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ABSTRACT 

SMALL FRUIT PHENOLICS, 

PHENOLIC VARIATION AND RELATED HEALTH RELEVANCE 

 

FEBRUARY  2019 

SUSAN CHEPLICK, B.S., DICKINSON COLLEGE 

M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST 

PH.D., UNIVERSITY OF MASSACHUSETTS, AMHERST 

Directed by: Professor Prasanta Bhowmik 

 

Berries, specifically, strawberries, raspberries, blackberries, and 

blueberries, are considered an integral part of a healthy plant-based diet.   

Berries contain high levels of phenolic compounds, which contribute to the 

health benefits of berry consumption.  Many phenolic compounds exhibit high 

levels of antioxidant activity and other health related benefits, including anti-

microbial, anti-inflammatory and cardio-vascular related functional 

capabilities.   

Strawberry and raspberry fruit were screened and evaluated for 

potential in dietary management of type 2 diabetes and related hypertension 

using in vitro assay models.  There were differences between cultivars within 

each crop related to antioxidant activity. Inhibition of α- amylase,  
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α-glucosidase, and ACE-1 differed significantly between crops and between 

cultivars within each crop. 

Phenolic content of berry crops varies with fruit development.  Although 

overall phenolic content may not change significantly, the phenolic profile of 

fruit changes developmentally from green to ripe.  These differences in 

phenolic content and/or profile can result in different bioactive potentials  

relevant to type 2 diabetes and hypertension management.   

Blueberry fruit at successive stages of development were investigated 

and screened for potential relevance in diabetes and hypertension 

management.  Ripe blueberry had better potential for α- amylase and α-

glucosidase inhibition, than green or pink fruit.   

Through consumption of berry fruits, phenolic compounds provide 

human health benefits.  Likewise, phenolic compounds present in fruit and 

leaves of berry plants are crucial to the overall health of plants themselves.  

Plants have a complex of protective metabolic responses that can be 

triggered by various types of biotic or abiotic stress. Elicitors are compounds 

that stimulate plant stress response via secondary metabolic pathways.  

Chitosan oligosaccharide (COS) is a water soluble derivative of chitin. 

Elicitation by chitosan has potential to improve plant growth by countering the 

negative effects of plant stress through stimulation of plant protective 

responses.   
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  COS was evaluated as an elicitor of the plant protective response in 

field transplanted blackberry plugs as they transitioned from late summer field 

conditions through early autumn.  Results indicate COS may have potential to 

improve adaptation of blackberry plug plants during summer transplanting and 

seasonal transition into autumn.   
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CHAPTER 1 

 

INTRODUCTION 

 

Small fruits such as berries, including strawberry, raspberry and 

blueberry, are high value crops in many parts of the world.  They are popular 

among consumers for eating fresh as well as being processed for juices and 

other products.  Berries maintain a high profile among consumers not only 

because of their taste, but also, increasingly, for their well-documented health 

benefits.  

 

Berry production 

Strawberries, raspberries, and blueberries are popular fruits eaten fresh, 

frozen, or processed in many countries.  The global harvest area for 

strawberries in 2015 was over 391,000 hectares.  The dollar value for the 

harvest was 21,200 million U.S. dollars.  China accounted for 39% of the 

production with around 3,319 metric tons.  The United States was second with 

1,272 metric tons and Mexico was third (World: strawberries, 2018). In 2014, 

the United States produced approximately 3 billion pounds of strawberries 

valued at over 2.9 billion dollars (AgMRC, 2018). 

Raspberries and blackberries are grown in many countries throughout 

the world.  Worldwide raspberry production was estimated to be around 

590,000 metric tons in 2017.  In 2015, the top five raspberry producing 



 

 2 

countries, in descending order, were Russia, Poland, United States, Serbia 

and Mexico.  In the United States, combined raspberry and blackberry 

production for 2015 was over 300 million pounds on 28000 acres, at an 

estimated value of over 240 million dollars  (IRO, 2017: NARBA, 2017).  

Global blueberry production in 2016 was approximately 655,000 metric 

tons.  Lowbush production was at 206,500 metric tons in 2016.    The United 

States, Chile, and Canada account for 76% of all highbush production. This 

was an increase of 24.5% over 2014, mainly due to increased planting in 

China.   The United States produced 588.8 million pounds of cultivated 

blueberries at a dollar value of 720.2 million in 2016.  In the United States, the 

wild blueberry harvest is also significant.  Maine is the leading state producer 

at 101.6 million pounds valued at 27.7 million dollars  (AgMRC Blueberries, 

2018). 

Berry production can be a profitable enterprise, not only for large 

agribusinesses but also for smaller “family” farm operations in many parts of 

the world (Demchak et al, 2014).  Family farms make up 98% of all farms and 

53% of all agricultural land worldwide.  (Graueb et al, 2016)   Small rural 

farms in many European countries grow berries not only for household 

consumption but also for local supermarkets (Toader and Roman, 2015).  

China is becoming a major producer of strawberries.  The majority of 

strawberries grown there come from small family farms that grow a variety of 

crops (Carter et al, 2017).  
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Plant phenolics 

Plant phenolic compounds are a diverse group of secondary 

metabolites that include the phenolic acids and flavonoids.  Phenolic acids 

include caffeic acid, chlorogenic acid, ellagic acid, protocatechuic acid and 

resveratrol.  Flavonoids include flavonols such as quercitin and kampferol, the 

anthocyanins and isoflavonoids such as genistein and diadezin.  Plant 

phenolic metabolism begins with the shikimate pathway and continues with 

the phenylpropanoid pathway (Herrman, 1995).  

