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Abstract

:

Olive oil is an essential part of the so-called “Mediterranean diet”, purportedly one of the healthiest gastronomic traditions in the world. The wax content in olive oil is regulated under European Union directives, and it is used as a purity parameter for extra-virgin and virgin olive oils. The wax profile may also help the characterization of monovarietal olive oils. In this study, monovarietal oils were extracted from the fruits of nine native Spanish olive varieties (‘Arbequina’, ‘Argudell’, ‘Empeltre’, ‘Farga’, ‘Manzanilla’, ‘Marfil’, ‘Morrut’, ‘Picual’ and ‘Sevillenca’), and their chemical and sensory attributes were determined. Total wax content in oil was cultivar-dependent and ranged widely between 26 (‘Manzanilla’) and 144 mg kg−1 (‘Arbequina’), while it was negligible in ‘Picual’ oil. The wax ester fraction was comprised largely of phytol-containing diterpene esters, with phytyl vaccinate and phytyl arachidate being the most common components of this non-polar fraction in all nine olive oils assessed. A direct relationship between phytyl esters and the sensory perception of “ripe fruit” notes was also observed.
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	(…) oleum saporis egregii, dum viride est, intra annum corrumpitur.



	Lucius Iunius Moderatus, a.k.a. Columella



	De re rustica (Book V)






1. Introduction


Olive (Olea europaea L.) oil is one of the key products characterizing the Mediterranean diet and displays matchless characteristics as a food fat regarding organoleptic, chemical and health-promoting attributes. High contents of monounsaturated fatty acids and the presence of phenolic acids reportedly confer olive oil valuable antioxidant and anti-cancer properties, as well as protective activity against heart diseases, osteoporosis and cognitive impairment [1,2,3]. The European Union (EU) is the main olive- and olive oil-producing area in the world and has established official standards and analytical methods for the classification of olive oils according to their physical, chemical and sensory characteristics [4]. According to EU regulations, the acidity of extra-virgin olive oil should not exceed 0.8% and the total wax content should be below 150 mg kg−1. For peroxide value, K232 and K270, which are used as indicators of oxidative processes, the legal limits are 20 mEq O2 kg−1, 2.50 and 0.22, respectively. As for sensory attributes, the official requirements include freedom from defects and the presence of fruity notes.



Epidermal cells of fruits and other aerial, non-lignified plant organs produce and secrete cuticular waxes, an important component of the cuticle surrounding and protecting the organ. Cuticular waxes comprise a mixture of aliphatic very-long-chain fatty acid (VLCFA) derivatives and variable amounts of triterpenoids and phenylpropanoids [5]. During the mechanical extraction of olive oil, a part of cuticular waxes from the intact fruit may be transferred into the oil in small quantities, which might affect some quality and purity characteristics of the product. For example, cuticular waxes in olive fruit are particularly rich in triterpenoid acids, with relative percentages over total waxes ranging from 58% to roughly 81% [6], contingent upon cultivar and maturity stage [7]. The presence of particular compounds in olive oil could provide information on the cultivar and extraction method employed and, thus, be helpful as a tool to authenticate oil origin [8,9]. Similarly, leaf admixture in extra-virgin olive oils may lead to significantly different n-alkane profiles in comparison with oils free from leaf material [10], as n-alkanes present in olive leaves display higher average chain lengths (ACLs) than those in fruits [10,11]. Moreover, when oil is extracted in an organic solvent such as n-hexane, wax esters contained in the olive paste are transferred in high quantities to the product [12], and hence, wax ester contents will be higher in crude pomace olive oil than in virgin olive oils. Additional pre- and post-harvest factors that may impact wax concentration in olive oil include maturity stage of the fruit, environmental conditions, harvesting period or centrifuge procedures during oil extraction [13]. The amount of waxes in olive oil will also depend on olive fruit integrity and will be higher in oil obtained from soft and degrading fruit tissues [14]. Accordingly, olive oils of inferior quality contain more waxes than high-quality oils; wax content in extra-virgin olive oil should not exceed 150 mg kg−1 [4], while that in refined or lampante oils ranges from 300 to 350 mg kg−1. Consequently, it is possible to detect frauds in extra-virgin and virgin olive oils—for example, adulterations with lower-quality oils such as refined olive pomace oil or cheaper vegetable oils [15,16]. Wax ester content is, hence, a helpful indicator of the purity and high quality of olive oils, such as cold-pressed extra-virgin olive oil [17].



Wax esters found in olive oil are generally long, straight-chain fatty alcohols esterified with fatty acids, but wax esters containing a phytol (a diterpenic alcohol) group have been reported, and the C40 wax ester has been shown to contain phytyl behenate [18]. More recent research confirmed that although phytyl esters dominated the wax ester fraction in olive oil, these could be accompanied by variable amounts of geranylgeraniol esters [14]. A few previous studies have analyzed the wax esters in monovarietal olive oils from different Spanish and Italian cultivars [19,20,21]. In the present study, wax ester profile was determined in monovarietal olive oils obtained from nine different cultivars (‘Arbequina’, ‘Argudell’, ‘Empeltre’, ‘Farga’, ‘Manzanilla’, ‘Marfil’, ‘Morrut’, ‘Picual’ and ‘Sevillenca’). ‘Marfil’ is the only white-skinned olive cultivar in Spain, while the rest were chosen on the basis of their importance in the producing area. The chemical and sensory attributes of the oil samples were also determined.




