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Color stability and mouth feel quality are two of the most important aspects of red 

wine quality. Anthocyanins and proanthocyanidins are responsible for these attributes 

and it has been shown that weather conditions during the growing season and grape 

maturity can effect these components in wine. However, investigations into 

proanthocyanidin development are for the most part incomplete. Although it is known 

that weather affects vine metabolism, it has not clearly understood how phenolics are 

affected by temperature and heat summation. It is generally believed that the wines 

made with riper grapes improve in flavor and mouth feel as a result of an 

"improvement" in skin tannin "ripeness". The idea of "tannin ripeness" is usually 

used in the wine industry to explain this phenomenon, however, no scientific 

explanation for this concept has been given. 

The objective of this project was threefold: I) Monitor phenolic development in 

Pinot noir grapes over three consecutive growing seasons and determine how 

anthocyanin and proanthocyanidin development in grapes was affected by heat 



summation, II) investigate the transfer of grape phenolics into wine during 

fermentation and maceration and III) understand how grape maturity affected wine 

composition with a specific focus on proanthocyanidin structure. 

In this study, anthocyanin and proanthocyanidin development in Vitis vinifera L. 

cv. Pinot noir grapes (Pommard clone) were monitored for three consecutive vintages 

(2001-2003). Five cluster samples (x5 replicates) were collected for analysis each 

week beginning approximately 4 weeks prior to veraison and continued through 

commercial harvest. Weather information (temperature and heat summation) showed 

that the growing seasons became increasingly warmer from 2001 to 2003. By harvest 

time, 2003 had the highest concentration of proanthocyanidins in seeds (per berry 

weight) in comparison with the other two vintages. Similarly, proanthocyanidins in 

skins had the highest concentration in 2003 (per berry weight). However, there was 

not difference in the concentration of flavan-3-ol monomers in seeds (per berry 

weight) between the three vintages. Anthocyanins were not significantly different 

over the three vintages. There was some relationship between the concentration of 

some proanthocyanidin components in grape seeds and fresh seed weight. 

Information of grape and wine phenolics was compared with each year's 

temperature. The results suggested that changes in temperature and heat summation 

between vintages are associated with changes in proanthocyanidin content in grapes 

and wine. The data indicates that it is possible to predict proanthocyanidins in wine 

based upon early grape analysis. However, the anthocyanin content in grapes did not 

correlate with either weather or the anthocyanin content in wine. The concentration of 

seed and skin proanthocyanidins in grapes were compared with the proportions of 



seed and skin proanthocyanidins found in wine. Based upon proanthocyanidin 

extraction from seeds and skin during winemaking, a formula to predict 

proanthocyanidin content in wine based upon grape analysis at harvest and veraison 

was developed. From this formula, Pinot noir wine contained 7.8% of the 

proanthocyanidins from seed and 19% of the proanthocyanidins from skin analyzed 

from grapes at harvest, and 3.6% of the seed proanthocyanidin and 9.7% of the skin 

proanthocyanidin present in grapes analyzed at veraison. 

Based upon the analyses of this study, coupled with several informal sensory 

studies conducted on wine, the results of this thesis do not support the notion that 

"tannin ripeness" is due to structural changes in proanthocyanidin that occur during 

fruit ripening. Furthermore, this thesis suggests that "tannin ripeness" is not due to 

differential extraction of seed and skin proanthocyanidins as a result of fruit ripening. 
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CHAPTER 1 

Introduction 

Color stability and mouth feel quality are two of the most important aspects of 

red wine quality. Anthocyanins and proanthocyanidins are the phenolic compounds 

responsible for these attributes. Anthocyanins are responsible for the color in red 

wines while proanthocyanidins provide bitterness and astringency. These 

compounds are present in grapes and are extracted into the wine during fermentation 

and maceration. The differences in quantity and composition of these compounds 

have been associated with overall differences in wine quality. Winemaking 

practices (i.e. length of maceration, sulfur dioxide addition, cap management 

practices, pressing) clearly affect the amount and composition of these compounds 

in wine, and are easily controlled. Conditions in the vineyard during berry 

development (i.e. sun exposure, temperature, precipitation), are also thought to play 

a role in the presence of these compounds in wine. Unfortunately, a lack of 

knowledge necessary to influence their presence in wine currently exists. 

Limited information on the environmental factors affecting anthocyanin and 

proanthocyanidin biosynthesis in grapes exists. Many studies identified variables 

affecting anthocyanin accumulation in grapes. While some authors suggest that light 

is involved in anthocyanin biosynthesis (Kliewer, 1977), others have contradicted 

these findings (Price et al., 1995). Low temperatures have been identified as having 

a positive effect on anthocyanin biosynthesis (Kliewer and Torres, 1972). Recent 



2 
studies analyzing the combined effects of light and temperature have indicated that 

low temperatures and high levels of sun exposure enhanced the accumulation of 

anthocyanins in grapes (Spayd et al., 2002). Much more limited is information 

regarding proanthocyanidin biosynthesis. Few authors have studied the effects of 

environmental factors on proanthocyanidin biosynthesis in grapes. Current 

information about this suggests the effect of light on skin proanthocyanidin 

biosynthesis (Downey, 2003), however, additional information is scarce and 

inconclusive. 

Flavonoid diffusion into wine is not well understood. Some research has been 

conducted on the rate of extraction of anthocyanins and proanthocyanidins during 

maceration. According to Ribereau-Gayon (1982), anthocyanin extraction is 

maximal during the days of maceration while proanthocyanidin extraction increases 

constantly according to the time of pomace contact. Moreover, there have been 

reports that grapes with higher anthocyanin content do not always produce wines 

with high anthocyanin content (Ribereau-Gayon et al., 2000B). These differences in 

extractability have been attributed to differences in ripening conditions (Ribereau- 

Gayon et al., 2000B). However, further research attempting to explain this 

phenomenon as related to proanthocyanidin diffusion has been incomplete. There 

are two common questions among winemakers regarding the proanthocyanidin 

content in grapes and wine: I) is there a relationship between proanthocyanidin 

content in grapes and proanthocyanidin content in wine, and 11) is it possible to 

predict proanthocyanidin content in wine based on early grape analysis? 
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Investigation into proanthocyanidin diffusion into wine is needed to answer these 

questions. 

In the wine industry, it is generally accepted that wines made with more mature 

grapes will improve in quality as a result of an increase in skin proanthocyanidin 

proportion. The expression of "tannin ripeness" is generally applied to the 

improvement in astringency quality. However, no scientific explanation for this 

observation has been provided. While some authors have studied the evolution of 

compounds that provide organoleptic quality to the wine (Perez-Magarino and 

Gonzalez-San Jose, 2004; Miranda-Lopez et al., 1992) including phenolics, no 

studies have been conducted to understand how the maturity of the grapes affects 

the proanthocyanidin structure and perception of the wines. 

The purpose of the present study was to improve our understanding of the 

relationship between weather, grape maturity, wine quality and proanthocyanidin 

structure. The objectives of this project were threefold: I) Monitor phenolic 

development in Pinot noir grapes over three consecutive growing seasons and 

determine how anthocyanin and proanthocyanidin development in grapes is affected 

by heat summation, 11) investigate the transfer of grape phenolics into wine and HI) 

understand how grape maturity affects wine quality as related to astringency 

perception and proanthocyanidin structure. 



CHAPTER 2 

Literature Review 

Phenolic compounds. The terms phenolic or polyphenolic can be defined 

chemically as a substance which possesses an aromatic ring bearing one or more 

hydroxyl substituents, including functional derivatives (i.e. esters, ethers, glycosides, 

etc.) (Ho, 1992). While a small number of phenolics compounds occur in animals, 

many plant phenolics have been identified. Indeed, the presence of a "phenolic 

fraction" is a characteristic feature of all plant tissues (Mann et al., 1996). The 

phenolic compounds, which occur commonly in food materials, can be classified 

into three groups: simple phenols and phenolic acids, hydroxycinnamic acid 

derivatives and flavonoids (Ho, 1992). 

The most important group of phenolic compounds in foods are the flavonoids, 

which consist mainly of flavan-3-ol monomers, proanthocyanidins, anthocyaninins, 

flavones and flavonols (Das, 1994; Ho, 1992). Over 6000 naturally occurring 

flavonoids have been described (Harbome and Williams, 2000). Flavonoids are built 

upon a C6-C3-C6 flavone skeleton (Figure 2.1). Some flavonoids are glycosides of a 

relatively small number of flavonoid aglycones, which are generally water-soluble 

and accumulate in plant vacuoles (Koes et al., 1993). The non-flavonoids are 

represented mostly by phenolic acids (i.e.: benzoic acid) with Ce-Ci structures and 



hydroxycinnamic acids (i.e. caffeic acid) with C6-C3 structures (Cheynier et al., 

1997). 

^N 

Figure 2.1. Flavone skeleton (structure C^-C^-Ce). 

Proanthocyanidins, condensed tannins, or simply tannins by many winemakers, 

are polyflavonoid in nature (Figure 2.2), consisting of chains of flavan-3-ol units 

such as (+)-catechin (Das, 1994; Ho, 1992). Proanthocyanidins are so named 

because under oxidative and acidic conditions, they are degraded to anthocyanidins 

(Figure 2.3). In a proanthocyanidin dimer, acid catalysed fission gives the flavan-3- 

ol from the "lower half (terminal subunit) and the flavan-4-yl carbocation from the 

"upper half. This extremely reactive intermediate, unless it is trapped (by 

phloroglucinol, for example), decays by loss of a proton and a hydride ion to give 

the anthocyanidin (Haslam, 1977). However, the carbocation may be trapped by a 

reactive nucleophile (such as thiol or phloroglucinol), and this reaction forms the 

basis of the acid-catalysis cleavage analysis, which is used for the identification of 

proanthocyanidin extension subunits (Haslam, 1977; Kennedy and Jones, 2001). 

Two groups of proanthocyanidins exist in grapes. The first group, based solely 

upon (+)-catechin [2R:3S] and its diastereoisomeric epimer (-)-epicatechin [2R:3R], 



are procyanidins as they consist of o-diphenols hydroxylated in the 3' and 4' 

positions in the B-ring. The second group, which also contain (-)-epigallocatechin 

and/or (-)-gallocatechin, are prodelphinidins and are trihydroxilated in the 3', 4' and 

5' position (Figure 2.4). In addition, a single esterified derivative, (-)-epicatechin-3- 

O-gallate, has been frequently reported in grapes (Gawel, 1998). Within the 

proanthocyanidins terminated with flavan-3-ol units, (+)-catechin is the most 

common terminal subunit (Hemingway and Karchesy, 1989). 

extension 
subunits 

terminal 
subunit 

R^H or OH 
R2=OH or galloyl 

Figure 2.2. Generalized skin proanthocyanidin structure found in Vitis vinifera L. 
berries (Kennedy et al., 2001) 



Figure 2.3. Mechanism of acid-catalyzed fission in a proanthocyanidin dimer 
(Kennedy and Jones, 2001). 

Flavan-3-ol monomers and proanthocyanidins are important sensory components, 

providing red wine with bitterness and astringency. Sensory studies indicate that 

small molecular weight proanthocyanidins are dominated by the perception of 

bitterness, and secondarily by astringency. Degrees of polymerization as high as 80 

have been claimed for some proanthocyanidins (Souquet et al., 1996). As the 

molecular weight of the proanthocyanidins increases, astringency becomes the 

dominant perception. Bitterness is a taste sensation, most commonly perceived at 

the back of the tongue. Astringency is a tactile sensation in which a drying, 

puckering feeling is perceived throughout the oral cavity. This phenomenon occurs 

as a result of the interaction between proteins and glycoproteins in our mouth and 

proanthocyanidins from wine (Robichaud and Noble, 1990). At the molecular level, 

the phenolic groups of the tannins bind with the -NH group of glycoproteins (Heldt, 

1997). Evaluating in more detail the proanthocyanidin interactions with salivary 

proteins, it was observed that (+)-catechin had a higher proanthocyanidin specific 

activity for proline-rich proteins than (-)-epicatechin (De Freitas and Mateus, 2001). 

Similarly, larger molecular weight proanthocyanidins interact more readily with 
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proteins, thus protecting dimers and trimers. In addition, it has been reported that 

when small amounts of proanthocyanidins are present, the lower molecular weight 

proline-rich proteins and other low molecular weight proteins had the highest ability 

to precipitate with proanthocyanidins (Sami-Manchado et al., 1999). When 

analyzing the perception of some flavan-3-ol monomers, Rossi and Singleton (1966) 

reported that (+)-catechins were only bitter and not astringent, however, Robichaud 

and Noble (1990), showed that (+)-catechin is both bitter and astringent. 

OH 

'0v\   ..*** 

B 

OH 

OH 

Figure 2.4. Flavan-3-ol monomers: A. (+)-catechin, B. (-)-epicatechin, C. (-)- 
epigallocatechin, D. (-)-epicatechin-3-<9-gallate. 
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Proanthocyanidins are present in the seeds and skins of grapes. They are also 

present in wine due to extraction during the alcoholic fermentation. 

Proanthocyanidins play an important role in wine flavor and mouthfeel, however, 

other compounds present in wine (sugar, acidity, alcohol, glycerol, etc) can affect 

their perception (Asquith, et al. 1987; Vidal et al., 2002; Vidal et al. 2004; Siebert 

and Chassy, 2003). In addition, the interactions between proteins and 

proanthocyanidins are affected by the solution conditions (solvent composition, 

ionic strength, pH, and temperature) (Asquith and Butler, 1986). Asquith et al. 

(1987) showed that carbohydrates could affect the binding ability of the 

proanthocyanidins because they influence the final protein-proanthocyanidin 

complex solubility. 

Anthocyanins are another class of flavonoid compounds that are widely 

distributed among plants (Figure 2.5). It is generally thought that their function is to 

make fruit and flowers attractive to birds and insects for pollination and seed 

dispersal. They also play a role as a protectant against damaging radiation 

(Harbome and Wlliams, 2000). Anthocyanins are water soluble compounds, which 

can be acylated and glycosylated (Haslam, 1977). 
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HO 

ANTHOCYANIN Ri R2 R3 
delphinidin-3 -glucoside OH OH H 
cyanidin-3-glucoside OH H H 
peonidin-3-glucoside OMe H H 
petunidin-3-glucoside OMe OH H 
malvidin-3-glucoside OMe OMe H 
delphinidin-3-glucoside-6"-acetate OH OH acetyl 
cyanidin-3-glucoside-6 "-acetate OH H acetyl 
peonidin-3-glucoside-6"-acetate OMe H acetyl 
petunidin-3-glucoside-6"-acetate OMe OH acetyl 
malvidin-3-glucoside-6"-acetate OMe OMe acetyl 
delphinidin-3-glucoside-6"- 
coumarate 

OH OH coumaryl 

cyanidin-3 -glucoside-6'' -coumarate OH H coumaryl 
peonidin-3-glucoside-6 "-coumarate OMe H coumaryl 
petunidin-3-glucoside-6"-coumarate OMe OH coumaryl 
malvidin-3 -glucoside-6'' -coumarate OMe OMe coumaryl 

Figure 2.5. The anthocyanins of Vitis vinifera. 

Anthocyanidins are the aglycones of the anthocyanins. In nature, there are six 

commonly occurring anthocyanidin structures. However, anthocyanidins themselves 

are rarely found in plants, rather they are almost always found as the more stable 

glycosylated derivatives. Sugars are present most commonly at the C-3 position, 

while a second site for glycosylation is the C-5 position and, more rarely, the C-7 
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position. The sugars that have been identified include glucose, rhamnose, xylose, 

galactose, arabinose and glucose (Francis, 1989). The sugars provide additional sites 

for modification as they may be acylated with acids. The acyl acids involved in 

order of occurrence, are/?-coumaric, caffeic, ferulic, p-hy<koxy benzoic, sinapic, 

malonic, acetic, succinic, oxalic and malic acids (Francis, 1989). Because of the 

diversity of glycosylation and acylation, there are at least 300 naturally occurring 

anthocyanins (Strack and Wray, 1993). They differ also in their hydroxylation 

pattern of the B ring, which is the major determinant of the color of these pigments 

(Harbome, 1963). 

In most grape varieties, anthocyanins are restricted to the skin tissue. They are 

extracted during the fermentation of grape must and are responsible for the color of 

red wine. The anthocyanins found Pinot noir are malvidin, delphinidin, cyanidin, 

petunidin and peonidin-3-monoglucosides; malvidin-3-glucoside being the most 

abundant anthocyanin. Pinot noir does not contain acylated anthocyanins (Rankine, 

etal., 1958;Fongetal., 1971). 

Biosynthesis of phenolic compounds. Flavonoid biosynthesis is the culmination 

of two metabolic pathways, the shikimate pathway and the acetate pathway 

(polyketide pathway). The acetate pathway provides the precursors for the flavonoid 

A ring from malonyl-CoA and the amino acid phenylalanine, which is produced in 

the shikimate pathway, provides the B ring (Swain and Williams, 1970; Dewick and 

Haslam, 1969). 
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Flavonoid biosynthesis starts with the condensation of one molecule of 4- 

coumaroyl-CoA and three molecules of malonyl-CoA. This reaction is carried out 

by the enzyme chalcone synthase (CHS). The chalcone is subsequently isomerised 

by the enzyme chalcone flavanone isomerase (CHI) to yield a flavanone 

(naringenin). From these central intermediates the pathway diverges into several 

side branches, each yielding a different class of flavonoids, as shown in Figure 2.6 

(Koesetal., 1993). 

p-coumaroyl-CoA 
+ 

CHS       3 malonyl-CoA 

OH  O OH  O OH  O 
2,3-dihydrokaempferol      2,3-dihydroquercetin        2,3-dihydromyricetin 

(DHK) (DHQ)ortaxifolin 

I DFR 

OH \ 
anthocyanidin     Hl 

♦glucose \\ GT 

OH OH 
2,3-frans-flavan-3-ol 

I  (catechlns) 

anthocyanlns 2i3.c,s.„avan.3^ 

(opicatechins) 

polymerization 
to condensed 

tannins 

Figure 2.6. Simplified diagram of the flavonoid biosynthetic pathway. Enzymes: 
CHS chalcone synthase, CHI chalcone flavanone isomerase, LAR 
leucoanthocyanidin reductase, ANR anthocyanidin reductase, DFR dihydroflavonol 
reductase. 



13 

Grape anatomy. The grape cluster is a fleshy fruit containing berries organized 

into a cluster. Each berry is attached to the rachis by a small pedicel containing 

vessels, which supply the berry with water and nutritive substances (Ribereau- 

Gayon et al., 2000B). 

Each grape berry is composed of a group of tissues surrounding the seeds. 

According to Pratt (1971), the fruit wall from its outer surface to its inner surface 

adjacent to the seed is the pericarp and has five components: epidermis, hypodermis, 

outer wall, inner wall and inner epidermis. Viala and Pechoutre (1910) refer to the 

epidermis as epicarp, the middle of the wall as mesocarp and the inner epidermis as 

endocarp. However, Ribereau-Gayon et al. (2000B), point out that the pericarp is 

divided into the exocarp (the skin), the mesocarp (the pulp) and the endocarp (the 

tissue that lines the seed receptacles containing the seeds but is not distinguishable 

from the rest of the pulp). 
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Figure 2.7. Anatomy of a grape berry (Illustration by Jordan Koutroumanidis and 
provided by Don Neel Practical Winery and Vineyard. Found in Australian 
Viticulture from text: "Ripening berries - a critical issue" by Dr. Bryan Coombe and 
Tony Clancy, 2001). 

