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Abstract

:

Late-season varieties of mandarin (Citrus reticulata Blanco) have a high economic value, so their study, characterization, and comparison among different commercial varieties is of great interest for agriculture. Detailed metabolomic analysis of mandarin leaves can provide valuable information on agronomic characteristics, vegetative development, and tree response to abiotic and biotic stresses. In this study, an analysis of the main metabolites presents in the leaves of three late-season mandarin orange varieties (‘Afourer’, ‘Orri’ and ‘Tango’), cultivated under homogeneous conditions, was carried out using nuclear magnetic resonance (1H NMR) and multivariate statistical analysis techniques. The results show that organic acids and sugars are the metabolites with the highest presence in mandarin leaves, especially malate and sucrose. Ten amino acids and other metabolites such as choline and trigonelline were also detected. Metabolites such as asparagine and isoleucine were widely implicated in the metabolic pathways of the detected compounds. The ‘Orri’ variety showed significantly more differences in metabolite concentrations compared to the other two varieties studied. Malate and sucrose were shown to be the metabolites with the greatest significant differences between the varieties compared. From an agronomic point of view, the ‘Orri’ variety differs from the other two varieties because it has concentrations of metabolites that provide good resistance to abiotic and biotic stresses and fruits of higher quality and sweetness.
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1. Introduction


Mandarins (Citrus reticulata Blanco) are one of the most economically important citrus fruits in terms of tons produced and exported in the world [1]. A large number of mandarin varieties and hybrids are cultivated, which have very different agronomic, morphological, and biochemical properties [2]. Late-season mandarin varieties are characterized by a high economic value due to the small number of varieties that are harvested in the winter season and the high production of these varieties [3]. Some of the most outstanding late-season mandarin varieties that can be found in the market today are ‘Afourer’, ‘Orri’, and ‘Tango’.



In terms of production extension, it is estimated that there are 3 million trees of the ‘Afourer’ variety cultivated in Spain with the breeder’s permission [according to unpublished data provided by Agrupación de Viveristas de Agrios S.A. (AVASA)]. Regarding the ‘Orri’ variety, the number of trees that can be cultivated in Spain is limited to 1.3 million and with the condition that this variety cannot be commercialized outside the European Union (according to unpublished data provided by AVASA). As for the ‘Tango’ variety, for the moment, there is no limitation on the size of the plantation and, although there is no information available on the number of trees grown in Spain, it is known that the cultivation of this variety has experienced growth (according to unpublished data provided by AVASA).



Regarding the origins of the variety ‘Afourer’, also known as ‘Nadorcott’, it was first cultivated in Morocco in 1988; it’s the origin of this variety could have occurred from the hybridization of the variety ‘Murcott’, which is also known as ‘Nadorcott’ [Citrus reticulata Blanco × Citrus sinensis (L.) Osbeck] [4]. On the other hand, the ‘Orri’ variety is derived from irradiated cultivars of the ‘Orah’ variety (Citrus temple hort. ex Y. Tanaka) × (Citrus tangerina hort. ex Tanaka) in Israel [5]. The ‘Tango’ mandarin variety was developed at the University of California from hybridization via irradiation of the “Murcott” variety [6].



Previous studies of the fruits of the ‘Afourer’ variety indicate that it has a larger size and weight and a greater orange color if we compare them with ‘Orri’ and ‘Tango’ varieties [3]. Regarding the fruits of the ‘Orri’ variety, previous studies have identified that these are characterized by having a higher amount of juice and sugars than the other two varieties; in addition, it was identified that the main organic acid was malic acid and not citric acid as is usually common [3]. Finally, ‘Tango’ showed morphological and biochemical characteristics, very similar to the ‘Afourer’ variety [3].



Although few studies have been conducted on these varieties, they have also focused on showing the high quality and remarkable nutritional benefits of the mandarin fruit [7,8,9]. However, studies focused on other plant tissues, such as mandarin leaves, are much more limited. Leaves can provide us with information on their agronomic characteristics and their response mechanisms to different abiotic and biotic stresses [10,11]. Therefore, knowledge of these characteristics is of vital importance, since they are very important varieties and for which there are no previous publications that metabolomically analyze their leaves.



