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Abstract
Two hundred and twenty-three olive samples of different olive cultivars (Koroneiki, Asprolia, Lianolia, Ntopia, Thiaki, 
Mavrolia, and Others) grown in the Ionian islands (Kefalonia, Kerkyra, Leukada, and Zakynthos) were subjected to head-
space solid phase microextraction coupled to gas chromatography/mass spectrometry analysis. The aim of the study was to 
characterize the aroma pattern of these olive oil cultivars, and track whether specific volatile compounds could be used for 
olive oil cultivar authentication using chemometrics. Multivariate analysis of variance implemented on the semi-quantita-
tive data of volatile compounds (alcohols, aldehydes, benzene derivatives, esters, hydrocarbons, ketones, and terpenoids), 
showed that olive cultivar had a significant impact on the volatile composition of olive oil samples. Factor analysis and 
linear discriminant analysis indicated those specific volatile compounds that could be related to olive oil cultivar and estab-
lished statistical models for the olive oil cultivar authentication from Ionian islands, thus indicating a characteristic aroma 
fingerprint of these olive oils.

Keywords Olive oil · Volatile compounds · Characterization · Cultivar differentiation · Chemometrics

Introduction

Νowadays the increased demand for authentic products of 
special characteristics, nutritional properties, and potential 
health benefits by both the consumers and food authorities, 
has led to the development of consecutive research at an 
international level to achieve this purpose. Among the food 
products of nutritional interest with an important global pro-
duction [1], olive oil comprises a basic food source in the 
Mediterranean food culture [2]. It is a liquid source of lipid 
molecules, obtained by pressing the olives (Olea europaea 
L.) and extracting the respective oil. Some typical bio-mole-
cules include oleic acid with smaller amounts of linoleic and 

palmitic acids, phenols, tocopherols, sterols, phospholipids, 
waxes, squalene, and other hydrocarbons [3].

Olive oil has a complex composition that varies according 
to different factors such as olive cultivar, altitude, harvest-
ing year, extraction processing techniques, etc. [3, 4]. The 
unique characteristics of each olive cultivar in relation to the 
climatic conditions, agronomic practices, geographical pro-
duction area, harvesting practices, and processing technol-
ogy, are closely related to the olive oil quality and composi-
tion [3, 4]. The unique quality characteristics of a genuine 
olive oil may allow its labeling with a special product status 
indicative if its origin (PDO-Protected Designation of Origin 
or PGI-Protected Geographical Indication) as indicated by 
the European Commission [5]. Therefore, authenticity of 
olive oil is an important topic for the food sector and differ-
ent regulation bodies. The term authentication is a multi-side 
topic, since it concerns the characterization, geographical 
origin determination, cultivar differentiation, and adultera-
tion control [6–10]. In this context, the determination of 
olive oil authenticity is achieved after implementation of 
different instrumental and conventional techniques to collect 
data regarding its quality indices, chemical markers, sen-
sory and compositional characteristics during the produc-
tion procedure, storage, and distribution [11–13]. Analyses 
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were performed in combination with multivariate analysis, 
supervised and unsupervised chemometrics, such as multi-
variate analysis of variance (MANOVA), linear discriminant 
analysis (LDA), principal component analysis (PCA) or fac-
tor analysis (FA) [14–17].

Among the different chemical indices of olive oil, the 
determination of volatile compounds has a special impact, as 
it has been highly correlated with its organoleptic properties. 
Volatile compounds are responsible for both positive and 
negative olfactory characteristics [16–18], thus contribut-
ing to the further understanding of olive oil quality [19, 20].

It has been reported that during the production process 
of olive oil and its chemical oxidation, most of the C5 and 
C6 volatile compounds, which in turn are responsible for 
the typical fruity and green aroma notes of olive oil, are 
produced by the lipoxygenase (LOX) enzyme pathway [10, 
18, 21]. The LOX pathway involves enzymes such as lipoxy-
genase and hydroperoxide lyase that oxidize and cleave poly-
unsaturated fatty acids to aldehydes, respectively. These in 
turn, are reduced to alcohols (by the action of alcohol dehy-
drogenase) and esterified to produce esters (by the action of 
alcohol acyltransferase).

Based on the above, the aim of the present study was to 
characterize the aroma profile of a large number of olive oil 
samples (two hundred and twenty-three) of 7 different olive 
cultivars grown in 4 Ionian islands, some studied for the first 
time. In addition, the potential correlation of specific volatile 
compounds with the cultivar authentication of these olive 
oils was investigated, in combination with supervised and 
unsupervised chemometrics. To the best of our knowledge, 
limited studies are available in the recent literature reporting 
volatile compounds analysis data of Greek olive oil samples 
derived from different olive cultivars grown in the Ionian 
islands [8, 15, 17, 22]. The potential to implement these data 
in cultivar authentication control constitutes a major novelty 
of the present study. The study also contributes to the under-
standing of the flavor complexity of these different olive oil 
cultivars and may comprise a solid basis for the potential 
use of the volatile compounds’ data in future studies (e.g. 
for the purity control -undisputed botanical origin- of olive 
fruits, especially for the less studied olive cultivars grown 
in the Ionian islands).

