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Chapter

Soil Preparation, Running
Highbush Blueberry (Vaccinium
corymbosum L.) Plantation and
Biological Properties of Fruits

Zofia Zydlik, Szymon Ciesliriski, Van Chung Mai,
Nesibe Ebru Kafkas and Iwona Morkunas

Abstract

Due to the pro-health properties of highbush blueberry fruit, the interest in
cultivation of this species has been growing significantly, which is evidenced by the
current increase in world fruit production. Therefore, the aim of our review study
is to present the impact of soil and climatic conditions and cultivation methods of
Vaccinium corymbosum L. on fruit yield and quality in Central and Eastern Europe.
In this region, one of the most important abiotic factors determining the yield
level is the minimum temperature of the winter period and short-term increases
in temperature, which are conducive to the damage to flower buds. Another fac-
tor determining the success of cultivation is soil. In addition, highbush blueberry
has specific soil requirements, which result from its characteristic root structure.
The adverse impact of soil factors can be mitigated to a certain extent by the use of
mycorrhizal fungi. In this chapter, besides the cultivation conditions of V. corym-
bosum, the pro-health properties of fruits resulting from the presence of bioactive
compounds such as polyphenolic compounds, flavonoids, especially anthocyanins,
will be presented. Besides, factors, such as environmental conditions, degree of
ripeness and variety, affect the content of bioactive substances.

Keywords: highbush blueberry, growing conditions, biologically active compounds

1. Introduction

Blueberries are perennial flowering plants with blue- or purple-colored berries.
They are classified in the genus Vaccinium within the family Ericaceae (a family of
flowering plants, commonly known as the heath or heather family). Blueberries are
usually prostrate shrubs that can vary in size from 10 cm to 4 m in height. In com-
mercial production of blueberries, the species with small, pea-size berries growing
on low-level bushes are known as “lowbush blueberries,” while the species with larger
berries growing on taller cultivated bushes are known as “highbush blueberries.” Due
to the pro-health properties of fruit of highbush blueberry plants (Vaccinium corym-
bosum L.), the interest in cultivation of this species has been growing significantly.

Blueberries may be cultivated, or they may be picked from semiwild or wild
bushes. Successful blueberry harvest requires attention to several cultivated factors.
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In Central and Eastern Europe, one of the most important abiotic factors determin-
ing the yield level of highbush blueberry is the low and short-term increasing tem-
perature in the winter, which are conducive to the damage to flower buds. Another
factor determining the success of cultivation is soil moisture; water shortage results
in a deterioration of the condition of shrubs as well as a decrease in quality and yield
of fruit. In addition, highbush blueberry plants have specific soil requirements,
which result from their characteristics of root structure. The adverse impact of soil
factors can be mitigated to a certain extent by the use of mycorrhizal fungi.

Fruit of blueberries are believed to have high level of antioxidants that are
thought to be responsible for much of the berries’ beneficial health effects. The
pro-health properties of fruits resulting from the presence of bioactive compounds
such as polyphenolic compounds, flavonoids, especially anthocyanins, in the fruits
of V. corymbosum as well as effects of factors, such as environmental conditions and
degree of ripeness in the content of bioactive substances have been recorded.

This work presents the most recent state of knowledge about running a high-
bush blueberry plantation and properties of blueberry fruits with a wide range of
biological effects that significantly improve the condition of human health.

2. Cultivation of blueberry in Central and Eastern Europe

Poland is the sixth largest producer of blueberry fruit in the world, the
second largest among the European countries and the first in the group of coun-
tries of Central and Eastern Europe (FAO STAT, IBO-International Blueberry
Organization). Table 1 presents the cultivation area and the volume of blueberry
fruit production in countries of Central and Eastern Europe in 2017.

The success of highbush blueberry fruit production depends on atmospheric condi-
tions (especially on factors such as temperature and precipitation) during the growing
season and during the winter resting period of the plants. Warm and dry summers are
not conducive to good budding, and sudden temperature drops in winter can cause
them to freeze. The climate in Central and Eastern Europe is generally considered to be
favourable for the cultivation of most varieties of highbush blueberry. However, when
planning the establishment of a plantation, it is necessary to analyse various climatic
factors that may have a significant impact on the success of the cultivation. One of the
most important factors that should be taken into account is the minimum winter tem-
perature. Long-term observations showed that temperature dropping down to —25°C
did not affect the damage to blueberry shrubs. However, it should be remembered
that not only the minimum real temperatures can be harmful to plants but above all
the periodical warming occurring during winter, which contributes to the hardening

Country Cultivation area (ha) Harvested crops (tonnes)
Bulgaria 13 99
Latvia 236 353
Lithuania 85 124
Poland 5318 16,343
Romania 130 310
Ukraine 400 1360
Table 1.

