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ABSTRACT: Principal component analysis (PCA) has been
used to establish a new method for the detection of olive oil
adulteration. The data set, composed of values obtained from
the determination of the mole percentage of total FA and their
regiospecific distribution in positions 1 and 3 in TG of oils (pure
or mixtures) by GC analysis, was subjected to PCA. 3-D scatter
plots showed clearly that it is possible to distinguish the pure
oils from the mixtures. Moreover, it is possible to discriminate
the different types of seed oil used for the adulteration.
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Food fraud usually involves misleading the purchaser as to
the true nature, composition, or quality of the goods changing
hands. The offense can take the form of adulteration, which
generally involves the dilution of a commodity with less ex-
pensive materials. Adulteration of olive oil with various seed
oils is a common problem affecting the quality and commer-
cial value of the product. This practice is a commercial ex-
ploitation of olive oil and causes major loss in economical
value.

European Mediterranean countries producing olive oil
have recently adopted a common legislation in order to pro-
tect olive oil growers and consumers from food fraud. Olive
oil is the most expensive edible oil, and owing to the recent
application of legal regulation, it is the most important one as
far as adulteration is concerned (1). Olive oil is distinguished
from other vegetable oils because it may be consumed with-
out having been refined. When refining takes place, the prod-
uct is considered less desirable since its attractive organolep-
tic properties are diminished during the process. Olive oil is
subjected to two types of adulteration. The first is the blend-
ing of virgin olive oils with olive oils of lower grade (for ex-
ample, refined olive oil or olive pomace oil). The second is
the mixing of olive oil with other liquid vegetable oils.

Numerous researchers have proposed various methods to
determine adulteration resulting from the mixing of the olive
oil with other vegetable oils. The purity criteria for olive oils
are based mainly on the FFA content, the PV, the specific ex-
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tinction, the FA composition (especially in the 2-position of
TG), and the sterol composition. A method for the detection
of adulterated and misbranded olive oil products was proposed
by Firestone et al. (2), based mainly on the analysis of differ-
ent olive oil constituents, such as sterols and triterpenes and
saturated FA in the 2-position of TG, and on other analyses
such as acidity, color, and specific extinction. Other methods
have also been proposed. Kapoulas and Andricopoulos (3) in-
troduced a method for detecting adulteration of olive oil with
very low levels of linoleic acid-rich oils, applying reversed-
phase HPLC. Goodacre et al. (4) proposed a rapid assessment
for olive oil adulteration. In this method, Curie-point pyroly-
sis mass spectra were obtained from a variety of extra-virgin
olive oils prepared from various cultivars using several me-
chanical treatments. They proved that the major source of vari-
ation was the difference between the cultivars instead of
whether the oils had been adulterated.

In our work, we propose a new method based on principal
component analysis (PCA). The mole percentage of each FA
plus the percentage of the same acid in the sn-1,3 positions of
the TG are introduced as elements in the matrix. With this
new method it is possible to distinguish mixtures of olive oil
with seed oils even at a level of 5%. It is also possible to pre-
dict, by the applied model, the seed origin of the oil used for
the adulteration. Stepwise discrimination analysis previously
has been used to delineate the origin of wines (5) and to char-
acterize of roasted coffee and coffee beverages (6). The
method proposed in this work also may be applied to mixtures
of other vegetable oils, after changes in the data introduced to
the model.

MATERIALS AND METHODS

Vegetable oils (corn, soybean, sunflower, cottonseed, almond,
and olive oils) were purchased from the local market.

1,3-Specific lipase from Mucor miehei (Lipozyme IM 20,
Batch: LM7 0753) was obtained from Novo Nordisk A/S
(Bagsvaerd, Denmark).

TLC was conducted on 0.25 mm Silica gel 60 plates F254
(5 x 20 cm) purchased from Merck Ltd. (Darmstadt, Ger-
many). TLC plates were developed with hexane/ether/acetic
acid (90:10:1) (all purchased from Sigma, St. Louis, MO),
dried, and visualized by exposure to I, vapor.

