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ABSTRACT

Phenolic compounds form a large group of plant secondary metabolites with many
functions related to the acclimation and adaptation of plants to changing
environment and to the interaction with other organisms. Interestingly, numerous
studies have shown the positive influence of phenolic compounds on human health,
and a higher intake can be considered beneficial.

In this study potential of different cultivation practices to enhance the content of
phenolic compounds in red raspberry (Rubus idaeus L.), strawberry (Fragaria X
ananassa Duch.), and black currant (Ribes nigrum L.) was evaluated.

Plant genotype is known to affect the phenolic content, which was shown also in
this study with red raspberries and strawberries. However, the phenolic content
was strongly affected by the environment. Thus the range of natural variation of
the phenolic profile needs to be established for each genotype.

Fertilization influences plant metabolism, and higher fertilization levels were
shown here to lower the phenolic content in strawberries. Mulch colour also
affected the phenolic content in strawberries, the white mulch increasing the
content of total phenolics compared to the brown one. This is apparently due to
enhanced photosynthesis caused by the increase in light and temperature.
Interestingly, white mulch also led to decreased fruit yield.

The fruit order had a significant effect on strawberry fruit phenolics. The
phenolic content increased from primary to tertiary fruits. Furthermore, later
planting date augmented the difference, which might be due to higher amount of
light. The effect of fruit order on the contents of ascorbic acid and sugars in the
fruits was opposite to that of phenolic compounds.

Organically produced food is generally considered by the consumers as being
healthier than conventional food. In this study, the production system was not
found to be the major factor in determining the content of measured phenolic
compounds in strawberry or in black currant fruits.

Several possible ways exist to enhance the content of phenolic compounds in crop
plants. However, as different methods have different shortcomings, they should be
thoroughly evaluated before their application in practice. Interactions between
different factors make it though difficult to apply techniques in the field
conditions, whereas in the more controlled greenhouse conditions techniques could
be more easily introduced.

Universal Decimal Classification: 547.56, 547.972, 547.98, 634.723, 634.711, 634.75, 581.13, 581.19

CAB Thesaurus: secondary metabolites; phenolic compounds; small fruits; black currants; Ribes
nigrum; raspberries; Rubus idaeus; strawberries; Fragaria ananassa; phenylpropanoids;
anthocyanins; flavonoids; coumaric acids; tannins; ellagic acid; genotypes; cultivars; environment;
cultural methods; organic farming; mulches; plant nutrition; fertilizers; nitrogen; light;
temperature; forcing; earliness; HPLC; mass spectrometry; principal component analysis
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Introduction

1 INTRODUCTION

High consumption of fruits and vegetables has been associated with reduced risk
of many major diseases including cardiovascular diseases, cancer, and degenerative
diseases (Arts & Hollman 2005, Dauchet et al. 2006, Ness & Powles 1997). Oxidative
damage is considered as one of the main mechanisms in the pathology of these
diseases (Ames et al. 1993, Youdim et al. 2002a). Thus it has been suggested that
various antioxidant phytochemicals in fruits and vegetables, such as vitamins,
carotenoids, and phenolic compounds contribute to the protective effect. Phenolic
compounds have been extensively studied during the past decade. Even though the
data on the health effects of phenolic compounds cannot be considered
comprehensive (Scalbert et al. 2005), it strongly suggests that phenolic compounds
have a link to our health, although the mechanisms are not yet fully understood.

Knowledge of the importance of food and food constituents on our health
increases constantly. Consumers also show interest in putting this new knowledge
into practice (European Opinion Research Group EEIG 2003). Thus the health-
related properties of foods are becoming increasingly important quality criteria.
Consequently, research has focused on finding means to improve the health-related
properties of crop plants. Several different strategies can be used to modify the
biosynthesis of phenolic compounds (Parr & Bolwell 2000). These strategies include
genetic modification (Schijlen et al. 2004) and breeding (Scalzo et al. 2005a). In
addition, the phenotypic plasticity of plant metabolism might be exploited to
increase the phenolic content of crop plants.

Phenolic compounds serve many functions in plants (Parr & Bollwell 2000). Lignin
provides mechanical support to the plant, while some compounds serve as signal
molecules. Most identified functions relate to adaptation and acclimation of plants
to changing environmental conditions and to their interaction with other
organisms. Phenolic compounds can be considered as health compounds also to the
plant due to their protective functions during biotic and abiotic stress (Dixon &
Paiva 1995). By optimizing the growing conditions of the plant, the production of
phenolic compounds and thus their health-related value for humans could be
increased.

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 208: 1-93 (2007) 15
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soft fruits

The present study focuses on the evaluation of different techniques that could be
used to increase the phenolic content in soft fruits. Techniques that might be
easily applied in normal cultivation practices were studied. Strawberry, black
currant and red raspberry were chosen because they represent the most highly
consumed and cultivated berries in Finland and they are also important crop plants
worldwide. In addition, their phenolic content is already high to start with, which
makes them good sources of phenolic compounds.
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Phenolic compounds in plants

2 PHENOLIC COMPOUNDS IN PLANTS

2.1 Qualitative and quantitative variation

Plants produce a vast array of compounds referred to as secondary metabolites or
natural compounds, which can be divided into three major classes, i.e. terpenoids,
alkaloids, and phenylpropanoids. Phenylpropanoids are often called phenolic
compounds since they all contain at least one phenyl ring with one or more acidic
hydroxyl groups attached (Figure 1). Phenolic compounds can be divided into
several subgroups based on the aglycone structure. Aglycones are usually further
modified by conjugation with sugars and carboxylic acids. Thus the total number of
possible structures is huge and no single plant species expresses the whole
metabolite array. The main phenolic compounds in fruits can be classified as
phenolic acids (hydroxycinnamic and hydroxybenzoic acids), coumarins, flavonoids,
and tannins (hydrolysable and condensed) (Macheix et al. 1990).

Phenolic compounds are ubiquitous in all higher plants, alhough there are large
gualitative and quantitative differences between species (Kahkodnen et al. 1999,
Macheix et al. 1990). Kahkonen et al. (1999) analysed the total phenolic content of
92 plant species. Berries were found to contain particularly high amounts of
phenolic compounds, whereas the contents were low in cereals and vegetables.
The highest content of phenolic compounds was found in spruce needles, being
over 750 times that in wheat grains (the lowest measured content). Moreover, the
guantitative variation can be significant even between closely related species
(Maatta et al. 2003, Maatta-Riihinen et al. 2004a and 2004b) or even between
different cultivars of the same species (Lata et al. 2005, Ehlenfeld & Prior 2001).
Lata et al. (2005) evaluated the total phenolic content from 56 apple cultivars.The
evaluation was done twice during two consecutive years and 2- to 5-fold
differences were found depending on the growing season. In blueberries, 4.5- and
3-fold differences were detected between 87 cultivars in the contents of total
phenolics and total anthocyanins, respectively (Ehlenfeld & Prior 2001). Qualitative
differences between closely related species are not as evident, and phenolic
compounds are thus considered good candidates for chemotaxonomic markers
(Keinanen et al. 1999a, Okuda et al. 1992).

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 208: 1-93 (2007) 17
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Phenolic compounds in plants

Phenolic compounds are not only affected by the genotype but variation also
exists between plant organs, tissues, and developmental stages (Chinnici et al.
2004, Close et al. 2005, Halbwirth et al. 2006, Hirota et al. 1998, Tsao et al. 2006).
In general, phenolic compounds concentrate on surface tissues (Hirota et al. 1998,
Chinnici et al. 2004). The phenolic content can vary according to juvenility (Close
et al. 2005, Mamati et al. 2006). Fruit maturation has a strong effect on phenolic
profiles (Halbwirth et al. 2006), the most obvious change being the accumulation of
coloured anthocyanins at the later stages of fruit development.

2.2 Biosynthesis of phenolic compounds

The shikimic acid pathway, which begins with the condensation of
phosphoenolpyruvate from glycolysis and erythrose 4-phosphate from the
pentosephosphate pathway leads to the formation of the aromatic amino acids
phenylalanine and tyrosine. Phenylalanine is the substrate for phenylalanine
ammonia-lyase (PAL), which catalyses the first reaction of the phenylpropanoid
pathway leading to the formation of most phenolic compounds, i.e.
phenylpropanoids. The synthesis of other compounds such as gallic acid,
galloylglucoses, gallotannins, and ellagitannins, may start already from the 3-
dehydroshikimate, which is an intermediate of the shikimic acid pathway (Ossipov
et al. 2003, Niemetz & Gross 2005). An overview of the biosynthesis of the main
classes of phenolic compounds is shown in Figure 2.

The diversity of phenylpropanoids is produced from different branches of the
pathway starting from the central phenylpropanoid metabolism (Hahlbrock and
Scheel 1989). The central metabolism starts with the deamination of phenylalanine
by PAL to cinnamic acid, which is then hydroxylated to 4-coumaric acid by
cinnamic acid 4-hydroxylase (C4H). The final reaction is the esterification of 4-
coumaric acid with coenzyme A (CoA) by 4-coumaric acid:CoA ligase (4CL).

Flavonoids are the most common group of phenolic compounds found in plants,
comprising over 6000 known structures (Schijlen et al. 2004). The flavonoid branch
of the phenylpropanoid pathway starts with a reaction catalysed by chalcone
synthase (CHS). CHS uses 4-coumaroyl-CoA and malonyl-CoA (derived from the
primary metabolism) as substrates to yield 4,2',4',6'-tetrahydroxychalcone. The
anthocyanin subgroup can be considered as the final product of the flavonoid
branch, and other flavonoid subgroups originate from the intermediates of
anthocyanin biosynthesis.

The diversity of phenolic structures arises from different modifications of the
basic structures (Markham 1982). These modifications include, for example,

Kuopio Univ. Publ. C. Nat. and Environ. Sci. 208: 1-93 (2007) 19
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hydroxylation, methylation, and glycosylation. Flavonoids can be O-glycosylated to
different hydroxyl groups. C-glycosides are formed through direct linkage of the
sugar to the benzene nucleus. Although glucose is the most common sugar,
galactose, rhamnose, xylose, arabinose, mannose, fructose, glucuronic acid and
galacturonic acid derivates are also possible. Furthermore, disaccharides or higher
oligosaccharides in different combinations are also possible. Besides sugars, organic
acids like quinic, shikimic, and tartaric acids are found as phenolic acid conjugates
(Macheix et al. 1990), whereas flavonols and anthocyanins are known to be
acylated by phenolic acids and malonic acid.

The phenylpropanoid metabolism is closely linked to primary metabolism. Thus
the regulation of the enzymes of the phenylpropanoid metabolism affects also the
enzymes of the primary metabolism (Logemann et al. 2000). PAL is the key enzyme
controlling the carbon flux into the phenylpropanoid pathway, and co-ordinated
transcriptional control of genes encoding key enzymes is considered as the major
mechanism in determining, which compounds will be synthesized (Hahlbrock &
Scheel 1989, Schijlen et al. 2004). Regulation of the pathway is done by
transcription factors, which are affected by internal and external signals such as
hormones and ultraviolet radiation (Schijlen et al. 2004). These transcription
factors are functionally conserved among the species. However, the same set of
transcription factors can activate different genes in different species.

In many plant species several different PAL genes have been identified
(Logemann et al. 1995, Kervinen et al. 1998, Kumar & Ellis 2001). Interestingly, the
expression of these genes can vary in different developmental stages, tissues or by
environmental stimuli. In developing red raspberry fruits RiPAL1 gene is expressed
at the early stage of fruit development, whereas RiPAL2 dominates the later stages
of flower and fruit development (Kumar & Ellis 2001). It is also known that
different phenolic compounds are synthesized at different stages of fruit
development (Halbwirth et al. 2006). This suggests that the expression of different
PAL genes may direct the metabolism to different branches of the phenylpropanoid
metabolism. One possible mechanism for this could be metabolic channelling
through the organization of the enzymes into macromolecular complexes (Winkel
2004).

20 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 208: 1-93 (2007)
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2.3 Function of phenolic compounds in plants

Phenolic compounds serve many functions in plants (Parr & Bolwell 2000). Some
of them, such as lignin, provide mechanical support, whereas others serve as signal
molecules. However, most of the identified functions relate to the phenotypic
adaptation and acclimation of plants to changing environmental conditions or to
the interaction of plants with other organisms.

2.3.1 Adaptation and acclimation

It has been proposed that the original function of phenolic compounds was to
enable the adaptation of plants from aquatic to terrestrial environment (Parr &
Bolwell 2000). Thus the primary function was to provide mechanical support,
inhibit desiccation, and create structures for internal water transport. However,
during the evolution of plants, the diversity of phenolic compounds has grown
tremendously, which also reflects the functional diversity of these compounds.

Environmental factors affect the phenolic profiles of plants (Toméas-Barberan &
Espin 2001). Although many changes have a functional purpose, others seem to be a
result of the general rearrangement of plant metabolism. Many hypotheses have
been made to try to explain these metabolic changes. For example, the
carbon/nutrient balance hypothesis by Bryant et al. (1983) suggested that the
metabolism is controlled by the available resources. According to the hypothesis,
high nitrogen availability will increase the synthesis of nitrogen-based metabolites,
whereas the synthesis of carbon-based compounds such as phenolic compounds is
constrained. Indeed, many studies have shown that high nitrogen fertilization will
lead to lower amount of phenolic compounds (Delgado et al. 2004, Norbaek et al.
2003). Moreover, in a recent study a direct link between nitrate availability and
the activity of some early enzymes on the phenylpropanoid pathway was
discovered (Fritz et al. 2006). However, the effect of nitrogen availability is also
affected by other factors (Delgado et al. 2004, Witzell & Shevtsova 2004).
Futhermore, in a study done on birch, fertilization significantly decreased the
content of condensed tannins, whereas the effect on non-tannin phenolic
compounds was non-significant (Keindnen et al. 1999b). In addition, the levels of
some individual compounds were elevated, which was suggested to be due to
internal metabolic trade-offs. The carbon/nutrient balance hypothesis can thus be
considered narrow, since the control of the metabolic homeostasis is obviously
more complicated.
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The phenolic profiles of plants have also been shown to change in numerous other
situations. For example, water availability affects the phenolic content of plants
(Bennett et al. 2004, Jeyaramraja et al. 2003, Koundouras et al. 2006, Moore et al.
2005). Bennett et al. (2004) demonstrated that irrigation increased the isoflavone
content of soybean seeds compared to non-irrigated plants, and Jeyaramraja et al.
(2003) showed a strong positive correlation between PAL activity and soil moisture.
Interestingly, water deficit can also increase the phenolic content (Koundouras et
al. 2006). During limited water availability phenolic compounds can protect the
membranes against desiccation (Moore et al. 2005). In addition, as water deficit
can lead to oxidative stress (Dat et al. 2000), accumulation of phenolic compounds
could also suggest a role as antioxidants (Moore et al. 2005).

