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Wine volatile composition is one of the most important constitutes of wine quality, and it 

is greatly influenced by number of factors. The studies herein were conducted to evaluate 

the grape and wine aroma affected by different vine nutrient status, vigor and crop levels 

of Oregon Pinot noir. 

In the first study, aroma potentials in early and late maturity Pinot noir grapes were 

investigated in two consecutive vintages. The grape samples were hydrolyzed under 

acidic conditions and the released odorants were studied by aroma extract dilution 

analysis (AEDA). Forty-nine main odor-active compounds were detected in the AEDA. 

The odorants released with high flavor dilution values were 1-hexanal, β-damascenone, 

guaiacol and vanillin, together with C6 aldehydes and alcohols, 4-vinylguaiacol, 4-

vinylphenol and 1-octen-3-one. The concentrations of aroma-active compounds were 

further quantitated by SPME-GC-MS and SBSE-GC-MS. Comparing with early harvest 

grapes, late harvest grapes released more β-damascenone, vanillin, 4-vinylguaiacol and 4-

vinylphenol in both years according to both AEDA and quantitation results, suggesting 

they were important aroma compounds that contribute to the characteristic of mature 

Pinot noir grapes. 



 

The second study evaluated the volatile composition of grape berries subjected to varying 

levels of nitrogen (N), phosphorous (P) and potassium (K) supply. Pinot noir grapevines 

were grown in a pot-in-pot system for three years (beginning when they were 4-years-old) 

and fertigated with either complete nutrition (Control) or with reduced levels of either N, 

P, or K supply while holding all other nutrients constant. Nitrogen was varied from 7.50 

mM total N supply (Control) to 1.13 mM in five discreet treatments, while P and K 

supply were each varied in four discreet treatments with the lowest rate of 0 mM during 

fertigation events. Aroma volatiles in berries were determined in each year using SPME-

GC-MS technique. Results showed that reducing N supply resulted in lower 

concentrations of C6 compounds and total β-damascenone in berries across all three years. 

Low N supply had little impact on monoterpenes. Reducing N supply resulted in higher 

bound form α-terpineol in two of the three years. Compared to P and K, N supply showed 

a more profound influence on the volatile profiles of the grape berries, indicating the 

important role of N in the biosynthesis of berry volatile and volatile precursors. The 

volatile composition of resulting wines from the same study was also investigated. 

Results showed that reducing N supply increased the total phenolic content in wine 

across all years. N supply has a profound impact on wine volatiles with the greatest effect 

on yeast-derived esters and higher alcohols. In general, reducing N supply decreased 

straight-chain esters and many straight chain alcohols, but increased the branched-chain 

esters, and phenethyl ester and phenethyl alcohol in wine across all years. The effect of N 

supply on monoterpenes in wine was not consistent from year to year. Low N wines also 

had reduced levels of volatile sulfur compounds in 2 of 3 years. Compared to the Control, 

reducing N and K supply resulted in lower quantities of total β-damascenone across all 

years. Altering P supply did not have reproducible effects on wine volatiles from year to 

year. 

The third study investigated the composition of Pinot noir wines produced from vines 

with varying vegetative vigor levels and two crop levels over three vintages (2011, 2012, 

and 2013) in the cool climate viticulture region of western Oregon. Wine was produced 

from grapes grown with two inter-row floor management treatments (tilled or grass) and 

two crop levels, including full crop and half crop achieved through cluster thinning. Crop 



 

thinning treatments didn’t alter the wine volatile composition. Certain wine volatiles were 

affected by the vineyard floor management treatments. Wines produced from grapes 

grown in the Grass treatment (lower vigor) had higher levels of grape-derived compounds 

such as α-terpineol, β-citronellol, vitispirane and TDN compared to wines produced from 

the Tilled treatment. Wines from Grass treatment also had higher isoamyl alcohol, 

phenethyl alcohol, isoamyl acetate, ethyl isobutyrate, ethyl isovalerate, and phenethyl 

acetate but lower levels of linalool, 1-propanol and 1-octanol. A subproject of this study 

investigated the carotenoid breakdown and C13-norisoprenoids synthesis in Pinot noir 

grapes from vines of differing vigor and crop levels (yield). Carotenoid degradation and 

C13-norisoprenoid synthesis during berry development with different vine balance was 

monitored from véraison to harvest in year 2013. Our data suggests that vineyard floor 

management had a greater influence than did cluster thinning on carotenoids composition 

in grapes. Grape berries from Tilled treatment vines have higher carotenoids and C13-

norisoprenoids than the grapes from Grass treatment vines. Multivariance analyses also 

showed some interactions between the vineyard floor treatments and cluster thinning 

treatments on the composition of carotenoids and C13-norisoprenoids.  
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CHAPTER 1 LITERATURE REVIEW 

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

cultivated with the purpose of making wine. Since French Revolution in 1789, Pinot noir 

has been famously cultivated in the Burgundy region of France. Later on, few other 

regions started offering 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.  

Pinot noir has early budbreak and harvest dates when compared to most varieties. This is 

one of the few red cultivars that can be grown in cool regions such as Willamette Valley. 

The fertile soil of Willamette Valley is an important factor in Pinot noir production. The 

valley also receives a large amount of sunlight and has an excellent drainage system. 

Pinot noir wines from this region are considered to be the best in the America. 

Winegrowers in this area are interested in exploring to farm for both quality and 

sustainability. In fact, high quality is not easy to define for wines. But ideally, it should 

be related to intrinsic visual, taste, or aroma characters, which are perceived as above 

average for that type of wine (Jackson and Lombard 1993). As one of the most important 

attributes of wine, wine aroma (or volatile composition) has been widely studied in the 

past decades. Over thousands of volatile compounds have been identified in wine with 

concentrations ranging from a few ng/L to hundreds of mg/L level. These volatile 

compounds together determined the characteristics of wine (Ribéreau-Gayon 2006). This 

review will provide an overview of the major wine volatile compounds, their sources, as 

well as the possible impact of vine nutrient status, vine vigor and crop level on grape and 

wine volatile composition. The main focus of this review will be Pinot noir, and to a 

lesser extent, other popular varieties.  
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1.1. Grape-derived aroma compounds 

It is well known that wine aroma can be classified according to its sources, which include 

grape-derived aroma, fermentation compounds formed during the alcoholic fermentation 

and aroma caused by chemical reactions during maturation of the wine (Rapp and Versini 

1995). Although majority of the wine aroma compounds are generated from 

fermentation, grape-derived aroma compounds play a key role for wine varietal aroma 

and overall wine quality. Grape-derived aroma compounds in winegrapes were well 

documented and the aroma profile was different from variety to variety. There is a lot of 

evidence that grape-derived compounds can be manipulated through viticultural 

practices, although the effects are often inconsistent and not well understood. Knowledge 

of the sensory characteristics of grape-derived compounds and their biosynthesis 

pathways can provide important clues to improve grape and wine quality. The groups of 

compounds discussed below were pervasively exist in winegrapes and of great 

importance to wine flavor. 

1.1.1. C6-aldehydes and alcohols 

Six-Carbon (C6-) volatiles, including the aldehydes (E)-2-hexenal, hexanal and (Z)-3-

hexenal, was well as their corresponding alcohols, are commonly exist in the grape 

berries. These C6-aldehydes and alcohols are produced from damaged or wounded plant 

tissue as a product of the enzymatic activity of hydroperoxide lyase (HPL), a component 

of the lipoxygenase (LOX) pathway (Bate and Rothstein 1998). The common LOX 

pathway in grape berries was showed in Figure 1.1. (E)-2-hexenal and hexanal were the 

most abundant C6 compounds in grape berries. (E)-2-hexenal is derived from linolenic 

acid (C18:3) and hexanal is derived from linoleic acid (C18:2) in the lipoxygenase 

pathway (Kalua and Boss 2009).  

These compounds have been receiving special attention for a long time in wine 

production because of a "leafy-grassy" odor (Joslin and Ough 1978). C6-aldehydes are 

mainly responsible for the strong green aroma during berry maceration. But most of the 
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C6-aldehydes as well as part of the C6-alcohols in grape will be transformed during wine 

making. C6-aldehydes are usually not found in wines, while 1-hexanol is the most 

abundant C6-alcohol in wine. The presence of l-hexanol in wines arises from the l-

hexanol present in the must as well as from reduction of hexanal, (E)-2-hexenal, (E)-2-

hexenol, and (Z)-2-hexenol during fermentation (Herraiz et al. 1990). And 1-hexanol and 

(E)-2-hexenol can participate in the esterification reaction during fermentation, producing 

some esters (e.g., hexyl acetate) in the final wine (Dennis et al. 2012). Although at high 

concentration, 1-hexanol in wine is usually below its odor threshold (8000 μg/L) (Guth 

1997b). Some of other C6-alcohols can still be found in wines as the concentration above 

the odor threshold such as (E)-3-hexenol (Fang and Qian 2005), therefore affect the green 

and herbaceous aroma of wine.  

It has been reported that he concentrations of C6 compounds in grapes are related to grape 

variety and maturity (Fang and Qian 2012; Oliveira et al. 2006). In Pinot noir grapes, 

accumulated C6-alcohols are detected during véraison but their levels continuously 

decrease during berry ripening (Fang and Qian 2012; Yuan and Qian 2016). On the other 

hand, levels of C6-aldehydes continue to increase after véraison until grapes reach harvest 

maturity and then start to decrease (Fang and Qian 2012). However, the decrease of C6-

aldehydes at harvest was not observed in every study probably related to the different 

grape variety and/or the different weather conditions (Kalua and Boss 2010).  

There is little knowledge about the effect of vineyard management practices on the 

concentration of C6 compounds. Levels of C6 compounds seem to be more season-

associated. Mendez-Costabel et al. (2013) reported that high level of C6 compounds were 

positively correlated with temparture during spring. It was reported recently that 

irrigation and fertilization have no significant impact on the concentration of C6 

compounds in grapes or on the concentration of 1-hexanol in wines (Mendez‐ Costabel et 

al. 2014). The major influence of vineyard management practices was on the green aroma 

was by affecting the concentration of 3-alkyl-2-methoxypyrazines (Mendez‐ Costabel et 

al. 2014), which will be discussed in next section. 
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Figure 1.1 Lipoxygenase (LOX) pathway showing the common routes of compound 

biosynthesis. 

Reprinted with permission from Kalua, C.M., and P.K. Boss. 2009. Evolution of volatile 

compounds during the development of Cabernet Sauvignon grapes (Vitis vinifera L.). 

Journal of Agricultural and Food Chemistry 57:3818-3830. 

 

1.1.2. 3-Alkyl-2-methoxypyrazines (MPs) 

3-Alkyl-2-methoxypyrazines (MPs) are a group of grape-derived compounds that exhibit 

distinctive green pepper and herbaceous aromas. The most extensively studied MPs are 
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2-methoxy-3-isobutylpyrazine (IBMP), 2-methoxy-3-sec-butylpyrazine (SBMP), and 2-

methoxy-3-isopropylpyrazine (IPMP). Among them, IBMP is the most abundant MP in 

grapes and wines with a sensory threshold ranging from 0.5 to 2 ng/L in water, and from 

10 to 15 ng/L in red wines (Allen and Lacey 1998). When present at concentrations near 

sensory thresholds, MPs may contribute positively to wine quality by adding aroma 

complexity and varietal characteristics in wines (Allen and Lacey 1998; Allen et al. 1991; 

Noble et al. 1995). But they can result in extravagant herbaceousness at high 

concentrations (Allen et al. 1991).  

It has been reported that the levels of MPs in wine are strongly associated with their 

concentrations in the grapes (Ryona et al. 2009). The accumulation of MPs in grapes 

largely depends on grape variety and vine growing conditions. Compared levels of IBMP 

from 29 different grape cultivars, Koch et al. (2010) found levels of IBMP was relatively 

higher in Cabernet Sauvignon, Cabernet Franc, Merlot, Semillon, and Sauvignon Blanc 

grapes, whereas, no detectable IBMP was found in Pinot noir, Syrah, and Chardonnay at 

any stage of berry development, possibly below the detection limit. Besides variety, 

grape maturity, temperature, and light exposure are also important factor that affect berry 

methoxypyrazine concentration (Gregan and Jordan 2016; Hashizume and Samuta 1999). 

Other study showed that IBMP content found in Pinot noir grape was low during the 

entire growing season (3.6–5.6 ng/L). The fastest decreasing of IBMP occurred before 

véraison, and its concentration continually decreased during late ripening (Yuan and Qian 

2016), which were similar with other grape varieties (Hashizume and Samuta 1999; 

Ryona et al. 2009). 

There is very little understanding of the biosynthetic pathway that exists in plants to form 

MPs, but there is strong evidence that the final step involves the methylation of non-

volatile hydroxypyrazine (HP) precursors. Several genes that are possibly involved in the 

biosynthesis of MPs have been reported. Dunlevy et al. (2010) described two O-

methyltransferase (OMT) genes (VvOMT1 and VvOMT2) associated with MPs 

accumulation. More recently, QTL mapping approaches led to the identification of two 

additional OMTs, VvOMT3 and VvOMT4 (Dunlevy et al. 2013; Guillaumie et al. 2013). 
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VvOMT3, in particular, had a high affinity and specificity for hydroxypyrazine 

methylation and was highly expressed at the time of IBMP accumulation in grapes 

(Dunlevy et al. 2013). 

1.1.3. Terpenoids 

Terpenoids are the most intensively studied grape-derived volatile compounds. Based on 

the number of carbons in the molecule, they can be classified into subgroups, including 

hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), and diterpenes (C20) (Figure 

2) (Mahmoud and Croteau 2002). Among these groups, monoterpenes are considered the 

most important terpenoids influencing the grape and wine aromatic composition. To date, 

about 50 monoterpene compounds are known (Mateo and Jiménez 2000). The 

dominating monoterpene alcohols are citronellol, geraniol, nerol, α-terpineol and linalool, 

which largely contribute to the floral aroma and flavor in Muscat wines (Pena et al. 

2005). Among them linalool probably is the most important one because the flavor 

threshold of linalool is three to four times lower than nerol and α-terpineol (Mateo and 

Jiménez 2000). Monoterpenes are synthesized from isopentenyl diphosphate (IPP) and 

dimethylallyl diphosphate (DMAPP) (Figure 1.2). These precursors are formed through 

two alternative biosynthetic pathways localized in different subcellular compartments: 

cytosolic mevalonic-acid (MVA) pathway from three molecules of acetyl-CoA, or 

plastidial 2-C-methylerythritol-4-phosphate (MEP) pathway from pyruvate and 

glyceraldehyde-3-phosphate (Nagegowda 2010). However, there is evidence suggesting 

that the MEP pathway is the predominant route for terpenoids biosynthesis in grapes 

(Luan and Wüst 2002). Monoterpenes are subsequently formed from 2-(E)-geranyl 

diphosphate (GPP) through the action of terpene synthases (TPS). 
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Figure 1.2 Overview of isoprenoid biosynthesis and the role of prenyltransferases in 

higher plants.  

Abbreviations: DMAPP, dimethylallyl diphosphate; FPP, farnesyl diphosphate; GGPP, 

geranylgeranyl diphosphate; GPP, geranyl diphosphate; IPP isopentenyl diphosphate; 

OPP, the diphosphate moiety. Reprinted with permission from Mahmoud, S.S., and R.B. 

Croteau. 2002. Strategies for transgenic manipulation of monoterpene biosynthesis in 

plants. Trends in Plant Science 7:366-373. 

Once formed, monoterpenes are stored in berries as free volatiles and as sugar-bound 

precursors (Wilson et al. 1986). During fermentation, terpene glycosides can be 

hydrolyzed by acids (Williams et al. 1982) or enzymes (Gunata et al. 1985). Both method 

can liberate free form monoterpenes, but it was reported that under the former conditions, 

rearrangements of the monoterpenol might occur, whereas under the latter conditions the 
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changes in the natural monoterpenol distribution are minimal (Mateo and Jiménez 2000). 

However, during winemaking and aging process, both acid and enzyme hydrolysis may 

occur. During wine ageing, monoterpenes such as geraniol and linalool decrease, in some 

cases resulting in an increase in other terpenes, such as α-terpineol, hotrienol, nerol oxide, 

furanic linalool oxides A/B and cis-rose oxide (Bordiga et al. 2013).  

The concentration of terpenoids can be affected by environmental factors in the vineyard 

as well. Belanicic et al. (1997) reported that shaded graps had the lowest concentration of 

terpenols compared to semi-shaded, and fully exposed grapes. Berry temperature 

appeared to be critical for maximizing monoterpene levels in Muscat grapes (Belancic et 

al. 1997). Bureau et al. (2000) reported that vine shading caused a decrease of glycosides 

of terpenols in Syrah berries.  

In floral grape varieties, 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. Therefore, it is unlikely that the 

monoterpenes could exert a significant aroma influence individually, either on the grape 

juice or on matured wines (Chatonnet et al. 1992), but whether these compounds would 

have synergic effect in wine is still unclear. 

1.1.4. C13-norisoprenoids 

Norisoprenoids are a group of compounds derived from the degradation of carotenoids—

a group of tetraterpenoid pigments widely existing in plants. C13-norisoprenoids, with 13 

carbon atoms, are among many well-known scent compounds with extremely low 

sensory thresholds, and are also important sources of grape-derived flavors in wines. The 

most common C13-norisoprenoids are β-damascenone, β-ionone, 1,1,6-trimethyl-1,2-

dihydronaphthalene (TDN), vitispirane, and (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene 

(TPB). Their chemical structures are showed in Figure 1.3. 



 9 

 

Figure 1.3 Chemical structures of some important C13-norisoprenoids in grapes 

 

β-Damascenone and β-ionone were first reported in wine by Schreier and Drawert 

(Schreier and Drawert 1974) in 1974. Since β-damascenone and β-ionone are commonly 

found at levels above their sensory thresholds in wines, they are suggested to be 

important contributors especially in nonfloral grape varieties such as Merlot, Cabernet 

Sauvignon and Pinot noir (Fang and Qian 2005; Gürbüz et al. 2006; López et al. 1999; 

Pineau et al. 2007). β-Damascenone smells sweet and honey-like (Kovats 1987) with a 

very low sensory threshold of 2 ng/L in water (Buttery et al. 1988) and 50 ng/L in 10% 

aqueous ethanol respectively (Guth 1997a). However, the contribution of β-damascenone 

to wine aroma is still controversial. The evidence to date indicates that it probably acts as 

an enhancer of aroma intensity, particularly of fruity-type aromas (Escudero et al. 2007; 

Ferreira et al. 2002; Pineau et al. 2007; Sefton et al. 2011), and has the ability to mask the 

“herbaceous” aroma associated with 2-isobutyl-3-methoxypyrazine (Pineau et al. 2007). 

β-Ionone is often described as violet and raspberry, with a sensory threshold of 90 ng/L in 

wine (Guth 1997a). TDN has a kerosene-like aroma with sensory threshold of 2 μg/L in 

both model wine and natural white wines (Sacks et al. 2012). Vitispirane has two chiral 

carbons and thus two pairs of diastereomers (often reported as vitispirane A and 

vitispirane B). The aroma of the diastereomers was found to be distinctly different; the 

pair of enantiomers, (2R,5R) and (2S,5S), described as cis were fresher and more intense 

than the trans pair, (2S,5R) and (2R,5S). The cis pair has an aroma that is comparable to 

the green odor of chrysanthemum with an additional flowery-fruity wine note. The trans 

pair was characterized by a heavy scent of exotic flowers with an earthy-woody 

undertone (Schulte‐Elte et al. 1978). The sensory threshold of vitispirane has been 

reported as 800 μg/L (Simpson et al. 1977). However, a sensory threshold for each of the 
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stereoisomers of vitispirane has not been reported as yet. Although these two compounds 

have been detected in many wine varieties, their concentrations are commonly below the 

sensory threshold, and consequently have no sensory impact (Eggers et al. 2006). 

However, as the wine undergoes bottle aging, TDN and vitispirane concentrations 

increase and can reach the level above their sensory thresholds, giving the characteristic 

aroma of aged wine (Marais et al. 1992; Winterhalter and Rouseff 2002), but is also 

sometimes considered to be detrimental to the wine quality (Sacks et al. 2012). Another 

C13-norisoprenoid, TPB (4-(2,3,6-trimethylphenyl)buta-1,3-diene), were found in wine by 

Janusz, et al. (Janusz et al. 2003) in the year of 2003. It has a pleasant floral aroma at low 

concentrations but a pungent or chemical odor at high concentrations (Cox et al. 2005). It 

has been found in several white wine varieties such as Semillon, Chardonnay, and 

Riesling at levels above its sensory threshold (0.04 μg/L in wine), but not in red wines 

(Cox et al. 2005). 

C13-norisoprenoids are present in grape berries partially as the free form, and partially as 

non-volatile precursors, which could be transformed to the free form by enzyme or acid 

hydrolysis (Williams et al. 1982). The precursors appear to include glycoconjugates 

involving different conjugating moieties and also non-glycosidic compounds (carotenoids 

and its degradation products) (Winterhalter et al. 1990). Several mechanisms of 

carotenoid degradation into C13-norisoprenoids have been reported, including enzymatic 

processes, autoxidation and thermal decomposition (Kanasawud and Crouzet 1990; 

Mendes-Pinto et al. 2005; Mordi et al. 1991). In the model system, β-damascenone can 

form directly from neoxanthin (Bezman et al. 2005) by peroxyacetic acid oxidation and 

two-phase thermal degradation without the involvement of enzymatic activity, while β-

ionone can be formed as a cleavage product of β-carotene (Kanasawud and Crouzet 

1990) and zeaxanthin (Mathieu et al. 2005). 

However, in grapevines, the synthesis pathways are more complicated than the model 

system because of the enzyme systems involved. Baumes et al. (Baumes et al. 2002) 

investigated the formation pathways of carotenoids to norisoprenoids. They illustrated the 

formation of C13-norisoprenoids in grape berries as three consecutive steps. The first step 
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was carotenoid degradation catalyzed by oxidases; the degradation product was then 

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

were glycosylated by glycosyltransferases. Once formed, these compounds were then 

subject to further reactions during wine aging (Loscos et al. 2010). For the first step, 

specific tailoring of carotenoids is brought about by enzymatic action of a family of 

oxidative enzymes cleaving specific double bounds (Walter and Strack 2011), which are 

called carotenoid cleavage dioxygenases (CCDs). Additional studies have provided 

evidence that supporting generation of C13-norisoprenoids by region-specific enzyme 

cleavage of carotenoids rather than by non-specific oxidases and/or chemical degradation 

(Mathieu et al. 2005). Among the CCDs, CCD1 was considered to be a prime candidate 

for enzymatic C13 volatile apocartenoid biogenesis. A potential CCD gene (VvCCD1) has 

been identified in Vitis vinifera L. in 2005. This gene encoded a functional CCD, which 

cleaves zeaxanthin symmetrically, yielding 3-hydroxy-β-ionone and a C14-dialdehyde 

(Mathieu et al. 2005). There is also evidence that the formation of C13-norisoprenoids is 

highly associated with VvCCD1 expression and the gene expression level is variety 

dependent (Mathieu et al. 2005). Since the enzymatic systems involved have not yet been 

fully discovered, the current knowledge still cannot completely explain the biosynthesis 

pathway of various C13-norisoprenoids formations in grape berries. 

The concentration of C13-norisoprenoids in grape berries can be influence by many 

viticultural practice including irrigation (Bindon et al. 2007), leaf removal (Feng et al. 

2014) and cover cropping (Feng et al. unpublished). Some of the study also showed that 

the effect was possibly associated with the carotenoid change (Bindon et al. 2007).  

1.1.5. Phenylpropanoids and benzenoids 

Phenylpropanoids and benzenoids are a big family of volatile molecules with the 

structure of a benzene ring (Dudareva et al., 2006; Dunlevy et al., 2009). In this review, 

only volatile phenylpropanoids and benzenoids exist in the grape and wine will be 

discussed. Important and commonly found phenylpropanoids and benzenoids in wine 

include 2-phenylethanol, 2-phenylethyl acetate, vanillin, ethyl vanillate, methyl vanillate, 
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ethyl cinnamate, methyl anthranilate, methyl anthranilate, guaiacol, 4-ethylguaiacol, 4-

vinylguaiacol, eugenol, 4-ethylphenol, and 4-vinylphenol. Among them, 2-phenylethanol, 

2-phenylethyl acetate, methyl anthranilate, ethyl vanillate and methyl vanillate have been 

reported as potential odor-active compounds in Pinot noir wine (Fang and Qian 2005; 

Miranda-Lopez et al. 1992). Ethyl cinnamate and methyl anthranilate usually presented in 

Pinot noir wine at very low concentrations, but can contribute to fruity, cherry, and 

cinnamon-like odors (Moio and Etievant 1995). Guaiacol and eugenol can contribute to 

smoky, spicy, woody characteristics in Pinot noir wine (Fang and Qian 2005). However, 

some of these benzenoids can produce unpleasant odors. For example, ethylphenols (4-

ethylphenol and 4-ethylguaiacol) are responsible for animal and smoky odors, while 

vinylphenols (4-vinylphenol and 4-vinylguaiacol) can be responsible for heavy 

pharmaceutical odors (Fang and Qian 2005).  

The formation of 4-ethylphenol and 4-ethylguaiacol from grape hydroxycinnamic acids 

in aging red wines has been well studied (Suárez et al. 2007). Vinylphenols are produced 

by yeasts of the genera Brettanomyces and Dekkera, through decarboxylation of trans 

ferulic and trans p-coumaric acids. Later, vinylphenols are transformed by reduction 

reactions into ethylphenols (Chatonnet et al. 1993). Due to their unpleasant odor, they are 

usually considered as off flavor in red wines at high concentrations (>4 mg/L), but at 

lower concentrations they can contribute to the complexity of wine aroma (Suárez et al. 

2007).  

More research showed that phenylpropanoids and benzenoids in wine are partially 

originated from grape berries (Yuan and Qian 2015). They predominantly exist as non-

volatile precursors, which can be converted to odor-active compounds through enzyme or 

acid hydrolysis during fermentation (Chatonnet et al. 1993; Laforgue and Lonvaud-Funel 

2012). These compounds are attracting more attention recently because they are closely 

related to the smoke taint of wine from smoke-affected grapes (Kennison et al. 2007). 

Several studies suggested that grape might have the ability to transform the volatile 

phenols from smoke into glycosides and stored in the berries (Kennison et al. 2008). And 
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their glycoconjugates, such as m-cresol β-D-glucoside, have also been identified in the 

grape berries (Parker et al. 2012).  

1.2. Fermentation-derived volatile compound 

1.2.1. Ethanol 

During fermentation, yeasts convert sugar to carbon dioxide (CO2) and ethanol, 

producing a variety of by-products such as higher alcohols, acids, esters, phenols, and 

volatile sulfurs that contribute to wine aroma (Figure 1.4) (Rapp and Mandery 1986; 

Styger et al. 2011). Quantitatively, ethanol, glycerol and acetic acid are important impact 

compounds due to their high concentrations. Among them, ethanol concentration plays an 

important role in the overall flavor of wine. Studies showed that a reduction of the 

ethanol concentration in a model wine to 7% resulted in a marked increase in the 

intensities of the fruity, flowery and acid-like aromas. But when the ethanol concentration 

was dropped to 3%, the model wine did not resemble wine anymore (Grosch 2001).  

1.2.2. Higher alcohols and esters 

The contribution of yeast fermentation metabolites to the aromatic profile of wine is well 

documented (Bell and Henschke 2005; Garde- Cerdán and Ancín-Azpilicueta 2008; 

Vilanova et al. 2007). The most important compounds include acetates and ethyl esters, 

higher alcohols, medium chain fatty acids and branched-chain acids. Esters can impart 

fruity and floral aromas, higher alcohols are mostly associated with solvent or fusel odors, 

and medium chain fatty acids and branched-chain acids have soapy, cheesy, sweaty or 

rancid odors (Francis and Newton 2005).  

Higher alcohols can be formed catablolically from amino acids via the Ehrlich pathway 

(Figure 1.4) as well as anabolically from sugar (Rapp and Versini 1991). Oshita et al. 

(1995) showed that during low amino acid availability, surplus keto acids will be largely 

synthesized from sugar, and be decarboxylated and reduced to higher alcohols, due to the 
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lack of alpha-amino nitrogen availability from transamination reactions. On the other 

hand, in the presence of sufficient amino acids in the medium, amino acid transamination 

reactions lead to the relatively larger formation of higher alcohols essentially from 

corresponding amino acids by the Ehrlich pathyway, relative to those formed from sugars.  

Esters are mainly produced by yeast metabolism through fatty acid acyl- and acetyl-

Coenzyme A (CoA) pathways (Figure 1.4) (Saerens et al. 2010; Sumby et al. 2010). CoA 

is used to activate intermediates during the biosynthesis of medium chain fatty acids 

(MCFAs). The acyl-CoA intermediates formed are then esterified with ethanol by 

esterase and transferase enzymes, forming MCFA ethyl esters. On the other hand, acetate 

esters are produced through the condensation of yeast-derived higher alcohols with 

acetyl-CoA, catalyzed by ester-forming enzymes (Saerens et al. 2010; Sumby et al. 2010).  

Ethyl acetate (with a solvent, nail polish aroma) and isoamyl acetate typically 

predominate with concentrations of 50-150 and 0.5-10 mg/L, respecitvley (Ebeler et al. 

2009). It is accepted that the presence of too much ethyl acetate within wine is not 

desirable (Bartowsky and Henschke 2008) because an aroma similar to acetone is present 

if the concentration of ethyl acetate exceeds a threshold, which is most often quoted as 

being between 100-200 mg/L (Cliff and Pickering 2006). Besides ethyl acetate, isoamyl 

acetate (banana aroma) and 2-phenylethylacetate (rose aroma) are important contributors 

to overall bouquet (Ribereau-Gayon et al. 2006). While some ethyl esters of branched-

chain fatty acids, including ethyl 2-methylpropanoate, ethyl 2-methylbutanoate, ethyl 3-

methylbutanoate, were also reported as important odorants in wine by GC/Olfactometry 

studies (Aznar et al. 2001). It has long been recognized that interactions among wine 

esters are important to the sensory perception of wine. Van der Merwe et al. (1982) 

reported that addition of a combination of esters (ethyl hexanoate, octanoate and 

decanoate, and isoamyl, hexyl and 2-phenylethyl acetate) significant improved odor 

intensity of wine. But the omission of a single ester caused no significant difference in 

odor intensity. A further study showed that both synergism and suppression exist with 

respect to different pairs of esters, and even within a particular pair of esters for different 

concentration ratios (Piggott and Findlay 1984). But the author could conclude that ethyl 
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acetate generally had a suppressive effect on the perception of other esters (Piggott and 

Findlay 1984).  

 

 

Figure 1.4 Some of the major classes of aroma compounds (shown in blocks) produced by 

yeast during alcoholic fermentation.  

Reprinted with permission from Styger, G., B. Prior, and F.F. Bauer. 2011. Wine flavor 

and aroma. Journal of Industrial Microbiology & Biotechnology 38:1145-1159. 

 

1.2.3. Acetaldehyde 

Acetaldehyde is an important aroma compound formed during vinification and 

constitutes more than 90% of the total aldehyde content of wine (Nykänen 1986). At low 

levels this compound imparts a pleasant fruity aroma to wine and other beverages, but at 
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higher concentrations this turns into a pungent irritating odor reminiscent of green grass 

or apples (Liu and Pilone 2000). 

1.2.4. Volatile sulfur compounds (VSC) 

The wine yeast Saccharomyces cerevisiae plays a central role in the production of VSC. 

Through the sulfate reduction sequence pathway, the HS- is formed, which can lead to the 

formation of hydrogen sulfide and various mercaptan compounds (Swiegers and Pretorius 

2007). Hydrogen sulfide (H2S) has an off-flavor of rotten egg. It is the most extensively 

studied volatile sulfur compound in wine. H2S can be formed metabolically by wine yeast 

from either inorganic sulfur compounds, sulfate, and sulfite, or organic sulfur compounds, 

cysteine, and glutathionine, through the sulfate reduction sequence (SRS) pathway 

(Figure 1.5) (Jiranek et al. 1995; Spiropoulos et al. 2000). If during fermentation these 

reactions proceed in the presence of a suitable nitrogen supply, the HS- ion is sequestered 

by O-acetyl serine (O-AS) and O-acetyl homoserine (O-AH), which are derived from 

nitrogen metabolism, to form the organic sulfur compounds such as methionine and 

cysteine (Henschke and Jiranek 1993). However, when nitrogen sources are insufficient 

or unsuitable, insufficient O-AS and O-AH will be produced. Therefore free H2S can 

accumulate in the cell and diffuse into the fermenting must (Henschke and Jiranek 1993). 

Therefore, it is commonly assumed that a negative correlation exists between natrurally 

occurring nitrogen in the juice and total H2S formed during fermentation (Vos and Gray 

1979).  

However, it has to be mentioned that low nitrogen is not always found to be associated 

with formation of H2S in analysis performed in natural grape juice. In fact, in one study, 

there was a positive correlation between increasing nitrogen concentration and H2S 

production when the overall nitrogen content of the must was high and not limiting (Sea 

et al. 1998). Ugliano et al. (2011) reported that moderate DAP supplementation resulted 

in a remarkable increase in H2S formation by each of five different wine yeasts compared 

to no DAP and high DAP supplementation. Many other factors can affect the formation 

of H2S such as high residual levels of elemental sulfur, presence of sulfur dioxide, 
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presence of sulfur-containing organic compounds, pantothenate deficiency, high 

threonine content relative to other amino acids, and relative methionine to ammonium 

concentrations (Swiegers and Pretorius 2007). 

 

Figure 1.5 A diagrammatic representation of the SRS pathway and amino acid 

biosynthesis in S. cerevisiae.  

Adenosyl 5′-phosphosulfate (APS); 3′-phosphoadenosyl 5′-phosphosulfate (PAPS); O-

acetylserine (O-AS); O-acetlylhomoserine (O-AH). Reprinted with permission from 

Swiegers, J., and I. Pretorius. 2007. Modulation of volatile sulfur compounds by wine 

yeast. Applied Microbiology and Biotechnology 74:954-960. 

 

Many other low-molecular-weight volatile sulfur compounds have been also identified in 

wines, including methanethiol (cooked cabbage aroma), dimethylsulfide, 

dimethyldisulfide, and dimethyltrisulfide (cabbage, cauliflower and garlic aromas), 

methylthioesters (S-methylthioacetate, S-methyl thiopropanoate, and S-methyl 

thiobutanoate; cooked cauliflower, cheesy, and chives aromas), and the ‘fruity volatile 
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thiols’ in wine (passionfruit, grapefruit, gooseberry, guava, and box hedge aromas) 

(Swiegers and Pretorius 2007). Among them, methylmercaptan (MeSH), ethylmercaptan 

(EtSH), dimethyl sulfide (DMS), and diethyl disulfide (DEDS) have been reported as 

potential contributors to wine aroma (He et al. 2013; Herszage and Ebeler 2011). At very 

low levels, these volatile sulfur compounds can enhance the fruity aromas in wine 

(Escudero et al. 2007; Segurel et al. 2004). 

1.3. Impact of vine nutrient status on Grape and wine aroma 

Manipulation of grapevine nutrition has the potential to influence grape berry 

composition, and ultimately the composition of wine. The most important nutrients for 

grapevines are nitrogen (N), phosphorus (P), and potassium (K). Among them, nitrogen 

plays a major role in many of the biological functions and processes of the grapevine and 

fermentative microorganisms (Bell and Henschke 2005). Vineyard nitrogen application 

will be discussed herein. Other viticultural practice, such as cover croping, which also 

can alter the vine nutrient status, will be discussed in the next section.  

As mentioned in the review from Bell and Henschke (2005), the only consistent effect of 

vineyard nitrogen application is an increase in the nitrogen containing compounds, such 

as amino acids and total nitrogen concentration in the berries (Bell and Henschke 2005). 

Nitrogen application in the vineyard can increase vine vegetative growth and 

consequently canopy density (Bell and Robson 1999), which can significantly affect 

canopy microclimate, particularly solar radiation interception (Vance and Skinkis 2013). 

These are all important factors affect grape secondary metabolites. Due to the 

complicated influences, how vine nitrogen supply can affect the grape-derived and 

volatile compounds in wine, and whether the influence is direct or indirect is still poorly 

understood. It is reported that grape aroma potential is highest under moderate nitrogen 

supply and nitrogen deficiency will limit grape aroma potential (des Gachons et al. 2005). 

Webster et al. (1993) showed that vineyard nitrogen application had a mixed effect on 

bound and free monoterpene concentration in aged Riesling wines. Wines from vines 

treated with nitrogen had higher concentrations of free linalool but lower concentrations 
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of linalool oxide and citronellol, compared to wines from untreated vines. In contrast, the 

application of nitrogen resulted in wines with higher concentrations of bound linalool 

oxide and citronellol as well as α-terpineol, compared to wines from vines receiving no 

nitrogen (Webster et al. 1993). A recent study suggested that vine nitrogen status does not 

have a direct impact on 2-methoxy-3-isobutylpyrazine in grape berries and wines (Helwi 

et al. 2015).  

It is well documented that increasing must nitrogen can affect wine fermentation aroma 

(Bell and Henschke 2005; Hernández-Orte et al. 2002). Must nitrogen can be incrased by 

many ways including vineyard fertilization, as well as by adding ammonium and amino 

acids before fermentation. But there was evidence that different nitrogen source could 

resulted in different volatile profile and sensory perceptions of wine (Hernández-Orte et 

al. 2005a). Hernández-Orte et al. (2002) reported that wine volatile compostion is closely 

related to amino acid composition of grape must. They also showed that the levels of 

some byproducts of fatty acid synthesis are related to threonine and serine, the level of α-

phenylethanol is closely related to the level of phenylalanine, and methionol is strongly 

correlated to the must methionine contents in a synthetic solutions. In real grape must, 

Hernández-Orte et al. (2005) reported that the addition of any source of nitrogen 

(ammonium or amino acids) to the must reduces the contents in the wine of β-

phenylethanol, methionol and isoamyl alcohol, while increases wine content of propanoic 

acid. Vilanova et al. (2007) reported that, in a synthetic medium with ammonium 

supplementation, branched-chain fatty acids and their esters were associated with low 

nitrogen concentrations, whereas medium-chain fatty acid and esters were associated 

with high nitrogen concentrations. Hernández-Orte et al. (2006) reported that in grape 

juice, with more amino acids addition before fermentation, more phenyl ethanol and 

benzyl alcohol were formed while isoamyl alcohol production decreased. Ugliano et al. 

(2008) reported the effect of DAP addition to low YAN Shiraz fermentations. They found 

that highest YAN treatments showed a 4-fold increase over the control for isobutyl 

acetate, isoamyl acetate, hexyl acetate and phenylethyl acetate. They also found that the 

final concentration of most medium chain fatty acids (MCFA) and their MCFA ethyl 

esters also increased. Torre et al (2011) suggested that the effects of nitrogen supplement 
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depended on the level of supplementation and in some cases on the ester chain length. 

They reported that at moderate nitrogen supplementation nitrogen type (ammonium or 

amino nitrogen) had no important differential effect on ester production except for ethyl 

butanoate whereas at high nitrogen supplementation amino nitrogen tended to favor the 

longer chain ethyl esters, especially ethyl octanoate, ethyl decanoate and ethyl 

dodecanoate (Torrea et al 2011). In the same study, low nitrogen wines were rated 

relatively low in floral/fruity aroma descriptors, while moderate nitrogen wines showed a 

good balance between desirable and less desirable attributes, whereas high nitrogen 

produced either an acetic/solvent character or highest ratings for floral/fruity attributes, 

depending on nitrogen type (Torrea et al 2011).  

The effect of vineyard nitrogen application is more complicated than ammonium or 

amino acid addition before fermentation, because a lot of environmental factors involved. 

In addition, since the mechanism of formation of the various higher alcohols varies, the 

relationship between immediate amino acid precursor and total nitrogen concentration in 

the must and higher alcohol concentration also varies. For example, methionol showed a 

direct relationship with initial methionine concentration (Hernández-Orte et al. 2005). 

Hexanol is formed from must-derived precursors. The pattern of hexanol formation 

therefore depends largely on the formation of its precursor during grape harvest and must 

process, and is not greatly influenced by initial must nitrogen content (Bell and Henschke 

2005). Similarly with alcohols, the effected of vineyard nitrogen application on wine 

ester and fatty acid concentration is also compound dependent.  

In terms of the relationship between P and K status in vineyard and grape quality, much 

fewer researches have been conducted. Although P is important for flower and fruit 

formation and differentiation, P requirements of the grape are relatively low and are 

easily met. Childers (Childers 1954) reported that the addition of P was of little value to 

the grape. K has been associated with grape composition and wine quality. During 

development, the grape berry is a strong sink for K, especially after véraison (Mpelasoka 

et al. 2003). Excess K in grape berries can have a negative impact on wine quality mainly 

because it increases the pH of musts and reduces the color quality of red wines 
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(Mpelasoka et al. 2003). However, the high level of K fertilizer was reported have no 

effect on total pigment and had little effect on total soluble solids (Morris et al. 1980). A 

three-year study showed that low P and low K supply did not alter growth or yield of 

Pinot noir (Schreiner et al. 2012), and did not alter berry phenolic profiles (Schreiner et al. 

