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Abstract 

Flavonoids are a large group of plant secondary metabolites. Three main 

subclasses of flavonoids are anthocyanins, flavonols, and proanthocyanidins 

(PAs). In order to improve our understanding of flavonoid biosynthesis and 

accumulation, and their roles in fruits and seeds, we studied the developmental 

profiles of anthocyanins, flavonols, and PAs in developing and mature saskatoon 

(Amelanchier alnifolia Nutt.) and highbush blueberry (Vaccinium corymbosum L.) 

fruits and seeds, as well as in the seeds of grain legumes including pea (Pisum 

sativum L.), faba bean (Vicia faba L.), and lentil (Lens culinaris L.). Levels of 

these flavonoids were correlated with the visual or histological localization of 

these compounds in the developing seeds and fruits. A biphasic and tissue-

specific pattern of flavonoid production was observed in the fruits. Flavonol and 

PA concentrations in saskatoon and blueberry fruits were high during early fruit 

development localizing throughout the ovary tissues. As the fruit matured, 

flavonol and PA levels declined and localized to only specific ovary tissues and 

the seed coat. In contrast, anthocyanin concentration was low during early fruit 

development and dramatically increased as the fruit ripened. For blueberry fruit, 

flavonoid gene expression was also correlated with flavonoid end-products and 

end-product localization over development. In the seeds of specific pea cultivars, 

PA concentration peaked in the seed coats at mid-development, and then declined 

as the seed matured.  PAs were localized to the epidermal and ground-

parenchyma layers of the seed coat. Flavonoid type and concentration varied over 

development, and with organ (fruit or seed), species and within species. Overall, 

http://en.wikipedia.org/wiki/Carolus_Linnaeus


 
 

 

these data demonstrate that these flavonoid pathways are controlled both spatially 

and temporally suggesting important functions for these compounds in these 

organs, including serving as protective agents throughout development. 
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Chapter 1 

Thesis Introduction 

The general hypotheses tested in this thesis were: 

1)  Flavonoid synthesis and accumulation in the fruits of Amelanchier alnifolia 

(saskatoon) and Vaccinium corymbosum (blueberry), and seeds of Pisum sativum 

(pea) are developmentally and spatially regulated.   

2) Variation exists in type and amount of specific flavonoids between different 

cultivars of the same species (among fruits of Amelanchier alnifolia [saskatoon] 

and among seeds of Pisum sativum [pea]), as well as among seeds of different 

species within the grain legume crops (pea, faba bean and lentil). 

To this end, the products of three major flavonoid classes (proanthocyanins [PAs], 

flavonols, and anthocyanins) were identified and the flavonoid profiles and 

distribution in the fruit and seed tissues were determined over development. From 

these data, various mechanisms are postulated that may be involved in the 

production of the observed variation in the flavonoid type, levels, and location in 

the various tissues over development and among cultivars of the same species. 

This thesis is organized as follows: 

 Chapter 2: Literature Review: introduces the structure, biosynthesis, and 

accumulation of flavonoids in different plants, reviews literature on 

characterization of flavonoids using chemical analysis and histological 

methods, and summarizes literature on plant characteristics, development 

patterns, and flavonoid complement of saskatoon fruits, blueberry fruits, 

and seeds of pea, faba bean, and lentil. 

  Chapter 3 reports work on the characterization of anthocyanins and 

flavonols in the fruits from five different cultivars of saskatoon during 

development and at maturity. 

 Chapter 4 presents work on the characterization of PAs in the fruits from 

five different cultivars of saskatoon during development and at maturity. 
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 Chapter 5 presents work on flavonoid biosynthesis gene expression and 

flavonoid profiling of developing highbush blueberry (Vaccinium 

corymbosum L.) fruit and a ripening-associated activation of abscisic acid 

metabolism.  This chapter represents collaborative work with the labs of 

Dr. Peter Constabel at the University of Victoria and Dr. Sue Abrams at 

the Plant Biotechnology Institute (Saskatoon). 

 Chapter 6 presents work on the characterization of PAs in pea (Pisum 

sativum L.), lentil (Lens culinaris L.), and faba bean (Vicia faba L.) seeds.  

 Chapter 7: summarizes the research reported in this thesis, provides 

overall conclusions obtained from the work, and discusses possible future 

research directions.  

 Appendix A, B, and C: Supplemental data are reported in these sections.  
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Chapter 2 

Literature Review 

 

Flavonoid classification 

Flavonoids are a large group of phytochemical compounds synthesized by 

many higher plants as secondary metabolites. With a common phenolic carbon 6-

carbon 3-carbon 6 (C6-C3-C6) skeleton, flavonoids from many different plant 

species, tissues, and organs display a wide range of diversified structures. By 

2004, around 9,000 flavonoids were identified (Williams and Grayer, 2004), and 

more flavonoids have been reported in more recent years. This huge number of 

flavonoid compounds can be grouped into different subclasses. The classification 

of flavonoids can vary depending on the definition of the backbone flavonoid 

structure. If  the flavonoid backbone is defined  as two benzene rings (A-ring and 

B-ring) and one pyran ring (C-ring), flavonoids can be divided into three main 

subgroups according to the B-ring attachment position on the  C-ring as follows: 

flavonoids (B-ring attached to the C2 position of the C-ring), isoflavonoids (B-

ring attached to the C3 position of the C-ring), and neoflavonoids (B-ring attached 

to the C4 position of the C-ring) (Figure 2.1). The flavonoid subgroup can be 

further divided into 8 subclasses according to C-ring saturation and oxidation as 

follows: flavones, flavanones, flavonols, flavanonols, anthocyanins, flavan-3 4, 

diols, flavan-3-ols (and their polymers, proanthocyanidins), and flavan-4-ols (and 

their polymers, phlobaphenes). Usually chalcones and aurones are not considered 

to be flavonoids since chalcones do not contain a pyran ring and aurones contain a 

furan ring instead of a pyran ring (Figure 2.1). However, some scientists still like 

to include chalcones (with a non-cyclized  three carbon structure linking the two 

benzene rings) and aurones among flavonoids (Williams and Grayer, 2004; Ono 

et al., 2006) because they also have a C6-C3-C6 backbone structure and their 

biosynthesis pathway shares enzymes with that of the recognized flavonoids. 

Flavonoids have attracted great scientific interest because of their structural 

diversity, physiological functions, and purported positive health beneficial effects.  
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My PhD research focuses on three subclasses of flavonoids, the anthocyanins, 

flavonols, and the flavan-3-ol oligomers and polymers called   proanthocyanidins.  

 

 

 

Figure 2.1: Flavonoid classification. Flavonoids can be divided into 3 main 

subgroups according to the B-ring attachment position on the C-ring leading to 

the subclasses of flavonoids, isoflavonoids, and neoflavonoids. The flavonoid 

subgroup can be further divided into 8 subclasses (within the box) according to C-

ring saturation and oxidation. Usually chalcones and aurones are not considered to 

be flavonoids as they do not contain the flavonoid backbone of two benzene rings 

(A-ring and B-ring) and one pyran ring (C-ring). 
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Anthocyanins 

Anthocyanins are glycosides of anthocyanidins (anthocyanin aglycones). 

Anthocyanidins contain a flavylium ion in their chemical structure and the 

differences between individual anthocyanidins are the result of variations in the 

number and position of methoxyl and hydroxyl units in the anthocyanidin 

backbone structure (Figure 2.2). Among the 19 anthocyanidins already identified 

(Iwashina, 2000), pelargonidin, cyanidin, delphinidin, peonidin, petunidin, and 

malvidin are the six most common. Glycosylation usually occurs in one or more 

positions of carbon 3, 5, 7, 3', 4', and 5' of the anthocyanidins to form 

anthocyanins. Glucose, galactose, rhamnose, and arabinose are the most common 

sugars bonded to anthocyanidins (Iwashina, 2000). Phenolic acids such as caffeic 

acid, gallic acid, and ferulic acid can also be conjugated to the sugar units of 

anthocyanins to form more complex anthocyanin structures (Iwashina, 2000). O-

glycosylations are the most common form of attachment of sugar units to 

anthocyanidins, but C-glycosylations have also been found in the C8 position of 

anthocyanins (Williams and Grayer, 2004). 

 

Figure 2.2: Structures of common anthocyanidins. 

 

Anthocyanins are natural pigments producing bright colours such as red, pink, 

and purple in the flowers, leaves, seeds, stems, and fruits of many plants. The 

colour of anthocyanins can change with the pH of their environment (Goto and 

Kondo, 1991). Anthocyanin colour also varies with the number of hydroxyl 
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groups in the anthocyanin B-ring and the methylation of those hydroxyl groups in 

the B-ring (Moore and Vodopich, 1987). An increased number of hydroxyl groups 

in B-ring shifts anthocyanin colour towards the blue, whereas methylation in one 

or two of these hydroxyl groups has the opposite effect. Anthocyanins in floral 

structures can aid in the attraction of pollinating insects and birds, and in fruits 

they can help seed dispersal by attracting animals visually. Also, they have been 

associated with pathogen- and stress-resistance in some plant species (Chalker-

Scott, 1999; Close and Beadle, 2003). Anthocyanins have many reported health 

benefits such as antioxidant, anti-carcinogenic, and antidiabetic activities (Zafra-

Stone et al., 2007). The abundance of anthocyanins in plants raises the possibility 

that anthocyanins could substitute for synthetic dyes in processed foods and 

beverages, thereby addressing consumer preferences for more natural products 

(Lowry and Chew, 1974). 

 

Flavonols 

Flavonols that accumulate in plants are normally O-glycosides of 3-hydroxyl 

flavones (flavonol aglycones). Glycosylation can also occur at one or more 

positions of the flavonol molecule including carbon 3, 7, 3', and 4', with different 

combinations of various sugar units such as glucose, galactose, xylose, and 

rhamnose. The differences among flavonol aglycones are determined by the 

positions and numbers of hydroxyl and methoxyl groups attached to the A- and B-

rings. The common flavonol aglycones found in plants are kaempferol, quercetin, 

myricetin, and isorhamnetin (Figure 2.3). 

 

Figure 2.3: The chemical structure of common flavonol aglycones. 

 

Flavonols are present in many plant species and in plant organs such as 
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organs from UV light damage by absorbing UV light (Middleton and Teramura, 

1993; Kolb et al., 2003). Flavonols are normally pale yellow or colourless but in 

flowers they are readily recognized by insects and can thus aid in the pollination 

process. Flavonols also coexist as pigments with anthocyanins in flowers, shifting 

flower colours by molecular stacking or hydrogen bonding to ones more easily 

recognized by certain pollinators (Goto and Kondo, 1991; Mol et al., 1998). 

Flavonols are present in the cells of cultivated vascular plants such as onions, 

berries and apples, which are quite common in our daily dietary intake. Flavonols 

also have many positive health benefits for humans, as do anthocyanins (Lam et 

al., 2010). 

 

Proanthocyanidins 

Proanthocyanidins (PAs), also known as condensed tannins, are oligomeric 

and polymeric flavan-3-ols. Among approximately 80 kinds of reported flavan-3-

ols, the most well-known flavan-3-ols are catechin and epicatechin. The flavan-3-

ols can be further subdivided into 2, 3-cis-flavan-3-ols and 2, 3-trans-flavan-3-ols 

(Dixon et al., 2005).  

 

Figure 2.4: The chemical structure of common flavan-3-ols. 

 

The structure of PAs vary by several factors: the nature (stereochemistry and 

hydroxylation pattern) of the flavan-3-ols in the extension and terminal units of 
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2005). Generally, PA subunit linkages are between the C4 of the „upper‟ unit and 

the C8 or C6 positions of the „lower‟ unit. These types of PA subunit linkages are 

called B-type (Figure 2.5). In the case of A-type PAs, both C2 and C4 of the 

upper unit and the oxygen at C7 and C6 or C8 are doubly linked (Figure 2.5). PA 

trimers with two C4→C8 interflavan linkages between flavan-3-ols are called C-

type trimers (Aron and Kennedy, 2008). Depending on the major subunits that 

make up the PA extension and terminal units, they also can be called procyanidins, 

prodelphinidins, or propelargonidins. For example, PAs consisting of catechin and 

epicatechin are named procyanidins. If most subunits in the PAs are gallocatechin 

and/or epigallocatechin, the PAs are prodelphinidins. 

 

Figure 2.5 The chemical structures of B-type polymeric PAs and an A-type dimer. 

R1= OH or H; R2=OH or H; R3=H or galloyl. 

 

PAs are present in the fruits, leaves, and seeds of many woody plants, where 

they provide protection against microbial pathogens, insects, and larger herbivores 

(Ayres et al., 1997; Mellway et al., 2009). They are also present in common 

processed foods such as cereals, chocolates, wines, beers, coffee, and teas (Gu et 

al., 2003). Recently, PAs have attracted the attention of researchers in the fields of 

O

OH

OH

HO

R1

OR3

O

HO

OH

O

R1

OR3

O

OR3

OH

R2

OH

HO

R1

O

OR3

OH

R2

OH

HO

R1

n

Extension
subunits

Terminal
subunits

B-type proanthocyanidin A-type dimer

O

OR3

HO

OH

OH

2
3

4
6

8

2'
3'

5

7

4'
5'

6'A C

B

R1

R2

R2

R2



9 
 

 

nutrition and medicine for their reported human-health benefits. A variety of 

physiological responses have been attributed to PAs including antioxidant, 

antimicrobial, anti-carcinogenic, anti-diabetic, and anti-hypertensive activities, as 

demonstrated by in-vivo and in-vitro assays (Steinberg et al., 2003; Lee et al., 

2008; Crozier et al., 2009). For example, A-type proanthocyanidin extracts from 

cranberry fruits have been found to be effective in the inhibition of urinary tract 

infections (Foo et al., 2000). 

 

Flavonoid biosynthesis 

Most flavonoids are believed to be synthesized in a complex of metabolic 

enzymes located on the cytoplasmic surface of the endoplasmic reticulum (ER) of 

plant cells (Burbulis and Winkel-Shirley, 1999). On the other hand, some 

flavonoids (flavonols and flavanols) and a few flavonoid biosynthesis enzymes 

(CHS, CHI, and ANS) have also been found in the nuclei of plant cells (Wang et 

al.; Saslowsky et al., 2005; Polster et al., 2006). This suggests that flavonoids are 

synthesized in different cell compartments in order to support specific 

physiological functions. Flavonoid biosynthesis has been extensively studied in 

seeds of model plants such as Arabidopsis thaliana, Medicago truncatula, and 

Oryza sativa (Lepiniec et al., 2006; Pang et al., 2007; Reddy et al., 2007). 

Flavonoid biosynthesis has also been studied in economic fruit crops such as 

grapes, apples, and small fruits in order to more fully understand the biosynthesis 

pathway and the mechanisms that regulate it, and to further our ability to enhance 

the production of flavonoids in those fruits by using metabolic engineering 

(Jaakola et al., 2002; Espley et al., 2007; Deluc et al., 2008). Flavonoid 

biosynthesis shares starting materials with primary metabolite biosynthesis, such 

as phenylalanine, tyrosine, and malonyl-CoA. The B-ring and C-ring (three-

carbon bridge) precursors of flavonoids (C6-C3-C6) are synthesized from amino 

acids bearing benzene side chains such as phenylalanine (Winkel-Shirley, 2001) 

and (rarely) tyrosine (Watts et al., 2004).  The A-ring is synthesized by a 

condensation reaction requiring three malonyl-CoA molecules, forming an 

aromatic ring (Figure 2.6).  
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Figure 2.6: Flavonoid biosynthesis pathway. Flavonoid biosynthesis can be 

divided into 3 steps. Step 1: Formation of 4-coumaroyl-CoA from amino acids 

bearing benzene side chains (usually phenylalanine). Step 2: Formation of 

chalcone from 4-coumaroyl-CoA. Step 3: Formation of various subclasses of 

flavonoids from a chalcone. PAL, phenylalanine ammonia-lyase; C4H, cinnamate 
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4-hydroxylase; 4CL, 4-coumarate: CoA ligase; TAL, tyrosine ammonia-lyase; 

CHS, chalcone synthase; CHI, chalcone isomerise; AS, aureusidin synthase; 

FS1/FS2, flavone synthase 1/ flavone synthase 2; F3H, flavanone 3ß-hydroxylase; 

F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3'5'-hydroxylase; DFR, 

dihydroflavonol reductase; FLS, flavonol synthase; ANS, anthocyanidin synthase; 

LAR, leucoanthocyanidin reductase; ANR, anthocyanidin reductase; UFGT, 

UDP-glucose:flavonoid-3-O-glycosyltransferase. 

 

Flavonoid biosynthesis is a complex process, with many enzymes (or enzyme 

complexes) and regulatory genes involved. Although the biosynthesis of 

flavonoids has been extensively studied in the last three decades, there are still 

parts of the biosynthesis pathway that are unresolved (Dixon et al., 2005). 

Flavonoid biosynthesis can be divided into 3 steps. In Step 1, phenylalanine 

ammonia-lyase (PAL) removes an amine group from phenylalanine, forming 

cinnamate.  Cinnamate 4-hydroxylase (C4H) then adds a hydroxyl group to the C-

4 position of cinnamate, forming 4-coumarate; this can be one enzymatic process 

if tyrosine is a starting material for biosynthesis. Then 4-coumarate: CoA ligase 

(4CL) adds a CoA to 4-coumarate to produce 4-coumaroyl-CoA. In Step 2, 

chalcone synthase (CHS) catalyzes the condensation reaction between 3 

molecules of malonyl-CoA and 1 molecule of 4-Coumaroyl-CoA to produce 1 

chalcone molecule. In Step 3, the biosynthesis of various flavonoid subclasses is 

catalyzed by subclass-specific enzymes (Figure 2.6). Chalcone isomerase (CHI) 

catalyzes the stereo-specific isomerization of chalcone to flavanone. Studies on 

the cellular location of CHS and CHI (two important enzymes in the early part of 

the flavonoid biosynthetic pathway), suggest that flavanones are synthesized in 

the cytoplasm, closely associated with the endoplasmic reticulum (ER) membrane 

(Saslowsky and Winkel-Shirley, 2001). Aurones are synthesized in some plant 

species via aureusidin synthase (AS) activity in the vacuoles of flower petal cells 

(Nakayama et al., 2001). Flavone Synthase 1 and flavone synthase 2 (FS1 and 

FS2) are two distinctive enzymes from different flavone-accumulating plant 

species that catalyze the formation of flavones from flavanones (Martens and 
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Mithofer, 2005). Flavanone 3β-hydroxylase (F3H) catalyzes the stereospecific 

hydroxylation of flavanone. The presence of the two enzymes, flavonoid 3' 

hydroxylase (F3'H) and flavonoid 3', 5' hydroxylase (F3'5'H), controls the B-ring 

hydroxylation pattern of the different subclasses of flavonoid (Figure 2.7). The B-

ring hydroxylation pattern is an important factor in flavonoid studies since it 

impacts colour and physiological activity of specific classes of flavonoids (Bogs 

et al., 2006). 

 

Figure 2.7: The flavonoid products derived from hydroxylation of naringenin by 

F3'H or F3'5'H. ANR, anthocyanidin reductase; ANS, anthocyanidins synthase; 

DFR, dihydroflavonol reductase; F3H, flavanone-3β-hydroxylase; F3'H, 
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flavonoid 3' hydroxylase; F3'5'H, flavonoid 3', 5' hydroxylase; FLS, flavonol 

synthase; LAR, leucoanthocyanidin reductase.  

 

Flavonol synthase (FLS) is a key enzyme in the biosynthesis of flavonols. 

Dihydroflavonols (flavanonols) are reduced to leucoanthocyanidins by 

dihydroflavonol 4-reductase (DFR) in the course of biosynthesis of 

anthocyanidins and flavan-3-ols. DFR also participates in the biosynthesis of 

flavan-4-ols and phlobaphens (Himi and Noda, 2004). Leucoanthocyanidin 

reductase (LAR) and anthocyanidins reductase (ANR) are two important enzymes 

in the biosynthesis of stereo-specific flavan-3-ols and PAs. Research supports that 

anthocyanidin synthase (ANS) and ANR converts leucoanthocyanidins to 2, 3-cis 

flavan-3-ols, and LAR converts them to 2, 3-tran flavan-3-ols (Dixon et al., 2005; 

Pang et al., 2007).   UDP-glucose: flavonoid-3-O-glycosyltransferase (UFGT) is 

an enzyme essential for glycosylation of flavonols and anthocyanins (Boss et al., 

1996). Flavonoid glycosylation occurs in the latter stage of flavonoid biosynthesis 

and it plays many important roles in flavonoid biosynthesis such as flavonoid 

aglycone stabilization, solubilisation, and detoxification (Jones and Vogt, 2001). 

Beyond the enzymes mentioned above, there are other enzymes that participate in 

flavonoid biosynthesis, increasing the diversity of flavonoids found in plants. 

Flavonoid biosynthesis depends not only on the above-mentioned enzyme 

activities, but also on controlling transcription factors. Transcription factors that 

regulate flavonoid biosynthesis have been studied not only in model plants such 

Arabidopsis (Nesi et al., 2001), rice (Ithal and Reddy, 2004), and Medicago (Peel 

et al., 2009), but also in economic fruit crops such as apples (Espley et al., 2007), 

grapes (Deluc et al., 2008), and tomato (Adato et al., 2009).   

 

Flavonoid trafficking 

Data suggests that flavonoids are compounds synthesized by plants for 

interacting with their surrounding environment (Mellway et al., 2009). After 

synthesis, flavonoids need to be efficiently transported from the site of synthesis 

to functioning or storage sites (such as vacuoles, which are the most common cell 
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component used for this purpose). Flavonoid movement can be intracellular or 

intercellular, and may involve crossing many membrane barriers until the 

secondary metabolites reach their targets. Flavonoid transport mechanisms have 

been extensively studied by metabolic engineers for optimizing flavonoid 

production (Grotewold, 2004; Winkel, 2004; Zhao and Dixon, 2010).  This 

research is driven by two major hypotheses. The first hypothesis, called the 

membrane-protein-transporter hypothesis assumes specific proteins are used for 

flavonoid transport (Zhao and Dixon, 2010). Three major types of protein 

transporters are known to participate in flavonoid movement: ATP-binding 

cassette transporters (ABC transporters), glutathione S-transferase transporters 

(GST transporters), and multidrug-and-toxic-compound-extrusion transporters 

(MATE transporters). ABC-type transporters contribute to the movement of metal 

ions and plant metabolites on the basis of their trans-membrane structure (Rea, 

2007). GST transporters can bind to flavonoids to form flavonoid-GST complexes 

that then take flavonoids to the storage site (Mueller et al., 2000). MATE 

transporters move flavonoids on the basis of cation (H
+
 or Na

+
) differences 

(Yazaki, 2005). The second hypothesis in flavonoid movement is known as the 

vesicle-mediated-transport hypothesis. This is based on microscopic observation 

of anthocyanoplasts (anthocyanin-containing vesicles) and their fusion to cell wall 

or central vacuole membranes (Yazaki, 2005). Another example of vesicle-

mediated transport, as observed via transmission electron microscopy (TEM), is 

seen in PA-accumulating multiple small vesicles scattered in the endothelial cells 

of tds4-1 mutant seeds (Abrahams et al., 2003). The vesicle-mediated-flavonoid-

transport hypothesis requires additional experimentation for confirmation, 

especially in response to questions such as how these vesicles are formed, how 

these vesicles move in certain directions, and how these vesicles are recognized 

and can be fused with other sub-cellular membranes (Zhao and Dixon, 2010). 

Indeed, further research on the overall topic of flavonoid transport is warranted. 

 

 

 



15 
 

 

Flavonoid localization 

After effective biosynthesis and transport, flavonoids accumulate in certain 

tissues or cell compartments and become involved in various physiological 

functions. The study of flavonoid location in plants is pivotal for a better 

understanding of when, where, and how flavonoids play their biological and 

ecological roles. Flavonoid localization has been investigated with histological 

and histochemical techniques that involve many steps such as tissue fixation, 

dehydration, infiltration, and microscopic observation (Gutmann and Feucht, 

1991). The first step in such a localization study is tissue fixation, which can be 

further divided into chemical fixation and frozen fixation (an alternative to 

chemical fixation which needs a rapid-freezing device.) The purpose of tissue 

fixation is to maintain the structural integrity of tissues and protect the tissues 

from degradation caused by enzymatic or bacterial activity. Glutaraldehyde, 

osmium tetroxide (OsO4, for electron microscopy samples), and 

paraformaldehyde are commonly-used fixatives in chemical fixation (Kiernan, 

2000). Various tissue sections (cross sections, longitudinal sections, or tangential 

sections) need to be merged into a fixing solution that contains phosphate or 

piperazine-N, N′-bis (2-ethanesulfonic acid) (PIPES) buffer and one or more 

fixatives. After fixation, tissues need to be dehydrated with a series of ethanol or 

acetone solutions to remove most of the water from the tissues; the remaining 

water can then be completely removed with a few changes of anhydrous ethanol 

or propylene oxide (Brorson, 1996). The dehydrated tissues then need to be 

infiltrated with different clearing reagents such as toluene, xylene, and Histo-

Clear
TM 

(Luchtel et al., 1998). With the help of fluid-state embedding reagents, 

tissues are then embedded in paraffin or various plastic resins (for example: 

Spurr‟s resin, Historesion
TM

, or LR white
TM

 resin) (Yeung, 1999). Embedded 

tissues can be sectioned with microtomes in micrometer (µm)-level thicknesses 

and then mounted on glass slides in preparation for staining. The staining process 

is designed to improve colour contrast when tissues are viewed under a 

microscope. There are various staining reagents available for staining PAs, with 

differing features such as selectivity, the colour of staining reaction products, and 
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sensitivity upon reaction with PAs.  Aromatic aldehydes, 4-dimethylamino-

cinnamaldehyde (DMACA, stains PAs blue-purple) and 4-hydroxy-3-methoxy-

benzaldehyde (vanillin, stains PAs pink-red), react with PAs via a phenol-

aldehyde condensation reaction under acidic conditions to form different 

chromophores (Treutter, 1989). For example, vanillin reacts with flavan-3-ol (A-

ring C-6 position) to produce the red-coloured product presented in Figure 2.8.  

 

 

Figure 2.8: Vanillin reaction with catechin to form a red-coloured product. 
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colour-changing properties under different pH conditions (e.g., NH3 gas turns 

anthocyanins blue) (Barcelo et al., 1994).   Flavonols show auto-fluorescence and 

can be seen under a fluorescence microscope or a confocal laser-scanning 

microscope (CLSM) (Schnitzler et al., 1996). It should be noted that other 

compounds in plant cells such as lignin (De Micco and Aronne, 2007), 

chlorophyll (Rolfe and Scholes), and some proteins (Hraska et al., 2006) also 

show auto-fluorescence which can interfere with flavonol localization. 

Diphenylboric acid 2-aminoethyl ester (DPBA) can enhance flavonol auto-

fluorescence and has been used for staining flavonols in different plant tissues 

(Schnitzler et al., 1996; Polster et al., 2006).  Light microscopy, CLSM, and 

electron microscopy are all widely used for observing flavonoid localization in 

different plant tissues.  Flavonoid accumulation in a plant tissue depends on many 

factors such as species, developmental stage, and environmental stresses. PAs 

accumulate in the fruit skin of apples and berries, especially in vacuoles of 

parenchyma layers close to fruit epidermis or in vacuoles of the hypodermal layer 

(Feucht et al., 1994; Lees et al., 1995).  PA accumulation patterns in Arabidopsis 

seeds have been shown to vary according to seed developmental stages 

(Debeaujon et al., 2003).  Poplar leaves under wounding and light stress 

accumulated higher levels of PAs than those from nonstressed conditions 

(Mellway et al., 2009). A study of flavonoid deposition in cell walls of lisianthus 

flower petals found that flavonols not only accumulate in vacuoles as do other 

flavonoids, but also in cell walls and even in the cuticular wax layer (Markham et 

al., 2000).  Flavanols (PA monomers) have also been found to accumulate in 

nuclei of tea flower cells (Feucht et al., 2004) and cells of the seed wings of 

coniferous tree species (Polster et al., 2006).  Flavonoid accumulation in certain 

tissues and cell compartments is likely related to flavonoid functions at these sites.   

 

Flavonoid chemical analysis 

After flavonoids have accumulated in certain organs or tissues, they carry out 

diversified tasks in plant survival, growth, and development. To improve our 

understanding of specific flavonoid functions, flavonoid synthesis and 
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accumulation patterns over development in target plant tissues and organs need to 

be investigated. Both chemical analyses for precise characterization and 

quantification, and localization studies based on histological and histochemical 

techniques are required to characterize the flavonoid complement within specific 

plant tissues. Chemical analysis includes many steps such as extraction, 

purification, and techniques for identification and quantitation. As mentioned 

before, flavonoids are diversified polyphenolic compounds. Some flavonoids are 

labile and can be easily degraded under ambient conditions such as high moisture, 

strong sunlight, and moderate temperature (Woodward et al., 2009).  Also, most 

flavonoids are readily oxidized in the presence of polyphenoloxidase (PPO) 

(Pourcel et al., 2007).  

Special care needs to be taken in the chemical analysis of flavonoids. The first 

step in this analysis is the preparation of sample material, i.e. sample collection, 

storage, and grinding. After field collection, plant samples need to be immediately 

frozen or dehydrated for reducing flavonoid degradation by enzymes during 

storage. Plant samples also can be ground for extraction right after collection. 

However, the grinding process can break cell membranes and release PPO. PPO 

activity can be inhibited by grinding the plant sample in the presence of liquid 

nitrogen to lower the grinding temperature and thus retard enzyme activity. The 

second step in flavonoid chemical analysis is extraction of flavonoids from 

prepared samples via a solvent system. Extraction solvents are chosen on the basis 

of the polarity of the targeted flavonoid compounds. Commonly used solvents in 

flavonoid extraction are water or mixtures of water, methanol, and acetone (Ozga 

et al., 2007). Maximum extraction efficiency depends on optimized sample 

particle size, solvent polarity, pH, sample/solvent ratio, time, temperature, applied 

force (sonication, shaking, or vortexing), sample matrix-binding property, and 

other factors (Andersen, 2006). Anthocyanins and flavonols that accumulate in 

plant tissues are usually in the glycoside form (tending to be water-soluble), with 

anthocyanins being unstable at high pH (Woodward et al., 2009). Thus, polar 

solvents (mixture of water, methanol, acetone, and formic acid) with a low pH are 

used for extracting these compounds (Ozga et al., 2007). PAs are a mixture of 
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flavan-3-ol oligomers and polymers. Aqueous acetone (approximately 70% v/v) is 

an efficient solvent system for extracting PAs (Hussein et al., 1990) and widely 

used to extract PAs from various plant materials (Tits et al., 1992; Kennedy and 

Jones, 2001; Taylor et al., 2003). During the extraction process, it is desirable to 

exclude oxygen, avoid strong light, and perhaps add chemical reagents to protect 

the targeted compounds from degradation.  

Flavonoid extracts from plant samples contain flavonoids and other primary 

and secondary plant metabolites such as organic acids, sugars, chlorophylls, and 

lipids. These non-flavonoid compounds need to be removed.  The most commonly 

used methods for purification of the extract are solid-phase extraction (SPE) and 

solvent-solvent partitioning (SSP) (Andersen, 2006). The latter method uses two 

immiscible solvent systems to separate out non-flavonoid compounds from 

flavonoids. The SPE method is based on the partition of flavonoids into two 

phases (mobile phase and solid stationary phase). The plant extract is applied to 

the stationary phase that is conditioned with aqueous organic solvent to allow the 

flavonoids to bind to it.  Subsequently, the extract-stationary phase matrix is 

washed with washing solvent to remove the extraneous material. The target 

flavonoids are then eluted from the stationary phase with the proper solvent 

system (usually methanol or acetone).  

The last key steps in chemical analysis are quantitative and qualitative 

analyses. Depending on the purpose of the study, different analytical methods can 

be used. The most commonly used quantification methods for measuring 

flavonoid content are colourimetric assays (Zhishen et al., 1999) and high-

performance-liquid chromatography (HPLC) coupled with diode-array detector 

(HPLC-DAD) analysis (Merken and Beecher, 2000; Prati et al., 2007). Various 

flavonoid subfamilies can be quantified by different colourimetric methods. For 

example, the pH differential method has been used to determine total 

anthocyanins (Giusti and Wrolstad, 1996) and the vanillin-HCl method has been 

used to measure total PA content (Price et al., 1978). These colourimetric methods 

usually give values equivalent to standard compounds, and they are relatively 

simple and good for fast screening for comparing flavonoid content among plant 
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species, cultivars, or tissues. They are not suitable when specific flavonoid 

profiles need to be determined. Flavonoids are chromophores and each subgroup 

of flavonoids has its distinct absorbance according to its C-ring oxidation and 

saturation pattern (Andersen, 2006). This character allows flavonoid content to be 

easily determined in HPLC-DAD analysis. The HPLC technique can effectively 

be used to separate individual flavonoids from each other and when coupled to a 

DAD detector, the flavonoids can be monitored at characteristic specific 

wavelengths as they elute from the column (Ozga et al., 2007). Historically, thin-

layer chromatography (TLC) was widely used for flavonoid separation (Heimler, 

1986). Nowadays, HPLC is more favoured for the separation work since it can 

leads to greater compound separation capacity due to the higher number of 

theoretical plates than TLC and HPLC can be coupled with UV-Vis spectra, mass 

spectrometry (MS), and nuclear magnetic resonance (NMR) for online 

identification of flavonoid compounds. Countercurrent chromatography (CCC) is 

a promising technique in the separation of flavonoids (Leitao et al., 2005) since it 

can accomplish small- and large-scale compound separation with good recovery.  

After effective separation, flavonoid compounds can be identified by MS, 

circular dichroism spectroscopy (CD), and NMR. MS can detect charged 

molecular ions or fragment ions produced by different ionization methods and this 

information is essential for identifying flavonoid structures. Soft ionization 

methods such as electrospray ionization (ESI) (Ozga et al., 2007), atmospheric-

pressure chemical ionization (APCI) (Grayer et al., 2000), and matrix-assisted 

laser desorption ionization (MALDI) (Wang et al., 2000) have been preferred for 

flavonoid identification since they give clear information about molecular ions, 

sugar units, and flavonoid aglycones. For coupling with such ionization 

techniques, different mass-spectrometry analyzers such as quadruple, tandem 

(MS/MS), and time-of-flight (TOF) have been used for flavonoid analysis. The 

most intensive use of MS in flavonoid analysis is HPLC-MS for complete 

separation, identification, and quantification at the same time (Andersen, 2006). 

However, MS cannot give definite structural identification results unless standard 

reference compounds are available. NMR has been extensively used for flavonoid 
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identification since authentic standards are not available for all flavonoids and 

NMR is one of the most powerful techniques for structure determination in 

analytical chemistry. For NMR analysis, samples need to be in a pure form and in 

sufficient amounts (milligram levels). These requirements have restricted NMR 

applications in some flavonoid analysis work. Recently, improvements in NMR 

techniques and coupling NMR with HPLC have greatly extended the use of NMR 

in flavonoid analysis (Welch et al., 2008). CD also has its relevance to flavonoid 

analysis since some flavonoids have chiral isomers (Xie et al., 2003). PAs are 

present in a plant extract as mixtures of oligomers and polymers. The oligomers 

can be separated by TLC or normal-phase HPLC and further identified by MS or 

NMR. Unfortunately, current separation and identification techniques have their 

limits when one works with the high molecular weight polymeric PAs.  

There are at present two main approaches for characterizing PA composition. 

One approach is applying pre-purified PA extracts to SPE (Sephadex LH-20) and 

collecting fractions by gradually changing the polarity of the column-washing 

solvents (a series of aqueous methanol and acetone solutions) to fractionate PAs 

into different polymer size classes. The average polymer size in each fraction is 

then measured by gel-permeation chromatography (GPC) (Kennedy and Taylor, 

2003) or calculated by the derivatization method (Duenas et al., 2003). Another 

approach to PA identification and quantification is cleaving PAs under acidic 

conditions and derivatizing cleaved and unstable subunits with nucleophilic 

compounds such as phloroglucinol and benzyl mercaptan (Prieur et al., 1994). 

Phloroglucinol is preferred as a derivatization reagent since benzyl mercaptan has 

a strong unpleasant odour and must be used in a fume hood. A reaction using 

phloroglucinol as a derivatization reagent is presented in Figure 2.9. Flavan-3-ols 

in the extension units form phloroglucinol adducts at their C4 positions, while 

terminal flavan-3-ol units are released as flavan-3-ol monomers (Figure 2.9). 

After HPLC, LC-MS, and NMR confirmation of the reaction products, the mean 

degree of polymerization (mDP), conversion yield, and subunit composition of 

PAs can be calculated (Kennedy and Jones, 2001).  
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Figure 2.9: The reaction of PA acid-catalyzed cleavage and phloroglucinol 

derivatization. Terminal subunits of the PA polymers are released as free flavan-

3-ols and PA extension subunits form stable flavan-3-ol-phloroglucinol adducts at 

the C4 position. 

 

Saskatoon fruits 

Plant characteristics 

Saskatoon (Amelanchier alnifolia Nutt.) fruit is a native small fruit of the 

Western Canadian prairie that has excellent flavour and moderate sweetness (St-

Pierre, 1992). Although the appearance (shape, colour and size) of saskatoon 

fruits are similar to that of blueberries, saskatoon fruit belong to the Rosaceae 

family and are pome fruits (similar to apple fruits) (St-Pierre and Steeves, 1990). 

