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HIGHLIGHTS
 Chemical characterization and quality evaluation of Argan oil categories.
* Both chemical profiling and FTIR fingerprints investigated for categorical classification.
» Important chemical descriptors and FTIR sub-intervals highlighted for categorical
description.
* Argan oils were classified as Extra virgin, Virgin or Lower quality.
» Chemometric tools allowed classification and discrimination between Argan oil
categories.
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The characterization of Argan oils to classify them in three categories (‘Extra Virgin’, ‘Virgin’
and ‘Lower quality’) was evaluated. A total of 120 Moroccan Argan oils samples from the
Taroudant Argan forest was investigated. The free acidity, peroxide value, spectrophotometric
indices (K232 and K270), fatty acids, sterols, and tocopherol contents were assessed. The samples
were also scanned by FTIR spectroscopy. The Principal Component Analysis (PCA) and four
classification methods, Partial Least Squares Discriminant Analysis (PLS-DA), Soft
Independent Modeling of Class Analogy (SIMCA), K-nearest Neighbors (KNN), and Support
Vector Machines (SVM), were applied on both the chemical and spectral data. Besides the
conventional chemical profiling, FTIR spectra were evaluated for their feasibility as a rapid
non-invasive approach for classifying and predicting the oil quality categories.

The most important variables for differentiating the oil categories were identified as Kasz,
peroxide value, y-tocopherol, -tocopherol, acidity, stigma-8-22-dien-3p-ol, stearic acid (C1s:0)
and linoleic acid (C1s:2) and could be used as quality indicators. Eight chemical descriptors or
key features from the FTIR spectra (selected by interval-PLS) could also be established as

indicators of quality and freshness of Argan oils.

Keywords: Argan oil; Oil traceability; Fourier Transform Infrared Spectroscopy; Quality

evaluation; Classification tools; Chemometric analysis.

Chemical compounds studied in this paper

y-Tocopherol (PubChem CID: 92729); 8-Tocopherol (PubChem CID: 92094); Linoleic acid
(PubChem CID: 5280450); Oleic acid (PubChem CID: 445639); Palmitic acid (PubChem CID:
985); Stearic acid (PubChem CID: 5281); Schottenol (PubChem CID: 441837); Stigma-8-22-
dien-3B-ol (PubChem CID: 5280794); Spinasterol (PubChem CID: 5281331); A—7-avenasterol
(PubChem CID: 12795736).
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1. Introduction

The Argan tree (Argania spinosa L.) is one of the oldest wild forest trees in Morocco and
the world. It has been part of the Southwestern Moroccan regions and the Amazigh civilization
since centuries. Argan production funds and ensures the subsistence of more than 3 million
people (farmers, women's cooperatives, producers, sellers and speculators) [1]. The Argan oil
production will be tripled in the upcoming years to reach 4000 tons. Argan oil is a natural
product with a precious composition and properties destinated for dietary and/or cosmetic uses.
The regular consumption of Argan oil has a positive effect on the prevention of certain diseases
(heart and liver, cholesterol, and cancer) [2]. For many years, the scientific community has
been investigating the Argan oil composition and its nutritional benefits [3].

Extra Virgin Argan oil (EVAO) is extracted from unroasted or roasted Argan fruits by
mechanical or traditional extraction, under controlled conditions that do not cause
compositional changes and preserve the oil properties. The Extra Virgin oil category has a
specific composition, an acidity (expressed as oleic acid) not exceeding 0.8%, a peroxide value
below 15 meqO2/kg, K27 inferior to 0.35 and other requirements, as shown in Table 1. The
Virgin Argan oil (VAO) label is attributed to oil with specific acidity below 1.5%, peroxide
value not exceeding 20 meqO2/kg and Kz7o inferior to 0.35. Pure Argan oil quality is defined as
oil with an acidity not exceeding 2.5%, peroxide value not exceeding 20 meqO2/kg and Kz7o
below 0.45. The lampante category (low quality Argan oil (LQAO)) concerns an oil with an
acidity exceeding 2.5% [4, 5].

EVAO has an exclusive and highly different chemical composition, distinguishing it from other
vegetable oils, which can be investigated for traceability and authentication [6]. The Argan oil
composition variability is highly related to intrinsic and extrinsic factors, assembled into four
groups: environmental (climate), agronomic (irrigation and fertilization), cultivation
(harvesting period and maturity) and technological (storage and extraction process) factors [7-
9]. These factors can extensively affect metabolites, as triglycerides, fatty acids, sterols,
tocopherols, polyphenols and volatile compounds.

Nowadays, one of the major problems in the agricultural-food industry is to develop objective
tools, which determine and ensure the quality and traceability of raw materials as well as of
finished derived products. The determination and certification of product quality represents a
form of protection for the consumer and a means of maintaining credibility and prestige for the
food producer. An increasing interest for high-quality food products with a clear composition

exists with consumers [10].
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Classical chemical characterization and FTIR fingerprinting, associated with chemometric
pattern recognition tools, demonstrated to provide satisfactory tools for recognizing the
geographical origin of Argan oils [9]. Recently, fatty-acid profiling and UV-Visible spectra
were also successfully applied in the EVAO characterization, geographic classification and
extraction-process/kernel-type distinction [11]. Traditional analysis for food geographical
classification, traceability or authentication has several drawbacks, i.e. being time- and solvent
consuming, destructive, and requiring sample preparation. Spectroscopic techniques, which
may overcome these hurdles, are fast, cheap and non-destructive. Spectroscopic methods, e.g.
FTIR fingerprinting, combined with chemometric tools have a great popularity and progress
rapidly in many fields [12]. FTIR spectra are successfully applied in quality control,
authentication and food traceability, such as for olive oil [13], milk [14], meat [15], and Argan
oil [16].

