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Increasing the concentration of an element in edible produce (i.e., biofortification) can mitigate the element deficiency in humans. Sprouts are small but popular part of healthy diets providing vitamins and essential elements throughout the year. Element composition of sprouts can easily be amended, e.g., by soaking the grains in element-rich solution before germination (grain-priming). In addition, pre-treatment of grains to improve element translocation from the solution into the grain may further enhance the element concentration in the sprout. Cold plasma technique could provide such solution, as it increases wettability and water uptake of grains. Grains of common buckwheat (Fogopyrum esculentum Moench) were pre-treated/ untreated with cold plasma and soaked in ZnCl2 solution/pure water. Germination tests, α-amylase activity, grain hydrophilic properties and water uptake were assessed. Element composition of grain tissues and of sprouts was assessed by micro-particle-induced-X-ray emission and X-ray fluorescence spectroscopy, respectively. Grain-priming increased Zn concentration in shoots of common buckwheat sprouts more than five-times, namely from 79 to 423 mg Zn kg−1 dry weight. Cold plasma treatment increased grain wettability and water uptake into the grain. However, cold plasma pre-treatment followed by grain-priming with ZnCl2 did not increase Zn concentration in different grain tissues or in the sprouts more than the priming alone, but rather decreased the Zn concentration in sprout shoots (average ± standard error: 216 ± 6.13 and 174 ± 7.57 mg Zn kg−1 dry weight, respectively). When the fresh weight portion of whole sprouts (i.e., of roots and shoots) was considered, comparable average requirements of Zn, namely 24.5 % and 35 % for adult men and women would be satisfied by consuming cold plasma pre-treated and not pre-treated grains. Potential advantages of cold plasma pre-treatment need to be tested further, mainly to optimize the duration of soaking required to produce Zn-enriched sprouts.
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1. Introduction

Optimal development of organisms depends upon provision of sufficient amounts of essential elements. Since plants represent the base of the food chain and deliver between 83 and 94% of the essential elements to human diets (1) the variation in the element compositions of crops is of considerable importance for human nutrition (2). Seven elements (iron (Fe), zinc (Zn), magnesium (Mg), copper (Cu), calcium (Ca), selenium (Se) and iodine (I)) are often lacking in human diets, resulting in negative impact on health and wellbeing of more than two billion people worldwide (3, 4). Substantial progress to reduce malnutrition has been made in increasing concentrations of these elements in edible plant tissues by a process called biofortification. The increase in density of elements in a crop can be achieved through agronomic practices designed to increase phytoavailability of the deficient element by soil fertilization or by foliar application of element-containing compounds, as well as by plant breeding and/or transgenic techniques to develop plants with better element-use efficiency. When biofortified product is consumed regularly, measurable improvements in human health and nutrition can be observed (5).

Zinc deficiency compromises the immune system, increases the risk of arteriosclerosis, anemia and gastrointestinal disorders (6–8). There has been a considerable success in biofortifying crops with Zn, mostly achieved through soil fertilization and/or foliar application of Zn-rich compounds with species-specific degree of increase (9). An alternative to field-based fertilization, the soaking of seeds or grains in Zn solutions, known as seed/ grain-priming, has also been explored for improving Zn nutrition of the growing seedling (10–13), or, more recently, to grow Zn-rich edible sprouts. A significant increase in Zn concentration in shoots or/ and leaves of chickpeas, wheat or mung beans, primed in different concentrations of ZnSO4 has been reported (14, 15). Similarly, soaking grains in ZnCl2 resulted in increased concentration of Zn in above-ground plant tissues of wheat and peanut (16, 17). Up to five-fold increase in Zn concentration in peanut sprouts grown from primed seeds has been reported (17). It seems Zn seed/grain-priming could be a feasible approach to increase Zn intake, if sufficient amount of the Zn-biofortified product is consumed and the Zn present in product is bioavailable.

The rate of uptake of ions from the solution used to soak the seeds or grains depends on the surface area of the grain, the surface properties, the concentration of ions in the solution, the temperature of the solution and the soaking time. Scarification or other modifications of the grain surface may also affect positively the penetration of ions into the grain. One such surface modification technique could be the treatment of seeds or grains with cold or non-thermal plasma (CP). CP is generated by supplying energy to gas by heat, electricity, electromagnetic field at radio or microwave frequencies and thus increasing kinetic energy of electrons with consequent increase in the number of collisions between gas molecules and electrons, resulting in plasma discharge (18, 19). CP comprises ionized gas, including negatively and positively charged ions, free radicals, atoms, molecules, and in the case of low-pressure conditions UV and vacuum UV photons (20, 21). Depending on the gas used for the CP generation, reactive oxygen and/or nitrogen species (ROS and NOS) are also present (22). CP constituents interact with the surface of material and can decontaminate or even sterilize the surface (23). In the long run CP may also affect physiological properties, such as germination, yield, and/or even stress resistance in crops (21, 24, 25). In grains, CP treatment can make the surface more hydrophilic by functionalization of the surface molecules and/ or by mechanical etching of the surfaces (26–29). In oxygen-based CP treatment, the effect has been attributed to the functionalization of the surface by oxygen, and to oxidation of lipid molecules, largely present in the grain pericarp (26, 30–32), which leads to improved grain wettability and water uptake, and activates complex signaling pathways in seeds or grains (22, 29, 31, 33). The use of CP in agriculture is thus a promising environment-friendly technique that could help to reduce the use of pesticides and fertilizers and improve early-stage seedling vigor.

The aim of the study is to investigate whether Zn biofortification of sprouts can be enhanced by oxygen-based CP treatment of grains. By hypothesis, Zn uptake in CP-treated grains should increase, resulting in a higher Zn concentration in sprouts. The hypothesis was tested on common buckwheat, Fagopyrum esculentum Moench (Caryophyllales: Polygonaceae), a gluten-free crop, traditionally grown in Asia and Central and Eastern Europe. As buckwheat grain contains 57% of starch it is often used for the production of flour or is consumed as de-husked grains (groats), similarly as cereal grains. Consumption of buckwheat-based products has been linked to hypoglycemic, anti-cancer, and anti-inflammatory benefits (34, 35) making buckwheat an increasingly popular ingredient in healthy diets. Furthermore, buckwheat sprouts are health-promoting produce, rich with antioxidant and anti-inflammatory compounds (36–39); their element composition can be changed by the use of solution used to grow them (40).



2. Materials and methods


2.1. Plant material and experimental conditions

Grains of common buckwheat (Fagopyrum esculentum Moench) from the 2020 harvest was obtained from a local farm Rangus (Rangus mlinarstvo in trgovina, Dol. Vrhpolje d.o.o., Dolenje Vrhpolje 15, 8,310 Šentjernej, Slovenia). Between harvest and use in experiments, the grains were kept in closed glass jars in dry and dark place. Outline of all experiments is schematically presented in Supplementary material, Supplementary Figure A1.Germination tests were performed in Petri dishes (φ = 7 cm; 25 grains per Petri dish) lined with filter paper soaked in dH2O and kept in cardboard boxes (in the dark). Sprouts were grown on trays placed in sprouters (EasyGreen® MicroFarm System, Easy-Green Factory Inc., Nevada, United States), and watered with tap water by automatic misting for 30 min every 8 h. Petri dishes and sprouters were placed in a growth chamber where 16 h: 8 h day: night cycle was accompanied by 22°C and 19°C, respectively, at 60% humidity.



