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Abstract

:

The unique aroma and flavor of extra virgin olive oil (EVOO) are generally associated with its volatile composition, which includes a variety of components responsible for positive attributes as well as sensory defects which result from chemical oxidation processes and the action of exogenous enzymes. In this study, a robust analytical method, headspace solid-phase microextraction combined with gas chromatography–mass spectrometry (HS-SPME-GC/MS), was developed to tentatively identify volatile organic compounds (VOCs) as markers of positive and negative attributes, correlating them with relative percentages to estimate the risk of disqualification during the shelf life of EVOO. Significant differences (p < 0.05) were identified in the levels of VOCs over time, mainly those derived from the lipoxygenase (LOX) pathway. Principal component analysis (PCA) was applied to process the experimental data. The ratio of E-2-hexenal to acetic acid allowed for the prediction of the disqualification of monovarietal EVOO by the sensory panel.
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1. Introduction


Olive oil (OO), derived from the olive tree (Olea europaea L.), is a fundamental element in the diet of Mediterranean countries and enjoys recognition as the most valued edible oil globally [1,2,3]. Its attractiveness stems mainly from the predominance of monounsaturated fatty acids, notably oleic acid, and the presence of minor compounds that contribute significantly to its high nutritional value [4,5].



Olive oil is highly prized for its characteristic flavor and pleasant aroma, mainly due to the wide variety and nature of various phenolic compounds and volatile organic compounds present in minor fractions [6].



Phenolic compounds in olive oil, such as phenolic acids and alcohols, lignans, flavones, and secoiridoids, have a significant influence not only on antioxidant activity but also on the ability to provide unique sensory descriptors. There is thus a positive correlation between the aroma and flavor of olive oil and its polyphenol content [7,8,9].



Other compounds of particular interest in influencing the flavor and aroma of olive oils are volatile organic compounds (VOCs). These compounds are produced by combinations of natural biochemical processes that mainly occur during olive maturation and oil extraction [10,11].



An example of a biochemical process is the lipoxygenase (LOX) biosynthetic pathway, responsible for the oxidation of polyunsaturated fatty acids, such as linoleic and linolenic acids, leading to the formation of C5–C6 VOCs, such as aldehydes, ketones, and alcohols, which contribute to the green and fruity aroma of olive oil [12,13,14,15,16].



However, volatile compounds can be related to both the positive attributes and sensory defects of olive oil [14,17,18]. While the pleasant characteristics of olive oil are predominantly influenced by endogenous plant enzymes through the LOX pathway, the presence of sensory defects is associated with chemical oxidation and the action of exogenous enzymes, often derived from microbial activity during storage. These defects are characterized by the low concentration or total absence of compounds from the LOX pathway, and the presence of monounsaturated aldehydes C7–C11, branched aldehydes of C5, and/or some C8 ketones [19,20,21].



The development of these VOCs and also phenolic compounds is mainly associated with the variety, quality, and ripeness of olives, pre- and post-harvest conditions, processing, and inadequate storage. The presence and quantity of these compounds can also be affected by other factors such as geographic origin, climate, and soil type [22,23,24,25,26,27].



Olive oil was the first food product for which a quality assessment by a certified and qualified sensory panel was legally required, as the sensory perception of aroma and taste plays a fundamental role in quality evaluation [28].



Positive sensory attributes include fruity, bitter, and pungent flavors. In addition to intensity, fruitiness can be classified as green or ripe. Bitterness is the characteristic bitter taste of olive oil, and pungency refers to the sensation of spiciness or burning in the throat [29].



Undesirable sensory attributes include defects such as rancid, vinegary, musty, metallic, and fusty flavors, among others [29]. When these defects are present, it is believed that inferior-quality olive oil is present, that there were problems in its production process, or that it has exceeded its shelf life [30,31,32,33].



The shelf life of olive oil can vary depending on the olive variety, production process, storage conditions, and the presence of deteriorating factors [34]. Olive oil has an extended shelf life compared to other vegetable oils due to its composition rich in natural antioxidants, such as polyphenols. Under ideal storage conditions, in a sealed bottle, away from excessive light and heat, extra virgin olive oil can be kept for about 12 to 18 months from the production date [35,36].



Thus, throughout this process, olive oil tasters are essential to provide valuable information about the quality, characteristics, and validity of olive oil, sensorially evaluating to obtain a classification within different categories, such as extra virgin (EVOO), virgin (VOO), or lampante, according to standards established by the International Olive Oil Council (IOOC) and European Union (EU) [37,38,39].



However, these sensory evaluations, which require specialized and trained individuals, may present some inconsistencies, as the result depends on the individual perception of each taster, leading to variations from one day to another, and even among the sensory panel itself [21,31,40,41]. In addition to sensory evaluation, other parameters of olive oil quality are regulated and should be considered to classify an oil, such as free acidity, peroxide value, UV absorbance, and ethyl esters of fatty acids [37,38,39].



Therefore, it is necessary to develop robust and reliable analytical methods that can support the evaluation performed by the sensory panel [42].



The good quality of EVOO is closely linked to its physicochemical and organoleptic characteristics, and consequently its volatile profile.



