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Abstract

:

Crop production and natural resource use, especially in developing countries, represents one of the most important food sources for humans. In particular, two wheat species (tetraploid, which is mostly used for pasta and hexaploid, which is primarily used for bread) account for about 20% of the whole calories consumed worldwide. In order to assess the mineral accumulation capability of some popular tetraploid wheat genotypes, a metabolomic (metallomic) approach was used in this study. The metallomic profile related to micro- (Zn, Fe, Cu, Mn, Ni and Cr), macro- (Ca, Mg and K) and toxic trace elements (Cd and Pb) was obtained by ICP-AES analysis in a large set of tetraploid wheat genotypes (Triticum turgidum L.) that were grown in two different experimental fields. Correlations and multivariate statistical analyses were performed, grouping the samples under two wheat sets, comprising cultivated durum cultivars (T. turgidum subsp. durum) and wild accessions (T. turgidum subsp. dicoccum and subsp. dicoccoides). The site dependence ranking for the selected genotypes with the highest nutrient accumulation was obtained. The significantly higher content of Mg (among the macronutrients) and the highest levels of Mn, Fe and Zn (among the micronutrients) were found for wild accessions with respect to durum cultivars. Moreover, the former genotypes were also the ones with the lowest level of accumulation of the trace toxic elements, in particular Cd. According to the performed statistical analyses, the wild accessions appeared also to be less influenced by the different environmental conditions. This is in accord with literature data, indicating the superiority of “old” with respect to modern wheat cultivars for mineral content. Although further studies are required on a wider range of genotypes to confirm these findings, the obtained results could be used to better select the less demanding and better performing cultivars in specific target wheat growing environments.
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1. Introduction


Wheat is one of the most important commodities, with a world production of 750 million tons and 220 million ha harvested in 2016, as reported by Faostat [1]. Interestingly, wheat consumption is closely related with the adoption of a “western lifestyle” [2], as well as some countries that are not climatically adapted to wheat cultivation, such as some Sub-Saharan Africa areas [3].



Among the wheat species, two types are prevalent: tetraploid wheat (2n = 28, genome AABB), which is mostly used for pasta, and hexaploid wheat (2n = 42, genome AABBDD), which is primarily used for bread. Together, these wheats account for about 20% of the whole calories that are consumed worldwide. Considering both types, wheat cultivation occurs in a wide range of environmental and soil conditions, and wheat growers face several challenges to reaching high yield and quality standards that are also sustainable and economically feasible. Among the major challenges, there is the identification of agronomical practices or genotypes that may help in reducing the inputs of fertilizers, herbicides and chemical treatments to counteract biotic or abiotic diseases.



Among tetraploid wheat (Triticum turgidum L.), the subsp. durum is the most cultivated and economically important typically rainfed crop and adapted to the semiarid conditions of the Mediterranean Basin. Indeed, the species T. turgidum also includes other subspecies, displaying a large variability for many traits, such as plant adaptability and defence, or quality traits. This variability is still largely unexplored for genes that could meet the needs for a more sustainable management of wheat cultivation. For instance, the subspecies dicoccoides (Körn. ex Asch. et Graebner) Thell.), the wild progenitor of durum wheat, is well known to accumulate more proteins and minerals in mature grains [4]. Also, the subspecies dicoccum, the direct domesticated progenitor of durum wheat, may carry other interesting traits related to plant adaptability that could be easily transferred into the durum background through breeding programs [5]. The occurrence of such variability could be of particular significance to improve yield, especially in those countries that are undergoing urbanization and industrialization, or to address market expectations with respect to quality, nutrition and health issues.



In general, wheat grains have been considered a primary source of energy (carbohydrates), proteins, vitamins and minerals (especially micronutrients, such as iron and zinc) in human diets [2,3,6,7,8,9,10]. Indeed, the potential benefits of wheat on human health are well known and have been extensively studied [6,11,12,13]. Besides the major components, several phytochemicals conferring antioxidant properties [14,15,16,17] and dietary fibers contribute to reduce the risks for cardiovascular disease and colon cancers [2]. The high variability in those health-promoting components was shown to be influenced by both genetic and environmental factors [2,13,18,19].



To increase the content of minerals in wheat grains, in recent years, several biofortification breeding efforts were undertaken, mainly focused on hexaploid wheat. Those studies led to the release of bred varieties having competitive grain yields and about 30–40% more Zn compared with other varieties [20]. Those results were possibly due to the identification of wheat genotypes with elevated Zn contents [21] that were subsequently crossed with modern elite wheat lines that generally do not vary much in terms of mineral contents [22].