Metabolomic analysis techniques have improved significantly in recent years due to recent advances in more powerful and accurate instrumentation, as well as significant improvements in data processing and computational capacity [12,13]. Improvements in data analysis and statistical analysis techniques allow the results obtained to be analyzed and processed more efficiently, leading to a better understanding of the observed results [14]. Nuclear magnetic resonance is now a very powerful and accurate technique for the identification and quantification of primary and secondary metabolites in plant tissues [13,15]. Nuclear magnetic resonance is currently used in a large number of studies to accurately determine the metabolites present in fresh samples of any plant tissue [12,16,17,18,19].



The objective of this study is to determine and compare the metabolites present in the leaves of the three most important commercial late-season mandarin varieties (‘Afourer’, ‘Orri’, and ‘Tango’) in the Spanish market, under homogeneous growing conditions. Metabolite analysis was performed using nuclear magnetic resonance (1H NMR) and the results obtained were analyzed via multivariate data analysis.




2. Materials and Methods


2.1. Plant Material and Experimental Design


For this study on leaf metabolomics, the leaves of three late-season varieties of mandarin trees were used (Citrus reticulata Blanco)—’Afourer’, ‘Orri’, and ‘Tango’—cultivated on Citrus macrophylla rootstock. In a previous study, mandarins from these same trees were morphologically and biochemically characterized, showing their quality and good growing conditions [3]. All varieties were placed in homogeneous growing conditions, cultivated on plateaus, with a planting frame of 5.5 × 4 m; all trees were 12 years old, with an average height of 376 cm (‘Afourer’), 336 cm (‘Orri’), and 254 cm (‘Tango’), as well as a cup diameter of 316 cm (‘Afourer’), 350 cm (‘Orri’), and 216 cm (‘Tango’). The commercial plots where the varieties were grown are located in the southeast of Spain, in the municipality of Torre-Pacheco (Murcia, Spain, 37°46′11.2″ N 1°01′07.4″ W). The region in which the study was conducted is characterized by a semi-arid climate, with high inter-annual variability in rainfall and long periods of drought with short episodes of very intense torrential rainfall [20]. The average agrometeorological conditions recorded during the last 10 years in the study area were as follows: temperature of 18.43 ± 0.15 °C, humidity of 68.90 ± 0.92%, wind speed of 2.01 ± 0.03 m/s, rainfall of 330.07 ± 44.26 mm, and evapotranspiration of 1283.63 ± 20.38 mm [21].



These mandarin trees were grown following cultivation practices aimed at their commercialization both nationally and internationally. The irrigation system used is a drip irrigation system; each tree had 4 L/h drippers (four drippers per tree), which provided the ferti-irrigation needs. The water consumption in the plots where these mandarin trees were grown was between 5500 and 6000 m3/ha/year. Fertilization comprised between 180 and 200 units of NPK, 100 units of P2O5, and 50 units of K2O per year. The irrigation and fertilizer doses were based on those used by local citrus growers, adapted to the needs of the crop, and continuously monitored using substrate probes and periodic foliar analysis to ensure optimal agrometeorological conditions. The trees were pruned annually and phytosanitary products were applied according to the needs and the appearance of different pests in the crop.



A total of 25 adult leaves of each mandarin variety were collected in triplicate, taking 5 leaves for each orientation (north, south, east, and west), from 5 trees at random (different trees for each replicate), in the 5 × 5 m plot. The leaves collected presented a correct development, highlighting the absence of nutritional deficiencies as well as diseases or pests. The leaves had an average length with leafstalks of 107.94 cm, 123.18 cm, and 102.09 cm; an average leaf width of 46.30, 41.73, and 42.37 cm; and an average leaf surface of 36.20, 34.30, and 30.32 cm2 for ‘Afourer’, ‘Orri’, and ‘Tango’, respectively. The samples were quickly taken to the laboratory, to avoid their degradation, where they were cleaned with abundant distilled water to remove possible traces of dust, soil, and other elements. Then, all leaf samples were cut into homogeneous pieces and immediately frozen using liquid nitrogen. Once the samples were frozen, they were stored at −80 °C in propylene containers until lyophilization. The samples were freeze-dried (Christ Alpha 2-4 LSCplus, Martin Christ, Osterode am Harz, Germany) for 48 h. The samples were then ground (TSM6A013, Taurus, Oliana, Spain) and sieved to a fine homogeneous powder that was stored in 2 mL tubes at −20 °C until metabolomic analysis was performed.




