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Thesis Summary

Wine flavour is complex and encompasses a wide variety of compounds with very 

different sensorial properties. It is only through detailed investigations, however, that 

knowledge of aroma compounds is improved. One aroma compound of inconclusive 

origin and requiring further study was 1,8-cineole, which was especially relevant to 

the Australian viticultural landscape. Another group of important flavour compounds 

found in wine that required greater understanding are the sulfur compounds. Varietal 

thiols, in particular 3-mercaptohexan-1-ol (3-MH), have some of the lowest aroma 

thresholds of any food or beverage component. Knowledge of thiol precursors is also 

important for understanding the formation of the corresponding varietal aroma 

compounds during winemaking, since they are released from odourless precursors in 

grape juice through fermentation.

To enable a better understanding of the formation and fate of the two important 

aroma compounds chosen, novel analytical methods using stable isotope dilution 

analysis (SIDA) were developed and thoroughly validated for the quantification of 

1,8-cineole and 3-MH in grapes and wine. In addition, a SIDA method was developed 

and validated for the analysis of the diastereoisomers of the precursors, 3-S-

cysteinylhexan-1-ol (Cys-3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH) to 

complement the studies on 3-MH. 

1,8-Cineole was found to be predominantly present in red wines, being extracted 

during fermentation rather than forming from terpene precursors as previously 

proposed. Extension of this research revealed that Eucalyptus trees in the vineyard 

had a strong influence on the concentration of 1,8-cineole in wine. The incorporation 

of grape leaves and stems, and in particular Eucalyptus leaves into red must 

fermentations significantly elevated the level of 1,8-cineole concentrations in the 

wine. Additionally, this study revealed a surprising increase in rotundone 

concentrations when grape leaves and stems were included during fermentation. 

An analytical method was developed for 3-MH determination that used conventional 

electron ionisation GC-MS and eliminated the use of mercuric compounds for thiol 

isolation. A 3-MH precursor analytical method was also developed which provided 

the first method where both diastereoisomers of Cys- and Glut-3-MH could be 
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analysed individually in one run. This was improved further by the addition of Cysgly-

3-MH into the method following the identification of this compound in grapes for the 

first time. These methods were applied to wines and grape juices to investigate 

factors which might affect their concentrations, such as freezing grapes and juice, 

grape processing and fruit transportation. These studies highlighted the dynamic 

nature of these precursor compounds. In addition a new conjugated aldehyde which 

was the obvious missing link between the reaction of (E)-2-hexenal and glutathione 

in the formation of Glut-3-MH was identified for the first time.

The development of the new analytical methods discussed, together with their 

applications has contributed considerably to our understanding of various aspects of 

wine flavour. This work has uncovered the origin of 1,8-cineole in red Australian 

wine. It has also greatly enhanced our knowledge of 3-MH and its precursors so that 

we can understand how these compounds are formed and what affects their 

concentrations in juice and wine. Ultimately, this knowledge will enable wine 

producers to have greater control over the aroma profile of their wines. 
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Wine Flavour

Volatile compounds affecting aroma are important to a broad range of industries and 

to date, more than 6000 volatile compounds have been identified in both food and 

beverages (1). Over 1300 of these compounds have been identified in alcoholic 

beverages (2) of which more than 800 volatile compounds are found in wine alone 

(3-5). The number of wine volatile compounds continues to increase as new 

compounds are continually being identified. Wine flavour is complex and 

encapsulates a diverse range of compounds which have different sensorial 

properties. The complexity of wine flavour can be derived from numerous sources, 

which may include:

• from the grape berry itself, 

• volatiles originating from grape-derived non-volatile precursors and being 

released during processing and/or storage, 

• from yeast and bacterial metabolism (fermentation),

• from oakwood contact and

• from oxidative and acid-catalysed chemical reactions upon storage (6).

Detailed reviews have been published discussing the compounds involved in wine 

flavour from the sources listed above (1,6-9).

