
  Universidade de Trás-os-Montes e Alto Douro 

 

 

 

Impact of genetic background, maturation, and infection by 

Colletotrichum acutatum on the phytochemical composition of olives and 

olive oils: implementation of faster infrared screening tools 

 

 

Tese de Doutoramento em Ciências Químicas e Biológicas 

 

 

Nome do candidato: Irene Pereira Gouvinhas 

Nome dos Orientadores: Professora Doutora Ana Isabel Novo de Barros 

         Professora Doutora Paula Martins-Lopes 

 Doutora Sónia Gomes 

 
 
 

Vila Real, 2016 



  



   

 

Universidade de Trás-os-Montes e Alto Douro 

 

 

 

Impact of genetic background, maturation, and infection by 

Colletotrichum acutatum on the phytochemical composition of olives and 

olive oils: implementation of faster infrared screening tools 

 

 

Irene Pereira Gouvinhas 

 

 
 
 
 
 
 
 
 
 
 

Tese apresentada à Universidade de Trás-os-Montes e Alto Douro para cumprimento dos 
requisitos necessários à obtenção do grau de Doutor em Ciências Químicas e Biológicas, 

realizada sob a orientação científica das Doutoras Ana Isabel Amorim Novo de Barros, 
Professora Auxiliar do Departamento de Química da Universidade de Trás-os-Montes e 
Alto Douro, Paula Martins-Lopes, Professora Auxiliar do Departamento de Genética e 

Biotecnologia da Universidade de Trás-os-Montes e Alto Douro , e Sónia Gomes, 
bolseira da FCT. 

 
 

As doutrinas apresentadas no presente trabalho são da exclusiva responsabilidade do 
autor. 



 



Universidade de Trás-os-Montes e Alto Douro 

 

 

Impact of genetic background, maturation, and infection by Colletotrichum 

acutatum on the phytochemical composition of olives and olive oils: 

implementation of faster infrared screening tools 

 

Tese de Doutoramento em Ciências Químicas e Biológicas 

 

        Nome do candidato: Irene Pereira Gouvinhas 

Nome dos Orientadores: Professora Doutora Ana Isabel Novo de Barros 

Professora Doutora Paula Martins-Lopes 

Doutora Sónia Gomes 

 

Composição do Júri: 

 Presidente: 

  Professor Doutor Victor Manuel Machado de Ribeiro dos Reis 

 Vogais: 

  Professor Doutor Victor Armando Pereira Freitas 

  Professor Doutor Artur Manuel Soares da Silva 

  Professor Doutor Eduardo Augusto dos Santos Rosa 

  Professor Doutor Augusto António Vieira Peixe 

  Professor Doutora Ana Isabel Ramos Novo Amorim de Barros 

  Doutora Sónia Maria Alves Gomes 

 

 

 

 

Vila Real, 2016 





 
Universidade de Trás-os-Montes e Alto Douro 

 

 

Impact of genetic background, maturation, and infection by Colletotrichum 

acutatum on the phytochemical composition of olives and olive oils: 

implementation of faster infrared screening tools 

 

Tese de Doutoramento em Ciências Químicas e Biológicas 

 

Funding was provided by FCT (Fundação para a Ciência e Tecnologia) in the form of a PhD 
grant (SFRH/DB/78013/2011). 

 

 

        Nome do candidato: Irene Pereira Gouvinhas 

Nome dos Orientadores: Professora Doutora Ana Isabel Novo de Barros 

Professora Doutora Paula Martins-Lopes 

Doutora Sónia Gomes 

 

 

 

 

 

 

 

 

Vila Real, 2016 



 

  



AGRADECIMENTOS 

Após a realização deste trabalho, resta-me expressar algumas palavras de agradecimento 

e reconhecimento às pessoas que direta ou indiretamente deram o seu contributo para que toda 

a elaboração desta tese fosse possível. 

Muito especialmente, desejo agradecer à Professora Doutora Ana Barros, minha 

professora e orientadora, por todo o apoio, orientação, partilha de saber, opiniões e críticas. 

Desde a licenciatura até ao doutoramento que me conduziu de forma profissional e materna, 

particularmente nestes últimos 4 anos, por onde passamos momentos de alegria, de felicidade, 

de desabafos, de tristezas. Momentos para recordar e momentos para esquecer. Afinal, a vida 

é feita de momentos, e após todos estes anos de partilha, só podemos ficar "na história, da 

história da gente". 

À Professora Doutora Paula Lopes, co-orientadora, por toda a ajuda, disponibilidade, 

compreensão e conhecimentos. Obrigada pela confiança depositada em mim e pela amizade. 

À Doutora Sónia Gomes, também co-orientadora, por toda a ajuda e apoio prestados na 

realização deste trabalho. Obrigada por todos os conhecimentos transmitidos de uma área, 

para mim, "diferente" e que me permitiram alargar mais os meus conhecimentos. Obrigada 

por toda a amizade e confiança demonstrada ao longo destes anos. 

À Engenheira Teresa Carvalho, por toda a ajuda prestada no campo e colheita/preparação 

das amostras. Obrigada pela disponibilidade e pelo bom acolhimento em Elvas. 

Ao Raúl Domínguez-Perles e Nelson Machado que me ajudaram ao longo de todo este 

trabalho, especialmente nesta última fase, que foi de luta para todos. Um muito obrigada por 

todo o apoio e pela partilha de bons momentos. 

Ao Sr. Carlos Matos e à Dona Palmira por todo o auxílio prestado no laboratório. 

Aos meus colegas de laboratório, mas essencialmente amigos, Carla Sobreira, Ana 

Abraão e André Lemos, por toda a ajuda e incentivo. Obrigada por todos os bons momentos 

passados no laboratório (e não só) e pela vossa grande amizade e carinho. 

A todas os meus restantes amigos, especialmente à Diana Barreira, Daniel Alves, Simone 

da Silva, Sandra Cabo, Márcia Carvalho, e às rosas Maria Cunha, Filipa Santos e Patrícia 

Nunes. Obrigada pela vossa amizade. 

Por último, mas não menos importante, aos meus pais, por serem tudo o que tenho de 

mais precioso. Por todos os valores, princípios, educação e conselhos que me transmitiram. 

Obrigada por todo o amor incondicional, carinho e afeto.  



  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

Aos meus pais 

  



  



RESUMO 

A oliveira (Olea europaea L.) é uma das culturas mais importantes dos países do 

Mediterrâneo, cujo cultivo tem vindo a sofrer um incremento ao longo dos últimos anos, 

particularmente devido às diversas propriedades benéficas e sensoriais que os seus produtos 

(azeitona e azeite) apresentam. Estas propriedades relacionam-se com a composição 

nutricional e não nutricional das azeitonas, e dependem de vários fatores de pré-colheita 

(condições agro-ambientais, cultivar e estado de maturação, entre outros) e pós-colheita 

(condições de armazenamento). Uma vez que durante o processo de extração de azeite não 

são adicionados quaisquer químicos, a composição nutricional e fitoquímica mantém-se 

praticamente inalterável. Para além dos fatores anteriormente referidos, a oliveira é ainda por 

vezes afetada por diferentes doenças, que podem reduzir o rendimento e a qualidade final dos 

seus produtos, nomeadamente em termos de metabolitos secundários. A antracnose da 

oliveira (também denominada por doença da gafa) é provocada pelos fungos Colletotrichum 

acutatum e C. gloeosporioides e, em condições propícias de humidade e temperatura, pode 

levar a elevadas perdas de produção. Além disso, a incidência da antracnose depende das 

condições ambientais, da virulência dos isolados e da suscetibilidade das cultivares. 

Os objetivos deste trabalho consistiram em determinar a composição fenólica de 

diferentes cultivares de azeitona que diferem em termos de suscetibilidade ao C. acutatum 

(‘Galega Vulgar’ (altamente suscetível), ‘Cobrançosa’ (moderadamente suscetível) e ‘Picual’ 

tolerante), quer durante o processo de maturação, quer durante o processo de infeção pelo 

fungo. Para além da determinação da composição fenólica por métodos clássicos, e uma vez 

que estes requerem o uso de reagentes e solventes dispendiosos, e o pré-tratamento das 

amostras, foram ainda aplicados os métodos vibracionais espectroscópicos, por transformada 

de Fourier e Raman. Além disso, a expressão do gene OePAL foi determinada a fim de tentar 

relacioná-la com a atividade da enzima fenilalanina amónia-liase (PAL) e o conteúdo em 

compostos fenólicos. 

Para atingir estes objetivos, as três cultivares acima referidas foram avaliadas ao longo 

dos processos de maturação e infeção em termos de composição fenólica e atividade 

antioxidante dos frutos e azeites. Estas análises, juntamente com a determinação do conteúdo 

em metais e dos parâmetros de qualidade dos azeites (acidez livre e índice de peróxidos) e a 

aplicação de métodos espectroscópicos e análise multivariada foram utilizados de forma a  

  



  



discriminar os azeites das diferentes cultivares. Para além deste estudo, foi ainda avaliado o 

efeito do ataque do fungo C. acutatum na expressão do gene OePAL, na atividade da enzima 

PAL e no conteúdo e perfil fenólico das azeitonas. Para tal, azeitonas não infetadas (controlo) 

e infetadas às 0, 16, 48, 144 e 360 horas após a infeção foram colhidas e analisadas. Além 

disso, sabendo que a cutícula é o tecido da azeitona com o qual o fungo estabelece o primeiro 

contacto durante o processo de infeção, a mesma foi analisada através da técnica de 

espectroscopia de infravermelho por transformada de Fourier (FTIR) a fim de discriminar não 

só as cultivares, mas também os diversos tempos de infeção, e adicionalmente avaliar esta 

abordagem como ferramenta auxiliar para aferição das diferentes suscetibilidades ao fungo, 

apresentadas pelas distintas cultivares. 

Os resultados referentes ao estudo da maturação demonstraram uma diminuição do 

conteúdo em compostos fenólicos, independentemente da cultivar estudada. Além disso, as 

condições climáticas demonstraram ter um papel importante nesta composição. Relativamente 

aos métodos espectroscópicos (FTIR e Raman) e clássicos utilizados para a determinação do 

conteúdo fenólico, juntamente com análise multivariada, foi possível, não só criar modelos de 

previsão para a determinação da composição fenólica e dos parâmetros de qualidade dos 

azeites, mas também discriminar as diferentes cultivares e estados de maturação. O mesmo foi 

conseguido através da análise do conteúdo em metais das amostras de azeites. 

Relativamente ao estudo do efeito do ataque do C. acutatum nas azeitonas, verificou-se 

um aumento da produção do conteúdo em compostos fenólicos, principalmente nas azeitonas 

da cultivar Galega Vulgar, descrita como suscetível a este fungo. Além disso, a expressão do 

gene OePAL e a atividade da enzima PAL foram induzidas pelo ataque do fungo, 

nomeadamente para as cultivares Galega Vulgar e Picual, que demonstraram expressão e 

atividade máxima às 16 horas de infeção. 

Em suma, este trabalho permitiu obter um maior conhecimento àcerca do efeito da 

maturação e da infeção pelo C. acutatum no conteúdo e perfil fenólico de azeites e azeitonas. 

Além disso, o uso de métodos espectroscópicos vibracionais, tais como o FTIR e Raman, 

articulados com a aplicação de análises quimiométricas, permitiu descrever de uma forma 

mais rápida e eficiente a discriminação de diferentes cultivares, estados de maturação e 

infeção. 

Palavras-chave: Olea europaea L.; Maturação; Colletotrichum acutatum; Espectroscopia de 

infravermelho; Discriminação; Polifenóis. 



  



ABSTRACT 

The olive tree (Olea europaea L.) is one of the most important crops in the 

Mediterranean Basin, which cultivation has increased over the last decades, encouraged by 

the diverse health benefits associated to olive oils consumption and the sensorial 

characteristics. However, the health benefits associated to dietary olive oils are closely 

dependent on the nutritional and non-nutritional composition of olive fruits, which are 

influenced by several pre-harvest (agro-environmental conditions, cultivar, and ripening 

stage) and post-harvest (storage conditions) factors. Once initialized the olive fruits 

processing towards obtaining olive oils, the nutritional and phytochemical compounds remain 

almost unaltered, keeping the final products all the characteristics and constituents described 

in olives. In addition to the above mentioned factors, the olive tree can also be affected by 

diverse diseases, conditioning yield and final product quality. This fact is of special relevance 

regarding the content in (poly)phenols. Among the currently identified diseases affecting 

olive tree, olive antrachnose, caused by the fungus Colletotrichum acutatum and C. 

gloeosporioides, is one of the most relevant constraint, which severity is dependent on the 

weather conditions, pathogen virulence, and cultivar susceptibility. 

The objective of this work was to evaluate the phenolic composition in diverse 

maturation stages and infection degree in three different olive cultivars characterized by 

distinct susceptibility to C. acutatum (‘Galega Vulgar’ (highly susceptible), ‘Cobrançosa’ 

(moderately susceptible), and ‘Picual’ tolerant). The assessment of olives and olive oils on the 

phenolic composition was developed by classical spectrophotometric and chromatographic 

methods, which were complemented by spectroscopical approaches, such as Fourier-

Transform Infrared spectroscopy (FTIR) and Raman. Furthermore, the expression of OePAL 

gene, was explored to understand the relationship between OePAL expression, phenylalanine 

ammonia-lyase (PAL) activity, and the (poly)phenolic content. 

To achieve these goals, the three olive cultivars referred above were investigated during 

the fruit maturation and infection process, regarding the phenolic composition and radical 

scavenging capacity of olive fruits and oils. The information recorded on these characteristics 

together with metal content, free acidity, and the peroxide value, resorting to spectroscopical 

methods combined with multivariate analysis was aimed to discriminate olive oils obtained 

from different cultivars. Besides the basic information on olives and olive oils composition, 

olive fruits were also assessed on the susceptibility to the infection by C. acutatum. For this  

purpose, the olives were infected in the olive grove. Non-infected controls and olives infected 



  



for 0, 16, 48, 144, and 360 hours after infection (hai) were harvested and assessed concerning 

the expression level of OePAL gene, PAL activity, and phenolic profile and content. These 

determinations allowed to study the correlation between OePAL gene expression, PAL 

activity, and phenolic content. Since cuticle constitutes the first contact point of the fungus 

during infection, this tissue was analysed by FTIR combined with Attenuated Total 

Reflectance (ATR) accessory to discriminate cultivars and infection times, besides the 

susceptibility/response to the infection. 

The major results obtained allowed to state that during the maturation process, the 

content on phenolic compounds decreased independently of the cultivar, whilst the climatic 

conditions appeared as a critical factor for the (poly)phenolic composition. 

The use of spectroscopical (FTIR and Raman) and classical methods for determining 

phenolic compounds and quality parameters of olive oils, combined with Partial Least Square 

regression allowed to discriminate the cultivar and the distinct maturation stages, and to create 

models for predicting the chemical characteristics of this food matrix during the maturation 

process. Besides the discrimination based in these analyses, the evaluation of the metal 

content was also applied alongside Partial Least Square regression, allowing to discriminate 

the campaign and the cultivar. 

Apart from the evaluation of the basic chemical and phytochemical composition and the 

mineral content of olives and olive oils in different cultivars and throughout the ripening 

stage, it was determined the effect of C. acutatum on the level of secondary metabolites 

(phenolics). These increased throughout the infection as a response to the fungal attack, 

especially concerning ‘Galega Vulgar’, which has been described as the most susceptible 

cultivar. Furthermore, OePAL gene expression and PAL activity were boosted by the fungal 

infection, mainly in cultivars Galega Vulgar and Picual, which showed the highest gene 

expression level and PAL activity at 16 hours after infection. 

As overall conclusion, this work allowed to gain a further insight in the effect of 

maturation and C. acutatum infection processes on the phenolic profile and (poly)phenolic 

content of olives and olive oils. In addition, the application of FTIR methods combined with 

chemometric analyses allowed to describe a faster spectroscopical method for the 

discrimination of different olive cultivars, maturation stages and infection incidence. 

 

Keywords: Olea europaea; Olives ripening; Colletotrichum acutatum; Infrared spectroscopy; 

Discrimination; (Poly)phenolic content. 
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1.1. Relevance of olives and olive oils as sources of bioactive compounds: influence of 

environmental factors, analytical approaches, and benefits for health 

 

Adapted from: 

Gouvinhas I, Machado N, Domínguez-Perles R, Barros AIRNA. 

Relationship between olive oil phytochemicals' structure and 

biological activity. Submitted to the Food Research International 

Journal. 

 

Abstract 

Olive fruits and oil have nutritional and sensory characteristics that make it much appreciated 

by consumers as basic components of the Mediterranean diet. Their richness in distinct 

compounds with diverse molecular structure confers a wide range of biological properties to 

these products, regarding the prevention of distinct human diseases. The phenolic compounds 

present in olive fruits and oils belong to distinct classes, being secoiridoids the most 

characteristic of Oleaceae plants. Over the last decades several studies on the biological 

effects of olive oils compounds have been performed on isolated and synthesized compounds, 

providing relevant information on structure–activity linkage. Thus, the aim of this review was 

to provide information concerning the chemical composition of olive fruits and olive oils, 

more focused on the main phenolics, as well as some methods used to their determination. 

Furthermore, some biotic and abiotic factors that affect its composition were described. 

Finally, the demonstrated healthy benefits of phenolic compounds of olive oils, contributing 

to clarify the liaison between their chemical structure and biological functions, was discussed. 

 

Keywords: Olea europaea L.; Mediterranean diet; Phenolic compounds; Molecular structure; 

Biological activity. 
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1.2. Introduction 

The olive tree (Olea europaea L.) is the only representative of Oleaceae family 

producing edible fruits, which displays the capacity to survive in poor soils, under arid and 

semi-arid growing conditions. Besides the productive characteristics of olive crops and their 

relevance for the agro-food industry, olive tree fruits and by-products are valuable sources of 

nutrients and non-nutrients, responsible for the nutritional and sensory properties as well as 

for the biological activity and health benefits attributed to dietary olive and olive oils (Rotondi 

et al., 2010). 

The major application of olive tree culture is the obtention of olive oil. Thus, virgin olive 

oil is one of the most important component, amongst those to be found in the Mediterranean 

diet, which is obtained from healthy and intact olives exclusively by mechanical processing 

(crushing, malaxation, and centrifugation). Respecting olive oil quality, the International 

Olive Council (IOC) has classified different grades according to its chemical composition and 

degree of acidity (IOC, 2010), corresponding the best brand to Extra Virgin Olive Oil. For the 

achievement of this classification, an olive oil must contain less than 0.8 g of free acids per 

100.0 g, expressed as oleic acid (Trade Standard Applying to Olive Oils and Olive-Pomace 

Oils, 2015), besides presenting no noticeable organoleptic defects. These sensory 

characteristics, which are highly appreciated by consumers, are due to a complex mixture of 

volatile compounds including aldehydes, alcohols, ketones, esters, and hydrocarbons, which 

have been lately identified and quantified (Gómez-Romero et al., 2012). Alteration of the 

normal organoleptic characteristics can occur during storage as a consequence of the 

peroxidation of fatty acids responsible for rancidity that ultimately result in the formation of 

volatile compounds with negative sensory features. This process indicates a lack of quality 

and deleterious effects on human health, due to the presence of free radicals (Frankel, 1985). 

Besides the appealing organoleptic characteristics, the increasing growing demand of 

olive oil is associated with the well-established correlation of its consumption with the 

promotion of human health (Petrakis, 2006). In this sense, several differences between diverse 

olive oils have been described regarding their chemical composition. Thus, for example, 

virgin olive oil does not present chemicals from solvents used during refining that contributes 

to preserve the original properties and constituents unlike refined oils (Nieto et al., 2010). In 

addition to the relevance of the sensory characteristics of the olive oils, during the last 

decades it has been stressed the relevance of this food/ingredient as a source of valuable 
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bioactive phytochemicals. Thus, the composition of final marketable products on bioactive 

compounds characteristics of olive oil contributes to the normal performance and the 

prevention of distinct pathological conditions related to oxidative stress, cancer, 

cardiovascular diseases, metabolic disorders and inflammation (Gómez-Romero et al., 2012), 

being highlighted the antioxidant power as the most relevant function of this fraction. In fact, 

this fuctional property allows bioactive compounds to modulate oxidative reactions 

responsible for diverse pathophysiological situations. 

 

1.3. Olive fruits 

The olive tree, Olea europaea L., produces the olive fruits, which are one of the most 

relevant components of Mediterranean diet as foods or foodstuffs. However, olives are rarely 

used in their natural raw form because of the requirement of specific processings devoted to 

avoid the high bitterness and thus obtain olives for direct consumption or to be used by the 

industry towards obtaining olive oils. 

Olives are fruits that possess small size, with about 1.0 to 4.0 cm long and 0.6 cm to 

2.0 cm diameter, and with an ellipse shape. The weight varies from 3 to 20 g (Mella, 2007). 

Furthermore, it has been described three main structures in olives: endocarp (seed), 

mesocarp (pulp), and exocarp (skin). In ripe olives, the pulp represents 84-90% of the total 

fruit mass, while the seed account from 13 to 23%, and epidermis 2-3% (Boskou et al., 

2006b). With respect to the basic chemical composition, olives contain components with high 

nutritional value including: water, lipids, sugars, and proteins (Mella, 2007). 

Apart from the nutrients provided by these fruits, over the last years it has been described 

the presence of interesting non-nutrient compounds with positive effects on the sensory 

characteristics of olives as well as on human health. This fraction, mainly represented by 

phenolic compounds, account for up to 3% of the olives fresh weight (Simopoulos, 2001). 

The major classes of phenolic compounds present in olives are phenolic acids, phenolic 

alcohols, secoiridoids, and flavonoids (Robards and Ryan, 1998), which are present in almost 

all tissues of the fruit, although their concentrations vary greatly between from one to another 

(Boskou, 1996). Regarding the individual compounds, the major respresentants are 

hydroxytyrosol derivatives, oleuropein, verbascoside, and ligstroside (Ryan et al., 2002). 

Hydroxytyrosol, belonging to the class of the phenolic alcohols, together with tyrosol, are 

one of the most abundant compounds in olive fruits, which concentration increases during the 

maturation process, as a result of the hydrolysis of oleuropein, the major secoiridoid 
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constituent of unripe olive fruit. This glucoside (oleuropein) is responsible for the bitter taste 

of green olives (Visioli & Galli, 2000b; Waterman & Lockwood, 2007). In addition to the role 

as a precursor of simpler compounds (hydroxytyrosol, ligstroside, and oleuropein aglycone, 

among others), oleuropein is still associated with some beneficial effects on human health. 

According to Omar (2010), oleuropein presents antioxidant, anti-hypertensive, and anti-

inflammatory activity, and protects the body against cardiovascular diseases. 

Flavonoids are also important compounds in olives, being essentially respresented by 

luteolin-7-glucoside, luteolin-5-glucoside, apigenin-7-glucoside, apigenin-7-rutinoside, and 

quercetin-3-rutinoside. Their concentration augment along the maturation process (Amiot et 

al., 1996). 

Since phenolic compounds make part of the plant response to stress, their concentration 

in olives, and therefore in olive oils, has been demonstrated as the result of complex 

interactions between diverse factors including agronomical features (cultivar and geographic 

origin, agricultural practices, fruit ripening, and irrigation regime) and industrial processes 

(extraction and storage procedures) (Cerretani et al., 2005; Vinha et al., 2005; Gómez-Rico et 

al., 2006; Dabbou et al., 2011; Bakhouche et al., 2013). 

 

1.3.1. Agronomic features of olives and olive oils: effect on composition and quality 

The potential uses within the agro-food industry of olive cultivars is directly associated 

with the phytochemical content and basic chemical composition of olive fruits and oils. In this 

regard, the composition of these foodstuffs (olives and olive oils) with respect to phenolic 

compounds, results from the complex interaction between several factors namely genetic 

factors (cultivar) and agro-climatic conditions (abiotic and biotic stress, such as 

cultivation/agronomic practices, and pathogen attacks). Despite the effect of these factors on 

the phenolic composition, they also influence olive oils regarding the composition in fatty 

acids and volatile compounds as well as with respect to quality parameters (free acidity, 

peroxide value, and K270 and K232, and sensory properties). 

Besides genetic and agronomic factors several authors have reported changes in the 

phenolic content and profile as a consequence of the processing methods applied for oil 

extraction including pressing, malaxation, centrifugation, and filtration. These processing 

methods and the storage conditions have been evaluated regarding their influence on the 

polyphenolic composition (Mailer & Ayton, 2004; Servili et al., 2004; Cerretani et al., 2005; 
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Gallina-Toschi et al., 2005; Chiacchierini et al., 2007; Servili et al., 2007; Lozano-Sánchez et 

al., 2010; Bakhouche et al., 2013). 

 

1.3.1.1. Cultivar 

The relevance of genetic factors concerning the synthesis of phenolic compounds in olive 

fruits is mirrored by the large differences existing between olive tree cultivars. However, this 

fact not only influence the phytochemical composition of olives but also have a huge effect on 

the phenolic content in olive oils. With respect to the genetic diversity, there are distinct 

cultivars of O. europaea L., producing olive fruits with considerably diversity in size, shape, 

oil-content and flavor, as well as regarding biochemical characteristics. This diversity allows 

to obtain olive oils with specific composition. 

Concerning the physical characteristics, the shapes range from almost round to oval or 

elongated with pointed ends, and the size varies from small to very big (3 - 20 g). Besides 

these physical properties, over the last years, several authors have reported significant 

differences with respect to the phenolic composition of virgin olive oils (VOO) from 

Portuguese, Turkish, and Spanish cultivars (Dagdelen et al., 2013; Franco et al., 2014; Sousa 

et al., 2015;). In this connection, the phenolic composition of diverse Portuguese cultivars 

were studied by Vinha et al. (2012), showing that the polyphenolic composition varies 

considerably between cultivars at matching ripening stages. This fact turns the phenolic 

compounds present in VOO into valuable markers to establish geographical origins and/or 

cultivars. 

 

1.3.1.2. Maturation stage 

The olive fruits ripening index (RI) is one of the most important trait related to the quality 

of olive fruits and oils. The relevance of this factor has been attributed to the changes 

undergoing at different maturation stages. These changes include physiological, biochemical, 

metabolic, and enzymatic characteristics (Menz et al., 2010). 

Olive ripening lasts several months and varies according to the growing area, cultivar, 

water availability, temperature, and agricultural practices. Thus, the development of olive 

fruits is characterized by a rapid growth in the initial stages, followed by subsequent slower 

and another accelerated growth rates (Morelló et al., 2005). In general, advanced maturation 

results in an increase of phenolic content to a maximum level at the "half pigmentation" stage, 

decreasing according to the progress of the season (Morelló et al., 2004). 
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The skin and pulp color is one of the most relevant attributes for assessing ripening 

(Figure I.1). However, since distinct maturation times have been associated for different 

cultivars as optimal harvesting stage, a RI was developed by Uceda & Hermoso (1998) as a 

valuable tool that could help producers to categorize olives. For the determination of the RI, 

the drupes were evaluated according to skin and pulp color. Values range from 0 (100% 

intense green skin) to 7 (100% purple flesh and black skin). 

 

 
Figure I.1. Ripening index: 0, skin color deep green; 1, skin color yellow green; 2, Skin color green with reddish 

spots on <half fruit surface; 3, skin color with >half fruit surface turning reddish or purple; 4, skin color black 

with white flesh; 5, skin color black with<half flesh turning purple; 6, skin color black with not all the flesh 

purple to the stone; 7, skin color black with all the flesh purple to the stone. 

 

1.3.1.3. Irrigation Regime 

In the last few years some studies have been developed on the effect of irrigation in olive 

orchards (Stefanoudaki et al., 2009; Bucelli et al., 2011; Machado et al., 2013; Caruso et al., 

2014). The olive tree is a drought-tolerant specie that is susceptible to be grown in semi-arid 

areas with limited water resources. Related with water shortage, in modern intensive and 

super-intensive olive groves, the irrigation is a critical factor due to the relationship of its 

management not only with the reduction of the production costs, but also with the increase of 

the yield and quality parameters (Rufat et al., 2014). The major effects linked to an adequate 

irrigation in olive orchards are the increase in fruit size, the number of fruits per tree, the fruit 

production, and oil content of drupes (Gucci et al., 2006; Gratan et al., 2013). 

Concerning the effect of irrigation on olive oil quality, the studies available so far did not 

show any variation on peroxide value, free acidity, and UV absorption parameters at 232 and 

270 nm (Motilva et al., 2000; Servili et al., 2007; Tognetti et al., 2007), whilst polyphenolic 

compounds were the most affected by irrigation. The latter, are not only affected in terms of 

total composition, but also in their profiles. Furthermore, the irrigation did not affect the 

separate individual phenolics in the same way, although in general, the content of phenolic 

compounds decreases with the irrigation (Romero et al., 2002; Berenguer et al., 2006; 
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Machado et al., 2013). However, data reported by other authors allowed to conclude that, 

given the physiology of olive trees, water availability is considered a plant stress, which affect 

the secondary metabolism, increasing the synthesis of phenolic compounds (Patumi et al., 

1999; Tovar et al., 2002). 

 

1.3.1.4. Geographical origin 

To date, many studies have classified olive oils with respect to geographical area once the 

agro-climatic conditions are largely responsible for the compositional and sensorial 

characteristics of olives and olive oils. In this sense, the phenolic content present in these 

foodstuffs is greatly dependent on the cultivar, the harvesting season, and the geographical 

origin. This fact has allowed to describe the phenolic content as 'markers' to discriminate and 

characterize the diverse geographical areas (Taamalli et al., 2010; Alkan et al., 2012; Abu-

Reidah et al., 2013; Bakhouche et al., 2013). 

 

1.3.1.5. Pathogen attacks 

Olive tree is affected by more than fifty diseases that diminish the yield and quality of 

olive fruits and therefore the stability of olive oils. The verticillium wilt (Verticillium 

dahliae), the olive fly (Bactrocera oleae), and the olive anthracnose (Colletotrichum 

acutatum and Colletotrichum gloeosporioides) are some of the major drawbacks associated to 

many olive growing areas (Ponti et al., 2009; Cacciola et al., 2012; Jiménez-Díaz et al., 

2012). 

In Portugal, C. acutatum (J.H. Simmonds) is the dominant species, being responsible of 

more than 97% of incidence, especially in the Alentejo region (southern Portugal), even 

though both C. acutatum and C. gloeosporioides cause olive anthracnose in countries of the 

Mediterranean Basin (Martín & García-Figueres, 1999; Moral et al., 2009). In wet conditions 

and in orchards dominated by susceptible cultivars, the pathogen can affect the entire 

production (Talhinhas et al., 2005). 

The disease symptoms are typically observed in fruits at maturation, when growing under 

wet autumn conditions and are related to the infection of all plant surfaces, but specially 

young leaves, branches, and fruits. Besides these plant tissues, the fungus can cause the rot 

and mummification of olive fruits, the defoliation, and the died of shoots. Thus, high 

economic losses are found as a consequence of the tree death and yield reduction associated 

with C. acutatum infection, that also may entail lower olive oil quality with respect to 
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physico-chemical (oil colour (red), acidity, and stability) and sensory characteristics (García-

Figueres, 1998; Talhinhas et al., 2005). In addition, this fungus also affect the concentration 

of phenolic compounds, decreasing their concentration in oils produced from infected drupes 

(Mincione et al., 2004; Trapero & Blanco-López, 2008). However, the incidence of olive 

anthracnose depends strongly on the cultivar susceptibility, climatic conditions, and pathogen 

virulence (Moral et al., 2009). The tolerance is normally the result of several genes 

interaction, although nowadays this mechanism remains poorly understood. 

To overcome the losses attributable to this fungus, it has been stated some management 

strategies. Hence, the application of fungicides based on the use of copper compounds are 

considered one of the most valuable alternatives to control this disease. Another alternatives 

to prevent the C. acutatum infection related with crops management consist in the elimination 

of mummified fruits, the tree ventilation, and the early harvest. Although these alternatives, 

the use of tolerant and late-maturating cultivars is still considered one of the most effective, 

economic, and environment-friendly measures to control this disease. 

Tolerance in fruit to post-harvest effect of this pathogen has been described as a 

“dynamic incompatibility” (Prusky et al., 2000). Due to the high diversity found in olive 

cultivars, some of them, such as Galega Vulgar (the dominant Portuguese cultivar that 

account about 30% of Portuguese olive oil production), are more susceptible to the 

anthracnose than others, like ‘Cobrançosa’ and ‘Picual’, which are moderately-tolerant and 

tolerant to C. acutatum, respectively. This classification is mainly based on empiric 

information from field observations and olive farmers rather than on systematic studies 

(Moral et al., 2014). The olive susceptibility increases also with the presence of wounds in the 

fruit surface, such as those caused by olive fly, and during the fruit ripening process, existing 

a linear and positive relationship between ripeness and susceptibility to C. acutatum infection 

(Moral et al., 2008a). 

 

1.4. Olive oils 

Virgin olive oil is mainly constituted by triglycerides and other minor compounds, which 

include almost 230 different chemicals (Servili et al., 2009). Glycerols of olive oils, the most 

characteristic fraction, include a high proportion of mono and polyunsaturated fatty acids, 

contributing to reach an adequate lipid profile in plasma after dietary intake (Pérez-Jiménez et 

al., 2007). In addition, olive oils are a valuable source of non-nutrients (bioactive 

phytochemicals), partially responsible for the biological activity attributed to this food matrix, 
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which are mainly constituted by tocopherols and phenolic compounds, largely associated with 

the particular sensory properties besides biological activity (Vichi et al., 2008). 

 

1.4.1. Non phenolic composition of olive oil 

Since the virgin olive oil is not subjected to refining procedures, this product mantains 

important compounds that can be classified in saponifiable and unsaponifiable molecules. The 

saponifiable or glyceride fraction represents from 90.0 to 99.0% of total oil weight and is 

mainly composed by the phospholipids, mono-/di- and triglycerides, whilst the unsaponifiable 

or non-glyceride  fraction (0.5-1.5%) includes hydrocarbons, aliphatic alcohols, sterols, 

pigments, and several volatile and phenolic compounds. 

The saponifiable fraction is mainly composed by triacylglycerols, whilst the diversity of 

fatty acids present in olive oil includes a number of monounsaturated and polyunsaturated 

fatty acids including myristic (C14:0), palmitic (16:0), palmitoleic (C16:1), heptadecanoic 

(C17:0), heptadecenoic (C17:1), stearic (C18:0), oleic (C18:1), linoleic (C18:2), linolenic 

(C18:3), arachidic (C20:0), eicosenoic (C20:1), behenic (C22:0), and lignoceric (C24:0) 

acids. From these, oleic acid (C18:1, n-9) and linoleic acid (C18:2, n-9, n-12) are the main 

components, representing from 55.0 to 83.0% and from 5 to 15% of the total fatty acids, 

respectively. On the other hand, the olive oil composition presents low quantities of saturated 

fatty acids (8.0-20.0%). 

The olive oil profile concerning the content in distinct fatty acids represents a relevant 

issue, since it provides valuable information to distinguish the various classes of oil, such as 

extra virgin, as well as lampant from virgin oil. Also within the saponifiable group, minor 

components such as monoglycerides and diglycerides can be found. These compounds are 

present in olive oil in small amounts (less than 0.3 and 2.8%, respectively) and are due to the 

enzymatic hydrolysis of triglycerides and incomplete triglyceride biosynthesis (Cortesi et al.,  

1992). 

Regarding the unsaponifiable fraction, the analysis of these components allowed to 

describe the following classes: 

 

1.4.1.1. Hydrocarbons 

This class includes the less polar compounds, whilst several studies have reported the 

presence of elements of the n-alkane series sizing from C10 to C35
 (Moreda & Pérez-Camino, 

2001). Within this group, two important compounds are noteworthy in virgin olive oil: 
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squalene and β-carotene. Squalene (2,6,10,15,19,23-hexamethyl-2,6,10,14,18,22-

tetracosahexaene) is a natural occurring terpenoid in olive, representing the main component 

of the hydrocarbon fraction (more than 90%). To date, besides its role as valuable dietary 

component constituting a precursor in cholesterol biosynthesis, squalene have been used as a 

moisturizing or emollient agent in cosmetic preparations, being also recognized its potential 

as oxidation inhibitor, which exert a valuable contribution to the stability of olive oil 

(Strandberg et al., 1990; Moreda & Pérez-Camino, 2001). 

 

1.4.1.2. Aliphatic alcohols 

This is a group of natural compounds, which occurr in olive oil either free or in the 

sterified form (Irmak et al., 2008). The most important are fatty alcohols and diterpene 

alcohols, while also benzyl esters of hexacosanoic and octacosanoic acids have been also 

found in olive oil (Reiter & Lorbeer, 2001). The latter compounds have focused a growing 

interest regarding the treatment of a range of chronic diseases because of their biological 

activity (Jackson & Eller, 2006). Besides aliphatic alcohols, some aromatic alcohols are also 

found, such as benzyl alcohol and 2-phenylethanol, belonging to the olive oil volatile fraction, 

which also comprises alkanols and alkenols with less than ten carbon atoms in their molecule. 

 

1.4.1.3. Sterols 

 These are important lipids related to the quality of the oil and broadly used for checking 

its genuineness. The main sterols present in olive oil are β-sitosterol, campesterol, 

stigmasterol, clerosterol, sitostanol, and δ-5-avenasterol (Alves et al., 2005). 

 

1.4.1.4. Pigments 

Two types of natural pigments, namely, chlorophylls and carotenoids, are responsible for 

the colour of olive oil. The former compounds, chlorophylls, contribute for the greenness of 

vegetable oils, whilst carotenoids account for their yellowness. Thus, the structure of 

chlorophyll pigments consists of one tetrapyrrole macrocycle coordinated to a Mg2+, 

containing an additional isocyclic ring. This structure provides a very stable planar complex, 

representing a chromophore of several conjugated double bonds, responsible for the 

absorbance in the visible region of the spectrum, featured by these pigments (Moyano et al., 

2010). The hydrophobic nature of these pigments is due to the presence of an esterified phytol 

group. In some olive oils, these compounds exist as both chlorophyll-a and chlorophyll-b, 
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being described the presence of a methyl group in C3 in the former, which is substituted by an 

aldehyde group in chlorophyll b. The ratio between chlorophyll a and b in this food ranges 

from 6 to 8 (Criado et al., 2007b). 

Additional pigments described in vegetable oils are represented by Carotenoids, which 

account for many biological properties and specific activities of this kind of unsaponified 

compounds (Britton, 1995a). Most of the carotenoids described display 40 carbon atoms, and 

can be classified as cyclic or acyclic compounds, depending on the presence or absence of 

rings in their structures. From the chemical point of view, carotenoids can be divided into 

carotenes (solely constituted by carbon and hydrogen) and xanthophylls (also containing 

oxygenated functions, like epoxide, hydroxyl, acetate, carbonyl, and carboxylic groups, 

among others). In olives, carotenoids can be found free or associated with other primary 

metabolites (fatty acids, sugars, and proteins) (Britton, 1995a; Melendez-Martínez et al., 

2007c). Even though the main carotenoids present in olive oil are lutein and β-carotene. 

 

1.4.2. (Poly)phenolic composition of olive oil 

Unsaturated fatty acids have been traditionally pointed as the main responsible for the 

healthy effects of dietary olive oil, particularly referred to oleic acid. However, the absence of 

beneficial biological activity of some foods displaying a high content in these saponifiable 

compounds has prompted to seek for additional compounds. Thus, currently major attention 

has been paid on polyphenolic compounds present in olive oil. These compounds display a 

great structural diversity, as well as a large diversity of biological functions in plants 

including the contribution to pollination, plant defense systems, against biotic and abiotic 

stress, and tissues structure maintenance and pigmentation (Cheeke, 1989). 

In olive oil, simple and complex phenolic compounds contribute to its stability regarding 

the oxidative status, besides substantially affecting its sensory properties. Furthermore, a 

crescent interest on olive oil as a valuable source of these bioactive compounds has emerged, 

boosted by the experimental data on their benefits for human health, which has been 

supported by a number of in vitro and in vivo assays. The most abundant phenolics present in 

olive oils can be classified according to diverse criteria. The most accepted organization of 

phenolics in olive oil allows to distinguish the following types: cinnamic and benzoic acids, 

phenolic alcohols, secoiridoids, lignans, hydroxy-isochromans, and flavonoids (Bendini et al., 

2007). These categories, which constitute the polar phenolic fraction of olive fruits and olive 

oil, include around 45 individual compounds (Table I.1). 
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The differences between phenolic compounds are based on the number of rings and their 

aromaticity, so as to the elements bonded to these structures, which sometimes are connecting 

distinct phenolic moieties. The polar phenolic compounds of olive oil are obtained by liquid-

liquid partition using hydromethanolic solvents. These compounds contain one or more 

hydroxyl groups (-OH) directly attached to an aromatic ring, and their structures range from 

that of a simple phenolic molecule, such as phenolic acids, to complex high-molecular mass 

oligomers, such as tannins (Balasundram et al., 2006). The class “polar phenolic compounds” 

is used to differentiate them from lipophilic phenols, where tocopherols and tocotrienols are 

included. Some components of this latter group of phenols are also found in other vegetable 

oils, representing α-tocopherol almost the 90.0% of the total content in tocopherols (Boskou et 

al., 2006a). 

The majority of the naturally occurring phenolics in plant foods are found as conjugates 

with mono- and polysaccharides, which appear conjugated to one or more of the hydroxyl 

radicals, and may also occur as functional derivatives such as esters and methyl ester (Shahidi 

& Naczk, 1995). The classification of phenolic compounds in polar and non-polar has a 

further interest in order to understand the extraction ratio from the food matrix during the 

digestion process and the further bioavailability (absorption, organic distribution, and 

excretion). 

 

1.4.2.1. Benzoic and cinnamic acids 

 Phenolic acids are the first group of phenols discovered in olive fruits and virgin olive 

oils (Montedoro et al., 1992), being divided in two distinct groups, which display the 

chemical structures C6-C1 and C6-C3, corresponding to benzoic and cinnamic acids, 

respectively (Table I.1). The former group includes gallic, vanillic and syringic acids, while 

caffeic, ferulic and sinapic acids, constitute some of the most important phenolic cinnamic 

acid derivatives (Bravo, 1998). A relevant hydroxycinnamic acid derivative is verbascoside, 

which is present in peel, pulp and seed. This is a disaccharide comprising glucose and 

rhamnose bounded to a hydroxytyrosol and hydrocycinnamic acid molecule, respectively 

(Cinar et al., 2011). 



 

 

C
h

a
p

te
r I: S

ta
te

 o
f th

e
 a

rt 
 

P
A

G
E

 | 15 
 

 

 

Table I.1. Phenolic acids and alcohols described in olives and virgin olive oil. 

Phenolic class Compound 
Substituent 

Reference 
R2 R3 R4 R5 R6 

Benzoic acids 
 

 

3-Hydroxybenzoic acid -H -OH -H -H -H (Bendini et al., 2007) 
4-Hydroxybenzoic acid -H -H -OH -H -H (Kalogeropoulos et al., 2007) 
Protocatechuic acid -H -OH -OH -H -H (Liberatore et al., 2001; Carrasco et al., 2004; Nieto et al., 2010) 
2,4-Dihydroxybenzoic acid -OH -H -OH -H -H (Bianco et al., 2003) 
2,6-Dihydroxybenzoic acid -OH -H -H -H -OH (Bianco et al., 2003) 
Gallic acid -H -OH -OH -OH -H (Carrasco Pancorbo et al., 2004) 
Gentisic acid -OH -H -H -OH -H (Krichene et al., 2007) 
Vanillic acid -H -OCH3 -OH -H -H (Krichene et al., 2007; Tura et al., 2007; Garcia-González et al., 2010) 
Syringic acid -H -OCH3 -OH -OCH3 -H (Carrasco-Pancorbo et al., 2005) 

Cinnamic acids 
 
 

 

o-Coumaric acid -OH -H -H -H -H (Carrasco Pancorbo et al., 2004) 
m-Coumaric acid -H -OH -H -H -H (Kachouri et al., 2006) 
p-Coumaric acid -H -H -OH -H -H (Kalogeropoulos et al., 2007; Krichene et al., 2007) 
Caffeic acid -H -OH -OH -H -H (Carrasco Pancorbo et al., 2004; Kalogeropoulos et al., 2007) 
Hydroxycaffeic acid -OH -OH -OH -H -H (Caponio et al., 1999) 

Ferulic acid -H -OCH3 -OH -H -H 
(Kalogeropoulos et al., 2007; Krichene et al., 2007 ; Garcia-González et al., 
2010) 

Sinapic acid -H -OCH3 -OH -OCH3 -H (Carrasco Pancorbo et al., 2004) 
Chlorogenic acid 

 

-H -H -H -H -H (Kalogeropoulos et al., 2007) 

Hydroxycinnamic acid 
derivatives 

Verbascoside 

 

-  -  - - - (Cinar et al., 2011) 
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Table I.1. Phenolic acids and alcohols described in olives and virgin olive oil (Cont). 

