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Abstract Olive oil samples were obtained from six culti-

vars grown in different environments, and graded by

chemical analyses as extra virgin (EVOOs). These were

evaluated for flavors and off-flavors, and relative VOCs

spectrum as determined by PTR–ToF–MS. A hierarchical

clustering of Panel test data separated olive oil in three

groups, one including the samples with perceived off-flavor

(VOOs), regardless of cultivar and environment. The

Pearson’s correlation coefficients between the mass data

from PTR–ToF–MS and the sensory characteristics per-

ceived by the Panel test were determined. A mass-to-sen-

sory attributes correlation index was calculated. A color-

coded card was built up based on the intensities (ncps) of

five selected protonated mass data that was able to distin-

guish EVOOs from VOOs olive oil samples.

Keywords Olea europaea L. � Chemical analysis volatile

organic compounds (VOCs) � Panel test � Flavors off-
flavors

Introduction

Traditionally, the attributes of flavor of horticultural

products are measured by means of sensory analysis (SA)

panels. A specific ‘‘Panel test’’ (PT) was developed by

International Olive Oil Council (IOOC) to uniformly

evaluate the commercial grade of VOOs and applied by EU

(EU Reg. no. 2568/91 and its successive modifications) for

trade.

Detected by SA, the presence of specific odors (flavors if

pleasant and off-flavors if unpleasant) has discriminant

power for quality: a sample can be defined EVOO only if it

is without detectable off-flavors and has rich fruity flavor.

The SA currently utilized in all olive oil world trade

presents some disadvantages (Tena et al. 2015), as it is

subjective due to the lack of standardized common refer-

enced oils for the different off-flavors; furthermore, it

requires a large number of trained panelist (8–12) taster-

s/panel to allow the statistical validation of the results). The

volatile organic compounds (VOCs) production in the olive

at the mill and the relative aromatic imprint in the oil, are

mostly related to oxidative reactions, following tissues

injuries during the fruits crushing and malaxation pro-

cesses; VOCs develop according to distinctive biosynthetic

pathways and, among these, the ‘‘LipOXygenase (LOX)

cascade’’ determines the enzymatic splitting of polyunsat-

ured fatty acids (linoleic and linolenic) with the ‘‘con-

trolled’’ production of aldehydes, ketones, alcohols,

carboxylic acids, esters and other VOCs (Angerosa et al.

2004; Kalua et al. 2007).

The amount of VOCs in VOOs is related to the enzy-

matic background of the fruits, depending mainly on the

genotype (cultivar) (Luna et al. 2006a), and, in turn, on the

ripening stage (Angerosa et al. 1996a; Masi et al. 2015a),

pedoclimatic conditions (Muzzalupo et al. 2012), fruit
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storage as well as the processing techniques and oil storage

(Angerosa et al. 1996b; Morales et al. 2005; Kalua et al.

2007). C6 and C5 compounds are the most important

VOCs contributing to the flavor (Angerosa 2002), and the

only ones conferring positive attributes as green and fruity.

Unpleasant odors can be present, due to biogenic

enzymatic activities in the fruits before the oil extraction

process, or to alteration during the oil storage (Luna et al.

2006b).

Analytical methods based on the gas chromatography-

mass spectrometry (GC–MS) are currently utilized for the

VOCs identification and quantification, and with the

adoption of official ‘‘Panel test’’, studies on the relationship

between SA and VOCs in defective oils were carried out to

detect and identify the compounds and their distribution in

different defective oils, including the standard proceeding

from IOOC (Procida et al. 2005), or to point out an

instrumental method for the evaluation of olive oil quality

(Dierkes et al. 2012; Procida et al. 2015).

The utilized gas-chromatographic analytical methods,

although valuable and, in many cases, essential, have some

disadvantages such as the low time resolution, the labori-

ous sample preparation and the long operation time; dif-

ferent alternative analytical methods have been proposed

(Biasioli et al. 2011), and as faster alternative technique it

can be considered the direct headspace proton transfer

reaction, time of flight, mass spectrometry (PTR–ToF–MS)

(Biasioli et al. 2011; Makhoul et al. 2014).