Materials and methods

Olive oil samples

Two hundred and twenty-three virgin olive oil (VOO) sam-
ples (N = 223) harvested in 2017–2018 (November 2017 to 
January 2018) of different olive cultivars grown in four Ion-
ian islands in Greece [Kefalonia (38° 15′ 54″ N 20° 33′ 09″ 
E), Kerkyra (39° 35′ 28.60″ N 19° 51′ 50.54″ E), Leukada 

(38° 43′ N 20° 39′ E) and Zakynthos (37° 48′ N 20° 45′ E)] 
were used in the study (Supplementary Fig. 1). Olive oil 
samples belonged to Koroneiki (N = 47), Lianolia (N = 37), 
Asprolia (N = 36), Ntopia (N = 64), Thiaki (N = 13), Mav-
rolia (N = 8), and 18 additional samples which belonged 
to Myrtada (N = 2), Italian (N = 1), Ladolia (N = 1), Hon-
trolia (N = 1), Throumpa (N = 1), and Vassilikada (N = 1) 
from Kerkyra island; Korfolia (N = 5), Hontrolia (N = 1), 
Kerkyraiki (N = 1), and Plexoudenia (N = 1) from Kefalonia 
island; Plexydolia (N = 2) and Tragolia (N = 1) from Leu-
kada island. These 18 samples were grouped as “Others’’ to 
evaluate further the chemometric models to be established 
for the authentication of olive oil samples according to culti-
var. The samples of collected olives had the following char-
acteristics: (i) the fruits had the same degree of maturity (the 
time of harvesting of the olive fruit was defined as the time 
when the fruit begun to change color), and (ii) collection of 
samples was done by covering as much as possible all the 
olive growing areas of the Ionian islands. Soon after receiv-
ing the raw material (c.a. 3 kg/sample), the following steps 
were followed: Selection of olives and leaves involved using 
only healthy olives without any imperfections, followed by 
crushing of olives and removal of olive core, grinding in a 
blender, addition of an equal amount of water, and mixing 
the olive oil for 45 min at a temperature below 27 °C, fol-
lowed by centrifugation for 4 min at 3500 revolutions per 
minute (rpm), and then receiving the olive oil, archiving, and 
placing samples in dark vials under chilled temperature [17].

Chemicals and reagents

4-Met hyl -2 -pen t anone  [ (CH 3) 2CHCH 2COCH 3, 
MW = 100.16] used as internal standard was purchased from 
Fluka (Germany). The standard mixture of alkanes  C8-C20 
(40 mg/L each in n-hexane) was purchased from Sigma-
Aldrich (Germany).

Determination of volatile compounds

Preparation of olive oil samples for headspace‑solid phase 
microextraction (HS‑SPME)

Four grams (4 g) of olive oil were placed in 20 mL screw-
cap vials equipped with polytetrafluoroethylene (PTFE)/sili-
cone septa and afterwards 100 μL of the internal standard 
(4-methyl-2-pentanone of initial concentration of 500 μg/L) 
were added. The vials were vortexed and maintained in a 
water bath at 45 °C under stirring at 600 rpm during the 
extraction procedure with the fiber. The HS-SPME extrac-
tion procedure followed in the study was optimized accord-
ing to the following conditions: 15 min equilibration time, 
15  min sampling/exposure time of the fiber, weight of 
sample 4 g, vial volume 20 mL, and constant extraction 
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temperature of the water bath at 45 °C [17]. The fiber used 
for the extraction of volatile compounds in the headspace 
of olive oil samples was a divinylbenzene/carboxen/polydi-
methylsiloxane (DVB/CAR/PDMS) fiber (50/30 μm) hav-
ing 2 cm length (Supelco, Bellefonte, PA, USA). Before 
the analysis of samples the fiber was cleaned daily using 
the’’clean” program method [17].

Instrumentation and analytical conditions

A gas chromatograph (GC) unit (Agilent 7890A) coupled 
to a mass spectrometry (MS) detector (Agilent 5975) was 
used for the analysis of the volatile compounds of olive oil 
samples. A DB-5MS [cross-linked (5%-Phenyl)-methylpo-
lysiloxane)] capillary column (J & W Scientific, Agilent 
Technologies, Santa Clara, CA, USA), with dimensions 
of 60 m × 320 μm i.d.,1 μm film thickness was used, with 
helium as the carrier gas (purity 99.999%), at a flow rate 
of 1.5 mL/min. The temperature for the injector and MS-
transfer line were maintained constant at 260 °C and 270 °C, 
respectively. The oven temperature was held at 40 °C for 
4 min and was further increased to 160 °C at a rate of 4 °C/
min and maintained for 2 min, increasing to 250 °C at a rate 
of 8 °C/min and maintained for 2 min. The electron impact 
mass spectra were recorded in the mass range of 29–500 
amu (atomic mass units). The ionization energy was 70 eV. 
A split ratio of 2:1 was used. To handle contamination prob-
lems, that could cause memory effects, blank runs were car-
ried out before and after the analysis of consecutive olive oil 
samples [17].

Identification of volatile compounds and expression 
of results

The identification of volatile compounds of olive oil sam-
ples was done using the Wiley 7 NIST (National Institute 
of Standards and Technology) mass spectral library (NIST 
2005) (J. Wiley & Sons Ltd., West Sussex, England), the 
determination of the linear retention time indices (LRIs), 
and reference compounds (for marker volatile compounds 
indicated by LDA and factor analysis) [for dodecane, (E)-
3,7-dimethyl-1,3,6-octatriene heptanal, 1-propanol, and 
(Z)-3-hexen-1-ol]. The identified volatile compounds in 
replicated samples that had > 80% probability according to 
the NIST mass spectral library were considered for the sta-
tistical evaluation. For the determination of the linear reten-
tion index values (Kováts formula), the mixture of n-alkanes 
 (C8–C20) was used following the IUPAC methodology as 
compiled by McNaught and Wilkinson [23]. Results were 
expressed as semi-quantitative data (μg/L) with reference to 
the internal standard 4-methyl-2-pentanone. The yield of the 
internal standard was > 95% [17].

