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Abstract

:

Organic waste can provide an alternative to synthetic fertilisers for maintaining productivity with limited environmental impact. Our research evaluates the potential use of processed animal waste in corn fertilisation, which may represent a partially closed nutrient cycle of importance in a sustainable agricultural system. The objective of this study was to evaluate the quantity and quality of fat obtained from corn grain fertilised with meat and bone meal (MBM) produced from animal waste. A static field experiment using MBM was conducted at the Experimental Station in Tomaszkowo (53°71′ N, 20°43′ E), Poland. The field experiment was conducted in 2014–2017 with continuous corn cultivation. The course of weather conditions in the years of this study influenced the fat content, with the lowest amount found in 2016. The application of fertilisers in the form of MBM and mineral fertilisation resulted in a slightly lower fat content compared to the variant without fertilisation. The application of mineral fertilisers and MBM influenced an increase in the content of the predominant C18:2 acid compared to the variant without fertilisation, while the opposite was shown for C18:1 cis-9 acid. The fertiliser variants are most correlated with fat yield and total polyunsaturated fatty acids. The fertiliser variants in their effects on fat yield, fat content, fatty acid profiles, and their ratios can be divided into three groups, which were related to the effects of organic fertilisers during the years of this study. The use of meat and bone meal as fertilisers cannot be regarded as a factor in increasing the fat content of corn grain. Meat and bone meal applied over several years to the same field in the quantities required to achieve optimum yield can be an element that shapes fatty acid profiles.
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1. Introduction


Corn (Zea mays L.) is a widely cultivated species worldwide [1], and with the current direction of climate change and the stagnant acreage of other crops, corn may soon become the most widely grown crop. Corn is a crop with many uses. Corn grain is mainly used as feed (more than 50% of the harvest) and for food, industrial [2], and energy purposes [3]. According to Erenstein et al. [2], worldwide, corn grain accounts for 5% of total protein intake and fat (1.6% of daily intake) in the human diet. Unlike most edible vegetable oils, which are derived from fat-rich seeds, corn grain contains only 3–4% fat [4,5]. However, the fat contained in corn grain plays an important role in animal and human nutrition. Due to the fact that corn is the dominant feed ingredient in most animal rations, fat is a concentrated, easily digestible source of energy for animals and provides essential fatty acids [6,7]. The fatty acid composition of corn grain fat determines its nutritional properties and specific industrial uses [4,5,8]. On average, corn fat contains 85–87% unsaturated and 13–15% saturated fatty acids [9]. The good quality of the fat contained in corn grain depends on the high content of unsaturated fatty acids, including oleic and linoleic acids [8,10]. The most commonly used indicators for assessing the quality of fatty acids in fats from oilseeds and cereals are MUFA/SFA, PUFA/SFA, and UFA/SFA ratios [11]. The fat content and fatty acid composition of oilseeds and cereals depend on the type of cultivar and environmental and agronomic conditions [4,12,13,14,15]. The optimal sowing date and fertilisation of corn are considered to be agrotechnical factors that enable the production of high-quality oils from grain [16].



Biologically active compounds released by organic fertilisers have a positive effect on yield and quality indicators, such as fatty acids, vitamins, amino acids, and polypeptides [17]. Organic fertilisers can have an effect on oil content and composition through changes in the availability of nutrients to plants [18]. Agricultural fertiliser management changes the biochemical pathway of secondary metabolites in plants, which can affect the fatty acid profile [19].



The proportions of fatty acids in the generative organs of plants are strongly influenced by air temperature and nutrient management during oil synthesis [15,16,20]. Therefore, in order to produce good-quality seeds with high fat content, it is necessary to select the right variety and manage environmental parameters [5,21]. The fastest way to balance nutrients is to use mineral fertilisers, but these fertilisers can cause environmental pollution, increase the ecological costs of agricultural production, and deplete non-renewable resources [22,23]. The advantages of organic fertilisers produced on the farm are well known, but it is proposed to complete the nutrient cycle with nutrients from food industry waste [24,25]. To ensure a sustainable agricultural system, mineral components taken from crops should return to close the nutrient cycle in the agroecosystem. Safe agricultural waste can be an alternative to synthetic fertilisers for maintaining productivity with limited environmental impact [26,27]. Among agricultural wastes, meat and bone meal, a byproduct of the animal rendering industry, contains significant amounts of essential nutrients for plants, especially N, P, and Ca [28,29]. Several publications have presented the use of waste from the meat industry as a source of nutrients in crop fertilisation [30,31,32,33]. Our research evaluates the potential use of MBM in crop production, not only as a source of nutrients to improve soil nutrient abundance [34] but also to improve grain quality, elements often overlooked when evaluating applied organic fertilisers. The objective of this study was to evaluate the quality of fat obtained from corn grain fertilised with meat and bone meal produced from animal waste.




