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a b s t r a c t

Six Tunisian virgin olive oil (VOO) varieties, Chemlali Sfax, Chetoui, Chemchali, Oueslati, Zarrazi and Zalmati,
were characterised by two analytical methods. The gas chromatography allowed the determination of 14
fatty acids and squalene amounts. With fatty acids of each variety, a characteristic ‘‘morphotypes’’ for
each oil variety was established. Chemlali Sfax and Zalmati showed strong similarities. Gas chromatogra-
phy of fatty acid methyl esters (FAME) and near infrared (NIR) spectra of oils, associated to chemometric
treatment, allowed the study of the inter-varietal variability and the verification of the variety origins of
some Tunisian commercial VOOs. The specificity of Tunisian VOOs was evaluated by comparing the
samples to Algerian, Moroccan and French Protected Designation of Origin VOOs. Classification in varietal
origins by SIMCA used the FAME compositions and NIR spectra of the most represented varieties
(Chemlali Sfax, Chetoui and Oueslati) showed a high potential to authenticate the varietal origin of
Tunisian VOOs.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The olive oil sector plays a very important role in the economy
of Tunisia and constitutes one of the main factors of economic and
social stability in the country. In Tunisia, the olive trees spread
almost over the whole of the territory. According to recent esti-
mates, there are 78 million olive trees in Tunisian covering an area
of 1.77 million hectares (Ministère de l’Agriculture, DGPA). This
puts Tunisia second after Spain with nearly 19% of the worldwide
olive-growing area.

Olive oil production in Tunisia represents 10% of the total agri-
cultural production of the country. Tunisia produces 180.000 tons
of olive oil making it the fourth world producer (6%) of olive oil
after Spain, Italy and Greece. Tunisia is also the fourth world expor-
ter (8.2%) of olive oil after Spain, Italy and Greece with almost
110.000 tons of olive oil exported every year.
Tunisian orchards are rich in many varieties which have been
the subject of a catalogue listing fifty-six different varieties
(Trigui, Msallem, & collaborateurs, 2002). A study by Grati-
Kamoun and Khlif (2001), found more than seventy olive tree vari-
eties in the country.

Nevertheless, the Tunisian olive grove is dominated by the two
major varieties Chetoui in the North and Chemlali in the Centre and
the South. However, based on biochemical and molecular markers,
the denomination Chemlali has often been used, in the country, to
refer to completely distinct varieties (Grati-Kamoun et al., 2006).
So, in order to distinguish between the different varieties of Cheml-
ali, the name of the production area was added to the name of the
variety as in Chemlali Sfax or Chemlali Jerba (Grati-Kamoun & Khlif,
2001).

Another important fact about Tunisian olive oil is that it is
mostly produced without any pesticides and can be easily certified
as organic production.

Despite the importance of the Tunisian olive oil heritage, most
Tunisian olive oil is not highly valued on the national or the inter-
national markets. In fact, the majority of the Tunisian olive oil,
about 90%, is exported in bulk and assembled with other foreign
oils that do not emphasise its characteristics.
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http://dx.doi.org/10.1016/j.foodchem.2014.10.002
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However, recently in Tunisia, there have been efforts to improve
the reputation of the Tunisian olive oil on the international market.
Such efforts not only aim to enhance the quality of the olive oil
product in general, but also of specific varieties of olive oil by cre-
ating new quality signs such as Indication of Protected Origin (IPO)
and Registered Designation of Origin (RDO).

In 2008, a study by the Agency for the Promotion of Agricultural
Investments (APIA, 2008) has identified 21 areas eligible for the
labels (IPO/RDO). This selection is based on variety, soil, climate
and the know-how, but it does not take into account the phys-
ico-chemical characteristics of the oils. Many physico-chemical
characteristics (acidity, peroxide value, K232, K270, compositions
in phenolic components, volatile components, carotenoids, chloro-
phylls. . .) are highly dependent on the quality of the olives before
harvest, the extraction process of oils and their conservation.
Therefore, it is difficult to use them to characterise the geographi-
cal or varietal origins of oils on account of their changes during
storage of oils. However, the characterisation of olive oil varieties
and RDO olive oils by their fatty acid compositions give better
results (Ollivier, Artaud, Pinatel, Durbec, & Guérère, 2003). This
characterisation supposes the determination of all the isomers of
fatty acids with 16, 18 and 20 carbon atoms but also the long-chain
fatty acids with 22 and 24 carbon atoms. Numerous studies on the
fatty acid composition of Tunisian olive oils from indigenous and
other introduced varieties have been published, but many do not
take into account all the fatty acids with amount greater than
0.01% even though they are involved in the characterisation of oils
(Grati-Kamoun & Zarrouk, 2012; Issaoui et al., 2007).

Furthermore, the authentication of olive oils can be achieved by
an alternative and fast method based on the near-infrared spectra
associated with a chemometric treatment (Bevilacqua, Bucci,
Magrì, Magrì, & Marini, 2012; Galtier et al., 2007; Woodcock,
Downey, & O’Donnell, 2008).

The aim of this work is (i) to characterise six Tunisian olive oils
(Chemchali, Chemlali Sfax, Chetoui, Oueslati, Zalmati and Zarrazi) by
their fatty acid compositions and near infrared spectra associated
with chemometric treatment, (ii) to reveal their specificity com-
pared to other Maghrebian (Algeria and Morocco) and French Pro-
tected Designation of Origin (PDO) oils and (iii) to predict the
varietal origin of Tunisian olive oils using fatty acid compositions
and NIR data.

2. Materials and methods

2.1. Virgin olive oil samples

Sampling was carried out during two successive crops (2010/
2011 and 2011/2012). 247 Virgin olive oil (VOO) samples were
used for this study. Tunisian VOOs (n = 133) were obtained in lab-
oratory by oleodoseur extraction system, from handpicked olives
of Chemchali (n = 5) (Ch), Chemlali Sfax (n = 63) (Cm), Chetoui
(n = 41) (Ct), Oueslati (n = 14) (Ou), Zalmati (n = 5) (Zl) and Zarrazi
(n = 5) (Zr) varieties.

