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Abstract
Although plums and their dried counterparts, prunes, have been distinguished as
abundant sources of nutrients, the diversity of unique phytochemicals and the effects of
processing on these bioactive compounds have not been investigated in detail. Among the
phytochemicals present in plums, phenolic compounds are free radical scavengers with
antioxidant potential that contribute to health-promoting effects in combating a number of
chronic and degenerative diseases. The yellow European plums (YEPs) (Prunus domestica
L.) developed at Vineland Research Station demonstrate comparable nutritional properties to
traditional dark purple or blue-black European prune-making plums and superior phenolic
contents and antioxidant capacity following dehydration. The plums and respective “golden
prunes” were characterized through the measurement of total and specific phenolic contents
and associated antioxidant capacities, as well as the determination of specific sugar
compositions and α-glucosidase inhibitory activities before and after the implementation of
optimized osmotic dehydration processing techniques involving traditional sulfite and
nutrient-rich alternatives. The development of novel golden prunes provides the Ontario
tender fruit market with an avenue for extending the short post-harvest storage and shelf-life
characteristics of tender fruit while providing the superior health benefits of fresh fruit to an
aging consumer population on a year-round basis.
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Chapter 1

Introduction
1.1 General Introduction
It is well-known that certain foods function in the maintenance of human health
and prevention of chronic diseases (Ames, 1983). These types of foods are often classified
as functional foods or nutraceuticals. The consumption of nutraceuticals and functional
components in a variety of functional foods, such as fresh fruits and vegetables and their
processed products, has been associated with a number of beneficial health effects and
disease-prevention over the years (Prior & Cao, 2000). Among these functional foods,
plums and prunes are plant-based “super foods” since their consumption has been
associated with the decrease in chronic degenerative diseases and circulatory and digestive
issues. These effects are a result of their high polyphenolic composition and related
antioxidant capacity, which will subsequently be explored in detail.
Although plums possess very high concentrations of phenolic phytochemicals,
these fruits remain underutilized in the average North American diet and under-researched
worldwide (Vinson et al., 2001). Despite dehydrated fruit products, such as prunes,
demonstrating even higher levels of phenolic and antioxidant composition compared to
fresh fruits, the effects of processing on the characteristic physiochemical composition
have not been well defined. Moreover, there is a lack of research concerning the specific
influence of drying parameters on the phenolic compounds and antioxidant activity in
prunes (Madrau et al., 2008; Piga et al., 2003).
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1.2 Research Objectives
In the proposed project, the objective was to develop novel golden prunes from
yellow European plums (YEPs) from the Vineland Research Station plum breeding
program through osmotic infusion and subsequent drying. The present research proposed
to investigate the effects of osmotic infusion and thermal processing conditions on the
polyphenolic composition and associated antioxidant capacity of the novel yellow plums
and their processed products, “golden prunes”. The understanding of the effects of infusion
and dehydration on the composition of plums was elucidated by comparison to traditional
blue-black European plums and prunes. The investigation was aimed at developing
appropriate processing methods that preserve the nutritional value of the fruits, enhance
the functionality of the product, extend the shelf-life, and optimize consumer appeal of
YEPs and golden prunes both for the local and global tender fruit industries.
1.2.1 General Objectives
The general objective of this research was to investigate the sensory and physicochemical profiles of YEPs and the changes in these profiles following osmotic dehydration
to produce novel golden prunes compared to traditional prune-making varieties. The
sensory profiles will support the physico-chemical analyses of the phytochemical
components to select genotypes that are projected to be more favourable to consumers
based on the subjective assessment of colour, taste, and texture.
1.2.2 Specific Objectives
The specific objectives were to:
1. Determine the optimal osmotic infusion and dehydration methods for the retention of
sensory and physico-chemical parameters in golden prunes with the use of sulfite
2

alternatives and comparison to the traditional prune-making strategies using sulfiting
agents.
2. Measure the polyphenolic contents and evaluate the corresponding in vitro antioxidant
capacities, and α-glucosidase activities of both fresh yellow and blue-black European
plums and the changes in these parameters through the analysis of golden and blueblack prunes following dehydration.
3. Determine the identity and quantity of individual polyphenolic compounds in both
fresh YEPs and golden prunes, including flavonoids and anthocyanins, and compare to
the profile of typical blue-black plums and prunes.
4. Determine the identity and quantity of the different sugars present before and after
dehydration by the predetermined osmotic infusion methods of the YEPs compared to
standard blue-black European plums.
1.3 Hypotheses
The hypotheses of this research state:
1. The osmotic dehydration conditions will affect the physical and chemical composition
of prunes compared to fresh plums, both in novel yellow and traditional blue-black
European plum genotypes from Vineland Research Station.
2. The polyphenolic composition and antioxidant activity will be different before and
after osmotic dehydration, including the concentration of total phenolic compounds in
prunes.
3. Additionally, the specific polyphenolic composition and antioxidant activity will
demonstrate differences between the blue-black and yellow genotypes under
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investigation, including the specific phenolic compounds that contribute to the physical
and chemical differences, including colour differences.
4. The sensory and physico-chemical differences that are attributed to changes in sugar
composition following osmotic dehydration will demonstrate the increase or decrease
in specific sugars in the prunes of both the yellow and blue-black genotypes due to the
effects of processing.
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Chapter 2

Literature review
2.1 Functional Foods and Current Focus
Although the numerous biological impacts associated with functional foods and
nutraceuticals are emerging trends and hot topics in the food industry, one of the original
sources of these health benefits are fruits and vegetables. In general, fruits and vegetables
are especially beneficial to human health and contribute to the prevention of degenerative
processes since they contain a number of bioactive compounds (Ames et al., 1993; Vinson
et al., 2001). A number of epidemiological studies have demonstrated overwhelming
evidence that indicates that a diet rich in fruits and vegetables is associated with a lower
risk of these degenerative processes due to the critical nutritional factors that are contained
in fresh produce (Nicoli et al., 1999). Consequently, the National Cancer Institute and the
National Research Council recommend at least five servings of fruits and vegetables daily
to improve health. However, only 17 per cent of 15,000 Americans surveyed in schools,
work sites, churches, or nutrition clinics consumed the recommended number of servings
(Thompson et al., 1999).
The recent heightened interest in nutrient-dense foods and expansion of the fresh
fruit and vegetable industry have led to increased focus on the nutritional qualities of many
fruits and vegetables and their specific effects on human health. A recent study conducted
by the United States Department of Agriculture revealed that foods that score high in an
antioxidant analysis called ORAC (Oxygen Radical Absorbance Capacity) may protect
cells and their components from oxidative damage (USDA, 2002). The study demonstrated
that consumption of plenty of high-ORAC foods led to increased antioxidant power of
5

human blood 10 to 25 per cent, prevention of some long-term memory and learning ability
loss in middle-aged rats, maintenance of brain cells’ ability to respond to chemical stimuli,
and the protection of rats’ capillaries against oxygen damage (USDA, 2002). The higher
the ORAC score, theoretically, the more pronounced these biological implications become.
The highest ORAC-scoring fruit were plums with 5770 ORAC units per 100 grams,
followed by raisins and blueberries.
The bioactive compounds in fruits, including vitamins and phenolics, play an
important role in plant defense mechanisms and the expression of antioxidant activities
(Lombardi-Boccia et al., 2004). Several recent studies have measured the amount of
naturally present antioxidants, such as α-tocopherol, vitamin C and β-carotene in dietary
plants. The results suggest that a relatively small fraction of the antioxidants in most of
these plants is contributed by the actual antioxidants under study (Paganaga et al., 1999;
Prior & Cao, 2000). Consequently, there are limitations to measuring a single or limited
number of antioxidants since potentially hundreds of dietary antioxidants, such as
carotenoids, polyphenolic acids, sulfides, flavonoids, and lignans, are bioactive and can
perform synergistically. The result is the combination of several individual antioxidants
occurring naturally in foods performing the observed dietary functions rather than the
effect of a single component (Halvorsen et al., 2002). Specifically, various kinds of
antioxidant components in plums may play important roles in the combinative or
synergistic contribution to total antioxidant capacity (Kim et al., 2003).
A critical consideration in the fruit industry is the stability of fresh produce. Since
the water content of most fruits and vegetables is higher than 80 per cent, their shelf-life is
limited, which causes the fruit to be more susceptible to storage and transport conditions
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(Stacewicz-Sapuntzakis et al., 2001). Consequently, there has been an expansion in the
production and consumption of processed foods. In particular, dehydrated fruits and
vegetables are increasing in popularity worldwide because they can be easily produced,
stored and transported at relatively low cost, have reduced packing costs, and their low
water content deters the development of some microorganisms that typically lead to
spoilage in fresh produce (Santos & Silva, 2008). Although dried fruits have been
identified as an excellent source of fibre, nutrients, and complex carbohydrates, these dried
fruits are not commonly consumed in North American diets. For instance, an average of
only 2.3 pounds per year of dried fruits were consumed per person in the United States
alone compared to 126 pounds and 152 pounds per year of fresh and processed fruits,
respectively (Putnam & Allshouse, 1999).
2.2 Origin and History of Prunus Species
The family Rosaceae is a dominant family of fruits, including plum (Prunus sp.;
European plum, Prunus domestica L. and Japanese plum, Prunus salicina L.) and prune, in
addition to apple, blackberry, cherry, nectarine, peach, pear, raspberry, and strawberry.
The fruits of this family are characterized by distinct physiological and nutritional
characteristics. In particular, these fruits are rich in polyphenolic components, including
anthocyanins, vitamin C, and fibre, which has led to increasing research into the functional
properties of these widely-consumed stone fruits and berries (Paliyath et al., 2008).
Plum fruits and related Prunus species account for more than 2000 species of
fruits. These fruits are considered important international commodities due to their broad
consumer acceptance and the variety of preparations, including canned, dried, fresh,
processed for cooking use or distilled into brandy (Diaz-Mula et al., 2008; Okie &
7

Ramming, 1999). Similar to the other stone fruits, the history of prunes dates back
thousands of years since prunes were used as a ready-snack for centuries (StacewiczSapuntzakis et al., 2001). Most notably, the French horticulturist, Louis Pellier, brought
European plums to California in the mid-to-late 19th century, resulting in the first known
prune production in North America. Some genotypes of the numerous cultivars were dried
and preserved by desiccation in the sun or warm oven for continuous consumption after
the harvest season. The virtues of prunes were extolled for aiding in digestion and curing
mouth ulcers. Specifically, the origin of the European plum is in the area around the
Caspian Sea. The polyploid species emerged from two ancient wild plums, which were the
diploid cherry plum, Prunus cerasifera Ehrh, and the tetraploid blackthorn Prunus spinosa
L.. The product of this cross-breeding was cultivated and propagated, and carried
westward to Europe and later to other continents by the immigration of Europeans to other
countries, including the Americas.
Plums are primarily cultivated in the subtropic and temperate regions across the
world. The major prune producers in the world include the United States and France
following the predominant production in China, as seen in Table 1 (Bousignon et al., 1988;
DFRDC, 1992). Although Asia is the largest producer of plums worldwide, North
American producers contribute close to five per cent of the worldwide average and the
United States alone is the second highest exporter of plums and the top exporter of prunes
internationally with 28 per cent and 32 per cent of the worldwide average, respectively
(FAO Stat, 2012). In particular, California has become the top prune producer over the
past decade, producing about 67 per cent of the world’s prune supply, which is 178 million
kilograms of prunes per year (California Prune Board, 1997). In Canada, British Columbia
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and Ontario dominate the plum and prune industry, producing 3.47 million kilograms
combined per year. These plums are predominantly traditional Italian varieties yet newer
plantings are expected to increase production (Statistics Canada, 2003).
Table 1. Production of plum crops worldwide in 2011 (FAO Stat, 2012).
Country
Africa
Asia
Australia & New Zealand
Europe
North America
Oceania
South America
Canada
World

Production (tonnes)
324,342
7,090,653
17,686
2,817,981
562,288
17,686
475,369
2,464
11,359,707

Area Harvested (Ha)
49,751
1,820,729
3,361
526,843
35,491
3,361
44,004
401
2,495,351

The plum breeding program that was started in 1913 at Vineland Research Station
is one of the oldest European plum breeding programs worldwide. Currently, it is the only
plum breeding program in Canada as well as the only active program remaining in the
North East region of the Americas (Stacewicz-Sapuntzakis et al., 2001). Although the
acreage of plums is smaller locally when compared to California, the genotypes developed
at Vineland Research Station have a growing universal appeal and audience. The majority
of these plums are traditional and blue-black in skin colour; however, there are other
lighter-skinned Japanese varieties, such as Early Golden and Greengage. Recently, a small
population of unique YEPs has also been identified, such as the select genotypes that will
be investigated in this study in detail. Overall, the immense genotype of plums, the
distribution of the fruit through a wide area, and its adaptability to varying conditions
make it greatly important both at present and also in future development (Blazek, 2007).
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Although the current consumer appeal of plums is largely attributed to taste,
texture, and soluble sugar content, plums also have low caloric content and relatively high
nutritive value (Diaz-Mula et al., 2008). These fruits contain carbohydrates, including
sucrose, glucose, fructose, and sorbitol, as well as organic acids such as citric and malic
acids, in addition to fibre (pectins), tannins, aromatic substances, and enzymes. These
substances contribute to nutritive value and taste of plums (Ertekina et al., 2006). Their
dried counterparts, prunes, contain significant quantities of soluble fibre in the form of
pectin (three grams per 100 grams), which has been shown to decrease cholesterol levels
in plasma, possibly through increased bile acid excretion in the feces (StacewiczSapuntzakis et al., 2001).
Plums are also rich in a variety of mineral and vitamins, including vitamins C,
B1, B2, and A, which are essential for numerous functions in the human body (StacewiczSapuntzakis et al., 2001). The minerals with known recommendations that are present in
physiologically significant amounts include iron, magnesium, copper, zinc, manganese,
and potassium. Specifically, the amount of iron that is bioavailable is also among the
highest in fruits and vegetables. This phenomenon is attributed to the ascorbic acid content
in prunes (Ballot et al., 1987). Although some vitamins are degraded during dehydration at
high temperatures, such as vitamin C, others may be concentrated by dehydration,
resulting in more nutrient density in prunes than plums and other fresh fruits (StacewiczSapuntzakis et al., 2001). In addition to vitamin C, a significant contribution may be made
by riboflavin, niacin, and pyridoxine, which are present at levels of 10 per cent of the
recommended daily intake per serving of prunes.

10

2.3 Polyphenolic Compounds and Antioxidant Activity
The emerging knowledge and emphasis on the phytochemical potential of certain
fruits has led to the characterization of plums as rich in antioxidant capacity. The
phytochemicals of interest are predominantly phenolic acids and flavonoid derivatives
(Tomás-Barberán et al., 2001). These components have strong antioxidant capacities in
addition to imparting sensory qualities such as taste, color, and flavour in fruits,
vegetables, and beverages (Cao et al., 1997; Kim et al., 2003; Vinson et al., 2001). These
fruits are particularly high in antioxidant activity, exceeding that of oranges, apples and
strawberries (Kayano et al., 2002). Specifically, plums have demonstrated 4.4 times higher
total antioxidant capacity than apples despite apples being one of the most commonly
consumed fruits in the human diet (Wang et al., 1996).
Dietary antioxidants are becoming increasingly important in the defence against
complex damage by oxidative stress, such as the formation of free radicals, which is
associated with the development of most chronic diseases and disorders. Although free
radical formation is associated with the normal, natural metabolism of aerobic cells, the
generation of free radicals as a result of the oxygen consumption in cell growth may lead
to adverse effects (Elmegeed et al., 2005; Gutteridge, 1993; Harris et al., 1992). These
adverse effects can also result from external factors, such as tobacco smoke and radiation,
which can lead to free radical formation (Gate et al., 1999).
These free radicals are molecules with incomplete electron shells, which make
them more chemically reactive than those with complete electron shells. The reactive free
radicals, including superoxide anion (O2-), hydroxyl radical (OH-), and peroxy radical
(ROO-), contribute to damage to biological systems, such as the disruption of membrane
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fluidity, protein denaturation, lipid peroxidation, oxidative DNA and alteration of platelet
functions (Fridovich, 1978; Kinsella, et al., 1993). Since many human degenerative
diseases have been attributed to free radical damage, including many chronic health
problems, such as cancers, inflammation, aging and atherosclerosis, there have been
numerous studies to prevent or delay the onset of these diseases (Kim et al., 2003).
Although almost all organisms possess antioxidant defence and repair systems
that have evolved to protect them against free radicals, these systems are insufficient to
protect them completely against oxidative damage (Nwanna & Oboh, 2007). However, the
damage can be mediated by antioxidants, which can quench reactive free radicals. This
halts oxidation of other molecules, resulting in health-promoting effects in the prevention
of degenerative diseases (Diaz-Mula et al., 2009). The most likely and practical way to
fight degenerative diseases is to improve internal antioxidant capacity, which has been
associated with the higher consumption of fruits and vegetables (Oboh et al., 2008). These
types of plant-based foods are rich in naturally-occurring antioxidants that can scavenge
free radicals.
In general, phenolics constitute one of the most numerous and widely distributed
groups of substances in the plant kingdom with more than 8,000 phenolic structures
currently known (Prior & Cao, 2000). Polyphenolic compounds are secondary metabolites
that are derived from the pentose phosphate, shikimate, and phenylpropanoid biosynthetic
pathways in plants, as seen in Figure 1 (Ryan et al., 1999). These compounds compose a
group of chemically heterogeneous structures that possess a number of functional roles. In
particular, many of these compounds are considered defense compounds that act to protect
the plants against herbivores and pathogens, while others provide mechanical support,
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assist in attracting pollinators and fruit dispersers, absorb harmful irradiation, and reduce
the growth of competing surrounding plants (Taiz & Zeiger, 2006).
Pentose Phosphate
Pathway

Shikimate Pathway
Carbohydrate
Metabolism
Phenylpropanoid
Pathways

Cinnamic Acid
Benzoic Acid

Malonyl Co-A

Flavonoids

Figure 1. The biosynthetic pathways of phenolic compound formation in plants (adapted from
Ajila et al., 2011).