The effect of light on the phenolic content of plants is extensively studied. Not
only the amount of light but also its quality affects the phenolic profiles (Tegelberg
et al. 2004, Cortell & Kennedy 2006). High-light conditions lead to the
accumulation many phenolic compounds in the surface tissues of plants (Tattini et
al. 2004). Because of their strong ability to absorb ultraviolet light (Markham
1982), phenolic compounds protect plants against deleterious ultraviolet radiation
(Li et al. 1993). Accumulation of phenolic compounds can also prevent
photoinhibition, as they also decrease the amount of incoming visible light (Edreva
et al. 2005). Furthermore, high-light conditions commonly lead to oxidative stress
(Dat et al. 2000), and it has been suggested that phenolic compounds could also
function as antioxidants in plants in these conditions (Edreva 2005).

Another major environmental factor that affects the phenolic profiles of plants is
temperature. Both high and low temperature extremes have been shown to change
the activity of PAL and the accumulation of phenolic compounds (Rivero et al.
2001). Moreover, the difference between day and night temperatures can have a
significant effect on the phenolic profiles (Wang & Zheng 2001). However, different
genotypes appear to be affected differently (Rivero et al. 2001, Wang & Zheng
2001). It is well known that temperature extremes cause oxidative stress (Dat et al.
2000), and the accumulation of phenolic compounds could again suggest a role as
antioxidants. Another suggested function during cold stress is to filter out excess of
solar radiation to prevent photoinhibition (Solecke et al. 1999). However, there is
no clear evidence of the roles of phenolic compounds during temperature stress.

2.3.2 Phenolic compounds in the interaction of plants with other organisms

Phenolic compounds are important in the interaction between plants and other
organism (Parr & Bolwell 2000, Harborne 1999). They attract pollinators and
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beneficial soil micro-organisms but also pathogens and pests. Phenolic compounds
play also an important role in the defence against herbivores, pathogens, pests,
and competing plants.

Defence against pathogens consists of constitutive physical and biochemical
mechanisms and of inducible mechanisms (Agrios 1997), and phenolic compounds
are an important, albeit not the only part in the defence strategy (Agrios 1997,
Maher el al. 1994). Following the identification of pathogen attack, activation of
key enzymes on the phenylpropanoid pathway is often seen (Somssich & Hahlbrock
1998). Some phenolic compounds such as lignin can provide mechanical barriers
that prevent the invasion of the pathogen (Nicholson & Hammerschmidt 1992),
whereas others can be antimicrobial (Cowan 1999). The antimicrobial properties of
phenolic compounds are based on their ability to disrupt membrane structure and
to bind and inactivate proteins (Cowan 1999).

A clear link between the content and quality of plant secondary metabolites and
feeding behaviour of animals has been established (e.g. lason & Villalba 2006). A
high content of selected phenolic compounds can protect plants against herbivore
damages (Harborne 1999, Simmonds 2003, Tahvanainen et al. 1985). However, no
single compound or group of compounds is effective against all herbivores, and
different species exploit different compounds in their defence (Harborne 1999).
Moreover, depending on its concentration, the same compound can be a feeding
stimulant or deterrent or herbivores can even benefit from the intake the phenolic
compounds (Harborne 1999, Simmonds 2003).
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3 PHENOLIC COMPOUNDS AND HUMAN HEALTH

Diets rich in fruits and vegetables can promote longevity (Rissanen et al. 2003). In
epidemiological studies, a protective effect has been shown especially against
cardiovascular diseases (CVD) (Dauchet et al. 2006, Ness & Powles 1997). Phenolic
compounds in plants are suggested to be at least partly responsible for this
protective effect. Some epidemiological studies have evaluated the human health
effects of the consumption of phenolics. In a Finnish study, the relationship
between flavonoid intake and risk of several chronic diseases was investigated
(Knekt et al. 2002). Higher flavonoid intake was associated with lower total
mortality and incidence of asthma, whereas individual flavonoid compounds were
shown to reduce the risk of cancer, type 2 diabetes, and CVD-based mortality. In
an ltalian study, the consumption of flavones was shown to reduce the breast
cancer risk (Bosetti et al. 2005). There are many other epidemiological studies
(reviewed by Arts & Hollman 2005) evaluating the health effects of phenolic
compounds and, in general, phenolic compounds seem to protect humans against
many chronic diseases.

3.1 Phenolic compounds as antioxidants

Oxidative stress which damages cell components, lipids, proteins, and DNA is one
of the main factors in the pathology of many major diseases including
cardiovascular diseases, cancer, and degenerative diseases like neurodegenerative
disorders (Ames et al. 1993, Youdim et al. 2002a). Oxidants are normal by-products
of human metabolism, and many endogenous mechanisms exist to prevent their
damage (Ames et al. 1993, Halliwell 1994, Nijveldt et al. 2001). In addition, dietary
antioxidants play an important role in the prevention of oxidative damages.
Phenolic compounds are known to be powerful antioxidants (Pietta 2000, Pulido et
al. 2000, Rice-Evans et al. 1997) and, compared with ascorbic acid and Trolox (a
synthetic vitamin E analogue) their antioxidant capacity seems to be higher. The
total in vitro antioxidant capacity of plant extracts has been shown to correlate
with the total phenolic content (Sun et al. 2002, Tsao et al. 2005), whereas the
contribution of ascorbic acid seems to be low (Kalt et al. 1999).

In vitro data support the role of phenolic compounds as antioxidants. The
protective activity of phenolic extract from strawberries was shown in a cell
culture test with PC12 neuronal cells treated with H,0;, (Heo & Lee 2005).
Similarly, phenolic compounds extracted from black currants were shown to
protect SH-SY5Y neuroblastoma cells against H;0,-induced cytotoxity and oxidative
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stress (Ghosh et al. 2006). Furthermore, black currant phenolics also protected the
DNA of promyelocytic HL-60 cells after exposure to H,0;. Animal studies have also
proven the antioxidant capacity of phenolics. Wine phenolics were found to
decrease the basal oxidative damage of rat colon mucosal cell DNA (Giovannelli et
al. 2000). In another study with rats, supplementation of the diet with quercetin 3-
rhamnoglucoside (rutin) increased the antioxidant status of liver tissue but not that
of serum or brain (Gao et al. 2003). The protective effect of cloudberry fruit
phenolics against lipid peroxidation has also been show in a model system with fruit
flies (Mylnikov et al. 2005). However, not all studies show positive effects after
consumption of phenolics. When the diet was supplemented with cyanidin 3-
glucoside, lipid peroxidation or DNA damage in rats were unaffected (Duthie et al.
2005).

Human studies also support antioxidative effects after consumption of fruits and
vegetables. In a human intervention study, Marniemi et al. (2000) observed a slight
increase in the plasma antioxidant status and slightly lowered LDL oxidation as a
consequence of daily consumption of 100 g of soft fruits. Similarly, consumption of
strawberries was found to increase the antioxidant capacity of plasma (Cao et al.
1998). It was also concluded that the increase was most likely due to phenolic
compounds in strawberries. Boyle et al. (2000) found that ingestion of onion meal
led to an increase in the plasma flavonoid content. Furthermore, the onion meal
reduced oxidative damage of lymphocyte DNA and a decrease in the oxidative
stress markers was also observed.

There are plenty of data suggesting that the antioxidant activity of phenolic
compounds is an important property in the prevention of various diseases.
However, in their recent review, Halliwell et al. (2005) argued that the data
supporting in vivo antioxidant activity of phenolics is still inconclusive, as many
studies have failed to show any effects of the consumption of phenolics on the
biomarkers of DNA, lipid or protein oxidation. It can be thus concluded that the
antioxidant activity of phenolic compounds is not their only mode of action
(Scalbert et al. 2005).

3.2 Other modes of action of phenolic compounds

Besides antioxidant activity, many other modes of action have been identified for
phenolic compounds (for reviews see Issa et al. 2006, Scalbert et al. 2005, Stoclet
et al. 2004, Williams et al. 2004). Some of the recent findings include effects on
energy metabolism (Lagouge et al. 2006). In mice, resveratrol enhanced the
function of mitochondria and increased the aerobic capacity. These effects were
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associated with the increase of SIRT1 activity. Furthermore, resveratrol protected
the mice against obesity and insulin resistance. Anthocyanins have also been linked
to the prevention of diet-induced weight gain (Tsuda et al. 2003, Tsuda et al.
2004). Apparently this effect is mediated by up-regulation of specific genes in the
adipocytes.

Inflammation plays an important role in the pathology of many diseases (Libby et
al. 2002, Youdim et al. 2002a). Inflammation as a temporal condition is not a
disease, but when it is prolonged it can have negative effects (Issa et al. 2006). In a
cell culture assay phenolic compounds from blueberries and cranberries were
shown to inhibit the formation of TNFa (tumor necrosis factor) induced
inflammation mediators (Youdim et al. 2002b). Similarly, ellagitannins from red
raspberries were found to inhibit proinflammatory mediators nitric oxide and
prostaglandin E; in activated macrophages (Vuorela et al. 2005). Finally, in a
recent study with transgenic mice tomato flavonoids were shown to reduce the
basal concentration of C-reactive protein, which is a marker of inflammation (Rein
et al. 2006).

As in plants, phenolic compounds can act as antimicrobial agents in humans
(Cowan 1999). In vitro studies have shown the antimicrobial activity of phenolic
compounds and plant extracts containing phenolic compounds against pathogenic
bacteria (Puupponen-Pimia et al. 2001) or even against viruses (Knox et al. 2003).
Thus the compounds have the potential to prevent chronic infections which lead to
inflammation and oxidative stress (Ames et al. 1993).

Many identified functions of phenolic compounds are related to their ability to
interact with proteins. Yeh and Yen (2003) demonstrated that some phenolic acids
can increase the activity of phenolsulfotransferase (PST), which detoxifies
xenobiotics and endogenous compounds. The metabolism of xenobiotics mainly
takes place in the liver, and phytochemicals including phenolic compounds have
been shown to inhibit or activate also other phase | and phase Il enzymes of
xenobiotic metabolism (Issa et al. 2006). Thus phenolic compounds can either
enhance the deactivation or inhibit the activation of deleterious compounds.

Following ingestion, phenolic compounds accumulate first in the gastrointestinal
tract, where they can interact with various digestive enzymes (McDougall &
Stewart 2005). Intestinal a-glucosidase is one of the target enzymes. Phenolic
compounds can decrease its activity and thus lower blood glucose levels after
meal. Similarly, phenolic compounds can prevent lipid degradation by inhibiting
lipase activity. Further, the compounds can restrict proteolytic activity through
various mechanisms, including metal chelation and enzyme inhibition. The latter
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two mechanisms can be beneficial for health in some cases, as they can limit
excess energy intake.

As estrogen agonists or antagonists, some phenolic compounds can affect gene
expression regulated by estrogen receptors (Cornwell et al. 2004, Papoutsi et al.
2005). Thus consumption of these phytoestrogens may be beneficial for the
prevention of estrogen-related disorders like osteoporosis, CVD and cancer.

Many studies have shown the antiproliferative activity of phenolic extracts from
soft fruits in cancer cell cultures (Liu et al. 2002, Meyers et al. 2003, Olsson et al.
2004a, Seeram et al. 2004). The antiproliferative effect seems to be independent
of antioxidant activity. Interestingly, Olsson et al. (2004a) did not find a strong link
between the phenolic content and antiproliferative activity of different fruit
extracts. However, in a study done with cranberries (Seeram et al. 2004), the
phenolic fractions were found mainly to be responsible for the antiproliferative
effect against different oral, colon, and breast cancer cell lines. Studies with
animals also support the role of phenolics in the inhibition of carcinogenesis (Yang
et al. 2001), and the inhibition can take place at various stages of cancer
development. Suppression of tumour growth includes modulation of oncogenes,
tumour suppressor genes, and signal transduction pathways as well as apoptosis
(Scalbert et al. 2005, Yang et al. 2001).

Most of the studies supporting the health-related properties of phenolic
compounds have been done in vitro or in animal models. However, these data
might give, for various reasons, a misleading image of the true impact of these
compounds (Scalbert et al. 2005). First, the concentrations used might not
correspond to those in vivo. Secondly, the bioavailability of different compounds
can vary significantly. Finally, before reaching their possible targets in human
metabolism, the phenolic profile measured in vitro might undergo several changes.
In a recent review, results from 93 different human interventions were evaluated
(Williamson & Manach 2005). These studies supported the role of phenolic
compounds in humans. However, the data cannot be considered comprehensive and
more research is still needed.

3.3 Metabolism and bioavailability of phenolic compounds

After ingestion, the phenolic compounds can undergo many changes before
reaching their targets. During the gastrointestinal digestion major degradation of
phenolic compounds may take place (Perez-Vicente et al. 2002). In addition, the
colonic microflora can modify phenolic compounds in many ways (Aura et al. 2002).
Phenolic glycosides can be hydrolysed to aglycones and further metabolised into
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various aromatic acids (Manach et al. 2004). In addition, after absorption, phenolic
compounds can be further modified by many human enzymes. The three main
conjugation types are methylation, sulfation, and glucuronidation.

The bioavailability of different phenolic compounds can vary greatly (Manach et
al. 2005). Differences are observed in the absorption efficiencies and also in the
absorption and elimination rates. For example, quercetin glucoside is more
efficiently absorbed than are the corresponding aglycone or the rhamnoglucoside
derivate rutin. In addition, the absorption rate of rutin is much slower. Compared
with other phenolic compounds, anthocyanins are very poorly absorbed and also
their absorption and elimination rates are fast. Interestingly, anthocyanins are a
major phenolic group in soft fruits (Maatta-Riihinen et al. 2004a and b), and have
been shown to possess high in vitro antioxidant capacity compared with other
edible crops (Halvorsen et al. 2002).

3.4 Possible negative effects of phenolic compounds on human health

Although the human intervention data on the health effects of phenolic
compounds are not comprehensive, none of the studies so far have reported
negative effects. However, if consumed in high amounts, phenolic compounds have
the potential of being detrimental to health, as the same mechanisms that are
responsible for the positive effects, may also mediate the negative effects (Mennen
et al. 2005). A practical example of the excess intake of phenolics comes from
West Africa. Due to its high vitexin (C-glycosylflavone) content, millet consumption
is thought to be one of the reasons for endemic goitre, as vitexin inhibits thyroid
peroxidase and thus interferes with thyroid hormone biosynthesis.

In their reduced forms phenolic compounds act as antioxidants. However, in
certain situations phenolics can be pro-oxidants (Galati & O'Brien 2004), although
the pro-oxidant activity of phenolic compounds in vivo might also be beneficial due
to anti-cancer or apoptosis-inducing properties.

As mentioned above, phenolics can inhibit and induce phase | and Il enzymes (Issa
et al. 2006) and, therefore, it is possible that phenolics accelerate the production
of deleterious compounds as well as inhibit their deactivation. In addition, by
affecting phase | and Il enzymes phenolic compounds can also interfere with drug
metabolism (Mennen et al. 2005).