Other Tunisian VOOs (n = 51) were the commercial ones
(Chemchali (n = 2), Chemlali Sfax (n = 35), Chetoui (n = 12), Oueslati
(n = 1), and Zarrazi (n = 1)). Foreign VOO samples were used to ver-
ify the specificity of Tunisian ones: six mono-varieties from Algeria
(n = 22) (A) (Azeradj, n = 4; Blanquette, n = 7; Bouricha, n = 2; Chem-
lal, n = 5; Limli, n = 3; and Sigoise, n = 1), one mono-variety from
Morocco (M) (n = 5) (Moroccan Picholine) and French PDOs
(n = 36). The PDOs are principally made up of primary and second-
ary varieties and also local and old varieties: ‘‘Haute-Provence’’
(n = 6), ‘‘Nice’’ (n = 6), ‘‘Nîmes’’ (n = 6) and ‘‘Nyons’’ (n = 6) are made
up of one unique principal variety. ‘‘Aix-en-Provence’’ (n = 6) and
‘‘Vallée des Baux de Provence’’ (n = 6) have up to three or four main
varieties.

2.2. Maturity index

The maturity index (MI) of olives was established by visual
appreciation of the colour samples of 100 fruits according to a col-
our scale varying from green-intense to a black skin and an entirely
violet pulp. The maturity index values range from 0 to 7 (Uceda &
Frias, 1975).
2.3. Quality criteria

Free acidity (A), conventionally expressed in oleic acid (g/
100 g), peroxide value (PV) (meqO2/kg) and UV absorption charac-
teristics (K232 and K270) were determined according to Interna-
tional Olive Oil Council (IOOC (International Olive Oil Council),
2008).

2.4. Pigment content

The content of chlorophyll pigments (mg/kg) in the olive oil was
determined using a Shimadzu UV-101PC spectrophotometer
through the absorbance (A) of VOO at 630, 670 and 710 nm. Sam-
ples were filled directly into a 1 cm path length glass cell (L). Pure
carbon tetrachloride was used as a reference (Wolff, 1968). The
chlorophyll pigment was calculated by:

Chlorophyll ðmg=kgÞ ¼ ½A670 � ðA630 þ A710Þ=2�=ð0:1086� LÞ ð1Þ

The carotene fraction was evaluated using a Shimadzu
UV-101PC spectrophotometer by the absorbance measurement at
470 nm of a 7.5 g of oil sample dissolved in 25 ml of cyclohexane
and filled into a 1 cm path length glass cell. Cyclohexane was used
as a reference. Results were expressed as mg of lutein, major
carotenoids pigment, per kg of oil. The maximum at 470 nm was
chosen being a zone without interference from pheophytin ‘‘a’’
after obtaining the corresponding coefficient of extinction. The val-
ues are calculated from that what given in the bibliography for
lutein in ethanol (Minguez-Mosquera, Rejano-Navarro, Gandul-
Rojas, Sanchez-Gomez, & Garrido-Fernandez, 1991).

2.5. Fatty acid and squalene determinations

Olive oil in 2,2,4-trimethylpentane (isooctane) (�0.12 g/2 mL)
was trans-methylated with a cold solution of KOH (2 M) (200 ll)
according to the European Standard NF EN ISO 5509 Norm
(2000). Fatty acid methyl esters (FAME) were analysed according
to the European Standard NF EN ISO 5508 Norm (1995). Analyses
were performed on an Agilent Technology gas chromatograph
7890A (GC) equipped with a split/split-less injector (T = 250 �C)
and flame ionisation detector (FID) (T = 250 �C). A silica capillary
column (60 m � 0.25 mm i.d., 0.25 lm film thickness) coated with
polyethylene glycol (Supelcowax, Supelco, France) was used. The
carrier gas was hydrogen (column flow 1 ml/min) and the spilt
ratio was 1:60. The oven temperature program was as follows:
20 min at 210 �C, from 210 to 245 �C at 6 �C/min, 20 min at
245 �C. Fatty acid identification was realised in previous work by
Ollivier et al. (2003). Fatty acid percentages were determined by
internal standardization without taking into account mass
response factors. Squalene percentage was determined through
an internal standardization considering the sum of fatty acids
and squalene as:
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Squalene%¼Area Squalene�100=
X

Area ðfatty acidsþsqualeneÞ
ð2Þ

The repeatability of FAME was evaluated by esterifying 12 times
the same VOO sample. The repeatability of the injection was also
evaluated by injecting 12 times the same FAME sample. The coef-
ficients of variation were lower than 5% for the most important
fatty acids and lower than 10% for some other minor’s ones.

2.6. Mean indexes

Four indexes characterising the VOO fatty acid were calculated.
They are defined below:

- Mono-unsaturation index (MUI) is the ratio of the sum of
mono-unsaturated fatty acids to the sum of saturated fatty
acids.

- The poly-unsaturation index (PUI) is the ratio of poly-unsatu-
rated fatty acids on the sum of saturated fatty acids.

- The total unsaturation index (TUI) is the ratio of mono-unsatu-
rated fatty acids and poly-unsaturated on the sum of saturated
fatty acids.

- Odd parity index (OPI) is the ratio of the sum of the odd fatty
acids (17 carbon atoms: 17:0 to 17:1x8) to the sum of pair
acids, multiplied by 1000.

2.7. Near-infrared spectroscopy (NIR)

NIR spectra of each virgin olive oil were recorded with a Nicolet
Antaris II spectrometer interfaced to a personal computer using the
software result integration Thermo Nicolet 2.1. VOO samples were
filled into a 2 mm path length quartz cell directly sampled from the
bottle without any chemical treatment. Spectra were recorded
between 4500 and 10000 cm�1 at 4 cm�1 resolution by co-adding
10 scans using double sided interferograms and an empty cell as
a reference. The analyses were performed at 21 �C. The recorded
spectra have been transformed by Standard Normal Variate
(SNV) and Savitzky-Golay first derivative by the Unscrambler�

(version 9.8., CAMO, Norway) software before chemometric treat-
ments. Each spectrum is constituted of 2853 points.