2.2. Metabolomics Analysis of Leaves by 1H NMR


Metabolomic analysis was performed in triplicate via nuclear magnetic resonance (1H NMR) following the methodology described by Van der Sar et al. [22] and Melgarejo et al. [17]. A total of 0.5 mg of freeze-dried leaf sample was mixed with a hydromethanolic mixture (1:1, MeOH:H2O). The samples were then sonicated for 30 min, centrifuged at 11,000 rpm for 20 min, and the supernatant was extracted. It was then subjected to speed-vacuum until all the liquid phase was evaporated; the solid obtained was resuspended in 800 μL of potassium phosphate buffer together with 0.58 mM TPS. Finally, 600 μL of the sample was taken for quantitative analysis via 1H NMR (Ascend NMR Magnet 500 MHz, Bruker, Billerica, MA, USA). Subsequently, the identification and quantification of all detected metabolites were performed by integrating the peaks of the spectra obtained directly from the MNR (see Figure S1 in Supplementary Materials). For this purpose, chemical shifts obtained from an internal database of amino acids, organic acids, sugars, and other metabolites were used (Table 1).




2.3. Statistical Analysis


A one-factor analysis of variance (ANOVA) was performed using the Statgraphics centurion 18 (StatPoint Technologies, Chicago, IL, USA), and Tukey’s HSD test (p ≤ 0.05) was applied for the contrast and separation of means. For the multivariate statistical analysis, MetaboAnalyst 5.0, an open-source JavaServer Faces Technology (Wishart Research Group, University of Alberta, Edmonton, AB, Canada), was employed. So, Principal Component Analysis (PCA), Partial Least Squares-Discriminant Analysis (PLSD-DA) and its Variable Importance in Projection (VIP), Significance Analysis of Microarray (SAM), hierarchical clustering heatmap, and Debiased Sparse Partial Correlation (DSPC) were calculated following the methodology described by Melgarejo et al. [23]. These statistical analyses are among the most effective for metabolomic studies in plants [24,25]. ANOVA with Tukey’s test allows us to see the variances between the means of each sample with high statistical precision. The PCA allows us to visualize the variances between the metabolites of the samples in a graph of small dimensions. Using the PLSD-DA, we can easily see which metabolites vary the most between samples. The hierarchical clustering heatmap allows easier graphical visualization due to a color scale within which metabolites are in higher concentrations in all samples. The SAM is similar to the previous one, but, in this analysis, the color scale shows the metabolites that are more differentiated among the samples. Finally, the DSPC is one of the most powerful tools in metabolomic analysis, since it allows us to see graphically and with great quality what the correlation is between all the detected metabolites and how strong this correlation is.





3. Results and Discussion


The main metabolites identified via nuclear magnetic resonance of mandarin leaves were amino acids, organic acids, and sugars (Table 2). First, significant differences were observed between the number of amino acids present in the leaves of the different varieties (Table 2). Ten different amino acids were identified in the leaves of the ‘Afourer’ and ‘Tango’ varieties and nine in the ‘Orri’ variety; asparagine was not detected in the latter. The most abundant amino acid in all samples analyzed was proline. In addition, five amino acids were identified in the leaves: citrate, formic, fumarate, malate, and quinate. Malate was the major organic acid in the varieties ‘Afourer’ and ‘Tango’, while quinate was the major organic acid in ‘Orri’. On the other hand, four sugars were detected: sucrose, glucose, myo-inositol, and maltose. The main sugar detected in all samples was sucrose, followed by glucose and myo-inositol; maltose was also detected in smaller amounts. Other metabolites detected were choline and trigonelline.



