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This study first investigated the developmental changes in the volatile 

composition and carotenoids of Pinot noir grapes. Grape berries were sampled 

every week from pea size to harvest during the 2011 and 2012 season. 

Carotenoids and organic acids were analyzed by HPLC. Volatile compounds 

were extracted from crushed berries using headspace solid-phase 

microextraction (HS-SPME) and analyzed by gas chromatography–mass 

spectrometry (GC-MS), and C13-norisoprenoids potentials were analyzed by 

HS-SPME-GC-MS after acid hydrolysis. Malic acid accumulated before 

véraison and decreased dramatically during ripening. Carotenoids and 

chlorophylls decreased during entire developmental period although some of 

carotenoids showed a short accumulation stage before véraison. Pinot noir 

grapes had a more complex volatile compound composition pre-véraison than 

post-véraison, which may due to the decreasing of monoterpenes during 

ripening. C6-aldehydes significantly increased in concentration after véraison. 

C6-alcohols accumulated around véraison and decreased during ripening. 



 
 

 

   

Benzyl and phenylethyl alcohols increased before véraison, reached the 

highest amount two weeks after véraison and slightly decreased towards 

harvest. The concentration of volatile phenols reached the highest amount at 

véraison, decreased in about one week, then stayed relatively stable through 

maturity. Free-form C13-norisoprenoids was low, but higher after acid 

hydrolysis, indicating the dominance of C13-norisoprenoids precursors. Total 

C13-norisoprenoids increased after véraison, corresponding to carotenoid 

breaking down.  

The analysis of grape composition in this study demonstrated a quantitative 

means of assessing the relationships between vineyard management practices 

and grape-derived secondary metabolites, some of which are important wine 

aroma and flavor components. Effect of cluster zone leaf removal management 

on grape composition were further investigated. Three cluster zone leaf 

removal management, including 0% leaf removal (Control), 50% leaf removal 

and 100% leaf removal of the cluster zone were studied in commercial 

vineyards from 2010 to 2012. Grape samples were harvested every year and 

analyzed for total soluble solids (TSS), organic acids, phenolics and 

carotenoids. Leaf removal had no impact on grape TSS, citric and tartaric acids 

but lowered malic acid in year 2012. Leaf removal increased quercetin 

glycoside content in grape berry in three years, and increased anthocyanin 

content in year 2010 and 2012. For carotenoids, leaf removal decreased 

flavoxanthin content in the grape berry and decreased β-carotene in 2012. It is 

evident that more sun exposure as a result of leaf removal increases 

degradation of carotenoids, and could potentially increase concentration of 

norisoprenoids in grapes. 
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CHAPTER 1 INTRODUCTION 

1.1 Oregon Pinot noir  

The Pinot noir (Vitis vinifera L. Cv. Pinot noir) is one of the earliest varieties of 

grape to be cultivated with the purpose of making wine. Since the French 

Revolution in 1789, Pinot noir has been famously cultivated in the Burgundy 

region of France. Later, a few other regions started to offer quality Pinot noir such 

as the Willamette Valley in Oregon, Martinborough, Waipara, and Central Otago 

in New Zealand. Pinot noir wine is a light or medium body wine with the aroma 

described as currant, strawberry, cherry, raspberry and blackberry. The color is 

often much lighter than other red wines due to the smaller amount of pigment in 

the thin grape skin.  

In Oregon, Pinot Noir is the most widely planted of all varieties, red or white, 

accounting for 56% of wine grape acreage (Haeger and Storchmann 2006). The 

Willamette Valley in Oregon has fertile soil and cooler climate, which are 

important factors in Pinot noir production. The valley also receives a large amount 

of sunlight and has an well-drained soil. Pinot noir wines from this region are 

considered to be the best in the America. 

1.2 Berry composition and wine quality 

1.2.1 Sugar and organic acids 

Sugars, acids, titratable acidity (TA) and juice pH are the important parameters for 

the winemaker to make the decision to harvest grapes. These parameters can 
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directly influence the wine flavor and quality. In grapes, a large portion of the 

soluble solid is sugars. Glucose and fructose are the main sugars in grape juice, 

which are fermentable sugars. During the fermentation process, yeast converts 

these sugars to ethanol and carbon dioxide. The amount of ethanol produced is 

related to the amount of sugar initially present in the juice (Boulton, Singleton et 

al. 1995), so the measurement of sugar content allows the control of ethanol 

content in the wine (Conde, Silva et al. 2007). The sugar content of the juice is 

often expressed in °Brix. The unit °Brix represents grams of sugar per 100 grams 

of juice. It can be measured by a refractometer or a °Brix hydrometer.  

Organic acids, which originated from grape berries and during fermentation, play a 

major role in quality criteria such as wine stability, color, taste, as well as the 

growth and vitality of yeast during fermentation, and protection from bacteria. 

From a winemaking perspective, tartaric acid is the most important acid in wine. 

Tartaric acid, with its potassium and calcium salts, largely controls the pH of wine 

and plays a major role in maintaining the chemical stability and color of the wine. 

Malic acid in grape decreases as berries ripen. Since an excess of malic acid in 

wine tends to provide a "greenish" taste, it is often further reduced during the 

winemaking process through malolactic fermentation (MLF). In this process, 

bacteria convert the malic acid into lactic acid, after which wine has a higher pH, 

and a different mouthfeel. Tartaric and malic acid account for 90 percent or more 

of the total acidity in grapes. Other minor organic acids have also been found in 

grape berries, including acetic, citric, formic, fumaric, lactic, oxalic, pyruvic, 

salicylic, shicimic, and succinic acid etc. (Fuleki, Pelavo et al. 1993).  
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1.2.2 Phenolics  

Wine contains many phenolic substances, most of which originate in the grape 

berries. The phenolic compounds have a number of important functions in wine, 

including affecting wine color, bitterness, astringency and preservation. Since 

phenolics are readily get oxidized, they are the component that turns wine brown 

when exposed to air (Waterhouse 2002). 

Phenolics comprise a large group of compounds that are mainly found in the grape 

seed and skin. Grape phenolics include the non-flavonoids (hydroxycinnamates, 

hydroxybenzoates and the stilbenes; plus the flavonoids including flavanols, 

proanthocyanidins, anthocyanins, and flavonols) (Souquet, Cheynier et al. 1996; 

Waterhouse 2002; Cortell and Kennedy 2006). Total phenolic content of wines is 

approximately 200 mg gallic acid equivalent/L, but typical young red table wines 

have about 120 mg/Lanthocyanins, 50 mg/L flavonols, 250 mg/L catechins, and 

750 mg/L anthocyanogenic tannins (Singleton & Noble, 1976).  

Anthocyanins in grape skin exist as 3-O-monoglucosides and their acylated 

derivatives, which are responsible for the color of red grape varieties. Flavonols 

are found in grape skins as glycoconjugates of kaempferol, quercetin, myricetin, 

and isorhamnetin, which have a pale yellow color and slightly bitterness. Flavanols 

(flavan-3-ols) are abundant in grape seeds, which include (+)-catechin, (-)-

epicatechin, and (-)-epicatechin-3-O-gallate. Flavanols exist in grape skin as both 

monomers and/or polymeric proanthocyanidins (Cortell and Kennedy 2006). 

These compounds are colorless but contribute to bitterness and astringency 

(Kallithraka, Bakker et al. 1997; Cortell and Kennedy 2006). Moreover, the 

formation of copigmentation complexes between anthocyanins and flavonols 
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enhances the extraction of anthocyanins during winemaking, which is reflected in 

a more intense red color together with a bathochromic shift to purplish hues of the 

red color (Schwarz, Picazo-Bacete et al. 2005). These color effects can be easily 

observed in young red wines. Flavonoids have received considerable attention also 

because of their beneficial effects as antioxidants in the prevention of human 

diseases such as cancer, cardiovascular diseases, and some pathological disorders 

(Yao, Jiang et al. 2004).  

The content of phenolics in mature grape berries will ultimately influence the 

flavor and quality of the resulting wine product. Environmental and cultural 

factors such as light, temperature, altitude, soil type, water, nutritional status, 

microbial interactions, pathogenesis, wounding, defoliation, and plant growth 

regulators, can influence the content and quality of phenolics of  the grape berries 

(Downey, Dokoozlian et al. 2006). 

1.2.3 Grape-derived aroma compounds 

Grape aroma is another important indicator of grape quality. Although the majority 

of wine aroma compounds are generated during fermentation, grape-derived aroma 

compounds play a key role for wine varietal aroma and overall wine quality. Grape 

aroma compounds in wine grapes are well documented, and the aroma profile is 

found to be different from variety to variety. The groups of compounds discussed 

below were known to be of great importance to wine flavor: C6 compounds, 

terpenoids, C13-norisoprenoids and benzene derivatives.   

C6 compounds. C6 alcohol and aldehyde are also called leaf alcohol and leaf 

aldehyde, which are the most abundant volatiles of macerated grapes. These 

compounds have received special attention in wine production because of  a  
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"leafy-grassy" odor in wine (Joslin and Ough 1978). Levels of C6 alcohols and 

aldehydes in grape must (freshly pressed fruit juice that contains the skins, seeds, 

and stems of the fruit) depend upon the grape variety and the ripeness of grapes 

(Gunata, Bayonove et al. 1985). Although most of the C6 alcohols and aldehydes 

in grape will be transformed during wine making, some can still be found in wines 

as a concentration above the sensory threshold, such as trans-3-hexenol and cis-3-

hexenol (Fang and Qian 2005) because cis-3-hexen-l-ol and trans-3-hexen-l-ol 

cannot be metabolized by S. cereuisiae (Herraiz, Herraiz et al. 1990). 1-hexanol is 

another important C6 alcohol that is derived from grape, but the presence of l-

hexanol in wines arises from the l-hexanol present in the must as well as from 

reduction of hexanal, trans-2-hexenal, trans-2-hexen-l-ol, and cis-2-hexen-1-ol 

during fermentation (Herraiz, Herraiz et al. 1990). 

Terpenes. Terpenes, such as geraniol, nerol, α-terpineol, and linalool, mainly 

contribute to the floral aroma and flavor in wines (Pena, Barciela et al. 2005). 

Terpenes and other grape-derived flavor compounds are present as free volatiles 

and as sugar-bound precursors (Wilson, Strauss et al. 1986). In floral grape 

varieties, such as Muscat grape, monoterpenes are the key compounds for the 

floral aroma. However, the concentrations of monoterpenes in the nonfloral 

varieties, such as Pinot noir, are usually below their threshold values. It is unlikely 

that the monoterpenes could exert a significant aroma influence individually, either 

on the grape juice or on matured wines (Chatonnet, Dubourdie et al. 1992), but 

whether these compounds would have synergic effect in wine is still unclear.  

C13-norisoprenoids. C13-norisoprenoids, such as β-damascenone and β-ionone, 

contribute to the berry, tobacco, honey, and violet aromas in wine. These 

compounds occur in wine with highly desirable flavor properties and very low 
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odor threshold. Initial research into the origins of grape norisoprenoids showed 

that the compounds were generated by acid hydrolysis from non-volatile precursor 

forms (Williams, Strauss et al. 1982). The precursors appear to include 

glycoconjugates involving different conjugating moieties and also non-glycosidic 

compounds (carotenoids and its degradation products) (Winterhalter, Sefton et al. 

1990), which could transform to free volatile compounds in wine.   

Benzene derivatives. After the norisoprenoids, benzene derivatives are the most 

diverse and abundant group of the hydrolytically released volatiles seen in grapes, 

which are shikimate-derived (Sefton, Francis et al. 1993). Benzene alcohols, such 

as benzyl alcohol and benzeneethanol are associate with floral aromas. Volatile 

phenols, such as guaiacol and 4-methylguaiacol, are associated with smoky, 

phenolish, aromatic, sharp and sweet aroma characters (Kennison, Gibberd et al. 

2008). However, the concentration of volatile phenol in grape is relatively low. 

Most of volatile phenols in wine form at different stages of the winemaking 

process, most occur during aging prior to bottling, especially when wines are 

stored in oak barrels (Chatonnet, Dubourdie et al. 1992).   

1.3 Berry composition change during grape development  

There are three phases of berry development. The first phase is rapid berry growth 

immediately after bloom. During this time, grape berries grow both through cell 

division and cell enlargement. Berries at this stage are firm and green due to the 

presence of chlorophylls. Sugar content is low, and organic acids accumulate. The 

second phase is called “lag phase” since berry growth slows remarkably. During 

lag phase, the organic acid concentration in grape berries reaches their highest 

level, and berries remain firm, but begin to lose chlorophylls. After lag phase, 
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berries start rapid growth again by cell enlargement. At this stage, berries become 

soft and continue to lose chlorophylls, while in colored varieties red pigments 

begin to accumulate in the skin. Sugar content increases quickly, and the 

concentration of organic acids declines (Mullins, Bouquet et al. 1992). The 

chemical composition changes during grape berry development has been widely 

documented (McCarthy 1986; Lamikanra, Inyang et al. 1995; Watson 2003). 

During the berry development, véraison is the inception of ripening, and was 

found to be a metabolically critical stage (Mullins, Bouquet et al. 1992).  

1.3.1 Sugar  

Before véraison, the sugar concentration is usually around 2 percent of berry fresh 

weight. Beginning near the onset of véraison, sugar concentration increases 

rapidly, and may reach 25 percent or more of fresh berry weight by the time of 

harvest (Mullins, Bouquet et al. 1992). The sugar accumulation in the grape berry 

is regulated by complex mechanisms controlled by many genes (Mullins, Bouquet 

et al. 1992).  

1.3.2 Organic acids  

Tartaric and malic acid are the dominant organic acids of the grape berry, making 

up approximately 90 percent of total fruit acidity (Philip and Nelson 1973; Soyer, 

Koca et al. 2003). Generally, organic acid concentrations reach their highest levels 

near véraison and then decline through the ripening period. The decrease in the 

concentration of tartaric acid during ripening is attributed to transformation of 

tartaric acid to salts and the dilution effect (Iland and Coombe 1988), because 

there is no enzyme to catalyze tartaric acid degradation. The decrease in malic acid 

concentration after véraison results from respiration and enzyme degradation as 
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well as dilution (Iland and Coombe 1988). Malic acid decreases much faster than 

tartaric acid during ripening. For most grape varieties, tartaric acid is the dominant 

acid at harvest time (Cash, Sistrunk et al. 1977; Saito and Kasai 1968)).  

1.3.3 Phenolics  

Phenolics are synthesized in the berry and are accumulated in the berry skin and 

seeds. Generally, concentration of grape phenolics increases throughout berry 

development (Kennedy 2008). Flavonols, flavan-3-ol monomers, 

proanthocyanidins and hydroxycinnamic acids beginning increasing at fruit set and 

lasts until véraison (Kennedy, Matthews et al. 2000). Average degree of 

polymerization of proanthocyanidins increases with maturity (Kennedy, Matthews 

et al. 2002). In red grapes, anthocyanin accumulation commences at véraison. 

Initially, only glucosides of the dihydroxylated anthocyanins, cyanidin and 

peonidin, accumulate, followed by the trihydroxylated anthocyanins based on 

delphinidin, petunidin, and malvidin (Mazza and Miniati 1993; Katalinić and 

Maleš 1997; Keller and Hrazdina 1998).  