2.2. Grain-priming with different concentrations of ZnCl2

Different ZnCl2 concentrations were tested in three independent experiments to determine the optimum ZnCl2 concentration for subsequent experiments. 300 grains of common buckwheat were soaked for 16 h at room temperature in 100 mL of dH2O (Control) or in 100 mL of one of the following ZnCl2 aqueous solutions: 2.5 mM, 5 mM, 7.5 mM and 10 mM. After soaking period, grains were rinsed with tap water and 100 grains from Control and each of the ZnCl2 concentrations were used in germination test and the remaining 200 grains were used for sprout cultivation under the conditions described in “Plant material and experimental conditions”. Germinated grains were counted after five days and final germination rate G was calculated as:
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where Nt represents the total number of grains in the Petri dish, and Ng represents the number of germinated grains. Sprouts were harvested after 8 days: pericarps were removed from cotyledons, roots were discarded, and the shoots were weighed (fresh weight, FW), frozen in liquid nitrogen and freeze-dried (Alpha 2–4 Christ, Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany) for 3 days, after which the shoots were weighed again (dry weight, DW). The dried shoots were finely ground with pestle in a mortar. Around 300 mg of plant material was pressed into a pellet with a hydraulic press and analyzed with X-ray fluorescence (XRF) spectrometer (Peduzo T02, Jožef Stefan Institute, Ljubljana, Slovenia). The concentrations of phosphorus (P), sulfur (S), chlorine (Cl), potassium (K), Ca, manganese (Mn), Fe and Zn were measured as described in detail previously (41). On the remaining plant material the photosynthetic pigments (chlorophyll a and b, chlorophyll a + b and carotenoids) were determined following the procedure by Lichtenthaler (42).



2.3. Grain treatment with cold plasma

The CP treatment was conducted in a small-scale, inductively-coupled low-pressure oxygen plasma system in which plasma was powered by a radio-frequency (13.56 MHz) generator. Plasma discharge was established at 50 Pa working pressure, where the supply gas was oxygen of 99.99% purity. The direct (glow) plasma regime was used. To determine optimal power conditions of plasma, a test treatment for 5 s at three different power inputs of 75 W, 100 W and 200 W was done. Germination tests were performed on 100 grains from each power input and for the untreated (Control) sample, as described in “Plant material and experimental conditions”. The final germination rate (G) was calculated using the number of germinated grains on day ten.

For the Control samples and samples treated at 75 W, water contact angle (WCA) and water uptake was also determined. WCA was measured for pericarp of 10 randomly selected grains with Drop Shape Analyzer DSA 100E (KRÜSS GmbH, Hamburg, Germany) with 1 μL MiliQ water (StakPure, Niederahr, Germany) droplets, and with testing immediately and after one, two, three, six and twelve weeks. For water uptake determination 50 dry grains were weighed and placed onto one layer of filter paper soaked with 4 mL of dH2O in a Petri dish (as described in “Plant material and experimental conditions”). Weighing was repeated after 0.5, 1, 3, 6, and 24 h of grain exposure to water. Every time, any excess water was removed by a paper towel. In addition, grains pericarp of the control and CP-treated grains were imaged by a scanning electron microscope (SEM; Quanta 650 ESEM, Thermo Fischer, United States) without any surface coating.



2.4. Cold plasma grain pre-treatment and grain-priming

The effect of the CP pre-treatment at CP power of 75 W was studied in common buckwheat grains, which were primed for 16 h in dH2O (CP) or in 5 mM ZnCl2 solution (CP + Zn). Controls without CP pre-treatment and primed in dH2O (C) or in 5 mM ZnCl2 (+Zn) were examined for comparison, yielding four treatments.

Firstly, the distribution of elements in the grains was determined using micro-particle X-ray emission (micro-PIXE) on transverse cross-section made using a sharp stainless-steel platinum-coated razor blade. The cross-sections were frozen in liquid nitrogen and dried in a freeze-drier for 2 days. The dried sections were placed between two layers of Pioloform foil stretched over a custom-made aluminum frames (43). Five cross-sections per treatment were analyzed at the micro-PIXE set-up of the Jožef Stefan Institute, Slovenia (44, 45). X-ray fluorescence was detected with a segmented silicon drift detector (Rococo2 System, PNDetector GmbH, München, Germany). Quantitative element distribution maps were generated in GEOPIXE II software package (Ryan 2000) and the tissue specific concentrations of elements were extracted from the numerical matrices using Fiji program (46). Linear transects, one across the pericarp, aleurone, cotyledons and another one across the pericarp, aleurone and endosperm were obtained from a representative grain sample using PyMca software (47).

Secondly, α-amylase activity was measured in the grains, following user manual of CERALPHA kit (Megazyme, Wicklow, Ireland): after soaking the grains were rinsed with tap water, frozen in liquid nitrogen and freeze-dried as described above. Dried grains were finely ground with pestle in a mortar, and α-amylase was extracted from 250 mg of dried and homogenized material in a glass eprouvette. For each treatment three extractions of the samples (n = 3) were performed. Extraction of the samples was performed using 5 mL extraction buffer solution (pH 5.4). After thoroughly mixing the plant material with the extraction buffer (vortexing), the samples were incubated in a water bath for 20 min at 40°C and centrifuged at 1000 g for 10 min. For each sample, 100 μL of amylase reagent was transferred into 2 mL micro-centrifuge and pre-incubated in a water bath for 5 min at 40°C. One hundred μL of the sample was added to the amylase reagent, stirred and incubated in a water bath for further 10 min at 40°C. After the incubation, 1.5 mL of stopping reagent was added and the solution was vortexed. The samples were centrifuged at 1000 g for 10 min. The absorbance of the samples was read on the spectrometer (Schimatzu, UV-1880, Kyoto, Japan) at 400 nm. (A400) and α-amylase activity (CU g−1) was calculated using the following formula:
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Thirdly, three independent experiments with four technical replicates were conducted comprising germination tests and tests in sprouters as described in “Plant material and experimental conditions”. In germination tests, in addition to the final germination rate also the mean germination rate (MR) was calculated using the following formula (48):
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where Nd represents the number of germinated grains on day d, and d represents the time (in days) from the start of the experiment. Ng represents the total number of germinated grains in the Petri dish. In experiments in sprouters, shoot biomass, the element composition and photosynthetic pigment content (as described in detail in “Grain-priming with different concentrations of ZnCl2”) were assessed, together with root biomass and element composition of the roots and pericarps.



2.5. Statistical analysis

The results were presented as mean ± standard error (SE) of the three independent experiments, each with three to four technical repetitions (n = 9 or 12), unless stated otherwise in figure and table captions. Treatment means were compared by one-way analysis of variance (ANOVA) with Holm-Sidak post-hoc test at p value <0.05 or when pairwise comparison was required, Student t-test at p value <0.05 was used. Statistical analysis and graphical visualization were carried out in SigmaPlot 12.0 software (Systat Software, San Jose, CA, United States).




