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Abstract

:

The simultaneous analysis of the maximum number of chemical elements present in plant tissues provides more comprehensive information about their chemical constitution and increases the number of characteristics for the selection process in various plant breeding programs. The objective of this study was to analyze productivity, grain yield, and concentration of chemical elements in tissues of Coffea canephora clones to study phenotypic diversity and estimate genetic parameters for use in breeding. This experiment was carried out in Manaus, Amazonas, Brazil, in randomized blocks with four replications. The concentrations of elements in various organs were quantified using total reflection X-ray fluorescence (TXRF). Genetic parameters and genetic divergence were estimated, and genotypes were clustered using the UPGMA hierarchical method and non-metric multidimensional scaling analysis. The study allowed us to differentiate the performance of the clones in terms of the absorption of essential and non-essential chemical elements for plant development and to analyze the correlation of the characteristics in the selection process. TXRF efficiently characterizes the presence and concentration of multiple elements, aiding genotype discrimination for C. canephora improvement.
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1. Introduction


Coffee is a highly commercialized and widely consumed primary product worldwide [1,2]. There are two species of the Coffea genus that have significant socioeconomic importance: Coffea arabica L. and Coffea canephora Pierre ex A. Froehner. The production of C. canephora coffee has been increasing worldwide. Between October 2021 and September 2022, considering the volume of a 60 kg bag, 170.83 million and 164.9 million were produced and consumed globally, respectively. Brazil is the world’s largest producer and exporter of coffee, accounting for approximately 35% of global production [3,4,5,6]. The species, adapted to tropical regions, has seen its clonal cultivation expand in the Northern Brazilian region. This has become a significant and lucrative agricultural activity benefitting the states of Amazonas and Rondônia, as well as states in other regions such as Espírito Santo (Southeast) and Bahia (Northeast) [6,7,8].



It is an allogamous species, of easy vegetative propagation and presents a self-incompatibility system of the gametophytic type [6,7]. It has high vegetative vigor, high rusticity, and productivity [5,9]. Recombination within the species generates highly heterozygous genotypes that exhibit diverse adaptation and acclimatization skills, as well as varied behaviors related to nutrient absorption and response [6,10,11,12].



Balanced nutrient management is necessary due to genetic variability in C. canephora plantations, ensuring high yields can be obtained and maintained in each production cycle [6]. According to previous studies, genetic factors may affect nutrient availability tolerance, uptake efficiency [13], content accumulation in leaves and branches [11], and beverage quality [14]. The genetic variability as the absorption of chemical elements can be analyzed in controlled experiments [15,16]. It is possible to use multielemental analyses and estimate genetic parameters to select superior genotypes based on phenotypic diversity.



The availability and presence of chemical elements in the soil have a significant impact on the absorption and accumulation of plants. By monitoring the accumulation of these elements in different plant tissues, we can determine the effectiveness of different genotypes in plant breeding and agriculture. [17]. The use of total reflection X-ray fluorescence spectrometry (TXRF) is considered advantageous and has been widely used to quantify multielement concentrations in rhizosphere soils and plant tissues [18]. This is a technique that presents high reproducibility of results, quick measurement, and the ability to detect many elements of the periodic table from a single sample. This method requires comparatively smaller quantities of material for analysis, and reading is simplified using the internal standard method, which involves adding a known amount of an element [18,19,20].



TXRF detects not only the presence of chemical elements essential to the plant and human health but also the harmful elements and their concentration. Plant breeding has become increasingly specialized to produce more productive cultivars that offer higher-quality products. It is necessary to estimate genetic parameters to select genotypes that have high absorption efficiency of essential elements and low absorption efficiency of harmful elements, which can be toxic at high concentrations. The presence of trace elements in soils is a common occurrence, but it is not always monitored via chemical analysis in crop production areas. It is necessary to expand information on all chemical elements absorbed by plants due to the increased contamination of environments in modern society and the demand for safer products.



This study presents an unprecedented application of the TXRF technique to analyze the multielement content of various organs of C. canephora in a controlled experiment. The results allowed us to estimate genetic parameters such as heritability and character correlations for the selection process and to obtain information on the efficiency of using multielemental analysis via TXRF as an evaluation tool for use in plant breeding.



The application of the TXRF technique in the tissue analysis of different plant organs can be investigated for efficiency in the absorption of chemical elements. The research hypothesis was to verify if the results of the estimation of genomic parameters, such as variances and heritability, using the TXRF analysis are helpful in the discrimination of genotypes in coffee breeding. The TXRF analysis performed in a controlled experiment of C. canephora in this work is unprecedented.



We evaluated the grain yield and productivity of C. canephora clones. Additionally, the concentrations of chemical elements simultaneously present in plant tissues (root, leaf, raw, and roasted grains) were analyzed using TXRF. The research objective was to determine the phenotypic diversity for chemical elements, productivity, and grain yield and obtain the genetic parameters to characterize the clones for plant breeding.




2. Results


2.1. Genetic Parameters and Comparison of the Mean Concentration of Chemical Elements in Leaves, Grain Yield, and Productivity


The coefficient of environmental variation (CVe) for the different chemical elements in leaf analysis ranged from 5.32% to 181.11%, as shown in Table 1. The CVe values for yield and productivity were 14.30% and 25.95%, respectively. The highest values of CVe were found for the following trace elements: I (181.11%), Rb (52.19%), Cu (45.95%), Ni (40.54%), Ti (44.04%), and Cr (37.88%). Low values of CVe were found for the following elements: K (5.32%), P (6.01%), Cl (9.30%), Zn (13.43%), S (14%), and Ca (16.11%). In general, the values of CVe for the leaf analysis of elements introduced via soil fertilization, such as K, P, Zn, S, and Ca, were lower than those not introduced into the soil; this included I, Rb, Cu, Ni, Ti, and Cr. This observation is depicted in Figure S1.



The range of coefficients of genetic variation (CVg) for chemical elements in leaf analysis was 1.26% to 76.37%, as shown in Table 1. CVg values for grain yield and productivity were 10.35% and 43.75%, respectively. The trace elements Hf, I, and Ti had the highest CVg values (76.37%, 50.34%, and 38.39%, respectively), while the elements K, P, Cu, Cr, and Zn had the lowest CVg values (1.26%, 1.74%, 3.18%, 4%, and 8.87%, respectively).



The ratio of CVg/CVe for leaf analysis varied from 0.07% to 1.85%, and the heritability ranged from 1.88% to 93.19%. The values of CVg/CVe for grain yield and productivity were 0.72 and 1.69, respectively. Productivity (91.91%) had a higher heritability than grain yield (67.69%). CVg/CVe ratios for leaf analysis higher than 1 were found for Br (1.17%) and Hf (1.85). The highest H2 values were also found for Br (84.50%) and Hf (93.19%).



The analysis of variance showed significance for the effect of treatments for productivity, grain yields, and chemical elements Ti, Fe, Zn, Br, Rb, Sr, Y, and Hf (Table 1). Additionally, the Scott–Knott test revealed significant statistical differences in the mean concentrations of chemical elements in C. canephora clones’ leaves for Co, Cu, Rb, and Hf (Table S1). Clone BRS2314 presented the highest average (12.07 mg·kg–1) for Co absorption. Clone BRS3220 and Clone 15 presented the highest averages, 3703.05 mg·kg–1 and 1966.91 mg·kg–1, respectively, for Cu absorption. The clones that absorbed the most Rb were BRS3220 (6438.32 mg·kg−1), BRS2299 (6102.0 mg·kg−1), RO_C125 (5984.23 mg·kg−1), BRS2336 (5534.25 mg·kg−1), BRS2357 (5161.86 mg·kg−1), and RO_C160 (4673.47 mg·kg−1). The clones with the highest absorption averages for Hf were RO_C125 (4881.25 mg·kg−1), BRS3220 (4666.50 mg·kg−1), BRS2336 (3959.25 mg·kg−1), BRS2357 (3068.22 mg·kg−1), RO_C160 (3061.25 mg·kg−1), Clone 15 (2826.27 mg·kg−1), Clone 9 (2767.00 mg·kg−1), and BRS3193 (2701.50 mg·kg−1). For grain yield, considering a 60 kg bag, the means of clones BRS2314 (0.303), BRS2357 (0.300), RO_C160 (0.300), BRS1216 (0.288), and Clone 9 (0.270) (Table S1) were higher than those of others and the general average of the experiment (0.26) (Table 1). Three clones with superior grain yield, BRS1216 (116.53), RO_C160 (111.71), and BRS2357 (102.12), also had higher productivity, in bags of 60 kg·ha−1 (Table S1).




