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Abstract

Monovarietal extra virgin olive oils (EVOOs) from Olea europea trees grown in the same
experimental orchard have been characterized by Raman spectroscopy combined with
chemometrics. Linear discriminant analysis of the EVOO Raman spectra correctly classified up to
94.4% of samples, as a function of the cultivar, at four different maturation stages. The sensitivity
of Raman spectroscopy to the oil cultivar is due to the genotypic dependence of the olive oil
composition in terms of both carotenoid and fatty acids. Thus, using gas chromatography as the
reference technique, models for predicting the oleic, palmitic and linoleic acid content are obtained
combining Raman spectra and partial least squares regression analysis. Evidences that a similar

approach could be implemented also for carotenoid characterization are provided.

Keywords: Olive oil, Raman spectroscopy, chemometrics, ripening, cultivar, fatty acids,

carotenoids.
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1. Introduction

Extra virgin olive oil (EVOOQ) is a complex food that contains fatty acids (FAS), vitamins, pigments,
volatile and anti-oxidative compounds, and it has received prominent attention during the last
decades, due to the protective effect that its constituents exhibit against different types of cancer and
cardiovascular diseases (Owen, Haubner, Wurtele, Spiegelhalder & Bartsch, 2004).

In particular, the oleic acid (OA), which is the most abundant FA in EVOOs, is a monounsatured
FA with 18 C atoms (C18:1) and it is known to low total cholesterol and low-density lipoprotein
(LDL) levels and to raise high-density lipoprotein (HDL) (Sundram, Ismail, Hayes, Jeyamalar &
Pathmanathan, 1997). It helps normalizing blood pressure (Teres et al., 2008), improving insulin
levels and blood sugar regulation (Ryan et al., 2000). Positive effects on human health are also
associated with linoleic acid (LA), a polyunsatured FA with 18 C atoms (C18:2), which is known to
reduce the levels of plasma total cholesterol and LDL (Risérus, Vessby, Arnlév, & Basu, 2004). At
the same time, carotenoids are well known as efficient quenchers of dangerous singlet oxygen and
various reactive radicals by intercepting the chain of oxidative reactions. This function is directly
related to the carotenoid conjugated double-bond (CDB) system that allows them to absorb the
excess energy from other molecules (Britton, Liaaen-Jensen & Pfander, 2004). There is
accumulating evidence that their antioxidative function is a key mechanism of protection against
cancer, cardiovascular diseases, and macular degeneration in humans (Zhao & Sweet, 2008).

Thus, the EVOO quality in connection with healthy purposes mainly depends on its composition in
terms of FAs and antioxidative compounds, whose determination is of primary importance. Such
composition is generally the result of a complex combination of botanical, environmental and
anthropogenic factors (Harwood & Ramon, 2000). Among these, the cultivar is emerging as one of
the most relevant, since some olive cultivars are recognized to produce high-quality EVOOs as a
consequence of the balance between mono- and polyunsaturated FAs and the bioactivity of minor

components such as the antioxidant compounds, among which carotenoids (Giuffrida, Salvo, Salvo,
3
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Cossignani & Dugo, 2011). As a consequence, monovarietal EVOO market is rapidly increasing
(Montealegre, Marina Alegre, & Garcia-Ruiz, 2010), as well as the consequent adulteration and

market fraud (Breton, Claux, Metton, Skorski & Berville, 2004).

Current official EVOO quality control methods are based on the determination by chromatographic
means of the concentration of certain chemical components, e.g. FAs, sterols, alcohols or
stigmastadiene (Regulation 2568/91/EEC and amendments, in particular EU Reg. 299/2013), which
should belong to a specific range, between a maximum and a minimum limit. The chromatographic
results are supplemented with the measurement of quality parameters, such as peroxide value, free
acidity, and spectrophotometric values of K232, K270 and AK. However, these chemical indices are
unable to supply complete information on the quality of the product or to recognize frauds in EVOO
market. In particular, no official standard method is able to determine the olive cultivar, even if it is
the base of regional designation of origin covered by a protected designation of origin (PDO) or the
protected geographical indication (PGI). Therefore, there is a need to devise possible alternative,
rapid and reliable analytical methods verifying the authenticity of EVOO to assure the quality of
product and to protect consumers by both sanitary and commercial frauds.

