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Abstract 

Olive oil represents a very important part of the economy of Spain and Catalonia. 

The value of this product, specifically extra virgin olive oil (EVOO), lies in its quality, 

both in terms of organoleptic and nutritional aspects, which are determined by its 

composition. The richness in oleic acid, as well as the presence of bioactive com-

pounds with antioxidant capacity, such as phenolic compounds, vitamin E, and ca-

rotenoids, endow EVOO with oxidative stability and health properties. In particular, 

a group of phenolic compounds specific to the Oleaceae family, secoiridoids, is of 

interest for its strong antioxidant activity, health benefits, and contribution to organ-

oleptic properties. Several factors affect the final composition of the oil, including 

the cultivar, agroclimatic and environmental conditions, olive health, ripeness, tech-

nological factors in oil production, storage, and cooking. 

In this thesis, with the aim of obtaining an EVOO with a higher content of phenolic 

compounds, particularly secoiridoids, the effect of cultivar, degree of ripeness, malax-

ation, and the emerging technology of high hydrostatic pressure (HHP) on the com-

position has been studied. The olive cultivars studied were ‘Arbequina’, the most 

representative of Catalonia, and ‘Corbella’, an ancient cultivar recently reintroduced 

for oil production. 

Results indicate that the genetics of the cultivar is the most contributing factor. The 

differential expression of genes encoding enzymes involved in the metabolism of 

oleuropein, as well as their variation during fruit development and ripening, are the 

main factors responsible for the modulation of the content and profile of secoir-

idoids. The high expression of β-glucosidase detected in ‘Corbella’ and ‘Arbequina’ 

compared to ‘Picual’ can explain the higher content of oleuropein aglycone found in 

the first two cultivars, as well as the higher content of oleacein and oleocanthal in 

their respective EVOOs. Therefore, the cultivar affects other factors, such as malax-

ation. In the case of ‘Arbequina’ and ‘Corbella’, the use of temperatures up to 30 °C 

favored the increase in oleacein and oleocanthal. Additionally, in ‘Corbella’ EVOOs, 

a strong correlation was established between the content of these two secoiridoids 

and oxidative stability. Storage of olives at ambient temperature overnight also fa-

vored their content. Regarding the degree of ripeness, ‘Corbella’ olives showed a re-

duction in the content of phenolic compounds during the early stages of maturation. 

Finally, the use of HHP promoted the synthesis of oleocanthal and oleacein in ‘Ar-

bequina’ olive fruit but not in the EVOO.
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1.1. The olive tree 

If you were asked to name the most emblematic tree from the Mediterranean Basin, 

most probably the olive tree would come to your mind. As the French writer George 

Duhamel (1884 – 1966) said:  

 

 

 

 

Olea europaea L., commonly known as olive tree, has become an icon of the Mediter-

ranean landscape, constituting a significant component of food production in the 

countries bordering the Mediterranean Sea, which provides edible fruits and, more 

importantly, olive oil [1].  

In Europe, 4.6 M ha are covered by olive trees, 55% of which are in Spain and 23% 

in Italy. Greece (15%) and Portugal (7%) occupy the third and fourth position, re-

spectively [2]. Spain is the main world leader in crop area, production, and external 

trade of olive oil, with 2.7 M ha of olive trees, 93% of which destined to oil produc-

tion [3]. The olive tree industry is an important part of the economy in this country, 

with 15 out of 17 Communities cultivating it. Andalusia is the Spanish Community 

with the most extensive area of olive trees (60%), followed by Castilla-La Mancha 

(16%), Extremadura (10%), and Catalonia (4%) [4].  

There are more than 1000 olive cultivars in the world, but according to the Interna-

tional Olive Council (IOC) 139 account for almost 85% of olive crop area [5]. Among 

them, ‘Picual’, ‘Arbequina’ and ‘Hojiblanca’ are the most used for oil production, the 

three of them being originally from Spain. ‘Picual’ and ‘Hojiblanca’ are mainly culti-

vated in Andalusia, and ‘Arbequina’ in Catalonia [5].  

  

The Mediterranean ends where the olive tree no longer grows. 
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1.2. The olive fruit 

Olive is an oval-shaped drupe which consists of an epicarp (skin), a mesocarp (pulp), 

and an endocarp (stone), this latter protecting the seed [6,7] (Figure 1). It is the most 

valuable part of the olive tree because not only becomes an edible food after proper 

treatments, but it is also used for oil production. 

 

Figure 1. Principal parts of the olive fruit. 

The phenological stages involved in the olive life cycle (Figure 2), such as fruit 

growth and development, are modulated by the climate [7]. In February, the floral 

induction begins, and new sprouts grow. From March to May, the inflorescence de-

velopment and flowering occur. Then, the fruit is set on fertilized flowers and the 

fruit development and growth take place over a prolonged total period of 5–6 

months, from mid-May to October. In the first growth phase, the fruit increases in 

size by cell division and expansion, and water accumulation. This phase concludes 

with the lignification of the endocarp. During the second phase (July–August), the 

fruit growth slows down, the stone reaches its final size and finishes the hardening, 

and oil starts to be synthesized and accumulated. In the third phase, the fruit grows 

again due to the widening of the mesocarp cells and oil accumulation. Finally, by the 

end of September or beginning of October the growth slows down again and the 

fruit starts to ripen [7]. Oil biosynthesis and accumulation proceeds to a certain rip-

ening stage, usually until November [8]. The maturation is completed by December. 

Meanwhile, the olive tree starts a dormancy period of 1–3 months during the winter 

until favorable temperature conditions return [9]. The harvesting of the fruits goes 

from the end of September to December, depending on the cultivar and desired ripe-

ness. 
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Figure 2. General olive life cycle with the main phenological stages. 

The composition of the olive varies according to the cultivar, the environment, and 

the degree of ripeness, but in general terms, it contains water (40–70%) and fat (6–

25%), which are mainly present in the mesocarp. Other components are simple sug-

ars (2–5%), cellulose (6%), protein (1–2%), and ash (1–2%). Additionally, it has phe-

nolic compounds in concentrations between 0.5 and 2.5% of the fresh weight [10,11]. 

Although the olive fruit can be consumed after fermentation and other treatments, 

the worldwide main use is for oil extraction. 

1.3. The olive oil 

Olive oil is the oily juice extracted from the olive fruit. The technological process of 

production starts from the olive tree and ends with the storage of the product, and 

includes the following steps (Figure 3) [12–14].  
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Figure 3. Simplified illustration of the technological process of virgin olive oil (VOO) pro-

duction. 

First, olives are harvested either by hand or mechanically. Then, they are transported 

to the oil mills and stored until oil extraction. The olive oil extraction comprises four 

main steps. First, the fruit cleaning, which consists of leaf removal and olive wash-

ing. Second, the crushing, which is the grinding of the olives by employing stone 

mills or metal crushers [15], with the aim of breaking the fruit cells to release the 

droplets of oil from the inside. Third, the malaxation, also known as beating or 

kneading, which is a slow mixing of the olive paste with the aim of increasing the oil 

extraction yield by breaking up the oil/water emulsion, so that the droplets of oil join 

together to form larger drops. Temperature is used to decrease the viscosity of the 

paste and help in the coalescence of oil drops [16]. Fourth, the separation of the 

solid (pomace, which is stone and pulp particles) and liquid phase (oily must: veg-

etable water and oil). This step can be performed by pressing, which consists of ap-

plying pressure to the olive paste so the oily must is forced out and separated from 

the solid phase; or by centrifugation, which separates the components of the olive 
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paste by density, so the denser solid particles are pressed outwards against the rotating 

bowl wall, while the less dense liquid phase forms a concentric inner layer. There are 

two types of centrifugation, two-phase and three-phase. On the one hand, the two-

phase centrifugation separates the olive paste into oily must as the liquid phase, and 

a very wet olive pomace as the solid phase. On the other hand, the three-phase cen-

trifugation needs the addition of lukewarm water, so three phases are obtained: an 

oily must, vegetable water mixed with the added water, and olive pomace. A third 

method of separation is the percolation, which is based on the different surface ten-

sion between olive oil and vegetable water. Taking advantage of this condition, the 

percolation consists in plunging steel blades into the olive paste, and because of the 

less interfacial tension of olive oil compared to vegetation water in relation to the 

steel blade, when the blades are withdrawn, an oil coat is formed around them, and 

olive oil drips off and separates from the other phases. A posterior malaxation and 

three-phase centrifugation must be performed to the remaining olive paste to recover 

the main part of the remaining olive oil. Finally, the clarification must be performed 

to the oily must obtained in the various extraction systems to separate the oil from 

suspended solid particles and the vegetable water. The most used method is a three-

phase separation clarifier, which, with the addition of a small amount of water, sepa-

rates pure oil, water, and solids by centrifugal force. Other methods are deposition in 

tanks and filtration. 

This pure oil obtained in the last separation step is called virgin olive oil (VOO). 

According to the Codex Alimentarius [17], the IOC [18] and European Commission 

[19] and Spanish [20] regulations, VOO is the oil obtained from the fruit of the olive 

tree solely by mechanical or other physical means under conditions that do not lead 

to alteration in the oil, and which have not undergone any treatment other than wash-

ing, decantation, centrifugation, and filtration. VOOs are classified as (Table 1) [21]: 

• Extra virgin olive oil (EVOO), which is the superior category, with a max-

imum acidity of 0.8% (g oleic acid/100 g oil) and no organoleptic defects.  

• VOO, which is the second category, with a maximum acidity of 2% and with 

organoleptic defects not exceeding the median of 3.5. 

• Lampante olive oil, with an acidity of more than 2% and with organoleptic 

defects exceeding the median of 3.5. It must undergo a refining process to 

be suitable for human consumption. 
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Table 1. Quality characteristics of the different olive oil categories according to European 

Commission 2022/2014 [19]. 

Category 
Acidity 
(%) * 

Peroxide  
value  

(mEq O2/kg) 
K232 

K268 or 
K270 

ΔK 

Organoleptic charac-
teristics 

Median 
of defects 

Fruity 
median  

EVOO ≤ 0.8 ≤ 20.0 ≤ 2.5 ≤ 0.22 ≤ 0.01 0.0 > 0.0 

VOO ≤ 2.0 ≤ 20.0 ≤ 2.6 ≤ 0.25 ≤ 0.01 ≤ 3.5 > 0.0 

Lampante 
olive oil 

> 2.0 – – – – > 3.5 – 

Refined 
olive oil 

≤ 0.3 ≤ 5.0 – ≤ 1.25 ≤ 0.16 – – 

Olive oil ≤ 1.0 ≤ 15.0 – ≤ 1.15 ≤ 0.15 – – 

Crude 
OPO 

– – – – – – – 

Refined 
OPO 

≤ 0.3 ≤ 5.0 – ≤ 2.00 ≤ 0.20 – – 

Refined 
OPO + 
VOO 

≤ 1.0 ≤ 15.0 – ≤ 1.70 ≤ 0.18 – – 

*: % in “g oleic acid/100 g oil”. 

The refining is a mean to restore a defective but still valuable product. This process 

consists in various steps that remove free fatty acid, phospholipids, pigments, muci-

lage and resinous substances, volatiles, oxidation products, pesticides residues, per-

oxides, waxes, and part of sterols, tocopherols, and hydrocarbons [22]. The olive oil 

obtained by refining VOO is called refined olive oil. Finally, the name of olive oil 

can be used to designate the olive oil category composed of a mixture of refined olive 

oil and VOO other than lampante (Table 1) [21]. 

The olive oil is stored in tanks or drums until it is packaged to be sold (Figure 3). 

Olive pomace is the solid by-product from olive oil extraction that still contains a 

significant amount of oil, which is extracted by solvents, usually hexane, or other 

physical treatments [23]. Olive pomace oil (OPO) can be crude, refined, or composed 

of refined OPO and VOO (Table 1) [21].  
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1.3.1. The quality of olive oil 

Factors such as acidity, peroxide value, spectrophotometric absorbances in the UV 

region (K232 and K270), and organoleptic scores determine the quality of the oil and 

whether it is suitable for consumption or must be refined (Table 1) [19].  

On the one hand, acidity, or free acidity, gives information of the extent of hydrolytic 

activities by measuring the percentage of free fatty acids in oils expressed as oleic acid 

[24].  

