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Abstract

Lingonberry (Vaccinium vitis-idaea L.) is an economically important fruit crop
conventionally propagated by vegetative stem cutting. The present study is an
investigation of the effects of different propagation methods as well as different
geographical locations on the antioxidant properties of lingonberry plants. The study
also aims to determine neuroprotective effects of the lingonberry fruits and leaves
against glutamate-mediated excitotoxicity. In this study, it was observed that the leaves
of in vitro- derived plants exhibited significantly higher antioxidant enzyme activities as
compared to those obtained from ex vitro propagation. The total soluble phenolics,
tannins, and flavonoids were enhanced in fruits of the in vitro-propagated plants,
whereas in leaves, the levels of these metabolites (except flavonoids) were decreased in
the in vitro-derived plants.

The study determined that the lingonberry clones collected from different
geographical locations showed variability in terms of their antioxidant compounds. A
positive correlation was observed between the levels of antioxidant compounds and
latitude, altitude, reduced temperature and increased precipitation. Although the clones
have been maintained in the same greenhouse environment under similar conditions for
about 10 years since their collection date, the climatic conditions had an effect on their
adaptation at the developmental stage influencing plant genotypes.

The effect of lingonberry extracts were determined on cells subjected to

excitotoxicity by treating brain cell cultures of 1 to 2 day old rat pups with glutamate



(100 uM) for 24 hours in order to damage the cells by excitotoxicity. Glutamate
treatment caused a ~20% cell loss when measured after 24 hours of exposure. While
lingonberry fruit extract did not provide protection from glutamate toxicity, leaf extracts
showed a significant neuroprotective effect. The greater protective effect of leaf extracts
was in correlation with the levels of phenolics and antioxidant capacity.

In conclusion, the findings in this dissertation suggest that the tissue culture
propagation technique has great advantages especially in enhancing antioxidant
compounds as well as for increasing vegetative growth in lingonberry plants. Our
findings also suggest that antioxidant levels increase with reduced temperature,
increased precipitation, latitude and altitude. Overall, the antioxidant capacity of
lingonberry leaves would be potentially beneficial for neuro-protection and slowdown
of brain aging, and consumption of lingonberry products could have positive effect on

human health.
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Chapter 1

Literature Review

The goal of this chapter is to provide a basic introduction to lingonberry plants and their
propagation methods. The fundamental ideas and basic terms implemented throughout this
dissertation i.e., oxidants, reactive oxygen species, antioxidants, etc are also described in this
chapter. To further illustrate plant antioxidant systems, their components are presented briefly.

1.1. Introduction

Berries of Vaccinium species are known for their antioxidant activities and have been
extensively studied in the past decade. Blueberry (Vaccinium angustifolium Aiton),
cranberry (Vaccinium oxycoccos L.) and lingonberry (Vaccinium vitis-idaea L.) are the
three commercially important berry crops of Vaccinium species. Other berries of Vaccinium
species include bilberry (Vaccinium myritillus L.), red huckleberry (Vaccinium paryifolium
Sm.), sparkleberry (Vaccinium arboreum M.) and creeping blueberry (Vaccinium
crassifolium Andr.). Vaccinium berries are characterized by fleshy fruits with high
ascorbate and anthocyanins levels (Yao & Vieira, 2007). Berries contain micronutrients that
are essential for human health and are rich source of phenolic compounds, such as phenolic
acids, flavonoids and anthocyanins (Zheng & Wang, 2003). Health benefits of berries have
been reported by several research groups. It was reported that these fruits possess
antioxidant, anti-tumor, anti-ulcer and anti-inflammatory activity (Zafra-Stone ef al., 2007).

Berries have been shown to exhibit a wide range of biological effects such as



anticarcinogenic (Ames, 1983; Knekt ef al., 1997; Juranic et al., 2005; Mertens-Talcott et
al., 2003) and protection against cardiovascular diseases (Hertog 1993; Keli ef al., 1996)
and some other degenerative diseases caused by oxidative stress (Ames et al., 1993). Many
species from this family are utilized as commercially important fruit crops, medicinal
plants and ornamental landscape ground cover (Jaakola er al., 2001). Cranberry
proanthocyanidins have shown to maintain urinary tract health (Foo et al., 2000a,b; Howell
et al., 2005) and inhibit acid-induced proliferation of human esophageal adenocarcinoma
cells (Kresty et al., 2008). A plethora of literature is available on wild blueberries in animal
model systems emphasizing their protective effects (Norton et al., 2005; Kela et al., 2009;
Kristo, et al., 2010; Del Bo’ et al., 2013). It has been reported recently that the
consumption of wild blueberries for six weeks significantly decreases oxidized DNA and

increases resistance to damage caused by oxidative stress (Riso et al., 2012).

The protective effects of these berries against the diseases and disorders mentioned
above are attributed to antioxidant compounds especially polyphenolic compounds and
some other low molecular weight phytochemicals. A correlation between antioxidant
activities and the total phenolic content has been reported in raspberries (Anttonen &

Karjalainen, 2005). Our studies on lingonberry support this correlation.



1.2. Lingonberry: Biology and Systematics

Lingonberry (Vaccinium vitis-idaea L.), also called partridgeberry in Newfoundland and
redberry in Labrador, is a rhizomatous low creeping evergreen shrub which grows in Eurasia
and North America (Luby et al, 1991). There are as many as 25 regional names of
lingonberry such as northern mountain cranberry, mountain bilberry, lingberry, foxberry and
cowberry (Burt & Penhallegon, 2003). The morphological characteristics of lingonberry
include fused petals, leathery leaves and terminal flower buds (Rabaey et al., 2006).
Lingonberry fruits are bright red to dark red in color and weigh 0.17 to 0.45 g and flowers are

bell-shaped and white or pink in color (Penhallegon, 2006).

Newfoundland and Labrador is the largest lingonberry producing region in North
America (Penny et al., 1997), with about 140,000 kg harvested annually from native stands
for processing, mostly for export (Jamieson, 2001). Lingonberry can withstand harsh
environmental conditions and hence it is a widely distributed plant species. It has a
circumpolar and circumboreal distribution (Trajkovski, 1987; Small et al, 2003).
Furthermore, acidic soils with pH range from 4.3 to 5.5 are favorable for lingonberry growth

(Ailor & Penhallegon, 1999).

1.2.1. Lingonberry Taxonomy

Lingonberry (Vaccinium vitis-idaea L.) belongs to the family Ericaceae and genus
Vaccinium. The Ericaceae is also known as the heather family and is geographically

widespread. In Canada, 18 genera represent some of the most important native medicinal and



edible plants within this family include blueberry, bilberry, cranberry, Labrador tea and
bearberry (Scoggan, 1979). This family is highly ornamental and includes mostly shrubs and

small trees.

The Ericaceae family belongs to the order Ericales which consists of about 4500 species
of plants which are divided into 8 families with 160 genera (Lens et al., 2003). The eight
families are: Cyrillaceae, Clethraceae, Grubbiaceae, Empetraceae, Epacridaceae, Pyrolaceae,
Monotropaceae, and Ericaceae. The family Ericaceae consists of about 90% species of the
order Ericales. It was reported that the Ericaceae family is amongst the top 10 families among

plants used as traditional medicine (Saleem et al., 2010).

Harborne and Williams (1998) have reported the distribution of flavonoids and simple
phenolics in the leaves of 334 species of Ericaceae and found that these species are rich source

of flavonoids and simple phenolics (Saleem et al., 2010).

1.2.2. Lingonberry Types

There are two subspecies of lingonberry: (1) Vaccinium vitis-idaea ssp. L. vitis-idaea
Britton, which is widespread in Europe and northern Asia (2) Vaccinium vitis-idaea L. ssp.
minus Hult, which is abundant in Iceland, Greenland, North America, Northern Asia and
Scandinavia (Luby et al., 1991; Penney et al., 1997). The subspecies vitis-idaea blooms twice
each year, March to April and July to August while the subspecies minus blooms only once a

year, in June or July (Penhallegon, 2006).



These two subspecies of lingonberry are distinguished mainly by their height and leaf
size. The average plant height of ssp. minus is less than 20 cm and on the other hand the
height of ssp. vitis-idaea is usually more than 30 cm (Fig. 1.1). The average leaf size of ssp.
minus is 1 cm x 0.5 cm which is much smaller than that of ssp. vitis-idaea whose average leaf
size is 2.5 cm x 1 cm (Fernald, 1970; Welsh, 1974). The lingonberry ssp. vitis-idaea comprise
of the following 16 cultivars: Ammerland, Erntedank, Erntekrone, Erntesegen, European Red,
Ida, Koralle, Koralle/German, Linnae, Masovia, Regal, Sanna, Scarlet, Splendor, Red Pearl

and Sussi.



Figure 1.1. Pictures representing the two types of lingonberries (A) ssp. vitis-idaea (B) ssp.
minus, showing differences in their morphology.



1.3. Propagation Methods

The conventional methods of lingonberry propagation, either from seeds or from stem

cutting and rhizome division are very common (Penhallegon, 2006). Different propagation

methods will be discussed briefly in the following sections.

1.3.1. Sexual Propagation

The propagation from seed is a sexual method wherein the genetic materials of the two
plants are combined to produce a new plant. Vaccinium species are genetically heterozygous

and therefore, do not produce progeny identical to the mother plant.

1.3.2. Vegetative Propagation

A vegetative method of propagation is a form of asexual reproduction in plants. In this
method, a vegetative part or tissue from one plant is used to reproduce its clone (replica). The
clone is a genetically identical plant propagated asexually from a single reproduction. The
vegetative propagation methods include stem cutting, grafting, budding, and

micropropagation, and are described as follows.

1.3.2.1. Vegetative Propagation by Stem Cutting

Traditionally, Vaccinium species are produced by vegetative means to retain the desired

genetic characteristics and to allow the rapid production of plants. The most common



conventional method of vegetative propagation is by softwood cutting. The young, soft, first
year branches with meristem are taken from the mother plant to produce its clones. Meristems
are the tissues consisting of undifferentiated cells that produce new cells. These new cells then
differentiates into several tissues and eventually form different organs of the plant (Castellano
& Sablowski, 2005). The young stem cuttings of about four to five centimetres are then
provided with potting soil pots which could be supplemented with growth hormones. These
stem cuttings are allowed to grow for several weeks with proper soil maintenance,
fertilization, weed removal and regular irrigation. The meristem tissues of growing stem
differentiate into distinct parts to transform into a complete plant. Figure 1.2 represents the

morphology of a fully-grown lingonberry cultivar “Splendor” propagated by softwood cutting.

