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Abstract

:

Allium species are known as a rich source of many compounds with potential healing effects. Biofortification is recognized as an effective agrotechnical measure for raising the level of biogenic elements—especially microelements in the edible parts of these species, so Allium can be considered as a ‘natural dietary supplement’. The aim of this research was to test the effects of foliar application of Se fertilizer (Na2SeO4) in different doses (control—0, 10, 20 and 30 g per ha) on the content of macro, microelements and secondary metabolites (SMs)—free phenolics, flavonoids and hydroxycinnamic acid derivatives in the edible parts, i.e., leaves of two selected Allium species in Serbia (A. odorum and A. schoenoprasum), which grew in open field conditions over the course of two growing seasons. The bioaccumulation factor (BAF), as an indicator of the ability of plants to accumulate biogenic elements, was also determined. Although with no full regularity, the dose of 10 g of Se per ha yielded the highest content for the most biogenic elements for both alliums in the first growing season, i.e., a dose of 20 g of Se per ha for A. schoenoprasum, and a dose of 30 g of Se per ha for A. odorum in the second growing season. The obtained results justified the Se-biofortification of different alliums. The BAF values indicated the ability of both Allium species to accumulate S, K and P in their leaves during both growing seasons. The accumulation of potentially toxic elements was not recorded for either species, emphasizing the safety of the produced plant material for human consumption. Additionally, Se-treated plants had higher SM contents compared to control plants. The growing season also showed an impact on SM content; i.e., in the second season, characterized as drought-stressed, the synthesis of SMs was significantly higher compared to that in the first season. Further research should be directed towards finding the appropriate dose of Se, expanded in the sense of conducting research in controlled conditions, as well as different ways of applying Se fertilizer. The idea of this study was also to popularize the examined Allium species, which are rarely grown in the territory of Serbia.
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1. Introduction


The genus Allium belongs to the family Amaryllidaceae, and it is one of the largest genera of monocotyledonous plants. According to a newer classification, it is divided into 15 subgenera with 72 sections, and it includes more than 800 species distributed throughout the Northern hemisphere [1].



Allium species have been known for centuries for their phytotherapeutic effects. Today, their application is widespread, and they are used as a remedy in folk medicine and for vegetables, spices or flowers. In many countries, especially in Asia, these species are also economically important crops [2]. The most commonly cultivated Allium species are A. sativum L. (garlic), A. cepa L. (onion), A. porrum L. (leek), A. ascalonicum L. (shallot), A. fistulosum L. (scallion), A. schoenoprasum L. (chives), etc. [3]. Other, lesser-known Allium species such as A. odorum L., A. nutans L. and A. ascalonicum L. are mostly grown locally in home gardens.



Depending on the morphology or the degree of maturity of the plants, their usually edible parts are bulbs, leaves, flowers [4] or whole plants—known as spring onions.



Considering the chemical composition, Allium species contain the same compounds but at different levels [5]. Major constituents of Allium species are sulphur-containing compounds, i.e., S-alk(en)yl-L-cysteine sulfoxides and their precursors. Some authors indicate that the phytotherapeutic effects, flavor and quality of alliums are largely determined by the presence of these compounds [6,7,8]. Further, alliums are also a rich source of secondary metabolites (SMs) such as phenolics (in particular flavonoids), phytosterols and saponins, which exhibit numerous biological activities [2]. The most abundant flavonoid is quercetin, followed by anthocyanin pigments. Flavonoids are known as antioxidant agents, while the roles of phytosterols and saponins are still not fully clarified [9]. The synthesis and accumulation of SMs mainly depend on environmental conditions [10]. Namely, plants under harmful environmental conditions increase the synthesis of SMs in order to provide resistance from the negative consequences of abiotic stresses, such as oxidative stress, cell membrane peroxidation, etc. [11,12]. Considering that SMs are recognized as health-related compounds, their increased content in plant-based food also indicates their higher biological value [13]. On the other hand, in order to obtain an accurate phytochemical profile, it is recommended to grow plants in carefully controlled conditions [10].



The nutritional value of Allium species is determined by the presence of carbohydrates, proteins, fiber, ash, lipids and vitamins (especially vitamin C and E and B-complex vitamins), as well as biogenic elements.



According to various authors, from 16 to 25 biogenic elements, characterized as macro and microelements, are recognized as essential for plants, animals and humans. Macroelements include nitrogen, phosphorus, potassium, calcium, magnesium and sulphur [14,15,16].



Microelements include zinc, iron, manganese, copper, molybdenum, boron, chlorine and nickel as essential, and silicon, sodium, cobalt and strontium as beneficial for plants. In addition, selenium, iodine and chromium are essential for humans and animals, while their essentiality for plants has not been fully elucidated [14,15,16].



Since the human body cannot synthesize biogenic elements, special attention is paid to mineral nutrition of plants, with the aim of producing food with high nutritional value [14,15,16].



Allium species are recognized as a good source of some important biogenic elements, and they are appreciated as functional food that contributes to overall health and disease prevention. Most authors indicate a medium level of Mg, P and Fe and a high content of K, while some authors also point out the high amount of Se in their edible parts [3,8,17].



Agrofortification or agronomic biofortification as a segment of biofortification is a cost-effective and sustainable method based on the enrichment of edible parts of plants by applying appropriate mineral nutrition and agro-technical measures. Biofortification implies the application of fertilizers with microelements by introducing them into the soil and using foliar or seed treatment [18,19].



Selenium (Se) is an essential element for humans, and its deficiency leads to many diseases, such as cardiovascular disease, infertility and mental and musculoskeletal disorders [20]. On the other hand, Se is not essential for plants, with some exceptions, but the results of some research indicate that its application has multiple benefits for plants; it reduces the negative effect of various abiotic stresses, and it reduces bud abortion [21,22].



Hence, the present study was carried out with the aim to determine the content of macro and microelements in edible parts, specifically, leaves of two selected Allium species (A. odorum and A. schoenoprasum), which were grown in open field conditions and biofortified with different doses of Se fertilizer, via inductively coupled plasma–optical emission spectrometry (ICP-OES). The bioaccumulation factor (BAF) of macro and microelements was also calculated in order to estimate the potential of Allium species to accumulate primarily Se, as well as other biogenic elements. In addition, considering the importance of plant secondary metabolites, the total content of free phenolics (TPC), flavonoids (TFC) and hydroxycinnamic acid derivatives (HCAs) was also determined, with the aim of evaluating the potential health value of edible parts of selected biofortified alliums.




2. Results


2.1. Soil Analysis


Table 1 shows the contents of macro and microelements in the soil in the experimental field, which were analyzed via ICP-OES with suggested ranges according to the available literature included in Table 1. The content of all tested elements was expressed as mg kg−1 of air-dried soil.



The contents of biogenic elements in the soil were determined by several factors: parent material from which the soil was formed, and pedogenetic and anthropogenic processes (fertilization, pollution). Each of the elements exists in the soil in its specific form and shows different availability to plants. The obtained results indicated that the supply of the tested soil with biogenic elements was within the world average [23,25,29]. Furthermore, the content of potentially toxic elements (Pb, Cd, Cr, Ba, As) was below the maximum allowed level prescribed by the US Environmental Protection Agency (EPA) [24]. In addition, the content of Se was below the detection limit of the instrument (<1.0 µg g−1), which indicates low supply of soil with this element and justifies its application in the biofortification process with the aim of enriching selected Allium species.