The flavonoid biosynthetic pathway has been one of the most intensively studied 

metabolic systems in plants (Winkel-Shirley 2001). The biosynthesis of flavonoids 

is the result of two metabolic pathways, the shikimate and the phenylpropanoid 

pathway (Downey, Dokoozlian et al. 2006). The phenylpropanoid pathway 

synthesizes flavonoids from carboxylated acetyl-CoA (malonyl-CoA) and the 

amino acid phenylalanine, which is one of the three aromatic amino acids 

produced via the shikimate pathway (Dewick and Haslam 1969). The flavonoid 

biosynthesis pathway and the enzymes involved are expressed in Figure 1 by Boss 

et al. (1996). Phenylalanine is first converted to 4-coumaroyl-CoA in the general 
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phenylpropanoid metabolic pathway, and this compound may be used in the 

production of lignins, coumarins and stilbenes. Conversion of 4-coumaroyl-CoA 

in the flavonoid  pathway  results  in  the  production of  a  range  of  flavonoid  

compounds,  the  most  common  being aurones, flavones, flavonols, 

isoflavonoids, proanthocyanidins and anthocyanins (Boss, Davies et al. 1996).  

In recent years, much effort has been made to elucidate the flavonoid biosynthetic 

pathway from a molecular genetic point of view. For instance, Sparvoli, Martin et 

al. (1994) reported that flavonoid biosynthetic genes in young seedlings were 

induced by light, except for PAL and StSy, which appear to be constitutively 

expressed. More recently, Downey, Harvey et al. (2004) found that the expression 

of the gene encoding UDP-glucose flavonoid-3-O-glucosyl transferase (UFGT), 

which was a key gene in anthocyanin synthesis, was not affected by different 

levels of light exposure. They also found that a gene encoding flavonol synthase 

(FLS) was expressed at flowering and during ripening in exposed grapes, but its 

expression was greatly reduced in shaded fruit.  
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Figure 1 A schematic diagram of the general phenylpropanoid and flavonoid biosynthesis 

pathways.  

C4H, cinnamate 4-hydroxylase; 4CL, 4- coumarate CoA ligase. Genes showed in box. 

(Boss, Davies et al. 1996) 

  



11 

 

 

   

1.3.4 Aroma formation  

Unlike nonvolatile composition, the aroma profile of wine grape during berry 

development is largely dependent on grape variety and weather condition. 

Véraison was also identified as a transition stage for volatile compound 

biosynthesis. Kalua and Boss (2009) reported that véraison is the time when most 

compounds were potentially transformed to nonvolatile conjugates and berries lost 

their potential to synthesize esters and terpenes. Generally the amount of all 

volatiles increases since véraison followed by a sharp decrease, but the maximum 

amount of volatiles was occurred at different times for different grape varieties 

(Coelho, Rocha et al. 2007). Other than the amount of volatile changes, volatile 

profile was also changed during berry development and the dominant volatile 

varies depending on variety. Due to limited information and variation among 

varieties, it is hard to have a universal or conclusive description about the 

evolution of aroma compounds in grapes. However, the biosynthesis pathway of 

these important aroma compounds are well-studied in plants. 

1.2.4.1 Terpenes 

Terpenes are considered very important grape-derived compounds which 

contribute to the floral aroma of some wines. In muscat varieties, monoterpenes, 

such as linalool, nerol, and geraniol, increased after véraison and reach the 

maximum amount towards maturity (Girard, Fukumoto, Mazza, Delaquis, & 

Ewert, 2002; Salinas, Zalacain, Pardo, & Alonso, 2004). However, in nonfloral 

varieties, terpene compounds are low and do not have much contribution to wine 

flavor. Terpene compounds belong to the secondary plant constituents, the 

biosynthesis of which begins with acetyl-CoA (Manitto and Sammes 1981). 

Mevalonic acid (MVA) is considered to be the first specific terpene precursor. 
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MVA is converted to isopentyl diphosphate (Rontani, Cuny et al. 1996) by a series 

of reactions. Isopentenyl pyrophosphate (IPP) can be isomerized to the 

dimethylallyldiphosphate form (DMAPP) by isopentenyl diphosphate isomerase. 

Prenyltransferases catalyze the condensation of DMAPP and IPP producing 

geranyl diphosphate (GPP). Monoterpenes are then produced from GPP through 

hydrolysis, cyclations, and oxidoreductions (Manitto and Sammes 1981). 

1.2.4.2  C6 alcohols and aldehydes 

C6-alcohols and aldehydes, which contribute to the green aromas, are important 

indicators for grape ripeness because of their high concentration at the beginning 

of ripening and decreasing during maturation (Gomez, Martinez et al. 1995; Fang 

and Qian 2006). The Lipoxygenase (LOX) pathway is regarded as the main route 

of C6-aldehyde synthesized which generates the widest variety of flavor 

compounds in fatty acid metabolism. Many of the aliphatic esters, alcohols, acids, 

and carbonyls found in fruit are derived from the oxidative degradation of linoleic 

and linolenic acid (Dickinson, Lanterman et al. 1997). C6-aldehydes are synthesis 

from linoleic and linolenic acids by a series of enzymes and could further form 

C6-alcohols and C6-alcohol esters during berry development (Kalua and Boss 

2009).  

1.2.4.3  Carotenoids to C13-norisoprenoids 

Although carotenoids are present in grape berries at very small concentrations, 

they are well known as precursors of C13-norisoprenoids, which is a group of very 

important flavor compound in wine due to their low sensory threshold (Baumes, 

Wirth et al. 2002). Carotenoids are a large group of compounds with structural 

diversity, and are separated into two main classes: (1) the carotenes made up with 
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only carbon and hydrogen and (2) xanthophylls, the enzymatically formed 

oxidation products of α- and β-carotene (Mendes-Pinto, Ferreira et al. 2004) 

(Figure 2). Carotenoids are most abundant in leaves, but fruits are also known for 

their complex and variable carotenoid composition (Rodriguez-Amaya 2001). In 

grape berries, carotenoids are mostly found in the skin at level two to three times 

higher than in the pulp, but none are found in juice (Razungles, Bayonove et al. 

1988). Carotenoid concentrations in grape berries vary during ripening. It has been 

demonstrated that β-carotene and some xanthophylls (neoxanthin, flavoxanthin, 

and lutein) are abundant before véraison, and decreases dramatically thereafter 

(Razungles, Bayonove et al. 1988). The end of véraison appears to be an important 

time for changes in the carotenoid ratios (Razungles, Babic et al. 1996). 

          

 

Figure 2 The structure of (a) β-carotene an example of the carotene group. (b) Zeaxanthin an 

example of the xanthophylls group of carotenoids. 

The C13-norisoprenoids are the most abundant norisoprenoids in nature. They can 

be divided into: (1) compounds with the megastigmane structure, including the 

family of ionones and damascenones with oxygen at different positions (Figure 3) 

and (2) compounds with the megastigmane structure but without oxygen in the 

a 

b 
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lateral chain. In grapes and wine, the first group of compounds are very important 

because of their sensory characteristics.  

                   

Figure 3 Chemical structures of typical carotenoid-derived norisoprenoids. 

Several mechanisms of carotenoid degradation into C13-norisoprenoids are shown 

in research of different food matrix, including enzymatic process, autoxidation and 

thermal decomposition (Kanasawud and Crouzet 1990;Mordi, Walton et al. 1991; 

Mendes-Pinto, Ferreira et al. 2005).   

In grapevines, Baumes et al. (2002) found that the formation pathways of 

carotenoids to norisoprenoids has three consecutive steps. The first step is the 

carotenoid degradation catalyzed by oxidases. Second, the degradation product is 

modified by oxidases and reductases to form norisoprenoids. Finally, the 

norisoprenoids are glycosylated by glycosyltransferases. Several possible synthesis 

pathways had been reported from the model system. For example, β-ionone has a 

violet-like aroma and can be formed as a cleavage product of β-carotene 

(Kanasawud and Crouzet 1990) and zeaxanthin (Mathieu, Terrier et al. 2005). β-

damascenone, which aroma notes have been described as honey-like, can be 

formed directly from neoxanthin (Bezman, Bilkis et al. 2005). However, in 

grapevines, the synthesis pathways are more complicated since the carotenoids 

converted under different environmental conditions. Moreover, the enzyme system 

involved could make the process much more complicated than the model system. 

β-ionone β-damascenone 
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The xanthophyll cycle (Figure 4) in plants allows plants adaptation to different 

light conditions (Baumes, Wirth et al. 2002). This cycle involves epoxidation of 

zeaxanthin to violaxanthin, catalyzed by zeaxanthin epoxidase, and the reverse 

pathway of de-epoxidation of violaxanthin is catalyzed by violaxanthin de-

epoxidase (Baumes, Wirth et al. 2002). Xanthophyll cycle response to different 

environmental conditions results in different carotenoid profile under different 

viticultural practice. However, Demmig-Adams et al.(1996) discussed that the 

reaction time in the xanthophyll cycle varies from a few minutes (deepoxidation) 

to hours (epoxidation) in response of various environmental conditions. The 

sudden fluctuations make it difficult to study individual carotenoids, and 

environmental factors are important to consider when samples are collected in the 

field.  

 



16 

 

 

   

 

Figure 4 Stereochemistry of the carotenoids, of the xanthophyll cycle and of neoxanthin published 

by Baumes, Wirth et al. (2002). 

 

 

Xanthophyll cycle 
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1.4 Effect of leaf removal on grape berry composition 

One of the most common canopy management techniques in viticulture for Pinot 

noir is removal of leaves in the fruit zone (Poni, Casalini et al. 2006). Heat 

accumulation and sunlight exposure in Cool climate vineyards are more limited 

than vineyard at warm area. A dense canopy with inadequate light exposure can 

lower fruit sugar content, increase acids and potassium concentrations in must, so 

it is often suggested that optimal exposure of grapevine canopies is very important. 

Especially for vineyard already planted, leaf removal is a very practical 

management used at different growing stage, to increase air circulation, light 

exposure, penetration of fungicide sprays and decrease disease incidence, 

especially rot of clusters (Lee and Skinkis 2013; Zoecklein, Wolf et al. 1992; 

English, Kaps et al. 1993; Duncan, Stapleton et al. 2007).  

The effect of leaf removal on grape composition has been studied for decades. 

However the impact of leaf removal on berry composition is not consistent across 

cultivars and regions. Leaf removal usually doesn’t affect yield, cluster number, 

cluster weight, and berry weight significantly (Bledsoe, Kliewer et al. 1988; Lee 

and Skinkis 2013). In cool climate winegrowing regions, defoliation can hasten 

ripening, increase color and aroma compounds in grape and finished wine (Kemp 

2010). The main effect of leaf removal is to increase the sun exposure in the 

fruiting region of the canopy throughout the season. Significant negative 

correlations were reported between the photon fluence rate and pH, malic acid, and 

potassium concentration of the berry juice at harvest (Bledsoe, Kliewer et al. 

1988), however in some cases, leaf removal had no influence on these basic 

parameters (Zoecklein, Wolf et al. 1992; Percival, Fisher et al. 1994; Lee and 

Skinkis 2013) or were partially affected (Hunter, Ruffner et al. 1995). Another 
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effect of leaf removal that has been reported is increasing formation of secondary 

plant products including phenolics, especially anthocyanins (Price, Breen et al. 

1995). However, this result is not conclusive since some studies failed to observe 

any change in total anthocyanins with shading, while others reported that high 

light resulted in decreased anthocyanin levels (Morrison and Noble 1990; 

Dokoozlian and Kliewer 1996; Poni, Bernizzoni et al. 2009; Tardaguila, de Toda 

et al. 2010). In other cases, there was no obvious change in the total, but shifts in 

anthocyanin composition were observed (Guidoni, Ferrandino et al. 2008). The 

response of total anthocyanin levels to treatment conditions is variable and 

depends on the degree of cluster shading and the resultant berry temperature 

(Haselgrove, Botting et al. 2000). Quercetin glycosides in berries are highly 

affected by sun exposure, and they can significantly increase after leaf removal. 

This would increase the rate of polymerization with potential stability and quality 

of wine (Price, Breen et al. 1995). Recent data suggests that light exposure played 

more important role in the biosynthesis pathway of flavonols than anthocyanins 

(Sparvoli, Martin et al. 1994; Downey, Harvey et al. 2004). 

There is limited data, especially analytical data, on the effect of leaf removal on 

grape volatile composition, which makes major contibution to the varietal 

character. Arnold and Bledsoe (1990) reported that in Sauvignon blanc wines,  

“canned  greenbean” aroma and the vegetal flavor by mouth were significantly 

reduced by leaf removal, but  fruity aromas were not affected by descriptive 

sensory analysis. Reynolds, Wardle et al. (1996) reported that leaf removal 

increased free volatile terpene, and potentially volatile terpene significantly. 

Zoecklein, Wolf et al. (1998) reported that the concentrations of total and phenol-

free glycosides (glycosidically bound precursors such as norisoprenoids and 

terpenyls) were higher in Riesling and Chardonnay fruit from leaf-pulled plant 
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than the control group. Light exposure has been reported to promote the formation 

of methoxypyrazines in immature grapes, and photodecomposition of the 

methoxypyrazines in ripening grapes (Hashizume and Samuta 1999). Ryona, Pan 

et al. (2008) reported that increased cluster exposure, by shoot thinning, reduced 

the accumulation of 3-isobutyl-2-methoxypyrazine (IBMP) at all pre-véraison time 

points by 21 to 44%. It is possible that methoxypyrazines also could be reduced by 

leaf removal and may reduced vegetative flavor.  
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CHAPTER 2 EVOLUTION OF CAROTENOIDS AND 

VOLATILE COMPOSITION DURING BERRY 

DEVELOPMENT IN PINOT NOIR 

2.1 Abstract 

Grape-originated flavor makes a major contribution to wine flavor and varietal 

characteristics. Understanding changes in secondary metabolism during berry 

development may provide predictive information about the link between grape and 

wine aroma. In this study, developmental changes in the carotenoids and volatile 

compounds of Pinot noir grapes were monitored. Pinot noir grapes were sampled 

every week from pea size to harvest during year 2012. Sugar and organic acids 

were measured as a basic ripening parameter. Carotenoids were extracted by ethyl 

acetate and analyzed using High-Performance Liquid Chromatography 

(HPLC).Volatile compounds were extracted from the headspace of crushed Pinot 

noir grape berries using Solid-Phase Microextraction (SPME) and analyzed by Gas 

Chromatography–Mass Spectrometry (GC-MS), and aroma potential was analyzed 

by HS-SPME-GC-MS after acid hydrolysis. Volatile phenols were analyzed by 

Stir Bar Sorptive Extraction (SBSE)-GC-MS. During berry development, tartaric 

acid declined from pea size to mature stage while malic acid accumulated before 

véraison and decreased dramatically after véraison. Carotenoids and chlorophylls 

decreased during berry development although neochrome b and violaxanthin 

showed a short accumulation stage before véraison. For aroma compounds, C6-

aldehyde, including trans-2-hexenal and 1-hexanal, were low at the early stage of 

berry growth and showed a significant increase after véraison. C6-alcohols, such 

as 1-hexanol, trans-2-hexenol, and cis-3-hexenol, and benzene derivatives (benzyl 
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alcohol and benzeneethanol) increased before véraison, reached the highest 

amount after véraison, and decreased during ripening. Free terpenoid production in 

Pinot noir was low. Both trans- and cis-linalool oxide, linalool, limonene, α-

terpineol and α-terpinene, continually decreased during berry development, 

whereas geraniol and nerol increased after véraison.  C13-norisoprenoids were low 

in free form but high as precursors. The β-damascenone potential increased 

dramatically after véraison, correlating with the decrease of some carotenoids, but 

total α-ionone and β-ionone showed the opposite trend. TDN and vitispirane were 

presented in Pinot noir grape as bound form only, and their concentration 

decreased initially and then increased during ripening. The concentration of 

volatile phenols accumulated and reached the highest amount at véraison, 

decreased after one week, then the concentration was relatively stable through 

maturity. The aim of this study was to explore the evolution of volatile compounds 

during berry development for possible manipulation of biosynthetic pathways and 

eventual enhancement of grape and wine aroma of Pinot noir.  