3. Results and discussion


3.1. Optimizing conditions for grain-priming and cold plasma treatment of common buckwheat

Grain-priming with different ZnCl2 concentrations had no significant effect on final germination rate of grains, fresh and dry weight and photosynthetic pigments of common buckwheat sprout shoots (Table 1) confirming that selected ZnCl2 concentrations did not result in visible or measureable physiological and yield penalties. There was an increase in Zn concentration in shoots depending on the ZnCl2 concentrations used for priming (Figure 1). The maximum individual value 423 mg Zn kg−1 DW of shoot Zn concentration was measured in the 10 mM ZnCl2 treatment, and the minimum individual value 79 mg Zn kg−1 DW in the Control (0 mM ZnCl2), yielding 5.35-fold increase in Zn concentration. By contrast, grain-priming with ZnCl2 did not affect the concentrations of P, S, Cl, K, Ca, Mn and Fe in shoots (Table 1). By Zn soil fertilization, according to several studies, the concentration of Zn can be increased up to 700 mg kg−1 DW in shoots of some plant species, such as chickpea, different cabbages, turnip and spinach (1). Although there is no report on Zn biofortification attempts in buckwheat, a five-fold increase in Zn concentration after grain-priming can be considered a promising approach to improve Zn intake in human (or animal) diets. Taking into account that sprouts are consumed fresh, simple calculation reveals that a 100 g serving of fresh matter offers slightly more than 2 mg of Zn in sprouts originating from grains primed with 5 to 10 mM ZnCl2 (Figure 1B). Average requirement (AR) of Zn for adult men ranges between 7.5–12.7 mg per day and for adult women 6.2–10.2 mg per day (4) indicating the above portion of Zn-primed common buckwheat sprouts could account for around 20 and 25% AR, respectively. At least, Zn-primed common buckwheat (or any other, equally Zn-enriched) sprouts appear to be a good candidate to optimizing diets and/ or achieving improved Zn intake. As 5 mM ZnCl2 was the first treatment in which significantly more Zn was found in sprouts compared to Control, and as the content of Zn saturated with higher concentrations of ZnCl2, 5 mM ZnCl2 concentration was selected for further experiments.



TABLE 1 Final germination rate, biomass, concentration of photosynthetic pigments and of elements in shoots of 8-day-old sprouts of common buckwheat, whose grain was primed with increasing concentrations of ZnCl2 for 16  h at room temperature.
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FIGURE 1
 (A) Concentration of zinc (Zn) in shoots of 8-day-old sprouts of common buckwheat and (B) Zn content per one portion (100  g) of sprouts primed with increasing concentration of ZnCl2 (0, 2.5, 5, 7.5 and 10  mM) for 16 h at room temperature. Means and standard errors (n = 9) are shown. Different letters above columns (a, b, c, d) indicate significant differences (one-way ANOVA, Holm-Sidak post-hoc test at p < 0.05). DW, dry weight; FW, fresh weight.


To optimize CP power for 5 s-long treatment of common buckwheat grains, CP discharges of 75 W, 100 W and 200 W were tested along with untreated grains (0 W). A decrease in final germination rate was observed for grains exposed to plasma at 100 and 200 W compared to the untreated (0 W) and 75 W plasma treatment (Figure 2). Consequently, 75 W CP power was selected for the pre-treatment of the grains in subsequent experiments.

[image: Figure 2]

FIGURE 2
 Final germination rate (G) of common buckwheat grain determined on the day 10 after treatment with cold plasma for 5  s at the power of 0  W, 75  W, 100  W, and 200  W. Shown are averages and standard errors (n = 12). Different letters above columns (a, b) indicate significant differences (one-way ANOVA, Holm-Sidak post-hoc test at p < 0.05).


The selected 75 W power of CP treatment was further examined for its effects on the common buckwheat grain pericarp, in particular the hydrophilic properties of the grain surface and the amount of water uptake. Hydrophilic property was determined through WCA, which was conducted immediately after the CP treatment, when a significantly smaller WCA value was measured for the CP-treated grains (44.6°) than for Control grain (107.7°) as shown in Figure 3A. The higher hydrophilicity of the pericarp surface is mainly due to functionalization of surface with oxygen functional groups and is in line with similar reports for different plant species (22, 26, 29, 31, 33). It can be attributed to the oxidation of lipids on the pericarp surface occurring due to the oxygen CP being used as observed for wheat grain (30). A protective waxy layer of lipids covering the surface of the grain, is oxidized by the ROS in the CP (31, 32). These effects, however, were not visible on the SEM micrographs (Supplementary material, Supplementary Figure B1) indicating that the morphological changes taking place are either finer than the resolution of the SEM or are of only chemical nature.

[image: Figure 3]

FIGURE 3
 (A) Hydrophobic recovery of water contact angle and (B) water uptake per grain of non-treated (Control) and cold-plasma-treated (Plasma) common buckwheat grain. Shown are means and standard errors (n = 30). The asterisks indicate significant difference between treatments (Student t-test at p < 0.05).


With measurements repeated after one, two, three, six and twelve weeks, the WCA gradually increased for the CP-treated grains up to the third week and did not change much further on (Figure 3A). At all time-points the WCA was re-evaluated and it remained lower for the CP treated grains compared to Control grains, whose WCA was practically constant with time. This observation suggests that the improved hydrophilicity, gained as a result of the CP treatment, was not stable with time. The so-called aging after plasma treatment or hydrophobic recovery is a well-known effect observed for plasma treated polymers, where due to energetically more stable state, the polymer surface restores (at least partially) hydrophobic properties over time (49, 50). However, it has been thought that hydrophobic recovery is not present after CP treatment of grains and has not been reported for a long time (26, 51). The first report of the phenomenon has been published recently on CP-treated Bambara groundnut grains (52). The authors suggested that the hydrophobic recovery was not reported previously due to a much slower recovery rate of hydrophobicity in grains compared to polymers (52).

The changed hydrophilic properties of the grain surface can improve water uptake of grains (29, 53–55). In accordance, CP-treated common buckwheat grains showed a significantly higher water uptake than the Control grains (Figure 3B). Our results thus confirm that CP treatment of common buckwheat grains caused an increase in hydrophilicity of the grain pericarp, resulting in higher wettability of the grains, leading to improved water uptake, as reported in other studies for different plant species (53, 56). The improved water uptake by grains after CP treatment may be advantageous in grain-priming as it may shorten the soaking time. Further evaluations will be required to confirm this hypothesis.



