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Abstract

:

The production of extra virgin olive oil (EVOO) in Brazil developed quite recently, and information on commercial Brazilian EVOO’s typical features is very scarce. In just one of the previously published works on Brazilian olive oil, the assessed samples were commercially available. In this study, a comprehensive characterization of EVOO samples acquired at local stores (at Rio de Janeiro and Rio Grande do Sul, from the two most prevalent cultivars, Arbequina and Koroneiki) was carried out considering the most relevant quality parameters, antioxidant capacity, oxidative stability, total phenolic content, fatty acid composition, and minor component metabolic profiling. The latter included: (1) the determination of individual phenolic compounds (belonging to four diverse chemical classes) and triterpenic acids by means of a powerful multi-class reversed-phase LC-MS method; (2) the quantitative profiling of tocopherols, phytosterols, and pigments by normal-phase LC-DAD/fluorescence; and (3) the quantitative appraisal of the volatile pattern of the oils by solid-phase microextraction (SPME)-gas chromatography (GC)-MS. By applying these methods, the concentrations of approximately 70 minor compounds were determined in commercial EVOOs from Brazil. To the best of our knowledge, the content of a very large number of phenolic compounds of those determined in the current report (mainly secoiridoids), the three triterpenic acids (maslinic, betulinic, and oleanolic acids), and the individual chlorophyll derivatives had not been previously evaluated in Brazilian EVOOs. The present work provides a broad picture of the compositional profile and other parameters of relevance of selected commercial Brazilian EVOOs available on local markets, describing their typicity and most particular features, some of which are known to have potential impacts on consumers’ health.
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1. Introduction


Extra virgin olive oil (EVOO) is a well-known source of oleic acid and bioactive compounds, presenting a high potential for offering health benefits [1]. These health benefits are associated with the composition of EVOO, which is highly correlated with the olives growing region, edaphoclimatic conditions, cultivar, and ripening stage of the olives, among other factors, such as production technologies and storage conditions [2,3,4]. Therefore, EVOO from tropical and sub-tropical areas, such as Brazil, might present different chemical composition and a distinct metabolic profile in comparison with EVOO from traditional production areas [5].



Brazil is one of the world’s largest importers of olive oil, only behind the United States of America. From the 2019/20 harvest (from October 2019 to April 2020), Brazil imported more than 66,000 tons of olive oil, which is a quantity 20% higher than that of the previous harvest year [6], showing the impending relevance of the olive oil market in the country. The production of EVOO has recently emerged in Brazil, with the first batches being produced in 2008 in the Mantiqueira mountain range [7], and the first commercial EVOO reaching the market in the early 2010s.



Information on the Brazilian production of EVOO is still inconsistent and global data are not easily available, but it shows a rising tendency, with only 10,000 L of olive oil being produced in the 2013/14 harvest year, 25,000 L in 2014/15, 30,000 L in 2015/16, 105,000 L in 2016/17, 58,000 in 2017/18 (production dropped due to an adverse climate), 160,000 L in 2018/19 and, 230,000 L in the 2019/20 harvest year [8,9,10,11,12,13,14]. Up until the first semester of 2020, 77 brands of olive oil had been registered in Brazil [14], but many of these brands are sold exclusively, directly by producers or in specialized stores, limiting the availability to a restricted consumers’ market.



Currently, EVOO is produced in the South of Brazil, in the state of Rio Grande do Sul, in addition to the Mantiqueira mountain range in the country’s Southeast, in the states of Minas Gerais and São Paulo. However, climate conditions in Brazil vary considerably from the tropical North, to the sub-tropical Southeast and the temperate South. Therefore, the chemical profile in Brazilian EVOO deserves to be assessed.



Interesting studies evaluating the composition of EVOOs from Brazil have been published [7,15,16,17,18,19,20,21,22], but they are still scarce (Table S1). The first published work on the composition of virgin olive oil (VOO) produced in Brazil [7] reported the phenolic compounds (four substances), tocopherols (α-, β-, and γ-), and fatty acid composition of 17 monovarietal VOOs produced from olives farmed in the Southeast region. Later, the same group focused on characterizing the phenolic fraction (19 compounds) of twenty-five non-commercial oils from eight varieties and from three different Brazilian states by LC-MS [15]. Borges and co-workers carried out the characterization of two Arbequina VOOs produced in different regions of Brazil (Minas Gerais and Rio Grande do Sul states) and nine from Spain; they first established the physicochemical properties, oxidative stability, and fatty acid profile of the selected oils [16] and, in a following paper, evaluated the minor bioactive constituents (coenzyme Q10, tocopherols, and phenolic compounds (six phenols)) in the same oils [17]. In the same year (2017), Bruscatto et al. [18] assessed the chemical composition of four non-commercial oils produced in Southern Brazil from Arbequina, Coratina, Frantoio, and Koroneiki cultivars, determining four quality parameters, tocopherols, the total phenolic contents (spectrophotometrically), carotenoids, and chlorophylls, as well as the oxidative stability. The sensory characterization of 12 Brazilian commercial VOOs, besides the determination of other chemical parameters, was the major contribution of a complete work authored by Zago et al. [19]. Rodrigues et al. [20] tested the quality of olive oils from Southeastern Brazil (from eight cultivars), also focusing on the volatile composition and sensory characteristics of the VOOs. Very recently, one sample from each of the six different cultivars from the 2017 and 2018 harvests cultivated in Rio Grande do Sul were assessed, taking into account the quality parameters and fatty acid composition, as well as several bioactive constituents (total content of carotenoids and chlorophylls, tocopherols, and phenolic compounds (19 phenolic substances)) [21]. Topics such as the storage effects on Brazilian monovarietal EVOO have only been addressed once, by analyzing 24 experimental samples (from six varieties) from Minas Gerais [22].



The previously cited papers include stimulating and rigorous studies, but they have left gaps that deserve to be addressed. For example, in only one of the published works, the samples were commercially available, which is an important feature for giving a picture of the VOOs that are available for consumers, and therefore, that could impact consumers’ health. Additionally, the contents of very significant minor components in Brazilian EVOO have not been previously determined, and data on some secoiridoids, triterpenic acids, and individual chlorophyll derivatives are missing. Finally, a comprehensive and extensive metabolic profile of minor components has not been previously determined, which could help to improve the current information on possible biomarkers of commercial EVOOs produced in Brazil.



Minor components in VOO are comprised of phenolic and triterpenic compounds, tocopherols, sterols, volatile compounds, and pigments (chlorophylls and carotenoids), among others. The importance of some of these minor components is irrefutable; these substances can be used for the appraisal of VOO quality, purity, authenticity, and typicity [23], and they are linked to the oil’s shelf-life, sensory attributes, and several of its health-promoting effects [24]. Their determination has traditionally been intricate due to their heterogeneity and relatively low concentrations, but the development of multi-class methods has recently generated great expectations [25,26,27], as they can clearly increase the analytical throughput, providing data on a great number of substances within a single analysis.



The growing production and the emergence of new EVOO producers and brands in Brazil require a comprehensive characterization of commercial EVOOs. Therefore, the aim of the current study was to combine the use of traditional and cutting-edge methodologies for evaluating the quality parameters, antioxidant capacity, oxidative stability, total phenolic content, fatty acid composition, and metabolic profiling of minor components of ten representative Brazilian EVOOs from prevailing areas of production and cultivars. They were compared with Spanish oils from consolidated producers, as EVOOs from Spain are commonly found in Brazilian stores and represent a reference of what is commercially available for consumers in Brazil. The use of complementary liquid chromatography methodologies, i.e., reversed phase (RP)-LC-MS and normal phase (NP)-LC with diode array (DAD) and fluorescence (FLD) detectors, enhanced the coverage of the analytical determinations, providing data on individual phenolic compounds, triterpenic acids, tocopherols, phytosterols, and pigments. The overall description of the compositional profile of the oils was completed by using solid-phase microextraction (SPME)-GC-MS to determine volatiles and other methods to obtain information about additional quality features of the evaluated samples.




2. Results and Discussion


2.1. Quality Parameters, p-Anisidine Value, Antioxidant Capacity, Oxidative Stability Index, and Total Phenolic Content


EVOOs from Brazil (regardless of the cultivar) presented free acidity values, peroxide values, and specific extinction coefficients (K232 and K270) within the limits established by the International Olive Council (IOC) and the Brazilian Normative Instruction for Olive Oil and Pomace Olive Oil [28,29], with a few exceptions (Table 1). Samples from cv. Arbequina (Southeast B and Catalonia I) presented K232 higher than 2.50, not qualifying for EVOO or VOO categories, possibly due to the adoption of bad practices of extraction, conservation, or import times and conditions (in the case of the Spanish sample). Additionally, the p-anisidine value of most samples (except for Koroneiki oil from the South of Brazil, brand G) was below the maximum levels suggested by Skiera and co-workers [30]. Brazilian EVOOs showed quality parameters similar to those of Spanish samples and fulfilled the IOC requirements for the tested parameters in practically all of the cases. The antioxidant capacity did not show major differences among samples, presenting values ranging from 2.27 to 3.29 mmol of Trolox equivalent/kg. Koroneiki EVOOs were 2.8- and 2.2-fold more stable than Brazilian and Spanish Arbequina ones, respectively (Table 1: One-way ANOVA followed by Tukey’s post-hoc test, p ≤ 0.05). A higher oxidative stability index (OSI; h) of Koroneiki EVOOs when compared to Arbequina oils has previously been reported [18,31,32], confirming the olive cultivar influence on the oxidative stability of EVOOs.



The total phenolic content (TPC) showed a similar behavior, although the differences between Brazilian Koroneiki EVOOs and Spanish Arbequina EVOOs were of a lower magnitude (Table 1: One-way ANOVA followed by Tukey’s post-hoc test, p ≤ 0.05). As expected, the oxidative stability of EVOOs was strongly correlated with TPC (r = 0.8190, p < 0.05; Pearson’s correlation). As in the Rancimat® method lipid oxidation is accelerated, samples presenting higher contents of antioxidants such as phenolic compounds are more likely to show longer induction times.



Additionally, cv. Koroneiki samples from the Southeast of Brazil, where growing fields are located at higher altitudes, presented longer induction times and higher TPC, when compared to samples from olives cultivated in the South of Brazil. Similar behavior has already been described by other authors, who reported correlations of higher TPC in olives cultivated at higher altitudes for Brazilian and Spanish [17] and Tunisian EVOOs [4]. This observation may be explained by the fact that olives grown at higher altitudes generally exhibit slower rates of maturation, thus delaying the effects of ripening on decreasing the contents of natural antioxidants, including phenolic compounds [33].