Statistical analysis

The semi-quantitative data (μg/L) of volatile compounds 
were subjected to chemometrics to investigate the impact 
of olive cultivars on the volatile composition of olive oil 
samples. Comparison of the average values was done using 
MANOVA to determine which volatile compounds showed 
significant differences (p < 0.05) in their composition among 
olive oil samples of different cultivar (Koroneiki, Lianolia, 
Asprolia, Ntopia, Thiaki, Mavrolia, and Others). MANOVA 
creates a new dependent variable based on the linear com-
bination of all the dependent variables in the model (i.e., 
volatile compounds), which maximizes as far as possible the 
differences in the average values between the level groups of 
the independent variable (i.e., olive oil cultivar). The Wilks' 
Lambda and Pillai’s Trace test statistics were implemented 
to study the main effects and interaction of the independent 
variables at the multidimensional level [24]. The effective-
ness of the used sample size in the experiment was estimated 
by the observed power. Power is the probability of rejecting 
the hypothesis that the means are equal when they are in fact 
not equal. The power during MANOVA depends on the sam-
ple size, the magnitudes of the variances, the alpha level, and 
the actual differences among the population means in a given 
group of objects. In that sense, high power is much desir-
able. The high power means that there is a high probability 
of rejecting the null hypothesis when the null hypothesis is 
false. This is a critical measure of precision in hypothesis 
testing during the application of multivariate statistics [25].

FA, as a dimension reduction technique (unsupervised 
statistical technique), describes the variability (variance) that 
exists between an initial number of measured (obvious) and 
associated variables, and a smaller number of non-obvious 
variables, called factors. The purpose of factor analysis is 
to summarize the relationships between the initial and the 
factor variables in a comprehensive and accurate way by 
providing percentages of variance (% variance) associated 
with those factors. During FA, the Keiser-Meyer-Olkin index 
(KMO) assesses the sample adequacy (it should be > 0.50), 
while Bartlett’s Test of Sphericity (p-value should be < 0.05) 
assesses whether the correlations between the variables 
allow the actual implementation of factor analysis. The 
extraction method was PCA with Varimax rotation and 
Keiser Normalization [17, 26]. LDA is a supervised statisti-
cal technique that aims to find a linear combination of the 
statistically significant objects of interest (i.e., volatile com-
pounds indicated during MANOVA) that separate two or 
more groups of objects (i.e., olive oil cultivars). The suitabil-
ity of the prediction ability of the LDA models was evalu-
ated by the cross-validation method during which each case 
is classified by the functions derived from all cases other 
than that particular case [24]. Regarding the LDA analysis, 
the cultivar of olive oil samples was considered as the factor 
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variable (grouping variable), while the semi-quantitative 
data of the volatile compounds as the independent variables. 
Statistical analysis was done using the Statistical Package for 
the Social Sciences (SPSS) version 26.0 statistics software 
(SPSS, IBM Inc. [24]).

Results and discussion

Volatile compounds of olive oil of different olive 
cultivars

Table 1 lists the semi-quantitative data (μg/L) of the vola-
tile compounds that were identified among olive oil samples 
of different olive cultivars from Ionian islands. In total, 24 
volatile compounds were tentatively identified belonging to 
alcohols, aldehydes, benzene derivatives, esters, hydrocar-
bons, ketones, and terpenoids. A typical gas chromatogram 
of olive oil sample (no. 53) of the Korfolia olive cultivar 
from Kefalonia is shown in Fig. 1. It should be noted that the 
volatile compounds that were identified in the present study 
are in line with previous studies concerning the cultivar or 
geographical origin authentication of olive oil from different 
countries [8, 12, 15–17, 27].

Differences in the volatile composition of olive oil sam-
ples of different olive cultivars were observed (Table 1). 
In addition, substantial differences were observed in the 
sum of volatile compounds classes according to olive oil 
cultivars. The most dominant volatile compounds were 
aldehydes, followed by hydrocarbons, and alcohols. The 
respective order for the alcohols composition (μg/L) was 
Mavrolia > Koroneiki > Ntopia > Lianolia > Asprolia > Thi-
aki > Others. Regarding the aldehydes composition (μg/L), 
the respective order was Lianolia > Ntopia > Others > Mav-
rolia > Thiaki > Asprolia > Koroneiki. In the case of benzene 
derivatives, the respective composition (μg/L) followed 
the order: Others > Lianolia > Mavrolia > Thiaki > Nto-
pia > Koroneiki > Asprolia. Similarly, esters had the fol-
lowing order in their composition (μg/L): Thiaki > Oth-
ers > Koroneiki > Asprolia. As far as the hydrocarbons are 
concerned, their composition (μg/L) had the following order: 
Koroneiki > Thiaki > Others > Ntopia > Lianolia > Mavro-
lia > Asprolia. For ketones, the respective order in their com-
position (μg/L) was: Ntopia > Koroneiki > Lianolia. Finally, 
terpenoids showed the following order in their composition 
(μg/L): Lianolia > Mavrolia.

The basic volatiles that contribute to the aroma of olive 
oil are hexanal, the aroma of which is associated with green 
apple and cut grass, trans-2-hexenal or (E)-2-hexenal, whose 
aroma is associated with that of bitter almonds, and other 
green, fruity, sharp, bitter and astringent aroma notes, and 
the 1-hexanol whose aroma is related to that of tomato and 

other fruity, soft, aromatic, alcoholic or even harsh aromas 
[4, 22].