These plant-derived phenolics can range from simple molecules, such as phenolic
acids, to highly polymerized compounds, like proanthocyanidins, also known as tannins
(Taiz & Zeiger, 2006). Specifically, flavonoids and derivatives have gained increasing
interest as one of the most ubiquitous groups of secondary plant compounds. The results of
a recent study suggest that the average total intake of flavonoids in consumers was 55.2
milligrams per day excluding anthocyanins, which was derived from fruits (67 per cent),
beverages (25 per cent), vegetables (five per cent), and berries (three per cent) (Prior &
Cao, 2000).
These compounds are composed of a basic structure of diphenylpropanes,
consisting of two aromatic rings linked through three carbons that usually form an
oxygenated heterocycle (Prior & Cao, 2000). These aromatic ring structures are designated
A, B, and C, as seen in Figure 2. The A and C rings form the benzopyran backbone of the
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molecule with the addition of hydroxyl groups at the 3, 5, and 7 positions and further
conjugation to sugars. The additional aromatic B group is connected to the C ring at the 2
position. The common family members of flavonoids include flavones, isoflavones,
flavanones, flavanols, catechin, isoflavonoids, anthocyanins, and proanthocyanidins
(procyanidins or condensed tannins). The differences in these classes of flavonoid
compounds result from the presence or absence of a double bond in the C-ring, the
orientation of the B-ring (isoflavones), or the lack of an oxygen in position 4 (catechins).
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Figure 2. The general chemical structures for the flavonoid backbones, consisting of the
benzopyran nucleus composed of rings A and C, and linked to ring B. The structural features that
impart antioxidant functionality in polyphenols are the conjugated ring system and the multiple
hydroxyl and carboxyl functionality (adapted from Jacob et al., 2012).

Flavonoids are of interest due to the large number of biological effects that they
impart, including free-radical scavenging activity, modulation of enzyme activities, and
inhibition of cell proliferation (Jacob et al., 2012). These compounds are being more
widely investigated to elucidate their reported antiulcer, antispasmodic, antisecretory, or
antidiarrheal activities in the gastrointestinal tract, as well as their antihepatotoxic
properties, and their ability to scavenge nitric oxide free radicals (Rupasinghe et al., 2006).
Additionally, flavonoids are particularly relevant in the growing body of cancer research
due to their anticancer functionality, which includes activation and synthesis of
detoxifying enzymes, modulation of cell differentiation and apoptosis, antioxidant
function, and inhibition of protein kinases and toposiomerases (Kuo, 1997; Pinhero &
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Paliyath, 2001). Consequently, flavonoids have a profound effect on various stages in
cancer development, in atherosclerosis formation, on the immune system, and on
hemostasis in cell systems and animals (Prior & Cao, 2000).
These important biological functions are performed through several biochemical
actions of flavonoids. Such compounds are associated with catalytic inhibition of a number
of enzymes involved in the generation of reactive oxygen species (ROS) and the
promotion of inflammation, as well as effective chelation of trace metal ions that enhance
the formation of ROS (Jacob et al., 2012). For example, the flavonoid moiety participates
in free-radical scavenging as a donor of a hydrogen atom to the reactive free radical, as
seen in Figure 3. The formation of the flavonoid free radical during the reaction results in
greater stability than the previous ROS system since the electrons are delocalized in the
benzene ring of the phenolic structure.

Figure 3. The oxidation-dependent changes in the structure of flavonoids upon interaction with
ROS wherein structure b depicts a flavonoid radical stabilized by a hydrogen bond and the
subsequent formation of an orthoquinone in structure d with the further oxidation of the resulting
flavonoid radical (adapted from Jacob et al., 2012).

The most prevalent flavonoid derivatives with potent phytochemical potential
found in many fruits and vegetables are anthocyanins, which represent a group of
widespread natural phenolic compounds in numerous coloured plants (Usenik et al., 2009).
These compounds predominantly exist in fruits as glucosides that result from the
conjugation of the flavnonoid component, an anthocyanidin, and a glucose molecule (Prior
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& Cao, 2000). These anthocyanins can then be differentiated by the nature and number of
aliphatic and aromatic acids that are further conjugated with the sugars in the compound.
Anthocyanins are one of the subgroups of flavonoids that are primarily found in
red grapes, red wine, berries, and blue-black plums (Prior & Cao, 2000). In particular,
anthocyanins may serve as natural colorant sources and even potential substitutes of
synthetic food colorants due to their attractive orange, red, and blue hues (Cevallos-Casals
& Cisneros-Zevallos, 2004; Cevallos-Casals et al., 2006). Since colour is the most
important indicator of maturity and quality in many fruit species, and it is mainly
influenced by the concentration and distribution of various anthocyanins, these compounds
possess an important functional role (Usenik et al., 2009).
As mentioned previously, anthocyanins are composed of an anthocyanidin
(aglycone form) bonded to one or more sugars at different hydroxylation sites (Usenik et
al., 2009). The anthocyanins in many fruits are based on six common anthocyanidins,
which are pelargonidin, peonidin, delphinidin, cyanidin, petunidin, and malvidin
(Kotepong et al., 2011). The sugars that are commonly linked to anthocyanidins are
glucose, galactose, rhamnose, and arabinose. These structures are further modified through
the addition of other compounds, such as methyl groups, acetic acid, propionic acid,
caffeic acid, or malonic acid, which are bonded to the sugar moieties. Among edible plants
containing anthocyanins, cyanidin is the most abundant aglycone in approximately 90 per
cent of anthocyanin-containing fruits, as seen in Figure 4 (Prior, 2001).

16

R1
OH

HO

O
A

B

+

R2

C

O
OH

HO
O
D

HO
OH

Anthocyanin
Pelargonidin 3-glucoside
Cyanidin 3-glucoside
Delphinidin 3-glucoside
Peonidin 3-glucoside
Petunidin 3-glucoside
Malvidin 3-glucoside

OH

Colour
Orange
Orange-red
Blue-red
Orange-red
Blue-red
Blue-red

R1
H
OH
OH
OCH3
OCH3
OCH3

R2
H
H
OH
H
OH
OCH3

Figure 4. The structure of the most common anthocyanins in edible plants in which the three
aromatic rings, A, B, and C, comprise the basic anthocyanidin (aglycone structure) that is then
complemented by a sugar moiety, D (Prior, 2001).

Despite the limited literature concerning the anthocyanin composition in
European plums, Japanese plums have been characterized by a number of anthocyanins,
including cyanidin 3-glucoside, cyanidin 3-rutinoside, cyanidin 3-galactoside and cyanidin
3-acetyl-glucoside (Wu & Prior, 2005). Although anthocyanins are among the dominant
compounds typically found in plums, the absence of dark pigmentation in the YEPs largely
indicates the absence of these compounds compared to traditional varieties.
Since most phenolic compounds, especially anthocyanins and neochlorogenic
acid, become concentrated in the skin of plums and other stone fruits, it is expected that
fruit colour is correlated to total phenolic content or total antioxidant capacity (Raynal et
al., 1989; Tomás-Barberán et al., 2001). Accordingly, a recent study demonstrated that
plums with greenish skin colour, when compared to red or purple, had the lowest level of
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total phenolics (Rupasinghe et al., 2006). Another study indicated that the yellow varieties
being investigated did not contain the characteristic plum anthocyanins, including cyanidin
3-glucoside, cyanidin 3-rutinoside, peonidin 3-glucoside and peonidin derivative (Chun et
al., 2003). Additionally, the total phenolic contents exhibited a higher correlation with the
antioxidant activity than anthocyanin and carotenoid contents, which indicated the
importance of this parameter in determining antioxidant capacity (Vizzotto et al., 2007).
Among the molecules exerting antioxidant activity in the plums, the contribution of
phenolic compounds was much greater than that of vitamin C and carotenoids alone (Gil et
al., 2002).
2.4 Health Effects of Bioactives in Plums
Despite plums being one of the most numerous and diverse groups of fruit tree
species, there is minimal information regarding their complete biochemical characteristics
(Blazek, 2007). Although European plums provide a good source of nutrients and
phenolics, the diversity of phytochemicals within this species has not been investigated in
detail largely as a result of breeding programs mainly focusing their efforts on improving
yield, altering season, and resistance to abiotic and biotic factors (Rupasinghe et al., 2006).
According to the limited studies presented on phytochemicals in plums, the predominant
phenolic compounds in plums were identified as hydroxycinnamic acid derivatives, such
as chlorogenic acid, neochlorogenic acid, and quercetin derivatives (Kim et al., 2003;
Raynal et al., 1989). In particular, the biologically relevant phenolic compounds found in
European plums include quinic and cinnamic acids and the complimentary esterified
forms, such as a p-coumaric acid, caffeic acid, and chlorogenic acid isomers, respectively,
as seen in Figure 5.
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Figure 5. The structure of selected phenolic compounds in European plums, a. cinnamic acid, and
b. cinnamic acid derivatives (adapted from Macheix, 1990).