2.2. Fatty Acid Composition in EVOO Samples


Fatty acid profiles were determined by GC with a flame ionization detector (FID) and were quite consistent in all of the samples, exhibiting the expected values for EVOO, especially concerning the oleic acid content [28,29]. Koroneiki EVOOs displayed a higher monounsaturated to polyunsaturated ratio (M:Pratio) than Arbequina EVOOs, regardless of the country of production (Table 2), as previously observed in EVOOs from Tunisia [32,34]. The olive cultivar has been reported as one of the main factors influencing the fatty acid profile, together with the stage of maturation, geographical location, and climate [2,3]. These data highlight the interesting nutritional properties of cv. Koroneiki EVOOs, as the relatively high M:Pratio is indicative of a high-quality dietary lipid source with potential health benefits related to the prevention of chronic diseases, such as diabetes and cardiovascular disease [35,36].




2.3. Minor Components


Minor components were comprehensively evaluated in the commercial EVOO samples under study by means of three methods: RP-LC-MS was used to determine the most polar EVOO fraction; NP-LC-DAD/FLD was used to study less polar metabolites; and SPME-GC-MS was employed to assess the EVOO volatile and semi-volatile profile. In total, 62 minor components were identified and quantified in EVOO by two complementary LC methods and eight volatiles were determined by GC. In other words, the contents of 70 substances were established, as follows: Phenolic compounds (simple phenols, phenolic acids, and related compounds (ten); secoiridoids and derivatives (twenty-seven); flavonoids (four); and lignans (three)); triterpenic compounds (three); free fatty acids (three); tocopherols (four); pigments (six); phytosterols (two); and eight compounds from the volatile fraction. In the coming sections, the quantitative results achieved by using each analytical platform will be discussed.



2.3.1. Phenolic Compounds, Pentacyclic Triterpenes, and Free Fatty Acids


Overall, in the present study, secoiridoids were the most prevalent sub-class of phenolic compounds, followed by lignans, simple phenols and similar substances, and flavonoids (Table S2a), which is in accordance with previous reports [37].



Before discussing the quantitative results and for the sake of clarity, it should be mentioned that the direct comparison of our outcomes with other findings previously published in the literature must be treated with caution because of two main factors: (i) Many of the compounds evaluated in the current study have not been assessed by previous works on Brazilian oils, and (ii) whenever commercial standards were unavailable, quantitative analysis was based on the calibration curves of analogous substances. Therefore, there is a chance that, in each work, different analogous compounds were used for calibration, rendering different responses. In those cases, the quantification is relative, so comparisons should be cautiously made. Total secoiridoids contents were between 14.5 and 33.4 mg/kg (quantified based on the oleuropein calibration curve) in Brazilian Arbequina EVOOs; between 36.2 and 105.0 mg/kg in Spanish Arbequina oils; and showed a wider variation, from 46.6 to 439.0 mg/kg, in Koroneiki samples. In all samples, secoiridoids represented a considerable percentage of the total contents of phenolic compounds. Fourteen compounds (plus thirteen isomers) from this class were identified and quantified in the samples, with elenolic acid, oleuropein aglycone, and ligstroside aglycone being some of the most abundant (Figure 1a; Table S2a).



Brazilian cv. Koroneiki EVOOs from the Southeast showed the highest concentrations of total secoiridoids (439 and 205 mg/kg; mostly oleuropein aglycone) among the 15 analyzed samples, which makes these oils interesting sources of such compounds that present potential anti-inflammatory and antioxidant effects [37]. These contents were, on average, more than 6.2-fold and 2.9-fold higher, respectively, than those found in the Spanish cv. Arbequina, and more than 16.8-fold and 7.8-fold higher, respectively, than those found in the Brazilian cv. Arbequina. Previous reports on EVOO from Brazil found fewer compounds belonging to this class. For instance, Zago and co-workers quantified four secoiridoids and their total contents were between 6.83 and 53.1 mg/kg (quantified based on the gallic acid calibration curve) for all of the varieties they tested [19]. Crizel and her team determined eight secoiridoids and their contents in Arbequina and Koroneiki EVOOs varied between 89.5 and 111.2 and 177.8 and 185.6 mg/kg (using oleuropein for the quantification), respectively, in consecutive harvest years (2017 and 2018) [21]. Ballus et al. [15] evaluated the content of nine complex phenols (based on the oleuropein calibration curve) in EVOOs from Brazil and found contents of total secoiridoids varying from about 0.4 to 59.1 and from 13.3 to 133.5 mg/kg in cv. Arbequina and Koroneiki oils, respectively. Although the differences found between the data in the present work and those previously published might be due to methodological issues, it is also likely that at least some of these contrasting values were related to geographical and edaphoclimatic factors, as well as the adopted technological processes.



The glycosylated forms of secoiridoids are not often detected in EVOO due to their high solubility in water and low solubility in oil. Nevertheless, the aglycones that are formed by enzymatic hydrolysis during oil extraction represent one of the major classes of phenolic compounds in EVOO [1]. As previously reported, several isomers of the aldehydic form of oleuropein and ligstroside aglycones, decarboxymethyl oleuropein aglycone, and decarboxymethyl ligstroside aglycone can be artificially formed during sample preparation or analysis, either by interaction with methanol (and probably water and/or their mixtures) during extraction or with the silica-based stationary phase in a chromatographic column [38,39]. To circumvent this issue, we adopted a previously described procedure [40,41,42], in which the use of methanol was eluded and the quantitative analysis was carried out by calculating each isomer’s content individually, in order to prevent underestimating the total content of these compounds. Lignans were the major group of phenolic compounds in cv. Arbequina oils from Brazil, with contents varying from 40.2 to 56.0 mg/kg, which were, on average, 2.3-fold and 2-fold higher than in cv. Koroneiki EVOOs and Spanish cv. Arbequina oils, respectively. Acetoxypinoresinol was the most abundant phenolic compound in all samples, followed by pinoresinol and syringaresinol (Figure 1b; Table S2a). Arbequina EVOOs from Brazil showed contents of acetoxypinoresinol varying from 36.2 to 49.5 mg/kg, which were almost 2.5-fold higher than the Spanish ones and 2-fold higher than cv. Koroneiki EVOOs. Higher contents of acetoxypinoresinol and pinoresinol in cv. Arbequina EVOO when compared to oils from cv. Koroneiki and cv. Picual have been previously described. Besides variation among olive cultivars, olive oils might differ in these compounds’ contents due to fruits’ ripening stage, the extraction technologies used, and the storage practices adopted [15,21,43]. Brazilian Arbequina EVOO seems to be a richer source of lignans, when compared to Brazilian Koroneiki and Spanish EVOOs. Therefore, the consumption of Brazilian Arbequina EVOOs would be preferable for increasing the lignans intake, motivated by the fact that these compounds have positive effects on human health, such as chemoprotective and anti-inflammatory actions [44].



The amounts of simple phenols, phenolic acids, and related substances varied widely in the present work. The total contents (mg/kg) of these compounds in cv. Arbequina EVOOs varied from 4.23 to 23.5 in Brazilian and from 5.12 to 22.0 in Spanish oils, and from 11.1 to 17.1 in cv. Koroneiki EVOOs. In general, simple phenols and related analytes represented approx. 3.6 to 20% of the total phenolic compounds in all samples (Figure 1c; Table S2a). Hydroxytyrosol and tyrosol are two well-known bioactive compounds, which present antioxidant and anti-inflammatory effects [37], and are at least partly responsible for the beneficial effects of olive oil consumption. The hydroxytyrosol content varied from trace levels to representing a remarkable percentage of the overall simple phenols, phenolic acid, and related substances content in some samples. The highest concentration levels of this compound were found in cv. Koroneiki EVOOs, which were, on average, three times and twice as high as those in cv. Arbequina from Brazil and Spain, respectively. Brazilian cv. Arbequina EVOOs presented some of the lowest contents of hydroxytyrosol, with it being below the limit of detection in a sample from the South region (Brand C). Arbequina oils also exhibited low contents of tyrosol that varied from 0.72 to 2.88 mg/kg. These levels were generally in the same range as those previously reported in both commercial and “Abencor” EVOOs produced in Brazil from cv. Arbequina and cv. Koroneiki [15,19]. Ballus and his team reported concentrations of tyrosol and hydroxytyrosol ranging from traces of both compounds to 9.4 mg/kg of tyrosol and to 14 mg/kg of hydroxytyrosol, respectively, in Arbequina EVOOs from successive harvests between the years 2010 and 2012 [7,15].



Borges et al. [17] determined hydroxytyrosol in Arbequina EVOOs from Brazil and Spain; small quantities of this substance were found in Arbequina EVOO samples from the South (1.05 mg/kg) and Southeast (0.092 mg/kg) of Brazil. Moreover, Crizel and co-workers found that the concentrations of hydroxytyrosol were within the range of 0.45–1.21 and 0.45–1.89 mg/kg for “Abencor” Arbequina and Koroneiki oils produced in Southern Brazil in 2017 and 2018, respectively [21]. Moreover, they showed very high concentration levels of tyrosol in the same work, varying from 45.0 to 330.6 mg/kg in Arbequina VOO and 38.5 to 101.3 mg/kg for Koroneiki oils, respectively [21].



Establishing the content of these substances in a reliable way is of great importance, as these compounds are regarded as responsible for part of EVOO’s bioactivity, and even in small quantities, these metabolites are known for being powerful antioxidants [45].



As expected [1], flavonoids were found in relatively small amounts in EVOOs in the present study, with luteolin being the most abundant one in every sample, followed by diosmetin, apigenin, and naringenin (Figure 1d; Table S2a). The intake of flavonoids, even in small amounts, has been reported to reduce the risk of death from cardiovascular disease [46]. Luteolin contents did not vary substantially among the samples analyzed herein (from 1.18 to 3.00 mg/kg), irrespective of the origin and olive variety. The concentrations found in the present work were similar to those previously reported in EVOO from Brazil [19,21]. Other interesting studies on EVOO from Brazil have reported the following concentration values for luteolin: 2.4 to 11 mg/kg for cv. Arbequina and 4 to 10 mg/kg for cv. Koroneiki [15], and 1.48 mg/kg in Arbequina EVOO samples from the South and 0.09 mg/kg in samples from the Southeast regions of Brazil [17].



In the present study, three pentacyclic triterpenes (maslinic, betulinic, and oleanolic acids) were identified and quantified (Figure 1e; Table S2a), with the first being the predominant compound of this class in all samples. To the best of our knowledge, there are no previously published works reporting the concentrations of triterpenic acids in Brazilian EVOOs. Among the samples from Brazil, most EVOOs from the Southeast presented higher contents of such compounds (except for cv. Arbequina brand A, with 52.9 mg total triterpenic acids per kg), when compared to samples from the South. Contents of maslinic acid in EVOOs from Brazil would be equivalent to those in the group with very high or high contents of pentacyclic triterpenes among the samples from the World Olive Germplasm Bank Collection of Cordoba (Spain) established by Allouche et al. [47]. These authors carried out a comprehensive study evaluating the triterpenic dialcohol and acid composition of oils from 40 cultivars, and divided them into five groups according to their content (as betulinic acid equivalents). They primarily assigned the differences in triterpenoids content to genetic factors. However, when oleanolic acid is considered, Brazilian EVOOs would be placed in the low content group. Oleanolic acid concentrations varied from 2.03 to 12.6 mg/kg in a Koroneiki sample and in one Arbequina EVOO from Brazil, respectively.