In recent years, solid-phase microextraction (SPME) has been widely used in the analysis of volatile organic compounds in olive oil, along with gas chromatography coupled with mass spectrometry (GC/MS) analysis [18,43]. SPME, besides being a simple, rapid, and low-cost method without the use of solvents, allows for the absorption and concentration of VOCs present in the matrix, facilitating their subsequent analysis and identification [44].



This study aimed to develop an HS-SPME-GC/MS methodology to determine the presence of VOCs as early markers for negative attributes such as rancidity, mustiness, and fustiness, establishing a correlation between compounds/concentrations/attributes in order to estimate the risk of disqualification during the shelf life of extra virgin olive oil.




2. Materials and Methods


2.1. Samples and Experimental Design


This study was divided into 3 major steps, represented graphically in Figure 1. The description of the samples is provided in Table 1.




2.2. Storage Conditions


All samples from different batches of the study, shown in Table 1, were stored in dark glass bottles and kept in a dry, dark place. Multiple bottles of the same sample type were stored so that throughout the study, new bottles were opened for analysis, thus replicating shelf storage conditions.



All samples were analyzed by HS-SPME-GC/MS in triplicate.




2.3. Physicochemical and Organoleptic Classification


The physicochemical and organoleptic classification was carried out following the criteria of Commission Regulation No. 1989/2003 of 6 November 2003, regarding the characteristics of olive oils and olive–pomace oils, as well as related analysis methods [38].



A sensory panel composed of a panel leader and eight selected and trained assessors was employed based on their ability to distinguish similar samples, following the IOOC manual on the selection, training, and monitoring of qualified virgin olive oil assessors [41]. All samples were analyzed by HS-SPME-GC/MS in triplicate.




2.4. Analytical Procedure


HS-SPME: 4 mL of each sample was subjected to Solid Phase Microextraction by Headspace (HS-SPME) with a 50/30 μm DVB/Carb/PDMS fiber of 1 cm in a 22 mL vial. The sample was equilibrated for 10 min at 50 °C and then extracted for 50 min at this temperature. Thermal desorption of analytes occurred by exposing the fiber to the GC injector at 260 °C for 3 min in splitless mode. Fiber blanks were periodically executed to verify the absence of contaminants and carryover.



GC/MS: A Bruker Scion TQ 456 GC-MS/MS (Bruker Corporation, Billerica, MA, USA) chromatograph equipped with a CTC-CombiPal autosampler (CTC Analytics AG, Zwingen, Switzerland) was used. Data were acquired with a Bruker MSWS 8.2 system and analyzed with Bruker MS Data Review 8.0 software. Chromatographic separation was performed on a DB-WAX PLUS capillary column (60 m × 0.32 mm i.d., 1 μm film thickness (df)). The temperature program started at 40 °C, was held for 5 min, and was then ramped at 4 °C/min to 240 °C and held for 5 min. Helium was used as the carrier gas, with a constant flow rate of 1.7 mL/min. The transfer line of the MS and the source were set at 240 °C and 220 °C, respectively.



Mass spectra were compared using the NIST MS Search Program Version 2.0. For electron ionization (EI), the ionization energy was set at 70 eV, and spectra were recorded between 40 and 450 Da.



The fiber type was chosen according to various procedures described for olive oil that validate the extraction method [42,45,46,47]. Samples were prepared following validated procedures without the addition of NaCl.



The identification of VOCs was based on the analysis of their mass spectra by comparison with reference spectra provided by the NIST library. Additionally, identifications were confirmed by comparison of the linear retention indices (LRIs) relative to the homologous series of n-hydrocarbons (C8–C20), calculated by the formula proposed by Van den Dool and Kratz [48].



A relative semi-quantitative determination was made by comparing peak area intensities.



The software Minitab 19.2 (Minitab Inc., State College, PA, USA) was used for statistical data processing. Analysis of variance (ANOVA) was conducted, and significant differences (p < 0.05) between samples with and without added defects were highlighted by the post hoc Fisher’s LSD test.



Principal component analysis (PCA) was used to characterize and classify the studied olive oils according to their volatile compounds and sensory panel classification. For this analysis, each peak was normalized to a percentage of the total chromatogram area. Calculation was performed with the Python programming language (Version 3.11.8) using the PCA class in the decomposition module of the Scikit-learn library (Version 1.4.2) [49].





3. Results and Discussion


3.1. Monitoring of VOCs


For the monitoring of VOCs, mixtures of two different types of EVOO were used: a monovarietal olive oil of the Arbequina olive variety and a Community olive oil sourced from local producers. The term “Community EVOO” is referred to when it is composed of one or more unknown varieties.



According to the sensory panel, the Community EVOO was described as a more bitter and pungent oil, whereas the Arbequina EVOO was milder and fruitier, characteristic of this variety (Figure 2). Additionally, there was a difference in color, with the Arbequina displaying a lighter golden-green hue, while the Community EVOO had a darker golden-green color.



The chromatographic profile between the two samples also showed significant differences, with the profile of the Arbequina being much more intense than that of the Community olive oil (Figure 3).