Keywords: carotenoids, C13-norisoprenoids, aroma and aroma potential, Pinot noir 

grape 

2.2 Introduction  

Pinot noir grape is considered a non-aromatic grape variety, define as having low 

concentration of free monoterpenes (Rapp 1998; Bonino, Schellino et al. 2003), 

and its aroma characteristics comes from a blend of numerous compounds (Fang 

and Qian 2005). Grape-originated flavor makes a large contribution to wine flavor 

and characteristics. Understanding changes in secondary metabolism during berry 

development may provide predictive information about the link between grape and 
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wine aroma. Most of the studies on the evolution of volatile compounds in grapes 

have focused on the post- véraison stage and vinification process. How some 

potential aroma compounds may be synthesized or sequestered during early grape 

development stage is still unknown. C13-norisoprenoids such as β-damascenone, β-

ionone, α-ionone and TDN have been recognized as very important wine aroma 

compounds, especially for red wine.  It is known that these C13-norisoprenoids are 

generated from the breakdown of carotenoids. For example, β-ionone has a violet-

like aroma that can be formed as a cleavage product of β-carotene (Kanasawud & 

Crouzet, 1990) and zeaxanthin (Mathieu, Terrier, Procureur, Bigey, & Gunata, 

2005). β-Damascenone, which aroma notes have been described as honey-like, can 

be formed directly from neoxanthin (Bezman, Bilkis, Winterhalter, Fleischmann, 

Rouseff, Baldermann, et al., 2005). However, in grapevines the synthesis pathways 

are more complicated since the carotenoids may convert under different 

environmental conditions. In this study, we investigated grape berry chemical 

changes during the period from pre-véraison (pea size) to mature stage of Pinot 

noir grape. The evolution of free aroma compounds was investigated, and total 

C13-norisoprenoids and their potential precursors, carotenoids, were monitored 

during the berry development. The aim of this study is to better understand the 

evolution of volatile compounds and their relationship with precursors during 

berry development and eventual enhancement of grape and wine aroma. 

Knowledge of the volatiles released from the grape could help to elucidate varietal 

aromas of Pinot noir wines. 
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2.3 Materials and methods 

2.3.1 Chemicals 

DL-malic acid (>99.0%) was purchased from Spetrum, L-(+)-tartaric acid (99%) 

was purchased from Alfa Aesar (Ward Hill, MA, USA), citric acid (>99.0%) was 

purchased from EM Chemical Ltd.Co. (Turkey). β-carotene was from TCI, Japan. 

β-apo-8’-carotenal (>99.0%). Solvents: Acetyl acetate (HPLC grade, EMD, 

Gibbstown, NJ), acetonitrile (HPLC grade, EMD, Gibbstown, NJ), methanol 

(HPLC grade, EMD, Gibbstown, NJ). Sodium chloride was obtained from Fisher 

& Scientific (Fair Lawn, NJ). All the chemical standards used in volatile 

compound study are listed in Table 1. 
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Table 1 Chemical standards 

Chemicals Source Purity 

Phenylethanol Sigma-Aldrich 99% 

1-hexanol Sigma-Aldrich 99% 

Z-2-hexen-1-ol Aldrich 90% 

E-2-hexen-1-ol Aldrich 96% 

E-3-hexen-1-ol Aldrich 97% 

1-octen-3-ol Aldrich 98% 

n-Heptanol Eastman - 

2-ethyl-1-hexanol Aldrich - 

Benzyl alcohol Sigma-Aldrich 99.8% 

n-Octanol - - 

Citronellol Aldrich - 

β-damascenone Firmenich - 

Geraniol Aldrich 98% 

α-Ionone Fluka, Aldrich 75-90% 

β-Ionone Sigma-Aldrich 95% 

Linalool Aldrich, Alfa Aesar, Fluka 97% 

Linalool oxide Fluka 97% 

(R)-(+)-limonene Sigma-Aldrich 97% 

Nerol Sigma-Aldrich 98% 

α-terpinene TCI America 90% 

α-terpineol - - 

Octanoic acid Aldrich - 

Hexanoic acid Aldrich 99.5% 

Nonanoic acid - - 

Decanoic acid Aldrich - 

E-2-hexenal Aldrich 95+% 

E-2-octenal Compagnie Parento, Inc, N.Y. - 

Nonanal Aldrich 95% 

Hexanal Aldrich 97+% 

Heptanal Aldrich 95% 

Furfural Sigma-Aldrich 99% 

E-2-hexenyl acetate Bedoukian Research - 

Vanillin Fluka 98% 

4-vinylphenol Alfa Aesar 10% 

Methyl anthranilate Aldrich - 

4-vinyl-2-methoxy-phenol Aldrich 97% 

Phenol EM Science - 
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2.3.2 Plant material  

Plant material was obtained from Dr. Patty Skinkis (Department of Horticulture, 

Oregon State University). Grape samples (Pinot noir clone 115) were collected 

randomly from the vineyard block under normal vineyard conditions from Stoller 

Family Estate Vineyard in Dayton, OR. Samples was collected weekly during berry 

development from August 3rd to October 9th (harvest) in 2012 (Table 2). Ten 

clusters of grapes were randomly collected. Sample were and stored in -80℃ freezer 

immediately after harvest before analysis. The grapes were destemmed while frozen. 

2.3.3 Total soluble solid and organic acid analysis 

Total soluble solids. Grape samples (100 g) were placed in a clean zip-lock bag 

and squeezed by hand to collect the juice. TSS (°Brix) was measured at room 

temperature using a PAL-1 pocket refractometer (Atago USA, Inc., Bellevue, 

WA).  

Organic acid. For each sample, 20 ml grape juice was pipetted into a beaker, and 

0.4g PVPP (polyvinylpyrrolidone) was added and mixed well. The mixture was 

filtered through a glass wool and the clear juice was collected. About 1.5 ml juice 

sample was transferred into a 1.5 ml micro-centrifuge vial, and centrifuged at 

11000 rpm for 5 min. One ml of clear juice sample was diluted with 9 ml milli-Q 

water. The diluted sample was ready for HPLC injection. Twenty microliters of 

sample was injected onto a Shimadzu HPLC system equipped with Bio-Rad 

Aminex ion exclusion column (HPX-87H, 300 x 7.8 mm, Richmond, CA) 

maintained at 65°C. A mobile phase of 0.005 M sulfuric acid was programmed at a 
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constant flow rate of 0.5 mL/min. A UV-Vis spectrophotometric detector at 

wavelength of 210 nm was used for detection. Each sample was run in duplicate. 

External standard quantification method was used in this study, the calibration 

curve was determined by plotting y-axis as peak area of target compounds and x-

axis as concentration of target compounds.  

2.3.4 Carotenoids analysis 

Extraction. Extraction of carotenoids followed published procedures with some 

modification (Mendes-Pinto, Ferreira, Caris-Veyrat, & de Pinho, 2005; Oliveira, 

Barbosa, Ferreira, Guerra, & Guedes, 2006; Oliveira, Ferreira, Pinto, Hogg, Alves, 

& de Pinho, 2003). Approximately 100 g of fresh berries were blended with liquid 

nitrogen. Thirty g of homogenized sample was spiked with 100 µL of internal 

standard (8.97mg/ml of β-apo-8’-carotenal). Extraction was carried out with 100 

mL of ethyl acetate containing 0.1% BHT, agitating for 30 min. After centrifuging 

at 1,500 rpm for 5 min, the resulting upper layer was separated. The extraction 

procedure was repeated once for the lower phase with 50 mL of ethyl acetate 

containing 0.1% BHT. The final combined extract was concentrated to dryness at 

30 ℃ (rotavapor, BUCHI R205), resuspended in 1 mL of acetone/hexane (1:1, v/v, 

w/0.1% BHT) and centrifuged at 11,000 rpm for 5 min. Clear extract was injected 

in an HPLC. Each sample was extracted in triplicate. Sample handling, 

homogenization, and extraction were carried out under dim light and operate in cold 

room to minimize light-induced isomerization and oxidation of carotenoids.  

HPLC-DAD. Carotenoid concentration was determined on a Hewlett-Packard 1090 

series HPLC with a model 1090 series diode array detector and HP Chemstation 

software (Hewlett-Packard Inc, Palo Alto, CA) with a Prodigy C18 column (100 Å, 
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5 µm, 250×4.6 mm, Phenomenex); eluents, 100% ethyl acetate (solvent A) and 90% 

acetonitrile in milli-Q water (v/v) (solvent B); flow rate, 1 mL/min. The following 

binary gradient system was employed: 0-1 min (100% B); 1-30 min (to 40% B); 31-

40 min (40% B); 41-45 min (to 0% B); 46-55 min (0% B). Diode array detection 

was between 300 and 600 nm. Sample injection was 20 µL, and absorbance was 

recorded at 447 nm. 

Qualitative and Quantitative Analysis. Positions of absorption maxima (λmax) were 

used for qualitative analysis. β-carotene was identified by comparison with 

retention time and UV spectra of commercial β-carotene standard (Sigma, 95%). 

Identification of the other carotenoids was performed by comparison with spectra 

data and retention time from the literature (Table 3) (Mendes-Pinto, Ferreira, 

Caris-Veyrat, & de Pinho, 2005; Oliveira, Ferreira, Costa, Guerra, & de Pinho, 

2004; Oliveira, Ferreira, Pinto, Hogg, Alves, & de Pinho, 2003). Internal standard 

quantification method was used in this study, the calibration curve was determined 

plotting y-axis as peak area ratio of target compounds to internal standard and x-

axis as concentration ratio of target compounds to internal standard. Calibration 

curves of β-carotene with r2 =0.9996. All compounds run in triplicate and 

calculated as β-carotene equivalent. 

2.3.5 Volatile composition analysis by HS-SPME-GC-MS 

A 50/30 µm DVB/CAR/PDMS fiber (Supelco, Inc., Bellefonte, PA) was used for 

volatile extraction. Approximately 30 g of grape sample was blended with liquid 

nitrogen into powder, and each grape sample (1 g) was put into a 20 mL 

autosampler vial. For free form aroma analysis, the sample was diluted with 4 ml 

of citric acid/saturate saline buffer (0.2 M, pH 3.2) and 20µl of internal standard 
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solution (3-heptanone, octyl propanoate, 4-octanol and hexyl formate) was added. 

The vial was tightly capped with a silicon septum. The sample was equilibrated at 

50 °C in a thermostatic bath for 15 min and extracted for 30 min at the same 

temperature while stirring. After extraction, the fiber was inserted into the 

injection port of GC (250 °C) to desorb the analytes. 

For total aroma analysis, grape sample (1g) was diluted with 4 ml of citric 

acid/saturate saline buffer (0.2 M, pH 2.5), and placed in a water bath (99℃) for 1 

hour. The vial with the hydrolyzed sample was cooled to room temperature in cold 

water, then 20µl of internal standard was added, and follow the same SPME 

extraction procedure described previously was followed.  

GC-MS analyses were performed using an Agilent 6890 gas chromatograph 

equipped with an Agilent 5973 mass selective detector (Agilent, Santa Clara, CA). 

Compound separation was achieved with a ZB-WAX column (30 m × 0.25 mm 

i.d., 0.5 μm film thickness, Phenomenex, Torrance, CA). A constant helium 

column flow rate of 2.5 mL/min was used. The oven temperature was programmed 

at 35 °C for a 4 min holding, then to 230 ºC at 5 ºC/min with 10 min holding. MS 

transfer line and ion source temperature were 280 and 230 ºC, respectively. 

Electron ionization mass spectrometric data from m/z 35~350 were collected using 

a scan model with an ionization voltage of 70 eV. Compound identification was 

achieved by comparing mass spectral data from the Wiley 275.L (G1035) database 

(Agilent). 

The individual standard solution was mixed and diluted with synthetic juice (3.5 

g/L tartaric acid in water, pH 3.5). Twenty μL of the internal standard was added 

to the working solution. Standard calibration curves were obtained through 
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Chemstation software and were used to calculate the concentrations of volatile 

compounds in the samples. Duplicate analyses were performed for each sample. 

Quantitative investigation of the evolution of volatile compounds during berry 

development was based on concentrations per average berry weight to represent 

the potential of berries at a particular developmental stage to form and release 

volatile compounds. 

2.3.6 Volatile phenol analysis by SBSE-GC-MS 

Grape samples were blended using liquid nitrogen, 1 g grape powder was mixed 

with 10 mL citrate buffer solution (0.2M, pH 2.5) and heated at 99℃ for 1 hour. 

After the mixture was cooled down to room temperature, an aliquot of 20 µL 

internal standard was added. A pre-cleaned ethylene glycol-silicone coated 

(Herraiz, Herraiz et al.) stir bar (0.5 mm film thickness, 10 mm length, Gerstel 

Inc., Baltimore, MD) was placed into the vial and stirred for 2 hours at room 

temperature at 1,000 rpm. After extraction, the ethylene glycol-silicone (EG) stir 

bar was removed from the sample, rinsed with milli-Q water, dried with Kim 

wipes, and later transferred into a thermal desorption tube for GC-MS analysis.  

Volatile compounds were desorbed from the EG stir bar at the following 

conditions: desorption temperature, 220 ºC; desorption time, 5min; The 

compounds were transferred into an Agilent 7890 gas chromatograph coupled with 

a 5979 mass selective detector with a ZB-wax-plus capillary column (30 m × 0.25 

mm i.d., 0.5 µm film thickness, Agilent, Wellington, DE). The chromatographic 

program was set at 35 ºC for 4 min, raised to 150 ºC at 20 ºC/min, then raised to 

230 ºC at 4 ºC/min hold for 10 min. A constant helium flow of 2 ml/min was used. 

The MS transfer line and ion source temperature were 280 °C and 230 °C, 
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respectively. The mass selective detector in the full scan mode was used for 

acquiring the data.  Electron ionization mass spectrometric data from m/z 35 to 

300 were collected, with an ionization voltage of 70 eV. Identifications were made 

by comparing mass spectral data samples with the Wiley 275.L database and 

confirmed by authentic pure standards. Internal standard quantification method 

was used in this study, the calibration curve was determined by plotting y-axis as 

peak area ratio of target compounds to internal standard and x-axis as 

concentration ratio of target compounds to internal standard.  

2.4 Results and discussion 

2.4.1 Basic parameter changes during berry development 

In this study, the véraison berry developmental stage fell at the end of August, 

which was 70 days post 50% bloom. Table 2 shows the evolution of fruit ripening 

parameters over 10 weeks. TSS, berry weight and juice pH increased when 

commercial maturity was reached. The greatest increase of berry weight was found 

around the time of véraison. Changes in TSS and titratable acidity were verified at 

the beginning of the ripening process. Usually after considerable increase, TSS 

tended to plateau (Watson 2003). In this study, TSS increased until harvest, 

together with a berry weight loss, indicating the water loss in berries due to warm 

weather. The onset of ripening (véraison) occurred in late August, which is typical 

time for Oregon grapes (Watson 2003).  