The PTR–MS coupled with a quadrupole detector was

earlier utilized to study VOCs in the atmosphere (Lin-

dinger et al. 1998). Its use was later extended to VOCs

emission studies in biochemical and horticultural analysis,

for the determination of VOCs spectra fingerprinting in

olive oil samples for detection of oxidative alterations

(Aprea et al. 2006), geographical origin classification

(Araghipour et al. 2008), geographical origin, cultivar and

harvesting time determination (Van Ruth et al. 2009), the

relationships between harvesting time and special pro-

cessing systems (Vezzaro et al. 2011), and for monova-

rietal EVOO identification and certification (Ruiz-Samblás

et al. 2012).

Recently, the evaluation of VOCs emitted by food

has improved by new version of the PTR–MS coupled

with a time of flight mass analyzer (PTR–ToF–MS),

which enables a rapid and precise analysis of the VOCs

spectra (Taiti et al. 2014). This technique was reported

to have several applications in the field of food aroma

analysis of ham (Sánchez del Pulgar et al. 2011), saf-

fron (Masi et al. 2015a, b), bakery yeast starters

(Makhoul et al. 2014), and dried porcini mushrooms

aroma (Aprea et al. 2015).

This technique allowed to characterize cultivars and

clones in apples (Cappellin et al. 2012) to evaluate VOCs

emission from olive fruits at different ripening stage (Masi

et al. 2015a), and to verify differences in storage of mango

fruits harvested at different ripening stage (Taiti et al.

2015b).

The aim of this study was to understand the relationship

between the sensory characteristics of samples of virgin

olive oils, graded by the PT, and PTR–ToF–MS spectra.

The mass data related to specific perceived odors.

Materials and method

Oil samples

The oil samples were obtained from six cultivars of Olea

europaea subsp. europaea var. europaea Green (Arbe-

quina, Arbosana, Koroneiki, Coratina, Maurino sel. Vitto-

ria, Tosca), grown in eight orchards located in five

countries of three different continents. The oils were pro-

duced from fruits obtained from 4 to 7 years-old trees

grown from hedge-trained systems, with a density of

around 1600 trees per hectare. For each cultivar, the har-

vesting time was determined from fruits color as it change

from green to yellow-brown (Color Index = 3.0–4.0). Oils

were obtained from processing systems with two phases,

within 48 h of harvesting, were filtered and stored in steel

containers.

All oil samples (250 ml), sealed in glass bottles, and

stored in dark at 15 �C until chemical, organoleptic and

VOCs analyses were carried out. The data referring to

location and milling date are summarized in Table 1. All

samples were subjected to chemical analyses: free acidity

and peroxide index (PI) were determined by EU official

methods (Table 2).

Sensory analysis

The panel evaluating the oil samples was a specifically

organized Tasters Commission composed of a panel head

and eight trained members from the professional board

(National Association for Olive Oil Tasters). The team was

adequately informed about the objectives of the test. The

procedures indicated in EU olive oil sensory analysis

Regulation (no. 2568/91 and its successive modifications)

were used for organoleptic assessment and grading, toge-

ther with IOOC official method for organoleptic evaluation

for granting designation of origin (D.O.) status

(Organoleptic assessment of EVOO applying to use a

designation of origin, referenced IOOC/T.20/Doc. no. 22).

The oils were graded in line with the median of the ‘fruity’

(Mf) and the median of the defects (Md) (Table 2).
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PTR–ToF–MS 8000

VOCs emitted were detected with a PTR–ToF–MS 8000

(Ionicon Analytik GmbH, Innsbruck, Austria) using H3O
?

as reagent ion for the proton transfer reaction. The reaction

takes place between H3O
? ions and all the biogenic or

anthropogenic VOCs having a proton affinity higher than

that of water (165.2 kcal mol-1). Separation of single ions

happens accordingly to their mass to charge (m/z) ratio.