A quantitative analysis of the different metabolites present in leaves of the three varieties studied (‘Afourer’, ‘Orri’, and ‘Tango’) provides a highly accurate characterization and comparison of the samples studied. The analysis of the metabolites provides valuable information on the agronomic characteristics, vegetative development, and resistance to abiotic and biotic stresses of mandarin trees [10,11]. Therefore, from an agronomic point of view, the results obtained can be interpreted as follows.



With the presence of proline as the main amino acid, choline, and trinonieline, the three varieties are widely adapted to cultivation in areas with high abiotic stresses of drought and salinity [26,27,28]. Such stresses include those found in the southeast of the Iberian Peninsula or, more generally, in the Mediterranean basin, areas where a large part of the world’s mandarin production is found [1]. The choice of a variety with greater resistance to abiotic factors is of great interest to growers because, in the scenario of climate change that we are facing, the cultivation of more resistant mandarins will save cultivation costs and ensure higher yields. Regarding this aspect, the cultivation of the varieties ‘Tango’ and ‘Orri’ could be of greater interest due to their ability to withstand abiotic stress due to the higher concentrations of GABA and isoleucine, respectively [29,30].



In parallel, it is also important for farmers’ crops to have resistance to biotic stresses, such as insect pests, which cause additional costs in pesticide treatment or loss of production. In this sense, the ‘Orri’ variety would be of great interest, since its higher concentrations of quinate and isoleucine give it greater protection against pests than the other two varieties [30]. Although, it should be noted that the variety ‘Afourer’ would also be of great interest due to its higher concentration of malate, a compound also involved in the protection against pests [31].



Vegetative development is another important factor to consider from an agronomic point of view. Greater growth of the trees will allow growers to have mature plantations sooner and, thus, achieve higher yields as soon as possible. In this respect, we highlight the ‘Afourer’ variety for its higher concentrations of asparagine, a metabolite closely linked to vegetative growth [32]. In comparison, the ‘Tango’ variety has lower concentrations; in the ‘Orri’ variety, it is not even detectable.



Finally, the final quality of the fruit is fundamental to citrus growers. The tastier and sweeter varieties will be more appreciated in the market, which will allow the growers to obtain greater economic profitability. According to the results obtained, the ‘Orri’ variety will stand out for its greater sweetness, since a much higher amount of sucrose and glucose was detected in the leaves than in the other two varieties, which correlates with the sugar that will be present in the fruit [33,34].



With this in mind, the results of the various statistical analyses used are analyzed and discussed in more detail below.



3.1. Analysis of Variance by ANOVA


3.1.1. Amino Acids


The most abundant amino acid in the three varieties was proline (Table 2), a metabolite closely related to citrus fruit ripening and responses to biotic and abiotic stresses [26,35]. Other amino acids also found in high concentrations were tyrosine, GABA, and aspartate.



However, of all the amino acids detected, there were only significant differences in four of them (GABA, asparagine, aspartate, and isoleucine). A significantly higher concentration of GABA was observed in the leaves of the ‘Tango’ variety, with up to 53% more of this amino acid than in the other two varieties. The presence of this amino acid in greater quantities provides us with information on the response of this variety to climatic conditions, influencing the response of the plants to drought [24,36]. This is of great interest due to the fact that plantations of this citrus are usually carried out in areas commonly affected by drought, such as southeastern Spain. In the same way, this amino acid provides us with information on the final quality of mandarins, since GABA concentrations in leaves are closely related to the conversion of citric acid Into sugars during the fruit ripening process [33].