3.2. Effects of cold plasma pre-treatment and grain-priming on element distribution in the grains and partitioning of elements in common buckwheat sprouts

Common buckwheat grains were pre-treated with CP for 5 s at 75 W and/or primed by soaking in 5 mM ZnCl2 for 16 h at room temperature. There were no significant differences in the final germination rate between different treatments (Figure 4A). Likewise, treatments did not affect α-amylase activity or fresh and dry biomass, with respective statistical values 0.45 ± 0.06 IU, 54.2 ± 1.03 mg and 7.72 ± 0.136 mg. Important enzymes in grain germination, α-amylases, release the starch reserves in the grains upon imbibition and providing nutrients for the growth and development of embryo during germination (57). As there was no effect of CP treatment on the activity of this important germination-related enzyme, it appears that CP pre-treatment did not affect the metabolism in the early stages of germination. The only significant effect was observed in the mean germination rate (i.e., the index of germination speed): grains from CP and CP + Zn treatments germinated more slowly than the Control (Figure 4B). Regardless of the decrease in germination speed, which suggests early stress for the grains, the final germination rate was not affected and the biomass production in sprouts of all treatments was unperturbed, as demonstrated already for tomato seeds (58).
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FIGURE 4
 (A) Final germination rate (G) and (B) mean germination rate (MR) of common buckwheat grain on day ten. The grain was not-pre-treated (C) or pre-treated with cold-plasma for 5  s at 75  W (CP), followed by soaking in dH2O (C and CP) or in 5  mM ZnCl2 (+Zn and CP + Zn) for 16  h at room temperature. Means and standard errors (n = 12) are shown. Different letters above columns (a, b) indicate significant differences (one-way ANOVA, Holm-Sidak post-hoc test at p < 0.05).


To evaluate effects of CP pre-treatment and grain-priming on Zn diffusion into the grains, the detailed tissue-specific element composition of the grains was determined. Multielement localization technique, micro-PIXE, was used on cross-sections of the grains from the four treatments. In a cross-section of common buckwheat grain pericarp, aleurone, cotyledons, and endosperm were recognized; for endosperm two locations were distinguished: the first (E1) was between the aleurone and cotyledon and the second (E2) between the cotyledons (Figure 5A). The two locations of endosperm were investigated to assess the level of restriction, both physical and physiological, that outer layers present in the passage of Zn from outside into the center of the grains. Since for E2, the cotyledons represented an additional barrier, less Zn was expected there.
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FIGURE 5
 (A) Common buckwheat grain cross-section with the square indicating the area of element mapping, and (B) representative distribution maps of zinc (Zn). Grain was not-pre-treated (C) or was pre-treated with cold plasma for 5  s at 75  W (CP), followed by soaking in dH2O (C and CP) or in 5  mM ZnCl2 (+Zn and CP + Zn) for 16  h at room temperature. Color legends indicate concentration in % dry weight.


In each grain, selected areas comprising all five tissues were mapped as indicated in Figure 5A. Zn distribution maps clearly indicate that in C and CP grains the highest concentration of Zn was in cotyledons, while in +Zn and CP + Zn grains, pericarp contained more Zn than any other tissue (Figure 5B).

Because micro-PIXE is a quantitative technique, tissue-specific concentrations of detected elements (for the set-up used in the study these elements were P, S, Cl, K, Ca, Mn, Fe, and Zn) can be determined. Entire grain cross-section, pericarp and aleurone of Zn-primed grains had higher Zn concentration than not-primed grains; at E2 the concentration was higher in Zn-primed grains (+Zn and CP + Zn) than in control grains (C and CP) (Figure 6A). There was no effect of CP pre-treatment on Zn concentration in any of the grain tissues.

[image: Figure 6]

FIGURE 6
 Tissue-specific concentration of (A) zinc (Zn), (B) potassium (K), and (C) manganese (Mn) in common buckwheat grain. Grain was not-pretreated (C) or pre-treated with cold-plasma for 5 s at 75 W (CP), followed by soaking in dH2O (C and CP) or in 5  mM ZnCl2 (+Zn andCP + Zn) for 16  h at room temperature. Concentrations were determined for the entire cross-section (whole) and the followinggrain tissues: pericarp, aleurone, endosperm between aleurone andcotyledon (E1), endosperm after the cotyledons (E2) and cotyledons.Shown are means and standard errors (n = 5). Different letters above columns (a, b) indicate significant differences between treatmentsfor each tissue separately (one-way ANOVA, Holm-Sidak post-hoctest at p < 0.05). DW, dry weight.


Of the other elements detected, only K and Mn concentrations were significantly affected by the treatments +Zn and CP + Zn, and only in pericarp: Zn-primed grains contained less K and Mn than Control grains (Figures 6B,C). Tissue-specific concentration of other elements are presented in Supplementary Figure B1.

Because there was an insignificant trend of higher concentration of Zn in pericarp and aleurone of CP-pre-treated and Zn-primed grains compared to Zn-primed grains only, linear transects across grain tissues (pericarp, aleurone and E1) were inspected (Figure 7A). To better visualize grain tissues depicted, the colocalization of Ca, S and Zn was generated. The highest concentration of Ca was found in pericarp and of S (a proxy for proteins) in cotyledons and in aleurone, in line with previous reports (45, 59, 60). In the linear transect theZn-primed grains (Figure 7B) had more Zn across the pericarp (aligned with Capeak) compared to CP+Zn grains (Figure 7C), but no significant differencesbetween the treatments were found deeper in the grains (aleurone,cotyledons and endosperm 1).
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FIGURE 7
 (A) A schematic representation of a position of linear transect across pericarp (P), aleurone (A), cotyledons (C) and endosperm (E1) in a cross-section of +Zn and CP + Zn grains. Concentration of sulfur (S), calcium (Ca), and zinc (Zn) in linear transect and co-localisation of S (in red), Ca (in green) and Zn (in blue) in the representative cross section. Grains were soaked in 5 mM ZnCl2 for 16 h at room temperature after (B) not being pre-treated (+Zn) or (C) were pre-treated with cold plasma for 5 s at 75 W (CP+Zn). DW, dry weight.


The effect of CP pre-treatment followed by Zn priming of the common buckwheat grains on element composition and partitioning of 8-day-old sprouts was also examined. To capture the element partitioning, the sprouts were separated into roots and shoots. The pericarps, which shed off the cotyledons during sprout development, were also collected. In sprouts from Zn-primed grains, Zn concentration was the highest in pericarp followed by the roots and the shoots (Figure 8). The concentration of Zn in all parts was significantly higher in sprouts from Zn-primed grains than in non-primed grains, particularly for pericarps, where 20.8-fold difference was found (Figure 8C), while for shoots (Figure 8B) and roots (Figure 8A) a 2-fold and 1.4-fold difference, respectively, was found. A 100 g portion including fresh roots and shoots and excluding inedible pericarps would result in 2.45 mg of Zn (Figure 8D) which represents around 24.5 and 35% of AR for adult men and women, respectively. Considering consumption of whole sprouts, i.e., including fresh roots and shoots in a portion, the negative effect of CP observed for shoot Zn concentration on dry weight basis, is no longer found (Figure 8D). Presumably this is a result of slightly (but not significantly) higher Zn concentration in roots of CP pre-treated grains, which warrants further investigation because embryonic axis (embryo proper) is positioned on the pointed (distal) part of the common buckwheat grains (45), therefore may have been affected by the CP.

