70–97%) compared to the control. The biochemical composition of the harvested seeds (Fe, Zn, quercetin content) was also altered by seed treatments. Thus, pre-sowing treatment of buckwheat seeds with CP and EMF substantially stimulated plant growth in the field, increased biomass production, seed yield and nutritional quality. The results obtained strongly support the idea that plant seed treatment with physical stressors has great potential for use in agriculture.
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1. Introduction


Common buckwheat (Fagopyrum esculentum Moench) belongs to the genus Fagopyrum of the knotweed family (Polygonaceae) comprised of numerous species of which F. esculentum is the most widely cultivated [1]. It is an important crop used both for human food and animal feed in Asia, as well as in the USA, Central and Eastern Europe [2,3]. The plant is valued for its high nutritional value: high-quality proteins, essential amino and fatty acids, fiber, vitamins and minerals, such as iron, zinc, and selenium [4,5]. In addition, buckwheat contains high amounts of flavonoids, such as rutin and quercetin, and other phenolic substances exerting antibacterial and antioxidant activity [6]. These substances are important for plant antimicrobial properties and ultraviolet (UV) protection [7,8,9]. The presence of bioactive phytochemicals in buckwheat can lead to positive effects on health due to anti-tumor, anti-oxidant, anti-inflammatory, anti-aging, hepatoprotective, hypoglycemic, anti-allergic, anti-fatigue activities [6,9]. Due to numerous health benefits, gluten-free buckwheat is considered as an important component of functional food [10,11,12]. The anti-glycemic effects of fagomine as well as the photosensitizer potential of fagopyrin are under intensive investigation [6,13].



Although common buckwheat is able to adapt to difficult soil and climatic conditions, the production is greatly affected by a low seed set which results in low and unstable grain yield relative to the major cereals. Difficulties in genetic improvement and breeding through conventional methods are explained by the complex reproductive system of this crop, mainly due to the peculiar dimorphic and sporophytic type of dimorphic self-incompatibility [5,14], or the indeterminate type of growth and embryo abortion [15]. In addition, seed setting in common buckwheat is dependent on the abundance of pollinators or frequency of flower-visiting insects [16,17]. Recently, new reports on genomic interventions in buckwheat have emerged and it is expected that molecular breeding using integrative genomics and breeding could lead to successful genetic improvement of buckwheat [5,18]. However, such molecular technologies are still under development.



Different pre-sowing seed treatment modes have been used in agriculture to increase seed quality and crop productivity. Dormancy breaking agents including mechanical, thermal and chemical scarification, enzymes, dry storage, percussion, low temperatures, radiation and high atmospheric pressures are used to alleviate seed dormancy [19]. Other technique frequently applied to improve seed germination are seed priming or osmopriming by soaking seeds in water, salt or polyethylene glycol solution under controlled conditions for a specified period of time and then dehydrating them [19]. Modern trends in sustainable agriculture involve the use of biostimulants, which are natural or synthetic substances or microorganisms applied with the aim to enhance plant nutrition efficiency, abiotic stress tolerance and crop quality [20,21]. A large variety of commercial biostimulants is currently available on the market that are applied in small quantities compared to fertilizers for improving plant productivity [22]. In addition, a large number of studies have shown that pre-sowing seed treatment with low-temperature plasma (cold plasma, CP) and an electromagnetic field (EMF) can improve germination, early growth and the further development of plants (reviewed in [23,24,25,26,27,28,29]).



We have recently demonstrated that the yield of red clover biomass production may be substantially (up to almost 50%) increased by using seed treatment with CP and EMF [30]. In this study, we aimed to test the hypothesis that the yield of common buckwheat may be also increased using such treatments that are technically easier in comparison to molecular genomics. However, in most of the studies performed (reviewed in [23,24,25,26,27,28,29]) only the effects on germination and early seedling growth were estimated, and only a single study has been reported for common buckwheat [31]. Previously, we have demonstrated that a several fold increase in biomass production of perennial plants may be achieved after one year of plant growth [32]. Our experience showed that the results from laboratory germination tests in vitro may be different from those obtained when seedling emergence in a substrate was estimated [33,34,35]. Field observations for the entire vegetation season are required to test the effects under conditions close to those of agricultural crop cultivation, as well as to estimate the persistence and dynamics of plant response to seed treatment.



The aim of this study was to perform an investigation of the effects of seed treatment with radio-frequency EMF or CP on two cultivars of common buckwheat (‘VB Nojai’ and ‘VB Vokiai’) both in the laboratory conditions as well as during plant cultivation in the field for the entire vegetation season. For this, the effects of treatments on germination in vitro and on seedling emergence under field conditions were estimated. We also evaluated the effects on seedling growth in the field, on the parameters of photosynthetic efficiency and radical scavenging activity in leaves after 4 and 8 weeks, as well as changes in the crop biomass production, seed harvest and nutritional value after 14 weeks of common buckwheat cultivation.




2. Materials and Methods


2.1. Plant Material


The study was conducted using common buckwheat (Fagopyrum esculentum Moench) seeds of two cultivars: ‘VB Vokiai’ and ‘VB Nojai’ obtained from the Vokė branch of Lithuanian Research Centre for Agriculture and Forestry. The seeds were treated with CP and EMF in B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus.