Saskatoon shrubs have been successfully cultivated in the Western Canadian 
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prairies (especially in Alberta and Saskatchewan) and are capable of producing 

substantial amounts of fruit for many years since they can tolerate low 

temperatures and drought (St-Pierre, 1997). There are many different cultivars of 

saskatoon shrubs developed from natural selections from the wild (St-Pierre et al., 

2005), and fruit size and taste vary slightly among the cultivars (McGarry et al., 

1998, 2001).  

 

Fruit maturity stages 

Saskatoon fruit can be reliably sorted into 9 maturity stages over development 

(Rogiers and Knowles, 1997; Ozga et al., 2006). The fruit from stages 1 through 4 

is mostly green and sorted by size and firmness (Figure 2.10). Stage 5 fruit is 

light green (because of a decrease in chlorophyll) to pink, while stage 6 fruit is 

mostly pink. Stage 7 fruits are distinguished by red colour, and stage 8 and 9 fruit 

are redish-blue and blue-purple, respectively, as a result of high anthocyanin 

content (Figure 2.10).   

 

Figure 2.10: „Northline‟ saskatoon fruit sorted into 9 maturity stages. (From Ozga 

et al., 2006, by permission). 
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Flavonoid complement 

Currently, saskatoon fruits are consumed in North America as fresh fruit or in 

processed food products such as pies, jams, and jellies. The demand for saskatoon 

fruit is increasing in both domestic and international markets (Ozga et al., 2006) 

because of their excellent flavour and reported health benefits attributed to the 

flavonoid content (Adhikari et al., 2005; Hu et al., 2005). Developing flavonoid 

profiles for the different existing and emerging cultivars of saskatoon would allow 

for a targeted approach to increase fruit flavonoid content. Most flavonoid 

identification and quantification studies are limited to mature fruit of saskatoon 

(Hellstrom et al., 2007; Hosseinian et al., 2007; Ozga et al., 2007; Bakowska-

Barczak and Kolodziejczyk, 2008), with minimal attention paid to developing 

fruit (Ozga et al., 2006). Previous studies on the anthocyanin and flavonol profiles 

of mature saskatoon fruit  have found cyanidin to be a major anthocyanin 

aglycone; the major sugar units attached at the C3 position of cyanidin in an O-

glycosylation form are galactose, glucose, arabinose, and xylose (Mazza, 1986; 

Ozga et al., 2007; Bakowska-Barczak and Kolodziejczyk, 2008). Total 

anthocyanin content was different among cultivars in these studies. Indeed, 

anthocyanin levels differed in the same cultivars between studies. This might due 

to differences in growing conditions (including soil type and water availability), 

year of harvest, and the length of storage period (Mazza, 1993).  Quercetin was 

found to be the major flavonol aglycone and quercetin 3-O-galactoside was the 

most abundant flavonol in the fruit of most saskatoon cultivars. PA analysis of 

saskatoon fruit has shown that epicatechin is the dominant subunit in both 

extension and terminal units, with B-type linkage between flavan-3-ol subunits 

(Hellstrom et al., 2007). The mDP of PAs varied (5 to 13) among the cultivars 

studied (Bakowska-Barczak and Kolodziejczyk, 2008). 

 

Blueberry fruits 

Plant characteristics 

Blueberries belong to the genus Vaccinium within the Ericaceae family, as do 

cranberries. Blueberries are represented by several different species that range in 
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size from dwarf (0.1 meters) to tall (4 meters) habit (Riihinen et al., 2008). 

Among these various blueberry species, highbush blueberries (Vaccinium 

corymbosum L.) and lowbush blueberries (Vaccinium angustifolium L.) are the 

two main species extensively grown in North America. Blueberries are one of the 

major fruit crops in Canada. Currently, blueberry fruit is popular worldwide and it 

is consumed in many developed and developing countries not just for its taste but 

also for its reported health benefits. These include antioxidant (Kay and Holub, 

2002), anticarcinogenic (Seeram et al., 2006), and anti-diabetic (Martineau et al., 

2006) activities. The positive health effects of blueberries are believed to be due 

to the presence of substantial amounts of phytochemicals such as flavonoids in 

fresh fruits and in fruit extracts.  

  

Fruit maturity stages 

Blueberry fruits can be sorted into 8 maturity stages during development, 

according to a previously published paper (Ballinge.We and Kushman, 1970) 

(Figure 2.11). Stage 1 to 4 blueberry fruit are mainly green and sorted by 

increasing size. There is less chlorophyll on the surface of fruit from stages 5 and 

6, which become increasingly red due to anthocyanin accumulation on the fruit 

surface. Stage 7 fruit are reddish-purple and stage 8 fruit are blue-purple (Figure 

2.11).  The construction of flavonoid profiles during fruit development will be 

useful for understanding flavonoid accumulation, and this knowledge will further 

contribute to metabolic engineers‟ efforts to improve flavonoid levels in 

blueberries.   
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Figure 2.11: Whole and bisected blueberry fruit (cv. Rubel) sorted into 8 maturity 

stages. (Provided by Dennis Reinecke, 2011) 

 

Flavonoid complement 

Anthocyanin profiles in both highbush and lowbush blueberry fruits have 

been extensively studied, while less information exists on the profiles of flavonols 

and PAs (Prior et al., 2001; Cho et al., 2005). Mature blueberry fruit contain the 

five common anthocyanidins (delphinidin, cyanidin, peonidin, petunidin, and 

malvidin), and most of the anthocyanidin glycosides have glucose, galactose, or 

arabinose attached at the C3 position in an O-glycosylation form (Wu and Prior, 

2005). Total anthocyanins were estimated by the pH differential method and the 

results showed that anthocyanin levels varied among cultivars from 0.89 to 3.25 

mg per gram fresh fruit weight (Ehlenfeldt and Prior, 2001). Quercetin and 

myricetin are two flavonol aglycones that have been found in blueberry fruits, and 

glycosylation occurs exclusively at the C3 position of the flavonol aglycones (Cho 

et al., 2005). Flavonol concentrations differed slightly among genotypes and total 

flavonol levels ranged from 0.19 to 0.32 mg per g fresh fruit weight in the Cho et 

al. (2005) study. PAs in blueberry fruits were determined with both normal-phase 

and reversed- phase HPLC-MS methods and the results show that the PA 

extension subunits consist of mainly epicatechin and the terminal PA subunits 

consist of epicatechin and catechin (Gu et al., 2002). This study also found that B-

type linkage is the most common linkage between PA subunits, and only a small 
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proportion of A-type linkages were detected in oligomeric PAs, but no specific 

data on detection or quantification of the A-type PAs were reported. In general, 

most flavonoid studies in blueberry fruits are focused on mature blueberry fruits 

(Ehlenfeldt and Prior, 2001; Harris et al., 2007). Limited information is reported 

for type, concentration, and tissue-specific accumulation of flavonoids during 

blueberry fruit development (Castrejon et al., 2008). 

 

Legume seeds 

Plant characteristics 

Peas (Pisum sativum L.), lentils (Lens culinaris L.), and faba beans (Vicia faba 

L.) belong to the Fabaceae family (also called Leguminosae or the legume 

family). Fabaceae is one of the largest families of flowering plants and many 

important food crops, in addition to the above species, belong to this family (such 

as soybeans, peanuts, and dry beans). Peas, faba beans, and lentils (also called 

seed grain legumes or pulses) are widely grown in Western Canada since they are 

well adapted to the dry and cool climates. Seeds of these legumes are good dietary 

sources of proteins, fibre, and other nutrients such as vitamins, minerals, and 

phenolic compounds. Pea, faba bean, and lentil seeds have been in the diet of 

Middle-Eastern and Asian cultures since ancient times (Singh et al., 2007). 

 

Flavonoid complement 

 It is important to understand the structural diversity, tissue-specific 

accumulation, and bioactivity of flavonoids in these legume seeds for extended 

use of these foods in human and animal nutrition. Flavonoid subclasses such as 

isoflavonoids from some legume species are intensively studied for their 

purported benefits to human and animal health (Aoki et al., 2000). PAs are one of 

the major flavonoid subclasses to be found in the seeds of peas, faba beans, and 

lentils (they accumulate in the seed coat; Duenas et al., 2002; Duenas et al., 2004; 

Merghem et al., 2004). The oxidation of PAs in these seeds brings a brown 

oxidation colour to their seed coats and an astringent flavour caused by interaction 

between salivary protein and the PAs in the mouth (Ariga et al., 1981). This is one 
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of the reasons why PAs in legume seeds were once considered to be anti-

nutritional compounds, and at that time seed consumption by humans and animals 

was discouraged (Martintanguy et al., 1977). Even today, some legume seeds are 

utilized only after removal of the seed coats. Recent nutritional studies have 

shown many beneficial health effects of PAs from common fresh fruits (e.g. 

grapes, blueberries, persimmon), wines, grape-seed extract, and chocolate (Bagchi 

et al., 2000; Murphy et al., 2003; Seeram et al., 2006; Lee et al., 2008). This has 

brought renewed interest in the PAs contained in legume seeds and further 

research in this area. The current information available pertaining to legume seed 

PAs, including structure, amount, and accumulation during seed development and 

bioactivity is very limited. PA structural confirmation, specific localization within 

the seed coat, and the construction of flavonoid profiles during seed development 

will be useful for understanding flavonoid accumulation, and this knowledge 

could be used to explore the possibilities of increasing PA levels in the seeds and 

aid in introducing high-PA containing legume seeds or seed-coat fractions to the 

human or animal diet for potential health beneficial effects.  
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Chapter 3 

Anthocyanin and Flavonol Profiles of Saskatoon Fruits 

(Amelanchier alnifolia Nutt.) during Development  

and at Maturity 

 

Introduction 

Flavonoid compounds in fruits have recently attracted much interest due to 

their reported antioxidant properties and perceived health benefits, including 

potential anti-cancer, anti-diabetic, anti-inflammatory and vassal protective effects 

(Prior, 2004; Martineau et al., 2006; Crozier et al., 2009). Saskatoon (Amelanchier 

alnifolia Nutt.) fruit, a native small fruit of North America (St-Pierre, 1997), 

contain significant levels of the anthocyanin and flavonol classes of flavonoids in 

the mature fruit (Ozga et al., 2007; Bakowska-Barczak and Kolodziejczyk, 2008). 

Total anthocyanin concentration in saskatoon fruits is comparable with that of 

blueberry and higher than that in other small fruit species such as raspberry, 

chokeberry, and strawberry (Hosseinian and Beta, 2007). Anthocyanins are the 

natural pigments chiefly responsible for the blue-purple colour of the mature fruits 

(Mazza, 1986; Rogiers and Knowles, 1997; McGarry et al., 2005) likely 

functioning to attract certain animals to aid in seed dispersal (Schaefer et al., 

2004).  Previous studies have identified cyanidin 3-O-galactoside, cyanidin 3-O-

glucoside, cyanidin 3-O-arabinoside, and cyanidin 3-O-xyloside as the four most 

abundant anthocyanins in mature saskatoon fruits (Amelanchier alnifolia Nutt.; 

Ozga et al. 2007). Flavonols are compounds that can act as UV-light filters in 

plant tissues and protect plants from UV light damage (Middleton and Teramura, 

1993; Kolb et al., 2003). They also have been implicated as signal molecules in 

animal-plant interactions (c.f. Mol et al., 1998). The major flavonols identified in 

mature saskatoon fruit include the quercetin-diglycosides (quercetin 3-O-

rutinoside, quercetin 3-O-robinobioside, and quercetin 3-O-arabinoglucoside) and 

the quercetin-monoglycosides (quercetin 3-O-galactoside, quercetin 3-O-
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glucoside, quercetin 3-O-arabinoside, and quercetin 3-O-xyloside; Ozga et al., 

2007). Although the major anthocyanin and flavonol compounds in mature 

saskatoon fruit have been identified by Ozga et al. (2007), minimal information 

exists on the temporal and spatial accumulation patterns of these two classes of 

flavonoids over fruit development. These data would further our understanding of 

the regulation of the these two branches of the flavonoid pathway during fruit 

development in this species, and aid breeding efforts to optimize flavonoid 

content and specific flavonoid compound classes for health beneficial effects. 

Therefore, in order to further  our understanding  of the flavonoid biosynthesis 

pathway, its regulation, and flavonoid accumulation in saskatoon fruits, 

identification, quantitation, and tissue-specific accumulation of anthocyanins and 

flavonols were determined in four pigmented-fruit cultivars and a white mutant 

fruit cultivar (white-coloured fruit at maturity) of saskatoons over fruit 

development.  

  

Materials and Methods 

Plant material 

Saskatoon fruit of the cultivars Northline, Pembina, Thiessen, Honeywood, 

and Altaglo were collected from the University of Alberta Experimental Farm, 

Edmonton, Alberta, Canada. Fruit samples for chemical analyses were harvested 

onto dry ice in the field, sorted on dry ice in the laboratory to remove any debris 

and damaged fruit and to separate fruit into maturity classes according to a 9-stage 

system (Rogiers and Knowles, 1997; McGarry et al., 1998, 2005). After sorting 

on dry ice, the fruits were immediately stored at -80 ˚C. Fruits for the histological 

studies were selectively harvested onto ice in the field, transported on ice to the 

laboratory, and dissected immediately in the laboratory for tissue fixation.  

 

Chemicals 

The anthocyanin and flavonol standards (cyanidin 3-O-galactoside chloride, 

cyanidin 3-O-glucoside chloride, quercetin 3-O-glucoside, quercetin 3-O-

galactoside, quercetin 3-O-rutinoside, and quercetin 3-O-arabinoglucoside) were 
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purchased from Extrasynthese (Genay, France), 5-O -caffeoylquinic acid 

(chlorogenic acid), diphenylboric acid 2-aminoethyl ester (DPBA), and Triton X-

100 from Sigma (Oakville, ON), and the glutaraldehyde and paraformaldehyde 

from Electron Microscopy Sciences (Hatfield, PA). All the HPLC grade solvents 

and 1-butanol were from Fisher Scientific (Ottawa, ON).  

 

Extraction and purification of anthocyanins and flavonols 

Fruit samples (2 to 4 g) were removed from -80 ℃ storage and immediately 

ground in a commercial Blender (New Hartford, Connecticut, U.S.A.). The 

ground tissue was extracted with 8 mL of the HPLC grade solvent mixture 

(acetone:methanol:water:formic acid, 40:40:20:0.1, v/v/v/v). The extract was 

vortexted for 2 min then filtered through Whatman #1 filter paper in a Büchner 

funnel under moderate vacuum. The residue was washed three times with 4 mL of 

solvent mixture, and the extract and wash was pooled and evaporated to near 

dryness in a SpeedVac vacuum concentrator (AES 200, Savant, Farmingdale, NY). 

The extract was brought up to 10 mL using deionized water (Milli-Q) and a 1 mL  

aliquot was loaded onto a Sep-Pak C18 cartridge (Waters, Mississauga, Ontario, 

Canada), which had been preconditioned with 2 mL of 100% methanol followed 

by 5 mL deionized water. The column was then washed with 5 mL deionized 

water to remove sugars and organic acids.  Anthocyanins and flavonols were 

subsequently eluted from the column with 10 mL of 0.1% formic acid in methanol 

(v/v) and this eluent was evaporated under vacuum to near dryness.  The residue 

was completely dried down under a stream of nitrogen. The dried methanolic 

fraction containing the anthocyanins and flavonols was resuspended in 200 μL of 

methanol: water (50:50, v/v) and a 20 µL aliquot was subjected to HPLC analysis. 

 

HPLC analysis 

The extracts were injected on to a Zorbex SB-C18, 4.6 x 250 mm (5 μm; 

Agilent) C18 column fitted with a Zorbex SB-C18, 4.6 x 12.5 mm (5 μm; Agilent) 

guard column, using a HPLC system (Agilent 1200, USA) equipped with a 

photodiode array (DAD; Agilent G1315B) detector. The samples were eluted at a 
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flow rate of 1 mL min
-1

 using a linear gradient of 5% aqueous formic acid 

(solvent A) and 100% methanol (solvent B) following the protocol of Ozga et al. 

(2007) as follows: 17% B at 0 min, 23% B by 25 min; isocratic at 23% B from 25 

to 45 min; 47% B by 55 min; isocratic at 47% B from 55 to 66 min, 17% B by 67 

min, and isocratic at 17% B from 67 to 70 min. The column temperature was 

stable at 30 ℃.  The quantitation of anthocyanins and flavonols was determined 

using absorption at 520 nm for anthocyanins and 350 nm for flavonols.  

Commercial authentic standards of anthocyanins and flavonols were used for 

comparison of HPLC retentions times, mass spectra and UV-VIS absorption 

spectra, and for construction of standard curves at the HPLC step for quantitation. 

A „Honeywood‟ stage 9 fruit extract was selected for collecting the putative 

quercetin triglycoside compound (HPLC peak 2c, retention time of 10.5 min) for 

further identification. An HPLC 1200 Analyt FC fraction collector connected to 

the above HPLC system was used for collecting the compound using the HPLC 

analytical column and conditions as described above.   

 

LC-MS analysis 

Further identification of the putative quercetin triglycosides (HPLC peaks 2c 

and 2g, retention times of 10.5 and 32.7 min) was conducted using an Agilent 

1100 LC-MS system fitted with electrospray ionization (ESI) interface. LC-MS 

column and conditions were the same as previously reported by Ozga et al. (2007).  

 

Histology 

Fresh whole fruits from stages 1 to 4 and tissue cross sections (approximately 

5 mm thick) from stages 5 to 9 fruits were immediately immersed into a fixing 

solution containing 3.2 % paraformaldehyde (v/v), 1% glutaraldehyde (v/v), 2 

mM CaCl2, and 10 mM sucrose in a 25 mM PIPES buffer (pH 7.5). After 5 days 

of fixing solution infiltration under vacuum at room temperature, tissues were 

rinsed 3 times with 25 mM PIPES buffer and dehydrated using a graded ethanol 

series of 30% and 50% ethanol in 25 mM PIPES buffer (pH 7.5; v/v),  followed 

by 70% and 96% ethanol in water for 25 min each. The tissues were further 
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dehydrated with two changes in 100% ethanol. After dehydration, specimens were 

sequentially infiltrated with 2.5%, 5%, 10%, 20%, 50%, 75% 1-butanol in ethanol 

(v/v) for 20 min each and the infiltration was completed with three washes of 100% 

1-butanol for 20 min each. With gradual changes to Paraplast® Tissue Embedding 

Medium (Fisher Scientific, Houston, TX) as described by O' Brien and McCully 

(1981), tissues from the infiltration were embedded in paraffin blocks using a 

Tissue-TEK II Embedding centre (Tissue Tek, USA). Tissues were sliced into 10 

to 20 µm-thick cross sections using a rotary microtome (Reichaert Histo STAT 

820), stretched in a 40 ˚C water bath, affixed onto slides, and placed at 37 ºC to 

dry overnight.  

Tissue cross-sections from the same fruit block were mounted on clean slides 

and these slides were separated into two groups. In one group of slides, the 

paraffin was removed with two changes of toluene and cover slides were mounted 

on the slides using DPX mounting media (BDH Chemicals, NY, USA) for 

observing flavonol auto-fluorescence. In the other group of slides, the paraffin 

was removed in the same manner as above, then the tissues were stained with 0.1 % 

(w/v) DPBA staining solution (containing 0.025% Triton X-100) for 5 min, then 

washed with distilled water to remove any excess staining solution. The nearly 

dried sections were covered with cover slides using Fluoro Mount G (Electron 

Microscopy Sciences, USA) mounting media. The micrographs of whole fruit 

cross sections were taken using a Leica DMRXA microscope (Leica, Germany) 

(bright field option) mounted with a Nikon camera (DXM1200, Japan). The fruit 

pericarp, placenta, and seed fluorescence micrographs were obtained using the 

same equipment described above under the fluorescence microscopy 

configuration (Green: Excitation filter/BP 420-490; Dichromatic mirror/510; 

suppression filter: LP 515).  

 

Results and Discussion 

Fruit growth and development 
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Among the nine ripeness stages of saskatoon fruit reported by Rogiers and 

Knowles (1997), stages 1, 4, 5, 7, and 9 were selected to represent the major 

developmental stages over fruit development (Figure 3.1). Saskatoon fruit 

increased in size throughout development, with the greatest increases in fruit fresh 

weight occurring at the latter stages of fruit development (Table 3.1; McGarry et 

al., 1998).  Of the cultivars studied, „Honeywood‟ and „Thiessen‟ had the largest 

fruit fresh weight at maturity (Table 3.1). For the pigmented-fruit cultivars, from 

stage 1 to 4, the mainly green fruit increased in size. Stage 5 fruits are lighter 

green and intermittent pink colour occurs on the fruit surface. By stage 7, the fruit 

turn red in colour having transitioned into the ripening stage, and by stage 9 the 

fruit are blue-purple and fully mature (Figure 3.1). For „Altaglo‟, the early stages 

of fruit development (stages 1-5) were similar to that of the pigmented cultivars 

except for the substantially smaller fruit size at stage 1 (Figure 3.1; Table 3.1). 

However, with the transition to ripening (stage 7), minimal colouration occurred 

in „Altaglo‟ fruits, and the fruits were white-coloured at maturity (stage 9; Figure 

3.1).   

Saskatoon fruits have 5 locules, similar to that of apple, and each locule can 

produce up to two seeds (Rogiers, 1997); however, at maturity the number of 

developed seeds are usually substantially lower than 10 (between 3 and 5) 

(McGarry et al. 1998; Figure 3.1).  
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Figure 3.1: Whole and bisected fruits of saskatoon cv. Pembina and Altaglo over 

development. In „Pembina‟ fruits, stage 1, small green fruit; stage 4, larger green 

fruit; stage 5, light green to pink fruit; stage 7, red fruit; stage 9, mature blue-

purple fruit.  In „Altaglo‟ fruits, stages1, 4, and 5, green fruit in the order of 

ascending fruit size; stage 7, light green to white fruit; stage 9, white fruit. The 

development of other pigmented cultivars of saskatoon fruits was similar to 

„Pembina‟. 
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Table 3.1: Mean fresh fruit weight and diameter of saskatoon fruit during 

development.  

Cultivar 

Fresh fruit diameter (mm) 

Stage 1 Stage 4 Stage 5 Stage 7 Stage 9 

„Northline‟ 6.9 ± 0.3
*
 9.1 ± 0.1 10.4 ± 0.4 12.2 ± 0.3 13.4 ± 0.3 

„Honeywood‟ 6.5 ± 0.2 8.7 ± 0.4 11.7 ± 0.1 13.2 ± 0.2 15.5 ± 0.4 

„Pembina‟ 6.9 ± 0.2 7.6 ± 0.2 9.5 ± 0.3 11.5 ±0.5 12.9 ± 0.2 

„Thiessen‟ 7.8 ± 0.2 8.3 ± 0.4 11.1 ± 0.3 12.8 ± 0.3 13.8 ± 0.3 

„Altaglo‟ 4.2 ± 0.0 9.2 ± 0.2 10.6 ± 0.3 11.6 ± 0.3 13.3 ± 0.3 

 Fresh fruit weight (mg) 

„Northline‟ 181.3 ± 9.0 327.9 ± 23.2 475.3 ± 27.2 830.3 ± 14.1 1122.4 ± 27.4 

„Honeywood‟ 153.7 ± 2.8 291.1 ± 23.2 642.8 ± 40.7 981.4 ± 66.8 1865.8 ± 19.2 

„Pembina‟ 188.3 ± 4.2 242.3 ± 14.0 373.8 ± 21.6 666.3 ± 76.7 957.6 ± 27.5 

„Thiessen‟ 234.2 ± 3.6 387.1 ± 61.5 623.2 ± 45.8 948.6 ± 23.1 1522.4 ± 126.3 

„Altaglo‟ 52.0 ± 3.1 345.7 ± 17.7 521.4 ± 34.9 667.6 ± 35.2 1030.0 ± 92.1 

* Data are means ± SE, n= 5. 

 

Anthocyanin and flavonol profiles during fruit development 

Anthocyanins 

A typical HPLC-DAD chromatogram of a flavonoid extract from „Pembina‟ 

stage 9 fruit monitored at 520 nm for anthocyanin detection is presented in Figure 

3.2 A. Four anthocyanin peaks were detected, cyanidin 3-O-galactoside (cyn-gal, 

1a), cyanidin-3-O-glucoside (cyn-glu, 1b), cyanidin 3-O-arabinoside (cyn-arb, 1c), 

and cyanidin 3-O-xyloside (cyn-xyl, 1d) respectively, as previously determined by 

Ozga et al. (2007) for cultivars Honeywood and Smoky. Cyn-gal, cyn-glu and 

cyn-arb were detected throughout development in fruits from all pigmented-

cultivars tested (stages 1 to 9), with cyn-gal predominating the profile throughout 

development (Figure 3.3 B-E). Thus, cyn-gal is likely responsible for the reddish 

colouration on the mainly green-coloured fruit skin early in development (Figure 

3.1). As the fruit transitioned into the ripening phase (stage 7), anthocyanin 
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content dramatically increased and cyn-xyl was detected (Figure 3.3 B-E).  

Anthocyanin levels peaked at fruit maturity (stage 9) in all pigmented-cultivars 

tested. The dramatic increase in anthocyanin levels in the latter fruit 

developmental stages suggests that as part of the ripening process,  increased 

expression of transcription factors that are specific to up-regulating the transcript 

abundance of genes in the anthocyanin biosynthesis pathway occurs, as observed 

in grape berries (Deluc et al., 2008). The high anthocyanin levels that occur in 

mature fruit might function to  alleviate  oxidative stress as the fruit ripens 

(Rogiers et al., 1998), and/or the intense colouration of the fruit can function to 

attract animals for seed dispersal (Schaefer et al., 2004). Anthocyanin localization 

was carried out by cross sectioning whole fruits and visually observing tissue 

colouration. The typical red colour of anthocyanin appeared on some parts of the 

fruit exocarp (skin) throughout the earlier developmental stages (stages 1-5; 

Figure 3.1A). The fruit exocarps‟ red colour intensified as the fruit transitioned 

into the ripening stage (stage 7), and redish-purple pigmentation was also 

observable in the cells of the mesocarp, vascular traces, and the fruit locule 

margins. This colouration pattern intensified in the mature fruit (Figure 3.1A). In 

this study, the total anthocyanin concentration (mg per 100 g fresh fruit weight) 

was relatively similar in the mature fruits of „Honeywood‟ (158), „Pembina‟ (154), 

and „Thiessen‟ (158); however, „Northline‟ (201) contained higher levels (Table 

3.2). The overall levels of anthocyanins in the mature pigmented saskatoon fruit 

are comparable to those found in other small fruits such as blueberry, cranberry, 

and sweet cherry (Wu et al., 2006). In general, saskatoon fruits have a relatively 

simple anthocyanin profile (4 major anthocyanins, all cyanidin-3-O-

monoglucosides) compared to that of other common small fruits (for example, 

blueberries have over 13 anthocyanins; Prior et al., 2001). Qualitative and 

quantitative analysis of the anthocyanin profile in the non-pigmented saskatoon 

fruit cultivar „Altaglo‟ (white-coloured fruit at maturity) was also carried out over 

fruit development in order to gain a better understanding of flavonoid biosynthesis 

and accumulation in this fruit. Cyn-gal and cyn-arb were found in „Altaglo‟ fruits 

at levels comparable to that of the other pigmented cultivars during early fruit 
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development (stage 4; Figure 3.3; Table 3.2), demonstrating that the structural 

genes in the flavonoid pathway required to produce these anthocyanins are present 

and functioning during this developmental phase. However, as „Altaglo‟ fruit 

continued to develop and transition into the ripening phase (stage 7), the dramatic 

increase in anthocyanin levels did not occur as observed in the pigmented 

cultivars, and only minimal levels of anthocyanins were detected at maturity 

(stage 9; Figure 3.3; Table 3.2). Thus, it is unlikely that the white-fruited 

„Altaglo‟ is the result of a mutation in a key enzyme(s) for anthocyanin 

biosynthesis. It is more likely that the white-fruit phenotype is due to a mutation 

in a transcription factor (s) that regulate the coordinated up-regulation of 

anthocyanin biosynthesis gene expression during the ripening phase of fruit 

development, as documented in fruits of other plant species such as grape and  

apple (Jaakola et al., 2002; Espley et al., 2007; Deluc et al., 2008).  
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Figure 3.2: An HPLC-DAD profile of a stage 9 „Pembina‟ saskatoon fruit 

flavonoid extract. (A) Profile of anthocyanins monitored at 520 nm. (B) Profile of 

flavonols monitored at 350 nm. 1a (15.7 min), cyanidin 3-O-galactoside; 1b (19.4 

min), cyanidin 3-O-glucoside; 1c (23.3 min), cyanidin 3-O-arabinoside; 1d (43.0 

min), cyanidin 3-O-xyloside; 2a (4.9 min), 3-O-caffeoylquinic acid; 2b (8.7 min), 

5-O-caffeoylquinic acid; 2c (10.6 min), putative quercetin triglycoside; 2d (15.7 



52 
 

 

min), cyanidin 3-O-galactoside; 2e (18.6 min), unknown chlorogenic acid isomer; 

2f (23.3 min), cyanidin 3-O-arabinoside; 2g (32.7 min), putative quercetin 

triglycoside; 2h (39.6 min), quercetin 3-O-arabinoglucoside; 2i (42.7 min), 

quercetin 3-O-galactoside; 2j (46.8 min), quercetin 3-O-glucoside; 2k + 2l (50.4 

min), quercetin 3-O-robinobioside + quercetin 3-O-rutinoside; 2m (53.3 min), 

quercetin 3-O-arabinoside; 2n (54.7 min), quercetin 3-O-xyloside. 
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 Figure 3.3: Type and content of anthocyanins in the fruits of (A) „Altaglo‟, (B) 

„Honeywood‟, (C) „Northline‟, (D) „Pembina‟, and (E) „Thiessen‟ during 

development (stages 1, 4, 5, 7 and 9). Cyn-gal, cyanidin 3-O-galactoside; cyn-glu, 

cyanidin 3-O-glucoside; cyn-arb, cyanidin 3-O-arabinoside; cyn-xyl, cyanidin 3-

O-xyloside. 
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Table 3.2: Total anthocyanin concentration during fruit development (mg per 100 

grams fresh weight)
a
. 

Cultivar Stage 1 Stage 4 Stage 5 Stage 7 Stage 9 

Altaglo nd
b
 2.8 ± 0.2

c
 1.0 ± 0.4 0.06 ± 0.02 0.08 ± 0.01 

Honeywood 3.4 ± 0.2 4.0 ± 0.9 4.9 ± 0.3 43.3 ± 2.2 157.9 ± 5.6 

Northline 1.6 ± 0.4 2.5 ± 0.2 11.0 ± 1.8 75.4 ± 0.5 200.9 ± 14.5 

Pembina 0.90 ± 0.07 2.1 ± 0.0 3.4 ± 0.1 37.4 ± 2.8 153.5 ± 6.9 

Thiessen 2.4 ± 0.0 5.4 ± 0.8 5.2 ± 0.6 34.4 ± 2.9 157.5 ± 7.2 

a
 Content estimated as cyanidin 3-O-galactoside (cyn-gal, cyn-arb, and cyn-xyl) 

and cyanidin 3-O-glucoside (cyn-glu) equivalents; 
b
 nd=not determined;  

c
 Data are means ± SE, n=2 to 4.  

 

Flavonols  

A representative HPLC-DAD chromatogram of a flavonoid extract from 

„Pembina‟ stage 9 fruit monitored at 350 nm for flavonol detection is presented in 

Figure 3.2 B. Seven main flavonols were detected as follows: quercetin 3-O-

arabinoglucoside (2h), quercetin 3-O-galactoside (2i), quercetin 3-O-glucoside 

(2j), quercetin 3-O-robinobioside (2k) and quercetin 3-O-rutinoside (2l), quercetin 

3-O-arabinoside (2m), and quercetin 3-O-xyloside (2n) in all pigmented-cultivars 

studied, as previously determined in „Honeywood‟ and „Smoky‟ fruits by Ozga et 

al. (2007). Additionally, in ripening and mature fruit (stage 7 and 9) of the 

pigmented-cultivars, the presence of a strongly hydrophilic flavonol-type 

compound was observed (peak 2c; Figure 3.2 B; Figure 3.4) that had maximum 

absorbance at 343 nm. After isolation of this compound by collecting the HPLC 

2c fraction, an LC-MS analysis was completed. The MS fragmentation pattern 

suggests that peak 2c is a quercetin triglycoside with characteristic aglycone ion 

masses of 303 (quercetin + H
+
 ion) and 812 (162 × 3 + 302 + 22 +1 + 1 = hexose 

× 3 + quercetin + sodium ion + H + 1; Table 3.3 and Figure 3.5). Strongly polar 

quercetin triglycosides have been reported in Italian red onion and cauliflower 

(Llorach et al., 2003; Bonaccorsi et al., 2005).  These quercetin triglycosides were 
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glycosylated at carbons 3, 7 or 4' (Figure 2.3).  As the polarity of this compound 

was much stronger than the other flavonols detected (eluted at 10.5 min in our 

HPLC system; Figure 3.2 B), it is reasonable to propose that the glycosylation 

pattern of this flavonol likely differs from the other flavonols, with a hexose sugar 

attached at carbon 3 and 7 or 4'.  Nuclear magnetic resonance (NMR) studies 

would be required to determine the exact chemical structure of this quercetin 

triglycoside. 

 

Figure 3.4: Type and content of flavonols in the fruits of (A) „Altaglo‟, (B) 

„Honeywood‟, (C) „Northline‟, (D) „Pembina‟, and (E) „Thiessen‟ during fruit 
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development (stages 1, 4, 5, 7 and 9). Q-trigly 2c, putative quercetin triglycoside; 

Q-trigly 2g,  putative quercetin triglycoside; Q-arb-glu, quercetin 3-O-

arabinoglucoside; Q-gal, quercetin 3-O-galactoside; Q-glu, quercetin 3-O-

glucoside; Q-rub, quercetin 3-O-robinobioside + quercetin 3-O-rutinoside; Q-arb, 

quercetin 3-O-arabinoside; Q-xyl, quercetin 3-O-xyloside. 

 

Table 3.3: Characteristic retention time and the fragment ion masses of quercetin 

triglycosides in saskatoon fruit extracts as determined by LC-MS analysis
a
.  

Quercetin 

triglycosides 

Sample tR (min)
b
 Aglycon 

(A) 

Major fragment and molecular ions  

[M+H]
+
  

Fragment 

ions 

 2c  

Isolated 

Fraction from 

„Honeywood‟ 

stage 9 extract 

10.5 (11.7 

in Fig. 

3.5) 

303([A+

H]
+
, 100

c
) 

 

812 (A + hex + hex + hex, 60) 

 

 

150, 215, 

399, 877, 

1147  

 2g  

Stage 1 

„Honeywood‟ 

Extract 

32.7 (30.9 

in Fig. 3. 

6) 

303([A+

H]
+
, 34) 

 

743 (A + rham + hex + pen, 19) 

765 (A + rham + hex + pen + Na
+
, 29) 

633 (A + rham + hex + Na
+
, 100) 

611 (A + rham + hex, 100) 

465 (A + hex, 18) 

449 (A + rham, 100) 

 

 

766, 649, 

579, 

 147 

 

a 
MS operated in the positive ion mode; 

b
 tR, retention time; 

c
 Ion abundance. Hex, 

hexose; pen, pentose.  

 

 

Figure 3.5: Mass spectrum of flavonol-type compound 2c. 

 

Another unknown flavonol-type compound (peak 2g, Figure 3.2 B) was 

detected in „Honeywood‟ stage 1 fruits and „Pembina‟ fruits throughout 

development (Figure 3.4). This flavonol was further identified by LC-MS 
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analysis as a quercetin triglycoside of rhamnose, hexose, and pentose with a 

molecular ion mass of 743 (302 + 146 + 162 + 132 + 1 = quercetin + rhamnose + 

hexose + pentose + H; Table 3.3 and Figure 3.6). This compound (eluted at 32.7 

min in the HPLC system) had similar polarity with that of quercetin 3-O-arabino-

glucoside, therefore it is reasonable to postulate that this compound is a quercetin 

3-O-triglycoside. Sequence and linkage among the three sugar units in the 

trisaccharide, and with quercetin, is hard to confirm by LC-MS analysis since 

internal monosaccharide loss might happen during the electrospray ionization 

process (Cuyckens et al., 2001). While isomers of the compound have been 

identified from various plant samples such as leaves of Camellia japonica, seeds 

of Chenopodium pallidicaule, and Actinidia arguta, structural confirmation will 

require further studies using NMR spectroscopy (Webby, 1991; Rastrelli et al., 

1995; Onodera et al., 2006). 

 

Figure 3.6: Mass spectrum of flavonol-type compound 2g. 

 

In general, the flavonol profile of the pigmented cultivars was relatively 

similar with quercetin 3-O-galactoside, quercetin 3-O-glucoside and quercetin 3-

O-arabinoglucoside dominating the flavonol profile throughout development. The 

flavonol profile of „Altaglo‟ differed from those of the pigmented-cultivars of 

fruit in several ways. Quercetin 3-O-arabinoglucoside was not detected in 

„Altaglo‟ (Figure 3.4 A) fruits over development, while this flavonol was 

relatively abundant in the other pigmented cultivars (Figure 3.4).  Also, quercetin 

3-O-glucoside was in greater abundance in „Altaglo‟ relative to other flavonols, 

where as quercetin 3-O-galactoside was the most abundance flavonol in the most 
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pigmented-cultivars (Figure 3.4). In flavonol biosynthesis, the 

glycosyltransferases, which catalyze the transfer of sugars to the flavonol 

aglycones, may have different preferences for sugars as substrates. The variation 

in flavonol type between the cultivars and over development within a cultivar may 

reflect the type and activities of specific glycosyltransferases (Offen et al., 2006). 