Methyl ester formation. FAME were prepared by reaction
of the oil (200 uL) with a small amount of sodium methoxide
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TABLE 1
Temperature Program for GC Determination of FAME
and FA Butyl Esters

Temp. (°C) Rate (°C/min) Hold (min) Total (min)
150 0.0 0.00 0.00
212 2.0 1.00 32.00
240 10.0 5.00 39.80

in methanol in room temperature. The reaction lasted about 5
min with gentle agitation of the mixture periodically. After
the reaction was completed, 10 mL of diethyl ether was added
and the organic layer was washed three times with water,
dried over Na,SO,, and reduced to 1 mL by heating in a water
bath (40°C). The solution obtained was then subjected to GC
analysis.

Determination of sn-1,3 distribution of FA in TAG by butyl
ester formation using a regiospecific lipase. A mixture con-
taining 200 puL of sample (oil) and 600 puL of n-butyl alcohol
was placed in a test tube. Lipozyme IM (250 mg) was added,
and the whole mixture was agitated. The oil was allowed to
react with the above alcohol for 10 min under gentle agitation
using a Vortex Genie 2 (Scientific Industries, Inc., Bohemia,
NY). [The reaction was followed by TLC until the oil spot
with Rf 0.5 was minimized. Three other spots with Rf values
of 0.8, 0.2, and 0.1 (FA butyl ester, mono and diglycerides,
respectively) were present on the plate at the end of the reac-
tion.] Then 20 mL of pentane was added, followed by 10 mL
of a saturated solution of NaCl. After gentle agitation and sep-
aration of the two phases, the water phase was removed. The
organic phase was extracted twice with a saturated solution
of NaCl and water and dried over Na,SO,. Most of the sol-
vent was evaporated on a water bath at 40°C. During wash-
ings with water the two spots with Rf of 0.2 and 0.1 practi-
cally disappeared. Finally, the products were subjected to GC
analysis.

Instrumentation. Analysis of methyl and butyl esters was
carried out with a Hewlett-Packard HP 6890 gas chromato-
graph, equipped with a J&W (J&W Scientific, Koln, Ger-
many) capillary DB-23 column (0.322 mm i.d., 30 m, 0.25
um). Nitrogen flow rate was set at 1.72 mL/min. The column
temperature program is detailed in Table 1. The injector and
detector temperatures were maintained at 220 and 280°C, re-
spectively.

Statistical analysis. The data set, which was composed of
values obtained from GC analysis, was used for PCA and
stepwise discriminant analysis (DA). The statistical program
SPSS v10.0.7 for Windows (SPSS Inc., Chicago, IL) was
used to calculate and plot the data from the PCA and DA.

Additionally, a classification matrix was calculated to eval-
uate the predictive accuracy of the discrimination model. The
results were cross-validated, meaning that each case was clas-
sified by the functions derived from all cases other than that,
because the original results may provide overly optimistic es-
timates and cross-validation attempts to remedy this problem
(7-9). The classification results were compared with the ones
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that could be classified correctly by chance, taking into ac-
count their group sizes.

RESULTS AND DISCUSSION

As explained previously, some criteria for olive oil purity
have been established. FFA content, PV, specific extinction,
and regiospecific FA composition are the minimum required
for the determination of the adulteration or misbranding of
olive oil. Clearly, much analytical work is needed to achieve
unambiguous results. In this work, a single and easily applied
technique like GC, coupled with a statistical tool (DA), has
been introduced for the determination of any adulteration of
olive oil. The proposed method can be divided in three distin-
guishable parts. The first and second parts are the determina-
tion of the total FA as FAME and as sn-1,3 fatty acid butyl es-
ters (FABE), respectively. The third part consists of a data
matrix constructed using FAME and FABE mole percentage
data measured on a total of 20 oils (10 pure oils and 10 mixed
oils). The pure oils used were corn, soybean, sunflower, cot-
tonseed, and olive oil, and the mixed oils were made with
olive and soybean oil (95:5, 50:50, vol/vol), olive and cotton-
seed oil (95:5, 50:50, 25:75, vol/vol), olive and corn oil (95:5,
50:50, 25:75, vol/vol), and olive and sunflower oil (95:5,
50:50, 25:75, vol/vol) (see Tables 2 and 3). The method for

