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ABSTRACT

Over the last decades, olive oil quality and authenticity control has become an issue of great importance to
consumers, suppliers, retailers, and regulators in both traditional and emerging olive oil producing
countries, mainly due to the increasing worldwide popularity and the trade globalization of this product.
Thus, in order to ensure olive oil authentication, various national and international laws and regulations
have been adopted, although some of them are actually causing an enormous debate about the risk that
they can represent for the harmonization of international olive oil trade standards. Within this context, this
review was designed to provide a critical overview and comparative analysis of selected regulatory
frameworks for olive oil authentication, with special emphasis on the quality and purity criteria considered
by these regulation systems, their thresholds and the analytical methods employed for monitoring them.
To complete the general overview, recent analytical advances to overcome drawbacks and limitations of
the official methods to evaluate olive oil quality and to determine possible adulterations were reviewed.
Furthermore, the latest trends on analytical approaches to assess the olive oil geographical and varietal
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origin traceability were also examined.

Introduction

Olive oil is an economically important product in most of the
Mediterranean countries, where its production has longstand-
ing historical roots. Interest in this product has recently been
accentuated to a larger extent, both inside and outside the Med-
iterranean region, by various studies that have focused on dem-
onstrating its human health beneficial effects and its wide
culinary applications (Boskou, 2011). Large amounts of olive
oil are globally consumed every year; indeed, over 2.27 million
tons were estimated to be consumed from the olive crop of
2015-2016 (International Olive Council (IOC), 2015). It is also
important to highlight that the worldwide olive oil consump-
tion has steadily risen, achieving an average annual growth rate
of 2.7% between 1991 and 2012 (IOC, 2014).

In parallel to this quantitative expansion of olive oil consump-
tion, there has been an intensification of the consumer interest in
high-quality oil and some labeled olive oil categories, such as
organic olive oil and oils with certified geographic indications or
declared as monovarietal (Di Vita et al., 2013). Keeping in mind
that consumers are willing to pay higher prices for these categories
of olive oil, the price achieved in the market for these products is
often remarkably high, which makes them prone to suffer adultera-
tion and mislabeling practices (Garcia et al., 2013). For this reason,
olive oil authentication issues are, actually, topics of prominent
importance, not only for consumers, but also for suppliers, retailers,
regulatory agencies, and administrative authorities. In this regard, it

seems interesting to mention the four-year EU project “OLEUM?”,
founded by H2020 programme (http://cordis.europa.eu/project/
rcn/204671_enhtml), and coordinated by Prof. Tullia Gallina
Toschi of the University of Bologna (Italy), which started on
1st September 2016. OLEUM project will focused on the devel-
opment of new analytical methods as well as on the improve-
ment of the existing protocols for detecting olive oil fraud and
for assuring its quality, discussing legislative and harmoniza-
tion aspects pursuing improvements to international
regulations.

In a broad sense, the concept of “authentication” refers to the
control of different kinds of fraudulent practices, including adul-
teration, mislabeling, and misleading origin, among others
(Aparicio et al., 2013a; Gallina Toschi et al., 2013). Indeed, as
illustrated by Figure 1, because of the large number of olive oil
categories that can be produced, extra virgin olive oil (EVOO),
which is the olive oil top grade, is more susceptible of adultera-
tion practices, being the most common one the addition of other
olive oils of lower commercial value and/or seed oils, such as
sunflower, soybean and hazelnut oils (De Oliveira and Catharino,
2015). Furthermore, the guarantee of olive oil authentic and reli-
able geographical and varietal origins is another subject of con-
cern for the olive oil sector (Dias et al., 2014).

Traditional strategies to control olive oil adulteration and
guarantee its quality are relied on the analytical determination of
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Figure 1. Flow diagram of olive oils and olive-pomace oils categories production steps, stressing possible adulteration types ((1) adulteration of olive oils produced on
specific territory/under geographical indication certification; (2) adulteration of monovarietal olive oils with varieties blend olive oils; and (3) addition/mixture of EVOO

with other olive oils and olive-pomace oils).

various quality and purity parameters in the evaluated material
and the subsequent comparison of the obtained value(s) with
those established as thresholds by the standard regulations. In
this context, olive oil authentication is governed by specific regu-
lations that define standards and criteria for classifying it, and
give a comprehensive description of the analytical methods for
assessing its quality and testing its authenticity. Nowadays,
extensive regulatory frameworks have been laid down by differ-
ent national and international organizations, such as: United
States Department of Agriculture (USDA) standards (USDA,
2010), Californian State regulations (California Department of
Food and Agriculture, 2014), Australian standards (Standards
Australia, 2011), European Commission standards (EEC, 1991),
Codex Alimentarius (Codex) regulations (Codex, 1991) and
IOC standards (I0C, 2016). Those from IOC have always been
the most widely used for olive oil standards grading all over the
world, since they are drawn up and updated on the basis of IOC
olive oil records and databases of the countries which are mem-
bers of this council, which covers the vast majority of the global
olive oil production. Nevertheless, although considerable efforts
are dedicated to continuously update and amend IOC regula-
tions in order to make them evolve at the same rhythm as the
constant analytical innovations as well as the sophisticated
fraudulent practices, currently, there is a very active global
debate about olive oil standards setting and the effectiveness of
official analytical methods (Aparicio et al., 2013b).

The starting point for establishing threshold values of olive
oil quality and purity criteria is to know in depth the regular

and usual olive oil physico-chemical characteristics and com-
position; in other words, it is necessary to verify what the
“normal values” are. However, it is important to be aware
about the fact that these properties can greatly vary in oils
coming from the same country (even more if they come from
different countries), depending on various factors such as vari-
ety, pedoclimatic conditions, ripening, extraction system and
storage conditions, among others (Dabbou et al, 2010). In
this sense, considering the fact that not all IOC countries
members have developed proper and comprehensive databases
for their olive oil, and the spreading of olive tree (Olea euro-
paea L.) cultivation and oil production outside the Mediterra-
nean region (the historical region of cultivation of Olea
europaea L.), some studies have reported that certain IOC reg-
ulation limits cannot be fulfilled by some olive oils produced
in various regions or countries (Ceci and Carelli, 2007; Bajoub
et al., 2015). Consequently, some olive oil producing countries
are requesting the revision of certain limits fixed by the IOC
standards. Moreover, the above-mentioned debate also
includes olive oil quality criteria, as some emerging olive oil
producing countries, especially Californian State, suggests to
modify the threshold for some parameters, such as free fatty
acids (FFAs) and peroxide values (PV) (California Depart-
ment of Food and Agriculture, 2014), whereas other countries,
like Australia, New Zealand, and Californian State consider in
their standards the measurement of new quality parameters,
such as pyropheophytins (PPPs) and the 1,2-diacylglycerols
(1,2-DAGs) as indicators of olive oil freshness (Standards
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Australia, 2011; California Department of Food and Agricul-
ture, 2014).

When the official analytical methods for olive oil authentic-
ity assessment are considered, it is necessary to face a number
of challenges that can be broadly categorized into three key
areas. The first is associated with the characteristics of conven-
tional analytical methods used for the official control of olive
oil quality and authenticity. Indeed, most of these methods are
highly empirical, time consuming, require the use of organic
solvents, generate wastes and their accuracy is strongly depen-
dent on reproducing very literally the operating instructions of
the standardized procedure (Dais and Hatzakis, 2013). The sec-
ond is associated with some limitations that the conventional
methods for olive oil adulteration control exhibit, such as their
inability to identify the nature of the adulterant agent, their inef-
fectiveness at low adulteration levels, as well as their difficulties
in the detection of some adulterants such as hazelnut oil, which
present great similarities to olive oil regarding the triacylglycer-
ols (TAGs) and fatty acid (FAs) composition (Zabaras, 2010).
The third challenge is linked to the lack of a standardized work-
flow, which would allow monitoring olive oils labeled with a
declaration of production within a specific region (geographic
indications) or certified as monovarietal olive oils.

In order to overcome the aforementioned limitations,
researchers in olive oil authentication field are continuously
working for the development of more robust, efficient, sensitive,
rapid and cost-effective analytical methodologies to guarantee
the quality, authenticity, and geographic and varietal origins
traceability of this valuable matrix, promoting the recent techno-
logical progress in the analytical field (Valli et al., 2016).

Thus, in view of all the stated above, the present review paper
aims to give an overview on the current state-of-the-art of the
most relevant regulatory standards for olive oil authentication,
highlighting their differences and discussing their effectiveness,
limitations, and the future perspectives of the analytical methods
used to carry out the official controls. The paper is structured in
two main parts: in the first one, the quality and authenticity indi-
ces—required for officially assessing the quality of olive oil and
performing its adulteration control—are introduced and their
legal thresholds are made explicit and discussed, comparing the
values established by the most relevant national and interna-
tional olive oil authentication legislations. The regulations
reviewed herein, were selected on the basis of the importance of
the contribution of the countries adopting these systems to olive
oil worldwide trade. Furthermore, in this part of the paper, offi-
cial analytical methods used for the determination of these
parameters are outlined. The second part of this contribution
focuses, however, on recent developments and applications of
modern instrumental analytical techniques to ensure olive oil
quality and authenticity, as well as the trends and advances on
olive oil geographical and varietal origin traceability.

Olive oil regulatory frameworks: A comparative
analysis

The international olive oil market can be considered, as one of
the most worldwide regulated markets, in particular because of
the existence, for a long time, of international standards (IOC
and Codex standards), and European standards (EEC (No
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2568/91 of 11 July 1991 on the characteristics of olive oil and
olive-residue oil and on the relevant methods of analysis and
subsequent modifications)) which regulate the European Union
olive oil sector that represents more than 76% and 69% of olive
oil production and consumption, respectively (IOC, 2014).
However, the globalization of this sector, the emergence of new
olive oil producing countries outside the Mediterranean area,
and the rise of olive oil consumption in non-traditional olive
oil markets, are among the factors that recently stimulated the
interest in setting national standard regulations in some of
these new producing countries. Some of these regulations are
the following: the “United States standards for grades of olive
oil and olive-pomace oil” adopted by the USDA in 2010
(USDA, 2010); the “Olive oils and olive-pomace oils Australian
standards” adopted by Australian government in 2011 (Stand-
ards Australia, 2011), and, most recently, the “Grade and label-
ing standards for olive oil, refined-olive oil and olive-pomace
oil” approved on 2014 by the Department of Food and Agricul-
ture of the State of California (California Department of Food
and Agriculture, 2014). However, from the beginning, the
emergence of these regulatory standards is prompting a lively
debate about their utility, the risk that can represent for the
harmonization of the international olive oil trade standards
and the need to consolidate efforts to bring major coherence
and clarity of olive oil grading and authentication.