Grape development. The development of the grape berry has a double- 

sigmoidal growth curve (Terrier et al., 2001; Considine and Knox, 1979; Coombe, 

1976; Harris et al., 1968; Winkler et al., 1974). There are three commonly described 

phases of growth: anthesis and first stage of rapid growth (cell division, enlargement, 

and pedicel growth), a period of no or slow growth (seed maturation and seed coat 

hardening), and a final rapid period of growth (fruit ripening, cell enlargement), 

which are commonly described as Stage I, Stage 11 and Stage 111, respectively 

(Barnavon, 2000; Harris et al., 1968; Winkler et al., 1974). 

The transition into fruit ripening occurs within a period of a few days where the 

berry goes from a stage of quiescence (lag phase = Stage II) to one of rapid growth, 

sugar accumulation, acid metabolism, and for a colored variety, anthocyanin 
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synthesis. Varieties without anthocyanins (e.g. Chardonnay) lose their green color 

through chlorophyll degradation and become translucent (Harris et al., 1968 cited by 

Creasy, 1991). 

Phenology. In spring, after dormancy has been broken and temperatures increase, 

buds swell and shoots emerge. This process is generally called bud break. After 

buds burst, leaves appear and after 6 to 8 weeks, flowers open. Over the rather 

inconspicuous flower, a cap is positioned and when anthers are ready to be released 

the cap is shed and the pollen from the anthers falls on the stigma. This stage is 

referred as capfall, anthesis or bloom. Two to three days later, fertilization is 

complete and in another two to three days those flowers not fertilized begin to drop 

off- a stage known as shatter. Set refers to the flowers which have been pollinated 

and fertilized and which remain on the bunch (Jackson and Schuster, 1987). The 

term fruit set is used to describe the transformation of flowers into fruits. Fruit set 

may refer to the percentage of flowers in an inflorescence, which grow into fruits or 

to the physiological process involved in the early stages of fruit growth (Mullins et 

al., 1992). 

The stage at which anthocyanin pigments first appear in a grape berry is known 

as veraison. At this stage, growth accelerates, berry begins to soften, glucose and 

fructose increase, acidity decreases, chlorophyll is lost and the color develops in red 

and black varieties. At veraison, acid levels are high, but after this the levels are 

reduced by dilution, caused by an inflow of water into the berries, and by the 

conversion of acids to salts (Jackson and Schuster, 1987; Mullins et al., 1992). 
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Figure 2.8. Stages of berry development showing the relative size and color of 
berries at ten day intervals after flowering. Also shown the periods when 
compounds accumulate, the levels of juice 0Brix, and the rate of inflow of xylem 
and phloem vascular saps into the berry (Ilustration by Jordan Koutroumanidis and 
provided by Don Neel Practical Winery and Vineyard). 
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Chemical changes and solute accumulation. According to Kennedy (2002) 

the grape berry is essentially an independent biochemical factory, in which the berry 

has the ability not only to transport the primary metabolites essential for plant 

survival (water, sugar, amino acids, minerals and micronutrients), but also to 

synthesize complex berry components (for example, flavor and aroma compounds) 

that define a particular wine. 

The berry is supplied through the berry stem or pedicel by a vascular system 

composed of xylem and phloem elements. The xylem is the tissue that transports 

water, minerals, growth regulators, and nutrients from the root system to the aerial 

portions of the vine. The phloem is the vascular tissue involved in photosynthate 

transport from the canopy to the vine. The phloem also carries other organic 

compounds such as amino acids and organic acids (Winkler et al., 1974). According 

to Greenspan et al. (1994), the xylem has an almost exclusive role in water transport 

into the berry during the pre-veraison development. The phloem however, has a 

reduced function early in berry development, but becomes the primary source of 

ingress after veraison. 

Sugars are the primary constituents of the grapes, essentially glucose and 

fructose. Fructose is always predominant (the glucose/fructose ratio is around 0.9). 

Sucrose, which is the migratory form of sugar in the plant (Swanson and El 

Shishiny, 1958), exists only in trace amounts in the grape. 

Tartrate and malate are the most prevalent acids in grapes. These acids are 

distributed in the grape somewhat differently, with tartaric acid being highest 
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towards the outside of the developing berry, and malic acid being highest in the 

flesh. Tartaric acid accumulates during the initial stages of berry development while 

malic acid accumulates just prior to veraison (Ruffiier et al., 1983; Possner et al., 

1983; Hrazdina et al., 1984). These acids provide wine with acidity and are 

therefore critical to wine quality (Butzke and Boulton, 1997). 

Approximate chemical indices for Oregon Pinot noir must are: 21.5-24.5 0Brix, 

6-9g/L TA, 3.35-3.8 pH, 2-5 g/L malate and 2.5-8g/L tartrate; and wine: 11.5-13.5 

% v/vethanol (reviewed in Miranda-Lopez, 1990). 

The bulk of polyphenolic compounds occur in the skins, seeds and conductive 

tissues of grape berries at all stages of development (Hawker et al. 1972). The 

accumulation of proanthocyanidins occurs during the first period of berry growth. 

Proanthocyanidins mainly occur in the outer protective layers of both grape skin and 

seeds (Amrani-Joutei et al., 1994; Prieur et al., 1994; Souquet et al., 1996). They 

accumulate in the cell vacuoles and range from fine granules to more or less 

agglutinated masses (Fougere-Rifot et al., 1993). Amrani et al. 1994, localized three 

different tannins in grape skins: the first consisted of free tannins in solution in the 

vacuolar sap (these proanthocyanidins appear in the form of granules decreasing in 

size from the skin surface to the pulp). The two other groups were constituted by 

bound proanthocyanidins: those bound to the proteins of the internal face of the 

tonoplast, and those bound to the cell wall polysaccharides by osidic bonds. 

Anthocyanins develop at the beginning of the second stage. They also accumulate in 

the vacuole of the cells (Alfenito et al., 1998). 
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Seed development. Originating from the four ovules of the ovary, the grape 

berry contains a maximum of four seeds. However, the number of seeds is typically 

less than four because of the absence or abortion of one or several ovules (Winkler 

et al., 1974). According to Cawthon and Morris (1982), seed number per berry is 

related to accumulation of 14C-photosynthate, fresh berry weight and dry berry 

weight. In addition, percentage of soluble solids and intensity of juice color after 

veraison were inversely related to seed number. However, Hardie and Aggenbach 

(1996), found no relationship between number of seeds per berry and seed weight. 

Trellising, pruning level, canopy manipulation and regulation of bunch number per 

vine have had little effect on seed numbers or weight per berry. Ebadi et al. (1995) 

found a reduced number of seeds per berry when the vines were exposed to low 

temperatures just before and during flowering, and Hale and Buttrose (1974) 

reported that, three weeks after flowering, seed number and seed weight could no 

longer be influenced by varying temperature conditions. Scienza et al. (1978) 

observed  that  one-seeded  berries  contained  a  statistically higher  amount  of 

anthocyanin than two or three-seeded berries, in particular during the final phase of 

ripening in September. Moreover, seed number was positively correlated with the 

concentrations of gibberellin-like substances and abscisic acid (on a per-berry basis). 

The seeds are an important source of phenolic compounds during red 

winemaking. Bourzeix et al. (1986), when analyzing the average content of 

proanthocyanidins in different grape varieties (Alicante-Bouschet, Aramon, 

Carignan, Cinsaut, Grenache noir, Mourvedre and Syrah), found that seeds 
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contained 38% of the total proanthocyanidins distributed between all parts of the 

grape (stalk, pulp, seed and skin). 

Kennedy et al. (2000A) reported that seeds (cv. Shiraz) reached their maximum 

weight one week before veraison and thereafter, the fresh seed mass declined 

steadily. According to Kelly et al. (1992), the final phase of seed development 

involves the loss of water and cessation of reserve synthesis, followed by a 

metabolically inactive state. Dormancy is due to either the impermeability of the 

seed coat to water and/or gases, the mechanical prevention of radicle extension, or 

the seed coat preventing inhibitory substances from leaving the embryo. The 

hardening of the grape seed is due to lignification of the inner layers of the outer 

integument. The inner integument remains thin and adheres to the endosperm 

(Mullins et al., 1992). 

Effect of climate on berry development. Climate is one of the major factors 

determining both where grapes can be grown and the quality of the wine produced 

from those grapes. If the mean temperatures are above 20 0C, the winters are mild 

and leaf fall and vine dormancy do not occur, or occurs only partially; temperate 

plants such as grape vines crop poorly under these conditions. In short summers, 

vines have insufficient time to ripen their fruit and cold winters may kill or seriously 

damage the plant (Jackson and Schuster, 1987). Grapes are native to the warm 

temperate zone and their culture is most successful between 34° and 49° north and 

south latitude. The time of ripening is determined primarily by variety and heat 

summation. Seasonal conditions, particularly temperature and heat summation, 
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markedly influence the rates of the development changes. Vitis vinifera requires 

long, warm-to-hot, dry summers and cool winters (Winkler, et al. 1974). Bonnardot 

(1997) reported that high spring temperatures, after a dry winter, lead to an early 

date of Pinot noir harvest, whereas low spring temperatures, after a rainy winter, 

lead to a late date of harvest. 

Heat summation for the grapevine is generally defined as the average daily 

summation of temperatures above 50 0F (10 0C). The base line is set at 50 0F (10 0C) 

because there is almost no shoot growth below this temperature. The summation is 

expressed as degree-days (Winkler et al., 1974). However, this method does not 

take into account periods of fog, cloud cover, or wind; factors that change 

temperature during the period concerned (Williams, 1987). 

Using mean temperatures, Prescot (1964) reported that the areas suitable for 

grape production should have the mean temperature of the warmest monthly period 

in excess of 66 0F (18.9 0C) and that of the coldest monthly period in excess of 30 0F 

(-1.1 0C). Grapes can be grown outside these limits but only in areas where there are 

compensating conditions. 

According to Ribereau-Gayon et al. (2000A), temperature affects photosynthetic 

activity and metabolism in the vine, and its action is not limited to the period of 

grape development. Its influence on bud burst and flowering dates also has 

important indirect consequences on grape quality. Ewart and Kliewer (1977) 

observed that ovule fertilization in several winegrape varieties was reduced at 15 0C 

day/10 0C night temperatures versus 25 oC/20 0C regimes. Grapevines are self 
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fertilized, but if the temperature is too cool, pollen may not grow quickly enough 

to fertilize the ovule and in rainy periods pollen may be washed from the clusters 

(Winkleretal., 1974). 

The accumulation of some compounds in the grape is also affected by 

temperature conditions. Kliewer (1977) found that at 37/32 0C (day/night), soluble 

solids in grapes did not increase above 12.9 0Brix, whereas at mean daily 

temperatures of 20.3 0C, 21 0Brix was obtained. The synthesis and metabolism of 

organic acids in grapes have also been reported to be influenced by changes in 

temperature. Hence, increasing culture temperatures from 10 to 25 0C increased the 

synthesis of tartaric and citric acid; however, temperatures higher than this resulted 

in a reduction of these acids. (Kliewer, 1964). 

Phenolic content in grapes seems also to be affected by weather conditions. 

Although few studies have been done to find the relationship between flavonoids 

and temperature, some studies regarding light exposure have been attempted. Hence, 

Price (1994) found higher accumulation of phenolics in epidermal tissues of grapes 

exposed to higher levels of solar irradiance. On the other hand, Downey (2003) did 

not observe an effect of shading on seed proanthocyanidins content and composition, 

but there were differences in the proanthocyanidin content of grape skins. Although 

these differences were pronounced around veraison, they were not significant at the 

end of the season. 

Anthocyanin synthesis in grapes is related positively to light and negatively to 

heat. Hence, Spayd et al. (2002) found that when sun-exposed clusters in the vine 
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were cooled, they underwent an increase in anthocyanin content. However, 

heating shaded clusters decreased anthocyanin concentration in grapes. Similarly, 

Kliewer and Torres (1972) reported that grapes grown under cooler night 

temperatures had a higher accumulation of anthocyanins. Exposure to solar 

radiation increases concentration of flavonols, while temperature has little to no 

effect on their concentrations (Spayd et al., 2002). While heat may affect the 

biosynthesis of certain compounds in the grape, heat also seems to play a role in 

their degradation. Hence, significant oxidation reactions, especially those involving 

phenolics, occur at elevated temperatures (Mullins et al., 1992). Similarly, Kliewer 

(1964) reported a decrease in acidity in ripe grapes at high temperatures as a result 

of malic acid respiration. 

Phenolics in wine. Phenolic compounds are responsible for the bitterness, 

astnngency and color of wines. According to Haslam (1977), a wine without enough 

phenolic compounds would be perceived as flat and insipid, while a wine with too 

much phenolics would have a harsh and rough quality. 

Wollan (1997) indicates that the quality of phenolics affecting the organoleptic 

quality in the wine depends on the state of ripeness of the fruit: Grapes that are 

harvested too early will produce wines light in color, thin in body and harsh 

"greenness" on the palate. On the other hand, high quality ripe fruit from good 

vineyards will give red wines that are dark and rich with soft acid, supple 

proanthocyanidins, balanced astringency, and just a hint of bitterness. 
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Although mainly due to the quality and concentration of proanthocyanidins, 

astringency and bitterness perception is also affected by the alcohol, 

polysaccharides, acidity, and sugar levels in wine (Noble and Shannon, 1987; 

Fischer and Noble, 1994; Asquith, et al. 1987; Vidal et al., 2002; Vidal et al., 2004) 

An excessively long maceration period and elevated temperatures (above 35 0C) 

can result in a decrease in anthocyanins, both by absorption of these molecules on 

yeast and pomace, and by reactions of degradation and condensation with 

proanthocyanidins, respectively. A short maceration leads to a wine rich in 

anthocyanins but relatively poor in total phenolics (proanthocyanidins); if the 

maceration period is lengthened, anthocyanin content and color decrease, while total 

phenolics still increase but more slowly (Ribereau-Gayon, 1982). 

During wine aging, the chemical transformation of anthocyanins is accompanied 

by a modification of color hue, 'full red' in young wines, evolving gradually to 

'orange-brown' in very old wines (Ribereau-Gayon, 1982). The color change is due 

to the complex formation of flavonoids with anthocyanins, which produces an 

increase in both absorbance and bathochromic shift of the visible absorption 

maximum of the latter. This interaction is based mainly on hydrogen bond 

formation between a carbonyl group of the anthocyanin anhydrobase and aromatic 

hydroxyl groups of the complex-forming flavonoids. The larger the number of 

hydroxyl groups in the flavonoid molecule, the stronger the complex formation 

(Chen and Hrazdina, 1981). The chemical reactions which cause color change and 
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pigment stabilization, also cause a loss of astringency and the development of 

desirable sensory characters in an aged red wine (Williams, 1997). 

Sulfur dioxide is important in the prevention of microbiological spoilage in wine 

but also has an antioxidant role in the prevention of the polymerization and 

condensation reactions described above. In this regard, the use of sulfur dioxide 

should be carefully moderated. While too much sulfur dioxide would block the 

processes necessary for the normal maturation of wine and too little would allow 

them to proceed too quickly (Wollan, 1997). 

Relationship between weather, grapes and wine. The development of phenolic 

compounds during grape ripening has been described in previous research (Kennedy 

et al., 2000A; 2001). Different authors have studied the concentration of flavonoids 

in wine with particular emphasis on influencing factors such as different varieties, 

different regions, different winemaking processes, etc (Bourzeix et al. 1986; 

Carando, 1999; Waterhouse and Teissedre, 1997; Archier et al., 1993). Other studies 

involving wines made at different grape maturities have been done. Thus, Miranda- 

Lopez et al. (1992) reported that wines made with grapes at increasing levels of 

maturity had more odor-active peaks than wines from earlier harvested fruits. 

Similarly, Perez-Magarino and Gonzalez-San Jose (2004) studied the evolution of 

phenolics during aging of red wines made with grapes harvested at different 

maturities. However, there is no previous information about the relationship 

between weather conditions, grape maturity, wine quality and proanthocyanidin 

structure. Poorly understood is the link between climate and the accumulation of 
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anthocyanin and proanthocyanidins during berry development, as well as the 

other characteristics of grape phenolic composition that influence the ultimate 

properties of a red wine. Moreover, no research has been done that attempts to 

define the term "tannin ripeness". 
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CHAPTER 3 

Evolution of Anthocyanins and Proanthocyanidins During Berry Development 

Introduction 

Information about environmental factors affecting anthocyanin and 

proanthocyanidin biosynthesis in grapes is very limited. While some authors have 

reported that anthocyanin biosynthesis is affected by light (Kliewer, 1977), other 

studies have not found this relationship (Price et al., 1995). In addition, recent 

studies suggest that the combination of low temperatures and high sun exposure 

significantly enhance the accumulation of anthocyanins in grapes (Spayd et al., 

2002). Information about factors affecting proanthocyanidin biosynthesis in grapes 

is more limited and inconclusive. Recent studies suggest the influence of light in 

skin proanthocyanidin biosynthesis (Downey, 2003). However, no studies have 

investigated the relationship between proanthocyanidin biosynthesis and 

temperature. The purpose of this chapter is to study the affect of vintage on 

anthocyanins and proanthocyanidins during grape berry development. 
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Materials and Methods 

Chemicals. All chromatographic solvents were HPLC grade. Acetonitrile, 

methanol, ethanol, acetic acid, gallic acid, ascorbic acid and potassium hydroxide 

were purchased from J.T. Baker (Phillipsburg, NJ). (+)-Catechin, (-)-epicatechin, 

quercetin, phloroglucinol and caffeic acid were purchased from Sigma (St. Louis, 

MO). Malvidin-3-glucoside was purchased from Polyphenols Laboratories 

(Sandness, Norway). Ammonium phosphate monobasic and orthophosphoric acid 

were purchased from Fisher Scientific (Santa Clara, CA). Hydrochloric acid, and 

sodium acetate anhydrous were purchased from E.M.Science (Gibbstown, NJ), and 

Mallinckrodt (Phillipsburg, NJ), respectively. 

Instrumentation. A Hewlett-Packard, Model 1100 HPLC (Palo Alto, CA) with 

a vacuum degasser, autosampler, quaternary pump, DAD, column heater, Pentium 

III computer and chemstation software was used for chromatographic analysis. A 

pH-meter Thermo Orion model 370 was used for pH measurements. Soluble solids 

were measured using a hand-held refractometer (Amercian optical corporation). A 

platform shaker model Innova 2300 purchased from New Brunswick Scientific 

(Edison, NJ) was used for the extraction of phenolics. A freeze drier (Labconco, 

Kansas City, MO) and rotary evaporator #R-205 (Buchi, Kansas City, MO) were 

also used. 
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Weather information. Cumulative temperature information was taken from 

the Oregon State Univerity's Hyslop monitoring station located in Corvallis, Oregon. 

