
AN ABSTRACT OF THE THESIS OF

Renee L. Vaia for the degree of Master of Science in Food Science and Technology

presented on April 10, 1995. Title: Solubility and Sensory Characteristics of Quercetin

Aglycone

Abstract approved: #

Signature redacted for privacy.

Mina R. McDaniel

New research has identified flavonols as a class of phenolic compounds which can

be manipulated by both vineyard and winery practices. These phenolic compounds are

key quality components of wine, affecting sensory characteristics, wine color, and wine

stability. Modification of the phenolic precursors in grapes occur during fermentation

and aging by oxidation, hydrolysis and polymerization. The solubility of these

compounds varies substantially and their interactions with each other and with the

changing solvent properties of must and wine contribute to final phenolic composition of

wine. Phenolics, in general, are known to be responsible for much of the astringency,

bitterness and 'length' of flavor impression on the palate. However, little is known of the

effect of specific phenolic compounds, such as quercetin, on the sensory characteristics of

wine.

In order to investigate the effect of various phenolics on the solubility of quercetin

aglycone, concentrations of quercetin aglycone (0, 5, 10, 20, 30, 40, 50, 60 mg L-1) were

added to a model wine system containing one of each of the following phenolic

compounds: gallic acid, caffeic acid, (+) catechin, quercetin 3-L-rhamnoside, grape seed

tannin and malvidin 3,5-diglucoside.

Gallic acid, caffeic acid, (+) catechin had no significant effect on the solubility of

quercetin aglycone. The effect of quercetin 3-L-rhamnoside was dependant on

concentration of added quercetin aglycone. The grape seed tannin and malvidin 3,5-

diglucoside significantly increased the solubility of quercetin aglycone in all added



quercetin concentrations, with the malvidin 3,5-diglucoside resulting in the largest

increase. Increasing concentrations of malvidin 3,5-diglucoside resulted in increased levels

of stable quercetin in solution. Samples with malvidin 3,5-diglucoside and quercetin

aglycone showed increases in absorbance (520 nm) of up to 20%. The anthocyanin-

flavonol interaction that resulted in an increase in 520 nm absorbance (copigmentation)

also appears to be responsible for the increased solubility of the quercetin aglycone.

These results suggest that anthocyanins in wine influence the wine's final flavonol

composition.

The technique of free choice profiling was used to characterize the sensory

attributes of 3 concentrations of quercetin aglycone (5, 10, 20 ppm) when added to a

model wine and a chardonnay. Based on the consensus area of model wine data, there

was no significant separation of the samples. Analysis of the chardonnay data resulted

in significant separation of the samples on PA 1 and PA 2. On PA 1, the control and 5

ppm samples were described as higher in overall flavor intensity, sourness and burn/hot

and less watery. On PA 2, the samples with quercetin ( 5, 10 and 20 ppm) were

described as higher in sweetness, bitterness, numbness and fruitiness while having a less

intense overall aroma. In both studies, panelist replication patterns were extremely varied

which was reflected in the high Vjj across PA's, samples and panelists.
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Solubility and Sensory Characteristics of Quercetin
Aglycone

1. Introduction

Phenolic compounds are key quality components in wine, affecting wine color,

stability and sensory characteristics. The phenolic profile of a wine can be quantitatively

and qualitatively manipulated by both vineyard and winery practices. Changes in a

particular compound may occur independently, without affecting the concentration of

other compounds. However, it is more likely that changes in one compound will

concurrently effect other compounds. For example, Singleton and Trousdale (1992)

found that increased levels of anthocyanins in a wine resulted in increased solubility of

polymeric phenolics, such as tannin.

In order to fully comprehend the implications of using different viticulture or wine

processing techniques, more information regarding the dynamics of the phenolic

environment is required. For example, Price, et al. (1993) reported a 25 fold increase in

quercetin glycosides in sun exposed grapes when compared to shaded grape clusters.

Wines produced from these sun exposed grapes had 8 times more quercetin glycoside than

those produced from the shaded grapes. It is important to understand what other changes

occurred within the phenolic profile of these wines which resulted in an environment that

was able to support the increased quercetin aglycone content.

Also of importance in fully understanding the chemical interactions of quercetin

aglycone in a wine is its apparent preferential solubility in a red wine versus a white wine.

Although both red and white grapes can produce equivalent amounts of quercetin,

quercetin aglycone levels in a red wine can exceed 60 mg/L while levels in a white wine

average 1 mg/L.
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The first goal of this research was to characterize the solubility of quercetin

aglycone in a model wine system and to investigate the effect of other phenolic

compounds on its solubility. The following compounds were used: gallic acid and caffeic

acid (non-flavonoid phenolics), catechin (flavan-3-ol), quercetin 3-L-rhamnoside

(quercetin glycoside), grape seed tannin (polymerized phenolic) and malvidin 3,5-

diglucoside (anthocyanin).

In general, phenolics are know to be responsible for much of the bitterness,

astringency and 'length' of flavor impression on the palate. Quercetin may effect wine

quality directly through its own sensory characteristics or indirectly through its

interactions with other phenolics such as anthocyanins or grape seed tannins. Dadic and

Belleau (1975) described quercetin as harshly bitter and astringent when evaluated in a 5%

EtOH solution and a beer (3% EtOH). Therefore, if quercetin does elicit such sensations,

it would be important to measure and control quercetin aglycone content during wine

processing, since high levels of bitterness and astringency are considered quality defects in

a red wine.

The second goal of this research was to develop a sensory profile of quercetin

aglycone in a model wine system and to determine the effect of quercetin aglycone on the

sensory profile of a white wine. This information would then serve as a foundation for

future research investigating the implications of added quercetin aglycone in a red wine.

The following is a summary of the specific objectives for each of the two studies

conducted:

Study 1. Solubility of Quercetin Aglycone

characterize the solubility of quercetin aglycone in a model system

containing 13% EtOH and 3 g/l tartaric acid, pH 2.65

quantify the effect of various phenolic compounds on the solubility of

quercetin aglycone in a model system

characterize and quantify the effect of different levels of malvidin
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3,5-diglucoside on the solubility of quercetin aglycone in a model system

determine the effect of pH on the solubility of quercetin aglycone in a

model system with and without malvidin 3,5-diglucoside

Study 2. Sensory Characteristics of Quercetin Aglycone

develop a sensory profile of quercetin aglycone when evaluated in a

model wine consisting of 10% EtOH, 1 g/L malic acid and 3 g/L

potassium bitartrate, pH 3.6

characterize the effect of added quercetin aglycone on the sensory profile

of a Chardonnay

determine if the sensory character of quercetin aglycone changes with

concentration in a model wine and a chardonnay

investigate the possibility of differential perception and threshold of

quercetin aglycone when evaluated in a model wine and a Chardonnay



2. Literature Review

2.1 Flavonoids

Flavonoids are one of the most numerous and frequently studied groups of natural

constituents. This group of over 2000 compounds is ubiquitous in photosynthesizing

cells and is therefore widespread in the plant kingdom. Usually brightly colored and

located throughout the plant and its fruit, flavonoids have been the focus of much research

due to their functional as well as physiological attributes. The following pages will

review various characteristics of flavonoids while focusing on a specific flavonoid,

quercetin. Basic structure, synthesis, location, function within the plant, methods of

identification, toxicity and mutagenicity will be discussed. Particular attention will be

given to the role quercetin and other flavonoids play in grapes and wine. Various

physiological aspects will also be reviewed, including antioxidant, anti-allergenic, anti-

inflammatory, anti-carcinogenic, anti-viral and anti-arteriosclerosis functions.

The flavonoids belong to a larger group of secondary plant metabolites, the

phenols. Phenols are located in two major sites within a plant cell, the cell wall and

vacuole (Macheix, et al., 1990). All phenolic compounds possess an aromatic ring with

one or more hydroxyl substituents (Macheix, et al., 1990). Besides the flavonoids, there

is one other group of phenolics, nonflavonoids. Nonflavonoids include derivatives of

cinnamic and benzoic acid and low molecular weight degradation products such as volatile

phenolics, hydrolyzable tannins and benzene derivatives. In addition, there are also

various protein-polysaccharide complexes (Zoecklein, et al., 1990).

4



2.1.1 Structure

2.1.1.1. General Flavonoids

Flavonoids are considered to be benzo-y-pyrone derivatives since their structure

is based on that of 2-phenylbenzopyrone (Kuhnau, 1976; Lunte, 1987). All flavonoids

can occur in the aglycone, glycoside or methylated forms. The aglycone form does not

have any sugars attached while the glycosidic form may have 1-3 sugar molecules. The

base structure of a flavonoid consists of a benzene ring (A) condensed with a six member

ring (C) that has a phenyl ring (B) attached at the 2 position. (Figure 2.1) (Macheix, et a!,

1990; Kuhnau, 1976).

4,

5.

Figure 2.1 The base structure of flavonoid compounds (A benzene ring, B phenyl

ring, C =6 member ring)
(From Macheix, et al., 1990)

There are several basic structural classes of flavonoids including flavan, flavonol,

isoflavonol, flavone, isoflavone, flavanone (dihydroxyflavonol), isoflavanone,

proanthocyanidin (flavan-3 ,4-diol s), chal cone, dihydrochalcone and neon-fl avone

(Macheix, et a!, 1990; Kuhnau, 1976; Lunte, 1987). See Figure 2.2. Changes in the

oxidation state of the pyran ring results in variations of hydrogen, hydroxyl and ketone

5
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Figure 2.3 Chemical structures of 3 flavonol aglycones.
Ri - H, R2 = H: Kaempferol
RI = OH, R2 = H : Quercetin
Ri = OH, R2 = OH : Myricetin

(From Macheix, et al., 1990)
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y-pyrone whereas in flavanols and flavanones, it is the dihydro-derivative (Lunte, 1987).

The isoflavonoids (isoflavonol, isoflavone, isoflavanone) have the benzoid substituent

attached at the 3 position while other flavonoids have this substituent attached at the 2

position (Lunte, 1987). Anthocyanins are another group of flavonoids and therefore

have similar reactive characteristics.

2.1.1.2 Flavonols

Flavonols are characterized by an unsaturated three carbon chain with a C2-C3

double bond and hydroxyl groups at the 3 position. (Macheix, et al., 1990) They are

usually pale yellow, barely soluble in water and referred to as anthoxanthin pigments

because of their yellow color. For identification purposes, the spectral properties of

flavonols (wavelength max.) have been defined as: 250-270 UVB and 350-380 UVA.

Quercetin glycoside specifically absorbs at 360nm (Price, et al., 1993). In fruits, only

the glycosides of four flavonols are found: quercetin, myricetin, kaempferol and

isorhamnetin (Macheix, et al., 1990) See Figure 2.3 for the structures of each aglycone.
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Quercetin has a hydroxyl attached at the 3 position and only a hydrogen at the 5

position of the B ring. Myricetin has hydroxyls at both the 3 and 5 position. Kaempferol

has only hydrogens at these two positions (Rossi, et al., 1986). The molecular weights of

the aglycone forms of quercetin, myricetin and kaempferol are 302.24, 463.37 and 286.24,

respectively. Quercetin melts at 3 14°C while myricetin and kaempferol melt at 198°C

and 277°C, respectively (Ough and Amerine, 1988).

Many flavonoids, including flavonols, occur naturally in the glycoside form

(Singleton and Esau, 1969). The glycosidic link usually occurs at the 3 or 7 position and

commonly the carbohydrate attached is L- rhamnose, D-glucose, gluco-rhamnose,

galactose or arabinose.

Flavonol glycosides are distributed throughout most fruits with flavonol

monoglycosides always being the most common (Macheix, et al., 1990). The most

frequent flavonol glycoside is quercetin 3-glucoside followed by 3-galactoside, 3-

rhamnoside and 3-glucuronide. Two common quercetin glycosides are 3-glucoside

(isoquercitrin) and 3-rutinoside (mtin) (Macheix, et al., 1990).

2.1.2. Synthesis

All phenols are synthesized by the Shikimic acid pathway, the acetate-malonate

pathway or by a combination of both (Singleton and Esau, 1 969)(Figure 2.4). The

Shikimic acid pathway leads to the B ring while the A ring is produced by the acetate-

malonate pathway. Ring A is then condensed with an unsaturated phenolic acid

containing ring B, forming chalcones. After cyclyzation occurs, ring C is formed and the

flavonoid molecule is complete. Flavonoids have been divided into two groups depending

on if a hydroxyl group is present on carbon 3 of ring C after cyclization. If the hydroxyl

group is present, then the group is termed 3-hydroxyflavonoids (i.e. flavonols).

Compounds lacking the hydroxyl group on carbon 3 are called 3-deoxyulavonoids (i.e.

flavanone, flavone) (Kuhnau, 1976).
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2.1.3 Location

Flavonoids are found in almost all fruits, vegetables and photosynthesizing plants.

For example, citrus fruits are high in hesperidin, eriocitrin, naringen, naringenin, flavones

and flavonols (Horowitz and Gentil, 1969). Anthocyanins form the pigments in almost

all fruits and vegetables such as red cabbage, bilberries, and grapes. Grapes are not only

high in anthocyanins, but also have tannins and flavonols. Resveratrol, a fungus fighting

polyphenol in grape skin has been suggested to play a key role in good health. Green tea

is a good source of catechins.

2.1.3.1 Flavonoids in Grapes

Grapes, both white and red, show a balanced distribution of the various classes of

phenolic compounds (Macheix, et al., 1990). Table 2.1 contains the main phenolic

compounds identified in red and white grapes. Phenolic content is often expressed in

terms of gallic acid equivalents or GAE. This is defined as the amount of gallic acid

needed to produce the same analytical response as the measured phenolics (GAEIwt of

fruit or per volume)(Zoecklein, et al., 1990). Table 2.2 shows the estimated concentration

of various phenolics found in red and white grapes. Total phenolic concentration is

distributed through white grape with 23.2% in the skins, .9% in pressed flesh, 4.5% in

juice and 71.4% in seeds (Singleton and Esau, 1969). The total content of red grapes is

distributed throughout red grape with 3.3% in the skins, .7% in pressed flesh, 3.4% in

juice and 62.6% in the seeds (Singleton and Esau, 1969). Overall, the phenolic content is

highest in skin and seeds and lowest in pulp (Ough and Amerine, 1988).

10



Table 2.1 Main Phenolics Identified in Vitis vin1)'ra Berries

Phenolic acids
p-hydroxybenzoic
o-hydroxybenzoic
salicycic
gaffic
cinnamic
p-coumaroyltartaric
caffeoyltartaric
feruloyltartanc
p-coumaroyl glucose
feruoylglucose
glucose ester of coutaric acid

Anthocyanins
Cyanindin 3-glucoside

Cy 3-acetylgiucoside
Cy 3-p-coumarylglucoside

Peonidin 3-glucoside
Pn 3-acetyiglucoside
Pn 3-p-coumarylglucoside
Pn 3-caffeylgiucoside

Dephinidin 3-glucoside
Dp 3-acetylgiucoside
Dp 3-p-coumarylglucoside

Petunidin 3-glucoside
Pt 3-acetyiglucoside
Pt 3-p-coumarylglucoside

Malvidin 3-glucoside
Mv 3-acetyiglucoside
Mv 3-p-coumarylglucoside
Mv 3-caffeylgiucoside

Flavonols
Kaempferol 3-glucoside

K 3-glucuronide
K 3-glucosylarabinoside
K 3-galactoside

Quercetin 3-glucoside
Q 3-glucuronide
Q 3-rutinoside
Q 3-glucosylgalactoside
Q 3-glucosyixyloside

iso-Rhanmetin 3-glucoside

Flavanonols
Dihydroquercetin 3-rhamnoside
Dihydrokaempferol 3-rhamnoside

From Macheix, et al., 1990

F1avan-3-os and Tannins
(+)-catechin
(-)-epicatechin
(+)-gallocatechin
epicatechin-3-O-gallate
procyanidins B1,B2,B3,B4,C1,C2
polymeric forms of condendensed
tannin s
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Table 2.2 Estimated Concentration of Various Phenolics in Red and White Grapes.

* DW = dry weight, FW = fresh weight

From Macheix, et al., 1990

Phenolic Compound Red Grapes White Grapes Ref.

Hydroxybenzoic Acid Derivatives
in skin 24.73mg/I OOg DW* .4mg.lOOg DW Ribreau-Gayon, 1963
total 64-477 mg/L 16-346 mg/L Boursiqout, 1987

Anthocyanins 8-388mg/bOg FW* Crippen and Morrisson,1986

Flavonols
(Quercetin, Kaempferol, Myricetin) 1.85-9.75mg/I OOg FW .81-8.19mg/bOg FW Singleton and Esau, 1969

Flavan 3-ols
(eg. catechin)

2,5-16,7mg/bOg FW I .4-5.27mg/bOg FW Van Buren, 1970

Tannin 32. 1-78.3mg/I OOg FW 17.2mg/I OOg FW Van Buren, 1970

Total Phenolic
(skin + pulp)

900-950mg/b OOg FW 450mg/lOOg FW Macheix, et.al., 1990



2.1.3.2 Flavonoids in Wine

The total average amount of phenolic content in red and white wines is 5500

mg/kg and 4000 mg/kg (Ough and Amerine, 1988). Approximately 80 - 90% of the total

phenolic content in red wine is composed of flavonoid phenols (Singleton and Noble,

1976). Several processing factors and varietal characteristics can effect total phenolic

amount and quality in the wine: skin and seed contact time, ethanol concentration,

fermentation temperature, maceration of the juice and skin, intensity of pressing, grape

variety, total phenolic content of the grape and growing climate (Zoecklein, et al.,199O;

Ough and Amerine, 1988). Therefore, qualitative and quantitative phenolic content of

grapes is not completely reflected in the wine.

The total phenolic content of wine is always less than that of the grapes.

Different phenolic compounds may be extracted or modified by grape enzymes such as

polyphenol oxidase (Singleton and Esau, 1969). Yeast and other organisms as well as

various chemical changes inherent to the winemaking and aging process can modify the

phenolic content of wine (Singleton and Esau, 1969). Additional compounds can be

introduced by specific practices, such as storage in oak barrels. Degradation and

polymerization can also lead to new compounds (Zoecklein, et al., 1990).

Red wines average 1400mgGAE/l total flavonoid content with only 200mgGA.E/l

of nonflavonoids and 1200mgGAE/l flavonoids (Singleton and Noble, 1976).

The nonflavonoids fraction can include benzaldehyde derivatives, cinnamaldehyde

derivatives (cinnamic acid, p-courmaric acid, ferulic acid, caffeic acid), benzoic acid

derivatives (gallic acid, syringic acid, vanillic acid, salicylic acid), tyrosol, volatile

phenolics, hydrolyzable tannins and benzene derivatives.

The flavonoid content of red wines can be broken into various fractions:

anthocyanins (avg. = 12OmgGAE11), anthocyanogens (flavan3,4 diols, leucocyanidins,

proanthocanidins), flavonols (avg.5OmgGAE/l), catechin (avg. = 25OmgGAE/l) and

polymeric anthocyanogens or condensed tannins (avg. = 750 mgGAE/l) (Singleton and

Noble, 1976).
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2.1.3.3 Quercetin in Grapes and Wine

Singleton and Esau (1969) found that flavonols are concentrated in skin and outer

layers of the beriy flesh and the amount decreases toward the center of the fruit.

Quercetin was first isolated from grape leaves in 1873. All parts of the grape, skin, pulp,

seed and stem, have been shown to contain quercetin in the glycosidic form (Singleton and

Esau, 1969). Quercetin and kaempferol have been identified in grape leaves (Singleton and

Esau, 1969). Ribereau-Gayon (1963) found free aglycones of quercetin, kaempferol and

myricetin in wines, but not in skins of grapes used to make wine. Isorhamnetin was

present only in some cultivars. However, different glycosides of these three flavonols

were found in the skin. They were all found in combination with glucose while quercetin

was also found in combination with glucuronic acid. All three were found in red wine but

only quercetin and kaempferol were found in white wine. Table 2.3 shows the amount of

flavonol glycosides found in various grapes ( Vitis vinfera) (Macheix, et.al., 1990).

Varying levels of quercetin have been reported in grape skin from .008 1 - .975 mg/bOg

FW (FW= fresh weight) (Macheix, et al., 1990).