Nevertheless, in spite of the differences that can be observed
between the above-mentioned olive oil regulations, their basic
form remains quite similar. It consists of a description of olive
oil grades, and a list of quality and purity criteria, highlighting
their threshold values. Furthermore, references for food addi-
tives, contaminants, hygiene, and methods of sampling and
analysis can be found in these legislations.

Olive oil legal designations and grades

In general, the above-mentioned olive oil regulatory standards
gather the various types of oils that can be obtained through
olive fruits extraction, on two main categories:

- Olive oil: representing the oil obtained solely from the fruit
of the olive tree and excludes oils obtained using solvents or
mixture of other type oils. It includes two main types of
oils: virgin olive oils (also called “natural olive oils” in Aus-
tralian regulations) which correspond to those oils obtained
from the fruit of the olive tree solely by mechanical or other
physical means under conditions, particularly thermal con-
ditions, that do not lead to alterations in the oil, and which
have not undergone any treatment other than washing,
decantation, centrifugation and filtration; and oils obtained
from virgin olive oils by refining methods.

- Olive-pomace oils: comprising oils obtained by treating
olive pomace (the solid by-product remaining after the
mechanical extraction of olive oil) with solvents or other
physical treatments, excluding the oils obtained by syn-
thetic processes or by re-esterification processes and mix-
ture with oils of other kinds.

Each one of these categories includes various oil grades, clas-
sified according to specific quality criteria fixed by each one of
the previously mentioned olive oil regulatory standards
(Table 1). Thus, the category of virgin olive oils is divided in two
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Table 1. Comparative analysis of the threshold values of physico-chemical (Free fatty acid content (FFAs in % of oleic acid), Peroxide value (PV expressed in meq O,/kg
oil), Ultraviolet-specific extinction coefficients (Kys,, Kaes or Ky70, and AK), Free fatty acids ethyl esters content (FAEEs in mg/kg), Pyropheophytins content (PPPs in %) and
1,2-diacylglycerol (1,2- DAGs in %)) and sensory (median of olive oil fruitiness (MeF) and defects (MeD)) quality parameters fixed by the different reviewed olive oil regula-

tory systems.

Physico-chemical quality parameters

Sensory evaluation

K268
FFAs PV K  or AK  FAEEs PPPs 12-DAGs MeD MeF
K270
10C <35
Codex N/C
o N/C
S EU <08 <200 =250 _ 0 ooy S35 0 =00
> < 0. < /0. )
2 s N
<17 =35
CAF <05 <150 <240
10C N/A 0<Me<35
% Codex N/C 0<Me<25
o
¢ g EU S200 500 <260 <025 <po1/ VA 0<Me=3.5 4o
= > USDA
= AUS N/C A 0<Me<25
B CAF <1.0
- 8 10C N/A 3.5 <Med <6.0
o <33 <200 NA <030 </0.01/ N/C N/A
. 2 Codex N/C 25<Me<6.0
S 10C >33 Me > 6.0
z o EU N/A N/A N/C Me>35
S S uspa  >20 Me>25  N/A
2 AUS >0.01/  N/C
CAE S1o P00 2260 025 e N/A Me > 2.5
10C N/A
o g%d‘”‘ Eﬁ N/C N/A
S yspa  S0F S50 NA <110 </l N/A
AUS N/C
CAF N/A <25
10C N/A
f:%d"x o Eﬁi N/C N/A N/A
2 UsbA <150 N/A <090 <015/
AUS N/C
CAF <0.8 N/A <25 >0.0
10C N/A
Codex Ne N/C N/A N/A
« g EU SO 50 NA <170 <spoas VA
= S  USDA =1 =170 =0
3 AUS N/C >0.0
g CAF <08 A =23 N/A
g 10C N/A
z o g%dex E;i N/C N/A
(-9
S S usoa <03 <50 NA <20 </0.20/ N/A
AUS N/C
CAP N/A <25

N.B:

- In all the tables presented in this paper, the used abbreviations are listed in the Abbreviations section at the end of the paper.
- COPO has not been included in this table because no limit, for none of the quality parameters, was fixed by the regulatory systems reviewed in this study.

sub-categories, the first one including those oils fitting for direct
consumption, which are: EVOO, virgin olive oil (VOO) and
ordinary virgin olive oil (OVOO); and the second one consti-
tuted by lampante virgin olive oils (LVOO), also called lampante
olive oil, that is not fitting for direct consumption but gives rise,
after a refining procedure, to refined olive oil (ROO), and olive
oil (OO) (consisting of a blend of refined olive oil and virgin
olive oils). Furthermore, within the context of these legislations,

the category of olive-pomace oils is divided in three grades:
crude olive-pomace oil (COPO); refined olive-pomace oil
(ROPO) and olive-pomace oil (OPO). Figure 1 illustrates the
way to obtain the oils belonging to each one of the mentioned
categories. However, despite the similarities among the consid-
ered legislations regarding olive oil terminology of nomencla-
ture, some differences can be revealed. In particular, the OVOO
category is just considered by the IOC and Codex legislations
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(indeed, regarding EU Regulation, the ordinary virgin olive oil
category has been deleted since 2001 with the regulation EU
1513/2001); Codex does not consider the LVOO and COPO cat-
egories; the LVOO category is denominated “crude olive oil” in
the regulation standards adopted by the Department of Food
and Agriculture of the State of California, and both this standard
legislation and the Australian Standards use the terms crude
olive-pomace oil, refined olive-pomace blend, and refined olive-
pomace oil for designating the three categories of olive-pomace
oils. Therefore, the existence of the described heterogeneous ter-
minology will likely cause certain confusion.

Olive oil quality criteria

The comprehensive official quality control of olive oil requires
both diverse analytical determinations and a sensory evalua-
tion; the analytical determination of a considerable number of
physico-chemical parameters considered as indicator of hydro-
lytic modification, oxidation, and freshness status of olive oil
has to be carried out, and furthermore, the evaluation of its sen-
sory quality by a panel test recognized by the standardizing
body is also needed. Table 1 summarizes the most frequently
required physico-chemical and sensory quality indices, as well
as their threshold limits according to the regulatory legislations
considered in this paper. They mainly include:

- Content of free fatty acids (FFAs): these compounds are
the product of TAGs hydrolytic degradation that can
occur, during olive oil manufacturing process and storage,
due to the action of enzymes (lipase) naturally present in
the olive fruit and/or caused by enzymes produced by
micro-organisms which grow on the fruit (De Oliveira
et al., 2010). Olive oils obtained from healthy fruits,
regardless of the cultivar, processed just after harvesting,
often show very low FFAs content. Official method for
the determination of FFAs content (International Organi-
zation of Standardization (ISO) 660 (ISO, 2009a) and
American Oil chemists Society (AOCS) Cd 3d-63 (AOCS,
1999)) is based on acid/base titration using potassium
hydroxide with phenolphthalein as an indicator, and the
results are reported as percentage of oleic acid.

All considered regulatory olive oil legislations establish
an upper limit for distinguishing olive oil commercial cat-
egories according to FAAs content. However, some differ-
ences can be observed considering these limits (Table 1).
Indeed, as far as virgin olive oils category is concerned,
the Californian regulation indicates lower FAAs content
limits for defining the different grades belonging to this
category. Thus, while 0.8% and 2.0% are the limits fixed
by I0C, EU, Codex, USDA and Australian standards for
EVOO and VOO grades, respectively, the Californian reg-
ulation establishes 0.5% and 1.0%, respectively, as the
upper limits for defining the same categories. Other dif-
ferences that can be emphasized are that while EU, USDA
and Australian standards classify virgin olive oils with
FFAs content upper the limit of 2.0% as LVOO, this limit
is much lower in Californian regulation which considers
the oils with FFAs content upper 1.0% as LVOO. IOC reg-
ulation, however, fixed a higher upper limit (>3.3%) to
classify a virgin olive oil as LVOO. IOC and Codex
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standards are the only examples of regulations which set
the limit in 3.3%, so the oils with FFAs values below (or
equal) to that value will be considered as OVOO. With
regard to the remaining olive oils and olive-pomace oils
categories, the reviewed regulation systems require the
same FFAs content threshold (< 0.3%) for both ROO and
ROPO grades, whereas the Californian regulation indi-
cates lower FFAs content limit for defining the OO and
OPO (< 0.8%), comparatively to the other reviewed regu-
lation systems that establish an upper limit of 1.0%.
Peroxide value (PV): is an indicator of the primary oxida-
tion status of the olive oil, which can be calculated by
measuring the concentration of hydroperoxides, which
constitute the first compounds to be formed in the degra-
dation process of the olive oil unsaturated FAs. These
compounds are not stable; their value increases, reaches a
maximum and then decreases because of their further
degradation into secondary oxidation products (such as
ketones, aldehydes, and conjugated dienes) (Mariotti,
2014). The official method for the determination of PV
(ISO 3960 (ISO, 2007) or AOCS Cd 8b-90 (AOCS, 2003))
is based on the iodometric titration of iodine liberated
from potassium iodide after reacting with the peroxides
present in the oil samples. Results are expressed as millie-
quivalent of active oxygen per kilogram of olive oil (meq
0O,/kg oil). In general, PV upper limit established for olive
oil grading are the same on all the standard legislations
considered in the current study, with the exception of the
limits established by Californian legislation for the EVOO
(being 15 meq O,/kg the upper limit required by this leg-
islation, whereas the other legislations are a bit more per-
missive, fixing this limit in 20 meq O,/kg), and by
Australian and Californian legislations for the LVOO
(being 20 meq O,/kg the lower limit set by these legisla-
tions, while this parameter is not contemplated for LVOO
in the other regulations).