[image: Figure 8]

FIGURE 8
 Concentration of zinc (Zn) in (A) roots, (B) shoots, (C) pericarps and (D) Zn content in whole sprouts per 100  g of fresh weight of 8-day-old common buckw-heat sprouts, whose grain was not-pre-treated (C) or pre-treated with cold plasma for 5  s at 75  W (CP), followed by soaking in dH2O (C and CP) or in 5 mM ZnCl2 (+Zn and CP + Zn) for 16  h at room temperature. Shown are means and standard errors (n = 9). Different letters above columns (a, b, c) indicate significant differences (one-way ANOVA, Holm-Sidak post-hoc test at p < 0.05). DW, dry weight; FW, fresh weight.


CP pre-treatment did not significantly affect the Zn concentration in roots and pericarps, but it lowered Zn concentration in shoots (Figure 8) in comparison to sprouts from Zn-primed grains. The concentration of Zn in pericarps still attached to the grains, right after soaking in the ZnCl2, was higher (1.24-fold) compared to the pericarps removed from 8-day-old sprouts (Figure 6), which indicates that Zn is bound lightly to the pericarp and leaches off during 8-day long sprout development, becoming available for uptake by roots.

Among other elements detected, pericarp contained the lowest concentrations of P, S, Cl and Ca, the most Ca and Fe and similar concentrations of Mn as roots and shoots (Table 2). The concentration of S, Cl, K and Fe were higher in roots, while concentrations of P and Ca were of similar range in roots and shoots (Table 2). Interestingly, although there was no treatment effect on Cl concentration in pericarp immediately after soaking in ZnCl2 (Supplementary material, Supplementary Figure C1), there was an increase in Cl concentration in pericarp from 8-day-old sprouts (Table 2) from primed grains compared to non-primed grains, with the highest Cl concentration in pericarp found in the CP + Zn treatment (Table 2). It can be speculated that this observation is due to CP pre-treatment changing the grains surface favorably for the stronger adsorption of Cl− during grain-priming. Consequently, there was less Cl removed from CP + Zn pericarps than from +Zn pericarps. In general Cl− has a small binding affinity (61) presumably due to the negatively charged cell walls and pericarps. Similar effects were seen for P and S concentrations in pericarps (Table 2), but in contrast to Cl these two elements were not added to the solution for grain soaking. The anionic P and S may be more readily adsorbed to the pericarps; however, their origin remains unknown. Improved adhesion of organic surfaces exposed to CP have been already reported supporting our speculation (62, 63).



TABLE 2 Concentration of elements in roots, shoots and pericarps (in mg kg−1 of dry weight) of 8-day-old sprouts of common buckwheat without plasma pre-treatment (C) or cold-plasma pre-treated for 5  s at 75  W (CP), followed by soaking in dH2O (C and CP) or in 5  mM ZnCl2 (+Zn and CP + Zn) for 16  h at room temperature.
[image: Table2]

Lower concentrations of Mn in pericarps immediately after soaking (micro-PIXE results; Figure 6) and in 8-day-old sprouts (XRF bulk results; Table 2) can be linked to the priming process, during which Zn may have been displacing Mn from the grain surface. Interestingly such displacement did not take place with Fe and no treatment effects on Fe concentrations was observed (Table 2), possibly due to a stronger Fe binding to the pericarp than Mn. Clearly, further in-depth studies are needed to resolve the open questions of interaction of other essential elements with high Zn concentration resulting from grain-priming with ZnCl2.




4. Conclusion

It was shown that it is possible to increase Zn concentration in common buckwheat sprouts by grain-priming in ZnCl2. Ideally, both roots and shoots should be consumed, together providing 24.5 and 35% of Zn recommended daily allowance for men and women, respectively. Selected cold plasma treatment (5 s-long direct glow at 75 W) of common buckwheat grains resulted in better wettability and water contact angle. It lowered the speed of germination, but the final germination rate of grains and α-amylase activity did not decrease compared to control treatments. Combining cold plasma pre-treatment with grain-priming did not increase Zn concentration in grain tissues or in sprouts more than did the grain-priming alone, but it resulted in interactions with P, S, Cl and Mn in the pericarp, which were presumably due to chemical modifications of the surfaces by cold plasma. The applicability of the cold plasma pre-treatment followed by grain priming to biofortify sprouts with Zn (or other essential elements often lacking in diets) needs to be further investigated to optimize the experimental conditions of cold plasma pre-treatment and soaking of grains in element-rich solution(s). Another consideration wouldbe to apply the combination of these two technologies for other edible sprouts, particularly those with edible grain coats and/ or husk.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

PS, PP, PV, KV-M, and IJ contributed to conception and design of the study. PS, LR, MK, and PP organized the database. PS, PP, LR, and KV-M performed the statistical analysis. Visualization was done by MK, PV, and IJ. PS, LR, and PP wrote the first draft of the manuscript. IJ, KV-M, MK, and PV wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

The work was funded by the Slovenian Research Agency (ARRS) through program groups [P2-0082, P1-0212, and P1-0112], ARRS young research grant [PS], ARRS projects [J4-3091 and J1-3014] and project supported by ARRS and Ministry of agriculture, forestry and food [CRP V4-2001], and the infrastructural center “Centre for Electron Microscopy and Microanalysis” of the Jožef Stefan Institute.



Acknowledgments

Authors are grateful to A. Kodre for language and style help.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1151101/full#supplementary-material



References

 1. White, PJ, and Broadley, MR. Physiological limits to zinc biofortification of edible crops. Front Plant Sci. (2011) 2:e00080. doi: 10.3389/fpls.2011.00080 

 2. White, PJ, and Broadley, MR. Biofortifying crops with essential mineral elements. Trends Plant Sci. (2005) 10:586–3. doi: 10.1016/j.tplants.2005.10.001 

 3. White, PJ, and Broadley, MR. Biofortification of crops with seven mineral elements often lacking in human diets - Iron, zinc, copper, calcium, magnesium, selenium and iodine. New Phytol. (2009) 182:49–84. doi: 10.1111/j.1469-8137.2008.02738.x 

 4. Agostoni, C, Berni Canani, R, Fairweather-Tait, S, Heinonen, M, Korhonen, H, La Vieille, S , et al. Scientific opinion on dietary reference values for zinc. EFSA J. (2014) 12:3844. doi: 10.2903/j.efsa.2014.3844

 5. Bouis, HE, and Saltzman, A. Improving nutrition through biofortification: a review of evidence from HarvestPlus, 2003 through 2016. Glob Food Sec. (2017) 12:49–58. doi: 10.1016/j.gfs.2017.01.009 

 6. Kepp, KP. Bioinorganic chemistry of zinc in relation to the immune system. Chem Bio Chem. (2022) 23:e202100554. doi: 10.1002/cbic.202100554

 7. Broadley, MR, White, PJ, Hammond, JP, Zelko, I, and Lux, A. Zinc in plants. New Phytol. (2007) 173:677–2. doi: 10.1111/j.1469-8137.2007.01996.x