2. Materials and Methods


2.1. Plant Material and Oil Extraction


Monovarietal olive oils were obtained mechanically from defect-free fruits of nine native Spanish varieties (‘Arbequina’, ‘Argudell’, ‘Empeltre’, ‘Farga’, ‘Manzanilla’, ‘Marfil’, ‘Morrut’, ‘Picual’ and ‘Sevillenca’), harvested on 3 December 2018 at the IRTA-Mas Bové experimental orchard in Constantí (41°09′ N, 1°12′ E; altitude 100 m), within the geographical area covered by the Protected Designation of Origin “Siurana”. The annual rainfall in 2018 was 310 mm, and the trees were supplied with drip irrigation. Fertilization and cultural practices were as usual in the surrounding producing area. Maturity indices at harvest (50 olives per cultivar) were determined visually according to skin and flesh color on a 0–7 scale according to standard procedures [22], and results were expressed as the weighted average of the 50 fruits within each sample. Oil was extracted immediately after harvest with an Abencor® system (MC2 Ingeniería y Sistemas, S.L., Seville, Spain), which involves mechanical extraction in a hammer mill, followed by mixing of the paste under controlled temperature to increase oil extraction efficiency and then by centrifuging to eventually separate the oil from water and solid residues. The olive oils were stored at 4 °C for 4 months in the dark until analysis. Acidity, peroxide values, K232 and K270 indices, wax esters and sensory profiles were determined in the oil samples according to official methods as briefly described below [4].




2.2. Chemical Characterization


All procedures were carried out in triplicate. For the determination of free fatty acid content, samples (5 g) of olive oil were dissolved in 50 mL diethyl ether and 95% ethanol (1:1, v/v) and titrated with ethanolic potassium hydroxide (0.1 mol L−1 KOH in 95% ethanol). Acidity was expressed as the percentage of oleic acid.



For the analysis of peroxide value, oil samples (2 g) were mixed with 10 mL chloroform, 15 mL acetic acid and 1 mL saturated potassium iodide and allowed to react for 5 min in the dark at room temperature. Distilled water (75 mL) was then added, and free iodine titrated with 0.01 N sodium thiosulphate. Results were given as milliequivalents (mEq) active oxygen kg−1 oil.



Specific extinction coefficients of oil oxidation products (K232 and K270) were determined by UV spectrophotometry (JenwayTM 6715 series, Cole-Palmer©, Stone, Staffordshire, UK) on filtered samples (0.1 and 0.2 g, respectively) dissolved in 25 and 10 mL cyclohexane, respectively.



Oxidative stability was also assessed through the Rancimat method, an accelerated aging test measuring the increase in conductivity of deionized water (60 mL) as a consequence of the absorption of volatile secondary compounds produced in the course of fatty acid oxidation. Oil samples (3 g) were loaded onto the Rancimat equipment (743 Rancimat, Metrohm AG, Switzerland) at 120 °C and with a 20-mL min−1 air flow rate. Stability data were expressed as hours.




2.3. Wax Ester Profiles


For the analysis of wax contents, olive oil samples (500 mg) were added to 2 mL n-hexane and lauryl arachidate as the internal standard. The mixture was pre-purified through a silica gel column and eluted with n-hexane/ethyl ether (99:1, v/v). The percolated sample (180 mL) was evaporated completely under vacuum, resuspended in 2 mL n-heptane and injected (1 µL) for subsequent analysis of total wax contents in a gas chromatograph equipped with a flame ionization detector (GC-FID) (Agilent 7890N, Santa Clara, CA, USA) and a capillary column (ZB–1HT, 15 m × 0.32 mm × 0.25 µm; ZebronTM Phenomenex Inc., Torrance, CA, USA). The chromatographic conditions were adapted from the official method: the oven program was initially set at 80 °C, and this temperature was raised by 30 °C min−1 to 250 °C, then by 5 °C min−1 to 340 °C, and was then held for 15 min at this final temperature. Helium was used as the carrier gas at a flow rate of 4 mL min−1. The injector and detector were held at 80 and 340 °C, respectively. Total wax contents were expressed as mg kg−1 oil, and the reported data represent the average of three replicates.



The identification of individual wax compounds was carried out in a gas chromatography–mass spectrometry (GC-MS) system coupled with a quadrupole mass selective detector (Agilent 5973N, Santa Clara, CA, USA). The capillary column and the chromatographic conditions were the same as in the GC-FID analyses. The mass spectra obtained from samples were compared with those from a mass spectral library (NIST 11 MS, Gaithersburg, MD, USA). The concentration of each detected ester was given as mg kg−1 oil.




2.4. Sensory Analysis


The sensory analysis was carried out by the Official Tasting Panel of Virgin Olive Oils of Catalonia (Panell de Tast Oficial d’Olis Verges d’Oliva de Catalunya), according to European Union Standard Methods [4]. This panel is accredited under ISO 17025 and is recognized by the International Olive Oil Council. Each oil sample was analyzed by eight tasters who scored the official sensory descriptors using a 10-cm scale anchored on zero. In addition, the presence of secondary sensory attributes and defects was determined by the percentage of panelists able to perceive each odor note using an open generic profile [23,24]. Finally, the median intensities of sensory attributes were used for the calculation of the global sensory score on a 0–9 scale (0, very bad quality; 9, highest quality) with an algorithm developed by IRTA [23]. Global scores facilitate the comparison of the sensory quality of different samples. As a reference, global sensory scores for olive oils within the extra-virgin category should be at least 6.5 points.