Highbush blueberry cultivation avea and harvest in Central and Eastern European countries in 2017 (FAO
STAT) [1].
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of plants and can increase their damage caused by frost [2]. Blueberry flower buds are
recognised as the most sensitive to frost damage. The studies conducted by Panicker
and Malta [3] show that the resistance of highbush blueberry flowers to frost damage is
significantly dependent on the concentration of abscisic acid (ABA) and the exogenous
use of phytohormone may significantly reduce losses. This is confirmed in studies by
Huang et al. [4] which showed a significant increase in the resistance of sugarcane
plants to cold stress after application of ABA. According to observations carried out in
Belarus, after the period of frost, when the temperature dropped to —27°C, and then a
10-day thaw occurred with the air temperature during the day above +5°C, those fac-
tors resulted in a significant drop in yields and even contributed to a total lack of yields.
The above observations indicate a certain regularity, that is, the higher the air tempera-
ture during the winter thaw and the longer its duration and the stronger the frost after
this period, the lower the blueberry crops [5]. Frosts can also be particularly harmful
to blueberries in autumn and spring periods. Frosts occurring during the flowering
period of shrubs are particularly dangerous. The practice shows that a drop in tem-
perature to —7.5°C can damage up to 50% of flowers, which results in a considerable
reduction of yield. In addition, blueberry growth is inhibited when the temperature
drops to +3°C. On the other hand, the temperature ranging from 8 to 20°C is consid-
ered optimal for all biological processes taking place in the plant. Higher temperatures
in summer foster early ripening of the fruit. On the other hand, at the temperature

of +24°C, the process of flower bud formation proceeds faster [6]. In order to protect
the flowers against harmful effects of spring frosts, percoronal irrigation and wind
machines are used at blueberry plantations. Another threat to blueberry cultivation in
Poland is hail occurrence during the vegetation period. One of the ways to reduce the
risk of hail damage to plants is to use hail cannons. For example, hail cannons were
installed on the farm of Jerzy Wilczewski from Bialousy who cultivates high blueberry
atan area of over 600 ha. The second important climatic factor influencing the success
of blueberry cultivation is the length of the vegetation season. This period should last
at least 160 days. In Central and Eastern Europe, it is sufficient, and it usually lasts
from the last spring frosts to the first autumn frosts. The length of the growing season
is the number of consecutive days on which the average air temperature stays above
5°C. The vegetation season is the time of enhanced growth and development of plants
under the conditions of sufficient heat and moisture. In Poland, for example, the
average length of the vegetation season for highbush blueberry ranges from 200 days
in north-eastern Poland to 240 days in south-western Poland. In cooler regions of the
country, it is recommended to choose varieties of blueberry that ripen earlier, because
cooler July and August may delay the ripening of the fruit and may deteriorate its qual-
ity. It should be emphasised that high temperatures and the accompanying drought
during the flowering of shrubs contribute to worse fruit formation, while during fruit
development these factors will significantly reduce the level of yield and fruit quality
[7]. High summer temperatures and low annual precipitation also contribute to the
poor budding for the following year.

Precipitation is another factor that determines the success of highbush blueberry
cultivation. Central and Eastern Europe have a dominating temperate climate with
cooler, more humid north and warmer, drier south. It should be borne in mind that
the amount of groundwater—the main source of drinking water and water used for
irrigation of crops—fluctuates as a result of climate change effects and changes in
groundwater levels are of seasonal nature, often leading to a water level drop of more
than 0.5 m [8]. In Poland, the level of precipitation is suitable for blueberries only in
the regions of Southern Poland and only if plantations are set up in areas with high
groundwater levels [7]. Considerable water reserves stored in the soil in spring can
satisfy the requirements of the plants during the short-term drought occurring in May
and June. However, if the period of drought lasts longer, it can result in weakening or
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even drying out of a plant. Especially on light and poorly humus soils which do not
have sufficient rainwater storage capacity, additional irrigation is necessary. It should
be remembered that the depth of the main mass of blueberry roots is from 5 to 35 cm.
The blueberry has the highest water requirement at the moment of intensive fruiting,
Water shortage at that time usually results in a decrease in the volume and quality