In the last years, several spectroscopic techniques have been demonstrated to disclose the EVOO
biochemical fingerprint, even beyond the limit of commercial fraud, with high accuracy, such as
mid-infrared (MIR) (Bevilacqua, Bucci, Magri, Magri & Marini, 2012; Sinelli et al., 2010), near-
infrared (NIR) (Casale & Simonetti, 2014; Oliveri et al., 2011), nuclear magnetic resonance (NMR)
(Camin et al., 2016; Alonso-Salces et al., 2010), UV—vis spectroscopy (Domenici et al., 2014;
Casale et al., 2012; Kruzlicova, Moca, Katsoyannos & Lankmayr, 2008), and Raman spectroscopy
(Barthus & Poppi, 2001; Baeten, Dardenne & Aparicio, 2001; Muik, Lendl, Molina-Diaz & Ayora-
Cafada, 2003; El-Abassy, Donfack & Materny, 2009; Gouvinhas, Machado, Carvalho, De Almeida

& Barros, 2015; Portarena, Baldacchini & Brugnoli, 2017).
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With respect to chromatographic techniques, spectroscopies have the advantages of requiring small
sample size and no sample preparation (being thus low cost, fast, and non-destructive), and of being
able to detect several characteristics within the same experimental output. In particular, Raman
spectroscopy has emerged as a rapid tool to assess specific EVOO characteristics, such as the total
unsaturation (Barthus & Poppi, 2001), free acidity (Baeten, Dardenne & Aparicio, 2001; Muik,
Lendl, Molina-Diaz & Ayora-Cafiada, 2003; El-Abassy, Donfack & Materny, 2009; Gouvinhas,
Machado, Carvalho, De Almeida & Barros, 2015), peroxide value (Gouvinhas, Machado, Carvalho,
De Almeida & Barros, 2015), and carotenoid content (El-Abassy, Donfack & Materny, 2009;
Gouvinhas, Machado, Carvalho, De Almeida & Barros, 2015; Portarena, Baldacchini & Brugnoli,
2017).

In this work, Raman spectroscopy sensitivity to the EVOO FA and carotenoid content has been
further investigated, in connection with the cultivar and the olive maturation stage, by acquiring
Raman spectra from four monovarietal EVOOs similarly grown and harvested at four different
dates. First of all, the total of the Raman data collected, analyzed within the framework of
multivariate analyses, has allowed to obtain a clear distinction among the cultivars, with a correct
classification of up to 94.4% of the samples. Moreover, using gas chromatography (GC) as the
reference technique, models for predicting the FA profile have been developed from the same
dataset, combining Raman spectra and partial least squares regression (PLS-R). Finally, preliminary
evidences that similar predictive approaches can be applied also to the carotenoid composition have
been obtained.

Thus, Raman spectroscopy is confirmed a powerful tool against the established standard methods of
EVOO analysis, since it is rapid, low cost and requiring no sample preparation, and able to provide
cultivar discrimination, FA profile and carotenoid characterization of EVOO from a single

experimental output.

2. Materials and methods
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2.1 Sampling

The Olea europea trees selected for the sampling campaign are grown in the experimental olive
orchard of the Department of Agricultural, Food and Environmental Sciences of the University of
Perugia, located nearby Perugia town (43°04'54.58"N, 12°22'53.41"E). The collection is placed on
a hill at 320 m a.s.l. The trees were 21 years old at the beginning of the trial, pruned according to
the vase training system, and spaced at 5 x 5 m. The orchard is rainfed. Fertilization is based on the
supply of nitrogen, potassium and phosphorous as chemical fertilizers. The soil is managed with a
spontaneous green cover mowed 2-3 times/year.