Figure 1.2. Lingonberry cultivar “Splendor” propagated by conventional softwood cutting.



1.3.3. In vitro Propagation

“In vitro” 1s a Latin term which means “in glass” or in an artificial environment created
outside the living organism. Different tissue culture techniques are carried out in vitro for
rapid production of new plants using tissues or tiny pieces from the mother plant. This is also
called micropropagation since a small piece of plant is used to derive a new plant. A tissue
from the mother plant is provided with growth medium mainly containing micro and macro
nutrients, carbon source, growth hormones and vitamins. The entire procedure is carried out in
a sterile environment and growth media are changed regularly. The tissue culture technique is

a very efficient micropropagation method for economically important plants (Hosier, 1989).

Plant tissue culture and regeneration relies on two basic concepts: totipotency and
plasticity. Plasticity is the ability of the plant tissues to alter their metabolism according to the
environment which suits best for their growth and development. Haberlandt (1902) first
explored plant cell culture to study morphogenesis and the concept of totipotency. Totipotency
is the ability of a cell to develop into any cell type. As a result, when a plant is provided with a
correct stimulus, it develops into a plant identical to the plant from which it originated. It is a
characteristic of the cells in young tissues and meristems, and can be exhibited by some
differentiated cells. However, it cannot be exhibited by those tissues that have developed into
terminally differentiated structures like sieve tubes or tracheids. An in vitro environment
causes plant cells to exhibit a high degree of plasticity, which results in development of

different types of tissues from a single tissue by totipotency.



Tissue culture could be carried out in three different ways: i) from pre-existing buds
through shoot proliferation (axillary shoot proliferation), i1) following shoot morphogenesis
through adventitious shoot regeneration (adventitious shoot regeneration), and iii) through the

formation of somatic embryos (Murashige, 1962).

1.3.3.1. Axillary Shoot Proliferation

In the axillary shoot proliferation method, the existing meristems grow and proliferate
from the explants once removed from the parent plant. The apical and axillary buds or
meristematic region of a stem tip are isolated from the mother plant and provided with the
culture media in a controlled environment. Axillary shoot proliferation from the apical or
axillary buds is initiated by providing them with a high cytokinin concentration (Fig. 1.3). For
the commercial mass production of plants, propagation by axillary shoots proliferation is the

most commonly used and reliable method to produce clones (Chawla, 2002).
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Figure 1.3. Lingonberry plants propagated by axillary shoot proliferation (node tissue culture)
(A) 6 weeks old and (B) 10 weeks old.
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1.3.3.2. Adventitious Shoot Regeneration

Adventitious shoot formation is one of the pathways of in vitro plant regeneration,
wherein the adventitious meristems may arise on stems, roots or leaf explants directly under
the influence of growth hormones like cytokinins and auxins (Vookova & Gajdosova, 1992).
Figure 1.4 represents a developing lingonberry plant propagated by adventitious shoot
regeneration from excised leaves. The requirement of exogenous auxin and cytokinins for this
process depends on the endogenous levels of hormones present in the tissue and hence varies
with the tissue culture system (Davey & Anthony, 2010). Adventitious organs like buds and
shoots may originate from calluses or near existing vascular tissues. This observation led to an
idea of totipotency (Chawla, 2002). The generation of shoots from vegetative tissue of plants
in reliable fashion allows the manipulation of genetic makeup in lingonberry to develop new

cultivars with desired characteristics (Debnath & McRae, 2002).

In lingonberry, the regeneration of adventitious shoots from excised leaves was first
reported by Debnath and McRae (2002). This technique has been very efficiently applied
subsequently for many commercially important crops (Debnath, 2005) and is very frequently

used in micropropagation.
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Figure 1.4. Eight weeks old lingonberry plant propagated by adventitious shoot regeneration
(leaf tissue culture)

1.3.3.3. Somatic Embryogenesis

Somatic embryogenesis (SE) was defined by Thorpe (1988) as the development of
diploid cells into differentiated plants through embryo stage without fusion of gametes.
Somatic embryogenesis is the opposite of sexual or zygotic embryogenesis. Sharp et al.
(1980) described two routes of somatic embryogenesis. direct embryogenesis and the indirect
embryogenesis. In direct embryogenesis, embryos arise from a explant tissue without callus
proliferation, whereas in indirect embryogenesis, proliferation occurs from the cell from

which embryos are developed (Konar et al., 1972).
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1.4. Advantages of Micropropagation

The micropropagation method is becoming increasingly popular not only for commercial

production of economically important plants, but also for crop improvement. A rapid
production can be achieved from single mother plant with the desired traits. Conventional
vegetative propagation methods are generally successful, however they are slow, labour
intensive and only few propagules can be produced from a single plant (Debnath, 2005).
Micropropagation of selected germplasm (genetic resources) can potentially multiply plants
more rapidly than the traditional propagation methods. Commercial application of this
technology is primarily for its enormous multiplicative capacity and the year round production

of plants (Debnath, 2007).

1.5. Phytochemicals of Lingonberry Plants and Health Benefits

Lingonberries are rich in organic acids, phytochemicals, vitamin C, provitamin A (-

carotene), B vitamins (B, B2, and Bs3), and levels of potassium, calcium, magnesium, and
phosphorus. The seeds contain significant quantities of omega-3 fatty acids (Oldemeyer &
Seemel, 1976). A mature lingonberry fruit has approximately 5.5% protein and energy content
of 509 Kcal per 100 g of fruit (Miller, 1976). A wide range of bioactive compounds are found
in lingonberry plants which include mainly phenolic compounds such as phenolic acids,
flavonoids and tannins. These compounds have antioxidant potential that attributes to the

health promoting properties of lingonberry.
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Lingonberries have been found to be one of the top competitors with regards to the
highest antioxidant activity, compared to other berry fruits such as blackberries, blueberries,
raspberries, strawberries, and cranberries (Wang & Jiao, 2000; Wang & Lin, 2000; Wang &
Stretch, 2001), and have been used as a medicinal plant. Some reports have shown that
lingonberry exhibits anticancer activity and that its extract can potentially induce apoptosis of
human leukemia HL-60 cells (Bomser et al., 1996; Wang et al., 2005). Lingonberry has
demonstrated antimicrobial effect and has also been shown to inhibit urinary tract infection
pertaining to its high arbutin levels (Larsson et al., 1993; Ho et al., 2001; Kontiokari et al.,
2002). Leaves of lingonberry can be used as an astringent and have diuretic properties (Lust,
1983; Chiej, 1984). Lingonberry has been used in treating gonorrhoea, a sexually transmitted
disease (Duke & Ayensu, 1985). Lingonberry helps in curing gastric diseases and lowering

cholesterol levels (Dierking & Dierking, 1993).

The biochemical properties of antioxidants and reactive oxygen species will be discussed in
the following sections to provide a better understanding of their influence on living organisms

and in particular, on human health.

1.6. Oxidants, Free Radicals and Reactive Oxygen Species (ROS)

Oxidants, such as free radicals and reactive oxygen species, are the oxidizing agents
that can accept electrons from other chemical species. A free radical is an oxidant molecule
that contain one or more unpaired electrons in its outermost shell and can exist independently

(Halliwell, 2006). Reactive oxygen species (ROS) are those oxidants that are intermediates of
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dioxygen formed when dioxygen (Oz) undergoes either physical or chemical activation (Perl-
Treves & Perl, 2001). A reactive oxygen species may or may not be a free radical. Figure 1.5
illustrates the formation of ROS from triplet oxygen. When the ground state triplet oxygen is
physically activated by transfer of energy, the oxygen molecule gains enough energy to
change its spin and becomes the reactive oxygen species, singlet oxygen 'O, Chemical
activation occurs when the oxygen molecule is reduced step by step. The activated
intermediate products of oxygen are superoxide radical, hydrogen peroxide and hydroxyl

radical (Yu, 1994) (Fig 1.5).
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Singlet oxygen
30, Triplet Oxygen (11) Ground State

lEnergy

10; Singlet oxygen (1] ) Highly Reactive

Superoxide radical

30; Triplet oxygen
| Monovalent
02" “Superoxide

Perhydroxyl radical
O2™ Superoxide = H20> Hydrogen peroxide

l Dismutation

HOy* Perhydroxy radical

Hydroxyl radical
H>0, Hydrogen peroxide

lMetal ion ( Fenton Reaction)

HO* (Hydroxyl radical) + HO: (Hydroxide ion)

Figure 1.5. A figure illustrating the formation of reactive oxygen species in biological
systems.

Reactive oxygen species and free radicals are formed in living cells as a part of normal

metabolic processes contributing to regulatory roles in normal functioning of metabolic
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pathways. These are also formed as a result of endogenous factors such as high temperature
(Bruskov et al., 2002), chilling (Einset et al., 2007), pollution, exposure to industrial
chemicals, ozone, ultraviolet radiation, X-ray, pesticides and certain drugs (Heck, 1968; Pell
& Schlagnhaufer, 1997). Figure 1.6 shows different sources of ROS formation. Oxidative
stress refers to the metabolic state of imbalance between ROS generation and detoxification
(Heck, 1968). When ROS are accumulated in higher than normal concentration, oxidative
stress and often apoptosis occurs. Apoptosis or programmed cell death is a mechanism which
plants and other organisms use to eliminate damaged cells (Kroemer & Dallaporta 1998;

Hoeberichts & Woltering, 2003).

Metabolic — Photosynthesis
processes ' Photorespiration
— Respiration
Sources
of ROS — Apoplast
Formation
Radiations X- rays
: Air vollutant UV rays Ozone
|___Environmental r pollutants Smoke
factors t— Herbicide Diuron
| Stress conditions Dmughlt Paraquat
Chilling
High temperature

Figure 1.6. Sources of Reactive Oxygen Species (ROS) formation in biological systems.
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ROS-mediated oxidative stress in biological systems is responsible for damaging cellular
proteins, DNA and lipids. In human beings, ROS are partly responsible for aging (Sastre et
al., 2000) and several disorders and diseases like mutagenesis, cardiovascular diseases (Khan
& Baseer, 2000), cancer (Kawanishi et al, 2001), macular degradation and several other
disorders. Overall, there are at least 70 disorders caused as a result of ROS (Ferrari & Torres,

2003).

1.7. Antioxidants

Antioxidants can be simply described as the substances which inhibit oxidation and
prevent a cell from the damage caused by the oxidative stress. Antioxidants can be classified

as primary or secondary, depending on their mechanism of action.