Many plant phenolics have been widely studied for their antioxidant 

free radical quenching properties.  These compounds work to counteract 

oxidation-induced free radicals and thereby maintain a homeostasis within the 

plant cell. Free radicals are a by-product of routine photosynthetic and 

respiratory metabolism.  Environmental stresses such as temperature 

extremes or disease and insect attack can also cause an increase in free 

radical production and breakdown cellular balance. These stress events 

stimulate  plant secondary metabolism and increase the synthesis of phenolic 

compounds to function as effective antioxidants (Apel and Hirt, 2004; Tripathy 

and Oelmuller, 2012). 

In addition to their free radical scavenging properties, phenolic 

compounds are also vital to plant structure and development.   They are 

important components of lignin biosynthesis and cell wall integrity (Vanholme 

et al, 2010).  Plant anthocyanins are phenolic compounds that facilitate plant 
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pollination and seed dispersal by attracting pollinators due to their colorful 

pigmentation (Shi and Xie, 2014). 

 

Plant phenolics and human health 

Plant phenolics provide health benefits when included in a balanced 

human diet, via consumption of fruits and vegetables (Kahkonen et al,1999; 

Shetty, 1999; Scalbert et al, 2005). The significance of plant phenolics as part 

of a healthy diet is due, in large part, to their antioxidant capabilities (Shetty, 

1999; Scalbert et al, 2005; Lin et al, 2016).  However, many phenolic 

compounds also have other human health-promoting activity.  Phenolic acids 

have good anti-microbial activity as well as anti-inflammatory activity (Correia 

et al, 2004; Chun et al, 2005).  They have been studied extensively for their 

anti-cancer properties including anti-proliferative and chemo-preventative 

effects (Han et al, 2006, Yang et al, 2015, Wahle et al, 2010).  Research has 

linked phenolic compounds in many plant foods to beneficial potential in the 

management of type 2 diabetes (Kwon et al, 2007, Lin et al, 2016) and 

cardiovascular-related conditions (Baba et al, 2007, Basu et al, 2010, 

Kozuma et al, 2005).  

 

Berry crops and plant phenolics 

Berries are an excellent source of plant phenolic compounds.   High 

levels of antioxidant activity due to phenolic content has been well-
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documented in many berry crops including strawberries, raspberries, 

blueberries, cranberries and gooseberries   (Hakkinen et al 2000, Maatta-

Riihinen et al 2004 ).  Strawberries and raspberries are high in ellagic acid 

and other phenolic compounds with anti-cancer potential (Kresty et al 2001; 

Meyers et al 2003; Vattem et al 2005).  Procyanidins found at high levels in 

blueberries and cranberries are phenolic phytochemicals that possess good 

anti-microbial activity against E. coli and urinary tract infections  (Foo et al 

2000; Puupponen-Pimi et al 2005).  Procyanidins and ellagitannins have been 

linked to improved cardiovascular health through their vaso-dilatory abilities  

(Mullen et al 2002; Kalea et al 2009).   Berries, including raspberries, 

blueberries, and black currants show potential as effective dietary 

components for prevention of type 2 diabetes.  Extracts of these fruits with 

high anthocyanin content exhibit good a-glucosidase and a-amylase inhibitory 

activities which can contribute to a reduction in postprandial blood glucose 

levels  (Lin et al, 2016).   

 

Plant phenolics and plant stress 

Plant phenolics have agronomic value based upon their antioxidant 

free-radical scavenging abilities as well as their anti-microbial properties.  

Production of these secondary metabolites is stimulated when plants are 

under stress.  Stress factors can be biotic, such as attack by a fungal or 

bacterial pathogen or they can be abiotic.  Abiotic stress factors include 
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environmental events such as drought, unfavorable temperature, and UV light 

exposure  (Dixon et al, 1994; Dixon and Paiva, 1995). The routine aerobic 

metabolism of photosynthesis and respiration in plants generates reactive 

oxygen species (ROS). An imbalance between ROS production and their 

detoxification results in oxidative stress that can lead ultimately to cell death.  

Antioxidants and anti-oxidative enzymes produced within plants can 

counteract ROS production and help to maintain a redox balance within plant 

cells (Sharma et al, 2012). 

  When a plant is exposed to stress, there is an increase in ROS 

production.  Plants have a complex antioxidant defense system that helps 

them to combat this increase in ROS production.  One component of their 

defense response is an increased production of plant phenolic compounds via 

stimulation of the phenylpropanoid pathway.  These phenolic compounds 

function as effective free radical scavengers and stimulate the activity of 

antioxidant enzymes (Torras-Claveria et al, 2012).  

  Stimulation of the phenylpropanoid pathway means an overall increase 

in production of phenolic compounds, many of which play a role in the plant’s 

ability to stave off or survive an infection.  Phytoalexins are isoflavonoids that 

have anti-microbial properties.  They can disrupt pathogen metabolism or 

cellular structure (Freeman and Beattie, 2008)).  Phytoalexins such as 

camalexin from Arabidopsis have anti-fungal and anti-bacterial properties 

(Dicko et al, 2005).  The cell wall is the first line of defense against many 
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bacterial and fungal pathogens. Lignin is an integral part of the cell wall and 

increased lignification enhances its structure and increase resistance.  Lignins 

are aromatic polymers built from phenolic compounds.  Attack by a plant 

pathogen can lead to stimulation of the phenylpropanoid pathway and a 

resulting increase in cell wall lignification  (Barber and Mitchell, 1997, Zhao et 

al, 2009). 