Similar studies are mostly missing for tetraploid wheats [17,23]. So far, investigations are urgent to assess the current mineral levels in durum cultivars and in other tetraploid wheats subspecies to underpin the extent of genetic variability that is available within the primary gene pool. In fact, the assessment of genetic variation for mineral content is essential for the success of breeding activities that are aimed at developing new micronutrient-rich wheat genotypes that also display high grain yields [24,25]. Some literature data [26,27,28] indicated the superiority of “old” with respect to modern high-yielding wheat cultivars for mineral contents, however a comprehensive survey in tetraploid wheats is still lacking [28]. Also, more efforts devoted to investigate the influence of different growing sites on mineral accumulation in durum wheat grains would be important to identify precise genotype x environment combinations resulting in higher contents of some micronutrients, such as Fe, Zn, Mn and Cu, which have important physiological functions in humans [2,3,12,14,15,18,19,24,25,26,28,29,30].



In order to investigate the genetic variability for mineral content in tetraploid wheats, this study was conducted with the following objectives: (1) to evaluate, by ICP-AES analysis, the metallomic profile related to micro- (Zn, Fe, Cu, Mn, Ni and Cr), macro- (Ca, Mg and K) and toxic trace elements (Cd and Pb) in a collection of tetraploid wheats, including durum cultivars and dicoccoides and dicoccum accessions; (2) to investigate the site dependence features exhibited by durum and wild wheat by both univariate and multivariate statistical analyses, and (3) to evaluate a possible ranking of exhibited site-dependence among the considered subspecies.




2. Materials and Methods


2.1. Data Collection


The wheat collection that was analyzed in this study was composed of 25 tetraploid wheat genotypes comprising dicoccum, dicoccoides and durum subspecies of T. turgidum (Table 1). The plant material was grown under conventional farming in the experimental fields of the Department of Soil, Plant and Food Sciences at Valenzano, Italy (site-A) in 2013–2014 [31], and at Policoro, Italy (site B) in 2014–2015 [32]. The plants were grown in a randomized complete block design with three field replicates and plots consisting of 1m rows that were 30 cm apart, with 50 germinating seeds per plot. During the growing season, 120 kg/ha N were applied and standard cultivation practices were adopted. Plots were hand-harvested at maturity.




2.2. Determination of Metal Concentration


The concentration of macronutrients (Ca, Mg, K), micronutrients (Zn, Fe, Cu, Mn, Ni, Cr) and toxic trace elements (Cd, Pb) was determined using the Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) in the whole grains of 25 wheat accessions and cultivars for each site. Wheat samples were mineralized following standard procedures [33]. Briefly, in a Teflon vessel, 0.5 g of each sample were added with 6 mL of super pure HNO3 69% and 4mL H2O2 and were digested at 180 °C for 10 min using a Milestone START D microwave digestion system. After mineralization, the samples were cooled at room temperature, diluted to a final volume of 30 mL with super pure water and filtered. The solutions that were obtained after the mineralization process were subsequently analyzed by a Thermo Scientific iCAP 6000 ICP-AES spectrometer. It should be noted that the obtained metallomic profiles refer to the whole grain wheat mass (upon chemical digestion and ICP analyses). Therefore, no kernel related adjustments were considered since a simple metabolomic approach was used in this study in order to assess the bioaccumulation ability of different wheat species groups.




2.3. Statistical Analysis


Standard analysis of variance (One Way-ANOVA) with Tukey’s honestly significant difference (HSD) post hoc test was applied to compare the means between the two cultivation sites and for multiple comparisons of groups (wheat type) using the R statistical environment, Version 3.5.1 on a 64 bit Windows machine [34]. The levels of statistical significance were at least at p-values < 0.05 with a 95% confidence level. Moreover, the correlation matrix based on Pearson’s coefficient was calculated for all the measured elements by using MetaboAnalyst 4.0, which is a web-based tool for the visualization of metabolomics [35,36]. This approach is the most widely used in this type of data [31,37] in order to assess the existence of a possible linear relationship between minerals for both the two cultivation sites [38]. Multivariate statistical analyses and graphics were obtained using SIMCA 14 software, (Sartorius Stedim Biotech, Umeå, Sweden) [39]. Specifically, exploratory data analysis was performed using Principal Component Analysis (PCA), while Projection to Latent Structures (PLS)-based methods were used for discriminant analysis and data set comparison. The models were validated using an internal cross-validation default method (7-fold) and were further evaluated with a permutation test (400 permutations) [40,41]. The quality of the models was described by R2, Q2 and p values (p[CV-ANOVA], at a 95.0% confidence level, which were obtained from the analysis of variance testing of cross-validated predictive residuals (CV-ANOVA) [41,42]). To investigate the role of the measured variables in classification, a combination of loadings, variable influence on projection (VIP) parameters and p(corr) were analyzed. Loadings describe the correlations that the Principal or PLS component has with the original variables. VIP parameters summarize the overall contribution of each variable to the model and p(corr) represents the loadings scaled as a correlation coefficient (ranging from −1.0 to 1.0) between the model and the original data [43].