Specifically, neochlorogenic acid and chlorogenic acid are two dominant phenolic
compounds that have been identified in plums and prunes (Donovan et al., 1998). These
phenolic acids are especially relevant for their biological activity since they have been
identified as antioxidants toward isolated human lipoproteins. An early step in
atherosclerotic lesion formation is oxidation of low (LDL) and very low (VLDL) density
lipoproteins, so the protection of lipoproteins from oxidation delays the onset or
progression of atherosclerotic processes (Prior & Cao, 2000). In addition to plums and
prunes, chlorogenic acid is found in foods like blueberries and coffee in which it functions
to protect against DNA breakage caused by monochloramine (Prior & Cao, 2000). As a
result of the combination of these biologically significant antioxidant compounds, prunes
as well as plums have been associated with reducing cardiovascular diseases and
controlled weight loss (Stacewicz-Sapuntzakis et al., 2001). Specifically, epidemiological
studies have revealed that dietary intake of both flavonoids and phenolic acids that are
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found in significant quantities in plums and prunes are inversely related to subsequent
coronary heart disease (Rupasinghe, et al., 2006).
A number of epidemiological studies showing that certain dietary factors
influence cancer development have led to experimental investigations of functional foods,
such as plums and prunes. As the second leading cause of cancer death in the United States
and the fourth most common cancer, colorectal cancer is currently being investigated in
terms of the effect of specific dietary factors on colon carcinogenesis (Edwards et al.,
2002; Shike, 1999). Specifically, prunes contain a high concentration of dietary fibre and
polyphenols, both of which have been associated with a reduced risk of colon cancer
(Matsumoto et al., 1996; Reddy et al., 1992). Furthermore, consumption of prunes by
humans has been shown to reduce fecal lithocholic acid concentration, which is a putative
colon cancer risk factor (Tinker et al., 1991).
In addition to fresh plums, the results of a recent study indicated that the
phytochemical content of dried plums can likely be attributed to the reduction of several
risk factors related to colon carcinogenesis, such as reducing fecal total and secondary bile
acids concentrations, decreasing colonic β-glucuronidase and 7-α-dehydroxlase activities,
and increasing antioxidant capacity (Yang & Gallaher, 2005). In particular, flavonoids
have been identified for their role in exerting growth inhibition in several cell lines,
including colorectal carcinoma cells and can induce apoptosis (Agullo et al., 1994; Kuo,
1996). Consequently, the effect of different cultivars of plums and prunes on anti-tumor
properties of colon carcinogenesis requires further investigation.
In addition to cancer and cardiovascular diseases, the rate of incidence of diabetes
is rising, demanding progressive technologies to manage the disease. Type II diabetes is a
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metabolic disorder that is associated with insulin resistance and impaired insulin secretion,
which can lead to chronic hyperglycemia, glycation of hemoglobin, and increased levels of
oxidative stress (Tourrel et al., 2002). Key enzymes that are associated with the
progression of Type II diabetes include α-glucosidase and α-amylase, which are involved
in starch breakdown and intestinal glucose absorption, respectively (Kwon et al., 2008).
These enzymes are critical in the onset and progression of diabetes since the main
challenge associated with this disease is the maintenance of blood glucose levels as close
to normal as possible with few fluctuations (Bischoff et al., 1985; Kwon et al., 2008).
With respect to managing diabetes, the inhibition of α-glucosidase and α-amylase
is important in decreasing the transport of carbohydrates into the bloodstream (Puls et al.,
1977). In particular, α-glucosidase is found in many fruits and vegetables as well as in all
animal species as a necessary enzyme for hydrolysis of maltose to glucose. Therefore, the
inhibition of this enzyme is particularly important in the development of management
strategies for Type II diabetes. Inhibition can reduce the rate of maltose hydrolysis and
correspondingly, result in significantly decreased postprandial increase in blood glucose
level after carbohydrate intake.
As a result, therapeutic strategies that inhibit or reduce associated oxidative
processes are linked to the prevention or delay of complications associated with diabetes.
Although there are inhibitors being used for this purpose, such as α-carbose, there are a
number of associated side-effects reported, such as abdominal distention, flatulence,
meteorism, and diarrhea (Bischoff et al. 1985; Puls & Keup, 1975). Consequently, dietary
management of α-glucosidase and α-amylase inhibition may be an effective alternative.
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The functionality of these enzymes extends to their interaction with the
aforementioned bioactive phenolics. Since polyphenols are multidentate ligands that can
bind to protein (enzyme) surfaces via different phenolic groups simultaneously, enzymatic
inhibition is affected by the binding of polyphenols to proteins (Freitas et al., 2003).
Results from a study involving herbal extracts demonstrated high α-glucosidase and αamylase inhibition associated with several common phenolic compounds (Kwon et al.,
2006). As a result, α-glucosidase and α-amylase inhibitory activities have been correlated
with total phenolic content, antioxidant activity, and individual phenolic components in
measured samples in addition to the synergistic action of other non-phenolic components
(Kwon et al., 2008).
2.5 Compositional Changes during Traditional Prune-Making
The development of processing technologies in food applications evolved in order
to alleviate the enormous challenge of providing fruits and vegetables to consumers
beyond the short growing season and shorter shelf-life with preserved nutritional and
sensory profiles (Stacewicz-Sapuntzakis et al., 2001). Although some fruits can be stored
in cold or controlled atmosphere storage, tender fruits are especially susceptible to postharvest damage and physiological changes, resulting in the need to process them for wider
spread consumption. Instant quick freezing is a traditional technique to preserve these
fruits, but chemical and physical modifications resulting from the process often limit their
applications in food products. As a result, the application of dehydration has been
extensively used as a cost-effective method for maintaining quality attributes in fruits.
Specifically, prune-making is the traditional processing method used for plums involving
dehydration.
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Although there is literature on the chemical composition of plums and prunes,
there has not been a distinct relationship demonstrated between the initial and the final
composition of the product. A recent study by the USDA indicates significantly higher
nutrient scores for dried fruits compared to fresh fruits for their respective serving sizes
(USDA, 2002). These results confirm that dried fruits have a greater nutrient density,
greater fibre content, increased shelf life, and significantly greater phenol antioxidant
content compared to fresh fruits. The quality of the antioxidants in the dried fruit is the
same as in the corresponding fresh fruit. As such, phenols in dried fruit may function as
important antioxidants despite the lower consumption of these products (Vinson et al.,
2005). Therefore, a standard serving of five prunes (40 grams) or eight ounces of prune
juice can be a healthy component of the daily diet, which is prescribed to include five to
nine servings of fruits and vegetables (USDA, 1992).
In order to yield quality prunes, the chosen cultivars require certain
characteristics, including colour, total soluble solids, texture, and firmness. The main
parameters that distinguish prune-making plums are a sufficiently sweet fruit with a total
soluble solids content of minimum 14⁰ Brix and freestone for ease of pitting. These
qualities are complimented by desirable sensory characteristics when plums are harvested
at the proper stage of maturity. However, there is a lack of a reliable maturity index in
plums, which poses a challenge for consistent harvest practices. One of the most important
criterion for ripeness is the skin colour, which is the most common indicator for traditional
prune-making plums (Usenik et al., 2008).
Although there are over 100 varieties of traditional blue-black plums that exhibit
the aforementioned ideal prune-making properties, the most common prune genotypes
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include Improved French, Italian, Sutter, and Imperial (Usenik et al., 2008). However,
only a small number of genotypes with yellow or green skin, such as Greengage and
Yellowgage, are used for small-scale prune production, and the breeding of these cultivars
is not in practice in any of the current breeding programs. Consequently, the role of
Ontario plum breeding is significant in the contributions of unique quality cultivars for
fresh consumption and processing purposes.
Following the harvest of plums, the fruits are dehydrated to reduce their moisture
content for extended stability and can then further be processed into prune juice, prune
purée, prune paste, and prune powder (California Prune Board, 1998). These commercial
products are developed by the food industry to be used in a variety of products, including
baking products and packaged cereals. The process begins with the fresh fruits getting
washed and pre-treated and then dehydrated from approximately 75 per cent moisture to
approximately 21 per cent in hot air tunnel dehydrators for 18 hours. During dehydration,
the air temperature is set between 60°C and 90°C in order to prevent excessive browning
and burnt flavour (California Prune Board, 1998; Stacewicz-Sapuntzakis et al., 2001).
After sufficient moisture reduction through dehydration, the dried product can
then be stored at ambient temperature for at least one year (California Prune Board, 1998;
Stacewicz-Sapuntzakis et al. 2001). Since the prunes are too hard for direct consumption,
they are typically rehydrated to 32 per cent moisture, and then packaged with sorbic acid
to ensure microbial stability. The rehydration process usually occurs in a 77°C water bath,
followed by steam treatment to infuse the fruits with moisture (California Prune Board,
1997). Generally, prunes are not susceptible to microbial spoilage if water content is less
than 25 per cent due to the low pH (3.5 to 4.0), high organic acid content, and phenolic
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content. However, the threat of microbial spoilage upon rehydration has posed the need for
applying preservatives, which are traditionally sulfite-based products (StacewiczSapuntzakis et al., 2001).
In addition to the consideration of suitability for prune-making, plum breeders
attempt to optimize attractive, disease-resistant, and productive fruits that can be stored in
cold temperatures for a long duration. These considerations are affected by consumer
acceptance of plums, which is closely related to harvest date, and maturation of fruit, as
well as the potential shelf-life of the cultivars (Crisosto et al. 2004; Zuzunaga et al. 2001).
The optimal harvest time guarantees fruits of good quality with minimal losses caused by
physiological damage or fungal diseases (Crisosto et al., 1995; Taylor et al., 1993).
Although there are numerous plum cultivars available, there are major differences
between the quality parameters of different cultivars, including total soluble solids, total
phenols, and anthocyanins present, during maturation as well as after processing into
prunes. These parameters dramatically change during maturation of the fruit, resulting in
increased fruit weights and soluble solids content, decreased firmness, increased colour
and concentration of total sugars, decreased concentration of total acids, and increased
concentration of total anthocyanins (Usenik et al., 2008). The distribution and composition
of phenolic phytochemicals are also affected by maturity, type of cultivar, horticultural
practices, geographic origin, growing season, postharvest storage conditions, and
processing procedures, which are all factors in developing plums for fresh or processed
consumer avenues (Donovan et al., 1998; Usenik, et al., 2008).
In addition to the critical changes that plums undergo during maturation, the
processing of fresh plums into prunes also results in significant physiological changes. The
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concentration of sugar increases in dried prunes because of dehydration, in addition to
qualitative changes in the proportion of individual sugars (Wilford et al., 1997). The most
striking change is the nearly total disappearance of sucrose, which is typically hydrolyzed
to glucose and fructose during processing. The high temperature of drying disrupts cell
structure, releasing fruit acids and invertase, which catalyze the conversion during the first
few hours of drying. The same study indicated that prolonged drying can cause some loss
of glucose and fructose due to the formation of browning compounds with amino acids via
Maillard reactions and finally, loss of glucose, fructose, and sorbitol in thermal
degradation through caramelization.
During thermal processing of plums, the degradation of anthocyanins and
catechins occurs, as well as the loss of other phenolic compounds, by the activation of
peroxidase and polyphenol oxidase (PPO) due to cell disruption in plums. However,
prunes actually contain higher amounts of phenolic compounds than prune-making plums,
because dehydration concentrates the constituents despite simultaneous partial degradation
of these components (Donovan et al., 1998). Additionally, the notable laxative effects of
prunes can be ascribed to a combined action of their fibre content, presence of large
amounts of sorbitol, and possibly, the presence of phenolic compounds (StacewiczSapuntzakis et al., 2001). The physiological differences between fruits, as well as
differences in processing technology, influence the final pattern of sugar distribution and
other critical biochemical parameters in dried fruits.
2.6 Osmotic Dehydration Processing and Preservatives
As previously mentioned, the fruit sector is faced with the challenges of continuous
availability of high quality produce year-round and the improvement and maintenance of
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superior nutritional value following harvest and during storage. Although fruits and
vegetables are rich in nutraceuticals and bioactives, these functional foods have a short
marketing window. The methods used to prolong their shelf-life and availability to
consumers include freezing and dehydration. The dehydration process can be modified to
achieve the enhanced nutritional and sensory profiles desired by both producers and
consumers alike.
The principle of osmosis to remove water is well-known and widely used to
generate food products with improved quality compared to conventionally dried food
products when a controlled application of osmotic infusion is used (Heng et al., 1990). The
process involves immersion of the produce in aqueous solutions containing sufficiently
high concentrations of solutes, such as sugar or salt. The result is the movement of water
from the tissue into the solution and solute transfer from solution into the tissue as a result
of osmotic pressure differences. Although the water activity of infused fruits or vegetables
consequently decreases, the sensorial characteristics of colour, aroma, and texture are
largely preserved. The osmotic infusion process is often used as a pretreatment for
convection drying or freezing wherein the overall energy requirements for dehydration are
reduced. This renders osmotic infusion an economically viable processing tool.
The need for production and distribution of fresh fruits and vegetables and
minimally processed fresh commodities has resulted in the application of various additives
(Nicoli et al., 1999; Pilizota et al., 1998). These additives have been developed to combat
the major concern in the food processing industry of enzymatic browning, since melanins
or brown pigments have been shown to deter consumer interest due to the accompanying
alteration in organoleptic and visual properties (Tomás-Barberán & Espin, 2001). A
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number of additives are used to stabilize colour, taste, and nutritive value, including
phenolic content, as well as satisfy the stringent sanitary regulations in place for food
preparation and processing (Nicoli et al., 1999; Pilizota et al., 1998). The typical additives
or ingredients necessary for modern production, storage and transportation of food
products include ascorbic acid, citric acid, calcium salt, sodium chloride, and potassium
sorbate. These chemicals are used to minimize the detrimental effects of enzymatic and
non-enzymatic reactions that lead to browning and deterioration.
The oxidative degradation of phenolic compounds involves enzymes that
significantly impact food quality, as they lead to the production of brown polymers
(Tomás-Barberán & Espin, 2001). The dominant enzymatic reactions result from the
action of naturally present PPO, which actually represents a large family of enzymes,
including catechol oxidase and other enzymes that create melanin and benzoquinone from
natural phenols (Pilizota et al., 1998). Specifically, these enzymes hydroxylate colourless
monophenols to colourless o-diphenols in the presence of oxygen, such as when a fresh
fruit is exposed to air after slicing. These compounds are subsequently oxidized to the
corresponding o-quinones that non-enzymatically polymerize to produce dark brown
products.
Although enzymatic activity of PPO can be inhibited at very low pH or thermal
treatment, these applications often result in adverse effects on the organoleptic and
nutraceutical quality of the fruit (Biekman et al., 1996). As a result, partial inhibition is
often achieved through the addition of acids, halogens, phenolic acids, complexing agents,
and reducing additives, like sulfites and ascorbates. These reducing agents cause the nonenzymatic reduction of coloured o-quinones to colourless o-diphenols (Pilizota et al.,
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1998). In particular, ascorbic acid is becoming increasingly used in applications as an
enzyme inhibitor since it can react directly with the enzyme by forming a complex with
the prosthetic group to prevent the progression of enzymatic browning.
The non-enzymatic discoloration of foods is associated with the aforementioned
Maillard reaction. This process consists of a series of complex reactions involving aldose
sugars with free amino groups that lead to the formation of brown melanoidin pigments,
often with the addition of heat (Pilizota et al., 1998). These reactions result in both
discoloration of food as well as degradation of nutrients and can even lead to the formation
of toxic and mutagenic products (Namiki, 1988). This Maillard reaction can be inhibited
by refrigeration, decrease of amino nitrogen content, the application of sulfites, packaging
with oxygen scavengers, and the use of ion exchange and adsorbent technologies (Namiki,
1988).
One of the most common and efficient agents in controlling discoloration in food
is sulfites, such as sulfur dioxide, sodium sulfite, and sodium or potassium bisulfites.
These unique additives control enzymatic and non-enzymatic browning by acting as
antimicrobial agents that prevent the growth of microorganisms and act as bleaching
agents, antioxidants, and reducing agents (Taylor et al., 1986). Sulfites may control
enzymatic browning either by indirect inhibition of PPO or by reacting with intermediates
of enzymatic reactions, thus preventing the formation of brown polymeric pigments
(Pilizota et al., 1998).
Although sulfites are widely used, the FDA reports suggest some allergies to
sulfites (Taylor et al., 1986). However, the 1984 report by the FDA concluded that the
level at which adverse effects are observed is approximately ten times the level of sulfur
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dioxide that is ingested by high-intake consumers and 180 times the mean per capita intake
(FDA, 1988). According to the Canadian Food and Drug Regulations, sulfurous acid can
be used as a food additive that can be applied for preserving a number of foods and
beverages. Specifically, the maximum level of use in dried fruits is 2,500 parts per million
(ppm) calculated as sulfur dioxide units (Canadian Food and Drug Regulations, 2012).
More strictly, the FDA requires that the presence of sulfites in foods be declared on the
label when the sulfiting agents are used as a preservative regardless of the level used, or
when they are used for a technical effect at a level of 10 ppm or more.
As a result of the restrictions being implemented on the use of sulfites as
stabilizers in fruit and vegetable products, scientists and product developers have
developed sulfite alternatives (Sapers & Hicks, 1989). Although a large number of PPO
inhibitors are known, only a few are used commercially as substitutes for sulfites. These
substitutes tend to be acidic compounds that reduce the pH of the food products and can
interact with the copper cofactor necessary for the enzyme to function in the browning
reactions. In particular, promising results have been found using organic acids, including
ascorbic, lactic, benzoic, cinnamic, acetic and formic acids due to PPO inactivity at low
pH (Castaner et al., 1996).
Although osmotic infusion is a widely used processing method, there are growing
concerns about the extent of solute uptake on the nutritional profile and sensorial
characteristics of the product, including the use of sulfites and high quantities of sucrose
(Lee & Prosky, 1995). As a result, there is more emphasis on improving the texture and
flavour of processed fruit with the potential consideration of improving nutritional value
by using nutrient-rich alternatives in the infusion medium. A relatively new alternative to
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sucrose is non-digestible oligosaccharides (NDO), which are complex carbohydrates
resistant to hydrolysis by acid and enzymes in the human digestive tract due to their
unique glycosidic bond configuration. When these compounds are hydrolyzed to small
oligomers and monomers in the colon, the energy contributed is comparable to that of
soluble dietary fiber.
In particular, fructooligosaccharides (FOS) are a soluble dietary fibre naturally
found in several fruits, vegetables, and grains (Bornet, 1994). Additionally, FOS can be
manufactured from inulin or sucrose, exhibiting a similar taste to sucrose with only 30 per
cent of the sweetness. More importantly, FOS do not undergo Maillard browning reactions
since they are considered non-reducing oligosaccharides. NutraFlora® is a highlyconcentrated FOS that is commercially synthesized (GTC Nutrition, 2012). It is composed
of short chain fructo-oligosaccharides (scFOS) that function as natural prebiotic fiber
source derived from beet or cane sugar using a patented process and natural fermentation.
The composition of scFOS is 35 per cent oligosaccharides consisting of one
glucose and two fructose units (GF2), 55 per cent oligosaccharides consisting of one
glucose and three fructose units (GF3), and 10 per cent oligosaccharides consisting of one
glucose and four fructose units (GF4), as seen in Figure 6 (GTC Nutrition, 2012). The
scFOS are fermented by beneficial bacteria in the colon into short-chain fatty acids
(SCFA). The stimulation of growth and/or activity of bacteria in the colon improve the
host health through the “prebiotic effect”. The production of SCFA lowers intestinal pH to
an optimal level for enhanced absorption of calcium and minerals, as well as promotes
improved digestive and immune health. As a diabetic-safe additive, it is designed to
contribute functional nutritional value to food, and can be used in the infusion process as a
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partial substitute for sucrose. As a result, these compounds can be potentially implemented
as beneficial additives in food processing in order to enhance the nutritional value and
sensory characteristics of the product.
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Figure 6. The simplified structure of FOS (adapted from GTC Nutrition, 2012).
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Chapter 3

Materials and Methods
3.1 Materials
3.1.1 Chemicals and reagents
Sucrose was purchased from a local grocery store. NutraFlora® FOS were supplied
by Inno-vita Inc. (GTC Nutrition, Toronto, ON, Canada). Potassium metabisulfite was
purchased from a local wine-making store. The sugar enzyme assay kit was purchased
from Megazyme International Ireland (Cedarlane Labs, Burlington, ON, Canada). All
solvents were HPLC-grade. Methanol, gallic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
sodium acetate (anhydrous), sodium carbonate, iron (III) chloride, 2,4,6-tripyridyl-striazine (TPTZ) and sodium phosphate were purchased from Fisher Scientific (Fisher
Scientific, Ottawa, ON, Canada). Folin-Ciocalteu reagent, α-glucosidase enzyme, pnitrophenyl-α-D-glucopyranoside, chlorogenic acid, neochlorogenic acid, p-coumaric acid,
caffeic acid and cyanidin 3-glucoside standards were purchased from Sigma Aldrich
(Sigma Aldrich Chemical Co., Oakville, ON, Canada).

3.1.2 Fruits
Five genotypes of European plums were studied. All of these genotypes were bred
and maintained at the Vineland Research Station located at Vineland Research and
Innovation Centre, Vineland, ON, Canada. Plums were harvested from one traditional
blue-black variety called Early Italian and four novel YEP genotypes, V91117, V98197,
V95141, and V91074, at commercial ripening stage based on size, colour, and firmness.
The Early Italian plums (EI) were used as the control or standard variety, which were
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generously provided by Torrie Warner of Vineland, ON, Canada for both 2012 and 2013
growing seasons. All plums were harvested at commercial maturity between July and
September wherein approximately 100 fruits were picked. The samples were immediately
transported to a cooler and stored at 34.5±1.5⁰F and 95 per cent relative humidity. The
samples classified as “fresh” were processed and analyzed immediately. The plums
intended for osmotic dehydration treatments were processed within eight days of storage.

3.2 Processing Methods
3.2.1 Osmotic dehydration of plums
The flow chart for infusion and drying of plums is given in Figure 7.

3.2.2 Preparation of infusion medium
The ingredients used in the preparation of infusion medium were sucrose, FOS,
ascorbic acid, and potassium metabisulfite. These ingredients were dissolved in water. The
infusion medium solutions were stored at room temperature and protected from light.

3.2.3 Infusion process
Plums of each genotype were divided into groups for analysis as fresh fruits and for
processing into prunes. 18 plums of each genotype were used for each treatment, which
comprised three replicates containing six fruits per replicate. The mesocarp and exocarp
tissues were used together to quantify the total active compounds present. The plums for
fresh analysis were set aside. The other plums were halved, pitted, weighed, and placed in
a container to which infusion medium was added at a ratio of 1:1 (w/v) to completely
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immerse the fruits. The containers were then loosely covered with aluminum foil for the
duration of the infusion process. After the first cycle of infusion, the fruits were removed
using a strainer and patted dry with paper towels. If a second infusion medium was
necessary for the complete process outlined for the specific pre-treatments in 3.2.4, the
infusion medium was then added directly to the fruits in the same manner as the first cycle
for the prescribed time.

3.2.4 Infusion treatments
The specific infusion medium combinations and designated time periods for each
treatment were as follows:
a. No treatment (fresh);
b. 25% sucrose (1h) (control);
c. 25% sucrose (1h) followed by 0.5% ascorbic acid (0.5h);
d. 25% sucrose (1h) followed by 2% potassium metabisulfite (0.5h); and
e. 25% sucrose with 25% FOS (50:50) (1h) followed by 0.5% ascorbic acid (0.5h).

3.2.5 Oven-drying process
Following the designated infusion times, the plum halves were patted dry and
placed in a single layer on shelves in a constant-temperature convection oven (Yamato
Scientific America Inc., Santa Clara, CA, USA) at 50°C. The plums were rotated and
weighed every four hours until there was no change in weight or when the moisture
remaining in the fruit approached less than 20%. The crude moisture remaining was
calculated according to Equation 1:
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oisture

remaining 100

(original mass current mass)
original mass

1.

The dried plums were removed, cooled, and stored in sealed plastic bags at 4°C
until needed for further analysis. A slight modification was implemented in the second
growing season to determine the minimal effect of ambient oxygen levels in the oven
during prune-making. The oven was purged with nitrogen gas at a flow rate of 100 sccm
through a small port in the side of the oven at the start of the dehydration process.

1.

2.

Pre-treatment of
plums

Preparation of
infusion medium

Fresh plums

Ingredients:
 Sucrose
 Potassium metabisulfite
 Ascorbic acid
 FOS

Wash, blot, and dry

Pit and weigh halves

Dissolve in water at
appropriate
concentrations

Plums ready for infusion
Prepared infusion media
for 1-2 cycles of infusion

3.
Osmotic infusion
process

4.
Convection ovendrying process

Immerse plums in
infusion medium at
ratio of 1:1 (w/v)

Transfer fruit to drying
tray in convection oven
at 50⁰C

Cover and let stand for
designated time

Monitor for moisture
loss plateau and then
remove

Remove fruit, dry, and
immerse in second
medium, if necessary

Cool and store in sealed
plastic bags at 4⁰C

Figure 7. Flowchart for osmotic dehydration process from infusion to drying for plums (adapted
from Jacob, 2008).

3.2.6 Processing of fresh and dried plum samples
A sample of plums from each genotype were immediately stored at 4⁰C. The fresh
fruits were then pitted, weighed, and diced, and the dried plums were diced and each
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sample was separately placed on aluminum foil in a thin layer. Once wrapped tightly, the
foil packages containing the diced fruit were flash-frozen in liquid nitrogen and
subsequently stored at -80⁰C for at least 12 hours. The fruits were then ground using liquid
nitrogen into a fine powder using a MixerMills MM301® grinder (Retsch GmbH,
Newtown, PA, USA) to ensure homogeneity and transferred quantitatively to 50 mL
centrifuge tubes. The samples were then stored at -80⁰C until further analysis.

3.2.7 Preparation of methanolic extracts of plum samples
Ten grams of sample powder from each genotype for each processing treatment
were homogenized in 50 mL of methanol using a hand-held homogenizer with stainless
steel rotor probe for 5 minutes. The homogenates were centrifuged using a Sorvall ST 16
Centrifuge (Thermo Fisher Scientific, Toronto, ON, Canada) at 15,000 rpm for 15
minutes, and the supernatants were collected in centrifuge tubes and stored at -40⁰C for
further analyses.

3.3 Analytical Methods
3.3.1 Estimation of Total Phenolic Content
The Folin-Ciocalteu method is a standardized method for the routine measurement
of phenolic compounds in food and plant products, including the quantification of
monophenols and polyphenols (Ainsworth & Gillespie, 2007). The method involves the
transfer

of

electrons

in

alkaline

medium

from

phenolic

compounds

to

phosphomolybdic/phosphotungstic acid complexes to form blue complexes that are
determined spectrophotometrically. The total phenolic content of the supernatants was
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estimated according to a modified Folin-Ciocalteu method (Waterhouse, 2001). A 200 μL
aliquot of appropriately diluted supernatant in water was added to 1 mL of 0.2 N FolinCiolcalteu reagent and allowed to react for three minutes after mixing thoroughly with a
vortex. Then, 800 μL of 7.5% (w/v) Na2CO3 solution was added to each sample and mixed
thoroughly. Following incubation for 30 minutes at 40⁰C, samples were thoroughly mixed
and the absorbance was measured at λmax=765 nm using a SmartSpec Plus
Spectrophotometer (Bio-Rad Laboratories Ltd., Mississauga, ON, Canada). A standard
curve was generated using gallic acid with concentrations ranging from 0 to 100 µg/mL.
The total phenol concentration was expressed as weight of gallic acid equivalents (GAE)
per 100 grams of fresh weight.