of the yield and a deterioration in the condition of shrubs; therefore a commodity
plantation without an irrigation system poses a very high risk. One must also bear in
mind that varieties derived from the Vaccinium corymbosum species do not tolerate
cultivation on dry soils and most often require irrigation. Varieties originating from
Vaccinium angustifolium are considered more resistant to drought [6]. Despite the com-
mon opinion that blueberries have high water requirements, one must remember that
soil moisture should be stable [9, 10]. At plantations, water cannot be stored for long
periods of time since plants can die if the soil is too moist (Figure1).

In addition to specific water requirements, high blueberry also has specific
settlement requirements. High blueberry grows best at quiet, sunny and warm
positions. The neighbourhood of large water bodies which will mitigate tempera-
tures during the year and the proximity of forests, providing protection against
destructive climatic factors, has a good influence on cultivation. Blueberry planta-
tions should never be set up in basins and recesses of the land, where cold air masses
flow down creating frost stagnation. In the area where a significant lowering occurs
in order to protect the blueberry shrubs from frost damage during the flowering
period, it is necessary to establish a percoronal anti-frost irrigation intended to
protect the flowers. Moreover, peat soils with a pH of 3.5-4.0 are best suited to the
cultivation of this species in terms of soil requirements.

When choosing plantation locations, it is worth remembering that sandy soils
are more suitable than heavy soils. This is confirmed in studies conducted by Cho
et al. which have shown that clay soils are not useful for the cultivation of highbush
blueberry in the Damyang Province, Korea [11]. It is important that the substrate has a

Figure 1.
High blueberry bush growing in a place flooded with water.
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stable water content because the roots of the highbush blueberry are sensitive to both
the excess and the deficiency of water [9]. It is worth remembering that like all heather
plants of the Ericaceae family, the highbush blueberry has a root system consisting
of very thin and numerous roots with a diameter of 17-50 pm without root hairs [2].
The lack of root hairs results in restrictions that plants have to cope with, for example,
through symbiotic coexistence with mycorrhizal fungi. One of the most common types
of mycorrhiza is endomycorrhiza, which is estimated to be found in almost 90% of
vascular plant species. Thanks to this symbiosis, plants are better supplied with water,
phosphorus, nitrogen and trace elements [12]. On the other hand, the plant provides
mycorrhizal fungi with assimilates. Trophic influence of mycorrhizal fungi results
from their decomposition of caries and making components in an assimilable form
available to plants. A better supply of phosphorus to plants is the result of increased
phosphatase secretion by fungi, which enables mineralisation of organic phosphorus
compounds in the soil. This is particularly important in the case of weaker or degraded
soils, where fungus cells penetrate root-inaccessible and remote areas of the soil
through threaded shreds, extracting nutrients and passing them on to the plant. Proper
nutrition additionally increases the plant’s resistance to stress caused by drought or
excessive salinity. It should be noted that mycorrhizal fungi—apart from trophic sup-
port—can protect plants against both abiotic stress (drought, inadequate acidity of the
substrate, inadequate light intensity) and biotic stress (soil pathogens). The mycor-
rhizal mycelium surrounding the root hinders the penetration of pathogens, and the
additional layer of lignin formed in cells increases their resistance to the effects of pos-
sible infection. Before deciding to use a commercially available mycorrhizal vaccine for
heather plants, it is important to ensure that the soil is properly prepared. According
to the research conducted by Zydlik et al. owing to the use of a mycorrhizal vaccine, it
is possible, to a certain extent, to mitigate the adverse effect of pH on the biochemical
properties of soil and plant yielding [13]. According to many authors, a positive effect
of mycorrhiza on the growth, development and nutrition of heather plants growing on
soils with inadequate pH and deficient basic nutrients was observed [14]. Mycorrhiza
protects plants against abiotic stress (drought, salinity, temperature, pH) and biotic
stress [15-17]. Mycorrhizal fungi facilitate transport of water and nutrients from the
soil by the plant to the surface parts [18-20]. According to Smith et al. [21] and Hu
etal. [22], the effect of mycorrhizal fungi decreases with a high content of nutrients,
especially phosphorus in the soil. During the vegetation season, preparations improv-
ing soil properties can also be used [21, 22]. These are mostly preparations containing
humus substances, which are recommended as an alternative to fertilisers in organic
farms [23]. American authors pay special attention to the very high biological activ-
ity of humic acids secreted from leonardite and indicate that the content in organic
materials (lignite, peat) is not as high as in the mineral [24-26].