Inhibition of the enzymes in the gastrointestinal tract can have a negative impact
when the diet is limited, both qualitatively and quantitatively (McDougall &
Stewart 2005). Similarly, the ability to chelate ferric ions can be undesirable when
iron availability is limited (Scalbert et al. 2005).
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Data on the negative effects of phenolic compounds is scarce, and it is mainly
based on in vitro studies. Thus the negative effects should not be exaggerated,
although it is an area that should be more thoroughly studied, and care should be
taken especially when supplementing diets with nutraceuticals containing phenolic
compounds way beyond the amounts that are normally consumed.
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4 ANALYSIS OF FRUIT PHENOLIC COMPOUNDS

The analysis of phenolic compounds has been regularly reviewed (Waterman &
Mole 1994, Robards & Antolovich 1997, Antolovich et al. 2000, Merken & Beecher
2000, Stobiecki 2000, Mueller-Harvey 2001, Schofield et al. 2001, Tura & Robards
2002, Robbins 2003, Naczk & Shahidi 2004, Tsao & Deng 2004, Molnar-Perl & Fizfai
2005). In older reviews (Waterman & Mole 1994) much attention was paid on simple
spectrophotometric methods and low capacity chromatographic methods such as
paper  chromatography. However, nowadays  high-performance  liquid
chromatography (HPLC) in combination with ultraviolet and visible wavelength (UV-
Vis) photodiode array detector (PAD) is the main method used for quantitative
analysis of phenolic compounds. In addition, HPLC systems equipped with mass
spectrometric (MS) detection are becoming more common in the quantitative
analysis. HPLC-PAD systems can give some indication of the structure of unknown
compounds; however, MS and nuclear magnetic resonance (NMR) based methods
are more powerful in the elucidation of the structure.

4.1 Collection and storage of plant material

As discussed earlier (see 2.3), a variety of internal and external factors affect the
content of fruit phenolic compounds, which should be considered during the
experiment and when collecting samples (Siriwoharn et al. 2004). Important factors
to be considered are light and temperature conditions (Cortell & Kennedy 2006,
Wang & Zheng 2001), irrigation (Koundouras et al. 2006), biotic stress factors
(Dixon & Paiva 1995), fertilization (Fritz et al. 2006), juvenility (Close et al. 2005),
maturity (Halbwirth et al. 2006), fruit size (Moyer et al. 2002) and differential
distribution of compounds between tissues (Tsao et al. 2006).

To get an authentic phenolic profile, the fruits should be analysed right after
collection (Kalt et al. 1999, Mullen et al. 2002). However, this can be difficult to
arrange and samples are commonly frozen or dried until analysed. Drying and
freezing can minimize enzymatic degradation and oxidative damage, but they also
cause changes in the phenolic profiles (Keindnen & Julkunen-Tiitto 1996, Mullen et
al. 2002). Frozen storage can cause further changes (de Ancos 2000a and b), and
storage time should thus be kept as short as possible.
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4.2 Sample treatment

The goal of the sample treatment is to solubilise the analytes in sufficient
concentrations for further analyses and to get rid of interfering substances. Given
the wide variation in the content of different compounds and in their chemical
properties there are no universal methods for all sample types and compounds
(Kéhkonen et al. 1999).

For frozen samples, thawing in a microwave oven has been found suitable
(Hakkinen et al. 1999). Thorough grinding of the sample is essential for efficient
extraction. Liquid extraction is commonly used for solid samples (Tura & Robards
2002, Tsao & Deng 2004). However, there are also other useful techniques
including microwave-assisted extraction, supercritical fluid extraction and
pressurized liquid extraction.

In the liquid extraction of solid samples, aqueous mixtures of ethanol, methanol,
and acetone have been commonly used. The choice of organic solvent and its ratio
to water differs according to the properties of the phenolic compounds to be
extracted (Julkunen-Tiitto 1985, Kéhkonen et al. 1999 and 2001). Aqueous acetone
is good for extracting phenolic compounds from fruits (Kéhkoénen et al. 2001);
however, modifications in the structure of anthocyanins may occur (Lu & Foo
2001).

The stability of phenolic compounds during the extraction process can be
increased by adding small amounts of acids in the extraction solvent (Friedman &
Jurgens 2000). Particularly in the extraction of anthocyanins, low pH is essential
(Nielsen et al. 2003). Hydrochloric acid is often used for the acidification; however,
it can be deleterious to the most sensitive acylated anthocyanins (Tura & Robards
2002). Weaker acids, such as formic and acetic acid are thus preferred.

Cell wall -bound phenolic compounds are not extracted by the above-mentioned
methods (Péres-Jiménes & Saura-Calixto 2005). Alkaline or enzymatic hydrolysis
can be used to release these compounds (Tura & Robards 2002).

In some cases simple solvent extraction is sufficient for the analyses. However,
further concentration, purification and fractionation steps might be needed (Tura
& Robards 2002). Selective solvents, such as ethyl acetate can be used to
fractionate different phenolic compounds (Maatta et al. 2001, Kader et al. 1996).
Solid phase extraction with C18 packing material can also be used to fractionate
phenolic compounds according to their polarity, acidity (Chen et al. 2001) or
solubility in different solvents (Skrede et al. 2000). However, recovery of different
compounds in solid phase extraction can vary significantly (George et al. 2005).
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Numerous derivatives of phenolic aglycones can make their analysis challenging.
Several hydrolytic methods have been developed to remove the sugar groups and
thus reduce the number of compounds to be analysed (Mattila et al. 2000, Mattila
& Kumpulainen 2002, Nyman & Kumpulainen 2001). Hydrolysis (acid, base, or
enzymatic) offers numerous advantages (Tura & Robards 2002). By reducing the
number of analytes, their chromatographic separation becomes easier. Moreover,
more commercial standards are available for phenolic aglycones. By combining
derivatives of the same aglycone structure, the precision of the methods can be
increased.

4.3 Chromatographic separation of phenolic compounds

HPLC is probably the most widely used technique for the separation of phenolic
compounds (Merken & Beecher 2000, Robbins 2003, Naczk & Shahidi 2004, Molnar-
Perl & Fuzfai 2005). Gas chromatography (GC) has also been used, but volatility of
different phenolic compounds varies greatly, which limits the use of the technique.
GC is used nowadays primarily for the analysis of phenolic acids (Robbins 2003,
Zadernowski et al. 2005). Besides HPLC and GC, there are reports describing the
use of capillary electrophoresis (CE) (Molnar-Perl & Fuzfai 2005). Compared with
HPLC, these techniques might in some cases be more useful, providing higher
efficiency, selectivity, and speed.

In the HPLC analysis phenolic compounds are normally separated in reverse phase
(RP) columns using gradient elution (Naczk & Shahidi 2004). However, the
separation of large condensed tannin polymers is not possible with RP columns
because of many isomers with similar polarity, and normal-phase columns are thus
used instead (Schofield et al. 2001).

The binary elution system in the HPLC analysis is usually composed of organic
solvent and aqueous acid. Commonly used organic solvents are acetonitrile and
methanol (Molnar-Perl & Fiizfai 2005). Keinanen & Julkunen-Tiitto (1998) reported
that, compared with methanol, acetonitrile is a slightly better eluent for flavonoid
glycosides, whereas methanol is better for non-flavonoid phenolic compounds.
Addition of tetrahydrofuran can enhance the separation of flavonoid glycosides.
Acids are used to minimize peak tailing (Keindanen & Julkunen-Tiitto 1998). Some
commonly used acids are acetic acid, formic acid, phosphoric acid, and
trifluoroacetic acid (Naczk & Shahidi 2004).
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4.4 Qualitative analysis

On-line UV-Vis spectral analysis with PAD after HPLC separation can provide some
information of the structure of compounds (Figure 3). However, more appropriate
methods for the structure elucidation are MS and NMR spectroscopy.

Various MS methods have been applied for the analysis of phenolic compounds
(Stobiecki 2000). Methods based on atmospheric pressure ionisation (API), including
electrospray ionisation (ESI) and atmospheric pressure chemical ionisation (ACPI),
are probably most widely used. These methods can be easily coupled with HPLC
systems, and ionization conditions used are suitable for labile compounds. ESI is
based on the formation of ions in a solution, whereas in ACPI molecules are first

thermally transferred into gaseous phase, after which ionisation is induced by
electric discharge. ACPI might thus be more useful for compounds that do not

efficiently form ions in a solution. In addition, higher flow rates can be used with
ACPI.
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Figure 3. Ultraviolet-visible wavelength spectra of different phenolic compounds. A =
Protocatechuic acid, hydroxybenzoic acids; B = Caffeic acid, hydroxycinnamic acids; C = 5-
caffeoylquinic acid (chlorogenic acid), hydoxycinnamic acid derivate; D= quercetin 3-rhamnoglucoside

(rutin), flavonolglycoside; E = quercetin, flavonols; F = cyanidin, anthocyanidin; G = (-)-catechin,
flavan-3-ols.
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Both ESI and ACPI techniques can be used either in positive or in negative ion
mode. This is useful since different compounds can form one type of ion more
efficiently (Pérez-Magarifio et al. 1999, de Rijke et al. 2003).

Tandem mass spectrometers (MS") are capable of selecting ions with chosen mass
to charge ratio for collisionally induced dissociation (CID). CID-created fragment
ions can then be detected and used for structural elucidation (Clifford et al 2003).
Aglycone structures and molecular mass of conjugates can be easily determined
(Hékkinen & Auriola 1998). However, MS techniques are not capable of providing
complete structural identification (Stobiecki 2000). For example, it is not possible
to distinguish between diastereomeric sugar units.

4.5 Quantitative chromatography

In the quantitative chromatography, the most common detection system
combined with HPLC is UV-Vis PAD (Naczk & Shahidi 2004), which enables
simultaneous detection with different wavelengths. Different phenolic classes can
be analysed simultaneously using appropriate wavelengths, providing thus the
highest sensitivity and selectivity (Figure 3). Moreover, PAD can be used for
tentative structural identification as it enables on-line spectral analysis.

Besides UV-Vis detection, fluorescence detection is occasionally used (Naczk &
Shahidi 2004). In some cases fluorescence detection can provide higher sensitivity
and selectivity (Rodriques-Delgado et al. 2001). However, UV-Vis detection seems
to be more applicable when several compounds are analysed simultaneously.

MS techniques are widely used for qualitative analysis of phenolic compounds
(Molnér-Perl & Fizfai 2005) but these techniques are becoming more common also
in the quantitative analysis. The obvious benefits from MS methods are their high
selectivity and sensitivity.

4.6 Simple quantitative methods for phenolic compounds

Several simple spectrophotometric methods have been developed for the analysis
of phenolic compounds (Table 1). Although these methods are not very specific,
they can easily give an estimate of the content of phenolic compounds in a sample.

The Folin-Ciocalteu method for the analysis of total phenolics (Singleton & Rossi
1965) is probably one of the most widely used methods. The reaction is based on
the reducing ability of phenolic compounds in alkaline solution. However, there are
many interfering compounds, and non-phenolic compounds can also act as reducing
agents (Prior et al. 2005). The result cannot thus be considered as an absolute
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measure of total phenolics. Due to its reaction mechanism, the Folin-Ciocalteu
method can also give an estimate of the antioxidant capacity of a sample (see 4.7).

The structure of anthocyanins in solution is affected by pH (Lapidot et al. 1999).
Consequently, pH also alters the absorption properties of these compounds, which
can be used in the quantification of anthocyanins. The red coloured flavylium
cation is present at highly acidic pH, whereas at pH range from 4 to 5 the
colourless pseudobase prevails. Thus by measuring the absorbance at 515 nm of a
sample buffered to pH values 1.0 and 4.5 an estimation of the anthocyanin content
can be obtained (Naczk & Shahidi 2004, Fuleki & Francis 1968).

Table 1. Simple methods for quantitative analysis of different phenolic groups

Phenolic group Method and mechanism Reference

Total phenolics Folin-Ciocalteu method; reducing property of Singleton & Rossi 1965
phenolate anions in alkaline solution

Hydrolysable tannins Potassium iodate assay; conversion of Hartzfeld et al. 2002
hydrolysable tannins to methyl gallate followed
by oxidation with KIO; to yield a chromophore

Flavonoids Total flavonoid assay; reaction of flavonoids Zhishen et al. 1999
with sodium nitrate followed by formation of
flavonoid-aluminum complex

Anthocyanins pH differential method; absorption changes by Fuleki & Francis 1968
pH
Condensed tannins Acid-butanol assay; acid-catalysed oxidative Porter et al. 1986

depolymerisation of condensed tannins into
anthocyanidins

4.7 Antioxidant capacity assays

There are several in vitro methods for the analysis of antioxidant capacity of a
sample, which can be divided either to electron transfer (ET) or hydrogen atom
transfer (HAT) -based assays (Prior et al. 2005). In general, HAT-based methods are
regarded as biologically more relevant, and oxygen radical absorbance capacity
(ORAC) assay has been proposed as the most useful method.

The Folin-Ciocalteu method (Singleton & Rossi 1965) measures the reducing
capacity of phenolic compounds. The reaction is not very specific and thus it is
suitable for measuring antioxidant capacity (Prior et al. 2005). Although the
method is based on electron transfer, it is considered very useful as it is simple,
sensitive and reproducible.

The DPPH (a,a-diphenyl-B-picrylhydrazyl) radical scavenging assay is also simple
and widely used ET-based method. DPPH is a stable radical molecule that absorbs
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strongly at 517 nm (in ethanol) giving the solution a deep purple colour (Blois
1958). When the odd electron becomes paired, the absorption vanishes; the change
is stoichiometric with respect to the number of electrons taken up. Thus the
easiest assay is to mix sample and DPPH solution and follow the colour change until
the reaction reaches the steady state (Brand-Williams et al. 1995). However, this
kind of strategy does not take into account the speed of the reaction. Sanchez-
Moreno et al. (1998) introduced a new parameter that also considers the time
needed to reach the steady state. The new parameter made the analysis more
discriminatory compared to the simpler one.

The biological significance of these assays has not been fully established (Huang
et al. 2005). The problem with antioxidant capacity methods is their narrowness.
Single type of reaction is measured either in hydrophilic or hydrophobic phases.
However, in a biological system several types of oxidants with different modes of
action are present.

4.8 Reporting quantitative data

The data on phenolic content can be reported either on dry weight (DW) or fresh
weight (FW) basis. Expression based on FW is appropriate when reporting food
composition data (Macheix et al. 1990).

In plant physiological studies other factors need to be considered when reporting
the results (Macheix et al. 1990). Expression based on DW is used to eliminate
variation caused by water. However, both phenolic compounds and most of the
cellular water are stored in vacuoles. Thus FW-based expression gives a good
estimation of the biologically significant concentration of phenolic compounds.
Neither way considers dilution caused by increased biomass (Koricheva 1999).
Reporting the amount of phenolics per fruit could be considered (Halbwirth et al.
2006). In some cases this type of expression can give more information of the
biosynthesis, import, and export of phenolic compounds as it merely represents the
content of phenolic compounds per cell (Macheix et al. 1990).
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5 PHENOLIC COMPOUNDS AS PART OF FOOD QUALITY

Interest in healthier food can increase the value of plants and plant products with
higher content of heath-related compounds. Thus the content of compounds such
as phenolics should be equally considered, along with other quality factors, in plant
production and when developing new cultivars.