Chemometric tools are crucial mathematical approaches to extract useful information from
chemical data of food samples in order to link with specific purposes, such as geographical
classification, traceability and/or quality control. Sensory analysis by targeted and untargeted
chromatography (GC), associated to ion mobility spectrometry (IMS), with chemometrics
handling was applied for olive oil category classification (i.e. extra virgin olive oil, virgin, and
lampante) [17, 18]. Phenol and polyphenol profiles combined with chemometric analysis
allowed classifying red wines according to their geographic origin, grape variety and vintage
[19].

The current work reports a search for reliable chemical indicators or FTIR sub-intervals
(selected by interval-PLS) for Argan oil quality characterization and category distinction.
Discrimination of high-quality extra virgin Argan oils from virgin and lower quality Argan oils
by means of multivariate data analysis based on either chemical profiling or FTIR spectra, was

also established.

2. Material and methods

2.1 Samples and storage conditions

In Southwestern Morocco, more than 46% of the Argan fruits production is from the
Taroudant region. This region consists predominantly of Argan trees forest and produces high
quantities of Argan fruits. The actual study focused on the Argan oil quality from that region

resulting from three successive harvesting periods, 2015-2017 (avoiding the geographical
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origin effect). A strategy of sample assemblage was implemented in order to extend the study
over the different edible Argan oil categories. The sampled oils have same properties as those
delivered to the consumer. In a collaboration with the women’s cooperatives from Taroudant,
healthy Argan fruits were collected to produce high-quality extra virgin Argan oils (25 samples)
with Protected Geographical Indication (PGI). The roasted kernels were crushed using
mechanical extraction, to produce edible EVAO (sample codes 1-25). The rest of the edible
Argan oils (95 samples) was purchased directly from the different markets and sellers (women’s
cooperatives, local and traditional markets) from the Taroudant region. They were extracted
mechanically using roasted kernels (sample codes 26-120) (Table 2). The samples were
transported to the laboratory, transferred in dark glass recipients, and stored at 4°C. Later their

chemical composition and FTIR spectra were determined.

2.2 Physico-chemical quality indices

The free acidity (expressed as % oleic acid), peroxide value (PV, expressed in milli-
equivalents active oxygen per kilogram oil (megqO2/kg)), and UV absorbance coefficients at 270
and 232 nm (K270 and Kos2), were determined according to the methodology described in the
European Commission Regulation EEC/2568/91 [20].

2.3 Fatty acid determination

The fatty-acid (FA) composition was achieved via the methyl-trans-esterification of the
Argan oil according to the procedure from the European Official Methods of Analysis [20]. The
analytical conditions are described in more detail in Kharbach et al [9]. In brief, the FAMES
(fatty acid methyl-esters) quantification was carried out by a gas chromatograph (6890/Agilent
Technologies Wilmington, DE, USA) coupled to a flame ionization detector (FID). A HP-88
capillary column (100 m x 0.25 mm ID x 0.20 um film) (Agilent Technologies Spain, Madrid)
was used for chromatographic separation. Helium was the carrier gas with a flow rate of
1 mL/min. The injector-, detector- and oven temperatures were set at 230, 250 and 210°C,
respectively. The FAMEs were identified the relative retention times using of FAME standards
(purchased from Sigma-Aldrich, Lyon, France). The amounts were expressed as percent (%) of

total fatty acids (g/100 g oil). Analyses were done in triplicate.

2.4 Tocopherol composition
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The a, B, y- and &-tocopherols in Argan oil were quantified using the AOCS Method
Ce8-89 [21]. The procedure was also described in Kharbach et al [6]. An amount of Argan oil
(10 mg) was diluted in 100 mL n-hexane and injected in an HPLC instrument (1100 series,
Agilent Technologies, Waldbronn, Germany) coupled with a fluorescence detector (G1321A).
The excitation and emission wavelengths were set at Aexc = 290 nm, Aemis = 330 nm. The column
was a ChromSpher C18 (25 cm x 4.6 mm x 5.0 um) (Varian, Middelburg, The Netherlands).
The mobile phase was a mixture of acetonitrile/methanol (50:50, v/v, isocratic mode) with a
flow rate of 1 mL/min and 20uL sample was injected. The run time was 40 min.

Tocopherols identification and quantification were made using tocopherol standards (a-, -, y-
, and &-tocopherols; purchased from Sigma Aldrich, Lyon, France) dissolved in n-hexane (10

mg/ml and 6 dilutions) and then their calibration lines were applied for quantification.

2.5 Sterol Analysis

Argan oil sterol composition was determined according to the official method of the NP
ISO 12228:2002 [22]. Sterol separation was done by means of a gas chromatograph (6890-
Agilent model Technologies, Wilmington, DE, USA) equipped with a flame ionization detector
(FID) using a DB-5 capillary column (30 m x 0.25 mm ID x 0.25 um film) (Agilent) following
the conditions previously described in Kharbach, et al. [9]. Briefly, the column temperature was
maintained at 280 °C, while the injector and detector temperatures were set at 290 °C. The
carrier gas was helium, with a flow rate of 2 mL/min. The individual sterols were expressed
relative (%) to the total sterol amount, which was expressed as mg/100g Argan oil. Sterol
composition was determined based on retention-time comparisons with standards (Sigma

Aldrich, Lyon, France) and their calibration curves were used for quantification.

2.6 FTIR measurements

A Fourier transform infrared spectroscopy equipment (Bruker Optics, Ettlingen,
Germany), coupled with an attenuated total reflectance (ATR) accessory and a deuterated
triglycine sulfate detector, was used. The spectra were measured in the range 4000-400 cm™. A
scan average of twenty spectra was recorded for each sample at ambient conditions and used in

further data analysis.