On the other hand, the leaves of the ‘Afourer’ variety contain 28% more asparagine than those of the ‘Tango’ variety, while this amino acid was not detected in the ‘Orri’ variety. Asparagine is a metabolite that plays a crucial role in various plant biochemical processes [32]. In adult plant leaves, it primarily participates in the uptake and mobilization of inorganic nitrogen during plant growth, flowering, and senescence. Additionally, it facilitates the mobilization of nitrogen to the seeds of fruits [32]. A higher concentration of this amino acid in the leaves implies a higher mobilization of nitrogen, which contributes to higher vegetative growth of the tree [32,37,38]. The absence of this amino acid in the ‘Orri’ variety could be due to the fact that it had not been metabolized at the time of sampling, since precursors of this metabolite were detected, such as aspartate [37].



The ‘Tango’ variety also had 64% more aspartate. The function of this amino acid in plants is to form new amino acids such as lysine, threonine, isoleucine, methionine, and glycine to increase the efficiency of the Krebs cycle and, consequently, to intervene in the vegetative growth of plants [32,39,40]. This would indicate that the ‘Tango’ variety has less vegetative growth than the other two varieties studied [32,40].



On the other hand, the variety ‘Orri’ presented up to twice the amount of isoleucine than the rest of the varieties analyzed. The presence of isoleucine in the leaves is related to the biosynthesis of jasmonate, a compound involved in the physiological response of the leaves (stomata opening and closing) to biotic and abiotic stresses [30].



No significant differences were observed in the remaining amino acids detected in the samples of the three varieties, which showed values within the expected range for citrus fruits [18].




3.1.2. Organic Acids


Malate and quinate were the most abundant acids in all samples and showed significant differences between varieties (Table 2). The concentration of malate detected was up to 43% higher in the ‘Afourer’ variety than in the other two varieties. The presence of malate in plants contributes to a wide variety of metabolic processes affecting plant growth and development; it is one of the main compounds involved in photorespiration and is closely related to the mobilization of nitrogen and phosphorus within plants [41,42,43]. Some studies have shown that a higher amount of malic acid in leaves reduces the attack of some lepidopteran pests such as Helicoverpa armígera (Surekha Devi et al. [31] quoting Narayanamma et al. [44] and Yoshida et al. [45]).



Quinate is present in a significantly higher concentration in the ‘Orri’ variety, being its most important organic acid. Quinate is related to plant resistance to biotic stress, being a precursor of several organic acids that contribute to the protection of leaves against insect attack (Carrington et al. [46], quoting Leiss et al. [47]). In addition, this metabolite is involved in the metabolic pathways of Shikimate, which are essential in the biosynthesis of aromatic amino acids such as tyrosine or tryptophan in plants [46,48].




3.1.3. Sugars


As highlighted above, the main sugar detected in all samples was sucrose, followed by glucose and myo-inositol; maltose was also detected in smaller amounts (Table 2). This is in contrast to other studies conducted on lemon tree leaves, which show that maltose is one of the major sugars in lemon tree leaves [17].



Choline is a biomolecule synthesized by plants whose main function is usually to be the precursor of betaine, a compound linked to the response of plants to biotic and abiotic stresses [49]. Sucrose was significantly more present in the ‘Orri’ and ‘Tango’ varieties than in the ‘Afourer’ variety. Sucrose, the most abundant disaccharide in mandarins, is the main energy supplier for these plants, crucial for their metabolism and development [50]. The presence of this sugar is of great importance for the final quality of the fruit, since during the ripening process sucrose is mobilized from the leaves to the fruit, providing a large part of the characteristic sweet taste. [33,34,47,50].



On the other hand, the ‘Orri’ variety showed up to 2.3 times more glucose than the other two varieties studied. A higher concentration of glucose is also associated with a higher amount of sugar in the fruit and, therefore, higher sweetness [51]. A previous study carried out on the fruit of these three mandarin varieties shows that the fruit of the ‘Orri’ variety has a higher sugar content [3].




3.1.4. Other Metabolites


The concentrations of choline were significantly different among the three varieties, being higher in the leaves of the ‘Orri’ variety, followed by the ‘Afourer’ variety, and lower in the ‘Tango’ variety. The presence of trigonelline in the ‘Afourer’ and ‘Tango’ samples reached twice the concentration of the ‘Orri’ variety (Table 2).