2.5. Statistical Analysis


Sensory attribute scores were expressed as the median. The rest of the data were submitted to analysis of variance, with cultivar as the factor. Means were calculated and compared with the Fisher’s least significant difference (LSD) test (p ≤ 0.05) using the JMP® Pro 14 software (SAS version 9.4, Cary, NC, USA). Finally, principal component analysis (PCA) was used to help visualize possible relations among the parameters. The Unscrambler software, version 9.1.2 (CAMO ASA, Oslo, Norway), was used to develop PCA models. Data were centered and weighed by the inverse of the standard deviation of each variable in order to avoid dependence on measuring units, and full cross-validation was run as a validation procedure.





3. Results and Discussion


3.1. Physicochemical and Organoleptic Quality Characteristics


The physicochemical parameters of all nine monovarietal olive oils assessed are shown in Table 1. The nine olive cultivars used for oil extraction display different ripening patterns [25], with ‘Manzanilla’, ‘Empeltre’ and ‘Sevillenca’ being the earliest varieties to attain maturity, whereas the rest of cultivars ripen later.



In contrast, ‘Marfil’ olives were still quite green when harvested in early December and just beginning to turn white, this being the only white-skinned olive cultivar in Spain. These differences in ripening patterns were reflected in the different maturity indices found in each case at the picking date (Table 1). In all cases, oil was extracted at once after harvest, hence limiting fermentative and oxidative processes. Based on the analytical parameters considered herein, all the monovarietal oils studied could be classified as extra-virgin olive oils according to European Union regulations [4], with the exception of ‘Sevillenca’ oil due to its high acidity values (1.6%) exceeding the regulated limit (0.8%). On this basis, ‘Sevillenca’ oil had to be classified as virgin olive oil, for which the maximum acidity value is higher (2.0%). This agrees with the “fusty” defect detected by the panelists, possibly contributing to the low global sensory score of ‘Sevillenca’ oil in comparison to the rest of the monovarietal oils evaluated (Table 2). On the contrary, ‘Arbequina’ and ‘Picual’ oils contained the lowest acidity (0.14%).



Peroxide values ranged from 2.56 (‘Morrut’ oil) to 9.40 (‘Argudell’ oil) mEq O2 kg−1. As regards the K232 index, ‘Marfil’ and ‘Manzanilla’ oils were statistically different in comparison with the rest and showed the highest (2.12) and the lowest (1.53) values, respectively. Peroxide value and K232 are indicators of primary oxidation in olive oil, consisting in the addition of oxygen to fatty acids at the double bond position to form peroxides, and thus, these data confirm the good quality of the oils considered in the present study. This fact was corroborated by the K270 values, which ranged within values below the legal limit (from 0.06 in ‘Empeltre’ to 0.13 in ‘Marfil’ and ‘Picual’ oils) and hence illustrated the absence of secondary oxidation, which would produce volatile compounds affecting oil taste and off-flavor, in accordance with the lack of rancidity found during sensory analyses. The wide range of values observed for each parameter, together with previous reports for other cultivars [26,27], suggests these attributes be largely cultivar-specific.



Oxidative stability showed considerable variation across all nine monovarietal oils considered and ranged widely from 4.43 (‘Sevillenca’) to 33.24 h (‘Picual’). These data might be related to the content of phenolics, which enhance oxidative stability [28], and in which olive oil from ‘Picual’ is particularly rich [29] while that from ‘Sevillenca’ is reportedly not [30]. Accordingly, ‘Manzanilla’ and ‘Marfil’ oils also showed high stability against oxidation (22.11 and 17.45 h, respectively) in agreement with previous reports on high phenolic levels in oils obtained from these varieties [31,32]. The rest of the olive oils analyzed had similar oxidative stability values (roughly 8.50 h). Although total phenolics in oil samples were not assessed in this study, data obtained in previous producing seasons for oils extracted from the same cultivars at the same experimental orchard (Supplementary Table S1) support a relationship between higher contents of total phenolics and superior oxidative stability (Table 1).



The analysis of sensory attributes indicated the lowest fruitiness scores for ‘Sevillenca’ virgin olive oil, together with a “fusty” defect (some tasters reported “winy” as well). Extra-virgin oils obtained from the rest of the varieties showed no sensory defects, which is an additional indicator of their high-quality character (Table 2, Figure 1). ‘Picual’, ‘Marfil’ and, to a lesser extent, ‘Manzanilla’ oils were perceived as particularly bitter and pungent (Table 2, Figure 1). It has been suggested that bitter and pungent sensations are highly correlated to the total content of phenolics [33,34,35]. This agrees with data obtained in preceding years at IRTA-Mas Bové, showing that ‘Marfil’ and ‘Picual’ oils also displayed the highest contents of total phenolics (Supplementary Table S1). ‘Picual’ and ‘Marfil’ oils also scored higher than the rest regarding fruity and green notes (Figure 1), while ‘Empeltre’ oil was, in contrast, one of the softest, as indicated by low bitterness (2.70) and pungency (3.25). For ‘Empeltre’, a relationship has been observed between low phenolic contents in oil and low scores (2 to 4) for fruitiness, bitterness and pungency [36], which results in a soft olive oil.




