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1 Introduction

Chemometric criteria for the characterisation of
Italian Protected Denomination of Origin (DOP)
olive oils from their metabolic profiles

This study was conducted and carried out as a consequence of the European direc-
tives n°2081/92 and n°2037/93 in which regulations for the protection of denomination
of origin of food commaodities were established. The research work was intended to in-
vestigate if monovarietal oils may be differentiated by their basic chemical composi-
tion. A positive outcome of this pilot study would hopefully permit extension to the char-
acterisation of Italian DOP (Protected Denomination of Origin) olive oils.

In the olive, long-chain alcohols, triterpenes and fatty acids, formed in distinct biosyn-
thetic compartments, provide characteristic compositional data of an olive cultivar. The
three classes of compounds were qualitatively and quantitatively determined by GC in
six Italian olive cultivars, Coratina and Provenzale from Puglia, Frantoio and Moraiolo
from Toscana, Bosana from Sardegna and Dritta from Abruzzo. Basic statistics and
multivariate methods were first applied to the GC data of each class of compounds and
then to the complete set of data with the aim of obtaining a clear discrimination of the
cultivars.

When Principal Components Analysis (PCA) was applied to the whole set of data con-
sisting of alcohols, triterpenes and acids, the PCA revealed that the compounds (vari-
ables) that gave the better class distinction were: cycloartenol for Coratina, acids
C20:0, C17:0, C18:0 for Dritta, citrostadienol for Frantoio and (3-sitosterol for Moraiolo.
Bosana and Provenzale correlated with erythrodiol and uvaol. A correct assignment of
each oil sample to its monovarietal group was obtained.

Keywords: Monovarietal olive oils, chemometrics, olive metabolites.

commodity. The official EU analytical methods are use-
less as a means to protect DOP oil [3], since they merely

The geographical origin and the specific olive cultivar
from which oil is obtained are the major official character-
ising elements of Italian DOP (Protected Denomination of
Origin) olive oils. DOP olive oils, on the market since the
olive harvest of 1998-1999, are considered the best
among Extra Virgin Olive Oils because of their expected
authenticity and specified organoleptic characteristics.
Because of their high commercial value there is a great
temptation for fraud by marketing non-authentic or adul-
terated DOP oils. Moreover, the European directives n°®
2037/93 and n° 2081/92 stress the need to regulate and
protect the denomination of origin of food commodities
[1, 2].

Both consumers and DOP oil producers are concerned
about the present lack of suitable, reliable analytical
methods to determine the authenticity of this most prized
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allow for the determination of the grade of an olive oil, and
whether or not it is adulterated with lower grade seed oil.

Since the early nineties, many research institutions de-
voted to the study of vegetable oils, especially olive oil,
have explored and applied various methods potentially
capable of characterising DOP oils for their authenticity;
almost all these studies were based on the application of
chemometrics [4, 5]. Chemometric techniques are espe-
cially suitable for handling the large amounts of data pro-
duced by modern analytical methods, such as nuclear
magnetic resonance, infrared and Raman spectro-
scopies, mass and pyrolysis mass spectrometry, gas and
liquid chromatographies [6]. Chemometrics proved to be
a powerful tool for answering complex questions such as
what is the geographical origin of a wine, and it is gener-
ally believed to be applicable to other food products [7, 8].

Commonly, the data analysed were general chemical
composition, chemico-physical parameters and also
agronomical and environmental data. The most common
chemometric methods applied to the study were ex-
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ploratory methods of pattern recognition, such as Princi-
pal Components Analysis (PCA), Hierarchical Cluster
Analysis (HCA), and classification methods, such as Soft
Independent Modelling of Class Analogy (SIMCA), Partial
Least Square (PLS), Linear Discriminant Analysis (LDA)
and Artificial Neural Networks (ANNSs) [9, 10]. Additionally,
a specific expert system SEXIA (a Spanish acronym for
the Expert System to Identify Oils), has been designed to
achieve the characterisation of European virgin olive oils
on the basis of fifty-five chemical compounds [11, 12].
For supervised learning methods such as PLS and ANNs,
the data-splitting program Multiplex has been used to sort
the pyrolysis and NMR spectra of olive oils before analy-
sis/prediction [13, 14].