The station is located just off U.S. Highway 20 at latitude 44.63 degrees N, 123.20 

degrees W, and at an elevation of 225 feet above sea level. This data is available 

online: www.ocs.orst.edu/pub_ftp/weather/hvslop. 

Sampling of grapes. Grapes (Vitis vinifera L. cv. Pinot noir, self-rooted 

Pommard clone) were collected from vines grown at the Oregon State University 

experimental vineyard located in Alpine, Oregon. Six rows containing 

approximately 50 vines each and two rows containing 20 vines were selected for 

study. Vineyard operations were consistent with commercially accepted practice. 

Over three consecutive vintages (2001-2003), five cluster samples (x5 replicates) 

were collected for analysis each week beginning approximately four weeks prior to 

veraison and continuing through commercial harvest. Berries were kept at 4 0C until 

processed. 

To process, and for each replicate, grape berries were first removed from the 

cluster and then randomized. Berries were separated into two groups, the first for 

phenolic analysis and the second for pH, titratable acidty and sugar analysis. Berries 

selected for pH, titratable acidty and sugar analysis were kept at -20 0C prior to 

analysis. 

Extraction of phenolics. A 150-berry subset of each replicate (x5 replicates) 

was used for the extraction and analysis of phenolics. Berries were counted, 

weighed and frozen at -20 0C until analysis. Seeds and skins were separated by 
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hand from frozen berries and rinsed with distilled-deionized water. Seeds were 

counted, weighed, freeze-dried and then reweighed; skins were also freeze-dried and 

weighed. Seeds and skins were then extracted separately in a 2:1 v/v acetone:water 

(1 ml/gm berry wt.) extraction solvent at room temperature for 24 hrs and at 

100RPM on a platform shaker. After extraction, extracts were filtered through 

Whatman #1 filters and evaporated under reduced pressure at 38 0C to remove 

acetone. The remaining aqueous solution was adjusted to a volume of 100 ml with 

water. Extracts were frozen at -20 0C until phenolic analysis. 

Analysis of anthocyanins and flavan-3-oI monomers. Total anthocyanin and 

flavan-3-ol monomer content were measured by reversed-phase HPLC. Separation 

of phenolics was achieved with a LiChrospher 100 RP-18 (4x250 mm, 5|im particle 

size) column, protected by a guard column containing the same material, and was 

purchased from Merck (Darmstadt, Germany). Solvent gradient conditions and 

mobile phases were prepared as described previously by Lamuela-Raventos and 

Waterhouse (1994). The aqueous solution containing the grape phenolics was 

thawed to room temperature, filtered using Teflon filters (0.45 um, Acrodisc CR13) 

before injection. Eluting phenolics were monitored at 280 and 520 run. 

A standard was prepared by dissolving (+)-catechin (100 mg/L), (-)-epicatechin 

(100 mg/L) and malvidin-3-glucoside (30 mg/L) in a 20% v/v methanolic solution 

containing 3% v/v acetic acid. 

Analysis of proanthocyanidin composition. Proanthocyanidin composition was 

determined by reversed-phase HPLC after acid-catalysis in the presence of excess 
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phloroglucinol (phloroglucinolysis). The column was Chromolith RP-18e (100- 

4.6mm) purchased from Merck (Darmstadt, Germany). The method utilized a binary 

gradient with mobile phases containing 1% v/v aqueous acetic acid (mobile phase A) 

and acetonitrile containing 1% v/v acetic acid (mobile phase B). Solvent gradient 

conditions were the same as described previously by Kennedy and Taylor (2003). 

Three milliliters of the aqueous solution containing the seed and skin phenolics 

were freeze dried to a dry powder. The resulting seed powder was dissolved in 

methanol and the volume was adjusted to 5 ml; skin powder was adjusted to 2 ml. A 

solution of 0.2 N HC1 in MeOH, containing 100 g/L phloroglucinol and 20 g/L 

ascorbic acid was prepared. The proanthocyanidin present in the methanolic 

solution was reacted with the same volume of this solution at 50 0C for 20 minutes 

and then combined with 5 volumes of 40mM aqueous sodium acetate to stop the 

reaction. This final solution was filtered through Teflon filters (0.45 um PTFE 

acrodisc CR13) before injection. Proanthocyanidin cleavage products were 

estimated using their response factors relative to (+)-catechin (Kennedy and Jones, 

2001), which was used as the quantitative standard. The standard was prepared by 

dissolving (+)-catechin (100 mg/L) and acetic acid (1 ml/L) in 12% v/v ethanol. To 

calculate the mean degree of polymerization (mDP), the sum of terminal and 

extension subunits (in moles) was divided by the sum of terminal subunits (in 

moles). The terminal subunits did not include flavan-3-ol monomers (they were 

subtracted using the data gathered from the flavan-3-ol monomer analysis). 
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Analysis of titratable acidity, pH and sugar concentration. The remaining 

berries were used to analyze titratable acidity, pH and sugar concentration. 

Approximately 70 gm of berries within each replicate (5 replicates) were randomly 

selected, thawed and crushed. The resulting juice was separated and used for the 

analysis of titratable acidity, soluble solids and pH. For titratable acidity analysis, 

100 ml of boiling deionized water (pH previously adjusted to 8.2-8.4 with a few 

drops of 0.1 N KOH) were poured into a 250 ml beaker containing 5 ml of juice 

sample. After cooling to room temperature, the solution was titrated with 0.1 N 

KOH to a pH 8.2-8.4. The volume of KOH was used to calculate the titratable 

acidity expressed as tartaric acid. The soluble solids and pH were measured directly 

from the grape juice. The sugar content was estimated by refractometric 

measurement of total soluble solids in the grape juice. 

Statistical analysis. Analysis of variance was conducted to compare data 

between these three vintages and Tukey analysis (a =0.05) was used to compare 

averages. SAS version 8.0 was used to perform all the statistical analysis. 

Results 

Phenological events. Significant phenological events that occurred during the 

2001-2003 vintages are shown in Table 3.1. Grapes were also picked after 

commercial maturity, so overripe grapes could be analyzed. The dates of 
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commercial ripeness were determined based upon the concentration of soluble 

solids. It is clear that 2003 reached ripeness at the earliest date. 

Table 3.1. Phenological events during the 2001-2003 growing seasons. 

..        r> j.     ,       Full      ,,,   . Commercial Year   Bud break    ,, Veraison bloom ripeness 

2001 Apr-20      Jun-20    Aug-27        Sep-27 
2002 Apr-16     Jun-23    Aug-25        Sep-26 
2003 Apr-16     Jun-23    Aug-23        Sep-22 

Weather information. Since vine development and metabolism is strongly 

affected by temperature (Mullins et al., 1992), information on temperature was 

collected for the three vintages. Other variables such as precipitation and humidity 

can play a role in vine temperature; however, given that the vintages under study 

were generally dry and warm without extreme temperatures (Corvallis Weather 

Station website), the weather data presented in this section focuses only on 

temperature and heat summation data. 

The cumulative growing degree-days are shown in Figure 3.1. From fruit set 

through harvest, it is clear that 2003 accumulated considerably more heat than 2001 

and 2002. During this period, 2002 accumulated more heat than 2001, however, 

before fruit set the pattem of heat accumulation was different. The cumulative heat 

summation in growing degree days at different dates during the growing season is 

shown in Table 3.2. As observed, 2001 accumulated more heat than 2002 and 2003 

up to June 16th. 
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Figure 3.1. Heat summation expressed in cumulative growing degree-days (50 0F 
base) for the 2001-2003 growing seasons with approximate phenological events 
indicated. 

Table 3.2. Growing degree days (50 0F base) at different dates during the three 
seasons.  

Vintage   2-Jun     16-Jun     30-Jun    21-Jul   25-Aug 

485 803 1375 
503 867 1473 
632        999        1645 

2001 244 345 
2002 180 325 
2003 220 429 

Growing degree-days provide information on the cumulative heat that the vine 

receives during a period of time and above a base temperature at which the plant 

begins to be active (50 0F or 10 0C). Most of the information in existing studies 

express the heat summation in growing degree days using a base line of 50 0F, 

however, the modern trend is focused on expressing the heat summation in SI units, 

with the corresponding change in the numeric values (10 0C baseline). In the present 

study, heat summation is expressed using 50 0F base in order to facilitate the 
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comparison to the existing information. However, to transform heat summation 

from 50 0C base units to 10 0C base units, we propose this formula: 

GDD (10 0C base) = [GDD (50 0F base)]/l .8 

This formula will provide the means to compare the heat summation in this study as 

expressed in 50 0F base line with modem studies and information available in the 

future. 

Temperature is also relevant to vine metabolism and phenolic biosynthesis. 

Figures 3.2-3.3 summarize the average, maximum and minimum daily temperatures 

for the three vintages. Short- term variations in temperature can be observed in the 

three graphs. 

The maximum daily temperature (Figure 3.2) for 2003 was consistently above 25 

0C during the period between fruit set and veraison; 2002 was also above this 

temperature for much of the time, although temperatures were below 25 0C several 

times, for consecutive days in 2001. The three years had peak temperatures above 

35 0C. 2002 exceeded 40 0C on one day. At fruit set, 2003 reached one of its 

maximum peaks (>35 0C) while 2002 also reached a high temperature at this time 

(32 0C), but never as high as 2003. About three weeks prior to veraison, 2001 and, 

to a lesser extent, 2002 experienced temperatures below 17 0C. 

During the period between veraison and harvest, 2003 had peaks in temperature 

above 35 0C, while 2001 and 2002 remained below this. 
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Figure 3.2. Maximum daily temperature over three seasons, at Corvallis Weather 
Station. 

In analyzing the minimum daily temperature during the period between fruit set 

and veraison (Figure 3.3), it was observed that 2003 had several peaks exceeding 15 

0C, while 2002 only reached one peak above this temperature (no temperatures 

above 15 0C were observed for 2001 during this period). The 2001 and 2002 

experienced temperatures below 10 0C for several consecutive days, while 2003 

reached temperatures below 10 0C fewer times and only once every few days. None 

of the three seasons experienced minimum temperatures below 5 0C. Before fruit set, 

and for several weeks, the 2003 season remained above 7 0C, while 2001 and 2002 
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experienced, several times and for consecutive days, temperatures below 4 0C. In 

a particular case in 2002, temperatures reached below 0 0C. At fruit set, the 

minimum daily temperature for 2003 was 15 0C, while 2001 and 2002 reached 

temperatures of 13 and 12 0C, respectively. 
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Figure 3.3. Minimum daily temperature over three seasons, at Corvallis Weather 
Station 
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Berry development. Berry weights were different for the three vintages, 

although they generally developed in parallel (Figure 3.4). Veraison (Figure 3.4 

inset) was considered to be when approximately 50% of the berries had turned red. 

For 2003, this event occurred approximately three to four days earlier than for other 

years. A general pattern was observed for the three years: the berries increased in 

weight until two weeks post veraison, then they experienced a stabilization with a 

slight increase in weight followed by a decrease right after they reached commercial 

maturity. The berry weight for 2001 increased dramatically after veraison. At the 

time of harvest, the berry weight for the 2001 vintage (1.3 gm/berry) was 

significantly higher (pO.001) than for the 2002 (1.1 gm/berry), and 2003 (1.1 

gm/berry) vintages. The differences between 2002 and 2003 were not significant. 
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Figure 3.4. Berry weight change and veraison onset for the 2001-2003 growing 
seasons with error bars indicating ± SEM (N=5). 
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In addition to information on berry weight, information on vineyard production 

were documented. Differences in overall fruit production varied between years 

(2001: 1.5 T/Ac; 2002: 2.4 T/Ac; 2003: 2.75 T/Ac). The lower production observed 

during the 2001 vintage was due to more cluster thinning at veraison. 

The fresh and dry skin weights for 2002 and 2003 are shown in Figure 3.5. 

Although fresh skin weight developed in parallel for both years, for 2003, the fresh 

skin weight increase began one week earlier than 2002. At harvest, berries from 

both years had similar fresh skin weights (p-0.72). The dry skin weight for 2002 

and 2003 had the same pattern and weight across maturity and just at harvest, grapes 

from the 2002 growing season had an extra accumulation of skin weight, however, 

this did not lead to a significant difference in dry skin weight (p=0.0932) at harvest. 

Jul-15 Jut-29 Aug-12        Aug-26        Sep-09 Sep-23 Oct-07 

Dale 

Jul-15 Jul-29 AUB-12        AU0-26        Sep-09        Sep-23 Oct-07 

Date 

Figure 3.5 Skin weight change for the 2002 and 2003 growing seasons with error 
bars indicating ± SEM (N=5). A) Fresh skin weight (mg/berry); B) Dry skin weight 
(mg/berry). 

Very little difference in soluble solids was observed between the 2001-2003 

vintages (Figure 3.6). Although there was an earlier sugar accumulation for 2003, 
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this difference was minimized two weeks after veraison. At harvest, the three 

vintages had similar sugar concentration. Fruit was considered ripe when the soluble 

solids were between 23.5 and 24.5 0Brix. 

o * i i i i i i i i i i i i i i i i i i i i i 
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Figure 3.6. Soluble solids accumulation during the 2001-2003 growing seasons with 
error bars indicating ± SEM (N=5). 

The pH and titratable acidity (TA), summarized in Figures 3.7 and 3.8, followed 

expected trends, and large differences between years were found. The highest pH at 

harvest corresponded to the 2001-growing season. At harvest, the pH for 2001 was 

significantly higher (pO.001) than the other two years. Differences in pH between 

2002 and 2003 were also found; although they were not as high as those in 2001, the 

difference was still significant (p=0.0046). 
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Figure 3.7. pH change during the 2001-2003 growing seasons with error bars 
indicating ± SEM (N=5). 

When analyzing the TA during berry development for the three years (Figure 3.8), 

the differences were not as dramatic as observed for pH analysis. The only year that 

was significantly different (p<0.001) in comparison with the other two was 2002 

when analyzed at harvest time. The 2001 and 2003 growing seasons had similar TA 

at harvest time (p=0.1812). 
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Figure 3.8. Titratable acidity (gm/L) change during the 2001-2003 growing seasons 
with error bars indicating ± SEM (N=5). 

Seed development. The seeds developed similarly for the three vintages. 

Initially, prior to veraison, the seeds were green with a soft seed coat. Beginning at 

veraison, and continuing through harvest, the seeds lost their green color and 

became increasingly brown with time. 

During the 2003-growing season, and based upon seed weight, the seeds 

developed earlier than in previous years (Figure 3.9), and also decreased in weight 

rapidly. At harvest time, 2003 had the lowest seed weight. The highest seed weight 

was reached within the two weeks of veraison for the 2001 and 2003 vintages, and 

one week before veraison for 2002 growing season. 
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No change in seed weight was observed through the final pick dates for the 

2003 vintage. However, the 2001 and 2002 seed weights declined continuously 

through the end of the season. This suggests that the seeds for these two years were 

still developing at harvest time. The number of seeds per berry (Figure 3.9 inset) for 

2003 growing season was significantly higher when compared with 2001 (p=0.0023) 

and 2002 (p=0.0082). No significant difference was found between 2001 and 2002 

(p=0.6468). 
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Figure 3.9. Fresh seed weights for the 2001-2003 growing seasons, with error bars 
indicating ± SEM (N=5), and the corresponding number of seeds per berry for each 
year. 

Dry seed weights (Figure 3.10) from 2002 and 2003 berries increased markedly 

from the beginning of the season. Right after veraison, the dry seed weight remained 

constant up to harvest. The 2001 growing season also experienced the same pattern, 
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but the increase before veraison was not so marked. Dry seed weight did not 

experience a large change after veraison for the three vintages. At harvest, the three 

vintages had similar dry seed weights (p=0.2050). 
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Figure 3.10. Dry seed weights for the 2001-2003 growing seasons, with error bars 
indicating ± SEM (N=5), and the corresponding number of seeds per berry for each 
year. 

Identification of phenolics. After extraction of phenolics from seeds and skins, 

the resulting aqueous extract containing the phenolics were analyzed for free 

monomers and proanthocyanidin cleavage products. Phenolics were identified by 

comparison of their elution time and absorbance spectra with those of commercial 

standards. In addition, the elution times were compared with those reported in 

literature (Lamuela-Raventos and Waterhouse, 1994; Kennedy and Jones, 2001). 
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Figure 3.11 shows the separation of an aqueous extract from grape seeds. The 

elution times for the free monomers (+)-catechin and (-)-epicatechin were consistent 

with those of commercial standards. The analysis of seed monomers (Figure 3.11) 

shows the presence of (+)-catechin, (-)-epicatechin and (-)-epicatechin-3-0-gallate 

flavan-3-ol monomers, while skin analysis (Figure 3.12) only shows the presence of 

(+)-catechin. Similarly, in Figure 3.13, the separation and identification of 

anthocyanins one week after veraison is also shown. Malvidin-3-glucoside was the 

primary anthocyanin; however, delphinidin, cyanidin, petunidin and peonidin were 

also observed. 
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Figure 3.11. HPLC separation of free flavan-3-ol monomers from Pinot noir seeds. 
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Figure 3.12. HPLC separation of free flavan-3-ol monomers from Pinot noir skins. 

3 
<     150 - 
E _3 

00 

8 ro 

<?   >«« 3                  2.       M n 

<     100 - M                  ^     rA *o 
0) en            .      "       c > 
o 
c di

n-
 

id
in

 

ni
di

 

S 
TO c     'S    §    S 
*       50- Ip

h 

id
in

 

pe
t P 

w 

< 
0 - I 

de
 

, 
  

cy
an

 

 1  

20 40 

Time (min) 

60 80 

Figure 3.13. HPLC separation of Pinot noir anthocyanins. 

Following acid catalyzed cleavage of the proanthocyanidins, phloroglucinol 

adducts of the proanthocyanidin extension subunits were observed. In the seed 

extract (Figure 3.14) (+)-catechin, (-)-epicatechin and (-)-epicatechin-3-0-gallate 

monomers and their corresponding phloroglucinol adducts were observed, (+)- 

catechin-phloroglucinol, (-)-epicatechin-phloroglucinol and (-)-epicatechin-gallate- 
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phloroglucinol. For skin extract after acid catalysis (Figure 3.15), (+)-catechin, 

(+)-catechin-phloroglucinol, (-)-epicatechin-phloroglucinol, (-)-epicatechin-3-(9- 

gallate-phloroglucinol and (-)-epigallocatechin-phloroglucinol were found. 
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Figure 3.14. HPLC separation of Pinot noir seed proanthocyanidin subunits after 
acid catalysis in the presence of phloroglucinol. 
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Figure 3.15. HPLC separation of Pinot noir skin proanthocyanidin subunits after 
acid catalysis in the presence of phloroglucinol 

Proanthocyanidin development in seeds. Seed proanthocyanidins developed in 

a manner consistent with other varieties (Kennedy et al., 2000A; Kennedy et al., 
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2000B). Figure 3.16 shows the development of flavan-3-ol monomers, extension 

and terminal subunits in berries collected during the 2001-2003 growing seasons. 

