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Abstract

Bergquist, S. 2006. Bioactive compounds in baby spinach (Spinacia oleracea L.).
Effects of pre- and postharvest factors. Doctoral dissertation.
ISSN 1652-6880, ISBN 91-576-7111-7.

A high intake of fruit and vegetables is well known to have positive effects on human
health, and has been correlated to a decreased risk of most degenerative diseases of ageing,
such as cardiovascular disease, cataracts and several forms of cancer. These protective
effects have been attributed to high concentrations of bioactive compounds (ascorbic acid,
flavonoids, carotenoids) in fruit and vegetables, partly due to the antioxidative action of
some of these compounds. Maintaining a high level of these compounds in fruit and
vegetables is therefore desirable. In addition, a high concentration of antioxidants in
horticultural produce is believed to improve its storability and reduce the rate of
deterioration.

This thesis investigated the effects of pre- and postharvest factors on the concentrations
of bioactive compounds in baby spinach (Spinacia oleracea L.). The factors studied
included sowing time, growth stage at harvest, use of shade nettings and postharvest storage
temperature and duration. Bioactive compounds were analysed using reversed-phase HPLC
and chlorophylls using a spectrophotometric method. Visual quality of the fresh and stored
leaves was scored on a 1-9 scale, where 9 was the best.

The concentrations of ascorbic acid and flavonoids most often decreased during plant
growth. Carotenoids showed relatively small increases or decreases, but nevertheless, plant
growth had the largest impact on carotenoid concentration of the factors studied. Harvesting
the leaves slightly earlier than is currently common practice may thus give increased
concentrations of bioactive compounds. The variation in these compounds during the
season was relatively small except for the flavonoids, which doubled in concentration in
April-sown spinach compared to August-sown. Shading generally decreased ascorbic acid
and total vitamin C concentrations, but most often increased carotenoid concentration.
Flavonoid concentration showed different responses at different times of the season and at
different growth stages. In some cases the concentration decreased due to shading, while in
others it did not change significantly. There were considerable losses of ascorbic acid
during storage, whereas carotenoids and flavonoids were more stable and sometimes
increased. Ascorbic acid concentration at harvest was correlated with visual quality after
storage, indicating that the antioxidative action of ascorbic acid may protect the plant tissue
against oxidative stress and subsequent deterioration.

Keywords: ascorbic acid, vitamin C, carotenoids, flavonoids, antioxidants, growth stage,
time of season, shade netting, postharvest storage.

Author’s address: Sara Bergquist, Department of Crop Science, SLU, SE-230 53 Alnarp,
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Objectives

The main objective of this doctoral thesis was to investigate the effects of some
factors during production and postharvest handling on the concentration and
composition of bioactive compounds in baby spinach (Spinacia oleracea L.). The
bioactive compounds studied were ascorbic acid (vitamin C), carotenoids (total
and individual) and flavonoids (total and individual).

The specific questions addressed were:

How do the concentrations of the compounds vary during plant growth?
How do the concentrations of the compounds vary during the season?
How does shade netting affect the concentrations of the compounds?
How do the concentrations of the compounds change during storage, and
is the response different at different temperatures?

e Are visual quality and chlorophyll concentration affected by these
factors, and is there a connection to the concentrations of bioactive
compounds?

Introduction

Bioactive compounds, antioxidants and free radicals

There is strong evidence that a diet rich in fruit and vegetables has a positive effect
on human health, offering protection against degenerative diseases of ageing, such
as heart disease, cardiovascular disease, Alzheimer’s disease, cataracts and several
forms of cancer (Williamson, 1996; Liu ef al., 2000; Gandini et al., 2000; Liu et
al., 2001; Joshipura et al., 2001; Kang, Ascherio & Grodstein, 2005). Fruit and
vegetables contain a wide range of substances that are suggested to be part of
these health-enhancing effects. In addition to the major food constituents protein,
fat and carbohydrate and micronutrients such as vitamins, minerals and trace
elements, fruit and vegetables contain other compounds that may have a positive
effect on human health. These phytochemicals (Box 1) include groups of
compounds such as carotenoids, flavonoids and other polyphenols, phenolic acids,
glucosinolates, allylic sulphides, isothiocyanates, dietary fibres, phytosterols and
monoterpenes (Lister, 1999; Kris-Etherton et al., 2002).

Antioxidants protect living cells against the harmful effects of free radicals and
other reactive oxygen species. Some phytochemicals have an antioxidative action,
for example, carotenoids, flavonoids and other phenolics. The vitamins C
(ascorbic acid) and E (tocopherols and tocotrienols) and some enzymes are also
part of the antioxidant defence system (Lurie, 2003). The mode of action of the
phytochemical compounds in other words includes an antioxidative function, but
they may also be antibacterial or have a hormonal action, stimulate the immune
system or modulate enzyme activity (Lampe, 1999). Therefore, the compounds



studied in this thesis are referred to as bioactive compounds, although they also
have an antioxidative function (Box 1).

Box 1. Definitions

The definitions of these words are not unequivocal; on the contrary, they are
subject to much discussion. The definitions used in this thesis are:

Bioactive compound — a constituent of foods or dietary supplements, other than
those needed to meet basic human nutritional needs, that is responsible for positive
changes in health status.

Antioxidant — a substance that offers protection against the harmful effect of free
radicals and other reactive oxygen species. When present in low concentrations
compared to those of an oxidisable substrate, they can delay or prevent its
oxidation (Halliwell & Gutteridge, 1989).

Free radical — a species that possesses one or several unpaired electrons in the
outer shell, and is thus very reactive (Halliwell & Gutteridge, 1989).

Phytochemical — a plant-derived substance that is nutritionally, medicinally or
physiologically highly active.

Free radicals are mostly highly reactive and unstable, due to their unpaired
valence electrons. Radicals are constantly generated by normal metabolism, e.g.
when oxygen is reduced in mitochondria and ATP produced, or by a variety of
enzymatic reactions (Finkel & Holbrook, 2000). There are many types of radicals,
but those of most concern in biological systems are derived from oxygen. These
radicals and other highly reactive oxygen-containing molecules are known
collectively as reactive oxygen species, and include the superoxide anion (O;),
hydroxyl radical (-OH), singlet oxygen ('O,), hydrogen peroxide (H,0,), nitric
oxide (NO-), peroxynitrite (ONOOQO") and hypochlorous acid (HOCI) (Halliwell &
Gutteridge, 1989).

An overproduction of radicals may be triggered by radiation, pollutants,
cigarette smoke, alcohol, exercise and stress. The immune system also produces
radicals as a defence against pathogens. In the normal case there is a balance
between the formation and elimination of free radicals. Oxidative stress occurs
when the level of free radicals or reactive oxygen species is higher than the
antioxidant defence system can cope with (Finkel & Holbrook, 2000). If not
neutralised by antioxidants, the radicals may react with cellular components such
as lipids, proteins and nucleic acids. Lipids may be especially prone to damage
due to a process known as lipid peroxidation. When radicals react with
polyunsaturated fatty acids in cellular membrane phospholipids, the fatty acids
themselves become radicals that can react with other fatty acids, starting a chain
reaction that may cause severe damage. This type of damage can cause cell death
and eventually ageing or diseases in the organism. Free radicals have been found




to be involved in ageing, several forms of cancer, heart disease, cardiovascular
disecase, Alzheimer’s disease, inflammatory conditions, rheumatism, insulin
resistance and cataracts (Halliwell & Gutteridge, 1989; Houstis, Rosen & Lander,
2006), and increasing antioxidant intake is therefore believed to decrease the risk
of contracting these diseases (Berger, 2005).