Bound flavour compounds
Grapes contain an array of volatile compounds, often partially or totally bound in a 

precursor form, which can contribute to a typical wine aroma. Up to now the two main 

precursor types that have been identified are: glycosides, and cysteine conjugates 

(the cysteine conjugates will be discussed in a subsequent section). Glycosides are 

present in large amounts in grape leaves (10). The extensive studies on grape berry 

glycosides have shown that flavours can be released from crude extracts containing 

these glycosides, either because of acid hydrolysis (imitating production of aroma 

compounds that can occur during wine making and storage), or enzyme hydrolysis, 

or combinations of both (11).

Glycosides contain an aglycone component, derived from several classes of 

compounds including: 
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• simple aliphatic compounds (e.g. hexanol, hexenols), 

• monoterpenes (mainly linalool, nerol, α-terpineol and geraniol), 

• C13-norisoprenoids e.g. β-damascenone,  

• volatile phenols (e.g. vanillin) (12) and

• benzene derivatives (e.g. phenylethanol, benzyl alcohol) (11).

Grape glycosides comprise either O-β-D-glucosides or disaccharides (5). With 

respect to the disaccharides, a glucose moiety is further conjugated with one of the 

following: 

• β-D-xylopyranose,

• β-D-apiofuranose, 

• α-L-arabinopyranose, 

• α-L-rhamnopyranose or

• β-D-glucopyranose (13-15). 

In grapes most aglycons are linked to disaccharides, whereas in leaves simple 

glucosides are mainly present (16).

Acid hydrolysis can occur during fruit juice processing or wine storage through acid 

catalysed reactions (5). These reactions often occur quite slowly in winemaking and 

are dependent on pH, temperature and structure of the aglycone moiety. β-

Glucosidases such as β-glucoside glucohydrolases can also hydrolyse glycosides. 

Enzyme hydrolysis requires various enzymes (β-D-glucosidase, diglycosidase) which 

act in a two step process:

1. α-L-rhamnosidase, α-L-arabinosidase, β-D-apiosidase or β-D-xylosidase 

cleave the terminal sugar and release rhamnose, arabinose, apiose, or xylose 

and the corresponding β-D-glucosides and

2. liberation of the aglycone part, by the action of a β-D-glucosidase (12).

Important grape derived flavour compounds
Terpenoids
Monoterpenes are mainly important to the aroma and flavour of young wines, in 

particular from Muscat grape varieties (17 and ref. therein). More than 70 

monoterpenes have been identified in grapes and/or wine. The most common 
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monoterpenes found in grapes and wines are the simple alcohols such as citronellol 

1, linalool 2, geraniol 3, nerol 4 and α-terpineol 5 (4) shown in Figure 1. Another 

group found are the monoterpene ethers, which include rose oxide 6 (Figure 1) and 

nerol oxide, along with polyhydroxylated monoterpenes which are produced by 

oxidation of the corresponding monoterpene alcohol (8). These terpenes have been 

known to contribute to the ‘floral’ and ‘fruity’ aromas in Muscat and Gewürztraminer 

wines (18) and their aroma detection thresholds vary: 0.2 µg/L for cis-rose oxide, 15 

µg/L for linalool 2, 30 µg/L for geraniol 3 and 100 µg/L for citronellol 1 (in 10% 

ethanol/water solution) (19). The aroma detection thresholds of α-terpineol 5 and 

nerol 4 are much higher at 250 µg/L and 300 µg/L respectively in an unspecified 

synthetic medium (20). The location of monoterpene alcohols within the components 

of the grape berry varies for different compounds; for example nerol 4 and geraniol 3
have been found in greater amounts in the skin, whereas linalool 2 seems to be 

uniform throughout the berry (8).
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Figure 1. The chemical structures of the monoterpene alcohols: 

citronellol 1, linalool 2, geraniol 3, nerol 4, α-terpineol 5 and the 

monoterpene ether cis-rose oxide 6, commonly found in grapes and/or 

wine.
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Sesquiterpenes
Sesquiterpenes have not been studied as extensively as the monoterpenes with 