3. Results


Mineral Composition of Durum and Wild Wheat


The 25 wheat genotypes were used to assess the potential similarities and/or differences in the mineral content for the considered two harvesting sites (A, Valenzano, Bari, and B, Policoro, Matera) and among the different cultivars. All samples were grown in both the two harvesting sites and three replicates were collected for each sample, reaching a total of 148 (73 and 75 for site A and B, respectively). According to the wheat type, samples were also classified into durum (63 for each site, for a total of 126 samples) and wild (10 and 12 for site A and B, for a total of 22 samples).



Average and standard deviation values for concentrations of macro- (Ca, K, Mg), micro- (Cr, Cu, Fe, Mn, Zn) and toxic elements (Cd, Pb), which were expressed in part per million (ppm), were measured for all the studied cultivars and sites and are reported in Supplementary material (Tables S1 and S2). A summary clustering all of the studied cultivars according to the different wheat species (durum and wild) and the two cultivation sites (A and B) is reported in Table 2 and Figure 1. Tukey HSD test was applied for multiple comparisons of groups (wheat type) and One-way ANOVA was applied to compare the means between the two cultivation sites. As expected [44,45], among all the measured elements, the highest concentration was found for K, followed by Mg and Ca for all the examined wheat types. In particular, the highest K average value was found for durum wheat (4357.19 ± 618.72 ppm), followed by wild wheat (3864.32 ± 561.39 ppm). On the other hand, the highest Mg content resulted for wild wheat, with a similar content for the two cultivation sites (1665.97 ± 147.10 and 1651.89 ± 203.23 ppm for site A and B, respectively). Moreover, for durum wheat, a significantly lower value for Mg content was found in site B with respect to site A. Average Ca values were comparable in the two wheat types, with the highest content for durum wheat samples (833.08 ± 240.16 ppm) being significantly different from the durum wheat of site A (731.11 ± 295.70 ppm). It should be noted that for each type of tetraploid wheats, the average content of the macro-elements had the expected sequence K > Mg > Ca when considering both the harvesting sites [45]. Regarding micro-elements, in accordance with the literature data [27,37,45,46], higher levels of Mn, Fe and Zn and lower Cu and Cr, with Ni (Ni data not shown), in very low traces for all the samples were found in wild wheat. Interestingly, the highest Mn and Fe values were measured in wild wheat, followed by durum genotypes for both the harvesting sites. Generally higher values of Mn resulted in site A with respect to site B, while similar content of Fe was measured in the two sites. Very significant and site-dependent differences were found only for Zn, with significantly higher levels for the three tetraploid subspecies in site B with respect to site A. Moreover, the highest Zn content was found in wild (32.86 ± 7.50 ppm), followed by durum (30.59 ± 3.69 ppm), all from site B. Finally, higher Cd and Pb levels were found in durum wheat genotypes, with the highest in samples of site A (Cd = 0.10 ± 0.04 ppm, Pb = 0.09 ± 0.04 ppm), followed by wild for both the two harvesting sites.



A further level of investigation was performed by calculating the correlation matrix based on Pearson’s coefficient for all the measured elements. An overview about the potential linear relationship between the metals (macronutrients, Ca, Mg, K, micronutrients, Zn, Fe, Cu, Mn and toxic trace elements, Cd, Pb) was obtained for each tetraploid genotype (durum and wild) and for each cultivation site, A and B (Table 3, Table 4, Table 5 and Table 6). Although a simple correlation analysis, especially considering that a large data set should be carefully used for expressing nutrient relationships, we could find and will discuss a limited range of significant correlations that were obtained in this study. A high level of correlation was observed for durum wheat for both the two sites: in particular six couples of elements (Cu/Zn, Mg/Zn with significance at p < 0.001 and Cu/Mg, Cu/Mn, Zn/Mn, Cr/Fe with significance at p < 0.01) for site A and seven couples of elements (K/Cu, K/Mg, K/Mg, Cu/Mg, Cu/Mn, Cr/Fe with significance at p < 0.001 and Ca/Cd with significance at p < 0.01) for site B (Table 3 and Table 5), while wild wheat showed a low number of correlations in both the two sites (Cr/Cu, Fe/Mn with significance at p < 0.001 and Cr/Fe, Cr/Mg, Cd/Mn and Ca/Mg with significance at p < 0.01 for site A; Cr/Fe with significance at p < 0.001 and Ca/Cd, K/Zn, K/Cr, K/Fe, Cr/Fe with significance at p < 0.01 for site B, Table 4 and Table 6). It should also be noted that in some cases, more significant or positive correlation values for other elements (i.e., Mn/Mg) were expected, although comparable results to those that were obtained in this work were also reported in literature [28,37,47,48].