Parametric and non-parametric methods have been ap-
plied to the complex chemical composition of oils from
various Mediterranean countries, obtaining a satisfactory
classification of oil samples according to their geographi-
cal origin [10, 15-17]. In further chemometric work, the
composition of fatty acids has been used to compare the
ability for discrimination of two different artificial neural
network methods on oils of different origin.

Besides fatty acids, sterolic fraction composition has also
been used in chemometric studies aimed at the charac-
terisation of the geographic origin of extra virgin olive oil
[18]. Fatty acid and sterol composition have been shown
to have a significant power to discriminate even oils pro-
duced within close geographical proximity, even har-
vested at different maturity stages [19-21]. It has been
found that sterols, triterpenic alcohols and hydrocarbons
undergo changes in relation to orography (climate, alti-
tude, distance fron sea etc.): by means of discriminant
and regression analysis procedures the oils were classi-
fied into various groups, such as valley and mountain oils,
respectively [22, 23]. In addition, it has been reported that
chemical variables such as A’-stigmasterol, cycloartenol,
stigmasterol and other minor polar compounds are not af-
fected significantly over a period of years [24, 25].

In this paper we report on the results obtained in an effort
to identify monovarietal oils (also called elemental oils)
obtained from some common ltalian olive cultivars. The
major aim of this study was to explore and evaluate fur-
ther the potential and reliability of chemometric studies on
the compositional variables of oil with the eventual aim of
correctly characterising Italian DOP oils. To this end it was
decided to use as characteristic variables the same ana-
lytical parameters as those of the EC official methods of
analysis, namely (i) fatty acids, (ii) tetracyclic as well as
pentacyclic triterpenoids and (iii) long-chain aliphatic al-
cohols.
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The study consisted of a prior descriptive analysis, com-
paring cultivars for every variable, followed by bivariate
and multivariate analysis of the three classes of com-
pounds (i), (ii) and (iii) one at a time and of the complete
set of data (i) + (ii) + (iii), all together in a run.

The three classes (i), (ii) and (iii) are biosynthesised ac-
cording to independent and genetically controlled path-
ways [26, 27]. Consequently, the genetic makeup of an
olive cultivar determines the biosynthetic reaction se-
guences leading to the lipid classes of compounds com-
prising the oil. As a consequence of the genetic makeup,
a given product of the pathway considered may be pre-
sent in variable concentrations or even absent in extreme
cases. There is also the possibility that an intermediate in
a reaction step may accumulate at the expense of either
the precursor or the final product [28]. The rational basis
for this assumption lies in the fact that in a cultivar there
may be a complete or partial block on a particular step in
a metabolic pathway through a modulation of the action of
a specific enzyme.

2 Materials and methods
2.1 Origin of olives and production of the oil

The data set included numerous samples of monovarietal
oils obtained from the following olive cultivars grown in
various lItalian regions: Abruzzo, cv Dritta, 17 samples;
Puglia, cv Coratina, 12 samples; cv Provenzale, 6 sam-
ples; Sardegna, cv Bosana, 9 samples; Toscana, cv Fran-
toio, 12 samples; cv Moraiolo, 7 samples. Olives were
harvested in the period November — December of the
1996 season. The numerous representatives of the culti-
vars examined were collected at well-separated sites cov-
ering a large area of each geographical region under ex-
amination. Olive batches of 3-5kg were crushed in a
small hammer metal mill at the Pescara Institute. The
olive paste underwent malaxation for 20 min at 28 °C. The
oil was separated by a vertical centrifuge with gravitation-
al discharge through the base. The yields were in a wide
range, 6-10%.

2.2 Determination of unsaponifiables

Long-chain fatty alcohols and polycyclic triterpenes were
obtained in a one-step reaction. The determination of the
composition of the unsaponifiable fraction, without prior
TLC separation, into classes of compounds was per-
formed by gas chromatography with a polar column of
high thermal stability as reported in the literature [29, 30].
In the gas chromatographic analysis of long-chain fatty al-
cohols and cyclic triterpenes only the major components
were identified and quantitatively evaluated (Fig. 1).
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Fig. 1. Gas chromatographic trace of the unsaponifiable
fraction of extra virgin olive oil. IS — internal standard
(eicosanol); 1 — docosanol; 2 — tetracosanol; 3 — hexa-
cosanol; 4 — squalene; 5 — B-sitosterol; 6 — AS-avena-
sterol; 7 — cycloartenol; 8 — erythrodiol; 9 — 24-methylen-
cycloartanol; 10 — uvaol; 11 — citrostadienol.

