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Abstract

:

The main objective of this study was to compare the effectiveness of an innovative multi-nutrient fertiliser (PRO complete) applied foliarly with a standard fertiliser (TRA complete) in triticale crops. PRO complete contained macronutrients (N, P, K), micronutrients (B, Cu, Fe, Mn, Mo, Zn, with Fe and Zn complexed with amino acids), and trace elements (Cr, I, Li, Se—combined with plant extracts). TRA complete had the same quantitative composition, but the micronutrients and trace elements were in mineral form or in complex with EDTA. The experiment was conducted on triticale grown in a soil culture in a growing hall. The triticale yield and quality were determined. The fertilisers had no significant effect on straw yield and macronutrient (N, P, K, Mg, Ca) content in straw and grain. They caused a significant increase in grain yield, but PRO complete was more effective, also in terms of increasing the content of some micronutrients, particularly in straw. Both fertilisers increased the content of Cr, Li, and Se in straw. The application of the fertilisers contributed to some extent to triticale biofortification. In conclusion, the use of foliar multi-compound fertilisers is a beneficial choice for optimising crop yield and quality. However, their chemical composition and dosage should be further developed.
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1. Introduction


Worldwide phenomena such as climate change, a growing human population and the accompanying increase in demand for food, shrinking agricultural land, and environmental pollution pose new challenges for modern agriculture. Actions taken in the field of agriculture aim not only at increasing the volume of agricultural production but also at increasing its nutritional quality. Selecting suitable crops with greater resistance to environmental stresses and increasing the nutritional value of edible crops and fodder fed to livestock is becoming a priority. It is estimated that nearly half of the world’s population suffers from micronutrient malnutrition, with serious health consequences [1]. They are particularly noticeable in regions of the world where diets lack diversity and are predominantly based on cereal grains. To function properly the human organism requires a broader range of nutrients than plants. In addition to iron (Fe), copper (Cu), zinc (Zn), chlorine (Cl), manganese (Mn), molybdenum (Mo), and boron (B), it also needs iodine (I), chromium (Cr), selenium (Se), fluorine (F), and lithium (Li), sometimes referred to as ultra-elements. The increasing awareness of healthy eating is prompting consumers to pay greater attention to the quality of agricultural products. As a result, farmers are seeking agronomic solutions that meet these expectations. These solutions must be cost-effective, readily available, and comprehensive. Public acceptance and minimal regulatory complexity to enable their use are also essential factors. In this regard, multi-nutrient fertilisers containing macro-, micro-, and trace elements can be a good choice. Properly selected and applied, they will guarantee optimum growth conditions for the plants while also helping to enrich their tissues with key nutrients (so-called biofortification). Of the elements essential for humans and animals, the greatest deficits concern I, Fe, and Zn. Therefore, various agronomic and genetic strategies are being developed to increase the content of these elements in the edible parts of crops, especially cereals. One suggested solution is the use of carefully selected fertilisers, both foliar and soil-applied. Fertilizer formulations should be adjusted to effectively correct deficiencies in essential nutrients. This contributes to increased yields and their nutritional quality for humans and animals, as well as improved plant health. In response to this challenge, the present study investigated the efficacy of a multi-component foliar fertiliser that contains essential macronutrients (NPK), micronutrients (B, Cu, Fe, Mn, Mo, Zn), and some trace elements (Se, Cr, I, Li). The latter are not on the list of micronutrients essential for plants but are extremely important for humans and animals. However, recent studies show that providing plants with these minerals strongly improves plant function, increases resistance to environmental stresses, and contributes to increased yield [2,3,4,5].



The role of selenium (Se) in the human body and the dysfunctions associated with its deficiency are well documented [6]. In the case of plants, selenium is not considered an essential element for their proper growth and development, but it is counted among the so-called beneficial elements. This means that its presence in plant tissues promotes their growth and productivity and increases resistance to certain types of abiotic stresses [2].



Some of the heavy metals are important micronutrients (Fe, Cu, Zn, Mn), while chromium (Cr) has no important functions in plants and is considered a toxic element [7]. In the aquatic environment, Cr is mostly found in the trivalent [Cr(III)] and hexavalent [Cr(VI)] states [8]. In mammals, Cr(III) in trace amounts is essential in the metabolism of sugars, proteins, and fats [9]. In contrast, Cr(VI) is a dangerous contaminant and a potential carcinogen [9,10].



Relatively little is known about the role of iodine in plant physiology. In a recent study on Arabidopsis thaliana, Kiferle et al. [3] showed that removing iodine from the nutrient solution impairs plant growth, while restoring it at micromolar concentrations promotes plant growth and accelerates flowering. In addition, iodine application modified the expression of genes mainly associated with plant defence response, suggesting that iodine may protect against biotic and abiotic stresses. These researchers also found that iodine is covalently bound to certain proteins. In plant shoots, the iodinated proteins were mainly located in chloroplasts, suggesting their involvement in the functioning of the photosynthetic apparatus. In roots, they showed enzymatic activity, among others related to the action of peroxidases. The presence of iodinated proteins was also demonstrated in other phylogenetically distant plant species, such as tomato, lettuce, wheat, and maize [5]. These results strongly suggest that iodine is an important plant nutrient. Riyazuddin et al. [5], in a review article, discuss the effects of iodine on plants and present evidence supporting the role of iodine as a biostimulator of plant growth and defence responses to environmental stresses. It is worth mentioning that many years earlier, Lehr et al. [11] and Borst Pauwels [12] had emphasised the role of iodine as an important micronutrient for plants.



Recent studies on the effects of iodine on plant growth and on increasing iodine content in plants (biofortification) show that exogenous application of iodine contributes to an increase in iodine content in plant tissues [3,13,14,15]. In the human body, iodine is essential for the production of thyroid hormones, and an increased need for this element occurs especially during pregnancy and the physical and cognitive development of children. Iodine deficiency is widespread worldwide, and an estimated 1.8 billion people suffer from an inadequate dietary supply of iodine. The exceptions are countries where food is artificially enriched with iodine.