In the year of the experiment (2015), from July to October, main period of oil formation and
accumulation (Farinelli, Boco & Tombesi, 2002) the average maximum temperature was 28.4 °C,
the average minimum temperature was 16.4 °C

(https://www.wunderground.com/history/airport/LIRZ/) and the total rainfall was 208 mm

(Department of Agricultural, Food and Environmental Sciences of the University of Perugia).

Arbequina, Leccino, Maurino and Moraiolo cultivars were selected. The olives were randomly
hand-picked from three trees per cultivar, at four specific dates, corresponding to different stages of
the ripening process (SM1, Supplementary Material), resulting in total 48 different olive samples
(three per cultivar per harvest). EVOOs were then obtained from about 3.0 Kg of olives per sample.
Olives were crushed with a hammer mill and slowly mixed for 30 min at room temperature. Then,

the resulting paste was centrifuged at 3500 rpm for 3 min, without extra water.

2.2 Chemicals
Lutein (90% pure, Extrasynthese), p-carotene (99% pure, Alfa Aesar) and triolein (99%, Sigma
Aldrich) were provided by Carlo Erba. All the chemicals were used as purchased, without further

purification. Lutein and B-carotene solutions in triolein were prepared as reference standards for
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carotenoid analysis in EVOOs (Domenici et al., 2014), at concentrations of 1.9x10°M and 2.9x10

®M, respectively.

2.3 Raman spectroscopy data acquisition and treatment

Raman spectra from the EVOO samples were obtained by Super Labram (Jobin Yvon) spectrometer
equipped with an Argon laser (514.5 nm wavelength), as previously described (Portarena,
Baldacchini & Brugnoli, 2017). In particular, same volume (100 uL) samples of selected EVOQOs
were dripped on to glass microscope slides. The laser had an excitation power of less than 5 mW on
the sample stage and was focused within the drop using an optical microscope equipped with a 10x
objective. Optimal focusing within the oil drop was obtained by focusing first on the glass slide and
then moving the sample stage until the maximization of the typical EVOO Raman features and the
disappearing of the glass vibrational structures were simultaneously achieved. The spectra were
acquired in the 750-3050 cm™ range. Each spectrum was obtained by averaging five scans of 10 s
each. For each oil, three drops of about 1 ml were analyzed, by recording spectra from three
different points, therefore retrieving nine spectra (replicas) for each sample. The intensity variability
among spectra from the same sample was less than 5%.

Pre-treatment of the raw spectral data included fluorescence background subtraction (manually
performed by OriginPro 8.5, OriginLab, Northampton) and normalization of the nine spectra
representative of each sample at the intensity of the peak located at 1656 cm™, in order to correct

possible spectral differences due to oil film thickness, objective focusing or laser power.

2.4 Chemical analysis

The FA composition was determined as the corresponding methyl esters by following the procedure
described in the European Commission Regulation EEC no. 2568/91 (1991). The transmethylation
procedure, the GC with flame ionization detector (GC-FID) (Trace 2000, Thermo-Fisher), and the

analytical conditions have been previously described (Portarena et al., 2015). Relative amounts of

7
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given FAs were calculated from their respective chromatographic peak areas, and the relative

percentage of each FA was related to the total peak areas of both saturated and unsaturated ones.

2.5 Statistical treatment of data

Raman spectral data can be considered as multidimensional sets of variables, where each input (i.e.,
the Raman spectrum) consists of hundreds of data, corresponding to the Raman intensities (values)
recorded at the different Raman shifts (variables). In order to reduce over-fitting due to a redundant
number of variables, the Raman spectra have been analyzed in the region between 900-1800 cm™
(El-Abassy, Donfack, & Materny, 2009).

Principal component analysis (PCA) was carried out to inspect the variability among samples.
Within spectral data, PCA summarizes the information contained in the Raman spectra variables in
a fewer independent principal components (PCs), obtained as linear combinations of the original
variables, lying in the direction of maximum variance (Lavine & Jerome, 2005).