2.7 Chemometric analysis tools
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Chemometric analysis tools may be used for quality evaluation, authentication and
distinction between the Argan-oil categories. The chemical-composition results or the FTIR
spectra are gathered in data matrices X, while a y-vector indicates the oil categories (categorical
response). The data matrices X (chemical composition or FTIR spectra) do not contain
equivalent information, which thus may require different data handling in order to get the proper

outcome.

Principal component analysis (PCA) is an unsupervised technique that provides latent variables
(named principal components, PCs) by linear transformation of the initial variables. The PCA
exploratory approach decomposes the original data set to both scores and loading matrices. The
scores on given PCs represent the new coordinates and provide information on the distribution
(topological behavior) of the samples, while the loading plot shows represent the relationship
between the original variables [23]. In the present study, PCA was applied to evaluate the
clustering of samples according to the oil categories based either on their chemical profiling or
FTIR fingerprints. Further, PCA locates possible outliers, prior to building classification
models.

Pattern recognition tools, including both linear and non-linear classification techniques, were

tested for the classification and quality control of the Argan oils.

Partial least squares—discriminant analysis (PLS-DA) is a linear supervised classification
technique, which combines the potential of partial least squares (PLS) regression and linear
discriminant analysis (LDA). PLS-DA modulates the classes, one versus all others, and
separates these by linear discriminant models. This technique aims to find the latent variables
which discriminate and maximize the covariance between classes [24, 25], in this case study,

the oil categories .

Soft independent modelling of class analogy (SIMCA) is also linear supervised pattern
recognition technique for class modelling. SIMCA uses the PCA decomposition power for each
class separately [26]. The SIMCA classification model has the ability to assign new unknown

Argan samples to either none one, or more oil categories.

Support vector machines (SVM) is non-linear classification technique, which finds a
hyperplane that separates the predefined classes linearly. It is a kernel-based technique for
classification, which uses support vectors to define decision boundaries discriminating the

classes [27].
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K-nearest neighbors (KNN) is a non-parametric and-Hnear classification technique. The KNN
classification model is based on calculated distances (e.g. Euclidean distance) between samples
in order to assign them to a class [26]. The KNN classification tools were used to assign

unknown Argan samples to the predefined oil categories.

Interval-PLS (iPLS) is an algorithm developed for sub-interval and key-feature selection. The
FTIR spectrum was divided into 50 equal subintervals containing 50 variables. The PLS
regression is carried out to each sub-interval and the features are selected with regard to
prediction relevance. The new data set is composed of the selected sub-intervals [28]. The iPLS
algorithm was applied to the FTIR data to select the important sub-intervals (wavenumbers) for

oil-category characterization.

Both for the chemical (initially 22 chemical descriptors, later reduced to 8) and FTIR (2540
variables, reduced to 1000) data, the 117 samples were randomly divided in calibration and
validation subsets (see Table 2) in order to build suitable calibration and prediction models.
The training set consisted of 87 samples and the test set of 30 samples. The classification models
(PLS-DA, SIMCA, SVM and KNN) were built on auto-scaled chemical variables, and on
standard normal variate (SNV) and mean-centered pretreated FTIR data. The Venetian-blinds

cross validation procedure was used to optimize the models [29].

The performance of the models was evaluated and optimized in terms of their sensitivity,
specificity, classification rate, root mean squared error of calibration (RMSEC), root mean
squared error of prediction (RMSEP), root mean squared error of cross validation (RMSECV),

coefficient of determination of model fitting (R?) and of cross-validation (R%cv).

In preliminary data elaboration, chemical parameters (see Table 1) were submitted to one-way
analysis of variance (ANOVA), followed by a Tuckey’s post hoc multi-comparison test at 5%
level for statistical differentiation. They were applied to study the significant differences in the
chemical parameters between the different oil categories. The most discriminant key descriptors
for oil category characterization were selected based on their highly significant differences in
averages and on PCA exploration. The iPLS algorithm on the other hand, allowed seeking

relevant sub-intervals (key features) from the FTIR spectra.

The pattern recognition tools were applied using a MATLAB version 17.a software (The Math-
Works, Natick, MA, USA) and the integrated PLS-Toolbox version 8.1 (Eigenvector Research,
Wenatchee, WA, USA).
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3. Results and discussion

This study investigates the potential of chemical profiling versus FTIR fingerprinting for
Argan-oil quality characterization and category discrimination. Conferring to the chemical
profiling, samples 118-120 were largely different from a standard Argan oil and were probably
adulterated, Table 1. In brief, those samples were rich in linoleic acid (C1s:2, 50-60% of the
total fatty acids) and in oleic acid (Cig:1 , 18-21%). The tocopherols were also different and
characterized by higher amounts of a-tocopherol (419-478 mg/kg oil) and y-tocopherol (297-
330 mg/kg oil), while B-and 8-tocopherols were rather similar (33-39 mg/kg oil). Sterols were
higher in campesterol (6.7-7.5%) and stigma-8-22-dien-3p-ol (7.0-7.5%) contents, while
schottenol and spinasterol (14-20%) were inferior in amount. From the Alimentary codex of
vegetable oils [30], and considering the results it could be suspected these oils were mixed with
a high percentage of sunflower oil. The samples were eliminated from further data analysis and

the correct authentication was not included here.