2.2. Analyses of Plant Material


The contents of macro (Ca, K, P, Mg, S) and microelements (Al, As, B, Ba, Cd, Co, Cr, Cu, Fe, Li, Mn, Na, Ni, Pb, Se, Sr, Zn) measured in edible parts (leaves) of A. odorum and A. schoenoprasum for both seasons was analyzed via ICP-OES. The content of all tested elements was expressed as µg g−1 of fresh weight (FW). The BAF values, as indicators of the ability of selected Allium species to accumulate tested elements, for both seasons, were also calculated. Further, the general phytochemical composition—the total content of phenolics (TPC), flavonoids (TFC) and hydroxycinnamic acid derivatives (HCAs)—in edible parts of analyzed Allium species, for both seasons, was determined. The obtained results were expressed as mg of the corresponding equivalents per g of fresh weight (FW).



2.2.1. A. odorum—Elemental Profile (Season I)


The contents of biogenic elements observed in the leaves of A. odorum are presented in Table 2. Namely, during the first season, in the sequence of macroelements, findings showed that the lowest content of Ca was in the control condition (without application of Se fertilizer) and the highest in the treatment with 10 g of Se fertilizer per ha. The application of Se in doses of 20 and 30 g per ha statistically significantly reduced the concentration of Ca in the leaves compared to the dose of 10 g per ha. Contrastingly, the lowest contents of K, Mg and P were observed in the treatment with 10 g of Se per ha, while the highest values were determined in the treatment with 20 g of Se per ha for K and P, and in the treatment with 30 g of Se per ha for Mg. Observing the content of S, the highest value was measured in the control condition, while in the treatments with 10, 20 and 30 g per ha, the content was statistically significantly lower compared to the control.



Considering the content of microelements, the results showed that in the case of B, there was a statistically significant difference between all treatments, with the lowest value recorded in the treatment with 20 g of Se per ha and the highest in the treatment with 10 g of Se per ha. Concerning Cu, the control condition and the treatment with 10 g of Se per ha showed statistically significantly higher values compared to the treatments with 20 and 30 g of Se per ha. The highest Fe content was measured in the treatment with 10 g of Se per ha, while the lowest was observed in the control condition, which was not statistically significantly different compared to the content measured in the treatment with 30 g of Se per ha. The highest content of Mn was recorded in the control condition, while among the treatments with Se fertilizer (10, 20, 30 g per ha), the content did not significantly statistically differ. The Na content ranged between 14.11 µg g−1 (FW) and 21.42 µg g−1 (FW), which corresponded to the application of 20 and 30 g of Se per ha, respectively. Application of Se at 10 g per ha did not statistically significantly affect the Na content compared to the control condition. The lowest Zn content was observed for 10 g of Se per ha and the highest for 20 g of Se per ha, which did not statistically significantly differ compared to the control condition.



As was expected, the application of Se fertilizer statistically significantly increased the Se content in the leaves of A. odorum in all tested treatments.




2.2.2. A. odorum—Elemental Profile (Season II)


The contents of macro and microelements in the leaves of A. odorum in the second season are also shown in Table 2. The results indicate that the lowest contents of Ca and Mg were measured in the control condition, which did not statistically significantly differ compared to the content observed in the treatment with 10 g of Se per ha, for both tested elements. The highest contents of Ca and Mg were recorded in the treatments with 30 and 20 g of Se per ha, respectively. Regarding K, the content in all tested treatments was statistically significantly different; the lowest content corresponded to 30 g of Se per ha, and the highest corresponded to the control condition. The highest dose of Se fertilizer (30 g per ha) statistically significantly increased the content of P compared to other treatments (control, 10 and 20 g Se per ha). In the treatment with 20 g of Se per, ha the lowest content of P was measured, which did not statistically significantly differ compared to the control condition. The highest content of S was recorded in the treatment with 20 g of Se per ha, and the lowest was observed in the treatment with 30 g of Se per ha, but the obtained content did not statistically significantly differ compared to the content in the control condition and treatment with 10 g of Se per ha.



In the sequence of microelements, results indicated that the lowest content of B was observed in the treatment with 20 g of Se per ha and the highest in the treatment with application of 30 g of Se fertilizer per ha. In addition, for Cu, the highest content was measured in the treatment with 30 g of Se per ha, but for both elements (B and Cu), the observed contents in the control condition and in the treatment with 10 g of Se per ha did not statistically significantly differ. In the case of Fe, with an increased dose of Se fertilizer, the content of Fe also increased, so the lowest content was recorded in the control condition and the highest in the treatment with 30 g of Se per ha. The content of Mn in the control condition and in the treatment with 10 g of Se per ha was statistically significantly lower compared to the content observed in treatments with 20 and 30 g of Se per ha. For Na, in the control condition, the presence of this element was not determined, while the other treatments statistically significantly differed from each other; the lowest content was measured in the treatment with 10 g of Se per ha, and the highest was observed in the treatment with 20 g of Se per ha. When it comes to Zn, lower contents were recorded in the control condition and the 20 g per ha treatment, among which there was no statistically significant difference. Higher contents of Zn were observed in the treatment with 10 and 30 g per ha, and between these treatments as well, there was no statistically significant difference.



The application of Se fertilizer had a statistically significant effect on the increase of Se content in the edible parts (leaves) of A. odorum; the lowest content was determined in the control condition and the highest in the treatment with 30 g of Se per ha.




2.2.3. Bioaccumulation Factor (BAF)—A. odorum


Table 3 shows the values of the bioaccumulation factor for A. odorum for both seasons. The BAF values for K and S, for both seasons and in all applied treatments, were greater than one. For P, BAF values for all treatments were between 0.5 and 1. For Ca, the BAF values ranged between 0.35 and 0.56 for the first season and from 0.28 to 0.37 for the second season. In addition, in the first season, BAF values for B were between 0.0 and 0.5, while in the second season, their BAF values were 0.0. For other elements, BAF values were also 0.0 in both seasons. Furthermore, what is also extremely important is that none of the potentially toxic elements was accumulated.




2.2.4. Phytochemical Composition (TPC, TFC, HCAs) of A. odorum (Both Seasons)


Figure 1a–c show TPC, TFC and HCAs in the edible parts (leaves) of A. odorum for both seasons.



Significantly higher TPC, TFC and HCAs were observed in the second growing season compared to the first one.



In the first season, the application of 10 and 30 g of Se fertilizer per ha provoked statistically higher TPC and TFC compared to the control and treatment with 20 Se g per ha. In the second season, the highest TPC was achieved in the treatment with 10 g of Se per ha, which was statistically significantly higher than the control and other treatments (20 and 30 g Se per ha). In addition, in the second season, the highest TFC was measured in the treatment with 10 g of Se fertilizer per ha but was not statistically significantly different compared to the content achieved in the treatment with 20 g of Se per ha. In the case of HCAs, during the first growing season, these derivatives of phenolic acids were not detected, while in the second season in the treatment with 10 g Se per ha, statistically higher content was recorded compared to the content measured in other treatments (control, 20 and 30 g of Se per ha).




2.2.5. A. schoenoprasum—Elemental Profile (Season I)


The content of biogenic elements (macro and micro elements) measured in the leaves of A. schoenoprasum in both seasons is presented in Table 4.



Considering the content of macroelements, a statistically significant difference for Ca was observed between the treatment with 10 g of Se per ha, as the highest value, and the treatment with 20 g of Se per ha, as the lowest value. In contrast, the highest content of K was measured in the treatment with 20 g of Se per ha and the lowest in the treatment with 10 g per ha; however, the achieved content in all treatments did not statistically significantly differ. In the case of Mg, the highest content was observed in the treatment with 10 g of Se per ha, which was statistically significantly different compared to the content observed in the treatment with the maximum dose of Se fertilizer (30 g per ha), as the lowest. Moreover, a statistically significantly higher content of P was recorded in the treatment with 10 g of Se per ha compared to the content observed in other treatments (control, 20 and 30 g Se per ha).