The relevance of determining pentacyclic triterpenes in EVOO lies in their potential benefits for human health, especially in inflammatory and arthritic diseases that might be prevented or attenuated by maslinic acid; besides, oleanolic acid has exhibited bioactivity against diabetes and metabolic syndrome [48]. Free palmitoleic, linoleic, and linolenic acids were also determined with the multiclass method used herein (Figure 1f; Table S2a); that is why we included the quantitative information of these three substances (directly determined from their respective calibration curves) in the current section, even though the fatty acid composition (%) of the oils was shown in Section 2.2, according to the official method. These data provide different information, as, for the analysis of the fatty acid composition by GC-FID, fatty acids of virtually all of the lipid classes are methylated and determined, as opposed to the free fatty acids analyzed in the multiclass method.




2.3.2. Tocopherols, Sterols, and Pigments


NP-LC coupled to two different detectors was also used in this study to complete the thorough information provided by the RP-LC-MS method. Therefore, the tocopherols and pigments profiles were characterized by NP-LC, which also procured the contents of lupeol and total free sterols.



The tocopherols profile followed the expected pattern for this type of oil in all of the samples. αα-tocopherol was the most prevalent one in every oil, accounting for over 90% of the total tocopherols content. This substance is well-known for its ability to act as a hydroperoxyl radical scavenger and plays an important role in protecting organisms against oxidative damage [49]. αα-tocopherol (Figure 2a; Table S2b) was accompanied by low contents of β-, γ-, and δ-tocopherols (Figure 2b; Table S2b), in agreement with previous reports on EVOO from Brazil and Spain [7,17,18,21]. Concerning phytosterols, it is necessary to mention that only free sterols were assessed in the present work, because the developed method did not include a saponification step. Moreover, the applied NP-LC separation essentially intended to provide an exhaustive profiling of tocopherols and pigments, rather than characterize the sterols profile. In any case, the contents of free sterols were highly variable among Brazilian EVOOs (much more so than in the Spanish samples). This high variability seemed to be related to both the production region (South vs. Southeast) and olive cultivar (Figure 2c; Table S2b). This is the first study reporting the contents of sterols in EVOO from Brazil, so we should analyze a wider number of samples and compare these results with those achieved by GC after saponification for the purpose of drawing meaningful conclusions. However, we should not discard the hypothesis that the variation in oil extraction technologies adopted by producers could, at least partially, explain the high variation observed in EVOOs from Brazil, because sterol esters could have been hydrolyzed during olive fruits processing. This assumption deserves proper confirmation in future studies specifically designed to test it. In addition, it reinforces the need for more research on EVOO from Brazil.



The pigments profile determines EVOO’s color and might have an influence on the oil stability. To the best of our knowledge, the detailed profiling of chlorophyll-derived pigments and carotenoids has not been previously characterized in EVOOs from Brazil. Among pigments, pheophytin a, which is a chlorophyll derivative, and β-carotene were found at higher concentrations (Figure 2e; Table S2b). Both pigments’ classes have the potential to act as antioxidants in EVOO, if they are protected from light; otherwise, they may act as pro-oxidants [50]. Overall, the pheophytin a content in Brazilian EVOOs accounted for 53–92% of the total chlorophyll derivatives, exhibiting concentrations from 3.10 to 25.1 mg/kg, and its contents in cv. Koroneiki samples were 4-fold and 2-fold higher than those of cv. Arbequina from Brazil and Spain, respectively. Previous studies of Brazilian EVOO have reported very variable total chlorophylls contents (mg/kg), ranging as follows: From 1.39 to 1.73 [16]; between 0.1 and 0.9 in Arbequina oils and 0.5 and 2.6 in Koroneiki oils [21]; from 14.06 to 59.93 [19]; and 0.84 and 0.90 in Arbequina and Koroneiki oils, respectively [18]. The high proportion of pheophytin a in commercial samples can account for the rapid conversion of chlorophylls in freshly extracted EVOO to more stable derivatives, such as pheophytin, and subsequently to pyropheophytin, due to the loss of the central magnesium and the carboxy-methyl group, respectively [51]. It has been previously described that the storage of EVOO in the dark at 15 °C promoted the transformation of chlorophylls into their derivatives in about 2 to 3 months, possibly by the action of olives’ natural acids released during the milling and paste beating steps of EVOO processing [52]. Koroneiki EVOOs from Brazil also presented the highest contents of β-carotene (6.90–12.3 mg/kg, quantified in terms of its own pure standard), which were 2.5-fold and 2-fold higher (on average) than the contents in cv. Arbequina EVOOs from Brazil and Spain, respectively. In contrast, lutein contents were similar in cv. Koroneiki and Spanish cv. Arbequina EVOOs, which were approximately 3-fold higher than in cv. Arbequina from Brazil (0.62–1.45 mg/kg). The total carotenoids in previously published works have been found to have the following contents (mg/kg) in Brazilian oils: 2.17–3.85 in Arbequina oils [16]; 3.8–12.8 in Arbequina and 6.3–12.7 in Koroneiki oils [21]; 10.69–26.18 in several olives’ varieties [19]; and 3.97 in Arbequina and 4.75 in Koroneiki oils [18].



Besides the obvious influence of processing and storage, the observed variation in the contents of pigments could be attributed to genetic factors [53], which could explain the differences between cv. Koroneiki and cv. Arbequina. β-carotene can positively impact human health, either directly or by its pro Vitamin A activity, via conversion to retinoids [51].




2.3.3. Volatile Composition


Eight volatile compounds belonging to the chemical classes of aldehydes, alcohols, hydrocarbons, and esters were determined in EVOO samples by SPME-GC-MS (Figure 3; Table S3). As expected, 2-hexenal was the major volatile compound in all samples (reaching a value of 18.5 µg/g), except for two EVOOs from cv. Koroneiki. Aldehydes are often reported as major volatile compounds in EVOO, with 2-hexenal usually being the most abundant in oils from Brazil [19,20] and other origins [54]. 2-hexenal is associated with a green/apple-like odor, with an odoriferous threshold varying from 420 to 1125 μg/kg oil [55,56]. This compound is possibly the main one responsible for the characteristic fresh and green aroma of EVOO. Hexanal was detected in most of the EVOO samples analyzed herein, with concentrations varying from 0.41 to 1.18 µg/g, and even though its mass spectrometry similarity index (SI = 61%) was lower than the one found for other compounds, the diagnostic fragments at m/z 44, 56, 72, and 82 match the signal profile expected for this compound; the signals at m/z 56, 72, and 82 relative to those of m/z 44 were (mean ± SD) 0.93 ± 0.05, 0.32 ± 0.02, and 0.27 ± 0.03, respectively, which were similar to those of a refence spectrum (0.83, 0.21, and 0.15), even though the base peak (m/z 41) was not the same as in the reference spectrum (m/z 44). Furthermore, the experimental linear retention index was close to previously published data (ErrorLRI < 0.5%). Taken together, these data meet the criteria for tentative peak assignment. This aldehyde is commonly found in low contents in EVOO as it can be formed in the olives by the enzymatic oxidation (by lipoxygenases) of polyunsaturated fatty acids [57], and as long as it is not extensively accumulated in the fresh oil, it will probably not have a negative impact on the oil’s quality. It gives the EVOO a green flavor when present in relatively small amounts, but is largely regarded as responsible for vegetable oils’ rancid flavor (when present at high concentrations), as it can be produced by the oxidative degradation of linoleic acid.



Two six-carbon unsaturated alcohols were identified. 3-hexen-1-ol, which is linked to fruity odor notes [58], was the major compound in two of the cv. Koroneiki EVOOs and was not detectable in any of the cv. Arbequina samples from Spain. 2-hexen-1-ol was mainly found in Brazilian Arbequina oils, with values varying from 0.20 to 4.79 µg/g, and was quantifiable in only one of the Arbequina samples from Spain (Catalonia brand I) and one Koroneiki oil (South brand C). Beta ocimene, which is a monoterpene hydrocarbon, was only detected in three samples (0.18–0.24 µg/g), and was not found in EVOOs from cv. Koroneiki olives. This compound has been previously described in VOO and EVOO [54,59,60] and was reported to contribute with sweet and herbal aroma notes [61].



The single identified ester was 3-hexen-1-ol acetate, which was detected in samples from the South of Brazil (except for samples D and E from cv. Arbequina) and in three of the five Spanish samples. This ester is also derived from the lipoxygenase pathway, where acetyl-CoA derivatives suffer from the action of alcohol acyltransferase to form acetate esters, which contribute to aroma notes of banana and walnut husk [54,62].






3. Methods and Materials


3.1. Materials


All reagents and chemicals used in this study were of analytical grade, and solvents used for chromatography were, appropriately, HPLC or LC-MS grade. Methanol, acetonitrile, acetic acid, n-hexane, and isopropanol were used to prepare mobile phases (Sigma-Aldrich®, St. Louis, MO, USA; Merck, Darmstadt, Germany; Tedia, Fairfield, OH, USA). Ethanol (EtOH), acetone, and chloroform, used for extractions and the assessment of quality parameters, were obtained from J.T. Baker (Deventer, The Netherlands). Ultrapure water (Milli-Q system, Millipore, Bedford, MA, USA) was freshly obtained before use. Analytical grade standards used for quantification purposes, including phenolic compounds (quinic, vanillic, p-coumaric and ferulic acids, hydroxytyrosol, tyrosol, vanillin, luteolin, and apigenin), pentacyclic triterpenes (maslinic, betulinic, and oleanolic acids), tocopherols (α-, β-, γ-, and δ-tocopherols), free fatty acids (palmitoleic, linoleic, and linolenic acids), chlorophylls a and b, lutein, β-carotene, and lupeol were acquired from Sigma-Aldrich®. In addition, pinoresinol was purchased from Arbo Nova (Turku, Finland), oleuropein from Extrasynthese (Lyon, France), and β-sitosterol from Coompo Research Chemicals (Wuhan, China). A standard mixture containing C7-C30 saturated alkane standards was purchased from Supelco (Sigma-Aldrich®, St. Louis, MO, USA).




3.2. Extra Virgin Olive Oil Samples


Fifteen commercial samples of monovarietal EVOO (three bottles from each) from Brazil and Spain were obtained at local shops, websites of specialized stores, and producers in Rio de Janeiro and Rio Grande do Sul. Ten samples of monovarietal commercial Brazilian EVOO from the most prevalent cultivars Arbequina and Koroneiki were selected (four from the Southeast and six from the South of Brazil) from the 2015/2016 harvest (Table 3). These ten samples represent 53% of the monovarietals that were available by 2017 [14,63]. Five commercial Arbequina EVOOs from Spain (Catalonia) were also acquired in Brazil and used as representative samples based on two criteria: (a) The profile of samples from this olive variety and geographical origin, which have been extensively described in previous studies [16,17,25,33], and (b) Spain is the largest exporter (52% of world’s exportations from European Union) of this product [64], and its oils are largely found in Brazilian markets, providing an overview of EVOOs generally available for consumers in this country. Table 3 shows samples’ country of origin, cultivar, region of production, and commercial brand letter code, as well as their production locations’ latitude, longitude, and altitude, as stated by their respective producers.