On the other hand, peroxide value, and K232 and K270 give information of the degree 

of olive oil oxidation based on determinations of both the primary and the secondary 

products of oxidation [25]. Autoxidation, also known as rancidity, is the most com-

mon degradation reaction affecting olive oil, and causes important deteriorative 

changes in chemical, sensory and nutritional properties [26]. It is the oxidation of 

lipids and starts with the formation of free radicals (initiation), that can first occur by 

the presence of a metal catalyst, a hydroperoxide or by light exposure or high tem-

peratures; continues with the production of hydroperoxides, or primary oxidation 

products, (propagation), and ends with the production of non-radical molecules, or 

secondary oxidation products (termination) [24,27], responsible for rancid off-flavors 

[28,29]. Peroxide value measures the level of hydroperoxides, giving information 

about the extent to which the oil has undergone primary oxidation. This parameter 

increases until it reaches a maximum, and then starts to decrease because of the for-

mation of secondary products [25]. The absorption at 232 and 270 nm measures the 

content of conjugated dienes and trienes, respectively, which are formed in the au-

toxidation process from the hydroperoxides and their fragmentation products [25]. 

K232, like the peroxide value, is an indicator of the primary oxidation, while K270 indi-

cates the state of secondary oxidation.  

Finally, to evaluate the organoleptic characteristics the Panel Test method is used, 

which is formed by 8 to 12 persons suitable selected and trained to identify and eval-

uate the intensities of positive (fruity, bitter and pungent) and negative sensory attrib-

utes or off-flavors (fusty, musty-humid, winey-vinegary, and rancid [30]. For EVOO 

the median of defects must be zero and the fruity median greater than zero (Table 

1). 
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As seen, the overall quality of the olive oil from production to consumption is 

strongly related to oxidative stability which, in turn, is related to its composition. Both 

the oxidative stability and the composition will have an impact on the evolution of 

flavor, taste, color, and the content of antioxidants and other minor olive oil constit-

uents beneficial to health [31].  

1.4. The composition of (extra) virgin olive oil 

Olive oil, but more specifically EVOO, is a valuable product due to its unique sensory 

profile and health benefits, which are attributed to its composition. Furthermore, the 

composition contributes to oxidative stability, and hence, to the shelf life of the oil. 

EVOO composition can be divided into a major (98–99%) and a minor fraction (1–

2%). The major fraction, also known as saponifiable fraction, is formed by triacyl-

glycerols. The minor fraction, or unsaponifiable fraction, mainly contains free fatty 

acids, mono- and diacylglycerols, hydrocarbons, sterols, aliphatic alcohols, tocopher-

ols, pigments, and phenolic compounds (Figure 4) [24].  

 

Figure 4. Extra virgin olive oil (EVOO) composition. 
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1.4.1. Acylglycerols and fatty acids 

The primary constituent of EVOO are triacylglycerols (TAG). The presence of free 

fatty acids, and mono- and diacylglycerols is due to either an incomplete triacylglyc-

erol biosynthesis or hydrolytic reactions [23]. Oleic acid is the major fatty acid (FA) 

found in olive oil lipid fraction, followed by palmitic, linoleic, stearic, palmitoleic, and 

α-linolenic (or linolenic) acids (Table 2) [19].  

Table 2. Fatty acid composition of olive oil according 

to European Commission 2022/2014 [19]. 

Fatty acid 
Shorthand  

nomenclature 
Composition (%) 

Myristic C14:0 ≤ 0.03 

Palmitic C16:0 7.00–20.00 

Palmitoleic C16:1 0.30–3.50 

Margaric C17:0 ≤ 0.40 

Heptadecenoic C17:1 ≤ 0.60 

Stearic C18:0 0.50–5.00 

Oleic C18:1(n-9) 55–85 

Linoleic C18:2(n-6) 2.50–21.00 

Linolenic C18:3(n-3) ≤ 1 

Arachidic C20:0 ≤ 0.60 

Gondoic C20:1(n-9) ≤ 0.50 

Behenic C22:0 ≤ 0.20 

Lignoceric C24:0 ≤ 0.20 

 

The FA composition is an important factor of olive oil oxidative stability because the 

rate of oxidation increases with the degree of unsaturation, hence polyunsaturated 

FA (PUFA) are more susceptible to oxidation than monounsaturated FA (MUFA) 

[27,32]. Accordingly, linoleic and α-linolenic acids are more susceptible to oxidation 

than oleic acid (Figure 5) [27]. The high content of MUFA (basically oleic acid) 

makes olive oils stable oils with a shelf life longer than other edible vegetable oils. In 

this sense, an interesting parameter is used to have an idea of the oil stability and 

rancidity, which is the MUFA/PUFA ratio, or also, oleic/linoleic ratio. Both ratios 

are correlated, as oleic acid is the main MUFA and linoleic acid the principal PUFA 
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in olive oil. High values of these ratios, i.e. high oleic acid and low linoleic acid levels, 

are associated with better oxidative stability [33,34].  

 

Figure 5. Chemical structure of oleic, linoleic and α-linolenic acids and their composition 

(%) in olive oil. 

Besides the FA composition, the presence of antioxidants in the minor fraction, in-

cluding phenolic compounds, tocopherols, and carotenoids, protects EVOO and 

VOO against lipid oxidation, although at the expense of their degradation [24], re-

sulting in a decrease in the nutritional and nutraceutical properties of the oils over 

time. Furthermore, some of the components of this minor fraction contribute to the 

organoleptic characteristics of EVOO and VOO. The most important groups are 

described next. 

1.4.2. Pigments 

The color of olives starts from green and turns purple during maturation, and black 

when overripe. This change in color is modulated by an accumulation of anthocya-

nins together with the degradation of chlorophylls and carotenoids. Chlorophylls are 

responsible for the green color, carotenoids for the yellowish color, and anthocyanins 

for the purple and blue colors, and the black when they are in high concentration [6].  

In EVOO, two main classes of pigments are responsible for the green and yellow 

color: chlorophylls and carotenoids, respectively (Figure 6). The former includes 

chlorophyll a and b, and their derivatives. The main carotenoids of EVOO are β-

carotene (precursor of vitamin A) and lutein. Chlorophylls can be found from 1 to 

20 mg/kg oil and carotenoids up to 100 mg/kg [25]. 
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Figure 6. Chemical structure of chlorophyll a, β-carotene, and lutein. 

Chlorophylls are photosensitizers, so they are oxidized under light exposure and can 

initiate autoxidation of the oil [26]. Hydroperoxides can also oxidize chlorophylls 

[24], and oxygen availability enhances their oxidation process [31]. Nevertheless, 

chlorophylls can act as antioxidants in the dark [24].  

Carotenoids exhibit antioxidant properties by quenching singlet oxygen and excited 

states of photosensitizers, like chlorophylls. They can also be pro-oxidants. However, 

the low amount of β-carotene and lutein present in EVOO limits their importance in 

autoxidation process [31].  

1.4.3. Hydrocarbons 

Squalene is the major constituent of the unsaponifiable or minor fraction and rep-

resents the 90% of the hydrocarbons. It ranges from 200 to 7500 mg/kg oil. It is the 

precursor of sterols and an intermediate in the biosynthesis of cholesterol [31]. Ap-

parently, its antioxidant activity in EVOO is weak, but it has a protective role towards 

α-tocopherol [13].  
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1.4.4. Sterols 

Sterols, or phytosterols, are hydrophobic compounds similar in structure than cho-

lesterol, and related to the quality of the oil. Because their content, and especially their 

profile, are quite specific of each botanical species, they are used as authenticity indi-

cators to detect the adulteration with foreign oils, but also to prove protected geo-

graphical designation of origin [24,35,36]. In EVOO, β-sitosterol represents 75–90% 

of the total sterol fraction. Other significant sterols are Δ5-avenasterol (5–20%), cam-

pesterol (4%) and stigmasterol (2%) [23]. Limits of total sterols of EVOO are set 

between 1000 and 2000 mg/kg [11].  

1.4.5. Tocopherols 

Tocopherols, also known as vitamin E, are antioxidant compounds that can be found 

in relatively abundant concentrations in olive oils (50–400 mg/kg). The most abun-

dant is α-tocopherol, comprising the 90% of the total tocopherol content. The β-, δ-

, and γ- tocopherols are in low amounts [23].  

α-Tocopherol is the most active form of vitamin E in humans and is a powerful 

antioxidant [24]. It correlates with oil stability and contributes to its resistance to lipid 

oxidation, although not so strongly as phenolic compounds [31,37].  

1.4.6. Triterpene acids 

This group of compounds are biologically active and present at trace amounts in 

EVOO. The main triterpene acids are oleanolic and maslinic acids. Oil acidity con-

tributes to a higher level of triterpene acids. So, the range in EVOO is between 40 

and 185 mg/kg, while in VOO with an acidity >1% and solvent extracted olive oils 

these compounds can be at levels higher than 300 and 2400 mg/kg, respectively [23]. 
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1.4.7. Waxes 

Esters of fatty alcohols with very-long chain FA, commonly named as waxes, can be 

used as a criterion to differentiate various olive oil types [23]. EVOO and VOO con-

tain waxes at levels lower than 150 mg/kg, while lampante and refined olive oils can 

have a maximum content of 300 and 350 mg/kg, respectively [19]. Since waxes are 

in the olive skin [38], their content is higher in OPO, with concentrations above 350 

mg/kg [19]. 

1.4.7. Volatile and aroma compounds 

Volatile compounds, or volatile organic compounds, are low molecular weight com-

pounds which vaporize readily at room temperature [39]. Hundreds of volatile com-

pounds have been identified in EVOO, including aldehydes, alcohols, esters, lac-

tones, ketones, carboxylic acids, hydrocarbons, terpenes, oxygenated terpenes, vola-

tile phenols, sulfur compounds, and furans [40], but only a limited number exert an 

odor impact, because they must be present at levels higher than their odor threshold 

to contribute to the aroma [39,41–43]. The qualitative composition of odorants pre-

sent in VOO is similar. However, changes in their concentration can notably modify 

the sensory perception [23]. 

The majority of the EVOO pleasant aroma derives from enzymatic oxidation of the 

linoleic and α-linolenic acids, from the so-called lipoxygenase (LOX) pathway 

[39,43,44], which become active when the olives are cut or damaged [42,45], as during 

the crushing [39,46]. The predominant compounds derived from the LOX pathway 

are molecules of six-carbon (C6) and five-carbon (C5) atoms [44,47,48], which con-

tribute to the positive sensory attributes, such as green and fruity [40,42,49–51], and 

the most abundant among them are C6 aldehydes, alcohols, and the corresponding 

esters, including (E)-2-hexenal, hexanal, (Z)-3-hexenyl acetate, (Z)-3-hexenal, (Z)-3-

hexen-1-ol, hexyl acetate, and hexan-1-ol [11,42,52,53]. There are other volatile com-

pounds mainly derived from the amino acid metabolism, the oxidation of FAs, or the 

fermentation or enzymatic activity of some microorganisms [43,46], like C7-C11 

monounsaturated aldehydes, C6-C9 dienals, C5 branched aldehydes or some C8 ke-

tones, that give rise to sensory defects or off-flavors, like fusty, mustiness-humidity, 

rancid, and winey-vinegary [41,48,54–56].  
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1.4.8. Phenolic compounds 

Phenolic compounds are the most widely distributed secondary metabolites of plants. 

They have a key role in defense mechanisms caused by biotic (pathogen infection, 

herbivores) and abiotic stresses (light, temperature, nutrient deficiency), but also con-

tribute to the sensory characteristics of food, and can act as signal compounds, for 

instance to attract pollinating or seed dispersing animals [57].   

The phenolic compounds of EVOO are commonly classified into secoiridoids, fla-

vonoids, phenolic alcohols, phenolic acids, and lignans. Among them, secoiridoids, 

and more specifically oleosides, are the most special group, because they represent 

the major phenolic fraction of EVOO (≈90%) and are exclusive from the Oleaceae 

family [58]. Secoiridoids are terpenoid derived from iridoids present in some plants, 

including Oleaceae. But there is a subgroup, the oleosides, which is restricted to the 

Oleaceae [59]. These compounds possess the oleoside nucleus, a combination of 

elenolic acid and a glucosidic residue (Table 3), and include oleuropein, ligstroside, 

and all their derivatives, being oleuropein aglycone, ligstroside aglycone, oleacein and 

oleocanthal the most relevant [60]. Since the olive tree belongs the Oleaceae family, it 

produces oleoside secoiridoids. In order to shorten the name, from now on in this 

thesis oleoside secoiridoids will be just referred to as secoiridoids.  
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Table 3. Some secoiridoids and derivatives of EVOO. 