Concerning S, higher doses of Se fertilizer (20 and 30 g per ha) statistically significantly increased its content compared to the content obtained in the control condition and the treatment with 10 g of Se per ha.



In the sequence of microelements, the contents of B and Zn statistically significantly increased in the treatment with 10 g per ha of Se fertilizer, compared to other treatments (control, 20 and 30 g Se per ha). When it comes to Cu and Fe, the highest contents were observed in the treatment with 20 g of Se per ha, while the lowest contents of both elements were measured in the treatment with the highest dose of Se (30 g per ha). The doses of 10 and 30 g of Se fertilizer statistically significantly decreased the content of Na compared to the control condition and treatment with 20 g Se per ha.



The content of Se, as in A. odorum, statistically significantly increased with increases in the dose of Se fertilizer.




2.2.6. A. schoenoprasum—Elemental Profile (Season II)


The contents of biogenic elements in the leaves of A. schoenoprasum in the second season is shown in Table 4.



The application of Se fertilizer in doses of 10 and 30 g per ha statistically significantly decreased the content of Ca compared to the content observed in the control condition and the treatment with 20 g of Se per ha. K and Mg in the control condition exhibited statistically significantly higher contents compared to the contents measured in treatments with Se fertilizer (10, 20 and 30 g Se per ha). For P, the highest content was observed in the treatment with a maximum dose of Se fertilizer (30 g per ha), but it was not statistically significantly higher compared to the content that was observed in the control condition. The lowest content of P was measured in the treatment with 20 g of Se per ha. Using higher doses of Se fertilizer (20 and 30 g per ha) contributed to a statistically significant increase in the content of S compared to the control condition and treatment with 10 g of Se per ha.



In the microelement sequence, the highest contents of B, Cu, Mn and Na were measured in the control condition, but for Cu and Mn, the contents did not statistically significantly differ compared to the contents observed in the treatments with 30 g of Se per ha. The lowest content of the mentioned elements was observed in the treatment with 10 g of Se per ha. The dose of 20 g Se fertilizer per ha statistically significantly increased the content of Fe compared to the content observed in other treatments. The highest content of Zn was observed in the treatment with 30 g of Se per ha and the lowest in the treatment with 10 g of Se per ha.



As in the previous cases, applying Se fertilizer statistically significantly increased the content of this element in the leaves of A. schoenoprasum.




2.2.7. Bioaccumulation Factor (BAF)—A. schoenoprasum


The values of the bioaccumulation factor for A. schoenoprasum, for both seasons, are presented in Table 5. The results showed that the accumulation of tested elements in the first season was more pronounced compared to the second season.



In particular, BAF values greater than one were recorded only for S in the first season, while in the second season, the BAF values for S ranged between 0.7 and 0.8. Furthermore, the BAF values for K in both seasons and the BAF values for P in the first season were lower than 1 (ranged between 0.5 and 0.9), while the BAF values for P in the second season were below 0.5 (about 0.3). The accumulation of other elements was not prominent; i.e., the BAF values were 0.1 or lower, in both seasons. This Allium species also did not accumulate potentially toxic elements in the edible parts, in both seasons.




2.2.8. Phytochemical Composition (TPC, TFC, HCAs) of A. schoenoprasum (Both Seasons)


According to Figure 2a–c, where values of TPC, TFC and HCAs in the leaves of A. schoenoprasum are shown, it was established that there was a statistically significant difference in the content of the observed parameters for both growing seasons, except in the case of TPC and TFC in the treatments with 20 and 30 g of Se fertilizer per ha.



In the first growing season, statistically higher TPC and TFC were recorded in the treatment with 10 g of Se per ha and in the treatment with 20 g of Se per ha for HCAs compared to the control condition and other treatments. In the second growing season, the highest and statistically significantly different TPC was recorded with the treatment of 20 g Se per ha compared to the content measured in other treatments. In addition, the same trend was observed for HCA values as was previously reported [30]. Interestingly, the same trend was perceived in the case of TFC—the highest content was measured in the treatment with 20 g of Se fertilizer per ha; however it was not statistically significantly different compared to the content observed in the treatment with 10 g Se per ha.






3. Discussion


3.1. Elemental Profile and Bioaccumulation Abilities


The importance of Se for plant nutrition is still controversial, while its importance to humans and animals is well-studied. Considering the fact that food is the major source of Se in human nutrition, plants as an indispensable part of the diet are an excellent tool for raising the level of Se in the human body [31]. According to Navarro-Alarcon and Cabrera-Vique [32], the absorption of selenium from food is about 80%. Plants from the Allium genus are recognized as ‘natural dietary Se supplements’ due to their excellent ability to accumulate Se [33]. About that fact, biofortification has been recognized as an agrotechnical measure that can enrich the chemical composition of these plants, which would potentially increase their already high presence in the diet.



Plants take up Se mainly as inorganic ions, namely, selenate or selenite, which are the most common forms of Se in the soil. Due to similar chemical properties, selenate and sulphate are competitors in the processes of assimilation, translocation and metabolism [34]. Moreover, the uptake of selenate and sulphate through the roots is carried out by the same transporters, and Se is further metabolized by S pathways. Competition between S and Se, according to White et al. [35], is determined by several factors: plant species, Se/S ratio in the soil as well as Se/S ratio in plant tissues. The same author pointed out that there is often no correlation between Se and S content in plant tissues, even though the plants are grown in the same conditions [35]. However, different results were obtained in agricultural research. In the study by Mobini et al. [36] where onion was grown with the application of Se and S to the nutrient solution, it was determined that the addition of Se had no significant effect on the content of S in the bulbs, while the addition of S (1–3 mM) led to a decrease in Se content in the bulbs. On the other hand, a study by Kopsell and Randle [37] indicated that with the increase of Se concentration, the content of S in the bulbs of different onion cultivars decreased. Research of Tian et al. [38] showed that application of Na2SeO3 in nutrient solution (20–40 µM) led to a decrease in total S content in the shoot of broccoli, while the application of Na2SeO4 (20 µM) significantly enhanced the total S content. In the current research, the foliar application of Se fertilizer in the form of sodium selenate (Na2SeO4) contributed to a significant increase in the content of this element in the edible parts (leaves) of A. odorum and A. schoenoprasum in both seasons. The observed results are in agreement with the results reported from Estonia, where the foliar application of Se fertilizer on A. sativum led to an increase in the content of Se in the bulbs, with an increased dose of Se fertilizer [39]. Similar results were obtained in previously published studies conducted on onion, garlic and lettuce [37,40,41].



In general, in the first season, the application of Se fertilizer at a dose of 10 g per ha proved to be adequate for the majority of examined elements for both Allium species. In particular, this was observed for microelement content. In the second season, higher doses of Se fertilizer promoted better accumulation of the tested biogenic elements. More precisely, a dose of 30 g of Se fertilizer per ha was optimal for A. odorum and 20 g per ha for A. schoenoprasum. In research conducted on garlic it was shown that foliar treatment of Se fertilizer, especially higher doses (50 and 100 µg mL−1), led to a decrease in the content of macroelements—N, P, K, Ca [39]. The observed trend was presented in the current research for P and K. The same authors indicated that no negative correlation was found between the dose of Se and the content of macroelements in onion [42].