 
Objectives 

Based on relevance of plant phenolics in plant adaptive response and 

human health, the overall objective of this work was to study phenolic content 

and antioxidant related activity of different berry crops, including strawberry, 

raspberry, blackberry and blueberry.  Specifically, phenolic content and 

antioxidant activity were evaluated as they relate to various aspects of human 

health and plant health. 

The specific objectives were the following: 

• To evaluate the phenolic content and antioxidant activity of different 

raspberry cultivars with regard to variation between cultivars and their 

potential in management of hyperglycemia and hypertension 

associated with type 2 diabetes. 

• To evaluate the phenolic content and antioxidant activity of different 

strawberry cultivars with regard to variation between cultivars and their 

potential in management of hyperglycemia and hypertension 

associated with type 2 diabetes. 
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• To evaluate the phenolic content and antioxidant activity of blueberry 

fruit at specific developmental stages and investigate their potential 

during fruit development, for management of hyperglycemia and 

hypertension associated with type 2 diabetes. 

• To evaluate chitosan oligosaccharide (COS) as an elicitor to stimulate 

the plant defense response in blackberry plants as it relates to phenolic 

content and antioxidant enzyme activity during stress related events.  
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CHAPTER  2 
 
 

LITERATURE REVIEW 

 

Strawberry 

The modern strawberry (Fragaria ananassa) is a member of the 

Rosaceae family.  It originated in France from a cross between Fragaria 

virginiana, an eastern North American species and Fragaria chiloensis from 

Chile.  References to the strawberry and its medicinal value can be found 

dating back to the ancient Romans (Darrow, 1966).   

 

Raspberry and Blackberry 

Raspberry and blackberry belong to the Rosaceae family in the genus 

Rubus.  Raspberries belong to the subgenus Idaeobatus.  There are over 200 

species of raspberries, the most common being the red raspberry (Rubus 

idaeus) and the black raspberry (Rubus occidentalis).  Commercially grown 

red and black raspberry varieties are mainly R. idaeus or R.occidentalis 

crosses.  Commercial blackberries today are complex multispecies plants 

belonging to the subgenus Rubus.  Like the strawberry, the raspberry was 

prized for its medicinal value in ancient times.  The Greeks referred to 

raspberries as “ida” fruits, named for Mount Ida where they were harvested   

(Jennings, 1988).    
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Blueberry 

Blueberry (Vaccinium sp) belongs to the Ericaceae family, along with 

several other important berries including cranberries and lingonberries.  

Blueberry is native to North America and the wild -type is a low bush plant 

unlike many of the commercial high bush varieties grown today.  

Domestication of wild blueberry began around 1908 with the collaboration of a 

USDA breeder, F.V.Coville and a commercial cranberry grower from New 

Jersey, Elizabeth White (Grubinger, 1998).  

 

Plant phenolic compounds 

Plant phenolic compounds are a large and diverse group of 

phytochemicals produced through plant secondary metabolism.  Phenolic 

compounds are aromatic compounds having one or more benzene rings with 

hydroxyl groups and their derivatives attached to the rings.  These 

phytochemicals include phenolic acids and flavonoids.  Chlorogenic acid, 

protocatechuic acid, gallic acid, and caffeic acid are examples of phenolic 

acids. The flavonoids consist of many different compounds including the 

flavonols, anthocyanidins, stilbenes and coumarins (Javanmardi et al, 2003). 

Most plant phenolics are derived from phenylalanine or tyrosine.  

Synthesis of plant phenolic compounds begins with the shikimate pathway 

and continues into the phenylpropanoid pathway.  The end product of the 

shikimate pathway is chorismate.  Chorismate is a precursor of the aromatic 
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amino acids including tyrosine and phenylalanine.  Deamination of 

phenylalanine and tyrosine leads into the phenylpropanoid pathway and the 

production of plant phenolic acids and flavonoids (Vogt, 2010).     

 

Plant phenolic compounds as antioxidants 

Many plant phenolic compounds have well documented antioxidant 

activity.  The aerobic nature of plant photosynthetic and respiratory 

metabolism leads to production of reactive oxygen species (ROS).  These 

ROS include free radicals like superoxide anion (O2
.-) and hydroxyl radical 

(.OH) and non-radical molecules including singlet oxygen (1O2)) and hydrogen 

peroxide (H2O2). 

 During photosynthesis, ROS are formed due to the leakage of 

electrons from electron transfer activities to molecular oxygen.  This transfer 

results in production of superoxide radicals (O2
.), which can then give rise to 

the production of secondary oxidants like hydrogen peroxide (H2O2). 

Excessive ROS production causes oxidative stress within cells due to lipid 

peroxidation, protein oxidation, and enzyme inhibition.  This stress can 

ultimately lead to cell death (Tripathy and Oelmuller, 2012). 