2. Materials and Methods


2.1. Field Experiment


A static field experiment using meat and bone meal (MBM) was conducted at the Experimental Station in Tomaszkowo (53°71′ N, 20°43′ E), Poland. The field experiment was conducted from 2014 to 2017 with continuous corn cultivation in a randomised block design in 4 replicates. The experiment was located on two soil types classified as Haplic Luvisol Arenic (HLA) and Haplic Luvisol Loamic (HLL) [35]. The results in the present study are from corn grown on Haplic Luvisol Arenic (HLA) soil. The experimental plots for sowing were 15.0 m−2 and for harvesting, 11.25 m−2. Tillage, protection, and harvesting agrotechnical treatments followed the recommendations for corn cultivation. Prior to the establishment of the 2013 experiment, the precrop was winter triticale. Spring tillage included cultivation and harrowing to mix fertiliser into the soil. After the corn harvest, discing, harrowing, and pre-winter ploughing were carried out. The variety chosen for sowing was MAS 15P (FAO 200, breeder—Maisadour Semences, Haut-Mauco, France), matched by its earliness class, allowing the cultivation of grain-type corn under the climatic conditions of the experimental field. Corn grain was sown at a density of 8 plants × m−2, in 4 rows every 0.75 m. Weed control was carried out using the herbicide Lumax 537.5 SE 4.0 L ha−1 (active substances: mesotrione 37.5 g L, s-metolachlor 312.5 g L, terbuthylazine 187.5 g L). For disease protection during the early development period, Mesurol seed dressing was applied at a rate of 1 L per 100 kg−1 of grain (active substance: methiocarb 500 g L). No pest control was carried out. Prior to the establishment of the experiment, the soil pH measured in 1 M KCl was 4.89. The organic matter content of the soil was 10.1 g kg−1; Ntotal—0.55 L g kg−1; P—0.33 g kg−1; K—1.33 g kg−1. Meteorological conditions were observed during the conduct of the experiment, and a detailed description is presented in the previous work by Stępień and Rejmer [3].




2.2. Fertiliser Treatments


The meat and bone meal used in this experiment was obtained from an animal by-product processing plant (SARIA Poland Ltd., Długi Borek, Poland). In the experiment, MBM was applied annually pre-sowing at rates of 1.0, 2.0, and 3.0 t ha−1. Fertiliser treatments and the content of nutrients brought in with the fertilisers are shown in Table 1. Meat and bone meal contained 90% dry matter, 66.9 g kg−1 C; 6.10 g kg−1 N; 3.10 g kg−1 P; 0.40 g kg−1 K; 8.85 g kg−1 Ca, 0.30 Mg g kg−1; 8.0 mg g−1 Cu, 1189 mg g−1 Fe, 86.5 mg g−1 Zn; and 29.0 mg g−1 Mn. In the experiment, the control variants were the no fertiliser and mineral fertiliser (NPK) variants. On the mineral fertilised variant, a pre-sowing nitrogen fertilisation of 133 kg N ha−1 (urea, 46% N) and a pre-sowing supplementary fertilisation with the phosphorus of 79.6 kg N ha−1 (superphosphate, 20.1% P) and potassium of 83.1 kg ha−1 (potassium salt, 49.8% K) were applied. On the MBM site, potassium fertilisation with potassium salt was applied to equalise the potassium dose applied on the sites fertilised with mineral fertilisers.




2.3. Process for the Determination of Fat and Fatty Acids


When the plot combined harvesting corn cobs by hand, the two outer rows of sown plants were discarded. The harvested cobs were threshed with a harvester (Wintersteiger Classic 1540, Ried im Innkreis, Austria). The harvested grain was used for further analysis. Fat extraction was performed using the “cold” method described by Cequier-Sánchez et al. [36]. The samples were ground into powder and extracted with a mixture of dichloromethane and methanol (2:1, v/v). Then, it was filtered and transferred to a new test tube, and an aqueous solution of KCl (0.88%) was added. The samples were then centrifuged at 1500 rpm, and the lower layer after separation was evaporated on a rotary evaporator. Sample preparation for fatty acid composition determination was carried out in accordance with the EN ISO 12966-1:2014/AC:2015 standard [37]. For this purpose, 0.1 g of lipids were transferred to a glass test tube, heated on a heating block, and the following reagents were added to the boiling mixture: 2 M NaOH, BF3 complex, isooctane, and 1% NaCl solution. At the end of the procedure, the upper isooctane layer was transferred to a vial and analysed. Fatty acid esters were subjected to chromatographic analysis using an Agilent Technologies 7890 A gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA). The chromatograph was equipped with a flame ionisation detector (FID), a capillary column 30 m long, and an internal diameter of 0.32 mm (Supelcowax 10). The following temperatures were used during the analysis: column = 195 °C; dispenser = 230 °C; and detector = 250 °C. A mixture of 37 standards (Supelco™ 37 Component FAME Mix, Supelco, Bellefonte, PA, USA) was used to identify fatty acids. In the experiment, 15 h fatty acids were identified: lauric acid (C12:0), myristic acid (C14:0), pentadecanoic acid (C15:0), palmitic acid (C16:0), palmitoleic acid (C16:1), margaric acid (C17:0), heptadecenoic acid (C17:1), stearic acid (C18:0), oleic acid (C18:1 cis-9), vaccenic acid (C18:1cis-11), linoleic acid (C18:2), linolenic acid (C18:3), 8Z, 11Z-eicosadienoic acid (C20:2), gadoleic acid (C20:1), and behenic acid (C22:0).