In addition to flavonol peaks, chlorogenic acid isomers were detected (2a, 

neochlorogenic acid; 2b, chlorogenic acid; 2e, an unknown chlorogenic acid 

isomer), as previously described by Ozga et al. (2007; Figure 3.2 B). 

In most of the saskatoon cultivars studied, the maximum fruit flavonol 

concentration occurred earlier in fruit development (stage 1 to 4; Figure 3.7; 

Table A.1 in appendix I) followed by a decline in flavonol concentration as the 

fruit transitioned into ripening (stage 7; Figure 3.7). Subsequently, flavonol 

concentrations increased in the mature fruit (stage 9; Figure 3.7). In blueberry 

(Vaccinium corymbosum L.) and bilberry (Vaccinium myrtillus), flavonol 

concentration was also high in early developmental stages of fruits and decreased 

along with fruit development (Jaakola et al., 2002; Castrejon et al., 2008). The 

activities of flavonoid biosynthesis enzymes, such as phenylalanine ammonia 

lyase (PAL), flavonol synthase (FLS), flavonoid 3-O-glucosyltransferase (F3GT), 

and flavonoid 7-O-glucosyltransferase (F7GT), were determined in strawberry 

(Fragaria × ananassa) during fruit development (Halbwirth et al., 2006). Most 

enzyme activities (PAL, F3GT, and F7GT) followed a biphasic pattern, where 

higher activities were detected both earlier and later in fruit development, with 

lower activities observed during mid-fruit development. Also, in grape and 

bilberry fruits, the expression of specific flavonoid biosynthesis pathway genes 

was high at the beginning of fruit development and at the end of fruit 

development (Boss et al., 1996; Jaakola et al., 2002). Again, this is likely related 

to the activity of transcription factors that can up-regulate specific parts of the 

flavonoid biosynthesis pathway (Bovy et al., 2002).  

As the fruit continues to increase in size throughout development, the total 

flavonol content per fruit increased during development in the pigmented cultivars 

(Figure 3.7 B-E).  This was not the case for „Altaglo‟ fruits, where the total 
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flavonol content decreased as the fruit matured (stage 4 to 9; Figure 3.7 A).  In 

contrast, pink bilberry fruit (colour mutant, pink fruits at maturity) had a greater 

flavonol content at maturity compared to that in wild type bilberry (dark colour 

fruits at maturity; Jaakola et al., 2002). The reduction in flavonol content per fruit 

in „Altaglo‟ over development is consistent with the loss of function of a ripening-

related flavonoid biosynthesis transcription factor(s) that would act to up-regulate 

flavonoid biosynthesis, leading to flavonol accumulation over development in this 

cultivar.  

 

Figure 3.7: Flavonol concentration in 100 g fresh fruit weight (ffw) basis and 

flavonol content per fruit basis over the development (stages 1, 4, 5, 7, and 9) of 
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saskatoon fruit. (A) „Altaglo‟, (B) „Honeywood‟, (C) „Northline‟, (D) „Pembina‟, 

and (E) „Thiessen‟.   

 

Localization of flavonols during fruit development 

 Flavonols have auto-fluorescence and the auto-fluorescence (yellow colour) 

can be intensified by a flavonol specific staining reagent, diphenylboric acid 2-

aminoethylester (DPBA; Schnitzler et al., 1996; Peer et al., 2001). Flavonol auto-

fluorescence and enhanced fluorescence by DPBA staining in fruit cross-sections 

was monitored using a fluorescence microscope (Figure 3.8). Flavonols were 

localized in most of the exocarp and mesocarp tissues (intracellularly, likely in the 

vacuole) of stage 1 fruits (Figure 3.8, B and C). By stage 4, flavonols mainly 

localized to the epidermis and hypodermal layer (Figure 3.8, B and C). At 

maturity, flavonols were observed mainly in the epidermal/hypodermal layer and 

cuticle of the fruits (Figure 3.8, C). Flavonol localization in the cuticle layer may 

be the result of flavonol migration from the epidermal to the cuticle layer to 

provide protection to fruits from UV light damage (Solovchenko and Merzlyak, 

2003). Placental tissues (also accumulated flavonols with stage 4 tissues showing 

the most intense staining for flavonols; Figure 3.8, D and E). In seed tissues, 

flavonols localized to the vacuoles of developing seed coats during early fruit 

development (stage 4; Figure 3.8, F and G). As the seeds develop, seed coat cells 

undergo sclerification and cell death. Flavonols are likely moving from the 

vacuoles to the cell walls of the seed coat cells during this process to keep 

providing protection to the embryo from potential microbial attack during 

germination. A study of flavonoid deposition in cell walls of flower petals found 

that flavonols not only accumulate in vacuoles as do other flavonoids, but also in 

cell walls (Markham et al., 2000). The same pattern of flavonol localization was 

observed in the pigmented-fruit cultivar „Pembina‟ as observed in „Altaglo‟ (data 

not shown).  
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Figure 3.8: Flavonol accumulation in „Altaglo‟ fruit over development. (A) 

Whole fruit or fruit sections visualized using bright field microscopy; (B-G) Fruit 

tissues visualized using fluorescence microscopy (excitation filter/BP 420-490; 

Dichromatic mirror/510; suppression filter/LP 515) at 20× magnification; Exocarp 

and mesocarp tissue without (B) and with DPBA staining (C); Placenta tissue 

without (D) and with DPBA staining (E); Seed and seed coat tissue without (F) 

and with DPBA staining (G). c, cuticle; e, epidermis; h, hypodermis; m, mesocarp; 

p, placenta; s, seed; sc, seed coat. 
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Conclusions 

In summary, anthocyanin and flavonol accumulation in saskatoon fruits was 

temporally and spatially regulated during development. Anthocyanin levels were 

low during early fruit development stages, and dramatically increased during 

ripening in all pigmented-cultivars. Anthocyanins mainly accumulated in the 

mature fruit exocarp, locule margin, and mesocarp tissues. In the white-fruited 

mutant „Altaglo‟, anthocyanin content during early fruit development was similar 

to that of the pigmented cultivars; however, the dramatic increase in anthocyanin 

content during the ripening phase did not occur. The profiles of the major 

flavonols were relatively similar among the pigmented cultivars studied.  

Additionally, two quercetin-triglycosides were identified in the fruit of specific 

saskatoon cultivars. Flavonol accumulation showed a biphasic pattern, with levels 

higher earlier and later in fruit development. Flavonols were distributed in all the 

tissues of the fruit during the early developmental stages, and were mainly 

localized to the cuticle, exocarp, placental, and seed coat tissues in mature fruit.  

The temporal and spatial regulation of anthocyanin and flavonol accumulation 

suggests that these flavonoid compounds play important roles in the fruit during 

development and in the reproductive strategy of this species.  

 

Literature Cited 

Bakowska-Barczak AM, Kolodziejczyk P (2008) Evaluation of saskatoon berry 

(Amelanchier alnifolia Nutt.) cultivars for their polyphenol content, 

antioxidant properties, and storage stability. Journal of Agricultural and 

Food Chemistry 56: 9933-9940 

 

Bonaccorsi P, Caristi C, Gargiulli C, Leuzzi U (2005) Flavonol glucoside 

profile of southern Italian red onion (Allium cepa L.). Journal of 

Agricultural and Food Chemistry 53: 2733-2740 

 

Boss PK, Davies C, Robinson SP (1996) Analysis of the expression of 

anthocyanin pathway genes in developing Vitis vinifera L cv Shiraz grape 

berries and the implications for pathway regulation. Plant Physiology 111: 

1059-1066 

 



62 
 

 

Bovy A, de Vos R, Kemper M, Schijlen E, Pertejo MA, Muir S, Collins G, 

Robinson S, Verhoeyen M, Hughes S, Santos-Buelga C, van Tunen A 
(2002) High-flavonol tomatoes resulting from the heterologous expression 

of the maize transcription factor genes LC and C1. Plant Cell 14: 2509-

2526 

 

Castrejon ADR, Elchholz I, Rohn S, Kroh LW, Huyskens-Keil S (2008) 

Phenolic profile and antioxidant activity of highbush blueberry 

(Vaccinium corymbosum L.) during fruit maturation and ripening. Food 

Chemistry 109: 564-572 

 

Crozier A, Jaganath IB, Clifford MN (2009) Dietary phenolics: chemistry, 

bioavailability and effects on health. Natural Product Reports 26: 1001-

1043 

 

Cuyckens F, Rozenberg R, de Hoffmann E, Claeys M (2001) Structure 

characterization of flavonoid O-diglycosides by positive and negative 

nano-electrospray ionization ion trap mass spectrometry. Journal of Mass 

Spectrometry 36: 1203-1210 

 

Deluc L, Bogs J, Walker AR, Ferrier T, Decendit A, Merillon JM, Robinson 

SP, Barrieu F (2008) The transcription factor VvMYB5b contributes to 

the regulation of anthocyanin and proanthocyanidin biosynthesis in 

developing grape berries. Plant Physiology 147: 2041-2053 

 

Espley RV, Hellens RP, Putterill J, Stevenson DE, Kutty-Amma S, Allan AC 
(2007) Red colouration in apple fruit is due to the activity of the MYB 

transcription factor, MdMYB10. Plant Journal 49: 414-427 

 

Halbwirth H, Puhl I, Haas U, Jezik K, Treutter D, Stich K (2006) Two-phase 

flavonoid formation in developing strawberry (Fragaria × ananassa) fruit. 

Journal of Agricultural and Food Chemistry 54: 1479-1485 

 

Hosseinian FS, Beta T (2007) Saskatoon and wild blueberries have higher 

anthocyanin contents than other Manitoba berries. Journal of Agricultural 

and Food Chemistry 55: 10832-10838 

 

Jaakola L, Maatta K, Pirttila AM, Torronen R, Karenlampi S, Hohtola A 
(2002) Expression of genes involved in anthocyanin biosynthesis in 

relation to anthocyanin, proanthocyanidin, and flavonol levels during 

bilberry fruit development. Plant Physiology 130: 729-739 

 

Kolb CA, Kopecky J, Riederer M, Pfundel EE (2003) UV screening by 

phenolics in berries of grapevine (Vitis vinifera). Functional Plant Biology 

30: 1177-1186 

 



63 
 

 

Llorach R, Gil-Izquierdo A, Ferreres F, Tomas-Barberan FA (2003) HPLC-

DAD-MS/MS ESI characterization of unusual highly glycosylated 

acylated flavonoids from cauliflower (Brassica oleracea L. var. botrytis) 

agroindustrial byproducts. Journal of Agricultural and Food Chemistry 51: 

3895-3899 

 

Markham KR, Ryan KG, Gould KS, Rickards GK (2000) Cell wall sited 

flavonoids in lisianthus flower petals. Phytochemistry 54: 681-687 

 

Martineau LC, Couture A, Spoor D, Benhaddou-Andaloussi A, Harris C, 

Meddah B, Leduc C, Burt A, Vuong T, Le PM, Prentki M, Bennett SA, 

Arnason JT, Haddad PS (2006) Anti-diabetic properties of the Canadian 

lowbush blueberry Vaccinium angustifolium Ait. Phytomedicine 13: 612-

623 

 

Mazza G (1986) Anthocyanins and other phenolic-compounds of saskatoon 

berries (Amelanchier alnifolia Nutt). Journal of Food Science 51: 1260-

1264 

 

McGarry R, Ozga JA, Reinecke DM (1998) Patterns of saskatoon (Amelanchier 

alnifolia Nutt.) fruit and seed growth. Journal of the American Society for 

Horticultural Science 123: 26-29 

 

McGarry R, Ozga JA, Reinecke DM (2005) The effects of ethephon on 

saskatoon (Amelanchier alnifolia Nutt.) fruit ripening. Journal of the 

American Society for Horticultural Science 130: 12-17 

 

Middleton EM, Teramura AH (1993) The role of flavonol glycosides and 

carotenoids in protecting soybean from ultraviolet-B damage. Plant 

Physiology 103: 741-752 

 

Mol J, Grotewold E, Koes R (1998) How genes paint flowers and seeds. Trends 

in Plant Science 3: 212-217 

 

O' Brien TP, McCully ME (1981) The study of plant structure: principles and 

selected methods. Termarcarphi, Melbourne, Australia 

 

Offen W, Martinez-Fleites C, Yang M, Kiat-Lim E, Davis BG, Tarling CA, 

Ford CM, Bowles DJ, Davies GJ (2006) Structure of a flavonoid 

glucosyltransferase reveals the basis for plant natural product modification. 

Embo Journal 25: 1396-1405 

 

Onodera K, Hanashiro K, Yasumoto T (2006) Camellianoside, a novel 

antioxidant glycoside from the leaves of Camellia japonica. Bioscience 

Biotechnology and Biochemistry 70: 1995-1998 

 



64 
 

 

Ozga JA, Saeed A, Wismer W, Reinecke DM (2007) Characterization of 

cyanidin- and quercetin-derived flavonolds and other phenolics in mature 

saskatoon fruits (Amelanchier alnifolia Nutt.). Journal of Agricultural and 

Food Chemistry 55: 10414-10424 

 

Peer WA, Brown DE, Tague BW, Muday GK, Taiz L, Murphy AS (2001) 

Flavonoid accumulation patterns of transparent testa mutants of 

Arabidopsis. Plant Physiology 126: 536-548 

 

Prior RL (2004) Absorption and metabolism of anthocyanins: Potential health 

effects. In Phytochemicals: Mechanisms of Action. Crc Press-Taylor & 

Francis Group, Boca Raton, pp 1-19 

 

Prior RL, Lazarus SA, Cao GH, Muccitelli H, Hammerstone JF (2001) 

Identification of procyanidins and anthocyanins in blueberries and 

cranberries (Vaccinium spp.) using high-performance liquid 

chromatography/mass spectrometry. Journal of Agricultural and Food 

Chemistry 49: 1270-1276 

 

Rastrelli L, Saturnino P, Schettino O, Dini A (1995) Studies on the constituents 

of chenopodium pallidicaule (Canihua) Seeds - isolation and 

characterization of 2 new flavonol glycosides. Journal of Agricultural and 

Food Chemistry 43: 2020-2024 

 

Rogiers SY (1997) Biochemical and physiological studies of saskatoon 

(Amelanchier alnifolia Nutt.) fruit during ripening and storage. University 

of Alberta, Edmonton 

 

Rogiers SY, Knowles NR (1997) Physical and chemical changes during growth, 

maturation, and ripening of saskatoon (Amelanchier alnifolia) fruit. 

Canadian Journal of Botany-Revue Canadienne De Botanique 75: 1215-

1225 

 

Rogiers SY, Kumar GNM, Knowles NR (1998) Maturation and ripening of fruit 

of Amelanchier alnifolia Nutt. are accompanied by increasing oxidative 

stress. Annals of Botany 81: 203-211 

 

Schaefer HM, Schaefer V, Levey DJ (2004) How plant-animal interactions 

signal new insights in communication. Trends in Ecology & Evolution 19: 

577-584 

 

Schnitzler JP, Jungblut TP, Heller W, Kofferlein M, Hutzler P, Heinzmann 

U, Schmelzer E, Ernst D, Langebartels C, Sandermann H (1996) 

Tissue localization of uv-B-screening pigments and of chalcone synthase 

mRNA in needles of Scots pine seedlings. New Phytologist 132: 247-258 

 



65 
 

 

Solovchenko A, Merzlyak M (2003) Optical properties and contribution of 

cuticle to UV protection in plants: experiments with apple fruit. 

Photochemical & Photobiological Sciences 2: 861-866 

 

St-Pierre RG (1997) Growing saskatoons - a manual for orchardists. Fifth edition. 

Department of Horticulture Science, University of Saskatchewan, 

Saskatoon, SK. 338 pp. 

 

Webby RF (1991) A flavonol triglycoside from Actinidia arguta var Giraldii. 

Phytochemistry 30: 2443-2444 

 

Wu XL, Beecher GR, Holden JM, Haytowitz DB, Gebhardt SE, Prior RL 
(2006) Concentrations of anthocyanins in common foods in the United 

States and estimation of normal consumption. Journal of Agricultural and 

Food Chemistry 54: 4069-4075 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



66 
 

 

Chapter 4 

Characterization of Proanthocyanidins in Saskatoon 

Fruits (Amelanchier alnifolia Nutt.) during Development 

and at Maturity 

Introduction 

Saskatoon fruits (Amelanchier alnifolia Nutt.) are native fruit species of the 

Northern prairies and plains of North America (St-Pierre, 1997). Saskatoon fruits 

have excellent flavour attributes when consumed as fresh fruit or processed food 

and have potential to be an economically important fruit crop (similar to 

blueberries) in Canada, since saskatoons can be produced in commercially 

acceptable amounts in Western  Canada (St-Pierre et al., 2005). Saskatoon fruit 

contain significant levels of flavonoids in the mature fruit including the 

proanthocyanin (PA) class of flavonoids (Hellstrom et al., 2007; Bakowska-

Barczak and Kolodziejczyk, 2008).  As one of the main subclasses of flavonoids, 

PAs (oligomeric and polymeric flavan-3-ols, also known as condensed tannins 

due to their brown oxidation colour) are widely distributed in many types of 

fruits, where they provide flavor and astringency to the fruit when consumed 

(Aron and Kennedy, 2008). Additionally, recent research suggests that PAs may 

also have beneficial effects on human health (Bagchi et al., 2000; Lee et al., 

2008). 

The chemical structure of PAs vary by the nature (stereochemistry and 

hydroxylation pattern) of the flavan-3-ols in the extension and terminal units, the 

linkages between subunits, the degree of polymerization, and the presence or 

absence of esterification of the C3 hydroxyl group with gallic acid (refer to 

Figure 2.5). The linkage between flavan-3-ols in PAs is normally between the C4 

of the „upper‟ unit and the C8 or C6 positions of the „lower‟ unit. These types of 

PAs are called B-type. In the case of A-type PAs, both C2 and C4 of the upper 

unit and the oxygen at C7 and C6 or C8 are doubly linked (Figure 2.5; Gu et al., 
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2003). A-type linkages are abundant in PAs from cranberries and peanut seed 

coats (Koerner et al., 2009), and they are reported to ameliorate the effects of 

urinary tract infections by hindering certain-classes of bacterial adherence to 

urinary tract epithelial cells (Foo et al., 2000). Due to the structural complexity of 

PAs, it is challenging to fully structurally characterize individual PAs. Generally, 

information about subunit composition and mean degree of polymerization (mDP) 

provides sufficient knowledge for biologists to study PA biosynthesis and 

nutritionist to study their health benefits (Lee et al., 2008).  

In order to further understand the spatial and temporal dynamics of PA 

biosynthesis and accumulation in saskatoon fruits, we have identified, quantified, 

and histochemically localized PAs over fruit development in five cultivars of 

saskatoons. PA subunit composition and degree of polymerization were 

characterized and quantified using a method of acid-catalyzed cleavage of the PAs 

followed by phloroglucinol derivatization (phloroglucinolysis; Figure 2.9). 

Identification and quantitation of the phloroglucinolysis products was performed 

by reverse-phase (RP) HPLC-DAD analysis and the identification was confirmed 

by LC-MS/MS. Histochemical localization of PA in saskatoon fruits was 

performed using the PA-specific stain (DMACA). 

 

Materials and Methods 

Plant material  

Saskatoon fruits (Amelanchier alnifolia Nutt.) from the cultivars Northline, 

Pembina, Thiessen, Honeywood, and Altaglo were collected from the University 

of Alberta Experimental Farm, Edmonton, Alberta, Canada and sorted into 9 

maturity classes in the manner described in Chapter 3.  

 

Chemicals  

All HPLC grade organic solvents (acetone, acetonitrile, methanol, ethyl 

acetate) and acetic acid (ACS grade) were purchased from Fisher Scientific 

(Ottawa, ON, Canada). (+)-Catechin hydrate, (-)-epicatechin, (-)-epicatechin 

gallate, (-)-epigallocatechin, (-)-gallocatechin, (-)-catechin gallate, (-)-
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epigallocatechin gallate, (-)-gallocatechin gallate, taxifolin, phloroglucinol, 

trifluoroacetic acid (TFA), L-(+)-ascorbic acid, hydrochloric acid (HCl, 36.5 ~ 

38 %), 1-buthanol, DMACA, and TOYOPEARL resin (HW-40F) were purchased 

from Sigma (Oakville, ON, Canada). The crude cranberry PA and grape skin PA 

standards were kindly provided by Dr. James Kennedy‟s lab (Oregon State 

University). They were prepared following the extraction and purification 

procedures described in Kennedy and Taylor (2003) and Koerner et al. (2009).  

 

Extraction and purification of PAs  

Frozen berries were ground to a fine powder in liquid nitrogen using a mortar 

and pestle. Ground samples (5-10 g) were extracted with 66% (v/v) aqueous 

acetone (10 mL per g tissue) in an Erlenmeyer flask. The flask was sparged with 

nitrogen gas then sealed with a glass stopper and placed on a rotary shaker at 100 

rpm in the dark at room temperature for 24 h for extraction. The extract was 

filtered through Whatman No.1 filter paper under moderate vacuum using a 

Büchner funnel. The tissue residue was washed with 66% aqueous acetone, 

extract and wash were pooled, and the acetone was removed using a SpeedVac 

vacuum concentrator (AES 200, Savant, Farmingdale, NY). The remaining 

aqueous PA extract was extracted a minimum of 5 times with 100% HPLC grade 

ethyl acetate (3:1 (v/v), extract: ethyl acetate) to remove chlorophylls, 

anthocyanins, and flavan-3-ol monomers. The remaining ethyl acetate in the 

aqueous extract was removed using a SpeedVac vacuum concentrator.  The 

aqueous extract was adjusted to 50% (v/v) aqueous methanol with 0.1% TFA 

using methanol (100%) and TFA and loaded onto a 4-mL bed volume column of 

TOYOPEARL (1.5  cm diameter × 12 cm length) preconditioned with 50% (v/v) 

aqueous methanol with 0.1% TFA. The column was washed with a minimum of 5 

column bed volumes of 50% aqueous methanol with 0.1% TFA to remove organic 

acids and other flavonoids including flavan-3-ol monomers, anthocyanins, and 

flavonols (eluents from the washing step were monitored with a UV-Vis 

spectrometer (Scinco, Korea) at two wavelength ranges (260-370 nm and 500-560 
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nm) and the washing step continued until minimal absorbance was detected in 

these two wavelength ranges.  

For the crude fruit PA extracts from young fruits (stages 1 to 5), 5 column bed 

volumes of 50% aqueous methanol with 0.1% TFA  was sufficient for impurity 

removal, while PA extracts from mature stage fruits (stages 7 and 9) needed more 

than 10 bed volumes of washing solution to sufficiently remove the impurities. 

Following the wash step, the PAs were eluted using 4 bed volumes of 66% 

acetone with 0.1% TFA. The acetone was removed from the extract using a 

SpeedVac vacuum concentrator, and the remaining aqueous extract was 

lyophilized.    

 

Phloroglucinolysis of PAs 

The phloroglucinolysis reaction procedure of Koerner et al. (2009) was used 

with minor modifications. Briefly, approximately 10 mg of the lyophilized PA 

extract was dissolved in a 2 mL solution of 0.1 N methanolic hydrochloric acid 

solution containing 100 g L
-1

 phloroglucinol and 10 g L
-1

 ascorbic acid. For 

determining the optimal reaction time for saskatoon fruit PA extracts, the reaction 

was carried out in a 50 ºC water bath for 10, 20, 60, 90, 120, 135, 150, 180, and 

300 min. Subsequently, a 200 µL aliquot of the reaction product from each 

incubation period was added to 1 mL of 40 mM aqueous sodium acetate solution 

to quench the reaction. The diluted reaction solutions were subjected to HPLC-

DAD analysis (see below) for monitoring free-flavan-3-ol (released from PA 

terminal units) and flavan-3-ol phloroglucinol adduct (from extension PA units) 

production. Using data from this time-course experiment and that in the literature, 

the phloroglucinolysis reaction times for monitoring free-flavan-3-ols flavan-3-ol 

phloroglucinol adducts were as follows: 20 min for B-type and A-type ( A2) 

terminal units, and B-type phloroglucinol adducts; 120 min for A-type (A2)-

phloroglucinol adducts for saskatoon fruit PA extracts; 20 min for grape fruit skin 

PA standard extracts (no A-type linkages present), and 135 min for cranberry fruit 

PA standard extracts.  
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Identification and quantitation of PAs  

A 20 µL aliquot of the diluted reaction mixture was injected onto two 

Chromolith RP-18e (4.6 x 100 mm) columns connected in series, protected by a 

guard column (Chromolith RP-18e 4.6 x 10 mm), stabilized at 30
o
C, using an 

Agilent 1200 HPLC system equipped with an Agilent G1315B DAD. The HPLC 

conditions followed that of Kennedy and Taylor (2003) with minor modifications. 

The samples were eluted at 3 mL min
-1

 using a linear gradient with 1 % (v/v) 

aqueous acetic acid (solvent A) and acetonitrile with 1% acetic acid (v/v; solvent 

B) as follows: isocratic at 3 % B from 0 to 4 min, 3% to 18 % B by 14 min, and 

80 % B from 14 to 18 min. Free-flavan-3-ols, A2 dimers, flavan-3-ol 

phloroglucinol adducts (from extension subunits), and A2-phloroglucinol adducts 

(from extension subunits) were monitored at 280 nm. PA terminal subunits were 

identified by comparison of HPLC-DAD retention times and absorbance spectra 

with commercially available flavan-3-ol standards. Phloroglucinol-PA adducts 

were identified by comparison of HPLC retention times with grape skin and 

cranberry fruit PA reaction products that have been previously characterized 

(Koerner et al., 2009). Mean degree of polymerization and conversion yields were 

calculated according to method of Kennedy and Jones (2001).   

To confirm the identification of the flavan-3-ol monomers and phloroglucinol 

adducts, LC-MS analysis of the phloroglucinolysis reaction products was 

performed on a 4000 Q-TRAP
®

 LC/MS/MS mass spectrometer (MDS SCIEX, 

Applied Biosystems) connected to an Agilent 1200 HPLC system with G 1315D 

photodiode array detector, G1312A binary pump, G1379B degasser, G1316A 

thermostatted column compartment and G1329A autosampler (Agilent 

Technologies, Palo Alto, CA). HPLC separation was performed on a Symmetry
®

 

C18 column (250 × 4.6 mm, 5 µm particle size) with a Novapak
®
 C18 guard 

column (10 × 4.6 mm, 4 µm particle size, Waters, MA) at 25 ºC and at a flow rate 

of 1 mL min
-1

. The compounds were separated using a linear elution gradient of 

(A) 1 % aqueous acetic acid (v/v) and (B) 100 % methanol as follows: isocratic at 

5% B from 0-13 min; 20% B at 33 min; 40 % B at 58 min; 90% B at 58.1 min; 

isocratic at 90 % B from 58.1 to 68.1 min. MS/MS analysis was carried out in the 
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negative ion mode using the following mass spectrometer conditions: high-purity 

nitrogen gas (99.995 %) as nebulising gas (GS1) at 50 psi, heating gas (GS2) at 30 

psi, and curtain gas (CUR) at 25 psi for electrospray probe. Ion-spray source 

temperature was 600 °C and ion spray voltage was 4 kV. Collision-induced 

dissociation (CID) spectra were acquired using nitrogen as the collision gas under 

collision energy (CE) of 20 eV. The other MS parameters used were as follows: 

declustering potential (DP), 70 V; entrance potential (EP), 10 V; and collision exit 

potential (CXP), 7 V. An information-dependent acquisition (IDA) method, EMS 

→ 4 EPI, was used to profile the phloroglucinol adducts of flavan-3-ols and 

flavan-3-ol terminal units. The IDA threshold was set at 100 cps, above which 

enhanced product ion (EPI) spectra were collected from the eight most intense 

peaks. Both Q1 and Q3 were operated at low and unit mass resolution. The 

spectra were obtained over a scan range from the mass to charge ratio (m/z) 50 to 

1300. The EPI scan rate was 4000 Da/s and the enhanced MS (EMS) scan rate 

was 1000 Da/s. MS/MS data were acquired and analyzed by Analyst software 

(version 1.5, Applied Biosystems, CA). 

PA terminal subunits (except for the A-type terminal unit dimer; A2) were 

identified by comparison of HPLC-DAD retention times, LC-MS fragmentation 

spectra and absorbance spectra with commercially available flavan-3-ol standards. 

Epicatechin-(4β→2)-phloroglucinol (EC-P) was identified by comparison of 

HPLC retention times and LC-MS fragmentation pattern with grape skin PA 

phloroglucinolysis reaction products. A2 and the A2-phloroglucinol (A2-P) adduct 

were characterized by comparison of HPLC retention times and LC-MS spectra 

with cranberry fruit PA phloroglucinolysis products, which have been previously 

characterized (Kennedy and Jones, 2001; Koerner et al., 2009). The catechin-

(4α→2)-phloroglucinol (C-P) standard was synthesized using a method 

previously described by Kennedy and Jones (2001) and Li and Deinzer (2006) 

with minor modifications. Briefly, 20 mg taxifolin was reduced by excessive 

sodium borohydride (22 mg) in 100 % ethanol (completely dehydrated with 

anhydrous sodium sulfate) for one hour at room temperature. Phloroglucinol (70 

mg dissolved in 4 mL 0.1 N HCl/ethanol solution) was added to the taxifolin 
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solution and the mixture was stirred 45 min, then diluted with 4 mL Milli-Q water. 

Catechin-phloroglucinol was extracted from the reaction solution by partition 

with10 mL ethyl acetate (4 times), then the ethyl acetate fraction was evaporated 

to dryness using a SpeedVac vacuum concentrator. Epicatechin was used as an 

external standard for quantification of the free-PA terminal subunits (catechin, 

epicatechin, and A2) and phloroglucinol adducts. The relative molar and mass 

response factors from Kennedy and Jones (2001) and Koerner et al. (2009) were 

used for calculating PA subunit concentration, mDP, and conversion yield as 

described by Kennedy and Jones (2001). 

 

Histochemical localization of PAs 

All fruit for the histochemical study were collected at the University of 

Alberta Experimental Research Station, Edmonton, Alberta and transported to the 

lab on ice. For stage 5, 7, and 9 fruits, the top (pedicle end) and bottom (calyx end) 

parts of the fruit were removed and approximately 5 to 10 mm of the central fruit 

tissue was used for tissue fixation (Figure 4.1).  

 

Figure 4.1: A schematic of a typical fruit section (5-10 mm) used for histological 

fixation for stage 5, 7, and 9 fruits.  

 

The fresh fruit sections were immediately fixed in 3.2 % paraformaldehyde, 1% 

glutaraldehyde, 2 mM CaCl2, and 10 mM sucrose in 25 mM PIPES buffer (pH 

7.5).  After 5 days of fixing solution infiltration under vacuum at room 

temperature, tissues were rinsed 3 times with 25 mM PIPES buffer (pH 7.5) and 

dehydrated using a graded ethanol series of 30% and 50% ethanol in 25 mM 

PIPES buffer (v/v), followed by 70%, 96%, and 100% ethanol in water for 25 min 

each. After dehydration, specimens were sequentially infiltrated with 2.5%, 5%, 
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10%, 20%, 50%, 75% 1-butanol in ethanol (v/v) for 20 min each and the 

infiltration was completed with three washes of 100% 1-butanol for 20 min. The 

tissues were then embedded in Paraplast
®
 Tissue Embedding Medium (Fisher 

Scientific; Houston, TX) as described by O' Brien and McCully (1981). Briefly, 

the shavings of Paraplast
®
 Tissue Embedding Medium (PEM) were added to the 

tissue in the final 100% 1-butanol change solution, the vials were sealed, and 

stored for 2 days at room temperature. PEM was added intermittently to the tissue 

if all PEM shavings were dissolved into the 1-butanol solution during this period. 

The vials with the tissue slurry were then placed at 40 ºC for 1 day. Subsequently, 

the vials were unsealed and kept at 40 ºC for 2 more days. Then, more PEM 

shavings were added to the tissue vials and the vials were incubated at 59 ºC for 1 

day. While keeping the vials at 59 ºC, twenty five percent of the infiltration 

solvent mixture was replaced by freshly melted PEM. After 2 hours, 

approximately 50% of solvent mixture was replaced by melted PEM. This 

procedure was repeated 2 more times (at 50% replacement of solvent mixture) 

and the vials were further incubated overnight at 59 ºC. Melted fresh PEM was 

then added to replace all the mixture solution and the vials were kept at 59 ºC for 

an additional 24 hours (no 1-buthanol smell should be detected at this step). After 

another change of freshly melted PEM, the vials were placed in a 59 ºC vacuum 

oven for 3-5 days (the time in the vacuum oven varied depending on tissue size). 

Tissues from the vacuum oven were embedded in paraffin blocks using a Tissue-

TEK II Embedding centre (Miles Laboratory, IL, USA). Tissue sections were 

sliced 10 µm to 20 µm thick using a rotary microtome (Reichaert Histo STAT 

820), stretched in a 40 ˚C water bath, affixed onto clean slides, and placed at 37 

˚C to dry overnight.  

 

For PA localization, the paraffin was removed from the tissue sections using 

two toluene (100%) washes at 5 min intervals. Tissue sections were stained with 

0.1% DMACA/0.5 M H2SO4/1-butanol solution prepared as described by 

Gutmann and Feucht (1991). Briefly, 2.80 mL H2SO4 (95~98 %) was added to 50 

mL 1-butanol. After this solution cooled down to room temperature, 0.0840 mg 
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DMACA was added to the solution. This mixture was transferred into a 100 mL 

glass volumetric flask and brought up to 100 mL with 1-butanol. This staining 

solution was stored at 4 ºC until use (and could be used up to one month). For 

tissue staining, slides with fruit sections were covered with the DMACA solution 

and incubated at 60 ºC on a hot plate for 15 min. The slides were then washed 

with 100% ethanol to remove the excess staining solution. The slides were then 

dipped into two fresh toluene (100%) baths for 5 min each to remove moisture 

from the tissues. Cover slides were placed on slide-mounted tissue sections using 

DPX mounting media (BDH Chemicals, NY, USA). Tissue sections were 

observed using a Zeiss AXIO scope A1 light microscope (Zeiss, Germany) and 

micrographs were taken with a microscope-mounted Optronics camera (Optronics, 

USA) controlled by Picture Frame ™ Application 2.3 software.  

  

Results and Discussion 

Kinetic studies on phloroglucinolysis of PAs from saskatoon fruits 

The optimal reaction time for acid-catalyzed depolymerisation in the presence 

of excess phloroglucinol for PA derivatization varies for PAs with B-type and A-

type linkages (Kennedy and Jones, 2001; Koerner et al., 2009). For PAs with B-

type linkages, a 20 min reaction time was optimal. Longer reaction times for PA 

extracts from grape skin and seed resulted in epicatechin terminal units forming 

an undesirable C-2 phloroglucinol adduct (Kennedy and Jones, 2001). In 

cranberry juice PA extracts, which contain higher levels of A-type PA linkages, 

135 min was found to be the optimal reaction time for the phloroglucinolysis 

reaction (Koerner et al., 2009). PA polymers with a higher portion of A-type 

linkages are likely more resistant to the acid-catalyzed cleavage reaction than the 

PA polymers with only B-type linkage between the flavan-3-ol subunits. This is 

likely due to the enhanced intermolecular forces resulting from the double 

linkages between the flavan-3-ol subunits characteristic for the A-type linkage 

group. Thus, a longer reaction time is required for full conversion of PAs to 

subsequent depolymerised products. We assumed that the optimal 

phloroglucinolysis reaction time would vary in accordance to the amount of A-
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type linkages in the PA oligomer or polymer. Hence, a kinetic study for PAs 

extracted from „Thiessen‟ stage 1 fruits was conducted to determine the optimal 

reaction time for the phloroglucinolysis reaction for saskatoon fruit extracts. The 

optimal reaction time for the production of free A2 dimer from terminal subunits 

(A2), epicatechin-(4β→2)-phloroglucinol (EC-P), and epicatechin (EC) was 20 

min for PAs from saskatoon fruits, since the levels of these compounds were 

reduced at longer reaction times (Figure 4.2 B-D). For A2 dimer phloroglucinol 

adduct (A2-P) formation, 120 min was chosen as optimal for saskatoon fruits, 

since the majority (approximately 80 %) of the A2-P production occurred within 

this time period (Figure 4.2 A). 

 

Figure 4.2: Effect of phloroglucinolysis reaction time on the production of 

flavan-3-ols and flavan-3-ol-phloroglucinol adducts.  (A) A2 dimer phloroglucinol 

adduct (A2-P) (B) A2 dimer (A2); (C) epicatechin-(4β→2)-phloroglucinol (EC-P), 

(D) epicatechin (EC) from „Thiessen‟ stage 1 fruit extracts.  Data are means ± SE, 

n=2.  
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Characterization and quantitation of PAs 

Fractionation methods can be used to separate PA oligomer/polymer classes 

by length, and coupled with LC-MS analysis, the concentration of each PA 

oligomer class can be estimated (Hellstrom et al., 2007). While the current PA 

analysis techniques are adequate for separation of PA oligomers (usually 2-7 

flavan-3-ol subunits in length) they do not effectively separate PA polymers (PA 

polymer length greater than 7).  Highly polymerized PA mixtures can be 

characterized by a method that involves acid-catalyzed cleavage of PAs followed 

by nucleophile stabilization of the cleaved site. Most commonly used nucleophiles 

in the last two decades are phloroglucinol and benzyl mercaptan for PA analysis. 