The sampling time for each channel of ToF acquisition was

0.1 ns, for a mass spectrum ranging from m/z = 20 to m/

z = 250. In this experiment the conditions in the drift tube

were: drift voltage 600 V, temperature 110 �C, pressure
2.25 mbar, extraction voltage at the end of the tube (Udx)

32 V.

Twelve hours before starting the analysis, the oil sam-

ples were transferred in the climatic room (22–23 �C, RU
90%) where the VOCs analysis were performed. Subse-

quently the oil samples were equilibrated at 30 �C in a

water bath to simulate the temperature in the glasses during

the sensory evaluation tests. For each sample, 10 ml of oil

were transferred in a 25 ml glass jar, specifically selected

to expose a surface of approximately 8.0 cm2; the jar lid

was fitted with inlet and outlet Teflon tubes, which were,

respectively, connected to a zero-air generator and to the

PTR–ToF–MS system. The VOCs in the headspace were

measured by direct injection into the PTR–ToF–MS via a

heated (60 �C) peek inlet tube with a flow rate of 100 sccm

for 120 s, after 5 min of exposure; each sample was trip-

licated. Preliminary measurements on an empty jar were

run and used for background subtraction. Internal calibra-

tion was performed off-line and was based on m/

z = 29.997 m/z = 59.049 (C2H5O2
?) and m/z = 180.937

(C6H4Cl3
?).

Spectra raw data (ncps) were acquired with TofDaq

software (Tofwerk AG, Switzerland) using a dead time of

20 ns for the Poisson correction. For each sample, the

average data resulting from the last 20 consecutive seconds

of the measurement were extracted after 5 min from the

beginning of each experiment. All spectra were corrected

for count losses due to the detector dead time, applying

Poisson correction in the DAQ settings of TofDAQ con-

figuration options.

Table 1 Oil samples cultivar, geographical location and harvesting time

Sample number Sample codea Cultivar Geographical zone of production Time of milling

1 AqAR1 Arbequina IRTA i-18� Argentina March 2013

2 AqAR2 Arbequina Argentina March 2013

3 AqAR3 Arbequina Argentina April 2013

4 AsAR Arbosana IRTA i-43� Argentina April 2013

5 KrAR Koroneiki IRTA i-38� Argentina April 2013

6 CoAR Coratina Argentina April 2013

7 AqCL Arbequina IRTA i-18� Chile May 2012

8 AsCL Arbosana IRTA i-43� Chile May 2012

9 KrCL Koroneiki IRTA i-38� Chile May 2012

10 AqMA Arbequina IRTA i-18� Morocco November 2012

11 AsMA Arbosana IRTA i-43� Morocco November 2012

12 KrMA Koroneiki IRTA i-38� Morocco November 2012

13 AqTN Arbequina IRTA i-18� Tunisia October 2012

14 AsTN Arbosana IRTA i-43� Tunisia December 2012

15 KrTN Koroneiki IRTA i-38� Tunisia December 2012

16 AqIT1 Arbequina IRTA i-18� Italy (Lazio) October 2012

17 AsIT1 Arbosana IRTA i-43� Italy (Lazio) November 2012

18 KrIT1 Koroneiki IRTA i-38� Italy (Lazio) November 2012

19 AqIT2 Arbequina IRTA i-18� Italy (Tuscany) November 2012

20 AsIT2 Arbosana IRTA i-43� Italy (Tuscany) November 2012

21 KrIT2 Koroneiki IRTA i-38� Italy (Tuscany) November 2012

22 MVIT1 Maurino sel. Vittoria Italy (Tuscany) October 2012

23 MVIT2 Maurino sel. Vittoria Italy (Tuscany) October 2012

24 ToIT Tosca� Italy (Tuscany) November 2012

a Code: Aq = Arbequina, As = Arbosana, Kr = Koroneiki, MV = Maurino sel. Vittoria, To = Tosca, Co = Coratina. AR = Argentina,

CL = Chile, MA = Morocco, TN = Tunisia, IT = Italy (International Organization for Standardization, ISO 3166-1 alpha-2)
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Statistical data analyses

A hierarchical clustering (unsupervised method) was firstly

performed on the data of the Panel test, to organize the

samples in categories. The complete linkage (farthest

neighbor) method with Euclidean distance was selected to

calculate the distance among clusters, since their exact

number was unknown a priori. The cophenetic correlation

of the dendrogram was calculated. Computations were

performed by the SYN-TAX 2000 program package. A

heat map of sensory attributes and the one dimensional

dendrogram of the 24 olive oil samples was built up by R

3.2.2. (R Foundation for Statistical Computing, Vienna,

Austria). The optimal number of clusters in the dendrogram

was estimated computing connectivity, dunn and silhouette

scores by R package clValid; gap statistic by R package

NbClust. The hartigan index also validated the two subset

of the EVOOs group by R package NbClust.