Lithium (Li) is the lightest alkali metal and is not on the list of elements essential for normal growth and development in humans, animals, and plants. However, current research indicates that it influences psychological traits and behaviour in humans, and, in the case of plants, when applied exogenously in low concentrations, it acts as a mineral biostimulator for their growth [4]. Older studies have mainly focused on the toxic effects of lithium on plants [16,17,18], although some have also shown positive effects on plants.



The Li content of the genetic levels of soils ranges from 0.01 to 160 mg kg−1 [19]. The topsoil layers usually contain less Li than the underlying layers. Mobile forms of Li in soils account for 4 to 8% of the total content and are easily leached [20]. The Li content in plants varies and depends on soil factors and plant genotype. Usually, its amount does not meet the requirements for healthy nutrition; so, some researchers suggest the need for lithium biofortification of crop plants, especially cereals [4].



In plants, the application of lithium and chromium can lead to positive results due to the hormesis phenomenon, in which low doses of potentially toxic substances trigger beneficial effects. This can improve plant health and productivity [21].



All of these elements, although not essential for plants, can improve their functioning and affect the quality of the crop. This can have a positive impact on human and animal health by improving the nutritional value of the resulting crop yield.



Triticale, which is a cross between wheat (Triticum) and rye (Secale), is mainly cultivated as a feed crop. However, due to its high yield potential, good grain quality, and resistance to disease and harsh environmental conditions, it can play an important role in the growing healthy food market and in the development of new cereal products [22].



The main objectives of our experiment were as follows: (1) to investigate the effect of a multicomponent foliar fertiliser on the yield and chemical composition of grain and straw of triticale with an assessment of the potential for biofortification with micronutrients (B, Cu, Fe, Mn, Mo, Zn) and trace elements (Cr, I, Li, Se); (2) to compare of the effectiveness of a fertiliser containing micronutrients and trace elements in standard mineral form or in combination with EDTA with an innovative fertiliser in which iron and zinc are complexed with amino acids and trace elements with plant extracts; (3) to evaluate the effectiveness of three doses of the innovative fertiliser.




2. Materials and Methods


2.1. Pot Experiment


This study was conducted in the vegetation halls of the Department of Plant Nutrition at the Wrocław University of Life Sciences in Poland. Experiments were set up in four replicates in Wagner-type pots containing 5 kg of soil. The pots were filled with soil collected from the organic horizon of a commercial field in Przeworno (50°68′ N 17°18′ E), which was a Haplic Luvisol (loamyc) soil (pHKCl 5.21, Ctot. 1.25%). The content of plant-available nutrients in the soil was as follows: phosphorus P 44 mg kg−1 (low content), potassium K 187 mg kg−1 (medium content), magnesium Mg 68 mg kg−1 (medium content), manganese Mn 171 mg kg−1 (medium content), iron Fe 1754 mg kg−1 (medium content), copper Cu 5.6 mg kg−1 (medium content), and zinc 9.9 mg kg−1 (low content). Before sowing, calcium was added to the soil (liming) using calcium carbonate at a rate of 8 g CaCO3 calculated based on the hydrolytic acidity of the soil (Hh). Also, pre-sowing, the following nutrients were applied to maintain the content of basic macronutrients at an optimal level: N—0.8 g pot−1, P—1.0 g pot−1, K—1.5 g pot−1, and Mg—0.3 g pot−1.



Spring triticale of the IMPETUS variety was grown, which is characterised by high resistance to lodging, uniform grain, and high protein content. The length of the growing season of triticale tested in pot experiments was 94 days, and the plants were collected at the full maturity stage. Temperature and light conditions during plant vegetation were natural, while soil moisture was controlled by watering with distilled water, and soil moisture was maintained throughout the entire vegetation period of the cultivated plants at 60% field capacity.




2.2. Schedule of Experience


The subjects of the study were two different foliar compound fertilisers applied to spring triticale. Both fertilisers contained macronutrients (N, P, K), micronutrients (Mn, Fe, Cu, Zn, B, Mo), and trace nutrients (Cr, Li, Se and I), but different chemical forms were used. The chemical composition and nutrient rates are shown in Table 1 and Table 2. The experiment included five treatments: no-spray control, TRA complete (dose 1)—reference fertiliser at 1 L ha−1, PRO complete (dose 1)—innovative fertiliser at an equivalent dose of 1 L ha−1, PRO complete (dose 2)—innovative fertiliser at an equivalent dose of 2 L ha−1, and PRO complete (dose 3)—innovative fertiliser at an equivalent dose of 3 L ha−1. In the case of PRO complete, the effect of increasing doses of this fertiliser was studied. Assuming a consumption of 200 L water per hectare in agricultural practice, this gives us a working-solution concentration of 0.5% to 1.5%, respectively. In the experiment, 10 mL of fertiliser solution per pot was used at concentrations of 0.5%, 1%, and 1.5% for doses 1, 2, and 3, respectively.



In the TRA complete fertiliser, the elements were in mineral form or as complexes with EDTA, while the PRO complete fertiliser used amino acids or plant extracts instead of EDTA (Table 2).



During the growing season, two foliar fertilisation treatments with the tested fertilisers were carried out at specific plant development stages: the first treatment at the tillering stage (BBCH 22) and the second at the stem-shooting stage (BBCH 32).