5.1 Health awareness

Knowledge of the importance of food and food constituents in our health
increases constantly. In addition, people seem to be interested in applying this new
knowledge. In the Eurobarometer survey in 2003, one third of the Europeans
reported that they had changed their eating habits into more healthier direction
during the previous three years (European opinion research group EEIG 2003).
Interestingly, one of the changes was to eat more fruits and vegetables. Another
trend suggesting the interest in investing in health is the increased sales of
nutraceuticals and functional foods. In the USA the value of functional food market
in 2002 was estimated to be 20 billion USD and it was expected to reach 37 billion
USD by 2007 (LePree 2003). Globally USA forms the main market area of functional
foods. The value of European functional food market in 2003 was estimated to be
only over 2 billion USD with an annual growth of 5% (Menrad 2003). Similarly, in
2003 the global market value of nutraceuticals was expected to grow at an annual
rate of 9.9% from 46.7 to 74.7 billion USD by the year 2007 (McWilliams 2003). In
Europe, increased production of organic foods (Rohner-Thielen 2005) further
supports the trend towards healthier food choices, as the assumption that
organically produced food is healthy is a major driving force when making the
purchase decision (Shepherd et al. 2005).

Education can further strengthen the trend toward healthier food consumption
habits. In Finland, education has for long been an important part of the healthcare
system. An excellent example of the power of education is the Finnish North-
Karelia project which started in 1972 (Puska et al. 1985). The project aimed at
decreasing the major cardiovascular disease risk factors through community-based
strategy. Education and training, integrated to the social organization and aimed to
the whole community, were the main strategies of the project. During the ten
years of intervention, a significant decrease was observed in the cardiovascular
disease risk factors and also in the cardiovascular disease mortality. The
importance of education has been acknowledged also at the global level. Healthy
nutrition and sufficient physical exercise are considered as major approaches in the
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prevention of dominant causes of death worldwide and, as one of the global
strategies to improve wellbeing, WHO emphasizes the importance of education
(WHO, resolution WHA55.23).

5.2 Methods for enrichment of phenolic compounds

The intake of phenolic compounds is directly related to the quality and quantity
of fruits and vegetables that are consumed. Thus if we are to increase the intake of
phenolic compounds we can either increase the consumption of fruits or choose
species with high phenolic content. However, due to the quality, availability, and
price of fruits and vegetables this approach has its limitations. There is also
another potential way to increase the phenolic content, which includes different
techniques that can be used to manipulate plant metabolism in a way that favours
higher accumulation of phenolic compounds (Table 2).

5.2.1 Genetic modification

Several strategies exist to genetically modify the biosynthesis of phenolic
compounds (Parr & Bolwell 2000, Schijlen et al. 2004). For example, by down-
regulating one branch of the pathway, it might be possible to enhance the
synthesis of the compounds in another branch. A more common approach is to up-
regulate the genes, and there are several successful examples (Muir et al. 2001,
Lukaszewicz et al. 2004, Niggeveg et al. 2004). Muir et al. (2001) achieved a 78-
fold increase in the flavonol content of tomato peel by over-expressing chalcone
isomerase. However, this kind of approach might not always be easy due to the
presence of several control points that maintain the metabolic homeostasis (Parr &
Bolwell 2000).

Besides increasing the content of endogenous metabolites, it is also possible to
introduce new ones (Dixon 2005). There are several examples of the successful
introduction of the gene encoding resveratrol-producing stilbene synthase (STS) in
various crop plants (Liu et al. 2006, Rihmann et al. 2006). Following the transfer of
STS in apples (Rihmann et al. 2006), the basal level of a new metabolite piceid
(resveratrol glucoside) was quite low (< 10 pg/g dry weight), whereas quite high
content (56 pg/g fresh weight) of resveratrol was detected in lettuce (Liu et al.
2006).
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Table 2. Ways to enrich the phenolic content in fruits and vegetables. 2

Examples

Genotype

Breeding

Fertilization

Light

Temperature

Water

Genetic
modification

Miscallaneous

Strawberry; over 5-fold differences in ellagic acid content between 45 cultivars
(Atkinson et al. 2006).

Blueberry; 4.5- and 3-fold differences in the contents of total phenolics and
anthocyanins, respectively, between 87 cultivars (Ehlenfeld & Prior 2001).

Apple; depending on the growing season 2- to 5-fold differences in the content of
total phenolics between 56 cultivars (Lata et al. 2005).

Red raspberry; narrow-sense heritability for the total anthocyanin content 0.74
(Connor et al. 2005).

Blueberry; narrow-sense heritabilities for the contents of total phenolic and total
anthocyanins 0.46 and 0.43, respectively (Connor et al. 2002).

Strawberry; higher anthocyanin content in fruits given lower amounts of NPK
fertilization (Moor et al. 2005).

Grape; higher phenolic content in fruits given lower amounts of nitrogen (Delgado et
al. 2004).

Tomato; organic compared to mineral fertilization increases the content of phenolics
(Toor et al. 2006).

Strawberry; higher amounts of light increases the content of anthocyanins (Moor et
al. 2005) and ellagic acid (Atkinson et al. 2006).

Basil leaves: spectral quality of light affects the accumulation of phenolics (Loughrin
& Kaspenauer 2001).

Tomato; UV-A radiation enhances the accumulation of phenolics (Luthria et al.
2006)

Strawberry; higher growing temperature increases the content of phenolic
compounds (Wang & Zheng 2001)

Tomato and watermelon; cold and heat stress increase the phenolic content (Rivero
et al. 2001).

Strawberry; late season water stress elevates the content of ellagic acid (Atkinson
et al. 2005).
Soybean; irrigation enhances the isoflavone content (Bennett et al. 2004).

Lettuce; transfer of stilbene synthase gene leads to the novel synthesis resveratrol
(Liu et al. 2006).

Apple; transfer of stilbene synthase gene leads to the novel synthesis of piceid
(resveratrol glucoside) (Rihman et al. 2006).

Tomato; overexpression of chalcone isomerase increases the flavonol content (Muir
et al. 2001).

Potato; overexpression of chalcone synthase, chalcone isomerase and
dihydroflavonol reductase individually and simultaneously increases the content of
phenolic compounds (Lukaszewicz et al. 2004).

Strawberry; elevated carbon dioxide increases the flavonoid content (Wang et al.
2003).

Strawberry; compost as soil supplement increases the content of phenolic
compounds (Wang & Lin 2003).

Grape; treatment with defence metabolism activating elicitor (BTH) increases the
content of phenolic compounds (Iriti et al. 2005).

& For reviews see Dixon (2005), Parr & Bolwell (2000), Tomas-Barberan & Espin (2001), and Treutter

(2005).
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Genetic modification has thus the potential of producing plants with higher
phenolic content. A major hurdle in this approach, especially in Europe, is the
general opposition of this technology as indicated by the recent Eurobarometer
survey (Gaskell et al. 2006).

5.2.2 Plant breeding

Because of the big genotypic differences in the phenolic content of plants (see
2.1), breeding could be a potential approach for enrichment of phenolic
compounds (Scalzo et al. 2005a). Evaluation of the heritability of anthocyanins in
red raspberries (Connor et al. 2005) and of antocyanins and total phenolic
compounds in blueberries (Connor et al. 2002) shows that these traits can be
improved through breeding. However, there are only a few published examples of
the potency of this strategy.

5.2.3 Exploitation of the phenotypic plasticity

The phenotypic plasticity of plant metabolism (see 2.3) might also be exploited to
increase the phenolic content of crop plants. Potential approaches have been
presented in the reviews of Parr & Bolwell (2000) and Tomés-Barberan & Espin
(2001) who suggested the exploitation of biotic and abiotic stress factors and
optimization of growth conditions such as light and temperature. Furthermore,
treatment of the plants with compounds affecting the metabolism of phenolic
compounds could also be used (Iriti et al. 2005).

As a further point of consideration regarding the enrichment of fruits and
vegetables with phenolic compounds, the recent paper of Atkinson et al. (2005)
raised an important question. Although it is possible to increase the content of
these compounds by manipulating the physiology of plants using different
agronomic treatments, it is equally important to consider their effects on other
quality factors including yield and organoleptic properties such as colour,
bitterness, and astringency. There are only a few studies considering these other
quality factors. Atkinson et al. (2005) reported that drought stress increased the
ellagic acid content of strawberry fruits, whereas the fruit size was simultaneously
decreased. In another study with strawberries, Atkinson et al. (2006) found that
highly reflective mulches increased both the content of ellagic acid in the fruits
and also the fruit yield.
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6 AIMS OF THE STUDY

Numerous studies support the health-promoting effects of phenolic compounds.
Higher intake of these compounds can thus be considered beneficial for human
health. Along with the increased scientific knowledge, consumers' awareness of the
relationship of nutrition and health has also increased, and the health-related
properties of food crops are becoming increasingly significant quality criteria.
There are several approaches to increase the intake of phenolic compounds, of
which the most obvious way is to choose foods with high content of these
compounds. Optimisation of the cultivation practices can also lead to a higher
content of phenolic compounds in plants and thus to higher intake of phenolics.

The aim of the present study was to evaluate the potential of different
agricultural regimes and production systems for increasing the phenolic content in
soft fruits. Techniques that could easily be applied in practice were chosen. Red
raspberry, strawberry and black currant were chosen as they are the most
consumed and -cultivated soft fruits in Finland and important crop plants
worldwide. Besides, the phenolic content is high in these fruits, which makes them
good sources of phenolic compounds to start with.

The specific aims were:

A To evaluate the effect of genotype (I and IlI) and environment (I, 1, and V)
on fruit phenolic content.

B To evaluate the effect of agricultural regimes (fertilization, mulch colour,
early forcing, planting date, amount of light) and fruit order on the

biochemical quality of strawberry fruits (Il and IIl).

C To compare fruit phenolic compounds of black currants in conventional and
organic production systems (1V).
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7 MATERIALS AND METHODS

7.1 Plant material and experimental design

In all experiments, evenly ripened fruits according to their surface colour were
harvested. Only fruits grown in similar light conditions were collected. The fruits
were immediately frozen and stored at -20° C. In comparative studies the storage
times were the same for all samples.

7.1.1 Genotype and environment

Red raspberries (I) (Rubus idaeus L.) were collected during summers 2001 and
2002 from a commercial farm in Kitee and from the Research Garden of the
University of Kuopio, both located in Eastern Finland (distance 150 km). The
cultivars (cv.) in Kitee were Balder, Heisa, Preussen, Ottawa, Haida, Muskoka,
Algonquine, Ville, Gatineau, Nova, Orion, yellow cv. 1, yellow cv. 2, and Killarney.
The cultivars in Kuopio were Balder, Heisa, Preussen, Ottawa, Muskoka, Ville,
yellow cv. 3, and Maurin Makea. Wild red raspberries were collected close to the
Research Garden of the University of Kuopio. A composite sample of evenly ripened
fruits (300-500 g) was collected evenly from the central area of the farm from five
randomly selected rows.

Strawberries (ll) (Fragaria x ananassa Duch.) were grown in commercial farms in
Southern Finland. The fruit samples of different strawberry cultivars (Honeoye,
Jonsok, Polka, Bounty, Korona, and Dania) were collected during summer 2001
(third year from planting) at four farms in which either conventional or organic
farming were practised. Silt clay was the dominant soil type in all farms. In
conventional farms NPK fertilization was given at the time of establishment and in
spring 2001, whereas the organic fields were fertilized only at the time of
establishment with cow manure compost. Pesticides and fungicides were used in
conventional farms whereas no plant protection was used in organic farms. A
composite sample of fruits (500 g) was collected evenly from five randomly
selected rows at the central area of the field.

Black currant (IV) (Ribes nigrum L.) samples were collected as described below
(see 7.1.3).
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7.1.2 Agricultural regimes

The fertilization experiment (ll) was carried out on an open field in South-
Western Finland. Peat beds (20 cm high and 80 cm wide), isolated from the soil by
plastic foil were mulched with black plastic foil, and strawberry (Fragaria x
ananassa Duch., cv. Bounty) plants were planted in double row with 33 cm space
between the plants (40000 plants/ha). Fertilization treatments were applied in the
following summer. The experimental design was a randomised block design with
four replicates. Plants were fertigated with solutions of three different
conductivities. By the collection date, at the fertilization level 0.6 mS/cm, the
seedlings had received (per plant) 339 ug of N, 82 ug of P, 645 ug of K, 65 ug of Ca,
39 pg of Mg, 51 pg of S, 3.7 pg of Fe, 514 ng of B, 308 ng of Cu, 2057 ng of Mn, 41
ng of Mo, 20 ng of Co and 514 ng of Zn. The amounts of nutrients were calculated
according to the manufacturer’s information. At the levels of 1.2 and 2.4 mS/cm
the amounts were increase 2- and 4-fold, respectively. 500 g of fruits per replicate
were collected at the end of the cropping season.

The effects of mulch colour, early forcing and fruit order (Figure 4) on
strawberry (Fragaria x ananassa Duch., cv. Korona) fruit quality were evaluated in
a field study in Stjerdal, middle Norway (Il and Ill). Strawberry plants with initiated
flower buds, were planted 2 July 2003 on 25 cm high beds in double row 20 cm
apart with 25 cm space between the plants (5714 plants/1000 m?). During winter
the field was covered with fleece for freezing protection. Throughout the
experiment the field was drip fertigated. The photosynthetic active radiation (PAR;
pmol/m? s) was measured at the ground level inside and outside the tunnel in 2003
and 2004, and temperatures (°C) were monitored 5 cm above the mulch in 2003 to
2005 within the plant canopy in both mulch types and under the fleece.
Experiments were carried out in a tunnel (Haygrove Ltd., Herefordshire, UK) with
two treatments in a split plot design of six replicates placed across the rows of the
tunnel. Treatments were: 1) Early forcing on large plots (120 plants harvested)
randomised within replication; a: from 2 July 2003 and from 20 April 2004, until 5%
of the flowers were opened, b: no forcing, and 2) mulch on small plots (60 plants
harvested) randomised within large plots; a: white polyethylene mulch, b: brown
polyethylene mulch. Fruits (100 g) of different order (Figure 4) were harvested in
2003 as autumn crop and in 2004 and 2005 as midsummer crop. However, in
summer 2005 a single sample consisted of fruits of different order collected evenly.
Fruit yield (kg/1000 m?) and size (diameter, mm) as well as the the quality of fruits
(shape and possible infections) were recorded.
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Figure 4. Fruit order in strawberry inflorescence: (1) primary, (2) secondary, and (3) tertiary.

s

The effects of planting time, shading and fruit order on strawberry (Fragaria x
ananassa Duch., cv. Korona) fruit phenolic compounds were evaluated in a
glasshouse at Saerheim, South-Western Norway (Il). Strawberry plants with initiated
flower buds were planted in 2004 on 9 February (week 6), 25 February (week 9) or
15 March (week 12) in standard peat bags (BVB, Maasland, Netherlands) with a
density of six plants per bag (30 x 40 cm). The bags were placed in an unheated
glasshouse on gutters with a plant density of 13.6 plants/m%. Ventilation
temperature was maintained at 20 °C. The plants were watered using a complete
nutrient solution (1.8 mS/cm). Half of the plants were shaded with a double
standard polyethylene foil, providing a reduction of the incoming light by 32 %
compared to non-shaded plants. Planting dates were fully randomised with two
replicates, both consisting of 24 plants. Random samples (100 g) of different order
fruits (Figure 4) were harvested.