Three bottles of 250 mL of each Brazilian EVOO from the same production batch were homogenized to compose one sample. The same procedure was applied for Spanish EVOO using two 500 mL bottles. Extra virgin olive oils’ bottles were opened within 6 months after being bottled up, and once opened, all samples were placed in polyethylene bottles, purged with nitrogen, and stored whilst being covered with aluminum foil at −18 °C until analysis.




3.3. Quality Parameters, p-Anisidine Values, Antioxidant Capacity, Oxidative Stability Index, and Total Phenolic Content


Free acidity, peroxide, and p-anisidine values were determined by official methods (Methods Cd 3d-63, Cd 8b-90, and Cd 18-90, respectively) [65]. The specific extinction coefficients K232 and K270 were determined spectrophotometrically (Method Ch 5-91) [65]. The antioxidant capacity was determined by the Trolox equivalent antioxidant capacity (TEAC) assay [66] and the oxidative stability index was determined with Rancimat® equipment (743 Rancimat®; Metrohm®, Herisau, Switzerland) (20 L/h; 110 ± 1.5 °C). The total phenolic content was determined by the Folin-Ciocalteu assay method with adaptations [67], after methanolic extraction [68].




3.4. Fatty Acid Composition by GC-FID


The EVOO samples were methylated [69] and fatty acid methyl esters (FAMEs) were analyzed by gas chromatography (GC-2010; Shimadzu®, Kyoto, Japan). A polyethylene glycol capillary column (Omegawax 320®; 30 m × 0.32 mm, 0.25 μm; Sigma-Aldrich®, Sao Paulo, Brazil) was used, with the column oven temperature programmed to start at 160 °C for 2 min, followed by a temperature gradient of 2.5 °C/min up to 190 °C, held for 5 min, which was then followed by a gradient of 3.5 °C/min up to 220 °C, held for 15 min. Helium was used as carrier gas (linear velocity of 25.0 cm/s), and the injector was operated at 260 °C with a split injection at a 1:20 split ratio. FID was operated at 280 °C, with a hydrogen flow rate of 40 mL/min and air flow rate of 400 mL/min. A commercial mixture of FAME standards (Supelco® 37 Component FAME Mix; Sigma-Aldrich®, Sao Paulo, Brazil) was used to identify the samples’ FAMEs by comparison to their relative retention times. The software Lab Solutions GC (version 2.30.00, 2004; Shimadzu®, Kyoto, Japan) was used for GC data analysis. Fatty acid contents were determined by internal normalization, after area correction by theoretical correction factors that also convert the content of FAME to the content of fatty acid [70]. The analyses were conducted in triplicate, and the results were expressed in g/100 g of total fatty acids.




3.5. Minor Component Profiling of EVOO Samples


3.5.1. Analysis of Minor Components in EVOO by RP-LC-MS


Phenolic compounds, pentacyclic triterpenes, and free fatty acids were simultaneously determined by RP-LC-MS, preceded by unselective liquid-liquid extraction (protocol adapted from [27]). The EVOO polar fraction was extracted in duplicate by adding 10.0 mL of EtOH:H2O (60:40, v/v) to 1.0 g of oil, followed by vortex agitation for 3 min and centrifugation (8000 rpm, 5 min, room temperature; Sigma 2-16P centrifuge, rotor 12181; Osterode, Germany); the polar phase was collected and the oil-phase was re-extracted twice with 10.0 mL of EtOH:H2O (80:20, v/v). The extracts were combined, evaporated in a rotary evaporator (Rotavapor® R-215, Büchi®, Toronto, Canada), and reconstituted in 1.0 mL of EtOH:H2O (80:20, v/v).



An LC system (Agilent 1260 LC system; Agilent Technologies, Waldbronn, Germany) coupled to an ion-trap (IT) MS (Bruker Daltonics Esquire 2000TM; Bruker Daltonik, Bremen, Germany) with an electrospray ionization (ESI) source was used to determine the minor components profile. Compound separation was carried out by using a RP column (Zorbax Extend C18; 4.6 × 100 mm, 1.8 µm particle size; Agilent Technologies) at 40° C. 10 µL was set as the optimum autosampler volume injection. Analytes were eluted with a mobile-phase gradient of acidified water (0.5 % acetic acid, v/v) (A) and acidified acetonitrile (0.5 % acetic acid, v/v) (B), at a 1.0 mL/min flow rate, with a total run time of 27.5 min, as follows: 0 to 2 min, 10–25% B; 2 to 16 min, 25–60% B; 16 to 18 min, 60–80% B; 18 to 23 min, 80–100% B (kept for 3 min); and returning from 100 to 10% B in 1.5 min, followed by a 2.5 min post run re-equilibration. A post-column split (1:4 ratio) was used to reduce the flow being delivered into the MS. ESI conditions were as follows: The nebulizer pressure was set at 30 psi, drying gas temperature at 300 °C, and drying gas flow at 9 L/min. The MS detector was operated in negative mode using two different capillary voltage segments: +3200 V between 1 and 17 min, and +3500 V from 17 to the end of the run. The skimmer, octopole, and lense voltages were tuned considering the average mass which was set as the target mass value for each segment. Spectra were recorded in full scan mode (50–1000 m/z). Additionally, a high-resolution MS detector was used to obtain accurate m/z signals of the detected compounds, in order to confirm their identity. To that end, some representative sample pools were analyzed with an Acquity UPLC™ (ultra-performance liquid chromatography) H-Class system coupled to a QTOF SYNAPT G2 MS (Waters, Manchester, UK) through an ESI interface. Compound identification (Table S4a) was achieved by comparisons with commercially available standards’ MS spectra and retention times, molecular formulae calculated from the exact m/z, and the expected elution order. Analyte quantification (Table S5a) was achieved by interpolating area values obtained from extracted ion chromatograms (EICs), on the external calibration curves of each standard compound or the one with the closest chemical structure available. The content of compounds lacking a pure standard was thus expressed as mg of an analogous substance/kg of olive oil. Representative EICs of EVOO samples analyzed by RP-LC-MS are available in Figure S1a. The software Data Analysis 4.0 (Bruker Daltonik) was used for LC-MS data analysis.




3.5.2. Analysis of Tocopherols, Phytosterols, Chlorophylls, and Carotenoids by NP-LC-DAD/FLD


Tocopherols, chlorophylls, carotenoids, and phytosterols were simultaneously determined by NP-LC-DAD/FLD. EVOO was dissolved, in duplicate, in hexane:isopropanol (99:1, v/v); vortex-homogenized; and filtered through a 0.45 µm pore diameter PTFE filter (Agela Technologies; Wilmington, DE, USA). A normal phase column (ZORBAX Rx-Sil, 4.6 × 100 mm, 1.8 µm, 600 bar; Agilent Technologies®, Santa Clara, CA, USA) was used to separate the compounds with a mobile-phase gradient of hexane (A) and isopropanol (B), at a 1.0 mL·min−1 flow rate, as follows: 1% of B (kept for 12 min); from 12 to 14 min, 1–10% of B (kept for 1 min); and 15–16 min, 10–1% of B. The total run time was 16 min, with a 10 min post run for column equilibration. FLD was used to detect tocopherols and to confirm the identity of chlorophyll peaks (tocopherols: λexc = 295 nm and λem = 330 nm, from 0.01 to 4.3 min; chlorophylls: λexc = 430 nm and λem = 660 nm, starting at 4.31 min). Photomultiplier tube (PMT) gain was modified during the analysis, starting at 10; it was changed to 12 at 2.2 min, followed by a change to 15 at 4.3 min.



DAD was used to detect chlorophylls and their derivates (pheophytin a and pyropheophitin a: λ = 409 nm; chlorophyll a, pheophytin b, and pyropheophytin b: λ = 430 nm; chlorophyll b: λ = 454 nm), carotenoids (lutein: λ = 446 nm; β-carotene: λ = 454 nm), and free phytosterols (λ = 210 nm). Peak assignment was achieved based on the retention time, UV/Vis spectra, and peak shape of the standards; fluorescence excitation and emission spectra were also used for the confirmation of tocopherol and chlorophyll identities (Table S4b). Calibration curves containing 9 to 12 levels of commercial or in-house prepared standards (see below) were used for quantitative analysis, as detailed in Table S5b. All analyses were conducted in duplicate and results were expressed in mg/kg. Representative chromatograms of EVOO samples analyzed by NP-LC-DAD/FLD are available in Figure S1b. The software ChemStation for LC 3D systems (Rev. B.04.03 [16]) (Agilent Technologies) was used for instrument control and data analysis.



Pheophytins were obtained from the degradation of chlorophylls extracted from spinach [71,72], and pyropheophytins were obtained by heating the solutions of pheophytins in a mineral oil bath at 110 °C for 18 h. Prepared standards had their identities and concentrations determined spectrophotometrically (Varian Cary 50 Conc Spectrophotometer; Agilent Technologies®, USA).




3.5.3. Analysis of Volatile and Semi-Volatile Compounds by SPME-GC-MS


Volatile and semi-volatile compounds were extracted from the EVOO by SPME and analyzed by GC-MS [73,74,75]. Briefly, 1 g of EVOO was added to a headspace vial, with 20 μL of bromebenzene (0.1 mg/mL) and a stirring bar. The headspace vial was sealed and taken to a glycerol bath at 40 °C for 30 min, with constant magnetic agitation, followed by exposure of the manual SPME syringe fiber (Divinylbenzene/Carboxen/Polydimethylsiloxane; Supelco®, Bellefonte, PA, USA) to the sealed headspace vial for 10 min. Volatile compounds were desorbed by exposing the SPME syringe fiber into the injector port at 260 °C (split ratio 5:1) for 3 min and were eluted into a fused silica 5% phenyl/95% methylpolysiloxane capillary column (30 m × 0.25 mm ID, 0.25 μm; HP-5MS; Agilent Technologies, USA), with an injector pressure (He) of 49 Kpa and He linear velocity of 25.0 cm/s in a GC coupled to a single quadrupole mass spectrometer (7890A GC System coupled to 5975C MS detector, Agilent Technologies, USA). The column oven temperature was programed to start at 30 °C, held for 10 min, increased at 3 °C/min up to 200 °C, and held for 10 min before cooling back to the initial temperature. The electron impact source was operated at 70 eV and full scan spectra were recorded in the mass range of 40–500 m/z at 3.2 scan/s. The interface and ion source temperatures were set at 260 °C. To calculate the linear retention index (LRI), a mixture of C7–C30 hydrocarbons was run under the same conditions as samples. Volatile compounds were tentatively identified by a comparison of mass spectra with those of the National Institute of Standards (NIST) mass spectra library and similarity indices (SI) calculated by the instrument’s software (MSD ChemStation v. F.01.00.1903, Agilent Technologies, USA), and also by comparing LRI values with previously published data, considering SI > 60% and ErrorLRI < 0.5%, or SI > 80% as criteria for tentative peak assignment. Table S6 shows the aroma notes and identification conditions of EVOOs from Brazil and Spain. Analyses were conducted in triplicate and results were expressed in µg/g.