2.3. Methods for Chemical Analysis


Before and after the vegetation experiments, representative soil and plant samples were collected for agricultural and chemical analysis. Representative soil samples were taken before and after vegetation experiments. Soil pH was determined via a potentiometric method using 1 mol dm−3 KCl (CP505 digital pH-metre Elemetron Co., Zabrze, Poland), the total C content by analyser (Leco Co., Benton Harbor, MI, USA). The content of plant-available phosphorus and potassium was determined using of the method Egner and Riehm [23] and the content of soluble magnesium was determined using the Schachtschabel method [24]. The contents of soluble micronutrients in the tested soils, such as Mn, Fe, Cu, and Zn, were determined by the Rinkis method [25] using an AAS (Varian model SpectrAA 220FS).



In plant material collected during the study, we determined the overall level of nitrogen (N organic) using the Kjeldahl method [26]. To determine the levels of other elements, the plant material was dry-mineralised, and then the ash was taken up with nitric acid and measured in solution: phosphorus via a vanadic–molybdate method, potassium and calcium with flame photometry, and magnesium and microelements (Cu, Fe, Mn, and Zn) via atomic absorption spectrophotometry. The other elements, B, Cr, I, Li, Mo, and Se, were determined using an ICP-OES method (Thermo Scientific iCAP 7400, Waltham, MA, USA).



Nutrient uptake in the pot experiment was calculated using the standard formula: the percentage content of the nutrient in the plant’s dry mass multiplied by the total dry mass produced by the plant in grammes per pot.




2.4. Statistical Analysis


The single-factor experiment was set up in a randomised design in four replicates. All results obtained were subjected to one-way analysis of variance. Before performing the analysis of variance, a test for the homogeneity of variance within groups was performed using a Levene’s test and a Shapiro–Wilk test of variables’ conformity to normal distribution. The significance of differences between the averages was assessed using a Tukey’s post hoc test with a significance level of p < 0.05. For all statistical analyses, the statistical programme R (version 4.4.1) was used [27].





3. Results and Discussion


The cultivation of triticale is of increasing interest to farmers and producers of animal and human food. Numerous researchers confirm the high nutritional value of this cereal due to its lower environmental requirements compared to wheat [22,28,29]. From year to year, foliar fertilisation is gaining in importance and becoming a fundamental element of agrotechnology. This is due to its high effectiveness and limited negative impact on the environment [30,31,32]. In Poland, it is estimated that, depending on the year, the average percentage of crop area fertilised with foliar spray is 30–35%. This value largely depends on the price of soil fertilisers (the higher their price, the greater the use of foliar fertilisers), the purchase price of crops, the availability of the product on the market, and the awareness of farmers. The increased interest in foliar fertilisation is due to its ability to provide key nutrients during periods of difficult uptake from the soil and at peak demand phases, when the root system is unable to completely cover the plant’s nutrient requirements [33]. According to the literature, the average yield increases as a result of foliar fertilisation range from a few to even tens of percent [34,35,36].



3.1. Plant Growth—Grain and Straw Yield


Figure 1 shows the yield of triticale. Triticale grain yield ranged from 3.62 g per pot (for the control, unsprayed plants) to 5.81 g per pot after PRO application at dose 1.



Increasing the fertiliser dose did not increase the grain yield. TRA complete also caused a significant increase in the grain yield (17% compared to the control), but this was much smaller than after PRO complete application. The difference is likely due to the composition of the two fertilisers. PRO complete contains amino acids and plant extracts that increase the absorption and availability of nutrient uptake, so it may be also more effective in increasing grain yields compared to the mineral form and EDTA complexes present in TRA complete. Sztuder and Świerczewska [37], in a study on the effect of different foliar fertilisers on the yield of spring and winter cereals, showed their highly positive effect (yield increase of several tens of percent). Similar results were also obtained by Khan et al. [38]. They showed that foliar application of urea significantly increased wheat growth parameters as well as grain yield and N uptake. However, increasing fertiliser doses was ineffective and even caused a decrease in grain yield by 25% or more. Our results also showed that an increase in fertiliser application rates does not result in an increase in triticale grain yield. Research on the effectiveness of foliar fertilisation and its effect on winter wheat quality was also conducted by Bărdaş et al. [39]. In a two-year study, they analysed the influence of fertilisation with multicomponent foliar fertilisers on the yield and quality of wheat. In both the first and second year, regardless of weather conditions, they showed a significantly positive effect of foliar fertilisation on wheat grain yield. In addition, foliar-fertilised plants had a higher tolerance to high temperatures and soil water shortages. Also, Jarecki et al. [40] found a positive effect of foliar fertilisation, with its effectiveness depending on the number of applications per growing season. Three treatments were significantly more effective than a single application. In our experiment, foliar fertilisation was carried out twice. Jankowski et al. [41] also showed a positive effect of foliar fertilisation with macronutrients (N and Mg) and micronutrients (Cu, Zn, Mn) on winter wheat yield. However, there is still no simple answer as to which components and their chemical forms should be included in foliar fertilisers to ensure maximum effectiveness. The optimal selection of these elements is still an open question, requiring further research and refinement.



In a review article, Ducatti and Tironi [42] describe the effect of different forms of micronutrient complexation on the effectiveness of foliar fertilisation. The results of the studies they cite do not give a clear answer to the question of which mode of complexation is more effective. However, the authors suggest that the use of natural compounds may be more effective. Their higher efficacy is due to their low molar mass and therefore higher rate and ease of penetration. Synthetic chelates such as EDTA, DTPA, EDDHA, etc., have lower efficacy in foliar fertilisation due to their higher mass.