2.8. Unsupervised pattern recognition

Principal component analysis (PCA) is an unsupervised pattern
recognition and it is often the first step of exploratory data analysis
to detect groups in the measured data (Jolliffe, 2002). PCA models
the directions of maximum variations in a data set by projecting as
a swarm of points in a space defined by principal components
(PCs). PCs describe, in decreasing order, the higher variations
amongst the objects, and because they are calculated to be orthog-
onal to another one, each PC can be interpreted independently.
That permits an overview of the data structure by revealing rela-
tionships between the objects as well as the detection of deviating
objects. To find these sources of variations, the original data matrix
is decomposed into the object space, the variable space, and the
error matrix. The error matrix represents the variations not
explained by the previously extracted PCs and is dependent on
the problem definition. The PCA algorithm of fatty acids was calcu-
lated with normalised data. Ten PCs were required to build models.

2.9. Soft independent modelling of class analogy classification (SIMCA)

SIMCA is the most used pattern recognition method for super-
vised classification data. (Wold & Sjöström, 1977). The SIMCA
classification is a method based on disjoint PCA modelling realised
for each class in the calibration set. Unknown samples are then
compared to the class models and assigned to classes according
to their analogy with the calibration samples. A new sample will
be recognised as a member of a class if it is enough similar to
the other members; else it will be rejected. A model distance limit
Smax is used for classifying new samples and Smax is calculated
for the class model m as follows (Eq. (3)):

SmaxðmÞ ¼ S0ðmÞ
p

Fc ð3Þ

where S0 is the average distance within the model, and Fc (Fisher
criterion) is the critical value provided by the Fisher–Snedecor
tables. The Fc value depends on the percentage of risks, generally
set to 5% (Galtier et al., 2011). Class membership is defined at a sig-
nificance level of 2.5% of Smax. Mean centering is applied before
modelling. The sum of samples (laboratory and commercial) used
as training set in disjoint PCA is n = 111 (Chemlali Sfax n = 65, Chet-
oui n = 36, and Oueslati n = 10). The prediction set (n = 134) was
formed by the three Tunisian varieties (laboratory and commercial)
(n = 55) Chemlali Sfax (n = 33), Chetoui (n = 17) and Oueslati (n = 5)
and Other ones (n = 79), amongst them Chemchali (n = 5), Zalmati
(n = 5) and Zarrazi (n = 6) and foreign oils from France (PDOs;
n = 36), Algeria (n = 22) (Azeradj, Blanquette, Bouricha, Chemlal, Limli,
and Sigoise) and Morocco (n = 5).

The percentage of correct classification (%CC) is the criterion
used to compare classification results obtained with chemometric
methods:

%CC ¼ Nc � 100=ðNcþ NicÞ ð4Þ

where Nc is the number of correct classifications and Nic is the
number of incorrect classifications.

2.10. Software

The chemometric applications are performed by the Unscram-
bler software version 9.8 from CAMO, Norway.

2.11. ‘‘Morphogram’’, ‘‘Morphotype’’

A graphical radial plot (‘‘morphogram’’) characterising the vari-
ety origin, made with Excel� 2003 spreadsheet (Microsoft Corpora-
tion), was realised. This representation was based on the difference
between fatty acids data compared to the average of the same vari-
ables obtained from a database built with more than 2900 samples
from various sources, grouped by variety and origin (Pinatel,
Ollivier, Ollivier, & Artaud, 2014).

The ‘‘morphotypes’’ are developed from the ‘‘morphograms’’.
They are a graphical representation of the fatty acid composition
of a minimum five oil samples (n P 5) of the same variety. Each
axis on the ‘‘morphogram’’ illustrated the change for a given vari-
able with the respect of the mean centred value, which gives the
origin of the graphics (0%). The limits of variation (�100% to
+100%) is equal to twice the standard deviation of the variable
for fatty acids. The solid line is the median values of individual
fatty acids and the dotted lines to first and third quartiles. Thus,
on each axis, the value gives the change percentage compared to
two times the standard deviation (Ollivier, Pinatel, Dupuy,
Guérère, & Artaud, 2007).

2.12. Nomenclature

Fatty acids: 14:0, myristic acid (tetradecanoic acid); 16:0, pal-
mitic acid (hexadecanoic acid); 16:1x9, hypogeic acid, (7-hexadec-
enoic acid); 16:1x7, palmitoleic acid (9-hexadecenoic acid); 17:0,
margaric acid (heptadecanoic acid); 17:1x8, margaroleic acid,
(9-heptadecenoic acid); 18:1x9, oleic acid (9-octadecenoic acid);
18:1x7, cis vaccenic acid (11-octadecenoic acid); 18:2x6, linoleic
acid (9,12-octadecadienoic acid); 18:3x3, linolenic acid (9,12,
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15-octadecatrienoic acid); 20:0, arachidic acid (eicosanoic acid);
20:1x9, gondoic acid (11-eicosenoic acid); 22:0, behenic acid (doc-
osanoic acid); 24:0, lignoceric acid (tetracosanoic acid).
3. Results and discussion

The quality criteria (acidity, peroxide values and UV specific
extinction) was determined for all olive oil samples produced in
laboratory scale (n = 133). The values of these parameters (Table 1)
were included in the ranges established for Extra virgin olive oil
(EVOO) category (IOOC (International Olive Oil Council)., 2008).
This result was expected knowing that the oils were obtained from
handpicked fresh olives and without storage time before the
extraction. The quality criteria depend essentially on the olive
quality before the extraction and the storage oil conditions. Some
authors (Baccouri et al., 2007) reported that the free acidity
increased from 0.1% to 0.15% at a maturity index about 1 and from
0.2% to 0.3% at a maturity index close to 5 while peroxide value and
K232 and K270 extinction coefficients decrease slightly during ripen-
ing. In order to limit the effect of ripening stage on the studied
physico-chemical parameters, sampling was realised during
December 2011. Maturity indexes were around 3 for Chemchali,
Chemlali Sfax, Zalmati and Zarrazi varieties. Chetoui and Oueslati cul-
tivated in cold and mountainous regions in the north and the cen-
tre of Tunisia, showed lower values around 2.