3.6. Statistical Analysis


Results were expressed as the mean ± standard deviation. One-way ANOVA followed by Tukey’s post-hoc test was used to compare average values, employing the GraphPad Prism software (version 8.0.1, GraphPad Software, San Diego, CA, USA). For all of the analyses, p-values ≤ 0.05 were considered significant.





4. Conclusions


The present work contributes to drawing a picture of Brazilian commercial monovarietal Arbequina and Koroneiki olive oils, showing that the chemical quality attributes of these Brazilian oils are comparable to those found in some of the most consistent production regions in the world, in terms of the quality indices, antioxidant capacity, oxidative stability, total phenolic content, fatty acid composition, and metabolic profiling of minor components, which are known to have an impact on consumers’ health. The combination of several chromatographic methodologies and other analytical approaches have made it possible to obtain quantitative information about 70 minor components of great significance and seven further quality parameters. The content of a large number of phenolic compounds, the three triterpenic acids, and the individual chlorophyll derivatives were established for Brazilian EVOOs for the first time in this study. Brazilian cv. Koroneiki EVOOs from the Southeast showed the highest concentrations of total secoiridoids among the 15 analyzed samples. Arbequina oils from Brazil were the richest in terms of lignans. These compositional features highlight the potential bioactivity of selected Brazilian EVOOs, although this deserves confirmation in future studies by considering further commercial samples and crop seasons. In general, simple phenols and related analytes represented approx. 3.6 to 20% of the total phenolic compounds in every sample. Among the samples from Brazil, most EVOOs from the Southeast presented higher contents of pentacyclic triterpenes when compared to samples from the South. Regarding pigments, pheophytin a and β-carotene were found at higher concentrations. Overall, the pheophytin a content in Brazilian EVOOs accounted for 53–92% of the total chlorophyll derivatives, and its contents in cv. Koroneiki samples were 4-fold and 2-fold higher than those of cv. Arbequina from Brazil and Spain, respectively.



Future studies regarding commercial Brazilian EVOOs’ composition would further contribute to robustly determining the chemical profile patterns that could be used as biomarkers of origin and quality.








Supplementary Materials


The following are available online: Figure S1a: Representative extracted ion chromatograms (EIC) of the studied EVOOs determined by RP-LC-MS; Figure S1b: Representative chromatograms of the studied EVOOs determined by NP-LC-DAD/FLD; Table S1: Summary of data and references reporting the chemical profile and quality indices of Brazilian olive oils (OO), virgin olive oils (VOO), and extra virgin olive oils (EVOO); Table S2a: EVOO minor components determined by RP-LC-MS (mg/kg); Table S2b: EVOO minor components determined by NP-LC-DAD/FLD (mg/kg); Table S3: Volatile and semi-volatile compounds (µg/g) of the studied EVOOs determined by SPME-GC-MS; Table S4a: Identification parameters of minor components determined by RP-LC-MS in the studied samples; Table S4b: Identification parameters of minor components determined by NP-LC-DAD/FLD in the studied samples; Table S5a: Analytical parameters of the RP-LC-MS method; Table S5b: Analytical parameters of the NP-LC-DAD/FLD method; Table S6: Volatile compounds detected in the studied EVOOs determined by SPME-GC-MS, including identification parameters and related aroma notes.





Author Contributions


Conceptualization, A.G.A.d.C., A.G.T., and V.N.C.-B.; methodology, formal analysis, and data curation, A.G.A.d.C., B.R.A.G., L.O.-G., and V.N.C.-B.; investigation and writing—Original draft preparation, A.G.A.d.C.; resources, A.G.T., A.C.-P., and V.N.C.-B.; writing—Review and editing, A.G.T., A.C.-P., L.O.-G., and V.N.C.-B.; supervision, project administration, and funding acquisition, A.G.T., A.C.-P., and V.N.C.-B. All authors have read and agreed to the published version of the manuscript.




Funding


A.G.A.d.C. was a recipient of PhD and PDSE scholarships from Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES, Brazil); B.R.A.G. was a recipient of an undergraduate scholarship from Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq, Brazil); L.O.-G. was a recipient of a postdoctoral grant “Contrato puente” from the Special Research Programme of the University of Granada; and A.G.T. was a recipient of a CNPq research fellowship. The following research grants provided financial support: CAPES (Finance code 001); CNPq (grant numbers 432484/2016-7 and 434637/2018-1); Fundação Carlos Chagas Filho de Amparo à Pesquisa do Estado do Rio de Janeiro (FAPERJ, Brazil; grant number E-26/010.001436/2019); and Proyecto Feder B-AGR-416-UGR18 (Programa Operativo FEDER Andalucía 2014–2020).




Acknowledgments


Authors thank Humberto Bizzo from Embrapa Food Technology (Rio de Janeiro, Brazil) for the technical support during the analysis of the volatile and semi-volatile fractions by SPME-GC-MS. Authors also thank Juan N. Moliz Medina for the support with the high-resolution mass spectrometry analysis at the Centre for Scientific Instrumentation of the University of Granada.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Paiva-Martins, F.; Kiritsakis, A. Olive Fruit and Olive Oil Composition and Their Functional Compounds; Wiley: Chichester, UK, 2017; pp. 81–115. [Google Scholar]

	



Blekas, G.; Tsimidou, M.; Boskou, D. Olive Oil Composition; AOCS Press: Champaign, IL, USA, 2006; pp. 41–72. [Google Scholar]

	



Konuskan, D.B.; Mungan, B. Effects of Variety, Maturation and Growing Region on Chemical Properties, Fatty Acid and Sterol Compositions of Virgin Olive Oils. J. Am. Oil Chem. Soc. 2016, 93, 1499–1508. [Google Scholar] [CrossRef]

	



Dabbou, S.; Issaoui, M.; Esposto, S.; Sifi, S.; Taticchi, A.; Servili, M.; Montedoro, G.F.; Hammami, M. Cultivar and growing area effects on minor compounds of olive oil from autochthonous and European introduced cultivars in Tunisia. J. Sci. Food Agric. 2009, 89, 1314–1325. [Google Scholar] [CrossRef]

	



Torres, M.; Pierantozzi, P.; Searles, P.; Rousseaux, M.; García-Inza, G.; Miserere, A.; Bodoira, R.; Contreras, C.; Maestri, D. Olive Cultivation in the Southern Hemisphere: Flowering, Water Requirements and Oil Quality Responses to New Crop Environments. Front. Plant Sci. 2017, 8, 8. [Google Scholar] [CrossRef] [PubMed]

	



International Olive Oil Council (IOC). Available online: https://www.internationaloliveoil.org/wp-content/uploads/2020/07/IOC-NEWSLETTER-151-July-2020-def.-.pdf (accessed on 6 August 2020).

	



Ballus, C.A.; Meinhart, A.D.; Campos, F.A.D.S.; Silva, L.F.D.O.D.; De Oliveira, A.F.; Godoy, H.T. A quantitative study on the phenolic compound, tocopherol and fatty acid contents of monovarietal virgin olive oils produced in the southeast region of Brazil. Food Res. Int. 2014, 62, 74–83. [Google Scholar] [CrossRef]

	



Higgins, Charlie. Olive Oil Times. Brazilian Olive Oil Imports Continue Boom. Available online: https://www.oliveoiltimes.com/olive-oil-business/south-america/brazilian-olive-oil-imports-boom/38050 (accessed on 12 August 2020).

	



Castro, M. Produção de Azeite em Minas vai Dobrar com Safra de Azeitona. Jornal do Estado de Minas. Available online: https://www.em.com.br/app/noticia/economia/2015/04/06/internas_economia,634660/producao-de-azeite-em-minas-vai-dobrar-com-safra-de-azeitona (accessed on 6 August 2020).

	



ASSOOLIVE-Associação dos Olivicultores dos Contrafortes da Mantiqueira. Minas Gerais Entra no Mapa do Azeite Gourmet. 2016. Available online: http://assoolive.blogspot.com/2016/02/minas-gerais-entra-no-mapa-do-azeite.html (accessed on 12 August 2020).

	



Dal Molin, G. Azeite de Oliva Brasileiro: Meta é Dobrar Produção com Novas Regras. Available online: http://www.gazetadopovo.com.br/agronegocio/agricultura/azeite-de-oliva-brasileiro-meta-e-dobrar-producao-com-novas-regras-814eeffnruldwimq4f2lo91h1 (accessed on 12 August 2020).

	



Produção de Azeite de Oliva no Brasil deve Crescer Mais de 40% em 2018. Available online: http://ppv.datamark.com.br/noticias/2018/1/producao-de-azeite-de-oliva-no-brasil-deve-crescer-mais-de-40-em-2018-238052/ (accessed on 12 August 2020).

	



Scarton, S. Produção de Azeite Extravirgem Deste ano Deve ser a Maior do Estado. Available online: https://estado.rs.gov.br/producao-de-azeite-extravirgem-deve-ser-a-maior-do-rs-em-2019 (accessed on 12 August 2020).

	



Ibraoliva. Projeção do Mercado Oleícola para os Próximos Anos. Available online: https://www.ibraoliva.com.br/sobre (accessed on 6 August 2020).