Non-phenolic secoiridoid derivatives 

  

 

Oleoside Oleoside 11-methyl ester 

(elenolic acid glucoside) 

Elenolic acid 

Oleuropein and derivatives 

    

Oleuropein Oleuropein 

aglycone 

Oleacein Demethyloleuropein 

Ligstroside and derivatives 

    

Ligstroside Ligstroside 

aglycone 

Oleocanthal 
 

 

Secoiridoids 
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Although the metabolic pathway of the secoiridoids has not been fully elucidated, the 

contribution of some enzymes is well known [61,62]. The most remarkable ones are: 

(I) an iridoid synthase, involved in the formation of the iridoid scaffold, and it con-

tributes to the accumulation of secoiridoids during fruit development [61,63]; (II) an 

oleoside methyl ester synthase, which generates the major secoiridoid scaffold, the 

oleoside 11-methyl ester (also referred to as elenolic acid glucoside), the precursor of 

oleuropein [64]; (III) β-glucosidases, with higher affinity towards oleuropein than 

ligstroside, hydrolyze the glucose moiety of these two secoiridoids forming their re-

spective aglycones [8,65], and (IV) mehtylesterases involved in the formation of 

oleacein and oleocanthal from oleuropein aglycone and ligstroside aglycone, respec-

tively [66]. Besides, secoiridoids can be hydrolyzed by esterases and give hydroxyty-

rosol, tyrosol and elenolic acid and derivatives, such as demethyloleuropein and 

elenolic acid glucoside, as products [59,67,68]. Neither elenolic acid nor oleoside 11-

methyl ester are phenolic compounds, but belong to the secoiridoid metabolism. 

Other relevant phenolic compounds found in EVOO are hydroxytyrosol, tyrosol and 

derivatives (phenolic alcohols), p-coumaric acid, vanillic acid and ferulic acid (phe-

nolic acids), pinoresinol and 1-acetoxypinoresinol (lignans), lutein and apigenin 

(flavonoids (flavones)), and vanillin and verbascoside (others) (Table 4) [69]. The 

total phenolic content (TPC) in EVOO can range from 100 mg/kg to 1000 mg/kg 

[11,70]. 

Table 4. Phenolic alcohols, phenolic acids, lignans, flavonoids and other phenolic com-

pounds of EVOO. 

 

   

Tyrosol Hydroxytyrosol Hydroxytyrosol  

acetate 

 

 

 

 

Phenolic alcohols 
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p-Coumaric acid Vanillic acid Ferulic acid 

 

 

  
Pinoresinol 1-Acetoxypinoresinol 

 

 

  
Apigenin Luteolin 

 

 

  
Vanillin Verbascoside 

 

Phenolic acids 

Flavonoids 

Lignans 

Others 
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Phenolic compounds of EVOO contribute to the positive sensory attributes. More 

specifically, secoiridoids have been associated with bitterness, pungency, and astrin-

gency [41,71,72], like oleuropein and ligstroside derivatives, including the aglycones 

[49,72,73]. Particularly, the aglycone forms have been associated with the bitter sen-

sation [74,75], while oleocanthal and oleacein have been correlated with pungency 

and bitterness [70,72,74,76]. Additionally, phenolic compounds are related to the sta-

bility of the oil and to biological properties, due to their high antioxidant activity. 

There is a good and strong correlation between oxidative stability and total and some 

individual phenolic compounds [37,77,78]. Secoiridoids with the hydroxylic group in 

ortho position ‒also known as o-diphenols‒, i.e., containing the hydroxytyrosol moi-

ety, such as oleuropein, oleuropein aglycone, oleacein, and hydroxytyrosol itself, are 

believed to be the primarily responsible compounds for the oxidative resistance of 

EVOO, because of their strong antioxidant capacity [11,24,37,77,78]. A synergistic 

effect between α-tocopherol and phenolic compounds, particularly o-diphenols, has 

been observed  [37]. 

1.5. Factors affecting (extra) virgin olive oil composition 

How can EVOO quality and thus its stability be improved? That is the question that 

numerous studies have focused on. In a world where the demand for more valuable 

and functional foods is increasing and people is getting more concern about the role 

that bioactive compounds play in human health, there is a need to investigate how to 

enhance these compounds in food. Furthermore, in the particular case of olive oil 

industry, increasing the quality means increasing its resistance to oxidation, which is 

an advantage for extending the shelf life. In this way, many studies have focused on 

the factors that can modify EVOO composition during its whole life cycle: from the 

olive tree to consumption. Such factors can be classified in three main groups: (I) 

factors acting before oil extraction, (II) factors acting during oil extraction, and (III) 

factors acting after oil extraction [24]. 
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1.5.1. Factors acting before oil extraction 

This group includes factors that affect the composition of the olive fruit, which in-

cludes the cultivar (or genetics), agronomic practices, and environmental and climatic 

conditions. Olive fruit is the raw material for oil extraction. Therefore, their quality 

and composition are the basis for producing high-quality EVOOs.  

The cultivar is an inherent factor affecting the olive composition, which is attributed 

to genetics. Different cultivars can possess different content and profiles of FAs [79–

82], phenolic compounds [8,49,69,70,82–90], squalene [81,87,91], tocopherols 

[81,82,87,92], sterols [36,81,87], volatile compounds [39,41–44,49,70,71,78,90,93], 

and other minor components [92,94,95], because of differences in gene expression 

or enzymatic activity [41,44,48,80,90,96–98]. Because differences in the FA compo-

sition are found among cultivars, the oleic/linoleic ratio is also cultivar dependent 

[80].  

Oleuropein is usually reported to be the main phenolic compound in green olives 

[59,88], although their content depends on the balance between its anabolic and cat-

abolic pathways. Therefore, depending on the cultivar gene expression and enzymatic 

activity, the content of phenolic compounds may vary. For example, demethyloleuro-

pein is cultivar dependent [67,68,90,99].  

Another important factor is the maturity stage of the olives. Maturation involves 

physiological and chemical changes of the fruit [32]. Therefore, the composition of 

the olive differs depending on which maturity stage it is.  

The most perceptible change is the color. During the first stage of maturation, the 

color changes from green to greenish yellowish due to a progressive decrease in the 

concentration of pigments, especially chlorophylls [59,100]. In advanced ripening 

stages, the progressive decrease of chlorophylls and carotenoids and the synthesis of 

anthocyanins make appear small purple spots which end up covering the entire fruit 

surface, as well as the mesocarp when total maturity is reached [14,101].  

In terms of texture, there is a progressive loss of firmness due to enzymatic activity 

that degrades cell wall polysaccharides [102,103]. These changes caused by the senes-

cence of the fruit allow the interaction between the endogenous enzymes, including 

hydrolytic enzymes like β-glucosidases and esterases, and the substrates [104]. The 
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biosynthesis of phenolic compounds occurs mainly during the earlier growth stages 

of the olive fruit until it reaches a maximum, and then it sharply declines during mat-

uration [8,32,88]. At this point, as a consequence of the changes caused by the senes-

cence, β-glucosidases and esterases can hydrolyze oleuropein and ligstroside into their 

derivative compounds (i.e., oleuropein aglycone, ligstroside aglycone, oleocanthal, 

oleacein, hydroxytyrosol, tyrosol, and elenolic acid) [67–69] which can then them-

selves be further hydrolyzed or oxidized, and hence, reduced [8,67,69,90,105–107]. 

This results in a depletion of phenolic compounds, especially oleuropein, during mat-

uration [8,69,90,107–109]. However, flavonoids can increase [90]. Tocopherols also 

decrease during ripening [110], as squalene, while sterols can increase or decrease 

[105,111]. Changes in the content of FA also occur and there is decrease of oleic/lin-

oleic ratio over maturation because of the activity of the enzyme oleate desaturase 

converting oleic acid into linoleic acid [105]. The content of volatile compounds also 

changes due to the evolution of LOX activity, which is higher at early stages of fruit 

development and decrease in advanced stages of maturation, but also due to the 

changes in the concentration of α-linolenic and linoleic acids [112]. Accordingly, vol-

atile compounds increase until a maximum concentration occurring when fruits start 

to become purple [48,90,113]. Because of the evolution in phenolic and volatile com-

pounds during maturation, EVOO from unripe fruits are characterized by quite in-

tense green perceptions and very high strengths of bitter and pungent attributes, 

whereas that obtained from ripe fruits are lightly aromatic and with weak intensities 

of bitter and pungent perceptions [41]. An increase in peroxidase (POX) activity dur-

ing fruit development and maturation has been observed, while the evolution of pol-

yphenol oxidase (PPO) activity seems cultivar dependent but generally decreases with 

maturation [98,114,115], although its concentration seems to increase [109]. 

Another factor is the health status of the olives. Damaged olives, either because of 

insects or other organisms’ attacks, or because of harvesting, cause a loss in the qual-

ity  [41,48,97,116–119].  

Besides the cultivar, the agronomic practices and the environmental and climatic 

conditions also influence the composition of the olive fruit. These factors are related 

to the correct development of the plant, but also to biotic and abiotic stresses, which 

cause a defense mechanism of response usually involving the biosynthesis of second-

ary metabolites, like phenolic compounds. Differences in the content of some 
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EVOO constituents have been found depending on the cultivation system, organic 

or non-organic [105,120], the use of phytoregulators [121], and fertilization [122,123]. 

The irrigation of olive trees leads to EVOOs with more saturated fatty acids (SFA) 

and some volatile compounds and less sterols, pigments and phenolic compounds 

[124–128], whereas the stress by water deficiency, like low rainfall, results in more 

phenolic content [127,129–132]. The geographic location and climate also influence 

EVOO composition [39,78,83,129,133–141]. For example, it has been reported that 

at higher altitude, oils show a greater content of oleic acid, phenolic compounds, and 

higher stability [136,138,139]. Temperatures modify the metabolic activities of fruit 

and affect FA content, with less content of oleic acid when temperatures increase 

[139], phenolic content, which decrease with temperature (Beltran et al., 2005) 

[139,142], and tocopherol and sterol content [143]. 

Finally, olive storage prior to milling is also important. Storing the olives for a long 

period of time results in olive degradation, and consequently, in a considerable loss 

of oil quality due to the drop in antioxidants and pleasant volatile compounds and 

the formation of off-flavors, by the action of endogenous enzymes and growth of 

microorganisms [48,144,145]. 

1.5.1. Factors acting during oil extraction 

This group mainly comprises technological factors involved throughout the oil ex-

traction process. Here, there is a key factor in shaping the composition of the oil, 

which is the endogenous enzymes of the olive fruit that act during all the process. 

Five enzymes are the primarily responsible [53]: four involved in the phenolic con-

tent, the hydrolases β-glucosidases and esterases, and the oxidoreductases PPO and 

POX [114], and one involved in the formation of aroma compounds, the oxidase 

LOX. The magnitude of their biochemical reactions will depend on the enzyme levels 

and the isoenzymes characterizing every cultivar, and their activity [44,98,109], which 

can also be modulated by external factors, such as temperature, time, and oxygen 

availability. 

During the crushing of the olives, the lysis of the cells occurs, and all the constituents 

are released, favoring the interaction between the enzymes and their substrates. Fur-

thermore, oxygen, which is required for the enzymatic activity of PPO, POX, and 
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LOX [146,147], begin to be available, so oxidation processes start to take place. At 

this point, LOX pathway become active, and the formation of volatile compounds 

begins [47,146]. Regarding the phenolic compounds, there is a decrease in oleuropein 

and ligstroside and an increase of their derivatives, including the aglycone forms, ole-

acein, oleocanthal, hydroxytyrosol, tyrosol, elenolic acid and derivatives due to the 

hydrolytic activity of b-glucosidases and esterases [148–150]. In addition, the olive 

paste turns brown due to the PPO activity [97], that, together with POX, oxidate 

phenolic compounds and can cause their depletion [118,146]. Differences in EVOO 

composition have been found depending on the crushing technique applied 

[15,48,108,151]. The increase of the crusher speed gave olive oils with higher content 

of chlorophylls and phenolic compounds [152,153]. 

In the malaxation step, the activity of these endogenous enzymes continues [53,148], 

and the transfer of minor components to the oily phase takes place [154]. Malaxation 

aids in improving oil yield by merging the oil drops and separating them from the 

water and solid phases. Therefore, lipophilic components, such as TAG, carotenoids, 

chlorophylls, tocopherols, sterols, hydrocarbons, aliphatic molecules, and some vol-

atile compounds, can easily accumulate in the oil during this step [47,52]. However, 

the great majority of polar compounds, like phenolic compounds, are transferred to 

the water phase because of their greater affinity, thus being lost in the by-products 

(Figure 3) [149,150,155–158]. Temperature and time of malaxation have a funda-

mental role, because on the one hand, they can minimize this loss as they are able to 

modify the partition coefficient and make these compounds more soluble in the oily 

phase [16], and on the other hand, they may favor or disfavor enzymatic reactions 

[44,65,159–161]. Therefore, the content of the oil constituents will depend on the 

balance between the formation and/or transfer to the oily phase and oxidation. 

