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Abstract: Olive oil is considered one of the most valuable vegetable oils and is highly appreciated by
consumers for its specific and distinguishable taste and aroma, as well as its nutritional value. Sterols
and triterpene diols are important carriers of bioactive properties of olive oil and are responsible
for some of the beneficial effects of its consumption on human health, such as lowering serum LDL-
cholesterol levels and significantly reducing the risk of cardiovascular diseases. The concentration of
total sterols and the proportions of particular sterols and triterpene diols are among the parameters
used to verify and prove the authenticity of olive oil in accordance with the EU and other countries’
regulations. Finally, their composition has been shown to have high discrimination potential for
ensuring traceability with respect to variety, geographical origin, harvest date, and other factors.
For these reasons, the research on sterols and triterpene diols in olive oil is an ever-growing field of
scientific interest with great practical importance. This review focuses on all the important aspects of
sterols and triterpene diols in olive oil, from their chemical structure, biosynthesis, occurrence and
role in plants, health benefits, and their use in official controls of olive oil purity and authenticity, to a
conclusive survey on the recent findings about the effects of different factors of influence on their
content and composition, with a detailed comparative analysis of studies that investigated the effects
of the two most important factors, variety and ripening degree.

Keywords: virgin olive oil; sterols; triterpene diols; EU regulation; trade standards; varietal charac-
terization and differentiation; maturation

1. Introduction

Olive oil is obtained from olive fruit (Olea europaea L.) and, when processing of olives
involves only mechanical procedures, virgin olive oil is obtained. It is considered one of
the most valuable vegetable oils and is highly appreciated by consumers for its specific
and distinguishable taste and aroma, as well as for its nutritional value and biological
activity; the consumption of olive oil is associated with numerous beneficial effects on the
human body and health [1]. Because of all the above, olive 0il is today of great economic
importance for producer countries, and is thus one of the agri-food products most often
subject to forgery and deliberate mislabeling.

Olive oil is an indispensable part of the so-called Mediterranean diet and the culture,
history, and tradition of Mediterranean countries. As a plant, olive is typically distributed
in the Mediterranean area (more than 95%; [2]), so the largest growers and producers
of olive oil are countries such as Spain, Italy, Greece, Portugal, Turkey, Tunisia, Algeria,
and Morocco, and in the last 20 years countries from other continents, such as Australia
and North and South America [2-5]. Mediterranean countries account for approximately
90% and the European Union (EU) for about 70% of world production worth 7 billion
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euros per year, which makes olive growing and olive oil production an important fac-
tor in the agri-food sector and the overall economic and social development of the EU
producer countries [4-6].

Olive oil consists mainly of triglycerides, representing more than 98% of the total oil
weight. The remaining, very important part (approximately 2%) is the so-called unsaponifi-
able fraction, composed of over 200 chemical compounds from different groups, which
include sterols (phytosterols or 4-desmethyl-sterols) and triterpene diols [7]. Knowledge
on the content and composition of the mentioned groups of compounds in olive oil is of
great importance.

Besides phenols, tocopherols, and unsaturated fatty acids, sterols and triterpene diols
are important carriers of bioactive properties of olive oil and are partly responsible for the
beneficial effects of its consumption on human health. Among other biological properties,
olive oil sterols have been shown to lower serum LDL-cholesterol levels and significantly
reduce the risk of cardiovascular diseases [8,9]. Knowledge of the content and composition
of these compounds in virgin olive oil is important for the identification of varieties and
geographical areas, as well as specific cultivation and processing practices suitable for
obtaining and protecting oils with a higher proportion of these bioactive ingredients as an
added value.

The concentration of total sterols and the proportion of particular sterols and triterpene
diols are among the parameters used to verify and prove the authenticity of olive oil in
accordance with EU regulations [10]. Constant and comprehensive characterization of the
content and composition of these groups of compounds in extra virgin olive oils of different
varieties and from different geographical locations is important for predicting and avoiding
problems in trade due to the possibility of deviation of their chemical composition from the
EU regulation, despite their authenticity. This was the case, for example, with the content
of campesterol being higher than the maximum permitted percentage of 4%, as well as with
the concentration of total sterols being lower than the limit of 1000 mg/kg in authentic oils
from particular varieties, which will be discussed in the following sections. In the EU, many
high-quality extra virgin olive oils are additionally valorized by protected designation of
origin (PDO) [11]. Each extra virgin olive oil holder of a PDO is produced in accordance
with a set of specific requirements prescribed by a holder of a designation in a specification
document, which defines various aspects of production and marketing, such as olive
varieties used; growing, harvesting, and processing conditions; as well as physico-chemical
parameters and sensory properties of produced oils. The conformity of a PDO olive oil with
the parameters prescribed in a specification is checked by an accredited certification body.
In order to develop robust specifications with the requirements achievable by producer
holders of a particular PDO from year to year, which at the same time ensure differentiation
from other olive oils, it is necessary to constantly monitor and control all the factors that may
affect the sensory quality and chemical composition, including sterols and triterpene diols.

Previous research has shown that the content and composition of sterols and triterpene
diols in olive oil are influenced by a number of environmental, agronomic, and technologi-
cal factors. Although olive processing conditions can have a significant impact [12], they
are more controllable and subject to standardization. On the other hand, the influence of
variety, often in conjunction with a specific geographical position of olive orchards with
associated agro-climatic conditions, has been identified as a key factor with less predictable
outcomes regarding the chemical composition. The choice of harvest date, i.e., ripening
degree of olive fruits, also has a decisive influence on the sterol composition of olive
oil [12-14]. It has been shown that the variability in the contents of certain important
constituents of olive oil due to the influence of variety and ripening degree can reach
similar proportions. This indicates the possibility that varietal characterization can be
compromised under the influence of other factors, and that it is crucial to take them into
account when characterizing a particular monovarietal olive oil and its potential.

In this review article, the main representatives of sterols and triterpene diols in olive
oil are presented, with information on their chemical structure, biosynthesis, occurrence
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and role in plants, biological activity, and importance in the control of olive oil authenticity
and traceability. An overview of the current knowledge about the main factors that affect
their content and composition in olive oil is presented, with a special emphasis on the
influence of variety and ripening degree, as well as other factors, such as growing season,
geographical region, and various agronomic and technological parameters.

2. Occurrence and Role of Sterols in Plants

Plant sterols or phytosterols are a group of natural chemical compounds that are
formed by biosynthesis in plants. Compared with animal and fungal sterols, they are
characterized by several specificities. In animals, the only product of sterol biosynthe-
sis is cholesterol; in fungi, it is ergosterol; while in plants, the biosynthetic pathway
results in several different end products that occur in ratios that are genetically prede-
termined [15]. The term sterols is commonly used for 4-desmethylsterols, which are the
most numerous and most represented group of sterols in the plant world, with major
representatives [3-sitosterol, A%-avenasterol, campesterol, and stigmasterol, followed by
other minor sterols [8]. The related groups of 4-methylsterols and 4,4’-dimethylsterols
(also known as triterpene alcohols) are the precursors of sterols (4-desmethylsterols), and
are somewhat less represented, although they may occur in concentrations comparable to
those of 4-desmethylsterols [16].

Plant sterols occur in both free and bound form. The free forms are important for
plant cells because they are an integral part of the structure of the cell membrane and
contribute to ensuring its cohesion and fluidity, which helps the plant to maintain its
structure under temperature changes [8,17]. They are involved in embryonic growth and
lipid accumulation and are important for signal transduction, cell differentiation, and
reorganization of cell structure, as well as in defense against infectious diseases [15,17,18].
Plant sterols serve as precursors of brassinosteroids, the most important type of plant
hormones that regulate plant growth and development [15,19] and have an active role in
plant adaptation to biotic and abiotic stress situations [20].

It is considered that steryl esters are formed when free forms are present in excess to
keep free sterol levels at physiologically optimal levels. Esterification involves the reaction
of the only hydroxyl group in a sterol molecule with a carboxylic group of a molecule of
fatty or phenolic acid [15]. Another form of bound sterols are steryl glucosides, which
are also thought to be involved in fine-tuning of the concentration of free sterols in the
membrane. 3-Sitosteryl glucoside is thought to be involved in the synthesis of cellulose [15].
Steryl glycosides can be further esterified with long-chain fatty acids into acylated steryl
glycosides [21]. Sterols are mostly located in cell membranes, while steryl esters mainly fill
the intercellular spaces [8].

3. Molecular Structure of Sterols and Triterpene Diols

Sterols are considered lipids by nature because of their relatively large, mostly nonpo-
lar, and thus hydrophobic molecular structure, with only a single functional polar hydroxyl
group. Because of the hydroxyl group, they are alcohols; because of the isoprene-based
structure, they belong to the group of triterpenes (terpenes with 30 carbon atoms); and
owing to a specific structure with characteristic four rings and an aliphatic chain, they
belong to steroids [8,22,23]. Plant sterols are formed in a unique biosynthetic pathway in
which 4,4’-dimethylsterols and 4-methylsterols serve as precursors to 4-desmethylsterols.
Thus, these three groups of compounds are characterized by certain common structural
specificities. The basic structure of plant sterols with (-sitosterol as the main repre-
sentative resembles that of cholesterol and is characterized by the following (Figure 1):
(I) the basic skeleton that consists of four condensed non-aromatic rings, of which three
rings with six carbon atoms and one ring with five carbon atoms; (II) a hydroxyl group
on the carbon atom at position 3 (C3) in ring A; (III) a double bond at positions 5 and/or
7 in ring B; and (IV) a side alkyl chain at position 17 in ring D, which may contain an



Horticulturae 2021, 7, 493

4 of 51

ethyl/methyl/ethylidene/methylene group attached to C24 in the molecule. Hydro-
genated (saturated) sterols are called stanols [23].

Cholesterol (A>-cholesten-3(3-ol) B-Sitosterol ((24R)-24-ethyl-A5-cholesten-33-ol)

/- 29\

(a) (b)

Figure 1. Chemical structures of (a) cholesterol and (b) 3-sitosterol. Blue ellipse: basic skeleton; orange ellipse: hydroxyl

group at C3 carbon atom; red ellipse: double bond at C5 and/or C7 carbon atom; green ellipse: side alkyl chain at C17

carbon atom; brown ellipse: ethyl group at C24 carbon atom.

Sterol compounds are characterized by a stereochemical arrangement of methyl and
other substitution groups and hydrogen atoms (Figure 1). Rings A, B, and C are in chair
conformation, while ring D is usually planar. By convention, the hydrogen atoms and
other substituent groups are stereochemically arranged relative to the angular methyl
group bound to the carbon atom C10. If a plane on which the four rings of the sterol
skeleton are laid is imagined, the substituent on C10 is by definition above the plane, so the
substituents below the planar surface are said to be x-oriented or in trans-conformation, and
the substituents above the surface are 3-oriented or in cis-conformation with respect to the
angular methyl group at position 10. Thus, in the cholesterol molecule, the hydroxyl group
on C3, the angular methyl group on C13, the side chain on C17, and the hydrogen atom on
C8 are [3-oriented (cis), while the hydrogen atoms on carbons 9, 14, and 17 are x-oriented
(trans). Sterols that are not methylated at position 4 are referred to as desmethylsterols [24].

4. Sterol and Triterpene Diol Biosynthesis in Plants

Plant sterols are products of the isoprenoid biosynthetic pathway, which involves a
number of enzyme-controlled steps (Figure 2). The basic building blocks of all terpenoids,
including sterols, which are triterpenoids (C30), are molecules of isopentenyl pyrophos-
phate (IPP) (C5) formed in the mevalonic acid (C6) cycle [8,25]. In the next steps, IPP
converges to dimethylalkyl diphosphate, which serves as a precursor for the synthesis
of monoterpenes, diterpenes, and tetraterpenes, and which is further converted to farne-
syl pyrophosphate, from which triterpenes and sesquiterpenes are formed. The enzyme
squalene synthase directs the pathway further to sterol synthesis via squalene, while the
competitive synthesis of sesquiterpenes from the same substrate is catalyzed by sesquiter-
pene cyclase. It is considered that a key limiting step for the biosynthesis of plant sterols
is the formation of IPP, in which the enzyme 3-hydroxy-3-methyl-glutaryl coenzyme A
reductase (HMGR) plays a major role by catalyzing the conversion of acetyl coenzyme A
molecules into mevalonic acid [15]. Some authors, on the other hand, question the key
role of this enzyme [8]. In the next steps, squalene is converted into 2,3-oxidosqualene,
which is cyclized into a triterpene alcohol, i.e., 4,4' -dimethylsterol cycloartenol, a precursor
to all plant sterols. Cycloartenol is further transformed into other 4,4’-dimethylsterols,
which are converted into 4-methylsterols, and those are finally demethylated to yield
end-product 4-desmethylsterols, i.e., sterols, in the following order: A7-sterols, A>7-sterols,
and A’-sterols [15] (Figure 2). At a certain point of the sterol biosynthetic pathway, a
bifurcation occurs, catalyzed by two different enzymes, SAM-24-methylene-lophenol-C-24-
methyltransferase2 (SMT2) and C-4a-sterol-methyl-oxidase2 (SMO?2), that, through several
additional conversions, leads to the separate formation of major olive oil 24-ethylsterols
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(in biosynthetic order: A>-avenasterol, B-sitosterol, and stigmasterol) and 24-methylsterols
(campesterol) from a common precursor gramisterol (Figure 2).

In another branch of the sterol biosynthetic pathway, in several steps, a fraction of 2,3-
oxidosqualene is transformed into a number of different pentacyclic triterpenes, including
4,4'-dimethylsterols such as o- and B-amyrin [26], which are further converted to other
pentacyclic triterpenoids, including the major olive and olive oil triterpene diols uvaol and
erythrodiol, respectively [27] (Figure 2).
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Figure 2. Schematic diagram of the biosynthetic pathway of plant sterols in higher plants [8,15,27] with a special emphasis
on sterols found in olive oil, showing the main structures of 4-desmethylsterols (violet), as well as 4-methyl (green) and
4,4'-dimethylsterols (red) as their biogenetic precursors. Parallel pathways of the synthesis of cholesterol and triterpene
diols erythrodiol and uvaol are also shown. Dashed arrows represent several enzymatic steps not shown.
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5. Health Benefits of Sterols and Triterpene Diols

The biological activity of sterols and their positive impact on human health have been
proven by numerous studies, reviewed in an article by Manai-Djebali and Oueslati [9].
Among beneficial effects, protective activity against arteriosclerosis, gastric ulcer, and
various inflammatory processes has been reported [28]. It has been found that sterols can
have antitumor activity [29,30]. Plant sterols, including sterols from olive oil, are mostly
associated with a positive effect on the regulation of the concentration of cholesterol bound
to low-density lipoproteins (so-called LDL-cholesterol) in the bloodstream, which has been
intensively investigated since the 1950s [31].

5.1. Plant Sterols and Cholesterol

LDL-cholesterol accumulates on the walls of blood vessels and creates deposits, so
its high concentration in blood is considered one of the main causes of many diseases of
the vascular system. On the other hand, HDL-cholesterol (high-density lipoprotein) is
higher in density and richer in proteins and, through these molecules, the excess cholesterol
from peripheral tissues is carried to the liver, where it does not produce negative effects.
Because plant sterols are structurally similar to cholesterol, when ingested within a diet,
they compete with LDL-cholesterol for absorption in the digestive system. As a result,
LDL-cholesterol absorption is partially blocked and blood cholesterol levels are reduced [8].
It has been shown that a daily dose of 2 g per day can lower LDL-cholesterol levels by up
to 10% [32]. The natural intake of plant sterols is quite low and varies between 167 and
437 mg per day [33], so the authorities of some countries recommend increasing the plant
sterol intake up to 2 g per day through dietary supplements or foods enriched with plant
sterols, with the aim of lowering the concentration of LDL-cholesterol and the incidence of
cardiovascular diseases [34]. The effects of plant sterols on blood cholesterol concentration
and prevention of cardiovascular diseases have been documented in detail in recent review
articles [9,35,36].

5.2. Other Beneficial Effects of Sterols and Triterpene Diols

In addition to the effects on lowering cholesterol levels, plant sterols have been
shown to have anti-tumor, anti-inflammatory, and antioxidant effects, suggesting their
importance in the diet of people with normal LDL-cholesterol concentrations as well [28].
For example, after an increased plant sterol intake, a decrease in proinflammatory cytokine
levels, including C-reactive protein (CRP) [37,38], and a decrease in atherosclerotic lesions
in mice [38] were found. However, the results of a meta-analysis studying the effect of
increased intake of plant sterol-enriched foods on CRP levels published in a review by
Rocha et al. [39] indicated a relatively small anti-inflammatory effect, as opposed to a
significant decrease in LDL-cholesterol concentration confirmed in the same study.

Numerous published reports on the biological inhibitory effect of plant sterols on lung,
stomach, ovary, prostate, liver, and breast tumors have been systematized and consolidated
in recent review papers [29,30]. It has been hypothesized that plant sterols act through
several inhibition mechanisms, such as the inhibition of tumor cell formation and growth,
angiogenesis, transmission, and metastasis. They also contribute to tumor cell apoptosis
by altering cell membrane structure and function, and by lowering blood cholesterol levels.
Increased intake of plant sterols can also increase the activity of antioxidant enzymes, and
thus alleviate oxidative stress [29].