2.2. Multivariate Analysis for Concentrations of Chemical Elements of Roots, Leaves, Raw and Roasted Grains, Grain Yield, and Productivity of Clones


2.2.1. Grouping of Genotypes Based on the Concentration of Chemical Elements in the Roots


The clones of C. canephora were divided into three groups (Figure 1): Group 1 consisted of Clone BRS3213, Group 2 included BRS2336, and Group 3 comprised 13 clones. Group 3 was divided into two subgroups. One subgroup had four clones (Clone 15, BRS3220, BRS2299, and BRS3193). The other subgroup had the remaining nine clones (BRS3137, Clone 9, BRS3220, RO_C125, RO_C160, BRS2314, BRS2357, BRS1216, and Clone 12).



The representation of the similarity relationship between the root samples of two-axis clones was performed using non-metric multidimensional scaling analysis and confirms the separation of genotypes into the three groups (Figure 2).




2.2.2. Grouping of Genotypes Based on the Concentration of Chemical Elements in the Leaves


According to the hierarchical method UPMGA, which uses the Euclidean distance as a measure of dissimilarity, the concentration of chemical elements in the leaves formed two distinct groups. The analysis revealed that one group included only a single clone, identified as BRS2314, while the other larger group comprised the remaining 14 clones (as shown in Figure 3).



The representation of the similarity relationship between the samples of C. canephora clone leaves from two axes was performed using the non-metric multidimensional scaling analysis (Figure 4). The division of genotypes into two distant groups was confirmed.



According to the Singh method [22], the concentrations of certain chemical elements in leaves play a significant role in discriminating genetic diversity. Hf (16.35%), Rb (14.09%), Co (12.03%), and I (8.01%) together contributed to 50.48% of the discrimination, whereas the other elements had a contribution of 7% or less (Table 2). It is worth noting that the macronutrient K also showed a good contribution (6.61%).




2.2.3. Grouping of Genotypes Based on the Concentration of Chemical Elements in Raw and Roasted Grains


The UPGMA revealed two groups for the concentration of chemical elements in the raw grains: Group 1 included Clone 9, and Group 2 comprised the remaining 14 clones (Figure 5a). The genotypes were classified into two major groups for the roasted grain (Figure 5b). Group 1 included eight clones: BRS2314, BRS2336, Clone 12, BRS2357, RO_C125, RO_C160, Clone 9, and Clone 15. Group 2 had seven clones: BRS3137, BRS3213, BRS1216, BRS3210, BRS3220, BRS2299, and BRS3193.



The NMDS analysis confirmed the division of raw grains into two groups, as shown in Figure 6. Moreover, it is possible to observe a higher dissimilarity for Clones BRS1216, BRS3210, and BRS2336, as well as Clone 9, which was placed in a separate group (Figure 6a). Two groups were confirmed for roasted grains. Group 2 showed greater dispersion among clones than Group 1 (Figure 6b). The dissimilarity in roasted grains between Clones BRS2336 and BRS3193 was the greatest.




2.2.4. Grouping of Genotypes Based on Grain Yield and Productivity


Two large groups were formed using the UPGMA for grain yield and productivity, one with seven clones and the other with eight. Group 1 includes the following genotypes: BRS1216, BRS2336, BRS2299, BRS2357, RO_C160, Clone 9, and Clone 15. Group 2 consisted of BRS3137, BRS3213, BRS2314, BRS3210, BRS3220, BRS3193, Clone 12, and RO_C125 (Figure 7).



The NMDS analysis confirmed the separation of the two groups. However, Clones BRS3137 and BRS2336 were located at a greater distance from their respective groups (Figure 8). It is possible to observe a greater dispersion among the clones of Group 2 than among Group 1.





2.3. Correlation between the Productivity of C. canephora and Chemical Element Concentration in Leaves and Raw and Roasted Grains


Using the Pearson correlation coefficient for concentrations of chemical elements in leaves, raw and roasted grains, and the biomass (dry mass of the leaves and roots, total dry mass, leaf mass ratio, and root mass ratio) of 15 clones of C. canephora, a total of 113 significant correlations were detected at 1% and 5% probability using a t-test, comprising 88 positive and 25 negative correlations (Figure 9).



High values of positive correlations between chemical element concentrations in the leaves were observed for Co × Ni (1.0), Fe × Ni (0.964), Fe × Co (0.964), Cr × Fe (0.834), Cr × Ni (0.819), and Cr × Co (0.812) (Figure 9). For raw grains, high positive correlations were identified between the elements Br × Sr (0.981), K × Rb (0.919), Cr × Ni (0.913), Cu × Rb (0.830), and Ti × Co (0.802). Positive correlations were observed between the concentrations of the chemical elements in roasted grains ( close to 1.0) for Ti × Rb, Ti × Fe, Fe × Rb, Cr × Fe, Fe × Ni, Ti × Cr, Ti × Rb, Ti × Ni, Ni × Cu, Ni × Rb, Cr × Ni, Fe × Cu, Ti × Cu, and Tr × Cu. High positive correlation values were observed between the leaf dry mass and total dry mass (0.843), as well as between the Hf of roasted grains with Ni (0.870) and Cr (0.809). Additionally, there was a strong positive correlation between productivity and grain yield (0.791). Negative correlations with a modulus equal to or greater than −0.8 were found between the K of roasted grains and Cr, Cu, Ni, Fe, Ti, and Rb.





3. Discussion


3.1. Genetic Parameters and Comparison of the Mean Concentration of Chemical Elements in Leaves, Grain Yield, and Productivity


The highest values of CVe detected for the concentrations of elements in the leaves, in general, were for trace elements not introduced into the soil.



High values of CVe are associated with crop cycle, experiment size, crop management, genotype responses to high temperatures, drought, and the incidence of pests and diseases [23,24]. Some of the methods for improving the accuracy of the detection of these elements involve performing controlled experiments in a greenhouse, in pots with substrate standardization, or through in vitro cultivation. There is no classification in the literature for the magnitude of CVe and CVg values specific to trace elements for the characteristics evaluated in field trials for C. canephora.



The values of CVe for the character yield and productivity were found to be nearly identical to those found in the literature for coffee, which demonstrates a good level of experimental accuracy. In Rondônia, Brazil, a state with climatic conditions like those in the Amazon, the clones of C. canephora had CVe values of 31.20% [25] and 35.87% [26] for grain yield. In Planaltina, Central Brazil, the progenies of C. canephora were evaluated, and CVe values of 12.048% for grain yield and 11.578% for productivity were found [27].



A CVg/CVe ratio greater than or equal to 1.0 and higher heritability values in the broader sense indicate less influence of the environment in the control of the characteristics and more favorable conditions in the genotypic selection of the characteristics [10,24,28]. It is noteworthy that high heritability was also obtained for productivity in a previous study on sixteen genotypes evaluated in Rondônia, Brazil [15] and for the chemical elements of leaves [6]. It is emphasized that the heritability for productivity, in general, presents the lowest values compared to other characteristics, especially when considering the joint analysis of environments.



For the concentration of the elements Br and Hf in leaves and productivity, it is possible to discriminate genotypes safely for clonal reproduction due to the low influence of the factors that most hinder the recognition in selection, the effects of the environment, and dominance. The high CVg/CVe ratio and heritability for these traits prevent undesirable genotypes from being selected due to high phenotypic values for the benefit of environmental action. Furthermore, proven superior genotypes are discarded because their performance is impaired by the environmental effect. Complete dominance prevents the distinction of heterozygous-dominant homozygotes but is eliminated in clonal propagation after the identification of the superior individual in genotypic selection [6,29,30].



The selection of trace elements related to the different stages of coffee tree development, such as in the leaves, must be taken into consideration in plant-breeding programs to establish a correlation with their impact on productivity, grain yield, and the quality of the beans.



The grain yield and productivity of C. canephora are the main characteristics used in selection for the clonal multiplication of plants [31]. Although productivity is one of the most critical criteria used in the selection of plant breeding [26,32], in this study, it was found to be an appropriate characteristic for genotype discrimination.




3.2. Multivariate Analysis of Grain Yield, the Productivity of Clones, and Concentrations of Chemical Elements in Roots, Leaves, and Raw and Roasted Grains


The division found in the numbers of groups and composition of genotypes by plant tissue shows that the concentration of the elements behaves differently depending on the tissue used in the analysis.



By obtaining divergent groups of species, clones, heterotic groups, and potential parents can be identified to determine crosses for characteristics of interest [16,17,29,33]. Genetic distance studies in C. canephora are essential for the selection of parents in planning strategies and advances in breeding programs.