In addition to their antioxidant activities, the pigments are
responsible for the oil colour, which is one of the factors that influ-
ence selection by consumers (Baccouri et al., 2007). The stage of
maturity is very important for pigment concentration in VOOs.
The content of chlorophyll pigments and carotenoids decreased
markedly during the maturity to only a few mg/kg (Ouni,
Flamini, Douja, & Zarrouk, 2011). For the studied oils, chlorophylls
were found at average concentrations between 1.23 and 5.97 ppm
whereas the average concentration of carotenes varied between
3.28 and 8.88 ppm according to varieties (Table 1). Chemlali Sfax
and Zarrazi present higher amounts in chlorophylls and carote-
noids than Chemchali and Zalmati (approximately the same stage
of the maturity). Chetoui have higher concentrations in pigments
than Oueslati variety. The highest amounts of chlorophylls and
carotenes were observed in the oils of Chetoui and Oueslati varie-
ties. This result was also observed by Ouni et al. (2011) when they
studied the effect of variety on minor components of Chemlali Sfax,
Chetoui and Oueslati varieties.
3.1. Fatty acids

The fatty acid composition of 133 Tunisian VOO samples was
determined by gas chromatography of their fatty acid methyl
esters. For all the samples, 14 fatty acids and squalene were iden-
tified and quantified. Table 1 shows for each variety, the mean,
minimum and maximum of each fatty acid with a rate greater than
0.01% and the four indexes (MUI, PUI, TUI and OPI) defined above.
Oleic (18:1x9), palmitic (16:0), linoleic (18:2x6) and stearic (18:0)
are the major fatty acids commonly found in HOVs. Isomers of
monounsaturated fatty acid with sixteen (hypogeic acid, 16:1x9
and palmitoleic acid, 16:1x7) and eighteen (oleic acid, 18:1x9
and cis-vaccenic acid, 18:1x7) carbon atoms, are determined sep-
arately. The identification method used in this study is more thor-
ough and brings more information than the European regulation
one that regroups isomers together (Ollivier et al., 2003). This
approach was already used for the characterisation of French
VOO fatty acids, but never for Tunisian ones. The differentiation
of the structural (position) isomers of fatty acids in C16 and C18
brings a better knowledge of the chemical composition of olive
oil and can be of great interest in studying their nutritional impact.
Considering both of the octadecenoic acid (18:1x9 and 18:1x7)
isomers as oleic acid (18:1x9) is indeed an unsatisfactory way,
from both chemical and nutritional points of view. Six minor fatty
acids were also determined: 17:0, 17:1x8, 20:0, 20:1x9, 22:0, and
24:0. Eicosenoic acid (20:1) is attributed very often in the literature
to gadoleic acid (20:1x11) whereas it is gondoic acid (20:1x9).
These acids although minor are important for characterisation of
varieties (Ollivier et al., 2003).

Fatty acid composition varies markedly with variety and stage
of maturity. At the beginning of fruit development, palmitic acid
content was high, followed by an extreme decrease, then it
remained unchanged until the end of fruit development
(Baccouri et al., 2007). One sample of Chemlali Sfax oil showed, at
low maturity index (MI = 1), palmitic and oleic acid fractions out
of the limit fixed by the IOOC. This result can be observed when
summer and autumn are very hot. In very specific conditions (very
low maturity index <2 and excessive heat >41 �C), the percentage
of palmitic acid of Chemlali oil is slightly over 20% while the per-
centage of oleic acid is less than 55%. In fact, high temperatures
delay the fatty acid biosynthesis. For the Chemlali Sfax variety,
the high amount of palmitic acid can be problematic for monocul-
tivar producers wishing to harvest early to get green fruity aroma
olive oil.

For all the Zarrazi oil samples and sixteen of the Chetoui sam-
ples, the gondoic acid (20:1x9) was found to be above the maxi-
mum value fixed by the International Olive Oil Council (IOOC,
2008). Therefore, it appears that the values fixed by the IOOC can
be too low and should be revised to take into account the specific-
ity of Tunisian varieties. This statement was also developed by
Pinatel, Ollivier and Artaud (2006) when they focused on the fatty
acid compositions of olive oils produced in the world. The same
authors have enumerated 24 French varieties where the amounts
of some fatty acids could be outside the range of changes in fatty
acid percentages set by the International Olive Oil Council and
the European Regulation (Pinatel, Ollivier, & Artaud, 2006). MUI
values are strongly correlated with oleic acid, major fatty acid of
VOOs. The highest mean indexes were observed for Zarrazi (5.43)
and Oueslati (5.39) varieties followed by Chetoui’s one (4.99). Zarr-
azi oil is characterised with high level of oleic acid (70.67–73.59%),
moderate linoleic acid (10.40–12.72%) and a small percentage of
palmitic acid (8.95–9.37%). Chemchali mean MUI showed an inter-
mediate value (3.94) while the lowest mean indexes were
observed for Chemlali Sfax (3.13) and Zalmati (3.05) varieties.

TUI values take into account mainly oleic and linoleic acids
which explains the similar variation to the MUI. Zarrazi, Oueslati
and Chetoui VOOs present higher rates in unsaturated fatty acids
than Chemchali, Chemlali Sfax and Zalmati oils.

The PUI reflects the richness of oils in linoleic and linolenic
acids. The highest mean value of PUI is obtained for Chetoui variety
VOO. In fact, linoleic acid level varies from 10.14% to 20.04% with
stage of maturity and origin. Linoleic acid increases gradually with
maturity (Baccouri et al., 2007). This variation is due to the fact
that, with the formation of oleic acid, the enzyme oleate desaturase
is active to transform oleic acid into linoleic acid (Gutierrez,
Jımenez, Ruız, & Albi, 1999).