Primary antioxidants are the substances which can react with lipid radicals and convert
them into a more stable form. Primary antioxidants donate a hydrogen atom to a lipid radical
thus neutralising it. The product of a lipid radical after accepting a hydrogen atom does not
initiate a new chain reaction by oxidising a free radical. This chain is also subject to

termination when two free radicals come into contact (Fig. 1.7).
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ROO- + AH —_— ROOH + A

RO- + AH e ROH + A
ROO- + A e ROOA
RO+ A —_— ROA
R + A —_— R

Figure 1.7. Action of primary antioxidants on lipid radical
(ROO: -Peroxyl radical, RO- -Alkoxy radical, AH- Primary antioxidant, A - Stable phenoxyl
radical)

Secondary antioxidants are compounds which deactivate precursors of reactive oxygen species

by acting as metal chelators, singlet oxygen quenchers, peroxide decomposers or inhibitors of

lipoxygenase and other related enzymes (Shahidi, 1997).

1.7.1. Plant Antioxidant Systems

Plant systems have developed extensive protective mechanisms to combat harmful
effects of free radicals. Plant cells are rich in antioxidants including a wide variety of
metabolites and enzymes. Distributions and protective roles of different antioxidant

components are discussed further in this chapter. Figure 1.8 summarizes the plant antioxidant

systems.
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Plant Antiox!idant Systems

Enzymes Metabolites:
Sup:l'f,mxide Dismutase | Ascorbate
| Glutathione
Catalase
| Tocopherol
Ascorbate-Glutathione ___ Carotenoids
Cycle Enzymes: —— Phenolic compounds
J—Ascorbate Peroxidase (APX) Flavonoids
Anthocyanins

— Dehydroascorbate Reductase (DHAR) Tannins

L Monodehydroascorbate Reductase (MDHAR)

|___Glutathione Reductase (GR)

Figure 1.8. A flow chart representing plant antioxidant systems.

1.7.1.1. Antioxidant Enzymes

Antioxidant enzymes include superoxide dismutase, catalase, and the enzymes of the
ascorbate-glutathione cycle, which include ascorbate peroxidase, monodehydroascorbate

reductase, dehydroascorbate reductase and glutathione reductase.

21



1.7.1.1.1. Superoxide Dismutase (SOD)

Superoxide dismutase (EC 1.15.1.1) is a single representative of the subclass of
metalloenzymes which catalyzes the dismutation of superoxide anion to hydrogen peroxide in
aerobic and anaerobic organisms (Hassan, 1989). This enzyme was discovered by Irwin
Fridovich and Joe McCord in 1965. SODs are distributed in almost all the cellular
compartments in plant tissues including cytosol, mitochondria, chloroplasts, peroxisomes as

well as in extracellular space (Blokhina et al., 2003).

Superoxide dismutase (SOD) is considered to be the first line of defense against reactive
oxygen species since the superoxide radical is the first reduction product of oxygen (Bannister
et al., 1987). A catalytic dismutation of superoxide by SOD has 10,000 times faster rate than a
spontaneous dismutation (Bowler et al., 1992). Superoxide dismutases are classified into 3
types — Mn-SOD, Fe-SOD and Cu/Zn-SOD. Equations 1, 2 and 3 illustrates the reactions of

superoxide radical with SOD.

SOD reaction: (where “M” stand for metal, based on the type of metal in the active site)

0y + M2 —————— 0, + M* [1]

02" + M* + 2H+ = ],0, + M2 2]

Sum of 1 and 2:

20,7 +2H =  H0,+ O [3]
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1.7.1.1.2. Catalase
Catalase (CAT) (EC 1.11.1.6) is one of the most important enzymes involved in

regulation of H20: levels in the cell (Larson, 1988) and catalyze the reaction in equation 4.

CAT
2H,0; -_— 2H,0 + O, [4]

In plants, catalase is localized in peroxisomes and scavenges H>O»> within the cells (Frederic &
Newcomb, 1969). Catalase is not present in chloroplasts or other organelles except
peroxisomes (Tolbert et al., 1968). Barley mutants with low catalase exhibited injury under

photorespiratory conditions (Kendall et al., 1983).

1.7.1.1.3. Ascorbate-Glutathione Cycle

The ascorbate glutathione cycle, also known as Halliwell — Asada pathway (Fig. 1.9)
operates in peroxisomes and mitochondria (Mittova et al., 2000). This cycle is comprised of
following enzymes: ascorbate peroxidase (APX; EC 1.11.1.11), dehydroascorbate reductase
(DHAR; EC 1.8.5.1), monodehydroascorbate reductase (MDHAR; EC 1.6.5.4) and
glutathione reductase (GR; EC 1.8.1.7). The metabolites taking part in the cycle are ascorbate,
dehydroascorbate, monodehydroascorbate (ascorbate free radical) and glutathione (Noctor &
Foyer, 1998). This cycle scavenges H202 which is produced as a result of dismutation of
superoxide (Jimenez, 1997). The cycle efficiently recycles the enzymes involved in it and

maintains the homeostatic environment in the cell.
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NADPH

NADP*

Figure 1.9: Ascorbate-Glutathione Cycle (Halliwell-Asada pathway) (modified form Noctor
& Foyer, 1998). AsA - ascorbate; MDHA - monodehydroascorbate; DHA - dehydroascorbate;
GSSG - oxidized glutathione; GSH - reduced glutathione; APX - ascorbate peroxidase,
DHAR- dehydroascorbate reductase; MDHAR - monodehydroascorbate reductase; and GR -
glutathione reductase.

Ascorbate (ASC) is the most important reducing substrate for H>O> detoxification
(Smirnoff & Wheeler, 2000). Ascorbate peroxidase (APX) is an important enzyme in
ascorbate-glutathione pathway which uses two molecules of ascorbate to reduce H>O» to water

and generates two molecules of monodehydroascorbate (MDHA).

2 Ascorbate + H,02 EE— 2 MDHA + 2H,0 [5]

Monodehydroascorbate (MDHA) disproportionates to ascorbate (ASC) and dehydroascorbate
(DHA), if not reduced rapidly in the reaction as illustrated in equations 6 and 7. Thus, the
regeneration of ascorbate is achieved enzymatically by monodehydroascorbate reductase

(MDHAR) or spontaneously by the following reactions (equations 6 & 7). In a spontaneous
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(non- enzymatic) reaction (equation 6), the electron donor for MDHA may be cytochrome b

(Foyer & Halliwell, 1976) or reduced ferredoxin (Fd) (Foyer et al., 1997).

Non enzymatic reduction:

MDHA + Fd g =™ Ascorbate + Fdox [6]

Reduction by monodehydroascorbate reductase:

MDHAR
2MDHA + NADPH + H* —_— 2Ascorbate + NADP* [7]

Dehydroascorbate (DHA) formed by the disproportionation of MDHA is reduced by
dehydroascorbate reductase (DHAR) to regenerate ascorbate. This reaction uses glutathione as

a reducing substrate (Foyer ef al., 1983) and generates glutathione disulphide (GSSG)

DHAR
DHA + 2GSH — Ascorbate + GSSG [8]

Thus, the ascorbate pool is maintained by the above mentioned reactions. Glutathione
reductase (GR) reduces GSSG to GSH, reduced glutathione, using NADPH as an electron

donor (Equation 9).

GR
GSSG + NADPH + H* —_— GSH + NADP*  [9]
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Ascorbate peroxidases are localized in chloroplasts, mitochondria, cytosol and
peroxisomes (Foyer & Noctor, 2009). In chloroplast, ascorbate peroxidase is found both as
soluble in stroma and bound to thylakoid (Miyake & Asada, 1992). Chloroplasts contain two
isoforms of APX, stromal and thylakoid-bound APX. Chloroplastic APXs have several-folds
higher catalytic turnover as compared to the cytosolic APX (Chew et al., 2003) but can be

easily inhibited by H2O2 (Hossain & Asada, 1984).

Glutathione reductase (GR) catalyses the reduction of glutathione disulphide (GSSG) to
reduced glutathione using NADPH as an electron donor and thus completes the ascorbate
glutathione cycle (Noctor & Foyer, 1998). The plants overexpressing GR showed high
ascorbate levels whereas the mutants with no GR were found to be extremely sensitive to

stress due to low ascorbate levels (Aono et al., 1993).

Dehydroascorbate reductase (DHAR) is one of the important enzymes which contributes
in maintaining ascorbate pool in leaves and catalyzes the reduction of DHA to ASC, in

absence of which DHA would form oxalate and tartrate (Washko et al., 1992).

The regeneration of monodehydroascorbate (MDHA) radicals to ascorbate in the
ascorbate glutathione cycle is achieved enzymatically by MDHAR using NADPH as
mentioned above. Monodehydroascorbate as a long lasting anion radical is an indicator of
oxidative stress in plant tissues and can be detected by the electron spin spectroscopy (EPR)
technique (Buettner & Jurkiewicz, 1993). Thus, the ascorbate-glutathione cycle involving the
above mentioned enzymes and metabolites contributes to cellular homeostasis and scavenges
ROS.

26



1.7.1.2. Antioxidant Metabolites

The plant antioxidant metabolites include ascorbate, glutathione, tocopherol, carotenoids,
and phenolic compounds such as flavonoids, anthocyanins, proanthocyanidins (also known as

tannins) and phenolic acids.

1.7.1.2.1. Ascorbate

Ascorbate or ascorbic acid (ASC), also known as vitamin C, is the most important
antioxidant in biological systems (Smirnoff, 2000). Figure 1.10 shows the structure of
ascorbate. Ascorbate can be synthesized by all plants and animals, except primates and guinea
pigs (Burns, 1957). Plants contain ascorbic acid in all cell types, organelles and apoplast
wherein it can accumulate in millimolar quantities (Blokhina et al, 2003). Ascorbate
detoxifies ROS by directly reacting with hydroxyl radicals, superoxide, and singlet oxygen
(Frei et al., 1989). Ascorbate is very efficient in inhibiting peroxidation of human plasma
lipids, and other plasma components, such as alpha-tocopherol and protein thiols (Padh,
1990), and hence protect membranes against damage caused by ROS. Ascorbate protects
membranes by regenerating oxidized carotenes and tocopherols which are important
antioxidants in the non-aqueous phase, thus also acting as a secondary antioxidant (Noctor &
Foyer, 1998). Ascorbate plays a crucial role in the regulation of photosynthesis, in particular
by providing protection against harmful effects of excess excitation energy and acting as a

cofactor in the xanthophyll cycle (Noctor et al., 1991). The mutants of Arabidopsis with low
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ascorbate levels display slow growth rate and late flowering, and the mutant plants with no

ascorbate die (Foyer & Halliwell, 1976).
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Figure 1.10. The structures of glutathione and ascorbic acid
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1.7.1.2.2. Glutathione

Glutathione is a tripeptide (y-Glu-Cys-Gly) (Fig 1.10) and is an abundant compound in
plants found in almost all cell compartments (Foyer & Halliwell, 1976). Its role as a reducing
substrate in the ascorbate-glutathione pathway was discussed in section
1.7.1.1.1.3. Glutathione is a very important antioxidant and maintains redox levels in both
plants and animals (Law et al., 1983). In addition, it is of great importance for the
environment of a cell under normal and stress conditions (Rennerberg, 1982). Other than
being a powerful antioxidant, glutathione in its reduced form is of significant importance in
sulphur metabolism and regulates sulphur uptake (Kerk & Feldman, 1995). Glutathione is
responsible for the regeneration of other crucial antioxidants of the ascorbate-glutathione
cycle and is also important in recycling of tocopherol and carotenoid (Lamoureux & Rusness,

1993). Glutathione plays an important role in the detoxification of xenobiotics, regulation of
the cell cycle (Marrs, 1996) and maintaining heavy metal concentrations in the cell (Rouhier

et al.,2008).