TABLE 2
Comparative FA Compositions (mol%) and Positional Distribution
of FA in TAG (pure oils, vol/vol)

Mol% Cieo Ciso Cien Cigs Cigp Cigq Total
Olive oil (A)

FAin 1,23 12.6 29 0.9 0.7 8.4 74.6 100.0

FAin 1,3 18.2 3.4 1.0 0.5 7.4 693 99.8
Olive oil (B)

FAin 1,2,3 12.1 2.8 0.8 0.8 7.1 76.4 100.0

FAin 1,3 17.8 3.9 0.9 0.5 5.8 71.0 99.8
Corn oil (A)

FAin1,2,3 11.6 2.0 0.1 0.8 59.6 26.0 100.0

FAin 1,3 18.3 2.8 0.1 0.9 49.6 28.1 99.8
Corn oil (B)

FAin1,2,3 12.1 2.0 0.1 0.9 56.6 283 100.0

FAin 1,3 19.0 2.8 0.1 0.8 48.2 28.8 99.8
Soybean oil (A)

FAin1,2,3 11.9 4.3 0.1 6.9 544 225 100.0

FAin 1,3 17.7 6.8 0.1 7.0 46.1 212 98.8
Soybean oil (B)

FAin1,2,3 12.7 4.4 0.1 6.8 53.0 23.0 100.0

FAin 1,3 16.4 6.6 0.1 7.1 47.7 22.1 100.0
Sunflower oil (A)

FAin1,2,3 7.1 4.4 0.1 0.1 65.7 22.7 100.0

FAin 1,3 10.9 6.0 0.1 0.1 609 21.8 99.8
Sunflower oil (B)

FAin 1,23 7.4 4.0 0.1 0.1 55.8 32.7 100.0

FAin 1,3 10.0 5.1 0.1 0.1 55.8 284 99.6
Cottonseed oil (A)

FAin 1,23 253 2.4 0.6 0.2 542 173 100.0

FAin 1,3 38.8 3.6 0.7 0.1 41.6 15.0 99.8
Cottonseed oil (B)

FAin 1,23 23.4 2.3 0.6 0.2 56.1 17.4 100.0

FAin1,3 36.2 3.0 0.7 0.1 45.0 15.0 100.0
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TABLE 3
Comparative FA Compositions (mol%) and Positional Distribution
of FA in TAG (mixed oils, vol/vol)

Mol% Ciso Ciso Cien Cigs Cigp Cigy Total
Olive and soybean oil (95:5)

FAin1,2,3 12.7 2.4 0.8 1.0 11.2 719 100.0

FAin 1,3 17.0 3.5 1.0 0.5 11 67.0 100.0
Olive and cottonseed oil (95:5)

FAin1,2,3 13.5 2.4 0.9 0.7 11.5 71.2 100.0

FAin 1,3 20.1 3.5 1.0 0.4 9.5 653 99.8
Olive and cottonseed oil (50:50)

FAin1,2,3 19.0 2.4 0.8 0.4 31.7 45.7 100.0

FAin 1,3 29.0 3.5 0.8 0.3 25.5 40.7 99.8
Olive and cottonseed oil (25:75)

FAin1,2,3 223 3.5 0.7 0.3 43.7 29.4 100.0

FAin 1,3 31.9 4.7 0.7 0.1 30.4 32.1 99.9
Olive and corn oil A (95:5)

FAin1,2,3 12.8 2.5 0.9 0.7 11.6 71.7 100.0

FAin 1,3 18.5 3.6 0.9 0.4 10.4 659 99.8
Olive and corn oil B (95:5)

FAin1,2,3 13.9 2.7 0.9 0.7 12.9 68.9 100.0

FAin 1,3 18.7 4.0 0.9 0.5 9.6 66.5 100.2
Olive and corn oil (50:50)