Data summarized in a recently published review article confirmed that the intake
of plant sterols, in addition to lowering cholesterol levels, also affects the levels of fatty
acids, triglycerides, and bile acids, thus alleviating the negative effects of various diseases
and conditions, including non-alcoholic fatty liver, inflammatory bowel disease, and
obesity. On the other hand, the authors highlighted the need for a certain dose of caution
because a connection between plant sterols and exacerbation of certain liver diseases during
parenteral nutrition was noted. Likewise, the negative cytotoxic and inflammatory effects
of sterol oxidation products have been intensively investigated in recent years [17].
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Several studies have shown the effect of plant sterols, especially (3-sitosterol, in pre-
venting or alleviating diabetes [40,41]. Numerous pharmacological activities of 3-sitosterol
have been covered in recent review articles [42,43].

The major triterpene diols from olive oil have also been found to show biological
activity. Erythrodiol exhibited antiproliferative and apoptotic effects against adenocar-
cinoma [44] and promoted the lowering of LDL-cholesterol levels in human blood [45].
Uvaol has been effective in promoting accelerated and improved wound healing [46]
and alleviating inflammatory bowel disease in mice [47], while in humans, it has shown
antitumor activity [27,48].

6. Sterols and Triterpene Diols in Olive Oil

The most representative sterols (4-desmethylsterols) in olive and olive oil are f3-
sitosterol (75-90% of total sterols), A°-avenasterol (5-20%), campesterol (1-4%), and
stigmasterol (0.5-2%), although deviations in oils of some cultivars were also recorded.
Less abundant sterols in olive oil are clerosterol, sitostanol, 24-methylene-cholesterol,
A’-avenasterol, A”-campesterol, A>?*-stigmastadienol, A”-stigmastenol, and campestanol,
and less commonly occurring sterols are A>?3-stigmastadienol, cholesterol, and brassicast-
erol. Erythrodiol and uvaol occur mainly below 4% of total sterols [10,49,50].

Besides being important because of their biological activity and beneficial effects on
human health, being useful in verifying the authenticity of olive oil, and having a high
potential for varietal and geographical origin discrimination (which is all discussed in the
following sections), particular authors have assigned sterols some additional properties
concerning other aspects of olive oil quality. B-Sitosterol and AS-avenasterol are considered
the main carriers of antioxidant activity and other beneficial effects among the sterols from
olive oil owing to their abundance and structural specificities [9,51]. These two sterols
were found to strongly positively correlate with the oxidative stability of olive oil [51,52].
A higher campesterol/stigmasterol ratio has been established as a positive measure of
olive oil quality [53], which was confirmed by a positive correlation of stigmasterol with
acidity and occurrence of defects in olive oils obtained from stored fruit [54]. An increase
in the level of A”-stigmastenol was observed under various detrimental conditions, such
as olive fly infestation, prolonged olive storage before processing, higher olive pressing
temperatures, and oil storage in particular containers [55].

6.1. Sterols and Triterpene Diols as Parameters of Authenticity

As sterol biosynthesis is conditioned by plant species, vegetable oils differ from each
other according to the profile of sterols, so their composition or relative proportions can
be and are used as parameters of purity or authenticity of virgin olive oil. The limits
prescribed by the Commission Regulation [10] and International Olive Council (IOC)
trade standard [49] for individual sterols and triterpene diols, as well as for the minimum
content of total sterols in extra virgin and virgin olive oil categories, are shown in Table 1.
The indications about the content of some other important sterols in olive oil not covered
by the Commission regulation [10] are also presented to allow better comparison with
the sterol composition of other vegetable oils. Table 1 also reports the ranges in which
particular sterols naturally occur in various other crude vegetable oils [50].

Deviations from the limit values for particular sterols in olive oil prescribed by the
Regulation are interpreted as undeclared presence of foreign oils, which is considered
consumer fraud and a legal offense. For example, based on the data presented in Table 1,
an elevated cholesterol level in olive oil indicates the presence of animal fat [56] or a palm
oil fraction [57]. Tomato seed oil is another example of a plant-derived oil with a high
cholesterol content [58]. A higher brassicasterol level is specific to rapeseed oil or rapeseed
oil with a reduced erucic acid content (Brassicaceae), so an elevated proportion of this sterol
in olive oil indicates illegal blending. Higher campesterol proportion is typical for particular
seed oils, while increased stigmasterol and A”-stigmastenol levels indicate the presence of
oils from the plants of the aster family (Asteraceae or Compositae), such as sunflower and
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saffron [50,59,60]. In an exemplary case study, the cumulative campesterol and stigmasterol
proportion served as a marker for the detection of only 5% of vegetable oil of other origin
in extra virgin olive oil [61]. The Commission Regulation prescribes the lowest allowable
proportion of the so-called apparent or total 3-sitosterol, which represents the sum of
the relative proportions of 3-sitosterol, A5'23—stigmastadienol, sitostanol, A%-avenasterol,
A>?*-stigmastadienol, and clerosterol. Thus, a high proportion of B-sitosterol and A°-
avenasterol with low relative proportions of campesterol and stigmasterol compared with
the oils of other mentioned plant species is considered the ‘sterol fingerprint’ of olive oil.
The Commission Regulation has set the minimum limit for total sterols at 1000 mg/L,
which was considered a naturally achievable concentration for all cold-pressed olive oils,
while lower contents are considered a sign of refining [62]. The relative proportion of
erythrodiol and uvaol in the sum of total sterols and these two triterpene diols higher than
the maximum allowable limit in edible olive oils of 4.5% is considered to be a sign of the
addition of olive pomace oil or even grape seed oil, as solvent extracts these compounds in
higher proportions from the pomace, or more precisely olive fruit skins [50,63].

Hazelnut oil has a composition rather similar to that of olive oil, including triglycerides
and fatty acids, as well as sterols, i.e., 4-desmethylsterols. When hazelnut production is in
surplus, low priced cold-pressed hazelnut oils can be found on the market and used for
illegal blending with olive oil. Recently, the composition of other triterpenoids in olive
oil, namely 4,4'-dimethylsterols and 4-methylsterols, was successfully used to differentiate
olive oil from hazelnut oil [64]. A similar result was achieved using the composition of
free and esterified sterols [65]. Mariani et al. [65] have established an index calculated
according to the equation (% campesterol x (% A”-stigmastenol)?)/(% A’-avenasterol) in
the esterified sterol fraction, and observed that this ratio is always lower than or equal to
one for pure olive oils. Cercaci et al. [66] confirmed the validity of this approach, i.e., the
use of the so-called ‘Mariani ratio’, RpaR-
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Table 1. Levels of sterols in olive oil (International Olive Council Trade Standard [49], Commission Regulation 2568/91 [10], limits are obligatory for verifying authenticity) and crude
vegetable oils (Codex Alimentarius Standard for named vegetable oils [50], Appendix (limits are for voluntary application)). Ranges/limits highlighted in bold indicate specificities of oils
from other plant species with respect to olive oil.

Sterol/Parameter (Unit) Virgin Olive Oil @ Rap;:sceii gzli(g“ow Soyabean Oil S;;f(liogﬁr- Seed Oils (l;-lnif;(})lvglr;ic Acid) Palm Oil Maize Oil Hazelnut Oil
Cholesterol (%) <05 ND @-1.3 0.2-1.4 ND-0.7 ND-0.5 2.6-6.7 0.2-0.6 ND-1.1
Brassicasterol (%) <0.1 5.0-13.0 ND-0.3 ND-0.2 ND-0.3 ND ND-0.2 ND
Campesterol (%) <40® 24.7-38.6 15.8-24.2 6.5-13.0 5.0-13.0 18.7-27.5 16.0-24.1 3.0-6.2
Stigmasterol (%) <Campesterol 0.2-1.0 14.9-19.1 6.0-13.0 4.5-13.0 8.5-13.9 4.3-8.0 ND-2.0
-Sitosterol (%) (most represented) 45.1-57.9 47.0-60 50-70 42.0-70 50.2-62.1 54.8-66.6 76.45-96.0
AS-Avenasterol (%) (2nd most represented) 2.5-6.6 1.5-3.7 ND-6.9 1.5-6.9 ND-2.8 1.5-8.2 1.0-5.1
A-Stigmastenol (%) <05® ND-1.3 1.4-5.2 6.5-24.0 6.5-24.0 0.2-2.4 0.2-4.2 ND-4.3
A7-Avenasterol (%) (Not defined) ND-0.8 1.0-4.6 3.0-7.5 ND-9.0 ND-5.1 0.3-2.7 ND-1.6
App. B-sitosterol G) (%) >93.0 (Not defined) (Not defined) (Not defined) (Not defined) (Not defined) (Not defined) (Not defined)
Others (%) (Not defined) ND-4.2 ND-1.8 ND-5.3 3.5-9.5 ND ND-24 ND
Total sterols (mg/kg) >1000 4500-11,300 18004500 2400-5000 1700-5200 300-700 7000-22,100 1200-1800
Erythrodiol + uvaol (%) <4.5 (Not defined) (Not defined) (Not defined) (Not defined) (Not defined) (Not defined) (Not defined)

@ Extra virgin and virgin olive oil market categories as defined by Commission Regulation 2568/91 and International Olive Council Trade standard; exceptions from the limits in the table: if relative proportion
of campesterol > 4.0 and <4.5% or A”-stigmastenol > 0.5 and <0.8%, an oil must comply with stricter limits for certain other parameters specified in those documents. ? ND—non-detectable, defined as <0.05%.
©® App. B-Sitosterol—apparent B-sitosterol is the sum of relative proportions of p-sitosterol, A’-avenasterol, A>?*-stigmastadienol, clerosterol, sitostanol, and A>?*-stigmastadienol.
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6.2. Methods of Analysis of Sterols and Triterpene Diols

The method of analysis of sterols in olive o0il used in the majority of studies is a
standard method of the IOC applied in the member countries, its current version being
the fifth revision [67]. This method is also adopted as the official one by the Commission
Regulation of the European Union 2568/91 and later amendments [10], and is used for
official controls of olive oil on the EU market. It is also applied in the real sector, i.e., in
laboratories within companies that produce or pack and sell olive oil. The IOC method
is referenced by the international Codex Alimentarius standard for olive oils and olive
pomace oils ‘'CODEX STAN 33-1981" [68], which is applied in international trade and for
regulation of olive oil market in countries that are predominantly importers (not EU). This
method has also been adopted by the International Organization for Standardization (ISO)
in the standard method ‘ISO 12228, Part 2’ [69], whereby the ISO method for determination
of individual and total sterols contents in olive oils and olive pomace oils became technically
identical to the IOC standard method [67]. The American Oil Chemists” Society (AOCS)
‘Official Method Ch 6-91’ consists of the same procedures as well [70]. Besides being used
for testing the authenticity of olive oil on the market, the IOC method [67] adopted as the
official one by the Commission Regulation of the EU 2568/91 [10] was by far the most
widely used in scientific research on sterols and triterpene diols in olive oil.

The official method [10,67] consists of the following steps:

1.  Saponification and extraction of the unsaponifiable fraction of olive oil by liquid-
liquid extraction with diethyl ether, followed by additional dealkalization and dehy-
dration of the extract;

2. Separation of sterols and triterpene diols from other groups of compounds of the
unsaponifiable fraction (aliphatic and triterpenic alcohols, tocopherols, polyphenols)
by thin layer chromatography (TLC) using silica gel plates;

3.  Elution of sterols and triterpene diols from the corresponding silica band by or-
ganic solvent, derivatization into trimethylsilyl ethers, and gas chromatographic
(GC) separation;

4.  Detection of sterols and triterpene diols using a gas chromatograph with a flame
ionization detector and identification by comparison with a reference chromatogram
from the official method and retention times relative to an internal standard;

5.  Quantification based on an internal standard (x-cholestanol or betulin) added into
the sample at the beginning of analysis, assuming a response factor equal to one.

As a result of the analysis, the concentration of total sterols (mg/kg) and relative
proportions (%) of individual sterols in relation to the sum of all sterols are reported.
Relative proportions can be calculated from the concentrations or simply from peak areas,
i.e., it is possible to use the internal standard to express the concentrations of each sterol
contained in the analyzed olive oil (mg/kg), although this is not a requirement of the
standard method or regulation. The method allows the analysis of 14 main sterols together
with erythrodiol and uvaol, while it is also possible to identify and quantify the two sterols
that are not characteristic for olive oil, brassicasterol and ergosterol.

Owing to a large number of long preparatory steps before chromatographic analysis,
the official method [67] is rather time consuming. It includes the use of relevant quanti-
ties of particular toxic chemicals and produces a significant amount of hazardous waste.
Furthermore, the method requires a higher level of staff training and laboratory equipment,
so it can be concluded that it is rather complex and expensive. For these reasons, efforts
have been made to simplify the procedure and reduce the amount of hazardous solvents.
On the other hand, the method is very robust if the analytical procedure is applied fully
and correctly and has very good validation indicators, such as relative standard deviations
in repeatability and reproducibility conditions [67], so it remains the reference method for
the analysis of sterols in olive oil up to date.

Several research groups have tried to bypass the step of TLC separation and apply
direct silylation of the unsaponifiable fraction, after which the trimethylsilyl ethers were
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analyzed by GC [71-74]. In most cases, such methods reported only major sterols together
with other compounds from the unsaponifiable fraction.

Methodologies based on GC [75,76] and GC x GC [77,78] separation with power-
ful mass spectrometric (MS) detection have also been proposed, often developed for
simultaneous determination of sterols and triterpene diols together with various other
compounds from the olive oil unsaponifiable fraction in the so-called multi-class approach.
These methods exhibited a number of advantages, such as simpler sample preparation, in-
creased sensitivity, and ability to analyze various compound classes. As far as sterols were
concerned, these methods were mostly focused only on the major ones. Chromatography-
mass spectrometry (C-MS) metabolomics-based methods for the analysis of bioactive
compounds from olive oil, including sterols and triterpene diols, were recently summa-
rized in a detailed review article by Olmo-Garcia et al. [79].

Liquid chromatography (LC) has been used for the separation of various groups
of olive oil unsaponifiables for more than 20 years [80]. In the last revision of the IOC
method [67], separation by preparative LC using a silica gel column followed by ultraviolet
or refractive index detection was proposed as an alternative to TLC as the reference
separation technique. Several research groups developed methods for separation and
analysis of individual sterols by high performance liquid chromatography (HPLC). For
example, Cafiabate-Diaz et al. [81] followed the same saponification and separation steps
as proposed by the official method [10,67], but analyzed sterols without silylation by
HPLC-MS. Similar methods were proposed by other authors [82-84] who also used the
procedures prescribed in the official method or similar and applied HPLC-MS. These
methods allowed the analysis of a fewer number of sterols than the official one, with some
of them not completely separated by LC in some cases. Lerma-Garcia et al. [85] applied
UPLC-MS for the separation of sterols and detected very low concentrations of ergosterol,
which is regularly not identified nor reported, but in this case, served as a good varietal
differentiator between monovarietal olive oils.

In recent years, the use of potent instrumentation and the application of the metabolomics
approach allowed the identification and relative quantification of a much larger number of
sterol compounds in olive oil, which certainly represents one of the most promising tools
and directions in the future research on this topic. For example, after a simple extraction
in 80% methanol (v/v) and analysis by ultra-high-pressure liquid chromatography with
electrospray quadrupole-time-of-flight hybrid mass spectrometry (UHPLC-ESI/QTOF-MS),
particular research groups putatively annotated several hundreds of sterols [86,87].

Alternative hybrid LC-GC-based methods for the analysis of sterols in olive oil
proposed to date have been discussed in a recent review article by Conte et al. [63].
Such methods were characterized by a shorter duration and reduced use of toxic sol-
vents, as well as increased sensitivity with low risk of sample contamination, but required
highly specialized instrumentation. The quantitative results obtained by the most recent
version, which included fully automated saponification and extraction followed by LC-GC
analysis without previous derivatization, were fully comparable with the ISO method [88].

Some other techniques also turned out to be successful in detecting and quantifying
total and/or particular groups of sterols in olive oil, such as nuclear magnetic resonance
(NMR) [89], Fourier-transform near infrared (FT-NIR) spectroscopy [90], and others.

Sterols in olive and olive oil occur in free and bound form, esterified to fatty or
phenolic acids, or bound to sugar molecules into glycosides that may or may not be acylated.
Information on the proportions of free sterols and steryl esters is lost by conventional sterol
analysis, as it involves saponification in the early phase of sample preparation [91]. It has
been shown that there is a possibility that information on the proportion and amounts of
sterols in free and bound form may be useful for several purposes. The ratio of sterols in free
and bound form can be used to distinguish vegetable oils of different origin [92,93]. It has
also been shown that the analysis of free and esterified sterol forms can indicate the presence
of hazelnut oil in olive oil [94], which is a potential solution to a major problem, given that
hazelnut and olive 0il can hardly be distinguished by the composition of triacylglycerols,
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fatty acids, or sterols using the current official method, defined parameters, and the limits
prescribed by the Regulation [10].