3.2. Wax Content and Wax Ester Profiles


Olive oil waxes are used as a purity parameter. For the determination of wax content in high-quality (extra-virgin or virgin) olive oils, and according to European Union olive oil regulation [4], only C42, C44 and C46 esters are considered. The wax content of all of the monovarietal olive oils studied herein was below the regulated limit, established at 150 mg kg−1 (Table 1). This is important, as the formation of wax esters continues during the shelf life of olive oils, and thus, the initial wax content has a significant impact on the subsequent evolution of the product. The results showed a wide range of wax content levels among the nine olive oils analyzed, suggesting that this parameter could be cultivar-dependent, as reported previously for Italian olive oils [20]. Only ‘Arbequina’ oil approached (144 mg kg−1) the maximum established value (Table 1), with the wax content being two- to fourfold higher than that in the rest of the samples. These data are in agreement with earlier observations by Aragón et al. [19] that monovarietal ‘Arbequina’ olive oil displayed one of the highest wax contents in comparison with oils obtained from other cultivars.



The typically small size of the ‘Arbequina’ fruit as compared with other genotypes suggests that the high wax content in oil extracted from this cultivar might have arisen from the larger fruit surface area relative to fruit volume, and indeed, a negative correlation (r = −0.74) was found in this work between wax content in oil and fruit weight (Figure 2). This trend, though, did not hold for all the studied cultivars, particularly for ‘Marfil’, which displayed low wax content in oil together with an average fruit weight below 2 g (Table 1). ‘Arbequina’ fruits also exhibit considerable cuticle and cuticular wax contents per surface area together with high cuticle thickness by the usual time when they are harvested for oil extraction [6]. For these reasons, legal regulation of wax content may prove controversial among olive oil producers and traders, as some genotypes may naturally display higher concentrations and thus easily reach values close to or above the legal limits.



The wax ester types identified in the olive oils were in the range of C36 to C44 (Table 3). In quantitative terms, C38 and C40 esters were prominent, whereas the concentrations of C36 and C44 esters were less important. For ‘Picual’ oil, though, C36, C42 and C44 esters were undetectable, consistent with the observation that the total wax content as defined by European Union regulations [4] was negligible in this oil (Table 1). This finding agrees with previous reports for monovarietal ‘Picual’ oil [8], showing that wax content was not high, even though in that work, low concentrations of C36, C42 and C44 esters could be identified and quantified. C46 esters are present in negligible quantities in extra-virgin and virgin olive oils [21], and accordingly, no C46 esters were detected in this work. The absence of C46 esters also could be attributed partially to their possible co-elution with sterol compounds, which would pose further difficulty in their identification. Indeed, the mass spectra retrieved in this work suggested that some signals detected at the last part of the chromatograms might correspond to sterol-type compounds (see Supplementary Figure S1 for an example).



GC-MS results revealed that the wax compounds identified in the non-polar fraction corresponded to diterpene esters composed of phytyl groups esterified to different fatty acids, including palmitic (16:0), stearic (18:0), vaccenic (18:1), arachidic (20:0), eicosenoic (20:1), behenic (22:0) and lignoceric (24:0) acids (Table 3). Low concentrations of geranylgeraniol esters, also diterpenic compounds, have been occasionally identified in olive oils [14,37], but none were detected in the present study, maybe in connection with the experimental difficulty of retrieving the mass spectra when compound concentration is very low [17]. Diterpenic esters are basically found in the pulp of the olive, and it has been suggested that the official methodology for the analysis of wax content as established by the European Union may cause them to elute together with cuticular wax esters [14]. Even so, no diterpenes were detected in the cuticular waxes of olive fruits [6]. Additionally, the olive oils analyzed in this work were extracted by mechanically crushing the fruits and then centrifuging the olive paste, and no solvents whatsoever were used for the extraction. The presence of phytyl fatty acid esters might be related to fruit ripening-associated chlorophyll degradation [38]. In agreement, phytyl fatty acid esters were detected in red and yellow, but not in green, bell pepper fruits [39], indicating that they accumulated mainly during fruit ripening.



In all the analyzed oil samples, phytyl vaccinate and phytyl arachidate dominated the wax ester fraction. Both compounds also stood out quantitatively among diterpene esters identified in monovarietal Kalamata olive oil [17]. ‘Arbequina’ oil displayed the highest phytyl vaccinate concentration (434.46 mg kg−1), in agreement with previous studies showing that this ester represented about 8–10% of total phytyl wax esters detected in oil from this cultivar [21]. The concentrations of phytyl vaccinate in the nine monovarietal olive oils considered herein amounted for as much as 21–38% of total phytyl esters. In ‘Picual’, this compound practically amounted to around 43%, although this percentage corresponded to a concentration of only 2.79 mg kg−1. The high content of phytyl vaccinate is noticeable, taking into account that oleic acid (18:1 Δ9), not vaccenic acid (18:1 Δtrans−11), is the most common 18:1 fatty acid component of olive oil triacylglycerols (around 70% and 3% in extra-virgin oil, respectively) [40]. Additionally, unsaturated fatty acids are common in triacylglycerols present in olive oil, but in contrast, a substantial percentage (47% to 68%) of fatty acid constituents of diterpene esters identified herein were saturated (Table 3). These data agree with previous reports [21] and suggest the presence of a dedicated biosynthetic pathway for these esters.



