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Abstract 

 

The chemical composition affects the sensory properties and quality of Extra Virgin Olive Oil 

(EVOO). In addition, its knowledge can supply valuable information about the cultivar and its 

geographical origin. The goal of this study is to obtain a protocol in order to be able to recognize the 

composition of various Sardinian oils and to consequently correlate them with their production areas. 

High-resolution 1H NMR spectroscopy was used to analyse 100 (82 training + 18 test sets) samples 

of EVOO from the Bosana cultivar, collected from different growing areas in Sardinia (Italy). Growth 

areas were classified on the basis of FAO-UNEP aridity index. NMR data were processed with 

multivariate statistical analysis. NMR profiling presented a connection between environmental 

factors of Sardinian cultivation areas and the chemical composition of EVOO. An NMR-based 

metabolomic approach that used six “one-to-one” OPLS-DA models allowed us to discriminate the 

different influence of evapotranspiration, solar exposure and altitude on the chemical composition of 

Bosana EVOO. 

 

Practical applications: Detailed knowledge of NMR spectra pattern variations could have a 

potential impact on olive oil market. The application of the 1H NMR metabolomic, based on 

chemometric models, can be a useful tool in order to certificate the geographical origin of EVOO. 

 

Keywords 
Composition, Geographic Origin, Protected Denomination of Origin, Food Security, OPLS-DA. 
  
 

Abbreviations 

NMR - nuclear magnetic resonance; PCA - Principal Component analysis; OPLS-DA - Orthogonal 
Projections to Latent Structures Discriminant Analysis; VIP - Variable Influence on Projection; PDO 
- Protected Denomination of Origin; ETo - Potential Evapotranspiration; TG – triglycerides; DG– 
diglycerides. 
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Introduction 

 

Olive oil production is one of the main agricultural activities in almost all the countries belonging to 

the Mediterranean area; its presence produces several environmental, social and economic effects. 

The olive oil classification concerns quality grade, genuineness (extra virgin, virgin, and lamp); it is 

essentially based on aroma and taste, peroxide number, spectrophotometric constants, free fatty acid 

and other chemical constituents, as coded by European Community L248 Regulation [1].  

Extra Virgin Olive Oil (EVOO) is obtained through the cold-pressing of the olive paste in order to 

obtain some peculiar physiochemical properties and its quality is influenced by several factors 

including genetic, technological, agronomic and environmental conditions [2]. Oil profile of olives 

grown at different altitudes shows divergences in oleic, linoleic and palmitic acid percentage [3]. 

Furthermore, temperature and humidity of growth area atmosphere affect the harvest date and 

consequently the fat composition in EVOO [4, 5] as well as the concentration of 1,2 diacylglicerol 

esters [6], squalene and sterols content [7, 8] and volatiles profile [9-11]. Higher production of 

unsaturated fats might be interpreted as a mechanism of cold adaptation involving lipids storage [12]. 

Various studies have recently been published on the determination of chemical parameters able to 

discriminate olive cultivars and growth areas native to the Mediterranean basin [13-16]. 

Extra virgin olive oil characterization has been carried out using multivariate statistics applied to 

chemical parameters resulting from many analytical techniques (e.g. NMR, Chromatography and 

Mass Spectrometry) [17-19]. The combination of gas chromatography and statistical multivariate 

techniques allowed us to discriminate olive oils produced in the North-central areas of Sardinia 

(which is an island located in the middle of the Mediterranean Sea) from the ones produced in South-

eastern areas [20, 21]. High resolution NMR spectroscopy has been successfully applied to the 

geographical classification of EVOO, through the analysis of the NMR data using chemometric 

techniques [22-31]. The metabolomic technique implicates the use of different tools (analytical 

determinations and statistical analysis) for the simultaneous study of several metabolites (biomarkers) 

of less than 2 kDa in complex biological matrices. Selected metabolites create a network which 

defines the biochemical basis of the physiological process we were taking into account [32]. 