Figure 5 shows the change of organic acid in Pinot noir grape juice during the 

sampling period. Tartaric acid decreased during the experimental period. The 

fastest rate of decreasing for tartaric acid occurred one week before véraison. 
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When close to commercial maturity, the degradation of tartaric acid and citric acid 

were slowed down. Malic acid accumulated during the first two weeks before 

decreasing dramatically. Citric acid, though a small proportion of total acidity, also 

accumulated early and decreased dramatically. Unlike many other grape varieties 

(Gallander 1983;Lamikanra, Inyang et al. 1995; Soyer, Koca et al. 2003), malic 

acid in Pinot noir was a little higher than tartaric acid at harvest time, although the 

malic/tartaric ratio tended smaller towards maturation (Table 2).
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Table 2 Change of berry weight, TSS, juice pH, and organic acid in juice during grape berry development 

Date Description 
Days post  

50% bloom 

Berry weight  

(g/berry) 
TSS (°Brix) Juice pH Malic/tartaric 

 

3-Aug Pea size 43 0.52 4.0 2.36 1.61 
 

10-Aug  50 0.53 3.9 2.30 2.17 
 

16-Aug  56 0.53 4.0 2.20 2.88 
 

23-Aug  63 0.50 4.7 2.18 3.04 
 

30-Aug véraison 70 0.68 9.6 2.32 3.89 
 

6-Sep  75 0.91 15.0 2.61 2.62 
 

14-Sep  85 1.02 17.0 2.75 2.98 
 

24-Sep  95 1.12 19.3 3.02 1.67 
 

9-Oct Harvest 110 1.05 26.0 3.01 1.17 
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Figure 5 Major organic acids concentrations during berry development.  

Malic acid and tartaric acid were plotted on left axis, citric acid was plotted on right axis.  

X-axis showed the days before (-) and after (+) véraison (0). 
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2.4.2 Carotenoid and chlorophyll accumulation and 

degradation during berry development 

Carotenoid content is well-documented in both red and white grape species 

around the world (Razungles, Bayonove et al. 1988; Marais, Van Wyk et al. 

1990; de Pinho, Ferreira et al. 2001; Oliveira, Ferreira et al. 2003; Oliveira, 

Barbosa et al. 2006; Kamffer 2009), but few analytical data are reported for 

Pinot noir grape. In this study, chlorophyll and carotenoid compounds in Pinot 

noir were extracted and separated by reverse phase HPLC-DAD. Results 

showed that good separation was achieved (Figure 6). Among the compounds 

quantified, the compounds existing in the highest amounts in Pinot noir grapes 

were lutein, β-carotene, chlorophyll b, pheophytin a, and pheophytin b. Other 

compounds which were separated by RP-HPLC are neochrome a, neochrome 

b, neoxanthin, violaxanthin. In this study, no chlorophyll a was detected since 

they were all transformed into pheophytin a. Chlorophyll b could be found in 

the chromatograph, but most of it was likely transformed to pheophytin b. 

There was evidence that the low pH of the berries, facilitated the transition of 

chlorophyll a and b to pheophytin a and b (Kamffer, Bindon et al. 2010). In 

this study we did not use a buffer to neutralize the pH of the grape extract as 

suggested by others (Kamffer 2009; Kamffer, Bindon et al. 2010; Lashbrooke, 

Young et al. 2010) because a pH change would lower the carotenoid recovery. 

Ethyl acetate was used for extraction since higher extraction efficiency was 

obtained (data now shown), and the recovery of β-carotene was higher than 

90%. The results also showed that through this extraction procedure, cis/trans 

isomerization and degradation could not be completely prevented. The cis-

isomer of β-carotene and lutein was approximately ten times smaller per berry 



35 

 

 

   

fresh weight at harvest than (all E)-β-carotene and (all E)-lutein in this study. 

Cis-isomers of β-carotene and lutein had been reported in grapes previously, 

although it was still uncertain if it was an artifact of sample preparation and 

analysis (Mendes-Pinto, Ferreira et al. 2005; Oliveira, Barbosa et al. 2006; 

Kamffer 2009; Kamffer, Bindon et al. 2010).  

Figure 7 and Figure 8 shows the large decrease in the level of major 

carotenoid and chlorophyll compound in grape berries from véraison to 

maturity. Chlorophyll concentration decreased from 103 mg kg−1 of berries to 

33 mg kg−1 of berries, and 687 mg kg−1 to 203 mg kg−1 of berries respectively. 

These data were in agreement with previous finding that in red grapes, there 

was a level of 14 to 20% of the initial concentration of chlorophyll at 

maturation (Giovanelli and Brenna 2007). β-Carotene concentration decreased 

from 295 mg kg−1 of berries to 109 mg kg−1 of berries. Lutein concentration 

decreased from 560 mg kg−1 of berries to 211 mg kg−1 of berries. It was 

obvious that chlorophyll, β-carotene and some xanthophylls such as 

neoxanthin, flavoxanthin, and lutein, were abundant at beginning of the 

sampling period and subsequently decreased dramatically, which is in 

agreement with previous observations (Razungles, Bayonove et al. 1987; 

Razungles, Bayonove et al. 1988; Razungles, Babic et al. 1996). The fastest 

degradation happened a week before véraison for both β-carotene and lutein. 

Lutein and neoxanthin had the sharpest decrease before véraison. It was 

interesting that neochrome b and violaxanthin in this study behaved slightly 

different from other carotenoids. Instead of continually decreasing, initial 

concentration of these two compounds were relatively low in the berry and 

started to accumulate from 20 days before véraison, reached the highest 

amount at a week before véraison and decreased dramatically afterward. A 
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similar pattern happened at pre-véraison for β-carotene in Italian grape 

varieties (Giovanelli and Brenna 2007). Our result showed that some 

carotenoids (neochrome b and violaxanthin) are synthesized at the beginning 

of fruit formation and then degraded between véraison and maturity. Some 

(lutein, β-carotene, neochrome a and neoxanthin) might be synthesized at an 

even earlier stage in Pinot noir. The other explanation is the formation of 

violaxanthin may come from the conversion of β-carotene as a consequence of 

the activation of the xanthophylls cycle at the end of maturation. Some 

literature suggest that neochrome is the characteristic of green grapes, while 

other reports showed that it was also exist in some red varieties such as Merlot 

(Z. Kamffer, Bindon, & Oberholster, 2010). The relationship of this carotenoid 

with C13-norisoprenoids and other carotenoids is largely unknown.  

Carotenoids are precursors of C13-norisoprenoids, but likely not all of the 

carotenoid degradation products are C13-norisoprenoids since the amount 

carotenoids degraded is much larger than the total C13-norisoprenoids present 

in grape berries. The synthesis pathway is complicated, involving various 

enzymes, and may differ across varieties, environmental conditions, and 

viticultural practice. More investigation should be performed to understand 

how these precursors were changed to aroma compounds.  

For chlorophyll, some previous work has described chemical degradation, and 

some kinetic studies of small molecule formation have been described 

(Rontani, Baillet et al. 1991; Minguez-Mosquera, Gandul-Rojas et al. 1994; 

Rontani, Cuny et al. 1996). Chlorophyll in grape berries will completely 

degrade or be transformed during wine making, so chlorophyll usually is not 
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found in wine. However, whether its degradation products have a sensorial 

impact in wine is still unknown.  
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Table 3 UV spectrum of carotenoids, chlorophylls, and chlorophyll derivatives in grapes 

Peak Compound Retention time (min) λmax (nm) 

1 Neochrome a 6.07 400; 422; 450 

2 (9’Z)-Neoxanthin 7.28 415; 438; 466 

3 Neochrome b 7.28 400; 422;450 

4 Flavoxanthin 11.58 398; 422; 448 

5 Unknown 11.96 (406); 428; 454 

5 (all-E)-lutein 13.27 (420); 448; 476 

6 (13Z or 13'Z)-lutein 14.95 331; (420); 440; 468 

8 Pheophytin b 28.63 436; 528; 600 

9 Pheophytin a 31.03 (322); 408; 505; 535 

10 (all-E)-β-carotene 32.88 (428); 455; 481 

11 13Z-β-carotene 33.30 338; 449; 478 

7 IS, β-apo-8’-carotenal 19.13 460 

 

The identification was according to the comparison of UV-vis spectra data to published data (Mendes-

Pinto, Ferreira, Caris-Veyrat, & de Pinho, 2005; Oliveira, Ferreira, Costa, Guerra, & de Pinho, 2004; 

Oliveira, Ferreira, Pinto, Hogg, Alves, & de Pinho, 2003). IS-internal standard.
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Figure 6 RP-HPLC profile and spectrum of carotenoids, chlorophyll, and chlorophyll 

derivatives isolated from grapes.  
Peaks: (1) neochrome a; (2) (9’Z)- neoxanthin; (3) neochrome b; (4) flavoxanthin; (5) 

unknown; (6) (all-E)-lutein; (7) (13Z or 13'Z)-lutein; (8) IS, β-apo-8’-carotenal; (9) 

pheophytin b; (6) Pheophytin a; (11) (all-E)-β-carotene; (12) 13Z-β-carotene. 

1 2 3 4 

5 6 7 

9 10 11 12 
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Figure 7 Lutein and β-carotene degradation during berry development.  

Lutein was expressed as the sum of (all-E)-lutein and its cis-isomer (13Z or 13'Z)-lutein.  

β-Carotene content was expressed as sum of (all-E)-β-carotene and its cis-isomer (13Z)-β-carotene. 

All the concentration were expressed as β-carotene equivalent.  

X-axis showed the days before (-) and after (+) véraison (0). 
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Figure 8 Minor carotenoid content in grape berries of Pinot noir during berry development. 

All concentrations were expressed as β-carotene equivalent.  

X-axis showed the days before (-) and after (+) véraison (0). 
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Table 4 Concentration of carotenoid compounds in berries during berry development of Pinot noir 

 Date 3-Aug 10-Aug 16-Aug 23-Aug 30-Aug 6-Sep 14-Sep 24-Sep 9-Oct 

  -27 -20 -14 -7 0 (Véraison) +7 +15 +25 +40 

 Neochrome a 21.7±0.5 17.6±1.0 13.4±2.6 9.1±1.9 6.1±1.9 5.8±1.1 5.1±1.5 2.7±0.3 3.5±0.6 

 (9'Z)-neoxanthin 67.2±15.4 66.1±0.7 24.9±5.7 26.2±0.6 10.0±1.8 16.6±1.9* 10.5±1.7* 12.5±0.9* 14.4±0.9* 

 Neochrome b 9.8±1.5 10.6±0.6 27.2±3.2 27.9±0.8 13.9±3.7 16.6±1.9* 10.5±1.7* 12.5±0.9* 14.4±0.9* 

 Violaxanthin 4.9±0.4 5.5±0.1 11.0±0.1 10.1±1.1 5.3±4.1 5.1±0.1 ND ND ND 

 Flavoxantin 23.7±4.5 16.3±3.9 11.8±2.0 8.5±1.0 5.3±0.4 6.6±0.2 6.7±0.2 5.2±0.2 3.5±0.2 

 (all-E)-lutein 528±92.9 487±74.3 327±24.4 327±8.9 219±15.2 239±23.0 235±0.7 182±8.8 199±3.9 

 (13Z or 13'Z)-lutein 32.3±0.8 30.7±0.2 24.7±5.6 21.3±1.5 17.1±1.8 19.1±4.0 19.4±0.5 17.2±1.8 11.4±0.8 

 Chlorophyll b 9.1±5.4 8.9±0.1 16.9±0.3 8.7±1.6 8.3±2.6 5.0±2.6 2.8±2.3 3.3±0.8 5.3±3.3 

 Pheophytin b 678±30.5 657±8.9 620±8.3 626±8.5 434±33.1 361±1.9 305±10.1 190±5.0 198±9.3 

 Pheophytin a 102.5±2.0 97.2±1.0 89.9±1.0 94.1±2.8 72.7±11.1 52.5±4.4 49.1±1.7 31.1±0.9 32.8±1.6 

 (all-E)-β-carotene 277±7.2 248±9.6 234±6.2 272±0.1 187±3.9 162±27.0 155±9.7 105±0.1 99.2±10.6 

 (13Z)-β-carotene 17.7±0.1 16.5±0.1 30.0±1.6 ND ND ND ND ND 9.8±13.9 

Total 

Chlorophyll a 103±2.0 97.2±1.0 89.9±1.0 94.1±2.8 72.7±11.1 52.5±4.4 49.1±1.7 31.1±0.9 32.8±1.6 

Chlorophyll b 687±25.2 666±9.9 637±8.1 635±7.0 442±32.5 366±4.5 308±12.4 193±5.7 203±12.5 

Lutein 560±93.7 518±74.4 352±30.0 349±7.4 236±15.5 258±27.0 255±0.2 199±7.0 211±4.7 

β-carotene 295±7.2 264.6±9.5 264±7.8 272±0.1 187±3.9 162±27.0 155±9.7 105±0.1 109±3.3 

Mean±SD presented (n=2). All concentrations are presented as mg/kg berry of β-carotene equivalent.  

*Neochrome b and violaxanthin peak cannot be separate due to the low concentration in the later growth stage. Average values of their merged peaks 

are used for calculation.  

ND - not detected. Total chlorophyll a was the sum of chlorophyll a and pheophytin a. Total chlorophyll b was the sum of chlorophyll b and pheophytin 

b. Total lutein was the sum of (all-E)-lutein and (13Z or 13'Z)-lutein. Total β-carotene was the sum of (all-E)- β-carotene and (13Z)- β-carotene.
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2.4.3 Volatile compound development in grape berries 

Headspace-microextraction (HS-SPME) has been widely used for volatile 

analysis in recent years. It has many specific advantages over conventional 

static, dynamic and purge and trap techniques, as it is economical, faster, and 

requires little manipulation of samples (Yang and Peppard 1994; Elmore, 

Erbahadir et al. 1997; Jelen, Wlazly et al. 1998). Reportedly, extraction of 

hydrolytically released components, HS-SPME using DVB/CAR/PDMS as a 

coating fiber displayed an extraction capacity two-fold higher than 

conventional liquid-liquid extraction (Perestrelo, Caldeira et al. 2012). Using 

this technique, 30 major volatile compounds in Pinot noir grape berries were 

quantified. The compounds quantified are shown in Table 5, including six C6 

alcohols and aldehydes, nine monoterpenes, five C13-norisoprenoids (free form 

and total) and some miscellaneous alcohols, aldehydes, acids and esters that 

were found at higher concentrations in the samples.  