The uncorrelated PCs mostly contributing to the variance of the data set were further subjected to
linear discriminant analysis (LDA), which is a supervised statistical method used to find a linear
combination of structures that characterize or separate classes of observations. Canonical Variates
(CVs) were obtained from LDA as the vectors minimizing the Wilks’ lambda parameter, which is
calculated as the sum of squares of the distances between points belonging to the same category
divided by the total sum of squares. Values of Wilks’ lambda approaching zero are obtained with
well resolved categories, whereas overlapped categories make Wilks’ lambda to approach one
(Lerma-Garcia, Ramis-Ramos, Herrero-Martinez, & Simo-Alfonso, 2010). To assess the quality of
the models retrieved from the LDA, cross-validation was applied. The dataset was divided into a
calibration (33 samples) and a cross validation (15 samples) sets 10 times, selecting each time
different sets of samples, with all the samples acting as the test items in turn. Then, the validation

results were averaged over the rounds to estimate a final predictive model. The LDA classification
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matrixes are obtained by averaging over the 10 different calibration (CAL) and cross validation
(VAL) sets.

For quantitative analysis of EVOO composition in terms of FAs, Raman datasets were regressed to
the main FA contents using PLS-R method, applying cross-validation to the obtained models by
following the same procedure described for LDA. The resulted models were scrutinized by
regression coefficient (R?, where R is the correlation factor) and by the dimensionless root mean
square error of calibration (DRMSEC) and cross validation (DRMSECV), which permits to
compare the predictive capacity of models with the measured quantitative variables (FA relative
content), being better as DRMSEC(V) approaches zero (Sanchez-L6pez et al., 2016).

PCA, LDA and PLS-R calculations were performed using Statistica v 8 (StatSoft Italia srl, Padua,

Italy).

3. Results and discussion

3.1 Raman spectroscopy characterization of EVOOs

Average Raman spectra of EVOOs are shown in Fig.1. The spectra present the same Raman
features, located at about 965 cm™, 1004 cm™, 1081 cm™, 1156 cm™, 1301 cm™, 1440 cm™, 1523
cm™?, 1656 cm™, and 1748 cm™, in agreement with previous data as measured using a 514.5 nm
wavelength light (EI-Abassy, Donfack, & Materny, 2009; Portarena, Baldacchini, & Brugnoli,
2017), i.e. in resonance with the vibrational modes of carotenoid molecules. The Raman spectrum
of triolein, the most abundant triglyceride in EVOO, is shown for comparison. Band assignment is
reported in Supplementary Material (SM2)

A strong variability is observed in the spectral intensity of the carotenoid related bands, which are
located at about 1004 cm™ (C-CH; bending), 1156 cm™ (C-C stretching) and 1523 cm™ (C=C
stretching) (El-Abassy, Donfack & Materny, 2009; Portarena, Baldacchini & Brugnoli, 2017). The