2013). To date, there is no published result was found about the relationship between P 

and K status in vineyard and grape and wine volatile composition.  

1.4. Impact of cover crop on Grape and wine aroma  

Cover crop practice is the vineyard floor management strategy of planting cover crops 

between vine rows. Growing cover crops in vineyard can help decreases soil erosion 

(Lopes et al. 2011), improves soil structure (Monteiro and Lopes 2007; Z. Xi et al. 2011) 

and suppresses weed growth (Tesic et al. 2007). In some coolclimate viticultural regions, 

deep soil with high soil moisture and nutrient availability commonly leads to significant 

vine vegetative growth. The use of cover crops to control excessive vine vigor could 

become an effective agronomic tool to control canopy density.  

Only a few studies have reported the effect of cover crop management on grape-derived 

volatile compounds, and the results are inconsistent. Xi et al. (2011) reported that 

permanent plantings of alfalfa as a cover crop between the rows led to the highest β-

damascenone and α-ionone in wine compared to clean tillage, while white clover and tall 

fescue did not affect the C13-norisoprenoids in wine. In Oregon, we conducted a three-

year cover crop study in Pinot noir grape. Results showed that Grapes grown with solid 

grass cover treatment had the highest level of free form terpenoids and bound form 

vitispirane, TDN (1,1,6-trimethyldihydronaphthalene), hydroxydihydroedulan as well as 

3-hydroxy-β-damascone, and the lowest level of free C6 compounds (hexanal, trans-2-

hexenal and 1-hexanol), β-damascenone and total vanillin (Feng et al. in preparation). 

Grapes grown under alternate treatment tended to have the highest content of bound form 

terpenoids. In addition, cover crop significantly increased levels of branched-chain esters, 

acetates, terpenoids, and phenethyl alcohol in wine; meanwhile, it decreased levels of 

straight-chain ethyl esters, higher alcohols (1-propanol, isobutyl alcohol and isoamyl 
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alcohols), β-damascenone, ethyl vanillate, dimethyl sulfite, and methanethiol (Feng et al. 

in preparation). 

Previous studies have reported that the competition between the cover crop (except for N-

fixing cover crops) and vine for soil water and nutrients appears to be the principal 

mechanism behind the reduction in vine vigor (Baiano et al. 2010; Lee and Steenwerth 

2013; Song et al. 2012). Among nutrients that vines absorb from the soil, nitrogen has a 

key impact on vine vigor and grape quality. Increased nitrogen stress has been shown to 

reduce vine vigor, grape yield, berry size and nitrogen levels in grapes, but increase 

levels of sugar, tannin and anthocyanin in grapes (Crippen and Morrison 1986; Jackson 

and Lombard 1993; Kliewer and Bledsoe 1986). There is evidence that nitrogen level can 

also alter the secondary metabolites in grape berries (described previously). Besides the 

possible effect of altered vine nitrogen status, water availability may affect grape aroma 

compounds as well. Increased vine water stress has been reported to increase levels of 

positive volatile compounds (e.g., bound-form monoterpenes and C13-norisoprenoids) 

and decrease negative volatile compounds (C6 compounds and methoxypyrazine) in 

Cabernet Sauvignon and Merlot grapes, leading to increased fruity aromas in wine 

(English et al. 1989; Linsenmeier and Lohnertz 2007; Percival et al. 1994; Schreiner et al. 

2013).  

1.5. Impact of crop level on Grape and wine aroma 

Crop thinning is used to adjust fruit yields to obtain balance between fruit and canopy, to 

achieve optimum ripeness, and adjust crop to reach target yields specified by contract or 

winery capacity. It is a widely accepted tool for premium-quality wine production 

(Kliewer and Dokoozlian 2005). There were lots of studies showed that crop thinning 

reduced fruit yield and increased the berry weight, soluble solids, improves color and 

flavor at harvest (Bravdo et al. 1985; Bureau et al. 2000; Gil et al. 2013). Other studies 

have failed to prove the hypothesis that cluster thinning accelerates ripening and 

improves fruit composition (Keller et al. 2005; Keller et al. 2008; Ridomi et al. 1995). 

Keller et al. (2005) also mentioned that despite a large yield drop, only a slight increase 
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in soluble solid content with no effect on acidity and color parameters was found. For the 

volatile compounds, Bureau et al. (2000) reported that crop thinning reduced C6-alcohols 

in grape berries. However, crop thinning did not modify the total levels of bound form 

C13-norisoprenoids. Diago et al. (2010) reported that yield management through 

mechanical thinning induced changes to the chemical composition of fruit and wines as 

well as to the wines’ aroma, taste and mouthfeel. The extent of the sensory implications 

seems to depend on several factors such as the variety and timing of thinning application.  

In theory, crop thinning can be done at any time from pre-bloom through just prior to 

harvest. Timing is important because shoots and flowers (or fruit) are competing with 

each other for resources within the vine, and, depending on when thinning is reduced, 

there may be different results for either the canopy or the fruit. Currently, most crop 

thinning practices in vineyards occur at either lag phase (when harvest yields can be more 

accurately estimated) or at véraison (to remove clusters that are visibly green and lagging 

in development) (Vance and Skinkis 2013). However, Dokoozlian and Hirschfelt (1995) 

reported that crop thinning before bloom were more effective to improve grape quality 

through increased total soluble solids and enhanced color, but pre-bloom crop thinning is 

risky because berry set and cluster shape were unknown at the time thinning was 

performed. On the contrary, Reynolds et al. (2007) found that in Chardonnay Musqué, 

total soluble solids, free-form and bound-form monoterpene alcohols tended to increase 

with increased delay in thinning time. They further stated that crop thinning at later 

stages prevented berry size compensation. Since small berry size is considered a 

characteristic of high-quality grapes, berry size compensation is an important 

consideration for growers when making crop-thinning decisions. 

1.6. Justification of Research 

The aroma and aroma precursor character varies significantly with grape maturity (Fang 

and Qian 2006; Miranda-López et al. 1992). The flavor or the precursor at ripening 

ultimately determines the grape and wine quality.  Nevertheless, grape ripening is poorly 

defined in wine industry. Brix and titratable acidity are typically used as indicating 
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parameters for grape ripening. However, neither brix nor titratable acidity can indicate 

grape flavor at harvest.  

As previously mentioned, aroma can be manipulated by vineyard managements. 

Managing vine balance is a challenge for western Oregon producers of Pinot noir because 

the fertile soil and high soil moisture in the spring can lead to excessive canopies. Since 

moderate vine vigor is often desirable regarding vine balance, managing the vine nutrient 

supply (particularly N) to control vine vigor could be a useful approach to limit vine 

vigor (Schreiner et al. 2012). Some viticulture practices, such as cover crop, are known to 

modify vine nitrogen status (Tesic et al., 2007), but how it can affect the grape and wine 

volatile composition is largely unknown.  

Another important parameter of vine balance is crop level. For Pinot noir produced in 

western Oregon, vines are managed for low yields and premium quality. Currently, 

Oregon producers are spending approximately $540 per acre for crop thinning (Julian 

2008) to reach the target yield that associated with high berry quality. However, grape 

quality is not definitively quantified to this date. By studying the flavor composition of 

grape and wine that results from different viticultural practices, we hope to identify 

relationships that may exist in this complex physiology between the vine and fruit 

chemistry. By identifying best management practices and determining yield-quality 

potential for vineyards, growers may be able to reduce crop thinning or modify their 

canopy management costs while maintaining desirable grape quality (grape composition), 

allowing them to realize significant management savings.  

The overall hypothesis of this dissertation is that grape-derived volatile compounds can 

be modified by altering vine nutrient supply, vineyard floor management and crop 

thinning, thus consequently affecting the final wine volatile compositions. This 

hypothesis will be tested herein through the following three studies:  

1) Identify the main aroma and aroma potential compounds in the Pinot noir berries. 

Determine the change of the odor-active compounds during grape ripening, and 

their possible relationship with grape and wine quality.  
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2) Determine effects of low vine N, P and K supply on the volatile composition of 

Pinot noir grapes and wine using a pot-in-pot system where nutrient inputs are 

carefully controlled.  

3) Determine whether wine volatile composition can be altered by different crop 

thinning level and vineyard floor managements. And how these viticultural 

practices affect grape derived C13-noirsoprenoids and their precursors.     
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2.1. Abstract 

Aroma potentials in early and late maturity Pinot noir grapes were investigated in two 

consecutive vintages. The grape samples were hydrolyzed under acidic conditions and the 

released odorants were studied by aroma extract dilution analysis (AEDA). Forty-nine 

main odor-active compounds were detected in the AEDA. The odorants released with 

high flavor dilution values were 1-hexanal, β-damascenone, guaiacol and vanillin, 

together with C6 aldehydes and alcohols, 4-vinylguaiacol, 4-vinylphenol and 1-octen-3-

one. The concentrations of aroma-active compounds were further quantitated. Comparing 

with early harvest grapes, late harvest grapes released more β-damascenone, vanillin, 4-

vinylguaiacol and 4-vinylphenol in both years according to both AEDA and quantitation 

results, suggesting they were important aroma compounds that contribute to the 

characteristic of matured Pinot noir grapes. 

 

Keywords: Pinot noir, grape, GC−olfactometry, AEDA, flavor precursor, maturity 
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2.2. Introduction 

Grape-derived aroma are of great importance to differentiate wines on the basis of the 

grape variety (Arrhenius et al. 1996) and quality. Grape-derived volatile compounds as 

well as their precursors are formed during the ripening stage of the grape (Carballeira et 

al. 2001; Marais and Van Wyk 1986). Their specific profiles depend mainly on the 

variety though environmental factors may have impact (Agosin et al. 2000; Jackson and 

Lombard 1993; Razungles et al. 1993). Grape-derived aroma exists mainly in precursors 

such as glycosylated form (Gunata et al. 1988; Loscos et al. 2009). Glycosylated 

precursors can be either monoglucoside conjugates or disaccharide glycosides where 

glucose is linked with another sugar moiety such as α-L-arabinofuranosyl, α-L-

rhamnopyranosyl, β-d-xylopyranosyl or β-apiofuranosyl group, which is then bound to 

the aglycon (Williams 1993). Numerous aglycons have been identified from hydrolysis of 

wine and grape juice glycosides, including monoterpenes, norisoprenoids, aliphatics and 

phenolic compounds (Williams 1993).  

The aroma and aroma precursor character varies significantly with grape maturity (Fang 

and Qian 2006; Miranda-López et al. 1992). In general, the increase of glycosylated 

precursors in grapes is a distinctive feature in the advanced stages of ripening, when 

sugar increase per berry has slowed, and the berry is accumulating aromas and flavors 

(Coombe and McCarthy 1997). The flavor or the precursor at ripening ultimately 

determines the grape and wine quality.  Nevertheless, grape ripening is poorly defined in 

wine industry. Brix and titratable acidity are typically used as indicating parameters for 

grape ripening. However, neither brix nor titratable acidity can indicate grape flavor at 

harvest. Moreover, studies have showed that the accumulation of free and glycosylated 

aroma during grape ripening was compound dependent (Fang and Qian 2012; Yuan and 

Qian 2016).  

Floral varieties such as Mustcats produce wines with a terpenol-dominated aroma, which 

can be easily assessed during grape ripening (Wilson et al. 1984). However, for non-

floral grapes, it is difficult to determine grape-derived aroma because the aroma is often 
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subtle and the key aroma could be blend of different compounds (Loscos et al. 2007). 

Our previous studies suggested that for Pinot noir grapes, free form volatiles are mainly 

C6-aldehydes and alcohols, which contribute to the green and grassy odors. Other aroma 

compounds in Pinot noir grapes, such as terpenoids, C13-norisoprenoids and benzene-

derivatives, was presented at much higher concentration as glycosidically bounded 

precursors compared to the free form (Feng et al. 2015). Acid hydrolysis and enzyme 

hydrolysis are two common methods for bound form aroma analysis, among which acid 

hydrolysates of grape precursors was reported to have a closer aroma profile than 

enzymatic hydrolysis (Francis et al. 1992; Loscos et al. 2009), especially for non-floral 

varieties. The hydrolysis products give the total aroma potential of wine after 

fermentation as well as during aging.   

Vitis vinifera L. Cv. Pinot noir is the most widely planted variety in Oregon, especially 

Willamette Valley area. Pinot noir wines typically have aroma attributes described as ripe 

red fruit and dark fruit (currant, strawberry, cherry, raspberry and blackberry). Although 

the compounds responsible for the characteristic ripe red fruit and dark fruit are poorly 

understood, there was evidence that the varietal aroma of Pinot noir wine was closely 

related to the fruit ripeness (Fang and Qian 2006). Willamette Valley is well known as a 

cool climate wine-producing area. One of the major challenges for the viticulture in this 

region is that the berries could not achieve full ripening due to the cool climates, short 

growing seasons, and sometimes heavy rainfall at late ripening stage. More knowledge of 

the grape aroma profile during ripening process can help growers estimate the grape 

quality at harvest, as well as to maintain a sustainable production of high quality grapes. 

In this study, a gas chromatography-olfactometric (GC-O) technique known as aroma 

extract dilution analysis (AEDA) were used to study the aroma and aroma potentials of 

Pinot noir grape from early and late harvest in two growing seasons. The aroma 

compounds were further quantified by SPME-GC-MS and SBSE-GC-MS. The aim of 

this study is to identify main aroma and aroma potentials released by acid hydrolysis that 

can be used to objectively define Pinot noir grape quality related to maturity.  
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2.3. Materials and Methods 

2.3.1. Chemicals 

All chemical standards used for identification and quantitation in this study was of 

analytical reagent grade unless otherwise stated. 2,3-butanedione (>97%), (Z)-3-hexenal, 

3-penten-2-ol (96%), isoamyl alcohol (>98%), (E)-2-hexenal (95%), 1-hexanol (99%), 

(Z)-3-hexenol (90%), (E)-2-hexenol (96%), methional (98%), 3-sec-butyl-2-

methoxypyrazine (99%), 3-isobutyl-2-methoxypyrazine (99%), butyraldehyde (≥98%), 

benzeneacetaldehyde (≥90%), α-terpineol (90%), β-damascenone (≥90%), guaiacol 

(≥98%), benzyl alcohol (99.8%), benzeneethanol (99%), β-ionone (95%), p-

methylguaiacol (99%), m-cresol (99%), nonanal (95%), 1-heptanal (95%), (S)-(-)-

limonene (96%), (E)-2-hexenol (96%), (E)-2-octenal (99%), 1-octen-3-one (50.0 wt % in 

1-octen-3-ol), 1-heptanol (98%), linalool (97%), p-cresol (99%), vanillin (98%),  linalool 

oxide (mixture of isomers, ≥97.0%), 2-ethyl-1-hexanol (≥96.0%), 1-octanol (≥99.5%), β-

citronellol (95%), nerol (98%), geraniol (98%), α-ionone (90%) and octanoic acid 

(≥98.0%) were purchased from Sigma-Aldrich (St. Louis, MO). 1-Hexanal was 

purchased from ICN Biochemicals (Irvine, CA). p-Ethylguaiacol (≥98.0%), eugenol 

(98%), 4-ethylphenol (98%), 3-ethylphenol (95%) and α-terpinene (90%) were purchased 

from TCI America (Cambridge, MA). 4-Vinylguaiacol (97% with 0.01% BHT) and 4-

vinylphenol (10% solution in propylene glycol) were purchased from Alfa Aesar (Ward 

Hill, MA). Dichloromethane used for liquid extraction was purchased from EMD (HPLC 

grade, Gibbstown, NJ) and redistilled before use. Water was obtained from a Milli-Q 

purification system (Millipore, North Ryde, NSW, Australia). 

2.3.2. Grape Sample 

The vines were Pinot noir (clone 115 grafted to 101-14), planted in 1998 and trained to a 

bilateral VSP system in Stoller Family Estate Vineyard (Dayton, OR, latitude 45° 13’ N, 

longitude 123° 4’ E). The vineyard block was under normal vineyard conditions from 

year 2012 and 2013. Samples were collected at three weeks before commercial harvest 

(early harvest, EH) and at commercial harvest time (late harvest, LH). Total ten clusters 
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of grapes were randomly collected from different grapevines at each sampling date 

(Table 2). The whole clusters were transported to lab and stored in -80°C freezer 

immediately. After 2 days, the berries on the clusters were manually destemmed while 

frozen. For each time point, berries from different clusters were pooled, sealed in storage 

bags and stored in -80°C freezer until analysis. These frozen berries were used in the 

following GC-O, AEDA as well as quantitation analysis. 

2.3.3. Acid hydrolysis and aroma extraction 

Approximately 250 g of Pinot noir grape berries were blended with liquid nitrogen. Then 

200 g grape powder was transferred into a 1000 mL glass bottle. Two hundreds mL of 

citrate buffer (0.2M, pH=2.5) were added and the bottle were tightly capped and kept in 

water bath (99 °C) for one hour. After cooled down to room temperature, 200 mL of 

distilled dichloromethane were added and the bottles were agitated (170 rpm) on shaker 

overnight. The pulp was removed by passing the sample through glass wool. The liquid 

was transferred into a 500 mL separation funnel. Then 30 mL of saturated NaCl solution 

were added to separate the organic phase. The flavor compounds in the dichloromethane 

layer were further isolated by solvent-assisted flavor evaporation (SAFE) method 

(Glasbläserei Bahr, Manching, Germany) (Engel et al. 1999). The distillate was 

concentrated with a stream of nitrogen to a final volume of 100 μL.  

2.3.4. GC-Olfactometry Analysis 

GC-Olfactometry analysis was performed on an Agilent 6890 gas chromatograph 

equipped with an Agilent 5973 mass-selective detector (MSD) and a sniffing port (ODP 2, 

Gerstel, Germany). One μL of the extract were injected and separated by a DB-Wax 

capillary column (30 m×0.32 mm, id., 0.25 μm film thickness; Agilent Technologies, 

Wellington, DE). Helium was used as carrier gas at constant flow rate of 2 mL/min. The 

GC injector temperature was kept at 230 °C, and the split ratio was 1:1. The oven 

temperature was 40 °C for 2 min, increased to 230 °C at a rate of 4 °C/min, with a 10 min 

holding time. Two well-trained panelists (one female and one male) were selected for the 

GC-O study.  
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Each panelist analyzed each sample in duplicates. Retention indices (RI) were calculated 

based on the time that aroma being detected. The identity of the odorant was determined 

by comparing mass spectra, retention index and odor property of the unknown with pure 

reference compound. 

2.3.5. Aroma Extract Dilution Analysis (AEDA) 

The AEDA analysis was performed on an Agilent 5890 gas chromatograph equipped 

with an FID detector with same setting parameters as described above. Aroma extract of 

the grape hydrolysates was stepwise diluted with dichloromethane at 1:1 ratio. Each 

dilution was submitted to GC-O analysis on the DB-Wax (30 m × 0.25 mm i.d., 0.5 µm 

film thickness, Agilent Technologies, Wellington, DE) column until no odorant could be 

detected. The flavor dilution (FD) factor of each compound was determined as the 

maximum dilution at which the odorant could be perceived. For each dilution, every 

sample was analyzed twice per panelist. 

2.3.6. Major volatile quantification by SPME-GC-MS 

Approximately 30 g of frozen grape berries were randomly selected from the pooled 

berry samples described previously. The berries were blended with liquid nitrogen, 2 g of 

powdered berry was diluted with 8 mL of citric acid/saturate saline buffer (0.2 M, pH 2.5) 

in 20 mL autosampler vial and 20 µL of internal standard (50 mg/L, 4-octanol) was 

added. The vial was tightly capped and kept in water bath (99°C) for 1 hour. After 

incubation, the vial was cooled in cold water for 10 min and kept at 10 °C before SPME-

GC-MS analysis. Each sample was analyzed in triplicates. 

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

extraction. The sample was equilibrated at 50 °C in a thermostatic bath for 15 min and 

extracted for 30 min at the same temperature under stirring (500 rpm). After extraction, 

the fiber was inserted into the injection port of GC (250 °C) to desorb the analytes. The 

extraction and injection was conducted by autosampler (Gerstel Inc., Linthicum, MD).  
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An Agilent 6890 gas chromatograph equipped with an Agilent 5973 mass selective 

detector (Agilent Technologies, Wellington, DE) was used. 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 1.5 mL/min was 

used. The chromatographic program was set at 35 ºC for 4 min, raised to 150 ºC at 20 

ºC/min, and then raised to 230 ºC at 4 ºC/min, hold for 10 min.  MS transfer line and ion 

source temperatures were 280 and 230 ºC, respectively. Electron ionization mass 

spectrometric data from m/z 35~350 were collected using a scan mode with an ionization 

voltage of 70 eV.  

Standard calibration curve was prepared by adding known amount of pure chemical 

standards into a 10 mL citric acid/saturate saline buffer (0.2 M, pH 2.5) in a 20-mL 

autosampler vial, and 20 µL of internal standard (50 mg/L, 4-octanol) was added. Same 

GC procedure was used as described above. Results were calculated through Chemstation 

software (Agilent Technologies, Santa Clara, CA). 

2.3.7. SBSE-GC-MS 

Due to the low concentration and low affinity to the SPME fiber, benzene-derivatives 

were difficult to detect by SPME method mentioned above. So an SBSE-GC-MS method 

with ethylene glycol-silicone (EG) coated stir bar (0.5 mm film thickness, 10 mm length, 

Gerstel Inc., Baltimore, MD) was employed for the quantitation of benzene-derived 

compounds such as volatile phenols, vanillin and methyl anthranilate.20 Grape samples 

were blended in liquid nitrogen, and 1 g grape powder was mixed with 10 mL of citrate 

buffer solution (0.2M, pH 2.5) and heated at 99°C for 1 hour. After the mixture was 

cooled down to room temperature, the pH was adjusted to 3.5 and an aliquot of 20 µL 

internal standard (50 mg/L, 4-octanol) was added. EG stir bar was placed into the vial 

and stirred for 2 h at room temperature at 1000 rpm. After extraction, the EG stir bar was 

removed from the sample, rinsed with milli-Q water, dried with paper wipers (Kimberly-

Clark Professional Inc., Roswell, GA), and transferred into a thermal desorption tube for 

GC-MS analysis. Each samples was analyzed in triplicates. 
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Analysis of volatile compounds were performed on a an Agilent 7890 gas chromatograph 

coupled with a 5975 mass selective detector, and a Gerstel MPS-2 multipurpose TDU 

autosampler with a CIS-4 cooling injection system (Gerstel Inc. Linthicum, MD). The 

analytes were thermally desorbed at the TDU in splitless mode, ramping from 25 to 

220 °C at a rate of 100 °C/min, and held at the final temperature for 2 min. The CIS-4 

was cooled to -80 ºC with liquid nitrogen during the sample injection, and then heated at 

10 °C/s to 250 °C for 10 min. Solvent vent mode was used during the injection with a 

split vent flow of 50 mL/min. A DB-WAX capillary column (30 m × 0.25 mm i.d., 0.5 

µm film thickness, Agilent Technologies, Wellington, DE) was used. The oven 

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

raised to 230 ºC at 4 ºC/min, hold for 10 min. A constant helium flow of 1.5 mL/min was 

used. The MS transfer line and ion source temperature were 280 °C and 230 °C, 

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.  

Standard calibration curves were developed using pure chemical standards in 10 mL of 

citrate buffer solution (0.2M, pH 2.5) with 20 µL internal standard (50 mg/L, 4-octanol), 

and calculated through Chemstation software (Agilent Technologies, Santa Clara, CA).  

2.3.8. 3-Alkyl-2-methoxypyrazines (MPs) analysis 

MP contents were determined using a stable isotope dilution method in accordance with 

the previously published HS-SPME procedures (Kotseridis et al. 2008) with some 

modification. Briefly, grape samples were blended with liquid nitrogen, and 2 g of grape 

powder were mixed with 20 μL internal standard (10 μg/L of [2H3]-IBMP in methanol). 

Eight mL of citrate buffer (0.2M, pH 6.5, saturated with NaCl) was added. The vials were 

tightly capped and equilibrated at 50 °C in a thermostatic bath for 10 min and extracted 

by SPME fiber for 30 min at the same temperature with stirring (500 rpm). After 

extraction, the fiber was inserted into the injection port of GC (250 °C) to desorb the 
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analytes. The extraction and injection was conducted by MPS autosampler (Gerstel Inc., 

Linthicum, MD).  

Compound separation was achieved with a HP-5MS column (30 m × 0.25 mm i.d., 0.5 

μm film thickness, Phenomenex, Torrance, CA). A constant helium column flow rate of 

1.2 mL/min was used. The chromatographic program was set at 50 ºC for 1 min, raised to 

120 ºC at 3 ºC/min, and then raised to 230 ºC at 8 ºC/min, hold for 5 min. An Agilent 

6890 gas chromatograph equipped with an Agilent 5973 mass spectrometer (Agilent, 

Santa Clara, CA) was used. MS transfer line and ion source temperatures were 280 ºC 

and 230 ºC, respectively. Quantification was achieved using selected ion monitoring. For 

IBMP, selected mass ion m/z 124 was used for quantification. For [2H3]-IBMP, selected 

mass ion m/z 127 was used for quantification. For SBMP, ion m/z 138 was used for 

quantification.  

Standard calibration curves were developed using pure chemical standards in 10 mL of 

citrate buffer (0.2M, pH 6.5, saturated with NaCl) with internal standard (10 μg/L of 

[2H3]-IBMP in methanol) and calculated through Chemstation software (Agilent 

Technologies, Santa Clara, CA). 

2.3.9. Statistical analysis 

Volatile compound differences were determined using one-way analysis of variance 

(ANOVA) with post hypothesis of Tukey’s HSD, carried out using SPSS 20.0 (IBM, 

Armonk, NY, USA). Principal component analysis (PCA) was carried out using the 

Canoco 4.5 program. The data were standardized before analysis. All quantitated 

compounds were included. 

2.4. Results and Discussion 

2.4.1. Weather and basic fruit maturity 

The two seasons were different especially at ripening stage (Table 2.1). Year 2012 had 

lower rainfall and lower GDD10 during ripening compared to 2013. In year 2013 
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accumulated GDD10 increased faster during ripening with more rainfalls at later ripening 

stage. When comparing the basic fruit maturity parameters, there was no difference 

between single berry weights (Table 2.2). Grape samples from 2012 reaches 26 °Brix 40 

days post véraison while fruit reached 22 °Brix, in 37 days post véraison in 2013. Warm 

and dry summer resulted in higher TSS in 2012. In 2013, grape TSS increased faster 

corresponding to accumulated GDD10 at later ripening stage, but grapes had to be 

harvested before the heavy rainfall in September, thus fruit was not allowed to remain on 

the vine as long to achieve higher TSS. 

2.4.2. Odor-active compound in Pinot noir grape 

The aroma extracts of Pinot noir grape had intense aromas described as green, berry, 

floral, tobacco, woody, and herbs. Overall, the extracts from later harvest (LH) samples 

had stronger berry and woody aromas. Forty-nine major odorants that were detected by 

sniffers in these aroma extract and 47 odorants were identified by comparing the 

spectrum and retention time with authentic standards, or tentatively identified by 

comparing the retention index with literature (Table 2.3). The result of AEDA analysis 

showed that FD values varied between early harvested (EH) and late harvested (LH) 

samples and there was also difference between years. Overall, among the odor-active 

compounds, 1-hexanal, phenylethyl alcohol, β-damascenone, guaiacol and vanillin were 

detected as the most potent aroma compounds in the Pinot noir grape samples (highest 

FD ≥256). Besides, methanthiol, (Z)-3-hexenal, 1-octen-3-one, (E)-2-hexenol, 3-

methylbutanoic acid, 4-methylguaiacol, furaneol, p-cresol, m-cresol, 3-ethylphenol, 4-

ethylphenol, 4-vinylguaiacol and 4-vinylphenol also are important odorants to Pinot noir 

grape aroma (highest FD ≥64).  

2.4.3. Comparative AEDA of Pinot noir grape from different harvest time 

The most abundant aroma compounds found in Pinot noir grapes were C6-aldehydes and 

alcohols, including 1-hexanal, (Z)-3-hexenal, (E)-2-hexenal, 1-hexanol, (Z)-3-hexenol 

and (E)-2-hexenol, which contribute to the green and grassy odors in grapes. The FD 

values of C6-alcohols were higher in early harvest grapes, corresponding to a higher 
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quantity of C6-alcohols in the EH samples (Table 2.3). The FD values of C6-aldehydes 

were higher in the LH grapes for both years, which was also consistent with the 

quantification data (Table 2.3). The C6-alchohols and aldehydes can be generated during 

fruit crushing and juice processing. C6-aldehydes are reduced to their corresponding 

alcohols druing fermentation. Hexanol is usually the dominant C6 compounds in wine but 

with high recognition threshold, being around 8000 μg/L in a 10% ethanol solution 

(Mendez‐Costabel et al. 2014).  

Besides C6 compounds, 3-isobutyl-2-methoxypyrazine (IBMP) is the main contributor of 

green aromas in Pinot noir winegrapes, giving a distinctive herbaceous and bell pepper-

like aroma (Maga 1990). Compared to C6 compounds, they have much lower odor 

threshold (Table 2.4). Two methoxypyrazines, 3-sec-butyl-2-methoxypyrazine (SBMP) 

and 3-isobutyl-2-methoxypyrazine (IBMP) were detected in the AEDA analysis. 

However, in Pinot noir grape, the FD factor of SBMP and IBMP were low (FD=2~16). 

The FD factor of SBMP was lower in LH sample compared to the EH. For IBMP, the FD 

factor was lower in LH sample in year 2013 but not significantly different in year 2012. 

The concentration of SBMP and IBMP was 3~5 ng/L, which was consistent with 

previous report that Pinot noir grape contained very low level of MPs in both ripe and 

unripe fruit compared to other grape varieties, and the concentration of MPs in the berry 

was decreasing during ripening process (Hashizume and Samuta 1999). Although the 

concentration of SBMP and IBMP were very low compared with other varieties, they are 

still higher than the corresponding sensory detection threshold of 1-2 ng/L in water (Sala 

et al. 2004). Since SBMP and IBMP will carry through fermentation, their concentrations 

in the grapes are very critical for high quality Pinot noir wines, especially for cooler years.  

Vanillin had a typical vanilla aroma. Vanillin showed very high FD value (FD=256~1024) 

in the AEDA analysis (Table 2.3). The odor threshold of vanillin has been reported as 20 

μg/L in water (Belitz et al. 2009) and 200 μg/L in wine (Guth 1997). Considering the 

high odor threshold, it was unexpected that vanillin had high FD value in the AEDA. One 

possible reason is that the heated sniffing port increased its volatility. It has also been 

reported that although at concentration lower than it odor threshold, characteristic flavor 
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of vanillin could influence aroma by retronasal perception (López et al. 2004). The FD 

value of vanillin was higher in the LH grapes in both years, indicating this compound 

could play an important role in the mature grape aromas.  

β-Damascenone predominantly occurred in grapes as precursors, which could be released 

in wine after enzyme and acid hydrolysis (Mendes-Pinto 2009). The concentration of β-

damascenone in Pinot noir hydrolysate (5.75~9.50 μg/L) was much higher than its odor 

threshold (2 ng/L in water), which explained the high FD value in the AEDA. Our 

previous quantitative study has shown that β-damascenone accumulated during Pinot noir 

berry development (Fang and Qian 2012), which was in agreement with the AEDA result 

that FD factor was higher in the LH grapes compare to EH grapes. The quantification 

data also showed that the LH grape had much higher concentrations of β-damascenone 

than EH. The odor threshold of β-damascenone in wine varies according to the wine 

matrix. Instead of direct contribution, it was reported has more indirect impact on wine 

aroma by enhancing fruity notes of ethyl cinnamate and caproate and masked the 

herbaceous aroma of IBMP (Pineau et al. 2007). Another C13-norisoprenoid detected in 

the AEDA analysis was β-ionone. Although the sensory threshold of β-ionone is also low 

(0.03 μg/L in water) (Kotseridis et al. 1999), it did not show very high FD value in the 

AEDA analysis due to the low concentration (0.52~0.83 μg/L).  

Terpene alcohols are important aroma compounds for many floral type grapes, but not for 

non-floral varieties (Chatonnet et al. 1992). The only monoterpene detected in the AEDA 

analysis was α-terpineol (FD=8~32) and linalool (FD=0~2). α-Terpineol has a green, 

floral and oily odor. The FD factor of α-terpineol was lower in the late harvest grapes in 

both years. It needs to point out that terpene alcohols could go through chemical 

rearrangement under acidic conditions. Nevertheless, as a nonfloral variety, 

monoterpenes in Pinot noir grapes are generally at levels below the sensory thresholds 

(Fang and Qian 2005), which have limited impact on wine aromas. 

There were 10 volatile phenols among the identified odorants, and their FD values were 

higher in LH grapes. All of them were reported to be important odorants of red wines 
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(Aznar et al. 2001; Ferreira et al. 2000). In the AEDA analysis, these volatile phenols 

largely contributed to the woody, spicy, smoky and clove aromas in the sample. Guaiacol, 

which has a clove-like aroma, had the highest FD factors in the LH grapes in both years 

(FD=128, 256 respectively). Other phenolic compounds, such as eugenol, m-cresol, p-

cresol, 4-vinylguaiacol, 3-ethylphenol, 4-ethylphenol and 4-vinylphenol showed less 

intense FD values, although the similarities of their odors may make them important odor 

contributors. It is interesting that FD value of most volatile phenols were higher in the LH 

grapes in two years. Our result showed that the volatile phenols are not necessarily to be 

considered as oak-derived compounds in aged wines, they could also be important 

odorants in young red wines. The odorant 4-ethylphenol in wine is usually associated 

with microbial spoilage (Chatonnet et al. 1992), but our result suggested that although in 

low level, this compound could also derive from grapes aroma precursors. 

4-Hydroxy-2,5-dimethyl-3 (2H)-furanone is an important aroma compound in various 

fruits due to its unique caramel, cotton candy aroma and its low odor threshold (5 μg/L) 

(Larsen and Poll 1992). Not many information was available about 4-hydroxy-2,5-

dimethyl-3 (2H)-furanone in winegrapes, most of the studies were carried out in 

strawberries. 4-Hydroxy-2,5-dimethyl-3 (2H)-furanone glucopyranoside had been 

recently identified in Muscat grapes (Sasaki et al. 2014), indicating this compound also 

exist in winegrapes as glycosidically bound form. It had to be mentioned that 4-hydroxy-

2,5-dimethyl-3 (2H)-furanone could also form during heating. But it was reported in 

strawberry that 4-hydroxy-2,5-dimethyl-3 (2H)-furanone level was not different after 1 h 

of acid hydrolysis compared to 1 h of enzymatic hydrolysis (Ubeda et al. 2012), showing 

the less possibility of heat-induced reaction. In our study, furaneol showed much higher 

FD value in LH samples compared to EH samples in the AEDA study, indicating grape 

accumulate this compound in the ripening stage and enhance the sweet and fruity aroma 

in the mature grapes. However, it was not quantified in this study since the concentration 

in Pinot noir berries was lower than the detect limit.  
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2.4.4. Quantitative analysis of aroma compounds  

In order to better understand the change of odor-active compounds in Pinot noir grape, 

quantification data is necessary to verify the observations in the AEDA. Different 

methods were used to quantify the odor-active compounds in grape berries to achieve 

better sensitivity and accuracy for different compounds. Total 42 compounds were 

quantified in Pinot noir grape samples, among which 25 were detected in the AEDA and 

17 other compounds were detected in Pinot noir berries but were not detected by the 

panelists in the AEDA study (Table 2.3). Factor analysis using the principal component 

method is shown in Figure 2.1. Hydrolytically released volatile compounds in grape 

berries enabled good discrimination between years as well as between EH and LH grapes 

(Figure 2.1). When all the volatile compounds were included, the first principal 

component (PC1) explained 48.8% of the total variation, and PC2 explained 37.7% of the 

total variation. Samples from 2012 and 2013 were separated in the plot by PC1, while 

samples with different maturity were separated by PC2, indicating more variation from 

the year to year compared with different maturity. Despite the year difference, LH grapes 

were closely related guaiacol, β-damascenone, vanillin, 4-vinylphenol, 4-vinylguaiacol, 

4-ethylphenol, 3-ethylphenol, 4-methylguaiacol, 4-ethylguaiacol, 1-hexanal and (E)-2-

hexenal. EH grapes were more related to the green compounds such as (Z)-3-hexenol, 

(E)-2-hexenol, 1-hexanol, IBMP and SBMP. 

Compared to the traditional evaluation focused on sugar, acids and phenolic content, 

direct evaluate grape aroma become more relevant in recent years. However, 

concentration often could not represent the potency of the odorants. So this study 

presented results from the olfactometric experiment performed on the flavor precursor 

hydrolysates of Pinot noir grape from different harvest time. Olfactometry results were 

further confirmed by quantitative analysis. The study reveals the presence of a large 

number of odorants, some of which are well-known wine flavor components. Notably, 

most of these odorants are minor compounds in wine, present at very low concentrations. 

The most relevant contributions of Pinot noir grape flavor precursors to the aroma of 

wine were from 1-hexanal, benzeneethanol, β-damascenone, guaiacol and vanillin, 
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together with C6-aldehydes and C6-alcohols, volatile phenols, 1-octen-3-one and 4-

hydroxy-2,5-dimethyl-3(2H)-furanone. These compounds may be useful as indicator of 

Pinot noir grape aroma potential. Comparing with early harvest grapes, late harvest 

grapes released more β-damascenone, vanillin and volatile phenols in both years 

according to both AEDA and principal component analysis, indicating they are important 

aroma compound that contribute to the characteristic of matured Pinot noir grapes.  

2.5. Abbreviations Used 

SPME, solid-phase microextraction; SBSE, stir bar sorptive extraction; EG，ethylene 

glycol； TDU， thermal desorption unit;  DVB/CAR/PDMS, divinylbenzene/carboxen 

polydimethylsiloxane; GC-MS, gas chromatography-mass spectrometry; GC-FID, gas 

chromatography with flame ionization detection; GC-O, gas chromatography-

olfactometry; GC-MS-O, gas chromatography- mass spectrometry-olfactometry; AEDA, 

aroma extract dilution analysis; FD, flavor dilution; RI, retention index; TSS, total 

soluble solids; GDD10, growing degree days with base of 10 °C. MPs, 3-alkyl-2-

methoxypyrazines. 
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Table 2.1 Weather data of vineyard for 2012 and 2013 seasons 

 2012  2013 

 

Mean Daily 

Temperature 

(°C) 

Precipitation 

(mm) 

GDD10 

(°C)  

Mean Daily 

Temperature 

(°C) 

Precipitation 

(mm) 

GDD10 

(°C) 

April 11.0 107 81 
 

11.2 53 81 

May 13.5 79 138 
 

14.6 109 156 

June 15.4 69 167 
 

17.7 33 218 

July 19.3 13 282 
 

20.5 0 301 

August 20.4 0 293 
 

20.7 15 316 

September 17.6 2.5 278 
 

17.1 191 216 

October 12.8 170 121  10.8 15 98 

Accumulative 

(véraison to EH) 
N/A 1.3 112  N/A 3.8 129 

Accumulative 

(véraison to LH) 
N/A 3.8 309  N/A 68 379 

GDD10, growing degree days (base 10 °C). Data sourced from Aurora AgriMet Station. 
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Table 2.2 Basic fruit maturity at different harvest time from 2012 and 2013 

Sample Harvest Date Description 

Days post 

véraison 

Berry weight 

(g/berry) 

TSS 

(°Brix) 

Juice pH 

EH 2012 September 14, 2012 About 80% berries turned dark red 15 1.02 17 2.75 

LH 2012 October 9, 2012 Dark red berries 40 1.05 26 3.01 

EH 2013 August 26, 2013 Nearly 100% full color 14 1.00 20 2.86 

LH 2013 September 18, 2013 Dark red berries 37 0.98 22 3.49 

Berry weight, TSS and juice pH are the mean value of three measurements. EH, early harvest. LH, late 

harvest.
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Table 2.3 Main odorants found in hydrolysates in AEDA analysis of Pinot noir grapes from early 

and late harvest. 