Throughout this study, both chromatographic and sensory analyses were consistently conducted during the same period. Figure 4 presents the samples analyzed chromatographically and sensorially over 14 months, with indications in red showing months in which the sensory panel confirmed the presence of defects and downgraded the EVOOs to VOOs (more than 50% of the panel), and in yellow when the samples resulted in defects for part of the panel but without agreement (less than 50%). Samples that continued to be considered “suitable” and classified as EVOOs by the sensory panel are marked in green.



Despite the Community olive oil having a less rich and intense volatile profile, this EVOO took longer to be disqualified by the panel.



While the Community sample remained extra virgin throughout the 14 months, the Arbequina sample turned virgin before the 10-month mark of the study. This is likely due to it being a more bitter and pungent oil, positive attributes that may mask and overshadow some negative attributes. Samples to which olive oil with evident defects (5%) was added were downgraded 2 months earlier than their corresponding EVOO sample.



Olive oil is a highly complex matrix with a high concentration of volatile compounds with different physicochemical properties, such as volatility and polarity [50]. The HS-SPME-GC/MS technique used separated and tentatively identified around 80 volatile and semi-volatile compounds, highlighting the extreme complexity of olive oil aroma (Table 2).





 





Table 2. Tentatively identified VOCs and their respective relative percentages of each compound calculated by the percent ratio of their peak area to the total chromatogram area in samples of Arbequina and Community. Compound nr. refers to the elution order.






Table 2. Tentatively identified VOCs and their respective relative percentages of each compound calculated by the percent ratio of their peak area to the total chromatogram area in samples of Arbequina and Community. Compound nr. refers to the elution order.













	Compound nr.
	Compound a
	LRIcalc b
	LRIlit c
	% Arbequina
	% Community





	Aldehydes
	
	
	
	
	



	19
	Hexanal
	1067
	1083
	1.81 ± 0.04
	1.12 ± 0.01



	24
	2-Pentenal (isomer)
	1108
	
	0.06 ± 0
	0 ± 0



	25
	3-Hexenal (isomer)
	1120
	
	0 ± 0
	0.25 ± 0.09



	33
	Heptanal
	1175
	1184
	0.03 ± 0
	0.06 ± 0



	35
	E-2-Hexenal
	1192
	1216
	33.53 ± 0.13
	2.08 ± 0.16



	42
	Octanal
	1281
	1289
	0.01 ± 0
	0.05 ± 0



	44
	2-Heptenal (isomer)
	1299
	
	0.05 ± 0
	0.06 ± 0.01



	51
	2,4-Hexadienal (isomer)
	1358
	
	0 ± 0
	0.04 ± 0.01



	52
	2,4-Hexadienal (isomer)
	1358
	
	0 ± 0
	0 ± 0



	56
	Nonanal
	1387
	1391
	0.21 ± 0.04
	0.89 ± 0.11



	60
	E,E-2,4-Heptadienal
	1427
	1495
	0 ± 0
	0.1 ± 0.02



	75
	2-Decenal (isomer)
	1620
	
	0 ± 0
	0.09 ± 0.01



	Alcohols
	
	
	
	
	



	3
	Isopropyl Alcohol
	nc
	927
	2.49 ± 0.12
	12.81 ± 0.47



	23
	2-Pentanol
	1096
	1119
	0 ± 0
	0.18 ± 0.01



	28
	1-Penten-3-ol (isomer)
	1131
	
	0.36 ± 0.01
	0.11 ± 0



	34
	Isopentanol
	1178
	1209
	0.8 ± 0.01
	1.31 ± 0.05



	36
	Pentanol
	1220
	1250
	0.09 ± 0
	0.1 ± 0.02



	43
	2-Penten-1-ol (isomer)
	1284
	
	0.63 ± 0.01
	0.39 ± 0.01



	47
	Hexanol
	1321
	1355
	5.44 ± 0.06
	3.48 ± 0.04



	48
	E-3-Hexenol
	1329
	1367
	0.23 ± 0
	1.14 ± 0.05



	50
	Z-3-Hexenol
	1347
	1382
	4.88 ± 0.01
	8.63 ± 0.15



	54
	E-2-Hexenol
	1368
	1405
	12.49 ± 0.03
	0.45 ± 0



	55
	Z-2-Hexenol
	1377
	1416
	0.07 ± 0
	0 ± 0



	58
	1-Octen-3-ol (isomer)
	1399
	
	0 ± 0
	0 ± 0



	59
	Heptanol
	1403
	1453
	0.05 ± 0
	0 ± 0



	62
	2-Heptenol (isomer)
	1450
	
	0 ± 0
	0 ± 0



	64
	Linalool
	1480
	1547
	0 ± 0
	0.04 ± 0



	65
	Octanol
	1506
	1557
	0 ± 0
	0 ± 0



	80
	Benzyl alcohol
	1804
	1870
	0.26 ± 0
	0.08 ± 0



	81
	Phenylethyl Alcohol
	1841
	1906
	0.49 ± 0.01
	0.22 ± 0.01



	Carboxylic acids
	
	
	
	
	