On the other hand, trigolienin is a plant alkaloid that acts as an osmolyte and accumulates in plants under biotic and abiotic stress conditions [52]. Studies show that these two metabolites are involved in pathways related to the response of plants to salt stress [27,28,53]. This is noteworthy for agriculture because salinity stress in Mediterranean regions, caused mainly by frequent droughts and low irrigation water quality, is one of the main problems for citrus crops [54]. The problem of salinity is usually solved by choosing rootstocks better adapted to abiotic stresses [55,56]. However, this study shows how the choice of variety is also of great importance, since we observed significant differences in several of the metabolites present and involved in the response to stress, even when using the same rootstock (Citrus macrophylla).





3.2. Principal Component Analysis and Partial Least Squares-Discriminant Analysis


PCA (Principal Component Analysis) is a multivariate analysis method that allows us to visualize the data in smaller dimensions through a graphical representation, helping us to identify the variances and variations among the samples of the study [57]. The PCA of our study (Figure 1) shows that Component 1 represents 79.7% of the total variance among varieties, while Component 2 represents 19.3% of the total variability.



Using PLS-DA (Partial Least Squares-Discriminant Analysis) regression, the VIP (Variable Importance in Projection) was estimated, which shows us which metabolites are significant and differentiating among the three mandarin varieties [58,59]. The results (Figure 2) show that only malate, proline, and sucrose were the metabolites that had a VIP greater than 1, so these compounds had the highest significant differences among the three varieties.




3.3. Hierarchical Clustering Heatmap


On the other hand, the hierarchical clustering heatmap shows visually with a color scale the relative concentrations of each of the detected metabolites [60]. The heatmap (Figure 3) showed that the ‘Orri’ variety was characterized by higher amounts of the metabolites choline, quinate, and formate acids, as well as the sugar glucose and the amino acids threonine, alanine, or isoleucine. The ‘Afourer’ variety was characterized by a higher concentration of malate and citrate acids, maltose sugar, and the amino acids asparagine and tyrosine. The ‘Tango’ variety was characterized by higher concentrations of the amino acids GABA, aspartate, and proline.




3.4. Significance Analysis of Microarray


Significance Analysis of Microarray (SAM) provides us with information on which metabolites have the greatest significant difference among all the samples analyzed [61]. SAM and cluster analysis (Figure 4) of our results show that malate and quinate to a greater extent and sucrose and proline to a lesser extent were the metabolites with the highest significance. Through the cluster, we also found that the varieties ‘Afourer’ and ‘Tango’ are more correlated with each other than the variety ‘Orri’, which is mainly due to the fact that the variety ‘Tango’ was obtained from the hybridization of the variety ‘Afourer’ [6].




3.5. Deviated Scattered Partial Correlation


Analysis of the metabolic pathways was carried out by applying the Deviated Scattered Partial Correlation (DSPC) algorithm to the results obtained in 1H NMR. This algorithm was formulated by Janková and van de Geer [58] using graphical loop modeling. This analysis allows us to graphically identify the correlation between different metabolites present in the leaf samples to be analyzed [62]. The graphical model (Figure 5) represents the metabolites in a weighted node network, where the partial correlation coefficients and p-values of each pair of metabolites that are correlated by metabolic pathways are represented. Two nodes joined by a red line represent a positive relationship, while those joined by a blue line represent a negative relationship.



The analysis of the metabolic pathways carried out on the mandarin varieties under study using the DSPC algorithm shows that asparagine has a grade 10 and an interrelation of 29.73, which shows that it is an important metabolite, as it is involved in many of the metabolic pathways of the rest of the detected compounds. Asparagine is positively related to trigonelline, malate, quinate, and citrate and negatively related to fumarate, valine, glucose, choline, isoleucine, and threonine. This amino acid in plants is involved in several metabolic pathways related to the process of photorespiration, in addition to being the main reservoir and transporter of nitrogen from the roots to the leaves [32,63].



Isoleucine also had an important presence in the metabolomic interrelationships with an interrelationship of 34.63 and a grade of 9. Most of its relationships were positive (leucine, alanine, threonine, asparagine, valine, and glucose), with only three being negative (malate, citrate, and quinate). Isoleucine is involved in the Krebs cycle, which implies that a higher amount of this compound is related to a lower amount of malate and citrate, while it is directly related to glucose [64].