The flavonol glycosides that are found in the grapes are also found in wines made

from these grapes. Price, et al. (1995) consistently found two major quercetin glycosidic

peaks and a smaller quercetin aglycone peak in young commercial Pinot noir wines. The

exact glycosides have not been identified. However, as wine ages, one of these glycosidic

peaks rapidly disappears as a concurrent increase in the size of the quercetin aglycone

peak occurs.

14



* Flavonol content (mg/kg of berries)

From Macheix, t.a1., 1990

Table 2.3 Flavonol glycoside content in grape (Vitis vinifera)*

Variety K 3-Glucoside 0 3-Glucoside 0 3-Glticuronide M 3.Glucoside Total

Red Varieties

Syrah 2.3 38.1 23.4 22.8 97.5

Carignane 4.6 25.0 31.0 33.1 95.4

Merlot 3.9 35.0 34.0 15.5 93.2

Cinsault 7.2 15.9 18.6 10.5 55.6

Gros verdot traces 1,7 10.2 26.1 37.9

Tannat traces 1.9 7.4 9.2 18.5

White Varieties

Terret 19.1 33.3 29.5 0 81.9

Maccabeu 1.1 3.3 3.7 0 8.1
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As wine ages, there is less and less total quercetin glycoside and more quercetin aglycone.

Price, et al. (1995) concluded that one of the major quercetin glycosides that is found in

the grapes and in young Pinot noir wines is more susceptible to hydrolysis of the sugar

moiety.

Only the glycosidic form of flavonols is found in grapes whereas both aglycone

and glycoside forms are found in wine. In wine, the free aglycone of quercetin dominates

due to constant hydrolysis of the glycosides during fermentation (Alonso, et al., 1986;

Somers and Ziemelis, 1985). Somers and Ziemelis (1985) stated that since quercetin

demonstrates low aqueous solubility, it should be considered only a minor constituent in

wine. The solubility limit of free quercetin has been reported to be 2-3 mg/i in white wine

while the diglycoside derivative of quercetin, rutin, has a solubility limit of l2Omg/l

(Somers and Ziemelis, 1985).

Ough and Amerine (1988) reported that a red wine can have about 2 -100mg/I total

flavonol content The majority of this flavonol content is quercetin. Price (unpublished,

1993) sampled over 40 commercial Pinot noirs and found a range of 5-6Omg/L quercetin

aglycone. The Merck Index describes the solubility of quercetin aglycone as practically

insoluble in water but readily soluble in alcohol. Quercetin glycosides are significantly

more soluble than the aglycone. Quercetin 3-L-rhamnoside is insoluble in cold water,

moderately soluble in hot water and very soluble in alcohol. Anthocyanins are extremely

soluble in water and alcohol.

2.1.3.4 Other Sources of Quercetin

Quercetin aglycone has been found in most fruits (Van Buren, 1970) Grapefruit,

berries, onions, squash, apples, broccoli, shallots, and grapes have been found to contain

quercetin. Quercetin has also been identified in several beverages such as beer, tea and

coffee. Quercetin is usually found in nature closely associated with vitamin C
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Together, vitamin C and quercetin may provide a protective antioxidant effect for the

plant (Baird, et al., 1979). It has also been proposed that quercetin functions within the

plant or fruit as a guard against harsh climatic variation in wind, rain, temperature and

sunlight intensity (Macheix, et al., 1990).

Bilyk and Sapers (1986) examined the amount of quercetin, niyricetin and

kaempferol in various types and varietals of berries. In blueberries, the quercetin content

was measured to be 24-29 mg/kg with no traces of myricetin or kaempferol found. The

quercetin content of cranberries was found to be 112-250 mg/kg, with 11-24 mg/kg of

myricetin and 0-3 mg/kg of kaempfero!. Blackberries had 5-35 mg/kg of quercetin and 1-3

mg/kg of kaempferol, but no myricetin. Within the specific varieties used for this study,

flavonol content was lower in berries with less pigment. Flavonol and arithocyanin

content were also found to be lower in less ripened fruit. However, these researchers did

not find a correlation between total anthocyanin content and amount of flavonols.

Oleszek, et al., (1988) isolated five quercetin glycosides from apple skin: 3-0-

galactoside (hyperin), 3 -0-glucoside (i soquercitrin), 3 -0-xylosi de (reynoutrin), 3-0-

arabinoside (auicularin) and 3-0-rhamnoside (quercetrin). These 3-glycosides were

shown to inhibit the enzyme responsible for apple softening, B-galactosidase (Dick and

Smith, 1990). Quercetin was the only flavonol identified in apples.

Bilyk, et al., (1984) examined the quercetin content in eight different onion

varieties. Quercetin concentration was found to be the highest in the dry skin (60 mg/kg

dry weight), then in outer rings and inner rings. Both aglycone and glycoside forms were

found. Skin contained small amounts of kaempferol. The researchers added that

formation of the glycoside normally depends on the action of light. Therefore, highest

concentrations were found in leaves while trace amounts were located in parts below the

surface.



2.1.4 Role in Plants

Flavonoids, including quercetin, are thought to function as regulators of energy

metabolism in plant cells (Nazarova, et al., 1989). Influencing the light step of

photosynthesis, quercetin can inhibit energy transportation to chloroplasts, inhibit ATP

synthesis and can significantly decrease electron transport. Quercetin and rutin were

found to inhibit the Calvin cycle in spinach leaves (Nazarova, et.al., 1989).

Since light accelerates the formation of some flavonoids, such as quercetin, the

distribution pattern of flavonoids is determined by amount of previous illumination and

degree of accessibility to light (Kliewer and Lider, 1968; Crippen, et al, 1986; Price,

1994).

2.1.5 Quercetin and Sun Exposure

Kliewer and Lider (1968) and Crippen, et al. (1986), reported that sun exposure

level was significantly related to phenolic composition of Thompson seedles grapes and

Cabernet Sauvignon berries, respectivelly. Price (1994) examined the response, in terms

of UV screening, of phenylpropanoids and flavonoids in Pinot noir (with anthocyanins)

and Chardonnay (without anthocyanins)(Vitis vinfera) epidermal tissue. Flavonol

glycoside content of the sun exposed clusters of Chardonnay and Pinot noir were 20

times and 6 times higher, respectively, than unshaded clusters. However, overall flavonol

content was higher in Pinot noir than in Chardonnay. Quercetin glucoside, absorbing at

260nm and 360 nm, was the primary flavonol in both cultivars. When comparing the sun

exposed grape clusters to shaded clusters, no flavonol aglycones were found in either

cultivar nor was there any increase in anthocyanin content. Price suggested that since

there was no increase in anthocyanin content corresponding to the flavonol increase,

synthesis pathways for these compounds may be parallel. It had been previously

suggested that flavonols and anthocyanins share a common synthesis pathway (Singleton

and Esau, 1969).
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The parallel pathway theory would account for accumulation of flavonols in response to

light or other stresses without increase in other flavonoids. Price (1994) concluded that

flavonols provide a functional and effective protection against UV radiation in vivo.

To further understand the effect of UVB radiation on flavonoid concentration in

grapes, specific constituents that were thought to play a significant role in wine quality

were singled out and studied. Price etal. (1995) found that quercetin accumulated in sun

exposed grapes and acted as an effective UV screening compound. They showed that sun

exposed Pinot noir grape clusters had significantly higher amounts of quercetin than

shaded Pinot noir grape clusters. The wine made from sun exposed grapes was also

higher in quercetin.

The anthocyanin content was less effected by sun exposure. However, wine

produced from exposed grapes clusters also had higher catechin and caffeoyltartic acid

content. It was not clear to the researchers if this change was related to quercetin or to

some other sun exposure response. In order to identify possible consequences of higher

levels of quercetin in wines due to higher quercetin levels in grapes, quercetin was added

to Pinot noir wines at crushing. Wines with added quercetin had increased amounts of

high polymeric pigments. Therefore, the extra quercetin could be interacting with

anthocyanins, forming polymers and consequently affecting color stability. The sensory

attributes of quercetin and its effect on the taste, mouthfeel and color of wine were

identified as important areas of further research.

2.1.6 Quercetin and Haze Formation in White Wine

Unusually high amounts of quercetin in white wine was reported in relation to

haze formation in 1977 vintage of the Australian wine industry (Somers and Ziemelis,

1985). There was also a noticeable bitterness associated with these wines. The

yellowish/green haze was found to contain mostly quercetin glycoside (quercetin-

rutinoside) with trace amounts of kaempferol. Since quercetin-rutinoside (rutin) is the
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most common flavonol glycoside in the leaves of V//is vinfera, excessive leaf content in

the grape crush was identified as the cause of haze formation. The high amount of

quercetin-glycoside in grapes led to a high amount of free quercetin aglycone in wine, due

to hydrolysis. During vinification and storage, the aglycone then binds with the proteins

in the wines and precipitates out. Somers and Ziemelis determined the solubility of free

quercetin to be 2-3mg/i in wine. Bitterness in the wine was also attributed to high leaf

content at crush and subsequently high quercetin level in wine.

2.1.7 Mutagenicity and Toxicity

Since flavonoids are ubiquitous in nature and the human food supply, vast

amounts of research have been devoted to examining the possibility of flavonoids

possessing various toxigenic and/or mutagenic characteristics. It is estimated that the

American diet contains about a 1 gram daily intake of flavonoids and therefore flavonoids

should be considered a possible hazard if proven to be carcinogenic or mutagenic

(Singleton and Kratzer, 1964; Alvi, et al., 1986,).

Alvi, et al. (1986) tested seventy flavonoids for mutagenicity. Quercetin was

found to be the strongest mutagen with kaempferol and rhamnetin next. One study

examined several foods containing quercetin and in each case, quercetin was found to be

mutagenic by the Ames test (Sobden, 1987).

Using the Ames test, quercetin and kaempferol were found to be mutagenic not

only in foods, but also in three natural food colors: roselle color, safflower yellow,

elderberry color (Takeda and Yasui, 1985). Singleton and Esau (1969) define the toxicity

of quercetin as 160mg/kg body weight, which is the minimum LD5O dose for rats.

Nutritionist Brian Leibowitz (South, 1992) contests the relevancy of the positive Ames

test for quercetin. Many other antioxidant nutrients such as giutathione and vitamin C

were labelled mutagenic by the Ames test. Neither of these substances have been shown

to be carcinogenic or create negative side effects in animals or humans. (South, 1992).
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Quercetin has been shown to interact with DNA by initially stabilizing the

secondary structure, but with prolonged exposure leads to the disruption of the double

helix (Alvi, et al., 1986). The proposed mechanism of disruption involves the interaction

of quercetin oxidative products (depside, 2 carboxylic acids, carbon monoxide and carbon

dioxide) with the double helix (Alvi, et al., 1986). It has been documented frequently that

the cause of several cancers and other disease involve DNA damage which have been

caused by other naturally occurring mutagens in the environment (Sobden, 1987).

Quercetin and kaempferol are thought to be the principal mutagens in wine

(Sobden, 1987). Stoltz (1982) compared the mutagenicity of red versus white wine.

Some red wines and few white wines were found to have small, but significant amounts

of mutagens. Three conclusions were made: 1) red wine has a constituent that is

mutagenic in the Ames test, 2) wine contains quercetin that is proportional to its

mutagenic potential, 3) quercetin in mutagenic (Stoltz, 1982). However, the urine of

several subjects who ingested wine and juice with quercetin were analyzed by the Ames

test and no mutagens were found. No specific compounds, promutagens or activators

could be determined from a mutagen assay on the urine of these subjects (Sousa, et.al.,

1985).

It is suggested that rutin (quercetin-glycoside) is a promutagen with the quercetin

aglycone being mutagenic. Promutagens are not mutagenic, but can be activated by

enzymes such as beta-glucosidases, by gut microflora, by human liver or tissue enzymes

or by metabolic or chemical interaction with other foods. Most promutagens are not

easily activated into aglycones (Sobden, 1987).

Several researchers examined possible conditions that would reduce the mutagenic

potential of quercetin, since it is found so commonly in the human diet (Friedman and

Smith, 1989). The combination of oxygen and alkaline pH irreversibly inactivated the

mutagenicity of quercetin in the Ames test. Exposure time, oxygen concentration,

polyphenol oxidase concentration were important in determining the extent of inactivation

while temperature had little influence.
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Several long term toxicity studies have been conducted on rats (Hirono, et al.,

1981; Pamukcu, et al. 1980), rabbits (Kato, et aL, 1983), mice (Veckenstedt, 1985) and

rainbow trout (Plakas, et al., 1985). In all cases but one, there were no apparent

carcinogenicity, mutagenicity or negative side effects resulting from the varying quercetin

diets. Pamukcu, et al. (1980) reported that they found intestinal and bladder tumors in

rats that were feed a diet high in quercetin. No other studies to date have revealed any

negative side effects due to high levels of quercetin in the diet.

Apparently, quercetin may be a mutagen in the Ames and other short term assays,

but it is not a carcinogen in animals. Crebell, et al. (1987) proposed a possible theory that

animals have an efficient biotransformation mechanism for changing quercetin into an

inactive derivative, therefore showing no in-vivo genotoxicity. It has also been suggested

by Sobden (1987) that animals have a physiological barrier or tolerance in the upper

gastrointestinal tract that prevents quercetin access to DNA. Hausten (1983) concluded

that flavonoids, specifically quercetin, have been determined to be mutagenic, but not

carcinogenic.

2.1.8 Chemical Activity

Flavonols are known to be very potent antioxidants. Besides the fat soluble

tocopherols, flavonoids are the most common and active antioxidants present in foods.

They are active in both hydrophilic and lipophilic systems (Kuhnau, 1976). The

flavonoids' antioxidant capacity can be attributed to the presence of several phenolic

hydroxyls, especially the 4' and 3',4' hydroxyl groups of Ring B, and the 2,3 double

bonds of the flavonols and flavones (Letan, 1966).

The antioxidant effect increases with number of hydroxyls in rings A and B. For

example, quercetin is the strongest, followed by myricetin, quercetagetin and gossypetin.
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Quercetin is active even at concentrations as low as 1Otmo1 (Letan, 1966). Flavonols

have been shown to be potent scavengers of lipid radical with the aglycones being

stronger than the glycosides (Takahama, 1985).

Nutritional and sensory implications of the antioxidant effect include protection

from oxidative deterioration, prolonged shelf life and keeping quality, and improved taste,

acceptability and wholesomeness (Kuhnau, 1976). Onions and garlic, which are naturally

high in flavonol content (especially quercetin) have been shown to have preserving and

antioxygenic action of raw and cooked meat (Lewis and Watts, 1958). Small additions of

several flavonols to soybean oil, linseed oil, milk fat and lard resulted in the inhibition of

oxidative deterioration (Kuhnau, 1976). Quercetin was found to be a potent antioxidant

in fish (Ramanathan and Das, 1992) and a stabilizer for edible oils (Takahama, 1985). In

the oils, quercetin acted as a primary antioxidant and metal chelating agent (Takahama,

1985). Soybean lipoxygenase was also inhibited by small amounts of quercetin

(Theerakulkait, 1994).

Flavonoids also exhibit metal chelation activity. Several metal can be chelated

including copper which is important from a nutritional point of view (Pincemail, 1985).

The ability to chelate copper explains the flavonoids' ability to inhibit and inactivate

copper containing enzyme systems such as ascorbic acid oxidase, polyphenoloxidase and

hyaluronidase. The inhibition of ascorbic acid oxidase through copper chelation and the

inhibition of oxidation explains the protective and synergistic activity of quercetin and

vitamin C (Baird, et al., 1979).

Inhibition of hyaluronidase is the key factor in the membrane stabilizing effect of

quercetin and other flavonoids (Kuhnau, 1976). They increase the stability of the

structural proteins in connective tissue and reduce the fragility of fibrous membranes

(Lang and Racher, 1974).



2.1.9 Pharmacological Properties

The flavonoids are a class of natural products with high pharmacological potency

(Hausten, 1983; Kuhnau, 1976). Being very chemically reactive, flavonoids have been

shown to bind several biological polymers such as enzymes, DNA and hormone carriers,

bind heavy metal ions, scavenge free radical and catalyze electron transport (Hausten,

1983).

It is firmly established in the literature that flavonoids can reduce or negate many

human ailments including hypertension, radiation damage, allergies, hypercholesteremi a,

infections, gall bladder and kidney diseases and disease associated with vascular fragility

or increased cell permeability (Kuhnau, 1976).

2.1.9.1 Anti-inflammatory

Flavonoids, especially quercetin, possess a variety of anti-inflammatory effects

(Russe, et al., 1984; Kuhnau, 1976). Inflammation is known to be accompanied by the

release of prostaglandin which attract leukocytes to the point of invasion, create pain and

raise the body temperature (Hausten, 1983). Quercetin inhibits prostaglandin

cyclooxygenase and lipoxygenase and therefore leads to pain relief (Hausten, 1983).

Quercetin also affects several aspects of the neutrophil function that are commonly

considered to be associated with inflammation (Russe, et al, 1984). Headaches are

commonly caused by inflammation or nervous strain (Hausten, 1983).

Quercetin and other flavonoids act similar to aspirin (Hausten, 1983). Quercetin

can relive headache pain by decreasing the inflammation or reducing nervous strain by

inhibiting prostaglandin cyclooxygenase (Hausten, 1983). Inflamed joints, usually treated

with glucocorticoids (usually cause bleeding), can be treated with quercetin which serves

to fortify the connective tissue around the stressed joint. Quercetin and other flavonoids

display a positive effect on paradentosis by suppressing prostaglandin synthesis and

stimulating proline hydroxylation (Hausten, 1983). Possessing properties similar to
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various local anaesthetics, quercetin can be used with insect stings, bites, and in oral

surgery. Diabetes mellitus, which causes an increase in blood lipid content and eventually

leads to atherosclerosis, can be treated with quercetin. It inhibits an enzyme that changes

glucose into dulcitol which can not be metabolized by humans and eventually leads to

platelet aggregation (Hausten, 1983)

2.1.9.2 Anti-allergenic

Allergies is another common human ailment that is successfully treated with

flavonoids. An allergic reaction occurs when a foreign protein enters the bloodstream and

triggers the release of histamine and serotonin which causes coughing, difficult breathing

and clogged sinuses (Middleton, et a!, 1981; Hausten, 1983). Flavonoids, especially

quercetin, are stmcturally similar to cromolyn, a common allergy medicine (Middleton, et

al., 1981; Hausten, 1983). Flavonoids act on mast cells by inhibiting the proton ATPase

system in the membrane that encloses the granula that contains the histamine and

serotonin. Quercetin stabilizes the cell walls and prevents release of these two

compounds (Middleton, et al., 1981).

2.1.9.3 Anti-carcinogenic

Quercetin and other flavonoids also posses anticarcinogenic properties. They

contribute to the maintenance of the integrity of body cells and to the defense against

malignant degeneration (Meltz and MacGregor, 1981). Of all flavonoids, flavonones are

the most effective anticarcinogen (Kuhnau, 1976). Quercetin is inactive as found in foods.

It must be activated into the cancer fighting form by bacteria or fermentation in the human

intestinal tract (Perdue, 1992).
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Several epidemiological studies have associated the high consumption of

quercetin-containing foods with low incidence of stomach and intestinal cancers (Perdue,

1992). There are several possible mechanisms through which quercetin provides a

biochemical protection from carcinogenic substances. Quercetin promotes the oxidative

destruction of potential carcinogens by activating enzymes that oxidize carcinogenic

substances like benzopyrene into non-carcinogenic compounds (Meltz and MacGregor,

1981).

Tumor cells have a high rate of aerobic glycolysis due to an enhanced ATPase

activity. Quercetin can inhibit several ATPases that are involved in membrane

transportation and ultimately stops the production of ADP and P which is necessary for

glycolysis (Rossi, et al., 1986). Tumor cells produce large amounts of lactate due to their

high rate of aerobic glycolysis. Quercetin can cause intracellular retention of lactate which

decreased the cellular pH and makes the cell more susceptible to hyperthermia. Quercetin

has also been shown to inhibit the cytochrome P450 system by inhibiting NADPH

cytochrome P450 reductase. This inhibition is important because the P450 system can

activate promutagens or alter non-carcinogenic molecules into a form that can be harmful

(Rossi, et al., 1986).

Some researchers feel that quercetin can covalently bind to various carcinogenic

molecules, rendering them nontoxic and more suitable for elimination. (Rossi, et al., 1986).