spectral intensity of these bands strongly depends on the harvest date (Gimeno, Castellote,
9
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Lamuela-Raventos, De la Torre & Lopez-Sabater, 2002), being more intense at the beginning and
decreasing with the ripening, likely due to the lowering of olive biosynthetic activity (Lopez-
Sanchez, Ayora-Cafiada & Molina-Diaz, 2010). Interestingly, the intensity decrease appears to be
cultivar dependent (Fig.2a). Maurino displays the most intense carotenoid signals at the first and
second harvests, and Leccino at the third and fourth ones. The less intense and less variable bands
characterize Moraiolo at each ripening stage. This could be due to a different carotenoid
quantitative and qualitative composition among the cultivars, since the two most abundant
carotenoids in EVOO, i.e. lutein and B-carotene (Gandul-Rojas, Roca & Gallardo-Guerrero, 2016;
Giuffrida, Salvo, Salvo, Cossignani & Dugo, 2011), are known to have rather different degradation
pathways (Gandul-Rojas, Roca & Gallardo-Guerrero, 2016). In particular, B-carotene deteriorates
faster than lutein (Czamara et al., 2015). As a consequence, the total carotenoid content of -
carotene-rich EVOOs is expected to decrease more rapidly with respect to that of lutein-rich ones.
The bands at 965 cm™ (C=C out of plane), 1081 cm™ (C-C stretching), 1301 cm™ (C-H twisting),
1440 cm™ (C-H scissoring), and 1656 cm™ (cis C=C stretching) are attributed to FAs, both free and
as triglycerides (El-Abassy, Donfack & Materny, 2009). These bands have similar spectral shape
and intensity in the different monovarietal EVOOSs, as well as the peak at 1748 cm™ which is due to
the C=0 stretching of the ester linkage between FAs and glycerol (Weng, Weng & Tzeng, 2003).
This suggest that the EVOO content of FAs, both free and as triglycerides, is less dependent from
cultivar and maturation than the carotenoid one. However, a closer inspection to the FA related
peak at 1656 cm™ (Fig.2b) reveals differences in its intensity as a function of the cultivar. In
particular, this peak is more intense in Arbequina and Maurino samples, and less intense in Leccino
ones, almost disregarding to the harvest. The main FAs of EVOO (oleic, palmitic and linoleic acids)
have similar vibrational modes, but with rather different relative spectral intensities (Czamara et al.,
2015). For instance, the peak at about 1081 cm™ is more intense in saturated FAs (such as palmitic
acid; PA), while the peak at about 1656 cm™ is peculiar of the unsaturated ones (OA and LA), with

its intensity increasing with unsaturation. Consequently, differences in the Raman scattering relative
10



235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

intensities could indicate variation of FA composition in EVOO. In particular, a high intensity of
the 1656 cm™ bands (as observed for Arbequina and Maurino samples) could indicate a high

relative amount of LA.

3.2 Principal component and linear discriminant analyses for cultivar discrimination

PCA was performed on the complete spectral dataset (9 spectra per 48 samples), to investigate if the
assessed sensitivity of Raman spectroscopy to carotenoid content and FA profile of EVOO could
render the technique suitable for cultivar discrimination, beyond the limit of the intrasample
variability.

Almost 90% of the total variance is explained by the first 9 PCs (SM3, Supplementary Material).
The descriptors contributing the most in PC1 (45.4% of the total variance) are the spectral
intensities of the bands at 1004 cm™, 1156 cm™ and 1523 cm™, confirming that carotenoid content
is the most discriminating factor (Portarena, Baldacchini & Brugnoli, 2017). Differentiation on PC2
axis (15.8% of the total variance) is mainly explained by the intensity of the bands at 1301 and 1656
cm™ and, to a minor extent, from those at 1440 and 1081 cm™; these vibrational modes being
related with FAs.

The scatterplot of the EVOO samples within the bidimensional plane defined by PC1 and PC2
variables is shown in Fig.3. The spreading of the samples along PC1 is mainly driven by the
harvesting date, with samples being distributed along a gradient from the first (PC1 most negative
values) to the fourth (PC1 most positive values) harvest. Since PCL1 is negatively correlated with the
amount of carotenoids (SM3, Supplementary Materials), EVOQs from the first harvest are richer of
carotenoid with respect to those from the fourth one, and that the carotenoid content is mainly
dependent on the harvesting date. However, as previously stressed, the decreasing trend with
maturation appears to be cultivar dependent, probably depending on the relative amount of lutein

and B-carotene. In particular, according to PCA values, the first harvest of Maurino shows the

11
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highest content of carotenoid and Moraiolo the lowest, while the fourth harvest of Leccino
preserves higher carotenoid content than any other cultivar.

Along PC2, EVOO samples cluster mainly in two groups, according to the cultivar: Leccino and
Moraiolo mostly gather at negative PC2 values, while Maurino and Arbequina at positive ones.
This clustering suggests that the composition in terms of FAs is driven more by the cultivar than by
the harvest date, and that Raman spectroscopy is highly sensitive to the EVOO FA composition.