3.3.2 Determination of Ferric Ion-Reducing Antioxidant Power (FRAP)
The ferric ion-reducing antioxidant power method measures the antioxidant power
at low pH wherein an intense blue colour is formed when the ferric-tripyridyltriazine
(Fe3+-TPTZ) complex is reduced to the ferrous (Fe2+) form at 593 nm (Gil et al., 2002).
The change in absorbance is directly proportional to the combined or total reducing power
of the electron-donating antioxidants present, according to Equation 2:
e

T T

reducing antioxidant

e2 T T

.2

Specifically, FRAP was determined as a measure of in vitro antioxidant activity
using TPTZ reagent in a modified method (Benzie & Strain, 1996). A 1.5 mL aliquot of
FRAP reagent (10:1:1 v/v/v, 0.3 M sodium acetate buffer: 10 mM TPTZ: 20 mM FeCl3)
for each sample and standard were incubated in 2 mL centrifuge tubes at 37⁰C for 25
minutes followed by the addition of a 50 μL aliquot of each appropriately diluted sample.
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Following incubation at 37⁰C for eight minutes, samples were thoroughly mixed and the
absorbance was measured at λmax= 593 nm using a spectrophotometer. A standard curve
was generated using ascorbic acid with concentrations ranging from 0 to 200 mg/L with
the same procedure used for sample analysis within one hour of preparation of the
standard. The ferric ion-reducing antioxidant power was expressed as weight of ascorbic
acid equivalent per 100 grams of fresh fruit weight.

3.3.4 Determination of DPPH Radical-Scavenging Anti-Radical Activity
DPPH radical-scavenging activity is the typical method used to indirectly
determine antioxidant activity, especially in fruits and vegetables. The assay involves the
reaction of stable free radical 2,2-diphenyl-1-picryl-hydrazyl (DPPH) with hydrogen atom
donors, including phenolics (Roginsky & Lissi, 2005). When a hydrogen atom is donated
to DPPH, it is converted into a reduced form of DPPH with the simultaneous loss of its
characteristic violet colour, which can then be reported as a function of antioxidant
activity. In particular, DPPH reacts with phenols (ArOH) by a direct abstraction of the
phenol hydrogen atom and by the electron transfer process from ArOH or its phenoxide
anion (ArO-) to DPPH, according to Equations 3 and 4:
Ar
Ar

D
D

Ar
roducts

D

.
.

The total antioxidant activity in this investigation was measured using the DPPH
reagent according to a modified method (Molyneux, 2004). A 0.2 mL aliquot of each
sample to give a final total phenol content of 0, 12.5, 25, 50, and 100 µg/mL was mixed
with 0.8 mL of 0.1 mM methanolic DPPH (from 1 mM stock solution). Following
incubation for 30 minutes in the dark at 23⁰C, samples were thoroughly mixed and the
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absorbance was measured at λmax=517 nm using a spectrophotometer. The control sample
was 0.2 mL of methanol. The anti-radical activities were expressed as DPPH racialscavenging activity, calculated according to Equation 5:
D

radical scavenging activity ( ) [(

Acontrol A uenched extract
) 100 ]
Acontrol

.

The antioxidant activity of samples was then evaluated by EC50 using a non-linear
regression analysis of the DPPH radical-scavenging results. EC50 is an index of the
concentration of antioxidant necessary to scavenge 50 per cent of DPPH radical at 517 nm
after 30 minutes. The EC50 value was expressed as milligrams of sample antioxidant per
100 grams of fresh weight for 0.1 mM methanolic DPPH.

3.3.5 Separation of Free Polyphenols
A solid phase extraction (SPE) with Sep-Pak C18 cartridge (Waters Corporation,
Milford, MA, USA) was used for each sample prior to mass chromatographic analyses in
order to remove extraneous materials, including pectins and sugars to prevent interference
with HPLC- and LC-MS characterization (Rodriguez-Saona & Wrolstad, 2001). SPE
involves loading the sample onto a solid chromatographic sorbent-packed cartridge. The
typical C18 cartridge is composed of octadecylsilane activated with silica substrate. The
phenolic compounds, including anthocyanins, compete for binding sites. In order to
selectively elute compounds of interest, a primary solvent, such as water, can be applied to
remove hydrophilic compounds, including acids and sugars. The subsequent addition of a
more polar solvent, such as an alcohol, results in the elution of the desired hydrophobic
compounds from the samples that are preferentially bound to the cartridge. Specifically,
the methanolic extracts were first dried in a Savant SVC 200 SpeedVac (Thermo Fisher
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Scientific, Toronto, ON, Canada) to remove methanol. The dried residue was dissolved in
distilled water and loaded onto a C18 Sep-Pak® Cartridge (50 mL volume). The cartridges
were washed with water and the bound polyphenolic compounds were eluted with 100%
methanol, collected in 2 mL centrifuge tubes, and stored at -40⁰C for further analysis.

3.3.6 Determination of α-Glucosidase Inhibition
The glucose-metabolism enzyme, α-glucosidase, functions in vitro by hydrolyzing
the terminal, non-reducing 1,4-linked α-D-glucose residues, according to Equation 6
(Kwon et al., 2008). The release of α-D-glucose yields a yellow colour, which can be
measured at 405nm wherein the enzyme activity is directly proportional to the reaction.
α glucosidase

p nitrophenyl α D glucoside →

α D glucose

p nitrophenol

.6

Specifically, α-glucosidase inhibitory activity was measured according to a
modified method (Kwon et al., 2008). A 100 µL aliquot of each extract was added to 2 mL
centrifuge tubes and water was used as a control. Then, 200 µL of 0.1 M sodium
phosphate buffer (p

6.9), containing α-glucosidase solution (1.0 U/mL) was added and

the samples were incubated at 25⁰C for 10 minutes. Following incubation, 100 µL aliquots
of 5 mM p-nitrophenyl-α-D-glucopyranoside substrate, prepared in 0.1 M sodium
phosphate buffer (pH 6.9), were added to the sample tubes. The reaction mixtures in each
tube were incubated at 25⁰C for an additional five minutes. After incubation, 400 µL of
0.1 M sodium carbonate solution was added to stop the reaction and appropriately diluted
with methanol, and the absorbance was measured at λmax= 405 nm using a
spectrophotometer. The inhibitory activity of the enzyme was expressed as percentage of
inhibition and calculated according to Equation 7:
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Acontrol Aextract
α glucosidase inhibition ( ) [(
) 100 ]
Acontrol

.

3.3.7 Determination of Sucrose, D-Fructose, and D-Glucose
The composition of sucrose, D-fructose, and D-glucose was measured using a
modified enzyme assay procedure from
Fructose and D-Glucose Assay

egazyme International Ireland’s “Sucrose, D-

rocedure” (K-SUFRG, 2012). The D-glucose

concentration is determined before and after hydrolysis of sucrose by β-fructosidase
(invertase). The D-fructose content is determined subsequent to the determination of Dglucose following isomerisation by phosphoglucose isomerase (PGI). The assay was
modified by using 1/10 volume stated for reagents, controls, and samples for a ELx808
Absorbance Microplate Reader (BioTek, Winooski, VT, USA).
Specifically, 10 μL of each sample was loaded in duplicate on the microplate for
both sucrose determination and D-glucose/D-fructose determination in addition to one set
of 0.2 mg/mL sucrose standard and 0.2 mg/mL D-glucose/D-fructose standard, and water
as a blank solution. Then, 20 μL of β-fructosidase in solution (pH 4.6) was added to each
sample and standard undergoing the sucrose determination assay only. The microplate was
shaken for 10 seconds and incubated at 25 to 30⁰C for five minutes. Subse uently, 190 μL
and 210 μL of distilled water was added to each sucrose sample and standard, and each Dglucose/D-fructose sample and standard, respectively, followed by the addition of 10 μL of
both buffer (pH 7.6) and NADP+ plus ATP solution to all samples and standards. The
microplate was shaken and the absorbance was measured at λmax= 340nm after three
minutes. The reaction was then started by the addition of 2 μL of hexokinase plus glucose6-phosphate dehydrogenase suspension to all samples and standards. The plate was shaken
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and the second absorbance was measured at λmax= 340 nm after six minutes. Finally, 2 μL
of phosphoglucose isomerase suspension was added only to the D-glucose/D-fructose
samples and standards. The plate was shaken and the third absorbance was measured again
at λmax= 340 nm. The concentration of D-glucose, sucrose, and D-fructose was measured
in grams of sugar per litre of sample volume and calculated according to Equation 8:
ΔAD-glucose = (A2-A1)sample - (A2-A1)blank
ΔAtotal D-glucose = (A2-A1)sample - (A2-A1)blank
ΔAD-fructose = (A3-A2)sample - (A3-A2)blank
ΔAsucrose = (ΔAtotal D-glucose - ΔAD-glucose)sample - (ΔAtotal D-glucose - ΔAD-glucose)blank

C

Vx
x ΔA
xdxv

.

Where:
V = final reaction volume [mL]
MW = molecular weight of the substance assayed [g/mol]
extinction coefficient of NAD
@ 40 nm 6 00 [l x mol-1 x cm-1]
d = light path [cm]
v = sample volume [mL]

3.3.8 Mass Spectral Analyses
The eluted samples from the SPE purification were used for mass spectral analyses
following further filtration using a 0.22 μm filter for both HPLC-MS and LC-MS analyses.
The filtered samples were analyzed on an Agilent 1100 series LC-MSD in positive and
negative ion mode. A Nova-PakTM C18 column (4 μm,

00 mm x 3.9 mm, Waters

Corporation, Milford, MA, USA) was used for HPLC-MS separation. The polyphenolic
compounds of interest were eluted with a gradient mobile phase composed of methanol
(phase A) and 2.0% (v/v) formic acid (phase B) at a flow rate of 0.8 mL/min.. The
compounds were eluted based on differences in hydrophobicity/hydrophilicity and were
detected at 280 nm. The gradient used was as follows: 0 - 2 min., 93% B; 2 – 30 min., 80%
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B; 30 – 45 min., 70% B; 45 – 50 min., 65% B; 50 – 60 min., 50% B; 60 – 65 min., 20% B;
65 – 75 min., 0% B, 75 – 85 min., 93% B. The sample volume injected was 40 μL.
Liquid chromatography-mass spectrometry (LC-MS) analyses were performed on a
Dionex UHPLC UltiMate 3000 Liquid Chromatograph interfaced to AnamaZon SL Ion
Trap Mass Spectrometer (Bruker Daltonics, Billerica, MA, USA) at the Mass
Spectrometry Facility of the Advanced Analysis Centre (University of Guelph, Guelph,
ON, Canada). A C18 column (Phenomenex Kinetix 2.6 μm, 150 mm x 4.6 mm, Waters
Corporation, Milford, MA, USA) was used for chromatographic separation. The mobile
phase gradient was as follows: 98% water with 0.1% formic acid for 5 min., and then
increased to 55% methanol (0.1% formic acid) in 55 min. at a flow rate of 0.4 mL/min..
The mass spectrometer electrospray capillary voltage was maintained at 4.5 kV and the
drying temperature at 22°C at 10 L/min.. The nebulizer pressure was set at 40 psi.
Nitrogen was used as both nebulizing and drying gas and helium was used as collision gas
at 60 psi. The mass-to-charge ratio was scanned across m/z range of 70 to 1200 in
enhanced resolution positive-ion auto MS/MS mode. The Smart Parameter Setting (SPS)
was used to automatically optimize the trap drive level for precursor ions. The instrument
was externally calibrated with the ESI TuneMix (Agilent Technologies, Mississauga, ON,
Canada). The sample injection volume was 50 L. The chromatographic profiles of
standards from HPLC-MS and LC-MS and literature precedent were used to confirm the
identity and quantity of phenolic compounds of interest.
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3.3.9 Statistical Analyses
The plums used in these experiments were from one to three independent trees for
each genotype and these were pooled following harvest. Subsequently, three sub-samples
consisting of a cross-section of the overall sample collection were analyzed independently.
The F-tests and Z-tests were used to determine significance of fixed effects and their
interactions and random effects, respectively. The least square means of the genotypes
were grouped and compared pairwise using Tukey’s test for multiple means. Statistical
analyses were conducted using SAS 9.3 software (SAS Institute Inc., Cary, NC, USA). A
Type 1 error of 0.05 was used for all statistical tests.
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Chapter 4
Results and Discussion
4.1 Results
4.1.1 Optimization of Osmotic Infusion Conditions
The osmotic dehydration conditions were modified to optimize the colour, texture,
and taste of the dried plums without compromising the nutritional quality of the products.
In order to investigate the differences in drying characteristics due to infusion treatments,
plums that were infused with sucrose alone were used as the control to represent traditional
prune-making methods, and then compared to osmotic infusion treatments with ascorbic
acid and potassium metabisulfite. Additionally, FOS was used as a partial sugar substitute
and fibre analogue to represent a nutrient-enhanced alternative treatment to traditional
prune-making strategies. The four YEPs responded very similarly with respect to sensory
characteristics following the different treatments. Consequently, V95141 and V98197
were selected to represent the overall outcomes achieved, as seen in Figure 8.
The sensory characteristics of texture and colour were of paramount importance in
the optimization process of the osmotic dehydration conditions for the YEPs. The
optimized drying temperature was determined to be 50⁰C, which is lower than traditional
prune-making temperatures of 70 to 80⁰C since less superficial browning and texture loss
was observed at the lower temperature for the YEPs. The drying time was originally
modified by several techniques, including pre-treatments of blanching the fruit and
preparing smaller pieces of fruit. Although the drying time was reduced following these
measures, the texture and colour were evaluated as inferior to the qualities of the control
samples prepared in the absence of these additional pre-treatments. Consequently, these
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trial pre-treatments were not performed on subsequent fruits in favour of applying the
typical infusion method using intact halves of fruit.

a.

b.

c.

d.

e.

c.

d.

e.

I.

a.

b.

II.

Figure 8. Select YEPs and respective golden prunes following dehydration as a representation of
the sensory results for the fresh and dried plums. V95141 and V98197, I and II, respectively, are
shown above with the corresponding osmotic infusion treatments, a. fresh (no treatment), b.
sucrose (control), c. sucrose with ascorbic acid, d. sucrose with sulfite, and e. sucrose with FOS,
followed by drying in a convection oven at 50°C for at least 24 hours for b., c., d., and e..

In order to prevent superficial browning, nitrogen gas was used to purge the oven
space for the second season of osmotic dehydration experiments performed in the 2013
growing season. The displacement of naturally-occurring oxygen in the oven with ambient
nitrogen gas did not appear to dramatically affect the browning process. An additional
modification in the second round of experiments was the reduction in the volume of fruit
dried during each cycle since the plums were loaded into the oven for dehydration with
approximately 40 per cent less volume per drying load in 2013 compared to the original
2012 experiments. The lessened drying load may have contributed to the slightly
decreased incidence of surface browning in the dried plums despite no major difference in
drying times between the two years.
The four osmotic infusion conditions were observed for all genotypes to provide
comparable results with respect to the preliminary sensory characteristics. Although each
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treatment provided comparable results overall, there were subtle differences detected
between different treatments on a genotype basis. Specifically, V91117 showed darkening
of the skin to a greater degree than both V98197 and V91074. Additionally, V91074
demonstrated denser flesh following dehydration than the other YEPs, which yielded a
firmer dried fruit. However, the overall soft texture and yellow flesh colour were largely
retained following all infusion treatments for all YEPs. The clearest direct comparison of
the genotypes can be seen when comparing the fresh plums to their dried control
counterparts, as seen in Figure 9.

a.

b.

c.

d.

e.

a.

b.

c.

d.

e.

I.

II.

Figure 9. The comparison of fresh (untreated) European plum genotypes (I) to the corresponding
dried plum (sucrose control) (II) for the investigated genotypes, a. EI, b. V91117, c. V98197, d.
V95141, and e. V91074.

The different genotypes were subjected to the same osmotic dehydration
conditions, as seen in Table 2. However, there were major varietal and seasonal
differences in the drying time observed before the moisture loss plateau was reached after
approximately 80 per cent of the moisture was removed during drying. This can be largely
attributed to the comparatively smaller size of EI and V91117 in the 2012 season, which
was reflected in the significantly lower drying times compared to the other genotypes. The
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significantly longer drying time observed for V91074 and the moderately longer drying
times for the other genotypes reflects the denser flesh of the other YEPs in the same year.
The denser flesh results in resistance to mass transfer of water during convectional drying
and consequently, delays dehydration.
Table 2. The average osmotic infusion treatments and respective moisture loss in the dried fruits
after osmotic dehydration for the yellow and blue-black European plum genotypes for 2012 and
2013.
Genotype
EI

V91117

V95141

V98197

V91074

Osmotic Infusion Treatment
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS

Drying time
(h)
N/A
50 ± 8 cdef
51 ± 9 bcdef
51 ± 9 bcdef
51 ± 9 cdef
N/A
45 ± 1 ef
43 ± 2 f
42 ± 1 f
50 ± 4 cdef
N/A
68 ± 5 a
65 ± 7 abc
59 ± 7 abcde
63 ± 4 abcd
N/A
64 ± 2 abcd
62 ± 6 abcd
62 ± 5 abcd
62 ± 6 abcd
N/A
71 ± 1 a
67 ± 1 a
65 ± 4 abc
66 ± 1 ab

Moisture
Remaining (%)
N/A
21.3 ± 0.5 a
18.4 ± 2.3 a
19.6 ± 2.2 a
19.5 ± 0.2 a
N/A
22.0 ± 0.9 a
20.9 ± 0.1 a
18.9 ± 0.3 a
19.9 ± 3.1 a
N/A
21.8 ± 1.1 a
20.3 ± 1.6 a
21.6 ± 1.0 a
21.9 ± 4.3 a
N/A
20.4 ± 1.1 a
20.0 ± 0.6 a
17.7 ± 4.6 a
22.5 ± 1.4 a
N/A
22.3 ± 3.5 a
21.6 ± 2.2 a
19.3 ± 1.9 a
19.9 ± 0.3 a

Dry Matter
(%)
N/A
78.7 ± 0.5 a
81.6 ± 2.3 a
80.4 ± 2.2 a
80.5 ± 0.2 a
N/A
78.0 ± 0.9 a
79.1 ± 0.1 a
81.1 ± 0.3 a
80.1 ± 3.1 a
N/A
78.2 ± 1.1 a
79.7 ± 1.6 a
78.4 ± 1.0 a
78.1 ± 4.3 a
N/A
79.6 ± 1.1 a
80.0 ± 0.6 a
82.3 ± 4.6 a
77.5 ± 1.4 a
N/A
77.7 ± 3.5 a
78.4 ± 2.2 a
80.7 ± 1.9 a
80.1 ± 0.3 a

a-f Values, within columns, with the same letters are not significantly different at p>0.05.