Among aldehydes, pentanal recorded the highest amount 
(μg/L) in olive oil samples of the Koroneiki cultivar. Hexa-
nal recorded the higher amount (μg/L) in olive oil samples 
of the Thiaki cultivar, whereas (E)-2-hexenal, the most abun-
dant volatile compound among the analyzed olive oil sam-
ples, recorded the highest amount (μg/L) in olive oil samples 
of the Lianolia cultivar. Of the remaining aldehydes, nona-
nal recorded the highest amount (μg/L) in olive oil samples 
of the Koroneiki cultivar, while heptanal and octanal were 
identified only in olive oil samples of Ntopia, Thiaki, and 
Lianolia cultivars. It should be stressed that the role of alde-
hydes in olive oil cultivar differentiation (along with other 
C6 compounds), such as hexanal and (E)-2 hexenal, has been 
reported to serve as characteristic volatile compounds of 
different olive oil cultivars [19, 22, 28, 29], including Koro-
neiki among others, in different parts of the world [8, 19].

Concerning the alcohols, ethanol was identified in all 
olive oil, while the oil samples of the Mavrolia cultivar 
had the highest amounts (Table 1). Ethanol may provide a 
fermented-like, ripe fruit, and pungent aroma in olive oil, 
while in combination with other alcohols such as 2-methyl 
propanol, cis-2-penten-1-ol, cis-3-hexenol and octanol may 
impart a sweet and fruity odor, resulting in positive effects 
to the aroma and quality of olive oil [3]. In previous stud-
ies dealing with the determination of volatile compounds 
of olive oil from Morocco (Picholine marocaine cultivar) 
[9], Tunisia (Jemri, Toffehi, and Fakhari cultivars) [28], 
Brazil (Arbequina, Arbosana, Picual, Koroneiki, Grapollo, 
Coratina and Frantoio cultivars) [27], Greece (Koroneiki 
cultivar) [22], and Italy (Leccino cultivar) [29], ethanol was 
not reported to contribute to the aroma of olive oil. How-
ever, the only report on the contribution of ethanol in the 
volatile profile of olive oil was for the Italian olive cultivar 
“Alperujo” [16], Therefore, we postulate that ethanol may 
be linked as a characteristic volatile compound of olive oil 
associated with its cultivar, grown in a specific region [17].

1-Hexanol was identified only in olive oil samples of the 
Ntopia cultivar. In a previous study 1-hexanol was associated 
with the olive oil cultivar [4]. Concerning the other alcohols, 
(Z)-3-hexen-1-ol, and (E)-2-hexen-1-ol recorded the high-
est amounts (μg/L) in olive oil samples of Koroneiki and 
Lianolia cultivars (Table 1). These compounds have been 
associated with a “green” and “grassy” odor as well as an 
astringent-bitter taste of olive oil [3]. Finally, 1-propanol was 
identified only in olive oil samples of Asprolia and Thiaki 
cultivars, in much lower concentration (Table 1). 1-Propanol 
was previously reported to contribute to the aroma of olive 
oil of the Leccino olive cultivar from Italy [29].

Hydrocarbons may also be derived from the LOX 
pathway [10]. The most abundant hydrocarbons were 
2,2,4,6,6-pentamethylheptane and decane. Decane recorded 
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the highest amount (μg/L) in olive oil samples of Lianolia 
cultivar, whereas 2,2,4,6,6-pentamethylheptane presented 
the highest amount (μg/L) in olive oil samples of Lianolia 
and Koroneiki cultivars. The contribution of dodecane in the 
aroma of all olive oil samples, is also worth mentioning. The 
highest amount (μg/L) of dodecane was recorded in olive 
oil samples of Ntopia and Koroneiki cultivars (Table 1). 
Another critical point to discuss is that these hydrocarbons 
were not reported to contribute to the aroma of olive oil of 
the Koroneiki, Thiaki, Asprolia, and Lianolia olive cultivars 
from Ionian islands [8, 22]. Depending on the carbon chain, 
hydrocarbons may give an aromatic, sweet, apple-like, and 
oily odor in olive oil [3].

Among ketones, only 6-methyl-5-hepten-2-one was iden-
tified in olive oil samples of Ntopia, Koroneiki, and Lianolia 
cultivars. The highest amount (μg/L) of this compound was 
determined in olive oil samples of the Ntopia cultivar. This 
compound contributes to the pungent, green, and fruity odor 
of olive oil [30]. The contribution of this ketone in olive oil 
aroma is in agreement with the results reported by Pouliare-
kou et al. [8] and Theodosi et al. [22].

Acetic acid hexyl ester and (Z)-3-hexen-1-ol, acetate were 
the only esterified compounds that were identified in olive 
oil samples. Acetic acid hexyl ester was identified only in 
olive oil samples of Asprolia cultivar, whereas (Z)-3-hexen-
1-ol, acetate recorded the highest amount (μg/L) in olive 
oil samples of Thiaki cultivar. Acetic acid hexyl ester was 
previously reported to contribute to the aroma of olive oil 
from olive cultivars grown in the Ionian islands [8, 22]. 

These compounds also derive from the LOX pathway and 
are responsible for the fruity, sweet and pleasant aromatic 
notes of olive oil [3, 15].