The data were used to characterize the oil samples by means of a PCA model, and the corresponding correlation loadings plot (Figure 2) shows that the two first principal components (PC1 and PC2) explained up to 77% of sample variability. Samples were separated mainly along PC1, which accounted alone for 58% of total variability. An interesting association was found between phytyl esters and the perception of “ripe fruit” notes in the sensory analysis. Phytyl ester content has been suggested as a feasible marker for the maturity stage of bell pepper fruits [39]. The PCA model also revealed that the sensory perceptions of bitterness, pungency and “fruity” and “green” notes were associated to oxidative stability and K270 and correlated negatively to the wax content and the perception of “ripe” notes. In contrast, acidity and primary oxidation indicators (peroxide value and K232) were apparently unrelated to wax ester content or the sensory perception of “sweet” and “ripe fruit” notes.





4. Conclusions


The bulk of results reported in this study illustrate the existence of cultivar-related differences in wax contents and profiles of monovarietal olive oils. The highest concentration of waxes was found for ‘Arbequina’ oil, which was at least twofold the amount observed for the rest of the monovarietal oils studied in this work, while, conversely, ‘Picual’ oil displayed the lowest wax contents. The data also show the relevance of phytyl esters as the main components of the wax ester fraction in extra-virgin and virgin olive oils and confirm vaccenic acid as a major fatty acid constituent thereof. In contrast, the data do not support the hypothesis that cuticular waxes may be transferred to the oil during mechanical extraction, as no relationship was found between wax profiles in olive oils and those in the fruit cuticle. On the basis of the data, diterpenic esters in extra-virgin and virgin olive oils appear a promising topic for future investigations, with a focus on improving the knowledge of the metabolic origins of phytol and of less common fatty acids. A wider range of cultivars and agronomic conditions should be considered for such future studies.








Supplementary Materials


The following are available online at https://www.mdpi.com/2077-0472/11/2/170/s1, Figure S1: GC-FID chromatogram from ‘Arbequina’ olive oil wax esters. Table S1: Average contents of total phenolics (TPC) in nine Spanish monovarietal oils (IRTA-Mas Bové experimental station, period 1993–1998).





Author Contributions


Conceptualization, C.D. and I.L.; methodology, C.D., A.R., M.P.R., J.G. and I.L.; writing—original draft preparation, C.D. and I.L.; supervision, I.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Plan Nacional de I+D, Ministry of Education and Science, Spain, grant number AGL2015-64235-R. Clara Diarte is the recipient of a predoctoral scholarship granted by the Universitat de Lleida.




Data Availability Statement


Data is contained within the article or supplementary material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Tripoli, E.; Gianmanco, M.; Di Majo, D.; Gianmanco, S.; La Guardia, M.; Crescimanno, M. The phenolic compounds of olive oil and human health. In Recent Advances in Olive Industry Special Seminars and Invited Lectures, Proceedings of the 2nd International Seminar Olivebioteq, Marsala, Mazara del Vallo, Italy, 5–10 November 2006; Campo: Mazara del Vallo, Italy, 2006; pp. 265–271. [Google Scholar]

	



Rodríguez-Morató, J.; Xicota, L.; Fitó, M.; Farré, M.; Dierssen, M.; de la Torre, R. Potential role of olive oil phenolic compounds in the prevention of neurodegenerative diseases. Molecules 2015, 20, 4655–4680. [Google Scholar] [CrossRef] [PubMed]

	



Condelli, N.; Caruso, M.C.; Galgano, D.; Russo, D.; Milella, L.; Favati, F. Prediction of the antioxidant activity of extra virgin olive oils produced in the Mediterranean area. Food Chem. 2015, 177, 233–239. [Google Scholar] [CrossRef] [PubMed]

	



EU. Commission Delegated Regulation (EU) No. 2015/1830 of 8 July 2015 amending Regulation (EEC) No. 2568/91 on the characteristics of olive oil and olive-residue oil and on the relevant methods of analysis. Off. J. Eur. Union 2015, L266, 9–13. [Google Scholar]

	



Kunst, L.; Samuels, A.L. Plant cuticles shine: Advances in wax biosynthesis and export. Curr. Opin. Plant Biol. 2009, 12, 721–727. [Google Scholar] [CrossRef]

	



Diarte, C.; Lai, P.; Huang, H.; Romero, A.; Casero, T.; Gatius, F.; Graell, J.; Medina, V.; East, A.; Riederer, M.; et al. Insights into olive fruit surface functions: A comparison of cuticular composition, water permeability, and surface topography in nine cultivars during maturation. Front. Plant Sci. 2019, 10, 1484. [Google Scholar] [CrossRef] [PubMed]

	



Vichi, S.; Cortés-Francisco, N.; Caixach, J.; Barrios, G.; Mateu, J.; Ninot, A.; Romero, A. Epicuticular wax developing olives (Olea europaea) is highly dependent upon culticar and fruit ripeness. J. Agric. Food Chem. 2016, 64, 5985–5994. [Google Scholar] [CrossRef] [PubMed]

	



Samaniego-Sánchez, C.; Quesada-Granados, J.J.; López-García de la Serrana, H.; López-Martínez, M.C. β-Carotene, squalene and waxes determined by chromatographic method in Picual extra virgin olive oil obtained by a new cold extraction system. J. Food Compos. Anal. 2010, 23, 671–676. [Google Scholar] [CrossRef]

	



Taticchi, A.; Selvaggini, R.; Esposto, S.; Sordini, B.; Veneziani, G.; Servili, M. Physicochemical characterization of virgin olive oil obtained using an ultrasound-assisted extraction at an industrial scale: Influence of olive maturity index and malaxation time. Food Chem. 2019, 289, 7–15. [Google Scholar] [CrossRef]

	