Moreover, blueberry plantations are long lived and properly exploited and
can produce satisfactory yields even for 30-40 years. Therefore, it is important
to make every effort to prepare the position properly. The thorough removal of
perennial weeds is particularly important. To that end, it is advisable to combine
tillage (ploughing, deep loosening and harrowing of the fields) with the use of
systemic herbicides. For this purpose, such agents are useful as, for example, the
Roundup 360 SL herbicide in the dose of 5-8 1 ha™ or Glifoherb 360 SL containing
glyphosate, which remains in the soil shortly, Chwastox Extra 300 SL in the dose of
3-3.51 ha ' and Starane 250 EC in the dose of 1-2 1 ha™". It should be remembered
that the listed herbicides are foliar systemic agents and are recommended for appli-
cation to green grown weeds with a height of not less than 10-15 cm [27]. In addi-
tion, when preparing the soil for new plantings, it is worth paying attention to soil
pests, which can pose a serious threat to the success of the crop. The most common
are shoots, wireworms and swellings. The shoots damaging the blueberry roots are
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mainly larvae of the cockchafer (Melolontha melolontha L.). The full development of
the pest from laying eggs by the females to the soil takes 3—4 years. While feeding,
larvae eat small roots and bite the bark from thicker roots and from the root neck of
blueberries, leading very often to weakening the growth of shrubs and in extreme
cases even to their dying out. On the other hand, wireworms are larvae of the beetle
family (Elateridae), the most common of which is the farmer’s seeder (Agriotes
lineatus L.). Harmfulness of wireworms in the case of highbush blueberries results
from feeding on roots and drilling corridors therein, which significantly weakens
plants. Adults of swellings (beetles) feed on leaves leaving characteristic crescent-
shaped bites, while larvae feed on roots leading to their dying. The best period to
assess the condition of soil pests is August or the first half of September, before
setting up the plantation. In order to determine the risk, 32 diagonal points should
be determined over the area of 1 ha. At these points, soil should be sampled from
holes with the dimension of 25 cm x 25 cm and 30 cm depth (this corresponds to a
field area of 2m?). The soil samples collected should be passed through a sieve, and
the larvae of the pest species found shall be counted. The harmfulness threshold for
blueberries is assumed at a level of 1 shoot and 1 wireworm and 10 swellings on the
surface of 2 m? [9]. Before setting up the plantation, in order to limit the number

of shoots, it is recommended to use a disc harrow to till the soil several times, at

the turn of April and May and August, and a buckwheat tillage, which releases
tannins that inhibit the development of shoots. Entomopathogenic nematodes

such as Heterorhabditis bacteriophora, which are found in the Larvanem prepara-
tion, are used for biological control of these pests. The nematodes contained in the
preparation get inside the larvae of swellings through the natural body openings
(mouth, anus or lentils) and feed there. Specific bacteria are then released from the
gastrointestinal tract of the nematodes, which disperse inside the insect body and
multiply intensively. These bacteria break down host tissues into substances that
can easily be taken up by nematodes. The larvae of a swelling die within several
days. The infected larvae turn orange-red to reddish-brown. At present, there are no
chemical agents for combating soil pests registered for use in blueberry cultivation.
Producers in Georgia point to a new threat emerging at commodity plantations,
which is the blueberry re-plantation disease. It may be caused by root nematodes
(Paratrichodorus, Pratylenchus). Studies on the number of nematodes colonising the
blueberry root system zone show that Paratrichodorus renifer and Mesocriconema
ornatum species have the highest share in soil colonisation. The number of
Pratylenchus penetrans species, a harmful rootstock, was definitely lower [28, 29].
One of the nematodecidic preparations approved for use is the preparation Vydate
10G containing oxamyl—it requires mixing with soil to the depth of 10-15 cm,
preferably using a ripper. Nemasol 510 SL (active substance sodium methane) and
Basamid 97 GR (dazomet) also belong to the group of nematocydes. These nema-
tocydes are registered only for use on strawberry plantations. Nematodes should be
combated before planting shrubs.

