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Abstract

:

Olive oil is an important component of Mediterranean diet widely, consumed thanks to its numerous health-healing properties. Its quality is dependent upon a set of factors (genotypic, environmental, agronomic practices, ripening, etc). These are well documented, but little is known about the impact of extraction technology on ‘Moroccan Picholine’ olive oil quality. In this paper, physicochemical traits of olive oil (cv ‘Moroccan Picholine’) were investigated according to extraction technology namely super pressure (SP), 2-phase (2P), and 3-phase (3P) systems as well as traditionally extracted oil (Alwana Oil, AO). The obtained results revealed significant differences (p < 0.05) in terms of the studied physicochemical traits. The investigated oil samples were classified as extra-virgin olive oil. Oil samples from super pressure and AO marked by high records of peroxide value, acidity, K270, fatty acids and trans fatty acids likely due to partial oxidation during extraction. AO was marked by high MUFA, stigmasterol, brassicosterol, 2P displayed high SFA and β-sitosterol, and 3P had high PUFA, SFA, ∆7-avenasterol, and ∆7-stigmasterol. These results were confirmed by principal component analysis, cluster analysis and artificial neural networks. In conclusion, continuous systems (2- and 3-phase) produced olive oil of better quality as compared to super-pressure and traditionally extracted oil.
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1. Introduction


Olive oil is an important component of the Mediterranean diet. Its consumption is linked to numerous health-healing properties. Olive cultivation is spread in the northern and southern hemispheres, and it is mainly concentrated in the Mediterranean basin. Olive oil global production accounts for 3,097,803 tons according to the latest release of FAOSTAT [1]. Following these statistics, Spain is the top producer (1,129,803 tons) followed by Italy (336,581 tons), Greece (290,476 tons), Tunisia (239,500 tons), Morocco (204,200 tons), and Turkey (217,800 tons).



Taounate province (central northern Morocco) produces around 200,000 tons with over 3000 of continuous and discontinuous extraction systems, and olive cultivation is of a great socio-economic importance. ‘Moroccan Picholine’ is the most popular cultivar, accounting for about 95% of the provincial and national olive patrimony. There are also other cultivars, mainly ‘Haouzia’, ‘Menara’, ‘Picholine Languedoc’, ‘Arbosana’, ‘Dahbia’, ‘Meslala’, ‘Arbequina’, and ‘Picual’ [2]. The quality and chemical composition of olive oil can be influenced also by the geographical provenance and its related variables such as altitude, soil characteristics, climatic conditions, as well as agronomic practices such as fertilization, irrigation, etc. as outlined in Inglese et al. [3] and Romero et al. [4].



Environment conditions are responsible for wide variations in olive tree physiology, and therefore fruit quality and extracted oils. Hadiddou et al. [5] evaluated agronomic performances of 14 Mediterranean cultivars under two contrasting water regimes and two cultivation sites in Morocco (Taounate and Ouazzane). These authors conclude that irrigation enhances oil content (OC) and results in higher yield per tree and olive weight, with increasing averages of 14.5 and 3.5%, respectively. It has been also suggested that the cultivars ‘Leccino’, ‘Menara’, ‘Manzanille’ and ‘Haouzia’ are more suitable for rainfed olive growing due to their higher yields achieved under rainfed conditions [5]. More recently, García-Garví et al. [6], while investigating effects of regulated deficit irrigation on the quality of ‘Arbequina’ extra-virgin olive oil (EVOO), observed that the application of some deficit irrigation treatments resulted in increasing total phenolic content (TPC), oleic acid, and total monounsaturated fatty acids (MUFA). Similar results were reported in olive oil from ‘Moroccan Picholine’ conducted under two water regimes (rained and fully irrigated conditions) and olives harvested at different ripening stages [7]. In fact, OC increases during ripening but tends to decrease under full irrigation. According to the same study, ripening index effect is predominant over irrigation regime in determining the main basic quality indices and pigments, while TPC was strongly influenced by the water regime. At advanced ripening stages, low values of peroxide value (PV), UV absorption coefficient at 232 nm (K232), pigments (carotenoids and chlorophylls) and TPC are reported, while acid value (AV) increases. Full irrigation induces a reduction of TPC and AV, but it leads to high pigments content [7].



Along with impact of the environment, genotypic variations, agronomic practices, ripening stage, and extraction technology (ET) induce important variations in terms of olive oil quality attributes. ET is one of main postharvest factors affecting olive oil quality as it determines initial quality attributes and oil autoxidation resistance [8]. Extraction system effects on olive oil quality have been investigated in different countries in the Mediterranean basin and abroad [8,9,10,11]. These works outlined important variations induced by extraction technologies on routinely measured quality indices, shelf life, fatty acid profile, and for the presence of minor compounds like phenolics and pigments (carotenoids and chlorophylls). Extraction processes and conditions, as well as their impact on nutritional quality of olive oil, were reviewed [12,13]. Following the work of these authors, the olive oil extraction process is known to have an extreme importance in determining the sensory and nutritional profiling of the product. For each extraction step, contents of some compounds like phenolics and volatiles, can be significantly altered depending on the extraction machines employed. A set of mechanical processes such as crushing, malaxation, and centrifugation, and the addition of amounts of water seem to influence endogenous enzymes activities (pectinase, lipase, lipoxygenase, hydroperoxidelyase, beta-glucosidase, etc). These are responsible for phenolic and aroma variations, among others effects as discussed in Clodoveo et al. [13].