The formation of genetically distant groups for the characteristics studied confirms the potential use of genetic variability available for use in breeding and selection. Six groups have already been observed for the concentrations of chemical elements in the different plant tissues, leaves, flowers, and grains of 16 Robusta coffee genotypes, three of which contained only one genotype [6]. A similar result was obtained for the genetic diversity of chemical elements in the grains of 20 genotypes of C. canephora, in which, among the six formed groups in the detected cluster, three groups comprised a single genotype [16].



Considering the use of genotypes in the present study that remained in the same group, these may also be useful for obtaining cultivars with homogeneity for the characteristics studied and may be of benefit to the agricultural industry in order to facilitate the management of the crop based on the affinity in the uptake and accumulation of certain chemical elements by the various plant tissues, grain yield, and productivity of C. canephora [15,34,35].



To increase the reliability of dissimilarity between the genotypes grouped for the characteristics investigated in this study, the NMDS analyses that were performed confirmed the separation of clones performed with the UPGMA. Using methods, namely the UPGMA and NMDS, that analyze the heterogeneity of genotypes is essential for confirming the results, ensuring the reliability of genetic distances, and increasing the power of the analysis to differentiate genotypes [6,35,36,37]. The cluster analysis did not always verify the grouping of the half-brothers. The clones’ kinship degree, considering the origin of the group of brothers “Encapa” is only by one of the parents. Half-brothers share only half of their genetic material. Characteristics that are not common to genotypes and not determined by the common parent can often be determinants in the cluster analysis.



The results regarding the contribution to genetic diversity show the most relevant chemical elements for the analysis and those that can be excluded for presenting low values [16,38]. The presence of natural trace elements (i.e., not intentionally introduced into the soil) that are in high concentrations and can be used for genotype discrimination helps to form a hypothesis regarding the selection of plants that absorb and accumulate these elements.




3.3. Concentration of Chemical Elements in Soil and Tissues (Roots, Leaves, and Raw and Roasted Grains) of C. canephora


Selection in coffee breeding has concentrated on obtaining genotypes with higher productivity and grain yield, among other characteristics such as uniform maturation, grain size, and tolerance to biotic stresses [32]. In terms of the relevance of the “coffee culture”, coffee is considered the most consumed beverage in the world after water. Breeding programs need to advance in selecting and improving grain quality characteristics. The selection of trace elements essential to plants and necessary for human or animal health and selection against natural elements that are toxic in high concentrations may also result in a better-quality drink with higher market value.



The Al and Si found in rhizospheric soils were expected because they are elements found in high concentrations in Amazonian soils and abundant in the Earth’s crust [39,40]. Plants with the genotypes of C. canephora can still be considered accumulating plants since Al and Si concentrations of greater than 1000 mg·kg−1 can accumulate in their roots [41]. In addition, the complexation of aluminum (Al) in the roots, avoiding its transport to the aerial parts of the plants, characterizes these clones as tolerant [42].



Ba was detected only in rhizospheric soils and in roasted grains. According to Martinez et al. [14], the roasting process comprises steps that alter the chemical and physical composition of the grains, which can contribute to the presence of these elements considered unusual. In addition, Ba can be deposited on surfaces through emission from vehicles such as tractors [43].



Regarding the elements K, Ca, S, P, Cl, Fe, Ti, I, Zn, Cr, Sr, Hf, and Y, the effect of the concentration values of these elements is not precisely known, nor is their interaction with the plant or their impact on human and animal health. Among the macronutrients, the elements Ca, K, P, and S were found at higher concentrations in the roots and in the raw and roasted grains of C. canephora. Among the micronutrients, Cl and Zn were detected at higher concentrations in roots and Fe in rhizospheric soils, roots, and roasted grains of the clones.



The high concentrations of Ca and K found in the roots and grains of the clones have been previously reported for C. canephora due to a higher demand for the grain-filling period [6,11,44,45]. Other elements found in high concentrations in the fruit formation phase were S and P; these are essential for grain regulation and quality [45,46,47,48].



The concentrations of Cl and Zn were deficient in rhizospheric soils; however, they were high in roots. As for Cl, despite being a nutrient that assists in plant metabolism, data on its presence in coffee trees were not found. Zn is one of the most essential elements for the species, mainly in acid soils such as the Amazon [49], and its high concentration in coffee roots has been observed in several studies [44,49].



Some studies also showed high levels of Fe in roots [44,50,51] and coffee fruits [11,45,51,52,53]. However, no statistical difference was observed in the absorption or accumulation of this element in the leaves. Still, it is one of the most absorbed and accumulated elements in conilon coffee plants [34].



The Ti, I, and Cr found are considered trace elements. Data defining the reference values for the accumulation of these elements in plant tissues and organs are not available in the literature. Ti, I, and Cr have environmental benefits and are essential for animal and human nutrition. Notwithstanding, they can be toxic to plants depending on their concentration [54].



The roots accumulated more Ti, and a smaller amount was transported to the leaves and grains. This element is cited as a plant growth promoter and redox catalyst [55]. The presence of I in grains is beneficial, although it is necessary to define its adequate amounts in future studies. Iodine has greater relevance for humans and animals, but it also plays a role in plant metabolism [56] and has been studied as a biofortifier in coffee [57]. The presence of a more significant concentration of I would be a solution to increase antioxidant defense in humans with I deficiency since coffee is one of the most consumed beverages in the world [58].



It is widely recognized that Y, found in rhizospheric soils, roots, and raw and roasted grains, is a rare earth element from the Amazon. The magnitude of its possible impacts on the ecosystem and human health is relatively unknown, especially in tropical systems [59]. Sr, a natural and commonly occurring alkaline earth metal [60], showed the exact behavior of Y in the clones studied. It should be noted that Sr can accumulate in greater quantity in the tissues of the aerial part of the plant [61]. Hf, along with Y and St, have not been reported in coffee tissues, and knowledge about their biogeochemistry is scarce, as they are more related to occurrence in soils [62].



Using elements such as Hf in the industry has grown steadily in recent years, so it is expected to be present in the environment [63,64]. This would justify the concentrations in rhizospheric soils and tissues of C. canephora clones. Similar behavior was observed for Rb, considered a chemical analog of P. It is assumed that if there is a higher concentration of Rb in the soil than P, plants will absorb it in more significant amounts, which can affect their development [62]. Cu was present in all plant tissues, but it has already been recognized as one of the elements present in different parts of C. canephora plants [53].



Plants of this species can absorb nutrients differently against a concentration gradient and accumulate them, as presented in the present work. Some genotypes were able to absorb or translocate more nutrients than others. Differences in nutritional concentrations between genotypes evaluated in the same period were also observed by Silva et al. [17], Martins et al. [31], and Gomes et al. [35]. According to these authors, the differences may be related to factors such as the affinity of nutrient absorption, compartmentalization in roots or other organs, mobility in the xylem and phloem vessels, and changes in the rhizosphere during growth. The nutritional requirement of species varies according to the genetic characteristics of the plant and the vegetable organ analyzed, as well as the edaphoclimatic conditions, the time of cultivation, the age of the plant, and the cycle of maturation of the genotype [11,46].



Among the elements relevant to plant nutrition, it is worth noting that nitrogen (N) was not detected. Elements with atomic numbers (z) below 13, such as N (Z = 7), are challenging to evaluate with conventional TXRF instruments. These elements are low energy in fluorescence emission and are quickly absorbed in the path, not resulting in reading in the equipment [65]. This is considered a limitation of the technique for analyses with a nutritional focus, but it was not the main objective of this research and therefore did not affect the results.




3.4. Correlation between the Nutritional Concentrations of Leaves and Raw and Roasted Grains


The results indicate that the concentrations of trace elements in plant tissues influence the accumulation of other essential elements for plant development, growth, and productivity. In the work of Schmidt et al. [6], positive correlations for all nutrients were observed between leaf samples and other plant tissues. Santos et al. [33] and Lana et al. [66] also showed positive and negative correlations between leaf samples and other plant tissues, with the majority being positive, as also observed in this study.



The high positive correlations found for non-essential elements, such as Ni × Ti, Ni × Cu, Ni × Rb, and Cr × Ni, facilitate the selection process against these elements since selecting only against Ni would already be selecting against Ti, Cu, Rb and Cr.



For roasted grains, a reduction in K, which was correlated with an increase in the elements Cr, Cu, Ni, Fe, Ti, and Rb, was observed. Research has shown that K leaching occurs due to higher ion content and electrical conductivity, which may be associated with high temperature [67]. Thus, the percolation of K may be associated with the roasting process of the grains. Several temperature analyses of the roasting process are necessary for the grains of clones to study the concentration of K since this is related to beverage quality.