3.1 Argan oil and Moroccan regulations

The higher demand for Argan-oil products from local and international consumers push
the producers to deliver high-quality oil. The evaluation of the quality is necessary for
consumption and worldwide exportation and is a priority for economic sustainability. The
quality certification is based on a number of parameters, which should be within the legislative
limits established by the Moroccan Commission of Normalization [4]. This guideline specifies
the maximal parameter levels for Argan oil in order to classify it in four categories: extra virgin,
virgin, pure and lampante [4, 5]. The oil category depends on some extrinsic and intrinsic
factors, such as quality of raw Argan material, environmental conditions, harvesting period,
ripeness, extraction process apphed and storage conditions [7, 8]. The methods for Argan oil
evaluation could be distributed into two groups: i) methods adopted by the Moroccan
Normalization guidelines (classical methods); ii) methods proposed by academic researchers,
including more advanced and sophisticated techniques. These latter methods are not yet
included in the official guidelines. In this study, the chemical profiling (classical methods) is
compared to an FTIR-based approach (sophisticated method) for the purpose of oil-quality

characterization.

10
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3.2 Physicochemical quality characteristics

The quality parameters and the oxidative status, assessing free acidity (FA), peroxide

value (PV), K232 and Kbz7o (indicators of primary and secondary oxidation products,
respectively), were evaluated. The results (acidity, PV, K232 and K27) revealed statistically
significant differences (Table 1).
Concerning the acidity values, the samples from the first category ranged from 0.25 to 0.34%
oleic acid, which is within the acceptable norm (<0.8% oleic acid) for “extra virgin” quality,
and evidenced their higher quality and freshness [4]. The second category varied between 1.20
and 1.25% oleic acid, which is within the acceptable range (<1.50% oleic acid) for “virgin oil”
[4]. The third oil category exhibited the highest free acid index (1.55 to 2.66% oleic acid).
Higher FA amounts for Argan oils might indicate inappropriate extraction and processing
practices [7], storage or post-harvest conditions [8], and/or Argan fruit maturity (ripeness) [31].
The peroxide value is a parameter to indicate Argan oil oxidation. The Moroccan PV limits of
“extra virgin” and “virgin” Argan oils were defined as <15 meqO./kg and <20meq O2/kg,
respectively [4, 5]. The first category samples ranged from 2.0 to 2.5 meqO2/kg and were within
the “extra-virgin” limits, while the samples from the second category were ranging from 16.6
to 17.3 meqO2/kg. The third Argan oil category had the highest PV, ranging from 15.5 to
24.5 meqOg/kg, indicating the oxidation of fatty acids. The PV increases with the storage
conditions [32].

The autoxidation of the unsaturated fatty acids were measured at 232 and 270 nm. Kzzz2 and Ka7o
were indicated as <2.52 and <0.35, for both the “extra virgin” and “virgin” Argan oil
categories, respectively [4]. The first and the second categories studied exhibited values within
the “extra virgin” and “virgin” Argan oils limits. The third group exhibited values exceeding

the acceptable limits.

Consequently, according to the values of FA, PV, K232 and K27 the samples may be classified
as “extra virgin”, “virgin” and “Argan oil with lower quality”, respectively. The FA, PV, K232
and Ko7 values increased significantly from the extra virgin category to the Argan oils with

lower quality.

11
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3.3 Fatty-acid changes

The fatty-acid composition was earlier already investigated for the characterization,

determination and distinction of the geographical origin of Argan oils [11].

The fatty-acid composition was inspected in order to get a quality characterization and the
oxidative stability profile. Significant differences were found between categories (p < 0.05)
based on the individual fatty-acid, saturated (SFA), mono-unsaturated (MUFA) and poly-
unsaturated fatty acids (PUFA) contents (Table 1). Oleic (Cis:0) and linoleic acid (Cis:2) are the
main fatty acids in EVAO and VAO. Higher MUFA and PUFA fractions are seen in EVAO.
Oleic acid (C1g:1) and MUFA were both varying from about 43% in LQAO to 48% in EVAOQ,
while linoleic acid (Cis:2) and PUFA occurred in fractions of 29% in LQAO and 35% in EVAO
samples. Both MUFA and PUFA profiles of VAO are situated between LQAO and EVAO.
Environmental conditions and the extraction process might affect the oleic and linoleic contents
[9, 33].

Palmitic (Cie:0), Stearic (Cus:0), arachidic (Cz0:0) and myristic acid (C14:0) increased significantly
from EVAO to LQAO samples. LQAO showed the highest fraction of SFA (23%) compared
to 18% in EVAO. The same tendency is seen for palmitic (Cie:0) (15% vs 12%), stearic (Cis:0)
(7.27% vs 5.62%), arachidic (C20:0) (0.48% vs 0.29%), and myristic acid (Ci4:0) (0.21% vs
0.15%). The VAO revealed a wide-ranging SFA profile, except for the stearic-acid content.

The MUFA/PUFA, PUFA/SFA, palmitic/stearic, oleic/palmitic and oleic/linoleic ratios were
examined for nutritional evaluation. These parameters were introduced in olive-oil analysis to
evaluate both the nutritional quality and oxidative stability [34]. The highest of these ratios
provides information on the ripeness of the fruit (kernel) and the process quality that preserves
the properties during the oil extraction [11]. The ratios of MUFA/PUFA and oleic
(Cys:1)/linoleic (C1s:2) acids were highest in LQAO, followed by VAO and EVAO samples. The
PUFA/SFA and oleic (C1g:1)/palmitic (C1e:0) ratios on the other hand were highest in EVAO.

A PUFA/SFA ratio above 1.5 is linked with health and dietary benefits [35]. The Argan oil
consumption is correlated with health benefits including heart disease prevention [36]. The
PUFA/SFA ratios exceed 1.5 for EVAO and VAO samples and represent a positive health effect
and nutritional benefits, contrary of LQAO samples (below 1.5) . The oleic (Caig:1)/palmitic
(C16:0) ratio showed a similar behavior as the PUFA/SFA ratio.