Saponification was performed on 1.25g oil samples to
which a known amount of 1-eicosanol, 0.1g of standard
dissolved in 200 ml of CHCI; (Sigma Aldrich, Deisen-
hofen, Germany), was added as internal standard in 25 ml
of an ethanolic KOH solution. The reaction flask, fitted
with a reflux condenser, was kept at a gentle simmer, for
15-20 min, until the solution was clear. A further 5ml of
ethanol were added to the solution, and shaken to ho-
mogenise. The recovery of the unsaponifiable matter was
performed by solid-phase extraction (SPE) with alumini-
um oxide neutral cartridges (Supelco Inc., Bellefonte,
USA). A 0.5 ml aliquot of sample solution was pipetted on-
to the column head, and allowed to pass completely into
the column; the unsaponifiable matter was eluted first
with 0.5ml of ethanol then with 6 ml of diethyl ether. The
solvent of the eluted solutions was removed by rotary
evaporation. The samples obtained following this proce-
dure, free from any organic potassium salt, were deriva-
tised immediately for GC analysis as trimethylsilyl (TMS)
derivatives. The silylating reagent was a 9:3:1 mixture of
pyridine, hexamethyldisilazane and chlorotrimethylsilane.
The derivatization was carried out by reacting 100 pl of
silylating reagent with 10mg of the dried sample for
30min at room temperature. The reaction solution was
evaporated to dryness under a N, stream, then dissolved
in 1 ml iso-octane. The qualitative and quantitative com-
position of the whole unsaponifiable fraction was deter-
mined in a HRGC Model 5160 Mega gas chromatograph
(Carlo Erba, Milano, Italy). Samples (0.1 pl) were injected
onto the column. The instrument was equipped with a
fused silica capillary column (25mx0.32mmx0.10 yum),
with a 50% phenyl/50% methylpolysiloxane stationary
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phase CP-TAP-CB (Chrompack Inc., Bridgewater, NJ,
USA). The carrier gas was hydrogen, inlet pressure
70 kPa at a flow rate of 2.3 ml/min. The temperature of the
flame-ionisation detector (FID) was 330°C. The oven
temperature was programmed from 70 to 160°C at
30°C/min, Omin at 160°C, from 160 to 240°C at
8 °C/min, 2min at 240 °C, from 240 to 300 °C at 3 °C/min,
10min at 300 °C. Peak identification was carried out by
comparison of the relative retention time with those
reported in the literature [29, 30] and with retention time of
standards (Sigma Aldrich, Deisenhofen).

The long-chain alcohols docosanol (C22), tetracosanol
(C24), hexacosanol (C26) and the polycyclic triterpenes
[B-sitosterol, A>-avenasterol, cycloartenol, 24-methylency-
cloartenol, erythrodiol, uvaol and citrostadienol were ex-
pressed as area percentage of the two classes of the
compounds long-chain alcohols and triterpenes, respec-
tively.

2.3 Determination of fatty acid methyl esters

Oil fatty acid analysis was carried out on methyl esters
prepared according to the EU method [3]. Gas chromato-
graphic analysis and peak area estimation were carried
out using a HRGC gas chromatograph (Carlo Erba, Mi-
lano, Italy) equipped with a fused silica capillary column
SP 2380 (60mx0.32mmx0.20 um, Supelco Inc., Belle-
fonte, USA) with hydrogen as the carrier gas, inlet pres-
sure of 50 kPa; samples were injected onto the column.
The temperature program was from 120 to 165°C at
30°C/min, 25min at 165°C, from 165 to 200°C at
5°C/min, 15min at 200°C, from 200 to 230°C at
5°C/min, 10 min at 230°C, FID temperature at 230 °C.
The identification of peaks was performed by comparing
the peak retention time with those of methyl ester stan-
dards.