    
FD value 

Compound aRIWAX bIdentification Description EH 2012 LH 2012 EH 2013 LH 2013 

MeSH 715 MS, A Rotten cabbage 32 32 64 128 

2,3-Butanedione 983 MS, A, RI Creamy, fruity, buttery 16 16 16 16 

1-Hexanal 1086 MS, A, RI Green, grassy 256 512 256 512 

(Z)-3-hexenal 1144 MS, A, RI Green, floral 32 64 32 64 

Unknown 1171  Garlic, potato 8 2 16 8 

3-Penten-2-ol 1177 MS, A, RIL Floral <1 <1 2 8 

Isoamyl alcohol 1221 MS, A, RI Sweaty, fruity 8 4 16 16 

(E)-2-hexenal 1225 MS, A, RI Green apple, grassy 32 32 32 32 

Methyl-(E)-2-hexenoate 1295 MS, A, RIL Fruity <1 2 2 4 

1-Octen-3-one 1306 MS, A, RIL Mushroom 32 16 32 64 

2-Methyl-2-buten-1-ol 1331 MS, A, RIL Floral, oily 1 2 1 2 

1-Hexanol 1360 MS, A, RI Green, oily, floral 8 4 16 8 

(Z)-3-hexenol 1392 MS, A, RI Green 32 16 16 8 

2-Octenal 1398 MS, A, RIL Floral, piney, citrus 8 2 16 8 

(E)-2-hexenol 1409 MS, A, RI Green, fruity 16 8 64 16 

Acetic acid 1452 MS, A, RIL Sour, vinegar 2 <1 4 2 

Methional 1462 A, RI Potato 2 2 2 2 

2-Methyl-3-buten-2-ol 1469 MS, A, RIL Floral 2 4 <1 2 

3-Sec-butyl-2-methoxypyrazine 1515 MS, A, RI Green pepper 4 2 8 2 

3-Isobutyl-2-methoxypyrazine 1535 MS, A, RI Green pepper 8 8 16 2 

Linalool 1554 MS, A, RI Floral 2 <1 <1 <1 

2,6-Nonadienal 1592 A, RIL Cucumber 32 8 32 2 

Butyraldehyde 1604 MS, A, RI Bread, toasted 2 2 <1 <1 

Butanoic acid 1634 MS, A, RI Cheese 8 32 32 2 

Benzeneacetaldehyde 1646 MS, A, RIL Floral, peanut 32 2 32 16 

3-Methylbutanoic acid 1680 MS, A, RIL Sour, sweaty 64 32 64 8 

α-Terpineol 1710 MS, A, RI Green, floral, oily 16 8 16 8 

(E)-2,4-decadienal 1829 MS, A, RIL Fatty, fruity, sweet 16 32 <1 8 

β-Damascenone 1835 MS, A, RI Tea, tobacco, floral 512 1024 512 512 

Hexanoic acid 1857 MS, A, RI Sour, rancid 16 8 64 8 

Guaiacol 1879 MS, A, RI Sweet, phenolic, clove 64 128 128 256 

Benzyl alcohol 1900 MS, A, RI Floral 4 2 4 2 

Benzeneethanol 1927 MS, A, RI Rosy, floral 256 256 256 256 

β-Ionone 1950 MS, A, RI Floral 32 32 16 32 

p-Methylguaiacol 1963 A, RI Woody, clove 16 64 16 128 

p-Ethylguaiacol 2031 A, RI Medicine, clove 8 16 2 64 

4-hydroxy-2,5-dimethyl-3 (2H)-furanone 2056 MS, A, RI Creamy, sugary 32 64 8 16 

(E)-2-hexenoic acid 2067 MS, A, RIL Sweaty <1 <1 2 <1 

p-Cresol 2080 A, RI Animal, woody 32 32 64 128 

m-Cresol 2109 A, RI Leather, woody 8 16 64 128 

Eugenol 2237 A, RI Spicy, clove 2 16 4 8 

4-Ethylphenol 2169 A, RI Rubber, medicine 32 64 16 64 

3-Ethylphenol 2172 A, RI Smoky, medicine 32 32 128 128 

4-Vinylguaiacol 2202 A, RI Clove, woody 32 128 128 128 

Unknown 2260 
 

Hospital, smoky, herb 2 4 8 16 

2,6-Dimethoxyphenol 2296 A, RIL Smoky, woody 32 16 16 8 

4-Vinylphenol 2427 A, RI Spicy, almond 16 32 32 64 

Benzoic acid 2444 A, RIL Spicy <1 8 16 16 

Vanillin 2583 MS, A, RI Vanilla, creamy 256 1024 512 1024 
aRI = retention index; bIdentification based on RI (compare retention index with authentic standards) or RIL (compare retention index 

with retention index in literature) or MS (mass spectrometry) or aroma description (A). EH, early harvest. LH, late harvest. 
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Table 2.4 Quantitation of compounds in Pinot noir grapes from early and late harvest 

    Concentration (μg/kg berries) 

Compound Odor thresholda Early 2012 Late 2012 Early 2013 Late 2013 

Compounds detected in AEDA           

Hexanal 4.5 40 137±18 d 232±19 c 448±60 b 850±31 a 

(E)-2-hexanal 17 40 454±3 b 667±34 a 370±15 c 634±25 a 

1-Octen-3-one 0.016 41 31.7±7.1 a 18.6±3.2 ab 7.76±1.72 b 12.0±2.6 b 

1-Hexanol 500 40 355±11 b 252±6 c 482±17 a 344±15 b 

(Z)-3-hexenol 70 40 27.2±9 b 12.2±1.6 b 77.6±7.5 a 16.8±4.6 b 

(E)-2-octenal 3 42 72.2±15.7 a 51.3±5.0 ab 41.0±10.6 b 30.1±3.8 b 

(E)-2-hexenol 1000 40 165±14 ab 45.0±7 b 214±103 a 137±26 ab 

3-Sec-butyl-2-methoxypyrazine 0.002 46 0.005±0.001 ab 0.003±0.001b 0.005±0.002 a 0.005±0.001 ab 

3-Isobutyl-2-methoxypyrazine 0.002 46 0.004±0.005 0.003±0.0002 0.004±0.0006 0.004±0.0009 

Linalool 6 40 7.2±0.4 a 4.6±0.1 b 2.3±0.3 c 1.2±0.2 d 

α-Terpineol 330 40 23.8±11.3 23.4±2.6  14.4±0.9 14.0±0.1 

β-Damascenone 0.002 31 5.8±0.4 b 9.5±1.3 a 5.9±0.7 b 6.5±0.5 b 

Hexanoic acid 1000 40 142±16 a 125±10 ab 101±8 bc 90±17 c 

Guaiacol 0.84 41 5.2±1.5 b 9.7±1.7 a 4.9±0.5 b 5.7±0.2 b 

Benzyl alcohol 10000 40 585±41 b 437±15 c 810±43 a 301±78 d 

Benzeneethanol 140 41 117±1 a 100±4 ab 82.6±12.4 b 59.4±10.3 b 

β-Ionone 0.03 10 0.83±0.11 0.67±0.11 0.55±0.18 0.52±0.09 

4-Methylguaiacol 21 41 Nd c 0.21±0.02 b 0.31±0.07 b 0.47±0.06 a 

4-Ethylguaiacol 4.4 41 0.08±0.01 c 0.20±0.02 b 0.19±0.03 b 0.26±0.02 a 

(E)-2-hexenoic acid  - 18.9±1.6  18.8±0.6  16.9±3.4  13.4±4.8  

4-Ethylphenol 13 41 0.11±0.02 a 0.09±0.02 ab 0.05±0.01 b 0.13±0.02 a 

3-Ethylphenol 0.85 41 0.24±0.05 ab 0.22±0.02 ab 0.13±0.03 b 0.32±0.09 a 

4-Vinylguaiacol 5.1 41 8.2±1.9 c 12.0±0.9 b 9.8±1.2 bc 16.2±0.9 a 

4-Vinylphenol 10 42 53.0±14.8 b 101±7 a 24.4±4.5 c 87.3±9.3 a 

Vanillin 20 27 29.5±11.2 b 59.7±6.3 a 23.7±1.7 b 51.0±7.2 a 

Compounds not detected in AEDA 

Nonanal 1 40 17.8±2.9 b 25.2±2.4 ab 15.2±3.0 b 40.0±12.9 a 

α-Terpinene 692 45 0.29±0.04 b 0.34±0.01 b 0.30±0.05 b 0.99±0.06 a 

1-Heptanal 3 42 9.1±1.4 b 8.9±0.2 b 12.1±1.6 ab 17.4±4.0 a 

Limonene 10 40 9.4±0.4 a 7.2±0.2 b 2.8±0.7 c 2.9±0.6 c 

1-Octen-3-ol 1 40 17.1±3.4 ab 22.7±1.3 a 13.3±4.8 bc 7.5±1.4 c 

1-Heptanol 3 43 1.5±0.1 ab 1.3±0.1 b 1.7±0.2 a 1.3±0.1 b 

(Z)-linalool oxide 100 40 49.6±2.9 b 60.8±1.4 a 33.5±6.1 c 31.2±3.2 c 

(E)-linalool oxide 190 40 26.4±4.3 ab 32.7±1.2 a 20.2±3.8 b 19.7±2.4 b 

2-Ethyl-1-hexanol 245 45 6.7±0.3 a 3.2±0.6 b 3.5±0.6 b 4.6±0.8 b 

1-Octanol 110 40 7.6±0.4 b 8.0±0.7 b 3.8±0.4 c 11.0±1.1 a 

β-Citronellol  30 40 2.3±0.6 2.0±0.1 2.4±0.4 2.0±0.3 

Nerol 30 40 nd nd 0.1±0.0 nd 

Geraniol 40 40 2.5±0.1 b 3.3±1.0 b 18.6±3.8 a 15.6±1.5 a 

α-Ionone 0.6 40 0.33±0.06 0.32±0.01 0.39±0.07 0.38±0.05 

Octanoic acid 910 40 4.0±0.3 a 1.9±2.7 ab nd b nd b 

Methyl anthranilate 10 44 0.38±0.02 b 0.43±0.03 b 0.45±0.04 b 0.88±0.13 a 

Nonanoic acid 3000 42 2.3±0.6 a 2.4±0.3 a nd b nd b 
a Threshold values from references are presented as an indication of possible odor contribution. The thresholds were from literature, 

measured in water unless indicated otherwise. Letters in a row shows statistical difference by one-way ANOVA (p<0.05). No letter 

means no statistical difference between samples.  
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Figure 2.1 Principal component analysis (PCA) of volatile compounds in Pinot noir grape 

berries after acid hydrolysis from different harvest time.  

Score and loading plot for the first two principal components. Compounds detected in 

AEDA analysis were presented in green color.  



 50 

CHAPTER 3 N, P, AND K SUPPLY TO PINOT NOIR GRAPEVINES: 

IMPACT ON GRAPE AROMA AND AROMA PRECURSORS 

 

 

Fang Yuan, R. Paul Schreiner and Michael C. Qian 

 

 

 

 

 

 

 

To be submitted to  

American Journal of Enology and Viticulture  



 51 

3.1. Abstract 

The aim of this work was to evaluate the volatile composition of grape berries subjected 

to varying levels of nitrogen (N), phosphorous (P) and potassium (K) supply. Pinot noir 

grapevines were grown in a pot-in-pot system for three years (beginning when they were 

4-years-old) and fertigated with either complete nutrition (Control) or with reduced levels 

of either N, P, or K supply while holding all other nutrients constant. Nitrogen was varied 

from 7.50 mM total N supply (Control) to 1.13 mM in five discreet treatments, while P 

and K supply were each varied in four discreet treatments with the lowest rate of 0 mM 

during fertigation events. Aroma volatiles in berries were determined in each year using 

SPME-GC-MS technique. Results showed that reducing N supply resulted in lower 

concentrations of C6 compounds and total β-damascenone in berries across all three years. 

Low N supply had little impact on monoterpenes. Reducing N supply resulted in higher 

bound form α-terpineol in two of the three years. Compared to P and K, N supply showed 

a more profound influence on the volatile profiles of the grape berries, indicating the 

important role of N in the biosynthesis of berry volatile and volatile precursors. 

Keywords: nitrogen, phosphorous, potassium, grape volatile composition  
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3.2. Introduction 

Aroma is one of the most important aspects of wine quality, as aroma volatiles influence 

both the wine orthonasal aroma and retronasally perceived flavor (Jones et al. 2008). 

Grape-derived volatile compounds are mostly derived from plant secondary metabolites, 

and they are predominantly responsible for the wine aromas that are attributed to 

different varieties of grapes. In grape berries, only a small portion of volatile compounds 

are present in a free form, whereas the majority exist as non-volatile, glycosidically-

bound forms or other precursors (Gunata et al. 1985; Winterhalter et al. 1990). These 

non-volatile precursors can be converted to the volatile form through enzymatic or 

chemical hydrolysis during vinification and aging processes, where they contribute to 

wine aroma (López et al. 2004). Numerous aglycones have been identified from 

hydrolysis of wine and grape juice, including monoterpenes, norisoprenoids, aliphatic 

and phenolic compounds (Williams 1993). 

There were evidences showed that grape-derived aroma compounds can be influenced by 

nutrient availability (Jackson and Lombard 1993), which may account for the influence 

of soil type (Bramley et al. 2011) and fertilization (Spayd et al. 1994). The most 

important nutrients for grapevines are nitrogen (N), phosphorus (P), and potassium (K). 

Among them, nitrogen plays a major role in altering vine vigor that can alter leaf to fruit 

ratios, increase humidity inside the canopy and reduced cluster zone sunlight exposure 

(Jackson and Lombard 1993). Generally, high vine nitrogen results in increased must 

acidity and decreased berry total soluble solids, total phenolics, anthocyanins, and thus 

impair wine quality (Bell and Henschke 2005). Although few studies about the influence 

of vine nitrogen status on aromatic compounds or precursors in grape have been available, 

it is highly possible that nitrogen can interferes with the metabolic routes leading to the 

synthesis of compounds responsible for berry aroma. Long-term nitrogen (N) fertilization 

has been reported to increase the level of β-damascenone but decrease the levels of the 

vitispirane, actinidol and TDN in Riesling wines (Linsenmeier and Lohnertz 2007). 

Another report demonstrated a mixed effect of nitrogen application in the vineyard on 

grape-derived monoterpene aroma in wine (Webster et al. 1993). Another viticulture 
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method that can modify the vine nitrogen availability is using cover crops but the effect 

highly depends on grass type (Ingels et al. 2005). Wheeler et al. (2005) reported that, 

compared to bare soil, chicory cover crop resulted in increased soluble solids, decreased 

titratable acids, increased anthocyanin and reduced ammonia content of berries, and the 

corresponding wines showed riper fruit aroma and flavor, and a higher overall quality 

score. Palliotti et al. (2005) reported in a long term study that grass (Festuca arundinacea 

and Loliumperenne) competition for nitrogen lead to a reduction of assimilable nitrogen 

concentration in the must. In dry seasons, wine from cover-crop plots showed a decrease 

in alcohol concentration and a marked increase in total polyphenols and color (Palliotti et 

al. 2005), but grape and wine aroma was not investigated in this study.  

In terms of the relationship between P and K status in vineyard and grape quality, much 

fewer researches have been conducted. Although P is important for flower and fruit 

formation and differentiation, P requirements of the grape are relatively low and are often 

easily met for most soil (Skinner et al. 1988). Childers (Childers 1954) reported that the 

addition of P was of little value to the grape. K has been associated with grape 

composition and wine quality mainly because it increases the pH of musts and reduces 

the color quality of red wines (Mpelasoka et al. 2003). However, the high level of K 

fertilizer was reported have no effect on total pigment and had little effect on total soluble 

solids (Morris et al. 1980). A three-year study showed that low P and low K supply did 

not alter growth or yield of Pinot noir (Schreiner et al. 2012), and did not alter berry 

phenolic profiles (Schreiner et al. 2013). To our knowledge, no research has investigated 

the influence of P and K supply on grape volatile-derived volatiles.  

High vegetative growth is a common problem in Willamette Valley of Oregon due to the 

high rainfall in the spring and early summer, rich soil and cool climate (Feng et al. 2015; 

Sweet and Schreiner 2010). Excessive vine canopy can result in fruit zone shading, 

reduce airflow and increase the disease pressure, and negatively affect grape and wine 

quality (Kliewer and Dokoozlian 2005). Managing nutrients, particularly N, could be a 

useful tool to control vegetative vigor (Schreiner et al. 2012). In this study, only vine N, P 

and K supply was different in a pot-in-pot system with other nutrient, water supply and 
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berry solar exposure controlled, which make it possible to vary N, P and K over a wider 

range than most studies where the inherent soil fertility dictates the range. The aim of this 

research is to provide a better understanding of how N, P, and K supply alters fruit 

volatile composition in grafted Pinot noir. 

3.3. Materials and Methods  

3.3.1. Experimental design and vine management 

Grafted Pinot noir grapevines (Pommard clone, 101-14 rootstock) were grown in large 

(60 L) pot-in-pot, microplots (Grip Lip 6900T, Nursery Supplies, McMinnville, OR), 

installed at the Oregon State University (OSU), Lewis Brown Research Farm, Corvallis, 

OR (44.553°N; 123.216°W). Pots were filled with 75% sand: 25% soil. Vines were 

spaced at 1.0 x 3.2 m and trained on a single Guyot system using vertical shoot 

positioning. Head height of vines was set at 0.7 m aboveground and main shoots were 

trimmed 2 weeks after fruit set at a height of 2.7 m aboveground where necessary. Vines 

were established and grown for 3 years with complete nutrition prior to applying different 

nutrient regimes. From 2012 to 2014, four reduced rates of N (at 75%, 50%, 30% and 15% 

of the N rate supplied to the Control), and three reduced rates of P or K (at 50%, 20%, 

and 0% of the P or K rate supplied to the Control) were compared to the full nutrition 

Control rate (½ strength Hoagland’s solution providing 7.5 mM N, 0.5 mM P, and 3.5 

mM K). The experimental design was a randomized complete block with 4 replications of 

each experimental unit comprised of 5 continuous vines. Irrigation inputs were adjusted 

in all treatments to maintain similar soil and vine water status among different nutrient 

regimes as described by Schreiner et al. (2013). Since canopy differences were apparent 

between the N treatments in particular, different levels of leaf removal were applied in 

the cluster zone within each treatment to obtain similar levels of cluster solar exposure in 

2012 (Schreiner et al 2013). In 2013 and 2014, canopy size and leaf area in the two 

lowest N supply treatments (30% and 15%) were reduced too much to allow for all other 

treatments to achieve a similar level of cluster exposure. Therefore, cluster zone leaf 

removal in all other treatments was matched to the level achieved in the 50% N supply 
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treatment. However, in all years, basal leaves in the cluster zone were first removed from 

the east side of the canopy in all treatments prior to assessing and making the final 

adjustment in cluster solar exposure.  

One hundred of berries from each treatment replicate were sorted by size (based on 

getting the same proportions of berry size in the 100 berry sample) and provided by Dr. 

Schreiner. The berries were kept at -80 °C before analysis. 

3.3.2. Chemicals 

All chemicals were of analytical reagent grade unless otherwise stated, and water was 

obtained from a Milli-Q purification system (Millipore, North Ryde, NSW, Australia). 

(E)-2-hexenal (95%), 1-hexanol (99%), (Z)-3-hexenol (90%), (E)-2-hexenol (96%), α-

terpineol (90%), β-damascenone (≥90%), benzyl alcohol (99.8%), benzeneethanol (99%), 

β-ionone (95%), (E)-2-octenal (99%), 1-heptanol (98%), 1-octanol (≥99%), linalool 

(97%), linalool oxide (mixture of isomers, ≥97%), 2-ethyl-1-hexanol (≥96%), 1-octen-3-

ol (98%), β-citronellol (95%) and geraniol (98%), hexanoic acid (99%) were purchased 

from Sigma-Aldrich (St. Louis, MO). 1-Hexanal was purchased from ICN Biochemicals 

(Irvine, CA). Methanol was purchased from EMD (GC grade, Gibbstown, NJ). 

Dichloromethane was purchased from Burdick & Jackson (GC grade, Muskegon, MI). 

Citric acid (>99.0%) was purchased from Lancaster (Ward Hill, MA). Tartaric acid (99%) 

was purchased from Mallinckrodt Inc. (Paris, KY). Sodium chloride was obtained from 

Fisher Scientific (Fair Lawn, NJ). Macer®8 FJ enzyme solution was purchased from 

Biocatalysts Limited Inc. (Wales, UK).   

3.3.3. Quantitative Analysis of Aroma Compounds 

Analysis of free volatiles. The free form of aroma volatiles in the grape berries were 

measured using headspace-solid phase microextraction (HS-SPME) method coupled with 

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

for volatile extraction. Approximately 30 g of grape berries were randomly selected from 

each treatment replicate and blended with liquid nitrogen, and 1 g berry powder was 
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weighed into a 20 mL autosampler vial. Four mL of citrate buffer (0.2 M, pH 3.2, 

saturated with NaCl) and 20 µL of internal standard (50 mg/L 4-octanol) were added with 

a small magnetic stir bar. The vials were tightly capped and equilibrated at 50 °C in a 

thermostatic bath for 15 min and extracted by SPME fiber for 30 min at the same 

temperature with stirring (500 rpm). After extraction, the fiber was inserted into the 

injection port of the GC (250 °C) to desorb the analytes. The extraction and injection was 

conducted by autosampler (Gerstel, Linthicum, MD).  

An Agilent 6890 gas chromatograph equipped with an Agilent 5973 mass selective 

detector (Agilent, Santa Clara, CA) was used. 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 1.0 mL/min was used. The chromatographic 

program was set at 35 ºC for 4 min, raised to 150 ºC at 20 ºC/min, and then raised to 230 

ºC at 4 ºC/min, hold for 10 min.  MS transfer line and ion source temperatures 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.  

Analysis of bound monoterpenes. Randomly selected berry samples (60 g) were frozen in 

liquid nitrogen and powdered using a blender (Sunbeam products, Inc., Boca Raton, FL, 

USA). Fifty grams of grape powder was mixed with 30 g of NaCl and 50 mL citrate 

buffer solution (0.2 M, pH 3.2). The mixture was kept under nitrogen in the dark for 24 h 

at room temperature, and then centrifuged at 7000 rpm for 30 min (Sorvall RC-5C, Du 

Pont Company, Wilmington, DE, USA). The supernatant was filtered twice, first through 

Whatman No. 1 and then VWR 413 filter paper. Filtered juice was used for the analysis 

of bound-form volatile compounds.  

Bound volatile compounds in grape were isolated using the C18 solid phase extraction 

method (SPE) described by (Williams et al. 1995) with modifications, then enzyme-acid 

hydrolysis was used to release free-form volatile compounds according to the method 

described by Du et al. (2010). Each 20 mL of grape juice was loaded onto a C18 

disposable extraction cartridge (500 mg, J. T. Baker, Philipsburg, NJ) that had been pre-
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conditioned with 10 mL of methanol and 10 mL of milli-Q water. After sample loading, 

the cartridge was washed with 10 mL of milli-Q water to remove sugar and organic acids 

followed by 20 mL of dichloromethane to remove free volatile compounds. The bound-

form volatiles were eluted from the cartridge with 6 mL of methanol and concentrated to 

dryness at 45 ºC under vacuum using a rotary evaporator. Twenty milliliters of citrate 

buffer solution (0.2M, pH 3.2) and 100 μL of Macer®8 FJ enzyme solution were added to 

the isolates. The mixtures were incubated at 45 ºC for 20 hours. The solution was cooled 

to room temperature, and the released volatiles were analyzed using SBSE-SPME-GC-

MS method described previously. All analyses were conducted in duplicate. 

Analysis of total C13-norisoprenoids. Although C13-norisoprenoids are present in grape 

mostly as glycosidically bound forms as well, acid hydrolysis was selected to monitor the 

total C13-norisoprenoids because the enzyme was not very effective at hydrolyzing the 

C13-norisoprenoid precursors (Loscos et al. 2009). Therefore, acid hydrolysis was more 

suitable to predict red grape aroma potential than enzyme hydrolysis (Loscos et al. 2009). 

Extraction of hydrolytical liberated volatile compounds followed the published method 

with some modifications (Ibarz et al. 2006). Briefly, one gram of powdered berry and 4 

mL of citrate buffer (0.2 M, pH 2.5, saturated with NaCl) were added into 20 mL 

autosampler vial. The vial was tightly capped and kept in water bath (99 °C) for 1 hour. 

After cooling down to room temperature in cold water, 20 µL of internal standard (50 

mg/L, 4-octanol) was added. The acid hydrolyzed samples were analyzed using SPME-

GC-MS method described previously.   

3.3.4. Statistical analysis 

Statistical analysis of grape chemical and volatile composition data were conducted using 

analysis of variance (ANOVA) to study the nutrient supply treatment impacts within each 

year using SPSS version 16.0 (SPSS, Chicago, IL). The year × treatment effect was 

evaluated by two-way ANOVA using SPSS version 16.0 (SPSS, Chicago, IL). Statistical 

differences among treatment levels were identified using Tukey’s HSD mean separation 

at the p<0.05 level. For principal component analysis, all data were used including free 
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form volatiles, bound form monoterpenes and total C13-norisoprenoid data. Data was first 

normalized and analyzed by Canoco 4.5.  

3.4. Results  

3.4.1. Weather condition 

Heat unit (GDD10), average minimum and maximum daily temperature, mean daily 

temperature and precipitation were calculated from véraison to harvest for three growing 

seasons in the current study (Table 3.1). Weather patterns during the years of this study 

varied. Precipitation was highest in 2013 due to a heavy rain event in the beginning of 

September. Compared with other two years, 2013 also had higher accumulated heat unit 

because of a longer ripening time. The average minimum daily temperature of 2012 was 

4.9 and 3.9 °C lower compared to 2013 and 2014 respectively. Véraison was about two 

weeks later in 2012 compared to 2013 and 2014. Harvest occurred 39, 45 and 35 days 

from véraison in 2012, 2013 and 2014 respectively. 

3.4.2. C6-aldehydes and alcohols 

C6- alcohols and aldehydes are also called leaf alcohols and leaf aldehydes (Joslin and 

Ough 1978), which are the most abundant volatiles in terms of concentration in 

macerated grapes. These compounds have received special attention in wine production 

because they are known to impart a "leafy”, or ”grassy" odor in wine (Joslin and Ough 

1978). Among the C6 compounds, 1-hexanal had the highest concentration in Pinot noir 

berries in this study. Lower vine N supply significantly decreased 1-hexanal 

concentration in grape berries in three years (p<0.001), but lower P and K supply did not 

have a consistent effect (Table 3.2). Compared to the control, 15% N treatment resulted 

in 14.6%, 42.9% and 23.7% reduced 1-hexanal concentration in grape berries in 2012, 

2013 and 2014 respectively (Table S3.1, S3.2 and S3.3). Similar pattern was also 

observed for (E)-2-hexanal. Decreasing (Z)-3-hexenol with lower N supply was observed 

in 2012 and 2013, but not in 2014. During winemaking, most of the C6 alcohols and 

aldehydes in grape will transform to 1-hexanol (Herraiz et al. 1990). But some of them 
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can still be found in wines as the concentration above the sensory threshold, such as (E)-

3-hexenol and (Z)-3-hexenol (Fang and Qian 2005). 

3.4.3. Monoterpenes 

Terpenes, such as geraniol, nerol, α-terpineol and linalool, mainly contribute to the floral 

aroma and flavor in wines (Pena et al. 2005). Terpenes are commonly present in grape 

berries as free volatiles and glycosidically bound precursors (Wilson et al. 1986). Both 

the free form (Table 3.2) and bound form of monoterpenes (Table 3.3) in grape berries 

were quantitated in this study. Results showed that the correlation between low N, P and 

K treatments and the monoterpene concentration in the berries was very limited. Most of 

the monoterpenes showed similar concentration compared to the Control. Some of the 

compounds showed some difference compared to the Control but was not consistent from 

year to year. For example, reducing N supply resulted in higher bound form α-terpineol 

in two of the three years although the difference was not statistically significant 

comparing to the Control. Both free and bound form geraniol was higher in the low N 

treatments in 2012, but was not observed in 2013 and 2014. 

3.4.4. C13-norisoprenoids 

The free form C13-norisoprenoids are shown in Table 3.2 and total C13-norisoprenoids 

after acid hydrolysis were showed in Table 3.4. In this study, free form β-damascenone 

concentration was higher with lowered N supply treatments in 2012 and 2013 (Table S3.1 

and S3.2). In 2014, the 75% N and 50% N treatment increased free β-damascenone 

concentration in wine, but 30% N and 15% N treatment was not different from Control 

(Table S3.3). β-Damascenone potential decreased linearly with lowered N supply in all 

the three years. TDN and vitispirane were only detected after acid hydrolysis. TDN in 

grape berry was not affected by the treatments. But vitispirane increased with lowered 

vine N supply. β-Ionone presented in Pinot noir grape in very low concentration. Similar 

with β-damascenone, total β-ionone also decreased with lowered N supply. Compared to 

the control, 20% K and 0% K supply resulted in lower total β-damascenone concentration 
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in Pinot noir berries. Low P supply did not show much impact on the grape total C13-

norisoprenoids. 

3.4.5. Principal component analysis 

Principal component analysis (PCA) was performed to differentiate the samples. PCA 

was conducted on the correlation matrix taking into account all the volatile compounds 

(free form volatiles, bound form monoterpenes and total C13-norisoprenoids), revealed 

that 65.7% of total variance was extracted by the first two principal components, with 

PC1 and PC2 contributing 53.3% and 12.4%, respectively (Figure 3.1). PCA showed 

marked differences between seasons. Grape samples from year 2012 were distributed on 

positive axis of PC1, while samples from year 2013 and 2014 were distributed on 

negative axis of PC1. The difference between treatments was further explained by PC2 

but only accounted for 12% of the total variance. Compared to control, different vine N 

supply resulted in different volatile profile of grape berries. P treatments had less impact 

compared to N treatments, which was consistent with the quantitation results.  

3.4.6. Discussion 

It is well known that seasonal variance is a major driver for berry volatile composition for 

the same grape variety and vineyard (Caven-Quantrill and Buglass 2008; Feng et al. 

2015), which is explained by different weather conditions. In this study, samples from 

year 2012 had a remarkably different volatile profile compared to 2013 and 2014. 

ANOVA between years showed that the berries from 2012 had a significantly higher 

amount of free volatiles than 2013 and 2014 (Table 3.2). Comparing the weather of three 

years, 2012 had a much lower minimum daily temperature during ripening, but maximum 

daily temperature was similar across three years (Table 3.1). Since this trial was in a pot-

in-pot system, temperature probably was the major factor that altered the volatile profile 

between years. Our result was consistent with the theory that, during ripening, flavor and 

aroma compounds accumulate to higher levels with cool nights (Jackson and Lombard 

1993).  
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Besides the yearly differences, the nutrient supply treatments still showed reproducible 

effects on berry volatile composition. C6 compounds were the most abundant “green” 

compounds in the Pinot noir berries. In our study, lowered N supply resulted in lower C6 

aldehydes in the grape berries across the three years. However, a recent study showed 

that C6 compounds were not affected by high dose nitrogen fertilization (60 kg/ha) in 

Merlot grape (Mendez‐Costabel et al. 2014). Comparing our data with this study, it is 

possible that C6 compounds in berries were reduced when vine nitrogen level is in the 

very low range, but might not be affected when the vine nitrogen level is high. During 

winemaking, most of the C6 alcohols and aldehydes in grape berries will transform to 1-

hexanol (Herraiz et al. 1990). But some of them can still be found in wines as the 

concentration above the sensory threshold, such as (E)-3-hexenol and (Z)-3-hexenol 

(Fang and Qian 2005), which may affect the green aroma of wine. 

Low nutrient supply treatments in this study had little impact on monoterpenes. Increased 

α-terpineol was observed in aged Riesling wines made from grapes with vineyard 

nitrogen application (Webster et al. 1993). Xi et al. (2011) reported increases of linalool 

and citronellol in Cabernet Sauvignon wines with cover crop treatments compared to the 

clean tillage. However, it is still difficult to determine the direct effect of vine nitrogen 

status on grape monoterpenes. Firstly, monoterpenes can go through complicated 

rearrangements during aging. Moreover, the monoterpene concentration in grape berries 

could be affected by many microclimate factors such as temperature and sunlight 

exposure (Feng et al. 2015; Marais et al. 1999). Nitrogen induced changes in canopy 

density might be one of the factors that affect the berry monoterpene concentration in 

these studies. In our study, leaf removal was performed to achieve a similar cluster 

sunlight exposure among all treatments in 2012, and among control, 75% N and 50% N 

treatments in 2013 and 2014. Our results showed that reducing N supply led to higher 

bound form α-terpineol in two of the three years but the difference was not statistically 

significant. Bound form geraniol significantly increased in 30% N and 15% N treatments 

in 2012 but was not reproducible in 2013 and 2014. P and K supply did not show any 

consistent effect on either free or bound form monoterpenes in the grape berries.  
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C13-norisoprenoids presented in grapes partially as free form, partially as non-volatile 

precursors, which could be transformed to free form by enzyme or acid hydrolysis 

(Williams et al. 1982). Enzyme hydrolysis was effective to liberate bound form 

monoterpenes but was not very effective for C13-norisopreonids (Loscos et al. 2009). 

Therefore total C13-norisoprenoid was measured by hydrolyzing the grape must by acid 

(Hampel et al. 2014). It was interesting that total β-damascenone decreased almost 

linearly with lowered N supply in all the three years (Table 3.4). Similar results was also 

observed in a long-term nitrogen fertilization study that nitrogen fertilization increase the 

level of β-damascenone but decrease the levels of the vitispirane, actinidol and TDN in 

Riesling wines (Linsenmeier and Lohnertz 2007). It has been also reported that C13-

norisoprenoid concentration in berries could be affected by cluster zone sunlight 

exposure (Feng et al. 2015). Considering the cluster zone sunlight exposure was 

controlled among treatments in this study, our observation indicated a possible direct 

effect of N supply on the biosynthesis of β-damascenone in the grape berries. Low K 

supply also resulted in lower total β-damascenone in this study but not for low P supply. 

However, no related research is available to compare these results. 

3.5. Conclusions 

Compared to P and K, low N supply showed more profound influence on the volatile 

profile of the grape berries. Few study have been reported on the effect of P and K 

deficiency on berry volatiles and volatile precursors. The current study investigated the 

berry volatile profile influenced by N, P and K supply in a pot-in-pot system, which made 

it possible to manipulate the nutrient level in a wider range. Our results showed that low 

N supply decreased C6 compounds and β-damascenone in Pinot noir grapes, but the 

impact on monoterpenes was less and not consistent from year to year. Our results also 

showed that low P and K supply did not have obvious impact on grape volatiles even 

under extreme deficiency. And seasonal variance still played important role in grape 

volatile composition. This study may provide some useful information about how vine 

nitrogen status may affect the grape-derived volatiles before grape entering the winery. 
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Additional research about vine nutrient supply on wine volatile composition is also 

needed. 
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Table 3.1 Weather data from 2012 to 2014 

 

2012 2013 2014 

Véraison date 8/30/12 8/12/13 8/12/14 

Harvest date 10/8/12 9/26/13 9/16/14 

Precipitation from véraison to harvest (mm) 8.1 90.2 3.8 

Average min daily temp. from véraison to harvest (°C) 7.9 12.5 11.8 

Average max daily temp. from véraison to harvest (°C) 25.8 25.7 28.9 

Mean daily temperature from véraison to harvest (°C) 16.6 18.5 20.1 

GDD10 from véraison to harvest (°C) 258 400 356 

Data was obtained from AgriMet, CRVO weather station. Growing degree days (GDD10) units were calculated using 

the mean of Tmax and Tmin with a base threshold of 10 °C.  

 

 



 68 

Table 3.2 Concentration of free form volatiles (μg/kg FW) in grape berries harvested in year 2012, 2013 and 2014 

Compound 2012 2013 2014 

 

Year 

p-value 

 Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

TMT 

p-value 

Year×TMT 

p-value 

C6 compounds                  

1-hexanal 166 a 141 b 138 b <0.001  167 a 162 ab 154 ab 142 abc 116 c 155 ab 154 ab 166 a 150 ab 134 bc 135 abc <0.001 0.002 

(E)-2-hexenal 297 b 323 a 271 c <0.001  344 a 324 b 306 abc 271 bc 254 c 311 abc 270 bc 306 abc 303 abc 287 abc 289 abc <0.001 n.s. 

1-hexanol 822 a 409 c 524 b <0.001  606 619 625 626 617 545 604 542 542 574 525 n.s. 0.042 

(Z)-3-hexenol 42.7 a 14.7 b 16.7 b <0.001  28.5 ab 29.0 ab 27.0 ab 21.0 b 19.6 b 22.6 ab 25.5 ab 31.3 a 22.2 ab 23.6 ab 22.1 ab 0.001 <0.001 

(E)-2-hexenol 131 125 121 0.072  124 122 123 125 129 129 122 128 125 128 125 n.s. n.s. 

Terpenoids                   

α-terpineol 0.50 a 0.39 b 0.38 b <0.001  0.41 ab 0.46 ab 0.40 ab 0.48 a 0.40 ab 0.39 ab 0.42 ab 0.37 ab 0.52 a 0.45 ab 0.31 b 0.001 <0.001 

β-citronellol 1.64 a 1.25 b 1.06 c <0.001  1.71 a 1.53 ab 1.41 ab 1.30 ab 1.35 ab 1.40 ab 1.26 ab 1.03 b 1.16 b 1.20 ab 1.23 ab 0.005 0.027 

geraniol 1.37 a 0.59 b 0.56 b <0.001  0.77 bcd 1.38 a 0.98 abc 0.98 abc 1.25 ab 0.86 abcd 0.66 cd 0.74 bcd 0.63 cd 0.72 bcd 0.42 d <0.001 0.041 

linalool 1.05 a 0.82 b 0.70 c <0.001  0.99 a 0.92 ab 0.85 abc 0.86 abc 0.88 ab 0.88 ab 0.81 bc 0.86 abc 0.87 abc 0.71 c 0.80 bc <0.001 <0.001 

C13-norisoprenoids                  

β-damascenone 0.58 a 0.28 b 0.31 b <0.001  0.31 cd 0.51 ab 0.51 ab 0.47 abc 0.58 a 0.36 bcd 0.33 cd 0.32 cd 0.28 d 0.26 d 0.40 bcd <0.001 <0.001 

β-ionone 0.28 a 0.16 b 0.16 b <0.001  0.25 a 0.21 ab 0.18 b 0.19 b 0.12 c 0.22 ab 0.19 b 0.21 ab 0.24 ab 0.21 ab 0.20 ab <0.001 <0.001 

Miscellaneous                  

hexanoic acid 307 a 164 b 114 c <0.001  237 a 223 a 193 ab 151 b 179 ab 219 a 197 ab 185 ab 198 ab 214 ab 189 ab 0.007 n.s. 

benzeneethanol 65.1 a 37.1 b 41.4 b <0.001  50.1 45.7 45.1 42.3 45.6 48.1 51.5 50.1 50.2 55.7 43.0 n.s. 0.015 

benzyl alcohol 226 a 144 b 160 b <0.001  162 169 167 168 187 172 197 188 192 184 155 n.s. 0.004 

(E)-2-octenal 2.42 a 1.92 b 2.07 b <0.001  2.19 ab 2.92 ab 2.06 abc 1.87 bc 1.67 c 2.21 ab 2.30 ab 2.36 a 2.23 ab 2.13 ab 2.15 ab <0.001 0.009 

1-octen-3-ol 6.37 a 5.86 a 4.83 b <0.001  4.83 b 5.39 ab 5.83 ab 5.98 ab 5.17 b 5.63 ab 5.89 ab 5.91 ab 5.99 ab 5.35 ab 6.57 a 0.006 <0.001 

1-heptanol 2.75 a 2.14 b 2.28 b <0.001  2.44 ab 2.56 ab 2.30 abc 2.09 bc 1.86 c 2.47 ab 2.76 a 2.64 ab 2.41 ab 2.37 abc 2.40 abc <0.001 0.012 

1-octanol 10.9 a 7.7 b 6.6 c <0.001  9.67 a 9.40 a 9.13 ab 8.29 cd 8.18 cd 8.31 bc 8.22 cd 8.02 cd 7.49 d 7.88 cd 7.71 cd <0.001 <0.001 

Means (μg/kg berry) for groups in homogeneous subsets are presented. Different lower case letters indicate statistical differences in means (p<0.05, 2-way ANOVA with post hypothesis of Tukey’s 

HSD). n.s. No statistical difference. TMT, treatments including control, 75% N, 50% N , 30% N, 15% N, 50% P, 20% P , 0% P, 50% K, 20% K and 0% K. Concentration that is significantly different 

from control was printed in bold..
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Table 3.3 Effect of year and low N, P and K treatments on Pinot noir grape bound form terpenoid composition in 2012, 2013 and 2014 

Compound 2012 2013 2014 

 

Year 

p-value 

 Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

TMT 

p-value 

Year×TMT 

p-value 

(Z)-linalool oxide 78.2 a 52.0 b 53.4 b <0.001  65.3 abc 72.4 a 66.6 ab 
61.7 

abcd 
67.7 ab 52.9 d 60.9 bcd 53.4 d 55.1 cd 60.2 bcd 

63.9 

abcd 
<0.001 0.012 

(E)-linalool oxide 97.5 a 63.4 b 64.0 b <0.001  82.5 ab 85.9 a 80.5 ab 73.3 bc 77.5 abc 73.3 abc 73.7 abc 72.3 bc 70.1 c 73.6 abc 80.5 ab <0.001 0.025 

linalool 11.0 a 5.5 b 5.7 b <0.001  7.3 cde 9.9 a 9.1 ab 8.1 bcd 9.0 abc 6.7 de 6.3 e 6.6 de 6.9 de 6.7 de 6.2 e <0.001 0.002 

α-terpineol 62.5 b 72.0 a 56.1 c <0.001  55.3 c 63.4 bc 76.6 ab 82.2 a 81.0 a 62.3 cd 62.2 cd 58.2 c 56.3 c 59.1 c 50.8 c <0.001 <0.001 

β-citronellol 7.67 c 18.0 b 22.3 a <0.001  16.5 abc 
13.6 

bcd 

15.6 

abcd 
12.3 cd 11.56 d 18.5 a 16.6 ab 19.4 a 16.2 abc 

15.6 

abcd 
16.1 abc <0.001 <0.001 

geraniol 8.40 a 4.24 b 3.94 b <0.001  5.45 cd 6.11 bc 5.74 cd 7.00 b 9.44 a 4.89 d 5.37 cd 4.61 d 4.63 d 4.73 d 4.55 d <0.001 <0.001 

 

Means (μg/kg berry) for groups in homogeneous subsets are presented. Different lower case letters indicate statistical differences in means (p<0.05, 2-way 

ANOVA with post hypothesis of Tukey’s HSD). n.s. No statistical difference. Concentration that is significantly different from control was printed in bold. 
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Table 3.4 Effect of year and low N, P and K treatments on Pinot noir grape total C13-norisoprenoid composition in 2012, 2013 and 2014 

Compound 2012 2013 2014 

 

Year 

p-value 

 Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

TMT 

p-value 

Year×TMT 

p-value 

vitispirane 2.98 a 2.90 a 2.15 b <0.001  2.61 bcd 
2.82 

bcd 
2.92 bc 3.17 ab 3.82 a 2.48 bcd 2.03 d 2.22 cd 2.14 cd 2.64 bcd 2.63 bcd <0.001 <0.001 

β-damascenone 10.0 b 11.8 a 10.3 b <0.001  13.1 a 11.5 ab 10.3 bc 8.8 cd 7.8 d 11.2 ab 11.0 abc 11.5 ab 11.5 ab 10.2 bc 10.6 bc <0.001 0.050 

TDN 7.05 b 8.85 a 7.00 b <0.001  8.25 ab 7.99 ab 7.95 ab 8.01 ab 8.49 ab 7.75 ab 6.61 ab 6.99 ab 6.37 b 6.80 ab 8.72 a 0.003 <0.001 

β-ionone 0.40 a 0.32 b 0.26 c <0.001  0.41 a 
0.33 

abc 
0.36 ab 0.32 abc 0.23 c 0.35 ab 0.31 bc 0.34 ab 0.35 ab 0.31 bc 0.32 abc <0.001 <0.001 

Means (μg/kg berry) for groups in homogeneous subsets are presented. Different lower case letters indicate statistical differences in means (p<0.05, 2-way 

ANOVA with post hypothesis of Tukey’s HSD). n.s. No statistical difference. Concentration that is significantly different from control was printed in bold. 
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Figure 3.1 Principal component analysis of volatile profile of grape berries from vines 

with low N, P and K supply.  