Another important issue in the preparation of soil for the plantation of high-
bush blueberry which is worth noting is the humus content of the soil. In the
majority of Poland, the humus content in the soil is insufficient and usually ranges
from 0.5 to 1.5%, which is definitely insufficient for high blueberry. The minimum
level of humus in the soil for blueberry is 3%. Research carried out in 2015 showed
that in 62.9% of soils, the humus content was 1-2%. The reason for low humus
content in cultivated soils is its biological degradation. Low humus sustainability
in cultivated soils is a result of intensive mineral fertilisation and mechanical treat-
ment resulting in strong aeration of the soil. Soil caries are responsible, among
others, for the tuberous structure of the soil, and the associated air-water relations
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increase the capacity of the soil sorption complex, thus reducing nutrient leaching
to groundwater and improving soil retention properties. Humus substances are
also attributed to a positive effect on the activation of microorganisms, improve-
ment of soil physical properties, better absorption of nutrients by plants and
stimulation of plant growth by supporting their life processes [30]. The most com-
mon sources of humus in the soil are plant residues, dead bodies of macrofauna
and mesofauna as well as dead microorganisms and organic fertilisers in the form
of manure or compost [31].

In order to increase the humus content of the soil, green fertilisers can be sown
before setting up the plantation. For this purpose, it is recommended to use phyto-
sanitary plants which show antagonistic activity towards harmful soil microorgan-
isms and support the development of beneficial soil microflora. Phytosanitary
plants include, among others, velvet (Tagetes L.), white mustard (Sinapis alba),
oil radish (Raphanus sativus var. oleifera), spring rape (Brassica napus), oat (Avena
sativa), rye (Secale cereale L.) and asparagus (Asparagus officinalis L.). It should be
borne in mind that the action of phytosanitary plants is related to specific com-
pounds produced by plants and released to the soil environment through roots or as
aresult of the biomass decomposition. For example, velvet has strong insecticidal
and paralytic properties due to the rapid effect of pyrethrin on the nervous system.
Velvet growing for at least 3-4 months is able to reduce the number of nematodes
in the soil by up to 80%. Velvet is not only a valuable phytosanitary plant but also a
rich source of organic matter and has a high fertilising value. The nematode killing
effect of the velvet may also be important in reducing the population of Pratylenchus
penetrans and Paratrichodorus renifer and Mesocriconema ornatum, which are con-
sidered as numerous parasitic species on heather plants, which may be one of the
causes of blueberry replanting disease. The occurrence of these nematodes dam-
ages mainly young roots, limiting plant growth and causing a reduction in yield by
40-50%. White mustard seed (Sinapis alba) and oil radish (Raphanus sativus var.
oleifera) also have a nematising effect [32, 33].

In addition, creating appropriate conditions for blueberry growth often requires
lowering the soil pH. Soil acidification is usually carried out in two ways. The first
one consists in delivering sulphur to the position and its shallow mixing with soil.
For this purpose, dusty sulphur or Wigor S (granulated fertiliser containing 90%
sulphur) is used. The advantage of using Wigor S is that it is not blown away from
the field; it is easily soluble in water and quickly penetrates into the soil absorption
complex and removed calcium from it. It should be remembered that one can carry
out sulphurisation of soil at least 1 year before the planned date of plantation setup.
The sown sulphur should be mixed with the soil using a disc harrow, cultivator or
soil ripper [20]. Doses of sulphur depend on the type of soil and its pH (Table 2).
The lighter the soil, the smaller the single dose of sulphur. The maximum single
quantity of sulphur supplied should not exceed 300 kg. After application, sulphur
should be ploughed to a depth of 10-20 c¢m in order to accelerate the acidifying
effect of sulphur. If the current pH of the soil differs slightly from the optimum one
for blueberry cultivation, acid peat, ground pine bark or sawdust from coniferous
plants should be used locally in the holes under plants. In commodity plantations,
furrows can be ploughed into which sawdust or pine bark will be poured, and then
150-200 kg of ammonium sulphate can be poured and mixed with soil using a
ripper or cultivator. The additional use of ammonium sulphate will enable to reduce
competition for nitrogen between blueberry roots and bacteria that decompose
the organic material brought to the soil. The second method of acidification is very
commonly used in amateur farming, where partial replacement of soil and dress-
ing of holes before planting shrubs are easier. For hole dressing, 5-10 1 of sawdust
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Variety Ripening time

Duke Early
Spartan

Bluecrop Medium-early
Bluegold

Calypso

Draper

Toro

Valour

Chandler Medium-late
Lateblue

Aurora Late
Last call
Liberty

Table 2.
List of the most common varieties of commercial plantings in Poland.

or peat should be used for every plant. If the soil is very compact, hindering the
development of fine roots, coarse sand can be additionally introduced at a ratio of
2:1:1. This treatment lowers the pH of the substrate while providing the plants with
caries for years to come.