2.2. Seed Treatment with Cold Plasma (CP) and Electromagnetic Field (EMF)


The equipment and the conditions used for seed treatment have been described earlier [32,36] in more detail. Seeds were treated with radiofrequency (RF) EMF using RF generator frequency 5.28 MHz. The EMF strength components at the center of the induction coil, where the packages with seeds were placed, were following: root-mean-square value of magnetic component H–590 A/m (B ≈ 0.74 mT); the electric component E −12.7 kV/m; amplitude values H* =    2   H ¯    and E* =    2   E ¯    were 835 A/m (B ≈ 1 mT) and 17.96 kV/m, respectively. The treatment was performed for 10 and 15 min (these treatments are further abbreviated as EMF10 and EMF15, respectively) at atmospheric pressure, room temperature (20–22 °C) and 35–50% relative humidity.



Seed treatment with CP was performed in a planar geometry plasma reactor. The capacitively coupled RF discharge operated at 5.28 MHz in air at a pressure of 200 Pa. The RF voltage from an RF generator was applied to the upper electrode by a commutator, and the input power density of 0.025 W/cm3 was applied in all experiments. An open sterile Petri dish with evenly dispersed seeds was placed on a grounded electrode before pumping air from the chamber. A pressure of 200 Pa was achieved in the chamber by pumping air from it for approximately 7 min before plasma ignition. Separate experiments were performed to test the effect of vacuum treatment (for 7 min) on seed germination, as an additional control for CP effects. The results showed that exposure to a vacuum (without plasma discharge) does not have an effect on the germination of buckwheat seeds. CP treatments lasted for 5 or 7 min (these treatments are abbreviated as CP5 and CP7, respectively). Control, CP- and EMF-treated seeds were stored at room temperature (19–22 °C) until further investigation. All experiments were performed in at least three replicates as indicated in the legends.




2.3. Seed Germination Tests


Germination tests in vitro were performed 4 days after CP treatment as described earlier [30,32,33,36], using three replicates (50 seeds each). The germination results of each experimental replicate were analyzed using the Richards’ function [37] for the analysis of germinating seed population [38]. The indices of germination kinetics: Vi (%)—the final germination percentage indicating seed viability, Me (hours)—the median germination time (t50%) or t when the percentage of the germinated seeds = Vi/2, indicating the germination halftime of a seed lot or germination rate. Germination is delayed as Me increases. The fitting of the germination results to Richards plots was very good: the measure of the goodness fit Er [38] variated from 1.44 ± 0.36% for the ‘VB Nojai’ EMF15 plots to 4.81 ± 0.19% for the ‘VB Vokiai’ CP5 group.




2.4. Plant Cultivation in Field and Morphometric Analysis


For the field observation seeds were sown in the experimental plots of the Voke Branch of the Lithuanian Research Centre for Agriculture and Forestry, located in Traku Voke (54°63′ N, 25°10′ E). The experimental plots were established on sandy loam on carbonaceous fluvial-glacial gravel eluviated soil (IDp), according to FAO-UNESCO classification Haplic Luvisols (LVh) [39]. Soil agrochemical characteristics: pHKCl 5.2–6.2, humus 2.11–2.18%, mobile P2O5 108–152 mg kg−1, mobile K2O 150–165 mg kg−1. Soil for buckwheat sowing was ploughed in the autumn, two times cultivated and harrowed in the spring. The size of the experimental plots for both cultivars was 1 m2, rows—20 cm, sowing density—100 seeds per 1 m2. There were 4 replicates of each experimental group (400 seeds for each group in total). The randomized complete block design of experimental plots was used in this study. Buckwheat was sown during the third decade of May. No herbicides and fertilizers were applied in the field tests. Weeds were controlled manually. Experimental plots were periodically watered to avoid drought due to the hot season. The percentage of the emerged seedlings in field conditions was determined 6 days after sowing as the ratio of the number of the emerged seedlings and the number of seeds sown in each experimental plot (4 replicates).



Morphometric analysis of seedlings was carried out 4, 8 and 14 weeks after sowing. The total number of plants used for morphometric seedling analysis after 4 weeks was 12–15. Four randomly chosen seedlings from each of 4 plots (as 2 samples with 2 seedlings) were excavated and placed (with roots still in the soil) to plastic containers using a separate container for each group. The pit formed was immediately filled with the soil taking care that the remaining plants are not damaged. The removed plants were transferred for morphometric analysis to the laboratory, where the soil was carefully separated from the roots before the analysis. Plants with accidentally damaged above-ground parts or roots were not used for analysis. Such procedure was possible only 4 weeks after sowing but not on later stages when seedling roots became larger. Therefore, the morphometric analysis of the above-ground part of seedlings was performed 8 and 14 weeks after sowing.




2.5. Measurement of Photosynthetic Indices


Functions of the photosynthetic system were measured in the field 8 weeks after sowing using a portable plant efficiency analyser (PEA, Hansatech Instruments, Ltd., King’s Lynn, Norfolk, UK). The measurements were taken on three healthy top intact leaves of 15 plants from each group. Prior to measurement, leaves were adapted to the dark for 15 min and then chlorophyll fluorescence transients of the dark-adapted leaves were measured. The transients were induced by 1 s illumination with an array of three light-emitting diodes providing a maximum light intensity of 1800 μmol (photon) m−2 s−1 and a homogeneous irradiation over a 4-mm diameter leaf area. The fast fluorescence kinetics was recorded from 10 μs to 1 s. Analysis of the fluorescence transients was performed with WINPEA 32 software and BiolyzerP3 to a spreadsheet [40]. The effectiveness of the second photosystem (FSII) was determined by the maximum quantum efficiency coefficient Fv/Fm ratio (a measure of light use efficiency [41], and two indices that are used to estimate the response of photosynthesis to environmental stress: photosynthesis performance index PIabs and ET0/CSm (electron transport ET0 per excited cross-section, CS) derived from leaf chlorophyll a fluorescence measurement [40,42].