Mihailova, A.; Abbado, D.; Pedentchouk, N. Differences in n-alkane profiles between olives and olive leaves as potential indicators for the assessment of olive leaf presence in virgin olive oils. Eur. J. Lipid Sci. Technol. 2015, 117, 1480–1485. [Google Scholar] [CrossRef]

	



Huang, H.; Burghardt, M.; Schuster, A.C.; Leide, J.; Lara, I.; Riederer, M. Chemical composition and water permeability of fruit and leaf cuticles of Olea europaea L. J. Agric. Food Chem. 2017, 65, 8790–8797. [Google Scholar] [CrossRef]

	



Giuffrè, A.M. Wax ester variation in olive oils produced in Calabria (southern Italy) during olive ripening. J. Am. Oil Chem. Soc. 2014, 91, 1355–1366. [Google Scholar] [CrossRef]

	



Mele, M.A.; Islam, M.Z.; Kang, H.; Giuffrè, A.M. Pre-and post-harvest factors and their impact on oil composition and quality of olive fruit. Emir. J. Food Agric. 2018, 30, 592–603. [Google Scholar] [CrossRef]

	



Biedermann, M.; Bongartz, A. Fatty acid methyl and ethyl esters as well as wax esters for evaluating the quality of olive oils. Eur. Food Res. Technol. 2008, 228, 65–74. [Google Scholar] [CrossRef]

	



Grob, K.; Giuffrè, A.M.; Leuzzi, U.; Mincione, B. Recognition of adulterated oils by direct analysis of the minor components. Fat Sci. Technol. 1994, 96, 286–290. [Google Scholar] [CrossRef]

	



Hodaifa, G.; Martínez Nieto, L.; Lozano, J.L.; Sánchez, S. Changes of the wax content in mixture of olive oil as determined by gas chromatography with flame ionization detector. J. AOAC Int. 2012, 95, 1720–1724. [Google Scholar] [CrossRef]

	



Reiter, B.; Lorbeer, E. Analysis of the wax ester fraction of olive oil and sunflower oil by gas chromatography and gas chromatography-mass spectrometry. J. Am. Oil Chem. Soc. 2001, 78, 881–888. [Google Scholar] [CrossRef]

	



Mariani, C.; Venturi, S. Sulla struttura delle cere degli oli delle olive. Riv. Ital. Sostanze Grasse 2002, 79, 49–57. [Google Scholar]

	



Aragón, A.; Toledano, R.M.; Cortés, J.M.; Villén, J.; Vázquez, A. Wax ester composition of monovarietal olive oils from Designation of Origin (DO) “Campos de Hellin”. Food Chem. 2011, 129, 71–76. [Google Scholar] [CrossRef]

	



Giuffrè, A.M. Influence of harvest year and cultivar on wax composition of olive oils. Eur. J. Lipid Sci. Technol. 2013, 115, 549–555. [Google Scholar] [CrossRef]

	



Mariani, C.; Lucci, P.; Conte, L. Identification of phytyl vaccinate as a major component of wax ester fraction of extra virgin olive oil. Eur. J. Lipid Sci. Technol. 2018, 120, 1800154. [Google Scholar] [CrossRef]

	



Uceda, M.; Frías, L. Harvest dates. Evolution of the fruit of content, oil composition and oil quality. In Proceedings of the II Seminario Oleícola International, International Olive Council, Córdoba, Spain, 6–17 October 1975; pp. 125–130. [Google Scholar]

	



Romero, A.; Tous, J.; Guerrero, L. El análisis sensorial del aceite de oliva virgen. In Introducción al Análisis Sensorial de Los Alimentos; Sancho, J., Bota, E., de Castro, J., Eds.; Universitat de Barcelona: Barcelona, Spain, 1999; pp. 183–197. ISBN 8483380528. [Google Scholar]

	



Guerrero, L.; Romero-Aroca, A.; Tous, J. Importance of generalised procrustes analysis in sensory characterisation of virgin olive oil. Food Qual. Prefer. 2001, 12, 515–520. [Google Scholar] [CrossRef]

	



Tous, J.; Romero, A. Variedades del olivo: Con especial referencia a Cataluña; Fundació ‘La Caixa’ and AEDOS: Barcelona, Spain, 1993; ISBN 84-7664-376-4. [Google Scholar]

	



Bengana, M.; Bakhouche, A.; Lozano-Sánchez, J.; Amir, Y.; Youyou, A.; Segura-Carretero, A.; Fernández-Gutiérrez, A. Influence of olive ripeness on chemical properties and phenolic composition of Chemlal extra-virgin olive oil. Food Res. Inter. 2013, 54, 1868–1875. [Google Scholar] [CrossRef]

	



Alvarruiz, A.; Álvarez-Ortí, M.; Mateos, B.; Sena, E.; Pardo, J.E. Quality and composition of virgin olive oil from varieties grown in Castilla-La Mancha (Spain). J. Oleo Sci. 2015, 64, 1075–1082. [Google Scholar] [CrossRef] [PubMed]

	



Vázquez Roncero, A.; Janer del Valle, C.; Janer del Valle, M.L. Polifenoles naturales y estabilidad del aceite de oliva. Grasas y Aceites 1975, 26, 14–18. [Google Scholar]

	



García, A.; Brenes, M.; García, P.; Romero, C.; Garrido, A. Phenolic content of commercial olive oils. Eur. Food Res. Technol. 2003, 216, 520–725. [Google Scholar] [CrossRef]

	