Finally, OPI evaluates the level of the odd fatty acids of the six
Tunisian olive oil varieties. Chemlali Sfax and Zalmati oils have
the highest mean OPI values (1.14) followed by Chemchali (1.05),
Chetoui (1.02) and Oueslati (0.97). Zarrazi oil has the lowest OPI
value (0.80).

Squalene can constitute up to 90% of the hydrocarbon fraction of
olive oil. It is a natural antioxidant in the non-saponifiable fraction
of VOO, and exogenously administered in the diet, it reinforces the
endogenous antioxidant system against oxidative damage (Mateos,
Dominguez, Espartero, & Cert, 2003). Squalene level varies with
variety, but also with origin. According to Samaniego-Sanchez,



Table 1
Physico-chemical characteristics and fatty acids (%) of six Tunisian olive oil varieties.

Varieties Chemchali Chemlali Sfax Chetoui Oueslati Zalmati Zarrazi IOOCa

n 5 63 41 14 5 5 2011
Studied localities 1 14 9 3 1 1

Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max

MIb 3.71 1.92 6.25 3.20 1.00 5.38 1.96 0.52 4.16 2.50 1.82 3.72 2.56 2.33 3.00 3.38 2.90 4.00
Ac (oleic acid, g/100 g) 0.24 0.18 0.40 0.21 0.12 0.35 0.30 0.11 1.30 0.37 0.18 0.55 0.25 0.21 0.28 0.16 0.13 0.18 60.8
K232

d 1.80 1.32 2.34 1.81 1.10 2.46 1.83 1.06 2.34 1.71 1.54 1.97 1.86 1.22 2.22 1.54 1.41 1.79 2.5
K270

d 0.16 0.14 0.19 0.13 0.09 0.21 0.11 0.04 0.20 0.14 0.11 0.17 0.14 0.11 0.17 0.13 0.11 0.15 0.22
PVe(meq O2/kg) 1.97 1.09 3.17 5.30 0.06 9.10 3.55 1.30 5.88 5.95 3.35 10.24 4.03 2.93 5.12 3.16 1.29 4.95 620
Carotenes (mg/kg) 3.51 2.51 6.10 5.49 2.31 8.89 8.88 3.93 17.19 6.55 3.96 8.98 3.28 1.92 4.03 5.36 4.07 6.65
Chlorophylls (mg/kg) 1.66 1.08 2.06 2.60 0.65 5.66 4.84 0.70 11.69 5.97 4.23 8.16 1.23 0.94 1.50 1.61 1.11 3.02
16:0 14.09 13.42 14.60 17.22 15.65 20.97 10.46 9.06 12.49 10.85 10.06 12.04 17.05 12.65 18.35 9.19 8.95 9.37 7.5–20
16:1x9 0.05 0.05 0.06 0.06 0.05 0.08 0.14 0.11 0.17 0.09 0.07 0.10 0.07 0.05 0.10 0.11 0.10 0.11
16:1x7 1.08 0.89 1.27 2.09 1.65 2.97 0.26 0.19 0.42 0.54 0.43 0.66 1.75 0.95 2.07 0.21 0.20 0.22
16:1x9 + 16:1x7 1.13 0.94 1.33 2.15 1.70 3.05 0.40 0.30 0.59 0.63 0.50 0.76 1.82 1.00 2.17 0.32 0.30 0.33 0.3–3.5
17:0 0.04 0.04 0.04 0.04 0.03 0.05 0.05 0.04 0.07 0.04 0.04 0.04 0.05 0.04 0.05 0.04 0.04 0.04 60.3
17:1x8 0.06 0.05 0.07 0.07 0.06 0.09 0.05 0.04 0.08 0.06 0.05 0.06 0.07 0.06 0.07 0.04 0.04 0.04 60.3
18:0 2.76 2.65 2.83 2.46 2.12 2.83 2.88 2.34 3.43 2.33 2.01 2.60 2.64 2.47 3.03 3.63 3.38 3.82 0.5–5
18:1x9 65.30 63.08 68.61 58.14 49.66 63.64 68.17 61.76 73.47 72.07 69.83 74.22 57.48 53.76 65.54 71.75 70.67 73.59
18:1x7 2.48 2.21 2.74 3.06 2.67 3.58 1.19 0.93 1.50 1.67 1.47 1.90 2.77 1.92 3.03 1.03 0.97 1.06
18:1x9 + 18:1x7 67.78 65.29 71.35 61.20 52.33 67.22 69.36 62.69 74.97 73.74 71.30 76.12 60.25 55.68 68.57 72.78 71.64 74.65 55–83
18:2x6 12.02 9.72 13.57 15.10 10.65 19.03 14.59 10.14 20.04 10.20 8.71 12.31 16.18 13.61 18.41 11.77 10.40 12.72 3.5–21
18:3x3 0.48 0.45 0.52 0.64 0.53 0.87 0.68 0.54 0.90 0.59 0.50 0.65 0.74 0.67 0.80 0.60 0.58 0.65 61
20:0 0.48 0.44 0.50 0.44 0.39 0.51 0.49 0.44 0.54 0.44 0.39 0.50 0.49 0.48 0.50 0.51 0.50 0.52 60.6
20:1x9 0.28 0.28 0.29 0.20 0.17 0.27 0.39 0.33 0.47 0.37 0.36 0.39 0.24 0.21 0.37 0.47 0.47 0.48 60.4
22:0 0.14 0.13 0.15 0.12 0.10 0.15 0.13 0.11 0.16 0.14 0.13 0.15 0.14 0.13 0.14 0.12 0.11 0.13 60.2
24:0 0.07 0.04 0.08 0.07 0.06 0.09 0.05 0.03 0.07 0.07 0.07 0.09 0.08 0.07 0.08 0.06 0.06 0.07 60.2
Squalenef 0.68 0.64 0.72 0.28 0.13 0.47 0.46 0.37 0.53 0.52 0.39 0.63 0.28 0.24 0.36 0.46 0.44 0.47
MUIg 3.94 3.98 4.01 3.13 2.96 2.87 4.99 5.27 4.54 5.39 5.69 5.02 3.05 3.60 3.21 5.43 5.56 5.41
PUIh 0.71 0.61 0.77 0.77 0.61 0.81 1.09 0.89 1.25 0.78 0.73 0.84 0.83 0.90 0.87 0.91 0.84 0.96
TUIi 4.65 4.59 4.79 3.90 3.57 3.68 6.08 6.16 5.79 6.17 6.41 5.86 3.88 4.50 4.08 6.34 6.40 6.37
OPIj 1.05 0.96 1.05 1.14 1.08 1.21 1.02 0.93 1.32 0.97 0.96 0.95 1.14 1.15 1.07 0.80 0.83 0.78