12
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3.4 Tocopherol composition

Tocopherol occurs in natural Argan oil in four forms, a-, B-, y-, and 8-tocopherol, as

natural antioxidants [33].

Both the individual and the total tocopherol contents show a significant difference (p <0.05,
Table 1) between the three categories and decrease with decreasing quality. The total tocopherol
concentration ranged between 798-909 mg/kg in EVAO, 751-809 mg/kg in VAO (decrease of
7%), and 419-531 mg/kg in LQAO (decrease of 45%).

v -tocopherol is the dominant tocopherol with an average content of 704 mg/kg in EVAQO, which
was 3% lower in VAO (682 mg/kg) and 41% in LQAO (416 mg/kg). The 5-tocopherol content
was approximately 32% lower in VAO (71 mg/kg) relative to EVAO (104 mg/kg) and was
63% lower in LQAO (39 mg/kg). The a-tocopherol content ranged between 15 (LQAO) and
41 mg/kg (EVAO), with 35 mg/kg in VAO. Further, B-tocopherol was found in trace amounts-

The tocopherol composition may indicate the oxidation or deterioration state.

The tocopherol content is affected (decreased or increased) by extraction or roasting processes
[33], origin [6], ripeness [31], oxidation stability [8].

3.5 Sterol composition

Sterols form a major fraction of the unsaponifiable composition in Argan oil, which may
indicate its authenticity [33]. Schottenol and spinasterol are the abundant individual sterols in
Argan oil, followed by A-7-avenasterol, stigma-8-22-dien-33-ol, and traces of campesterol
and stigmasterol. The total sterol content and the individual sterols differ significantly between

the three categories and decrease with decreasing oil quality (p <0.05, Table 1).

EVAOQ is rich in total sterols (217 mg/100g) followed by the VAO and LQAO categories with
a 12% and 26% lower amounts, respectively. Schottenol was the major sterol and relatively
seen varies limitedly between the different categories, 45.5% (LQAO), 47.4% (VAO) and
48.7% (EVAO) of the total sterols, while spinasterol ranged between 37.1% (LQAO), 40.9%
(VAO) and 43.4% (EVAO). The A-7-avenasterol makes up 4.9% in LQAO, 5.5% in VAO and
6.1% in EVAO. The stigma-8-22-dien-33-ol percentages are 4% (LQAO), 5.1% (VAO) and
5.6% (EVAO) of the total sterol fraction. The contents of cholesterol and campesterol were
highest in EVAO. Kernel roasting (time and/or temperature), extractions (traditional or

mechanical), and origin may influence the sterol composition in Argan oil [33].
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3.6 Pattern recognition the chemical descriptors
3.6.1 PCA exploration

The PCA analysis was performed, on the auto-scaled chemical data (22 chemical
descriptors) of the 120 samples. The score plot of the two PCs (Fig.1A, 92% of variance
explained) shows a clear distinction between the three oil categories. The separation in three
groups on the score plot is influenced by significant variables. The loading plot (Fig.1B)
indicates the chemical markers responsible to differentiate the oil categories. The EVAO quality
was influenced by &- and B-tocopherols, oleic (Cis1), linolenic (Cig:3), A’-avenasterol, and
cholesterol. The VAO was distinguished based on PV peroxide-value, palmitic acid (C16:0) and
a-tocopherol; while LQAO was distinguished by acidity, arachidic acid (C20:0), K270 and Kazo.
The biplot displayed the relationships between oils (samples) distribution and chemical

descriptors (variables) (Fig.1S Supplementary materials).

3.6.2 Indicator variables for oil categories characterization

The twenty-two chemical variables were investigated to select power discriminant
variables for oil characterization. One-way anova, following the PCA, was performed. The
variables are arranged by their discrimination power and significance (Table 3). All F-values
for the chemical descriptors were largely above the critical F.95, 3, 120) value = 3.08.

Based on the anova results, and the Q-residual and T?-Hotelling (Fig.2S Supplementary
materials) plot from PCA exploration, eight variables are selected as key features, i.e. K22, PV,
y-tocopherol, 6-tocopherol, acidity, stigma-8-22-dien-3-ol, stearic acid (Cis:0) and linoleic
acid (Cis:2). These variables could be used to indicate and evaluate the freshness and for oil
category identification, while they may also be applied as index of oxidative changes.

Box-and-whisker plots are drawn for a better visualization of the eight discriminating variables,
for comparison and insight tendencies (Fig. 2). They are useful overview graphics indicated the
distribution variability of the variables in the three oil categories through medians, quartiles
(Q2s and Q7s), outliers, which describe the data profile and central tendency. Best discriminating

between the three oil categories were K232, d-tocopherol and stigma-8-22-dien-3f-ol.

3.6.3 Classification models
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PLS-DA, SIMCA, SVM and KNN were applied to construct models for the
discrimination between the three categories. Table 2 indicates the number of samples selected
in the training and prediction subsets for each oil category. The Venetian blinds cross-validation
procedure was applied to select the best classification models from the auto-scaled chemical
data. Table 4A shows the results for the best classification models for the chemical profiles.
The results from the PLS-DA, SIMCA, SVM and KNN models showed a perfect performance
(100% classification rate) on the both subsets (training and test sets). The SIMCA model could
be selected for further use. SIMCA is a powerful class-modelling technique to test whether a
sample is authentic or not, to assign an unknown sample to a class (oil category) or not (outlier).
The SIMCA model is established on the PCA decomposition of each class separately and the
class space is defined based on two criteria, Hotelling T2 and Q residuals. The SIMCA model
based on chemical profiling is a suitable model for oil category classification and could be

recommended.