  Phenolic antioxidants function as scavengers by donating hydrogen 

ions to free radicals making them more stable and less available to further 

oxidation (Kiokas et al 2008).   Some phenolic compounds will bind pro-

oxidant metals, such as copper and iron, to prevent the formation of free 
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radicals (Halliwell, 2007).  Phenolic acids also stimulate the activity of 

antioxidant enzymes such as super oxidase dismutase (SOD), catalase and 

guaicol peroxidase (GPX) (Chiang et al, 2006, Ramos-Escudero et al., 2012).  

 

Plant phenolic compounds and human health 

Extensive investigation has been done on the benefits of plant phenolic 

compounds for overall human health.  Phenolic phytochemicals found in fruits 

and vegetables exhibit strong antioxidant, free radical scavenging abilities and 

as such, they are recognized as integral components of a disease 

preventative diet (Shetty 1997, Scalbert et al, 2005).  

Oxidative metabolism is essential for energy production from the 

human diet.  By-products of this metabolism include oxygen containing free 

radicals or reactive oxygen species (ROS).  These free radicals can cause 

oxidative breakdown as they search for stabilization at the expense of cellular 

components such as lipids, proteins and nucleic acids.  The ability of phenolic 

phytochemicals to donate hydrogen to these free radicals can help stop the 

oxidative breakdown of cellular molecules (Pandey and Rizvi, 2009).   

Health benefits from consumption of fruits and vegetables however, 

include not only acknowledged antioxidant activity, but related disease 

preventative properties.  These include anti-microbial and anti-cancer 

characteristics as well as cardiovascular related effects (Castonguay et al 

1997, Correia et al 2004, Mullen et al 2002, Puuopponen-Pimia et al 2001).  
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Numerous studies have linked phytochemicals to the health benefits 

attributed to different plant based foods  (de Pascual-Teresa et al. 2008, 

Hanhineva et al. 2010).   

Research has shown an inverse relationship between chronic human 

disease and a diet rich in plant phenolic compounds.  An increase in the 

antioxidative capacity of plasma following a diet high in phenolic rich plant 

based foods was attributed to either the presence of these compounds in the 

plasma or their effects upon pro-oxidative food elements such as iron 

(Scalbert et al 2005).   

Evidence also supports the antioxidant role of specific phenolic 

phytochemicals such as resveratrol and capsaicin in preventing cellular 

damage from oxidative stress during cardiovascular related conditions 

(Bonnefont-Rousselot 2016, Pandey and Rizvi 2009).  Quercetin and its 

metabolites, with their free radical scavenging abilities, prevented the 

accumulation of cholesterol in the vascular tissue of mice (Terao 2009).   

Hypertension and related cardiovascular diseases are chronic 

diseases.  LDL oxidation, endothelial dysfunction leading to plaque build-up in 

the arteries can lead to hypertension and related conditions including 

artherioscelrosis, renal failure and increased risk of heart failure.  Polyphenols 

can counter some of these actions, thereby exerting a protective effect 

against cardiovascular disease. Reduced levels of phosphatidylcholine 

oxidation were observed after consumption of green tea, which is high in 
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catechins and likewise, phenolic rich cocoa powder inhibited LDL oxidation 

(Kozuma et al, 2005, Pandey and Rizvi, 2009).  The ability of the phenolic 

compounds to bind to LDL particles may lead to an increase in resistance of 

LDL to oxidation.  There is also support for the role of flavonoids on the 

surface of LDL particles supplying hydrogen to lipophilic antioxidants (Baba et 

al 2007).  

Much interest has focused on the anti-cancer properties of phenolic 

phytochemicals.  Ellagic acid continues to be intensively investigated for both 

its therapeutic and preventative effects on various forms of cancer (Zhang et 

al.  2014).   Strawberries, raspberries, and grapes are some of the fruit crops 

that have high levels of ellagic acid  (Daniel et al. 1989, Hakkinen and 

Torronen 2000, Williner et al 2003).  As a potent antioxidant, ellagic acid 

inhibited lipid peroxidation in cancer cells.  In addition, the ellagic acid treated 

cells had higher levels of the antioxidant enzymes superoxide dismutase, 

catalase, and glutathione peroxidase  (Han et al 2006). 

Plant phenolics have enzyme inhibition properties.  They can bind to 

various enzymes, forming an enzyme-inhibitor complex that renders the 

enzyme inactive.  They can also bind to an enzyme substrate thereby 

reducing the activity of the enzymatic reaction. Prostate cancer is considered 

an aging disease and oxidative stress plays a major role in its development.  

Quercetin can inhibit the expression of certain enzymes involved in the 

development of prostate cancer and reduce the possibility of metastasis 
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(Yang et al, 2015).  Flavonoids, including silybin, also have anti-proliferative 

effects on prostate cancer cells through enzyme inhibition  (Agarwal et al 

2013). 

Many phenolic compounds possess good anti-microbial properties.  

These properties are based upon different modes of action, such as protein 

binding, enzyme inhibition and membrane disruption.  Elligitannins exhibit 

anti-microbial activity against bacteria, fungi, and viruses.  They have shown 

anti-microbial action against intestinal pathogens Salmonella and 

Staphylococcus (Lipinska et al 2014, Puupponen-Pimi et al. 2001).   

Ellagitannin extracts have fungistatic activity against Geotrichum 

candidum, an opportunistic fungus that can cause infection in immune 

compromised patients  (Klewicka et al. 2016).  Proanthocyanidins found in 

cranberry fruit exhibit anti-microbial activity against E. coli and H. pylori 

(Howell et al. 2005, Vattem et al. 2005).    