2.4. Statistical Analysis


The results obtained from the experiment were statistically analysed using the Statistica v.13.3 program. Basic statistics and a two-factor analysis of variance were used. Homogeneous groups were determined using the Tukey test. The analyses of the effects of fertiliser variants and years of research on fat yields, fat content, fatty acid profiles, and their ratios in corn grain were complemented by the determination of correlations between the factors. For this purpose, the factor analysis method (PCA) was used, which allows the relationships (strength and direction of correlation) between variables to be determined. Calculations were performed at a significance level of α = 0.05.





3. Results


In years of study, fertiliser variants and their interactions significantly affected fat content, total saturated (SFA), monounsaturated (MUFA), polyunsaturated (PUFA) fatty acids, acid ratios (UFA/SFA, MUFA/SFA, PUFA/SFA), and most fatty acid profiles (Table 2). There was no significant effect of study years on the amount of acids: C14:0, C15:0, C17:0, C16:1, C17:1, treatments on the amount of acids: C14:0, C15:0, C17:0, C17:1, interaction: study years × treatments on the amount of acids: C14:0, C17:0, C17:1.



The statistically significantly lowest fat content in corn grain was obtained in 2016 (Figure 1). The highest fat content on the variant without fertilisation was obtained in 2017, on the variant fertilised with mineral fertilisers in 2014, 2015, and 2017, and fertilised with MBM in 2014. On average, in the 4 years of this study, the application of MBM and mineral fertilisation resulted in a slightly lower fat content compared to the variant without fertilisation. Considering the interaction of study years and fertilisation, the application of higher doses of MBM (2.0 and 3.0 t ha−1) from the second study year onwards resulted in lower fat content (differences were not always significant) (Table 3).



In corn grain, saturated fatty acid (SFA) profiles were dominated by C16:0 (Figure 2, Table 4) and C18:0 (Figure 3, Table 5), with C12:0, C14:0, C15:0, C17:0, and C22:0 determined in lower amounts (Supplementary Table S1).



The highest C16:0 acid contents (above 14%) were determined in 2015 and 2016 (Figure 2). Regardless of the years, the highest amount of C16:0 acid was found on the variant fertilised with MBM at 2.0 t ha−1 and the least after the application of 3.0 t ha−1. In most variants of the experiment, an increase in C16:0 acid content was found in the study years compared to the first study year (Table 4). Such a relationship was not observed after the application of 2.0 t ha−1 MBM in 2015.



On average, for the MBM-fertilised sites and the control sites (without ferilisation and mineral fertilisation), the highest C18:0 acid content was found in 2015 (Figure 3). On average for the years, the highest C18:0 acid densities were obtained on the without fertilisation and 1.0 t ha−1 MBM fertilised treatments, and significantly lower on the other fertilisation sites. When analysing the effect of MBM rates, the application of 2.0 and 3.0 t ha−1 resulted in a slight reduction (not always statistically significant) in C18:0 acid content compared to the variant fertilised with 1.0 t ha−1 and the control variants in all years of this study (Table 5).



The SFA total was dominated by C16:0 acid, so the results obtained from the effect of the experimental factors on the SFA total are similar to those described for the C16:0 acid profile (Figure 4).



In corn grain, among the monounsaturated fatty acids (MUFA), C18:1 cis-9 was predominant (Figure 5, Table 6), while C16:1, C17:1, C18:1 cis-11, and C20:1 were determined in small amounts (Supplement Table S1). When analysing the effect of this study years on the content of the monounsaturated fatty acid, C18:1 cis-9, there was a decrease in its content in 2017, compared to the other study years (Figure 5). On average, a significantly lower content of C18:1 cis-9 acid was shown after the application of MBM and mineral fertilisation compared to the variant without fertilisation. Of the MBM rates applied, the highest C18:1 cis-9 acid content was found after an application of 1.0 ta ha−1. In each year of this study, the significantly highest C18:1 cis-9 acid content was found in the without fertilisation variant (Table 6). The lowest content of C18:1 cis-9 acid was found after application of 2.0 t ha−1 in 2014 and 2015 and 3.0 t ha−1 MBM in 2016 and 2017.



In the composition of MUFA, there was mainly C18:1 cis-9 acid; therefore, the results obtained from the influence of the experimental factors are similar to those found for this acid (Figure 6).



In the composition of polyunsaturated fatty acids (PUFA), two acids were determined: C18:2 (Figure 7, Table 7), C18:3, and C20:2 (Figure 8, Table 8). Among these acids, C18:2 was the most abundant (its share in the total fatty acid composition averaged 54.3%).



Regardless of the fertilisation variants, significantly lower contents of C18:2 acid were found in 2015 and 2016, compared to the other years of this study (Figure 7). On average for the fertilisation variants, MBM fertilisation, as well as mineral fertilisation, increased the C18:2 acid content compared to the unfertilised variant, and the highest amount was found after the application of 3.0 t ha−1. Analysing the interaction of study years and treatments showed that in all study years, a significantly higher C18:2 acid content was found after MBM fertilisation (all doses) and in the mineral variant compared to the unfertilised variant (Table 7). The application of 3.0 t ha−1 MBM in 2014, 2016, and 2017, and 2.0 t ha−1 in 2015, influenced the occurrence of the highest C18:2 acid content in corn grain.