2.6. Measurement of Radical Scavenging Activity and Total Amount of Phenolic Compounds


The extracts of buckwheat seed for measurements of radical scavenging activity and total amount of phenolic compounds were prepared from homogenized seed powder, obtained by milling 3 g of buckwheat with a Tube-Mill grinding machine for 2 min at the 22,000 rpm rotation rate. For each of the three replicates per experimental group 0.3 g of the resulting powder was extracted using 0.4 mL 80% methanol solution in water [43]. To facilitate extraction, it was carried out in an EMMI® ultrasonic bath at 20 kHz frequency for 15 min. The solution obtained was centrifuged at 13,400× g for 10 min, the supernatant was separated from the pelleted raw material, transferred into test tubes, closed tightly and stored at −20 °C until analysis.



The total amount of phenolic compounds in buckwheat seeds was determined using Folin–Ciocalteu (FC) reagent [44]. The reagent was diluted 10 times to obtain a working solution. For analysis, 0.2 mL of buckwheat seed extract was mixed with 1 mL of 10% FC reagent and 0.8 mL of 7.5% sodium carbonate solution and left in the dark for 30 min. The absorption of the samples obtained was measured using a spectrophotometer at 760 nm. The total number of phenolic compounds was determined using the standard calibration curve obtained using gallic acid. The total amount of phenolic compounds was expressed in milligrams of gallic acid equivalents per 100 g of seed weight.



Antioxidant activity of buckwheat seed extracts was determined using the DPPH• (2,2-diphenyl-1-picryhydrazyl hydrate) method [45]. DPPH• solution was prepared dissolving 5.5 mg DPPH• in acetonitrile, 80% methanol and 0.1 M sodium acetate buffer. After mixing 1950 μL DPPH solution with 50 μL of the 10 times diluted buckwheat seed extract, the reaction proceeded for 15 min in complete darkness. A decrease in the DPPH• concentration was registered spectrophotometrically by absorption at 515 nm. The calibration curve was obtained using standard Trolox solution; radical scavenging activity was expressed in equivalents of Trolox in mg/mL 100 g of seed weight.




2.7. Detection of Seed Mineral Content


Mineral (K, Ca, Mg, Na, Fe, Cu and Zn) content in buckwheat seeds (with hull) with was determined with atomic absorption spectrometry measurement on AAnalyst 200 (PerkinElmer, Waltham, MA, USA) using wet digestion process with sulfuric acid of 200 mg of plant material, after milling by ultra-centrifugal mill (Retch 200, mesh size 1 mm). For atomic absorption spectrometry an air-acetylene flame and hollow cathode multi-elements lamps were used.




2.8. Analysis of Flavonoid and Fagomine Amount


A flavonoid assay was carried out according to a previously reported Reversed-phase High-performance liquid chromatography Photo-diode array analysis (RP-HPLC-PD) protocol [46]. An assay of D-fagomine was carried out on an Acquity H-class Ultra-performance liquid chromatography (UPLC) system (Waters, Milford, CT, USA) equipped with Cortecs HILIC 1.6 µm, 2.1 mm × 100 mm (Waters, Milford, CT, USA) column. Linear gradient was mixed using solvent A (200 mM ammonium acetate, pH 4.5), B (acetonitrile) and C (water). Initial (0–0.5 min) gradient composition was 15% A and 85% B, 2 min-15% A, 75% B, 10% C, 3.5 min-15% A, 65% B, 20% C, 5 min-15% A, 55% B, 30% C. The column was termostated at 40 °C. Positive electrospray ionization was applied to monitor fagomine fragments using the following settings of a Xevo TQD triple quadrupole mass spectrometer (Waters, Millford, CT, USA): capillary voltage was set on 1.5 kV, source temperature 150 °C, desolvation temperature 350 °C, desolvation gas flow 650 L/h, cone gas flow 25 L/h. Collision energy and cone voltage was 14 eV and 24 V. MRM transition 148 > 86 was used for quantification.




2.9. Statistical Analysis


Statistical analysis of the results was performed using Statistica 10 software (issued by IBM Lietuva, Vilnius, Lithuania to Vytautas Magnus University). One-way analysis of variance (ANOVA) and Fisher’s least significant difference (LSD) test was used to compare the means of treated groups for field experiments. Results were considered statistically significant at p < 0.05.





3. Results


3.1. Effects on Germination and Seedling Emergence


Dry seeds of common buckwheat seeds were treated with CP for 5 or 7 min (these treatments are abbreviated further as CP5 and CP7, respectively). The treatment of dry seeds with EMF was performed for 10 and 15 min (these treatments are further abbreviated as EMF10 and EMF15, respectively). The early response of two buckwheat cultivars ‘VB Nojai’ and ‘VB Vokiai’ to pre-sowing seed treatment with CP and EMF was estimated by the germination tests in vitro 4 days after seed treatment. Richards plots were used to determine the main indices of germination kinetics presented in Table 1.