Different samples were labeled as “treatment_year”, for example, Ctr_12 represent the 

Control sample from year 2012, and 75N_12 represent the 75% N treatment from year 

2012. Different N treatments were presented as pink squares. Different P treatments were 

presented as blue triangles. Different K treatments were presented as green diamonds.  
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4.1. Abstract 

The aim of this work was to evaluate the volatile composition of wines produced from 

Pinot noir grapevines grown under conditions of varying nitrogen (N), phosphorous (P) 

and potassium (K) supply. Pinot noir grapevines were grown in a pot-in-pot system for 

three years (beginning when they were 4-years-old) and fertigated with either complete 

nutrition (Control) or with reduced levels of either N, P, or K supply while holding all 

other nutrients constant. Nitrogen was varied from 7.50 mM total N supply (Control) to 

1.13 mM in five different treatments, while P and K supply were each varied in four 

distinct treatments with the lowest rate of 0 mM during fertigation events. Wine was 

made in all years after altering nutrient supply and wine volatile composition was 

measured in each year. Results showed that reducing N supply increased the total 

phenolic content in wine across all years. N supply has a profound impact on wine 

volatiles with the greatest effect on yeast-derived esters and higher alcohols. In general, 

reducing N supply decreased straight-chain esters and many of straight chain alcohols, 

but increased the branched-chain esters and phenethyl ester and alcohol in wine across all 

years. The effect of N supply on monoterpenes was not consistent from year to year. Low 

N wines also had reduced levels of volatile sulfur compounds in 2 of 3 years. Compared 

to the Control, reducing N and K supply resulted in lower quantities of total β-

damascenone across all years. Altering P supply did not have reproducible effects on 

wine volatiles from year to year.  

  

Keywords: nitrogen, phosphorous, potassium, wine volatile composition 
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4.2. Introduction 

The aroma of wine is considered to be one of the most important factors in the acceptance 

and enjoyment of wine (Williams 1982). The complexity of wine aroma can be attributed 

to the diversity of the mechanisms involved in its development. Wine aroma can be 

classified according to its sources, which include grape-derived aroma, fermentation 

compounds formed during the alcoholic fermentation, and aroma caused by chemical 

reactions during maturation of the wine (Rapp and Versini 1995). The compounds 

responsible for these aromas are largely influenced by environmental conditions, 

viticultural practices, and winemaking techniques (Jackson and Lombard 1993).  

Manipulation of grapevine nutrition is one of the viticultural practices that have the 

potential to influence grape berry composition, and ultimately the composition of wine. 

Nitrogen (N) is the most well studied macronutrient in grapes and wines due to its 

important role in many of the biological functions and processes of the grapevine and 

yeast (Bell and Henschke 2005; Mpelasoka et al. 2003). Low vine nitrogen status can 

increase the risk of stuck fermentations due to low yeast assimilable nitrogen (YAN) in 

must. And it is well accepted that low must YAN will increase the production of 

undesirable thiols (e.g. hydrogen sulfide) and higher alcohols, and lower the production 

of esters and long chain volatile fatty acids (Bell and Henschke 2005). Therefore nitrogen 

addition is commonly used when N supply to grapevines is too low. However, high vine 

nitrogen status are also not desirable since it may disrupt vine balance, result in reduced 

grape color, total soluble solid concentration (Kliewer 1977), and can also lead to higher 

thiols/sulfides too in some studies (Sea et al. 1998; Ugliano et al. 2011). Therefore, it is 

generally accepted that moderate vine nitrogen deficiency is beneficial for grape and 

wine quality since it can enhance grape phenolic compound synthesis and result in higher 

total phenolics, anthocyanins, tannins, and phenolic acids at harvest (Hilbert et al. 2015; 

Keller and Hrazdina 1998). The effect of vine nitrogen status on wine aroma is still 

relatively poorly understood since yeast growth, fermentation kinetics and aroma 

development are all greatly affected by the nitrogen status and types of N comprising 

YAN in the must (Bell and Henschke 2005; Bisson 1999; Garde-Cerdán and Ancín-
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Azpilicueta 2008). Although N supplementation in the winery has been well studied and 

linked to changes in numerous aroma volatiles in wine (Hernández-Orte et al. 2005, 

2006), manipulating N status in the vineyard and how this alters wine aroma has received 

less attention.   

During fermentation, nitrogen compounds contribute to the formation of higher alcohols 

and esters, and in addition, regulate the formation of other volatiles, such as hydrogen 

sulfide and thiols/mercaptans (Albers et al. 1998; Henschke and Jiranek 1993; Rapp and 

Versini 1995). The contribution of yeast fermentation metabolites to the aromatic profile 

of wine is well documented (Bell and Henschke 2005; Garde-Cerdán and Ancín-

Azpilicueta 2008; Vilanova et al. 2007). The most important compounds include acetates 

and ethyl esters, higher alcohols, medium chain fatty acids and branched-chain acids. 

Esters can impart fruity and floral aromas, higher alcohols are mostly associated with 

solvent or fusel odors, and medium chain fatty acids and branched-chain acids have 

soapy, cheesy, sweaty or rancid odors (Francis and Newton 2005). Among these 

categories of aroma volatiles, higher alcohols are present at the highest concentrations in 

wines, but esters appear to have the largest contribution to the sensory perception 

(Ferreira et al. 2000).  

Grape berries contain a large pool of potential volatile aroma compounds that are 

primarily present as odorless, non-volatile glycoconjugates, which can contribute to the 

varietal character of wine after hydrolysis (Loscos et al. 2007; Yuan and Qian 2016). 

Whether vine nitrogen status can affect the accumulation of grape volatile potential 

(glyco-conjugates) during berry development is largely unknown. Only one report 

demonstrated the mixed effect of nitrogen application in the vineyard on grape-derived 

monoterpene aroma in aged wines (Webster et al. 1993).   

Managing vine vigor is a challenge for western Oregon producers of Pinot noir because 

the fertile soil and high soil moisture in the spring can lead to excessive canopies. Since 

moderate vine vigor is often desirable regarding vine balance, managing the vine nutrient 

supply (particularly N) to control vine vigor could be a useful approach to limit vine 
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vigor (Schreiner et al. 2012). In this study, vine N, P, or K supply was varied for each 

nutrient independently using in a pot-in-pot system while all other nutrients were held 

constant. In addition, vine water status and berry solar exposure were carefully controlled 

to reduce the indirect impacts of varying nutrient supply on berry composition. The 

effects of NPK on berry composition were reported in Yuan et al. 2016 (companion 

paper). The goal of this study was to understand how vine N, P, and K status altered the 

volatile composition in the resulting Pinot noir wines produced in three consecutive years. 

4.3. Materials and Methods  

4.3.1. Experimental design and vine management 

Grafted Pinot noir vines (101-14 rootstock) were grown in large (60 L) pot-in-pot, 

microplots (Grip Lip 6900T, Nursery Supplies, McMinnville, OR), installed at the 

Oregon State University (OSU), Lewis Brown Research Farm, Corvallis, OR (44.553°N; 

123.216°W). Pots were filled with 75% sand: 25% soil. Vines were spaced at 1.0 x 3.2 m 

and trained on a single Guyot system using vertical shoot positioning. Head height of 

vines was set at 0.7 m aboveground and main shoots were trimmed 2 weeks after fruit set 

at a height of 2.7 m aboveground. Vines were established and grown for 4 years with 

complete nutrition prior to applying different nutrient regimes. From 2012 to 2014, three 

lower rates of either N (at 75%, 50%, 30% and 15% of the rate supplied to the Control), P 

(at 50%, 20%, and 0% of the rate supplied to the Control), or K (at 50%, 20%, and 0% of 

the rate supplied to the Control) along with the full nutrition Control rate (½ strength 

Hoagland’s solution providing 7.5 mM N, 0.5 mM P, and 3.5 mM K). The experimental 

design was a randomized complete block with 4 replications of each experimental unit 

comprised of 5 continuous vines. Irrigation inputs were adjusted in all treatments to 

maintain similar soil and vine water status among different nutrient regimes. Since 

canopy differences were apparent between treatments, different levels of leaf removal 

were applied in the cluster zone within different treatments to obtain similar levels of 

cluster solar exposure thus minimizing effects caused by differences in shading of berries. 
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4.3.2. Fruit harvest and winemaking 

Fruit was harvested from all plots on the same day each year based on a random sampling 

of berries from all plots (3 berries/plot) when berries reached ~23-24 °Brix. However, 

fruit in 2013 was harvested at ~ 20 °Brix due to numerous high rainfall events just before 

fruit maturity that year. After harvest, grapes were stored at 4 °C overnight before being 

de-stemmed by a Velo DPC 40 destemmer (Altivole, Italy). Three kilogram of de-

stemmed grapes must from each field replicates were fermented in the microscale 

fermentors (4 L) designed by Sampaio et al. (2007) 50 mg/L SO2 was added to each 

ferments. Ferments were inoculated with Saccharomyces cerevisiae RC-212 (Lalvin 

Bourgovin). Fermentations were conducted in a temperature-controlled room at 26.6 °C. 

During fermentation, the punch-down disc was pushed halfway down so that the grapes 

were fully submerged. °Brix was monitored using an Anton-Paar DMA 35N Density 

Meter (Graz, Austria). In this study, fermentation with low N treatments was slower to 

complete and became progressively slower with each additional year but all able to finish 

the fermentation. But different P and K level did not affect the fermentation process. 

When all fermentations were complete, each sample was pressed twice using a modified 

pneumatic press (custom made by National Forge Company, Irvine, PA) that applied a 

constant pressure of 30 psi for 1 min for each pressing. Resulting wines were placed in a 

cold room at 4 °C to settle. Prior to bottling the free SO2 level was checked and additions 

were made if necessary to make SO2 concentration at 30 mg/L for each wine. Wines were 

analyzed approximately two months after bottling each year. Bottled wine were stored in 

the cold room at 4 °C before analysis. 

4.3.3. Chemicals 

Folin-Ciocalteu reagent, sodium carbonate, sodium acetate, potassium chloride and gallic 

acid were purchased from EM Science (Darmstadt, Germany), citric acid and tartaric acid 

were purchased from Avantor (Center Valley, PA). Ethyl octanoate, ethyl decanoate, 

nonanoic acid, 1-octanol, 1-nonanol and 1-decanol were from Eastman Chemical 

Products, Inc. (Kingsport, TN, USA). Octyl acetate and β-damascenone were supplied by 
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Compagnie Parento, Inc. (Lenoir, NC, USA) and Firmenich (Princeton, NJ, USA), 

respectively. Ethyl cinnamate was purchased from Alfa Aesar (Ward Hill, MA, USA). 

All other chemical standards were obtained from Sigma-Aldrich Chemical Co., Inc. 

(Milwaukee, WI, USA). Milli-Q quality water was obtained from a Milli-Q purification 

system (Millipore, Boston, MA, USA). Methanol and ethanol (HPLC grade) was from 

EM Science (Gibbstown, NJ, USA). Standard stock solutions were prepared in methanol 

individually.  

4.3.4. Total phenolic content analysis 

Total Phenolic Content (TPC) was determined using the Folin-Ciocalteu colorimetric 

method (Singleton 1988) with lower volumes. Briefly, wine samples were centrifuged 

(1000 rpm, 5 min) and diluted 15 times with DI water, and 200 μL aliquots of this diluted 

samples were added to tubes containing 3 mL of DI water and 200 μL of Folin-

Ciocalteau reagent. After vortexing to mix, solutions were allowed to react for 10 min 

before the addition of 600 μL of 20% sodium carbonate solution (w/v). The resultant 

mixture was vortexed and incubated in a 37 °C water bath for 20 min. After incubation, 

samples were chilled in icy water until reached room temperature. Absorbance of 

samples was measured at 755 nm using a UV-1800 spectrophotometer (Shimadzu, Kyoto, 

Japan). Standard curve was prepared the same day using solutions of gallic acid (40, 80, 

120, 160 and 200 ppm). Assays were performed in triplicates, and values were reported 

as mg/L gallic acid equivalents.  

4.3.5. Total monomeric anthocyanin analysis 

The spectrophotometric method based upon pH-induced changes in absorbance (Giusti 

and Wrolstad 2001) was used to assay total monomeric anthocyanins (TMA). Briefly, for 

each sample, 0.4 mL of extract were placed into two disposable cuvettes, diluted with 

either 2 mL of standardized sodium acetate buffer (pH 4.5) or 2 mL of standardized 

potassium chloride buffer (pH 1.0) and allowed to equilibrate for at least 15 min at room 

temperature. Optical absorbance was measured at both 520 nm and 700 nm. Absorbance 
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values were then used to calculate concentration of monomeric anthocyanins (expressed 

as mg/L cyanidin-3-glucoside equivalent). Each sample was assayed in duplicates. 

4.3.5. Quantitative Analysis of Aroma Compounds  

Major volatile Compounds. Two mL of wine was diluted with 8 ml of citrate/saturated 

salt buffer (pH 3.5). The diluted samples were spiked with 20 μL of internal standard (4-

octanol, 109.8 mg/L) and the volatiles in headspace were extracted by a 

DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA). The extraction and injection was 

conducted by autosampler (Gerstel, Linthicum, MD). Samples were first equilibrated at 

50 °C in a thermostatic bath for 15 min and then extracted by SPME fiber for 30 min at 

the same temperature with stirring (500 rpm). After extraction, the fiber was inserted into 

the injection port of GC (250 °C) to desorb the analytes. An Agilent 6890 gas 

chromatograph equipped with an Agilent 5973 mass selective detector (Agilent, Santa 

Clara, CA) was used. Compound separation was achieved using a ZB-WAX column (30 

m × 0.25 mm i.d., 0.5 μm film thickness, Phenomenex, Torrance, CA). The carrier gas 

was helium at flow rate of 1 mL/min and the injection was performed in the splitless 

mode. Injector and detector were held at 250 °C. The column initial temperature was 

35 °C, which was held for 4 min and then raised to 230 °C at 4 °C/min, and held at 

230 °C for 10 min. MS transfer line and ion source temperature were 280 and 230 °C, 

respectively. Electron ionization mass spectrometric data from m/z 35~350 were 

collected using a scan mode with an ionization voltage of 70 eV. Compound 

identification was achieved by comparing mass spectral data from the Wiley 275.L 

(G1035) database (Agilent Technologies, Santa Clara, CA). 

Highly volatile compounds. Due to the high concentration of acetaldehyde, ethyl acetate, 

isoamyl acetate, propanol, isobutanol and isoamyl alcohol in wine, they cannot be 

reliably quantitated by SPME method described above. So headspace was directly 

injected and a flame ionization detector (FID) was used. Half mL of wine and 0.5 mL of 

milli-Q water was pipetted into a 20-mL auto-sampler vial and tightly capped with 

Teflon-faced silicone septa. An aliquot 20 µL of the internal standard (1 mg/L methyl 
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propionate) were added to each vial. The extraction and injection was conducted by an 

autosampler (Gerstel, Linthicum, MD) that equipped with a 1.5 mL syringe. The syringe 

temperature was kept at 70 °C. Before injection, samples were incubated at 70 °C for 15 

min with 250 rpm agitation. The injection volume was 0.5 mL with 1:10 split ratio. A 

DB-WAX (30m × 0.25mm×0.5 μm, Agilent, Palo Alto, CA) column was used and the 

initial oven temperature was 35°C, held for 4 minutes, then 10 °C / min to 150 °C, held 

for 5 min. Carrier gas flow was 2 mL/min. Inlet temperature was 200 °C and the FID 

temperature was 250 °C. Identifications were made by comparing retention time with 

authentic pure standards.  

Sulfur containing Compounds. Sulfur containing compounds were analyzed using a 

Varian CP-3800 gas chromatograph equipped with a pulsed-flame photometric detector 

(PFPD; Varian, Walnut Creek, CA). One mL of wine sample was diluted with 9 mL of 

saturated salt water containing 2% ethanol. Twenty µL of internal standard (0.5 mg/L 

ethyl methyl sulfide and 0.002 mg/L diisopropyl disulfide) were added, and 50 µL of 5% 

acetaldehyde solution was added to eliminate the interference of SO2. Volatile 

compounds in headspace were extracted by a Carboxen-PDMS fiber (Supelco, Bellefonte, 

PA) at 30°C for 20 min using the autosampler. A DB-FFAP column (30m × 0.32mm × 

1µm, Agilent, Palo Alto, CA) was used for separation. A temperature program was used 

for the GC oven: 35 °C for 3 min, ramped to 150°C at 10°C /min, held for 5 min, ramped 

to 220 °C at 20 °C /min, held for 3 min. Nitrogen was used as carrier gas at flow rate of 2 

mL/min. Detector temperature was 300 °C. The PFPD was operating in sulfur mode, with 

6 ms gate delay and 20 ms gate width. Identifications were made by comparing retention 

time with authentic pure standards. 

Volatile phenols and lactones. Due to the low concentration and low affinity to the SPME 

fiber, benzene derivatives were difficult to detect by using the SPME method mentioned 

above, so an SBSE-GC-MS method with an ethylene glycol−silicone (EG) coated stir bar 

(0.5 mm film thickness, 10 mm length, Gerstel Inc., Baltimore, MD, USA) was employed 

for the quantitation of benzene-derived compounds such as volatile phenols, vanillin, and 

methyl anthranilate (Zhou et al. 2015). Ten mL of wine sample was mixed with 10 mL of 
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saturated NaCl in water. An aliquot of 20 µL internal standard was added. EG stir bar 

was placed into the vial and stirred for 3 hours at room temperature at 1000 rpm. After 

extraction, the EG stir bar was removed from the sample, rinsed with milli-Q water, dried 

with Kimtech wipers (Kimberly-Clark Professional Inc., Roswell, GA), and transferred 

into a thermal desorption unit (TDU) for GC-MS analysis. Analysis of volatile 

compounds were performed on a an Agilent 7890 gas chromatograph coupled with a 

5975 mass selective detector, and a Gerstel MPS-2 multipurpose TDU autosampler with 

a CIS-4 cooling injection system (Gerstel Inc. Linthicum, MD, USA). The analytes were 

thermally desorbed at the TDU in splitless mode, ramping from 25 to 220 °C at a rate of 

100 °C/min, and held at the final temperature for 2 min. The CIS-4 was cooled to 35 ºC 

during the sample injection, and then heated at 10 °C/s to 250 °C for 10 min. Solvent vent 

mode was used during the injection with a split vent flow of 50 mL/min. A ZB-wax-plus 

capillary column (30 m × 0.25 mm i.d., 0.5 µm film thickness, Agilent, Wellington, DE) 

was used for separation. The oven program was set at 35 ºC for 4 min, raised to 150 ºC at 

20 ºC/min, and then raised to 230 ºC at 4 ºC/min, held for 10 min. A constant helium 

flow of 1.5 mL/min was used. The MS transfer line and ion source temperature were 

280 °C and 230 °C, respectively. The mass selective detector in full scan mode was used 

to acquire 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 with the Wiley 275.L database (Agilent Technologies, Santa Clara, 

CA) and confirmed by authentic pure standards.  

C13-norisoprenoid potential. C13-norisoprenoids exist in young wines as both free and 

glycosidically bounded form. The bound form C13-norisoprenoids could be slowly 

liberated by acid hydrolysis during aging. Therefore, in this study, acid hydrolysis was 

used to mimic this aroma releasing process to evaluate the C13-norisoprenoid potential of 

the wine. Briefly, for each sample, 2 mL of wine sample was mixed with 8 mL of citrate 

buffer (0.2 M, pH 2.5) in an autosampler vial. The vial was tightly capped and incubated 

in a water bath kept at 99 ºC for 1 hour. After incubation, the vial was cooled in ice water 

for 10 min, and 20 μL of internal standard (4-octanol, 109.8 mg/L) was added. The 

samples were analyzed using same SPME-GC-MS procedure described above. 
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Calibration curves. For each method above, internal standard calibration was obtained by 

the interpolation of relative peak areas in the calibration graphs built by the analysis of 

synthetic wine (3.5 g/L tartaric acid, 12% v/v ethanol, pH 3.5) containing known amounts 

of the analytes. Standard calibration curves were obtained through Chemstation software 

(Agilent Technologies, Santa Clara, CA) and were used to calculate the concentrations of 

volatile compounds in the samples. 

4.3.6. Statistical analysis 

Significant difference between treatments (p<0.05) were determined using one-way 

analysis of variance (ANOVA) with post hypothesis of Tukey’s HSD. Principal 

component analysis (PCA) was performed by SIMCA-P version 11.5 (Umetrics, Umeå, 

Sweden), using mean value of the five field replicates, and data was standardized before 

analysis. ANOVA and data standardization was carried out using SPSS 20.0 (IBM, 

Armonk, NY).  

4.4. Results and Discussion 

4.4.1. Total monomeric anthocyanins (TMA) and total phenolics (TPC) 

As important wine quality parameters, total monomeric anthocyanins (TMA) and total 

phenolics (TPC) were measured in the resulting wines in three years. Table 4.1 showed 

the wine TMA and TPC from different vine N, P and K application treatments. Low N 

supply treatments didn’t alter TMA in wine compared to the Control. Vine K supply had 

some influences on wine anthocyanin levels but the effect was not consistent from year to 

year. In year 2012, 50% K treatment resulted in significant lower wine TMA levels 

compared to the Control (Table 4.1). But in year 2013, 20% and 0% K treatments 

significantly increased wine TMA compared to the control, while no difference was 

observed in 2014. TPC in wine significantly increased with decreased N supply in all 

three years (Table 4.1). Higher TPC in response to lower N supply, and 15% N treatment 

resulted in 31.8-55.0% more TPC in wine compared to the Control.  
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4.4.2. Wine fermentation volatiles 

Total straight-chain esters, branched-chain esters, straight-chain alcohols and branched-

chain alcohols in wines were showed in Figure 4.1. In this study, the straight-chain esters 

(ethyl butanoate, ethyl hexanoate, ethyl pentanoate, hexyl acetate, octyl acetate, ethyl 

octanoate, octyl butyrate, and diethyl succinate) decreased remarkably with decreased 

vine N supply (Figure 4.1b) except for ethyl propionate. Due to the large quantity and 

different sensory property, ethyl acetate was not included in total straight-chain esters, 

although it was also positively correlated with vine N status. The branched-chain esters 

(isoamyl acetate, ethyl isobutyrate, isobutyl acetate, ethyl isovalerate) increased with 

lower N supply (Figure 4.1a). Compared to the Control, 15% N resulted in 75~101% 

higher total branched-chain esters. In addition, we observed decreased the medium-chain 

fatty acids, such as hexanoic acid, octanoic acid and decanoic acid, with decreased vine N 

supply. Similar with straight-chain esters, straight-chain alcohols (1-propanol, 1-hexanol, 

1-octanol, 1-nonanol and 1-decanol) also decreased with lower vine N supply. Compared 

to the Control, 15% N treatment resulted in 28~69% lower total straight-chain alcohols 

(Figure 4.1d). But for branched-chain alcohol, the impact was not consistent from year to 

year (Figure 4.1c).  

Besides the esters and alcohols mentioned above, phenylethyl acetate, ethyl vanillate, 

benzyl alcohol and phenylethyl alcohol were also affected by different vine N supply. 

Some of these benzene containing esters and alcohols have been reported as potential 

odor-active compounds in Pinot noir wines (Miranda-Lopez et al. 1992; Moio and 

Etievant 1995). Phenylethyl acetate and phenylethyl alcohol increased with lower N 

supply, except for ethyl vanillate, which was decreasing with lower N supply in all the 

three years (Figure 4.2). Benzyl alcohol decreased with lower N supply in two of the 

three years.  

P and K treatments did not alter the ester and alcohol profile of wine in 2012 and 2013. 

However, in the third season of this trial (2014), reduced ethyl butanoate was observed in 



 

 

84 

the wine from 50%, 20% and 0% K treatments, and reduced ethyl octanoate in the wine 

from 0% K treatment compared to the Control (ANOVA, p<0.05). 

Low N supply also showed an impact on wine sulfur compounds although the 

concentration of sulfur concentration was low in all the wine samples. In this study, 

hydrogen sulfide was only detected in the young wines in year 2012, but not in 2013 and 

2014 (Table 4.2). Several other thiol-containing compounds were also detected in the 

experimental wines including methanethiol, methyl thioacetate, ethyl thioacetate, 

dimethyl sulfide and dimethyl disulfide (Table 4.2). The profile of the S-compounds in 

wines was vintage dependent. It was interesting that all S-compound in the young wines 

was highest in 75% N treatments in year 2012 and 2013, and was highest in Control in 

year 2014.  

4.4.3. Grape-derived volatiles 

Two major categories of grape-derived aroma (terpenoids and norisoprenoids) are 

investigated in this study. α-Terpineol concentration significantly increased with lower N 

supply in three years. However, for other monoterpenes such as linalool, nerol and β-

citronellol, the difference was not statistically significant. No reproducible effect was 

observed for P and K treatments. Only in the third season of this trial, 0% P treatment and 

all the low K treatments resulted in lower linalool content in wine compared to the 

Control. Moreover, 0% K treatment also resulted in lower nerol and β-citronellol content 

in wine in third season.  

β-Damascenone was the major free C13-norisoprenoids detected in Pinot noir wine. 

Vitispirane and TDN were only detected after acid hydrolysis (Table S4.4). The 

concentration of free form β-damascenone in wine significantly decreased with lower N 

supply in all three years (Table S4.1, S4.2 and S4.3) although the concentration was very 

low. The hydrolytically released β-damascenone (total β-damascenone) was much higher 

than its free form, indicating β-damascenone predominantly occurred in grapes as 

glycosidically bound precursors (Mendes-Pinto 2009). Similar as its free form, total β-

damascenone significantly decreased in response to lower N supply supply in all three 
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years. Reduced free form β-damascenone was observed with reduced K supply in year 

2014, while total β-damascenone decreased with lowered K supply in three years (Figure 

4.3). No difference was observed for other C13-norisoprenoids such as β-ionone, 

vitispirane and TDN among all the treatments.  

4.4.4. Principal component analysis 

To better interpreting the result, principal component analysis (PCA) was performed. 

PCA was conducted on the correlation matrix taking into account all the volatile 

compounds, revealed that 63.0% of total variance was extracted by the first two principal 

components, with PC1 and PC2 contributing 35.5% and 27.5%, respectively (Figure 

4.4a). Wine from different vintage could be well separated on the plot, indicating a large 

variation of wine volatile composition between years. In order to better interpret the 

effect of the treatments, PCA was performed for each year respectively (Figure 4.4b, 

Figure 4.4c and Figure 4.4d). Low N supply samples could be well separated from 

control and produced a nearly linear response with N rate across the ordination space in 

each year. Compared to the control, low N supply treatments consistently correlated with 

some compounds in all the three years, such as ethyl pentanoate (C3), isoamyl acetate 

(C10), ethyl isobutyrate (C11), ethyl isovalerate (C13), phenethyl acetate (C15), isoamyl 

alcohol (C27), phenethyl alcohol (C29), β-citronellol (C33), α-terpineol (C34) and ethyl 

cinnamate (C63). Compare to the low N treatments, low P and low K treatments showed 

much less effect on wine volatile profiles in 2012 and 2013. But in 2014, 50% K, 20% K 

and 0% K treatments were spread out from the Control (Figure 4.4d), indicating a greater 

effect of K supply treatments in the third season. 

4.5. Discussion 

As important parameters for wine quality, total monomeric anthocyanin (TMA) and total 

phenolics (TPC) in the wine were measured. No consistent effect on TMA was found for 

the N, P and K treatments across the three years. Our results were in agreement with a 

previous study, in pot-in-pot system with self-rooted Pinot noir, that N, P and K supply 

had limited impact on anthocyanin levels in the berries (Schreiner et al. 2014). A reversed 
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relationship was observed between TPC in wine and vine N supply across all the three 

years which might be related to an increased TPC in the berries. In Pinot noir berries, it 

was reported that low N supply could positively enhance some phenolic constituents 

(tannins and phenolic acids) (Schreiner et al. 2014; Spayd et al. 1994). Keller and 

Hrazdina (1998) reported that high rates of N supply delayed the accumulation of 

phenolic compounds, particularly flavonols, in the grape skin at véraison. However, they 

found the differences between N treatments generally decreased towards fruit maturity 

(Keller and Hrazdina 1998).  

Low N supply treatments showed the most profound impact on wine fermentation 

volatiles (esters, higher alcohols, fatty acids, and volatile sulfur compounds) compared to 

P and K supply treatments. These compounds arise as primary metabolites of yeast sugar 

and amino acid metabolism that are known to be influenced by yeast strain, vinification 

process and amino acid composition of the must (Henschke and Jiranek 1993; Swiegers 

et al. 2005). The effect of nitrogen will be mostly focused here, since P and K had limited 

impacts (and generally inconsistent effects from year to year on wine aroma composition), 

while the effects of N were far greater magnitude and consistent across all years 

(Supplementary Tables S4.1, S4.2 and S4.3). Where appropriate, effects of P or K status 

will be mentioned after effects of N are discussed. 

The effect of nitrogen supply on wine esters and alcohols are well documented (Bell and 

Henschke 2005; Hernández-Orte et al. 2005; Vilanova et al. 2007). Compared with our 

data, similar results were observed or partially observed in many studies while few 

showed opposite. For example, in a synthetic medium with ammonium supplementation, 

which reported that branched-chain fatty acids and their esters were associated with low 

nitrogen concentrations, whereas medium-chain fatty acid and esters were associated 

with high nitrogen concentrations (Vilanova et al. 2007). Hernández-Orte et al. (2005) 

also reported that the addition of any source of nitrogen (ammonium or amino acids) to 

the must reduces the contents in the wine of phenylethyl alcohol, methionol and isoamyl 

alcohol, while increases wine content of propanoic acid. Conversely to our results, one 

study showed that the formation of total esters, isoamyl acetate, and phenylethyl acetate 
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was directly proportional to the quantity of amino acids added to the must (Garde-Cerdán 

and Ancín-Azpilicueta 2008).  

Ethyl acetate appears to the ester with highest concentration in wine. It is generally 

accepted that the presence of too much ethyl acetate within wine is not desirable 

(Bartowsky and Henschke 2008) because an aroma similar to acetone is present if the 

concentration of ethyl acetate exceeds a threshold at 100-200 mg/L (Cliff and Pickering 

2006). It has also been reported that increasing the concentration of ethyl acetate 

generally has a suppressive effect upon the formation of other compounds responsible for 

a fruity aroma, even before the sensory threshold has been reached (Maarse 1991; Piggott 

and Findlay 1984). For other esters, it was reported that isoamyl acetate (banana aroma) 

and phenylethyl acetate (rose aroma) are important contributors to overall bouquet of 

wine (Ribereau-Gayon et al. 2006). While some of branched-chain esters, including ethyl 

isobutyrate, ethyl 2-methylbutanoate and ethyl isovalerate, were also reported as 

important odorants in wine by GC/Olfactometry studies (Aznar et al. 2001). In our study, 

ethyl acetate concentration in wine was significantly decreased by low vine N supply. 

Exclude ethyl acetate, the sum concentration of all esters in wine was generally not 

affected by N treatments (data not shown). The major effect of different N supply 

treatments is altering the proportion of straight-chain and branched-chain esters, 

indicating a possible positive effect of low vine N supply on wine aroma.  

The beneficial role of higher (fusel) alcohols on wine aroma is uncertain. In our study, 

low N supply reduced straight-chain alcohols in wine but had less impact on branched-

chain alcohols. It was reported that concentrations below 300 mg/L add a desirable level 

of complexity to wine, whereas concentrations that exceed 400 mg/L can have a 

detrimental effect on wine quality (Rapp and Versini 1995). However, in our study, none 

of the treatments led to an alcohol level higher than 400 mg/L in wine. But phenylethyl 

alcohol, which has a rose-like odor, significantly increased in the low N treatments 

compared to the Control, indicating a positive impact on wine aroma.  
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Hydrogen sulfide, methyl thioacetate, ethyl thioacetate, dimethyl disulfide and 

methanethiol give wines rotten egg, cabbage and onion aromas, whereas dimethyl sulfide 

at low concentration are considered more desirable and can enhance the fruity notes of 

wine (Escudero et al. 2007; Rauhut et al. 1993). Our results were in opposite to the 

observation that a negative correlation exists between naturally occurring nitrogen in the 

juice and total H2S formed during fermentation (Vos and Gray 1979). But recent data 

have suggested that the addition of YAN to wine fermentations not only does not reduce 

H2S formation, but in some cases even increased the H2S formation (Ugliano et al. 2008). 

Ugliano et al. (2011) reported that moderate DAP supplementation resulted in a 

remarkable increase in H2S formation by each of five different wine yeasts compared to 

no DAP and high DAP supplementation. P and K again, did not affect wine sulfur 

compounds.  

As a nonfloral variety, monoterpenes in Pinot noir grapes are generally at levels below 

the sensory thresholds (Yuan and Qian 2015). Few studies have demonstrated the effect 

of nitrogen application in the vineyard on grape-derived monoterpene in wine. The 

results of these researches showed mixed effect (Bell and Henschke 2005; Webster et al. 

1993). Insufficient information is available to hypothesize about the role of nitrogen on 

the formation of the monoterpenes in this study. Monoterpene concentration in grape 

berries could be affected by many microclimate factors such as temperature and sunlight 

exposure before grape entering the winery (Feng et al. 2015; Marais et al. 1999). 

Nitrogen induced changes in canopy density might affect the berry and subsequently the 

wine monoterpene concentration. Moreover, monoterpene exists in juice and must 

principally as mono- and disaccharide glycosides, which are released by acid hydrolysis 

or various glycosidic enzymes. In addition, whether hydrolytic enzyme activity could be 

influenced by nitrogen level in grape must is unknown. Recently, more evidence has 

shown that some yeast species, especially non-saccharomyces species, can modify the 

free monoterpene content during fermentation (King and Richard Dickinson 2000). These 

yeast species, which may naturally exist on grape skin, are capable to produce 

monoterpenes under certain fermentation conditions, and the formation was associated 
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with YAN and oxygen level (Vilanova et al. 2012). All the factors mentioned above may 

play a role influencing the monoterpene concentration in the resulting wines. 

It is interesting that β-damascenone showed a clear positive response to the vine N supply 

in this study across all three years. This reproducible result indicated a possible direct 

effect of N on β-damascenone biosynthesis during berry development. However, to our 

knowledge, no study has been reported regarding the effect of vine nitrogen supply on 

C13-norisoprenoid content in grape and wine. C13-norisoprenoids, especially β-

damascenone, are important aroma-active compound in Pinot noir grape and wines (Fang 

and Qian 2005; Yuan and Qian 2015, 2016). β-Damascenone smells sweet and honey-

like with a very low sensory threshold of 0.05 μg/L in 10% aqueous ethanol (Guth 1997). 

Both the free and total β-damascenone in the wine was much higher than its odor 

threshold. However, instead of direct contribution, β-damascenone was reported has more 

indirect impact on wine aroma by enhancing fruity notes of ethyl cinnamate and 

hexanoate and masked the herbaceous aroma of IBMP (Pineau et al. 2007). Note that 

compared with fermentation derived aroma, the change of grape-derived aroma by N 

treatments was small. Extremely low vine N supply (15% N) only resulted in 4.6~8.8% 

of reduction in free β-damascenone in the young wines. 15% N supply resulted in a larger 

reduction for total β-damascenone (23%~62%), which may affect the aroma potential of 

the wine during aging. The PCA results also indicated that lower N supply treatments 

mainly affect the wine volatile profile by changing the fermentation volatiles such as 

esters, alcohols, and to some degree, grape-derived volatiles. 