The bioaccumulation factor (BAF), as an indicator of plants’ ability to accumulate micro, macro and potentially toxic elements from the soil, indicates that the examined Allium species differ. Namely, both Allium species (A. odorum and A. schoenoprasum) accumulated S, K and P in the edible parts (leaves) in both seasons. These elements participate in many vital processes in mammals and plants. Sulfur (S) is an integral component of amino acids (methionine and cysteine). In plants, S is a constituent of enzymes important for photosynthesis, respiration and the synthesis of fatty acids; it affects seed quality; it is important for membrane transport; and it reduces stress caused by salt and toxic metals. Similarly, K contributes to photosynthesis, transpiration, growth and development, and it reduces the effects of drought stress. Furthermore, P affects processes related to yield and quality (bud formation, starch accumulation, fruit ripening) [15].



In this research it was observed that A. odorum had a higher affinity for accumulation of the mentioned macroelements compared to A. schoenoprasum. In addition, the effect of the growing season was not pronounced in A. odorum, whereas in A. schoenoprasum, during the second season, which was marked as less favorable for most agricultural crops [43], BAF values were lower compared to the values recorded in the first season. According to Liang et al. [44], this result can be explained as a consequence of drought stress. Based on the agrometeorological conditions described in Section 4.2., Season II was characterized by a significantly lower amount of rainfall (around 200 mm lower), confirming that it was indeed a season with less favorable conditions and possible exposure of plants to drought stress conditions. More specifically, in drought conditions, the uptake, transport and generally the concentration of macro, micro and trace elements in the leaves and stems are lower compared to normal growth conditions. In a study by Golubkina et al. [45], different capacities of perennial Allium species to accumulate biogenic elements are explained by differences in leaf surface and adhesion abilities. In a study by Zhang et al. [46], it was found that foliar-applied substances predominantly could be infiltrated by the cuticle and stomata and before being taken up by inner leaf tissue. Therefore, the nutrient pathway mainly depends on the leaf morphology and structure, number of stomata per leaf area and thickness of the cuticle of Allium. Stomata functioning is hugely impacted by many physiological parameters, such as water status, vapor-pressure deficit, photosynthetic activity and phytohormones, e.g., ABA, a well-known stress hormone that can induce stomatal closure under environmental stress induced by temperature, drought, etc. [47]. In a study by Zhang et al. [46], ABA was applied to induce stomatal closure on wheat leaves, and as a consequence, selenite absorption was greatly inhibited. Cuticles represent the second way of nutrient diffusion through the leaf. Water solution together with Se particles can diffuse in a passive way through the cuticles, especially with increased exogenous selenite concentrations, and the rate of selenite in inner leaf cells mainly depends on the penetration rate through the cuticle and stomata. Furthermore, according to BAF values (Table 3 and Table 5), both species did not accumulate potentially toxic elements in the edible parts, which makes them a safe source of biogenic elements for human nutrition. Results of our previously reported research indicated the presence of potentially toxic elements in garlic bulbs, but in allowed contents [48].




3.2. General Phytochemical Composition


Allium species are known as rich sources of phenolic compounds, which comprise an important class of secondary metabolites (SMs). The largest class of phenolics is the flavonoids, followed by phenolic acids and lignans [49]. They play crucial roles in the developmental and metabolic processes of the plant, participate in the interaction of plants with the environment and are responsible for the adaptation of plants in stress conditions [10,11]. In addition, they are closely associated with numerous biological actions important for human health—from antioxidant to anticancer. In the current study, a positive effect of foliar application of Se on SM content was determined. In general, for both Allium species, TPC, TFC and HCAs were higher in treatments with foliar application of Se (10, 20 and 30 g per ha) compared to control conditions. Our results are in agreement with the results published by Skrypnik et al. [50], in which it was found that the application of sodium selenate (Na2SeO4), either through a nutrient solution or foliarly, increases the content of SMs in Hyssopus officinalis. In the research of Astaneh et al. [51], it was observed that Se application through a nutrient solution significantly promoted the accumulation of TPC in garlic leaves, which were grown hydroponically, in a greenhouse, under NaCl stress. However, treatment with Na2SeO4 did not have a statistically significant effect on increasing the content of phenolics and flavonoids in shallots according to research done by Golubkina et al. [52]. Furthermore, research conducted under open field conditions showed that the application of selenium significantly reduced the content of flavonoids in garlic compared to control plants [53]. These contradictory results can be explained by different growing conditions during the extent of the experiments, as well as different concentrations and methods of applying Se fertilizer. In addition, they confirm the need for further experiments.



In addition, in the sequence of TPC, TFC and HCAs, a significant influence of the growing season was determined. Precisely, during the second season when the plants were exposed to drought stress, a higher content of the mentioned parameters was recorded. These results were in accordance with many review studies that described a positive correlation between SM content and the impact of abiotic and biotic stress. In fact, the synthesis of these functional molecules allows the plant to counteract the negative impacts caused by stressful conditions [11,12,13,54].





4. Materials and Methods


4.1. Experimental Field and Plant Material


A two-year experiment was conducted during October 2019/July 2020 (Season I) and October 2020/July 2021 (Season II), in open field conditions, in Belgrade (44°54′31.3″ N 20°25′42.1″ E), Serbia. The experiment was arranged in three replicates to test the effects of foliar application of Se fertilizer on selected Allium species.



Plant seedlings of A. odorum and A. schoenoprasum were provided by the Institute of Field and Vegetable Crops from Novi Sad. Planting was carried out in October with a plant density of 30 plants per m2.



During the experiment, the following plant care measures were performed: mechanical weed control, protection from diseases and pests and watering as needed. The foliar application of Se fertilizer as a water solution of sodium-selenate (Na2SeO4) was conducted in the phase of intensive growth of Allium species (April in both seasons, Figure 3 and Figure 4a,b). Na2SeO4 was applied in three doses—10, 20 and 30 g per ha. In the control condition, the plants were not treated with Na2SeO4.



Edible parts (leaves) (Figure 3 and Figure 4c) were collected using a completely random method in the flowering phase for both tested species. Preparation of plant material included cleaning the material of soil, washing, chopping and freezing at 18 °C. Samples were kept frozen until preparation for microwave digestion and further analysis.




4.2. Growth Conditions


Meteorological parameters for both production seasons were measured by a meteorological station in Belgrade, and the data were taken from the Republic Hydrometeorological Service of Serbia [43].



In Season I (October 2019/July 2020), the average daily temperature (ADT) for the Belgrade region was 15 °C, taking into account that for the period October–March, the temperature deviated by 3.4 °C from the ADT, while for the period April–September, the deviation was 1.2 °C. The total rainfall for Season I was 635 mm. The total insolation during Season I was 2300 h for the Belgrade region. In general, the vegetation period in 2020 (April–September) was warmer and more frequently humid compared to average conditions.



In Season II (October 2020/July 2021), the ADT was 14 °C, with deviation of 1.7 °C for October–March and 1.3 °C for April–September. The total rainfall was 462 mm, and the total insolation was 2300 h. In summary, the vegetation period in 2021 (April–September) was warmer and drier compared to average conditions.



Briefly, the production year 2019/2020, from the point of view of agrometeorological conditions, was appropriate for most agricultural crops, while the production year 2020/2021 was not favorable for many crops.




4.3. Agrochemical Soil Analysis


The agrochemical soil analysis was performed before setting up the experiment. The soil was sampled at a depth of 0–30 cm, and agrochemical analysis was performed by means of common methods, in accordance with ISO standards. The soil of the experimental field was chernozem semigley [55] with the agrochemical properties listed in Table 6.



According to the mentioned properties, the tested soil was classified as neutral to slightly alkaline [56], medium humic [57] and medium carbonate. The C:N ratio (9.8:1) indicated that the processes of C oxidation and N immobilization were in equilibrium [58]. According to N content (including ammonium and nitrate), the tested soil was sufficiently supplied with it, while the content of P and K was higher than the recommended thresholds [59].