Regarding the benzene derivatives, toluene was identi-
fied in highest amounts (μg/L) in olive oil samples of other 
cultivars, followed by Koroneiki and Thiaki cultivars. On 
the contrary, 1,3-bis(1,1-dimethylethyl)-benzene was identi-
fied in all olive oil samples, recording the highest amount 
(μg/L) in olive oil samples of Mavrolia cultivar. 1,3-Bis(1,1-
dimethylethyl)benzene was not previously reported to con-
tribute to the aroma of olive oil of Koroneiki, Thiaki, Ntopia, 
Asprolia, and Lianolia olive cultivars from Ionian islands [8, 
22], nor Picholine marocaine olive cultivar from Morocco 
[9], and Alperujo olive cultivar from Florence (Italy) [16]. 
Toluene and 1,3-bis(1,1-dimethylethyl)benzene may lead to 
a bitter and spicy olive oil flavor [3].

Finally, terpenoids such as dl-limonene and trans-β-
ocimene may vary in their respective concentration accord-
ing to olive cultivar and geographical origin [17, 22, 30]. In 
the present study, dl-limonene was identified only in Koro-
neiki and Mavrolia cultivars, whereas trans-β-ocimene was 
identified only in olive oil samples of the Lianolia cultivar.

Supplementary to the above, it should also be consid-
ered the effect of territory (climate and soil), including 
agronomic and technological aspects, on the volatile com-
position of the studied olive oil cultivars [19]. Studying the 
relevant literature, it is well documented that geographi-
cal and botanical origin of olive oil has, in most cases, a 

Fig. 1  A typical gas-chromatogram of olive oil (sample no.53) of the 
‘‘Korfolia’’ olive cultivar from Kefalonia. 1: Ethanol; 2: Pentanal; 3: 
Toluene; 4: Hexanal; 5: (E)-2-Hexenal; 6: 2,2,4,6,6-Pentamethylhep-

tane; 7: Decane; 8: (Z)-3-Hexen-1-ol, acetate; 9: Nonanal; 10: Dode-
cane; 11: 1,3-Bis(1,1-dimethylethyl)benzene; IS: Internal standard
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strong positive correlation considering the aforementioned 
[8, 17, 19, 20, 29].

Cultivar authentication of olive oil from Ionian 
islands

Multivariate analysis of variance

The qualitative criteria of the multivariate hypothesis Pil-
lai’s Trace = 3.079 (F = 12.022, df = 120, p = 0.000), and 
Wilks' Lambda = 0.005 (F = 13.843, df = 120, p = 0.000) 
both having an observed power of 1.000, showed that there 
was a significant impact of olive cultivar on the volatile 
composition of olive oil samples. The multivariate effect 
of the olive cultivar on the volatile compounds of olive oil 
samples is showed by the F-value tests. Among the volatile 
compounds identified in olive oil samples, twenty-three 
showed significant differences (p < 0.05) in their composi-
tion according to the olive cultivar (Table 1).

Factor analysis

Factor analysis showed that the 23 statistically significant 
volatile compounds adequately describe the variability in the 
multidimensional space. The Keiser-Meyer-Olkin (KMO) 
index was 0.652 while Bartlett’s Test of Sphericity index 
had the values X2 = 1427.604, df = 253, p = 0.000, indicating 
the existence of correlations between the variables (volatile 
compounds) allowing the application of factor analysis. The 
main volatile compounds that showed the highest correlation 
(factors) are provided in bold numbers in Table 2.

Based on the first 9 principal components (PCs), the 
variance explained was 69.835%, a value considered as sat-
isfactory (Fig. 2). The volatile compounds for which the 
correlation value in the rotated component matrix of the 
multidimensional space was the largest were: dodecane 
(PC1, 12.179% of the total variance), (E)-3,7 dimethyl-1,3,6-
octatriene (PC2, 10.952% of the total variance), heptanal 
(PC3, 10.284% of the total variance), pentanal (PC4, 8.469% 
of the total variance), 1-propanol (PC5, 6.520% of the total 
variance), ethanol (PC6, 5.553% of the total variance), acetic 

Table 2  Volatile compounds identified in olive oil of Koroneiki, Lianolia, Asprolia, Ntopia, Thiaki, and Mavrolia olive cultivars from Ionian 
islands as factor variables in the multidimensional space (Rotated component matrix)

VAR variable
*Higher correlation (absolute value)