Generally, Pinot noir grape berries were rich in volatile compounds during 

early development and volatile compounds changed during development 

(Figure 9), which has also been observed in other varieties  (Kalua and Boss 

2009). It was interesting that before véraison, monoterpenes and C6 esters in 

Pinot noir grape were more abundant than at harvest time. Many terpene 

compounds were observed in the early stage of development such as trans-β-

ocimene, α-amorphene, δ-cadinene, terpinolene, cis-3-hexenyl acetate and cis-

3-hexenyl butanoate, but these terpenes decreased quickly with berry 

maturation and could not be detected in the mature grapes (data not shown). It 

is possible that grape loses terpene producing ability during ripening and some 

terpene compounds are transformed into other compounds through 

isomerization or degradation.  
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From the quantification data, initial concentration of both terpenes and C6-

esters in Pinot noir grape were high and decreased during berry development 

(Table 5). In aromatic varieties such as Muscat, accumulation of monoterpenes 

would reinitiate after véraison (Wilson, Strauss et al. 1984). But in many non-

aromatic varieties such as Cabernet Sauvignon, terpene content in grape 

decreased during ripening and resulted in low levels at harvest (Kalua and 

Boss 2009). In our study, accumulation of monoterpenes in Pinot noir did not 

reinitiate at or after véraison (Figure 12). Major terpenes in Pinot noir such as 

linalool oxide, limonene, linalool, α-terpinene and α-terpineol all continued to 

decrease after véraison , but citronellol, geraniol and nerol were slightly 

increased towards harvest time. The overall monoterpene concentration 

decreased dramatically. This might be a unique characteristic of the non-

aromatic cultivar compared to the more aromatic varieties studied previously 

(Coelho, Rocha et al. 2006).  

It is well known that C6-aldehydes and alcohols are formed enzymatically 

from fatty acids (Tressl and Drawert 1973). A general conclusion from an 

earlier study reported that C6 aldehydes and alcohols reached their highest 

concentration during late ripening (Gomez, Martinez et al. 1995). In our study, 

C6-alcohols reached their highest concentration around véraison, and 

decreased from véraison to harvest time. C6-aldehydes, however, reached the 

highest amounts at harvest time, which was inconsistent with the commonly 

recognition that C6 compounds fell significantly toward the end of ripening 

(Salinas, Zalacain et al. 2004). But a similar result was also observed in a 

recent study of Cabernet Sauvignon and Riesling cultivars and was assumed to 

be related to different hydroperoxidelyase and dehydrogenase activities in the 

LOX pathway (Kalua and Boss 2010).  
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Acid hydrolysis and enzyme hydrolysis are two commonly employed methods 

for bound form aroma analysis. In this study, acid hydrolysis was performed to 

monitor the aroma potential of grape berries since it had been reported that the 

composition of harsh acid hydrolysates of grape precursors was closer to the 

levels of C13-norisoprenoids in wine than enzymatic hydrolysis (Loscos, 

Hernández-Orte et al. 2009). Concentrations of free and total C13-

norisoprenoids after acid hydrolysis are shown in Table 5 and Table 6 

respectively. C13-norisoprenoid concentrations dramatically increased after 

acid hydrolysis indicating that they were occurring in grapes predomiantly as 

non-volatile precursors. Concentration changes of C13-norisoprenoids during 

berry development are shown in Figure 13. Among the five C13-

norisoprenoids quantified in this study, vitispirane and 1,1,6-trimethyl-1,2-

dihydronaphthalene (TDN) could only be detected after acid hydrolysis since 

they exist in grape berries as precursors. After hydrolysis, these two 

compounds were of high concentration at an early stage of berry development, 

decreased before véraison and increased after véraison. For trans-β-

damascenone, the total amount after hydrolysis increased during the entire 

experimental period although the concentration of its free form was quite low 

and did not show much change. These changes corresponded to carotenoid 

break down, and indicated that instead of free form compounds, most of the 

degradation products were transformed to trans-β-damascenone glycoside 

conjugates which would be released chemically or enzymatically during 

vinification. The concentration of α-ionone and β-ionone, however, slightly 

decreased during berry development. It appears that α and β-ionone content in 

berry was relatively constant during berry development, the decrease in 

concentrations was more likely due to the dilution effect by the berry volume 

increase after véraison. These results were interesting since α-ionone and β-

ionone were considered as β-carotene breakdown products and could be 
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generated through heating treatment of β-carotene (Kanasawud and Crouzet 

1990), but their evolution in grape berries was not the same with other C13 

compounds. The difference in behavior of ionones and β-damascenone may be 

related to different enzyme activities in biosynthesis pathways. Final proof will 

only be obtained when the enzymatic systems involved and their 

corresponding genes have been characterized (Baumes, Wirth et al. 2002). 

In this study, quick acid hydrolysis (pH 2.5, 99℃, 1 hour) was performed to 

measure the total C13-norisoprenoid potential. To investigate the possible 

derivation of C13- norisoprenoids from carotenoids, we compared the change of 

carotenoids and total C13-norisoprenoids content. The levels of these two 

groups of compounds changed in opposite ways during the maturation in Pinot 

noir berries from véraison to harvest. But the quantity of C13-norisoprenoids in 

Pinot noir grape was much lower than the quantity of carotenoid degraded, 

indicating that although carotenoids were possible precursors of C13-

norisoprenoids, not all carotenoid degradation products were C13-

norisoprenoids.  

Heptanal and nonanal are two non-C6 aldehydes that we found in Pinot noir 

grapes. Nonanal increased sharply from fruit set and reached the maximum 

concentration at véraison, but decreased sharply during the ripening period, 

while heptanal behaved erratically during ripening. These aldehydes were 

presented at very low levels at harvest (Figure 10). Moreover, they will 

undergo oxidation and other transformation reactions in the wine making 

process. Aromatic alcohols (benzyl alcohol and benzeneethannol) showed a 

tendency to increase with ripening, reached highest amount two weeks after 

véraison, and slightly decreased towards harvest (Figure 15). Other alcohols 

and several volatile acids including hexanoic acids, octanoic acids, 1-octanol, 
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2-ethyl hexanol and 1-octen-3-ol, showed decreasing concentration during 

berry development (Figure 15). These alcohols and acids were present in 

grape berry at a very small amount so could not have direct contribution to 

wine flavor. Most of the alcohols and volatile acids in wine are generated by 

yeast during fermentation.   

Volatile phenols, such as methyl anthranilate, 4-vinyl-2-methoxy-phenol, 4-

vinylphenol and vanillin are often considered to be generated during bottling 

and aging (Chatonnet, Dubourdie et al. 1992). However, this study showed that 

these compounds were also present in grapes and may be of great importance 

because of their unique smoky, vanilla notes. These compounds were very 

polar and are not as volatile as esters and alcohols, thus they could not be well-

quantified by the SPME method. Therefore the SBSE method with EG stir bar 

was employed for quantification. The concentration of volatile phenols during 

Pinot noir berry development is showed in Table 7, and its evolution was 

showed in Figure 16. 4-Vinyl-2-methoxy-phenol, vanillin and methyl 

anthranilate showed a very similar evolution pattern. The concentration of 

these compounds was low at an early stage, accumulated and reached the 

highest amounts at véraison, decreased for about one week, then remained 

relatively stable through maturity. Vanillin had a typical vanilla aroma. 

Although its odor threshold is quite high, due to its low volatility, its 

characteristic flavor could influence aroma by retro nasal perception (López, 

Ezpeleta et al. 2004). Methyl anthranilate imparts a sweet-fruity, grape-like 

taste with a distinctly floral perfumery character. It has been found in Pinot 

noir wines with important sensory impact (Moio and Etievant 1995). For 

phenol and 4-vinylphenol, their initial concentration was high, and they also 

showed a short accumulation at véraison, but decreased after véraison and 

slightly increased again during ripening. It is possible that the synthesis of 
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volatile phenols is related to temperature since the quickest increase of these 

compounds happened at the warmest time of the experimental period. Due to 

limited published data, it is hard to determine if this evolution pattern also 

exists in other varieties.   

Our results support the opinion that changes in the concentration of volatile 

compounds in different grape varieties during ripening is not uniform (Garcia, 

Chacon et al. 2003; Kalua and Boss 2009), and determining the optimum level 

of ripeness by volatile compound content is variety-dependent. 
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Figure 9 Chromatograms showing the differences in common and major volatile compounds at 

different berry developmental stages: pre-véraison (A), véraison (B), and post-véraison (C). 

Peak: (1) 1-Hexanal, (2) 3-heptanone (IS), (3) α-terpinene, (4) 1-heptanal, (5) limonene, (6) trans-

2-hexenal, (7) cis-3-hexenyl acetate, (8) 1-hexanol, (9) trans-2-hexenol, (10) 4-octanol (IS), (11) 

trans-3-hexenol, (12) 1-nonanal, (13) trans-2-octenal, (14) cis-linalool oxide, (15) trans-linalool 

oxide, (16) 2-ethyl-1-hexanol, (17) hexyl propionate (IS), (18) linalool, (19) α-terpinene, (20) 

citronellol, (21) trans-β-damascenone, (22) hexanoic acid, (23) geraniol, (24) α-ionone, (25) benzyl 

alcohol, (26) bezeneethanol, (27) β-ionone, (28) octanoic acid,  (29) decanoic acid.
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Table 5 Volatile composition of Pinot noir grape berries during berry development measured by HS-SPME-GC-MS (µg/kg berry) 

Date 3-Aug 10-Aug 16-Aug 23-Aug 30-Aug 6-Sep 14-Sep 24-Sep 9-Oct 

 -27 -20 -14 -7 0 (Véraison) 7 15 25 40 

C6 alcohols & aldehydes          

1-hexanol 162±3.05 156±3.60 160±1.75 163±7.30 312±10.1 381±0.04 433±9.79 317±0.80 344±12.0 

1-hexanal 102±10.0 61.0±5.56 54.4±4.98 41.2±3.58 94.7±5.06 203±4.44 299±10.3 310±19.1 550±39.7 

trans-2-hexenal 133±11.2 74.4±2.53 78.5±5.38 76.2±2.31 157±0.34 387±12.1 628±7.32 725±17.1 907±79.2 

cis-2-hexenol 142±11.2 104±0.38 83.1±15.2 73.3±2.17 134±13.5 85.4±13.6 58.8±2.82 87.2±15.3 164±5.72 

trans-2-hexenol 56.5±0.37 41.9±0.37 44.8±0.52 57.9±4.87 275±7.66 304±8.55 257±20.7 152±2.89 133±6.92 

cis-3-hexenol 212±4.59 29.0±0.16 28.1±0.28 174±15.1 536±14.5 298±4.55 200±14.0 31.6±0.35 31.1±0.16 

Monoterpenes          

limonene 1.79±0.42 0.65±0.03 0.80±0.02 0.57±0.04 nd 0.57±0.05 0.71±0.04 0.76±0.18 0.80±0.04 

α-terpinene 0.075±0.01 0.035±0.01 0.075±0.01 0.025±0.001 nd nd nd nd nd 

α-terpineol 2.06±0.15 1.76±0.01 1.73±0.15 1.47±0.07 1.14±0.28 0.75±0.05 0.74±0.04 0.60±0.01 nd 

cis-linalool oxide 18.7±0.30 10.1±0.11 7.73±0.58 6.00±0.48 4.90±0.68 3.30±0.85 2.22±0.11 1.79±0.46 2.19±0.90 

trans-linalool oxide 8.79±0.35 8.02±0.64 8.52±0.62 4.15±0.47 2.72±0.18 2.30±0.86 0.84±0.10 0.72±0.02 nd 

linalool 2.00±0.09 1.54±0.08 1.28±0.28 1.08±0.06 0.89±0.04 0.74±0.10 0.72±0.04 0.65±0.05 0.76±0.01 

citronellol 1.58±0.02 0.94±0.03 nd nd 1.12±0.49 1.03±0.03 1.84±0.04 1.54±0.07 1.08±0.23 

nerol nd nd nd nd 0.58±0.04 0.80±0.11 0.71±0.03 0.43±0.03 1.02±0.06 

geraniol 2.88±0.54 1.82±0.10 2.00±0.06 1.87±0.20 1.83±0.14 1.09±0.01 0.86±0.11 2.17±0.80 4.62±0.49 
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(Table 10 continued) 

C13-norisoprenoids          

α-ionone 0.235±0.01 nd nd nd nd 0.095±0.01 0.075±0.01 nd 0.115±0.01 

β-ionone 1.24±0.08 0.79±0.01 0.75±0.01 0.65±0.06 0.82±0.11 0.64±0.02 0.68±0.01 0.37±0.01 0.35±0.04 

TDN nd nd nd nd nd nd nd nd nd 

vitispirane nd nd nd nd nd nd nd nd nd 

trans-β-damascenone 0.23±0.01 0.22±0.001 0.22±0.001 0.32±0.04 0.32±0.02 0.26±0.01 0.28±0.01 0.23±0.01 0.28±0.005 

Other alcohols & aldehydes          

1-heptanal 4.47±0.54 2.54±0.37 1.98±0.10 2.13±0.01 2.91±0.76 4.73±0.06 4.34±0.64 4.10±0.10 5.71±0.43 

1-nonanal 7.23±0.49 7.35±0.29 5.48±1.55 38.30±2.10 169±1.00 175±8.56 141±9.48 80.0±1.77 8.48±0.86 

trans-2-octenal 45.4±5.15 17.7±0.08 15.8±1.92 14.6±0.42 26.1±5.70 22.0±2.06 20.9±0.29 19.0±1.03 28.9±2.62 

1-octen-3-ol 20.8±1.17 16.0±0.09 12.8±1.98 13.0±.33 21.6±2.18 13.1±2.55 8.46±0.54 11.8±2.04 21.8±1.41 

2-ethyl-hexanol 9.83±0.52 5.06±0.49 5.61±0.83 5.69±1.67 3.16±0.18 5.02±0.69 4.33±0.21 3.68±0.28 1.97±0.21 

benzeneethanol 155±47.3 87.2±9.55 74.4±5.66 59.5±2.06 80.6±13.0 94.0±10.8 103±8.87 85.4±18.7 75.3±5.28 

benzyl alcohol 189±27.8 123±13.3 133±19.2 134±1.99 249±22.7 304±31.4 454±58.9 411±102 271±19.8 

Acids          

hexanoic acid 69.3±4.27 35.5±2.31 34.8±2.45 36.4±4.96 77.3±8.43 135±2.27 143±8.51 118±19.0 126±2.45 

octanoic acid 19.9±0.57 8.94±2.72 5.48±0.69 4.53±2.04 3.24±1.85 3.07±0.90 2.32±0.30 2.59±0.28 2.54±0.04 

nonanoic acid 3.60±0.66 1.12±0.70 1.77±0.31 1.74±0.23 1.56±0.05 1.24±0.59 1.44±0.05 0.77±0.17 0.61±0.08 

Esters          

cis-3-hexenyl acetate 5.07±0.20 3.43±0.08 2.97±0.35 1.83±0.02 4.18±0.01 0.82±0.06 0.65±0.05 0.15±0.02 0.14±0.02 

Mean value ± SD (n=2) presented. nd-not detected.
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Table 6 Concentration of C13-norisoprenoids in Pinot noir grape berries after acid hydrolysis (µg/kg berry) 

Date 3-Aug 10-Aug 16-Aug 23-Aug 30-Aug 6-Sep 14-Sep 24-Sep 9-Oct 

 -27 -20 -14 -7 0 (Véraison) 7 15 25 40 

α-ionone 1.65±0.13 0.60±0.15 0.90±0.21 0.79±0.41 0.275±0.01 0.27±0.04 0.33±0.06 0.14±0.05 0.32±0.11 

β-ionone 3.09±0.21 1.69±0.35 1.26±0.15 0.92±0.38 0.95±0.22 0.83±0.02 0.83±0.11 0.54±0.02 0.67±0.11 

TDN* 9.17±2.39 11.4±2.51 7.66±0.06 5.72±1.12 4.85±0.69 5.35±0.45 4.81±0.51 8.44±0.66 12.48±2.94 

vitispirane* 3.93±0.71 5.28±0.88 2.06±0.28 2.29±0.06 2.40±0.03 2.64±0.05 2.13±0.02 3.12±0.07 5.01±0.76 

trans-β-damascenone 1.88±0.29 2.16±0.36 2.13±0.18 2.25±0.63 3.99±0.07 5.02±0.04 5.75±0.41 6.65±0.52 9.50±1.31 

 

Mean value ± SD (n=2) presented. nd-not detected. 