	57
	Acetic acid
	1392
	1449
	20.03 ± 0.27
	24.21 ± 0.54



	61
	Formic acid
	1445
	1503
	0 ± 0
	0 ± 0



	63
	Propanoic acid
	1479
	1535
	0.09 ± 0
	0 ± 0



	66
	Isobutyric acid
	1509
	1570
	0.02 ± 0
	0 ± 0



	71
	Butanoic acid
	1564
	1625
	1.08 ± 0.13
	0 ± 0



	76
	Pentanoic acid
	1671
	1622
	0.03 ± 0
	0 ± 0



	79
	Hexanoic acid
	1773
	1846
	0.15 ± 0
	0.05 ± 0



	83
	2-Hexenoic acid (isomer)
	1887
	
	0.26 ± 0.01
	0 ± 0



	84
	Octanoic acid
	1979
	2060
	0 ± 0
	0.05 ± 0



	87
	Nonanoic acid
	2083
	2171
	0 ± 0
	0 ± 0



	Esters
	
	
	
	
	



	1
	Methyl acetate
	nc
	810
	0.18 ± 0
	0.65 ± 0.02



	2
	Ethyl Acetate
	nc
	880
	1.24 ± 0.03
	5.26 ± 0.39



	8
	Ethyl isobutyrate
	nc
	961
	0 ± 0
	0.04 ± 0



	9
	Methyl butyrate
	nc
	982
	0.03 ± 0
	0.03 ± 0



	14
	Ethyl butyrate
	1035
	1035
	0.32 ± 0
	0.33 ± 0.03



	17
	Ethyl 2-methylbutyrate
	1062
	1051
	0 ± 0
	0.32 ± 0.02



	18
	Butyl acetate
	1066
	1074
	0.02 ± 0
	0.06 ± 0



	20
	Ethyl isovalerate
	1074
	1068
	0 ± 0
	0.04 ± 0.01



	38
	Ethyl hexanoate
	1239
	1233
	0 ± 0
	0.07 ± 0.01



	41
	Hexyl acetate
	1268
	1272
	0 ± 0
	0 ± 0



	45
	3-Hexenyl Acetate (isomer)
	1304
	
	5.58 ± 0.17
	10.89 ± 0.47



	72
	Butyrolactone
	1566
	1632
	0 ± 0
	0.88 ± 0.75



	73
	Methyl benzoate
	1576
	1612
	0.04 ± 0
	0.03 ± 0



	Hydrocarbons
	
	
	
	
	



	4
	Unknown hydrocarbon
	nc
	
	0.95 ± 0.01
	2.67 ± 0.22



	12
	Toluene
	1022
	1042
	0.12 ± 0
	0 ± 0



	15
	Ethyl octadiene (isomer)
	1039
	
	0.12 ± 0
	0 ± 0



	16
	Ethyl octadiene (isomer)
	1040
	
	0 ± 0
	0.04 ± 0.02



	21
	Ethyl octadiene (isomer)
	1081
	
	0.74 ± 0.02
	0.32 ± 0.02



	22
	Ethyl octadiene (isomer)
	1092
	
	0.59 ± 0.02
	0.25 ± 0.02



	26
	Unknown alkane
	1122
	
	0.13 ± 0.01
	0.52 ± 0.06



	27
	p-xylene
	1130
	1138
	0.03 ± 0
	0.14 ± 0.04



	29
	Ethyl octadiene (isomer)
	1142
	
	0.3 ± 0.01
	0.11 ± 0.01



	30
	Ethyl octadiene (isomer)
	1147
	
	0.79 ± 0.03
	0.28 ± 0.01



	31
	o-Xylene
	1169
	1186
	0.04 ± 0
	0.11 ± 0.01



	37
	Styrene
	1215
	1261
	0 ± 0
	0 ± 0



	49
	Unknown alkene
	1342
	
	0.29 ± 0.02
	4.23 ± 0.12



	68
	Hexadecane
	1600
	1600
	0.06 ± 0
	0.13 ± 0.04



	74
	Unknown alkane
	1628
	
	0.07 ± 0.01
	0.14 ± 0.07



	Ethers
	
	
	
	
	



	10
	Hexyl methyl ether
	nc
	941
	0 ± 0
	6.13 ± 0.34



	13
	3-Hexen-1-ol, methyl ether
	1025
	980
	0 ± 0
	1.54 ± 0.15



	53
	Benzyl methyl ether
	1363
	1394
	0 ± 0
	0.32 ± 0.01



	Terpenes
	
	
	
	
	



	40
	β-Ocimene
	1258
	1250
	0.56 ± 0.26
	1.52 ± 0.17



	69
	Unknown sesquiterpene
	1549
	
	0 ± 0
	0.14 ± 0.02



	70
	Unknown sesquiterpene
	1558
	
	0.05 ± 0
	1.04 ± 0.08



	77
	Unknown sesquiterpene
	1750
	
	0 ± 0
	0.13 ± 0



	78
	α-Farnesene
	1762
	1746
	0.15 ± 0.01
	0.95 ± 0



	Ketones
	
	
	
	
	