4.4. Determination of the Content of Biogenic Elements in the Soil and Plant Material by Inductively Coupled Plasma–Optical Emission Spectroscopy (ICP-OES)


The elemental profile of the examined Allium species was determined by application of the ICP-OES technique with previously digested samples. The digestion of the samples was performed on an Advanced Microwave Digestion System (Ethos 1, Milestone, Italy) using an HPR-1000/10S high pressure segmented rotor. The pressure-resistant PTFE vessels (volume 100 mL), which were equipped with QS-50 Quartz inserts, were used. About 2 g of the sample was precisely weighed with an accuracy of ±0.1 mg, placed in the quartz insert and mixed with 5 mL of HNO3 (65 wt.%, Suprapur®) and 0.5 mL H2O2 (30 wt.%, Suprapur®) (both of Merck KGaA, Darmstadt, Germany). The temperature was gradually raised with microwave power (0–1000 W): linearity from 25 to 180 ºC in the first 15 min, maintained at 180 °C for the next 20 min and then decreased rapidly to room temperature. After cooling and without filtration, the solution was diluted to a fixed volume (25 mL) in the volumetric flask with ultrapure water. Ultrapure water with a conductivity of 0.05 µS/cm was prepared using a Barnstead™ GenPure™ Pro (Thermo Scientific, Karlsruhe, Germany).



The contents of macro and microelements in solution samples were determined by inductively coupled plasma–optical emission spectrometry (iCAP 6500 Duo ICP, Thermo Fisher Scientific, Cambridge, UK). The external calibration solutions were made from three certified plasma standard solutions: Multi-Element Plasma Standard Solution 4, Specpure®, 1000 µg/mL (Alfa Aesar GmbH & Co. KG, Kandel, Germany) and SS-Low Level Elements ICV Stock and ILM 05.2 ICS Stock 1 (both of VHG Labs, Inc.—Part of LGC Standards, Manchester, NH 03103, USA). Quality control was carried out using blank samples, matrix-matched calibration solutions and triplicate analyses of each sample. The reliability of measurements was approved by a relative standard deviation (RSD) < 1%. The analytical process quality control was performed by using two certified reference materials (CRMs) of fish protein for trace metals DORM 4 (NRCC, National Research Council Canada, Ottawa, ON, Canada) and EPA Method 200.7 LPC Solution (ULTRA Scientific, North Kingstown, RI, USA). Recovery of measured concentrations with certified values was 97–103. Concentrations of elements in the sample were expressed as µg g−1 of fresh weight.




4.5. Determination of Bioaccumulation Factor (BAF)


BAF indicates the ability of a plant to accumulate elements present in the soil in overground or/and underground organs. It represents the ratio of a certain element in the plant organ and in the soil. It is calculated according to the following equation:


  BAF =   C p   C s    








where   C p   —concentration of a certain element in the tissues of the plant overground/underground organs (mg kg−1),   C s   —concentration of a certain element in the soil (mg kg−1) [60].



BAF values above 1 indicate the efficiency of the plant to accumulate a certain element [61]. According to another categorization, BAF < 1 indicates excluder, 1–10 accumulator and >10 hyperaccumulator plants [62].




4.6. Determination of the Content of Total Free Phenolics (TPC), Total Free Flavonoids (TFC) and Free Hydroxycinnamic Acid Derivatives (HCAs)


Determination of TPC, TFC and HCAs was done by spectrophotometric methods (apparatus model: UV-1800, Shimadzu USA Manufacturing Inc., UR, USA), as previously described by Kilibarda et al. [63]. The results were expressed as mg of ferulic acid equivalents (FAE), mg of quercetin equivalents (QE) and mg of chlorogenic acid equivalents (CGAE) per g of fresh weight (FW), respectively.




4.7. Data Analysis


The data were analyzed by a one-way analysis of variance (ANOVA) using R software, version 3.6.0 [64]. Evaluation of statistical significance between different levels of Se fertilizers was performed using Tukey’s HSD test. Statistical significance was considered at p < 0.05. All tests were performed in triplicate, and the results were expressed as mean ± standard deviation (SD).





5. Conclusions


The study of Se-biofortification on rare Allium species (A. odorum and A. schoenoprasum) in Serbia, under open field conditions, during two growing seasons included determination of the elemental profile and general phytochemical composition of plants. For the content of biogenic elements (macro and microelements), the application of selenium as foliar fertilizer seemed to be justified, since it enhanced the determined content for most of the elements but with the strong influence of open field growing conditions. BAF values indicated the ability of both species to accumulate S, K and P in the leaves in both seasons. According to general phytochemical composition (TPC, TFC and HCAs), the effect of Se depended mostly on the growing season; i.e., the content of the mentioned parameters was statistically significantly higher in the second season compared to the first one. The observed trend was mostly influenced by drought stress in the second season. Based on the obtained data, further research should be focused on extended research with different Se doses in order to find the most favorable to ensure the optimal content of biogenic elements and SMs important for human health, and which would also be economically profitable. Growing the examined alliums in controlled conditions and with different methods of selenium enrichment are the next goals for research.
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Figure 1. Effect of different doses (control—0, 10, 20 and 30 g per ha) of Se fertilizer and growing season on the total content of free phenolics (TPC): (a) total content of free flavonoids (TFC); (b) and total content of free hydroxycinnamic acid derivatives (HCAs) (c) in the edible parts (leaves) of A. odorum. The bars with (+) standard deviation represent mean values; lowercase letters indicate comparisons between treatments (applied doses of Se-fertilizer (g/ha)); uppercase letters indicate comparisons between seasons; different letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05). n.d.—not detected; FAE—ferulic acid equivalents; QE—quercetin equivalents; CGAE—chlorogenic acid equivalents. 






Figure 1. Effect of different doses (control—0, 10, 20 and 30 g per ha) of Se fertilizer and growing season on the total content of free phenolics (TPC): (a) total content of free flavonoids (TFC); (b) and total content of free hydroxycinnamic acid derivatives (HCAs) (c) in the edible parts (leaves) of A. odorum. The bars with (+) standard deviation represent mean values; lowercase letters indicate comparisons between treatments (applied doses of Se-fertilizer (g/ha)); uppercase letters indicate comparisons between seasons; different letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05). n.d.—not detected; FAE—ferulic acid equivalents; QE—quercetin equivalents; CGAE—chlorogenic acid equivalents.



[image: Plants 12 00349 g001]







[image: Plants 12 00349 g002 550] 





Figure 2. Effect of different doses (control—0, 10, 20 and 30 g per ha) of Se fertilizer and growing season on the total content of free phenolics (TPC) (a), total content of free flavonoids (TFC) (b) and total content of free hydroxycinnamic acid derivatives (HCAs) (c) in the edible parts (leaves) of A. schoenoprasum. The bars with (+) standard deviation represent mean values; lowercase letters indicate comparisons between treatments (applied doses of Se-fertilizer (g/ha)); uppercase letters indicate comparisons between seasons; different letters indicate statistically significant differences according to Tukey’s HSD test (p < 0.05). n.d.—not detected; FAE—ferulic acid equivalents; QE—quercetin equivalents; CGAE—chlorogenic acid equivalents. 
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Figure 3. Appearance of A. odorum (a,b); edible parts (leaves) of A. odorum (c). 
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Figure 4. Appearance of A. schoenoprasum (a,b); edible parts (leaves) of A. schoenoprasum (c). 
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Table 1. The contents of macro and microelements in the soil in the experimental field.
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	Element
	Measured Value in the Soil (mg kg−1)
	Recommended Range in the Soil (mg kg−1) with References