Phenolic class Compound 
Substituent 

Reference 
R2 R3 R4 R5 R6 

Phenylacetic acids 

 

p-Hydroxyphenilacetic acid -H -H -OH -H -H (Kalogeropoulos et al., 2007) 
3,4-Dihydroxyphenylacetic acid -H -OH -OH -H -H (Bianco et al., 2003) 

Homovanillic acid -H -OCH3 -OH -H -H (Artajo et al., 2006; Kalogeropoulos et al., 2007) 

Other  phenolic acid 3-(3,4-Dihydroxyphenyl)propanoic acid 

 

- - - - - (Carrasco-Pancorbo et al., 2005) 

Phenolic alcohols 
       A                   B                

  C      

 

Tyrosol (A) -H -H -OH -H -H (Garcia-González et al., 2010) 

Hydroxytyrosol (A) -H -OH -OH -H -H (Garcia-González et al., 2010) 

3,4-Dihydroxyphenyl)ethanol-glucoside (B) -H -H -H -H -H (Carrasco-Pancorbo et al., 2005) 

Hydroxytyrosol acetate (C) -H -OH -OH -H -H (Medina et al., 2006; Krichene et al., 2007; Garcia-González et al., 2010) 

Tyrosol acetate (C) -H -H -OH -H -H (Kachouri et al., 2006; Krichene et al., 2007) 
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1.4.2.2. Phenolic alcohols and secoiridoids 

Hydroxytyrosol (3,4-(dihydroxyphenyl)-ethanol) and tyrosol ((p-hydroxyphenyl)-

ethanol) are the most abundant phenolics belonging to this group. Nonetheless, these 

compounds are at low concentration in fresh oils, increasing their proportion during storage as 

they result from the hydrolysis of secoiridoids present in olive oil containing them in their 

molecular structures (Brenes et al., 2001). Oleuropein is the most abundant secoiridoid and, 

alongside with the phenolic alcohols hydroxytyrosol and tyrosol, are the three major phenolic 

compounds in olive oil, making up to 90% of the total phenolic content (Owen et al., 2000b). 

Secoiridoids including oleuropein are generated during the oil mechanical extraction process 

by endogenous β-glucosidases, which catalyse the hydrolysis of oleuropein, 

demethyloleuropein, and ligstroside (Montedoro et al., 2002). In olive oil, oleuropein is 

present in the aglycone form (Table I.2). 

Hydroxytyrosol, tyrosol, and oleuropein are related structurally. Thus, whilst the only 

difference between hydroxytyrosol and tyrosol is the presence of a hydroxyl group in the meta 

position in the former molecule, oleuropein consists on the di-hydroxytyrosol ester derivative 

of elenolic acid. During ripening, the concentration of oleuropein in olive fruits decreases, 

whilst its hydrolysis product, hydroxytyrosol, increases in a proportional manner (Morelló et 

al., 2005). 

 

1.4.2.3. Lignans 

 Phenolics within this group were firstly identified in olive oil by Brennes et al. (2000), 

which isolated and identified (+)-pinoresinol and (+)-1-acetoxypinoresinol (Table I.2). These 

compounds are present in olive pulps and the woody portion of the seed, undergoing marginal 

biochemical modifications during the mechanical extraction, whilst major changes of the 

concentrations of these compounds are due to distinct agro-environmental conditions (Brenes 

et al., 2000). 

 

1.4.2.4. Hydroxy-isochromans  

These compounds were identified in olive oil by Bianco and collaborators (2001). These 

compounds are formed during the olive oil extraction due to the malaxation process, which 

leads to the occurrence of the compounds involved in the formation of isochroman 

derivatives. Thus, hydroxy-isochromans are synthesized by condensation of hydroxytyrosol 

and aromatic aldehydes, which finally results in a planar bi-cyclic structure comprising one 



Chapter I: State of the art 

PAGE | 18 

aromatic and one saturated ring, the latter encompassing an oxygen atom in the structure, 

while the hydroxyl groups are those that where previous present in the hydroxytyrosol 

molecule (Bianco et al., 2001) (Table I.2). 

 

1.4.2.5. Flavonoids 

Some flavonoids are also present in olive oils (Table I.2) (Rovellini et al., 1997). 

Flavonoids are low molecular weight compounds with a C6–C3–C6 structure, whilst this 

designation encompasses diverse compounds. Within the flavonoids molecular structure, the 

aromatic ring A is derived from the acetate/malonate pathway, whilst the B ring results from 

phenylalanine through the shikimate pathway (Bohm, 1998). Luteolin may be originated from 

rutin or luteolin-7-glucoside, and apigenin from apigenin glucosides. Besides these two 

compounds, also quercetin, in its simple and glucosilated forms has been found in olive oils 

(Kiokias et al., 2008). 

 

1.4.2.6. Lipophilic or non-polar phenols 

These phenolic compounds are mainly represented in olive oils by tocopherols and 

tocotrienols, which are heteroacids of high molecular weight. α-tocopherol is the most 

abundant (90.0%), although β and γ-tocopherols are also present (Beltrán et al., 2005). The 

percentages of tocopherols in olive oils are critically influenced by a number of factors, being 

a very relevant criterion of purity. 

Besides the phenolics described, other phenols with diverse molecular structure have 

been identified, such as oleoside-11-methylester (Bianco et al., 2003) and 3,4-

dihydroxyphenylglycol (Medina et al., 2006). 



 

 

C
h

a
p

te
r I: S

ta
te

 o
f th

e
 a

rt 

P
A

G
E

 | 19 
 

 

Table I.2. Secoiridoids, lignans, hydroxy-isochromans, and flavonoids described in olives and virgin olive oil. 

Phenolic class Compound 
Substituent 

Reference 
R1 R2 R3 R4 R5 R6 

Seicoiridoids Decarboxymethyloleuropein aglycon -OH - - - - - (Kalua et al., 2006; Selvaggini et al., 2006; Krichene et al., 2007) 

 

Oleocanthal -H - - - - - (Krichene et al., 2007) 

 

Oleuropein aglycon -OH -OH - - - - (Medina et al., 2006; Krichene et al., 2007) 

Ligstroside aglycon -H -OH     (Medina et al., 2006; Tura et al., 2007) 

Aldehydic form of oleuropein aglycon -OH -OH - - - - (Bendini et al., 2007) 

Aldehydic form of ligstroside aglycon -H -OH - - - - (Bendini et al., 2007) 

Oleuropein -OH -O-Glc - - - - (Bianco et al., 2003; Artajo et al., 2006; Nieto et al., 2010) 

Lignans 
(+)-Pinoresinol -H - - - - - (Kachouri et al., 2006) 

 

(+)-1-Acetoxypinoresinol -OCOCH3 - - - - - (Kalua et al., 2006; Medinaet al., 2006; Krichene et al., 2007) 

(+)-1-Hydroxypinoresinol -OH - - - - - (Carrasco-Pancorbo et al., 2005) 

Hydroxy-isochromans 
1-Phenyl-6,7-dihydroxyisochroman -H -H - - - - (Bianco et al., 2001; Carrasco-Pancorbo et al., 2005) 

 

1-(3’-Methoxy-4’-hydroxy)phenyl-6,7-

dihydroxyisochroman 
-OH -OCH3 - - - - (Bianco et al., 2001; Carrasco-Pancorbo et al., 2005) 

Flavones Apigenin -H -H -H 

- - - (Medina et al., 2006; Yousfi et al., 2006; Garcia-González et al., 2010) 

 

Apigenin-7-glucoside -H -Glc -H 

Apigenin-7-rutinoside -H -Rut -H 

Luteolin -OH -H -H 

- - - (Artajo et al., 2006; Yousfi et al., 2006) Luteolin-7-glucoside -OH -Glc -H 

Luteolin-5-glucoside -OH -H -Glc 
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Table I.2. Secoiridoids, lignans, hydroxy-isochromans, and flavonoids described in olives and virgin olive oil (Cont.). 

Phenolic class Compound 
Substituent 

Reference 
R1 R2 R3 R4 R5 R6 

Flavonols Quercetin - - -OH - - - (Nieto et al., 2010) 

 

Quercetin-3-rutinoside - - -Rut - - - (Gómez-Rico et al., 2008; Nieto et al., 2010) 

 

(+)-Taxifolin 

- - - - - - (Carrasco-Pancorbo et al., 2004) 

Other phenolic compounds 

 

3,4-Dihydroxyphenylglycol 

- - -  - - (Medina et al., 2006; Yousfi et al., 2006) 

Rut, rutinoside; Glc, glucoside. 
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1.5. Chromatographic and spectroscopic methods for the determination of 

composition of olive oil 

The wide diversity of compounds described in olive oil has been identified and quantified 

resorting to currently applied instrumentation and analytical techniques. These include 

spectrophotometric methods, gas chromatography (GC), and liquid chromatography (LC) 

coupled with ultraviolet (UV) and photodiode array detectors (PDA). Furthermore, Nuclear 

Magnetic Resonance (NMR) spectroscopy, as well as mass spectrometry (MS) have been also 

applied to obtain additional information for the accurate identification of individual 

compounds in complex food matrices. The evolution of analytical techniques over the last 

years have allowed to update data regarding the qualitative and quantitative composition of 

olive oils. This actualization shows inconsistencies regarding the concentrations of phenolic 

compounds found, mainly due to the employment of diverse analytical methodologies 

presenting divergent responses. Furthermore, besides the well-established NMR, other 

spectroscopic techniques, namely vibrational, such as Infrared (IR) and Raman have been 

explored for the assessment of these contents. 

Spectrophotometric methods have been extensively used for the determination of the total 

phenolic content in plant foods (including vegetable oils) as well as in separate classes of 

phenolic compounds, since they do not require expensive equipment. However, these 

analytical procedures enclose diverse constraints related with the limited information 

provided, the overestimation of the phenolic concentration and the lack qualitative 

information on individual bioactive phenolics. 

 

1.5.1 High Performance Liquid Chromatography 

This is a sensitive and specific method that allows overcoming the limitations previously 

pointed to colorimetric methods, especially when coupled to MS instrumentation that 

provides valuable information for the identification of individual compounds (Tripoli et al., 

2005). Besides these classical analytical approaches, over the last years, other methods have 

been developed, namely enzymatic methods (Mosca et al., 2000) and a combination of MS 

with atmospheric pressure chemical ionization (García-Villalba et al., 2011). The HPLC 

constitutes the most widely used technique for the separation and quantification of phenolic 

compounds in different food matrices, including olive oil (Table I.3). 
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Table I.3. HPLC procedures in separation of different classes of phenolic compounds. 

Stationary phase 
Mobile phase 

T (ºC) 
Flow rate 
(mL/min) 

λ (nm) Compounds identified References 
A B C 

C18 
150*2 mm, 5.0 µm 

0.1% Formic acid 
99.9% Water 

95% MeCN 
4.9% Water 

0.1% Formic acid 
- 30 0.40 210-600 

Phenolic acids; Phenolic 
alcohols; Secoiridoids; 
Lignans; Flavonoids. 

(Reboredo-
Rodríguez et al., 
2014) 

C18 
100*4.6 mm, 2.6 µm 

100%  Water 100% Acetonitrile 
100%  

Methanol 
40 1.25 - 

Phenolic acids; Phenolic 
alcohols; Secoiridoids; 
Lignans. 

(Bayram et al., 
2013) 

C18 
250*4.6 mm, 5.0 µm 

0.1% Acetic acid  
99.9% Water 

100% Acetonitrile - - 0.60 275 
Phenolic acids; Phenolic 
alcohols; Secoiridoids. 

(Del Monaco et al., 
2015) 

C18 
150*4.6 mm, 1.8 µm 

0.25% Acetic acid  
99.75% Water 

100% Methanol - RTZ 0.80 - 
Secoiridoids; Lignans;  
Flavonoids. 

(Bakhouche et al., 
2013) 

Inertsil ODS-3 
250*4.6 mm, 5 µm 

2% Formic acid 
98% Water 

100% Methanol - 22 0.85 240, 280, 320 
Phenolic acids; Phenolic 
alcohols; Flavonoids. 

(Arslan et al., 2013) 

C18 
250*4.6 mm, 5 µm 

5% Acetic acid 
95% Water 

100% Methanol 
100%  

Acetonitrile 
30 1.00 240, 280, 335 

Phenolic acids; Phenolic 
alcohols; Flavonoids. 

(Franco et al., 
2014) 

C18 
250*4.6 mm, 3 µm 

100% Formic acid 100% Acetonitrile 
100%  

Methanol 
30 0.80 240, 280, 330 

Phenolic acids; Phenolic 
alcohols; Flavonoids; 
Secoiridoids. 

(Cecchi et al., 
2013) 

Spherisorb S3 ODS2 
250*4.6 mm, 5 µm 

5% Acetic acid 
95% Water 

100% Methanol 
100%  

Acetonitrile 
30 1.00 280 

Phenolic acids; Phenolic 
alcohols; Secoiridoids; 
Lignans; Flavonoids. 

(Manai-Djebali et 
al., 2012) 

SB-C18 
2.1*50 mm, 1.8 µm 

0.2% Acetic acid  
99.8% Water 

100% Acetonitrile - 30 0.40 - 
Phenolic acids; Phenolic 
alcohols; Secoiridoids; 
Lignans. 

(Becerra-Herrera et 
al., 2014) 

XDB-C18 
4.6*50 mm, 1.8 µm 

0.5% Acetic acid 
1% Acetonitrile 
98.5% Water 

99.5% Acetonitrile 
0.5% Acetic acid 

- 15 0.60 254, 280, 310, 350 
Phenolic acids; Phenolic 
alcohols; Secoiridoids; 
Flavonoids 

(Godoy-Caballero, 
2013) 

Zorbax C18 
4.6*150 mm, 1.8 µm 

0.5% Acetic acid 
99.5% Water 

100% Acetonitrile - 30 1.50 240, 280 
Phenolic alcohols; 
Secoiridoids; Flavonoids; 
Lignans. 

(García-Villalba et 
al., 2010; Ouni et 
al., 2011) 

Hypersil MOS 
2.1*100 mm, 5 µm 

0.5% Acetic acid 
1% Acetonitrile 
98.5% Water 

99.5% Acetonitrile 
0.5% Acetic acid 

- 25 0.50 
255, 260, 275, 280, 310, 

320, 325, 340, 350 

Phenolic acids; Phenolic 
alcohols; Flavonoids 

(Godoy-Caballero, 
2012) 

Z Room temperature. 
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When considering HPLC instrumentation, diverse alternatives can be emphasized. Thus, 

the reverse phase HPLC has become a dominating tool to separate and identify individual 

phenolics by diverse detection systems, such as photodiode array detector or diode array 

detector (PDA or DAD), or tandem MS. Recently, an increasing number of LC methods are 

being developed, not only regarding the assessment of the phytochemical composition, but 

also to improve the separation of phenolic compounds and to reduce costs, so as to improve 

the efficiency and sensitivity. 

Some of these features have been reached with new experimental setups, such as ultra-

high performance liquid chromatography - electrospray ionization source - MS/MS (UHPLC-

ESI-MS/MS) (Becerra-Herrera et al., 2014), rapid resolution LC - MS (Godoy-Caballero et 

al., 2013), LC-Electrospray ionization (ESI), Time of flight (TOF)-MS (García-Villalba et al., 

2010; Ouni et al., 2011), and LC-DAD-Fluorescence detector (Godoy-Caballero et al., 2012). 

These approaches use narrow-bore columns packed with very small particles (1.8 μm) and 

high flow rate with delivery systems operating at high back-pressures. Concerning the 

detectors, the most used are the diode array (DAD) and the mass spectrometer (MS), and 

recently the fluorescence detector (FLD) has been also employed (Godoy-Caballero et al., 

2012). 

 

1.5.2. Spectroscopic methods: IR and Raman 

Besides NMR, a spectroscopical technique widely used for structural determination of 

compounds, such as the ones isolated through preparative-HPLC, other spectroscopical 

techniques have been lately explored for the assessment of olive oil and olives. Among these, 

vibrational techniques, such as IR, generally Fourier Transform-IR (FTIR), and Raman have 

emerged recently as analytical methods widely used for food and feed analysis (Li-Chan et 

al., 2010). 

Actually, the conventional measurements employed in the assessment of the chemical 

composition of olive oils, such as, peroxide values, free acidity, fatty acids, phenolic and 

volatile compounds, are time consuming and require large amounts of reagents and solvents, 

which are toxic and expensive. Furthermore, they require the pre-treatment of sample. On the 

other hand, spectroscopical means, such as FTIR - particularly when used in conjunction with 

Attenuated Total Reflectance (ATR) - and Raman spectroscopy, dismiss any kind of sample 

preparation, avoiding the occurrence of chemical transformations, such as oxidation 

(Gouvinhas et al., 2015a; Gouvinhas et al., 2015b). Furthermore, while the ATR module 
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works within the medium-IR range (MIR), there are other accessories available, such as 

Diffuse Reflectance Integrating Sphere-FT (DRIFT), which, besides also dismissing the 

sample preparation, register the samples’ spectrum within the near-IR (NIR) range, thus 

retrieving supplementary information.  

These vibrational spectroscopic methods provide information about the chemical 

composition of various food and biological materials, and molecular structure. Both Raman 

and IR assess the same physical property – molecular vibrations – but present different 

selection rules, retrieving complementary information (Li-Chan, 1994). In the last few years, 

the application of IR and Raman spectroscopy coupled to chemometric data analysis methods 

has increased to authenticate, determine and evaluate the composition of olive oils (Inarejos-

Carcía et al., 2013). Furthermore, this combined methodology has been successfully used to 

assess promptly the contents in total phenols, ortho-diphenols and flavonoids in both olive oil 

and olives (Gouvinhas et al., 2015a; Uncu & Ozen, 2015). 

 

1.6. Relationship between molecular structure and biological activity of olive oil 

phenolics 

The oxidation reactions play an important role not only in terms of human physiology, 

but also in food industry. In the human organism, the oxidation reactions may lead to 

oxidative stress, which is responsible for some oxidative damage of  DNA, proteins, and other 

molecules, and may lead to some human diseases, such as atherosclerosis, cancer and 

degenerative diseases (Parkinson and Alzheimer) (Uttara et al., 2009). In food industry these 

reactions are associated to rancidity, enzymatic browning, and oxidative spoilage of fruits, 

vegetables and beverages. 

Within the body, there are several antioxidant systems resulting from regular metabolic 

processes and that can face with the oxidative stress. This cell-damaging effect of free radicals 

can also be canceled by the antioxidants present in diet, once these antioxidant supplements 

can act complementing the endogenous system. In virgin olive oil, the resistance to oxidative 

reduction is mainly attributed to the content of fatty acid composition and minor compounds, 

including tocopherols, polyphenols and chlorophylls. However, in this vegetable oil, the main 

antioxidants are the polyphenols (Boskou et al., 1996). In the last few years, many reports 

demonstrated biological activities of olive oils, such as antioxidant, anti-inflammatory and 

antimicrobial activity in support of phenolic compound use in pharmaceutical, food, and 

cosmetic industries (Wiesman, 2009). The antioxidant activity of phenolics have been related 
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to a lower incidence of coronary heart disease, lower risks of some type of cancers once they 

can reduce DNA damage, lipid peroxidation and the amount of reactive oxygen species 

(ROS) generated, lower inflammation and the inhibition of platelet-activating factor (Omar, 

2010). 

Phenolic compounds are important for the olive oil stability and protection against the 

oxidation that can occur during the storage. Thus, there is a relationship between the phenolic 

content and the oxidative stability of olive oil (Gutfinger, 1981). Natural antioxidants present 

in olive oil are the main responsible for its shelf-life once they inhibit oxidation processes. 

Despite being complicated to found the relationship between the molecular structure of olive 

oil phenolic compounds and their possible health effects, some authors reported some 

information about that. Structure–activity relationship studies are normally carried out by 

making minor changes to the structure of a lead to produce analogues and assessing the effect 

that these structural changes have on biological activity. The most important antioxidant 

activity of olive oil phenolic compounds is related to the free radical-scavenging ability, by 

stopping the propagation chain during the oxidation process by the donation of a radical 

hydrogen to alkylperoxyl radicals (produced by lipid oxidation) and the formation of stable 

derivatives during this reaction. Phenols can also act as metal (Fe2+, Cu2+) chelators, 

preventing their involvement in Fenton reactions that can generate high concentrations of 

hydroxyl radicals (Halliwel et al., 1995). For example, caffeic acid is able to block the 

increase of the concentration of Ca2+ in response to lipoprotein oxidation (Vieira et al., 1998). 

These activities allow these compounds to interact with biological systems, preventing 

degenerative diseases linked to oxidative stress in separate tissues and organic systems. 

Simple phenols, secoiridoids and lignans present antioxidant activities and properties. For 

example, compounds that possess an ortho-diphenolic structure have a high antioxidant 

activity improving radical stability by the formation of intramolecular hydrogen bonds that 

occurs during the reaction with free radicals. Furthermore, the O-H bond of phenol is 

weakened by electron-donating substituent in the "ortho" position, giving more stability to the 

phenoxyl radical (Visioli & Galli, 1998a). Thus, it's clear that hydroxytyrosol, oleuropein 

aglycon and decarboxymethyloleuropein aglycon present better radical-scavenging capacity 

than single hydroxyl substitutions, as in the case of tyrosol, which provide no activity and, 

therefore, doesn't protect LDL from oxidation (Fabiani et al., 2008). The high antioxidant 

activity of hydroxytyrosol is also due to its reducing power on Fe3+ (Torres de Pinedo et al., 

2007). Between hydroxytyrosol and oleuropein, this one presented slightly weaker radical 
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scavenging activity than hydroxytyrosol by the DPPH and ABTS methods (Bouaziz et al., 

2005). The gallic acid, which possess three hydroxyl groups, is also one of the most potent 

scavengers due to the pyrogallol structure (3,4,5-OH) advantageous and potent H-donating 

ability. This high antioxidant activity due to the presence of hydroxyl groups in ortho 

position, was proved with radical scavenging tests and Rancimat test (Ranalli et al., 2003; 

Bouaziz et al., 2005; Torres de Pinedo et al., 2007). Furthermore, Finotti and Di Majo 

demonstrated that the ortho- and para- substitutes of the radicals are more stable than the 

meta- ones (Finotti & Di Majo, 2003). Furthermore, the antioxidant activity of phenolic acids 

raise with increasing degree of hydroxilation. Nevertheless, substitution of the hydroxyl 

groups at the 3- and 5-position with methoxy groups, such as in syringic acid, reduces the 

activity (Rice-Evans et al., 1996). 

The -COOCH3 fragment, present, for example, in oleuropein aglycon, seems to cause a 

decrease in the antioxidant activity once it is not an electron donor group (Carrasco-Pancorbo  

et al., 2005). Visioli et al. reported that oleuropein have the capacity to inhibit low density 

lipoproteins oxidation of free radical scavenging (Visioli et al., 2006). Hydroxycinnamic 

acids, such as ferulic, sinapic, caffeic, chlorogenic and p-coumaric seem to have higher 

antioxidant capacity than the hydroxybenzoic acids, like p-hydroxybenzoic, syringic and 

vanillic acids (Dziedzic & Hudson, 1983; Visioli et al., 2006). The –CH=CH–COOH group 

linked to the phenyl ring of hydrocycinnamic acids confer higher H-donating ability and 

consequent radical stabilization than the –COOH group present in hydroxybenzoic acids 

(Rice-Evans et al., 1996; Natella et al., 1999; Cai et al., 2006). 

For flavonoids, as they have a more complex structure, the relation structure-activity is 

not so linear. In fact, some structural groups are important for determining their radical 

scavenging: the -OH groups, namely the ortho-di-hydroxyl group, in the B-ring, the 2,3-

double bond conjugated with the 4-oxo function in the C ring, the 2,3-double bond combined 

with a 3-OH in the C ring, the presence of both 3- and 5-hydroxyl groups with the 4-oxo 

function in A and C rings for maximal radical-scavenging capacity and strongest radical 

absorption, and the substitutions of hydroxyl groups in ring B by methoxy groups (Bors et al., 

1990a). Therefore, all this structure present in polyphenols for free radical-scavenging 

activities proved that these compounds are more effective antioxidants in vitro than vitamins 

E and C (Rice-Evans et al., 1995; Rice-Evans et al., 1996). So, the antioxidant activity of 

flavonoids do not depends only on the number of hydroxyl groups, but also in the position of 

these groups and glycosylation and configuration of other substituents (Chen et al., 1996). 
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Concerning the radical scavenging capacity of lignans and despite, to the best of our 

knowledge, there are no studies related to this determination in olive oils, some authors 

reported that although they do not possess the ortho-dihydroxy structure, they present some 

activity, but very low (Niemeyer & Metzler, 2003; Cai et al., 2006). 

 

1.7. Biological activity of olive oil compounds: in vitro evidences and human data 

The bioavailability of a phenolic compound is referred to the degree in which it is 

extracted from food and absorbed in the intestinal tract. The highest plasma concentration of 

derivatives from olive oil is recorded from 1 to 3 hours after ingestion indicating that the 

major absorption of these compounds take place in the small intestine. Once absorbed, 

phenolics undergo a phase II metabolism in the epithelial cells of the intestine wall and in 

liver. Metabolized and intact molecules are transported by the enterohepatic circulation to the 

liver, where the initialized transformation is completed. From liver, phenolic derivatives are 

spread over the organism by blood stream and secreted to the intestinal lumen by bile. Part of 

the ingested compounds reach the colon where the local microflora produce metabolic 

derivatives also responsible for the biological activity of phenolic compounds of olive oil 

(Figure I.2). 

Although phenolic compounds of olive oil have demonstrated a healthy activity by 

several in vitro and animal models, when assessing the biological potential of these 

compounds by human clinical trials and dietary interventions, many of the modulator 

activities described in vitro were not further proved. Thus, it is important to remark that doses 

assayed in vitro and in experimental animals are frequently higher than those applied in 

humans and, in addition, the metabolism of phenolic compounds may differ in these diverse 

models. Thus, the assessment of the actual biological activity of virgin olive oil in vivo 

requires complementary determinations and long term interventions in humans to understand 

the real benefits exerted when is regularly included in balanced diets. 
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Figure I.2. Scheme of the routes involved in the bioavailability and excretion of dietary phenolic 
compounds. 

 

1.7.1.  Oxidative stress 

The production of reactive oxygen and nitrogen species in cells cannot be overcome since 

they result from several cell functions namely energy supply, chemical signalling, 

detoxification, and immune function. However, an overproduction of these reactive species or 

an exposure to external oxidant substances, or a failure in the defense mechanisms entail 

critical consequences for cells’ molecules (DNA, RNA, proteins, and lipids) and can prompt 

to an increased risk and an early onset of diverse degenerative and disabling pathologies (El 

& Karakaya, 2009). Their balance within cells’ compartments needs to be maintained by 

endogenous enzymes, which are represented by superoxide dismutase, glutathione peroxidase, 

and catalase. The antioxidant activity of phenolics described in olive leaves suggested that 

diverse compounds namely hydroxytyrosol, oleuropein, verbascoside, luteolin-7-glucoside, 

apigenin-7-glucoside, diosmetin-7-glucoside, luteolin, diosmetin, rutin, catechin, vanillin, 

vanillic acid, and caffeic acid may contribute significantly to the antioxidant activity, whilst 

tyrosol showed neither antioxidant nor prooxidant activities. Thus, among these compounds, 

rutin, catechin, and luteolin have been stressed as the compounds with the highest radical 

scavenging capacity in vitro (Le Tutour & Guedon, 1992). However, specifically concerning 
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extra virgin olive oil, it has been identified oleuropein aglycone di-aldehyde as the main 

responsible for this antioxidant power (Morelló et al., 2005), which is mainly supported by its 

capacity to scavenge DPPH, ABTS, hydroxyl radical, hydrogen peroxide, and superoxide 

anion (Lee et al., 2008). This was further confirmed by Paiva-Martins and collaborators 

through the assessment of hydroxytyrosol, oleuropein, and oleuropein aglycone di-aldehyde 

to protect red blood cells from oxidative damage in vitro (Paiva-Martins et al., 2009). 

As one of the most relevant activity of phenolic compounds is concerning their radical 

scavenge activity, the capacity of dietary olive oil to modulate oxidative stress markers in 

vitro and in vivo has been extensively studied in humans. Thus, the antioxidant activity of 

phenolic compounds has been demonstrated by several in vitro studies that have shown the 

potential of oleuropein to scavenge hypochlorous acid in neutrophils isolated from health 

volunteers (Visioli et al., 1998). This compound is related with inflammation that indicates 

the capacity of olive oil phenolics to influence oxidative pathways related with diverse health 

claims. Also in vitro, oleuropein has also been proved on its ability to scavenge nitric oxide 

and to promote the expression of the inducible nitric oxide synthase in cells (Visioli et al., 

2000a). Although it has not been further proved in humans, in vitro, the assessment of the 

radical scavenging capacity of oleuropein has evidenced its ability to form intramolecular 

hydrogen bonds between the free hydrogen of the hydroxyl group and its phenoxyl radicals 

(Visioli et al., 1998), which could support the antioxidant activity demonstrated in vivo 

(Figure I.3). Visioli et al. (1998) demonstrated in healthy volunteers that dietary oleuropein 

decreases the urinary excretion of 8-iso-PGF2α, which indicates lower in vivo peroxidation of 

lipids (De la Puerta et al., 2001). 

Beside phenolic compounds, pigments present in olive oil (chlorophyll and carotenoid 

derivatives) have been emphasized on their beneficial effect on human health after dietary 

intake. Some controversial data showing prooxidant and antioxidant (Kamat et al., 2000) 

activity of chlorophyll derivatives have been reported. However, no evidences of any of both 

activities have been demonstrated in vivo neither by animal models nor human trials. In the 

same way, other pigments, carotenoids, have been point as effective antioxidants (Olson, 

1993; Krinsky, 2001), although currently remains some controversy on their activity in vivo 

because of the lack of dedicated evaluations and the description of prooxidant activity under 

certain conditions (Lowe et al., 2003; Palozza et al., 2003). 
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Figure I.3. Biological activities of phenolic compounds present 

 
 
 
 
 
 
1.7.2. Cancer 

The anti-tumour properties of bioactive compounds present in olive oil have been 

demonstrated in vitro against diverse human malignant cell lines namely HT

adenocarcinoma), MCF-7 (breast adenocarcinoma), urinary bladder carcinoma, and 

hepatocellular carcinoma (HepG2) cell lines. Thus, so far it has been proved on the capacity 
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of erythrodiol and maslinic acid (triterpenoids) to induce arrest and apoptosis in colon 

adenocarcinoma cells (HT-29) (Juan et al., 2008; Reyes-Zurita et al., 2009). The activity of 

terpenoids has been attributed to their capacity to modify the amount of structural elements, 

preventing the maintenance of a viable cell structure and functions and inhibiting the cell 

growth by G1 cell cycle arrest (Rufino-Palomares et al., 2013). Luteolin-7-O-glucoside, 

oleuropein, hydroxytyrosol, and hydroxytyrosol acetate also have been assessed on their 

capacity to inhibit malignant cells proliferation throughout in vitro assays performed on breast 

and urinary bladder carcinoma cells (lines MCF-7 and T-24) that allowed observed the low 

efficient anti-tumour effect in vitro of these compounds (Goulas et al., 2009). Also in vitro, an 

additional work allowed to describe the capacity of the bioactive compounds erythrodiol, 

uvaol, oleanolic acid, and maslinic acid to inhibit cellular and metabolic functions of breast 

carcinoma cells (Allouche et al., 2011). Thus, these works allowed to state the anti-cancer 

potential of the bioactive phytochemicals present in olive oil. 

To date, results on the cytotoxic activity of olive oil phenolic compounds recorded in 

vitro, have been only partially reproduced in vivo because of the metabolic transformation of 

these compounds after absorption, which entails the exposition of malignant cells to lower 

concentrations in vivo relative to in vitro models. In this connection, recently, it was evaluated 

the anti-tumour activity of oleanolic acid against hepatocarcinoma cells in vitro and in vivo 

(mouse model) (Wang et al., 2013). In this procedure, after the transfer of HepG2 cells 

subcutaneously to mice, oleanolic acid appeared efficient with respect to the inhibition of the 

cancer cells implantation, preventing the cells proliferation and inducing apoptotic cell death 

both in vitro and in vivo (Wang et al., 2013). 

Other bioactive compound present in olive oil, oleocanthal, has been identified as a 

potent COX (cyclooxygenase) inhibitor that turns it in a valuable candidate to be tested on its 

anti-cancer activity. Among the biological functions demonstrated in vitro for oleocanthal 

against cancer cells, it has been stressed the attenuation of monocyte chemoattractant protein 

1, which is a critical instigator of malignant lesions (Scotece et al., 2013). Moreover, 

oleocanthal displays an anti-proliferative effect via the inhibition of extracellular signal-

regulated kinases 1/2 and p90RSK phosphorylation, promotes cell apoptosis by activating 

caspase-3 and PARP, and induces DNA fragmentation in human malignant cells (Khanal et 

al., 2011). Additionally, in vivo oleocanthal displayed an inhibitory effect on migratory and 

invasive actions characteristic cancer cells, responsible for the metastatic process, possibly as 

a result of its ability to inhibit c-Met phosphorylation (Elnagar et al., 2011). 
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Despite the cumulating evidences on the anti-tumour activity of bioactive compounds of 

olive oil in vitro, the physiological concentrations of these compounds constitute a major 

constraint to extrapolate the cytotoxic effect observed in vitro to in vivo models. For example, 

regarding hydroxytyrosol and tyrosol, the physiological concentration after oral ingestion of 

olive oil is of 10-100 µM (Quiles et al., 2002). However, the assessment of the cytotoxic 

effect at these concentrations in vitro did not have any effect on cells proliferation, requiring 

concentrations from 2 to 10 folds higher than the peak concentrations reached after oral 

administration (Parkinson & Keast, 2014). 

With respect to the potential of dietary olive oil to reduce the incidence, severity, and 

progression of cancer processes in humans, a number of epidemiological studies have 

indicated a lower incidence of certain types of tumours in the Mediterranean basin, which has 

been attributed to the influence of the ingredients included in the Mediterranean diet (Barbaro 

et al., 2014) as demonstrated the Lyon Diet Heart Study, which showed a reduction of cancer 

risk and mortality by 61 and 56%, respectively (De Lorgeril et al., 1998). Thus, dietary olive 

oil, which constitutes an essential ingredient in the Mediterranean diet, provides a high 

amount of monounsaturated fatty acids and bioactive phytochemicals capable to induce 

beneficial effects on health (Owen et al., 2004). 

Amongst the minor antioxidants present in olive oil, oleuropein has been also stated as 

the main responsible for the anti-tumour activity of olive oil by in vivo assessments with 

experimental animals regarding the prevention of skin and breast cancer (Kimura & 

Sumiyoshi, 2009; Sepporta et al., 2014). Thus, the preventive effect of oleuropein on chronic 

UVB-induced skin regarding carcinogenesis and tumour progression may be due to the 

inhibition of the expression of vascular endothelial growth factor and metalloproteinase 2, 9, 

and 13 through the reduction of COX-2 level (Scoditti et al., 2012), whilst regarding breast 

cancer, oleuropein appeared efficient in minimizing the tumour size, being able to remove 

completely 9-12 days tumours by disturbing the actin cytoskeleton of tumor cells in vivo 

(Escrich et al., 2007). 

Besides the cytotoxic effect demonstrated in vitro against cancer cells, oleuropein and 

hydroxytyrosol display antiangiogenic activity (Scoditti et al., 2012) inhibiting the creation of 

the surrounding interacting network that provides the microenvironment required for the 

malignant cells growth, migration, and invasion (Barbaro et al., 2014). 

The anti-cancer activity of dietary olive oil in humans (in vivo) has been mainly attributed 

to the capacity of its nutritional and non-nutritional components to inhibit the onset of the 
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cancer process and its progression at different stages by protecting against oxidative DNA 

damage, modulation of biosynthesis of the colon cancer promoters bile acids, decreasing 

estrogen synthesis in adipose tissue, antistrogen effect by structural competition, decrease of 

free estradiol, changes in cell membrane fluidity, structure, and degree of peroxidation, 

modulation of genes involved in cell proliferation, and anti-inflammatory and 

immunomodulatory effects, which were extensively reviewed by Escrich et al. (Escrich et al., 

2007). However, it is wide accepted that the main protective effect of olive oil against cancer 

development is due to its capacity to diminish the oxidative stress in cells, which is a direct 

consequence of its high content in monounsaturated and polyunsaturated fatty acids as well as 

in antioxidant phytochemicals, which are potent reactive oxygen species scavengers (Barbaro 

et al., 2014). Additionally, the phytochemical compounds present in olive oil exert valuable 

epigenetic modulation and the capacity to alter miRNA expression, reducing cells 

malignization frequency (Caramia et al., 2006). 

The capacity of phenolic antioxidants of olive oil as hydroxytyrosol and tyrosol to inhibit 

oxidative stress after its dietary consumption further contributes to protect against cancer 

(Owen et al., 2000a). However, the efficiency of these compounds differs depending on the 

target cell type. In this connection, hydroxytyrosol and tyrosol induce radical oxygen species 

level in breast epithelial cells. These results point out that hydroxytyrosol and tyrosol can 

prevent oxidative stress in normal cells, preventing the malignization by protecting against 

DNA damage (Warleta et al., 2010), although they are inefficient when the malignancy has 

occurred. 

 

1.7.3. Plasma fatty acids composition and cardiovascular diseases 

Plasma fatty acids concentration and hypertension have been identified as the major risk 

factors regarding heart diseases. Hence, several epidemiological studies have dealt with the 

capacity of dietary olive oil to modify the plasma fatty acids profile. Mayneris-Perxachs et al. 

(2014), within the framework of a randomized controlled trial design aimed to compare the 

effect of Mediterranean diet supplemented with virgin olive oil (PREDIMED Study) on 

plasma fatty acids in relation with metabolic syndrome after 1 year of intervention. The 

results obtained evidenced that the diet supplementation with olive oil allows to increase the 

plasma concentrations of palmitic and oleic acids, whilst attenuate the level of margaric, 

stearic, and linoleic acids (Mayneris-Perxachs et al., 2014). These results reinforced previous 

studies on the effect of diets enriched with monounsaturated fatty acids, which also reported 
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an augment of plasma palmitic acid and diminish the stearic acid level. Moreover, the plasma 

level of linoleic acids was observed secondary to oleic acid supplementation of diets (Colette 

et al., 2003). Thus, modifications regarding plasma fatty acids have been related with the risk 

of several cardiometabolic diseases (Warensjö et al., 2006; Erkkilä et al., 2008). According to 

the correlation analysis performed by Maneris-Perxachs et al. (2014) plasma concentration of 

oleic acid is a good biomarker of olive oil consumption, since constitute the 70-80% of its 

monounsaturated fatty acids. 

An additional factor to be considered for the prevention of cardiovascular diseases is the 

degree of oxidation of plasma lipoproteins. Thus, regarding the capacity of olive oil to protect 

against these events, oleuropein appeared as capable to diminish low-density lipoprotein 

(LDL) oxidation both in vitro, inhibiting LDL copper-induced oxidation (Visioli et al., 1995), 

and in vivo, reducing plasmatic levels of total, free, and ester cholesterol in rabbits (Coni et 

al., 2000). In addition to the prevention of lipoproteins oxidations, oleuropein was efficient 

regarding the protection against heart damage induced by ischemia reperfusion in rats. Data 

evidenced that heart pre-treated with oleuropein present a reduction of creatine kinase and 

oxidized glutathione release during perfusion, as markers of myocardial damage (Manna et 

al., 2004). Oleuropein has been also stressed on their role as antithrombotic and anti-

atherogenic agent, although this property depends on its anti-inflammatory and anti-oxidative 

activities (Manna et al., 2004). The inhibition of the atherosclerosic process is due to the 

oleuropein capacity to down regulate the expression of TNF-α, and the consequent inhibition 

of the expression of the monocyte chemotactic protein-1 and vascular cell adhesion molecule 

(Bogani et al., 2007). 

 

1.7.4. Metabolic diseases 

Olive oils have demonstrated a strong capacity to improve blood glucose concentration 

and diabetic complications at enzymatic level, being their mechanistic action attributable to 

their antioxidant activity (Samarjil & Balbaa, 2014). This fact has been supported by the 

capacity of bioactive compounds of olive oil to inhibit the gluconeogenesis pathways in liver 

as a result of the inhibition of glucose-6-phosphatese enzyme, their antioxidant potential, and 

the capacity to induce a significant enhancement in the hepatic catalase activity in vivo 

(Gorinstein et al., 2002). In the same way, Al-Azzawie and Alhamdani (2006) demonstrated 

the capacity of long term intake (16 weeks) of the secoiridoid glycoside, oleuropein, present 

in olive oils in high concentrations, to restore glucose blood levels in diabetic rabbits (Al-
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Azzawie & Alhamdani, 2006). These functions have been also attributed to hydroxytyrosol. 

Thus, the normoglycemic effect of both oleuropein and hydroxytyrosol has been related to 

their ability to restrain the oxidative stress, which is responsible for several pathological 

complications in diabetes (Jemai et al., 2009). 

 

1.7.5. Inflammation 

Regarding the anti-inflammatory effect of polyphenols of olive oil, in vitro and in vivo 

studies have allowed to describe this biological activity. Thus, resorting cells culture assays 

addressed to evaluate the role of polyphenols of olive oil regarding inflammation inhibition, it 

was reported the inhibition of VCAM-1 expression (Carluccio et al., 2003), whilst other 

bioactive compounds, namely gallate or vitamin E, reduced the expression of VCAM-1 and 

ICAM-1 (Murase  et al., 1999; Wu et al., 1999). 

Data published to date have showed a reduction in the inflammatory markers after a 2-

year of dietary intervention in patients affected by metabolic syndrome (Estruch et al., 2006). 

In the same way, Estruch et al. (2006) reported a reduction of inflammatory markers after 3 

months of a Mediterranean diet consumption (including a high proportion of olive oil), based 

on a randomized study with 772 participants at high risk for cardiovascular disease (Fitó et 

al., 2008). This biological activity was further demonstrated by assessing the capacity of 

virgin olive oil to reduce the systemic levels of the inflammatory markers interleukin-6 and C-

reactive protein in comparison with those volunteers consuming refined olive oil (Tsimikas et 

al., 1999). With respect to the expression of adhesion molecules in vivo, it has been reported 

changes regarding ICAM in mononuclear cells, associated to a 2-months consumption of 

monounsaturated fatty acids (Beauchamp et al., 2005). 

Oleocanthal of virgin olive oil also exerts anti-inflammatory activity comparable to the 

non-steroidal compound ibuprofen (Kokkonen et al., 2010), which has been promoted as a 

valuable contributor to the reduction of chronic inflammatory response by inhibiting COX-1 

and COX-2 enzymes in a dose dependent manner in vivo. By modifying the level of COX 

enzymes, oleocanthal attenuates the synthesis of prostaglandins E2 (Kokkonen et al., 2010). 

The anti-inflammatory activity of this compound was further supported by diverse in vitro 

studies that allowed to describe its modulatory effect on the expression of inflammatory 

mediators (interleukin 6 and macrophage inflammatory protein-1α) and markers (interleukin-

1, tumour necrosis factor-α, and granulocyte-macrophage colony stimulating factor) in 

chondrocytes and macrophages (Scotece et al., 2012). This achievement reinforces 



Chapter I: State of the art 

PAGE | 36 

oleocanthal as a critical responsible for the health benefits associated to the Mediterranean 

diet and dietary intake of olive oil (Parkinson et al., 2014). 
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2.1. General objective 
 
The present work pursues to gain a further insight in the effect of the genetic background, 

maturation, and infection by Colletotrichum acutatum on olive drupes and oils, by evaluating 

three different cultivars, grown in two seasons in Portugal, with distinct susceptibility to the 

considered fungus, in terms of gene expression, phytochemical composition, radical 

scavenging capacity, and cuticle characteristics. 

 

2.2. Specific objectives 
 
• To study three Portuguese olive cultivars, Cobrançosa, Galega Vulgar, and Picual, 

concerning the phenolic composition and antioxidant power, as well as their 

modifications throughout the ripening process; 

 
• To develop a discriminating method for olive oils based on the mineral and 

phytochemical content, and quality index (free acidity and peroxide value) in 

combination with multivariate analysis. 

 
• To implement a new rapid infrared-based prevision method for assessing phenolic 

composition and quality parameters. 

 
• To evaluate the effect of Colletotrichum acutatum on the OePAL gene expression level, 

phenylalanine ammonia-lyase activity, and phenolic composition of olive fruits using 

cultivars with different susceptibility to the fungus attack; 

 

• To implement a FTIR-based analytical method on olive drupes cuticle, towards the 

discrimination of different infection levels in the diverse cultivars considered. 
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3.1. Influence of On-tree Ripening on Phenolic Content and Antioxidant Power of 

Distinct Olive Cultivars 

 

Adapted from: 

Gouvinhas I, Domínguez-Perles R, Carvalho T, Gironés-Vilaplana A, 

Machado N, Barros AIRNA. Influence of On-tree Ripening on 

Phenolic Content and Antioxidant Power of Distinct Olive Cultivars. 

Submitted to the Journal of Food Science. 

 

Abstract 

Olive fruits are an interesting source of phenolic compounds, mainly phenolic alcohols and 

secoiridoids. Olive fruits from three different cultivars (Cobrançosa, Galega Vulgar, and 

Picual) have been studied in relation to the concentration of total phenolic compounds, ortho-

diphenols, flavonoids, and antioxidant capacity. Overall, the first three chemical parameters 

decreased throughout the maturation stages. Furthermore, green olives of ‘Cobrançosa’ 

showed the highest values of all these parameters, pointing out a strong influence of the 

genetic background. The antioxidant activity determined by four methods (DPPH, ABTS, 

FRAP, and ORACFL) did not show the same trend once Cobrançosa and Galega Vulgar 

cultivars presented the highest amount in green stages only for DPPH and ORACFL methods. 

Significant differences were also found between seasons which provided an interesting 

information of the effect of diverse climatic conditions on the polyphenolic composition. The 

multivariate analysis also allowed the discrimination of cultivars with respect to resistance to 

environmental conditions. 

 

Keywords: Olea europaea L.; Cultivar; Olives ripening; (Poly)phenolic content; Antioxidant 

capacity. 