Vichi, S.; Tres, A.; Quintanilla-Casa, B.; Bustamante, J.; Guardiola, F.; Martí, E.; Hermoso, J.F.; Ninot, A.; Romero, A. Catalan virgin olive oil protected designations of origin: Physicochemical and major sensory attributes. Eur. J. Lipid Sci. Technol. 2019, 121, 1800130. [Google Scholar] [CrossRef]

	



Alowaiesh, B.; Singh, Z.; Fang, Z.; Kailis, S.G. Harvest time impacts the fatty acid compositions, phenolic compounds and sensory attributes of Frantoio and Manzanilla olive oil. Sci. Hortic. 2018, 234, 74–80. [Google Scholar] [CrossRef]

	



Ninot, A.; Howad, W.; Romero, A. Les varietats catalanes d’olivera. In Quaderns Agraris; Institució Catalana d’Estudis Agraris: Barcelona, Spain, 2019; Volume 46, pp. 7–36. [Google Scholar] [CrossRef]

	



Morelló, J.R.; Romero, M.P.; Motilva, M.J. Effect of the maturation process of olive fruit on the phenolic fraction of drupes and oils from Arbequina, Farga and Morrut cultivars. J. Agric. Food Chem. 2004, 52, 6002–6009. [Google Scholar] [CrossRef]

	



Servili, M.; Selvaggini, R.; Esposto, S.; Taticchi, A.; Montedoro, G.F.; Morozzi, G. Health and sensory properties of virgin olive oil hydrophilic phenols: Agronomic and technological aspect of production that affect their occurence in the oil. J. Chromatogr. A 2004, 1054, 113–127. [Google Scholar] [CrossRef]

	



Baldioli, M.; Servili, M.; Perreti, G.; Montedoro, G.F. Antioxidant activity of tocopherols and phenolic compounds of virgin olive oil. J. Am. Oil Chem. Soc. 1996, 73, 1589–1593. [Google Scholar] [CrossRef]

	



Abenoza, M.; Raso, J.; Oria, R.; Sánchez-Gimeno, A.C. Modulating the bitterness of Empeltre olive oil by partitioning polyphenols between oil and water phases: Effect on quality and shelf life. Food Sci. Technol. Int. 2018, 25, 47–55. [Google Scholar] [CrossRef] [PubMed]

	



Mariani, C.; Cesa, S.; Ingallina, C.; Mannina, L. Identification of tetrahydrogeraniol and dihydrogeranylgeraniol in extra virgin olive oil. Grasas y Aceites 2018, 69, e263. [Google Scholar] [CrossRef]

	



Krauβ, S.; Vetter, W. Phytol and phytyl fatty acid esters: Occurrence, concentration, and relevance. Eur. J. Lipid Sci. Technol. 2018, 120, 1700387. [Google Scholar] [CrossRef]

	



Krauβ, S.; Hammann, S.; Vetter, W. Phytyl fatty acid esters in pulp of bell pepper (Capsicum annuum). J. Agric. Food Chem. 2016, 64, 6306–6311. [Google Scholar] [CrossRef]

	



Rotondo, A.; La Torre, G.L.; Dugo, G.; Cicero, N.; Santini, A.; Salvo, A. Oleic acid is not the only fatty ester in olive oil. Foods 2020, 9, 384. [Google Scholar] [CrossRef] [PubMed]








[image: Agriculture 11 00170 g001 550] 





Figure 1. Radar chart of sensory parameters of nine monovarietal olive oils. Sensory attributes were scored on a 10-cm scale (chart center, 0; outer heptagon, 10). Values represent the median of eight trained panelists from an official panel (Panell de Tast Oficial d’Olis Verges d’Oliva de Catalunya). 
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Figure 2. Correlation loadings plot of PC1 vs. PC2 corresponding to a Principal Component Analysis (PCA) model for chemical and sensory parameters assessed in nine monovarietal olive oils. * Abbreviations: Phy-C16:0, phytyl palmitate; Phy-C18:0; phytyl stearate; Phy-C18:1, phytyl vaccinate; Phy-C20:0, phytyl arachidate; Phy-C20:1, phytyl eicosenate; Phy-C22:0, phytyl behenate; Phy-C24:0, phytyl lignocerate. 
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Table 1. Weight and maturity index of olives used for oil extraction and chemical characteristics of monovarietal oils studied.
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Cultivar

	
Weight (g)

	
Maturity Index

	
Acidity

(% Oleic Acid)

	
Peroxide Value

(mEq O2 kg−1)

	
K232 Index

	
K270 Index

	
Oxidative

Stability (h)

	
Wax Content 1

(mg kg−1)






	
‘Arbequina’

	
1.69

	
2.4

	
0.14

	
h

	
6.89

	
d

	
1.68

	
c

	
0.07

	
f

	
8.53

	
d

	
143.97

	
a




	
‘Argudell’

	
3.10

	
3.2

	
0.16

	
g

	
9.40

	
a

	
1.94

	
b

	
0.11

	
c

	
8.34

	
d

	
51.20

	
c




	
‘Empeltre’

	
1.41

	
5.0

	
0.64

	
b

	
3.76

	
h

	
1.81

	
bc

	
0.06

	
g

	
8.27

	
d

	
65.95

	
b




	
‘Farga’

	
2.20

	
3.6

	
0.21

	
e

	
5.52

	
f

	
1.67

	
c

	
0.08

	
e

	
8.53

	
d

	
60.04

	
bc




	
‘Manzanilla’