	Al
	17,200.00
	10,000.00–30,000.00 [23]



	As
	8.62
	29.00 [24]



	B
	14.04
	10.00–100.00 [25]



	Ba
	141.63
	160.00 [24]



	Ca
	24,950.50
	1700.00–104,000.00 [26]



	Cd
	0.16
	0.80 [24]



	Co
	9.90
	4.5–12.00 [25]



	Cr
	21.39
	100.00 [24]



	Cu
	48.52
	8.00–80.00 [25]



	Fe
	29,300.00
	1000.00–49,000.00 [25]



	K
	2739.50
	300.00–32,000.00 [27]



	Li
	25.59
	7.00–200.00 [28]



	Mg
	10,733.04
	2000.00–12,600.00 [26]



	Mn
	658.40
	40.00–900.00 [29]



	Na
	365.35
	1340.00–15,800.00 [26]



	Ni
	37.07
	5.00–90.00 [25]



	P
	1052.48
	500.00–800.00 [27]



	Pb
	20.20
	85.00 [24]



	S
	578.22
	100.00–1000.00 [27]



	Se
	<1.00
	0.70 [24]



	Sr
	48.51
	40.00–250.00 [25]



	Zn
	121.80
	10.00–300.00 [25]
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Table 2. The contents (µg g−1 of fresh weight ± SD) of biogenic elements observed in the leaves of A. odorum for both seasons.
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Season I

	
Season II




	
Element

	
Doses of Se Fertilizer

	
Element

	
Doses of Se Fertilizer




	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1

	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1






	
Al

	
5.60 ± 0.26 c *

	
8.67 ± 0.27 a

	
6.41 ± 0.23 b

	
5.31 ± 0.20 c

	
Al

	
2.04 ± 0.04 b

	
2.20 ± 0.05 b

	
2.42 ± 0.13 a

	
2.81 ± 0.07 a




	
As

	
n.d. **

	
n.d.

	
0.01 ± 0.00

	
n.d.

	
As

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
B

	
3.24 ± 0.16 b

	
3.81 ± 0.14 a

	
2.03 ± 0.02 d

	
2.31 ± 0.10 c

	
B

	
1.11 ± 0.06 b

	
1.19 ± 0.05 b

	
0.98 ± 0.01 c

	
1.37 ± 0.06 a




	
Ba

	
1.53 ± 0.06 b

	
1.81 ± 0.08 a

	
1.64 ± 0.07 ab

	
1.75 ± 0.07 a

	
Ba

	
2.16 ± 0.06 a

	
1.90 ± 0.06 b

	
2.08 ± 0.04 a

	
1.67 ± 0.09 c




	
Ca

	
873.91 ± 34.15 c

	
1414.51 ± 59.13 a

	
1058.07 ± 47.32 b

	
1031.02 ± 46.25 b

	
Ca

	
699.43 ± 23.22 c

	
723.87 ± 27.18 c

	
851.29 ± 12.02 b

	
927.03 ± 14.50 a




	
Cd

	
0.02 ± 0.00 a

	
0.01 ± 0.00 b

	
0.02 ± 0.00 a

	
0.02 ± 0.00 a

	
Cd

	
0.01 ± 0.00 a

	
0.01 ± 0.00 a

	
0.01 ± 0.00 a

	
0.01 ± 0.00 a




	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Cr

	
0.06 ± 0.00 b

	
0.08 ± 0.00 a

	
0.06 ± 0.00 b

	
0.08 ± 0.00 a

	
Cr

	
0.04 ± 0.00 a

	
0.04 ± 0.00 a

	
0.03 ± 0.00 b

	
0.04 ± 0.00 a




	
Cu

	
0.70 ± 0.02 a

	
0.67 ± 0.02 a

	
0.53 ± 0.03 b

	
0.55 ± 0.02 b

	
Cu

	
0.54 ± 0.01 c

	
0.54 ± 0.01 c

	
0.56 ± 0.01 b

	
0.58 ± 0.01 a




	
Fe

	
7.77 ± 0.34 c

	
11.37 ± 0.38 a

	
8.66 ± 0.26 b

	
8.06 ± 0.05 bc

	
Fe

	
4.95 ± 0.10 d

	
5.19 ± 0.04 c

	
6.06 ± 0.02 b

	
6.49 ± 0.07 a




	
K

	
3142.86 ± 29.21 b

	
2955.25 ± 32.96 c

	
3456.52 ± 21.13 a

	
3038.58 ± 22.77 c

	
K

	
4884.29 ± 25.04 a

	
4641.24 ± 34.21 c

	
4774.29 ± 24.79 b

	
4524.71 ± 21.34 d




	
Li

	
0.04 ± 0.00 c

	
0.07 ± 0.00 a

	
0.05 ± 0.00 b

	
0.05 ± 0.00 b

	
Li

	
0.03 ± 0.00 c

	
0.04 ± 0.00 b

	
0.04 ± 0.00 b

	
0.05 ± 0.00 a




	
Mg

	
354.35 ± 14.95 bc

	
319.75 ± 14.25 c

	
354.97 ± 17.52 b

	
404.17 ± 17.34 a

	
Mg

	
268.14 ± 10.11 c

	
292.66 ± 12.70 c

	
346.86 ± 10.96 a

	
312.94 ± 9.96 b




	
Mn

	
1.94 ± 0.05 a

	
1.64 ± 0.08 b

	
1.63 ± 0.07 b

	
1.63 ± 0.06 b

	
Mn

	
1.03 ± 0.06 b

	
1.06 ± 0.03 b

	
1.28 ± 0.03 a

	
1.19 ± 0.03 a




	
Na

	
18.77 ± 0.54 b

	
19.58 ± 0.30 b

	
14.11 ± 0.37 c

	
21.42 ± 0.42 a

	
Na

	
n.d.

	
1.20 ± 0.03 c

	
3.26 ± 0.03 a

	
1.30 ± 0.03 b




	
Ni

	
0.07 ± 0.00 b

	
0.06 ± 0.00 c

	
0.08 ± 0.00 a

	
0.04 ± 0.00 d

	
Ni

	
0.06 ± 0.00 b

	
0.02 ± 0.00 c

	
0.07 ± 0.00 a

	
0.02 ± 0.00 c




	
P

	
642.24 ± 28.47 c

	
582.87 ± 24.63 c

	
893.48 ± 34.27 a

	
749.69 ± 34.53 b

	
P

	
698.43 ± 10.23 c

	
727.97 ± 10.63 b

	
682.71 ± 10.76 c

	
1027.76 ± 11.70 a




	
Pb

	
0.03 ± 0.00 c

	
0.07 ± 0.00 a

	
0.02 ± 0.00 d

	
0.05 ± 0.00 b

	
Pb

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
S

	
868.17 ± 39.53 a

	
677.16 ± 30.95 bc

	
638.04 ± 28.31 c

	
732.87 ± 23.26 b

	
S

	
721.00 ± 26.61 ab

	
721.75 ± 33.44 ab

	
764.57 ± 18.44 a

	
669.91 ± 21.23 b




	
Se

	
0.04 ± 0.00 d

	
0.13 ± 0.01 c

	
0.50 ± 0.02 b

	
0.57 ± 0.03 a

	
Se

	
0.18 ± 0.01 d

	
0.47 ± 0.02 c

	
0.82 ± 0.02 b

	
2.52 ± 0.05 a




	
Sr

	
2.59 ± 0.12 b

	
3.15 ± 0.05 a

	
2.76 ± 0.10 b

	
2.88 ± 0.09 b

	
Sr

	
2.63 ± 0.04 b

	
2.72 ± 0.12 b

	
2.92 ± 0.05 a

	
2.56 ± 0.12 b




	
Zn

	
2.61 ± 0.13 ab

	
2.11 ± 0.09 c

	
2.85 ± 0.12 a

	
2.57 ± 0.12 b

	
Zn

	
2.17 ± 0.11 b

	
2.64 ± 0.12 a

	
2.20 ± 0.05 b

	
2.82 ± 0.09 a








* Different letters in the same row in each season indicate significant differences according to Tukey’s HSD test (p ≤ 0.05); ** n.d.—not detected.
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Table 3. Bioaccumulation factor (BAF) values for biogenic elements in the leaves of A. odorum for both seasons.
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Season I

	
Season II




	
Element

	
Doses of Se Fertilizer

	
Element

	
Doses of Se Fertilizer




	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1

	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1






	
Al

	
3.26 × 10−4

	
0.0005

	
0.0004

	
0.0003

	
Al

	
1.19 × 10−4

	
0.0001

	
0.0001

	
0.0002




	
As

	
n.d. *

	
n.d.