The peaks for all fatty acids methyl esters were well re-
solved, with the exception of that of vaccenic acid (11c —
18:1) which was only partially separated from that of oleic
acid under the chromatographic conditions used. Ten fat-
ty acids, palmitic C16:0, palmitoleic C16:1, heptade-
canoic C17:0, heptadecenoic C17:1, stearic C18:0, oleic
C18:1, linoleic C18:2, arachidic C20:0, linolenic C18:3
and eicosenoic C20:1, expressed as percentage of fatty
acid methyl ester fraction, were used in this work.

2.4 Data processing

General descriptive statistics were processed in Micro-
soft® Excel 97, while for multivariate statistics the S-Plus®
2000 Professional statistical package (MathSoft) was
used.
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3 Results and discussion

The raw data generated from the three classes of com-
pounds were interpreted by using summarised descrip-
tive statistics and arranged in Tab. 1. One way Analysis of
Variance (ANOVA) was applied to test which variables
contributed most to differentiate olive oil cultivars. Subse-
quently, bivariate statistics were applied, thus determining
the effect that a given variable exerts on another by re-
gression analysis. Principal Components Analysis was
applied sequentially on the three classes of compounds
one at a time and on all variables as a whole.

3.1 Compositional trends of fatty acids,
alcohols and polycyclic triterpenes of
monovarietal oils

Tab. 1 shows the class relevant compositional data in per-
centage derived for each monovarietal oil sample. Exam-
ination of the data in Tab. 1 reveals large differences and
clear similarities among the six monovarietal oils. The ex-
tent of the variations observed depends on the class of
compounds considered.

Fatty acids: All the samples show chemical compositions
that are well in the average literature value ranges [12].
The data set reveals rather broad ranges for C18:1,
C18:2 and C16:0 in that order. The most evident varia-
tions in the fatty acids are observed for C18:1, Bosana
oils showing the largest range, about 67-75, whilst Corati-
na and Moraiolo oils vary least, about 79-81. The latter
two varieties of oil are quite similar on the basis of this
acid. It is noteworthy that Bosana oil is characterised by
the lowest percentage of C18:1, and contains the largest
percentage of C18:2, C16:0 and C16:1. For a given vari-
ety, significant variations in C18:2 and C16:0 were found,;
the remaining acids, however, are present in compara-
tively constant percentages.

Triterpenes: Tab. 1 shows the large variability in compo-
sition of olive oil triterpenes. Although the data reported in
the table are within the reported literature ranges [12],
some features are worth noting: e.g., B-sitosterol is the
major sterol except in the case of Dritta, which is charac-
terised by an unusually high content of 24-methylen-
cycloartenol. The latter component, although close to
cycloartenol in the biosynthetic pathway, appears to cor-
relate with its homologue to a limited extent only. A closer
examination of the triterpene data reveals other associa-
tions and differentiations. It can be seen that (3-sitosterol
brings about three groups with two associations (i) Cora-
tina-Frantoio-Moraiolo, (i) Bosana-Provenzale and (iii)
the Dritta oils alone. With A5-avenasterol three groups are
observed: (i) Bosana-Frantoio-Moraiolo-Provenzale, (ii)
Dritta, (iii) Coratina.
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Long-chain fatty alcohols: The three C22, C24, C26 al-
cohols show a compositional pattern in fair agreement
with their biosynthetic scheme that has been suggested
to proceed through an elongation-reduction in which C2
units are incorporated into the precursor, e.g. the C18
chain, that in succession leads to the homologues
C22-C26 [26, 27]. All six cultivars studied show typical
genetic control on the formation of these substances. The
three homologues are consistently present at a consider-
able percentage. A detailed numerical examination of the
data reveals that all the three homologues vary to a great
extent; in most cases C22 and C26 vary more than two-
fold in their own ranges. Such large variations, not found
in the other two classes of compounds, might be due to
the fact that alcohols are derived from the epicuticular
waxes present on the cuticle of the olive fruit. The latter
substances are known to be particularly affected by envi-
ronmental stress, and are consequently more susceptible
to variations in chemical composition.