4. Materials and Methods


4.1. Experimental Installation and Description of Area and Plant Material


The experiment was conducted at the Experimental Farm of the Federal University of Amazonas (FAEXP/UFAM), Amazonas, Brazil. It lies at latitude −2°64′96 S, longitude 60°05′25 W, at km 38 of Rodovia BR 174, Ramal, Presidente Figueiredo, AM, Brazil. The region has a tropical climate classified as Aw, according to the Köppen classification, and has two distinct seasons: a dry season that occurs between June and October (Amazon summer) and a rainy season between November and May (Amazon winter) [6]. The area’s soil is classified as a secondary forest [39].



Before planting, we analyzed a sample composed of soil from the site that presented pH (H2O) of 5.03; 289.10 g·kg−1 of organic matter; 178 mg·dm–3 of P; 397 mg·dm–3 of K; 68 mg·dm–3 of Na; 1.51 cmolc·dm–3 of Ca; 1.0 cmolc·dm–3 of Mg; 5.49 cmolc·dm–3 potential acidity; 9.9 cmolc·dm–3 cation exchange capacity; and 45.2% base saturation. Liming was performed two months before planting to increase base saturation to 70%, and 1.0 kg·m–2 of chicken manure tanned in the planting fertilization was also used.



Chicken manure was stored for six months and, at the time of its application, presented the following characteristics: pH 7.7 in water; electrical conductivity of 26.3 dS·m−1; water retention capacity 2.2 mL·g−1; apparent density 0.4 g·cm–3; total carbon 41.2%; organic matter 81%; total nitrogen (N) 4.5%; N-ammonium 358.0 mg·kg−1; N-nitrate 31.9 mg·kg−1; total phosphorus (P) 8.6 g·kg−1; total potassium (K) 36.8 g·kg−1; sodium (Na) 4.4 g·kg−1; calcium (Ca) 31.1 g·kg−1; (1 g); magnesium (Mg) 11.7 g·kg−1; sulfur (S) 6.2 g·kg−1; boron (B) 46.6 mg·kg−1; manganese (Mn) 699.0 mg·kg−1; and zinc (Zn) 644.0 mg·kg−1. Cover fertilization was performed at 10 and 20 days after transplanting the seedlings. Urea 0.1% was used in foliar fertilization in irrigation water. In total, 380, 90, and 280 kg·ha−1 of N, P2O5, and K2O were administered to plants according to plant requirements and phenological stages.



The field trial was established in a randomized block design, with four repetitions, and each plot was composed of ten valuable plants of the exact clone. The spacing used was 3 × 1.0 m between plants, and the holes were set with dimensions of 40 × 40 × 40 cm. The test comprised 600 useful plants and two rows of borders in each block. The seedlings were planted on 31 January 2019, when they had between 4 and 6 pairs of fully expanded leaves. The management and development of culture and the determination of cultural tracts were carried out according to the necessities and the technical recommendations for the culture [5].



Fifteen clones propagated by cuttings were studied: ten Conilon x Robusta hybrids from the C. canephora Breeding Program of Embrapa Rondônia and five clones from the cultivar Conilon—BRS Ouro Preto (Table 3).




4.2. Collection and Preparation of Samples from Soil, Roots, Leaves and Fruits


In the flowering period, samples were collected from the leaves of the plagiotropic branch and the middle third of the roots and rhizospheric soils of each plant of the previously identified plot for multielemental analysis. For leaf analysis, samples were collected from all plants of the three blocks. Roots and rhizospheric soils were collected only from the plants of the first block due to the large volume of analyses required in the TXRF. The depth of the collection of rhizospheric soils and roots was 0 to 20 cm, from openings held near the neck of the plant with the aid of a Dutch-type auger.



The preliminary preparation of samples from rhizospheric soils, roots, leaves, and grains of C. canephora clones was carried out in the plant breeding laboratory of the UFAM. The samples of rhizospheric soils were dried at room temperature and sieved in 4 mm mesh. According to the Brazilian Soil Classification System, the subsamples were passed through 2 mm meshes to obtain the air-dried fine earth [68]. The determination of its pH was performed according to the methodology of Boyle [69].



The samples of leaves and roots were washed with a water solution plus neutral detergent (1 mL·L−1), running water, distilled water, and deionized water. The roots were washed in a sieve with a mesh of 1 mm in running water for one minute and then subjected to triple washing with distilled water and later with ultrapure water. After the washing process, the samples were dried in an oven with forced circulation of air at a temperature of 65 °C until they reached constant weight. The dry mass of leaves and roots and total dry mass in grams were obtained using a Mettler PM 30-K scale (Mettler Toledo, Columbus, OH, USA) according to the protocol established by Dickson et al. [70].



The clones were harvested when 80% of the fruits were in the red-cherry stage. Samples were collected separately for each clone that went through the precleaning process and dried naturally according to the method by Ferrão et al. [4]. The grain yield (60 kg bag) and the productivity of the processed coffee (60 kg bags·ha−1) of the clones were obtained according to the method of Moraes et al. [7].



A sample of peeled coffee beans from each plant of the first block was placed separately in a “WEREW” electric roaster, at a temperature of 200 °C, for 20 min until reaching the roasting point with an average dark overall appearance, according to roasting and flavor recommendations based on Brazilian preference [71] for the comparative analysis of raw grains harvested from the same plant.



For TXRF analysis, the dried samples of the rhizosphere soils and the different plant tissues were ground manually and stored in microtubes of 2.0 mL previously identified and separated, corresponding to each clone. Subsequently, they were pulverized in a vibratory grinder (model MM400/Retsch GmbH, Haan, Germany). Then, the samples were weighed, leaving 50 mg of the material of rhizospheric soils, roots, leaves, and raw and roasted grains for further analysis. After weighing, 1.5 mL of a solution (e.g., 1% aqueous Triton X100) was added to each microtube to be suspended and homogenized in a vortex. After homogenizing the samples, 10 µL of an internal standard of Gallium (Ga) was added [72].




4.3. Analysis Using the Total Reflection X-ray Fluorescence Analytical Method


The TXRF analysis was performing at the scientific–technical laboratory of chemical analysis of the Regional Superintendence of the Federal Police of Amazonas. For the reading of the samples, a bench spectrometer, model S4 T-STAR/Bruker (Bruker, Billerica, MA, USA), equipped with two X-ray tubes (an anode X-ray tube Molybdenum Mo at 17.5 keV and a cathode consisting of a tungsten filament (W)) was used to facilitate excitation at 35 keV [72].



The samples were pipetted onto non-siliconized and dry quartz supports, which were previously prepared with 10 µL of polyvinyl chloride (PVC) pipetted in the center. They were dried on a heating plate at approximately 100 °C. The discs were dried again after 10 µL of the sample suspension was pipetted and allocated to the columns corresponding to the analysis map injected into TXRF [73]. The blank samples and duplicates of rhizospheric soils and C. canephora tissues were analyzed.



The measurement time of the samples was determined to be around 600 s to generate quality in the spectrum. Quartz carriers were applied as sample holders and reflectors. For the determination of the relative sensitivities of the elements, gallium (Ga) was used as a reference element due to its known concentrations, followed by a sensitivity calculation [74], which is based on the peak area of each element as follows:


    S   i   =     N   i   ·   C   G a       N   G a   ·   C   i      



(1)




where




	
Ni: net peak counts of a given element;



	
NGa: net counts of Ga peak;



	
Ci: concentration of a specific element in the solution;



	
CGa: concentration of the element Ga in the solution.








Using this methodology, and considering the unit of measurement as mg·kg−1, the following elements were detected: phosphorus (P), sulfur (S), chlorine (Cl), potassium (K), calcium (Ca), titanium (Ti), vanadium (V), chromium (Cr), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), bromine (Br), rubidium (Rb), strontium (Sr), yttrium (Y), hafnium (Hf), and iodine (I).




4.4. Statistical Analysis


The results of grain yield and productivity and chemical element concentrations in the leaves were submitted for analysis of variance and compared using the F test (p < 0.05); the means were grouped using the Scott–Knott test (p < 0.05). Experimental coefficient of variation (CVe), coefficient of genetic variation (CVg), coefficient of genotypic determination (CVg/CVe), and heritability (H2) were estimated [75].