On a per seed basis, the flavan-3-ol monomers appeared earlier in the 2003- 

growing season, reaching their maximum amount per seed near veraison and then 

decreasing. For 2001 and 2002, the maximum peak was observed approximately 

one week after veraison, with the amount per seed being higher for the 2001 growing 

season. When expressed on a per gram fresh berry weight basis, grapes from 2003 

reached their maximum concentration of flavan-3-ol monomers around one week 

prior to veraison, and their concentration was considerably higher when compared 

to the two previous years. Although differences were obvious through the season, no 

significant difference in monomer concentration per gram of berry was found at 

harvest (p=0.4280) for the three years. 

The amount of total extension subunits in seeds was similar for the 2001 and 

2002 growing seasons. On a per seed basis, these two years experienced a decrease 

in extension subunits after reaching a maximum concentration near veraison. 2003 

reached highest concentration approximately 2 weeks before veraison, and remained 

nearly constant for the following 4 weeks. The pattern was different when expressed 

on a per gram of berry basis: For the three vintages, the maximum concentration 

was observed at the beginning of the season, decreasing continuously through the 

growing season. The three years followed a somewhat parallel behavior across the 

season. At harvest, the extension subunit content was significantly lower (pOOO.l) 
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for 2001 in comparison with the other years. No significant difference was found 

between 2002 and 2003. 

Analyzing the seed terminal subunits on a per seed basis, it is clear that 2003 had 

a different pattern when compared with the two previous years. Grapes from this 

particular year experienced a continuous increase until one week after veraison. 

Then a dramatic decrease occurred followed by a constant concentration (and slight 

increase) through the end of the season. Grapes from 2001 and 2002 growing 

seasons had the lowest concentration of seed terminal subunits near veraison, 

reaching the maximum peak three weeks after that. It is interesting to note that the 

three years had a peculiarly high accumulation of terminal subunits three weeks 

after veraison, foilowed by a slight decrease (less pronounced for 2002) and then a 

slight increase until harvest. On a per gram of berry basis, the story was different: 

the three years reached their maximum peak several weeks prior to veraison. 

Although the concentrations were very different, especially for the 2003-growing 

season, the pattern of accumulation was similar. The three years decreased 

continuously until approximately one week after veraison, then the concentration 

remained almost constant and an increase was observed just at the end of the season 

(one week after commercial harvest, due in part to berry shriveling). On a per gram 

berry basis, the terminal subunit content in seeds was significantly higher for 2003 

in comparison with 2001 (p=0.0020) and 2002 (p=0.0029). No significant difference 

was found between 2001 and 2002 (p=0.9786). 
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Figure 3.16. Development of flavan-3-ol components in grape seeds during the 
2001-2003 growing seasons, with error bars indicating ± SEM (N=5). A) Monomers 
(nmol/seed); B) Monomers (nmol/gm berry); C) Extension subunits (nmol/seed); D) 
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Extension subunits (nmol/gm berry); E) Terminal subunits (nmol/seed); F) 
Terminal subunits (nmol/gm berry). 

Seed proanthocyanidin composition. Extension subunit composition in Pinot 

noir seeds throughout berry development was predominantly (-)-epicatechin. Near 

veraison, 11% (by mol) of total extension subunits were (-)-epicatechin, while (+)- 

catechin accounted for 13%) and (-)-epicatechin-3-0-gallate made up the remaining 

10%) of total extension subunits. When comparing extension subunit composition 

between 2002 and 2003 (Figure 3.17), 2003 experienced a slight increase in the 

proportion of catechin extension subunits; however, this increase was only around 

2%) in comparison with 2002. In general, both years kept roughly the same 

proportion of these subunits. At veraison, the total extension subunit in 2002 was 

around 88%) of that in 2003. For both years, the maximum amount of extension 

subunits was reached around veraison, and then a decrease in concentration was 

observed. After veraison, seed subunits during the 2003 growing season had a 

greater decrease in comparison with 2002. At harvest, 2002 represented 95% of the 

total extension subunits observed in 2003. 

The compositional changes of flavan-3-ol monomers showed a different pattern. 

At veraison, approximately 56% of the flavan-3-ols were (+)-catechin while the 

proportions of (-)-epicatechin and (-)-epicatechin-3-0-gallate were 36 and 8%), 

respectively. Similarly, seeds from 2003 showed a higher concentration of flavan-3- 

ols in comparison with 2002. At veraison, total flavan-3-ol monomers in 2002 

represented only 89%) of the flavan-3-ols present in the 2003 seeds. 
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Larger differences were observed when analyzing the terminal subunit 

composition between 2002 and 2003. At veraison, 2002 had a higher proportion of 

(+)-catechin (65.7%) and lower proportion of (-)-epicatechin (10.5%) in comparison 

with 2003, whose concentrations of (+)-catechin and (-)-epicatechin were 56 and 

27.3%, respectively. The 2003 vintage had also higher concentration of terminal 

subunits. At veraison, 2002 represented 37% of the terminal subunits present in the 

2003 seeds. 

Although there were differences in terminal subunits between vintages, when 

summing terminal and extension subunits (Figure 3.17 G-H), the proportions were 

similar. At veraison, for both vintages, the proportion of flavan-3-ol subunits 

(monomers and terminal subunits) was similar. Approximately 57% of the flavan-3- 

ols were (+)-catechin while the proportions of (-)-epicatechin and (-)-epicatechin-3- 

Ogallate were 32 and 11%, respectively. In addition, this graph also shows that 

after veraison, the proportion of subunits remain fairly constant for both years. 
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Figure 3.17. Subunit composition of seeds after acid-catalyzed cleavage of 
proanthocyanidins. A) Extension subunit development for the 2002 growing season 
(nmol/seed); B) Extension subunit development for the 2003 growing season 
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(nmol/seed); C) Terminal subunit composition for the 2002 growing season 
(nmol/seed); D) Terminal subunit composition for the 2003 growing season 
(nmol/seed); E) Flavan-3-ol monomer composition for the 2002 growing season; F) 
Flavan-3-ol monomer composition for the 2003 growing season; G) Flavan-3-ol 
monomer and terminal subunit composition for the 2002 growing season 
(nmol/seed); H) Flavan-3-ol monomer and terminal subunit composition for the 
2003 growing season (nmol/seed). Abbreviations: C (+)-catechin; EC (-)- 
epicatechin; ECG (-)-epicatechin-3-Ogallate; C-P (+)-catechin-phloroglucinol; 
EC-P (-)-epicatechin-phloroglucinol; ECG-P (-)-epicatechin-3-0-gallate- 
phloroglucinol. 

Proanthocyanidin development in skins. The development of total skin 

proanthocyanidins is shown in Figure 3.18. Skin extension subunits accounted for 

much of the skin tannin content. Monomers and terminal subunits in skins were 

responsible for 0.5 and 3.0% of the total skin tannin amount, respectively, and this 

proportion remained nearly constant across maturity and vintage. 

On a per berry basis, the amount of proanthocyanidins in skin tissue produced 

over the 2001 and 2002 vintages were similar in both pattern of accumulation and in 

amount. Skin proanthocyanidins from 2001 had the highest concentration around 

veraison while 2002 skins reached the highest concentration two weeks after 

veraison. The skins from these two years experienced a decrease in tannins two 

weeks after veraison. At harvest, no significant difference (p=0.6351) was found 

between 2001 and 2002 skin proanthocyanidins. In contrast, skin tannin during the 

2003 growing season had an earlier and greater accumulation reaching a maximum 

concentration near veraison. This pattern was similar to that observed in seed 

proanthocyanidin development for the same year. Although proanthocyanidin 

accumulation at veraison was higher when compared to the two previous years, 

differences were reduced towards the end of the season. At harvest, 2003 was 
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significantly different from 2001 (p=0.0214) and 2002 (p=0.0041) in terms of 

skin proanthocyanidin content. For the three years, the skin proanthocyanidin 

content at harvest declined to 65% of the maximum amount observed around 

veraison. 

On a berry weight basis, the three vintages developed in similar manner. They 

reached a maximum concentration of skin proanthocyanidin several weeks prior to 

veraison and then a constant decrease was observed throughout maturity. At harvest, 

2001 had the lowest concentration of skin proanthocyanidin, however, when 

compared with 2002, this difference was not significant (p-0A907). The skin 

proanthocyanidin content at harvest was significantly higher for the 2003 vintage 

when compared to 2001 (p=0.0002) and 2002 (p=0.0052). 
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Figure 3.18. Development of total proanthocyanidin in grape skin during the 2001- 
2003 growing seasons, with error bars indicating ± SEM (N=5). A) nmol/berry; B) 
nmol/gm berry 

Skin proanthocyanidin composition. In Pinot noir grape skin, (-)- 

epigallocatechin extension subunits were found in addition to (+)-catechin, (-)- 

epicatechin and (-)-epicatechin-3-0-gallate. Extension subunit composition in skins 
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was primarily (-)-epicatechin and (-)-epigallocatechin. From the total skin 

proanthocyanidin pool, approximately 60% (by mol) corresponded to (-)- 

epicatechin and 33% to (-)-epigallocatechin. (+)-Catechin was the only flavan-3-ol 

monomer found in this analysis and was present in low concentration (3% of the 

total pool). 

As observed in Figure 3.19, there was a greater accumulation of extension 

subunits during the 2003-growing season. At harvest, the total subunit content in 

skins from 2002 was 77.5% of the content present in 2003 skins. 
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Figure 3.19. Subunit composition in skin after acid-catalysis cleavage of 
proanthocyanidins, with error bars indicating ± SEM (N=5). A) Subunit 
development during the 2002 growing season ((+)-catechin includes terminal and 
flavan-3-ol monomers) (nmol/berry); B) subunit development during the 2003 
growing season ((+)-catechin includes terminal and flavan-3-ol monomers) 
(nmol/berry); C) flavan-3-ol monomers during the 2002 growing season 
(nmol/berry); D) flavan-3-ol monomers and terminal subunits during the 2003 
growing season (nmol/berry). Abbreviations: C (+)-catechin (including monomers 
and terminal subunits); C m (+)-catechin (only monomers); C-P (+)-catechin- 
phloroglucinol; EC-P (-)-epicatechin-phloroglucinol; ECG-P (-)-epicatechin-3-(9- 
gallate-phloroglucinol; EGC-P (-)-epigallocatechin-phloroglucinol. 

Mean degree of polymerization of seed and skin proanthocyanidins. The 

apparent mean degree of polymerization (mDP) of seed proanthocyanidins (Figure 

3.20) followed similar trends over the 2001 and 2002 vintages, however, these 

values differed greatly from the 2003-growing season. While the 2001 and 2002 

growing seasons experienced a decrease in mDP after veraison, the 2003 mDP 

decreased constantly from several weeks prior to veraison (10 units) until the end of 

the season (6 units). At harvest time, 2003 had the lowest mDP in seeds. In contrast, 

seed proanthocyanidin from 2002 had the highest mDP across the season, reaching 

the maximum peak at veraison (11.5 units), followed by a decrease throughout 

harvest (9.5 units). The mDP at harvest was significantly different (p^O.OlO) 

between 2002 and 2003. No significant difference was found between 2001 and the 

other two years. 

The mean degree of polymerization (mDP) of skin proanthocyanidins (Figure 

3.21) was higher than those observed in seed proanthocyanidin. The three vintages 

showed different patterns. While 2001 and 2002 seemed to increase throughout 

maturity, 2003 remained fairly constant with a slightly higher value around veraison. 
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Figure 3.20. Mean degree of polymerization of grape seed proanthocyanidins for cv. 
Pinot noir during berry development for the 2001-2003 growing season with error 
bars indicating ± SEM (N=5). 

At harvest, 2002 had the highest skin mDP, which was significantly higher 

(p<0.001) when compared with other vintages. The mDP from grape skins grown 

during this year experienced the highest rate of increase from 30 units before 

veraison to 42 units at harvest. 

The 2001 growing season had the lowest mDP values, starting with 20 units 

before veraison, and finishing with 26 units at harvest. Grape skin 

proanthocyanidins from the 2003-growing season did not experience a dramatic 

increase in mDP. Although grapes from 2003 had a higher mDP than 2002, these 

differences were not significant (p=0.5107). 
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Figure 3.21. Mean degree of polymerization of skin proanthocyanidins for cv. Pinot 
noir during berry development for the 2001-2003 growing seasons, with error bars 
indicating ± SEM (N=5). 

Relationship between seed monomers and seed weight. Figure 3.22 shows the 

relationship between flavan-3-ol monomers present in seeds and their corresponding 

fresh seed weight for the 2002 and 2003 growing seasons. As observed in the 

previous section (Figure 3.9), the fresh seed weight experienced two clear phases of 

development: an increase in weight until veraison and a decrease in weight 

thereafter. The data considered in this relationship corresponds to the second phase 

of seed development (after veraison) in which only a decrease in weight is observed. 

These results indicate that the loss of seed weight was accompanied by a loss of 

flavan-3-ol monomers with a good correlation. 
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Figure 3.22. Relationship between flavan-3-ol monomers present in seeds and the 
fresh seed weight (mg/seed) from the 2002 and 2003 growing seasons 

Anthocyanin development. Figure 3.23 shows the pattern of anthocyanin 

accumulation in Pinot noir berries during the 2001-2003 growing seasons. The total 

anthocyanin content was calculated as the sum of the individual compounds 

determined by HPLC and expressed as malvidin-3-glucoside equivalents. The 

anthocyanin development was similar for the three vintages in both pattern of 

accumulation and concentration. Only the first vintage had a higher concentration of 

anthocyanins especially at harvest times, however, while the anthocyanin amount 

per berry was generally higher during the 2001 growing season, the lower harvest 

berry weight observed during the 2002 and 2003 growing seasons minimized these 

differences at the winemaking level (Figure 3.23-B). While fruit from 2001 and 
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2003 experienced a decrease in anthocyanin accumulation one week post harvest, 

2002 remained constant until the end of the season. 

At harvest, and on a per berry basis, the anthocyanin concentration for 2001 was 

significantly higher than for 2002 (p= 0.0019). No significant differences were 

found between 2003 and the other two years. On a per gram of berry basis, although 

the differences were minimized, there were still significant differences between 

2001 and 2002 (p=0.0327). 

?"1 -♦- 2001 

lv
id

in
-3

-g
lu

c 
eq

 

at
   

   
   

 b
 -O- 2002 

—T- 2003 

A „#%; I 
g   0.6 • /&            NtY     ? 

S  o.a ■ 

// 

71          11 

»    0.2 • c 
c 

S  0'0 ' 
S 
5 

^0* 
26-Aug 09-Sep 

Date 

23-Sep 07-Ocl 

Figure 3.23. Development of anthocyanins during the 2001-2003 growing seasons, 
with error bars indicating ± SEM (N=5). A) mg/berry; B) mg/gm berry. 

Anthocyanin composition. Anthocyanin composition in grapes from the 2002 

and 2003 growing seasons are shown in Figure 3.24. Anthocyanin composition in 

Pinot noir berries was predominantly malvidin-3-glucoside. At harvest, 62.5% (by 

weight) of the total anthocyanins were malvidin-3-glucoside, with delphinidin-3- 

glucoside, cyanidin-3-glucoside, petunidin-3-glucoside and peonidin-3-glucoside 

accounting for the 8, 2, 10 and 17.5%, respectively. 

As observed, grapes from the 2003 vintage accumulated slightly more 

anthocyanin in comparison with 2002. While malvidin-3-glucoside content 
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remained somewhat constant during the last weeks of the 2002 vintage, peonidin- 

3-glucoside increased slightly through the end of the season. 
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Figure 3.24. Anthocyanin composition in grape skin during the 2001-2002 growing 
seasons, with error bars indicating ± SEM (N=5). A) Anthocyanin components 
during the 2002 growing season; B) Anthocyanin components during the 2003 
growing season. Abbreviations: Dp Delphinidin; Cy Cyanidin; Pt Petunidin; Pe 
Peonidin; Mv Malvidin. 

Discussion 

The overall objective of this chapter was to understand the relationship between 

climate and phenolic development in grapes. 

Differences in temperature (and therefore heat accumulation) were observed 

between the three vintages. Vine growth is responsive to temperature (Mullins et al., 

1992). Some substances such as sugar, acids, and pigments are dependent upon 

temperature and heat accumulation (Winkler at al., 1974). Hence, Kliewer (1964) 

reported that increasing temperatures from 10 to 25 0C increased the synthesis of 

tartaric and citric acid; however, temperatures higher than this resulted in a 
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reduction of these acids. Similarly, Kliewer and Torres (1972) reported that 

grapes grown under cooler night temperatures had higher accumulation of 

anthocyanins. Since 2003 was a warmer year, it would be expected to have an 

earlier development and a different pattern of accumulation for some components. 

When analyzing the berry weight development during the three growing seasons 

(Figure 3.4), it is clear that berries grown during the 2003-growing season 

experienced an earlier increase in berry size in comparison with the other years. 

However, this growth stopped about 3 weeks before the end of the season. At 

harvest time, 2003 had the lowest berry weight and 2001 the highest. These 

differences in berry weight could be due to differences in vineyard management 

practices, which was considerably different for 2001 in comparison with the other 

vintages (i.e.: significantly more crop was thinned in 2001). The reduction in crop 

load is associated with berries of bigger size. Here, a more vigorous cluster thinning 

is compensated by the vine by producing larger berries. Similar results have been 

reported previously (Bravdo et al., 1985). 

Heat summation could have also played a role in the smaller berry size observed 

for the 2003 vintage. McCarthy (1999) reported smaller berries in years with higher 

growing degree-days. He proposed two mechanisms by which berry weight 

decreased during warmer years. The first suggests a decrease in the rate of cell 

division in pericarp tissue. Thus, Kliewer (1977) reported an adverse influence of 

high temperatures on cell division during the first stage of berry development. 

Similarly, Hale and Buttrose found that high day/night temperatures during the first 
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stage of berry development irreversible reduced final berry size. However, high 

temperatures during the second rapid berry growth phase had no effect on final 

berry size. Since our results showed that 2003 had berries with bigger sizes during 

the early stage of berry development (pre-veraison), it would not be likely that the 

small berry weight at harvest observed for this year is due to changes during the 

early phase of berry development. The second possible mechanism is related to 

shrinkage of berries during advanced stages of ripening. The berry growth for the 

2003 growing season stopped three weeks before commercial harvest while for the 

other vintages the berry weight kept increasing. Warmer years could promote a 

higher water loss in berries (McCarthy, 1999). 

Berry weight at harvest time has important implications from a winemaking 

perspective. Smaller berries would be expected to produce a more concentrated 

wine assuming the same per berry quantity of components like phenolics, 

polysaccharides and aroma compounds. 

The commencement in berry weight reduction for the three years occurred on 

similar dates and soluble solids concentration. 2002 experienced the most dramatic 

decline in berry weight, which occurred when the soluble solids were 23.6 0Brix. 

