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ARTICLE INFO ABSTRACT

In this work Fourier Transform Infrared Spectroscopy (FTIR) was selected as a reliable, fast and non-destructive
technique to record spectroscopic fingerprints of Moroccan Protected Geographical Indication (PGI) Argan oils.
Classification and discrimination according to their five geographical origins (Ait-Baha, Agadir, Essaouira, Tiznit
and Taroudant) was performed. A total of 120 PGI Argan oil samples were collected during four harvest seasons
between 2011 and 2014.First, several physicochemical parameters were measured, i.e. free acidity, peroxide
value, spectrophotometric indices, fatty acid composition, tocopherols and sterols content. Secondly, FTIR
fingerprints were recorded for all samples. The data was subjected to Principal Component Analysis (PCA) for
visualization and to reveal differences between samples. Classification models were developed by Partial Least
Squares Discriminant Analysis (PLS-DA). Mathematical data pre-treatments were applied to improve the
performance of the multivariate classification models. The results obtained, based on both the chemical
composition and the spectroscopic fingerprints, indicate that PCA plots were able to distinguish the five sample
classes. PLS-DA models based on either chemical composition or FTIR spectra gave a good prediction and an
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accurate discrimination between the samples from different regions.
The proposed approach with the FTIR spectra provided reliable results to classify the Moroccan PGI Argan oils
from different regions in a rapid, inexpensive way requiring no prior separation procedure.

1. Introduction

The Argan culturing has a great economic and social importance in
Southwestern Morocco. Argan forests cover an area of 800,000 ha,
including the fertile Souss valley region, the foothills of the Anti-Atlas
mountains, and the coast region between Essaouira and Agadir [1,2]. In
fact, the resulting Argan oil has high health benefits in comparison to
other oils [1], especially due to the special fatty acids composition [3],
tocopherols [4], triacylglycerols [5], phytosterols [1,6,7], pigments and
its antioxidant activity [8]. Argan oil may result from two processes of
preparation: cold pression of unroasted kernels to provide cosmetic
Argan oil, while roasted kernels are used to prepare edible Argan oil
[91.

Nowadays the origin of food is essential for import and export
products in order to ensure traceability for consumers. Information
about food's origin is necessary to verify specifications and to guarantee

quality because food from different origin may have distinct qualities
[10,11]. In order to protect the original Argan products and to connect
the concept of quality with the origin and geographical indication,
Moroccan authorities have set up an internal protection apparatus
according to the Argan PGI label. Since 25 January 2010, the PGI Argan
is operational, which allows assigning the name “Huile d’Argane (Argan
oil)” exclusively to products from the South West of Morocco. In
particular, the PGI label has been established in order to obtain a
product with a high economic value for commercialization in interna-
tional markets.

Quality traceability and authenticity of the Argan oil have been the
objects of numerous studies. Gas chromatography has been used to
quantify and detect adulteration by campesterol [12]. Inductively
coupled plasma atomic emission spectroscopy (ICP-AES) has been used
to quantify eight trace elements for determining the authenticity of
virgin Argan oils [13]. Recently, an high-performance liquid chromato-
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graphyevaporative light scattering detector (HPLC-ELSD) method has
been applied for assessing the adulteration of Argan oil with vegetable
oils [14].

Spectroscopic fingerprints associated with chemometric tools have
been conducted in many up-to-date studies and have become interest-
ing approaches for determining authenticity and quality control of
foods [15]. The FTIR technique is widely used to determine or classify
for instance, olive oils [16,17], wine [18], butter [19], the adulteration
of extra virgin olive oils [20,21], the adulteration of Argan oil by
soybean and sunflower oils [22] and the quantification of melamine in
dairy milk [23]. In all above studies, different approaches combining
FTIR fingerprints with chemometric tools have been applied for the
identification, (geographical) classification or detection of adulterants.
Chemical characterization associated with chemometric analysis has
also been described in several studies, for instance, for classification of
olive oils [24,25] and of wine regarding its geographical origin [26,27].