Some preliminary investigations were carried out to investigate effects of ET on ‘Moroccan Picholine’ olive oil quality [14,15]. While comparing the behavior of some quality indices according to ET, storage time, and conditions, El Yamani et al. [14] found that ET impacts significantly (p < 0.001) on the studied parameters and is the main variability source in AV, K232, and carotenoids. Following the same authors, a 2-phase system (2P) presents lower values of AV, PV, K232, K270 (UV absorption coefficient at 270 nm), but higher values of carotenoids and TPC, as compared to 3-phase (3P) and super-pressure (SP) systems. In another study involving ‘Moroccan Picholine’ virgin olive oil (VOO) from three extractions systems (2P, 3P, and SP), two crop seasons, and three sites (northeast of Morocco), the obtained outcomes proved that extraction systems had a very highly significant effect (p < 0.001) on chlorophylls (Chl), carotenoids (Car,) and TPC, and a highly significant impact on oxidative stability (OS, p < 0.001). Among extraction systems, 2P was marked by the highest levels of TPC, carotenoids, and OS, while the greatest content of chlorophylls was found in SP. Apart from these preliminary studies, there are no previous reports comparing ‘Moroccan Picholine’ oil quality according to extraction systems as well as to traditionally extracted olive oil namely, “Alwana oil” (AO), especially in terms of fatty acid and sterol profile. Hence, the originality of this work, which had as goals, (i) to determine olive oil physicochemical traits from the main Moroccan cultivar ‘Moroccan Picholine’ under local conditions of Taounate as one of the main productive provinces nationwide, and (ii) to compare three extraction systems and traditionally extracted oil from the same cultivar.




2. Materials and Methods


2.1. Sampling of Olive Oils


Sampling of olive oil was carried out in three districts (Tissa, Ain Aicha, and Ain Madiouna) belonging to Taounate province (34°31′48″ N, 4°42′36″ W) in central northern Morocco (Figure 1). Taounate province is characterized by a Mediterranean climate type, humid in winter but semi-arid in summer, according to the Köppen–Geiger classification. It receives 472 mm of annual precipitation, with an average temperature of 14.2 °C. For each district, we selected three local olive mills with three distinct (SP, 2P, and 3P) systems. Olive oil samples were collected at the end of November of the 2020 crop season. At sampling, olive fruits (cv. ‘Moroccan Picholine’) were at the same ripening stage (BBCH 89) according to the olive BBCH phenological scale defined by Rosetti et al. [16]. In fact, olives were at 5–6 ripening index, reaching the cultivar typical color, being turgid and thus suitable for oil extraction. Extraction processes and differences among the three extraction systems are given in our previous work (Figure 2) [17]. The collected samples were brought immediately to the laboratory in dark glass bottles consisting of 250 mL and stored at 4 °C until further analysis.



AO is a traditionally extracted olive oil following an ancestral method derived from heritage similar to that used in food argan oil extraction [18]. About 5 kg of olive fruits (BBCH 89), as previously described, were obtained from a local olive grove of ‘Moroccan Picholine’ cultivar conducted under rainfed conditions. Roasting was carried out in a ventilated oven (Precision Scientific Co., Waltham, MA, USA) for 12 h at a temperature not over than 120 °C. After that, roasted olives were ground, according to a local practice, between two stones. Small amounts (about 250 mL) of hot water were thereafter added to the mixture gradually until reaching a paste. Roasting allows the manufacturer to decrease olives’ moisture level and therefore makes grinding more efficient with low particle size, volume surface mean diameter, specific energy consumption, etc., as evidenced in Mohite et al. [19]. The obtained paste was poured into a 4.75 mm IS sieve (ASTM No. 4) and pressed for 3 h using a traditional press. For 5 kg of fruits, 700 mL of AO were obtained. The oil was kept at 4 °C for further analysis.




2.2. Evaluation of Quality Indices


Determination of free fatty acids or acid value (AV), peroxide value (PV), and UV specific extinction coefficients at 232 nm (K232) and 270 nm (K270) were performed according to the analytical methods as described in Regulations of the Commission of European Union, with slight modifications [20]. AV was expressed as % of oleic acid, was evaluated by the titration of a mixture of oil sample (10 g) and ethanol (80 mL) with an ethanolic potassium hydroxide at 0.1 N. PV was expressed as milliequivalents of active oxygen per a kilogram of oil (mEq O2 kg−1). It was measured on a sample of 5 g of olive oil, which was dissolved into 60 mL of isooctane–acetic acid (3:2, v/v). The mixture was then left to react, in darkness, with a saturated solution of potassium iodide. Iodine released by the peroxides was then titrated using a standardized solution of sodium thiosulphate solution (Na2S2O3) using starch as an indicator. K232 and K270 were determined using a 1% solution of olive oil dissolved into cyclohexane (1 g per 100 mL) and of a 1 cm path length. K232 and K270 were calculated based on UV absorbance at λ = 232 and λ = 270 nm, respectively. A UV-visible spectrophotometer (RAYLEIGH, UV-1800, Beijing Rayleigh Analytical Instrument Corporation (BRAIC), Beijing, China) was used for measurements.