A common general observation can be drawn from the ex-
amination of the whole set of compositional data: varia-
tions observed within monovarietal oil groups are smaller
than variations between oils from different cultivars. Since
almost all fatty acids, alcohols and triterpenoids bring
about different associations or differentiations, it seems
likely that suitable multivariate methods may be more ap-
propriate in characterising the oil varieties.

3.2 Chemometrics

Early in this research work, we sought to find simple crite-
ria based on oil components which would allow us to dis-
tinguish each oil variety from the others. First, an ex-
ploratory study was carried out for each variable individu-
ally to test the differences between cultivars, with one-
way ANOVA. The significance was estimated comparing
Fopservea With Feiic for (g-1) and (N-g) degrees of freedom,
where g = 6 is the number of groups and N = 63 is the to-
tal number of samples. Tab. 1 shows F, s for each vari-
able; it can be seen that all variables show an Fgpeerved
bigger than F_.; this means that all variables show a
highly significant difference between cultivars.

The second criterion considered was to compare quanti-
tatively the homologues within each class of compound,
that is, the substances which proved to be biosynthetical-
ly correlated. [26, 27]. The data shown in Tab. 1 prove the
strict biosynthetic relationship among the three homolo-
gous alcohols. In fact, considering the extremes of the ho-
mologous chain C22—-C24—C26, one observes how an in-
crease of the final homologous alcohol C26 corresponds
to a low percentage value of the starter C22 (Coratina)
and vice versa (Provenzale). The homologous alcohols
C22, C24 and C26 and the pair of fatty acids, palmitic



Tab. 1. Summary of compositional data and their Analysis of Variance.

Classes of Bosana Coratina Dritta Frantoio Moraiolo Provenzale ANOVA**
compounds

(variables) mean*  min max mean* min max mean* min max mean* min max mean* min max mean* min max  Fopserved
Acids

Myristic 0.01 000 001 000 000 001 001 000 005 0.00 0.00 001 000 000 001 000 000 001 427
Palmitic 12.41 11.20 14.30 9.11 8.36 9.61 11.31 9.92 12.21 10.08 9.45 11.64 10.67 10.24 11.24 10.85 10.46 11.57 33.17
Palmitoleic 0.96 077 139 037 031 041 087 072 112 064 053 102 060 053 075 0.72 0.61 0.88 35.23
Heptadecanoic 0.04 003 005 004 004 005 005 004 006 004 004 005 004 003 004 004 003 004 139
Heptadecenoic 0.09 0.06 0.12 0.06 0.04 0.08 0.08 0.07 0.10 0.10 0.08 0.13 0.08 0.06 0.09 0.09 0.06 0.13 10.76
Stearic 2.01 1.77 2.26 2.09 1.79 2.46 2.48 2.14 2.90 1.62 1.47 1.94 1.66 1.57 1.75 2.01 1.74 2.36 38.46
Oleic 7232 67.09 75.67 80.79 79.80 81.74 77.08 7364 79.13 80.70 77.31 8223 80.08 79.26 8147 7599 7297 7812 36.53
Linoleic 10.49 7.58 14.25 5.90 4.93 7.74 6.75 4.93 8.86 5.38 4.64 7.45 5.50 4.55 6.32 8.84 7.23 11.05 24.77
Linolenic 0.83 071 101 071 063 083 058 050 064 062 050 074 067 058 088 065 054 081 13.78
Arachidic 0.36 034 041 037 031 043 038 032 045 031 0.28 033 029 027 032 035 032 037 185
Eicosenoic 0.33 0.29 0.37 0.45 0.37 0.48 0.26 0.22 0.30 0.36 0.29 0.39 0.32 0.28 0.39 0.33 0.29 0.38 59.38
Behenic 0.12 009 015 010 0.08 013 010 007 013 010 0.09 0.12 010 008 012 0.12 010 015 519
Lignoceric 0.03 0.00 0.05 0.00 0.00 0.01 0.03 0.00 0.09 0.03 0.00 0.05 0.01 0.00 0.04 0.00 0.00 0.00 11.27
Alcohols