4.6. Conclusions 

This study demonstrated that nitrogen supply in the vineyard had impact on wine total 

phenolics, as well as the concentration of many fermentation derived and grape derived 

aroma compounds in the resulting wines. Our results provided quantitative information 

on wine volatile aromas that affected by vine nutrient supply. N supply has a profound 

impact on wine volatiles with the greatest effect on yeast-derived esters and higher 

alcohols. The impact of nitrogen supply in the vineyard on grape secondary metabolites 
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in wine was generally small compared to the fermentation-derived aroma. We also 

provided some evidence that adding yeast assimilable nitrogen (YAN) to limit formation 

of H2S in wine fermentations probably is not necessary. Low vine P and K supply had 

very limited impact on wine volatile composition. More information such as sensory 

evaluation is still needed to elucidate the relationship between vine nutrient supply and 

wine aroma quality.  
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Table 4.1 Total monomeric anthocyanins and total phenolics in the wine made from grapes with 

different vine nutrient supply 

Treatments 

Total monomeric anthocyanins  

(mg/L cyanidin-3-glucoside equivalent)   

Total phenolics  

(mg/L gallic acid equivalent) 

  2012 2013 2014   2012 2013 2014 

Control 127±19 abc 100±3 cde 162±16    941±67 c 605±29 e 953±33 bc 

75% N 131±7 ab 109±2 bcd 154±8   1054±84 bc 651±13 de 955±55 bc 

50% N 109±10 bcd 103±13 cde 145±12   1124±34 ab 768±45 bc 1057±41 b 

30% N 117±9 bcd 114±6 bcd 146±13   1090±80 abc 830±40 b 1308±65 a 

15% N 148±12 a 116±5 abc 147±13   1240±78 a 938±39 a 1403±102 a 

50% P 106±15 bcd 86±14 d 158±11   947±92 c 635±50 de 905±51 bc 

20% P 109±14 bcd 92±9 de 165±11   950±52 bc 621±34 e 858±56 c 

0% P 101±5 cd 94±4 cde 164±24   938±92 c 625±37 de 1057±90 c 

50% K 88±16 d 115±12 abc 169±5   932±59 c 659±38 de 872±33 c 

20% K 109±12 bcd 129±7 ab 171±28   1008±78 bc 719±7 cd 913±61 bc 

0% K 111±7 bcd 136±12 a 155±13   971±48 bc 669±66 de 987±80 bc 

Mean±SD presented (n=5 field replicates). Different letters in a column indicating statistical difference 

between the treatments (ANOVA, p<0.05) with post hypothesis of Tukey’s HSD. 
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Table 4.2 Volatile sulfur compounds in the wine made from grapes with different  

vine nitrogen supply 

  Control 75%N 50%N 30%N 15%N 

2012           

hydrogen sulfide 3.60±0.49 b 6.24±1.34 a 3.81±1.32 ab 4.82±1.47 ab 4.60±0.89 ab 

methanethiol 1.79±0.17 b 2.50±0.14 a 1.65±0.25 bc 1.38±0.29 bc 1.06±0.16 c 

dimethyl sulfide 11.7±0.6 ab 11.9±1.7 a 9.25±1.1 ab 8.75±2.6 ab ND b 

methyl thioacetate 11.9±3.1 18.2±3.3 13.8±2.6 11.1±7.5 11.3±1.2 

dimethyl disulfide 0.29±0.11 ND ND ND 0.32±0.07 

ethyl thioacetate 0.20±0.09 0.47±0.17 0.45±0.13 0.17±0.12 0.28±0.12 

2013           

hydrogen sulfide ND ND ND ND ND 

methanethiol ND ND ND ND ND 

dimethyl sulfide ND ND ND ND ND 

methyl thioacetate 2.83±0.63 b 5.49±1.27 a 5.09±0.44 ab 4.90±0.34 ab 4.17±0.63 ab 

dimethyl disulfide ND ND ND ND ND 

ethyl thioacetate ND ND ND ND ND 

2014           

hydrogen sulfide ND ND ND ND ND 

methanethiol 3.00±0.20 a 2.20±0.34 ab 1.46±0.11 ab 1.30±0.20 ab 1.05±0.01 b 

dimethyl sulfide 39.3±4.2 a 29.9±3.2 ab 25.4±3.2 bc 19.1±2.1 cd 13.2±2.3 d 

methyl thioacetate 4.72±1.38 a 4.88±0.19 ab 2.15±0.44 b ND c ND c 

dimethyl disulfide ND ND ND ND ND 

ethyl thioacetate ND ND ND ND ND 
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Figure 4.1 Effect of different level of vine nitrogen supply on (a) total branched-chain 

esters (isoamyl acetate, ethyl isobutyrate, isobutyl acetate, ethyl isovalerate), (b) total 

straight-chain esters (ethyl butanoate, ethyl hexanoate, ethyl pentanoate, hexyl acetate, 

octyl acetate, ethyl octanoate, octyl butyrate, and diethyl succinate), (c) total branched-

chain alcohols (E-2-hexenol, E-3-hexenol, Z-3-henxenol, 1-octen-3-ol, 2-ethyl-1-hexanol, 

isobutyl alcohol and isoamyl alcohol), (d) total straight-chain alcohols (1-propanol, 1-

hexanol, 1-octanol, 1-nonanol and 1-decanol). 
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Figure 4.2 Effect of different vine N supply on some benzene containing esters and 

alcohols in wine. (a) phenylethyl alcohol (b) phenylethyl acetate (c) ethyl vanillate. 
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Figure 4.3 β-Damascenone potential in the wines from (a) different vine nitrogen supply, 

(b) different vine phosphorous supply and (c) different vine potassium supply.  

Different letters indicating statistical difference between the treatments (ANOVA, p<0.05) 

with post hypothesis of Tukey’s HSD. 
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Figure 4.4 

(a) (b) 

(c) (d) 

(b) 
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Figure Caption: 

Figure 4.4 Principal component analysis (PCA) of volatile compounds in wines from 

different vine nutrient supply treatments.  

(a) PCA score plot showing the difference in vintages. Pink squares represent the wine 

from year 2012, green circle represent the wine samples from 2013, and blue circle 

represent the wine samples from 2014, respectively. (b) PCA biplot of wine samples 

showing the difference in wines from (b) 2012, (c) 2013, and (d) 2014 as a result of 

volatile compounds measured. Compound names were listed in Table S4.1, S4.2 and S4.3.
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5.1. Abstract 

Composition of Pinot noir wines produced from vines of varying vegetative vigor levels 

and two crop levels were investigated over three vintages (2011, 2012, and 2013) in the 

cool climate viticulture region of western Oregon. Wine was produced from grapes 

grown with two inter-row floor management treatments (tilled or grass) and two crop 

levels, including full crop and half crop achieved through cluster thinning. Crop thinning 

treatments didn’t alter the wine volatile composition. Certain wine volatiles were mainly 

affected by the vineyard floor management treatments. Wines produced from grapes 

grown in the Grass treatment had higher levels of grape-derived compounds such as α-

terpineol, β-citronellol, vitispirane and TDN compared to wines produced from the Tilled 

treatment. Wines from Grass vines also had higher isoamyl alcohol, phenethyl alcohol, 

isoamyl acetate, ethyl isobutyrate, ethyl isovalerate, and phenethyl acetate but lower 

levels of linalool, 1-propanol and 1-octanol.  

Keywords: aroma composition, vegetative growth, cluster thinning, odor activity value 
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5.2. Introduction 

Aroma is one of the most important attributes of wine quality. Wine aroma can be 

classified by their origins into three groups: grape-derived aroma compounds, 

fermentation-derived aroma compounds, and aging-derived aroma compounds (Rapp and 

Mandery 1986). The amount of the aroma compounds can be influenced by various 

environmental factors such as climate and soil type, cultivar, the conditions of the fruit, 

the conditions during the fermentation stage and different post-fermentation treatments 

(Rapp and Mandery 1986).  

The Willamette Valley of Oregon is known for producing premium quality Pinot noir 

wines. However, many vineyards in this region are challenged by excessive vine vigor as 

a consequence of deep, fertile soils and high precipitation during winter and spring. 

Excessive vine vigor can result in unbalanced grape musts and lower wine quality 

(Cortell et al. 2008; Song et al. 2014). The use of competitive cover crops in established 

vineyards is an important cultural practice that has been shown to reduce vine vigor 

(Baiano et al. 2010; Lee and Steenwerth 2013; Song et al. 2012). While reducing the vine 

vigor, introducing the competition could also affect fruit quality through affecting the 

synthesis of primary and secondary metabolites in grapes (Romero et al. 2013), such as 

anthocyanins (Koundouras et al. 2006), phenolics (Schreiner et al. 2013), terpenoids, and 

C13-norisoprenoids (Song et al. 2012), C6 compounds (Song et al. 2012) and 

methoxypyrazines (Mendez-Costabel et al. 2014). In addition, the competition of 

nitrogen could affect levels of grape must yeast assimilable nitrogen (YAN) (Bell and 

Henschke 2005; Schreiner et al. 2013), which can greatly influence fermentation and the 

formation of esters, higher alcohols, volatile fatty acids, thus affect the wine quality (Bell 

and Henschke 2005). 

Cluster thinning is a common practice performed in premium cool climate vineyards in 

attempt to hasten ripening and to prevent over-cropping (Uzes and Skinkis 201X). The 

relationship of yield with grape composition and wine quality is complicated. Bureau et 

al. (2000) reported that crop thinning reduced C6-alcohols in grape berries. However, the 
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total levels of bound form C13-norisoprenoids were not modified by crop thinning. Diago 

et al. (2010) reported that yield management through mechanical thinning induced 

changes to the color and phenolics of fruit and alcohol content and pH of wines. The 

extent of the sensory implications (aroma, taste and mouthfeel) seems to depend on 

several factors such as the variety and timing of thinning application (Diago et al. 2010).  

In this study, different vineyard floor managements (tillage and grass) altered vine vigor, 

and different crop thinning level was imposed to the vines with different vigor (Reeve et 

al (in review)). While changes in fruit TSS, YAN and anthocyanins due to tillage and 

crop thinning treatments have been found in the grape berries this trial (Vance and 

Skinkis 2012), it remains to be determined how these differences will impact wine 

volatile composition. The goal of this study was to determine the wine volatile 

composition of wines produced from vines with different vine balance, including 

vegetative growth and crop level. This is a unique study as it one of the few in published 

literature that investigates both the vineyard and wine components of vineyard floor 

research. Vine physiology and fruit composition data of this trial is still in progress 

(Reeve et al. in preparation). In this chapter we will be focus on the wine volatile 

compositions affected by different vineyard floor management and different crop 

thinning treatments.  

5.3. Materials and Methods 

5.3.1. Experimental design and vine management 

A commercial Vitis vinifera ‘Pinot noir’ vineyard located in Dayton, Oregon, USA, was 

used for the study from 2011 to 2013. The vines were planted in 1998 to Dijon clone 115 

‘Pinot noir’ grafted to 101-14 rootstock. Vines were cane-pruned and trained to a bilateral 

Guyot system with vertical shoot positioning. Vine vigor and crop level were assessed in 

a completely randomized design with vineyard floor main plots and crop level split plots. 

Vines were grown with different vineyard floor management of alleys between vine rows 

to create two vine vigor levels, including perennial grass flanking the vine rows (Grass) 

and tilled soil between vine rows (Tilled) to remove any competitive vegetation during 
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the growing season. The grass planted was red fescue (planted in 2004 and maintained in 

the trial annually through 2013). Tillage was done by rototilling soil between the vine 

rows to maintain the area weed-free, usually about 2-3 times throughout the season. 

Grass was mowed to keep short after bud break. Main plot treatments were spatially 

replicated in a completely randomized design. There were five replicates of each 

treatment with each replicate consisting of 16 vines. Two crop levels were imposed 

within each main plot, including the control (Full Crop) on 8 vines and the other 8 vines 

being cluster thinned down to 1 cluster/shoot, which is approximately half of the crop 

(Half Crop). Cluster thinning was performed at lag phase of berry development each year. 

The four treatments that resulted included: Grass-Full Crop, Tilled-Full Crop, Grass-Half 

Crop, and Tilled-Half Crop.  

5.3.2. Winemaking 

Wines from this trial were produced from year 2011 to 2013 by the Stoller Family Estate 

staff. Yeast P1Y2 (Phyterra yeast Inc.) was used for fermentation and malolactic 

fermentation was performed each year. For each treatment, fruit from all five field plots 

were pooled per treatment and winemaking process was kept consistent for all the 

treatments. Wines from each year were sealed in wine bottles with screw caps and stored 

at 4 °C until analysis. All the wines from the three vintages were analyzed together in 

March of 2015.  

5.3.3. Chemicals 

Standards of the volatile compounds were purchased from commercial sources: Sigma-

Aldrich (Milwaukee, WI), TCI America (Portland, OR), K & K Laboratories (Jamaica, 

NY), Alfa Aesar (Ward Hill, MA), Firmenich (Princeton, NJ), and J & T Baker 

(Phillipsburg, NJ), with purity higher than 98% in all case. GC grade of methanol was 

obtained from EMD (Gibbstown, NJ) and ethanol was purchased from Aaper Alcohol 

and Chemical Co. (Shelbyville, KY). Tartaric acid was purchased from Mallinckrodt Inc. 

(Paris, KY). A synthetic wine solution was made by dissolving 3.5 g of L-tartaric acid in 

1 L of 12% ethanol solution, and adjusting pH to 3.5 with 1 M NaOH. 
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5.3.4. Total phenolic content analysis 

Total Phenolic Content (TPC) was determined using the Folin-Ciocalteu colorimetric 

method (Singleton 1988) with lower volumes. Briefly, wine samples were centrifuged 

(1000 rpm, 5 min) and diluted 15 times with DI water, and 200 μL aliquots of this diluted 

samples were added to tubes containing 3 mL of DI water and 200 μL of Folin-

Ciocalteau reagent. After vortexing to mix, solutions were allowed to react for 10 min 

before the addition of 600 μL of 20% sodium carbonate solution (w/v). The resultant 

mixture was vortexed and incubated in a 37 °C water bath for 20 min. After incubation, 

samples were chilled in ice water until reached room temperature. Absorbance of samples 

was measured at 755 nm using a UV-1800 spectrophotometer (Shimadzu, Kyoto, Japan). 

A standard curve was prepared the same day using solutions of gallic acid (40, 80, 120, 

160 and 200 ppm). Assays were performed in triplicates, and values were reported as 

mg/L gallic acid equivalents.  

5.3.5. Total monomeric anthocyanin analysis 

The spectrophotometric method based upon pH-induced changes in absorbance (Giusti 

and Wrolstad 2001) was used to assay total monomeric anthocyanins (TMA). Briefly, for 

each sample, 0.4 mL of wine were placed into two disposable cuvettes, diluted with 

either 2 mL of standardized sodium acetate buffer (pH 4.5) or 2 mL of standardized 

potassium chloride buffer (pH 1.0) and allowed to equilibrate for at least 15 min at room 

temperature. Optical absorbance was measured at both 520 nm and 700 nm. Absorbance 

values were then used to calculate concentration of monomeric anthocyanins (expressed 

as mg/L cyanidin-3-glucoside equivalent). Each sample was assayed in duplicates.  

5.3.6. Quantitative analysis of aroma compounds in wine 

Major Compounds. Two mL of wine was diluted with 8 mL of citrate/saturated salt 

buffer (pH 3.5). The diluted samples were spiked with 20 μL of internal standard (4-

octanol, 109.8 mg/L) and the volatiles in headspace were extracted by a 

DVB/CAR/PDMS fiber (Supelco, Bellefonte, PA). The extraction and injection was 
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conducted by autosampler (Gerstel, Linthicum, MD). Samples were first equilibrated at 

50 °C in a thermostatic bath for 15 min and then extracted by SPME fiber for 30 min at 

the same temperature with stirring (500 rpm). After extraction, the fiber was inserted into 

the injection port of GC (250 °C) to desorb the analytes. An Agilent 6890 gas 

chromatograph equipped with an Agilent 5973 mass selective detector (Agilent, Santa 

Clara, CA) was used. Compound separation was achieved using a ZB-WAX column (30 

m × 0.25 mm i.d., 0.5 μm film thickness, Phenomenex, Torrance, CA). The carrier gas 

was helium at flow rate of 1 mL/min and the injection was performed in the splitless 

mode. Injector and detector were held at 250 °C. The column initial temperature was 

35 °C, which was held for 4 min and then raised to 230 °C at 4 °C/min, and held at 

230 °C for 10 min. MS transfer line and ion source temperature were 280 and 230 °C, 

respectively. Electron ionization mass spectrometric data from m/z 35~350 were 

collected using a scan mode with an ionization voltage of 70 eV. Compound 

identification was achieved by comparing mass spectral data from the Wiley 275.L 

(G1035) database (Agilent Technologies, Santa Clara, CA).  

Highly volatile compounds. Due to the high concentration of acetaldehyde, ethyl acetate, 

isoamyl acetate, propanol, isobutanol and isoamyl alcohol in wine, they cannot be 

reliably quantitated by SPME method described above. So headspace was directly 

injected and a flame ionization detector (FID) was used. Half mL of wine and 0.5 mL of 

milli-Q water was pipetted into a 20-mL auto-sampler vial and tightly capped with 

Teflon-faced silicone septa. An aliquot 20 µL of the internal standard (1 mg/L methyl 

propionate) were added to each vial. The extraction and injection was conducted by an 

autosampler (Gerstel, Linthicum, MD) that equipped with a 1.5 mL syringe. The syringe 

temperature was kept at 70 °C. Before injection, samples were incubated at 70 °C for 15 

min with 250 rpm agitation. The injection volume was 0.5 mL with 1:10 split ratio. A 

DB-WAX (30m × 0.25mm×0.5 μm, Agilent, Palo Alto, CA) column was used and the 

initial oven temperature was 35°C, held for 4 minutes, then 10 °C / min to 150 °C, held 

for 5 min. Carrier gas flow was 2 mL/min. Inlet temperature was 200 °C and the FID 

temperature was 250 °C. Identifications were made by comparing retention time with 

authentic pure standards. Each sample was analyzed in triplicates. 
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Volatile phenols and lactones. Due to the low concentration and low affinity to the SPME 

fiber, benzene derivatives were difficult to detect by using the SPME method mentioned 

above, so an SBSE-GC-MS method with an ethylene glycol−silicone (EG) coated stir bar 

(0.5 mm film thickness, 10 mm length, Gerstel Inc., Baltimore, MD, USA) was employed 

for the quantitation of benzene-derived compounds such as volatile phenols, vanillin, and 

methyl anthranilate (Zhou et al. 2015). Ten mL of wine sample was mixed with 10 mL of 

saturated NaCl in water. An aliquot of 20 µL internal standard was added. EG stir bar 

was placed into the vial and stirred for 3 hours at room temperature at 1000 rpm. After 

extraction, the EG stir bar was removed from the sample, rinsed with milli-Q water, dried 

with Kimtech wipers (Kimberly-Clark Professional Inc., Roswell, GA), and transferred 

into a thermal desorption unit (TDU) for GC-MS analysis. Analysis of volatile 

compounds were performed on a an Agilent 7890 gas chromatograph coupled with a 

5975 mass selective detector, and a Gerstel MPS-2 multipurpose TDU autosampler with 

a CIS-4 cooling injection system (Gerstel Inc. Linthicum, MD, USA). The analytes were 

thermally desorbed at the TDU in splitless mode, ramping from 25 to 220 °C at a rate of 

100 °C/min, and held at the final temperature for 2 min. The CIS-4 was cooled to 35 ºC 

during the sample injection, and then heated at 10 °C/s to 250 °C for 10 min. Solvent vent 

mode was used during the injection with a split vent flow of 50 mL/min. A ZB-wax-plus 

capillary column (30 m × 0.25 mm i.d., 0.5 µm film thickness, Agilent, Wellington, DE) 

was used for separation. The oven program was set at 35 ºC for 4 min, raised to 150 ºC at 

20 ºC/min, and then raised to 230 ºC at 4 ºC/min, held for 10 min. A constant helium 

flow of 1.5 mL/min was used. The MS transfer line and ion source temperature were 

280 °C and 230 °C, respectively. The mass selective detector in full scan mode was used 

to acquire 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 with the Wiley 275.L database (Agilent Technologies, Santa Clara, 

CA) and confirmed by authentic pure standards. Each sample was analyzed in triplicates. 

C13-norisoprenoid potential. C13-norisoprenoids exist in young wines as both free and 

glycosidically bounded form, which could be slowly liberated during aging. Since acid 

hydrolysis could accelerate this aroma releasing process, it can be used to evaluate the 
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C13-norisoprenoid potential of the wine. Briefly, for each sample, 2 mL of wine sample 

was mixed with 8 mL of citrate buffer (0.2 M, pH 2.5) in an autosampler vial. The vial 

was tightly capped and incubated in a water bath kept at 99 ºC for 1 hour. After 

incubation, the vial was cooled in icy water for 10 min, and 20 μL of internal standard (4-

octanol, 109.8 mg/L) was added. The samples analyzed using same SPME-GC-MS 

procedure described above. Each sample was analyzed in triplicates.  

5.3.7. Calibration curves  

For each method above, internal standard calibration was obtained by the interpolation of 

relative peak areas in the calibration graphs built by the analysis of synthetic wine (3.5 

g/L tartaric acid, 12% v/v ethanol, pH 3.5) containing known amounts of the analytes. 

Standard calibration curves were obtained through ChemStation software (Agilent 

Technologies, Santa Clara, CA) and were used to calculate the concentrations of volatile 

compounds in the samples. 

5.3.8. Statistical analysis 

Principal component analysis was carried out using Canoco 4.5 software. All the volatile 

data was standardized before analysis. 

5.4. Results and Discussion  

5.4.1. Wine total anthocyanins and phenolics 

Phenolic compounds, particularly anthocyanins, flavonols, catechins, and other 

flavonoids, play an important role in wine quality. They contribute to sensory 

characteristics of wines, especially color and astringency (Mazza et al. 1999). Therefore, 

total anthocyanin and phenolic content were measured in the wine samples in 2011, 2012 

and 2013 (Figure 5.1). Results showed that vintage was a major factor that affected wine 

total anthocyanin and phenolic content. Wines from 2012 had highest amount of total 

anthocyanins while wines from 2013 had the lowest total phenolics. Comparing the 

treatments, no consistent effect was observed for total anthocyanin. Wine from GMT and 
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GCON treatments contain higher amount of total phenolics compared to TMT and TCON 

in 2011 and 2012. In addition, lower vine vigor could potentially changed the sunlight 

exposure of cluster zone (Reeve et al. in preparation), which might also be influential to 

the anthocyanin and phenolic composition of grape berries, thus affected the final wines 

(Price et al. 1995; Tardaguila et al. 2010). 

5.4.2. Influence of vigor and yield on wine composition  

Yield and pruning weight for the two floor management treatments and the two crop 

levels in this study were showed in Table 5.1 (Reeve, in preparation). The pruning weight 

is significantly reduced by Grass treatments, while crop thinning treatments significantly 

reduced yield. And there were no interactions between the floor management treatments 

and crop levels. Volatile compositions of the corresponding wines were quantitated in 

this study. Grape derived compounds such as terpenoids, C13-norisoprenoids as well as 

fermentation-derived compounds such as alcohols, volatile fatty acids, and fatty acid 

esters were showed in Table 5.2. The odor active value (OAV) of each compound in wine 

was calculated and showed in Table 5.3. Among the treatments, different vineyard floor 

management treatments had greater impacts on the wine volatile composition compared 

to the yield level. The major groups of compound affected by the treatments were esters, 

alcohols and grape-derived compounds, which will be further discussed below. 

Grape-derived volatiles 

Terpenoids. Monoterpene alcohols are primarily responsible for wine citrus and floral 

aromas. Among them, linalool, geraniol, α-terpineol, nerol, and citronellol are the most 

frequently found monoterpene alcohols in Muscat grapes and have the greatest sensory 

impacts to the resultant wine (Ribéreau-Gayon 2006; Styger et al. 2011). Pinot noir, as a 

nonfloral variety, also contain monoterpene alcohols, but generally at levels below the 

sensory thresholds (Fang and Qian 2005). Nevertheless, these compounds may still play a 

role in a synergic effect with other compounds affecting wine aroma (Loscos et al. 2007). 

Grass treatments (including Grass-Full Crop and Grass-Half Crop) resulted in higher 

concentration of α-terpineol and lower concentration of linalool in wine across three 
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years. For β-citronellol, Gras treatments resulted in higher β-citronellol content in wine 

compared to Tilled treatments (including Tilled-Full Crop and Tilled-Half Crop), while 

Full Crop treatments resulted in lower β-citronellol content in wine compared to Half 

Crop treatments across the three years. It was still unknown if the difference was come 

from the nutrient competition between grass and vine or the change of the canopy size. 

Lower vigor vines typically have greater fruit exposure to sunlight, causing the increased 

concentrations of terpenoids (Song et al. 2014). Nevertheless, the OAVs of terpenoids in 

Pinot noir wine were very low, indicating that the concentration of terpenoids in the wine 

was far below their sensory thresholds. The subtotal OAV for terpenoids were only 0.1 

(Table 5.3), suggesting that the impact of terpenoids on the aroma of Pinot noir wine is 

very small. 

C13-norisoprenoids. The C13-norisoprenoids such as β-damascenone and β-ionone can 

contribute complex aromas, including honey, floral, and raspberry notes, to Pinot noir 

grapes as well as wines (Fang and Qian 2005; Yuan and Qian 2015). In this study, β-

damascenone, β-ionone and TDN had OAVs larger than one. Among them β-

damascenone and β-ionone had very high OAVs, indicating they are important 

contributors to the wine aroma. C13-norisoprenoids presented in wine as both free and 

bound form, the bound forms could be released by slow enzyme of acid hydrolysis during 

aging (Mendes-Pinto 2009; Williams 1993). So in addition to the analysis of free form 

(Table 5.2), acid hydrolysis was also performed to estimate the bound form C13-

norisoprenoids in the wines (Table 5.4). Results showed that vitispirane and TDN were 

consistently higher in wine from the Grass treatments in all three years compared to 

Tilled, which was also observed after acid hydrolysis. No difference was observed for β-

damascenone and β-ionone. And all C13-norisoprenoids were of similar concentration 

with the crop thinning level. Few published research is available about the effect of cover 

crop on wine C13-norisoprenoids. Xi et al. (2011) reported that a perennial cover crop of 

alfalfa led to higher β-damascenone and α-ionone in Cabernet sauvignon wine compared 

to tillage. However, in Oregon, we conducted a three years study in Pinot noir grape and 

found that perennial grass (Festuca rubra spp. rubra) cover resulted in a lower β-

damascenone concentration compared to vines grown with alley tillage in most of the 
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years and also had lower levels of β-damascenone in corresponding wines (Feng et al., in 

preparation). These contradict results may due to the different type of cover crop used in 

these two studies. Limited information is available to explain the observation in this study 

at this point. Both nitrogen (Chapter 3) and sunlight exposure (Reeve et al. in preparation) 

could play a role in the C13-norisoprenoid accumulation in the grape berries and thus 

affect the C13-norisoprenoid concentration in wine. 

Fermentation-derived volatiles 

Esters were the major class of aroma-active compounds analyzed in this study, which was 

composed of ethyl esters of straight-chain fatty acid, higher alcohol acetates, ethyl esters 

of branched-chain fatty acid, and aromatic esters (esters contain benzene ring) (Table 1). 

Four esters (isoamyl acetate, ethyl isobutyrate, ethyl isovalerate and phenethyl acetate) in 

wine were consistently higher with Grass treatments across three years. Among them, 

ethyl isobutyrate and ethyl isovalerate were reported to be important odorants in wines 

and may contribute to the black-berry aromas (Aznar et al. 2001; Pineau et al. 2009). 

Isoamyl acetate contributes to the banana-like aroma and phenethyl acetate contributes to 

the floral aroma to the wines. The total OAVs of esters in the wines from Grass 

treatments were higher compared to the Tilled treatments (Table 5.2), indicating a 

possible enhancement of fruity and floral aroma in wine.  

Fourteen higher alcohols were quantitated in this study (Table 5.2). Two of them 

(isoamyl alcohol and phenethyl alcohol) were consistently higher in the Grass treatment 

wines in all the three years. 1-Propanol and 1-octanol was higher in the wines from the 

Tilled treatments in all the three years. Both isoamyl alcohol and phenethyl alcohol were 

reported as important odor-active compound in the AEDA study of Pinot noir wine (Fang 

and Qian 2005).  

Higher alcohols and esters can be synthesized by yeast through anabolic pathway from 

glucose, or catabolic pathway from their corresponding amino acids (Rapp and Mandery 

1986). As a result, their production in wine is highly dependent on the yeast stain, must 

YAN, fermentation temperature and oxygen availability (Carrau et al. 2008). Since all the 
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fermentation process were kept consistent during winemaking, must YAN might be a 

major factor that affect the volatile composition of the final wines. In our previous study, 

lower nitrogen supply in the vineyard resulted in significantly higher concentration of 

branched-chain and aromatic esters and alcohols, while reduced the straight-chain esters 

and alcohols in wine. But the decrease of straight chain esters only happened when the 

nitrogen supply was lower than 75% of the full nutrient (Chapter 4). In this study, similar 

phenomenon (increase of branched-chain esters) was observed, except all wines contain 

similar level of straight-chain esters, indicating the nitrogen deficiency caused by cover 

crop was possibly moderate and desirable.  

5.4.4. Principal component analysis 

Principle component analysis (PCA) was performed based on the volatile profile of wines 

(Figure 5.2). The two-dimensional loadings and score plots (bi-plots) for the variables 

and objects derived from the standardized data set describing the different characteristics 

of the wine volatiles from different treatments. When all the volatile compounds were 

included, the two principal components accounted for more than 99% of the total 

variance in the data. Variables 2011TCON (Tilled-Full Crop), 2012TCON (Tilled-Full 

Crop), 2011TMT (Tilled-Half Crop) and 2012TMT (Tilled-Half Crop) were clustered 

together on positive axis of dimension 2 of the loading plot. While variables 2011GCON, 

2012GCON, 2011GMT and 2012GMT were clustered together on left of negative axis of 

dimension 2. Variables 2013GCON, 2013GMT, 2013TCON and 2013TMT were 

clustered together on right side of negative axis of dimension 2. The results showed that 

different vineyard management treatments led to a very different wine volatile profile in 

year 2011 and 2012, as the wine sample from Grass treatment and Tilled treatment of 

year 2011 and 2012 were well separated on the plot. However, for year 2013, the impact 

of all treatments on the wine volatile profile was small. For the wine of 2011 and 2012, 

wine from Grass treatments were closely associated with branched-chain esters such as 

ethyl isobutyrate, ethyl isovalerate, phenethyl acetate and isoamyl acetate as well as some 

branched-chain alcohols such as isoamyl alcohol and phenethyl alcohol. For year 2013, 

the impact of different vineyard floor management and crop thinning treatments was very 
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small, but it was interesting that the wine from 2013 contain significantly higher amount 

of C6 compounds (1-hexanol, E-2-hexenol and Z-3-hexenol) and volatile acids (hexanoic 

acid, octanoic acid and decanoic acid) compared to the wines from 2011 and 2012 

(Figure 5.2). But insufficient information was available to explain this observation at this 

point. 

5.5. Conclusions 

The result of the above three-year study demonstrates the role of cover crop on the aroma 

profile of Pinot noir wine in Western Oregon. Cover crop significantly reduced vine vigor, 

and had more impact on the volatile profile of the corresponding wines compared to the 

crop thinning treatments. Cover crop increased some branched-chain esters and phenethyl 

acetate without affecting the straight-chain esters, which can increase the wine fruitiness. 

Cover crop also increased phenethyl alcohol in wine, which contributes to the floral 

aroma in wine. Cover crop reduced vine vigor, increased total phenolics, vitispirane and 

TDN in the final wines across the three years. The only drawback of cover crop found in 

this study is reduced linalool concentration in the corresponding wines. However, linalool 

is usually presented in the Pinot noir wine at concentration much lower than its sensory 

threshold. Although sensory test was not performed in this study, according to the OAV, 

the decrease of linalool may not have any sensory impact in the corresponding wines. 

Compared with cover crop, crop thinning had much smaller impact on wine volatile 

composition, indicating that in some cases, a loss of the yield is not necessary to increase 

the flavor or aroma compounds in wines. 
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Table 5.1 Yield and pruning weight for the two floor management treatments and the two crop 

levels in this study 

Reprinted from Alison Reeve’s thesis with permission (Reeve, in preparation). 

Treatments Yield (kg/m row)   Pruning Wt. (kg/m row) 

  

2011 2012 2013 
 

2011 2012 2013 

Floor Mgt. 

(FM) 

Grass 1.76 b 1.62 1.10 b 
 

n.d. 0.6 c 0.6 c 

Tilled 3.11 a 1.62 1.35 a 
 

n.d. 1.3 a 1.2 a 

Crop Level 

(CL) 

Full Crop 3.09 a 2.06 a 1.59 a 
 

n.d. 1.0 0.9 

Half Crop 2.00 b 1.30 b 0.93 b 
 

n.d. 1.1 1.0 

Significance 

FM 0.0017 n.s. 0.0230 
 

n.d. <0.0001 <0.0001 

CL <0.0001 <0.0001 <0.0001 
 

n.d. n.s. n.s. 

FM x CL n.s. n.s. n.s.   n.d. n.s. n.s. 
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Table 5.2 Free volatile composition of Pinot noir wine produced from different treatments (μg/L) 

Year 2011   2012   2013 

Treatment a GCON GMT TCON TMT   GCON GMT TCON TMT   GCON GMT TCON TMT 

Esters                             

ethyl acetate b 12.6±1.4 14.5±3.1 9.80±1.31 11.7±0.8   10.8±0.2 12.2±0.4 11.0±0.3 10.7±0.4   10.0±0.1 10.6±0.1 10.2±0.2 10.4±0.1 

isoamyl acetate 453±13 484±3 356±16 351±20   429±16 395±22 233±7 283±10   373±11 323±15 311±10 246±13 

ethyl isobutyrate 32.4±2.1 41.1±0.5 29.1±3.6 19.4±0.3   60.4±3.1 39.9±1.8 22.1±0.1 24.6±3.4   8.71±0.79 13.2±2.1 7.25±2.07 6.6±1.41 

ethyl butanoate 21.8±0.7 24.7±0.7 15.5±3.0 25.4±0.9   14.3±0.3 10.1±7.2 21.2±0.7 19.7±1.9   21.0±1.1 25.5±3.7 34.4±3.3 31.6±4.1 

ethyl isovalerate 6.27±0.10 6.77±1.14 5.54±0.84 3.65±0.35   4.72±0.16 4.98±0.02 2.70±0.21 3.68±0.63   1.81±0.28 3.16±0.16 1.78±0.29 2.34±0.05 

ethyl hexanoate 85.6±8.3 69.8±0.6 70.8±0.5 85.8±2.2   48.0±2.0 68.6±2.2 75.7±4.5 63.4±2.6   133±2 104±1 127±24 117±13 

hexyl acetate 1.04±0.08 0.89±0.03 0.75±0.01 0.74±0.02   0.59±0.07 0.64±0.01 0.51±0.03 0.65±0.05   2.08±0.23 1.53±0.16 2.04±0.29 1.71±0.20 

octyl acetate 0.69±0.01 0.66±0.04 0.64±0.04 0.69±0.01   0.68±0.04 0.75±0.01 0.62±0.03 0.66±0.04   0.52±0.06 0.61±0.08 0.58±0.02 0.57±0.06 

ethyl octanoate 73.8±2.2 69.7±2.0 75.0±1.3 77.9±1.8   50.5±0.7 67.5±1.6 66.5±1.1 62.7±5.7   81.5±7.8 97.2±3.3 87.5±8.5 90.5±12.7 

octyl butyrate 0.33±0.03 0.46±0.02 0.34±0.03 0.31±0.02   0.36±0.02 0.35±0.02 0.29±0.01 0.24±0.04   0.39±0.05 0.57±0.05 0.46±0.07 0.54±0.11 

diethyl succinate 584±14 736±24 553±33 539±12   592±43 628±10 642±4 702±10   221±8 255±12 216±26 214±20 

ethyl phenylacetate 0.87±0.09 1.27±0.06 0.74±0.05 0.62±0.001   0.98±0.15 0.67±0.01 0.43±0.04 0.42±0.14   0.52±0.02 0.68±0.02 0.74±0.14 1.12±0.15 

phenethyl acetate 5.48±0.01 7.33±0.44 3.94±0.45 3.67±0.04   6.21±0.46 5.75±0.14 3.08±0.07 3.84±0.54   2.89±0.13 3.10±0.07 2.32±0.51 2.44±0.44 

methyl vanillate 9.64±0.04 8.79±0.28 10.3±0.03 9.80±1.05   11.8±1.8 13.3±0.5 16.7±4.1 15.1±1.7   7.41±2.91 9.97±1.38 9.78±0.92 9.63±1.34 

ethyl vanillate 21.6±0.62 24.5±0.9 14.6±0.06 24.8±1.3   21.1±2.9 27.9±1.2 30.1±6.9 34.5±3.4   26.2±0.7 37.5±4.2 44.9±1.9 45.6±5.1 

Alcohols                             

1-propanol b 66.1±1.3 73.4±1.7 131±3 157±3   40.6±0.7 53.2±1.4 105±1 115±6   45.6±1.6 65.6±0.7 129±3 143±2 

isobutyl alcohol b 176±3 169±4 198±3 169±3   297±5 231±7 173±2 166±8   120±3 124±2 122±3 111±1 

isoamyl alcohol b 451±9 483±22 380±29 399±7   493±14 482±3 346±4 340±19   371±11 377±6 330±13 313±5 

1-hexanol 1142±34 1091±7 1035±22 1086±10   842±2 901±16 885±30 904±6   2345±54 2232±3 2809±46 2640±42 

(E)-2-hexenol 22.4±2.5 20.1±1.7 18.4±0.4 22.6±1.9   24.9±0.6 22.7±0.5 24.1±1.0 17.8±2.6   27.2±2.0 19.4±5.3 23.5±1.1 20.8±0.4 

(Z)-3-hexenol 8.75±0.11 12.6±0.9 9.17±0.93 9.31±0.37   10.5±0.5 10.7±1.1 9.07±0.01 10.3±1.6   19.7±0.71 26.3±1.6 20.8±2.8 16.5±2.4 

1-octen-3-ol 15.7±0.6 18.6±3.6 18.0±2.4 16.8±0.1   10.4±0.3 14.4±0.2 14.3±0.1 13.4±0.9   17.9±1.9 23.7±2.9 20.5±2.2 19.7±2.8 

2-ethyl-1-hexanol 1.56±0.32 2.21±0.20 3.17±0.17 1.65±0.32   3.56±0.12 3.54±0.02 2.79±0.01 3.27±0.05   2.52±0.01 2.65±0.15 2.34±0.18 2.25±0.14 

1-octanol 349±13 328±3 349±2 369±4   325±7 338±9 350±2 340±4   264±18 278±21 293±7 310±7 

1-nonanol 2.95±0.22 2.87±0.07 3.00±0.04 2.83±0.11   3.19±0.08 3.32±0.06 3.43±0.05 3.20±0.26   2.11±0.18 2.31±0.14 2.69±0.01 3.04±0.05 

1-decanol 0.35±0.02 0.38±0.01 0.37±0.05 0.32±0.02   0.31±0.01 0.31±0.02 0.29±0.01 0.34±0.06   0.29±0.00 0.38±0.03 0.32±0.05 0.35±0.07 

1-undecanol 0.41±0.03 0.45±0.04 0.30±0.18 0.39±0.01   0.32±0.00 0.37±0.02 0.28±0.01 0.28±0.01   0.79±0.17 1.04±0.18 0.30±0.09 0.34±0.07 
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(Table 5.1 continued) 
benzyl alcohol 278±3 337±15 295±5 316±3   239±8 222±6 333±3 283±17   164±6 135±0 138±16 108±11 

phenethyl alcohol 3800±134 4928±149 3285±215 2962±18   4565±342 4432±49 2896±21 3261±436   2386±41 2823±60 2091±390 2132±299 

Terpenoids                             

linalool 1.95±0.22 2.05±0.10 2.50±0.30 2.12±0.09   2.01±0.01 2.13±0.08 2.54±0.08 2.38±0.34   1.45±0.07 1.87±0.08 1.86±0.24 2.02±0.40 

α-terpineol 1.01±0.04 1.05±0.09 0.90±0.03 0.88±0.01   1.05±0.04 0.80±0.02 0.79±0.02 0.74±0.06   0.69±0.00 0.66±0.04 0.57±0.03 0.60±0.08 

β-citronellol 1.12±0.01 1.59±0.06 0.78±0.07 1.01±0.05   1.45±0.16 1.67±0.05 1.17±0.04 1.38±0.17   1.94±0.03 2.12±0.13 1.75±0.27 1.90±0.23 

nerol 4.84±0.15 4.75±0.09 4.13±0.92 3.78±0.55   2.81±0.03 2.16±0.04 2.51±0.06 1.96±0.03   1.05±0.10 1.13±0.02 1.06±0.19 1.02±0.06 

geraniol 0.14±0.01 nd 0.22±0.01 0.29±0.02   0.20±0.03 0.27±0.09 0.11±0.01 0.25±0.02   0.49±0.01 0.38±0.07 nd 0.25±0.01 

C13-norisoprenoids                             

β-damascenone 3.79±0.01 3.85±0.01 3.76±0.01 3.77±0.01   3.84±0.02 3.85±0.01 3.83±0.00 3.81±0.02   4.37±0.00 4.74±0.02 4.15±0.11 4.22±0.11 

β-ionone   1.16±0.01 1.08±0.00 1.15±0.01 1.13±0.00   1.10±0.01 1.19±0.01 1.19±0.00 1.08±0.01   1.09±0.01 1.12±0.01 1.11±0.02 1.11±0.02 

vitispirane 5.38±0.29 5.28±0.03 4.68±0.12 4.39±0.05   5.04±0.17 4.61±0.02 4.26±0.04 4.28±0.15   4.00±0.01 4.13±0.00 3.99±0.10 3.96±0.10 

TDN 3.89±0.01 3.90±0.05 3.88±0.02 3.83±0.00   3.94±0.02 3.89±0.01 3.83±0.01 3.85±0.03   3.83±0.01 3.89±0.00 3.84±0.04 3.84±0.04 

Aldehydes                             

Acetaldehyde b 2.38±0.41 5.53±0.44 3.41±0.52 3.71±0.09   3.06±0.24 5.16±0.04 3.12±0.10 3.53±0.11   8.15±0.31 4.17±0.09 10.1±0.2 7.47±0.14 

Acids                             

hexanoic acid 229±10 291±24 275±15 229±1   133±6 162±19 135±5 137±23   363±14 494±4 345±65 379±80 

octanoic acid 104±2 147±20 135±11 119±3   51.0±0.4 66.6±10.0 74.2±4.8 63.6±10.2   134±6 183±5 141±20 157±35 

decanoic acid 9.81±0.54 15.2±2.7 13.7±0.1 11.2±0.1   6.61±0.10 8.64±2.00 9.27±1.14 7.01±0.89   12.2±0.6 16.7±0.2 12.3±1.0 14.4±3.7 

Benzene derivatives                             

guaiacol 9.24±0.26 11.0±0.6 19.7±8.2 18.0±2.8   6.36±1.46 6.90±0.74 10.7±0.7 10.4±0.6   7.31±0.38 8.64±2.14 8.63±2.06 6.26±1.12 