Because of activity of the endogenous enzymes, aromatic and phenolic compounds 

are formed, but parallelly oxidation by PPO and POX takes place [11,47,148]. Studies 

show that although malaxation at higher temperatures and during longer times leads 

to higher oil yields, EVOO quality may deteriorate due to the loss of minor compo-

nents, especially phenolic compounds [47,52,149,150,161–163]. o-Diphenols dimin-

ish more drastically due to the higher affinity of PPO towards them [114,150,158], 

that is oleuropein derivatives. Ligstroside derivatives are also oxidized [147], while 

the hydrolytic products of β-glucosidases and esterases (i.e., hydroxytyrosol, tyrosol, 
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elenolic acid and derivatives) can increase due to its generation [65,147]. Neverthe-

less, different results are observed among cultivars [47,52,159,161,163]. Thus, the op-

timum parameters of temperature and time must be according to the olive cultivar. 

Oxidation processes, and hence, the loss of phenolic compounds, can be reduced by 

limiting oxygen availability [53], for instance, using nitrogen [148,158,163,164]. How-

ever, this can affect the content of volatile compounds because LOX also requires 

oxygen to perform its reaction [164]. The increase or loss of individual volatile com-

pounds can differ [52,53], but generally an accumulation of pleasant odors in the oily 

phase can be enhanced by prolonging the malaxation time, due to their formation 

and transfer [42,46,47,52]. Excessively high temperatures inactivate enzymes of the 

LOX pathway [160] and, consequently, volatile compounds displaying pleasant odors 

are reduced, while those giving less attractive perceptions increase [42,47,52,161]. 

Differences in sterol composition have also been found [111], while an increase in 

pigments and tocopherols is reported up to 30 °C [161].  

Destoning the olives results in olive oils with higher amounts of secoiridoids because 

of the removal of POX from the stone [15,99,165]. Therefore, the oxidation process 

is declined. C5 and C6 volatile compounds also increase [15]. 

Differences in the solid separation system (pressure, two-phases and three-phases) 

have also been found [166]. The two-phases centrifugation gives EVOOs with higher 

levels of TPC and o-diphenols, better oxidative stability and overall quality, and higher 

bitterness. EVOOs from the three-phase centrifugation have the lower TPC because 

of the addition of water, which reduces the concentration of these compounds as 

they are transferred to the wastewater [167,168]. EVOOs extracted by pressure are 

significantly more stable and have more intense grass notes and bitter taste in relation 

to oils extracted by the three phase decanters, attributable to a higher concentration 

of phenolic and volatile compounds [169].  

Finally, posterior steps such as clarification and filtration also influenced EVOO 

composition, although to a lesser extent [170]. 
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1.5.1. Factors acting after oil extraction 

Several months can pass from oil production until it is consumed. Therefore, storage 

and packaging are important post-extraction factors to keep the qualities of EVOO 

as long as possible and extent its shelf life.  

The storage of olive oil in tanks or drums is important because it can be stored for 

many months before consumption, and hydrolytic and oxidative processes take place 

during this time causing changes in EVOO composition. For example, tyrosol and 

hydroxytyrosol levels increase due to the hydrolysis of secoiridoids, but at the same 

time they are also oxidized, hydroxytyrosol more rapidly than tyrosol because it is 

more unstable [171]. The global level of phenolic compounds and the other antioxi-

dants decreases due to their oxidation [144,172]. To avoid or minimize the oxidative 

process and hence extend shelf life, oxygen availability must be restricted, which can 

be achieved by reducing the headspace in the container or replacing it with inert gases 

like nitrogen, and by using oxygen impermeable materials [29]. Exposure to light 

should also be avoided because it can excite chlorophylls and initiate autoxidation 

[26,29]. Off-flavors also appear because of oxidation [39,48], particularly the rancid, 

which develops during storage due to the secondary oxidation of lipids, especially 

with an increase of temperature [173]. Oxygen, high temperatures and light enhances 

the oxidation processes. 

Therefore, specific precautions should be taken to avoid or minimize EVOO deteri-

oration, like using inert materials, and protection from air, light, and temperature. 

Likewise, packaging must ensure a good oxidation stability and shelf life, thus mate-

rials must be impermeable to fat, gases and protecting from light [174].  

Cooking is another post-extraction factor that affects the composition of EVOO 

[175]. 
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1.6. Emerging technologies applied in olive oil and olive mill 

wastes 

Considerable efforts have been dedicated to finding alternative processes that can 

preserve the quality attributes of foods, while being environmentally friendly and low 

in cost. As a result, several novel and emerging technologies have been developed 

and applied to satisfy the growing consumer demand for more natural products with 

fewer additives and preservatives that also offer convenience, freshness, and safety 

[176,177]. The effects of pulsed electric fields (PEF), high pressure processing or high 

hydrostatic pressure (HPP or HHP), ultrasound (US), high-power ultrasound (HPU), 

and microwave (MW) technologies on olive oil and olive mill wastes (OMW) are 

summarized in the following review.  
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1.7. Olive oil and related health benefits 

As previously seen, EVOO is rich in bioactive compounds, which are compounds 

that can produce physiological effects, and hence contribute to human health benefits 

[178]. Some of them, like phenolic compounds and tocopherols, possess strong an-

tioxidant properties that protect against free radicals produced in the human body. 

EVOO consumption has been associated with prevention of cardiovascular diseases 

(CVD), certain cancers, diabetes, and neurodegenerative diseases [13], as well as to a 

reduction in overall mortality [179]. These beneficial effects have been related to the 

FA composition, which is rich in MUFAs, and to the presence of minor compounds, 

especially phenolic compounds. 

1.7.1. Cancer 

High intake of EVOO lowers the risk of different types of cancer [180,181] with a 

significant protection for breast [182,183], overall gastrointestinal [184], and urinary 

tract cancer [185]. Phenolic compounds are the major contributors, with their ability 

to inhibit cell proliferation and induce apoptosis [186]. Especial focused has been put 

on o-diphenols with high antioxidant capacity, like hydroxytyrosol [187–190], and 

oleuropein and its derivatives (oleuropein aglycone and oleacein) [186,189–194], but 

also to oleocanthal [186,190,194–197], which shows an anti-inflammatory activity 

similar to that of ibuprofen [198]. Maslinic and oleanolic acids, as well as phytosterols 

have also proved anticancer effects [190,199–202]. The antimicrobial activity of 

EVOO against Helicobacter pylori, a microorganism related to gastric ulcers and subse-

quent carcinomas, could play a role in the prevention of digestive system cancers 

[203]. 

1.7.2. Cardiovascular diseases 

The Mediterranean diet has been the focused of lots of interventional studies show-

ing its positive effect on lowering the risk for cardiovascular diseases (CVD) [204–

206]. This diet improves the major risk factors, such as the lipoprotein profile, blood 

pressure, glucose metabolism, and antithrombotic profile. Endothelial function, in-

flammation, and oxidative stress are also positively modulated. EVOO, one of the 

main components of this diet, seems to be tightly related to these benefits [207–209].  



Introduction 

 

 
 59 

There is an inverse relationship between EVOO consumption and coronary heart 

disease mortality and incidence [207,208,210–212], and stroke [213]. EVOO has also 

been linked to an improvement of blood pressure [179,214,215] and endothelial dys-

function [215–217], attributable to phenolic compounds and MUFA content. Fur-

thermore, EVOO has shown to have antithrombotic properties, which prevents the 

formation of blood clots and platelet aggregation, again thanks to oleic acid and phe-

nolic content [218–221]. The anti-inflammatory properties of phenolic compounds 

contribute to the protective effect against atherosclerosis [215].  

EVOO FA composition as well as phytosterols contribute to the decrease in total 

cholesterol, and low-density lipoprotein (LDL) [222,223]. Furthermore, EVOO pro-

tects against LDL oxidation due to both the composition rich in MUFAs, which are 

less prooxidants than PUFAs [27], and the presence of antioxidants, such as tocoph-

erols, carotenoids, and phenolic compounds, in particular hydroxytyrosol and oleuro-

pein [224–228]. In fact, European Food Safety Authority (EFSA) approved the claim 

“Olive oil polyphenols contribute to the protection of blood lipids from oxidative 

stress” because a cause-and-effect relationship could be established between the con-

sumption of olive oil phenolic compounds and protection of LDL particles from 

oxidative damage [229]. However, to use this claim EVOO and VOO must contain 

at least 5 mg of hydroxytyrosol and its derivatives (e.g. oleuropein complex and tyro-

sol) per 20 g of olive oil, and the beneficial effect is obtained with a daily intake of 20 

g of olive oil [230].  

Olive oil also contains α-linolenic acid, which has proven cardioprotective effects, 

modulation of the inflammatory response, and positive impacts on both central nerv-

ous system function and behavior [231]. In 2009, EFSA approved the health claim 

that α -linolenic acid contributes to the maintenance of normal blood cholesterol 

concentrations, based on proven cause and effect relationships [232]. 

Squalene has also shown promising results for the treatment of CVD [233,234]. 
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1.7.3. Neurodegenerative diseases 

The consumption of EVOO has been associated with a lower incidence of dementia 

and cognitive decline, as well as Alzheimer’s disease [235–238], and phenolic com-

pounds seem to play an important role. In vitro and in vivo studies in cell tissue cultures 

and animal models have showed that EVOO phenolic compounds can modulate ox-

idative stress and neuroinflammation [239], both linked to the onset and progression 

of neurodegenerative diseases [240]. Hydroxytyrosol, oleuropein, oleuropein agly-

cone, tyrosol, and oleocanthal have been associated with neuroprotective effects 

[241–251]. Moreover, MUFA could also contribute [252], as refined olive oil has also 

showed beneficial effects [253].  

1.7.4. Type 2 diabetes mellitus 

Higher EVOO intake has been associated with lower risk of type 2 diabetes mellitus 

[254,255]. This effect is mainly attributed to the rich content of MUFAs [256,257]. 

In fact, oleic acid has been related to a lower insulin resistance [256,258]. Phenolic 

compounds could also help in the treatment [259].  
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The efforts to obtain EVOOs with a high content of phenolic compounds, especially 

secoiridoids, have been increasing in recent years due to the significant role these 

compounds play in the quality of the oil, its organoleptic characteristics, and its health 

properties. This can be achieved by modulating factors that affect their content. The 

present dissertation aims at broadening how some of these factors contribute to shap-

ing EVOO composition and hence, phenolic compounds. 

Principal hypothesis 

By modifying factors involved in the composition of EVOOs, it is possible to in-

crease the content of phenolic compounds, specifically secoiridoids. 

Aims 

The main aim of this thesis is to explore how certain factors (cultivar, ripeness, malax-

ation, and high hydrostatic pressure) influence the content of phenolic compounds ‒

especially secoiridoids‒, and determine the conditions that most enhance their con-

tent, without impairing that of other constituents and the quality of EVOO. In order 

to achieve this general aim, the following specific objectives were formulated: 

 

Objective 1: To evaluate the effect of temperature and time of malaxation on the 

final composition of ‘Arbequina’ olive oil (Publication 1 and Publication 2). 

• To determine the content of phenolic compounds and other constituents, 

and their quality parameters and sensory characteristics. 

 

Objective 2: To assess the impact of the HHP technology on the final composition 

of ‘Arbequina’ olive oil when applied to the olives just before the oil extraction pro-

cess begins (Publication 3). 

• To determine the content of phenolic compounds, and other constituents, as 

well as the enzymatic activity of PPO, POX, and β-glucosidase of the olive 

samples. 
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Objective 3: To study the composition of an ancient olive cultivar that has recently 

been reintroduced in Catalonia, 'Corbella', and how it varies during the early matura-

tion stage (Publication 4). 

• To identify the phenolic and FA profile of ‘Corbella’ olive fruit. 

• To determine the content of phenolic compounds and other constituents, as 

well as the oxidative stability and antioxidant capacity of ‘Corbella’ olive fruit 

during the early maturation stage, and possible correlations. 

 

Objective 4: To evaluate how the storage of olives before oil production and the 

conditions of temperature and time of malaxation affect the composition of ‘Cor-

bella’ oils and their oxidative stability (Publication 5). 