In order to relate the intensity of the protonated m/z from

PTR–ToF–MS to the intensity of flavors and off-flavors as

perceived by the Panel test, a correlation matrix containing

the coefficients of correlation between each pair of vari-

ables was calculated by the Pearson product moment.

p values below 0.01 indicate statistically significant non-

zero correlations at the 99.0% confidence level. Compu-

tations were performed by Statgraphics Centurion XV v.

15.0.04.

Finally, a color-codified heat map of the 24 olive oil

samples (average of replicates) vs the most relevant m/z

characterized by high Pearson’s coefficients with the off-

flavors, was obtained. Computations were performed by R

3.2.2.

The tentative (protonated) masses identification of the

emerged VOCs was verified comparing the available data

in the literature of studies conducted with the PTR–ToF–

MS, regardless of the type of samples; subsequently, it was

Table 2 Results of chemical and sensory analyses

Sample number Sample code Chemical analyses Sensory analysisa Md Mf Trade category

Free acidity (%) Peroxide index (meq O2 kg
-1)

1 AqAR1 0.15 7.30 Md = 0.0 Mf = 4.0 EVOO

2 AqAR2 0.13 7.0 Md = 0.0 Mf = 3.8 EVOO

3 AqAR3 0.16 7.4 Md = 0.0 Mf = 5.7 EVOO

4 AsAR 0.29 10.6 Md = 0.0 Mf = 5.0 EVOO

5 KrAR 0.29 10.7 Md = 0.0 Mf = 5.0 EVOO

6 CoAR 0.15 6.6 Md = 0.0 Mf = 4.9 EVOO

7 AqCL 0.20 10.3 Md = 3.0 Mf = 2.8 VOO

8 AsCL 0.31 13.9 Md = 2.5 Mf = 2.5 VOO

9 KrCL 0.28 10.1 Md = 2.9 Mf = 3.3 VOO

10 AqMA 0.13 8.10 Md = 0.0 Mf = 4.4 EVOO

11 AsMA 0.20 9.70 Md = 0.0 Mf = 4.2 EVOO

12 KrMA 0.22 6.50 Md = 0.0 Mf = 5.3 EVOO

13 AqTN 0.19 8.40 Md = 0.0 Mf = 3.3 EVOO

14 AsTN 0.18 13.7 Md = 2.4 Mf = 2.5 VOO

15 KrTN 0.18 9.80 Md = 2.7 Mf = 3.4 VOO

16 AqIT1 0.10 8.60 Md = 0.0 Mf = 4.8 EVOO

17 AsIT1 0.16 9.30 Md = 0.0 Mf = 4.6 EVOO

18 KrIT1 0.10 5.80 Md = 0.0 Mf = 5.3 EVOO

19 AqIT2 0.07 7.00 Md = 0.0 Mf = 4.8 EVOO

20 AsIT2 0.10 5.30 Md = 0.0 Mf = 4.5 EVOO

21 KrIT2 0.10 6.20 Md = 0.0 Mf = 5.3 EVOO

22 MVIT1 0.12 6.6 Md = 0.0 Mf = 6.0 EVOO

23 MVIT2 0.13 5.2 Md = 0.0 Mf = 5.8 EVOO

24 ToIT 0.14 7.1 Md = 0.0 Mf = 3.3 EVOO

EVOO Extra virgin olive oil, VOO virgin olive oil
a Commission Regulation (EU) no. 61/2011 of 24 January 2011 amending Regulation (EEC) no. 2568/91 on the characteristics of olive oil and

olive-residue oil and on the relevant methods of analysis
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determined whether the identified VOCs had previously

been found in olive oils through other several methods.