The 2003-growing season on the other hand experienced a slight decrease when the 

fruit had reached 24.5 0Brix. Similar results were reported by Uhlig (1993) and 

McCarthy (1999); both found a decline in berry weight for several years when the 

berries had reached 22-24 0Brix. 
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Similar to the pattern observed for the whole berry analysis, skin weight 

increased earlier for the 2003 growing season (Figure 3.5A). However, when the 

grape skins were dried (Figure 3.5B), the resulting weights were very similar for all 

years. These results suggest that even when the warmer year had an earlier increase 

in skin and berry weight, this increased weight was likely the result of larger cell 

volume as a result of water accumulation. The dry skin weight increased throughout 

the ripening period, and reached a constant weight for the last two harvest dates. 

Similar results have been reported (Pirie and Mullins, 1977). 

The sugar accumulation for the 2003 growing season occurred earlier when 

compared with the other vintages. Similar to patterns observed for berry and skin 

weight, the differences between soluble solids for 2003 and the other vintages were 

minimal during the harvest window. At commercial harvest, the 2003 growing 

season had higher soluble solids (24.50Brix) in comparison to the other vintages. 

Although the berry weight loss was pronounced (17% berry weight loss) at the 

end of the 2002 growing season, the sugar content did not experience a dramatic 

increase as a result of concentration for the last three pick dates (Figure 3.6). 

Moreover, the soluble solids decreased 11% during the last three pick dates. Since 

the optimum temperature for photosynthesis is between 25 and 30 0C (Kriedemann, 

1968), the decline in sugar accumulation would not be due to photosynthesis decline 

as a result of warm conditions. Partial breakdown of glucose by the way of pentose 

phosphate cycle, as reported by Kliewer (1965) in glucose-decreasing grapes at the 

end of the berry maturation, could be the reason why sugar content decreased in the 
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concentrated juice. He observed a decrease in glucose from 10 to 6.5% (percent 

of fresh weight), which corresponded to a decrease in 16% (by weight) of glucose 

on a per berry basis during the last four weeks of ripening. In our study, the decline 

in sugar per berry basis was observed only during 2002. For the other two vintages, 

the sugar accumulation kept increasing (only slightly for 2003) until the end of the 

season. 

Titratable acidity (TA) and pH during the three vintages (Figure 3.7-3.8) had 

unexpected behaviors. Although the patterns across maturity were comparable to 

previous studies (increase in pH and decrease in TA) (Harris et al., 1968), there was 

no relationship between pH and TA between vintages. Only 2002 had the highest 

TA and the lowest pH in comparison with the other years. The pH was significantly 

higher for the 2001 growing season, however, the TA was very similar to that 

observed during the 2003 vintage. Since tartaric acid is respired at temperatures 

above 30oC (Winkler et al., 1974) and malic acid is quickly respired at temperatures 

above 250C (Lakso and Kliewer, 1978), it is likely that the low TA observed during 

the 2003 growing season was the result of acid degradation due to the warmer 

conditions for this particular year. In addition, the low TA for 2001 might have been 

due to the dilution of acids as a result of the larger berry size for this year (Ruffher 

etal., 1983). 

Although soil management practices were constant during the three vintages, it 

could be possible that higher intake levels of potassium in 2001 berries played a role 

in the higher pH observed in this year, in comparison with 2003. Zelleke and 
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Kliewer (1979) reported that potassium intake was significantly higher when root 

temperatures were higher. Since potassium ions are interchangeable with hydrogen 

ions within the grape (Boulton, 1980; Butzke and Boulton, 1997), higher potassium 

content could produce a decrease in hydrogen ions with a corresponding increase in 

pH. 

The similar values of TA between vintages in contrast with the dramatic 

differences in pH indicate that even when the free hydrogen ion concentration in 

grapes was different, the total acidity (dissociated and undissociated) remained 

constant. 

The grape seed weight (Figure 3.9-3.10) followed patterns similar to those 

reported by Kennedy et al. (2000A). From veraison through harvest, the seeds did 

not gain dry weight, while the fresh seed weight decreased constantly from veraison 

to harvest. No change in fresh seed weight was observed during the last pick dates 

for the 2003 vintage. 2001 and 2002 seed weights declined continuously throughout 

fruit ripening. This suggests that the seeds for these two years were still developing 

at harvest time. These differences could affect the extractability of seed 

proanthocyanidins. The early weight gain observed in 2003 seeds might have been 

due to the higher heat accumulation experienced during this year. 

Similarly, temperature is also associated with the seed number per berry. A 

significantly higher number of seeds per berry were found during the 2003 growing 

season. This particular year experienced higher maximum and minimum daily 

temperatures (Figure 3.2-3.3) at fruit set and a few weeks before that. These results 
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are consistent with those found by Ebadi et al. (1995) who reported a reduced 

number of seeds per berry when the vines were exposed to low temperatures just 

before and during flowering. Similarly, Ewart and Kliewer (1977) found that the 

number of seeds per berry in vines grown (from one week before fruit set through 

veraison) at 25/10° and 25/20° (day/night) were approximately double than that of 

vines held at 15/10 0C. Low temperatures are also reported to reduce the ovule 

fertilization (Buttrose and Hale, 1973; Kobayashi et al., 1965). According to 

Cawthon and Morris (1982), the seed number per berry is directly related to 

accumulation of 14C-photosynthate, fresh weight and dry weight, and little 

relationship with berry content of abscisic acid. The knowledge of the number of 

seeds per berry has important implications from a winemaking standpoint. Grapes 

with a higher number of seeds would be expected to produce a more tannic wine 

assuming the same quantity of proanthocyanidins on a per seed basis given a similar 

berry weight. 

Two well defined stages were observed in the seed proanthocyanidin 

biosynthesis (on a per seed basis) during the three growing seasons (Figure 3.16): i) 

a stage of accumulation that took place since several weeks before veraison, and ii) 

a stage of decline from veraison through harvest. The synthesis and accumulation of 

proanthocyanidins in seeds coincides with seed development. The peak of 

maximum seed weight and seed proanthocyanidin was reached at similar dates. 

During fruit ripening, the proanthocyanidin content decreased, apparently due to 

oxidation reactions (Kennedy, 2000B). In addition, this decrease could also be 
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attributed to a reduction in extractability resulting from the conjugation of 

proanthocyanidins with other cellular components. Thus, Downey (2003) reported 

that, after acetone extraction, substantial amounts of terminal and extension subunit 

residues were retained in post-veraison seeds. 

Seed monomers developed just before veraison similar to other varieties 

(Romeyer et al., 1986; Kennedy et al., 2000A). The proanthocyanidins (extension 

subunits) on the other hand were already present and were maximal around veraison, 

consistent with other studies (Kennedy et al., 2000A; Kennedy et al., 2000B). When 

comparing the three vintages in terms of proanthocyanidin accumulation, it is clear 

that grapes from 2003 accumulated higher amounts of flavan-3-ol monomers and 

proanthocyanidins earlier. The warmer conditions observed during this year might 

have enhanced the activity of some enzymes responsible for the biosynthesis of 

phenolics. Separating the effects of temperature and sunlight on grape berry 

composition is difficult because many of the biochemical pathways are both light 

and temperature sensitive. Although high heat accumulation and temperature peaks 

were observed during the 2003 growing season, light intensity may also be involved 

in the greater tannin content observed for this year. Swain and Williams (1970) 

reported that light greatly enhanced the synthesis of phenolic compounds in plant 

tissues. Similarly, Crippen and Morrison (1986) found that soluble phenols were 

significantly higher in sun exposed berries when expressed on a per berry basis. 

Even when the accumulation of monomers and extension subunits was higher at the 

beginning of the 2003 season (per seed basis), at harvest, the concentration was 
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similar to the other years. Terminal subunits did not experience the decline 

observed in extension subunits and monomers after veraison. The concentration for 

these years remained fairly constant after veraison and for 2003, the terminal 

subunit concentration increased beginning approximately three weeks before 

veraison (on a per seed basis). 

The patterns observed in proanthocyanidin biosynthesis and accumulation on a 

per gram of berry basis are consistent with those reported in literature (Kennedy, 

2000A; Downey, 2003). However, since the berry sizes were very different for these 

vintages, the analysis and discussion of proanthocyanidin accumulation are focused 

on the per seed or per berry basis. 

The seed flavan-3-ol monomers observed in this study (Figure 3.17 C-D), 

included (+)-catechin, (-)-epicatechin and (-)-epicatechin-3-0-gallate. (+)-Catechin 

was the major component of the flavan-3-ol monomers and terminal subunits 

followed by (-)-epicatechin. Similar results have been reported in Pinot noir 

(Santos-Buelga et al., 1994) and in other varieties (Prieur et al., 1994; Kennedy at 

al., 2000B; Su and Singleton, 1969). In contrast, when analyzing the extension 

subunits (Figure 3.17 A-B), it was found that (-)-epicatechin was the major subunit, 

followed by (+)-catechin and (-)-epicatechin-3-0-gallate. Although research done 

on other varieties support (-)-epicatechin as the major extension subunit present in 

seeds, the next subunit found in largest amount was reported to be (-)-epicatechin-3- 

0-gallate (Kennedy at al., 2000A; Kennedy at al., 2000B), which is not consistent 

with our results. Even when the concentration of (+)-catechin and (-)-epicatechin-3- 
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(9-gallate were very similar, (+)-catechin was higher than (-)-epicatechin-3-0- 

gallate. 

When analyzing the composition of subunits in grape seeds, it is noteworthy that 

even when there were differences in concentration and proportion between 

monomers and terminal subunits, the sum of these two compounds yielded constant 

concentrations during the post-veraison stage. Similarly, 2002 and 2003 experienced 

different proportions of seed terminal subunits at veraison, however, when flavan-3- 

ol monomers and terminal subunits were considered together (Figure 3.17 G-H), the 

proportions were similar across vintages. For 2003, on September 8th the 

concentration of all the subunits of flavan-3-ol monomers was slightly higher in 

comparison with the next sampling dates (Figure 3.17 E-F). The composition of 

terminal subunits for the same date, was lower than the next sampling dates and 

increased throughout harvest (Figure 3.17 C-D). Similarly, the proportion of (-)- 

epicatechin within the terminal subunits for this date was lower in comparison with 

the next sampling dates. However, when considering flavan-3-ol monomers and 

terminal subunits together (Figure 3.17 G-H), the proportion of subunits remained 

constant after veraison. In addition, it can be observed that (-)-epicatechin is the 

second major component within the flavan-3-ol monomers during the entire season 

for 2002 and 2003. Within the terminal subunits, (-)-epicatechin represents the 

lowest proportion in the pre-veraison stage, however, it becomes the second largest 

subunit at post-harvest. These results along with the decrease in mean degree of 

polymerization could indicate the incorporation of monomers into terminal subunits. 
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Through acid-catalyzed degradation, terminal subunits may experience 

transformation to monomers and vise versa. 

In grape skins, the extension subunits accounted for almost all the subunits 

present in skins (96.5%). These results are consistent to those reported in cv. Merlot 

in which the monomers represented 2% of the total flavanols extracted from skins 

(Souquet et al., 1996). As observed, 2003 had the highest accumulation of 

proanthocyanidins at the beginning of the season. Although the differences were 

minimized after veraison, 2003 still had the highest concentration of skin 

proanthocyanidins at harvest. This behavior is similar to that observed in seed 

proanthocyanidins: warmer years had higher proanthocyanidin accumulation. Price 

at al. (1995) found that exposure to sunlight increased total phenol concentration in 

Pinot noir skin disks without affecting anthocyanin concentrations. Wicks and 

Kliewer (1983) reported that total phenolic levels were significantly affected by 

light in the skin of Emperor grapes and, in contrast with what was reported by Price 

(1995), the anthocyanin content was also affected. Although in our experiment it 

was not possible to separate light and heat, the correlations observed between heat 

accumulation and proanthocyanidin content provide good indication of the factors 

that can influence the proanthocyanidin biosynthesis. 

Although the nature of the decrease still remains unclear, the decline in grape 

skin proanthocyanidins between veraison and harvest (per berry basis) could be 

attributed to proanthcyanidins in the skins forming increasingly stable associations 

with other cellular components. Thus, previous studies reported proanthocyanidins 
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forming associations with other cellular components such as cell wall 

polysaccharides or proteins (Kennedy et al., 2001; Escribano-Bailon et al., 1995; 

Haslam, 1980). 

The proanthocyanidin subunits in skins were composed primarily of (-)- 

epicatechin extension subunits. Skin also contained significant proportion of (-)- 

epigallocatechin extensions subunits. The only flavan-3-ol monomer observed in 

skins was (+)-catechin. Although (-)-epicatechin has been reported to be present in 

skins in other grape varieties (Katalinic, 1999), Escribano-Bailon et al. (1995) did 

not find monomers of (-)-epicatechin in Pinot noir skins. Similarly, Kennedy et al. 

(2001) did not report (-)-epicatechin or (-)-epicatechin-3-0-gallate as terminal 

subunits in skins from cv. Shiraz. The degradation products released after the acid 

catalysis of the grape skins yielded (+)-catechin, (-)-epicatechin, (-)-epicatechin-3- 

O-gallate and (-)-epigallocatechin. The same extension subunits with comparable 

proportions (60% (-)-epicatechin) were reported in skins from cv. Merlot grapes 

(Souquet et al., 1996). In the present study, the flavan-3-ol components released 

after acid catalysis decreased after veraison but their proportion remained fairly 

constant throughout the end of the season. For 2003, the monomers of (+)-catechin 

remained constant during post-veraison while the terminal subunits decreased and 

experienced an increase only on the date that corresponded to commercial ripeness 

(Figure 3.19 C-D). Since monomers remained constant despite the changes in 

terminal subunits, the transformation of monomers into terminal subunits, as 

hypothesized in seeds, does not appear to occur in skin proanthocyanidins. 
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The mean degree of polymerization (mDP) in seeds from 2003 decreased prior 

to veraison. Proanthocyanidins for this vintage formed earlier than in the other 2 

years, and experienced a decrease in molecular size throughout harvest. On the other 

hand, grapes from 2001 and 2002 growing seasons reached the maximum chain 

length around veraison and declined after that. The mDP for skin proanthocyanidins 

had a different pattern. The molecular weight of skin proanthcoyanidins kept 

increasing (especially for 2001 and 2002) until the end of the season. Similar results 

were reported in literature (Kennedy et al., 2001; Souquet et al., 1996; Kennedy et 

al., 2002). As expected these results indicate that proanthocyanidin from skins have 

a larger molecular size (5 times) than seed proanthocyanidins. 

When grape seed proanthocyanidins are analyzed by high performance gel 

permeation chromatography (Kennedy and Taylor, 2003), a reduction in the 

molecular weight distribution was observed with maturity, suggesting that the mDP 

observations are indicative of actual degree of polymerization. 

The decrease in seed weight after veraison is proportional to the decrease in seed 

flavan-3-ol monomers. Since the dry seed weight remains fairly constant after 

veraison, it is clear that the decline in fresh seed weight is due mainly to water loss. 

Speculating, the loss of water that seeds experience during the second phase of berry 

growth would produce reduction in cell size with a corresponding reduction in 

permeability. Hence, the extractability of compounds like flavan-3-ol monomers 

would be reduced in more mature seeds. Further research will necessary in order to 
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confirm this relationship and to find other possible explanations for this 

phenomenon. 

Five anthocyanin monoglucosides (cyanidin, delphinidin, petunidin, peonidin 

and malvidin) were found after reversed-phase analysis, consistent with previous 

studies (Rankine, et al., 1958; Fong et al., 1971). The amount of anthocyanin 

extracted per gram of berry in Pinot noir was comparable to those reported in 

literature (Puissant and Leon, 1967). Since grapes from the 2001 growing season 

were bigger, it would be expected to have less anthocyanin content on a per berry 

weight basis. However, anthocyanin accumulation in grapes are enhanced by 

decreasing the crop load (Kliewer and Weaver, 1971), so that the low yield 

observed in the 2001 vintage could have accounted for the higher anthocyanin 

content present in grapes at harvest. 

Light intensity and temperature are generally two interrelated factors. In most 

cases, an increase in temperature is observed as a result of more sun exposure. 

These two factors produce contrasting effects in the anthocyanin synthesis. Hence, 

Kliewer (1977) showed that low light intensity greatly reduced the coloration of 

Emperor grapes compared to fruit ripened at high light intensity. In contrast, 

Downey (2003) did not find differences between anthocyanin levels in light exposed 

and shaded grapes in two of the three seasons studied. However, Kliewer and Torres 

(1972), using controlled growth rooms, reported that 68 0F day temperature (night 

temperature constant at 59 0F), greatly increased the level of pigments in skins of 

Pinot noir grapes compared to fruit ripened at 86 0F day temperature. Assuming 
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similar light intensities for the three years, the higher anthocyanin content 

observed in the 2001 vintage could be attributed to cooler weather conditions. 

Grapes grown during the 2001 and 2003 growing seasons experienced a decrease 

in anthocyanin content for the last pick date (over-ripeness). Similar results were 

reported by Hrazdina et al. (1984), who explained that the decline in anthocyanin 

content was related to the activity of an enzyme responsible for the anthocyanin 

biosynthesis (phenylalanine ammonia lyase) present during the development of 

berries, which declined toward the end of the developing period. 

When comparing the anthocyanin components between vintages, it was found 

that even when there were slight differences in concentration, the proportion of the 

five anthocyanins remained nearly constant across vintages and across maturity. 

Only peonidin was observed to increase slightly for the last two pick dates in the 

2002 growing season. Although 2003 was the wannest year, no significant 

difference in anthocyanin content was found between 2003 and the other years. 

Downey (2003) suggested an association between vines grown at higher 

temperatures and a change in the proportions of anthocyanin components with a 

particular increase of trihydroxylated anthocyanins. He also observed that grapes 

grown under shaded conditions were consistently lower in anthocyanins with three 

oxygen substituents on the ring B and higher in anthocyanins with two oxygen 

substituents on the flavonoid ring B. The results observed by Downey (2003) are not 

consistent with those reported in the present study. The lack of dramatic change in 

anthocyanin composition between 2002 and 2003 vintages, in addition to the lack of 
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dramatic variation in total anthocyanin concentration, indicates that the 

differences in temperature between these years did not produce an effect in the 

anthocyanin behavior. 

In   summary,   the   relationship   between   anthocyanin   content   and  weather 

conditions remains poorly understood. It is possible that the lack of logic between 

these factors is due to the lack of well defined dates and stages of ripeness. The 

extractability of the anthocyanins may be governed by the states of maturity that 

controls the breakdown of skin cells (Ribereau-Gayon et al., 2000B). 

Conclusion 

Heat accumulation and temperature changes during grape development were 

associated with differences in the accumulation of phenolic compounds. Based upon 

this study, warmer years were associated with higher rates of proanthocyanidin 

accumulation and higher proanthocyanidin content in grape seeds and skin. 