Crops: 2011/2012.
a International Olive Oil Council.
b Maturity index.
c Acidity.
d Specific extinction coefficient at 232 and 270 nm.
e Peroxyde value.
f Values were determined as the % of the total area of fatty acids and squalene.
g Mono-unsaturation index.
h Poly-unsaturation index.
i Total unsaturation index.
j Odd parity index.
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Quesada-Granados, Lopez-Garcia de la Serrana, and Lopez-
Martinez (2010), this parameter varies also with the extraction
system.

The analytical procedure used for the determination of squalene
allows for a quick comparison of squalene amounts in the varieties
studied. The highest mean levels of squalene were observed with
Chemchali (0.68%) and Oueslati (0.52%) oils. Chetoui and Zarrazi oils
have a comparable mean level of squalene (0.46%) Chemlali Sfax
and Zalmati oils showed the lowest mean level of squalene (0.28%).

3.2. Fatty acid ‘‘morphotypes’’

It is difficult from Table 1 to assess the similarities and differ-
ences between different oil varieties. A graphical representation
of fatty acid compositions provides a rapid visual identification of
olive oil characteristics. A radial plot allows creating ‘‘morpho-
gram’’ with fatty acids of each. The ‘‘morphogram’’ allows the
establishment of a characteristic ‘‘morphotypes’’ for each oil vari-
ety (Fig. 1). Chemlali Sfax and Zalmati showed very similar ‘‘mor-
photypes’’. This result was expected knowing that these two
varieties, growing in the south of Tunisia, have very similar fatty
acid compositions (Table 1). Chemlali Sfax and Zalmati are similar
at the morphological and agronomic points. But, they have also
similar olive oil compositions. Rekik Hakim, Grati-Kamoun,
Makhloufi, and Rebai (2010) found a similarity of 92% using the
Simple Sequences Repeats (SSR) on the leaves. Ben-Ayed, Grati-
Kamoun, Sans-Grout, Moreau, and Rebai (2012) using SSR on
DNA extracted oils, found less similarity between these two
varieties.

Chetoui and Zarrazi ‘‘morphotypes’’ have similar shapes. This
resemblance reflects a similar fatty acid composition. Each of
Chemchali and Oueslati oils has a specific ‘‘morphotype’’.

This radial representation of fatty acids is a true ‘‘fingerprint’’
for each variety. In many cases, the varietal origin of an oil can
be quickly and visually identified by comparing its ‘‘morphogram’’
with different ‘‘morphotypes’’ of the database (Ollivier et al., 2007).

Fatty acid of 22 oil samples from Algeria and 5 from Morocco
were determined. Table 2 gives the mean, minimum and maxi-
mum for fatty acid composition of each variety. Fatty acid compo-
sitions of Tunisian commercial VOOs (n = 51) and French PDO VOO
samples (n = 36) were also established.

All the fatty acid compositions obtained were analysed by che-
mometric treatment. In order to verify quickly the information
indicated by the producer about the varietal origin of commercial
Chemlali n=63 Zalma� n

Chetoui n=41 Zarrazi n

Fig. 1. ‘‘Morphotypes’’ from fatty acids
Tunisian samples, the ‘‘morphogram’’ of each sample was visually
compared by superpositioning it on the ‘‘morphotype’’ of the cor-
responding variety, through the Excel� application. Results were
satisfying; for all samples, the varietal origin corresponded to the
statements of the producers. Varietal origin will be confirmed
again through the chemometric treatment.

3.3. Fatty acid PCA

Variability in fatty acid levels between oil samples led to per-
form multivariate statistical methods to describe the characteris-
tics of oils coming from the different varieties and to assess their
differences. Several approaches were previously used as univariate
and multivariate analyses of variance or hierarchical and nonhier-
archical classification methods (Bucci, Magrì, Magrì, Marini, &
Marini, 2002). Neuronal classification (Bucci et al., 2002) and step-
wise linear discriminant analysis were also used (Ollivier et al.,
2003). Compared to other physico-chemical parameters commonly
measured (acidity, peroxide value, phenols, tocopherols, etc.), fatty
acids are the most stable and the most indicative for characterising
a given VOO (Ollivier et al., 2003).

The characteristics of Tunisian olive oils was evaluated through
a fatty acid and squalene PCA (Fig. 2) of Algerian (Azeradj, Blan-
quette, Bouricha, Chemlal, Limli and Sigoise varieties), Moroccan
(Moroccan Picholine variety) and Tunisian VOOs (samples made in
the laboratory and commercial ones). The score plot (Fig. 2A)
obtained with the first and third components (PC1 = 45% and
PC3 = 13% of explained variance) showed that Tunisian olive oils
can be easily distinguished from Moroccan ones.

Algerian olive oils were represented by six varieties which
explain the dispersion of the corresponding point on the PCA. Some
Algerian oil samples (Blanquette, n = 7) overlap into the Chetoui
group (Fig. 2A). This result confirms the hypothesis of Loussert
and Brousse (1978) that the Chetoui and the Blanquette correspond
to one common variety. In fact, Blanquette variety is collected from
the north eastern of Algeria near the Chetoui’s growing area in
Tunisia. There is on the first and the third principal components
an overlay between Chemlali and some Algerian varieties. A better
separation between those two classes can be observed on the first
and the fifth principal components (PC1 = 45%; PC5 = 7%). But,
there is also a small overlay between Chemchali and some other
Algerian samples. Except the Blanquette variety, it was clear that
there was information related to the geographic origin of Tunisian
and Algerian VOOs.
=5

=5

Chemchali n=5

Ouesla� n=14

of six Tunisian olive oil varieties.