The years of study slightly modified the C18:3 acid content of corn grain (Figure 8). A slightly higher C18:3 acid content was found after application of 1.0 t ha−1 MBM compared to the other variants of the experiment. In all fertiliser treatments, higher C18:3 acid contents were found in 2015–2017 compared to the first year of this study (Table 8). No significant differences were found between the fertiliser variants during the study years.



The total PUFA acid content was modelled by the C18:2 acid content (Figure 9).



Based on the fatty acids analysed, the MUFA/SFA, PUFA/SFA, and UFA/SFA fatty acid sum ratios were calculated (Figure 10, Figure 11 and Figure 12). The highest values of the calculated fatty acid sum ratios were found in the first year of this study (2014), while the second year of this study (2015) showed a decrease in the values of these ratios. In the following years (2016 and 2017), there was an increase in the values of PUFA/SFA and UFA/SFA ratios, but these relationships were not found for the MUFA/SFA ratio. Regardless of this study years, the application of the 3.0 t ha−1 dose influenced the occurrence of significantly higher PUFA/SFA and UFA/SFA ratios compared to the other variants of the experiment. Slightly lower MUFA/SFA ratios were observed under the influence of applied fertilisation (mineral fertilisation and MBM) compared to the variant without fertilisation.



Principal component analysis (PCA) showed that the UFA/SFA ratio is most strongly (positively) correlated with PUFA/SFA (Figure 13). The least significant influence on UFA/SFA and PUFA/SFA ratios is the total SFA content (negative correlation). Fertilisation variants are most positively correlated with fat yield and total PUFA.



Data showing the projection of cases on the factor plane indicate that the fertiliser variants in this study years can be divided into three groups (Figure 14). The similar values of the evaluated variables (fat yield, fat content, fatty acid profiles, and their ratios) are mainly represented by the fertilisation variants in the first year of this study (2014). The second group is formed by variants without fertilisation, with corn cultivation in 3 consecutive years of this study (2015–2017) and fertilisation with the lowest dose of MBM (1.0 t ha−1) in two years of cultivation (2015 and 2016). Similar effects on the analysed parameters were mainly influenced by fertilisation variants at higher doses (mineral fertilisation, 2.0 and 3.0 t ha−1 MBM) and by variants where a follow-up effect was possible in successive years of fertilisation (2017_MBM ...).




4. Discussion


The quantity and quality of fat, along with starch, protein, and minerals, are among the components that determine the potential use of corn grain [38,39]. Compared to oilseeds, corn grain contains much less fat, but due to the increasing area planted to it, this parameter should be taken into account in the overall fat balance [40]. In our study, an average of 4.74% fat was extracted from corn grain. According to Susik [41], corn grain contains 3.1–5.7% fat, most of which is found in the germ of the seed. The fat content of corn grain depends on corn varieties [42] but is also modified by habitat factors and agronomic practises [20].



The fat content of corn grain largely depends on environmental factors, plant genetics, and agronomic practises [20,42,43,44,45,46,47]. In our study, the years of study influenced the fat content, and significantly the lowest was obtained in corn grain harvested in 2016. In an earlier study by Stępień et al. [34] with corn grown on Haplic Luvisol Arenic soil type, the highest grain yield was obtained in 2016 (average 6.61 t ha−1), indicating a negative correlation of grain yield with fat content. In 2016, the increased temperature and significant moisture during the corn growing season favoured high yields, with higher protein content at the expense of fat content than in other years. According to Ali and Ullah [48], the amount of rainfall (especially its deficiency) can be considered one of the most important factors affecting the chemical composition of corn kernels and their fat content.



For proper seed fat synthesis, it is important to supply the crop with a complex of nutrients throughout the growing season [14]. Organic fertilisers, through the slow release of nitrogen and its availability as and when required [49,50], rich micronutrient composition [51,52], and beneficial effects on the physical and biological properties of the soil [53,54], create optimal conditions for plant growth and development. The creation of optimal conditions for plant growth and development contributes to an increase in the oil content of the grain [16].



In our study, the application of MBM and mineral fertilisation resulted in a slightly lower fat content compared to the variant without fertilisation.



Traits contributing to yield and grain quality are usually antagonistic to each other, and when applying various modifications in agrotechnology, this should be taken into consideration. The forms and amounts of available mineral nutrients in the soil can cause significant changes in the growth character and biochemical composition of plants [55]. According to Gu et al. [56], the availability of N reduces oil concentration, while the application of K increases oil content. Ray et al. [14], on the other hand, argue that oil content decreases with significant soil P abundance. In our study, the MBM applied was N- and P-rich and potassium-poor (therefore, MBM was supplemented with K mineral fertiliser), but these were the amounts necessary only for yield production and did not modify the fat content. According to Ray et al. [14], the protein content of maize grain increases with increasing NPK fertiliser application rates, while the fat content decreases.