Proanthocyanidin composition did not vary dramatically during ripening or across 

vintages. Anthocyanin accumulation did not vary with vintage. 
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CHAPTER 4 

The Effect of Grape Maturity on Wine Phenolics 

Introduction 

Grape berries experience many changes during the last stages of ripening. Some 

of these changes include berry shriveling, cell wall permeability (Nunan et al., 1998) 

and oxidation reactions (Kennedy, 2002), and could affect the extraction and 

perception of phenolics in wines. Hence, wines made with more mature grapes 

could have different sensory properties. With regard to the subject of this thesis, a 

common explanation for the observed differences in wine astringency perception as 

a function of berry ripeness is that there is a change in the composition of 

proanthocyanidins either through an increase in skin proanthocyanidin proportion or 

possibly through direct modification as a result of berry maturity. The term that is 

often applied to this phenomenon is "tannin ripeness". The increase in "tannin 

ripeness" is considered to be an improvement in bitterness and astringency 

perception. Although this observation is generally accepted in the wine industry, the 

chemical basis for this observation has yet to be elucidated. The overall objective of 

this chapter was to gain an improved understanding of how phenolics are extracted 

during wine production as a function of grape maturity. With this information it 
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was hoped that an improvement in our understanding of "tannin ripeness" could 

be made. 

Materials and Methods 

Chemicals. The chromatographic solvents were HPLC grade. Acetonitrile, 

methanol, ethanol, acetic acid, gallic acid, ascorbic acid and potassium metabisulfite 

were purchased from J.T. Baker (Phillipsburg, NJ). (+)-catechin, (-)-epicatechin, 

quercetin, phloroglucinol and caffeic acid were purchased from Sigma (St. Louis, 

MO). Malvidin-3-glucoside was purchased from Polyphenols Labs (Sandness, 

Norway). Ammonium phosphate monobasic and orthophosphoric acid were 

purchased from Fisher Scientific (Santa Clara, CA). Hydrochloric acid, ethanol and 

anhydrous sodium acetate were purchased from E.M.Science (Gibbstown, NJ), 

Aaper (Shelbyville, KY) and Mallinckrodt (Phillipsburg, NJ), respectively. 

Instrumentation. A Hewlett-Packard, Model 1100 HPLC (Palo Alto, CA) with 

a vacuum degasser, autosampler, quaternary pump, DAD, column heater, Pentium 

Ed computer and chemstation software was used for chromatographic analysis. A 

pH-meter Thermo Orion model 370 was used for pH measurements. Soluble solids 

were measured using a hand-held refractometer (Amercian optical corporation). A 

platform shaker model Innova 2300 purchased from New Brunswick Scientific 

(Edison, NJ) was used for the extraction of phenolics. A freeze drier (Labconco, 

Kansas City, MO) and rotary evaporator #R-205 (Buchi, Kansas City, MO) were 

also used. 
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Wine production. Wines were made using conditions according to 

commercial winemaking practices. For all wines, attention was directed to making 

wines in a consistent manner so that differences in wine composition could be 

attributed to grape maturity. Harvested grapes were divided into lots, destemmed 

and crushed in a destemmer-crusher (Coccaglio, USA), and 50 mg/L SO2 was added. 

Musts were kept at ~5 0C overnight. Following cold storage, musts were allowed to 

warm to room temperature (~8 hours) and were then inoculated with 1 g/L Lalvin 

RC 212 Bourgorouge yeast (Lallemand). Once fermentation commenced, 

fermenting wines were punched down twice a day. Fermentations were monitored 

with a hydrometer and temperatures were maintained below 31 0C. Upon dryness 

(-7-8 days), wines were pressed (up to 2.5 bars) with a balloon-type press (Willmes, 

Germany). Approximately one month after pressing, wines were racked and 

inoculated with 0.025 gm/gal Oenococcus oenos OSU strain, malolactic bacteria 

(Lallemand). Four months later, after completion of malolactic fermentation, wines 

were racked and 25 mg/L SO2 was added. Wines were stored at ~5 0C until bottling. 

Before bottling, SO2 was added to the wines in order to achieve 30 mg/L free SO2. 

For the 2001 vintage, grapes were harvested at two different maturities, on 

September 27th and October 4th with corresponding soluble solids of 23.7 and 27.0 

0Brix, respectively. For each date, grapes were divided into two replicate lots, 

although one lot was pressed after one week (end of fermentation) and the second 

lot was pressed after 2 weeks. 
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For the 2002 vintage, grapes were harvested at three different maturities, on 

September 16th, September 26th and October 7th with corresponding soluble solids of 

20.1, 23.4 and 25.5 ''Brix, respectively. Approximately 115 kg of grapes were 

harvested on each date. They were randomly divided into three lots (replicates). An 

additional 115 kg of grapes were harvested at the intermediate level of ripeness 

(23.4 0Brix). For these grapes the fermenting must was pressed on the third day of 

fermentation to minimize proanthocyanidin extraction. For this wine, additional 

purified proanthocyanidins were added for astringency assessment. 

For the 2003 vintage, grapes were harvested at three different maturities, on 

September 15th, 22nd and 29th with corresponding soluble solids of 21.9, 24.5 and 

26.4 0Brix. Approximately 115 kg of grapes were harvested on each date. Harvested 

fruit was divided into three replicate lots. Although fermentation conditions were 

similar, wines were pressed after 8 days as a result of a longer fermentation for this 

year. 

Analysis of anthocyanins and flavan-3-ol monomers. Total anthocyanin and 

flavan-3-ol monomer content were measured by reversed-phase HPLC. Separation 

of phenolics was achieved with a LiChrospher 100 RP-18 (4x250 mm, 5|am particle 

size) column, protected by a guard column containing the same material, and was 

purchased from Merck (Darmstadt, Germany). Solvent gradient conditions and 

mobile phases were prepared as described previously by Lamuela-Raventos and 

Waterhouse (1994). The aqueous solution containing the grape phenolics was 
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thawed to room temperature, filtered using Teflon filters (0.45 um, Acrodisc 

CR13) before injection. Eluting phenolics were monitored at 280 and 520 nm. 

A standard was prepared by dissolving (+)-catechin (100 mg/L), (-)-epicatechin 

(100 mg/L) and malvidin-3-glucoside (30 mg/L) in a 20% v/v methanolic solution 

containing 3% v/v acetic acid. 

Analysis of proanthocyanidin composition. Proanthocyanidin composition was 

determined by reversed-phase HPLC after acid-catalysis in the presence of excess 

phloroglucinol (phloroglucinolysis). The column was Chromolith RP-18e (100- 

4.6mm) purchased from Merck (Darmstadt, Germany). The method utilized a binary 

gradient with mobile phases containing 1% v/v aqueous acetic acid (mobile phase A) 

and acetonitrile containing 1% v/v acetic acid (mobile phase B). Solvent gradient 

conditions were the same as described previously by Kennedy and Taylor (2003). 

For the analysis of proanthocyanidin composition in wine, 10 ml of wine was 

freeze-dried and the resulting powder was dissolved in 6 ml of water. The aqueous 

solution was applied to a C18-SPE column (1 g Alltech), previously activated with 

10 ml of methanol followed by 15 ml of water. The applied sample was washed 

with 15 ml of water and eluted with 12 ml of methanol. The methanolic solution 

was freeze-dried and then reconstituted to 2 ml of methanol solution. A solution of 

0.2 N HC1 in MeOH, containing 100 g/L phloroglucinol and 20 g/L ascorbic acid 

was prepared. The methanolic wine extract was reacted with the same volume of 

this solution at 50 0C for 20 minutes and then combined with 5 volumes of 40 mM 

aqueous sodium acetate to stop the reaction. This final solution was filtered using 
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Teflon filters (0.45 um PTFE acrodisc CR13) prior to injection. Proanthocyanidin 

cleavage products were quantified using their response factors relative to (+)- 

catechin, which was used as the quantitative standard. The standard was prepared by 

dissolving (+)-catechin (100 mg/L), (-)-epicatechin (20 mg/L) and acetic acid (1 

ml/L) in 12% ethyl alcohol. To calculate the mean degree of polymerization (mDP), 

the sum of flavan-3-ol monomers, terminal and extension subunits (in moles) was 

divided by the sum of flavan-3-ol monomers and terminal subunits (in moles) and 

expressed as percentage (Kennedy and Jones, 2001). In addition, proportion of seed 

and skin proanthocyanidin was calculated using a previously described method 

(Peyrot des Gachons and Kennedy, 2003). 

Wine extract. Ten milliliters of each wine was evaporated to eliminate water 

and ethanol. The final weight was measured, divided by its initial volume (10 ml) 

and expressed as percentage (w/v) of wine extract. 

Astringency assessment. Wines produced from the 2002 vintage and pressed on 

the third day of fermentation were manipulated using isolated and purified seed and 

skin proanthocyanidin. Grapes and methods used to isolate and purify seed and skin 

proanthocyanidins were the same as described by Jorgensen et al. (2004). Wines 

pressed on the third day of fermentation had 60% of the proanthocyanidins present 

in wines made under normal winemaking conditions. 

Three wines were made by adding different proportions of skin and seed 

proanthocyanidins: i) 100% seed proanthocyanidin addition, ii) 100% skin 

proanthocyanidin addition and iii) 50:50% seed and skin proanthocyanidin addition. 
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Proanthocyanidins were added to the wines approximately ten days before 

sensory evaluation. After proanthocyanidin addition, the adjusted proportions of 

seed-skin proanthocyanidins were 31-69, 94-6 and 63-37%, respectively. The total 

proanthocyanidin concentration was kept constant for all the wines. Manipulated 

wines were informally evaluated by a panel consisting of four experienced Oregon 

winemakers with a considerable amount of experience in proanthocyanidin 

assessment. Additionally, four Oregon State University faculty and students were 

involved in the study. The purpose of this panel was to evaluate the wines for gross 

differences in astringency (while keeping the quantity constant) and to provide 

direction for future sensory studies on astringency quality. 

A second informal sensory study was conducted using 2003 wines produced at 

three different maturities. Approximately 40 Oregon winemakers tasted these wines 

in an informal sensory evaluation. Their preferences and observations on the 

astringency of these wines were made. 

Results 

During the 2001-2003 vintages, wines were made from grapes harvested at three 

levels of grape maturity (two for the 2001 vintage) (Table 4.1). The three harvest 

dates were designed to investigate extremes of what industry might observe. Here, 

the earliest harvest date was clearly an underripe crop whereas the latest harvest 

date was tending towards an overripe crop. 
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Table 4.1. Grape harvest dates for the 2001-2003 wines. 
Wine        2001 2002 2003 
Early — 16 Sept        15 Sept 
Mid       27 Sept     26 Sept        22 Sept 
Late 4 0ct 7 Oct 29 Sept 

Although the three years had similar soluble solids between the three grape 

maturities (Table 4.2), the dates of harvest varied. In order to get the desired soluble 

solids, grapes were harvested earlier for the 2003-growing season. In addition, for 

this particular year, grapes experienced a faster sugar accumulation at the end of the 

season in comparison with the other two years. While the difference between early 

and mid-maturity during the 2002 vintage was 10 days, the difference for 2003 was 

only 7 days. 

Table 4.2. Soluble solids ("Brix) of harvested grapes. 
Wine    2001    2002    2003 
Early       —    20.1      21.9 
Mid       23.6    23.4     24.5 
Late       27.0    25.5     26.4 

Titratable acidity (TA) was measured for the wines made at three different 

maturities during the 2003 vintage (Table 4.3). The analysis was carried out five 

weeks before astringency assessment. The wine made from late maturity grapes had 

a slightly higher TA in comparison with the two previous years. 

Table 4.3 Titratable acidity for the 2003 wines. 
Wine T. A. (g/L) 

Early 6.05±0.05 
Mid 5.90±0.05 

Late 6.55±0.05 
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Temperature profile during fermentation. Wines were made under similar 

conditions for the different vintages. None of the wines experienced temperatures 

above 32.5 0C, however, different temperature profiles with different fermentation 

lengths were observed for the 2002 and 2003 vintages. 

Wines made from grapes harvested at the early maturity experienced clear 

differences in temperature profile across vintages (Figure 4.1). The maximum 

temperature (32.5 0C) was reached earlier (2nd day) for the 2002 vintage, while 2003 

musts had their maximum temperature around the 3rd day, and never exceeded 30 0C. 

The highest recorded temperature was in 2002 and was followed by a rapid decrease. 

In contrast, 2003 had a lower temperature profile; however, the temperatures 

remained more constant during fermentation. Wines made from grapes harvested 

earlier during the 2002-growing season completed fermentation on the fourth day. 

Musts from the 2003 vintage took almost two days longer to complete fermentation. 
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Figure 4.1. Temperature profile during fermentation of musts produced from early 
maturity grapes and from the 2002 and 2003 vintages. 

Wines made with mid maturity grapes had temperature profiles different from 

those observed for the early wines (Figure 4.2). The differences in fermentation 

lengths were less than the early set. Musts from 2003 completed their fermentation 

at the beginning of the 6th day, while 2002 musts completed their fermentation 

approximately nine hours earlier. Mid-maturity wines produced in the 2002 vintage 

experienced a peak temperature during the 2nd day followed by a decrease; however, 

the highest temperatures (32.5 0C) were observed closer to the end of the 

fermentation, around the 5th and 6th day. Musts from 2003 mid-maturity grapes (as 

observed also in the early maturity musts) experienced a more constant temperature 
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during fermentation. For this year, the highest temperature was 30 0C and was 

reached on the 2nd day of fermentation. The duration of the fermentation for the 

2003 musts was 146 hours, approximately 3 hours longer than the corresponding 

early musts. The largest difference was observed when the 2002 mid and early 

fermentations were compared. Musts from 2002 experienced fermentations 40 hours 

longer than the corresponding wines made of early maturity grapes. 
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72 
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Mid 3 2003 
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Mid 1 2003 
3 2002 

Mid 2 2002 

1 2002 

Figure 4.2. Temperature profile during fermentation of musts produced from mid 
maturity grapes and for the 2002 and 2003 vintages. 

Fermentation temperature profiles for the late musts (Figure 4.3) were more 

similar between 2002 and 2003. For both years, the highest temperatures were 30oC 

and were reached around the 2nd day of fermentation, although 2002 also had high 

temperatures during the 5th and 6th days. In contrast with temperature profiles 
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observed during the early and mid must fermentations (particularly for 2002), late 

maturity musts for both years experienced more constant temperatures. The 

fermentation for 2003 lasted approximately 189 hours (7.9 days) while 2002 musts 

finished their fermentation in approximately 184 hours (7.7 days). 
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Figure 4.3. Temperature profile during fermentation of musts produced from late 
maturity grapes and for the 2002 and 2003 vintages. 

Proanthocyanidin content in wine. The proanthocyanidin concentration of 

wines made during the 2002 -2003 vintages and at the three different maturities is 

summarized in Figure 4.4. The 2003 vintage had a higher concentration of 
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proanthocyanidins in comparison with 2002. For the late maturity wines, there 

was a large difference in proanthocyanidin concentration between these two 

vintages. 
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Figure 4.4. Total proanthocyanidin concentration in wine produced at three different 
grape maturities for 2002 and 2003 growing seasons, with the corresponding 
proportion of skin proanthocyanidin. 

Although the proanthocyanidin concentration for the late maturity increased for 

the 2003 growing season, the proportion of skin proanthocyanidins decreased. 

Wines produced during the 2003 vintage had a higher proportion of skin 

proanthocyanidins in comparison with 2002. For both years, the maximum skin 

proanthocyanidin extraction was observed in mid maturity wines. The amount of 

seed proanthocyanidins (Table 4.4) decreased across maturity for the wines 

produced in the 2002 vintage (336-271 mg/L). However, in the 2003 vintage, the 

wines experienced an increase in seed proanthocyanidin content, on the last pick 
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date (from 330-423 mg/L). For both years, the skin proanthocyanidin content in 

wine decreased with berry maturity. The rate of decrease was greater for wines 

made during the 2002 vintage. 

Table 4.4. Concentration of seed and skin proanthocyanidin in wine produced at 
three different grape maturities for the 2002 and 2003 growing seasons. 

2002 2003 

Wine ♦Seed •Skin ♦Seed •Skin 
proanthocyan proanthocyan proanthocyan proanthocyan 

idin idin idin idin 
Early 336 197 330 219 
Mid 306 180 304 212 
Late 271 139 423 199 

•in mg/L 

Proanthocyanidin composition in wine. In wine, the extension subunit 

composition (Figure 4.5) was primarily (-)- epicatechin (70%) as seen for the 

grapes . The second highest extension subunit concentration observed was (-)- 

epigallocatechin (15%). 

Wines produced during the 2002 vintage had the highest extension subunit 

concentration during the early maturity date followed by a slight decrease across 

maturity (Figure 4.5 A). Wines produced with mid maturity grapes and pressed 

earlier (3rd day of fermentation) experienced a lower extraction of extension 

subunits which represented 60% of its corresponding mid-maturity-7-day-pressed 

wine, as expected. The proportion of (-)-epigallocatechin present in this low-tannin 

wine was higher (27%) than the one observed in the 7-day-pressed wine (15%). In 

contrast with what was observed for the 2002 wines, the extension subunits present 

in wines made during the 2003 vintage experienced a slight increase across maturity 
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(Figure 4.5 B), especially for the last two pick dates. In addition, the total 

concentration was slightly higher for the 2003 wines at all maturities. 

Figure 4.5. Extension subunit composition in wines made from grapes harvested at 
different maturities. A) Wines made during 2002 vintage; B) Wines made during 
2003 vintage. Abbreviations: C-P (+)-catechin-phloroglucinol; EC-P (-)- 
epicatechin-phloroglucinol; ECG-P(-)-epicatechin-3-0-gallate-phloroglucinol; 
EGC-P (-)-epigallocatechin- phloroglucinol. 

The concentration of flavan-3-ols (monomers and terminal subunits) showed a 

pattern similar to that observed in the extension subunits (Figure 4.6). The 2002 

wines experienced a slight decrease across maturity while wines produced during 

the 2003 vintage increased with ripeness. (+)-Catechin was the principal subunit. 

For both years, (+)-catechin was 2/3 and (-)-epicatechin 1/3 of the total monomer 

and terminal subunit concentration. The low-proanthocyanidin wine had 35% of the 

total flavan-3-ols observed in the corresponding 7-day-pressed wine. In contrast 

with the differences in subunit proportions observed in the extension subunit 

analysis, the early pressed wine had a constant (+)-catechin/(-)-epicatechin ratio 

(67/33) when compared with other 7-day-pressed wines. 
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Figure 4.6. Flavan-3-ol monomer and terminal subunit composition in wines made 
from grapes harvested at different maturities. A) Wines made during 2002 vintage; 
B) Wines made during 2003 vintage. Abbreviations: C (+)-catechin; EC (-)- 
epicatechin. 

Mean Degree of Polymerization of wine proanthocyanidins. Across grape 

maturity, the mean degree of polymerization (mDP, including flavan-3-ol 

monomers) in wine was relatively constant and low (Table 4.5). Both years 

experienced a slight decrease across maturity, particularly subtle for the 2002 wines. 

Table 4.5. Mean Degree of Polymerization for the wines produced during the 2002 
and 2003 vintages. 

Winp mDP 
2002 2003 

Early 
Mid 
Late 

2.54 
2.52 
2.42 

2.98 
2.86 
2.69 

Wine extract. Wine extract experienced an increase across maturity (Table 4.6), 

suggesting that some compounds are more readily extracted as the fruit ripens. 
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Table 4.6. Wine extract (w/v) for the wines produced during the 2002 and 2003 
vintages. 