Many antioxidants function by transiently becoming radicals themselves. These
antioxidant radicals are not as reactive as the original free radicals and may in turn
be regenerated by other antioxidants (Niki et al., 1995).

Positive health effects of fruit and vegetables

As indicated by biochemical and in vitro studies, antioxidants in fruit and
vegetables may provide protection against free radical damage. Since free radicals
are involved in many degenerative diseases of ageing, the positive health effects of
fruit and vegetables have been attributed to the relatively high antioxidant
concentrations in fruit and vegetables (Ames, Shigenaga & Hagen, 1993; Rice-
Evans & Miller, 1995). This is known as the antioxidant hypothesis (Stanner et al.,
2004). Epidemiological studies (Box 2) have also found associations between a
high risk of diseases and a low intake of fruit and vegetables or bioactive
compounds (Williamson, 1996; Gandini ef al., 2000; Liu ef al., 2000; Joshipura et
al., 2001; Liu et al, 2001; Kris-Etherton et al., 2002). Observational studies
should not be used for drawing conclusions on the effects of a particular
compound on a certain disease, but are valuable for providing hypotheses that may
be tested by intervention studies (Hennekens et al., 1995). Intervention trials are
more expensive and time-consuming, but randomising supplementation across
population groups diminishes the risk of confounding factors. In an observational
epidemiological study comparing population groups, an association found between
a high intake of a certain compound and a low incidence of a certain disease is not
necessarily a causal relationship. The two groups may differ in ways other than in
the compound under study. The bioactive compound measured may in fact be a
marker of some other compound that also occurs in high concentrations in the
same population group. A high intake of fruit and vegetables contributes to a high
intake of several nutrients and phytochemicals, including vitamin C, carotenoids,
flavonoids, folate, potassium, magnesium, dietary fibre, efc. (Lampe, 1999).
Furthermore, a high intake of fruit and vegetables may also be associated with a
healthy lifestyle in general, with more exercise and less smoking. These factors
can be accounted for in the analyses, but other factors that may have an effect may
be omitted.

Many epidemiological studies indicate that bioactive compounds may have a
protective role against several diseases, although the results are seldom
unambiguous. Observational studies have shown associations between a low
intake of ascorbic acid, carotenoids and flavonoids and an increased risk of
cardiovascular disease (Knekt et al., 1996; Kritchevsky, 1999; Khaw et al., 2001;
Arts & Hollman, 2005). However, the eight intervention trials (mainly concerning
B-carotene and a-tocopherol) reviewed by Asplund (2002) all failed to confirm



this association. B-carotene has received much attention in this field, but it is
possible that carotenoids other than B-carotene are more efficient (Krinsky &
Johnson, 2005). Few intervention trials have studied the effects of vitamin C and
flavonoids on cardiovascular disease (Christen, Gaziano & Hennekens, 2000;
Manach, Mazur & Scalbert, 2005).

Box 2. Epidemiological studies

The definitions of these words are subject to discussion, but the definitions used in
this thesis are:

Epidemiological studies — studies on human populations, which attempt to link
human health effects (e.g. cancer) to a cause (e.g. low antioxidant intake). There
are two types of epidemiological studies; observational and intervention studies.

Intervention studies — the investigator controls which treatment subjects receive,
most often by random allocation. For example, one group receives a supplement
(one or several compounds in the form of a pill), the other receives placebo, and
the outcomes are compared.

Observational studies — the investigator measures but does not intervene.
Observational studies include cohort studies (where a group of interest, e.g.
smokers, and a comparison group are followed over time and the outcomes
compared), and case-control studies (where patients with a certain condition is
compared to people who do not and their histories are compared).

Observational studies have also found associations between a low intake of
bioactive compounds, and an increased risk of various forms of cancer (Ziegler,
1989; Kris-Etherton et al., 2002; Le Marchand, 2002; Neuhouser, 2004) although
the association seems rather weak for flavonoids (Hollman, 2001). However, most
intervention trials have not been able to confirm this relationship (Hennekens et
al., 1995). Some studies have even shown adverse effects, such as an increased
risk of lung cancer from high B-carotene supplementation in smokers (ATBC,
1994; Omenn et al., 1996). The reasons for this effect have been reviewed by
Omaye et al. (1997). Again, few intervention trials have been performed for
vitamin C and flavonoids. Vitamin C has been included in multi-supplement
interventions, but only one small trial has used it as a single supplement (Forman
& Altman, 2004). Observational studies also indicate positive effects of bioactive
compounds on cataracts (Brown et al, 1999) and Alzheimer’s disease
(Commenges et al., 2000).

In addition to the aforementioned factors, the apparent ambiguities in these
studies may be due to the fact that the bioactive compounds were given as
synthetic supplements in the intervention trials, whereas in most observational
trials the sources have been natural fruit and vegetables. Relatively high doses
have been used in some of the intervention trials, and these compounds may have
pro-oxidative effects at high doses (Rietjens et al., 2002; Loo, 2003). Randomised

10




intervention trials test the effect of supplements in addition to what is considered
an adequate intake of these compounds, whereas observational studies generally
compare a high intake group to a very low intake group (Moser, 2002).
Furthermore, a mix of several compounds may be beneficial, rather than high
doses of a certain compound (Bohm et al., 1997), or different population groups,
such as smokers, children, the elderly, pregnant women, efc. may have different
needs and tolerance levels for these compounds. More intervention trials are
clearly needed to ascertain whether the presumptive bioactive compounds have
beneficial effects or not, and to determine the doses that should be used to obtain
the best effect for different groups. In the meantime, the advice for public health
remains to increase consumption of fruit and vegetables (Stanner et al., 2004).

Bioactive compounds and product quality

In addition to the effects on human health when ingested in the diet, bioactive
compounds are believed to affect storability of the fruits and vegetables that
contain them. Reactive oxygen species are known to be involved in leaf
senescence and the antioxidant defence system most likely plays an important role
in determining the onset and rate of senescence (Philosoph-Hadas et al., 1994;
Meir et al., 1995; Hodges & Forney, 2003). A probable theory is therefore that a
product with a high concentration of antioxidants is well protected against
oxidation, and may thereby retain its quality longer. Thus, increasing the
concentrations of the presumed beneficial compounds (biotechnologically or by
controlling and optimising preharvest factors or growing the right cultivars) in
fruits and vegetables may not only have positive health effects for the people who
eat them, but may also extend shelf life and increase stress tolerance, leading to
lower postharvest losses of produce. Furthermore, since a high antioxidant
concentration may be associated with a fresh appearance, freshness of a fruit or
vegetable may to some extent be a marker for its food value as regards the content
of bioactive compounds.

Variation in concentrations of bioactive compounds

The concentrations of bioactive compounds in fruit and vegetables are certainly
not constant and are affected by many pre- and postharvest factors. In some cases,
the effect of a certain factor on a certain compound is very clear, but in many
cases, changes in one factor may lead to higher or lower concentrations of a
certain compound, or no change in the concentration.

Genetic variation

Some bioactive compounds are ubiquitous among fruit and vegetables but may
vary in concentration between species or cultivars, whereas other compounds are
specific for a certain family or even species. Ascorbic acid (or its oxidised form
dehydroascorbic acid) is apparently found in all fruits and vegetables in widely
varying concentrations (Lee & Kader, 2000), whereas the glucosinolates, for
example, are found mainly in the Brassicaceae family (Stoewsand, 1995). Genetic
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factors thus have a large influence on the content of bioactive compounds in fruit
and vegetables. Variation between cultivars of the same species may also be large
(Mercadante & Rodriguez-Amaya, 1991; DuPont et al, 2000; Howard et al.,
2002).