1.7.1.2.3. Carotenoids

Carotenoids were first isolated from carrots by Wackenroder in 1831. They are a class of
natural pigments which are widespread in many fruits and vegetables. These lipid-soluble
molecules are important antioxidants in both plants and animals (Perl-Treves & Perl, 2001).
Carotenoids are accessory pigments in photosynthesis and protect photosynthetic cells against

photosensitization in several ways. The best known property of carotenoids is their ability to
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absorb light (Bartley & Scolnik, 1995). Carotenoids are present in reaction center; 3-carotene
and light harvesting complexes lutein and neoxanthin quench excited triplet state chlorophyll
and protect chloroplast against photooxidative stress (Parker & Joyce, 1967; Strzalka et al.,
2003). Carotenoids are involved in the xanthophyll cycle to protect photosynthetic cells by
non-photochemical quenching through dissipation of excess energy within light harvesting
antenna proteins (Edge & Truscott, 1999). Carotenoids can also quench singlet oxygen as
shown below (equation 10) and protect photosynthetic cells from ROS damage (Foote &

Dcuny, 1968) and lipid peroxidation.

10, + carotenoid = 3carotenoid + 30> [10]

Some of the carotenoid compounds are the precursors of abscisic acid in plants which
functions to modulate developmental and stress processes (Koornneef, 1986). Carotenoids are
also of significant importance to animals and are an important constituent of human diet. It
has been shown that carotenoids have anticancer activity and are effective in reducing the risk
of several chronic diseases such as age-related macular degradation, and coronary heart

disease (Hennekens, 1997).

1.7.1.2.4. Tocopherol

Tocopherol is a lipid soluble compound which is mainly localized in plastids and
synthesized in envelopes of plastids. Tocopherol is a very important dietary nutrient in animals

and humans since it is synthesized only in plants (Munne-Bosch & Alegre, 2002). o-
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tocopherols are found in chloroplasts, while B, y and & tocopherols are found outside the

organelle (Kamaleldin & Appelqvist, 1996).

1.7.1.2.5. Plant Phenolics

Phenolic compounds are a large class of secondary metabolites which are composed of
an aromatic ring with a substitution of one or more hydroxyl groups and a number of other
side groups (Shahidi & Naczk, 2004). This class of compounds is widely distributed in plants
and includes simple phenolics, phenolic acids, coumarins, flavonoids, stilbenes,
proanthocyanidins, lignans, and lignins (Naczk & Shahidi, 2006; Shahidi & Naczk, 2004).
Phenolic compounds are responsible for fruit colour, odour, flavour, bitterness, astringency

and stability against lipid oxidation. Table 1.1 shows different classes of phenolic compounds.
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Table 1.1. Dietary sources of plant phenolics (Naczk & Shahidi, 2006)

Phenolic compounds Dietary source

Phenolic acids

Hydroxycinnamic acids Blueberries, carrots, cereals, pears, cherries, tomatoes, citrus fruits, oilseeds,
peaches, plums, eggplants, apricots

Hydroxybenzoic acids Blueberries, Cereals, Cranberries, Oilseeds
Flavonoids

Anthocyanins Bilberries, black and red currants, blueberries, cherries, grapes, strawberries
Chalcones Apples
Flavanols Apples, blueberries, grapes, onions, lettuce
Flavanonols Grapes
Flavanones Citrus fruits
Flavonols Apples, beans, blueberries, buckwheat, cranberries, lettuce, onions, olive, pepper
Flavones Citrus fruits, celery, parsley, spinach, rutin
Isoflavones Soybeans
Xanthones Mango, mangosteen

Tannins
Condensed Apples, grapes, peaches, plums, mangosteens, pears
Hydrolyzable Pomegranate, raspberries

Other phenolics

Arbutin Pears

Coumarins Carrots, celery, citrus fruits, parsley, parsnips

Lignans Buckwheat, flaxseed, sesame seed, rye, wheat

Stilbenes Grapes
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1.7.1.2.5.1. Flavonoids

Flavonoid is a term described for pigments in plants which are mostly derived from a
benzo-gamma-pyran ring (Winkel-Shirley, 2001). Flavonoids are the large class of low
molecular weight secondary metabolites found ubiquitously in higher plants. They are present
in almost all parts of plants, from roots to flowers and fruits (Williams & Grayer, 2004). Red
fruits, citrus fruits, apple, onion, coca, grapes, and tea are rich dietary sources of flavonoids
(Mennen et al., 2004).  Flavonoids are divided into 14 different groups (Havsteen, 2002)
including flavones, isoflavones, flavanones, flavonols, flavanols (catechins), and
anthocyanidines which are well-characterized among the 14 groups (Table 1.1). Flavonoids
have been reported to have widespread biological functions including plant pathogen
interaction, pollination and seed development (Winkel-Shirley, 2001) but the most important
property of flavonoids in biological systems is their antioxidant abilities. Figure 1.11 shows

structures of some flavonoids.

Flavonoids have the property of inhibiting auto-oxidation and scavenging free radicals
(Bors et al., 1990). Flavonoids have an ability to suppress the Fenton reaction (Fig. 1.5) by
their metal binding property. The functional group and region involved in metal chelation are
B-ring and 4-keto and 5-hydroxy region of flavonoid (Cheng & Breen, 2000). During biotic
and abiotic stress conditions such as drought, wounding and metal toxicity, many flavonoid
biosynthetic genes are induced and flavonoid levels increase (Dixon & Paiva, 1995; Winkel-

Shirley, 2002).
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Figure 1.11. Structures of some flavonoid compounds.
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1.7.1.2.5.2. Anthocyanins

Anthocyanins belong to a flavonoid class with strongly hydrophilic properties. They are
responsible for the red and blue colour in fruits, vegetables and flowers and are widespread in
nature. Anthocyanins are mostly localized in the epidermal layer of fruits but in some cases
also found in the pulp of fruits (Shrikhande & Francis, 1976). In addition to being natural
pigments, they are potent antioxidants (Kahkonen & Heinonen, 2003) and have the ability to
prevent lipid oxidation (Satuegracia et al., 1997) and scavenge free radicals (Wang et al.,
1997). Dietary intake of fruits and vegetables has been reported to have beneficial effects on
human health (Hollman et al., 1996; Knekt et al., 2002; Rissanen et al., 2003). Anthocyanins
have been shown to have anticancer and anti-aging properties (Kong et al., 2003; Rossi ef al.,
2003). They are also important in improving the nutritional values of processed foods
(Kahkonen et al., 2003; Viljanen et al., 2004). Anthocyanins are distributed in lingonberries in
a distinct pattern where cyanidin-3-galactoside accounts for 80%, cyanidin-3-glucoside is 5%

and cyanidin-3-arabinoside is 11% of the total anthocyanins (Wang et al., 2005).

1.7.1.2.5.3. Proanthocyanidins

Proanthocyanidins are polyphenolic secondary metabolites present in higher plants.
Proanthocyanidins are classified into two groups, namely, hydrolysable proanthocyanidins and
complex proanthocyanidins (Khanbabae & Van Ree, 2001). Studies have shown that
proanthocyanidins have high antioxidant potential as compared to ascorbate and tocopherol
(Shi et al., 2003). They are present in the bark, fruits, leaves and seeds of many plants and
provide protection for the plants. Grape seed proanthocyanidins were reported to have
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chemoprevention of cellular damage (Joshi et al, 2001). Proanthocyanidins are one of the
major compounds present in grapes and wine that is responsible for cardioprotection (Bertelli

& Das, 2009).

1.8. Conclusion

In summary, lingonberry (Vaccinium vitis-idaea L.) is an economically important plant
with medicinal values and health benefits and is mainly propagated by vegetative means.
Tissue culture techniques offer several benefits over traditional means of vegetative

propagation method for the rapid and less laborious production of berries.

The available literature on lingonberry’s antioxidant potential shows a wide gap in
information available about leave’s antioxidants. Therefore, this study aimed to determine the
antioxidant enzyme activity of lingonberry leaves and determine the antioxidant metabolites
of lingonberry fruits and leaves. Important antioxidant enzymes and metabolites were studied
as well as ratio of reduced and oxidized ascorbate and glutathione were determined to
correlate with the morphological features of differentially propagated lingonberry cultivars. /n
vitro experiments were done and biological models were used to determine the effect of

propagation method on antioxidant activities of lingonberries.

Thus, the objective of this dissertation is: 1) to determine the effect of propagation
methods on the levels of antioxidant enzymes like catalase and the ascorbate-glutathione
cycle enzymes as well as phenolic compounds and their antioxidant activities of

lingonberry fruits and leaves; 2) to determine the correlation between morphological
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properties and ascorbate and glutathione metabolism in lingonberry leaves influenced by
propagation methods; 3) to identify and quantify major phenolic compounds in lingonberry
fruits and leaves; 4) to determine the effect of geographical locations on phenolic
compounds and antioxidant activities of wild lingonberry clones; 5) to correlate the
antioxidant efficiency of phenolics from lingonberry in inhibiting lipid peroxidation in food
model systems and 6) to determine the efficiency of lingonberry fruit and leaf extracts in

suppressing oxidative stress in brain.
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Chapter 2

Effects of in vitro and ex vitro Propagation Methods on
Antioxidant Properties of Lingonberry (Vaccinium vitis-

idaea L.) Cultivars

This chapter is an investigation of the effects of propagation methods on the antioxidant
compounds of three lingonberry cultivars, Regal, Splendor, and Erntedank obtained from three
different propagation methods: by ex vitro conventional softwood cuttings, by in vitro shoot
proliferation of node explants and by in vitro adventitious shoot regeneration from excised leaves
of micropropagated shoots.