Diabetes mellitus is a chronic disease caused by a glucose imbalance 

resulting in hyperglycemia.  Type 1 diabetes is due to failure to produce 

insulin.  Insulin, produced by the pancreas, is vital to regulating the glucose 

balance in the body.  Type 2 diabetes results from the body’s inability to 

progressively produce enough insulin to maintain glucose homeostasis 

following elevated increase.   Increased risk of type 2 diabetes is associated 

with diets high in soluble carbohydrates, which result in hyperglycemia, an 

excessive increase in post-prandial blood glucose levels (DiCarli et al 2003).  
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The consumption of phenolic rich foods has been linked to management of 

type 2 diabetes based upon their ability to counter oxidative stress due to 

hyperglycemia (Wisweidel et al. 2004).   Alpha-amylase and α-glucosidase 

are enzymes that facilitate the breakdown of carbohydrates to glucose and 

inhibition of these enzymes can benefit control hyperglycemia and 

subsequent oxidation breakdown (Kwon et al., 2007; Sarkar and Shetty, 

2014).  Inhibition of these enzymes can help to regulate glucose absorption 

by the body  (DiCarli et al 2003, Lin et al 2016).    Proanthocyanidins for 

example found in persimmon fruit inhibited α-amylase and ellagic acid and 

anthocyanidins in raspberry fruit had α-glucosidase inhibitory activity 

(Kawalami et al 2010, Zhang et al, 2011). Similar strategies have been 

extended to other small fruits (Da Silva Pinto et al, 2010). 

 

Berries and plant phenolic compounds 

Small fruits, or berries, include a range of horticulturally diverse crops.   

Blueberries and cranberries are berries, whereas, strawberries, raspberries, 

and blackberries are not true berries.  Rather, they are classified as 

aggregate fruits, meaning the individual fruits develop from multiple ovaries 

on the same flower. Collectively though, all of the above are commonly 

referred to as berries. 

Berries are popular consumer fruits.   They contain significant amounts 

of phenolic phytochemicals with antioxidant properties as well as other health 
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promoting characteristics (Hakkinen et al 2000, Maatta-Riihinen et al 2004, 

Shetty 1997, 1999).  Strawberries, raspberries, and blackberries are known to 

have high levels of ellagic acid, ellagitannins, anthocyanins and flavonols 

(Aaby et al 2011, Giampieri et al 2011, Rao and Snyder 2010, Seeram et al 

2008).  Phenolic extracts of strawberry and raspberry, with high levels of 

ellagic acid and other phytochemicals, have been studied for their anti-cancer 

properties, (Kresty et al 2001, Liu et al 2002, Maas et al 1991, Meyers et al 

2003, Vattem et al 2005).  

Ellagitannins found in red raspberries exhibited good vasodilation 

capabilities (Mullen et al 2002).  High levels of tannins were also believed to 

be responsible for α-amylase inhibition in raspberry extracts (McDougall et al 

2005).   

 Likewise, blueberry fruit contain high levels of flavonoids and phenolic 

acids  (Kalt et al. 2007, Puupponen-Pimi et al 2005).  Other members of the 

Ribes family, cranberries and bilberries, are also very good sources of 

phenolic compounds including anthocyanidins and phenolic acids (Moyer et al 

2002, Zheng and Wang 2003).  Phenolic acids found in blueberry fruit, have 

anti-microbial and anti-inflammatory properties, which can potentially 

contribute to colon health (Russell et al. 2007). The phenolic acids in the fruit 

of other Vaccinium species including cranberry fruit (Vaccinium macrocarpon) 

and bilberry fruit (Vaccinium myrtillus) also have anti-microbial activity against 
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intestinal pathogens (Howell et al. 2005, Puupponen-Pimi et al 2005, Vattem 

et al. 2005). 

 

Plant phenolic compounds and plant stress 

Plant phenolic compounds are a significant component of plant 

response to stress.  A stress event may be due to environmental factors such 

as extreme temperature, drought, or nutrient deficiency.  The plant defense 

response may also be triggered by attack from a pathogen or pest, such as a 

fungal or bacterial infection or insect feeding (Tripathy and Oelmuller, 2012).   

These stress events are, by nature, oxidative and can result in an 

increase in ROS production (Dixon et al 1994, Lamb and Dixon 1997).  

Environmental stress can often cause inhibition of photosynthesis where the 

absorption of light energy becomes excessive relative to the photosynthetic 

activity.   In order to dissipate the excess energy, electrons are transferred to 

molecular oxygen and ROS are produced (Ksas et al  2015). 

Many phenolic compounds produced in response to stress events can 

neutralize ROS, due to their antioxidant abilities.  They can also induce an 

antioxidant enzyme response in the form of enzyme scavenging systems.  

Catalase is a main H2O2 scavenging enzyme, and superoxide dismutase 

(SOD) catalyzes the dismutation of O2 
- to H2O2 and O2 (Zhao et al 2016).   