In this study, Bosana EVOOs from Sardinia (Italy) were studied through an NMR-based 

metabolomics approach, in order to distinguish the samples based on the olive growing areas. Bosana 

is the most widespread olive cultivar in Sardinia, and Bosana EVOO is protected by the European 

Union Protected Designation of Origin, “PDO Sardegna” regulation (alone or in combination with 

other Sardinian cultivars for at least 80 %) [1]. Multivariate classification model can actually 

represent a helpful instrument to strengthen the definition of PDO Sardegna EVOO. 



www.ejlst.com                                                                 European Journal of Lipid Science and Technology 

 

 
 

  
 

cc
ep

te
 

 

 

 

 

  

 

 

 

 

 

 

  

 
 
 

d
A

  A
rt

ic
le

 

2 Material and methods  

 

2.1 Sampling 

 

100 monovarietal samples of EVOO were selected by “AGRIS Sardegna” (Regional Agency for 

Agricultural Research). Olive (Olea europaea L.) cultivar Bosana was obtained from rainfed 

orchards. All oil samples were produced from olives harvested at optimum level of ripeness for 

Bosana cultivar (Jaen Maturity Index between 2 and 3). The olive oil production was performed in 

either two-phase or three-phase mills. Figure 1 shows the four growing areas in Sardinia, namely 

Sassarese (area 1), Nuorese- Baronia (2), Campidano (3) and Planargia-Montiferru (4). We then 

randomly selected 18 samples (test set) for validation purposes. Growth areas distribution of samples 

are reported in Table 1. 

 

2.2 Classification of growing areas 

 

A general climate classification of each area was performed by analysing both the agroclimatic index 

(FAO-UNEP aridity index) and the Rivas-Martinez bioclimatic classification. The Aridity Index was 

calculated as the ratio between average annual (or monthly) precipitation amounts (P) and average 

potential evotranspiration (ETo)*. Based on aridity index, an area is classified as “arid” when average 

rainfall does not reach 50% of evotranspiration from soil-plant systems [33]. Potential 

Evapotranspiration (ETo)* was calculated with Hargreaves and Samani equation based on 

extraterrestrial global radiation. These results are confirmed by the prevalent bioclimatic type of the 

study areas as classified by Rivas Martinez applied to Sardinian climatic conditions [34]. Temperature 

and precipitation data are related to the period between 1971 and 2010 (http://www.sar.sardegna.it). 

 

2.3 Chemicals 

 

Formaldehyde, pentanal, n-hexanal, squalene, 2-E-hexenal, formate, β-sitosterol, cycloartenol, , 

chloroform-d, and DMSO-d6 were purchased from Sigma-Aldrich S.r.l. Milan, Italy. 

 

2.4 NMR analysis 

 

For the NMR experiments, each sample was prepared following a procedure previously published by 
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Mannina et al. [16]. Briefly, 20 µl of olive oil were placed into a 5mm NMR tube, mixed with 700 µl 

of chloroform-d; (Aldrich, USA) and 20 µl of DMSO-d6 (Aldrich, USA). 1H-NMR spectra were 

recorded on a Bruker AVANCE II 600 spectrometer (Bruker, Germany) operating at 600.13 MHz for 

1H resonance. A standard 1H one-dimensional (zg sequence) NMR experiment was performed using 

256 scans, a 90° pulse (9.5 µsec), power level 63 W. Acquisition time was 2.0 sec followed by a 2.0 

sec delay for a total of 18 min, spectral width was 12 ppm and 128K data point for acquisition and 

processing were used. Prior to applying Fourier transform (FT), the FIDs were multiplied by an 

exponential function corresponding to a line broadening of 0.3 Hz. Chemical shifts (c.s.) were 

calibrated respect to CDCl3 (7.27 ppm). All 1H NMR spectra were manually phased and baseline 

corrected within TOPSPIN 2.0 (Bruker GmbH, Karlsruhe, Germany). Data were reduced to 469 

integrated regions corresponding to the chemical shift range of 10-0.5 with a region width of 0.02 

ppm using Analysis of MIXtures (AMIX) (Bruker GmbH, Karlsruhe, Germany), CDCl3 solvent 

signal and the extreme noise zone buckets were excluded. The most important variable was assigned 

on the basis of literature data [35-38] and by direct addition of standards. 