Multivariate statistical analysis (PCA and OPLS-DA) was used to deeply investigate the variation in macronutrients (Ca, Mg, K), micronutrients (Zn, Fe, Cu, Mn) and toxic trace elements (Cd, Pb) for the whole dataset of 25 wheat accessions and cultivars (three replicates for each cultivar studied) that is representative of durum and wild species in the two cultivation sites. The whole data were studied by OPLS-DA in order to evaluate the potential effect of the different pedoclimatic conditions on the wheat species (Figure 2). In particular, two OPLS-DA models were built using the same number of components (OPLS-DA model of site A: 1 + 2 + 0, R2X = 0.48, R2Y = 0.59, Q2 = 0.43, p[CV-ANOVA] = 2.40612 × 10−6; for OPLS-DA model of site B: 1 + 2 + 0, R2X = 0.56, R2Y = 0.83, Q2 = 0.78, p[CV-ANOVA] = 2.10965 × 10−19). This approach showed that different pedoclimatic conditions characterize the two sites. Samples cultivated in site A (Valenzano, Bari) were homogeneously distributed in the space of the OPLS-DA graph, while those cultivated in site B (Policoro, Matera) appeared well differentiated in two groups (durum, wild).



With the aim to assess the different element uptake ability of the studied tetraploid wheat subspecies, an OPLS-DA analysis was performed for the whole data. In the first place, the dataset was analysed by differentiating in the model two different categories, the durum and the wild wheat types. The resulting OPLS-DA model, which was built with one predictive (t[1]) and three orthogonal components (1 + 3 + 0) beside the observed classification parameters for the two categories (R2X = 0.58, Q2 = 0.49) gave an interesting hint for the sample distribution among the two sites (Figure 3). Indeed, this appears to be the natural discrimination (R2Y = 0.53) observed in the first orthogonal component (to[1]). The colour encoded sample distribution among the two sites is clearly observed in Figure 3. The OPLS-DA scoreplot showed that durum wheat genotypes were mainly distributed at negative values of the predictive component t[1], while the intra-class variation resulted in a large distribution of the data along the predictive component to[1] in a wide range of values (from −7 to 3). On the other hand, wild wheat accessions were clustered both at positive values of t[1] and in a range of −2 and +2 of to[1].



A further MVA was then performed with the aim to differentiate, according to the cultivation site, durum and wild wheat types. For this purpose, two independent PCA and OPLS-DA models were built using the cultivation site as discrimination class. Both for the PCA (data not shown) and OPLS-DA (Figure 4) models, the two wheat groups resulted differently for the two cultivation sites. According to the OPLS-DA models that are depicted in Figure 4, and relative model parameters (in particular Q2 values), the more pronounced separation among the two cultivation sites was observed for durum (Q2 = 0.92) with respect to wild type (Q2 = 0.75) wheat. Moreover, due to a different sample size of durum (126 samples) in comparison with wild (22 samples) statistical models, a further cross check was applied to assess the soundness of the obtained parameters for the OPLS-DA models that are reported in Figure 4. By using the Weka open-source data mining software (v. 3.8.3, University of Waikato New Zealand) [49], a filter was applied to randomly remove a given percentage of samples from the durum sample set. For this purpose, 80% of durum samples were randomly excluded in order to obtain a comparable sample size for durum set (25) with respect to wild (22) samples. Subsequently, a Naïve Bayes classification was applied separately for both the durum and wild sets. The models’ reliability (indicated with “Correctly Classified Instances” Tables S3 and S4), resulted with 87.5% and 71.4% for durum and wild samples, respectively, confirming our hypothesis that wild wheat is the less site sensitive species. This result suggested that a profitable search for the less site sensitive species had to be performed within the considered wild wheat cultivars.



Finally, new OPLS-DA models were then calculated by using the four available data sets (three replicates for each of the two cultivation sites) for the four wild wheat accessions. The cultivation site was chosen as the discriminating class for each of the four OPLS-DA models. The obtained calculated quality model parameters are reported in Table 7, showing the lowest (MG29896) and highest (MG5323) cultivation site differentiation. Among the genotypes of wild wheat tetraploids, MG29896 resulted as the least affected from the cultivation site, having the lowest predictive ability, expressed as Q2 value, followed by MG4330, MG5323.





4. Discussion


Variation in mineral micronutrient concentrations were found in the grains of wheat lines of diverse origin [50], and significant differences between wheat genotypes were found for grain Fe and Zn, however not Se concentration. Spelt, einkorn and emmer wheat appeared to contain higher Se concentration in their grains than bread and durum wheat. Other studies found that the genetic variability available in the modern wheat pool is moderate, and it would be necessary to use other wheat genetic resources in the breeding process [23]. In this respect, Cakmak et al. and Gomez-Becerra et al. [19,22] have shown that the ssp. dicoccoides and ssp. dicoccum could be a good source of high micronutrients concentration [51]. Ficco et al. [52] estimated the magnitude of genotype × environment interaction effects in a collection of Italian durum wheat cultivars that were evaluated for the mineral elements concentration and suggested that the breeding activity for Fe and Zn would be difficult because G × E interaction is prevalent, though multi-location evaluation of germplasm collection might help to identify superior genotypes.