Multivariate analyses were performed for concentrations of chemical elements in roots, leaves, and raw and roasted grains of clones, as well as for grain yield and productivity. The results were grouped according to the hierarchical method of means of distances (UGPMA—unweighted pair-group method using an arithmetic average) using the mean Euclidean distance matrix from the program R (RStudio Team, Boston, MA, USA) [76] and its complement RStudio Team (RStudio Team, Boston, MA, USA) [77]. Subsequently, the non-metric multidimensional scaling (NMDS) analysis was carried out, in which the more excellent dispersion of the units was identified as having more significant genetic dissimilarity. The Vegan package of the R program was used to perform the analyses [78].



The procedure started from an initial organization that interactively reorganized individuals to reduce stress (standard residual sum of squares). Stress (S) is a function that indicates the magnitude of the loss of information in the dissimilarity matrix using the procedure, which measures how the positions of individuals in an n-dimensional configuration deviate from accurate distances (dissimilarities) after scaling. Stress was determined using the value of R2 = 1 − S2 [78]. The study of the chemical element’s relative importance in the genetic diversity prediction was also performed according to the methodology proposed by Singh [22] for the variables of leaf chemical elements, grain yield, and productivity, and it was designed with replications. The Pearson correlation analysis between the characteristics studied was performed with the Genes program (Viçosa, MG, Brazil) [75]. The dry mass of the leaves and roots and total dry mass were used to study the correlations of the characteristics.





5. Conclusions


The phenotypic characterization for chemical elements in controlled coffee experiments using TXRF allows for the discrimination of genotypes to identify the most efficient absorption of macronutrients and essential micronutrients, as well as potentially toxic trace elements, in the plants. The CVg/CVe ratio and high heritability for the concentration of Br and Hf in leaves and grain yield show more favorable conditions for selection in plant breeding in the discrimination of genotypes.



Coffea canephora absorbs and accumulates the chemical elements Rb, Ti, Y, Sr, and Hf in tissues and grains; this is not yet reported for the species, and the concentrations and effects of these elements on plant, human, and animal health, as well as on interaction with other elements, are not yet known.



TXRF is an efficient technique to characterize chemical elements’ presence and concentration values, expanding the possibility of establishing breeding programs to discriminate fast-growing genotypes for plant breeding in C. canephora.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/plants12234052/s1. Figure S1: Comparison of the inorganic components analyzed in soil, root, leaves, raw and roasted beans of C. canephora. Boxes show the 25th and 75% quartiles, bars show the 10th and 90% quartiles, filled squares show the median, and empty circles show outliers. Significant at 5% using ANOVA.; Table S1: Values of average concentrations of chemical elements of leaves (mg·kg−1), productivity, and grain yield (60 kg bags·ha−1) separated via the Scott–Knott test and standard deviation of 15 clones of C. canephora, evaluated in Manaus, AM.





Author Contributions


Conceptualization, C.d.S.B., M.C.E. and M.T.G.L.; methodology, C.d.S.B., R.L.S.M. and M.T.G.L.; software, M.S.F.V. and F.M.F.; validation, M.S.F.V. and F.M.F.; formal analysis, C.d.S.B., J.S.T. and R.L.S.M.; investigation, C.d.S.B., H.C.T. and C.H.S.G.M.; resources, G.d.S.S. and C.H.S.G.M.; data curation, J.S.T., G.d.S.S. and H.C.T.; writing—original draft preparation, C.d.S.B.; writing—review and editing, C.H.S.G.M. and M.T.G.L.; supervision, M.T.G.L.; project administration, M.C.E. and M.T.G.L.; funding acquisition, C.H.S.G.M. and M.T.G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research received financial support from Graduate Development Program (PDPG)—Strategic Partnerships in States III, Notice No. 38/2022; Paraiba State Research Foundation (FAPESQ), Grant Agreement No. 397/2023; Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES): PROAP, Emergency Strategic Consolidation of Academic Stricto Sensu Graduate Programs PDPG–CAPES with Scores 3 and 4; and Finance Code 001; and FAPEAM-Edital No. 004/2018—“Amazonas Estratégico” for research funding. Paraiba State University (Grant #02/2023) partially financed this study. Caroline de Souza Bezerra was supported by a scholarship from FAPEAM. Gabriel de Souza Silva was supported with a scholarship from CAPES (Finance Code 001). Maria Teresa Gomes Lopes (Process No. 310307/2018-0) and Carlos Henrique Salvino Gadelha Meneses (Process No. 313075/2021-2) were supported with a fellowship from CNPq.




Data Availability Statement


Data are contained within the article and Supplementary Materials.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Huded, A.K.C.; Jingade, P.; Bychappa, M.; Mishra, M.K. Genetic diversity, and population structure analysis of Coffee (Coffea canephora) Germplasm Collection in India Gene Bank Employing SRAP and SCoT Markers. Int. J. Fruit Sci. 2020, 20, 757–784. [Google Scholar] [CrossRef]

	



Abeele, V.S.; Janssens, S.B.; Anio, J.A.; Bawin, Y.; Depecker, J.; Kambale, B.; Mwanga, I.M.; Ntore, S.; Ebele, T.; Stoffelen, P.; et al. Genetic diversity of wild and cultivated Coffea canephora in northeastern DR Congo and the implications for conservation. Am. J. Bot. 2021, 108, 2425–2434. [Google Scholar] [CrossRef] [PubMed]

	



Davis, A.P.; Chadburin, H.; Moat, J.; O’sullivan, R.; Hargreaves, S.; Lucghadha, E.N. High extinction risk for wild coffee species and implications for coffee sector sustainability. Sci. Adv. 2019, 5, eaav3473. [Google Scholar] [CrossRef] [PubMed]

	



Ferrão, M.A.G.; de Mendonça, R.F.; Fonseca, A.F.A.; Ferrão, R.G.; Senra, J.F.B.; Volpi, P.S.; Verdin Filho, A.C.; Comério, M. Characterization and Genetic Diversity of Coffea canephora Accessions in a Germplasm Bank in Espírito Santo, Brazil. Crop. Breed. Appl. Biotechnol. 2021, 21, e36132123. [Google Scholar] [CrossRef]

	



International Coffee Organization (ICO). Global Coffee Trade. Available online: http://www.ico.org/trade_statistics.asp (accessed on 2 February 2023).

	



Schmidt, R.; da Silva, C.A.; Dubberstein, D.; Dias, J.R.M.; Vieira, H.D.; Partelli, F.L. Genetic Diversity Based on Nutrient Concentrations in Different Organs of Robusta Coffee. Agronomy 2022, 12, 640. [Google Scholar] [CrossRef]

	



Moraes, M.S.; Teixeira, A.L.; Ramalho, A.R.; Espíndula, M.C.; Ferrão, M.A.G.; Rocha, R.B. Characterization of gametophytic self- incompatibility of superior clones of Coffea canephora. Genet. Mol. Res. 2019, 17, gmr16039876. [Google Scholar] [CrossRef]

	



Teixeira, A.L.; Rocha, R.B.; Espíndula, M.C.; Ramalho, A.R.; Vieira Júnior, J.R.; Alves, E.A.; Lunz, A.M.P.; de França Souza, F.; Costa, J.N.M.; de Freitas Fernandes, C. Amazonian Robustas—New Coffea canephora coffee cultivars for the western Brazilian Amazon. Crop. Breed. Appl. Biotechnol. 2020, 20, e323420318. [Google Scholar] [CrossRef]

	



Alves, D.S.B.; Spinelli, V.M.; Moraes, M.S.; Souza, C.A.; Ribeiro, R.S.; Rocha, R.B. Caracterização da Peneira Média em Clones de Coffea canephora. Rev. FIMCA 2018, 5, 28–31. [Google Scholar] [CrossRef]

	



Giles, J.A.D.; Ferreira, A.D.; Partelli, F.L.; Aoyama, E.M.; Ramalho, J.C.; Ferreira, A.; Falqueto, A.R. Divergence and genetic parameters between Coffea sp. genotypes based in foliar morpho-anatomical traits. Sci. Hortic. 2019, 245, 23–236. [Google Scholar] [CrossRef]

	



Oliosi, G.; Partelli, F.L.; Silva, C.A.; Dubberstein, D.; Gontijo, I.; Tomaz, M.A. Seasonal variation in leaf nutrient concentration of conilon coffee genotypes. J. Plant Nutr. 2020, 44, 74–85. [Google Scholar] [CrossRef]

	



de Salles, R.A.; Jordaim, R.B.; Colodetti, T.V.; Rodrigues, W.N.; do Amaral, J.F.T.; Tomaz, M.A. Nutritional characteristics of conilon coffee genotypes grown in transition altitude with water management in soil. Cienc. Agrotec. 2021, 45, e013721. [Google Scholar] [CrossRef]