The results obtained in our study are not confirmed by the study of Sabourifard et al. [16], who obtained higher fat contents in corn grain after the application of MBM and mineral fertilisation than without fertilisation. Gholamhoseini et al. [57] showed that by applying organic fertilisers, the health of the plants is improved, thus extending the seed filling period and thus increasing the oil content. In a study by Stępień and Rejmer [3] with the application of the same fertiliser variants as in their study, but with cultivation on heavy soil, no differences were shown in the fat content of corn grain between the sites used. According to Hafez and Abdelaal [58] and Kaplan et al. [59], the application of nitrogen fertilisers had a positive effect on crude oil content, which increased with increasing levels of nitrogen fertilisation.



The fatty acid composition of oilseeds and cereals depends on the variety and environmental and agrotechnical conditions [4,13]. Yururdurmaz and Yildiz [60] found that the fatty acid composition of corn grain was dominated by linoleic acid (52%), oleic acid (32%), palmitic acid (14%), stearic acid (2.3%), linolenic acid (0.9%), and arachidic acid (0.5%). In our study, the predominant fatty acids in corn grain were linoleic—C18:2 (54.3%); oleic—C18:1 cis-9 (25.9%); and palmitic—C16:0 (13.9%). The highest contents of C16:0 and C18:1 cis-9 acids were determined in 2015 and 2016, and C18:2 acids in 2014 and 2017. Any environmental stress, such as cold, heat, and drought, can affect fatty acid composition, especially linolenic acid content [61]. Drought interferes with the normal functioning of plants because nutrients are less mobile in the plant under drought conditions [62]. However, mild water stress can increase unsaturated fatty acid content, and severe stress decreases its content [63].



According to Lambert [64], the activity of unsaturated fatty acids, especially linolenic acids, increases with decreasing temperature. This is due to the activation of an enzyme that is involved in the unsaturation of fatty acids at low temperatures and the inhibitory power of the enzyme at high temperatures. According to Kaplan et al. [59], the synthesis of linolenic acid—C18:2 is higher when it is cooler during the harvest season. By following the weather conditions during the experiment, no clear effect of temperature and precipitation on fatty acid content was confirmed. However, it showed the highest content of saturated fatty acid—C18:2 in 2017 (a non-significant difference compared to 2014); in which the harvest fell in the coolest September of the years evaluated.



The use of organic fertilisers can influence plant growth by increasing nitrogen uptake, especially at lower temperatures, which favour the synthesis of unsaturated fatty acids [16,65]. In our study, the highest amount of saturated acid—C16:0 was found on the variant fertilised with 2.0 t ha−1 MBM; unsaturated acids—C18:1 cis-9 on the unfertilised variant; and C18:2 acid on the variant fertilised with 3.0 t ha−1. The least amount of C16:0 acid was found after the application of 3.0 t ha−1, C18:1 cis-9 acid in the variant fertilised with 2.0 t ha−1 MBM, and C 18:2 acid in the control variant.



The amount of available nitrogen influences the fatty acid composition of the grains [66]. Our study has confirmation from studies by other authors that the application of nitrogen at higher doses increases the C18:2 acid content.



Organic fertilisers are available to the plant for longer than mineral fertilisers which can change the biochemical pathway of secondary metabolites in plants, which can affect lipid content and composition [67]. According to Pisulewska et al. [68], nitrogen fertilisation (30 and 60 kg ha−1), relative to unfertilised variants, resulted in a slight increase in the content of monounsaturated and a decrease in polyunsaturated fatty acids in soybean seeds. In a study by Kaplan et al. [59], a significant increase in C18:2 acid content was found with an increase in N application (from 200 to 300 kg N), but no change in its content was shown by increasing N fertilisation from 100 to 200 kg N. Sabourifard et al. [16] showed by sowing corn at the optimum date that the highest content of linoleic acid (C18:3) occurred after organic fertilisation (manure and vermicompost) compared to control (mineral nitrogen, no fertilisation). Kaplan et al. [59] and Wojtkowiak et al. [69] observed no significant changes in unsaturated fatty acid content following fertilisation with minerals compared to the control. In a study by Alipatra [70], the amount of saturated fatty acids in sunflower seeds decreased with increasing levels of nitrogen from organic sources. In our study, there was no clear correlation between the effect of introduced organic matter in the form of MBM on shaping the saturated acid content of C16:0. The results of Kaptan et al. [71] indicate that mineral fertilisation (NPK) influenced the content of saturated fatty acids; the content of lignoceric and arachidic acids increased, while the content of myristic and palmitic acids decreased in corn grain compared to the variant without fertilisation. On the other hand, according to Ray et al. [14], the content of saturated fatty acids (palmitic, stearic, and arachidic acids) decreased with increasing levels of NPK fertilisation, while the content of unsaturated fatty acids (oleic, linoleic, and linolenic acids) in corn grain increased. Fatty acid synthesis requires carbon components from the breakdown of carbohydrates. An increase in the uptake of nitrogen, which is used in the plant for protein production, results in increased competition with fatty acids for carbon, and this results in a reduction in the percentage fat content of the grain [72]. Thus, the negative correlation between protein and oil content may be due to the distribution of endosperm and germ weight in mature corn grain. Ray et al. [14].