It has also been demonstrated that quercetin, isolated from onions and garlic, can block the

action of the human oncogene (cancer gene) known as H-RAS and keep it from converting

cell into cancerous forms (Perdue, 1992).

Several different cancer cells have been treated with flavonoids, however, there has

been no conclusive evidence that the treatment cured the cancer. But researchers feel that

they can function in a preventative role and decreased the cancer cell survival rate

(Hausten, 1983).



2.1.9.4 Anti-viral

A virus infection is harmless until the protein coat surrounding the nucleic acid is

destroyed by lysosomal digestion. Flavonoids and quercetin can inhibit lysosomal

enzymes (Hausten, 1983). In cell cultures, quercetin exerts an antiviral effect on the

herpes simplex virus type I by increasing the cyclic AMP level which decreased cell

multiplication (Mucsi, 1985). Oral administration of quercetin to mice protects them

from the lethal Mengo virus and several other cardiovirus infections (Veckenstedt. 1985).

2.1.9.5 Anti-arteriosclerosis

Atherosclerosis is due to several complex pathological interactions involving

platlets, leukocytes, coagulation systems, vessel wall components and hemodynamic

parameters (Cazenave, 1985). One of the major factors in the development of this disease

is the amount of LDL that is oxidized, forming platelets and damaging the lining of the

arteries. Quercetin stops the oxidation of low density lipoproteins (LDL) and can reduce

the stickiness of the platelets in the bloodstream (Whalley, et al., 1990). The key to

treating this disease is the inhibition of the platelet interaction with the surfaces of the

arteries and blood vessels. Quercetin can inhibit parts of platelet function, especially

adhesion. There are several advantages of using quercetin as an antiplatelet compound:

increases cAMp, inhibits cyclooxygenase activity which is involved in production of a

potent aggretatory and vascoconstrictive compound and has low toxicity. However, there

are also several drawbacks. High doses may be needed for an inhibitory effect and the

rate of bioavailability is not always optimal (Cazenave, 1985). The glycoside form of any

flavonoid seems to be less active than the aglycone and the more hydroxyl groups that are

present, the lower the antiplatelet activity.

Quercetin and other flavonoids also interfere with other steps in the development

of vascular diseases (Cazenave, 1985). They can inhibit prostaglandin metabolism, inhibit

the synthesis of inflammation mediators, alter leukocyte response to stimuli, reduce
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vascular permeability and protect endothelial cells (Cazenave, 1985). The stabilizing

effect that quercetin has on ascorbic acid also can play a role. Quercetin causes an

increased production of ascorbic acid 2-sulfate which improves membrane stability. The

ascorbic acid 2-sulfate enhances the secretion of cholesterol as cholesterol sulfate

(Kuhnau, 1976). Quercetin has also been shown to decrease serum triglyceride content in

mice and rats (Kato, et.al., 1983). Hypercholesterolemia in rabbits has been shown to be

depressed by treatment with quercetin (Kato, et.al., 1983).

2.1.9.6 Common Cold

There has been no scientific evidence of a possible cure to the common cold using

quercetin or other flavonoids. However, there are possibilities that they may function in

a preventative role (Baird, et al., 1979).

2.2 Anthoyanins

2.2.1 Structure

Anthocyanins are responsible for many of the red, purple and blue colors found in

flowers and fruits. They are also mainly responsible for red wine color. The six most

common anthocyanins are the glycosides of pelargonidin, cyanidin, delphinidin,

petunidin, malvidin and peonidin (Fig.2.5).

These pigments show a maximum absorption range of 505 - 530nm. Variations in

B-ring substituents, acylation and glycosidation can cause color and maximum absorption

changes. However, these changes are minimal when compared to the wide array of

possible plant colors ranging from orange to blue. Also, at most plant vacuolar pHs,

anthocyanins exist mostly in an unstable form.
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Figure 2.5 Structures of the most common anthocyanins: 1. pelargonidin: 2. cyanidin: 3.
peonidin: 4. delphinidin: 5. petunidin: 6. malvidin.
(From Chen and Hrazdina, 1981).

Therefore, there may be another factor besides the chemical properties of anthocyanins to

explain the color diversity and stability. Copigmentation was first suggested as this

additional factor in the 1930's (Asen, et a!, 1972). Many subsequent years of research

has confirmed the original hypothesis.

A!

OH

R =R.=H
= OH: R, = H

3 = OMe: R = H
4 = R. = OH
5 = OMe: R = OH
6 = = OMe



2.2.2 Effect of pH

The vacuolar pH of most plants is acidic (Brouillard, 1982). For example, the

average pH of flower and grape epidermal tissue is about 3.70- 4.15 and 2.6-3.2,

respectively. Within this pH range, anthocyanins undergo reversible changes in structure,

color and stability (Brouillard, 1982). See Figure 2.6 for the pH-based forms of

anthocyanins (Brouillard, 1982).
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Figure 2.6 The four anthocyanin structures present in aqueous acidic solutions at room

temperature. RI and R2 are usually H, OH, or OCH3, R' is glycosyl and R" is H or

glycosyl.
(From Brouillard, 1982)

Figure 2.7 shows the equilibrium distribution of the 4 forms of malvidin 3-

glucoside as a function of pH (Brouillard and Delaporte, 1977). At pH 1 and below,

anthocyanins are mostly present in the more stable, red colored flavylium ion form

(A.H+). As pH increases, a larger percentage of anthocyanins are present in the less

stable, colorless carbinol form (B). The hydration equilibrium constant (pKh'), for the

transformation between the oxonium ion and the carbinol form, is 2.5 for malvin chloride.
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Figure 2.7 Equilibrium distribution at 25°C of AR1-, A, B, and C for malvidin 3-
glucoside as a function of pH.
(From Brouillard and Delaporte, 1977)

2.2.3 Solubility and Effect on other Phenolics

Anthocyanins are very soluble in water and alcohol (Merck Index) due to their

glycosidic substitutions. Singleton and Trousdale (1992) found that the presence of

anthocyanins increased the solubility of polymeric phenolics, such as tannin, in wines.

The optimum increase in solubility was dependant of the ratio of anthocyanin and tannin.

They concluded that anthocyanins were the factor that keeps the astringent tannin high in
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This value changes depending on the particular anthocyanin and its substituents

(Brouillard and Delaporte, 1977). Two other forms, the quinonoidal base (A) and

chalcone (C), also appear at higher pH's. The only two species that absorb light are AH+

and A. Therefore, the amount of color that a solution may have at a given pH can be

determined by calculating the concentration of these to form at that pH.



red wines relative to similarly made wines using white grapes (without anthocyanins).

Singleton and Trousdale hypothesized that increased solubility of these polymeric

tannins is due to incorporation of the flavylium salt and its attached sugar into the

polymeric tannin structure.

2.3 Copigmentation

Numerous researchers investigated the possibility that some other compound,

commonly found with anthocyanins, served to enhance or stabilize color. Researchers

have shown that among all of the natural plant products investigated, flavonoids formed

the strongest complexes with anthocyanins in this pH range. Asen et al. (11972)

demonstrated that by forming various complexes between anthocyanins and several

flavonoids, most flower color and visible spectrum could be duplicated. In all cases, this

complex formation resulted in a bathochromic shift and an increase in maximum

absorption. Asen, et al. (1975) proposed that co-pigmentation complexes formed with

both the A}I+ and A forms of the anthocyanin. However, these reserachers stated that

the increase in absorbance was due to the stabilization of the A form. He also determined

that the degree of copigmentation was a function of anthocyanin concentration and the

molar ratio of co-pigment to anthocyanin. Asen also mentioned self-association of

anthocyanins, which only occurred at concentrations higher than 1 O-4M, as an additional

source of increased absorbance.
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2.3.1 Copigmentation with Flavonols

In 1978, Scheffeldt and Hrazdina investigated the complex formation ability of

various anthocyanins with rutin (quercetin 3-rutinoside). The anthocyanins used

represented the four pigment groups characteristic for the Vitis species: malvidin 3-

glucoside, malvidin-3 -p-coumarylglucoside, malvidin-3 ,5-diglucoside and malvidin-3-p-

coumarylglucoside-5-glucoside. The anthocyanin and rutin concentration ranges were 4 x

10-6 to 4 x 10-s M and 0 - 2.4 x 10-2M, respectively. They conducted their experiments

under conditions similar to those existing in grape juice using mixture of organic acids and

cations with the pH of 3.2. A maximum color intensification of 1000% and a 44 nm

bathochromic shift was found with malvidin-3,5-diglucoside. Scheffedit and Hrazdina

reported evidence that supported the hypothesis proposed by Asen et a!, 1972, that the

co-pigmentation effect of anthocyanins with flavonoids is due to the stabilization of the

purple colored anhydrobases (A). The authors also commented on the possibility of self-

association between flavylium salts. They noted that with one concentration of rutin,

increasing concentrations of anthocyanin lead to decreased absorption and a

hypsochromic shift. Scheffeldt and Hrazdina proposed that with increasing

concentrations of anthocyanins, some kind of intramolecular association of the oxonium

salt form occurred. This self-associated form could not form complexes with a flavonoid,

such as rutin and thus decreased the effect of the co-pigmenting compound.

2.3.2 Mechanisms

The exact mechanism for the co-pigmentation phenomenon has been investigated

for several years. In 1983, Brouillard reviewed copigmentation and its possible

mechanisms. The author divided copigmentation into two categories: intramolecular (the

copigment is part of the anthocyanin molecule) and intermolecular (copigment is not

covalently bound to the anthocyanin molecule). The 'self-association' phenomenon of

anthocyanin molecules was redefined as intramolecular copigmentation.
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2.3.2.1 Intramolecular (Self-association)

Intramolecular copigmentation results in an increased absorbance at wavelength of

maximum absorbance and a bathochromic shift. Brouillard (1983) proposed that it was

the stacking of the aromatic residues of the acyl groups with the pyrylium ring of the

flavylium cation that leads to the intramolecular copigmentation effect. This stacking

decreased the possibility of hydration of the C-2 and C-4 positions on the anthocyanin

molecule. With the decrease of the hydration reaction, chromophores were stabilized.

The driving force of the stacking process is thought to be hydrophobic. Hydrophobic

association occurs when phenolic compounds associate in order to decrease the amount of

interaction with the relatively polar, highly ordered and hydrogen bonded structure of

water (Wilson and Allen, 1994). Wilson and Allen (1994) mentioned that association or

stacking was easier for the colored, more planar forms of the anthocyanin than for the less

planar, non-colored forms. This increases the proportion of colored forms at equilibrium,

therefore increasing absorbance.

Hoshino (1991, 1992) published approximate estimates of self-association

constants for various anthocyanins and also proposed a self-stacking conformation for

malvin quinonoidal bases. See Figure 2.8 for the proposed self-stacking conformation of

malvin quinonoidal bases. Hoshino (1992) also confirmed that formation of 'stacked'

molecules occurs through hydrophobic interaction and peripheral hydrogen bonding.

Figure 2.8 Proposed structure of the stacked dimer of malvin quinonoidal base A.
(From Hoshino, 1991)
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2.3.2.2 Intermolecular

Most researchers agree that intermolecular copigmentation produces a

bathochromic shift of maximum absorption in the visible range and an increase in overall

absorbance (Brouillard,1982; Asen, et al., 1972; Chen and Hrzadina, 1981; Osawa, 1982).

In 1981, Chen and Hrzadina, concluded that intermolecular complex formation is

based mainly on the hydrogen bond formation between the carbonyl group of the

anthocyanin anhydrobase (A) and the aromatic hydroxyl groups of the flavonoid. These

researchers used malvidin 3,5-diglucoside as the anthocyanin and numerous flavonoids as

the copigment. At pH 3.2, quercetin was found to have the second largest response with

a 28 nm bathochromic shift and a 1.67 increase in absorbance. Chen and Hrzadina (1981)

reported that the more hydroxyl groups the flavonoid has, the stronger the complex

formation would be. The presence of a 3-hydroxyl group on the flavonoid molecule has

little effect on the complex formation while the nature of the sugar moiety on the

flavonoid has no effect. The 5-hydroxyl of the flavonoid is strongly bound with

intramolecular forces to the 4-carbonyl group and therefore does not have a part in the

complex formation. The authors noted that the most important hydroxyl group of the

flavonoid molecule is the one in the 7-position while unsaturation at the C2-C3 in the

heterocyclic ring is also important. The authors further stated that the aromatic hydroxyl

groups of the flavonoid can not alone account for all of the complex formation and

suggested that electrostatic forces and configurational or steri c effects may also be

involved.

Brouillard (1982) established a more detailed mechanism for intermolecular

copigmentation. He stated that the only two forms of the anthocyanin that are colored

are the flavylium cation, found at lower pH's and quinonoidal bases, found at higher

pH's. These two forms are very susceptible to water attack (hydration reaction),

producing the colorless carbinol form. Around pH 3-5, the hydration reaction is very

prominent and therefore the anthocyanin solutions are colorless. However, with a

copigment present, the anthocyanin-copigment complex is assumed to be competing with

n
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the hydration reaction and it is thought that the hydration reaction never occurs.

For example, Brouillard determined the stability constant for a cyanin-quercetrin complex

to be 2 x 103. He noticed that after complex formation, the hydration reaction constant is

drastically reduced from 10-2 to 7 x 10-4

Mazza and Brouillard (1990) further investigated the mechanism of

copigmentation in aqueous solutions. They used chlorogenic acid as the co-pigment and

investigated several variable including concentration of anthocyanin, concentration of

chlorogenic acid, pH, temperature and solvent. Similar to findings of Osawa (1982), they

concluded that all of the above factors affected the co-pigmentation effect of chlorogenic

acid on all anthocyanins investigated. The researchers proposed that chlorogenic acid

stabilized both the flavylium cation and quinonoidal bases, depending on pH.

Stabilization of the both forms occurs because the copigment-anthocyanin complex is

resistant to hydration. Mazza and Brouillard also determined that the copigment effect

increased with the degree of methoxylation and glycosylation of the anthocyanin. They

also reported that increasing temperatures (0 - 1 OOF) decreased the copigmentation effect.

Wilson and Allen (1994) explained the copigment-anthocyanin association

process by referring to the copigment as a 'bridge' between the anthocyanin molecules.

Also, the more planar a copigment molecule, the more effective it is. For example,

epicatechin is a better copigment than catechin. See Figure 2.9 for the proposed complex

mechanism between an anthocyanin and rutin and between an anthocyanin and caffeic

acid. (Maccarrone et al., 1985).
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Figure 2.9 (A) Proposed anthocyanin-rutin complex: (B) Proposed anthocyanin-caffeic
acid complex.
(From Maccarrone, et al., 1985)

2.3.3 Effect of Alcohol

In 1977, Somer and Evans suggested that ethanol reduced the color of wine by

disrupting the hydrogen bonds which held the copigment-anthocyanin complex together.

Mazza and Brouillard (1990) noted that the copigmentation effect was decreased by

addition of methanol, ethanol or sodium chloride, all of which reduce the polarity of the

medium. The addition of formamide, which increased the polarity of the medium, also

decreased the copigmentation effect. The authors suggested that it was not the polarity of

the medium that was the important factor for copigmentation, but rather the unique

hydrogen-bonding molecular structure of liquid water.
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They concluded that hydrophobic interactions are the important forces that bring the

pigment and copigment together and the copigment effect appears to be a solvent-solute

interaction characteristic of aqueous solutions only. The specific effect of ethanol on this

interaction would be to disrupt the hydrophobic structure, therefore releasing the phenols

and causing a decrease copigmentation effect.

However in 1993, Barnes reported contradicting results. Barnes reasoned that if

ethanol disrupted the hydrophobic cage structure, a hypsochromic shift in wavelength

and a decrease in absorbance would be observed. He also mentioned that ethanol could be

destablizing the flavylium ion form and hence creating a hypsochromic shift. Ethanol

could also be creating a 'solvent effect' on the light absorbing species of the anthocyanin.

This would influence stability of the flavylium ion and consequently change absorbance

intensity, but not induce a shift in absorbance wavelength. Barnes found no significant

shift in wavelength for solutions of malvin (1 O-4M) and chlorogenic acid with four

different organic solvents (ethanol, methanol, propanol and butanol) but did find a

bathochromic shift with higher concentrations of malvin (1O-3M) with ethanol. Barnes

concluded the effect of ethanol was one of a 'general solvent' rather than a more specific

effect on the pigment-copigment complex.

2.3.4 Effect of pH

pH plays a large part in the copigmentation effect as well as the coloring

properties of anthocyanins. The copigmentation effect as been demonstrated from pHI

to neutrality (Williams and Hra.zdina, 1979; Scheffeldt and Hrazdina, 1978). Williams and

Hrazdina (1979) investigated the effect of pH on the copigmentation of rutin with various

anthocyanins using an organic acid-cation solution. They determined that the changes in

color intensity of the anthocyanin and rutin solutions were not uniform across pH.
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They concluded that the changes were influenced by the substitution patterns on the B-

ring of the anthocyanin and by the type of sub stituent at the 3- and 5-positions.

Maximum complex formation occurred at pH 4.2 for the 3-glucosides and at 3.1 for the

3,5 diglucosides.

Changes in absorbance as a function of pH has been noted in a solution of malvin

alone and in a solution of malvin + spiraeoside (Brouillard, 1982). This can be explained

according to the proposed mechanism of intermolecular copigmentation. At pHi, malvin

is almost completely in the flavylium form. Due to the interaction of the malvin

flavylium cation with the copigment, a 15 nm shift is spectral absorbance is observed.

At pH 2-3, a significant loss in color is noted for the malvin alone. However, in solutions

also containing the copigment, there is significant color retention. In this case, color

retention is due to the reduction in the production of carbinol pseudobase.

At pH 4-6, solutions with malvin only are completely colorless. The solutions

with the copigment are still colored. In this pH range, quinonoidal bases are formed and

the color retention is again due to the decrease in production of carbinol pseudobase

through the hydration reaction. Brouillard (1982) concluded that the copigment molecule

can interact with both the flavylium cation and the neutral quinonoidal base.

2.3.5 Effect of Concentration

The copigmentation effect depends not only on pH, but also on concentration of

anthocyanin and of copigment (Hoshino,1992; Mazza and Brouillard, 1990).

Variations in concentration of both molecules effects the stability of the complex and

consequently the magnitude of copigmentation phenomenon. The effect of a copigment

molecule is usually measured in terms of the amount of bathochromic shift and increase in

overall absorbance. However, no measure of stability for the complex was ever proposed.

Hoshino (1992) proposed a copigmentation constant, K, Although this is not a true

thermodynamic constant, it does however, give an estimate of complex stability. K is
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defined as the ratio of copigment concentration to anthocyanin concentration that gives an

absorbance value 50% that of the maximum value attainable by using large quantities of

the copigment, with respect to the anthocyanin. In other words, the lower the K value,

the more stable the complex. For example, at pH 6, a solution of malvin is almost

colorless after two hours. However, after adding a sufficient amount of flavocommelinin

(copigment), the quinonoidal base of the malvin is stabilized and color persists after 2

hours. This demonstrates the importance of concentration on the copigmentation effect.

The ratio of copigment to anthocyanin determines the extent of copigmentation.

2.4 Bitterness and Astringency

2.4.1 Bitterness and Astringency in Wine

The overall acceptability of many beverages, such as wine, beer, tea and cider is

greatly influenced by several important sensory parameters, including astringency and

bitterness. In wine, both red and white, bitterness is acceptable at low levels, but when it

persists as an aftertaste, it becomes undesirable. However, in most red wines and some

white, astringency is an expected part of the overall sensory assessment. Complete

elimination of astringency can result in flatness and insipidity (Singleton and Esau, 1969)

It is agreed that there is some acceptable level of bitterness and astringency in red wine.

(Singleton and Esau, 1969). However, this level is not clear and researchers are not sure

of a way to define it. Several studies used expert wine tasters to rate for tannin

acceptability in different red wines with various levels of tannin. The judges could tell the

difference in the tannin levels, however, they could not agree on an acceptable level.