4-ethylguaiacol nd nd nd nd   nd nd nd nd   0.23±0.01 0.26±0.01 0.46±0.01 0.38±0.02 

γ-nonalactone 37.5±0.7 33.7±1.1 42.9±2.8 42.7±0.5   23.3±1.3 28.4±0.4 37.6±5.7 32.6±2.8   51.2±1.3 50.4±3.3 43.5±16.5 49.9±1.8 

ethyl cinnamate 0.52±0.04 0.44±0.01 0.37±0.02 0.40±0.02   0.52±0.04 0.49±0.05 0.49±0.04 0.48±0.04   0.13±0.01 0.16±0.01 0.22±0.01 0.19±0.01 

eugenol 0.62±0.08 0.53±0.01 0.59±0.01 0.54±0.01   0.62±0.08 0.56±0.04 0.68±0.13 0.55±0.06   0.61±0.06 0.59±0.01 0.64±0.07 0.66±0.04 

4-vinylguaiacol 13.7±0.5 12.6±0.04 10.2±0.8 13.0±0.3   13.6±4.0 15.7±2.1 18.9±5.1 15.7±3.3   11.2±0.4 7.97±1.34 9.00±1.58 7.16±1.97 

δ-decalactone 2.11±0.08 2.27±0.04 2.12±0.03 2.16±0.04   2.03±0.09 2.19±0.04 2.37±0.31 2.38±0.11   2.23±0.01 2.13±0.05 2.17±0.00 2.19±0.09 

vanillin 0.66±0.05 1.28±0.23 2.48±0.06 1.40±0.12   0.03±0.00 0.04±0.01 0.22±0.02 0.29±0.07   nd nd nd nd 

4-vinylphenol 2587±183 2350±17 1774±90 2283±269   2936±817 3227±266 3825±610 2797±454   1482±96 901±163 1488±158 955±66 

Mean±SD presented (n=3). a GCON:  grass between vine rows (lower vigor) and full crop (no crop thinning occurred, higher yield); TCON:  tilled between vine rows (higher vigor) 

and full crop (no crop thinning occurred, higher yield); GMT: grass between vine rows (lower vigor) and moderate thinning (lower yield); TMT: tilled between vine rows (higher 

vigor) and moderate thinning (lower yield). b Concentration presented as mg/L. c Concentration presented as ng/L. 
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Table 5.3 Odor Active Values (OAVs)a of Pinot noir wine volatiles produced from different treatments 

Year  2011 
 

2012 
 

2013 

Treatment  GCON GMT TCON TMT 
 

GCON GMT TCON TMT 
 

GCON GMT TCON TMT 

Esters  
              

ethyl acetate 12264 [3] 1.0 1.2 0.8 1.0 
 

0.9 1.0 0.9 0.9 
 

0.8 0.9 0.8 0.9 

isoamyl acetate 30 [3] 15.3 16.1 11.9 11.7 
 

14.3 13.2 7.8 9.4 
 

12.4 10.8 10.4 8.2 

ethyl isobutyrate 15 [1] 10.8 13.7 9.7 6.5 
 

20.1 13.3 7.4 8.2 
 

2.9 4.4 2.4 2.2 

ethyl butanoate 20 [1] 1.1 1.2 0.8 1.3 
 

0.7 0.5 1.1 1.0 
 

1.0 1.3 1.7 1.6 

ethyl isovalerate 3 [1] 2.1 2.3 1.8 1.2 
 

1.6 1.7 0.9 1.2 
 

0.6 1.1 0.6 0.8 

ethyl hexanoate 14 [1] 6.1 5.0 5.1 6.1 
 

3.4 4.9 5.4 4.5 
 

9.5 7.4 9.1 8.3 

hexyl acetate 1500 [5] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

octyl acetate nac - - - - 
 

- - - - 
 

- - - - 

ethyl octanoate 5 [1] 14.8 13.9 15.0 15.6 
 

10.1 13.5 13.3 12.5 
 

16.3 19.4 17.5 18.1 

octyl butyrate 8200 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

diethyl succinate 1200 [3] 0.5 0.6 0.5 0.4 
 

0.5 0.5 0.5 0.6 
 

0.2 0.2 0.2 0.2 

ethyl phenylacetate 73 [6] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

phenethyl acetate 250 [3] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

methyl vanillate 3000 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

ethyl vanillate 990 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

Subtotal   51.7 54 45.6 43.8   51.6 48.6 37.3 38.3   43.7 45.5 42.7 40.3 

Alcohols  
              

1-propanol 50000 [2] 1.3 1.5 2.6 3.1 
 

0.8 1.1 2.1 2.3 
 

0.9 1.3 2.6 2.9 

isobutyl alcohol 40000 [3] 4.4 4.2 4.9 4.2 
 

7.4 5.8 4.3 4.2 
 

3.0 3.1 3.1 2.8 

isoamyl alcohol 30000 [3] 15.1 16.1 12.7 13.3 
 

16.4 16.1 11.5 11.3 
 

12.4 12.6 11.0 10.4 

1-hexanol 8000 [2] 0.1 0.1 0.1 0.1 
 

0.1 0.1 0.1 0.1 
 

0.3 0.3 0.4 0.3 

E-2-hexenol 400 [1] 0.1 0.1 0.0 0.1 
 

0.1 0.1 0.1 0.0 
 

0.1 0.0 0.1 0.1 

Z-3-hexenol 400 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.1 0.1 0.0 

1-octen-3-ol 1 [1] 15.7 18.6 18.0 16.8 
 

10.4 14.4 14.3 13.4 
 

17.9 23.7 20.5 19.7 

2-ethyl-1-hexanol 270 [10] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

1-octanol 130 [1] 2.7 2.5 2.7 2.8 
 

2.5 2.6 2.7 2.6 
 

2.0 2.1 2.3 2.4 

1-nonanol 1000 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

1-decanol 0.775 [1] 0.5 0.5 0.5 0.4 
 

0.4 0.4 0.4 0.4 
 

0.4 0.5 0.4 0.4 
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(Table 5.3 continued)                

1-undecanol nac - - - - 
 

- - - - 
 

- - - - 

benzyl alcohol 200000 [4] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

phenethyl alcohol 14000 [1] 0.3 0.4 0.2 0.2 
 

0.3 0.3 0.2 0.2 
 

0.2 0.2 0.1 0.2 

Subtotal   40.2 44 41.7 41   38.4 40.9 35.7 34.5   37.2 43.9 40.6 39.2 

Terpenoids  
              

linalool 25 [1] 0.1 0.1 0.1 0.1 
 

0.1 0.1 0.1 0.1 
 

0.1 0.1 0.1 0.1 

α-terpineol 250 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

β-citronellol 100 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

nerol 290 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

geraniol 30 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

Subtotal   0.1 0.1 0.1 0.1   0.1 0.1 0.1 0.1   0.1 0.1 0.1 0.1 

C13-norisoprenoids  
              

β-damascenone 0.05 [3] 75.8 77.0 75.2 75.4 
 

76.8 77.0 76.6 76.2 
 

87.4 94.8 83.0 84.4 

β-ionone 0.09 [1] 12.9 12.0 12.8 12.6 
 

12.2 13.2 13.2 12.0 
 

12.1 12.4 12.3 12.3 

vitispirane 800 [12] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

TDN 2 [13] 1.9 2.0 1.9 1.9 
 

2.0 1.9 1.9 1.9 
 

1.9 1.9 1.9 1.9 

Subtotal   90.6 91 89.9 89.9   91 92.1 91.7 90.1   101.4 109.1 97.2 98.6 

Aldehydes  
              

Acetaldehyde 500 [3] 4.8 11.1 6.8 7.4 
 

6.1 10.3 6.2 7.1 
 

16.3 8.3 20.1 14.9 

Acids  
              

hexanoic acid 420 [1] 0.5 0.7 0.7 0.5 
 

0.3 0.4 0.3 0.3 
 

0.9 1.2 0.8 0.9 

octanoic acid 500 [1] 0.2 0.3 0.3 0.2 
 

0.1 0.1 0.1 0.1 
 

0.3 0.4 0.3 0.3 

decanoic acid 1000 [1] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

Subtotal   0.7 1 1 0.7   0.4 0.5 0.4 0.4   1.2 1.6 1.1 1.2 

Benzene derivatives  
              

guaiacol 9.5 [8] 1.0 1.2 2.1 1.9 
 

0.7 0.7 1.1 1.1 
 

0.8 0.9 0.9 0.7 

4-ethylguaiacol 33 [8] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

γ-nonalactone 30 [8] 1.2 1.1 1.4 1.4 
 

0.8 0.9 1.3 1.1 
 

1.7 1.7 1.5 1.7 

ethyl cinnamate 1.1 [1] 0.5 0.4 0.3 0.4 
 

0.5 0.4 0.4 0.4 
 

0.1 0.1 0.2 0.2 

eugenol 6 [8] 0.1 0.1 0.1 0.1 
 

0.1 0.1 0.1 0.1 
 

0.1 0.1 0.1 0.1 

4-vinylguaiacol 1100 [8] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

δ-decalactone 386 [8] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
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(Table 5.3 continued)                

vanillin 60 [4] 0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 
 

0.0 0.0 0.0 0.0 

4-vinylphenol 180 [8] 14.4 13.1 9.9 12.7  16.3 17.9 21.2 15.5  8.2 5.0 8.3 5.3 

Subtotal   17.2 15.9 13.8 16.5   18.4 20 24.1 18.2   10.9 7.8 11 8 

[1] Ferreira et al. (2000), the matrix was a 11% water/ethanol solution containing 7 g/L glycerol and 5 g/L tartaric acid, with the pH adjusted to 3.4 with 1 M NaOH; [2] 

Li et al. (2008) and [5] Etievant (1991), the matrix was a 12% ethanol/water solution; [3] Guth (1997), the matrix was a 10% water/ethanol solution; [4] Gómez-

Míguez et al. (2007), the matrix was a 10% water/ethanol solution containing 5 g/L of tartaric acid at pH 3.2; [6] Tat et al. (2007), the matrix was a red wine; [7] 

Aubry et al. (1997) and Tsai (2006), the matrix was a white wine; [8] Boidron et al. (1988), the matrix was a synthetic wine containing 12% ethanol, 8 g/L glycerol, 

and different salts; [9] Lopez et al. (2002), the matrix was a 10% water/ethanol solution at pH 3.2; [10] Pino and Queris (2011), matrix information is not available.  

a: Odor activity value calculated by dividing concentration by odor threshold value of the compound.   

b: Reference from which the value has been taken is given in parentheses. 

c: Odor threshold is not available 
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Table 5.4 Hydrolytically released C13-norisoprenoids in Pinot noir wines produced from different treatments (μg/L) 

 Year 2011   2012   2013 

 Treatment a GCON GMT TCON TMT   GCON GMT TCON TMT   GCON GMT TCON TMT 

vitispirane 16.8±2.0  18.2±1.0 14.1±2.4 14.6±0.1   23.4±2.6 25.5±4.3 22.4±0.5 20.3±1.9   22.5±2.7 22.0±1.9 15.7±2.9 18.1±1.6 

TDN 10.1±0.3 9.03±0.31 8.61±0.68 7.54±0.52   11.8±1.1 10.1±0.9 9.31±0.17 7.57±0.44   13.4±2.8 12.3±1.0 8.22±1.09 10.4±0.4 

β-damascenone 4.84±0.07 4.66±0.10 5.03±0.02 4.85±0.02   4.65±0.23 4.61±0.22 4.86±0.06 4.56±0.09   5.84±0.35 6.01±0.68 5.22±0.26 5.40±0.10 

β-ionone  1.15±0.01 1.10±0.00 1.15±0.00 1.13±0.01   1.10±0.01 1.10±0.01 1.11±0.01 1.09±0.00   1.11±0.01 1.11±0.02 1.11±0.01 1.11±0.10 

Mean±SD presented (n=3). a GCON:  grass between vine rows (lower vigor) and full crop (no crop thinning occurred, higher yield); TCON:  tilled between vine rows (higher vigor) 

and full crop (no crop thinning occurred, higher yield); GMT: grass between vine rows (lower vigor) and moderate thinning (lower yield); TMT: tilled between vine rows (higher 

vigor) and moderate thinning (lower yield). b Concentration presented as ng/L. 
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Figure 5.1 Total phenolic and total anthocyanin content in wine from different vine vigor 

and yield in 2011, 2012 and 2013.  

(A) Total phenolics; (B) Total monomeric anthocyanins. GCON: grass between vine 

rows (lower vigor) and full crop (no crop thinning occurred, higher yield); TCON:  tilled 

between vine rows (higher vigor) and full crop (no crop thinning occurred, higher yield); 

GMT: grass between vine rows (lower vigor) and moderate thinning (lower yield); TMT: 

tilled between vine rows (higher vigor) and moderate thinning (lower yield). 
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Figure 5.2 Principal Component Analysis (PCA) bi-plots for wine volatile composition of 

three years.  
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6.1. Abstract 

Grape-derived aroma compounds contribute to the varietal aroma of wines. Previous 

studies have shown that C13-norisoprenoids such as β-damascenone and β-ionone are 

very important grape-derived compounds for the nonfloral grape varieties, contributed to 

berry and stone fruit aromas. C13-norisprenoids are secondary metabolites derived from 

carotenoid degradation during berry development. The objective of this study is to 

investigate the carotenoid breakdown and C13-norisoprenoids synthesis in Pinot noir 

grapes from vines of differing vine vigor and crop levels (yield). Vine vigor levels were 

altered through use of two vineyard floor management practices (Grass and Tilled) and 

yield was adjusted by cluster thinning to two crop levels (Full Crop and Half Crop). 

Carotenoid degradation and C13-norisoprenoid synthesis during berry development with 

different vine balance was monitored from véraison to harvest in year 2013. Our data 

suggests that vineyard floor management had a greater influence than cluster thinning on 

carotenoids composition in grapes. Similarly, differences were found in the composition 

of C13-norisoprenoids in grape berries from the different vineyard floor management 

treatments. Grape berries from Tilled treatment vines have higher carotenoids and C13-

norisoprenoids than the grapes from Grass treatment vines. Multivariance analyses also 

showed some interactions between the vineyard floor treatments and cluster thinning 

treatments on the composition of carotenoids and C13-norisoprenoids. 

Keywords: Carotenoids, C13-norisoprenoids, Pinot noir grape, vine balance 
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6.2. Introduction 

A favorable balance between grapevine vegetative and reproductive growth is important 

in determining fruit and wine quality. Canopy and crop level management are critical to 

make vegetative growth in balance with fruit production. Willamette Valley of Oregon is 

recognized as a high quality Pinot noir production region. Many vineyards have high 

vegetative vigor due to the deep soil and high spring precipitation. Vineyard floor 

management as a tool to alter or maintain soil moisture, nutrient levels and thus vine 

vigor, is commonly employed in cool climate regions such as the Willamette Valley of 

Oregon. The reduced vine vegetative vigor by cover crop has been reported to improve 

grape quality through reducing berry titratable acidity and increasing the levels of soluble 

sugar, total phenol and anthocyanin, therefore enhancing wine color and sensory 

properties (Celette et al. 2009; Tesic et al. 2007). However, little information was 

available on grape volatile compounds and their precursors. The relationship of yield 

with grape composition and wine quality is even more complicated (Chapman et al. 2004; 

Keller et al. 2005; Naor et al. 2002; Ough and Nagaoka 1984; Reynolds et al. 2007). 

Sensory implication of yield seems to be dependent on variety, level of crop thinning, and 

timing of thinning (Diago et al. 2010). It is of great interest to manipulate the vine 

balance for both high yield and quality. However, the link of vine vigor, crop thinning 

and fruit aroma compounds is complex and not well understood.  

Wine volatile composition is one of the most important constitutes of wine quality, and it 

is greatly correlated with grape volatile composition. Grape-derived volatile compounds 

are plant secondary metabolites, and they are predominantly responsible for wine varietal 

aromas. Previous studies showed that some of these compounds with trace amount in 

grape berries could play important roles in the nonfloral grape varieties (Crupi et al. 2010; 

Fang and Qian 2006; Loscos et al. 2007). C13-norisoprenoids is a group of compounds 

that with trace amount in grape berries but with desirable aroma (Crupi et al. 2010; Fang 

and Qian 2006; Loscos et al. 2007). The flavorless precursors of C13-norisoprenoids 

include both glycoconjugates and non-glycosidic compounds (carotenoids and its 

degradation products) (Winterhalter et al. 1990). These precursors could transform to free 
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volatile compounds in wine by enzyme hydrolysis, slow acid hydrolysis and complex 

chemical rearrangements (Baumes et al. 2002; Humpf et al. 1991; Strauss et al. 1986). 

There is strong evidence that formation of C13-norisoprenoids in grape berry is 

corresponding to the carotenoid breakdown (Coelho et al. 2006; Salinas et al. 2004). For 

example, β-ionone can be formed as a cleavage product of β-carotene (Kanasawud and 

Crouzet 1990) and zeaxanthin (Mathieu et al. 2005). β-Damascenone can be formed 

directly from neoxanthin (Bezman et al. 2005). In recent years, more studies supported 

the hypothesis of the involvement of a region-specific oxygenase (CCD) in the formation 

of C13-norisoprenoids (Baumes et al. 2002; Mathieu et al. 2005). Although the enzymatic 

systems involved have not yet been fully discovered, a family of carotenoid cleavage 

dioxygenase (CCD) enzymes has been implicated in production of plant apocarotenoids, 

e.g. C13-norisoprenoids (Walter and Strack 2011; Young and Britton 2012). 

In this study, we specifically monitored the carotenoid degradation and C13-norisoprenoid 

synthesis during berry development with different floor and crop thinning management 

during the growing season of year 2013. The aim of this study is to investigate the 

influence of different vine vigor and yield on C13-norisoprenoid synthesis. Understanding 

the concentration change of both carotenoids and C13-norisoprenoids, together with other 

volatile compounds during berry development could help to find improved strategies to 

enhance the aroma potential of grapes. 

6.3. Materials and Methods 

6.3.1. Chemicals 

All chemicals were of analytical reagent grade unless otherwise stated, and water was 

obtained from a Milli-Q purification system (Millipore, North Ryde, NSW, Australia). β-

Damascenone (≥90%) and β-ionone (95%) were purchased from Sigma-Aldrich (St. 

Louis, MO). β-Carotene was from TCI, Japan. β-apo-8’-carotenal (>99.0%). Reagents 

were purchased at HPLC grade or higher, including ethyl acetate (EMD, Gibbstown, NJ), 
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acetonitrile (EMD, Gibbstown, NJ), and methanol (EMD, Gibbstown, NJ). Ethanol was 

purchased from Aaper Alcohol and Chemical Co. (Shelbyville, KY).  

6.3.2. Vineyard experimental design 

A commercial vineyard located in Dayton, OR, USA was used for this study. The 

vineyard was planted in 1998 to Vitis vinifera cv.  Pinot noir (Dijion clone 115 grafted to 

101-14 rootstock). Vines were cane-pruned and trained to a bilateral Guyot with vertical 

shoot positioning. Vines were grown with two main plot vineyard floor management 

treatments to alter vine vigor. The treatments included 1) Grass: growing a perennial 

grass cover crop (Red Fescue, Festuca rubra) in the alleys flanking the vine row, and 2) 

Tilled:  having the alleys flanking the vine row kept free of vegetation during the growing 

season by using a rototiller. The vines of varying vine vigor were spatially replicated in a 

completely randomized design. There were five replicates of each treatment with each 

replicate consisting of 16 vines. Two crop levels were imposed within each main plot, 

including a non-thinned treatment (Full Crop) applied to 8 vines and 1 cluster/shoot 

(~Half Crop) in the other 8 vines. These vineyard floor practices had been in place 

annually in this experimental vineyard for six years prior to this year, and a differential 

vigor level had been created. Grass treatments effectively reduced vine vigor to a 

moderate level while Tilled treatments led to vines of high vine vigor, both based on 

pruning weight and leaf area data. Crop level was applied as sub-plots within the main 

plot vineyard floor management treatments. Two different crop levels were employed, 

including a control (Full Crop – no clsuters were removed) and a thinned treatment (Half 

Crop – cluster thinning conducted to reduce down to 1 cluster per each vine shoot). 

Clusters were thinned during the lag phase of berry development. There were four total 

treatments evaluated from this split plot field design, including the following: Grass-Full 

Crop, Grass-Half Crop, Tilled-Full Crop, Tilled-Half Crop. Fruits were sampled from a 

set of 4 vines per plot, beginning at véraison and continuing weekly until harvest. Four 

clusters of grapes were collected from each plot weekly, ensuring that clusters were 

sampled from both east and west exposure of north-south oriented rows. Clusters were 

bagged and place on ice and transported directly to the lab where they were frozen 
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immediately at -80°C until analysis. The phenology of grapes at each sampling date was 

recorded (Table 6.1). The final harvest was conducted several days prior to the vineyard’s 

commercial harvest. 

6.3.3. Quantitative analysis of grape berries 

Total soluble solids (TSS)  

All the berries were removed from the four clusters for each treatment while frozen. The 

berries were mixed thoroughly and used for all the analyses later. Approximately 50 g of 

fresh grape berries were randomly selected. The berries were counted and berry weight 

was determined by the total weight divided by berry numbers. The berries were placed in 

a clean zip-lock bag and squeezed manually to collect the juice. TSS (°Brix) was 

measured at room temperature using a PAL-1 pocket refractometer (Atago USA, Inc., 

Bellevue, WA). 

Carotenoid analysis in grapes  

Carotenoids were extracted according to literature with some modifications (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 frozen berries were randomly selected for each treatment, and were blended with 

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

standard (100 mg/L β-apo-8’-carotenal). Extraction was carried out with 100 mL of ethyl 

acetate contain 0.1% BHT, agitating for 30 min. After centrifuged at 1500 rpm for 5 min, 

the resulting upper layer was collected. The lower layer was extracted one more time 

with 50 mL of ethyl acetate contains 0.1% BHT. The combined upper layer extracts were 

evaporated to dryness at 30 ºC under vacuum (BÜCHI R205, Labortechnik AG). The 

residue was re-suspended in 1 mL of acetone/hexane (1:1, v/v, w/0.1% BHT) and 

centrifuged at 11000 rpm for 5 min. Clear extract were injected to HPLC. Each sample 

was extracted in triplicates. Sample handling, homogenization, and extraction were 
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carried out under dim light and kept cold to minimize light-induced isomerization and 

oxidation of carotenoids.  

The concentration of carotenoids 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). A Prodigy C18 column (100 Å, 5 µm, 250×4.6 

mm, Phenomenex) was used. The eluents were 100% ethyl acetate (solvent A) and 90% 

acetonitrile in milli-Q water (v/v) (solvent B). Total flow rate was 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 volume was 20 µL, and absorbance at 447 nm 

was used for quantification. 

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 (95% purity, Sigma, St. Louis, MO). Identification of the other carotenoids was 

performed by comparison retention time and UV visible photodiode array spectra with 

literature references (Mendes-Pinto et al. 2005; Oliveira et al. 2004; Oliveira et al. 2003). 

All the compounds were run in triplicates and calculated as β-carotene equivalent. 

Free C13-norisoprenoid analysis in grapes 

A 50/30 µm DVB/CAR/PDMS fiber (Supelco Inc., Bellefonte, PA) was used for C13-

norisoprenoids extraction. Approximately 30 g of grape berries were blended with liquid 

nitrogen, and 2 g berry powder was weighed into a 20 mL autosampler vial. Eight mL of 

citrate buffer (0.2 M, pH 3.2, saturated with NaCl) and 20 µL of internal standard (50 

mg/L 4-octanol) and a small magnetic stir bar were added. The vials were tightly capped 

and equilibrated at 50 °C in a thermostatic bath for 15 min and extracted by SPME fiber 

for 30 min at the same temperature with stirring (500 rpm). After extraction, the fiber was 

inserted into the injection port of GC (250 °C) to desorb the analytes. The extraction and 

injection was conducted by autosampler (Gerstel, Linthicum, MD).  
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An Agilent 6890 gas chromatograph equipped with an Agilent 5973 mass selective 

detector (Agilent, Santa Clara, CA) was used. 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 1.0 mL/min was used. The chromatographic 

program was set at 35 ºC for 4 min, raised to 150 ºC at 20 ºC/min, and then raised to 230 

ºC at 4 ºC/min, hold for 10 min. MS transfer line and ion source temperatures 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. 

Hydrolytically liberated C13-norisoprenoids in grapes  

Extraction of hydrolytically liberated volatile compounds were followed the published 

method with some modification (Ibarz et al. 2006). Briefly, 2 g of powdered berry and 8 

mL of citrate buffer (0.2 M, pH 2.5, saturated with NaCl) were added into 20 mL 

autosampler vial. The vial was tightly capped and kept in water bath (99 °C) for 1 hour. 

After cooling down to room temperature in cold water, 20 µL of internal standard (50 

mg/L, 4-octanol) was added. The acid hydrolyzed samples were analyzed using SPME-

GC-MS method described previously.  

Identification and quantification of volatile compounds 

Volatile compounds were identified by comparing their mass spectra with the Wiley-275 

library and by comparing the mass spectra and retention time with authentic standards. 

Standard calibration curves were developed using pure chemical standards and calculated 

through GC/MSD ChemStation software (Agilent Technologies, Santa Clara, CA). 

6.3.4. Statistical analysis 

Volatile compounds that significantly changed (p <0.05) during berry development were 

determined using one-way analysis of variance (ANOVA) with post hypothesis of 

Tukey’s HSD. ANOVA, Multivariate tests (MANOVA) were carried out using SPSS 

20.0 (IBM, Armonk, NY, USA).  
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6.4. Results and Discussion  

6.4.1. Basic parameters of berry development 

Samples were collected weekly from onset of ripening (véraison), which occurred in mid 

August 2013 (Table 6.1). Véraison was the inception of the ripening stage, at which time 

berry became soft and begin to change color, total soluble solids increased dramatically 

from that time point onward, and juice pH decreased (Table 6.2). In this study, TSS 

increased until harvest, together with a slight loss in berry weight, indicating that 

desiccation of the berries by harvest time. Nevertheless, there were no differences in 

berry weight by treatment for any sampling date. There was no difference in Brix and pH 

for most sampling dates during the ripening phase with the exception of Grass-Full crop 

on 26-Aug. 

6.4.2. Carotenoid degradation  

In this study, we specifically monitored the carotenoid degradation and C13-norisoprenoid 

synthesis during berry development within different vineyard floor and crop level 

treatments. β-Carotene and lutein were the most abundant carotenoids in Pinot noir 

berries. Other carotenoids, such as neochrome a, neochrome b, neoxanthin and 

flavoxanthin, were presented in berries at much lower concentration (Table 6.3). β-

Carotene and neochrome b continuously decreased after véraison. However, the 

degradations of other carotenoids were not obvious (Table 6.3). This was in agreement 

with previous report that the degradations of these carotenoids occurred mainly before 

véraison and the concentration after véraison were relatively consistent in Pinot noir 

grapes (Yuan and Qian 2016).  

At véraison (0 DPV, 0 days post véraison), no statistical differences were found for β-

carotene and lutein concentration between treatments. Starting from 14 DPV, grapes 

sampled from Tilled-Full Crop and Tilled-Half Crop had higher concentration of β-

carotene and lutein in the berries compared to grapes sampled from Grass-Full Crop and 

Grass-Half Crop vines. The changes of neochrome a, neoxanthin and flavoxanthin were 
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more complicated as some fluctuation occurred. The relationship between individual 

carotenoid and ripening days, vineyard floor treatments and crop level treatments was 

investigated by multivariate analysis through linear regression (Table 6.4). It was 

expected that all the carotenoids were significantly correlated with ripening days except 

for lutein. Changes of floor management had significant effect on neochrome b, lutein 

and β-carotene concentration (p<0.001) in grape berries. Crop level treatments had a 

significant effect on neochrome a and β-carotene (p=0.001 and 0.026 respectively). The 

result also showed some interactions between time, vineyard floor treatments and crop 

level treatments factors, indicating the effect of vigor and yield change on grape 

carotenoids also depended on growing stage. 

6.4.3. C13-norisoprenoid accumulation 

C13-norisoprenoids, such as β-damascenone and β-ionone, contribute to the berry, 

tobacco, honey, and violet aroma in wine. Since they presented in grape berry as both 

free and glycosidically bounded form, acid hydrolysis were selected to monitor the C13-

noirsoprenoid potential (or total C13-norisoprenoids) because it has been reported that 

acid hydrolysis was more suitable to predict red grape aroma potential than enzyme 

hydrolysis (Loscos et al. 2009). There were four C13-norisoprenoids quantified in this 

study (β-damascenone, β-ionone, TDN and vitispirane), among which TDN and 

vitispirane were only detected in the hydrolysates. Free form β-damascenone, β-ionone 

and α-ionone concentration in Pinot noir grape berries was low and slowly decreased 

during ripening (Figure 6.1). C13-norisoprenoid concentrations in hydrolysates were 

around ten times higher compared to the free form, indicated that they were occurring in 

grapes dominantly as non-volatile precursors. It is interesting that although C13-

norisoprenoids were derived from carotenoid breakdown (Baumes et al. 2002; 

Kanasawud and Crouzet 1990; Razungles et al. 1988), their evolution pattern was quite 

different. Only total β-damascenone increased dramatically during grape ripening while 

total β-ionone slowly decreased during ripening (Figure 6.1), which was in agreement 

with our previous study and the decreasing in concentrations were more likely due to the 

dilution effect by the quick berry volume increase after véraison (Yuan and Qian 2016). 
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Both free and total C13-norisoprenids were affected by vineyard floor managements 

(Figure 1). Tilled-Full Crop and Tilled-Half Crop treatments only resulted in very small 

difference on free form β-damascenone at beginning of ripening and at harvest time, but 

resulted in higher total β-damascenone most of the time during ripening. Tilled-Full Crop 

and Tilled-Half Crop treatments also resulted in consistent higher free form β-ionone 

during ripening. But these floor managements (Grass and Tilled) only affected total β-

ionone concentration before harvest but not at harvest time. It was interesting that 

towards harvest time, the difference of total β-damascenone and β-ionone concentration 

caused by Tilled and Grass treatments were getting smaller, indicating the difference 

might come from the delay of ripening. Therefore the difference could be compensated if 

the fruits could be kept on the vines for a longer time.   

Multivariate analysis was performed to investigate the relationship between individual 

C13-norisoprenoid (hydrolytically released), ripening days, floor management (FM) and 

crop level (CL) through linear regression (Table 6.5). The results showed that CL had 

very limited impact on C13-norisoprenoids in grape during berry development. Most of 

the C13-norisoprenoids were closely associated with the FM and interaction between time 

and FM except for vitispirane A. Interaction between time and FM was also observed for 

β-damascenone and β-ionone (p=0.001 and <0.001 respectively), indicating that depend 

on time, the FM had different effect on β-damascenone and β-ionone concentrations. 

6.4.4. Correlation between carotenoids and C13-norisoprenoids 

It is widely recognized that carotenoid degradation occurs either via non-specific 

mechanisms such as (photo) chemical oxidation or oxidation by non-specific enzymes 

including lipoxygenases and peroxidases, but the mechanisms are still poorly understood 

(Carail and Caris-Veyrat 2006; Walter and Strack 2011). Our observation supports that 

the carotenoid cleavage is more likely to be enzyme-involved and gene-regulated. 

Previously, field data from this trial showed that the vines from Grass treatments have 

fewer canopies and more sunlight infiltration than the vines from Tilled treatments 

(Reeve et al., in preparation), which might influence the carotenoid biosynthesis 
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pathways. It was reported that more cluster zone sunlight exposure resulted in higher β-

damascenone concentration in Pinot noir berries (Feng et al. 2015). However, in our 

study, more sunlight infiltration didn’t increase the β-damascenone concentration. In 

contrary, β-damascenone concentration was lower in berries with Grass treatment. This 

inconsistency indicated other factors such as nitrogen status might also play a role. Since 

cover crops can reduce vine vigor by nutrient and water competition with grapevines 

(Celette et al. 2009). Our previous study also showed that β-damascenone in Pinot noir 

berries were affected by vine nitrogen status in a pot-in-pot system, which cluster 

sunlight exposure was kept consistent by leaf removal (Chapter 3 and Chapter 4). 

Therefore, in this study, the differences of C13-norisopreoids by different treatments were 

likely to be nitrogen induced. It was worthy to be mentioned that both β-damascenone 

and β-ionone in berries from Tilled treatments were significantly higher than Grass 

treatments at beginning of the experimental period, but not for carotenoids. These 

observations indicated that the vigor difference might affect C13-norisoprenoid 

biosynthesis pathway before véraison, possibly by increasing the carotenoid synthesis 

and advancing the degradation. However, more information is still needed to confirm this 

hypothesis. 

6.5. Conclusions 

In summary, this study investigated the influence of carotenoid breakdown and C13-

norisoprenoids synthesis in Pinot noir grapes growing under different vineyard floor 

management and crop levels. Floor managements had a greater influence than crop level 

on carotenoids composition in grapes during ripening. Grass between vines resulted in 

slower berry carotenoid degradation during ripening. Correspondingly, floor 

managements also had a greater influence than crop level on C13-norisoprenoid 

composition in grapes during ripening. Tillage between vines resulted in an earlier berry 

C13-norisoprenoid accumulation compared to grass cover. More study is needed to 

understand the role of other factors such as vine nitrogen status involved in these 

observations.   
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Table 6.1 Phenology of Pinot noir grapes at sampling time points during 2013 

Date 

Days post 

véraison Description 

12-Aug 0 Beginning of véraison (20 to 25% color change) 

19-Aug 7 75% color change 

26-Aug 14 Nearly 100% full color 

3-Sep 22 Full color, ~18-20°Brix 

10-Sep 29 Full color, ~21°Brix 

18-Sep 37 Harvest, ~22 °Brix 
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Table 6.2 Berry weight and basic ripening parameters of Pinot noir grapes during ripening and harvest in 

2013 

 
Treatment a TSS (°Brix) pH 

Berry weight 

(g/berry) 

12-Aug 

(0 DPV) 

Grass-Full Crop 9.8  2.36  0.69  

Grass-Half Crop 9.7  2.34  0.71 

Till-Full Crop 10.7  2.46  0.70  

Tilled-Half Crop 11.5  2.50  0.82  

P-value ns ns ns 

19-Aug 

(7 DPV) 

Grass-Full Crop 13.2  2.66  0.74  

Grass-Half Crop 14.2  2.72  0.77  

Till-Full Crop 14.1  2.71  0.79  

Tilled-Half Crop 15.3  2.79  0.84  

P-value ns ns ns 

26-Aug 

(14 DPV) 

Grass-Full Crop 15.8 b 2.79 b 0.98 

Grass-Half Crop 16.8 a 2.79 b 1.03 

Till-Full Crop 17.2 a 2.83 ab 0.98 

Tilled-Half Crop 16.7 ab 2.96 a 0.92 

P-value 0.002 0.024 ns 

3-Sep 

(22 DPV) 

Grass-Full Crop 19.3  2.79  1.04  

Grass-Half Crop 20.1 2.85 1.04  

Till-Full Crop 19.7  2.86  1.00  

Tilled-Half Crop 20.7  2.89  1.04  

P-value ns ns ns 

10-Sep 

(29DPV) 

Grass-Full Crop 19.5  3.27  1.08  

Grass-Half Crop 19.7  3.28 1.04  

Till-Full Crop 20.1  3.28  1.07  

Tilled-Half Crop 20.9  3.37  1.00 

P-value ns ns ns 

18-Sep 

(37 DPV) 

Grass-Full Crop 21.0  3.43  0.96  

Grass-Half Crop 21.6  3.51  1.00  

Till-Full Crop 21.6  3.49  1.07  

Tilled-Half Crop 22.0  3.52  0.98  

P-value ns ns ns 

Mean presented. Different letters represent significantly (Tukey HSD, P < 0.05) different in means (n=5 dependent 

field sample). ns, not significant. nd, not detected. a Grass-Full Crop:  grass between vine rows and full crop); Tilled-

Full Crop:  tilled between vine rows and full crop; Grass-Half Crop: grass between vine rows and half crop; Tilled-

Half Crop: tilled between vine rows and half crop. DPV, days post véraison. 
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Table 6.3 Carotenoid content (μg/kg berry) of Pinot noir grapes at different sampling time during 

2013 

 
Treatment a Neochrome a Neoxanthin Neochrome b Flavoxanthin Lutein β-Carotene 

12-Aug 

(0 DPV) 

Grass-Full Crop 17.6 ab 40.0  3.42 b 13.5 271  245  

Grass-Half Crop 16.3 ab 42.2  2.27 b 24.6  402  241  

Till-Full Crop 24.0 a 46.8  13.2 a 19.0  289 292  

Tilled-Half Crop 13.7 b 40.2  4.54 b 16.9  375  252  

P-value 0.050 ns 0.002 ns ns ns 

19-Aug 

(7 DPV) 

Grass-Full Crop 11.4  23.9 ab nd b 12.1 b 208 b 186  

Grass-Half Crop 13.0  27.8 ab 3.32 a 25.6 a 310 a 176  

Till-Full Crop 14.5  35.9 a nd b 15.4 b 296 ab 220  

Tilled-Half Crop 8.58  17.1 b 3.01 a 23.4 a 300 a 184  

P-value ns 0.029 <0.001 0.001 0.021 ns 

26-Aug 

(14 DPV) 

Grass-Full Crop 4.66  15.7  nd 9.24 b 227 c 138 bc 

Grass-Half Crop 4.84  20.8  0.60  10.4 b 267 bc 123 c 

Till-Full Crop 4.88  19.9  1.42  11.9 ab 328 ab 169 a 

Tilled-Half Crop 5.85  27.6  0.56  13.3 a 346 a 164 ab 

P-value ns ns ns 0.007 0.003 0.002 

3-Sep 

(22 DPV) 

Grass-Full Crop 6.37 a 34.1  0.81  20.8 a 309 ab 106 c 

Grass-Half Crop 2.60 b 27.1 nd 11.2 b 287 b 114 bc 

Till-Full Crop 7.01 a 44.0  0.96  26.1 a 429 a 147 ab 

Tilled-Half Crop 5.72 ab 31.8  1.83  11.3 b 385 ab 156 a 

P-value 0.022 ns ns 0.001 0.022 0.004 

10-Sep 

(29 DPV) 

Grass-Full Crop 2.07  23.2  nd 11.3  282 b 105 b 

Grass-Half Crop 1.99  28.2  nd 12.2  300 ab 105 b 

Till-Full Crop 2.68  30.8  nd 14.5  382 a 145 a 

Tilled-Half Crop 2.45  30.9  nd 14.5  369 ab 133 ab 

P-value ns ns - ns 0.023 0.005 

18-Sep 

(37 DPV) 

Grass-Full Crop 6.02  28.1 b nd 17.4 ab 299 b 106 ab 

Grass-Half Crop 3.45  24.8 b nd 12.0 b 300 b 94.3 b 

Till-Full Crop 6.89  39.5 a nd 23.0 a 397 a 130 a 

Tilled-Half Crop 4.41  28.0 b nd 11.3 b 368 ab 117 ab 

P-value ns 0.005 - 0.001 0.012 0.008 

Mean presented. Different letters represent significantly (Tukey HSD, P < 0.05) different in means (n=5 dependent field 

sample). ns, not significant. nd, not detected. a Grass-Full Crop: grass between vine rows and full crop); Tilled-Full Crop: 

tilled between vine rows and full crop; Grass-Half Crop: grass between vine rows and half crop; Tilled-Half Crop: tilled 

between vine rows and half crop. DPV, days post véraison. 
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Table 6.4 MANOVA and post hoc ANOVAs for carotenoids  

    
Tests of Between-Subjects Effects (ANOVA) 

  
 Multivariate tests (MANOVA) 

P-value  P-value 

Effect Df Neochrome a Neoxanthin Neochrome b Flavoxanthin Lutein β-Carotene  Wilks' Lambda 

Time 5 <0.001 0.005 <0.001 0.004 0.099 <0.001  <0.001 

Floor Mgmt. (FM) 1 0.138 0.127 <0.001 0.192 <0.001 <0.001  <0.001 

Crop Level (CL) 1 0.001 0.334 0.25 0.632 0.162 0.026  <0.001 

Time * FM 5 0.795 0.985 <0.001 0.925 0.435 0.809  <0.001 

Time * CL 5 0.038 0.602 <0.001 <0.001 0.208 0.437  <0.001 

Vigor * CL 1 0.057 0.202 0.02 0.049 0.238 0.254  0.255 

Time * FM * CL 5 0.021 0.904 <0.001 0.705 0.988 0.719  0.01 

Design: Intercept + Time + FM + CL + Time * FM + Time * CL + FM * CL + Time * FM * CL. A linear regression model in which the mean carotenoid 

concentration changes linearly with time, with possibly unequal slopes and intercepts, where FM is an indicator variable for the floor management being Grass 

and Tilled, CL is an indicator variable for the crop level being Full Crop and Half Crop. Significant results are printed in bold (p < 0.05). 
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Table 6.5 MANOVA and post hoc ANOVAs for total C13-norisoprenoids  

  
Tests of Between-Subjects Effects (ANOVA) 

Multivariate Tests 

(MANOVA) 

p-value p-value 

Effect Df β-Damascenone α-Ionone Vitispirane A Vitispirane B TDN β-Ionone   Wilks' Lambda 

Time 5 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
 

<0.001 

Floor Mgmt. (FM) 1 <0.001 0.018 0.155 0.002 0.025 <0.001 
 

<0.001 

Crop Level (CL) 1 0.406 0.438 0.187 0.869 0.151 0.235 
 

0.384 

Time * FM 5 0.001 0.398 0.219 0.913 0.947 <0.001 
 

<0.001 

Time * CL 5 0.753 0.200 0.849 0.903 0.434 0.585 
 

0.666 

Vigor * CL 1 0.302 0.984 0.643 0.617 0.921 0.813 
 

0.944 

Time * FM * CL 5 0.347 0.818 0.978 0.312 0.326 0.412 
 

0.305 

Design: Intercept + Time + FM + CL + Time * FM + Time * CL + FM * CL + Time * FM * CL. A linear regression model in which the mean C13-

norisoprenoid concentration changes linearly with time, with possibly unequal slopes and intercepts, where FM is an indicator variable for the floor management 

being Grass and Tilled, CL is an indicator variable for the crop level being Full Crop and Half Crop. Significant results are printed in bold (p < 0.05).  
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Figure 6.1 C13-norisoprenoids in Pinot noir grape under different treatment during the 

grape ripening.  