2.3. Fatty Acid Determination


Fatty acids were firstly converted into their corresponding fatty acid methyl esters (FAME) via a transesterification following the standard method ISO [12966-2:2017]. About 0.1 g of each oil sample was introduced into a 10 mL screw-top test tube and 2 mL of isooctane was added and vigorously shacked. Thereafter, 0.1 mL of a methanolic solution of potassium hydroxide solution (2N) was added and stirred for 1 min. The obtained solution was allowed to stand during 2 min. The solution became clear and then cloudy due to separation of glycerol. Sodium chloride solution (2 mL) was then added, and the mixture was shacked. Isooctane layer formed was extracted and transferred into a sample vial. To this, 1 g of sodium hydrogen sulfate was added and shaken. Fatty acid composition was determined using a gas chromatograph (Agilent-6890) coupled to flame ionization detector (GC-FID). The capillary column CP-Wax 52CB was used (30 m × 250 μm i.d., and 0.25 μm film thickness). Helium was the carrier gas used with a flow rate of 1 mL min−1. Temperatures of the oven, injector, and detector were fixed at 185, 200, and 230 °C, respectively. Injection volume was 1 µL, and was carried out in a split mode with a split ratio of 1:50 as described in Ibourki et al. [21].




2.4. Sterol Evaluation


Sterol composition was determined according to ISO 12228-1:2014 [22]. Derivatives of sterol were evaluated using a gas chromatography instrument (an Agilent Technologies, Varian 3800). It is equipped with a VF-1 ms (30 m and 0.25 mm i.d.). The column temperature was maintained at 270 °C, while temperatures of the injector and detector were both set at 300 °C. Carrier gas used was helium with a flow rate of 1.6 mL min−1. Identification of individual peaks was performed via available standards by comparing known retention times of the sterols in EVOO. Three independent injections (1 μL each) were undertaken for each sample. Data were expressed as g of sterols per 100 g of oil sample [23].




2.5. Data Statistical Analyses


All measurements were performed at least in triplicate and then averaged. A least significant difference (LSD) test was used compare mean values at the 5% mark as a probability level. Principal component analysis (PCA), cluster analysis (CA), artificial neural network (ANN) as well as a correlations matrix were carried out on mean values. Such multivariate statistical approaches were chosen based on previous works [22,23,24,25,26,27,28]. Computations were carried out using STATGRAPHICS Centurion XVII package (Stat point Technologies, Inc., Warrenton, VA, USA).





3. Results and Discussion


3.1. Mean Values Comparison


Routinely measured quality indices are presented in Table 1. As can be seen, there were significant differences (p < 0.05) among different extraction techniques as well as traditionally extracted oil AO. Regarding humidity, both 3-phase system and 2-phase systems showed their superiority, while AO displayed the lowest humidity value (about 25% of the value observed in the case of 3P system). This could be assigned to water amounts added during extraction, which depend upon extraction system used. AV ranged from 0.54 (AO) to 0.72% (SP), while PV values were found to be between 16.10 (2P system) and 19.40 mEqO2 kg−1 (3P system). The greatest records of K232 (2.281) and K270 (0.154) were presented by SP. The lowest values were reported in AO (K232 = 1.182) and 2P (K270 = 0.117). Basic quality indices of olive oil from the ‘Moroccan Picholine’, grown under rainfed conditions according to extraction systems, were investigated. Important variations were found among extraction systems as well as traditionally extracted oil (AO). Values of quality indices including moisture, acid value, peroxide value, and both UV extinction coefficients were in line with the published literature for ‘Moroccan Picholine’ and other Mediterranean cultivars grown in various environments [9,15,29,30,31,32]. Such differences could be ascribed to a set of factors such as genotypic, pedoclimatic conditions, ripening degree, extraction technology and conditions, etc. Values of basic quality indices were below limits set by IOC [24], demonstrating that the studied olive oils belong to the EVOO category. Expectedly, oil samples from 3P system was marked by higher levels of humidity, which could be ascribed to higher amounts of water added during extraction. Similar results were found by Khdair et al. [33], who studied impact of extraction technology on olive oil quality from Jordan. These authors reported higher values of PV, Acidity, K232, K270 in traditional systems (super-pressure) as compared to two-phase and three-phase systems. Likewise, similar trends were observed for olive oil from Jordan [33]. Stillitano et al. [10] observed the superiority of classical extraction technology (pressing system) over innovative extraction techniques in terms of basic quality indices for oil olive from Italy. Our results coincided also with findings of Issaoui et al. [9] for olive oil from several cultivars grown in Tunisia. Low values of AV, PV, K232, and K270, observed generally in continuous extraction systems, could be ascribed to various variables involved in extraction processes including crushing machinery, temperatures applied, contact duration with water as well as water volume added [8]. Khdair et al. [33] reported relatively higher values of basic quality indices, especially for traditional extraction systems as compared to ours. This could be explained, according to the same authors, by the fact that local conventional mills are very old, and their practices do not respect any cleanness rules or quality controls.