*TDN and vitispirane were expressed as trans-β-damascenone equivalent.  
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Table 7 Volatile phenols of Pinot noir grape berries during berry development measured by SBSE-GC-MS (µg/kg berry) 

Date 

  

3-Aug 10-Aug 16-Aug 23-Aug 30-Aug 6-Sep 14-Sep 24-Sep 9-Oct 

-27 -20 -14 -7 
0 

(Véraison) 
7 15 25 40 

phenol 3.27±0.21 2.78±0.36 2.02±0.12 3.57±0.40 4.68±0.83 3.21±0.15 2.51±0.62 3.28±0.45 4.46±0.06 

4-vinyl-2-methoxy-phenol 4.67±0.70 5.03±0.58 7.09±0.07 11.9±1.68 17.4±1.94 7.69±0.83 8.22±1.93 8.16±1.58 12.0±0.89 

methyl anthranilate nd nd 0.32±0.03 1.81±0.20 1.78±0.31 0.58±0.08 0.38±0.02 0.17±0.02 0.43±0.03 

4-vinylphenol 141±2.38 142±28.4 113±3.30 164±13.9 151±10.3 78.1±17.2 53.0±14.8 69.0±0.79 101±7.75 

vanillin 17.3±1.41 31.7±1.11 40.0±3.51 134±3.25 136±3.27 40.9±3.56 29.5±11.0 35.2±4.43 59.7±6.34 
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Figure 10 Evolution of free C6 alcohols and aldehydes in Pinot noir grape berry during berry 

development.  

X-axis showed the days before (-) and after (+) véraison (0). 
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Figure 11 Evolution of free terpenes in Pinot noir grape berries during berry development 

X-axis showed the days before (-) and after (+) véraison (0). 
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(Figure 11 continued) 

 

 

Figure 12 Evolution of free terpenes in Pinot noir grape berries during berry development 

X-axis showed the days before (-) and after (+) véraison (0). 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

-27 -20 -14 -7 0 7 15 25 40

µ
g/

kg
 b

e
rr

y

véraison

citronellol 

0

1

2

3

4

5

6

-27 -20 -14 -7 0 7 15 25 40

µ
g/

kg
 b

e
rr

y

véraison

geraniol 

0

0.5

1

1.5

2

2.5

-27 -20 -14 -7 0 7 15 25 40

µ
g/

kg
 b

e
rr

y

véraison

α-terpineol



57 

 

 

   

 

 

Figure 13 Evolution of free and total C13-norisoprenoids in Pinot noir grape berries during berry development.  

TDN and vitispirane were not detected in free form. X-axis showed the days before (-) and after (+) véraison (0). 
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Figure 14 Evolution of miscellaneous volatile component in Pinot noir berry during berry development. 

X-axis showed the days before (-) and after (+) véraison (0). 
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(Figure 15 continued) 

 

Figure 15 Evolution of miscellaneous volatile component in Pinot noir berry during berry development. 

X-axis showed the days before (-) and after (+) véraison (0). 
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Figure 16 Evolution of volatile phenols in Pinot noir grape during berry development 

X-axis showed the days before (-) and after (+) véraison (0). 
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CHAPTER 3 EFFECT OF CLUSTER ZONE LEAF 

REMOVAL ON GRAPE CAROTENOID COMPOSITION 

3.1 Abstract 

Sunlight exposure of winegrape clusters is frequently reported to increase C13-

norisoprenoids in resulting wines, but the mechanism of this influence is not 

well understood. Cluster zone leaf removal is a commonly used field practice 

to increase sunlight penetration. In this study, effect of cluster zone leaf 

removal on Pinot noir grape carotenoid composition was investigated. 

Treatments includes 0% cluster zone leaf removal (Control), 50% cluster zone 

leaf removal and 100% cluster zone leaf removal over three years. Grape 

samples were also analyzed for total soluble solids (TSS) and organic acids as 

maturity indicator. Leaf removal had no impact on grape TSS, citric and 

tartaric acids, but lower malic acid in year 2012 indicated leaf removal had 

limited effect on grape ripening. Leaf removal decreased flavoxanthin content 

in the grape berry in three years and decreased β-carotene in 2012, but higher 

neochrome a content was found at the 50% and 100% leaf removal treatment 

in year 2011 and 2012. The lower carotenoids was positively related to the 

higher C13-norisoprenoids in wine, which suggested cluster zone leaf removal 

could potentially enhance wine aroma. More information is needed to better 

understand the effect of leaf removal on carotenoids and C13-norisoprenoid 

synthesis in grapes.    

Key word: leaf removal, carotenoids, Pinot noir grape 



62 

 

 

   

3.2 Introduction  

Grape-derived secondary metabolites are very important sources of wine 

aroma, taste, and color. Most grape aroma compounds in grape berries present 

as free volatiles or as bound sugar conjugates. These sugar conjugates can 

undergo acid or enzyme hydrolysis during wine making and aging process, 

release free volatiles and potentially enhance aroma in wine. Some other 

precursors such as fatty acids, amino acids and carotenoids, can go through 

even more complicated biosynthesis process to form aroma compounds during 

grape maturation. Since large portion of wine aroma is formed from precursors 

in grapes, the non-volatile composition in grape could provide more predictive 

information for the wine flavor. C13-norisoprenoids, such as β-damascenone 

and β-ionone, were found to be very important due to their pleasant aroma and 

low sensory threshold. They can be formed directly from carotenoids (Bezman, 

Bilkis, Winterhalter, Fleischmann, Rouseff, Baldermann, et al., 2005). 

Carotenoids are expressed in photosynthetically active tissues of plants. The 

major carotenoid species in grapes (β-carotene, lutein) act as light harvesting 

antennae pigments, while other oxygenated carotenoid species (e.g., 

neoxanthin, zeaxanthin) participate in photoprotection of the plant via the 

xanthophyll cycle (Baumes, Wirth et al. 2002).There were limited data, 

especially analytical data, on the effect of leaf removal on grape C13-

noirsoprenoids, which are important to Pinot noir varietal character. Pinot noir 

grapes are grown mostly in the cooler regions. High vegetative vigor is 

common in the cool-climate viticulture region of western Oregon, which may 

alter light and temperature conditions of the bunch zone, or canopy 

microclimate, results in lower quality of wine. In the vineyard management, 

cluster zone leaf removal improves the sunlight penetration and airflow into 

the vine, which could potentially change fruit composition and affect wine 
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quality. The aim of this study is to understanding how leaf removal 

management would affect grape quality especially C13-norisoprenoid 

precursors in Pinot noir grapes. 

3.3 Materials and methods 

4.3.1 Chemicals 

DL-malic acid (>99.0%) was purchased from Spetrum, L-(+)-tartaric acid 

(99%) was purchased from Alfa Aesar (Ward Hill, MA, USA), citric acid 

(>99.0%) was purchased from EM Chemical Ltd.Co. (Turkey). Β-carotene was 

from TCI, Japan. β-apo-8’-carotenal (>99.0%), Ethyl acetate (HPLC grade, 

EMD, Gibbstown, NJ), acetonitrile (HPLC grade, EMD, Gibbstown, NJ), 

methanol (HPLC grade, EMD, Gibbstown, NJ). 

4.3.2 Plant material 

Plant material were obtained from Dr. Patty Skinkis (Department of 

Horticulture, Oregon State University). Three leaf removal treatments (100%, 

50% and 0% leaf removal in the fruit zone) are imposed on Pinot noir vines for 

three years from year 2010 to 2012. Treatments were imposed on eight vines 

per treatment across five replicates in a randomized complete block design. 

Leaves were removed when berries are at the pea-sized stage. Treatments with 

50% leaf removal had leaves removed from alternating nodes from the base of 

the shoot to the node just above the upper-most cluster. The 100% leaf removal 

treatments had all leaves removed from the base of the shoot to the node just 

above the upper-most cluster, and the 0% had no leaves removed in the cluster 

zone for the duration of the season. Vines had the normal thinning regime (1.5 

clusters per shoot) and all other standard management practices for the region 
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performed. In year 2010, Pinot noir grapes (clone: 115, rootstock:  3309, 

planted 1996, 3.3’ x 4.9’ spacing (1 m x 1.5 m), VSP trained vines) were 

harvested form Stoller vineyard (Dayton, OR). And in year 2011 to 2012, Pinot 

noir grapes (clone: Pommard, rootstock: 101-14, planted in 2006, 4.5’ x 7’ 

spacing (1.4 m x 2.1 m), VSP trained vines) were harvested from Woodhall 

Vineyard OSU (Alpine, OR). In year 2011 and 2012, an industry standard 

treatment was added to the experimental design. The grape berries were 

harvested and stored at -80℃ before analysis.  

4.3.3 Total soluble solid and organic acid analysis 

Total soluble solids. Grape samples (100 g) were placed in a clean zip-lock bag 

and squeezed by hand to collect the juice. TSS (°Brix) was measured at room 

temperature using a PAL-1 pocket refractometer (Atago USA, Inc., Bellevue, 

WA).  

Organic acid. For each sample, 20 ml grape juice was pipetted into a beaker, 

and 0.4g PVPP (Polyvinylpyrrolidone) was added and mixed well. The 

mixture was filtered through a glass wool and the clear juice was collected. 

About 1.5 ml juice sample was transferred into a 1.5 ml micro-centrifuge vial, 

and centrifuged at 11000 rpm for 5 min. One ml of clear juice sample was 

diluted with 9 ml milli-Q water. The diluted sample was ready for HPLC 

injection. Twenty microliters of sample was injected onto a Shimadzu HPLC 

system equipped with Bio-Rad Aminex ion exclusion column (HPX-87H, 300 

x 7.8 mm, Richmond, CA) maintained at 65°C. A mobile phase of 0.005 M 

sulfuric acid was programmed at a constant flow rate of 0.5 mL/min. A UV-

Vis spectrophotometric detector at wavelength of 210 nm was used for 

detection. Each sample was run in duplicate. 
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External standard quantification method was used in this study, the calibration 

curve was built up by plotting y-axis as peak area of target compounds and x-

axis as concentration of target compounds.  

4.3.4 Carotenoids analysis 

Method of carotenoids analysis were described previously (Chapter 2). Briefly, 

approximately 100 g of fresh berries were blend with liquid nitrogen. Thirty 

gram of homogenized sample was spiked with 100 µL of internal standard 

(8.97mg/ml of β-apo-8’-carotenal). Extraction was carried out with 100 mL of 

ethyl acetate contain 0.1% BHT, agitating for 30 min. After centrifuge at 1500 

rpm for 5 min, the resulting upper layer was separated. The extraction procedure 

was repeated once for the lower phase with 50 mL of ethyl acetate contains 0.1% 

BHT. The final combined extract was concentrated to dryness at 30 ℃ 

(rotavapor, BUCHI R205), resuspended in 1 mL of acetone/hexane (1:1, v/v, w/ 

0.1% BHT) and centrifuged at 11000 rpm for 5min. Clear extract were injected 

to HPLC. Each sample was extracted in triplicate. Sample handling, 

homogenization, and extraction were carried out under dim light and kept cold 

to minimize light-induced isomerization and oxidation of carotenoids.  

Carotenoids concentration was determined on a Hewlett-Packard 1090 series 

HPLC with a model 1090 series diode array detector and HP Chemstation 

software (Hewlett-Packard Inc, Palo Alto, CA) with a Prodigy C18 column (100 

Å, 5 µm, 250×4.6 mm, Phenomenex); HPLC conditions: eluents, 100% ethyl 

acetate (solvent A) and 90% acetonitrile in milli-Q water (v/v) (solvent B); flow 

rate, 1 mL/min. The following binary gradient system was employed: 0-1 min 

(100% B); 1-30 min (to 40% B); 31-40 min (40% B); 41-45 min (to 0% B); 46-

55 min (0% B). Diode array detection was between 300 and 600 nm. Sample 

injection was 20 µL, and absorbance was recorded at 447 nm. 



66 

 

 

   

β-carotene was identified by comparison with retention time and UV spectra of 

commercial standard (Sigma, 95%). Identification of the other carotenoids was 

performed by comparison with spectra data and retention time from literature 

(Table 3) (Mendes-Pinto, Ferreira, Caris-Veyrat, & de Pinho, 2005; Oliveira, 

Ferreira, Costa, Guerra, & de Pinho, 2004; Oliveira, Ferreira, Pinto, Hogg, 

Alves, & de Pinho, 2003). The internal standard quantification method was 

used in this study, the calibration curve was built up by plotting y-axis as peak 

area ratio of target compounds to internal standard and x-axis as concentration 

ratio of target compounds to internal standard. Calibration curves of β-carotene 

with r2 =0.9996. All the compounds were run in triplicates and calculated as β-

carotene equivalents. 

4.3.5 Statistical analysis 

Analysis of variance (Diago, Vilanova et al.) and Tukey test was used. SPSS 

16.0 software was applied to the experimental data, and the results were 

considered to be significant if the associated p-value was less than 0.05. 

3.4 Results and discussion 

3.4.1 Effect of leaf removal on total soluble solids and organic 

acids 

TSS, pH and titratable acidity of grape juice are normally used as indicators for 

grape quality although these parameters do not correlate well with wine aroma. 

Nevertheless, they are widely used as grape maturity indices. The major 

organic acids in grapes are malic and tartaric acid, and small amount of citric 

acid. Malic acid decreases with grape maturity, so the ratio of malic acid to 

tartaric acid was also a frequently used indicator as the ripeness of wine grape. 
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Traditionally, the total organic acids in the forms of pH or titratable acidity 

were measured, but the inaccuracy of the methods make it hard to tell the real 

impact. High-performance liquid chromatography (HPLC) has the advantage 

of fast, high reproducibility and accuracy (Nielsen 2010). In this study, organic 

acids were separated by HPLC so individual organic acids can be monitored.  