7.1.3 Conventional versus organic production system

Black currant (Ribes nigrum L., cv. Ojebyn) fruit samples (IV) were collected in
August 2004 from commercial farms (Table 3) which use either conventional
(CONV1-5) or organic (ORG1-3) production systems. Farms were located in Eastern
Finland within a climatically similar area. The longest distance between the farms
was less than 100 km. The summer 2004 was very rainy and thus no additional
irrigation was given in any of the farms. The bushes were grown on bare soil, and
wild plants grew between the rows. The organic farms were managed according to
the European Union Council Regulation No. 2092/91 (EEC 1991). Samples were
collected from the outer branches of the bushes, south-side of the row. Five
replicate samples were collected from five different sites on the field. The sites
were selected systematically to represent the whole field. One sample consisted of
~500 g of fruits collected evenly from 10 different bushes.
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Table 3. Black currant cv. Ojebyn fruit samples were collected from eight farms during august
2004 within a climatically similar area in Eastern Finland, which use either conventional (CONV) or
organic (ORG) production systems.

. Alignment g b Plant
Age Soil type of rows Fertilisation protection
CONV1 5 sand moraine SW-NE A2003, 235 kg/ha of PK Karate °

S2004, 235 kg/ha of Y2

- . . . d
CONV2 4 clay (rich organic)  SW-NE S2004, row fertilization equaling Gusation -,

1200 kg/ha of Y2 Karate

CONV3 4 f)?ggn?;;’ra'”e (rich £\ $2004, 130 kg/ha of Y2 Basta ©
. A2003, 300 kg/ha of PK Karate,
CONv4 5 siltclay SW-NE 55004, 400 kg/ha of Y2 Dithane '
CONV5 5  sand moraine SE-NW  S2004, 250 kg/ha of Y1 Roundup Gold
, Malasiini

ORG1 5 sand moraine SW-NE 2003, green fertilization and ash  none
ORG2 4 silt sand SW-NE Biotite at establishment none

Cow manure sludge, green
ORG3 5 sand moraine SW-NE fertilization and micronutrients at none

establishment.

& SW = South-West, NE = North-East, E = East, W = West, SE = South-East, NW = North-West
b A=autumn, S=spring, PK=0N:5P:20K, Y1=9N:6P:17K, Y2=6N:6Y:19K

¢ insecticide (Syngenta CropProtection A/S, Basel, Switzerland)

% insecticide (Makhteshim-Agan Industries Ltd., Tel-Aviv, Israel)

¢ herbicide (Bayer CropScience, Monheim, Germany)

"fungicide (Dow AgroScience LLC, Indianapolis, IN, USA)

9 herbicide (Monsanto Company, St. Louis, MO, USA)

" insecticide (Kemira GrowHow Oyj, Helsinki, Finland)

7.2 Sample treatments

All analyses were made from freshly frozen fruits. The fruits were thawed in
microwave oven (650 W) so that the temperature stayed close to 0 °C. Thawed
samples were homogenised using a household food processor.

Ellagic acid and flavonols were extracted from red raspberries (I) and
strawberries (Il and Ill) with optimised hydrolytic methods (Hakkinen et al. 1999
and 2000, Mikkonen et al. 2001). The fruit homogenates were first extracted with
50% methanol containing tert-butylhydroquinone as antioxidant. For the flavonol
analysis, morin was added as an internal standard. The extracted flavonol
glycosides and ellagic acid conjugates were hydrolysed at +80 °C for 2 h and at +85
°C for 20 h, respectively, using hydrochloric acid.

The other phenolic compounds (I-1V) were extracted with 70% aqueous acetone
acidified to pH 2 with hydrochloric acid. 5 g of strawberry and red raspberry
homogenate (I-1ll) was extracted three times with 15 mL of the solvent for 5 min,
whereas 3 g of black currant homogenate (IV), was extracted once with 20 mL of
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the solvent for 20 min followed by two extractions with 15 mL of the solvent for 10
min. After extraction the volumes were adjusted to 50 mL.

Total soluble solids and titratable acids were analysed from the juice separated
from the fruit homogenates (lll and 1V). The fruit homogenate was warmed up to
room temperature to aid juice separation and the juice was separated by
centrifugation at ambient temperature (2000 g, 30 min).

7.3 Quantitative analysis
7.3.1 Total phenolics

Total phenolic content (I-IV) was measured from the phenolic extracts using the
Folin-Ciocalteu method (Singleton & Rossi 1965) with minor modifications. Volumes
of the sample, Folin-Ciocalteu phenol reagent (Merck, Darmstadt, Germany) and
sodium carbonate were reduced to 1:10 compared with the original method, in
which the final volume was 20 mL. The modified method was found to give results
comparable with the original method. Gallic acid (Sigma Chemical Co., St. Louis,
MO, USA) was used as a standard for the quantification. Results are expressed as
mg/100 g FW for red raspberries (1) and strawberries (Il and Ill) and as g/kg FW for
black currants (IV).

7.3.2 Total anthocyanins

Total anthocyanin content (I-1ll) was measured with the pH differential method
described by Cheng and Breen (1991). Briefly, absorbance of the extract was
measured at 510 and 700 nm in buffers at pH 1.0 and 4.5. Anthocyanin content was
calculated using the absorbance of A = [(A510-A700)pH 1,0 - (A510 - A700)pH 4,5]-
Molar absorptivities of 29 000 and 24 400 L/(mol cm) were used for red raspberries
and strawberries, respectively. The results are expressed as mg/100 g FW as
cyanidin 3-glucoside for red raspberries and as pelargonidin 3-glucoside for
strawberries.

7.3.3 DPPH radical scavenging capacity
The antioxidant capacity of strawberry extracts (ll) was assessed using stable free
radical o,o-diphenyl-B-picrylhydrazyl (DPPH) purhased from Sigma Chemical Co.

Samples were diluted in 0.4 M acetate buffer (pH 5.0). The assay was performed in
a microplate. To a well, 50 pl of sample and 250 pl of DPPH solution (4.0 mg/100
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ml of methanol) were added. Absorbance was recorded in a Victor 2
(Wallac/PerkinElmer, Wellesley, MA, USA) multilabel counter using a 530 nm filter
after 40 minutes, which was found sufficient for the reaction to reach a steady
state. Calibration curve was used to calculate the amount of scavenged radical.
From each extract, three replicate measurements were done. Results are
expressed as mg of consumed DPPH/g of fruit FW.

7.3.4 Total soluble solids

Soluble solids of the juice (lll and IV) were measured with a PR-32 Digital
Refractometer (Atago, Tokyo, Japan). Four replicate measurements were done for
each juice sample and results are given as % of Brix.

7.3.5 Titratable acidity

Titratable acidity of the juice samples (Ill and IV) was measured according to
AOAC official method 942.15 (AOAC 1998). Juice was diluted in 200 mL of deionized
water and titrated to pH 8.1 with 0.1 M sodium hydroxide (purchased as 50%
solution from Fluka, Buchs SG, Switzerland). Results are given as g/kg of juice as
citric acid equivalents.

7.3.6 L-Ascorbic acid

L-ascorbic acid was measured (lll) using a commercial colorimetric method
(Boehringer Mannheim/R-Biopherm GmbH, Darmstadt, Germany). 5 g of the fruit
homogenate was extracted with 50 mL of cold 1.5% (w/v) meta-phosphoric acid (pH
3.5) for 10 min. In the reaction, L-ascorbic acid and other reducing agents reduce
tetrazolium salt MTT to formazan, which is measured photometrically. The
contribution of L-ascorbic acid is defined with blank reaction, where L-ascorbic
acid is oxidatively removed by ascorbate oxidase. Reduction of the tetrazolium salt
MTT by L-ascorbic acid is equivalent to the quantity of L-ascorbic acid. Results are
expressed as mg/kg FW.

7.3.7 High-performance liquid chromatographic (HPLC) methods
Studies 1, 1, and lll. Flavonols (quercetin and kaempferol) and ellagic acid were

separated on a LiChroCART Purospher RP-18e column with 125x3 mm i.d. and 5 um
particle size, protected by a respective guard column with 4x4 mm i.d. (Merck).
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The HPLC apparatus consisted of a Hewlett-Packard (Agilent Technologies, Palo
Alto, CA, USA) 1050 series quaternary pumps, a 1100 series autosampler, and a
1040M series Il diode array detector, linked to a HP ChemStation revision A.05.02
controlling and data handling software. The gradient elution system with 1% v/v
formic acid (A) and acetonitrile (B) was used. The gradient program for ellagic acid
was as follows: 0-10 min, 10-13% B; 10-20 min, 13-41.5% B; 20-25 min, 41.5-100% B;
25-28 min, 100-10% B; 28-38 min, 10% B at a flow rate of 0.5 mL/min. For flavonols
the gradient program was as follows: 0-20 min, 5-55% B; 20-25 min, 55-100% B; 25-
30 min, 100-5% B; 30-40 min 5% of B at a flow rate of 0.6 mL/min. In both analyses
the injection volume was 20 uL. Before the analysis, the samples were filtered
through syringe filters with 0.45 pym pore size. Compounds were identified by
comparing their retention times and UV-Vis spectra to those of standard
compounds. Ellagic acid was detected at 260 nm and flavonols at 360 nm. The
standards ellagic acid, kaempferol, morin and quercetin were purchased from
Sigma Chemical Co. In study I, morin used for year 2001 samples was purchased
from ICN Biomedicals (Auraro, OH, USA). Quantification was based on peak areas
and new standards were prepared and analysed daily. Results are expressed as
mg/100 g FW.

Study V. Anthocyanins from black currant were separated on a Hypersil ODS
column (Agilent Technologies) with 60x4.6 mm i.d. and 3 ym particle size using the
HP 1090 series HPLC (Agilent Technologies) equipped with diode array detector and
HP ChemStation revision A.10.02 controlling and data evaluation software. The
gradient elution system with 5% v/v formic acid (A) and acetonitrile (B) was as
follows: 0-8 min, 5-14% B; 8-13-min, 14-95% B; 13-14 min, 95% B and 14-19 min, 95-
5%; 19-24 min, 5% B at flow rate of 1.0 mL/min. The column temperature was set
to 40 °C. Before the analysis, samples were put through syringe filter with 0.45 pm
pore size. Injection volume was 15 pyL and the compounds were detected at 520
nm. Quantification was based on peak areas, and cyanidin (Fluka) was used as a
standard. New standards were prepared and analysed daily. Results are expressed
as mg/kg FW.

In the analysis of other phenolic compounds from black currant, the same HPLC
apparatus as in the anthocyanin analysis was used. The compounds were separated
on a 250x4.6 mm i.d., 5 pm particle size, Vydac 218TP54 RP-18 column
(Separations Group, Hesperia, CA, USA) using gradient elution with 1% v/v formic
acid (A) and 10% v/v acetonitrile in methanol (B) as follows: 0-5 min, 2% B; 5-35
min, 2-15% B; 35-48 min, 15-26% B; 48-55 min, 26-30% B; 55-70 min, 30-50% B; 70-
73 min, 50-100% B; 73-75 min, 100% B; 75-80 min, 100-2% B and 10 min, 2% B. The
column temperature was set to 40 °C. Flow rate was 0.9 mL/min. Injection volume
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was 25 pL. Phenolic acids were detected at 320 nm, whereas 360 nm was used for
other compounds. Standards were used as follows (numbering according to Tables
8 and 9): caffeic acid (Sigma Chemical Co.) for compounds 1, 3, 9, 10, and 11; p-
coumaric acid (Sigma Chemical Co.) for compounds 2, 4, 5, and 6; ferulic acid
(Sigma Chemical Co.) for compounds 7 and 8; myricetin (Fluka) for compounds 12,
13, and 14; quercetin (Sigma Chemical Co.) for compounds 15, 16, 17, 18, and 21;
kaempferol (Fluka) for compounds 19 and 20. Quantification was based on peak
areas and new standards were prepared and analyzed daily. Results are expressed
as mg/kg FW.

7.4 Identification of phenolic compounds

In all HPLC analyses, diode array detector was used to record the UV-Vis spectra
of eluting compounds. In study IV electrospray ionization tandem mass
spectrometric (ESI-MS") detection was used for further structural elucidation of
non-anthocyanin phenolics. The HPLC ESI-MS" system consisted of a Finnigan
Surveyor HPLC and Finnigan LTQ linear ion trap mass spectrometer (Thermo
Electron Corporation, Waltham, MA, USA). Simultaneous UV detection at 320 nm
was done by splitting the solvent flow after the column. Otherwise HPLC conditions
were as described above.

The ionization and collision parameters in the positive and negative mode were
optimised according to the signal intensity using standard compounds. In the MS
analysis ions in the range of m/z 280 and 700 were measured. In MS/MS analysis the
most intense molecular ion in the MS spectrum was chosen for collisionally induced
dissociation (CID). Following MS/MS analysis the most intense ion in the MS/MS
spectrum was chosen for CID to produce MS® spectrum, after which the sequence
was repeated for the second most intense peak in MS spectrum. The specific
fragmentation of the compounds was used for identification. The identity of the
aglycones was confirmed by comparing the fragmentation pattern to that of
standard compounds when available.

7.5 Statistical analyses
Statistical analyses in studies I, Il, and IV were performed using the SPSS for
Windows version 11.5.1 (SPSS Inc., Chicago, IL, USA). In study Il SAS statistical

analysis software release 8.2 was used (SAS Institute Inc., Cary, NC, USA). In all
analyses differences at P < 0.05 were considered to be significant.
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The effect of cultivar on phenolic content in red raspberries (I) and the effects of
cultivar, growth location, and fertilization on strawberries (ll) were evaluated using
one-way analysis of variance (ANOVA). After ANOVA, multiple-comparisons were
made using either Tukey’s HSD or Dunnett’s T3 test. T-test was used to compare
the effect of growth season on flavonol content in red raspberries (l).

In studies Il and Il the GLM (general linear model) procedure was used to
evaluate the effects of the main factors and their interactions on strawberry
phenolic compounds (mulch colour x early forcing x fruit order and planting date x
shading x fruit order).

In study IV, differences between farms in the contents of measured compounds
were evaluated using one-way ANOVA. After ANOVA, multiple-comparisons were
made using either Tukey’s HSD or Dunnett’s T3 test. In addition, the phenolic
content data were analysed using factor analysis with principal component
extraction (principal component analysis, PCA) and varimax rotation. Regression
method was used to calculate factor scores. Factor scores were used to test the
clustering of farms by one-way ANOVA in combination with either Tukey’s HSD or
Dunnett’s T3 test.
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8 RESULTS AND DISCUSSION

8.1 Validity of the analyses of phenolic compounds

8.1.1 Flavonol analysis

The hydrolytic extraction procedures in the flavonol analysis (I and II) were based
on the work of Hertog et al. (1992), in which the reaction conditions were
optimised for the analysis of flavonol glycosides. These conditions were adopted by
Hakkinen & Auriola (1998) and further developed especially for berries by Hakkinen
et al. (1999) and Mikkonen et al. (2001). The repeatability (relative standard
deviation, RSD) of the method reported by Hertog et al. (1992) was 4.3% for
myricetin, 2.5-3.1% for quercetin, and 4.6-5.6% for kaempferol. Recoveries for pure
standard compounds spiked in the extract ranged from 71 to 101%. Similar values
were reported for the method described by Mikkonen et al. (2001). In study | values
for repeatability (RSD) and recovery for quercetin were 4 and 97%, respectively,
whereas in study Il repeatability (RSD) for quercetin was 3% and for kaempferol 5%
and recoveries ranged from 88 to 111%. The conditions optimised by Hertog et al.
(1992) were found suitable also in another study (Mattila et al. 2000), in which
similar repeatability and recovery values were reported. Thus the method can be
considered suitable for the evaluation of flavonol content in fruits.