In studies in which the proportions of free and bound sterols were determined, solid-
phase extraction (SPE), using mostly silica gel columns, was used for sample preparation
before chromatographic analysis. In a step preceding saponification and separation by
TLC, Mariani et al. [94] have isolated esterified sterols in the nonpolar fraction using a
silica gel column and elution with a mixture of n-hexane and diethyl ether, while free
sterols were eluted subsequently in the polar fraction with diethyl ether. Cunha et al. [95]
also separated esterified from free sterols by SPE. Esterified sterols were eluted first with
n-hexane/ethyl acetate (90:10, v/v), while n-hexane/ethyl acetate (90:10, v/v) followed
by ethanol/diethyl ether/n-hexane (50:25:25, v/v/v) solvent mixture was used for the
elution of free forms. In all the mentioned cases, separate fractions of free and bound sterols
were silylated and subjected to GC analysis. Valli et al. [96] validated a simplified method
protocol for simultaneous analysis of free and esterified sterols, triterpene alcohols, and
a-tocopherols by direct silylation in oil followed by SPE and GC analysis. The proposed
method was successful in detecting simulated adulteration of pure extra virgin olive oil by
sunflower oil based on the ratio between the free and esterified forms.

Gomez-Coca et al. [97] developed a method for simultaneous determination of free and
esterified steryl glucosides. After SPE and elution with chloroform/methanol, glucosides
were analyzed both by (i) hydrolysis of esterified steryl glucosides followed by separate
GC-FID analysis of the released fatty acids and derivatized steryl glycosides, and by
(i) direct analysis of individual esterified steryl glucosides by normal phase and reverse
phase HPLC-MS.

7. Factors Affecting the Content and Composition of Sterols and Triterpene Diols in
Olive Oil

The content and composition of sterols and triterpene diols in olive oil are influenced
by a number of environmental, agronomic, and technological factors. Knowledge on
how particular conditions and procedures affect sterols and triterpene diols may allow
better control and management of the whole process from field to table to come as close
as possible to obtaining tailored products with desired composition and quality. In this
review, all the main factors were considered, with a special emphasis on the influence of
olive variety and ripening degree.

7.1. Influence of Variety

The selected studies that investigated the effect of olive variety on sterol and triterpene
diol contents and composition in olive oil up to date are listed in Table 2. Information
includes the country of origin of the studied oils, varieties, statistical methods used for vari-
etal differentiation, the most significant varietal differentiators among sterols or triterpene
diols if specified, and deviations from the limits set by legislation [10] and the trade stan-
dard [49]. For each study, additional details were provided, such as the number of harvest
years, growing regions, ripening degree and ripening index (RI), olive processing method
and sample type, total number of samples, an indication if a multivariate chemometric
varietal differentiation was achieved, concentration ranges of total sterols and proportions
of total triterpene diols, and other relevant information.
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Table 2. Virgin olive oil varietal characterization and differentiation studies based on the content and composition of sterols and triterpene diols.
Main Varietal
Country of .. Statistical Differentiators Among Non-Compliance with EC
Origin Varieties Analysis Sterols and Triterpene Regulation [10] Other Remarks Reference
Diols
Coi;n;c;&;a;:;mi Zs’;erolajei.:) % Five seasons; oils collected from commercial
Cornicabra (5 Bositos t(:rol <I;30 /’ irFIfS—ZO" . mills; 334 samples; campesterol levels > 4.0% in
. seasons), ANOVA, PCA, Campesterol, samples, 10-15% samples particular samples from each Seasot relaFlv'ely
Spain . : 5 . . . successful chemometric varietal differentiation [98]
Arbequina, Picual, LDA A”-avenasterol, erythrodiol surpassing the limits for . .. . . . )
Hoiiblanca cholesterol in combination with aliphatic alcohols;
) brassicasterol ’an d Cornicabra total sterols 1125-1906 mg/kg,
A s tigmas te,nol erythrodiol + uvaol approx. 0.5-9 mg/kg
Three ripening degrees; Abencor laboratory oil
mill; 21 samples; relatively successful
Cornezuelo, Campesterol > 4.0% in particular chemometric varietal differentiation; negative
Corniche, p.es €ro 70 I partic correlation between {3-sitosterol and
- Total sterols, campestanol, Corniche samples; cholesterol > 5
. Cacerena, 7 o : . A”-avenasterol; total sterols: Cornezuelo 1571
Spain 7 ANOVA, LDA A’-stigmastenol, 0.5% in particular Cornezuelo, . ~ [99]
Carrasquenia, campesterol Corniche. and Verdial Badaioz mg/kg, Corniche 2030 mg/kg,, Cacerefia 1109
Morisca, Verdial de p ’ samples ) mg/kg, Carrasquefia 1426 mg/kg, Morisca
Badajoz, Picual P 1658 mg/kg,, Verdial de Badajoz 1423 mg/kg,
Picual 1263 mg/kg; erythrodiol + uvaol:
1.30-3.28%
Two seasons; 80 samples; relatively successful
Manzanilla B-Sitosterol AB-avenasterol chemometric varietal differentiation of
Spain Cacerenia, other PCA, SIMCA t ’1 i terol ! n/a Manzanilla Cacerefia from ‘non-Manzanilla [100]
varieties campesterol, stigmastero Cacerefia’ oils, more successful when
combined with triglycerides
Arbequina Three seasons; different growing regions;
Borricf)llenca, commercial olive oils; 36 samples; HPLC
Spain ! LDA Not specified n/a analysis of particular sterols and triterpene [82]

Canetera, Farga,
Picual, Serrana

diols; successful chemometric varietal
differentiation
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Table 2. Cont.

Country of
Origin

Varieties

Statistical
Analysis

Main Varietal
Differentiators Among
Sterols and Triterpene
Diols

Non-Compliance with EC
Regulation [10]

Other Remarks

Reference

Spain

Arbequina,
Borriolenca,
Canetera, Farga,
Hojiblanca, Picual,
Serrana

LDA

Ergosterol, campesterol,
A>?*_stigmastadienol
(first model); erythrodiol
+ uvaol, (3-sitosterol +
A7-stigmastenol,
ergosterol, brassicasterol,
campesterol (second
model)

Cholesterol > 0.5% in particular
Borriolenca and Farga samples;
brassicasterol > 0.1% in particular
Picual and Serrana samples;
campesterol > 4.0% in particular
Arbequina, Borriolenca, and
Farga samples; erythrol + uvaol
>4.5% in Serrana samples

One to three seasons; various growing regions; 42
commercial samples; UPLC-MS analysis;
successful chemometric varietal differentiation;
total sterols: Arbequina 1457-2739 mg/kg,
Borriolenca 1337-1876 mg/kg, Canetera 1578-2034
mg/kg, Farga 1357-1953 mg/kg, Picual 1334-2354
mg/kg, Serrana 2247-2597 mg/kg; erythrol +
uvaol: 0.0-6.1%

[85]

Spain

Farga, Morruda,
Serrana,
Arbequina,
Alfafara, Blanqueta,
Villalonga, Picual,

ANOVA, PCA

[3-Sitosterol, campesterol,
stigmasterol

n/a

Different growing regions; Abencor laboratory oil
mill; 40 samples; (3-sitosterol, campesterol,
stigmasterol the only reported sterols; sweet oils
(Farga, Morruda, Serrana) compared with
Arbequina, bitter—spicy oils (Alfafara, Blanqueta,
Villalonga) compared with Picual; successful
chemometric varietal differentiation in both cases

[101]

Spain

Arbequina, Benizal,
Cornicabra,
Cuquillo, Injerta,
Manzanilla de
Sevilla, Manzanilla
Local, Negrilla,
Picual

ANOVA, Duncan’s
multiple range test

Not specified

Campesterol > 4.0% and total
sterols < 1000 mg/kg in most
Benizal samples

Two seasons; two ripening degrees RI 2-3, >4;
semi-industrial oil mill; 124 samples; results for
two ripening degrees were averaged; statistically
significant differences for the majority of major
sterols and triterpene diols except cholesterol and
A7—stigmastenol; total sterols: Arbequina
1207-1434 mg/kg, Benizal 977-1005 mg/kg,
Cornicabra 1391-1551 mg/kg, Cuquillo 1440-1507
mg/kg, Injerta 1315-1642 mg/kg, Manzanilla de
Sevilla 1416-1447 mg/kg, Manzanilla Local
1157-1626 mg/kg, Negrilla 1446-1685 mg/kg,
Picual 1204-1257 mg/kg (averages in two seasons);
erythrodiol + uvaol: 1.12-2.77%

[102]
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Table 2. Cont.

Main Varietal
Country of . Statistical Differentiators Amon Non-Compliance with EC
Origri}lll Varieties Analysis Sterols and Triterpen:ed7 Regu};ation [10] Other Remarks Reference
Diols
Eight growing regions; two farming modalities
(conventional, organic); four ripening degrees;
Abencor laboratory oil mill; 44 samples; analysis of
Cornicabra esterified and glucosylated sterols; statistically
Manzanilla’ (Esterified) B-sitosteryl significant differences for the majority of analyzed
Spain Cacerefia ANOVA, Tukey’s and AP-avenasteryl n/a 5glucosides (Campestery.l,.B-sitosteryl, [103]
Manzanillla honest test elucosides A’-avenasteryl) and esterified glucosides
Castellana. Picual (B-sitosteryl, A5—avenasteryl); (esterified)
’ [3-sitosteryl glucoside the most abundant;
(esterified) stigmasteryl glucoside mostly not
detected; total steryl glucosides: 0.59-2.62 mg/kg;
total esterified steryl glucosides: 0.18-3.07 mg/kg
Three seasons; spotted stage of ripening; Abencor
laboratory oil mill; 54 samples, three ripening
degrees RI 0-2, 2-3, and 3—4 and nine industrial oil
mills, 162 samples; statistically significant
. Morisca, ANOVA, Tukey’s o differences for particular sterols; interaction
Spain Carrasquefia multiple range i,est Not specified None between variety arlfd year significant for particular [104]
sterols; negative correlation between [3-sitosterol
and A%-avenasterol; total sterols: Morisca
1681-1689 mg/kg, Carrasquefia 1492-1551 mg/kg;
erythrodiol + uvaol: 2.74-3.86%
Arbequina, Benizal,
Cornicabra, ) ) . C
Cuquillo, Injerta, =~ ANOVA, Duncan’s Campesterol > 4.0% in most and Sf;uijsii?;?;gl 2s_u3écs:sr;fzirli:igieilicmvl;lilr’izgal
Spain Manzanilla Local,  multiple range test, Not specified total sterols < 1000 mg/kg in all di f}f) sreatvey binati ith FAMEs and [105]
Manzanilla de PCA Benizal samples ifferentiation in combination wit S an

Sevilla, Negrilla,
Picual

oxidative stability; no quantitative data for sterols
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Table 2. Cont.

Main Varietal

Country of . Statistical Differentiators Amon Non-Compliance with EC
Origri}lll Varieties Analysis Sterols and Triterpen:ed7 Regu};ation [10] Other Remarks Reference
Diols
Campesterol > 4.0% in Eleven growing regions; RI 2-3; Abencor
Soni Thirty-one minor ANOVA, PCA, Apparent (3-sitosterol, Borriolenca, Vallesa, and . laboratory oil mill;. 155 s.ample.s; relatiive'ly .
pain cultivars LDA ca.mpesterol, Blanqueta E.nguera samples., succes.sful.chem.ometrlc varietal differentiation in [106]
stigmasterol apparent (3-sitosterol < 93% in combination with tocopherols, phenols, FAMEs,
Borriolenca and Vallesa samples and oil yield
Different growing areas; two groups according to
ripening degree (RI1 0-3, RI2 3.5-7);
semi-industrial oil mill (27 samples) and oils from
commercial mills (16 samples); statistically
Arbequina, sign.iﬁcant <lzliffezler1cesi for ca}mp}elzstercl)l, apparer;lt
Castellana, ANOVA, Duncan’s C | hrodiol Total sterols < 1000 mg/kg in B-sitostero ,.arﬁ t?ft a st(ferq y (t. y Ocr; y Tep orteh
Spain Gordera, multiple range test, ampesterol, erly throdio Martin Galgo samples (average) pafn%etelrs)., t le eftect o frllpeﬁung egree muce 1 [107]
Manzanilla, Martin PCA uvao and other samples V:;e.a e re a.tlve.y successiut ¢ err}ometrlc varieta
Galgo ifferentiation in comblnathn Wlth polyphenols,
tocopherols, FAMESs, and oxidative stability; total
sterols: Arbequina 1096-1195 mg/kg, Castellana
1002-1009 mg/kg, Gordera 1010-1017 mg/kg,
Manzanilla 1020-1022 mg/kg, Martin Galgo 900
mg/kg; erythrodiol + uvaol: 0.8-2.4%
Varieties from the World Olive Germplasm Bank,
Cholesterol > 0.5% in samples IFAPA Centro ‘Alameda de Obispo’, Cordoba,
from two varieties; campesterol >  various countries of origin; same growing and oil
4.0% in samples from five extraction conditions; RI around 3; Abencor
Spain Forty-three world PCA CA [3-Sitosterol, varieties; apparent 3-sitosterol < laboratory oil mill; great variability; successful [108]
varieties . A®-avenasterol 93% in samples from 10 varieties; differentiation of groups of cultivars based on their

N -stigmastenol > 0.5% in

samples from a single variety;
28% samples outside the limits

B-sitosterol and A%-avenasterol proportions;
(3-sitosterol 672 mg/kg-2035 mg/kg,
A’-avenasterol 11 mg/kg-318 mg/kg, total sterols:
Khashabi 848 mg/kg—Sevillenca 2419 mg/kg
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Table 2. Cont.
Main Varietal
Country of . Statistical Differentiators Among Non-Compliance with EC
Origin Varieties Analysis Sterols and Triterpene Regulation [10] Other Remarks Reference
Diols
Varieties from the World Olive Germplasm Bank
Collection of Cordoba, various countries of origin;
same growing and oil extraction conditions; RI
Erythrodiol (96% of Erythrodiol + uvaol > 4.5% in grogr.ld 3; Abencor la.b orato1jy 911 mill; great
. Forty world . o . . variability; successful differentiation of groups of
Spain . PCA, CA variance), uvaol (4% of particular Lechin de Granada . L . [109]
varieties variance) and Moraiolo samples cultivars based on their triterpene diol content;
P erythrodiol: Frantoio 5.89 mg/kg-Nevado Azul
73.78 mg/kg, uvaol: Genovesa 1.50 mg/kg—Dolce
Agogia 19.35 mg/kg; erythrodiol + uvaol: St.
George Greys 0.46%—Lechin de Granada 4.36%
Two seasons; similar ripening degree; laboratory
oil mill; 12 samples; statistically significant
differences for all sterols and triterpene diols;
ANOVA, Duncan’s Campesterol successful chemometric varietal differentiation in
Spain, Greece, Coratina, Picual, multiple range test, B-si’i)s terol ’ Total sterols < 1000 mg/kg in combination with aliphatic alcohols, phenols, [110]
Italy Koroneiki correlation, A-avenas terlol particular Koroneiki samples triglycerides, basic quality parameters; negative
HCA, CDA correlation between {3-sitosterol and
A%-avenasterol; total sterols: Coratina 1090-1326
mg/kg, Picual 1646-1882 mg/kg, Koroneiki
999-1235 mg /kg; erythrodiol + uvaol: 0.14-3.28%
Coratina, . Fatty acids, aliphatic, Four grOW}ng regions; laboratory oil r¥ull; 6;‘5
Ttal Provenzale, ANOVA, linear and triterpenic alcohols n/a samples; relatively successful chemometric varietal (71]
y Frantoio, Moraiolo, regression, PCA P differentiation combined with aliphatic and
. more useful than sterols . . .
Bosana, Dritta triterpenic alcohols and fatty acids
Leccino, Dritta, . . g
Biperimentl otar borsry ol il 4
Italy Castiglionese, CDA, HCA, RDA, Not specified n/a . ples; [111]
differentiation; average total sterols: 1847 mg/kg;
Carboncella, KNN ;
- average erythrodiol + uvaol: 150 mg/kg
Nebbio
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Table 2. Cont.