2.1. Introduction

Lingonberry (Vaccinium vitis-idaea L.) is a commercially important fruit crop
with a great medicinal value due to its high antioxidant properties (Jaakola ef al. 2001; Wang
et al. 2005; Latti ef al. 2011). Lingonberry plants are genetically heterozygous, so they are
normally propagated by vegetative methods to achieve genetically identical offspring and to
preserve advantageous characteristics. The conventional vegetative propagation method
employed for lingonberry plants is by softwood cutting. The tissue culture technique is a more
advanced method of micropropagation that offers a rapid production of numerous clones from
the single mother plant. The tissue culture of lingonberry plants can be obtained either from

node sections or from leaves (Debnath 2011).
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A link between ascorbate metabolism and accumulation of phenolic compounds has been
shown (Thomas et al. 1992) and may be connected, in particular with the role of ascorbate in
metabolism of phenols in the apoplast and in scavenging phenoxyradicals (Horemans et al.

2000).

Studies have shown that the methods of propagation influence growth habits of plants
(Debnath, 2011; Saez et al., 2012). Significant morphological differences have been observed
in plants obtained from softwood cuttings and tissue culture. It has been shown that the tissue
culture-derived lingonberry plants are superior to the stem cutting method in terms of number
of stems, branches, leaves, and rhizomes but produce less vigorous shoots and smaller berries
(Debnath 2006). Similarly, some differences in morphology have been observed in plants
derived from the in vitro micropropagation by node tissues and leaf tissue culture (Debnath

2005).

The controlled morphogenesis with initiation of new meristems in plants can be triggered
by tissue culture techniques. By adding a cocktail of plant hormones, differentiated cells can
be reset to start formation of new shoots or roots. Hormones act as triggers via signalling
events, followed by a long chain of metabolic steps occurring after binding to receptors and
leading to modulation of the redox state. The morphogenetic phenomena are directly
controlled by metabolism and, in particular, by pairs of reduced and oxidized compounds, the
most important of which are ascorbate and glutathione. This study explore the possibility that
the differences in the morphogenetic process in tissue culture plants may be directly related to

the redox state of glutathione and ascorbate. The modulation of redox state is linked to the
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concentration of reactive species such as hydroxyl radicals, superoxide anion, hydrogen

peroxide and monodehydroascorbate (ascorbate free radical, AFR).

The present study is performed on three contrasting lingonberry cultivars, Regal,
Splendor, and Erntedank, each propagated by three methods: 1) stem cutting (SC) (which is
taken as a control), 2) in vitro shoot proliferation from node tissue (node culture, NC), and 3)
in vitro adventitious shoot regeneration from excised leaves of micropropagated shoots (leaf
culture, LC). Leaves of each of the cultivars were analysed for levels of the antioxidant
enzymes and of reduced and oxidized ascorbate and glutathione. Fruits and leaves of each of
the three cultivars propagated by stem cutting and tissue culture were analysed for total
soluble phenolic content, flavonoids, anthocyanin, tannin, and total radical scavenging
capacity. The study shows important differences in the antioxidant metabolism of plants
obtained by different methods of propagation which were also specific to each cultivar. The
effects of propagation methods on the antioxidant metabolism are discussed in relation to the
possible involvement of reduction levels of ascorbate and glutathione and of reactive oxygen

species in morphogenetic processes in plants.
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2.2. Material and Methods

2.2.1. Plant Material

The plants used in this study were greenhouse grown lingonberry cultivars Regal,
Splendor, and Erntedank at Atlantic Cool Climate Crop Research Centre (ACCCRC),
Agriculture and Agri-Food Canada, in St. John’s, Newfoundland and Labrador. Figure 2.1
represents lingonberry cultivar Regal propagated by stem cutting, nodal culture and leaf

culture.

Figure 2.1. Lingonberry cultivar Regal propagated by different methods. SC - stem cutting-
derived plant; NC - nodal culture-derived plant; LC - leaf culture-derived plant
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2.2.2. Plant Propagation

2.2.2.1. Plant Growth and Development

Lingonberry cultivars Regal, Splendor, and Erntedank were obtained from Debnath
(2005). The shoot proliferation medium D (Debnath & McRae's 2002) containing three-
quarters of macro-salts and micro-salts (hereafter called basal medium, BM) was used for in
vitro propagation. It was also supplemented with 25 mg/ml sucrose, 3.5 mg/ml Sigma A 1296
agar, and 1.25 mg/ml gelrite (Sigma Chemical Co., St. Louis). The medium was adjusted to
pH 5.0 and then was autoclaved for 20 min at 121°C. Cultures were first maintained at 20° +
2°C for 16 hours under the light of photosynthetic photon flux (PPF) density of 30 pmol m -2
s'! provided by cool white fluorescent lamps and then were subcultured every 8 weeks (Foley
and Debnath 2007). Shoot regeneration was observed from the leaf and nodal explants
(Debnath & McRae 2002; Debnath 2005). After eight weeks of culture initiation, buds and
shoot clumps were transferred to 175 ml Sigma baby food glass vessels containing 35 ml BM
with zeatin (1 puM). BM containing zeatin is needed for proper shoot proliferation of
lingonberry culture in vitro (Reed & Abdelnour-Esquivel, 1991). Buds and shoot clumps were
then cultured for further 8 weeks for shoot elongation at the photoperiod of PPF density of 30
umol m -2 7! at 20° & 2°C for 16 h similarly as provided during shoot proliferation by Foley &

Debnath (2007a).

Shoots from leaf and nodal tissue cultures of Regal, Splendor, and Erntedank were
obtained and grown in a greenhouse according to Debnath (2006). Eight-week old in vitro

derived elongated shoots (4 to 5 cm long) were rooted in 45-cell plug trays (cell diameter 5.9
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cm, cell depth 15.1 cm; Beaver Plastics, Edmonton, AB, Canada) containing peat: perlite [2:1
(v/v)] in a humidity chamber with a vaporizer (Conviron E15; Controlled Environments Ltd.,
Winnipeg, MB, Canada) at 22° + 2°C and 95% relative humidity (RH), with a 16 hour
photoperiod (PPF 55 pumol m™2 s7! at culture level). No rooting compound was applied

(Debnath 2006; Foley & Debnath 2007).

2.2.2.2. Establishment of Softwood Cutting Lingonberry Cultivars

Terminal softwood cuttings, 4 - 5 cm long, were taken from the greenhouse grown Regal,
Splendor, and Erntedank cultivars that were used for tissue culture. These stem cuttings were
rooted in 45-cell plug trays as described above (vide supra) for tissue-culture obtained shoots

(Foley & Debnath 2007).

After 8-10 weeks, rooted plantlets of stem cuttings, nodal cultures and leaf cultures were
transferred to plastic pots (10.5 x 10.5 x12.5 cm) containing the same medium used for
rooting and were maintained in humidity chamber and acclimatized by gradually lowering the
humidity by 3 - 4% per week over a 3 week period. The plants that were well-developed and
hardened were then grown in the greenhouse under natural light condition at 20°C, 85% RH
and 16 hour photoperiod at maximum PPF of 90 umol m? s! (Debnath 2006; Foley &
Debnath 2007). Fertilization (20-8-20 N-P-K, Plant Products Co. Ltd., Brampton, ON) and
irrigation was supplied to plants when required (Debnath 2006). All plants were treated and
maintained in similar manner. The age of plants during the morphological data collection and

chemical analysis was about 10 years.
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2.2.2.3. Morphological Characteristics

The morphological data including plant height, number of rhizomes per plant, number of
branches per rhizome, number of branches per plant, leaves per branch, leaves per plant, berry

weight, and berry diameter were collected from 15 plants per treatment.

Fresh young leaves and mature ripe fruits from 5 plants per treatment were harvested for
biochemical assays and immediately frozen into liquid nitrogen and transferred to -80 °C until
extraction. For biological assays 5 plants per treatment were used and all the experiments

were done in triplicate (total 15 samples).

2.2.2.4. Determination of Leaf Chlorophyll Content

The total chlorophyll (a+b) and chlorophyll @ and b were determined by the procedures
of Arnon (1949). Leaf tissue (0.5 g) was ground in a chilled mortar and pestle in 5 ml 100%
acetone and centrifuged for 5 minutes at 3500 g. The supernatant was used to measure
chlorophyll content. 50 pl of extract was added to 950 ml of 80% acetone and absorption was
measured at 663 nm, 645 nm and 750 nm using a UV/Visible spectrophotometer (Ultrospec
4300 pro) and contents of chlorophyll @, b and total chlorophyll were determined by the

following formulae.

Chlorophyll a (mg/g fresh weight) = [(12.7 A¢s3) - (2.69 Asas)] X V

Chlorophyll b (mg/g fresh weight) = [(22.9 Aess) - ( 4.68 Age3)] x V
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Chlorophyll a+b (mg/g fresh weight) = [(20.08 As4s) - (8.02 Ags3)] X V

where V is the volume of the chlorophyll extract.

2.2.2.5. Determination of Reduced and Oxidized Ascorbate and

Glutathione

The leaves of lingonberry cultivars were ground to powder in pre-chilled mortar
and pestle with liquid nitrogen and homogenized with 2% metaphosphoric acid. The
homogenate was centrifuged at 2,100 g for 20 min at 4°C. The supernatant was used for
measurement of reduced and oxidized ascorbate and glutathione. Ascorbate (AsA) and
dehydroascorbate (DHA) were determined according to the method developed by
Kampfenkel et al. (1995). This assay is based on the reduction of Fe** to Fe?" by AsA and the
spectrophotometric detection of Fe?* complexed with 2,2-dipyridyl. Determination of total
ascorbate was performed after reduction of dehydroascorbate (DHA) to ascorbate (Asc) with
dithiothretol (DTT). For total ascorbate determination, the reaction mixture contained 100 pl
of aliquot of extract, 250 ul of 50 mM phosphate bufter solution (pH 7.5) containing 2.5 mM
EDTA and 50 pl of 10 mM dithiothretol. It was incubated for 10 minutes at room temperature.
Excess DTT was removed by adding 50 pl of 5% N-ethylmaleimide. Total ascorbate (ASA
+DHA) was determined as shown below. Ascorbate was determined using similar reaction

mixture in which 100 pl of H2O was added instead of DTT and N-ethylmalemide.