TSS was not affect by treatments but significantly influenced by climate of 

each year (Table 9). TSS was higher in 2012 because of warmer weather with 

mean temperatures in August and September, and almost no precipitation 

during these two months (Table 8). In year 2010 and 2011, organic acid 

content was not differ among different leaf removal treatment. But in year 

2012, 100% leaf removal treatment led to lower malic acid and citric acid, and 

higher tartaric acid compared to 0% leaf removal. These results indicated that 

leaf removal could lower malic content but the effect was depends on the 

weather. It was reported that during grape ripening, continuous warm 

conditions resulted in a lower acid content at maturity mostly because of 

increased degradation of malic acid (Kanellis and Roubelakis-Angelakis 1993), 

which was also observed in our study as malic acid/tartaric acid ratio was 

significantly lower in year 2012 than the other two years.  
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Table 8 Phenology and weather data for vineyard sites used for the leaf removal trial (2010 to 2012) 

Year Phenology Date GDD10 PPT (mm) Mean Daily temp (°C) Days 

2010     

(Vineyard 1) 

Bud break to Bloom April 22 - June 28 284 188 12.4 67 

Bloom to Veraison June 28 - September 3 648 5.6 18.8 67 

Veraison to Harvest September 3 - October 19 310 73 15.4 46 

Bloom to Harvest June 28 - October 19 958 79 17.1 113 

Bud break to Harvest April 22 - October 19 1221 267 15.5 180 

Full Season April 1 - November 1 1296 415 14.6 214 

2011     

(Vineyard 2) 

Bud break to Bloom May 7 - July 5 232.51 112 13.2 60 

Bloom to Véraison July 5 - September 3 574 145 16.0 61 

Véraison to Harvest September 3 - October 17 329 72 16.6 45 

Bloom to Harvest July 5 - October 17 891 106 17.8 105 

Bud break to Harvest May 7 - October 17 1110.65 217 16.1 164 

Full Season April 1 - November 1 1154 419 14.4 215 

2012      

(Vineyard 2) 

Bud break to Bloom April 25 - July 1 254 83 13.1 68 

Bloom to Veraison July 1 - September 1 610 8.0 18.8 63 

Veraison to Harvest September 1 - October 9 323 0.0 17.7 39 

Bloom to Harvest July 1 - October 9 926 8.0 17.7 39 

Bud break to Harvest April 25 - October 9 1174 91 16.3 168 

Full Season April 1 - November 1 1276 262 15.1 215 

Vineyard 1 = Dayton, OR; Vineyard 2 = Alpine, OR. GDD10-Growing degree days (base temperature=10°C). PPT-Sum of 
precipitation. 
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Table 9 TSS and organic acids content under different cluster zone leaf removal from 2010 to 2012 

 2010  2011  2012 

 

0% 50% 100%  IS 0% 50% 100%  IS 0% 50% 100% 

TSS (°Brix) 20.5±0.5 20.7±0.4 20.4±0.6  19.2 ± 0.5 18.9 ± 0.6 19.5 ± 0.9 19.2 ± 0.6  23.5 ±1.0 24.1 ±0.5 23.4 ±0.7 23.8 ±1.0 

Citric acid 0.78±0.07 0.74±0.10 0.71±0.07  0.27±0.04 b 0.33±0.05 a 0.33±0.03 a 0.33±0.02 a  0.23 ±0.02 bc 0.29 ±0.01 a 0.24 ±0.02 b 0.21 ±0.02 c 

Tartaric acid 4.09±0.33 4.12±0.34 4.10±0.15  3.75±0.57 4.59±0.74 4.62±0.52 4.52±0.58  3.82 ±0.21 ab 3.60 ±0.12 b 3.70 ±0.24 b 4.13 ±0.27 a 

Malic acid 6.95±0.56 6.06±0.93 5.86±0.47  4.30±0.87 4.86±0.58 5.10±0.56 5.23±0.59  2.90 ±0.39 ab 3.41 ±0.20 a 2.96 ±0.54 ab 2.57 ±0.15 b 

 

Mean ± SD presented and analyzed with ANOVA and Tukey means separation with different letters indicating difference at α=0.05.  

IS: industry standard 
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3.4.2 Effect of leaf removal on carotenoids and chlorophylls 

In this study, both chlorophylls and carotenoids in Pinot noir were extracted 

and separated by reverse phase HPLC-DAD using the same method described 

in Chapter 2. Among the compounds quantified, the compounds existing in 

high amounts in mature Pinot noir grapes were lutein (~200 mg/kg berry, as β-

carotene equivalent), β-carotene (~100 mg/kg berry), pheophytin a (~30 mg/kg 

berry, as β-carotene equivalent), and pheophytin b (~210 mg/kg berry, as β-

carotene equivalent). Concentration of other compounds such as neochrome a, 

flavoxanthin and, neoxanthin and neochrome b were very low. In this study, no 

chlorophyll a or chlorophyll b were detected since they were all transformed 

into pheophytin a and pheophytin b. Pheophytin a and b were two chlorophylls 

found in the grape berries.  

Effect of cluster zone leaf removal (0%, 50%, and 100%) on carotenoids and 

chlorophyll content was investigated during three years. No significant 

difference in lutein or chlorophyll was observed in all three years, nor did the 

chlorophylls (Table 10). However, cluster zone leaf removal decreased 

flavoxanthin content in the Pinot noir grape berries for all the three years 

(Figure 17). Conversely, increased neochrome a content was found at the 50% 

and 100% leaf removal treatment in year 2011 and 2012, but not in 2010. 

Decreased β-carotene content in berries was also found in 100% leaf removal 

treatment in year 2012 but not in other two years. We observed no differences 

among treatments for total carotenoids. In 2011 and 2012, wine was made 

using the grapes with the three different levels of leaf removal. Wine volatile 

composition analysis demonstrated that 50% and 100% leaf removal had 

higher concentration of total β-damascenone than control (0% leaf removal) in 
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wine (Hui Feng, unpublished data), which suggested cluster zone leaf removal 

could increase carotenoid degradation and potentially enhance wine aroma. 

The existing literature on the impact of pre-véraison cluster light environment 

on carotenoids is inconsistent. It was reported that before véraison, the 

carotenoid levels were lower in the berries of clusters shaded by the foliage. 

Close to maturity, carotenoid levels were higher in the berries of shaded 

clusters (Bureau, Razungles et al. 1998). However, at least one study had 

observed consistently higher concentrations of total carotenoids in shaded 

grapes during development (Oliveira, Ferreira et al. 2004). According to our 

data, total carotenoid concentrations are primarily developmentally regulated 

(Chapter 2), but leaf removal can lead to lower carotenoid concentration and 

higher C13-norisoprenoid potential in grape berry. There could be several 

possible explanations for this observation. Since pre-véraison berries are 

photosynthetically active, higher concentrations of carotenoids, and thus higher 

substrate availability, are one potential reason for higher concentrations of C13-

norisoprenoid precursors in sun-exposed grapes (Marais, Van Wyk et al. 

1991). Secondly, post-véraison cluster exposure may accelerate carotenoid 

degradation and C13-norisoprenoid precursor synthesis. A third potential 

explanation is that sun exposure results in conversion of epoxyxanthophylls 

(e.g., violaxanthin) to de-epoxidized xanthophylls (e.g., zeaxanthin). Since the 

putative starting point for the precursors of C13-norisoprenoids may be 

deepoxidized xanthophylls (Mendes-Pinto 2009), sun exposure may alter the 

proportion of de-epoxidized vs epoxidixed forms of xanthophylls, and these 

different substrates could yield different C13-norisoprenoid precursors post-

véraison (Baumes, Wirth et al. 2002), but a clear correlation between a specific 

carotenoid or carotenoids in grapes and eventual concentrations of TDN or 

other C13-norisoprenoids in mature fruit has not been conclusively 
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demonstrated. More information is needed to better understand the effect of 

leaf removal on carotenoids and C13-norisoprenoid synthesis in grapes.  
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Table 10 Carotenoids and chlorophyll content in Pinot noir grape under different cluster zone leaf removal treatment of year 2010 to 2012 

 Compound 2010 2011 2012 

 0% 50% 100% IS 0% 50% 100% IS 0% 50% 100% 

Neochrome a 6.6±0.5 7.0±0.7 6.4±0.8 3.7±0.4 b 4.0±0.1 b 4.8±0.3 a 5.0±0.3 a 3.5±0.5  3.2±0.6  3.2±0.5  3.4±0.4  

Neoxanthin & 

neochrome b 
34.4±1.3 b 40.0±2.1 a 37.9±3.2 ab 26.0±3.3 24.7±1.9 26.2±1.7 25.5±0.7 25.7±2.5 28.0±2.7 25.8±2.8 25.8±1.2 

Flavoxanthin 4.0±0.3 a 3.1±0.5 ab 2.7±0.5 b 4.3±0.5 a 4.6±0.7 a 3.7±0.6 ab 3.1±0.5 b 3.8±0.3 ab 4.3±0.2 a 3.6±0.8 ab 3.3±0.1 b 

(All-E)-lutein 277±11.3 296±18.6 294±12.2 209±10.5 201±14.2 197±25.1 206±11.5 204±12.6 210±14.9 2012±27.6 198±11.7 

(13-Z) or (13'Z)-lutein 17.2±2.4 15.2±1.1 15.8±0.8 8.6±0.9 10.5±1.2 11.0±2.0 9.2±2.0 13.2±0.6 12.8±0.8 11.6±1.9 11.7±1.4 

Chlorophyll b 359±19.7 375±6.9 367.2±13.3 209±13.0 220±12.3 214±16.0 215±16.7 209±10.8 ab 230±13.4 a 208±36.4 ab 190±9.5 b 

Chlorophyll a 45.0±2.5 49.1±1.7 48.2±1.8 30.6±1.9 32.2±1.6 31.4±2.2 30.9±2.7 31.3±1.3 34.0±2.2 30.5±5.1 28.5±1.6 

(All E)-β-carotene 56.2±5.5 60.0±10.3 57.0±9.7 87.4±3.6 89.4±4.6 87.9±8.9 82.9±5.9 112±7.7 ab 113±9.9 a 104±15.8 ab 95.6±4.0 b 

(13 Z)-β-carotene 6.0±3.5 5.2±1.6 6.2±2.0 11.6±1.2 11.2±1.5 9.2±1.9 11.2±1.9 nd nd nd nd 

Total lutein a 294±14.5 331±38.9 310±12.4 217.2±9.9 212±14.0 208±26.0 215±12.4 217.3±12.6 223±15.2 214±29.1 209±12.5 

Total chlorophyll  b 405±28.7 451±43.3 415±14.5 240±14.9 252±13.8 245±18.1 245±19.4 241±12.0 ab 264±15.6 a 238±41.4 ab 218±11.1 b 

Total β-carotene c 62.4±8.3 70.0±16.7 63.1±11.7 99.0±4.4 101±4.6 97.1±9.9 94.2±4.9 112±7.7 ab 119±9.2 a 107±18.6 ab 95.6±4.0 b 

 

P-values indicate significance ANOVA with different letters indicating differences in means (Tukey) at α=0.05.Total polar fraction is the total of neochrome a, neochrome b, neoxanthin, falvoxanthin and the 

unknown peak. All the compounds are calculated as β-carotene equivalent (mg/kg berry±SD). 

IS: industry standard 

a The total of (all-E)-lutein and (13 Z) or (13'Z)-lutein.  

bThe total of pheophytin a and pheophytin b.  

c The total of (all E)-β-carotene and (13 Z)-β-carotene.  
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Figure 17 Effect of cluster zone leaf removal on β-carotene and flavoxanthin content 

in Pinot noir grape berries. 
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CHAPTER 4 EFFECT OF CLUSTER ZONE LEAF 

REMOVAL ON GRAPE PHENOLIC COMPOSITION  

4.1 Abstract 

Wine contains many phenolic substances, most of which originate from the 

grape berries. The content of phenolics in mature grape berries will ultimately 

influence the taste and quality of the resulting wine product. Selective leaf 

removal in a grapevine canopy may influence fruit phenolic composition. In 

this study, management strategies of leaf removal were investigated to increase 

fruit quality of Pinot noir. Three leaf removal management, including 0%, 

(Control), 50% and 100% cluster zone leaf removal were applied to Pinot noir 

grape from 2010 to 2012. Major phenolic compounds, including catechin, 

epicatechin, caffeoyltartaric acid, quercetin glycosides as well as anthocyanins 

in Pinot noir grape berries were quantified in this study. Leaf removal 

increased quercetin glycoside content in grape berry in three years and 

increased anthocyanin content in year 2010 and 2012. But no difference was 

observed for catechin, epicatechin and caffeoyltartaric acid concentrations in 

grapes with different leaf removal treatments. Our results indicate that the 

flavonoid pathway leading to flavonol biosynthesis is light-dependent, but 

anthocyanin synthesis is little affected by the light exposure. Leaf removal 

increased flavonol content in Pinot noir grape due to increased sunlight 

penetration, which could affect the color and tastes of the wine product.  

Key word: leaf removal, phenolics, Pinot noir grape 

4.2 Introduction 

Most of the phenolic compounds in wine were originated from the grape 

berries, especially for young wines. In grape, phenolics include the non-
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flavonoids (hydroxycinnamates, hydroxybenzoates and the stilbenes) and 

flavonoids (flavanols, proanthocyanidins, anthocyanins, and flavonols) 

(Souquet, Cheynier et al. 1996;Waterhouse 2002; Cortell and Kennedy 2006). 

Anthocyanins in grape skin exist as 3-O-monoglucosides and their acylated 

derivatives, which are responsible for the color of red grape varieties. 

Flavonols are found in grape skins as glycoconjugates of kaempferol, 

quercetin, myricetin, and isorhamnetin. Flavanols (flavan-3-ols) are abundant 

in grape seeds, which include (+)-catechin, (-)-epicatechin, and (-)-epicatechin-

3-O-gallate. Flavanols exist in grape as both monomers and/or polymeric 

proanthocyanidins (Cortell and Kennedy 2006), which contribute to the 

bitterness and astringency taste in wine (Kallithraka, Bakker et al. 1997; 

Cortell and Kennedy 2006). These group of compounds are colorless but the 

formation of copigmentation complexes between anthocyanins and flavonols 

causes an enhancement of the extraction of anthocyanins during winemaking, 

which is reflected in a more intense red color together with a bathochromic 

shift to purplish hues of the red color (Schwarz, Picazo-Bacete et al. 2005). 

The content of phenolics in mature grape berries will ultimately influence the 

flavor and quality of the resulting wine product. Flavonols are involved in UV 

screening, due to their strong absorbance in UV-A (325-400 nm) and UV-B 

(280-325 nm) wavelengths, and their accumulation in response to 

supplemental UV-A, UV-B, and sunlight radiation treatments (Price, Breen et 

al. 1995; Haselgrove, Botting et al. 2000). Thus many factors, both 

environmental and cultural, including light, temperature, altitude, soil type, 

water, nutritional status, microbial interactions, pathogenesis, wounding, 

defoliation, plant growth regulators, will influence the content and quality of 

phenolics of  the grape berries (Downey, Dokoozlian et al. 2006). In the 

vineyard management, cluster zone leaf removal improves the sunlight 

penetration and airflow into the vine, which could potentially change fruit 
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composition and affect wine quality. In this study, effect of cluster zone leaf 

removal management on grape phenolic composition were investigated. 

4.3 Materials and methods 

4.3.1 Chemicals 

Standard of (-)-Epicatechin and caffeic acid were purchased from Sigma‐

Aldrich (St. Louis, MO). Methanol were purchased from EMD (HPLC grade, 

Gibbstown, NJ). Formic acid were purchased from J.T.Baker (88%, Center 

Valley, PA). 

4.3.2 Plant material  

Plant material were obtained from Dr. Patty Skinkis (Department of 

Horticulture, Oregon State University). Three leaf removal treatments (100%, 

50% and 0% leaf removal in the fruit zone) are imposed on Pinot noir vines for 

three years from year 2010 to 2012. Treatments were imposed on eight vines 

per treatment across five replicates in a randomized complete block design. 