Bitterness and astringency are produced primarily by flavonoid compounds which

are extracted from the seeds and skins of grapes during fermentation (Robichaud and

Noble, 1990). Therefore, pomace contact time is related to the amount of phenols

extracted (Robichaud and Noble, 1990). In white wines, overall quality is said to decrease
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with increased phenolic content. Increased astringency is attributed to the elevated levels

of phenols while bitterness is not affected (Robichaud and Noble, 1990). White table

wines have a average total phenolic content of 250 mgGAE/l with only 5OmgGAE/l of

flavonoids and 200mgGAEI1 of nonflavonoids (Singleton and Noble, 1976). Since the

majority of the total phenolic content is nonflavonoid, several researchers propose it is

this fraction that results in the bitterness and astringency of a white wine.

Singleton and Esau (1969) classified tannins and catechins as astringent, harsh and

rough. Phenolic glycosides such as arbutin, syrigin and esculin are called bitter. In wine

and tea, Singleton and Noble (1976) and Lea and Timberlake (1974) attributed both bitter

and astringency to the monomeric and polymeric anthocyanogens (condensed tannins).

Singleton and Noble (1976) reported that the balance of bitterness and astringency

in wine, and probably cider, was concentration dependant and perceived bitterness was

masked by greater perceived astringency as the total procyanidin content increased.

Singleton and Esau (1969) and Arnold, Noble and Singleton (1980) contributed

bitterness in wines to several phenolic compounds especially oligomeric or monomer

proanthocyanidins (flavan-3-ols). The two major flavan-3-ols in wine are (+)-catechins

and epicatechins with small amounts of gallocatechins and gallate derivatives also present

(Singleton and Esau, 1969).

Catechins do not have the ability to precipitate proteins and therefore are not

chemically astringent, however, they still elicit an astringent sensation (Singleton and

Esau, 1969). Dadic and Belleau (1975) found the threshold of (+)-catechin in both 5%

ethanol and in beer to be 20mg/i. It elicits a bitter taste in both. Sanderson, et.al. (1975)

reported that the only taste sensations associated with tea polyphenols are bitterness and

astringency. The simple, nongallated flavonols are bitter, but not astringent. However,

the simple, gallated flavonols and condensed tea flavonols are astringent as well as bitter.
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Dadic and Belleau (1975) studied the role of polyphenols and the oxidized

counterparts in the flavor, color and colloidal stability in beer and a 5% ethanol solution.

They report that reduced polyphenols tend to give a fresh note to beer while the oxidized

counter parts result in an aged flavor. A phenolic, medicinal, stale taste can be caused by

the decomposition of complex polyphenols into simple phenolics. They further

mentioned that simple phenols and hydroxycinnamic acids react with similar molecules

producing anthocyanogens and catechins which they termed as 'polyhydroxy flavors.'

Further polymerization leads to red and brown compounds which interact with protein

and form an insoluble haze.

2.4.2 Bitterness

Bitterness is due to the interaction of polar molecules and the lipid portion of the

taste papillae membrane and is therefore dependant on lipid solubility of the bittering

agent (Lea and Arnold, 1978). There are several theories that attempt to explain the

sensation of bitterness. Since there is such a broad range of compounds that elicit a bitter

response, proposed theories describing the mechanism have been relatively unsuccessful.

Bitter and sweet sensations are often produced by the same family of chemical

compounds. Horowitz and Gentili (1969) reported that when various alterations are

made on a flavanone, neohesperidonside, which is usually extremely bitter, the product

could be sweet, bittersweet or tasteless.

Shallenberger and Acree (1971) concluded that since there is such a large range of

compounds that are known to elicit a bitter response, exceptions to every rule could

always be found. They also noted that research relating structure to bitterness is limited

because of the unpleasantness of a bitter response.

Although specific physical mechanisms are not available, it is known that some

interaction between the tastant and receptor site in the mouth must occur. The tastant

molecule must reach the receptor site and must possess the correct structure and stero-
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alignment of the interacting groups to initiate a response (Pfaffmann, et al., 1971).

Currently there is only one proposed bitter receptor type that is largely accepted, the

lipid site (Pfaffmann, et al., 1971). It is suggested that the lipids in the gustatory receptor

membrane are involved in the bitterness response (Kubota and Kubo, 1969). However,

there is still much controversy regarding the involvement of the lipid receptor site. Hall,

et al. (1975) suggests that more than one receptor site may be involved. He reports that

phenyl carbamide (PTC) is extremely bitter to almost all humans, however, some subjects

are anosmic to the substance even at very high concentrations.

Bitterness is perceived in the back and sides of the tongue and the top of the

throat (Macheix, et al.,1990). It is also known to persist for a long period of time after

ingestion. Several compounds can elicit a bitter response: dipeptides, sugars, alkaloids,

urea and its derivatives, hop iso-alpha and keto acids and phenols. Most large phenolic

compounds are bitter and astringent. The phenolic compounds, like those found in wine,

beer, cider and tea, also elicit both bitterness and astringency. However, some of the

naturally occurring glycosides are only bitter.

Horowitz and Gentili (1969) reviewed the taste and structure relationship of

phenolic glycosides. Several extremely bitter flavonone glycosides (naringin and

heperidin) and their tasteless isomeric glycosides are found in citrus fruits. All bitter

compounds contain the disaccharide, b-neohesperidose and all tasteless compounds

contain an isomeric disaccharide, b-nitinose. Singleton and Esau (1969) and Arnold,

Noble and Singleton (1980) contribute bitterness in wines to several phenolic compounds

especially the oligomeric proanthocyani di ns.

Yokomukai, et al. (1993) reported individual differences in sensitivity to various

bitter-tasting compounds such as caffeine, quinine sulfate, urea and 6-n-propylthiouracil.

They suggested that individual differences in bitterness perception is consistent with the

possibility of multiple bitter transducti ons sequences. Therefore, these individual

differences in bitterness perception are related to the availability of specific transduction

sequences.



2.4.3 Astringency

Astringency is due to the binding and precipitation of proteins and

mucopolysaccharide in the mucous secretions by the astringent compound (Haslam and

Lilley, 1988). During the precipitation of the proteins, there is a shrinkage of the tissue

due to a loss of water and a decrease in tissue membrane permeability to water and

solutes. An extremely dry or puckery feeling occurs all over the mouth after an astringent

substance is introduced. This sensation can persist even after the mouth has been rinsed

with water (Joslyn and Goldstein, 1964). However, the exact mechanism of astringency

is not very well defined. For larger polymeric phenols, both hydrogen and ionic bonding

seem to be involved (Pfaffmann, et al., 1971). Spencer, et al. (1988) reviewed the

chemical nature of polyphenol-protein complexation. Binding capacity was stated as

being dependant on the number of separate sites on the molecule able to bind to protein as

well as on the molecular size of the astringent.

Several researchers attribute astringency to condensed tannins or polymerized

flavonoids that can precipitate proteins and have a molecular weight greater than 500

(Joslyn and Goldstein, 1964). However, recent research has shown that several smaller

monomeric phenolic compounds can be perceived as astringent. Since several monomeric

phenols such as catechin and gallic acid are shown to be astringent, there must be more

than one mechanism for the astringent sensation (Spencer, et aI,1988). Spencer, et al.

(1988) suggested that it was the sub-group of the monomer proanthocyanidins that are

primarily responsible for astringency that is usually attributed to tannins. For example,

catechins (less than 500 molecular weight) do not have the ability to precipitate proteins

and therefore are not chemically astringent, however, they still elicit an astringent

sensation (Singleton and Esau, 1969; Haslam and Lilley, 1988).
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2.4.4 Astringency in Wine

Arnold and Noble (1978) and Lea and Arnold (1978) found that monomeric

flavanols (procyanidins) are astringent in wine and cider. In both studies, astringency

increased with an increased degree of polymerization, at least up to the point at which

solubility became a limiting factor.

Astringency is a significant part of red wine character (Singleton and Noble, 1976).

A red wine that is considered mildly astringent could have approximately 1000 mgGAE/l

total phenol content while a robust red wine could have 3000 mgGAE/L total phenol

content. A total phenol content of 2000 mgGAE/l or greater is considered excessive in

red wines. Singleton and Noble (1976) reported that an expected difference threshold for

astringency in a normal red wine to be about 250 mg/I based on a mixture of phenols

extracted from the pomace. This agreed with Singleton and Esau (1969). Astringency

ratings from an expert wine panel rose significantly in red wine with 1 500mgGAE/l total

phenol content when the flavonoid content was increased by 280 mgGAE/l. No

significant difference was found when the increase was only 150 mgGAE/l. (Singleton,

1974).

For a white table wine, Singleton, et al. (1975) reported that an increase ofjust

lOOmgGA.E/l total phenolic content due to increased pomace time was enough to produce

a threshold difference in astringency. Himreiner,et.al. (1955) reported that a 1500mg/I

addition of Australian grape seed tannin in a red table wine was detectable while 100 mg/I

was detectable in white wine. In water, 20 mg/I could be detected. Singleton, et al.

(1975) also mentioned a suppression of bitterness due to the high increase in astringency.

Haslam and Lilley (1988) reported that the degree of astringency can also be masked by

sourness.
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2.5 Taste Properties of Flavonoid Fractions

It has been noted that different fractions of phenolic material have different taste

properties (Rossi and Singleton, 1966; Robichaud and Noble, 1990).

These bitter and astringent phenols also affect other sensory attributes. For example,

bitterness and astringency can be affected by sweetness, acidity and alcohol level.

Phenolic compounds also interact with proteins, polysaccharides and other polyphenols

(Macheix, et al., 1990). Consequently, it is difficult to correlate objective data from

chemical analysis of phenolic content with sensory data.

Several researchers have separated the total phenolic content of grapes, seeds,

cider and wine into various related fractions in order attribute various sensory responses,

such as bitterness and astringency to one or more of the individual fractions (Singleton,

1974; Singleton, et al., 1975; Lea and Arnold, 1978; Arnold and Noble, 1978). Simplified

model systems, that are similar to wine but without any phenolic compounds have been

used in order to gain a clearer picture of the role of phenols in wine flavor, aroma and

appearance. For example, Arnold and Noble (1978) used a model wine system to

investigate the bitterness and astringency of three concentrations of grape seed phenolic

extracts. The model system contained: lOOmgIl malic acid, 300mg/I potassium bitartrate,

10% ethanol v/v, 3.44 pH and total acidity of.25mg/lOOml expressed as tartaric acid.

Each sample was flushed with nitrogen to eliminate oxidation and possible spoilage

microorgarnsms.

2.5.1 Nonflavonoids

Since the majority of the total phenolic content in white wine is nonflavonoid,

several researchers proposed it was this fraction that resulted in the bitterness and

astringency. The nonflavonoids fraction can include benzaldehyde derivatives,

cinnamaldehyde derivatives (cinnamic acid, p-courmaric acid, ferulic acid, caffeic acid) and

benzoic acid derivatives (gallic acid, syringic acid, vanillic acid, salicylic acid).
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2.5.1.1. Hydroxycinnamic Acids

Verette, Noble and Somers (1988) reported the total phenolic content of white

wine with no skin contact was approximately 100-120 mgGAE/l, which primarily

consisted of nonflavonoid hydroxycinnamates. Dadic and Belleau (1975) found that

several cinnamic acid derivatives were bitter and astringent in a 5% alcohol solution and in

beer. Several thresholds in 5% ethanol included: 10 mgGAE/l chiorogenic acid, 10

mgGAE/l ferulic acid, 20 mgGAE/l p-courmaric acid, 50 mgGAE/l caffeic acid. All of

these compounds were bitter while caffeic and ferulic acids were also astringent.

Mielgaard, et al. (1982) also determined the threshold for caffeic and p-coumaric acids in

beer, 690 mg/i and 520 mg/i, respectively.

Maga and Lorenz (1973) determined the flavor thresholds in water for various

hydroxycinnamic acid compounds such as p-coumaric (40 ppm), ferulic (90 ppm), and

tartaric (10 ppm). These researchers also found that most phenolic acids were astringent

and bitter. The astringency thresholds for ferulic and caffeic acid were 40 mg/i and 20

mg/L for courmaric acid.

In 1981, Okamura and Wantanbe determined the thresholds in aqueous solution

for several hydroxycinnamic derivative that are commonly found in white wine. Using

expert wine tasters, the researchers found the thresholds for caffeoyl tartaric acid and p-

coumaroy! tartaric acid, 50 mg/i and 25 mg/i respectively. Both were determined to be

bitter and astringent. However, both caffeoyl tartaric acid and p-coumaroyl tartaric acid

are normally present in wines at or below their threshold levels. The average level of

caffeoyl tartaric acid in wine is 55 mg/I and p-coumaroyl tartaric acid is 21mg/i. Okamura

and Wantanbe concluded that these derivatives can play a role in the astringency and

bitterness of white wine and may have a influence on the increased rate of oxidative

browning. However, when Singleton and Noble (1976) reviewed this article, they

concluded that hydroxycinnamic derivatives were present at or just below the threshold

and therefore probably do not play a part in the bitterness or astringency of white wine.
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Verette, et al. (1988) reexamined the role of hydroxycinnamoyl tartaric acids in

white wine astringency and bitterness. Using a duo-trio test in a model wine and a white

wine, they found that trans-caffeoyl tartaric acid (the major hydroxycinnamic acid in

white wine, 150 mg/i) was not detectable even when added at a higher level than found in

wine. Also, no difference was found for added caffeic acid or p-coumaric acid which are

normally present in white wines at 120 mg/l and 30 mgll respectively.

This contradicted the findings of Okamura and Wantanbe (1981). However,

Verette, et al. (1988) pointed out that previously, several detection thresholds that were

determined in water, such as Okamura and Wantanbe (1981), were used to imply adverse

effects from the same concentration in wine. For example, Okamura and Wantanbe (1981)

assumed that caffeoyl tartaric acid was bitter and astringent in white wine at 50 mg/l

which is its detection threshold in water. The complex chemical composition of a wine

creates an environment where it is hard to isolate the effects of one single component.

For example, other compounds could interact with caffeoyl tartaric acid and render it

undetectable or can simply mask its bitter and astringent properties. Therefore, a

threshold found in water can be largely under estimated since there are no interactions

with other compounds occurring.

Also, thresholds determined in a model wine and a white wine are based on solely

detection. Therefore, a subject can be detecting the compound, caffeoyl tartaric acid, by

identifying other characteristics of its flavor other than bitterness and astringency. For

example, Nagel, et al, (1987) showed that chlorogenic acid was not bitter or even

detectable at 100 mg/i when it's acid character was masked by a potassium bitartrate

solution. Previously, some hydroxycinnamate derivatives had been detected in a model

wine or white wine by their sourness character. However, the difference was attributed

to the bitterness and astringency of the compound as found in water.
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Verette, Noble and Somers (1988) and Singleton and Noble (1975) concluded that

hydroxycinnamoyl-tartaric derivatives were bitter and astringent, however, at the

concentration present in wine, they do not appear to significantly contribute to bitterness

or astringency in a wine. However, they did mention the possible contribution of additive

effects for all hydroxycinnamic acid derivatives taken together.

2.5.1.2 Benzoic Acids

Benzoic acid derivatives account for only a few ppm of the total phenolic content

in white wines, however in red wines it can be up to about 100mgGAE/l. (Singleton and

Noble, 1975). Dadic and Belleau (1975) determined the thresholds for several forms of

benzoic acid derivatives such as gallic acid (40 ppm), and salicylic acid (90 ppm). All

were bitter in water and beer with a harsh character in some cases. The thresholds in beer

ranged from 10-50 mg/i. Meilgaard, et al. (1975) found the threshold of vanillic acid, gallic

acid and syringic acid in water to be 30 mg/l, 40 mg/l and 240 mg/i, respectively.

Vanillic acid and gallic acid were reported as astringent. Individually, the benzoic acid

derivatives are present in white wine in concentrations that are too low to significantly

contribute astringency or bitterness, but they may have an effect when taken together as a

group (Singleton and Noble, 1976). Sanderson, etal., (1976) found that tannic acid had a

bitter and astringent threshold of 20 mg/lOOml and 80 mg/lOOml. However, they also

reported that gallic acid was neither astringent or bitter.



2.5.1.3 Other

Several other nonflavonoid compounds were investigated for their possible role in

white wine flavor. Tyrosol, a fusel oil alcohol produced by yeast fermentation of a

nonphenolic precursor, is found in white and red wines at 29 mg/i and 22 mg/I

respectively. Although this compound has a honey like aroma, it does not contribute to

the aroma of a white wine (Singleton and Noble, 1976).

Dadic and Belleau (1975) reported that the bitter and taste threshold of tyrosol in

beer can range from 10 - 200 ppm. Singleton and Noble (1976) proposed that tyrosol's

threshold in wine would be lower since beer is carbonated and contains a lot of

background bitter hops. Tyramine is found in wine at a concentration of 2-3 mg/i.

Several terpene glycosides were extracted from a bitter Muscat wine and added to a model

system and a white wine at two times it original concentration (Noble, et ai., 1988).

There was no significant taste difference produced. It took almost ten times the original

concentration to elicit a faint bitterness in water. Noble, et ai. (1988) concluded that

terpene glycosides do not contribute to the bitterness of Muscat white wines.

2.5.2. Fiavonoids

Several researchers have separated grape seed phenolic into various fractions in

order to clarify the role each one may play in the bitterness and astringency of a wine. In

1966, Rossi and Singleton fractionated grape seed phenoiic into three groups: catechins,

leucoanthocyanins and condensed tannins. The approximate absolute threshold for all

groups together in water was 25 mg/i. Individually, catechins and leucoanthocyanin had a

threshold of 20 mg/i while the condensed tannins had a threshold of 3.5 mg/l. When

evaluated together, the total grape seed phenolic extract was bitter and astringent in water,

a model wine and a white wine. The threshold for all fractions increased when evaluated

in a white wine. In white wine, the total grape seed complex threshold was 80mg/i. The

catechin bitterness threshold increased to 200 mg/i while the bitter thresholds for
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leucoanthocyanins and condensed tannins increased to 120 mg/i and 12 mg/i respectively.

The condensed tannin fraction was considered the most important group contributing to

the astringency and bitterness in wine. The catechin and leucoanthocyanin groups were

similar in their effect on detectable bitterness, however, the catechin group did not

significantly contribute to the astringency. The leucoanthocyanin group gave about 1/10

the bitterness and 1/6 the astringency of an equal concentration of the condensed tannin

fraction. Since red wine can have a total phenolic content from 1-3 gil it can be inferred

that if only half of the phenols come from the seeds, that this is ten to one hundred times

the minimum detectable levels of these compounds in a white wine base.

The authors suggested that the significant roles of these fractions differ in kind and

degree in red, rose and white wine flavor. Rossi and Singleton concluded that the lower

molecular weight molecules were bitter while the higher molecular weight ones were

mostly astringent.

Arnold and Noble (1978) examined the bitterness and astringency of three

different concentrations of a grape seed phenolic extract in a model wine solution using a

panel trained to recognize and rate astringency and bitterness. The panel was asked to

rate the intensity of bitterness and astringency on an unstructured line scale using a

standard (300 mg/L caffeine) labeled as zero for astringency and mid-point for bitter

intensity. For the three concentrations used, 25 mg/i, 80 mg/i and 135 mg/i, astringency

ratings increased with phenolic content while bitterness ratings did not significantly differ

with concentration. Arnold and Noble suggested that this was due to the masking effect

of astringency. This finding could explain why some aging red wines seem to increase in

bitterness while total tannin levels are dropping.
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Singleton et al. (1975) reported that astringency increased significantly with

phenolic content produced by increasing skin and seed contact time from 1 to 5 days.

The bitterness did not significantly increase. Quality ratings were significantly lower

with longer skin time in some wines. Sims and Bates (1994) also found that a red wine

with longer skin contact time had higher total nonpolymeric and polymeric phenolic levels

and increased astringency.

2.5.3 Molecular Size, Bitterness and Astringency

In 1980, Arnold et al. examined four fractions (catechin, dimeric anthocyanogen,

trimeric/tetrameric anthocyanogen, and condensed tannin) of grape seed phenolics and

found all to be bitter and astringent in a base white wine (without any flavonoid

phenolics). There was a significant increase in astringency with concentration only for

the dimeric-anthocyanogen and trimeric/tetrameric-anthocyanogen fractions. Bitterness

increased only in the trimeric/tetrameric anthocyanogens. On a ppm basis, the condensed

tannin fraction was the most bitter and astringent. The catechins and condensed tannins

had significantly higher ratings of bitter to astringent than the dimeric- and

trimeric/tetrameric fractions. Relative astringency increased with molecular weight from

the catechin fraction up to the condensed tannin fraction.