FAin1,2,3 12.4 2.6 0.5 0.8 339 49.8 100.0

FAin 1,3 19.1 3.1 0.6 0.6 275 489 99.8
Olive and sunflower oil (95:5)

FAin1,2,3 12.7 2.6 0.9 0.7 12.6  70.6 100.0

FAin 1,3 18.9 3.5 1.0 0.5 9.6 664 99.8
Olive and sunflower oil (50:50)

FAin1,2,3 10.3 3.2 0.5 0.4 37.3 48.3 100.0

FAin 1,3 15.3 4.6 0.6 0.3 32.2 46.8 99.8
Olive and sunflower oil (25:75)

FAin1,2,3 9.0 4.6 0.3 0.3 50.1 35.8 100.0

FAin 1,3 12.1 6.1 0.4 0.2 45.0 36 100.0

FA analysis of these oils was presented by Dourtoglou et al.
(10). This method is based on methyl ester formation for the
determination of the total mole percentage of the FA in oil
and on butyl ester formation mediated by 1,3-specific lipase
for the regiodistribution of the same FA (10). For the re-
giodistribution of FA in pure or mixed oils, any other method
could be used.

PCA has been applied to differentiate oils of different mix-
tures from pure oils. By choosing eigenvalues greater than
one (>1), the dimensionality was reduced from 12 variables
(methyl and butyl esters) (see Table 4) to four principal com-
ponents (PC) with eigenvalues of 6.249, 2.863, 1.541, and
1.091. In choosing the first three PC, 88.782% of the total
variability was explained (PC1 = 52.079%, PC2 = 23.857%,
PC3 =12.849%).

Figures 1 and 2 and Table 4 illustrate the strong correla-
tion that exists between methyl and butyl esters for the same
FA. Moreover, the same figures reveal the relative extent to
which each original variable contributes to the variance con-
tained in each PC (factor loadings). Methyl and butyl esters
of Cg.; and C,¢., are positively correlated with the PC1,
whereas the esters of C,q., are strongly negatively correlated
to it. Methyl and butyl esters of C,, 5 are negatively corre-
lated to PC2.
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FIG. 1. Factor loadings for principal components (PC) PC1 and PC2.
The prefix M or B indicates methyl or butyl esters, respectively.

The scores for the first three PC are plotted as a scatter di-
agram in Figure 3. In this graph one sees that PC1 is mainly
responsible for the discrimination of all mixtures from pure
oils. More specifically, the greater the quantity of a nonolive
oil contained in a mixed sample, the greater the distance of
this sample from pure olive oils. At the same time, the disper-
sion of samples along PC2 and PC3 for a specific mixture cat-
egory is caused by the different types of oils mixed with the
pure olive oil.

In applying a stepwise DA (stepwise method: Mahalanobis
distance) on the oil sample groups using all 12 independent
variables, five discriminant functions (DF) were deduced. The
first DF accounts for 77.1% of the total variability, whereas
DF2 and DF3 account for 21.9 and 0.8%, respectively (total
variance explained, 99.8%). The variables that entered the
discriminant model are shown in Table 5. All of them were
significant at the 0.05 level. The scores for the first three
discriminant functions are plotted as a scatter diagram in Fig-
ure 4. Figure 5 is an enlargement of a section of Figure 4.

According to the classification results, 100.0% of all origi-
nal grouped cases were classified correctly before and after
cross-validation. These percentages were far greater than those
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FIG. 2. Factor loadings for PC1 and PC3. For abbreviations see Figure
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TABLE 4

Correlations of Transformed Variables from Principal Component Analysis
Cieo Cieo Cigo Cigo Cie Cien Cigs Cigs Ciga Ciga Cig:1 Cig:1
methyl butyl methy! butyl methyl butyl methy! butyl methy! butyl methyl buty!