  



Chapter III: Effect of maturation process on the phenolic content of olive fruits 

PAGE | 58 

3.1.1. Introduction 

These days, consumers are becoming more aware of the contribution of diet to health. In 

this sense, additionally to consumers perception, epidemiological studies performed have 

pointed out olives (Olea europaea L.) and olive oils consumption as responsible for the 

reduction of the incidence and prevalence of cardiovascular diseases, certain types of cancer, 

and aging-related pathologies (Trichopoulou et al., 2003; Knoops et al., 2004). These health 

benefits are a consequence of their high content in oleic acid and also in bioactive 

(poly)phenols (total phenolics, ortho-diphenols, and flavonoids), which may constitute up to 

3% of fresh pulp weight (Ghanbari et al., 2012). 

The production of olives employed in the elaboration of olive oils has increased from 

435009 to 634209 tons over the last four years, which allowed to augment the olive oil 

production from 625503 to 999853 hl. This augment indicates the relevance of this 

socioeconomic activity as well as the requirement to reduce the dependence of foreign 

imports of olive oils in Portugal, which reached, in 2013, almost 97000 tons (INE-Portugal 

2012-2013). Cobrançosa, Galega Vulgar, and Picual are the most widely spread cultivars in 

Portugal and display very attractive sensorial properties and potential interest for industry and 

consumers. Nevertheless, not all O. europaea cultivars in the same ripening stages have the 

same composition, being important consider those with the greatest quantity of bioactive 

compounds. 

A critical revision of the information available on the phytochemical composition of 

olives and olive oil as well as their radical scavenging capacity allows to describe a strong 

variation depending on a myriad of factors, such as cultivar, ripeness and harvesting regime, 

agro-climatic conditions, and the processing techniques applied to oil obtaining (Covas, 

2008). Thus, because of the vast number of factors, which may affect the phytochemical 

composition and antioxidant activity of the extracts of olive oils, the use of integrative 

chemometric analysis contributes to discriminate the most valuable foodstuffs through a 

rational selection to obtain high quality olive oils. 

The aim of this study was to evaluate the (poly)phenolic composition (total phenolics, 

flavonoids, and ortho-diphenols) of olives along the on-tree ripening process in order to 

compare the phytochemical content and antioxidant capacity of the three distinct cultivars 

Cobrançosa, Galega Vulgar, and Picual in green, semi-ripe, and ripe stages for each one and 

one to another under Portuguese continental growing conditions. 
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3.1.2. Material and methods 

3.1.2.1. Reagents 

The compounds 2,2-diphenyl-1-picrylhidrazyl radical (DPPH•), 2,2-azino-bis-3-

ethylbenzothiazoline-6-sulphonic acid (ABTS), 2,4,6-tripyridyl-S’-triazine (TPTZ), ferric 

chloride hexahydrate, fluorescein (free acid), 2,2′-azobis(2-methylpropionamidine) 

dihydrochloride (APPH), monobasic sodium phosphate, dibasic sodium phosphate, phenazine 

methosulphate (PMS), nitrotetrazolium blue chloride (NBT), trizma® hydrochloride, and 

potassium phosphate were obtained from Sigma-Aldrich (Steinheim, Germany). Meanwhile, 

6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox) and magnesium chloride 

hexahydrate were purchased from Fluka Chemika (Neu-Ulm, Switzerland). Folin-Ciocalteu’s 

reagent, 3,4,5-trihydroxybenzoic acid (gallic acid) and acetic acid, both extra pure (>99%), 

were purchased from Panreac (Panreac Química S.L.U., Barcelona, Spain). Sodium nitrate, 

aluminium chloride and sodium carbonate, all extra pure (>99%), were from Merck (Merck 

Darmstadt, Germany). Sodium molybdate (99.5%) was purchased from Chem-Lab (Chem-

Lab N.V., Zedelgem, Belgium). Ultrapure water was produced using a Millipore water 

purification system. 

 

3.1.2.2. Plant material 

The present work was carried out on olive fruits from three cultivars (Cobrançosa, Galega 

Vulgar, and Picual) obtained from a certified olive orchard, at the National Plant Breeding 

Station, in the National Institute for Agricultural and Veterinary Research (INIAV, Elvas, 

southern Portugal; GPS: 38º54’53.35”N and 7º19’11.06”W) during the crop seasons 2012 and 

2013. The air temperature (ºC), precipitation (mm), and relative humidity (%) achieved in the 

olive orchard are referred in Table III.1 . 

 

Table III.1.  Weather conditions (2012/2013) for the olive tree crops under Continental climate of Portugal. 

 Month 
(2012) 

 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Air temperature (ºC)  Z 9.7 8.6 14.0 13.1 19.9 22.4 23.5 24.3 22.8 18.1 13.1 10.8 

Precipitation (mm) 16.27 0.6 29.3 50.0 40.6 1.1 0.0 1.4 42.5 81.4 158.7 66.0 

Relative humidity (%)Z 68.1 48.0 55.9 86.5 67.0 66.6 54.1 57.8 60.0 78.6 86.5 84.9 

 Month 
(2013) 

Air temperature (ºC)  Z 10.6 9.7 12.2 14.8 16.9 25.8 24.3 24.9 23.2 19.3 12.7 10.6 

Precipitation (mm) 84.7 46.5 171.6 46.4 14.2 21.1 0.2 6.3 31.2 108.4 93.1 65.9 

Relative humidity (%)Z 87.6 81.8 90.1 73.1 64.4 61.9 62.2 47.5 58.4 78.1 65.2 74.0 

Z Average value of the month 
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Only healthy olive drupes, without any kind of infection or physical damage, were 

collected from ten different trees of comparable age and vigour, spaced one to other within 

the same growing area. Thus, differences due to weather conditions, agricultural practices, 

and geographical locations can be excluded. Olives were handpicked at three ripening stages 

(green, semi-ripe, and ripe). The harvesting dates and the ripening index (RI) are showed in 

Table III.2 . For the classification of RI the harvested olives were evaluated according to the 

skin and pulp colour (Uceda & Hermoso, 1998). The ranges for RI were considered from 0 

(100% intense green skin) to 7 (100% purple flesh and black skin). 

 

Table III.2.  Schedule for olives sampling. 

Cultivar Maturity stage Sample code Harvest date RIZ 

‘Cobrançosa’ Green Cob G 02/10/2012 1.14 

 Semi-ripe Cob SR 12/10/2012 2.10 

 Ripe Cob R 08/11/2012 4.56 

 Green Cob G 17/10/2013 1.46 

 Semi-ripe Cob SR 01/11/2013 3.82 

 Ripe Cob R 13/11/2013 4.78 

‘Galega Vulgar’ Green Gal G 02/10/2012 1.22 

 Semi-ripe Gal SR 12/10/2012 2.44 

 Ripe Gal R 08/11/2012 4.98 

 Green Gal G 08/10/2013 1.38 

 Semi-ripe Gal SR 17/10/2013 3.04 

 Ripe Gal R 12/11/2013 4.76 

‘Picual’ Green Pic G 02/10/2012 0.76 

 Semi-ripe Pic SR 12/10/2012 1.98 

 Ripe Pic R 08/11/2012 4.24 

 Green Pic G 17/10/2013 0.84 

 Semi-ripe Pic SR 01/11/2013 2.88 

 Ripe Pic R 13/11/2013 4.9 

Z Ripening Index 

 

After harvesting, olive fruits were immediately transported to the laboratory and stored at 

-20ºC until analysis. 
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3.1.2.3. Preparation of olive extracts for analysis 

Olive samples (5 g) were macerated, resorting to a mortar and a pestle, in 50 mL of a 

mixture of MeOH/H2O (50:50, v/v) and incubated at room temperature for 30 min. Then, the 

supernatant was collected and the extraction was repeated three times. The liquid phase was 

filtered and subsequently centrifuged at 9000 x rpm for 10 min. To remove the fat phase the 

mixture was washed twice with hexane (50 mL) using a separating funnel and the organic 

phase was discarded. Extract volume obtained from each samples was completed up to 200 

mL in a round-bottom flask with MeOH/H2O (50:50, v/v) (Machado et al., 2013). It was 

performed three replicates per sample (n = 3). 

 

3.1.2.4. Total phenolics content 

The content in total phenolic compounds of olive’s extracts was determined using Folin-

Ciocalteu reagent, with gallic acid as standard (from 5.0 to 200.0 mg L-1) (Barros et al., 

2012). One millilitre of diluted samples was mixed with 500 µL of Folin-Ciocalteu reagent, 2 

mL of 7.5 % sodium carbonate solution (w/v), and 6.5 mL of water. The mixture was shaken 

and after 30 min of reaction at 70ºC, the absorbance was measured at 750 nm by 

spectrophotometer (Spectronic GemesusTM 20 Visible Spectrophotometer 4001-000, France). 

The content in total phenolics was expressed as milligrams of gallic acid equivalents per gram 

of sample (mg GAE g-1). 

 

3.1.2.5. Ortho-diphenol content 

Ortho-diphenols content was assessed as previously described by Mateos et al. (2001). 

One millilitre of 5% Sodium Molibdate (w/v) in 50% hydroethanol (v/v) was added to 4 mL of 

the diluted sample. After 15 min, the absorbance was measured by 370 nm by 

spectrophotometer (Spectronic GemesusTM 20 Visible Spectrophotometer). Gallic acid served 

as a standard to prepare a calibration curve in the range 5.0-200.0 mg L-1. The content in 

ortho-diphenols was expressed as mg GAE g-1. 

 

3.1.2.6. Flavonoids content 

Flavonoids content was determined by the colorimetric assay described by Zhishen et al. 

(1999). Briefly, 0.5 mL of diluted sample was mixed with 150 μL of 0.50 M NaNO2. After 5 

min, 150 μL of 0.75 M AlCl3 were added. The mixture was stirred and was allowed to react 

for 6 min. Then, 1 mL of 1.00 M NaOH was added and the absorbance was measured at  
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510 nm using spectrophotometer (Spectronic GemesusTM 20 Visible Spectrophotometer). 

Catechin served as a standard to prepare daily calibration curves using concentrations from 

2.5 to 200.0 mg L-1. The results were expressed as milligrams of catechin per gram of 

sample (mg CAT g-1).  

 

3.1.2.7. In vitro antioxidant activity  

The free radical scavenging activity was determined by DPPH and ABTS methods 

adapted to a microscale, according to Mena et al. (2011). The antioxidant activity was 

evaluated by measuring the variation in absorbance at 515 nm after 50 min of reaction with 

the radical for DPPH•, and at 414 nm after 50 min for ABTS•+. For the FRAP method, the 

antioxidant activity was evaluated by measuring the variation in absorbance at 593 nm after 

40 min of reaction. The assays were performed using 96-well micro plates (Nunc, Roskilde, 

Denmark) and an Infinite M200 micro plate reader (Tecan, Grödig, Austria). All the reactions 

were started by adding 2 μL of the corresponding diluted sample to the well containing the 

stock solution (250 μL). The final volume of the assay was 252 μL. The antioxidant activity 

was also determined using the ORACFL assay, according to Ou et al. (2001). The results were 

expressed as mM Trolox g-1 of sample (mM Trolox g-1). 

 

3.1.2.8. Statistical analysis 

The results are presented as mean values ± standard deviation (n 3). All the data were 

subjected to analysis of variance (ANOVA) and a multiple range test (Tukey’s test), using 

IBM SPSS statistics 21.0 software (SPSS Inc., Chicago, IL, USA). Significant differences 

were set at P < 0.05. The multivariate statistical analyses have been conducted resorting to the 

Partial Least Squares-Regression (PLS-R) approach, which was carried using the Wold’s 

iteration, using the OriginPro 9.1 software package (Origin Lab Corporation, Northampton, 

MA, USA). The maturity stage (green, semi-ripe, and ripe) was defined as dependent 

variable, whilst all the other parameters assessed (total phenols, ortho-diphenols, flavonoids, 

and antioxidant activity) constituted the independent variables, the Loadings of these 

variables for the determination were extracted for all the factors retrieved. 
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3.1.3. Results and discussion 

3.1.3.1. Olive fruits’ (poly)phenolic composition 

The assessment of the total phenolic content in olives at different on-tree ripening stage 

evidenced considerable differences in the three cultivars evaluated (Cobrançosa, Galega 

Vulgar, and Picual). The Cobrançosa cv. presented the highest content in total phenolics in 

green stage (50.11 and 47.05 mg GAE g-1 dw at season 2012 and 2013, respectively) followed 

by ‘Galega Vulgar’ and ‘Picual’. Concerning the content in semi-ripe and mature olives not 

significant differences (P > 0.05) were recorded (Table III.3 ). 

 

Table III.3.  Content in total phenolics and ortho-diphenols (mg GAE g-1 dry weight 
(dw)) and content in flavonoids (mg CAT g-1 dw) in olives at different on-tree maturation 
stages (green, semi-ripe, and ripe). 

Cultivar On-tree ripening stage Total phenolics Ortho-diphenols Flavonoids 
‘Cobrançosa’ Green-2012 50.11 ± 2.10BZ cY 74.89 ± 1.97C b 45.25 ± 1.65B c 
 Green-2013 47.05 ± 4.88B c 57.62 ± 2.68B c 40.78 ± 2.65B c 
 Semi-ripe-2012 35.27 ± 0.93A a 40.95 ± 3.20A a 27.16 ± 2.63A c 
 Semi-ripe-2013 31.42 ± 3.89A a 49.00 ± 6.74AB b 26.92 ± 3.24A b 
 Ripe-2012 34.65 ± 0.87A a 49.50 ± 2.07AB a 30.44 ± 0.55A b 
 Ripe-2013 33.89 ± 1.40A b 54.95 ± 3.86B b 26.88 ± 0.69A b 
 ANOVA P-value ***X *** *** 
‘Galega Vulgar’ Green-2012 36.99 ± 0.77C a 56.43 ± 3.04C a 30.39 ± 2.63C a 
 Green-2013 38.14 ± 1.81C b 36.90 ± 3.15A a 34.19 ± 2.60C b 
 Semi-ripe-2012 30.79 ± 1.26BC a 39.20 ± 1.05A a 23.79 ± 0.60B ab 
 Semi-ripe-2013 25.71 ± 1.70A a 33.96 ± 2.44A a 18.94 ± 1.03A a 
 Ripe-2012 33.21 ± 21.61B a 53.34 ± 6.29C a 23.14 ± 2.15B a 
 Ripe-2013 29.33 ± 2.04A ab 45.15 ± 1.61B a 20.01 ± 2.09A a 
 ANOVA P-value *** *** *** 
‘Picual’ Green-2012 43.51 ± 1.00B b 51.07 ± 1.51CD a 36.55 ± 3.73B b 
 Green-2013 26.64 ± 2.20A a 41.35 ± 1.36B b 21.89 ± 3.24A a 
 Semi-ripe-2012 28.79 ± 0.09A a 36.34 ± 1.61A a 21.06 ± 2.51A a 
 Semi-ripe-2013 39.49 ± 2.28B b 54.48 ± 3.94D c 33.06 ± 1.84B c 
 Ripe-2012 31.42 ± 2.67A a 44.45 ± 4.97BC a 24.27 ± 1.91A a 
 Ripe-2013 28.89 ± 0.72A a 49.24 ± 6.03CD a 19.92 ± 0.61A a 
 ANOVA P-value *** *** *** 
     

Significance Green-2012 *** *** ** 
 Green-2013 *** *** *** 
 Semi-ripe-2012 N.s. N.s. * 
 Semi-ripe-2013 ** ** ** 
 Ripe-2012 N.s. N.s. ** 
 Ripe-2013 * ** ** 

Z Data presented as mean ± SD values (n = 3) for each sampling day followed by different uppercase letters are 
significantly different at P < 0.05 on the ripening stage. Y Mean values ± SD (n = 3) for each ripening stage and 
season followed by different lowercase letters showed significant differences between cultivars at P < 0.05. X 
Level of significance: N.s., not significant (P > 0.05); ∗ significant at P < 0.05; ∗∗ significant at P < 0.01; ∗∗∗ 

significant at P < 0.001. 

 

When comparing different ripening stages, the total phenolic content in Cobrançosa and 

Galega Vulgar green olives was significantly higher (P < 0.001) than in semi-ripe/mature 

fruits by 31.4/29.5% and 24.8/16.8%, respectively. Regarding Picual cv., the highest content 

in (poly)phenols was observed in extracts of green (season 2012) and semi-ripe (season 2013) 
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(43.51 and 39.49 mg GAE g-1 dw, on average, respectively), whilst all other conditions 

remained in similar lower levels (28.94 mg GAE g-1 dw, on average). This total phenolic 

content was consistent with results published by Fernandez-Orozco et al. (2011) that showed 

a decrease of this content throughout the maturation for 'Arbequina' cultivar. A significant 

decline on total phenolic content was also found by Sousa, Malheiro, Casal, Bento, and 

Pereira (2014) on Cobrançosa olives during the ripening process. Tovar et al. (2002) also 

obtained non-significant differences between semi-ripe and ripe stage, considering total 

phenolic compounds, like observed by Sousa et al. (2014) in some clones of Cobrançosa olive 

fruits harvested at two maturation stages (semi-ripe and ripe) (Tovar et al., 2002; Sousa et al., 

2014). In this sense, the variation of the total phenolic content during ripening has been 

described previously, being attributed to the activity of hydrolytic enzymes through the 

maturation process (Amiot et al., 1986). 

With respect to differences due to the cultivar factor, the most relevant variances were 

observed in green fruits, corresponding the major concentration to ‘Cobrançosa’ (50.11 and 

47.05 mg GAE g-1 dw at season 2012 and 2013, respectively), which surpassed the values of 

‘Galega Vulgar’ and ‘Picual’ by 22.8 and 27.8%, on average, respectively. Concerning the 

semi-ripe and ripe stages, although it were recorded significant differences between samples 

corresponding to the season 2013, these were diluted by the effect of the weather conditions 

when comparing the mean values of the 2012 and 2013 seasons (Table III.3 ). Hence, given 

the role of phenolic compounds as secondary metabolites involved in plant response to 

stressing condition (Cao et al., 2011), this may be related with the distinct resistance of the 

cultivars evaluated to the changing weather conditions recorded during 2012 and 2013. 

The assessment of the ortho-diphenols content indicated considerable variations between 

different ripening stages and cultivars since levels oscillated between 33.96 and 74.89 mg 

GAE g-1 dw (Table III.3 ). Apart from the variations due to the climatic conditions affecting 

green and semi-ripe olives of Cobrançosa and Galega Vulgar, data on ortho-diphenols content 

at different ripening stages were very homogeneous. 

When considering data independently of climatic influence, the strongest effect of the on-

tree ripening stage was observed in ‘Cobrançosa’. This cultivar exhibited a reduction of the 

content in ortho-diphenols from 74.89 and 57.62 mg GAE g-1 dw in green olives (for 2012 

and 2013 seasons, respectively) to 40.95 and 49.00, and 49.50 and 54.95 mg GAE g-1 dw in 

semi-ripe and ripe olives, respectively. Olives of Galega Vulgar cv. showed the highest 

content in ortho-diphenols in green and ripe fruits (46.67 and 49.30 mg GAE g-1 dw, on 
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average, respectively), which surpassed the content recorded in semi-ripe olives by 25.8%. 

With respect to the cultivar Picual some significant differences were recorded between 

distinct on-tree maturity stages. Besides Sousa et al. (2014) presented values of ortho-

diphenols content (from 13.61 to 41.65 mg GAE g-1 for the semi-ripe fruits and from 15.84 to 

40.76 mg GAE g-1 in the ripe stage), which match with the ranges recorded in our study, 

Brahmi et al. (2013) demonstrated a significant decline on ortho-diphenols content during 

ripening in two Tunisian olive fruit cultivars. The assessment of the diverse ortho-diphenols 

content due to the genetic background showed the strongest differences on green olives. Thus, 

at this stage, Cobrançosa olives presented the highest concentration, whilst Galega Vulgar and 

Picual fruits remained in similar lower levels, indicating that the various cultivars vary greatly 

on their capacity to synthesize phenolics. This was also proved by Vinha et al. (2005) that 

studied the phenolic profile of 18 different cultivars. 

The flavonoids content was found to vary significantly among different ripening stages 

and between cultivars, in agreement with the description available in the bibliography (Barros 

et al., 2012). Thus, the highest content in flavonoids in ‘Cobrançosa’, ‘Galega Vulgar’, and 

‘Picual’ corresponded to green olives (45.25 and 40.78, 30.39 and 34.19, and 36.55 and 21.89 

mg CAT g-1 dw, for seasons 2012 and 2013, respectively). The flavonoids content in semi-

ripe and ripe olives did not vary significantly during maturation in ‘Cobrançosa’ and ‘Galega 

Vulgar’ (a 40.3 and 33.5% lower, on average, respectively), whilst the content in semi-ripe 

and ripe olives of Picual cv. presented a decrease in parallel to the ripening process (27.06 and 

22.10 mg CAT g-1 dw, on average, respectively). With respect to differences regarding the 

content in flavonoids between cultivars at the same ripening stage, the major concentration 

was recorded in ‘Cobrançosa’ for the three ripening points considered, followed by ‘Picual’ 

and ‘Galega Vulgar’ (Table III.3 ). In addition, the content in flavonoids showed the same 

trend observed for total phenolics and ortho-diphenols, once a decrease was observed for 

'chemlali' and 'neb jmel' cultivars throughout the maturation process (Brahmi et al., 2013). 

This decrease of the phenolic content in the olive fruits is probably correlated with the 

augment of the activity of hydrolytic enzymes during the ripening of fruits. 

 

3.1.3.2. Radical scavenging capacity in vitro 

In this study, the in vitro antioxidant activity of olive’s (poly)phenolic extracts was 

measured by four different methods: DPPH, ABTS, FRAP, and ORACFL (Figure III.1 ). 

Concerning ABTS•+, values recorded varied from 51.26 to 327.78 mM Trolox g-1 dw. 
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However, given the dispersion of the recorded data not significant differences were observed 

between olives from the same or distinct cultivars at different ripening stages. On the other 

hand, from the results obtained concerning ABTS•+ scavenging capacity, the comparison of 

data from distinct seasons, allowed to stress differences within the same ripening stage and 

cultivar namely semi-ripe Cobrançosa and Galega Vulgar cvs. (P < 0.05 and P < 0.01, 

respectively). These variations could be attributable to the different climatic conditions 

recorded during the seasons under comparison (Table III.1 ). 

Concerning the capacity of the hydro-methanolic extracts to scavenge DPPH•, data 

recorded ranged from 96.52 to 179.90 mM Trolox g-1 dw. The evaluation of the differential 

antioxidant activity due to the ripening stage showed much distinct trends when evaluating 

the separate cultivars (Figure III.1 ), which emphasized the relevance of the genetic 

background on the final (poly)phenolic content and antioxidant activity. Thus, Cobrançosa 

olives presented the highest DPPH radical scavenging power at green stage, which was 

significantly higher than ripe drupes (a 20.4% lower), whilst Galega Vulgar olives exhibited 

the highest antioxidant activity at green and ripe stage, which remained in similar levels 

(148.96 mM Trolox g-1 dw, on average). Semi-ripe Galega Vulgar drupes presented values a 

25.5% lower, on average, in comparison with green and ripe olives. Finally, the analysis of 

Picual olives showed differences only between semi-ripe and ripe drupes. Hence, data 

recorded suggested that the final on-tree maturation process entails phytochemical 

modifications towards a significant reduction of the antioxidant capacity. The linear trend 

described from the green to the ripening stage could be due to the influence of changing 

weather conditions on the (poly)phenolic content and the further antioxidant activity of olives. 

Additionally to the variations due to the ripening stage, the comparison of the DPPH• 

scavenging capacity of olives from different cultivars at matching maturation phase allowed 

to describe the major differences concerning semi-ripe and ripe olives, whilst not significant 

differences were evidenced at the green stage. In this sense, the highest antioxidant activity of 

semi-ripe drupes corresponded to Picual cv. (151.96 and 179.90 mM Trolox g-1 dw in 2012 

and 2013, respectively), which surpassed the values recorded for ‘Cobrançosa’ and ‘Galega 

Vulgar’ by 24.9 and 33.3%, on average, respectively. On the other hand, at the ripe stage, the 

highest activity corresponded to Galega Vulgar drupes, which was only significantly higher 

than Cobrançosa olives (a 22.0% lower) (Figure III.1 ). 

The FRAP method allows to measure the reducing capability of olive’s antioxidants 

based on their potential to react with ferric tripyridyltriazine complex, forming the lower 
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oxidative ferrous form (Benzie & Strain, 1996). Thus, the evaluation of the reducing capacity 

showed different trend for each cultivar due to the ripening stage. The FRAP results showed 

trends similar to those obtaining by ABTS methods, although in a more homogeneous form 

that allowed identify significant differences attributable to the ripening stage and cultivar. 

 

 
Figure III.1.  Antioxidant activity of (poly)phenolic extracts obtained from olive fruits (cultivars Cobrançosa, 

Galega Vulgar and Picual) in three distinct ripening stages (green, semi-ripe and ripe). The dot plots compare the 
antioxidant activity of distinct maturity of the same cultivar as well as matching ripening stage of different 

cultivars. It was shown data from two consecutive seasons (2012 - black squares - and 2013 - white squares -). 
Antioxidant activity was achieved by the assessment of the in vitro radical scavenging assays DPPH•, ABTS•+, 

and ORACFL and the reduction capacity by the FRAP method. Samples were significantly different at *P < 0.05; 
** P < 0.01; and ***P < 0.001. 
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Concerning the maturation effect on the reducing capacity, it was observed a decrease of 

the reductive capacity of Cobrançosa drupes throughout the maturation process. The highest 

reducing capacity corresponded to green drupes (31.74 and 33.02 mM Trolox g-1 dw in 2012 

and 2013, respectively). On the other hand, Galega Vulgar olives showed a significant 

increase at the ripe stage up to 31.34 and 34.85 mM Trolox g-1 dw in 2012 and 2013, 

respectively, surpassing green and semi-ripe drupes (a 15.3 and 28.4% lower, on average, 

respectively). The same increase was observed for Picual olives although the significant 

increase observed already started at the semi-ripe stage. 

With respect to the cultivar effect on the reducing capacity, it was observed a similar 

trend relative to the described based on ABTS and DPPH radical scavenging assays. Hence, 

the main differences were due to the homogeneity of data that allowed to record additional 

significant differences. At the ripe stage the significantly lowest and highest values 

corresponded to Cobrançosa and Galega Vulgar drupes, respectively, whilst Picual olives 

remained in an intermediate level. At the semi-ripe stage, ‘Galega Vulgar’ showed the lowest 

values, whereas ‘Cobrançosa’ and ‘Picual’ remained in similar levels. 

Finally, the ORACFL method allows a direct measure of hydrophilic chain-breaking 

antioxidant activity against peroxyl radical (Ou et al., 2001). In this connection, the values 

obtained for drupes by the ORACFL assay provided, in addition to the distinct antioxidant 

activity for different ripening stages and cultivars, a valuable clear separation of samples from 

different seasons (2012 and 2013), which constitutes an interesting information on the effect 

of diverse climatic conditions on the antioxidant capacity of olives. The overall ORACFL 

values ranged from 606.25 to 1334.71 mM Trolox g-1 dw, whilst concerning the effect of 

ripening, the most reactive samples corresponded to green drupes of Cobrançosa and Galega 

Vulgar, which surpassed significantly the values recorded for semi-ripe and ripe olives. Data 

dispersion did not allowed to record significant differences for Picual cv. 

Even though the differences recorded between ripening stages and cultivars were very 

consistent among all methods developed, the dispersion of data concerning the reactivity of 

the samples evaluated by using separate methods have been attributed to the distinct mode of 

action, especially concerning ORACFL (biological-like method) (Gironés-Vilaplana et al.,  

2014). The determination of the antioxidant activity could be influenced by the multiple 

biochemical mechanisms responsible for the antioxidant activity. Therefore, the assessment of 

the radical scavenging capacity by a panel of methods allowed to obtain a more accurate 

information on the actual antioxidant power of olives, especially because of the complex 
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phytochemical composition and the synergistic mechanisms occurring in (poly)phenolic 

extracts. 

3.1.3.3. Chemometric analysis 

The application of multivariate analytical approaches have been widely used to 

discriminate the samples according to diverse factors of interest namely maturation stage, 

resorting to the parameters assessed. Moreover, from the score plots obtained for the most 

important Factors (F) extracted (Figure III.2 , Table III.4 ), unexpected correlations between 

distinct samples may be observed and thus, the olives might be discriminated or grouped 

according to other known variables such as season or cultivar. This analysis has been 

undertaken with resort to the triplicates registered for each sample. 

 

 
Figure III.2.  Score plots obtained from the PLS analysis of olives of different cultivars and ripening. 
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From the analysis of the plot of F1 vs. F2, it can be highlighted that F1, explaining  

44.7 % of variance between samples, tendentiously separates ripe and green samples to 

negative and positive scores, respectively. Regarding F2 (27.93% of variance) also distinct 

trends are observed for green and ripe samples, with the former in the bottom part of the plot, 

corresponding to negative scores for F2, while the ripe samples displayed positive scores for 

the same Factor. Accordingly, the ripe and green samples can be situated in two distinct 

quadrants, the former in the left upper part of the plot, while the green samples are placed in 

the opposite quadrant. However, some exceptions to this trend are found, with four ripe 

‘Cobrançosa’ replicates presenting slightly positive scores for F1, whilst three of these 

exerted also negative scores for F2. Respecting the green samples, the three ‘Picual’ replicates 

showed negative scores for F1, and three ‘Cobrançosa’ replicates, two from 2012 and one 

from 2013, presented positive scores, respecting F2. 

 

Table III.4.  Loadings and percentage of cumulative variance for the first three Factors extracted. 

Variable 
Loadings 

Data 2012Z  Data 2013Y  Both yearsX 

Factor 1 Factor 2 Factor 3  Factor 1 Factor 2 Factor 3  Factor 1 Factor 2 Factor 3 
Total phenols  4.877 0.597  0.100    4.024 3.030 -0.153   6.976 0.917 -0.163 
Ortho-diphenols  4.516 1.072 -0.174    0.731 4.385 -1.827   5.490 2.658 -2.741 
Flavonoids  4.828 0.469 -0.144    4.521 2.293   0.354   7.035 0.063  0.385 
ABTS•+ -3.487 1.397   2.899    0.355 4.264   2.117  -0.456 5.238  3.013 
DPPH•  3.398 0.495   2.549  -0.386 2.891   3.967   3.060 3.749  3.662 
FRAP  1.385 4.816   0.194  -0.124 4.409   1.231   2.078 6.168 -0.173 
ORACFL  4.649 0.180   0.466   1.050 4.136   1.221   4.877 4.030  0.820 
Cumulative variance (%) 63.04 77.96 86.32  21.18 74.34 89.02  44.74 72.67 80.99 

Z Loadings corresponding to the Partial Least Squares (PLS) analysis developed with data of 2012; Y Loadings corresponding to the PLS developed 
with data from 2013; X Loadings corresponding to the PLS developed with the data from both years. 

 

Since F1 is mainly determined by the phenolic contents (total phenolics, ortho-diphenols, 

and flavonoids), and F2 by the antioxidant activity (ABTS, DPPH, FRAP, and ORACFL), the 

separation observed, as well as the exceptions, can be understood at the light of the results 

registered for these parameters. Hence, concerning the ripe samples, those from Cobrançosa 

cv., which fall within the positive moiety of F1, presented the highest contents in total 

phenolics and flavonoids (Table III.3 ), whilst the negative scores for F2 concerning Galega 

Vulgar and Picual ripe drupes might be due to the bellow-average activities presented by 

these samples in the FRAP assay (Figure III.1 ). In which respects to the green samples, the 

two replicates of ‘Cobrançosa’ (season 2012), with positive scores for F2, could be due to the 

high content in ortho-diphenols displayed by this sample. Given that, besides the values 

obtained for antioxidant activity, this quantity was the one that weights the most for F2 
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(Figure III.2 , Table III.4 ). Respecting F1, the green sample of ‘Picual’ 2013, with negative 

scores for all replicas, presented much lower values of total phenolics and flavonoids in 

comparison with all the other green samples, appearing clustered in the left side of the plot, 

where are found the ripe samples, with lower quantities of these compounds (Figure III.2 ). 

Concerning the samples at semi-ripe stage, these are generally placed in the diagonal of 

the plot, which divides the two quadrants, where the ripe and green samples are found, whilst 

the samples from 2012 are tendentiously in the bottom left quadrant of the plot (Figure III.2 ). 

Since the multivariate analysis has taken the maturation stage as dependent variable, this 

distribution is logical, whereas the trend observed for the samples of 2012 was caused by their 

contents in total phenolics and flavonoids, as previously observed for green Picual samples 

(season 2013), which are placed within the same quadrant (Figure III.2 , Table III.3 ). 

Actually, it can be observed that ‘Galega Vulgar’ semi-ripe olives (season 2013), 

presented lower content in total phenolics, flavonoids, and ortho-diphenols, being placed 

nearby the samples from season 2012, whilst olives from Picual corresponding to season 

2013, presented higher quantities of these components and was found in the opposite quadrant 

of the plot. All the semi-ripe samples of Cobrançosa, from both seasons, lie together in the 

plot, in a central position, due to their similar quantity of flavonoids, and balance between 

lower quantity of total phenolics and higher content in ortho-diphenols displayed by the 2013 

season, respecting the year of 2012 (Figure III.2 , Table III.3 ). 

Concerning F2, which also contributed for the separation between the semi-ripe samples 

of the 2013 harvest, was mainly weighted by the antioxidant activities. Thus, Picual olives 

harvested at 2013 displayed high positive scores, mainly due to the elevated values registered 

for the FRAP and ORACFL assays, with respect not only the other semi-ripe samples, but also 

the 2012 crop of the same cultivar, though the latter is the only semi-ripe sample from that 

year displaying positive scores for F2 (Figures III.1  and III.2 ). Semi-ripe samples from 2013 

of Galega Vulgar displayed the highest negative scores for F2, amongst all samples, which 

seems to be due to the low antioxidant activity registered for this sample, mainly by the 

ABTS and FRAP techniques (Figure III.1 ). Meanwhile, similar antioxidant activities were 

observed between both seasons of semi-ripe ‘Cobrançosa’, which appeared close to the 

average of the values registered for this activity for all samples, this fact was reflected in the 

centred positioning respecting F2, where ripe Cobrançosa drupes, from both years, were also 

located. 



Chapter III: Effect of maturation process on the phenolic content of olive fruits 

PAGE | 72 

From the multivariate analysis, additional Factors were extracted. Among these, F3 

accounts for 8.3% of the variance between samples. Hence, the plot showing F1 vs. F3 is 

depicted in Figure III.2 . From the analysis of this plot, it can be stated that in the right side, 

corresponding to positive scores of F1, where located the green samples. Cobrançosa samples 

were separated for negative scores of F3, while ‘Picual’ and ‘Galega Vulgar’ presented 

positive scores. Furthermore, some of the replicates of ripe Cobrançosa samples were 

scattered to the same quadrant, where the green samples of this cultivar are found due to F1. 

The separation of the green samples of Cobrançosa from the others is due to their higher 

content in ortho-diphenols with respect to the other cultivars, since this quantity is 

preponderant for F3 (Table III.4 ). 

Respecting the left side of the plot, corresponding to negative scores of F1, a separation 

of the ripe samples can be observed. If in the case of ‘Cobrançosa’ all samples presented 

negative scores for F3, for the other two cultivars this discrimination was clearly observed, 

being attributed to distinct variables amongst those that weight the most for this factor. In this 

sense, for the samples of 2013 the increase of the ortho-diphenols content leads to this 

distinction, while for ‘Picual’ 2012 the descent in the DPPH values, from green to ripe, 

appeared as the cause for the discrimination. Meanwhile, Galega Vulgar olives (season 2012), 

for which no specific trends have been observed during maturation on DPPH, ABTS or ortho-

diphenols values, constitute the exception, presenting positive scores for F3 (Figure III.2 , 

Table III.4 ). 

When evaluating semi-ripe samples, there is not a trend to be pointed, respecting F3, 

which might be due to the differences observed between the diverse cultivars at this stage. 

Thus, Picual semi-ripe drupes corresponding to season 2013 was the only sample separated 

from the others, which is due to F1, similarly to the deviation observed for Picual green 

samples of season 2013. 

Summarizing, in the 2012 harvest the same trends were observed for the three distinct 

cultivars during the maturation process, while in 2013 there were clear deviations of ‘Picual’ 

during ripening. Actually, in 2013, this cultivar started the maturation process presenting 

distinct characteristics in comparison with 2012, and continuing off-trend in the semi-ripe 

stage, this latter occurrence being observed also for the cultivar Galega Vulgar (Figure III.2 ). 

If we regard the distinct climatic conditions observed in these two years (Table III.1 ), it can 

be elated that distinct cultivars respond differently to diverse climatic factors, while the 
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maturation process in ‘Cobrançosa’ seems to be rather insensitive to these conditions, though, 

at the ripe stage, each cultivar displayed similar characteristics, respecting both harvests. 

 

3.1.4. Conclusions 

The obtained data showed evidence on the critical influence of the on-tree ripening stage 

concerning the final content in bioactive (poly)phenols and the radical scavenging capacity of 

olives of three different cultivars during two consecutive seasons (2012 and 2013). The 

decrease of the content in total phenolics, ortho-diphenols, and flavonoids recorded in olives 

during ripening does not entail a direct reduction of the antioxidant capacity. This fact 

suggests that the final radical scavenging capacity is closely related with the profile in 

bioactive phenolic compounds, which varies during maturation. 

Moreover, the multivariate analysis undertaken showed that distinct maturation stages 

can be discriminated through the parameters assessed, in all the three distinct cultivars. 

Furthermore, it has been observed that the cultivars respond differently to distinct climatic 

factors, during the maturation process, even though the contents of each cultivar in the final 

stage of maturation are rather independent from these factors. 
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4.1. Effect of Environmental Factors on the Mineral Content of Olive Oils: 

Categorization of the Three Cultivars Grown in Portugal 
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Abstract   

The nutritional properties and safety of olive oil are strongly dependent on the content in 

mineral nutrients and trace elements. Hence, this work pursue the assessment of the content in 

quality and toxic metals in olive oils from three major cultivars grown in Portugal (Galega 

Vulgar, Cobrançosa, and Picual) obtained from olives in different ripening stages. This 

evaluation was achieved by flame atomic spectroscopy and atomic absorption in graphite 

furnace, depending on the metal to be analysed. The results showed concentrations of the 

mineral nutrients Ca and Mg of 20.00 µg g-1, K and Na 40.00 and 170.00 µg g-1, on average, 

respectively, whilst the trace elements Fe, Co, Cu, Mn, Zn, and Ni, remained in the average 

values of 0.53, ≤0.01, 0.33, 0.10, 1.09, and 0.64 µg g-1, respectively. The content in the toxic 

metals Al, Cd, Pb, and As (27.46, 0.03, 0.09, and 0.36 µg g-1, on average, respectively) were 

according to the values proposed by the European regulations. The evaluation of the data 

obtained by Partial Least Square Regression allowed to identify the quality minerals with the 

strongest potential to discriminate the campaign (Na, Cu, Zn, and Ni) and the cultivar 

employed in the olive oils performance (Fe and Mn). 

 

Keywords: Cultivars; Maturation; Olive oil; Trace elements; Food quality; Food safety. 
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4.1.1. Introduction 

Olive oil is one of the most valuable ingredient contributing to the health benefits 

associated to the Mediterranean diet. This fact has allowed to enhance the relevance of the 

olive tree (Olea europaea L.) crops, which production is mainly addressed to the oil industry. 

Indeed, this constitutes one of the most important socio-economic activity in southern Europe. 

Many of the health benefits related to the consumption of olive oil have been attributed not 

only to its high content in monounsaturated fatty acids, namely oleic acid, but also to the 

antioxidant compounds present in this food matrix, which, besides displaying important 

biological activities, contribute to the stability of the sensory, technological, and nutritional 

properties of olive oil (Owen et al., 2000; Kountouri et al., 2007; Huang & Sumpio, 2008; 

Covas et al., 2009). 

To reach the market expectance on the olive oil quality and safety, a very prominent issue 

that needs to be considered is the content in nutrients and non-nutrients as well as how diverse 

factors can modify their concentration in the final marketable products. Thus, the quality of 

olive oil is usually determined by the assessment of classic parameters such as free acidity 

and peroxide value, and also by the spectrophotometric absorbance at selected wavelengths 

(K232 and K270), the fatty acid composition, and the organoleptic characteristics. Nevertheless, 

the content in minerals of this food has been underestimated regarding its relevance for 

monitoring of olive oil quality and safety, whilst represents a very informative data for its 

characterization and evaluation of adulteration practices (González et al., 2010; Zeiner et al., 

2010; Cabrera-Vique et al., 2012). This is of special relevance, since food intake is considered 

one of the major sources of toxic metals for human, relative to others sources of toxics like 

inhalation or dermal contact (Demirözü et al., 2002). In this regard, the evaluation of the 

mineral composition of olive oils, which may be due to natural contamination, agricultural 

practices, introducing metal contaminants during the industrial-refining process, and diffusion 

of contaminants from the storage material, may provide a valuable information to establish 

their freshness, storability, and suitability for human consumption (Kabata-Pendias, 2010). 

The levels of certain mineral nutrients such as Mg and Ca, and trace metals such as Zn, 

Mn, Co, Ni, Fe and Cu, are known to have adverse effects on the oxidative stability of olive 

oil and on the flavour when find above established limits, while other elements, like As, Cd 

and Pb might display toxicity, being involved in the disturbance of diverse metabolic 

processes (Anthemidis et al., 2005). In this connection, some derivatives (peroxides, 

aldehydes, ketones, acids, and epoxides) can be generated because of the oxidation processes 
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due, to some extent, to the presence of certain metals, which can ultimately lead to improper 

functioning of the digestive system and to increase the carcinogenic processes after 

complexation with other food components, like proteins and pigments (Castillo et al., 1999). 

The aim of this study was the assessment of olive oils obtained from olives at distinct 

ripening stage from the three major cultivars of olive tree grown in Portugal with respect to 

their content in quality (Ca, Mg, K, Na, Fe, Co, Cu, Mn, Zn, and Ni) and toxic (Al, As, Cd, 

and Pb) minerals. The mineral content was determined by flame atomic absorption 

spectroscopy (FAAS), flame atomic emission spectroscopy (FAES), and graphite furnace 

AAS (GF-AAS). The information obtained was analysed resorting to multivariate analysis 

approaches (cluster analysis and Partial Least Squares Regression (PLS-R)) to classify these 

olive oils according to their mineral content and to the fluctuations attributable to the different 

cultivar evaluated and the maturation stages considered. 

 

4.1.2. Material and methods 

4.1.2.1. Reagents 

For the experimental work, hydrogen peroxide (30% p.a.), concentrated hydrochloric acid 

and nitric acid (65% p.a.), and the mineral standards were purchased to Merck (Darmstadt, 

Germany). 

 

4.1.2.2. Olive oil samples 

The present work was carried on monovarietal extra virgin olive oils from three different 

cultivars described in the section 3.1.2.2. (Page 59) regarding semi-ripe and ripe fruits. The 

olive orchard is characterized by a calcareous soil with a high percentage value of clay. Twice 

a year, formulations containing copper (copper oxide) are applied, to prevent fungal diseases 

of olive trees, as well as dimethoate, to prevent some pests (e.g. olive fly). 

For the production of each olive oil, three kilos of fresh olive fruits were used using an 

Abencor system (Comercial Abengoa S.A., Sevilla, Spain) (INIAV I.P., Elvas, Portugal), 

simulating commercial oil extraction. In this system, olives were crushed with an Abencor 

hammer mill and the past was mixed (at 25 ºC for 30 min) and centrifuged using the Abencor 

system's malaxer and centrifuge, respectively, without addition of warm water.  Afterwards, 

the oil was filtered and transferred into dark glass bottles without headspace, stored in the 

dark, at 4 ºC, until analysis. 
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4.1.2.3. Metals quantification 

To determine the metal content, it was used the method previously described by 

Gouvinhas et al. (2015). Prior to each analysis of the trace elements present in olive oils, each 

sample was thoroughly shaken. Samples (0.5 g) were weighed directly into the digestion 

vessels. The digestion was performed by adding concentrated HNO3 (1.0 mL) and 

concentrated H2O2 (5.0 mL) to each sample. The mixture was left at room temperature with a 

marble for 24 hours. Samples were left overnight at room temperature and afterwards were 

heated using a thermal-block at 50 ºC during 1 h, followed by 100 ºC also during 1 h 

(temperature which starts to release brown fumes of NO), 120  C during 1 h, and finally left 

overnight at 155 ºC to obtain a clear digestion mixture with an acid washed glass marble on 

the top of the culture tube. After this period, the glass marbles were removed, and the contents 

were dried at 155 ºC. After cooling to room temperature, 10.0 mL of HNO3 matrix solution 

(1.5 of acid to 1000.0 mL of distilled water) was added to the digested samples and stirred. 

Some of the solutions were diluted, allowing the determination of the respective metals. All 

samples were analysed in triplicate. 

In the present work, Na and K were determined by FAES and Ca and Mg were analysed 

by FAAS, both of them using a Thermo Scientific ICE 3000 equipped with HGA graphite 

furnace and with deuterium background corrector. For flame measurements, a 7 cm long slot-

burner head, a lamp, and an air-acetylene flame were used (1.2 L min-1). The minerals (Fe, 

Co, Cu, Mn, Zn, and Ni) and metals (Al, As, Cd, and Pb) were analysed by GF-AAS using an 

Unicam 939 AA spectrometer and a GF90 furnace. For these measurements, argon was used 

as inert gas (250 mL min-1). Each run of samples was preceded by calibration using aqueous 

mixed standards prepared in 1.0 M HNO3. The mineral standards solutions of the calibration 

elements were produced by diluting a stock solution prepared at the concentration of  

1000 mg L-1. All calibration curves were based on five standard concentrations, including a 

blank. The calibration range was selected according to the expected concentrations of the 

target elements and the concentration of the separate minerals evaluated was expressed as µg 

g-1 of olive oil. 