Seeds of both cultivars showed high in vitro germination ability: maximal germination percentage was close to 100% in all experimental groups. The median germination time (Me) was also similar and, therefore, there was no difference in germination kinetics between the two cultivars or treatment groups. The only exception was the CP7 treated ‘VB Nojai’ seeds, where Me was reduced by 7% in comparison to the control, indicating a slight stimulating effect on germination rate. The morphometric analysis of germinated seedlings performed 5 days after sowing did not reveal any statistically significant differences in seedling length and weight between cultivars and treatment groups (data not shown).



The percentage of buckwheat seedlings that emerged under field conditions was determined by counting the number of seedlings on the 6th day after sowing in the experimental field plots of Vokė branch, the Lithuanian Research Centre for Agriculture and Forestry. The obtained results are shown in Table 2.



The difference in the percentage of the emerged seedlings between the two cultivars in the control was not statistically significant. The number of seedlings in the control group was larger in comparison to certain groups of the treated seeds: the percentage of the emerged seedlings was reduced by EMF15 (11%) and CP5 (13%) in ‘VB Vokiai’; and by EMF10 (15%) and CP5 (20%) treatments in ‘VB Nojai’. Thus, in contrast to CP and EMF effects obtained under in vitro germination conditions (Table 1), negative effects on buckwheat emergence were revealed in field experiments (Table 2).




3.2. Changes Induced in Growth Dynamics in the Field


The morphometric analysis of seedling growth in the field was performed 4, 8 and 14 weeks after sowing; the latter time point coincided with buckwheat harvesting. The obtained results are presented in Figure 1, Figure 2 and Figure 3 respectively. Morphometric parameters of shoot and root growth in the control groups of two buckwheat cultivars were similar 4 weeks after sowing (Figure 1a,b).



However, the number of lateral branches in ‘VB Nojai’ seedlings was 84% higher, and the number of inflorescences was 5.8 times larger compared to ‘VB Vokiai’, indicating that ‘VB Nojai’ started branching and flowering earlier (significance of differences between the control groups of two cultivars was estimated by Student’s test, p ≤ 0.05). ‘VB Vokiai’ seedlings in the CP7 group differed from other groups by the fastest growth of the above-ground part and root: seedling height was increased by 7%, weight 41%, root weight 36%, and plants developed 2 times more lateral branches, 24% more leaves, which weighed 41% more compared to the control. Certain morphometric indices such as seedling weight, number and weight of the leaves were also better in plants of the CP5 group compared to the controls. The most notable difference was 3.6 times higher number of inflorescences. Seed treatment with EMF15 had no effect on the morphometric parameters of ‘VB Vokiai’ 4 weeks after sowing, but EMF10 increased the seedling weight (by 20%) and the number of lateral branches (2.1-fold). The effects of CP and EMF on the growth of ‘VB Nojai’ cultivar 4 weeks after sowing was significantly different from the effect on ‘VB Vokiai’ (Figure 1a,b): the effect on seedling height was weak but negative (CP5 and EMF15 reduced height by 7%), there was no effect on weight of the above-ground part and root, root length, leaf number and weight; only EMF10 increased the average weight per leaf by 14%. Seed exposure to CP5, CP7 and EMF10 increased the number of inflorescences by (46%, 36% and 32%, respectively) in seedlings of ‘VB Nojai’ cultivar after 4 weeks (Figure 1b).



Only the above-ground part of seedlings was used for morphometric analysis 8 weeks after sowing (Figure 2), because the roots of buckwheat are thin and fragile and it is hard to separate them from the soil without damage. The above-ground parts of both cultivars were significantly larger after 8 weeks in comparison to their size on the 4th week after sowing (Figure 1): the values of morphometric indices of the above-ground part were more than twice as large compared to the indices after 4 weeks. However, the control plants of ‘VB Vokiai’ cultivar grew at the same rate as plants from CP and EMF treated seeds. The only statistically significant difference between the treatment groups and the control was a 51% increase in stem weight in EMF15 group plants (Figure 2a).



Meanwhile, the mean height of the above-ground part of ‘VB Nojai’ cultivar seedlings exceeded the control in all treatment groups after 8 weeks (Figure 2b), e.g., the EMF-10 group showed statistically significant height increase by 18%. CP5 and CP7 treatments strongly enhanced the weight of the above-ground part (by 76 and 94%, respectively), the number of leaves per plant (2 times), and the weight of the regenerative organs (1.8 and 2 times, respectively), in comparison to the control (Figure 2b). Only the CP5 treatment was effective in increasing the number of stems (45%). The effect of EMF on ‘VB Nojai’ morphometric parameters was smaller compared to CP: EMF-10 only increased plant height, and EMF-15 increased stem number by 20%.




3.3. Changes Induced in Photosynthetic Efficiency


To evaluate the effects of seed treatments with CP and EMF on physiological activity, the photosynthetic efficiency was determined in leaves of seedlings of two buckwheat cultivars growing in the experimental field plots 8 weeks after sowing.