Main Varietal
Cour}tr.y of Varieties Statlstlc.al leferentlators. Among Non-Compha?nce with EC Other Remarks Reference
Origin Analysis Sterols and Triterpene Regulation [10]
Diols
Various growing regions; laboratory oil mill; 76
Frantoio, Bosana, 5 samples; successful chemometric varietal
Italy Dritta, Leccino PCA, LDA A°-avenasterol n/a differentiation in combination with aliphatic and [112]
triterpenic alcohols, FAMESs, and squalene
Campesterol,
Carboncella, stigmasterol, clerosterol,
Frantoio, Leccino, A>?*_stigmastadienol . s .
. . Five seasons; six different geographical areas;
Moraiolo, (LDA); sitostanol, . . .
. . . variable stage of ripeness and extracting procedure;
Pendolino, Minuta, stigmasterol, ] . .
Nocellara, Nociara campestanol 153 samples; successful chemometric varietal
Italy .1 ’ LDA, BP-ANN ; ! None differentiation in combination with fatty acids [113]
Ortice, Ortolana, [3-sitosterol, K . .
. 5 methyl esters (FAME), triglycerides, and basic
Ottobratica, A°-avenasterol, . .
quality parameters; non-linear method BP-ANN
Peranzana, clerosterol, cholesterol,
. more successful than LDA
Racioppella, campesterol,
Sinopolese A>?-stigmastadienol
(BP-ANN)
A single sample per variety /ripening degree; six
. , . samples; extremely high total sterol concentrations,
Italy Carolea, Coratina, Duncan’s multiple Not specified n/a in some samples, >7000 mg/kg; statistically [114]
Cassanese range test s e . Y
significant differences for all sterols; differences
between varieties change with ripening degree
Ten varieties in Three seasons; up to seven ripening degrees;
total, three laboratory oil mill; relatively successful
autochthonous and chemometric varietal differentiation despite the
Italy seven PCA Not specified None influence of other factors; negative correlation [14]
allochthonous between B-sitosterol and A°-avenasterol; total
varieties in sterols: Ottobratica 1354.0 mg/kg—Picholine 1884.9
Calabria mg/kg
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Table 2. Cont.
Main Varietal
Country of . Statistical Differentiators Among Non-Compliance with EC
Origin Varieties Analysis Sterols and Triterpene Regulation [10] Other Remarks Reference
Diols
Three seasons; laboratory oil mill; statistically
significant differences for the majority of
sterols except cholesterol, campesterol,
Cassanese. Coratina A7-campesterol, clerosterol, and apparent
Itrana I:eccino g Two-way 24-Methylene-cholesterol, [3-sitosterol; significant effect of harvest season
Nocellarz:l Messinése ANOVA, [3-sitosterol, sitostanol, and interactions cultivar/season for particular
Italy Nodciara, Ottobra tica/ Duncan’s A®-avenasterol, None sterols; strong positive correlation between [115]
Pen dolirllo Picholine, multiple range A>?*_stigmastadienol, [3-sitosterol and campesterol; total sterols:
Sino ,olese ! test A’-avenasterol Cassanese 1641 mg/kg, Coratina 1498 mg/kg,
P Itrana 1483 mg/kg, Leccino 1551 mg/kg,
Nociara 1788 mg/kg, Ottobratica 1334 mg/kg,
Pendolino 1363 mg/kg, Picholine 1880 mg/kg,
Sinopolese 1840 mg/kg
Fourteen varieties for Campesterol > 4.0% in Sivigliana ~ Olives from the same collection field; different
PDO Sardegna, three da Olio samples; total sterols < ripening degrees (RI 1.1-4.0); semi-industrial
Italy minor varieties, n/a n/a 1000 mg/kg in Coratina, Terza oil mill; 31 samples; total sterols: Coratina 696 [116]
Coratina, Frantoio, Piccola, Sivigliana da olio, and mg/kg-Leccino 1637 mg/kg; erythrodiol +
Itrana, and Leccino Itrana samples uvaol: Leccino 0.7%—-Bosana 3.2%
Large.number of sterols Olives from the germplasm repository of the
. . belonging to the classes of . . .
Leccino, Picual, . University of Perugia (Italy); harvested on the
. . . cholesterols, cardanolides, . L .
Picholine marocaine, . same day in three repetitions; laboratory oil
. . furostanols, spirostanols, . . . L7
Frantoio, Sourani, stiomasterols. and so on: mill; analysis by ultra-high-pressure liquid
Italy Kalamon, Manzanilla ~HCA, OPLS-DA gma ’ ’ n/a chromatography—electrospray [86]
. ajugalactone, S .
de Sevilla, 7,120-trihydroxy-5p- quadrupole-time-of-flight hybrid mass
Arbequina, ¢ Y Y spectrometry (UHPLC-ESI/QTOF-MS);
o cholestanoyl-CoA, two . . . e
Koroneiki successful chemometric varietal differentiation

isomeric forms of
pseudoprotodioscin

in combination with phenols
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Table 2. Cont.
Main Varietal
Country of . Statistical Differentiators Among Non-Compliance with EC
Origin Varieties Analysis Sterols and Triterpene Regulation [10] Other Remarks Reference
Diols
Three ripening degrees; laboratory oil mill; six
B-Sitosterol, AS-avenasterol samples; statistically significant differences for
Creece Throumbolia, ANOVA, Duncan’s 0278_ ?.’ a atvi TS erol, n/a all studied sterols; differences between [117]
Koroneiki multiple range test A7-sa11ge na;teero(i ’ varieties change with ripening degree; negative
’ correlation between {3-sitosterol and
AS-avenasterol
Campesterol > 4.0% in 21.7%
Hf;?g; (:rs{ 4t;)t5ai /S:er;l;l:;?gfal Industrial processing in various mills; 71
Greece Koroneiki n/a n/a sterols < 1100 mg/kg (limit for samples; total sterols 1033 mg/kg.(average), [118]
g/ Kg . .
Kalamata PDO) in 66.7% 744-1283 mg/kg (range); erythrodiol + uvaol:
samples; erythrodiol + uvaol > 2.85% (average)
4.5% in 8.06% samples
Each cultivar from a different region;
industrially produced oils; 112 samples;
statistically significant differences for the
s . majority of sterols and triterpene diols;
Greece ﬁog?tnﬁ;l:s' ANOVA, PCA Not specified Toiil:tgflli; lggfk?iﬁ(gl Hsl successful chemometric varietal differentiation, [119]
asto particu © ple better in combination with FAMEs; total sterols:
Koroneiki 1033 mg/kg, Mastoides 1220 mg/kg;
erythrodiol + uvaol: Koroneiki 2.85%,
Mastoides 1.40%
Three growing regions; industrial processing in
various mills; 104 samples; statistically
significant differences for the majority of
. . . sterols and triterpene diols; successful
Greece Llanlggioizf};y ras, ANOVA, PCA Not specified Total sterols < 1000 mg/kg in chemometric varietal differentiation, even [120]

40.9% Koroneiki samples

better in combination with FAMEs; total sterols:

Lianolia Kerkyras 1344 mg/kg, Koroneiki 1021

mg/kg (average); erythrodiol + uvaol: Lianolia
Kerkyras 1.43%, Koroneiki 2.76% (average)
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Table 2. Cont.

Main Varietal
Country of . Statistical Differentiators Among Non-Compliance with EC
Origin Varieties Analysis Sterols and Triterpene Regulation [10] Other Remarks Reference
Diols
Two seasons; two growing regions; 16
commercial samples; successful chemometric
varietal differentiation; sterols better
Stigmasterol, apparent differentiators than phenols and tocopherols;
Turkey Ayvalik, Memecik ANOVA, PCA, B-sitosterol, total sterols Campesterf)l >4.0% in all apparent B—S{tosterol angl total sterol affe.cted by [121]
LDA followed by campesterol Memecik samples season; negative correlation between [3-sitosterol
y p and AS-avenasterol; Ayvalik relatively high
A®-avenasterol 17.27-22.17%; total sterols:
Ayvalik 2135-2673 mg/kg, Memecik 1157-1676
mg/kg
Two harvest years; different growing regions;
laboratory oil mill; 101 samples; statistically
ANOVA, Cholesterol, campesterol, Campesterol > 4.0% and signiﬁca.nt differeqces for t}}e maj Qrity Of. st.erols
Duncan’s stigmasterol, cholesterol > 0.5% in Girit ( Gegil;ll:tf\/r[}; i:cfllzo]lgzlf:;gv?\]r;?Or:aﬁft;?ishs
. . multiple range  A7-campesterol, B-sitosterol, samples; A”-stigmastenol > 0.5% § ! ’ P yagis
Turkey Eighteen varieties test, regression AB-avenasterol in Erkence, Mersin yaglik yaglik), sterols have better chemometric varietal [122]
analysis, PCA, A>?*_stigmastadienol, Saurani, Kilis yaglik, and Sar1 dlffer.entlators th'a n triglycerides 'and FAMES;
DA A -avenasterol hasebi samples negative correlation between (3-sitosterol and
A°-avenasterol; total sterols: Kalamata 1145
mg/kg-Edremit yaglik 2212 mg/kg; erythrodiol
+ uvaol: 0.69-4.42%
Four ripening degrees; two growing regions;
laboratory oil mill; 16 samples; significant
ANOVA Brassicasterol > 0.1% in a differences for all sterols and triterpene diols;
Duncan’s, particular Gemlik sample; significant effect of ripening degree and growing
Turkey Gemlik, Halhal1 multiple range Not specified N -stigmastenol > 0.5% and region; negative correlation between {3-sitosterol [123]
1t9es ¢ & apparent (3-sitosterol < 93% in and A’-avenasterol; Halhali rather low

particular Halhali samples

AS-avenastrol 2.74-3.73%; total sterols: Gemlik
1325-2009 mg/kg, Halhal1 1194-1569 mg/kg;
erythrodiol + uvaol: 1.16-4.09%
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Table 2. Cont.

Country of
Origin

Main Varietal
Differentiators Among
Sterols and Triterpene

Diols

Non-Compliance with EC
Regulation [10]

Other Remarks

Reference

Turkey

... Statistical
Varieties R
Analysis
Sar1 Hasebi, ANOVA, Duncan’s

multiple range test,

Gemlik, Halhali . .
correlation analysis

Not specified

A7-Stigmastenol > 0.5% in all Sari
Hasebi and ripe Halhali samples;
cholesterol > 0.5% in earlier
harvest Sar1 Hasebi and Gemlik
samples; apparent (3-sitosterol <
93% in all Sari Hasebi samples;
total sterols < 1000 mg/kg in
earlier harvest all varieties;
erythrodiol + uvaol > 4.5% in
early harvest Sari Hasebi samples

Three ripening degrees (RI from 1.9 to 4.8);
laboratory oil mill; nine samples; statistically
significant differences for the majority of sterols;
significant effect of ripening degree; negative
correlation between p-sitosterol and A%-avenasterol;
total sterols: Sar1 Hasebi 358-1061 mg/kg, Gemlik
728-1001 mg/kg, Halhal1 898-1092 mg/kg;
erythrodiol + uvaol: 1.78-4.52%

[124]

Turkey

Buyuk Topak
Ulak, Gemlik, ANOVA, Duncan’s
Sari Ulak, multiple range test
Kargaburun, P 5
Hasebi, Halhali

Not specified

Stigmasterol > campesterol in a
particular Gemlik sample; total
sterols < 1000 mg/kg in
particular Kargaburun, Halhali,
and Gemlik samples

Four growing regions; RI from 1.4 to 6.3; laboratory
oil mill; 24 samples; statistically significant
differences for all sterols and triterpene diols;
significant effect of growing region; negative
correlation between (3-sitosterol and AS-avenasterol;
A%-avenasterol fluctuated notably from 1.82 to 18.9%;
total sterols: Buyuk Topak Ulak 4519 mg/kg, Gemlik
880-2057 mg/kg, Sari Ulak 3095 mg/kg,
Kargaburun 720 mg/kg, Hasebi 1804 mg/kg,
Halhali 789 mg/kg; erythrodiol + uvaol: 0.07-4.27%

[125]

Tunisia

Chétoui, Jarboui,

Aﬁe{ja;rb;(:;a, Duncan’s multiple
Rekhami, range test, HCA
Regregui

A’-Avenasterol,
stigmasterol, total sterols
(Chétoui vs. others);
[3-sitosterol, apparent
[3-sitosterol (Regregui
from others)

None

Three seasons; Abencor laboratory oil mill; six
samples; statistically significant differences for all
sterols and triterpene diols; negative correlation
between [-sitosterol and AS-avenasterol; Regreui:
very low A®-avenasterol of 3.79%; total sterols:
Chétoui 1288 mg/kg, Jarboui 1964 mg/kg, Ain
Jarboua 1600 mg/kg, Neb Jmel 2048 mg/kg,
Rekhami 1662 mg/kg, Regregui 2292 mg/kg;
erythrodiol + uvaol 1.38-2.60%

[126]
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Table 2. Cont.

Country of
Origin

Varieties

Statistical
Analysis

Main Varietal
Differentiators Among
Sterols and Triterpene

Diols

Non-Compliance with EC
Regulation [10]

Other Remarks

Reference

Tunisia

Chemlali
Tataouine, Fakhari
Douirat, Zarrazi
Douirat

ANOVA, Duncan’s
multiple range test

Not specified None

Similar RI; Abencor laboratory oil mill; nine
samples; statistically significant differences for
the majority of sterols and triterpene diols
except for campestanol or stigmasterol;
negative correlation between (3-sitosterol and
A’-avenasterol; total sterols: Chemlali
Tataouine 1717 mg/kg, Fakhari Douirat 1041
mg/kg, Zarrazi Douirat 1063 mg/kg;
erythrodiol + uvaol: 1.5-2.4%

[127]

Tunisia

Semni, Jdallou,

Chemlali Sfax,

Swabaa Algia,
OQueslati, El Hor

ANOVA, HCA

Brassicasterol > 0.1% in Semni
samples; A”-stigmastenol > 0.5%
in all samples except Jdallou and

Chemlali Sfax; apparent

[-sitosterol < 93% in Queslati

samples

Not specified

RI between 4 and 5.5; Abencor laboratory oil
mill; statistically significant differences for the
majority of major and some minor sterols;
successful chemometric varietal differentiation
in combination with aliphatic and triterpenic
alcohols, FAMEs, volatiles, and basic quality
parameters; very high A®-avenasterol
proportion in El Hor samples of 31%; total
sterols: Semni 1390 mg/kg, Jdallou 2320
mg/kg, Chemlali Sfax 1926 mg/kg, Swabaa
Algia 1488 mg/kg, Oueslati 1508 mg/kg, El
Hor 1173 mg/kg; erythrodiol + uvaol:
1.08-2.79%

[128]

Tunisia

Hor Kesra, Sredki,
Chladmi, Betsijina,
Aloui

ANOVA, Duncan’s
multiple range test,
PCA, HCA

A7—Stigmastenol,
24-methylene-cholesterol,
clerosterol, 3-sitosterol

None

RI around 3.5; Abencor laboratory oil mill; 15
samples; statistically significant differences for
the majority of sterols and triterpene diols;
successful chemometric varietal differentiation
in combination with phenols, FAMEs, and
tryglycerides; Hor Kesra 1039 mg/kg, Sredki
1381 mg/kg, Chladmi 1567 mg/kg, Betsijina
1382 mg/kg, Aloui 1268 mg/kg; erythrodiol +
uval: 19-32 mg/kg

[129]
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Main Varietal
Country of . Statistical Differentiators Among Non-Compliance with EC
Origin Varieties Analysis Sterols and Triterpene Regulation [10] Other Remarks Reference
Diols
Laboratory produced (51 samples) and
commercial oils (27 samples); statistically
Cobrancosa ANOVA, PCA, significant differences for all sterols; successful
§osa, MANOVA, and Campesterol, sitosterol, chemometric varietal differentiation; positive
Portugal Madural, Verdeal . 5 7 . None - . [130]
Transmontana Hotelling T* tests, A’ -sitostanol, clerosterol correlation between campesterol, sitosterol, and
CVA A7-sitostanol; negative correlation between
B-sitosterol and A’-avenasterol; total sterols
2003-2682 mg/kg
Two ripening degrees; Abencor laboratory oil
Cobrancosa, o - . mill (six samples) and commercial oils (nine
Portugal Madural, Verdeal Not specified n/a Cholesterol ;&5 I/Z;n particular samples); free and esterified sterols analyzed [95]
Transmontana p separately; quantitative dominance of free
sterols; total sterols: 1046-1829 mg/kg
Abencor laboratory oil mill; 18 samples;
successful chemometric varietal differentiation
Cobrancosa, MANOVA, PCA, AS-Avenasterol, desp1’fe dlifferen.t ripening degrees, better in
Portugal Madural, Verdeal CA stiemasterol. A7-avenasterol None combination with tocopherols; total sterols: [131]
Transmontana & 4 Cobrangosa 1654-2678 mg/kg, Madural
1780-2936 mg/kg, Verdeal Transmontana
1365-2183 mg/kg
Eight ripening degrees; Abencor laboratory oil
mill; 32 samples; significant differences for all
sterols and triterpene diols; significant effect of
ripening degree; negative correlation between
Chemlal, ANOVA PCA Cholesterol, campestanol, [3-sitosterol and A>-avenasterol; relatively
Algeria Aghenfas, LDA ’ N -stigmastenol, None successful chemometric varietal differentiation in [132]
Buichret, Mekki A7-avenasterol, clerosterol

combination with aliphatic alcohols; total sterols:
Chemlal 1745-2170 mg/kg, Aghenfas 18822304
mg/kg, Buichret 1187-1664 mg/kg, Mekki
1748-1985 mg/kg; erythrodiol + uvaol: 18-58
mg/kg
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Table 2. Cont.