 8. Chasapis, CT, Spiliopoulou, CA, Loutsidou, AC, and Stefanidou, ME. Zinc and human health: an update. Arch Toxicol. (2011) 86:521–4. doi: 10.1007/s00204-011-0775-1

 9. Cakmak, I, and Kutman, UB. Agronomic biofortification of cereals with zinc: a review. Eur J Soil Sci. (2018) 69:172–12. doi: 10.1111/ejss.12437

 10. Choukri, M, Abouabdillah, A, Bouabid, R, Abd-Elkader, OH, Pacioglu, O, Boufahja, F , et al. Zn application through seed priming improves productivity and grain nutritional quality of silage corn. Saudi J Biol Sci. (2022) 29:103456. doi: 10.1016/j.sjbs.2022.103456 

 11. Bhardwaj, AK, Chejara, S, Malik, K, Kumar, R, Kumar, A, and Yadav, RK. Agronomic biofortification of food crops: an emerging opportunity for global food and nutritional security. Front Plant Sci. (2022) 13:1055278. doi: 10.3389/fpls.2022.1055278 

 12. Sturikova, H, Krystofova, O, Huska, D, and Adam, V. Zinc, zinc nanoparticles and plants. J Hazard Mater. (2018) 349:101–12. doi: 10.1016/j.jhazmat.2018.01.040

 13. Veena, M, and Puthur, JT. Seed nutripriming with zinc is an apt tool to alleviate malnutrition. Environ Geochemistry Heal. (2021) 448:2355–73. doi: 10.1007/s10653-021-01054-2 

 14. Harris, D, Rashid, A, Miraj, G, Arif, M, and Yunas, M. “On-farm” seed priming with zinc in chickpea and wheat in Pakistan. Plant Soil. (2008) 306:3–10. doi: 10.1007/s11104-007-9465-4

 15. Haider, MU, Hussain, M, Farooq, M, and Nawaz, A. Optimizing zinc seed priming for improving the growth, yield and grain biofortification of mungbean (Vigna radiata (L.) Wilczek). J Plant Nutr. (2020) 43:1438–46. doi: 10.1080/01904167.2020.1730895

 16. Rehman, A, Farooq, M, Ullah, A, Nawaz, A, ud Din, MM, Shahzad, B , et al. Seed priming with zinc sulfate and zinc chloride affects physio-biochemical traits, grain yield and biofortification of bread wheat (Triticum aestivum). Crop Pasture Sci. (2022) 73:449–12. doi: 10.1071/CP21194

 17. Zhao, K, Zhao, C, Yang, M, and Yin, D. ZnCl2 treatment improves nutrient quality and Zn accumulation in peanut seeds and sprouts. Sci Rep. (2020) 10:2364–8. doi: 10.1038/s41598-020-59434-0 

 18. Misra, NN, Schluter, O, and Cullen, PJ. Cold plasma in food and agriculture. 1st ed Academic Press (2016). 380 p.

 19. Frank-Kamenetskii, DA. Plasma: the fourth state of matter In:. Plasma: The fourth state of matter. ed. Frank-Kamenetskii, D., New York: Springer US (1972)

 20. Tendero, C, Tixier, C, Tristant, P, Desmaison, J, and Leprince, P. Atmospheric pressure plasmas: a review. Spectrochimica Acta. (2006) 61:2–30. doi: 10.1016/j.sab.2005.10.003

 21. Randeniya, LK, and de Groot, GJJB. Non-thermal plasma treatment of agricultural seeds for stimulation of germination, removal of surface contamination and other benefits: a review. Plasma Process Polym. (2015) 12:608–3. doi: 10.1002/ppap.201500042

 22. Zhou, R, Zhou, R, Zhang, X, Zhuang, J, Yang, S, Bazaka, K , et al. Effects of atmospheric-pressure N2, he, air, and O2 microplasmas on mung bean seed germination and seedling growth. Nat Publ Gr. (2016) 6:32603. doi: 10.1038/srep32603 

 23. Niemira, BA. Cold plasma decontamination of foods. Annu Rev Food Sci Technol. (2012) 3:125–2. doi: 10.1146/annurev-food-022811-101132

 24. Starič, P, Vogel-Mikuš, K, Mozetič, M, and Junkar, I. Effects of nonthermal plasma on morphology, genetics and physiology of seeds: a review. Plan Theory. (2020) 9:1–18. doi: 10.3390/plants9121736 

 25. Ivankov, A, Naučienė, Z, Degutytė-Fomins, L, Žūkienė, R, Januškaitienė, I, Malakauskienė, A , et al. Changes in agricultural performance of common buck wheat induced by seed treatment with cold plasma and electromagnetic field. Appl Sci. (2021) 11:4391. doi: 10.3390/app11104391

 26. Bormashenko, E, Grynyov, R, Bormashenko, Y, and Drori, E. Cold radiofrequency plasma treatment modifies wettability and germination speed of plant seeds. Sci Rep. (2012) 2:3–10. doi: 10.1038/srep00741 

 27. Li, Y, Wang, T, Meng, Y, Qu, G, Sun, Q, Liang, D , et al. Air atmospheric dielectric barrier discharge plasma induced germination and growth enhancement of wheat seed. Plasma Chem Plasma Process. (2017) 37:1621–34. doi: 10.1007/s11090-017-9835-5

 28. Zahoranová, A, Henselová, M, Hudecová, D, Kaliňáková, B, Kováčik, D, Medvecká, V , et al. Effect of cold atmospheric pressure plasma on the wheat seedlings vigor and on the inactivation of microorganisms on the seeds surface. Plasma Chem Plasma Process. (2016) 36:397–4. doi: 10.1007/s11090-015-9684-z

 29. Zahoranová, A, Hoppanová, L, Šimončicová, J, Tučeková, Z, Medvecká, V, Hudecová, D , et al. Effect of cold atmospheric pressure plasma on maize seeds: enhancement of seedlings growth and surface microorganisms inactivation. Plasma Chem Plasma Process. (2018) 38:969–8. doi: 10.1007/s11090-018-9913-3

 30. Starič, P, Mravlje, J, Mozetič, M, Zaplotnik, R, Batič, BŠ, Junkar, I , et al. The Influence of glow and afterglow cold plasma treatment on biochemistry, morphology, and physiology of wheat seeds. Int J Mol Sci (2022). 23,:7369. doi:doi: 10.3390/ijms23137369.

 31. Gómez-Ramírez, A, López-Santos, C, Cantos, M, García, JL, Molina, R, Cotrino, J , et al. Surface chemistry and germination improvement of quinoa seeds subjected to plasma activation. Sci Rep. (2017) 7:5924–12. doi: 10.1038/s41598-017-06164-5 

 32. Molina, R, López-Santos, C, Gómez-Ramírez, A, Vílchez, A, Espinós, JP, and González-Elipe, AR. Influence of irrigation conditions in the germination of plasma treated Nasturtium seeds. Sci Reports. (2018) 8: 16442–11. doi: 10.1038/s41598-018-34801-0 

 33. Los, A, Ziuzina, D, Boehm, D, Cullen, PJ, and Bourke, P. Investigation of mechanisms involved in germination enhancement of wheat (Triticum aestivum) by cold plasma: effects on seed surface chemistry and characteristics. Plasma Process Polym. (2019) 16:1800148. doi: 10.1002/ppap.201800148

 34. Giménez-Bastida, JA, and Zieliński, H. Buckwheat as a functional food and its effects on health. J Agric Food Chem. (2015) 63:7896–13. doi: 10.1021/acs.jafc.5b02498

 35. Kreft, I, Fabjani, N, and Germ, M. Rutin in buckwheat-protection of plants and its importance for the production of functional food. Fagopyrum. (2003) 20:7–11.