Valine and glucose play direct and indirect roles in the Krebs cycle, which directly relates them to the synthesis and degradation of a wide variety of amino acids, acids, and sugars [65,66]. Quinate, on the other hand, is mainly involved in metabolic pathways for the synthesis of aromatic amino acids [46].





4. Conclusions


In this study, a metabolomic analysis of the leaves of three late-season mandarin varieties (‘Afourer’, ‘Orri’, and ‘Tango’) grown under homogeneous conditions on Citrus macrophylla rootstock was performed to characterize the metabolites present in the leaves of these mandarins and the differences between varieties. The most abundant metabolites found were organic acids and sugars, mainly malate, quinate, and sucrose. Ten amino acids were also identified in the leaves of these mandarins, with proline, tyrosine, and GABA standing out in terms of concentration, as well as other metabolites such as choline and trigonieline. Correlation analysis showed that asparagine and isoleucine were involved in many of the pathways of the other metabolites detected. The multivariate statistical analysis performed clearly shows that there are significant differences between the concentrations of metabolites present in the three varieties studied, especially in compounds such as malate, quinate, and sucrose. In summary, the results show that the ‘Orri’ variety has a more differentiated metabolomic profile compared to the other varieties studied. This indicates differentiated vegetative growth, different adaptation to different biotic and abiotic stresses (mainly pests and salt stress), and a direct correlation with the final quality of mandarins. Therefore, from an agronomic point of view, the variety ‘Afourer’ stands out from the other two varieties due to its greater vegetative growth. The variety ‘Tango’ stands out for its greater resistance to abiotic stress. But, above all, the variety ‘Orri’ stands out from the other two varieties because, although it has a lower vegetative growth than the other two varieties, it has a good resistance to both abiotic and biotic stresses and its fruits tend to be sweeter and of higher quality.
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Figure 1. Principal Component Analysis (PCA) graph of three late-season mandarin varieties (1. ‘Afourer’; 2. ‘Orri’; 3. ‘Tango’). 
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Figure 2. Partial Least Squares-Discriminant Analysis (PLS-DA), graphically represented using a Variable Importance in Projection (VIP) plot, of the metabolites detected in the leaves of three late-season mandarin varieties (1. ‘Afourer’; 2. ‘Orri’; 3. ‘Tango’). The red color represents a higher concentration of a certain metabolite. 






Figure 2. Partial Least Squares-Discriminant Analysis (PLS-DA), graphically represented using a Variable Importance in Projection (VIP) plot, of the metabolites detected in the leaves of three late-season mandarin varieties (1. ‘Afourer’; 2. ‘Orri’; 3. ‘Tango’). The red color represents a higher concentration of a certain metabolite.



[image: Horticulturae 10 00359 g002]







[image: Horticulturae 10 00359 g003] 





Figure 3. Hierarchical clustering heatmap of metabolites detected in the leaves of three late-season mandarin orange varieties (1. ‘Afourer’; 2. ‘Orri’; 3. ‘Tango’). The red color represents a higher relative concentration of a given metabolite. 
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Figure 4. Significance Analysis of Microarray (SAM) of metabolites detected in leaves of three late-season mandarin varieties (1. ‘Afourer’; 2. ‘Orri’; 3. ‘Tango’). The red color represents a higher significance of a given metabolite. 
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Figure 5. Correlation network formed using the Debiased Sparse Partial Correlation (DSPC) algorithm of the metabolites detected via 1H NMR in the leaves of three late-season mandarin varieties (‘Afourer’, ‘Orri’, and ‘Tango’). Red lines represent positive relationships, while blue lines represent negative relationships. The size of the nodes shows the direction of change. The color of the lines is adjusted to a p-value < 0.05 and the false discovery rate (FDR) is adjusted to a p-value < 0.2. 
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Table 1. 1H NMR chemical shifts identified in the samples of the three mandarin varieties.
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Types of Compounds