Also using a white wine base, Robichaud and Noble (1990) looked at the

bitterness and astringency related to four phenolic substances: catechin, gallic acid, grape

seed tannin and tannic acid. They also used time intensity measurements to examine

differences in 'time to maximum' bitterness and astringency. Astringency and bitterness

ratings increased almost linearly with concentration for all four substances. The

polymeric tannic acid and grape seed tannin were more astringent than bitter while the

monomer gallic acid and catechin were more bitter than astringent.



Like Rossi and Singleton (1966) and Arnold, et al. (1980), Robichaud and Noble

concluded that as the fractions increased in size from monomeric to tetrameric,

astringency increased relative to bitterness. In other words, the monomeric fractions are

more bitter while the polymeric fractions are more astringent. Even though all fractions

had some bitter and astringent character, all fractions were determined to be more bitter

than astringent. For example, the bitterness of catechin increased almost linearly when the

concentration was increased up to 1200 mg/i. However, there was also a small significant

increase in astringency. Robichaud and Noble also found that the maximum intensity and

total duration of after taste of bitterness and astringency increased linearly with

concentration. Generally there was a longer time to maximum intensity for bitterness

than for astringency. However, time to maximum intensity did not change with

concentration.

Lea and Arnold (1978) evaluated several cider phenolic fractions in water and

found all to be bitter and astringent. Bitterness was associated with the oligomeric

procyanidins with maximum bitterness in the( )--epicatechin tetramer. Astringency was

characteristic of the high molecular weight procyanidins and increased with the size of

molecule. Maximum astringency was at the octamer level. No fraction was defined as

being solely bitter or astringent.

Lea and Timberlake (1974) found that in cider, a decrease in phenolic content,

especially polymeric anthocyanogens, was correlated with a decrease in astringency and

bitterness. Most of the astringency was associated with fractions that were more

complex than the trimeric anthocyanogens.



2.6 Thresholds

2.6.1 Phenolics

The taste thresholds in water of several phenolics were determined by Delcour, et

al. (1984) using the ascending methods of limits. These researchers stated that the flavor

thresholds for the several procyanidins depended on the degree of polymerization. The

higher molecular weight molecules had lower threshold values. (+)-Catechin, procyanidin

B3 and a mix of trimeric and tetrameric procyanidins were all determined to be both bitter

and astringent, however, their thresholds decreased with increasing molecular weight. The

thresholds were 46.1 mg/I, 17.3 mg/i and 4.1 mg/I respectively. Quercetrin dihydrate

(quercetin rhamnoside) had a threshold of 8.9 mg/i while tannic acid's threshold was

14.1mg/i. In beer, quercetrin's threshold was found to be 60mg/i (Meilgaard, etal.,

1982).

Delcour, et al (1984) proposed that since phenolics can denature mouth proteins

therefore inducing astringency, the threshold value of that compound depends on the

degree of polymerization. After adding quinine sulfate and caffeine to the

trimeric/tetrameric fraction, the threshold increased from 4.1 mg/i to 11.6 mg/i. This was

attributed to the hydrogen bonding of the phenolic compounds with the quinine sulfate

and caffeine resulting in lower protein denaturing capacity. After adding catechin to the

trimeric/tetrameric fraction at a level way below threshold, the threshold of the polymeric

fraction decreased from 4.2 mg/i to 3.6 mg/i. Delcour, et ai., explained that the hydrogen

bonding between the higher oligomeric phenolics and (+)-catechin resulted in products

with an increased protein denaturing capacity, therefore decreasing the threshold.
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Sanderson, et al. (1976) reported bitterness thresholds for (-)epicatechin,

(-)epigallocatechin, and catechin of 60 mg/mI, 35 mg/lOOml and 60 mg/lOOm!,

respectively, and all were described as not being astringent. However, (-) epicatechin

galiate and (-) epigaliocatechin gailate had astringency thresholds of 5 mg/I and 6 mg/I.

Bitterness thresholds for both of these compounds were 2 mg/i and 3 mg/i, respectively.

Tannic acid had a bitter and astringent threshold of 2 mg/I and S mg/I.

The researchers also reported that gallic acid was neither astringent or bitter.

2.6.2 Ftavonots

Singleton and Esau (1969) estimated the flavonol content of a white wine to be 4-

310 mg/kg grapes and of a red wine to be 20 - 100 mg/l. Continuous hydrolysis of the

flavonol glycosides causes the predominate form in wine to be the agiycone. Quercetin

accounts for approximately 85% of the total flavonol content in a wine with the rest being

myricetin and kaempferol. (Singleton and Esau, 1969). Dadic and Beileau (1975)

concluded that the glycoside form is more bitter than the aglycone form.

Sanderson, et al. (1976) reported that the only taste sensations associated with

tea polyphenois are bitterness and astringency. The simple, nongallated flavonols were

bitter, but not astringent however, the simple, gallated flavonols and condensed tea

flavonols were astringent as well as bitter.

Dadic and Belleau (1975) studied the role of various polyphenols, especially

flavonols, and the oxidized counter parts in the flavor, color and colloidal stability in beer

and in a 5% ethanol solution. They conducted several experiments including threshold

and flavor determination in 5% ethanol using the staircase method, flavor determination

in 5% ethanol at supra threshold levels using the triangular method, threshold and flavor

determination in beer using a two sample comparison method, threshold and flavor

determination of oxidized compounds in beer using the two sample method and

identification of interactions between added polyphenols and endogenous polyphenols.
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Dadic and Belleau (1975) explained their usage of the 'apparent flavor threshold'

when determining the threshold in beer. The threshold is the amount added beyond what

is already present in the beer. The apparent threshold in one beer may be the true

threshold in another. Therefore, it is important to accurately determined the amount of a

substance already present in a beer before proceeding with threshold measurements.

They further explained that when assessing flavor of added polyphenols in beer, it must

be recognized that the added substance can interact with endogenous substances and

result in flavors that are not necessarily characteristic of the added compound.

Dadic and Belleau (1975) began with a structural investigation of pure quercetin,

myricetin and kaempferol versus their oxidized counterparts. Of all the compounds

examined, quercetin was the second most susceptible to oxidation, followed by

kaempferol, morin and myricetin. After induced oxidation, quercetin's color changed

from yellow to pale brown. The oxidation products of quercetin absorbed at 450nm of

the visible spectra, therefore showing that phenolic polymers were produced.

Fluorescence also changed from bright red (254 nm) to orange (254 nm). The melting

point of quercetin decreased from 321-323°C to 3 14-320°C. This depression of melting

point and increased range of melting indicated the increased complexity of the oxidized

quercetin structure. The solubility of the oxidized quercetin also decreased from .60

mg/mi to .30 mg/mI.

Using the staircase method, quercetin, kaempferol and myricetin were found to

have thresholds in 5% ethanol of 10 ppm, 20 ppm and 10 ppm, respectively. All three

were also described as bitter and astringent with quercetin also noted as harsh. All three

were described as bitter and astringent when evaluated at suprathreshold levels in 5%

ethanol using the triangular method. Only quercetin and kaempferol thresholds increased

when determined in beer by the two sample comparison method. Quercetin' s threshold

increased to 20 ppm while kaempferol increased to 50 ppm.
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Quercetin was still described as bitter and harsh. However, no descriptors were generated

for kaempferol. Even though myricetin's threshold did not change when evaluated in

beer, it's flavor characteristics were now described as winey and aromatic.

Various results were obtained when the oxidized compounds were evaluated in

beer using the two sample comparison method: quercetin's threshold decreased to 10

ppm, myricetin's threshold held at 10 mg/i, kaempferol could not be identified even at

concentrations greater than 50 mg/i. Oxidized quercetin was described as bitter and harsh,

while myricetin was noted as being winey, malty, papery, bitter, harsh and earthy. When

quercetin was combined with vaniilic and ferulic acids, the acids seemed to impose a

sweet vanilla flavor over the bitterness of quercetin. The combination of quercetin and

catechin resulted in a bitter/sweet flavor with an additional sour note.

Dadic and Belleau (1975) generated several conclusions. The general flavor

contribution of polyphenois is bitter, astringent, bittersweet and sour. High

concentrations of poiyphenols in beer (from 10-SO ppm) indicated their high

compatibility with acceptable beer flavor since it is known that off-flavors are active at

concentrations as low as lppm. Polyphenols can act as flavor carriers, potentiators, and

stabilizers. Their oxidation products can impart an aged note.

Thresholds in beer were higher than in the 5% ethanol solution although the flavor

descriptors were about the same. The thresholds of the oxidized counterparts were lower

than the nonoxidized compounds. Also, bitterness, harshness and astringency were more

predominant in the oxidized compounds.

2.7 Sensory Effects of Ethanol

The effect of ethanol, catechin concentration and pH on the sourness and

bitterness of a wine was examined by Fischer and Noble (1994). Bitter intensity

increased 51% and 41% with an 8-11% and 11-14% increase in ethanol content,

respectivelly. An addition of 1400 mg of catechin only increased the bitterness by 22%.
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A bigger increase in bitter intensity was found with a 3% v/v ethanol increase in a wine

with 100 mg/i of catechin than with an addition of only 1400 mg/i of catechin to the same

wine. This effect on bitterness is important since 3% differences in ethanol content is

common in white wines. Fischer and Noble also found that increased ethanol and catechin

levels had no effect on sourness intensity.

Lea and Arnold (1978) also reported that in a solution of cider procyanidins,

ethanol increased the intensity of bitterness and decreased the intensity of astringency.

They proposed that ethanol increased the penetration of oligomeric procyanidins into the

lipid membrane through a co-solubility effect therefore increasing the perceived bitterness.

However, ethanol supposedly reduced the degree of hydrogen binding between phenolic

hydroxy groups and mouth proteins, therefore reducing astringency.

2.8 Effects of Repeated Ingestion

Since bitter and astringent taste sensations are known to linger after ingestion and

even rinsing, several researchers investigated the consequences of carry-over effects and

proposed possible methods for eliminating such phenomenon. Guinard, et al. (1986)

investigated the effect of repeated ingestion of beer on the perception of temporal

bitterness. They found that maximum bitterness remained unchanged after repeated

ingestion (using a resting period normally associated with social beer consumption).

However, duration and time to reach maximum intensity increased significantly between

the first and second ingestion. A higher maximum bitterness was found with longer

resting periods.

In 1983, Arnold noted that when evaluating ciders, there seemed to be a carryover

effect that increased the bitterness and astringency of latter samples. Arnold developed a

paired comparison tasting procedure using a model based on Scheffe (1952) that separated

the parameter estimates, order effect and error. This allows the carryover effect to be

evaluated and eliminated, resulting in more precise estimates of the parameters for



59

comparison. In each tasting session, every person has only one pair of samples to

examine with the same pair evaluated by all people (half in each order). The rating scale is

a seven point scale: much less bitter/astringent equal = -3 , equal bitter/astringent = 0,

much more bitter/astringent = +3 (Arnold, 1983).

2.9 Descriptive Analysis

Descriptive analysis is the most sophisticated of all sensory methodologies and

provides the most detailed information regarding product attributes. It provides complete

sensory descriptions of an array of products and a basis for determining those sensory

attributes that are important to product acceptance (Stone and Sidel, 993). A formal

definition of descriptive analysis is, "... a sensory methodology that provides quantitative

descriptions of products based on the perceptions of a group of qualified subj ects. It is a

total sensory description, taking into account all sensations that are perceived -visual,

auditory, olfactory, kinesthetic and so on- when the product is evaluated "(Stone and

Sidel, 1993). The 'qualified' subjects refers to the training that a descriptive panel

undergoes. A trained panel of assessors is used as an analytical instrument to accurately

analyze flavor, texture and other attributes present in any food system. A properly

trained panel is assumed to produce statistically valid data for providing a quantitative

and qualitative comparison of food products (Sinesio, et al., 1991).

2.9.1 Flavor Profile Method (FPM)

This method of descriptive analysis was first developed by the A.D. Little

Company in the 1950's (Caul, 1957). This method utilizes human subjects who are

specifically trained to identify, describe and quantify important sensory attributes of a

particular food. A FPM panel usually consists of 4 to 6 screened and selected panelists

who first examine and openly discuss the product to be evaluated. After agreement is



60

reached on the description of the product, the panel leader summarizes the results in a

report form. This method became popular because results could be obtained rapidly.

Emphasis was placed on the confidence in the collective professional judgement of the

panel and therefore no statistics would be needed (Stone and Sidel, 1993).

In order to adapt the general FPM to accommodate more specific food products

and attributes, several modified techniques began to surface including Texture Profiling

(Szczesniak, 1963), Quantitative Descriptive Analysistm (Stone, et al, 1974) and

Spectrumtm (Meilgaard, et al, 1991). Although each one of these methods is very

different, they share several commonalities including selection and training of panelists,

development of language, evaluations sessions and data analysis and interpretation.

A key issue in all descriptive analysis techniques is controlling variation. Detailed

training helps to familiarize panelists with attributes and ratings, however, it does not

completely eliminate scoring variation. Arnold and Williams (1986) reported 5 sources of

variation that are extremely difficult to eliminate: (1) variation in overall level of scoring

by panelists, (2) the use of different terms to describe the same stimulus, (3) variation in

the range of scoring by panelists, (4) differential perception of stimuli within one product,

(5) variation in term and scale usage between sessions.

The major disadvantage of these descriptive analysis techniques is they require

significant amounts of time and money to recruit, screen and train panelists (Einstein,

1991).

2.9.2 Free Choice Profiling (FCP)

Free choice profiling (FCP) was developed by Williams, et a! (1981) as a method

to eliminate the problem of consumers using varied terms to describe the same stimulus.

The main advantage of this method when compared to conventional descriptive

techniques is that there is no requirement for prior identification of characteristics of the

products or definition of a vocabulary (Piggott, et al., 1992). The only requirement of the
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panelist is to be objective, able to understand and consistently use the measurement scale

and consistently use their own vocabulary (Jack and Piggott, 1992). Another advantage is

that panelists may be more consistent in their ratings if using persona! terms with which

they are comfortable. This would help to decrease overall variability. Also, since

minimal trainingis needed for FCP, money and time can be saved.

FCP is based on the idea that panelist do not differ in the way they perceive

sensory stimuli but rather in the ways they use to describe them (Arnold and Williams,

1986). Panelists are allowed to use as many terms as needed to describe the sensory

characteristics of the sample. During the limited amount of training used in FCP, each

panelist develops his/her own terms and ballot. Therefore, less training is required in order

to obtain consistent term usage across the entire panel. This helps to eliminate frustration

experienced by most panel leaders when trying to forcing agreement among panelists in

their use of terminology (Willams and Langron, 1984).

Identical terms may be used by different panelists, but it is important to

remember that they may have totally different meanings (Marshall and Kirby, 1988).

Piggott, et al., (1990) found that sometimes too few descriptors were generated and that

some terms were too personal therefore making interpretation difficult. In order to

alleviate this problem, panelists need to review their terms with the panel leader and write

out a formal definition for each of their terms. Methods such as natural grouping and

repertory grid has been used to assist panelists in term generation (McEwan and Coiwill,

1989).

This method has been used to asses numerous products including commercial

ports (Williams and Langron, 1984), coffee (Willams and Arnold, 1985), chocolate

(McEwan and Coiwill, 1989), whiskey (Guy, et al., 1989), beer (Gains and Thomson,

1990), dark rum (Piggott, et al., 1992) and acids (Rubico, 1992; Rubico, 1993). Recently

it has been efficiently and productively used in consumer testing (Jack and Piggott, 1992).

Williams and Arnold (1985) and Rubico (1992) have found FCP gives results

similar to traditional descriptive techniques.



2.10 Statistical Analysis

2.10.1 Generalized Procrustes Analysis (GPA)

Generalized Procrustes Analysis (GPA) is the only statistical method for

analyzing FCP data (King and Arents, 1991). This analysis method is so powerful

because it combines individual configurations into a common space while maintaining their

original shapes. Researchers can now compare the extent of discrimination independently

of the individual panelist's scores and measurement scales (Williams, et al., 1981). GPA

involves three primary steps: (1) geometrical transformation to a common origin to

eliminate the effect of using different parts of the scale, (2) isotropic scale changes to

correct for different scoring ranges, (3) rotation/reflection of axes to match configurations

as closely as possible (Arnold and Williams, 1986). Consensus as well as individual

configurations are calculated and can be simplified to a reduced dimensional plot by

Principal Component Analysis (PCA) (Piggott, et al., 1992).

An advantage of GPA is it allows the investigation of inter-sample relationships

and the identification of outliers and groups. This is accomplished by using the residual

errors (distances between the individual assessor's configurations and the consensus ) to

calculate coordinates for plotting the assessors (King and Arents, 1991, Piggott, et al.,

1992).

2.10.2 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is the most commonly used multivariate

procedure (Piggott and Sherman, 1986). It is especially powerful as a technique to

explore relationships among a set of correlated variables. The aim of PCA is to

summarize information from a larger number of original correlated variables into a smaller

set of new uncorrelated variables (called principal components) with minimal loss of

information (Sinesio, et al., 1991). This technique allows the researcher to investigate
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relationships between groups (panelists, samples, attribute) based on the amount of

variation accounted for. It has been used in the evaluation of many products including

acids (Rubico, 1993), carbonated water (Harper and McDaniel, 1993), and yogurt

(Barnes, et al., 1991).

PCA is a method used to reduce data into a more interpretable form using a space

that is defined by the total variance of the variables. The method is based on achieving

the following: (1) summarization of patterns of correlations among variables, (2) reduction

of large numbers of variable to a smaller number of factors, (3) finding an operational

definition or regression equation for an underlying process by using the observed

variables, (4) testing a theory about the nature of the underlying processes (Tabachnick

and Fidell, 1989). Johnson and Wichern (1988) simply described PCA as a method to

reduce the dimensionality of a sample space by finding linear combinations that can

explain the maximum variation. These linear combinations are then used to create and

order the principal components (PC). The first PC explains the most variation while the

last PC explains the least (Tabachnick and Fidell, 1989).

Output of PCA reflects the underlying relationships between the samples and

variables. A common use of PCA is to study the behavior of individual panelists.

Patterns of response can be identified and in turn the efficiency of training and reliability

of results can be evaluated (Sinesio, et al., 1991). PCA is often used in term reduction by

identifying and explaining clusters of terms that explain common sensory stimuli

(Timms, 1975).

PCA and GPA are commonly used together in order to completely investigate all

possible interrelationships within a data set.
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3.1 Abstract

Concentrations of quercetin aglycone (0, 5, 10, 20, 30, 40, 50, 60 mg L-I) were

added to a model wine system containing one of each of the following phenolic

compounds: gallic acid, caffeic acid, (+) catechin, quercetin 3-L-rhamnoside, grape seed

tannin and malvidin 3,5-diglucoside. Concentration of quercetin aglycone in solution was

determined by HPLC analysis at 10 mm., 3 hrs, 24 hrs, and 6 days. Gallic acid, caffeic

acid, (+) catechin had no significant effect on the solubility of quercetin aglycone. The

effect of quercetin 3-L-rhamnoside was dependant on concentration of added quercetin

aglycone. The grape seed tannin and malvidin 3,5-diglucoside significantly increased the

solubility of quercetin aglycone in all added quercetin concentrations, with the malvidin

3,5-diglucoside resulting in the largest increase. Increasing concentrations of malvidin 3,5-

diglucoside resulted in increased levels of stable quercetin in solution. Samples with

malvidin 3,5-diglucoside and quercetin aglycone showed increases in absorbance (520 nm)

of up to 20%. At the 600 mg L-I level of malvidin 3,5-diglucoside, a strong correlation

was found between increased absorbance at 520 nm and amount (mg L -1) of quercetin

aglycone in solution (R2 .925). The anthocyanin-flavonol interaction that resulted in an

increase in 520 nm absorbance (copigmentation) also appears to be responsible for the

increased solubility of the quercetin aglycone. These results suggest that anthocyanins in

wine influence the wine's final flavonol composition.
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3.2 Introduction

The complex phenolic profile of wine is composed of compounds extracted from

grape skin, seeds, pulp and occasionally stems. Modification of the phenolic precursors

in grapes occur during fermentation and aging by oxidation, hydrolysis and

polymerization. The solubility of these compounds varies substantially and their

interactions with each other and with the changing solvent properties of must and wine

contribute to final phenolic composition of wine.