8.1.2 Ellagic acid analysis

The ellagic acid analysis (I-1ll) was based on the method optimised by Hakkinen et
al. (2000). In this method, ellagitannins and ellagic acid glycosides are extracted in
50% methanol and hydrolysed to ellagic acid. The reported repeatability (RSD) of
the method was 5.3% for strawberries and 6.0% for red raspberries and the
recovery for ellagic acid standard was 80% for strawberries. Mattila & Kumpulainen
(2002) confirmed that the method was suitable for strawberries and red
raspberries. In the method used in studies I-lll the extraction and hydrolysis steps
were separated, whereas in the original method by Hékkinen et al. (2000) these
were done simultaneously. In the present study the extraction was done at lower
temperature for 2 hours, which might have led to lower yields of ellagic acid.
However, similar level of ellagic acid was quantified in strawberries and in red
raspberries as in the studies of Hakkinen et al. (2000) and Mattila & Kumpulainen
(2002). In addition, the repeatability, tested with strawberries was found good (8%
RSD).
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8.1.3 Acetone extraction, total phenolics, total anthocyanins, and antioxidant
capacity

Total phenolics, total anthocyanins, and antioxidant capacity in studies I-lll were
analysed from the acetone extract. The acetone extract was also used in all
analyses of phenolic compounds from black currant fruits (IV). The development of
the extraction procedure was based on the yield of total phenolics measured using
the Folin-Ciocalteu method. For all berries 50, 70 and 100% acetone were tested. In
addition, for black currants 50 and 70% methanol were tested. In all analyses 70%
acetone was found to give the highest yield of phenolic compounds. The
repeatability (RSD) of the extraction procedure was < 1% for red raspberries and
strawberries, and 1.5% for black currants. In addition, the within-laboratory
reproducibility (RSD) tested with black currants was 1.1%.

The pH differential method was found suitable for the total anthocyanin analysis.
The repeatability (RSD) of the method was 1.9% for strawberries and 1.2% for black
currants.

The system suitability (repetability of the equipment) for the DPPH radical
scavenging assay was 1.5% (RSD) and the detector response was found linear in the
range used (R? > 0.999).

8.1.4 Analysis of black currant fruit phenolic compounds

Anthocyanins in study IV were analysed from the acetone extract of black currant
fruits using the HPLC method. Specifity of the method can be considered very good
based on the unique absorption properties of anthocyanins at higher wavelengths
compared with other phenolic compounds. The system suitability was 0.6-0.7% RSD
and the repeatability 1.7-2.6% RSD. The detector response was linear within the
range tested (R? > 0.999). Repeatabilities reported by Nyman & Kumpulainen (2001)
and by Nielsen et al. (2003) were 1.41 and 0.044% RSD respectively. In the former
methods anthocyanins were analysed after hydrolysis and in the latter they were
analysed from black currant juices.

Other black currant phenolic compounds in study IV were also analysed using a
HPLC-based method. Specificity of the method was confirmed by comparing the
spectra of the compounds at three different points of the peak (up-slope, apex and
down-slope). The system suitability was 0.2-3.3% RSD and the repeatability 0.7-
5.7% RSD. The detector response was linear within all ranges tested (R? > 0.999).
Previously, the repeatability of a hydrolytic method followed by HPLC analysis was
4.0-14.1% for phenolic acids (Mattila & Kumpulainen 2002) and 2.9-10.4% for
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flavonoids (Mattila et al. 2000). Ehala et al. (2005) showed that -capillary
electrophoresis (CE) method can also be suitable for the analysis of phenolic
compounds from fruits. Repeatability of the CE method for various phenolic
compounds was 1.23-3.68% RSD.

8.2 Effect of genotype and environment on fruit phenolic content

8.2.1 Genotype

The effect of genotype on selected phenolic compounds in red raspberries and
strawberries was evaluated in studies | and Il. In both studies, wide and statistically
significant differences were found between the cultivars.

In red raspberries (Figure 5), the content of the total phenolic compounds ranged
from 192 mg/100 g FW in Gatineau to 359 mg/100 g FW in Ville. Gatineau and Nova
contained the lowest levels of ellagic acid and Ville the highest, 38 and 118 mg/100
g FW, respectively. Interestingly, a high correlation (Pearson's r = 0.98, P < 0.001)
between the ellagic acid and total phenolic content was found. The total
anthocyanin content ranged from 19 mg/100 g FW in Preussen to 51 mg/100 g FW
in Gatineau. The low levels of anthocyanins in the cultivars with yellow fruits could
not be detected by the method used. The amounts of quercetin were also low in
the yellow fruits. However, correlation was found between the anthocyanin and
quercetin contents. The yellow cv. 2 had the lowest quercetin content and Ottawa
the highest, 0.62 and 1.75 mg/100 g, respectively. Although no anthocyanins were
detected in yellow fruits, there were no obvious changes in the contents of other
phenolic compounds.

In study II, different strawberry cultivars (Honeoye, Jonsok, Polka, Bounty,
Korona, and Dania) were collected from four different locations. Flavonols
guercetin and kaempferol were detected in all samples. The highest kaempferol
content was detected in Honeoye and Jonsok and the highest quercetin content in
Honeoye. The ranking of other cultivars varied according to the location. Within a
single location, the highest differences were over 4-fold for the kaempferol and
over 2-fold for the quercetin.
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Figure 5. Variation of the phenolic content between red raspberry cultivars collected in Kitee
2002. Results are expressed as mg/100 g FW with standard deviation. na = not analysed. nd = not
detected.

Results from both strawberries and red raspberries indicate that genotype
significantly affects the phenolic content. In addition, in the case of flavonol
contents, this variation was proven in different growing locations and seasons.
Interestingly, with red raspberries it was noted that different compound groups did
not follow the same pattern. The ellagic acid content correlated well with the
total phenolic content, whereas the anthocyanin content did not. This could be
explained by the fact that ellagitannins are clearly the major group of phenolics in
red raspberries (Kédhkénen et al. 2001, Maatta-Riihinen et al. 2004a). Furthermore,
anthocyanins and ellagitannins are synthesised in very distinct parts of the
metabolism of phenolic compounds (Figure 2). It is possible that, for the same
reason, the yellow fruit mutation did not appear to be linked with changes in other
compounds. In contrast, Liu et al. (2002) observed that of the four cultivars tested,
the yellow fruit cultivar Anne contained least phenolics and the dark fruit Heritage
the most. In the present study, the contents of phenolic acids, flavan-3-ols, and
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condensed tannins were not analysed; however, these comprise only small part of
the total amount of phenolic compounds in red raspberries (Gu et al. 2004, Maatta-
Riithinen et al. 2004a).

Flavonols comprise only a minor part of the phenolic compounds in strawberries
(Maatta-Riihinen et al. 2004a, Seeram et al. 2006), and it is important to note that
even though 2- to 4-fold differences in the contents of flavonols were found it only
means few milligrams per 100 g of fruits. Hence, the practical significance of the
variation in a minor component can be quite low unless the consumption is very
high. Furthermore, the ranking of cultivars according to flavonol is not necessarily
similar to that of other phenolic compounds in strawberries, as seen with red
raspberries.

Numerous other studies have shown the variation between cultivars (Beekwilder
et al. 2005, Ehlenfeld & Prior 2001, Lata et al. 2005, Olsson et al. 2004b). Results
of the present study further support these studies, and especially the study on red
raspberries provides quite extensive information due to the large number of
cultivars analysed. In many studies variation in total phenolics or total
anthocyanins between cultivars of different species has been measured. In red
raspberries, ~1.5-fold differences were observed in the contents of total phenolics
and flavonoids between four cultivars, whereas the difference in the anthocyanin
content was over 20-fold (Liu et al. 2002). Similarly, in another study with red
raspberries the relative difference between five cultivars was significantly higher in
total anthocyanin content than in the content of total phenolics (Wang & Lin 2000).
Scalzo et al. (2005b) detected almost 2-fold differences in total phenolic content
between six strawberry cultivars. Interestingly, Moyer et al. (2002) not only
detected over 2-fold differences in the contents of total phenolics and
anthocyanins between 32 black currant genotypes, but also a positive correlation
between fruit size and anthocyanin content. It was suggested that breeding during
hundreds of years had combined these two important quality factors (fruit colour
and size). When more detailed analysis of the different phenolic compounds has
been done, differential variation has been observed in the contents of individual
compounds (Howard et al. 2002, Beekwilder et al. 2005). More detailed information
is thus needed about the variation of individual compounds, as their health related
properties can vary greatly (see Chapter 3).

On the health-related point of view, the information about the phenolic content
is valuable. First, more detailed information about the content of different
compounds in our diet helps to evaluate better the relationship between the diet
and health in epidemiological studies. Secondly, the intake of phenolics can be
increased by selecting cultivars with high phenolic content. Thirdly, the presence
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of genetic component in the determination of the phenolic content makes it
possible to further enhance this trait by breeding.

Breeding has been suggested to be a potential strategy to increase the phenolic
content in plants. Besides providing better health-related value, higher phenolic
content might also provide other benefits, as phenolics are an important part of
the organoleptic quality (for example colour) of food crops. Furthermore, as
defence compounds (Dixon & Paiva 1995) phenolics could also enhance disease
resistance. However, there are only a few published examples of the usefulness of
this strategy. Evaluation of the heritability of anthocyanins in red raspberry
(Connor et al. 2005) and of antocyanins and total phenolic compounds in
blueberries (Connor et al. 2002) showed that these traits can be improved through
breeding. The narrow-sense heritability for individual anthocyanins in red
raspberries ranged from 0.45 to 0.78, being 0.74 for total anthocyanin content. In
blueberries the values were 0.43 and 0.46 for total anthocyanins and total
phenolics, respectively. However, breeding can also be challenging. For example,
Scalzo et al. (2005a) observed that correct parental combinations were important
in the improvement of the nutritional quality of red raspberries and strawberries.
Furthermore, it is yet to found if the higher phenolic content is connected with
some negative traits in the plants.

8.2.2 Environment

The effect of environment (growth location or growing seasons) on different
biochemical constituents in red raspberries, strawberries, and black currants was
evaluated in studies I, Il, and IV. The differences in quercetin content in red
raspberry cultivars (1) were wide between the two growing locations (Table 4). The
highest difference between the growing locations was 2.5-fold. However, the
variation in quercetin content between the two growing seasons was less evident.
The highest difference between growing seasons was found in the yellow cv. 2 (1.8-
fold).

In strawberries (IlI), the effect of growing environment on flavonol content was
also statistically significant. The highest variation in kaempferol content was found
in cv. Bounty, whereas the highest variation in quercetin content was found in cv.
Polka (1.5- and 2.0-fold differences between the highest and lowest contents,
respectively).
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Table 4. Variation of quercetin content between locations and growing seasons in red
raspberries. Results are expressed as mg/100 g FW with standard deviation. *

Kuopio 2001 Kitee 2001 Kitee 2002
Balder 1.80+0.14a* 1.55+0.03a 1.75+£0.02a*
Heisa 0.56 +0.03 ¢ * 1.42+0.02ab 152+0.14a,b
Preussen 0.58+0.07c* 1.41+0.05 a-c 1.26£0.00b
Ottawa 0.59+0.06 ¢ * 1.27+0.03c,d 1.77+0.04a*
Haida na 1.26 £ 0.09 a-e 1.17 £+ 0.07 b,c
Muskoka 0.70+0.05c¢* 1.25+0.15ag 1.25+0.10 b,c
Algonquine na 1.12+0.06 d,e 0.73+£0.04 d-f*
Ville 0.97+0.07b 1.06 +0.12 b-g 1.25+0.05b
Gatineau na 0.95 + 0.06 ef 0.74+£0.02e
Nova na 0.85+0.05f 0.88+0.01c,d
Orion na 0.84+£0.02f 1.11+0.04b*
Yellow cv. 1 na 0.63+0.02 g 0.78 £ 0.09 d-f *
Yellow cv. 2 na 0.32+0.05h 0.60 £ 0.02 f *
Yellow cv. 3 0.58+0.10c,d na na
Maurin Makea 0.64+0.05¢c na na
wild 0.34+0.04d na na
Killarney na na 0.61+0.04 ef

2 Significantly different numbers in columns (P < 0.05) are marked with different letters. The star
indicates statistically significant (P < 0.05) difference between growing locations (Kuopio 2001 versus
Kitee 2001) or between growing seasons (Kitee 2001 versus Kitee 2002).

In black currants (IV), several compounds belonging to hydrocinnamic acids,
flavonoids and anthocyanins were measured (for compounds see 8.4). Statistically
significant differences, except for sinapic acid glucose derivate and cyanidin 3-O-
rutinoside, were found among eight growing locations, using either organic or
conventional production systems. Differences between the highest and lowest
values of the major phenolic compounds of different phenolic classes ranged from
24 to 77%, whereas for the total phenolic content the difference was 20%.
Interestingly, contents of these compounds were not systematically highest or
lowest in a single location. Furthermore, variation between the different
environments became smaller when the sums of compounds in the same class were
compared (Table 5). Differences between the highest and lowest measured value
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of phenolic acids was 23%, whereas differences in the contents of flavonoids were
non-significant. For anthocyanins the relative difference was also low (18%);
however, it can be considered very important due to the high amount of
anthocyanins. The highest difference in the total amount of anthocyanins between
the farms was > 400 mg/kg.

Table 5. Environmental variation of black currant phenolics. Results are expresses as mg/kg
FW (phenolic acids, flavonoids, and anthocyanins) or as g/kg FW (total phenolics).

Phenolic acids Flavonoids Anthocyanins Total phenolics
CONV1? 106.90 b " 98.38 a 2552.58 ab 7.65 ab
CONV2 110.72 ab 98.07 a 2248.42 ¢ 7.09 cd
CONV3 98.21 cd 94.77 a 2387.81 a-c 6.67d
CONV4 105.65 bc 94.41 a 2643.81 a 791a
CONV5 108.88 b 102.09 a 2345.60 bc 7.97 a
ORG1 118.73 a 96.85 a 2222.56 ¢ 8.00 a
ORG2 96.70 d 99.04 a 2414.58 a-c 7.27 bc
ORG3 118.28 a 99.01a 2421.65 a-c 791a
P <0.001 ns <0.001 <0.001

& CONV = conventional farm, ORG = organic farm
b statistically different results (P < 0.05) in columns are marked with different letters, ns = non-
significant

The data on the black currant phenolic content (V) were analysed also with PCA
to test the clustering of the farms. The farms were most efficiently separated by
PC2 (Table 11 and Figure 8), which explained 24.0% of the total variation. The
PC2 was most influenced (factor loading values > 0.7 or < -0.7) by delphinidin 3-O-
rutinoside, cyanidin 3-O-glucoside, p-coumaric acid derivate, myricetin rutinoside,
guercetin glucoside, and kaempferol glucoside (Table 10). During ripening of the
black currant fruits, the content of flavonols and anthocyanins change significantly
(Koeppen & Herrmann 1977, Starke & Herrmann 1976). Thus small differences in
the maturity of the fruits might explain part of the variation between the farms.
However, no differences were detected in the ratio of sugars and acids, which
suggests an even ripeness. The phenolic content might also be affected by
numerous environmental factors and different agricultural practices (Parr & Bolwell
2000, Toméas-Barberan & Espin 2001).