Although the larger fruit size for all genotypes in 2013 would correspond to longer
durations necessary for effective dehydration, there were less fruits dried during each
drying cycle in the second round of experiments in 2013. As a result, the drying times
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were comparable to those measured in 2012. In spite of the observed differences in drying
times between genotypes for both experimental rounds, the rate of moisture loss was
generally comparable between the different osmotic dehydration conditions. This was
observed in the comparable drying times between each treatment to achieve the desired
remaining moisture of less than 20 per cent.

4.1.2 Determination of Total Phenolic Content
The total phenolic contents for all of the samples, both fresh and dried, ranged
between 95 and 870 milligrams GAE per 100 grams of fresh fruit weight as seen in Table
3. Overall, the dried plum samples demonstrated higher total polyphenolic contents as
compared to the fresh fruits, which are consistent with the typical pattern of polyphenolic
concentrations before and after drying (Stacewicz-Sapuntzakis et al., 2001). Specifically,
the total phenolic contents of all of the dried plum samples were at least 200 per cent
greater than the results for the corresponding fresh samples. Proportionately, the amount of
phenolics quantified in the dried plums were comparable to the levels measured in the
fresh plums but present in a more concentrated form, as expected for typical bioactive
compounds in prune-making plums (Stacewicz-Sapuntzakis et al., 2001).
Although there is no literature precedent for total phenolic contents for these
particular YEP genotypes and corresponding golden prunes, the results obtained for EI are
consistent with previous research (Kim et al., 2003; Miletic et al., 2012). Additionally, the
higher phenolic capacities measured for the dried samples were comparable values to the
measured blue-black plums and other YEP genotypes from Vineland Research Station that
were previously quantified (Cinquanta et al., 2002; Rupasinghe et al., 2006). There was a
substantial difference between V91117 and the other YEPs with respect to their total
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phenolic contents. Specifically, V91117 has a phenolic content comparable to EI for both
the fresh samples and each of the samples evaluated for the different osmotic dehydration
treatments. Additionally, there was no significant difference between the results for fresh
V91117 and EI.
Table 3. Total phenolic content of yellow and blue-black European genotypes of fresh and dried
plum methanolic extracts from four different osmotic dehydration conditions for 2012 and 2013.

Genotype
EI

V91117

V95141

V98197

V91074

Osmotic Infusion
Treatment
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS

Total Phenolic Content (mg GAE/100 g fw)
2012
2013
Average
252.7 ± 7.2 k
869.4 ± 19.5 a
726.9 ± 12.1 d
810.8 ± 15.5 b
747.0 ± 4.6 cd
244.0 ± 5.0 kl
535.1 ± 17.7 e
729.8 ± 11.7 d
858.6 ± 9.0 a
778.5 ± 12.6 bc
106.4 ± 4.8 n
301.3 ± 7.5 j
211.7 ± 8.7 l
287.6 ± 3.8 j
295.5 ± 13.4 j
104.4 ± 7.8 n
310.7 ± 6.5 j
415.1 ± 10.3 g
506.9 ± 13.0 e
460.2 ± 14.4 f
157.0 ± 0.3 m
316.1 ± 16.1 ij
303.0 ± 5.6 j
362.3 ± 4.2 h
349.4 ± 6.0 hi

143.1 ± 12.9 i
459.4 ± 6.6 c
397.5 ± 20.6 d
440.0 ± 8.6 c
370.1 ± 16.2 de
170.8 ± 5.0 i
543.2 ± 5.0 b
664.0 ± 7.9 a
443.0 ± 6.7 c
663.2 ± 24.6 a
148.9 ± 6.3 i
308.9 ± 21.3 fg
368.3 ± 7.6 de
247.8 ± 7.2 h
311.5 ± 4.6 fg
95.7 ± 2.6 j
345.2 ± 6.1 ef
329.4 ± 11.1 fg
393.6 ± 5.1 d
301.0 ± 5.0 g
144.1 ± 3.2 i
437.9 ± 4.4 c
444.2 ± 8.3 c
467.4 ± 18.7 c
437.2 ± 16.8 c

197.9 ± 77.5 bcde
664.4 ± 289.9 ab
562.2 ± 232.9 abcde
625.4 ± 262.2 abcd
558.5 ± 266.6 abcde
207.4 ± 51.8 bcde
539.1 ± 5.7 abcde
696.9 ± 46.5 ab
650.8 ± 293.9 abc
720.8 ± 81.5 a
127.7 ± 30.1 de
305.1 ± 5.4 abcde
290.0 ± 110.7 abcde
267.7 ± 28.1 abcde
303.5 ± 11.3 abcde
100.1 ± 6.2 e
327.9 ± 24.3 abcde
372.3 ± 60.6 abcde
450.3 ± 80.1 abcde
380.6 ± 112.5 abcde
150.6 ± 9.1 cde
377.0 ± 86.1 abcde
373.6 ± 99.9 abcde
414.8 ± 74.3 abcde
393.3 ± 62.1 abcde

a-l Values, within columns, with the same letters are not significantly different at p>0.05; where
GAE is gallic acid equivalents.

Although the total phenolic contents measured for each treatment varied between
the genotypes, overall there was no significant difference between EI, V95141, V98197,
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and V91074 for the ascorbic acid treatment. This demonstrates the similar nutritional
quality of the genotypes. Additionally, there was no significant difference between the
different treatments, including the control (sucrose) treatment for V95141, V98197, and
V91074 over the two-year period of study.
With regard to the variation in phenolic quantification between 2012 and 2013,
there was a significant difference between the phenolic contents measured in 2012 versus
2013. The most significant variation was observed for the phenolic contents quantified for
EI and V91117, which demonstrated lower phenolic contents overall in 2013 compared to
2012. Conversely, the most significant increase in phenolic content was observed for
V91074 in 2013 when compared to the significantly lower results in 2012. This indicates
significant seasonal variation due to a number of environmental factors.

4.1.3 Determination of in vitro Antioxidant Activity
The in vitro antioxidant activity of both the fresh and dried samples was
determined by two different methods to evaluate the functional properties of the plums.
The FRAP assay used ascorbic acid as a standard to determine the total antioxidant
capacity of the fruit. The FRAP values for all of the samples, both fresh and dried, ranged
between 93 and 980 milligrams AAE per 100 grams fresh fruit weight, according to Table
4. The results for the fresh samples were consistent with results for traditional European
plums (Rupasinghe et al., 2006). Again, the results for the antioxidant capacity of the dried
samples were at least 200 per cent greater than the antioxidant capacities measured for the
fresh samples. Additionally, the specific values for EI and V91117 were nearly identical.
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These two genotypes demonstrated the highest overall antioxidant activities for all of the
dried treatments, as well.
Table 4. Ferric ion-reducing antioxidant power of yellow and blue-black European genotypes of
fresh and dried plum methanolic extracts for four different osmotic dehydration conditions for
2012 and 2013.

Genotype
EI

V91117

V95141

V98197

V91074

Osmotic Infusion
Treatment
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS

Ferric Ion-Reducing Antioxidant Power (mg AAE/100g fw)
2012
2013
Average
313.7 ± 1.1 jk
917.3 ± 27.6 b
740.6 ± 29.1 d
979.6 ± 11.8 a
945.0 ± 36.3 ab
296.9 ± 3.7 k
611.4 ± 33.1 e
834.5 ± 22.5 c
909.2 ± 22.6 b
810.6 ± 8.8 c
154.5 ± 17.2 m
369.9 ± 13.1 hi
430.8 ± 19.2 g
532.1 ± 12.1 f
519.7 ± 20.6 f
108.2 ± 8.8 m
313.1 ± 10.5 jk
211.1 ± 2.8 l
532.1 ± 12.1 f
376.3 ± 6.8 hi
159.3 ± 8.4 lm
359.9 ± 17.0 hij
323.6 ± 8.3 ijk
379.4 ± 12.3 gh
376.4 ± 6.8 hi

144.6 ± 5.8 lm
366.2 ± 45.0 fgh
386.8 ± 8.6 efgh
415.0 ± 29.6 def
415.9 ± 20.1 def
192.3 ± 8.0 kl
633.3 ± 24.9 b
733.5 ± 31.3 a
534.0 ± 9.1 c
708.9 ± 34.0 a
93.0 ± 8.8 m
307.5 ± 10.7 ij
300.1 ± 11.8 ij
436.7 ± 8.4 de
334.2 ± 23.2 hij
135.3 ± 10.8 lm
286.2 ± 7.1 j
366.9 ± 12.4 fgh
228.1 ± 13.2 k
348.8 ± 5.8ghi
144.5 ± 2.9 lm
398.3 ± 9.8 efg
436.2 ± 8.3 de
470.7 ± 10.3d
427.7 ± 19.1 de

229.2 ± 119.6 abc
641.8 ± 389.7 abc
563.7 ± 250.2 abc
697.3 ± 399.2 abc
680.5 ± 374.2 abc
244.6 ± 74.0 abc
622.4 ± 15.5 abc
784.0 ± 71.4 a
721.6 ± 265.3 ab
759.8 ± 71.9 a
123.7 ± 43.5 c
338.7 ± 44.1 abc
365.5 ± 92.5 abc
484.4 ±67.5 abc
426.9 ± 131.2 abc
121.7 ± 19.2 c
299.7 ± 19.0 abc
289.0 ± 110.1 abc
380.1 ± 214.9 abc
362.5 ± 19.5 abc
151.9 ± 10.5 bc
379.1 ± 27.2 abc
379.9 ± 79.7 abc
425.0 ± 64.6 abc
402.0 ± 36.4 abc

a-m Values, within columns, with the same letters are not significantly different at p>0.05; where
AAE is ascorbic acid equivalents.

The specific antioxidant activity for the dried samples was higher than the
corresponding results for the fresh samples, which is consistent with the trend observed for
the total phenolic contents as well. Similar to the results for the total phenolic contents of
the samples, there was a significant difference between the two growing seasons with
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respect to the antioxidant activity for nearly all of the treatments measured for all
genotypes. In contrast to the phenolic content determination, the overall average of the
antioxidant activity measured over the two-year period demonstrated less significant
differences between the genotypes and less variability within treatments. Specifically, the
control, ascorbic acid, sulfite, and FOS treatments for the traditional blue-black and all of
the YEPs except for V91117, demonstrated no significant differences. The most
significant decrease in antioxidant activity was observed for EI and V91117 in 2013
compared to the 2012 results.
The second method used to determine the in vitro antioxidant activity of the
samples was an anti-radical activity assay involving DPPH-radical scavenging activities of
the samples. The anti-radical activity is expressed as EC50, which is the concentration of
antioxidant required to neutralize 50 per cent of the initial DPPH concentration.
Consequently, a lower EC50 value corresponds to a higher total antioxidant activity, as
seen in Table 5. The EC50 values for all of the samples, fresh and dried, were within a
narrow range of 23 to 28 μg/mL antioxidant per μg/mL DPPH radical, which is consistent
with previous reports (Brand-Williams et al., 1995). Although there were observable
differences within genotypes for the treatments from 2012 to 2013, there were no
significant differences in the overall average between the treatments when compared for
all samples.
In order to determine the direct correlation between phenolic concentration and
antioxidant activity, the DPPH-radical scavenging activity can be measured using a
modified method wherein the preliminary phenolic content is accounted for in each sample
when the sample volume is determined for the total reaction volume (Molyneux, 2004). As
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such, the same trends are reflected in Figure 10, which demonstrates the DPPH radicalscavenging capacity as a function of the polyphenolic concentration. The DPPH radicalscavenging capacity increased across all genotypes and treatments with increasing
concentration of polyphenols ranging from 0 to 100 g GAE/mL fresh weight volume.

Table 5. EC50 values from DPPH radical-scavenging capacity determination for yellow and blueblack European genotypes of fresh and dried plum methanolic extracts for four different osmotic
dehydration conditions for 2012 and 2013.

Genotype
EI

V91117

V95141

V98197

V91074

Osmotic Infusion
Treatment
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS

2012
27.0 ± 0.3 abc
24.9 ± 1.7 abcd
24.3 ± 2.2 bcd
28.1 ± 0.7 abc
28.3 ± 2.4 abc
24.8 ± 1.3 abcd
24.1 ± 1.0 bcd
20.8 ± 1.0 d
27.1 ± 0.6 abc
29.2 ± 0.8 ab
27.6 ± 0.8 abc
25.7 ± 2.1 abcd
23.1 ± 1.6 cd
29.7 ± 0.7 a
27.1 ± 1.9 abc
26.4 ± 0.2 abc
24.7 ± 0.9 abcd
24.8 ± 1.0 abcd
27.7 ± 0.7 abc
27.3 ± 2.4 abc
26.7 ± 0.1 abc
25.9 ± 0.3 abcd
24.6 ± 1.7 abcd
28.1 ± 0.7 abc
27.8 ± 1.7 abc

EC50 Value
2013
23.2 ± 2.0 c
28.0 ± 2.6 abc
27.0 ± 1.8 abc
28.0 ± 0.6 abc
27.6 ± 1.3 abc
28.7 ± 1.1 a
29.4 ± 0.9 a
25.8 ± 1.8 abc
26.9 ± 0.5 abc
28.1 ± 1.0 abc
28.1 ± 1.7 abc
26.8 ± 0.3 abc
25.1 ± 1.0 abc
24.4 ± 0.1 abc
25.0 ± 0.5 abc
25.4 ± 1.5 abc
25.1 ± 0.9 abc
23.3 ± 0.2 bc
23.2 ± 0.1 c
23.3 ± 0.2 c
27.3 ± 2.0 abc
25.5 ± 2.1 abc
27.6 ± 1.4 abc
28.6 ± 0.1 ab
27.1 ± 1.0 abc

Average
25.1 ± 2.7 a
26.5 ± 2.2 a
25.6 ± 1.9 a
28.0 ± 0.1 a
28.0 ± 0.5 a
26.7 ± 2.7 a
26.7 ± 3.7 a
23.3 ± 3.5 a
27.0 ± 0.2 a
28.6 ± 0.8 a
27.9 ± 0.4 a
26.3 ± 0.8 a
24.1 ± 1.4 a
27.1 ± 3.8 a
26.0 ± 1.5 a
25.9 ± 0.7 a
24.9 ± 0.3 a
24.1 ± 1.0 a
25.5 ± 3.2 a
25.3 ± 2.8 a
27.0 ± 0.4 a
25.7 ± 0.3 a
26.1 ± 2.1 a
28.3 ± 0.4 a
27.5 ± 0.5 a

a-d Values, within columns, with the same letters are not significantly different at p>0.05; where
EC50 is the concentration (µg/mL) of extract required to quench 50 per cent of the DPPH radical
(µg/mL).
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Although there was very little difference in the radical-scavenging capacity of the
different treatments, V95141 consistently demonstrated slightly lower radical-scavenging
capacity when compared to the other genotypes for each treatment. However, the YEPs
and EI demonstrate maximum radical-scavenging activity at 100 μg GA

per mL fresh

weight at 88 to 96 per cent effectiveness. Additionally, DPPH radical-scavenging abilities
for the golden prunes were comparable to the fresh samples, demonstrating no significant
differences in the rate of activities between treatments as well as genotypes over the two
growing seasons. The only observable differences between treatments was the slightly
higher radical-scavenging activity for the ascorbic acid consistently compared to both the
fresh samples and the other treated samples, likely as a result of the antioxidant nature of
ascorbic acid.
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Figure 10. Average anti-radical scavenging abilities of DPPH for fresh and dried plums for four
different osmotic dehydration conditions from 2012 and 2013 from the following genotypes: a. EI,
b. V91117, c. V95141, d. V98197 and, e. V91074.
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4.1.4 Determination of in vitro α-Glucosidase Inhibitory Activity
The activity of YEPs and EI in α-glucosidase inhibition was compared using a
standard enzyme assay. The results of both the fresh plums and the effects of processing as
seen in the different dried fruit extracts are shown in Table 6. The inhibition percentage of
the samples ranged from 5 to 85 per cent for the fresh samples. The infused and dried
samples demonstrated a smaller variation in inhibitory effectiveness. Specifically, the
different osmotic treatments resulted in comparable inhibition results, ranging from 40 to
86 per cent.
The inhibitory activity has been shown to be related to the quantity and quality of
anthocyanins (MacDougall et al., 2005). Theoretically, EI contains the highest amount of
anthocyanins, which is evidenced by the dark pigmentation that is absent from the YEPs.
The results for α-glucosidase inhibition for the fresh samples demonstrate that the
anthocyanin-rich blue-black plums possess the highest inhibitory activity. However,
V91117, again, showed comparable results to EI. The other YEP genotypes demonstrated
significantly lower inhibition percentages on a year-by-year basis, which is consistent with
the expected results.
Although the results are significantly different within a single year of analysis for
the treated samples after osmotic dehydration, both the yellow and blue-black plums
demonstrated comparable inhibitory activities overall. Additionally, the inhibitory
activities of EI and V91117 were lower in the dried samples when compared to the results
for the fresh samples, whereas the other YEPs showed considerably higher inhibitory
activities after osmotic dehydration compared to their fresh counterparts. Despite the
significant differences in activities between 2012 and 2013, the overall average indicates
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that there were no significant differences between the genotypes for the different
treatments evaluated.
Table 6. α-glucosidase inhibitory activities of yellow and blue-black European genotypes of fresh
and dried plum methanolic extracts for four different osmotic dehydration conditions for 2012 and
2013.