Although the mean values of the efficiency of the second photosystem Fv/Fm ratio in leaves of control plants were 5% lower in ‘VB Nojai’ plants compared to’VB Vokiai’, the difference was not statistically significant. ‘VB Vokiai’ seed treatments did not induce appreciable changes in Fv/Fm, in contrast to ‘VB Nojai’, where values of Fv/Fm in all treated groups were significantly (from 7% to 11%) higher in comparison to the control. The only significant change in ‘VB Vokiai’ was a more than 40% increase in the electron transport flux per cross section ET0/CSm in plants of the EMF10 group, although this group did not demonstrate better growth 8 weeks after sowing (Figure 2). The photosynthetic indices of the EMF10 group did not differ from the control in ‘VB Nojai’. However, the values of the performance index PIabs and ET0/CSm values in the leaves of CP5, CP7 and EMF15 groups were substantially higher (4.5, 6.9, 4.7 and 2.6, 3.2, 2.7 times, respectively), while the Fv/Fm index was 10–11% higher in comparison to the control.



Thus, the effects of treatments on the indices of photosynthetic system efficiency were cultivar dependent. Better growth (larger weight parameters) of ‘VB Nojai’ plants 8 weeks after sowing (Figure 2) was related to positive changes in the indices of photosynthetic efficiency (Figure 3), although such a correlation was less obvious for the EMF15 group.




3.4. Changes in the Harvest Yield


The above-ground part of the plants was cut 14 weeks after sowing, dried and used for the analysis of morphometric plant parameters, seed yield per plant and nutritional seed value. The results showed (Figure 4) that CP5, CP7 and EMF15 treatments increased the number of matured seeds per plant of the ‘VB Vokiai’ cultivar by 46%, 41% and 44%, respectively compared to the control; and seed weight per plant in CP5 and EMF15 groups was increased by 70 and 56%, respectively. Seed treatments with CP5 and EMF15 also improved plant biomass production: plant weight increased by 37% and 33% and leaf weight by 80% and 47%, respectively. EMF had no effect on seed number for ‘VB Nojai’ cultivar but EMF15 increased plant and leaf weight by 41 and 71%, respectively, compared to the control. The effect of CP was stronger for ‘VB Nojai’, especially in the case of CP5 treatment which resulted in an 85% increase in the number of matured seeds per plant, a 97% increase in seed and plant weight and as much as 129% increase in leaf weight. CP7 increased the number of seeds by 45%, seed weight by 55%, and plant weight–by 44%. It is important to note that the mean weight of a single seed did not differ between the experimental groups for both ‘VB Vokiai’ and ‘VB Nojai’ (data not shown).




3.5. Changes in Antioxidant Activity, Content of Secondary Metabolites and Minerals in Harvested Seeds


Harvested seeds were used to examine the effects of seed treatments on antioxidant activity, content of total phenolic compounds, minerals and secondary metabolites specific for buckwheat. Changes induced in the radical scavenging activity and the total amount of phenolic compounds in seed extracts are presented in Figure 5.



Both the radical scavenging activity and the total amount of phenolic compounds in the control seeds of ‘VB Vokiai’ was slightly lower (12% and 9%, respectively) in comparison to the control of ‘VB Nojai’ seeds (Figure 5). The treatment-induced changes in radical scavenging activity were cultivar dependent: for ‘VB Nojai’ the only observed effect was a negligible (2%) increase in radical scavenging activity in the CP7 group, whereas CP5 decreased this activity by 20% in ‘VB Vokiai’ seeds, and CP7 and EMF15 treatments enhanced radical scavenging activity (by 10% and 18%, respectively). CP but not EMF treatments reduced the content of the total phenolic compounds in ‘VB Vokiai’ seeds (CP5 by 24% and CP7 by 15%), in contrast to ‘VB Nojai’ seeds, where the amount of total phenolic compounds was reduced by EMF treatments (EMF15 by 19%, EMF10 by 9%) more so than by the CP treatment (CP5 by 7%). There was no correlation found between changes induced in the radical scavenging activity and the content of the total phenolic compounds in buckwheat seeds.



The analysis of the content of mineral elements has revealed certain cultivar-dependent differences in the mineral content of the control seeds (Figure 6). The content of K and Fe in ‘VB Vokiai’ seeds was (by 8.6% and 28%, respectively) smaller, and the content of Zn by 30% larger compared to ‘VB Nojai’ seeds, while the amounts of calcium, magnesium, sodium, and copper were similar.



Treatment-induced changes in seed mineral content were also significantly different for the two buckwheat cultivars. A slight increase (4–9%) in K content was observed in VB ‘Vokiai’ seeds after treatment with CP5, CP7 and EMF15, but the only effect in ‘VB Nojai’ was a 3% decrease of K content in the EMF15 group. The amount of Ca in ‘VB Nojai’ seeds was not affected by stressors, but in ‘VB Vokiai’ seeds CP5 reduced Ca content by 17%. There was no change in the amount of Mg and Na in ‘VB Vokiai’ seeds, while in ‘VB Nojai’ EMF15 increased the content of Mg by 8%; Na was increased by 15% in the CP7 group but significantly decreased by EMF10 and EMF15 (17% and 36%, respectively). The effect of stressors on Fe content in ‘VB Vokiai’ seeds was particularly significant: Fe amount increased by 49%, 36% and 54% for CP7, EMF10 and EMF15, respectively. However, no positive effects on Fe content were observed in ‘VB Nojai’ seeds; on the contrary, Fe content decreased by 11% in the CP7 group. Treatments did not change Cu content in seeds of both cultivars. CP treatments did not have an effect on the amount of Zn in seeds of both cultivars, whereas the effects of EMF treatments were the opposite: EMF10 treatment decreased Zn amount by 24% in ‘VB Vokiai’ seeds, and increased it in ‘VB Nojai’ seeds (by 19% in the EMF10 group and 37% in the EMF15 group).