All the analyses demonstrated significant variation in the contents of phenolics
between different environments. In addition, the study on red raspberry showed
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that variation could be found also between the growing seasons. Probably the most
significant observation was that the different compounds behaved differently.
Many other studies have also demonstrated the environmental variation of phenolic
compounds (Moore 2005, Mpofu et al. 2006), variation between the growing seasons
(Howard et al. 2002, Howard et al. 2003, Lata et al. 2005), and in one study the
ellagic acid content in strawberries was shown vary even between harvest dates
not far apart from each other (Williner et al. 2003).

8.2.3 Genotype x environment

Results from other studies also show that the environment can have variable
effects on different genotypes and on different compounds (Howard et al. 2002,
Howard et al. 2003, Moore et al. 2006, Mpofu et al. 2006). In a study done with
blueberries, Howard et al. (2003) not only showed that the phenolic content was
affected by the genotype x growing season interaction, but also that the
significance of the effect of environment varied according to different phenolic
groups. Anthocyanins were most affected by the growing season (20% of the total
variation), whereas in the case of hydroxycinnamic acids and flavonols the effect
was smaller (9.1 and 2.9%, respectively). Similarly, Mpofu et al. (2006)
demonstrated that phenolic acids in hard spring wheat where differently affected
by the environment. For some compounds the effect of environment dominated
over that of the genotype. However, the interaction between environment and
genotype was small (< 4% of total variance). Interestingly, Moore et al. (2006)
reported that the environment was far more important than genotype in
determining the total phenolic content in hard winter wheat, as the environment
was responsible for almost 80% of the total variation. With spinach it was observed
that the variation between cultivars was more evident when harvested in spring,
compared to those harvested in late fall (Howard et al. 2002). In addition, the
ranking of cultivars was different in different harvests. In a large comparison of 56
different apple cultivars during two consecutive growing seasons, Lata et al. (2005)
observed that the variation in the contents of total phenolics, flavonols and
anthocyanins was different for different cultivars. Thus some cultivars might be
more sensitive to the effect of environment. However, it might also be possible to
find genotypes with a rather stable phenolic profile.

The variation in the phenolic content caused by the environment can be very
distinctive. If the phenolic content of a cultivar is to be used as a quality factor, it
is important to know the extent of variation of this property.
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8.3 Effect of agricultural regimes on strawberry fruit phenolics

8.3.1 Fertilization

In studies Il and lll, the effect of agricultural regimes on strawberry quality was
evaluated. In the fertilization experiment (Table 6), the plants were given
fertilizers at three different levels (II). The highest content of quercetin,
kaempferol and ellagic acid were found in fruits of plants given the lowest amount
of fertilizers. The ellagic acid content was 21% higher at the 0.6 mS/cm than at the
1.2 mS/cm level. The kaempferol content was 19% higher at the 0.6 than at the 2.4
level. The quercetin content was affected most by fertilization. It was 57% higher
at the fertilization level 0.6 mS/cm than at the 1.2 mS/cm level.

Table 6. Effects of different fertilization levels (mS/cm) on strawberry fruit phenolic compounds.
Results are expressed as mg/100 g FW with standard deviation. #

Fertilization level Quercetin Kaempferol Ellagic acid

0.6 0.52+0.10a 0.49+0.06 a 29.29+392a
1.2 0.33+0.07b 0.44 +0.02 a,b 2420+2.00b
24 0.36+0.13 a,b 0.41+0.02b 2479+250ab

@ Statistically different (P < 0.05) results in columns are marked with different letters.

Of all environmental factors influencing in the phenolic content, the effect of
fertilization is probably the most widely studied, although most of the studies are
done with plants other than crop plants and from the plant biology point of view.
Fertilization, especially nitrogen, has a strong impact on plant metabolism as a
whole (Deng & Woodward 1998, Norbaek et al. 2003). High nitrogen fertilization
increases plant growth and yield but can decrease the content of phenolic
compounds (Delgado et al. 2004, Lavola & Julkunen-Tiitto 1994, Norbaek et al.
2003). In a recent study, a direct link between nitrate availability and inhibition of
some early enzymes in the phenylpropanoid pathway was discovered (Fritz et al.
2006).

Results of the present study support these previous studies, as the higher
fertilization rate led to lower levels of phenolics. Optimization of fertilization
could thus be an easy way to increase the phenolic content in controlled systems
such as greenhouse. However, the regulation of plant metabolism is rather complex
and there are numerous interactions between different environmental factors,
which might be difficult to predict (Koricheva 2002). For example, it was shown
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recently that the decrease in the phenolic content of bilberry leaves induced by
nitrogen fertilization was reversed by fungal infection (Witzell & Shevtsova 2004).
In grapes high nitrogen fertilization decreased the phenolic content and this effect
was attenuated by higher potassium fertilization (Delgado et al. 2004).
Interestingly, individual phenolic compounds can behave differently, which
suggests the presence of metabolic trade-offs (Keindnen et al. 1999b). The purpose
of these trade-offs might be, for example, the maintenance of pathogen
resistance, as Strissel et al. (2005) reported that the effect of high nitrogen input
was not as strong on the apple scab resistant cultivar as on the susceptible cultivar.

8.3.2 Fruit order, shading and planting date

The effect of fruit order (Figure 4) on the phenolic content and antioxidant
capacity of strawberry fruits was evaluted in two separate experiments. Results are
reported in studies Il and lll. In the first experiment (A; experiment on the effects
of planting time, shading and fruit order), the planting date and the fruit order had
statistically significant effects (Figure 6). In addition, a statistically significant
interaction between fruit order and planting date was found. In the second study
(B; experiment on the effects of mulch colour, early forcing and fruit order), fruit
order was also found to have a significant effect, whereas no interactions were
detected.

In experiment A (Figure 6), the total phenolic content was similar in the primary
fruits from all planting dates, whereas an increasing trend towards the later
planting dates was observed for secondary and tertiary fruits. Similar trend was
observed for ellagic acid content and antioxidant capacity. The latest secondary
and tertiary fruits had 11 and 34% higher content of total these compounds
compared with the earliest ones. Furthermore, the total phenolic and ellagic acid
content and antioxidant capacity were found to increase from primary to tertiary
fruits. This was observed for fruits from all planting dates; however, the trend was
more evident in the later planting dates, and 1.5- to 2.0-fold differences were
observed between the primary and tertiary fruits. Interestingly, anthocyanins
behaved differently. The latest fruits had the lowest content of anthocyanins,
whereas no constant trend was observed according to fruit order.

In experiment B (experiment on the effects of mulch colour, early forcing and
fruit order), a statistically significant increasing trend from primary to tertiary
fruits was also found for total phenolics, ellagic acid, and antioxidant capacity.
Tertiary fruits had 10, 25 and 11% higher content of these compounds, respectively,

62 Kuopio Univ. Publ. C. Nat. and Environ. Sci. 208: 1-93 (2007)



Results and discussion

than did the primary fruits. The content of the total anthocyanin was lowest in the
primary fruits and 22 and 17% higher in secondary and tertiary fruits, respectively.

300 45

Total phenolics T Anthocyanins

250

150

100

soH — [

100

Ellagic acid Antioxidant capacity

Figure 6. Effects of planting date and fruit order on the content of strawberry fruit phenolic
compounds. The phenolic contents are expressed as mg/100 g FW and antioxidant activity as
scavenged DPPH mg/g FW with standard deviation. Fruit order: (1) primary, (2) secondary, and (3)
tertiary. Planting dates: (A) week 6, (B) week 9, and (C) week 12.

In experiment A, an obvious difference between the planting dates was the
increased global radiation (Figure 7). According to the carbon/nutrient balance
hypothesis (Bryant et al. 1983), higher light conditions could increase
photosynthesis and the amount of carbon-based metabolites, including phenolic
compounds. Higher amount of metabolites would lead to elevated concentrations
particularly in the smaller fruits due to their lower biomass. However, increased
light cannot be the only influencing factor, since the content of anthocyanins was
decreased, although the effect of light on anthocyanins seems important, as
shading was found to slightly decrease the content of anthocyanins (IlI). The effect
was most evident on fruits from the first two planting dates, when the amount of
light was lower (Figure 7), the anthocyanin content being 15 and 16% higher when
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grown at the 100% light level. Cortell & Kennedy (2006) showed also with grapes
that shading affects the phenolic content. They found that different phenolics
reacted differently to shading. While the total amount of anthocyanins was
unaffected, the relative amounts of individual anthocyanins changed significantly.
The fruit size was also smaller when shading was used.

100

MJIm2per
week

80

Figure 7. Incoming global radiation (solid line) and harvest of strawberry fruits of different order
from different planting dates. Fruit order: (1) primary, (2) secondary, and (3) tertiary. Planting dates:
(A) week 6, (B) week 9, and (C) week 12.

Atkinson et al. (2006) also observed differences in the ellagic acid content
between fruit orders of two different strawberry cultivars. However, in their study
the highest content of ellagic acid was found in the primary fruits. In addition, the
two cultivars performed differently. The data of the present study are quite
difficult to explain as anthocyanins, especially in experiment A, performed
differently compared to the other factors. However, the ellagic acid content and
total phenolics did not correlate with the anthocyanin content in red raspberries
either (Figure 5). The primary fruits are often largest and the fruit size decreases
with increasing fruit order. It is thus possible that the observed difference is due to
higher input of resources on growth in primary fruits at the expense of phenolic
compounds (Herms & Mattson 1992). Another explanation could be the dilution of
the phenolic content due to the higher biomass in larger fruits (Koricheva 1999).
The dilution hypothesis applies quite well to experiment B. However, in experiment
A the statistically significant fruit order x planting date interaction complicates the
interpretation.

In experiment B, the effect of fruit order on some other quality factors were
analysed along with phenolic compounds. The titratable acidity of different order
fruits was unaffected, whereas the content of total soluble solids, representing the
sugar content of the fruits, was highest in primary fruits. The ascorbic acid content
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of primary fruits was also higher than that of secondary and tertiary fruits.
However, the high phenolic content does not seem to be always connected with
lower levels of sugars and ascorbic acid, as seen in the mulch experiment below.

8.3.3 Mulch colour and early forcing

Mulch colour affected many quality factors in strawberries (Il and IIl). In 2004,
slightly higher amounts of total phenolics and ellagic acid (6 and 7%) were found in
fruits grown on white rather than on brown mulch, whereas the total anthocyanin
content was slightly higher (10%) in fruits grown on brown mulch, and the
antioxidant capacity was unaffected (Table 7). In 2005 a similar, statistically
significant result were observed for total phenolic compounds and ellagic acid,
whereas the anthocyanin content was unaffected. During three consecutive years,
slightly higher (11-7%) amounts of ascorbic acid were measured from fruits grown
on white mulch. Titratable acidity was unaffected as were the soluble solids in
2003 and 2005. In 2004 the soluble solids were 6% higher in fruits grown on white
mulch. Interestingly, the yields were significantly lower in 2004 and 2005,
respectively, when white mulch was used (11 and 17%, respectively). However,
when the saleable fruit yields were compared, they were only 6 and 13% lower in
2004 and 2005 when grown on white mulch. The use of fleece for early forcing also
decreased the yield, while the phenolic compounds and antioxidant capacity were
unaffected. Interestingly, the incidence of powdery mildew infection was slightly
lower in fruits grown on white mulch and when fleece was used. However, the
difference was not statistically significant. The higher canopy temperature on
white mulch might explain this, as higher temperatures might lead to reduction of
moisture on fruit surface, which is essential for the fungal growth.

Table 7. The effect of mulch colour on strawberry fruit phenolic compounds and antioxidant
capacity. Results are expressed as mg/100 g FW and antioxidant activity as scavenged DPPH mg/g
FW with standard deviation.

Total phenolics Anthocyanins Ellagic acid Antioxidant capacity
Brown mulch 253.6 £19.1 284+4.4 35.1+4.8 135+14
White mulch 269.5+19.6 25.8+4.1 37.8+45 141+14
Level of x * *x

U a ns
significance

ns = non-significant, * P < 0.05, ** P < 0.01
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The use of a variety of different mulches in strawberry production provides many
advantages. Mulching inhibits weed growth, keeps the fruits clean, and it can even
limit spreading of diseases. Furthermore, when different mulch types and colours
(non-mulched, paddy straw, white polyethylene, and black polyethylene) where
compared in a sub-tropical climate, the best growth of strawberry plants was found
on black mulch (Sharma & Sharma 2003). Mulching can also affect the biochemical
quality of strawberries (Wang et al. 2002). When fruits from non-mulched matted-
row system were compared to those grown on hill plasticulture (black
polyethylene), higher contents of soluble solids, titratable acidity, ascorbic acid,
and different phenolic compounds were found in fruits from hill plasticulture.
However, within 14 different genotypes tested, there were also a few exceptions.

The effects of mulching are probably mediated through a more stable soil water
status, higher soil and canopy temperatures, and changes in the light quality and
quantity. When black and white mulches were compared, soil temperature was
found to be higher under black mulch (Ruiz et al. 1999). Compared to black muich,
white mulch reflects the solar radiation better, which leads to lower soil
temperature. Better reflection can, however, also lead to higher canopy
temperatures, as observed in the present study (Ill) in summer 2004. Interestingly,
Ruiz et al. (1999) also found that the temperature conditions in the soil, created by
the white mulch, enhanced nitrogen metabolism seen as higher yields, whereas the
temperature under black mulch was too high for optimal nitrogen metabolism.
Mulch colour can also affect the quality of the reflected light (Loughrin &
Kasperbauer 2001), and the relative reflection of different wavelengths. In
addition, these differences were shown to affect the aroma and phenolic
compounds in basil. The phenolic content was higher in plants grown on white
rather than on black mulch, whereas the highest content was measured in plants
grown on yellow and green mulch.

When brown and white mulch were compared in study Ill, the ascorbic acid
content was systematically higher in fruits grown on white mulch in three
consecutive years. Interestingly, higher amount of chlorophyll was also measured
from the leaves of plants grown on white mulch. Reactive oxygen species are
normal by-products of photosynthesis in chloroplasts, and ascorbic acid is essential
in the prevention of damages they might cause (Davey et al. 2000). Thus enhanced
photosynthesis might lead to higher demand of ascorbic acid.