Genotype
EI

V91117

V95141

V98197

V91074

Osmotic Infusion
Treatment
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS

α-glucosidase Inhibitory Activity (%)
2012
2013
Average
84.5 ± 0.2 a
43.1 ± 0.9 hi
61.9 ± 0.6 cd
55.0 ± 1.0 e
54.8 ± 1.2 e
81.7 ± 0.9 a
51.6 ± 2.7 efg
39.5 ± 1.1 gh
39.5 ± 1.8 i
48.8 ± 1.9 fg
5.1 ± 1.0 l k
48.8 ± 0.8 fg
42.8 ± 3.2 hi
51.6 ± 2.4 efg
65.1 ± 0.6 bcd
14.5 ± 2.0 k
53.8 ± 1.9 ef
63.4 ± 0.9 bcd
53.7 ± 1.1 ef
61.2 ± 0.4 d
22.8 ± 3.4 j
67.7 ± 2.6 b
66.6 ± 2.7 bc
50.9 ± 0.4 efg
79.3 ± 0.3 a

65.9 ± 3.3 defg
78.8 ± 0.3 abcd
80.5 ± 1.1 abcd
81.5 ± 0.7 abc
82.3 ± 0.3 ab
85.4 ± 0.2 a
66.5 ± 0.5 cdef
60.4 ± 0.7 efg
72.0 ± 0.2 abced
55.8 ± 1.2 fg
66.6 ± 0.9 cdef
78.7 ± 0.3 abcd
78.7 ± 0.3 abcd
85.5 ± 0.6 a
82.6 ± 0.8 ab
73.2 ± 23.1 abcde
76.9 ± 0.4 abcd
81.3 ± 0.4 abc
71.4 ± 0.7 abcde
81.1 ± 0.3 abc
51.3 ± 2.2 g
70.1 ± 0.4 bcdef
68.8 ± 0.8 bcdef
69.8 ± 1.2 bcdef
72.4 ± 0.2 abcde

75.2 ± 13.2 a
60.9 ± 25.3 a
71.2 ± 13.2 a
68.2 ± 18.7 a
68.6 ± 19.4 a
83.6 ± 2.6 a
59.1 ± 10.5 a
54.2 ± 8.8 a
55.8 ± 22.9 a
52.3 ± 5.0 a
35.8 ± 43.5 a
63.8 ± 21.1 a
60.7 ± 25.4 a
68.5 ± 24.0 a
73.9 ± 12.4 a
43.8 ± 41.5 a
65.4 ± 16.3 a
72.3 ± 12.7 a
62.5 ± 12.5 a
71.2 ± 14.1 a
37.0 ± 20.2 a
68.9 ± 1.7 a
67.7 ± 1.6 a
60.3 ± 13.4 a
75.8 ± 4.8 a

a-k Values, within columns, with the same letters are not significantly different at p>0.05.

4.1.5 Composition of Polyphenols
The osmotic dehydration process is utilized in order to preserve or enhance the
nutritional quality of fruits following infusion and drying. As a result, an important
consideration in the evaluation of the nutritional profile is the analysis of specific
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polyphenolic profiles of the dried fruits in comparison to the fresh fruits to evaluate the
changes that may have occurred during processing. The total polyphenolic contents were
concentrated and interfering substances were removed using a Sep-Pak C18 cartridge.
After the total phenolic compounds were bound to the matrix, the polyphenols were
selectively eluted with methanol. Using HPLC-MS and LC-MS, several phenolic
compounds were detected in the methanolic extracts of the plums.
Although plums have been recognized for their superior phenolic contents, the
particular phenolic profiles of the YEPs have yet to be determined prior to this
investigation. The major compounds that were identified in both fresh and dried yellow
and blue-black plums were hydroxycinnamates, and chlorogenic and neochlorogenic acids,
as seen in Table 7. In much smaller quantities, several phenolic acids were identified,
including caffeic and p-coumaric acids, as well as catechin. One member of the
anthocyanin family was identified for further quantification as a representative of the
changes in anthocyanin quantities, which was cyanidin 3-glucoside.
Table 7. HPLC-MS profile of specific phenolic compounds from yellow and blue-black European
genotypes of fresh and dried plum methanolic extracts from 2012.

Phenolic Concentration (mg/kg fw)
Genotype

EI
V91117
V95141
V98197
V91074

Treatment

Fresh
Dried
Fresh
Dried
Fresh
Dried
Fresh
Dried
Fresh
Dried

Neochlorogenic
acid

Catechin

Caffeic acid

Chlorogenic
acid

p-Coumaric
acid

Cyanidin 3glucoside

20.89±1.6ab
171.10±6.8b
52.79±7.7a
127.37±14.8c

4.11±0.1c
5.09±0.2c
8.17±0.4b
6.97±1.4c

2.89±0.7e
9.82±0.5d
11.51±0.3a
10.52±0.6d

2.92±0.0d
16.13±1.1cd
72.18±3.6a
22.02±1.1bc

2.25±0.1b
17.88±0.1b
3.22±0.3b
12.17±0.6d

1.28±0.1b
29.06±2.2ab
4.16±0.1ab
18.08±1.7c

29.29±1.2ab

11.16±0.8a

9.88±0.2b

25.61±1.6c

5.15±0.1a

5.98±0.2a

119.72±12.8c
28.93±1.0ab
218.93±35.1a
8.59±0.7b
98.29±7.3c

4.63±0.6c
11.20±1.7a
12.42±1.5b
2.06±0.1c
17.46±0.7a

15.21±0.3c
7.23±0.2c
20.68±1.0a
5.43±0.2d
17.96±0.3b

13.90±3.0d
48.85±2.3b
47.60±2.8a
8.89±1.0d
24.55±4.0b

13.52±0.4d
1.73±0.1b
15.47±0.9c
2.22±0.0b
20.70±1.3a

20.96±0.5c
1.39±0.3b
32.55±3.2a
0.76±0.0b
27.54±1.6b

a-c Values, within columns, with the same letters are not significantly different at p>0.05.
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Since the YEPs are not characterized by the typical dark pigmentation observed for
EI, the mass spectral identification and quantification were focussed on the other
polyphenolic compounds of interest. Additionally, due to limitations beyond our control,
only one dried control sample was analyzed as a representation of the effects of processing
on the phenolic profile of processed plums.
The HPLC-MS profiles of the plum extracts were similar to those previously
reported (Donovan et al., 1998; Fang et al., 2002). The most dominant phenolic
compounds in plums include chlorogenic acids, and esters of caffeic acid and quinic acid
(Fang et al., 2002). The dominant phenolics in the YEPs and EI were chlorogenic and
neochlorogenic acids. The latter was consistently higher in abundance than its isomer,
chlorogenic acid, among all of the plums evaluated. This result is consistent with the
presence of neochlorogenic acid as the major hydroxycinnamic acid derivative and
chlorogenic acid as the minor in previous studies (Kim et al., 2003).

4.1.6 Composition of Sugars
The nutritional quality of both the fresh and dried fruits, as well as the extent of
sucrose uptake during infusion on the physico-chemical profile of the infused fruits can be
partially assessed by the analysis of the sugar composition before and after osmotic
dehydration. In general, fruits are high in sucrose, fructose, and glucose. In order to
evaluate the changes in these particular sugars, a standard sucrose, fructose, glucose
enzyme assay procedure was performed spectrophotometrically for both the fresh and
dried fruits from each treatment using comparison to known standards.
The composition of various sugars in fresh and dried plums is given in Table 8.
The total sugar content and profile of partitioned individual sugars were similar to those
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expected for yellow plums (Lombardi-Boccia et al., 2004). Specifically, the sugar pattern
was characteristic of prune-making plums, demonstrating an increased concentration of
total sugars in dried plums compared to fresh plums, accompanied by a different
proportion of individual sugars following osmotic dehydration (Stacewicz-Sapuntzakis et
al., 2001).
Table 8. Average concentrations of glucose, fructose, sucrose, and total sugars of yellow and blueblack European genotypes of fresh and dried plum methanolic extracts for four different osmotic
dehydration conditions for 2012 and 2013.
Sugar Composition (g/100g fw)
Genotype
EI

V91117

V95141

V98197

V91074

Osmotic Infusion
Treatment
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS
Fresh (no treatment)
Control- Sucrose
Sucrose + Ascorbic Acid
Sucrose + Sulfite
Sucrose + FOS

Sucrose

Glucose

2.3 ± 0.6 a
8.1 ± 1.1 a
4.3 ± 0.3 a
10.0 ± 2.3 a
12.5 ± 3.9 a
2.3 ± 0.5 a
11.7 ± 1.0 a
17.4 ± 1.5 a
16.9 ± 4.2 a
18.2 ± 8.0 a
1.8 ± 0.4 a
10.0 ± 1.2 a
11.9 ± 0.5 a
16.8 ± 4.5 a
8.9 ± 2.0 a
2.5 ± 0.9 a
9.9 ± 2.1 a
11.4 ± 4.5 a
12.8 ± 2.0 a
5.8 ± 1.1 a
2.7 ± 1.3 a
20.7 ± 6.5 a
13.5 ± 4.1 a
14.5 ± 3.6 a
13.8 ± 2.6 a

2.0 ± 0.5 a
9.7 ± 7.4 a
13.7 ± 5.4 a
8.1 ± 1.7 a
8.0 ± 2.8 a
1.6 ± 0.9 a
7.8 ± 0.1 a
9.3 ± 2.6 a
7.2 ± 2.7 a
7.0 ± 1.5 a
2.0 ± 0.1 a
10.4 ± 3.3 a
10.9 ± 3.1 a
8.8 ± 2.4 a
10.4 ± 3.3 a
2.3 ± 0.1 a
8.2 ± 2.6 a
13.6 ± 2.8 a
12.6 ± 3.0 a
14.2 ± 2.9 a
1.9 ± 0.6 a
9.42 ± 0.3 a
12.3 ± 1.8 a
8.1 ± 2.7 a
6.7 ± 1.7 a

Fructose

Total Sugar

1.1 ± 0.1 c
5.4 ± 1.6 abc
5.2 ± 0.3 abc
6.4 ± 1.9 abc
7.2 ± 0.5 abc
1.0 ± 0.4 c
7.7 ± 1.9 abc
8.4 ± 1.4 abc
4.5 ± 1.0 abc
10.6 ± 3.6 ab
1.4 ± 0.5 bc
6.6 ± 1.5 abc
7.3 ± 0.1 abc
9.8 ± 2.4 abc
9.7 ± 2.7 abc
1.4 ± 0.1 bc
5.8 ± 2.2 abc
6.5 ± 2.5 abc
7.3 ± 0.1 abc
9.5 ± 2.3 abc
1.2 ± 0.2 c
6.8 ± 2.1 abc
5.8 ± 0.1 abc
5.9 ± 0.6 abc
10.9 ± 3.3 a

5.4 ± 1.1 b
23.2 ± 8.9 ab
23.2 ± 4.8 ab
24.6 ± 6.3 ab
27.6 ± 9.5 a
4.9 ± 0.9 b
27.2 ± 2.8 a
35.1 ± 9.2 a
28.7 ± 8.9 a
35.7 ± 9.8 a
5.2 ± 0.2 b
27.1 ± 7.6 a
30.2 ± 5.7 a
35.5 ± 10.2 a
29.0 ± 3.6 a
6.1 ± 0.8 b
23.9 ± 8.7 ab
31.5 ± 7.4 a
32.8 ± 10.2 a
29.4 ± 0.3 a
5.8 ± 0.4 b
36.9 ± 11.7 a
31.6 ± 6.4 a
28.5 ± 10.9 a
31.4 ± 6.5 a

a-c Values, within columns, with the same letters are not significantly different at p>0.05.
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Plums used for prune-making typically contain higher quantities of glucose than
fructose in amounts that vary widely based on cultivar, maturation, and treatment
(Dikeman et al., 2004). The fresh plums evaluated in this study contained primarily
glucose and sucrose with lower concentrations of fructose. The overall concentrations of
each of these sugars increased substantially following osmotic dehydration. However, the
concentration of sucrose was not significantly higher in the dried fruit compared to the
fresh counterparts even though it would be expected to be significantly higher due to the
theoretical sucrose retention following sucrose infusion. Similarly, the FOS-containing
media did not contribute to a significantly different composition for the evaluated sugars
following dehydration of the YEPs. Overall, there were no significant differences observed
for the total sugar content of the YEPs. However, EI demonstrated a lower concentration
of total sugars overall when compared to all of the YEPs, which is consistent with the
detectable bitterness and lower detectable sugar quality in these fruits.