• To determine the content of phenolic compounds and other constituents, as 

well as the oxidative stability of ‘Corbella’ oils and possible correlations.  

Second hypothesis 

Due to the observed differences in the secoiridoid content of ‘Corbella’ compared to 

other cultivars, a second hypothesis was formulated:  

The high content of oleuropein aglycone in ‘Corbella’ compared to other cultivars 

could be explained by a high expression of the enzyme involved in its synthesis, the 

β-glucosidase. 

To corroborate this second hypothesis, the following objective was developed: 

 

Objective 5: To evaluate the expression of genes involved in the metabolic pathway 

of oleuropein in the ‘Corbella’ cultivar (Publication 6). 

• To compare the gene expression of enzymes involved in the synthesis of se-

coiridoids of different cultivars (‘Corbella’, ‘Arbequina’, and ‘Picual’) and in 

two different tissues (leaves and olive mesocarp). 

• To correlate the gene expression with the known secoiridoid content of these 

three cultivars.  
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Publication 1 

Optimizing the Malaxation Conditions to Obtain an Arbequina 

EVOO with high content of bioactive compounds 

Alexandra Olmo-Cunillera, Julián Lozano-Castellón, Maria Pérez, Eleftherios Miliarakis, 

Anna Tresserra-Rimbau, Antònia Ninot, Agustí Romero-Aroca, Rosa Maria Lamuela- 

Raventós, and Anna Vallverdú-Queralt. 

Antioxidants. 2021; 10(11):1819. https://doi.org/10.3390/antiox10111819 

IF (JCR 2022): 7.0 

Supplementary Material available in Appendix A of the manuscript (page 82). 

Abstract 

To meet the growing demand for high-quality extra-virgin olive oil (EVOO) with 

health-promoting properties and pleasant sensory properties, studies are needed to 

establish optimal production parameters. Bioactive components of EVOO, including 

phenolic compounds, carotenoids, chlorophylls, tocopherols, and squalene, contrib-

ute to its organoleptic properties and beneficial health effects. The aim of this study 

was to develop an Arbequina EVOO with high phenol content, particularly oleocan-

thal and oleacein, on a laboratory scale by analyzing the effects of different tempera-

tures (20, 25, and 30 °C) and times (30 and 45 min) of malaxation. Higher tempera-

tures decreased the levels of the phenolic compounds, secoiridoids, tocopherols, and 

squalene, but increased the pigments. EVOO with the highest quality was produced 

using malaxation parameters of 20 °C and 30 min, although oleocanthal and oleacein 

were higher at 30 and 25 °C, respectively. Overall, 20 °C and 30 min were the pro-

cessing conditions that most favored the physiological and chemical processes that 

contribute to higher levels of bioactive compounds in the oil and diminished their 

degradation and oxidation processes.  

https://doi.org/10.3390/antiox10111819
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Publication 2 

Aromatic, Sensory, and Fatty Acid Profiles of Arbequina Extra Vir-

gin Olive Oils Produced Using Different Malaxation Conditions 

Alexandra Olmo-Cunillera, Enrico Casadei, Enrico Valli, Julián Lozano-Castellón,  

Eleftherios Miliarakis, Inés Domínguez-López, Antònia Ninot, Agustí Romero-Aroca, Rosa 

Maria Lamuela-Raventós, Maria Pérez, Anna Vallverdú-Queralt, and Alessandra Bendini. 

Foods. 2022; 11(21):3446. https://doi.org/10.3390/foods11213446 

IF (JCR 2022): 5.2 

Supplementary Material available in Annex (page 251). 

Abstract 

The demand for high-quality extra virgin olive oil (EVOO) is growing due to its 

unique characteristics. The aroma and flavor of EVOO depend on its content of 

volatile organic compounds (VOCs), whose formation is affected by the olive variety 

and maturity index, and the oil production process. In this study, the sensory quality 

and VOC and fatty acid (FA) profiles were determined in Arbequina olive oils pro-

duced by applying different malaxation parameters (20, 25, and 30 °C, and 30 and 45 

min). All the olive oils were classified as EVOO by a sensory panel, regardless of the 

production conditions. However, cold extraction at 20 °C resulted in more positive 

sensory attributes (complexity). The FA concentration increased significantly with 

the malaxation temperature, although the percentage profile remained unaltered. Fi-

nally, an OPLS-DA model was generated to identify the discriminating variables that 

separated the samples according to the malaxation temperature. In conclusion, the 

tested range of malaxation parameters appeared not to degrade the distinctive attrib-

utes/organoleptic profile of olive oil and could be applied to obtain an EVOO of 

high sensory quality, especially at 20 °C.  

https://doi.org/10.3390/foods11213446
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Publication 3 

High hydrostatic pressure enhances the formation of oleocanthal 

and oleacein in ‘Arbequina’ olive fruit 

Alexandra Olmo-Cunillera, Albert Ribas-Agustí, Julián Lozano-Castellón, Maria Pérez, 

Antònia Ninot, Agustí Romero-Aroca, Rosa Maria Lamuela-Raventós, and Anna Vallverdú-

Queralt. 

Food Chemistry. (Under review) 

IF (JCR 2022): 8.8 

Supplementary Material available in Annex (page 252). 

Abstract 

High hydrostatic pressure (HHP) is a novel food processing technology that causes 

cell disruption and can modify enzymatic activity. During olive oil production, the 

activities of β-glucosidase, polyphenol oxidase (PPO), and peroxidase (POX) modu-

late the phenolic profile of the oil. In this study, HHP was applied to ‘Arbequina’ 

olives at different settings (300 and 600 MPa, 3 and 6 min) before olive oil extraction. 

Although HHP treatment increased the secoiridoid content of olives, especially 

oleocanthal and oleacein (> 50%), it also favored PPO and POX activity, resulting in 

oils with a lower phenolic content. The content of pigments of oils produced from 

HHP-treated olives was higher compared to the control, whereas squalene and α-

tocopherol levels and the fatty acid profile were the same. Other HHP conditions 

should be tested with the aim of inactivating PPO and POX to obtain more stable 

olive oils with a higher phenolic content. 
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Publication 4 

Targeted metabolic profiling of the revived ancient 'Corbella' olive 

cultivar during early maturation 

Alexandra Olmo-Cunillera, Maria Pérez, Anallely López-Yerena, Mohamed M. Abuhabib, 

Antònia Ninot, Agustí Romero-Aroca, Anna Vallverdú-Queralt, and Rosa Maria Lamuela-

Raventós. 

Food Chemistry. 2024; 430:137024. https://doi.org/10.1016/j.foodchem.2023.137024 

IF (JCR 2022): 8.8 

Supplementary Material available in Annex (page 253). 

Abstract 

‘Corbella’ is an ancient olive cultivar whose cultivation has recently been revived and 

hence little is known about its composition. This is the first work studying the meta-

bolic profile of ‘Corbella’ olives during early maturation. Olives with a ripening index 

(RI) < 1 yielded considerably less oil content (<40%) but had more concentration of 

phenolic compounds (148.41–219.70 mg/kg), carotenoids (9.61–14.94 mg/kg) and 

squalene (521.41–624.40 mg/kg). Contrarily, the levels of α-tocopherol were higher 

at the RI of 1.08 and 1.96 (64.57 and 57.75 mg/kg, respectively). The most abundant 

phenolic compound was oleuropein aglycone (>50% of the phenolic composition), 

suggesting a high hydrolytic activity of β-glucosidase in the fruit. The antioxidant 

capacity was barely affected, while oleic/linoleic ratio reached its highest at RI of 

1.96. Therefore, olives with an RI below 2 could be good candidates to produce high-

quality olive oils with good level of stability.  

https://doi.org/10.1016/j.foodchem.2023.137024
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Publication 5 

Oleacein and Oleocanthal: Key Metabolites in the Stability of Extra 

Virgin Olive Oil 

Alexandra Olmo-Cunillera, Maria Pérez, Anallely López-Yerena, Mohamed M. Abuhabib, 

Antònia Ninot, Agustí Romero-Aroca, Anna Vallverdú-Queralt, and Rosa Maria Lamuela-

Raventós. 

Antioxidants. 2023; 12(9):1776. https://doi.org/10.3390/antiox12091776 

IF (JCR 2022): 7.0 

Supplementary Material available in Annex (page 259). 

Abstract 

The oxidative stability of extra virgin olive oil (EVOO) depends on its composition, 

primarily, phenolic compounds and tocopherols, which are strong antioxidants, but 

also carotenoids, squalene, and fatty acids contribute. The aim of this study was to 

evaluate the effect of malaxation conditions and olive storage on the composition of 

‘Corbella’ EVOO produced in an industrial mill to determine which parameters and 

compounds could give more stable oils. Although a longer malaxation time at a higher 

temperature and olive storage had a negative effect on the content of α-tocopherol, 

squalene, flavonoids, lignans, phenolic acids, and phenolic alcohols, the antioxidant 

capacity and oxidative stability of the oil were improved because of an increase in the 

concentration of oleacein (56–71%) and oleocanthal (42–67%). Therefore, these two 

secoiridoids could be crucial for better stability and a longer shelf life of EVOOs, 

and their enhancement should be promoted. A synergistic effect between secoir-

idoids and carotenoids could also contribute to EVOO stability. Additionally, ‘Cor-

bella’ cultivar seems to be a promising candidate for the production of EVOOs with 

a high oleic/linoleic ratio. These findings signify a notable advancement and hold 

substantial utility and significance in addressing and enhancing EVOO stability.  

https://doi.org/10.3390/antiox12091776
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Publication 6 

Differences in gene expression of enzymes involved in the secoir-

idoid pathway of cultivars ‘Arbequina’, ‘Corbella’, and ‘Picual’ 

Alexandra Olmo-Cunillera, Margarita Thomopoulou, Konstantinos Koudounas, Anna 

Vallverdú-Queralt, Rosa Maria Lamuela-Raventós, and Polydefkis Hatzopoulos. 

Pending submission. 

Abstract 

Cultivar is one of the factors that most influences the content and profile of phenolic 

compounds in olive fruit and olive oil. In a previous study, ‘Corbella’ olive fruit was 

found to have high content of oleuropein aglycone and it was hypothesized that a 

high expression of the enzyme β-glucosidase (OeGLU) could be related. To corrob-

orate that hypothesis, the current study was aimed at determining the relative gene 

expression of enzymes involved in the secoiridoid pathway in three cultivars, ‘Cor-

bella’, ‘Arbequina’, and ‘Picual’, in olive green mesocarp and leaves. Similar expres-

sion pattern was found in leaves and olive mesocarp in each cultivar. ‘Picual’ had the 

highest expression of the enzymes involved in the synthesis of secoiridoid precursors, 

while ‘Arbequina’ and ‘Corbella’ had higher expression of OeGLU, thus confirming 

the original hypothesis. Furthermore, differences between two different harvesting 

dates and crop years are discussed.
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To ensure a high-quality EVOO with good oxidative stability and shelf life, the com-

position is determining. As mentioned in the introduction, the final EVOO compo-

sition depends on multiple factors, some of which are uncontrollable, like cultivar 

genetics and environmental conditions, and others can be modulated, like technolog-

ical factors and processing conditions. The interest in obtaining EVOOs with high 

content of phenolic compounds lies in their contribution to oil’s oxidative stability 

and human health properties, converting it into a more valuable product. 

In the present thesis, efforts have been made to evaluate how different factors affect 

EVOO composition, with particular emphasis on the phenolic fraction. The factors 

evaluated were: (I) the malaxation step of oil production, (II) the application of high 

hydrostatic pressure, (III) the ripening degree, and (IV) the cultivar. ‘Arbequina’ was 

the cultivar chosen to produce the olive oils because it is the predominant olive cul-

tivar in Catalonia. A second cultivar, ‘Corbella’, was analyzed because of its peculiar-

ities: it is an ancient cultivar recently revived and reintroduced for cultivation and oil 

production in Catalonia and, therefore, there was no information regarding its com-

position.  

In the following sections, a global discussion of the effects of every factor evaluated 

is presented. Finally, the implication of all the factors together is discussed and future 

perspectives are suggested. 