Ultraviolet specific extinction coefficients: convention-
ally indicated by K,;, and Kyes or K,70 and obtained by
the spectrophotometric measurements, in the ultraviolet,
of extinctions of the olive oil sample diluted in isooctane
or cyclohexane at the wavelengths corresponding to the
maximum absorption of the conjugated dienes and tri-
enes, respectively, at about 232 and 268 or 270 nm (ISO
3656 (ISO, 2011) or AOCS Ch 5-91 (AOCS, 1991a)).
Besides, the absorption around 270 nm could also be
caused by substances formed during earth treatment
(olive oil is treated with a decolorizing agent (i.e. an absor-
bent earth)) during the refining process. In addition to
these parameters, AK value is often calculated according
to the following equation: AK = K.y — [1/2(Kpaxt+4 +
Kiax—4)] where K., is the specific extinction at the
wavelength for maximum absorption at 268 or 270 nm.
The maximum allowed values of K,s,, Ky or Ky7 and
AK for the different grades of olive oils and olive-pomace
oils are included in Table 1. Some differences among the
considered regulatory systems can be found. Thus, for
EVOO, the maximum permitted values of K,3,, Kyss 0r
K70 (2.5 and 0.22, respectively) and AK (< /0.01/) are the
same for practically all the legislative standards. Likewise,
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when the VOO category is considered, all the reviewed
legislative standards require the same threshold values of
K332, Kaes or Kuzg (2.6 and 0.25, respectively) and AK (<
/0.01/). Moreover, in the case of LVOO, only Californian
and Australian legislations fix a limit for Kjs,, Kyes or
K,70, and AK (being >2.60, >0.25 for Ky3,, Kags 0r Kyyp,
respectively, in both legislations, whereas for AK the value
of /0.01/ is the upper limit in the Californian legislation
and the down limit in Australian regulation). In addition,
for OO, ROO, and OPO grades, no limit is fixed for K,3,,
being the limits for K,eg or K;79 and AK the same for all
the legislative systems taken into account (Table 1).

Content of fatty acid alkyl esters (FAAEs): this quality
criterion has been recently adopted by IOC and EU for
the assessment of EVOO quality. However, it is not con-
sidered by the other olive oil regulatory standards so far.
FAAE compounds result from the esterification of free
fatty acids with low molecular weight alcohols (mainly
methanol and ethanol) yielding methyl and ethyl esters
(Pérez-Camino et al., 2002; Boggia et al., 2014). The olive
oil content in terms of these compounds was related to
the health conditions of processed olive fruits. Indeed,
damaged olive fruits were reported to be susceptible to
undergo a hydrolytic process (lipolysis of TAGs with lib-
eration of FFAs) and fermentative degradations (pectin
demethylation and sugar fermentation), which create
appropriate conditions for the synthesis of FAAEs (Bie-
dermann et al., 2008). Furthermore, olive fruits storage
before processing was reported to be a factor that
increases the formation of these compounds. Other fac-
tors, such as inappropriate practices during oil extraction,
catalyze the esterification reaction which increases the
amount of these compounds in the obtained oils. In addi-
tion to their role as a quality parameter, FAAEs content
has been reported as a relevant tool for detecting EVOO
adulteration with low quality virgin olive oils, that have
undergone a mild deodorization treatment conducted at a
moderate temperature (<100 °C), which remove volatile
compounds that are responsible for their undesirable sen-
sory attributes (Pérez-Camino et al.,, 2008). With regard
to the analytical determination of FAAEs, the official
method (COI/T.20/Doc. No 28 (I0C, 2010a)) requires a
preliminary separation of these compounds from the oil
by means of a classical column chromatography, using sil-
ica gel as adsorbent, with hexane and ethyl ether as elu-
ents; then, the solvents are evaporated by a rotary
evaporator, and finally, the fraction containing the methyl
and ethyl esters is diluted with n-heptane or iso-octane
and analyzed by a gas chromatography (GC) system for
further identification and quantification purposes. IOC
and EU regulate both the content of fatty acid methyl
esters (FAMEs) and fatty acid ethyl esters (FAEEs). A
legal limit of 75 mg/kg for the sum of FAME and FAEE,
or superior than 75 mg/kg and inferior than or equal to
150 mg/kg for the sum of FAME and FAEE (if the ratio of
FAEE/FAME is below 1.5) was fixed for oils produced
over the crop season 2012/2013 EU Commission Regula-
tion No 61/(2011). However, from the crop season of
2013/2014, only FAEE content is considered, with a

maximum value of 40, 35, and 30 mg/kg for oils produced
during 2013/2014, 2014/2015 and 2015/2016, respectively
(EU Commission Implementing Regulation No 1348/
2013). After the crop season of 2016, the maximum value
of FAEEs for the EVOO grade is going to be lower than
or equal to 35 mg/kg (EU Commission Delegated Regula-
tion 2016/2095).

Content of pyropheophytins (PPPs): determination of
PPPs content is only required by Australian and Cali-
fornian standards for EVOO freshness evaluation.
PPPs are formed during olive oil extraction and stor-
age, due to the degradation of chlorophyll pigments
(pheophytinization and a certain degree of allomeriza-
tion). Chlorophyll breaks down to pheophytin a, then
converts to pyropheophytins a as a result of the loss
of the carbomethoxy group at carbon 13 (C13)(Apari-
cio-Ruiz et al,, 2010; Guillaume et al.,, 2014). The gen-
erated amount of pyropheophytins a remains small,
but their content in olive oil increases during the stor-
age depending on various factors, such as olive fruits
variety, ripeness, and seasonal conditions (Gallardo-
Guerrero et al., 2005). For this reason, the PPPs a con-
tent in terms of the ratio of pyropheophytin a divided
by total pheophytins a -which is independent of these
factors (Aparicio et al., 2013b)- was considered as a
freshness parameter of EVOO. The standard method
for the determination of PPPs content in olive oil
(ISO 29841 (ISO, 2009b)) involves their separation
using a miniaturized column chromatography on silica
gel and chromatographic analysis using a reverse phase
liquid chromatography with a photometric or fluores-
cence detector. In both Australian and Californian
standards, as can be seen in Table 1, a legal limit of
17% of PPPs a is set for classifying a virgin olive oil
as EVOO.

1,2-diacylglycerols (1,2-DAGs): this is a quality and
freshness parameter just considered by Australian and
Californian standards for grading olive oil as EVOO. The
estimation of this parameter is made by calculating the
mass fraction ratio between 1,2-DAGs and the sum of
1,2-DAGs and 1,3-DAGs. DAGs are present in virgin
olive oils in low amounts (between 1% and 3%) as inter-
mediate products of the biosynthesis of TAGs (1,2-
DAGs) or as products of enzymatic or chemical hydroly-
sis of TAGs (1,3-DAGs) (Pérez-Camino et al., 2001). Dur-
ing storage, the 1,2-DAGs undergo isomerization, yielding
1,3-DAGs, that are more stable. Consequently, assessing
the amounts of these isomeric forms could be informative
about the age and the freshness of virgin olive oils. Cur-
rently, the official method for the determination of this
quality criterion (ISO 29822 (ISO, 2009¢)) includes the
separation of these isomeric forms on a silica gel chroma-
tography column, derivatization (sylilation), and GC anal-
ysis. To classify a virgin olive oil as an EVOO, both
Australian and Californian standards have set as mini-
mum level the value of 35% for the ratio between 1,2-
DAGs and the sum of 1,2-DAGs and 1,3-DAGs (Table 1).
Sensory quality: pleasant sensory characteristics of olive
oil are one of the main reasons for the acceptability and
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preference of consumers of this foodstuff. In addition, the
cultivation of various olive tree varieties in different pedo-
climatic conditions and the use of diverse agronomical
and technological techniques for olive extraction and pro-
duction are the main factors behind the existence, in the
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for every legislation (even if the fixed thresholds show some dif-
ferences). Nine purity criteria are considered; the limits for each
parameter in different grades of olive oils and olive-pomace oils
are given in Tables 2 and 3, respectively.

- Fatty acid composition (%): FAs are the main constitu-

olive oil market, of a myriad of olive oils with very distinc-
tive flavor characteristics. The official method for the sen-
sory evaluation of olive oil (COI/T.20/Doc. No 15 (I0C,
2007)) consists on a panel test method applied by a fully
selected and trained taste panel recognized by the regula-
tory body. The method determines the category of olive
oil according to the detection and intensity of sensory
positive and negative attributes in the analyzed oil. Fruiti-
ness, bitterness and pungency are sensory positive attrib-
utes determined by the panelists; whereas fusty-muddy,
mustiness-humidity, winey-vinegary, frostbitten olives
and rancid constitute the main defects. The panelists
provide an intensity value of each attribute, and then the
median values of olive oil fruitiness (MeF) and of the
most perceived defect (MeD) are calculated. Finally, each
grade of olive oil is defined according to the obtained
results (Table 1). Thus, when no negative attributes are
detected, and the MeF is superior to zero, all the regula-
tory standards classify the virgin olive oil as EVOO. How-
ever, some differences exist among these regulatory
systems regarding the sensory evaluation of the other cat-
egories. Indeed, in the case of VOO grade, IOC and EU
standards fix a maximum value of MeD of 3.5; whereas
the other standards trades demand lower values (lower
than or equal to 2.5). USDA, Australian and Californian
standards classify all olive oils with a MeD superior to 2.5
as LVOO (also, in the case of USDA regulation, an olive
oil is classified as LVOO when MeD is less than or equal
to 2.5 and the MeF is equal to 0). EU standards, however,
consider a higher value (3.5) (or when MeD is less than or
equal to 3.5 and the MeF is equal to 0), and the IOC
standards threshold is much higher for the LVOO cate-
gory (value of MeD superior to 6 is established). Both
IOC and Codex are the only ones defining olive oils with
MeD value between 3.5 and 6 (or when MeD is less than
or equal to 3.5 and the MeF is equal to 0), and between
2.5 and 6 (or when MeD is less than or equal to 2.5 and
the MeF is equal to 0), respectively, as OVOO. For the
other categories, mainly ROO, OO, OPO, and ROPO, the
Australian and Californian standards are the only ones
which set a limit value of MeD (2.5) for defining these
grades. However, for the COPO category, neither regula-
tory trade limits of MeD nor MeF have been established.