4.2 Discussion
Although fruits and vegetables have been a regular component of the human diet
for centuries, the important functions of these nutrient-dense products have only recently
become a focal point for consumers. As a result of the current aging population, the
emphasis on the functionality of these fruits and vegetables and related processed products
is growing. Specifically, the nutraceutical components, including polyphenols, have been
shown to play an important role in the maintenance of human health as well as the
prevention of a number of chronic and degenerative diseases. These functional
components perform as strong antioxidants that prevent the onset of damage from
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deleterious ROS that are derived from internal and external reactions and influences (Kim
et al., 2008). The critical components of fresh produce underline the necessity for these
dietary staples to be available year-round to consumers.
The major challenge posed to both producers and consumers alike is the short
growing season and shelf-life of fresh fruits due to their natural senescence. Specifically,
tender fruits, including plums, are characterized by a short harvest season and low
tolerance to long-term controlled atmosphere storage (Torreggiani & Bertolo, 2001). As a
result, there is an increasing demand for processing methods to extend the limited shelflife of these fruits while maintaining or enhancing the sensory and phytochemical profiles.
The most common methods of preservation are freezing and dehydration. In both
applications, the important considerations are a cost-effective strategy to preserve the fruit
for a longer period of time without the undesirable loss of organoleptic qualities.
The principle of osmosis has been applied to the process of dehydration in the fruit
and vegetable processing industry for a number of years to yield quality products with an
extended shelf-life (Stacewicz-Sapuntzakis et al., 2001). The differences in osmotic
pressure between the infusion media and the tissues result in water diffusing out of the
tissue and the simultaneous incorporation of solute from the medium into the tissue. The
infusion conditions can be modified to achieve the desired shelf-life as well as certain
sensory and nutritional properties in the product. As a result, osmotic infusion can be
implemented as a pre-treatment prior to convective drying to retain or enhance the
physico-chemical characteristics.
One of the primary factors affecting the quality characteristics in the food products
that can be modified by specific pre-treatment conditions is browning. Enzymatic
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browning is catalyzed by a catechol oxidase and lactase, o- and p-diphenol oxidases,
respectively, which act on catechin and chlorogenic acid as natural substrates (Forni et al.,
1997). The phenolase activity is correlated to the soluble solids content, which increases
during osmotic dehydration and corresponds to a decrease in enzyme activity. The higher
the soluble solids content in the fruit produced by the introduction of solutes during
infusion and the concentration of solids during drying, thus, results in the theoretically
lower rates of enzymatic browning.
Similarly, non-enzymatic browning is a major challenge during food processing
applications and prune-making (Forni et al., 1997). This process results from the
condensation of reducing sugars with natural amino acids present in the fruits and the
conversion of chlorophyll pigments into pheophytin during drying. Although pigments
affected by these processes are often stabilized by the application of sulfites, some other
compounds, such as organic acids, have demonstrated favourable results in dried fruits.
These additives, when used in conjunction with sucrose, help to minimize the use of
sulfites while providing protective effects, including the maintenance of ascorbic acid
quantities, during and after processing, which is why natural and synthetic alternatives
were explored in this investigation.
The most common method of osmotic dehydration involves the preliminary
infusion of fruits in high sucrose-containing medium, which theoretically results in a high
uptake of sugar and subsequent compromise of the nutritional profile of the fruits.
Additionally, the colour and flavour components are often affected by infusion, such as the
leaching out of certain quality compounds, which requires additional additives for
marketability for consumers and to extend shelf-life. Consequently, there is an increasing
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demand for modifying the process to incorporate potentially more health-beneficial
ingredients in the infusion medium without the risk of high solute intake, including more
vitamins, minerals, and probiotics (Stacewicz-Sapuntzakis et al., 2001).
As previously mentioned, sulfite-based compounds are predominantly used as
antimicrobial agents in the drying process of tender fruits to extend the shelf-life of the
product, as well as retain the natural colours in the fruit. However, growing concerns about
the potential allergies associated with sulfite derivatives has led to the expansion of
research into alternatives, including organic acids that do not elicit the same consumer
concerns (Madrau et al., 2008). Among the alternatives to sulfite preservatives, a recent
development in the infusion process is the use of functional ingredients that enhance the
nutritional profile of the natural foods. For example, FOS are a sugar substitute that mimic
the positive health effects of soluble fibre when they are metabolized in the large intestine
(GTC Nutrition, 2012). FOS are novel compounds that have not been used in previous
prune-making strategies as nutrient-rich alternatives to traditional additives.
This study investigated traditional prune-making processing using sulfites, as well
as alternative preservatives and nutrient-enhanced osmotic infusion conditions. The main
objective was to compare the nutritional and sensorial profiles of the different genotypes
following treatment with alternatives to traditional sulfite-containing prune-making
strategies. As a result, ascorbic acid was used as a natural sulfite alternative and the
incorporation of FOS was used to offset the standard sucrose concentration used in prunemaking with additional health benefits imparted in the finished product. The parameters
that were considered for selection of optimal dried products included optimal skin and
flesh colour, texture, second harvest availability, overall consumer appeal, and overall
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suitability for dehydration, as well as the retention of biochemical parameters, including
phenolic content and antioxidant capacity evaluated following dehydration. The field
considerations of availability and future potential were used in the initial criteria to select
the four YEP genotypes investigated in this project. Although there are nearly 20
experimental YEP genotypes at Vineland Research Station, these four were selected based
on superior nutritional profiles from preliminary studies as well as their wide consumer
appeal and sustainable numbers for secondary investigations.
The osmotic infusion media was one of the most influential parameters that was
optimized. The primary objective of the infusion treatments was to maximize moisture loss
prior to subsequent dehydration in order to provide unfavourable conditions for microbial
growth and spoilage. Additionally, the consumer demand for attractive colour and pliable
texture are major factors driving the optimization of the infusion process. The different
infusion treatments afforded comparable moisture contents in the fruits after similar time
periods of dehydration. The moisture content of the fruit was optimized to be less than
approximately 20 per cent, which falls within the range of 20 to 50 per cent for
intermediate moisture foods (IMF) (Karel, 1973).
Typically, IMF products are characterized by a plastic texture as well as a water
activity level less than 0.9 to prevent bacterial growth (Karel, 1973). The water activity of
the infused plums ranged from 0.678 to 0.845, which was sufficiently low to enable
extended shelf-life and storage at 4⁰C for six to twelve months. There are several agents
that are used to sufficiently lower the water activity in infused fruits, including sucrose,
whereby the sugar-rich environment prevents the growth of bacteria. However, there is
still a threat of yeast and mold growth, as well as potential non-enzymatic and enzymatic
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degradation and browning (Stacewicz-Sapuntzakis et al., 2001). As a control, subsamples
were dried without the addition of preservatives during infusion. Since traditional prunemaking involves sucrose infusion to prevent premature browning upon thermal processing,
this treatment was applied to the remainder of the fruit with other additives as well
(Stacewicz-Sapuntzakis et al., 2001).
As one of the most common sulfite alternatives, ascorbic acid was applied at
varying concentrations to determine the optimal concentration required to preserve the
colour during processing and subsequent storage. Ascorbic acid is also commonly known
as vitamin C and is naturally present in a number of plant materials, including fruits and
vegetables (Lombardi-Boccia et al., 2004). It is a natural antioxidant compound found in
moderate levels in traditional prune-making plums and has been detected in lower
quantities of at least 5 milligrams per 100 grams fresh weight in yellow plums. Ascorbic
acid is capable of largely preventing browning through its ability to reduce quinones back
to phenolic compounds before they can undergo further reactions to form pigments
(Laurila & Ahvenainen, 2002). However, ascorbic acid eventually oxidizes to
dehydroascorbic acid, which allows quinones to accumulate. Consequently, it has often
been found to be most effective when used in combination with other substances.
Therefore, ascorbic acid was used both independently and in addition to the FOS fibre
analogue.
A critical consideration in the application of alternative preservatives was not to
exceed a concentration of any chemical additive that would impart acidity or off-flavours
thereby affecting the quality of flavour and aroma of the dried plums. Although
concentrations of ascorbic acid approaching five per cent in the method development
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process demonstrated higher retention of yellow colour in V91117 when compared to
minimal concentrations of 0.5 per cent, these results were not consistent in other genotypes
tested for preliminary analyses, including the results observed for V91074. The variation
in responses to ascorbic acid treatments is likely a result of the oxidation of ascorbic acid
in the fruit during the dehydration process thereby forming brown pigments. Additionally,
even slightly higher concentrations of ascorbic acid, such as 0.75 per cent, have previously
been attributed to off-taste in processed fruits (Laurila & Ahvenainen, 2002).
Consequently, the minimal concentration of 0.5 per cent ascorbic acid was used in the
subsequent osmotic infusion treatments to avoid any adverse effects on taste or excessive
browning that was observed at higher concentrations in some genotypes.
Potassium metabisulfite was used as a traditional preservative in prune-making and
represented the current industry standard in this study. Similar to the ascorbic acid quantity
determination, the traditional sulfite preservative was used to optimize the yellow colour
retention without compromising the potential taste or aroma of the plums. In order to
prevent exceeding the aforementioned Canadian Food and Drug Regulations for
permissible sulfur dioxide limits, solutions containing less than six per cent sulfite were
evaluated. The optimal colour and other sensory characteristics were achieved while
maintaining the lowest possible concentration at two per cent, which was then used in the
remainder of the infusion treatments. However, there was slightly more shrinkage
observed in fruits infused in this medium when compared to the results for the other
infusion treatments, which may indicate a loss of structural integrity that requires further
investigation.
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Finally, as a partial sugar substitute, FOS was used as a nutrient-dense additive for
osmotic dehydration. FOS are prepared enzymatically from inulin or sucrose and do not
undergo Maillard browning reactions since they are non-reducing oligosaccharides
(Bornet, 1994). This fibre analogue helps to replenish phospholipids that are naturally
degraded during ripening, enhancing the stability, texture and shelf-life of the fruits.
FOS were used in the infusion process at a concentration of 25 per cent since
higher concentrations resulted in poorer skin quality in the dried fruits with significant
darkening following dehydration while lower concentrations did not contribute any
significant influence on the enhancement of the texture or colour. In order to ensure a
prolonged shelf-life and physico-chemical stability, ascorbic acid was added as a second
treatment at a minimal concentration, which yielded more favourable results for the
sensory characteristics than sucrose, FOS, or combined sucrose and FOS treatment.
Specifically, the fruits infused with a combination of sucrose and FOS had better texture
and mouth feel that more closely resembled fresh fruits than the results of the other
infusion treatments. However, the present protocol for the osmotic dehydration process
requires further modification in order to maximize the sensory appeal of the finished
products as well as impart additional beneficial health components.
In addition to the application of additives during osmotic dehydration, another
critical parameter is the determination of optimal drying temperature. The temperature is
crucial in preserving and enhancing the natural sensory characteristics as well as
preventing browning that can affect the consumer perception of the final dried product.
Since traditional prune-making strategies involve dehydration between 55 to 80°C, the
temperature for drying the YEPs was determined to produce the highest quality product in
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terms of texture, taste, and colour retention. Although the higher temperatures are often
preferred in order to limit exposure to excess oxygen, the optimal texture and taste was
achieved at 50°C. Consequently, this lower drying temperature likely resulted in additional
browning since PPO remains active for a longer period of time, which can result in the
modification and degradation of hydroxycinnamic acids and related compounds (Madrau
et al., 2009).
The phenolic capacity of the plums was a critical parameter due to the biological
relevance of these compounds and their hypothesized correlation with antioxidant
function. Although these genotypes of plums were originally bred with the intention of
improving agronomic traits and fruit quality, their phenolic contents were determined to be
superior to some commercial genotypes. These qualities characterize these fruits as
superior lines for nutritional potential. In particular, total phenolic capacity of six
commercial cultivars or plums was observed in the range of 174 to 375 milligrams GAE
per 100 grams fresh weight (Kim et al., 2003). The plums that were evaluated also
exhibited phenolic contents in this broad range, which indicates the presence of significant
genotypic variation.
Although antioxidant activity of phenolic compounds, including anthocyanins,
from various fruit sources have been compared under in vitro conditions in order to
evaluate the potential health-related effects from these sources, novel YEPs have not been
investigated with respect to these properties. As a result, the in vitro antioxidant activities
of several YEPs were evaluated to identify and quantify if deviations in antioxidant
activity exist due to compositional differences. Specifically, this study evaluated the FRAP
and DPPH radical-scavenging capacities of the plums.
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Recent data suggests that a relatively small part of the antioxidant function
imparted by plant-based foods is attributed to several well-known antioxidants, including
α-tocopherol, vitamin C and β-carotene. Conversely, it is hypothesized that potentially
hundreds of other antioxidants, such as carotenoids, polyphenolic acids, sulfides,
flavonoids, lignans, etc., are bioactive and contribute synergistically (Halvorsen et al.,
2002). Consequently, the total antioxidant capacity is assessed more effectively when the
total amount of electron-donating antioxidants, i.e. reductants, that are derived naturally in
food are measured. The in vitro antioxidant activity that is determined enables potential in
vivo activity to be more accurately predicted.
Although anti-radical activity assays are based on the antioxidant’s ability to react
with or neutralize free radicals generated in the reaction system, the FRAP assay measures
the reduction of ferric iron (Fe3+) to ferrous iron (Fe2+) in the presence of antioxidants
(Halvorsen et al., 2002). The FRAP assay directly measures antioxidants or reductants in a
sample whereas the other assays measure the inhibition of reactive species or free radicals
that are generated. These assays, therefore, strongly depend on the type of reactive species
used. Additionally, the DPPH radical-scavenging assay has been described as an accurate
quantitative method to determine the antioxidant activity of extracts or juices from fruits
and vegetables (Sanchez-Moreno, 2002). Hence, these methods were used to accurately
evaluate the antioxidant activity in the plum extracts.
Among the dried fruits that were analyzed, the golden prunes demonstrated
antioxidant capacity that ranged from two to six times the antioxidant values of the
corresponding fresh fruits, suggesting that antioxidant compounds are relatively stable
during the drying procedure. The significant increase in antioxidant activity following
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dehydration can be attributed to several factors, including increased antioxidant power of
polyphenols at an intermediate state of oxidation, increase in reducing sugars, and the
formation of Maillard reaction products as a result of dehydration, which are associated
with high antioxidant activity that has been measured in a chain-breaking and DPPH
radical-scavenging mechanistic action (Madrau et al., 2008)
The present study demonstrates that there are genotypic differences in the
antioxidant capacities and overall phenolic quantities measured in YEPs. Since phenolic
compounds, especially anthocyanins and neochlorogenic acid, are concentrated in the skin
of plums and other stone fruits, the phenolic content and antioxidant capacity is expected
to be greater for fruits with darker skin colours (Tomás-Barberán et al., 2001). Although
typical plum genotypes with lighter skin have demonstrated lower amounts of phenolics
when compared to traditional dark-skinned genotypes, some of the YEPs, such as V91117,
demonstrated a promising phenolic content that exceeds related European plum genotypes
(Rupasinghe et al., 2006). In this study, polyphenols from EI were expected to show
superior antioxidant activity. Although the results for this variety did exceed the
antioxidant activities of the YEPs under investigation, V91117 demonstrated antioxidant
activity that rivaled that of the standard EI comparison.
In general, the radical-scavenging capacity increased with increasing phenolic
concentration. As a result, the antioxidant activity is proportional to the total phenolic
content. The strong correlation between total phenolics and antioxidant capacity of plums
has been previously reported (Gil et al., 2002; Kim et al., 2003). Furthermore, previous
studies have demonstrated that the most consistent and highest correlations were those
between total phenolics and antioxidant activity compared to other quality parameters,
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which indicates that phenolics are more strongly correlated with antioxidant capacity than
anthocyanins, vitamin C, or carotenoids individually in stone fruits (Cevallos-Casals et al.,
2005; Gil et al., 2002).
The antioxidant activity associated with the phenolic capacity of the plums is
largely attributed to a number of phenolic compounds that may function synergistically
with other biologically active compounds. These compounds are often affected by
processing, such as degradation at high heat and oxidation. However, the quantities of the
major phenolic compounds detected were preserved in many samples following
dehydration, demonstrating their stability to the low-heat osmotic dehydration used in this
investigation. Conversely, the minor phenolic compounds, such as caffeic acid and
catechin, demonstrated a much smaller increase or even a subtle loss following
dehydration, which is consistent with the typical loss of phenolic compounds through
enzymatic and non-enzymatic processes during drying (Kim et al., 2003).
As indicated by the elucidated phenolic profiles, chlorogenic and neochlorogenic
acid isomers were in high abundance, which have been recognized for their high
antioxidant activity. Specifically, chlorogenic acid effectively prevents hemolysis and lipid
peroxidation of erythrocytes induced by hydrogen peroxide (H2O2) by scavenging many
oxidants, including hydrogen peroxide, peroxy radical and hydroxyl radical, as well as the
nitrosating agent, nitrogen sesquioxide (N2O3), and hypochlorous acid (HClO) (Shibata et
al., 1999). As a result, it is an excellent natural scavenger among many polyphenolic
compounds, especially since the one-electron oxidation product of the compound does not
necessarily require other electron donors for reduction to end the radical reaction.
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In addition to the detection and quantification of significant amounts of
hydroxycinnamic acids, moderate quantities of anthocyanins were detected in the plums
evaluated. Although light-skinned plums typically have not demonstrated the presence of
anthocyanins, the dominant anthocyanin in European plums, cyanidin 3-glucoside, was
quantified in all of the plums and increased proportionately in quantity following
dehydration. The comparable level of anthocyanins for EI and YEPs may be a result of the
combination of a high proportion of the same yellow flesh characteristic for all of the
genotypes. Despite the similar flesh colour, the YEPs exhibited an orange-red blush while
EI was characterized by purple-blue skin. Although typical yellow-skinned plums do not
exhibit this skin coloration, these particular genotypes from Vineland Research Station
demonstrated blush covering up to approximately 75 per cent of the skin, as seen most
evidently in V91117, which would contribute to the overall phenolic content as well as the
proportion of anthocyanins detected in the profile. However, the quantity of other
anthocyanins typically present in European plums, including other cyanidin derivatives,
would likely be negligible due to the observable absence of blue, purple, and red hues.
The functional properties of the plums and prunes extend beyond the phenolic
capacity and associated antioxidant properties measured. The α-glucosidase activity is
especially important as diabetes becomes increasingly widespread (Adefegha & Oboh,
2012). The development and progression of diabetes is associated with oxidative stress
since the simultaneous decline in antioxidant defence mechanisms with abnormally high
levels of free radicals from a number of reactions, including glucose oxidation and
enzymatic glycation of proteins, leads to damage of cellular organelles and enzymes as
well as lipid peroxidation. Type II diabetes can be caused by insulin resistance with a
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relative deficiency of insulin or by impaired insulin secretion. The current therapeutic
strategies gaining attention are aimed at decreasing post-prandial hyperglycemia by
preventing absorption of glucose. This includes the inhibition of α-glucosidase and αamylase, which are carbohydrate-hydrolyzing enzymes.
Although there are some oral hypoglycemic agents and drugs that can be used for
effective glycemic control, functional foods have become a potential natural source of this
functionality (Adefegha & Oboh, 2012). Specifically, plant-based foods that are
characterized by high phenolic contents have demonstrated insulin-like effects in glucose
utilization, inhibition of diabetes-related enzymes, and lipid peroxidation in tissues. As a
result, it is expected that the foods with higher phenolic contents should demonstrate
higher inhibitory action of enzymes, including the hypothesized activity of α-glucosidase.
The α-glucosidase inhibitory activities measured for the plums and prunes in this
investigation span a broad range, from a minimum of five per cent to a maximum of 86 per
cent inhibition. The differences between treatments were consistently minimal with a
comparable inhibitory activity for each treatment for all of the genotypes evaluated.
Consequently, the osmotic dehydration conditions did not significantly affect the results of
the enzyme action, which suggests that the compounds responsible for the inhibitory
action are largely maintained during processing, rendering the fresh and dried plums
comparably effective in inhibiting α-glucosidase. As a result, the consumption of both
fresh and dried plums provides a potential natural method of controlling symptoms of
diabetes in addition to prescribed conventional practices.
The correlation between phenolic content and α-glucosidase inhibition was loosely
demonstrated for the genotypes investigated since V91117 and EI demonstrated
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consistently higher enzyme inhibitory activities that corresponded to higher phenolic
contents compared to the other YEPs. These two genotypes also demonstrated a unique
behaviour with a decrease in inhibitory action in the dried counterparts compared to the
fresh samples whereas the other genotypes demonstrated higher fresh enzyme inhibitory
activities compared to the dried samples. This further confirms the genotypic differences
in enzyme inhibition, which could include the effect of other bioactive compounds or
pigments. Additionally, the higher quantified phenolic contents may include phenolic
compounds that do not impart certain desired biological functionalities, such as some
Maillard reaction products that are not necessarily effective in imparting enzyme
inhibitory activity. In spite of the varietal differences, the consistent enzyme inhibition in
the samples demonstrates the potential for therapeutic strategies that are plant-based and
associated with minimal side-effects.
Although the chemical composition of plums and prunes has not been fully
elucidated, there have been some preliminary studies concerning the sugar composition
and accompanying changes in plums during prune-making. The two major
monosaccharides in both plums and prunes are glucose and fructose (Dikeman et al.,
2004). These sugars are affected during drying by chemical reactions, including acid
hydrolysis, caramelization, and Maillard product formation, which lead to the development
of colour and aroma in prunes. The YEPs demonstrated comparable quantities of sucrose
in addition to these two common monosaccharides, and responded similarly to the
dehydration process. The variation in sugar concentration can be attributed to differences
in genotype, growing conditions, ripeness, and/or processing conditions (Dikeman et al.,
2004). The higher quantities of sucrose measured in the fruits is likely a characteristic of
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these unique genotypes since they are notably sweeter and less bitter than typical European
plums, as seen in the lower sucrose quantities measured in the control. Additionally, since
these fruits have very subtle colour changes indicating ripeness due to their light skin
colour, these fruits may be harvested later than typical darker-skinned genotypes. As a
result, the fruits are more mature, which corresponds to higher quantities of sucrose and
lower concentrations of glucose and fructose.
The total sugars determined for these genotypes were slightly lower than some of
the traditional genotype evaluated, which contain approximately 19 grams per 100 grams
fresh weight in typical fresh prune-making plums (Stacewicz-Sapuntzakis et al., 2001). A
potential source of this variation is associated with quantities of sorbitol. Specifically,
sorbitol is found in relatively high quantities in plums, especially in European plums.
However, it is difficult to separate from the other quantified sugars using typical separation
technologies, which often leads to overestimation of the monosaccharides. Since sorbitol
quantification has not been well-studied in European plums and prunes, sorbitol was not
quantified in this investigation.
Another consideration during prune-making is the stability of the sugars during
dehydration at moderate to high temperatures. The concentration of sucrose decreases
following dehydration since the high temperature results in hydrolysis of sucrose to yield
glucose and fructose (Miletic et al., 2013). This conversion usually occurs as a result of the
disruption of cell structure, releasing natural acids and invertase to catalyze the process.
Consequently, the glucose and fructose concentrations are expected to increase in the dried
plums. However, the length of dehydration is an important consideration in this
investigation since prolonged drying is associated with loss of these monosaccharides due
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to Maillard reactions and sucrose caramelization. The combination of these factors likely
resulted in the pattern of sugars observed consistently in the genotypes evaluated.
Since the concentrations of sugars in the fresh and dried plums were relatively
consistent, this also indicates that there was not a significant retention of sucrose in the
dried fruits following the original sucrose infusion in preparation for drying. Although
sucrose is traditionally used in prune-making, the concerns surrounding high intake of
sugars and the associated risk of diabetes has posed the challenge of processing fruit with
healthier alternatives that will not sacrifice consumer appeal (Lee & Prosky, 1995). The
range of sugar levels in the dried fruits was not largely affected by sucrose compared to the
fibre analogue additive during infusion, which indicates that the sucrose addition is not
necessarily detrimental to the nutritional profile of dried plums. Although the sucrose
concentrations can be minimized to reduce any adverse health effects, it is also a critical
component in creating a consumer-friendly product since it enhances osmosis for
decreased drying time and protects the fruit from superficial browning for a more desirable
taste, texture, and colour.
Although the general trends in phytochemical parameters are consistent with the
expected results and demonstrate similarities between genotypes, significant differences
were observed in the phenolic contents and antioxidant activities over the two years of
study within the genotypes evaluated. While the predominant effect on the results is
attributed to seasonal variation, there may be a slight influence on the results from the
modification of the drying conditions in the second growing season compared to the first.
A strategy implemented to help minimize superficial browning in the yellow plums during
dehydration was implemented in the 2013 season following the high incidence of external
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browning on some of the genotypes in 2012, such as the observable browning for V91117
following processing. Specifically, nitrogen gas was used to purge the oven space during
drying to theoretically displace the oxygen present. These actions were implemented
because oxygen leads to enzyme activity of PPO, resulting in brown pigment formation
(Pilizota et al., 1998).
An additional modification to the drying component of the processing scheme was
the substantial reduction in the load size of plums placed in the oven for each processing
period and theoretically shorter drying time. The shorter drying time would result in a
decreased incidence of browning from reduced heat and oxygen exposure. Although these
factors were consistent for the drying of all of the genotypes, these modifications did not
considerably affect the sensory or nutritional qualities of the plums evaluated. The drying
time of the plums was not significantly different for the second modified experiment
compared to the results of the first season, which indicated that the load size dried per
period did not significantly affect the drying time, and thus, the incidence of browning.
The addition of the nitrogen gas may have prevented some brown pigment formation,
which would also correspond to the lower phenolic contents observed for some of the
dried plums, especially for V91117, since the amount of phenolics produced by the action
of PPO would be decreased due to lack of oxygen. Since the variation in phenolics
between years was not consistent with respect to both sensory and nutritional qualities for
all of the YEPs, the modifications to the drying process were not likely critical
determinants.
The significant differences observed between the two years of study were largely a
result of natural seasonal variation that reflects changes in climate. In particular, water
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availability and soil composition, including mineral and organic nutrients, have a major
impact on the phenolic content of plants and their capacity to undergo phenolic-related
physiological disorders pre- and post-harvest (Tomás-Barberán & Espin, 2001). The
defensive phenolic compounds are often induced during periods of stress by a number of
environmental factors for the plant to develop resistance to the external stresses, including
physical injury, infection, and water stress (Treutter, 2006). For example, certain mineral
or nutrient deficiencies, adversely affect the regulatory enzymes, such as phenol-related
enzymes in plants (Tomás-Barberán & Espin, 2001).
Although the trees in this study were not affected by soil composition, temperature
likely played an important role in the seasonal variation. The difference between day and
night temperatures has a critical role in the accumulation of anthocyanin pigments in
certain fruits, such as apples, berries, grapes, and plums, wherein the pigmentation is an
important quality factor (Tomás-Barberán & Espin, 2001). Specifically, phenylalanine
ammonia-lyase (PAL) is a key enzyme in phenolic biosynthesis. Along with anthocyanin
synthesis and accumulation, PAL activity is pronounced in moderate daytime temperatures
during the growing season of 20⁰C and lower overnight temperatures of 15⁰C, compared
to higher temperatures of 30⁰C and 20⁰C, respectively. Additionally, sun irradiation, light
intensity and quality have important effects on phenolic metabolism, as they affect
flavonoid and anthocyanin biosynthesis directly. For example, fruits exposed to sunlight
directly, such as those situated on the periphery of the tree, accumulate more anthocyanin
pigments in the skin compared to those located on the inner side of the tree.
The combination of environmental factors and agronomic practices affect enzyme
activity and corresponding fruit quality parameters, as well (Tomás-Barberán & Espin,
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2001). Although cultural practices were minimal and replicated each year, the trees under
study were subjected to variable rates of precipitation between the two growing seasons
since they are not irrigated. In particular, low water levels are associated with an increase
in PPO activity and related enzymes that regulate phenolic biosynthesis that results in
higher phenolic contents in the harvested fruits.
The external environmental factors, such as water, temperature, and light were the
predominant factors resulting in seasonal variation observed in the results from the 2012
and 2013 growing seasons. Specifically, 2012 was characterized by unseasonable weather
conditions that impacted the natural progression of tender fruits (Weather Innovations,
2013). Although fruit growth started with a warm Spring, daily minima in April were far
below normal (-2 to -4⁰C) in the Niagara Region where the Vineland Research Station is
located. These conditions would have contributed to a stress response in the earlier
maturing genotypes, including V91117.
A variety of environmental stresses, such as high exposure to UV light and
temperature, are important factors that influence the levels of bioactive compounds as a
result of the plant defence response (Leong & Oey, 2012). Following the early chill, the
2012 growing season was consistently hot and dry with record high temperatures and
extremely below-normal rainfall, which resulted in significantly earlier maturation and
harvest dates than normal (Weather Innovations, 2013). Additionally, these abiotic stresses
likely resulted in increased enzyme activity, such as phenolic compounds. For instance,
significantly higher total phenolic contents were observed for the early-maturing EI and
V91117. The later growing season was more consistent with previous years, which
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resulted in expectedly moderate quantities of phenolic compounds and associated
antioxidant activities for the other YEPs evaluated.
The unseasonable weather in 2012 likely resulted in the observation of a high
percentage of split pits in V91117. Since V91117 is the earliest maturing genotype, it is
more susceptible to seasonal variations or fluctuations during the critical growing period.
Both peaches and plums, particularly early cultivars, exhibit split pits (Rose et al., 1950).
The split pit occurs during the preliminary growth stages of the fruit when the fruit grows
too rapidly as the pits are hardening (Day & DeJong, 1999). These split pits result in a
stress response, which affects the other quality parameters, including enzymatic reactions.
Since some phenolics are associated with defence mechanisms in plants, split pits may be
associated with the up-regulation of phenolics, as observed in the 2012 results (Leong &
Oey, 2012).
In contrast to 2012, the 2013 growing season was normal with a slightly higher
rainfall average in early to mid-growing season (Weather Innovations, 2013). Although the
beginning of the growing season progressed at an average rate largely due to the moderate
temperatures, the level of precipitation exceeded the normal range, which also corresponds
to conditions that affect light availability. The lack of consistent light and moderate rainfall
likely translated into lower phenolic-related enzyme activities and anthocyanin
biosynthesis due to non-optimal growing conditions, especially in the aforementioned
earlier-maturing genotypes.
Conversely, slightly warmer days and cooler nights with below average rainfall in
the later growing season resulted in the slowing down of the fruit maturation in V95141,
V98197, and V91074 as these genotypes were harvested in 2013 at least three weeks after
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the 2012 harvest dates. Additionally, these genotypes were exposed to more light, water,
and moderate temperatures, favouring the synthesis of phenolic compounds in fruits,
which was observed in the total phenolic contents in these genotypes in 2013 compared to
2012. In contrast to the large seasonal variation observed among the plum genotypes for
the antioxidant-related compounds, the sugar compositions were largely unaffected
between the two growing seasons. This result is consistent with typical plant responses to
growing conditions since sugars and acids are not significantly impacted by changes in
light intensity or temperature. Conversely, secondary metabolites with antioxidant
properties, such as phenolic compounds, are sensitive to these environmental factors
(Gautier et al., 2008).
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Chapter 5