Wine ■ 
Wine extract % (w/v) 
2002 2003 

Early 
Mid 
Late 

2.24±0.01 
2.75+0.14 
2.86±0.04 

2.39±0.01 
2.71±0.02 
3.24±0.02 

Anthocyanin content in wine. Anthocyanin concentration in wines made from 

grapes harvested at different maturities (Figure 4.7) followed the same pattern of 

accumulation for 2002 and 2003. There was an increase until mid-maturity and then 

a decrease. Anthocyanin content was higher for the wine produced in the 2002 

vintage. The highest concentration was reached at mid-maturity for both vintages. 
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Figure 4.7. Total anthocyanin concentration in wine made from grapes harvested at 
three different grape maturities for 2002 and 2003 growing seasons. 
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Astringency assessment. Wines produced during the 2002 vintage were 

manipulated using isolated seed and skin proanthocyanidins. These 

proanthocyanidins were added to a wine that was pressed early (low 

proanthocyanidin content). In Table 4.7, the proportion of seed and skin 

proanthocynidins in the manipulated wines are shown. The initial proanthocyanidin 

concentration in these wines was 279 mg/L, while the monomer concentration was 

64 mg/L. After proanthocyanidin addition, the total proanthocyanidin content in the 

wines was around 910 mg/L, however, the proportion of seed and skin 

proanthocyanidin was considerably different. 

Table 4.7. Wines manipulated with different proportions of seed and skin tannins. 

Added                     Total 
Wine   proanthocyanidins proanthocyanidins 

(mg/L)                   (mg/L) 

% Skin                % Seed 
' proanthocyanidin proanthocyanidin 

1 575 
2 560 
3 577 

915 
903 
921 

31                          69 
94                           6 
63                          37 

The purpose of this study was to evaluate wines for gross differences in 

astringency quality (while keeping the quantity constant) and to provide direction 

for future sensory studies on astringency quality. 

Considering the extreme variation in skin proanthocyanidin proportion (30-90%), 

the qualitative differences in astringency were subtle and inconclusive. The 

panelists were not able to describe clear differences. The results of this preliminary 

sensory evaluation seem to be inconsistent with the perceived relationship between 

proanthocyanidin origin (skin or seed) and "tannin ripeness". 
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In another study, wines from the 2003 vintage, produced from grapes harvested 

at three maturities, were tasted in an informal sensory evaluation. Here, most of the 

panelists agreed that wines improved in astringency quality with grape maturity 

(70% of whom preferred the late maturity wine). 

Phenolics in wine for the three vintages. In Table 4.8, a summary of the 

individual phenolic components for the mid-maturity wines is shown. The 

proanthocyanidin concentration increased with vintage, while the anthocyanin 

content in wine decreased slightly. The mean degree of polymerization also 

increased. Despite the differences observed in proanthocyanidin concentration, 

flavan-3-ol monomers were similar between wines produced across vintages. From 

grape analysis, the 2003 growing season had the lowest concentration of flavan-3-ol 

monomers and 2001 the highest. However, 2003 had the highest number of seeds 

per berry and 2001 had the lowest. These contrasting effects probably minimized 

the differences observed in wine. 

Table 4.8. Flavonoid composition in mid-maturity wines. 
Wine       Tannin"     Monomer"     Antho"     mDP 
2001 444     149     284   2.3 
2002 486     169     255    2.5 
2003 516     160     240   2.9 

Notes) a mg/L 
bAverage mean degree of polymerization including flavan-3-ol monomers 
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Discussion 

The purpose of this chapter was to improve our understanding of how fruit 

maturity influenced phenolic extraction during winemaking, with particular 

attention being focused on proanthocyanidins. 

Temperature profiles during fermentation for the 2002 and 2003 wines are shown 

in Figures 4.1-4.3. Early maturity wines produced during the 2002 and 2003 

vintages experienced a greater difference in fermentation profiles (fermentation took 

40 hours longer for the 2002 early wines). Fermentation profiles for the late 

maturity wines were similar. The difference in temperature for these wines during 

fermentation was 0.5 0C and there was little difference in the length of fermentation. 

Overall, differences in proanthocyanidin and anthocyanin concentration were 

greater in comparison with the early and mid maturity wine fermentations, despite 

having similar fermentation profiles (temperature and time). Previous studies have 

shown that anthocyanin extraction occurs therein the early days of fermentation 

(Scudamore et al. 1990; Boulton et al., 1998). Anthocyanin content generally 

decreases afterwards (Scudamore et al. 1990; Boulton et al., 1998). Given that the 

fermentation lengths were similar, it is likely that the differences in anthocyanin 

content observed between 2002 and 2003 (Figure 4.6) are due to differences in the 

fruit. 

Previous research has shown that the concentration of proanthocyanidins 

increases with maceration with the highest rates of extraction occurring over the 
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first ten days (Boulton et al., 1998; Meyer and Hernandez, 1970). Hence, longer 

fermentation lengths (i.e.: 2003 early maturity wines) would be more likely to 

produce an effect on overall proanthocyanidin extraction in comparison with the late 

maturity wine fermentations in which the difference in fermentation length was 

much less. However, despite the small differences in maceration time (and 

temperature) in the late maturity wines, the differences in proanthocyanidin 

concentration were greater than the early and mid-maturity wines, suggesting again 

that fruit maturity played a role in the differences observed. 

During the 2003 growing season, wines made from increasingly mature grapes 

(mid versus late maturity) resulted in an increase in proanthocyanidins. Perez- 

Magarino and Gonzalez-San Jose (2004) reported that dimer and trimer flavan-3-ols 

tended to reach higher levels in wines made from increasingly ripe grapes. This 

pattern was also observed in the berry analysis (previous chapter) in which terminal 

and extension subunits increased on the last two pick dates. 

An opposite pattern was observed in wines made during the 2002-growing 

season. Although grapes experienced a slight increase in terminal and extension 

subunits for the last two pick dates, the proanthocyanidin content in wines decreased 

with grape maturity, particularly with the late maturity grape-wine comparison. 

There is a tendency in the wine industry to associate riper grapes with better 

astringency perception. The term that is often applied to this is "tannin ripeness". A 

common explanation for improved astringency as a function of berry ripeness is that 

there is an increase in skin proanthocyanidin proportion as a result of berry maturity. 
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In stark contrast to this, the results from this study show that wines made with 

riper grapes have a higher proportion of seed proanthocyanidin (Table 4.4). 

In Figure 4.5 and for 2002 and 2003, it was observed that the maximum 

anthocyanin accumulation corresponded to the wines made from mid maturity 

grapes. Similar results were observed by Hrazdina et al. (1984) when analyzing 

Chaunac grapes and by Perez-Magarino and Gonzales-San Jose (2004) when 

analyzing Cabernet Sauvignon wines. Data gathered from anthocyanin analysis in 

grapes (Figure 3.24) showed that anthocyanin content (mg/gm berry) for the 2002- 

growing season remained constant during the final two pick dates. Since these 

results do not correlate with those observed in the wine, suggests (at least for the 

2002 data) that the anthocyanin peak observed in mid maturity wines was not solely 

influenced by grape concentration. 

Data gathered during the 2003-growing season experienced similar patterns 

between grape and wine anthocyanin content for the different maturities. The 

decrease in anthocyanin content observed in late wines from the 2003-vintage could 

be due to berry senescence and a loss of cellular redox potential (Thompson et al., 

1987). 

Both vintages had low anthocyanin concentrations in wines made from early 

maturity grapes in comparison with mid-maturity. Although the anthocyanins were 

present in the berries, they did not appear to be extracted into the wine to the extent 

that they were in the mid-maturity wines. The increasing permeability of the cell 
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wall as the berry ripens (Nunan et al. 1998; Nunan et al. 2001) could have 

contributed to the increased extractability of anthocyanins observed. 

It is noteworthy that the 2003 growing season had a higher anthocyanin content 

in grapes than 2002; however, this difference was not the case when their 

corresponding wines were analyzed. Specifically, wines made during the 2002 

vintage had a higher anthocyanin content at all grape maturities than those made 

during the 2003 vintage. These results could suggest that anthocyanin content in 

grapes is not a good indicator of anthocyanin content in the corresponding wine. 

As observed in Table 4.6, wine extract increased with grape maturity. Since 

wines made with riper grapes had longer fermentation times (Figure 4.1-4.3), it 

could be hypothesized that mid and late maturity wines have higher extracts due to 

the longer pomace contact. However, previous studies have shown that 

fermentations carried out with different maceration times produced similar extracts 

with the same maturity grapes (Yokotsuka et al., 2000). 

Two informal sensory studies were conducted in order to improve our 

understanding of the concept of "tannin ripeness". The first study was conducted on 

a modified wine and was intended to provide information about the sensory 

differences (from a descriptive standpoint) in wines containing different proportions 

of seed and skin proanthocyanidins. Proanthocyanidins isolated from pre-veraison 

seeds and skins were used to manipulate the wines. According to Jorgensen et al. 

(2004), these proanthocyanidins contained little if any residual flavan-3-ol 

monomers. Consequently, the mean degree of polymerization (mDP) of seed and 
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skins proanthocyanidins were 8.1 and 22.3 (including monomers), respectively, 

while the mDP for the wines made in this project were far less (<3.0 including 

monomers, Table 4.9). Hence, it is important to note that following 

proanthocyanidin addition, these wines contained distinctly different 

proanthocyanidins (skin versus seed) yet, the molecular weight distribution of the 

proanthocyanidins in the final wines were much different than would likely be 

expected under normal winemaking conditions. Despite this, this study provided 

initial and preliminary information on the sensory differences between skin and seed 

proanthocyanidins. 

Manipulated wines had differences in seed and skin proanthocyanidin 

proportions larger than those normally expected in wines. As observed in Figure 4.4, 

wines made according to commercial winemaking practices experienced smaller 

variations in the proportions of seed and skin proanthocyanidins across maturity. 

Hence, the decrease in skin proanthocyanidin proportion between mid and late 

maturity was from 37 to 34% for 2002 and 41 to 32% for 2003. Although the 

differences in proanthocyanidin proportion in the manipulated wines were much 

different than those observed in the wine as a result of grape maturity, the 

differences in astringency perception were subtle. Since all the variables were held 

constant (acidity, sugar, alcohol, flavors, polysaccharides, harvest date, etc) with the 

exception of proanthocyanidins, these results would suggest that differences in 

astringency perception would not be due to proanthocyanidin structure, and the 

notion of "tannin ripeness". It must be stressed however that this study needs to be 
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repeated with proanthocyanidin fractions (seed and skin) and molecular weight 

distribution that are more relevant. In addition, this study should be conducted under 

more controlled conditions. 

A second informal sensory study was conducted with the 2003 wines, and was 

intended to explore "tannin ripeness" from, a preference standpoint. The results of 

the sensory study concluded that wines made with more mature grapes improved in 

astringency quality. The changes in phenolic composition during this time (i.e.: skin 

versus seed, concentration, mDP) does not support the idea of tannin composition as 

being involved in this improvement. 

Haslam (1977) reported similar results when analyzing blackberries. He found 

that even when there was an increase in palatability of blackberry, the change during 

the ripening process in the concentration of ellagitannins was of little significance, 

which indicated that other factors, besides a reduction in quantity of complex 

polyphenols, are important in determining the loss of astringency in ripening fruit. 

The dramatic increase in wine extract with berry ripening is consistent with 

other compounds being present. These compounds may play a role in astringency 

perception. Potential compounds would appear to include: acidity, sugar, 

polysaccharides, alcohol and flavor compounds (Asquith, et al. 1987; Vidal et al., 

2002; Vidal et al. 2004; Siebert and Chassy, 2003). Recent studies suggest that 

polysccharides in wine affect astringency perception (Vidal et al., 2004A, 2004B). 

As described before, during fruit ripening the cell wall softens and some 

polysaccharides (e.g. galacturonan) become more soluble (Nunan et al., 1998; 
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Silacci and Morrison, 1990). Consequently, riper grapes would be expected to 

contain higher concentration of soluble polysaccharides. Taira and Ono (1997) 

reported that the interaction of proanthocyanidins with soluble pectins released 

during ripening impedes their binding to salivary proteins. 

Conclusion 

Higher anthocyanin extractions were observed in wines made from commercially 

ripe grapes (23.4-24.5 0Brix). Wines made with more mature grapes experienced a 

reduction in the proportion of skin proanthocyanidins. While tasters considered that 

astringency and bitterness perception improved in wines made with riper grapes, the 

change in phenolic composition during this time does not support the idea of 

proanthocyanidin structure as being related to "tannin ripeness". Compounds other 

than phenolics are likely to play a role in the perception of astringency quality. 

Based on previous studies, the changes in astringency and bitterness perception 

observed in our study could be due to the changes of polysaccharides across grape 

maturity. Future research should be focused on the mechanism and effect of 

polysaccharides on tannin perception. 
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CHAPTER 5 

Wine Tannin Prediction Based upon Grape Analysis: A Few Observations 

Introduction 

Given the results of the previous chapters, the purpose of this chapter is to explore 

how the nature of the vintage relates to wine phenolic composition, with particular 

attention being directed to tannin concentration. 

Results and Discussion 

Grape and wine tannin. In Figure 5.1, the amount of tannin in grapes and their 

corresponding wines over three vintages is shown. There were differences in grape 

tannin content for all years. As predicted from grape analysis, the wines made 

during the 2003 vintage had the highest concentration of tannins, but only 9% of 

total grape tannins were extracted into wine. Wine produced during the 2001 

vintage had the highest tannin extraction (12.8%). Grapes with higher tannin content 

experienced a lower rate of tannin extraction. In Figure 5.2, the relationship between 

the extraction rate of tannin in the wine and the original tannin content in the 

corresponding grape is shown. As observed, the higher tannin content present in 

grapes correlates to a lower rate of tannin extraction in the wine. Considering 
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theoretical concepts, diffusion is the net movement of a substance from an area 

of high concentration towards an area of lower concentration (Devlin and Witham, 

1983). Based upon this theory, tannins will move out of the plant cell and into the 

developing wine. 

Diffusion of non-electrolyte molecules across a semi-permeable membrane (i.e.: 

the plant cell) depends upon the diffusion coefficient as well as fat permeability 

coefficient and thickness of the membrane. The diffusion coefficient is the ability of 

a substance to diffuse under defined conditions of temperature and pressure. It 

depends upon the mass and tendency of diffusing substances to "flow". The 

permeability coefficient is the measure of the permeability of the membrane. Factors 

affecting diffusion are: i) density of the diffusing particles, ii) resistance of the 

medium, iii) temperature of the system, and iv) diffusion pressure gradient (Sinha, 

2004). Since diffusion pressure is proportional to the concentration of diffusing 

particles (Sinha, 2004); among all of the variables affecting diffusion, gradient 

pressure could be considered the only one, which experienced substantial difference 

between vintages. 2003 had the highest tannin concentration in grapes, and hence 

the highest concentration gradient. However, even when tannin concentration 

gradient was the highest for this year, the resulting wine had only a slightly higher 

tannin concentration in comparison with the other vintages (Figure 5.1). Assuming 

that the permeability coefficient was the same for the three vintages, a possible 

explanation for this phenomenon is that only certain amount of tannin was able to 

pass through the membrane, yielding similar tannin concentration in wine for the 
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three vintages. Correspondingly, high concentrations of tannin in grape do not 

necessarily favor a high extraction. 

Weimberg et al. (1983) proposed two phases for the mechanism of solute 

diffusion through the plant cell membrane. The first phase represents solute leakage 

from the cytoplasm, and the second phase is the release of solutes from the vacuole, 

suggesting that vacuole leakage does not begin until the first phase has ended, and 

the beginning of the second phase is controlled by the decrease in the concentration 

of solute in the cytoplasm. 

It could be hypothesized that the likely mechanism by which phenolics are 

extracted into the wine is as follows: During crushing, some cells are disrupted and 

their cell walls lose integrity. For those cells, the diffusion of solutes occurs during 

the first stages of maceration when alcohol is not yet present. Since ethanol can 

penetrate plant cell membranes (Sinha, 2004), for those cells whose cell wall 

remains intact, the mechanism of tannin extraction will be dependant on the 

presence of ethanol. Hence, alcohol would not only induce permeability of the cell 

membrane with the corresponding leakage of solutes, it would also produce 

permeability in the tonoplast with the corresponding release of tannins. Accordingly, 

Lemer et al. (1978) induced pores in plant cell membranes using toluene-ethanol 

solutions. They reported that the pores were large enough to allow the diffusion of 

sugars, amino acids and short chains of organic acids. In addition, they also found a 

rapid leakage of solutes from the vacuole as compared with the slow release of 

solutes from the cytoplasmic compartment, suggesting that pores induced in the 
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tonoplast were larger than those formed in the multimembranes separating the 

subcompartments of the cytoplasm. In our study, the winemaking conditions were 

similar for the three vintages, so that the level of berry crushing and alcohol was 

similar. Consequently, diffusion of tannins for the three vintages would be limited 

by the same amount and size of pores induced by alcohol, yielding similar tannin 

concentration in wine for the three vintages. 
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Figure 5.1 Amount of tannins in grapes and the equivalent amounts in the 
corresponding wine for the 2001-2003 growing seasons. Error bars indicating ± 
SEM (N=5, grape data; ^-3, wine data). 

Membrane permeability may also increase due to the action of pectolytic 

enzymes, which hydrolyze wall pectins, and increase in activity during fruit 

ripening (Lecas and Brillouet, 1994). Although the soluble solids were similar 
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between vintages, the state of maturity that controls the breakdown of cells 

could have been different (Ribereau-Gayon, 2000B), with the consequent difference 

in tannin extractability. 

3000 3500 4000 4500 5000 

Total tannin in grape, mg/L 

5500 6000 

Figure 5.2 Relationship between the extraction rate of tannin into wine and the 
original tannin content in the corresponding grape for the 2001-2003 growing 
seasons. 

Grape and wine anthocyanins. The total anthocyanin content in grapes and 

wine for the three vintages is shown in Figure 5.3. It appears that, there is no 

correlation between anthocyanin content in grapes and their amount in wines. While 

there were large differences in grape anthocyanins content between years (especially 

for 2002), these differences were not observed in the wines. In addition, the 

differences observed in the wines did not follow the same pattern observed in grapes. 
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Ribereau-Gayon et al., (2000B) explains that under comparable winemaking 

conditions, grapes with higher anthocyanin content do not always produce wines 

with more color. Grapes have a variable extraction potential or extractability 

apparently to differences in maturity. This notion of anthocyanin extractability 

apparently depends on the breakdown of skin cells. In addition, similar mechanisms 

to those described above regarding the tannin extraction could also play a role in the 

differences observed in anthocyanin extraction between vintages. 

Wines produced during the 2002 vintage experienced the highest extraction of 

grape anthocyanins into wine (47.8%). The 2003 wines, on the other hand, had the 

lowest rate of anthocyanin extraction (34.8%)). These differences in extraction rate 

helped to minimize the differences in anthocyanin content observed in the wines. 