Grass-Full Crop: grass between vine rows and full crop); Tilled-Full Crop: tilled between 

vine rows and full crop; Grass-Half Crop: grass between vine rows and half crop; Tilled-

Half Crop: tilled between vine rows and half crop. (a) Free β-damascenone (b) free β-

ionone (c) β-damascenone potential (d) β-ionone potential. Star showed the significant 

level between treatments: * p<0.05, ** p<0.01, *** p<0.001. 
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CHAPTER 7 GENERAL CONCLUSIONS 

In summary, the work presented in this dissertation illustrated the impacts of vine nutrient 

status, vine vigor and crop level on grape and wine aroma of Oregon Pinot noir. The 

aroma compounds in grapes and wines were investigated by multiple techniques 

including GC-MS/Olfactometry, HS-SPME-GC-MS, SBSE-GC-MS, HS-SPME-GC-FID 

and HS-SPME-GC-PFPD. The major findings are summarized and discussed as 

following: 

a) The first study in Chapter 2 was designed to answer the fundamental question –

which grape-derived volatile compound is odor-active and possibly related to 

grape and wine quality. Through GC-O and AEDA study, we proved that not all 

volatile compounds in the grape berries were odor-active. Some compounds with 

very low concentration, such as C13-norisoprenoids, played important roles in the 

grape extract, which would contribute to the varietal characteristic of wine. Other 

compounds, such as 1-hexanol, although presented at high concentration in grapes, 

were relatively less important. Therefore, in the following studies, we focused 

more on the odor-active and high potency compounds.  

b) In the second study (Chapter 3 and Chapter 4), we further investigated the 

possible impact of nutrient on volatile composition of grape and wine respectively 

in three consecutive years. This study was conducted in a pot-in-pot system with 

water and nutrient supply carefully controlled. In this study we proved our 

hypothesis that altered vine nitrogen supply could change grape and wine aroma 

composition, but phosphorus and potassium showed very limited impact. Low 

vine nitrogen supply influenced grape aroma compounds such as C6 aldehydes 

and β-damascenone. Low vine nitrogen supply also influenced fermentation-

derived aroma in wine, especially for esters and higher alcohols. We also 

provided some evidence that adding yeast assimilable nitrogen (YAN) to limit 

formation of H2S in wine fermentations probably is not necessary. Future works 

such as sensory evaluation is still needed to elucidate the relationship between 
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vine nutrient supply and wine aroma quality and help to find the “sweet spot” of 

vine nutrient level.   

c) In the third study (Chapter 5 and Chapter 6), we investigated wine aroma profile 

influenced by two viticultural practices—cover cropping and crop thinning. The 

wine volatile analysis in three vintages indicated that cover crop affected the wine 

volatile composition mainly by increasing some branched-chain esters in wine. 

However, different level of crop thinning did not show much influence on wine 

volatile composition. As a sub project of this study, we investigated C13-

norisoprenoids and their precursors—carotenoids, in Pinot noir grape during berry 

development in the third year of this trial. The results clearly illustrated that cover 

crop resulted in a delay of carotenoid break down as well as C13-norisoprenoid 

accumulation at beginning of berry ripening, but the difference was getting 

smaller approaching the harvest. And there was evidence that wine volatile 

change might be related to the vine nitrogen status. Further study is needed to 

confirm this hypothesis.  
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Table S3.1 Concentration of free form volatiles (μg/kg FW) in grape berries harvested in year 2012 

 
Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

C6 compounds 
           

1-hexanal 185±24 ab 177±24 ab 153±15 ab 158±16 ab 125±9 b 167±28 ab 162±44 ab 193±12 a 170±16 ab 178±39 ab 163±18 ab 

(E)-2-hexenal 339±62 346±63 298±59 278±30 240±35 290±11 243±30 324±31 303±31 323±68 287±29 

1-hexanol 842±182 875±200 762±153 781±98 786±181 854±179 791±183 895±175 757±90 912±145 718±134 

(Z)-3-hexenol 46.6±7.3 abc 54.8±10.2 ab 44.4±14.1 abc 31.1±5.2 bc 25.9±8.7 c 40.4±9.6 abc 48.7±14.0 abc 61.2±17.6 a 34.7±10.3 abc 43.6±4.8 abc 38.4±12.8 abc 

(E)-2-hexenol 114±13 130±29 122±25 125±33 136±22 151±12 124±27 128±31 133±22 141±28 134±22 

Terpenoids 
           

linalool 1.23±0.18 a 1.09±0.10 a 1.00±0.17 ab 1.01±0.24 a 1.17±0.15 a 1.10±0.07 a 1.04±0.30 a 1.15±0.09 a 1.09±0.06 a 0.63±0.06 b 1.01±0.03 a 

α-terpineol 0.50±0.12 0.52±0.13 0.45±0.11 0.63±0.18 0.59±0.01 0.49±0.07 0.66±0.13 0.35±0.10 0.83±0.14 0.68±0.19 0.66±0.16  

β-citronellol 2.12±0.26 1.72±0.47 1.60±0.47 1.68±0.55 1.25±0.40 1.80±0.11 1.78±0.06 1.35±0.44 1.59±0.11 1.52±0.02 1.65±0.10 

geraniol 1.27±0.24 abc 1.65±0.39 ab 1.56±0.46 abc 1.42±0.31 abc 2.20±0.31 a 1.38±0.32 abc 1.28±0.21 abc 1.20±0.14 abc 0.91±0.23 c 1.17±0.15 abc 1.04±0.25 abc 

C13-norisoprenoids 
          

β-damascenone 0.45±0.07 d 0.75±0.17 ab 0.71±0.13 bc 0.71±0.06 bc 0.98±0.10 a 0.60±0.11 bcd 0.56±0.08 bcd 0.51±0.07 cd 0.41±0.07 d 0.43±0.05 d 0.43±0.06 d 

β-ionone 0.31±0.05 ab 0.27±0.07 ab 0.23±0.04 b 0.26±0.04 ab 0.23±0.07 b 0.29±0.06 ab 0.22±0.01 b 0.31±0.06 ab 0.40±0.11 a 0.29±0.03 ab 0.26±0.06 ab 

Miscellaneous 
           

1-octen-3-ol 4.69±0.69 d 5.31±0.21 cd 5.84±0.48 abcd 5.61±0.91 bcd 6.95±0.83 abc 6.83±0.57 abcd 7.77±1.31 a 6.81±0.68 abcd 7.07±1.38 abc 7.48±0.91 ab 5.68±0.98 abcd 

1-heptanol 2.51±0.35 ab 2.67±0.35 ab 2.41±0.36 ab 2.25±0.10 b 2.16±0.26 b 2.83±0.31 ab 3.57±1.18 a 3.37±0.95 ab 2.85±0.31 ab 3.01±0.29 ab 2.59±0.19 ab 

1-octanol 12.0±0.79 a 11.5±0.75 ab 12.0±0.36 a 10.7±0.49 abcd 11.3±0.71 abc 11.0±0.44 abc 11.3±1.11 abc 11.0±0.52 abc 9.82±0.54 cd 10.1±0.50 bcd 9.19±0.50 d 

benzeneethanol 59.5±14.2 60.5±7.9 52.7±13.7 54.9±11.8 64.3±5.8 68.8±9.7 61.4±11.2 74.1±23.4 73.2±17.5 82.4±10.1 64.0±18.4 

benzyl alcohol 198±30 185±22 207±32 244±62 298±67 220±43 215±46 237±70 216±68 260±67 201±60 

(E)-2-octenal 2.25±0.32 ab 2.40±0.31 ab 2.16±0.32 b 2.02±0.09 b 1.93±0.23 b 2.54±0.27 ab 2.70±0.07 ab 3.02±0.85 a 2.55±0.28 ab 2.70±0.25 ab 2.32±0.17 ab 

hexanoic acid 369±50 341±52 302±51 228±66 272±23 289±93 293±71 289±83 310±43 334±71 304±124 

Mean±SD (n=4 field replicates) presented. Different letters in a row represent significantly (Tukey HSD, p<0.05) different in means.
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Table S3.2 Concentration of free form volatiles (μg/kg FW) in grape berries harvested in year 2013 

 
Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

C6 compounds 
           

1-hexanal 177±21 a 171±22 a 167±21 ab 160±15 ab 101±22 c 140±14 abc 135±14 abc 129±36 abc 139±32 abc 113±20 bc 124±18 abc 

(E)-2-hexenal 391±46 349±46 326±36 311±37 304±37 345±29 297±9 304±63 323±55 296±47 303±40 

1-hexanol 495±104 443±73 443±65 502±132 342±105 375±93 415±66 397±54 412±121 376±129 303±76 

(Z)-3-hexenol 20.2±7.3 16.3±2.7 12.6±2.7 15.6±4.8 14.1±2.1 13.5±1.8 12.2±4.1 16.2±4.4 15.7±2.6 13.9±1.6 11.7±1.3 

(E)-2-hexenol 135±25 118±23 118±21 124±29 119±21 127±20 129±4 133±5 134±8 123±17 114±16 

Terpenoids 
           

linalool 0.96±0.05 a 0.88±0.10 ab 0.79±0.20 ab 0.85±0.10 ab 0.87±0.10 ab 0.89±0.10 ab 0.72±0.14 ab 0.66±0.07 b 0.68±0.04 b 0.86±0.06 ab 0.84±0.06 ab 

α-terpineol 0.36±0.10 0.41±0.12 0.39±0.08 0.39±0.13 0.37±0.13 0.34±0.09 0.42±0.09 0.39±0.13 0.44±0.15 0.34±0.14 0.44±0.08 

β-citronellol 1.67±0.23 ab 1.55±0.20 abc 1.38±0.06 abcd 1.05±0.34 cd 1.10±0.09 cd 1.28±0.21 abcd 1.10±0.26 bcd 0.90±0.03 d 0.86±0.12 d 1.15±0.46 bcd 1.11±0.08 bcd 

geraniol 0.54±0.11 bc 0.61±0.18 bc 0.65±0.20 abc 0.82±0.14 ab 1.08±0.35 a 0.62±0.05 abc 0.50±0.11 bc 0.39±0.07 bc 0.49±0.15 bc 0.44±0.02 bc 0.23±0.26 c 

C13-norisoprenoids 
          

β-damascenone 0.23±0.02 c 0.27±0.05 c 0.33±0.09 bc 0.50±0.13 ab 0.53±0.14 a 0.26±0.01 c 0.22±0.05 c 0.18±0.02 c 0.21±0.07 c 0.19±0.01 c 0.18±0.03 c 

β-ionone 0.25±0.03 a 0.19±0.01 abc 0.19±0.03 abc 0.15±0.02 c ND d 0.23±0.08 ab 0.17±0.03 abc 0.13±0.01 c 0.13±0.03 c 0.17±0.01 bc 0.14±0.02 c 

Miscellaneous 
           

1-octen-3-ol 5.79±0.72 ab 6.34±1.53 ab 5.59±1.00 b 8.23±1.19 a 5.08±1.09 b 5.58±0.59 b 4.87±1.41 b 4.76±1.08 b 6.26±0.47 ab 4.76±0.65 b 7.17±1.12 ab 

1-heptanol 2.41±0.30 2.33±0.31 2.10±0.15 2.29±0.29 1.72±0.25 2.44±0.57 2.24±0.43 2.04±0.34 2.19±0.44 1.79±0.09 2.00±0.08 

1-octanol 9.64±0.72 a 8.68±0.78 ab 8.31±0.11 abc 7.94±0.54 bc 7.48±0.57 bcd 7.74±0.44 bc 6.97±1.02 cde 6.27±0.62 de 5.77±0.22 e 7.56±0.32 bcd 7.87±0.49 bc 

benzeneethanol 36.0±9.9 ab 31.2±5.7 ab 39.3±9.5 ab 35.5±6.3 ab 40.5±9.1 ab 41.9±7.1 ab 48.7±3.6 a 36.4±10.4 ab 30.4±2.6 ab 40.8±10.5 ab 27.2±4.9 b 

benzyl alcohol 117±20 b 128±32 ab 136±31 ab 125±8 b 151±26 ab 154±23 ab 193±42 a 130±23 ab 159±15 ab 163±30 ab 127±33 b 

(E)-2-octenal 2.16±0.27 2.09±0.28 1.88±0.13 2.05±0.26 1.54±0.23 2.19±0.52 2.01±0.39 1.83±0.30 1.96±0.39 1.61±0.08 1.79±0.08 

hexanoic acid 201±39 ab 187±41 abc 155±9 bc 147±37 bc 161±25 abc 228±42 a 163±28 abc 151±16 bc 134±14 bc 163±30 c 114±28 abc 

Mean±SD (n=4 field replicates) presented. ND-not detected. Different letters in a row represent significantly (Tukey HSD, p<0.05) different in means.



 

 

170 

Table S3.3 Concentration of free form volatiles (μg/kg FW) in grape berries harvested in year 2014 

 
Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

C6 compounds 
           

1-hexanal 139±21 ab 139±15 ab 141±31 ab 107±10 b 106±13 b 157±26 ab 166±24 ab 178±7 a 135±21 ab 110±13 b 119±16 ab 

(E)-2-hexenal 302±57 278±40 294±59 225±36 218±40 298±39 272±51 289±11 283±58 243±38 278±39 

1-hexanol 481±103 bc 538±76 abc 672±92 ab 595±103 abc 722±165 a 405±17 c 454±70 bc 519±66 abc 457±149 bc 435±78 c 492±48 abc 

(Z)-3-hexenol 18.7±2.4 ab 16.0±4.1 ab 23.9±4.8 a 16.2±3.3 ab 17.4±1.7 ab 13.9±3.9 b 15.5±0.9 b 16.5±1.8 ab 16.3±5.6 ab 13.4±1.8 ab 16.2±1.4 ab 

(E)-2-hexenol 123±17 119±15 129±7 126±19 132±6 108±13 114±12 124±7 107±12 119±16 129±17 

Terpenoids 
           

linalool 0.78±0.16 0.79±0.16 0.76±0.06 0.71±0.12 0.62±0.06 0.65±0.06 0.68±0.16 0.76±0.13 0.80±0.13 0.63±0.09 0.56±0.10 

α-terpineol 0.37±0.13 0.47±0.16 0.35±0.09 0.42±0.12 0.35±0.09 0.34±0.09 0.30±0.05 0.37±0.13 0.38±0.12 0.39±0.11 0.49±0.12 

β-citronellol 1.33±0.31 1.34±0.41 1.10±0.04 1.12±0.10 1.05±0.08 1.12±1.10 0.90±0.07 0.85±0.10 1.02±0.15 0.94±0.19 0.92±0.25 

geraniol 0.50±0.04 abc 0.77±0.17 a 0.74±0.22 ab 0.60±0.55 abc 0.46±0.04 c 0.47±0.08 bc 0.44±0.02 c 0.55±0.04 abc 0.51±0.06 abc 0.39±0.10 c ND d 

C13-norisoprenoids 
          

β-damascenone 0.26±0.08 c 0.52±0.10 a 0.50±0.13 ab 0.32±0.06 bc 0.21±0.03 c 0.20±0.03 c 0.18±0.02 c 0.24±0.03 c 0.22±0.04 c 0.16±0.04 c 0.16±0.04 c 

β-ionone 0.19±0.01 a 0.18±0.03 ab 0.13±0.01 b 0.15±0.02 ab 0.14±0.03 ab 0.14±0.02 ab 0.16±0.02 ab 0.14±0.01 ab 0.17±0.03 ab 0.17±0.03 ab 0.19±0.03 ab 

Miscellaneous 
           

1-octen-3-ol 4.01±0.29 b 4.51±0.75 ab 6.07±0.67 ab 4.10±0.83 b 3.47±0.81 b 4.46±1.41 ab 5.02±1.44 ab 6.15±1.46 ab 4.64±1.41 ab 3.82±0.42 b 6.87±1.71 a 

1-heptanol 2.42±0.28 ab 2.67±0.35 a 2.38±0.41 ab 1.74±0.45 b 1.70±0.33 b 2.13±0.30 ab 2.46±0.29 ab 2.50±0.30 ab 2.21±0.42 ab 2.33±0.36 ab 2.61±0.13 a 

1-octanol 7.50±0.69 ab 7.99±0.61 a 7.13±0.26 abc 6.18±0.66 bc 5.74±0.35 c 6.22±0.59 bc 6.42±0.78 bc 6.77±0.40 abc 6.88±0.92 abc 6.02±0.54 c 6.06±0.53 bc 

benzeneethanol 55.0±10.8 a 45.2±8.6 ab 43.4±7.7 ab 36.5±8.4 ab 32.0±9.1 b 33.5±2.7 ab 44.5±9.0 ab 39.8±5.0 ab 45.9±8.8 ab 44.1±13.0 ab 37.9±7.5 ab 

benzyl alcohol 171±29 ab 194±41 ab 157±18 ab 136±40 ab 111±32 b 144±12 ab 182±48 ab 196±45 ab 201±47 a 131±38 ab 137±31 ab 

(E)-2-octenal 2.17±0.25 ab 2.40±0.31 a 2.13±0.37 ab 1.55±0.41 b 1.53±0.29 b 1.91±0.27 ab 2.21±0.26 ab 2.24±0.27 ab 2.18±0.50 ab 2.09±0.32 ab 2.34±0.11 a 

hexanoic acid 140±41 a 140±39 a 121±14 a 77.8±14.2 ab 52.9±8.6 b 114±10 ab 117±3 ab 116±38 ab 135±16 a 121±29 a 137±9 a 

Mean±SD (n=4 field replicates) presented. ND-not detected. Different letters in a row represent significantly (Tukey HSD, p<0.05) different in means. 
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Table S3.4 Concentration of Bound form terpenoids (μg/kg FW) in grape berries from 2012 to 2014 

 
Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

2012 
           

(Z)-linalool oxide 76.0±3.6 abc 87.0±10.8 ab 91.6±6.8 a 81.6±9.6 abc 90.1±10.7 a 65.5±5.0 bc 73.8±12.9 abc 63.2±10.6 c 73.3±11.8 abc 76.1±2.5 abc 80.8±9.5 abc 

(E)-linalool oxide 105±5 ab 110±15 a 109±12 a 99±13 ab 105±9 ab 82±4 b 95±10 ab 85±12 ab 91±12 ab 92±5 ab 98±13 ab 

linalool 10.3±1.4 b 15.0±1.4 a 13.0±1.7 ab 11.8±1.9 ab 13.0±1.9 ab 9.2±1.8 b 9.9±1.7 b 9.2±1.5 b 10.4±0.8 b 9.2±0.9 b 9.8±2.4 b 

α-terpineol 62.1±5.6 ab 72.2±18.4 ab 88.8±12.7 a 78.5±4.3 ab 87.2±14.1 a 51.8±10.3 b 56.4±9.4 b 45.9±6.1 b 45.0±12.6 b 55.7±9.3 b 50.8±9.9 b 

β-citronellol 6.52±1.64 8.04±1.91 8.05±0.55 7.93±1.16 9.39±0.60 6.83±1.79 7.87±1.17 7.82±1.38 8.30±0.42 6.85±0.61 6.77±1.12 

geraniol 6.95±0.65 cd 9.55±0.26 bc 9.24±0.15 bcd 11.76±0.20 b 14.93±2.79 a 6.30±0.76 d 6.64±1.03 cd 6.56±0.92 d 7.02±0.82 cd 6.61±1.27 cd 6.42±1.53 d 

2013 
           

(Z)-linalool oxide 62.3±8.3 ab 66.6±7.3 a 46.1±6.1 bc 50.1±6.1 abc 52.6±2.0 abc 40.8±5.2 c 53.0±3.1 abc 47.6±6.8 bc 41.7±6.7 c 55.2±7.8 abc 52.3±5.0 abc 

(E)-linalool oxide 76.3±5.8 a 74.4±7.9 ab 59.1±9.9 ab 63.6±10.4 ab 57.3±11.7 ab 53.5±4.5 b 61.6±7.3 ab 65.3±8.0 ab 54.7±11.3 b 66.4±9.0 ab 62.7±5.5 ab 

linalool 6.79±0.43 ab 8.06±1.57 a 6.76±1.05 ab 5.69±0.60 bc 5.83±1.25 bc 4.96±1.43 bc 3.89±0.52 c 4.90±0.41 bc 4.04±0.67 c 5.59±1.37 bc 4.79±0.31 bc 

α-terpineol 54.5±5.5 b 60.7±13.2 b 77.1±10.6 ab 107.5±11.2 a 82.4±15.0 ab 69.4±11.0 b 70.8±18.7 b 71.6±13.5 b 68.3±15.6 b 71.9±13.1 b 61.5±9.0 b 

β-citronellol 12.8±0.7 c 12.9±1.2 c 16.4±3.1 abc 12.2±1.7 c 15.6±4.3 bc 21.9±1.5 abc 17.6±3.1 abc 24.2±6.0 a 19.1±3.8 abc 23.3±3.3 abc 21.5±3.3 abc 

geraniol 4.61±0.43 ab 4.79±0.50 ab 4.54±1.06 ab 4.31±0.54 ab 5.03±0.30 a 5.03±0.62 a 5.19±0.83 a 3.33±0.23 b 3.28±0.78 b 3.61±0.79 ab 3.23±0.65 b 

2014 
           

(Z)-linalool oxide 57.7±7.4 63.7±7.8 57.0±7.4 50.8±11.8 45.3±2.2 49.5±8.9 53.4±6.8 49.4±6.5 50.2±8.3 45.6±6.3 58.6±9.5 

(E)-linalool oxide 65.8±10.9 73.6±5.5 67.7±11.5 51.9±6.6 52.1±1.2 62.4±7.1 65.8±9.0 66.8±5.8 64.9±6.8 58.7±5.2 64.9±8.0 

linalool 4.75±0.81 ab 6.48±0.98 ab 6.97±1.88 a 6.41±1.15 ab 5.92±0.05 ab 6.07±0.85 ab 5.68±0.11 ab 5.65±0.72 ab 6.08±0.84 ab 4.93±0.68 ab 4.01±0.41 b 

α-terpineol 49.2±8.4 ab 57.3±4.3 ab 64.1±4.2 ab 64.8±14.0 a 66.5±0.4 a 65.9±7.9 a 53.5±4.8 ab 56.9±10.0 ab 55.6±10.8 ab 46.7±6.8 ab 40.2±7.4 b 

β-citronellol 30.2±2.4 a 19.7±3.6 abc 22.5±4.5 ab 18.4±4.0 bc 10.1±1.6 c 26.7±4.5 ab 27.6±8.6 ab 26.1±5.7 ab 21.1±4.2 abc 17.2±1.0 bc 20.0±1.4 abc 

geraniol 4.79±0.53 ab 4.00±0.25 abc 3.15±0.84 c 4.23±0.75 abc 5.07±0.56 a 3.36±0.60 bc 3.81±0.44 abc 3.94±0.32 abc 3.61±0.76 abc 3.96±0.32 abc 3.99±0.33 abc 

Mean±SD (n=4 field replicates) presented. Different letters in a row represent significantly (Tukey HSD, p<0.05) different in means.
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Table S3.5 Concentration of C13-norisoprenoid potential (μg/kg FW) in grape berries from 2012 to 2014 

 
Control 75% N 50% N 30% N 15% N 50% P 20% P 0% P 50% K 20% K 0% K 

2012 
           

vitispirane 2.33±0.53 ab 3.10±0.60 ab 3.38±0.32 ab 2.82±0.35 ab 3.97±1.20 a 2.33±0.60 ab 2.17±0.17 b 2.53±0.60 ab 2.52±0.51 ab 3.73±1.03 ab 3.97±1.19 a 

β-damascenone 12.1±2.1 a 10.3±0.6 ab 9.33±1.0 ab 8.7±0.7 ab 7.5±1.3 b 9.6±1.4 ab 8.5±1.0 ab 11.2±2.9 ab 12.1±1.5 a 11.8±0.4 ab 11.9±1.2 a 

TDN 6.85±1.38 b 7.43±1.18 ab 7.39±1.29 ab 6.20±1.11 b 5.67±1.04 b 6.44±1.79 b 6.41±0.95 b 7.28±1.65 b 6.35±0.35 b 6.54±2.22 b 11.0±2.5 a 

β-ionone 0.45±0.09 0.31±0.04 0.44±0.07 0.37±0.07 0.36±0.09 0.44±0.13 0.32±0.08 0.43±0.07 0.46±0.13 0.44±0.11 0.45±0.11 

2013 
           

vitispirane 3.52±0.52 abc 3.32±0.52 abc 2.80±0.52 abc 3.67±0.67 ab 3.93±0.88 a 2.91±0.49 abc 2.32±0.34 c 2.36±0.53 bc 2.48±0.71 bc 2.25±0.33 c 2.29±0.25 c 

β-damascenone 14.4±0.4 a 12.6±0.7 ab 11.6±1.2 abc 10.5±1.1 bc 8.2±0.6 c 13.1±1.4 ab 12.2±1.2 ab 12.6±1.3 ab 13.3±2.7 ab 10.3±0.6 bc 10.5±1.8 bc 

TDN 9.76±1.07 9.50±1.02 7.87±1.07 10.0±3.0 10.1±2.7 9.23±2.66 7.21±0.92 6.76±0.94 8.78±1.54 9.11±1.07 8.99±0.88 

β-ionone 0.50±0.09 a 0.34±0.03 bc 0.38±0.09 ab 0.39±0.08 ab 0.20±0.03 c 0.33±0.03 bc 0.29±0.04 bc 0.28±0.04 bc 0.33±0.05 bc 0.20±0.01 c 0.26±0.05 bc 

2014 
           

vitispirane 2.00±0.44 bc 2.04±0.61 bc 2.60±0.34 abc 3.01±0.86 ab 3.56±0.62 a 2.20±0.56 bc 1.60±0.34 c 1.77±0.43 bc 1.43±0.25 c 1.70±0.42 c 1.63±0.42 c 

β-damascenone 13.0±2.2 a 11.7±1.7 ab 10.0±0.9 ab 7.4±1.0 b 7.6±1.5 b 11.0±1.4 ab 12.4±2.5 a 10.8±1.7 ab 9.8±2.1 ab 10.2±2.6 ab 9.5±1.3 ab 

TDN 8.15±1.02 ab 7.04±3.04 ab 8.59±1.44 a 7.83±2.28 ab 9.70±2.48 a 7.58±1.88 ab 6.21±0.85 ab 6.92±1.45 ab 3.99±0.31 b 4.09±0.87 b 6.15±1.63 ab 

β-ionone 0.30±0.05 ab 0.33±0.05 a 0.25±0.06 ab 0.14±0.001 b 0.15±0.03 b 0.29±0.07 ab 0.32±0.10 a 0.32±0.06 a 0.27±0.08 ab 0.25±0.06 ab 0.24±0.05 ab 

Mean±SD (n=4 field replicates) presented. Different letters in a row represent significantly (Tukey HSD, p<0.05) different in means. 
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Table S4.1 Concentrations of volatile compounds in Pinot noir wines from different vine nutrient supply in year 2012 

 
 

Control 75%N 50%N 30%N 15%N 50%P 20%P 0%P 50%K 20%K 0%K 

 Esters 
           

C9 ethyl acetatea 44.7±2.3 ab 40.4±1.2 abc 33.3±1.2 cd 29.2±4.1 de 24.1±0.5 e 46.8±3.9 a 44.9±2.2 ab 44.0±1.0 ab 38.9±6.3 bc 39.1±1.7 bc 43.9±1.7 ab 

C10 isoamyl acetate 187±25 de 220±33 cd 312±56 bc 342±92 ab 413±33 a 153±28 de 155±12 de 131±18 de 119±29 e 138±15 de 124±9 e 

C11 ethyl isobutyrate 21.5±0.9 cd 24.4±3.3 abcd 31.0±5.6 a 27.2±3.8 abc 30.4±5.1 ab 24.8±1.8 abcd 26.1±2.2 abcd 22.4±3.2 bcd 18.8±4.6 d 19.7±0.9 cd 21.0±2.6 cd 

C12 isobutyl acetate 50.9±12.3 ab 50.1±8.2 ab 56.4±11.5 a 47.3±5.5 ab 45.3±7.3 ab 49.4±5.4 ab 53.8±7.1 ab 41.4±2.4 ab 36.6±7.1 b 38.6±5.9 ab 40.2±3.4 ab 

C1 ethyl butanoate 167±21 abc 165±12 abc 144±12 abcd 111±28 de 77.0±9.1 e 192±34 a 182.5±29 ab 161±11 abc 124±24 cde 137±1 bcd 160±12 abcd 

C13 ethyl isovalerate 2.72±0.39 ab 3.29±0.65 ab 2.76±1.85 ab 3.35±0.61 ab 3.64±0.67 a 2.91±0.37 ab 2.11±1.46 bc 1.30±1.51 c 2.11±0.45 bc 2.11±0.06 bc 2.25±0.17 bc 

C2 ethyl hexanoate 152±13 a 141±6 ab 129±5 abcd 123±6 abcd 100±4 d 136±22 ab 120±18 bcd 131±10 abc 116±11 bcd 103±3 cd 120±15 bcd 

C3 ethyl pentanoate 1.02±0.13 ab 1.42±0.28 abc 1.66±0.17 ab 1.40±0.58 abc 2.04±0.37 a 1.12±0.20 bc 1.07±0.29 bc 1.05±0.14 bc 0.88±0.22 c 0.95±0.11 c 1.02±0.19 bc 

C4 hexyl acetate 1.09±0.22 ab 0.64±0.03 abc 0.75±0.17 abc 0.85±0.20 abc 1.17±0.12 a 0.49±0.09 bc 0.48±0.09 bc 0.47±0.07 bc 0.64±0.34 abc 0.41±0.06 c 0.46±0.02 bc 

C7 octyl acetate 0.48±0.01 a 0.42±0.01 ab 0.39±0.01 abc 0.36±0.05 bc 0.39±0.05 abc 0.36±0.03 bc 0.37±0.05 abc 0.41±0.03 abc 0.34±0.02 bc 0.35±0.02 bc 0.30±0.10 c 

C6 ethyl octanoate 340±39 a 313±18 abc 292±16 abc 269±23 bcd 204±10 d 307±28 abc 290±57 abc 329±31 ab 269±21 bcd 259±0.95 cd 261±16 cd 

C5 octyl butyrate 0.16±0.02 0.14±0.02 0.15±0.002 0.14±0.01 0.12±0.01 0.13±0.01 0.13±0.02 0.15±0.02 0.13±0.02 0.14±0.01 0.12±0.03 

C8 diethyl succinate 77.0±9.8 abc 74.2±4.8 bc 66.3±4.0 c 66.9±11.3 c 41.6±5.5 d 80.5±10.6 abc 75.0±8.7 bc 79.5±8.0 abc 88.7±5.5 ab 86.3±9.0 abc 97.2±11.4 a 

C14 
ethyl 

phenylacetate 
0.15±0.03 cd 0.20±0.04 bc 0.26±0.03 ab 0.31±0.05 a 0.28±0.03 a 0.13±0.01 cd 0.13±0.02 d 0.13±0.02 d 0.15±0.003 cd 0.15±0.01 cd 0.14±0.03 cd 

C15 phenethyl acetate 2.88±0.43 d 3.67±0.73 cd 5.20±1.09 bc 6.67±2.01 ab 8.73±1.30 a 2.60±0.31 d 2.45±0.32 d 2.57±0.20 d 2.78±0.21 d 2.64±0.13 d 2.54±0.34 d 

 Alcohols 
           

C16 1-propanola 23.3±4.2 a 16.1±1.4 bc 12.3±1.7 cd 10.6±2.4 cd 6.69±0.83 d 22.5±1.5 ab 23.3±2.2 a 22.9±3.2 ab 21.8±3.4 ab 19.6±1.0 ab 26.4±5.7 a 

C26 isobutyl alcohola 75.7±7.4 bcd 73.2±3.6 cd 88.4±5.5 abc 90.0±4.8 bc 95.2±5.3 a 71.9±5.1 d 77.9±4.1 bcd 77.6±6.5 bcd 73.4±11 cd 69.5±1.0 d 71.4±10.1 d 

C27 isoamy alcohola 167±16 bc 169±9 bc 208±7 a 213±19 a 203±18 ab 147±15 c 150±8 c 147±11 c 149±24 c 144±6 c 146±21 c 

C17 1-hexanol 442±19 ab 409±35 ab 428±25 ab 435±31 ab 395.3±18 b 435±28 ab 427±25 ab 438±8 ab 459±9 a 421±16 ab 452±25 ab 

C22 E-3-hexenol 5.03±1.52 a 3.24±0.49 ab 2.99±1.82 ab 2.57±0.48 b 3.43±0.37 ab 3.10±0.71 ab 3.29±0.69 ab 2.88±1.08 ab 2.24±0.90 b 3.33±0.43 ab 3.45±0.22 ab 

C21 E-2-hexenol 23.4±2.6 ab 22.6±3.1 abc 21.7±0.8 abc 19.5±2.1 bc 16.8±0.5 c 21.3±1.1 abc 22.9±1.4 ab 21.3±1.8 abc 23.6±2.8 ab 22.1±1.1 abc 26.6±5.1 a 

C23 Z-3-hexenol 16.0±1.3 13.3±1.2 14.8±2.6 15.8±2.1 16.3±2.1 14.0±2.8 13.0±0.5 12.3±1.2 14.9±1.0 15.2±2.7 16.2±1.5 

C24 1-octen-3-ol 26.9±6.6 ab 27.5±2.3 a 27.0±2.4 ab 26.5±2.6 ab 19.4±2.0 b 25.0±3.5 ab 24.1±5.0 ab 25.5±1.3 ab 22.0±1.9 ab 21.5±1.0 ab 20.1±2.2 ab 

C25 2-ethyl-1-hexanol 4.82±0.08 a 4.19±0.10 ab 3.88±0.13 b 3.64±0.51 b 3.85±0.49 b 3.61±0.29 b 3.67±0.53 b 4.12±0.33 ab 3.36±0.35 b 3.51±0.18 b 3.37±0.34 b 

C18 1-octanol 343±5 ab 320±21 abc 282±11 cd 290±43 bc 234±13 d 356±31 a 337±31 abc 349±11 a 346±8 a 319±15 abc 338±20 ab 

C19 1-nonanol 5.81±0.32 a 5.02±0.19 ab 4.68±0.67 abc 4.70±0.63 abc 3.76±13.0 c 4.77±0.35 abc 5.16±0.53 ab 5.59±0.26 a 4.63±1.01 abc 4.23±0.33 bc 
4.76±0.40 

abc 

C20 1-decanol 0.20±0.10 a 0.18±0.01 a 0.15±0.01 bc 0.14±0.02 bc 0.12±0.01 c 0.17±0.01 ab 0.18±0.02 ab 0.19±0.02 0.16±0.01 ab 0.16±0.003 ab 0.17±0.01 ab 
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(Table S4.1 continued) 

C28 benzyl alcohol 167±9 a 153±9 ab 151±4 ab 167±13 a 124±7 b 167±20 a 163±36 a 160±9 ab 158±10 ab 141±6 ab 142±10 ab 

C29 
phenethyl 
alcohola 

3.11±0.28 bc 3.81±0.53 b 4.89±0.41 a 5.42±0.56 a 5.10±0.42 a 2.94±0.22 bc 2.72±0.24 c 2.97±0.16 bc 3.12±0.15 bc 2.97±0.20 bc 2.85±0.47 c 

 Terpenoids 
           

C30 linalool 1.33±0.26 ab 0.83±0.23 b 1.43±0.08 ab 1.56±0.23 a 1.17±0.21 ab 1.41±0.51 ab 1.43±0.31 ab 1.44±0.13 ab 1.51±0.24 a 1.34±0.16 ab 1.44±0.12 ab 

C31 nerol 0.61±0.19 0.82±0.14 0.66±0.16 0.66±0.09 0.57±0.12 0.57±0.29 0.47±0.34 0.71±0.07 0.72±0.10 0.66±0.09 0.60±0.12 

C32 geraniol 1.39±0.15 ab 1.50±0.11 a 1.05±0.12 bc 0.97±0.12 c 1.10±0.11 bc 1.08±0.20 bc 1.22±0.34 abc 1.10±0.11 bc 0.90±0.09 c 1.07±0.11 bc 
1.15±0.07 

abc 

C33 β-citronellol 1.09±0.12 cde 1.23±0.11 bcd 1.38±0.08 abc 1.53±0.13 ab 1.59±0.17 a 0.98±0.10 de 1.04±0.23 cde 1.06±0.04 cde 1.05±0.05 cde 0.82±0.21 e 0.73±0.50 de 

C34 α-terpineol 0.23±0.01 c 0.23±0.03 c 0.26±0.02 bc 0.30±0.02 ab 0.35±0.02 a 0.23±0.04 c 0.22±0.04 c 0.22±0.01 c 0.24±0.02 bc 0.24±0.01 c 0.28±0.04 bc 

 Norisoprenoids 
           

C35 vitispirane 3.85±0.03 3.87±0.03 3.95±0.01 3.91±0.08 3.87±0.02 3.91±0.04 3.90±0.02 3.86±0.05 3.87±0.05 3.86±0.05 3.85±0.01 

C36 β-damascenone 3.45±0.04 a 3.38±0.03 ab 3.35±0.02 ab 3.40±0.05 ab 3.29±0.04 b 3.45±0.09 a 3.43±0.08 a 3.40±0.05 ab 3.38±0.07 ab 3.37±0.03 ab 3.36±0.02 ab 

C37 β-iononeb 121±3 119±3 119±1 121±3 116±1 120±4 117±1 120±1 120±4 119±2 121±1 

 Acids 
           

C38 hexanoic acid 561±49 ab 536±14 ab 462±16 ab 444±58 bc 332±18 c 561±72 ab 500±51 ab 550±53 ab 523±35 ab 511±42 ab 582±85 a 

C39 octanoic acid 418±53 a 398±34 ab 383±20 ab 396±39 ab 289±35 b 427±81 a 374±83 ab 417±18 a 413±13 a 381±29 ab 406±41 ab 

C40 decanoic acid 68.6±8.6 a 64.8±6.3 ab 60.4±4.3 ab 60.5±6.0 ab 47.7±5.8 b 62.0±8.8 ab 55.7±16.0 ab 62.8±4.0 ab 62.8±1.9 ab 60.1±4.1 ab 61.6±6.0 ab 

 Aldehyde 
           

C41 acetaldehydea 5.61±1.38 b 5.90±0.41 b 6.38±0.58 ab 6.59±0.77 ab 9.81±1.35 a 6.41±1.02 ab 5.94±1.04 b 7.48±0.93 ab 8.37±2.94 ab 7.59±0.55 ab 6.74±0.71 ab 

 
Sulfur 

compounds            

C42 hydrogen sulfide 3.60±0.49 b 6.24±1.34 a 3.81±1.32 ab 4.82±1.47 ab 4.60±0.89 ab 3.68±1.28 b 3.45±1.29 b 2.98±0.75 b 2.81±0.87 b 2.47±0.49 b 2.35±0.22 b 

C43 methanethiol 1.79±0.17 b 2.50±0.14 a 1.65±0.25 bc 1.38±0.29 bc 1.06±0.16 c 1.75±0.30 b 1.78±0.34 b 1.67±0.33 b 1.48±0.26 bc 1.47±0.15 bc 1.39±0.14 bc 

C44 dimethyl sulfide 11.7±0.6 ab 11.9±1.7 a 9.25±1.1 ab 8.75±2.6 ab ND c 11.7±3.0 ab 9.11±1.13 ab 5.11±1.12 abc 5.87±1.12 abc 3.43±0.95 bc ND c 