	
Compounds

	
Chemical Shift (ppm) 1






	
Amino acids

	
GABA

	
2.3 (t)




	
Alanine

	
1.46 (d)




	
Asparagine

	
2.94 (dd)




	
Aspartate

	
2.81 (dd)




	
Isoleucine

	
0.98 (d)




	
Leucine

	
0.95 (t)




	
Proline

	
2.0 (m)




	
Threonine

	
1.3 (d)




	
Tyrosine

	
6.9 (d)




	
Valine

	
1.0 (d)




	
Organic acids

	
Citrate

	
2.69 (d)




	
Formate

	
8.43 (s)




	
Fumarate

	
6.53 (s)




	
Malate

	
2.7 (d)




	
Quinate

	
1.7 (dd)




	
Sugars

	
Glucose

	
5.2 (d)




	
Maltose

	
5.44 (d)




	
myo-inostol

	
3.3 (t)




	
Sucrose

	
5.4 (d)




	
Other metabolites

	
Choline

	
3.2 (s)




	
Trigonelline

	
9.1 (s)








1 Where the letter represents the multiplicity: s, singlet; d, doublet; t, triplet; dd, double of doublets; m, multiplet. Confidence level of 95%.













 





Table 2. Metabolite concentration (mM) in the leaves of three late-season mandarins varieties grown under homogeneous conditions. Values are expressed as mean ± SE (n = 3).
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Types of Compounds

	
Compounds

	
‘Afourer’

	
‘Orri’

	
‘Tango’






	
Amino acids

	
GABA

	
0.58 ± 0.01 a

	
0.62 ± 0.03 a

	
0.89 ± 0.03 b




	
Alanine

	
0.11 ± 0.01 a

	
0.21 ± 0.06 a

	
0.16 ± 0.01 a




	
Asparagine

	
0.09 ± 0 b

	
ND

	
0.07 ± 0 a




	
Aspartate

	
0.3 ± 0.02 a

	
0.28 ± 0.02 a

	
0.46 ± 0 b




	
Isoleucine

	
0.03 ± 0 a

	
0.06 ± 0 b

	
0.04 ± 0 a




	
Leucine

	
0.03 ± 0.01 a

	
0.12 ± 0.04 a

	
0.11 ± 0 a




	
Proline

	
5.26 ± 0.05 a

	
5.01 ± 0.65 a

	
6.39 ± 0.05 a




	
Threonine

	
0.06 ± 0.01 a

	
0.09 ± 0.02 a

	
0.07 ± 0.01 a




	
Tyrosine

	
1.67 ± 0.04 a

	
1.65 ± 0.01 a

	
1.66 ± 0.06 a




	
Valine

	
0.04 ± 0 a

	
0.08 ± 0.01 a

	
0.04 ± 0.02 a




	
Organic acids

	
Citrate

	
1 ± 0.15 a

	
0.72 ± 0.09 a

	
0.91 ± 0.02 a




	
Formate

	
0.02 ± 0 a

	
0.03 ± 0.01 a

	
0.02 ± 0 a




	
Fumarate

	
0.08 ± 0.01 a

	
0.09 ± 0.02 a

	
0.09 ± 0.01 a




	
Malate

	
15.46 ± 0.05 c

	
10.8 ± 0.04 a

	
12.51 ± 0.38 b




	
Quinate

	
9.34 ± 0.05 a

	
17.28 ± 1.01 b

	
8.72 ± 0.29 a




	
Sugars

	
Glucose

	
1.57 ± 0.02 a

	
3.33 ± 0.16 b

	
1.45 ± 0.15 a




	
Maltose

	
0.29 ± 0.06 a

	
0.23 ± 0 a

	
0.16 ± 0.02 a




	
myo-inostol

	
1.09 ± 0.01 a

	
1.17 ± 0.03 a

	
1.25 ± 0.24 a




	
Sucrose

	
8.26 ± 0.13 a

	
9.02 ± 0.11 b

	
9.35 ± 0.12 b




	
Other meta