Analysis of the contents of bioactive components in a wheat diversity panel grown in six diverse environments showed that the extent of variation due to variety and the environment differed significantly between components [53]. However, significant correlations were found between bioactive components and environmental factors, with even highly heritable components differing in amount between grain samples grown in different years on different sites [10]. Detailed analyses of bioactive components were carried out under the EU FP6 HEALTHGRAIN program on a wheat collection grown on a single site, and principal component analysis allowed us to classify the wheat genotypes on the basis of the bioactive components and to clearly separate wheat species (bread, durum, spelt, emmer and einkorn wheat) from related cereals (barley, rye and oats) [53]. It is also important to consider the evolutionary differences of wheat with different ploidy levels. Indeed, the comparison of photosynthesis and antioxidant defense systems in wheat with different ploidy levels showed significant differences in diploid, tetraploid and hexaploid wheats, suggesting an important regulatory role in photosystems and antioxidative systems of plants [16]. Several investigations have shown wide variation in phytochemical composition between genotypes, with important effects of environmental factors and genotypes x environment interactions, and indicated that ancient wheats have health benefits compared with the current cultivated wheat. However, recent reviews on the health benefits of ancient and modern wheat have ascertained that most studies were not comparable in terms of genetic materials, growth conditions and processing, and reached the conclusion that further studies are required by different research groups and should consider a wider range of genotypes of ancient and modern wheat species grown together in the same field experiments [11,54].



In the present study, the data obtained by ICP-AES (macro-, micronutrients and toxic trace elements) were analyzed for different single wheat genotypes belonging to the three different T. turgidum wheat subspecies, under different pedoclimatic conditions (two sites, two growing seasons). The significantly higher content of Mg (among the macronutrients) and the highest levels of Mn, Fe and Zn (among the micronutrients) were found for wild accessions with respect to durum wheat cultivars for both the two pedoclimatic conditions (two sites, two growing seasons). Moreover, wild types were also the wheat ones with the lowest level of accumulation of the trace toxic elements, in particular for Cd concentration. It should be noted that, in all the measured wheat samples, cadmium levels never exceeded the EU maximum allowed level of this contaminant in cereals and cereal products intended for human consumption (European Commission Regulation 2006) [55]. On the other hand, we found that among all the elements, the Zn levels that resulted were mainly affected by the cultivation site in all the measured wheat samples. This is mainly due to specific Zn bioaccumulation capacities of the soil [56] and, therefore, resulted in a very different uptake behaviour in the three wheat species, with the highest level in wild wheat species.



The above reported results, obtained by applying both correlation studies and multivariate analysis, also demonstrated that wild tetraploid wheats appeared the less affected from the pedoclimatic conditions which characterized the two cultivation sites (and their intrinsic mineral bioavailability).