Following Khdair et al. [33], olive oils obtained from the two-phase mills were classified as extra-virgin olive oil. Conversely, olive oils obtained from the three-phase mill were ranged from extra to ordinary virgin olive oil. On the contrary, olive oils obtained from the three conventional mills were classified as a lampante virgin olive oil. The two-phase decanters produce high quality olive oils with higher contents of total polyphenols, which makes them more resistant to oxidation during storage. However, oxidative stability can be enhanced through adding natural antioxidant recovered from plants and food by-products, as recently reviewed in Fadda et al. [34].



The most important components in vegetable oils are fatty acids (Table 2). It is note worth mention that the characteristics, stability, and nutritive value of a given vegetable oil depend strongly upon the fatty acid composition.



According to these outcomes, the 3P system presented the highest values of C16:0, C16:1, C18:2, C18:3, SFA and PUFA, as well as the lowest records of C18:0, C18:1, C20:0, and MUFA. AO showed the greatest values of C18:0, C18:1, C18:1, C20:0, C21:0 and MUFA, but the smallest contents of C16:0, C16:1, C18:2, C18:3, SFA, and PUFA. Trans fatty acids content varied between 0.09 ± 0.01 (SP) and 0.04 ± 0.01 (AO). Regarding trans fatty acids, the greatest value was found in the super-pressure system, while the lowest one was displayed by traditionally extracted oil (AO). Our values of trans fatty acids were below the limits set by European norms. Values of fatty acids and were comparable with the published literature on olive oil from ‘Moroccan Picholine’ as well as other Mediterranean cultivars [9,29,32]. However, important variations existed according to genotype, geographic area, and extraction technology, among others. Fatty acid composition was dominated by MUFA (mainly C18:1), followed by SFA (mostly C16:0 and C18:0), and finally PUFA (C18:2). As reported in our results, Issaoui et al. [9] found high levels of C18:1 and MUFA in the pressure system, whereas the greatest contents of C16:0, C16:1, C18:2, C18:3, SFA, PUFA were achieved in the case of continuous systems, dual-phase and triple-phase decanter centrifugation. Likewise, other authors [8,9,10,11] also reported similar trends among extraction systems, with higher MUFA but lower SFA and PUFA for pressure system. Such variations are in agreement with the published literature and could attributed to a set of mechanical processes such crushing, malaxation, and centrifugation, amounts of water added seem to influence endogenous enzymes activities (pectinase, lipase, lipoxygenase, hydroperoxidelyase, beta-glucosidase, etc) as discussed in Clodoveo et al. [13].



Phytosterols, otherwise referred to as sterols, are the second class of compounds found in olive oil after fatty acids. Mean values of sterol composition is reported in Table 3. As evidenced in these outcomes, there were significant differences among extraction techniques in terms of sterols except for brassicasterol and β-sitosterol. 3P system showed its superiority for cholesterol, ∆7-stigmasterol, and ∆7-avenasterol, while the greatest values of campesterol found 2P. The greatest value of β-sitosterol was shared between 2P system and SP. AO mas marked by the lowest values of campesterol, β-sitosterol, ∆7-stigmasterol, and ∆7-avenasterol. Continuous systems (2P and 3P) were marked by high β-sitosterol and values of ratio defined by campesterol/stigmasterol. These results were in agreement with the published literature [9]. This differential distribution of sterols among extraction systems could be assigned to many factors such crushing machinery, malaxation, temperatures applied, exposure to atmospheric oxygen, contact duration with water as well as water volume added [12,13].




3.2. Principal Component Analysis


PCA was used, in the current work, as a multivariate statistical approach for a possible separation of extraction techniques based on the studied dependent variables (basic quality indices, fatty acid, and sterol profile). According to PCA outcomes, the first two components (PCs) allowed us to explain over 90% of total data variability. These two PCs were retained as the main components. As can be seen in Figure 3A, the four extraction techniques were separated through the first two PCs, accounting for about 92% of data variability. Figure 3B shows mean values of routinely measured quality indices, plotted against extraction techniques distributed on the surface made by PC1 and PC2. Furthermore, both 3-phase and 2-phase systems interacted with higher values of humidity. On the positive direction of PC1 (58.75%) was distributed the mean value of super-pressure system with higher values of AV, K232, and K270, while AO (“Alwana oil”) was associated with the highest value of PV on the negative side of the same component (PC1). As evidenced in Figure 3C, dependent variables are fatty acids; PC1 (80.70%) allowed the separation of traditionally extracted oil (“Alwana oil”) toward the negative side of PC1 from the three remaining systems (2P, 3P, and SP). These were plotted the on positive side of PC1. Moreover, super-pressure system was linked to higher level of trans fatty acids, while the 2-phase system was marked by higher contents of SFA and C16:0. Likewise, the 3-phase system interacted with great contents of C16:1, C18:2, PUFA, C18:3 as well as SFA, and finally AO (“Alwana oil”) was marked by higher records of C18:0, C18:1, C20:0, C21:0 as well as MUFA. In Figure 3D, dependent variables are sterols and the total data variation explained by the first two components exceeded 91%. There was a distribution of extraction techniques according to PC1 (69.32%). Both 2-phase (associated with higher β-sitosterol and campestrol) and 3-phase (higher records of cholesterol, ∆7-stigmasterol, and ∆7-avenasterol) were distributed towards the positive side of PC1. AO (“Alwana oil”) was plotted on the negative side of the same component, with the best records of stigmasterol and brassicasterol. PCA was applied in previous studies to investigate vegetable oil physiochemical traits and their variability [35,36]. Our results were in agreement with previously published works regarding the use of PCA to discriminate extraction techniques [11,14]. In fact, Lechhab et al. [37] used PCA to reveal effects of pedoclimatic factors on the phenolic composition of ‘Moroccan Picholine’ olive oil. PCA is also widely used in many scientific fields like food science and chemometrics, among others [25,26,27,28].