Olive oil purity criteria

In accordance with the regulations concerning olive oil authen-
tication, the olive oil genuineness is defined by values with the
lowest and/or highest limits for the content of the selected
purity criteria specified by these legislations. Such criteria are
related to the amount of diverse groups of chemical compounds
in olive oil. In contrast to quality criteria for which some
parameters are not considered by all the reviewed olive oil
standards trades, the contemplated purity criteria are the same

ents of olive oil forming part of TAGs molecules. Olive oil
is characterized by the predominance of monounsatu-
rated (in particular, oleic acid), the low percentage of satu-
rated and a very low percentage of polyunsaturated FAs.
According to the official methods, these compounds are
evaluated by means of the analysis of methyl esters of FAs
using GC with flame ionization detector (FID) (prepara-
tion of methyl esters in accordance with AOCS Ce 2-66
(AOCS, 2009) or ISO 5509 (ISO, 2000) or COI/T.20/
Doc.24 (I0C, 2001a), and analysis of these compounds by
GC-FID according to ISO 5508 (ISO, 1990) or AOCS Ch
2-91 (AOCS, 1991b)).

The limits of variability of the content of olive FAs of
olive oils and olive-pomace oils, expressed as percentage
of total FAs, as set by the different reviewed regulations
are reported in Tables 2 and 3. From these Tables, it can
be seen that such limits are consistent for each category of
olive oils and olive-pomace oils with the exception of
behenic acid for which the upper limit is a bit higher for
olive-pomace oils category (0.3%) in comparison with
olive oils categories (0.2%). The first remarkable observa-
tion that can be revealed when analyzing data from
Tables 2 and 3 is that in contrast to Australian, I0C,
Codex, EU, and USDA regulations that include the con-
tent of 13 FAs as purity criteria, in Californian legislation
only the determination of the content of 6 FAs (myristic,
heptadecenoic, stearic, arachidic, behenic, and lignoceric)
is mandatory. Besides, as shown in these Tables, the per-
centages of some FAs (palmitic (C16:0), palmitoleic
(C16:1), oleic (C18:1), linoleic (C18:2) and stearic
(C18:0)) are expected to vary within a quite large range,
whilst the other FAs (myristic (C14:0), heptadecanoic
(C17:0), heptadecenoic (C17:1), linolenic (C18:3), arachi-
dic (C20:0), eicosenoic (C20:1), behenic (C22:0) and
lignoceric (C24:0)) are found at lower levels than 1.5%
and only their upper limits are established. In addition,
with regard to the value of the limits set by these regula-
tions (Tables 2 and 3), IOC and EU standards establish
the same limits for all regulated FAs, whereas some differ-
ences can be observed with the other regulation standards.
Thus, with the exception of C18:0, C20:0, C22:0, and
C24:0 FAs for which the same upper limits are fixed by all
the regulations considered by the current study, the
thresholds of the other regulated FAs show some differen-
ces. The disparity can be illustrated, for instance, with the
case of linolenic fatty acid; there no limit according to the
Codex and Californian regulations; however, IOC and EU
regulations establish a limit of 1%, whereas USA and AUS
standards set a higher limit (1.5%).

Fatty acids trans isomers content (%): the normal
arrangement of double bonds in unsaturated FAs in olive
oil is cis configuration. The presence of trans isomers
of oleic (trans C18:1), linoleic and linolenic acids
(C18:2T+C18:3T), in percentages exceeding the
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established limits (Tables 2 and 3), can indicate adul-
teration of virgin olive oils with hydrogenated seed
oils, ROO and OPO, among others (Aparicio et al.,
2013b). These compounds are determined in accor-
dance with COI/T.20/Doc. No 17 (I0C, 2001b), or
ISO 15304 (ISO, 2002) or AOCS Ce 1f-96 (AOCS,
1996a). Concerning the upper limits fixed for these
parameters, all the reviewed regulations consider the
same values.

Difference between actual and theoretical content of
triacylglycerols (AECN42): in contrast to many seed oils,
the chemical composition of olive oil shows an abundance
of TAGs with equivalent carbon number (ECN) 44, 46,
48, and 50, whereas TAGs with ECN40 and ECN42 are
absent or found at trace amounts (Angerosa et al., 2006).
Therefore, the determination of the difference between
the experimental values of TAGs ECN42 obtained by
HPLC with refractive index detector and the theoretical
value (ECN 42 theoretical) calculated from the fatty acid
composition by GC-FID is used to detect blends of virgin
olive oils with unsaturated oils. This parameter is deter-
mined according to COI/T.20/Doc. No. 20 (IOC, 2010b)
or AOCS Ce 5b-89 (AOCS, 1989). All the reviewed regu-
lations establish the same values as upper limit (Tables 2
and 3) for each one of the olive oils and olive-pomace oils
grades defined by these regulations.

Sterols: these compounds constitute one of the main
chemical classes of the olive oil unsaponifiable fraction.
The determination of olive oil sterol total content as well
as its individual composition (content of cholesterol, bras-
sicasterol, campesterol, stigmasterol, A7-stigmastenol and
apparent f-sitosterol (the sum of contents of A5,23 and
A5,24 stigmastadienols, clerosterol, B-sitosterol, sitosta-
nol, and A5-avenasterol), is required by some trade stand-
ards to detect possible adulteration of olive oil with
foreign oils (Youseft et al., 2014). Official methods for the
analysis of sterols in olive oil (COI/T.20/Doc. No. 10
(I0C, 2001c), or ISO 12228 (ISO, 1999a) or AOCS Ch 6-
91 (AOCS, 1991c¢)) involve several steps. First, olive oil
saponification is required for the separation of saponifi-
able and unsaponifiable fractions, then separation by
thin-layer chromatography on silica gel plates and deriva-
tization of the sterols have to be carried out. The sterols as
trimethylsilyl derivatives are identified and quantified,
afterwards, by means of a capillary GC-FID platform.

As can be seen in Table 2, concerning the total sterols
content in olive oil categories, Californian regulation is the
only one that establishes no limit for grading olive oils into
EVOO, VOO and LVOO categories, while the other regu-
lations set a minimal value of 1000 mg/1000 g. Regarding
the ROO and OO categories, all the considered regulations
set a minimal value of 1000 mg/1000 g. In the case of pom-
ace oils, all the reviewed regulations fix the same minimal
values (Table 3). Besides, when the individual sterols con-
tent are considered, some differences can be found for
both olive oils and olive-pomace oils categories. Within
this context, as noticed for FAs composition, Californian
standards is the only one requiring the determination of a
restricted number of sterol compounds (specifically two

compounds: brassicasterol and stigmasterol) (Tables 2 and
3). Thus, IOC, EU and Codex regulations consider the
same values for all the regulated compounds; however,
USDA, Californian and Australian standards show some
differences as can be observed in the tables. For example,
Codex, EU and IOC regulations fix an upper limit of 4.0%
for the campesterol content, and a decision tree is pro-
posed to verify the authenticity of oils having contents
between 4 and 4.5%. However, USDA regulations fix the
maximum content for the campesterol on 4.5% (even
though it requires the authentication of the oils showing
content between 4 and 4.5%); Australian regulation allows
higher content for this compound, 4.8%; and no limit is
established by Californian regulation.

Triterpene dialcohols (sum of erythrodiol and uvaol):
they are also part of the unsaponifiable fraction of olive
oil and their determination is usually carried out together
with the sterol fraction. These compounds are mainly
found in the fruit skin, so that they are detected at higher
concentrations in pomace that undergoes solvent extrac-
tion (Habib et al., 2015). For this reason, percentage of
erythrodiol and uvaol in relation to those of sterols is con-
sidered as a suitable authenticity index to detect possible
fraudulent admixtures of virgin olive oils with olive-pom-
ace oils. As shown by Tables 2 and 3, all the reviewed reg-
ulations fix a value of 4.5% as the maximum content for
virgin olive oils, ROO and OO on erythrodiol and uvaol,
except for Californian regulation which establish no limit.
In the case of olive-pomace oils, both Codex and Califor-
nian regulations establish no limit for grading tested oils,
whereas the remaining standards legislations fix the same
value (>4.5%).

Wax esters: they are a group of esters of FAs and long-
chain aliphatic alcohols accumulated in the skin of olive
fruits and, therefore, they are found in considerably
higher amounts in olive-pomace oils than virgin olive oils
(Tena et al.,, 2015). Hence, wax content is used to detect
virgin olive oils adulteration with olive-pomace oils. Fur-
thermore, this determination can be used as a quality
parameter, considering total aliphatic alcohols content
and/or the sum of erythrodiol and uvaol. In the unsaponi-
fiable fraction of olive oils, three classes of waxy com-
pounds can be detected: waxes with chain lengths lower
than 40 (C36 and C38), others as C40 and C42, and waxes
with 44 or more carbon atoms (C44 and C46). The official
methods for the determination of wax content (COI/T.20/
Doc. No. 18 (IOC, 2003a) or AOCS Ch 8-02 (AOCS,
2002)) are based on their separation from the olive oil
unsaponifiable fraction by silica gel chromatography and
analysis by capillary GC-FID. The waxes content is
expressed as the sum of C40, C42, C44 and C46 waxes;
however, in the case of EVOO and VOO, I0C and EU
just consider the C42, C44 and C46 waxes and establish a
maximum value of 150 mg/kg (Table 2). For the other cat-
egories, similar values are established by all the reviewed
regulations.