In both the reaction mixtures, the following reagents were added: 0.2 ml of 10%

trichloroacetic acid (TCA), 0.2 ml of 44% ortho-phosphoric acid, 0.2 ml of 4% a, o'-dipyridyl
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in 70% ethanol, and 0.3% (w/v) FeCls. Colouring was observed after shaking and the mixture
was incubated at 40 °C for 40 minutes. Absorbances were recorded at 525 nm using a UV/

Visible spectrophotometer (Ultrospec 4300 pro).

The reduced (GSH) and oxidized (GSSG) glutathione were determined according to
Zaharieva and Abadia (2003). The method is based on the reaction of 5-5'-dithiobis (2-
nitrobenzoic acid) (DTNB) with GSH forming 5-thionitrobenzoic acid (TNB) that absorbs at
412 nm. Total glutathione (GSH+GSSH) was determined in 125 mM potassium phosphate
buffer (pH 7.5) containing 0.3 mM Nicotinamide adenine dinucleotide phosphate reduced
(NADPH), 6.3 mM EDTA, 100 uM 5,5-dithio-bis (2-nitrobenzoic acid) and 200 ul of aliquots
of leaf extract in total volume of 1 ml. Before the start of reaction, the pH of acid extract was
brought to 7.7 by diluting it fivefold in 0.28 M KoHPO4. The reaction was started with 5 pl
(0.5 U) glutathione reductase. The change in absorbance was monitored at 412 nm for 200

seconds using a UV/Visible spectrophotometer (Ultrospec 4300 pro).

To measure GSSG, the aliquots of leaf extract were mixed with 2- vinylpyridine at a
ratio of 25:1, vortexed for 1 minute and incubated for 1 hour at 25 °C. GSSG was then
determined in same way as described above for total glutatione. The values were corrected by
measuring control rates in the absence of extract, and total GSH was calculated from a
standard curve. The GSH concentration was calculated as the difference between total GSH

and GSSG (calculated as GSH equivalents).
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2.2.2.6. Measurement of Ascorbate-Glutathione Cycle Enzymes and Catalase

The lingonberry leaves were ground to powder using mortar and pestle in liquid nitrogen.
One hundred mg of material was homogenized on ice in 1 ml of 50 mM MES/KOH buffer
(pH 6.6) containing 40 mM KCl, 2 mM CaCl; and 1 mM sodium ascorbate. The homogenate

was centrifuged for 10 minute at 12,000 g at 4°C.

The activities of enzymes of the ascorbate-glutathione cycle were measured according to

Murshed et al. (2008) with modifications.

a) Ascorbate Peroxidase (APX)

The assay medium for ascorbate peroxidase (EC 1.11.1.11) was 50 mM potassium
phosphate buffer (pH 7.0) containing 0.25 mM sodium ascorbate, and sample extract The
reaction was started by adding H2O: (final concentration 2.5 mM) and the decrease in reaction
rate was determined spectrophotometrically by absorbance change at 290 nm (e=2.8 mM/cm)

using a UV/Visible spectrophotometer (Ultrospec 4300 pro).

b) Dehydroascorbate Reductase (DHAR)

Dehydroascorbate reductase (EC 1.8.5.1) activity was measured at 265 nm (¢ = 14 mM/
cm) using a UV/Visible spectrophotometer (Ultrospec 4300 pro). The assay buffer contained

50 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES) buffer (pH 7.0),
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0.1 mM EDTA, and 2.5 mM GSH and leaf extract. The reaction was initiated by adding

freshly prepared DHA (final concentration 0.8 mM).

¢) Monodehydroascorbate Reductase (MDHAR)

Monodehydroascorbate reductase (EC 1.6.5.4) activity was measured in 50 mM HEPES
buffer (pH 7.6) containing 2.5 mM sodium ascorbate, 0.25 mM NADH and the extract. The
assay was initiated by adding 0.4 Unit/ml of ascorbate oxidase (Sigma) and the reaction rate
was monitored at 340 nm (& = 6.22 mM/cm) using a UV/Visible spectrophotometer (Ultrospec

4300 pro).

d) Glutathione Reductase (GR)

Glutathione reductase (EC 1.8.1.7) activity was measured at 340 nm (¢ = 6.22 mM/cm) in
50 mM HEPES buffer (pH 8.0) containing 0.5 mM EDTA, 0.25 mM NADPH and leaf extract.

The reaction was started by adding GSSG to final concentration 1 mM.

e) Catalase

Catalase (EC 1.11.1.6) activity was measured at 240 nm (¢ = 43.1 M/cm) (Aebi, 1974)

using a UV/Visible spectrophotometer (Ultrospec 4300 pro). Degradation of hydrogen

peroxide by catalase can be measured by the decrease in absorbance at 240 nm.
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2.2.2.7. Extraction and Estimation of Soluble Phenolics

For this study, the fruits of NC plants were not available and hence only the fruits of SC

and LC plants were used to study the effects of propagation methods on phenolic compounds.
Soluble phenolics and other compounds were extracted from fruits and leaves in 80% acetone
with 0.2% formic acid in the ratio of 1:10 (w/v) with 8 hours of shaking at 4 °C which was
found to be the best extraction solvent (gave highest phenolic levels) among ethanol,
methanol, acetonitrile at various aqueous mixtures with different shaking periods.
Homogenous mixture of samples and solvent was then centrifuged at 20,000 g for 20 minutes.
The residue was extracted twice under same conditions and the supernatants were mixed
together and further diluted to make the working concentration of 25 mg/ml for fruits and 1

mg/ml for leaves.

a) Determination of the Total Soluble Phenolic Content (TPC)

The total soluble phenolic content in both leaves and fruits was determined using Folin-
Ciocalteu reagent as described by Chandrasekara and Shahidi (2011a) with modifications. The
Folin-Ciocalteu reagent (0.5 ml) was added to centrifuge tubes containing 0.5 ml of extracts
and mixed well. One ml of saturated sodium carbonate solution was added to each tube to
neutralize the reaction. The final volume was adjusted to 10 ml with water and vortexed for 1
minute. The tubes were kept in dark for 35 minutes at room temperature and then centrifuged
at 4,000 g for 10 minutes. The absorbance was measured at 725 nm using a UV/Visible

spectrophotometer (Ultrospec 4300 pro). The total soluble phenolic content of each sample
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was determined using a gallic acid standard curve and expressed as milligrams of gallic acid

equivalents (GAE) per g of berry or leaf fresh weight.

b) Determination of the Total Anthocyanin Content (TAC)

The total anthocyanin content was measured by pH differential method according to
Foley and Debnath (2007). The TAC was measured based on reversible conversion of
anthocyanins from their oxonium form to the hemiketal form. Absorption at 510 nm and 700
nm was measured using UV/Visible spectrophotometer (Ultrospec 4300 pro) in buffers at pH
1.0 and pH 4.5 and the difference between the two values was used to determine total

anthocyanin content. Results are expressed as catechin equivalents (CE).

¢) Determination of the Total Flavonoid Content (TFC)

Total flavonoid content was measured by an aluminum chloride colorimetric assay
(Zhishen et al. 1999). One ml of extract or standard solution of catechin (0.5 mg/ml) was
mixed with 4 ml of water, followed by addition of 0.3 ml 5% NaNO2, 0.3 ml of 10% AICl;
(after 5 minutes) and 2 ml of 1 M NaOH (one minute later), the volume was adjusted (with
water) to 10 ml. The absorbance was measured at 510 nm using a UV/Visible
spectrophotometer (Ultrospec 4300 pro). The total flavonoid content was expressed as pmol

of catechin equivalent (CE) per g of leaf or fruit fresh weight.
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d) Determination of the Total Tannin (Proanthocyanidin) Content (TTC)

The total tannin (proanthocyanidin) content of the leaves and fruits samples was
determined by the method developed by Chandrasekara and Shahidi (2011a). Five ml of 0.5%
vanillin-HCI reagent were added to 1 ml of extract, mixed thoroughly and incubated at room
temperature for 20 minutes. A separate blank for each sample was read with 4% HCI in
methanol. The absorbance was read at 500 nm UV/Visible spectrophotometer (Ultrospec 4300
pro), and the content of proanthocyanidins was expressed as pmol of CE per g of leaf or fruit

fresh weight.

e) Determination of the Total Radical Scavenging Activity

A DPPH assay was conducted according to the method of Brand-Williams et al. (1995)
with modifications. The stock solution of 1 mM DPPH (2,2-diphenyl-1-picrylhydrazyl) in
methanol was diluted to 60 uM, 1.9 ml of the latter was mixed with 0.1 ml of fruit or leaf
extract, shaken vigorously and left in dark for 20 minutes. The absorbance was read at 515 nm
using a UV/Visible spectrophotometer (Ultrospec 4300 pro). The scavenging capacity was
expressed as percentage of inhibition of DPPH consumption. The gallic acid standard curve

was used to express the results as GAE equivalent.

64



2.2.2.8. Analysis of Phenolic Compounds by High - Performance Liquid

Chromatography (HPLC)

For the analysis of phenolic compounds by high- performance liquid chromatography
(HPLC), diluted supernatants of berries were evaporated at room temperature for 2 to 4 days
in dark and lyophilized at -50 °C for 72 hours at -50 °C. The freeze-dried samples were
extracted in aqueous methanol solution (10 g/l) and filtered through a 0.45 um
polytertafluoroethylene membrane syringe filter. The reversed phase HPLC analysis was
carried out using an Agilent 1100 LC/MSD trap system (Agilent Technologies, Palo Alto, CA,
USA). A C18 Column (4.6 mm x 150 mm) with 5 um particle size (Chromatographic
Specialities, Brockville, ON, Canada). The eluents were 0.5 % aqueous formic acid (A) and
acetonitrile-methanol (95:5) (B) with an initial gradient of 85% solvent A at 0 minute to 0%
solvent A and 100% solvent B at 30 minutes. The flow rate and the injection volume were 1.0
ml/min and 90 pl respectively. Compounds of interest were detected using a UV/Visible
spectrum (spectral range from 250 to 550 nm) and retention times. Mass spectras were taken
for confirmation of identity of compounds using LC/MSD (liquid chromatography / mass
selective detector) ion trap system in electron spray ionization (ESI) negative ion mode.
Authentic standards were used for identification and making calibration curves for
quantification. HPLC was run in MS/MS mode for identification of sugar units attached to

phenolics.
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2.2.2.9. Inhibition of Lipid Oxidation by Lingonberry Extracts in Pork Model