The aim of the present work was to investigate the possibility of
using FTIR fingerprinting and chemical composition markers (free
acidity, peroxide value, spectrophotometric indices, fatty acids, toco-
pherols and sterols) to classify PGI Argan oils according to the five
different regions by applying chemometric methods (PCA and PLS-DA).

2. Materials and methods
2.1. Sample collection

A series of 120 PGI Argan oil samples (twenty four of each region)
were sampled from five different Moroccan regions (Ait-Baha, Agadir,
Essaouira, Tiznit and Taroudant) (Fig. 1) during four harvest seasons
between 2011 and 2014. All samples are from unroasted kernels and
are produced by the Women Cooperatives Markets from the five
different regions, using mechanical extraction (Table 1).
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2.2. Instrumentation and spectral acquisition

All infrared spectra were recorded in the range 4000-400 cm ! by
an ATR-FTIR spectrometer (Bruker Optics, Ettlingen, Germany)
equipped with a deuterated triglycine sulfate detector. The instrument
was equipped with an attenuated total reflectance (ATR) accessory. The
number of scans for each spectrum was 24with a resolution 1 cm™*.
Background spectra were collected at room temperature before each

measurement.

2.3. Determination of physico-chemical parameters

Physicochemical quality parameters, such as acidity, peroxide value
(PV), absorption coefficients at 270 nm (Ky70) and at 232 nm (Ka35),
were determined according to their methodology described in the
standard of the Commission of the European Community EEC/2568/9
[28]. Acidity and peroxide value are expressed in % oleic acid and milli-
equivalents of active oxygen per kilogram of oil (meqO,/kg), respec-
tively.

2.4. Fatty acids

2.4.1. Nomenclature

Saturated fatty acids (SFA): C14:0, myristic acid (tetradecanoic
acid); C16:0, palmitic acid (hexadecanoic acid); C18:0, stearic acid
(octadecanoic acid), C20:0, arachidic acid (eicosanoic acid). Mono-
unsaturated fatty acid (MUFA): C18:1, oleic acid (9-octadecenoic acid);
C20:1, gadoleic acid (11-eicosenoic acid); Poly-unsaturated fatty acid
(PUFA): C18:2, linoleic acid (9, 12-octadecadienoic acid); C18:3,
linolenic acid (9, 12, 15-octadecatrienoic acid).

2.4.2. Fatty acid determination

The fatty acid (FA) composition of the Argan oil samples was
determined via trans-esterification into fatty acid methyl esters (FAME)
according to European Official Methods of Analysis [28]. FAME were

/7 MAURITANA
WESTERN|
SAHARA|

MALI

Moroccan Argan forest

2% 12%

‘ 5%

M Ait-Baha
u Agadir

® Taroudant
| Tiznit

M Essaouira

u Other

Fig. 1. Map of southwestern Moroccan Argan Forest.
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Table 1
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Samples geographical origins and their class label; “Moroccan Argan forest” represents the % covered by the Argan trees of the studied regions.

Geographical origin Code Number of samples Number of samples in sub sets Studied localities Moroccan Argan forest
Calibration Validation

Agadir A 24 18 (75%) 6 (25%) 13 5%

Ait-Baha A-B 24 18 (75%) 6 (25%) 15 12%

Essaouira E 24 18 (75%) 6 (25%) 19 17%

Taroudant T 24 18 (75%) 6 (25%) 21 46%

Tiznit Tiz 24 18 (75%) 6 (25%) 18 18%

Total - 120 90 (75%) 30 (25%) 86 98%

measured by a model 6890 Agilent Technologies gas chromatograph
(Wilmington, DE, USA) equipped with a flame ionization detector (FID)
and a HP-88 capillary column (100 m x 0.25 mm ID x 0.20 um film)
(Agilent Technologies Spain, Madrid). The carrier gas was helium, with
a flow of 1 mL/min. The temperatures of the injector and detector were
set at 230 and 250 °C, respectively. Oven temperature was held at
210 °C. Eight FA were identified from their retention times. The results
are expressed in % (g/100 g oil).