Docosanol 23.08 16.73 30.01 7.65 2.26 17.93 11.00 6.54 23.35 14.69 6.03 2550 16.05 11.70 20.01 25.65 21.82 33.11 17.88
Tetracosanol 3848 31.26 43.10 2320 1895 3224 26.23 19.22 3524 2942 20.28 40.23 3372 2491 39.68 3752 3480 3949 16.14
Hexacosanol 38.45 26.89 52.00 69.15 4983 78.79 6277 47.46 73.42 55.88 34.27 73.69 5022 4218 63.39 36.84 28.06 4321 21.75
Triterpenes

[-Sitosterol 4269 33.00 59.60 5049 31.05 62.06 33.47 26.67 62.08 5251 42.89 62.69 5280 44.68 6040 43.21 3110 52.68 1158
A5-Avenasterol 8.83 691 11.01 443 339 6.38 12.00 598 1422 9.04 724 1176 755 543 923 7.33 467 850 1248
Cycloartenol 11.15 589 16.13 28.08 20.79 39.86 7.12 3.91 10.80 4.00 2.36 9.73 9.21 7.62 12.22 8.64 6.24 12.10 66.26
24-Methylen-

Cycloartanol 23.41 12,70 29.88 10.31 6.27 21.42 37.47 1524 4584 2245 13.89 3455 17.90 10.93 24.30 29.68 23.93 40.87 30.93
Citrostadienol 8.29 7.18 9.89 3.74 2.43 4.67 6.17 4.90 8.02 9.01 6.70 10.57 6.80 5.86 8.11 6.72 4.42 7.77 27.13
Erythrodiol 4.90 325 606 268 141 451 339 238 513 256 1.16 556 483 265 765 376 255 495 8.69
Uvaol 0.73 0.45 1.34 0.28 0.10 0.84 0.37 0.18 1.02 0.42 0.16 1.10 0.91 0.47 1.25 0.66 0.20 1.28 5.69

* Mean values in percentage within each of the three classes of compounds, alcohols, acids and triterpenes

** Analysis of Variance: degree of freedom (g-1) = 5 and (N-g) = 57, probability < 0.01, F;c = 3.36
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(C16:0) and palmitoleic (C16:1), respectively, are the
most evident examples of this.

The good correlation explained by the pair of fatty acids,
typical for each of the six cultivars examined, besides
illustrating the soundness of the biosynthetic pathways,
indicate that this approach is a simple means for a tenta-
tive discrimination among the monovarietal oils.

Thus, scatter plots shown in Figs.2a and 2b reveal the
ability of defined oil components to differentiate monova-
rietal oils: the greater the ability, the more separated the
points representing the oils.

Similar results have been obtained from other pairs of
substances. Consequently, since almost all oil compo-
nents (variables) contribute to a greater or lesser extent to
the differentiation of oil varieties, multivariate methods
were expected to be the appropriate tools to distinguish
between them.

As seen and discussed above, the oil variables correlate:
therefore investigation of all the variables simultaneously
is necessary to reveal all their hidden relationships, and
Principal Components Analysis (PCA) is considered a
suitable method which can be applied to the matrix of
original data.

PCA is a technique to visualise data and find the real
dimension of a data set. The measured p parameters
describe and set out each sample (object) in a (p-1)-
dimensional space (p variables). PCA generates a set of
new orthogonal variables (axes), as linear combinations
of the original variables, so that the maximal amount of
variance contained in the data is concentrated in the first
principal component. The second principal component,
orthogonal to the first, contains the next largest possible
variation; the third next, orthogonal to both the first two
and so on. Therefore, by selecting only the most impor-
tant principal components the original matrix may be
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greatly simplified without substantial loss of information.
The PCA results are graphically displayed using two
plots. In the first, the samples' scores are plotted to show
the relationship between the samples; in the second, the
loadings of the original measured variables on successive
principal components are plotted to aid the interpretation
of components in terms of the original variables [31]. The
score and loading plots can be interpreted together, be-
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Fig. 3. Triterpenes: PC1 versus PC2, loadings and scores
(see text).
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cause objects with high scores for a specific PC also have
high values for the variables with high loadings and low
values for those exhibiting low loadings. A generally sig-
nificant feature of the PCA method is that the results ob-
tained are not independent of the units in which the vari-
ables are measured: all variables should be measured on
the same scale. Since the three classes of compounds (i,
plied to the correlation matrices. This is equivalent to the
use of the variance-covariance matrices of standardised
variables by subtracting mean value and dividing by the
standard deviation, i.e. by normalising to unit variance [32].