800 

2001 2002 

Vintages 
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Figure 5.3. Amount of anthocyanins in grapes and the equivalent amounts in the 
corresponding wine for the 2001-2003 growing seasons. Error bars indicating ± 
SEM (N=5, grape data; N=3, wine data). 
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Factors determining tannin extraction into wine. It is widely accepted that the 

tannins in wines are derived from seed and skin tissue. The proportions of seed and 

skin tannin found in the wine however, differ from those found in the grape (Table 

5.1), indicating that during fermentation, skin tannins are more easily extracted. 

This observation is summarized in Figure 5.4. Thus, although more tannins are 

present in the seeds, a higher proportion of skin tannin extraction is typically 

achieved during maceration. 

Table 5.1. Proportion of seed and skin tannin present in grape and wine. 
Grap e Wine 

Wine % seed 
tannin 

% skin 
tannin 

% seed 
tannin 

% skin 
tannin 

2002 
2003 

80 
79 

20 
21 

63 
59 

37 
41 

QapeTamin 

/\ 
20%                             80% 

/- 

seedtissiE 

\ 

19% 
♦ 

8% 
of 10% of 

skin extracted seed 
tanmn dring tannin 

edracted \   7\ 
39%                               61% 
from                                frwn 

skin tissue                          soedtissue 

\/ 
WlneTamin 

/    edracted 

Figure 5.4. Extraction of seed and skin tannins during winemaking. 
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In order to predict tannin content in wine based upon grape analysis, it is 

important to correct the deficiencies of assuming that the rates of seed and skin 

tannin diffusion during maceration are the same. In Table 5.2, the concentration of 

seed and skin tannin in grapes and wine from six wines produced during the 2002 

and 2003 growing season is shown. The corresponding percentages of individual 

seed and skin tannin extraction from the grapes are also calculated. Although the 

differences in seed tannin are large (as those observed between 2002 mid and 2003 

late), the rate of seed tannin extraction from grape to wine remains relatively 

constant (8.7 and 8.8%, respectively). Skin tannin diffusion was also relatively 

constant for the different wines. 

On average and for these vintages, the seed tannin content present in wine is 

7.8% of the seed tannins from grape. The amount of skin tannin in wine represents 

19% of the skin tannins found in grapes. 

Table 5.2. Seed and skin tannin content in grapes and wine for the 2002 and 2003 
vintages.  

*,-,         .      .                  v,,-     .                    %of individual extraction 
* Grape tannin               Wine tannin - ,     , .. 
 J_ from seed and skin 

,„.. Seed Skin Seed Skin        0/ c    , „. . 
Wine n n n IT        % Seed        % Skin 

mg/kg mg/kg mg/L        mg/L 

2002 Early 4075.8 1095.2 335.8 197.2 8.2 18.0 

2002 Mid 3524.2 877.1 306.2 179.8 8.7 20.5 

2002 Late 3979.1 830.9 270.5 139.4 6.8 16.8 
2003 Early 4587.4 1073.5 329.2 219.4 7.2 20.4 

2003 Mid 4212.5 1119.3 304.4 211.6 7.2 18.9 

2003 Late 4817.0 1039.1 422.9 199.0 
Average 

8.8 
7.8 

19.2 
19.0 

Grapes were analyzed at the corresponding maturity 
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From this information and with the help of chromatographic methods to get 

the seed and skin tannin content in grapes at harvest, the following formula was 

developed to predict wine tannins. 

The tannin content in Pinot noir wine in mg/L and in this study is: 

7.8%<iamin per seed)x(# seedsper berry) mg/berryh 19%(pkintamin in berry), mg/berry 

Berryweightgm 

It is noteworthy that not only seed and skin tannin concentration is important in 

this prediction. The number of seeds per berry and berry weight play also a role in 

the final tannin concentration. In this study, 2003 happened to have both, higher 

tannin content in seeds and higher number of seeds per berry. However, assuming 

similar seed tannin content for both vintages, 2003 would still have a higher final 

tannin concentration as a result of a higher number of seeds per berry. Similarly, the 

berry weight is also important in the calculations of tannin content. Smaller berry 

weight would favor a more concentrated wine assuming similar amounts of tannins 

in a per berry basis. During vintages with smaller berry weights, winemakers would 

be forced to use higher number of berries with the resulting higher tannin content in 

the wine. Hence, the number of seeds per berry, berry weight, skin tannin and seed 

tannin concentration would be the four variables to consider in order to predict the 

tannin content in wine. 

The comparison between the total tannin concentration predicted with this 

formula and the actual concentration found in the wines is shown in Table 5.3. 
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Although there were differences between these two values, the formula 

predicted efficiently the higher tannin content in wine observed during the 2003 

vintage. 

Table 5.3. Comparison between actual and predicted tannin content in wine based 
on grape analysis at harvest. 

Tannin content, mg/L 

Wine Predicted Actual 

2002 Early 526.3 533 

2002 Mid 441.8 486 

2002 Late 468.6 410 
2003 Early 562.2 549 

2003 Mid 541.6 516 

2003 Late 573.6 622 

The process developed so far resulted in a formula for predicting wine tannin 

content from grape data gathered at harvest. However, winemakers require this 

information with many weeks in advance in order to plan the adjustments of tannin 

extraction. Facing this problem, another formula was developed following the same 

procedure described above, but taking into consideration the tannin content in 

grapes at veraison. The tannin proportion in grapes at veraison differs greatly from 

that observed at harvest (Table 5.4). However, since there is a strong correlation 

between tannin content in grapes at harvest (mid maturity) and at veraison (Figure 

5.5), the formula can accurately predict the tannin content in wine. In this case, the 

mid maturities for the three vintages were considered. 
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Table 5.4. Seed and skin tannin content in grapes (at veraison) and wine for the 
2001-2003 vintages. 

Grape tannin Wine tannin % of individual extraction 
from seed and skin 

Wine 
Seed 

mg/kg 
Skin 

mg/kg 
Seed 
mg/L 

Skin 
mg/L 

% Seed % Skin 

2001 

2002 

2003 

6352.1 

8338.1 

9082.6 

1834.7 
1923.5 

2452.4 

239.8 

306.2 

304.4 

204.2 

179.8 

211.6 

3.8 
3.7 

3.4 

11.1 

9.3 

8.6 
Average 3.6 9.7 

Based on grape analysis at veraison, the tannin content in Pinot noir wine in mg/L is: 

3.6%(tamin per seed)x(# seds per bery), mg/berry + 9.7%(skin tannin in berry),mg/berry 

Berry weight, gm 

The predicted and actual tannin content in wine is shown in Table 5.5 and the 

correlation for these two values across vintages is observed in Figure 5.5. 

Table 5.5. Comparison between actual and predicted tannin content in wine. 
Tannin content, mg/L 

Wine Predicted Actual 

2001 406.7 444 

2002 486.8 486 

2003 564.9 516 
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Figure 5.5. Comparison between actual and predicted tannin content in wine based 
on grape analysis at veraison. 

Building these formulas is an important tool for the prediction of tannins. This 

formula will help in the prediction of tannin content in wine with enough time ahead 

to plan the actions to control the excess or deficiency of tannins expected in the 

wine. Winemakers experiencing vintages with considerably high tannin content 

predicted in grapes at veraison will have plenty of time to plan the modifications 

and corrective actions in the winemaking process so that the tannin extraction could 

be minimized. In contrast, winemaking practices facing vintages with low tannin 

content in grapes would be focused on maximizing tannin extraction or addition of 

tannic material. 

In addition, these formulas consider were made considering four variables: seed 

tannin concentration, skin tannin concentration, number of seeds per berry and the 
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berry weight. The knowledge of these four variables will give the winemakers 

the tools for the prediction of tannin content in wine. 

It is important to highlight that these formulas were built with a limited number 

of data points, since only three vintages have been studied. For better predictions 

and considering future studies, it is advisable to include as many years as possible to 

get the most representative values. Moreover, winemaking conditions should be 

kept constant for a more accurate prediction. 

Early prediction of tannin. Although a formula for the prediction of tannin 

content in wine was developed based on grape information, it still remains the 

question whether or not there is correlation between the tannin content in grapes and 

tannin content in wines. The relationship between tannin content in wines produced 

for the three vintages and tannin content in their corresponding grapes is shown in 

Figure 5.6. As observed, the higher the tannin content in grapes, the higher the 

tannin content in the corresponding wine. 
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Figure 5.6. Relationship between total tannins in wine and total tannins in grapes at 
harvest time, for the 2001-2003 growing seasons. 

The grapes considered in this analysis were included only mid-maturity grapes, 

which were selected because these grapes were considered to be "ideal" for 

commercial purposes. While the number of data points is limited, the good 

correlation suggests that it is possible to know the relative tannin amount in wine 

based upon grape analysis. However, to be of value to the wine industry, the 

prediction of tannin potential in wine should be known prior to harvest. 

When analyzing the tannin accumulation in grapes for the three vintages 

(expressed on a "per gram of berry" basis), the three vintages developed in parallel 

(Figure 5.7). This suggests that it is possible to relate tannin concentration in grapes 

at different stages of maturity Hence, Figure 5.8 shows the relationship between 

tannin content in grapes at veraison and tannin content in grapes at harvest. The 



relationship found supports the idea of predicting wine tannin from grape 

analysis at veraison. 
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Figure 5.8. Relationship between total tannin at veraison and total tannin at harvest 
in grapes for the 2001-2003 growing seasons 

When connecting these two pieces of information, the relationship between 

tannin content in grapes at veraison and the tannin content in wine for the three 

vintages is shown in Figure 5.9. The correlation suggests that, at veraison, it could 

be possible to predict relative vintage tannin content in wine. 
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Figure 5.9. Relationship between total tannins in wine and total tannins in grapes at 
veraison, for the 2001-2003 growing seasons. 

The prediction of tannin content in wine, based upon grape analysis at veraison 

was successful. However, the use of chromatographic methods was necessary to get 

this information. Since HPLC analysis is not an affordable option for the wine 

industry, it is necessary to consider other ways to predict tannin content. In Table 

5.6, information on grape and wine tannins, and growing degree-days at veraison 

are shown. This data shows that years with higher heat summation had grapes and 

wine with higher tannin content. 

Considering that tannin biosynthesis in grapes begins after fruit set and continues 

through veraison, the heat accumulated during this period can be considered as an 

indicator of the potential tannin synthesis. The relationship between tannin content 

in grapes at veraison and the cumulative growing degree-days is shown in Figure 
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5.10. Although the tannin content increases with heat summation, the correlation 

is poor (R2=0.707). 

Table 5.6. Grape information relevant for the prediction of tannin. 

v Grape      Wine Heat Heat 
Year     ♦-„„;«a   in    ■ b tannin     tannin    summation summation d Bud break     Full bloom 

2001 20975      444         1030          1443 Apr-20          Jun-20 
2002 21786       486         1148          1547 Apr-16          Jun-23 
2003 28009      516         1216          1750 Apr-16          Jun-23 

Notes:    a at veraison in nmol/berry 
b in mg/L 
c growing degree days from fruit set to veraison 

growing degree days from January to veraison 

29000 

1050 1100 1150 1200 

Heat summation in growing degree days (50oF base) 

1250 

Figure 5.10. Relationship between total tannin content in grapes at veraison and the 
cumulative growing degree-days during the period fruit set - veraison, for the 2001- 
2003 growing seasons. 

When heat summation is considered from January through veraison, the 

correlation improves considerably (R2=0.946) as shown in Figure 5.11. The 

inclusion of heat summation data for the period when vines are otherwise dormant 
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would seem to be counterintuitive; yet, certain growth regulators are affected by 

temperature during plant dormancy. Auxins for example, are growth regulators that 

cause cell elongation in plants. They also promote cell division in tissue and organ 

cultures. (Sinha, 2004). Cytokinis have been reported to participate in the regulation 

of many plant processes like cell division, morphogenesis of shoots and roots, 

chloroplast maturation, cell enlargement and senescence (Taiz and Zeiger, 1991). 

The combined effect of auxin and cytokinin has also been observed: High levels of 

auxin relative to cytokinin favors the root formation while high levels of cytokinin 

relative to auxin favors the shoot formation. In addition, balanced ratios of auxin 

and cytokinin stimulates both shoot and root formation (Sinha, 2004). 

Sorce et al. (2000) studied the effect of certain auxins (indole-3-acetic acid) in 

potatoes. They monitored the time course of free and conjugated indole-3-acetic 

acid (IAA) during the dormancy of potatoes {Solarium tuberosum) at two different 

temperatures (3 and 23 0C). They found differences in the distribution of IAA 

between three distinct parts of the plant (eyes, subeye tissues and pith): the 

concentration of conjugated IAA was higher than free IAA in eyes and subeye 

tissues at 23 0C, while at 3 0C conjugated IAA prevailed only in eyes. Similarly, 

Jako (1981) found a correlation between cytokinin content of grape flower buds 

during winter and variations of rudimentary inflorecences per dormant bud. She also 

observed a good correlation of these variables with temperature. Thus, the number 

of inflorescences per dormant bud decreased when exposed to low temperatures. 
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Other plant regulators have also been reported to be associated to changes in 

temperature during dormancy. Li et al. (2004) reported that silver birch (Betula 

pendula Roth) experienced a change in abscisic acid during dormancy when 

exposed to low temperatures. The abscisic acid experienced a net increase when 

temperatures were lowered from 20 to 4 0C, however, below 4 0C, the abscisic acid 

decreased reaching the lowest levels at 0 0C. They explained that abscisic acid could 

play a role in freezing tolerance in woody plants. Similar changes in growth 

regulators could occur in vines during dormancy as a response to changes in 

temperature. The effect of abscisic acid in flavonoid biosynthesis and L- 

phenylalanine ammonia-lyase (PAL) activity has also been reported in literature. 

Kataoka et al. (1984) found that abscisic acid treatment to 'Kyoho' clusters at 1000 

ppm in the beginning of ripening enhanced both anthocyanin accumulation and PAL 

activity even at high temperature or in the dark. Consequently, the inclusion of heat 

summation data in dormant vines may be partially justified. Based upon this 

information, it could be hypothesized that warmer conditions as those observed 

during the 2003 vintage could have promoted the synthesis of growth regulators like 

abscisic acid, auxins or cytokinins, which being present in greater quantities even 

before fruit set could have enhanced the biosynthesis of flavonoids during the early 

stage of berry ripening or promote a rapid growth of the vines with the 

corresponding greater leaf area and greater ability to synthesize flavonoids. 
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Heat Summation in Growing Degree Days (50oF base) 

Figure 5.11. Relationship between total tannin content in grapes at veraison and heat 
summation from January through veraison, for the 2001-2003 growing seasons. 

When comparing the tannin content in berries and growing degree days from 

fruit set, a poor correlation was observed; however, the correlation improved when 

growing degree days for the full calendar year were included. In grapes, it has been 

found that certain compounds like organic acids are responsive to temperature. 

Hence, the synthesis, accumulation and degradation of malic acid in grapes have 

been reported extensively in literature (Possner et al., 1983; Hrazdina et al., 1984) 

and coincide with the tannin synthesis and decline observed in our results. Organic 

acids appear to behave similarly to tannins in terms of accumulation and 

degradation/modification. Kliewer (1964) reported that concentrations of tartaric 

and citric acids increased in green berries when temperatures increased from 10 to 

25 0C. Malic acid also increased in green berries when temperatures increased from 
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10 to 20 0C) however, as the berry ripened, malic acid content decreased with 

increasing temperatures. In addition, Lakso and Kliewer (1975) studied the enzymes 

responsible for the synthesis (PEP carboxylase) and degradation (malic enzyme) of 

malic acid. They found that PEP carboxylase activity increased until 38 0C; above 

this temperature there was a sharp decrease in activity. The malic enzyme on the 

other hand, showed a constant increase in activity between 10 and 46 0C. 

Similar enzymatic behavior may govern the synthesis and degradation of tannins. 

During the first stage of berry development (green berries), the activity of tannin 

producing enzymes (i.e. phenylalanine ammonia lyase) may be enhanced by high 

temperatures. In the second stage (after veraison), this activity would be reduced 

and high temperatures could enhance the tannin degradation. 

Swain and Williams (1970) reported a good correspondence between increases in 

the activity of phenylalanine ammonia lyase (PAL) and the rate of synthesis of 

soluble phenolic compounds in the tissues on exposure to light. However, the 

authors recognized that these two phenomena could not be directly related. In our 

study, we propose that temperature is associated with the changes in 

proanthocyanidins observed in the grapes. The basis of this mechanism may be 

based on the optimal temperature for enzyme activity or a response of this enzyme 

to thermal stress. Rivero et al. (2001) reported that PAL activity and phenolic 

content in tomatoes were affected by heat. They grew tomatoes at three different 

temperatures (15, 25 and 35 0C). The lowest biomass production occurred in 

tomatoes at 35 0C, representing a 44% reduction with respect to the highest values at 
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25 0C. They found a twofold increase in PAL activity and almost threefold 

increase in phenolic concentration in tomatoes grown under heat stress. However, 

when watermelons were grown under the same conditions, the highest PAL activity 

and phenolic concentration was observed under cold stress conditions (15 0C) for 

this particular fruit. They concluded that the mechanism in both plants would 

consist of the accumulation of phenolic compounds as a possible form of adapting 

to the stress (cold and heat). Since this experiment measured total phenolics, it is not 

possible to know accurately if the effect of heat favored only tannins with a different 

effect in other phenolics like anthocyanins (as observed in our results). Nozzolillo et 

al. (1989) found increasing anthocyanin concentration in jack pine seedlings (Pinus 

banksiana) grown under cold temperatures. They hypothesized that the reason why 

pigment biosynthesis increased in response to cold was that cold-induced 

permeability changes in the membranes permit enzymes to gain access to 

anthocyanin precursors previously inaccessible. The results of this project, though 

very limited, suggest that it may be possible to predict relative tannin potential in 

wine based upon climatological data. These results are clearly preliminary and 

require a much longer period of study to draw definitive conclusions. 
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Conclusion 

Changes in temperature and heat summation between vintages are strongly 

associated with changes in tannin content in grapes and wine. Warmer years were 

associated with higher tannin content in grapes and wine. There is also a strong 

relationship between tannin content in grapes and tannin content in wine. It is 

possible to predict tannins in wine based on early grape analysis. No relationship 

was found between anthocyanin content in grapes and anthocyanin content in wine, 

and between anthocyanin content and weather conditions. There exist differences in 

tannin extractability and diffusion for seeds and skin during winemaking. Based on 

this study, Pinot noir wine had 7.8% of the seed and 19% of the skin tannin present 

in grapes analyzed at harvest, and 3.6% of the seed and 9.7% of the skin tannin 

present in grapes analyzed at veraison. Number of seeds per berry and berry weight 

are important variables to be considered in the prediction of total tannin content in 

wine. Future research should consider more years of study in order to predict more 

accurately the relationship between tannin biosynthesis and temperature. In addition, 

complementary analysis on growth regulators during vine dormancy and 

phenylalanine ammonia lyase activity during the first stage of berry development 

would be required to fully understand the mechanism of tannin biosynthesis in 

response to different temperatures. Finally, the monitoring of heat stress conditions 
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in the vine will be required in order to know whether or not the increase in 

tannin biosynthesis is due to certain levels of high temperature or to heat stress. 
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