4.1. Exploring the impact of malaxation conditions: ‘Arbequina’ 

cultivar 

Working with malaxation temperatures between 20 and 30 °C, and times between 30 

and 45 min did not affect the olive oil category, which was EVOO in all the circum-

stances, according to both the quality parameters (Publication 1), and the sensory 

analysis (Publication 2). Although the overall lipid oxidation was not strongly af-

fected, the slightly increase of peroxide value and K232 with higher temperatures and 

time evidenced that these two conditions can enhance oxidation, specifically the pri-

mary oxidation. The hydrolysis of triacylglycerols was also favored by higher temper-

atures, as reported by the slightly increase of the acidity.  
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Several phenomena can explain the results found in EVOO constituents. On the one 

hand, the rise of temperature can increase the content of some constituents by pro-

moting their release from plant tissues, improving their solubility in the oily phase, 

and enhancing the activity of some enzymes, like β-glucosidases, esterases and LOX, 

the first two necessary for the synthesis of oleacein and oleocanthal, and the third for 

aroma compounds. However, using high temperatures can also evoke degradation 

and oxidation processes which lead to the reduction of EVOO constituents. On the 

other hand, the malaxation time contributes to prolong the phenomena caused by 

the temperature, that means it aids in the release and transfer of compounds to the 

oily phase or water phase, but at the same time, it permits enzymes to develop their 

activity for longer times. Therefore, positive compounds such as oleacein, oleocan-

thal and aroma are formed, but parallelly oxidation processes reduce the content of 

constituents.   

The correct balance between these two factors can give EVOOs with high quality 

and content of phenolic compounds. Nevertheless, there is not a consensus on the 

optimum conditions because controversial results are found in the literature, suggest-

ing that cultivar, and thus genetics, may be contributing to these discrepancies. This 

turns the study of malaxation into a factor that needs to be explored in the cultivar 

of interest to see how it behaves.  

In the case of ‘Arbequina’, the cultivar studied in Publication 1 and 2, the increase 

of temperature up to 30 °C led to a higher concentration of pigments (carotenoids 

and chlorophylls) most likely due to their release and transfer to the oily phase, but a 

lower concentration of phenolic compounds, tocopherols, and squalene, indicating 

that oxidation and degradation took place. However, the activity of β-glucosidases 

and esterases resulted in higher content of oleocanthal. Oleacein did not increase 

possibly because the substrate specificity of PPO is stronger for o-diphenols than 

tyrosol derivatives, like oleocanthal. Regarding the malaxation time, 45 min contrib-

uted to the rise of pigments, tocopherols and squalene, and to the depletion of phe-

nolic compounds, showing that this longer duration aids in the release and transfer 

of the compounds to the oily phase, but also causing a longer exposure of the olive 

paste to oxygen and oxidative enzymes. Again, oleocanthal increased with time, indi-

cating that its biosynthesis occurred at a greater rate than its oxidation. Similarly, 

longer malaxation time increased the amount of some volatile compounds at 20 and 
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25 °C, because of the action of LOX, but not at 30 °C, probably because they evap-

orated over time. 

Temperature and time of malaxation also favors the coalescence of the oil droplets, 

increasing the content of TAG, and reducing polar compounds and solid particles 

which are transferred to the by-products. This phenomenon explains the higher con-

centration of FA found at 25 and 30 °C, compared to 20 °C. Thus, malaxation at 20 

°C for 30 min was the least effective for separating the oily phase with more content 

of TAG. In fact, this corresponds to the higher global content of bioactive com-

pounds, especially phenolic compounds and tocopherols, found at 20 °C and 30 min. 

Therefore, the increase in FA concentration is likely to be related to a lesser content 

of bioactive compounds. Nevertheless, the increase of time at high temperatures can 

lead to a depletion of FA concentration due to their oxidation. In our study, 30 °C 

was not high enough to cause a significant lipid oxidation effect, as reported by the 

quality parameters. 

Finally, the sensory analysis revealed that malaxation at 20 °C for 30 min and 25 °C 

for 30 min gave the EVOOs with the highest fruity and green values, which were 

accordingly to the content and composition of volatile compounds. The bitter, pun-

gent, and astringent sensations varied accordingly to the content of phenolic com-

pounds. In particular, the OPLS-DA showed that flavonoids were more likely to 

contribute to astringency, oleocanthal to pungency, and oleacein to bitterness.  

4.2. Exploring the impact of high hydrostatic pressure: ‘Arbequina’ 

cultivar 

The results from Publication 3 showed that after the application of HHP, olive fruit 

had a more unstructured mesocarp, more vesicles within the tissue, and a greater 

detachment from the stone, which concurs with the disruptive effect produced by 

this technology. The mesocarp was soften and water was released. This overall con-

dition facilitated the separation of the mesocarp from the stone. 

Regardless of the conditions applied, all ‘Arbequina’ oils met the EVOO criteria ac-

cording to the quality parameters. The primary oxidation of lipids was enhanced 

when HHP was applied, as proved by the peroxide values, which increased even more 



 192 

at the highest pressure (600 MPa). According to K270 values, the secondary oxidation 

was not affected by HHP, although a slightly significant reduction was observed 

when HHP was applied. Acidity was barely altered by HHP treatment, meaning that 

the hydrolysis of TAG was limited. The inactivation of enzymes involved in the for-

mation of secondary oxidation products and the hydrolysis of TAG could be respon-

sible for these results. Likewise, the loss of the characteristic aroma of EVOO when 

HHP-treated olives were used is most likely related to the inactivation of LOX. The 

application of HHP led to olive oils with a greener appearance correlating to the 

considerable increase in chlorophylls because of their release from the olive tissue, 

which seems to be enhanced by higher pressure (600 MPa) and longer times (6 min). 

Carotenoids followed the same trend.  

In the olive fruit, the abiotic stress and cell disruption caused by HHP enhances the 

interaction between oleuropein and β-glucosidase, which results in the increase in 

oleuropein aglycone. At the same time, oleuropein aglycone can by transformed to 

oleacein, and ligstroside aglycone to oleocanthal by the activity of esterases. Further 

hydrolysis of secoiridoids can lead to the rise in hydroxytyrosol and hydroxytyrosol 

acetate. However, the depletion in oleacein and hydroxytyrosol at 600 MPa/6 min 

could be attributed to the increase in PPO mesocarp activity, because of its higher 

affinity towards o-diphenols. Parallelly, the reduced concentration of flavonoids after 

applying HHP, especially at 600 MPa, also correlated to a higher activity of meso-

carp’s PPO and POX. Flavonoid oxidation is associated with plant defense against 

biotic and abiotic stresses [260]. 

When olive oil is extracted, the activity of PPO and POX is further favored by expo-

sure to oxygen, thus contributing to the oxidation of phenolic compounds, which 

can explain the remarkably reduction suffered when using HHP-treated olives, espe-

cially at 600 MPa. Furthermore, unlike in the olive fruit, PPO and POX from the 

mesocarp and stone contribute to olive oil oxidation. The decrease in β-glucosidase 

activity also contributed to the depletion of secoiridoids, as less oleuropein aglycone, 

oleacein and oleocanthal were formed. To avoid this huge loss of phenolic com-

pounds, the HHP conditions that can inactivate PPO and POX need to be found. 

The olive oil FA composition was not substantially affected by HHP, as neither was 

the content of α-tocopherol nor squalene.  
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Finally, the application of 300 MPa gave oils with less oxidative stability, which could 

be related to the depletion in phenolic compounds. However, pressure of 600 MPa 

resulted in oils with the same oxidative stability than the control. It is not clear what 

phenomena could occur to give such results. Perhaps other compounds with antiox-

idant capacity are formed, or chemical changes protect the oil from oxidation, or 

perhaps lipid oxidation is limited because of enzyme inactivation. Be that as it may, 

HHP could be a promising technology to help improve the oxidative stability of oils. 

Both the pressure and the duration of the treatment affected the olive oil composi-

tion, although the contribution of the former was higher. 

4.3. Exploring the impact of ripeness: ‘Corbella’ cultivar 

The aim of Publication 4 was to elucidate the composition of ‘Corbella’ olive fruit 

during early maturation and determine the ripening index that could give EVOOs 

with better oxidative stability, as no information was available in the literature. 

The oil content increased with the RI, which is attributable to the oil accumulation 

experienced until the beginning of the color change of the skin (RI ≈ 1). Likewise, 

the mesocarp/stone ratio increased because of the cell division, expansion, and ac-

cumulation of storage components, like oil. Carotenoids increased from RI 0 to 0.36, 

and then started to decrease, which agrees with the pigment evolution during ripen-

ing. Squalene content also decreased with ripeness, but this depletion begins at dif-

ferent maturation points depending on the cultivar [261]. In ‘Corbella’ it started 

around 0.36. Its decrease could be linked to the synthesis of phytosterols, as squalene 

it is an intermediate. α-Tocopherol slightly increased until RI = 1.08, and then levelled 

off. Again, the drop of this compound can start at different points of maturation 

depending on the cultivar [262]. 

All the phenolic compounds identified in ‘Corbella’ olive fruit have been previously 

reported in other cultivars. However, it is worth noting that verbascoside was de-

tected, but demethyloleuropein was not, both being cultivar dependent. The content 

of phenolic compounds was negatively affected by the RI, starting the depletion at 

the very beginning of the maturation process. That suggests that the massive phenol 

synthesis that takes place during fruit growth and development was over, and so the 
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phenolic compounds start to drop due to a lack of precursors and the activity of 

endogenous enzymes [263].  

Oleuropein aglycone was the major phenolic compound of ‘Corbella’ olive fruit, 

which suggests that this cultivar may have a high expression and activity of the en-

zyme β-glucosidase. The high content of elenolic acid and the higher content of lig-

stroside aglycone compared to its precursor ligstroside, also suggests the action of β-

glucosidase. The drop of these secoiridoids over ripening can be attributed to the 

decline in β-glucosidase activity or expression, as well as their transformation into 

other derivatives [58,263,264]. Hydroxytyrosol and elenolic acid did not increase, 

which suggests that the catabolism of secoiridoids was balanced with its anabolism. 

Even the decrease of elenolic acid from an RI of 0 to 0.66 could be involved in the 

generation of oleuropein, whose levels remained constant at these RIs. The content 

of oleacein was higher than that of oleocanthal, corresponding to the levels of their 

respective precursors (oleuropein aglycone and ligstroside aglycone), and in agree-

ment with other cultivars [265,266]. Finally, flavonoids experienced a first increase, 

probably because of the activity of PAL, an enzyme involved in their biosynthesis, 

and then decreased. 

The greatest loss of o-diphenols at RI = 1.96, which are reported to be the phenolic 

compounds with the strongest antioxidant activity, can be related to the lower anti-

oxidant capacity observed in olives at this RI.  

The ripening degree studied apparently did not significantly affect the content of 

most individual FAs. However, palmitic, linoleic, and α-linolenic increased from 0.66 

to 1.08, and then decreased from 1.08 to 1.96. Because of the changes in linoleic acid, 

the ratio oleic/linoleic also changed, being the highest value at RI = 1.96 (12.73 ± 

0.97). According to this value, ‘Corbella’ could be a cultivar with a high oleic/linoleic 

ratio, which is of interest to produce EVOOs with good oxidative stability and long 

shelf life. 
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4.4. Exploring the impact of olive storage and malaxation condi-

tions: ‘Corbella’ cultivar 

Results from Publication 5 showed that olive storage for 17 h overnight in a tractor 

trailer at ambient temperature had a negative effect on the content of α-tocopherol 

and squalene in EVOO samples, most likely related to the hydrolytic and oxidative 

degradation, although the latter could also be involved in the biosynthesis of sterols. 

The degradation of chloroplast membranes during olive storage could have enhanced 

the content of carotenoids in EVOO, which increased after olive storage. Chloro-

phyll is susceptible to photooxidation, but this process was limited as the 17 h of 

storage was mainly at night.  

There was no effect on the total FAs content. However, the very-long-chain FAs 

(more than 18 C) seem to have been damaged by olive storage, as their content was 

reduced, which could be associated with the inactivation of elongases involved in 

their biosynthesis [267] or to FA degradation. Linoleic acid increased, which resulted 

in a significant reduction of the oleic/linoleic ratio, meaning that the oil is more sus-

ceptible to lipid oxidation. 

Finally, most of the individual phenolic compounds decreased, most likely due to the 

proliferation of microorganisms and oxidation processes performed by PPO and 

POX, which find available oxygen and hydrogen peroxide because of the damage 

caused in the olive fruit during harvesting. At the same time, the activity of hydrolytic 

enzymes, like β-glucosidases and esterases, can explain the increase in secoiridoids, 

particularly oleuropein aglycone, oleacein and oleocanthal, which could be also re-

lated to a plant defense response [268]. 

Despite having a lower oleic/linoleic ratio and a reduced concentration of α-tocoph-

erol and squalene, EVOOs produced with stored olives had significantly higher anti-

oxidant capacity and oxidative stability. These findings reflect that secoiridoids, which 

increased after storage, contribute strongly to both parameters.  