Leaves were removed when berries are at the pea-sized stage. Treatments with 

50% leaf removal had leaves removed from alternating nodes from the base of 

the shoot to the node just above the upper-most cluster. The 100% leaf removal 

treatments had all leaves removed from the base of the shoot to the node just 

above the upper-most cluster, and the 0% had no leaves removed in the cluster 

zone for the duration of the season. Vines had the normal thinning regime (1.5 

clusters per shoot) and all other standard management practices for the region 

performed. In year 2010, Pinot noir grapes (clone: 115, rootstock:  3309, 

planted 1996, 3.3’ x 4.9’ spacing (1 m x 1.5 m), VSP trained vines) were 

harvested form Stoller vineyard (Dayton, OR). And in year 2011 to 2012, Pinot 
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noir grapes (clone: Pommard, rootstock: 101-14, planted in 2006, 4.5’ x 7’ 

spacing (1.4 m x 2.1 m), VSP trained vines) were harvested from Woodhall 

Vineyard OSU (Alpine, OR). In year 2011 and 2012, an industry standard 

treatment was added to the experimental design. The grape berries were 

harvested and stored at -80℃ before analysis.  

4.3.3 Phenolic analysis 

Extraction. A 60 g sample of grape berries was blended with 300 ml of 

methanol/water/formic acid (60:37:3, v/v/v) using a blender at low speed for 

15 seconds, the berries were crashed but the seeds were kept intact. The whole 

mixture was shaken at 220 rpm for 2 hrs and then filtrated using No. 413 Filter 

Paper (VWR). Aliquots (5 ml) of filtered extract were evaporated to dryness 

under vacuum at 35 ℃ (rotavapor, BUCHI R205) and resuspended in 1 ml of 

aqueous 3% formic acid solution. The sample were transferred into 1.5 ml 

centrifuge tube and centrifuged at 11,000 rpm for 5 min. Twenty microliters of 

the sample was injected to HPLC system. All operation was under dim light to 

minimize degradation.  

HPLC-UV. The HPLC system was equipped with an Agilent 1100 series diode 

array detector. It consisted of a G1311A quaternary pump, a G1313A 

autosampler, G1316A thermostat column and G1315B photo-diode array 

detector, controlled by ChemStation software (Agilent, v.10.02). Signal was 

recorded at wavelength 280, 360 and 520 nm. The absorption spectra were 

recorded between 290 and 400 nm. Chromatographic separations were carried 

out on a Prodigy C18 column (100 Å, 5 µm, 250×4.6 mm, Phenomenex). The 

mobile phase consisted of two solvents: solvent A, 5% formic acid in milli-Q 

water; solvent B, methanol (HPLC grade), flow rate 1 mL/min. The following 
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gradient was employed, 0-34 min (3-36% B); 34-45 min (36% B); 45-55 min 

(36-100% B); 55-60 min (100%-3% B); 60-70 min (3% B).  

4.3.6 Statistical analysis 

Analysis of variance (Diago, Vilanova et al.) and Tukey test was used. SPSS 

16.0 software was applied to the experimental data, and the results were 

considered to be significant if the associated p-value was less than 0.05. 

4.1 Results and discussion 

Phenolics are very important grape-derived compound that affect wine flavor 

and color. The impact of light exposure on accumulation of flavonoid 

compounds which can further impact wine composition was well documented 

(Cortell and Kennedy 2006). In this study, major phenolics in Pinot noir grape 

berries were measured to understand the effect of leaf removal practice on 

grape phenolic composition and the role of sunlight exposure in phenolic 

formation in grapes. 

For the phenolic analysis in grape berries, one-step extraction was performed 

following previous report with some modification (Mane, Souquet et al. 2007). 

The whole berry was used for extraction and seeds were kept intact during the 

process by gentle blending to mimic the extraction in real vinification. For 

HPLC, a C18 stationary phase column was employed, which was shown to be 

effective for the separation of grape phenolics. Structures of phenolic 

compounds quantified in this study was shown in Figure 18.  Figure 19 

showed the chromatographs recorded at 280 nm, 360 nm and 520 nm. At 520 

nm, five anthocyanins in Pinot noir could be well separated and were identified 

based on their retention time and UV spectra. Quercetin glycosides are the 
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most abundant flavonols detected in the Pinot noir grape sample. For flavan-3-

ols, catechin and epicatechin were quantified. Caffeoyltartaric acid, the most 

abundant hydroxycinnamic acid ester in many grape species, were also 

quantified. All compounds were identified by comparison with their authentic 

standards or UV spectra or by comparing their retention times and UV spectra 

with published data (Table 11).   

Influence of leaf removal management on grape berry phenolic composition 

from year 2010 to 2012 was monitored and results was shown in Table 12. 

Increased total anthocyanin content with leaf removal was observed in year 

2010 and 2012. However, not all anthocyanins were affected by leaf removal, 

and the composition change was not consistent through three years. Unlike 

other grape varieties, Pinot noir has only five anthocyanins: Delphindin-3-

monoglucoside (Dp), cyanidin-3-monoglucoside (Cy), petunidin-3-

monoglucoside (Pt), peonidin-3-monoglucoside (Pn), and malvidin-3-

monoglucoside (Mv). In year 2010, Dp, Pt and Mv increased with leaf removal 

while there was no difference for Cy and Pn. In year 2012, Cy, Pt and Mv 

increased with leaf removal treatment while the other two was not changed. No 

difference for anthocyanins was observed in year 2011. These result 

demonstrated that leaf removal can increased anthocyanins in grape berry, but 

the changes also varied with year.  

Leaf removal had limited effect on flavan-3-ol monomers. No difference was 

observed for catechin and epicatechin concentrations. In year 2010, 

Caffeoyltartaric acid was higher in grape with leaf removal treatment, but no 

difference was observed in year 2011 and 2012 (Table 6).  

Pinot noir was reported had higher anthocyanins and lower flavonols than 

some other varieties such as in Syrah, Cabernet Gernischt, Cabernet Sauvignon 
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and Merlot (Jin, He et al. 2009). The major flavonols found in our sample were 

quercetin 3-glucuronide and quercetin 3-glucoside. Results illustrated that 

quercetin glycoside concentrations were higher with 100% and 50% leaf 

removal, and quercetin glycoside concentration showed strong positive 

relationship to the level of leaf removal for all three years (Figure 20). 

Previous investigation about the effects of light on flavonoid biosynthesis in 

grapes showed that shading decreased the flavonoid content of the grapes 

(Jackson and Lombard 1993; Price, Breen et al. 1995; Cortell and Kennedy 

2006; Downey, Dokoozlian et al. 2006). This result was in agreement with 

earlier study of Pinot noir (Price, Breen et al. 1995) suggested that the sun 

exposure of the grape berries and had a strong influence on grape quercetin 

glycoside concentration. In our study, large variation among the five field 

replicates was observed, which was possibly due to the unevenness of sun 

exposure on the grape clusters. Quercetin glycosides have a “velvety 

astringent” taste which contribute to the typical astringent and bitter taste of 

red wine (Hufnagel and Hofmann 2008), and were reported to be more 

important elicitors of the astringent taste of the red wine than the procyanidin 

monomers, dimers, and trimmers, which were commonly recognized as the 

typical astringent compound in wine (Hufnagel and Hofmann 2008). 

In summary, the shading treatment in Pinot noir vines resulted in changes in 

the composition of flavonols and anthocyanins in Pinot noir grape, possibly 

due to the vine response to UV exposure. In addition to these compounds 

having value to the plant, they are important in wine quality in terms of color 

stability, astringency, and human health benefits. The concentration and 

composition of anthocyanins are important in color stability in wines, and 

flavonols also play a role in copigmentation.  
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Figure 18 Structure of phenolic compound quantified in this study 
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Table 11 HPLC chromatographic and UV-Vis spectral data of phenolic compounds identified  

Peak 

No.  

Compound HPLC 

Rt (min) 

UV-vis 

maxima 

(nm) 

Detection 

wavelength 

(nm) 

Identification 

1 
Caffeoyltartaric 

acid 
15.1 

245, 302, 

330 
280 Rt; UV spectra 

2 Catechin 17.2 244, 280 280 Rt; UV spectra 

3 Epicatechin 24.6 244, 280 280 
Standard; Rt; 

UV spectra 

4 
Delphinidin-3-

monoglucoside 
25.6 278;542 520 Rt; UV spectra 

5 
Cyaniding-3-

monoglucoside 
28.1 282;530 520 Rt; UV spectra 

6 
Petunidin-3-

monoglucoside 
30.3 278;540 520 Rt; UV spectra 

7 
Peonidin-3-

monoglucoside 
32.4 280;528 520 Rt; UV spectra 

8 
Malvidin-3-

monoglucoside 
33.8 278;538 520 Rt; UV spectra 

9 
Quercetin 3-

glucuronide 
41.5 

256, 264, 

302, 354 
360 Rt; UV spectra 

10 
Quercetin 3-

glucoside 
42.0 

254, 264, 

300, 353 
360 Rt; UV spectra 

 

Rt: Retention time. The identification was according to the comparison of our data to 

published data (Oszmianski and Lee 1990; Price, Breen et al. 1995; Mazza, Fukumoto et al. 

1999; Revilla and Ryan 2000; Careri, Corradini et al. 2003; Cho, Howard et al. 2004; Yilmaz 

and Toledo 2004; Kajdžanoska, Gjamovski et al. 2010) 
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Figure 19 Chromatograms and UV spectra of phenolic compounds in Pinot noir extracts.  

Panel A: HPLC-UV/DAD chromatogram detected at 280 nm. Panel B: HPLC-UV/DAD 

chromatogram detected at 360 nm. Panel C: HPLC-UV/DAD chromatogram detected at 520 

nm. Peak 1= Caffeoyltartaric acid; 2= Catechin; 3= Epicatechin; 4= Delphindin-3-

monoglucoside; 5= Cyaniding-3-monoglucoside; 6= Petunidin-3-monoglucoside; 7= Peonidin-

3-monoglucoside; 8= Malvidin-3-monoglucoside; 9= Quercetin 3-glucuronide; 10= Quercetin 

3-glucoside.
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Table 12 Phenolic composition at harvest in Pinor noir grape with different levels of leaf removal  

 2010 2011 2012 

Compounds 0% 50% 100% IS 0% 50% 100% IS 0% 50% 100% 

Hydroxycinnamic acid esters a         

Caffeoyltartaric acid 7.0±2.1 b 10.4±2.6 ab 11.9±3.0 a 45.7±3.6 42.1±5.7 54.6±21.8 44.3±14.2 50.2±10.1 44.7±5.9 55.3±13.2 62.8±26.3 

Flavan-3-ols b         

Catechin 257±59.8 337±71.2 284±127 293±59.6 434±99.1 437±171.9 380±88.8 333±49.5 237±79.3 296±65.1 319±28.2 

Epicatechin 217±90.0 365±114 257±88.3 267±68.4 444±57.6 420±77.8 456±55.9 227±16.0 171±56.1 241±77.4 261±77.6 

Flavonols c          

Quercetin 3-glucuronide 347±47 c 964±108 b 1525±358 a 1090±253 ab 797±211 b 1791±235 a 1896±647 a 995±242 b 713±207 b 892±247 b 1467±159 a 

Quercetin 3-glucoside 199±59 c 626±53 b 1003±255 a 717±205 ab 444±166 b 960±261 a 1253±753 a 1084±242 b 798±205 b 1342±433 b 2535±296 a 

Anthocyanins c          

Delphindin-3-monoglucoside 849±141 b 1664±661 a 1577±379 ab 3174±670 3391±1515 3387±1850 3297±1049 3545±958 3098±295 3957±932 5099±1721 

Cyaniding-3-monoglucoside 377±105 506±232 476±102 695±163 817±258 859±469 752±296 717±146 ab 629±68 b 740±150 ab 1034±231 a 

Petunidin-3-monoglucoside 1152±97 b 2003±626 a 2038±286 a 2999±561 3139±1226 3195±1520 3054±878 3634±836 ab 3315±261 b 4304±905 ab 5530±1673 a 

Peonidin-3-monoglucoside 5401±993 5227±1197 5131±816 4759±516 6025±742 6400±2432 4936±1554 6433±334 5844±505 6500±1331 7584±842 

Malvidin-3-monoglucoside 9737±1239 b 14068±2191 a 15693±1768 a 13914±1013 13808±3143 16328±5509 15153±3152 21405±3107 b 20396±1622 b 25707±4385 ab 30972±6539 a 

 

Mean ± SD presented (n=5). Different letters indicating differences in means (Tukey at α=0.05) 
aas mg/kg berry caffeic acid equivalent; 
bas mg/kg berry epicatechin equivalent;  
cas peak area. 
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Figure 20 Leaf removal management increased quercetin glycosides in Pinot noir grape 

Mean (±SD) presented. IS-industry standard. Different letters indicating differences in means 

(Tukey at α=0.05, n=5) 
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CHAPTER 5 CONCLUSION 

In this research, the relationship of carotenoid degradation and C13-

norisoprenoid formation were investigated, together with the evolution of other 

volatile compounds. Results showed that Pinot noir grape, as a nonfloral 

variety, are generally low with monoterpenes, which are responsible for the 

floral characteristics normally associated with muscat/floral varieties. 

Monoterpene concentration in the grape berries continually decreased during 

ripening probably due to the degradation or transformation. On the other hand, 

total C13-norisoprenoids such as β-damascenone, vitispirane and TDN 

increased dramatically after véraison. Because the concentration of free form 

C13-norisoprenoids in grape berries were relatively consistent during berry 

development, it seems like véraison is a very important time for C13-

norisoprenoids accumulation as bound form glycoside conjugates or other form 

of precursors. These precursors are very important grape derived aroma in 

wine since they will undergo enzymatic and slow acid hydrolysis during 

fermentation and ageing, releasing volatile aroma compounds into wine. 

Another group of important grape derived compound are C6 aldehyde and 

alcohols, which was responsible for the grassy and green aroma. Our result 

showed that during grape development, C6 alcohols increased at véraison and 

decreased during ripening. However, concentration of C6 aldehydes 

continually increased, it is not clear whether the high amount of C6 aldehydes 

are released by enzyme activity when the grapes were crushed. The 

concentration of volatile phenols accumulated and reached the highest amount 

at véraison, their biosynthesis is very likely correlated to temperature.  
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To better understand environmental factors, especially sunlight exposure on 

formation of aroma precursors in grape, we studied the impact of leaf removal 

on grape composition was performed in year 2010-2012. There is evidence that 

the vines effect of leaf removal on Pinot noir fruit ripening is limited and 

dependent on climate. Brix was not affected by leaf removal for three years but 

lower malic acid were observed in the year 2012, which indicate that during 

grape ripening, continuous warm conditions may result in a lower acid content 

at maturity mostly due to increasing degradation of malic acid. Leaf removal 

significantly enhanced the accumulation of some flavonols such as quercetin 

glycosides, and anthocyanins in Pinot noir grape, and flavonols were found to 

be more light-dependent. Increased quercetin glycosides may enhance the wine 

stability and taste, it may also affect wine color as the copigment. However, 

leaf removal didn’t affect other phenolic compounds in grapes. In this study we 

found that leaf removal significantly increased the degradation of some 

carotenoids such as β-carotene and flavoxanthin. Since carotenoids are 

precursors of C13-norisoprenoids, more degradation may lead to more 

biosynthesis of the C13-norisoprenoids, which are very important grape derived 

aroma compounds in wine because of its pleasant aroma and low sensory 

threshold. But the biosynthesis pathway of carotenoids to C13-norisoprenoids is 

still unclear. More data is needed to confirm the influence of sun exposure on 

carotenoid degradation and its relationship with C13-norisoprenoids in wine.  
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