Total aliphatic alcohols content: these compounds
are found at significantly higher concentration
levels in olive-pomace oils than in virgin olive oils
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(Gandul-Rojas and Minguez-Mosquera, 2006). The
main aliphatic alcohols components detected in the
unsaponifiable fraction of virgin olive oils are docosa-
nol (C22), tetracosanol (C24), hexacosanol (C26), and
octacosanol (C28). Other aliphatic alcohols, such as
tricosanol (C23), pentacosanol (C25), and heptacosanol
(C27) are present in low amounts. The standard meth-
odology for the determination of aliphatic alcohols
(COI/T.20/Doc. No. 26 (IOC, 2003b)) includes their
separation from the oil unsaponifiable fraction by
chromatography on a basic silica gel plate and their
analysis and quantification by using GC-FID with a
capillary column. The total content of these com-
pounds (expressed by the sum of the concentrations of
individual aliphatic alcohols), in combination with
other purity parameters (erythrodiol and uvaol, and
wax content) is used to distinguish the presence of
LVOO and olive-pomace oils in virgin olive oils. All
the reviewed standards regulations consider an olive
oil as LVOO when the wax content is between 300
and 350 mg/kg, if the total aliphatic alcohol content is
<350 mg/kg or the erythrodiol 4+ uvaol content is
<3.5%. In contrast, if the total aliphatic alcohol con-
tent is >350 mg/kg, the erythrodiol4-uvaol content is
>3.5% and the oil shows a wax content between
300 mg/kg and 350 mg/kg, the sample will be consid-
ered as COPO.

Stigmastadienes: these compounds are formed in olive
oils during the refining process as a consequence of the
acid catalyzed sterol dehydration reaction in the course of
bleaching process, or during the deodorization process,
promoted by high temperatures (Crews et al., 2014).
Among these compounds, stigmasta-3,5-diene originated
from the dehydration of S-sitosterol is the most abundant.
Therefore, its determination in olive oils (COI/T.20/Doc.
No. 11 (IOC, 2001d), or ISO 15778-1(ISO, 1999b) or
AOCS Cd 26-96 (AOCS, 1996b)) by means of preparative
chromatography and the subsequent analysis by GC-FID
is an important indicator of the presence of refined oils in
virgin olive oils, even at very low concentrations (Cert
et al., 1994; Angerosa et al., 2006). Some differences can
be found regarding the limits set by the reviewed stand-
ards regulations in the case of EVOO and VOO categories
(Table 2). Indeed, while IOC and EU regulation establish
an upper limit of 0.05 ppm, the other regulations allow a
higher content (0.15 for Codex and USA regulations and
0.10 for Australian and Californian standards). For the
LVOO category, an upper limit of 0.50 ppm of stigmasta-
3,5-diene has been fixed by all the reviewed regulations.
For the remaining olive oils and olive-pomace oils, the
determination of this parameter is not required by any of
the reviewed regulations (Tables 2 and 3).

2-glyceryl monopalmitate (2P): this parameter character-
izes the percentage of palmitic acid at the 2-position of
TAGs by means of 2P evaluation. In virgin olive oils only
about 2% of the amount of the palmitic acid present is
bonded on position 2 of TAGs compounds, whilst in oils
artificially esterified the bonding with glycerol occurs in a
random manner and significantly increases that

CRITICAL REVIEWS IN FOOD SCIENCE AND NUTRITION 9

percentage. Therefore, the determination of virgin olive
oil content on 2P is used for the detection of admixtures
with esterified oils (Boskou, 2015). The concentration of
2P is determined in accordance with COI/T.20/Doc. No.
23 (I0C, 2006) or ISO 12872 (ISO, 2010), after hydrolysis
of TAGs by enzymatic digestion with pancreatic lipase
which only hydrolyzes the ester bonds in positions 1 and
3, leaving intact the bond in position 2 of glycerol. The
method also implies the separation by silica gel chroma-
tography, silanization, and the analysis with capillary GC-
FID. Limits adopted by IOC, EU, and USDA regulations
are the same for the olive oils and olive-pomace oils cate-
gories, with the exception of ROO and OO categories, for
which no limits are established by USDA regulation. In
these standards, the upper limit (%) of 2P is assigned
according the oil content on palmitic acid. In contrast, in
the other reviewed regulations (Codex, Australian and
Californian), the content on palmitic acid is not consid-
ered, and higher content of 2P is allowed (Tables 2 and
3). As can be also seen in these tables, in the case of Cali-
fornian standards, the content of 2P is only regulated for
oils from the categories ROO and OO.

Recent progress and trends in olive oil authentication

Given the drawbacks and limitations that some of the official
analytical methods used for the authentication of virgin olive
oils show regarding different aspects, a number of alternative
analytical methods and techniques have been suggested over
the past decade.

Advances in analytical methods to determine olive oil
quality indices

Considering the physicochemical olive oil quality criteria
(Table 4), for the determination of FFAs, several spectroscopic
methods, including Near-infrared (NIR) (Marquez et al., 2005;
Cayuela et al.,, 2009), Visible/Near Infrared (Vis/NIR) (Cayuela
Sanchez et al,, 2013; Garcia Martin 2015), Fourier transform
infrared (FT-IR) (Bendini et al., 2007) and Fourier transform-
Raman (FT-Raman) (Muik et al., 2003) have been proposed for
the determination of olive oil acidity reaching significantly
good results. Furthermore, others analytical techniques based
on flow injection analysis (FIA) in automated systems
(Bonastre et al., 2004), electrochemical methods using electrical
impedance spectroscopy detector (Grossi et al., 2014), enzy-
matic methods (Ben Rejeb and Gargouri, 2011) and capillary
electrophoresis (CE) (Balesteros et al., 2007) have been pro-
posed for the determination of virgin olive oil FFAs. Further
details about the recent analytical methods proposed for the
determination of olive oil FFAs content can be found in De Oli-
veira et al. (2010).

Besides, some papers have focused on the development of
analytical methods for the PV evaluation in virgin olive oils,
based on either direct or indirect measurement of hydroperox-
ides. They include the development and application of a direct
parallel flow injection multichannel spectrophotometric
method (Thomaidis et al., 2000), the use of electrochemical
sensors (Adhoum and Monser, 2008), the application of
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Table 4. Representative examples of recent analytical methodologies proposed for olive oil quality parameters determination.

Anal)'ftlcal Instrumental Data Main findings References
techniques measurements treatment
Real-time evaluation of olive oil FFAs with a standard error of prediction of =~ Marquez et al.,
PLS
0.999 2005
PLS Development of chemometric models with good predictive potential for Cayuela et al.,
NIR olive oil FFAs determination by directly measuring the fruit 2009
PLS Predictive models with good performance for the determination of PV, Inarejos-Garcia
g sensory attributes and others olive oil analytical parameters and compounds etal., 2013
=
E PLS Development, with good performances, of predictive models for the Cayuela et al.,
& determination of FFAs, PV, and conjugated dienes 2013
'§. Vis/NIR PLS, Improving accuracy of Vis/NIR chemometric models for olive oil FFAs Garcia Martin
2 MCUVE determination by using longer path lengths and long wavelengths of the
g . 2015
£ and SPA visible
;‘- ATR-FTIR PLS Development of predictive models with very good performances for rapid Bendini et al.,
El and accurate measurements of FFAs and PV 2007a
5 . . S e
2 FT-Raman PLS Developmc‘:nt of chemometric models with very good predlgtlve ability for Muik et al2003
= rapid and accurate measurement of olive and olive oil FFAs
- FT-NIR PLS Calibration model for free acidity of virgin olive oils with satisfactory Bendini et al.,
predictive ability was developed using partial least squares regression 2007b
Rapid determination of olive oil PV. Results were in agreement with results Pizarro et al.,
FT-MIR PLS, OLS obtained with the official standard method 2013a
FT-IR PLS Developed chemorr}etr.lc models allowed the de?termmatlon FAAES with an Valli et al. 2013
accuracy similar to the reference official standard method
Eﬂ % GC-FID ANOVA Solid-phase microextraction is an efficient alternative method for FAAEs Perez-Camino et
é £ ey preparation al.,2008
s E g GC-EI MS PCA and Discrimination between EVOO and low quality olive oils based on FAAEs Boggia et al.,
s & PBr direct determination and multivariate data analysis 2014
Electrophoretic CE ANOVA Ethanolic extraction of the long-chain FFAs followed by quantitative Balesteros et
techniques determination of oil FFAs by electrokinetic chromatography al.,2007
Electrical impedance NLR FFAs determma?lon Wlth a g(')od accuracy applying f:lectrlcgl conductance Grossi et al 2014
spectroscopy to olive oil emulsion with hydro-alcoholic solution
Method successfully applied to the measurement of olive oil PV with an Adhoum and
Electrochemical sensor ANOVA excellent agreement with results obtained with the official standard
Monser, 2008
procedure
Electro-chemical Determination of changes Determination of PV value with accuracy similar to official standard
methods . . & ANOVA methods. Evaluation of changes in the electrical conductivity values of the
in the electrical : . T . Yang et al.,2014
o and LR aqueous phase during the reaction of potassium iodide with the
conductivity value . N
hydroperoxides presented in oil samples
Opto-electronic system PLS Real time Determination of PV value with good accuracy Grossi et al.,2015
TDR PLS Predictive models for rapid determination of FAAES in olive oil samples Berardinelli et
with good accuracy with respect to official method al., 2013
Flow injection FIA 1 cqmbmatlon with On-line rapid and accurate chemical quality control of olive oil (FFAs, PV, = Bonastre et al.,
- a distributed expert ANOVA
analysis Ka3, and Ks77) 2004
system
Enzymatic - . . A
Enzymatic reaction. UV Determination of FFAs Wlth good accuracy by enzymatic oxidation of free Ben Rejeb and
ANOVA polyunsaturated fatty acids present in oil samples with lipoxygenase and .
methods spectrophotometry . . Gargouri, 2011
L spectrophotometric detection of the hydroperoxy-FAs produced at 234 nm
determination
L Chemiluminescent
ChemlLucl:mesce reaction of alkaline ANOVA Determination of PV value with excellent agreement with the results Tsiaka et
Spectroscopy luminol 'c.md the ' and LR obtained with the official standard procedure al.,2013
hydroperoxides of oil
H tral o
yperspectra . , .
imaging Hyperspectral image IS‘[/} AS SO(; Real time determination of PV value and FFAs with good accuracy Martlln ezzo?Slla ot
techniques Sensorsr an al.,
MLR
. The electronic tongue showed satisfactory correct prediction capability of Veloso et al.,
Electronic tongue LDA the overall intensity sensory perception of EVOO 2015
Biosensors Sliitrogécwl\iﬁs? 5 el\r/}se(i: Good reliability and discriminating power among olive oils of different
qupp Oxide PCA and quality (EVOO and LVOO) and among different intensities of fruity and Apetrei and
Semiconductor (MOS) LR rancid attributes. Results were in good agreement with those obtained by the = Apetrei, 2014

SENsors

official panel test method
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electrical conductivity methods (Yang et al., 2014), the use of
chemiluminescent methods (Tsiaka et al., 2013), the applica-
tion of stepwise orthogonalization of predictors to mid-infrared
(MIR) spectra (Pizarro et al., 2013a), the use of NIR spectros-
copy (Inarejos-Garcia et al., 2012), the utilization of an on-line
system based on hyperspectral information (Martinez Gila
et al.,, 2015) and an opto-electronic system (Grossi et al., 2015).