	6
	Pentanone (isomer)
	nc
	
	0 ± 0
	0.17 ± 0



	7
	Pentanone (isomer)
	nc
	
	0.72 ± 0
	0.81 ± 0.08



	11
	1-Penten-3-one
	nc
	1019
	0.27 ± 0.01
	0 ± 0



	32
	2-Heptanone
	1171
	1182
	0 ± 0
	0 ± 0



	46
	Sulcatone
	1316
	1338
	0 ± 0
	0.03 ± 0



	Others
	
	
	
	
	



	5
	2-Ethylfuran
	nc
	950
	0 ± 0
	0 ± 0



	39
	Acetoin
	1242
	1284
	0.07 ± 0
	0.24 ± 0.02



	67
	Dimethyl Sulfoxide
	1523
	1573
	0.6 ± 0.05
	0.83 ± 0.24



	82
	Unknown
	1886
	
	0.12 ± 0.02
	0.19 ± 0.01



	85
	Dimethyl salicylate
	1995
	2061
	0 ± 0
	0.06 ± 0.02



	86
	Phenol, 3-ethyl-
	2083
	2171
	0.18 ± 0.05
	0.35 ± 0.07







a Identification by NIST comparation; b linear retention indices calculated from C8 to C20 n-linear alkanes; c linear retention indices reported in NIST Chemistry WebBook for standard polar capillary column [51]; nc—not calculated because we had to take into account the solvent delay.











Within this vast group of compounds, we can predominantly find aldehydes, alkanes, alcohols, and ketones, among others, in different relative percentages for the two samples, as depicted in Figure 5.



After a thorough analysis of all chromatograms of the samples, it was found that most of the VOCs were common to all samples of the two varieties with different defects, being present in different relative proportions. Therefore, it was necessary to identify which compounds contributed to the differentiation between these samples throughout the shelf life.



The majority of these compounds are related to the organoleptic properties of olive oil, having sensory characteristics that contribute to flavor sensations [10,52,53].



As observed in Table 2, it is the C6 alcohols and aldehydes that predominate. These compounds, along with their corresponding esters, are considered essential in the aromatic profile of EVOOs, both qualitatively and quantitatively [14]. They play a crucial role in expressing sweet and green notes, contributing significantly to the overall aroma [12].



Compounds such as hexanal (19), Z-3-hexenal (25), E-2-hexenal (35), hexanol (47), Z-3-hexenol (50), E-2-hexenol (54), hexyl acetate (41), and Z-3-hexenyl acetate (45) comprise the majority of the volatile fraction, representing about 60% of the total area for the Arbequina EVOO and 30% for the Community EVOO. For the Community olive oil, these compounds are found in very similar relative proportions to each other. However, in the Arbequina variety, E-2-hexenal (35) stands out as a particularly prominent compound, representing about 30% of the total area of the chromatogram.



Therefore, the monovarietal Arbequina consists of approximately 36% of aldehydes versus 8% for the Community EVOO. Both EVOOs have approximately the same percentage of alcohols (28%). The Community EVOO exhibits a higher relative quantity of esters (19%) compared to the Arbequina variety (7%), mainly due to the greater presence of compounds such as ethyl acetate (2) and Z-3-hexenyl acetate (45).



According to the presented values, significant differences are observed, especially at the LOX pathway level for different cultivars, which leads to discrimination between the Arbequina EVOO and Community EVOO.



It is also worth considering that besides being sweet and fruity, these olive oils have bitter, pungent, and spicy attributes for the sensory panel, especially Community EVOO. These attributes are generally attributed to C5 compounds, such as 1-penten-3-one (11), which provides pungent sensations correlated with bitterness [54,55]. Despite C6 VOCs being in higher concentrations than C5, it does not necessarily mean they are the main contributors to the odor. For example, a concentration of 6770 μg/g of E-2-hexenal has an odor activity value corresponding to 16, while a concentration of 26 μg/g of 1-penten-3-one has a higher value of 36 [56].



In addition to these VOCs, these sensations are also attributed to phenolic compounds such as derivatives of oleuropein and ligstroside [57]. Therefore, all the VOCs found, whether major or minor, are responsible for the sensory notes and crucial in determining the quality of EVOO.



Even VOCs that are below their olfactory threshold and do not have a direct impact on aroma can play an important role in understanding the formation and degradation of volatile compounds that significantly contribute to aroma [12]. Additionally, these compounds can serve as useful quality markers. This fraction includes a variety of compounds such as carbonyl compounds, pentenols, hydrocarbons, ethers, and other minor compounds that are not the result of fatty acid transformations [58].



Some sesquiterpenes, such as α-farnesene (78) and ethyl octadiene isomers are present in both samples, whereas some ethers, such as hexyl methyl ether (10) and 3-hexen-1-ol methyl ether (13), are present only in the Community EVOO.



Another class of compounds with a notable presence in EVOOs and that do not derive from fatty acid transformation are carboxylic acids, mainly acetic acid (57) (about 20%). This compound has a natural origin and results from the fermentation process of sugars present in olives during maturation. It tends to increase over time due to continuous fermentation as well as the oxidation of the olive oil’s fatty acids, giving rise to some organoleptic defects such as wine–vinegar flavor [21,33].