Country of
Origin

Varieties

Statistical
Analysis

Main Varietal
Differentiators Among
Sterols and Triterpene

Diols

Non-Compliance with EC
Regulation [10]

Other Remarks

Reference

Argentina

Arbequina, Barnea,
Picual, Frantoio,
Empeltre, Manzanilla,
Arauco, Coratina

ANOVA,
Student’s t-test,
PCA, CA

Apparent 3-sitosterol,
total sterols

Cholesterol > 0.5% in particular
Arbequina, Arauco, and Coratina
samples; brassicasterol > 0.1% in
an Arbequina and an Arauco
sample; campesterol > 4.0% in 70%
Arbequina, all Barnea, and a single
Arauco sample; A7-stigmastenol >
0.5% in a Coratina sample;
apparent (3-sitosterol < 93% in
particular Arbequina and in
Frantoio and Arauco samples

Two seasons; different growing regions; RI
1.3-4.8; industrial processing in various mills;
37 samples; relatively successful chemometric

varietal differentiation in combination with

other parameters; total sterols: Arbequina
1424-3004 mg/kg, other varieties 1053-2509
mg/kg; erythrodiol + uvaol: Arbequina
0.9-1.9%, other varieties 0.5-3.0%

[133]

Australia

Arbequina, Barnea,
Coratina, Corregiolla,
Frantoio, Koreneiki,
Leccino, Manzanillo,
Pendolino, Picual

ANOVA

Not specified

Campesterol > 4.0% in particular
Barnea samples from all locations
and particular Koroneiki samples;
total sterols < 1000 mg/kg in
particular Koroneiki and
Pendolino samples

Two seasons; four growing regions; Abencor
laboratory oil mill; 40 samples; statistically
significant effect of variety for all sterols and
triterpene diols, much stronger than the effects
of season and ripening degree; growing region
had a significant effect for many sterols; total
sterols: Arbequina 1381-2140 mg/kg, Barnea
1576-1762 mg/kg, Coratina 1190-1452 mg/kg,
Corregiolla 1159-1812 mg/kg, Frantoio
1200-1632 mg/kg, Koreneiki 798-1267 mg/kg,
Leccino 1371-1715 mg/kg, Manzanillo
1483-1803 mg/kg, Pendolino 944-1183 mg/kg,
Picual 1281-1937 mg/kg; erythrodiol + uvaol:
0.45-4.0%

[134]

USA

Carolea, Casaliva,
Cayon, Frantoio,
Kalamon, Maurino,
Moraiolo, Taggiasca

ANOVA, PCA,
PLS-DA

[3-Sitosterol,
AS-avenasterol

n/a

Experimental orchard; RI 2.3-2.9; Abencor
laboratory oil mill; 32 samples; successful
chemometric varietal differentiation in
combination with phenols, tocopherols,
triterpenic alcohols, and FAMEs

[135]
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Main Varietal
Country of . Statistical Differentiators Among Non-Compliance with EC
Origin Varieties Analysis Sterols and Triterpene Regulation [10] Other Remarks Reference
Diols
Two growing regions; RI 5; Abencor laboratory
oil mill; six samples; statistically significant
. s Apparent B-sitosterol < 93% and dlfferencgs for al.l st.erols;.51gmf1cant effect of
Beleydi, Mission [3-Sitosterol, A°-avenasterol, A7-stigmas tenol > 0.5% in growing region; relatively successful
Iran Kor(l)neiki ! ANOVA, PCA campesterol, clerosterol, articular Koroneiki an;i Mission chemometric varietal differentiation; negative [136]
stigmasterol, cholesterol P samples correlation between (-sitosterol and
p AS-avenasterol; total sterols: Beleydi 1609-1778
mg/kg, Mission 1520-1785 mg/kg, Koroneiki
1354-1756 mg/kg
Czr;tﬁjiergsléefij/tzs;i?ll Three ripening degrees approximately RI 1.5-2,
stiemasta dl:i)enol clerosterol 3, 4; industrial olive processing; 36 samples;
Evaol campes/tanol IA7- ! A7-Stigmastenol > 0.5% and relatively successful chemometric varietal
Croatia Bllgza.’ Crln 4 MANSOL\]/)AA' PCA, avenasterol (fresh oils), later apparent B-sitosterol < 93% in in ded;ﬁf;:rﬂlatfllf;r;noiifr:;?nanjea%z(: ;;11; vice [137]
ostyoia three substituted by particular Rosinjola samples p ) Y . pening aes
24-methylene- versa; total sterols: Buza 1178-1305 mg/kg,
cholesterol /stiemasterol Crna 2078-2277 mg/kg, Rosinjola 1483-1813
(aged oi%s) mg/kg; erythrodiol + uvaol: 0.78-2.28%
Same orchard; RI 2.5-3.0, except late ripening
Istarska bjelica RI 1.1; statistically significant
Bova, Buza differences for all sterols and triterpene diols;
Croatia puntoZa, Istarska ANOVA, Tukey’s Not specified None high A5-avenasterol in Istarska bjelica 26.6%; [138]

bjelica, BuZa,
Rosinjola

honest test

Bova 2964 mg/kg, Buza puntoza 2158 mg/kg,
Istarska bjelica 1451 mg/kg, Buza 1567 mg/kg,
Rosinjola 1648 mg/kg; erythrodiol + uvaol:
0.53-3.16%

Abbreviations: RI—ripening index; ANOVA—analysis of variance; PCA—principal component analysis; (L)DA—(linear) discriminant analysis; (H)CA—(hierarchical) cluster analysis; SIMCA—soft independent
modelling class analogy; CDA—canonical discrimination analysis; RDA—regularized discriminant analysis; KNN—K-nearest neighbor classification; BP~-ANN—back-propagation artificial neural networks;
OPLS-DA—orthogonal partial least squares discriminant analysis; CVA—canonical variates analysis; MANOVA—multivariate analysis of variance.



Horticulturae 2021, 7, 493

28 of 51

A large number of varieties were studied, including the economically and traditionally
most important, as well as minor ones. The most abundant sterols in all the investigated
olive oils were, as expected, (3-sitosterol, followed by A®-avenasterol, campesterol, and
stigmasterol. Great variability in sterol and triterpene diol content and composition was
found (Table 2). For example, the percentage of one of the most important olive oil sterols,
A’-avenasterol, ranged from 1.82% in Buyuk Topak Ulak [125] to 31% in El Hor mono-
varietal oil [128]. The content of total sterols also ranged widely from values far below
the regulatory limit of 1000 mg/kg [10], such as 358 mg/kg in Sar1 Hasebi [124], to more
than 4500 mg/kg in Buyuk Topak Ulak monovarietal oil [125], with an exception reporting
extreme concentrations as high as more than 7000 mg/kg [114]. The majority of the studied
oils had total sterols” concentration ranging from 1000 to 3000 mg/kg (Table 2). Kygyk
et al. [108] proposed the following classification of virgin olive oils based on total sterol
content: category I: very high (>2200 mg/kg), category II: high (1999-2200 mg/kg), cate-
gory III: medium (1650-1999 mg/kg), category IV: low (1300-1650 mg/kg), and category
V: very low (<1300 mg/kg). Triterpene diols also showed great variation, with erythrodiol
+ uvaol percentage ranging from 0.0 to 6.1% [85]. Because, in a study of Allouche et al. [109],
erythrodiol was found responsible for 96% of variance in differentiating 40 monovarietal
virgin olive oils, the authors suggested olive oil classification based solely on its content
and neglecting uvaol in the following manner: group I: very high content, group II: high
content, group III: intermediate content, group IV: intermediate to low content, and group
V: low content of erythrodiol.

A strong negative correlation between the two most prominent sterols, 3-sitosterol and
A®-avenasterol, was noted in a very large number of studies: particular varieties yielded oils
with high 3-sitosterol and low A>-avenasterol proportion, and others vice versa (Table 2).
It is known that a period in olive development is often characterized by a decrease in
B-sitosterol and an increase in A°-avenasterol percentage [52,117,139,140]. Aparicio and
Luna [140] proposed that a cause for this could be the reduction in the proportion of stone in
olive weight during ripening, as oil from the stone contains a much higher proportion of 3-
sitosterol in relation to AS-avenasterol than oil from the pulp [111]. Oils obtained from olive
fruits of smaller size, and possibly with a greater stone/flash ratio, were found to have more
B-sitosterol and less A®-avenasterol than oils from larger size fruits of the same variety [13].
Based on such premises, a possibility that varieties with a higher proportion of stone in fruit
yield oils with a higher B-sitosterol/ A®-avenasterol ratio should not be excluded. Another
probable cause derives from the fact that A>-avenasterol is a precursor in the biosynthesis
of B-sitosterol [15] and that different enzymatic activity of, e.g., A?*-isomerase/reductase
(Figure 2), predetermined by the genotype, may result in differences in the accumulation of
these sterols. On the other hand, Gutiérrez et al. [52] suggested the activity of a particular
desaturase enzyme, which transforms B-sitosterol into AS-avenasterol. Kycyk et al. [108]
differentiated virgin olive oils from 43 varieties from the World Olive Germplasm Bank
into five groups based on (-sitosterol and A®-avenasterol proportions.

Based on the data from previous studies summarized in Table 2, it can be concluded
with maximum certainty that variety has a massive impact on the content and composition
of sterols and triterpene diols in virgin olive oil. In the vast majority of such studies, the
concentrations and/or relative amounts in different monovarietal oils were statistically
compared by analysis of variance (ANOVA) and various post-hoc tests (Table 2). In most
cases, significant differences between varieties were found for each particular sterol and
triterpene diol. In addition, in a large number of studies multivariate statistical techniques,
mostly principal component analysis (PCA), linear discriminant analysis (LDA), and hier-
archical clustering analysis (HCA), as well as others, were applied to find combinations of
variables and build models that allow the best possible varietal differentiation (Table 2).
It should be noted that the reported studies differed greatly in experimental design, in-
cluding the number of varieties compared, type of samples included (experimentally
or industrially produced and commercial oils) and their number, interaction with other
factors (growing season or region, ripening degree, growing or processing parameters,
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and so on), combination with other olive o0il physico-chemical parameters, and so on.
From this aspect, it is necessary to take caution when concluding and comparing their
varietal differentiation performance.

Among sterols, those that exhibited the most significant varietal differentiation poten-
tial were [3-sitosterol (in 16 studies listed in Table 2), campesterol (14 studies), AS-avenasterol
(12 studies), and stigmasterol (10 studies), while A-avenasterol (7 studies), clerosterol
(6 studies), A5'24—stigmastadien01 (5 studies), and A7—stigmastenol (5 studies) were also
useful in several cases. Other sterols and triterpene diols stood out sporadically. It is inter-
esting to mention a study in which the authors applied untargeted metabolomics approach
by ultra-high-pressure liquid chromatography coupled to an electrospray quadrupole-
time-of-flight hybrid mass spectrometer (UHPLC-ESI/QTOF-MS) and identified a much
larger number of sterols than is possible using the standard method. In this case, a large
number of minor, some of them previously unidentified, sterols showed varietal discrimi-
nation potential by chemometric analyses, with unfamiliar sterols, such as ajugalactone,
7,12 x-trihydroxy-5[3-cholestanoyl-CoA, and two isomeric forms of pseudoprotodioscin,
emerging as the most useful differentiators [86].

It must be noted that, in the studies reported in Table 2, the multivariate models de-
veloped for varietal differentiation were in many cases more successful or successful only
when including other olive oil parameters in combination with sterols [71,98,100,105-107,
110,112,113,119,120,128,129,132,133,135], while successful models that used only sterol and
triterpene diol compositional data were fewer in number [82,85,99,101,111,120,130,131,137].
However, studies were published in which sterols served as more important chemomet-
ric differentiators than phenols and tocopherols [121] or triglycerides and FAMEs [122].
It was shown that the effect of variety may interact with other factors, such as grow-
ing season [102,104,105,115,121], ripening degree [104,117,123,124,132], and growing re-
gion [74,123,125,136]. In a study with seven Spanish varieties and five growing regions,
in a direct comparison, variety had a stronger influence (expressed as percentage of vari-
ance) than geographical location on B-sitosterol, A’-avenasterol, and total sterols [74].
There are also studies that succeeded in developing robust chemometric models in which
varietal differentiation using only sterol and triterpene diol compositional data was not
compromised by interfering factors, such as ripening degree [99,131,137], growing sea-
son [82,85], growing region [82,85,120], or oil age [137]. In some cases, to achieve better
varietal differentiation solely by sterols and triterpene diols, variables used were not just
their concentrations and proportions, but also their ratios [137].

In virgin olive oils produced from a number of olive varieties, relative amounts of
particular sterols and/or triterpenes diols were found to be higher or lower than the limits
prescribed by the current regulation (Table 2). For particular Spanish Cornicabra [98,141]
and Benizal monovarietal oil samples [102,105], a campesterol content higher than 4.0%
was found in several studies, suggesting it as a possible varietal peculiarity. A similar
case was found in particular samples of Greek Koroneiki [118] and Turkish Memecik [121],
and in a whole series of oils from minor varieties in various Mediterranean countries
(Table 2). Among varieties cultivated outside the Mediterranean basin, Barnea from both
Australia [134] and Argentina [133] exhibited the same characteristic. Among several
varieties that yielded oils with an insufficient concentration of total sterols, a number of
Koroneiki samples obtained in Greece [110,119,120] and Australia [134] stood out. It may
seem that, in the other studied monovarietal virgin olive oils, such and other deviations
from the regulatory limits occurred mostly sporadically (Table 2). However, given the
limited literature data on the majority of the studied monovarietal virgin olive oils, and in
fact a relatively high frequency of the occurrence of non-compliant results for sterols and
triterpene diols for particular varieties, further research is needed to determine whether
these are varietal characteristics or random deviations. It is assumed that the adaptation of
olives to new growing areas, such as the USA, Australia, and Argentina [142]; the trend of
very early harvesting dates in some areas; and the global problem of climate change are
among the possible causes of such ‘anomalies’.
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The olive sterol biosynthetic pathway is regulated by a series of enzymes, whose
activity is certainly strongly regulated by variety [15]. For example, as already men-
tioned, the difference in the content and proportion of B-sitosterol and A®-avenasterol
and their ratio might be a direct consequence of the expression or enzymatic load of
A**-isomerase/reductase (Figure 2). In one of the previous steps of the sterol biosyn-
thetic pathway, bifurcation occurs, leading to the formation of (3-sitosterol and stig-
masterol (24-ethylsterols) or campesterol (24-methylsterol) from a common precursor
gramisterol (24-methylene lophenol), regulated by the activity of two enzymes, SAM-24-
methylene-lophenol-C-24-methyltransferase2 (SMT2) and C-4«-sterol-methyl-oxidase2
(SMQ2) (Figure 2). It is probable that the abovementioned increased campesterol content in
olives and oil from particular varieties is a consequence of the stronger expression of SMO2
and biosynthesis of 24-methyl(ene) sterols and/or, even more probably, weaker expression
of SMT2 and biosynthesis of 24-ethyl(idene) sterols. Furthermore, the differences in total
sterols between oils from different olive varieties are possibly predetermined by the activity
and load of other enzymes, for example, squalene synthase, which regulates the forma-
tion of a common sterol precursor squalene in competition with sesquiterpene cyclase,
which diverts the synthesis path towards sesquiterpenes [8]. The importance of particular
enzymes in sterol biosynthesis has been proven empirically in other plants. A fivefold
increase in the activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR) was
followed by a 15-fold accumulation of free and esterified sterols, while on the other hand,
the reduction in SMO1 gene expression accumulated 24-methylene-cycloartanol and the
reduction in SMO2 gene expression produced more citrostadienol at the expense of the
synthesis of sterol end-products [15]. The activity of enzymes can be partially conditioned
by the availability of substrates, as well as factors other than variety that may interfere [8].

7.2. Influence of Ripening Degree

An attempt to summarize the currently available information about the evolution of
sterols and triterpene diols during olive fruit ripening and their contents in oils produced
therefrom is presented in Table 3.

Ripening of olive fruits can be observed from the outside as an increase in its size,
weight, pulp/stone ratio, and change in color. Oil is accumulated through the major
part of olive ripening, but its formation stops at a certain point, after which its content
often continues to increase at the expense of loss in moisture. Simultaneously with the
biosynthesis of triglycerides, the synthesis of other olive phytochemicals takes place,
including pigments responsible for a change in color, the precursors of phenols and volatiles
crucial for the taste and aroma of olive oil, as well as sterols and triterpene diols, all
catalyzed by multienzyme complexes coded by genes [143,144].
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Table 3. Evolution of sterols and triterpene diols during ripening of olives from different varieties based on their levels in olive oils produced therefrom.