As far as the olive oil content on FAAEs is concerned, to
date, several analytical methods have been developed and
applied for the determination of FAMEs and FAEEs in virgin
olive oils. A solid phase extraction (SPE) using silica cartridges
was first proposed by Perez-Camino et al. (2008), trying to
achieve an efficient extraction protocol. Another analytical
approach combining the FT-IR screening of olive oil and par-
tial least-squares (PLS) analysis has been also applied to deter-
mine these compounds (Valli et al, 2013). Furthermore, a
rapid procedure based on the screening of FAAEs in virgin
olive oils using time-domain reflectometry (TDR) and PLS
analysis was developed and applied with noticeable success
(Berardinelli et al, 2013). An approach based on direct
thermo-desorbed and cryo-focalized in the cooled injector of a
gas chromatography coupled to electron impact mass spec-
trometry (GC-EI MS) can be also mentioned; the authors used
principal component analysis (PCA) data treatment (Boggia
etal., 2014).

Even though the illustrated examples of methods for the
determination of the physicochemical olive oil quality criteria
(Table 4) offer some advantages when compared to the conven-
tional analytical methods used by official regulations (they rep-
resent, in general, simple, efficient and nondestructive
methodologies), they also exhibit certain limitations, such as,
requiring expensive instrumentation, the need of frequent cali-
bration, the fact that most of the proposed methods have been
validated only on small sample-sets, and the circumstance that
the different procedures must be separately calibrated for dif-
ferent types of virgin olive oils. For these reasons, each one of
these alternative methodologies should be adapted taking into
account necessity, cost, accessibility, analysis time (number of
samples analyzed per hour), sample preparation requirements
(with or without previous treatment) and sensitivity, among
other features.

As far as the olive sensory quality evaluation is concerned,
various instrumental techniques have been proposed (Table 4),
mainly based on establishing the link or association between
virgin olive oil’s volatile compounds composition and its sen-
sory attributes (positive and/or negative). It is nowadays well-
known that numerous volatile compounds (with diverse molec-
ular weight, chemical nature, odor thresholds, and probably
present in olive oil at very low amounts) are distinctive to the
aroma, and hence, to the sensory quality of olive oil (Kalua
et al., 2007). However, owing to the complex chemical compo-
sition of the volatile fraction of virgin olive oils and the fact
that most of the volatile components are present in this matrix
at very low amounts, there is a need for highly sensitive analyti-
cal methods for the characterization and quantification of these
compounds. Therefore, a great number of analytical strategies
including chemical pre-concentration, separation and detection
techniques have been developed and applied to the olive oil
aroma characterization (Gomes da Silva et al., 2012). The
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combination of these analytical methods with multivariate data
analysis techniques has proved to be useful for the sensory clas-
sification of virgin olive oils. However, it is also necessary to
explain that in many papers that try to correlate the informa-
tion about the volatile fraction composition with negative and
positive attributes to classify virgin olive oils, the description of
this complex relationship is tentative, because no information
is often given about the odor threshold and activity of the iden-
tified compounds. Furthermore, in some instances, the aroma
attributes should not be associated to a single compound, since
they can result from the interaction of very similar odorants (in
terms of aroma and structural terms) present in olive oil at low
concentrations (even below their sensory threshold), but, in
certain cases, exerting a concerted action (Angerosa et al.,
2004). This challenging situation has opened up the way to the
application of new olfaction instrumentation, in particular GC-
olfactory (GC-0O), and chemical sensor technologies (electronic
tongue and noses), combined with multivariate data processing
methods, which have been used with considerable success to
classify olive oil according to their sensory quality (Sinelli et al.,
2010; Escuderos et al., 2011; Savarese et al., 2013; Veloso et al.,
2015).

Evolution of analytical methods to detect olive oil
adulteration

The rapid and reliable detection of adulteration (with a proper
degree of sensitivity and selectivity) is a very challenging issue
in the field of virgin olive oil authentication. Indeed, the tedious
and, sometimes, time-consuming procedures of the conven-
tional analytical methods approaches need to be improved or
replaced by faster and precise techniques. In this sense, during
the last decade, numerous analytical procedures (including
sample preparation, analysis, data acquisition and processing)
have been developed and proposed to control the adulteration
of virgin olive oil (Table 5). They have garnered general accep-
tance as powerful methods, offering some advantages such as
high separation efficiency and resolution, rapid analysis and
minimal consumption of reagents and samples, which make
them attractive alternatives to the conventional analytical
methods used, so far, for virgin olive oil adulteration control.
In this section, we have considered different method categories,
being the most relevant the following ones:

— Vibrational spectroscopic techniques: vibrational spec-
troscopic techniques based on both infrared and mid-
infrared absorptions (FT-IR, FT-MIR, NIR, and MIR)
and Raman scattering, have demonstrated their great
potential as promising tools to uncover olive oil adultera-
tion over the last years; they offer important advantages
over the conventional analytical methods used in this
area, in particular, regarding the needed volume of
reagents, rapid measurements and fast data acquisition,
relatively low cost, samples handling and their non-
destructive nature (analysis is performed directly on
intact samples or with only minimal sample preparation),
etc. Table 5 shows a selected number of applications of
vibrational-spectroscopy-based methods for virgin olive
oils adulteration control. As can be observed, these appli-
cations can be roughly divided into two broad categories.
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The first is mainly related to alternative applications to
conventional methods for the determination of some
purity criteria. The second category deals with the rapid
adulteration detection, identification of the type of adul-
terant and the quantification of this adulteration. In both
cases, given the nature of the data sets obtained (genera-
tion of typical spectra of analyzed samples), chemometric
techniques are usually required to develop predicting
models that correlate the complex spectra to the level of a
compound, class, or parameter to be predicted.

Belonging to the first category, vibrational spectroscopy
such as NIR (Galtier et al., 2007), MIR (Dupuy et al,
2010), FT-NIR (Azizian et al., 2015), Attenuated Total
Reflection Fourier Transfer Infrared (ATR-FTIR) (Mag-
gio et al., 2009), and Raman scattering (Korifi et al., 2011)
have been favorably applied to monitor the content of
FAs, trans FAs and TAGs in virgin olive oil samples
(Table 5). In these studies, the small estimation errors
achieved through the application of chemometrics to the
spectral data, demonstrated the quality of the developed
models and the suitability of these techniques to the
determination of these purity criteria of olive oil.

Furthermore, with regard to the second category of
applications of vibrational spectroscopy to virgin olive
oil adulteration control, a large number of studies
have been published over the last years about NIR
(Christy et al., 2004; Kasemsumran et al., 2005), Vis/
NIR (Mignani et al.,, 2011), MIR (Gurdeniz and Ozen,
2009), FT-IR (Lerma-Garcia et al., 2010; Rohman
et al,, 2015), ATR-FTIR (De la Mata et al., 2012; Aftab
et al, 2014), Raman (Lopez-Diez et al., 2003; Zou
et al.,, 2009; Zhang et al., 2011), Vis-Raman (El-Abassy
et al.,, 2009), and FT-Raman (Heise et al., 2005) spec-
troscopy. These techniques have been employed to
develop rapid and simple methods to detect adultera-
tions and to determine the nature and quantity of the
adulterant/s in the olive oil samples under study. The
application of statistical data evaluation allowed estab-
lishing approaches with high capability and great
potential to detect EVOO’s adulteration and identify
the adulterants’ nature (Table 5).

Nuclear magnetic resonance (NMR) spectroscopy:
NMR spectroscopy techniques (‘H, '>C, *>'P), have been
extensively utilized in virgin olive oil adulteration control,
both for quantitative analysis of some purity criteria and
for targeted or untargeted fingerprinting approaches.
These analytical approaches (considering the methodol-
ogy development, advances and applications in the field
of olive oil adulteration) have been comprehensively
described in various interesting critical review papers
(Mannina and Sobolev, 2011; Dais and Hatzakis, 2013).
The authors basically showed that NMR spectroscopy
techniques and the subsequent use of suitable chemomet-
ric techniques seem to be a simple, fast and powerful
approach for the quantitative analysis of olive oils TAGs,
trans and cis FAs and sterols. In the mentioned very inter-
esting papers, the authors also highlight that NMR can
apply fingerprinting approaches allowing the detection of
adulterants (low price olive oils or vegetable oils) in

EVOOs. The detection limit and the high discriminative
capability of the models developed using NMR and che-
mometric treatments suggest their use as plausible alter-
native to the official methods.