Preharvest factors

Climatic conditions have a strong influence on the concentration of bioactive
compounds (Weston & Barth, 1997). Climatic factors vary with growing site,
during the season and from year to year. Temperature, both in terms of total or
average temperature and the extremes during the growth period, may influence the
chemical composition (Weston & Barth, 1997; Lefsrud ef al, 2005). Light is
known to affect the concentrations of the types of compounds studied in this
thesis. The light effect can be seen in lettuce heads, where the outer leaves contain
considerably higher concentrations of vitamin C, carotenoids and flavonoids than
the inner leaves, which receive less light (Poulsen, Johansen & Serensen, 1995;
Drews, Schonhof & Krumbein, 1997; Hohl et al., 2001). Ascorbic acid is involved
in photosynthesis as an electron donor and as a cofactor for violaxanthin de-
epoxidase (Smirnoff, 2000). Some carotenoids are involved in photoprotection via
the xanthophyll cycle (Demmig-Adams, Gilmore & Adams, 1996), and flavonoids
are especially affected by the UV part of the spectrum (Liu, Gitz & McClure,
1995; Olsson et al., 1998). Cultural practices including nutrient and water
availability influence these compounds, as does soil type varying with growing
site (Weston & Barth, 1997). The response to nitrogen availability may be difficult
to predict; both increasing and decreasing concentrations due to fertilisation may
occur, possibly depending on how plant growth responds to the fertilisation, so
that a relative dilution or accumulation of the compounds may occur (Mozafar,
1993). Nitrogen fertilisation may also increase foliage, reducing light intensity
reaching shaded parts of the plant, which, as stated above, may affect the
concentration of these compounds (Mozafar, 1994; Lee & Kader, 2000).

Harvesting factors

There is considerable variation in concentration of bioactive compounds during
growth and maturation of fruit and vegetables. This variation is probably
especially evident in fruit ripening, where the carotenoid or flavonoid provide the
colour of the ripe fruit (Kalt, 2005). Timing of harvest during the day is also of
importance, as there may be large variation in the concentrations during the day,
possibly related to water content (when concentrations are given on a fresh weight
basis) or to light intensity (Mozafar, 1994; Veit et al., 1996). Mechanical injuries
may be inflicted by harvesting, which in turn may affect concentrations of
bioactive compounds.

Postharvest factors

Storage conditions after harvest may also have a large impact on the bioactive
compounds. Ascorbic acid quickly decreases during storage in many plant
products, whereas carotenoids and flavonoids appear to be more stable (Kalt,
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2005). Temperature management is crucial for maintaining the quality of
harvested fruits and vegetables, both in terms of appearance and biochemical
composition. A lower temperature decreases metabolic rates and thereby slows
down deterioration. However, a temperature that is too low may cause chilling or
freezing injury to the produce (Wills et al., 1998). The duration of storage is of
course also of major importance, since the concentrations change over time. Light
conditions during storage generally affect concentrations of these compounds as
well, although in different ways. Photosynthesis may be supported in light-stored
leaves, and light storage may also increase ascorbic acid synthesis (Toledo ef al.,
2003). Carotenoids, on the other hand, may decrease to a higher extent in
vegetables stored in light (Kopas-Lane & Warthesen, 1995). Trimming, cutting
and bruising, as well as processing, may also affect concentrations (Yadav &
Sehgal, 1995; DuPont et al., 2000). Furthermore, maintaining appropriate relative
humidity and atmosphere during storage may increase shelf life and reduce losses
of bioactive compounds. As stated above, storage not only affects the
concentration of these compounds, but the concentration of these compounds may
affect storability as well.

Ascorbic acid

Vitamin C is the collective name for ascorbic acid and dehydroascorbic acid (Fig.
1). The terms ascorbic acid and vitamin C are often used interchangeably. In many
cases, this is of minor importance, since the dehydroascorbic acid concentration is
often relatively low, less than 10% of the total vitamin C in most fruit and
vegetables (Wills, Wimalasiri & Greenfield, 1984). In stored or processed fruit
and vegetables, however, the concentration of dehydroascorbic acid is often
considerably higher (Buescher, Howard & Dexter, 1999). In fresh vegetables a
high dehydroascorbic acid concentration relative to ascorbic acid may also be
found, then probably related to a high ascorbate oxidase activity, which
immediately transforms ascorbic acid into dehydroascorbic acid (Gil, Ferreres &
Tomas-Barberan, 1998). Vitamin C activity of the two redox forms is considered
to be similar (Buescher, Howard & Dexter, 1999), but ascorbic acid has a much
higher reducing capacity and antioxidative potential than dehydroascorbic acid
(Davey et al., 2000).

o\\o/ oH O%OH Figure 1. Ascorbic acid (left) and
dehydroascorbic acid (right).

Ascorbic acid and dehydroascorbic acid are polar and thus hydrophilic. The
radical monodehydroascorbate is the first oxidation product of ascorbic acid. This
radical may be reduced back to ascorbic acid by monodehydroascorbate reductase,
or two monodehydroascorbate molecules may spontaneously form one ascorbic
acid and one dehydroascorbic acid molecule. Dehydroascorbic acid may be
irreversibly oxidised to 2,3-diketogulonic acid if not reduced back to ascorbic acid
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by the glutathione-dependent enzyme dehydroascorbate reductase (Davey et al.,
2000).

As an antioxidant, ascorbic acid participates in the scavenging of reactive
oxygen species (Smirnoff, 2000). Ascorbic acid also functions as a secondary
antioxidant, regenerating tocopherols from their radical forms (Kunert & Ederer,
1985; Niki et al.,, 1995; Smirnoff, 2000). Ascorbic acid is an important cofactor
for some plant enzymes, including violaxanthin de-epoxidase, which is involved
in photoprotection through the xanthophyll cycle, and is also involved in
photosynthesis as an electron donor to photosystem II (Smirnoff, 2000).
Furthermore, ascorbic acid has been implicated in control of cell expansion and
cell division in plants (Smirnoff, 1996).

At higher concentrations, ascorbic acid and other antioxidant compounds may
exert pro-oxidant activity as reviewed by Rietjens et al. (2002). Since it is a water-
soluble compound, it does not accumulate in the human body (Hancock & Viola,
2005). The dose that can be considered safe has not yet been firmly established.
The bioavailability of ascorbic acid depends on the dose, but ingestion of more
than 0.5 g per day does not increase the uptake significantly (Davey et al., 2000).
Megadoses therefore appear to have no further advantage. The recommended daily
intake of ascorbic acid ranges from 30 to 110 mg/day (Hancock & Viola, 2005).
However, as that dose is required only to prevent deficiency, higher levels may be
needed for further health benefits (Levine et al., 1999). Requirements may also
differ among population groups depending on stress, physical activity, use of
certain medicines, smoking, or the presence of inflammatory conditions or
diseases associated with increased oxidative stress. An estimate of the mean daily
intake of vitamin C in 2000 was 102 mg in the USA and 72 mg in Canada
(Institute of Medicine, 2000).

Fruit and vegetables are the major sources of ascorbic acid. Good dietary
sources include citrus fruits, berries, peppers and broccoli (USDA, 2005).