Nitrate, sulphate, and chloride are only recommended for foliar fertilisation when other sources are not available [43]. Mbuyisa et al. [36], investigating the effects of four different substances of natural origin on the yield and physiological parameters of potato, found positive effects on the growth and yield of this crop in three cases. The maximum yield increase was as high as 57% compared to the control. In turn, Ibrahim and Al-Sereh [44] showed a positive effect of natural green tea plant extracts on guava quality parameters. The observed positive effects of plant fertilisation with foliar multi-compound fertilisers may be due to their stimulating effect on the uptake of mineral nutrients from the soil (also from soil-applied fertilisers) and, consequently, to their more intensive growth and development. A positive relationship between foliar fertilisation and mineral uptake from the soil has been shown by Zheng et al. [45], among others. The significant increase in the grain yield observed in our experiment with PRO complete compared to TRA complete may be related to the presence of amino acids and plant extracts. Amino acids can be used in the biosynthesis of cellular components and influence plant growth and yield [46,47]. Similar positive effects on yield following the application of mineral fertilisers and nano-fertilisers enriched with an amino acid complex were also observed by Kandil et al. [48]. The increase in grain yield resulting from the addition of amino acids was 19% for mineral fertilisers and 24% for nano-fertilisers.



The straw yield of triticale remained at a similar level under the influence of all the applied fertilisation variants, except for the application of PRO complete at dose 2. In this case, as much as a 32% increase in the dry weight of straw was found in comparison with the control plants. Many studies indicated the beneficial effects of foliar fertilisation in cereal crops [49,50,51]. Nevertheless, other responses have also been reported. Jankowski and colleagues [41] observed no significant effect of different foliar fertilisation systems on winter wheat straw yield. They obtained a noticeable increase in straw yield only after four and five treatments, indicating the need for continued research in this area.




3.2. Concentration and Uptake of Macronutrients in Triticale


Analysing the content of the basic macronutrients, nitrogen (N), phosphorus (P), potassium (K), magnesium (Mg), and calcium (Ca), which affect the nutritive value of triticale, it was found that their levels in the grain and straw of triticale were relatively unchanged regardless of the applied fertilisation (Table 3).



In most cases, no significant differences were observed compared to unsprayed plants. However, significant differences were found in the total uptake of these nutrient by grain and straw of plants grown in one pot. Increasing both grain and straw yield resulted in a significant increase in the uptake of individual nutrients.



This may be a result of foliar fertilisation, which, as suggested by Zheng et al. [45], stimulates the uptake of nutrients present in the soil. TRA complete application increased nitrogen and phosphorus uptake but to a lesser extent than PRO complete. The uptake of other macronutrients (K, Mg, Ca) did not differ from that of the control plants. Increasing PRO complete doses did not significantly affect macronutrient uptake. Interestingly, for all tested macronutrients (N, P, K, Mg, Ca), the highest uptake was recorded when PRO complete fertiliser was applied at dose 2. This application also proved to be the most effective in increasing straw yield. Both fertilisers had little effect on calcium uptake (except for PRO complete fertiliser at dose 2).



The effect of foliar fertilisation on the nutrient content of winter wheat grain was studied by Wang et al. [52]. The results of their 4-year study with foliar fertilisers containing nitrogen, phosphorus, or potassium combined with zinc showed that there were no significant differences in grain P and K content, despite the application of fertilisers containing these nutrients. The situation was similar under conditions of varying nitrogen fertilisation. Similar results were obtained by Gülser et al. [53] investigating the effect of foliar application of NPK fertiliser at a concentration of 1% on yield and quality parameters of winter wheat applied at different developmental stages and varying number of treatments. These researchers found that the best effects were obtained when two treatments were applied at the tillering stage and the shoot elongation stage. The reported yield increase was more than 60% compared to control plants. The same study showed that there were no significant differences in the N, P, and K content in the grain, which is presumably related to the so-called dilution effect. There was also a decrease in Mg and Ca content in the grain, which was the result of growing the plants on soil with a pH below the optimum. In our experiment, straw from plants treated with foliar fertilisers contained lower amounts of Ca compared to control plants, while no statistically significant differences were found in the triticale grain. Jarecki et al. [54] studied the effect of different doses of soil fertilisation and foliar fertilisation with a multi-component fertiliser containing macro- and micronutrients on spring wheat. These researchers also analysed the effect of the number of foliar fertilisation treatments (one, two, or three times) on the nutrient content of wheat grain. In the case of phosphorus, regardless of the intensity of soil fertilisation and the number of foliar treatments (one, two, or three sprays), they recorded no significant differences in its content compared to control plants that had not received foliar fertilisation. Similar results were observed for potassium. The number of foliar treatments had no significant effect on the levels of this macronutrient, and even a slight decreasing trend was noted as the number of treatments increased. This phenomenon was present at both lower and higher doses of soil fertilisation. For magnesium content, at lower levels of soil fertilisation, foliar fertilisation did not result in significant changes in grain Mg content. In contrast, at higher levels of soil fertilisation, there was an increase in the content of this element with successive foliar treatments, especially at two and three applications, where significant differences were found.



The data presented above show that increasing the number of treatments and fertiliser doses only brings benefits up to a certain point, after which the plants stop responding or even show negative effects, such as a decrease in yield and deterioration of quality parameters like nutrient content.




3.3. Concentration and Uptake of Micronutrients in Triticale


The content of micronutrients and their uptake with grain and straw of triticale are summarised in Table 4. Mn, Fe, Cu, Zn, B, and Mo were evaluated in terms of the effectiveness of foliar fertilisation and yield biofortification.



3.3.1. Micronutrient Concentration in Triticale Straw


The application of both TRA complete and PRO complete increased the micronutrient content, especially Fe, Zn, and B, in triticale straw (Table 4). The fertiliser PRO complete was more effective in the same dose (dose 1) than TRA complete. For dose 1 of PRO complete fertiliser, the greatest increase in content (almost fivefold) was seen for copper. The application of higher doses resulted in even greater increases. And, respectively, a sevenfold increase in the Cu content of the straw was found for dose 2 and a more than fourteenfold increase for dose 3 (64.6 mg kg−1 DM). The determined copper content after the application of PRO complete significantly exceeds the range of concentrations of this metal in the crops (1–10 mg kg−1 DM). In our earlier studies conducted on other cereals [55,56,57], we did not record such high values. In contrast, the TRA complete fertiliser did not significantly increase the copper content of triticale straw. In both fertilisers, TRA complete and PRO complete, Cu was complexed with EDTA. It can therefore be assumed that the innovative PRO complete formula and the presence of plant extracts complexed with trace elements promote the accumulation of copper in the aboveground parts of triticale.