regard to wine flavour (8). It has been commonly found that the concentration of 

sesquiterpenes increase during berry maturation as per the monoterpenes (8). The 

formation of both the monoterpenes and the sesquiterpenes is dependent on the C10- 

and C15-precursors which are derived from the C5-isoprene precursors isopentenyl 

pyrophosphate (IPP 7) and dimethylallyl pyrophosphate (DMAPP 8) (Figure 2). The 

IPP 7 and DMAPP 8 building blocks are extensively transformed in the plant by 

reactions such as reduction, oxidation, cyclisation and isomerisation to produce 

various terpenoids (8). In grapes, sesquiterpenes have not been reported to be 

bound in glycosylated form, in contrast to the monoterpenes (8). The only 

sesquiterpene identified to date which clearly imparts an aroma to wine is rotundone 

9 (21) (Figure 2). The aroma of rotundone 9 is described as ‘pepper’ and its aroma 

detection threshold was determined to be 16 ng/L in red wine, for those 

approximately 80% of testers who can detect this compound (21). Rotundone 9 is 

commonly found in Shiraz wines and has been linked to grapes grown in cooler 

climates (21). 
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Figure 2. The chemical structures of the monoterpene building blocks 

IPP 7 & DMAPP 8 and the sesquiterpene rotundone 9. 

C13-norisoprenoids  

Norisoprenoids occur in grapes and wine as glycosidically bound derivatives similar 

to monoterpenes. The proposed formation of C13-norisoprenoids is by “oxidative 

cleavage of the carotenoid molecule between the C9 and C10 positions” during grape 

ripening (16). There have been numerous identifications of C13-norisoprenoids in 

grapes but only a few of them have been confirmed to be important to the flavour of 

wine (19). These are β-damascenone 10, β-ionone 11, 1,1,6-trimethyl-1,2-

dihydronapthalene (TDN 12), and (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB 
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13) (Figure 3). β-Damascenone 10 is an important compound not only to grapes and 

wines but many other fruit and vegetables, coffee and beer (8).

The characteristic aroma of β-damascenone 10 changes with concentration. It has an 

aroma threshold of 50 ng/L in a model wine and at high concentrations it is described 

as ‘rose’, ’honey’ and ‘apple’, while at low concentrations it is described as ‘lemon 

balm’ (22,23). β-Ionone 11, like β-damascenone 10, is also an important compound 

to many fruits. β-Ionone 11 is described as ‘sweet’ or ‘violet’ and has an odour 

detection threshold of 90 ng/L (in 10% v/v aqueous ethanol) (24). The concentrations 

of both β-damascenone 10 and β-ionone 11 are commonly found above their 

detection thresholds in grapes and have been shown to positively contribute to many 

varieties of wine (8 and ref. therein). TDN 12 is described as having a ‘kerosene-like’ 

aroma with an aroma detection threshold of 20 µg/L in a hydro-alcoholic solution 

(10%) (25). Higher amounts of both TDN 12 and vitispirane 14 (Figure 3) have been 

generally associated with bottle aged Riesling wines. Vitispirane 14 is described as 

‘eucalyptus’ or ‘camphoraceous’ but has a relatively high aroma detection threshold 

of 800 μg/L in wine (2 and ref. therein). TPB 13 has been identified from glycoside 

hydrolysates of Cabernet Sauvignon and Shiraz grapes and leaves. It was detected 

in aged white wine, particularly Semillon and has also been implicated as a white 

wine bottle aged character (26). With an aroma threshold of 40 ng/L in a neutral 
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and as ‘insecticide’ and ‘plastic’ at levels above 270 ng/L (27).
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Figure 2. The chemical structures of the monoterpene building blocks 

IPP 7 & DMAPP 8 and the sesquiterpene rotundone 9. 