Carotenoids

Carotenoids are yellow, orange or red pigments, responsible for the colour of
many fruits, vegetables and flowers. They are also found in green vegetables,
although their colour is disguised by chlorophyll. Carotenoids are tetraterpenoids,
i.e. built upon a S-carbon isoprenoid unit (Fig. 2), and are hydrophobic. There are
two groups of carotenoids, the hydrocarbon carotenes and the oxygenated
xanthophylls. Carotenes, such as a- and p-carotene and lycopene, are
predominantly orange or red-orange pigments, whereas xanthophylls, such as
lutein, violaxanthin, zeaxanthin, antheraxanthin and neoxanthin, are mainly
yellow.

Carotenoids have important functions in photosynthesis. Some of them are
accessory pigments that absorb light energy and transfer it to chlorophyll, which
can use the energy for photosynthesis. B-carotene and lutein are prevalent in
photosystems I and II, respectively (Demmig-Adams, Gilmore & Adams, 1996).
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The xanthophylls violaxanthin, antheraxanthin and zeaxanthin are involved in
photoprotection through the xanthophyll cycle (Demmig-Adams, Gilmore &
Adams, 1996). Carotenoids are able to absorb energy that may otherwise lead to
singlet oxygen formation from excited chlorophyll molecules. Carotenoids may
also scavenge any singlet oxygen that forms during photosynthesis (Halliwell &
Gutteridge, 1989).

Figure 2. Carotenoid structure; B-carotene (top) and lutein (bottom).

The antioxidative activity varies between carotenoids, depending on their
functional groups and chain length (Martin et al., 1999). About 10% of all
carotenoids found in fruit and vegetables have provitamin activity, i.e. are
precursors of vitamin A. As antioxidants, carotenoids are more or less efficient
quenchers of reactive oxygen species and excited chlorophyll (Martin et al.,
1999). When a carotenoid reacts with a radical, the unpaired electron is
delocalised across the conjugated double bonds, forming a relatively stable radical
(Krinsky & Johnson, 2005).

Toxicity of B-carotene has been found to occur at doses of 20 mg (ATBC,
1994). The level considered safe should thus be much smaller, less than 2 mg
(Bast & Haenen, 2002). The average daily intake of carotenoids in 2000 in
Denmark was estimated to be 4.8 mg (Leth, Jakobsen & Andersen, 2000), with a
B-carotene intake alone of about 2 mg. Due to the conflicting results from
observational and intervention studies for B-carotene other carotenoids, such as
lutein, are suggested to be the compounds exerting the positive effects on human
health (Krinsky & Johnson, 2005). Carotenoids may also act as pro-oxidants in
some cases (Krinsky & Johnson, 2005).

Bioavailability of carotenoids depends on food matrix and processing, and
varies among the individual carotenoids (Castenmiller ez al., 1999; van het Hof et
al., 2000). In spinach and other vegetables, bioavailability of lutein is five to nine
times higher than that of B-carotene (van het Hof et al., 1999; Castenmiller et al.,
1999).

A variety of vegetables contain large amounts of carotenoids, especially red,
orange, yellow and dark green types (Miiller, 1997). In the study by Leth et al.
(2000), 9% of the carotenoid intake was from vegetables other than carrots (47%)
and tomatoes (32%).
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Flavonoids

Flavonoids are compounds with yellow to white or blue, purple to red colour.
They are often referred to as polyphenols. The common feature of flavonoids is
that they contain a C¢-C;3-Cg skeleton (Fig. 3), and the major difference among the
flavonoid subgroups is the oxidation state of the heterocyclic ring. Flavonoids
include flavones, flavonols, anthocyanins, flavanones, flavans, proanthocyanidins,
catechins, isoflavones and some other subgroups. Within each subgroup,
compounds are distinguished by the substituents of the two benzene rings.
Flavonoids occur mainly as glucosides, i.e. with one or several sugars bound to the
flavonoid aglycone.

Figure 3.

Two spinach flavonoids;

5,3’ ,4’-trihydroxy-3-methoxy-
6:7-methylenedioxyflavone
(left) and spinacetin (right).

Most flavonoids absorb strongly in the UV-B part of the spectrum and are
believed to serve as UV-protection for underlying tissues (Greenberg et al., 1996;
Kolb et al., 2001). Flavonoid concentration has in many cases been found to be
increased by elevated UV-B radiation (Liu, Gitz & McClure, 1995; Greenberg et
al., 1996; Olsson et al, 1998; Burchard, Bilger & Weissenbdck, 2000).
Flavonoids have an antioxidative action, and may scavenge reactive oxygen
species or quench singlet oxygen. The antioxidative activity depends on the
chemical structure, such as the number of hydroxyl groups substituted on the B
ring (Rice-Evans, Miller & Paganga, 1996). Flavonoids are also involved in
protection against herbivores and micororganisms, both as constitutive agents and
as phytoalexins, i.e. produced in response to wounding (Harborne & Williams,
2000).

Like other antioxidants, flavonoids may act as pro-oxidants under certain
conditions (Rietjens et al, 2002). Toxic effects of flavonoids include
carcinogenicity, interference with thyroid hormone biosynthesis, inhibition of iron
uptake and alteration of bioavailability of certain medicines (Mennen ef al., 2005).
The long-term effects of high-dose intake have not been established. However, an
intake of quercetin as high as supplement manufacturers recommend is about 10 to
20 times what is consumed in a typical vegetarian diet, and may have a negative
impact on human health (Skibola & Smith, 2000).

Bioavailability of flavonoids varies widely, and most likely depends on factors
such as food matrix, human intestinal microflora and flavonoid structure (Manach
et al., 2005). The bioavailability of flavonoids is most probably lower than that of
some other antioxidants, such as ascorbic acid.
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In vegetables, the flavonoids most frequently studied are the flavones luteolin
and apigenin, and the flavonols quercetin, kaempferol and myricetin. The mean
intake of flavonols and flavanones in Denmark in 1995 was estimated to be 23
mg/day (Justesen et al., 2000). Not all flavonoid subgroups were included in this
analysis, however. Other estimates suggest a total polyphenol intake of 1 g/day
(Scalbert & Williamson, 2000). Good dietary sources of flavonoids are kale,
onions, broccoli, apples, oranges and blackcurrants (Hollman & Arts, 2000).
Spinach is considered low in flavonoid content, but this is probably due to the fact
that the specific flavonoids present in spinach are never included in these
screening studies (see Paper II).

The crop

Spinach (Spinacia oleracea L.) is a leafy vegetable that belongs to the goosefoot
family (Chenopodiaceae). The leaves are smooth, semi-savoy or savoy, depending
on cultivar. Baby spinach is harvested after a shorter growth period and sown at
closer density than regular spinach and thus the leaves are smaller, hence the
name. In the present studies, we used the cultivar Emilia, which has round leaves
that grow relatively upright, is slow bolting and is used both for baby leaf and
regular production.

Spinach is a long-day plant that is prone to bolting during the summer. The
bolting tendency varies between cultivars, and cultivars that are less prone to
bolting could be used during the earlier part of the summer. For baby spinach,
bolting is often not a problem because the leaves are harvested early.

Baby spinach is generally sold fresh in polypropylene bags and the maximum
storage time is about 10 days. Leafy vegetables generally have relatively high
respiration rates and a large surface-to-volume ratio, resulting in a relatively short
storage time. Storability can be significantly improved by lowering temperatures,
increasing humidity and by modifying the surrounding atmosphere (Wills et al.,
1998). Recommended storage temperature is close to 0 ©°C, but this
recommendation is not always followed (Wills ef al., 1998).