2.5. Tocopherols determination

Tocopherols were assessed using the AOCS Method Ce8-89 [29]. A
solution of Argan oil in n-hexane was analyzed on an Agilent HPLC
system(1100 series, Germany) equipped with a fluorescence detector;
the column wasCl18-Varian (25 cm X 4.6 mm; Varian, ChromSpher,
Middelburg, The Netherlands). The mobile phase is a mixture of
hexane/2-propanol (98.5:1.5 v/v) with a flow rate of 1 ml/min. The
excitation and emission wavelengths are 295 and330 nm, respectively.

2.6. Sterol analysis

Sterol composition of PGI Argan oil was determined according to
the separation method of the NP ISO 12228:2002 [30]. The same
apparatus as for FA was used with a DB-5 capillary column (30 m X 0.25
mm ID X 0.25 um film) (Agilent). The column temperature was main-
tained at 280 ° C. The injector and the detector were both set at 290 °C.
The carrier gas was helium, with a flow of 2 mL/min. Sterol identifica-
tion was achieved by comparing the relative retention times from
sample peaks with those obtained from sterol standards. The latter were
also used for quantification. The amount of sterols is expressed in %
individual sterols and the total sterol content in mg/100 g oil.

2.7. Chemometric analysis

PCA is an unsupervised technique visualizing the data. PCA
displayed the main information and permitted evaluation of the
differences and similarities of samples. The PCA model decomposes
the initial data (matrix X) in a scores, a loadings and a residuals matrix.
The number of principal components (PCs) considered depends on the
data complexity, where these latter PCs explained quasi the total
variance. A scores plot represents the variation or similarity in the
samples of the data set, while the loadings plot represents the relations
between the variables [31].

PLS-DA is a supervised analysis, based on calculating latent vari-
ables, which discriminates between two sample classes. It creates a new
response, coded with a binary code, O or 1, where 1 indicates the
concept “belonging to a category”, while label 0 refers to ‘“not
belonging to the category” [32,33]. The performance of the models
was evaluated in terms of the root mean squared error of calibration
(RMSEC),the root mean squared error of prediction (RMSEP), the
coefficient of determination of model fitting (R?») and prediction
(Q3.In general, a good model should have low and similar RMSEC
and RMSEP values, and high R? and QZcoefficients.Samples with
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predicted values below 0.5 were assigned as outside a give class, while
samples with predicted values above0.5 were assigned as belonging to
the defined class [32].

2.8. Software

The significance of differences between multiple averages was
determined by one-way analysis of variance (ANOVA), followed by a
Tukey's post hoc test at a 5% level to evaluate the influence of the
geographic origin on the analysed parameters.

Data processing of spectra and the application of chemometric tools
as PCA and PLS-DA were performed with the Unscrambler, X, software,
version 10.0 (Camo, Norway).

3. Results and discussion
3.1. Physicochemical quality assessment

Acidity, peroxide value and UV absorption (Kz3» and Ksyyo) are
critical parameters to assess the quality and to measure the oxidative
deterioration of edible oil. As shown in Table 2, the acidity, peroxide
value, Ko3> and K,y values of all analyzed samples were lower than
0.80%, 15 meqO,/kg, 2.52 and 0.35, respectively, which are the legal
limits of specification required by the Moroccan Normalization guide-
lines [34]. The ANOVA with Tukey's test applied on the acidity,
peroxide value, Ky35 and K,y indicated statistically significant differ-
ences between the studied samples according to their geographic origin
(p < 0.05).The highest mean values for acidity were found for Ait-
Baha oils (0.33%), and the lowest (0.21%) for Taroudant and Tiznit
samples. The peroxide values arel.31 and 2.21 meqOy/kg for Agadir
and Ait-Baha samples, respectively. Besides the geographical origin, the
time of harvest, the extraction process of the Argan oil and the storage
period may also cause oxidation and increase the peroxide value [35].
The averages of the specific absorbances K3, and Kayo ranged between
1.17 — 1.87 and 0.21 to 0.33, respectively. The low values of these
quality parameters confirmed the good quality of the analyzed PGI
Argan oils in the current study; they allow classifying the studied
samples in the Virgin category [34].