3.3. Cluster Analysis


Cluster analysis (CA) was performed, firstly on all the investigated quality attributes. CA was also carried out separately on mean values of basic quality indices (humidity, AV, PV, K232, and K270), fatty acids, sterols, as well as CA had the objective to examine similarity among extraction techniques as well as traditionally extracted oil. The outcomes of CA are illustrated in Figure 4. Based on these outcomes, analyzed oil samples from different extraction methods showed important variations. When considering all the investigated quality attributes (Figure 4A), it seems that oil samples were divided into two groups. The first one consists of AO, while the second had two clusters consisting of 3P system on one hand and 2P together with SP on the other hand (with a Euclidian distance was about 3.75). Figure 4B shows CA based on basic quality indices, and it appears that there were two main clusters. The first one contains AO, while the second was divided into two sub-clusters. These consisted of SP on one hand, and 2P along with 3P (with a Euclidian distance of 1.8) on the other hand. Similarly, Figure 4C presents CA based on the fatty acid profile. Following these results, there were two main clusters. The first one consisted of AO, while the second had two sub-clusters whose Euclidean distance was around 3.6. The first sub-cluster was a 3P system, while 2P together with SP formed the second the sub-cluster with 1.6 as a Euclidian distance. Finally, Figure 4D shows CA based on sterol composition. As it can be observed in this figure, two main clusters can be distinguished; the first contained AO and the second showed two sub-clusters, with a Euclidian distance of about 3.3. The first sub-cluster was 3P system and the second contained both 2P and SP at about 2 as a Euclidian distance. CA was used together with ANN, PCA, and other modeling approaches to study pattern variation in vegetable oils including olive oil [38,39,40,41]. Our outcomes are supported by those of De Luca et al. [42], who used derivative FTIR spectroscopy for classification of Moroccan olive oils based on CA output.




3.4. Artificial Neural Network (ANN)


ANN was carried out based on mean values of fatty acid as input layers. ANN is a supervised pattern recognition approach and at the heart of machine learning algorithms. In the field of food science, ANN based models are used for classification, prediction as well as clustering [35]. In this multivariate method, data set is divided into two sub-sets namely training and test sets with the aim to examine the success of the performed models. In our study, ANN was performed to classify olive oil samples from different extraction technologies. As evidenced in Figure 5, input layer consisted of fatty acids as independent variables (also 10 neurons), hidden layer consisted of 4 pattern and then summation neurons and finally an output layer whose neurons number was 4, which coincide with the 4 kind of extractions methods. Multivariate analysis such as ANN along with PCA and CA were used to reduce data dimensionality and classify olive oil based physicochemical traits of oil samples. These multivariate statistical approaches are widely used in discriminate and classify vegetable oils according to genotypic variations, extraction technology, and geographic area, among others [35,36,37,38,39]. More recently Cervera-Gascó et al. [40] have used successfully ANN as a tool to predict and identify monovarietal olive oils from Spain. ANN and PCA were successfully used for classification of Turkish olive oil based on analytical parameters by Gumus et al. [35].




3.5. Correlation Study


Pearson correlation was carried out on mean values to analyze possible associations among studied dependent variables (Table 4). As evidenced in these outcomes, important negative and positive correlations were highlighted among the studied olive oil physicochemical traits. Regarding basic quality indices, K232 and K270 were positively linked to each other. They also correlated positively with AV. This was positively associated to PV and humidity. Likewise, PV was negatively correlated to the remaining basic quality indices. SFA (mainly C16:0 and C18:0) were positively correlated with C16:0, C16:1, C18:0, C18:0, C18:2, C18:3, and K232 on one hand and negatively associated with C18:1, C20:0, C21:0, and PV on the other hand. MUFA were positively linked to C18:0, C18:1, C20:0, C21:0, and PV. In contrast, MUFA were negatively correlated with SFA, C18:3, C18:2, C16:0, C16:1, K232, and humidity levels. PUFA was correlated positively to SFA, humidity level and negatively linked to MUFA as well as PV. Trans fatty acids were correlated positively to K232, K270, and AV. Cholesterol was positively associated with MUFA, but negatively with PUFA and humidity level. Brassicasterol was positively correlated with MUFA and PV, but it was negatively associated with PUFA, SFA, humidity, and K232. Campesterol was negatively linked to brassicasterol, MUFA, and PV, but positively linked to SFA, K232, and humidity. Stigmasterol was negatively correlated with campesterol, cholesterol, PUFA, and PV, but it was positively correlated with brassicasterol and MUFA. β-sitosterol was negatively correlated with brassicasterol, MUFA, and PV, but negatively linked to trans, SFA, K232, and AV. ∆7-stigmasterol was correlated negatively to stigmasterol, brassicasterol, MUFA, and PV, but it was positively correlated to campesterol, cholesterol, PUFA, SFA, and humidity. Finally, ∆7-avenasterol was negatively linked to MUFA but positively associated with ∆7-stigmasterol, cholesterol, PUFA, and humidity content.