Attack by a pathogen or pest can elicit a defense response in the plant 

under attack (Tripathy and Oelmuller, 2012).  Phenolic compounds are 
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integral in protecting plants from insects and disease.  Phytoalexins are 

isoflavonoids produced in response to a pathogen onset.  Phytoalexins are 

pathogen specific and they work by disrupting pathogen metabolism or 

cellular structure (Freeman and Beattie 2008).  Medicarpin for example in 

alfalfa and rishtin in tomato and potato are two examples of phytoalexins 

particular to certain crops.  Some tannins are water soluble flavonoid 

polymers.  They are toxic to insects as they can bind to salivary proteins and 

digestive enzymes resulting in protein inactivation (van Loon et al. 2006). 

Lignins are another example of polymeric phenolic compounds 

providing a plant defense against pathogens.  Lignins are branched polymers 

composed of phenolic monomers. They are rigid and insoluble and cannot be 

digested.  As part of the cell wall, they constitute a physical barrier to 

pathogen invasion.  Biosynthesis of lignins can be stimulated after a pathogen 

infection or wound as well as other types of metabolic stress (Cano-Delgado 

et al 2003). 

 

Plant phenolic compounds, proline and plant stress 

Proline is an amino acid that is integral to the plant stress response.  

Under stressful conditions, proline has been found to accumulate in certain 

plants at high levels.  Initially proline was thought to function mainly as an 

osmolyte for the protection of cellular membranes.  Subsequent research 
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supports an additional regulatory role for proline in plant metabolism (Hare et 

al, 1999, Kavi Kishor et al, 2005, Shetty, 1999).  

Proline synthesis can generate reducing power to maintain the cellular 

NADPH/NADP ratio and help prevent ROS formation as well as provide 

additional energy for a plant to utilize during times of stress.  NADP produced 

during proline synthesis can up-regulate the pentose phosphate pathway via 

G6PDH. In turn, an elevated pentose phosphate pathway can stimulate the 

shikimate and phenylpropanoid pathways for the increased production of 

phenolic compounds to be utilized in stress-related plant cellular responses. 

(Hare et al, 1999, Shetty and Wahlqvist, 2004). 
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CHAPTER 3 

 
CLONAL VARIATION IN RASPBERRY FRUIT PHENOLICS AND  

RELEVANCE FOR DIABETES AND HYPERTENSION MANAGEMENT 

 

Abstract 

 The potential functionality of fruit extracts from twelve Rubus cultivars was 

evaluated for diabetes and hypertension management.  Inhibition of α-

amylase, α-glucosidase, and ACE-1 activity was evaluated in conjunction with 

phenolic content and antioxidant activity.  Black raspberries, Jewel and 

MacBlack had the highest overall phenolic content and antioxidant activity.  

Red raspberry cultivars, Nova, Heritage, and K-81-6, showed the overall 

highest α-amylase inhibition in water and ethanol extracts.  Jewel, black 

raspberry, was the least effective against α-amylase with inhibitory activity of 

40% or lower.  Ethanol extracts from fruit of all twelve cultivars showed high 

inhibitory activity (above 85%) against α−glucosidase.  The yellow raspberry, 

KCB-1, was the most effective at inhibiting α-glucosidase in both water and 

ethanol extracts.  Fruit extracts of the yellow raspberries, KCB-1 and Kiwi 

Gold, showed the most potential for ACE-1 inhibition.  Jewel and the red 

raspberry, Caroline, also had good activity against ACE-1.    

 

This chapter was previously published in Journal of Food Biochemistry.  Cheplick, S., Kwon, 
Y., Bhowmik, P., Shetty, K.,  2007.  Clonal variation in raspberry fruit phenolics and relevance 
for diabetes and hypertension management.  J. Food Biochem. 31, 656-679.  
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Introduction 

 

The beneficial effects of consuming fruits and vegetables are well known.  

These foods are considered essential to maintaining a balanced healthy diet.  

Many of their health-promoting characteristics are due to the presence of an 

array of phenolic phytochemicals including phenolic acids and flavonoids 

(Kahkonen et al. 1999, Shetty 1999).  Phenolic phytochemicals exhibit strong 

antioxidant, free radical scavenging activity and their role in promoting a 

healthy, disease-preventive diet is attributed in large part to this capability 

(Shetty 1997, Scalbert et al, 2005).  Health benefits from consumption of fruits 

and vegetables however, include not only acknowledged antioxidant activity, 

but related disease preventative properties.  These include anti-microbial and 

anti-cancer characteristics as well as cardiovascular related effects 

(Castonguay et al 1997, Correia et al 2004, Mullen et al 2002, Puuopponen-

Pimia et al 2001). 

Diet as a means of disease prevention is becoming increasingly 

important today. Type 2 diabetes is a major health concern world wide. 

Elevated risk of type 2 diabetes is associated with diets high in 

carbohydrates, which result in hyperglycemia, an excessive increase in post-

prandial blood glucose levels (DiCarli et al 2003). 

 α−Glucosidases are enzymes that catalyze the absorption of digested 

glucose from dietary polysaccharides in the small intestine. Inhibition of α-
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glucosidase is considered one of the more effective measures for regulating 

type II diabetes by controlling glucose uptake (Puls et al 1977).  

α-Glucosidase inhibitors currently in use, such as acarbose and vogliobose, 

control hyperglycemia but may have unwanted side effects due to increased 

inhibition of α-amylase, which leaves undigested starch in the colon. (Bischoff 

et al 1985). 

 Phenolic phytochemicals potentially provide a natural source of α-

glucosidase inhibitors, including α-amylase inhibition, therefore, a plant-based 

diet high in phytochemicals can effect post-prandial glucose management.  