The evolution of VOCs in olive oil influences the organoleptic classification and, consequently, the classification of olive oil by the sensory panel. Several processes can alter the initially pleasant aroma and flavor, resulting in unpleasant sensory notes known as off flavors [53]. Current official olive oil regulations classify the most common off flavors into four groups: musty, musty–humid, wine–vinegar, and rancid [29].



The presence of a fusty flavor often indicates that the olives used in the oil production process were at an advanced stage of fermentation. Musty–humid flavor is typical of olive oils from olives stored in damp conditions for an extended period, leading to the development of various types of fungi. The wine–vinegar flavor arises due to high concentrations of acetic acid, ethyl acetate, and ethanol. Rancidity is a common sensory characteristic of all oils and fats that have undergone auto-oxidation due to prolonged exposure to air [21,32,33,59].



The first three defects result from improper storage of the fruits before olive oil processing, while the latter occurs during olive oil storage. These sensory defects become more pronounced over the olive oil’s shelf life [33,60].




3.2. Evolution of VOCs over the Storage Time


In this study, Arbequina and Community EVOOs were both mixed with 5% of three different types of disqualified olive oil with distinct defects—musty, fusty, and rancid— and their evolution over 14 months was studied.



After the tentative identification of compounds (see Table 2), an analysis of variance (ANOVA) was conducted for the VOCs of the different varieties with and without disqualified olive oil added, comparing them over 14 months. This analysis revealed a set of 30 compounds that were significantly different among the samples (p < 0.05) responsible for the evolution and possible disqualification by the sensory panel (Table 3).



The evolution of acetic acid (57) and VOCs derived from the LOX pathway that showed significant differences (p < 0.05) during the storage of the samples is depicted in Figure 6.



All compounds derived from LOX were affected by storage. Considering that fatty acid levels in olive oil decrease over time due to oxidation, it is important to evaluate the compounds formed by the main transformation pathway, the LOX pathway.



As observed in Figure 6, the relative percentage of compounds derived from α-linolenic acid was higher than that of compounds from linoleic acid for both samples, consistent with other published studies [61,62].



In the monovarietal OO Arbequina, the E-2-hexenal/E-2-hexenol pathway stands out, which is associated with the predominance of Z-3-hexenal isomerization. On the other hand, in the Community sample, the Z-3-hexenol/Z-3-hexenyl acetate pathway prevails, which may be related to a low level of isomerase and a high level of alcohol dehydrogenase (ADH) [63,64].



Starting with compounds derived from linoleic acid, we observed an increasing trend in hexyl acetate resulting from the transformation of hexanal into hexanol.



On the other hand, compounds derived from α-linolenic acid, such as Z-3-hexen-1-ol and Z-3-hexenyl acetate, maintained a very similar relative percentage among themselves, both within the Arbequina and Community samples, making it difficult to discern a clear trend.



As for E-2-hexenal, one of the main VOCs originating from LOX and also a product of α-linolenic acid, it shows a clear decrease over time in both the Arbequina and Community samples. This is likely due to its conversion by ADH into E-2-hexenol, a compound that exhibits an increase over time for both samples.



The disqualification of EVOOs by the sensory panel is largely due to a decrease in E-2-hexenal, which is responsible for positive fruity and bitter notes [53,56]. With this decreasing trend, negative attributes become more pronounced, leading to the disqualification of the samples.



Another compound, not belonging to the LOX pathway but highlighted by its quantity in the olive oil, is acetic acid, which tends to increase over time.



With such an extensive universe of VOCs and numerous chemical reactions occurring simultaneously, including the LOX pathway, possible alcoholic and butyric fermentations of sugars, amino acid conversions, autooxidations, and homolytic cleavages of hydroperoxides, among others, principal component analysis (PCA) was applied in an attempt to differentiate between the Arbequina and Community samples classified as EVOO and the samples disqualified by the sensory panel (Figure 7 and Figure 8).



PCA was performed using the means of the relative percentages of the 30 VOCs that showed statistically significant differences (Table 3) between the samples with and without the addition of disqualified olive oil and time.



For the Arbequina variety, in Figure 7, it can be observed that the first and second components (PC1 and PC2) explained about 99% of the total variance of the system. There is a clear separation of samples over time, primarily discriminated along PC1, with emphasis on the compounds E-2-hexenal, acetic acid, and E-2-hexenol. This suggests that acetic acid and E-2-hexenol are the compounds responsible for the samples disqualified (highlighted in red) by the sensory panel, while E-2-hexenal is the compound responsible for maintaining the samples as extra virgin.



For the Community variety, in Figure 8, PC1 and PC2 explained about 80% of the total variance of the system, and it is the compounds E-2-hexenal, hexanal, acetic acid, and Z-3-hexenol that distinguished the EVOO samples from the disqualified samples along PC1. Acetic acid and Z-3-hexenol are the compounds responsible for the disqualified samples (highlighted in red).



Given that E-2-hexenol is derived from E-2-hexenal, the predominant compound in Arbequina EVOO, it is normal for E-2-hexenol to increase over time as E-2-hexenal decreases. The same applies to Z-3-hexenol, which originates from the LOX pathway and is significantly present in Community EVOO.