	



Ballus, C.A.; Quirantes-Piné, R.; Bakhouche, A.; Silva, L.F.D.O.D.; De Oliveira, A.F.; Coutinho, E.F.; Da Croce, D.M.; Segura-Carretero, A.; Godoy, H.T. Profile of phenolic compounds of Brazilian virgin olive oils by rapid resolution liquid chromatography coupled to electrospray ionisation time-of-flight mass spectrometry (RRLC-ESI-TOF-MS). Food Chem. 2015, 170, 366–377. [Google Scholar] [CrossRef] [PubMed]

	



Borges, T.H.; Pereira, J.A.; Cabrera-Vique, C.; Lara, L.; Oliveira, A.F.; Seiquer, I. Characterization of Arbequina virgin olive oils produced in different regions of Brazil and Spain: Physicochemical properties, oxidative stability and fatty acid profile. Food Chem. 2017, 215, 454–462. [Google Scholar] [CrossRef]

	



Borges, T.H.; López, L.C.; Pereira, J.A.; Cabrera–Vique, C.; Seiquer, I. Comparative analysis of minor bioactive constituents (CoQ10, tocopherols and phenolic compounds) in Arbequina extra virgin olive oils from Brazil and Spain. J. Food Compos. Anal. 2017, 63, 47–54. [Google Scholar] [CrossRef]

	



Bruscatto, M.H.; Zambiazi, R.C.; Crizel-Cardoso, M.; Piatnicki, C.M.S.; Mendonça, C.R.B.; Dutra, F.L.G.; Coutinho, E.F. Chemical characterization and oxidative stability of olive oils extracted from olive trees of Southern Brazil. Pesqui. Agropecu. Bras. 2017, 52, 1231–1240. [Google Scholar] [CrossRef]

	



Zago, L.; Squeo, G.; Bertoncini, E.I.; Difonzo, G.; Caponio, F. Chemical and sensory characterization of Brazilian virgin olive oils. Food Res. Int. 2019, 126, 108588. [Google Scholar] [CrossRef]

	



Rodrigues, J.F.; Resende, L.M.B.; Silva, L.F.D.O.D.; Pedroso, M.P.; Pinheiro, A.C.M.; Nunes, C.A. Quality of olive oils from southeastern Brazil. Bragantia 2019, 78, 479–489. [Google Scholar] [CrossRef]

	



Crizel, R.L.; Hoffmann, J.F.; Zandoná, G.P.; Lobo, P.M.S.; Jorge, R.O.; Chaves, F.C. Characterization of Extra Virgin Olive Oil from Southern Brazil. Eur. J. Lipid Sci. Technol. 2020, 122, 1900347. [Google Scholar] [CrossRef]

	



Gonçalves, T.R.; Rosa, L.N.; Torquato, A.S.; Da Silva, L.F.O.; Março, P.H.; Gomes, S.T.M.; Matsushita, M.; Valderrama, P. Assessment of Brazilian Monovarietal Olive Oil in Two Different Package Systems by Using Data Fusion and Chemometrics. Food Anal. Methods 2019, 13, 86–96. [Google Scholar] [CrossRef]

	



Tena, N.; Wang, S.C.; Aparicio-Ruiz, R.; García-González, D.L.; Aparicio, R. In-Depth Assessment of Analytical Methods for Olive Oil Purity, Safety, and Quality Characterization. J. Agric. Food Chem. 2015, 63, 4509–4526. [Google Scholar] [CrossRef] [PubMed]

	



Bendini, A.; Cerretani, L.; Carrasco-Pancorbo, A.; Gómez-Caravaca, A.M.; Segura-Carretero, A.; Fernández-Gutiérrez, A.; Lercker, G. Phenolic Molecules in Virgin Olive Oils: A Survey of Their Sensory Properties, Health Effects, Antioxidant Activity and Analytical Methods. An Overview of the Last Decade Alessandra. Molecules 2007, 12, 1679–1719. [Google Scholar] [CrossRef] [PubMed]

	



Olmo-García, L.; Bajoub, A.; Monasterio, R.P.; Fernández-Gutiérrez, A.; Carrasco-Pancorbo, A. Development and validation of LC-MS-based alternative methodologies to GC-MS for the simultaneous determination of triterpenic acids and dialcohols in virgin olive oil. Food Chem. 2018, 239, 631–639. [Google Scholar] [CrossRef]

	



Olmo-García, L.; Kessler, N.; Neuweger, H.; Wendt, K.; Olmo-Peinado, J.M.; Fernández-Gutiérrez, A.; Baessmann, C.; Carrasco-Pancorbo, A. Unravelling the Distribution of Secondary Metabolites in Olea europaea L.: Exhaustive Characterization of Eight Olive-Tree Derived Matrices by Complementary Platforms (LC-ESI/APCI-MS and GC-APCI-MS). Molecules 2018, 23, 2419. [Google Scholar] [CrossRef]

	



Olmo-García, L.; Polari, J.J.; Li, X.; Bajoub, A.; Fernández-Gutiérrez, A.; Wang, S.C.; Carrasco-Pancorbo, A. Deep insight into the minor fraction of virgin olive oil by using LC-MS and GC-MS multi-class methodologies. Food Chem. 2018, 261, 184–193. [Google Scholar] [CrossRef]

	



International Olive Oil Council (IOOC). Available online: http://www.internationaloliveoil.org/news/view/698-year-2018-news/1225-ioc-s-november-december-newsletter (accessed on 14 January 2020).

	



Ministério da Agricultura, Pecuária e Abastecimento. Instrução Normativa N° 1, de 30 de janeiro de 2012. Available online: http://www.lex.com.br/doc_22871594_INSTRUCAO_NORMATIVA_N_1_DE_30_DE_JANEIRO_DE_2012.aspx (accessed on 14 January 2020).

	



Skiera, C.; Steliopoulos, P.; Kuballa, T.; Holzgrabe, U.; Diehl, B. 1H NMR approach as an alternative to the classical p-anisidine value method. Eur. Food Res. Technol. 2012, 235, 1101–1105. [Google Scholar] [CrossRef]

	



Mansouri, F.; Ben Moumen, A.; Houmy, N.; Richard, G.; Fauconnier, M.L.; Sindic, M.; Caid, H.S.; Elamrani, A. Evaluation of the oxidative stability of blends of ‘Arbequina’olive oils with other monovarietal olive oils. Olivae 2014, 120, 23–30. [Google Scholar]

	



Dabbou, S.; Brahmi, F.; Taamali, A.; Issaoui, M.; Ouni, Y.; Braham, M.; Zarrouk, M.; Hammami, M. Extra Virgin Olive Oil Components and Oxidative Stability from Olives Grown in Tunisia. J. Am. Oil Chem. Soc. 2010, 87, 1199–1209. [Google Scholar] [CrossRef]

	



Aparicio, R.; Luna, G. Characterisation of monovarietal virgin olive oils. Eur. J. Lipid Sci. Technol. 2002, 104, 614–627. [Google Scholar] [CrossRef]

	



Allalout, A.; Krichène, D.; Methenni, K.; Taamali, A.; Oueslati, I.; Daoud, D.; Zarrouk, M. Characterization of virgin olive oil from Super Intensive Spanish and Greek varieties grown in northern Tunisia. Sci. Hortic. 2009, 120, 77–83. [Google Scholar] [CrossRef]

	



Ortega, A.; Varela, L.M.; Bermudez, B.; López, S.; Abia, R.; Muriana, F.J.G.; Ortega-Gomez, A. Dietary fatty acids linking postprandial metabolic response and chronic diseases. Food Funct. 2012, 3, 22–27. [Google Scholar] [CrossRef] [PubMed]

	



Michas, G.; Micha, R.; Zampelas, A. Dietary fats and cardiovascular disease: Putting together the pieces of a complicated puzzle. Atherosclerosis 2014, 234, 320–328. [Google Scholar] [CrossRef]

	



Boskou, D. Olive Fruit, Table Olives, and Olive Oil Bioactive Constituents. In Olive and Olive Oil Bioactive Constituents; AOCS Press: Urbana, IL, USA, 2015; pp. 1–30. [Google Scholar]

	



Karkoula, E.; Skantzari, A.; Melliou, E.; Magiatis, P. Direct Measurement of Oleocanthal and Oleacein Levels in Olive Oil by Quantitative1H NMR. Establishment of a New Index for the Characterization of Extra Virgin Olive Oils. J. Agric. Food Chem. 2012, 60, 11696–11703. [Google Scholar] [CrossRef]

	



Karkoula, E.; Skantzari, A.; Melliou, E.; Magiatis, P. Quantitative Measurement of Major Secoiridoid Derivatives in Olive Oil Using qNMR. Proof of the Artificial Formation of Aldehydic Oleuropein and Ligstroside Aglycon Isomers. J. Agric. Food Chem. 2014, 62, 600–607. [Google Scholar] [CrossRef]

	



Bajoub, A.; Ajal, E.A.; Fernández-Gutiérrez, A.; Carrasco-Pancorbo, A. Evaluating the potential of phenolic profiles as discriminant features among extra virgin olive oils from Moroccan controlled designations of origin. Food Res. Int. 2016, 84, 41–51. [Google Scholar] [CrossRef]

	



Olmo-García, L.; Bajoub, A.; Monasterio, R.P.; Fernández-Gutiérrez, A.; Carrasco-Pancorbo, A. Metabolic profiling approach to determine phenolic compounds of virgin olive oil by direct injection and liquid chromatography coupled to mass spectrometry. Food Chem. 2017, 231, 374–385. [Google Scholar] [CrossRef]

	



Bajoub, A.; Medina-Rodríguez, S.; Olmo-García, L.; Ajal, E.A.; Monasterio, R.P.; Hanine, H.; Fernández-Gutiérrez, A.; Carrasco-Pancorbo, A. In-Depth Two-Year Study of Phenolic Profile Variability among Olive Oils from Autochthonous and Mediterranean Varieties in Morocco, as Revealed by a LC-MS Chemometric Profiling Approach. Int. J. Mol. Sci. 2016, 18, 52. [Google Scholar] [CrossRef]

	



Brenes, M.; Hidalgo, F.J.; García, A.; Ríos, J.; García, P.; Zamora, R.; Garrido, A. Pinoresinol and 1-acetoxypinoresinol, two new phenolic compounds identified in olive oil. J. Am. Oil Chem. Soc. 2000, 77, 715–720. [Google Scholar] [CrossRef]

	



López-Biedma, A.; Sánchez-Quesada, C.; Delgado-Rodríguez, M.; Gaforio, J.J. The biological activities of natural lignans from olives and virgin olive oils: A review. J. Funct. Foods 2016, 26, 36–47. [Google Scholar] [CrossRef]

	



Mariotti, M.; Peri, C. The Composition and Nutritional Properties of Extra-Virgin Olive Oil; Wiley: Chichester, UK, 2014; pp. 21–34. [Google Scholar]

	



Mendonça, R.; Carvalho, N.; Martin-Moreno, J.; Pimenta, A.; Lopes, A.; Gea, A.; Martinez-Gonzalez, M.; Bes-Rastrollo, M. Total polyphenol intake, polyphenol subtypes and incidence of cardiovascular disease: The SUN cohort study. Nutr. Metab. Cardiovasc. Dis. 2019, 29, 69–78. [Google Scholar] [CrossRef] [PubMed]

	



Allouche, Y.; Jiménez, A.; Uceda, M.; Aguilera, M.P.; Gaforio, J.J.; Beltrán, G. Triterpenic Content and Chemometric Analysis of Virgin Olive Oils from Forty Olive Cultivars. J. Agric. Food Chem. 2009, 57, 3604–3610. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Quesada, C.; López-Biedma, A.; Warleta, F.; Campos, M.; Beltrán, G.; Gaforio, J.J. Bioactive Properties of the Main Triterpenes Found in Olives, Virgin Olive Oil, and Leaves of Olea europaea. J. Agric. Food Chem. 2013, 61, 12173–12182. [Google Scholar] [CrossRef] [PubMed]

	