Acylated anthocyanins inhibited α-glucosidase enzymes and reduced glucose 

uptake in rats (Matsui et al 2001).  α-Glucosidase inhibition by small fruit 

extracts was related to their anthocyanin content.  Blueberry and black currant 

extracts, with the highest anthocyanin content, were more efficient inhibitors 

of α-glucosidase than strawberry and red raspberry extracts (McDougall et al 

2005).  Tea extracts containing catechin inhibited α-amylase in rats resulting 

in lowered blood glucose levels (Matsumoto et al 1993). 

Development of cardiovascular disease is a significant complication 

often associated with type II diabetes.  The oxidative stress caused by post-

prandial hyperglycemia can damage the vascular endothelium, leading to 

diabetic neuropathy as well as hypertension.(Sies, H. et al 2005). Angiotensin 

I converting enzyme plays a significant role in hypertension.  ACE  activity 

converts angiotensin I into angiotensin II, which is a very powerful 
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vasoconstrictor (Skeggs, L.T. 1956).  Consequently, ACE-1 inhibition is an 

effective means of controlling hypertension (Johnston, J.I. 1992).  Phenolic 

phytochemicals contained in different plant foods can have inhibitory effects 

upon ACE-I.  Procyanidins, which are found at high levels in most berry crops, 

have shown ACE-1 inhibition (Actis-Goretta et al  2003)  and diets rich in 

procyanidins reduced blood pressure in elderly people (Taubert, D. et al  

2003).  Kiwifruit extracts were also capable of ACE-1 inhibition in vitro (Jung 

et al 2005). 

Berries are an excellent source of phytochemicals.  High phenolic 

content and antioxidant activity has been well documented for many berry 

crops including strawberries, raspberries, blueberries and cranberries ( 

Hakkinen et al 2000, Maatta-Riihinen et al 2004 ).  Raspberries belong to the 

Rosaceae family and include popular consumer berries such as red 

raspberries (Rubus idaeus), black raspberries (Rubus occidentalis) and 

blackberries (Rubus idaeobatus).  They exhibit excellent antioxidant activity 

along with other health related characteristics.   Raspberries, particularly 

black raspberries are a good source of ellagic acid and raspberry extracts 

have shown cancer chemopreventative and anti-proliferative abilities (Kresty 

et al 2001, Liu et al  2002).  Ellagitannins found in red raspberries exhibited 

good vasodilation capabilities (Mullen et al 2002).  High levels of tannins were 

also believed to be responsible for α-amylase inhibition in raspberry extracts 

(McDougall et al 2005).   
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Phenolic content and phenolic profile can vary widely between Rubus 

species as well as between cultivars within a species .   Black raspberries and 

blackberries have a higher overall phenolic content than red raspberries 

(Wang et al 2001). Likewise, the total anthocyanin content is higher in black 

raspberries than in red raspberries and  anthocyanin profiles varied between 

the red and black berries (Wada et al 2002).     

The objective of this research therefore, was to investigate the clonal 

variation in phenolic content and antioxidant activity among several 

established Rubus cultivars and determine their potential for type II diabetes 

associated hypertension management using in vitro enzyme model systems. 

  

Materials and Methods 

 

Fruit Samples and Extract Preparation 

Raspberry fruit was harvested when ripe from a local commercial 

raspberry field and frozen at -20oC. 

 Water Extracts     100ml of distilled water was added to 40g of 

raspberry fruit and homogenized for 1 min using a Waring blender.  Next the 

mixture was centrifuged at 15,000g and 4oC for 20 min.  The supernatant was 

then filtered through a Whatman No.1 filter paper. 

 Ethanol Extracts    100ml of 95% ethanol was added to 40g of 

raspberry fruit and homogenized for 1 min using a Waring blender.  Next the 











 

 150 

 

Figure 6.8B. Succinate dehydrogenase (SDH) activity (nmol/mg protein) of 
blackberry shoots from the greenhouse during 6 weeks of spraying with 
chitosan  oligosaccharide (COS) and water (Control). Different alphabets 
indicate significant differences  in SDH activity between elicitor treatments for 
each time point at p ˂0.05.   

 

Conclusion   

  Blackberry is a widely cultivated small fruit crop, which continues to 

grow during the  shortening days of autumn. Transplanting of micro-

propagated blackberry plugs in the field  during late summer and early fall is a 

common cultivation practice which potentially exposes  blackberry plant to 

several external stresses including transplanting shock coupled with rapid 

variations in day and night temperature. Therefore, improving resilience of 
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field- transplanted  blackberry plugs during seasonal transition is essential for 

recovery and better establishment of  blackberry plants prior to the winter. 