Table 2
Fatty acid compositions (%) of 27 Maghrebian virgin olive oil samples.

VOOs Azeradj Blanquette Bouricha Chemlal Limli Sigoise Morrocan Picholine
n 4 7 2 5 3 1 5

Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Mean Min Max

16:0 13.93 13.06 14.48 10.72 9.50 11.60 10.55 9.50 11.60 10.55 9.50 1.60 15.42 15.10 15.80 13.08 8.72 7.96 9.81
16:1x9 0.04 0.02 0.08 0.14 0.13 0.16 0.14 0.13 0.16 0.14 0.13 0.16 0.04 0.04 0.05 0.17 0.19 0.16 0.23
16:1x7 1.25 1.09 1.43 0.33 0.23 0.39 0.31 0.23 0.39 0.31 0.23 0.39 1.59 1.39 1.92 1.47 0.47 0.41 0.56
17:0 0.16 0.10 0.20 0.05 0.04 0.05 0.05 0.04 0.05 0.05 0.04 0.05 0.04 0.04 0.04 0.05 0.04 0.04 0.04
17:1x8 0.27 0.17 0.32 0.06 0.05 0.06 0.06 0.05 0.06 0.06 0.05 0.06 0.06 0.06 0.07 0.09 0.06 0.05 0.06
18:0 2.72 2.53 2.93 2.70 2.57 2.93 2.75 2.57 2.93 2.75 2.57 2.93 3.72 3.45 3.96 2.42 2.61 2.34 3.07
18:1x9 72.30 71.03 74.18 66.86 64.53 68.56 66.54 64.53 68.56 66.54 64.53 68.56 68.96 68.54 69.55 66.16 72.59 69.53 77.74
18:1x7 2.41 2.26 2.57 1.37 1.14 1.50 1.32 1.14 1.50 1.32 1.14 1.50 2.34 2.13 2.73 2.74 1.55 1.35 1.89
18:2x6 4.93 4.41 5.42 15.58 13.90 16.76 15.33 13.90 16.76 15.33 13.90 16.76 6.28 6.25 6.30 11.62 11.79 7.83 14.72
18:3x3 0.62 0.60 0.67 0.69 0.61 0.78 0.70 0.61 0.78 0.70 0.61 0.78 0.47 0.41 0.55 1.01 0.94 0.78 1.11
20:0 0.40 0.40 0.42 0.45 0.43 0.49 0.46 0.43 0.49 0.46 0.43 0.49 0.42 0.41 0.44 0.39 0.29 0.25 0.33
20:1x9 0.21 0.20 0.25 0.39 0.35 0.42 0.39 0.35 0.42 0.39 0.35 0.42 0.17 0.16 0.18 0.31 0.35 0.31 0.37
22:0 0.12 0.11 0.13 0.14 0.12 0.15 0.13 0.12 0.15 0.13 0.12 0.15 0.10 0.10 0.10 0.13 0.06 0.05 0.07
24:0 0.07 0.07 0.08 0.06 0.06 0.07 0.06 0.06 0.07 0.06 0.06 0.07 0.06 0.05 0.08 0.07 0.03 0.03 0.04
Squalenea 0.55 0.47 0.76 0.48 0.42 0.52 0.47 0.42 0.52 0.47 0.42 0.52 0.34 0.26 0.47 0.32 0.31 0.25 0.38
MUIb 4.39 4.60 4.32 4.90 5.23 4.65 4.91 5.23 4.65 4.91 5.23 4.65 3.70 3.78 3.65 4.40 6.40 6.73 6.05
PUIc 0.32 0.31 0.33 1.15 1.14 1.15 1.14 1.14 1.15 1.14 1.14 1.15 0.34 0.35 0.34 0.78 1.08 0.81 1.18
TUId 4.71 4.91 4.66 6.05 6.37 5.80 6.06 6.37 5.80 6.06 6.37 5.80 4.04 4.13 3.99 5.18 7.48 7.54 7.24
OPIe 4.39 2.82 4.97 1.08 0.96 1.09 1.03 0.96 1.09 1.03 0.96 1.09 1.02 0.97 1.08 1.36 1.00 0.99 0.91

Crops: 2010/2011 and 2011/2012.
a Values were determined as the % of the total area of fatty acids and squalene.
b Mono-unsaturation index.
c Poly-unsaturation index.
d Total unsaturation index.
e Odd parity index.
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The score plot (Fig. 2A) showed also that Chemlali Sfax, major
Tunisian variety, can be easily separated from Chetoui, Oueslati,
Chemchali and Zarrazi varieties. Correlation loadings (Fig. 2B)
explained that Chemlali and Zalmati are characterised with high
levels of 16:0, 16:1x7 and 18:1x7 and a weak percentage of squa-
lene. However, Chetoui and Oueslati are distinguished with high
levels of 16:1x9, 18:1x9 and 20:1x9. Zarrazi has a high percent-
age of 20:1x9 and squalene. Finally, Chemchali are characterised
with high levels of 20:0 and 22:0 and squalene. These results show
the importance of analysing the minor fatty acids to characterise
the different varieties.