M-C16:0? 1.000

B-C16:0 0.948 1.000

M-C18:0 -0.330 -0.356 1.000

B-C18:0 -0.354 -0.380 0.933 1.000

M-C16:1 0.515 0.424  -0.506 —-0.479 1.000

B-C16:1 0.528 0.434  -0.500 —-0.493 0.991 1.000

M-C18:3 -0.199 -0.319 0.279 0.397 -0.286  -0.296 1.000

B-C18:3 -0.192 -0.284 0.346 0.453 -0.416  -0.434 0.953 1.000

M-C18:2 -0.020 0.101 0.355 0.264 -0.814  -0.795 -0.078 0.085 1.000

B-C18:2 -0.227 -0.134 0.413 0.340 -0.900 -0.886 0.052 0.199 0.938 1.000

M-C18:1 —-0.058 -0.139  -0.499 -0.423 0.778 0.759 -0.058 -0.216  -0.955 -0.914 1.000

B-C18:1 -0.059 -0.159  -0.467 —-0.408 0.746 0.727 0.027 -0.129 -0.954 -0.893 0.984 1.000

Dimension 1 2 3 4 5 6 7 8 9 10 11 12

Eigenvalue 6.249 2.863 1.541 1.091 0.082 0.060 0.040 0.030 0.024 0.009 0.006 0.004

“The prefix M or B indicates methyl or butyl esters, respectively.

that could be classified correctly by chance, and, according to
that, the discriminant model is acceptable. Table 6 shows the
predicted membership and prior probabilities for all groups.
As shown in Figure 4, olive oils are grouped together and
differ from mixtures with other oils or other pure oils in an
indistinguishable way. This spatial distribution reflects the
classification results mentioned above. In the case of mix-
tures, the stereochemical distribution depends on the nature
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FIG. 3. Scatter plot of all oil samples for principal component analysis
on PC1, PC2, and PC3.
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of the oils. A PCA has been applied using the same matrix of
variables and individuals as the previous PCA. The only dif-
ference is that the individuals have been grouped according
to the type of oil that was used in the mixture, whereas in the
previous PCA the individuals were grouped according to the
percentage of nonolive oil.

Thus, it is expected that all mixtures of oils should appear
among the pure oils that were used to create the mixture. Fig-
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FIG. 4. Scatter plot of all oil samples from discriminant analysis on dis-
criminant functions (DF) DF1, DF2, and DF3.
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TABLE 5
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Variables Entered/Removed®“ in the Stepwise Discriminant Analysis

Min. D squared

Between Exact F
Step® Entered Removed Statistic groups Statistic  DF1  DF2 Sig.
1 B-C18:1 1.076 3 and 4 1.076 1 12 0.320
2 M-C18:2 5.376 2 and3 2.464 2 11 0.131
3 M-C18:0 35.027 1and 6 13.900 3 10 0.0006
4 M-C18:1 38.394 1and 6 10.284 4 9 0.0020
5 B-C18:1 38.391 1and 6 15.235 3 10 0.0004
6 M-C16:1 50.911 1and 6 13.637 4 9 0.0007
7 B-C18:2 71.881 4and5 9.584 5 8 0.0031
8 M-C18:3 75.336 1and 6 10.463 6 7 0.0033
9 M-C18:2 71.698 1and 6 13.657 5 8 0.0009

IMaximum number of steps is 24.

bMaximum significance of Fto enter is 0.05.
“‘Minimum significance of F to remove is 0.10.
9F level, tolerance.

€At each step, the variable that maximizes the Mahalanobis distance between the two closest groups

is entered.

ure 6 presents this situation, where all mixtures start close to
the olive oil position and extend to the nonolive position ac-
cording to the type of nonolive oil used.

With this proposed method it is possible to distinguish
pure oils from mixtures. It also should be possible to predict
the type and the percentage of an oil used to adulterate pure
olive oil. Additionally, many samples can be analyzed in a
short time. Laboratories dedicated to the detection of adulter-
ation can establish a data library and introduce new cases to
it as they appear. Then this library can instantly give informa-
tion on possible adulteration by simple incorporation of the
GC results of the suspected oil into the data matrix.
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FIG. 5. Expansion of Figure 4 on groups 1 (pure olive oil, ®) and 6 (95%
olive 0il/5% nonolive oil, ©).
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