Baby spinach was chosen for our studies for two main reasons. It is becoming
an increasingly popular product in Sweden and elsewhere. Spinach is known to be
a healthy product and contains relatively high concentrations of bioactive
compounds (Gil, Ferreres & Tomas-Barberan, 1999; USDA, 2005). In addition,
baby spinach has the advantage of a short culture time and shelf life, making it an
excellent model crop.
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Methodological aspects

This section gives an overview and brief discussion of the methods used in Papers
I-IV. For specific details of the methods used, see the materials and methods
section in the respective papers.

Field experiments

Baby spinach (Spinacia oleracea L.) cv. Emilia was used as a model crop in the
studies reported in this thesis. For Papers I and II, the field experiment was
established at a commercial production site (Oll6v) growing baby spinach and
other baby leaves on beds. For Papers III and IV, the production system was the
same, but at a different site (Hvilan). Both sites are located in southern Sweden,
where the climate is warm temperate. The soil has a higher sand content at Ollév
than at Hvilan. The spinach was grown on field beds and harvested after 17-34
days, depending on weather conditions and growth stage at harvest (Table 1, Fig.
4). Time of harvest was determined by observation of emergence and growth, in
particular leaf size, in order for the growth stages at different sowing dates to be as
similar as possible (Fig. 5). The leaves were harvested manually using sharp
knives, and any cotyledons that were harvested were removed.

The factors investigated in the field experiments were sowing time (Papers I-
IV), growth stage at harvest (Papers I-IV) and the use of shade netting (Papers I1I-
IV). After harvest, the effects of storage duration and temperature were studied
(Papers I-IV).

Three types of shade netting with different characteristics were used for Papers
IIT and IV. The colour and density of the weave were different, resulting in
differences in transmittance and spectral influence between the netting types (Figs.
6, 7). An unshaded control was also included in the experiment.

Table 1. Growth conditions for spinach cultures sown and harvested at different times.

Site Sowing Growth Culture time Mean Temperature sum  Leaf size
stage (days) temperature  (day-degrees,
(°O) base 5°)
Ollov  August I 17 19.0 254 Small
I 23 18.8 332 Normal
111 29 17.9 394 Large
June I 18 15.4 200 Small
I 24 15.7 269 Normal
I 30 15.8 340 Large
July I 18 19.8 280 Small
I 24 19.4 360 Normal
I 30 19.2 434 Large
Hvilan August I 21 16.7 245 Small
I 28 16.7 323 Normal
April I 27 11.5 176 Small
I 34 11.3 214 Normal
1II 41 11.4 263 Large
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Figure 4. Normal global radiation for the area where field experiments were been
performed, 1961-1990 (data for Lund from SMHI, Swedish Meteorological and
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Figure 5. Leaves of three sizes, representing the three growth stages, I, III and II1.



Figure 6. Field experiment at
Hyvilan, using shade nettings.
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Figure 7. The three netting types used. From left: high transmittance, spectrum-altering, and
low transmittance.

The studies were carried out in the field for a number of reasons. Field
experiments have the advantage that the outcome is observed in a natural setting.
Greenhouse or phytotron experiments, on the other hand, can control factors such
as temperature and light conditions with much more precision. In a field
experiment, several factors may vary at once, possibly causing problems in
interpretation of the results. Seasonal changes in light and temperature occur
concurrently with leaf development, for instance, making it difficult to distinguish
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the effects of leaf growth from those of season progression. However, repeating
studies of changes during plant growth several times during the season, at different
light and temperature conditions, allows different effects to be distinguished.
When it comes to studies of plant pigments, a natural environment is important.
Both artificial light sources and natural light filtered through the greenhouse
material create un-natural light environments, for instance reducing UV radiation.

Chemical analyses of bioactive compounds

Analyses of the chosen bioactive compounds were performed using reversed-
phase HPLC. Plant material was freeze-dried or used fresh, depending on analyte,
and the compounds were extracted using suitable solvents. For ascorbic acid an
isocratic HPLC method was used and for carotenoids and flavonoids gradient
elution was used. The detector used for quantification purposes and identification
of carotenoids was a diode array detector. Identification of carotenoids was done
by comparing retention times and absorption spectra to those reported in the
literature and by using standards when commercially available. Flavonoids were
identified using LC-MS/MS. The compounds were quantified using external
standards. Ascorbic acid was used for the ascorbic acid analyses, B-carotene for
the carotenoids and spiracoside (quercetin-4’-glucoside) for the flavonoids. All
results are given on a dry weight basis unless otherwise stated.

Popular methods in antioxidant research include those measuring total
antioxidative capacity, such as ORAC (oxygen radical absorbing capacity, Cao,
Alession & Cutler, 1993), TEAC (trolox equivalent antioxidant capacity, Miller e?
al., 1993), and FRAP (ferric reducing antioxidant power, Benzie & Strain, 1999).
These methods attempt to give a measure of the total antioxidant capacity, in order
to compare different foods or biological samples instead of quantifying the
individual antioxidant compounds. However, the test system may not be relevant
for the conditions in the plant or in the human body. This may be the case because
different compounds have different effects in the organism, not to mention
different degrees of bioavailability, and the total antioxidative capacity methods
do not provide more than an indication of concentrations of specific compounds
(Frankel & Meyer, 2000).

Visual quality assessment and chlorophyll analysis

The visual quality was scored on a scale from 9 to 1, where 9 was the best. The
assessments were carried out by two people independently and their values were
compared before a grade was agreed upon. On most occasions, the scores given by
the two different judges was the same. The visual quality assessments included the
“overall appearance”, colour, turgour and occurrence of necrotic spots on the
leaves.

Chlorophyll determinations were performed using a spectrophotometric method.
We found no correlation between the chlorophyll concentration and the visual
quality score, probably because the visual quality assessments took several other
factors into consideration besides colour. For instance, yellow spots on the leaves
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have a large bearing on the visual quality score, but probably less on the
chlorophyll concentration.

Results and discussion

Bioactive compounds in baby spinach — concentrations and
composition

Unshaded baby spinach leaves had an ascorbic acid concentration of 2.5-8.3 mg/g
dw and a total vitamin C concentration of 3.8-9.0 mg/g dw (Papers I, III). In food
composition tables, concentrations of nutrients are often given per 100 g fresh
weight. The ascorbic acid concentration of the spinach in this study per 100 g
fresh weight was 14-100 mg, and vitamin C 19-109 mg, which is relatively high
(USDA, 2005). Dehydroascorbic acid contributed between 2 and 34% of total
vitamin C in the baby spinach at harvest. The higher proportion was often found in
the leaves with lower vitamin C concentration.

Total carotenoid concentration at harvest ranged from 0.8 to 1.5 mg/g dw,
corresponding to 6-13 mg/100 g fw (Papers I, III), which is relatively high
compared to many other fruits and vegetables {Miiller 1997 #6960}. The
composition of carotenoids in baby spinach corresponded well with what has
previously been reported for spinach (Eskling & Akerlund, 1998; Kidmose et al.,
2001). The major carotenoid was lutein, making up 35-48% of the total
carotenoids, measured as P-carotene equivalents. Violaxanthin contributed 16-
35%, B-carotene 16-24% and neoxanthin 11-14%.