The method that uses phloroglucinol as the derivatization reagent is called 

phloroglucinolysis (Lee et al., 2008), and the method that uses benzyl mercaptan 

is called thiolysis (Foo et al., 1996) in PA analysis. PA composition of mature 

saskatoon fruits has been reported using fractionation with normal-phase semi-

preparative HPLC followed by electrospray ionization coupled with tandem mass 

spectrometry (ESI-MS/MS) analysis of each PA oligomer fraction (Hellstrom et 

al., 2007), and direct thiolysis of PA extracts with benzyl mercaptan followed by 

RP-HPLC analysis (Bakowska-Barczak and Kolodziejczyk, 2008). In the above 

mentioned studies, PAs from mature saskatoon fruits were found to mainly 

consist of epicatechin subunits, with only B-type linkages reported. In this study, 

the method of direct phloroglucinolysis followed by RP-HPLC analysis, with 

confirmation of phloroglucinolysis products by LC-MS/MS, was chosen for 

characterization of the PA profile during saskatoon fruit development, as it 

provides information about flavan-3-ol composition and mDP of PAs. Typical 

RP-HPLC chromatograms of the phloroglucinolysis products of PA extracts of 

saskatoon fruit („Northline‟ stage 1), grape skin standard, and cranberry fruit 

standard are presented in Figure 4.3. The chemical structures of PA 

phloroglucinolysis products detected in the RP-HPLC chromatograms are 

presented in Figure 4.4. The  major products from a 20 min phloroglucinolysis 

reaction  in the saskatoon fruit and grape skin PA extracts are EC-P (peak 3), A2-P 

(peak 5), EC (peak 7), A2 (peak 8) (Figure 4.3A). After the 120 min 
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phloroglucinolysis reaction, EC levels (peak 7) were reduced, while the A2-P level 

(peak 5) increased (Figure 4.3 B). These data demonstrate that the 120 min 

phloroglucinolysis reaction time is optimal for A2-P quantitation but not for 

epicatechin quantitation.  

 

Figure 4.3: RP-HPLC chromatograms (monitored at 280 nm) of the 

phloroglucinolysis products of PAs from „Northline‟ stage 1 saskatoon fruits, 

cranberry fruit standard, and grape skin standard. (A) Comparison of „Northline‟ 

20 min reaction products with grape skin standard 20 min reaction products; (B) 

Comparison of „Northline‟ 120 min reaction products with cranberry standard 135 

min reaction products. 1. epigallocatechin-(4β→2)-phloroglucinol (EGC-P); 2. 

catechin-(4α→2)-phloroglucinol (C-P); 3. epicatechin-(4β→2)-phloroglucinol 

(EC-P); 4. catechin (C); 5. A2-phloroglucinol (A2-P); 6. epicatechin gallate-
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(4β→2)-phloroglucinol (ECG-P); 7. epicatechin (EC); 8. A2. (The two peaks 

detected prior to peak1 are the reaction components ascorbic acid and 

phloroglucinol) 

 

 

Figure 4.4: Chemical structures of subunit products following phloroglucinolysis 

of saskatoon fruit, grape skin, and cranberry fruit PA extracts. 1. epigallocatechin-

(4β→2)-phloroglucinol (EGC-P); 2. catechin-(4α→2)-phloroglucinol (C-P); 3. 

epicatechin-(4β→2)-phloroglucinol (EC-P); 4. catechin (C); 5. A2-phloroglucinol 

(A2-P); 6. epicatechin gallate-(4β→2)-phloroglucinol (ECG-P); 7. epicatechin 

(EC); 8. A2.  
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ol extension units were confirmed to be nearly exclusively procyanidin, 

specifically that of  epicatechin (Figure 4.3; Table 4.1). These data are consistent 

with those reported by Hellstrom et al. (2007) and Bakowska-Barczak and 

Kolodziejczyk (2008).  However, these studies only reported the presence of PA 

B-type linkages, whereas we found epicatechin flavan-3-ol subunits were linked 

together by both B-type (peak 3, EC-P) and A-type linkages (peak 5, A2-P) in the 

extention units, as well as the terminal units (peak 7, EC;  peak 8, A2) (Figure 4.3; 

Table 4.1). The abundance of A-type PA linkages varies with cultivar, with 

„Pembina‟ fruit having the greatest abundance of PA A-type linkages at most 

stages of fruit development (Table 4.1). Additionally, minimal amounts of 

catechin were detected in the PA extension subunits over fruit development in 

most cultivars (Table 4.1). These PA composition results suggest that the 

flavonoid biosynthesis enzymes for synthesizing both catechin 

(leucoanthocyanidin reductase, LAR) and epicatechin (anthocyanidin synthase, 

ANS/anthocyanidins reductase, ANR) from leucocyanidin are present in 

saskatoon fruits; however, ANS/ANR must be more active than LAR in PA 

synthesis. The terminal subunits of PAs from saskatoon fruits mainly consisted of 

epicatechin (peak 7, Figure 4.3; Table 4.1), with a minor portion of epicatechin 

dimer in A-type configuration (A2, peak 8, Figure 4.3; Table 4.1). Only minimal 

amounts of catechin (peak 4) from the terminal subunits were detected in 

saskatoon fruit over development (Table 4.1). Interestingly, the presence of 

epigallocatechin in the PA extension subunits was detected only in „Thiessen‟ 

fruits, and it occurred at all developmental stages studied (Table 4.1). 

Epigallocatechin has 3 hydroxyl groups attached to the B-ring, where as 

epicatechin has two (refer to Figure 2.4). This suggests that both B-ring 

hydroxylases, flavonoid 3'-hydroxylase (F3'H, responsible for producing B-rings 

with 2 hydroxyl groups attached) and flavonoid 3'5'-hydroxylase (F3'5'H, 

responsible for producing B-rings with 3 hydroxyl groups attached) (Winkel-

Shirley, 2001; Figure 2.7), are present in „Thiessen‟ fruits, where only F3'H is 

active in the other cultivars studied.  PA concentration (mg per 100 g fresh fruit 

weight) was higher during early fruit development and decreased as the fruit 
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ripened in the saskatoon cultivars studied (Table 4.1; Figure 4.5). Similar PA 

accumulation patterns were observed over fruit development in bilberry (Jaakola 

et al., 2002), strawberry (Halbwirth et al., 2006), and grape (Kennedy et al., 2001).  

As supported by flavonoid gene expression data in blueberry fruits over 

development (see Chapter 5), a likely scenario is that PA synthesis is limited to 

the early fruit developmental stages of saskatoon fruits, resulting in decreasing PA 

concentration as the fruit matures. The average PA polymer length (mDP) was 

relatively constant at 5-10 among the cultivars and over fruit development (Table 

4.1). PA composition and concentration of the white-fruited mutant „Altaglo‟ was 

similar to that of the pigmented cultivars (Table 4.1), suggesting that PA 

synthesis is not affected by the mutations.    
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Table 4.1:  A developmental profile of saskatoon fruit PA subunit composition following phloroglucinolysis of 

cultivars Altaglo, Honeywood, Northline, Pembina, and Thiessen. 
Sample EGC-P C-P EC-P A2-P C EC A2 mDP Total PA

a
 

‘Altaglo’          

Stage 4 nd
b
 1.9 ± 0.1

c
 78.4 ± 0.2 4.9 ± 1.3 1.1 ± 0.1 11.9 ± 2.1 1.8 ± 0.4 6.8 ± 0.7 321.2 ±66.5 

Stage 5 nd 1.9 ± 0.1 79.3 ± 3.6 3.1 ± 2.5 0.8 ± 0.1 13.7 ± 0.7 1.2 ± 0.4 6.4 ± 0.5 316.6 ± 93.7 

Stage 7 nd 2.0 ± 0.1 71.4 ± 0.2 8.3 ± 0.0 1.0 ± 0.0 14.5 ± 0.4 2.8 ± 0.3 5.5 ± 0.0 86.4 ± 28.8 

‘Honeywood’          

Stage 1 nd 1.1 ± 0.1 75.8 ± 0.9 8.3 ± 0.0 1.1 ± 0.0 11.6 ± 0.7 2.1 ± 0.2 6.8 ± 0.4 484.8 ± 45.7 

Stage 4 nd 1.1 ± 0.1 73.4 ± 1.9 8.6 ± 1.2 0.9 ± 0.1 13.1 ± 1.0 2.9 ± 0.3 6.0 ± 0.3 253.2 ± 51.2 

Stage 5 nd 1.4 ± 0.2 75.3 ± 0.6 6.8 ± 0.3 0.9 ± 0.0 13.0 ± 0.0 2.6 ± 0.1 6.1 ± 0.2 147.1 ± 7.4 

Stage 7 nd 1.2 ± 0.1 74.1 ± 1.1 8.9 ± 1.1 0.5 ± 0.3 11.4 ± 0.0 3.9 ± 0.4 6.4 ± 0.5 71.3 ± 5.4 

Stage 9 nd 1.3 ± 0.0 81.5 ± 2.0 2.9 ± 1.1 1.2 ± 0.1 9.5 ± 1.0 3.5 ± 0.0 7.0 ± 0.4 104.2 ± 15.0 

‘Northline’          

Stage 1 nd 0.1 ± 0.1 72.6 ± 7.4 11.1 ± 4.6 0.7 ± 0.3 12.5 ± 2.0 3.1 ± 1.1 6.7 ± 1.4 246.2 ± 138.8 

Stage 4 nd 0.7 ± 0.1 85.0 ± 0.8 2.4 ± 0.4 1.2 ± 0.0 9.1 ± 0.1 1.6 ± 0.1 8.4 ± 0.2 327.0 ± 11.0 

Stage 5 nd 0.4 ± 0.2 77.8 ± 3.4 6.8 ± 2.1 0.8 ± 0.4 11.4 ± 1.0 2.7 ± 0.5 6.9 ± 0.7 140.2 ± 35.1 

Stage 7 nd 0.6 ± 0.1 80.6 ± 4.1 5.7 ± 2.7 1.1 ± 0.1 8.4 ± 0.9 2.2 ± 0.4 7.7 ± 0.8 73.7 ± 20.0 

Stage 9 nd 0.7 ± 0.1 82.8 ± 2.8 5.2 ± 1.8 1.0 ± 0.0 8.2 ± 0.9 2.2 ± 0.2 8.8 ± 0.8 62.0 ± 16.1 

‘Pembina’          

Stage 1 nd 0.4 ± 0.0 80.8 ± 0.6 5.9 ± 0.3 0.9 ± 0.0 10.6 ± 0.1 1.6 ± 0.2 7.7 ± 0.2 436.5 ± 64.6 

Stage 4 nd nd 66.9 ± 2.2 14.8 ± 0.9 nd 13.6 ± 1.0 4.6 ± 0.4 5.5 ± 0.4 72.2 ± 16.6 
Stage 5 nd nd 64.8 ± 4.5 16.1 ± 2.4 nd 13.6 ± 1.1 5.5 ± 1.1 5.4 ± 0.6 64.7 ± 13.9 

Stage 7 nd nd 58.7 ± 5.2 18.1 ± 2.6 nd 17.5 ± 2.1 5.8 ± 0.9 4.5 ± 0.6 17.7 ± 4.5 

Stage 9 nd nd 63.4 ± 0.7 18.2 ± 0.3 nd 13.0 ± 1.3 5.4 ± 0.3 5.4 ± 0.3 27.1 ± 0.1 

‘Thiessen’          

Stage 1 2.3 ± 0.4 1.0 ± 0.0 80.9 ± 0.3 2.5 ± 0.1 0.9 ± 0.0 11.8 ± 0.4 0.6 ± 0.1 7.5 ± 0.2 414.4 ± 83.8 

Stage 4 1.5 ± 0.8 1.4 ± 0.1 76.0 ± 1.6 5.7 ± 1.1 0.9 ± 0.0 13.0 ± 0.6 1.5 ± 0.6 6.5 ± 0.5 243.1 ± 5.0 

Stage 5 1.8 ± 0.2 1.2 ± 0.1 75.6 ± 0.9 7.3 ± 0.4 0.9 ± 0.1 12.0 ± 0.3 1.3 ± 0.2 7.1 ± 0.3 126.7 ± 21.7 

Stage 7 1.6 ± 0.9 1.4 ± 0.1 77.2 ± 2.8 6.2 ± 2.2 0.8 ± 0.1 11.2 ± 0.7 1.6 ± 0.7 7.5 ± 0.7 103.5 ± 12.7 

Stage 9 3.8 ± 1.5 0.7 ± 0.7 83.0 ± 1.8 2.4 ± 0.9 0.4 ± 0.4 9.3 ± 0.4 0.6 ± 0.1 9.7 ± 0.1 108.1 ± 12.7 
a
 Total PA content in mg per 100 g fresh fruit weight.  

b
 nd, not detected.  

c
 Value of proportional composition (mole %).  Data are means ± SE, n=2 to 4. 

EGC-P, epigallocatechin-(4β→2)-phloroglucinol; C-P, catechin-(4α→2)-phloroglucinol; EC-P, epicatechin-(4β→2)-

phloroglucinol; C, catechin; A2-P, A2 phloroglucinol; EC, epicatechin; mDP, mean degree of polymerization. 
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Figure 4.5: PA content in saskatoon fruit expressed as mg per 100 gram fresh 

weight and mg per fruit over fruit development (A, „Altaglo‟; B, „Honeywood‟; C, 

„Northline‟; D, „Pembina‟; E, „Thiessen‟). Data are means ± SE, n=2 or 4.  
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consistent with the RP-HPLC, positive ion mode LC-MS, and NMR analysis data 

for A2-P for this cranberry fruit extract  (Koerner et al., 2009). A2 (HPLC peak 8) 

had the same retention time, molecular ion mass of 575, and fragment ions as this 

compound in the cranberry fruit standard (Table 4.2).  Possible A2-P and A2 ion 

fragmentation patterns in negative ion mode LC-MS are presented in Figure 4.6 

according to the major fragment ions we have observed (Table 4.2).  

 

Table 4.2: Characterization of proanthocyanidin phloroglucinolysis products of 

„Northline‟ stage 1 saskatoon fruits, and cranberry fruit and grape skin standards 

by LC-MS.  

Compound tR
a
 (min) Sample [M-H]

-b
 Fragment ions 

EC-P  23.8 „Northline‟ 413 287, 261, 175 

 23.6 Grape skin
c
 413 287, 261, 175 

 23.7 Cranberry
 d
 413 287, 261, 217, 161, 133 

C-P 22.6 „Northline‟ 413 287, 261, 217 

 22.6 Grape skin 413 287, 261, 217, 161, 133 

 21.9 Synthesized 413 287, 261, 217, 161 

A2-P 32.3 „Northline‟ 699 547, 411, 285 

 32.3 Cranberry 699 547, 411, 287, 133 

Epicatechin 45.5 „Northline‟ 289 245, 137 

 45.5 Cranberry 289 245, 137 

 45.5 Grape skin 289 245, 217, 137 

Catechin 34.7 „Northline‟ 289 245, 217,137 

 34.7 Grape skin 289 245, 161, 137 

 34.7 Cranberry 289 245, 217, 137 

 33.2 Standard 289 245, 137 

A2 53.3 „Northline‟ 575 539, 445, 423, 285, 133 

 53.2 Cranberry 575 445, 423, 285, 163 
a Retention time; The blueberry, grape skin, and cranberry samples were run at 

different times leading to some variation in RT between the same compounds in 

the different samples.  
b MS was run in the negative mode and all the molecular ions are [M-H]

-
.  

c
 The grape skin PA sample was processed as described by Kennedy and Taylor 

(2003), fraction 5 was used (eluent from the solvent system consisting of [v/v/v] 

20% acetone, 65% methanol, 15% water with the solvent-water mixture 

containing 0.2% formic acid [v/v]). 
d
 The cranberry PA sample was processed as described by Koerner et al. (2009). 

EC-P, epicatechin-(4β→2)-phloroglucinol; C-P, catechin-(4α→2)-phloroglucinol; 

A2-P, A2-phloroglucinol.  
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Figure 4.6: Possible fragmentation patterns of A2–P and A2 in a negative ion 

mode LC-MS system. Modified from Koerner et al. (2009) and Li and Deinzer 

(2007). 

 

Localization of PAs in saskatoon fruits 

„Altaglo‟ fruits contain PA levels that are similar to these in the pigmented-

fruit cultivars (Table 4.1), but the fruits do not accumulate high levels of 

anthocyanins in the later stages of development. Therefore, PA localization in 

saskatoon fruits was performed in „Altaglo‟ fruits to avoid anthocyanin 

interference in the later stages of fruit development. After DMACA staining, PAs 



85 
 

 

become blue to dark-blue in colour (Figure 4.7). PAs accumulated in all the fruit 

tissues of stage 1 fruit (Figure 4.7 A and B), with intense staining in the exocarp, 

seed coat, and placental tissues. As the fruit continue to develop (by stage 4), PAs 

mainly accumulated in the hypodermal layer of the exocarp, vascular bundles in 

mesocarp, placenta tissues, and seed coat tissues (Figure 4.7 C and D). At fruit 

maturity (stage 9), blue staining still can be clearly observed in the exocarp, 

placenta, and seed coat tissues (Figure 4.7 E). However, the total amount of 

tissue staining for PAs was substantially reduced in the maturing fruit (Figure 4.7 

E), consistent with lower PA content in the ripening stage of fruits (Table 4.1). 

Interestingly, in the cells of the placental tissue of stage 1 fruits, small vesicle-like 

structures that stain dark-blue for the presence of PA can be observed (Figure 4.7 

F). Small PA vesicles have been observed via transmission electron microscopy 

(TEM) in the endothelial cells of tds4-1 mutant seeds (Abrahams et al., 2003). It 

has been suggested that small PA containing vesicles fuse together to form a big 

PA containing vacuole. In young seed coats (stage 1), PAs are mainly localized 

intercellularly in the cells of the inner-most cell layer of the seed coat,  around the 

vascular bundle, and in the hypodermal layers of the seed coat (Figure 4.8 A). At 

seed maturity, the PAs in the seed coat hypodermal cell layers were relocalized to 

the cell wall region and/or intracellularly adjacent to the cell wall (Figure 4.8 B), 

similar to that observed for flavonols (Figure 3.8). Additionally, a perisperm 

layer (residual endosperm) was observed in mature saskatoon seeds (Figure 4.8 

B).  
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Figure 4.7: Light microscopic images of „Altaglo‟ saskatoon fruit cross-sections 

stained with DMACA for PA visualization. (A) stage 1 fruit; (B) stage 1 exocarp 
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and mesocarp at 40 × magnification; (C) stage 4 fruit; (D) stage 4 exocarp and 

mesocarp at 40 × magnification; (E) stage 9 fruit; (F) stage 1 placenta at 40 × 

magnification. Scale bars in A, C, and E are 1 mm.  e, epidermis; en, endosperm; 

ex, exocarp (including cuticle, epidermis, and hypodermis); h, hypodermis; m, 

mesocarp; p, placenta; s, seed; v, pre-vesicle; vb, vascular bundle. 

 

 

Figure 4.8: Light microscopic images of „Pembina‟ saskatoon seed cross-sections 

stained with DMACA for PA visualization. (A) stage 1 seed at 20 × magnification; 

(B) stage 7 seed at 20 × magnification. sc, seed coat; em, embryo; en, endosperm; 

ps, perisperm; vb, vascular bundle; m, mesocarp; e, epidermis; h, hypodermis.   

 

Conclusions 

PA composition varied among cultivars, including variation in the abundance 

of A-type linkages in the PA polymers, and the presence of epigallocatechin in the 

PA extension units of only one cultivar. The PA localization and characterization 

data suggest that PA synthesis and accumulation is tightly regulated over 

saskatoon fruit development. PA accumulation profiles were similar to that of  

flavonols (Chapter 3), suggesting that PAs and flavonols are likely produced  

early in fruit development and that they are stored in cells of specific fruit tissues 

throughout development.  PAs and flavonols in general localized to similar tissues 
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throughout development with the exception that only flavonols were detected in 

the cuticle layer of mature fruit. This suggests that they have overlapping roles in 

providing protection to the fruit and seed structures, and that they are both 

important for the reproductive strategy of saskatoons. 
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Chapter 5 

Gene expression and metabolite profiling of developing highbush 

blueberry (Vaccinium corymbosum L.) fruit indicates transcriptional 

regulation of flavonoid metabolism and ripening-associated activation of 

abscisic acid metabolism
1
 

Introduction 

Highbush blueberry (Vaccinium corymbosum L.; Ericaceae) is one of the most 

economically important fruit crops in North America. Blueberry fruit have been 

the focus of much recent attention due to numerous reports of their positive 

effects on human health. These benefits are generally attributed to high level of 

polyphenolics, in particular the flavonoids, which act as potent antioxidants 

(Rasmussen et al., 2005). Highbush blueberries have one of the highest in vitro 

antioxidant capacities of any fruit or vegetable (Prior and Gu, 2005; Wu et al., 

2006). The major health benefits linked to consumption of blueberries include a 

reduced risk for cardiovascular (Basu et al., 2010) and neurodegenerative diseases 

(Neto, 2007). Furthermore, experiments on rodents suggest that blueberry extracts 

may also prevent cancer, slow tumor growth, and reverse cognitive and behavioral 

deficits related to strokes and aging (Lau et al., 2005; Gordillo et al., 2009).  

 The three common types of flavonoids that accumulate in blueberry fruit are 

the flavonols, anthocyanins and proanthocyanidins (PAs, also known as 

condensed tannins). Flavonols are thought to function primarily as protective 

chemicals against UV-B light in fruit skin (Solovchenko and Schmitz-Eiberger, 

2003), but they can also be found in the seed coat (Lepiniec et al., 2006). Ripe 

blueberries contain quercetin- and myricetin-type flavonols (Figure 5.1; 

Hakkinen et al., 1999). Anthocyanins are flavonoid pigments which give rise to 
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the red and blue colours of many ripe fruit, which attract frugivores that help 

disperse seeds (Wilson and Whelan, 1990). The predominant anthocyanins in 

blueberry are glycosides of delphinidin, cyanidin, peonidin, petunidin, and 

malvidin (Figure 5.1; Prior et al., 2001). The PAs are oligomers and polymers of 

flavan-3-ols. They are most common in woody plants but can also be found in 

herbaceous species, and are thought to contribute to defense and stress resistance. 

In fruit, they are often present in the seed coat, where they function as protectants 

against desiccation and premature germination (Debeaujon et al., 2000). PAs are 

also found in the immature fruits, where their astringency and bitterness helps 

deter frugivores from consuming fruit before they are ripe (Sanoner et al., 1999). 

The PAs of ripe blueberry fruit are primarily composed of the flavan-3-ol 

epicatechin, linked via a B-type configuration (Figure 5.1; Prior et al., 2001; 

Hosseinian et al., 2007). However, to date little detailed information on blueberry 

PA and flavonoid structure is available, including tissue specificity and timing of 

accumulation during fruit development. 

Most of the genes and enzymes involved in flavonoid biosynthesis were 

discovered and characterized in model plants such as Arabidopsis, maize and 

petunia (Lepiniec et al., 2006), but have not yet been investigated in blueberry. 

Entry into the flavonoid pathway from general phenylpropanoid metabolism is 

controlled by chalcone synthase (CHS), which condenses p-coumaroyl-CoA and 

three malonyl-CoAs into a chalcone, followed by isomerization by chalcone 

isomerase (CHI) to form a flavanone (Figure 5.1). This intermediate is 

subsequently hydroxylated by flavanone-3ß-hydroxylase (FHT) to 

dihydroflavonol. It is further converted to flavonols via flavonol synthase (FLS), 

or reduced by dihydroflavonol reductase (DFR) to leucocyanidins, key 

intermediates for PAs and anthocyanins. Hydroxylation at the 3′ and 5′ positions 

of the B-ring can occur via activity of cytochrome P450-dependent flavonoid 

hydroxylases (Figure 5.1; F3′H and F3′5′H), respectively giving rise to di- and 

tri-hydroxylated B-ring variants of different flavonoid types. In some species such 

as petunia, F3′5′H also requires a specific cytochrome b5 for optimal activity (de 

Vetten et al., 1999). The anthocyanidin flavynium ion is produced by 
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anthocyanidin synthase (ANS), then glycosylated by UDP-glucose: flavonoid-3-

O-glycosyltransferases (UFGT). Methylation of the 3′ and 5′ hydroxyl groups of 

anthocyanins gives rise to peonidin, malvidin and petunidin (Figure 5.1). An 

increased number of B-ring hydroxyl group shifts anthocyanin colour towards the 

blue, whereas methylation has the opposite effect; free hydroxyls also increase 

their in vitro antioxidant activity (Halbwirth, 2010). Anthocyanidins can be 

diverted into PA synthesis via anthocyanidin reductase (ANR), which produces 

epicatechin-type flavan-3-ols (Figure 5.1). By contrast, it is thought that catechin-

type flavan-3-ols are produced from leucocyanidins by leucoanthocyanidin 

reductase (LAR) (Tanner et al., 2003). PA precursors are actively moved into the 

vacuole by MATE transport proteins, where they are polymerized via an as yet 

unknown mechanism (Zhao et al., 2010). PAs can range in length from two to 

over 30 units, which are most commonly joined in a B-type orientation, but can 

also be linked in other configurations including A-type linkages (Figure 5.1). 
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Figure 5.1: General flavonoid biosynthesis pathway leading to flavonols, 

anthocyanins and proanthocyanidins (PAs). The most common flavonol aglycones 

and anthocyanins and basic PA linkage types are shown, along with key 

biosynthetic enzymes. CHS, chalcone synthase; CHI, chalcone isomerase; FHT, 

flavanone-3ß-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3'5'-

hydroxylase; DFR, dihydroflavonol reductase; FLS, flavonol synthase; ANS, 

anthocyanidin synthase; LAR, leucoanthocyanidin reductase; ANR, 

anthocyanidin reductase; UFGT, UDP-glucose:flavonoid-3-O-glycosyltransferase; 

OMT, anthocyanin-O-methyltransferase. 
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Flavonoid synthesis in plants is typically controlled at the transcriptional level 

by the tissue-specific expression of key transcription factors belonging to the 

R2R3-MYB, basic helix-loop-helix (bHLH), and WD-repeat protein families 

(Lepiniec et al., 2006). MYB-bHLH-WDR (MBW) complexes have been shown 

to be responsible for the regulation of anthocyanins, PAs, and flavonol 

biosynthesis in a variety of species and tissues including flowers and fruit, with 

the MYB protein usually providing specificity (Allen et al. 2008; Dubos et al. 

2010). Plant MYB gene families are large, with over 126 and 108 genes in 

Arabidopsis and grape, respectively (Dubos et al. 2010). In grape, VvMYBA1 

controls anthocyanin accumulation (Kobayashi et al., 2002), whereas at least two 

other MYBs (VvMYBPA1 and VvMYBPA2) contribute to PA synthesis (Bogs et 

al., 2007; Terrier et al., 2009). PA-specific MYB regulators have also been 

described from persimmon (Diospyrus kaki) (Akagi et al., 2009b; Akagi et al., 

2010) fruit with unusually high PA levels. These studies suggest that a network of 

MYBs with overlapping specificities is involved in fruit flavonoid synthesis.  

The biosynthesis and accumulation of flavonoids and pigments is only one 

aspect of a complex suite of metabolic changes which occur during fruit 

maturation. The development and ripening of blueberry fruit is complex and 

occurs in two main phases: a growth phase characterized by a rapid increase in 

size, followed by a ripening phase. This second phase begins when seeds have 

reached maturity; the fruit become soft, blue and edible, with enhanced sugar 

content, reduced acidity and astringency. In climacteric fruit such as tomato, the 

ripening phase is marked by an ethylene-mediated respiratory burst. By contrast, 

in non-climacteric fruit such as grape, cherry, and blueberry, ethylene does not 

appear to play a prominent role, suggesting the potential involvement of other 

growth regulators (Coombe and Hale, 1973). An intriguing candidate is abscisic 

acid (ABA), which accumulates sharply at ripening initiation in cherries and 

grapes (Coombe and Hale, 1973; Kondo and Inoue, 1997). In grape, this rise is 

associated with a dramatic activation of ABA-related gene expression (Deluc et 

al., 2009). Application of ABA to cherries and grapes hastens ripening and 

increases anthocyanin and sugar content (Kondo and Inoue, 1997; Peppi et al., 
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2008), and can modestly enhance flavonol levels (Koyama et al., 2009). Despite 

similarities to cherries and grapes, however, for blueberry there are no reported 

studies of ABA and its relation to flavonoid accumulation and ripening. 

In order to determine how flavonoid synthesis is regulated during 

development and ripening of blueberry fruit, we undertook a molecular, 

biochemical, and histological characterization of flavonoid biosynthesis. We also 

measured ABA and its catabolites, and quantified a key ABA biosynthesis 

transcript, to compare kinetics of this growth regulator to the ripening process and 

flavonoid profiles.  

 

Materials and Methods 

Plant material and developmental staging criteria 

Highbush blueberry (Vaccinium corymbosum L. cv. Rubel) tissue was 

harvested from an organic blueberry farm (Sweet Briar Farm) near Victoria, 

British Columbia, Canada during the 2006-2010 growing seasons. Fruits were 

selected from multiple plants and sorted into an eight stage system reflecting 

berry development, which was based on size and appearance, following validated 

methods for other small fruit (Ozga et al., 2006). There were two key phases of 

fruit growth during each season from which fruits were collected. Fruits from the 

first phase were sorted into five stages primarily based on size (Stage 1-5), as 

described in Results. Collection dates were 18 Jun 2007, 20 Jun 2008, 9-12 Jun 

2009 and 3 Jun 2010. Fruits in the second phase (Stage 6-8) were sorted by 

texture and colour, as described in Results. Collection dates were 13 July 2006, 27 

Aug 2008, 28 July 2009 and 9 August 2010. Floral buds, flowers and ovaries were 

also collected. Two stages of floral ovary development were prepared by 

removing and discarding non-fruit forming floral bud and flower tissue (stigma, 

style, petals, stamens) from the ovary and calyx. All tissue was frozen on site in 

liquid N2 and stored at -80°C until use.   

 

cDNA library construction and EST sequencing  



97 
 

 

Total RNA was isolated from fruits harvested in 2006 from two separate pools 

of tissue (stage 5/6, and stage 7/8) using the protocol from Jaakola et al. (2001).  

PolyA+ RNA was isolated using Dynabeads OligodT25 (Dynal A.S., Oslo, 

Norway) according to the manufacturer‟s instructions. First strand cDNA 

synthesis was carried out using Superscript III reverse transcriptase (Invitrogen, 

Burlington, ON, Canada) according to the manufacturer‟s protocol with some 

variations. Briefly, 5 µg PolyA+ RNA were primed with 200 pmol attB2Sfi-T20 

(AGAGAGGCCGCCTCGGCCACCACTTTGTACAAGAAAGCTGGGCT20VN) 

primer at 68°C for 5 minutes. Kit reagents were then added and the reaction was 

sequentially incubated at 37 °C for 30 min, 45°C for 30 min, and 50°C for 10 min. 

Second strand synthesis was carried out according to the manufacturer‟s 

(Invitrogen) protocol. Following second strand synthesis, the cDNA was blunt-

ended for adapter ligation using T4 polymerase (New England Biolabs, 

Missisauga, ON, Canada) and incubated for 15 minutes at 16°C. The reaction was 

cleaned up by phenol/chloroform extraction and the DNA precipitated using Poly 

dA (Roche Diagnostics, Laval, QC, Canada) following the manufacturer‟s 

instructions. cDNA quality was assessed by  agarose gel electrophoresis. For 

cDNA library construction, the oligonucleotides attB1-SfiIC-s 

(AGGCCTACAAGTTTGTACAAAAAAGCAGGCTCTTC) and attB1-SfiIC-as 

(GAAGAGCCTGCTTTTTTGTACAAACTTGTAGGCCTAAA) were first 

annealed to give adapter attB1-Sfi. 240 pmoles of this adapter were added to 20 μl 

of second strand DNA and ligated using T4 ligase (Fermentas). The reaction was 

incubated overnight at 16°C, treated with phenol/chloroform and the DNA ethanol 

precipitated. The DNA was digested with Sfi I restriction enzyme (New England 

Biolabs) and following cleanup the cDNA was size separated on a 1% low-

melting agarose gel into four size fractions. The gel slices were digested with 

Agarase (New England Biolabs) and the DNA precipitated according to the 

manufacturer‟s protocol. Plasmid pHelix1(+) (Roche Diagnostics) was modified 

to give pHSX-Ci by inserting an adapter between the Eco RI and Kpn I site that 

contains two Sfi I sites (ggccgcctcggcc: Sfi I-B and ggccatttaggcc: Sfi I-C) to 

accommodate directional cloning of cDNA inserts. The cDNA fragments were 
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ligated into pHSX-Ci using T4 ligase, and the ligation mix was cleaned up using 

High Pure spin columns (Roche Diagnostics). Plasmids containing inserts were 

transformed into electro-competent DH10B E. coli cells (Invitrogen). The quality 

of the library was verified by plasmid extraction and digestion with Sfi I. The 

clones were sequenced at the National Research Council‟s Plant Biotechnology 

Institute (Saskatoon, SK, Canada). 

   

Annotation and phylogenetic analysis of blueberry ESTs  

EST sequences were cleaned, clustered and annotated as described in Nagel et 

al. (2008). Custom PERL scripts were written to assign Gene Ontology (GO) 

annotation based on top hits to The Arabidopsis Information Resource (TAIR) 

database. Blueberry flavonoid ESTs were identified and validated as described in 

Results. Neighbor-joining phylogenetic trees were constructed using MEGA 

version 4.0 (Tamura et al., 2007). Trees were constructed with the blueberry 

protein sequences and sequences from functionally characterized proteins of the 

same class. The tree construction parameters and accession numbers are provided 

in the figure captions.  

 

RNA isolation and cDNA synthesis for qRT-PCR gene expression analysis 

Protocols were designed to conform to the MIQE guidelines for real-time 

qRT-PCR experiments as much as possible (Bustin et al., 2009). To capture the 

average transcriptional state of a fruit throughout development, pooled fruits of a 

given stage were ground in liquid N2 (100-150 fruits for stage 1-3; 45-80 stage 4-

8). Sub-sample(s) of approximately 1 g tissue were aliquoted for RNA extraction. 

Total RNA was isolated from all tissues using the cetyl-trimethyl-ammonium 

bromide (CTAB) method originally designed for bilberry fruit, also high in 

phenolics and carbohydrates (Jaakola et al., 2001). The extraction buffer 

contained 2% CTAB, 0.3g g
-1 

polyvinylpolypyrrolidone, 100 mM Tric-HCl (pH 

8.0), 25 mM EDTA, 2.0 M NaCl, and 0.5 g L
-1

 spermidine. RNA quality and 

purity was confirmed by denaturing agarose gel electrophoresis and A260:A280 

absorbance ratios (typically 1.90-2.15) using a ND-1000 UV Nanodrop 
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spectrophotometer (Nanodrop Technologies). Yields ranged from approximately 

25–108 µg g fwt
-1 

for ovaries, S1 and S2 fruits, and 6–16 µg g fwt
-1

 for large fruits 

(S3-S8). RNA was stored at -80°C in TE buffer (pH 7.0).  

To remove genomic DNA, 3 g RNA was DNase treated for 15 min at room 

temperature with 2-3 l (2-3 U) Amplification Grade DNase I (Invitrogen) 

according to the manufacturer‟s instructions. The DNase was inactivated with 3 l 

25 mM EDTA (pH 8.0) at 65°C for 10 min. The RNA was precipitated overnight 

at -80°C with 1/9 vol. 3 M sodium acetate and 1 vol. isopropanol. The pellets 

were washed with 70% ethanol, air-dried, resuspended in Ultrapure water, and 

quality and purity assessed by Nanodrop A260:A280 absorbance ratios, typically 

1.7-2.0. 

Synthesis of cDNA was carried out using the Superscript II reverse 

transcriptase kit (Invitrogen) according to the manufacturer‟s protocol. For each 

sample, 1 g total RNA was primed with 2 l (534 g mL
-1

) anchored 

oligo(dT)20VN primers (purchased from Alpha DNA, Montreal, Canada) and 1 l 

of 10mM dNTP mix, and then reverse transcribed with 1 l (200 U) Superscript II 

reverse transcriptase, without the optional addition of RNaseOUT. Controls for 

each sample that included RNA and all reagents except reverse transcriptase 

(„NRT‟) were included in the reverse transcription protocol to later determine the 

amount of gDNA contamination. All cDNAs were stored at -20°C. 