These important correlations highlighted among the studied parameters could be a basis for simple and multiple regressions models, especially in the case of strong correlations. The main basic quality indices were positively linked to each other, in agreement with the published literature [35]. In fact, oxidation products like hydroperoxides and corresponding derivatives (evaluated through AV and PV) are conjugated diene and triene. These absorb at 232 and 270 nm, respectively. Hydroperoxides, as primary oxidation products, absorb light at 232 nm and they are unstable and quickly converted into secondary products of oxidation (mainly diketones along with unsaturated ketones), absorbing at 270 nm. This could explain the positive associations among K232, K270, and AV. Moisture level (humidity) presents low or insignificant correlations with basic quality indices. However, it has been suggested that vegetable oil moisture content has to be monitored cautiously to avoid oxidation [43]. Also, some important correlations were reported among fatty acids as well as among fatty acids and sterols [27,36,44]. In particular, the interesting highly and strong negative association between MUFA (mainly oleic acid) and PUFA (mostly linoleic acid). As discussed in Sakar et al. [36], oleic acid seems to be controlled by its conversion to linoleic acid, likely involving the enzyme oleic desaturase. This has been assumed to controls the variation of these fatty acids.





4. Conclusions


In this paper, effects of extraction techniques on olive oil from cv ‘Moroccan Picholine’ were investigated via multivariate analysis. Based on routinely measured quality indices, our oil samples were classified as EVOO. Significant differences (p < 0.05) were revealed among extraction processes as revealed by PCA, CA and ANN. Oil olive obtained by continuous extraction techniques (2P and 3P) showed its high quality as compared to that from the remaining techniques (traditionally extracted oil). Indeed, oil samples from super pressure and “Alwana” oil marked by high records of PV, AV, K270, trans fatty acids likely due to partial oxidation during extraction. AO was marked by high MUFA, stigmasterol, brassicasterol; the 2-phase system displayed greater levels of SFA and β-sitosterol; and finally the 3-phase presented higher PUFA and SFA, ∆7-avenasterol, and ∆7-stigmasterol. There were strong positive and negative correlations, which could be a basis for simple and multiple regression models. Olive oil samples were separated and classified with PCA, CA, and ANN. Further investigations are needed for modelling quality parameters in ‘Moroccan Picholine’ cultivar using ANN.
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	2P
	2-phase extraction system



	3P
	3-phase extraction system



	ANN
	Artificial neural network



	AO
	Alwana oil (traditionally extracted olive oil)



	AV
	Acid value
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	Biologische Bundesanstalt, Bundessortenamt and CHemical industry (a phenological scale)
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	Cluster analysis
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	Monounsaturated fatty acid
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	Oil content



	OMWW
	Olive mill wastewater
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	Oxidative stability
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	Principal component



	PCA
	Principal component analysis



	PUFA
	Polyunsaturated fatty acid



	PV
	Peroxide value



	SD
	Standard deviation



	SFA
	Saturated fatty acid



	SP
	Super-pressure
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	Total phenolic content



	UV
	Ultraviolet
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Figure 1. Map showing the sampling area, Taounate province (central northern Morocco). 
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Figure 2. Scheme of discontinuous and continuous extraction systems. OMWW = olive mill wastewater according to Sakar and Gharby [17]. 
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Figure 3. Principal component projections for the first three components that most impact the investigated olive oil physicochemical traits taken together (A), basic quality indices (B), fatty acids (C), and sterols composition (D). Blue segments represent dependent variables and points plotted represent mean values. AV = acid value, PV = peroxide value, UV absorption coefficients K232 and K270, SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, and PUFA = polyunsaturated fatty acids. 






Figure 3. Principal component projections for the first three components that most impact the investigated olive oil physicochemical traits taken together (A), basic quality indices (B), fatty acids (C), and sterols composition (D). Blue segments represent dependent variables and points plotted represent mean values. AV = acid value, PV = peroxide value, UV absorption coefficients K232 and K270, SFA = saturated fatty acids, MUFA = monounsaturated fatty acids, and PUFA = polyunsaturated fatty acids.



[image: Agriengineering 04 00059 g003]







[image: Agriengineering 04 00059 g004 550] 





Figure 4. Dendrogram performed based on Euclidean distance in studied almond genotypes. (A) = dependent variables are all studied parameters, (B) = based quality indices (AV, PV, humidity, K232, and K270), (C) = fatty acids, and (D) = sterols. 
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Figure 5. Structure of ANN model to classify oil samples from different extraction technologies as well as Alwana oil (traditionally extracted olive oil). 
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Table 1. Mean values of routinely measured quality indices: namely humidity, acid value (AV), peroxide value (PV), UV absorption coefficients K232 and K270. Results are expressed as mean ± SD (n = 9). Within each column, values followed by the same letter are not significantly different at p < 0.05.
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	Extraction System
	Humidity (%)
	AV

(% Oleic Acid)
	PV

(mEq O2 kg−1)
	K232
	K270





	3P
	0.15 ± 0.02 a
	0.64 ± 0.01 bc
	19.40 ± 0.02 a
	1.853 ± 0.01 bc
	0.144 ± 0.02 b