Treatment of the plants with TRA complete also caused no change in the Mn and Mo content of the triticale straw compared to the unsprayed plants (control). Almost all metallic micronutrients (Mn, Fe, Cu, and Mo) were better absorbed from PRO complete fertiliser than TRA complete.



Both fertiliser applied at dose 1 resulted in an approximately twofold increase in iron and more than 2.5-fold increase in zinc in triticale straw. A similarly high increase in Zn content in triticale under foliar Zn fertilisation was also reported by García-Latorre et al. [58]. These researchers found that Zn application significantly affected all the parameters studied except total Fe. In the same study, no adverse antagonistic effects on other nutrients were detected. Among the positive effects of zinc application was the notable synergistic interaction between Se and Zn. An almost 2.5-fold increase in selenium content was found compared to plants not treated with zinc. In our experiment, the Zn concentration of 22.1 mg kg−1 DM in unsprayed plants was insufficient for the nutritional quality of the triticale [59]. However, the applied fertilisers significantly increased this parameter, and increasing the PRO complete doses increased the zinc content of the straw.



In our study, Fe concentration (62.2 mg kg−1 DM) in triticale straw was at a relatively high level [58], and, in addition, the applied fertilisation significantly increased this parameter. Pro complete was more effective than TRA complete, and, as with Zn, higher doses of PRO complete resulted in higher Fe content. Zeidan et al. found that foliar application of Fe increased not only the Fe content in wheat flag leaves but also other metals, such as Mn, Zn, and Cu [60]. In the same study, the authors discovered that separate applications of other metallic micronutrients (Mn and Zn) increased not only their concentrations but also those of the other tested elements. The application of PRO complete fertiliser, which contains all micronutrients (Fe, Mn, Cu, Zn, B, and Mo) resulted in an increase in the content of all these elements in the straw compared to unsprayed plants. The exception was boron under conditions where fertiliser was applied at higher rates. In this case, no statistically significant differences were found compared to the control.



Although monocotyledonous plants, including cereals, have a relatively low boron requirement, boron deficiency is becoming increasingly common. Lack of boron at any stage of plant development results in pollen grain abortion, reduced seed quality, fewer grains per ear, and other disorders. Boron is not mobile in plants, so it is crucial to maintain adequate levels throughout the growing season [61,62].



TRA complete and PRO complete fertilisers increased the boron content of the straw by 48 and 39%, respectively, in comparison to control plants. As mentioned above, higher doses of PRO complete were less effective. The concentration range for determining boron deficiency or toxicity in plants is relatively narrow. Boron can interact with other minerals and, if present in excessive amounts, can reduce the availability of other macro- and micronutrients [62]. Ali et al. [63] reported that in tobacco leaves, an increase in B concentration reduces the Mn/Fe ratio. Our results show that the highest value of the Mn/Fe ratio occurs in unsprayed plants (lowest boron content), while the lowest value occurs after application of PRO complete (highest boron content).



Another micronutrient, molybdenum, a transition metal, is found in plants in the smallest amounts compared to other micronutrients [64]. Its physiological functions are mainly linked to nitrogen metabolism. Among other things, it is a component of the enzyme nitrate reductase enzyme that enables the assimilation of nitrate. Hence, the plant’s need for molybdenum largely depends on the mode of N supply. The highest Mo content was observed when plants were treated with PRO complete at dose 3 and was more than twice as high as in untreated plants. TRA complete did not modify this parameter. The straw of the control plants contained Mo 1.35 mg kg−1 DM, and this value was higher than the critical deficiency level for most plants [65].



Bittner [66] highlights that the availability of iron is a key factor in regulating molybdenum metabolism in plants. Our research also found a high iron content in triticale straw.



Overall, treating plants with PRO fertiliser was more effective than with TRA fertiliser. The fertiliser applied at the highest dose tested resulted in the greatest increase in micronutrient content in triticale straw, except boron.




3.3.2. Micronutrient Concentration in Triticale Grain


The application of both TRA complete and PRO complete increased the micronutrient content, especially Fe, Zn, and B, in triticale straw (Table 4). Both fertilisers applied at dose 1 resulted in an approximately twofold increase in iron and more than 2.5-fold increase in zinc in triticale straw. A similarly high increase in Zn content in triticale under foliar Zn fertilisation was also reported by García-Latorre et al. [58]. These researchers found that Zn application significantly affected all the parameters studied except total Fe. In the same study, no negative antagonistic effects on other nutrients were observed. Among the benefits of zinc application was a significant synergistic interaction with selenium, resulting in a nearly 2.5-fold increase in the selenium levels compared to untreated plants.



Our results demonstrate that the Zn concentration of 22.1 mg kg−1 DM in unsprayed plants was insufficient to ensure optimal nutritional quality in triticale [59]. However, the applied fertilisers significantly increased this parameter and increasing doses of PRO complete resulted in higher zinc concentration in the straw. We also showed that Fe concentration in triticale straw was relatively high at 62.2 mg kg−1 DM [58]. Additionally, the applied fertilisation significantly increased this parameter. PRO complete proved to be more effective than TRA complete, and, similarly to the results observed for zinc, higher fertiliser doses led to increased content in triticale straw. Zeidan et al. found that foliar application of Fe increased not only Fe content in wheat flag leaves, but also other metals such as Mn, Zn, and Cu [60]. In the same study, the authors demonstrated that separate applications of other metallic micronutrients (Mn and Zn) increased not only their concentrations but also those of the other tested elements.