High blueberry shrubs, like other fruit plants, can be planted in autumn or
spring. Each of these periods has its own advantages and disadvantages. The
biggest disadvantage of autumn planting of shrubs is a possibility of freezing of
shrubs in the winter. High blueberry shrubs are produced in containers (2-3 1
pots) or root balled. Such material can be planted theoretically during the entire
vegetation period, but the most often recommended time is the period of spring
planting of plants. Regardless of the planting time, providing the plants with
plenty of water should be always kept in mind. The material most commonly used
to establish a plantation is 2 or 3 years old and has a well-developed root system.
At commercial plantations, planting of blueberry shrubs is usually recommended
with 3.0 x 1.0 m spacing. The belt and row planting system with 3.2 x 1.2 x 1.25m
spacing is used less frequently. Shrubs should be planted 2-3 cm deeper than they
grew in the container.

In addition to the aforementioned factors related to land selection and soil
preparation, the choice of variety is of great importance in the cultivation of
blueberry. The value of a cultivated variety is determined by its biological proper-
ties and economic characteristics. Biological properties include the longevity of
the shrubs, soil and climatic requirements, the time when the vegetation starts and
ends, the time when the berries start to bear fruit, the fruitfulness and ripeness of
the berries and resistance to diseases and pests. Equalisation of fruits, that is, their
size and number of berries in the cluster and their taste and usable value, resistance
of fruits to transport and durability in commodity trading are the economic features
of significant importance. In our climatic zone, the varieties of North American ori-
gin are grown most often. Until recently, the leading variety most commonly found
at plantations was the ‘Bluecrop’ variety, while nowadays such varieties as ‘Liberty,
‘Chandler’, ‘Duke’ and ‘Aurora’ are most willingly planted (Table 2).

However, for the preparation of high blueberry plantation, the soil class is less
important because the blueberry is an extremely resistant plant which has rela-
tively low nutritional requirements. The appropriate quantity of water and regular
enrichment of the settlement with humus using peat or sawdust guarantee the
success of the cultivation.
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3. The pro-health properties of blueberry fruits with a wide range
of biological effects

Highbush blueberry (Vaccinium corymbosum) fruit is a particularly rich source
of antioxidants [34]. Those compounds are mainly represented by flavonoids
including anthocyanins, flavonols and flavanols, and polyphenolic compounds,
which are represented by phenolic acids, tannins and stilbenes [35], which have
high antioxidant capacity against hydrogen peroxide, superoxide radicals, peroxyl
radicals and singlet oxygen [36]. Many studies have indicated that the blueberry has
several beneficial health properties associated with the presence of such bioactive
compounds [37]. These compounds may play a crucial role in the prevention of
many chronic diseases.

3.1 Anthocyanin

Anthocyanins in blueberry fruits comprise a large group of water-soluble
pigments. In fruits, they are found mainly in the external layers of the hypoder-
mis (the skin). In cells, they are present in vacuoles in the form of various sized
granules [38]. Anthocyanins are part of the very large and widespread group of
plant constituents known collectively as flavonoids [39]. It has been found that
blueberry anthocyanins may prevent multiple chronic diseases such as cancer [40],
cardiovascular disease, diabetes [41] and age-related neurodegenerative decline
[42]. Generally, anthocyanins have been reported to reduce damage caused by free-
radical activity such as low-density lipoprotein oxidation, platelet aggregation and
endothelium-dependent vasodilation of arteries [43]. The potential mechanisms by
which anthocyanins may prevent colorectal cancer may relate to apoptosis induc-
tion and cell-cycle arrest as well as inhibition of proliferation, inflammation and
angiogenesis [44].

3.2 Polyphenolic compounds

Polyphenols are a large class of natural compounds that have high antioxidant
capacity and potential beneficial human health effects. These effects include anti-
oxidant, anti-allergic, anti-inflammatory, anti-viral, anti-proliferative, antimuta-
genic, antimicrobial, anti-carcinogenic, protection from cardiovascular damage and
allergy, microcirculation improvement, peripheral capillary fragility prevention,
diabetes prevention and vision improvement [35, 45]. These classes of compounds
also appear to have positive effects on the cardiovascular system, which may be due
to their ability to act as free radical scavengers or by other mechanisms [46].