3.7 Pattern recognition using FTIR fingerprinting
3.7.1 FTIR measurements

Fig. 3A shows the FTIR spectra between 4000 and 400 cm™2. The oil spectrum is characterized
by several bands (peaks), mainly attributed to the presence of oleic and linoleic fatty acids,
triglycerides and peroxides. The FTIR spectrum acquired from the three Argan oil categories
was similar but with different intensities (absorbances).

The spectra are characterized by the following absorbance peaks; bands at 2924 and 2852 cm™
attributed to the symmetrical and asymmetrical stretching of aliphatic C-H in CH2 and
CHs groups; bands at 1743 cm™ from ester carbonyl (C=0) group stretching vibrations
(triglycerides); bands at 1463 and 1377 cm™* attributed to CH2 and CHs aliphatic groups
(scissoring vibrations); a group of bands at 1238, 1163, 1114 and 1099 cm™* obtained from the
ester groups stretching vibrations (-C—-0); and bands at 721 cm™ related to the CH2 rocking
vibration of cis-di-substituted olefins [9, 37]. The FTIR spectra share two fingerprint regions,
between 3029-2767 cm™ and 1785-400 cm™. The first region is attributed to stretching
vibrations (peroxides) and some variation in fatty acids content (secondary oxidation products).
The second region is related to the conjugated bonds from triglycerides and bending vibrations

of carbonyl aliphatic groups (CH2 and CHs) [38].
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3.7.2 PCA exploration

PCA was performed after SNV followed by mean-centering pretreatment of the FTIR
spectra. The first two PCs explained about 90% of the total variance. Fig.3B. shows the PCA
score plot. A clear separation between the three Argan oil categories is seen. trdeed;the-samples
were—clustered-into-three—groups;—thus; The FTIR results provide a similar grouping as the
chemical data.

The data was reduced by eliminating redundant variables and selecting characteristic sub-

intervals for oil category characterization.

3.7.3 Feature Selection based on interval-PLS

The FTIR dataset, 4000-400 cm ™' (2540 wavelengths) was subjected to interval-PLS to
select key variables or region of interests (sub-intervals) thus eliminating redundant
information. One thousand variables are extracted, including eight sub-intervals (3857-3786;
3457-3361; 3289-3149; 3007-2936; 2793-2653; 1802-1732; 1660-1235; 1164-882 cm™). The
important variables contributing to the Argan oil category characterization are selected and

further investigated.

3.7.4 Classification models

The classification models (PLS-DA, SIMCA, SVM and KNN) are build using the key features
generated by iPLS. The classification results for the best models are summarized in Table 4B.
The models of the four techniques provided good classification abilities: for the training set,
resulting in 100% sensitivities and specificities. The prediction ability of the four constructed
models was tested classifying 30 new samples (test set). Table 4B shows the good prediction
abilities—From the four models the SIMCA model based on sub-selected FTIR spectra is

recommended for oil category classification or oil authentication.

Thus, to monitor the quality grade of the Argan oils, the FTIR fingerprints are fast, non-

destructive, non-invasive and cheap compared the chemical profiling (classical approach).

4. Conclusion
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The Argan-oil production sector is increasingly considered as a social and economic
sustainable development item for the southwestern Moroccan regions. In that perspective, the
Moroccan agricultural authority defined serval  priorities, including Argan sector
modernization, production increase, geographical origin protection and quality control

enhancement.

The Argan-oil quality-control parameters and sensorial properties are defined in the Moroccan
Normalization Guidelines. However, the Argan oil categories composition is not yet
investigated. The latter purpose suggests focusing on the establishment of efficient analytical
methods determining chemical profiles or FTIR fingerprints, and combining these with
chemometric tools for a comprehensive characterization and classification of the Argan oil
categories. Eight chemical descriptors, Kzs2, peroxide value, y-tocopherol, d-tocopherol,
acidity, stigma-8-22-dien-3p-ol, stearic acid (Cis:0) and linoleic acid (Cis:2), were selected as
important variables for Argan oil category characterization. On the other hand, FTIR
fingerprints, with iPLS selected variable subsets, were proposed as fast alternative for the Argan

oil category distinction.

Exploratory data analysis by PCA was carried out to evaluate whether similar samples occur as
groups. Further, multivariate classification techniques, resulting in both linear (PLS-DA,
SIMCA and KNN) and nonlinear models (SVM) were applied to the chemical descriptors or
the FTIR sub-intervals. AH-selected-medels They were able to extract the required information

and to classify the three Argan oil categories properly.

Conventional analytical procedures for chemical profiling to distinguish the Argan oil quality
categories exhibit some drawbacks, such as high costs, time consuming, extensive sample
preparation, and multiple cumbersome experimental assays. Alternatively, the FTIR technique
is fast, non-destructive, non-invasive, accurate, requires no sample preparation and is a low-
cost analytical technique. It may replace the conventional procedures to classify the Argan oils

according to their quality.
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Table 1. The Argan oils chemical composition (reported as mean values and standard deviations), and the EVAO regulation requirements.