 

Primer design  

Primers (Alpha DNA) were designed for each gene (Supplemental Table B5) 

using Vector NTI Advance 9 (Invitrogen) according to the following criteria: 19-

26 bp per primer, GC content of 40-60%, melting temperature (Tm) generally 60-

65°C (Nearest Neighbor method, Vector NTI settings: 660,000 pM probe 

concentration, 50 mM salt concentration), and Tm of forward and reverse primers 

within 3°C of each other. The primers typically amplified a product of 100-150 bp, 

did not have a T or a GC run of ≥ 3 at the 3′ end of primer, and had minimal or no 

predicted intra- and inter-primer complimentarity, which was determined using 

Oligo Analyzer 1.2 software (Teemu Kuulasmaa, Finland).  
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Real time qRT-PCR 

Real-time qRT-PCR was performed on an Mx3005p QPCR System 

(Stratagene) in a 96-well plate using the Quantitect SYBR Green PCR kit 

(Qiagen), 0.2 mL clear, flat-top 8-well strip caps (Axygen) and 0.2 mL clear, thin 

wall 8-well PCR strip tubes (Axygen). Each reaction contained 1 l of 1:20 

diluted cDNA template (5 ng), 1 l of 10 M forward and reverse primers (667 

nM), 7.5 l 2X Quantitect master mix (HotStarTaq DNA polymerase, dNTP mix, 

Sybr Green I dye, ROX reference dye and PCR buffer) and 4.5 l Quantitect 

nuclease-free water in a final volume of 15 l. The conditions for each PCR were 

as follows: 95°C for 15 min, followed by 40-45 cycles of 30 s at 94°C, 30 s at 58 

or 60°C, and 30 s at 72°C. Based on results from serial dilution experiments, all 

primers performed better at 58°C than 55°C, while a few gave best results at 60°C 

(not shown). At the end of each experiment, a melt curve analysis was performed 

using the Mx3005p default parameters (60 s at 95°C, 30 s at 55-95°C in one 

degree increments, 30 s at 95°C), which yielded one peak for each set of primers 

at a temperature between 77 and 82°C, confirming the amplification of only a 

single product species during the runs. To further confirm primer specificity, 

multiple reactions were separated on 2% low-melting agarose gels for each primer 

set to verify the expected product length. For each gene at least one PCR product 

was purified and directly sequenced and/or cloned and then sequence-verified.  

„No reverse transcriptase‟ (NRT) and „no template‟ (NTC) controls were 

systematically included for each primer set to check for unwanted amplification 

from gDNA, primer dimers, and contamination. Each amplification plot was set to 

an Rn (ROX normalized) threshold of 0.05 to obtain quantification cycle (Cq) 

values. All reactions included at least one technical replicate, which typically did 

not differ by more than 0.2-0.5 Cq. Any plots that did not behave with expected 

PCR kinetics (rare) were culled. The NTC wells consistently recorded no signal or 

were at least ≥ 10 Cq above target signal. Some of the NRT wells gave signals 

despite DNase treatment, but the Cq was within 5 Cq of the NTC, indicating 

negligible levels of gDNA. A conservative absolute minimum limit of 

quantification (LOQ) threshold for all genes was set at 5 Cq below the lowest Cq 
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recorded in any of the NRT runs for a particular gene, following the suggestions 

of Bustin and Nolan (2004). The observable relative transcript abundances 

reported in the results are calculated from Cq values well above this Δ5 Cq 

threshold.  

Relative transcript abundance ratios were calculated using the modified 

equation ERef
(Cqref)

/EGOI
(CqGOI)

 from Pfaffl (2001), where E is the efficiency of 

reaction for each primer set. LinRegPCR software version 11 (Ruijter et al., 2009) 

was used to calculate primer efficiency set taken from the initial log-linear phase 

of each amplification plot. Efficiencies for each primer set (Supplemental Table 

B5) were calculated by taking the mean of all genuine amplification plots of a 

given gene that fell within 10 % of the median efficiency. Efficiencies greater 

than 2.0 were set to 2.0 in the equation, according to Pfaffl (2004). The same 

efficiency was used for all calculations, as suggested by Peirson et al. (2003). 

Dilution series were also made for a number of the genes using 2008 pooled fruit 

cDNA to confirm that recorded Cq values from the experiments were within the 

linear dynamic range (R
2
 ≥ 0.99) and that efficiencies were consistent with the 

values calculated using the LinRegPCR program (not shown). The Cq value for 

the reference normalization factor (“Ref”) was calculated by taking the geometric 

mean of the two most stable reference genes (VcSAND and VcGAPDH). 

Reference genes were evaluated as described below. 

 

Reference gene selection and optimization of qRT-PCR expression 

normalization 

In the blueberry EST libraries, unigenes were found with high similarity to 

reference genes previously found stably expressed throughout grape berry 

development (Reid et al., 2006); actin, elongation factor-1-alpha (EF-1α), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and SAND family protein 

(SAND) (Supplemental Table B2). We also found unigenes for polyubiquitin 

(UBQ). Transcriptional abundances for all five genes were profiled using qRT-

PCR throughout development in both the 2008 and 2009 growing seasons. 

VcUBQ was the first candidate reference gene eliminated due to inconsistent 
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expression between the two different seasons compared to the other four reference 

genes (Supplemental Table B3).  

Two Excel-based programs were then used to evaluate the stability of the top 

four reference genes. These programs employ statistical measures to compare the 

stability of each reference gene to all others. For each season, the genes were 

ranked by geNorm (Vandesompele et al., 2002) and NormFinder (Andersen et al., 

2004) stability values, and compared to the manually-calculated coefficient of 

variation (CV). The ranking by each of these was averaged into an overall rank 

for each season and then for all samples including floral tissues (Supplemental 

Table B3). The results indicated that VcSAND and VcGAPDH were 

approximately equivalent in stability, followed by VcEF-1α and then VcActin, 

which consistently ranked last. The geNorm program was then used to compare 

the variation in the geometric average of the top two reference genes (VcSAND 

and VcGAPDH) to the top three reference genes (VcSAND, VcGAPDH, VcEF-1α). 

The geNorm program calculated less variation for the SAND-GAPDH 

combination (not shown). Fold expression difference of the VcSAND-VcGAPDH 

combination at each developmental stage (compared to the overall geometric 

mean VcSAND-VcGAPDH expression) showed that the maximum difference from 

the mean was only 1.24 (0.31 Cq) and 0.91 (0.14 Cq) for the 2008 and 2009 

seasons, respectively (Supplemental Figure B4). The expression stability of this 

reference gene combination was statistically confirmed with Analysis of Variance 

(ANOVA) tests for each growth season (not shown). Since this combination of 

genes was stable, the expression of each biosynthetic gene was normalized to the 

geometric mean of VcSAND and VcGAPDH expression. Based on stability 

measures, the geometric average of VcGAPDH and VcSAND was also used for 

floral tissue expression analysis, while for the tissue separation experiments 

VcEF1-α replaced VcSAND (not shown). 

 

Soluble proanthocyanidin (PA) quantification and determination of PA 

subunit composition and mean degree of polymerization (mDP)  
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To estimate soluble PA concentrations, three replicates of 50-70 mg of fruit 

tissue at each stage (from same tissue pool as 2009 qRT-PCR analysis) were 

ground to a fine powder in liquid nitrogen. The samples were then ground in 10 

ml 80% methanol and extracted overnight with shaking. After vortexing the slurry 

and centrifuging for 5 min at 3320 rcf, the supernatants were used for PA analysis 

using the method of Porter et al. (1986). Purified Populus tremuloides (aspen) PA 

was used as a standard.  

For PA subunit composition and mDP analysis, frozen fruit samples were 

shipped on dry ice to the University of Alberta, where they were stored at -80 ºC 

until extraction. Frozen berries were ground to a fine powder in liquid nitrogen 

using a mortar and pestle. Ground samples (5-10 g) were extracted with 66% (v/v) 

aqueous acetone (8 mL per g tissue) in an Erlenmeyer flask. The flask was 

sparged with nitrogen gas then sealed with a glass stopper and placed on a rotary 

shaker at 100 rpm in the dark at 4
o
C for 24 h for extraction. The extract was 

filtered through Whatman No.1 filter paper under moderate vacuum using a 

Buchner funnel. The tissue residue was washed with 66% aqueous acetone, 

extract and wash were pooled, and the acetone was removed using a SpeedVac 

vacuum concentrator (AES 200, Savant, Farmingdale, NY). The remaining 

aqueous PA extract was extracted minimally 5 times with 100% HPLC grade 

ethyl acetate (3 vol : 1 vol, extract:ethyl acetate) to remove chlorophylls, 

anthocyanins, and flavan-3-ol monomers. The remaining ethyl acetate in the 

aqueous extract was removed using a SpeedVac. The aqueous extract was 

adjusted to 50% (v/v) aqueous methanol with 0.1% TFA using methanol (100%) 

and TFA and loaded onto a 4 mL bed volume of TOYOPEARL column (1.5 ×12 

cm) preconditioned with 50% (v/v) aqueous methanol with 0.1% TFA. The 

column was washed minimally with 5 column bed volumes of 50% aqueous 

methanol with 0.1% TFA to remove organic acids and other flavonoids including 

flavan-3-ol monomers, anthocyanins, and flavonols. PAs were eluted using 4 bed 

volumes of 66% acetone with 0.1% TFA. The acetone was removed from the 

extract using a SpeedVac vacuum concentrator, and the remaining aqueous extract 

was lyophilized.    
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For acid cleavage and phloroglucinol derivatization of the PA extracts, the 

method of Koerner et al. (2009) with minor modifications was used. Briefly, the 

lyophilized semi-purified PA powder (approximately 5 mg) was dissolved in 1 

mL solution of 0.1N methanolic hydrochloric acid solution containing 100 g L
-1

 

phloroglucinol and 10 g L
-1

 ascorbic acid. The reaction was carried out in a 50 ºC 

water bath for 120 min. After 20 min and 120min reactions, a 200 µL aliquot of 

the reaction mixture was added to 1 mL of 40 mM aqueous sodium acetate to 

quench the reaction. A 20 µL aliquot of the diluted reaction mixture was injected 

onto  two Chromolith RP-18e (4.6 x 100 mm; Merck, Germany) columns 

connected in series, protected by a guard column (Chromolith RP-18e 4.6 x 10 

mm), stabilized at 30
o
C, using an Agilent 1200 HPLC system equipped with a 

Agilent G1315B DAD. The HPLC conditions followed that of Kennedy and 

Taylor (2003) with minor modifications. The samples were eluted at 3 mL min
-1

 

using a linear gradient with 1 % (v/v) aqueous acetic acid (solvent A) and 

acetonitrile with 1% acetic acid (v/v; solvent B) as follows: isocratic at 3 % B 

from 0 to 4 min, 3% to 18 % B in 10 min, and 80 % B from 14 to 18 min. Free-

PA (terminal) and phloroglucinol-conjugated-PA (extension) subunits were 

monitored at 280 nm. PA terminal subunits were identified by comparison of 

HPLC-DAD retention times and absorbance spectra with commercially available 

flavan-3-ol standards. Phloroglucinol-PA adducts were identified by comparison 

of HPLC retention times with grape skin and cranberry fruit PA reaction products 

that have been previously characterized (Koerner et al., 2009). Mean degree of 

polymerization and conversion yield were calculated according to method of 

Kennedy and Jones (2001).   

For identification of the flavan-3-ol monomers and phloroglucinol adducts, 

LC-MS analysis was performed on a 4000 Q-TRAP
®
 LC/MS/MS mass 

spectrometer (MDS SCIEX, Applied Biosystems) connected to an Agilent 1200 

HPLC system with a G1315D photodiode array detector, a G1312A binary pump, 

a G1379B degasser, a G1316A thermostatted column compartment and a G1329A 

autosampler (Agilent Technologies, Palo Alto, USA). HPLC separation was 

performed on a Symmetry
®

 C18 column (250 × 4.6 mm, 5 µm particle size) with a 
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Novapak
®
 C18 guard column (10 × 4.6 mm, 4 µm particle size, Waters, 

Massachusetts, USA) at 25 ºC and at a flow rate of 1.0 mL min
-1

. The compounds 

were separated using a linear elution gradient of (A) 1 % aqueous acetic acid (v/v) 

and (B) 100 % methanol as follows: isocratic at 5% B from 0-13 min; 20% B at 

33 min; 40 % B at 58 min; 90% B at 58.1 min; isocratic at 90 % B from 58.1 to 

68.1 min. MS/MS analysis was carried out in the negative ion mode using the 

following mass spectrometer conditions: high-purity nitrogen gas (99.995 %) as 

nebulising gas (GS1) at 50 psi, heating gas (GS2) at 30 psi, and curtain gas (CUR) 

at 25 psi for electrospray probe. Ionspray source temperature was 600 °C and ion 

spray voltage was 4 kV. Collision-induced dissociation (CID) spectra were 

acquired using nitrogen as the collision gas under collision energy (CE) of 20 eV. 

The other MS parameters used were as follows: declustering potential (DP), 70 V; 

entrance potential (EP), 10 V; and collision exit potential (CXP), 7 V. An 

information-dependent acquisition (IDA) method, EMS → 4 EPI, was used to 

profile the phloroglucinol adducts of flavan-3-ols and flavan-3-ol terminal units. 

The IDA threshold was set at 100 cps, above which enhanced product ion (EPI) 

spectra were collected from the eight most intense peaks. Both Q1 and Q3 were 

operated at low and unit mass resolution. The spectra were obtained over a scan 

range from the mass to charge ratio (m/z) 50 to 1300. The EPI scan rate was 4000 

Da/s and the enhanced MS (EMS) scan rate was 1000 Da/s. MS/MS data were 

acquired and analyzed by Analyst software (version 1.5, Applied Biosystems, 

California, USA). 

 

Quantification of anthocyanidins and flavonol aglycones 

Frozen fruit samples collected in Victoria, British Columbia were shipped on 

dry ice to the University of Alberta. Samples were ground to a fine powder in 

liquid nitrogen using a mortar and pestle. Ground samples (2-4 g) were extracted 

with 8 mL of the HPLC grade solvent mixture, acetone: methanol: water: formic 

acid (40:40:20:0.1, v/v/v/v). The extracts were vortexed for 2 min then filtered 

through a Whatman No. 1 filter paper using a Büchner funnel under moderate 

vacuum. The tissue residue was washed 3 times with 4 mL of the solvent mixture, 
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extracts and washes pooled, and evaporated to dryness using a SpeedVac vacuum 

concentrator. The extract residue was solubilized in 10mL deionized water and a 1 

mL aliquot was loaded onto a Sep-Pak C18 cartridge (Waters Scientific, 

Mississauga, Ontario), which had been preconditioned with 2 mL of 100% 

methanol followed by 5 mL deionized water. The column was washed with 5 mL 

deionized water to remove sugars and organic acids. Subsequently, the 

anthocyanins and flavonols were eluted from the column with 10 mL of 0.1% 

formic acid in methanol (v/v) and this elutant was evaporated under vacuum to 

near dryness. The residue was dried completely under a stream of nitrogen gas. 

For hydrolysis of anthocyanins and flavonols to their aglycones, 3 mL of 2 N HCl 

in 50% aqueous methanol (v/v) was added to the sample residue followed by 

sonication or vortexing to aid sample solubilization. The samples were then 

incubated in a pre-heated dry-bath at 100 ºC for 1 hour. The samples were cooled 

using an ice-bath and the volume of each sample was adjusted to 10 mL using 

deionized water prior to HPLC analysis. The extracts (20µL per sample) were 

injected onto a Zorbex SB-C18, 4.6 x 250 mm (5 μm; Agilent) C18 column fitted 

with a Zorbex SB-C18, 4.6 x 12.5 mm (5 μm; Agilent) guard column, using an 

HPLC system (Agilent 1200, USA) equipped with a photodiode array (DAD; 

Agilent G1315B) detector. The samples were eluted at a flow rate of 1 mL min
-1

 

using a linear gradient of 0.4% aqueous trifluoroacetic acid (TFA; solvent A) and 

acetonitrile with 0.4% TFA (solvent B) as follows: isocratic at 18% B from 0 to 

10 min, 20% B by 25 min; 30% B by 35 min; 40% B by 40 min. The column 

temperature was maintained at 35
o
C. Quantification of the anthocyanin aglycones 

was conducted by monitoring absorption at 530 nm, and 350 nm was used for the 

flavonol aglycones. Commercial standards of anthocyanin and flavonol aglycones 

were used for comparison of HPLC retentions times and UV-VIS absorption 

spectra. The standards pelargonidin chloride, malvidin chloride, cyanidin chloride, 

delphinidin chloride, peonidin chloride, and quercetin were purchased from 

Extrasynthese (Genay Cedex, France), petunidin chloride from Polyphenol 

Laboratories (Sandnes, Norway), and kaempferol and myricetin were purchased 

from Sigma (Oakville, Canada). 
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Histological procedures and PA and flavonol tissue localization 

Fresh fruit were shipped on ice to the University of Alberta, where they were 

processed immediately. Fresh fruits from stages 1 to 8 were dissected into 5 to10 

mm-thick cross sections and immediately fixed in 3.2 % paraformaldehyde (v/v), 

1% glutaraldehyde (v/v), 2 mM CaCl2, and 10 mM sucrose in a 25 mM Pipes 

buffer (pH 7.5). After 5 days of fixing solution infiltration under vacuum at RT, 

tissues were rinsed 3 times with 25 mM Pipes buffer and dehydrated using a 

graded ethanol series of 30% and 50% ethanol in 25 mM Pipes buffer (pH 7.5; 

v/v),  followed by 70%, 96%, and 100% ethanol in water for 25 min each. After 

dehydration, specimens were sequentially infiltrated with 2.5%, 5%, 10%, 20%, 

50%, 75% 1-butanol in ethanol (v/v) for 20 min each and the infiltration was 

completed with three washes of 100% 1-butanol for 20 min. The tissues were then 

embedded in Paraplast
®
 Tissue Embedding Medium (Fisher) as described by 

O‟Brien and McCully (1981). Tissues from the infiltration were embedded in 

paraffin blocks using a Tissue-TEK II Embedding centre (Tissue Tek, USA). 

Tissue sections were sliced 10 to 20 µm thick using a rotary microtome (Reichaert 

Histo STAT 820), stretched in a 40 ˚C water bath, affixed onto slides, and placed 

at 37ºC to dry overnight.  

For PA localization, the paraffin was removed from the tissue sections using 

two toluene (100%) washes at 5 min intervals. Tissue sections were stained with 

0.1% 4-dimethylamino-cinnamaldehyde (DMACA) solution (prepared as 

described by Gutmann and Feucht (1991) and incubated at 60 ºC for 15 min. The 

slides were then washed with 100% ethanol and two changes in toluene for 5 min 

each. Cover slides were placed on slide-mounted tissue sections using DPX 

mounting medium (BDH Chemicals). Tissue sections were observed  using a 

Zeiss AXIO scope A1 light microscope (Zeiss, Germany) and micrographs were 

taken with a microscope-mounted Optronics camera (Optronics, USA) controlled 

by Picture Frame ™ Application 2.3 software. For flavonol localization, cover 

slides were directly placed on slide-mounted tissue sections after removal of 

paraffin with toluene. Flavonol auto-fluorescence (Schnitzler et al., 1996) was 

observed under green fluorescence (exitation filter/BP 420-490; dichromatic 
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mirror/510; suppression filter: LP 515) using a Leica DMRXA microscope (Leica, 

Germany) in the fluorescence configuration, and micrographs were taken with a 

microscope-mounted Nikon camera (Nikon, Japan) controlled by ACT-1 software 

(Nikon, USA). Tissue sections were also stained with the flavonol-specific stain 

diphenylboric acid 2-aminoethylester (DPBA), using the method of Peer et al. 

(2001). 

 

Quantification of abscisic acid and its catabolites 

Fruits collected during the 2009 growing season were used for the analysis of 

ABA and metabolites. For replication, three batches of 5-15 fruits from several 

stages of development (Stage 1, 3, 5-8) were analyzed separately. Pooled tissues 

from each stage were analyzed in parallel for ABA and catabolites (2008 season). 

All pre-frozen tissues were freeze-dried prior to extraction. For tissue-specific 

hormone analysis, seeds were separated from the flesh of eight freeze-dried stage 

5 and stage 8 fruits each.  

The sample preparation for the plant hormone analysis was performed as 

described in detail in Owen et al., 2009. The MS analysis was carried out by 

UPLC/ESI-MS/MS utilizing a Waters ACQUITY UPLC system, equipped with a 

binary solvent delivery manager and a sample manager coupled to a Waters 

Micromass Quattro Premier XE quadrupole tandem mass spectrometer via a Z-

spray interface. MassLynx™ and QuanLynx™ (Micromass, Manchester, UK) 

were used for data acquisition and data analysis. The analytical UPLC column 

was ACQUITY UPLC® HSS C18 (2.1x100 mm, 1.8 µm) with an ACQUITY 

HSS C18 VanGuard Pre-column (2.1x5 mm, 1.8 µm). Mobile phase A comprised 

0.025 % acetic acid in HPLC-grade water and mobile phase B comprised 0.025 % 

acetic acid in HPLC-grade acetonitrile. Sample volumes of 10 µL were injected 

onto the column at a flow rate of 0.40 mL min
-1

 under initial conditions of 2% B, 

which was maintained for 0.2 min, then increased to 15% B at 0.4 min, and then 

increased to 50%B at 5 min and 100% B by 5.5 min. 100%B was maintained until 

6.2 min then decreased to 2% by 6.5 min and held until 8 min for column 

equilibration before the next injection.  
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The procedure for quantification of ABA phytohormone and metabolites using 

deuterium labeled internal standards (synthesized as described in Abrams et al. 

(2003) and Zaharia et al. (2005a), has been presented in detail elsewhere (Ross et 

al., 2004, Owen et al., 2009). The mass spectrometer was set to collect data in 

Multiple Reaction Monitoring (MRM) mode controlled by MassLynx v4.1 

(Waters Inc). The analytes were ionized by negative-ion electrospray using the 

following conditions: capillary potential 1.75 kV; desolvation gas flow 1100 L/h; 

cone gas flow 150L/h; source and desolvation gas temperatures, 120 
o
C and 350 

o
C, respectively. The resulting chromatographic traces are quantified off-line with 

the QuanLynx v4.1 software (Waters Inc), wherein each trace is integrated and the 

resulting ratio of signals (non-deuterated/internal standard) is compared with a 

previously constructed calibration curve to yield the amount of analyte present (ng 

per sample). Calibration curves were generated from the MRM signals obtained 

from standard solutions based on the ratio of the chromatographic peak area for 

each analyte to that of the corresponding internal standard, as described by Ross 

et al. (2004). The QC samples, internal standard blanks and solvent blanks were 

also prepared and analyzed along each batch of tissue samples.  

 

Results 

For this chapter, my contribution to the data and research was the 

determination of PA subunit composition and mean degree of polymerization 

(mDP), quantification of PAs and anthocyanidin and flavonol aglycones, and 

localization of PAs and flavonols over fruit development. The Supplement data 

for this chapter are in Appendix B. 

Phenology of blueberry fruit development 

Fruits from cultivar Rubel were chosen for our study because this cultivar is 

known to have superior antioxidant capacity and flavonoid content (Prior et al., 

1998). Fruit set and ripening initiation in „Rubel‟ is temperature-dependent and 

asynchronous; therefore, fruits were harvested in batches during the two main 

phases of the growing season and sorted into maturation classes by size and fruit 
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colour (Figure 5.2 A). During the initial 'expansion' phase, young fruit were hard 

and dark green and differed primarily by size. In the 'maturation' phase, enlarged 

light green fruits began to soften and accumulate red and then blue pigments 

(Figure 5.2 A). Stages 1-5 were staged by increasing size (Stage 1: 2-3.5 mm in 

diameter, Stage 2: 3-4 mm, Stage 3: 4-7 mm, Stage 4: 7-9 mm, Stage 5: 9-13 mm; 

Figure 5.2 B). Stages 6-8 were sorted by fruit colour (Stage 6: 25-50 % red skin, 

Stage 7: predominately purple skin with some red or blue, Stage 8: entirely dark 

blue and soft texture), as previously validated for other small fruits (Ozga et al., 

2006). The initiation of seed coat browning (Stage 5) slightly preceded the 

beginning of skin pigmentation (Stage 6). Floral buds were collected 

approximately one to two weeks before full bloom (anthesis; Figure 5.2 C). 

 

Figure 5.2: Developmental stages of blueberry (cv. Rubel) fruit and flowers used 

for molecular, chemical, and histological analyses. (A) Whole and bisected fruit 

separated into eight stages. (B) Mean fresh fruit weight and diameter throughout 

development. Data are means ± SE, n= 28–30. (C) Floral buds, and flowers at 

anthesis, with ovary tissue indicated.  
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Construction, annotation and analysis of blueberry ESTs  

Prior to this project, only a limited number of blueberry EST sequences were 

available in public databases, primarily from floral buds. In order to obtain 

additional gene sequences, we constructed and sequenced two cDNA libraries, 

one each from S5/6 and S7/8 pooled fruit mRNA. Following removal of low 

quality, vector and short sequences, a total of 17,134 high-quality ESTs were 

generated. After clustering, this yielded a total of 8,500 unique gene sequences 

(unigenes) with an average length of 610 bp (Table 5.1). Of these, 2,570 ESTs 

could be compiled into contiguous assemblies (contigs) of two or more ESTs, and 

5,930 remained as singletons. Annotation for 89% of the unigenes based on 

similarity to sequences in the GenBank database was performed using the 

BLASTX algorithm. Using custom PERL scripts, assignment to three major gene 

ontology (GO) categories (biological process, cellular component and molecular 

function) was possible for 4,769 (56%) of the sequences, based on hits to proteins 

in the TAIR protein database (Supplemental Figure B1).  

 

Table 5.1: Blueberry fruit cDNA library statistics.  

  Stage 5/6 Stage 7/8 Total 

ESTs 9,814 7,320 17,134 

Unigenes 5,941 3,989 8,500 

Contigs 1,354 1,174 2,570 

Singletons 4,587 2,815 5,930 

Ave. GC % 45.2 43.0 44.4 

Ave. length (bp) 711 407 610 

GO annotated 4,208 1,345 4,769 

TAIR v.8 hits 5,778 3,115 7,602 

Uniprot v.14.6 hits 5,642 2,632 7,076 

 

To gain insight into which genes were most highly expressed in developing 

blueberry fruit, the genes were first ranked by the number of ESTs in each 

unigene (Supplemental Table B1). Eleven of the 40 most highly represented 

unigenes corresponded to genes that encode cruciferin-type seed nutrient storage 

proteins. Since most of the ESTs contributing to these cruciferin unigenes (over 

870 total ESTs) came from the S5/6 library, it is likely that there was a significant 

contribution of seed cDNA to this EST library. Unigenes with matches predicted 
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to encode metallothionein, polygalacturonase, NADP-malic enzyme, and catalase 

were represented by 20 or more S5/6 ESTs. 

Although the S7/8 library contained approximately 2,500 fewer ESTs than the 

S5/6 library, there were a number of unigenes in this library supported by at least 

20 ESTs (Supplemental Table B1). Several of these were predicted to encode 

proteins without well-defined physiological functions, such as a protease 

inhibitor/seed storage/lipid transfer protein and a senescence-associated protein 

(SAG29). Other highly represented genes in the S7/8 cDNA library include a 

pathogenesis-related basic chitinase, succinate dehydrogenase, fructose-

bisphosphate aldolase, and calcium-binding EF hand family protein. The libraries 

also contained numerous ESTs that were predicted to encode other proteins 

involved in important ripening-related processes, such as carbohydrate and sugar 

metabolism, tissue softening, cell wall metabolism, aroma synthesis, and pathogen 

defense (not shown). The presence of many ripening-related ESTs confirmed the 

utility of the libraries for studying blueberry fruit development and ripening. 

 

Identification of genes for blueberry flavonoid biosynthesis 

The major aim in producing the blueberry EST libraries was to identify genes 

involved in flavonoid biosynthesis. Annotations of partial and full-length 

blueberry genes predicted to encode most of the enzymes of the flavonoid 

pathway, as well as one putative flavonoid R2R3-MYB transcription factor, were 

substantiated by performing TBLASTX searches of the NCBI reference sequence 

protein database. In all cases, the top hit was an ortholog from Arabidopsis, 

grapevine or petunia, whose function had previously been experimentally verified 

(Table 5.2). In the S7/8 (mature fruit) EST library, many of the ESTs encoding 

enzymes for anthocyanin biosynthesis (CHS, FHT, F3'5'H, cytochrome b5, ANS 

and UFGT) were enriched relative to the S5/6 stage library (Table 5.2). 

Surprisingly, genes encoding the PA-specific enzymes ANR and LAR were 

absent from both EST libraries. However, these genes were present in a highbush 

blueberry floral bud EST set in GenBank (Table 5.2). To confirm the annotations 

of the new flavonoid-related blueberry genes, phylogenetic trees were constructed 



113 
 

 

with the translated blueberry sequences and functionally characterized proteins 

involved in important biosynthetic steps. The putative blueberry F3'H and F3'5'H 

genes, both part of the P450 gene family, were each embedded within their 

respective subclades (Figure 5.3). Similarly, ANR and DFR, which both belong 

to a large superfamily of enzymes (NADPH-dependent reductases/epimerases/ 

dehydrogenases), clustered within the predicted subclade (Figure 5.4). The 

predicted blueberry UFGT sequence was embedded in a subclade of flavonoid-3-

O-glycosyltransferases with demonstrated activity toward anthocyanidins 

(Supplemental Figure B2). Therefore, we are confident in our annotations and 

suggest it is highly likely the blueberry genes encode functional enzymes. We also 

note that the blueberry VcDFR, VcANR and VcUFGT genes grouped most closely 

with sequences of genes from species within the same order (Ericales), such as 

persimmon (D. kaki), tea (Camellia sinensis), and cranberry (Vaccinium 

macrocarpon). To our knowledge, no hydroxylases from plants in Ericales have 

been functionally investigated.  

 

Table 5.2: Blueberry unigenes used for qRT-PCR analysis. 

Gene 
REFSEQ 

match 
Accession No. E  value 

ID 

(%)
a
 

Region 

of  ID
b
 

Coverage 

(%)
c
 

Amplicon 

Region
d
 

Unigenes 

& ESTs
e
 

VcCHS AtTT4 AT5G13930 0.0 84 *7-395* 100 
213-327 

(1170) 
2 (2/31) 

VcFHT AtTT6 AT3G51240 2e-109 84 *1-231 65 18-117 (701) 1 (1/5) 

VcF3'H VvF3'H XP_002284165 0.0 83 37-506 92 
620-774 

(1428) 
1 (2/5) 

VcF3'5'H VvF3'5'H XP_002263919 0.0 74 *1-431 85 
743-886 

(1296) 
1 (0/6) 

VcCytob5 PhDIF-F AAD10774 5e-54 69 *1-148* 100 28-178 (443) 1 (0/26) 

VcDFR AtTT3 AT5G42800 2e-133 74 *7-328* 100 843-980 (993) 1 (2/2) 

VcANS AtLDOX AT4G22880 3e-148 77 *1-347 97 
741-879 

(1065) 
1 (1/21) 

VcUFGT VvF3GT XP_002277035 1e-72 58 200-450* 55 707-853 (777) 1 (0/4) 

VcANR VvANR XP_002271372 2e-154 81 10-338* 97 
906-1046 

(993) 
0 (0/0) 

VcLAR VvLAR1 XP_002281447 5e-73 70 162-346* 53 387-532 (558) 0 (0/0) 

VcMYB1 VvMYBPA1 XP_002266014 3e-76 60 *1-286* 100 409-602 (822) 1 (0/1) 

VcNCED1 AtNCED3 AT3G14440 4e-106 76 253-493 40 186-313 (722) 2 (3/4) 
a 
Percent sequence identity (ID), based on amino acid sequence.  

b 
Stars (*) at left and right of region indicate presence of predicted start and stop codons, 

respectively.  
c 
Percentage of total predicted protein length present in unigene sequences.  
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d 
Percent coverage: Nucleotide region within each unigene that qRT-PCR primers were designed 

to amplify with total unigene coding sequence length in brackets.     
e 
Predicted number of unique gene copies (unigenes) present within the blueberry fruit EST 

libraries. The ANR and LAR sequences were retrieved from NCBI. The number of ESTs in each 

EST library that comprise the unigenes are shown in brackets (S5/6 to S7/8).  

 

 

 

 
 

Figure 5.3: Phylogeny of F3′H and F3′5′H – the cytochrome P450 flavonoid 

hydroxylases. Protein sequences for functionally characterized flavonoid 

hydroxylases were obtained from GenBank and aligned with partial coding 

sequences for the putative blueberry VcF3'H and VcF3'5'H (indicated with stars) 

using ClustalW. The linearized neighbour-joining tree was produced with MEGA 

software version 4.0 (Tamura et al., 2007). Nodes were evaluated with 1,000 

bootstrap replicates. Bootstrap values for nodes are shown as numbers on 

branches (only those > 50% are shown). Evolutionary distances (Poisson-

correction method) are shown as number of substitutions per amino acid site. 

GenBank accession numbers are as follows: SlF35H (Solanum lycopersicum, 

GQ904194), PhF35H-Hf1 (Petunia hybrida, Z22544), VmF35H (Vinca major, 

AB078781), CrF35H (Catharanthus roseus, AJ011862), CpF35H (Cyclamen 

persicum, GQ891056), VvF35H (Vitis vinifera, DQ786631), GmF35H (Glycine 

max, AB540111), GsF35H (Glycine soja, AB540112), ErF35H (Eustoma 

russellianum, BAA03439), AtF3H-TT7 (A. thaliana, NM_120881), BnF3H 

(Brassica napus, DQ324378), GmF3H (G. max, AB061212), VvF3H (V. vinifera, 

XM_002284129), PhF3H-Ht1 (P. hybrida, AF155332), ItF3H (Ipomoea 

tricolour, BAD00189), IpF3H (I. purpurea, AB113265). 
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Figure 5.4: Phylogeny of dihydroflavonol reductase (DFR) and anthocyanidin 

reductase (ANR) protein family. Sequences for full-length functionally 

characterized DFR and ANR enzymes were obtained from GenBank and aligned 

with putative VcDFR and VcANR sequences (stars) with ClustalW. A linearized 

neighbour-joining tree was produced with MEGA software version 4.0 (Tamura et 

al., 2007) as described in Figure 5.3. Bootstrap values for nodes are shown as 

numbers on branches (only those > 50% are shown). Evolutionary distances 

(Poisson-correction method) are shown as number of substitutions per amino acid 

site. GenBank accession numbers are as follows: SlDFR (Solanum lycopersicum, 

Z18277), PhDFR (petunia, AF233639), AmDFR (Antirrhinum majus, X15536), 

GhDFR (Gerbera hybrida, Z17221), CcDFR (Callistephus chinensis, Z67981), 

VmDFR (Vaccinium macrocarpon, AF483835), CsDFR (Camellia sinensis, 

AB018685), AtDFR-TT3 (A. thaliana, NM_123645), DcDFR (Dianthus 

caryophyllus, Z67983), PtDFR (Populus tremuloides, AY147903), VvDFR (V. 

vinifera, XM_002281822), RhDFR (Rosa hybrida, D85102),  FaDFR (Fragaria x 
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ananassa, AF029685), MdDFR (Malus x domestica, AF117268), PcDFR (Pyrus 

communis, AY227730), MtDFR1 (Medicago truncatula, AY389346), MtDFR2 

(M. truncatula, AY389347), ZmDFR-A1 (Zea mays, NM_001158995), AtANR-

BAN (Arabidopsis, NM_104854), FaANR (F. ananassa, DQ664192), MdANR 

(M. domestica, DQ139835), MtANR (M. truncatula, AY184243), LcANR (Lotus 

corniculatus, DQ349113), VvANR (V. vinifera, BN000166), and DkANR 

(Diospyrus kaki, AB195284 

 

In a phylogenetic analysis of R2R3-MYB proteins, the blueberry VcMYB1 

sequence grouped most closely with regulators of PA synthesis from grapevine 

(VvMYBPA1) and persimmon fruit (DkMYB4), rather than flavonol, anthocyanin 

and general flavonoid MYB regulators (Bogs et al., 2007; Akagi et al., 2009b; 

Supplemental Figure B3). This suggests a function for VcMYB1 in blueberry PA 

synthesis. These MYBs are all within a subclade that is phylogenetically distinct 

from a second type of MYB PA regulator, which contains the Arabidopsis TT2, 

grapevine VvMYBPA2, and aspen PtMYB134 sequences (Mellway et al., 2009). 

However, we found no other MYBs belonging to any flavonoid regulatory group 

in our EST collection. 

 

PA biosynthetic genes are expressed very early in blueberry fruit development 

To study the transcriptional regulation of PA and flavonoid biosynthesis in 

highbush blueberry, the expression of flavonoid pathway genes was profiled over 

the eight stages of development using quantitative real-time reverse transcription-

PCR (qRT-PCR). To ensure reliability of expression results, qRT-PCR was 

performed for all genes on three separate 2008 cDNA preparations for each 

developmental stage. For additional replication, the analysis was repeated for 

most genes on two cDNA preparations from the 2009 season. All gene expression 

values were efficiency-corrected.  

Reference gene selection was a critical factor in our qRT-PCR analysis, in 

particular because of the broad physiological and cellular changes that occur 

during fruit development. This made the evaluation of several reference genes for 

qRT-PCR imperative (Gutierrez et al., 2008). After evaluating five possible genes 
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as implemented by Reid et al. (2006) (Supplemental Table B2), we determined 

that the average relative transcriptional abundance of genes encoding 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and SAND family protein 

(SAND) was the most constant and did not differ statistically across the berry 

developmental stages (Supplemental Figure B4, Supplemental Table B3). The 

reference gene selection process and statistical methods used to evaluate the genes 

are described in detail in the Materials and Methods. All expression data were 

calculated as an expression ratio relative to the geometric mean of the two most 

stable reference genes. 

We first analyzed the gene expression profiles for VcDFR and VcANS genes, 

which encode enzymes required for both PA and anthocyanin synthesis. 

Transcript abundance of the genes followed a biphasic pattern in both 2008 and 

2009 growing seasons (Figure 5.5 A, B). Expression was high early in 

development (S1 and S2), decreased to a minimum by mid-fruit development (S5), 

then increased again as the fruit matured (S6-8). By contrast, the PA-specific 

VcANR and VcLAR genes showed a different profile, as their transcripts were 

detected only early in fruit development, in stages S1-S4 (Figure 5.5 C, D). These 

transcriptional profiles imply that PA synthesis is most active in young fruit. 