Flavonols, a light sensitive class of flavonoids, are found in grape skins of both red

and white cultivars as glycosides of glucose, glucuronide and galactose (Price, 1994 and

Price et al., 1995). Flavonol content in grapes ranges from 40 to 310 mg/kg, expressed as

rutin (Ough and Amerine, 1988). The primary flavonol found in grapes is quercetin.

Flavonol glycosides and their aglycones can reach significant concentrations in red wine,

but are found only in low concentrations in white wine (Somer and Ziemelis, 1985).

Total flavonol content in red wines ranges from 2 to 100 mg L-1, with the majority of this

being quercetin aglycone (Zoecklein, et. al., 1990 and Ough and Amen ne, 1988). Young red

wines have greater than 50 mg L-1 total flavonol content while older red wines contain

approximately 10 mg L-'. The hydrolysis of the glycosidic moiety in wine is not we!!

understood but both enzymatic and non-enzymatic factors are apparently involved

(Price, et al., 1995).

The quercetin aglycone is practically insoluble in water, but readily solubilizes in

ethanol. The solubility of quercetin aglycone in a white wine is approximately 2 to 3 mg

L-1 (Somer and Ziemelis, 1985). Quercetin glycosides are significantly more soluble than

the aglycone. Quercetin 3-L-rhamnoside is insoluble in cold water, moderately soluble in

hot water and very soluble in alcohol.
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Price (unpublished data, 1994) surveyed over 40 commercial Oregon Pinot noir

wines and found quercetin aglycone levels ranging from 2 to 60 mg L-'. The amount of

quercetin aglycone in wine could not be predicted by the quercetin glycoside content of

the grapes.

Anthocyanins have been investigated for their interaction with numerous

phenolics in wine. Singleton and Trousdale (1992) found that the presence of

anthocyanins increased the solubility of polymeric phenols, such as tannin, in wines.

The optimum increase in solubility was dependant on the ratio of anthocyanin and tannin.

They concluded that anthocyanins are the factor that keeps the astringent tannin high in

red wines relative to similarly made wines from white grapes. These researchers

hypothesized that the increased solubility of these polymeric tannin is due to the

incorporation of the flavylium salt and its attached sugar into the polymeric structure.

Anthocyanins are also known to interact with other phenolics in copigmentation

responses. Copigmentation is a spectral response defined as a bathochromic shift and an

increase in absorbance at the wavelength of maximum absorbance. The occurrence of this

phenomenon between anthocyanins and flavonoids is well documented (Asen, et.al.,

1972; Scheffeldt and Hrazdina, 1978; Chen and Hrazdina, 1981; Brouillard, 1983). The

copigmentation effect is thought to occur due to weak hydrogen bonding between

hydroxyl groups and hydrophobic interactions between the quercetin and malvidin 3,5-

diglucoside molecules (Mazza and Brouillard, 1990).

Anthocyanins are significantly more soluble in wine than quercetin (Macheix, et

al., 1990). Average anthoycyanins content in a red wine can range from 300 to 700 mg L-

I (Macheix, et al., 1990).
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It is proposed that a chemical interaction between quercetin and anthocyanins

could increase quercetin solubility and explain observed differences between quercetin

aglycone concentrations in red and white wines. The objective of this study was to

investigate possible phenolic interactions that could explain differences in quercetin

solubility. Three experiments were conducted using a model system to test the effects of

different phenolic compounds, anthocyanin concentration, and pH.

3.3 Materials and Methods

The model system, used in all experiments, was composed of 13% EtOH and 4 g

L-1 of tartaric acid. The pH of the system was 2.65. Quercetin additions were made using

a 4.04 mg mL-1 stock solution of quercetin aglycone in 95% EtOH. Mentions of

quercetin in this paper refer to the aglycone. All other phenolic additions were made by

adding dry material directly into the model system. Samples were prepared in duplicate.

3.3.1 Experiment 1:The Effect of Various Phenolic Compounds on the Solubiiity of

Quercetin

Eight concentrations of quercetin (0, 5, 10, 20, 30, 40, 50, 60 mg L-1) were added

to the model system and to the model system containing one of the following compounds:

gallic acid, caffeic acid, + catechin, quercetin 3-L-rhamnoside (Sigma, St. Louis, MO),

grape seed tannin (Beverage People, Santa Rosa, CA), or malvidin 3,5-diglucoside chloride

(malvin) (Pfaltz&Bower, East Weymouth, MA). Each of these compounds were

added on a equal molar basis to 300 mg L-1 of malvin (.00043 M) except for the grape seed

tannin. The grape seed tannin was a crude extract and no molecular weight was available,

therefore it was added on a equal weight basis to 300 mg L-1 malvin.
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Phenolic compounds were dissolved in 200 mL of a base model system (11.5%

EtOH + 4 g L-' tartaric acid). Additional 95% EtOH was added so the final EtOH

concentration for each sample was 13%. The pH of the system after addition of each

compound ranged from 2.58 to 2.65. After addition of quercetin and EtOH, each sample

was stirred on a stir plate for three mm. and then transferred to a plastic centrifuge tube

(1.5 mL). The sample was then centrifuged at 8160 RCF for 10 mm or until no

precipitate was floating. Quercetin concentrations were measured at <10 mm, 3 hrs, 24

hrs, and 5 days after quercetin additions.

Concentrations were measured on a Hewlett Packard 1050 series HPLC coupled

to a diode array detector (1040 model, series II) and Hewlett Packard Chemstation 3D

software (Hewlett Packard Inc., Palo Alto, CA). A 250x4.6 mm Polymer Labs PLRP-S'

5 im 100 A column was used (Polymer Laboratories Inc., Amherst, MA). A six minute

isocratic run at 26°C was used with a flow rate of 1 mL mm-' using a solvent of 49.25%

CH3C'N + 49.25% ddH2O + 1.5% H3PO4. Quercetin was monitored at 360 nm, eluting

at 4.4 mm. Quercetin concentration was determined by comparison of peak areas to

injections of known amounts of quercetin. Injection volume was 20 l.

3.3.2 Experiment 2:The Effect Anthocyanin Concentration on the Solubility of
Quercetin

Eight concentrations of quercetin were added to the model system containing 6

different levels of malvin (100, 200, 300, 400, 500, 600 mg L-'). Sample preparation and

concentration measurements were the same as described in Experiment 1. Absorbance at

520 nm of the 100, 300 and 600 mg L-I samples was measured with a spectrophotometer

in a 1 mm quartz cuvette.



3.3.3 Experiment 3: The Effect of pH on the Solubility of Quercetin in a Model
System with and without Anthocyanins

A model system containing 150 mg L-1 of quercetin was made with and without

300 mg L-' of malvin. The starting pH of the model system was 2.65 and was adjusted

to 1, 2, 3, 4, 5 and 6, using 4N HCI and 1N NaOH.

Quercetin concentrations were measured at <10 mm, 24 hrs, 6 days after quercetin

aglycone additions. Determination of concentration was identical to that described in

Experiment 1.

3.4 Results

3.4.1 Experiment 1

The solubility of quercetin in the model system without additional phenolic

compounds is shown in Figure 3.1. The amount of quercetin added is shown on the X-

axis; the amount of quercetin in solution on the Y-axis. The amount of quercetin in

solution decreased with time at al levels of quercetin addition except at 5 mg L-I. After 24

hrs, the solubility stabilized at a level of approximately 4 mg L-'.

The addition of gallic acid, caffeic acid and catechin had no effect on the

solubility of quercetin in this model system (Fig. 3.2). Quercetin concentrations for each

of these solutions at five days did not differ from the five day level in the base model

system.

The effect of quercetin 3-L-rhamnoside on the solubility of quercetin depended on

the amount of quercetin added. From 5 to 20 mg U-i of added quercetin, the presence of

quercetin 3-L-rhamnoside resulted in higher quercetin solubility than the control. There

was no effect of quercetin 3-L-rhamnoside when added-quercetin concentration were

higher than 20 mg L-i.
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Figure 3.1 The solubility of quercetin over time in a 13% EtOH+ 4g L-1 tartaric acid
solution (pH=2.65).
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Figure 3.2 The effect of various phenolic compounds on the solubility ofquercethi in
a 13% EtOH+ 4g L-1 tartaric acid solution at 5 days.
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Grape seed tannin and malvin increased quercetin solubility at all added quercetin

concentrations. The maximum stable level in the presence of grape seed tannin and malvin

was 9.5 mg L-1 at the 10mg L-1 addition of quercetin. Solutions with malvin had higher

concentrations of soluble quercetin than solutions with grape seed tannin at all quercetin

additions greater than 10 mg L-1.

3.4.2 Experiment 2

The effect of anthocyanins on the solubility of quercetin was investigated in this

experiment. Increasing concentrations of malvin resulted in higher concentrations of

soluble quercetin and higher overall maximum stable levels of quercetin (Figures 3.3 A and

B). The solubility curves in Figure 3.3A have a shape similar to those seen in Figures 3.1

and 3.2. As the concentration of malvin increased, the maximum stable quercetin level

was found at higher levels of added quercetin. There was a strong relationship between

quercetin solubility and malvin concentration at 5 days (Figure 3 .3B).

In the 600 mg L-1 malvin chloride samples, increasing concentrations of quercetin

in solution resulted in increases in absorbance at 520nm. The increase in absorbance at

600 mg L-' of malvin was linearly related to the amount (mg L- ) of quercetin in solution,

R2= .925. (Figure 3.4). There was no significant relationship at 100 mg L-1 and 300 mg L-

1 of malvin.

3.4.3 Experiment 3

The possible interaction between pH and quercetin solubility in a model system

was investigated with and without malvin. There was no effect of pH in model system

containing quercetin only (data not shown).



Amt. of Quercetin Added (mg L-1)

Figure 3.3A The effect of different levels of malvin on the solubility of quercetin in a
13% EtOH+ 4g L-1 tartaric acid solution at 5 days.
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-.-- 200 mg L-1 Malvin

-*-- 300 mg h-i Malvin
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-e- 500 nig L-i Malvin

-e-- 600 mg L-i Malvin
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Figure 3.3B The increased solubility of quercetin due to increasing concentrations of
malvin measured at 5 days (R2.972).
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Figure 3.4 Relationship between increased absorb ance (520nm) and amount of
quercetin in solution in a model system containing 600 mg L-1 malvin
(R2=. 925).
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The pH did have an effect on quercetin solubility when 300 mg/L of malvin was added to

the model system (Figure 3.5). At 10 mm., the lowest and highest pH's used seemed to

increase the solubility of quercetin. After 24 hours and 6 days, the largest amount of

stable quercetin was found at pH 1.

3.5 Discussion

Quercetin glycoside content of grapes is largely determined by the amount of sun

exposure clusters receive during growth (Price, 1994 and Price, et al., 1995). The final

concentration and form quercetin present in wine also depends on extraction of quercetin

from the skins during fermentation and maceration, hydrolysis of glycosides and

interactions with other phenolic compounds in the wine. Interactions with anthocyanins

and tannins appear to be important factors in determining final quercetin aglycone

concentration. In part, these interactions determine the solvent strength of the wine and

therefore the final flavonol composition.

It has been proposed by Singleton and Trousdale (1992) that tannin, a

polymeric molecule, covalently binds with anthocyanins therefore increasing the

solubility and stability of the resulting product. Anthocyanins and tannin also interact

with quercetin in wine. However, the interaction apparently involves weaker

intermolecular bonds such as hydrogen bonding and hydrophobic interactions (Asen,

et.al., 1972; Scheffeldt and Hra.zdina, 1978; Chen and Hrzadina, 1981; Brouillard, 1983).

Previously, researchers have investigated these complexes in order to explain the

copigmentation effect of flavonols on anthocyanin absorbance. Chen and Hrzadina

(1981) found that out of all flavonoids tested, quercetin had the second largest effect on

absorbance when combined with malvidin 3,5-diglucoside (pH 3.2). We also found

copigmentation responses in samples containing both quercetin and malvin (Figure 3.4).
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pH (adjusted with 4N HCL and iN NaOH)

Figure 3.5 The effect of pH on the solubility of 150 mg L-1 quercetin over time in a
13% EtOH +4 g L-1 tartaric acid solution with 300 mg L-1 malvin.
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Brouillard (1983) stated that formation of the copigment-anthocyanin complex is

dependant on the concentration of both compounds and on pH. He also found that the

copigment-anthocyanin complex formation can occur with both of colored forms of the

anthocyanin, the flavylium cation and the quinonoidal base. The presence of these two

anthocyanin forms is pH dependant. Experiment 3 showed that in solutions with added

malvin, quercetin solubility was also pH dependent (Fig. 3.5). At 10 mm., both low and

high pH significantly affected solubility. After 24 hrs. and 6 days, only lower pH's

affected solubility. The largest effect, after 6 days, was observed at pH 1 where the

flavylium ion dominates, suggesting that the formation of the quercetin aglycone - malvin

chloride complex occurs more readily and is more stable with the flavylium form of the

anthocyanin than with the quinonoidal form. Since the increased solubility of quercetin at

the higher pH's was only found at 10 mm, it can be concluded that the complex formation

between quercetin and the quinonoidal form is not stable and apparently disassociates

within 24 hrs.

We investigated the effect of six different phenolic structural classes: benzoic acids

(gallic acid), hydroxycinnamic acids (caffeic acid), flavan-3-ols (catechin), flavonol

glycosides (quercetin 3-L-rhamnoside), polymeric tannins (grape seed tannin) and

anthocyanin glycosides (malvin). The two non-flavonoids tested, gallic acid and caffeic

acid, had no effect on quercetin' solubility. Although these compounds are very soluble,

however, they may not be large enough to form the type of interactions needed to

influence quercetin's solubility.

All of the flavonoid compounds investigated, except catechin, increased quercetin

solubility. Quercetin 3-L-rhamnoside, malvin and catechin have similar C6-C3-Co

structures (Figure3 .6)(quercetin aglycone structure also included). Catechin, which had

no effect on quercetin solubility, is the only compound without resonance in the 'C' ring

and also lacks an attached sugar moiety. Quercetin 3-L-rhamnoside, which had an

intermediate effect on quercetin solubility, is a glycoside and has an additional double

bond conferring partial resonance to the 'C' ring. Malvin, with the largest enhancement
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Figure 3.6 Chemical structures of quercetin aglycone (A), quercetin 3-L-rhamnoside
(B), catechin (C), and malvin (D).
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of quercetin solubility, has complete resonance about the 'C' ring, has 2 attached sugars

moieties and has a positive charge at lower pH's. The presence of resonance in the 'C'

ring would increase the potential for hydrophobic interactions and a positive charge could

affect hydrogen bonding. Both a positive charge and the presence of sugar moieties would

influence the solubilty of the resulting complex.

Malvin is a diglucoside anthocyanin not found in Vitis vin'fera grape varieties.

However, Chen and Hrzadina (1981) found that the sugar substitution patterns on the

anthocyanin molecules did not significantly effect the copigment-anthocyanin complex

formation. Our research suggests that increased solubility of quercetin and

copigmentation of anthocyanins share a common mechanism. Therefore, we assume that

monoglucosidic anthocyanins, like those found in Vitis vin?fera grape varieties, will also

enhance the solubility and stability of quercetin.

In all the experiments, characteristic solubility curves were observed. There was a

specific concentration of added-quercetin that resulted in the maximum stable level of

quercetin in solution. When added-quercetin exceeded that concentration, the solubility

appeared to decrease. Apparently these curves were the result of the quercetin aglycone

in a supersaturated condition. In our study, quercetin additions were made with a stock

solution of quercetin dissolved in 95% EtOH. If additions had been made using a powder

form of quercetin, solubility curves could have been drastically different.

Although the formation of quercetin-anthocyanin and quercetin-tannin complexes

are apparently important in determining quercetin concentrations in wines, it is not clear

from our research whether anthocyanin and tannin concentration in wine can solely

account for red wine quercetin concentration of up to 60 mg L-1. A combination of other

phenolic compounds and solubility factors may combine to form such an environment in

red wine, however.



3.6 Conclusion

Anthocyanins clearly enhance the solubility of quercetin, a significant phenolic

component of wine. This effect is most likely the result of the formation of weaker

intermolecular interactions that have been well characterized for their "copigmentation

effects." These types of weak interactions may have significance beyond their effects on

flavonols. It is possible that anthocyanins in wine contribute to the solubility of a range

of phenolic compounds. Anthocyanins have already been implicated in tannin solubility

due to their incorporation into tannin-anthocyanin polymers. It is also possible that they

could influence tannin solubility via non-covalent interactions of the kind apparently

involved with flavonol solubility. Copigmentation phenomena deserve a closer look as

they may provide a key to a range of important wine composition and quality questions.
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4.1 Abstract

The technique of free choice profiling was used to characterize the sensory

attributes of 3 concentrations of quercetin aglycone (5, 10, 20 ppm) when added to a

model wine and a Chardonnay. Based on the consensus area of model wine data, there

was no significant separation of the samples. Panelist 1 did differentiate the 20 ppm

sample, describing it as higher in overall flavor intensity, sweetness, burnlhot, metallic and

viscosity. Analysis of the Chardonnay data resulted in significant separation of the

samples on PA I and PA 2. On PA 1, the control and 5 ppm samples were described as

higher in overall flavor intensity, sourness and burn/hot and less watery. On PA 2, the

samples with quercetin (5, 10 and 20 ppm) were described as higher in sweetness,

bitterness, numbness and fruitiness while having a less intense overall aroma. Three

panelists (1,2 and 5) who significantly separated the samples, as well as the consensus,

described the 20 ppm sample as eliciting more numbing sensation. Panelist 1 was able to

even separate the 10 ppm sample from the control using this attribute. Panelists 2, 5 and

consensus rate the overall aroma of the 20 ppm sample lower while panelists 1, 5 and the

consensus rate the 10 and/or 20 ppm samples higher in bitterness. There were some

contradictions in descriptions of the samples among these three panelists and the

consensus. In both studies, panelist replication patterns were extremely varied which

was reflected in the high across PA's, samples and panelists.



4.2 Introduction

New research has identified flavonols as a class of phenolic compounds which can

be manipulated by both vineyard and winery practices. These phenolic compounds are

key quality components of wine, affecting sensory characteristics, wine color, and wine

stability. Phenolics, in general, are known to be responsible for much of the astringency,

bitterness and 'length' of flavor impression on the palate (Arnold and Noble, 1978).

However, little is known of the effect of specific phenolic compounds, such as quercetin,

on the sensory characteristics of wine.

Quercetin may impact wine quality directly through its own sensory

characteristics or indirectly through its interactions with other phenolic compounds such

as anthocyanins and grape seed tannins (Singleton and Trousdale, 1992). Quercetin

content in commercial Pinot noirs can range from 5 to 60 ppm (Price, unpublished data,

1994). Numerous factors, including cluster sun exposure (Price, 1994) and anthocyanin

content (Price, et al., 1995) determine quercetin content. Dadic and Belleau (1975)

describe quercetin as harshly bitter and astringent and define its threshold as 10 ppm in

5% ethanol. If quercetin is harshly bitter and astringent and a large amount of quercetin is

produced in the grapes and consequently found in the wine, wine quality may be lowered.

It would then be important for the vineyard management or winemakers to control

quercetin levels in red wine. Quercetin aglycone solubilty is partially determined by the

presence of pigments or grape seed tannin. The possible formation of complexes with

these compounds may affect the perception of high levels of quercetin in wines.

The astringency and bitterness of a red wine has always been attributed to

phenolic content, more specifically catechin and condensed tannin concentrations (Arnold

and Noble, 1978). However, if quercetin elicits similar sensations, then bitterness and

astringency of a red wine cannot be solely predicted by catechin and condensed tannin

content.
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In order to gain a clearer picture of the role of phenolics in wine flavor, aroma and

appearance, a simplified model system, similar to a wine but devoid of any phenolic

compounds, is commonly used (Arnold and Noble, 1978: Rossi and Singleton, 1966).

Several researchers have investigated the role of phenolics utilizing a white wine, which

contains phenolics, but overall is far less complex than a red wine. Studies of phenolic

compounds added to a white wine are often done prior to a red wine in order to attempt

to develop theories or to predict reactions that may occur in a red wine (Rossi and

Singleton, 1966).