Conclusions & Future work
5.1 General Conclusions
The major challenges faced by the fruit sector are the lack of continuous
availability of quality fruits, especially tender fruits, year-round and the preservation and
improvement of the nutritional value of fruits. The development of novel processing
techniques, such as nutrient-enhanced osmotic dehydration, that preserve sensory and
nutritional quality is a unique opportunity for the Ontario tender fruit industry to provide
consumers with the advantage of fresh local fruit beyond the very short growing season
with enhanced nutrient-dense products. The unique YEPs from Vineland Research Station
are positioned to rival the traditional blue-black European varieties currently found in the
market with respect to both their consumer appeal and nutritional profiles. Although these
fruits are not expected to contain the comparable levels of bioactive compounds due to the
absence of pigmentation that typical functional fruits contain, such as blueberries and
grapes, their quantifiable nutraceutical components promise comparable, if not superior,
qualities.
The application of antioxidant compounds, such as traditional sulfites, as well as
natural alternatives, like ascorbic acid, demonstrates the capacity to prevent major
deleterious ROS formation during post-harvest storage and processing. This was shown
through the preservation of sensory qualities in the fruits. Although sulfites are
traditionally the preservative of choice, these results demonstrate the opportunity to use
commercial alternatives to achieve comparable products without associated concerns for
85

consumer health. The soluble fibre analogue applied in conjunction with the typical
additives also demonstrated potential in largely preserving the sensory quality of the fruits
as well as providing incentive as a prebiotic compound.
These treatments were comparable with regard to their influence on additional
quality parameters, such as polyphenolic capacity and antioxidant activity. The
experimental parameters demonstrated a close correlation, as antioxidant activity increased
with increasing phenolic content quantified. This result was reflected in the traditional
variety, as expected, as well as the novel YEPs and their dried counterparts. Although
there was no significant variation between treatments and genotypes, there was a
significant seasonal variation observed largely as a result of the differences in temperature,
water, and sunlight availabilities and the effect of these factors on phenolic-related enzyme
activity. The environmental conditions in 2012 were an anomaly observed in this region
compared to several decades of observation and the associated physico-chemical attributes
were unique to this season. In spite of seasonal variation, the superior levels of phenolics
demonstrate promising genotypes for further investigation to provide Ontario consumers
with local functional foods.
The nutraceutical potential of the fruits was also evaluated through the
measurement of α-glucosidase inhibitory action. This enzyme plays a major role in
diabetes management, so the regulation of its activity through bioactive compounds may
be a promising strategy to manage this disease. Although there was variation in the
enzyme activity between the genotypes evaluated, the enzyme inhibition was largely
maintained following the dehydration process. Additionally, there was a significant
difference in enzyme inhibition between the two consecutive growing seasons, which
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indicates that the inhibition of α-glucosidase is susceptible to variations in growing
conditions, climate, and processing treatments. The influence of these seasonal factors was
also reflected in the other bioactive compounds measured, which demonstrates the
potential correlation between the activity of this enzyme and phytochemical components,
like bioactive phenolic compounds.
The effect of processing on the chemical composition of the plums was also
investigated through the quantification of sugars in the fruits before and after osmotic
dehydration processing. The concentrations of sucrose, glucose, and fructose, were
comparable between the four YEP genotypes. Additionally, there was no significant effect
of treatment conditions on the variation in individual sugars since each of the treatments
yielded similar results between genotypes over the two growing seasons. In contrast to the
novel YEPs, EI demonstrated slightly lower sugar concentrations overall, which was
consistent with the more bitter characteristics of this variety. As a result, the YEPs
demonstrate potential to be more consumer-friendly due to their fresh state and retention
of these desirable sugars in the dried product, resulting in a comparable product to
traditional commercial prunes.
The sensory and nutritional properties of fresh plums are imperative in the
development and marketing of a high quality product. The effect of processing, including
dehydration, is especially critical in the development of plant-based functional foods that
can be consumed year-round with the retained health benefits of fresh fruit and the postharvest storage and shelf-life of a processed product. The novel YEPs from Vineland
Research Station have demonstrated comparable nutraceutical properties, including
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phenolic content and antioxidant activity to traditional prune-making genotypes currently
found in the market.
The golden prunes were evaluated to maintain these nutritional properties and the
results for the traditional sulfite treatment were comparable to the unique alternative
osmotic dehydration strategies implemented. Since these bioactive components function as
antioxidants and quench reactive free radicals that cause chronic and degenerative
diseases, these superior plum and novel prunes may be consumed to improve human health
by combating these preliminary oxidative stressors. The successful development of dried
plums using healthful nutrient-rich processing methods with superior nutritional properties
demonstrates a potential avenue for both the local Ontario and global tender fruit markets
and producers to provide consumers with a natural functional food as well as a costeffective strategy to extend the market season and compete with international processed
commodities.

5.2 Future Work
The future applications of the results of this investigation are boundless since this
study only introduces the concept of modifying a traditional technology and processing
method to produce novel consumer products for the Ontario tender fruit industry. Current
research involving epidemiological studies, as well as the chemical and biological profiles
of nutraceutical components of plums, is slowly growing. However, further studies aimed
at elucidating the function of these components in the human body are still necessary
(Halvorsen et al., 2002). These studies are imperative in understanding how to maintain
and enhance the natural properties of plums and their processed products. Among these
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properties that require further investigation are the bioaccessibility and bioavailability of
the nutritional compounds in the fruits. The structural architecture required for effective
absorption of nutrients from these fruits, metabolism of the compounds, interactions with
other nutrients, as well as the recommended doses for the human diet are critical factors in
determining the extent of beneficial biological effects since these compounds could be
detrimental if consumed in excess (Tomás-Barberán & Espin, 2001). Additionally, the
impact of processing on bioactivity and bioavailability, including dehydration and infusion
treatments, is imperative in determining the appropriate processing technique for
functional consumer products.
The primary considerations in future investigations include the analysis of how
certain factors affect the quality parameters and the optimization of these factors to deliver
an enhanced nutritional and appealing consumer product. In order to determine the
consumer perception of the fruits to correlate the quantitative results with qualitative
results, the fresh and dried fruits will undergo extensive sensory evaluation. Subsequently,
the objective will be to pursue the unique YEPs that demonstrate superior nutritional and
sensory results for further propagation and field studies. This will be necessary to
determine the robustness and feasibility of these evaluated trees and fruits for Ontario
farmers and larger-scale production, including their susceptibility to climate conditions
and pest systems.
The osmotic dehydration process is an evolving technology that can continue to be
studied and compared to other available technologies, including freeze-drying to develop
an enhanced product. The existing technology can also be modified to limit oxygen
exposure, thereby eliminating premature browning processes, as well as implemented with
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other alternatives or preservatives to elevate the quality of the dried product. These
additives will need to evolve with consumer demands, including demand for nutrientenhanced or value-added products for various applications, such as use in emerging
cooking and baking trends or diet plans. The potential for nutrient-enhanced additives is
growing with the development of nutraceutical substances, such as wine polyphenols,
vitamin D, β-carotene, or lecithin, which can be incorporated into the infusion medium,
theoretically, to deliver enhanced nutritional benefits with added consumer appeal.
There is limited research concerning the effect of agronomic practices on
nutritional composition, including how different biotic and abiotic stresses affect bioactive
components. Although agronomic practices used to specifically increase or decrease
phenolics in plants have not been widely investigated, there are treatments that have
affected phenolic metabolism considerably and may, consequently, affect food quality
(Tomás-Barberán & Espin, 2001). For instance, a number of nutrients, like calcium and
boron, as well as some hormones, including jasmonic and abscisic acids, can affect
phenolic metabolism in plants, including anthocyanin biosynthesis. As such, field
treatments integrating these compounds could be applied to determine if plums respond to
the treatments favourably. Additionally, a more extensive cultural management regimen
could be studied, including closer canopy management. Selectively removing leaves or
branches would facilitate exposure to sunlight for more fruits, thereby effectively
increasing the natural phenolic content.
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Chapter 6
Appendix

6.1 Optimization of Osmotic Infusion Conditions
The osmotic dehydration processing conditions were optimized to maintain and
enhance the sensory and nutritional qualities of the plums. The sensory characteristics of
texture and colour were critical factors in determining the optimal pre-treatments and
drying conditions. The pre-treatments that were applied to all of the plums were sucrose
(control), ascorbic acid (0.5%), potassium metabisulfite (2%), and FOS (25%). The
optimized drying time was determined to be 50⁰C in order to achieve minimal browning
with maximum retention of quality attributes. The sensory qualities were comparable
between the YEPs of which, the results for two genotypes, V91074 and V91117, and the
traditional EI are seen in Figure 11.
Although there is browning observed in the flesh and skin of all of the genotypes
investigated, the degree of browning is variable and is much less observable in the flesh
compared to the skin in all of the genotypes. Although the texture was pliable, the
rehydration of the genotypes over a steam bath prior to consumption would likely enhance
the palatability for consumers as well. The size of the fruit, density of the flesh, and natural
moisture contents varied between the genotypes, which influenced the organoleptic
qualities for the dried fruits. For example, V91117 was smaller with less dense flesh than
V91074, resulting in more surface browning with a more pliable texture.
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Figure 11. The additional yellow and blue-black European plums and corresponding dried plums,
V91117, V91074, and EI, represented by I, II, and III, respectively. The plums were evaluated
following osmotic dehydration involving the five treatments, a. fresh (no treatment), b. sucrose
alone, c. sucrose with ascorbic acid, d. sucrose with sulfite, and e. sucrose with FOS and ascorbic
acid followed by drying in a convection oven at 50°C for at least 24 hours.

The variation in physical and chemical qualities of the plums was evaluated both in
the nutritional profiles as well as the sensory characteristics, as seen in Figure 12. The
combination of climatic differences resulting in seasonal variation and the slight
modification of drying conditions with the addition of nitrogen gas and decreased drying
load resulted in subtle variations between the sensory qualities observed in 2012 and 2013.
Specifically, the coloration of the fresh plums varied between 2012 and 2013 largely as a
result of environmental factors, such as sunlight and precipitation, and the dried plums
demonstrated slightly different levels of browning following dehydration due to both
compositional differences and specific drying modifications. In particular, V91117
demonstrated the most noticeable variation in the pigmentation of the fresh fruits with
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lower levels of observable pigments in 2013 compared to 2012, as well as an
accompanying decrease in brown pigment formation in 2013 versus 2012. The variation in
pigmentation of V95141 and V91074 over the two growing seasons did not appear to
dramatically influence the perceived qualities of the dried plums.

a.

b.

c.

d.

a.

b.

c.

d.

a.

b.

c.

d.

a.

b.

c.

d.

a.

b.

c.

d.

I.

II.

III.

IV.

V.

Figure 12. The sensory characteristics for the yellow and blue-black plums were measured for
2012 and 2013. V91117, V98197, V91074, V95141, and EI, were measured simultaneously,
represented by I, II, III, IV, and V, respectively. The variation was compared for 2012 fresh, 2012
dried control, 2013 fresh, and 2013 dried control results, respectively wherein the control samples
were treated with sucrose (control) and then dried in a convection oven at 50°C for at least 24
hours.
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