3.2. Fatty acid composition

The major fatty acids expected in Argan oil are oleic (C18:1),
linoleic (C18:2), palmitic (C16:0) and stearic (C18:0) acids [1]. The PGI
Argan oils under study were characterized by three major fatty acids:
palmitic (C16:0), oleic (C18:1) and linoleic (C18:2). Myristic acid
(C14:0), linolenic acid (C18:3) and gadoleic acid (C20:1) have smaller
amounts in all samples (Table 2). ANOVA with Tukey's test applied to
the individual fatty acid compositions, showed statistically significant
differences between samples from different geographic origin (p <
0.05).

Polyunsaturated fatty acids are very important for human nutrition
[8]. Linoleic acid (C18:2), the dominant PUFA in the PGI Argan oils
varied between 30.5 and 35.4% depending on the geographical origin,
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Table 2
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Mean values and standard deviations of the chemical parameters of PGI Argan oils from southwestern Morocco regions produced during four consecutive harvests. (N =24 in each region).

Geographical origin

Chemical parameters VAO regulation Agadir Ait-Baha Essaouira Taroudant Tiznit
Acidity (%) <0.8 0.28° + 0.02 0.32¢ + 0.02 0.22% + 0.01 0.35° + 0.02 0.30¢ + 0.02
Peroxide value (meq O/ kg) <15 2.21€ + 0.15 1.317 £ 0.14 1.86° + 0.19 1.93¢ + 0.18 1.74"> + 0.16
Ko3o <2.52 1.87€ + 0.09 1.17% £ 0.02 1.26° + 0.03 1.30¢ = 0.02 1.19® = 0.03
Koy0 <0.35 0.22° + 0.01 0.33° + 0.02 0.22° + 0.01 0.21% = 0.02 0.21* = 0.02
Fatty Acids (% total fatty acid)

C14:0 <0.20% 0.16" + 0.02 0.15% + 0.02 0.15" + 0.03 0.15" + 0.02 0.15" + 0.02
C16:0 11.50-15.00% 12.66° + 0.41 14.02¢ + 0.37 11.85% + 0.33 14.64° + 0.31 13.82° + 0.39
C18:0 4.30-7.20% 4.77° + 0.23 6.809 + 0.35 4.65% = 0.21 5.62° = 0.30 6.86% + 0.29
C20:0 <0.50% 0.39¢ + 0.05 0.35° + 0.03 0.35° + 0.04 0.36° + 0.02 0.29% + 0.04
C18:1 43.10-49.00% 44,92 + 0.49 46.85° + 0.51 43.93* + 0.49 48.56° + 0.53 47.28° + 0.66
C20:1 <0.50% 0.42° + 0.05 0.32° + 0.02 0.479 + 0.02 0.41¢ = 0.04 0.29% + 0.05
C18:2 29.30-36.00% 30.54* = 0.72 33.11° + 0.53 30.26" = 0.76 35.419 + 0.65 34.09¢ + 0.62
C18:3 <0.30% 0.13° + 0.13 0.29¢ + 0.04 0.11* + 0.03 0.26° * 0.02 0.25° * 0.04
SFA 17.98% + 0.46 21.32° + 0.60 17.00 = 0.45 20.77° + 0.37 21.13° + 0.50
MUFA 45.34% = 0.49 47.17° + 0.52 44.40" = 0.49 48.97€ + 0.54 47.57" + 0.68
PUFA 30.67% = 0.72 33.39° + 0.55 30.36* + 0.75 35.66° + 0.65 34.34" + 0.63
Tocopherols (mg/kg oil)

a-tocopherol 18-75 34.98° + 2.17 69.86° = 1.94 25.01* + 2.57 41.51° + 3.36 57.19¢ + 3.64
B-tocopherol 01-mai 1.61° + 0.31 3.899+ 0.35 1.21* £ 0.14 3.02° £ 0.40 4.56° + 0.42
y-tocopherol 640-810 664.44" + 22.46 739.89¢ + 8.77 802.36° + 6.62 716.17° + 7.09 777.34% £ 13.56
8-tocopherol 54-110 71.31° = 2.71 92,574 + 3.25 58.55" + 3.26 104.36° = 4.42 80.17¢ + 2.83
Total tocopherol 600-900 772.34* + 24,13 906.21¢ + 8.80 887.12° + 8.64 865.25" + 7.95 919.26° + 14.77
Sterols (% total seterols)