Indeed, according to correlation studies, durum wheat appeared as the “most demanding” species (with respect to wild), showing a high number of correlations among elements for both the two cultivation sites. Therefore, for this intrinsic characteristic, durum wheat genotypes could be less prone to adaptation in different agricultural sites. The obtained results were also confirmed by the evidence that was also found by other authors [57,58,59], that both the concentrations of the analyzed elements and the relationships between them are species-specific. As reported in literature [55], antagonistic as well as synergistic interactions of elements are determined by the level of each nutrient, both in the soil and plant species, and sometimes even among cultivars of the same species, suggesting that some elements are translocated in plants in a similar way [37]. As a consequence, the hypothesis that the presence of a high level of correlations among elements (with consequent constraints in their uptake) could result in a wheat genotypes with a higher demanding character for simultaneous micro-nutrients availability could be reasonable. Finally, multivariate analysis (OPLS-DA) was also applied in order to establish the site dependence ranking among the considered durum and wild tetraploid wheats. For this reason, the statistic supervised model was built first using the durum and the wild wheat genotypes, and subsequently the cultivation site as the discriminating category. This approach allowed the focusing on the wild wheat species as the less site sensitive in the site dependence ranking. Despite the small sample size, multivariate analysis (OPLS-DA) was then applied in order to establish the existence of a ranking among all the studied wild cultivars. Consequently, OPLS-DA models using the two cultivation sites as a discriminating category were built for each of the wild wheat accessions and the obtained predictive ability (expressed by Q2 values) that was evaluated. This operating system could be successfully used in order to reveal potential differences between the wild wheat genotypes with respect to their cultivation site-dependence [60]. Among the wild wheat types, the MG29896 accession was the least affected from the cultivation site, having the lowest Q2, followed by MG4330, MG4343, MG5323. The lowest predictability (Q2 value) of the MG29896 OPLS-DA model corresponded to the lowest difference of samples, which were cultivated in two different pedoclimatic conditions (two sites, two growing seasons). Among the genotypes of the present study, wild appeared as the most remarkable for higher content of Mg (among the macronutrients), higher levels of Mn, Fe and Zn (among the micronutrients) and lower level of Cd accumulation. According to correlation studies and MVA analyses, wild wheat also appeared the less demanding for simultaneous micro-nutrients availability and environmental conditions sensitivity. Therefore, the wild tetraploid wheats could be recommended for improvement and biofortification breeding programs in order to satisfy human nutrition requirements, as also reported by other authors [25,26,27,28,37,61]. Although both macro- and micro-nutrient concentration in wheat are very important for increasing the productivity and efficiency of a crop’s yield, it is worth noting that micronutrient balance represents a very crucial point, since micronutrients deficiency in soil is a global phenomenon [62]. Therefore, bioavailability and their correlation should be considered [37]. In general, the present analysis of cultivar differences, and within wheat classes and subclasses, in different environmental conditions gave promising results. The differences are reflected in mineral concentration and absorption capability, and accumulation could also be useful in cross linkage studies. Nevertheless, further and more detailed studies are required, particularly on a wider range of genotypes of ancient and modern wheat species.
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Figure 1. Average and standard deviation content of (a) macro- (Ca, K, Mg) and (b) higher micro- (Fe, Zn, Mn) elements, calculated for the samples of two types of wheat (expressed as part per million, ppm) and for each site (A, Valenzano, Bari and B, Policoro, Matera). 
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Figure 2. OPLS-DA scoreplots for each site (A, left, B, right). For OPLS-DA model of site A: 1 + 2 + 0, R2X = 0.48, R2Y = 0.59, Q2 = 0.43, p[CV-ANOVA] = 2.40612 × 10−6; for OPLS-DA model of site B: 1 + 2 + 0, R2X = 0.56, R2Y = 0.83, Q2 = 0.78, p[CV-ANOVA] = 2.10965 × 10−19. 
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Figure 3. OPLS-DA scoreplot for the whole data considering the two sites (A and B) as discriminating class (1 + 3 + 0, R2X = 0.58, R2Y = 0.53, Q2 = 0.49, p[CV-ANOVA] = 3.9421 × 10−17). 






Figure 3. OPLS-DA scoreplot for the whole data considering the two sites (A and B) as discriminating class (1 + 3 + 0, R2X = 0.58, R2Y = 0.53, Q2 = 0.49, p[CV-ANOVA] = 3.9421 × 10−17).



[image: Sustainability 11 00736 g003]







[image: Sustainability 11 00736 g004 550]





Figure 4. OPLS-DA scoreplots for each of the types of wheat (durum, wild) when they were considered separately in order to evaluate the effect of the site on the wheat species ((a). OPLS-DA model for durum wheat: 1 + 1 + 0, R2X = 0.453, R2Y = 0.933, Q2 = 0.921, p[CV-ANOVA] = 0; (b). OPLS-DA model for wild wheat: 1 + 1 + 0, R2X = 0.47, R2Y = 0.85, Q2 = 0.75, p[CV-ANOVA] = 6.05943 × 10−5). 
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Table 1. Taxonomic classification of the wheat genotypes considered in the study.
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	Genotype
	Taxonomic Classification





	MG5323
	T. turgidum L. subsp. dicoccum



	MG4343
	T. turgidum L. subsp. dicoccoides



	MG4330
	T. turgidum L. subsp. dicoccoides



	MG29896
	T. turgidum L. subsp. dicoccoides



	Anco Marzio, Aureo, AC Avonlea, Ciccio, Duilio, Fiore, Grecale, Iride, Isildur, Latino, Latinur, Liberdur, Messapia, Neolatino, Normanno, Preco, Primadur, Saragolla, Svevo, Tiziana, UC1113
	T. turgidum L. subsp. durum
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Table 2. Average and standard deviation (SD) levels of macro-, micro- and toxic trace elements, calculated for the samples of three subspecies of tetraploid wheats (expressed as part per million, ppm) and for each site (A, Valenzano, Bari and B, Policoro, Matera). Tukey HSD test was applied for multiple comparisons of groups (wheat type). Letters (a, b) indicate significant differences for Tukey HSD test at least for 5% statistical probability (a significant difference between durum and wild in site A; b significant difference between durum and wild in site B). One-way ANOVA was applied to compare the means between the two cultivation sites (significant codes: *** p-value < 0.001; ** p-value < 0.01; * p-value < 0.05).
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Type of Wheat

	
Durum

	
Wild






	
Macroelements




	
Ca

	
A

	
731.11 ± 295.70 *

	
728.73 ± 181.26




	