 

4.1.2.4. Statistical analysis 

The statistical analysis was performed according to the section 3.1.2.8 (Page 62). The 

results are presented as mean values (n=3) with the determination of the least squares 

differences (LSD) for a P value of < 0.05. All the data were subjected to analysis of variance 
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(ANOVA) and a multiple range test (Tukey’s test), using IBM SPSS statistics 21.0 software 

(SPSS Inc., Chicago, IL, USA). The multivariate statistical analyses have been conducted 

resorting to the Partial Least Squares-Regression (PLS-R) approach, which was carried using 

the Wold’s iteration. This method relies on an iterative regression procedure, where the 

Factors are extracted accounting for a response (Dependent Variable), being subsequently 

optimized till the error between the Dependent Variable and the response predicted through 

the Independent (predictor) variables is minimal. This procedure is undertaken so the 

maximum of variability between samples might be explained by the first Factor, the 

remaining by the second Factor, and so on, till a number of Factors allowing to describe all 

the variability between samples is extracted. In this approach the validation procedure is 

undertaken resorting to the cross-validation (CV) procedure, namely through the leave-one-

out (LOO) approach, which retrieves the optimal number of Factors corresponding to the 

minimum error for the prediction.  

In the present work, two PLS analyses have been developed, assuming either the distinct 

samples, or distinct cultivars, as dependent variables, whilst all the mineral contents assessed 

constituted the independent variables. The results are presented as a plot of the scores 

extracted for Factors 1 and 2, the most preponderant ones, for each sample. The Loadings of 

these variables for the determinations were extracted for all the factors retrieved. 

Additionally, cluster analysis was applied to the standardized data, resorting to all the 

analytical parameters assessed (normalized to 0.1), in order to obtain hierarchical 

associations, employing Euclidean distance and Ward’s method, as dissimilarity measure and 

amalgamation rule, respectively. All the multivariate analyses were undertaken using the 

OriginPro 9.1 software package (Origin Lab Corporation, Northampton, MA, USA). 

 

4.1.3. Results and discussion 

4.1.3.1. Quality metals 

4.1.3.1.1. Mineral nutrients 

The assessment of the mineral content in olive oils from three distinct cultivars 

(Cobrançosa, Galega Vulgar, and Picual) from two separate campaigns (2012 and 2013) 

showed almost no differences between the diverse cultivars and campaigns evaluated. Thus, 

the data obtained evidenced that the content in mineral nutrients was practically unaffected by 

the genetic factor (cultivar) and the environmental conditions (P > 0.05). 
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Concerning the four mineral nutrients evaluated (Ca, Mg, K, and Na) the concentrations 

achieved in this study (20.00, 20.00, 40.00, and 170.00 µg g-1, on average, respectively) were 

higher than the values reported in previous descriptions, exception made to the study of 

Mendil et al. (2009), which presented higher levels of Ca in commercial olive oils (76.00 µg 

g-1, on average). These differences may be related to the distinct methodology employed for 

the olive oil production and the distinct kind of olive oil samples studied, mainly regarding 

commercial olive oils (Martínez-Ballesta et al., 2010; Ieggli et al., 2011; Karabagias et al., 

2013). However, a large number of bibliographic references have reported contents of Ca in 

olive oil in the level observed in the present work (Table IV.1) (Zeiner et al., 2005; 

Benincasa et al., 2007; Zeiner et al., 2010; Karabagias et al., 2013). In this concern, the 

studies dealing with monovarietal olive oil samples have shown lower values of mineral 

nutrients than those observed in the present study. 

With respect to the content in Mg, the amounts obtained in the olive oils evaluated also 

remained in the range described by previous works regarding the mineral composition of oils 

produced in the Mediterranean Basin (Benincasa et al., 2012), whilst remained in higher 

levels than other reports (Zeiner et al., 2005; Mendil et al., 2009; Camin et al., 2010; 

Karabagias et al., 2013). The same trend was observed regarding the concentration of K and 

Na in olive oils from Cobrançosa, Galega Vulgar, and Picual cultivars, that didn't show 

significant differences, but were measured in notably higher amounts than those reported in 

the bibliography (Zeiner et al., 2005; Mendil et al., 2009; Benincasa et al., 2012).  

The role of olive oils as a dietary source of these mineral nutrients merits to be 

considered due to the relevance of their adequate balance in diets for human health and well-

being. Thus, the level of these minerals in foods helps to understand the capacity of diets to 

fulfil the Recommended Daily Allowance (RDA). In this regard, with respect to Ca the RDA 

is set out in the wide range of 800-1300 mg per day (http://anyvitamins.com/rda.htm, 2015), 

being the olive oil a moderate contributor to reach the required amount. Concerning Mg, its 

RDA is of 200-400 mg per day. Both Mg and Ca develop functions as antagonist actors in 

several biological functions such as smooth muscle tone maintenance and post-receptor 

insulin signaling, among others. 
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Table IV.1. Variation in quality mineral elements in the olive oils of Cobrançosa, Galega Vulgar, and Picual cultivars. 

Cultivar 
On-tree ripening 
stage 

Quality minerals 
Mineral nutrients (mg g-1)  Trace elements (µg g-1) 

Ca Mg K Na  Fe Co Cu Mn Zn Ni 
‘Cobrançosa’ 
 

Semi-Ripe-2012 20.00aX 10.00a 30.00a 150.00a  1.09c 0.00a 0.31ab 0.31b 0.31a 0.00a 
Ripe-2012 20.00a 20.00a 40.00a 150.00a  1.08c 0.00a 0.25ab 0.10ab 0.28a 0.00a 
Semi-Ripe-2013 20.00a 20.00a 30.00a 160.00a  0.99c 0.01a 0.46b 0.12ab 1.78c 1.66d 
Ripe-2013 20.00a 20.00a 30.00a 170.00a  0.56b 0.00a 0.42ab 0.06ab 1.92c 1.13bc 
P-value N.s.Z N.s. N.s. N.s.  ** N.s. N.s. N.s. *** *** 
LSD (P < 0.05) 0.01 0.01 0.02 0.00  0.31 0.01 0.20 0.41 0.27 0.27 
            

‘Galega Vulgar’ Semi-Ripe-2012 20.00a 20.00a 50.00a 170.00a  0.44ab 0.00a 0.24ab 0.07ab 0.37a 0.00a 
Ripe-2012 20.00a 20.00a 30.00a 150.00a  0.45ab 0.00a 0.14a 0.09ab 0.38a 0.00a 
Semi-Ripe-2013 20.00a 20.00a 40.00a 180.00a  0.28ab 0.00a 0.40ab 0.14ab 2.03c 1.04bc 
Ripe-2013 20.00a 20.00a 30.00a 180.00a  0.26a 0.00a 0.44ab 0.10ab 1.13b 1.11b 
P-value N.s. N.s. N.s. N.s.  N.s. N.s. N.s. N.s. *** *** 
LSD (P < 0.05) 0.02 0.00 0.00 0.00  0.20 0.01 0.22 0.12 0.61 0.46 
            

‘Picual’ Semi-Ripe-2012 20.00a 20.00a 40.00a 170.00a  0.41ab 0.00a 0.19ab 0.05ab 0.25a 0.00a 
Ripe-2012 20.00a 20.00a 30.00a 160.00a  0.40ab 0.00a 0.23ab 0.08ab 0.80ab 0.00a 
Semi-Ripe-2013 20.00a 20.00a 40.00a 170.00a  0.21a 0.01b 0.44ab 0.05a 1.77c 1.26bc 
Ripe-2013 20.00a 20.00a 40.00a 200.00a  0.19a 0.01ab 0.45ab 0.03a 2.08c 1.48cd 
P-value N.s. N.s. N.s. N.s.  N.s. ** N.s. N.s. *** *** 
LSD (P < 0.05) 0.01 0.01 0.02 0.00  0.12 0.01 0.34 0.08 0.34 0.19 

             
P-value Semi-Ripe-2012 N.s. N.s. N.s. N.s.  * N.s. N.s. N.s. N.s. N.s. 
 Ripe-2012 N.s. N.s. N.s. N.s.  ** N.s. N.s. N.s. * N.s. 
 Semi-Ripe-2013 N.s. N.s. N.s. N.s.  *** * N.s. N.s. N.s. * 
 Ripe-2013 N.s. N.s. N.s. N.s.  ** N.s. N.s. N.s. *** * 

X Means (n= 3) within a column followed by the same lower-case letter are not significantly different (ANOVA, P < 0.05) according to Tukey's 
multiple range test. 
Z N.s.: Non-significant at P > 0.05; *, **, *** significant at P < 0.05, P < 0.01, and P < 0.001, respectively. 
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The RDA of K and Na has been set out at 3500 and 2400 mg per day, on average, 

respectively (http://anyvitamins.com/rda.htm, 2015), and these elements have been promoted 

as essential contributors to the transmittance of nerve impulses and the maintenance of the 

homeostasis in physiological fluids and kidney functions avoiding pathologies related with 

osmotic shocks (Martínez-Ballesta et al., 2010). 

Besides informing on the nutritional value of olive oils and on their contribution to 

healthy diets, the evaluation of mineral composition of this food matrix has also interest to 

obtain information on the geographical origin of the foodstuffs employed in the 

manufacturing process as well as on the characteristics, and eventually deceptive practices 

(Benincasa et al., 2012; Karabagias et al., 2013) that could entail the noncompliance of the 

European regulations on food quality and safety. 

 

4.1.3.1.2. Trace elements 

The content in the trace elements Fe, Co, Cu, Mn, Zn, and Ni in olive oils of the cultivars 

Cobrançosa, Galega Vulgar, and Picual was, as expected, in the range of around a micrograms 

per gram of oil, or even lower, and exhibited significant variations between cultivars and 

campaigns (2012/2013). Thus, unlike mineral nutrients, the determination of significant 

differences with respect to the trace element pattern of olive oils may be due to their 

assessment by the more sensitive method of atomic absorption spectroscopy in graphite 

furnace. 

The major variation observed concerning the concentration of trace elements in olive oils 

corresponded to Fe, Zn, and Ni (Table IV.1), with the former presenting higher values in 

2012 olive oils, while Zn and Ni presented higher values in 2013 olive oils than in those 

produced in 2012. Hence, regarding these minerals, it was stressed a noticeable effect of the 

environmental conditions of the final concentration of the target analytes. 

When comparing Fe concentration in olive oils, it can be regarded that the Fe content 

decreased in 2013 relative to 2012. This trend was especially relevant regarding Galega 

Vulgar and Picual cultivars, which presented a decrease of about 50.0%, whilst samples of 

Cobrançosa presented significantly higher values of Fe than the other olive oils (Table IV.1). 

In addition, these data evidenced a significantly higher concentration of Fe in olive oils 

obtained of semi-ripe olives than in those of ripe. These differences can be related to the 

diverse response and resistance of the cultivars considered to the weather and environmental 

conditions during 2012 and 2013. 
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As opposite to Fe, the Zn concentration in olive oils obtained from semi-ripe and ripe 

drupes in 2013 surpassed the levels observed in those elaborated in 2012 (a 83.3 and 71.3% 

lower, respectively). This situation was especially evident with respect to Ni, which 

concentration in 2013 olive oils (1.52 and 1.24 µg g-1, on average, respectively) was also 

higher than in those of 2012 (almost absent in oils from both ripening stages drupes). This 

trend was also observed concerning Cu that was present in the highest concentration in olive 

oils from semi-ripe and ripe fruits harvested in 2013 (0.43 and 0.44 µg g-1, on average, 

respectively) that surpassed the amount present in olive oils made of olives harvested in 2012 

by 41.9 and 52.3%, respectively (Table IV.1). 

These concentrations regarding Fe, Cu, Zn and Ni are in agreement with previous 

descriptions available from recent characterizations with deviations that could be attributed to 

the diverse environmental conditions of the separate locations of the Mediterranean Basin 

where the field experiment were conducted and to the diverse cultivars considered in the 

various works performed (Zeiner et al., 2005; Mendil et al., 2009; Karabagias et al., 2013). 

With respect to the effect of the ripening stage, these three trace elements (Cu, Zn, and 

Ni) showed almost not differences between olive oils made with semi-ripe and ripe drupes. In 

the crop year 2013, the concentrations of Cu, Zn, and Ni were significantly higher than the 

first year of study for all the cultivars (an increase of about 50.0%, 85.0% and 100.0%, 

respectively). These variations could be attributable to the different climatic conditions 

recorded during the seasons under comparison (Table III.1 ) (Page 59). 

In addition to their organic functions, Fe and Cu are relevant when considering oily food 

matrices given their potential as prooxidants. The content in these minerals as well as the 

development of oxidative reactions need to be monitored because of entail the deterioration of 

fatty acids towards ketones and aldehydes closely related to the sensory properties (flavor) of 

olive oils (Pinto et al., 2006), and thus, the overall acceptance of consumers. Furthermore, 

some phenolic compounds, such as caffeic acid, can be oxidized by Fe ions (Choe & Min, 

2006), which reinforce the relevance of assessing the mineral content of olive oils. 

With respect to the dietary and technological relevance of Zn and Ni, these two trace 

elements are required at the recommended daily allowance of 8.0-11.0 and 0.3-0.7 mg per 

day, respectively (http://anyvitamins.com/rda.htm, 2015). The deficiency of Zn has been 

related with an inadequate immune system functioning, hypochromic anemia, and a proper 

metabolism of cholesterol (Shenkin, 2008). In addition, currently it has been set a discussion 

on the relative utility and relevance of olive oil minerals for the determination of the 
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geographical origin. In this regard, although some authors have pointed out the content in Zn 

and Ni as a valuable indicator for determining this trait, others did not find a significant 

contribution of the Zn content for this purpose (Zeiner et al., 2005; Karabagias et al., 2013). 

The results obtained regarding Mn showed that the concentration of this trace element, 

which did not show significant differences between the separate samples compared, was of 

0.10 µg g-1, on average, which is in agreement with the information reported by other authors 

in virgin olive oils in experimental and commercial olive oils (Zeiner et al., 2005; Zhu et al., 

2011; Bakkali et al., 2012; Cabrera-Vique et al., 2012; Karabagias et al., 2013). The 

assessment of the evolution of the Mn concentration throughout the diverse cultivars, 

campaigns, and ripening stages evaluated showed that ‘Picual’ was in the lowest level when 

compared with ‘Cobrançosa’ and ‘Galega Vulgar’, although these differences were only 

significant for olive oil obtained of ripe drupes corresponding to the campaign 2013. In 

addition, the other trace element present in very lower concentration was Co, which exhibited 

minor differences attributable to the cultivar considered, the ripening stage or the campaign 

considered. 

As mentioned before, from the technological point of view, these trace elements 

constitute valuable analytes to identify the origin of the olive oil under consideration in the 

framework of quality evaluations. 

The overall variation described in the olive oil analysed have be proposed as related to 

the environmental conditions (soil composition, use of fertilizers, and irrigation regime). 

 

4.1.3.2. Toxic metals 

In addition to the quality minerals and their relevance on the nutritional value of olive 

oils, over the last decade, the determination of trace elements has acquired a growing 

relevance for understanding the suitability of the productive processes and the appropriateness 

of the olive oils for reaching the safety standards established by the European Commission. In 

this regard, the metals Al, As, Cd, and Pb are especially relevant as toxicity parameters, which 

have been described as devoid of beneficial effects, whilst might be harmful for the human 

health above certain concentration levels (Flora & Pachauri, 2010). 

With respect to Al, the values recorded in the olive oils developed with drupes harvested 

in 2012 and 2013 showed weak variations almost not significant when comparing cultivars, 

ripening stage, and season (Table IV.2). Thus, olive oils made with drupes of Cobrançosa and 

Picual cv. exhibited levels of Al unaffected by the crop season, which ranged from 22.57 to 
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34.65 and from 15.88 to 36.09 µg g-1, respectively. Concerning Galega Vulgar cv., no 

significant differences were observed between olive oils elaborated with semi-ripe drupes of 

both years (33.52 and 33.01 µg g-1 for campaigns 2012 and 2013, respectively), whilst the 

lowest and highest values were observed for oils obtained using ripe samples of 2012 and 

2013 (12.93 and 39.69 µg g-1, respectively). These concentrations were in agreement with 

those available in the literature (Karabagias et al., 2013), which are mainly regarding 

monovarietal olive oils. 

 

Table IV.2. Variation in toxic mineral elements in the olive oils of Cobrançosa, Galega 
Vulgar, and Picual cultivars. 

Cultivar On-tree ripening stage 
Toxic metals (µg g-1) 

Al  As Cd Pb 
‘Cobrançosa’ Semi-Ripe-2012 22.57abcX 0.67b 0.00a 0.05a 

Ripe-2012 34.65abc 0.29a 0.01a 0.04a 
Semi-Ripe-2013 30.84abc 0.39a 0.02ab 0.10ab 
Ripe-2013 26.34abc 0.31a 0.03ab 0.13abc 
P-value N.s.Z * * N.s. 
LSD (P < 0.05) 14.987 0.339 0.018 0.082 

      

‘Galega Vulgar’ Semi-Ripe-2012 33.52abc 0.30a 0.01a 0.04a 
Ripe-2012 12.93a 0.27a 0.00a 0.03a 
Semi-Ripe-2013 33.01abc 0.34a 0.11c 0.25c 
Ripe-2013 39.69c 0.25a 0.02ab 0.07a 
P-value * N.s. *** * 
LSD (P < 0.05) 16.623 0.116 0.000 0.184 

      

‘Picual’  Semi-Ripe-2012 15.88ab 0.33a 0.01a 0.03a 
Ripe-2012 22.06abc 0.33a 0.01a 0.04a 
Semi-Ripe-2013 36.09bc 0.36a 0.02ab 0.05a 
Ripe-2013 21.89abc 0.42ab 0.08bc 0.21bc 
P-value N.s. N.s. N.s. *** 
LSD (P < 0.05) 18.535 0.142 0.082 0.000 
     

P-value Semi-Ripe-2012 N.s. *** N.s. N.s. 
 Ripe-2012 N.s. N.s. N.s. N.s. 
 Semi-Ripe-2013 N.s. N.s. *** * 
 Ripe-2013 N.s. N.s. N.s. * 

X Means (n= 3) within a column followed by the same lower-case letter are not significantly 
different (ANOVA, P < 0.05) according to Tukey's multiple range test. 
Z N.s.: Non-significant at P > 0.05; *, **, *** significant at P < 0.05, P < 0.01, and P < 0.001, 
respectively. 

 

The evaluation of the content in As allowed to establish non-significant differences 

between olive oils elaborated with distinct cultivars and fruits harvested in the diverse crop 

season considered in this work (2012 and 2013). Thus, Cobrançosa was the only cultivar that 
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displayed significant differences, corresponding the highest concentration to olive oils done 

with semi-ripe drupes of 2012 (Table IV.2). In the literature, the As levels in olive oils have 

been reported in the range of 0.001 - 0.015 µg g-1 (Zhu et al., 2011; Bakkali et al., 2012), 

while the As concentrations in the presently investigated olive oil samples were somewhat 

higher (0.25 - 0.67 µg g-1). 

Cadmium was one of the four toxic metals assessed in the present study. With respect to 

this mineral, despite existing several sources of this element, such as phosphate fertilizers, 

fossil fuel combustion, iron and steel production or natural sources, the concentrations 

recorded were very low in all the olive oil samples (Table IV.2). Thus, only olive oil 

elaborated with semi-ripe drupes of Galega Vulgar cv. from 2013 presented a significant 

higher value respecting all the other samples (0.11 µg g-1). The comparison of the data 

obtained in the present work with previous studies allowed to identify matching range of 

concentrations (Bakkali et al., 2009, 2012; Mendil et al., 2009; Zhu et al., 2011; Acar, 2012; 

Karabagias et al., 2013). 

Finally, Pb was also present in very low concentrations in all olive oils elaborated and 

evaluated in the present study, with the samples from 2013 presenting higher values 

(Table IV.2). Concerning this season, the Picual cv. presented the highest value of Pb content 

(0.21 µg g-1, on average), which corresponded to olive oils elaborated with ripe drupes, 

followed by those made with semi-ripe olives of the Galega Vulgar cv. (0.25 µg g-1, on 

average). In which respects to the values available in the literature for the concentration of 

this metal in olive oils, it has been described a wide variation. Hence, some authors reported 

lower values in commercial olive oils (0.00-0.03; 0.009-0.016; 0.014 µg g-1), respecting those 

reported in this work (Mendil et al., 2009; Flora & Pachauri, 2010; Ieggli et al., 2011, 

respectively), whilst others presented values in the same or higher concentration ranges (1.11-

7.13 µg g-1 (Karabagias et al., 2013); 0.074-0.104 µg g-1 (Bakkali et al., 2009); 0.04-0.10 µg 

g-1 (Acar, 2012)). With respect to guidelines, concerning the intake of Pb and As, the 

provisional tolerable weekly intake (PTWI) of 25.0 and 0.15 µg kg-1of body weight was 

established by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) placing 

the concentrations registered for the presently assessed samples within a security level 

(WHO/FAO, 2004). However, due to several human health adverse effects reported, these 

values were no longer appropriate and set aside by EFSA (EFSA, 2009, 2010). Still, a 

recommendation is made, so that further work should be done, in order to reduce exposure to 

Pb and As, from both dietary and non-dietary sources. 
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4.1.3.3. Multivariate analysis 

The performance of a cluster analysis of the values obtained for all the quality and toxic 

metals allowed to separate clearly the olive oils elaborated with drupes harvests in the two 

consecutive seasons considered in this work (2012 and 2013). Thus, the dendrogram obtained 

presented a first branch composed exclusively of samples from 2012 campaign, whilst the 

second included only samples corresponding to the drupes harvested in 2013 (Figure IV.1). 

This fact denotes that important differences, concerning the metal constitution of the oils, may 

be due to the effect of the diverse environmental conditions on the mineral composition of the 

fruits used as foodstuffs in the development of the oils evaluated. From these data, it can be 

stated some correlations respecting each one of the separated clusters observed. In this regard, 

within the cluster formed by the 2012-samples it can be distinguished three distinct 

subgroups, with euclidean distances greater than 2.0. Interestingly, one of these subgroups is 

formed by the oils of semi-ripe olives of Cobrançosa, whilst the ripe fruits yielded oils fitting 

the second branch of the first group, alongside with the oils of semi-ripe fruits of the Galega 

Vulgar cv. The third group within the first branch, encompassing the 2012 samples, is formed 

by the olive oils samples of ripe Galega Vulgar and semi-ripe and ripe samples of Picual. 

These grouping trend evidenced differences between maturation stages within the same 

cultivar that are smaller than the compositional differences between oils obtained from 

distinct cultivars in the same ripening stage (Figure IV.1). 

From the analysis of the second branch of the dendrogram (Figure IV.1), three distinct 

subgroups were discriminated by euclidean distances greater than 2.0. The first cluster 

encompasses all the oils obtained from ripe Galega Vulgar drupes, as well as three from 

‘Cobrançosa’ (two ripe and one semi-ripe olives). Two samples from semi-ripe Galega 

Vulgar olive oils and one from ripe Picual olive oils formed a second cluster. Besides these 

samples, the third cluster included samples from the three Picual semi-ripe fruits. 

The overall analysis of the olive oils categorizations showed that in both campaigns the 

oils of Picual origin, regarding both maturation stages, tend to lay together in the dendrogram. 

In addition, it can be stressed that olive oils obtained from drupes harvested in the campaign 

of 2013 were not properly differentiated, whilst concerning the subgroups observed, the 

cultivars sharing the same clusters did not match with respect to those obtained for 2012 

samples. This situation, reinforce the relevance of the environmental conditions for the final 

characteristics of olive oils with respect to the mineral composition. 
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Figure IV.1. Dendrogram of the 36 samples of olive oil elaborated with drupes of the cultivars Cobrançosa, 

Galega Vulgar, and Picual harvested in the seasons 2012 and 2013 in different ripening stage. 
 

In which respects to the Partial Least Square Regression (PLS-R) analysis, it was initially 

undertaken using the distinct samples as dependent variables, in order to assess the correlation 

between them. Thus, the plot of F1 vs F2, showed that F1 explains 34.5% of variance between 

samples, which clearly separates the oils elaborated with olives from the seasons of 2012 and 

2013 (Figure IV.2). Concerning F2, it explained 11.3% of variance. All samples from 

Cobrançosa olive oil of 2012 presented positive scores for this factor, showing that important 

information, regarding the differentiation between samples with distinct characteristics can be 

immediately retrieved from this approach with useful application in the categorization of 

diverse varietal olive oils. 

The separation of the samples evaluated between seasons is due to F1, which is mainly 

determined by the concentration of the minerals Zn and Ni (Figure IV.2, Table IV.3). On the 

other hand, with respect to F2, Mn, As and Fe were the elements mostly contributing 

(Table IV.3) to the categorization of the distinct cultivars included in this study, due to the 

differences observed concerning these metals´ concentrations (Figure IV.2, Table IV.1). 
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Figure IV.2. Score plot (F1 vs F2) of the Partial Least Square Regression undertaken for the mineral 

composition of olive oils made with drupes of the cultivars Cobrançosa, Galega Vulgar, and Picual in different 
ripening stages, harvested during the campaigns 2012 and 2013. The diverse samples constituted the dependent 

variable. 
 

Concerning the toxic metal As, the different behavior observed regarding oils elaborated 

with ripe and semi-ripe fruits of Cobrançosa related to oils from other cultivars were 

responsible for the highest F2 score displayed by the oil obtained from semi-ripe Cobrançosa 

olives harvested in 2012. 

 

Table IV.3. Loadings and percentage of cumulative variance for the first three 

Factors extracted. 

Variable 
Loadings 

Factor 1 Z Factor 2 Z  Factor 1 Y Factor 2 Y 
Ca -1,555 -1,005  1,182 -0,692 
Fe -3,359 3,027  5,208 0,866 
Mg 2,977 -1,506  -4,364 0,239 
K 0,269 2,450  -1,575 -0,640 
Na 3,917 2,086  -3,490 2,043 
Al 1,810 0,398  0,183 3,187 
As -0,869 3,160  2,252 0,652 
Co 3,564 -0,251  -1,994 2,861 
Cu 4,326 2,021  -1,210 4,841 
Mn -2,378 3,307  4,198 0,769 
Zn 5,444 0,227  -2,903 4,624 
Ni 5,221 0,196  -2,274 4,990 
Pb 3,959 1,654  -2,148 3,483 
Cd 4,184 2,111  -2,798 3,065 
Cumulative Variance (%) 82.86 90.26  46.78 62.06 
Z Loadings corresponding to the Partial Least Squares (PLS) analysis developed with 
data of all samples; Y Loadings corresponding to the PLS developed with data from 
all samples using cultivar as dependent variable. 
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In the right side of the F1 vs F2 plot (Figure IV.2), samples corresponding to Picual 

2013, as well as the ripe samples of Cobrançosa and Galega Vulgar, presented negative scores 

for F2, whilst the semi-ripe samples of ‘Galega Vulgar’ and ‘Cobrançosa’ appeared 

represented in the upper part of the same plot (Figure IV.2). 

In a second multivariate analysis, the cultivar has been taken as dependent variable, with 

both F1 and F2, accounting for the same percentage of variance (23.8%) (Figure IV.3). This 

multivariate analysis shows F1 discriminating the Cobrançosa samples, in general, resorting 

to positive scores, whilst the olive oils corresponding to the other cultivars are located in the 

left side of the plot with negative scores for F1. 

 

 
Figure IV.3. Score plot (F1 vs F2) of the Partial Least Square Regression undertaken for the mineral 

composition of olive oils made with drupes of the cultivars Cobrançosa, Galega Vulgar, and Picual in different 
ripening stages, harvested during the campaigns 2012 and 2013. Cultivar was set as the dependent variable. 

 

According to the relative weights, the most preponderant metals for F1 in this approach 

are Fe, Mn, and Mg, whilst for F2 the separation of samples from the distinct seasons was 

resorting to the trace elements Ni, Cu, and Zn as the most determinant metals concerning this 

factor, in good agreement with the first multivariate analysis undertaken, since in that case, 

F1, separating the different seasons, is also weighed by these metals, showing the reliability 

of this approach for discriminating purposes (Figure IV.2 and IV.3, Table IV.3). 
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4.1.4. Conclusions 

The complementation of the mineral assessment with the PLS-R analysis allows to 

discriminate olive oils from drupes of three cultivars of olive tree highly cultured in Portugal 

(Cobrançosa, Galega Vulgar, and Picual) in different ripening stages during two consecutive 

campaigns (2012/2013). Hence, the evaluation of olive oils with respect to their content in 

quality metals (mineral nutrients and trace elements) and toxic metals provides very valuable 

information on the capacity of this plant food to provide the required concentrations of 

minerals required for the normal human physiology as well as the suitability of the elaborated 

oils for consumption according to their content in toxic metals (Al, As, Cd, and Pb). 

Regarding the distinct climatic conditions observed in these two years, it can be concluded 

that the cultivars under evaluation respond identically to diverse climatic factors, however 

these factors affect greatly the concentration of some elements. Furthermore, Cobrançosa 

samples were distinguished from the others cultivars, while Galega Vulgar and Picual 

presented similar behavior. 

The results obtained confirmed that the level of some trace elements, namely from Cu, 

Zn, and Ni, are strongly linked to the environmental conditions and therefore to the specific 

campaign over which the olives were selected allowing to discriminate distinct production 

batches. In addition, the high content of Fe, Mn or As in some samples inform on the 

suitability of these minerals to shed some light on the distinction of the cultivar and season. 

Therefore, interesting correlations can be retrieved from this approach, allowing the 

discrimination of olive oils according to the season and cultivars, due to the compositional 

differences between olive oils. 
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4.2. Discrimination and characterization of extra virgin olive oils from three 

cultivars in different maturation stages using Fourier Transform Infrared 

spectroscopy in tandem with chemometrics 

 
Adapted from: 

Gouvinhas I, Almeida J, Carvalho T, Machado N, Barros A. 

Discrimination and characterization of extra virgin olive oils from 

three cultivars in different maturation stages using Fourier Transform 

Infrared spectroscopy in tandem with chemometrics. Food Chemistry, 

(2015) 174: 226-232. 

 

Abstract 

A methodology based on Fourier transform infrared (FTIR) spectroscopy, combined with 

multivariate analysis methods, was applied in order to monitor extra virgin olive oils 

produced from three distinct cultivars on different maturation stages. For the first time, this 

kind of methodology is used for the simultaneous discrimination of the maturation stage, and 

different cultivars. Principal component analysis and discriminant analysis were utilized to 

create a model for the discrimination of olive oil samples. Partial least squares regression was 

employed to design calibration models for the determination of chemical parameters. The 

performance of these models was based on the multiple coefficient of determination (R2), the 

root mean square error of calibration (RMSEC) and root mean square error of cross validation 

(RMSECV). The prediction models for the chemical parameters resulted in a R2 ranged from 

0.93 to 0.99, a RMSEC ranged from 1 to 4% and a RMSECV from 2 to 5%. It has been 

shown that this kind of approach allows to distinguish the different cultivars, and to clearly 

discern the different maturation stages, in each one of these distinct cultivars. Furthermore, 

the results demonstrated that FTIR spectroscopy in tandem with chemometric techniques 

allows the creation of viable and accurate models, suitable for correlating the data collected 

by FTIR spectroscopy, with the chemical composition of the EVOOs, obtained by standard 

methods. 

 

Keywords: Fourier Transform Infrared Spectroscopy; Extra virgin olive oil; Maturation 

stages; Cultivars; Chemometrics; Chemical parameters. 
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4.2.1. Introduction 

Extra Virgin Olive Oil (EVOO) is a vegetable oil made from healthy and intact fruits of 

the olive tree (Olea europaea L.) only by mechanical means (crushing, malaxation and 

centrifugation) and can be directly consumed unrefined by humans. As no chemicals are used 

in this extraction process, the EVOO keeps the original characteristics and constituents which 

are lost in refined oils (Nieto et al., 2010). EVOO is one of the most significant food products 

in Mediterranean countries, and the olive tree counts among the oldest and most important 

oil-producing crops after the oil palm (Baldoni & Belaj, 2009).  

The high demand for olive oil is associated with the Mediterranean culture based on 

dietary habits correlated with health benefits (Allalout et al., 2011). This has been correlated 

with the presence of high content of monounsaturated fatty acids, specifically oleic acid (60-

80%) and its richness in minor components, including tocopherols and phenolic compounds, 

that other seed oils lack (Cicerale et al., 2009). These phenolic compounds have a great 

importance in biological systems once they act as natural antioxidants (Bendini et al., 2007a). 

Furthermore, they are also responsible for the stability and flavour of olive oil, and are 

associated to “pharmacological” properties, since these compounds have demonstrated some 

positive effects on certain physiological parameters (Bouskou et al., 2006).  However, the 

quality of olive oil is influenced by a great number of factors and its phenolic composition 

and concentration depends on two of the most important ones, namely the nature of the 

cultivar and geographic origin (Bakhouche et al., 2013), and of the fruit ripening degree 

(Machado et al., 2013), where important chemical changes occur. There are other factors that 

affect the phenolic composition of olive oils such as irrigation regimes (Machado et al., 

2013), oil extraction technology and the storage of the oil (Dabbou et al., 2011), and 

agricultural techniques used to cultivate olive fruit (Ayton et al., 2007). 

In this work, we studied olive oils from some cultivars that are cultivated in the main 

Portugal region for olive oil production (Alentejo) (INE, 2012). Cobrançosa is a characteristic 

cultivar of Trás-os-Montes region. However, due to its interesting characteristics, it has been 

spread to other regions, namely in Alentejo. Galega Vulgar, as Cobrançosa cultivar, is one of 

the most important cultivar used in Portugal, but there is little information available related to 

the study of its chemical composition. The other cultivar studied is Picual which is one of the 

most important cultivar grown in Andalusia, Spain, and characterized by having one of the 

highest content of phenolic compounds (Nieto et al., 2010).  
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The determination of total phenolic compounds, including ortho-diphenols and 

flavonoids, and antioxidant activity by colorimetric methods involves a pre-treatment of 

samples and consequently the destruction of the sample. Furthermore, these analyses are time 

consuming and require large amounts of reagents and solvents, which are quite expensive, 

and often toxic. To overcome these hurdles, spectroscopic methods have been used, such as 

Fourier-transform infrared spectroscopy (FTIR), which is an analytical technique, rapid, 

direct and simple to perform. It is non-destructive and does not require any sample 

preparation, particularly when used in conjunction with Attenuated Total Reflectance (ATR). 

For these reasons, the application of FTIR in the study of olive oils has increased 

recently, mainly to evaluate the composition of fatty acids (Inarejos-Carcía et al., 2013), 

oxidized fatty acids (Lerma-García et al., 2011), peroxide value (Bendini et al., 2007b), 

acidity (Lerma-García et al., 2011), adulterations (Rohman & Che Man, 2012), sensory 

characteristics, phenolic and volatile compounds (Lerma-García et al., 2011), freshness 

(Sinelli et al., 2007) and authenticity (Lerma-García et al., 2010). Other authors described the 

use of FTIR-ATR for the simultaneous quantification of fatty acid composition, peroxide 

value and free acidity (Maggio et al., 2009). Despite some studies used FTIR-ATR-PLS tool 

to determine some analytical parameters (water content, phenolic content and antioxidant 

activity) in olive oils (Cerretani et al., 2010), the discrimination of varietal origin of olive oil 

and different maturation stages of the specific cultivars Cobrançosa, Galega Vulgar and 

Picual growing in Alentejo region with resort to this technique, has not been undertaken yet. 

The aim of this study was to use FTIR-ATR spectroscopy associated with chemometrics 

in order to differentiate EVOO’s produced with olives from three cultivars on three different 

maturation stages. Discrimination was achieved using either an unsupervised method, 

principal component analysis (PCA), and a supervised method, factor discriminant analysis 

(FDA). 

Furthermore, quantitative models to predict the chemical characteristics of EVOO’s 

based on FTIR spectra measurements were developed using partial least square regression 

method (PLS-R) based on the Non-linear Iterative Partial Least Squares algorithm (NIPALS) 

algorithms. 
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4.2.2. Material and methods 

4.2.2.1. Olive oil samples 

The present work was carried on monovarietal extra virgin olive oils, in three maturation 

stages, obtained as described in the section 4.1.2.2. (Page 81) only during the crop season 

2012 (Table IV.4). 

 
Table IV.4. Description of olive fruit at each sampling date. 

Cultivar Maturity stage Sample code Harvest date RI  Z 

‘Cobrançosa’ Green Cob G 02/10/2012 0.4 
Semi-ripe Cob SR 12/10/2012 2.1 
Ripe Cob R 08/11/2012 5.5 

‘Galega Vulgar’ Green Gal G 02/10/2012 0.4 
Semi-ripe Gal SR 12/10/2012 2.1 
Ripe Gal R 08/11/2012 5.5 

‘Picual’ Green Pic G 02/10/2012 0.4 
Ripe Pic R 08/11/2012 5.5 

Z Ripening Index 
 

4.2.2.2. Extraction of the phenolic fraction of olive oils 

Three distinct aliquots were collected from each olive oil. For the extraction of polar 

phenolic compounds of each one of these samples, 4 mL were weighed in a test tube, 

followed by the addition of 2.5 mL of hexane and 2.5 mL of MeOH/H2O (80:20) mixture. 

The mixture was centrifuged for 10 min at 6000 rpm. The lower phase was carefully 

discarded and reserved in a 10 mL volumetric flask. To the remaining mixture, 2.5 mL of 

hexane and 2.5 mL of MeOH/H2O (80:20) was added and centrifuged for 10 min at 6000 rpm 

and the lower phase collected into the same volumetric flask. This procedure was repeated 

once more. 

 

4.2.2.3. Total phenolic content 

The content of total phenolic compounds in olive oils was determined according to the 

method described in the section 3.1.2.4. (Page 61). 

 

4.2.2.4. Ortho-diphenol content 

 Ortho-diphenols were measured as described in the section 3.1.2.5. (Page 61). 
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4.2.2.5. Flavonoids content 

Total flavonoids were measured by the colorimetric assay described in the section 

3.1.2.6. (Page 61). 

 

4.2.2.6. Antioxidant activity determination 

The radical-scavenging activity was determined soon after extraction by the 2,2-azino-

bis-3-ethylbenzothiazoline-6 sulphonic acid (ABTS) radical cation decolorization assay 

(Barros et al., 2011). For the assay, ABTS•+ was prepared by mixing an ABTS stock solution 

(7 mM in water) with 2.45 mM potassium persulfate. This mixture was allowed to stand for 

12-16 h at room temperature in the dark until reaching a stable oxidative state. The ABTS•+ 

solution was diluted with 20 mM sodium acetate buffer (pH 4.5) to an absorbance of 

0.70±0.01 at 734 nm. The reaction was started by the addition of 25, 50, 100, 150 and 200 µL 

of the methanolic extract of the olive oils diluted conveniently to 2 mL of the diluted ABTS•+ 

solution. ABTS•+ bleaching was monitored at 734 nm and 25 ºC for at least 30 min and the 

percentage of discoloration after 15 min was used as the measure of antioxidant activity. The 

ABTS•+ bleaching was proportional to the concentration of the sample added to the medium. 

The antioxidant activity of the extract was calculated as Trolox Equivalent Antioxidant 

Capacity (TEAC) and was expressed as mmol of Trolox equivalents per kg of sample. All 

measurements were performed in triplicate. A standard curve of the percentage of ABTS•+ 

inhibition in function of Trolox concentration (from 0.11 to 0.014 mM) was used for the 

calculations. All the absorbance measurements were performed with resort to a SpecTronic 

Instuments - Genesys 2 PC spectrophotometer. 

 

4.2.2.7. FTIR-ATR measurement 

Infrared spectra were collected in a “Unicam Research Series” FTIR spectrometer 

equipped with a heated “Golden Gate” single reflection ATR module, a DLaTGS detector and 

a KBr beamspliter. The equipment is connected to computer and controlled by WinFirst 

Software – v1.1. 

FTIR-ATR measurements were performed by pipetting a small drop (~1µl) of olive oil 

on top of the ATR baseplate, which was kept at 30 ºC. We calculate that the evanescent field 

was probing a depth of approximately 1.0 µm. All infrared spectra were recorded from 500 to 

3000 cm-1, co-adding 128 interferograms at a resolution of 2 cm-1. The collection time for 

each sample spectrum was approximately 2 minutes. These spectra were subtracted against 
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background air spectrum. After every scan, a new reference air background spectrum was 

taken. The ATR base was carefully cleaned in situ by scrubbing with ethanol and dried with 

soft tissue before measuring the next sample. The cleaning method was verified by collecting 

a background spectrum and compared to the previous one. These spectra were recorded as 

absorbance values at each data point. Each sample measurement was repeated two times and 

the spectra averaged. 

 

4.2.2.8. Mathematical treatment 

Spectral data collected between 500 and 3000 cm-1 were mean-centered and standardized 

(1/SD) and subjected to a principal component analysis (PCA) to inspect differences between 

samples. The PCA transforms the large number of potentially correlated factors into a smaller 

number of uncorrelated factors (principal components, PCs), and thus reduces the size of the 

data set. For qualitative analysis, principal components contributing to the variance of the data 

set were subjected to discriminant analysis (DA) in an attempt to predict the likelihood of a 

sample belonging to a previously defined group. Since the raw spectral data could not be used 

because of the strong correlation between the wavenumbers, uncorrelated PCs resulting from 

PCA were employed. 

 

4.2.2.9. Mode selection 

For quantitative analysis of chemical parameters of olive oil samples, factors 

considerably contributing to the variance of the data set were regressed using partial least 

squares regression (PLS-R) onto the referred variables. This multivariate calibration 

technique, sometimes called factor analysis, transform the original variables (FTIR spectra 

absorbances) into the new ones (known as factors), which are linear combination of original 

variable. The method relied on two steps, so-called calibration and validation. In the 

calibration step, a mathematical model was built to establish a correlation between the matrix 

of FTIR spectra (predictor variables) and the concentration of analytes of interest (response 

variables) used a set of observations usually named calibration set. In the validation step, the 

developed calibration model was used to calculate the concentration of samples not used to 

set-up the model (De Luca et al., 2009). PCA, DA and PLS-R calculations were performed 

using the XLSTAT-v2006.06 package (Addinsoft, Inc). 

Furthermore, the results of the colorimetric assays are presented as mean values ± 

standard deviation (n 3) and subjected to analysis of variance (ANOVA) and a multiple range 
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test (Tukey's test), using IBM SPSS statistics 21.0 software (SPSS Inc., Chicago, IL, USA). 

Significant differences were set at P < 0.05. 

 

4.2.3. Results and discussion 

4.2.3.1. Chemical analysis 

Chemometric analysis of FTIR spectra on Extra Virgin Olive Oils of three cultivars with 

different maturation stages were combined with analytical parameters, determined only by 

colorimetric methods, to develop calibration and validation models in order to be able to 

estimate the chemical parameters, namely, total phenolic content, ortho-diphenols, flavonoids 

and antioxidant activity during the ripening process. Table IV.5 shows the mean and the 

standard deviation of these analytical parameters. For Cobrançosa and Galega Vulgar 

cultivars, the samples presented an increase of total phenolics, ortho-diphenols, flavonoids 

and antioxidant activity from the first to the second stage of ripening. Then a decrease was 

observed in the third maturation stage. These results are in agreement with the literature 

(Nieto et al., 2010). For Picual EVOO’s, the values of all the chemical parameters decreased 

between the first and the last maturation stages studied, green and ripe. Furthermore, this 

cultivar presented the biggest values of the analytical parameters in both stages. 

 

Table IV.5. Effects of picking date and cultivar on phenolic content, ortho-diphenols, flavonoids and antioxidant 
activity in olive oil samples. 

Cultivar 
Phenolic content 

(mg GAE g-1) 
Ortho-diphenols 

(mg GAE g-1) 
Flavonoids 

(mg CAT g-1) 
Antioxidant Activity 
(mmol trolox kg-1) 

‘Cobrançosa’ Green 0.408 ± 0.09 aZ 0.213 ± 0.04 ab 0.443 ± 0.11 ab 1.819 ± 0.37 a 
‘Cobrançosa’ Semi-ripe 0.928 ± 0.03 c 0.465 ± 0.02 d 1.107 ± 0.03 f 4.126 ± 0.14 e 

‘Cobrançosa’ Ripe 0.619 ± 0.03 b 0.315 ± 0.02 c 0.722 ± 0.04 d 2.809 ± 0.15 cd 
‘Galega Vulgar’ Green 0.448 ± 0.01 a 0.245 ± 0.00 b 0.528 ± 0.00 bc 2.231 ± 0.03 ab 

‘Galega Vulgar’ Semi-ripe 0.468 ± 0.01 a 0.253 ± 0.01 b 0.573 ± 0.01 c 2.432 ± 0.01 bc 
‘Galega Vulgar’ Ripe 0.348 ± 0.03 a 0.187 ± 0.01 a 0.373 ± 0.02 a 1.836 ± 0.07 a 

‘Picual’ Green 0.960 ± 0.06 c 0.413 ± 0.02 d 0.952 ± 0.04 e 3.655 ± 0.15 e 
‘Picual’ Ripe 0.739 ± 0.01 b 0.339 ± 0.01 c 0.758 ± 0.02 d 3.057 ± 0.14 d 

P - value P < 0.001 P < 0.001 P < 0.001 P < 0.001 
Z Data presented as mean ± SD values (n = 3) for each sampling day followed by different letters are significantly 
different at P < 0.05 on the ripening stage.  
Level of significance: N.s., not significant (P > 0.05); ∗ significant at P < 0.05; ∗∗ significant at P < 0.01; ∗∗∗ 
significant at P < 0.001. 