Cholesterol =0.40 0.18" + 0.02 0.33% + 0.22 0.26° = 0.02 0.38° + 0.02 0.11* + 0.03
Campesterol <0.40 0.26° = 0.02 0.11* = 0.02 0.18° + 0,02 0.38° + 0.02 0.339 + 0.02
A —7-Avenasterol 4.00-7.00 4.96° + 0.19 6.69¢ + 0,21 5.53°+ 0.16 6.119 + 0.20 4.34% + 0.20
Stigma-8-22-dien-3f3-ol 3.20-5.70 4.01° + 0.14 4.57° £ 0.16 5124+ 0.15 5.62° + 0.11 3.43" £ 0.18
Schottenol 44.00-49.00 4552 + 0.33 46.41° = 0.30 47.41¢ = 0.30 48.74° + 0.47 44.48* + 0.34
Spinasterol 34.00-44.00 37.12° + 0.50 38.99° + 0.60 41.114 + 0.54 43.63° + 0.86 34.91% + 0.58
Total sterols (mg/100 g oil) <220 mg/100 g 142.09° + 10.59 167.09° = 11.84 184.60¢ + 15.84 214.75° + 14.05 137.60% + 15.72

Significant differences in one row are indicated with different superscript letters (comparison between the studied regions, Tuckey's test).

VAO, Virgin Argan oil.

SFA, Saturated Fatty Acids; MUFA, Monounsaturated Fatty Acids; and PUFA, Polyunsaturated Fatty Acids.

The bold numbers represent the highest mean in each class.

while linolenic acid (C18:3) occurs in traces. MUFA and PUFA appeared
as the highest fractions in the Taroudant samples with 49.0% and
35.7% of the total fatty acids, respectively. Oleic acid (C18:1) was the
main MUFA and is present in higher concentrations (43.6-48.6% of the
total fatty acids). The palmitic (C16:0) and linoleic (C18:2) acid
contents varied between 12.7-14.6% and 30.3-35.4%, respectively,
depending on the geographical area. Variations in oleic and linoleic
acid content observed in the Argan oils are related to the process of
extraction and the environmental conditions [9].

Samples from the Ait-Baha region are represented by the highest
total SFA fraction (21.32% = 0.60%), while it is also rich in linolenic
acid (C18:3), which was the dominant PUFA ranging from 0.22% to
0.36% in these samples. The Essaouira region is characterized by rather
low amounts of SFA, MUFA and PUFA (Table 2). The palmitic acid
(C16:0) levels increase when going from the plain to the highlands
(Taroudant to Essaouira). These results are in agreement with the
findings of other researchers: it was reported that the oleic acid (C18:1)
levels increase with record precipitation and those of linoleic acid
(C18:2) with altitude [36]. The global variability of fatty acid composi-
tion in Argan oils can be attributed to various factors, including
geographical origin and the effect of climate, particularly precipitation
[37,38].

The limits composition is established by the Moroccan
Normalization guidelines (N.M. 08.5.090) [34]. The fatty acid compo-
sition found in the investigated PGI Argan oils samples is within the
normal ranges for “Virgin Argan oil” considered by these standards
(Table 2).

3.3. Tocopherol composition

The tocopherol composition is important to prevent lipid oxidation
processes in Argan oils. Numerous studies have demonstrated that they
play an important role in the human organism and contribute to the
bioactivity in foods stuffs [39]. Vitamin E determination has also been
used for the authenticity and quality assessment of oils, based on
qualitative and quantitative profiles [40].