Free Choice Profiling (FCP) was the chosen as the descriptive technique for this

study in order to highlight possible differential perception of quercetin. This method

allows panelists to generate and utilize personal terms therefore decreasing overall training

time and panelist variation (Piggott, et al., 1992). Williams and Arnold (1985) and Rubico

(1992) have found FCP gives results sinilar to traditional descriptive analysis techniques.

FCP data is usually analyzed with General Procrustes Analysis (GPA). This

method primarily involves three steps: (1) geometrical transformation to a common origin

to eliminate the effect of using different parts of the scale, (2) isotropic scale changes to

correct for different scoring ranges, (3) rotationlreflection of axes to match configurations

as closely as possible(Arnold and Williams, 1986). Consensus and individual

configurations are calculated and reduced to a dimensional plot with Principal Component

Analysis. ANOVA is used on the sample weights in order to determine if significant

sample separation is attained.

The purpose of this study was to fully describe the sensory characteristics of

quercetin aglycone and its effect on the sensory characteristics of a model wine and a

Chardon nay.



4.3 Materials and Methods

4.3.1 Samples

Due to its phenolic structure, the solubility of quercetin aglycone is largely

determined by the ethanol content of a solution. The limited solubility of quercetin

aglycone in the model wine and Chardonnay restricted concentrations to only 5, 10 and

20 ppm. These three concentrations and a control were evaluated in a model wine and a

Chardonnay (California, 1994, 11.5% EtOH). The Chardonnay was chosen due to its

overall neutral flavor profile. Additions of quercetin aglycone (Sigma) were made using a

stock solution (6.04 mg/mL) in 95% EtOH. Equivalent EtOH concentrations were

maintained in all samples. All samples were prepared no more than 10 minutes before

evaluation in order to assure consistent solubility of the quercetin aglycone.

4.3.2 Model Wine Development

Several model wines (Arnold and Noble, 1978, Rossi and Singleton, 1966) were

evaluated for intensity of sourness, astringency, bitterness and burning. Most were

either too astringent or too sour. After many ingredient and concentration adjustments, a

model wine was developed that was lower in sourness and astringency and had an overall

neutral and blended sensory impact. The final model wine consisted of 10% EtOH, 1 g/L

malic acid and 3 gIL potassium bitartrate (pH = 3.6). It was described as being

moderately sour with a slightly green apple flavor and almost unperceivable astringency.

The burn and taste of the 10% EtOH was considered the most prominent characteristic.
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4.3.3 Panelists

The panel that evaluated the model wine samples consisted of 4 men and 7

women. The Chardonnay panel consisted of 9 of the model wine panelists (3 men and 6

women) plus one additional woman. All panelists were either undergraduate or graduate

students, faculty or staff of Oregon State University.

4.3.4 Model Wine Training

The focus of training was to prepare the panelists to recognize, describe and rate

possible sensation that quercetin may elicite and possible modifications of the background

solution due to the presence of quercetin. During the first 4 training sessions of the model

wine panel, panelists were introduced to concepts of sweet, sour, bitter and astringency.

Utilization of the 16 point intensity scale (0=none, 7=moderate, 1 5=extreme) to rate the

sourness inensity of different malic acid concentrations was practiced. Changes in binary

and tertiary mixtures of sour, bitter and astringent compounds were examined in order to

prepare the panelists for possible modifications in the model wine. Due to previous

reports of quercetin being harshly bitter, panelists also reviewed different bitter

compounds (caffeine, quinine sulfate). Changes in viscosity of the model wine through

the use of added glycerol, was also reviewed. During the fifth training session, the

concept of free-choice profiling was introduced to the panel. Using the model wine,

panelists were instructed to list all sensory characteristics perceived. In order to aid in

the generation of terms that were specifically describing the sensation of quercetin,

panelists were presented two samples, the control and one of the following quercetin

samples: 5, 10 or 20 ppm. They were asked to describe the differences between the

samples. These terms were then complied into individual ballots (Table 4.1). Definitions

of each term were recorded for each panelist.
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Table 4.1 Descriptors generated by each panelist in the model wine study (* = panelist not in chardonnay study).

Pan 1 Pan 2 Pan 3 Pan 4 Pan 5 Pan 6 * Pan 7 Pan 8 Pan 9 Pan 10
In Mouth

x x x x x x x x x xoverall inten.
sour x x x x x x x x x x

sweet
salty

x x

x

x

x

x
x

x x

x

x x x x

bitter
musty/dirty x x

x

x

x x

x

x x

viscosity x x x x x x x x x

burn/hot x x x x x

metallic
astringency
green apple
cooling

x x

x

x

x
x

x x

After Swallow
x x x x x x x x x xoverall inten.

bitter x x x x x x x x x x

burn/hot x x x x x x x x x x

astringency
metallic

x

x

x x

x

x x
x

x x

x

x x x

mouth coating x x x x x x x x x

numbness x x x x x x x x

throat tightness
cooling .

sour

x x x x

x

x

x

x
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In order to define the major location of quercetin perception, a two-phase tasting

protocol was developed and practiced. An 'in-mouth' evaluation consisted of sipping the

sample, swishing the sample around the mouth and expectoration. The panelists then

rated their own set of 'in-mouth' attributes (IM).An unsalted cracker and water rinse was

then used to cleanse the palate. The panelists then took another sip of the sample,

swallowed, and rated a set of 'after-swallow' attributes (AS).

4.3.5 Chardonnay Training

Less training for the Chardonnay panel was conducted since most panelists had

already participated in the model wine panel. Additional training was provided for the

one new panelist. Samples of the Chardonnay with and without quercetin aglycone

were presented to the panel in pairs. Attributes were collected that described the

differences. Panelists were specifically told to focus more on the most apparent

differences; the attributes in the model wine study did not have to be used in the

Chardonnay study. It was decided not to use the two-phase evaluation protocol since

panelists felt it increased sensory fatigue and that all attributes could be accurately rated

after swallowing. Therefore, samples were sipped, swished around in the mouth,

swallowed and attributes rated. Panelists noticed a possible difference in overall aroma

intensity so samples for aroma evaluation were also prepared. It was decided to rate

only overall intensity of aroma. However, panelists were provided a comment section

where they could add descriptors for aroma character, if desired. A ballot for each

panelist was created using their own personal terms generated at the previous training

sessions (Table 4.2). Panelists were instructed to define their own terms.



Table 4.2 Descriptors generated by each panelist in the chardonnay study (* = panelist not in model wine
study).

= attribute was removed from analysis due to insufficient use by panelist.

Pan 1 Pan 2 Pan 3 Pan 4 Pan 5 Pan 6* Pan 7 Pan 8 Pan 9 Pan 10

Attribute
x x x x x x x x x xaroma overall inten.

flavor overall inten. x x x x x x x x x x

sweet x x x x x x x x x

sour x x x x x x x x x x

bitter

sour 'comeontime'
sulfur dioxide

x

x

x

x x x x x x x x x

x

fruity x x x x x x x x x

metallic

mouth coat

x x x x

x

x x

x

watery x x x x x x x

burn/hot x x x x x x x

numbness x x x x x x x

throat tight x x x x x x

astringency

pungency

x x x x x

x



4.3.6 Presentation and Assessment of Samples

All model wine and Chardonnay samples were presented at room temperature in

three-digit coded ruby 70 ml glass cups. Chardonnay aroma samples were evaluated in

covered clear wine glasses. A warm-up sample was provided to acclimate the mouth

before sample evaluation. Due to possible carryover effects and sensory fatigue, only a

warm-up sample and a randomly assigned concentration were evaluated during one

session. Two sessions per day were conducted with one replication being completed

within 2 days. A total of 4 replications were evaluated.

4.3.7 Statistical Analysis

The data were analyzed by Procrustes Analysis using Procrustes-PC Version 2.0

(Dijksterhuis and van Buuren, 1989) and by Statistical Analysis System for Personal

Computer (SAS, 1987, Cary, North Carolina). ANOVA on the principal axis scores was

conducted in order to determine if significant sample seperation was achieved.

4.4 Results and Discussion

4.4.1 Descriptive Terms

The terms generated by each of the panelists for the model wine and the

Chardonnay studies are listed in Tables 4.1 and 4.2, respectively. For the model wine

study, the number of attributes per ballot ranged from 11 to 16 while in the Chardonnay

study attribute numbers ranged from 8 to 15. Terms common to all model wine

panelists were 'in mouth' (TM) overall intensity, IM sour, 'after swallow' (AS) overall

intensity, AS bitter, AS numbing and AS burn/hot. In the model wine study, several

terms were unique to some panelists: cooling, green apple, salty, musty/dirty, numbness
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and throat tightness. Common terms in the Chardonnay study were aroma overall

intensity, flavor overall intensity, sweet, sour and bitter. Unique terms in the

Chardonnay study were: sulfur dioxide, smooth, pungency, green apple, sour 'come on

time', numbness, watery and throat tightness. In the Chardonnay study, some panelists

did not use all terms on their ballots. After examination of the raw data, attributes with

zero scores were discarded from the analysis (underlined in Table 4.2). Even with

different numbers of descriptors, the Generalized Procrustes Analysis (GPA) can

maximize the agreement among the panelists with respect to the way in which they

scored each individual sample. The final result of a GPA analysis is a consensus

configuration of the samples for the different principal axis combinations. ANOVA was

conducted on the scores of each sample generated by GPA in order to determine if

individual PA were significantly separating the samples.

4.4.2 Model Wine Analysis

4.4.2.1 Examination of Consensus Area

The model wine analysis resulted in 5 PA' s with the following variance explained

by each: 21.5%, 19.4%, 15.5%, 14.5%, and 10.2% (Figure 4.1). A total of 80.9% of the

variance could be accounted for by the GPA. However, none of the axes significantly

separated any of the samples. There was large variation among the panelists and

samples. Each axis carried almost as much % residual variation ( variation) as

explained % consensus variation. Panelists not only had a very hard time detecting any

differences among the samples, but also could not consistently rate within one sample.

Replication patterns were random, even on the control sample. The first principal axis

(PA) versus the second PA for the model wine study is graphically presented in Figure

4.2. This graph illustrates the small intersample distances and the disparity among the

four replicates for each sample.
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Figure 4.1 Consensus variation, Vwjthjn and total variation explained per principal

axis for model wine data.
(Total consensus = 42.3%, Total V11j 38.6%, Overall Total 80.9%)
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Within one sample set, each of the replicates seem to be pulling in different directions.

Therefore, the inconsistency is not only a matter of intensity differences within one

attribute, but differences in the basic description of sensations being perceived.

Although no significant differences were found between the samples, examination

of the most commonly used terms by the panelists that are weighted heavily (>30) on

the respective axis enables one to investigate what terms are being used per axis to

differentiate between the samples in the consensus area. Within a panelist, the attributes

with the highest loadings are driving the sample separation in the individual's area. Table

4.3 contains the terms used by each panelist that were weighted .3 on each of the first 2

PAs. The highlighted attributes are the highest frequency attributes on the particular axis.

Table 4.4 contains the number of weightings received by each attribute in the model wine

data that was higher than .30 for both the first and second PA.

Within some attributes, the direction of the weightings varied. For example, AS

burn/hot was heavily weighted by 5 panelists. However, it was positively weighted for

panelist 2 and negantively weighted for the other 3 panelists.

The first PA was positively weighted by AS burn/hot, AS astringency, AS

numbness, TM bitter and IM burn/hot. It was negatively anchored by IM overall

intensity. The second PA was negatively weighted by AS bitter while the positive

direction was described as AS burn/hot, TM viscosity and IM burn/hot. Since there were

no significant differences between the samples in the consensus area, there was no test of

the differentiating power of the AS and TM terms. Therefore no conclusion based on the

whole panel can be made regarding the location of quercetin perception.

After examination of the consensus plot and all individual panelist sample plots, a

general trend was noticed. The 20 ppm sample space, although not significantly different,

was always set the furthest apart from the other samples. Using the first PA in the

consensus plot, the 20 ppm sample seemed to be the highest in AS burn/hot, AS

astringency, AS numbness, IM bitter and TM burn/hot. Dadic and Belleau (1975) defined



Table 4.3 Attributes for each panelist in the model wine study on the first and second
principal axis (PA 1 and PA2) (only those with weightings .3 are included).

Panelist PA 1
overall intensity (.31), sweet (.43),
viscosity (.42), metallic*(.44)
bum/hot (.33)

metallic (.36), overall intensity*(.34),
burn/hot*(.32), numbness*(.43),
throat tightness*(_.45)

overall intensity (-.31), bitter (.36)
musty/dirty (-.32), bitter* (.32)

nuinbness*(.31)

bitter (.31), bitter*(.35),
mouthcoating* (.55),
astringency* (.52)

sour (-.38), viscosity/smoothness (.53),
burn/hot (-.33), burn/hot* (..37).
cooling* (-.41)

6**. burn/hot* (.58), numbness' (.45)
astringency* (.58)

7 viscosity (-.65), throat tightness*(.44),
numbness *(34)

overall intensity (-.41),
burn/hot*(.64)

overall intensity (-.30),
burn/hot (.3 2) mouthcoating*(.39),
astringency* (.68)

overall itensity (.30), sour (.32),
bitter (.36), overall intensity* (.34).
burn/hot* (.61), astringency* (.33)

PA2
overall intensity (.37), sour (.35),
viscosity (-.37), bitter *(_.35),
numbness*(.48)

sour (.50), viscosity (.34),
astringency*(.40)

sweet (-.51), bitter (.39),
musty/dirty (.40),
viscosity (.32),
metallic*(.35), bitter*(_.31)

sweet (.36), burn/hot (.47),
burn/hot* (-.32),
astnngency* (.30),
throat tightness* (-.40)

bitter (.30), burn/hot (.37),
metallic (-.40), burn/hot* (-.31),
cooling*(_.36),
throat tightness*(_.56)

sweet (-.37), astringency (.39),
overall intensity* (-.33),
bitter*(_.46) astringency* (.34)

overall intensity (.46),
viscosity (.45),
overall intensity* (.44), throat
tightness* (.30), numbness* (.32)

salty (-.63), burn/hot (.43).
burn/hot*(A5)

overall intensity (-.35), sour (-.54),
bitter (-.44), bitter*(_.34),
burn/hot*(.31)

bitter (-.49), metallic (-.3 0),
sour* (.45), bitter* (..43)
burn/hot* (.43)

* = After Swallow attributes (all other attributes are from In Mouth Evaluation
** panelist not in chardonnay study
BOLD attributes = highest frequency attributes on principal axis
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Table 4.4 Direction and frequency each attribute weighted .3 in the model wine study
on the first and second principal axis (PA 1 and PA 2).

PAl PA2
Burn/hot* (5) Bitter*(5)

-.37,-.64,.32,.61,.58 -.43,-.46,-.34,-.31,-.35

01 (5) Burn/Hot*(5)

-.30,-.31,-.41, .30, .31 -.32,-.31,.31, .45, .43
Astringency* (4) Bitter (4)

.33, .52, .58, .68 -.49, -.44, .30, .39

Numbness*(4) Viscosity(4)
-.3 1, .34, .43, .45 -.37, .34, .45, .32,

Bitter(3) 01(3)
.36, .31, .36 .46, -.35, .37

Viscosity(3) Sweet(3)
.53,-.65,.42 .36,-.37,-.51

Burn/hot (3) Burn/hot(3)
-.33, .32, .33 .37, .47, .43

Bitter(2) Sour(3)
.35, .32 -.54, .50, .35

0I*(2) Astringency*(3)
-, -S -S -S.i4, .i4, .iO, .4, -.40

Sour(2) Throat Tightness*(3)
.32, -.38 -.40, -.56, .30

Mouthcoating (2) 0I(2)
.55, .39 .44, -.33

Throat Tightness*(2) Num bness(2)
-.45,44 .32,-.48

Metallic (1) Metallic(2)
.36 -.30,-.40

Metallic*(1) Metallic(1)
.44 .35

Musty/Dirty (1) Astringency(1)
-.32 .39

Sweet (1) Salty(1)
.43 -.63

Cooling*(1) Musty/dirty(1)
-.41 .40

Sour(1) Cooling*(1)
-.36 .45
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10 ppm as the threshold of quercetin in a 5% EtOH solution. At this level, it was

described as harshly bitter and astringent. In our study, even though we evaluated

concentrations up to 20 ppm, the panel could not significantly differentiate the control

from samples with added quercetin. Even though significant seperation was not attained,

the 20 ppm sample was not only more bitter and astringent, but also elicited more

burning/hot and numbing sensations.

4.4.2.2 Examination of Individual Areas

GPA also creates individual sample and attribute spaces for each panelist. Based

on the consensus analysis, significant seperation may not occur. However, examination

of individual panelists areas may reveal significant differentiation due to varying panelist

thresholds, the differentiating power of terms used by each panelist or the extent of

concentration exerted by each panelist.

Examination of the model wine individual panelist configurations revealed that

only one panelist had a significant first PA ( p-value = .03 9) that served to separate the

samples. Figure 4.3 is the sample and attribute space using the first PA versus second

PA for panelist 1. Panelist 1 significantly differentiated the 20 ppm sample from the

control and the 5 and 10 ppm samples. 'In-mouth' (IIM) overall intensity, IM sweet, IM

viscosity, TM burn/hot and 'After-swallow' (AS) metallic were weighted heavily and

positively on the first PA. Figure 4.4 is a graphical representation of the description of

the significantly differentiated samples for model wine panelist 1. The 20 ppm sample

was more intense in the mouth, and higher in sweetness, viscosity, burn/hot and metallic

after swallowing than the other samples. Viscosity was rated 0 if very viscous or 15 if

not viscous or very watery therefore, the sample with added quercetin seemed more

watery or thinner than the control sample. Like all other panelists, panelist 1 has a large

variation in the replication pattern within samples.
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Panelist 1 used mostly IM terms to differentiate the 20 ppm sample from other

samples. At least for panelist 1, sample differentiation occurred best when evaluated 'in

mouth' rather than 'after swallowing.'

4.4.3 Chardonnay Analysis

4.4.3.1 Examination of Consensus Space

The Chardonnay analysis also resulted in 5 PA's with the following variance

explained by each: 26.9%, 23.5%, 12.3%, 13.5%, and 10.3% (Figure 4.5). A total of

86.6% of the variance could be accounted for by the GPA. The first PA and the second

PA significantly separated the samples (p-value = .06 and .048, respectively) while

explaining 50.4% of the total variation. However, similar to the model wine study, the %

residual variation (Vithin) per axis is almost equal to the % consensus variation

explained. Figure 4.6 displays the first PA versus the second PA. The first PA separated

the samples as follows: 0 ppma, 5 ppmab, 10 ppmb, 20 ppmb. The samples were

separated on the second PA as: 0 ppma, 5 ppmab, 10 ppmab, 20 ppmb. However, there

was large disparity among the replications per sample.

Table 4.5 contains the terms used by each Chardonnay panelist that were

weighted to .3 on each of the first 2 PA. The highlighted attributes are the highest

frequency attributes on the particular axis. Table 4.6 summarizes the number of

weightings received by each attribute .30 for both the first and second PA. As in the

model wine data, the direction of the weightings within each attribute varied.

Sourness, flavor overall intensity and burn/hot characterized the positive direction

of the first PA while watery directed the negative direction. The second PA was

positively directed by aroma overall intensity while the negative direction is characterized

sweet, flavor overall intensity, bitter, sour, numb, metallic and fruity.



30

25-

20-

15-

26.9%

23.5%

Principal Axis
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Table 4.5. Attributes for each panelist in the chardonnay study on the first and second
principal axis (PAl and PA 2)(only those with weightings .3 are included).