	
5.79

	
6.4

	
0.51

	
c

	
4.44

	
g

	
1.53

	
d

	
0.10

	
d

	
22.11

	
b

	
25.85

	
d




	
‘Marfil’

	
1.98

	
1.9

	
0.18

	
f

	
7.35

	
c

	
2.12

	
a

	
0.13

	
a

	
17.45

	
c

	
35.30

	
d




	
‘Morrut’

	
2.98

	
3.1

	
0.45

	
d

	
2.57

	
i

	
1.68

	
c

	
0.08

	
e

	
8.45

	
d

	
68.77

	
b




	
‘Picual’

	
3.61

	
2.3

	
0.14

	
h

	
8.89

	
b

	
1.70

	
c

	
0.13

	
a

	
33.24

	
a

	
nd

	




	
‘Sevillenca’

	
4.04

	
4.7

	
1.60

	
a

	
5.74

	
e

	
1.81

	
bc

	
0.12

	
b

	
4.43

	
e

	
67.87

	
b








Maturity index (0–7) values represent the weighted average of 50 fruits per cultivar [22]. Weight was determined jointly for 50 olives per cultivar, and values were divided by 50 to obtain the average weight per fruit. Values for the rest of the parameters represent means of three technical replicates (nd, non-detectable). Different letters within each column denote significant differences among the different monovarietal olive oils at p ≤ 0.05 (Fisher’s LSD test). 1 Wax content data comprise C42, C44 and C46 aliphatic compounds uniquely (European Union regulation [4]).
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Table 2. Sensory attributes of nine Spanish monovarietal olive oils.
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	Cultivar
	Fruity
	Bitter
	Pungent
	Global Sensory Score





	 ‘Arbequina’
	4.40
	2.55
	3.40
	6.6



	 ‘Argudell’
	4.65
	3.15
	3.60
	7.0



	 ‘Empeltre’
	4.10
	2.70
	3.25
	6.7



	 ‘Farga’
	5.05
	2.85
	3.80
	6.8



	 ‘Manzanilla’
	4.30
	4.05
	4.45
	6.5



	 ‘Marfil’
	5.75
	4.70
	5.15
	7.6



	 ‘Morrut’
	4.35
	3.45
	3.90
	7.0



	 ‘Picual’
	6.15
	5.20
	5.15
	7.4



	 ‘Sevillenca’
	3.75
	3.45
	4.30
	6.1







Sensory attributes were scored on a 10-cm scale. Global sensory scores were calculated from sensory data on a 0–9 scale (0, very bad quality; 9, highest quality) as described in [23]. Values represent the median of eight trained panelists from an official panel (Panell de Tast Oficial d’Olis Verges d’Oliva de Catalunya).
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Table 3. Wax compound 1 types (mg kg−1) identified in nine Spanish monovarietal olive oils.
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‘Arbequina’

	
‘Argudell’

	
‘Empeltre’

	
‘Farga’

	
‘Manzanilla’

	
‘Marfil’

	
‘Morrut’

	
‘Picual’

	
‘Sevillenca’






	
 Ester C36

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Phy-C16:0

	
61.09

	
a

	
18.73

	
b

	
15.78

	
b

	
10.82

	
c

	
4.38

	
d

	
19.25

	
b

	
8.54

	
c

	
nd

	

	
7.88

	
cd




	
 Ester C38

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Phy-C18:0

	
92.95

	
a

	
22.79

	
bc

	
27.09

	
b

	
19.28

	
c

	
13.83

	
d

	
22.46

	
bc

	
23.64

	
bc

	
1.51

	
e

	
20.76

	
c




	
Phy-C18:1

	
434.46

	
a

	
117.99

	
b

	
132.96

	
b

	
86.97

	
c

	
32.01

	
de

	
125.59

	
b

	
65.96

	
c

	
2.79

	
e

	
56.24

	
cd




	
 Ester C40

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Phy-C20:0

	
307.84

	
a

	
95.43

	
b

	
95.63

	
b

	
79.31

	
c

	
32.33

	
d

	
77.00

	
c

	
79.40

	
c

	
2.21

	
e

	
86.08

	
bc




	
Phy-C20:1

	
150.46

	
a

	
45.78

	
bc

	
42.96

	
bc

	
37.18

	
cd

	
8.26

	
e

	
48.77

	
b

	
29.04

	
d

	
nd

	

	
29.06

	
d




	
 Ester C42

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Phy-C22:0

	
117.05

	
a

	
40.09

	
b

	
48.15

	
b

	
40.51

	
b

	
11.94

	
d

	
26.59

	
c

	
45.22

	
b

	
nd

	

	
46.96

	
b




	
 Ester C44

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	




	
Phy-C24:0

	
26.92

	
a

	
11.11

	
d

	
17.87

	
c

	
19.53

	
c

	
7.29

	
e

	
8.71

	
de

	
23.55

	
b

	
nd

	

	
20.90

	
bc








Values represent means of three technical replicates (nd, non-detectable). Different letters within each row denote significant differences among the different monovarietal olive oils at p ≤ 0.05 (LSD test). 1 Abbreviations: Phy-C16:0, phytyl palmitate; Phy-C18:0; phytyl stearate; Phy-C18:1, phytyl vaccinate; Phy-C20:0, phytyl arachidate; Phy-C20:1, phytyl eicosenate; Phy-C22:0, phytyl behenate; Phy-C24:0, phytyl lignocerate.
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