In our study, four major tocopherols were quantified; y-tocopherol
was the major compound, followed by 8,a and p-tocopherols, respec-
tively (Table 2). The highest total tocopherol contents occurs in samples
from Ait-Baha (919 mg/kg) and Tiznit (906 mg/kgoil), respectively.
Furthermore, the influence of geographical origin on the individual and
the total tocopherol contents was observed to be significant using
Tukey's test (p < 0.05).As shown in Table 2, both the total tocopherols
content and the amounts of individual tocopherols varied significantly
depending on the geographical zone. Agadir (772 mg/kg), Essaouira
(887 mg/kg) and Taroudant (865 mg/kgof oil) had the lowest total
tocopherols contents among the five regions examined. The y-tocopher-
ol was the most abundant tocopherol, being found in the range 664—
802 mg/kg, followed by 8&-tocopherol, with mean values ranging
between 58-104 mg/kg and a-tocopherol between 35-70 mg/kg oil.
However, roasting Argan kernels before oil extraction affects the a-
tocopherol composition and the level is inferior to the unroasted kernels
[9]. The highest mean value for B-tocopherols was 4.56 mg/kg, and the
lowest 1.21 mg/kg.

These results on the content in tocopherols allow classifying the
samples from Agadir, Essaouira and Taroudant within the category of
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“Virgin Argan oil”, according to the classification established by the
Moroccan normalization guidelines [34]. This is not the case for the
samples from Ait-Baha and Tiznit.

3.4. Sterol composition

Phytosterols are nutritionally important lipids making up the largest
partof the non-saponificable fraction of PGI Argan oils. Campesterol,
cholesterol, A—7-avenasterol, stigma-8-22-dien-3p3-ol, schottenol and
spinasterol are the dominant sterols of Argan oil [9]. Sterols determina-
tion also permits classification of the type of Argan oil in, for instance,
extra virgin, virgin and pure [34]. The analysed PGI Argan oils
contained more than 137 mg% (m/m) total sterols, with a median
value of 167 mg/100 g, and extremes of137and 215 mg/100 g originat-
ing from Tiznit and Taroudant, respectively (Table 2). The total sterols
content varied significantly depending on the production region
(Tukey's test, p < 0.05).

The schottenol fraction was remarkably high, i.e. about 48-49% in
the Taroudant area. This was also the case for the spinasterol content in
the oils from Taroudant, with a range from 42to 47%. Significant
differences (Tukey's tests p < 0.05) on all individual sterol composi-
tions were seen. The campestrol and cholesterol fractions were below
the established limit of 0.40%. The campesterol content can be used to
assess the degree of purity of the Argan oil and to detect fraudulently
added oils [12].

The highest and lowest A—7-avenasterol fractions were between4
and 7% found in the Tiznit and Taroudant regions. Furthermore, trace
fractions of others sterols were found in all evaluated oil samples.
Research has shown that numerous factors affect the content and
composition of sterols in Argan oil, such as the geographical growing
area, climatic conditions, kernel quality, the oil extraction system
(mechanical or traditional) and storage conditions [9,41,42].
However, the sterol composition was reported to remain qualitatively
and quantitatively constant during the storage period or during
accelerated storage conditions. It is neither actively involved in the
conservation of Argan oil nor in its flavor [35]. All analyzed PGI oils
samples fulfilled the limit set by the Moroccan normalization guideline
for the sterol content [34].

3.5. Classification of Argan oil according to geographical origin based on
chemical composition

In addition to the genetic variety of the trees, Argan oils may
present very different characteristics depending on their geographical
origin. Several factors affect the oil quality (e.g.: extraction method,
environmental conditions, stage of ripening at harvest and storage
conditions) [9,42]. It is important to relate the chemical composition of
an oil with its geographical origin.

3.5.1. PCA analysis

PCA was applied to the autoscaled data to locate any existing
clustering of samples based on the chemical composition. Five groups
are clearly distinguished (Fig. 2(a)) on the PC1-PC2 score plot. The first
two principal components explained 63% of the total variability. The
score plot indicates that classification of the samples according to their
geographical origin based on the chemical composition should be
possible.

The loading plot represents the weights of the variables on the
different PCs. Fig. 2(b), shows that some chemical parameters do not
have an important weight at the considered PCs: variables placed in the
middle of the plot (close to the axis origin). However, they can be
important in higher PCs.