 

ATR-FTIR spectra of all EVOO samples were obtained (Figure IV.4). These spectra 

show an example of the measured spectra collected from 500 to 3000 cm-1. These particular 

spectra correspond to cv. Cobrançosa olive oil samples in the three maturation stages. The 
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FTIR spectra of all cultivars presented spectral differences due to some peaks, namely at 

721 cm-1 associated with CH2

stretching vibrations, the last one displaying strong intensity, and constituting a feature 

characteristic of the aliphatic esters. Another peak related to the C

1236 cm-1, in this case presenting some contribution 

respects to the alkylic chains, there are two additional peaks to be pointed in this frequency 

region (<1800 cm-1), at 1374 and 1465 cm

symmetric bending, while the last can be 

groups. Finally, in this frequency interval, the strong peak at 1740 cm

carbonyl (C=O) stretching vibration, in this case associated with the triglyceride ester linkage, 

as well as the carboxylic group of free fatty acids (

2010). 

 

Figure IV.4. FTIR-ATR spectra collected for 

 

The CH2 and CH3 stretching modes (aliphatic moiety of the fatty acids) are observed in 

the high wavenumber region (2750 to 3000 cm

stretching vibrations of the CH
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2923cm-1, respectively (Lerma-García et al., 2010). Additionally, a shoulder at 2953 cm-1 is 

also visible in this interval, due to the asymmetric stretching of the terminal (CH3) group from 

the alkane chains. Though presenting mainly features related with the fatty acids content, 

namely triglycerols formed by trans-fatty acids, these spectra present fingerprint regions, 

where the differences allow to distinguish the samples, and can be related to the phenolic 

content of the olive oil samples, and antioxidant activity, by chemometric procedures. 

Based on the aforementioned fact, the wavenumbers selected for chemometrics ranged 

from 700 to 740 cm-1, 950 to 1050 cm-1, 1100 to 1250 cm-1, 1350 to 1500 cm-1, 1700 to 1800 

cm-1, and 2750 to 3000 cm-1. The frequencies observed have not changed with the ripening 

process, while the absorption value of each functional group varied according to the 

maturation stage, this fact showing that the variations are due to different quantities of each 

component, instead of the appearance of new compounds, during the maturation process. A 

similar behavior has been observed between the distinct cultivars, where the differences found 

in the intensities are related to the compositional differences, in quantitative terms, between 

the EVOO cultivars. 

 

4.2.3.2. Supervised olive oil maturation monitoring using FTIR spectral data 

Mean-centered and standardized FTIR spectral data collected between 3000 and 500 cm-1 

of the 64 mean spectra (24 spectra from Olive cvs., Cobrançosa and Galega Vulgar in three 

maturation stages and 16 from Picual cv. in two maturation stages) were subjected to PCA. 

Prior to PCA each spectra was divided in two regions: a first region from 600 to 1800 cm-1 

and a second from 2750 to 3000 cm-1. It was observed that the total variance of the data set 

could be explained by 53 principal components, among which the first nine explain 

approximately 91% of the total variance. 

For 468 wavenumbers (variables) the communality value of each principal component 

higher or equal to 0.6 were considered as meaningfully explaining the variance of the spectral 

data set and then were considered as prospective wavenumbers associated with the 

biochemical changes happening during maturation of olives used to produce the olive oil 

samples. These wavenumbers were then selected for additional analyses. 

A new PCA was then performed on the spectral data corresponding to the above 

mentioned 468 variables, which showed that the 85% of the variance could be explained by 

six principal components. These variables were then subjected to a discriminant analysis 
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based on the known membership (maturation stage) of each sample 

dependent variable. 

In Figure IV.5 it is shown the observation diagram as defined by discriminant factors F1 

and F2, which explained the total variance. We observed that all cultivars of green ripening 

stage are in the positive side of the plot. EVOO’s of 

in semi-ripe stage are mostly located in negative part of F2 axis and p

EVOO’ samples in ripe stage are located in the left sid

 

Figure IV.5. Similarity map as determined by discriminant analysis using factors F1 and F2 for FTIR
spectral data of olive oils from different maturation stages.

 

The classification in Table 

correct classification for the calibration set and 73.6% correct class

validated. 

 

Table IV.6. Confusion matrix for the learning sample and the cross
Observed classifications in the rows. Predicted classifications in columns

From/To Learning sample
 Green Semi-ripe Ripe

Green 24 0 0

Semi-ripe 0 16 0

Ripe 0 0 24

Total 24 16 24

 

A high degree of correct classification (87.5%) is achieved for ripe EVOO, as opposed to 

the semi-ripe group that has ~35% probability of being classified as green. Thus, discriminant 

Discrimination of olive oils from different cultivars during ripening process

based on the known membership (maturation stage) of each sample analys

it is shown the observation diagram as defined by discriminant factors F1 

nd F2, which explained the total variance. We observed that all cultivars of green ripening 

stage are in the positive side of the plot. EVOO’s of Cobrançosa and Galega Vulgar

ripe stage are mostly located in negative part of F2 axis and positive part of F1 axis. 

EVOO’ samples in ripe stage are located in the left side of the F1 axis. 

Similarity map as determined by discriminant analysis using factors F1 and F2 for FTIR
spectral data of olive oils from different maturation stages. 

Table IV.6, resulting from the discriminant analysis, provided 100% 

ssification for the calibration set and 73.6% correct classification when cross

Confusion matrix for the learning sample and the cross-validation results based on the maturation stage. 
Observed classifications in the rows. Predicted classifications in columns. 

Learning sample  Cross-validation
Ripe Total % correct  Green Semi-ripe Ripe

0 24 100  17 6 

0 16 100  6 10 

24 24 100  2 1 

24 64 100  25 17 

A high degree of correct classification (87.5%) is achieved for ripe EVOO, as opposed to 

ripe group that has ~35% probability of being classified as green. Thus, discriminant 

Discrimination of olive oils from different cultivars during ripening process 

analysed, constituting the 

it is shown the observation diagram as defined by discriminant factors F1 

nd F2, which explained the total variance. We observed that all cultivars of green ripening 

Galega Vulgar cultivars 

ositive part of F1 axis. 

 
Similarity map as determined by discriminant analysis using factors F1 and F2 for FTIR-ATR 

, resulting from the discriminant analysis, provided 100% 

ification when cross-

validation results based on the maturation stage. 

validation 
Ripe Total % correct 

1 24 70.8 

0 16 62.5 

21 24 87.5 

22 64 73.6 

A high degree of correct classification (87.5%) is achieved for ripe EVOO, as opposed to 

ripe group that has ~35% probability of being classified as green. Thus, discriminant 
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analysis allows the possibility to categorize EVOO samples according to its maturation 

stages. 

 

4.2.3.3. PLS-R models for prediction of chemical parameters 

PLS-R is a regression technique for multivariate data, principally applied for prediction, 

and is commonly used to quantify some chemical parameters in olive oils (Cerretani et al., 

2010). Moreover, this calibration model offers enhanced results compared to others regression 

methods, such as PC-R (Principal Component Regression) (Liang & Kvalheim, 1996) or 

multiple linear regression (MLR) for quantitative analysis of chemical parameters (Wentzell 

& Montoto, 2003). 

PLS-R calibration models were carried out in order to determine a relationship between 

predictor variables (absorbances) and the chemical characteristics of olive oils referred above. 

Specifically, the main goal was to predict the content of phenolic compounds, ortho-

diphenols, flavonoids and the quantification of antioxidant activity, considering their high 

predominance in EVOO’s and their importance in human health. 

The PLS quantification was performed on all frequency regions used for DA. 

The quality of the fitting was scrutinized by the root mean square error of calibration 

(RMSEC), multiple coefficient of determination or regression coefficient (R2, where R is the 

correlation factor) and by the root mean square error of cross validation (RMSECV). To 

validate the developed PLS model, Leave-One-Out (LOO) cross-validation method was used. 

In this technique, one sample at a time is excluded. Then, the removed sample was predicted 

with a model constructed with the remaining samples. This procedure was repeated until each 

sample was excluded once (Gurdeniz et al., 2007). 

To illustrate the typical behavior of the calculated RMSEC and RMSECV, Supplemental 

figure 1 (Annex I) represents its values as a function of the latent variable number for total 

phenolics and ortho-diphenols. Supplemental figure 2 (Annex I) reflects the accuracy and 

the performance of the models which correlate the actual and estimated values of a) total 

phenolics, b) ortho-diphenols, c) flavonoids and d) antioxidant activity obtained from FTIR 

spectra. The plot of the measured concentrations of the chemical components against the 

predicted values from FTIR measurements reveals the accountability of the models. 

Table IV.7 resumes the performance of the multivariate calibrations in terms of the 

multiple coefficient of determination (R2), the root mean square error of calibration 

(RMSEC), and root mean square error of cross validation (RMSECV). The high value of R2 
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and the lowest of RMSEC and RMSECV indicate the good performance and precision of PLS 

model. Furthermore, to obtain a good calibration model, the number of regression factors used 

should be the lowest as possible (Hui-shan et al., 2006). 

 

Table IV.7. Parameters of the multivariate calibrations for quantification of phenolic content, ortho-
diphenols, flavonoids and antioxidant activity in extra virgin olive oil. 

 Number R2  RMSE 
 of factors Calibration Validation  Calibration Validation 

Phenolic content 
(mg GAE g-1) 

3 0.94 0.91  0.02 (3.25%) 0.02 (3.25%) 

Ortho-diphenols 
(mg GAE g-1) 

3 0.99 0.99  0.01 (3.29%) 0.02 (6.58%) 

Flavonoids 
(mg CAT g-1) 

3 0.99 0.98  0.02 (2.93%) 0.03 (4.40%) 

Antioxidant Activity 
(mmol trolox kg-1) 

4 0.93 0.88  0.04 (1.46%) 0.05 (1.82%) 

 

Interestingly, only three regression factors stood in phenolic compounds, ortho-diphenols 

and flavonoids prediction models and four regression factors for the antioxidant activity 

prediction model. 

For ortho-diphenols and flavonoids, the slope R2 and the RMSE, indicators of the quality 

of fit, were higher than 0.98 and lower than 0.03, respectively. The phenolic content showed 

lowest multiple coefficient of determination in the calibration model (R2=0.94), as well as in 

the cross validation (R2=0.91). The RMSE values were lowest and the same for calibration 

and cross validation (RMSE=0.02). For the quantification of antioxidant activity, the slope R2 

and the RMSE, were 0.93 and 0.04, respectively, which become worse when data were cross-

validated (R2=0.86, RMSECV=0.05). 

 

4.2.4. Conclusions 

According to the results reported, it can be concluded that FTIR-ATR spectroscopy 

followed by chemometric treatment of the data, namely principal component analysis, 

discriminant analysis and partial least squares regression, is an appropriate and powerful 

technique that can be useful in the indirect quantification of chemical parameters of extra 

virgin olive oils obtained from olives in different ripening stages. 

Discriminant analysis allows the classification of EVOO’s made from Cobrançosa, 

Galega Vulgar and Picual cultivars according to their maturation stages using their FTIR 
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spectra. High values of R2 and low values of RMSEC and RMSECV were obtained for all 

analytical parameters studied. 

Thus, this spectroscopic methodology has high potential to distinguish the ripening stage 

of olive oils and to quantify simultaneously their chemical composition. This could be useful 

for the producers to determine the optimal stage for harvesting and also to avoid both fruit 

loss and possible fungus infections related to late harvesting. 
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4.3. Short wavelength Raman spectroscopy applied to the discrimination and 

characterization of three cultivars of extra virgin olive oils in different 

maturation stages 

 
Adapted from: 

Gouvinhas I, Machado N, Carvalho T, Almeida J, Barros A. Short 

wavelength Raman spectroscopy applied to the discrimination and 

characterization of three cultivars of extra virgin olive oils in different 

maturation stages. Talanta, (2015) 132:829-835. 

 

Abstract 

Extra virgin olive oils produced from three cultivars on different maturation stages were 

characterized using Raman spectroscopy. Chemometric methods (principal component 

analysis, discriminant analysis, principal component regression and partial least squares 

regression) applied to Raman spectral data were utilized to evaluate and quantify the 

statistical differences between cultivars and their ripening process. The models for predicting 

the peroxide value and free acidity of olive oils showed good calibration and prediction values 

and presented high coefficients of determination (> 0.933). Both the R2, and the correlation 

equations between the measured chemical parameters, and the values predicted by each 

approach are presented; these comprehend both PC-R and PLS, used to assess Standard 

Normal Variate (SNV) normalized Raman data, as well as first and second derivative of the 

spectra. This study demonstrates that a combination of Raman spectroscopy with multivariate 

analysis methods can be useful to predict rapidly olive oil chemical characteristics during the 

maturation process. 

 

Keywords: Raman Spectroscopy; Extra virgin olive oil; Maturation stages; Cultivars; 

Peroxide value; Acidity. 
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4.3.1. Introduction 

The quality of olive oil is influenced by a great number of factors, namely the nature of 

the cultivar and geographic origin (Bakhouche et al., 2013), the fruit ripening degree 

(Machado et al., 2013; Sousa et al., 2014), where important chemical changes occur, the 

irrigation regimes (Machado et al., 2013) the oil extraction technology and the storage of the 

oil (Dabbou et al., 2011) and agricultural practices (Ayton et al., 2007). Nutritional and 

sensory properties of extra virgin olive oils (EVOO) were also affected by these factors. Thus, 

the European Community (EC) Council of Regulation established standards on olive oil 

production regarding labeling giving the origin for virgin and extra virgin olive oils to avoid 

consumers being misled about their true characteristics and origin (EEC, 2002). Some of the 

important quality parameters consist on peroxide value (PV) and free acidity (FA) 

determination (EEC, 1991). However, these conventional measurements are time consuming 

and require large amounts of reagents and solvents, which are often toxic, besides being very 

expensive. 

Infrared (IR), mainly Fourier Transform Infrared (FTIR), and Raman, are vibrational 

spectroscopic techniques widely used for food and feed analysis (Li-Chan et al., 2010; Holsa 

et al., 2011). These optical spectroscopic methods provide information about the chemical 

composition of various food and biological materials, and molecular structure, without 

requiring large amount of samples or sample preparation and pre-treatments (Marquardt & 

Wold, 2004). Furthermore, these techniques have a great potential due to their simplicity, 

rapidity, low-cost and reproducibility, besides being non-destructive (Kyung-Min et al., 

2014). 

Both techniques assess the same physical property – molecular vibrations – but present 

different selection rules. In one hand, the vibrational modes corresponding to a change in 

polarisability, such as the symmetrical vibrations of covalent bonds in the non-polar groups, 

(e.g. C=C bond stretching), give rise to intense Raman bands. While in the other hand, IR 

absorption is related to a change in the electrical dipole moment as the molecules vibrate, with 

the vibrational modes involving polar groups, such as C=O and O-H, showing intense infrared 

absorption bands (Pistorius, 1995). Therefore, one of the major advantages of Raman 

spectroscopy is the almost negligible influence of water and carbon dioxide on Raman 

spectra, as opposed to IR absorption spectroscopy (Zaja et al., 2014). Aditionally, as the 

infrared peaks are often broad, they tend to overlap, being rather difficult to found isolated or 

well-defined peaks, and these might be also influenced from the aforementioned atmosferic 
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components, which display also broad peaks. This problem is overcome in Raman, where a 

spectrum is normally composed of isolated bands, besides the previously mentioned 

advantage of the insignificant contributions from atmosferic gases and water in the Raman 

spectra. 

Furthermore, in Raman, if the excitation wavelength matches the electronic absorbance of 

a chemical system, its Raman signal will be enhanced by resonance, making this technique 

suitable for monitoring particular compounds, or properties related to specific constituents of 

a sample. Thus, Raman spectroscopy can provide useful qualitative and quantitative 

information on chemical composition of olive oils. For instance, El-Abassy et al. (2009) took 

advantage of the resonance phenomenon in carotenoids at 514.5 nm excitation, and their 

correlation with free fatty acid (FFA) content, to assess the FFA percent values in distinct 

EVOO´s using Raman spectroscopy. Actually, the concentrations of both FFA, and 

carotenoids, change during the ripening process, with an inversely proportional trend, 

therefore, the changes occuring in those bands corresponding to carotenoids, can be 

(indirectly) related to the variations in the FFA content. 

In fact, in the last years, Raman spectroscopy combined with chemometric data analysis 

methods allowed researchers to determine the total unsaturation in oils (Barthus & Poppi, 

2001), the FFA contents (Muik et al., 2003; El-Abassy et al., 2009), to discriminate and 

classify oils (Yang et al., 2005), to detect oil adulteration (Baeten et al., 2005), and to 

distinguish the ripening stages of olive fruit (López-Sanchez, et al., 2010). Additionally, the 

rapid spreading, and developments ocurred, concerning portable Raman devices, which are 

nowadays available with a variety of excitation wavelengths (e.g. 1064, 785, 671 and 532 

nm), widen the potential of this technique, that can be now used in situ, a major advantage 

regarding this kind of work. 

However, to the best of our knowledge, no comprehensive study has been undertaken 

involving chemometric analyses of the Raman spectra, combined with analytical parameters 

(peroxide value and free acidity), to discriminate varietal origin of olive oil and different 

maturation stages of cultivars Cobrançosa, Galega Vulgar and Picual growing in Alentejo 

region. 

Moreover, the vast majority of the aforementioned works have been undertaken with 

resort to excitation wavelengths within the NIR range (mainly the 1064 radiation from the 

Nd:YAG), while some authors have more recently used excitation wavelengths within the 

visible range for the study of olive oils, with optimal performance (De Luca et al., 2009; El-
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Abassy et al., 2009). Therefore, the aim of this study was to use short wavelength Raman 

spectroscopy (488 nm excitation) associated with chemometrics in order to differentiate 

EVOO’s produced with olives from three cultivars on three different maturation stages. 

Discrimination was achieved using an unsupervised method, principal component analysis 

(PCA). 

Furthermore, quantitative models for the rapid prediction of the peroxide value and 

acidity of EVOO’s based on Raman spectral data and on its 1st and 2nd derivatives were 

developed using the principal component regression (PC-R) and the partial least square 

regression (PLS-R) methods. 

 

4.3.2. Materials and methods 

4.3.2.1. Olive oil samples 

The present work was carried on monovarietal extra virgin olive oils from three cultivars 

as described in the section 4.1.2.2. (Page 81) only during the crop season 2012. 

The harvesting dates are presented in Table IV.4 (page 102). 

 

4.3.2.2. Quality chemical indices determination 

For all the samples, the determination of the physicochemical quality indexes, free acidity 

(expressed as % of oleic acid) and peroxide value (expressed as meq O2 kg-1), were performed 

according to the official method described in the EEC Reg. No. 2568/91 and subsequent 

amendments, which focus on the characteristics of olive oil and olive-residue oil and on 

relevant methods of analysis (EEC, 1991). 

 

4.3.2.3. Raman spectra measurement 

The Raman spectra were collected in the 250-3050 cm-1 spectral range, at room 

temperature, with a T64000 Jobin-Yvon triple spectrometer, coupled to a liquid-nitrogen-

cooled CCD detector. The excitation line was the 488 nm of an Ar laser, and the incident laser 

power was kept below 100 mW on the sample, to avoid self-heating. A confocal Olympus 

microscope equipped with a 100X objective (NA=0.95) was used to focus the laser radiation 

on the sample and for collecting the Raman scattered signal in a backscattering geometry. 

Under these conditions, which were maintained for all experiments, the spectral slit width was 

about 2.0 cm-1. A substrate of crystalline silicon was used under the same conditions as an 
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external standard for calibration, by recording the position of its well-defined Raman band 

at 520.0 cm-1. 

For the measurement, a drop of olive oil was placed directly on a special microscope 

slide with a small concavity by pipetting a few drops. The integration time was set to 20 s and 

each recorded Raman spectrum is the average of five accumulations. The time necessary for 

acquire one spectrum was about 4 minutes. For each olive oil sample, four replicates were 

measured in identical conditions, for each one the microscope was focused on two different 

points and the corresponding Raman spectra recorded, therefore, retrieving eight spectra for 

each sample. 

 

4.3.2.4. Mathematical treatment of data set 

The Raman spectral data can be considered as a multidimensional set of variables where 

each spectrum consists of hundreds of variables, corresponding to the Raman intensities 

(counts) recorded at the different Raman shifts (cm-1). These data sets were then analysed by a 

multivariate analysis method as described below. 

A principal component analysis (PCA) was applied to inspect differences between 

samples. The PCA transforms a large number of potentially correlated factors into a smaller 

number of uncorrelated factors (principal components, PCs), and thus reduces the size of the 

data set. 

For qualitative analysis, principal components contributing to the variance of the data set 

were subjected to discriminant analysis (DA) in an attempt to predict the likelihood of a 

sample belonging to a previously defined group. Since the raw spectral data could not be used 

because of the strong correlation between the wavenumbers, uncorrelated PCs resulting from 

PCA were employed. DA is a statistical method used to find a linear combination of 

structures, which characterizes or separates classes of objects or observations. The resulting 

arrangement may be used as a linear classifier or dimensionality reduction priori to 

classification. 

Both PC-R and PLS regression methods are utilized to model a response variable when a 

biological system is analysed through a large number of predictor variables that are highly 

correlated or even collinear (Miller & Miller, 2005). Both methods give rise to new predictor 

variables, usually known as principal components (PC) or latent variables that are linear 

combinations of the original predictor variables. Those components are calculated in different 

ways, PC-R creates PC’s to explain the observed variability in the predictor variables, without 
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considering the response variable. In PLS-R the response variable is taken into account and, 

consequently, leads to models that can fit the response variable with fewer factors (Wentzell 

& Montoto, 2003). Whether or not it ultimately translates into a useful model that depends on 

the specific biological system. 

 

4.3.2.5. Treatment of spectral data 

Pre-treatment of the raw spectral data included several steps. To subtract the fluorescence 

background, the baseline of each spectrum was approximated by a fourth-order polynomial. 

After smoothing, the spectra were normalized using the standard normal variate (SNV) 

method (Bendini et al., 2007; Nunes et al., 2009). First and 2nd derivatives were determined 

by the Savitzky–Golay method (De Luca et al., 2009). 

The Raman spectra were collected in the 250-3050 cm-1 spectral range. However, it was 

found that well-defined Raman bands associated with free fatty acids and with changes due to 

oxidation could be observed in specific regions. The most relevant spectral region that can be 

linked to free acidity and to the peroxide value is the region between 950-1800 cm-1, in 

accordance with El-Abassy et al. (2009). The inclusion of irrelevant spectral information in 

the Chemometrics procedures yields an over-fitting model. 

 

4.2.2.6. Model selection 

The model selection was perfomed as described in section 4.2.2.9. (Page 104). 

The quality of the fitting was scrutinized by the root mean square error of calibration 

(RMSEC), multiple coefficient of determination or regression coefficient (R2, where R is the 

correlation factor) and by the root mean square error of cross validation (RMSECV). The 

optimum number of factors either for PLS-R or PC-R models was determined using Leave-

One-Out (LOO) cross-validation method. The optimal number of factors is the one that 

minimizes the RMSECV. 

 

4.3.3. Results and discussion 

4.3.3.1. Chemical analysis 

The regulated quality indices studied in this work (free acidity and peroxide value) are 

displayed in Table IV.8. In all samples of cv. Cobrançosa, Galega Vulgar and Picual olive 

oils, analytical parameters were widely within the limits established in the European 

Legislation for EVOO (EEC, 2011). 
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Table IV.8. Means and standard deviations for peroxide value and free acidity of olive oil 
samples from cvs Cobrançosa, Galega Vulgar and Picual in three maturation stages, for four 
replicates (n=4). 

Cultivar Ripening stage 
Peroxide value 
(meq O2 kg-1) 

Free acidity 
(% oleic acid) 

‘Cobrançosa’ 

Green 8.33 ± 0.42 cBZ 0.29 ± 0.01 bB 
Semi-ripe 6.69 ± 0.42 bA 0.24 ± 0.01 aB 

Ripe 4.97 ± 0.25 aB 0.31 ± 0.02 bC 
P-value <0.001 <0.001 

‘Galega Vulgar’ 

Green 6.66 ± 0.33 cA 0.21 ± 0.01 bA 
Semi-ripe 7.50 ± 0.37 bB 0.17 ± 0.01 aA 

Ripe 3.34 ± 0.17 aA 0.24 ± 0.01 cB 
P-value <0.001 <0.001 

‘Picual’ 
Green 8.27 ± 0.41 bB 0.31 ± 0.02 bB 
Ripe 3.33 ± 0.17 aA 0.17 ± 0.01 aA 

P-value <0.001 <0.001 
Z For each cultivar, means with different lower case letters differ significantly. For each 
maturation stage, means with different capital letters differ significantly. 

 

The PV is useful once it is an indicator of the initial stage of oxidation, where the primary 

oxidation products are measured. As can be seen, PV decreased as the maturation stage 

increased and were significantly lower in Galega Vulgar and Picual olive oils in the first and 

latest ripening stage than in Cobrançosa olive oils. This behavior can be explained by a 

decrease in the activity of lipoxygenase enzyme (Gutiérrez et al., 1999). Furthermore, for 

each cultivar studied, significant differences of PV were evident during the maturation 

process. 

Regarding free acidity, this percentage did not show a trend during fruit ripening of 

cultivars studied. For Cobrançosa and Galega Vulgar samples, free acidity decreased from the 

first to the second maturation stage and then increased in the ripe stage. However, olive oil 

samples from Picual cultivar presented free acidity values ranged between 0.31 ± 0.02 and 

0.17 ± 0.01% in green and ripe stages, respectively. Usually, olives at a later stage of ripening 

originate oils with higher levels of acidity due to a progressive enzymatic activity, especially 

by lipolytic enzymes, and are more sensitive to pathogenic infections and mechanical damage 

(Gutiérrez et al., 1999). This increase has been observed for Cobrançosa and Galega Vulgar 

cultivars, but not for Picual olive oils that revealed a significant decrease of free fatty acids 

during maturation, in agreement with previously reported data by Garcia et al. (1996). 
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4.3.3.2. Raman spectra of olive oil 

Representative Raman spectral data in the range of 950 and 1800 cm-1 together with its 1st 

and 2nd derivatives are shown in Figure IV.6 for EVOO from cv. Cobrançosa in three 

maturation stages. 

 
Figure IV.6. Raman spectra between 950 and 1800 cm−1 of extra virgin olive oil from cv. ‘Cobrançosa’ in three 

maturation stages together with its 1st and 2nd derivatives. 
 

The Raman spectrum includes bands that can provide information on biochemical 

changes occurring during the maturation of olives used to produce the olive oils (López-

Sanchez et al., 2010). Some of these bands are displayed in the aforementioned region and 

correspond to the peaks: at 1749 cm-1, associated to the ester stretching mode υ (C=O), at 

1651 cm-1, due to stretching mode υ (C=C) of the cis double bond, at 1439 cm-1 and  

1303 cm-1, assigned to the methylene (CH2) scissoring and twisting deformations, 

respectively, and at around 1267 cm-1, related to the scissoring deformation in the cis 

unsuturated moiety δ (=C-H) (Baeten, 1998). These bands are assigned to fatty acids, both 

free and in triacylglycerols, therefore, being directly related to the fatty acid content of each 

sample. It must be mentioned that the band at 1267 cm-1 is very week under 488 nm 

excitation. This band has been pointed out by Baeten (1998), and more recently by Machado 

et al. (2012), which related its intensity loss to the degradation of the cis-unsaturated moiety, 
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occuring during the peroxidation process, therefore, being proposed for monitoring the 

oxidation status. 

Regarding the spectral changes due to compositional differences, there are three more 

bands to be pointed at around 1009 cm-1, 1150 cm-1, and 1523 cm-1, attributed to carotenoids, 

and assigned to the (C-CH3) deformation, υ (C-C) and υ (C=C) mode, respectively 

(Bernstein, 2002). These compounds are natural antioxidants, responsible for different 

characteristics of distinct EVOO’s, and their quantity changes during the maturation process 

(López-Shanchez et al., 2010). Their bands are not observed in investigations using laser 

excitation wavelengths within the Infrared range (e.g. 785, 1064 nm), however, they became 

visible under shorter excitation wavelengths, such as the 488 nm laser line presently used. 

Therefore, short wavelength excitation improves differentiation between olive oils produced 

using distinct cultivars, in different maturation stages. Similar results were reported in El-

Abassy et al. (2009) using 514.5 nm excitation. 

 

4.3.3.3. Supervised olive oil maturation monitoring using Raman spectral data 

4.3.3.3.1. Preliminary analysis of the spectral data set 

Standardized (SNV) Raman spectral data collected between 950 and 1800 cm-1 of the 64 

spectra (8 spectra for each maturation stage, resulting in 24 spectra from olive cvs. 

Cobrançosa and Galega Vulgar, in three maturation stages, and 16 from Picual cv. in two 

maturation stages) were subjected to PCA. It was found that the variance of the data set, based 

in 425 original variables (wavenumbers), is described by 47 principal components but 95% of 

the total variance is explained by the first 11 principal components. 

In statistics, communality is defined as the sum of the squared factor loadings for all 

factors for a given original variable. It is the variance in that variable accounted for by all the 

factors. In other words, the communality measures the percentage of variance in a given 

variable explained by all the factors jointly and may be interpreted as the consistency of the 

indicator (Abdi & Williams, 2010). By definition, the initial value of the communality in PCA 

is 1. Small communalities values after extraction indicate variables that do not fit well the 

factor solution and should be dropped from the analysis (Field, 2005). According to Stevens 

(2002), a lower limit of 0.6 should be used (Stevens, 2002). 

Wavenumbers (variables) for which the communality value of each principal components 

out of the eleven was higher or equal to 0.6 were considered as meaningfully explaining the 

variance of the spectral data set and then were considered as prospective wavenumbers 
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associated with the biochemical changes happening during maturation of olives used to 

produce the olive oil samples. These wavenumbers are in agreement with the above 

mentioned bands related to compositional differences, and belong to the following intervals: 

997 to 1023 cm-1, 1139 to 1161cm-1, 1295 to 1309 cm-1, 1425 to 1455 cm-1, 1511 to 1537  

cm-1, 1631 to 1665 cm-1 and 1737 to 1761 cm-1. This new set of 86 variables, each one 

corresponding to a Raman intensity, collected from the above-mentioned intervals (one 

registered for each 2 cm-1), was then selected for additional analyses. The band at 1267 cm-1, 

used by other authors, has been left out after this selection procedure of intervals for DA. This 

is probably due to the low intensity of this band, under the presently used excitation of 488 

nm, which led its variation to be insignificant for this analysis. 

A new PCA performed on this reduced spectral data set showed that 89% of the variance 

could be explained by five principal components. These variables were then subjected to a 

discriminant analysis based on the known membership (maturation stage) of each sample 

analysed, constituting the dependent variable (Figure IV.7). 

 

 
Figure IV.7. Observations diagram from a principal component analysis of extra virgin olive oil samples from 

cvs Cobrançosa, Galega Vulgar, and Picual in three maturation stages, using the normalized (SNV) Raman 
spectral data. 

 
The observation diagram represented in Figure IV.7 is defined by discriminant factors 

F1 and F2, which explained the total variance. The cultivars of green ripening stage are in the 

lower left side of the plot, with exception of ‘Picual’, placed near the centre. EVOO’s of 

Cobrançosa and Galega Vulgar cultivars in semi-ripe stage are mostly located in positive part 

of F2 axis and negative part of F1 axis. EVOO’ samples in ripe stage are located in the right 

side of the F1/F2 plane. The classification in Table IV.9, resulting from the discriminant 
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analysis, provided 96.5% correct classification for the calibration set and 81.9% correct 

classification when cross-validated. 

 

Table IV.9. Confusion matrix for the training and for the cross-validation sets based on the maturation stage. 
Observed classifications in the rows. Predicted classifications in columns. 

 Calibration  Cross-validation 

From/To Green Semi-ripe Ripe Total % correct  Green Semi-ripe Ripe Total % correct 
Green 23 1 0 24 95.8  19 5 0 24 79.2 

Semi-ripe 1 15 0 16 93.8  4 12 0 16 75.0 
Ripe 0 0 24 24 100.0  2 0 22 24 91.7 
Total 24 16 24 64 96.5  25 17 22 64 81.9 

 

A high degree of correct classification (91.7%) is achieved for ripe EVOO, as opposed to 

the semi-ripe group that has 25% probability of being classified as green. Thus, though not 

being suitable for the discrimination between green and semi-ripe EVOO’s, discriminant 

analysis allows the possibility to distinguish EVOO samples obtained from ripe fruits. 

 

4.3.3.3.2. PC-R and PLS-R models for prediction of peroxide value and free acidity 

PLS-R and PC-R calibration models were carried out in order to determine a relationship 

between predictor variables (Raman scattering intensities) and the chemical characteristics of 

olive oils referred above. Specifically, the main goal was to develop a model able to predict 

the peroxide value and free acidity, considering the high relevance these parameters for 

consumers of EVOO. 

Actually, as the olive oil Raman spectrum contains contributions from different species, 

each observable band might either correspond to a specific component, or to a sum of 

different contributions (bands) arising from distinct chemical systems. Thus, Raman is 

suitable for the assessment of these chemical parameters – peroxide value and free acidity – 

due to the different contributions of the samples’ constituents, which vary, and also to the 

chemical modifications related to these parameters, which are reflected in the behavior of 

certain bands. For instance, some Raman signs are specifically related to the peroxide value, 

such as the vibrational modes due to the conjugated (C=C-C=C) system formed due to the 

peroxidation process (stretching ~1660 cm-1), or the loss of intensity in bands corresponding 

to the intact fatty acids, such as the band at 1267 cm-1 (Baeten, 1998; Machado et al., 2012). 

Furthermore, triacylglycerides represent different chemical systems, respecting free fatty 

acids or glycerol molecules. For example, the band at 1749 cm-1, is raised by the carbonyl 

ν(C=O) mode, either from the free fatty acids (carboxylic group), or from the triglyceride 

bonded fatty acids (ester group), displaying slightly different frequencies. Thus, the shape of 
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this band, and Raman features on the corresponding interval (1737-1761 cm-1), retrieve 

information on the free acidity. Moreover, fatty acids might undercome structural changes 

when inserted in a triglyceride, these conformational changes are reflected in the frequency of 

the ν(C=C) mode (Motoyama, 2012). Therefore, the band at 1651 cm-1, corresponding to the 

ν(C=C) modes of the fatty acids, arises as meaningul for the assessment of free acidity. 

Additionally, in our case, the three bands of carotenoids (1009, 1150, and 1523 cm-1), whose 

intensities are known to be inversily proportional to the FFA content (El-Abassy et al., 2009), 

can be detected.  Therefore, there is a rational relationship between Raman obtained data, and 

these chemical parameters, both free acidity and peroxide value, thus, this spectroscopic 

technique displays the potential for their assessement. 

PLS regression method is able to collect information from large spectral intervals, 

correlating changes therein to the concentration of specific constituents, and concomitantly 

consider other possible contributions to these changes not related to the sample constitution 

(Che Man et al., 2005). On the other way, in PC-R method the spectral and concentration 

information are incorporated into the model in one step (Smith, 2002). 

The results achieved for the PLS-R and PC-R calibrations of peroxide value and free 

acidity in terms of R2, RMSEC and RMSECV, either for normal spectra, from 950 to 1800 

cm-1, and its 1st and 2nd derivatives are presented in Table IV.10. The high value of R2 and the 

lowest of RMSEC and RMSECV indicate the good performance and precision of the models. 

Furthermore, to obtain a good calibration model, the number of regression factors used should 

be the lowest as possible (Hui-shan et al., 2006). The plot of the measured concentrations of 

the chemical parameters against the predicted values based on Raman scattering intensities 

reveals the quality of the models. To illustrate the quality of the models established in this 

work, PLS-R calibrations are presented in Figure IV.8 (a and b). 

Moreover, though some authors undertook previous works resorting to spectral intervals 

bellow 1600 cm-1 (El-Abassy et al., 2009), the usefulness of the bands in the 1600-1800 cm-1 

interval, which reached a relative intensity high enough for its variations to be considered in 

the model, has been observed in the present study, also Korifi et al. (2011) have previously 

considered these bands, in a study conducted with the 532 nm excitation (Korofi et al., 2011). 

Therefore, it can be elated that, besides the enhanced intensity of these bands, the improved 

sensitivity due to the use of a lower excitation wavelength, allows the retrieval of useful 

information from the shape of these bands, which are raised by contributions from different 

chemical systems. 
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Table IV.10. Partial least squares and principal component regressions based calibrations for quantification of 
peroxide value and free acidity, using the Raman spectral data and its 1

Chemical 
parameter 

Regression 
method Factor Spectra 

Peroxide 
value 

PLS-R 4 Normal 

  4 1st der 

  5 2nd der 

 PC-R 5 Normal 

  3 1st der 

  5 2nd der 

Free 
acidity 

PLS-R 4 Normal 

  3 1st der 

  4 2nd der 

 PC-R 4 Normal 

  4 1st der 

  5 2nd der 

Figure IV.8. PLS-R calibration models for the relationship between measured values and Raman predicted 
values of peroxide values and free acidity of olive oil.

 

For both chemical parameters under 

general, the highest value of R

the spectral data. In general, PLS

methods, such as PC-R (Liang & Valheim, 1996)

quantitative analysis of chemical parameters 

despite both calibration models presented good prediction values, it was also PLS

that showed the best results, displaying good performances for both t

value and free acidity. 

The relationship between measured values of the chemical parameters predicted values 

based on Raman scattering intensities showed R

the calibration set and from 0.933 to 0.990 when cross validated. The RMSECV were as low 

Discrimination of olive oils from different cultivars during ripening process

Partial least squares and principal component regressions based calibrations for quantification of 
acidity, using the Raman spectral data and its 1st and 2nd derivatives.

 
Equation R2 

Calibration Validation Calibration Validation

 y = 0.83 x + 1.23 y = 0.82 x + 1.27 0.979 0.966 

y = 1.01 x - 0.02 y = 1.04 x + 0.10 0.986 0.971 

 y = 0.99 x + 0.04 y = 0.98 x + 0.07 0.965 0.956 

 y = 1.01 x - 0.08 y = 1.04 x - 0.17 0.975 0.968 

y = 0.90 x + 0.61 y = 0.93 x + 0.42 0.989 0.981 

 y = 1.01 x - 0.08 y = 1.04 x - 0.17 0.937 0.888 

 y = 0.93 x + 1.19 y = 1.13 x - 0.11 0.992 0.987 

y = 1.01x + 0.04 y = 1.04 x - 0.01 0.994 0.988 

 y = 0.98 x + 0.59 y = 1.11 x + 0.31 0.981 0.952 

 y = 0.83 x + 1.23 y = 1.02 x - 0.05 0.988 0.984 

y = 0.97 x + 0.03 y = 1.05 x - 0.32 0.991 0.990 

 y = 0.88 x + 0.61 y = 0.97 x + 0.24 0.969 0.933 

 

    
R calibration models for the relationship between measured values and Raman predicted 

values of peroxide values and free acidity of olive oil. 

For both chemical parameters under analysis, the multivariate calibrations showed, in 

general, the highest value of R2 and the lowest of RMSECV when using the 1

the spectral data. In general, PLS-R offers enhanced results compared to others regression 

Liang & Valheim, 1996) or multiple linear regression (MLR) for 

quantitative analysis of chemical parameters (Wentzell & Montoto, 2003)

despite both calibration models presented good prediction values, it was also PLS

best results, displaying good performances for both the prediction of peroxide 

The relationship between measured values of the chemical parameters predicted values 

based on Raman scattering intensities showed R2 values ranging from 0.937 to 0.994 using 

the calibration set and from 0.933 to 0.990 when cross validated. The RMSECV were as low 

during ripening process 
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Partial least squares and principal component regressions based calibrations for quantification of 
 

RMSE 

Validation  Calibration Validation 

0.80 0.85 

0.68 0.72 

0.74 0.81 

0.84 0.89 

0.72 0.77 

0.77 0.83 

0.02 0.03 

0.01 0.02 

0.02 0.03 

0.02 0.04 

0.02 0.02 

0.03 0.04 

 
R calibration models for the relationship between measured values and Raman predicted 

analysis, the multivariate calibrations showed, in 

and the lowest of RMSECV when using the 1st derivative of 

R offers enhanced results compared to others regression 

or multiple linear regression (MLR) for 

Montoto, 2003). In our study, 

despite both calibration models presented good prediction values, it was also PLS-R method 

he prediction of peroxide 

The relationship between measured values of the chemical parameters predicted values 

0.937 to 0.994 using 

the calibration set and from 0.933 to 0.990 when cross validated. The RMSECV were as low 
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as 0.72 meq O2 kg-1 for the peroxide value, when using the 1st derivative and a PLS model 

with 4 factors. However, a slightly higher value of 0.77 meq O2 kg-1 was attained for a simpler 

3 factor PC-R model. For the free acidity the lowest RMSECV value was 0.02% attained for 

both PC-R and PLS-R models, the latter being simpler (3 factors) than the former. 

 

4.3.4. Conclusions 

In the present work, Raman spectroscopy, alongside with multivariate analysis methods, 

has been successfully used, in order to monitor free acidity and peroxide values in EVOO’s, 

as well as to distinguish ripe from non-ripe oils. Since each Raman spectrum is constituted of 

several different contributions, arising from distinct constituents, these unique Raman 

features, corresponding to each species, render a possibility to the assessment of the samples’ 

content through this methodology. 

Furthermore, the use of a short wavelength excitation, 488 nm, allowed, not only, to 

observe bands due to carotenoids, which are important for these assessments, but also to 

register good quality spectra, so as to retrieve information from bands raised by distinct 

constituents. 

In order to correlate the Raman spectra with the quality parameters assessed, as well as to 

evaluate the best approach to do so, the present work has been conducted with resort to two 

distinct approaches, PC-R and PLS-R. Both have shown good results, and best performance 

when applied to the first derivative of the spectra, for the prediction of either peroxide value, 

or free acidity. In the latter case both approaches, PC-R and PLS-R, retrieve similar results, 

presenting R2 values of 0.990 and 0.988, respectively, and equal errors for cross-validation. In 

the case of peroxide value, PLS-R displays somewhat lower errors of validation in 

comparison to PC-R (0.72 vs 0.77 meq O2 kg-1) therefore, the former being proposed as the 

most suitable for these determinations. 

Additionally, Raman shows some advantages over Infrared technique, which are 

exploited by the advent of the Raman portable devices, bringing the hot prospect of the in situ 

monitoring of these quality parameters. Therefore, this methodology represents an important 

trend, respecting the assessment of these quality parameters in field. 
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5.1. Transcriptional and biochemical analysis of L-phenylalanine ammonia-lyase 

(PAL) in Olea europaea L. cultivars in response to Colletotrichum acutatum 

stress 

 

Adapted from: 

Gouvinhas I, Martins-Lopes P, Carvalho T, Barros A, Gomes S. 

Transcriptional and biochemical analysis of L-phenylalanine 

ammonia-lyase (PAL) in Olea europaea L. cultivars in response to 

Colletotrichum acutatum stress. Submitted to the Journal Plant 

Physiology and Biochemistry. 

 

Abstract 

Colletotrichum acutatum severely affects worldwide olive production, considered as a 

devastating disease and a major constraint within the olive sector. This pathogen causes fruit 

drop and results in significant yield and quality losses (up to 80–100 %). The anthracnose 

disease effect was evaluated on non-infected (control) and infected fruits of three olive 

cultivars: Galega Vulgar (susceptible), Cobrançosa (moderate-tolerant) and Picual (tolerant) 

at 0, 16, 48 and 144 hours after C. acutatum infection, through the analysis of L-

phenylalanine ammonia-lyase (PAL, EC 4.3.1.24) transcript levels, enzyme activity and 

phenolic compounds content. Phenylpropanoid metabolite and transcript expression during 

fruit infection were significantly different and varied between genotypes at most of the time 

points. PAL transcripts and enzyme activitylevels were significantly higher in inoculated 

tolerant cv. Picual at 16 hai, opposite to the susceptible cv. Galega Vulgar. Total phenolic 

compound content was relatively stable in the tolerant cv. Picual throughout the infection 

process. Contrary, the biosynthesis of these secondary metabolites increased significantly in 

the susceptible cv. Galega Vulgar in response to C. acutatum infection. In cv. Cobrançosa 

both OePAL gene expression and PAL enzyme activity correlated with overall phenolic 

concentrations during infection, which showed a slope at 16 hai, followed by a slight increase 

as fungus infection reached and established fruit damage. Thus, these changes in 

phenylpropanoid gene expression and enzyme activity suggest that cultivars’ susceptibility 

maybe considered as a landmark for future application in the agronomic management of the 

anthracnose disease control. 

Keywords: Olive fruits; Phenylalanine ammonia-lyase; Colletotrichum acutatum; Phenolic 

content; Gene expression. 
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5.1.1. Introduction 

The Olea europaea L. is one of the most important tree crops in the Mediterranean 

countries. Olive anthracnose, caused by the fungal Colletotrichum species, is the most 

damaging disease of olive fruit in many olive growing regions worldwide (Moral & Trapero, 

2009; Talhinhas et al., 2005; Trapero & Blanco, 2008). Among them, the hemibiotrophic 

fungus C. acutatum severely affects fruit yield and olive oil quality, considering the following 

characteristics: off-flavor, reddish color, high acidity and reduction in polyphenolic content 

(Sreenivasaprasad & Talhinhas 2005; Cacciola et al., 2012; Moral et al., 2014). 