The application of PRO fertiliser at dose 1 led to an increase in the content of nearly all elements present in the fertiliser, with the exception of copper. Neither of the fertilisers tested, PRO complete nor TRA complete, applied at dose 1, led to an increase in copper content in triticale straw. However, higher doses of PRO were significantly more effective. At the highest dose applied, copper content was 3.7 times higher than in the control plants, exceeding typical levels of this element in crops (1–10 mg kg−1 DM). Treatment of the plants with TRA complete also caused no change in the Mn and Mo content of the triticale straw compared to the unsprayed plants (control).



In general, cereals as monocotyledonous plants have a relatively low boron requirement; however, the problem of its deficiency is becoming more widespread. Lack of boron at any stage of plant development results in pollen grain abortion, reduced seed quality, fewer grains per ear, and other disorders. Boron is not mobile in plants, so it is crucial to maintain adequate levels throughout the growing season [61,62]. TRA complete and PRO complete at dose 1 increased the boron content of the straw by 48 and 39%, respectively, in comparison to control plants. Higher doses of PRO complete were less effective in their action but the results showed no statistically significant differences. This outcome can be partially attributed to a dilution effect due to an increase in straw mass, which was particularly pronounced at dose 2. The concentration range for determining boron deficiency or toxicity in plants is relatively narrow. Boron can interact with other minerals and, if present in excessive amounts, can reduce the availability of other macro- and micronutrients [62]. Ali et al. [63] reported that in tobacco leaves, an increase in B concentration reduces the Mn/Fe ratio. Our results show that the highest value of the Mn/Fe ratio occurs in unsprayed plants (lowest boron content), while the lowest value occurs after application of PRO complete (highest boron content).




3.3.3. Total Microelements Uptake/Accumulation


Total microelements uptake or total microelements accumulation refers to the efficiency with which individual micronutrients were assimilated by plants (stored in their above-ground parts, i.e., shoots and grain), with respect to a single pot (Table 4). In most cases, the total uptake was higher with foliar fertilisation. No differences were found only for the application of TRA complete and the accumulation of manganese, copper, and molybdenum and PRO complete for copper. In other cases, after application of PRO complete at dose 1, an approximately twofold increase in the micronutrients uptake was observed. The higher doses of this fertiliser contributed to an increase in micronutrient uptake, with the exception of boron. Niu et al. [67] suggest that the nutrient elements and other constituents of foliar fertiliser formulations may stimulate the uptake of soil minerals. Therefore, foliar fertilisation can be used as a method to increase yields and their quality.




3.3.4. Concentration and Uptake Trace Elements in Triticale Straw and Grain


The application of both TRA complete and PRO complete, irrespective of the fertiliser dose applied, significantly affected the trace elements content of triticale straw (Table 5).



The lithium content after application of both fertilisers at dose 1 increased by more than eight times compared to the control plants (no statistically significant differences were found between TRA complete and PRO complete), but an increase in the PRO complete dose resulted in a further strong increase in lithium content in triticale straw. On the other hand, a higher total lithium uptake was recorded after PRO complete application, with increasing doses of fertiliser not resulting in increased lithium uptake. Compared to the TRA complete fertiliser, the uptake was 36% higher. This may be due to the use of plant extracts in this fertiliser. In the triticale grain, the lithium content was lower than the detection threshold in the method we used.



The positive effects of lithium fertilisation of plants have been described by da Silva et al. [68], who showed that lithium doses between 16 and 26 mg per dm−3 have a beneficial effect, while higher doses (40 mg dm−3) have a negative effect. In our experiment, Li doses were at a much higher level (2.4 g dm−3 for dose 1), but no toxic effects of lithium on triticale were observed. This may be due to the presence of other components in the fertilisers tested and their specific interactions. It is also known that the plant response to lithium depends on the plant species [69]. Kastori et al. [69] also indicate that lithium applied in chelate form is more effective than the mineral form.



Both fertilisers contributed to an increase in chromium content in both straw and triticale grain. In all cases, the chromium concentration in straw was more than six times higher than in grain. However, increasing the dose of the PRO complete fertiliser did not increase the chromium content in the analysed organs. Considering the risk associated with the toxic effects of heavy metals on living organisms, the stability of chromium content in plant tissues at higher fertiliser doses can be considered a favourable phenomenon. The selenium content was at a low level and, as with lithium, could not be determined in the triticale grain. In straw, it was possible to do so after applying higher doses of fertiliser. This may be a result of poor mobility of these elements [70,71].



Wang et al. [71] showed that the amount of Se that enters wheat grain ranges from 3 to 10.4% of the total amount applied. Similar results were obtained by Ducsay and Lozek [70]. According to Boldrin et al. [72], foliar-applied selenium is mainly distributed in leaves and stems and, in much smaller amounts, in roots and grain. The average selenium content obtained in our experiment was 0.553 mg kg−1 DM. According to nutritional standards, the optimum Se content in feed should be at a minimum of 0.1 mg kg−1 DM. to protect animals from Se deficiency diseases, but no higher than 4 mg kg−1 DM [73]. It is also worth mentioning that there may be variety in the different ingredients present in a multicomponent fertiliser. Nawaz et al. [74] wrote about the positive effect of foliar application of selenium on iron uptake and content.





3.4. Soil Properties After Experiment


The soil reaction (pH) did not change significantly after the experiment (Table 6). It increased from an initial level of 5.2 to 5.4 (average for the four foliar-fertilised objects). A greater increase was found for the control object (pH 5.63).