Results and discussion

Chemical and sensory analyses

Based on the chemical parameters, all samples belonged to

the EVOOs category. The free acidity and peroxide values

are shown in Table 2. The evaluation of the Panel test data

highlighted some discrepancies between chemical and

sensory analysis for some samples which would be placed

in the EVOOs category based only on chemical analyses

(Table 2), but which were downgraded to VOOs based on

sensory data. Since the consumer appreciates pleasant

odors as a first impact in the choice of an olive oil, a more

suitable assessment of organoleptic characteristics is nee-

ded, as resulted by the panel evaluations. To have a broader

overview of the organoleptic profile, a hierarchical cluster

analysis was applied on Sensory analysis results. The entire

data set was organized in a dendrogram combined with a

heat map (Fig. 1).

The dendrogram represents samples clustering based on

the sensory characteristics with olfactory impact (fruity,

flavors, off-flavors), where different colors were related to

different intensities of each detected odor. The heat map

shows that the samples can be grouped in two main clus-

ters, clearly separating the EVOOs (groups B and C) from

the VOOs (group A); in the EVOOs category, two groups

emerged (B and C), differentiated by the presence and

intensity of positive smells. This statistical elaboration

highlights the strong effect of off-flavors, separating the

defected oil samples (A), independently on the cultivar and

on the geographical zone of cultivation. According to

recent researches,40EVOOs resulted divided in two sub-

groups (B and C), related to the intensity of differently

perceived pleasant flavors.

PTR–ToF–MS analysis

The eight peaks from the PTR–ToF–MS were related to the

sensory characteristics perceived by the Panel test and

Pearson’s correlation coefficients between each pair of

variables are reported in Table 3.

Fig. 1 Heat map of sensory

attributes and one dimensional

dendrogram of the 24 olive oil

samples. Sensory characteristics

are clustered by columns,

samples are clustered by rows.

Numbers from 1 to 24 are

associated to the samples as

reported in Table 1; letters A, B,

and C individuate the clusters.

None autoscaling procedure was

utilized for the color-coding
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The high positive correlation between pleasant attributes

(flavors) of EVOOs (apple, ripely fruity, green tomato,

grass, and green) and the masses m/z = 81.070, m/

z = 83.086, and m/z = 99.080. The flavour fusty, muddy

sediment, and winey/vinegary olfactory sensations (off-

flavors) were related to evaluate mass data.

The VOOs group is characterized by the presence of five

protonated masses: m/z = 47.049, m/z = 61.028, m/

z = 75.044, m/z = 89.059, m/z = 127.110. The protonated

m/z = 47.049, TI as ethanol (Mancuso et al. 2015; Cap-

pellin et al. 2014; Taiti et al. 2015a), and the protonated m/

z = 61.028, TI as acetic acid/acetates (Mancuso et al.

2015; Taiti et al. 2015a), are both generally considered in

olive oils as compounds deriving from alteration due to a

long time of olive storage before processing (Morales et al.

2000; Angerosa et al. 1996a) the protonated m/z = 75.044,

TI as propanoic acid (Aprea et al. 2015), is considered a

defective compound that can be explained by fermentation

processes induced by Clostridium spp. in olive fruits after a

long time of storage (Angerosa et al. 1996b); the proto-

nated m/z = 89.059, TI as butanoic acid (Aprea et al.

2015), seems related to the sugar fermentation (Morales

et al. 2013); the protonated m/z = 127.110, TI as octanal

(Masi et al. 2015a, b), is found in oxidized olive oil (Mo-

rales et al. 2013).

EVOOs groups are characterized by three protonated

masses. The measured protonated mass m/z = 81.070, TI

as trans-2-hexenal or terpenes fragment (Infantino et al.