In summary, the largest effects on buckwheat seed mineral content were observed on the amounts of Fe and Zn, but the effects were opposite for the two cultivars-CP7, EMF10 and EMF15 significantly increased Fe and decreased Zn content in ‘VB Vokiai’ seeds, while in seeds of ‘VB Nojai’ CP7 decreased Fe content and EMF treatments increased Zn content.



The results of HPLC analysis of the amounts of secondary metabolites rutin, quercetin and D-fagomine in buckwheat are presented in Figure 7.



In the control, ‘VB Vokiai’ seeds contained less rutin and quercetin (by 17% and 13%, respectively) but 10% more D-fagomine compared to ‘VB Nojai’ seeds (Figure 7). The amount of rutin in ‘VB Nojai’ seeds was reduced by 11% in EMF10 group; CP5 reduced rutin amount (by 10%), but EMF15 slightly increased it (by 5%). Changes in quercetin levels were also cultivar-dependent. In ‘VB Nojai’ seeds, quercetin levels were reduced in CP7 and EMF15 groups (by 26% and 25%, respectively), but increased by 19% in the CP5 group. In ‘VB Vokiai’ seeds CP7, EMF10 and EMF15 increased quercetin 31%, 5% and 45%, respectively. The amount of D-fagomine in ‘VB Nojai’ seeds was unaffected by the treatments, while in ‘VB Vokiai’ seeds, CP7 increased it by 12%.



The amount of secondary metabolites per plant was calculated by multiplying the average weight of seeds per plant (Figure 4) by the average amount of secondary metabolite per weight unit (Figure 7). Secondary metabolite production per plant found to be most significantly increased by seed treatment with CP5 in ‘VB Nojai’ seed rutin content per one plant increased 1.9, quercetin 2.3, D-fagomine 1.9 times. EMF15 treatment was the most efficient for ‘VB Vokiai’: rutin content per plant increased 1.6 times, quercetin content 2.3, D-fagomine content 1.6 times (although the total production of seed D-fagomine was the highest in the CP5 group, which increased 1.8 times compared to control seeds). In comparison to rutin and D-fagomine, treatments were more potent in changing the content of quercetin.





4. Discussion


The purpose of this study was to observe the effects of pre-sowing buckwheat seed treatment with CP and EMF on different indices of plant agronomic performance in field conditions during cultivation for the entire vegetation period. It has been reported previously [31] that treatment of buckwheat seeds with gliding arc discharge for 3 min increased the number of germinated seeds by 9%; however, this effect was not statistically significant. In addition, inhibitory effects on buckwheat seed germination have been observed with increasing processing time or using other devices for CP treatments [31], and only the very early growth of sprouts has been tested.



We showed that the effects of seed treatments on buckwheat growth persist for the entire vegetation season, and that the effects on biomass production and seed harvest are considerably larger in comparison to the effects on seed germination. We have previously demonstrated that the effects of seed treatments on germination in vitro are different from those in substrate for Norway spruce [33] and sunflower [34,35], as well as on seedling emergence in the field for industrial hemp [36]. In the case of buckwheat, little to no effect on germination was observed in vitro, while no effect or a moderate negative effect (11–20%) was found on seedling emergence in field conditions. It is possible that some of the seedlings that germinated from treated seeds did not survive 2 weeks after sowing under field conditions. Nevertheless, strong positive effects on plant growth on a longer time scale (14 weeks) were determined (Figure 4). Such findings are similar to the results obtained previously with red clover (Trifolium pratense) grown for 5 months in the field [30], when EMF strongly stimulated plant growth although such treatment did not affect germination. Taken together, these results contradict the widespread opinion that the effects on germination can be regarded as an informative estimate for the response of plants to seed treatments. Moreover, such findings demonstrate the importance of longer observations (at least for the entire vegetation season) under conditions used for plant agricultural cultivation. The results obtained show that the effects of seed treatments on various plant growth traits are different in two common buckwheat cultivars, similar to the results obtained for red clover [30]. The dynamics of the induced changes in plants of the two buckwheat cultivars followed different patterns over time: 4 weeks after sowing, a stronger positive effect on morphometric parameters of ‘VB Vokiai’ cultivar was observed in comparison to that after 8 weeks; meanwhile, the effects on ‘VB Nojai’ seedlings were much smaller or absent after 4 weeks, but positive effects of CP and EMF on growth (plant weight, the number and weight of stems and generative organs) became apparent after 8 weeks (stronger in comparison to the effects on ‘VB Vokiai’). At this time point, seed treatment led to an improvement in the indices of photosynthetic efficiency in leaves of ‘VB Nojai’, but not ‘VB Vokiai’ seedlings. This result indicates that stimulation of plant growth by seed treatments is related to the activation of photosynthetic processes, which also confirms the results obtained in sunflowers [35,36]. Stimulation of the net rate of photosynthesis in seedlings growing from CP treated seeds has been demonstrated directly in wheat [47]. It has been shown that treatment of sunflower seeds with CP and EMF induced substantial changes in leaf proteome, resulting in stimulated expression of proteins involved in photosynthetic processes and their regulation [34].