C45 
methyl 

thioacetate 
11.9±3.1 18.2±3.3 13.8±2.6 11.1±7.5 11.3±1.2 12.3±2.0 13.0±0.5 11.4±0.4 14.1±5.8 13.4±4.0 9.92±2.69 

C46 
dimethyl 
disulfide 

0.29±0.11 ND ND ND 0.32±0.07 0.10±0.04 ND ND 0.47±0.16 0.14±0.08 ND 

C47 ethyl thioacetate 0.20±0.09 ab 0.47±0.17 a 0.45±0.13 ab 0.17±0.12 ab 0.28±0.12 ab 0.23±0.10 ab 0.07±0.03 ab 0.19±0.12 ab 0.19±0.11 ab 0.45±0.03 ab ND b 

 Phenols 
           

C48 guaiacol 41.9±8.7 a 24.7±3.2 b 18.8±4.1 b 19.2±2.6 b 18.5±3.5 b 20.2±4.9 b 21.7±7.2 b 25.2±8.6 b 23.8±5.6 b 23.7±8.2 b 27.2±3.0 b 

C49 phenol 10.1±0.2 9.42±1.29 11.2±3.1 11.8±2.4 10.2±2.1 9.17±1.3 12.2±3.0 11.1±4.0 9.08±2.34 10.8±3.6 12.8±3.1 

C50 eugenol 1.30±0.24 1.38±0.10 1.56±0.13 1.59±0.28 1.43±0.43 1.49±0.40 1.55±0.24 1.35±0.37 1.48±0.33 1.49±0.17 1.46±0.25 

C51 4-vinylguaiacol 17.2±3.6 19.8±2.2 28.0±8.3 26.2±5.4 26.2±4.9 19.2±3.6 25.7±2.4 22.3±8.6 17.4±5.1 22.0±6.5 22.6±6.8 
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 Lactones 
           

C58 δ-dodecalactone 3.10±0.31 ab 3.03±0.14 ab 2.87±0.19 ab 2.70±0.37 ab 2.24±0.38 b 3.30±0.21 a 3.19±0.08 a 3.48±0.86 a 3.04±0.29 ab 3.32±0.22 a 3.17±0.47 a 

C54 δ-decalactone 5.70±0.64 8.59±3.76 6.50±1.22 6.00±0.30 4.11±0.63 6.85±1.56 6.56±0.54 6.73±1.43 5.80±1.34 7.35±0.98 6.85±1.41 

 Miscellaneous 
          

C59 vanillin 33.0±7.7 23.9±2.1 34.4±5.6 39.0±5.6 21.2±4.8 38.0±9.9 37.8±10.7 41.9±14.2 45.7±25.9 43.2±16.5 49.3±16.1 

C60 methyl vanillate 88.1±9.9 86.5±10.8 103±21 116±15 99.6±25.2 103±8 112±9 106±24 99.2±28.9 120±33 118±25 

C61 ethyl vanillate 354±67 abc 252±22 cd 297±75 bcd 286±45 bcd 150±34 d 432±45 abc 445±77 ab 517±146 a 396±109 abc 411±80 abc 391±14 abc 

C62 ethyl cinnamate 2.30±0.44 c 2.44±0.58 bc 2.73±0.29 bc 3.31±0.30 ab 3.97±0.38 a 3.13±0.28 abc 2.41±0.33 bc 2.67±0.80 abc 2.45±0.11 bc 2.68±0.33 bc 2.61±0.25 bc 

C64 
methyl 

anthranillate 
0.35±0.05 ab 0.33±0.05 b nd c nd c nd c 0.47±0.09 ab 0.46±0.04 ab 0.51±0.16 a 0.34±0.02 ab 0.43±0.09 ab 0.45±0.08 ab 

Mean±SD presented (μg/L unless indicated otherwise, n=5 field replicates). Different letters in a row indicating statistical difference between the treatments 

(ANOVA, p<0.05) with post hypothesis of Tukey’s HSD. a Concentrations expressed as mg/L. b Concentrations expressed as ng/L. 
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Table S4.2 Concentrations of volatile compounds in Pinot noir wines from different vine nutrient supply in year 2013 

 
 

Control 75%N 50%N 30%N 15%N 50%P 20%P 0%P 50%K 20%K 0%K 

 Esters 
           

C9 ethyl acetate* 26.0±1.6 ab 26.8±1.9 ab 24.9±1.4 abc 21.4±0.6 cd 20.0±1.1 d 28.4±2.3 a 27.5±0.6 ab 27.8±10.2 ab 27.1±1.9 ab 24.9±1.3 abc 24.3±1.6 bc 

C10 isoamyl acetate 147±28 cd 261±61 ab 234±31 bc 336±58 a 290±10 ab 129±33 d 134±24 d 129±22 d 169±29 cd 158±4 cd 150±56 cd 

C11 ethyl isobutyrate 13.4±1.4 15.7±1.7 15.0±1.3 14.6±1.4 12.4±0.8 13.1±1.6 13.4±1.0 14.2±0.7 14.0±0.7 14.9±1.4 13.7±2.2 

C12 isobutyl acetate 23.7±2.6 ab 28.5±1.2 a 25.3±2.5 ab 23.7±1.7 ab 19.7±1.0 b 20.3±4.2 b 20.6±4.6 b 24.0±2.1 ab 22.9±5.7 ab 22.3±1.1 ab 18.4±3.3 b 

C1 ethyl butanoate 56.8±11.6 a 62.7±11.8 a 49.2±8.74 a 28.1±2.86 b 18.4±2.92 b 53.6±4.01 a 53.5±3.21 a 52.9±3.77 a 53.7±5.84 a 56.8±6.84 a 56.2±4.63 a 

C13 ethyl isovalerate 1.70±0.27 ab 2.19±0.22 a 2.11±0.30 ab 2.16±0.25 ab 1.90±0.14 ab 1.64±0.13 b 1.68±0.18 ab 1.76±0.14 ab 1.71±0.04 ab 2.07±0.29 ab 1.87±0.25 ab 

C2 ethyl hexanoate 146±23 a 146±28 ab 114±18 ab 92.5±8.8 bc 69.6±7.6 c 146±134 a 142±13 a 136±22 a 136±9 a 139±11 a 146±13 a 

C3 ethyl pentanoate 0.73±0.34 c 1.15±0.30 abc 1.41±0.17 ab 1.59±0.12 a 1.35±0.25 abc 0.87±0.15 bc 0.76±0.38 bc 0.92±0.17 bc 0.83±0.26 bc 0.84±0.35 bc 0.92±0.13 bc 

C4 hexyl acetate 0.38±0.07 b 0.49±0.04 ab 0.49±0.07 ab 1.11±0.06 a 0.70±0.05 ab 0.29±0.07 ab 0.34±0.04 ab 0.31±0.06 ab 0.33±0.05 ab 0.32±0.01 ab 0.35±0.08 ab 

C7 octyl acetate 0.32±0.02 a 0.29±0.01 ab 0.27±0.03 bc 0.23±0.02 cd 0.23±0.01 cd 0.23±0.03 cd 0.23±0.01 cd 0.25±0.01 bcd 0.23±0.02 cd 0.21±0.02 de 0.16±0.04 e 

C6 ethyl octanoate 214±20 a 201±34 ab 146±19 bc 108±9 cd 75.0±10 d 142±8 bc 133±3 bc 148±17 bc 164±28 bc 138±9 bc 122±7 bc 

C5 octyl butyrate 0.12±0.01 a 0.11±0.02 a 0.11±0.01 ab 0.09±0.00 abc 0.06±0.01 c 0.09±0.01 abc 0.10±0.01 abc 0.08±0.01 bc 0.10±0.01 ab 0.10±0.01 ab 0.09±0.02 abc 

C8 diethyl succinate 52.8±4.8 ab 50.8±7.0 abc 36.9±4.1 cd 23.2±2.4 de 13.7±4.0 e 50.7±3.7 abc 47.6±0.8 bc 50.5±10.7 bc 66.4±11.6 a 58.9±6.1 ab 60.8±7.1 ab 

C14 ethyl phenylacetate 0.33±0.19 0.20±0.06 0.20±0.07 0.17±0.01 0.14±0.01 0.15±0.04 0.16±0.06 0.14±0.04 0.25±0.16 0.12±0.01 0.16±0.07 

C15 phenethyl acetate 2.37±0.27 c 2.62±0.26 bc 2.76±0.49 bc 3.40±0.50 ab 3.91±0.63 a 1.38±0.13 d 1.45±0.19 d 1.44±0.11 d 1.55±0.10 d 1.54±0.13 d 1.30±0.11 d 

 Alcohols 
           

C16 1-propanola 18.8±2.9 b 18.7±4.7 b 12.7±1.0 c 8.08±1.1 de 4.84±0.9 d 23.3±3.0 ab 21.4±2.0 ab 21.2±2.3 ab 24.6±1.1 a 19.8±1.5 ab 21.5±1.5 ab 

C26 isobutyl alcohola 95.6±4.7 122±30 110±7 113±17 94.1±13.2 94.9±13.86 94.4±7.84 104±9 114±20 96.1±7.2 97.2±14.5 

C27 isoamyl alcohola 224±3 261±31 270±19 273±40 237±30 235±16 210±21 213±20 267±67 215±28 236±57 

C17 1-hexanol 620±55 ab 644±53 a 614±69 ab 521±39 bc 436±33 c 577±33 ab 616±9 ab 570±45 ab 621±28 ab 592±47 ab 584±43 ab 

C22 E-3-hexenol 31.7±18.7 31.7±9.0 30.5±3.4 29.1±3.7 29.9±5.8 39.8±5.6 39.9±4.9 34.2±3.6 33.3±0.9 33.3±1.7 34.9±2.4 

C21 E-2-hexenol 17.1±1.3 a 16.3±2.4 ab 15.4±2.2 abc 13.7±1.3 bc 9.96±0.62 d 13.1±0.5 bc 13.8±0.8 bc 13.1±1.2 cd 13.9±0.8 bc 13.6±0.7 bc 15.0±1.1 abc 

C23 Z-3-hexenol 99.1±0.5 101±2 101±2 100±1 99.8±0.4 100±2 101±0.5 98.9±0.8 98.6±0.3 99.5±1.1 100±2 

C24 1-octen-3-ol 45.1±4.6 a 40.1±7.1 a 26.5±4.5 b 16.9±1.8 cd 10.76±1.3 d 23.8±1.8 bc 21.5±1.1 bc 23.9±1.9 bc 26.6±6.1 b 23.1±1.5 bc 19.1±2.2 bcd 

C25 2-ethyl-1-hexanol 1.82±0.28 a 0.64±0.23 b 0.59±0.20 b 0.64±0.23 b 0.84±0.21 ab 0.62±0.23 b 0.40±0.11 b 1.10±0.25 ab 0.86±0.26 ab 0.83±0.25 ab 0.81±0.38 ab 

C18 1-octanol 293±30 ab 295±22 ab 247±14 bc 203±10 cd 164±6 d 285±9 ab 297±9 ab 267±14 ab 296±26 ab 303±39 a 299±25 a 

C19 1-nonanol 4.30±0.42 a 4.32±0.82 a 3.74±0.40 ab 2.80±0.29 bc 1.94±0.21 c 3.32±0.39 ab 3.88±0.35 ab 3.55±0.50 ab 3.71±0.58 ab 4.03±0.38 a 3.45±0.18 ab 

C20 1-decanol 0.13±0.02 a 0.12±0.01 a 0.10±0.01 b 0.07±0.01 cd 0.05±0.00 d 0.09±0.01 bc 0.10±0.01 b 0.09±0.01 bc 0.10±0.01 b 0.09±0.02 bc 0.10±0.01 b 

C28 benzyl alcohol 162±26 a 161±16 a 153±13 ab 128±12 abcd 105±9 cd 142±5 abc 136±17 abcd 125±30 abcd 156±24 ab 117±14 bcd 94.0±9.9 d 
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C29 phenethyl alcohola 3.15±0.16 bc 3.80±0.20 b 4.14±0.59 a 4.27±0.25 a 3.93±0.40 a 2.33±0.39 d 2.36±0.23 d 2.32±0.15 d 2.54±0.07 bc 2.74±0.25 d 2.36±0.07 d 

 Terpenoids 
           

C30 linalool 0.30±0.04 ab 0.32±0.04 ab 0.32±0.04 ab 0.40±0.06 a 0.42±0.06 a 0.26±0.02 b 0.25±0.02 b 0.24±0.02 b 0.28±0.06 b 0.28±0.09 b 0.31±0.04 ab 

C31 nerol 0.35±0.03 ab 0.36±0.05 ab 0.35±0.04 ab 0.41±0.08 a 0.25±0.07 b 0.26±0.02 ab 0.32±0.05 ab 0.26±0.04 b 0.25±0.10 b 0.26±0.09 b 0.33±0.04 ab 

C32 geraniol 0.74±0.10 ab 0.74±0.15 ab 0.84±0.11 a 0.85±0.11 a 0.72±0.04 bc 0.543±0.03 bc 0.59±0.03 bc 0.54±0.05 bc 0.61±0.12 bc 0.53±0.09 bc 0.44±0.05 c 

C33 β-citronellol 0.78±0.09 abc 0.90±0.07 a 0.92±0.18 a 0.94±0.09 a 0.84±0.09 ab 0.63±0.05 bcd 0.55±0.02 cd 0.55±0.03 cd 0.49±0.13 d 0.42±0.13 d 0.41±0.06 d 

C34 α-terpineol 0.11±0.02 b 0.12±0.01 b 0.18±0.10 ab 0.30±0.13 a 0.33±0.07 a 0.22±0.04 ab 0.30±0.07 a 0.34±0.01 a 0.31±0.03 a 0.24±0.08 ab 0.31±0.06 a 

 Norisoprenoids 
           

C35 vitispirane 3.79±0.02 3.80±0.001 3.79±0.01 3.79±0.02 3.79±0.01 3.31±0.94 3.78±0.01 3.77±0.01 3.77±0.01 3.78±0.01 3.32±0.96 

C36 β-damascenone 3.29±0.03 a 3.26±0.02 ab 3.21±0.02 bcd 3.17±0.01 de 3.14±0.01 e 3.21±0.01 cd 3.21±0.01 bcd 3.18±0.01 de 3.23±0.03 bc 3.20±0.01 cd 3.18±0.01 de 

C37 β-iononeb 113±1 a 112±1 a 111±2 a 108±1 b 107±1 b 108±1 b 108±1 b 107±1 b 108±1 b 107±1 b 106±0 b 

 Acids 
           

C38 hexanoic acid 194±34 225±81 244±25 197±22 122±32 178±73 131±45 136±83 238±69 173±40 247±55 

C39 octanoic acid 282±53 a 270±45 ab 199±20 cde 169±15 de 133±14 e 211±28 bcd 236±14 abcd 184±13 cde 230±17 abcd 216±30 abcd 246±29 abc 

C40 decanoic acid 36.5±6.2 abc 30.4±7.6 bcd 19.6±1.7 d 19.9±2.5 d 18.9±2.4 d 23.0±3.7 cd 28.8±2.3 bcd 32.7±7.0 abcd 46.2±7.2 a 40.0±9.9 ab 41.9±4.9 ab 

 Aldehyde 
           

C41 acetaldehydea 7.04±1.01 abc 5.24±0.28 abc 5.31±1.44 abc 3.93±0.15 cd 2.70±0.27 c 7.26±1.28 a 9.73±2.77 ab 8.48±2.16 abc 3.86±1.80 cd 2.69±0.74 c 3.81±1.51 cd 

 Sulfur compounds 
           

C45 methyl thioacetate 4.83±0.63 bc 5.49±1.27 a 5.09±0.44 ab 4.90±0.34 ab 4.17±0.63 abc 2.47±0.51 c 3.55±0.66 abc 3.67±1.04 abc 3.70±1.00 abc 5.21±0.59 a 4.12±1.32 abc 

 Phenols 
           

C48 guaiacol 6.69±1.22 7.36±2.25 5.37±1.84 5.88±0.73 7.12±2.38 3.43±2.17 7.21±1.12 4.96±0.61 8.16±2.18 6.60±0.53 5.03±1.78 

C51 p-methylguaiacol 1.11±0.63 ab 2.02±0.84 a 1.29±1.12 ab 1.65±0.43 ab 0.64±0.28 b 1.11±0.50 ab 0.860.16 ab 0.59±0.09 b 0.84±0.21 ab 0.83±0.35 ab 0.88±0.06 ab 

C47 eugenol 2.42±0.22 2.32±0.32 1.88±0.36 2.07±0.24 1.94±0.43 2.44±0.62 2.26±0.17 2.39±0.07 2.50±0.45 2.21±0.15 1.97±0.38 

C50 4-vinylguaiacol 8.31±2.03 bc 10.7±2.52 abc 7.80±1.62 c 8.24±1.64 bc 13.9±2.3 a 10.4±3.7 abc 12.0±1.3 abc 8.08±0.68 bc 13.3±2.9 ab 10.7±2.2 abc 8.82±0.38 abc 

 Lactones 
           

C52 whiskylactone 0.91±0.07 a 0.70±0.09 ab 0.63±0.03 ab 0.44±0.13 bc 0.35±0.09 c 0.85±0.24 a 0.69±0.10 ab 0.80±0.11 a 0.75±0.23 ab 0.80±0.09 ab 0.69±0.22 ab 

C53 γ-decalactone 1.80±0.62 1.13±0.13 1.00±0.21 0.75±0.17 0.94±0.12 1.08±0.07 1.66±0.67 1.52±0.66 1.67±0.66 2.47±1.31 2.37±1.01 

C54 δ-decalactone 7.28±0.88 abcd 
7.11±1.33 

abcd 
5.91±0.52 cde 4.61±0.93 de 3.83±0.41 e 

6.55±0.68 
bcde 

8.78±1.12 abc 9.48±1.65 a 9.20±1.93 ab 
7.26±0.74 

abcd 
7.23±1.76 

abcd 

C55 γ-undecalactone 0.33±0.06 0.28±0.09 0.28±0.06 0.21±0.06 0.31±0.06 0.22±0.06 0.30±0.12 0.31±0.16 0.30±0.15 0.23±0.06 0.28±0.02 

C56 δ-undecanolactone 0.42±0.02 a 0.37±0.05 ab 0.30±0.03 bc 0.23±0.06 cde 0.19±0.04 de 0.28±0.05 bcd 0.23±0.04 bcd 0.17±0.03 e 0.19±0.04 de 0.15±0.04 e 0.10±0.01 e 

C57 γ-dodecalactone 0.18±0.05 0.10±0.02 0.14±0.03 0.09±0.04 0.15±0.07 0.11±0.04 0.11±0.02 0.12±0.02 0.10±0.02 0.12±0.02 0.13±0.03 
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C58 δ-dodecalactone 2.39±0.31 1.90±0.64 1.80±0.56 2.36±0.77 2.62±0.80 2.48±0.99 3.30±0.56 3.24±0.21 3.32±0.66 2.86±0.55 3.11±0.04 

 Miscellaneous 
           

C60 methyl vanillate 41.1±7.5 d 45.4±5.9 cd 36.5±4.5 d 40.6±11.3 d 51.6±6.5 bcd 53.0±4.9 abcd 65.9±7.0 ab 61.1±7.2 abc 66.6±7.4 ab 69.9±9.5 a 66.4±1.1 ab 

C61 ethyl vanillate 162±29 abc 135±32 bc 135±14 bc 136±26 bc 87.0±6.2 c 192±34 abc 228±53 ab 233±65 ab 251±65 a 147±27 abc 181±0.4 abc 

C62 methyl cinnamate 0.14±0.01 a 0.14±0.03 a 0.13±0.02 a 0.09±0.01 b 0.09±0.01 b 0.12±0.01 ab 0.11±0.01 ab 0.12±0.01 ab 0.12±0.01 ab 0.12±0.01 ab 0.13±0.01 a 

C63 ethyl cinnamate 2.67±0.18 abc 2.96±0.47 ab 3.10±0.43 a 2.44±0.18 abc 2.94±0.28 ab 2.35±0.21 abc 2.10±0.19 c 2.36±0.16 abc 2.15±0.39 cd 
2.41±0.42 

abc 
2.51±0.54 abc 

C64 methyl anthranilate 0.47±0.10 0.66±0.25 1.04±0.36 0.90±0.33 1.36±0.81 0.91±0.44 0.83±0.42 0.57±0.56 0.89±0.35 0.46±0.14 0.37±0.17 

C65 ethyl anthranilate 2.03±0.14 bcd 2.29±0.25 abc 2.14±0.15 abc 1.77±0.03 de 1.63±0.16 e 2.00±0.17 cd 2.20±0.09 abc 2.32±0.07 abc 2.18±0.10 abc 2.48±0.13 a 2.35±0.09 ab 

Mean±SD presented (μg/L unless indicated otherwise, n=5 field replicates). Different letters in a row indicating statistical difference between the treatments 

(ANOVA, p<0.05) with post hypothesis of Tukey’s HSD. a Concentrations expressed as mg/L. b Concentrations expressed as ng/L. 
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Table S4.3 Concentrations of volatile compounds in Pinot noir wines from different vine nutrient supply in year 2014 

 
 

Control 75%N 50%N 30%N 15%N 50%P 20%P 0%P 50%K 20%K 0%K 

 Esters 
           

C9 ethyl acetatea 66.2±4.9 a 66.6±5.0 a 50.6±4.5 b 48.7±1.1 b 49.0±2.7 b 76.9±6.4 a 71.1±5.6 a 72.9±5.3 a 68.0±9.1 a 67.4±4.3 a 70.6±9.4 a 

C10 isoamyl acetate 254±47 d 336±24 bc 399±49 b 405±26 b 515±42 a 230±37 d 227±28 d 236±10 d 247±21 d 282±32 cd 239±29 d 

C11 ethyl isobutyrate 13.7±4.1 ab 13.4±1.7 ab 14.0±0.9 ab 17.7±5.9 ab 23.7±11.3 a 18.6±4.9 ab 15.1±4.0 ab 11.9±1.5 ab 11.4±1.7 b 15.5±5.7 ab 13.2±1.4 ab 

C12 isobutyl acetate 12.2±1.0 c 17.6±2.4 abc 16.2±2.9 abc 28.5±13.7 a 27.9±8.8 ab 22.2±7.6 abc 19.7±5.4 abc 16.5±1.5 abc 13.1±0.7 bc 14.7±3.4 abc 13.1±0.7 c 

C1 ethyl butanoate 133±44 a 72.4±6.1 bc 41.7±13.6 c 32.6±16.1 c 21.2±8.4 c 99.9±19.5 ab 71.5±19.7 bc 59.7±10.5 bc 63.3±13.3 bc 61.9±19.5 bc 43.9±5.8 c 

C13 ethyl isovalerate 2.97±0.45 2.07±0.16 2.01±0.32 2.79±0.99 2.15±1.00 2.25±0.63 2.21±1.00 1.85±0.09 1.31±0.35 2.32±0.42 1.95±0.09 

C2 ethyl hexanoate 120±4 ab 121±12 ab 94.5±11.4 bcd 87.7±10.4 cd 72.5±14.4 d 127±16 a 108±9 abc 104±10 abc 97.6±17.2 bcd 102±6 abc 101±7 abcd 

C3 ethyl pentanoate 0.65±0.40 0.63±0.26 0.72±0.22 0.97±0.36 0.50±0.14 0.39±0.16 0.59±0.20 0.37±0.11 0.40±0.12 0.76±0.19 0.57±0.14 

C4 hexyl acetate 0.81±0.29 ab 0.50±0.13 b 0.57±0.05 b 0.69±0.05 ab 1.04±0.42 a 0.54±0.07 b 0.61±0.12 b 0.53±0.07 b 0.51±0.14 b 0.54±0.08 b 0.44±0.08 b 

C7 octyl acetate 0.61±0.12 a 0.61±0.07 a 0.55±0.07 ab 0.47±0.07 abc 0.45±0.06 bc 0.51±0.07 ab 0.53±0.03 ab 0.47±0.03 abc 0.43±0.02 bc 0.42±0.05 bc 0.33±0.04 c 

C6 ethyl octanoate 162±24 bc 218±11 a 145±26 cd 102±15 de 78.8±13.1 e 197±30 ab 164±12 bc 163±16 bc 133±11 cd 136±8 cd 109±11 de 

C5 octyl butyrate 0.31±0.05 ab 0.32±0.12 ab 0.26±0.07 ab 0.23±0.03 ab 0.27±0.10 ab 0.49±0.33 a 0.29±0.04 ab 0.28±0.03 ab 0.23±0.03 ab 0.23±0.03 ab 0.12±0.02 b 

C8 diethyl succinate 97.0±16.8 ab 90.5±10.2 ab 64.2±16.3 c 35.9±5.9 d 28.0±2.7 d 103±14 a 82.3±7.9 abc 75.2±7.3 bc 90.4±10.9 ab 91.0±5.2 ab 91.8±3.2 ab 

C14 ethyl phenylacetate 0.21±0.02 bcd 0.28±0.06 abc 0.33±0.03 a 0.31±0.07 ab 0.30±0.06 ab 0.21±0.01 bcd 0.18±0.04 cd 0.17±0.03 d 0.19±0.05 cd 0.17±0.03 d 0.15±0.03 d 

C15 phenethyl acetate 3.71±0.07 bcd 4.40±0.64 bc 4.84±0.72 bc 5.86±1.94 ab 8.36±2.59 a 3.38±0.23 bcd 2.53±0.79 cd 2.54±0.29 cd 2.52±0.72 cd 2.52±0.25 cd 1.62±0.23 d 

 Alcohols 
           

C16 1-propanola 61.6±8.3 a 37.9±4.4 bc 27.8±4.3 cd 19.0±1.5 d 14.9±2.1 d 53.0±7.2 a 54.6±5.8 a 51.4±4.2 a 56.2±8.9 a 50.0±4.3 ab 57.9±1.4 a 

C26 isobutyl alcohola 104±2 f 155±15 bcd 193±12 a 179±9 ab 175±12 abc 126±9 ef 144±6 de 153±10 cd 144±15 de 137±5 de 106±5 f 

C27 isoamyl alcohola 223±8 d 314±32 abc 345±21 a 329±9 ab 349±22 a 241±15 de 248±6 de 242±15 de 296±36 bc 275±16 cd 231±11 de 

C17 1-hexanol 769±204 506±40 603±93 631±135 555±150 746±120 766±172 703±36 693±77 684±117 632±37 

C22 E-3-hexenol 4.67±0.47 cd 8.43±0.11 ab 5.79±0.66 bcd 4.74±2.29 cd 9.97±0.78 a 7.31±1.13 abc 6.70±0.08 abcd 4.53±1.06 cd 3.40±1.68 d 5.16±1.20 bcd 6.80±0.85 abcd 

C21 E-2-hexenol 22.4±3.2 20.5±4.7 21.5±4.6 23.1±4.4 20.7±3.0 28.9±2.9 25.1±4.1 27.1±1.2 21.5±2.5 24.2±3.3 25.4±4.5 

C23 Z-3-hexenol 107±11 a 95±3 ab 90±2 b 99±8 ab 100±12 ab 101±4 ab 93.7±2.2 ab 90.4±2.3 b 90.3±6.7 b 100±5 ab 98.6±3.4 ab 

C24 1-octen-3-ol 19.7±2.3 cde 30.2±1.5 a 25.8±4.0 abc 18.1±2.5 de 13.5±2.7 e 26.9±2.7 ab 22.6±1.3 bcd 21.4±0.6 bcd 18.7±0.4 de 19.5±2.7 cde 14.7±4.3 e 

C25 2-ethyl-1-hexanol 2.25±0.52 a 1.81±0.69 ab 1.44±0.11 ab 1.22±0.48 b 1.23±0.09 b 1.12±0.15 b 1.18±0.13 b 1.17±0.23 b 1.29±0.10 ab 1.15±0.08 b 1.14±0.07 b 
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(Table S4.3 continued) 

C18 1-octanol 413±49 a 434±13 a 366±34 a 275±20 b 245±9 b 417±44 a 425±26 a 416±26 a 406±29 a 364±23 a 375±25 a 

C19 1-nonanol 7.75±0.58 a 6.18±0.75 bc 5.01±0.35 cd 3.56±0.30 e 2.78±0.29 e 5.79±0.48 bc 7.14±0.32 ab 6.68±0.56 ab 6.10±1.17 bc 4.18±0.51 de 3.61±0.37 de 

C20 1-decanol 0.55±0.15 a 0.52±0.03 ab 
0.45±0.08 

abcd 
0.29±0.05 df 0.29±0.06 df 0.45±0.05 abc 0.38±0.05 bcde 

0.40±0.03 

bcde 

0.32±0.06 

cdef 
0.30±0.02 def 0.21±0.01 f 

C28 benzyl alcohol 290±38 a 187±9 bc 148±32 cde 130±15 def 108±27 ef 211±8 b 217±22 b 226±5 b 181±34 bcd 117±13 ef 76.8±6.8 f 

C29 phenethyl alcohola 3.30±0.18 cd 4.98±0.88 ab 5.85±0.44 a 5.81±1.12 a 5.84±1.19 a 3.71±0.33 bc 3.31±0.24 cd 3.00±0.40 cd 3.12±0.85 cd 2.95±0.25 cd 1.80±0.10 d 

 Terpenoids 
           

C30 linalool 0.68±0.25 ab 0.83±0.11 ab 0.84±0.04 ab 0.87±0.05 a 0.93±0.04 a 0.62±0.02 abc 0.50±0.23 bcd 0.20±0.09 d 0.27±0.05 cd 0.30±0.06 cd 0.25±0.06 d 

C31 nerol 0.75±0.11 ab 0.96±0.28 a 0.40±0.18 b 0.41±0.14 b 0.64±0.26 ab 0.55±0.23 ab 0.44±0.17 b 0.64±0.19 ab 0.53±0.17 ab 0.26±0.11 bc 0.20±0.05 c 

C32 geraniol 0.68±0.19 1.13±0.71 0.86±0.39 0.86±0.35 0.56±0.09 0.71±0.22 0.48±0.03 0.49±0.09 0.40±0.07 0.42±0.08 0.59±0.32 

C33 β-citronellol 1.22±0.36 a 1.44±0.18 a 1.42±0.32 a 1.32±0.26 a 1.43±0.27 a 1.09±0.11 ab 1.04±0.06 ab 1.13±0.09 ab 0.92±0.19 abc 0.60±0.21 bc 0.38±0.12 c 

C34 α-terpineol 
0.23±0.03 

bcde 
0.27±0.03 bcd 0.27±0.02 abc 0.29±0.03 ab 0.32±0.04 a 

0.21±0.03 

bcde 
0.18±0.02 e 0.20±0.04 cde 0.18±0.04 e 0.19±0.03 de 0.18±0.03 e 

 Norisoprenoids 
           

C35 vitispirane 3.93±0.05 e 3.95±0.01 de 
4.00±0.02 

bcde 
4.09±0.002 bc 

4.07±0.07 
bcd 

3.98±0.03 cde 3.94±0.02 e 
4.01±0.04 

bcde 
3.93±0.02 e 4.11±0.09 ab 4.22±0.06 a 

C36 β-damascenone 3.74±0.20 abc 3.84±0.14 a 3.74±0.12 abc 3.55±0.13 abc 3.41±0.10 cd 3.75±0.08 ab 3.69±0.09 abc 3.59±0.17 abc 3.59±0.18 abc 3.49±0.11 bcd 3.20±0.11 d 

C37 β-iononeb 131±11 a 132±2 a 132±10 a 123±4 ab 120±5 ab 130±2 a 128±5 ab 130±3 a 121±6 ab 118±4 ab 113±3 b 

 Acids 
           

C38 hexanoic acid 264±96 b 481±41 a 392±125 ab 254±34 b 250±43 b 435±157 ab 362±82 ab 390±33 ab 345±43 ab 341±36 ab 344±31 ab 

C39 octanoic acid 379±52 abc 442±53 ab 315±114 bcd 266±63 cd 193±37 d 504±69 a 345±35 bc 344±66 bc 278±47 cd 292±39 cd 234±15 cd 

C40 decanoic acid 60.2±9.3 abc 66.6±6.5 ab 
52.1±19.3 

abcd 

48.6±11.8 

abcd 
31.6±6.3 d 69.7±12.3 a 45.4±7.2 abcd 

48.1±10.7 

abcd 
38.0±8.1 cd 42.7±5.3 bcd 34.1±2.3 d 

 Aldehyde 
           

C41 Acetaldehydea 0.64±0.44 b 0.99±0.31 b 1.52±0.58 b 1.20±0.50 b 4.63±1.94 a 0.68±0.11 b 0.87±0.30 b 1.04±0.25 b 0.87±0.33 b 1.36±0.60 b 2.39±1.06 b 

 Sulfur compounds 
           

C43 methanethiol 3.00±0.20 a 2.20±0.34 ab 1.46±0.11 ab 1.30±0.20 ab 1.05±0.01 b 2.72±0.24 ab 2.29±0.37 ab 3.00±0.89 a 3.10±1.25 a 2.45±1.07 ab 2.11±0.28 ab 

C44 dimethyl sulfide 39.3±4.2 a 29.9±3.2 ab 25.4±3.2 bc 19.1±2.1 cd 13.2±2.3 d 31.6±2.4 ab 32.2±5.0 ab 39.1±9.4 a 30.9±5.0 ab 30.4±1.9 ab 29.3±1.1 abc 

C45 methyl thioacetate 4.72±1.38 a 4.88±0.19 a 2.15±0.44 b nd c nd c 4.88±1.14 a 3.35±0.57 ab 3.15±0.94 ab 3.69±0.73 ab 2.74±0.66 b 2.45±0.33 b 

 Phenols 
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(Table S4.3 continued) 

C48 guaiacol 19.1±6.5 a 19.6±5.9 a 17.6±6.6 ab 19.2±7.3 a 10.8±4.4 ab 13.0±4.3 ab 19.0±7.6 a 14.9±4.2 ab 14.1±2.6 ab 10.6±2.0 ab 5.95±2.98 b 

C49 eugenol 5.98±0.67 6.44±1.06 6.58±1.94 7.21±2.01 5.87±1.45 8.17±1.60 6.45±0.84 7.60±0.83 7.64±0.89 6.67±0.39 5.14±1.66 

C50 4-vinylguaiacol 26.0±7.4 b 40.2±5.0 ab 47.0±16.9 ab 58.3±17.8 a 45.8±19.0 ab 41.0±9.7 ab 42.9±13.0 ab 33.9±8.1 ab 42.2±10.6 ab 30.3±5.8 ab 18.3±7.7 b 

 Lactones 
           

C53 γ-decalactone 1.05±0.11 1.08±0.11 1.23±0.29 1.12±0.22 0.99±0.34 1.12±0.20 1.14±0.02 1.08±0.19 1.29±0.18 1.42±0.28 1.12±0.45 

C54 δ-decalactone 9.73±2.35 a 8.87±0.40 ab 6.48±0.98b bc 5.24±1.28 cd 
4.16±0.33 

cdef 
2.78±0.58 def 2.05±0.63 efg 1.58±0.62 fg 1.67±0.29 fg 4.41±2.00 cde nd g 

C55 γ-undecalactone 2.37±0.19 ab 3.09±0.27 a 2.41±0.48 ab 2.08±0.24 ab 0.91±0.44 c 2.46±0.11 ab 1.47±0.85 bc 1.97±0.17 bc 1.83±0.21 bc 1.85±0.19 bc 1.83±0.11 bc 

C56 δ-undecanolactone 0.28±0.10 b 0.26±0.12 b 0.19±0.10 b 0.18±0.03 b 0.16±0.06 b 0.38±0.12 ab 0.33±0.13 b 0.26±0.13 b 0.33±0.13 b 0.29±0.07 b 0.67±0.22 a 

C57 γ-dodecalactone 0.13±0.01 0.13±0.02 0.15±0.03 0.18±0.05 0.17±0.05 0.37±0.12 0.21±0.08 0.11±0.01 0.44±0.17 0.13±0.02 0.11±0.02 

C58 δ-dodecalactone 3.89±0.86 a 3.24±0.33 ab 2.93±0.92 ab 2.40±0.49 ab 2.16±0.58 b 3.52±0.55 ab 3.17±0.77 ab 2.72±0.74 ab 3.00±0.73 ab 3.09±0.19 ab 2.68±0.66 ab 

 Miscellaneous 
           

C60 methyl vanillate 56.2±11.6 57.2±12.4 58.8±18.4 75.5±28.0 60.4±22.6 54.4±15.9 67.4±17.2 64.1±13.3 60.7±16.5 48.5±14.5 36.5±10.6 

C61 ethyl vanillate 302±60 ab 266±18 abc 237±50 abc 194±55 bcd 122±36 de 268±57 abc 323±33 a 289±58 abc 254±60 abc 177±22 cde 77.0±27.5 e 

C62 ethyl cinnamate 0.96±0.17 ab 1.27±0.22 ab 1.28±0.46 ab 1.52±0.36 ab 1.59±0.79 a 1.00±0.31 ab 0.67±0.09 b 0.69±0.14 b 1.14±0.25 ab 0.94±0.09 ab 1.04±0.42 ab 

Mean±SD presented (μg/L unless indicated otherwise, n=5 field replicates). Different letters in a row indicating statistical difference between the treatments 

(ANOVA, p<0.05) with post hypothesis of Tukey’s HSD. a Concentrations expressed as mg/L. b Concentrations expressed as ng/L.  
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Table S4.4 Hydrolytically released C13-norisoprenoids in wine from different vine nutrient supply treatments (μg/L) 

  
Control 75%N 50%N 30%N 15%N 50%P 20%P 0%P 50%K 20%K 0%K 

2012 

TDN 11.7±0.5 bcd 11.8±0.5 bcd 12.6±0.4 b 12.3±1.0 bc 14.9±0.9 a 9.70±0.32 e 10.4±0.6 cde 10.7±0.4 bcde 10.2±0.7 de 11.4±1.6 bcde 11.8±1.1 bcd 

vitispirane 17.4±1.7 ab 18.7±1.1 ab 19.8±1.6 ab 18.0±1.3 ab 20.6±2.3 a 16.0±0.9 b 18.1±1.7 ab 15.9±2.2 b 16.5±2.1 ab 17.8±2.1 ab 16.6±2.6 ab 

β-damascenone 3.30±0.29 a 3.12±0.23 ab 2.76±0.12 bc 2.53±0.17 cd 2.12±0.09 d 2.95±0.19 abc 3.04±0.18 abc 2.91±0.39 abc 2.66±0.10 bc 2.70±0.23 bc 2.62±0.16 bcd 

β-ionone* 29.6±1.9 27.4±3.6 28.9±1.1 27.2±1.6 24.8±1.2 24.3±2.4 24.7±2.5 25.5±2.7 26.0±2.9 27.7±4.2 30.4±2.7 

2013 

TDN 10.8±0.8 ab 12.2±0.9 a 12.1±0.8 a 10.7±3.0 ab 10.5±2.3 ab 10.7±0.6 ab 10.4±0.7 ab 11.2±1.3 ab 9.92±1.5 ab 10.4±0.9 ab 8.36±1.9 b 

vitispirane 7.19±0.46 6.37±0.79 6.85±0.39 6.78±0.99 6.70±1.08 6.25±0.35 6.11±0.34 6.15±0.31 5.95±0.56 7.27±0.85 7.50±0.74 

β-damascenone 1.31±0.18 ab 1.45±0.42 a 1.24±0.10 abc 0.93±0.09 bcd 0.73±0.10 d 1.18±0.06 abc 1.19±0.08 abc 1.10±0.10 abcd 1.25±0.17 abc 1.05±0.05 abcd 0.88±0.20 cd 

β-ionone* 9.37±1.52 a 8.16±0.78 ab 8.54±0.36 ab 6.47±0.84 b 6.86±0.96 b 8.21±1.00 ab 7.37±0.41 ab 7.89±0.80 ab 7.87±0.82 ab 7.55±0.68 ab 7.57±0.62 ab 

2014 

vitispirane 22.1±4.2 ab 21.4±1.7 ab 23.3±1.9 a 23.2±2.9 a 20.6±3.3 abc 19.7±3.3 abc 19.2±3.7 abc 20.4±3.5 abc 16.1±1.6 bc 14.2±1.6 cd 8.69±1.21 d 

TDN 14.5±2.0 ab 13.4±1.4 ab 15.8±2.2 a 15.1±0.7 ab 15.2±1.4 ab 12.1±1.9 ab 10.2±1.8 b 10.4±1.0 b 10.4±1.1 b 14.3±4.4 ab 11.8±2.7 ab 

β-damascenone 4.61±0.49 a 4.14±0.50 ab 4.11±0.47 ab 2.50±0.13 de 1.76±0.27 e 3.90±0.69 abc 3.43±0.64 abcd 2.96±0.74 bcde 2.81±0.42 cde 2.74±0.58 cde 2.20±0.40 de 

β-ionone* 24.6±7.0 ab 26.2±5.9 ab 31.2±3.3 a 20.9±0.7 ab 17.5±3.4 b 27.1±2.7 ab 25.7±5.8 ab 23.7±4.9 ab 21.6±6.5 ab 23.8±4.0 ab 20.9±2.4 ab 

* Concentration expressed as ng/L 
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