VcMYB1 transcripts were also highly abundant in very young stages, together 

with VcANR and VcLAR (Figure 5.5 E), supporting the idea that it functions in 

PA synthesis. However, after decreasing to minimal levels at stage 5, VcMYB1 

transcripts were again found at higher levels in ripening fruit (S6-S8), the period 

when anthocyanins are synthesized (Figure 5.2 A). Since transcripts of the PA-

specific genes VcANR and VcLAR were already present at high levels in S1 fruit, 

we further assessed PA gene expression in the fruit-forming tissues (ovary and 

calyx) of floral buds and flowers. In floral buds, bud ovaries and S1 fruits, 

transcript abundance of VcANS and VcANR was relatively high, suggesting a 

capacity to produce epicatechin-type flavan-3-ols for PA synthesis early in fruit 

development (Figure 5.5 F). Based on these results, it appeared that PA 

biosynthetic gene expression had already commenced in the ovaries by the time 

floral buds had formed. VcLAR transcript abundance was much greater in whole 
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floral buds and flowers than fruit-forming ovaries, suggesting that VcLAR was 

more abundant in floral tissues other than the ovary and attached calyx (i.e. petals, 

stamens, stigma, style). 

  

 

Figure 5.5: Proanthocyanidin gene transcript abundance during blueberry fruit 

development and ripening. (A) VcDFR, (B) VcANS, (C) VcANR, (D) VcLAR, and 

(E) VcMYB1 transcripts throughout the 2008 (± SE, n=3) and 2009 (± SE, n=2) 

growing seasons. S2 and S4 fruits were not measured in the 2009 season and are 

marked with an x. (F) Relative abundance of select transcripts in floral tissues (± 

SE, n=2 except floral buds) relative to their abundances in 2009 S1 fruit. These 
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values were normalized for each gene relative to the maximum abundance in the 

five samples shown, which was set to 1.0. All values are reported relative to the 

geometric mean abundance of VcGAPDH and VcSAND at each stage. LOQ, limit 

of quantification. 

 

Quantification and chemical characterization of PAs 

To correlate PA gene expression profiles with PA accumulation, total soluble 

PA concentration was assayed at each developmental stage (Porter et al., 1986). 

On a fresh weight basis, the PA concentration as measured using the butanol-HCl 

method declined from a maximum in ovaries at flowering (30 mg g fwt
-1

) to 

substantially lower levels in large green S5 fruit (Figure 5.6 A). PA 

concentrations continued to decline gradually from S5 to a minimum at S8 (2.5 

mg g fwt
-1

). However, since the berries were also rapidly expanding until S5, the 

total calculated amount of soluble PA per fruit still increased over this time period 

(Figure 5.6 A). PA concentration was further analyzed by reverse-phase HPLC 

after acid catalysis in the presence of phloroglucinol (phloroglucinolysis; 

Kennedy et al., 2001). This method allows the determination of PA subunit 

composition and concentration by comparison of product retention properties to 

known products (Supplemental Table B4). Flavan-3-ols in the extension units 

form phloroglucinol adducts at their C-4 position, while terminal flavan-3-ol units 

are released as flavan-3-ol monomers. After HPLC analysis and LC-MS 

confirmation of the PA phloroglucinolysis reaction products, the mean degree of 

polymerization (mDP) of PAs was also calculated.  In blueberry PAs, the 

extension units were almost exclusively epicatechin in fruit at all stages (Table 

5.3), and the majority of these subunits were linked in a B-type configuration 

(C4C8 or C4C6). The epicatechin-phloroglucinol adduct molecular mass [M-H] 

as assessed by LC-MS was 413, which is consistent with this adduct 

(Supplemental Table B4). 
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Table 5.3: Summary of blueberry PA subunit composition following acid 

hydrolysis and phloroglucinol derivatization 
Compound Stage 3 Stage 4-5 Stage 6 Stage 7 Stage 8 

Epigallocatechin in extension 

units 

a a a a 3.35
b
 ± 0.68 

Catechin in extension units 0.64 ± 0.03 0.67 ± 0.01 0.64 ± 0.02 0.91 ± 0.04 0.92 ± 0.12 

Epicatechin in extension units 83.44 ± 0.06 83.49 ± 0.08 81.66 ± 0.06 85.48 ± 0.66 82.93 ± 0.56 

A2 in extension units 1.85 ± 0.00 2.23 ± 0.12 3.80 ± 0.16 1.43 ± 0.14 1.06 ± 0.03 

Catechin in terminal units 6.94 ± 0.17 6.78 ± 0.00 6.64 ± 0.03 6.97 ± 0.21 6.96 ± 0.06 

Epicatechin in terminal units 5.26 ± 0.05 4.90 ± 0.14 5.33 ± 0.12 3.45 ± 0.17 3.00 ± 0.15 

A2 in terminal units 1.86 ± 0.31 1.93 ± 0.05 1.93 ± 0.07 1.76 ± 0.08 1.78 ± 0.05 

      

Data are means ± SE (n=2). 
a 
Under the detection limit.  

b 
Value of proportional composition (mole %).  

  

Linkages of the terminal unit to the first extension units were also primarily B-

type, as flavan-3-ols with the molecular mass of 289 were the main non-

derivatized compounds detected after phloroglucinolysis. Terminal units were 

slightly enriched in catechin compared to epicatechin, with the relative amount of 

epicatechin decreasing over development (37.4 mole % in S3 to 25.6 mole % in 

S8; Table 5.3). A minor proportion of the fruit PAs had A-type interflavan 

linkages (Koerner et al., 2009) in both the extension and terminal units. A-type 

interflavonoid bonds are resistant to acid-cleavage, resulting in the presence of the 

A-type dimer-phloroglucinol adduct (M-H, 699) for the extension units after the 

acid-cleavage and phloroglucinol addition reaction, and the A-type dimer for the 

terminal units (M-H, 575; Supplemental Table B4). The calculated mDP of the 

blueberry fruit PAs was relatively stable between S3 and S6 (7 - 7.5) and then 

increased to a maximum of 8.5 in S8 fruit (Figure 5.6 B). Using the 

phloroglucinolysis data to calculate total PA concentrations, we again observed a 

sharp decline as the fruits matured, consistent with the PA profile over fruit 

development determined with the butanol-HCl method (Figure 5.6A). Overall, 

the pattern of PA accumulation was consistent with the profiles of PA-specific 

transcript accumulation early in berry development. 
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Figure 5.6: Proanthocyanidin accumulation during blueberry fruit development. 

(A) Total soluble PA content as determined with the butanol-HCl method 

(assayed using aspen tannin as standard) and PA content per fruit (data are means 

± SE, n=3). (B) PA concentration and mean degree of polymerization (mDP) for 

blueberry PAs as determined by phloroglucinolysis (data are means ±SE, n=2). 

 

General flavonoid and anthocyanin-specific transcript profiles and end 

product accumulation are distinct from those in PA synthesis 

The VcCHS and VcFHT genes encode enzymes at the entry-point of the 

flavonoid pathway and are necessary for the biosynthesis of all flavonoids, 

including PAs, anthocyanins and flavonols. VcCHS gene transcripts exhibited a 

biphasic abundance profile (Figure 5.7 A), with early and late peak profiles 

similar to VcDFR and VcANS. By contrast, VcFHT transcript abundance was 

lower during early fruit development and then increased substantially as the fruit 

matured (Figure 5.7 A). VcF3′H gene transcripts, which encode the flavonoid 3′ 

B-ring hydroxylase, also exhibited a biphasic expression pattern during fruit 

development, consistent with a function in both anthocyanin and PA accumulation 
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(Figure 5.7 B). Cytochrome b5 (VcCytob5) transcripts were also detected in a 

biphasic pattern similar to VcF3′H (Figure 5.7 D). By contrast, transcripts of the 

VcF3′5′H gene (responsible for the third hydroxylation of the B-ring) were 

abundant only during the ripening fruit stages S5-S8 (Figure 5.7 C), closely 

paralleling the appearance of anthocyanins (Figure 5.2 A). This pattern was 

similar to the VcUFGT gene (Figure 5.7 E). All of the general flavonoid genes 

including VcF3′5′H and VcCytob5 were most highly expressed during ripening 

(S5-S8). Overall, the gene expression profiles determined by qRT-PCR confirm a 

clear separation of PA and anthocyanin synthesis in developing blueberry fruit.  
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Figure 5.7: Transcript abundance of genes involved in general flavonoid 

metabolism including B-ring hydroxylation and anthocyanin synthesis. (A) 

VcCHS and VcFHT (data are means ± SE, n=3, 2008). (B) VcF3'H, (C) VcF3'5'H, 

(D) VcCytob5 and (E) VcUFGT (data are means ± SE, n=3 for 2008, n=2 for 

2009). All values are relative to the geometric mean of abundance of VcGAPDH 

and VcSAND reference gene transcripts. Both 2008 and 2009 data are shown for 

panels B-F, but stages S2 and S4 were not sampled in 2009. LOQ, limit of 

quantification. 

 

Next, we tested if anthocyanins accumulate in accordance with the pattern of 

gene expression observed above. Anthocyanin and flavonol aglycones were 
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identified and quantified at several developmental stages. Even in the green berry 

stages (S1- S5), cyanidin-type anthocyanins were detected at low levels, likely 

accounting for the red blush to some parts of the green fruit (Figure 5.2 A, Figure 

5.8 A and B). As the fruit ripened and the exocarp colour changed from mostly 

green to partially pink (Figure 5.2 A, S6), blue-purple delphinidin-type 

anthocyanins began to accumulate (Figure 5.8 B). In accordance with their deep 

colouration, in mature S8 fruit the anthocyanidin levels peaked dramatically. 

Delphinidin was the most abundant, followed by cyanidin, malvidin, petunidin 

and minor quantities of peonidin (Figure 5.8 A and B). The appearance of the tri-

hydroxylated anthocyanidins and derivatives (for structures see Figure 5.1) was 

coordinated and likely driven by the abundance of VcF3′5′H transcripts beginning 

at stage S5. We also assayed flavonols, which were most abundant in young fruit 

(Figure 5.8 C). Quercetin was predominant, with only minor quantities of 

myricetin observed (Figure 5.8 C and D), indicating that the F3′5′H enzyme was 

not significantly impacting flavonol structure.   
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Figure 5.8: Anthocyanin and flavonol aglycone concentrations in blueberry fruit 

over development. (A) Anthocyanin aglycone concentrations in 2010 fruit (stages 

S1, S3, S6 and S8). (B) Anthocyanin aglycone concentrations in 2009 fruit (S5, 

S6, S7 and S8). (C) Flavonol aglycone concentrations in 2010 fruit (stages S1, S3, 

S6 and S8). (D) Flavonol aglycone concentrations for 2009 fruit (stages S5, S6, 

S7 and S8). Data are means ± SE, n=3. 

 

PAs, flavonols, and flavonoid gene transcripts are localized to distinct regions 

of blueberry fruit 

The tight temporal control of gene transcription observed above suggested that 

PAs and other flavonoids might also be under precise tissue-specific control. To 

determine the localization of PAs, fruits were histologically fixed, sectioned, and 

incubated with the PA-specific stain 4-dimethylamino-cinnamaldehyde 

(DMACA). PAs were localized throughout the entire fruit (dark blue colouration 

upon reaction with PAs) at S1 (Figure 5.9 A-C). As fruit development progressed 

to stage 3 (S3), PA staining became minimal in the mesocarp, but remained 
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intense in the seed coats, placentae and the exocarp (Figure 5.9D-F). At S5 to S8 

the volume of the mesocarp tissue increased substantially, thus diluting PA 

concentration and reducing intensity of DMACA staining at S6-S8 (Figure 5.9 G-

L). A change in colour from dark blue to brown in the placental and seed coat 

tissues suggests localized oxidation of the PAs occurred by stage 6 (Figure 5.9 G, 

H, J, and K; see also Figure 5.2 A). At fruit maturity (Stage 8, Figure 5.9 L), the 

dark-blue staining in the epidermis is likely due to DMACA-staining of PAs as 

well as anthocyanins that occur at high levels in this tissue at this stage.  The 

purple staining in the hypodermis in stage 8 fruit is likely mainly due to the 

presence of anthocyanins. 

 

Figure 5.9: Localization of PAs in blueberry fruit at major developmental stages. 

Fruit tissue cross-sections were treated with DMACA to visualize PAs, and light 

micrographs of fruit cross-sections from stages S1 (panels A-C), S3 (panels D-F), 

S6 (panels G-I), and S8 (panels J-L) are shown. Middle row (panels B, E, H, and 

K) shows details of stained placental and seed tissues, bottom row (panels C, F, I, 

and L) shows fruit flesh and epidermal tissue. e, exocarp;  h, hypodermis; m, 

mesocarp; p, placenta; s, seed;  vb, vascular bundle. 
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For flavonol localization, flavonol autofluorescence was monitored using 

fluorescence microcopy in fruit cross-sections after histological fixation.  To 

verify the yellow-coloured fluorescence signal derived from flavonols, we also 

stained all fruit sections with a flavonol-specific stain (diphenylboric acid 2-

aminoethylester; DPBA).  After DPBA staining, the same yellow-coloured 

fluorescence signal dramatically intensified (Supplemental Figure B5), 

confirming the yellow-autofluorescence was specific to the flavonols.  As the 

intensity of the DPBA-stained sections often blurred the cellular detail of the 

sections, here we show the non-DPBA-stained autofluorescence micrographs, 

where both cellular structure and flavonol autofluorescence (yellow colour) are 

clear. Intense flavonol-specific autofluorescence (yellow) was detected in the 

exocarp, mesocarp, and placental tissues of stage 1 fruit (S1; Figure 5.10 A-C), 

apparently co-localizing with PA staining. Flavonol-specific autofluorescence 

became minimal in the mesocarp by stage 3, but remained intense in the placentae 

and exocarp of stage 6 fruit (Figure 5.10 D-I), and placentae and cuticle at stage 8 

(Figure 5.10 J-L). Thus, flavonol localization generally followed the pattern of 

PAs. In addition, we detected flavonols in the developing seed. S1 seed coats 

show fluorescence intracellularily (likely vacuolar; Figure 5.10 D), which 

redistributes towards the periphery of the cell (Figure 5.10 H), and eventually 

being focussed in the seed coat (Figure 5.10 L, P). Also, we noted yellow auto-

fluorescence in stage 3 seeds at the base of the seed attachment to the placental 

tissue (Figure 5.10 H).  
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Figure 5.10: Flavonol localization in blueberry fruit cross-sections during 

development. Flavonols were visualized by autofluorescence (yellow colour). 

Light micrographs from S1 (panels A-D), S3 (panels E-H), S6 (panels I-L), and 

S8 (panels M-P) are shown.  Light micrographs depicting the entire fruit over 

development (A, E, I, and M; size bar=1 mm).  Fluorescence micrographs show 

detail of placental tissues (panels B, F, J, and N), fleshy fruit tissues (panels C, G, 

K, and O), and seed tissues (panels D, H, L, and P) over development (size 

bars=100µm). Brightness was adjusted for panels B, C, D, and H for better 

cellular structure observation. c, cuticle; e, exocarp; m, mesocarp; p, placenta; s, 

seed; sc, seed coat; stc, stone cell;  vb, vascular bundle. 

 

 To investigate the relation between flavonoid gene transcript abundance 

and PA and flavonoid localization, the abundance of flavonoid gene transcripts 

was measured in samples enriched in specific fruit tissues. Approximately 60 

early stage fruits (S3) were coarsely dissected into “inner fruit tissue” (primarily 

developing seeds and placentae) and “skin” (primarily exocarp and hypodermis) 

tissue. In addition, 45 S7 fruits were separated into seeds and skin while the 

mesocarp and placental tissues were discarded. The abundance of key flavonoid 

gene transcripts was then profiled in these tissues and compared to whole, 

undissected S3 and S7 fruit (Figure 5.11). In S3 fruit, VcANR and VcLAR gene 
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transcripts were detected at greater levels in the inner fruit tissues than in the skin 

and whole fruit (Figure 5.11 A), which is consistent with intense PA staining 

localizing to the developing seed coats and placentae (Figure 5.9 D-F). 

Furthermore, VcF3′H and VcMYB1 transcripts were abundant in both the inner 

fruit tissue and skin (Figure 5.11 A), which matches the localization of both PAs 

and flavonols in young fruit (S1, S3). 

 

Figure 5.11: Tissue-specific flavonoid gene expression. (A) Relative abundance 

of VcANR, VcLAR, VcF3'H, and VcMYB1 in stage 3 (S3) tissues relative to whole, 

undissected S3 fruits. IFT, inner fruit tissue (mainly seeds and placentae) and skin 

(exocarp and some mesocarp). (B) Relative abundance of VcF3'H, VcF3'5'H, 

VcUFGT and VcMYB1 in S7 seed and skin tissues relative to whole, undissected 

S7 fruits. Transcript abundances are relative to geometric mean abundance of 

GAPDH and EF1-α reference transcripts (data are means ± SE, n=3). In panel B 

the values are further normalized to the highest abundance in the three samples 

(set to 1.0 for each gene). 
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 In S7 fruit, VcANR and VcLAR were not detected in appreciable amounts 

in any tissue (not shown), despite the presence of PAs in the exocarp and 

placentae of S6 and S8 fruits (Figure 5.9 I and L; see also Figure 5.6). These 

data support the idea that PAs are synthesized early in fruit development and are 

stored in cells of specific tissues throughout development including at maturity. 

Also in stage 7 fruit, VcUFGT, VcF3′H and VcMYB1 transcripts were nearly 

exclusive to the skin tissue (Figure 5.11 B), which is the site of anthocyanin-

based colouration in ripening fruit. However, VcF3′5′H transcripts were also 

detected in S7 seeds, as well as in the skin of S7 fruit. It is possible that some of 

the B-ring trihydroxylated anthocyanins, or the minor quantities of 

trihydroxylated flavonols (myricetin) and PAs (epigallocatechin PA subunits) 

found in ripe fruit were seed-derived.  

 

Abscisic acid biosynthesis and metabolism throughout blueberry development 

Like grape and other non-climacteric fruit, highbush blueberries do not exhibit 

a significant rise in ethylene and respiration during ripening (Frenkel, 1972). In 

grape berries, ABA accumulates sharply at ripening initiation (Coombe and Hale 

1973) and appears likely to have a more prominent role than ethylene in this 

process. The similarities in growth and ripening patterns with grape prompted us 

to investigate the potential role of ABA in blueberry fruit. Using a previously 

described LC/ESI-MS/MS method (Ross et al., 2004, Owen et al., 2009), we 

quantified the amount of ABA throughout blueberry fruit development. 

Physiologically active cis-ABA (hereafter referred to as free ABA; Figure 5.12 A) 

began to increase at ripening initiation and peaked in S7 fruit, reaching a 

substantial concentration of more than 30 µg g DW
-1

 (Figure 5.12 B). On a per 

fruit basis, the rise in free ABA starting at ripening initiation was dramatic, 

increasing by nearly six times between S5 and S6 (Figure 5.12 B). Free ABA 

content was maximal at S6, indicating that free ABA synthesis immediately 

preceded the rapid increase in anthocyanin synthesis (Figure 5.2 A and Figure 

5.8 B).  
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Figure 5.12: ABA metabolism and related gene expression in ripening blueberry 

fruit. (A) Structures of ABA and ABA metabolites. Catabolites can be produced 

via 7' hydroxylation (7'-OH-ABA), 8' hydroxylation (phaseic acid, DPA), 9' 

hydroxylation (neoPA) and conjugation (ABA-GE) pathways. (B) Free ABA 

concentration (µg g dry weight
-1

) and quantity of ABA per fruit at each stage of 

development (data are means ± SE, n=3). (C) Expression of VcNCED1 relative to 

the geometric mean of VcGAPDH and VcSAND reference genes (data are means ± 

SE, n=3 for 2008, n=2 for 2009). (D) Concentration of ABA metabolites and 

catabolites (µg g dry weight
-1

) during development (data are means ± SE, n=3). 

ABA-GE,  ABA-glucose ester; 7'-OH-ABA, 7'-hydroxy-ABA; DPA,  

dihydrophaseic acid; t-ABA, trans-ABA; neoPA, neo-phaseic acid.  

 

 

 Free ABA is synthesized from carotenoids via a number of enzymatic 

steps, but its synthesis is rate-limited by 9-cis-epoxycarotenoid dioxygenase 

(NCED) activity (Nambara and Marion-Poll, 2005). We searched the blueberry 

ESTs for homologues of NCED genes, identifying one 723 bp contig (VcNCED1, 

CL1643Contig1) in the EST library that was 76.8% identical (E value: 1e-108) to 

Arabidopsis NCED3 (Table 5.2). The enzyme encoded by AtNCED3 has been 
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functionally characterized as a 9-cis-epoxycarotenoid dioxygenase (Iuchi et al., 

2001). Therefore, qRT-PCR was carried out to assay blueberry VcNCED1 

transcript abundance during development. The relative VcNCED1 transcript 

abundance was very low in young, pre-ripening fruit, but then substantially 

increased around ripening initiation, beginning at S5 and peaking at S6 - S7 

(Figure 5.12 C). This trend was consistent in two growing seasons; in both cases 

the pattern of VcNCED1 expression paralleled the upwards trend in free ABA 

accumulation. It was also similar to the rise of the anthocyanin-specific transcript 

VcUFGT (Figure 5.7 E), but interestingly, the VcNCED1 transcripts accumulated 

slightly earlier.    

The concentration of biologically active ABA in plant tissues is the result of a 

combination of transport, biosynthesis, and catabolism. ABA can be metabolized 

through three major catabolic pathways: (a) 8′-hydroxylation leading to the 

formation of phaseic acid and dihydrophaseic acid (DPA); (b) 7′-hydroxylation 

leading to the formation of 7′-hydroxy-ABA (7′-OH-ABA); and (c) conjugation of 

ABA with glucose to form ABA-glucose ester (ABA-GE) (Figure 5.12 A). Less 

common is 9′-hydroxylation to form neo-phaseic acid (neoPA), though this also 

occurs (Nambara and Marion-Poll, 2005). The relative activity of each of these 

pathways depends on the plant species, tissue, developmental stage, and 

biological process involved (Zaharia et al., 2005b). Consequently, we measured 

the concentrations of all the major ABA catabolites, conjugates and isomers, 

including ABA-GE, 7′-OH-ABA, phaseic acid, DPA, neoPA and trans-ABA (t-

ABA), to determine potential routes for ABA metabolism during the 

maturation/ripening process. All of these metabolites were detected (Figure 5.12 

D), indicating that the three main catabolic pathways function during blueberry 

fruit ripening.  

Early developmental stages S1 and S3 are characterized by substantial 

amounts of ABA-GE (around 9.8 µg g DW
-1

) as well as increasing amounts of 

phaseic acid and DPA. At S1 the amount of ABA-GE was much higher relative to 

the amount of free ABA (Figure 5.12 D and Supplemental Figure B6). Levels of 

7′-OH-ABA also increased during early maturation stages, such that at S5 the 
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ratio between free-ABA:7′-OH-ABA:ABA-GE was 1.7:1.4:1. During ripening 

(S5-S8), phaseic acid and DPA were no longer detected in significant quantities, 

suggesting that flux through the 8′-hydroxylation catabolic pathway is reduced 

during fruit ripening. ABA-GE appears to be the major catabolite during the 

maturation stages, peaking at 10.2 µg g DW
-1

 in S8 fruit. Notably, trans-ABA 

began to increase at S5, reaching a ratio of 6:1 for cis:trans forms of ABA at S6. 

While the presence of trans-ABA is thought to be due to isomerisation of natural 

ABA under UV light, its presence in such large amounts is intriguing. neoPA was 

detected in minute amounts, mostly in the later stages of ripening, which shows 

that little flux was occurring through the 9′-hydroxylation catabolic pathway.  

The tissue distribution of the ABA metabolites was probed by separating 

seeds from fleshy ovary tissue of S5 and S8 fruits. Free ABA content was 2- and 

3-fold enriched in the fruit flesh compared to the seeds of S5 and S8 fruits, 

respectively, and the increase in free ABA between S5 and S8 was most 

substantial in the flesh tissue (Supplemental Figure B6). Moreover, it appears 

that ABA catabolism was higher in the flesh of berry fruits as seeds contain low 

levels of catabolites. In S5 flesh, 7‟-OH-ABA appears to be a major ABA 

catabolite along with ABA-GE, while at the ripe stage S8, conjugation to ABA-

GE seems to predominate. 

 

Discussion 

While blueberry flavonoids and PAs have been studied by chemical analyses, 

the underlying molecular biology and developmental context have not been 

investigated. We have used genomics and molecular tools to identify relevant 

flavonoid genes, and correlated accumulation of flavonoid transcripts with 

flavonoid end-products over blueberry fruit development. Our results show that 

PA biosynthetic genes are expressed early in fruit development, and that their 

expression is clearly separated in time from anthocyanin-specific genes. While the 

signal(s) for this change in flavonoid gene expression and ripening in general are 

not known, the substantial and dynamic levels of ABA suggest involvement of 

this growth regulator in blueberry fruit ripening.  
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PA synthesis is developmentally and spatially delimited in blueberry fruit  

PAs were present in the fruit throughout development (Figure 5.6 and Figure 

5.9), but PA gene transcripts (VcANR and VcLAR) were only detected very early 

in the developmental profile, prior to ripening (up to S4; Figure 5.5). PA 

concentration steadily declined from early development to ripening initiation, 

corresponding to a decline in VcANR, VcLAR and general flavonoid gene 

expression as well as a rapid expansion of the fruit mesocarp. However, the total 

amount of PAs per fruit increased until S5 (Figure 5.6 A). This implies that early 

in development sufficient pools of flavan-3-ols were produced for PA synthesis to 

continue through to S5. The lack of VcANR and VcLAR transcripts, decreased PA 

concentration, and reduced PA staining in ripening fruit (S5-S8) suggests that PA 

synthesis occurred exclusively early in fruit development. This also explains the 

absence of ESTs with similarity to ANR and LAR genes in our EST libraries, 

which were derived from mid- and late-stage berries.  

The limitation of PA gene expression to young blueberry fruit is similar to the 

pattern in grapes, where VvANR and VvLAR gene expression is high in seeds and 

skin until just after ripening initiation (véraison) (Bogs et al., 2005). Interestingly, 

in grape seeds there is a dramatic spike in VvF3’H, VvDFR, and VvLAR2 

expression at ripening initiation, while VvANR and VvANS are also expressed at 

high levels (Bogs et al., 2005; 2006). It has been suggested that this might 

correspond to a burst in flavan-3-ol monomer synthesis in seeds (Downey et al., 

2003a; Bogs et al., 2007). By contrast, we detected very little expression of 

VcANR or VcLAR at ripening initiation (S5/6) or in the seeds of S7 fruit, 

suggesting some differences in development of grape and blueberry seeds. 

The reason why PA synthesis declines at ripening initiation is not entirely 

clear. It is generally assumed that PAs in young fruit skin function as feeding 

deterrents while seeds are still immature (Wrangham and Waterman, 1983). Since 

maturing seeds in S5/6 fruit had begun the browning process, de novo PA 

synthesis is likely unnecessary after this stage, and high PA levels in skin may 

hinder consumption by seed-dispersers. Skin PAs may also function more broadly 
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as antimicrobials to protect against pathogens and other fungi (Treutter, 2006), 

and thus help keep fruit palatable for dispersers.  

DMACA staining showed that in S1 fruit PAs accumulated in all the ovary 

tissues as well as in developing seed coats, but that as the fruit matured, PAs in 

the ovary were primarily concentrated in placentae and the exocarp (skin) (Figure 

5.9). Flavonol localization (Figure 5.10) and early accumulation (Figure 5.8C 

and D) during fruit development paralleled that of PAs (Figure 5.6 and Figure 

5.9). Therefore, the same general flavonoid genes (VcCHS, VcFHT and VcF3′H) 

could contribute to both PA and flavonol synthesis. Cranberries, grapes and 

apples also synthesize relatively high amounts of flavonols early in ovary and 

fruit development (Downey et al., 2003b; Solovchenko and Schmitz-Eiberger, 

2003; Vvedenskaya and Vorsa, 2004). We also detected flavonols in placentae 

and the seed coat, and there appeared to be redistribution of flavonols toward the 

cell periphery in early seed development. In Arabidopsis seeds, flavonols are 

localized in proximity to PAs, where they both become imbedded in mature seed 

coats by enzyme-catalyzed oxidative polymerization (Pourcel et al., 2005).  

 

PA subunit composition reflects biosynthetic gene expression and suggests 

transcriptional control of PA synthesis 

Blueberry PAs were composed almost entirely of epicatechin units, with only 

a small amount of catechin present, mostly as terminal units of PA polymers 

(Table 5.3). The predominance of epicatechin units in the polymers seems to 

parallel the substantially higher relative abundance of VcANR transcripts 

compared to VcLAR transcripts. ANR has been characterized as producing 

epicatechin-type flavan-3-ol monomers in a number of species (Xie et al., 2004; 

Bogs et al., 2005; Akagi et al., 2009a), while LAR is thought to make catechin-

type flavan-3-ol monomers in species that make this compound (Tanner et al., 

2003). It is tempting to hypothesize that the ANR activity is associated with PA 

synthesis in blueberry; however, the exact origin of the flavan-3-ol extension 

subunits in PA polymers is still in question. 
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During early fruit development when PA biosynthesis predominates, transcript 

abundance of VcF3′H was high and that of VcF3′5′H minimal (Figure 5.7). 

Correspondingly, fruit PA subunit composition consisted of ortho-dihydroxyated 

flavan-3-ols (mainly epicatechin) produced by B-ring hydroxylation by F3′H. As 

the fruit matured (stage 6 to 8), transcript abundance of both VcF3′H and 

VcF3′5′H increased. This may explain the small amounts of the trihydroxylated 

epigallocatechin that were detected in mature fruits (Table 5.3). The control of B-

ring hydroxylation by F3′H and F3′5′H gene expression has been observed in 

other fruit. In apple, the PA hydroxylation pattern is the result of high F3′H gene 

expression and the apparent lack of an F3′5′H gene (Han et al., 2010). By contrast, 

persimmon fruit PAs are composed primarily of trihydroxylated subunits, 

corresponding to a high expression of a F3′5′H gene (Akagi et al., 2009a). Grape 

berries express F3′5′H genes only in the skin, precluding formation of 

trihydroxylated PA subunits in the seed (Bogs et al., 2005; 2006). Thus, the 

species- and tissue-specific PA subunit hydroxylation patterns appear to be 

largely dependent on the regulation of flavonoid hydroxylase genes, consistent 

with our results in blueberry. The functional significance of these hydroxylation 

patterns in fruit PAs needs to be studied further. Previous work has shown that 

flavonoids with a trihydroxylated B-ring are more efficient in vitro antioxidants 

than dihydroxylated counterparts (Halbwirth, 2010). Similarly, trihydroxylation of 

PAs may enhance their effectiveness as feeding deterrents against insects (Ayres 

et al., 1997). 

The average length of blueberry fruit PAs was approximately seven subunits, 

linked mainly via B-type linkages, and their structure showed little variation 

through development (Figure 5.6 and Table 5.3). It is not yet known what 

regulates PA length and linkage type, but these can vary depending on species and 

tissue (Aron and Kennedy, 2008). The blueberry mDP range is similar to polymer 

lengths reported for apple fruits (3-13; Sanoner et al., 1999; Hamauzu et al., 2005) 

and grape seeds (3-9; Kennedy et al., 2000; Downey et al., 2003a). By contrast, 

the skin of ripe persimmon, quince and grape contain PAs with mDPs of 30 or 

greater (Downey et al., 2003a; Hamauzu et al., 2005; Akagi et al., 2009a). Such 
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larger PA polymers impart astringency to these fruit, while lower MW PAs (< 6) 

are perceived as bitter (Robichaud and Noble, 1990).  

 

Coexpression of VcUFGT, VcF3′5′H, and VcCytob5 implicate these genes in 

anthocyanin synthesis in blueberry 

While PA and flavonol levels were greater in immature blueberry fruit, 

anthocyanins accumulated in substantial quantities only in ripening fruit (Stage 6-

8). Many of the ESTs associated with general flavonoid biosynthesis (CHS, FHT, 

F3′H and ANS) were enriched in the ripe berry (S7/8) EST library relative to S5/6 

(Table 5.2), suggesting that the corresponding genes are involved in anthocyanin 

biosynthesis. Expression profiles of VcCHS, VcFHT, VcDFR and VcANS 

confirmed that these general flavonoid transcripts were highly abundant in 

anthocyanin-rich maturing fruits (Stage 6-8). Anthocyanin synthesis also takes 

place rapidly following ripening initiation in grape and bilberry, which is likewise 

reflected in a concerted activation of anthocyanin gene expression (Boss et al., 

1996; Jaakola et al., 2002). Blueberry ripening also included the rapid 

accumulation of VcUFGT transcripts, primarily in the skin. The orthologous gene 

in grape (VvF3GT) was demonstrated to code for an anthocyanidin 

glycosyltransferase enzyme, and is also rapidly expressed following ripening 

initiation concomitant with colour development (Ford et al., 1998; Kobayashi et 

al., 2001). Based on sequence similarity to other functionally characterized 

anthocyanidin glycosyltransferases (Supplemental Figure B2) and the tight 

correlation between transcript abundance and anthocyanin accumulation, it is 

likely the VcUFGT gene product is responsible for anthocyanidin glycosylation in 

blueberry fruit.  

Similar to VcUFGT, ESTs predicted to encode VcF3′5′H were found 

exclusively in the S7/8 EST library, and qRT-PCR analysis indicated that 

corresponding transcripts are abundant only during ripening. This pattern predicts 

a role in anthocyanin biosynthesis, consistent with our observation that the 

predominant anthocyanins in ripe fruit were glycosides of delphinidin, petunidin, 

and malvidin, which all require a trihydroxylated (3′4′5) B-ring produced by an 
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F3′5′H enzyme. As mentioned above, restriction of VcF3′5′H expression to the 

ripening stages could explain why the dihydroxylated B-ring structure 

predominates in PAs and flavonols.  

Our expression profiles also implicate cytochrome b5 (VcCytob5) in ripening. 

This gene is most homologous to DIF-F from petunia, which was shown to 

encode a specific cytochrome b5 necessary for full activity of F3′5′H (de Vetten et 

al., 1999). Interestingly, VcCytob5 transcripts were also highly abundant early in 

blueberry development during PA and flavonol synthesis, which could imply its 

involvement in F3′H activity as well. Likewise, the putative grape ortholog of 

petunia DIF-F also displays a biphasic developmental expression pattern (Bogs et 

al., 2006). 

 

VcMYB1 phylogeny and expression pattern suggest a broad role in regulation 

of flavonoid synthesis  

The synthesis of PAs, anthocyanins and flavonols is known to be regulated by 

a network of MYB transcription factors. Two main types of MYB factors have 

been implicated in PA regulation in plants. The Arabidopsis TT-2 gene defines the 

first type, and regulates genes encoding general flavonoid and PA-specific 

enzymes in the seed coat. It is closely related to the stress-inducible PtMYB134 

gene which regulates leaf PAs in Populus (Mellway et al. 2009). A second type of 

PA-regulatory MYB was defined by the grape VvMYBPA1 gene (Bogs et al., 

2007). However, grape was subsequently shown to also require a TT-2 like MYB 

(VvMYBPA2) to regulate PAs in berries, which works in concert with VvMYBPA1 

(Terrier et al. 2009). Anthocyanin-regulatory MYBs (VvMYBA1/2) have also 

been characterized in grape (Kobayashi et al., 2002).  

Surprisingly, in the blueberry EST libraries we did not find a homolog of the 

anthocyanin-specific MYB factors such as VvMYBA1. Rather, we identified 

VcMYB1, a likely ortholog of grapevine VvMYBPA1 (Supplemental Figure B3). 

The latter is highly expressed in young fruit, and acts by activating promoters of 

VvANR, VvLAR and general flavonoid genes (Bogs et al., 2007; Terrier et al., 

2009). Likewise, preliminary in vivo transcriptional activation assays using 
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promoter-luciferase fusion constructs indicated that VcMYB1 activated the 

Arabidopsis ANR promoter, but not an anthocyanin UFGT gene promoter from 

apple (M. Zifkin, A. Gesell, and C.P. Constabel, unpublished data). This would be 

consistent with a role of VcMYB1 in PA synthesis. Nevertheless, the VcMYB1 

gene is also highly expressed during ripening initiation (in skin), when VcANR 

and VcLAR transcript abundance is low (Figure 5.5). A similar expression pattern 

was observed for the grape VvMYBPA1 (Bogs et al. 2007). Therefore, these 

MYBs may act as activators of PA synthesis early in development, but also 

contribute to anthocyanin synthesis during ripening via activation of general 

flavonoid genes. This would likely necessitate a negative regulator of PA-specific 

genes during ripening to prevent reactivation of the PA pathway (Terrier et al., 

2009). Further work is necessary to unequivocally demonstrate the functionality 

and specificity of VcMYB1 in the context of blueberry fruit development.  