The commercial Tunisian VOOs were classified under their
expected varietal group, which allows us to verify the authenticity
of the information declared by the seller on the product’s origin.
Commercial Chemlali Sfax VOO samples coming from the crop year
2010–2011 form a subset in the set of Chemlali Sfax variety. This
result can be explained with the effect of climatic characteristics
of the year. In fact, the annual average rainfall was very low for
the 2010–2011 harvest years in the centre and the south of the
country and the olive tree productivity was very low.
Fig. 2. PCA (A) and correlation loadings (B) on PC1 and PC3 of fatty acid and squalène (S
Ou: Oueslati, Zr: Zarrazi, Zl: Zalmati, HCm: Chemlali Sfax commercial sample, HCh: Chemch
sample, HZR: Zarrazi commercial sample, A: Algerian samples, M: Moroccan sample.
A fatty acid and squalene PCA of Tunisian VOO samples pro-
duced in the laboratory, commercial ones (n = 184) and PDO
French VOO samples (n = 36) was performed. Once again, the spec-
ificity of the Tunisian olive oil was confirmed through the obtained
score plot (PC1 = 45% and PC2 = 23% of explained variance). In fact,
they can be easily separated from the foreign oils. French VOOs
were assembled in the lower right quart of the score plot. Com-
pared to the French PDO samples, the Tunisian VOO samples are
characterised with a high level of 16:0, 16:1x7, 18:0, 18:1x7,
18:2x6, 18:0, 20:0 and 20:1x9 fatty acids. However, French PDO
samples are characterised by a high level of 17:0, 17:1x8 18:1x9
fatty acids and squalene.

3.4. Near Infrared spectra

Spectra obtained for all samples of virgin olive oils were similar
to naked eye. Typical spectra of Tunisian virgin olive oil samples
are presented on Fig. 3A. The band assessments were realised
according to literature (Riaublanc, Bertrand, & Dufour, 2000). The
obtained spectral data were analysed by chemometric treatment.
q) compositions of Maghrebian VOOs. Cm: Chemlali Sfax, Ch: Chemchali, Ct: Chetoui,
ali commercial sample, HCt: Chetoui commercial sample, HOu: Oueslati commercial



0

0.2

0.4

0.6

0.8

1.0

9999.000 9497.535 8996.070 8494.605 7993.141 7491.676 6990.211 6488.746 5987.281 5485.816 4984.352

Variables

Ab
so

rb
an

ce
 

Wave number (cm-1)  

(1)  (2)  

(4) 

(3)  
(A) 

(B) 
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3.5. Near Infrared ACP

In order to examine the data structure, a principal component
analysis (PCA) was performed on the 133 first derived spectra of
Tunisian laboratory VOO samples (Fig. 3B). The score plot
(PC1 = 56% and PC2 = 27% of explained variance) showed that NIR
spectra bring information related to the varietal origin of VOOs.
The Chemlali Sfax and Chetoui oils are correctly separated. But,
there is on the two first principal components an overlay between
Zarrazi and Chetoui oils and between Zalmati and Chemlali Sfax oils.

3.6. Classification in varietal origins by SIMCA

SIMCA identification allows assigning new objects to the class
to which they show the largest similarity. The results obtained
for all the samples used in prediction set are presented in Table 3.
With NIR spectroscopy data, the models give respectively for
Chemlali Sfax, Chetoui and Oueslati oils, 89.55%, 92.53% and 98.50%
of correct classifications (%CC).

One sample of Chemlali Sfax was not recognised (false negative).
Whereas, three commercial Chetoui samples were recognised as
Chemlali Sfax (false positive). Zalmati and Chemchali samples
(n = 10) of the group ‘‘Other VOOs’’ were recognised as a Chemlali
Sfax (false positive). With Chetoui model, two samples of commer-
cial Chemlali Sfax (harvest crop 2010–2012) were predicted as
Chetoui (false positive). Five samples of Oueslati were recognised
as Chetoui (false positive) and three samples of the group ‘‘Other
VOOs’’ were classified as Chetoui. The best results were obtained
with Oueslati model. Only two ‘‘Other VOOs’’ samples were recog-
nised as Oueslati (false positive).

With NIR technique, all the foreign studied oils (Algerian,
French and Moroccan), even the Blanquette samples, were not



Table 3
Prediction of VOO varietal origins by SIMCA of NIR spectra and fatty acid compositions.

Real origin Predicted origin – NIR Predicted origin – Fatty acids

Chemlali Chetoui Oueslati Chemlali Chetoui Oueslati

Chemlali Sfax (n = 33) 32 2 0 29 0 0
Chetoui (n = 17) 3 17 0 0 17 0
Oueslati (n = 5) 0 5 5 0 0 4
Others VOOs (n = 79) 10 3 2 2 7 0
%CC 89.55 92.53 98.50 95.52 94.77 99.25

Training samples n = 111; prediction samples n = 134. %CC: % correct classification.
Others VOOs: Algerian (n = 22), French PDOs (n = 36), Moroccan (n = 5), Chemchali (n = 5), Zalmati (n = 5), Zarrazi (n = 6).

S. Laroussi-Mezghani et al. / Food Chemistry 173 (2015) 122–132 131
recognised by any of the three models. This result proves that there
are soil and environment effects on the oil composition in general.

With fatty acid compositions, there are 95.52% of correct classi-
fication for Chemlali Sfax, 94.77% for Chetoui and 99.25% for Oueslati
oils. Four Chemlali Sfax oils, coming from the crop year 2010–2011,
were not recognised (false negative). It is likely that the error in the
authentication of Chemlali Sfax samples (harvest 2010–2011) is due
to particular weather conditions for this year of production. Two
Zalmati samples from the ‘‘Other VOOs’’ group are predicted as
Chemlali Sfax (false positive). This result can be expected knowing
that these two varieties have a very similar fatty acid composition.
The seven Blanquette, Algerian oil samples, were predicted as
Chetoui. Once again, the result confirms the hypothesis on the
identity between these two cultivars (Loussert and Brousse,
1978). One Oueslati sample was not recognised (false negative).

Finally, both NIR and fatty acid composition methods have the
potential to determine the varietal origin of Tunisian VOOs.

4. Conclusion

An accurate data of fatty acid composition and NIR spectra asso-
ciated to chemometric treatment allows us to characterise and
authenticate six Tunisian olive oil varieties. These oils were distin-
guished from Maghrebian (Algerian and Moroccan) and French
PDO VOOs. The graphical representation of the fatty acid and NIR
spectra are rapid tools for the identification of monocultivar VOOs.
They are also efficient tools in the authentication of commercial
olive oils, and can be used to ensure the traceability of the product.
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