Although this is a one year study, a novel elicitation  strategy with soluble 

bioprocessed COS was used to improve resilience of field 

transplanted  blackberry through stimulation of phenolic antioxidant-linked 

metabolic response, which is  part of the stress-induced adaptive response of 

plants. This metabolic rationale has merit for further deeper study. Higher 

phenolic content and total antioxidant activity based on ABTS free 

radical  scavenging assay was observed in field transplanted blackberry with 

COS elicitation treatment at  6 and 7 weeks after transplanting. Similar to the 

soluble phenolic content, higher SDH activity  was also observed with COS 

elicitation treatment at week 7. The proline content and PDH  activity of 

blackberry after transplanting varied significantly and its potential role to 

induce  stress resilience was not conclusive in this study. Overall results 

suggest  that COS elicitation strategy might have relevance to improve 

resilience of field transplanted  blackberry through stimulation of phenolic 

biosynthesis and mitochondrial energy (ATP)  synthesis by up-regulation of 

TCA cycle driven respiration process. However, other primocane and 

floricane blackberry cultivars with COS elicitation treatments must be 

evaluated in the future  to further prove this metabolically driven concept, 

especially under different abiotic and biotic  stresses and with a multi-year 

study. Further, metabolic responses involving gateway pentose  phosphate, 
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and phenylpropanoid pathway and activity of individual antioxidant enzymes 

such as superoxide dismutase, catalase, guaiacol peroxidase, glutathione 

synthase, and NADPH oxidase should also be evaluated for better 

understanding of the adaptive response of blackberry cultivars  under stress 

including transplanting shock coupled with seasonal transition. 
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CHAPTER 7 

 

CONCLUSION 

 

Berry crops, including strawberry, raspberry, blackberry, and blueberry 

are small fruit crops that are particularly popular with consumers. Over the 

years, berries have been bred and selected for many attributes, including 

flavor, color, post harvest shelf life and disease resistance. Within each berry 

crop, there are now many different varieties.  

Strawberries, raspberries, and blueberries are valued for their human 

health relevant bioactive properties.  They are high in phenolic content that is 

in part related to their health related antioxidant activities and also provide 

fiber and they are low in calories..   

Different raspberry varieties have different phenolic profiles, with the 

largest distinction being differences between red, black, purple and yellow 

varieties.  The raspberry varieties that were evaluated in this study showed 

potential for dietary management of type 2 diabetes using in vitro models 

based upon moderate a-amylase and good a-glucosidase inhibition, as well 

as very good ACE-1 inhibition.  However, there were significant differences in 

enzyme inhibition between varieties.  A purple-fruited raspberry had high α-

amylase and high α-glucosidase inhibition and would therefore, be less 

desirable than some of the other red varieties exhibiting high α-glucosidase 
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but lower α-amylase inhibition. Excessive α-amylase inhibition can lead to 

undigested starch and individual metabolic discomfort. The yellow fruited 

raspberry varieties were the most effective at ACE-1 inhibition, despite lower 

phenolic content and antioxidant activity.  These results suggest that ACE-1 

inhibition may be due to specific phenolic compounds or other non-phenolic 

factors, rather than overall phenolic content. 

Different strawberry varieties also have different phenolic profiles.  

Differences between strawberry varieties were not as pronounced as those 

between raspberry varieties.  The narrow genetic base of commercial 

strawberry varieties today may be a contributing factor in these results.  

However, like raspberry fruit, strawberry fruit had moderate α-amylase and 

good α-glucosidase inhibition along with ACE-1 inhibition and high antioxidant 

activity.  These findings support the inclusion of strawberry fruit in a 

recommended dietary plan for individuals at risk for type 2 diabetes.   

The phenolic profile of fruit changes as the fruit develops from green to 

ripe.  In evaluating the development of blueberry fruit, green fruit had the 

highest overall phenolic content and antioxidant activity. Ripe fruit extracts, 

however, had the highest α-amylase and α-glucosidase inhibition.  These 

results support related fruit crops research that suggests inhibition of a-

glucosidase is not dependent upon total phenolic content, but rather appears 

to be influenced by specific phenolic compounds.   
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High levels of phenolic compounds benefit the overall health of plants, 

just as they benefit human health through dietary consumption.  A plant’s 

metabolic response to stress is multi-faceted.  One component of the stress 

response is an increased synthesis of phenolic phytochemicals.  These 

compounds work to counter stress induced oxidative damage, provide 

structural defenses to withstand biotic and abiotic attacks, and contribute anti-

microbial and anti-fungal properties.   

Elicitors are compounds used in agriculture to trigger a defense 

response in plants and resultant increase in plant protectant compounds, 

such as phenolic metabolites. Chitosan oligosaccharide (COS) is a natural 

compound derived from marine sources and similar to that found in fungal cell 

walls.  It can initiate a plant defense response at low concentration and not 

cause plant injury.  COS  showed potential to be used as an elicitor for 

improving the transition of transplanted blackberry plugs to a field setting 

coupled with the seasonal shift from late summer to fall.  COS was effective at 

increasing antioxidant activity in treated plugs relative to untreated control 

plugs.  However, treatment effects on related response activity including 

proline content and enzyme activity was not conclusive and requires further 

study.  

Evaluating the differences between varieties within a strawberry, 

raspberry, or blueberry crop contributes to the understanding of how phenolic 

compounds link to dietary human health benefits.  This research supports the 
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premise that high phenolic content yields good antioxidant benefits.  It also 

adds to past and advances future studies targeting specific phenolic 

compounds for specific health targeted bioactivity.  In addition, with the 

understanding that these phenolic compounds benefit plant health via many 

similar and related mechanisms that confer dietary human health benefits, the 

stimulation of phenolic biosynthetic pathways through COS elicitation has 

potential to promote plant health as well.  Consequently, examining the 

benefit of plant phenolics to a plant-based diet in conjunction with their value 

to overall plant health can contribute to an integrated understanding of the 

importance of plant phenolic compounds for all eukaryotes from plant systems 

in production agriculture and to their health benefits when part of a healthy 

diet. 
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