 

Activation of ABA metabolism during blueberry ripening 

Our analysis revealed a dramatic increase in ABA at ripening initiation, 

reaching concentrations exceeding 30 µg g DW
-1

 in ripe fruits, primarily in flesh 

tissue (Figure 5.12 and Supplemental Figure B6). This concentration of free 

ABA is much greater than that typically reported from other plant parts. For 

example, the concentration of free ABA in wild-type Arabidopsis seeds is 

generally less than 0.05 µg g DW
-1

 (Chiwocha et al., 2005), and in tomato (a 

climacteric fruit) the reported concentration is 0.2-0.5 µg g DW
-1

 throughout 

ripening (Zhang et al., 2009). The levels of ABA in blueberry fruit surpassed 

those found in grape by six-fold (Owen et al., 2009) and appear excessive for 

normal physiological requirements. Furthermore, ABA turnover in young green 

fruit (S1-S4) appears to be high, as indicated by the presence of a relatively high 

proportion of ABA catabolites, produced mostly via the 8'- and 7'-hydroxylation 

pathways and conjugation to glucose. At ripening initiation, by contrast, the 

overall quantities of catabolites were lower in comparison to the amount of free 

ABA. Therefore, it appears that later in berry development the ABA turnover rate 

is slowed. During ripening, the relative importance of the catabolic pathways 
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changed, so that the 8'-hydroxylation pathway products phaseic acid and DPA 

were reduced while trans-ABA increased. Moreover, we note that ABA-GE is an 

abundant catabolite in blueberry fruit flesh, but not seed (Supplemental Figure 

B6). The significance of these alternate catabolic pathways in the context of fruit 

development needs further investigation.  

The accumulation pattern of ABA was consistent between two growing 

seasons, suggesting that the rise of ABA is part of a normal developmental 

program. This was confirmed by the sharp rise in expression of the VcNCED1 

gene, which encodes 9-cis-epoxycarotenoid dioxygenase, the rate-limiting 

enzyme of ABA synthesis (Nambara and Marion-Poll, 2005). The strong 

correlation between ABA and VcNCED1 transcript levels also suggests that the 

ABA is synthesized locally in the fruit, rather than transported from elsewhere in 

the plant. Since ABA levels in blueberry are likely to be influenced by drought 

stress as they are in grape (Castellarin et al., 2007), some of the variation we 

observed in absolute levels of ABA metabolites between years may be due to 

water availability. 

While this is the first report on ABA metabolism and biosynthetic gene 

expression in blueberry, in grape a rise in VvNCED1 and ABA accumulation 

around ripening initiation has been reported (Deluc et al., 2009). Furthermore, 

free ABA levels are enhanced by external ABA application and low water 

availability (Castellarin et al., 2007; Deluc et al., 2009; Koyama et al., 2009). 

Interestingly, both exogenous and drought-stimulated ABA lead to elevated 

anthocyanin synthesis and anthocyanin-related gene expression, providing a link 

between ABA metabolism and anthocyanin synthesis (Coombe and Hale, 1973; 

Peppi et al., 2008; Koyama et al., 2009; Wheeler et al., 2009). ABA application 

may also hasten flavonol synthesis if applied at véraison, but the effect on 

flavonols is much less pronounced compared to anthocyanins (Koyama et al., 

2009). Likewise, there appears to be little effect of ABA on PA synthesis and 

gene expression (Koyama et al., 2009; Lacampagne et al., 2010). This is 

analogous to our results for blueberry fruit, where we found a tight correlation 

between VcNCED1 expression, ABA, and the expression of anthocyanin genes 
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and anthocyanin concentration, but not PA biosynthetic genes or PA 

concentration.  

Collectively, these results implicate ABA as a key plant growth regulator in 

blueberry fruit development, and suggest that modulation of VcNCED1 gene 

expression is a regulatory mechanism for ABA synthesis in the fruit. Whether 

ABA could act as a general trigger of ripening or only as an activator of some 

metabolic pathways is not known. The application of ABA or genetic 

manipulation of ABA metabolism may provide a way to modulate ripening, as 

well as increase the flavonoid-based antioxidant activity of blueberry fruit.  

  

Conclusion 

Our work shows that flavonoid biosynthetic pathways leading to PAs and 

anthocyanins are tightly regulated in developing blueberries, and that this 

regulation occurs at the level of gene expression. Developmental profiles and 

localization studies emphasize that these pathways are controlled in both time and 

space, suggesting important functions for their end products. The observation that 

PAs, anthocyanins, and flavonols are all present in the skin (exocarp) of ripe fruits, 

suggests this tissue is a key site for blueberry organoleptic and antioxidant 

properties, and general health-promoting benefits. Our study also links ABA 

metabolism to ripening in blueberry, corroborating the importance of this growth 

regulator in non-climacteric fruit ripening. Ultimately, this may provide practical 

benefits for control of ripening or the manipulation of fruit for enhanced 

flavonoids. 
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Chapter 6 

Characterization of Proanthocyanidins in Pea (Pisum 

sativum L.), Lentil (Lens culinaris L.), and Faba bean 

(Vicia faba L.) Seeds 

 

Introduction 

PAs are present in many plant tissues and they have diverse physiological and 

ecological functions (Xie and Dixon, 2005). PAs accumulate in the mature seed 

coats of a number of plant species (Shirley, 1998; Lepiniec et al., 2006) and they 

likely function as protective agents against biotic and abiotic stresses (Pourcel et 

al., 2007).  The presence of PAs in seed coats can be assessed by the appearance 

of brownish colouration, which is the result of PA oxidation by polyphenol 

oxidase (Marles et al., 2008). Seed coat-derived PAs can be soluble or insoluble at 

seed maturity (Naczk et al., 2000). PA insolubility is the result of oxidative cross-

linking with other cell components as the seed matures (Spencer et al., 1988; Li et 

al., 1996; Zhao et al., 2010).  

As one of the main flavonoid subclasses, PAs are widely distributed in legume 

species (Amarowicz et al., 2000; Prati et al., 2007). Historically, PAs were 

considered to be anti-nutritional components in pulse (grain legume seeds) 

nutritional studies because of their ability to precipitate proteins and reduce the 

bioavailability of some minerals (Wang et al., 1998). However, recent research on 

the role of PAs as beneficial plant-based components in the human diet has lead to 

renewed interest in this class of flavonoids in food crops (Ariga, 2004). Several 

recent nutritional studies have found that PAs in common fresh fruits (including 

grapes, blueberries, and apples), wines, grape seed extract, and chocolate, have 

potential beneficial health effects including antioxidant, anti-diabetic, anti-

carcinogenic, and anti-inflammatory activities (Foo et al., 2000; Murphy et al., 

2003; Lee et al., 2008). PAs in legume seeds exhibit remarkable antioxidant 

activity in vitro (Amarowicz et al., 2000); however, more detailed PA structural 
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information is needed for a better understanding of the PA structure-bioactivity 

relationship. The characterization of PAs in grain legume seeds has, in general, 

received minimal attention to date.  The majority of PA studies in legume seeds 

used approximate analysis methods to estimate total PA content (Wang et al., 

1998).   

The first objective of this study was to better understand PA diversity and 

accumulation in the seeds of the commonly consumed grain legumes of pea 

(Pisum sativum L.), lentil (Lens culinaris L.), and faba bean (Vicia faba L.). To 

this end, PAs in the mature seeds of specific cultivars of these grain legumes were 

identified and quantified. The second objective was to determine the temporal and 

spatial profiles of PA accumulation in pea seed coat tissue over development, with 

the goal of further understanding PA biosynthesis and accumulation in this PA 

accumulating tissue for potential manipulation of PA type and amount through 

genetic means or cultural practices.  

 

Materials and methods 

 Plant material  

Mature air-dried seeds of all legume species used for PA analysis were grown 

in Barrhead or Namao, Alberta, Canada in 2008.  The pea (Pisum sativum L.) 

cultivars studied were „Canstar‟, a yellow-seeded field pea with clear-coloured 

seed coats and yellow embryos; „Cebeco 1478‟, an orange-seeded orange pea with 

clear-coloured seed coats and orange embryos; „Courier‟, „CDC Acer‟, and „CDC 

Rocket‟, maple-type field peas consisting of brown-speckled seed coats and 

yellow embryos; „Solido‟, a marrowfat-type field pea with brown seed coats and 

yellow embryos; and „Lan3017‟, a field pea with brown seed coats and yellow 

embryos (Figure 6.1).  The lentil (Lens culinaris L.) cultivars used were „CDC 

LeMay‟, a small-seeded French-type with dark green/brown speckled seed coats 

and yellow embryos; „CDC Redberry‟, a small-seeded type with brown seed coats 

and red embryos; and „CDC Plato‟, a large-seeded type with greenish brown seed 

coats and yellow embryos (Figure 6.1).  The faba bean (Vicia faba L.) cultivars 

used were „CDC Fatima‟, a small-seeded type with brown seed coats and yellow 
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embryos; and „Snowbird‟, a small-seeded type with pale-yellow seed coats and 

greenish yellow embryos (Figure 6.1).   

 

Figure 6.1: Mature legume grain seeds from pea (Pisum sativum L.), lentil (Lens 

culinaris L.), and faba bean (Vicia faba L.) used in this study. The pea cultivars 

are CDC Acer, CDC Rocket, Courier, Solido, Lan3017, Cebeco 1478, and 

Canstar. The lentil cultivars are CDC Redberry, CDC Plato, and CDC LeMay. 

The faba bean cultivars are CDC Fatima and Snowbird.  

For PA characterization in developing pea seed coats, seeds of „Canstar‟ and 

Courier‟ were planted at an approximate depth of 2.5 cm in 3-L plastic pots (3 

seeds per pot) in Sunshine #4 potting mix (Sun Gro Horticulture, Vancouver,  

Canada) and sand (1:1).  Plants were grown in a climate-controlled growth 

chamber at the University of Alberta with a 16 h-light/8 h-dark photoperiod 

(19°/17°C) with an average photon flux density of 383.5 µE/m
2
s (measured with a 

LI-188 photometer, Li-Cor Biosciences, Lincoln, NE). Flowers at anthesis (full 

bloom) were tagged daily and pods 10, 12, 15, 20, 25, 30, and 35 days after 

anthesis (DAA) were harvested onto ice. The seed coats were separated from the 
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embryos (immediately after harvesting) and seed coat cross sections 

approximately 1 mm wide and 3 mm long were dissected out from the middle 

region of cotyledon side for use in the PA localization study. These sections were 

merged into a fixing solution and the remaining seed coat material was stored at -

80°C. Mature green leaves of black currant (Ribes nigrum) which were extracted 

to provide a gallocatechin-(4α→2)-phloroglucinol (GC-P) standard were collected 

from the University of Alberta Research Farm, Edmonton, Alberta. 

 

  Chemicals  

 All organic solvents (used for extraction, purification, and HPLC mobile 

phases) and formic acid (ACS grade) were purchased from Fisher Scientific 

(Ottawa, ON, Canada). (+)-Catechin hydrate, (-)-epicatechin, (-)-epicatechin 

gallate, (-)-epigallocatechin, (-)-gallocatechin, (-)-catechin gallate, (-)-

epigallocatechin gallate, (-)-gallocatechin gallate, taxifolin, phloroglucinol, 

trifluoroacetic acid (TFA), L-ascorbic acid, hydrochloric acid (36.5 ~ 38 %), 1-

buthanol, 4-(dimethylamino)cinnamaldehyde (DMACA), and TOYOPEARL 

resin (HW-40F) were purchased from Sigma (Oakville, ON, Canada). 

Formaldehyde, glutaraldehyde, and Spurr‟s resin were purchased from Electron 

Microscopy Sciences (Hatfield, PA, USA). Crude grape skin PA standard was 

kindly provided by Dr. J. Kennedy (California State University, Fresno, CA, USA) 

and the standard was prepared following the extraction and purification 

procedures described in Kennedy and Jones (2001).   

 

Extraction and purification of proanthocyanidins  

Whole seeds of pea, lentil, and faba bean (5-10 g) were ground to a fine 

powder in a small food processor, and frozen seed coats of „Courier‟ 

(approximately 5 g) were ground to a fine powder in liquid nitrogen using a 

mortar and pestle. These samples were extracted with 66% (v/v) aqueous acetone 

(10 mL per g sample) in a 250 mL Erlenmeyer flask. Flasks containing the 

extraction mixture were immediately sparged with nitrogen to minimize the 

oxygen content in the flask head-space and closed with glass stoppers. 
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Subsequently, the flasks were placed on a rotary shaker at 100 rpm at 4 ºC in the 

dark for 24 hours. Extracts were then filtered through a Buchner funnel with 

Whatman
®
 # 1 filter paper under moderate vacuum. The residue was rinsed with 

66 % aqueous acetone, the extracts and rinses were pooled, and the acetone was 

removed under vacuum using a Speed-Vac concentrator (AES 2000, Savant, NY, 

USA). The remaining aqueous extract was partitioned with chloroform (1:3 v/v, 

chloroform:extract) five times using a separatory funnel to remove lipophilic 

compounds and flavan-3-ol monomers. The extracts were further purified by 

passing them through a 4-mL bed volume column of TOYOPEARL HW 40-F 

resin (Supelco; column, 1.5 cm diameter × 12 cm length) preconditioned with 50% 

(v/v) aqueous methanol containing 0.1 % (v/v) TFA.  The extract was placed onto 

the column and washed with five bed volumes of 50% v/v aqueous methanol with 

0.1% v/v TFA and eluted with four bed volumes of 66% aqueous acetone with 0.1% 

v/v TFA. The acetone/TFA was removed from the extract under vacuum using a 

SpeedVac concentrator and the remaining aqueous extracts were freeze dried to a 

fine powder. 

 

Phloroglucinolysis and HPLC analysis of PA subunits 

The PA extract powder was subjected to acidic conditions to cleave the PAs 

into their constitutive subunits, followed by derivatization with excessive 

phloroglucinol (phloroglucinolysis) according to Kennedy and Jones (2001).  The 

phloroglucinolysis reaction conditions and procedures were the same as described 

in Chapter 4, using a 40 min reaction time for pea seed coat PA extracts, and a 20 

min reaction time for the whole legume seed samples. A 200 µL aliquot of the 

above reaction mixture was added to 1 ml of 40 mM sodium acetate solution to 

quench the reaction.  A 20 µL aliquot of the diluted reaction mixture was injected 

onto  two Chromolith RP-18e (4.6 x 100 mm) columns connected in series, 

protected by a guard column (Chromolith RP-18e 4.6 x 10 mm), stabilized at 

30
o
C, using an Agilent 1200 HPLC system equipped with a Agilent G1315B 

diode array detector (DAD). The RP-HPLC conditions followed that described in 

Chapter 4. PA terminal subunits were identified by comparison of RP-HPLC-
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DAD retention times and absorbance spectra with commercially available flavan-

3-ol standards. Flavan-3-ol-phloroglucinol adducts were identified by comparison 

of RP-HPLC retention times with grape skin PA reaction products that were 

previously characterized. The mean degree of polymerization and the conversion 

yield were calculated according to the method of Kennedy and Jones (2001).   

 

Identification of PA subunits by LC-MS/MS  

For identification of the PA-derived flavan-3-ol monomers and phloroglucinol 

adducts, LC-MS/MS analysis was performed as described in Chapter 4. The 

flavan-3-ols from PA terminal subunits were identified by comparison of LC-

MS/MS spectrum, RP-HPLC retention time, and DAD absorbance spectra with 

authentic flavan-3-ol standards. Epicatechin-(4β→2)-phloroglucinol (EC-P) and 

epigallocatechin-(4β→2)-phloroglucinol (EGC-P) were identified by the 

comparison of RP-HPLC retention times, DAD absorbance spectra, and mass 

spectrum data with grape skin PA phloroglucinol derivatization products 

(Kennedy and Jones, 2001). Gallocatechin-(4α→2)-phloroglucinol (GC-P) was 

identified by the comparison with the RP-HPLC retention time and DAD 

absorbance spectra with black currant leaf PA phloroglucinol derivatization 

products. The presence of gallocatechin in the PA extension units of black current 

leaves has been previously identified by Tits et al. (1992). 

 

PA localization in pea seed coats   

Fresh seed coat tissues of „Courier‟ (10, 12, 15, 20, 25, 30, and 35 DAA) and 

„Canstar‟ (30 DAA) located adjacent to the mid-region of the cotyledons were 

dissected into 1 × 3 mm cross sections and immediately immersed into a fixing 

solution prepared according to Van Dongen et al. (2003).  Briefly, the fixing 

solution consisted of 2.9 % paraformaldehyde, 0.2 % glutaraldehyde, 2 mM 

calcium chloride (CaCl2), 10 mM sucrose, and 25 mM PIPES. The pH of the 

fixing solution was adjusted to 7.5 using sodium hydroxide. After five days of 

fixing solution infiltration under vacuum at room temperature, the tissues were 

rinsed three  times with 25 mM PIPES buffer and dehydrated using a graded 



157 
 

 

ethanol series of 30% and 50% ethanol in 25 mM PIPES buffer (pH 7.5; v/v),  

followed by 70%, 96%, and 100% ethanol in water for 15 min each. After two 

more changes in 100% ethanol followed by two changes in propylene oxide, the 

tissues were then merged into 1:1 Spurr‟s resin and propylene oxide mixture for 2 

hours. Then, the tissues were properly oriented into Spurr‟s resin bath and cured 

at 60 ºC for 3 days. Tissue sections were sliced into 4 µm-thick sections using a 

Reichert Jung Ultracut E ultra microtome (Scotia, NY, USA), affixed onto clean 

slides, and placed at 60 ºC until dry. For comparing PA localization in 30 DAA 

„Canstar‟ and „Courier‟ seed coats, tissue sections were stained directly with 0.1% 

4-dimethylamino-cinnamaldehyde (DMACA) solution, prepared as described in 

Chapter 4, by incubating at 60ºC for 15 min. The slides were then washed with 

100% ethanol and two changes of toluene for 5 min each. Cover slides were 

placed on slide-mounted tissue sections using DPX mounting media (BDH 

Chemicals, ON, Canada). Tissue sections were observed using a Leica DMRXA 

microscope (Leica, Germany) with Nomarski configuration and micrographs were 

taken with a microscope-mounted Nikon camera (Nikon, Japan) controlled by 

ACT-1 software (Nikon, USA). For PA localization in developing pea seed coats, 

a celloidin coating was applied to all slides prior to the staining process to 

improve the adherence of tissue sections to the glass slides. Briefly, the slides 

were submerged in absolute ethanol for 10 seconds, then coated with celloidin 

solution (0.5% celloidin in 1:1 ethanol:ethyl ether) for 5 min, and rinsed with 70% 

ethanol. Tissue sections were then stained with 0.1% DMACA solution at 60ºC 

for 30 min. The slides were washed with 100% ethanol and dehydrated with two 

changes of toluene for 5 min each. Cover slides were placed on slide-mounted 

tissue sections using DPX mounting media. Tissue sections were observed using a 

Zeiss AXIO scope A1 light microscope (Zeiss, Germany) and micrographs were 

taken with a microscope-mounted Optronics camera (Optronics, CA, USA) 

controlled by Picture Frame ™ Application 2.3 software.  
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Results and Discussion 

PA subunit composition and quantitation in mature pea seeds   

Estimates of the PA content of various cultivars of pea have previously been 

reported using either a Vanillin-Hydrochloric acid (HCl) method (Igbasan et al., 

1997; Wang et al., 1998) or buthanol-HCl-Fe
3+

 method (Troszynska et al., 2002). 

The vanillin-HCl method can overestimate PA levels because of the use of 

catechin as a standard and the existence of different reaction kinetics for PAs and 

catechin (Sun et al., 1998). The buthanol-HCl-Fe
3+

 method can underestimate PA 

content due to incomplete conversion of PAs into anthocyanidins (Butler et al., 

1982; Makkar et al., 1999). These colourimetric-based assays are considered to be 

approximate assays and they do not provide data on PA subunit composition or 

degree of polymerization. PA concentration can also be estimated by acid-

catalyzed cleavage followed by phloroglucinol derivatization (Kennedy and Jones, 

2001).  This method allows the determination of PA subunit composition and 

concentration by the comparison of the reaction product retention properties with 

those of flavan-3-ol standards and other well characterized PA standard reaction 

products. Flavan-3-ols in the PA extension units form phloroglucinol adducts at 

their C4 position, while terminal flavan-3-ol units are released as flavan-3-ol 

monomers (see Figure 2.9). After HPLC analysis and LC-MS confirmation of the 

PA phloroglucinolysis reaction products, the mean degree of polymerization 

(mDP) of PAs can be calculated. 

Among the seven pea cultivars studied, „Canstar‟ and „Cebeco 1478‟ had 

clear-coloured seed coats.  No PA subunits were detected in the RP-HPLC 

chromatograms of „Canstar‟ (Figure 6.2 A) or „Cebeco 1478‟ (data not shown) 

extracts after phloroglucinolysis. However, PA subunits were detected in the 

seeds of cultivars „Courier‟, „Solido‟, „Lan3017‟, „CDC Acer‟, and „CDC Rocket‟ 

that had brown or brown-speckled seed coats (Figure 6.2; Table 6.1).   
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Figure 6.2: RP-HPLC-DAD chromatograms of the phloroglucinolysis products 

from pea („Courier‟, „Lan3017‟, and „Canstar‟; A), lentil („LeMay‟; B), and faba 

bean („Fatima‟; B) seeds. 1. L-Ascorbic acid (1.1 min); 2, phloroglucinol (1.5 

min); 3, gallocatechin-(4α→2)-phloroglucinol (1.8 min); 4, epigallocatechin-

(4β→2)-phloroglucinol (2.2 min); 5, gallocatechin (2.9 min); 6, putative catechin-

(4α→2)-phloroglucinol isomer (3.4 min); 7, catechin-(4α→2)-phloroglucinol (4.0 

min); 8, epicatechin-(4β→2)-phloroglucinol (4.4 min); 9, epigallocatechin (7.2 

min); 10, catechin (7.4 min); 11, epicatechin (10.3 min). 
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Table 6.1: Summary of PA subunit composition following phloroglucinolysis and RP-HPLC-DAD analysis in the 

seeds of pea, lentil and faba bean.
a
  

Peak ID Compound „Courier‟ „CDC Acer‟ „CDC Rocket‟ „Solido‟ „Lan3017‟ „CDC LeMay‟ „CDC Redberry‟ „CDC Plato‟ „Fatima‟ 

3 GC-P 29.23 ± 0.73b 30.86 ± 0.83 30.05 ± 0.37 28.99 ± 0.88 1.36 ± 0.02 32.90 ± 0.35 36.75 ± 0.10 33.83 ± 0.01 18.52 ± 0.30 

4 EGC-P 55.38 ± 1.05 50.13 ± 1.88 49.63 ± 1.26 51.16 ± 1.27 0.79 ± 0.05 11.77 ± 0.19 7.62 ± 0.01 6.68 ± 0.47 42.18 ± 1.27 

5 GC 9.88 ± 0.29 10.21 ± 0.60 10.52 ± 0.42 10.53 ± 0.14 ndc 4.28 ± 0.04 4.86 ± 0.50 5.75 ± 0.01 6.10 ± 0.70 

6 C-P  isomer nd nd nd nd 4.98 ± 0.00 3.87 ± 0.02 5.30 ± 0.07 5.79 ± 0.01 1.56 ± 0.10 

7 C-P nd 0.29 ± 0.01 0.23 ± 0.00 0.22 ± 0.01 21.41 ± 0.01 17.87 ± 0.05 24.10 ± 0.18 25.84 ± 0.06 6.93 ± 0.48 

8 EC-P 0.37 ± 0.01 0.88 ± 0.02 0.85 ± 0.01 0.60 ± 0.02 65.37 ± 0.03 15.03 ± 0.06 7.65 ± 0.11 8.93 ± 0.01 18.41 ± 1.03 

9 EGC 5.13 ± 0.04 7.41 ± 0.48 8.51 ± 0.45 8.24 ± 0.21 nd nd nd nd nd 

10 C nd nd nd nd 0.94 ± 0.00 14.03 ± 0.17 13.57 ± 0.18 12.98 ± 0.36 5.13 ± 0.10 

11 EC nd 0.21 ± 0.00 0.21 ± 0.01 0.27 ± 0.02 5.15 ± 0.02 0.25 ± 0.00 0.15 ± 0.00 0.21 ± 0.03 1.18 ± 0.08 

           

 mDP 6.7 ± 0.2 5.6 ± 0.3 5.2 ± 0.2 5.3 ± 0.1 16.4 ± 0.0 5.4 ± 0.0 5.4 ± 0.1 5.3 ± 0.1 8.1 ± 0.5 

 Conversion yieldd 83.9 ± 1.6 90.1 ± 4.6 87.6 ± 1.4 78.3 ± 4.9 59.1 ± 0.9 80.1 ± 3.5 82.1 ± 0.0 79.5 ± 1.9 74.1 ± 2.3 

 Total PAe 416.0 ± 7.7 367.4 ± 45.6 293.7 ± 26.4 264.1 ± 14.6 96.7 ± 13.2 269.0 ± 23.9 377.8 ± 8.1 341.4 ± 15.6 654.3 ± 41.9 

a 
No PA subunits were detected in the RP-HPLC chromatograms of „Canstar‟ or „Cebeco 1478‟ extracts after 

phloroglucinolysis; 
b
 molar % ± SE (n=2); 

c
 nd, not detected; 

d
 yield of PA extract calculated; 

e
 Total PA content based 

on characterized PA subunit, mg/ 100 g dry weight.  

GC-P, gallocatechin-(4α→2)-phloroglucinol; GC, gallocatechin; EGC-P, epigallocatechin-(4β→2)-phloroglucinol; 

EGC, epigallocatechin; C-P, catechin-(4α→2)-phloroglucinol; C, catechin; EC-P, epicatechin-(4β→2)-phloroglucinol; 

EC, epicatechin.  
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In the seeds of pea cultivars „Courier‟, „CDC Acer‟, „CDC Rocket‟ and 

„Solido‟, similar PA flavan-3-ol extension and terminal unit profiles were detected 

(Table 6.1).  The PA flavan-3-ol extension units were nearly exclusively 

prodelphinidin, where epigallocatechin (peak 4) was the most abundant flavan-3-

ol extension subunit followed by gallocatechin (peak 3; Figure 6.2 A). The PA 

terminal subunits of these pea cultivars mainly consisted of gallocatechin (peak 5) 

and epigallocatechin (peak 9, Figure 6.2 A; Table 6.1). A minimal amount of 

epicatechin also occurred in the PA extension subunits (peak 8) in these four 

cultivars, and in the terminal subunits (peak 11) of three of the four pea cultivars 

(Figure 6.2 A; Table 6.1). The PA flavan-3-ol extension and terminal subunit 

profile of „Lan3017‟ seeds was markedly different than that of the other pea 

cultivars studied (Figure 6.2 A; Table 6.1). „Lan3017‟ contained nearly 

exclusively procyanidin moieties in the PA polymers, with the majority of the PA 

extension subunits consisting of epicatechin (peak 8, Figure 6.2 A) followed by 

catechin (peak 7, Figure 6.2 A; Table 6.1). The mDP of the PA polymers was 

similar in the pea cultivars „Courier‟, „CDC Acer‟, „CDC Rocket‟ and „Solido‟ at 

5-7 subunits in length. However, the PA mDP was 2 to 3 times greater in 

„Lan3017‟ than that in the other pea cultivars studied (Table 6.1). Also, „Lan3017‟ 

had the lowest PA content of the five-PA containing pea cultivars (Table 6.1).  

The PA extension and terminal subunits in all PA-containing pea cultivars are 

assumed to be linked in a B-type configuration (C4C8 or C4C6, Figure 2.8), 

as the PA interflavonoid bonds were readily cleaved under the acid-hydrolysis 

conditions.  

Mature „Courier‟ seeds had the highest PA concentration among the seven 

cultivars of pea studied (Table 6.1). The total PA concentration in mature 

„Courier‟ seeds (416.0 mg/100g fresh weight) is comparable to that of blueberries 

(331.9 mg/100g fresh weight), cranberries (418.8 mg/100g fresh weight), small 

red beans (456.6 mg/100g fresh weight), sorghum (high tannin whole grain 

extrudate, 447.3 mg/100g fresh weight) and hazelnuts (500.7 mg/100g fresh 

weight) (Gu et al., 2004). 
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PA subunit composition and quantitation in developing pea seed coats 

PAs in legume seeds generally accumulate in the seed coat (Duenas et al., 

2003); thus, this tissue was selected for studying PA accumulation over 

development. Similar subunit composition was observed in developing pea seed 

coats from 12 to 30 DAA as that found in mature seed coats of „Courier‟ (Table 

6.1 and 6.2). As discussed above, the extension subunits of PAs from both 

immature and mature „Courier‟ pea seeds consist primarily of epigallocatechin 

followed by gallocatechin. The main flavan-3-ol subunits that occupy the terminal 

position in the PA polymers were also epigallocatechin and gallocatechin, the 

former being more abundant. Interestingly, a small amount of epicatechin was 

detected in the terminal subunits of PAs from immature pea seed coats, whereas 

none was detected in the mature seed coat tissues (Table 6.2).   

 

Table 6.2: Summary of PA subunit composition following phloroglucinolysis of 

„Courier‟ pea seed coats over development. 

 GC-P EGC-P EC-P GC EGC EC 

12 DAA
a
 20.5 ± 1.1

b
 55.8 ± 1.1 0.42 ± 0.01 17.3 ± 0.2 5.65 ± 0.15 0.38 ± 0.02 

15 DAA 24.8 ± 0.4 55.2 ± 0.0 0.38 ± 0.02 15.0 ± 0.2 4.35 ± 0.21 0.32 ± 0.06 

20 DAA 27.5 ± 0.3 52.9 ± 0.4 0.36 ± 0.02 14.4 ± 0.4 4.47 ± 0.11 0.29 ± 0.04 

25 DAA 29.2 ± 0.4 51.6 ± 0.6 0.22 ± 0.11 14.3 ± 0.2 4.51 ± 0.09 0.21 ± 0.01 

30 DAA 30.8 ± 1.0 49.8 ± 1.3 0.31 ± 0.02 14.1 ± 0.3 4.76 ± 0.12 0.19 ± 0.03 

a
 DAA, days after anthesis; 

b
 molar % ± SE (n=3). 

GC-P, gallocatechin-(4α→2)-phloroglucinol; EGC-P, epigallocatechin-(4β→2)-

phloroglucinol; EC-P, epicatechin-(4β→2)-phloroglucinol; GC, gallocatechin; 

EGC, epigallocatechin; EC, epicatechin.   

 

The molar percent of gallocatechin in the extension units increased as seed 

development progressed, while that of epigallocatechin decreased. This change in 

PA composition over development may reflect an increase in flow of metabolites 

through LAR versus ANS/ANR branch points in the flavonoid biosynthesis 

pathway as the seed coat matures. The mDP of PAs from young seed coats at 12 
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DAA was less than five, then it increased slightly (about one subunit in length) by 

15 DAA and it remained at this level until 30 DAA (Figure 6.3). At seed maturity, 

the mDP increased to approximately seven. The total PA yield was calculated 

using the PA extract yield values and the conversion yield of PAs to known 

subunits. Using this calculation, we determined that the PA content increased 

during development, reaching a maximum level at 20 DAA. After 20 DAA, the 

PA content steadily decreased until seed maturation. This reduction in PA 

concentration may be due to the oxidation of PAs in pea seed coats by polyphenol 

oxidase activity (Marles et al., 2008), resulting in  the brown oxidation colour 

observed in the seed coats of mature „Courier‟ pea seeds.  

 

Figure 6.3: The change in PA content and mDP over seed coat development in 

„Courier‟. mDP, mean degree of polymerization. 

  

PA subunit composition and quantitation in lentil seeds  

PA composition of lentil seed coats from two cultivars has been studied using 

a fractionation method based on C18 mini cartridges followed by both the 

Vanillin-HCl assay and thiolysis-HPLC analysis (Duenas et al., 2003). This 

method can provide an approximate range of PA polymer distribution and 

information about subunit composition and the mDP. Though many lentil 
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polyphenols with purported health benefits have been found exclusively in the 

seed coat (Duenas et al., 2002), lentil seeds are mostly commonly consumed after 

the seed coats are removed. An understanding of PA composition in lentil seeds, 

particularly those grown in Western Canada, will be useful for more effective use 

of this by-product in the future.  

After phloroglucinolysis, PA subunit derivatives from the seeds of three lentil 

cultivars „CDC Lemay‟, „CDC Redberry‟, and „CDC Plato‟ were analyzed by RP-

HPLC-DAD. All cultivars exhibited similar PA extension and terminal subunit 

flavan-3-ol profiles (Table 6.1). The PA extension subunits consisted of four 

common flavan-3-ols: gallocatechin (peak 3), epigallocatechin (peak 4), catechin 

(peak 7), and epicatechin (peak 8) (Figure 6.2 B). The PA terminal subunits 

mainly consisted of gallocatechin (peak 5) and catechin (peak 10) with a minimal 

amount of epicatechin (peak 11) (Figure 6.2 B; Table 6.1). The mDP of the PAs 

was also similar in the three lentil cultivars studied at 5-6 subunits (Table 6.1). 

The PA polymers are assumed to be linked in a B-type configuration, similar to 

that in pea cultivars, as the PA interflavonoid bonds were readily cleaved under 

the acid-hydrolysis conditions. Among the three lentil cultivars studied, „CDC 

Redberry‟ had the most darkly-coloured seed coats (Figure 6.1), and consistent 

with the colouration, the seed of this cultivar had the highest PA content (Table 

6.1). Interestingly, both 2, 3-trans-flavan-3-ols (catechin and gallocatechin) and 2, 

3-cis-flavan-3-ols (epicatechin and epigallocatechin; see Figure 2.6) were found 

in both PA extension and terminal subunits (Figure 6.2 B; Table 6.1). This result 

is in agreement with that reported by Duenas et al. (2003) for two different lentil 

cultivars (Pardina and Castellana). Higher abundance of 2, 3-trans-flavan-3-ols 

compared to 2, 3-cis-flavan-3-ols in the lentil PA subunits might be due to a 

higher amount of PA precursors flowing through the LAR versus the ANS/ANR 

branch of the flavonoid biosynthesis pathway (see Figure 2.6).  

 

PA subunit composition and mDP in faba bean seeds  

„CDC Fatima‟ and „Snowbird‟ were the two faba bean cultivars used for this 

study. „CDC Fatima‟ seed coats were brown and „Snowbird‟ seed coats were pale 
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yellow (Figure 6.1). No PAs were detected in the extracts from the seeds of 

„Snowbird‟ (data not shown). However, PA subunits were detected in the seeds of 

„CDC Fatima‟. The PA extension subunits identified in faba bean seeds were 

similar to that in lentil seeds (Figure 6.2 B; Table 6.1). The PA terminal subunits 

consisted of gallocatechin (peak 5), catechin (peak 10), and epicatechin (peak 11, 

Figure 6.2 B; Table 6.1), which is in agreement with the published values for the 

cultivar „Alfred‟ (Merghem et al., 2004). However, in „Alfred‟, catechin (2, 3-

trans-flavan-3-ols) was the most abundant PA extension subunit (Merghem et al. 

2004), while in „Fatima‟ epigallocatechin (2, 3-cis-flavan-3-ol) was the most 

abundant PA extension subunit (Figure 6.2 B). The differences observed between 

these cultivars may be due to differences in the activities of F3'5'H and F3'H 

(responsible for B-ring hydroxylation) as well as LAR versus ANS/ANR branch 

pathway activities between these genotypes. 

 

Phloroglucinolysis product confirmation by LC-MS 

Table 6.3 summarizes the molecular ion and fragment ion masses of the 

legume PA phloroglucinolysis products obtained using LC-MS analysis. The 

following compound structures were confirmed by their HPLC retention times 

and molecular ion and fragment ion masses: epigallocatechin-(4β→2)-

phloroglucinol, gallocatechin, catechin-(4α→2)-phloroglucinol, catechin, 

epicatechin-(4β→2)-phloroglucinol, epigallocatechin, and epicatechin. The 

presence of gallocatechin (GC) in the PA extension subunits was previously 

described in black currant (Ribes nigrum) leaves (Tits et al., 1992). In this study, a 

PA extract of black currant leaves was subjected to phloroglucinolysis followed 

by RP-HPLC-DAD analysis to serve as a reference standard for GC-P. The 

putative GC-P compound from the pea, lentil and faba bean extracts (peak 3; 

Figure 6.2 A and B) had an identical retention time and absorbance spectra as the 

GC-P reaction product from the black current PA extract (data not shown). 

Consistent with these data, the molecular ion mass of the putative GC-P was 429 

([M-H
-
]) with fragment ions 303, 261, and 177, and the putative GC-P eluted 

from the RP-HPLC column prior to EGC-P, as expected for GC-P (Table 6.3). 
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Another unknown compound (peak 6 in Figure 6.2 A and 6.2 B) had a molecular 

ion mass of 413 and fragment ion masses of 287 and 261. These ion masses are 

consistent with that of C-P and EC-P. However, the retention time of the peak 6 

compound precedes that of both C-P and EC-P.  This compound was found in the 

phloroglucinolysis products of „Lan3017‟, the three lentil cultivars, and the faba 

bean cultivar CDC Fatima. In a previous study, after thiolysis of a PA  extract of 

lentil seed coats Duenas et al. (2003)  found that catechin from the PA extension 

units formed two catechin thiol adducts (benzyl mercaptan-derivatives) in an 

approximately  1: 4 ratio, while epicatechin formed only one thiol 3, 4-tran-

adduct (personal communication). It appears that the formation of flavan-3-ol 3, 

4-trans-adducts is less stereo-specifically limited for catechin than for epicatechin, 

and it is likely that the compound in peak 6 (Figure 6.2 A and 6.2 B) is an isomer 

of C-P (Figure 6.4). NMR would be required to confirm the structure of the C-P 

isomer. Possible gallocatechin-(4α→2)-phloroglucinol and catechin-(4α→2)-

phloroglucinol ion fragmentation patterns in negative ion mode LC-MS are 

presented in Figure 6.5 according to the major fragment ions we have observed 

(Table 6.3). 