Irrespective of the different dynamics of changes in the morphometric parameters observed in the two cultivars, the yield of seeds collected from treated seedlings was significantly higher in both cultivars, compared to the control. Both CP and EMF increased seed yield (seed number up to 46%, seed weight up to 70%) per plant of ‘VB Vokiai’ cultivar, but only CP had a positive effect on seed yield (seed number up to 85%, seed weight up to 97%) in ‘VB Nojai’. Biomass production in both cultivars was strongly increased by CP5, CP7 and by EMF15 treatment. It is important to note that strong positive effects on biomass production were obtained in groups with the reduced emergence of buckwheat seedlings under field conditions (Table 2).



The biochemical composition of the harvested buckwheat seeds was altered by seed treatments, and changes induced in antioxidant capacity, content of minerals, and secondary metabolites were cultivar-dependent. Treatment of buckwheat seeds with CP and EMF had a negative effect on the total amount of phenolic compounds in seed extracts, but changes induced in seed radical scavenging activity were stronger in ‘VB Vokiai’ seeds compared to ‘VB Nojai’; moreover, the total phenolic compound content was reduced by CP treatment in ‘VB Vokiai’ seeds, and by EMF treatments in ‘VB Nojai’. The effects on seed mineral content were cultivar-dependent also. The strongest effects were found on seed Fe and Zn content: CP7 reduced Fe content, and EMF increased Zn in ‘VB Nojai’ seeds, while CP7, EMF10 and EMF15 significantly increased Fe and decreased Zn content in ‘VB Vokiai’ seeds. Although the change in the amount of secondary metabolites per unit seed mass was significant only in the case of quercetin, considering the differences in seed yield between experimental groups, it was estimated that seed treatment had a strong effect (from 1.6 to 2.3 times) on secondary metabolite production per buckwheat plant. In this respect, EMF15 treatment was the most effective for ‘VB Vokiai’, whereas CP5 treatment–for ‘VB Nojai’.



The reasons behind the strong observed differences in the response to various modes of seed treatment (the effects on different plant traits) between the two cultivars of the same plant species remain to be understood. Certain genetically determined characteristics of molecular stress signal perception and transduction in seeds, or peculiarities in plant stress response pathways may be responsible for such differences. Seed treatments may induce cultivar-dependent shift in the balance of phytohormonal networks in plant tissues (in particular, stress response phytohormones such as abscisic, salicylic acids, or jasmonate [48]) leading to variety of induced changes at metabolic and physiological level.



The significant increase in plant productivity may be also achieved by using biostimulants, and the observed effects variate in the range between 30% and 75% in dependence on the applied biostimulant type and plant species [49]; in addition, biostimulants can increase the nutritional quality of fruits and vegetables [50]. The effects of various types of biostimulants on the production of common buckwheat have been reported recently [51,52,53,54]. It has been reported that seed soaking for 30 min. in solutions with biostimulants and microorganisms can boost nutrient content [51] and antioxidant activity [52] in buckwheat sprouts. Some plant growth biostimulants applied in the beginning of blooming reduced (by 4–12-fold) embryo abortion and thus contributed to higher seed yield in populations of common buckwheat with a biased flower morph ratio [53]. Silicon biostimulant applied 3 weeks after germination improved numerous morphometric parameters including increased seed number per plant (8%) and seed weight per plant (3 times). However, it is not easy to compare the effects of biostimulants on the productivity of common buckwheat with effects of seed treatments performed in this study due to the essential differences in the protocols used. Further investigations of both methods or their combinations are needed to achieve the reliable results relevant for application in sustainable agriculture.



The persistence of changes induced in plant growth by seed exposure to CP or other stressors implies that response to seed stress is manifested by alterations not only in seed germination and early growth but also in all following stages of plant development. It has been recognized that seed treatment with CP induces numerous adaptive changes observable in the growing plants (see the most recent reviews [23,24,25,26,27,28,29]). Seed treatment with CP results in chemical modifications in seed coat leading to increased surface wettability [55], increased seed electron paramagnetic resonance (EPR) signal [33,56,57], rapid changes in the balance of phytohormones [34,35,58,59] and DNA methylation in dry seeds [60] resulting in changes of protein expression and enzymatic activities underlying the effects on germination. The systematic response of plants and seeds to EMF treatment has been reviewed recently [25]. Although EMF treatment did not affect seed coat structure [32], in dry seeds EMF increased EPR signal [33], induced changes in the balance of phytohormones [58,59], and increased reactive oxygen species (ROS) production in germinating seeds [33]. Seed treatments with CP and EMF are further followed by changes in DNA methylation [61], protein expression and numerous enzymatic activities in tissues of growing seedlings [25,34] including proteins that are important for photosynthetic activity and antioxidant defense. Substantial changes in plant associated microbiome due to sunflower seed treatment with CP have been reported [62]. Numerous findings indicate that secondary metabolism is activated in plants growing from the CP- or EMF-treated seeds [30,36,45,63], and that may lead to increased plant fitness and improved growth due to stimulated communication with beneficial microorganisms [59,64]. It remains to be determined which of these mechanisms are involved in the improvement of agricultural performance of common buckwheat and other plants. It has been suggested that plant adaptations can bring novel solutions for invigoration of agriculture and increasing crop productivity [65]. However, systematic and interdisciplinary knowledge on the detailed sequence of the internal molecular changes induced both in seeds and in plants is needed for the complete understanding of CP and EMF treatment effects and reliable their application in agriculture.