The content of macro- and micro-nutrients, as expected, decreased compared to their initial content in the soil. This was particularly noticeable in the case of macronutrients. The reduction in soil micronutrient content was smaller and most pronounced for iron (see Materials and Method). The soil from the control object contained lower amounts of Mn, Fe, Cu, and Zn than the soil from the other objects, but the differences were not statistically significant (Table 6). This indicates that the elements taken up from the foliar fertilisers cover part of the nutritional needs of the plants, and thus their uptake from the soil is lower.





4. Conclusions


The results of our experiment indicated that the foliar application of multicomponent fertilisers significantly increased the grain yield of triticale. The innovative formulation of PRO complete containing amino acids and plant extracts was more effective in the promotion of the yield than standard composition with EDTA (TRA complete). Biofortification of straw was successful for manganese, iron, copper, molybdenum, chromium, and lithium. In most cases, the PRO complete fertiliser proved to be more effective. The chemical composition of the grain remained relatively stable. The observed increases in the content of the elements studied were significantly smaller than in straw. PRO complete significantly increased the levels of iron and molybdenum in the grain. The application of higher doses of PRO complete did not always lead to an increase in the content of the studied elements in plants, although in the case of straw, such a trend was observed for manganese, iron, copper, and molybdenum. To sum up, the use of multi-component foliar fertilisers is an effective way to improve crop yield and quality, as well as to reduce negative environmental impacts. Nevertheless, it is necessary to further improve their chemical composition and dosage to achieve optimal results.
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Figure 1. Triticale yield: (A) grain yield, (B) straw yield, and (C) total yield. Different lowercase letters indicate significant differences according to the Tukey’s test (p < 0.05). The vertical bars indicate the standard deviation of the mean. 
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Table 1. Nutrient content of foliar fertiliser at the assumed dose of 1 L per hectare.
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Treatments

	
Macronutrients

	
Micronutrients

	
Trace Nutrients




	
N

	
P

	
K

	
B

	
Cu

	
Fe

	
Mn

	
Mo

	
Zn

	
Cr

	
I

	
Li

	
Se




	
Dose of Elements g L−1






	
Control

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0




	
TRA dose 1

	
133.2

	
46.6

	
21.7

	
0.14

	
0.84

	
15.00

	
6.00

	
0.06

	
5.40

	
0.20

	
0.49

	
2.80

	
0.20




	
PRO dose 1

	
133.2

	
46.6

	
21.7

	
0.14

	
0.84

	
15.00

	
6.00

	
0.06

	
5.40

	
0.20

	
0.49

	
2.80

	
0.20




	
PRO dose 2

	
266.4

	
93.2

	
43.4

	
0.28

	
1.68

	
30.00

	
12.00

	
0.12

	
10.80

	
0.40

	
0.98

	
5.60

	
0.40




	
PRO dose 3

	
399.6

	
139.8

	
65.1

	
0.42

	
2.52

	
45.00

	
18.00

	
0.18

	
16.20

	
0.60

	
1.47

	
8.40

	
0.60











 





Table 2. Forms of nutrients in compound foliar fertilisers.
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Elements

	
Forms of Nutrients in Foliar Fertilisers




	
PRO Complete (Dose 1–3)

	
TRA Complete






	
Macronutrients

	
N

	
Mineral form

	
Mineral form




	
P

	
Mineral form

	
Mineral form




	
K

	
Mineral form

	
Mineral form




	
Micronutrients

	
B

	
Mineral form

	
Mineral form




	
Cu

	
EDTA chelate

	
EDTA chelate




	
Fe

	
Amino acid complexed

	
EDTA chelate




	
Mn

	
Manganese nitrate

	
Manganese nitrate




	
Mo

	
Ammonium molybdate

	
Ammonium molybdate




	
Zn

	
Amino acid complexed

	
EDTA chelate




	
Trace nutrients

	
Cr

	
Complexed with plant extracts

	
Mineral form




	
I

	
Complexed with plant extracts

	
Mineral form




	
Li

	
Complexed with plant extracts

	
Mineral form




	
Se

	
Complexed with plant extracts

	
Mineral form











 





Table 3. Concentration and uptake of macronutrients in triticale.
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Treatments