In Portugal, the incidence of anthracnose disease may be increased as a result of climatic 

changes, namely precipitation variations, and due to both cultivar susceptibility and C. 

acutatum isolates virulence (Moral et al., 2009). Overall, the olive production area in Portugal 

is over 340 thousand ha and it is estimated that about 20-25% of the harvested fruits per year 

are infected with C. acutatum. Among all O. europaea cultivars, the Portuguese cv. Galega 

Vulgar is the one that displays the highest susceptibility to C. acutatum. In certain regions of 

Spain (Cordoba, Seville and Granada), where the susceptible cvs 'Hojiblanca' and 'Picudo' are 

grown, a similar situation in olive orchards is observed (Moral et al., 2009). The olive fruits 

from Galega Vulgar produce differentiated olive oils, with unique flavor. However, due to its 

high susceptibility to anthracnose, Portuguese farmers have been using foreign tolerant 

cultivars (e.g., Picual and Arbequina) in an attempt to control olive anthracnose. This 

alteration to the traditional olive groves has enhanced the decline of elite Portuguese cultivars 

with direct implications in the typicity of olive oil, compromising the already recognized and 

defended by Protected Denomination of Origin (PDO) designation (Gouveia, 1995).  

Transcriptional regulation of plant defense genes plays a central role in the activation of 

defense mechanisms. When plants are attacked by pathogens they respond by activating a 

variety of defense mechanisms, including genes differential expression of phenylpropanoid 

metabolism (Dixon & Paiva, 1995; Guidarelli et al., 2011; Tonnessen et al., 2015). Some 

enzymes involved in this pathway include phenylalanine ammonia lyase (PAL, EC: 4.3.1.24), 

chalcone synthase (CHS, EC: 2.3.1.74) and chalcone isomerase (CHI, EC: 5.5.1.6). PAL has 

been referred as a key enzyme in plant defense response modulation during pathogen attack, 

mediating the oxidative burst that leads to cell death in the hypersensitive response (Bowles, 

1990; Moreno-Chacón et al., 2013). While the PAL general function has been well 

established in higher plants, its role in olive anthracnose pathosystem, concerning the 
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phenylpropanoid metabolites and transcripts expression during disease progression has not 

been completely understood (Rohde et al., 2004).  

Fruits infected by fungus have their chemical composition altered, namely the secondary 

metabolites which have an important role in the defense mechanisms and are closely related 

to the plant’s ability to reduce the infection progression and severity (Naqvi et al., 2011; 

Schovánková & Opatová, 2011). Among these, the phenolic compounds have been proven to 

play an important role in resistance to some economically important diseases of several fruit 

species (Rusjan et al., 2012). Plant phenolics are synthesized by phenylpropanoid pathway 

PAL enzyme and its accumulation in tissues is a distinctive characteristic (e.g., reinforce 

lignin synthesis in the affected area) of plant stress to defend themselves against pathogen 

attacks (Reimers & Leach, 1991; Tovar et al., 2002; Naqvi et al., 2011; Schovánková & 

Opatová, 2011; Cheynier et al., 2013). However, little is known about the effect of 

anthracnose disease and its influence on the transcriptional regulation of the phenylpropanoid 

pathway in olive fruits (susceptible and tolerant genotypes). This knowledge can be used to 

define strategies for olive disease management (Cao et al., 2011; Yang et al., 2011; Koc & 

Ustun, 2012). Once, no fungicide treatment has consistently and effectively suppressed losses 

caused by C. acutatum., differential expression of phenylpropanoid genes (e.g., OePAL) and 

its correlation with phenylpropanoid metabolite contents is essential to elucidate the 

molecular features of this pathosystem.  

The qRT-PCR (quantitative Real-Time - Polymerase Chain Reaction) is currently one of 

the most powerful and sensitive techniques suitable for a rapid and reliable gene transcript 

level quantification (Borges et al., 2013). As far as we know, no data were reported based on 

phenylalanine ammonia-lyase activity and expression, neither on phenolic compounds 

biosynthesis in this pathosystem.  

In this work, we used three olive cultivars (Galega Vulgar, Cobrançosa, and Picual), which 

vary in terms of olive anthracnose susceptibility, to determine the expression levels of OePAL 

gene in response to C. acutatum infection, and their relationship with the levels of PAL (PAL, 

EC 4.3.1.24) enzyme activity and phenolic compounds.  

 

5.1.2. Material and methods 

5.1.2.1. Plant material 

For this work, the cultivars were selected according to its capacity to inhibits the 

Colletotrichum acutatum development in the fruit (‘Galega Vulgar’ - susceptible, 
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‘Cobrançosa’ - moderately-tolerant; and ‘Picual’ – tolerant) and harvested in the same olive 

orchard and environmental conditions reffered in the section 3.1.2.2. (Page 59). The olive 

samples were presented in Table V.1. 

 

Table V.1. Schedule for olive sampling. 

Cultivar Hours after infection (hai) Susceptibility to C. acutatum 

‘Galega 
Vulgar’ 

Control (non-infected fruits) 

Susceptible 
0 
16 
48 
144 

‘Cobrançosa’ 

Control (non-infected fruits) 

Moderate-Tolerant 
0 
16 
48 
144 

‘Picual’ 

Control (non-infected fruits) 

Tolerant 
0 
16 
48 
144 

 

5.1.2.2. Preparation of Colletotrichum acutatum isolates and plant inoculation 

Colletotrichum spp. isolates representing the main olive-growing areas in Portugal were 

collected from diseased olive fruits of tolerant cv. Picual. Monoconidial isolates, obtained 

from cv. Picual, which has a high tolerance level of natural infection by C. acutatum, were 

used. In this way, the probability of the used isolate being aggressive would be higher. All 

isolates were identified by PTA-Elisa test using specific antibodies for C. acutatum, and 

monoconidial isolates were prepared to be used for the field inoculation experiments (Adgen, 

U.K.) (Carvalho et al., 2003). The isolates were cultured on potato dextrose agar for 8 days at 

22 ºC under a 12-hour photoperiod. Inoculum was prepared by flooding dishes with sterile 

distilled water, scraping the surface gently with a glass rod, and filtering the resulting 

suspension through sterile cheesecloth. Spore concentration was determined by counting and 

2×106 spores per mL were used for spraying the olive trees. All the inoculation experiments 

were conducted under field conditions and during two seasons because the severity of 

anthracnose disease depends on the particular weather conditions of each year. Two branches 

(approximately with 100 fruits) in each olive tree were inoculated with a spore suspension to 

evaluate the disease symptoms. After inoculation, plants were enclosed in plastic bags, to 

create high humidity conditions in order to encourage spore germination and fungus 

development. All samples were collected at 0, 16, 48, and 144 hai and immediately frozen in 
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liquid nitrogen and stored at – 80 ºC. Non-infected samples (control) were sprayed with water 

and also collected. The different time points were selected based on microscopic data (Gomes 

et al., 2009). All analyses were performed in 12 olives trees/per cultivar during two 

consecutive years. The RT-PCR assays and the determination of total phenolics were 

performed as described below. 

 

5.1.2.3. Real-time PCR (qRT-PCR) assay 

5.1.2.3.1. Olive fruit RNA extraction 

Total RNA was isolated from frozen olive fruits with a Qiagen RNeasy Plant Mini kit 

(Qiagen, CA, USA) following the manufacturer's instructions. The RNA quantity and quality 

were estimated using a Nano-Drop ND-1000 UV-Vis spectrophotometer at 260 nm (Nano 

Drop Technologies Inc., Wilmington, DE, USA). After a column DNase treatment, the RNA 

integrity was analysed by 1% agarose gel electrophoresis under denaturing conditions. First-

strand cDNA was synthesized from 5 µg of DNA-free RNA using High-Capacity cDNA 

Reverse Transcription kit (Thermo Fisher Scientific, Portugal) according to the 

manufacturer’s protocol. The cDNA was adjusted to 100 ng µL-1 concentration and kept at  

– 20 ºC. A full-length of the gene, putatively encoding phenylalanine ammonia-lyase (PAL) 

was cloned from olive using degenerate primers, and the expression of phenylpropanoid 

OePAL gene was performed in three genotypes under C. acutatum non-infection (control) and 

infection conditions (0, 16, 48, 144 hai).  

 

5.1.2.3.2. Quantitative Real-time PCR (qRT-PCR) 

Quantitative real-time PCR was performed using SYBR Green PCR Master Mix Kit 

(Thermo Fisher Scientific, Portugal) in an Applied Biosystems Real–Time PCR System 

(Thermo Fisher Scientific, Portugal). Specific primers used to study the expression of O. 

europaea fruits under C. acutatum infection, as well as the accession numbers of the 

nucleotide sequences on which primer design was based, are listed in Table V.2. The cycle 

threshold (cT) values were used for expression level analysis. Primer sequences of O. 

europaea actin (GenBank ID: AF545569), phenylalanine ammonia-lyase (GenBank ID: 

KJ511868), Glyceraldehyde 3-phosphate dehydrogenase (GenBank ID: EF506494) were 

designed based on O. europaea nucleotide sequence deposited in GenBank, using Primer3 

(http://fokker.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi). All primer pairs ranged from 19 

to 22 bp in length (STAB Vida, Portugal). All experiments were performed in triplicate 
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(biological replicates and assays) with the software StepOne Software v2.2.2 (Life 

Technologies, Portugal), using OeGAPDH and OeActin as internal control in all fruit samples. 

The PCR amplifications were carried out in total volume of 20 µL, containing 10 µL of Power 

SYBR-Green for Master Mix, 0.5 µM of each primer (10 µM) and 20 ng of cDNA  

(10 ng µL-1). Amplification conditions of OePAL consisted of an initial denaturation of 10 

min at 95 ºC followed by 40 cycles consisting of denaturing at 95 ºC for 15 s, annealing at 59 

ºC for 1 min, and an extension at 72 ºC for 45 s. After each run, a melt curve was obtained to 

check for unspecific amplification and primer–dimers. Non-template controls were also 

included. 

 

Table V.2. Primers used for quantitative RT-PCR. 

Gene 
Accession 
number 

Primer Sequence (5′-3′) 
Amplicon 
size (bp) 

Annealing 
temperature 

(°C) 

ACT AF545569 
Sense AGCTTGCTTATGTTGCTCTC 

169 60 
Antisense GATTCCATTCCAATCAAAGA 

GAPDH EF506494 
Sense TTCTGCAACGATAGACTCCT 

224 60 
Antisense AAGCTTCGTAAACTTTGCAC 

OePAL KJ511868 
Sense CATTGAAAGGTAGCCATCTA 

101 60 
Antisense CTAGCAAATTGGAAGAGGTT 

 

The results of real-time PCR were analysed using StepOne Software v2.2.2 (Applied 

Biosystems, Portugal), a program that facilitates the analysis of the kinetics of each performed 

reaction. Cycle threshold (cT) values were obtained with the same software and the results 

were normalized to the Actin and GAPDH expression levels and analysed with the 2-ΔΔCT 

method (Livak & Schmittgen, 2001). 

 

5.1.2.4. Extraction and L-phenylalanine ammonia-lyase (PAL) activity assay 

To determine the PAL enzyme activity, the method described by Tovar et al. (2002) was 

used. For every sample analysed, 10 fresh olive fruits were first frozen at – 80 ºC and 

lyophilized. One gram of olive flesh powder was weighed into a beaker adding 25 mL of  

0.05 M potassium phosphate buffer (pH 6.6). The mixture was homogenized and 0.2 g of 

Triton X–100 (Sigma-Aldrich, Steinheim, Germany) and 25 mg of insoluble 

polyvinylpyrrolidone (PVP, Sigma-Aldrich, Steinheim, Germany) was added. The suspension 

was maintained at 4 °C during extraction and centrifuged during 15 min at 10,000×g. At all 

bench times the supernatant was maintained in ice. 



Chapter V: Effect of Colletotrichum acutatum on PAL expression and activity and phenolic 
composition of olives, and spectroscopic characteristics of olives’ cuticle 

PAGE | 141 

For the PAL activity quantification, 0.4 mL of olive flesh homogenate and 4.1 mL of 

sodium phosphate buffer were mixed in test tubes. The reaction was initiated when 1 mL of 

L-phenylalanine (10 mg mL-1) was added to the solutions in the test tubes. The tubes were 

then heated for a period of 1 h at 37 °C. The reaction ended after adding 0.5 mL of 35 % 

trifluoroacetic acid (w/w) (Sigma–Aldrich, Steinheim, Germany). Tubes were centrifuged 

during 5 min at 10,000×g. The PAL quantification was performed by measuring the 

absorbance at 290 nm according to McCallum & Walker (1990) with resort to a 

spectrophotometer Genesys 2 PC (Spectronic Instruments). 

The enzymatic activity is expressed in μmol cinnamic acid liberated h−1 g−1 of dry 

weight. In order to confirm that the change observed in the absorbance was due to the 

formation of trans–cinnamic acid, the enzymatic reaction was followed over a 3 to 6 h period 

by RP–HPLC–DAD, using the method described in Machado et al. (2013). A reaction 

without the substrate was used as a blank control. Triplicate assays were performed for each 

extract. 

 

5.1.2.5. Phenolic fraction extraction 

The phenolic extraction of the olive fruits were performed as described in the section 

3.1.2.3. (Page 61). 

 

5.1.2.6. Total phenolic content 

The total phenolic content of olive's extracts was determined according to the method 

described in the section 3.1.2.4. (Page 61). 

 

5.1.2.7. Statistical analysis  

The results are presented as mean values where bars indicate standard error (n=3). 

Statistical analysis was performed using one-way ANOVA, and a multiple range test 

(Tukey’s test), with a significance level of P < 0.05, using IBM SPSS statistics 21.0 software 

(SPSS Inc., Chicago, IL, USA). 

 

5.1.3. Results and discussion 

5.1.3.1. Transcript levels of OePAL gene during fruits infection 

Changes in expression level of phenylpropanoid OePAL gene, in susceptible and tolerant 

olive cultivars, during C. acutatum infection, were studied through qRT-PCR. In olive, like in 
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other fruit trees, the different cultivars subjected to pathogen infections behave differentially, 

having several defense mechanisms activated during this process. Considering some of the 

primary stress response, it is generalized that th

and phenylpropanoids increase after

(Tonnessen et al., 2015).  

In this work, the influence of olive genotype was studied regarding changes in olive 

phenylpropanoid metabolism (i.e., 

phenolics content) during C. acutatum

The OePAL relative expression pattern 

agronomical years (2012 and 2013). Overall

Picual which is tolerant to C. acutatum

OePAL results, the OePAL gene was up

tolerant cv. Picual and susceptible cv. 

susceptible cv. Galega Vulgar

first hours of infection (0 and 16 hai) 

terms of OePAL expression (P

48 hai, respectively. In the agronomic year 2013 the 

significantly (P <  0.05) throughout time 

higher expression at 144 hai, whereas

changes in relative PAL expression 

(Figure V.1B). Overall, in susceptible genotype (cv. 

expression showed a tendency to increase as the se

Figure V.1. Profile of OePAL gene 
olive cultivars, with different susceptibility levels to 
normalized by the level of Actin and 

non-infected fruit (control) and 0, 16, 48, and 144 hours after 
standard error of three biological replicates at each sampling time point, according to 
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other fruit trees, the different cultivars subjected to pathogen infections behave differentially, 
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primary stress response, it is generalized that the levels of PAL activity, its gene expression 

and phenylpropanoids increase after infection is one of the firstly defense responses in plants 

In this work, the influence of olive genotype was studied regarding changes in olive 

phenylpropanoid metabolism (i.e., OePAL expression, PAL enzyme activity, and the 

C. acutatum attack.  

expression pattern revealed to be constant among two consecutive 

agronomical years (2012 and 2013). Overall, the OePAL expression level was higher in cv. 

C. acutatum (Figure V.1). Considering the relative expression of 

gene was up-regulated at 16 and 48 hai, increasing 4 and 6

and susceptible cv. Galega Vulgar, respectively. In the season 2012, the 

Galega Vulgar and moderate-tolerant cv. Cobrançosa, behaved similarly in 

irst hours of infection (0 and 16 hai) in comparison to the non-infected samples (

P ≥ 0.05) (Figure V.1A), followed by a 6 and 3

respectively. In the agronomic year 2013 the relative expression of 

throughout time in the susceptible cv. Galega Vulgar

, whereas the moderate-tolerant cv. Cobrançosa

expression during the studied infection time points until 144 hai 

in susceptible genotype (cv. Galega Vulgar) the 

expression showed a tendency to increase as the severity of infection progressed.

 

gene expression, determined by quantitative real-time PCR, in fruits from three 
olive cultivars, with different susceptibility levels to C. acutatum. Transcript abundance of 

and GAPDH genes. The relative OePAL gene expression level is referred to 
0, 16, 48, and 144 hours after C. acutatum inoculation (hai). Bars indicate 

standard error of three biological replicates at each sampling time point, according to Tu
test, at P < 0.05. 
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In tolerant genotype (cv. Picual) the gene expression increased significantly from the first 

time point (control and 0 hai) until 16 hai, decreasing immediately after this period until the 

last analysed time point (Figure V.1). The OePAL gene expression pattern was consistent to 

the histological data obtained by Gomes et al. (2009) in susceptible and tolerant olive fruits. 

The authors reported that susceptible fruits (cv. Galega Vulgar) showed anthracnose 

symptoms as early as 48 hai. Contrary, the tolerant genotype (cv. Picual) presented infection 

symptoms only after 72 hai. 

In the present work the different OePAL expression levels between cultivars, might be 

associated with the higher transcript intensity of the tolerant cv. Picual in the initial stages of 

infection, 16 hai, linked with biosynthesis of phenylpropanoid compounds (i.e. lignin, 

phenolics and flavonoids), having therefore an effective defense response to C. acutatum 

infection (Figure V.1). Even though the physical barriers have not been considered in the 

present study, a previous work has demonstrated that the cuticle thickness is higher in tolerant 

genotype (cv. Picual) in comparison to the susceptible (Gomes et al., 2012). In pepper 

(Capsicum annuum L.), CaPAL1 was proposed to function as a positive regulator of plant 

innate immunity (Kim & Hwang, 2014), while in rice (Oryza sativa L.) OsPAL4 was 

associated with improved broad-spectrum disease resistance (Tonnessen et al., 2015), 

suggesting that defense response genes, including the PAL gene family, play a key role on 

host resistance. 

 

5.1.3.2. PAL activity during fruit infection and phenols content 

PAL enzyme activity in three fruit genotypes was determined colorimetrically by the 

method described by Tovar et al. (2002), at four time points of C. acutatum infection. In all 

experiments our results demonstrated that PAL enzyme activity differed between all cultivars. 

The cvs Galega Vulgar and Cobrançosa presented the same behavior in both agronomical 

years (Figure V.2). The susceptible cv. Galega Vulgar showed an increase in PAL activity 

until 16 hai (101.0 to 122.1 µmol cinnamic acid h-1g-1 in 2012 and 94.7 to 121.1 µmol 

cinnamic acid h-1g-1 in 2013), followed by a constant activity, presenting no significant 

differences (P ≥ 0.05) in the last three infection stages. 
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Figure V.2. Changes in phenylalanine ammonia
olive fruits of O. europaea L. cvs. 

16, 48, and 144 hours after C. acutatum
replicates at each sampling time point, according to 

 

The tolerant cv. Picual did not present a similar activity profile in the two crop years. In 

2012 PAL activity increased slightly during the pathogen infection; whereas in 2013 PAL 

activity underwent a clearly and significant increase at 16 hai (

acid h-1g-1) suggesting that phenylpropanoid pathway has been activated (

tolerant genotype a correlation

expression and the PAL enzyme

was highest when enzyme activity

activation to overcome fruit infection (

PAL activity levels in olive fruits elicitated by 

reaction of olive to C. acutatum 

strawberry fruits (Fragaria×ananassa

2011). In cucumber (Cucumis sativus 

by an insect Bemisia tabaci (Zhang 

(Hordeum vulgare L.) infected by an aphid (Chaman 

to be present when a biotic stress occurs.

In both years, cv. Cobrançosa

other cultivars under study, once it presented a

samples, followed by a decreased at 16 hai, which is significant in 2012

this reduction, a continuous increase of the PAL activity was observed, reaching 

than the control samples. In 2013, no significant differences was found between non

samples and the last infection time points.

Overall, cv. Picual presented the lowest PAL activity values, around 16% less than the 

other studied cultivars. Although the PAL activit
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Changes in phenylalanine ammonia-lyase (PAL) enzyme activity (µmol cinnamic acid h
. Galega Vulgar, Cobrançosa and Picual at non-infected fruit (control) and 

C. acutatum inoculation (hai). Bars indicate standard error of three biological 
replicates at each sampling time point, according to Tukey’s multiple range test, at

did not present a similar activity profile in the two crop years. In 

2012 PAL activity increased slightly during the pathogen infection; whereas in 2013 PAL 

clearly and significant increase at 16 hai (91.7 to 122.0 µmol cinnamic 

) suggesting that phenylpropanoid pathway has been activated (

correlation was found, from control to 16 hai, between

enzyme activity. Thus, relative expression of phenylpropanoid

activity was highest, which is indicative of plant defense response 

activation to overcome fruit infection (Figure V.1 and V.2). No previous studies considering 

PAL activity levels in olive fruits elicitated by C. acutatum are described. Nevertheless, the 

C. acutatum seems to be similar to other pathosystems, such as, in 

Fragaria×ananassa Duchesne) infected with C. acutatum

Cucumis sativus L.) the PAL activity also increased after being infected 

(Zhang et al., 2008). A similar behavior was observed in barley 

) infected by an aphid (Chaman et al., 2003). This type of reaction seems 

to be present when a biotic stress occurs. 

Cobrançosa displayed the same enzyme activity, but opposite to the two 

other cultivars under study, once it presented an increase at 0 hai compared to the control 

samples, followed by a decreased at 16 hai, which is significant in 2012 (Figure V.2

this reduction, a continuous increase of the PAL activity was observed, reaching 

samples. In 2013, no significant differences was found between non

samples and the last infection time points. 

presented the lowest PAL activity values, around 16% less than the 

other studied cultivars. Although the PAL activity, in general, is induced after 

Effect of Colletotrichum acutatum on PAL expression and activity and phenolic 

lyase (PAL) enzyme activity (µmol cinnamic acid h-1g-1) in 
infected fruit (control) and 0, 

inoculation (hai). Bars indicate standard error of three biological 
multiple range test, at P < 0.05. 

did not present a similar activity profile in the two crop years. In 

2012 PAL activity increased slightly during the pathogen infection; whereas in 2013 PAL 

to 122.0 µmol cinnamic 

) suggesting that phenylpropanoid pathway has been activated (Figure V.2B). In 

between the OePAL gene 

phenylpropanoid gene 

indicative of plant defense response 

No previous studies considering 

are described. Nevertheless, the 

seems to be similar to other pathosystems, such as, in 

C. acutatum (Guidarelli et al., 

L.) the PAL activity also increased after being infected 

2008). A similar behavior was observed in barley 

2003). This type of reaction seems 

displayed the same enzyme activity, but opposite to the two 

increase at 0 hai compared to the control 

Figure V.2A). After 

this reduction, a continuous increase of the PAL activity was observed, reaching higher values 

samples. In 2013, no significant differences was found between non-infected 

presented the lowest PAL activity values, around 16% less than the 

y, in general, is induced after C. acutatum 
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elicitation, it seems to be higher in susceptible cv. 

tolerant cv. Picual. 

To understand the biosynthesis of phenolics in this pathosystem, the total phenolic content 

was determined. Cobrançosa

presenting a slight and significant 

increase until 48 hai (Figure V.3

presented a continuous decrease in the total phenolic content until 144 hai in 2012 (

V.3A). 

Figure V.3. Content in total phenolics (mg GAE g
Cobrançosa and Picual at non-infected fruit (control) and 

(hai). Bars indicate standard error of three biological and assays replicates at each sampling time point, 
according to 

 

In 2013, some variations were found, however with no significant differences (

more tolerant genotype (‘Cobrançosa’

before infection, decreasing during first hours of in

2012. 

However, concerning fruits from cv. 

lowest phenolic content (28.2

compared to the tolerant cultivars. However, the 

metabolism and caused an increase of synthesis and accumulation of phenolics in susceptible 

cv. Galega Vulgar (Figure V.3B

The low phenolic content reported in susceptible cv. 

in accordance with the literature once the tolerant genotypes naturally overcome the 

development of the infectious processes with the pre

as antifungal agents, inhibiting pathogens development and progression (Sztejnberg

1983; Gunen et al., 2005). Del Rio 
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elicitation, it seems to be higher in susceptible cv. Galega Vulgar (2013), in comparison to 

To understand the biosynthesis of phenolics in this pathosystem, the total phenolic content 

Cobrançosa cultivar samples showed a similar behavio

and significant decrease up to 16 hours after inoculation followed by an 

Figure V.3), reaching the values of control olive fruits

presented a continuous decrease in the total phenolic content until 144 hai in 2012 (

 

Content in total phenolics (mg GAE g-1) in olive fruits of O. europaea L. cvs 
infected fruit (control) and 0, 16, 48, and 144 hours after C. acutatum

(hai). Bars indicate standard error of three biological and assays replicates at each sampling time point, 
according to Tukey’s multiple range test, at P < 0.05. 

2013, some variations were found, however with no significant differences (

‘Cobrançosa’ and ‘Picual’), the phenolics compounds were higher 

before infection, decreasing during first hours of infection, except for Picual

fruits from cv. Galega Vulgar, the non-infected fruits

28.2 and 22.3 mg GAE g-1 in 2012 and 2013, respectively) when 

compared to the tolerant cultivars. However, the C. acutatum infection altered the secondary 

metabolism and caused an increase of synthesis and accumulation of phenolics in susceptible 

.3B). 

The low phenolic content reported in susceptible cv. Galega Vulgar, at control and 0 hai, is 

accordance with the literature once the tolerant genotypes naturally overcome the 

development of the infectious processes with the pre-existing phenolic compounds which act 

as antifungal agents, inhibiting pathogens development and progression (Sztejnberg

., 2005). Del Rio et al. (2003) reported that the presence of some phenolic 
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), in comparison to 

To understand the biosynthesis of phenolics in this pathosystem, the total phenolic content 

amples showed a similar behavior in both years, 

decrease up to 16 hours after inoculation followed by an 

, reaching the values of control olive fruits. The cv. Picual 

presented a continuous decrease in the total phenolic content until 144 hai in 2012 (Figure 

 
L. cvs Galega Vulgar, 
C. acutatum inoculation 

(hai). Bars indicate standard error of three biological and assays replicates at each sampling time point, 

2013, some variations were found, however with no significant differences (P ≥ 0.05). In 

, the phenolics compounds were higher 

Picual olive fruits in 

infected fruits presented the 

in 2012 and 2013, respectively) when 

infection altered the secondary 

metabolism and caused an increase of synthesis and accumulation of phenolics in susceptible 

, at control and 0 hai, is 

accordance with the literature once the tolerant genotypes naturally overcome the 

existing phenolic compounds which act 

as antifungal agents, inhibiting pathogens development and progression (Sztejnberg et al., 

. (2003) reported that the presence of some phenolic 
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compounds (e.g., catechin) in olive which presented antifungal activity, positively affects 

olive tree resistance against Phytophtora sp. 

Furthermore, the increase in phenolic content observed in fruits from susceptible cv. 

Galega Vulgar (at 16 hai in 2012, and at 48 hai in 2013) suggests that even susceptible 

genotypes are capable of mounting a defense mechanism against C. acutatum infection, 

through an increase on the phenolic compounds after pathogen attack. However, this reaction 

does not seem to be sufficient, as it does not inhibit the fungus progression in the olive 

orchards (Gomes et al., 2009).  

When comparing the phenolic content with the PAL enzyme activity it is interesting to 

note that the last has increased significantly in the susceptible cultivar straight after elicitation. 

Our results suggest that the susceptible genotype defense mechanism involves the activation 

of PAL, a key enzyme of the phenylpropanoid pathway, from which phenolic metabolites are 

synthesized. 

PAL enzyme activity can therefore act as a first line of defense against C. acutatum 

infection, once the produced phenolic compounds might inhibit the pathogens progression 

(Schwalb & Feucht, 1999; Zipfel, 2008; Bhadauria et al., 2010). Thus, the phenolic 

composition of the olive fruits can be used as an indicator of the susceptibility/tolerance level 

of plants to diseases and pests attack (Usenik et al., 2004). Prusky et al. (2000) reported that 

the synthesized products of the phenylpropanoid pathway (i.e. phenolics and flavonoids) in 

avocado (Persea Americana Mill. ) create a hostile and toxic environment for Colletotrichum 

gloesporioides growth. A similar study in apple (Malus domestica Borkh.) infected by scab 

(Venturia inaequalis Cke.) revealed that the flavonoid biosynthesis limited the scab 

progression within the apple cells (Mayr et al., 1997; Michalek et al., 1999). Similar to these 

findings, Slatnar et al. (2012) described an higher PAL enzyme activity, in scab spot tissue of 

infected apples. In onion (Allium cepa L.) the high levels of phenolic compounds have also 

been related to the tolerance to Colletotrichum circinans (Walker & Stahmann, 1955). 

However, Moral et al. (2014) showed a negative linear correlation between olive cultivars 

tolerant to C. acutatum and total phenols content of olive.  

In the present work, the tolerant cultivar presented endogenously the highest phenolics 

content whereas the susceptible cv. Galega Vulgar had an immediate response to the fungal 

attack, with an induced increase of phenolics. This response reaction was expected once it is 

well known that phenolics are fundamentally important compounds actively participating in 

plant’s defense mechanisms, and their content in cell/tissues is significantly increased because 
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of different stress conditions. Furthermore, these results could be usefully for a breeding 

program leading to the development of disease tolerant cultivars. 

 

5.1.4. Conclusions 

Understanding the molecular mechanisms underlying olive anthracnose disease is critical 

to maintain olive oil high production levels and to develop strategies to control this disease. 

We present evidence that phenylalanine ammonia-lyase gene is involved in olive anthracnose 

defense response. The tolerant cv. Picual presented the highest OePAL gene expression at 16 

hai, which could be linked to a high resistance/tolerance of this cultivar to C. acutatum fungal 

infection. Furthermore, the PAL activity increase was observed in cv. Galega Vulgar 

immediately after the infection, suggesting that it may be a stress response mechanism to the 

fungus attack. A similar association may be made in respect to the total phenolic compounds, 

which increased significantly after fungal infection in susceptible cv. Galega Vulgar. The 

olive cultivars’ resistance to C. acutatum can be a result of cultivars’ chemical composition, 

which is directly linked to its genotype. 
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5.2. Complementary chromatographic, spectrophotometric, and spectroscopic 

assessments of olive fruits infected with Colletotrichum acutatum 

 

Adapted from: 

Gouvinhas I, Machado N, Gomes S, Martins-Lopes P, Carvalho T, 

Domínguez-Perles R, Barros AIRNA. Submitted to the Journal Food 

Chemistry. 

 

Abstract 

The olive tree (Olea europaea L.) can be affected by several diseases, causing a loss of 

yield and quality of final products. Olive antrachnose, caused by the fungus Colletotrichum 

acutatum, is one of the most important diseases of olive orchards in Portugal. However, its 

incidence depends on many factors, including cultivar susceptibility. Thus, this work pursue 

the study of the effect of C. acutatum infection on the phenolic composition of olive fruits and 

the spectroscopic characteristics of their cuticle, where the fungal aggression initiates. For this 

purpose, C. acutatum was inoculated on three olive cultivars with different susceptiblity to 

this fungal disease (‘Galega Vulgar’ - susceptible, ‘Cobrançosa’ - moderately susceptible, 

‘Picual’ - tolerant) in the olive orchard. Non-infected (control) and infected samples were 

harvested at 0, 16, 48, 144, and 360 hours after infection (hai). The results obtained 

demonstrated that the susceptible cultivar, Galega Vulgar, presented the lowest content in 

phenolic content comparatively to the other cultivars assessed. However, the infection process 

induced an increase of the phenolic content (total phenolics, ortho-diphenols, and flavonoids) 

in olives of this cultivar at 48 hai. When profiling the phenolic content, it was evidenced the 

presence of distinct individual compounds in the separate cultivars evaluated in control 

conditions. In addition, the different infection times evaluated showed the lack of specific 

compounds depending on the cultivars assessed. The present work was complemented with a 

spectroscopical assessment of the cuticles, resorting to the FTIR-ATR technique coupled to 

multivariate statistical analyses, which provided valuable information for the discrimination 

of infected samples from distinct cultivars, besides retrieving evidences regarding the 

different susceptibilities of the cultivars under study. 

 

Keywords: Olea europaea L.; Phenolic profile; Colletotrichum acutatum; Infection times; 

Cuticle; FTIR spectroscopy. 
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5.2.1. Introduction  

Olive tree (Olea europaea L.) represents one of the most relevant crops in the 

Mediterranean Basin, where the exploitation of its products, especially towards the obtaining 

of olive oils, constitutes an important socio-economic activity. In this regard, during the last 

two decades the world production of olive oil has increased by 79.2%, in a sustained growth 

boosted by an augmented awareness on its contribution to healthy diets. This production is 

currently dominated by European Union producers, responsible for the 75.7% of the world 

production, mainly due to the contribution of the Mediterranean countries 

(http://www.internationaloliveoil.org, 2015). In order to increase the olive oil production, 

according to the market demand, over the last decades it has been developed a diversity of 

olive tree cultivars that allow to perform this crop under the different climatic conditions of 

each region. In addition, the distinct existing cultivars have also allowed the obtainment of 

olive oils with particular physicochemical and sensorial properties, which disclosed essential 

to satisfy consumers’ demands (Caporale et al., 2006). 

In Portugal, ‘Galega Vulgar’ is one of the most widely grown cultivars, representing 

almost 80% of the olive trees (Cordeiro et al., 2008). However, despite the desirable 

agronomical characteristics, such as resistance to abiotic stress, which prompted to the 

integration of this cultivar in Portugal, ‘Galega Vulgar’ is rather susceptible to diseases that 

shapes the quality of the final product (Peres et al., 2013). For this reason, this cultivar is 

being tendentiously replaced by alternative ones, such as ‘Picual’ or ‘Cobrançosa’, which 

have been demonstrated as less susceptible to abiotic and biotic stress (FAO, 

http://www.fao.org/home/es/, 2008). 

Concerning the most destructive diseases affecting olive orchards, Colletotrichum 

acutatum, a fungus that affects essentially olives, represents one of the most important threats, 

whose virulence is strongly conditioned by humidity and temperature, as well as the fruit 

development stage (Moral et al., 2009). 

To date, the relevance of C. acutatum infection in olive trees has prompted to evaluate its 

deleterious effect on the chemical characteristics and sensory properties of olive fruits and 

thus, on the quality of the olive oils developed from these foodstuffs (Mincione et al., 2004; 

Carvalho et al., 2008; Runcio et al., 2008; Moral et al., 2014). In this concern, previous works 

have shown that, regarding olive oil, the main chemical characteristics affected by C. 

acutatum are the increase of free acidity and the decrease of the phenolic content and 

antioxidant activity (unpublished data). However, to the best of our knowledge, the effect of 
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this pathogen on the phenolic profile of olive fruits, which is strongly dependent on a myriad 

of factors including the cultivar considered, maturation stage, and stressing growing 

conditions (including fungus infection) (Menz et al., 2010; Jiménez-Dias et al., 2012; 

Machado et al., 2013; Sousa et al., 2015), has not been thoroughly assessed so far. 

The relevance of this fungal infection as a constraint of the final food quality undertakes 

to develop new accurate analytical approaches. In this connection, since the cuticle is the first 

contact point between the olive fruit and C. acutatum, understanding the differences related to 

the cuticle characteristics of distinct olive cultivars may provide rapid and valuable 

information respecting to olive-pathogen interactions (Kerstiens, 1996). In this sense, 

although some studies have reported suitability of the application of FTIR (Fourier Transform 

Infrared) spectroscopy to determine the extension of fungal infection in other foodstuffs 

(Sirisomboon et al., 2013; Liang et al., 2015; Lorente et al., 2015), no study has been 

conducted, so far, in olives. 

Therefore, the present study deals with the effect of C. acutatum infection on the phenolic 

content and profile of olives obtained from three cultivars widely grown in Portugal 

(Cobrançosa, Galega Vulgar, and Picual), displaying different susceptibilities to this fungus, 

whilst assessing the suitability of FTIR to monitor the olives’ response to the fungal 

aggression. For this purpose, spectrophotometric and chromatographic assessments 

complemented the cuticle analysis undertaken with resort to FTIR spectroscopy, which was 

applied in tandem with Partial Least Squares Regression (PLS-R) and Discriminant Analysis 

(PLS-DA), in order to classify the diverse cultivars and infection stages. 

 

5.2.2. Material and methods 

5.2.2.1. Plant material 

Olive samples from the three olive cultivars Cobrançosa, Galega Vulgar, and Picual were 

collected in 2013, in the same conditions referred in the section 5.1.2.1 (Page 137). However, 

an additional infection time was considered (360 hai) (Table V.3). 
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Table V.3. Schedule for olive sampling. 
Cultivar Hours after infection Susceptibility to C. acutatum 

‘Cobrançosa’ 

Control (non-infected fruits) 

Moderate-Tolerant 

0 
16 
48 
144 
360 

‘Galega Vulgar’ 

Control (non-infected fruits) 

Susceptible 

0 
16 
48 
144 
360 

‘Picual’ 

Control (non-infected fruits) 

Tolerant 

0 
16 
48 
144 
360 

 

5.2.2.2. Preparation of Colletotrichum acutatum isolates and plant inoculation 

The isolates’ preparation, and the olives inoculation and harvest were described in the 

section 5.1.2.2 (Page 138). 

 

5.2.2.3. Phenolic fraction extraction 

The phenolic fraction was extracted according to the procedure described in the section 

3.1.2.3 (Page 61). 

 

5.2.2.4. Phenolic composition 

The content of total phenolic compounds, ortho-diphenols, and flavonoids was 

determined according to the methodology described in the sections 3.1.2.4, 3.1.2.5, and 

3.1.2.6, respectively (Page 61). 

 

5.2.2.5. Chromatographic determination of phenolic compounds 

The phenolic profile of olive fruits was conducted by RP-HPLC-PDA. Chromatographic 

analyses were carried out on a C18 column (250 x 4.6 mm, 5 µm particle size; ACE, 

Aberdeen, Scotland). Chromatographic separation was performed using distilled 

water/trifluoroacetic acid (99.9:0.1, v/v) (Solvent A) and acetonitrile/trifluoroacetic acid 

(99.9:0.1, v/v) (Solvent B) in the linear gradient scheme (t in min; %B): (0; 0%), (5; 0%), (20; 

20%), (35; 50%), (40; 100%), (45; 0%), and (65, 0%). The flow rate and the injection volume 

were 1.0 mL min-1 and 20 µL, respectively. Chromatograms were recorded in the range 200-
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600 nm and analysed at 280, 330, and 370 nm. The equipment consisted of a LC pump 

(SRVYR-LPUMP), an autosampler (SRVYR-AS), and a photodiode array detector (SRVYR-

PDA5). Phenolic compounds present in the samples were then tentatively identified by 

comparison of the retention time and UV-spectra with data available in the bibliography and 

presented as the relative percentage of area. 

 

5.2.2.6. FTIR-ATR measurement 

The Infrared spectra have been registered in a Thermo Scientific Nicolet iS50 FTIR 

spectrometer, resorting to an ATR (Attenuated Total Reflectance) accessory with a diamond 

crystal. The instrument is controlled by the Omnic software package, version 9.2.28, from 

Thermo Fisher Scientific Inc. The spectra have been collected in the interval 400-4000 cm-1, 

with a resolution of 4 cm-1, 32 accumulations being registered for each spectrum. 

For the collection of each FTIR-ATR spectrum, a freshly removed piece of cuticle has 

been placed on the ATR crystal, the accessory tip placed on the top of the sample and closed, 

and its Infrared spectrum was measured (five olives from each sample, three cuticle parts of 

each olive). With this experimental setup, the evanescent field probes a depth of 

approximately 1.0 µm. After every sample, a new reference air background spectrum was 

registered, in order to be subtracted from the final spectrum. The ATR baseplate was carefully 

cleaned in situ by scrubbing with ethanol and dried with soft tissue between samples. All the 

spectra were recorded as absorption values at each data point, with a spacing of 0.48 cm-1. 

 

5.2.2.7. Statistical analysis and multivariate analysis 

The results are presented as means (n = 3) with the determination of the Leasts Square 

Differences (LSD) for a P value < 0.05. Statistical analysis was performed by one-way 

ANOVA, and a multiple range test (Tukey’s test), using IBM SPSS statistics 21.0 software 

(SPSS Inc., Chicago, IL, USA). 

For the spectral pre-treatments, an auto-baseline was performed, resorting to 6th order 

polinomials, followed by mean normalization. Both the normalized spectra and their 1st 

derivative have been considered for the discrimination purpose, since this procedure allows to 

overcome spectral artefacts, such as baseline drifts that may remain after the previous spectral 

treatments, besides displaying better performance in previous works, respecting the usage of 

the spectra (De Luca et al., 2011; Machado et al., 2014; Gouvinhas et al., 2015). Concerning 

the spectra, the intervals 400-1900 and 2250-4000 cm-1 have been considered for the 
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multivariate analyses, since these spectral ranges correspond to the fundamental vibrational 

modes of interest, besides some visible overtones in the second interval mentioned. For the 1st 

derivative, the second window has been shortened, due to noise observed in the region 2250-

2650 cm-1, with the intervals 400-1900 and 2650-4000 cm-1 being assessed for the 

determinations. The multivariate analysis was divided in two steps, initially, preliminary tests 

were undertaken, resorting to PLS-R, assuming the distinct infection times (control, 0, 16, 48, 

144, and 360 hai) as Dependent Variable. This step was undertaken resorting to the full 

spectral window considered, with the purpose of assessing the most interesting intervals for 

the discrimination, according to the traits of interest, resorting either to the normal spectra, or 

the 1st derivatives. This process was conducted, not only through the analysis of the VIP´s 

(Variable Importance Plots), but also accounting with the visible Infrared peaks in the spectra. 

In a second stage, PLS-R was applied to the data, setting the distinct olives as Dependent 

Variable, in order to reduce the data to Factors suitable to be used for prediction, since these 

were obtained without a priori training with the classification of the samples, concerning the 

traits of interest. This procedure was undertaken for either the spectra or the 1st derivatives, 

for the full intervals considered, as well as for the previously selected intervals. 

In order to produce the classification models, the Factors extracted have been used in 

Partial Least Squares-Discriminant Analysis (PLS-DA), a supervised statistical method used 

to find a linear combination of structures, which characterize or separate classes of 

observations (Anzanello et al., 2014). For the quality assessment of the models retrieved from 

the PLS-DA, Cross Validation (CV) was applied, resorting to the Leave-One-Out (LOO) 

approach. All the multivarite satistical analyses were undertaken with resort to the software 

package OriginPro 9.1 (OriginLab, Northampton, USA). 

 

5.2.3. Results and discussion 

5.2.3.1. (Poly)phenolic content in infected olive fruits 

The olive cultivars Cobrançosa, Galega Vulgar, and Picual were assessed on the content 

in total phenolic, ortho-diphenols, and flavonoids. Regarding the effect of the infection time 

on the phenolic composition, olives of the Cobrançosa cv. (moderately tolerant to C. acutatum 

infection) presented a matching trend for the three determinations. Thus, the content in total 

phenolics and ortho-diphenols exhibited decreased values in all time-points monitored after 

infection (20.1% and 15.9% lower, on average, respectively) relative to control (33.89 and 

54.95 mg GAE g-1 fw, respectively), which were significant at 16 and 360 hai for total 
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phenols and from 16 to 360 hai for ortho-diphenols. When comparing the content in 

flavonoids of infected olives with the non-infected control (26.88 mg CAT g-1 fw), it was 

observed almost constant concentrations, which were only significant lower at 360 hai (20.48 

mg CAT g-1 fw) (Table V.4). Concerning ‘Galega Vulgar’, an olive tree described as 

susceptible to C. acutatum, it was observed a reverse trend relative to the former, displaying 

an augment of the concentration of total phenols, ortho-diphenols, and flavonoids at 48 hai of 

up to 63.1, 48.8, and 43.8%, respectively, relative to the uninfected control. On the contrary, 

for the ‘Picual’ olives, described as a tolerant cultivar, no variation on the concentration of 

phenolic compounds was observed relative to control at any of the time points monitored 

(Table V.4). 

Apart from the variations observed on phenolics concentration in each cultivar as a 

consequence of the progression of the C. acutatum infection, when comparing the diverse 

cultivars, one to another, at each time point it was evidenced clear differences. Thus, ‘Galega 

Vulgar’, under control conditions (non-infected olives), presented the lowest content in total 

phenolics, ortho-diphenols, and flavonoids (a 45.0, 31.0, and 54.1% lower than ‘Cobrançosa’ 

and ‘Picual’, on average, respectively), situation that was maintained till 16 hai. From 48 to 

360 hai, the differences observed at the beginning of the infection process almost disappeared, 

remaining minor differences between cultivars. This fact is in good agreement with the 

previous description on the relationship between the resistance to stressing factors and the 

level of phenolic compounds in plants, which constitute secondary metabolites involved in the 

response to biotic and abiotic stress (Gunen et al., 2005). 