The malaxation conditions studied in Publication 5 were 18 and 23 °C, and 30, 40 

and 50 min, and the olives had the same RI, which was 1.14 – 1.20. The RI was 

chosen according to the results found in Publication 4: an RI that can give good oil 

yield, good oxidative stability, and good levels of phenolic compounds.  
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The increase of temperature caused the depletion of phenolic alcohols, flavonoids 

and lignans. Contrarily, secoiridoids increased, especially oleacein and oleocanthal, 

which can be attributed to a better activity of the methylesterase involved in their 

biosynthesis, but also because the olives used at 23 °C were the ones stored overnight. 

However, the levels of these two secoiridoids were lower compared to EVOOs pro-

duced with a malaxation temperature above 30 °C [269], presumably because meth-

ylesterases perform better at this temperature [270]. The higher content of oleacein 

than oleocanthal corresponds to the concentration of their precursors, oleuropein 

aglycone and ligstroside aglycone, which were also generated by the action of β-glu-

cosidases, as suggested by their mostly steady concentration. The low and generally 

constant concentration of secoiridoids oxidative products, including hydroxytyrosol, 

indicates that the oxidation process was not very active, probably because the tem-

perature was not the optimal for the oxidative enzymes. Therefore, the depletion 

observed in elenolic acid, as well as in other phenolic compounds, seems more likely 

attributable to its lost in olive oil by-products. 

The content of FA was not significantly affected by any of the malaxation factors 

studied, but it tended to increase with the malaxation temperature, because, as previ-

ously discussed, increasing the temperature improves the oily phase separation. The 

oleic/linoleic ratio was reduced when increasing both the temperature and time of 

malaxation, indicating that higher temperatures and longer times produced EVOOs 

more susceptible to lipid oxidation. Nevertheless, the oleic/linoleic ratio ranged be-

tween 11.62 and 14.50, which, in agreement with Publication 4, indicates that ‘Cor-

bella’ could be a promising cultivar to obtain EVOOs with high oleic/linoleic ratio. 

Longer malaxation times enhanced the content of pigments (carotenoids and chlo-

rophylls). However, chlorophylls decreased at the higher temperature, which can be 

attributed to their susceptibility to degradation when exposed to temperature and 

oxygen. Squalene and α-tocopherol were negatively affected by the higher malaxation 

temperature and time, attributable to oxidation processes. 

Both the oxidative stability and the antioxidant capacity increased with temperature. 

The EVOO with the highest oxidative stability and antioxidant capacity was pro-

duced by malaxation at 18 °C for 50 min. The increase in antioxidant capacity was 

correlated with the higher levels of o-diphenols (hydroxytyrosol, oleuropein aglycone, 

and oleacein), as well as oleocanthal, and carotenoids. Nevertheless, the PCA revealed 
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that the most contributing factors to oxidative stability were secoiridoids, particularly 

oleacein and oleocanthal. Carotenoids could have a synergistic effect.  

4.5. Exploring the impact of cultivar: ‘Arbequina’, ‘Corbella’, and 

‘Picual’ 

Cultivar is an inherent factor conditioned by genetics which strongly contributes to 

shaping EVOO composition. Because of the results found in ‘Corbella’ in Publica-

tion 4, it was hypothesized that this cultivar could have a high expression of β-gluco-

sidase. Therefore, in Publication 6, the gene expression of enzymes involved in the 

secoiridoid pathway was analyzed in three cultivars: ‘Corbella’ for being the target 

cultivar, ‘Arbequina’ for being the predominant Catalan olive cultivar, but also for 

having some similarities in composition to ‘Corbella’, and ‘Picual’ for being a cultivar 

with high phenolic content and rich in oleuropein.   

Two tissues were studied: leaves and olive mesocarp. Regarding the olive mesocarp, 

two different harvesting dates were also analyzed to determine differences at the be-

ginning of maturation. Furthermore, two different years, 2021 and 2022, were also 

investigated for ‘Corbella’. 

Differences in gene expression were found between cultivars and in both tissues.  

‘Picual’ was the cultivar with the highest relative expression of the enzymes involved 

in the formation of precursors of the secoiridoids (OeGES1, OeISY, and OeOMES) 

and the lowest relative expression of OeGLU, which could explain the high content 

of oleuropein in this cultivar when compared to ‘Arbequina’. The higher expression 

of OeGLU in ‘Arbequina’ and ‘Corbella’ suggests that they can have more content 

of oleuropein aglycone and other oleuropein derivatives. This would explain the re-

sults found in Publication 4 and 5. Furthermore, the expression of OeGLU in olive 

mesocarp increased in a week, which could agree with the depletion of oleuropein, 

and the increase in oleuropein derivatives over ripening.  

The fact that neither OeGES1 nor OeISY were detected in olive mesocarp, indicated 

that there was either a very low expression or not expression at all, which agrees with 

the developmental stage of the harvested olive samples. At the time they were picked, 

the massive phenolic synthesis was over, therefore, very low or no expression of these 
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enzymes is expected to be found. Similarly, OeOMES had a sharp drop in ‘Corbella’ 

cultivar both in 2021 and 2022, which could be related to the downregulation of 

oleuropein synthesis during ripening. ‘Arbequina’ and ‘Picual’ were in a maturation 

stage posterior to ‘Corbella’, which explains why there was no significant differences 

in OeOMES relative expression between the two harvesting dates. Considering these 

results, the expression of OeOMES in ‘Corbella’ the following weeks should be ex-

pected to remain low and constant.  

Despite having the same relative expression of OeEAME1/2, ‘Arbequina’ and ‘Cor-

bella’ olives are likely to have higher content of oleacein than ‘Picual’ because of their 

greater expression of OeGLU. Accordingly, the EVOO from these two cultivars is 

expected to have higher content of oleacein and oleocanthal than ‘Picual’. 

Unexpectedly, ‘Corbella’ harvested in 2022 had a significantly lower expression of 

OeGLU and a significantly higher expression of OeEAME1/2 than ‘Corbella’ 2021, 

which was attributed to different climatic conditions, as 2022 was considerably hotter 

than 2021 in Catalonia, with an average annual temperature 1.5 °C higher and with 

less rainfall. This abiotic stress could have caused changes in the expression of these 

two enzymes. Contrarily, OeOMES appears to not be involved in abiotic stress re-

sponse as its expression was unaltered.  

Finally, the gene expression pattern was the same in every cultivar, being OeGLU the 

highest expressed gene, both in the leaves and olive mesocarp. Considering the results 

from ‘Corbella’ leaves, it is reasonable to expect a general lower content of secoir-

idoids than in ‘Arbequina’ and ‘Picual’, because of the significantly lower expression 

of OeGES1, OeISY, and OeOMES; while the content in olive mesocarp could be 

pretty similar to that of ‘Arbequina’. 

4.6. Ultimate discussion about secoiridoids, oxidative stability and 

quality of EVOO, and future perspectives 

Publication 6 proved the importance and weight of cultivar genetics. The difference 

in gene expression of the enzymes involved in the secoiridoid pathway is probably 

the most determinant factor of the final composition of EVOO. On the one hand, 

high expression of the enzymes involved in the synthesis of precursors of oleuropein, 
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such as OeGES1, OeISY, and OeOMES can ensure high content of oleuropein in 

the olive fruit, as in ‘Picual’. On the other hand, high expression of the hydrolytic 

enzymes of oleuropein, OeGLU and OeEAME1/2, can favor the formation of 

oleuropein aglycone, oleacein and oleocanthal, especially during oil extraction, as in 

‘Arbequina’ and ‘Corbella’. According to Publication 5, these secoiridoids, especially 

oleacein and oleocanthal, play a key role in protecting EVOO from oxidation, but 

they also contribute to the positive sensory characteristics and health properties; con-

sequently, their enhancement is desirable.  

However, a high expression of these hydrolytic enzymes is not enough to ensure their 

proper activity, which occurs mainly during oil extraction. As seen in Publication 1 

and 5, malaxation conditions influence the content of these secoiridoids. Increasing 

the temperature favors the content of oleuropein aglycone, oleacein and oleocanthal, 

which indicates that the hydrolytic enzymes act better at temperatures around 30 °C. 

Likewise, prolonging the duration of malaxation favors the interaction between the 

enzymes and substrates, thus having more time to generate these secoiridoids. How-

ever, it must be considered that the increase of temperature and time also favors the 

action of oxidative enzymes, like PPO and POX, which can cause the depletion of 

phenolic compounds. Therefore, if the expression of the hydrolytic enzymes is high, 

the synthesis of secoiridoids can be greater than their oxidation. Be that as it may, 

olive cultivars with a high expression of hydrolytic enzymes are advantageous to pro-

duce EVOO with high content of oleacein and oleocanthal.  

Publication 6 also showed that gene expression varied depending on the stage of 

the olive fruit. The massive phenolic synthesis occurs during fruit growth and devel-

opment, but it starts to drop when the maturation process begins. The fact that nei-

ther OeGES1 nor OeISY were detected in olive mesocarp corroborates that the syn-

thesis of precursors of secoiridoids is over at least when the maturation process be-

gins. The sharp drop of OeOMES observed in ‘Corbella’ also shows that the synthe-

sis of oleuropein is downregulated during ripening, whereas the expression of Oe-

GLU increases, coinciding with the secoiridoid evolution observed in olive fruit dur-

ing ripening: a decrease in oleuropein and an increase in oleuropein aglycone and 

hydroxytyrosol. Furthermore, in Publication 4, even though the relative expression 

of OeGLU of ‘Corbella’ 2021 increased, there was a decrease in the content of 

oleuropein aglycone from the 20th to the 28th, which can be perfectly attributed to 
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the sharp drop of OeOMES. Therefore, despite having more expression of OeGLU, 

the lack of precursors prevents the rise in oleuropein aglycone. Similarly, the concen-

tration of oleacein in these two samples was not significantly different, although a 

little increase was observed (Publication 4), which corresponds to OeEAME1/2 

expression, which had a slightly increase. These findings demonstrate that no matter 

how high the expression of the hydrolytic enzymes may be, if the precursors are not 

in abundance, there will not be an increase in oleuropein aglycone, oleacein and 

oleocanthal.  

This thesis has also proved that other factors can affect the secoiridoid composition. 

First, HHP has shown to enhance the content of secoiridoids in olive fruit, most 

likely by facilitating the interaction between enzymes and substrates caused by cell 

disruption. Second, olive storage overnight before oil extraction also improved the 

secoiridoid content. And third, the abiotic stress caused by environmental conditions, 

specifically higher temperatures and less rainfall, caused the depletion of OeGLU and 

the increase of OeEAME1/2 in ‘Corbella’ olives, which will consequently result in a 

different secoiridoid composition of the EVOO. 

Furthermore, different isoenzymes could exist within a cultivar and among cultivars, 

thus resulting in differences in their activity. Because of all these aspects discussed, it 

is not possible to assume that all cultivars will behave the same way during oil extrac-

tion. Therefore, the study of the best RI for harvesting the olives, and the best opti-

mum conditions for oil production must be found for every particular cultivar.  

In summary, this thesis pointed out the contribution of secoiridoids in EVOO qual-

ity, especially contributing to its oxidative stability, and sensory characteristics, and 

how their content can be enhanced without being detrimental to other important 

constituents and, hence maintaining the high quality.  

Because of climate change and global warming, future research should be focused on 

how the increase of temperature will affect EVOO composition, especially regarding 

secoiridoids. A regulation of OeGLU and OeEAME1/2 has been observed in this 

thesis, giving a hint that changes in the phenolic content can occur. Furthermore, it 

will be also interesting to perform a complete screening of the evolution of the gene 

expression of the enzymes involved in the secoiridoid pathway, from fruit set to full 
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ripen, to better understand the behavior of a specific cultivar and find the most ap-

propriate stage where high oleuropein content and high expression of OeGLU and 

OeEAME1/2 coexist, so an EVOO with high content of oleacein and oleocanthal 

can be obtained.  
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The results of this dissertation lead to the postulation of the following conclusions: 

General conclusion 

The factors evaluated in the current thesis (cultivar, ripeness, malaxation and HHP), 

if applied in the proper conditions, can contribute to enhance the phenolic content, 

and in particular the secoiridoids, without impairing the content of other constituents 

and the quality of EVOO. The best conditions or options are specified next. 