In order to eliminate the dependence on the maturation stage, samples from the four harvests were
analyzed by PCA separately. For each harvesting date, about 100 PCs are obtained, with the first
three explaining almost the 70% of the total variance of the dataset (SM4, Supplementary Material).
At each harvest, the characteristics of the two first PCs recall what obtained by the total dataset:
PC1 discriminates the samples based on their carotenoid content, while the FA composition mainly
drives PC2. The scatterplots of the two first PC scores show a good clustering of the samples in
dependence of the cultivar, at each harvest (Fig. 4).

LDA analysis was further applied on these datasets, using the first 9 PCs from PCA, at each harvest,
as independent variables. About 100 spectra per harvest were used as calibration sets. Three
discriminant canonical variables (CVs) are extracted in all cases, accounting for 100.0% of the
variability, with the first two explaining more than 88.7% (SM5, Supplementary Material). The
calibration model derived by LDA correctly classifies from 83.3% to 94.4% of EVOO samples,
depending on the harvest (Table 1, upper panel). In particular, total correct predictions are obtained
for Moraiolo at harvest 1, 3 and 4, for Leccino at harvest 1 and 4, and for Maurino at harvest 2.

The validation procedure was undertaken with resort to the whole dataset used for the calibration,
from which one third of the replicas have been removed to be further classified as external set. In
this case, the percentage of right classification ranges from 78.8% to 93.9%, and total correct
predictions are obtained for the same cultivars at the same harvests, with respect to the calibration

models (Table 1, lower panel) confirming the stability of the model.
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This result indicates that Raman spectroscopy can be used as a rapid tool for efficient cultivar

discrimination of EVOOs, likely due to its sensitivity to carotenoid content and FA composition.

3.3 Fatty acid profile

The EVOO FA profile was further determined by GC-FID (Table 2), which is the reference
technique for EVOO characterization, according to the International Olive Oil Council
(http://lwww.internationaloliveoil.org). In all samples, OA relative content is higher than the 70% of
the total FA content, while LA shows the lowest relative concentrations, being less than 10% of
total FAs. The relative content of PA ranges between 12.7% and 15.6%.

The four cultivars exhibit different FA compositions, probably reflecting the metabolic
characteristics of each genotype (Farinelli & Tombesi, 2015; Issaoui et al., 2010). Leccino has the
highest concentration of OA (with a moderate increasing trend from 78.8% at green stage to 80.7%
at full ripening) and the lowest amount of LA (with a moderate decreasing trend from 5.1% at green
stage to 4.4% at full ripening). OA and LA concentration in Moraiolo ranges from 75.7% to 76.2%
and from 7.1% to 7.8% respectively, as a function of maturation stage. Arbequina and Maurino
have the lowest concentration of OA and the highest percentage of PA and LA. In both cultivars,
OA and LA remain quite constant during ripening, while PA shows a moderate increasing of about
3%.

PLS-R models were carried out in order to determine a relationship between Raman scattering
intensities (predictor variables) and EVOO FA profile, in terms of OA, PA and LA percentages as
obtained by GC-FID (measured variables). The plots of the regressions showing the predicted
values of FA relative percentages based on Raman scattering intensities as a function of those
measured by GC are shown in Fig.5, and they clearly demonstrate that the Raman spectroscopy
sensitivity to the FA relative content of EVOOs is comparable with that of the reference technique.
The results achieved for the PLS-R models in terms of R, DRMSEC and DRMSECYV are presented

in the Supplementary Material (SM3). The high value of R* (ranging from 0.80 to 0.92 for the
13
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calibration, and being about 0.68 for the cross validation) with DRMSEC lower than 0.08 and

DRMSECYV lower than 0.16, indicate the good performance and precision of the models.

3.4 Carotenoid composition

The chemical structures of the two most abundant carotenoids in EVOO, namely lutein and -
carotene, are rather similar, differing only for the terminal substituents. As a consequence, their
resonant Raman spectra show the same vibrational features, with the C=C stretching mode of lutein
being slightly more intense and shifted towards higher energy with respect to 3-carotene (Baeten,
Dardenne & Aparicio, 2001; Andreeva & Velitchkova, 2005). On these bases, a further analysis of
the EVOO Raman spectra, beyond the strong variability due to the maturation stage, could provide
information on the carotenoid profile.