 36. Ganeshpurkar, A, and Saluja, AK. The pharmacological potential of rutin. Saudi Pharm J. (2017) 25:149–4. doi: 10.1016/j.jsps.2016.04.025 

 37. Yang, J, Guo, J, and Yuan, J. In vitro antioxidant properties of rutin. LWT - Food Sci Technol. (2008) 41:1060–6. doi: 10.1016/j.lwt.2007.06.010

 38. Kim, SL, Son, YK, Hwang, JJ, Kim, SK, Hur, HS, and Park, CH. Development and utilization of buckwheat sprouts as functional vegetables. Fagopyrum. (2001) 18:4.

 39. Kreft, I, Zhou, M, Golob, A, Germ, M, Likar, M, Dziedzic, K , et al. Breeding buckwheat for nutritional quality. Breed Sci. (2020) 70:67–73. doi: 10.1270/jsbbs.19016 

 40. Pongrac, P, Potisek, M, Fraś, A, Likar, M, Budič, B, Myszka, K , et al. Composition of mineral elements and bioactive compounds in tartary buckwheat and wheat sprouts as affected by natural mineral-rich water. J Cereal Sci. (2016) 69:9–16. doi: 10.1016/j.jcs.2016.02.002

 41. Nečemer, M, Kump, P, Ščančar, J, Jaćimović, R, Simčič, J, Pelicon, P , et al. Application of X-ray fluorescence analytical techniques in phytoremediation and plant biology studies. Spectrochim Acta - Part B At Spectrosc. (2008) 63:1240–7. doi: 10.1016/j.sab.2008.07.006

 42. Lichtenthaler, HK. [34] chlorophylls and carotenoids: pigments of photosynthetic biomembranes. Methods Enzymol. (1987) 148, 350–382. doi: 10.1016/0076-6879(87)48036-1

 43. Vogel-Mikuš, K, Pongrac, P, and Pelicon, P. Micro-PIXE elemental mapping for ionome studies of crop plants. Int J PIXE. (2015) 24:217–3. doi: 10.1142/S0129083514400142

 44. Lyubenova, L, Pongrac, P, Vogel-Mikuš, K, Mezek, GK, Vavpetič, P, Grlj, N , et al. Localization and quantification of Pb and nutrients in Typha latifolia by micro-PIXE. Metallomics. (2012) 4:333–1. doi: 10.1039/C2MT00179A 

 45. Pongrac, P, Vogel-Mikuš, K, Jeromel, L, Vavpetič, P, Pelicon, P, Kaulich, B , et al. Spatially resolved distributions of the mineral elements in the grain of tartary buckwheat (Fagopyrum tataricum). Food Res Int. (2013) 54:125–1. doi: 10.1016/j.foodres.2013.06.020

 46. Schindelin, J, Arganda-Carreras, I, Frise, E, Kaynig, V, Longair, M, Pietzsch, T , et al. Fiji - an open source platform for biological image analysis. Nat Methods. (2012) 9:676–2. doi: 10.1038/nmeth.2019 

 47. Solé, VA, Papillon, E, Cotte, M, Walter, P, and Susini, J. A multiplatform code for the analysis of energy-dispersive X-ray fluorescence spectra. Spectrochim Acta Part B At Spectrosc. (2007) 62:63–8. doi: 10.1016/j.sab.2006.12.002

 48. Ranal, MA, de Santana, DG, Ferreira, WR, and Mendes-Rodrigues, C. Calculating germination measurements and organizing spreadsheets. Rev Bras Bot. (2009) 32:849–5. doi: 10.1590/S0100-84042009000400022

 49. Fritz, JL, and Owen, MJ. Hydrophobic recovery of plasma-treated polydimethylsiloxane. J Adhes. (1995) 54:33–45. doi: 10.1080/00218469508014379

 50. Junkar, I, Modic, M, and Mozeti, M. Modification of PET surface properties using extremely non-equilibrium oxygen plasma. Open Chem. (2015) 13:490–6. doi: 10.1515/chem-2015-0061

 51. Shapira, Y, Multanen, V, Whyman, G, Bormashenko, Y, Chaniel, G, Barkay, Z , et al. Plasma treatment switches the regime of wetting and floating of pepper seeds. Colloids Surfaces B Biointerfaces. (2017) 157:417–3. doi: 10.1016/j.colsurfb.2017.06.006 

 52. Ahmed, N, Siow, KS, Wee, MFMR, Ho, WK, and Patra, A. The hydrophilization and subsequent hydrophobic recovery mechanism of cold plasma (CP) treated bambara groundnuts. Mater Sci Forum. (2022) 1055:161–9. doi: 10.4028/p-y3697b

 53. Chen, HH, Chang, HC, Chen, YK, Hung, CL, Lin, SY, and Chen, YS. An improved process for high nutrition of germinated brown rice production: low-pressure plasma. Food Chem. (2016) 191:120–7. doi: 10.1016/j.foodchem.2015.01.083 

 54. Shapira, Y, Bormashenko, E, and Drori, E. Pre-germination plasma treatment of seeds does not alter cotyledon DNA structure, nor phenotype and phenology of tomato and pepper plants. Biochem Biophys Res Commun. (2019) 519:512–7. doi: 10.1016/j.bbrc.2019.09.034

 55. Alves Junior, C, de Oliveira, VJ, Layza Souza Da Silva, D, De Lima Farias, M, and Bandeira De Lima Dantas, N. Water uptake mechanism and germination of Erythrina velutina seeds treated with atmospheric plasma. Sci Rep. (2016) 6, 1–17. doi: 10.1038/srep33722 

 56. Ling, L, Jiafeng, J, Li, J, Minchong, S, Xin, H, Hanliang, S , et al. Effects of cold plasma treatment on seed germination and seedling growth of soybean. Sci Rep. (2014) 4:5859. doi: 10.1038/srep05859 

 57. Zhang, H, Shen, WB, Zhang, W, and Xu, LL. A rapid response of β-amylase to nitric oxide but not gibberellin in wheat seeds during the early stage of germination. Planta. (2005) 220:708–6. doi: 10.1007/s00425-004-1390-7

 58. Adhikari, B, Adhikari, M, Ghimire, B, Adhikari, BC, Park, G, and Choi, EH. Cold plasma seed priming modulates growth, redox homeostasis and stress response by inducing reactive species in tomato (Solanum lycopersicum). Free Radic Biol Med. (2020) 156:57–69. doi: 10.1016/j.freeradbiomed.2020.06.003 