	



Martins, L.D.; Rodrigues, W.N.; de Souza Machado, L.; Brinate, S.V.B.; Colodetti, T.V.; Ferreira, D.S.; Cogo, A.D.; Apostolico, M.A.; Teodoro, P.E.; Tomaz, M.A.; et al. Genotypes of conilon coffee can be simultaneously clustered for efficiencies of absorption and utilization of N, P and K. Afr. J. Agric. Res. 2016, 38, 3633–3642. [Google Scholar] [CrossRef]

	



Martinez, H.E.P.; Clemente, J.M.; de Lacerda, J.S.; Neves, Y.P.; Pedrosa, A.W. Nutrição Mineral Do Cafeeiro E Qualidade Da Bebida. Rev. Ceres 2014, 61, 838–848. [Google Scholar] [CrossRef]

	



Schmidt, R.; da Silva, C.A.; Silva, L.O.E.; Espíndula, M.C.; Rodrigues, W.P.; Vieira, H.D.; Tomaz, M.A.; Partelli, F.L. Accumulation of Nutrients and the Relation between Fruit, Grain, and Husk of Coffee Robusta Cultivated in Brazilian Amazon. Plants 2023, 12, 3476. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, M.J.L.; da Silva, C.A.; Braun, H.; Partelli, F.L. Nutritional Balance and Genetic Diversity of Coffea canephora Genotypes. Plants 2023, 12, 1451. [Google Scholar] [CrossRef] [PubMed]

	



Silva, M.O.; Honfoga, J.N.B.; Medeiros, L.L.; Madruga, M.S.; Bezerra, T.K.A. Obtaining bioactive compounds from the coffee husk (Coffea arabica L.) Using different extraction methods. Molecules 2021, 26, 46. [Google Scholar] [CrossRef] [PubMed]

	



Pashkova, G.V.; Chubarov, V.M.; Akhmetzhanov, T.F.; Zhilicheva, A.N.; Mukhamedova, M.M.; Finkelshtein, A.L.; Belozerova, O.Y. Total-reflection X-ray fluorescence spectrometry as a tool for the direct elemental analysis of ores: Application to iron, manganese, ferromanganese, nickel-copper sulfide ores and ferromanganese nodules. Spectrochim. Acta B At. Spectrosc. 2020, 168, 105856. [Google Scholar] [CrossRef]

	



Lara-Almazán, N.; Zarazúa-Ortega, G.; Ávila-Pérez, P.; Carreño-de León, C.; Barrera-Díaz, C.E. Multielemental analysis by total reflection X-ray fluorescence spectrometry and phytochelatins determination in aquatic plants. X-ray Spectrom. 2021, 50, 414–424. [Google Scholar] [CrossRef]

	



Maltsev, A.S.; Chuparina, E.V.; Pashkova, G.V.; Sokol’nikova, J.V.; Zarubina, O.V.; Shuliumova, A.N. Features of sample preparation techniques in the total-reflection X-ray fluorescence analysis of tea leaves. Food Chem. 2021, 343, 128502. [Google Scholar] [CrossRef]

	



Mojena, R. Hierarchical grouping methods and stopping rules: An evaluation. Comput. J. 1977, 20, 359–363. [Google Scholar] [CrossRef]

	



Singh, D. The relative importance of characters affecting genetic divergence. Indian J. Genet. Plant Breed. 1981, 41, 237–245. Available online: http://pascal-francis.inist.fr/vibad/index.php?action=getRecordDetail&idt=PASCALAGROLINEINRA83X0268471 (accessed on 25 May 2023).

	



Ferrão, R.G.; Cruz, C.D.; Ferreira, A.; Cecon, P.R.; Ferrão, M.A.G.; da Fonseca, A.F.A.; de Souza Carneiro, P.C.; da Silva, M.F. Genetic parameters in Conilon coffee. Pesqui. Agropecu. Bras. 2008, 43, 61–69. [Google Scholar] [CrossRef]

	



Rodrigues, W.N.; Tomaz, M.A.; Ferrão, R.G.; Ferrão, M.A.; Gava, M.A.; Fonseca, A.F.A.; Miranda, F.D. Estimativa de parâmetros genéticos de grupos de clones de café conilon. Coffee Sci. 2012, 7, 177–186. Available online: http://www.sbicafe.ufv.br:80/handle/123456789/7914 (accessed on 3 April 2023).

	



da Silva, D.O.; Ferreira, F.M.; Rocha, R.B.; Espíndula, M.C.; Spinelli, V.M. Genetic process with selection of Coffea canephora clones of superior processed coffee yield. Cienc. Rural 2018, 48, e20170443. [Google Scholar] [CrossRef]

	



Bergo, C.L.; Miqueloni, D.P.; Lunz, A.M.P.; Assis, G.M.L. Estimation of genetic parameters and selection of Coffea canephora progenies evaluated in Brazil Western Amazon. Coffee Sci. 2020, 15, e151663. [Google Scholar] [CrossRef]

	



Brige, F.A.A.; Amabile, R.F.; Malaquias, J.V.; Veiga, A.D.; Maciel, N.B.A.; Fialho, A.R. Genetic parameters in Conilon coffee in an irrigated systema in cerrado. Rev. Contrib. Cienc. Soc. 2023, 16, 1140–1156. [Google Scholar] [CrossRef]

	



de Souza Faluba, J.; Miranda, G.V.; DeLima, R.O.; de Souza, L.V.; Debem, E.A.; Oliveira, A.M.C. Genetic potential of maize population UFV 7 for breeding in Minas Gerais. Cienc. Rural 2010, 40, 1250–1256. [Google Scholar] [CrossRef]

	



Cruz, C.D.; Carneiro, P.C.S. Modelos Biométricos Aplicados ao Melhoramento Genético, 3rd ed.; UFV: Viçosa, Brazil, 2014; p. 668. [Google Scholar]

	



da Silva, D.R.; da Silva, D.R.; Damaceno, J.B.D.; Andrade, R.A.; Domingues, C.G.; da Silva, C.A.; Martins, J.K.D.; Traspadini, E.I.F.; Dubberstein, D.; Dias, J.R.M. Compatibility test and agronomic performance of coffee genotypes (Coffea canephora Pierre ex Froehner), in the State of Rondônia, Brazil. J. Agric. Sci. 2019, 11, 162–170. [Google Scholar] [CrossRef]

	



Martins, M.Q.; Partelli, F.L.; Golynski, A.; Pimentel, N.S.; Ferreira, A.; Bernardes, C.O.; Ribeiro-Barros, A.I.; Ramalho, J.C. Adaptability and stability of Coffea canephora genotypes cultivated at high altitude and subjected to low temperature during the winter. Sci. Hortic. 2019, 59, 238–242. [Google Scholar] [CrossRef]

	



Ramalho, A.R.; Rocha, R.B.; Souza, F.F.; Veneziano, W.; Teixeira, A.L. Progresso genético da produtividade de café beneficiado com a seleção de clones de cafeeiro ‘Conilon’. Rev. Cien. Agron. 2016, 47, 516–523. [Google Scholar] [CrossRef]

	



dos Santos, M.M.; da Silva, C.A.; Oza, E.F.; Gontijo, I.; do Amaral, J.F.T.; Partelli, F.L. Concentration of Nutrients in Leaves, Flowers, and Fruits of Genotypes of Coffea canephora. Plants 2021, 10, 2661. [Google Scholar] [CrossRef] [PubMed]

	



Covre, A.M.; Partelli, F.L.; Bonomo, R.; Gontijo, I. Micronutrients in the fruits and leaves of irrigated and non-irrigated coffee plants. J. Plant Nutr. 2018, 41, 1119–1129. [Google Scholar] [CrossRef]

	



Gomes, W.R.; Rodrigues, W.P.; Vieira, H.D.; Oliveira, M.G.; Dias, J.R.M.; Partelli, F.L. Genetic diversity of standard leaf nutrients in Coffea canephora genotypes during phenological phases. Genet. Mol. Res. 2016, 15. [Google Scholar] [CrossRef] [PubMed]

	



Giles, J.A.D.; PartellI, F.L.; Ferreira, A.; Rodrigues, J.P.; Oliosi, G.; Silva, F.H.L.E. Genetic Diversity of Promising ‘conilon’ Coffee Clones Based on Morpho-agronomic Variables. An. Acad. Bras. Ciênc. 2018, 90, 2437–2446. [Google Scholar] [CrossRef] [PubMed]