2015), derives from LOX cascade by splitting of linolenic

acid (Angerosa et al. 2004); the measured protonated mass

m/z = 83.086, TI as a C6 fragment was related to the

hexanal family (Park et al. 2013); the measured mass m/

z = 99.080, TI as cis-3-hexenal (Taiti et al. 2014), has

been found in olive oils as one of the most important VOCs

derived from fatty acid degradation by the LOX pathway

(Angerosa et al. 2004). It should be noted that the com-

pounds maximizing the separation of the different samples

belonging to the VOOs group were related to negative

olfactory notes perceived in defective olive oils, and

attributed to hexogen to fruits biological activity or gen-

erated by chemical oxidation. The analysis shows also that

two EVOOs sub-groups (the B and C clusters highlighted

by the hierarchical clustering) are separated from group A

(VOOs) by a relevant presence of VOCs generated by LOX

pathway and generally related to positive sensory

attributes.

Finally, to obtain a recognized grading marker for VOO/

EVOO, a color-coded map was built (Table 4), reporting

the intensity of the protonated masses m/z = 47.049, m/

z = 61.028, m/z = 75.044, m/z = 89.059, m/z = 127.110,

Table 4 Color-codified heat

map concerning relative level of

intensity (ncps) for four

defective masses in each

sample. Numbers from 1 to 18

are associated to the samples as

reported in Table 1. Colors from

www.ColorBrewer.org by Cyn-

thia A. Brewer, Geography,

Pennsylvania State University

Nature of the data: sequential 
Type of scheme: sequential 
Color scheme: multi-hue 
Color name: YlOrRd
Number of colors: 9
Color num RGB CMYK HEX Color Patch

1 255,255,204 0,0,20,0 #ffffcc
2 255,237,160 0,7,35,0 #ffeda0 
3 254,117,118 0,15,50,0 #fed976
4 254,178,76 0,30,65,0 #feb24c
5 253,141,60 0,45,70,0 #fd8d3c
6 252,78,42 0,70,75,0 #fc4e2a 
7 227,26,28 10,90,80,0 #e31a1c
8 189,0,38 25,100,70,0 #bd0026
9 128,0,38 50,100,70,0 #800026
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were able to clearly distinguish VOOs from EVOOs among

the samples, characterized by high Pearson’s coefficients

with the off-flavors. The color scale was defined by the

sequential palette YlOrRd (multi-hue sequential color

scheme) with nine different color values (RColorBrewer

package, R 3.2.2.) autoscaled (zero mean and unitary

variance) by column (m/z). The threshold between the two

classes of EVOOs and VOOs is defined as follow: EVOOs

were characterized by color index always\4; VOOs were

characterized by at least one cell with color index C4. The

lower limit of the class four corresponded to the lowest

value of the whole matrix added of 1.5 s2, while the upper

limit corresponded to the lowest value of the whole matrix

added of 2 s2. Moreover it should be underlined that some

compounds that contribute to generate a defect in the olive

oil, are not perceived by the human olfactory and thus are

incorrectly assessed as EVOO. Therefore, the results

obtained in this study using a PTR-ToF-MS approach,

show a real possibility to use this method in routinely

operations for quality control at consumer level.

Conclusion

EVOO and VOO are the only vegetable oils directly edible

without any refinement and EVOO is more valued for his

superior organoleptic qualities. Through a legal Panel test

is assigned the commercial category mainly on the basis of

the odors (flavors and off-flavors) present in the evaluated

oil samples.

In this study, the PTR-ToF-MS spectral data, explored

by statistical analyses, were used to highlight the role of the

single VOCs potentially responsible of odours (flavor and

off flavor) and compared with the Panel Test results. By

Pearson’s correlation coefficients, eight protonated masses,

tentatively identified according to the current literature, can

be used to clearly distinguish EVOOs from VOOs, as the

Panel test did. Moreover, a correlation matrix demonstrates

the linkage mass-to-odor and, moreover, a color card

joining the intensity of the signal of 5 ‘‘defective’’ proto-

nated masses with each oil sample, permits to correctly

identify the qualitative categories as defined by the Panel

test. It is clear the need of deeper researches, but this

preliminary study of classification of different oil samples

by the PTR-ToF-MS has provided clear and promising

results, showing a real possibility to use this method in

routinely operations for quality control at consumer level.
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