 

2.5 Statistical Methods 

Before any chemometric analysis, data were normalized by setting the total region of each spectrum 

to 100 and the resulting ASCII file was imported into Microsoft EXCEL for the addition of labels. 

The bucket matrix was imported into SIMCA-P software version 13.0, (Umetrics AB, Umea, 

Sweden) for statistical analysis. Data were centered using CRT function in SIMCA-P. Multivariate 

methods based on projections were applied for data analysis and modelling. PCA (Principal 

Component Analysis) data analysis was performed for exploratory purposes and outliers recognition, 

while Projection to Latent Structures (PLS)-based methods were used for discriminant analysis and 

data set comparison. We used Orthogonal extension of PLS-DA [39] in which the first latent variable 

took into account only correlated data variations. 

OPLS-DA models were evaluated using the goodness-of-fit parameter (R2Y) and the predictive 

ability parameter (Q2Y), which was calculated by a seven-round internal cross-validation. R2Y 

represents the proportion of variance explained by a given component in the model, whereas Q2Y is 

defined as the proportion of variance in the data predictable by the PLS-DA model under cross-

validation. 

To prove the reliability of our models and avoid over-fitting, a 7-fold full cross-validation was 

performed, as well as a permutation test on the class response, in accordance with good practice for 

model validation [40] (see supplementary materials S1). The classification of a test data set using the 

model-parameters based on the training data set provides information about robustness and 
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generalization of models [41]. 

 

3 Results and discussion  

 

3.1 Climatological classification of olive areas 

 

According to FAO-UNEP Aridity Index results, Sardinia is then divided in 4 main areas of oil 

production (Figure 1). 

Dry sub-humid class is dominant in zone 1 and 2, while zone 3 is mostly characterized by arid 

conditions. Zone 4 is mainly classified as sub-humid. 

 

3.2 NMR spectra 

 

NMR spectra of olive oil have been previously described in detail [11, 16]. NMR signals refer to 

organic compounds such as fatty acids, glycerol, aldehydes responsible for olfactory properties 

(fruity, artichoke, freshly mown grass and almond), polyphenols (responsible for bitter and pungent 

taste) and other alcohols such as β-sitosterol and cycloarthenol with nutritional interest. A typical 

NMR spectrum is shown with expansions of aliphatic and aromatic regions (figure 2). 

 

3.3 Statistical analysis using Orthogonal Projections to Latent Structures (OPLS-DA) 

 

Regarding the mill technology, no statistically significant differences were found between “two-

phase” and “three-phase” samples (data not shown). The discriminant functions have been generated 

using the stepwise method. In this case, the analysis has been carried out on all the available oils to 

test the efficiency of this method in comparison with PCA, with the aim of authenticating the area of 

oils origin. Four-class model shows a good separation of samples (see supplementary materials S2). 

Usually, projection methods for classification, such as PLSDA or O2PLS-DA, are able to produce 

efficient classification models for not more than 4-5 classes of samples. It is not the easiest task to 

identify specific putative biomarkers for each class, mostly due to the simultaneous influence of all 

the four classes on the global model. That is why we agreed on preferring “one-to-one” strategy in 

this paper by comparing pairwise models. Six OPLS-DA models of NMR data (Figure 3) were then 

applied to maximize the discrimination of growing areas and to focus on metabolic variation. The 

class separation is concentrated into the first predictive component; it is sufficient to interpret its 

loadings to find out which descriptors have the best discriminatory power. 
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Table 3 summarizes the results of OPLS-DA for each pairwise model. The first five leading 

separation metabolites (in terms of Variable Influence on Projection, [39]) in pairwise models are 

summarized in Table 4. 

 

3.4 Pairwise models 

 

All models show a good discrimination among classes; we examined each model, obtaining different 

characterizing metabolites. 