3.5.2. PLS-DA classification
All 22chemical parameters determined (Table 2) were found to be
significant (Tukey's test, p < 0.05) for the differentiation of PGI Argan
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oils. The loading plot indicates that “campesterol, y-tocopherol and
C14:0” had low weights for the two first PCs (63% of total of the total
variance). However, they can be important for higher PCs and the
Tukey's test was significant for all the 22 variables, indicating that all
variables are important to construct the classification model. The PLS-
DA was applied to the autoscaled data matrix composed of 120 samples
and 22 variables in order to develop discrimination models for the
classification of PGI Argan oils. The models were evaluated using R?,
Q?, RMSEC and RMSEP (Table 3(a)). A model was established from 90
samples (18 samples from each group were randomly selected, see
Table 1), while the remaining 30 samples (6 samples from each class)
were considered as an external validation set (Table 1). The leave-one-
out cross-validation method was used to select the optimal number of
latent variables (LVs) for each calibration model. The best models were
obtained using 4LVs for classes A, A-B, E and T, and 5 LVs for Tiz. The
quality parameters indicate R? and Q2 values which range between 96.7
— 98.7% and 96.3 — 98.3%, respectively. The classification errors
(RMSEC and RMSEP) to evaluate the performance of the established
models on predicting new samples varied from 0.046 to 0.073 and
0.053 to 0.077, respectively. These models were applied to classify the
30 test set samples (Table 4a). All validation samples are clearly
assigned to their proper classes. Their predicted y values are comprised
between 0.828 and 1.125. Correct classification rates of 100% were
obtained on the external validation set samples. These findings indicate
that the PLS-DA models were accurate.

3.6. Classification of Argan oils according to geographical origin based on
FTIR spectra

As it was possible to classify samples based on their chemical
composition, it is interesting to verify this classification on the basis of
the spectral data.

Typical spectra obtained for all PGI Argan oil samples are presented
on Fig. 3a. The Argan oil spectra are dominated by some peaks
absorbances; 2924 and 2852 cm ™!, due to symmetrical and asymme-
trical stretching of —-CH,; 1743 cm™ Y, C=0 stretching vibrations; 1463
and 1377 cm ™!, CH, and CHj scissoring vibrations;1238, 1163, 1114
and 1099 cm ™!, -C-O stretching vibrations. The bands at 721 cm™*!
correspond to CH, rocking [43,44].

3.6.1. PCA analysis

In order to improve the discrimination, the spectra have been pre-
treated. Maximum peak height normalization by dividing each signal
value for one sample by the sum of all signal values for that sample
and mean centering were applied on all spectra (4000-400 cm ~ ') and
on a reduced data set (two segments of the FTIR spectra were removed
prior to the data treatment, the first between 4000-3028 cm ™! and the
second between 2766-1786 cm ' because of low signal-to-noise ratio
values). The two first PCs account for 98% and 99% of the total
variance for the full and the reduced data set, respectively. In Fig. 3b it
is shown that the reduced spectra from the five studied regions are
clearly separated. The groups corresponding to the classes A, E and T
are rather close. Regions A, E and T represent more than 68% of the
Argan forest (Fig. 1). A and E are two oceanic coastal regions with hot
humid and arid bioclimate. The T-region (80 km east of Agadir) is
surrounded by two mountain chains (High Atlas and Anti-Atlas) and
has a hot semi-arid bioclimate, which is in fact the most different from
the A and E classes. Also in the T class, temperature average values
reach 30 °C in summer and the average winter minimum is between 3
and 8 °C. The classes A-B and Tiz (Fig. 1) are geographically close.
They have similar climate conditions. Their winter is relatively warm
and humid with a temperature of 25 °C and the summer is hot arid
with temperatures around 30 °C. The difference between the annual
precipitations can also be a determining factor between two classes.
The classes A-B and Tiz are characterized by an arid Mediterranean
bioclimate, Saharan areas with desert nature and they are influenced
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Fig. 2. Principal component analysis on the chemical composition (autoscaled data) of 120 samples from different geographic area.(a) PC1-PC2 scores plot. (b) PC1-PC2 loading plot. (A:
Agadir; A-B: Ait-Baha; E: Essaouira; T: Taroudant; Tiz: Tiznit). Abbreviations of the loadings: see Table 2.