Total flavonoid concentration at harvest was 10-20 mg/g dw, corresponding to 76-
250 mg/100 g fw (Papers II, IV). Spinach contains relatively rare flavonoid
compounds, all flavonols. Compared to the 28 vegetables analysed by Hertog et
al. (1992), the flavonoid concentration on a fresh weight basis was actually very
high in baby spinach when these compounds were included. The major flavonoid
compound found in this study was 5,374 -trihydroxy-3-methoxy-6:7-
methylenedioxyflavone-4’-glucuronide (Fig. 3), making up 33-47% of the total
flavonoids, measured as spiracoside equivalents. Spinatoside-4’-glucuronide
contributed 9-15%, patuletin-3-glucosyl-(1-6)[apiosyl(1-2)]-glucoside 9-13%,
patuletin-3-gentiobioside =~ 7-12%  and  patuletin-3-(2"'-feroylglucosyl)-(1-
6)[apiosyl(1-2)]-glucoside 6-9%.

Changes during plant growth

The normal harvest time for baby spinach in southern Sweden is about 3! weeks.
Optimum harvest time depends on leaf size, weather conditions, work load at the
production site and demand for the product. Thus, there is some variation in leaf
size at the time of harvest, and the optimum harvest time cannot be set to one
particular day. Furthermore, leaf size at a certain time after sowing depends on
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growing conditions, such as temperature, irradiation and availability of water and
nutrients. Hence, the time from sowing to normal harvest also varies with time of
season. In this study, the leaf size at growth stage II corresponded to a leaf size
when harvest is normally done. In fact, at the commercial production site (Papers
I, II), the workers harvested the same cultivar at the same time as our harvest at
growth stage II for the first sowing.

The bioactive compounds studied in this investigation changed in different ways
during plant growth (Fig. 8). Ascorbic acid and vitamin C concentrations
decreased significantly from growth stage I to growth stage II in both experiments
(Papers I, III), except in the April-sown spinach. From stage II to stage III the
concentrations increased significantly in the spinach sown in August 2002 and
decreased in the spinach sown in April. These results indicate that the ascorbic
acid and vitamin C concentrations in the product can generally be increased by
harvesting earlier than the normal time. In some cases, the concentration could be
increased by harvesting later, but this effect appears to be dependent on the time of
sowing. Other studies of spinach report varying changes in ascorbic acid
concentration during plant growth (Sugawara, 1959; Stino, Abdelfattah & Nassar,
1973; Luwe, Takahama & Heber, 1993; Watanabe, Uchiyama & Yoshida, 1994).
These discrepancies may be due to the fact that leaves of different ages were
studied by the different researchers. Had we compared only stages I and II in
August, we would have reported a decreasing concentration with growth, whereas
if only stages II and III had been compared, we would have reported an increasing
concentration. In this study, three growth stages were studied, at five- or six-days
intervals. However, a clearer pattern of change during growth might have been
observed if samples had been taken at closer intervals.

The oxidised form of vitamin C, dehydroascorbic acid, generally constituted a
larger proportion of the total vitamin C in the older leaves (Papers I, III). This may
reflect a lower capacity of older plants to reduce dehydroascorbic acid to ascorbic
acid (Toledo et al., 2003; Hodges & Forney, 2003). Ascorbic acid has a higher
reducing capacity and antioxidative potential than dehydroascorbic acid. The
antioxidative capacity supplied by vitamin C thus decreased from growth stage I to
stages II and III. This may have physiological implications, both for the plant and
its defence against oxidative stress, and for human health when the spinach is
ingested in the diet (Hancock & Viola, 2005).

Carotenoid concentrations changed in different directions during growth in the
two studies (Fig. 8). In the first field experiment (Paper I), carotenoid
concentration increased significantly from stages I and II to stage III in the June-
and July-sown spinach, whereas differences were very small in the August-sown
spinach. In the second experiment (Paper III), total carotenoid concentration
decreased during growth. The individual carotenoid compounds showed rather
similar changes during growth, except for violaxanthin in the August 2003
sowing, which decreased by 21%.

Flavonoid concentration changed during growth in a manner much like vitamin C
and ascorbic acid, except in the April-sown spinach (Fig. 8). A decrease was most
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Figure 8. Relative concentrations of vitamin C, total carotenoids and total flavonoids during
growth (unshaded) of baby spinach. The relative concentration at growth stage I is set to
100% for each sowing time. The accumulated bars for vitamin C indicate ascorbic acid
(solid) and dehydroascorbic acid (striped) concentrations. Absolute concentrations (mg/g
dw) are given in the bars representing growth stage I. Bars designated by the same letter
within each sowing time and compound are not significantly different (p<0.05).
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often observed from stage I to stage II. In the spinach sown in August 2002, total
flavonoid concentration then increased again to stage III, whereas it remained
stable in the spinach sown in June and July 2003 (Paper II). In April 2004, total
flavonoid concentration increased significantly from stage I to stage II (Paper IV).
As stated before, distinguishing between the effects of plant growth stage and
season progression may be difficult. The end response is probably a combination
of both, and naturally other factors as well. It is possible that total flavonoid
concentration in baby spinach generally decreases as plant growth continues, but
in the April-sown spinach the increasing radiation may have had a sufficiently
large effect on flavonoid concentration to outweigh any decreases caused by plant
growth alone. Studying plant growth under more controlled conditions would be
of interest, but the concentrations and possibly also changes in concentrations may
be altered by the use of an artificial light source.

Variation with sowing time

Swedish baby spinach is generally sown between April and September. Vitamin C
and ascorbic acid concentrations varied between sowing dates, especially in the
older leaves (growth stages II and III) in both field experiments (Papers I, III). The
largest variation was found in ascorbic acid concentration at growth stage III,
which was 2.4 times higher in the August-sown spinach than in the June-sown
(Paper I). The concentrations were very similar at growth stage I, however. In the
second field experiment, the ascorbic acid concentration was significantly higher
in the April-sown spinach than in the August-sown. The higher concentration in
the April-sown spinach may be due to the higher radiation during the growth
period. The dehydroascorbic acid/vitamin C ratio was considerably higher in the
June- and July-sown spinach than in the August-sown at all growth stages in the
first field experiment (Paper I). However, the ratio was much higher in the
August-sown spinach than in the April-sown in the second experiment (Paper I1I).
This may indicate that the leaves were subjected to some sort of stress, which may
also have had an effect on the ascorbic acid concentration. In other words, both the
concentrations of ascorbic acid and vitamin C and the dehydroascorbic
acid/vitamin C ratio showed large variations during the season. This has
implications for the keeping quality, as will be pointed out later in this section.

Total carotenoid concentration varied somewhat between sowing dates, and
different sowings gave the highest concentration at different growth stages. At
growth stage II, the current normal harvest stage, the total carotenoid
concentration was highest in the August-sown spinach and lowest in the July-
sown (Paper I). The difference between the sowings was 12%. In the second field
experiment (Paper III), total carotenoid concentration was very similar between
the two sowings, varying by only 6%. Unexpectedly, violaxanthin concentration
was lower in the April-sown spinach than in the August-sown. Violaxanthin is
involved in photoprotection via the xanthophyll cycle (Demmig-Adams, Gilmore
& Adams, 1996), and was therefore expected to be more abundant in April, when
radiation is higher (Fig. 4) and when plants would thus require more protection
against photodamage. The higher dry matter content in April than in August may
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explain this partly, but not fully, because then the decrease would have been
equally evident in the other carotenoid compounds as well.

Total flavonoid concentration was higher in the August-sown spinach than in
the July- and June-sown at all growth stages in the first experiment (Paper II). In
the second experiment, however, the concentration was similar in the April-sown
and in the August-sown spinach at growth stage I, whereas at growth stage II the
concentration was 100 % higher in the April-sown spinach than in the August-
sown (Paper 1V). Since flavonoid concentration generally increases due to UV-B
radiation (Liu, Gitz & McClure, 1995; Greenberg et al., 1996; Olsson ef al., 1998;
Burchard, Bilger & Weissenbock, 2000), and since radiation was higher for the
April sowing than for the August sowing (Fig. 4) the results from the first
experiment were somewhat surprising.