The relationship between PUFA and SFA content is the most commonly used indicator to assess the effect of diet on cardiovascular health [11]. In our study, the application of 3.0 t ha−1 MBM influenced the occurrence of significantly higher PUFA/SFA and UFA/SFA ratios compared to the other variants of the experiment. Compared to the non-fertilised variant, slightly lower MUFA/SFA ratios were observed under the influence of applied fertilisation (mineral fertilisation and MBM). The addition of organic fertilisers may facilitate nutrient uptake and subsequently affect enzymes and genes involved in the biosynthesis of particular fatty acids, such as long-chain omega-3 PUFAs [73]. Ardali [74] reported that the decrease in oleic acid levels may be due to a decrease in the activity of the enzyme desaturase-9 as a precursor to the production of oleic acid by stearic acid.



Research by Ureta et al. [75] shows that in order to obtain grain with good fatty acid profiles, corn must gain optimal growth conditions, especially during the period of intensive yield accumulation. Möllers and Schierholt [76] showed a negative correlation between saturated and unsaturated acids in winter rapeseed. A study by Sabourifard et al. [16] showed a negative correlation between the percentage of stearic acid (saturated fatty acid) and linoleic, linolenic, and oleic acids (unsaturated fatty acids). Their study showed that the use of organic fertilisers significantly reduced the percentage of saturated fatty acids and increased the percentage of unsaturated fatty acids.



In the study of Zaluszniewska and Nogalska [77], C18:1 oleic acid, C18:2 linoleic acid, and C18:3 α-linolenic acid accounted for nearly 90% of the fatty acids in rapeseed, and their proportions did not change under the influence of mineral fertilisation and meat and bone meal. In their study, the ratio of linoleic acid (C18:2) to α-linolenic acid (C18:3) was 1.81:1, which they consider to be the optimal ratio.



Although the differences in the effect of fertilisation on the quantitative changes of saturated and unsaturated fatty acids in corn grain described in their study are too small to have an impact on human health, as reported by Lux et al. [46], fatty acid composition can have an impact on storage.




5. Conclusions


Weather conditions varied the fat content and ambiguously shaped the fatty acid profiles in corn grain. Fertilisation with meat and bone meal did not increase the fat content of corn grain. Fertilisation with the highest doses of meat and bone meal (2.0 and 3.0 t ha−1), in comparison with the variant without fertilisation, showed an increase in the content of the dominant polyunsaturated acid, linoleic acid (C18:2), and a decrease in the amount of monounsaturated fatty acid, oleic acid (C18:1 cis-9). The fertiliser variants and their effects on fat yield, fat content, fatty acid profiles, and ratios can be divided into three groups, which were related to the effects of organic fertilisers during the years of this study. The application of fertilisers in the form of meat and bone meal cannot be considered a factor in increasing the fat content of corn grain. Meat and bone meal applied over several years in the same field in the quantities necessary to build up an optimum yield can be an element that shapes fatty acid profiles.
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Figure 1. Content of fat, (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 2. Content of C16:0 (palmitic acid), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 3. Content of C18:0 (stearic acid), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 4. Sum of saturated fatty acids (SFA), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 






Figure 4. Sum of saturated fatty acids (SFA), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05).



[image: Sustainability 16 00952 g004]







[image: Sustainability 16 00952 g005] 





Figure 5. Content of C18:1 cis-9 (oleic acid), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 6. Sum of monounsaturated fatty acids (∑ MUFA), (a) average for year, (b) average for treatment, %. * MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 7. Content of C18:2 (linoleic acid), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 8. Content of C18:3 (linolenic acid), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 9. Sum of polyunsaturated fatty acids (PUFA), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 10. Ratio of monounsaturated (MUFA) and saturated (SFA) fatty acids (MUFA/SFA), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 11. Ratio of polyunsaturated (PUFA) and saturated (SFA) fatty acids (PUFA/SFA), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 12. Ratio of unsaturated (UFA) and saturated (SFA) fatty acids (UFA/SFA), (a) average for year, (b) average for treatment, %. MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05). 
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Figure 13. Correlation (Principal Component Analysis) of the treatment (fertilisation) and year on yield of fat, content of fat, saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and ratio of MUFA/SFA, PUFA/SFA, and UFA/SFA. The corn grain yields used to calculate the fat yield were taken from the authors’ earlier article, Stępień et al. [31]. 
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Figure 14. Projection of variables and variants on the plane of the first two main components. WF—without fertilisation; MF—mineral fertilisation; MBM—Meat and Bone Meal. 
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Table 1. Design of the field experiment. The amount of macronutrients introduced to soil with fertilisers (mean of 2014–2017, kg ha−1).






Table 1. Design of the field experiment. The amount of macronutrients introduced to soil with fertilisers (mean of 2014–2017, kg ha−1).