From the plethora of compounds that make part of the phenolic composition of plant 

foodstuffs, some individual compounds have been related to plants resistance to 

Colletotrichum spp., which infection increases the concentration of phenolic compounds in a 

similar extent of other pathogens (Weber et al., 2005; Mikulic-Petkovsek et al., 2014).  

Regarding the phenolic profile (Table V.5) of the three cultivars studied, 15 compounds 

were tentatively identified, according to the retention time and UV absorption spectra, in 

comparison with data reported in the bibliography. 
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Table V.4. Phenolic content of olives of the cultivars Cobrançosa, Galega Vulgar, and Picual at different infection times with Colletotrichum acutatum. 

Phenolic 
composition 

Control 
(non-infected fruits) 

Hours after infection 
LSD (P < 0.05) P-Value 

0 16 48 144 360 
Total phenolic compounds (mg GAE g-1) 
‘Cobrançosa’ 33.89 c B Z 30.20 abc B 27.09 a B 31.73 bc A 31.60 bc A 29.21 ab B 3.31 * 
‘Galega Vulgar’ 22.00 a A 21.19 a A 22.98 a A 35.89 b B 32.89 b A 24.67 a A 2.38 *** 
‘Picual’ 29.90 ab B 33.50 b B 30.00 ab C 33.65 b AB 33.80 b A 27.77 a AB 4.32 ** 
LSD (P < 0.05) 3.58 3.714 3.865 3.68 3.900 3.119   
P-Value *** Y *** *** ** N.s. ***   
         
Ortho-diphenols (mg GAE g-1) 
‘Cobrançosa’ 54.95 c C 50.01 bc B 41.46 a B 41.67 a A 44.99 ab A 42.66 a B 2.34 *** 
‘Galega Vulgar’ 38.48 a A 37.15 a A 34.18 a A 48.01 b A 45.03 b A 38.99 a A 2.96 *** 
‘Picual’ 45.90 a AB 46.05 a B 51.08 a C 46.60 a A 49.72 a A 46.49 a C 7.54 N.s. 
LSD (P < 0.05) 6.96 6.639 4.827 5.809 4.845 3.919   
P-Value ** ** *** N.s N.s. ***   
         
Flavonoids (mg CAT g-1) 
‘Cobrançosa’ 26.88 b A 27.26 b B 22.88 ab C 25.45 ab A 27.04 b B 20.48 a A 4.54 * 
‘Galega Vulgar’ 17.34 a A 14.95 a A 16.93 a A 24.93 b A 23.45 b A 15.81 a A 2.95 *** 
‘Picual’ 26.56 ab A 27.54 b B 21.34 ab B 24.97 ab A 24.17 ab AB 19.91 a A 3.39 ** 
LSD (P < 0.05) 6.50 4.22 4.17 3.74 3.06 4.44   
P-Value N.s. *** ** N.s. *** N.s.   
Z Data presented as mean values (n=3) followed by different bold lowercase letters indicate significant differences between infection times at P < 0.05. 
Mean values (n=3) followed by different capital letters indicate significant differences between cultivars at P < 0.05. Y Level of significance: N.s., not 
significant (P > 0.05); * significant at P < 0.05; ** significant at P < 0.01; *** significant at P < 0.001. 
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 The identified compounds belong to distinct phenolic classes including: phenolic 

acids, phenolic alcohols, flavones, and secoiridoids, even though not all of them were present 

in the three cultivars evaluated. The relative abundance of these phenolic classes in 

‘Cobrançosa’ control olives was as follows: phenolic acids > phenol alcohols > flavones > 

secoiridoids. Within these classes, distinct individual compounds were identified, the phenolic 

acids gallic acid, hydroxybenzoic acid, vanillic acid, gentisic acid, coumaric acid, caffeic acid, 

ferulic acid, and cinnamic acid (46.1% of total phenolics); the phenolic alcohols 

hydroxytyrosol and tyrosol (34.8% of total phenolics); the flavones apigenin glucoside and 

luteolin (8.8% of total phenolics); and the secoiridoid oleuropein (5.2% of total 

phenolics). Several authors have reported the accumulation of phenolic compounds in plant 

tissues after pathogen infection (Cayuela et al., 2006; Baidez et al., 2007; Markakis et al., 

2010). However, in this study, the total phenol content increased for the susceptible cultivar 

upon infection by C. acutatum. Nevertheless, regarding the HPLC analyses of olive fruit 

extracts during the C. acutatum infection, it was possible to identify individual compounds 

possibly related to the cultivar susceptibility. The composition observed in control (non-

infected) olives, which varied from ‘Cobrançosa’ to ‘Picual’ (presenting the wider and narrow 

number of individual phenolic compounds, respectively), was tendentiously maintained at 0, 

16, 48, 144, and 360 hai, though suffering minor modifications (Table V.5). Gallic acid was 

one of the phenolic compounds present in Cobrançosa samples that decreased during the first 

infection hours, being at lower concentrations than the limit of detection at 48 and 144 hai. 

In which respects to ‘Galega Vulgar’, it was observed the presence of the same individual 

phenolics described for ‘Cobrançosa’ in control conditions, with the exception of 

hydroxybenzoic acid and tyrosol, which were present in lower amounts than the limit of 

detection. In this regard, the lack of these mentioned compounds conditioned the relative 

abundance of the diverse classes of phenolics, being described phenolic acids, phenolic 

alcohols, flavones, and secoiridoids at the percentages: 61.3, 20.6, 8.6, and 8.2%, 

respectively. Thus, as a consequence of the C. acutatum infection in ‘Galega Vulgar’ it was 

observed the presence of o- and p-coumaric acids and caffeic acid at 16 hai and vanillic and 

gentisic acid at 48 hai, in lower amounts than the limit of detection. The profile recorded at 48 

hai was maintained until the maximum infection time monitored (360 hai) (Table V.5). 

Besides this behaviour, the relative concentration of ferulic acid increased in the last hours of 

infection.  
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Table V.5. Relative abundance (%) of individual phenolic compounds in olive fruits after distinct infection times with 

Peak Compound λ UV (nm) 
Control  

(non-infected) 
Cob Z Gal Pic 

1 Hydroxytyrosol 225, 280 29.4 20.6 - 
2 Gallic acid 220, 275 9.3 10.6 61.0 
3 Hydroxybenzoic acid 220, 280, 320 4.2 - - 
4 Tyrosol 220, 275 5.4 - - 
5 Vanillic acid 220, 265, 330 4.7 4.3 - 
6 Gentisic acid 220, 285 5.4 7.2 - 
7 o-coumaric acid 220, 285, 325 1.0 0.5 - 
8 p-coumaric acid 220, 285, 325 1.8 2.1 - 
9 Caffeic acid 220, 285, 325 0.7 1.7 - 
10 Ferulic acid 220, 285, 325 10.3 20.3 6.5 
11 Apigenin glucoside 220, 295, 345 6.4 4.5 5.1 
12 Verbascoside 220, 300, 330 5.1 1.4 5.7 
13 Luteolin 220, 250, 295, 345 2.4 4.1 4.6 
14 Oleuropein 220, 280, 330 5.2 8.2 17.2 
15 Cinnamic acid 225, 280, 310 8.7 14.6 - 

Z Cob, ‘Cobrançosa’; Gal, ‘Galega’; and Pic, ‘Picual’. 

Relative abundance (%) of individual phenolic compounds in olive fruits after distinct infection times with Colletotrichum acutatum. 

 

 0 hours  16 hours  48 hours 

  Cob Gal Pic  Cob Gal Pic  Cob Gal Pic 
 27.6 22.9 -  40.0 7.5 -  33.2 18.6 - 

  8.7 11.9 59.5  2.7 10.1 15.3  - 24.9 29.0 
 4.0 0.0 -  1.2 - -  5.3 - - 
 5.1 0.0 -  1.2 - -  9.7 - - 
 4.4 4.8 -  7.1 5.7 -  4.6 - - 
 5.1 8.0 -  1.2 11.5 -  3.7 - - 
 0.9 0.5 -  1.3 - -  4.6 - - 
 1.7 2.3 -  1.4 - -  4.4 - - 
 0.6 1.9 -  0.7 - -  1.7 - - 

  9.7 22.6 6.3  9.9 9.5 37.9  3.1 14.9 20.8 
  6.0 5.0 5.0  9.6 5.4 7.9  9.5 2.3 12.6 
  4.8 1.6 5.5  11.0 6.7 11.5  7.5 2.0 11.0 
  2.3 4.6 4.5  2.2 9.1 12.9  2.5 14.7 9.9 
  4.9 9.2 19.2  5.8 4.8 14.5  4.1 5.5 16.7 

 14.1 4.8 - - 4.6 29.7   6.1 17.1 - 
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 144 hours  360 hours 

 Cob Gal Pic  Cob Gal Pic 
 26.5 24.3 -  37.8 - - 
 - 27.9 -  8.0 24.1 - 
 7.8 - -  1.2 - - 
 9.0 - -  1.4 - - 
 3.3 - -  7.0 - - 
 1.7 - -  1.1 - - 
 2.7 - -  0.7 - - 
 0.4 - -  0.9 - - 
 0.3 - -  0.8 - - 
 7.7 14.6 26.4  8.4 46.4 31.8 
 9.7 6.1 5.2  4.4 6.9 5.3 
 6.0 3.4 18.5  7.5 4.9 22.8 
 4.2 16.3 20.0  3.3 13.4 9.1 
 6.7 7.3 29.9  10.0 4.3 31.0 
 5.3 - -  7.4 - - 
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 Finally, from the evaluation of the phenolic profile of ‘Picual’, it was verified that the 

panel of phenolic compounds in this cultivar was restricted to the presence (in the detection 

limit) of the phenolic acids: gallic and ferulic, the flavones: apigenin glucoside and luteolin, 

and the secoiridoid: oleuropein, whereas phenolic alcohols were not detected (in the limit of 

detection) in this cultivar under control conditions. Also as a response to the fungal infection, 

the lack of gallic acid was observed at 144 and 360 hai (Table 2). Vinha et al. (2005) also 

found in Picual olive fruits higher amounts of oleuropein. Concerning the content in ferulic 

acid, this cultivar also presented, in our study, an increase throughout the infection process. 

Thus, this phenolic acid can be a key component of the plant response. Other authors also 

found this hydroxybenzoic acid as sensitive to the infection of apples with Diplocarpon  mali 

(Yin et al., 2013). Almada Ruiz et al. (2003) also demonstrated that methoxylated flavones 

can inhibit the growth of Colletotrichum gloeosporioides from citrus fruits. However, a higher 

level of hydroxycinnamic acid derivatives was determined in bean pods of susceptible 

cultivars (Mikulic-Petkovsek et al., 2014). Del Rio et al. (2003) reported that the presence of 

catechin in olive plants (Olea europaea L.) showed antifungal activity, thus positively 

affecting plant resistance against Phytophtora sp. 

 Hence, phenolics are important compounds which participate in plant’s defense 

mechanisms. Furthermore, the differences found in all infection times suggest a cultivar 

specific response to the pathogen attack. However, to the best of our knowledge, no reports 

are available concerning the study of individual phenolic compounds in olive fruits attacked 

by Colletotrichum acutatum. In this way, future studies concerning the phenolic biosynthesis 

as a response to anthracnose infection should be carried out to further understand the 

secondary metabolism of olives as a defense against Colletotrichum acutatum attack. 

 

5.2.3.2. FTIR-ATR Spectroscopy coupled to multivariate analysis 

In order to assist the evaluation of the differences assignable to the fungal infection 

amongst the various cultivars assessed, FTIR-ATR spectra were registered for the cuticles of 

olives corresponding to the samples analyzed for the phenolic composition. Furthermore, 

multivariate analysis techniques, namely PLS-R and PLS-DA, were applied to the data 

obtained, with the purpose of assessing the potential of this lower time and resources-

consuming analytical approach for the assessment of infected / non-infected samples, in the 

distinct cultivars. Hence, PLS-R analysis was used to reduce the data to Factors, explaining 

the variance between the data, to be used in subsequent PLS-DA analysis, aiming to the 
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discrimination of the features (cultivar and C. acutatum infection) under study resorting to the 

spectra. The distinct olives evaluated were set as the dependent variable, thus allowing the 

determination to the applicability of this approach for prediction, since no a priori 

information was inserted during the Factors’ extraction, concerning neither the cultivars, nor 

the infection times. 

In a first approach, both the spectra and their 1st derivative were tested for this purpose, 

with the derivative performing better than the spectra (data not shown), thus being used in the 

PLS-R approach for the extraction of the Factors. In fact, both in our previously works, as 

well as in the available bibliography, the use of the 1st derivative retrieved better results, 

whenever this kind of methodology is applied (de Luca et al., 2011; Machado et al., 2014; 

Gouvinhas et al., 2015). Moreover, a Variable Importance Plot (VIP) analysis was 

undertaken, with the view of assessing the most interesting spectral ranges, and several 

intervals were tested, none performing better than the full interval under study. This fact was 

understandable since the generality of the wavenumbers under study displayed a Variable 

Importance greater than 0.8, established as the minimal level for a variable to be considered 

significant (Figure V.4). 

 

 
Figure V.4. Variable Importance Plots for PLS-R analyses undertaken with the distinct olives as dependent 

variable (I), and the distinct infection times as categorical dependent variable (II). The values of the 1st derivative 
of the normalized spectra constituted the independent variables. 

 

For the full interval under study, a maximum number of 15 Factors were extracted 

through the PLS-R, whilst different numbers of Factors were tested in the PLS-DA approach, 

in order to assess the optimal number to be used for the discrimination and classification of 

samples. For this purpose, the CV (Cross-Validation) procedure was undertaken 

concomitantly to each discriminant analysis, and the percentage of missclassified samples, 



Chapter V: Effect of Colletotrichum acutatum on PAL expression and activity and phenolic 
composition of olives, and spectroscopic characteristics of olives’ cuticle 

PAGE | 163 

using each number of Factors, was evaluated to found the best compromise between accuracy 

and a constrained number of Factors, avoiding the occurrence of over-fitting (Table V.6). 

From the analysis of the data contained in Table V.6, it can be readily elated that fewer 

Factors are required for the discrimination between cultivars, while concerning distinct 

infection times, a larger number of Factors is necessary, presenting always greater 

percentages of error in the CV procedure, respecting the former discrimination. Accordingly, 

for the discrimination between cultivars, a CV error of 16.0% was retrieved when the first 7 

Factors, corresponding to 87.0% of the Y variance explained, were used, whilst the untrendy 

error variation observed for larger numbers of Factors raised some concerns about the 

occurrence of over-fitting, when larger numbers of Factors are used. Therefore, the 7 first 

Factors were considered for the discrimination between cultivars. 

On the other side, the same number of Factors (7) led to a CV error of 43.9%, concerning 

the classification of the infection time, whilst resorting to 9 Factors, an error of 37.6%, 

corresponding to the first minimum of error, was retrieved. These first 9 Factors corresponded 

to 92.7% of the Y variance, a slightly higher value than the 87.0% of the Y variance 

corresponding to the first 7, however, a larger error in the determination of infection time was 

observed, respecting the discrimination between cultivars with the same number of Factors. 

This fact showed that the differences between olives, which were explored by these Factors, 

retrieved a higher amount of information regarding the distinct cultivars, in comparison with 

the infection time. 

Concerning the differentiation between cultivars, the plot of the scores for the 

discriminant Canonical Variables 1 and 2 (Can-Var 1 and 2), extracted from the PLS-DA, was 

depicted in Figure V.5. These scores corresponded to the analysis with the first 7 Factors, and 

accounted for 100.0% of the variability, since only these two Can-Var were extracted (Table 

V.6, Figure V.5). From the analysis of this plot, it was observed that Can-Var 1 (98.0 % of 

variance) discriminates the Cobrançosa samples for negative scores, while ‘Galega Vulgar’ 

and ‘Picual’ presented positive scores, concerning the same Can-Var. Furthermore, the 

‘Picual’ samples displayed higher scores, while the Galega Vulgar samples presented values 

for Can-Var 1 nearer zero, with some of the samples exherting slightly negative scores, lying 

next to the ‘Cobrançosa’ at 360 hai, which together with samples corresponding to 144 hai, 

pointing out a divergent behavior of this cultivar at these infection times (Figure V.5, Table 

V.6). 
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Table V.6. Variance explained by each PLS-R Factor extracted, and cumulative variance explained. 
Includes PLS-DA percentual error in the Cross validation (CV) procedure, resorting to the use of 
distinct numbers of Factors for the PLS-DA. 

FactorZ X. Var.Y 

(%) 

Cumulative X Var.X 

(%) 

Y Var.W 

(%) 

Cumulative Y Var.V 

(%) 

 % error CV U 

(cultivar) 

% error CV T 

(inf. time) 

1 17.26 17.26 26.16 26.16  - - 
2 26.48 43.74 7.29 33.45  49.80 73.31 
3 8.21 51.96 15.86 49.32  21.17 71.46 
4 4.32 56.27 15.82 65.14  20.44 61.35 
5 3.27 59.54 12.25 77.39  22.30 56.93 
6 4.81 64.35 3.82 81.20  19.33 54.96 
7 1.56 65.91 5.82 87.02  16.00* 43.91 
8 1.23 67.13 3.94 90.96  16.37 39.07 
9 1.90 69.03 1.70 92.67  15.26 37.60* 
10 0.90 69.93 1.88 94.55  13.39 37.95 
11 1.10 71.03 1.17 95.72  10.79 37.98 
12 1.13 72.17 0.96 96.67  10.43 34.26 
13 0.89 73.05 0.66 97.33  10.79 28.70 
14 0.88 73.93 0.44 97.77  3.72 29.80 
15 0.44 74.38 0.56 98.33  2.98 27.95 

Z Factors extracted from the PLS-R approach, using the distinct olives as dependent Variable.  
Y Variance Explained for X Effects (%). 
X Cumulative X Variance (%). 
W Variance Explained for Y Responses (%). 
V Cumulative Y Variance (%). 

U Percentage of error in the CV procedure in PLS-DA, assuming distinct cultivars as classes. 
T Percentage of error in the CV procedure in PLS-DA, samples with the same infection time have been 
defined as classes. 
*The asterisk marks the CV error corresponding to the number of Factors selected for the PLS-DA 
predictions. 

 

 

 
Figure V.5. Plot of the scores for the discriminant Canonical Variables 1 and 2, for the olive samples, extracted 
in the PLS-DA undertaken with the Factors extracted resorting to the 1st derivative of the spectra. Cultivar has 

been set as the dependent variable in the discriminant analysis. 
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Additionaly, concerning Can-Var 2, which accounts for 2.0% of variance, the majority 

control and 0 hai samples were found in the positive range of the plot, while the 16 and 48 hai 

samples presented negative scores, exception made to the Galega Vulgar samples at 16 hai, 

which were mainly found in the positive moiety, due to the increase in the phenolic content 

observed for this cultivar between 16 and 48 hai, which ultimately leads these concentrations 

to equal the values observed for 0 hai in the other cultivars. Regarding 144 and 360 hai 

samples, these were found scattered around the horizontal axis, whereas solely the Picual 

samples with these infection times tendentiously presented negative scores concerning Can-

Var 2, lying next to the 16 and 48 hai samples of the same cultivar. Actually, concerning this 

cultivar, the increase of all contents assessed, between 16 and 48 hai, intercepted halfway the 

decrease observed from 144 to 360 hai, once again correlating the discriminations observed 

with the variation of the content in phenolics of olives (Table V.6, Figure V.5). 

In Figure V.6, the plot of Can-Var 1 vs. Can-Var 2, corresponding to the classification 

regarding the infection time, was presented. In this case five Can-Var were necessary to 

describe 100.0% of variance described by the first nine Factors extracted, whereas the first 

two accounted for 84.6 and 8.5% (Can-Var 1 and C. Var 2, respectively) of the variance 

(Table V.6, Figure V.6). In this case, Can-Var 1 clearly discriminated control and 0 hai 

samples for negative scores, while positive scores were generally assigned to 16 and 48 hai 

samples. The discrimination of control and 0 hai samples for the same moiety was 

understandable, since non-infected olives (control), and those with 0 hai present similar health 

status. Concerning 144 and 360 hai samples, even though the center of these groups was 

found at positive scores, the majority of the ‘Cobrançosa’ at 360 hai samples assumed 

negative scores, alongside with half of the Galega Vulgar samples at 360 hai, besides some 

144 hai Cobrançosa and Galega Vulgar olives, reflecting certain differentiation between the 

cultivars’ behavior at these infection times. 
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Figure V.6. Plot of the scores for the discriminant Canonical Variables 1 and 2, for the olive samples, extracted 
in the PLS-DA undertaken with the Factors extracted resorting to the 1st derivative of the spectra. Infection time 

has been set as categorical dependent variable in the discriminant analysis. 
 

Concerning Can-Var 2 (8.5%), within the same plot (Figure V.6), the major 

discrimination observed corresponded to the separation between 360 hai samples for negative 

scores, while all the other times diverted to positive scores, exception made to 144 hai. Thus, 

the center of the group was found nearby the horizontal axis, which could be mainly due to 

the contribution of the Picual samples with this infection time. Actually, the majority of the 

Picual samples were found within the negative range, which may be attributed to the slighter 

variations observed for this cultivar in the time-line, presenting concentrations which were 

generally around the values observed at 360 hai (Table V.4, Figure V.5). 

Therefore, in order to assess the similarities observed between samples from distinct 

cultivars with different infection times, an additional study was conducted. In this 

supplementary study classification models were developed, resorting to PLS-DA, where the 

PLS extracted Factors of two cultivars (calibration set) were used to produce a model that 

allows to classify the samples of a third cultivar, which was assessed as an external set of 

Factors, with unknown membership. In this case, the scores of the 15 Factors were used, since 

different optimal numbers of Factors were observed for each model. The results obtained are 

presented in Table V.7, which also contains the error percentages retrieved for the calibration 
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set in the CV procedure. Concerning these results, the first observation to be made is the 

classification of the control and 0 hai samples, which were entirely assigned to both groups, 

as it would be expected, since the content variations between both stages were minimal. 

Nevertheless, the classification of 14 Picual samples at 0 hai as control, might be due to the 

increase in the total phenolic content surpassing non-infected Cobrançosa samples, whereas 

the classification of 12 control samples of the Galega Vulgar cv. as 0 hai could be related to 

the descent of the phenolic contents (Tables V.4 and V.7). 

 

Table V.7. Number of samples assigned to each infection time (hours after infection - hai -). Samples of each cultivar 
have been assigned to an infection time, resorting to a classification model constructed with the samples from the other 
two cultivars. 

Infection timeZ 

(hai) 

‘Cobrançosa’ (23.56%)Y  ‘Galega Vulgar’ (24.70%)  ‘Picual’ (25.19%) 

NICX 0 16 48 144 360 NIC 0 16 48 144 360 NIC 0 16 48 144 360 

NIC 14 1 - - - - 

 

3 12 - - - - 

 

15 - - - - - 
0 7 8 - - - - - 13 - - 2 - 14 1 - - - - 
16 - 8 - 1 6 - - - - 3 12 - - - - 14 - 1 
48 - - 1 - 14 - - - 5 5 5 - - - - 13 - 2 
144 - 13 - - 1 1 - - - - 15 - - - 1 7 - 7 
360 - 11 - - 2 2 - - - - 2 13 - - - - - 15 

Z Distinct groups of samples according to the previously known period of contact with the fungal infection. 
YPercentage of missclassified samples in the CV procedure, observed in the calibration of the classification model, 

which was developed resorting to the samples from the other two cultivars. 
X NIC, non-infected control. 

 

Regarding larger infection times, the 16 hai was the time showing the most diverting 

results. The most remarkable fact was the classification of 12 Galega Vulgar samples 

corresponding to 16 hai as 144 hai samples. Actually, a major increase in all contents was 

observed from 16 till 48 hai in this cultivar, which might be the cause of these classifications. 

Thus, this classification pointed to the occurrent of the maximum response between 16 and 48 

hai, in this cultivar. In fact, 48 hai was the only stage where the content of this cultivar in total 

phenols and ortho-diphenols, is comparable, and even larger respecting the other cultivars, 

which still experienced an increase at this stage, after presenting minimal concentrations at 

‘16 hai’. 

At 144 hai, all the 15 samples of ‘Galega Vulgar’ were correctly classified, whilst the 

Picual samples were distributed between 48 and 360 hai and 14 samples of Cobrançosa were 

classified as 0 hai. This trend was kept at 360 hai, where Cobrançosa represented the cultivar 

displaying the most diverting classifications relative to the other two cultivars, with 11 

samples classified as 0 hai, based on the decline of the response at this time, which reflected 

the decrease of all the phenolic content, reaching at 360 hai the values corresponding to 0 hai 
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(Table V.4). At 360 hai, all Picual samples were correctly classified, while the same 

classification was assigned to 13 Galega Vulgar samples (Tables V.4 and V.7). 

 

5.2.4. Conclusions 

The evaluation of olives throughout the inoculation period with C. acutatum, in distinct 

cultivars with different susceptibilities to this fungal disease, allowed to observe that the 

cultivar previously described as the most susceptible to C. acutatum, ‘Galega Vulgar’, 

presented the lowest content in phenolic compounds comparatively to the other cultivars 

evaluated, reaching the level assessed in ‘Cobrançosa’ and ‘Picual’ as a consequence of the 

response to biotic stress caused by the infection under study. In addition to the variation of the 

phenolic compounds level, specific changes concerning the phenolic profile were verified. In 

this regard, it was stressed that the most relevant modification of the composition in 

individual compounds occurred in ‘Galega Vulgar’, which lost 6 out of the 13 compounds 

identified, throughout the infection process. Furthermore, the study developed resorting to 

FTIR-ATR spectroscopy, has shown that this approach allows to monitor the response of 

olive fruits to C. acutatum, instead of the progression of the infection. Besides, the potential 

of this methodology to evaluate the occurrence and exposure time to this infection, or even 

the previous contact of healthy olives with the fungus, has been also shown. Nevertheless, due 

to the differentiated response of each cultivar to the fungal aggression, prediction models have 

to be developed, resorting to comprehensive sets of samples from distinct cultivars, in order to 

evaluate the infection time, thus allowing its application as a valuable screening method. 
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The studies described in this thesis allowed to obtain better understanding of Olea 

europaea L., regarding the influence of genetic diversity on the maturation process, and on 

the tolerance of different olive genotypes to Colletotrichum acutatum fungus. 

 

In this work different approaches were used, during two crop years for almost all studies, 

to provide further insight on the olive chemical changes (e.g., secondary metabolites) during 

fruit maturation process and that allowed to distinguish the cultivars at different ripening 

stages.  

As referenced in Chapter 1, the phenolic composition is transformed throughout the 

maturation process, namely characterized by a decrease of these compounds. However, this 

content, as well as the antioxidant power of olive fruits, depends on the cultivar genotype. 

This fact was confirmed in this work once the three cultivars analysed (Cobrançosa, Galega 

Vulgar, and Picual) presented different trends during fruit ripening. Overall, all cultivars 

diminished their phenolic compounds, however, at the end of the maturation process, 

Cobrançosa olive fruits was the cultivar with the highest content, followed by Picual and 

Galega Vulgar cultivars. This behavior was also found in olive oils at different maturation 

stages, being Galega Vulgar the cultivar with the lowest content on total phenolics, ortho-

diphenols and flavonoids. In contrast, Picual olive oil samples presented the highest content in 

all these parameters, either on green or ripe stages. In Chapter 1 it was revealed the 

relationship between the presence of phenolic compounds in olive oils and their good 

oxidative stability and biological activities. Thus, this study can help the growers to select the 

cultivars in order to produce olive oils with the maximum quality and health benefits for 

consumers, and then increase their commercial values.  

Still regarding the maturation process, all the classical assessments of the phytochemical 

composition and mineral content were subjected to multivariate analyses, constituting a useful 

approach to distinguish not only the cultivars and maturation stages, but also the crop season. 

This parameter also revealed to be an important and critical factor for the radical scavenging 

capacity of olives, final concentration of bioactive (poly)phenols, and metal content of olive 

oils. 

 

Colletotrichum acutatum is one of the most pathogenic species that causes economically 

significant diseases of legumes, vegetables, cereals, and fruits. In olive tree, this fungus 

causes important losses in terms of yield production, chemical parameters and quality of olive 
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fruits, and consequently, in olive oil. Since the role of phenylpropanoid metabolism during 

defense responses and the regulation of genes associated to phenolic metabolism by biotic 

stress signals is still poorly understood, in Chapter 5, a functional genetic study was 

performed, using RT-PCR for the phenylpropanoid pathway key gene analysis during fruit C. 

acutatum infection, together with phenylalanine ammonia lyase (PAL, EC: 4.3.1.24) activity 

(the precursor for the synthesis of several (poly)phenols) and olive phenolic composition, 

providing an unique insight into the mechanisms that can be related with disease 

susceptibility of diverse cultivars in field conditions. 

PAL is considered to be a key regulatory enzyme for flavonoid/anthocyanin biosynthesis 

during fruit ripening. In fact, all the preliminary studies aforementioned during the fruit 

maturation process can explain the different susceptibilities of these cultivars to C. acutatum. 

Once the content of phenolic compounds varied significantly among the cultivars during fruit 

development and maturation and showed high levels in green fruits, related to their resistance, 

the chemical and transcriptional study of C. acutatum infection was only conducted in mature 

olive fruits. The high content in phenolics observed in the most tolerant olive tree cultivars 

against this fungus, Cobrançosa and Picual, suggests a key role of these secondary 

metabolites in the defense response to C. acutatum infection. Galega Vulgar, defined as 

susceptible cultivar to this fungus, presented the lowest content on secondary metabolites, 

which were then produced after this biotic stress, reaching similar levels of the others 

cultivars. Results evidenced that C. acutatum attack was responsible for the induction of a 

defense response in olive cultivars. Although all cultivars were sensible to C. acutatum 

infection, Galega Vulgar was the cultivar that revealed that these parameters were most 

related, since OePAL gene expression level, PAL enzyme activity and phenolic content were 

simultaneously induced after the fungal attack. 

 

All these chemical parameters aforementioned were estimated by classical analytical 

methods, which presents several drawbacks, namely the low speed, high costs, the production 

of chemical waste, and the necessity of sample pre-treatments. Therefore, faster 

spectroscopical approaches were applied in the same olive samples in order to predict the 

chemical content of olive oils during the maturation process, but also to monitor the response 

of olive fruits to the C. acutatum attack resorting to the cuticle analysis. Thus, infrared 

spectroscopy (Fourier Transform Infrared spectroscopy accoupled with ATR) and Raman, 

combined with chemometric approaches proved to be successful analytical methods for 
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quantitative and qualitative information, being an important and rapid tool for the producer’s 

real-time decisions. 

 

Our data evidenced the genetic diversity among olive cultivars grown cultivars and a 

clear distinction of crop season and, maturation and infection stages. The production of high 

quality olive fruits should follow an integrated approach in order to achieve maximum yields. 

Where possible, resistant cultivars should be combined with proper harvest timing and 

sanitation techniques before and during harvest process, transportation, and storage. 

Furthermore, the spectroscopic methods could represent reliable, cheap and fast devices able 

to distinguish olive oils of different cultivars at distinct stages of maturation or infection with 

C. acutatum, not requiring chemical analyses. 
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Annex I 

Supplemental figures 

 

Supplemental figure 1. Root mean square error of calibration and cross-validation as a function of latent 
variable number for phenolic content and ortho-diphenols. 

 

 
 

Supplemental figure 2. Calibration models for the relationship between measured values and FTIR predicted 
values of a) Phenolic content, b) Ortho-diphenols, c) Flavonoids, d) Antioxidant Activity (A. A). 

 

0.00

0.02

0.04

0.06

0.08

0.10

1 2 3 4 5 6 7
Latent variable number

 phenolics phenolics

Ortho-difenols Ortho-difenols

R
o

ot
 m

ea
n 

sq
ua

re
 e

rr
o

r 

ortho-diphenols ortho-diphenols

Calibration Cross-validation



 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Annex II 

Published articles 

 



 



Food Chemistry 174 (2015) 226–232
Contents lists available at ScienceDirect

Food Chemistry

journal homepage: www.elsevier .com/locate / foodchem
Discrimination and characterisation of extra virgin olive oils
from three cultivars in different maturation stages using Fourier
transform infrared spectroscopy in tandem with chemometrics
http://dx.doi.org/10.1016/j.foodchem.2014.11.037
0308-8146/� 2014 Elsevier Ltd. All rights reserved.

Abbreviations: FTIR, Fourier transform infrared spectroscopy; ATR, Attenuated
Total Reflectance; PCA, principal component analysis; DA, discriminant analysis;
PLS-R, partial least squares regression; PCR, Principal Component Regression; RI,
Ripening Index; GAE, gallic acid; ABTS, 2,2-azino-bis(3-ethylbenzothiazoline)-6
sulphonic acid; R2, multiple coefficient of determination; RMSEC, root mean square
error of calibration; RMSECV, root mean square error of cross validation.
⇑ Corresponding author. Tel.: +351 259350283; fax: +351 259350480.

E-mail address: igouvinhas@utad.pt (I. Gouvinhas).
1 http://www.utad.pt.
Irene Gouvinhas a,⇑,1, José M.M.M. de Almeida b,c,1, Teresa Carvalho d, Nelson Machado a,1,
Ana I.R.N.A. Barros a,1

a CITAB – CITAB, University of Trás-os-Montes and Alto Douro, 5001-801 Vila Real, Portugal
b Department of Physics, University of Trás-os-Montes and Alto Douro, 5000-801 Vila Real, Portugal
c INESC Porto, Rua do Campo Alegre, 687, 4169-007 Porto, Portugal
d Instituto Nacional de Investigação Agrária (INIA I.P.), Elvas, Portugal

a r t i c l e i n f o a b s t r a c t
Article history:
Received 8 September 2013
Received in revised form 19 September
2014
Accepted 6 November 2014
Available online 14 November 2014

Keywords:
Fourier transform infrared spectroscopy
Extra virgin olive oil
Maturation stages
Cultivars
Chemometrics
Chemical parameters
A methodology based on Fourier transform infrared (FTIR) spectroscopy, combined with multivariate
analysis methods, was applied in order to monitor extra virgin olive oils produced from three distinct
cultivars on different maturation stages. For the first time, this kind of methodology is used for the
simultaneous discrimination of the maturation stage, and different cultivars.

Principal component analysis and discriminant analysis were utilised to create a model for the
discrimination of olive oil samples. Partial least squares regression was employed to design calibration
models for the determination of chemical parameters. The performance of these models was based on
the multiple coefficient of determination (R2), the root mean square error of calibration (RMSEC) and root
mean square error of cross validation (RMSECV). The prediction models for the chemical parameters
resulted in a R2 ranged from 0.93 to 0.99, a RMSEC ranged from 1% to 4% and a RMSECV from 2% to 5%.

It has been shown that this kind of approach allows to distinguish the different cultivars, and to clearly
discern the different maturation stages, in each one of these distinct cultivars.

Furthermore, the results demonstrated that FTIR spectroscopy in tandem with chemometric techniques
allows the creation of viable and accurate models, suitable for correlating the data collected by FTIR
spectroscopy, with the chemical composition of the EVOOs, obtained by standard methods.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Extra virgin olive oil (EVOO) is a vegetable oil made from
healthy and intact fruits of the olive tree (Olea europaea L.) only
by mechanical means (crushing, malaxation and centrifugation)
and can be directly consumed unrefined by humans. As no
chemicals are used in this extraction process, the EVOO keeps
the original characteristics and constituents which are lost in
refined oils (Nieto, Hodaifa, & Peña, 2010). EVOO is one of the most
significant food products in Mediterranean countries, and the olive
tree counts among the oldest and most important oil-producing
crops after the oil palm (Baldoni & Belaj, 2009).

The high demand for olive oil is associated with the Mediterra-
nean culture based on dietary habits correlated with health
benefits (Allalout et al., 2011). This has been correlated with the
presence of high content of monounsaturated fatty acids, specifi-
cally oleic acid (60–80%) and its richness in minor components,
including tocopherols and phenolic compounds, that other seed
oils lack (Cicerale, Conlan, Sinclair, & Keast, 2009). These phenolic
compounds have a great importance in biological systems once
they act as natural antioxidants (Bendini, Cerretani, Carrasco-
Pancorbo, et al., 2007; Bendini, Cerretani, Di virgilio, et al., 2007).
Furthermore, they are also responsible for the stability and flavour
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Table 1
Description of olive fruit at each sampling date.

Cultivar Maturity stage Sample code Harvest date RIa

Cobrançosa Green Cob G 02/10/2012 0.4
Semi-ripe Cob SR 12/10/2012 2.1
Ripe Cob R 08/11/2012 5.5

Galega Green Gal G 02/10/2012 0.4
Semi-ripe Gal SR 12/10/2012 2.1
Ripe Gal R 08/11/2012 5.5

Picual Green Pic G 02/10/2012 0.4
Ripe Pic R 08/11/2012 5.5

a Ripening Index.
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of olive oil, and are associated to ‘‘pharmacological’’ properties,
since these compounds have demonstrated some positive effects
on certain physiological parameters (Bouskou, Tsimmidou, &
Blekas, 2006). However, the quality of olive oil is influenced by a
great number of factors and its phenolic composition and concen-
tration depends on two of the most important ones, namely the
nature of the cultivar and geographic origin (Bakhouche et al.,
2013), and of the fruit ripening degree (Machado, Felizardo,
Fernandes-Silva, Nunes, & Barros, 2013), where important chemi-
cal changes occur. There are other factors that affect the phenolic
composition of olive oils such as irrigation regimes (Machado
et al., 2013), oil extraction technology and the storage of the oil
(Dabbou et al., 2011) and agricultural techniques used to cultivate
olive fruit (Ayton, Mailer, Haigh, Tronson, & Conlan, 2007).

In this work, we studied olive oils from some cultivars that are
cultivated in the main Portugal region for olive oil production
(Alentejo) (INE, 2012). ‘Cobrançosa’ is a characteristic cultivar of
Trás-os-Montes region. However, due to its interesting characteris-
tics, it has been spread to other regions, namely in Alentejo. Galega,
as Cobrançosa cultivar, is one of the most important cultivar used
in Portugal, but there is little information available related to the
study of its chemical composition. The other cultivar studied is
Picual which is one of the most important cultivar grown in Anda-
lusia, Spain, and characterised by having one of the highest content
of phenolic compounds (Nieto et al., 2010).

The determination of total phenolic compounds, including
ortho-diphenols and flavonoids, and antioxidant activity by
colourimetric methods involves a pre-treatment of samples and
consequently the destruction of the sample. Furthermore, these
analyses are time consuming and require large amounts of
reagents and solvents, which are quite expensive, and often toxic.
To overcome these hurdles, spectroscopic methods have been used,
such as Fourier-transform infrared spectroscopy (FTIR), which is an
analytical technique, rapid, direct and simple to perform. It is non-
destructive and does not require any sample preparation, particu-
larly when used in conjunction with Attenuated Total Reflectance
(ATR).

For these reasons, the application of FTIR in the study of olive
oils has increased recently, mainly to evaluate the composition of
fatty acids (Inarejos-Carcía, Gómez-Alonso, Fregapane, &
Salvador, 2013), oxidised fatty acids (Lerma-García, Simó-Alfonso,
Bendini, & Cerretani, 2011), peroxide value (Bendini, Cerretani,
Carrasco-Pancorbo, et al., 2007; Bendini, Cerretani, Di virgilio,
et al., 2007), acidity (Lerma-García et al., 2011), adulterations
(Rohman & Che Man, 2012), sensory characteristics, phenolic and
volatile compounds (Lerma-García et al., 2011), freshness (Sinelli,
Cosio, Gigliotti, & Casiraghi, 2007) and authenticity (Lerma-
Garcia, Ramis-Ramos, Herrero-Martinez, & Simo-Alfonso, 2010).
Other authors described the use of FTIR–ATR for the simultaneous
quantification of fatty acid composition, peroxide value and free
acidity (Maggio et al., 2009). Despite some studies used
FTIR–ATR–PLS tool to determine some analytical parameters
(water content, phenolic content and antioxidant activity) in olive
oils (Cerretani et al., 2010), the discrimination of varietal origin of
olive oil and different maturation stages of the specific cultivars
‘Cobrançosa’, ‘Galega’ and ‘Picual’ growing in Alentejo region with
resort to this technique, has not been undertaken yet.

The aim of this study was to use FTIR–ATR spectroscopy associ-
ated with chemometrics in order to differentiate EVOO’s produced
with olives from three cultivars on three different maturation
stages. Discrimination was achieved using either an unsupervised
method, principal component analysis (PCA), and a supervised
method, factor discriminant analysis (FDA).

Furthermore, quantitative models to predict the chemical char-
acteristics of EVOO’s based on FTIR spectra measurements were
developed using partial least square regression method (PLS-R)
based on the Non-linear Iterative Partial Least Squares algorithm
(NIPALS) algorithms.

2. Material and methods

2.1. Chemicals

Folin–Ciocalteu’s reagent, 3,4,5-trihydroxybenzoic acid (gallic
acid) and acetic acid, both extra pure (>99%) were purchased from
Panreac (Panreac Química S.L.U., Barcelona, Spain). Sodium nitrate,
aluminium chloride and sodium carbonate, all extra pure (>99%),
were purchased from Merck (Merck Darmstadt, Germany). 2,
2-azino-bis(3-ethylbenzothiazoline)-6 sulphonic acid (ABTS), Trol-
ox, and catechin, all of extra pure grade (>99%), were purchased
from Sigma–Aldrich (St. Louis, MO, USA). Sodium molybdate
(99.5%) was purchased from Chem-Lab (Chem-Lab N.V., Zedelgem,
Belgium). All other reagents used were of analytical grade. The
water used in the experiments was deionised, obtained from a
SGS water purification system.

2.2. Sampling

The present work was carried on monovarietal extra virgin olive
oils from three cultivars (cv. ‘Cobrançosa’, ‘Galega’ and ‘Picual’).
The olive fruits were obtained from a certified olive orchard, at
the National Plant Breeding Station, at Elvas (Portugal) during
the crop season 2012/2013.

Only healthy olive fruits, without any kind of infection or phys-
ical damage, were collected from ten different trees of comparable
age and vigour and located in distinct points of the same growing
area. Thus differences in climate conditions, agricultural practices
and geographical were excluded. Olives were handpicked at three
ripening stages, except Picual cultivar olives that were picked dur-
ing two harvesting periods. The harvesting dates are presented in
Table 1. For the classification of the maturity index, the olives were
evaluated according to their skin and pulp colour (Uceda &
Hermoso, 1998). The ripeness index (RI) values range from 0
(100% intense green skin) to 7 (100% purple flesh and black skin).

After harvesting, the olive fruits were immediately transported
to the laboratory mill where they were processed within 24 h. For
the production of each olive oil, three kilos of fresh olive fruits
were used using an Abencor system (INIA I.P., Elvas, Portugal)
where olives were crushed with a hammer crusher and the past
mixed at 25 �C for 30 min, centrifuged without addition of warm
water and then filtered and transferred into dark glass bottles
without headspace and stored in the dark at 4 �C until analysis.
All samples were classified as extra virgin olive oils according to
the EU regulations (EEC n.�2568/1991, 1991).

2.3. Extraction of the phenolic fraction

Three distinct aliquots were collected from each olive oil. For
the extraction of polar phenolic compounds of each one of these
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samples, 4 mL were weighed in a test tube, followed by the addi-
tion of 2.5 mL of hexane and 2.5 mL of MeOH/H2O (80:20) mixture.
The mixture was centrifuged for 10 min at 6000 rpm. The lower
phase was carefully discarded and reserved in a 10 mL volumetric
flask. To the remaining mixture, 2.5 mL of hexane and 2.5 mL of
MeOH/H2O (80:20) was added and centrifuged for 10 min at
6000 rpm and the lower phase collected into the same volumetric
flask. This procedure was repeated once more.

2.4. Measurement of olive oil chemical parameters

All the absorbance measurements were performed with resort
to a SpecTronic Instruments – Genesys 2 PC spectrophotometer.

2.4.1. Total phenolic content
The content of total phenolic compounds in olive oil samples

was determined using Folin–Ciocalteu reagent, with gallic acid as
standard (Barros et al., 2012). This method is based on the reduc-
tion of a phosphowolframate–phosphomolybdate complex by
phenolics to blue reaction products. 1 mL of diluted samples was
mixed with 500 lL of Folin–Ciocalteu reagent, 2 mL of 7.5% sodium
carbonate solution and 6.5 mL of water. The mixture was shaken
and the absorbance of the standard solutions and samples was
measured at 750 nm after 30 min reaction at 70 �C in relation to
a gallic acid standard curve. All measurements were performed
in triplicate. The results were expressed as milligrams of gallic acid
equivalents per gram of sample (mg GAE g�1).

2.4.2. Ortho-diphenol content
Ortho-diphenols were measured colourimetrically at 370 nm

after adding 1 mL 5% (w/v) sodium molybdate in 50% ethanol to
the aliquots of the extract (4 mL). Gallic acid served as a standard
to prepare a calibration curve in the 5–200 mg range per gram of
solution (Mateos et al., 2001). All measurements were performed
in triplicate. The ortho-diphenol content in olive oils was expressed
as milligrams of gallic acid equivalents per gram of sample
(mg GAE g�1).

2.4.3. Flavonoids content
Total flavonoids were measured by the colourimetric assay

developed by Zhishen, Mengcheng, and Jiamming (1999). In a test
tube 0.5 mL of the sample-working solution, resulting from the
extraction procedure, and 150 lL of NaNO2 5% were introduced.
After 5 min, 150 lL of AlCl3 10% were added and 6 min after
1 mL of 1 M NaOH was added. The mixture was shaken and the
absorbance of the standards and samples was measured at
510 nm in relation to a catechin standard curve. All measurements
were performed in triplicate. The results were expressed as milli-
grams of catechin per gram of sample (mg catechin g�1).