The effects of shade netting

The use of shade netting may entail changes to microclimate other than light
quantity alone. In this study, three types of shade netting with different
characteristics were used. These nets have some differences in absorption at
different wavelengths, and consequently affect light quality in addition to light
quantity. Temperature and relative humidity were measured, but no differences
were found between the netting types (Papers 111, IV).

Vitamin C and ascorbic acid concentrations were most often significantly lower
in the plants grown under the nettings than in the unshaded plants. However, the
response to the use of nettings varied with sowing time and growth stage (Paper
II). The largest differences were observed in the April-sown spinach, possibly as
a result of light intensity (Fig. 4). Ascorbic acid concentration is generally higher
in plants receiving more light (Lee & Kader, 2000), as it is synthesised from
sugars supplied through photosynthesis (Wheeler, Jones & Smirnoff, 1998) and is
involved in photosynthesis as an electron donor and co-factor for violaxanthin de-
epoxidase (Smirnoff, 2000). Higher global radiation brings about larger
differences in radiation received by shaded and unshaded leaves, and hence the
potential for a larger response. The ratio of dehydroascorbic acid to vitamin C was
not affected as strongly as the concentrations of vitamin C and ascorbic acid by the
use of shade nettings (Paper III).

The total carotenoid concentration was unchanged or higher under the shade
nettings compared to the unshaded plants (Paper III). Total carotenoid
concentration is generally said to be higher in sun leaves than in shade leaves
(Thayer & Bjorkman, 1990; Demmig-Adams & Adams, 1992). However, this is
when expressed per unit leaf area. As the dry matter content in sun leaves is
usually higher per leaf area unit, carotenoid concentration per unit dry matter is
generally lower in sun leaves than in shade leaves (Lichtenthaler et al., 1981). In
this study (Paper III), total carotenoid concentration per unit dry weight was
inversely correlated to the radiation the plants received, when comparisons were
made within each harvest (Fig. 9).
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Figure 9. Total carotenoids as a function of radiation reaching the plants during the second
field experiment.

Similarly to the carotenoids, total chlorophyll concentration was higher in the
shaded leaves than in the unshaded, although the differences was even greater for
chlorophyll (Paper III). The carotenoid/chlorophyll ratio was positively correlated
to radiation received (Fig. 10). This is in agreement with the fact that sun leaves
generally have a higher carotenoid/chlorophyll ratio than shade leaves, probably
related to a greater need for photoprotection in full sun (Demmig-Adams, Gilmore
& Adams, 1996).

The use of shade nettings affected total flavonoid concentration only in some
cases (Paper IV). In the August-sown spinach harvested at stage I, the spectrum-
altering netting, with the lowest UV-B transmittance, decreased flavonoid
concentration significantly, whereas the August-sown spinach harvested at stage 11
and the April-sown spinach harvested at stage I showed no significant change in
total flavonoid concentration due to shading. The largest effect by far was
observed in the April-sown spinach harvested at stage II. This was also when
global radiation was the highest (Fig. 4). This effect too may partly be explained
by differences in dry matter content between the shaded and unshaded leaves
(Paper 1V). The individual flavonoid compounds responded in different ways to
shading. The concentration of the major flavonoid compound, 5,3",4 -trihydroxy-
3-methoxy-6:7-methylene-dioxyflavone-4'-glucuronide responded differently at
different harvests. Patuletin-3-gentiobioside concentration was most often
significantly lower in shaded leaves than in unshaded (Paper IV).
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Figure 10. Total carotenoids / total chlorophylls as a function of radiation reaching the
plants during the second field experiment.

Postharvest changes

Most fruits and vegetables are ideally harvested shortly before eating, since many
processes that may lead to deterioration of the produce start immediately after
harvest. Today, long transport distances and distribution chains with several steps
may nevertheless render the time from harvest until the produce is available in to
the consumer quite long. Leafy vegetables with a high surface/volume ratio and
relatively high respiration are quite perishable and storage life may be as short as a
week or even less (Wills e al, 1998). Postharvest changes may include
deterioration in visual and microbial quality, as well as in biochemical
composition.

We found that vitamin C and ascorbic acid concentrations generally decreased
during storage at 2°C and 10°C, with the most pronounced changes at 10°C
(Papers I, III). The decrease was most evident in the first experiment and in the
August-sown spinach in the second experiment. In some cases all ascorbic acid
was lost during the nine-day storage period. In the April-sown spinach, however,
the concentrations were more stable during storage. The largest change was a 37%
decrease in ascorbic acid content in produce grown under the spectrum-altering
netting and harvested at stage II. The observed decreases are in agreement with
previous reports on spinach (Favell, 1998; Gil, Ferreres & Tomas-Barberan, 1999;
Hodges & Forney, 2003). In the second experiment, however, ascorbic acid and
vitamin C concentrations actually increased during storage in some cases (only at
2°C). The changes in dry matter content of the leaves during storage were much
too small to explain the increase. It therefore appears that ascorbic acid was being
synthesised during storage. Postharvest synthesis of ascorbic acid has previously
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been observed in barley exposed to light during the storage period (Smirnoff,
2000). To our knowledge, the present study is the first to report an increase in
ascorbic acid concentration in dark-stored leaves.

The dehydroascorbic acid/vitamin C ratio generally increased during storage
(Papers I, III), as is common in fruit and vegetables during storage (Wills,
Wimalasiri & Greenfield, 1984). The initial dehydroascorbic acid/vitamin C ratio
and the concentration of ascorbic acid were considerably higher in the August-
sown spinach than in the April-sown in the second experiment.

Visual quality also decreased during storage in most cases (Papers I, III). The
quality deterioration was considerably greater in the August-sown spinach than in
the April-sown in the second experiment. This is possibly related to the higher
initial ascorbic acid concentration, providing a better defence against oxidative
stress (Hodges & Forney, 2003). We found correlations between visual quality
retention and initial ascorbic acid concentration, and initial dry matter content
(Paper I, Fig. 11, 12). The visual quality decreased more in the older leaves in the
first experiment and in the April-sown spinach in the second experiment, probably
also related to the difference in initial ascorbic acid concentration. However, even
though there was a correlation between initial ascorbic acid concentration and
visual quality after storage, this does not constitute proof of a cause-effect
relationship. It is possible that ascorbic acid is simply a marker for another factor
that may affect visual quality. One such factor could be dry matter, but that
correlation for the April-sown spinach was very weak (Fig. 12), making this
explanation less plausible.

Visual quality after storage

-
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Ascorbic acid at harvest (mg/g dw)

Figure 11. Visual quality after storage as a function of ascorbic acid concentration at
harvest. Black squares represent field experiment 1 (Oll6v), data from all sowings. Red dots
represent field experiment 2 (Hvilan), data only from the sowing in April, including shaded
and unshaded plants.
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The changes in carotenoid concentration during storage were not as large or as
consistent as the changes in ascorbic acid concentration. Total carotenoid
concentration increased in most cases from harvest to nine days of storage in the
first experiment, although significantly so only in the June- and July-sown spinach
stored at 10°C (Paper I). In the second experiment, an increase was most often
observed at six days of storage, at 2°C and 10°C, but between six and nine days
total carotenoid concentration often decreased again, especially at 10°C (Paper
IIT). The baby spinach in this study clearly retained carotenoids to a higher extent
than has previously been reported for spinach (Pandrangi & Laborde, 2004).