PAl
sour 'come on time' (-.77),
numbness (-.40)

flavor overall inten. (.37),
sour (.35), burn/hot (.66),
astringency (.33)

aroma overall inten. (.51),
sweet (-.39), astringency (- .55)

aroma overall inten. (-.35),
sweet (.54), bitter (-.32),
burn/hot (-.58)

flavor overall inten. (-.39),
sour (.46),
watery/smooth (-.50),

numbness (-.40)

6*. watery (-.88), burn/hot (.30)

aroma overall inten. (.81),
watery (.31), sour (.39)

aroma overall inten. (-.58),
flavor overall inten. (.42),
sour (.51), fruity (-.30)

aroma overall inten. (-.43).
flavor overall inten. (.40),
sour (.52), burn/hot(.37)

bitter (.37), watery (-.33),
pungency (-.76)

* = pe1ist not in model wine study
BOLD attributes highest frequency attributes on principal axis

PA2
flavor overall inten. (-.37),
sour 'come on time' (-.50),
sour (-.30), bitter (.34),
sulfur dioxide (-.3 4),
metallic (.44)

aroma overal inten. (.41),
sweet (-.68),
numbness (-.36),
throat tightness (-.33)

sweet (.30), metallic (-.59),
numbness (-.49)

sweet (-42), fruity (-.62),
watery (-.57)

aroma overall inten. (.49),
sweet (.41), bitter (-.56),
numbness (-.38)

flavor overall inten. (.43),

sweet (.41), watery (.34),
bum/hot (.54)

aroma overall inten. (-.30).

bitter (-.77), sour (.39)

aroma overall inten. (-.42),
lavor overall inten. (-.50),

sour (-.3 9), bitter (-.3 8),
fruity (-.35), metallic (-.35)

aroma overall inten. (.54),
bum/hot (.52),
mouthcoating (-.43)

aroma overall inten. (.40),
flavor overall inten. (.30),
sweet (-.45),
sour come on time(.34),
fruity (-.46)

107
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Table 4.6. Direction and frequency each attribute weighted .3 in the chardonnay study
on the first and second principal axis (PA 1 and PA 2).

PA! PA2

AOl (5) AOl (6)

-.33,-.50, -.88, .31 -.3,-.39, .39
Astringency (2) Numbness(3)

-.55,.33 -.36,-.38,-.49
Bitter (2) Fruity (3)

-.32,.37 -.35,-.46,-.62
Sweet (1) Metallic (3)

-.39 -.59,-.35,.44
Numbness (2) Burn/hot(2)

-.40,-.40 .54,.52
Sour come on time (1) Sour come on time (2)

-.77 -.50,.34
Fruity (1) Watery (2)

-.30 -.57,34
Pungency (1) S02 (1)

-.76 -.34
Mouthcoating (1)

-.43
Throat tightness(l)

-.33
Astringency(0)
Pungency (0)

-.35,-.58,-.43,.51,.81

FOI(4)
-.39, .37, .40, .42

Sour (5)
.35, .46, .39, .51, .52

Burn/hot(4)
-.58, .30, .37, .66

Watery (4)

-.30,-.42, .41,49,
.54,.40

Sweet (5)
-.68, -.42,-.45, .41,

FOI(4)
-.37, -.5, .43, .3
Bitter(4)

-.56, -.77, -.38, .34
Sour(3)

.30
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According to the first PA, the addition of 10 and 20 ppm of quercetin resulted in

samples that were lower in overall flavor intensity, sour and burn/hot than the control and

5 ppm sample, but more watery. Watery was defined as weakened flavor, almost as if

water was added to the wine. Most panelists commented on a difference in aroma

character between the samples. The 10 and 20 ppm samples were described as being

more fruity than the control with the control having a 'less pleasant', alcoholic and

metallic character.

According to the Second PA, the 20 ppm sample was lower in overall aroma than

the control, but higher in sweetness, bitterness, numbness and fruity character.

4.4.3.2 Examination of Individual Areas

Examination of the individual Chardonnay panelist configurations revealed that

panelists 1, 2 and 5 all had at least one significant PA that was used to differentiate the

samples. The first PA and second PA were both significant for panelist I (p-value = .05

and .06, respectively)(Figure 4.7). The 10 and 20 ppm samples were significantly

different from the control. Figure 4.8 is a graphical representation of the descriptions of

the differentiated samples for Chardonnay panelist 1.

According to the first PA, the samples with 10 and 20 ppm of quercetin elicited a

more intense numbing/peppery sensation and had a longer 'come on time' for sourness

than the control sample. On the second PA, the 10 and 20 ppm samples were less

metallic and higher in bitterness, sourness, sulfur dioxide flavor and overall flavor

intensity than the other samples. The 'come on time' for sourness was also longer.

Panelist 2 also had significant first and second PA's (p-value .046 and .0 17,

respectively)(Figure 4.9). The 20 ppm sample was significantly different from the

control and 5 ppm sample. Figure 4.10 is a graphical representation of the decriptions of

the differentiated samples for Chardonnay panelist 2.
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On the first PA, the 20 ppm sample was less intense in overall flavor, less sour

and astringent than the control and 5 ppm samples and did not elicit as strong a burn/hot

sensation. The second PA describes the control as higher in overall aroma intensity than

the samples with added quercetin while the samples with added quercetin were more

sweet, and elicited more numbing and throat tightening sensations.

Panelist 5 had only the second PA significant (p-value = .02)(Figure 4.11). This

panelist also significantly separated the 20 ppm sample from all other samples. Figure

4.12 is a graphical representation of the decriptions of the differentiated samples for

Chardonnay panelist 5. The second PA described the 20 ppm samples as more bitter and

numbing than the other samples. However, the 20 ppm sample was lower in sweetness

and overall aroma intensity.

4.4.4 Comparison of Chardonnay Descriptions

Panelist 1,2 and 5, as well as the consensus, described the 20 ppm sample as

eliciting more numbing sensations than the other samples. Panelist 1 was also able to

separate the 10 ppm sample from the control using this attribute. Panelists 2, 5 and the

consensus rated the overall aroma of the 20 ppm sample lower than the overall aroma for

all other samples. Panelist 1, 5 and the consensus rated the 10 and/or 20 ppm samples

higher in bitterness.

Among these three panelists and the consensus, there were some discrepancies in

descriptions. The 20 ppm sample was described as higher in overall flavor intensity by

panelists 1 and 5. In contrast, panelist 2 and the consensus described it as having lower

overall flavor intensity. The consensus and panelist 2 described the 20 ppm sample as

eliciting less burning/hot sensations and lower in sourness. Panelist 1 described this

sample as more sour while panelist 5 described it as less sweet.
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Panelist 1 was the only panelist able to differentiate the quercetin samples from

the control in both the model wine and Chardonnay study. Among the three panelists in

the Chardonnay study who did significantly separate the 20 ppm quercetin sample, only

panelist 1 was able to also separate the 10 ppm sample from the 5 ppm and control.

Panelist 1 may have a lower threshold for the sensations quercetin elicits or selected

terms with more differentiating power and had a better understanding of his terms than

other panelists. It was observed that panelist I spent more time evaluating samples than

other panelists.

4.4.5 Variation in the Model Wine and Chardonnay Studies

4.4.5.1 Across Samples

The GPA also aids in determining whether or not the panelists were in agreement

in their evaluation of the samples. The % consensus and % residual within variation

(Vthjfl) for all replications of each sample is illustrated in Figures 4.13 and 4.14 for the

model wine and Chardonnay studies, respectively. A high percentage consensus means

high agreement among the panelists while a high percentage Vjtj means greater residual

error or high disagreement. The average % Vjj / % consensus variation ratio across all

reps and samples in the model wine study was 1.36. For the Chardonnay study, the ratio

was 1.6. These ratios mean there was more variation within replications of one sample

than between different treatments. These ratios are extremely high when compared to

other published values: .39 (Dijksterhuis and van Buren, 1989) and .62 (Hartwig, 1994).

This could mean that panelists were not able to differentiate between the samples, they

were not consistent within the evaluation of one sample or the terms used by each

panelist were not sufficient to allow description of differences. The high residual within

variation across the samples is also reflected in the overlapping of intersample differences

and the disparity over replications (Figures 4.2 and 4.6).
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In order to see if an outlying replicate existed, various replicates from both studies

with high % Vjjj were removed from the data set and analysis was performed again on

the remaining replications. No more than 2 replicates were removed at the same time.

Although there was a significant increase in % consensus and a decrease in % Vwjthj,

there was no improvement in sample separation.

After close examination of Figures 4.13 and 4.14, it was apparent that there may

exist a significant treatment*replication effect. For example, in the Chardonnay data

(Figure 4.14), replicates 3 and 4 for all samples appear to be considerable lower in %

consensus than replicates 1 and 2. An ANOVA was conducted on the original intensity

ratings from both of the studies. Only terms that were common to all panelists were used

in the analysis, therefore resulting in an equal number of attributes per panelist. The

following terms were used from the model wine study: IM overall intensity, TM sour, IM

sweet, IM viscosity, AS overall intensity, AS bitter, AS burn/hot and AS astringency.

The following terms were used from the Chardonnay study: aroma overall intensity,

flavor overall intensity, sweet, sour and bitter. Within the terms used, there were no

significant treatment and replication interactions. It is interesting to note that with the

exception of the term AS burn/hot, the panelists had received specific training during

general introductory panel training on all of these terms. Therefore, the terms that seem

to be contributing to the high % are the terms that panelists created themselves,

their 'personal' terms. One of the frequently reported advantages of GPA is the lower

panelist variability due to the usage of their own terms (Piggott, et al., 1992). This

assumption is not confirmed in our studies.

In the Chardonnay data (Figure 4. 14), the first and second replicates although not

significant, seemed to have higher % consensus values and lower % values than the

third and fourth replications. Panelist fatigue and loss of interest could have been

responsible for this. Panelists had been in training and testing for the model wine and

Chardonnay study for over 4 months, meeting 3 days a week.



It was observed that during the testing sessions for the final 2 replications of the

Chardonnay study, panelists were not spending as much time as they had on previous

replications. It seemed that panel morale and interest had lowered significantly.

4.4.5.2 Across Panelists

Distribution of the total % over all the model wine and Chardonnay

panelists was also examined (data not shown). The % Vji1j per panelist for the model

wine and Chardonnay studies ranged from 3.5 to 5 and 3.5 to 5.1, respectively. Average

% Vtjj11 values were 3.9 and 4.1 for the model wine and Chardonnay studies,

respectively. These values are extremely high when compared to other published values

such as 1.2% from (Dijksterhuis and van Buren, 1989).

Examination of the panelist plots (PM versus PA2) for both studies revealed

similar groupings (Figures 4.15A and B). Panelists 3, 7 and 10 grouped together while I

and 4 were also adjacent. In both studies, panelists 8 and 9 separated from the group.

Panelist 2 also was plotted outside the overall grouping in both studies. This means that

the panelists were consistent in their perceptions of the samples or in their ratings across

the two studies, whether or not significant differences resulted. Panelist 6 was a different

person in both studies. There was no significant improvement in differentiation after

some of the groupings were removed from each data set and analysis conducted again.

The high disagreement among the panelists is also apparent when the total Vffl

and consensus variation is distributed across each principal axes as shown in Figures 4.1

and 4.5. In the model wine study, the total is almost equal to the total consensus

variation (38.6% vs. 42.3%) while in the Chardonnay study, the total is higher

han the total consensus variation (442% vs. 42.4%). Dijksterhuis and van Buren (1989)

reported values of 59.5% total consensus and 10.7% Vwthjn. This means that in the

model wine and Chardonnay studies, there was equal or higher variation within the
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evaluations of each sample than between the samples themselves. This confirms that the

panelists were extremely varied on their descriptions of all samples and as well as on the

replications of each sample. This may be due to small intersample differences,

unperceivable subthreshold differences and/or low panel mental involvement.

4.4.6 Background Noise in the Model Wine Study

GPA analysis of the model wine data resulted in no significant separation of the

samples, except for panelist 1. However, this does not indicate that quercetin is not

eliciting any sensory characteristics. The background environment developed for this

study, the model wine (10% EtOH, malic acid, potassium bitartrate), possessed a

moderately sour character and elicited noticeable burning sensations. Any compound

added to this environment would have to elicit a sensation of large magnitude if it was to

be identifiable. At the concentrations of quercetin ( 5, 10 and 20 ppm) used in this study,

the intensity of it's sensory properties may have been too low and therefore masked by

the model wine system.

Several attempts were made to eliminate or decrease the background noise caused

by the model wine. Of the 11 model wines tested during the development stage, the one

used in this study had the lowest overall sensory impact, including sourness and burning.

Therefore, it was considered the best available choice.

4.4.7 Modification Effect of Quercetin in a Chardonnay

GPA consensus analysis of the Chardonnay data separated the control from the

20 ppm sample. The panel, with the exception of panelist 1, could not differentiate the

control, 5 ppm and 10 ppm samples.

The addition of 20 ppm of quercetin decreased the overall aroma and flavor intensity,

sourness and the burning/hot sensation. However, this addition also increased the



123

sweetness, bitterness, numbness and fruity character and created a watery diluted flavor.

A change in aroma character may have also occurred.

The overall effect of quercetin in the Chardonnay was one of modification.

When quercetin was added to a simple environment, devoid of other phenolics, such as

the model wine, it did not seem to have any noticeable impact. However, when it was

combined with a complex system such as a Chardonnay where there is a multitude of

other compounds, it had an impact. Possibly the overall sensory profile of the

Chardonnay was altered through the interaction of quercetin with individual compounds.

Addition of 20 ppm of quercetin to the Chardonnay resulted in an increase in

sweetness (or decrease in sourness) and created a perception of wateriness. Hinreiner, et

al., (1955) also reported that the apparent taste of acidity is decreased by the addition of

phenolic compounds such as grape seed tannin. Based on comment made by some

panelists, the fruity aroma character of the Chardonnay seemed to be enhanced by the

addition of 20 ppm of quercetin while the aroma of the control was described as being

more metallic and alcoholic. The overall aroma intensity of the Chardonnay decreased

with the addition of 20 ppm of quercetin. Several winemakera have also observed that

wines with naturally high levels of phenolics appear to have decreased overall aroma

intensity (personal communication, Watson, 1995). These differences could be

attributed to an interaction among the compounds in the wine or a change in the partial

pressure of the volatiles.

The sensory effect of varying the proportions of the basic components of wine

such as alcohol, acids, sugars, pH, tannins and other phenolic compounds is well

documented. Fischer and Noble (1994) reported that increases in ethanol content of a

white wine concentrate increased the perception of bitterness while having no apparent

effect on sourness perception, except at pH 3.2 where a 6% increase in ethanol resulted in

a decrease in sourness. Increases in pH also increased bitterness perception. These

researchers further reported that only a 2% increase in ethanol created a 50% increase in

bitterness while the addition of 1400 mg of catechin increased the bitterness only 28%.
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Catechin was reported as having no effect on sourness (Fischer and Noble, 1994). Dadic

and Belleau (1975) reported that quercetin was described as harshly bitter by their

panelists when 10 ppm and 20 ppm were evaluated in 5% EtOH and beer (3%EtOH),

respectively. These levels were defined as flavor thresholds in the respective background

solutions. At an addition of 100 ppm, defined as above threshold concentrations,

quercetin was also described as bitter and astringent in 5% EtOH and bitter and harsh in

beer. When we evaluated quercetin in a model wine (10% EtOH) and a Chardonnay

(11.5% EtOH), even though bit contained considerably higher concentrations of EtOH,

significant increases in bitterness only occurred with a 20 ppm addition of quercetin in the

chardonnay. Average bitterness ratings in the Chardonnay were 5 (4 = slight on 16-point

intensity scale). The differences in phenolic content in the beer and chardonnay and

quercetin concentration ranges used may be responsible for this apparent contradiction.

Acid and bitterness sensations have been reported as being synergistic. For

example, in a mixture of tartaric acid and quinine sulfate, the acidity of the tartaric acid

masks the bitterness of the quinine sulfate when first taken in the mouth. However, as

time continues, the bitterness reappears and acts to increase the perception of sourness.

When the bitterness is due to tannin, which is both bitter and astringent, sour and bitter

tastes reinforce each other. Sourness also acts to increase the perception of astringency

(Martin and Pangborn, 1970). Sweetness can mask the perception or decrease the

intensity of bitterness and sourness. For example, sugar can delay the onset of the

bitterness and astringency of a tannin (Martin and Pangborn, 1970). The Chardonnay

used in our study was described as moderately sour, slightly sweet and almost

unpercievably astringent. The sourness of this wine could have accentuate the bitterness

of quercetin while the slight sweetness may have been acting to diminish this character.

Even though quercetin has also been described as astringent and the Chardonnay did

posses moderate sour character, there was no significant increase in astringency ratings

with the addition of quercetin.
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Alcohol, can directly influencing the flavor profile of a wine with its own complex

character or act in an indirect manner by changing the balance of other tastes. For

example, it may change the moment of acidity perception or increase the perception of

bitterness (Fischer and Noble, 1994). Alcohol also provides the warmness or burning/hot

sensations as well as attributing to the overall body of a wine. The alcohol burning and

warmness was extremely apparent in the model wine, which was devoid of any

compounds to mellow it effect. These sensations were very fatiguing to the panelists and

could have interacted with any sensory attributes of quercetin.

Phenolic compounds, such as tannins, are partly responsible for the bitterness,

astringency and body of a red wine (Robichaud and Noble, 1990). Monomeric flavonoids

such as (+) catechin and gallic acid, were found to be more bitter than astringent while the

polymerized products of these compounds, tannic acid and grape seed tannin (di- and

olgimeric compounds) were more astringent than bitter (Robichaud and Noble, 1990). It

has been reported by Arnold and Noble (1978) that high levels of astringency seem to

mask the perception of bitterness in a red wine. In our study, quercetin, which is a

monomeric flavonoid and similar in structure to catechin, did elicit significant bitterness in

the Chardonnay. It could also posses astringent character, however, it was not apparent

in the Chardonnay or at the concentrations used in this study.

4.4.8 Is Quercetin Bitter and/or Astringent?

Dadic and Belleau (1975) reported 'flavor thresholds' of quercetin as 0 ppm and

20 ppm in 5 % EtOH and beer (3% EtOH). At these levels, quercetin was described as

bitter, harsh and astringent. Dadic and BeUeau also reported descriptions of quercetin at

'above flavor threshold levels'; 100 ppm and 50 ppm in 5 % EtOH and beer (3% EtOH),

respectively. Descriptions at these concentrations also included harsh, bitter and

astringent and were obtained through a flavor profiling method. However, when we

evaluated similar samples using the 'flavor thresholds levels', no apparent bitterness or
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astringency was notices. In beer, the sample with added quercetin was described as

smoother. In our Chardonnay study, the addition of 20 ppm quercetin did result in an

increase in bitterness ratings. However, there was no significant change in astringency

ratings. In the model wine study, the consensus analysis resulted in no significant

difference in any of the evaluated attributes after the addition of quercetin. Panelist 1,

who did significantly differentiate the 20 ppm quercetin sample in the model win study,

described it as higher in overall flavor, sweetness, metallic, viscosity and eliciting more

burning sensation.

The difference in the background solutions used by Dadic and Belleau (1975) and

those used in this study may be responsible for difference in the description of quercetin

sensory characteristics. However, the descriptions reported by Dadic and Belleau (1975)

were generated during a study of 40 other phenolics, including quercetin. Descriptions os

sensory characteristics were obtained at 'flavor threshold' levels and at 'above threshold'

levels using a flavor profiling method. However, panelists had not been specifically

trained to give an accurate description of quercetin's sensory characteristics. Since 39

other compounds were also being investigated, there was no in depth investigation into

more specific or additional sensory descriptions for any of the compounds. There was

also a problem with solubility. Based on the solubility work reported earlier in this

thesis, the concentrations of quercetin used by Dadic and Belleau (1975) would not be

completely soluble in 5% EtOH and beer. It would be inaccurate to report that 100 ppm

of quercetin was evaluated if the actual amount in solution was not known. There is also

the possibility that a compound's sensory characteristics may differ depending on if it

was evaluated in solution or as a precipitate.
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Since the flavor profile of a white wine is less complex, due to the lower

concentration of phenolic compounds, changes in its composition are generally more

perceptible. In a Chardonnay, our study revealed that along with bitterness, quercetin

elicits a burning/peppery sensation, can affect sourness and sweetness intensities, creates

a watery character and can alter the intensity and/or character of the overall aroma of the

wine.

4.4.9 Recommendations for Future Work

Future work is needed in order to gain a better understanding of the chemical

interactions and consequently sensory changes that occur when quercetin is added to a

Chardonnay. For example, headspace analysis could be conducted on samples of a

Chardonnay with and without added quercetin in order to determine if there is any effect

on the volatile profile of the wine.

How the interaction of quercetin with other phenolics such as grape seed tannin,

can impact sensory characteristics in a model system or a Chardonnay also needs to be

addressed. Finally, the sensory and chemical effects of high concentrations of quercetin

on a red wine need to be characterized and understood.
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