	2P
	0.08 ± 0.01 b
	0.70 ± 0.02 b
	16.10 ± 0.04 c
	2.160 ± 0.02 a
	0.117 ± 0.01 b



	SP
	0.07 ± 0.01 b
	0.72 ± 0.03 a
	18.50 ± 0.03 b
	2.281 ± 0.04 a
	0.154 ± 0.04 a



	AO
	0.04 ± 0.01 c
	0.54 ± 0.02 c
	18.99 ± 0.02 b
	1.182 ± 0.03 c
	0.140 ± 0.05 b



	IOC Standard [24]
	-
	<0.8
	<20
	<2.5
	<0.20










[image: Table] 





Table 2. Mean values of fatty acids in olive oil (cv ‘Moroccan Picholine’) according to the extraction system. Results are expressed as mean ± SD (n = 9). Within each column, values followed by the same letter are not significantly different at p < 0.05. SFA = saturated fatty acids, MUFA = monosaturated fatty acids, and PUFA = polysaturated fatty acids.






Table 2. Mean values of fatty acids in olive oil (cv ‘Moroccan Picholine’) according to the extraction system. Results are expressed as mean ± SD (n = 9). Within each column, values followed by the same letter are not significantly different at p < 0.05. SFA = saturated fatty acids, MUFA = monosaturated fatty acids, and PUFA = polysaturated fatty acids.





	Extraction

System
	C16:0

(%)
	C16:1

(%)
	C18:0

(%)
	C18:1

(%)
	C18:2

(%)
	C18:3

(%)
	C20:0

(%)
	C21:0

(%)
	SFA

(%)
	MUFA

(%)
	PUFA

(%)
	Trans

(%)





	3P
	12.46 ± 0.01 a
	0.93 ± 0.01 a
	2.29 ± 0.01 b
	68.6 ± 0.01 c
	14.62 ± 0.01 a
	1.08 ± 0.01 a
	0.30 ± 0.01 b
	0.26 ± 0.01 b
	15.31 ± 0.01 a
	69.53 ± 0.01 d
	15.16 ± 0.01 a
	0.06 ± 0.01 c



	2P
	11.88 ± 0.01 ab
	0.73 ± 0.01 b
	2.85 ± 0.01 a
	70.3 ± 0.01 b
	12.73 ± 0.01 b
	0.9 ± 0.01 b
	0.31 ± 0.01 b
	0.25 ± 0.01 b
	15.29 ± 0.01 a
	71.03 ± 0.01 c
	13.68 ± 0.01 b
	0.08 ± 0.01 b



	SP
	11.46 ± 0.01 ab
	0.72 ± 0.01 b
	2.83 ± 0.01 a
	71.3 ± 0.01 b
	12.57 ± 0.01 b
	0.91 ± 0.01 b
	0.30 ± 0.01 b
	0.26 ± 0.01 b
	14.85 ± 0.01 b
	72.02 ± 0.01 b
	13.13 ± 0.01 b
	0.09 ± 0.01 a



	AO
	9.89 ± 0.01 b
	0.55 ± 0.01 c
	2.90 ± 0.01 a
	74.9 ± 0.01 a
	10.79 ± 0.01 c
	0.82 ± 0.01 c
	0.40 ± 0.01 a
	0.30 ± 0.01 a
	13.49 ± 0.01 c
	75.45 ± 0.01 a
	11.06 ± 0.01 c
	0.04 ± 0.01 d
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Table 3. Mean values of sterols in olive oil (cv ‘Moroccan Picholine’) according to extraction system. Results are expressed as mean ± SD (n = 9). Within each column, values followed by the same letter are not significantly different at p < 0.05.
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	Extraction System
	Cholesterol

(%)
	Brassicasterol

(%)
	Campesterol

(%)
	Stigmasterol

(%)
	β-Sitosterol

(%)
	∆7-Stigmasterol

(%)
	∆7-Avenasterol

(%)





	3P
	0.19 ± 0.02 a
	0.09 ± 0.02 a
	3.66 ± 0.04 a
	0.69 ± 0.01 c
	94.1995 ± 0.01 a
	0.4195 ± 0.01 a
	0.5495 ± 0.01 a



	2P
	0.09 ± 0.01 b
	0.09 ± 0.01 a
	3.68 ± 0.02 a
	0.79 ± 0.01 b
	94.2995 ± 0.01 a
	0.3295 ± 0.01 ab
	0.2795 ± 0.01 b



	SP
	0.09 ± 0.02 b
	0.09 ± 0.01 a
	3.55 ± 0.01 a
	0.99 ± 0.01 a
	94.2995 ± 0.01 a
	0.3295 ± 0.01 ab
	0.4295 ± 0.01 a



	AO
	0.09 ± 0.01 b
	0.09 ± 0.03 a
	3.14 ± 0.05 b
	0.99 ± 0.01 a
	94.0995 ± 0.01 a
	0.2495 ± 0.01 b
	0.2395 ± 0.01 b
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Table 4. Correlation coefficients (Pearson correlation) among the studied olive oil physiochemical traits. * Significant at 0.05 probability level, ** Significant at 0.01 probability level, *** Significant at 0.001 probability level.
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	AV
	Humidity
	K232
	K270
	PV
	C16:0
	C16:1
	C18:0
	C18:1
	C18:2
	C18:3
	C20:0
	C21:0
	SFA
	MUFA
	PUFA
	Trans
	Cholesterol
	Brassicasterol
	Campesterol
	Stigmasterol
	β Sitosterol
	∆7 Stigmasterol
	∆7 Avenasterol