In Fig.6a, the average Raman spectra of the monovarietal EVOOs from the second harvest are
shown, after background subtraction and being normalized at the intensity of the C-C stretching
mode at 1156 cm™, which is not carotenoid relative content dependent (Andreeva, Apostolova, &
Velitchkova, 2011). The resonant Raman spectra of B-carotene and lutein reference solutions in
triolein are also shown, analogously background subtracted and normalized. The strong variability
of the FA related vibrational modes in the 1230-1500 cm™ region of both EVOO and reference
samples is an artifact introduced by the normalization, due to the different total carotenoid content.
A zoomed view of the 1523 cm™ region (C=C stretching mode) is shown in Fig.6b. According to
the literature, lutein C=C stretching mode has higher intensity and energy with respect to the
corresponding B-carotene vibration. The peak energy increases gradually from Leccino to Moraiolo,
suggesting that the relative lutein content increases as well. To put into evidence the differences
between the EVOO spectra, the peak positions have been plotted as a function of the intensity ratio
between the C=C and the C-C stretching modes (l1523/11156) in Fig.6¢. Here, a sort of calibration plot
is obtained, with Moraiolo being the lutein-richest cultivar (more high shifted peak, located at

1524.5 CIII_1 , While the highest relative amount of p-carotene can be assigned to Leccino (less
g g
14
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intense peak, 1523 cm™). The lutein abundance of Moraiolo, together with its low variability during
maturation (Fig.1), could descend from the early accumulation tendency of this cultivar (Portarena
et al.,, 2015), being lutein the slowest degraded one (Gandul-Rojas, Roca & Gallardo-Guerrero,
2016). Analogously, the high relative amount of [-carotene shown by Maurino and Leccino,
together with the high variability of the total carotenoid content of these cultivars with the ripening
(Fig.1), could be consistent with a tardive oil accumulation process (Portarena et al., 2015). The
peak position and intensity of the carotenoid C=C stretching mode in EVOO resonant Raman
spectra could be then potentially used as quality markers, being able to assess the relative

abundance of -carotene and lutein.

4. Conclusion

A detailed Raman spectroscopy investigation of EVOOs obtained from olive fruits of monovarietal
Olea europea trees grown in the same experimental orchard provided a reliable classification of oils
according to the cultivar, based on PCA and LDA, with a correct classification up to 94.4%.
Furthermore, the Raman intensity dependence of the FA bands on the EVOO FA profile allowed
obtaining predictive models of these compounds, by using GC-FID as reference technique and PLS-
R as statistical method. Finally, Raman markers to be used for the estimation of the lutein/p-
carotene content ratio, which is an emerging parameter for oil quality assessment, in connection
with its healthy action, were identified. Then, information on cultivar, FA and carotenoid profiles of
EVOOs can be obtained simultaneously, from the same Raman dataset. Thus, being rapid, low
cost, non-destructive, user-friendly, requiring no sample preparation and small sample size, and it
can be even performed on-site, Raman spectroscopy presents several practical advantages with
respect to traditional techniques used for EVOO characterization (such as chromatographic
techniques), and this will open interesting perspectives for its future application in quality control

and authentication methods of olive oils and similar food products.
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*Highlights (for review)

Highlights
- Monovarietal extra-virgin olive oils, at different maturation stages, are studied
- Correct cultivar discrimination of 94.4% of the samples is obtained
- Models for predicting fatty acid relative content are obtained