Sterol/Triterpene Diol

Evolution during Ripening: Variety

First Phase (RI 0-3 or Analogous)

Second Phase (RI > 3 or Analogous)

Increase: Halhali [123]; Memecik, Ayvalik [145];
relatively constant: Koroneiki [12]; averaged [99]; Gemlik [123]; Aghenfas,
Buichret, Mekki [132]; Buza, Crna, Rosinjola [137]; averaged [146]; Chemlali [147];

Increase: Ayvalik [145];
mostly increase: Aghenfas [132];
relatively constant: averaged [13]; averaged [99]; Halhali [124]; Chemlal,
Buichret [132]; BuZa, Crna, Rosinjola [137]; averaged [146]; Castellana [148];

Cholesterol Castellana [148]; Ogliarola garganica [149]; Edremit [150]; Ogliarola garganica [149]; Memecik, Edremit [150];
variable: Cobrangosa, Verdeal Transmontana [131]; Chemlal [132]; variable: Cobrangosa, Madural, Verdeal Transmontana [131]; Mekki [132];
mostly decrease: Oueslati [151]; Chemlali [147];
decrease: averaged [13]; Sar1 Hasebi, Gemlik, Halhali [124]; Memecik [150] decrease: Koroneiki [12]; Halhali [123]; Sar1 Hasebi, Gemlik [124]; Memecik [145];
Oueslati [151]
. Relatively constant: Halhali [123]; Sar1 Hasebi, Gemlik, Halhali [124]; Memecik, Increase: Sar1 Hasebi, Gemlik, Halhal [124]; Memecik [150];
Brassicasterol Edremit [150];

decrease: Gemlik [123]

relatively constant: Gemlik, Halhali [123]; Edremit [150]

24-Methylenecholesterol

Increase: Koroneiki [12]; averaged [13]; averaged [99]; Gemlik [124]; Buza, Crna,
Rosinjola [137];
relatively constant: Gemlik [123]; Halhali1 [124]; averaged [146]; Chemlali [147];
Ogliarola garganica [149]; Memecik, Edremit [150];
variable: Halhali [123]; Oueslati [151];
decrease: Sar1 Hasebi [124]; Memecik, Ayvalik [145]

Increase: averaged [99]; Gemlik [124]; Crna [137]; Memecik, Ayvalik [145];
relatively constant: averaged [13]; Gemlik [123]; Sar1 Hasebi, Halhal1 [124];
Rosinjola [137]; averaged [146]; Chemlali [147]; Ogliarola garganica [149];
Memecik, Edremit [150];
variable: Halhali [123]; Oueslati [151];
decrease: Koroneiki [12]; Buza [137]

Campesterol

Increase: Throumbolia [117]; Chemlal [132]; BuZa, Crna, Rosinjola [137];
relatively constant: averaged [13]; Picual, Hojiblanca [52]; averaged [99];
Koroneiki [117]; Halhal1 [123]; Sar1 Hasebi [124]; averaged [146]; Castellana [148];
Ogliarola garganica [149]; Memecik [150]; Chemlali [152];
variable: Gemlik [123]; Cobrancosa [131]; Buichret [132]; Picholine [139];
Chemlali [147]; Edremit [150]; Koroneiki [153];
mostly decrease: Chemlal, Aghenfas, Mekki [132]; Oueslati [151];
decrease: Koroneiki [12]; Gemlik, Halhal1 [124]; Verdeal Transmontana [131];
Memecik, Ayvalik [145]

Increase: averaged [13]; Memecik [145];
relatively constant: Picual, Hojiblanca [52]; averaged [99]; Throumbolia [117];

Sar1 Hasebi [124]; Chemlal, Buichret [132]; averaged [146]; Castellana [148];
Ogliarola garganica [149]; Memecik [150]; Chemlali [152]; Koroneiki [153];

variable: Madural [131]; Aghenfas, Mekki [132]; Picholine [139]; Chemlali [147];

Queslati [151];
mostly decrease: Chemlal [132];

decrease: Koroneiki [12]; Gemlik, Halhali [123]; Koroneiki [117]; Gemlik, Halhali

[124]; Cobrangosa, Verdeal Transmontana [131]; Buza, Crna, Rosinjola [137];
Memecik, Ayvalik [145]; Memecik, Edremit [150]
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Table 3. Cont.

Sterol/Triterpene Diol Evolution during Ripening: Variety
First Phase (RI 0-3 or Analogous) Second Phase (RI > 3 or Analogous)
. . > .. Increase: averaged [13]; Aghenfas [132]; Ayvalik [145];
Mostly increase: Chemlal, Mekki [132]; Crna, Rosinjola [137]; mostly increaseg Bu[ich]ret %\/Iekki [1[32].] Ch}elzmlali [[1 47]].
relatively constant: Koroneiki [12]; averaged [13]; averaged [99]; Gemlik [123]; relatively constant: averagetgl [99]; Gerlnlik [123]; Ge,mlik Halhali [1’2 4]; Chemlal
Halhali [124]; Aghenfas, Buichret [132]; BuZa [137]; averaged [146]; Chemlali [147]; N ) . ¢ ’ . .
& g . . . . .
Campestanol . . . . [132]; Buza [137]; Memecik [145]; averaged [146]; Ogliarola garganica [149];
Ogliarola garganica [149]; Memecik, Edremit [150]; Memecik, Edremit [150];
variable: Halhali [123]; Oueslati [151]; variable'/ Halhal [123].'
decrease: Sar1 Hasebi, Gemlik [124]; Memecik, Ayvalik [145] decrease: Koroneiki [12]; Sar1 Hasebi [124]; Crna, Rosinjola [137]; Oueslati [151]
Increase: averaged [99]; Sar1 Hasebi [124]; BuZa, Crna Rosinjola [137]; averaged Increase: averaged [13]; Gemlik, Halhali [123]; Gemlik [124]; BuZa [137];
[146] ; * 4 7 ] ’ . ’ ;
relatively constant: averaged [13]; Picual, Hojiblanca [52]; Gemlik [123]; Chemlal, mostly imi{:::?ﬁéﬁé‘ﬁlg][_%i]éslati [151];
Aghenfas [132]; Picholine []3,9 J; Castellana []4,8]; Koroneiki [153]; Ogliarola relatively constant: Koroneiki [12]; Picual, II{Ojiblanca [52] ;’ averaged [99];
Stigmasterol garganica [149]; Memecik [150]; Aghenfas, Buichret [132]; averaged [146]; Chemlali [147]; Castellana [148];

variable: Halhali [123]; Cobrancosa, Verdeal Transmontana [131]; Mekki [132];
Edremit [150];
mostly decrease: Buichret [132]; Chemlali [147];
decrease: Koroneiki [12]; Gemlik, Halhali [124]; Memecik, Ayvalik [145]; Oueslati
[151]

Ogliarola garganica [149]; Memecik, Edremit [150]; Koroneiki [153];
variable: Cobrangosa, Madural, Verdeal Transmontana [131]; Chemlal [132];
Picholine [139];
decrease: Sar1 Hasebi, Halhali [124]; Crna, Rosinjola [137]

A7-Campesterol

Increase: Halhali [124]; Rosinjola [137];
relatively constant: averaged [99]; Sar1 Hasebi, Gemlik [124]; BuZza, Crna [137];
averaged [146]; Memecik, Edremit [150];
variable: Gemlik, Halhal1 [123]; Memecik, Ayvalik [145]; Oueslati [151];
decrease: averaged [13]

Relatively constant: averaged [13]; averaged [99]; Sar1 Hasebi, Gemlik, Halhal1
[124]; Buza, Crna [137]; averaged [146]; Memecik, Edremit [150];
variable: Gemlik, Halhal1 [123]; Memecik, Ayvalik [145];
mostly decrease: Oueslati [151];
decrease: Rosinjola [137]

A>-Stigmastadienol

Variable: Oueslati [151];
decrease: averaged [13]

Increase: averaged [13];
variable: Oueslati [151]

Clerosterol

Increase: averaged [13]; Throumbolia [117]; Ayvalik [145];
relatively constant: averaged [99]; Halhali1 [123]; Gemlik [124]; Chemlal, Aghenfas,
Buichret, Mekki [132]; Memecik, Ayvalik [145]; averaged [146]; Chemlali [147];
Ogliarola garganica [149];
variable: Gemlik [123]; Cobrangosa [131]; Edremit [150];
decrease: Koroneiki [12]; Koroneiki [117]; Sar1 Hasebi, Halhali [124]; Verdeal
Transmontana [131]; Memecik [150]; Oueslati [151]

Increase: Sar1 Hasebi, Halhal1 [124]; Memecik, Ayvalik [145];
relatively constant: Koroneiki [12]; averaged [13]; averaged [99]; Throumbolia,
Koroneiki [117]; Halhali [123]; Gemlik [124]; Verdeal Transmontana [131];
Buichret [132]; averaged [146]; Chemlali [147]; Ogliarola garganica [149];
Memecik, Edremit [150];
variable: Gemlik [123]; Cobrangosa, Madural [131]; Aghenfas [132]; Oueslati
[151];
mostly decrease: Chemlal, Mekki [132]
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Table 3. Cont.

Sterol/Triterpene Diol

Evolution during Ripening: Variety

First Phase (RI 0-3 or Analogous)

Second Phase (RI > 3 or Analogous)

[3-Sitosterol

Increase: Throumbolia [117]; Sar1 Hasebi [124]; BuZa, Crna, Rosinjola mg/100 g
[137]; Edremit [150]; Barnea, Manzanilla, Kadesh [154];
relatively constant: Picual, Hojiblanca [52]; Koroneiki [117]; Memecik [145];
averaged [146]; Ogliarola garganica [149]; Cornicabra [155];
variable: various cultivars [14]; Gemlik, Halhal1 [123]; Cobrangosa [131]; Buichret
[132]; Chemlali [147]; Koroneiki [153];
mostly decrease: Aghenfas [132]; Picholine [139]; Chemlali [152];
decrease: Koroneiki [12]; averaged [13]; averaged [99]; Gemlik, Halhal1 [124];
Verdeal Transmontana [131]; Chemlal, Mekki [132]; BuZa, Crna, Rosinjola % [137];
Ayvalik [145]; Memecik [150]; Oueslati [151]; averaged [156]

Increase: Koroneiki [12]; averaged [146]; Barnea [154];
mostly increase: Oueslati [151];
relatively constant: averaged [13]; Picual, Hojiblanca [52]; averaged [99]; Sar1
Hasebi, Gemlik [124]; Chemlal, Aghenfas, Mekki [132]; Buza, Crna, Rosinjola %
[137]; Memecik [145]; Ogliarola garganica [149]; Memecik, Edremit [150];
Koroneiki [153]; Cornicabra [155]; averaged [156];
variable: various cultivars [14]; Halhali [123]; Cobrangosa, Madural, Verdeal
Transmontana [131]; Buichret [132]; Chemlali [147]; Chemlali [152];
mostly decrease: Picholine [139];
decrease: Throumbolia, Koroneiki [117]; Gemlik [123]; Halhal1 [124]; BuZza, Crna,
Rosinjola mg/100 g [137]; Ayvalik [145]; Manzanilla, Kadesh [154]

Sitostanol

Increase: Throumbolia [117];
relatively constant: averaged [99]; Koroneiki [117]; averaged [146]; Memecik
[150];
variable: Gemlik, Halhali [123]; Chemlali [147]; Edremit [150];
decrease: Koroneiki [12]; averaged [13]; Sar1 Hasebi, Gemlik, Halhal1 [124];
Memecik [145]; Oueslati [151]

Increase: Throumbolia [117]; Ayvalik [145];
relatively constant: averaged [13]; averaged [99]; Koroneiki [117]; averaged
[146]; Memecik, Edremit [150];
variable: Gemlik, Halhali [123]; Chemlali [147]; Oueslati [151];
decrease: Koroneiki [12]; Sar1 Hasebi, Gemlik, Halhali [124]; Memecik, Ayvalik
[145]

A3-Avenasterol

Increase: Koroneiki [12]; averaged [13]; Hojiblanca [52]; averaged [99];
Throumbolia [117]; Gemlik, Halhal1 [124]; Cobrangosa [131]; Buichret, Mekki
[132]; Buza, Crna, Rosinjola [137]; Picholine [139]; Memecik, Ayvalik [145];
Memecik, Edremit [150]; averaged [156];
mostly increase: various cultivars [14]; Chemlal, Aghenfas [132]; Chemlali [147];
Chemlali [152];
relatively constant: Picual [52]; Gemlik [123]; averaged [146]; Ogliarola
garganica [149];Koroneiki [153];
variable: Halhal1 [123]; Verdeal Transmontana [131]; Oueslati [151]; Cornicabra
[155];
decrease: Koroneiki [117]; Sar1 Hasebi [124]

Increase: Koroneiki [12]; Koroneiki [117]; Gemlik [123]; Sar1 Hasebi, Gemlik,
Halhali [124]; Rosinjola mg/100 g [137]; Buza, Rosinjola % [137]; Ayvalik [145];
OQueslati [151];
mostly increase: Picual, Hojiblanca [52]; Picholine [139];
relatively constant: averaged [13]; averaged [99]; Throumbolia [117];
Cobrangosa [131]; Buichret [132]; Crna % [137]; Ogliarola garganica [149];
Edremit [150]; averaged [156];
variable: various cultivars [14]; Madural, Verdeal Transmontana [131]; Aghenfas,
Mekki [132]; averaged [146]; Memecik [150]; Chemlali [152]; Cornicabra [155];
mostly decrease: Chemlali [147];
decrease: Halhali [123]; Chemlal [132]; Buza, Crna mg/100 g [137]; Memecik
[145]; Koroneiki [153]
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Table 3. Cont.

Sterol/Triterpene Diol

Evolution during Ripening: Variety

First Phase (RI 0-3 or Analogous)

Second Phase (RI > 3 or Analogous)

A>?*-Stigmastadienol

Increase: averaged [13]; Aghenfas [132]; Edremit [150];
mostly increase: Mekki [132]; Buza, Crna, Rosinjola mg/100 g [137];
relatively constant: Koroneiki [12]; averaged [99]; Throumbolia, Koroneiki [117];
Gemlik [123]; Halhal1 [124]; Buza, Crna, Rosinjola % [137]; Memecik, Ayvalik
[145]; averaged [146]; Ogliarola garganica [149]; Memecik [150];
variable: Halhali [123]; Chemlal, Buichret [132];
mostly decrease: Oueslati [151];
decrease: Sar1 Hasebi, Gemlik [124]; Chemlali [147]; Chemlali [152]

Increase: averaged [13]; Throumbolia [117]; Gemlik, Halhal1 [124]; Buza % [137];
relatively constant: averaged [99]; Koroneiki [117]; Halhali [123]; Buichret [132];
Memecik, Ayvalik [145]; Ogliarola garganica [149]; Memecik [150];
variable: Chemlal, Aghenfas, Mekki [132]; Chemlali [147]; Oueslati [151];
Chemlali [152];
mostly decrease: Gemlik [123];
decrease: Koroneiki [12]; Sar1 Hasebi [124]; Crna, Rosinjola % [137]; averaged
[146]; Edremit [150]

A7-Stigmastenol

Increase: Halhali [124]; Rosinjola [137];

relatively constant: averaged [99]; Throumbolia, Koroneiki [117]; Gemlik [123];
Gemlik [124]; Aghenfas, Buichret, Mekki [132]; Crna [137]; Memecik, Ayvalik
[145]; averaged [146]; Chemlali [147]; Castellana [148]; Ogliarola garganica [149];
Edremit [150];
variable: Chemlal [132]; Oueslati [151];
mostly decrease: Halhal1 [123];
decrease: Koroneiki [12]; Sar1 Hasebi [124]; Buza [137]; Memecik [150]

Increase: Gemlik, Halhali [124];
relatively constant: Koroneiki [12]; averaged [99]; Throumbolia, Koroneiki [117];
Sar1 Hasebi [124]; Chemlal, Buichret, Mekki [132]; BuZa, Crna [137]; Memecik,
Ayvalik [145]; averaged [146]; Chemlali [147]; Castellana [148]; Ogliarola
garganica [149]; Memecik, Edremit [150];
variable: Gemlik [123];
mostly decrease: Aghenfas [132]; Oueslati [151];
decrease: Halhali [123]; Rosinjola [137]

A7-Avenasterol

Increase: averaged [13]; Throumbolia [117]; Gemlik, Halhali [124]; Cobrangosa
[131]; Ayvalik [145];
relatively constant: Koroneiki [12]; averaged [99]; Koroneiki [117]; Chemlal,
Mekki [132]; Memecik [145]; averaged [146]; Ogliarola garganica [149]; Edremit
[150];
variable: Halhali [123]; Memecik [150]; Oueslati [151];
mostly decrease: Aghenfas, Buichret [132]; Chemlali [147];
decrease: Gemlik [123]; Sar1 Hasebi [124]; Verdeal Transmontana [131]

Increase: Gemlik, Halhali [124]; Ayvalik [145];
relatively constant: averaged [13]; averaged [99]; Koroneiki [117]; Chemlal,
Aghenfas, Buichret [132]; Memecik [145]; averaged [146]; Chemlali [147];
Ogliarola garganica [149]; Edremit [150];

variable: Gemlik, Halhali [123]; Verdeal Transmontana [131]; Mekki [132];
Memecik [150]; Oueslati [151];
mostly decrease: Madural [131]

decrease: Koroneiki [12]; Throumbolia [117]; Sar1 Hasebi [124]

Apparent (3-sitosterol

Increase: Sari Hasebi, Gemlik, Halhal1 [124]; BuZa, Crna, Rosinjola mg/100 g
[137]; Ayvalik [145];
relatively constant: Gemlik [123]; BuZza, Crna % [137]; Memecik [145]; averaged
[146]; Castellana [148]; Ogliarola garganica [149];
variable: Halhali [123]

Increase: Sar1 Hasebi [124];
relatively constant: Gemlik, Halhali [123]; Castellana [148]; Ogliarola garganica
[149];
decrease: Gemlik, Halhali [124]; BuZa, Crna, Rosinjola mg/100 g [137]; Rosinjola
% [137]; Memecik, Ayvalik [145]; averaged [146]
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Table 3. Cont.