	



Dubberstein, D.; Partelli, F.L.; Guilhen, J.H.S.; Rodrigues, W.P.; Ramalho, J.C.; Ribeiro-Barros, A.I. Biometric traits as a tool for the identification and breeding of Coffea canephora genotypes. Genet. Mol. Res. 2020, 19, gmr18541. [Google Scholar] [CrossRef]

	



Paiva, R.N.; Carvalho, C.H.S.; Mendes, A.N.G.; Almeida, S.R.; Matiello, J.B.; Ferreira, R.A. Agronomic behavior of coffee progenies (Coffea arabica L.) in Varginha, Minas Gerais State. Coffee Sci. 2010, 5, 49–58. [Google Scholar]

	



Rebêlo, A.G.M.; Monteiro, M.T.F.; Ferreira, S.J.F.; Ríos-Villamizar, E.A.; Quesada, C.A.N.; Duvoisin Junior, S. Valores de Referência da Concentração de Metais Pesados em Solos na Amazônia Central. Quím. Nova 2020, 43, 534–539. [Google Scholar] [CrossRef]

	



Santos, L.C.S.; Da Silva, G.A.M.; Abranches, M.O.; Rocha, J.L.A. O papel do silício nas plantas. Res. Soc. Dev. 2021, 10, e3810716247. [Google Scholar] [CrossRef]

	



Rahman, M.A.; Lee, S.H.; Ji, H.C.; Kabir, A.H.; Jones, C.S.; Lee, K.W. Importance of mineral nutrition for mitigating aluminium toxicity in Plants on Acidic Soils: Current Status and Opportunities. Int. J. Mol. Sci. 2018, 19, 3073. [Google Scholar] [CrossRef]

	



Peleja, V.L.; Souza, F.I.B.; Rego, A.K.C.; Da Silva Júnior, M.L.; Furtado, A.C.S.; Felsemburgh, C.A.; Tribuzy, E.S. Interferência do alumínio no crescimento radicular, absorção e acúmulo de fósforo em plantas de paricá. Iberoam. J. Environ. Sci. 2020, 11, 1–8. [Google Scholar] [CrossRef]

	



Hao, H.; Zhang, M.; Wang, J.; Fu, Z.; Balaji, P.; Jiang, S. Barium in coal and coal combustion products: Distribution, enrichment and migration. Energy Explor. Exploit. 2022, 40, 889–907. [Google Scholar] [CrossRef]

	



Bragança, S.M.; Martinez, H.E.P.; Leite, H.G.; Santos, L.P.; Sediyama, C.S.; Alvarez, V.H.; Lani, J.A. Accumulation of macronutrients for the conilon coffee tree. J. Plant Nutr. 2008, 3, 103–120. [Google Scholar] [CrossRef]

	



Covre, A.M.; Rodrigues, W.P.; Vieira, H.D.; Braun, H.; Ramalho, J.C.; Partelli, F.L. Nutrient accumulation in bean and fruit from irrigated and non-irrigated Coffea canephora cv. Conilon. Emir. J. Food. Agric. 2016, 28, 402–409. [Google Scholar] [CrossRef]

	



Partelli, F.L.; Espindula, M.C.; Marré, W.B.; Vieira, H.D. Dry matter and macronutrient accumulation in fruits of conilon coffee with different ripening cycles. Rev. Bras. Cienc. Solo 2014, 1, 214–222. [Google Scholar] [CrossRef]

	



Dubberstein, D.; Partelli, F.L.; Dias, J.R.M.; Espindola, M.C. Concentration and accumulation of macronutrients in leaf of coffee berries in the Amazon, Brazil. Aust. J. Crop Sci. 2016, 10, 701–710. Available online: https://search.informit.org/doi/10.3316/informit.203302793623817 (accessed on 10 April 2023). [CrossRef]

	



El Mazlouzi, M.; Morel, C.; Robert, T.; Yan, B.; Mollier, A. Phosphorus uptake and partitioning in two durum wheat cultivars with contrasting biomass allocation as affected by different P supply during grain filling. Plant Soil 2022, 449, 179–192. [Google Scholar] [CrossRef]

	



Pedrosa, A.W.; Martines, H.E.P.; Cruz, C.D.; Damatta, F.M.; Clemente, J.M.; Neto, A.P. Characterizing zinc use efficiency in varieties of arabica coffee. Acta Sci. 2013, 35, 343–348. [Google Scholar] [CrossRef]

	



Krohling, C.A.; Eutrópio, F.J.; Figueira, F.F.; Campostrini, E.; Dobbss, L.B.; Ramos, A.C. Níveis tóxicos de ferro em lavouras de café conilon (Coffea canephora) em solos de tabuleiros costeiros. Coffee Sci. 2016, 11, 255–266. Available online: http://www.sbicafe.ufv.br:80/handle/123456789/8072 (accessed on 26 April 2023).

	



Marré, W.B.; Partelli, F.L.; Espindula, M.C.; Dias, J.R.M.; Gontijo, I.; Vieira, H.D. Micronutrient Accumulation in Conilon Coffee Berries with Different Maturation Cycles. Rev. Bras. Ciênc. Solo 2015, 39, 1456–1462. [Google Scholar] [CrossRef]

	



Dubberstein, D.; Partelli, F.L.; Espindula, M.C.; Dias, J.R.M. Concentration and Accumulation of Micronutrients in Robust Coffee. Acta Sci. Agron. 2019, 41, e42685. [Google Scholar] [CrossRef]

	



Bazoni, P.A.; Espindula, M.C.; Araújo, L.F.B.; Vasconcelos, J.M.; Campanharo, M. Production of cuttings and nutrient export by Coffea canephora in different periods in the Southwestern Amazon. Rev. Bras. Eng. Agric. Ambient. 2020, 24, 162–169. [Google Scholar] [CrossRef]

	



Strachan, S. Trace elements. Curr. Anaesth. Crit. Care 2010, 21, 44–48. [Google Scholar] [CrossRef]

	



Lyu, S.; Wei, X.; Chen, J.; Wang, C.; Wang, X.; Pan, D. Titanium as a beneficial element for crop production. Front. Plant Sci. 2017, 8, 597. [Google Scholar] [CrossRef] [PubMed]

	



Nascimento, V.L.; Souza, B.C.O.Q.; Lopes, G.; Guilherme, L.R.G. On the role of iodine in Plants: A commentary on Benefits of this element. Front. Plant Sci. 2022, 13, 836835. [Google Scholar] [CrossRef] [PubMed]

	



Mateus, M.P.B.; Tavanti, R.F.R.; Tavanti, T.R.; Santos, E.F.; Jalal, A.; Dos Reis, A.R. Selenium biofortification enhances ROS scavenge system increasing yield of coffee plants. Ecotoxicol. Environ. Saf. 2020, 209, 111772. [Google Scholar] [CrossRef] [PubMed]

	



Gonzali, S.; Kiferle, C.; Perata, P. Iodine biofortification of crops: Agronomic biofortification, metabolic engineering and iodine bioavailability. Curr. Opin. Biotechnol. 2017, 44, 16–26. [Google Scholar] [CrossRef] [PubMed]

	



Ferreira, M.S.; Fontes, M.P.F.; Dias Carneiro Lima, M.T.W.; Cordeiro, S.G.; Wyatt, N.L.P.; Lima, H.N.; Fendorf, S. Human health risk assessment and geochemical mobility of rare earth elements in Amazon soils. Sci. Total Environ. 2022, 806, 151191. [Google Scholar] [CrossRef] [PubMed]

	



Gupta, D.K.; Deb, U.; Walther, C.; Chatterjee, S. Strontium in the Ecosystem: Transfer in Plants via Root System. Behavior of Strontium in Plants and the Environment; Springer: Cham, Switzerland, 2017; pp. 1–18. [Google Scholar] [CrossRef]

	



Wang, X.; Chen, C.; Wang, J. Phytoremediation of strontium contaminated soil by Sorghum bicolor (L.) Moench and soil microbial community-level physiological profiles (CLPPs). Environ. Sci. Pollut. Res. 2017, 24, 7668–7678. [Google Scholar] [CrossRef]

	



Shtangeeva, I.; Bertins, M.; Viksna, A.; Chelinabov, V.; Golovin, A. Stress effects on Rubidium on Two Plant Species (Field Experiment). Russ. J. Plant Physiol. 2021, 68, s131–s139. [Google Scholar] [CrossRef]

	



Botelho Junior, A.B.; Espinosa, D.C.R.; Vaughan, J.; Tenório, J.A.S. Recovery of scandium from various sources: A critical review of the state of the art and future prospects. Miner. Eng. 2021, 172, 107148. [Google Scholar] [CrossRef]