Volatile compounds Component

1 2 3 4 5 6 7 8 9

Dodecane (VAR00023) 0.910 0.226
Decane (VAR00015) 0.833 0.183 0.158 0.165
Heptane, 2,4-dimethyl-(VAR00007) 0.563 − 0.178 − 0.125 0.521
5-Hepten-2-one, 6-methyl-(VAR00013) 0.478 − 0.134 0.351 − 0.198 − 0.221 0.225 0.154 − 0.181
1,3,6-Octatriene, 3,7-dimethyl-, (E)-(VAR00021) 0.118 0.715 − 0.123 0.299
dl-Limonene (VAR00020) 0.689 − 0.109 0.124 0.164
2-Hexen-1-ol, (E)-(VAR00010) 0.163 0.683 0.274 − 0.121 0.263 − 0.242
Octanal (VAR00017) 0.678 − 0.266 − 0.108 − 0.120
2-Hexenal, (E)- (VAR00008) 0.591 − 0.376 − 0.283
Heptanal (VAR00012) 0.123 0.835 -0.101 0.117
1-Hexanol (VAR00011) 0.758 − 0.155 0.211
Nonanal (VAR00022) 0.508 0.595 − 0.276
Pentanal (VAR00004) − 0.173 0.768 − 0.177
3-Hexen-1-ol, (Z)-(VAR00009) 0.207 − 0.233 0.666 − 0.251 0.105
Heptane, 2,2,4,6,6-pentamethyl-(VAR00014) − 0.245 0.147 0.502 0.215 0.256 0.426 − 0.225
Hexanal (VAR00006) 0.458 0.469 0.271 0.238 − 0.172 0.201
1-Propanol (VAR00002) − 0.175 0.874 0.130
3-Hexen-1-ol, acetate, (Z)-(VAR00016) 0.107 − 0.268 0.323 0.689 − 0.202 − 0.193
Ethanol (VAR00001) − 0.104 0.852
Acetic acid hexyl ester (VAR00018) − 0.135 − 0.120 -0.789 − 0.133
Butanal,3-methyl- (VAR00003) − 0.119 − 0.172 0.245 0.737 0.111
Benzene, 1,3-bis(1,1-dimethylethyl)-(VAR00024) 0.503 0.362 0.171 − 0.229 0.594 − 0.115
Toluene (VAR00005) 0.136 0.880
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acid hexyl ester (PC7, 5.552% of the total variance), 3-meth-
ylbutanal (PC8, 5.267% of the total variance), and toluene 
(PC9, 5.058% of the total variance).

Linear discriminant analysis

The results of LDA showed that five discriminant func-
tions were formed: Wilks' Lambda = 0.005 (X2 = 992.346, 
df = 115, p = 0.000) for the first; Wilks' Lambda = 0.031 
(X2 = 658.659, df = 88, p = 0.000) for the second; Wilks' 
Lambda = 0.119 (X2 = 403.122, df = 63, p = 0.000) for 
the third; Wilks' Lambda = 0.292 (X2 = 233.125, df = 40, 
p = 0.000) for the fourth; and Wilks' Lambda = 0.603 
(X2 = 95.840, df = 19, p = 0.000) for the fifth. The first dis-
criminant function accounted for 44.4% of the total variance 
and had the highest eigenvalue (4.818) and canonical cor-
relation (0.910). The second discriminant function had a sig-
nificantly lower eigenvalue (2.852) and canonical correlation 
(0.860), while accounted for 26.3% of the total variance. The 
third discriminant function had a lower eigenvalue (1.452) 
and canonical correlation (0.770) accounting for 13.4% of 
the total variance. Similarly, the fourth discriminant function 
had a lower eigenvalue (1.064) and canonical correlation 
(0.718) accounting for 9.8% of the total variance. Finally, the 
fifth discriminant function had the lowest eigenvalue (0.658) 
and canonical correlation (0.630) accounting for 6.1% of the 
total variance All discriminant functions accounted for 100% 
of the total variance.

During LDA, the eigenvalue of the discriminant function 
is an essential parameter, since it provides information on 
how well the function differentiates the initial groups (olive 
oil cultivar). In parallel, the group centroid values comprise 
another essential parameter in LDA. The group centroid val-
ues are considered for the estimation of the classification 
ability of the LDA model and refer to the unstandardized 
canonical discriminant functions, evaluated at group means. 
The centroid values have two numbers which represent the 
coordinates (the abscissa is the first discriminant function, 
and the ordinate is the second discriminant function) [17].

The group centroid values were: (− 2.056, 0.481), (4.247, 
1.149), (− 0.658, − 0.845), (− 0.079, − 1.409), (− 2.429, 
5.112) and (− 0.025, − 1.376) for olive oil samples of Koro-
neiki, Lianolia, Asprolia, Ntopia, Thiaki, and Mavrolia olive 
cultivars, respectively (Fig. 3).

The best results (based on the cross-validation method) 
were obtained for the olive oil samples of the Lianolia culti-
var, where of the 37 initial samples, 34 were correctly allo-
cated in Lianolia cultivar (correct prediction rate of 91.9%), 
while 3 samples were allocated in Ntopia cultivar. Similarly, 
for the Koroneiki cultivar of the 47 initial samples, 42 were 
correctly allocated in Koroneiki cultivar (correct prediction 
rate of 89.4%), while 2 samples were allocated in Asprolia 
and 3 samples in Ntopia cultivars. Furthermore, for the olive 
oil samples of the Ntopia cultivar of the 64 initial samples, 
57 were correctly allocated in Ntopia cultivar (correct pre-
diction rate of 89.1%), while 3 samples were allocated in 
Koroneiki, 1 sample in Lianolia, 2 samples in Asprolia, and 
1 sample in Mavrolia cultivars. For the olive oil samples of 
the Asprolia cultivar of the 36 initial samples, 31 were cor-
rectly allocated in Asprolia cultivar (correct prediction rate 
of 86.1%), and 5 samples were allocated in Ntopia cultivar. 
Regarding the olive oil samples of the Thiaki cultivar, of the 
13 initial samples, 9 were correctly allocated in Thiaki cul-
tivar (correct prediction rate of 69.2%), and 4 samples were 
allocated in Koroneiki cultivar. Finally, for the olive oil sam-
ples of the Mavrolia cultivar the results were not satisfactory, 
since of the 8 initial samples 4 were correctly allocated in 
Mavrolia (correct prediction rate of 50%), 3 samples in Nto-
pia and 1 sample in Asprolia cultivars (Table 3).

The overall correct classification rate was 89.3% for the 
original and 86.3% for the cross-validation method (Table 3). 
Between these values, the latter is considered very satis-
factory given that samples of olive oil of 6 different olive 
cultivars were studied together in the linear discrimination 
model.