Seppanen, C.M.; Song, Q.; Csallany, A.S. The Antioxidant Functions of Tocopherol and Tocotrienol Homologues in Oils, Fats, and Food Systems. J. Am. Oil Chem. Soc. 2010, 87, 469–481. [Google Scholar] [CrossRef]

	



Choe, E.; Min, D.B. Mechanisms and Factors for Edible Oil Oxidation. Compr. Rev. Food Sci. Food Saf. 2006, 5, 169–186. [Google Scholar] [CrossRef]

	



Schwartz, S.; von Elbe, J.; Giusti, M.M. Colorants. In Food Chemistry, 4th ed.; Damodaran, S., Parkin, K.L., Fennema, O.R., Eds.; CRC Press: Boca Raton, FL, USA, 2010; pp. 571–638. [Google Scholar]

	



Gallardo-Guerrero, L.; Gandul-Rojas, B.; Roca, M.; Mínguez-Mosquera, M.I. Effect of storage on the original pigment profile of spanish virgin olive oil. J. Am. Oil Chem. Soc. 2005, 82, 33–39. [Google Scholar] [CrossRef]

	



Vidal, A.M.; Alcalá, S.; De Torres, A.; Moya, M.; Espínola, J.M.; Espínola, F. Fresh and Aromatic Virgin Olive Oil Obtained from Arbequina, Koroneiki, and Arbosana Cultivars. Molecules 2019, 24, 3587. [Google Scholar] [CrossRef]

	



Kosma, I.; Vavoura, M.; Kontakos, S.; Karabagias, I.; Kontominas, M.; Apostolos, K.; Badeka, A.V. Characterization and Classification of Extra Virgin Olive Oil from Five Less Well-Known Greek Olive Cultivars. J. Am. Oil Chem. Soc. 2016, 93, 837–848. [Google Scholar] [CrossRef]

	



Kalua, C.M.; Allen, M.; Bedgood, D.; Bishop, A.; Prenzler, P.D.; Robards, K. Olive oil volatile compounds, flavour development and quality: A critical review. Food Chem. 2007, 100, 273–286. [Google Scholar] [CrossRef]

	



Reiners, J.; Grosch, W. Odorants of Virgin Olive Oils with Different Flavor Profiles. J. Agric. Food Chem. 1998, 46, 2754–2763. [Google Scholar] [CrossRef]

	



Morales, M.T.; Tsimidou, M. El papel de los compuestos volátiles y los polifenoles en la calidad sensorial del aceite de oliva. In Manual del Aceite de Olive; Aparicio, R., Hardwood, J., Eds.; AMV Ediciones/Ediciones Mundi-Prensa: Madrid, Spain, 2003; Volume 12, pp. 381–441. [Google Scholar]

	



Angerosa, F.; Servili, M.; Selvaggini, R.; Taticchi, A.; Esposto, S.; Montedoro, G. Volatile compounds in virgin olive oil: Occurrence and their relationship with the quality. J. Chromatogr. A 2004, 1054, 17–31. [Google Scholar] [CrossRef]

	



Vichi, S.; Castellote, A.I.; Pizzale, L.; Conte, L.; Buxaderas, S.; López-Tamames, E.; Castellote, A.I. Analysis of virgin olive oil volatile compounds by headspace solid-phase microextraction coupled to gas chromatography with mass spectrometric and flame ionization detection. J. Chromatogr. A 2003, 983, 19–33. [Google Scholar] [CrossRef]

	



Bononi, M.; Tura, D.; Bassi, D.; Tateo, F. Solid-phase microextraction in the analysis of the volatile fraction of extra-virgin olive oil from fourteen cultivars grown in the lake Garda region (Italy). Italy J. Food Sci. 2008, 1, 119–126. [Google Scholar]

	



Jirovetz, L.; Buchbauer, G.; Ngassoum, M.B.; Geissler, M. Aroma compound analysis of Piper nigrum and Piper guineense essential oils from Cameroon using solid-phase microextraction–gas chromatography, solid-phase microextraction–gas chromatography–mass spectrometry and olfactometry. J. Chromatogr. A 2002, 976, 265–275. [Google Scholar] [CrossRef]

	



Angerosa, F. Virgin olive oil odour notes: Their relationships with volatile compounds from the lipoxygenase pathway and secoiridoid compounds. Food Chem. 2000, 68, 283–287. [Google Scholar] [CrossRef]

	



Marques, S. O Guia dos Azeites do Brasil 2017; Livrobits: São Paulo, Brazil, 2017; p. 57. [Google Scholar]

	



EU Trade in Olive Oil. Available online: https://ec.europa.eu/eurostat/web/products-eurostat-news/-/DDN-20191108-1 (accessed on 24 April 2020).

	



American Oil Chemists’ Society (AOCS). Official Methods and Recommended Practices of the AOCS, 6th ed.; American Oil Chemists’ Society: Chicago, IL, USA, 2012. [Google Scholar]

	



Castelo-Branco, V.N.; Torres, A.G. Generalized linear model describes determinants of total antioxidant capacity of refined vegetable oils. Eur. J. Lipid Sci. Technol. 2011, 114, 332–342. [Google Scholar] [CrossRef]

	



Singleton, V.L.; Orthofer, R.; Lamuela-Raventós, R.M. [14] Analysis of total phenols and other oxidation substrates and antioxidants by means of folin-ciocalteu reagent. Enzym. Eng. Evol. Gen. Methods 1999, 299, 152–178. [Google Scholar] [CrossRef]

	



Tuberoso, C.; Kowalczyk, A.; Sarritzu, E.; Cabras, P. Determination of antioxidant compounds and antioxidant activity in commercial oilseeds for food use. Food Chem. 2007, 103, 1494–1501. [Google Scholar] [CrossRef]

	



Lepage, G.; Roy, C.C. Direct transesterification of all classes of lipids in a one-step reaction. J. Lipid Res. 1986, 27, 114–120. [Google Scholar]

	



Wolff, R.L.; Bayard, C.C.; Fabien, R.J. Evaluation of sequential methods for the determination of butterfat fatty acid composition with emphasis on trans -18:1 acids. Application to the study of seasonal variations in french butters. J. Am. Oil Chem. Soc. 1995, 72, 1471–1483. [Google Scholar] [CrossRef]

	



Strain, H.H.; Cope, B.T.; Svec, W.A. [42] Analytical procedures for the isolation, identification, estimation, and investigation of the chlorophylls. Enzym. Eng. Evol. Gen. Methods 1971, 23, 452–476. [Google Scholar] [CrossRef]

	



Moberg, L.; Karlberg, B.; Blomqvist, S.; Larsson, U. Comparison between a new application of multivariate regression and current spectroscopy methods for the determination of chlorophylls and their corresponding pheopigments. Anal. Chim. Acta 2000, 411, 137–143. [Google Scholar] [CrossRef]

	



Larick, D.K.; Parker, J.D. Chromatographic Analysis of Secondary Lipid Oxidation Products. Curr. Protoc. Food Anal. Chem. 2001, D2.2.1–D2.2.9. [Google Scholar] [CrossRef]

	



Luo, Y.; Pan, L.; Pawliszyn, J. Determination of five benzodiazepines in aqueous solution and biological fluids using solid-phase microextraction with carbowaxTM/DVB fiber coating. J. Microcolumn Sep. 1998, 10, 193–201. [Google Scholar] [CrossRef]

	



Vichi, S.; Pizzale, L.; Conte, L.; Buxaderas, S.; López-Tamames, E. Solid-Phase Microextraction in the Analysis of Virgin Olive Oil Volatile Fraction: Modifications Induced by Oxidation and Suitable Markers of Oxidative Status. J. Agric. Food Chem. 2003, 51, 6564–6571. [Google Scholar] [CrossRef]












	
	
Sample Availability: Samples are not available from the authors.












[image: Molecules 25 04193 g001a 550][image: Molecules 25 04193 g001b 550] 





Figure 1. Minor component profiles (mg/kg) of the studied EVOOs determined by reversed phase (RP)-LC-MS (sample identification in Table 3): (a) Secoiridoids; (b) lignans; (c) simple phenols, phenolic acids, and related substances; (d) flavonoids; (e) triterpenic compounds; and (f) free fatty acids. SE, Samples from the Southeast. S, Samples from the South. ● Compounds quantified in mg of homologous substance/kg, as shown in Table S5a. 
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Figure 2. Tocopherols, phytosterols, and pigments profiles (mg/kg) of the studied EVOOs determined by NP-LC-DAD/FLD (sample identification in Table 3): (a) α-tocopherol; (b) ββ-, γ-, and δ-tocopherols; (c) phytosterols: *β-sitosterol, coeluted with other free sterols; (d) lupeol; and (e) pigments. SE, Oils from the Southeast. S, Oils from the South. ● Compounds quantified in mg of homologous substance/kg, as shown in Table S5b. 
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Figure 3. Volatile and semi-volatile compounds profile (µg/g) of the studied EVOOs determined by solid-phase microextraction (SPME)-GC-MS (sample identification in Table 3). SE, Samples from the Southeast. S, Samples from the South. 
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Table 1. Quality parameters, p-anisidine value, antioxidant capacity, oxidative stability index, and total phenolic content of the studied extra virgin olive oils (EVOOs).
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	EVOO Samples
	Free Acidity (% 18:1)
	Peroxide Value (mEq O2/kg)
	k232
	k270
	p-Anisidine Value
	Antioxidant Capacity (mmol TE/kg)
	Oxidative Stability Index (h)
	Total Phenolic Content (mg GAE/100 g)





	Brazilian cv. Arbequina
	
	
	
	
	
	
	
	



	Southeast A
	0.18 ± 0.00 a,g,k
	8.62 ± 0.07 a
	2.31 ± 0.01 a,i
	0.22 ± 0.01 a
	4.36 ± 0.12 a
	2.52 ± 0.02 a
	12.75 ± 0.12 a
	4.42 ± 0.39 a



	Southeast B
	0.36 ± 0.03 b
	19.10 ± 0.27 b
	2.88 ± 0.06 b
	0.18 ± 0.01 b,c
	4.08 ± 0.02 a
	2.97 ± 0.04 b
	13.08 ± 0.19 a
	6.53 ± 0.11 b,f,i



	South C
	0.04 ± 0.00 c
	7.27 ± 0.01 c,g
	1.98 ± 0.01 c
	0.14 ± 0.01 d,f,g,h,i
	5.78 ± 0.06 b
	2.35 ± 0.04 a
	15.58 ± 0.17 b
	4.31 ± 0.22 a



	South D
	0.20 ± 0.02 a,i,l
	9.48 ± 0.12 d
	2.29 ± 0.01 a
	0.13 ± 0.00 d,e,j,k,l
	5.28 ± 0.05 c
	3.08 ± 0.07 a
	13.21 ± 0.07 a
	5.52 ± 0.47 a,i



	South E
	0.11 ± 0.00 d
	9.70 ± 0.08 d
	2.36 ± 0.01 d,i
	0.15 ± 0.01 e,m,n
	7.16 ± 0.07 d
	2.40 ± 0.09 a
	16.93 ± 0.38 c
	6.04 ± 0.52 b,i