OPLS-DA pairwise model between Zone 1 and Zone 2 (i.e. Model 1,2), distinguishes EVOOs by 

higher fatty acid contents from Zone 1. The high fat content in oil for Zone 1 derives from the effect 

of high temperature and low humidity [3]. 

Model 1,3 separate the EVOO samples on the basis of fat content and higher squalene in Zone 3 than 

in Zone 1. In previous studies, Romero et al. [42] report as volatile composition is mainly affected by 

pedoclimatic conditions. Furthermore Salvo et al. [7] report that the variation in the squalene contents 

in EVOO from ten different countries may be affected by geographic and climatic conditions; 

Fernàndez- Cuesta et al. [12] show instead that squalene content in oil becomes constant at optimum 

level of olive ripeness.  

In model 1,4 we found bis-allylic group and mono-unsaturated fatty acids as putative biomarkers of 

growth zone. The synthesis of certain fatty acid classes during the different ripening stages can be 

explained by the conversion between different classes by means of specific enzymes and it is reported 

as influenced by bioclimatic conditions [4]. Thus, the higher production of unsaturated fats in the 

Zone 4 might be interpreted as a mechanism of adaptation mainly involving storage lipids, as reported 

by Matteucci et al. [5]. 

Model 2,3 stand out thanks to higher fatty acid contents in EVOO from Zone 3. The high fat content 

in oil for Zone 3 derives from the effect of high temperature [3].  

In model 2,4, the Zone 4 is characterized by high production of unsaturated fats, as discussed in model 

1,4. 

Model 3,4 is characterized by aridity (high temperature and low humidity) effect on EVOO from zone 

3, as indicated by the higher fat content [3]. 

Based on our results, we can describe the effect of different climatic areas (classified by FAO UNEP 

index) on composition EVOO from Bosana cultivar growth in Sardinia. The differences between the 

classes could be explained as a combination of availability of water (evapotranspiration), solar 

exposure and altitude. Evapotranspiration slows down the ripening process of olive resulting in a 

(sometimes even partial) limitation of TG synthesis. Solar exposure accelerates the ripening process 
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of olive resulting in high levels of saturated fat and content of oil in drupes.  

Drupes grown at higher altitudes present higher monounsaturated fatty acids amounts than those 

coming from lower altitudes [43]. Similar results were reported by Osman et a1. [44] and Deidda et 

al. [45].  

 

4 Conclusions 

 

Many adaptive growing and physiological mechanisms allow plants to efficiently respond to 

environmental changes of every cultivation zone. High resolution 1H NMR allowed to recognize extra 

virgin olive oils produced in different growing areas of Sardinia on the base of chemical information. 

Determination of fatty acids, volatile compounds and acylglycerols compositions, in combination 

with statistical methods of data processing, can lead to characterize the most important monocultivar 

oils in Sardinia, Bosana, on the base of their production area. Although, it is still difficult to 

decompose the influence of each environmental parameter on the composition of olive oil; the data 

obtained rationalize dependence of the Bosana EVOO composition on water availability 

(evapotranspiration), solar exposure and altitude. These results are the first step towards the definition 

of more precise analytical profiles characterizing the various monovarietal Sardinian oils. 

This methodology proposes the construction of chemometric models for the division into production 

areas, which could be a key tool for the allocation of the EU Protected Designation of Origin and in 

order to safeguard valuable products. 
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Area/Samples Training Set Test Set 

1 Sassarese (SS) 36 6 
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2 Nuorese - Baronia (NB) 25 6 

3 Campidano (CA) 9 2 

4 Planargia – Montiferru (PM) 12 4 

 

Tab. 1 Growth Zones distribution of samples. 

 

 

 

 

CLASS ZONE 1 ZONE 2 ZONE 3 ZONE 4 

ARID 4,9 3,6 60,9 0,6 
DRY SUB-HUMID 75,4 62,3 22,5 38,3 
SUB-HUMID 19,7 27,3 15,2 56,5 
HUMID 0,0 6,7 1,4 4,7 

 

Tab. 2 Calculated FAO-UNEP Aridity Index for the 4 sampling areas.  