 59. Kreft, I, Pongrac, P, Zhou, M, Vogel-Mikuš, K, Pelicon, P, Vavpetič, P , et al. New insights into structures and composition of plant food materials. J Microbiol Biotechnol Food Sci. (2017) 7:57–61. doi: 10.15414/jmbfs.2017.7.1.57-61

 60. Mondal, S, Pramanik, K, Panda, D, Dutta, D, Karmakar, S, and Bose, B. Sulfur in seeds: an overview. Plan Theory. (2022) 11:450. doi: 10.3390/PLANTS11030450 

 61. White, PJ, and Broadley, MR. Chloride in soils and its uptake and movement within the plant: a review. Ann Bot. (2001) 88:967–8. doi: 10.1006/anbo.2001.1540

 62. Fazeli, M, Florez, JP, and Simão, RA. Improvement in adhesion of cellulose fibers to the thermoplastic starch matrix by plasma treatment modification. Compos Part B. (2019) 163:207–6. doi: 10.1016/j.compositesb.2018.11.048

 63. Belgacem, MN, and Gandini, A. The surface modification of cellulose fibres for use as reinforcing elements in composite materials. Compos Interfaces. (2012) 12:41–75. doi: 10.1163/1568554053542188



OPS/images/fnut-10-1151101-t002.jpg
Treatment Phosphorus lphur lorine Potassium Calcium Mangal
Roots
Average across
144949 1,055¢42 1167458 12,008+347 4221486 293 12087
treatments
Shoots
c 1,835£126a
cp 1464£131b
937423 708251 37062 68 47272158 50:1 10141
+Zn 1,625470ab
CP+Zn 182441040
Pericarp
c 435215b 189:22¢ 103£12¢ 58t3a
o 4442286 142:8¢ 124219¢ 533
16628 6.449£20 246217
+Zn 820£129 230£25b 320£15b 3828
CP+Zn 700£126b 415¢129 418£166a 39:4b

Different leters (s, b) indicate significant differences between treatments for each element separately (one-way ANOVA, Holm-Sidak post-hoc testat p <0.05). Shown are means and standard
errors (=3 or, when there was no significant difference between treatments, n=20).






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exploring the potential of cold plasma treatment followed by zinc-priming for biofortification of buckwheat sprouts



		1. Introduction



		2. Materials and methods



		2.1. Plant material and experimental conditions



		2.2. Grain-priming with different concentrations of ZnCl2



		2.3. Grain treatment with cold plasma



		2.4. Cold plasma grain pre-treatment and grain-priming



		2.5. Statistical analysis









		3. Results and discussion



		3.1. Optimizing conditions for grain-priming and cold plasma treatment of common buckwheat



		3.2. Effects of cold plasma pre-treatment and grain-priming on element distribution in the grains and partitioning of elements in common buckwheat sprouts









		4. Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/fnut-10-1151101-t001.jpg
Germination (%)

Final germination rate 564 243
Biomass (mg)

Fresh weight 534 2084
Dry weight 7.38 009

Photosynthetic pigment (mgg”' DW)

Chlorophyll a 187 042
Chlorophyll b 179 2031
Chlorophylla+b 365 072
Carotenoids 155 £005

Element concentration (mgkg™' DW)

Phosphorus 2039 506
Sulphur 1,057 237
Chlorine 1234 813
Potassium 3764 4747
Calcium 6507 288
Manganese 472 £1.00
Tron 989 184

As there was no statistically significant difference between samples, averages + standard
errors (1=45) are shown. DW, dry weight






OPS/images/fnut-10-1151101-g008.jpg
<

a 5 8
& a )
© &
s 3
i i o|e 9t
i £
" o o 8
o o L )
ggesgs° ETEE T
(ma }-6% bw) md 5 001 5w)
uoBeUIIUOD UZ JOOUS uod Uz
a
! .
& a
o o
s | -ENE
E E
o a
8 & E
© - .
°
s g g8 3
=3 =3 =3 =3 o =3
g 8 § 8 g8 § 8% °
(Mma }-6% ) (Ma -6 bw)
uonEUADUOD UZ 00y uoneRUdUO0d UZ dieduad

[%}





OPS/images/fnut-10-1151101-g007.jpg
Endosperm 1

Linear transect
across grain tissues

2 2 2 3 28 g © 2 2 8 8 8 g8 ©
8 8 8 8 8 8 g 28288 g
8 8 8 8 8 8 g 88 8 8 8
& 8 ] = = 8 & |8 ¢ 2
Ma ut -8y Bu uy Maul —.ux Buw uy
uoBEUIOUOD JUBWS|T UORE;UBIUOD JUBWR|T





OPS/images/cover.jpg
, frontiers | Frontiers in Nutrition

Exploring the potential of cold
plasma treatment followed by
zinc-priming for biofortification of
buckwheat sprouts












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’frontiers ‘ Frontiers in Nutrition






OPS/images/fnut-10-1151101-g002.jpg
G (%)

100

20

75 100 200
Plasma power (W)





OPS/images/fnut-10-1151101-g003.jpg
>

Water contact angle (°)

o8 838883

0014
® oon
ks * N E o
—_s 3 s
5 o010
},,,.}//~/"'& 2 o.08
e
,}/ s 0008
4 5 oo0s
2
—=— Control g —— Control
—o-- Plasma 2 et -~ Plasma
| 0.000
0 2 4 6 8 10 12 14 [ 5 10 15 20 26

Time (week)

Time (h)





OPS/images/fnut-10-1151101-e003.jpg
MR

T INgxd
Ng





OPS/images/fnut-10-1151101-g001.jpg
>
a
8

g

Shoot Zn concentration
(mg kg'* DW)
5
8 8

o

30
] 5 b
d . b b
I £% 20
b A ab
& 215
58
2 K 10
=
ﬂ 0s
0.0
0 25 5 75 0 25 5 75 10

Concentration of ZnCl, insoaking
solution (mM)

Concentration of ZnCl, insoaking
solution (mM)





OPS/images/fnut-10-1151101-g006.jpg
zn
cpizn

222

4 .63 6u)
womnauisip 1z ypods-anssiL

o

Ma, 516w
UONRNUIIUOD } JYPIAS-ANSS|L

%)

[
UoReU32UD UM A3ds-ansSIL

E2 Cotyledons Whole

4

ricarp Aleurone





OPS/images/fnut-10-1151101-g004.jpg
G (%)
8 & 8 8

[ 3

CcP

+Zn CP+Zn

MR (day™"

0.30
0.25
0.20
0.15
0.10
0.05
0.00

c

cP

ab

+Zn  CP+Zn






OPS/images/fnut-10-1151101-g005.jpg
Pericarp

Endosperm 2 (E2)

Aleurone

Endosperm 1 (E1)






OPS/images/fnut-10-1151101-e001.jpg
G:N x100%
N

¢V





OPS/images/fnut-10-1151101-e002.jpg
A400 total volume in cell
a — amylase activity = ——————x ————————
incubation time  volume of extract
extraction volume
0.05525 x S O dilution x 4.1 (2)
sample weight