Specific conclusions 

1. Regarding the impact of malaxation conditions on the composition 

of ‘Arbequina’ EVOO: 

• Using malaxation conditions between 20 and 30 °C, and 30 and 45 min with 

‘Arbequina’ olives at an early maturation stage do not affect the overall quality of 

the olive oil, being EVOO in all the circumstances. 
 

• Rising the temperature up to 30 °C or prolonging the malaxation for 45 min (a) 

is more effective in separating the oily phase from the water and solid phases, 

and (b) leads to higher content of pigments (carotenoids and chlorophylls) and, 

hence greener oils can be obtained.  
 

 

• Higher content of tocopherols and squalene can be obtained by prolonging the 

malaxation time for 45 min, or using low temperatures, like 20 °C. 
 

• Malaxation at 20 and 25 °C for 30 min should be applied to obtain ‘Arbequina’ 

EVOOs with higher fruity and green values. Therefore, cold extraction favors 

positive attributes of the sensory profile of EVOOs. 
 

• To obtain an ‘Arbequina’ EVOO with high content of phenolic compounds, 

malaxation at temperatures between 20 and 25 °C and not for long time should 

be employed. However, if the aim is to increase the content of oleacein and 

oleocanthal, temperatures between 25 and 30 °C, and a duration of 45 min are 

preferable.  
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2. Regarding the impact of HHP on the composition of ‘Arbequina’ 

EVOO: 

• The primary oxidation of lipids measured by the content of hydroperoxides (per-

oxide value) is enhanced by HHP, but the secondary oxidation (K270) and the 

hydrolysis of TAGs (acidity) are not.  
 

• The application of HHP did not alter the category of the olive oils according to 

the quality parameters, being EVOO in all the circumstances. However, the pos-

itive aromatic attributes were lost.   
 

• The application of HHP, especially 600 MPa for 6 min, increases the content of 

chlorophylls due to their release from olive tissues, which results in greener oils. 

Carotenoids are also increased. 
 

• The application of HHP, at least within the conditions tested (300 and 600 MPa, 

and 3 and 6 min), does not affect the FA composition nor the content of squalene 

and α-tocopherol of the olive oils. 
 

• The content of secoiridoids, particularly oleuropein aglycone, oleacein and 

oleocanthal, in the olive fruit can be enhanced by the application of HHP, at least 

within the conditions tested (300 and 600 MPa, and 3 and 6 min).  
 

• The content of oil phenolic compounds is considerably reduced when HHP is 

applied to the olives due to oxidative processes. To avoid this loss, it is necessary 

to inactivate the oxidative enzymes PPO and POX. Future studies should be 

conducted to test other HHP pressures, at temperatures slightly higher than 

20−25 °C (room temperature), and with olives of different ripening indices. If 

that was achieved, an olive oil with higher content of phenolic compounds, espe-

cially secoiridoids, could possibly be obtained. 
 

• Despite having less content of phenolic compounds, olive oils obtained from 

HHP-treated olives at 600 MPa had the same oxidative stability than the control, 

suggesting that this could be a promising technology to help improve the oxida-

tive stability of oils. 

3. Regarding the impact of ripeness on the composition of ‘Corbella’ 

olive fruit: 
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• Harvesting ‘Corbella’ olives with an RI below 1 might entail a considerable loss 

of oil yield, especially below 0.50, whereas a maximum oil yield could be achieved 

with an RI between 1 and 2. 
 

• Olives at an RI of 0 had the highest content of phenolic compounds, especially 

secoiridoids, and they are reduced during the maturation period studied.  
 

• The lowest antioxidant capacity at an RI of 1.96 corresponds to the highest de-

pletion of phenolic compounds, and specifically o-diphenols, which are reported 

to have the strongest antioxidant activity. This loss over the ripening process 

could be involved in the poor oxidative stability of ‘Corbella’ EVOOs produced 

with olives at a more advanced ripening degree. 
 

• Oleuropein aglycone is the main phenolic compound of ‘Corbella’ olive fruit. The 

high predominance of oleuropein aglycone and elenolic acid in ‘Corbella’ olive 

fruit suggests that this cultivar can have a high expression of β-glucosidase and, 

hence, a high hydrolytic activity of secoiridoids.  
 

• ‘Corbella’ seems a promising cultivar to produce EVOOs with high oleic/linoleic 

ratio, at least when harvested at an early maturation stage (RI < 2). 
 

• ‘Corbella’ olives at the early maturation stage (RI < 2) should be used when aim-

ing at producing EVOOs with high phenolic content, antioxidant capacity, and 

oxidative stability.  

4. Regarding the impact of olive storage and malaxation conditions on 

the composition of ‘Corbella’ EVOO:  

• Storing healthy ‘Corbella’ olives with an RI of 1 to 1.5 for 17 h overnight at am-

bient temperature before EVOO extraction enhances the formation of oleuro-

pein aglycone, oleacein and oleocanthal. The content of the two latter has been 

positively correlated to the oxidative stability of the oil. 
 

• Linoleic acid was favored by olive storage and a higher malaxation temperature. 

Consequently, the oleic/linoleic ratio was higher at the lower malaxation temper-

ature and time (18 °C and 30 min), and when the oil was produced on the same 

day of olive harvest. 
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• Prolonging the malaxation up to 50 min at 18 °C provides the most favorable 

conditions to obtain a ‘Corbella’ EVOO with high concentration of secoiridoids. 

If the olives have also been stored overnight before oil extraction, a duration of 

30 min is enough to give a similar content. Increasing the temperature also en-

hance the secoiridoid content.  
 

• Secoiridoids contribute strongly to the antioxidant capacity and oxidative stability 

of ‘Corbella’ EVOOs. Particularly, oleacein and oleocanthal seems to be the main 

contributors. Therefore, the higher the content of these two compounds, the 

more stable the EVOOs will be. Carotenoids could also have a synergistic effect 

with secoiridoids and help the oxidative stability. 
 

• Storing the olives at ambient temperature overnight and performing the malaxa-

tion at longer times (50 min) when temperatures are low (18 °C) or using higher 

temperatures will increase the content of oleacein and oleocanthal, and thus the 

oxidative stability of EVOOs. 

5. Regarding the impact of cultivar on the gene expression of enzymes 

involved in the secoiridoid pathway:  

• Cultivar genetics is the most important factor in determining the phenolic profile 

and content of both olive fruits and oils. The results of gene expression of the 

green olive mesocarp seen in this study perfectly correlates with the secoiridoid 

profile and content of the three cultivars analyzed. 
 

• ‘Corbella’ is an olive cultivar with high expression of OeGLU, which can explain 

its high content of oleuropein aglycone.  
 

• The gene expression of the leaves was pretty similar to the olive’s mesocarp ex-

pression for every cultivar.  
 

• ‘Picual’ is characterized by higher expression of enzymes involved in the synthesis 

of precursors of oleuropein and lower expressions of hydrolytic enzymes, hence 

it has high content of oleuropein, but low content of oleuropein aglycone, olea-

cein and oleocanthal.  
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• ‘Arbequina’ and ‘Corbella’ are characterized by lower expression of enzymes in-

volved in the synthesis of precursors of oleuropein and higher expressions of 

hydrolytic enzymes, hence both the olive fruit and the oil can possess higher 

amount of oleuropein aglycone, oleacein and oleocanthal.  
 

• At the beginning of the maturation phase, the massive phenolic synthesis as well 

as the synthesis of oleuropein are downregulated, as the expression of OeGES1 

and OeISY are no longer detected, and OeOMES has a sharp drop. Contrarily, 

OeGLU slightly increase. 
 

• The remarkably high expression of OeGLU compared to the other genes inves-

tigated show up to what extent this enzyme is determinant in profiling the secoir-

idoids in olive fruits and olive oil. 
 

• OeGLU and OeEAME1/2 appear to be genes whose expression can be regu-

lated by the abiotic stress cause by environmental conditions, like the increase of 

temperatures and less rainfall, presumably resulting in changes in the content of 

oleuropein, oleuropein aglycone, oleacein and oleocanthal. 
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Table S1. FA profile (%) of the control sample and the four HHP treatments (T1, T2, T3 

and T4). Results are expressed as mean ± standard deviation, n = 9. Different letters mean 

significant differences (p < 0.05). 

HHP  

conditions 
Control T1 T2 T3 T4 

Pressure (MPa) - 300 300 600 600 

Duration (min) - 3 6 3 6 

Fatty acids (%) 

C14:0 0.04 ± 0.01 a 0.04 ± 0.01 a 0.05 ± 0.00 b 0.04 ± 0.00 ab 0.04 ± 0.00 ab 

C15:0 0.02 ± 0.00 ab 0.01 ± 0.06 a 0.02 ± 0.00 b 0.02 ± 0.00 b 0.02 ± 0.00 b 

C16:0 16.25 ± 0.03 a 16.25 ± 0.74 a 16.26 ± 0.08 a 16.23 ± 0.05 a 16.21 ± 0.03 a 

C16:1 n-9 0.11 ± 0.00 ab 0.11 ± 0.00 a 0.12 ± 0.00 b 0.11 ± 0.00 ab 0.11 ± 0.00 ab 

C16:1 n-7 1.36 ± 0.00 a 1.35 ± 0.01 a 1.35 ± 0.00 a 1.35 ± 0.01 a 1.35 ± 0.01 a 

C17:0 0.12 ± 0.00 a 0.12 ± 0.00 a 0.12 ± 0.00 a 0.12 ± 0.00 a 0.12 ± 0.00 a 

C17:1 0.25 ± 0.00 a 0.25 ± 0.00 a 0.25 ± 0.00 a 0.25 ± 0.01 a 0.25 ± 0.00 a 

C18:0 1.54 ± 0.00 a 1.57 ± 0.02 ab 1.58 ± 0.03 b 1.56 ± 0.01 ab 1.56 ± 0.02 ab 

C18:1 n-9 67.62 ± 0.03 ab 67.73 ± 0.06 b 67.56 ± 0.12 a 67.74 ± 0.07 b 67.66 ± 0.08 ab 

C18:2 n-6 11.49 ± 0.01 b 11.34 ± 0.08 a 11.46 ± 0.03 b 11.36 ± 0.03 a 11.45 ± 0.05 b 

C20:0 0.32 ± 0.00 a 0.32 ± 0.00 a 0.32 ± 0.00 a 0.32 ± 0.00 a 0.32 ± 0.00 a 

C18:3 n-3 0.50 ± 0.00 a 0.50 ± 0.00 ab 0.50 ± 0.00 b 0.50 ± 0.00 ab 0.50 ± 0.00 b 

C20:1 n-9 0.22 ± 0.00 a 0.23 ± 0.00 b 0.22 ± 0.00 ab 0.22 ± 0.00 ab 0.23 ± 0.00 ab 

C21:0 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 0.01 ± 0.00 a 

C20:2 n-6 0.02 ± 0.00 a 0.02 ± 0.00 b 0.03 ± 0.00 d 0.03 ± 0.00 c 0.02 ± 0.00 b 

C22:0 0.09 ± 0.00 ab 0.09 ± 0.00 a 0.09 ± 0.00 b 0.09 ± 0.00 ab 0.09 ± 0.00 ab 

C22:2 n-6 0.02 ± 0.00 b 0.02 ± 0.00 a 0.02 ± 0.00 ab 0.02 ± 0.00 ab 0.02 ± 0.00 a 

C24:0 0.05 ± 0.00 a 0.05 ± 0.00 a 0.05 ± 0.00 a 0.05 ± 0.00 a 0.05 ± 0.00 a 

SFA 18.43 ± 0.03 a 18.45 ± 0.06 a 18.49 ± 0.10 a 18.43 ± 0.05 a 18.42 ± 0.04 a 

MUFA 69.56 ± 0.03 ab 69.67 ± 0.08 b 69.50 ± 0.11 a 69.67 ± 0.07 b 69.60 ± 0.07 ab 

PUFA 12.02 ± 0.01 b 11.88 ± 0.09 a 12.02 ± 0.03 b 11.90 ± 0.03 a 11.99 ± 0.05 b 

MUFA/PUFA 5.79 ± 0.00 a 5.86 ± 0.05 b 5.78 ± 0.02 a 5.85 ± 0.02 b 5.81 ± 0.03 a 

oleic/linoleic 5.89 ± 0.01 a 5.97 ± 0.05 b 5.89 ± 0.02 a 5.96 ± 0.02 b 5.92 ± 0.03 a 

Sum of FAs 

(mg/kg) 

702.84 ± 57.96 
ab 

788.38 ± 69.7 b 
712.18 ± 53.59 

ab 
656.1 ± 57.03 a 

674.88 ± 57.08 
a 
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