Table 3
Quality parameters achieved by the PLS-DA classification: (a) based on the chemical
composition, (b) based on the FTIR spectra and (c) based on the reduced FTIR spectra.

(@)

Class LVs R? Q? RMSEC RMSEP
A 4 96.73 96,26 0.073 0.077
A-B 4 96.97 96,62 0.069 0.074
E 4 97.72 97,43 0.060 0.064
T 4 97.01 96,69 0.069 0.074
Tiz 5 98.67 98,32 0.046 0.053
(b)

Class LVs R? Q? RMSEC RMSEP
A 4 99.70 99.68 0.022 0.023
A-B 5 99.14 98.95 0.037 0.041
E 4 99.95 99.94 0.009 0.009
T 5 99.74 99.71 0.020 0.022
Tiz 4 99.51 99.44 0.028 0.030
(©

Class LVs R? Q? RMSEC RMSEP
A 5 99.47 99.24 0.029 0.036
A-B 5 99.94 99.93 0.010 0.011
E 5 99.60 99.53 0.025 0.027
T 5 99.39 99.22 0.031 0.036
Tiz 4 99.71 99.67 0.021 0.023

LVs: number of latent variables; R* Coefficient of determination; Q* coefficient of
prediction; RMSEC: root mean squared error of calibration; RMSEP: roots mean squared
error of prediction.

by the variability of annual rainfall ranging from 100 to 250 mm.
Summarized, the PCA plot mainly indicates the clear discrimination
between five classes corresponding to the five regions. A geographical
classification of the PGI Argan oils based on their FTIR spectra is
discussed further.

3.6.2. PLS-DA discrimination

To expand the differences between the classes, pre-treatment on the
FTIR spectra was applied. The same data pretreatment as for PCA was
used. The prediction ability of the PLS-DA model developed was
evaluated by the leave-one-out cross validation procedure. The quality

parameters (R% Q2 RMSEC and RMSEP) are assessed. The raw data
results are indicated in Table 3b, models with 4 LVs for Tiz and with 5
LVs for A, E, A-B and T classes were developed. The models for the
reduced data were developed with 4 LVs for A, E,Tiz and with 5 LVs for
A-B and T classes (Table 3c). As presented in Tables 4b and 4c, the 30
test set samples are clearly assigned to the proper classes with predicted
values 0.700-1.080 and 0.938-1.060 for the raw and the reduced data
sets, respectively. The PLS-DA models from both data sets showed
excellent predictive abilities in classifying the samples from the five
regions. The PLS-DA models gave a good prediction and an accurate
discrimination with 100% correct classification rate of the external
validation set samples. The results from both the raw and the reduced
data sets are better than those from the models build from the chemical
composition.

It can be concluded that the combination of FTIR spectra and
chemometric tools, such as PCA and PLS-DA, allowed the fast dis-
crimination and classification of the different PGI Argan oils samples
according to their geographical origin.

4. Conclusions

The present work is the first comprehensive study to classify PGI
Argan oil samples from five different regions of Morocco. One hundred
twenty samples harvested between 2011 and 2014 were, on the one
hand, chemically characterized, through the determination of free
acidity, peroxide content, spectrophotometric parameters, tocopherols,
fatty acids, sterols and through FTIR fingerprinting, on the other. The
chemical composition data and the FTIR spectra, combined with
chemometric tools allow relating the PGI Argan oils to their geogra-
phical origin. PCA on the chemical composition was able to discrimi-
nate the five regions, while PCA on the FTIR spectra gave an even better
discrimination. PLS-DA models were capable of classifying correctly the
PGI Argan oil samples according to their geographical origin. However,
the measurement of the FTIR spectra is much faster and easier than the
chemical composition determination of the samples. The FTIR spectra
approach thus may be highly recommended as a fast alternative to the
chemical profiling for the geographical classification of the oils.

Finally it should be noted that the results are of great interest, to
assure the traceability of Moroccan Argan oil and to contribute to the
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Fig. 3. (a) FTIR spectra for the PGI Argan oil samples. (b). Scores plot, PC1lvs PC2, on the reduced FTIR spectra.

quality value of the Protected Geographical Indication label of these
samples.
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