 

 

Figure 6.4: Chemical structures of catechin-(4α→2)-phloroglucinol and putative 

catechin-(4α→2)-phloroglucinol isomer. C-P, catechin-(4α→2)-phloroglucinol. 
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Table 6.3: Characterization of phloroglucinolysis products from pea, faba bean 

and lentil seeds using LC-MS analysis. 

Compound Species Cultivar tR (min)
a
 [M-H]

- b
 Fragment ions 

GC-P pea „Solido‟ 7.4 429 303, 261, 177 

 lentil „LeMay‟ 7.6 429 303, 261, 177 

 faba bean „Fatima‟ 7.5 429 303, 261, 177 

EGC-P pea „Solido‟ 9.6 429 303, 261, 177 

 lentil „LeMay‟ 9.7 429 303, 261, 177 

 faba bean „Fatima‟ 9.7 429 303, 261, 177 

GC pea „Solido‟ 16.8 305 219, 137 

 lentil „LeMay‟ 16.7 305 287, 219, 163, 137 

 Faba bean „Fatima‟ 16.8 305 261, 170, 137 

 Standard 18.1 305 231, 219, 179 

C-P isomer pea „Lan3017‟ 17.2 413 287, 261, 161, 135 

 lentil „LeMay‟ 17.3 413 287, 261, 161, 133 

 faba bean „Fatima‟ 17.2 413 287, 261, 163 

C-P pea „Lan3017‟ 21.3 413 287, 261, 217, 175 

 lentil „LeMay‟ 21.2 413 287, 261, 217,125 

 Faba bean „Fatima‟ 21.2  287, 261, 217, 175, 133 

EC-P pea „Lan3017‟ 22.1 413 287, 261, 175 

 lentil „LeMay‟ 22.2 413 287, 261, 161 

 Faba bean „Fatima‟ 22.2 413 287, 261, 217, 175, 133 

EGC pea „Solido‟ 33.4 305 219, 137 

 Standard 34.4 305 219, 179, 137 

C pea „Lan3017‟ 33.3 289 245, 173, 137 

 lentil „LeMay‟ 33.4 289 245, 203, 137 

 faba bean „Fatima‟ 33.5 289 245, 137 

 Standard 33.2 289 245, 205, 137 

EC pea „Lan3017‟ 44.3 289 245, 137 

 lentil „LeMay‟ 44.4 289 245, 174, 137 

 faba bean „Fatima‟ 44.4 289 245, 203, 137 
a Retention time on LC-MS. The gallocatechin and epigallocatechin standards 

were run at different times with the legume samples leading to some variation in 

retention time between the same compounds in the standards and samples. 

b MS was run in the negative mode and all the molecular ions are [M-H]
-
.  

GC-P, gallocatechin-(4α→2)-phloroglucinol; EGC-P, epigallocatechin-(4β→2)-

phloroglucinol; EC-P, epicatechin-(4β→2)-phloroglucinol; C-P, catechin-

(4α→2)-phloroglucinol; C, catechin; GC, gallocatechin; EGC, epigallocatechin; 

EC, epicatechin. 
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Figure 6.5: Proposed MS fragmentation patterns of gallocatechin-(4α→2)-

phloroglucinol, catechin-(4α→2)-phloroglucinol, gallocatechin, and catechin. 
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Localization of PAs in developing ‘Courier’ pea seed coats 

During pea seed development, seed coats protect the embryo from various 

stresses and provide nutrients to sustain embryo growth (Van Dongen et al., 2003). 

In Medicago truncatula, a model legume plant, the majority of PAs are found in 

the seed coat, with only a minimal level of PAs in the other parts of the seed 

(Pang et al., 2007). However, minimal information exists on the sites of PA 

accumulation within the seed coat, and how PA localization changes over 

development. In order to address these questions, we localized PAs in „Courier‟ 

pea seed coats over development using a DMACA staining method (Gutmann and 

Feucht, 1991). PAs mainly accumulated intracellularly (likely the vacuole) in the 

cells of the epidermal and ground parenchyma layers of the seed coat throughout 

development (Figure 6.6). As the seed matures, the cells of epidermal layer of the 

seed coat sclerify and the intercellular space and vacuolar size decreases. As a 

result, the vacuolar-localized PAs are visualized in the inner side of the epidermal 

layer (non-sclerified portion of the epidermal cells; Figure 6.6). As PAs can serve 

as protective agents during biotic and abiotic stress conditions, it is 

understandable that PAs localize to the outer-most layer (epidermal layer) of the 

seed. As parenchyma cells often function in a storage capacity, PAs may be stored 

in the vacuoles of the cells of the ground parenchyma layer of the seed coat where 

they could be transported to their site of function during various stress conditions. 

It may be that the PAs stored in the ground parenchyma cells account for the 

majority of the soluble PAs detected in the seed coats.  
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Figure 6.6: Cotyledon mid-region cross sections of „Courier‟ pea seed coats. e, 

epidermal layer; h, hypodermal layer; ch, chlorenchyma layer, gp, ground 

parenchyma layer; bp, branched parenchyma layer. 

 

Localization of PAs in ’Courier’ and ‘Canstar’ seed coats 

30 DAA, „Courier‟ and „Canstar‟ seed coats were sectioned and stained with 

PA specific DMACA staining solution for understanding the difference of PA 

accumulation in these two cultivars. DMACA can stain not only PAs but also 

precursors of PAs (Abrahams et al., 2002). „Courier‟ seed coat sections exhibited 

dark-blue staining in the inner epidermal and the ground parenchyma cell layers 

(Figure 6.7).  However, no PA-specific staining was observed in the seed coat 

sections of „Canstar‟. These data are consistent with our analytical data that 

suggest that PAs do not accumulate in „Canstar‟ pea seed coats. Data of seed coat 

development morphology of these two cultivars of pea are presented in Appendix 

C. 
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Figure 6.7: Micrographs of ‟Courier‟ and „Canstar‟ seed coats stained with 

DMACA and observed under a Nomarski microscope. A, 30 DAA „Courier‟ seed 

coat, showing PA-specific staining (dark-blue colour) in the epidermal and ground 

parenchyma layers. B, 30 DAA „Canstar‟ seed coat, showing no evidence of 

staining. e, epidermis; h, hypodermis; ch, chlorenchyma layer; gp, ground 

parenchyma layer; Black scale bar = 100 µm. 

  

Conclusions 

In summary, the results from this study indicate that seed PA accumulation 

profiles varied between and within legume species. Pea can be a very good 

legume model plant for studying PA biosynthesis since a marked variation in PA 

composition and levels exists among different pea cultivars. With this genetic 

variation within agronomically acceptable pea cultivars, there is great potential to 

extend the usage of these pulses in human and animal diets.  Across species, pea 

and faba bean seeds were found to contain more 2, 3-cis-flavan-3-ols than 2, 3-

trans-flavan-3-ols in their PAs. This result indicates that more substrate flows 
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through the ANS/ANR branch point of than the LAR branch point for the 

production of subunits for PA biosynthesis.   
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Chapter 7 

Summary and Conclusions 

 

Summary of the thesis work 

This thesis aims to gain new insight into the study of the biosynthesis of 

flavonoids (specifically anthocyanins, flavonols, and PAs) and their accumulation 

in fruit and seeds during growth and maturation processes. For this purpose, fruits 

and seeds were categorized into different developmental and maturation stages 

prior to further chemical analyses and localization studies. Various cultivars of 

saskatoon fruits were sorted into nine maturation stages, while „Rubel‟ blueberry 

fruits were grouped into eight developmental stages according to fruit size, colour, 

and firmness. Pea seed samples were collected during seed development 

according to the length of growing date from anthesis (full bloom of flowers). 

Individual anthocyanins and flavonols in different cultivars of saskatoon fruits 

were identified using HPLC-DAD/LC-MS analysis and quantified using HPLC-

DAD during fruit development and maturity in order to understand the variation 

of flavonoid profile across the cultivars and fruit developmental stages. After 

effective extraction and purification, anthocyanins and flavonols in blueberry 

fruits were hydrolyzed with acidic aqueous methanol, and subsequent 

anthocyanidins and flavonol aglycones were identified and quantified using 

HPLC-DAD during the fruit maturation process for matching the flavonoid 

profile with the flavonoid biosynthesis gene expression study. PAs are oligomers 

and polymers of flavan-3-ols. Due to the limitations of current analytical methods 

for direct PA polymer identification, PAs from saskatoon fruits, blueberry fruits, 

and legume seeds underwent acid-catalyzed cleavage and then cleaved products 

were derivatized with phloroglucinol to their subsequent flavan-3-ol 

phloroglucinol adducts and free flavan-3-ols. The reaction products were 

identified using HPLC-DAD/LC-MS, and subunit composition, average degree of 

polymerization, and conversion yield were determined using HPLC-DAD analysis. 

Anthocyanin localization was studied through direct observation of colour 
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distribution in the cross sections of different stages of saskatoon and blueberry 

fruits. Flavonol localization was studied using flavonol auto-fluorescence, and 

flavonols in saskatoon and blueberry fruits were stained with DPBA in order to 

enhance the auto-fluorescence. Cross sections of saskatoon fruits, blueberry fruits, 

and pea seed coats were stained with DMACA solution for localizing PAs.   

 

General conclusions 

Overall, the thesis sought to answer the following original hypotheses: 

 

1. Flavonoid synthesis and accumulation in the fruits of Amelanchier 

alnifolia (saskatoon) and Vaccinium corymbosum (blueberry), and the seeds of 

Pisum sativum (pea), are developmentally and spatially regulated.  

 

Saskatoon fruits 

 From the study of anthocyanin and flavonol profiles of saskatoon fruit over 

development (Chapter 3), we have found that anthocyanin numbers and 

concentrations increased in pigmented-cultivars of fruit along with fruit 

development and maturation process. For example, cyanidin 3-O-xyloside only 

appeared and accumulated during the ripening stages of fruit, but not in the early 

developmental stages of fruit. Also, total anthocyanin concentration was minimal 

in the early developmental stages, drastically increased in fruit ripening stages, 

and reached its maximum in mature fruits. Flavonol accumulation showed a 

biphasic pattern in saskatoon fruits during fruit development. Generally, a high 

level of flavonols was achieved in early fruit developmental stages; it decreased 

mid-way through fruit development, then increased again in the mature stages of 

the pigmented-cultivar fruit. PA synthesis and accumulation also followed the 

biphasic pattern of flavonol accumulation in saskatoon fruits. In early 

developmental fruits, flavonols and PAs were localized in most tissues of 

saskatoon fruits. In the later developmental stages, PAs and flavonols in fruit 

mesocarp tissues decreased and these flavonoids were more tissue-specifically 

accumulated, likely in the vacuoles of epidermal and placental tissues and cell 
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walls of seed coats. Based on these results, we can conclude that flavonoid 

synthesis and accumulation is tightly correlated with saskatoon fruit 

developmental and maturation stages.  

 

Blueberry fruits  

In the study of flavonoid accumulation during the development and ripening 

of blueberry fruits, we were able to combine the expression of flavonoid 

biosynthesis genes with the corresponding metabolite profiles. The combination 

of flavonoid composition, concentration, localization, and gene expression data 

suggests that flavonoid biosynthesis is tightly regulated at the gene expression 

level during fruit development. The types of anthocyanidins varied in different 

stages of blueberry fruits. In the early stages of blueberry fruits, anthocyanins 

consisted of two anthocyanin aglycones, cyanidin and delphinidin, while cyanidin 

was a major anthocyanidin. Methoxylated anthocyanidins such as peonidin, 

petunidin, and malvidin only appeared in the later maturation stages of fruits. The 

anthocyanidin level was low in early green fruits and reached its maximum point 

in mature fruits. Flavonol and PA concentrations were high in early 

developmental fruit and low in later maturation stages. In the ripening stages of 

blueberry fruit, PAs and flavonols were mainly localized in the exocarp 

(epidermis and hypodermis), the seed coat, and the placental tissues, while these 

flavonoids were ubiquitous in all the fruit tissues in early fruits. These flavonoid 

accumulation patterns demonstrate that flavonoid biosynthesis in blueberry fruits 

is also controlled in time and space.  

 

Pea seeds 

PA composition was studied in the seed coats of developing pea seed. The PA 

content in „Courier‟ pea seed coats varied during pea seed development. The PA 

level was lower in early pea seed coats and reached its maximum level in 20 DAA 

seed coats, and then gradually decreased, possibly due to the oxidation of PAs. 

The average polymer length of PAs increased along with pea seed development, 

while PA subunit composition was consistent over pea seed development. PAs in 
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pea seed coat tissues were localized in the vacuoles of the epidermal layer and the 

ground parenchyma layer. The result shows that PA accumulation in peas is 

closely associated with seed growth, development, and tissue type. 

 

2. Variation exists in the type and amount of specific flavonoids between 

different cultivars of the same species (among fruits of Amelanchier alnifolia 

[saskatoon] and among seeds of Pisum sativum [pea]), as well as among seeds of 

different species within the grain legume crops (pea, faba bean and lentil).  

 

Flavonoid profiles in the various cultivars of saskatoon fruits 

Anthocyanin profiles were similar among four pigmented cultivars of 

saskatoon fruits, while total anthocyanin contents in developing and mature fruits 

were different among these cultivars. Flavonols found in saskatoon fruits were all 

quercetin glycosides, and the glycosylation profiles of flavonols were slightly 

different among various saskatoon cultivars. This might be due to the fact that 

glycosylation was controlled by different UFGT enzyme activities and different 

saskatoon varieties might have different UFGT enzymes. 

   

PA composition in different pea cultivars of pea seeds 

PA subunit composition in pea seeds was different among cultivars. „Courier‟ 

pea seeds contained prodelphinidin type PAs while PAs in pea cv. Lan3017 seeds 

were exclusively procyanidins. The difference might be caused by the presence 

and activity of B-ring hydroxylation enzymes, F3'H and F3'5'H, in different 

cultivars of pea seeds. 

 

PA profile variation among legume species 

Chapter 6 of the thesis examined variations of PA compositions in legume 

seeds. Flavan-3-ol subunit composition in PAs from pea and faba bean seeds had 

more 2, 3-cis flavan-3-ols than 2, 3-trans flavan-3-ols. PAs from lentil seeds 

consisted of more 2, 3-trans flavan-3-ols than 2, 3-cis flavan-3-ols in the three 
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cultivars we have studied. The variation might be due to difference in gene 

expressions and transcription factors in flavonoid biosynthesis.  

Our work shows that flavonoid biosynthesis and accumulation in saskatoon 

fruits, blueberry fruits, and pea seed coats were tightly regulated temporally and 

tissue-specifically, and that this regulation is controlled by genes, enzymes, and 

transcription factors present in certain plant species, cultivars, and developmental 

stages. In the future, we can extend our study to the area of molecular biology and 

investigate genes and transcription factors involved in saskatoon fruit and legume 

seed flavonoid biosynthesis in order to find correlations between accumulated 

flavonoids and the underlying genetic control system. It is hoped that our 

flavonoid chemical analysis and localization data can be used in the future by 

metabolic engineers to find specific genes producing certain flavonoid compounds 

and to improve health beneficial flavonoid levels by working with tissues and 

developmental stages in which they are highly accumulating flavonoid 

compounds. The variation of PA composition within pea cultivars is an ideal 

model for the nutritional study of the relationship between flavonoid structure and 

bioactivity. 
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Appendix A 

Supplement Data for Flavonoid Analysis in Saskatoon 

Fruits (Amelanchier alnifolia Nutt.) 
 

Table A1: Total flavonol concentration over fruit development (mg/100 g fwt)
 a

. 
Cultivar Stage 1 Stage 4 Stage 5 Stage 7 Stage 9 

Altaglo nd
b
 215.2 ± 12.3

c
 110.9 ± 3.1 57.4 ± 2.6 43.2 ± 1.3 

Honeywood 98.4 ± 2.5 108.6 ± 5.5 83.4 ± 5.1 69.54 ± 1.9 97.1 ± 4.6 

Northline 102.6 ± 5.8 68.6 ± 0.4 83.9 ± 5.2 67.3 ± 2.3 68.8 ± 3.3 

Pembina 73.1 ± 5.7 66.6 ± 0.3 66.2 ± 9.7 48.7 ± 0.8 74.9 ± 1.5 

Theissen 108.6 ± 2.8 127.1 ± 0.2 101.7 ± 0.1 55.2 ± 4.0 91.0 ± 0.9 
a
 Flavonol content estimated as quercetin-3-O-glucoside (for all flavonols except 

Q-gal) and quercetin-3-O-galactoside equivalents; 
b
 nd=not determined; 

c
 Data are 

means ± SE, n=2 to 4.  
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Appendix B 

 

 

Supplemental Figure B1. Gene ontology (GO) categorization of blueberry 

unigenes.  

Values are number of unigenes in each category. Percentage values are the 

proportion of unigenes that could be matched to a process, component or function 

within each category. 
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Supplemental Figure B2. Phylogeny of a subset of the flavonoid-O-

glycosyltransferase family. Partial length sequences for functionally characterized 

flavonoid glycosyltransferases and the putative blueberry UFGT (black star). 

Sequences were trimmed to match the consensus region of the blueberry UFGT 

sequence (200-450 aa region). Enzymes that are involved in glycosylation at the 

3-O position of at least anthocyanidins are underlined. Protein sequences were 

aligned with ClustalW and the linearized Neighbour-joining tree was produced 

with MEGA software version 4.0 (Tamura et al., 2007), as described for Fig. 3. 

GenBank accession numbers are as follows: DkF3GT (Diospyrus kaki, 

BAF49284), GtF3GT (Gentiana triflora, BAA12737), PhPGT8 (petunia, 

AB027454), VmF3GT (Vigna mungo, BAA36972), VvF3GT (V. vinifera, 

AAB81682), FaF3GT (Fragaria x ananassa, AAU09442), AtUGT78D2 

(Arabidopsis, At5G17050), AtUGT78D1 (Arabidopsis, At1g30530), DcF3GT 

(Dianthus caryophyllus, BAD52005), DcGT1 (D. caryophyllus, BAD52003), 

ZmBronze-1 (Zea mays, X13502), AtA5GT (Arabidopsis, AAM91686), PhPH1 

(petunia, BAA89009), VhA5GT (Verbena hybrida, BAA36423), PfA5GT 

(Perilla frutescens, BAA36421), BvUGT71F1 (Beta vulgaris, AY526081), 

AtF7RT (Arabidopsis, NP_563756), SbF7GT (Scutellaria baicalensis, 

BAA83484), AtUGT73B1 (Arabidopsis, At4g34138), and BvUGT73A4 (B. 

vulgaris, AY526080). F3GT, flavonoid 3-O-glycosyltransferase; A5GT, 
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anthocyanidin 5-O-glycosyltransferase, F7R(G)T, flavonoid 7-O-

rhamnosyl(glycosyl)transferase. 
 

 

Supplemental Figure B3. Phylogeny of the flavonoid R2R3-MYB transcription 

factor family. The putative blueberry flavonoid regulator VcMYB1 is marked 

with a black star. Trimmed protein sequences were aligned with ClustalW and the 

linearized Neighbour-joining tree was produced with MEGA software version 4.0 

(Tamura et al., 2007), as described for Fig. 3. GenBank accession numbers are as 

follows: DkMYB4 (Diospyrus kaki, AB503671), VvMYBPA1 (Vitis vinifera, 

AM259485), PmMBF1 (Picea mariana, AAA82943), AtMYB111 (Arabidopsis, 

NP_199744), VvMYBF1 (V. vinifera, FJ948477), AtMYB12 (Arabidopsis, 

NP_182268), AtMYB5 (Arabidopsis, NM_112200), PhPH4 (petunia, 

AAY51377), VvMYB5b (V. vinifera, AY555190), VvMYB5a (V. vinifera, 

AAS68190), ZmC1 (Zea mays, AAK09327), ZmPL (Z. mays, AAB67721), 

PtMYB134 (Populus trichocarpa, FJ573151), VvMYBPA2 (V. vinifera, 

EU919682), LjTT2a (Lotus japonicus, BAG12893), AtTT2 (Arabidopsis, 

Q9FJA2), BnTT2-1 (Brassica napus, DQ778643), AtPAP1 (Arabidopsis, 

AAG42001), AtPAP2 (Arabidopsis, NP_176813), CaA (Capsicum annuum, 

AJ608992), SlANT1 (Solanum lycopersicum, AAQ55181), VvMYBA1 (V. 
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vinifera, BAD18977), VvMYBA2 (V. vinifera, BAD18978), MrMYB1 (Myrica 

rubra, GQ340767), PcMYB10 (Pyrus communis, EU153575), MdMYB1 (Malus 

x domestica, DQ886414), and MdMYB10 (M. domestica, ABB84753). 
 

 

Supplemental Figure B4. Evaluation of reference genes for qPCR.  

To show the relative stability of the best reference gene combination, the fold 

geometric mean Cq difference for GAPDH and SAND in each sample was 

calculated with respect to the overall mean Cq in each season (dark circles, 2008; 

open squares, 2009). A fold difference of 1.0 indicates no difference, 0.0-1.0 

lower abundance, and > 1.0 higher abundance. Bars indicate standard error of the 

mean (dotted lines, 2008; solid lines, 2009). 

 

 

Supplemental Figure B5. Fluorescence microscopy images of Stage 6 fruit 

cross-sections. (A) Blueberry fruit flavonol auto-fluorescence appears as a 

golden-yellow colour. (B) DPBA-stained stage 6 fruit fluorescence image. 

Flavonol fluorescence appears as a bright golden-yellow colour. Green colour is 

likely attributed to lignin fluorescence. m=mesocarp, p= placenta, vb= vascular 

bundle. 
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Supplemental Figure B6. Concentrations of ABA and ABA catabolites from 

pooled fruit tissue (also used for RNA extractions) for the 2008 (A) and 2009 (B) 

growing seasons. (C) Concentration of ABA and metabolites in seeds and flesh 

(skin and pulp) of 2009 S5 and S8 fruits. 
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Supplemental Table B1. Top 40 represented unigenes in the two blueberry fruit EST libraries.  

 Unigene 
Total 

ESTs 
S5/6 S7/8 Blast annotation 

Arabidopsis  

Locus ID 
E value 

1 CL1Contig166 172 165 7 CRU1; cruciferin; nutrient resevoir AT5G44120 1e-109 

2 CL1Contig27 140 122 18 MT2A; metallothionein AT3G09390 4e-11 

3 CL1Contig363 127 127 0 CRU1; cruciferin; nutrient resevoir AT5G44120 1e-103 

4 CL2Contig1 122 118 4 CRU1; cruciferin; nutrient resevoir AT5G44120 5e-32 

5 CL1Contig144 114 52 62 TT6/metallothionein-like AT3G51240 6e-22 

6 CL1Contig76 109 28 81 protease inhibitor/seed storage/LTP AT2G45180 7e-32 

7 CL1Contig356 106 103 3 CRU1; cruciferin; nutrient resevoir AT5G44120 1e-102 

8 CL1Contig382 82 82 0 CRU1; cruciferin; nutrient resevoir AT5G44120 1e-98 

9 CL1Contig216 78 1 77 SAG29; senescence associated protein AT5G13170 3e-65 

10 CL2Contig2 74 73 1 CRU1; cruciferin; nutrient resevoir AT5G44120 5e-75 

11 CL1Contig160 63 43 20 MT3; metallothionein AT3G15353 6e-17 

12 CL4Contig1 59 59 0 CRU3; cruciferin AT4G28520 6e-66 

13 CL1Contig357 52 49 3 UBQ3; polyubiquitin AT5G03240 1e-142 

14 CL1Contig381 50 50 0 CRU1; cruciferin; nutrient resevoir AT5G44120 1e-104 

15 CL1Contig285 49 41 8 Polygalacturonase AT1G70370 0 

16 CL1Contig361 48 44 4 PAP85; vicilin-like seed storage protein AT3G22640 2e-54 

17 CL1Contig195 45 0 45 PR3; chitinase AT3G12500 4e-97 

18 CL1Contig239 38 5 33 Putative fructose-bisphosphate aldolase AT2G36460 1e-167 

19 CL5Contig4 34 19 15 TUA2; Tubulin alpha-2 chain AT1G50010 0 

20 CL1Contig167 34 34 0 CRU1; cruciferin; nutrient resevoir AT5G44120 2e-44 

21 CL1Contig146 33 0 33 SDH1-1; Succinate dehydrogenase 1-1 AT5G66760 4e-84 

22 CL1Contig296 29 5 24 Calcium-binding EF hand family 

protein 

AT4G38810 1e-129 

23 CL10Contig1 26 21 5 NADP-ME4; NADP-malic enzyme AT1G79750 0 

24 CL9Contig1 26 10 16 CYP2; cyclophilin-like AT2G21130 8e-76 

25 CL1Contig343 25 6 19 Gibberellin-regulated family protein AT5G59845 2e-26 

26 CL1Contig360 24 24 0 CRU1; cruciferin; nutrient resevoir AT5G44120 7e-51 

27 CL1Contig92 24 7 17 PM-associated cation-binding protein AT4G20260 2e-27 

28 CL1Contig71 23 17 6 RD22; responsive to dessication AT5G25610 8e-77 

29 CL1Contig75 23 4 19 NTF2B; nuclear transport factor AT1G27970 1e-57 

30 CL12Contig2 22 1 21 TDS 4; TT18; anthocyanidin synthase AT4G22880 1e-145 

31 CL1Contig23 22 13 9 Pectinesterase inhibitor AT1G14890 3e-51 

32 CL1Contig2 22 10 12 GRP7/CCR2; glycine rich protein AT2G21660 4e-37 

33 CL1Contig366 21 21 0 CRU1; cruciferin; nutrient resevoir AT5G44120 1e-104 

34 CL1Contig243 21 2 19 STF2; stromal cell-derived factor-like AT2G25110 5e-90 

35 CL24Contig1 20 20 0 CAT2; catalase AT4G35090 1e-142 

36 CL20Contig1 20 20 0 RPL2; ribosomal protein L2 ATCG01310 1e-120 

37 CL1Contig244 20 1 19 SKS5; SKU5 Similar 5 AT1G76160 2e-92 

38 CL1Contig241 20 1 19 glycine cleavage system H protein AT2G35120 7e-64 

39 CL25Contig1 20 20 0 RBCS1A; RUBISCO small chain AT1G67090 4e-54 

40 CL1Contig151 20 0 20 B5 #3; cytochrome B5 B isoform D AT5G48810 4e-29 
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Supplemental Table B2. Reference genes evaluated for qRT-PCR transcript abundance 

normalization. 

Gene 

Top 

REFSEQ 

match 

Arabidopsis 

Locus ID 

E 

value 
% ID

a
 

Region 

of ID
b
 

Coverage 

(%)
c
 

Amplicon 

Region
d
 

No. of 

similar 

genes
e
 

Actin AtActin7 AT5G09810 2e-

119 

95 85-318 62 95-222 

(705) 

2 

EF-1α AtEF-1α AT5G60390 0.0 88 *1-433 96 1097-1272 

(1323) 

2 

GAPDH AtGAPDH2 AT1G13440 6e-

168 

93 *2-

336* 

100 501-602 

(1011) 

3 

SAND  AtSAND 

family prot. 

AT2G28390 4e-

42 

74 337-

465 

21 98-208 

(420) 

0 

UBQ AtUBQ4 AT5G20620 2e-

122 

100 *1-228 60 466-595 

(777) 

TNTD 

a 
Based on amino acid sequence.  

b 
Stars (*) at left and right of region indicate presence of predicted start and stop codons, 

respectively.  
c 
Percentage of total predicted protein length present in unigene sequences.  

d 
Nucleotide region within each unigene that qPCR primers were designed to amplify with total 

unigene coding sequence length in brackets.     
e 
Predicted number of similar unique genes present within the blueberry fruit EST libraries.  

TNTC, too numerous to determine. 

 

Supplemental Table B3. Reference gene statistics, stability values and rankings. 

  

Mean 

Cq 

Min 

Cq 

Max 

Cq 

SD (± 

Cq) 

CV (% 

Cq) 

NormFinder 

stability 

geNorm 

stability 

Ran

k 

Actin 

200

8 23.34 21.61 25.21 0.99 4.26 0.382 0.592 4 

200

9 21.04 20.20 22.45 0.67 3.19 0.262 0.469 4 

All 22.58 20.20 25.21 1.41 6.26 0.384 0.663 4 

EF-

1α 

200

8 19.80 18.58 20.91 0.65 3.30 0.249 0.420 3 

200

9 17.84 17.16 18.32 0.37 2.08 0.168 0.338 3 

All 19.03 17.16 20.91 1.04 5.45 0.206 0.488 3 

GAPDH 

200

8 19.77 19.12 20.69 0.45 2.27 0.211 0.377 1 

200

9 18.72 18.41 19.23 0.24 1.29 0.233 0.282 2 

All 19.38 18.41 20.69 0.60 3.11 0.244 0.400 2 

SAN

D 

200

8 25.82 24.70 26.73 0.60 2.31 0.243 0.377 2 

200

9 24.41 23.96 24.63 0.19 0.80 0.164 0.282 1 

All 25.24 23.96 26.73 0.81 3.20 0.168 0.400 1 

UBQ 

200

8 21.76 20.88 23.27 0.67 3.08 - - - 

200

9 18.81 18.36 19.62 0.39 2.07 - - - 

All 20.78 18.36 23.27 1.53 7.36 - - 5 
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Supplemental Table B4. LC-MS retention time and characteristic ions of stage 3 (S3) blueberry 

fruit PA acid-cleavage phloroglucinol derivatization products. 

Compound Sample tR (min)
 a
 Molecular ion

b
 Fragment ions 

Catechin-

phloroglucinol 

Blueberry  20.9 413 287, 261, 217 

 Grape skin 
c
 22.7 413 287, 261, 217 

Epicatechin-

phloroglucinol 

Blueberry  21.7 413 287, 261 

 Grape skin  23.61 412 287, 261 

A2-phloroglucinol Blueberry  31.1 & 

37.0     

699 573, 547, 411 

 Cranberry 
d
 32.4 699 573, 547, 411 

A2 Blueberry  52.3 575 137, 163 

 Cranberry  53.28 575 423, 163 

Catechin Blueberry  33.1 289 245, 137, 59 

 Cranberry  34.7 289 245, 217, 137 

Epicatechin Blueberry  44.2 289 245, 137, 59 

 Cranberry  45.5 289 245, 137 
a 
tR=Retention time; the blueberry, grape skin, and cranberry samples were run at different times 

leading to some variation in retention time between the same compounds in the different samples. 
b
 MS was run in the negative mode and all the molecular ions are [M-H]

-
.   

c
 The grape skin PA sample was processed as described by Kennedy and Taylor (2003), fraction 5 

was used (eluent from the solvent system consisting of [v/v/v] 20% acetone, 65% methanol, 15% 

water with the solvent-water mixture containing 0.2% formic acid [v/v]). 
d
 The cranberry PA sample was processed as described by Koerner et al. (2009). 

 

Supplemental Table B5. Gene-specific primers used for qRT-PCR. 

Gene Forward primer Reverse primer 
Mean 

Ea 

Amplicon  

length 

(bp) 

Ta 

(°C)b 

CHS CTTGACTGAGGAAATCTTGAAGG AGCCTCTTTGCCCAATTTG 2.02 115 58 

FHT AACGTCACTGCACTAGCAG CTCGTTGCTGAATTCGTTGTAG 1.78 100 60 

F3'H 
CGAGATTCGATGCGTTTCTGAGT

G 

GATTTCGGTATCGGTGAGCTTC

C 
2.04 155 60 

F3'5'H 
GCAAGTGGGATGATTTGATAACG

AG 

TGTTGGTGAGGCTAAGTGATCC

G 
2.10 144 60 

Cytob5 TCACAGGTCGCTCAACACAAGTC CATCAAACTCCTTGGTTGCGTC 1.99 149 60 

DFR 
CACTGAGTTTAAGGGGATTCCTA

AGG 

CCCTTCTCCCTACAAGTGTCAA

TGG 
2.04 138 60 

ANS CTTCATCCTCCACAACATGGT GCTCTTGTACTTCCCATTGCTC 1.90 139 58 

UFGT AGTTTGCTTTGAAGGCTGTTG ATGTGCTGGTGTGCATTTG 1.90 147 58 

ANR 
CAAAGAGGGATTCAGCTACAAGT

A 

ACAGACACACAGTGGCACATTA

G 
1.75 141 58 

LAR TGATGAAGTTGAAGTGTGCGA AATTCCATTGGCGGTTACG 1.81 146 58 

VcMYB

1 
CCACCAAAGAAGAGGAGGAC CCATTGCCATCGAATTTAGAC 1.94 194 60 

NCED1 GTCGTTCAGAAGCCGTATCTC ACGACGTAGTTCTGAGTGATCG 1.86 128 58 

Actin AGGCTAACCGTGAGAAGATGAC AGAGTCCAGCACGATTCCAG 2.09 127 58 

EF-1α AGTTTGCTGAGATCTTGACCAAG GTCCCTGACAGCAAACCTTC 2.10 175 58 

GAPDH GGTTATCAATGATAGGTTTGGCA CAGTCCTTGCTTGATGGACC 2.04 102 58 

SAND AAGCATCTCTTCATCCTGATGA GATTGTATCTTGGCAGGCAA 1.95 110 58 

UBQ CATCTGGTGCTGAGGTTGA CCTCCTTATCCTGTATCTTAGCC 2.05 107 58 
a Mean E is the mean efficiency of reaction for each primer set (shown as 2008/2009 if different between 

seasons). 
b Ta is the annealing temperature used in each PCR for a given primer set. 
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Appendix C 

Seed Coat Structure Changes over Pea (Pisum sativum L.) 

Seed Development 

Introduction 

In order to better understand the relationship between PA accumulation in the 

seed coats of pea (Pisum sativum L.) and pea seed coat structure, pea seed coat 

structure and the change of the structure over pea seed development were studied 

in the PA containing cultivar „Courier‟ and the PA-deficient cultivar „Canstar‟. 

  

Material and methods 

Plant material 

Mature dry seeds of the pea (Pisum sativum L.) cultivars „Canstar‟ and 

„Courier‟ were planted in a growth chamber and grown under conditions as 

described in Chapter 6. Pea flowers were tagged at full bloom (anthesis) at the 

same time each day (10 am). Pea fruit were also harvested at the same time as 

flower tagging. Pea fruit were harvested onto ice at 4, 6, 8, 10, 15, 20, and 30 days 

after anthesis (DAA). Approximately 1 mm wide and 3 mm long seed coat cross 

sections were manually dissected out from the mid-cotyledon region of the whole 

seed immediately after harvesting, and immerged into a fixing solution.  

 

Methods 

The fixing solution was prepared in the same manner as described in Chapter 

6.  After 5 days of fixing, the seed coat sections were rinsed, dehydrated, and 

embedded using the same procedure as described in chapter 6. Sections of 2 to 4 

µm thickness were obtained using an ultra microtome and the sections were 

mounted onto Superfrost
®
 plus microscope slides. Drops of Richardson staining 

solution were placed on the slides and these slides were placed on a 60 ºC hot 

plate for 2 min. After 2 min of staining, excess staining solution was washed out 

using distilled water. The slides were dried on the the 60 ºC hot plate and 
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micrographs were obtained using Zeiss AXIO scope A1 light microscope (Zeiss, 

Germany) and with a microscope-mounted Optronics camera (Optronics, USA) 

controlled by Picture Frame ™ Application 2.3 software.  

 

Results and discussion 

Some cultivars of pea accumulate flavonoids in their seed coats, especially 

proanthocyanidins (PAs), while other cultivars do not. In order to determine if any 

physiological/structural attributes are associated with PA accumulation in pea 

seed coats, seed coat cellular structure was assessed over development in 

„Courier‟, a PA-accumulating cultivar, and „Canstar‟, a PA-deficient cultivar. The 

pea seed coat tissues were processed according to a modified histological 

procedure (Chapter 6), and stained with Richardson stain for anatomical feature 

observation under a light microscope.  In „Canstar‟, the five seed coat tissue layers 

(Van Dongen et al., 2003), epidermis, hypodermis, chlorenchyma, ground 

parenchyma, and branched parenchyma, were well differentiated by 10 DAA 

(Figure C.1). In the later developmental stages (20 and 30 DAA), the branched 

parenchyma layer was crushed by the enlarging embryo and is no longer present.  

Maximum seed coat thickness was observed in 10 to 15 DAA „Canstar‟ seed coats. 

Numerous starch granules were observed early in seed coat development (6 to 15 

DAA), but by 20 DAA, only a few can be discerned.  

Figure C.1: Micrographs of „Canstar‟ seed coat cross sections over pea seed 
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development (4 to 30 DAA). e, epidermis; h, hypodermis; ch, chlorenchyma layer; 

gp, ground parenchyma layer; bp, branched parenchyma layer. 

 

In the PA-containing cultivar „Courier‟, the five tissue layers,  epidermis,  

hypodermis, chlorenchyma, ground parenchyma, and branched parenchyma, were 

well differentiated  by 6 DAA compared to 10 DAA for „Canstar‟(Figure C.2).  

However, the reduction in seed coat inner tissues due to embryo expansion 

occurred later in development in „Courier‟ compared to „Canstar‟ (Figure C.2).  

Since „Canstar‟ and „Courier‟ have different genetic backgrounds, it is not 

possible to state if these differences in seed coat development between these two 

cultivars are due to PA synthesis and accumulation, or due to other genetic factors.   

 

 

Figure C.2: Micrographs of „Courier‟ seed coat cross sections over pea seed 

development (4 to 30 DAA). e, epidermis; h, hypodermis; ch, chlorenchyma layer; 

gp, ground parenchyma layer; bp, branched parenchyma layer. 
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