Mass spectrometry: various MS methodologies have been
established (not requiring prior separation) to be applied
for virgin olive oils adulteration control. When no chro-
matographic or electrophoretic previous separation is
coupled to MS, an overall mass spectrum of all the sam-
ple’s compounds may be obtained in a short analysis
time. In the studies employing direct infusion MS in this
field, electrospray ionization (ESI), atmospheric pressure
photoionization ion sources (APPI), and matrix-assisted
laser desorption/ionization (MALDI) have been used for
the detection and identification of the most common
EVOO’s adulterant vegetable oils, in particular hazelnut
oil. Within this context, Goodacre et al. (2002) used a
direct infusion ESI-MS approach combined with chemo-
metric treatments (PCA and cluster analysis (CA)); the
results were very promising and showed that the obtained
spectra generated very interesting information and
allowed a good discrimination between EVOO and adul-
terated oils without the need of any chromatographic sep-
aration. Using a similar approach, more recently, Alves
et al. (2013) demonstrated the suitability of combining
the spectral information achieved by ESI-MS with a che-
mometric data analysis using partial least squares dis-
criminant analysis (PLS-DA) for discriminating EVOO
from others vegetable oils commonly used as adulterants,
particularly OVOO, corn, sunflower, soybean and canola
oils. Most lately, besides applying PLS-DA to ESI-MS
data, PLS treatment was used to build predictive models
for the detection of EVOO adulteration with four adulter-
ant oils (soybean, corn, sunflower and canola) (Alves
et al., 2014). Furthermore, Gomez-Ariza et al., (2006)
described, in a comparative study, the potential of ESI-
MS and APPI-MS for the control of EVOO adulteration
with hazelnut oil; both methods seemed to be optimum
to virgin olive oil adulteration detection in short
time (approximately 1 min per sample). Alternatively,
approaches coupling FIA to time-of-flight mass spec-
trometry (TOF MS) equipped with a MALDI source have
been described, and their capability to detect EVOO adul-
teration with hazelnut oil has been evaluated (Calvano
et al,, 2010; Calvano et al.,, 2012). Chapagain and Wies-
man (2009) also proposed a worthy example, where a fin-
gerprinting method based on MALDI-TOF MS was
applied as reliable and fast strategy for the effective deter-
mination of FAs and TAGs composition in virgin olive
oil samples without any required derivatization. The
application of chemometric treatments to the obtained
data, allowed the authors to achieve the correct discrimi-
nation of the studied virgin olive oils from others com-
mon adulterant vegetable oils. An analytical methodology
based on direct analysis in real time coupled to high-reso-
lution time-of-flight (DART-TOF MS) and linear dis-
criminant analysis (LDA) as chemometric approach for
the data treatment that was also developed and success-
fully applied to differentiate non-adulterated EVOO from
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those adulterated with OPO, OO, and hazelnut oil (Vacla-
vik et al., 2009). Some other examples concerning the use
of MS as an appropriate tool for the EVOO adulteration
control can be illustrated, for instance, the potential of
combining headspace-mass spectrometry (HS-MS) and
chemometric analysis to detect adulteration of olive oil
samples with different levels of hazelnut oil (Pena et al,,
2005), sunflower and OPO (Lorenzo et al., 2002) has been
tested.

Even though these fingerprinting MS approaches rep-
resent attractive analytical alternatives to olive oil adulter-
ation control, especially for their minimal requirements
of sample preparation, no need of chemical derivatization
or chromatographic separation, short analysis time, and
their environmentally friendly nature, they obviously
show some drawbacks too. The major disadvantage of
MS based-techniques is that they are one of the most
expensive analytical techniques to be used (both in terms
of the initial investment and the subsequent maintenance
costs).

Chromatographic techniques: outstanding advances
have been made to fulfill the goal of improving the cur-
rent official analytical methods (based on chro-
matographic techniques (both HPLC and GC)) in terms
of sample preparation, instrumental analysis, data proc-
essing and interpretation for the efficient control of olive
oil adulteration. Some examples illustrating these
improvements are given in Table 5. Work has been
mainly made regarding sample preparation and selecting
powerful detection systems. Indeed, methods using SPE
prior separation of free and esterified sterols (Mathison
and Holstege, 2013), and wax (Pérez-Camino et al., 2012)
have been proposed. The main advantages of using SPE
are: relatively short preparation time, reduced solvent and
sample consumption, and the possibility of handling sev-
eral samples simultaneously. As mentioned above, the use
of potent detection systems such as MS, coupled to chro-
matographic separation techniques for the structural and
quantitative analysis of some VOO purity criteria has rep-
resent one of the growing areas. In this sense, Canabate-
Canabate-Diaz et al. (2007) proposed, for the first time,
the analysis of sterols and triterpenic dialcohols from the
unsaponifiable fraction of virgin olive oils, ROO, OPO
and COPO using a HPLC-APCI MS analytical platform,
obtaining a proper separation of cholesterol, stigmasterol,
B-sitosterol, sitostanol, campesterol, erythrodiol, and
uvaol. The same analytical platform was used to develop a
rapid and effective method for the characterization of
sterols and triterpenic dialcohols from the unsaponifiable
fraction of virgin olive oils (Segura-Carretero et al., 2008;
Zarrouk et al., 2010), allowing the structural characteriza-
tion and the quantification of the main sterolic and triter-
penic dialcohols compounds occurring in virgin olive oil
shortening substantially the sample preparation proce-
dure. By using similar approaches, some other authors
chose HPLC-APCI MS for the detailed characterization
of TAGs profiles of virgin olive oil and others vegetable
oils (Holcapek and Lisa, 2009); moreover, when PCA was
applied for the treatment of the obtained data, adulterated
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virgin olive oil with sunflower oil could be detected even
at a very low levels (1%). In like manner, a direct injection
HPLC-APCI MS/MS method was proposed for the char-
acterization of EVOO’s TAGs profiles, showing the
potential of the developed methodology when it is com-
bined to PCA, for the detection of EVOO’s adulteration
with soybean oil (Fasciotti and Pereira Netto, 2010). Fur-
thermore, over the last years, various fast and reliable
approaches based on fingerprinting methods (in either
targeted or untargeted mode using chromatographic tech-
niques, lonely or in conjunction with MS detectors, and
combined to chemometrics) were found to be valuable to
provide a solution to EVOO adulteration control. Among
these approaches, it is possible to mention as example the
use of sterols profile determined by liquid chromatogra-
phy with ultraviolet absorption detection and chemomet-
rics (PCA, hierarchical cluster analysis (HCA), and PLS-
DA) to build discriminative models which exhibited good
predictive capability allowing the correct classification of
virgin olive oils and other vegetable edible oils (Bagur-
Gonzalez et al.,, 2015); the use of TAGs profile, as deter-
mined by GC-MS, combined with chemometrics (genetic
algorithm partial least squares (GA-PLS), PLS and Soft
independent modeling of class analogies (SIMCA)) for
the identification and quantification of EVOO adultera-
tion with others vegetable oils (sunflower, corn, seeds, ses-
ame and soya) (Ruiz-Samblas et al, 2012); or the
quantification of virgin olive oil in blends with other vege-
table oils using a targeted fingerprinting approach com-
bining the TAGs profile determined by HPLC coupled to
a Charged Aerosol Detector (CAD) and chemometrics
(interval PLS (iPLS) and PLS) (De La Mata-Espinosa
et al, 2011). Some other examples regarding this topic
and the control of VOO adulteration using chemometrics
and chromatographic methods of TAGs profile can be
found in an interesting review authored by Bosque-Sen-
dra et al,, 2012.

Although the afore-mentioned studies provide eviden-
ces that advances in chromatographic techniques appear
to solve some drawbacks of the conventional methods
used to control olive oils adulteration, the exhaustive
overview of these studies also reveals some weak points
that make difficult their adoption as alternative methods
to officially guarantee VOO authenticity. Some of them
are: the fact that most of the studies used a limited num-
ber of samples; the analyzed oils are usually coming from
restricted geographical areas and belong to few varieties;
and the use of MS detectors, which increases the overall
method costs.

Other analytical approaches: a number of important ana-
Iytical methods have been developed and suggested for
virgin olive oils adulteration control purposes using other
emerging analytical techniques (Table 5). The following
are some pertinent examples:

Various genetic and deoxyribonucleic acid (DNA) based
techniques have been proposed as useful procedures for
the qualitative and quantitative determination of adulter-
ant vegetable oils and other lower-price virgin olive oils
and olive-pomace oils in EVOO (Rabiei and Enferadi
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2012; Ben-Ayed et al, 2013; Vietina et al, 2013). The
application of these techniques seem to provide some
advantages, such as increased specificity and sensitivity,
high durability of DNA molecules, as well as the fact that
they are independent from environmental conditions
(compared to other authenticity compounds) and show a
reliable performance with highly steady processed sam-
ples. Diverse molecular markers have been typically used
for VOO adulteration control, mainly simple sequence
repeats (SSR), amplified fragment length polymorphism
(AFLP), random amplified polymorphic DNA (RAPD),
inter-simple sequence repeats (ISSR) and single nucleo-
tide polymorphisms (SNP) (Ben-Ayed et al, 2013; Ou
et al., 2015). Various authors showed, however, that the
reliability and reproducibility of these methods are widely
conditioned by the quality of the DNA extracted from
studied oils. For this reason, tremendous effort has been
done to develop reliable and effective DNA extraction
methods (Raieta et al., 2015) and to extend the use of
polymerase chain reaction (PCR) to amplify the extracted
microsatellite markers (Wu et al., 2011; Vietina et al.,
2013).

- Electronic nose and electronic tongue technologies, in
combination with chemometrics, have been successfully
applied for the detection of adulteration of EVOO with
different kinds of olive oils, pomace oils and/or vegetable
oils (Mildner-Szkudlarz and Jelen 2010; Apetrei and Ape-
trei 2014).

- Thermal techniques: thermal properties (measured both
in cooling and heating regimes) of EVOO have been
reported to widely correlate with its chemical composition
(Chiavaro et al., 2007). In this context, olive oil FAs com-
position was successfully determined using an approach
that combine differential scanning calorimetry (DSC) and
PLS regression (Cerretani et al, 2011). Furthermore,
thermo-analytical techniques, in particular DSC, have
been suggested as a valuable tool to fight against olive oil
adulteration. Thus, Ferrari et al. (2007), and Van Wetten
et al. (2015) described DSC methods to authenticate olive
oils and other edible oils; Chiavaro et al. (2008a) devel-
oped a technique based on DSC to differentiate olive oils
of five distinct commercial categories, and to detect adul-
teration of EVOO with refined hazelnut oil (Chiavaro
et al., 2008b) and/or high oleic sunflower oil (Chiavaro
et al., 2009).