A first PCA was applied to the long-chain alcohols C22,
C24, C26 of all the oil samples. Two PCs explaining the
total variance of the set of the three variables failed in any
oil classification and will not be commented on further. In
a second PCA analysing the triterpenes, the first three
PCs explained 85.9% of variance. The first PC accounted
for 37.2% of total variance and was highly correlated with
24-methylencycloartenol, AS-avenasterol and B-sitosterol
in that order. The second PC (28.6% of variance) was
highly correlated to the two pairs citrostadienol-cyclo-
artenol, and erythrodiol-uvaol. These were the best para-
meters to describe the oil samples, and the biplot score
loadings revealed that the cluster of Coratina was due to
its high content of cycloartenol, whilst oils of Dritta were
correlated with their content of 24-methylen cycloartenol
and AS-avenasterol (Fig. 3). Furthermore, Fig.4 — show-
ing the plane defined by the first and third PC — evidenced
how citrostadienol is highly correlated with Frantoio oils.
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Fig. 6. Long-chain alcohols, triterpenes, fatty acids: PC1
versus PC2, loadings and scores (see text).

When PCA was applied to the fatty acids data, the per-
centage of variance explained by the first two PCs was
63.7% (Fig.5). Inspection of Fig.5 reveals only partially
distinguished sample groups of the oils examined. In the
loadings and scores biplot shown in Fig.5 Coratina oils
appear correlated with C18:1 whilst Frantoio and Moraio-
lo oils were correlated with C20:1, both variables being
explained by PC1; the second PC2 correlated fairly well
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versus PC3, loadings and scores (see text).
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with Dritta oil samples, explaining most of the variance of
the saturated acids C17:0, C18:0, C20:0.

Following the above, independent study of the three sub-
sets of variables, we analysed all the variables at the
same time, obtaining more satisfactory results in the dif-
ferentiation of the six monovarietal oils.

The first three PCs explained 32.7, 22.1 and 13.9%, re-
spectively, of the total variance present in all the original
variables. Fig. 6 shows the PCA projection of all oil sam-
ples from the different olive oil cultivars and the loadings
of the described variables. The PC1-PC2 and PC1-PC3
plots permitted an excellent differentiation of the six
groups of oils. Figs. 6 and 7 present the scores and the
loadings of the PC1-PC2 and PC1-PC3, respectively, in
their corresponding subspaces, explaining up to 68.7% of
the initial variance. PC1 (32.7% of the variance) is mainly
associated with C18:1 and cycloartenol on one side and
with C18:2 and C16:0, C16:1 on the other (the two groups
of variables having opposite signs in the plots).

In a second PCA analysis in which the mean values (for a
given cultivar) of all oil sample variables were used, the
first three PC explained 44.1, 26.9 and 17.1% of the total
variance. As is apparent from the relative position of the
scores in the plot (Fig. 8), the use of mean values giving
all oils an equal weight in the data analysis increased
the accuracy of the PCA, revealing clearer differences
between the oil varieties. The position of oils from Dritta,
Moraiolo and Coratina are the most distinct, whilst
Provenzale and Bosana oils appear to have several char-
acteristics in common and are therefore found closer in
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the PC subspace. The score and loading biplots demon-
strate the actual correlation between variables and oils.

For instance, the cluster of Coratina oils correlates with
oleic acid (C18:1) and cycloartenol; Dritta correlates with
the three saturated acids C17:0, C18:0, C20:0 and with
Ad-avenasterol and 24-methylenyicloartenol. Other clear-
ly distinct clusters are Bosana and Frantoio correlating
with linoleic acid (C18:2), B-sitosterol and eicosenoic acid
(C20:1), respectively.

In conclusion, although we have found in previous works
[14, 33-35] that supervised methods of multivariate data
analysis (such as Partial Least Squares analysis and Arti-
ficial Neural Networks) are much more discriminating in
this field and are necessary for the assessment of olive oil
adulteration, the unsupervised learning methods de-
scribed herein were sufficient to obtain a correct assign-
ment of each olive oil sample to its monovarietal group.
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