- Raman markers to assess the lutein/B-carotene content ratio are identified
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Figure 1. (Color online) Raman spectra of monovarietal Arbequina, Leccino, Maurino and
Moraiolo from four harvest dates, averaged over three plants per cultivar. Average Raman spectra
have been grouped by cultivar in the four panels. For comparison, the area corresponding to the
Raman spectrum of the triolein standard sample taken in the same experimental conditions is

patterned in the Arbequina panel.
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Figure 2. (Color online) Raman spectra of monovarietal Arbequina, Leccino, Maurino and
Moraiolo from four harvest dates, averaged over three plants per cultivar. Average Raman spectra

have been grouped by harvest in the four panels.
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harvest, according to the legend.
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vibration (1156 cm™). (b) Zoomed view of the carotenoid C=C stretching region. (c) Plot of the
carotenoid C=C stretching peak position as a function of the intensity ratio between the C=C and

the C-C stretching mode peaks (l1s23/11156).



Table

1 Table 1. Classification matrixes as obtained from LDA, for the calibration (CAL) and cross-

N

validation (VAL) sets, based on cultivar. Arb: Arbequina; Lec: Leccino; Mau: Maurino; Mor:

3 Moraiolo.
4
CAL Harvest 1 Harvest 2
Arb | Lec | Mau | Mor | % correct | Arb | Lec | Mau | Mor | % correct
Arb | 22 0 4 1 81.5 19 3 0 5 70.4
Lec 0 27 0 0 100 1 24 0 2 88.9
Mau | 8 0 9 0 52.9 0 0 27 0 100
Mor | O 0 0 27 100 5 2 0 20 74.1
Total 86.7 83.3
Harvest 3 Harvest 4
Arb | Lec | Mau | Mor | % correct | Arb | Lec | Mau | Mor | % correct
Arb | 26 0 1 0 96.3 22 1 3 0 84.6
Lec 3 23 0 0 88.5 0 27 0 0 100
Mau | 1 0 25 1 92.6 2 0 25 0 92.6
Mor | O 0 0 18 100 0 0 0 27 100
Total 93.9 94.4
5
VAL Harvest 1 Harvest 2
Arb | Lec | Mau | Mor | % correct | Arb | Lec | Mau | Mor | % correct
Arb 6 0 2 1 66.7 6 1 0 4 54.5
Lec 0 9 0 0 100 0 8 0 1 88.9
Mau | 2 0 4 0 66.7 0 0 9 0 100
Mor | O 0 0 6 100 1 0 0 3 75
Total 83.3 78.8
Harvest 3 Harvest 4
Arb | Lec | Mau | Mor | % correct | Arb | Lec | Mau | Mor | % correct
Arb 7 0 1 0 87.5 7 0 1 0 87.5
Lec 1 6 0 0 85.7 0 8 0 0 100
Mau | 1 0 6 1 75.0 1 0 8 0 88.9
Mor | O 0 0 6 100 0 0 0 8 100
Total 86.2 93.9

10




11 Table 2. Averaged FA composition of the EVOO samples, as a function of cultivar and harvest

12 date. Standard deviations were calculated on the three samples belonging to the same cultivar.

13

14

FA composition %

Harvest | FA Arbequina | Leccino Maurino | Moraiolo
1 OA | 70.3+0.3 | 788+0.1 | 71.3+0.3 | 75.7+0.2
PA | 149+0.1 | 127401 | 13.7+0.2 | 13.1+0.1

LA 9.9+£0.1 51+£0.1 94+0.1 7.1+£0.1

2 OA | 70.7+04 | 794403 | 71.8+0.2 | 76.1+0.1
PA | 154+04 | 128+0.1 | 139%+0.1 | 13.6+0.1

LA | 9.8+0.2 48+0.2 92+0.1 | 75+£0.2

3 OA | 71.1+0.1 | 80.0£0.7 | 71.9+0.1 | 76.2+0.2
PA | 156+03 | 13.3+0.1 | 142+0.1 | 13.6+0.1

LA | 99+0.1 48+0.1 93+02 | 7402

4 OA | 71.3+04 | 80.7+0.9 | 720+0.3 | 76.2+0.3
PA | 154+01 | 133+0.1 | 141+0.1 | 13.7x0.1

LA | 99+0.1 44+0.2 9.8+0.1 | 78+0.1
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