	
Grain

	
Straw

	
Grain + Straw




	
Content g kg−1 DM

	
Uptake mg pot−1






	
Nitrogen




	
Control no spraying

	
29.6

	
a

	
17.9

	
b

	
247

	
c




	
TRA complete dose 1

	
31.6

	
a

	
19.9

	
a

	
297

	
b




	
PRO complete dose 1

	
31.7

	
a

	
20.7

	
a

	
351

	
a




	
PRO complete dose 2

	
31.8

	
a

	
20.8

	
a

	
385

	
a




	
PRO complete dose 3

	
31.9

	
a

	
21.3

	
a

	
355

	
a




	
Phosphorus




	
Control no spraying

	
5.07

	
a

	
3.52

	
b

	
45.8

	
d




	
TRA complete dose 1

	
5.31

	
a

	
3.86

	
ab

	
54.1

	
c




	
PRO complete dose 1

	
5.30

	
a

	
3.95

	
ab

	
62.7

	
b




	
PRO complete dose 2

	
5.43

	
a

	
4.05

	
ab

	
70.9

	
a




	
PRO complete dose 3

	
5.52

	
a

	
4.28

	
a

	
66.3

	
ab




	
Potassium




	
Control no spraying

	
8.39

	
a

	
35.9

	
a

	
310

	
b




	
TRA complete dose 1

	
8.65

	
a

	
36.1

	
a

	
331

	
b




	
PRO complete dose 1

	
8.76

	
a

	
36.5

	
a

	
346

	
b




	
PRO complete dose 2

	
8.74

	
a

	
36.9

	
a

	
428

	
a




	
PRO complete dose 3

	
8.73

	
a

	
36.7

	
a

	
357

	
b




	
Magnesium




	
Control no spraying

	
1.65

	
a

	
1.51

	
a

	
17.7

	
bc




	
TRA complete dose 1

	
1.66

	
a

	
1.30

	
b

	
17.7

	
c




	
PRO complete dose 1

	
1.60

	
a

	
1.35

	
ab

	
20.2

	
ab




	
PRO complete dose 2

	
1.60

	
a

	
1.36

	
ab

	
22.6

	
a




	
PRO complete dose 3

	
1.58

	
a

	
1.41

	
ab

	
20.6

	
a




	
Calcium




	
Control no spraying

	
1.03

	
a

	
10.9

	
a

	
89.0

	
ab




	
TRA complete dose 1

	
1.04

	
a

	
8.69

	
b

	
75.4

	
b




	
PRO complete dose 1

	
1.03

	
a

	
9.15

	
b

	
79.9

	
b




	
PRO complete dose 2

	
1.00

	
a

	
9.03

	
b

	
98.6

	
a




	
PRO complete dose 3

	
1.02

	
a

	
9.09

	
b

	
82.0

	
b








Different lowercase letters indicate significant differences according to the Tukey test (p < 0.05).













 





Table 4. Concentration and uptake of micronutrients in triticale.
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Treatments

	
Grain

	
Straw

	
Grain + Straw




	
Content mg kg−1 DM

	
Uptake mg pot−1






	
Manganese




	
Control no spraying

	
47.3

	
b

	
64.2

	
c

	
0.672

	
d




	
TRA complete dose 1

	
47.4

	
b

	
73.4

	
c

	
0.798

	
d




	
PRO complete dose 1

	
53.3

	
ab

	
130

	
b

	
1.359

	
c




	
PRO complete dose 2

	
56.3

	
a

	
143

	
b

	
1.781

	
b




	
PRO complete dose 3

	
52.9

	
ab

	
207

	
a

	
2.031

	
a




	
Iron




	
Control no spraying

	
56.0

	
b

	
62.2

	
e

	
0.690

	
c




	
TRA complete dose 1

	
62.3

	
ab

	
123

	
d

	
1.27

	
b




	
PRO complete dose 1

	
64.9

	
a

	
138

	
c

	
1.49

	
b




	
PRO complete dose 2

	
64.8

	
a

	
158

	
b

	
1.98

	
a




	
PRO complete dose 3

	
66.6

	
a

	
203

	
a

	
2.08

	
a




	
Copper




	
Control no spraying

	
5.44

	
c

	
4.39

	
c

	
0.054

	
d




	
TRA complete dose 1

	
5.66

	
c

	
5.00

	
c

	
0.065

	
d




	
PRO complete dose 1

	
6.07

	
bc

	
5,16

	
c

	
0.077

	
c




	
PRO complete dose 2

	
6.87

	
ab

	
7.78

	
b

	
0.117

	
b




	
PRO complete dose 3

	
7.14

	
a

	
16.1

	
a

	
0.175

	
a




	
Zinc




	
Control no spraying

	
34.8

	
a

	
22.1

	
c

	
0.298

	
d




	
TRA complete dose 1

	
35.8

	
a

	
57.9

	
c

	
0.625

	
c




	
PRO complete dose 1

	
36.3

	
a

	
60.8

	
c

	
0.701

	
c




	
PRO complete dose 2

	
37.5

	
a

	
79.5

	
b

	
1.02

	
b




	
PRO complete dose 3

	
38.3

	
a

	
113

	
a

	
1.16

	
a




	
Boron




	
Control no spraying

	
0.715

	
b

	
12.1

	
c

	
2.68

	
b




	
TRA complete dose 1

	
0.948

	
a

	
17.9

	
a

	
4.17

	
a




	
PRO complete dose 1

	
0.834

	
ab

	
16.8

	
ab

	
4.99

	
a




	
PRO complete dose 2

	
0.833

	
ab

	
14.1

	
bc

	
4.62

	
a




	
PRO complete dose 3

	
0.799

	
ab

	
14.7

	
bc

	
4.53

	
a




	
Molybdenum




	
Control no spraying

	
0.74

	
b

	
1.35

	
c

	
0.013

	
c




	
TRA complete dose 1

	
0.81

	
b

	
1.29

	
c

	
0.014

	
c




	
PRO complete dose 1

	
1.13

	
a

	
2.34

	
b

	
0.025

	
b




	
PRO complete dose 2

	
1.14

	
a

	
2.45

	
b

	
0.031

	
a




	
PRO complete dose 3

	
1.18

	
a

	
2.97

	
a

	
0.031

	
a








Different lowercase letters indicate significant differences according to the Tukey test (p < 0.05).













 





Table 5. Concentration and uptake of trace elements in triticale.
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Treatments

	
Grain

	
Straw

	
Grain + Straw




	
Content mg kg−1 DM

	
Uptake µg pot−1






	
Chromium




	
Control no spraying

	
0.143

	
c

	
0.878

	
b

	
0.525

	
c




	
TRA complete dose 1

	
0.177

	
b

	
1.43

	
a

	
0.763

	
b




	
PRO complete dose 1

	
0.180

	
ab

	
1.41

	
a

	
1.06

	
a




	
PRO complete dose 2

	
0.192

	
ab

	
1.34

	
a

	
1.04

	
a




	
PRO complete dose 3

	
0.210

	
a

	
1.27

	
a

	
1.16

	
a




	
Lithium




	
Control no spraying

	
<0.5

	

	
0.500

	
d

	
1.81

	
c




	
TRA complete dose 1

	
4.310

	
c

	
2.16

	
b




	
PRO complete dose 1

	
5.448

	
c

	
2.95

	
a




	
PRO complete dose 2

	
9.013

	
b

	
2.77

	
a




	
PRO complete dose 3

	
14.58

	
a

	
2.88

	
a




	
Selenium




	
Control no s