Thus, considering that E-2-hexenal is one of the compounds influencing the PCAs of both samples and has been described as responsible for positive attributes, it was found to be a potential marker for the early detection of oxidation onset and future disqualification by the sensory panel when its relative percentage decreases in the olive oil. Conversely, the same reasoning applies to acetic acid, a compound responsible for negative attributes, which characterizes disqualified samples by increasing its relative percentage, as observed along PC1 for both Arbequina and Community varieties.



With this in mind, an attempt was made to establish a correlation between these two compounds to predict the level of oxidation, supporting the sensory panel. By predicting through a ratio between both compounds, it may be possible to anticipate when different olive oil varieties will become disqualified while remaining on the shelf throughout their shelf life.




3.3. Monitoring the Ratio of E-2-Hexenal to Acetic Acid


The ratio of E-2-hexenal to acetic acid was calculated for the new Arbequina variety with the addition of olive oil disqualified by the sensory panel and with evident defects, plotting the ratio over its shelf life, as shown in Figure 9.



As observed in Figure 9, as the percentage of disqualified EVOO added increases, the ratio of E-2-hexenal to acetic acid decreases. When the ratio value was equal to 3.2, the sensory panel unanimously disqualified the blends in which the ratio was below this value.



The ratio values for different EVOOs may vary slightly, as they depend heavily on the variety of olive oil used, as well as its composition in E-2-hexenal.




3.4. Confirmation of the E-2-Hexenal/Acetic Acid Ratio


After estimating the ratio value for the sensory disqualification of the Arbequina monovariety, the same was applied to other varieties, as shown in Figure 10.



For the confirmation of the E-2-hexenal/acetic acid ratio deemed relevant for estimating EVOO shelf life, three different varieties of extra virgin olive oils (Irrigation Picual EVOO and Dryland EVOO, and two other Arbequina EVOOs) were used, as well as the same oils already disqualified by the panel, represented in Figure 5. The olive oils already disqualified by the panel showed a E-2-hexenal/acetic acid ratio value below 5 at the beginning of the study, so they were not further evaluated.



Although, as shown in Figure 9, the disqualification threshold for arbequina with mixed disqualified olive oil was 4.3, the later study that employed more varieties over 14 months showed a threshold of around 5, as can be seen in Figure 10. Thus, we were able to confirm this ratio of <5 for disqualified OO. Only Dryland Picual was disqualified by the sensory panel while still having a ratio slightly above 5.



However, it is necessary to always consider the variety of olive oil and the initial value of E-2-hexenal. Thus, one may consider that the higher the value of E-2-hexenal and the higher the ratio of E-2-hexenal to acetic acid, the greater the durability of the resulting mixture from a sensory standpoint.



It was not possible to establish a ratio value for the Community EVOO used in this study, as this EVOO had a very small amount of E-2-hexenal in its composition. The Community EVOO used came from local producers, and the variety or blend of varieties used is unknown. Therefore, it is necessary to find other compounds that can be correlated with each other for EVOOs which have a lower content of E-2-hexenal. Compounds derived from the LOX pathway, such as Z-3-hexenol and Z-3-hexenyl acetate may serve this purpose.





4. Conclusions


In this study, a sensory and analytical analysis over time was conducted on a monovarietal Arbequina EVOO and a Community EVOO with and without the addition of olive oil disqualified by the sensory panel due to evident defects such as mustiness, rancidity, and fustiness. A method using HS-SPME-GC/MS was established, allowing for the tentative identification of approximately 80 volatile organic compounds in these samples. Although the profiles of the two EVOOs were markedly different, the majority of compounds occurred in both oils.



The analysis of volatile profiles enabled the study of the impact of time and oxidation. Analysis of variance identified 30 compounds with significant differences between the respective samples and time, revealing that the evolution was primarily due to VOCs derived from the LOX pathway.



Through PCA, it was possible to differentiate the samples classified as EVOO from those disqualified by the sensory panel. The evolution of EVOOs over time was mainly attributed to compounds such as E-2-hexenal, E-2-hexenol, Z-3-hexenol, and acetic acid.



Compounds like E-2-hexenal and acetic acid were suggested as potential markers for early identification of the shelf life of an EVOO. A ratio between these two compounds was established and monitored over time for different olive oil varieties. The ratio of E-2-hexenal/acetic acid appears to be a good indicator of shelf life. Ratios lower than 5 indicate the possible disqualification of an monovarietal EVOO by the sensory panel.
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Figure 1. Graphical representation of the 3 main steps of the study. 
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Figure 2. Sensory classification of Arbequina variety and Community EVOO at the beginning of the study. 
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Figure 3. Chromatograms, on the same scale, of the Arbequina variety (top) versus Community (bottom). The compounds with significant differences over time are represented in the chromatograms. The peak numbers are identified in Table 2. 
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Figure 4. Samples analyzed with indication of when they are considered EVOO by the sensory panel (green), the moment the defect was detected (red) and the month in which part of the panel indicated the presence of the defect but without unanimity (yellow). 
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Figure 5. Graphical representation of the relative percentages for each functional group of Arbequina variety versus Community. 
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Figure 6. Evolution of compounds derived from the LOX pathway for the Arbequina and Community varieties with and without the addition of defects over 14 months. For each dataset, different letters above the bars indicate significant differences (p < 0.05) between time points. 
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Figure 7. PCA biplot of VOCs selected by statistical analysis for the Arbequina olive oil, with and without added defects, over 14 months. In red shade are the samples disqualified by the sensory panel. The loadings (compounds) were scaled by a factor of 12.3 for legibility. 
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Figure 8. PCA biplot of VOCs selected by statistical analysis for the Community olive oil, with and without added defects, over 14 months. In red shade are the samples disqualified by the sensory panel. The loadings (compounds) were scaled by a factor of 4.5 for legibility. 