- Isotopic techniques: although the reported applications in
this category are, to date, limited, these techniques have
shown great potential for virgin olive oil adulteration con-
trol. Thus, methods such as: stable isotope ratio analysis
and C/"*C measured using elemental analyzer-isotopic
ratio coupled to MS, or determined by a gas chromatogra-
phy-combustion-isotopic ratio MS (GC/C-IRMS) have
demonstrated to be useful for detecting the adulteration
of olive oil with olive-pomace oils or with other vegetable
oils (Angerosa et al., 1997; Spangenberg, 1998)

- Electrophoretic techniques: analytical methods based on
capillary electrophoresis coupled to MS or ultraviolet
have demonstrated to be valuable and helpful tools to
guarantee the authenticity of olive oil and/or detect

adulteration with other oils (Sanchez-Hernandez et al.,
2011; Monasterio et al., 2013).

Trends and advances in analytical approaches to trace
the geographical and varietal origin of virgin olive oils

As stated in the first section, the geographical and varietal ori-
gin authentication of virgin olive oil remain not legally regu-
lated by official analytical methods. However, over the last
years, and due to the increasing interest of consumers for the
labeled geographical origin and monovarietal virgin olive oils,
tremendous efforts have been devoted to the development of
robust and reliable analytical strategies to verify their declared
varietal and geographical provenance. In this sense, differentia-
tion of virgin olive oil according to geographic origin and/or
variety has been performed by using mainly three strategies:
targeted analyses, the use of profiling approaches and the utili-
zation of more untargeted ones. The first one is based on iden-
tifying various olive oil’s compounds, determining their
content, and correlating the obtained data with the geographi-
cal and/or varietal origins. The second one includes the qualita-
tive and/or quantitative determination of a larger set of olive oil
compounds that are related, considering their chemical nature
and/or biosynthesis pathway. The third strategy implies the use
of fingerprinting approaches using a chemometric screening of
the whole sample fingerprint in order to identify key markers
that differentiate the area of production and/or cultivars of
interest. Regardless of the approach applied, chemometric
models built by using different multivariate data analysis have
been used to get a correct classification of the samples’ varietal
and/or geographical origin. Relevant literature examples have
been summarized in Table 5. Indeed, several studies have been
undertaken to develop chemometric models for classifying
olive oils according to their area of production and/or varietal
origins, based on a range of chemical compounds such as
TAGs (Gokgebag et al,, 2013), FAs (Diraman et al., 2010; Dira-
man et al,, 2011; Martinez et al., 2014), phenolic compounds
(Alkan et al., 2012; Bajoub et al., 2014), pigments (Cichelli and
Pertesana, 2004), sterols (Luki¢ et al., 2013; Giacalone et al.,
2015), and volatile compounds (Pouliarekou et al., 2011).
Besides, in some studies dealing with the olive oil geographical
and varietal origin verification, data from several major and
minor compounds have been combined into one model, in
order to exploit the different information provided by each
type of compounds (Yorulmaz et al., 2014; Bajoub et al., 2015).
As far as fingerprinting approaches are concerned, we find
stimulating examples based on separative and MS techniques
(Lerma-Garcia et al., 2011; Riccio et al., 2011), vibrational spec-
trometric techniques (Hennessy et al., 2009; Lin et al., 2012),
NMR (Petrakis et al., 2008; Longobardi et al., 2012), DNA-
based techniques (Martins-Lopes et al., 2008; Melucci, et al,,
2016), electronic nose and electronic tongues techniques (Dias
et al., 2014; Melucci, et al.,, 2016), etc. In all the mentioned
instances, the fingerprints were treated by different chemomet-
ric techniques and allowed the authentication of geographical
and/or varietal provenance of the studied oils. Another tactic
which is becoming quite popular is the simultaneous use of
data from different analytical techniques (the so-called data-
fusion), since the information provided by each of them might
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be different and complementary (Karabagias et al., 2013;
Pizarro et al., 2013b). Undoubtedly, it can be concluded that
important work has been done over the last years in the field of
virgin olive oil geographic and varietal origin assessment. How-
ever, in spite of these advances, this issue is still far from being
completely resolved. Certainly, universal analytical methods for
the determination of the geographical/varietal origin of virgin
olive oil do not really exist mainly due to the restricted charac-
ter of most of the studies carried out in this field (in terms of
analyzed samples, studied varieties and considered geographi-
cal areas). The latter mentioned items represent a kind of bar-
rier or obstacle which complicates the acceptance of the
discriminative models proposed by these studies and impede
that those methodologies become more widespread. To face
this situation there is a need for further comprehensive and
long-term (including multiple seasons) studies with higher
number of samples collected from the main olive-growing areas
over the world, representing the main varieties cultivated
worldwide. Such studies could lead to build a large database
that would make possible the geographical and varietal trace-
ability of the most representative olive oils around the world.

Conclusions and future trends

The worldwide proliferation of olive oil quality and authenticity
standards regulations, driven predominantly by the trade glob-
alization of this product and the emergence of new producing
and consuming countries outside the Mediterranean region,
has stimulated the discussion and debate about the harmoniza-
tion of olive oil standards and trade regulations, which should
take into account the natural variation of olive oil composition
due to environmental conditions and agro-technological
practices.

However, even if the assessment of the quality, authenticity,
and origin (geographical and/or varietal) traceability of this
product are fields of paramount importance, several challenges
need to be faced. Indeed, although conventional methods are
still being used, the recent findings herein reviewed, highlight
that new approaches based on the use of advanced analytical
techniques and subsequent data mining and analysis by apply-
ing chemometrics, open up very interesting perspectives to
overcome the limitations of the conventional analytical meth-
ods. In this respect, sophisticated technologies such as vibra-
tional spectroscopic techniques, NMR spectroscopy, MS,
biosensors, and DNA-based approaches represent promising
alternatives for the authentication and traceability of olive oil,
because of their sensitivity, high-throughput, reproducibility
and robustness in comparison with conventional methods used
till now. Thus, as discussed throughout this paper, these strate-
gies, applied on nontargeted and/or targeted studies, have
played (and will play) a key role in overcoming huge challenges
in the authentication and traceability of olive oil.

Unfortunately, in spite of the wide number of published
reports in which olive oil quality control, authentication, and
traceability have been successfully carried out taking advantage
of these advanced analytical methodologies, two major defi-
ciencies have been identified from the studies reviewed here-
with: (a) most of the proposed methods were developed using a

limited number of olive oil samples coming from restricted
varietal origins and geographical areas, fact which appears to
limit their use on a wider scale; and (b) some of the discussed
methods, even if their potential was proved, are very costly,
and, therefore, cannot be used for routine analysis. Certainly,
the main drawbacks of some of the reviewed techniques (i.e.
MS, NMR and DNA-based methodologies) are related to the
cost of the instruments, which often are not accessible for
many olive oil laboratories. For these reasons, it is assumed
that they will not become an alternative to conventional meth-
ods in a short-term scenario.

Hence, it seems necessary to conceive further developments
which should aim at improving the representativeness of the
studied samples to the main olive-growing areas and cultivated
varieties together with the employment of cost-effective analyti-
cal techniques.

Abbreviations

1,2-DAGs 1,2-diacylglycerols
2P 2-glyceryl monopalmitate

AOCS American Oil Chemists’ Society

AFLP amplified fragment length polymorphism

APPI atmospheric pressure photoionization ion sources

ATR-FTIR  attenuated total reflection Fourier transfer
infrared

AUS Australian Standards

CAF Californian Standards

CAD charged aerosol detector

CA cluster analysis

CE capillary electrophoresis

Codex Codex Alimentarius

COPO crude olive-pomace oil

DNA deoxyribonucleic acid

DAGs diacylglycerols

AECN42 difference between actual and theoretical con-
tent of triacylglycerols

DSC differential scanning calorimetry

DART direct analysis in real time

ESI electrospray ionization

ECN equivalent carbon number

EC European Commission

EU European Union

EVOO extra virgin olive oil

FAAEs fatty acid alkyl esters

FAEEs fatty acids ethyl esters

FAMEs fatty acids methyl esters

FAs fatty acids

FID flame ionization detector

FIA Flow injection analysis

FLD Fluorescence detector

FT-IR Fourier transform infrared

FT-MIR Fourier transform-mid-infrared

FT-Raman Fourier transform-Raman

FFAs free fatty acids

GC-EIMS  gas chromatography coupled to electron impact
mass spectrometry

GC-O GC-olfactory
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GA-PLS
HS-MS
HCA
H-PLS
HPLC
10C
ISO
ISSR
iPLS
LVOO
LASSO
LDA
LR

MS
MALDI
MeD
MeF
MIR
MCUVE
MLR
NCM
N/A
N/C
NIR
NMR
00
OPO
ANOVA
OvVOoO
PLS-DA
PLS

PBr

PV
PCR
PCA
PCS
PCr
PPPs
RAPD
ROO
ROPO
OLS
SSR
SNP
SIMCA
SPE
SPA
SVM
TDR
TOF MS
TAGs
K33, and Kyes
or Ky7o
uv
USDA
VOO
Vis/NIR
Vis/Raman

genetic algorithm partial least squares
headspace-mass spectrometry
hierarchical cluster analysis

hierarchical partial least-squares

high pressure liquid chromatography
International Olive Council

International Organization for Standardization
inter-simple sequence repeats

interval partial least-squares

lampante virgin olive oil

least absolute shrinkage and selection operator
linear discriminant analysis

linear regression

mass spectrometry

matrix-assisted laser desorption/ionization
median of olive oil defects

median of olive oil fruitiness
mid-infrared

Monte Carlo uninformative variable elimination
multiple linear regression

nearest class mean

not applicable

not considered

near-infrared

nuclear magnetic resonance

olive oil

olive-pomace oil

one way analysis of variance

ordinary virgin olive oil

partial least squares discriminant analysis
partial least-squares

passing-bablok regression

peroxide values

polymerase chain reaction

principal component analysis

principal component spectra diagnostic
principle component regression
pyropheophytins

random amplified polymorphic DNA
refined olive oil

refined olive-pomace oil

ordinary least squares

simple sequence repeats

single nucleotide polymorphisms

soft independent modeling of class analogies
solid phase extraction

successive projections algorithm

support vector machine

time-domain reflectometry

time-of-flight mass spectrometry
triacylglycerols

ultraviolet specific extinction coefficients

Ultraviolet

United States Department of Agriculture
virgin olive oil

Visible/near infrared

Visible/Raman
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