Deviating samples

Category

Chemical parameters EVAO- EVAO (N=40) VAO (N=40) LQAO (N=37) s
regulation ample Sample 119 Sample

Mean + SD Min Max Mean + SD Min Max Mean + SD Min Max 118
Quality indices
Acidity (%) <0.8 0.28*+0.02 0.25 0.34 1.22°+0.01 1,20 1,25 2.28°+0.23 1.55 2.66 2.05 214 2.25
Peroxide value (meqO./kg) <15 2.22+0.13 2.0 25 16.9° +0.16 16,6 17,3  20.0°%1.10 155 245 198 18.7 19.6
Koz <252 1.26*+0.02 1.23 1.32 1.96°+0.02 1,93 2,02 2.80°+0.02 2.77 2.83 245 235 222
Karo <0.35 0.22*+0.01 0.20 0.24 0.32°+0.01 0,30 0,34 0.49°+ 0.05 0.31 0.54 0.52 0.53 0.50
Fatty Acids (% of total fatty acid)
Cua0 <0.20% 0.15*+0.02 0.11 0.19 0.15°+0.02 0.10 0.18 0.21° +0.02 0.17 0.25 0.17 0.18 0.15
Cis0 11.50 - 15.00% 11.85%+0.30 11.22 12.31 13.79°+0.35 12.99 14.56 14.65°+0.28 13.96 1511 7.26 6.82 6.75
Ciso 4.30-7.20% 5.62°+0.28 4.96 6.11 4.67°+£0.19 4.32 5.02 7.27°+0.26 6.84 7.75 6.58 6.67 6.60
Ca0:0 <0.50% 0.29°+0.03 0.15 0.34 0.35" +0.04 0.28 0.44 0.48° £ 0.02 0.44 0.51 0.51 0.49 0.46
Cig1 43.10-49.00% 47.68°+0.62 46.28 48,63  43.92°+0.44 4312 4468  42.72*+0.45 4192 4348  20.69 18.32 19.20
Coo:1 <0.50% 0.47°+0.02 0.44 0.52 0.43°+0.05 0.24 0.52 0.29*+0.05 0.21 0.36 0.30 0.35 0.33
Cis2 29.30-36.00% 35.37° + 0.63 3419 3629  34.06"+0.57 3326 3519 29.01°+0.74 27.96 30.35 59.73 52.14 60.32
Ciss <0.30% 0.25°+0.02 0.21 0.29 0.18"+0.04 0.10 0.26 0.11*+0.03 0.05 0.16 0.15 0.13 0.08
SFA - 17.91%+ 0.46 16.63 18.62 18.95° + 0.40 17.87 19.57 22.62°+0.37 21.77 2334 1452 14.16 13.96
MUFA " 47.76° + 0.62 46.74 49.12 44,35+ 0.45 4336  45.12 43.01* £ 0.46 42.14 43.80 20.99 18.67 19.53
PUFA " 35.62° +0.62 34.55 36.53 34.24° +0.59 3340 35.42 29.122 £ 0.74 28.05 30.41  59.88 52.27 60.40
MUFA/PUFA ratio - 1.34°+0.03 1.28 1.38 1.302+0.02 1.26 1.33 1.48°+0.04 141 154 0.35 0.36 0.33
PUFA/SFA ratio " 1.99°+ 0.05 1.89 211 1.81°+0.04 172 1.89 1.29* £ 0.04 1.22 1.37 412 3.69 4.33
Ci6:0/Cis ratio - 2.11°+0.11 1.87 231 2.69°+0.14 271 321 2.02+0.09 1.83 2.17 1.10 1.02 1.02
C18:1/Cas ratio - 3.99°+0.09 381 4.18 3.19°+0.07 3.07 3.19 2.922+0.06 2.80 3.05 2.85 2.69 2.84
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Ci18:1/Cag: ratio - 1.34°+0.03 1.28 1.38 1.29°+0.02 1.25 1.33 1.47°£0.04 141 154 0.35 0.35 0.32
Tocopherols (mg/kg of oil)

a-tocopherol 18-75 41.48°+ 391 3426  53.16 34.89°+2.71 2522 41.29 14.94° + 2.42 9.22 18.26  435.65 419.33 477.52
B-tocopherol 1-5 2.98°+ 0.46 411 1.58 1.60°+0.28 112 2.15 0.19°+0.13 0 0.48 32.74 38.17 36.26
y-tocopherol 640-810 703.90° + 14.15 651.15 760.22 681.56°+7.61 657.30 696.41 416.18%+23.27 369.26 475.39 330.22 297.19 318.73
3-tocopherol 54-110 103.84° + 3.97 97.89 11254 70.97°+242 0.28 0.44 39.00% + 3.43 3229 4926 3276 35.62 39.29
Total tocopherol 600-900 852.21° + 14.98 798.06 909.03 789.03°+9.74 750.59 808.54 470.30% 24.80 419.22 531.06 831.37 790.31 934.8
Sterols (% of total sterols)

Cholesterol <0.40 0.37°+0.02 034 040  026°+0.02 022 030  017°£0.03 005 022 053 0.56 0.61
Campesterol <0.40 0.38°+0.02 0.33 0.40 0.18%+0.02 0.15 0.22 0.26° +0.03 0.14 0.32 6.71 6.87 7.24
A’-Avenasterol 4.00 - 7.00 6.12°+0.23 5.80 7.00 5.45° +0.40 3.31 5.77 4.89°+0.45 2.55 5.60 5.82 6.05 6.26
Stigma-8-22-dien-3p-ol 3.20-5.70 5.62°+0.10 5.45 5.86 5.12°+0.14 4.90 5.40 4.01*+£0.13 3.79 4.25 6.95 753 7.14
Schottenol 44.00 - 49.00 48.70° +0.38 4790 4926  47.43*0+0.29 47.08 4805 4550°+0.31 4509 46.05 175 20.12 13.74
Spinasterol 34.00 - 44.00 43.41°+0.53 42.19 44.27 40.87° + 1.65 3115 4211 37.10*+£ 0.44 36.18 38.05 15,03 22.19 20.47
Total sterols (mg/100g of oil) <220 mg/100g  217.20°+12.41 20932 21910 190.11°+1113 18015 202.72 16134+ 9.14 152.13 17050 360.40  416.20 385.50

The lowercase letters indicate significant differences in the same line (comparison between the studied categories, Tuckey’s test).