	
B

	
833.08 ± 240.16 *

	
836.73 ± 232.90




	
K

	
A

	
3458.34 ± 329.72 ***

	
3362.44 ± 195.09 *




	

	
B

	
4357.19 ± 618.72 ***,a

	
3864.32 ± 561.39 *,a




	
Mg

	
A

	
1510.34 ± 176.55 ***,a

	
1665.97 ± 147.10 a




	

	
B

	
1398.73 ± 184.45 ***,b

	
1651.89 ± 203.23 b




	
Microelements




	
Cr

	
A

	
0.05 ± 0.06

	
0.06 ± 0.05




	

	
B

	
0.03 ± 0.02

	
0.04 ± 0.02




	
Cu

	
A

	
4.12 ± 0.57 ***,a

	
5.32 ± 2.11 a




	

	
B

	
5.77 ± 0.80 ***

	
5.29 ± 0.63




	
Fe

	
A

	
33.31 ± 6.87 a

	
38.51 ± 3.77 a




	

	
B

	
31.96 ± 12.75

	
41.32 ± 13.79




	
Mn

	
A

	
35.11 ± 3.13 ***,a

	
42.85 ± 6.57 **,a




	

	
B

	
26.93 ± 3.89 ***,b

	
32.66 ± 5.24 **,b




	
Zn

	
A

	
14.03 ± 1.75 ***,a

	
16.35 ± 2.34 ***,a




	

	
B

	
30.59 ± 3.69 ***,b

	
32.86 ± 7.50 ***,b




	
Toxic trace elements




	
Cd

	
A

	
0.10 ± 0.04 ***

	
0.08 ± 0.03 ***




	

	
B

	
0.07 ± 0.04 ***,a

	
0.035 ± 0.01 ***,a




	
Pb

	
A

	
0.09 ± 0.04 **

	
0.08 ± 0.03




	

	
B

	
0.07 ± 0.02 **,b

	
0.10 ± 0.05 b











[image: Table]





Table 3. Pearson correlation matrix among all the variables of durum wheat genotypes grown in the A site (Valenzano, Bari). *, **, *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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	Ca
	K
	Cu
	Zn
	Cr
	Fe
	Pb
	Cd
	Mg





	K
	0.06
	
	
	
	
	
	
	
	



	Cu
	0.03
	0.23
	
	
	
	
	
	
	



	Zn
	−0.03
	0.00
	0.50 ***
	
	
	
	
	
	



	Cr
	0.03
	0.07
	0.28 *
	0.09
	
	
	
	
	



	Fe
	−0.05
	0.08
	0.28 *
	0.17
	0.35 **
	
	
	
	



	Pb
	0.11
	0.05
	−0.01
	0.10
	0.18
	0.08
	
	
	



	Cd
	−0.20
	0.21
	0.09
	0.17
	−0.08
	0.22
	0.03
	
	



	Mg
	0.06
	0.29 *
	0.39 **
	0.45 ***
	0.25 *
	0.22
	0.13
	−0.02
	



	Mn
	−0.04
	−0.17
	0.36 **
	0.36 **
	0.20
	0.27 *
	0.07
	0.30 *
	0.29 *
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Table 4. Pearson correlation matrix among all the variables of wild wheat genotypes grown in the A site (Valenzano, Bari). *, **, *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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	Ca
	K
	Cu
	Zn
	Cr
	Fe
	Pb
	Cd
	Mg





	K
	0.14
	
	
	
	
	
	
	
	



	Cu
	−0.49
	−0.42
	
	
	
	
	
	
	



	Zn
	0.46
	−0.16
	−0.41
	
	
	
	
	
	



	Cr
	−0.49
	−0.46
	0.93 ***
	−0.20
	
	
	
	
	



	Fe
	−0.08
	−0.41
	0.61
	0.19
	0.80 **
	
	
	
	



	Pb
	0.39
	−0.25
	−0.18
	0.29
	0.04
	0.33
	
	
	



	Cd
	0.44
	−0.49
	0.40
	0.21
	0.39
	0.62
	0.09
	
	



	Mg
	0.66 **
	0.34
	−0.45
	0.10
	−0.66 **
	−0.51
	−0.38
	0.26
	



	Mn
	0.26
	−0.36
	0.51
	0.16
	0.62
	0.87 ***
	0.33
	0.80 **
	−0.18
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Table 5. Pearson correlation matrix among all the variables of durum wheat genotypes grown in the B site (Policoro, Matera). *, **, *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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	Ca
	K
	Cu
	Zn
	Cr
	Fe
	Pb
	Cd
	Mg





	K
	0.03
	
	
	
	
	
	
	
	



	Cu
	0.03
	0.55 ***
	
	
	
	
	
	
	



	Zn
	−0.01
	0.72
	0.60
	
	
	
	
	
	