The volatile compounds that mostly contributed to the 
discrimination of olive oil samples from Ionian islands 
according to olive cultivar, were those pooled with the 
highest absolute correlation value (in bold) within the dis-
criminant functions (Table 4). These were (E)-3,7 dime-
thyl-1,3,6-octatriene for discriminant function 1, 1-propanol 

Fig. 2  Volatile compounds identified in olive oil of Koroneiki, Lia-
nolia, Asprolia, Ntopia, Thiaki, and Mavrolia olive cultivars from 
Ionian islands as factor variables in the multidimensional space 
(three-dimensional display-3D) (Variables names are given in full in 
Supplementary material)
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for discriminant function 2, (Z)-3-hexen-1-ol for discrimi-
nant function 3, acetic acid hexyl ester for discriminant 
function 4, and 3-methyl butanal for discriminant function 
5. By setting a lower demand of the correlation value to 
be ≥ 0.45, these volatile compounds were: trans-β-ocimene 
for discriminant function 1, 1-propanol and (Z)-3-hexen-1-ol 
acetate for discriminant function 2, (Z)-3-hexen-1-ol for dis-
criminant function 3, acetic acid hexyl ester for discriminant 
function 4, and 3-methylbutanal for discriminant function 
5. Therefore, these volatile compounds are most strongly 
related to the cultivars of olive oil from Ionian islands.

Complementary evaluation of the results 
of multivariate statistics using additional olive oil 
samples of less known olive cultivars

To further evaluate the results of multivariate statistics, the 
semi-quantitative data of 18 additional olive oil samples 
belonging to other olive cultivars grown in the four Ionian 
islands were subjected to analysis simultaneously with the 

former 205 olive oil samples. Full data for the statistical 
analysis carried out in this section are given in supplemen-
tary material (Supplementary Tables 1–8) to avoid repeti-
tion and an extended study. Briefly, multivariate statistical 
analysis showed again that olive cultivar had a significant 
impact on the volatile composition of olive oil samples of 
different cultivar (Supplementary Table 1). Even though the 
number of olive oil samples was increased (223), the signifi-
cant volatile compounds remained constant and explained 
68.64% of the total variance during factor analysis (Supple-
mentary Table 4) (Fig. 4). The discrimination results after 
implementation of linear discriminant analysis were 84.8% 
for the original and 79.8% for the cross-validation method, 
respectively (Supplementary Table 7) (Fig. 5). As it can be 
observed, these classification results were slightly lower 
compared to the previous results, given the lower prediction 
rates that were obtained for olive oil samples of the Koro-
neiki (78.7%), Lianolia (86.5%), and Asprolia (80.6%) culti-
vars. The classification rate of olive oil samples of other cul-
tivars was rather poor (55.6%) as 8 samples were allocated 

Fig. 3  Differentiation of olive oil of Koroneiki, Lianolia, Aspro-
lia, Ntopia, Thiaki, and Mavrolia olive cultivars from Ionian islands 
based on 23 volatile compounds in combination with LDA (two-

dimensional display-2D). 1: Koroneiki. 2: Lianolia. 3: Asprolia. 4: 
Ntopia. 5: Thiaki. 6: Mavrolia
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partially to the group of Koroneiki, Lianolia, Ntopia, and 
Thiaki cultivars (Supplementary Table 7). However, the 
overall classification results may be considered satisfactory 
given that olive oil samples of rare olive cultivars (for which 
no data is available for their volatile profile or authenticity) 
were studied together with common olive cultivars grown 
in the Ionian islands. It is also worth mentioning that the 
correlation values of volatile compounds identified in olive 
oil samples of Koroneiki, Lianolia, Asprolia, Ntopia, Thi-
aki, Mavrolia, and other olive cultivars from Ionian islands 
between groups (cultivar) within each discriminant function 
was also differentiated (Supplementary Table 8) when the 
number of olive oil samples increased, thus providing, infor-
mation on the impact of olive oil samples of the ‘‘Others’’ 
olive cultivars, in the discrimination model.

The classification results of multivariate statistics for 
olive oil samples of 6 or 7 olive cultivars obtained in the 
present study support and further strengthen those of simi-
lar studies in the literature concerning the cultivar authen-
tication of olive oil using volatile compounds analysis and 
chemometrics [4, 7, 15, 31].

Conclusions

Olive oil of different olive cultivars grown in the Ion-
ian islands had a characteristic aroma owed to different 
proportions of alcohols, aldehydes, benzene derivatives, 
esters, hydrocarbons, ketones, and terpenoids. Among the 
studied olive cultivars, some of them studied for the first 

Table 3  Classification of olive oil samples of Koroneiki, Lianolia, Asprolia, Ntopia, Thiaki, and Mavrolia olive cultivars from Ionian islands 
based on volatile compounds and LDA

a 89.3% of original method grouped cases correctly classified. bCross validation is done only for those cases in the analysis. In cross validation, 
each case is classified by the functions derived from all cases other than that case. c86.3% of cross-validated method grouped cases correctly 
classified

LDA Classification rate Cultivar Predicted Group Membership Olive oil samples

Method Koroneiki Lianolia Asprolia Ntopia Thiaki Mavrolia

Originala Actual number Koroneiki 44 0 1 2 0 0 47
Lianolia 0 34 0 3 0 0 37
Asprolia 0 0 31 5 0 0 36
Ntopia 3 0 2 59 0 0 64
Thiaki 3 0 0 0 10 0 13
Mavrolia 0 0 1 2 0 5 8