3.3 Antioxidant activity

Overproduction of reactive oxygen species (ROS), such as superoxide anion,
hydrogen peroxide and peroxyl radicals, and reactive nitrogen species (RNS),
such as nitric oxide and peroxynitrite radicals, could lead to oxidative stress and
nitrosative stress, respectively. These reactive species can damage proteins, lipids
and DNA, leading to lipid peroxidation, altered signal transduction pathways and
the destruction of membranes and organelles [47]. The balance between ROS and
antioxidants in biological systems is referred to as redox homeostasis [48]. In order
to combat oxidative stress, there are several types of endogenous enzymatic antioxi-
dants such as superoxide dismutase (SOD), catalase (CAT) and peroxidases (POD),
as well as nonenzymatic glutathione, ascorbate, carotenoids and polyphenolic
compounds [47].
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As arich source of antioxidants, blueberry bioactive components exert an
important role against oxidative insults [49]. The antioxidative activity of com-
pounds found in blueberry fruits relies on various mechanisms, subject to their
structure. Flavonoids inhibit lipid oxidation; they chelate metals and scavenge the
active forms of oxygen [50]. Anthocyanins, which are a flavonoid subgroup, inhibit
the oxidation of human low-density lipoprotein and liposomes and scavenge free
radicals [51]. They are also the most effective natural antioxidants and are shown
to have significant anti-ageing, anticancer and immunoprotective effects [52].
Glycosylation of an anthocyanin decreases radical scavenger activity compared
with the aglycone, as it reduces the ability of the anthocyanin radical to delocalise
electrons [53, 54]. Anthocyanins also protect ascorbic acid against oxidation [55].
Polyphenolic compounds protect the easily oxidisable food compounds. They
inhibit the oxidation of vitamin C, carotenoids and unsaturated fatty acids [56].
Blueberry fruits also contain vitamin C, provitamin A, carotenoids and E and B
vitamins that can contribute to antioxidant protection [57].

In addition, the anticancer effects of berry bioactive compounds reduce and
repair damage resulting from oxidative stress and inflammation [58]. Those berry
phytochemicals may also potentially sensitise tumour cells to chemotherapeutic
agents by inhibiting pathways that lead to treatment resistance, and consumption
may provide protection from therapy-associated toxicities. These include effects on
cellular differentiation and apoptosis and effects on proteins and enzymes that are
involved in these processes.

3.4 Effects of blueberry fruit consumption on human health

Blueberries constitute one of the most important sources of potential health sup-
porting phytochemicals in the human diet [58]. The dietary consumption of berries
has positive effects on human health and diseases [37, 39]. Blueberry fruits are a
rich source of ascorbic acid and phenolic compounds, particularly phenolic acids,
anthocyanins, proanthocyanidins and other flavonoids, which prove to be ben-
eficial to human health [58]. Their biological activities include protection against
the incidence and mortality rates of cancer and protection against ischemic heart
disease mortality, and they have antitumourigenic, antimicrobial, anti-inflamma-
tory allergic and antimutagenic properties. Therefore, the use of phytochemicals as
dietary supplements is growing.

However, what dose of a single antioxidant should be used as a dietary supple-
ment? Natural phytochemicals at the low levels present in fruit and vegetables offer
health benefits, but these compounds may not be effective or safe when consumed
at higher doses, even in a pure dietary supplement form. Generally, taking higher
doses increases the risk of toxicity. In the case of antioxidant nutrients, the proper
physiologic dose should follow the recommended dietary allowance [59]. The
pharmacologic dose is not equal to the physiologic dose and in some cases can be
toxic. For example, in a human study, 30 healthy individuals whose diets were
supplemented with 500 mg vitamin C/dose showed an increase of oxidative damage
in the DNA isolated from lymphocytes [48].

4. Effect of factors on blueberry bioactive substances
Many factors that may impact antioxidant activity and composition in blueberry

fruits include cultivar, environmental conditions, degree of ripeness, storage and
food processing.
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4.1 Cultivars

It is known that the content of phenolic compounds in berry fruits is also
affected by genetic differences among cultivars of Vaccinium corymbosum [60-62].
Similarly, there is considerable variability in the antioxidant capacity of different
cultivars [63, 64]. The genotype and maturity have effects on the activity and com-
position of antioxidant compounds of whole, skin and pulp fruits from highbush
blueberry. Total antioxidant activity and the content of bioactive compounds in ripe
fruits varied among the cultivars.