	
Treatments

	
Corganic

	
N

	
P

	
K




	
MBM *

	
Kmineral






	
Without fertilisation

	
0.0

	
-

	
-

	
-

	
-




	
Mineral fertilisation

	
0.0

	
133.0

	
79.6

	
-

	
83.1




	
MBM 1.0 t ha−1

	
666.9

	
61.0

	
31.1

	
4.0

	
79.1




	
MBM 2.0 t ha−1

	
1333.8

	
122.0

	
62.2

	
8.0

	
75.1




	
MBM 3.0 t ha−1

	
2000.7

	
183.0

	
93.3

	
12.0

	
71.1








* MBM—Meat and Bone Meal.













 





Table 2. Analysis of variance (F values) for content of fat, saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and ratios of MUFA/SFA, PUFA/SFA, and UFA/SFA.






Table 2. Analysis of variance (F values) for content of fat, saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and ratios of MUFA/SFA, PUFA/SFA, and UFA/SFA.





	
Source of Variation

	
Content of Fat [%]

	
Monounsaturated Fatty Acids (MUFA)

	




	
C16:1

	
C17:1

	
C18:1 cis-9

	
C18:1 cis-11

	
C20:1

	
∑

	






	
Year

	
105.58 *

	
0.46 ns

	
0.55 ns

	
414.56 *

	
11.54 *

	
7.05 *

	
363.72 *

	




	
Treatment

	
3.29 *

	
4.42 *

	
0.15 ns

	
316.32 *

	
18.63 *

	
9.82 *

	
290.61 *

	




	
Year × Treatment

	
3.85 *

	
4.79 *

	
1.42 ns

	
19.90 *

	
17.77 *

	
2.78 *

	
19.05 *

	




	

	
Saturated fatty acids (SFA)




	
Source of Variation

	
C12:0

	
C14:0

	
C15:0

	
C16:0

	
C17:0

	
C:18:0

	
C22:0

	
∑




	
Year

	
73.30 *

	
0.42 ns

	
0.21 ns

	
2253.19 *

	
0.54 ns

	
1170.36 *

	
4.98 *

	
1170.12 *




	
Treatment

	
33.23 *

	
0.62 ns

	
2.41 ns

	
71.55 *

	
0.64 ns

	
109.92 *

	
13.90 *

	
31.48 *




	
Year × Treatment

	
3.16 *

	
0.28 ns

	
2.10 *

	
174.21 *

	
0.46 ns

	
15.26 *

	
13.33 *

	
55.65 *




	

	
Polyunsaturated fatty acids (PUFA)

	
Ratio

	




	
Source of Variation

	
C18:2

	
C18:3

	
C20:2

	
∑

	
UFA/SFA

	
MUFA/SFA

	
PUFA/SFA

	




	
Year

	
1374.04 *

	
81.94 *

	
16.35 *

	
1073.04 *

	
1775.14 *

	
426.37 *

	
1883.63 *

	




	
Treatment

	
425.59 *

	
6.76 *

	
11.17 *

	
341.77 *

	
54.24 *

	
143.50 *

	
194.90 *

	




	
Year × Treatment

	
20.65 *

	
3.09 *

	
6.28 *

	
16.46 *

	
61.48 *

	
20.87 *

	
58.29 *

	








* Significant at the 0.05 probability levels, ns not significant at the 0.05 probability level.













 





Table 3. Content of fat, interaction between the years and treatments, %.






Table 3. Content of fat, interaction between the years and treatments, %.





	Year
	Without Fertilisation
	Mineral Fertilisation
	MBM 1.0 t ha−1
	MBM 2.0 t ha−1
	MBM 3.0 t ha−1





	2014
	4.80 ± 0.082 b
	4.98 ± 0.050 ab
	4.90 ± 0.115 ab
	5.08 ± 0.050 ab
	5.10 ± 0.200 ab



	2015
	5.00 ± 0.163 ab
	4.73 ± 0.050 bc
	5.00 ± 0.141 ab
	4.93 ± 0.126 ab
	4.90 ± 0.115 ab



	2016
	4.33 ± 0.096 cd
	4.28 ± 0.171d
	4.10 ± 0.141d
	4.15 ± 0.208 d
	4.05 ± 0.129 d



	2017
	5.30 ± 0.200 a
	4.73 ± 0.206 bc
	4.83 ± 0.126 b
	4.93 ± 0.250 ab
	4.73 ± 0.330 bc







MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05).













 





Table 4. Content of C16:0 (palmitic acid), interaction between the years and treatments, %.






Table 4. Content of C16:0 (palmitic acid), interaction between the years and treatments, %.





	Year
	Without Fertilisation
	Mineral Fertilisation
	MBM 1.0 t ha−1
	MBM 2.0 t ha−1
	MBM 3.0 t ha−1





	2014
	13.42 ± 0.025 l
	13.22 ± 0.029 m
	13.31 ± 0.049 n
	13.91 ± 0.044 ij
	13.05 ± 0.039 o



	2015
	14.05 ± 0.026 gh
	14.39 ± 0.032 ab
	14.30 ± 0.036 bcd
	13.78 ± 0.029 k
	14.31 ± 0.035 bc



	2016
	14.21 ± 0.033 de
	14.07 ± 0.018 fg
	14.25 ± 0.026 cd
	14.45 ± 0.050 a
	14.14 ± 0.017 ef



	2017
	13.96 ± 0.072 hi
	13.83 ± 0.031 jk
	13.92 ± 0.034 i
	14.05 ± 0.019 gh
	13.89 ± 0.035 ij







MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05).