	
0.00

	
n.d.

	
As

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
B

	
0.2310

	
0.2717

	
0.1447

	
0.1648

	
B

	
0.0793

	
0.0847

	
0.0698

	
0.0977




	
Ba

	
0.0108

	
0.0128

	
0.0116

	
0.0123

	
Ba

	
0.0153

	
0.0134

	
0.0147

	
0.0118




	
Ca

	
0.3502

	
0.5668

	
0.4240

	
0.4132

	
Ca

	
0.2803

	
0.2901

	
0.3411

	
0.3715




	
Cd

	
0.110

	
0.088

	
0.104

	
0.116

	
Cd

	
0.0795

	
0.0620

	
0.0689

	
0.0822




	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Cr

	
0.0029

	
0.0037

	
0.0027

	
0.0037

	
Cr

	
0.0017

	
0.0018

	
0.0013

	
0.0019




	
Cu

	
0.0145

	
0.0139

	
0.0110

	
0.0114

	
Cu

	
0.0110

	
0.0111

	
0.0116

	
0.0119




	
Fe

	
0.0003

	
0.0004

	
0.0003

	
0.0003

	
Fe

	
0.0002

	
0.0002

	
0.0002

	
0.0002




	
K

	
1.1472

	
1.0788

	
1.2617

	
1.1092

	
K

	
1.7829

	
1.6942

	
1.7428

	
1.6517




	
Li

	
0.0016

	
0.0025

	
0.0018

	
0.0018

	
Li

	
0.0014

	
0.0014

	
0.0017

	
0.0018




	
Mg

	
0.0330

	
0.0298

	
0.0331

	
0.0377

	
Mg

	
0.0250

	
0.0273

	
0.0323

	
0.0292




	
Mn

	
0.0029

	
0.0025

	
0.0025

	
0.0025

	
Mn

	
0.0016

	
0.0016

	
0.0019

	
0.0018




	
Na

	
0.0514

	
0.0536

	
0.0386

	
0.0586

	
Na

	
n.d.

	
0.0033

	
0.0089

	
0.0036




	
Ni

	
0.0020

	
0.0017

	
0.0021

	
0.0010

	
Ni

	
0.0015

	
0.0005

	
0.0019

	
0.0004




	
P

	
0.6102

	
0.5538

	
0.8489

	
0.7123

	
P

	
0.6636

	
0.6917

	
0.6487

	
0.9765




	
Pb

	
0.0013

	
0.0036

	
0.0011

	
0.0026

	
Pb

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
S

	
1.5015

	
1.1711

	
1.1035

	
1.2675

	
S

	
1.2469

	
1.2482

	
1.3223

	
1.1586




	
Se

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
Se

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Sr

	
0.0534

	
0.0649

	
0.0569

	
0.0593

	
Sr

	
0.0542

	
0.0561

	
0.0602

	
0.0527




	
Zn

	
0.0215

	
0.0173

	
0.0234

	
0.0211

	
Zn

	
0.0178

	
0.0217

	
0.0181

	
0.0231








* n.d.—not determined.
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Table 4. The contents (µg g−1 of fresh weight ± SD) of biogenic elements observed in the leaves of A. schoenoprasum for both seasons.
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Season I

	
Season II




	
Element

	
Doses of Se Fertilizer

	
Element

	
Doses of Se Fertilizer




	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1

	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1






	
Al

	
14.58 ± 0.46 b*

	
13.23 ± 0.24 c

	
17.02 ± 0.52 a

	
9.95 ± 0.23 d

	
Al

	
9.84 ± 0.36 b

	
5.98 ± 0.21 c

	
17.08 ± 0.05 a

	
4.68 ± 0.23 d




	
As

	
n.d. **

	
n.d.

	
n.d.

	
n.d.