4.2 Degree of ripeness

The content of antioxidants in blueberries varied among the developmental
stages of fruits. An increasing maturity at harvest of blueberry cultivars yielded
fruits with higher antioxidant, anthocyanins and total phenolic contents [65, 66].
By contrast, Castrejon et al. found that polyphenolic compounds’ concentration
and antioxidant activity in highbush blueberry fruits decreased from unripe green
to ripe blue stages of fruit maturity [67]. Total flavonoids and vitamin C levels in
blueberry fruits were also decreased as the fruits grow [68]. Those antioxidants in
green fruits were highest and blue fruits were lowest. Total phenolic contents and
total flavonoids in fruit skin were much higher than in other tissues, which may
indicate that the skin has the higher antioxidant performance.

Additionally, total antioxidant activity in unripe green and fully ripe fruits was
high, whereas the lowest levels were found in intermediate ripe fruits [63]. Obvious
differences in the antioxidant enzyme activities were observed among different
developmental stages of fruit and tissues [68]. In the skin, pulp and blue fruit, gen-
erally SOD, POD and CAT were the highest in the skin, followed by the blue fruit,
and the pulp content was the lowest, while the opposite was found in the PPO. The
antioxidant enzyme activities in fruit are mainly influenced by species, environ-
mental conditions, fruit maturation, variability over the years, harvest season and
other factors.

4.3 Storage condition

Blueberry fruits are commercialised in different ways, mainly as fresh or frozen
products. Freezing and drying are two possible methods to preserve blueberries,
but the severity of both processes might destroy anthocyanins or their antioxidant
effects [69].

The bioactive compounds in highbush blueberry fruits can be stored only for
6 weeks under controlled atmospheric conditions, in which none of the cultivars
showed a significant decrease from the harvest antioxidant activity value in
fruits [70].

In the condition of storage at 5°C, the level of bush ripeness had no significant
effect on antioxidant activity, total phenolic content or anthocyanin content; how-
ever, fruit maturity had a significant effect on antioxidant activity, total phenolic
content and anthocyanin content. The content of those bioactive substances was
strongly correlated with each other. An increase in antioxidant activity, total pheno-
lic content and anthocyanin content may occur in blueberry during cold storage and
is cultivar dependent [61, 62].

The influence of storage conditions on anthocyanin stability for blueberries
stored frozen was also investigated. Concentration of anthocyanins in frozen blue-
berries was significantly reduced; more than 50% degradation of the anthocyanins
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was found after 6 months of frozen storage [71]. However, when drying was
preceded with osmotic dehydration, a small amount of anthocyanins in blueberry
fruits were lost [69].

4.4 Food processing

Many fruit-based foods are processed into products such as beverages, baked
goods or confectionaries. Processing and preservation methods, such as hot air
drying, freezing/thawing, freezing/osmotic pretreatment and microwave drying,
are popular techniques for blueberry fruit preservation [72]. The processing treat-
ments that the fruit undergo may have a detrimental effect on their phytochemical
antioxidant.

Regarding the influence of processing methods, the antioxidant capacity is
decreased by food processing practices, such as heat or aeration [60]. There was
a slight increase in anthocyanin content of the highbush blueberry fruit when
processed at 20°C; however, there was no change in the oxygen radical absorbing
capacity. A slight increase in total anthocyanin value after some thermal pretreat-
ment processing was recorded [73]. Blanching of blueberries at 85°C for 3 min
resulted in about 7% growth of anthocyanin. However, the anthocyanin content
of thermally treated blueberries, osmodehydrated, or air dried at 70°C decreased
by about 30% [74]. The amount of anthocyanins after freeze-drying is also lower
probably due to their degradation.

The antioxidant capacity of the blueberries was superior. The pomace exhibited
high activity, albeit lower than that of the fruit; however, after processing, the
flour and the dried blueberries lost 66 and 46% of the original antioxidant activity,
respectively [75]. The average anthocyanin contents of the fruits were moderate
compared to other sources and species of blueberries. The pomace contains a large
amount of anthocyanins, while the flour and dried blueberries exhibited a 32 and
42% loss in anthocyanin content, respectively.
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