 





Table 5. Content of C18:0 (stearic acid), interaction between the years and treatments, %.






Table 5. Content of C18:0 (stearic acid), interaction between the years and treatments, %.





	Year
	Without Fertilisation
	Mineral Fertilisation
	MBM 1.0 t ha−1
	MBM 2.0 t ha−1
	MBM 3.0 t ha−1





	2014
	2.68 ± 0.059 ef
	2.63 ± 0.033 fgh
	2.70 ± 0.022 e
	2.61 ± 0.024 ghi
	2.64 ± 0.022 efg



	2015
	3.16 ± 0.026a
	2.97 ± 0.034 c
	3.05 ± 0.018 b
	2.80 ± 0.022 d
	2.85 ± 0.037 d



	2016
	2.58 ± 0.022 ghij
	2.52 ± 0.015 jk
	2.58 ± 0.018 ghij
	2.48 ± 0.028 kl
	2.47 ± 0.026 kl



	2017
	2.58 ± 0.022 ghij
	2.54 ± 0.022 ijk
	2.56 ± 0.018 hij
	2.48 ± 0.015 kl
	2.45 ± 0.026 l







MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05).













 





Table 6. Content of C18:1 cis-9 (oleic acid), interaction between the years and treatments, %.






Table 6. Content of C18:1 cis-9 (oleic acid), interaction between the years and treatments, %.





	Year
	Without Fertilisation
	Mineral Fertilisation
	MBM 1.0 t ha−1
	MBM 2.0 t ha−1
	MBM 3.0 t ha−1





	2014
	26.67 ± 0.067 cd
	26.14 ± 0.550 ef
	26.24 ± 0.057 e
	25.24 ± 0.048 i
	25.80 ± 0.105 fgh



	2015
	27.56 ± 0.026 a
	26.35 ± 0.045 de
	26.89 ± 0.028 bc
	25.14 ± 0.044 i
	25.77 ± 0.049 gh



	2016
	27.07 ± 0.024 b
	26.18 ± 0.019 e
	26.71 ± 0.029 c
	26.11 ± 0.014 efg
	25.72 ± 0.022 h



	2017
	25.80 ± 0.034 fgh
	25.04 ± 0.120 ij
	25.14 ±0.073 i
	24.74 ± 0.045 jk
	24.58 ± 0.022 k







MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05).













 





Table 7. Content of C18:2 (linoleic acid), interaction between the years and treatments, %.






Table 7. Content of C18:2 (linoleic acid), interaction between the years and treatments, %.





	Year
	Without Fertilisation
	Mineral Fertilisation
	MBM 1.0 t ha−1
	MBM 2.0 t ha−1
	MBM 3.0 t ha−1





	2014
	54.27 ± 0.045 fg
	55.01 ± 0.514 cd
	54.80 ±0.041 de
	55.18 ±0.045 c
	55.65 ± 0.060 a



	2015
	51.91 ± 0.035 m
	53.28 ± 0.026 j
	52.50 ± 0.028 l
	54.13 ± 0.027 gh
	53.80 ± 0.042 i



	2016
	52.88 ± 0.022 k
	54.15 ± 0.028 g
	53.34 ± 0.057 j
	53.83 ± 0.035 hi
	54.49 ± 0.059 ef



	2017
	54.38 ± 0.066 fg
	55.30 ± 0.038 bc
	55.16 ± 0.018c
	55.57 ± 0.065ab
	55.87 ± 0.013a







MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05).













 





Table 8. Content of C18:3 (linolenic acid), interaction between the years and treatments, %.






Table 8. Content of C18:3 (linolenic acid), interaction between the years and treatments, %.





	Year
	Without Fertilisation
	Mineral Fertilisation
	MBM 1.0 t ha−1
	MBM 2.0 t ha−1
	MBM 3.0 t ha−1





	2014
	1.38 ± 0.029 def
	1.34 ± 0.018 f
	1.35 ± 0.048 ef
	1.45 ± 0.063 bcd
	1.32 ± 0.040 f



	2015
	1.49 ± 0.033 abc
	1.49 ± 0.029 abc
	1.51 ± 0.017 abc
	1.55 ± 0.001 a
	1.54 ± 0.022 a



	2016
	1.49 ± 0.071abc
	1.43 ± 0.022 cde
	1.50 ± 0.030 abc
	1.47 ± 0.018 abc
	1.47 ± 0.013 abcd



	2017
	1.52 ± 0.022 ab
	1.47 ± 0.018 abc
	1.53 ± 0.030 ab
	1.50 ± 0.018 abc
	1.50 ± 0.041 abc







MBM—Meat and Bone Meal. Values followed by the same letters do not differ significantly in Tukey’s (HSD) test (p < 0.05).
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