5. Conclusions


The field observations performed for the whole vegetation season revealed that treatment of buckwheat seeds with CP and EMF can significantly improve agronomic plant properties. Although treatments slightly reduced the percentage of the emerged seedlings under field conditions, physiological and developmental processes in growing plants were positively affected. Seed treatments improved growth, increased biomass production, almost doubled seed yield, modulated seed mineral content and significantly increased production of secondary metabolites per plant. The results obtained strongly supported the idea that plant seed treatment with physical stressors has a great potential for use in agriculture. A significant increase in the production of secondary buckwheat metabolites and changes in seed mineral content are important findings both for the pharmaceutical industry and production of healthy food. The presented results imply that field observations are needed to reveal the actual potential of seed treatments with CP and EMF for use in agriculture.
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Figure 1. Morphometric parameters of buckwheat seedlings grown for 4 weeks after sowing in experimental field plots: (a) ‘VB Vokiai’ parameters; (b) ‘VB Nojai’ parameters. The means ± standard errors are presented (n = 12–15). Different lowercase letters indicate significant differences (p < 0.05, Fisher’s LSD test). 
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Figure 2. Morphometric parameters of buckwheat seedlings grown for 8 weeks after sowing in experimental field plots: (a) ‘VB Vokiai’ parameters; (b) ‘VB Nojai’ parameters. The means ± standard errors are presented (n = 12–15). Different lowercase letters indicate significant differences (p < 0.05; Fisher’s LSD test). 
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Figure 3. Photosynthetic efficiency index Fv/Fm (a), photosynthesis performance index PIabs (b) and electron transport per excited leaf cross-section ET0/CSm (c) in buckwheat leaves measured 8 weeks after sowing in experimental field plots: (a) ‘VB Vokiai’; (b) ‘VB Nojai’. The means ± standard errors are presented (n = 15). Different lowercase letters indicate significant differences (p < 0.05, Fisher’s LSD test). 
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Figure 4. Morphometric parameters of buckwheat plants and seed yield measured 14 weeks after sowing in experimental field plots. (a) ‘VB Vokiai’ parameters and seed yield; (b) ‘VB Nojai’ parameters and seed yield. The means ± standard errors are presented (n = 21–28). Different lowercase letters indicate significant differences (p < 0.05; Fisher’s LSD test). 
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Figure 5. Radical scavenging activity and amount of total phenolic compounds in the harvested seeds of buckwheat. (a) radical scavenging activity in ‘VB Vokiai’ and ‘VB Nojai’ seeds; (b) content of total phenolic compounds in ‘VB Vokiai’ and ‘VB Nojai’ seeds. The means ± standard errors of three replicates are presented (n = 3). Different lowercase letters indicate significant differences (p < 0.05; Fisher’s LSD test). 
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Figure 6. Mineral content in the harvested seeds of two buckwheat cultivars. (a) ‘VB Vokiai’ seeds; (b) ‘VB Nojai’ seeds. The amount of K, Ca, Mg, Na is presented in % of dry weight, the amount of Fe, Cu and Zn–in μg per g. The means ± standard errors of three replicates are presented (n = 3). Different lowercase letters indicate significant differences (p < 0.05; Fisher’s LSD test). 
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Figure 7. Secondary metabolite content in harvested seeds of two buckwheat cultivars. (a) ‘VB Vokiai’ seeds; (b) ‘VB Nojai’ seeds. Rutin content is presented in mg/g, quercetin and D-fagomine amount–in μg per g. The means ± standard errors of three replicates are presented (n = 3). Different lowercase letters indicate significant differences (p < 0.05; Fisher’s LSD test). 
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Table 1. Indices of buckwheat germination kinetics in vitro.
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Treatment

	
‘VB Vokiai’

	
‘VB Nojai’




	
Vi, %

	
Me, Hours

	
Vi, %

	
Me, Hours






	
Control

	
97.3 ± 2.7 a

	
42.6 ± 0.6 a

	
98.7 ± 0.7 a

	
43.6 ± 1.2 a




	
CP5

	
96.6 ± 0.7 a

	
43.1 ± 1.7 a

	
99.3 ± 0.7 a

	
41.0 ± 0.2 ab




	
CP7

	
96.7 ± 2.4 a

	
41.0 ± 0.4 a

	
98.7 ± 0.7 a

	
40.6 ± 0.3 b




	
EMF10

	
99.3 ± 0.7 a

	
41.1 ± 0.4 a

	
98.3 ± 0.3 a

	
42.4 ± 0.6 a




	
EMF15

	
100.0 ± 0.0 a

	
41.7 ± 0.2 a

	
100.0 ± 0.0 a

	
42.2 ± 0.6 a








Vi, the maximal germination percentage; Me, the median germination time; results are presented as mean values ± standard error (50 seeds used in each of three replicates, n = 3); different lowercase letters indicate significant differences (p < 0.05, Fisher’s least significant difference (LSD) test).
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Table 2. The percentage of the emerged seedlings 6 days after sowing in the field.
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	Treatment
	‘VB Vokiai’
	‘VB Nojai’





	Control
	79.5 ± 3.9 a
	71.5 ± 6.0 a



	CP5
	66.7 ± 4.8 b
	51.3 ± 5.2 b



	CP7
	69.0 ± 1.0 a,b
	72.7 ± 4.4 a



	EMF10
	72.5 ± 2.5 a,b
	56.8 ± 3.8 b



	EMF15
	68.5 ± 2.1 b
	63.0 ± 3.7 a,b







Mean values ± standard error of mean are presented (n = 4, 100 seeds in one replicate); different lowercase letters indicate significant differences (p < 0.05, Fisher’s LSD test).
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