	Cr
	−0.17
	−0.17
	−0.27 *
	−0.21
	
	
	
	
	



	Fe
	−0.14
	0.04
	−0.06
	−0.08
	0.82 ***
	
	
	
	



	Pb
	0.03
	−0.06
	−0.13
	0.00
	0.06
	−0.02
	
	
	



	Cd
	0.32 **
	0.26 *
	0.29 *
	0.28 *
	0.00
	0.05
	−0.10
	
	



	Mg
	0.08
	0.86 ***
	0.46 ***
	0.65
	−0.24
	−0.05
	−0.03
	0.29 *
	



	Mn
	0.12
	0.46 ***
	0.45 ***
	0.54
	−0.20
	−0.05
	−0.17
	0.21 *
	0.24 *
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Table 6. Pearson correlation matrix among all the variables of wild wheat genotypes grown in the B site (Policoro, Matera). *, **, *** indicate significance at p < 0.05, p < 0.01 and p < 0.001, respectively.
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	Ca
	K
	Cu
	Zn
	Cr
	Fe
	Pb
	Cd
	Mg





	K
	0.48
	
	
	
	
	
	
	
	



	Cu
	0.01
	0.10
	
	
	
	
	
	
	



	Zn
	0.62 *
	0.78 **
	0.15
	
	
	
	
	
	



	Cr
	0.09
	0.73 **
	0.49
	0.67 *
	
	
	
	
	



	Fe
	0.08
	0.74 **
	0.60 *
	0.65 *
	0.97 ***
	
	
	
	



	Pb
	−0.16
	−0.39
	0.19
	−0.11
	−0.08
	−0.09
	
	
	



	Cd
	0.74 **
	0.35
	0.20
	0.56
	0.26
	0.19
	−0.01
	
	



	Mg
	0.20
	0.44
	−0.08
	0.70 *
	0.54
	0.46
	0.09
	0.12
	



	Mn
	0.43
	0.37
	0.46
	0.16
	0.32
	0.35
	−0.33
	0.50
	−0.40
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Table 7. R2X, R2Y and Q2 parameters reported for every OPLS-DA model performed on the single wild tetraploid wheat genotypes (three replicates for each of the two cultivation sites).
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	Genotype
	Model
	R2X
	R2Y
	Q2





	MG5323
	1 + 1 + 0
	0.66
	0.99
	0.94



	MG4343
	1 + 1 + 0
	0.82
	0.98
	0.93



	MG4330
	1 + 1 + 0
	0.81
	0.95
	0.85



	MG29896
	1 + 1 + 0
	0.74
	0.99
	0.82











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
site B

site A

O
O PY O
‘ m
O =
' . W - N
O
9
o P _ O
0 o. 00> % °
@ o 0% O ©
O @O@m@@ooo ©
0o ® & °° m "
@) ©) =
@ O ©
[L]o} . 9FSZ°L
A
° |
° -
% o
.M (4]
@ ® o g
e % i}
O

@)
@)
e
© @
Ole
O(C)D o
durum
1 0

[Lloy . 9L21L2'L

1.00237 * t[1]

1.00175 * t[1]





nav.xhtml


  sustainability-11-00736


  
    		
      sustainability-11-00736
    


  




  





media/file2.png
ppm

ppm

5*103

4*10°

3*103

2*10°

103

6*10%

5*104

4*10%

3*104

2*104

104

A B AB AB
Durum

Durum

a)

mCaA
mCaB
BKA
mKB
mMgA
B MgB

b)

WFeA
MFeB
EMnA
B MnB
WZnA
BZnB





media/file5.jpg
[L]o3 .« €06LL°L

Odurum
O wild

HA

1.00412 * t[1]





media/file3.jpg
stea ! ° siteB

. N ° .
Coe e el
o
| e, s te .
e o " B, o
) o 20,2 °
H (™) 0 .
i 8°F% o o308 [N
§' %8 de il wa o
. e &
L4 e
g
N . .
2 - o 1 2 3 4 s 1 2 3

100175 *w) 100237 + w1}





media/file9.png





media/file1.jpg
ppm

ppm

5%10°

4*10°

3*10°

2*10°

10°

610"

5*10°

4100

3*10°

2*100

10

AB AB AB
Durum

AB AB AB
Durum

AB AB AB
Wild

mcaA
mcab
KA
KB
mMgA
mMgB

b)

mFeA
mFeB
EMnA
mMnB
mznA
mznB





media/file7.jpg
a)

b)

2 o 2 i

00453+ 1)





media/file0.png





media/file8.png
1
N

1.11008 * to[1]

A @site A
@ 8- O site B

1.15827 * to[1]
N o
O
0%
O
@
O

4

4

-6 -

-8 -

-6 -

-8 -

b)





media/file6.png
[L]o3 « €06LL°L

A

TIA

O durum
O wild

1.00412 * t[1]