System

The thiobarbituric acid reactive substances (TBARS) were determined in cooked pork by
the method described by Chandrasekara and Shahidi (2011b) with some modifications. The
ground pork was bought from a local supermarket. The berries used in this study were from
the three lingonberry cultivars Regal, Splendor and Erntedank obtained by stem cutting (SC)
and leaf tissue culture (LC). Ground pork was mixed with 20% (w/w) deionized water in
Mason jars. The extracts of berries (2 g in 72 ml of 80% aqueous acetone containing 0.2%
formic acid) and extracts and butylated hydroxytoluene (BHT) were added to meat (100 g)
separately and thoroughly homogenized. The control samples were prepared with no addition
of the extract. All samples were cooked together in a water bath at 90 °C for 40 minutes with
continuous stirring after which the cooked pork was cooled at room temperature. The samples
from each jar, after they have been cooled at the room temperature, were divided into four
separate 20 ml plastic tubes and stored in refrigerator at 4 °C for 14 d except for one set which
was accounted for 0 d. Day 0 sample was analyzed the same day for TBARS. The other
samples were drawn on days 3, 7 and 14 for analysis of TBARS. Five ml of a 10% (w/v)
trichloroacetic acid (TCA) solution was added to 2.5 g of cooked meat in 50 ml centrifuge
tubes and vortexed with high speed for one minute. Five ml of aqueous thiobarbituric acid
(TBA) solution (20 mM) were added to each tube followed by vortexing and centrifugation at
3500 g for 8 minutes. Supernatants were collected after filtration using Whatman No. 3 filter
paper and then heated for 40 minutes using water bath followed by cooling at room

temperature. The color of supernatants changed to pink after boiling and the absorbance was
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measured at 532 nm using a UV/Visible spectrophotometer (Ultrospec 4300 pro). 1,1,3,3-
tetramethoxypropane (precursor of malondialdehyde, MDA) was used to prepare a standard

curve. Results were expressed as mg of MDA equivalents per kg of sample.

2.2.2.10. Statistical Analysis

All the experiments for biochemical analysis were repeated in triplicate with 5 plants per
treatment. The data in the text, tables, and figures are expressed as means +SD of three
biological replicates (5 plants per each treatment). Data for all the characteristics were
subjected to analysis of variance (ANOVA) using the SAS statistical software package
(Release 8.2; SAS Institute, Inc., Cary, NC, USA). Significance of F-tests were evaluated at P
< 0.05. Differences among treatments were further analysed using Duncan’s multiple range

test.

2.3. Results

2.3.1. Morphological Characteristics and Chlorophyll Content of

Differentially Propagated Lingonberry Cultivars

All the cultivars obtained by in vitro culture (NC and LC) were superior to ex vitro SC
plants in terms of the number of shoots, branching, and rhizomes whereas LC plants were
characterized by a higher number of leaves per branch but less secondary branching as
compared to NC plants (Figs 2.1 & 2.2). Figure 2.2 is a graphical representation of

morphological differences in the differentially propagated lingonberry cultivars. The data
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show variability in relation to cultivar, as well as to the method of propagation. The analysis
of variance (Table 2.1) indicates significant inter-cultivar differences and effects of
propagation methods on morphology. The cultivar Splendor was found to be superior among
the three cultivars in terms of plant height, number of leaves per branch, berry mass and berry
diameter. Regal had the highest of number of rhizomes, whereas Erntedank exhibited the
highest branching. Notably, many vegetative characteristics (such as height, number of
rhizomes, leaves per branch) increase in tissue-propagated plants (more in LC than in NC) as
compared to SC plants. On the contrary, the average mass of berr and berry diameter were
lower in tissue culture plants compared to SC plants, and lowest in NC plants. The same
tendency was observed in the concentrations of chlorophylls @ and b, which are lower in
tissue culture plants than SC plants but there were no inter-cultivar differences in chlorophyll

concentrations (Fig. 2.3).
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Figure 2.2. Morphological characteristics of lingonberry cultivars Regal, Splendor and
Erntedank obtained by the three different propagation methods: stem cutting (wine bars), node
cultures (green bars), leaf cultures (pink bars). SC - Stem cutting; NC - Nodal culture; LC -
Leaf culture. Means + SE, n = 5, * — values significantly different at P < 0.05 from the
standard. Letters a, b and ¢ indicate differences between the cultivars at P < 0.05 estimated by
Duncan’s multiple range test. The values with same letters are not significantly different
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Table 2.1. Effects of genotype (cultivars) and the propagation methods on morphological
characters in three lingonberry cultivars

Parameter Plant # of # of Leaves per Berry Berry diameter
height
(cm) rhizome  branches branch mass (g) (cm)
Cultivar
Regal 7.12 ¢ 5.11a 6.61 a 17.67b 0.54 b 0.52b
Splendor 18.86 a 4.11b 4.72b 2339 a 0.59a 0.60 a
Erntedank 17.89b 4440 4.16b 18.28b 0.46 c 045c
Propagation method (PM)
SC 11.48 ¢ 1.72 ¢ 240c 14.44 c 0.70 a 0.71 a
NC 14.78 b 4.28b 5.00b 18.00 b 0.35¢ 0.35¢
LC 17.61 a 7.67 a 8.11a 26.89 a 0.54b 0.51b
Analysis of variance (P values)
Cv <0.0001 0.0140 <0.0001 <0.0001 <0.0001 <0.0001
PM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Cv x PM 0.0562 0.2466 <0.0001 0.0029 0.0016 0.0075

*- Means within columns, and factors, followed by different lower-case letters indicate differences
at P < 0.05 by Duncan’s multiple range test. Propagation method: SC-stem cutting; NC, Nodal
culture; LC - leaf culture; Cv - Cultivars; PM - Propagation methods; Cv x PM - Interaction
between cultivars and propagation methods.
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Figure 2.3. The content of chlorophyll @ and chlorophyll 4 of lingonberry cultivars Regal,
Splendor and Erntedank obtained by three different propagation methods: from stem cutting
(wine bars), from node cultures (green bars), from leaf cultures (pink bars). SC - Stem cutting;
NC - Nodal culture; LC - Leaf culture. Means = SE, n = 5, * — values significantly different at
P <0.05 from the standard. Letters a, b and c indicate differences at P < 0.05 by Duncan’s
multiple range test. Values with same letters are not significantly different.
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Table 2.2. The content of chlorophyll @ and b (mg/g FW) in three lingonberry cultivar as affected
by propagation method and genotype (cultivars)

Parameter Chlorophylla Chlorophyll b

Regal 0.23Z a 0.11a

Splendor 0.25a 0.11a

Erntedank 0.22a 0.10a

Propagation method (PM)

SC 0.47a 0.20a

NC 0.30b 0.15b

LC 0.235b 0.15b
Analysis of variance (P values)

Cv 0.3106 0.1061

PM <0.0023 0.0011

Cv x PM 0.9271 0.7132

Z _ Means within columns, and factors, followed by different lower-case letters indicate
differences at P < 0.05 by Duncan’s multiple range test. Propagation method: SC-stem
cutting; NC, Nodal culture; LC - leaf culture; Cv - Cultivars; PM - Propagation methods;
Cv x PM - Interaction between cultivars and propagation methods.

2.3.2. The Levels of Reduced and Oxidized Ascorbate and Glutathione

The content of total ascorbate (AsA + DHA) and total glutathione (GSH + GSSG)
differed as a result of different methods of propagation (Fig. 2.4, Table 2.3). Although, the
total ascorbate content was not significantly different among the three cultivars, there were
some inter -propagation differences observed. Significantly high total ascorbate content was
detected in Splendor and Erntedank propagated by Leaf tissue culture (LC). DHA levels
increased significantly in all cultivars obtained from LC (but not from NC) as compared to SC
(Fig. 2.4 & Table 2.3). The DHA levels were highest in Splendor compared to Regal and

Erntedank.
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Figure 2.4. Levels of ascorbate and glutathione and the relative content of the oxidized
species (DHA, GSSG) in leaves of three lingonberry cultivars (Regal, Splendor, Erntedank)
propagated by three different methods: stem cutting (wine bars), from node cultures (green

bars), from leaf cultures (pink bars). SC - Stem cutting; NC - Nodal culture; LC - Leaf
culture. Means + SE, n = 5, * — values significantly different at P < 0.05 from the standard.

The total glutathione content was significantly higher in the in vitro derived plants (NC and
LC), which corresponded also to its less oxidized level (less GSSH) (Fig. 2.4 & Table 2.3).
The reduction potentials (Enc) of glutathione (GSSG/2GSH half-cell) were calculated

according to the formula of Schafer and Buettner (2001).

Ene = 240 — (59.1/2) log ((GSH]/[GSSG]) mV
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Table 2.3. Effects of genotype and propagation methods on total and reduced ascorbate and
glutathione content in three lingonberry cultivars

Parameter ASA+DHA  DHA/(ASA+DHA) GSH+GSSG GSSG/(GSH+GSSG)

Regal 0.56 a* 0.11b 2.82b 0.29b
Splendor 0.52b 0.14 a 2.35b 0.36 a
Erntedank 0.56 a 0.10b 3.04a 0.35a

Propagation method (PM)
SC 0.51b 0.09 b 1.89 ¢ 0.49 a
NC 0.50 b 0.09b 3.48a 023 ¢
LC 0.63 a 0.16a 2.83b 0.29b
Analysis of variance (P values)
Cv 0.3106 0.1061 0.0016 0.0075
PM <0.0001 <0.0001 <0.0001 <0.0001
Cv x PM 0.9271 0.7132 0.0562 0.2466

*- Means within columns, and factors, followed by different lower-case letters indicate differences
at P < 0.05 by Duncan’s multiple range test. Propagation method: SC-stem cutting; NC, Nodal

culture; LC - leaf culture; Cv - Cultivars; PM - Propagation methods; Cv x PM - Interaction
between cultivars and propagation methods.