Sterol/Triterpene Diol Evolution during Ripening: Variety
First Phase (RI 0-3 or Analogous) Second Phase (RI > 3 or Analogous)
Increase: averaged [13[]]; %S;]r'l];liizrbﬁ; ([;1%13]111;/" I;;lheaclll [[]lgg]]r BuZa, Crna, Rosinjola Increase: Sar1 Hasebi, Gemlik, Halhali [124]; Oueslati [151]; averaged [156];
relatively constant: Hojiblanca [52]; av,eragedg[99]~ Hallhah [123]; Chemlal relatively cqnstant: Hojiblanca [52]; averaged [99]; Chemlal, .Aghenfas, Mekki.
Aghenfas, Mekki [132]; Memecik, Ayvalik [145]; averaged [146]; Castellana [148]; [132]; Ayvalik [145]; averageﬁ é;%ﬂéii:;i?{?g;ﬁﬂl Memecik [150]; Chemlali
Koroneiki [153]; . . . _ ’
Total sterols [mg/kg] . . . . g . . ) variable: various cultivars [14]; Gemlik, Halhal1 [123]; Cobrangosa, Madural [131];
variable: Gemlik [123]; Cobrangosa [131]; Buichret [132]; Chemlali [147]; Buichret [132]; Edremit [150];

Chemlali [152]; mostly decrease: Verdeal Transmontana [131]; Chemlali [147];

mostly decrease: Oueslati [151]; . e I . . . .
decrease: various cultivars [14]; Picual [52]; Verdeal Transmontana [131]; decrease: averaged [13]; Plc(;al. [52]; BuZa, C.rna, Rosinjola [137]; Memecik [145];
gliarola garganica [149]

Ogliarola garganica [149]; Memecik [150]

Increase: BuZa, Rosinjola [137]; Increase: Koroneiki [12]; BuZa, Crna, Rosinjola [137];
Erythrodiol relatively constant: Koroneiki [12]; Crna [137]; averaged [146]; mostly decrease: Oueslati [151];
mostly decrease: Oueslati [151] decrease: averaged [146]
Relativevly constant: averaged [146]; Increase: Koroneiki [12]; Buza, Crna, Rosinjola % [137];
Uvaol variable: BuZa, Crna, Rosinjola [137]; Oueslati [151]; relatively constant: averaged [146];
decrease: Koroneiki [12] mostly decrease: Oueslati [151]

. In.crease: Mekki [1.32]; . Increase: Sar1 Hasebi, Gemlik, Halhali [124]; Memecik, Ayvalik [145];
mostly increase: Buichret [132]; Ogliarola garganica [149]; . . .
. . relatively constant: averaged [99]; Chemlal [132]; Ogliarola garganica [149];
relatively constant: averaged [99]; Ayvalik [145]; averaged [146]; b .
. . . Memecik, Edremit [150];
Erythrodiol+uvaol variable: Gemlik, Halhali [123]; riable: Gemlik, Halhals [123];

mostly decrease: Chemlal [132]; variable: Liemix, ’

decrease: averaged [13]; Sar1 Hasebi, Gemlik, Halhali [124]; Aghenfas [132];

Memecik [145]; Memecik, Edremit [150]

Variable: an evolution pattern with alternating increasing and decreasing periods or alternating evolution pattern as a result of other factors. ‘Averaged’—values originally reported as averages for several
varieties in cited studies. Additional information: [12] Greece, 2 seasons, November-January: unripe, normal, overripe (%); [13] Australia, 3 varieties, 3 dates (RI < 2.0, 2.0-4.0, >4.0) (%); [52] Spain, 6 regions, 6
dates (RI 0.66-5.70) (%); [99] Spain, 3 regions, 7 varieties, green, spotted, ripe (%); [117] Greece, green, purple, black (mg/100 g); [123] Turkey, 2 regions; 2 varieties, September—November: 4 dates (%); [124]
Turkey, September-October: green (RI 1.9-2.1), spotted (RI 3.0-3.3) ripe (RI 4.4-4.8) (%); [131] Portugal, 3 varieties, 3 dates October-December: olives redistributed and processed separately according to RI into
5-7 groups (mg/100 g); [132] Algeria, September—January: 8 dates (RI 1.16—4.47) [mg/kg); [137] Croatia, October-December: green (RI 1.4-1.9), spotted (RI 2.8-3.2), ripe (RI 3.8-4.1) (% and mg/100 g); [139]
Morocco, August-February: 11 dates (%); [145] Turkey, September-December: 4 dates (RI 0.84-5.3) (%); [146] Spain, 3 seasons, 2 varieties, November-January: green (RI 0-2.5), spotted (RI 2.5-3.5), ripe (RI 3.5-7)
(%); [147] Tunisia, 3 regions, November—February: 6 dates (mg/kg); [148], Spain, 3 seasons, 4 regions, November-December: 4 dates (RI 3.10-4.40) (%): [149] Italy, 2 malaxation conditions; October-November: 3
dates (0.88, 2.82, 3.31) (%); [150] Turkey, October-December: 5 dates (RI 2.80-5.69) (mg/kg); [151] Tunisia, 2 seasons, young/adult trees, September-January: green, cherry, black (RI 0.31-4.56) (mg/kg); [152]
Tunisia, 3 regions, September-February: 6 dates (RI 1.4-5.9) (%); [153] Greece, November-January: green (RI 2.0), spotty brown (RI 3.0), black (RI 4.5) (mg/100 g); [154] China, August-November: green, purple,
and black (RI 2.1-5.3) [mg/kg]; [155], Spain, 4 seasons, 3-5 dates (RI 0.6-5.3) (%); [156] Spain, 4 varieties, analyzed directly in olive fruit flesh and not oil, September—December 4 dates (RI 0.3-3.9) (%).

mostly decrease: Buichret [132];
decrease: averaged [13]; Aghenfas, Mekki [132]; averaged [146]
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It is of interest for olive growers and oil producers to conduct harvest when both
oil quantity and quality are closest to their peak. In practice, harvest time is traditionally
determined based on the visible fruit color, which is not always reliable [143]. The olive
ripening index (RI), also known as the maturation index (MI), is a more reliable measure
for estimating the ripening/maturity degree of the fruits. It is determined by evaluating
the color of the skin and pulp of 100 olives randomly chosen as representative of a larger
quantity [157]. However, it was demonstrated many times that the development and
ripening of olive fruit and the contents of various chemical compounds that are being
biosynthesized do not always correlate, significantly depending on variety, growing season,
and region, as well as other factors [143,158]. For these reasons, research on the changes
in yield and chemical composition of oil during olive ripening, including the content and
composition of sterols and triterpene diols, is an ever-growing field of scientific interest of
great practical relevance.

A significant effect of the olive ripening degree on the content and composition of
sterols and triterpene diols in olive oil was observed in many studies (Table 3). As the
majority of the published studies included three ripening degrees, with the olives used
for production in most cases denominated as ‘green’, ‘spotted’, and ‘ripe’, respectively,
or similar, the description of their evolution is divided into two parts, i.e., periods before
and after color change (with the boundary set at ‘spotted” stage or equivalent). In cases
where the investigated oils were obtained from olives harvested at more than three ripen-
ing degrees, the studied period was divided into two parts on the basis of the reported
ripening indices (when available; boundary set at RI around 3) or, in a fewer number of
cases, into two periods of equal duration. The dynamics of the accumulation of sterols
and triterpene diols in each of the two stages are described in Table 3 by the following
phrases: ‘increase’, ‘mostly increase’, ‘relatively constant’, “variable’, ‘mostly decrease’, and
‘decrease’. The information about the varieties in question and some additional data from
the reviewed studies are also reported.

It should be noted that the reported studies differed with respect to the country
and region in which they were conducted, meaning each was characterized by its own
agroecological conditions predetermined by geographical origin and location. Furthermore,
the variability was amplified by a wide time range in which the studies were performed
(few decades), with many growing seasons, each characterized by unrepeatable weather
conditions. Consequently, the time frames encompassing the studied ripening periods were
different, ranging from longer, i.e., from August to February with 11 harvest dates [139],
to shorter ones, including three dates in October and November [124]. It must be also
kept in mind that certain studies reported the changes in sterol relative proportions, while
other reported concentrations. From these aspects, it is necessary to take caution when
comparing published studies of such diverse backgrounds.

A number of studies included several varieties monitored in the same or at least very
similar ripening conditions. In many such cases, the evolution patterns of sterols and
triterpene diols during ripening significantly differed among varieties (Table 3). Particular
interfering effects of other factors were also observed. For example, in a four season study;,
the total sterols’ concentration in Cornicabra olive oils slightly decreased during ripening in
two seasons; a more considerable decrease was observed in a single one, while in another,
a major increase was recorded [155].

A great variability in the dynamics of accumulation was observed for the majority
of sterols and triterpene diols, while for some, a tendency toward particular repeating
patterns was noted despite the abovementioned probable interferences. The level of
cholesterol was found to be mostly constant throughout the whole period of ripening in
the majority of studies (Table 3). The behavior of brassicasterol, one of the least abundant
sterols in olive and olive oil, was monitored in a relatively small number of studies. It
was found to be mostly constant, although a number of studies observed an increase in
the later stages of ripening. It is possible that the activity of a particular C22-desaturase
was more expressed in the later stages by catalyzing the conversion of campesterol into
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brassicasterol (Figure 2) [15]. Olive oils of particular varieties that exhibited an increase in
brassicasterol levels in the later stages of ripening, such as Turkish Gemlik, Halhal1 [124],
and Memecik [150], were also characterized by a decrease in campesterol levels in the same
period. Although the accumulation of 24-methylenecholesterol in different studies was
rather diverse, the majority reported a rather constant level, while a decreasing pattern was
observed in the lowest number of cases. The level of one of the major sterols, campesterol,
was constant or variable throughout ripening in the majority of studies and it was only
rarely found to increase. Its decrease was more often found in the second half of the ripening
cycle. The behavior of campestanol was similar, with more studies observing an increase in
the second than in the first phase of ripening. Levels of A7-campesterol were rather constant
or variable throughout ripening. Similarly to the majority of other sterols and triterpene
diols, the levels of stigmasterol did not change significantly in most cases, but in several
studies, an increase was observed, especially in the later stages of ripening. In some cases,
a decrease in stigmasterol was observed in the initial phase. Clerosterol levels were mostly
constant, although with a larger number of studies observing a decrease in its level in the
first part of the ripening cycle. The variability in the accumulation of 3-sitosterol was also
high, but, contrary to the majority of sterols and triterpene diols, a relatively large number
of studies observed a decrease in the first phase, while several studies reported such a
behavior in the second phase as well. Interestingly, in the majority of cases, 3-sitosterol
did not follow the same pattern in both ripening phases, suggesting there was a shift
in its biosynthetic flux at a certain point, possibly affected by other factors, such as oil
accumulation in the fruit, its participation in other plant biosynthetic pathways, and so on.
The behavior of sitostanol was in most cases characterized by a steady level or a decrease,
while an increase was noted rarely. As suggested by Sakouhi et al. [159], the decrease in
stanols may be due to their conversion into steroidal hormones, such as brassinosteroids,
which regulate plant growth and development [19]. The first part of the ripening cycle
was in many studies marked by an increase in A’-avenasterol level, while a decrease was
rarely noted. In several studies, an increase in A®-avenasterol level was observed in the
second phase as well. As in the case of 3-sitosterol and some other sterols, in several cases,
a shift towards patterns different than those observed in a previous phase was recorded.
A>?*-Stigmastadienol, A”-stigmastenol, and A”-avenasterol exhibited a large variety of
behaviors. A noted decrease in A”-sterol/ A°-sterol ratio was previously explained by the
moderation of biosynthesis by the plant according to its needs in regulating growth and
development [159]. In most studies, the level of apparent (3-sitosterol was constant in the
first part of the ripening period, an increase was observed in several studies, while no
study reported a decrease. After a change in color or equivalent, a decrease in its level
was observed in particular cases, while an increase was recorded only once. Contrasting
results were published for erythrodiol and uvaol. For particular varieties, an increase in
erythrodiol and uvaol levels was observed in oils obtained from ripe olives, which was
explained by the fact that these triterpene diols are mostly located in olive skin, which
becomes more fragile as the fruit ripens and fragments better during milling [99].
Similarly to the behavior of the majority of sterols, the content of total sterols changed
in many ways. Again, the dynamics of the accumulation of the total sterols content rarely
maintained the same course during the whole ripening period, although some exceptions
were noted. It was observed in several studies that many sterols, as well as the total
sterol concentration, peak at a certain point during ripening, after which they decrease.
Sakoubhi et al. [159] stated that, in the later phases of ripening, the activity of enzymes
involved in the biosynthesis of sterols decreases, while the conversion of sterols to stanols
and steryl esters in the same period is increased. Simultaneously, oil is accumulated during
most parts of the ripening period and the compounds from the unsaponifiable fraction
are practically being ‘diluted’, which may contribute to a decrease in the concentration
of sterols and triterpene diols [99]. Gutierrez et al. [52] observed a constant decrease
in the concentration of total sterols. Such a pattern was more pronounced for Picual
than for Hojiblanca variety, proving once again that variety is an important factor. It is
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probable that the enzymatic pools and loads, as well as their evolution during ripening,
which are specific for a particular variety, most directly predetermine the dynamics of
biosynthesis and final quantities of sterols and triterpene diols in different monovarietal
olive oils. Further, different varieties were previously shown to exhibit different dynamics
of accumulation of oil during ripening. Ranalli et al. [160] observed the percentage of oil in
olive drupes peaking at RI of around 5 (black skin and violet flesh) for Leccino and at RI of
almost 4 (mostly black-reddish skin and green pulp) for Frantoio variety, suggesting not
only enzymatic activity, but also the factor of ‘dilution’ of sterols by saponifiables over time
is genetically predetermined. The oscillations in total sterol concentrations during ripening
were also attributed to their conversion into steroidal hormones and vitamins [159]. In
some cases, the content of total sterols was found to increase in the later stages of ripening.
The results from Taticchi et al. [149] suggested that the extractability of sterols from olive
cells into the water/oily phase at late ripening stages might be facilitated by high levels of
depolymerizing enzymatic activities allowing a better disruption of different fruit tissues
during milling.

In contrast to the majority of studies in which conclusions were drawn based on the
content and /or composition of sterols and triterpene diols in the extracted oils, Fernandez-
Cuesta et al. [156] monitored the evolution of squalene and sterols during olive ripening
directly in olive flesh. They noted an increase in total sterol amounts during the whole
period from September to December across four ripening degrees, with RI varying between
0.3 and 3.9. Interestingly, an increase in squalene concentration lasted throughout the
whole experiment as well, although it was less intense with a lower increase in percentage
compared with that of sterols in all the ripening phases except the last. Squalene is a
precursor to all sterols and triterpene diols, so it is reasonable to assume that the increase in
its concentration throughout ripening was slower because its fraction was being converted
to triterpenoids, including sterols. The proportion of (3-sitosterol decreased and that of
A’-avenasterol increased simultaneously with the increase in the proportion of oil in the
fruit, while in the last stage, when the accumulation of oil apparently stopped and the fresh
fruit weight became constant or even slightly decreased owing to the evaporation of water,
the B-sitosterol/A®-avenasterol ratio evened off. The study included four varieties and
some inter-varietal differences in the evolution patterns were observed, but mostly slight,
allowing the previously mentioned general conclusions. On the other hand, quantitative
differences between varieties were significant. Fernandez-Cuesta et al. [156] pointed out
that the squalene amount was already high at the beginning of the ripening period covered
in the study, and concluded that squalene accumulation in olives is scarcely related to this
period of fruit maturation. Such a result was in contrast with the findings from Sakouhi
et al. [161], who reported maximum squalene level at 21 weeks after flowering, which was
followed by a dramatic decrease measured over the five following weeks, finally reaching
a concentration ten times lower than the maximum in the 38th week after flowering.
The authors explained the decrease in squalene concentration as a consequence of its
consumption in the biosynthesis of sterols and other triterpenoids, which was corroborated
by a significant increase in total sterols noted in the same period (21st and 26th week after
flowering), after which a rather sharp decrease in their concentration was observed [161].
It must be noted that the two mentioned studies differed with respect to the matrix from
which squalene was extracted (lyophilized fruits vs. soxhlet extracted oil) and other details,
which could have caused the mentioned differences. Furthermore, other factors, such
as variety, region, season, and so on, could have contributed. Orozco-Solano et al. [162]
analyzed fruits from three olive varieties in a period from September to January across five
ripening degrees (green, green-yellow, yellow-purple, purple, and black) and observed
different behaviour of the majority of sterols depending on the variety.

A strong negative correlation between B-sitosterol and A%-avenasterol was noted in
the majority of the reported studies (Table 3). Aparicio and Luna [140] explained such
a phenomenon based on the decrease in stone/flesh ratio in the fruits during ripening,
resulting in a lower proportion of oil from stone, which has a much higher B-sitosterol/ A°-
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avenasterol ratio than that from flesh [111]. Another possibility is that the activity of particu-
lar enzymes wanes in a later stage [159], which possibly includes A?*-isomerase/reductase,
which converts A®-avenasterol to p-sitosterol [15]. Gutiérrez et al. [52] suggested the
possible activity of a desaturase that transforms p-sitosterol into A®-avenasterol.

Many studies confirmed that various varieties exhibit different dynamics of sterol
accumulation during ripening (Table 3). However, a few of them showed, at least when
the effects of other factors were prevented or minimized, a great similarity in the relative
changes in ripening patterns despite quantitative differences in the sterol content. Fuentes
de Mendoza et al. [146] showed that it is possible to differentiate olive oils according to
ripening degree (green, spotted, ripe) using LDA with particular fatty acids, triglycerides,
and sterols as variables, despite samples belonging to two different varieties. Among
compounds from other chemical families, 3-sitosterol and A%-avenasterol were extracted
by a LDA model as those with a significant discriminating power. Orozco-Solano et al. [162]
observed a certain degree of grouping of olive oil samples from three varieties according to
their ripening degree by applying PCA on sterol and aliphatic alcohol compositional data.
In another study;, a relatively successful discrimination of oils according to ripening degree
was achieved by applying both PCA and DA, although a significant interaction with the age
of olive tree as the other factor was noted, which resulted in the formation of sub-classes
visible on the PCA and DA plots. Besides sterols and triterpene diols, quantitative data for
other compounds, such as squalene, chlorophylls, carotenoids, and aliphatic alcohols, were
used as variables in performing chemometric analysis [151].