	
As

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
B

	
2.87 ± 0.11 b

	
3.46 ± 0.16 a

	
2.76 ± 0.11 b

	
2.72 ± 0.10 b

	
B

	
0.86 ± 0.02 a

	
0.62 ± 0.00 c

	
0.77 ± 0.03 b

	
0.59 ± 0.01 c




	
Ba

	
1.50 ± 0.07 a

	
1.43 ± 0.05 a

	
1.41 ± 0.07 a

	
1.58 ± 0.06 a

	
Ba

	
1.09 ± 0.00 b

	
0.92 ± 0.03 c

	
1.14 ± 0.02 a

	
1.06 ± 0.03 b




	
Ca

	
1800.93 ± 72.85 ab

	
1900.62 ± 91.45 a

	
1677.02 ± 50.23 b

	
1858.70 ± 77.08 ab

	
Ca

	
1681.69 ± 48.32 a

	
1473.99 ± 46.62 b

	
1792.13 ± 79.46 a

	
1528.27 ± 64.86 b




	
Cd

	
0.03 ± 0.00 a

	
0.03 ± 0.00 a

	
0.03 ± 0.00 a

	
0.03 ± 0.00 a

	
Cd

	
0.02 ± 0.00 a

	
0.02 ± 0.00 a

	
0.02 ± 0.00 a

	
0.02 ± 0.00 a




	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Cr

	
0.09 ± 0.00 a

	
0.09 ± 0.00 a

	
0.09 ± 0.00 aa

	
0.05 ± 0.00 b

	
Cr

	
0.09 ± 0.00 b

	
0.05 ± 0.00 c

	
0.11 ± 0.00 a

	
0.09 ± 0.00 b




	
Cu

	
0.65 ± 0.03 b

	
0.67 ± 0.03 b

	
0.76 ± 0.03 a

	
0.55 ± 0.03 c

	
Cu

	
0.35 ± 0.01 a

	
0.30 ± 0.02 c

	
0.31 ± 0.02 bc

	
0.33 ± 0.00 ab




	
Fe

	
17.82 ± 0.63 b

	
17.47 ± 0.40 b

	
19.64 ± 0.73 a

	
12.38 ± 0.33 c

	
Fe

	
11.13 ± 0.00 b

	
8.36 ± 0.21 c

	
20.77 ± 0.06 a

	
8.37 ± 0.02 c




	
K

	
2560.19 ± 116.37 a

	
2414.60 ± 108.79 a

	
2586.96 ± 102.79 a

	
2450.31 ± 96.38 a

	
K

	
2271.80 ± 21.78 a

	
2117.05 ± 16.16 bc

	
2129.21 ± 7.84 b

	
2069.94 ± 19.16 c




	
Li

	
0.09 ± 0.00 a

	
0.09 ± 0.00 aa

	
0.08 ± 0.00 b

	
0.08 ± 0.00 b

	
Li

	
0.09 ± 0.00 b

	
0.08 ± 0.00 b

	
0.11 ± 0.00 a

	
0.07 ± 0.00 c




	
Mg

	
231.02 ± 6.97 ab

	
248.45 ± 10.55 a

	
224.84 ± 10.19 ab

	
214.29 ± 9.83 b

	
Mg

	
238.08 ± 3.74 a

	
184.97 ± 4.15 c

	
198.60 ± 4.98 b

	
193.75 ± 3.05 bc




	
Mn

	
1.87 ± 0.07 b

	
2.35 ± 0.07 a

	
2.18 ± 0.11 a

	
1.85 ± 0.09 b

	
Mn

	
1.19 ± 0.05 b

	
1.11 ± 0.02 c

	
1.42 ± 0.03 a

	
1.19 ± 0.04 b




	
Na

	
14.71 ± 0.52 a

	
12.25 ± 0.16 b

	
15.14 ± 0.46 a

	
12.59 ± 0.16 b

	
Na

	
5.77 ± 0.05 a

	
4.02 ± 0.27 b

	
4.10 ± 0.05 b

	
4.37 ± 0.04 b




	
Ni

	
0.13 ± 0.01 b

	
0.24 ± 0.01 a

	
0.14 ± 0.01 b

	
0.15 ± 0.01 b

	
Ni

	
0.25 ± 0.01 a

	
0.02 ± 0.00 d

	
0.16 ± 0.01 b

	
0.04 ± 0.00 c




	
P

	
628.70 ± 23.94 b

	
746.58 ± 22.05 a

	
661.02 ± 21.22 b

	
657.61 ± 22.73 b

	
P

	
366.72 ± 9.73 a

	
327.60 ± 2.86 b

	
296.63 ± 8.96 c

	
367.86 ± 5.36 a




	
Pb

	
0.05 ± 0.00 b

	
0.06 ± 0.00 a

	
0.05 ± 0.00 b

	
0.01 ± 0.00 c

	
Pb

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
S

	
737.96 ± 26.09 b

	
727.80 ± 20.00 b

	
790.37 ± 17.06 a

	
787.58 ± 19.69 a

	
S

	
428.63 ± 8.13 b

	
436.71 ± 4.82 b

	
466.57 ± 5.34 a

	
451.04 ± 13.64 a




	
Se

	
0.03 ± 0.00 d

	
1.12 ± 0.05 c

	
2.70 ± 0.12 b

	
4.10 ± 0.13 a

	
Se

	
0.51 ± 0.01 d

	
0.73 ± 0.03 c

	
0.89 ± 0.01 b

	
1.53 ± 0.07 a




	
Sr

	
4.76 ± 0.22 a

	
4.59 ± 0.16 a

	
4.47 ± 0.22 a

	
4.83 ± 0.15 a

	
Sr

	
4.20 ± 0.08 b

	
4.08 ± 0.09 b

	
4.75 ± 0.21 a

	
4.43 ± 0.11 a




	
Zn

	
2.85 ± 0.11 b

	
3.12 ± 0.15 a

	
2.86 ± 0.09 b

	
2.85 ± 0.13 b

	
Zn

	
1.22 ± 0.06 b

	
0.98 ± 0.03 c

	
1.22 ± 0.08 b

	
1.27 ± 0.04 a








* Different letters in the same row in each season indicate significant differences, according to Tukey’s HSD test (p ≤ 0.05); ** n.d.—not detected.
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Table 5. Bioaccumulation factor (BAF) values for biogenic elements in the leaves of A. schoenoprasum for both seasons.
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Season I

	
Season II




	
Element

	
Doses of Se Fertilizer

	
Element

	
Doses of Se Fertilizer




	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1

	
Control

	
10 g ha−1

	
20 g ha−1

	
30 g ha−1






	
Al

	
8.47 × 10−4

	
0.0008

	
0.0010

	
0.0006

	
Al

	
5.72 × 10−4

	
0.0003

	
0.0010

	
0.0003




	
As

	
n.d. *

	
n.d.

	
n.d.

	
n.d.

	
As

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
B

	
0.2044

	
0.2465

	
0.1969

	
0.1939

	
B

	
0.0609

	
0.0444

	
0.0548

	
0.0423




	
Ba

	
0.0106

	
0.0101

	
0.0100

	
0.0111

	
Ba

	
0.0077

	
0.0065

	
0.0081

	
0.0075




	
Ca

	
0.0722

	
0.0762

	
0.0672

	
0.0745

	
Ca

	
0.0674

	
0.0591

	
0.0718

	
0.0613




	
Cd

	
0.1867

	
0.2008

	
0.1978

	
0.1685

	
Cd

	
0.1224

	
0.0940

	
0.1162

	
0.1210




	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
Co

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Cr

	
0.0041

	
0.0040

	
0.0041

	
0.0024

	
Cr

	
0.0040

	
0.0024

	
0.0053

	
0.0041




	
Cu

	
0.0134

	
0.0148

	
0.0157

	
0.0114

	
Cu

	
0.0072

	
0.0061

	
0.0063

	
0.0068




	
Fe

	
0.0006

	
0.0006

	
0.0007

	
0.0004

	
Fe

	
0.0004

	
0.0003

	
0.0007

	
0.0003




	
K

	
0.9345

	
0.8814

	
0.9443

	
0.8944

	
K

	
0.8293

	
0.7728

	
0.7772

	
0.7556




	
Li

	
0.0034

	
0.0037

	
0.0033

	
0.0032

	
Li

	
0.0034

	
0.0030

	
0.0042

	
0.0029




	
Mg

	
0.0215

	
0.0231

	
0.0209

	
0.0200

	
Mg

	
0.0222

	
0.0172

	
0.0185

	
0.0181




	
Mn

	
0.0028

	
0.0036

	
0.0033

	
0.0028

	
Mn

	
0.0018

	
0.0017

	
0.0022

	
0.0018




	
Na

	
0.0403

	
0.0335

	
0.0414

	
0.0345

	
Na

	
0.0158

	
0.0110

	
0.0112

	
0.0120




	
Ni

	
0.0036

	
0.0065

	
0.0037

	
0.0040

	
Ni

	
0.0067

	
0.0005

	
0.0042

	
0.0011




	
P

	
0.5974

	
0.7094

	
0.6281

	
0.6248

	
P

	
0.3484

	
0.3113

	
0.2818

	
0.3495




	
Pb

	
0.0022

	
0.0028

	
0.0025

	
0.0004

	
Pb

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
S

	
1.2763

	
1.2587

	
1.3669

	
1.3621

	
S

	
0.7413

	
0.7553

	
0.8069

	
0.7801




	
Se

	
n.d.

	
n.d.

	
n.d.

	
n.d.

	
Se

	
n.d.

	
n.d.

	
n.d.

	
n.d.




	
Sr

	
0.0981

	
0.0945

	
0.0922

	
0.0996

	
Sr

	
0.0865

	
0.0841

	
0.0980

	
0.0914




	
Zn

	
0.0234

	
0.0256

	
0.0235

	
0.0234

	
Zn

	
0.0100

	
0.0081

	
0.0100

	
0.0105








* n.d.—not determined.
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Table 6. Agrochemical properties of the soil sample from the experimental field.
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Properties of Soil Sample

	
pHH2O

	
pHKCl

	
Total Humus (%)

	
CaCO3

(%)

	
NO3-–N

(mg kg−1)

	
NH4+–N

(mg kg−1)

	
P2O5

(mg 100 g−1)

	
K2O

(mg 100 g−1)

	
C:N




	
7.81

	
7.20

	
3.12

	
3.2

	
31.5

	
7.0

	
208.0

	
46.0

	
9.8:1
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