	Brazilian cv. Koroneiki
	
	
	
	
	
	
	
	



	Southeast B
	0.39 ± 0.01 b
	3.89 ± 0.01 e
	1.65 ± 0.05 e
	0.13 ± 0.00 f,j,o,p
	2.80 ± 0.06 e
	3.29 ± 0.09 b
	64.72 ± 0.30 d
	18.9 ± 0.78 d



	Southeast F
	0.44 ± 0.02 e
	6.95 ± 0.04 c
	1.47 ± 0.01 f
	0.16 ± 0.00 m,q
	1.59 ± 0.02 f
	3.19 ± 0.09 b
	43.60 ± 0.13 e
	11.3 ± 0.01 e



	South C
	0.15 ± 0.01 d,g
	4.06 ± 0.10 e
	1.50 ± 0.01 f
	0.12 ± 0.00 f,j,r
	7.13 ± 0.14 d
	2.36 ± 0.11 a
	41.09 ± 0.73 f
	7.38 ± 0.32 b,f,g



	South G
	0.18 ± 0.00 f,g,l
	9.22 ± 0.01 a,d
	2.09 ± 0.01 g
	0.19 ± 0.00 b
	10.8 ± 0.16 g
	2.38 ± 0.05 a
	32.75 ± 0.42 g
	9.33 ± 0.24 c,h



	South H
	0.16 ± 0.01 g
	7.63 ± 0.09 c,g
	2.07 ± 0.02 g,j
	0.15 ± 0.00 g,m,q,s
	8.07 ± 0.31 h
	2.27 ± 0.06 a
	23.67 ± 0.50 h
	6.08 ± 0.29 b,i



	Spanish cv. Arbequina
	
	
	
	
	
	
	
	



	Catalonia I
	0.28 ± 0.02 h
	13.90 ± 0.47 f
	2.87 ± 0.00 b
	0.14 ± 0.00 h,k,n,o,s
	4.42 ± 0.09 a
	3.28 ± 0.14 b
	12.52 ± 0.01 a
	7.81 ± 0.35 f,g



	Catalonia J
	0.23 ± 0.03 i
	7.68 ± 0.44 g
	2.20 ± 0.01 h
	0.17 ± 0.00 c
	7.44 ± 0.05 d
	3.08 ± 0.21 b
	26.45 ± 0.35 i
	11.8 ± 0.05 e



	Catalonia K
	0.31 ± 0.00 h
	5.83 ± 0.48 h
	2.00 ± 0.00 c,j
	0.14 ± 0.00 h,k,n,o,s
	4.90 ± 0.06 c
	3.04 ± 0.10 b
	16.58 ± 0.33 c,b
	8.06 ± 0.10 g,h



	Catalonia L
	0.58 ± 0.00 j
	9.52 ± 0.05 d
	2.18 ± 0.01 h
	0.15 ± 0.00 h,n,q,s
	6.68 ± 0.23 i
	2.99 ± 0.27 b
	16.81 ± 0.23 c
	9.63 ± 0.08 c



	Catalonia M
	0.22 ± 0.01 f,i,k
	9.52 ± 0.07 d
	2.18 ± 0.02 h
	0.13 ± 0.00 i,k,l,p,r
	5.18 ± 0.16 c
	3.07 ± 0.06 b
	20.52 ± 0.39 j
	8.47 ± 0.31 c,g



	Established limits 1
	0.80
	20.0
	2.50
	0.22
	10.0 *
	-
	-
	-







Results expressed as the mean value ± standard deviation of triplicates. 1 Established limits [28]. * Value recommended in the literature for vegetable oils [30]. Superscripted letters in columns indicate significant differences between samples (p < 0.05; one-way ANOVA followed by Tukey’s post-hoc test).
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Table 2. Fatty acid composition (g/100 g) of Brazilian cv. Arbequina and cv. Koroneiki and Spanish cv. Arbequina EVOOs determined by gas chromatography (GC)-flame ionization detector (FID).
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EVOO Samples

	
Fatty Acid Composition (g/100 g)




	
16:0

	
16:1n-7

	
18:0

	
18:1n-9

	
18:2n-6

	
18:3n-3

	
M: Pratio






	
Brazilian cv. Arbequina

	

	

	

	

	

	

	




	
Southeast A

	
14.3 ± 0.30 a,d,f

	
1.59 ± 0.05 a

	
1.51 ± 0.06 a,b

	
73.1 ± 0.15 a

	
8.91 ± 0.16 a

	
0.57 ± 0.04 a,c,d

	
7.89 ± 0.16 a




	
Southeast B

	
15.1 ± 0.25 a,b,g

	
0.11 ± 0.02 b

	
1.18 ± 0.41 a

	
73.2 ± 0.14 a

	
9.85 ± 0.03 b

	
0.61 ± 0.00 a,c,e

	
7.00 ± 0.02 b




	
South C

	
16.7 ± 0.39 a,h

	
2.05 ± 0.09 c

	
1.40 ± 0.04 a,b

	
70.0 ± 0.50 b

	
9.32 ± 0.04 c

	
0.57 ± 0.06 a,c,d

	
7.28 ± 0.05 b, j




	
South D

	
16.9 ± 1.66 b,h,i

	
0.10 ± 0.00 b

	
1.39 ± 0.58 a,b

	
66.6 ± 1.10 c

	
14.3 ± 0.20 d

	
0.75 ± 0.01 b

	
4.44 ± 0.01 c




	
South E

	
17.1 ± 0.39 b,h,i

	
1.92 ± 0.04 d

	
1.60 ± 0.03 a,b

	
70.1 ± 0.35 b

	
8.68 ± 0.09 a

	
0.61 ± 0.04 a,c,e,f

	
7.75 ± 0.06 a, j




	
Brazilian cv. Koroneiki

	

	

	

	

	

	

	




	
Southeast B

	
11.0 ± 0.49 c,e

	
0.04 ± 0.00 b

	
1.10 ± 0.23 a,b

	
83.8 ± 0.36 d

	
3.52 ± 0.02 e

	
0.62 ± 0.00 a,c,e,g

	
20.3 ± 0.15 d




	
Southeast F

	
8.54 ± 1.21 c

	
0.04 ± 0.00 b

	
1.23 ± 0.65 a,b

	
86.0 ± 0.72 e

	
3.55 ± 0.05 e

	
0.64 ± 0.00 a,e,h

	
20.6 ± 0.37 d




	
South C

	
13.1 ± 0.26 d,e,g,j

	
0.81 ± 0.06 e

	
1.28 ± 0.13 a,b

	
78.8 ± 0.34 f

	
4.66 ± 0.12 f

	
0.68 ± 0.05 b,f,g,h,i

	
14.9 ± 0.50 e




	
South G

	
14.1 ± 0.37 a,j,k

	
0.86 ± 0.09 e,f

	
2.10 ± 0.09 a

	
76.7 ± 0.42 g,h,i

	
5.69 ± 0.12 g

	
0.58 ± 0.04 a,c,d,e

	
12.3 ± 0.20 f




	
South H

	
14.5 ± 0.19 a,i,j,k

	
1.04 ± 0.01 f

	
1.54 ± 0.16 a

	
75.2 ± 0.24 g,j

	
6.27 ± 0.09 h

	
0.92 ± 0.06 j

	
10.6 ± 0.25 g




	
Spanish cv. Arbequina

	

	

	

	

	

	

	




	
Catalonia I

	
15.3 ± 0.21 a,i,j

	
0.21 ± 0.17 b

	
1.85 ± 0.49 a,b

	
69.8 ± 0.48 b

	
12.3 ± 0.15 i

	
0.55 ± 0.01 a,c,d

	
5.44 ± 0.06 h




	
Catalonia J

	
11.4 ± 0.76 e

	
0.19 ± 0.11 b

	
2.27 ± 0.94 a,b

	
77.6 ± 0.59 f,h

	
8.07 ± 0.10 j

	
0.53 ± 0.01 c,d

	
9.04 ± 0.14 i




	
Catalonia K

	
15.5 ± 1.47 a,i,j

	
0.13 ± 0.00 b

	
1.61 ± 0.50 a,b

	
68.5 ± 0.88 b

	
13.6 ± 0.08 k

	
0.66 ± 0.01 b,e

	
4.80 ± 0.03 c




	
Catalonia L

	
12.3 ± 1.59 e,f,k

	
0.12 ± 0.01 b

	
2.63 ± 0.66 b

	
74.0 ± 1.17 a,j

	
10.4 ± 0.26 l

	
0.61 ± 0.01 a,c,e,i

	
6.72 ± 0.08 b




	
Catalonia M

	
11.5 ± 0.76 e

	
0.11 ± 0.01 b

	
1.35 ± 0.65 a,b

	
77.6 ± 0.84 f,i

	
8.97 ± 0.10 a,c

	
0.50 ± 0.00 d

	
8.21 ± 0.06 a








Results were expressed as the mean ± standard deviation (n = 3). M:Pratio, monounsaturated fatty acid to polyunsaturated fatty acid ratio. Superscript letters in columns indicate significant differences between samples (p < 0.05; one-way ANOVA followed by Tukey’s post-hoc test).
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Table 3. Geographical origin and commercial brands of the studied EVOO samples.
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	Country of Origin
	Cultivar
	Country Region
	Designation
	Latitude
	Longitude
	Altitude (m)





	
	
	Southeast
	A
	22°41′18″ S
	45°44′11″ W
	874



	
	
	Southeast
	B
	21°57′35″ S
	44°53′29″ W
	893



	
	Arbequina
	South
	C
	31°23′44″ S
	52°41′11″ W
	408



	
	
	South
	D
	31°28′36″ S
	53°40′45″ W
	197



	Brazil
	
	South
	E
	30°53′23″ S
	55°31′56″ W
	215



	
	
	Southeast
	B
	21°57′35″ S
	44°53′29″ W
	893



	
	
	Southeast
	F
	21°55′46″ S
	44°36′07″ W
	1155



	
	Koroneiki
	South
	C
	31°23′44″ S
	52°41′11″ W
	408



	
	
	South
	G
	30°30′59″ S
	53°29′12″ W
	430



	
	
	South
	H
	30°42′16″ S
	52°06′36″ W
	134



	
	
	Catalonia
	I
	41°36′51″ N
	00°37′33″ W
	169



	
	
	Catalonia
	J
	41°38′49″ N
	01°08′21″ W
	385



	Spain
	Arbequina
	Catalonia
	K
	41°32′25″ N
	00°55′07″ W
	304



	
	
	Catalonia
	L
	41°32′25″ N
	00°55′07″ W
	304



	
	
	Catalonia
	M
	41°38′49″ N
	01°08′21″ W
	385







Latitude, longitude, and altitude of Brazilian samples were obtained from the website https://www.cidade-brasil.com.br/, and for Spanish samples, the website https://es.db-city.com/was used as a source.
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