 

 

 OPLS-DA PLS-DA 
Model  R2Y Q2Y Cross Valid. Ext. Valid.  R2Y Q2Y 
4 areas (1+3) 0.834 0.567 89% 83% 0.855 0.488 
1 vs 2 (1+2) 0.864 0.648 100% 67% 0.864 0.625 
1 vs 3(1+5) 0.917 0.568 100% 63% 0.917 0.481 
1 vs 4(1+2) 0.989 0.941 100% 80% 0.989 0.921 
2 vs 3(1+3) 0.978 0.692 100% 88% 0.905 0.607 
2 vs 4(1+4) 0.853 0.623 97% 70% 0.891 0.686 
3 vs 4(1+1) 0.982 0.918 100 83% 0.982 0.908 

 

Tab. 3 Autofit results for 4 class model and pairwise models. Cross validation and external validation 

results. Numbers in bracket are the number of latent variables. 

 

 

Growth Zone 2 (NB) 3 (CA) 4 (PM) 
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1 (SS) Saturated alcohols (3.82) ↑ 

13C satellite signal of 
methylene protons of the 
glyceryl group; (3.92) ↑ 

13C satellites of protons of 
triacylglycerols ; (3.94) ↑ 
Unknown (7.82) ↓ 
Triacylglycerols; (3.98) ↑ 
 

Formaldehyde; (8.02) ↓ 
Pentanal; (1.34) ↓ 
(CH2)n; (1.32) ↓ 
n-hexanal; (9.72) ↓ 
CH2-O-C=O; (4.28) ↓ 
CH3-CH2; (0.89) ↑ 
Squalene; (1.60) ↓ 
-(CH2)n- (acyl group); (1.36) ↓ 
2-E-hexenal; (9.48) ↓ 
CH-2 of sn-1,2diacylglycerols; 
(4.30) ↑ 

CH3-CH2; (1.18) ↑ 
CH3-CH2; (0.82) ↑ 
CH2-CH2-COOH (free acids); (2.54) ↓ 
Allylic protons broad; (1.98) ↑ 
H2C-CH=CH-CH2; (1.30) ↓ 
CH2-COOR; (2.22) ↑ 
CH-2 Glycerol;(5.30) ↑ 
CH2-CH2-COOR (esterified); (2.38) ↑ 
Bis-allylic group (2.70) ↓ 

2 (NB)  Allylic protons (broad): (1.98) ↑ 
CH2-CH2-COOH; (2.54) ↓  
Unknown (2.98) ↑ 
CH2-CH2-COOH; (1.50) ↓ 
CH2-CH2-COOR (esterified); 
(2.38) ↓ 
CH-2 Glycerol; (5.30) ↓ 

CH3-CH2: (0.82) ↑  
CH3-CH2: (1.18) ↑  
H2C-CH=CH-CH2. (1.26) ↑ 
Allylic protons (broad); (1.98) ↑ 
CH2-COOH (2.22) ↓  
CH2-CH2-COOH; (1.50) ↓ 
CH2-CH2-COOR (esterified); (2.38) ↓ 
Unknown (3.34) ↑ 
CH-2  Glycerol; (5.30) ↑ 

3 (CA)   CH2 of sn-1,3 diacylglycerols; (4.02) ↑ 
D-Glucose; (3.82) ↑ 
H-C=C-H olefinic; (3.92) ↑ 
CH2-O-C=O; (3.86) ↑ 

13C satellites of protons of 
Triacylglycerols; (3.94) ↑ 
Unknown  (7.82) ↓ 
Saturated alcohols; (3.82) ↑ 
Triacylglycerol; (4.38) ↑ 

 

Tab. 4 Summary (in terms of variable importance) of metabolites (ppm) leading separation between 

2 growth areas. Up arrow ↑ indicate if metabolite is higher in first (row) growth area or ↓ in 

second (column) growth area. 
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Figure 1 
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Figure 2 
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Figure 3 
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