% Koroneiki 93.6 0.0 2.1 4.3 0.0 0.0 100.0
Lianolia 0.0 91.9 0.0 8.1 0.0 0.0 100.0
Asprolia 0.0 0.0 86.1 13.9 0.0 0.0 100.0
Ntopia 4.7 0.0 3.1 92.2 0.0 0.0 100.0
Thiaki 23.1 0.0 0.0 0.0 76.9 0.0 100.0
Mavrolia 0.0 0.0 12.5 25.0 0.0 62.5 100.0

Cross-validatedb,c Count Koroneiki 42 0 2 3 0 0 47
Lianolia 0 34 0 3 0 0 37
Asprolia 0 0 31 5 0 0 36
Ntopia 3 1 2 57 0 1 64
Thiaki 4 0 0 0 9 0 13
Mavrolia 0 0 1 3 0 4 8

% Koroneiki 89.4 .0 4.3 6.4 0.0 0.0 100.0
Lianolia 0.0 91.9 0.0 8.1 0.0 0.0 100.0
Asprolia 0.0 0.0 86.1 13.9 0.0 0.0 100.0
Ntopia 4.7 1.6 3.1 89.1 0.0 1.6 100.0
Thiaki 30.8 0.0 0.0 0.0 69.2 0.0 100.0
Mavrolia 0.0 0.0 12.5 37.5 0.0 50.0 100.0
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time, olive oil of the Lianolia olive cultivar had the richer 
aroma. The implementation of chemometric analysis on the 
semi-quantitative data of volatile compounds resulted in a 
satisfactory differentiation of olive oil samples according to 
olive cultivar. To the best of our knowledge, this is the first 
report in the literature that presents semi-quantitative vola-
tile compounds’ data for 223 olive oil samples from different 
olive cultivars grown in the Ionian islands, establishing at 
the same time chemometric models for the olive oil cultivar 
authentication. The understanding and the characterization 
of the volatile fingerprint of olive oils is still a challenge, 
in terms of promoting research data in areas of regional 
specialization, and by creating new competitive zones at an 
international level for the commercialization of authentic 
olive oils or unique blends of olive oils of different olive 
cultivars. However, the use of reference compounds to col-
lect quantitative data related to the whole volatile fingerprint 
of olive oil, in a future work, will further validate the results 
of the present study.

Table 4  Correlation values of 
volatile compounds identified in 
olive oil samples of Koroneiki, 
Lianolia, Asprolia, Ntopia, 
Thiaki, and Mavrolia olive 
cultivars from Ionian islands 
between groups (cultivar) within 
each discriminant function

VAR variable
*Higher correlation (absolute value)

Volatile compounds Discriminant function

1 2 3 4 5

1,3,6-Octatriene, 3,7-dimethyl-, (E)-(VAR00021) 0.511* 0.234 − 0.189 − 0.121 − 0.012
dl-Limonene (VAR00020) 0.312* 0.131 − 0.101 − 0.072 0.133
Octanal (VAR00017) 0.297* 0.136 − 0.110 − 0.071 − 0.007
2-Hexen-1-ol, (E)-(VAR00010) 0.242* -0.091 0.100 0.093 0.003
Toluene (VAR00005) 0.135* 0.089 − 0.033 − 0.021 − 0.003
1-Propanol (VAR00002) − 0.142 0.505* 0.405 0.265 0.007
3-Hexen-1-ol, acetate, (Z)-(VAR00016) − 0.324 0.474* − 0.007 − 0.143 − 0.033
Hexanal (VAR00006) − 0.055 0.212* − 0.102 0.095 0.049
3-Hexen-1-ol, (Z)-(VAR00009) − 0.163 0.065 − 0.471* − 0.115 0.037
Heptane, 2,4-dimethyl-(VAR00007) 0.066 0.106 − 0.392* 0.294 0.053
2-Hexenal, (E)-(VAR00008) 0.358 − 0.030 0.362* 0.166 − 0.024
Decane (VAR00015) 0.064 0.075 − 0.274* 0.183 0.005
Pentanal (VAR00004) − 0.151 − 0.046 − 0.211* − 0.186 0.069
Acetic acid hexyl ester (VAR00018) − 0.048 − 0.105 0.317 − 0.582* − 0.182
Heptanal (VAR00012) − 0.030 − 0.065 0.142 0.381* − 0.159
5-Hepten-2-one, 6-methyl-(VAR00013) 0.018 − 0.132 − 0.132 0.359* − 0.191
1-Hexanol (VAR00011) − 0.005 − 0.154 0.069 0.331* − 0.158
Benzene, 1,3-bis(1,1-dimethylethyl)-(VAR00024) − 0.072 − 0.077 − 0.022 0.218* 0.131
Dodecane (VAR00023) 0.025 0.012 − 0.147 0.196* − 0.030
Nonanal (VAR00022) 0.005 0.001 − 0.168 0.191* − 0.104
Ethanol (VAR00001) − 0.015 − 0.112 0.150 0.155* 0.139
Heptane, 2,2,4,6,6-pentamethyl-(VAR00014) − 0.118 0.009 0.088 0.141* 0.033
Butanal, 3-methyl-(VAR00003) − 0.001 − 0.069 0.087 0.015 0.836*

Fig. 4  Volatile compounds identified in olive oil of Koroneiki, Lia-
nolia, Asprolia, Ntopia, Thiaki, Mavrolia, and other olive cultivars 
from Ionian islands as factor variables in the multidimensional space 
(three-dimensional display-3D) (Variables names are given in full in 
Supplementary material)
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