The SC plants possessed the least negative reduction potential of glutathione (from -235
mV in Erntedank to -242-245 mV in Regal and Splendor, respectively), while NC had the
most negative values (from -262 mV in Splendor -270 in Regal and -272 mV Erntedank), and

slightly less negative values were in LC (from -254 mV to -265 mV)

2.3.3. Activities of the Ascorbate-Glutathione Cycle Enzymes and Catalase

in Differentially Propagated Lingonberry Cultivars

Activities of the ascorbate-glutathione cycle enzymes and catalase in the leaves of
studied cultivars were affected by the propagation method as well as the genotypes (inter
cultivar differences) (Fig. 2.5, Table 2.4). Although, the APX activity in Erntedank remained

similar for all three propagation methods, it was significantly higher in in vitro (NC & LC)
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derived Regal and Splendor as compared to those derived from SC. Among the in vitro
derived Regal and Splendor, APX levels were higher in LC derived plants then those derived
from NC. In general, the increase in APX corresponds to a higher content of the oxidized
ascorbate species (DHA) (Fig. 2.5 & Table 2.3). Glutathione reductase (GR) activity in leaves
was affected by the propagation methods in a similar way as APX. The NC plants did not
show a significant increase in GR activity except for Splendor, while the GR activity in LC
plants was the highest, 5-10 times higher than in control plants. The increase in GR
corresponds to a decrease of the portion of the oxidized glutathione (GSSG) in relation to the
total glutathione content (Fig. 2.5). Monodehydroascorbate reductase (MDHAR) activity
showed a similar pattern in Splendor and Erntedank as GR but the difference between LC and
SC was most striking in Regal and small in Erntedank. GR activity in Splendor was not
affected by propagation method. Dehydroascorbate reductase (DHAR) activity exhibited a
completely different pattern as compared to MDHAR, APX and GR. In Erntedank, we
observed very low DHAR activity. The low DHAR together with high APX, in fact shows a
consistency with the DHA content in investigated plants (Fig. 2.5). According to Duncan’s
multiple range test, DHAR was significantly low in NC plants and highest in SC plants (Table
2.4). CAT activity exhibited a similar pattern as APX for all the cultivars. Both APX and CAT
were highest in Regal and lowest in Erntedank. All the studied enzymes except DHAR

showed the highest levels in LC and the lowest in SC (Fig. 2.5).
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Figure 2.5. Activities of enzymes of the ascorbate-glutathione cycle (ascorbate peroxidase —
APX, glutathione reductase — GR, monodehydroascorbate reductase —- MDHAR,
dehydroascorbate reductase -DHAR and of catalase (CAT) in leaves of three lingonberry
cultivars (Regal, Splendor, Erntedank) propagated by stem cutting (wine bars), from node
cultures (green bars) and from leaf cultures (pink bars). Means = SE, n = 5, * — values
significantly different at P < 0.05 from the standard.
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Table 2.4. Effects of genotype and propagation method on antioxidant enzyme activities (in
pmol min-! g FW) in three lingonberry cultivars (for catalase in mmol min-! g-! FW)

Parameter APX GR DHAR MDHR CAT
Cultivar
Regal 1.87 a* 0.49 a 7.18 a 0.90 a 1780.38 a
Splendor 1.17b 021c¢ 723 a 0.79b 1348.33 b
Erntedank 0.55¢ 0.26 b 590b 093 a 980.53 ¢
Propagation method (PM)
SC 0.58 ¢ 0.10c¢ 7.85a 0.59 ¢ 707.98 ¢
NC 1.08 b 0.17b 6.00 ¢ 0.76 b 1622.06 b
LC 191 a 0.69 a 6.46 b 1.27 a 1764.06 a
Analysis of variance ( P values)
Cv <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Cv xPM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

“- Means within columns, and factors, followed by different lower-case letters indicate
differences at P < 0.05 by Duncan’s multiple range test. Propagation method: SC-stem
cutting; NC, Nodal culture; LC- leaf culture; Cv- Cultivars; PM- Propagation methods; Cv
x PM- Interaction between cultivars and propagation methods
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2.3.4. Phenolic Compounds and Radical Scavenging Capacity

The content of total soluble phenolics and other antioxidant compounds in lingonberry
cultivars showed different (often opposite) patterns for fruits and leaves and was influenced
by propagation methods. As evident from Figure 2.6, TPC was 5-10 times lower in fruits than
in leaves (as calculated per g fresh weight). The leaves of NC and LC plants exhibited a
significant decrease in phenolic content compared to SC plants. In fruits, the observed
variations were smaller and the total phenolic content, in contrast with leaves, was shown to

be enhanced by in vitro propagation method in agreement with previous data of Foley and

Debnath (2007).
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Figure 2.6. The total phenolic content in leaves and fruits of three lingonberry cultivars
propagated by different methods: propagated by stem cutting (wine bars), from node cultures
(green bars), from leaf cultures (pink bars). Means + SE, n = 5, * — values significantly
different at P < 0.05 from the standard. GAE — gallic acid equivalents.
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Table 2.5. Effect of genotype and propagation method on levels of metabolites in leaves

of three lingonberry cultivars

Parameter Phenolics Flavonoids Anthocyanin Tannin DPPH
Cultivar
Regal 44.476 aZ 11.05a 8.05a 23913 a 33.144 ¢
Splendor 36.794 b 10.95b 7.46 ¢ 21.404 b 33.344 a
Erntedank 33.777 ¢ 8.813 ¢ 8.05a 16.560 ¢ 33.221b
Propagation method (PM)
SC 46.934 a 10.791 ¢ 9.043 a 22.749 a 33.560 a
NC 35.584 Db 11.716 a 8.69 a 20.584 b 33.092 b
LC 32.528 ¢ 10.216 b 8.65a 18.545 ¢ 33.058 ¢
Analysis of variance (P values)
Cv <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PM <0.0001 <0.0001 0.0098 <0.0001 <0.0001
CvxPM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Z _ Means within columns, and factors, followed by different lower-case letters indicate
differences at P < 0.05 by Duncan’s multiple range test. Propagation method: SC-stem
cutting; NC, Nodal culture; LC- leaf culture; Cv- Cultivars; PM- Propagation methods; Cv
x PM- Interaction between cultivars and propagation methods

Table 2.6. Effect of genotype and propagation method on levels of metabolites in fruits of three
lingonberry cultivars

Parameter Phenolics Flavonoids Anthocyanin Tannin DPPH
Cultivar
Regal 6.273 bZ 8.870 b 4.645Db 10.244 ¢ 13930 a
Splendor 4.894 ¢ 6.920 ¢ 7.088 a 12.947 a 10.124 ¢
Erntedank 7.051 a 10477 a 4440 b 11.211b 11.213b
Propagation method (PM)
SC 5.127b 6.575b 5.656 a 10.628 b 10.793 b
LC 7.018 a 10937 a 5.126 b 12.306 a 12.717 a
Analysis of variance (P values)
Cv <0.0001 <0.0001 0.0011 <0.0001 <0.0001
PM <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Cv x PM 0.0014 <0.0001 <0.0001 <0.0001 <0.0001

Z - Means within columns, and factors, followed by different lower-case letters indicate
differences at P < 0.05 by Duncan’s multiple range test. Propagation method: SC-stem
cutting; NC, Nodal culture; LC- leaf culture; Cv- Cultivars; PM- Propagation methods; Cv x
PM- Interaction between cultivars and propagation methods
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The total anthocyanin content (expressed as catechin equivalents), was not influenced by the
propagation method except the significant decrease in leaves of Erntedank plants obtained

from NC and LC plants. The anthocyanin content was lower in fruits than in leaves (Fig. 2.7,

Tables 2.5 & 2.6).
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Figure 2.7. The total anthocyanin content in leaves and fruits of three lingonberry cultivars
propagated by different methods: propagated by stem cutting (wine bars), from node cultures
(green bars), from leaf cultures (pink bars). Means + SE, n =5, * — values significantly
different at P < 0.05 from the control.CE — catechin equivalents.
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The total flavonoid content (expressed as catechin equivalents) was significantly higher
in the fruits and leaves of in vitro-derived plants then SC plants except for Regal LC plants

where the level was significantly lower than in SC plants (Fig. 2.8, Tables 2.5 & 2.6).
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Figure 2.8. The total flavonoid content in leaves and fruits of three lingonberry cultivars
propagated by different methods: propagated by stem cutting (wine bars), from node cultures
(green bars), from leaf cultures (pink bars). Means = SE, n = 5, * — values significantly
different at P < 0.05 from the standard. CE — catechin equivalents
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The total tannin content in leaves was not significantly different among the fruits of the
three cultivar but were highest in leaves of Regal followed by Spelndor and was least in
Erntedank. There was a tendency of a decrease of tannin content in the leaves of in vitro-
derived plants except for Erntedank where the differences were insignificant. The total tannin

content was significantly higher in fruits of in vitro derived plants compared to SC plants (Fig.

2.9, Tables 2.5 & 2.6).
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Figure 2.9. The total tannin content in leaves and fruits of three lingonberry cultivars
propagated by different methods: propagated by stem cutting (wine bars), from node cultures
(green bars), from leaf cultures (pink bars). Means + SE, n =5, * — values significantly
different at P < 0.05 from the standard. CE — catechin equivalents.
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The total DPPH radical scavenging capacity measured as gallic acid equivalents was
twice as high in leaves than in fruits. In leaves it was not affected by the method of
propagation while in fruits of plants obtained from tissue culture the radical scavenging

capacity was ~10% higher as compared to fruits of control SC plants (Fig. 2.10, Tables 2.5 &

2.6).
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Figure 2.10. The total radical scavenging capacity in leaves and fruits of three lingonberry
cultivars propagated by different methods: propagated by stem cutting (wine bars), from node
cultures (green bars), from leaf cultures (pink bars). Means = SE, n =5, * — values
significantly different at P < 0.05 from the standard. GAE — gallic acid equivalents.
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2.3.5. Phenolic Compounds Identified in Leaves and Berry Extracts of

Differentially Propagated Plants

The content of phenolic compounds identified in leaves and in berry extracts of
differentially propagated lingonberry cultivars is shown in Table 2.7. A total of five phenolic
compounds were identified in the extracts of both leaves and berries. Catechin, epicatechin,
gallic acid, p-coumaric acid and quercetin were identified in the extracts according to their
MS/MS spectra following the breakdown of sugar-phenolic esters. The weights of sugar
moieties attached to quercetin were tentatively identified and confirmed with the literature
(Anttonen et al. 2006; Ek et al., 2006). At least four quercetin derivatives were tentatively
identified in the extracts. Quercetin-3-O-galactoside, quercetin-3-O-glucoside and
quercetin-3-O-arabinoside were unambiguously detected in fruit extracts while in leaves
quercetin-3-O-rutinoside was also identified in addition to the other three derivatives.
Quantification of the total quercetin and other identified compounds was done using standard
calibration curve and peak areas. In fruits, the levels of identified phenolics showed
significant increase in the in vitro-derived plants except for p-coumaric acid which was almost
same in fruits of the in vitro- and ex vitro-derived plants. The trend was opposite in leaves and
correlated with total phenolic assay. Significantly higher levels of identified compounds were

observed in leaves of the ex vitro-derived plants except for p-coumaric acid.
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Table 2.7. Effect of genotype and propagation method on phenolic compounds in lingonberry
cultivars

Parameter]  Gallic Acid Catechin Epicatechin |p-Coumaric acid Quercetin

leaf ber