Figure 8. PCA biplot of VOCs selected by statistical analysis for the Community olive oil, with and without added defects, over 14 months. In red shade are the samples disqualified by the sensory panel. The loadings (compounds) were scaled by a factor of 4.5 for legibility.
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Figure 9. Variation in the E-2-hexenal/acetic acid ratio depending on the degree of mixing of EVOO Arbequina with declassified olive oil. Data on the values of the respective ratios are indicated. Mixtures that were disqualified by the sensory panel are red shaded. 
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Figure 10. Variation in the E-2-hexenal/acetic acid ratio over time for different EVOO varieties. Samples disqualified by the sensory panel are represented by a red marker, and by a yellow marker when on the threshold of disqualification. The red shaded area represents the ratio below 5. 
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Table 1. Description of the samples used in the study.
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Description of Samples






	
Monitoring of VOCs

	
Ar

	
Monovarietal EVOO from the Arbequina olives




	
Ar musty

	
Arbequina EVOO doped with 5% (v/v) of disqualified olive oil with evident musty defect




	
Ar rancid

	
Arbequina EVOO doped with 5% (v/v) of disqualified olive oil with evident rancidity defect




	
Ar fusty

	
Arbequina EVOO doped with 5% (v/v) of disqualified olive oil with evident fusty defect




	
Co

	
Community EVOO from local producers




	
Co musty

	
Community EVOO doped with 5% (v/v) of disqualified olive oil with evident musty defect




	
Co rancid

	
Community EVOO doped with 5% (v/v) of disqualified olive oil with evident rancidity defect




	
Co fusty

	
Community EVOO doped with 5% (v/v) of disqualified olive oil with evident fusty defect




	
Monitoring of the

E-2-hexenal/Acetic Acid

	
0% Def

	
Monovarietal EVOO from the Arbequina olives




	
20% Def

	
Arbequina EVOO doped with 20% (v/v) of disqualified Arbequina olive oil (OO)




	
30% Def

	
Arbequina EVOO doped with 30% (v/v) of disqualified Arbequina OO




	
40% Def

	
Arbequina EVOO doped with 40% (v/v) of disqualified Arbequina OO




	
50% Def

	
Arbequina EVOO doped with 50% (v/v) of disqualified Arbequina OO




	
60% Def

	
Arbequina EVOO doped with 60% (v/v) of disqualified Arbequina OO




	
70% Def

	
Arbequina EVOO doped with 70% (v/v) of disqualified Arbequina OO




	
80% Def

	
Arbequina EVOO doped with 80% (v/v) of disqualified Arbequina OO




	
100% Def

	
Disqualified Arbequina OO




	
Confirmation of the

E-2-hexenal/Acetic Acid

	
PiR

	
Irrigation Picual EVOO




	
Arb a

	
Arbequina EVOO




	
PiD

	
Dryland Picual EVOO




	
Arb b

	
Arbequina EVOO




	
Hoj

	
Hojiblanca EVOO




	
Hoj x

	
Disqualified Hojiblanca OO




	
Arb x

	
Disqualified Arbequina OO




	
PiD x

	
Disqualified Dryland Picual OO




	

	
PiR x

	
Disqualified Irrigation Picual OO











 





Table 3. Compounds with statistical differences (p < 0.05) determined by ANOVA.
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	Compound No.
	Compound Name





	2
	Ethyl Acetate



	3
	Isopropyl Alcohol



	10
	Hexyl methyl ether



	11
	1-Penten-3-one



	13
	3-Hexen-1-ol, methyl ether



	14
	Ethyl butyrate



	18
	Butyl acetate



	19
	Hexanal



	23
	2-Pentanol



	24
	2-Pentenal



	28
	1-Penten-3-ol



	33
	Heptanal



	34
	Isopentanol



	35
	E-2-Hexenal



	40
	β-Ocimene



	41
	Hexyl acetate



	43
	2-Penten-1-ol



	45
	3-Hexenyl Acetate



	47
	Hexanol



	48
	E-3-Hexenol



	50
	Z-3-Hexenol



	54
	E-2-Hexenol



	55
	Z-2-Hexenol



	57
	Acetic acid



	62
	2-Heptenol



	63
	Propanoic acid



	71
	Butanoic acid



	75
	Z-2-Decenal



	78
	α-Farnesene



	79
	Hexanoic acid
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