	AV
	
	−0.145
	0.749
	0.899
	−0.505
	0.196
	0.044
	0.267
	−0.158
	0.061
	−0.099
	−0.523
	−0.453
	0.304
	−0.168
	0.051
	0.991 **
	−0.355
	−0.044
	0.327
	0.411
	0.732
	0.072
	0.244



	Humidity
	
	
	0.323
	−0.157
	−0.546
	0.869
	0.979 *
	−0.959 *
	−0.895
	0.972 *
	0.996 **
	−0.644
	−0.565
	0.741
	−0.885
	0.976 *
	−0.208
	0.931
	−0.785
	0.710
	−0.883
	0.187
	0.974 *
	0.860



	K232
	
	
	
	0.444
	−0.948
	0.729
	0.507
	−0.079
	−0.692
	0.535
	0.320
	−0.930
	−0.928
	0.837
	−0.704
	0.522
	0.774
	−0.022
	−0.680
	0.855
	−0.241
	0.983 **
	0.521
	0.404



	K270
	
	
	
	
	−0.178
	−0.011
	−0.022
	0.155
	0.031
	−0.021
	−0.083
	−0.258
	−0.118
	0.022
	0.030
	−0.025
	0.841
	−0.216
	0.243
	0.032
	0.555
	0.382
	0.008
	0.348



	PV
	
	
	
	
	
	−0.889
	−0.692
	0.296
	0.862
	−0.719
	−0.526
	0.983 *
	0.998 **
	−0.964 *
	0.872
	−0.707
	−0.531
	−0.205
	0.879
	−0.974 *
	0.535
	−0.920
	−0.699
	−0.482



	C16:0
	
	
	
	
	
	
	0.941
	−0.696
	−0.999 ***
	0.953 *
	0.852
	−0.928
	−0.899
	0.976 *
	−0.999 ***
	0.948
	0.181
	0.628
	−0.958 *
	0.965 *
	−0.813
	0.641
	0.942
	0.738



	C16:1
	
	
	
	
	
	
	
	−0.894
	−0.957 *
	0.999 ***
	0.977 *
	−0.783
	−0.704
	0.845
	−0.951 *
	0.999 ***
	−0.012
	0.847
	−0.846
	0.820
	−0.841
	0.375
	0.999 ***
	0.884



	C18:0
	
	
	
	
	
	
	
	
	0.734
	−0.877
	−0.968 *
	0.425
	0.314
	−0.523
	0.719
	−0.885
	0.355
	−0.995 **
	0.580
	−0.484
	0.789
	0.076
	−0.888
	−0.864



	C18:1
	
	
	
	
	
	
	
	
	
	−0.967 *
	−0.878
	0.908
	0.874
	−0.963 *
	0.999 ***
	−0.964 *
	−0.137
	−0.670
	0.952 *
	−0.949
	0.832
	−0.598
	−0.957 *
	−0.759



	C18:2
	
	
	
	
	
	
	
	
	
	
	0.969 *
	−0.804
	−0.730
	0.865
	−0.962 *
	0.999 ***
	0.009
	0.827
	−0.864
	0.842
	−0.842
	0.408
	0.998 **
	0.873



	C18:3
	
	
	
	
	
	
	
	
	
	
	
	−0.636
	−0.539
	0.717
	−0.868
	0.973 *
	−0.172
	0.939
	−0.744
	0.685
	−0.838
	0.174
	0.975 *
	0.899



	C20:0
	
	
	
	
	
	
	
	
	
	
	
	
	0.977 *
	−0.970 *
	0.915
	−0.794
	−0.524
	−0.333
	0.870
	−0.974 *
	0.556
	−0.870
	−0.792
	−0.632



	C21:0
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.972 *
	0.884
	−0.719
	−0.482
	−0.226
	0.903
	−0.982 *
	0.576
	−0.903
	−0.709
	−0.469



	SFA
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.968 *
	0.857
	0.312
	0.445
	−0.964 *
	0.999 ***
	−0.732
	0.781
	0.847
	0.608



	MUFA
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.958 *
	−0.149
	−0.654
	0.956 *
	−0.956 *
	0.829
	−0.614
	−0.951 *
	−0.748



	PUFA
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.002
	0.836
	−0.857
	0.833
	−0.844
	0.393
	0.999 ***
	0.876



	Trans
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.444
	−0.063
	0.341
	0.417
	0.779
	0.015
	0.142



	Cholesterol
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.522
	0.404
	−0.778
	−0.174
	0.840
	0.819



	Brassicasterol
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.958 *
	0.870
	−0.636
	−0.840
	−0.525



	Campesterol
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.709
	0.806
	0.823
	0.579



	Stigmasterol
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	−0.174
	−0.824
	−0.523



	βa Sitosterol
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.388
	0.232



	∆7 stigmasterol
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	0.894



	∆7 Avenasterol
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