Enhanced production of carbon-based metabolites could also explain the higher
content of total phenolics and ellagic acid (Bryant et al. 1983). In addition, higher
content of soluble solids was measured in fruits grown on white mulch in 2004.
However, the anthocyanin content in 2004 was higher in fruits grown on brown
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mulch and in 2005 no difference was observed. In another study where the effects
of mulch type on strawberry metabolites was investigated, Atkinson et al. (2006)
found higher content of ellagic acid in fruits grown on highly reflective mulches. In
addition, in cv. Elsanta the ascorbic acid content performed similarly, whereas in
cv. Flamenco the difference between reflective and non-reflective mulches was
not as obvious.

The observed differences in the present study might also be explained by the
enhanced nitrogen metabolism caused by the increase in soil temperature under
brown mulch (Ruiz et al. 1999). The higher fruit yields on brown mulch compared
to those grown on white mulch supports this. Consequently, enhanced protein
synthesis for growth could make substrates for the synthesis of phenolic compounds
less available (Herm & Mattson 1992).

Using a variety of mulches, plant metabolism can be modified in many ways. Our
results show that mulch colour affects the phenolic content, which is also
supported by other studies. Plant growth (Atkinson et al. 2003, Ruiz et al. 1999) or
even flavour (Loughrin & Kasperbauer 2001 and 2002) could also be manipulated.
However, different cultivars might be differently affected (Atkinson et al. 2003,
Wang et al. 2002). Certain mulches can increase canopy temperature (Atkinson et
al. 2006), which has also been shown to elevate the phenolic content (Wang &
Zheng 2001); however, high temperatures may also reduce total soluble solids and
fruit firmness (Hoppula & Karhu 2006). As mulch only mediates the effect of the
environment, it might be challenging to find robust applications especially in field
conditions.

8.4 Identification of black currant fruit phenolic compounds

Several phenolic compounds belonging to hydroxycinnamic acids, flavonoids, and
anthocyanins were identified in black currants (Tables 8 and 9). The UV-Vis
analysis allowed a rough identification of the main group of a compound, when the
spectra were compared to those of standard compounds or to those found from the
literature (Markham 1982). Four major anthocyanins (dephinidin 3-O-glucoside,
delphinidin 3-O-rutinoside (rhamnoglucoside), cyanidin 3-O-glucoside, and 3-O-
cyanidin rutinoside) were identified in this study according to their retention order,
UV spectra, and relative abundances (Maatta et al. 2003, Slimestad & Solheim
2002).

Tandem mass spectrometric analysis was used for the identification of other
compounds. For example, the MS/MS spectrum of compound 13 with [M+H]" at m/z
627 consisted of two fragment ions at m/z 319 and 481. The first ion matched the
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m/z values of flavonol aglycone myricetin, and the other indicated a loss of a 146
atomic mass units (amu) of the parent ion. The difference between the aglycones
and the other ions was 162 amu. This fragmentation pattern is indicative of a
rutinoside (rhamnoglucoside) conjugate. Moreover, the fragmentation of the ion at
m/z 319 in the MS® analysis matched with that of myricetin standard. Thus the
compound was tentatively identified as myricetin rutinoside. The identification can
be considered only tentative because the identity of conjugated sugars cannot be
confirmed with this method. The other compounds were identified in a similar
manner. In addition, for caffeoylquinic acids, the hierarchical scheme presented by
Clifford et al. (2003) was found useful.

Interestingly, an isorhamnetin (compound 21) derivative was tentatively
identified in the present study. Isorhamnetin has not been previously reported in
black currant, although it has been found from gooseberry, which belongs to the
same genus as black currants (Maatta-Riihinen et al. 2004b). Black currants also
synthesise quercetin, the structure of which differs from that of isoramnetin only
by one methyl group. The rest of the compounds found have also been identified in
previous studies (Lu & Foo 2003, Maatta et al. 2003, Macheix et al. 1990).
However, some groups were not detected in the present study. Zadernowski et al.
(2005) identified several different hydroxybenzoic acids in black currants, and
condensed tannins are also an important group of compounds in black currants (Gu
et al. 2004).

In general, the MS method used was quite good for flavonoids, especially in the
positive mode. Phenolic acids were detected only in the negative mode, alhough it
was not very sensitive. The reason may be the low proportion of organic solvent in
the eluent during the elution of phenolic acids, since high amounts (> 20%) of
organic solvent is generally considered important for the optimal spray formation
and thus for proper ionization. Narrow range in the detection of molecular ions was
found important for the sensitivity of the method. Additional purification to reduce
the amount of non-phenolic compounds could enhance the identification. In
addition, fractionation of compounds with different polarities or ionization
properties could enable better analysis conditions.
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8.5 The effect of organic versus conventional production system on black
currant fruit phenolics

Statistically significant differences were found between farms for almost all
measured phenolic compounds in black currant fruits (see 8.2.2). However, ranking
of the farms did not seem to depend on the production system. Similarity of the
phenolic profiles in fruits from different growing locations was tested using PCA.
Five PCs with eigenvalues > 1 were extracted, and they explained 86.3% of the
total variation (Table 10). When the component scores of different PCs were
plotted against each other (Figure 8), none of the PCs seemed to separate
production systems in different clusters, which was also seen in the statistical
analysis of component scores (Table 11). Interestingly, PC5 did not separate
organic farms from each other, whereas they were separated to some extent from
conventional farms which, on the other hand, were not clustered together. PC5
explained 9.7% of the total variation and was most influenced by caffeoylglucose
and aureusidin glucoside (Table 10).

Organically produced foods are often considered healthier than the corresponding
conventional foods (Shepherd et al. 2005). However, the scientific evidence
supporting this assumption is limited and controversial. In a review of over 150
different studies comparing organic and conventional foods, no general trend could
be found concerning the nutritional value (Woese et al. 1997). In a more recent
review, Magkos et al. (2003) concluded that in organically produced vegetables
there is a trend towards higher ascorbic acid content, although no generalisation
could be made.

In the present study, it was found that production system was not the major
factor in determining the phenolic contents of black currant fruits. This
observation is also supported by other studies (Chassy et al. 2006, Dimberg et al.
2005, Hajslova et al. 2005). In a controlled cultivation test with oats (organic
versus conventional), hydroxycinnamic acid content of grains was influenced by
cultivar and growing season but not by production system (Dimberg et al. 20005). In
a similar study with potatoes, it was concluded that the contents of quality factors
including chlorogenic acid are equally or more affected by growing season,
cultivar, and growing location than the production system (Hajslova et al. 2005).
Finally, in a recent, highly controlled study with tomatoes and bell peppers,
variable results were observed (Chassy et al. 2006). The results from the two
tomato cultivars from three consecutive years showed that the effect of the
cultivation practice on quercetin content and on total phenolics was different in
different years, whereas bell peppers were not affected by the production system.
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Table 10. Results of the PCA analysis of black currant fruit phenolic compounds. Factor
loadings for selected variables (values > 0.7 or < -0.7) on the principal components (varimax rotation)
and variances explained by different principal components with eigenvalues > 1.

Compound PC Factor loading % of total variance
3-caffeoylquinic acid 1 0.900 27.3
Coumaric acid glucoside 1 0.714

Quercetin rutinoside 1 0.925

Quercetin malonylglucoside 1 0.845

Kaempferol rutinoside 1 0.943

Isorhamnetin rutinoside 1 0.939

Delfinidin 3-O-rutinoside 2 -0.838 24.0
Cyanidin 3-O-glucoside 2 0.908

p-coumaric acid derivate 2 0.754

Myricetin rutinoside 2 -0.850

Quercetin glucoside 2 0.898

Kaempferol glucoside 2 0.770
p-coumaroylglucose 3 0.765 13.6
Feruloylglucose 3 0.747

Sinapic acid glucose 3 0.739

Hydoxycinnamic acid derivative b 3 0.707

Delfinidin 3-O-glucoside 4 0.961 11.7
Myricetin glucoside 4 0.742

Caffeoylglucose 5 0.912 9.7
Aureusidin glucoside 5 0.794
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Figure 8. Results of the PCA analysis of black currant fruit phenolic compounds. Principal
component score plots. Squares represent conventionally managed farms (C), and triangles
organically managed (O) farms.

Table 11. Results of the PCA analysis of black currant fruit phenolic compounds. Clustering of
farms according to factor scores (regression) of different principal components.?

PC1 PC2 PC3 PC4 PC5
CONV1 ab c a-d a bc
CONV2 b c a-c ab a
CONV3 b ab cd ab c
CONV4 ab e a a c
CONV5 a b b-d ab c
ORG1 ab bc ab b b
ORG2 b d d a ab
ORG3 ab a a a b

# Farms marked with the same letter in columns belong to the same cluster (ANOVA; P < 0.05).
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One may argue that controlled cultivation tests are most reliable in testing the
effect of production system (Magkos et al. 2003). However, even these studies have
produced variable results. In yellow plums, higher total phenolic content was found
in conventionally grown fruits than in the organically grown ones (Lombardi-Boccia
et al. 2004). However, it was also found that individual phenolic acids and flavonols
were not systematically higher in either type of fruits. In a similar study,
organically grown peaches and pears had slightly higher total phenolic contents
compared with the conventionally grown ones (Carbonaro et al. 2002). In
vegetables, no differences were found in the contents of total phenolics, individual
flavonoids or phenolic acids between organically and conventionally grown leaf
lettuce (cultivars Kalura and Red Sails) or collards (Young et al. 2005). However,
higher total phenolic content was measured in organically grown pac choi, which
was associated with higher pest damages. Finally, Caris-Veyrat et al. (2004) found
slightly higher amounts of phenolic compounds and antioxidants in organically
grown fruits compared with conventionally grown ones. In addition, statistically
significant interaction was found between production system and cultivar. Thus it
seems that different species and individual compounds are differently affected by
the production system.

Organic farming practises have the potential of producing higher levels of
phenolic compounds in plants (Brand & Molgaard 2001). Increased disease pressure
due to the lack of the use of pesticides is often suggested as a basis for higher
polyphenol content in organically grown plants (Carbonaro et al. 2002, Young et al.
2005). The suggestion is based on the fact that phenylpropanoids act as defence
compounds in plants (Maher et al. 1994). However, this is not applicable in all
cases. First, the lack of use of pesticides does not directly mean higher disease
pressure (Dimberg et al. 2005). Secondly, in some species phenolics are
constitutively expressed in high amounts and no changes in the contents are
observed during pathogen attack (Kortekamp 2006). However, it is possible that in
some cases, due to pathogen pressure, the contents of defence compounds are
higher in organically produced plants. The use of organic soil amendments in
organic cultivation may enhance defence responses in plants (Vallad & Goodman
2004). It has been shown that compost as soil amendment can result in the
activation of systemically acquired resistance (SAR) or induced systemic resistance
(ISR). Systemic resistance primes plants to react more efficiently to stress and, due
to this priming effect, phenolics can be produced more rapidly and in higher
amounts (Conrath et al. 2002, Hoitink & Boehm 1999, Sarma et al. 2002,). This
theory is further supported by a study done with strawberries, in which compost as
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a soil supplement was found to increase the content of different phenolics (Wang &
Lin 2003).

Fertilization is another factor that may explain the differences in the contents of
phenolic compounds between organically and conventionally grown plants. In
organic farming, nutrients are supplied through crop rotation, compost, manure,
and plant-derived by-products. Organic nitrogen is transformed into inorganic form
by soil microflora. Thus the nutrient availability to plants may be difficult to
control and nitrogen can become a limiting nutrient. Consequently, as discussed
above (see 8.3.1), lower nitrogen availability can lead to higher content of
phenolic compounds (Norbaek et al. 2003).

Several approaches have been used to evaluate the effects of organic farming on
crop quality factors (Magkos et al. 2003). One approach is a market study, in which
samples are purchased from retail markets. However, in this strategy it is not
possible to distinguish between the effects of production system and other factors.
Controlled cultivation tests, on the other hand, can be considered as most reliable
in the evaluation of the effects of production system, as the conditions other than
those related to the production system can be kept similar. However, the major
limitation of controlled cultivation tests is that the results can only be applied to
certain environment, as the environment has a proven effect on the phenolic
content. In farm studies, in which the samples are collected from separate farms,
the environmental effect is included in the results and the results can be thus
considered as having a better practical value. However, there is still one major
problem concerning all approaches. Even though organic farming is defined by
legislation, the definition is still quite arbitrary as is also the one for conventional
farming. Both production systems have different elements such as soil type, farm
topology, and climate which all can vary hugely and which also affect the phenolic
content of plants. Thus evaluation of individual factors and interactions between
them would lead to a better understanding of the effects of complex systems.
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9 CONCLUSIONS

The phenolic content of fruits and vegetables can vary significantly due to various
reasons. When the aim is to produce plants with a high content of phenolic
compounds, the first step is to choose cultivars with a high content of these
compounds. Furthermore, production conditions should be optimised for the high
content of phenolic compounds. Finally, procedures after harvesting should aim at
minimal degradation of phenolic compounds and at further enhancing the phenolic
content. The purpose of the present study was to evaluate the potential of
different cultivation practices to enhance the content of bioactive phenolic
compounds in soft fruits (Table 12). Several factors were evaluated, including
genotype (cultivar), environment, fertilization, mulch colour, early forcing, fruit
order, planting date, shading, and production system (organic versus conventional).

Genotype is known to be a major factor affecting the phenolic content, which
was also proven in the present study with red raspberries and strawberries. The
presence of genetic component in determining the phenolic content makes it
possible to further enhance this trait by breeding. However, the phenolic content is
also strongly affected by the environment. Furthermore, other studies have shown
that the effect of environment can even prevail over that of the genotype. Thus
research is needed to find out how stable the phenolic profile of a certain genotype
is in the changing environment.

Fertilization strongly influences plant metabolism, and it was found that higher
fertilization led to a lower content of phenolics, as also supported by other studies.
Mulch colour also affected the phenolic content. Compared with brown mulch,
white mulch increased the content of total phenolics, which is probably connected
with enhanced photosynthesis due to differences in the light and temperature
conditions. Interestingly, it was also observed that white mulch decreased fruit
yield, although the ascorbic acid and sugar contents were elevated.

The fruit order also had a significant effect on fruit phenolic content. As a
general trend, the phenolic content increased from primary to tertiary fruits.
Furthermore, later planting date augmented the difference, which might be due to
higher amount of light. Possible explanations could be the metabolic priorities
between the fruits or dilution effect due to increased biomass.

Organically produced food is often considered healthier than the corresponding
conventional food. However, in the present study, it was shown that the
production system is not the major determining factor of the phenolic contents of
black currant fruits.
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It can be concluded that there are several possible ways to enhance the content
of phenolic compounds in crop plants. However, as different methods have
different shortcomings, they should be thoroughly evaluated before their
application in practice. Interactions between different factors make it though
difficult to apply techniques in the field conditions, whereas in the more controlled
greenhouse conditions techniques could be more easily introduced. It should also
be emphasised that when inducing major changes to the metabolism of plants, the
outcome should be carefully investigated, and risks related to these changes should
be evaluated. Finally, results from different experiments demonstrated that
individual phenolics can be differently affected by different factors. On the other
hand, the synergistic effect of different phytochemicals on our health is presently
not very well understood. When evaluating the effects of different factors on
plants, analyses should thus cover individual compounds broadly. Obviously this
kind of approach is laborious and requires sophisticated equipments. However, the
results can be more useful when new information on the health effects emerges.
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