EVAO, Extra Virgin Argan Oil; VAO, Virgin Argan Oil and LQAO, Lower Quality Argan Oil.

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

The bold numbers represent the highest mean of the three categories.
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Table 2. Sample collection and their origin, coding and class categories; EVAO, extra virgin Argan oil; PGI, protected geographic indication;
VAO, virgin Argan oil; LQAO, lower quality Argan oil; AAO, adulterated Argan oil.

Category (confirmed after analysis) Number of samples Collection time Origin Sample code Training set Prediction set
EVAO (PGI) 10 September 2015 Taroudant cooperatives 1-10 8 2
EVAO (PGI) 15 October 2016 Taroudant cooperatives 11-25 11 4
EVAO (PGI) 5 November 2016 Taroudant cooperatives 26-30 4 1
EVAO 3 March 2017 Taroudant local markets 31-33 2 1
EVAO 3 March 2017 Taroudant traditional markets 34-36 2 1
EVAO (PGI) 4 July 2017 Taroudant cooperatives 37-40 3 1
VAO 8 November 2015 Taroudant cooperatives 41-48 6 2
VAO 3 December 2015 Taroudant local markets 49-51 2 1
VAO 12 June 2016 Taroudant cooperatives 52-63 9 3
VAO 7 July 2016 Taroudant cooperatives 64-70 5 2
VAO 5 March 2017 Taroudant local markets 71-75 4 1
VAO 5 June 2017 Taroudant traditional markets 76-80 4 1
LQAO 6 December 2015 Taroudant cooperatives 81-86 4 2
LQAO 5 June 2016 Taroudant cooperatives 87-91 4 1
LQAO 5 July 2016 Taroudant local markets 92-96 4 1
LQAO 5 July 2016 Taroudant traditional markets 97-101 3 2
LQAO 6 October 2016 Taroudant local markets 102-107 4 2
LQAO 5 March 2017 Taroudant local markets 108-112 4 1
LQAO 5 June 2017 Taroudant traditional markets 113-117 4 1
AAO 3 June 2017 Taroudant traditional markets 118-120 - -
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Table 3. One-way anova results. The variables are arranged according to their discriminant
power for oil category characterization.

Variables F-test F-critical p-value
Kas2 53840.70 3.09 <0.01
Peroxide value 8320.36 <0.01
y-tocopherol 3749.34 <0.01
d-tocopherol 3636.47 <0.01
Acidity 2205.14 <0.01
Stigma-8-22-dien-3p-ol 1660.86 <0.01
Ciso 1092.92 <0.01
Cis2 1022.77 <0.01
Schotenol 906.13 <0.01
Cisa 831.12 <0.01
Cis0 807.40 <0.01
K27 805.53 <0.01
Campesterol 771.82 <0.01
a-tocopherol 756.74 <0.01
B-tocopherol 706.96 <0.01
Cholesterol 698.86 <0.01
Spinasterol 354.98 <0.01
Ca00 346.48 <0.01
C201 238.70 <0.01
Ciss 185.26 <0.01
Cuao 139.69 <0.01

A’-Avenasterol 107.83 <0.01




Table 4. The best classification models cross-validation and prediction set results from (A) the chemical profiling (8 parameters), and (B) the

FTIR data based on iPLS, of the 117 samples.

A) Eight chemical descriptors

Sensitivity (%) Specifity (%)
PLS-DA SIMCA SVM KNN
PLS-DA SIMCA SVM  KNN PLS-DA SIMCA SVM  KNN
Category 1 2 3 1 2 3 1 2 3 1 2 3
Training set
1EVAO 30 0 o0 3 0 O 30 0 O 3 0 O 100 100 100 100 100 100 100 100
2VAO 0 30 0 0 3 0 0 30 O 0 3 0 100 100 100 100 100 100 100 100
3LQAO 0 0 27 o o0 27 0o o0 27 o o0 27 100 100 100 100 100 100 100 100
Prediction set
1EVAO 10 0 o0 10 0 O 10 0 O 10 0 O 100 100 100 100 100 100 100 100
2VAO 0 10 0 0 10 O 0 10 O 0 10 0 100 100 100 100 100 100 100 100
3 LQAO 0 0 10 0 0 10 0 0 10 0 0 10 100 100 100 100 100 100 100 100
B) FTIR data based on iPLS
Sensitivity (%) Specifity (%)
PLS-DA SIMCA SVM KNN
PLS-DA SIMCA SVM KNN PLS-DA SIMCA SVM KNN
Category 1 2 3 1 2 3 1 2 3 1 2 3
Training set
1 EVAO 30 0 © 30 0 O 30 0 O 30 0 O 100 100 100 100 100 100 100 100
2VAO 0 30 0 0 3 0 0 30 O 0 3 0 100 100 100 100 100 100 100 100
3LQAO 0 0 27 0o 0 27 o o0 27 0o 0 27 100 100 100 100 100 100 100 100
Prediction set
1EVAO 10 0 o0 10 0 O 10 0 O 10 0 O 100 100 100 100 100 100 100 100
2VAO 0 10 0 0 10 O 0 10 O 0 10 0 100 100 100 100 100 100 100 100
3 LQAO 0 0 10 0 0 10 0 O 10 0 O 10 100 100 100 100 100 100 100 100
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Fig. 1. (A) PC1-PC2 score plot, and (B) PC1-PC2 loading plot for the auto-scaled chemical profile.
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