	



Hu, Z.; Wang, Y.; Zhao, D. The chemistry and applications of hafnium and cerium(iv) metal-organic frameworks. Chem. Soc. Rev. 2021, 50, 4629–4683. [Google Scholar] [CrossRef]

	



Fernández-Ruiz, R. TXRF spectrometry in the bioanalytical sciences: A brief review. X-ray Spectrom. 2022, 51, 279–293. [Google Scholar] [CrossRef]

	



Lana, R.M.Q.; De Oliveira, S.A.; Lana, A.M.Q.; De Faria, M.V. Levantamento do estado nutricional de plantas de Coffea arabica L. pelo dris, na região do Alto Paranaíba- Minas gerais. Rev. Bras. Cienc. Solo 2010, 34, 1147–1156. [Google Scholar] [CrossRef]

	



Borém, F.M.; Coradi, P.C.; Saath, R.; Oliveira, J.A. Qualidade do Café Natural e Despolpado Após Secagem em Terreiro e Com Altas Temperaturas. Ciênc. Agrotec. 2008, 32, 1609–1615. [Google Scholar] [CrossRef]

	



Santos, H.G.; Jacomine, P.K.T.; Anjos, L.H.C.; Oliveira, V.A.; Lumbreras, J.F.; Coelho, M.R.; Almeida, J.A.; Araújo-Filho, J.C.; Oliveira, J.B.; Cunha, T.J.F. Sistema Brasileiro de Classificação de Solos; Embrapa: Brasília, Brazil, 2018; p. 356. [Google Scholar]

	



Boyle, R. Experiments upon Colors, Vol. 2, London, 1663 Apud; Bishop, E., Ed.; Indicators; Pergamon Press: Oxford, UK, 1972; p. 2. [Google Scholar]

	



Dickson, A.; Leaf, A.; Hosner, J.F. Quality appraisal of white spruce and white pine seedling stock in nurseries. For. Chron. 1960, 36, 10–13. [Google Scholar] [CrossRef]

	



Schmidt, C.A.P.; Miglioranza, E.; Prudêncio, S.H. Influence of roasting and milling on consumers coffee preference at Paraná west-Brazil. Ciênc. Rural 2008, 38, 1111–1117. [Google Scholar] [CrossRef]

	



De La Calle, I.; Cabaleiro, N.; Romero, V.; Lavilla, I.; Bendicho, C. Sample pretreatment strategies for total reflection X-ray fluorescence analysis: A tutorial review. Spectrochim. Acta B At. Spectrosc. 2013, 90, 23–54. [Google Scholar] [CrossRef]

	



Khuder, A.; Sawan, M.K.; Karjou, J.; Razouk, A.K. Determination of trace elements in Syrian medicinal plants and their infusions by energy dispersive X-ray fluorescence and total reflection X-ray fluorescence spectrometry. Spectrochim. Acta Part B 2009, 64, 721–725. [Google Scholar] [CrossRef]

	



Klockenkamper, R.; Von Bohlen, A. Determination of the critical thickness and the sensitivity for the thin-film analysis by total reflection X-ray fluorescence spectrometry. Spectrochim. Acta 1989, 44, 461–469. [Google Scholar] [CrossRef]

	



Cruz, C.D. GENES, a software package for analysis in experimental statistics and quantitative genetics. Acta Sci. Agron. 2013, 35, 271–276. [Google Scholar] [CrossRef]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2010; Available online: https://www.R-project.org/ (accessed on 15 January 2023).

	



RStudio Team. RStudio: Integrated Development for R; RStudio, PBC: Boston, MA, USA, 2020; Available online: http://www.rstudio.com/ (accessed on 15 January 2023).

	



Oksanen, J.; Blanchet, F.G.; Kindt, R. Vegan: Community Ecology Package, R Package Version 2.2-0; R Foundation for Statistical Computing: Vienna, Austria, 2014. Available online: http://CRAN.Rproject.org/package=vegan(accessed on 15 January 2023).








[image: Plants 12 04052 g001] 





Figure 1. Cluster analysis (UPGMA) from the average Euclidean distance between 15 genotypes of C. canephora based on analysis of chemical elements present in the roots of the plants. Cophenetic correlation coefficient: r = 0.8835. The dashed horizontal line represents the cut-off estimated using the Mojena method [21]. All clones that share the same color are part of the same group. 






Figure 1. Cluster analysis (UPGMA) from the average Euclidean distance between 15 genotypes of C. canephora based on analysis of chemical elements present in the roots of the plants. Cophenetic correlation coefficient: r = 0.8835. The dashed horizontal line represents the cut-off estimated using the Mojena method [21]. All clones that share the same color are part of the same group.
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Figure 2. Analysis of genetic dissimilarity of C. canephora clones based on root samples. All clones that share the same color are part of the same group. 
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Figure 3. Cluster analysis (UPGMA) from the average Euclidean distance between 15 genotypes of C. canephora based on analysis of chemical elements present in the leaves of the plants. Cophenetic correlation coefficient: r = 0.8835. The dashed horizontal line represents the cut-off estimated using the Mojena method [21]. All clones that share the same color are part of the same group. 
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Figure 4. Analysis of genetic dissimilarity of C. canephora clones based on leaf samples. All clones that share the same color are part of the same group. 
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Figure 5. Cluster analysis (UPGMA) from the average Euclidean distance between 15 genotypes of C. canephora based on analysis of chemical elements present in the raw (a) and roasted (b) grains of C. canephora. Cophenetic correlation coefficient: r = 0.8835. The dashed horizontal line represents the cut-off estimated using the Mojena method [21]. All clones that share the same color are part of the same group. 
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Figure 6. Dissimilarity analysis of C. canephora clones based on raw (a) and roasted (b) grain samples. All clones that share the same color are part of the same group. 
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Figure 7. Cluster analysis (UPGMA) from the average Euclidean distance between 15 genotypes of C. canephora based on analysis of grain yield and productivity. Cophenetic correlation coefficient: r = 0.8835. The dashed horizontal line represents the cut-off estimated using the Mojena method [21]. All clones that share the same color are part of the same group. 
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Figure 8. Analysis of genetic dissimilarity of C. canephora clones based on grain yield and productivity. All clones that share the same color are part of the same group. 
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Figure 9. Pearson’s correlation between inorganic components for leaves, biomass, and raw and roasted grains of 15 C. canephora clones: Lv (leaves), Ra (raw grains), Ro (roasted grains), LDM (leaf dry mass), RDM (root dry mass), TDM (total dry mass), GY (grain yield), and GP (grain productivity). Colors refer to negative (red) and positive (blue) correlations, respectively—the more intense the color, the higher the correlation. Asterisks indicate significance level (* p ≤ 0.05 and ** p ≤ 0.01). 
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Table 1. Estimates of the experimental coefficient of variation (CVe), coefficient of genetic variation (CVg), coefficient of genotypic determination (CVg/CVe), heritability (H2), general average, and standard deviation for concentration in mg·kg–1 of elements in the leaves and for grain yield (60 kg bag) and productivity (60 kg bags·ha–1) of 15 clones of C. canephora.
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	Characteristics
	F-Value
	CVe (%) 1
	CVg (%) 2
	CVg/CVe (%) 3
	H2 (%) 4
	General Average and Standard

Deviation *





	Phosphorus
	0.0561 ns
	6.01
	1.74
	0.29
	25.05
	2944.53 ± 1413.00



	Sulfur
	0.0000 ns
	14.00
	-
	-
	-
	2824.82 ± 2237.00



	Chlorine
	0.0803 ns
	9.30
	-
	-
	-
	2237.53 ± 1580.00



	Potassium
	0.0603 ns
	5.32
	1.26
	0.24
	18.19
	17,451.75 ± 9240.00



	Calcium
	34,149,841.83 ns
	16.11
	-
	-
	-
	12,719.93 ± 9403.00



	Titanium
	0.2734 **
	44.04
	38.39
	0.87
	75.25
	2002.73 ± 2633.00



	Vanadium
	0.00169 ns
	64.02
	-
	-
	-
	0.19 ± 0.01



	Chrome
	0.0632 ns
	37.88
	4.20
	0.11
	4.69
	78.24 ± 155.00



	Iron
	1615.25 *
	36.39
	20.84
	0.57
	56.75
	84.63 ± 49.00



	Cobalt
	0.0238 ns
	67.75
	29.42
	0.43
	43.00
	1.00 ± 1.00



	Nickel
	0