Koutsaftakis et al. [12] succeeded in grouping olive oils of Koroneiki variety according
to ripening degree using CDA with solely sterol compositional data, despite the samples
belonging to two consecutive growing seasons. Another study succeeded in obtaining good
PCA separation of oils from three different varieties made of olives harvested at three ripen-
ing degrees using only sterols and triterpene diols as variables [137]. To further minimize
the effect of quantitative differences, the authors introduced the ratios of concentrations
and/or percentages of particular sterols and diols as variables. PCA, with sitostanol/uvaol,
uvaol/stigmasterol, A7—campesterol / B-sitosterol, and clerosterol/ A®-avenasterol as vari-
ables, allowed the best separation of fresh oils according to ripening degree. The first three
were selected by LSD as those with the highest differentiating power. When oils stored for
a year were introduced into the dataset along with the fresh ones, the information about
ripening degree was retained mostly in the levels of 24-methylenecholesterol/ 3-sitosterol,
erythrodiol, campestanol/stigmasterol, A°-avenasterol, stigmasterol / A”-campesterol, and
24-methylenecholesterol [137].

7.3. Influence of Other Factors

Variety and ripening degree are certainly among the most, if not the most, important
factors influencing the content and composition of sterols and triterpene diols in olive
oil. However, harvest year and geographical origin, inseparably related to the given
pedoclimatic conditions, as well as agronomic and technological parameters, were shown
to have an important influence as well. As this review article focuses mostly on the influence
of variety and ripening degree, this part is not equally comprehensive, but instead reports
particular examples to gain a better insight into the diversity of factors affecting the final
olive oil chemical composition and quality, particularly the content and composition of
sterols and triterpene diols.

Many published studies reported the effect of the growing region on the content
and composition of sterols and triterpene diols. The levels of particular major sterols,
such as 3-sitosterol, campesterol, and stigmasterol, as well as total sterols, were found to
decrease at higher altitudes, while for particular triterpenic alcohols, including the sterol
precursor cycloartenol, the opposite was found, implying a slowdown in sterol biosynthesis
in such conditions [163]. It was shown that total sterols negatively correlate with limestone
percentage in soil [164]. A higher level of A”-stigmastenol was found in oils produced from
olives grown on red clay soil in comparison with white lime [55]. Despite the fact that, in
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lots of studies that investigated, the influence of geographical origin on the effect of other
factors was not eliminated, there is a consensus that a significant variability is related to
the different climate conditions at each growing area, such as rainfall, temperature, and
humidity, as well as to soil properties, particularly pH, limestone content, and deficiency
in certain elements, among others [2].

Lazzez et al. [152] compared olive oils from Chemlali variety during four harvest
seasons produced at six ripening degrees in three growing regions with different pe-
doclimatic conditions. They found the growing region to account for more variability
than ripening degree and the two factors significantly interacted. Growing season had
no significant effect. In other studies, harvest year had a significant effect on the ma-
jority of sterols and triterpene diols [13], although significantly interacting with other
factors [102,104,105,115,121,151,165]. In a study with seven Spanish varieties grown in five
growing regions, in a direct comparison variety had a stronger influence than geographical
location on B-sitosterol, A%-avenasterol, and total sterols, expressed as a percentage of
variance [74].

Like in the case of variety, many studies more or less successfully aimed to find
chemical markers of geographical origin among sterols and triterpene diols using univariate
and multivariate statistical techniques. Significant differences in sterol and triterpene diol
composition and total sterol content were found between oils obtained from olives from
10 locations with different pedoclimatic characteristics in north Tunisia by ANOVA and
a post-hoc test [166]. Two olive varieties grown in two regions in Turkey harvested at
four different ripening degrees were studied for their sterol content and composition.
Campesterol, stigmasterol, AS-avenasterol, B-sitosterol, A5'24—stigmastadienol, erythrodiol
+ uvaol, and total sterols contents were significantly affected by all the three factors, with
minor exceptions [123].

In a study with Australian olive oils produced from olives from four regions selected to
represent a range of extremes of conditions across olive growing areas within Australia, the
growing region was found to have a significant effect on the composition, i.e., proportions of
particular sterols. Variety also had a significant effect, while the influence of growing season
and ripening degree was much weaker. The factors variety and growing region interacted,
as the effect of particular region was not the same for all the varieties, and vice versa.
Generally, the proportion of stigmasterol was higher in the northern growing regions [134].
Together with FAMESs, [3-sitosterol, A%-avenasterol, and stigmasterol contributed to the
differentiation of olive oils from various locations in Sicily, Italy by chemometric techniques
of PCA and SIMCA classification [167].

Monovarietal olive oils from four Greek islands with a similar climate were compared.
Although significant differences were found for (3-sitosterol, sitostanol, A%-avenasterol,
and total sterols, ANOVA and post-hoc tests found no variable able to distinguish all four
regions. PCA showed a modest grouping of oils according to growing region with partial
overlapping, but a good differentiation was obtained by discriminant function analysis
(DFA) with f3-sitosterol and sitostanol included in the model with compounds from other
chemical families. The models that used FAMEs and triacylglycerols were more successful
than the one that used sterols as the only variable [168]. The same group of authors found
sterols to be more important and successful in differentiating Apulian olive oil (Italy) from
three growing locations [169]. The authors applied several chemometric techniques and
each of them extracted a number of sterols as important variables for geographical dis-
crimination, including campestanol, A7-stigmastenol, sitostanol, (3-sitosterol, campesterol,
A”-avenasterol, clerosterol, A°-avenasterol, and 24-methylene-cholesterol.

When olive oils obtained from three varieties grown in two growing areas in Iran
were compared by ANOVA and PCA, significant differences were found, with variety
and growing region interacting for the majority of sterols, except for 3-sitosterol having a
higher and A°-avenasterol having a lower proportion in oils from all three varieties grown
in Qom in relation to those grown in Gorgan region [136].
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Bajoub et al. [170] aimed to attain a geographical discrimination of virgin olive oils
from Picholine Marocaine variety produced in seven north Moroccan regions in two
growing seasons based on their physico-chemical quality and compositional parameters,
including sterols and triterpene diols, using a multivariate data analysis approach. Sig-
nificant differences according to growing region were determined for all the sterols and
total sterols, except brassicasterol and sitostanol. Among other compounds, CDA extracted
A>3 -stigmastadienol, campestanol, A”-stigmastenol, A>?*-stigmastadienol, B-sitosterol,
A®-avenasterol, A7-campesterol, cholesterol, erythrodiol, uvaol, and A7-avenasterol among
the most discriminating variables, while some other sterols contributed less.

Particular studies investigated the differences between olive oils originating from
different countries. In a study of Giacalone et al. [171], extra virgin olive oils of Italian and
non-Italian origin (from Spain, Tunisia, and blends of EU origin) were differentiated by the
contents and composition of free and esterified sterols by chemometric tools. Esterified
sterols turned out to be more useful differentiators, with campesteryl-C18 found to be
highly significant for defining non-Italian samples. Tunisian and Italian olive oils were
confronted using HCA and OPLS-DA chemometric techniques after analysis of sterols by
untargeted metabolomics analysis using ultra-high-pressure liquid chromatography with
electrospray quadrupole-time-of-flight hybrid mass spectrometry (UHPLC-ESI/QTOEF-
MS), and many unknown sterols were found to be good differentiators according to country
of origin [87]. A similar metabolomics-based approach was applied in another study where
virgin olive oils from six Italian growing regions were differentiated [86]. An enormous
number of sterols were tentatively identified and the authors pointed out a possibility that
some of them originated from the oil microbiota, typically present in solid particles and
micro drops of vegetation water, where yeasts are predominant. OPLS-DA extracted many
potential differentiators based on geographical region, among which iokundjoside (from
the sterol sub-class of cardanolides) and solaspigenin (a spirostanol) were found to have
the highest discriminating power. It is worth mentioning that, in this study, only 13.6% of
sterols were useful for both varietal and geographical differentiation, suggesting mostly
different mechanisms were affected by the two factors.

Agronomic factors in olive orchard management other than ripening degree and time
of harvest also significantly affect the quality of olive fruits and, therefore, the final quality
of fresh olive oil [2].

A significant effect of organic versus non-organic cultivation was determined for
a number of sterols, although significantly depending on growing season and ripening
degree [165]. Chtourou et al. [151] compared olive oils obtained from olives from ‘young’
(five years old) and ‘adult’ (50 years old) trees planted at the same pedoclimatic conditions
and harvested at three ripening degrees, as ‘green’, ‘cherry’, and ‘black’. The effects of
all three factors were significant for the majority of sterols. Age of trees significantly
influenced the concentration of cholesterol, campesterol, clerosterol, 3-sitosterol, sitostanol,
A>?*-stigmastadienol, and total sterols, as well as their precursor, squalene. The total sterol
concentration was higher in oils from adult trees. The DA model successfully differentiated
olive oils based on ripening degree, with sub-clusters formed according to the age of
trees for each RI visible on a two-dimensional DA plot. Age of trees significantly affected
the accumulation of sterols during ripening, and oils of some age/RI combinations were
characterized by the proportions of particular sterols outside the regulatory limits. The
authors pointed out the importance of evaluating and taking into account the age of olive
trees together with other factors when estimating optimal harvest dates.

Water stress and irrigation were shown to have a significant influence on sterols and
triterpene diols in olive and olive oil. Complementary irrigation (80 mm) applied only
during the third stage of olive ripening delayed ripening time and increased fruit size and
oil content. Prolonged water deficit reduced fruit growth, oil accumulation rate, and the
content of potassium in the fruit, and enhanced ripening and pre-harvest fruit drop. As
a side-effect, oils obtained from olives from irrigated trees contained decreased concen-
trations of campesterol, campestanol, 3-sitosterol, and A’-avenasterol [172]. In another
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study, oils produced from water stressed olive fruits contained higher proportions of
campesterol, campestanol stigmasterol, 3-sitosterol, and sitostanol, and lower proportions
of Ad-avenasterol, A7-avenasterol, and A7—stigmastenol than those obtained from olives
from irrigated trees. Water-stressed fruits yielded oils with a higher total sterol concen-
tration [173]. Similar results were obtained by Stefanoudaki et al. [174], where irrigation
generally caused a significant, but relatively small increase in the proportions of the ma-
jority of sterols, except A’-avenasterol and A%>?*-stigmastadienol, simultaneously causing
a large decrease in the content of total sterols from 1604 to 1005 g/kg. Opposite to those
studies, Guillaume et al. [13] observed changes in the proportions of particular sterols
caused by irrigation, but total sterols were not affected.

The influence of crop load, ranging from a full yield of 26.2 kg per tree to a reduced
yield of 12.5 kg per tree, was found to be insignificant with respect to the amount of sterols,
despite that fruits of trees with the lowest yield reached full maturity at the so-called
‘black’ ripening degree 30 days earlier and accumulated more oil faster [175]. The levels
of B-sitosterol, sitostanol, and triterpene diols were significantly lower, and those of A’-
avenasterol and A7-avenasterol were significantly higher in olive oils obtained from fruits
of larger size versus fruits of smaller size [13].

Particular sterols and especially triterpene diols were found to be significantly affected
by the delay between olive harvest and processing. Erythrodiol + uvaol and stigmasterol
levels increased and the campesterol level decreased after a longer delay period [13]. A
similar increase was observed for A7-stigmastenol [55]. By comparing the composition of
oil in different fruit tissues, Guillaume et al. [13] found that the contents of A7-stigmastenol
and erythrodiol+uvaol were higher in the skin/outer flesh fraction, which, according to the
authors, can explain why the levels of those sterols tend to increase in oils produced in non-
optimum processing conditions that include longer malaxing times, higher temperatures,
or time delays between harvesting and crushing.

Olive paste malaxation parameters were shown to have an impact, but generally
of a lower degree than that caused by variety, ripening degree, and environmental and
agronomic factors. In a study by Guillaume et al. [13], erythrodiol + uvaol, stigmasterol,
and A7-stigmastenol were the only compounds affected, with increased concentrations
found in oil after a longer malaxation duration (60 min vs. 30 and 15 min). A higher
malaxing temperature (38 °C vs. 28 °C and 18 °C) caused an increase in erythrodiol + uvaol,
stigmasterol, and A”-campesterol proportions as well as total sterol amount. In another
study, higher malaxation temperature (45 °C vs. 30 °C) also extracted more stigmasterol [12].
Oil obtained by malaxation at 30 °C could have been considered as of better quality, as it
was characterized by a higher campesterol/stigmasterol ratio, as stigmasterol content is
considered to be higher in defective oils. These oils were also significantly richer in A’-
avenasterol. Di Giovacchino et al. [176] did not find any effects of malaxation duration and
temperature on the composition of sterols. Higher pressing temperatures in a traditional
olive processing system resulted in an increased A”-stigmastenol proportion [55].

Ranalli et al. [177] compared the quality and composition of different oil fractions
obtained during olive processing, that is, oil from percolation (first fraction) and oil from
centrifugation (second fraction). The first fraction olive oil was characterized by a higher
ratio of campesterol/stigmasterol and lower concentration of total sterols and triterpene
alcohols. In a more recent study, different extraction systems were compared (pressing,
centrifugation with and without mill waste water recycling) in processing olives from vari-
ous ripening degrees [178]. A relatively weak effect of extraction technology on sterol and
triterpene diol composition, especially on B-sitosterol and A’-avenasterol, was observed in
relation to that induced by ripening degree. The effects of the two factors interacted. Kout-
saftakis et al. [12] found that oils obtained by two- or three-phase centrifugation systems
contained a higher campesterol proportion, while those obtained by a traditional pressing
system were characterized by higher levels of 3-sitosterol and stigmasterol. It should be
pointed out that the observed differences were minor. The effectiveness of an innovative
ultrasound-assisted extraction system was tested at industrial scale [149]. Olives obtained
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at different ripening degrees were processed and the ultrasound system extracted more
total sterols than a standard one only at the last ripening stage, probably as a consequence
of softer olive tissues due to an increased level of depolymerizing enzymatic activities, as
suggested by the authors. The sterol composition was not affected.

The influence of storage on the content and composition of sterols and triterpene
diols was not studied extensively. Thanh et al. [179] found (3-sitosterol level in olive oil to
decrease by 16.5% after 6 months of storage at room temperature. The levels of campesterol,
[3-sitosterol, and stigmasterol were quite stable after several weeks at 55 °C, did not change
after 1 hat 100 °C, but had decreased by around 60% after 1 h at 200 °C. Abu-Alruz et al. [55]
found an increase in A7-stigmastenol level after 6 months of storage in different containers.
In another study, after a 12-month storage of virgin olive oils at different temperatures
(room, +4 °C, —20 °C) a decrease in stigmasterol, campesterol, A5’24—stigmastadienol, uvaol,
and apparent f-sitosterol, as well as an increase in A”-stigmastenol and campestanol levels,
was noted [137].

8. Conclusions

The content and composition of sterols and triterpene diols is of great importance
for various aspects of virgin olive oil quality. These compounds are among the param-
eters tested to verify the authenticity of olive oil and detect counterfeiting to meet the
requirements of the regulation and trade standards. Sterols are considered among the most
valuable ingredients of olive oil owing to their bioactivity and multiple beneficial effects on
human health. Furthermore, sterols and triterpene diols have shown a significant potential
as chemical markers useful for ensuring traceability and guaranteeing the varietal and
geographical origin of olive oil.

Many studies have shown that the varietal diversity of olives is extremely rich, with
genetically predetermined enzymatic load and activity, producing oils with different
profiles of sterols and triterpene diols. Although a large number of studies on this topic
have been published in general, when divided by the number of varieties included, it
becomes evident that the number of studies per variety is actually small and that most
varieties are still unexplored. In addition, the proven interaction between variety and
other factors, such as ripening degree, geographical origin, growing season, agronomic
and technological parameters, and so on, that also significantly affect the composition of
olive oil make quite difficult the achievement of robust, reliable, and consistent varietal
characterization and differentiation.

Olive ripening degree plays a decisive role in determining the final composition and
quality of olive oil. Certain repetitive patterns during ripening have been observed for
particular sterols and triterpene diols, but the data are very diverse, as this largely depends
on variety and other factors. A lot of work on this topic has been published overall;
however, it can again be said that, for any given variety, a small number of studies have
been conducted that investigated the influence of ripening. Therefore, at this point, more
general and definitive conclusions were not possible.

Obviously, if more practical conclusions are to be sought, a more systematic approach
is needed, with experiments repeated in many harvest years and involving all the major
interfering factors. This would enable a more precise identification of varieties that at
certain ripening degrees yield oils with a high sterol content as an added nutritional value.
Varieties with interesting specific properties could be selected and used in olive growing
programs for propagation and the creation of new ones with enhanced characteristics. On
the other hand, such improved knowledge would enable better management of varieties
that are, in certain conditions, prone to yield oils in which the natural composition of sterols
and/or triterpene diols does not meet the legally prescribed limits. In this way, potential
problems in their trade could be anticipated and avoided.

Another important direction in future research on sterols and triterpene diols could
certainly be the identification of novel compounds from this group, in free and bound form,
which would provide more information and enable developing more precise chemometric
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differentiation models applicable for ensuring virgin olive oil traceability and authenticity.
The use of the metabolomics approach with powerful sophisticated analytical techniques
and big data processing tools is expected to become more common in the near future in
delivering such results.
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