Total flavonoid concentration also showed relatively small and inconsistent
changes during storage (Papers II, IV). The individual flavonoid compounds
changed in different ways during storage, with patuletin-3-glucosyl-(1-
6)[apiosyl(1-2)]-glucoside and patuletin-3-gentiobioside generally decreasing, and
patuletin-3-(2""-feroylglucosyl)-(1-6)[apiosyl(1-2)]-glucoside increasing during
storage.

Concluding remarks and future perspectives

Consumer awareness of the health benefits of fruits and vegetables are increasing,
possibly thanks to campaigns like “five-a-day” initiative encouraging increased
consumption. Nevertheless, the consumption of fruits and vegetables is well below
the recommended daily intake in many populations (Naska et al., 2000). Even
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though the results of epidemiological studies are ambiguous, some health benefits
from bioactive compounds have been confirmed. Therefore, it is of great
importance that the levels of bioactive compounds in fruit and vegetables can be
maintained from harvest to consumption, and possibly also increased in the
produce at harvest by varying or controlling preharvest factors or choosing the
right cultivars. A high concentration of bioactive compounds may be positive not
only for human health, but also for produce storability, as can be seen by the
correlation between ascorbic acid and visual quality in this study. The antioxidant
activity and health effects vary among the individual compounds in each of the
groups of bioactive compounds studied. Therefore, it is not only the total
concentration, but also the composition of carotenoids, flavonoids and vitamin C
that are important.

This study investigated some factors that affect the concentration and composition
of some bioactive compounds. However, the effects of a certain factor are seldom
clear-cut. Instead, an increase in ascorbic acid concentration, for example, often
goes hand in hand with a decrease in carotenoid or flavonoid concentration, and
vice versa. However, the following relatively straightforward results were
obtained:

e Harvesting baby spinach leaves early, while they are slightly smaller than
at conventional harvest may give increased concentrations of bioactive
compounds. However, there are economic considerations to this as well,
as an earlier harvest gives a lower yield. On the other hand, when the
culture time is shorter there is scope for more sowings, and thus also
more harvests, during the season. The storability of younger leaves
appears to be higher, which should give lower postharvest losses.
Harvesting later than the current conventional time may give a higher
yield, but the concentrations of bioactive compounds may not be
improved. Dehydroascorbic acid/vitamin C ratio is likely to be higher at a
later harvest.

e There is generally relatively little variation in bioactive compounds in
baby spinach during the season. Flavonoids, however, can vary
considerably during the season, especially in unshaded plants, and
ascorbic acid can vary greatly with time of sowing in later growth stages.

e The use of shade netting to protect baby spinach cultures from severe
weather conditions including excess radiation appears to have relatively
small effects on the concentrations of bioactive compounds and could
therefore be considered acceptable as regards the concentration of the
bioactive compounds investigated.

e There are considerable decreases in vitamin C and, above all, ascorbic
acid concentration during storage, especially at higher temperature (10°C
compared to 2°C). Postharvest stability is much greater for carotenoids
and flavonoids. After a nine-day storage period at 10°C, all ascorbic acid
may be lost and the visual quality may be lower than the limit of
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saleability. At 2°C, visual quality is likely to be better, and ascorbic acid
retention higher, although only a small proportion of the initial ascorbic
acid concentration may be retained. This demonstrates the importance of
maintaining an appropriate storage temperature for baby spinach.

e Storability, measured as visual quality after storage, appears to be related
to ascorbic acid concentration at harvest. A higher initial concentration
probably offers better protection against oxidative stress, thus reducing
deterioration of plant membranes and other tissues.

The work reported in this thesis provides some important pieces of information,
adding to the increasing knowledge on how pre- and postharvest factors affect the
concentrations of bioactive compounds in fruits and vegetables. The mechanisms
behind some of the findings are currently not fully understood, and would be
interesting targets for future research. The correlation between ascorbic acid
concentration and visual quality retention seems promising, but even though there
is a probable explanation for this correlation, it is possible that ascorbic acid
concentration is simply a marker for something else, for example dry matter
content, that is also correlated to visual quality retention. Since storage life of baby
spinach and other leafy vegetables is short, improving storability with retention of
visual quality and maintenance of bioactive compound concentrations is an
important task for the future.

Other factors may also affect bioactive compounds in baby spinach, for instance
fertilization regime and cultivar differences, and it would be interesting to
investigate these too. Use of biotechnological methods to increase the
concentrations of bioactive compounds may be another option, but legislation and
consumer attitudes may make this less applicable. More frequent sampling during
storage would also be of interest, in order to monitor postharvest changes more
closely.
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negativa sidor, om livet i allmdnhet och mycket annat. Det mesta ordnar sig till

slut!

Rakel, jo, det gick ju faktiskt! Jattetack for peppning och allmint stéd pa alla plan.
Kan jag sé kan du!

Laina, tack for att du alltid hjdlper till med praktiska saker d&ven nér du har massor
att gora sjélv. Tack ocksa till Monica som alltid ar positiv och pratsugen.
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Alla minniskor i sddra fikarummet, Vegetum, tack for alla, ibland hetsiga,
diskussioner om jamstélldhet, religion, TV och andra livsviktigheter.

Tack till alla doktoranderna pa institutionen, nuvarande och “foredettingar” som
redan tagit det stora steget ut i verkligheten, sérskilt Margit, Andrea, Ramune,
Lena, Per, Marco, Larisa, Charlott, Asa, Victoria, Sanna och Klara. Tack for att ni
gjort tiden hér &nnu battre!

Tack till alla i Produktkvalitet- & Hortikulturgrupperna!

Stort tack till Eva och Erland som haller koll pa laget.

Tack Jan-Eric for all hjdlp med statistiken.

Thank you Mary for excellent and “extraordinarily quick” language revision.
Hans, det fixade sig!

Tack till pastamannen, ”"Mr. Kebabkoket” som har raiddat manga luncher.

Klattermanniskorna, Jenny, Ted, Andreasarna, Fredrik, Annamaria, Rickard och
Eva, ni har varit en underbar motpol till allt slit pa jobbet. Slita far man géra med
er ocksd, men med lite mer “instant gratification”. Kanske det blir tid till lite fler
turer till Kullen framover — eller kanske inte... Tack till er och naturligtvis ocksa
till Lindorna, Maja, Kristina, Joakim och Parker for trevliga fester, biobesok, och
mysiga middagar!

Tack till alla andra védnner, Annapanna och Lena rédbena — synd att vi tréffas sa
sdllan, tjejmiddaggénget Alicja, Gunilla, Ingrid och Eva. Sarskilt tack till Annelie
for ditt stod och for att du dr en underbar vén och shoppingpartner.

Stort tack till min familj, mamma & pappa, Danne & Ingegerd, mina goa sma
syskonbarn William och Liv, morfar, farfar, Christer & Stina, Anne-Maj, Carsten
& Ewa, Christina och Michael. Och inte minst Elvis och Texas. Tack alla for att ni
staller upp i vatt och torrt, stottar och peppar och intresserar er for hur det gar.
Ténk att det blev klart till slut!

Joachim, tack for att du alltid har funnits dar for mig och for att du har lockat ivdg
mig pa roligheter fast jag ibland har varit trétt och motstrévig. Det dr sant som gor
livet vért att leva. Du dr bést och jag ser fram emot vart ndsta stora projekt
tillsammans!
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