2.4.4. Antioxidant activity determination
The radical-scavenging activity was determined soon after

extraction by the 2,2-azino-bis(3-ethylbenzothiazoline)-6 sul-
phonic acid (ABTS) radical cation decolourisation assay (Barros,
Nunes, Gonçalves, Bennett, & Silva, 2011). For the assay, ABTS+ rad-
ical was prepared by mixing an ABTS stock solution (7 mM in
water) with 2.45 mM potassium persulfate. This mixture was
allowed to stand for 12–16 h at room temperature in the dark until
reaching a stable oxidative state. The ABTS+ solution was diluted
with 20 mM sodium acetate buffer (pH 4.5) to an absorbance of
0.70 ± 0.01 at 734 nm. The reaction was started by the addition
of 25, 50, 100, 150 and 200 lL of the methanolic extract of the olive
oils diluted conveniently to 2 mL of the diluted ABTS+ solution.
ABTS+ bleaching was monitored at 734 nm and 25 �C for at least
30 min and the percentage of discolouration after 15 min was used
as the measure of antioxidant activity. The ABTS+ bleaching was
proportional to the concentration of the sample added to the
medium. The antioxidant activity of the extract was calculated as
Trolox Equivalent Antioxidant Capacity (TEAC) and was expressed
as mmol of Trolox equivalents per kg of sample. All measurements
were performed in triplicate. A standard curve of the percentage of
ABTS+ inhibition in function of Trolox concentration (0.11–
0.014 mM) was used for the calculations.

2.5. FTIR–ATR measurement

Infrared spectra were collected in a ‘‘Unicam Research Series’’
FTIR spectrometer equipped with a heated ‘‘Golden Gate’’ single
reflection ATR module, a DLaTGS detector and a KBr beamspliter.
The equipment is connected to computer and controlled by
WinFirst Software – v1.1.

FTIR–ATR measurements were performed by pipetting a small
drop (�1 ll) of olive oil on top of the ATR baseplate, which was
kept at 30 �C. We calculate that the evanescent field was probing
a depth of approximately 1.0 lm. All infrared spectra were
recorded from 500 to 3000 cm�1, co-adding 128 interferograms
at a resolution of 2 cm�1. The collection time for each sample spec-
trum was approximately 2 min. These spectra were subtracted
against background air spectrum. After every scan, a new reference
air background spectrum was taken. The ATR base was carefully
cleaned in situ by scrubbing with ethanol and dried with soft tissue
before measuring the next sample. The cleaning method was
verified by collecting a background spectrum and compared to
the previous one. These spectra were recorded as absorbance val-
ues at each data point. Each sample measurement was repeated
two times and the spectra averaged.

2.6. Mathematical treatment

Spectral data collected between 500 and 3000 cm�1 were
mean-centred and standardised (1/SD) and subjected to a principal
component analysis (PCA) to inspect differences between samples.
The PCA transforms the large number of potentially correlated
factors into a smaller number of uncorrelated factors (principal
components, PCs), and thus reduces the size of the data set. For
qualitative analysis, principal components contributing to the
variance of the data set were subjected to discriminant analysis
(DA) in an attempt to predict the likelihood of a sample belonging
to a previously defined group. Since the raw spectral data could not
be used because of the strong correlation between the wavenum-
bers, uncorrelated PCs resulting from PCA were employed.

For quantitative analysis of chemical parameters of olive oil
samples, factors considerably contributing to the variance of the
data set were regressed using partial least squares regression
(PLS-R) onto the referred variables. This multivariate calibration
technique, sometimes called factor analysis, transform the original
variables (FTIR spectra absorbances) into the new ones (known as
factors), which are linear combination of original variable. The
method relied on two steps, so-called calibration and validation.
In the calibration step, a mathematical model was built to establish
a correlation between the matrix of FTIR spectra (predictor
variables) and the concentration of analytes of interest (response
variables) used a set of observations usually named calibration
set. In the validation step, the developed calibration model was
used to calculate the concentration of samples not used to set-up
the model (De Luca, Oliverio, Loele, & Ragno, 2009). PCA, DA and
PLS-R calculations were performed using the XLSTAT-v2006.06
package (Addinsoft, Inc).



Fig. 1. FTIR–ATR spectra collected for Cobrançosa olive oils samples in three
maturation stages.
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3. Results and discussion

3.1. Chemical analysis

Chemometric analysis of FTIR spectra on extra virgin olive oils
of three cultivars with different maturation stages were combined
with analytical parameters, determined only by colourimetric
methods, to develop calibration and validation models in order
to be able to estimate the chemical parameters, namely, total phe-
nolic content, ortho-diphenols, flavonoids and antioxidant activity
during the ripening process. Table 2 shows the mean and the stan-
dard deviation of these analytical parameters. For Cobrançosa and
Galega cultivars, the samples presented an increase of total phen-
olics, ortho-diphenols, flavonoids and antioxidant activity from the
first to the second stage of ripening. Then a decrease was observed
in the third maturation stage. These results are in agreement with
the literature (Nieto et al., 2010). For Picual’ EVOO’s, the values of
all the chemical parameters decreased between the first and the
last maturation stages studied, green and ripe. Furthermore, this
cultivar presented the biggest values of the analytical parameters
in both stages.

ATR–FTIR spectra of all EVOO samples were obtained. Fig. 1
shows an example of the measured spectra collected from 500 to
3000 cm�1. These particular spectra correspond to cv Cobrançosa
olive oil samples in the three maturation stages. The FTIR spectra
of all cultivars presented spectral differences due to some peaks,
namely at 721 cm�1 associated with CH2 rocking modes, and at
1097, 1117, 1160 corresponding to C–O stretching vibrations, the
last one displaying strong intensity, and constituting a feature
characteristic of the aliphatic esters. Another peak related to the
C–O stretching is found, at 1236 cm�1, in this case presenting some
contribution from CH2 bending modes. In which respects to the
alkylic chains, there are two additional peaks to be pointed in this
frequency region (<1800 cm�1), at 1374 and 1465 cm�1, the first
due to the terminal (CH3) groups symmetric bending, while the last
can be assigned to the scissoring vibration of the CH2 groups.
Finally, in this frequency interval, the strong peak at 1740 cm�1

arises from the carbonyl (C@O) stretching vibration, in this case
associated with the triglyceride ester linkage, as well as the car-
boxylic group of free fatty acids (Sinelli et al., 2010; Yang &
Irudayaraj, 2007).

The CH2 and CH3 stretching modes (aliphatic moiety of the fatty
acids) are observed in the high wavenumber region (2750–
3000 cm�1), where the symmetric and asymmetric stretching
vibrations of the CH2 groups are responsible for the absorbances
at 2853 and 2923 cm�1, respectively (Lerma-Garcia et al., 2010).
Additionally, a shoulder at 2953 cm�1 is also visible in this interval,
due to the asymmetric stretching of the terminal (CH3) group from
the alkane chains. Though presenting mainly features related with
the fatty acids content, namely triglycerols formed by trans-fatty
acids, these spectra present fingerprint regions, where the differ-
ences allow to distinguish the samples, and can be related to the
phenolic content of the olive oil samples, and antioxidant activity,
by chemometric procedures.
Table 2
Effects of picking date and cultivar on phenolic content, ortho-diphenols, flavonoids and a

Cultivar Phenolic content (mg GAE g�1) Ortho-diphenols (mg GAE g�1

Cob green 0.408 ± 0.09 0.213 ± 0.04
Cob semi-ripe 0.928 ± 0.03 0.465 ± 0.02
Cob ripe 0.619 ± 0.03 0.315 ± 0.02
Gal green 0.448 ± 0.01 0.245 ± 0.00
Gal semi-ripe 0.468 ± 0.01 0.253 ± 0.01
Gal ripe 0.348 ± 0.03 0.187 ± 0.01
Pic green 0.960 ± 0.06 0.413 ± 0.02
Pic ripe 0.739 ± 0.01 0.339 ± 0.01
Based on the aforementioned fact, the wavenumbers selected
for chemometrics ranged from 700 to 740 cm�1, 950 to
1050 cm�1, 1100 to 1250 cm�1, 1350 to 1500 cm�1, 1700 to
1800 cm�1 and 2750 to 3000 cm�1. The frequencies observed have
not changed with the ripening process, while the absorbance value
of each functional group varied according to the maturation stage,
this fact showing that the variations are due to different quantities
of each component, instead of the appearance of new compounds,
during the maturation process. A similar behaviour has been
observed between the distinct cultivars, where the differences
found in the intensities are related to the compositional differ-
ences, in quantitative terms, between the EVOO varieties.

3.2. Supervised olive oil maturation monitoring using FTIR spectral
data

Mean-centred and standardised FTIR spectral data collected
between 3000 and 500 cm�1 of the 64 mean spectra (24 spectra
from Olive cv, Cobrançosa and Galega in three maturation stages
and 16 from Picual cv in two maturation stages) were subjected
to PCA. Prior to PCA each spectra was divided in two regions: a first
region from 600 to 1800 cm�1 and a second from 2750 to
3000 cm�1. It was observed that the total variance of the data set
could be explained by 53 principal components, among which
the first nine explain approximately 91% of the total variance.

For 468 wavenumbers (variables) the communality value of
each principal component was higher or equal to 0.6 were consid-
ered as meaningfully explaining the variance of the spectral data
set and then were considered as prospective wavenumbers associ-
ated with the biochemical changes happening during maturation
of olives used to produce the olive oil samples. These wavenum-
bers were then selected for additional analyses.

A new PCA was then performed on the spectral data corre-
sponding to the above mentioned 468 variables, which showed
ntioxidant activity in olive oil samples.

) Flavonoids (mg catechin g�1) Antioxidant activity (mmol trolox kg�1)

0.443 ± 0.11 1.819 ± 0.37
1.107 ± 0.03 4.126 ± 0.14
0.722 ± 0.04 2.809 ± 0.15
0.528 ± 0.00 2.231 ± 0.03
0.573 ± 0.01 2.432 ± 0.01
0.373 ± 0.02 1.836 ± 0.07
0.952 ± 0.04 3.655 ± 0.15
0.758 ± 0.02 3.057 ± 0.14



Fig. 2. Similarity map as determined by discriminant analysis using factors F1 and
F2 for FTIR–ATR spectral data of olive oils from different maturation stages.
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that the 85% of the variance could be explained by six principal
components. These variables were then subjected to a discriminant
analysis based on the known membership (maturation stage) of
each sample analysed, constituting the dependent variable.

In Fig. 2 it is shown the observation diagram as defined by dis-
criminant factors F1 and F2, which explained the total variance.
We observed that all cultivars of green ripening stage are in the
positive side of the plot. EVOO’s of Cobrançosa and Galega cultivars
in semi-ripe stage are mostly located in negative part of F2 axis and
positive part of F1 axis. EVOO’ samples in ripe stage are located in
the left side of the F1 axis.

The classification in Table 3, resulting from the discriminant
analysis, provided 100% correct classification for the calibration
set and 73.6% correct classification when cross-validated. A high
degree of correct classification (87.5%) is achieved for ripe EVOO,
as opposed to the semi-ripe group that has �35% probability of
being classified as green. Thus, discriminant analysis allows the
possibility to categorise EVOO samples according to its maturation
stages.

3.3. PLS-R models for prediction of chemical parameters

PLS-R is a regression technique for multivariate data, principally
applied for prediction, and is commonly used to quantify some
chemical parameters in olive oils (Cerretani et al., 2010). Moreover,
this calibration model offers enhanced results compared to others
regression methods, such as PCR (Principal Component Regression)
Table 3
Confusion matrix for the learning sample and the cross-validation results based on the matu

From/To Learning sample

Green Semi-ripe Ripe Total % Corre

Green 24 0 0 24 100
Semi-ripe 0 16 0 16 100
Ripe 0 0 24 24 100
Total 24 16 24 64 100

Table 4
Parameters of the multivariate calibrations for quantification of phenolic content, Ortho-d

Number of factors R2

Ca

Phenolic content (mg GAE g�1) 3 0.9
Ortho-diphenols (mg GAE g�1) 3 0.9
Flavonoids (mg catechin g�1) 3 0.9
Antioxidant activity (mmol trolox kg�1) 4 0.9
(Liang & Kvalheim, 1996) or multiple linear regression (MLR) for
quantitative analysis of chemical parameters (Wentzell &
Montoto, 2003).

PLS-R calibration models were carried out in order to determine
a relationship between predictor variables (absorbances) and the
chemical characteristics of olive oils referred above. Specifically,
the main goal was to predict the content of phenolic compounds,
ortho-diphenols, flavonoids and the quantification of antioxidant
activity, considering their high predominance in EVOO’s and their
importance in human health.

The PLS quantification was performed on all frequency regions
used for DA.

The quality of the fitting was scrutinised by the root mean
square error of calibration (RMSEC), multiple coefficient of deter-
mination or regression coefficient (R2, where R is the correlation
factor) and by the root mean square error of cross validation
(RMSECV). To validate the developed PLS model, Leave-One-Out
(LOO) cross-validation method was used. In this technique, one
sample at a time is excluded. Then, the removed sample was pre-
dicted with a model constructed with the remaining samples. This
procedure was repeated until each sample was excluded once
(Gurdeniz, Tokatli, & Ozen, 2007).

To illustrate the typical behaviour of the calculated RMSEC and
RMSECV, Fig. 3 (supplementary material) represents its values as a
function of the latent variable number for total phenolics and
ortho-diphenols. Fig. 4 (supplementary material) reflects the accu-
racy and the performance of the models which correlate the actual
and estimated values of (a) total phenolics, (b) ortho-diphenols, (c)
flavonoids and (d) antioxidant activity obtained from FTIR spectra.
The plot of the measured concentrations of the chemical compo-
nents against the predicted values from FTIR measurements
reveals the accountability of the models.

Table 4 resumes the performance of the multivariate calibra-
tions in terms of the multiple coefficient of determination (R2),
the root mean square error of calibration (RMSEC), and root mean
square error of cross validation (RMSECV). The high value of R2 and
the lowest of RMSEC and RMSECV indicate the good performance
and precision of PLS model. Furthermore, to obtain a good calibra-
tion model, the number of regression factors used should be the
lowest as possible (Hui-shan et al., 2006).

Interestingly, only three regression factors stood in phenolic
compounds, ortho-diphenols and flavonoids prediction models
and four regression factors for the antioxidant activity prediction
model.

For ortho-diphenols and flavonoids, the slope R2 and the RMSE,
indicators of the quality of fit, were higher than 0.98 and lower
ration stage. Observed classifications in the rows. Predicted classifications in columns.

Cross-validation

ct Green Semi-ripe Ripe Total % Correct

17 6 1 24 70.8
6 10 0 16 62.5
2 1 21 24 87.5

25 17 22 64 73.6

iphenols, flavonoids and antioxidant activity in extra virgin olive oil.

RMSE

libration Validation Calibration Validation

4 0.91 0.02 (3.25%) 0.02 (3.25%)
9 0.99 0.01 (3.29%) 0.02 (6.58%)
9 0.98 0.02 (2.93%) 0.03 (4.40%)
3 0.88 0.04 (1.46%) 0.05 (1.82%)
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than 0.03, respectively. The phenolic content showed lowest
multiple coefficient of determination in the calibration model
(R2 = 0.94), as well as in the cross validation (R2 = 0.91). The RMSE
values were lowest and the same for calibration and cross
validation (RMSE = 0.02). For the quantification of antioxidant
activity, the slope R2 and the RMSE, were 0.93 and 0.04, respec-
tively, which become worse when data were cross-validated
(R2 = 0.86, RMSECV = 0.05).

4. Conclusions

According to the results reported, it can be concluded that
FTIR–ATR spectroscopy followed by chemometric treatment of
the data, namely principal component analysis, discriminant anal-
ysis and partial least squares regression, is an appropriate and
powerful technique that can be useful in the indirect quantification
of chemical parameters of extra virgin olive oils obtained from
olives in different ripening stages.

Discriminant analysis allows the classification of EVOO’s made
from ‘Cobrançosa’, ‘Galega’ and ‘Picual’ cultivars according to their
maturation stages using their FTIR spectra. High values of R2 and
low values of RMSEC and RMSECV were obtained for all analytical
parameters studied.

Thus, this spectroscopic methodology has high potential to dis-
tinguish the ripening stage of olive oils and to quantify simulta-
neously their chemical composition. This could be useful for the
producers to determine the optimal stage for harvesting and also
to avoid both fruit loss and possible fungus infections related to
late harvesting.
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a b s t r a c t

Extra virgin olive oils produced from three cultivars on different maturation stages were characterized
using Raman spectroscopy. Chemometric methods (principal component analysis, discriminant analysis,
principal component regression and partial least squares regression) applied to Raman spectral data
were utilized to evaluate and quantify the statistical differences between cultivars and their ripening
process.

The models for predicting the peroxide value and free acidity of olive oils showed good calibration
and prediction values and presented high coefficients of determination (40.933). Both the R2, and the
correlation equations between the measured chemical parameters, and the values predicted by each
approach are presented; these comprehend both PCR and PLS, used to assess SNV normalized Raman
data, as well as first and second derivative of the spectra.

This study demonstrates that a combination of Raman spectroscopy with multivariate analysis
methods can be useful to predict rapidly olive oil chemical characteristics during the maturation process.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The quality of olive oil is influenced by a great number of factors,
namely the nature of the cultivar and geographic origin [1], the fruit
ripening degree [2,3], where important chemical changes occur, the
irrigation regimes [2], the oil extraction technology and the storage
of the oil [4] and agricultural practices [5]. Nutritional and sensory
properties of extra virgin olive oils (EVOO) were also affected by
these factors. Thus, the European Community (EC) Council of
Regulation established standards on olive oil production regarding
labeling giving the origin for virgin and extra virgin olive oils to
avoid consumers being misled about their true characteristics and
origin [6]. Some of the important quality parameters consist on
peroxide value (PV) and free acidity (FA) determination [7]. How-
ever, these conventional measurements are time consuming and

require large amounts of reagents and solvents, which are often
toxic, besides being very expensive.

Infrared (IR), mainly Fourier Transform Infrared (FTIR), and
Raman, are vibrational spectroscopic techniques widely used for
food and feed analysis [8,9]. These optical spectroscopic methods
provide information about the chemical composition of various
food and biological materials, and molecular structure, without
requiring large amount of samples or sample preparation and pre-
treatments [10]. Furthermore, these techniques have a great
potential due to their simplicity, rapidity, low-cost and reprodu-
cibility, besides being non-destructive [11].

Both techniques assess the same physical property – molecular
vibrations – but present different selection rules. In one hand, the
vibrational modes corresponding to a change in polarizability,
such as the symmetrical vibrations of covalent bonds in the non-
polar groups, (e.g. C¼C bond stretching), give rise to intense
Raman bands. While in the other hand, IR absorption is related
to a change in the electrical dipole moment as the molecules
vibrate, with the vibrational modes involving polar groups, such as
C¼O and O-H, showing intense infrared absorption bands [12].
Therefore, one of the major advantages of Raman spectroscopy is
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the almost negligible influence of water and carbon dioxide on
Raman spectra, as opposed to IR absorption spectroscopy [13].
Additionally, as the infrared peaks are often broad, they tend to
overlap, being rather difficult to found isolated or well-defined
peaks, and these might be also influenced from the aforemen-
tioned atmospheric components, which display also broad peaks.
This problem is overcome in Raman, where a spectrum is normally
composed of isolated bands, besides the previously mentioned
advantage of the insignificant contributions from atmospheric
gases and water in the Raman spectra.

Furthermore, in Raman, if the excitation wavelength matches
the electronic absorbance of a chemical system, its Raman signal
will be enhanced by resonance, making this technique suitable for
monitoring particular compounds, or properties related to specific
constituents of a sample. Thus, Raman spectroscopy can provide
useful qualitative and quantitative information on chemical com-
position of olive oils. For instance, El-Abassy et al. (2009) took
advantage of the resonance phenomenon in carotenoids at
514.5 nm excitation, and their correlation with free fatty acid
(FFA) content, to assess the FFA percent values in distinct EVOO´s
using Raman spectroscopy. Actually, the concentrations of both
FFA, and carotenoids, change during the ripening process, with an
inversely proportional trend, therefore, the changes occurring in
those bands corresponding to carotenoids, can be (indirectly)
related to the variations in the FFA content [14].

In fact, in the last years, Raman spectroscopy combined with
chemometric data analysis methods allowed researchers to deter-
mine the total unsaturation in oils [15], the FFA contents [14,16], to
discriminate and classify oils [17], to detect oil adulteration [18],
and to distinguish the ripening stages of olive fruit [19]. Addition-
ally, the rapid spreading, and developments occurred, concerning
portable Raman devices, which are nowadays available with a
variety of excitation wavelengths (e.g. 1064, 785, 671 and 532 nm),
widen the potential of this technique, that can be now used In situ,
a major advantage regarding this kind of work.

However, to the best of our knowledge, no comprehensive
study has been undertaken involving chemometric analyses of the
Raman spectra, combined with analytical parameters (peroxide
value and free acidity), to discriminate varietal origin of olive oil
and different maturation stages of cultivars ‘Cobrançosa’, ‘Galega’
and ‘Picual’ growing in Alentejo region.

Moreover, the vast majority of the aforementioned works have
been undertaken with resort to excitation wavelengths within the
NIR range (mainly the 1064 radiation from the Nd:YAG), while
some authors have more recently used excitation wavelengths
within the visible range for the study of olive oils, with optimal
performance [14,20]. Therefore, the aim of this study was to use
short wavelength Raman spectroscopy (488 nm excitation) asso-
ciated with chemometrics in order to differentiate EVOO’s pro-
duced with olives from three cultivars on three different
maturation stages. Discrimination was achieved using an unsu-
pervised method, principal component analysis (PCA).

Furthermore, quantitative models for the rapid prediction of
the peroxide value and acidity of EVOO's based on Raman spectral
data and on its 1st and 2nd derivatives were developed using the
principal component regression (PCR) and the partial least square
regression (PLS-R) methods.

2. Material and methods

2.1. Sampling

The present work was carried on monovarietal extra virgin
olive oils from three cultivars (cv. ‘Cobrançosa’, ‘Galega’ and
‘Picual’). The olive fruits were obtained from a certified olive

orchard, at the National Plant Breeding Station, at Elvas (Portugal)
during the crop season 2012/2013.

Only healthy olive fruits, without any kind of infection or
physical damage, were collected from ten different trees of
comparable age and vigor and located in distinct points of the
same growing area. Thus, differences in climate conditions, agri-
cultural practices and geographical were excluded. Olives were
handpicked at three ripening stages, except Picual cultivar olives
that were picked during two harvesting periods. The harvesting
dates are presented in Table 1. For the classification of the
maturity index, the olives were evaluated according to their skin
and pulp color [21]. The ripeness index (RI) values range from 0
(100% intense green skin) to 7 (100% purple flesh and black skin).

After harvesting, the olive fruits were immediately transported
to the laboratory mill where they were processed within 24 h. For
the production of each olive oil, three kilos of fresh olive fruits
were used using an Abencor system (INIA I.P., Elvas, Portugal)
where olives were crushed with a hammer crusher and the past
mixed at 25 1C for 30 min, centrifuged without addition of warm
water and then filtered and transferred into dark glass bottles
without headspace and stored in the dark at 4 1C until analysis. All
samples were classified as extra virgin olive oils according to the
EU regulations [7].

2.2. Quality chemical indices determination

For all the samples, the determination of the physicochemical
quality indexes, free acidity (expressed as % of oleic acid) and
peroxide value (expressed as meq O2/kg), were performed accord-
ing to the official method described in the EEC Reg. No. 2568/91
and subsequent amendments, which focus on the characteristics
of olive oil and olive-residue oil and on relevant methods of
analysis [7].

2.3. Raman spectra measurement

The Raman spectra were collected in the 250–3050 cm�1 spectral
range, at room temperature, with a T64000 Jobin-Yvon triple
spectrometer, coupled to a liquid-nitrogen-cooled CCD detector.
The excitation line was the 488 nm of an Ar laser, and the incident
laser power was kept below 100 mW on the sample, to avoid self-
heating. A confocal Olympus microscope equipped with a 100X
objective (NA¼0.95) was used to focus the laser radiation on the
sample and for collecting the Raman scattered signal in a back-
scattering geometry. Under these conditions, which were maintained
for all experiments, the spectral slit width was about 2.0 cm�1. A
substrate of crystalline silicon was used under the same conditions
as an external standard for calibration, by recording the position of
its well-defined Raman band at 520.0 cm�1.

For the measurement, a drop of olive oil was placed directly on
a special microscope slide with a small concavity by pipetting a

Table 1
Description of olive fruits at each sampling date.

Cultivar Maturity stage Sample code Harvest date RIa

Cobrançosa Green Cob G 02/10/2012 0.4
Semi-ripe Cob SR 12/10/2012 2.1
Ripe Cob R 08/11/2012 5.5

Galega Green Gal G 02/10/2012 0.4
Semi-ripe Gal SR 12/10/2012 2.1
Ripe Gal R 08/11/2012 5.5

Picual Green Pic G 02/10/2012 0.4
Ripe Pic R 08/11/2012 5.5

a Ripening Index.
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few drops. The integration time was set to 20 s and each recorded
Raman spectrum is the average of five accumulations. The time
necessary for acquire one spectrum was about 4 minutes. For each
olive oil sample, four replicates were measured in identical
conditions, for each one the microscope was focused on two
different points and the corresponding Raman spectra recorded,
therefore, retrieving eight spectra for each sample.

2.4. Mathematical treatment of data set

The Raman spectral data can be considered as a multidimen-
sional set of variables where each spectrum consists of hundreds
of variables, corresponding to the Raman intensities (counts)
recorded at the different Raman shifts (cm�1). These data sets
were then analyzed by a multivariate analysis method as
described below.

A principal component analysis (PCA) was applied to inspect
differences between samples. The PCA transforms a large number
of potentially correlated factors into a smaller number of uncorre-
lated factors (principal components, PCs), and thus reduces the
size of the data set.

For qualitative analysis, principal components contributing to
the variance of the data set were subjected to discriminant
analysis (DA) in an attempt to predict the likelihood of a sample
belonging to a previously defined group. Since the raw spectral
data could not be used because of the strong correlation between
the wavenumbers, uncorrelated PCs resulting from PCA were
employed. DA is a statistical method used to find a linear
combination of structures, which characterizes or separates classes
of objects or observations. The resulting arrangement may be used
as a linear classifier or dimensionality reduction priori to
classification.

Both PCR and PLS regression methods are utilized to model a
response variable when a biological system is analyzed through a
large number of predictor variables that are highly correlated or
even collinear [22]. Both methods give rise to new predictor
variables, usually known as principal components (PC) or latent
variables that are linear combinations of the original predictor
variables. Those components are calculated in different ways, PCR
creates PC's to explain the observed variability in the predictor
variables, without considering the response variable. In PLS-R the
response variable is taken into account and, consequently, leads to
models that can fit the response variable with fewer factors [23].
Whether or not it ultimately translates into a useful model
depends on the specific biological system.

2.5. Treatment of spectral data

Pre-treatment of the raw spectral data included several steps.
To subtract the fluorescence background the baseline of each
spectrum was approximated by a fourth-order polynomial. After
smoothing the spectra were normalized using the standard normal
variate (SNV) method [24,25]. First and 2nd derivatives were
determined by the Savitzky–Golay method [26].

The Raman spectra were collected in the 250–3050 cm�1

spectral range. However, it was found that well-defined Raman
bands associated with free fatty acids and with changes due to
oxidation could be observed in specific regions. The most relevant
spectral region that can be linked to free acidity and to the
peroxide value is the region between 950–1800 cm�1, in accor-
dance with El-Abassy et al. (2009) [14]. The inclusion of irrelevant
spectral information in the Chemometrics procedures yields an
over-fitting model.

2.6. Model selection

For quantitative analysis of chemical parameters of olive oil
samples, factors considerably contributing to the variance of the
data set were regressed using principal component regression
(PCR) and partial least squares regression (PLS-R) onto the referred
variables. This multivariate calibration technique, sometimes
called factor analysis, transform the original variables (Raman
spectra) into the new ones (known as factors), which are linear
combination of original variable.

The method relied on two steps, so-called calibration and
validation. In the calibration step, a mathematical model was built
to establish a correlation between the matrix of Raman spectra
(predictor variables) and the concentration of analytes of interest
(response variables) used a set of observations usually named
calibration set. In the validation step, the developed calibration
model was used to calculate the concentration of samples not used
to set-up the model [26].

The quality of the fitting was scrutinized by the root mean
square error of calibration (RMSEC), multiple coefficient of deter-
mination or regression coefficient (R2, where R is the correlation
factor) and by the root mean square error of cross validation
(RMSECV). The optimum number of factors either for PLS-R or PCR
models was determined using Leave-One-Out (LOO) cross-
validation method. The optimal number of factors is the one that
minimizes the RMSECV.

PCA, DA, PCR and PLS-R calculations were performed using the
XLSTAT-v2006.06 package (Addinsoft, Inc).

3. Results and discussion

3.1. Chemical analysis

The regulated quality indices studied in this work (free acidity
and peroxide value) are displayed in Table 2. In all samples of cv
Cobrançosa, Galega and Picual olive oils, analytical parameters
were widely within the limits established in the European Legisla-
tion for EVOO [27].

The PV is useful once it's an indicator of the initial stage of
oxidation, where the primary oxidation products are measured. As
can be seen, PV decreased as the maturation stage increased and
were significantly lower in Galega and Picual olive oils in the first
and latest ripening stage than in Cobrançosa olive oils. This
behavior can be explained by a decrease in the activity of
lipoxygenase enzyme [28]. Furthermore, for each cultivar studied,

Table 2
Means and standard deviations for peroxide value and free acidity of olive oil
samples from cv's Cobrançosa, Galega and Picual in three maturation stages, for
four replicates (n¼4).

Cultivar
Peroxide value
(meq O2/kg)

Free acidity
(% oleic acid)

Cobrançosa Green 8.33aA70.42 0.29aA70.01
Semi-ripe 6.69bA70.42 0.24bA70.01
Ripe 4.97cA70.25 0.31aA70.02
p o0.001 o0.001

Galega Green 6.66aB70.33 0.21aB70.01
Semi-ripe 7.50bB70.37 0.17bB70.01
Ripe 3.34cB70.17 0.24cB70.01
p o0.001 o0.001

Picual Green 8.27aA70.41 0.31aA70.02
Ripe 3.33bB70.17 0.17bC70.01
p o0.001 o0.001

For each cultivar, means with different lower case letters differ significantly. For
each maturation stage, means with different capital letters differ significantly.
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significant differences of PV were evident during the maturation
process.

Regarding free acidity, this percentage didn’t show a trend
during fruit ripening of cultivars studied. For Cobrançosa and
Galega samples, free acidity decreased from the first to the second
maturation stage and then increased in the ripe stage. However,
olive oil samples from Picual cultivar presented free acidity values
ranged between 0.3170.02 to 0.1770.01% in green and ripe
stages, respectively. Usually, olives at a later stage of ripening
originate oils with higher levels of acidity due to a progressive
enzymatic activity, especially by lipolytic enzymes, and are more
sensitive to pathogenic infections and mechanical damage [28].
This increase has been observed for Cobrançosa and Galega
cultivars, but not for Picual olive oils that revealed a significant
decrease of free fatty acids during maturation, in agreement with
previously reported data by Garcia et al. (1996) [29].

3.2. Raman spectra of olive oil

Representative Raman spectral data in the range of 950 and
1800 cm�1 together with its 1st and 2nd derivatives are shown in
Fig. 1 for EVOO from cv Cobrançosa in three maturation stages.

The Raman spectrum includes bands that can provide informa-
tion on biochemical changes occurring during the maturation of
olives used to produce the olive oils [19]. Some of these bands are
displayed in the aforementioned region and correspond to the
peaks: at 1749 cm�1, associated to the ester stretching mode υ
(C¼O), at 1651 cm�1, due to stretching mode υ (C¼C) of the cis
double bond, at 1439 cm�1 and 1303 cm�1, assigned to the
methylene (CH2) scissoring and twisting deformations, respec-
tively, and at around 1267 cm�1, related to the scissoring defor-
mation in the cis unsaturated moiety δ (¼C-H) [30]. These bands
are assigned to fatty acids, both free and in triacylglycerols,
therefore, being directly related to the fatty acid content of each
sample. It must be mentioned that the band at 1267 cm�1 is very
week under 488 nm excitation. This band has been pointed out by
Baeten [30], and more recently by Machado [31], which related its
intensity loss to the degradation of the cis-unsaturated moiety,
occurring during the peroxidation process, therefore, being pro-
posed for monitoring the oxidation status.

Regarding the spectral changes due to compositional differ-
ences, there are three more bands to be pointed at around
1009 cm�1, 1150 cm�1 and 1523 cm�1, attributed to carotenoids,
and assigned to the (C-CH3) deformation, υ (C-C) and υ (C¼C)
mode, respectively [32]. These compounds are natural antioxi-
dants, responsible for different characteristics of distinct EVOO's,
and their quantity changes during the maturation process [19].
Their bands are not observed in investigations using laser excita-
tion wavelengths within the Infrared range (e.g. 785, 1064 nm),
however, they became visible under shorter excitation wave-
lengths, such as the 488 nm laser line presently used. Therefore,
short wavelength excitation improves differentiation between
olive oils produced using distinct cultivars, in different maturation
stages. Similar results were reported in El-Abassy et al. (2009)
using 514.5 nm excitation [14].

3.3. Supervised olive oil maturation monitoring using Raman
spectral data

3.3.1. Preliminary analysis of the spectral data set
Standardized (SNV) Raman spectral data collected between 950

and 1800 cm�1 of the 64 spectra (8 spectra for each maturation
stage, resulting in 24 spectra from Olive cv Cobrançosa and Galega,
in three maturation stages, and 16 from Picual cv in two matura-
tion stages) were subjected to PCA. It was found that the variance
of the data set, based in 425 original variables (wavenumbers), is
described by 47 principal components but 95% of the total variance
is explained by the first 11 principal components.

In statistics, communality is defined as the sum of the squared
factor loadings for all factors for a given original variable. It is the
variance in that variable accounted for by all the factors. In other
words, the communality measures the percentage of variance in a
given variable explained by all the factors jointly and may be
interpreted as the consistency of the indicator [33]. By definition,
the initial value of the communality in PCA is 1. Small commun-
alities values after extraction indicate variables that do not fit well
the factor solution and should be dropped from the analysis [34].
According to Stevens (2002), a lower limit of 0.6 should be used
[35].

Wavenumbers (variables) for which the communality value of
each principal components out of the eleven was higher or equal
to 0.6 were considered as meaningfully explaining the variance of
the spectral data set and then were considered as prospective
wavenumbers associated with the biochemical changes happening
during maturation of olives used to produce the olive oil samples.
These wavenumbers are in agreement with the above mentioned
bands related to compositional differences, and belong to the
following intervals: 997 to 1023 cm�1, 1139 to 1161 cm�1, 1295 to
1309 cm�1, 1425 to 1455 cm�1, 1511 to 1537 cm�1, 1631 to
1665 cm�1 and 1737 to 1761 cm�1. This new set of 86 variables,
each one corresponding to a Raman intensity, collected from the
above-mentioned intervals (one registered for each 2 cm�1), was
then selected for additional analyses. The band at 1267 cm�1, used
by other authors, has been left out after this selection procedure of
intervals for DA. This is probably due to the low intensity of this
band, under the presently used excitation of 488 nm, which led its
variation to be insignificant for this analysis.

A new PCA performed on this reduced spectral data set showed
that 89% of the variance could be explained by five principal
components. These variables were then subjected to a discrimi-
nant analysis based on the known membership (maturation stage)
of each sample analyzed, constituting the dependent variable.

The observation diagram represented in 2 is defined by
discriminant factors F1 and F2, which explained the total variance.
The cultivars of green ripening stage are in the lower left side of
the plot, with exception of Picual, placed near the center. EVOO's

Fig. 1. Raman spectra between 950 and 1800 cm�1 of extra virgin olive oil from cv
Cobrançosa in three maturation stages together with its 1st and 2nd derivatives.
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of Cobrançosa and Galega cultivars in semi-ripe stage are mostly
located in positive part of F2 axis and negative part of F1 axis.
EVOO' samples in ripe stage are located in the right side of the
F1/F2 plane. The classification in Table 3, resulting from the
discriminant analysis, provided 96.5% correct classification for
the calibration set and 81.9% correct classification when cross-
validated. A high degree of correct classification (91.7%) is achieved
for ripe EVOO, as opposed to the semi-ripe group that has 25%
probability of being classified as green. Thus, though not being
suitable for the discrimination between green and semi-ripe
EVOO's, discriminant analysis allows the possibility to distinguish
EVOO samples obtained from ripe fruits.

3.3.2. PCR and PLS-R models for prediction of peroxide value and free
acidity

PLS-R and PCR calibration models were carried out in order to
determine a relationship between predictor variables (Raman
scattering intensities) and the chemical characteristics of olive oils
referred above. Specifically, the main goal was to develop a model
able to predict the peroxide value and free acidity, considering the
high relevance these parameters for consumers of EVOO.

Actually, as the olive oil Raman spectrum contains contribu-
tions from different species, each observable band might either
correspond to a specific component, or to a sum of different
contributions (bands) arising from distinct chemical systems.
Thus, Raman is suitable for the assessment of these chemical
parameters – peroxide value and free acidity – due to the different
contributions of the samples’ constituents, which vary, and also to
the chemical modifications related to these parameters, which are
reflected in the behavior of certain bands. For instance, some
Raman signs are specifically related to the peroxide value, such as
the vibrational modes due to the conjugated (C¼C-C¼C) system
formed due to the peroxidation process (stretching �1660 cm�1),

or the loss of intensity in bands corresponding to the intact fatty
acids, such as the band at 1267 cm�1 [30,31].

Furthermore, triacylglycerides represent different chemical
systems, respecting free fatty acids or glycerol molecules. For
example, the band at 1749 cm�1, is raised by the carbonyl ν
(C¼O) mode, either from the free fatty acids (carboxylic group), or
from the triglyceride bonded fatty acids (ester group), displaying
slightly different frequencies. Thus, the shape of this band, and
Raman features on the corresponding interval (1737–1761 cm�1),
retrieve information on the free acidity. Moreover, fatty acids
might undergo structural changes when inserted in a triglyceride,
these conformational changes are reflected in the frequency of the
ν(C¼C) mode [36]. Therefore, the band at 1651 cm�1, correspond-
ing to the ν(C¼C) modes of the fatty acids, arises as meaningful for
the assessment of free acidity. Additionally, in our case, the three
bands of carotenoids (1009, 1150 and 1523 cm�1), whose inten-
sities are known to be inversely proportional to the FFA content
[14], can be detected. Therefore, there is a rational relationship
between Raman obtained data, and these chemical parameters,
both free acidity and peroxide value, thus, this spectroscopic
technique displays the potential for their assessment.

PLS regression method is able to collect information from large
spectral intervals, correlating changes therein to the concentration
of specific constituents, and concomitantly consider other possible
contributions to these changes not related to the sample constitu-
tion [37]. On the other way, in PCR method the spectral and
concentration information are incorporated into the model in one
step [38].

The results achieved for the PLS-R and PCR calibrations of
peroxide value and free acidity in terms of R2, RMSEC and
RMSECV, either for normal spectra, from 950 to 1800 cm�1, and
its 1st and 2nd derivatives are presented in Table 4. The high value
of R2 and the lowest of RMSEC and RMSECV indicate the good
performance and precision of the models. Furthermore, to obtain a
good calibration model, the number of regression factors used
should be the lowest as possible [39]. The plot of the measured
concentrations of the chemical parameters against the predicted
values based on Raman scattering intensities reveals the quality of
the models. To illustrate the quality of the models established in
this work, PLS-R calibrations are presented in Fig. 3a) and b).

Moreover, though some authors undertook previous works
resorting to spectral intervals bellow 1600 cm�1 [14], the useful-
ness of the bands in the 1600–1800 cm�1 interval, which reached
a relative intensity high enough for its variations to be considered
in the model, has been observed in the present study, also Korifi
has previously considered these bands, in a study conducted with
the 532 nm excitation [20] Therefore, it can be elated that, besides
the enhanced intensity of these bands, the improved sensitivity
due to the use of a lower excitation wavelength, allows the
retrieval of useful information from the shape of these bands,
which are raised by contributions from different chemical systems.

For both chemical parameters under analysis, the multivariate
calibrations showed, in general, the highest value of R2 and the
lowest of RMSECV when using the 1st derivative of the spectral

Table 3
Confusion matrix for the training and for the cross-validation sets based on the maturation stage. Observed classifications in the rows. Predicted classifications in columns.

From/To Calibration Cross-validation

Green Semi-ripe Ripe Total % correct Green Semi-ripe Ripe Total % correct

Green 23 1 0 24 95.8 19 5 0 24 79.2
Semi-ripe 1 15 0 16 93.8 4 12 0 16 75.0
Ripe 0 0 24 24 100 2 0 22 24 91.7

Total 24 16 24 64 96.5 25 17 22 64 81.9

Fig. 2. Observations diagram from a principal component analysis of extra virgin
olive oil samples from cv's Cobrançosa, Galega and Picual in three maturation
stages, using the normalized (SNV) Raman spectral data.
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data. In general, PLS-R offers enhanced results compared to others
regression methods, such as PCR [40] or multiple linear regression
(MLR) for quantitative analysis of chemical parameters [23]. In our
study, despite both calibration models presented good prediction
values, it was also PLS-R method that showed the best results,
displaying good performances for both the prediction of peroxide
value, and free acidity.

The relationship between measured values of the chemical
parameters predicted values based on Raman scattering intensities
showed R2 values ranging from 0.937 to 0.994 using the calibration
set and from 0.933 to 0.990 when cross validated. The RMSECV were

as low as 0.72 meq O2/kg for the peroxide value, when using the 1st

derivative and a PLS model with 4 factors. However, a slightly higher
value of 0.77 meq O2/kg was attained for a simpler 3 factor PCR
model. For the free acidity the lowest RMSECV value was 0.02%
attained for both PCR and PLS-R models, the latter being simpler (3
factors) than the former.

4. Conclusion

In the present work, Raman spectroscopy, alongside with
multivariate analysis methods, has been successfully used, in order
to monitor free acidity and peroxide values in EVOO's, as well as to
distinguish ripe from non-ripe oils. Since each Raman spectrum is
constituted of several different contributions, arising from distinct
constituents, these unique Raman features, corresponding to each
species, render a possibility to the assessment of the samples’
content through this methodology.

Furthermore, the use of a short wavelength excitation, 488 nm,
allowed, not only, to observe bands due to carotenoids, which are
important for these assessments, but also to register good quality
spectra, so as to retrieve information from bands raised by distinct
constituents.

In order to correlate the Raman spectra with the quality para-
meters assessed, as well as to evaluate the best approach to do so,
the present work has been conducted with resort to two distinct
approaches, PCR and PLS-R. Both have shown good results, and best
performance when applied to the first derivative of the spectra, for
the prediction of either peroxide value, or free acidity. In the latter
case both approaches, PCR and PLS-R, retrieve similar results,
presenting R2 values of 0.990 and 0.988, respectively, and equal
errors for cross-validation. In the case of peroxide value, PLS-R
displays somewhat lower errors of validation in comparison to PCR
(0.72 vs 0.77 meq O2/kg) therefore, the former being proposed as the
most suitable for these determinations.

Additionally, Raman shows some advantages over Infrared
technique, which are exploited by the advent of the Raman
portable devices, bringing the hot prospect of the in situ monitor-
ing of these quality parameters. Therefore, this methodology
represents an important trend, respecting the assessment of these
quality parameters in field.
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Table 4
Partial least squares and principal component regressions based calibrations for quantification of peroxide value and acidity, using the Raman spectral data and its 1st and 2nd

derivatives.

Chemical parameter Regression method Factor Spectra Equation R2 RMSE

Calibration Validation Calibration Validation Calibration Validation

Peroxide value PLS-R 4 Normal y¼0.83 xþ1.23 y¼0.82 xþ1.27 0.979 0.966 0.80 0.85
4 1st der y¼1.01 x�0.02 y¼1.04 xþ0.10 0.986 0.971 0.68 0.72
5 2nd der y¼0.99 xþ0.04 y¼0.98 xþ0.07 0.965 0.956 0.74 0.81

PCR 5 Normal y¼1.01 x�0.08 y¼1.04 x�0.17 0.975 0.968 0.84 0.89
3 1st der y¼0.90 xþ0.61 y¼0.93 xþ0.42 0.989 0.981 0.72 0.77
5 2nd der y¼1.01 x�0.08 y¼1.04 x�0.17 0.937 0.888 0.77 0.83

Free acidity PLS-R 4 Normal y¼0.93 xþ1.19 y¼1.13 x�0.11 0.992 0.987 0.02 0.03
3 1st der y¼1.01 xþ0.04 y¼1.04 x�0.01 0.994 0.988 0.01 0.02
4 2nd der y¼0.98 xþ0.59 y¼1.11 xþ0.31 0.981 0.952 0.02 0.03

PCR 4 Normal y¼0.83 xþ1.23 y¼1.02 x�0.05 0.988 0.984 0.02 0.04
4 1st der y¼0.97 xþ0.03 y¼1.05 x�0.32 0.991 0.990 0.02 0.02
5 2nd der y¼0.88 xþ0.61 y¼0.97 xþ0.24 0.969 0.933 0.03 0.04

RMSE of Peroxide value in meq O2/kg; RMSE value of Acidity in %.

Fig. 3. PLS-R calibration models for the relationship between measured values and
Raman predicted values of: a) peroxide values and of b) free acidity of olive oil.
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