C13-norisoprenoids  
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Methoxypyrazines
Methoxypyrazines have been linked to the varietal aroma of Cabernet Sauvignon, 

Sauvignon blanc and Semillon wines. The aroma of pyrazines is described as 

‘vegetative’, ‘earthy’, ‘herbaceous’ or ‘bell pepper’ (28). Of the pyrazines, the most 

relevant are 3-isobutyl-2-methoxypyrazine (IBMP) 15, 3-isopropyl-2- 

methoxypyrazine (IPMP) 16 and 3-sec-butyl-2-methoxypyrazine (SBMP) 17 (Figure 

4). They are extremely potent and have very low aroma detection thresholds. The 

aroma detection threshold of IBMP 15 is 10 ng/L and 16 ng/L in white and red wine, 

respectively (29,30) and it has been found at levels of 3.6 - 56.3 ng/L in Cabernet 

Sauvignon wines (31). The aroma detection threshold of IPMP 16 is 1 - 2 ng/L in 

water, white and red wine. Since it is rarely found above this level in wine, it is 

thought to be less important than IBMP 15 (8). The aroma detection threshold of 

SBMP 17 is 1 – 2 ng/L in water (24) and as with IPMP 16, this compound is not 

normally found above its threshold and again is thought to be less important than 

IBMP 15 (32 and ref. therein). Higher concentrations have been found in cooler 

climates and with low levels of light exposure in the vine canopy during grape 

ripening (2 and ref. therein). Methoxypyrazines have been located in the skins of the 

grape berries (33).
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Figure 4. Chemical structures of various methoxypyrazines; IBMP 15,

IPMP 16 and SBMP 17 found in wine.

 

Organo-sulfur compounds  

Sulfur compounds can provide positive or negative aromas and flavours to wine. 

Various off-flavours in wines can be produced by fermentation-derived sulfur 

compounds. Some examples, covered in a subsequent section, include the smell of 

‘rotten eggs’ which is caused by H2S and the smell of ‘onions’, ‘green asparagus’, 

‘burnt rubber’ or ‘garlic’ caused by methyl and ethyl sulfides, disulfides and thiols 
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(23). In contrast, polyfunctional thiols convey pleasant and important varietal aromas 

in wine. 

Compounds now recognised as grape-derived thiols were first identified in the 1980s 

in various fruits such as blackcurrant, grapefruit, passionfruit or guava and found in 

Sauvignon blanc for the first time in 1995 (23,34). Important wine thiols have some of 

the lowest aroma thresholds found in food. The first of the thiols which exhibited a 

typical Sauvignon blanc aroma in wine was identified as 4-mercapto-4-methylpentan-

2-one (4-MMP 20) (34) (Figure 5). It’s characteristic aroma has been described as 

‘blackcurrant’, ‘boxwood’ and ‘broom’ and it has an aroma threshold of 3.3 ng/L in 

white and red wine (34). A year later, an additional important thiol exhibiting varietal 

character in Sauvignon blanc wine was identified as 3-mercaptohexyl acetate (3-

MHA) 19 (35) (Figure 5). The aroma of 3-MHA 19 is described as ‘grapefruit’, 

‘passionfruit’ and ‘box tree’ with an aroma detection threshold of 4 ng/L in 12% 

aqueous ethanol (35). Soon after the identification of 3-MHA, 3-mercaptohexan-1-ol 

(3-MH) 18 (Figure 5) was also found in Sauvignon blanc (36). Its aroma is described 

similarly to 3-MHA 19 as ‘passionfruit’ or ‘grapefruit’ with a detection threshold of 60 

ng/L in 12% aqueous ethanol (36). Although these thiols generally have pleasant 

aromas, they can impart unpleasant ‘sweaty’ aromas analogous to that of ‘cat’s urine’ 

at very high concentrations (37). Table 1 summarises the organo-sulfur compounds 

that are important to wine flavour, (adapted from a table in reference 8). Of these 

compounds 18 to 20 are generally considered to be the most important.

Table 1. Odours of some important volatile organo-sulfur compounds.

Compound Odour description Odour 
threshold 
(ng/L)*

References

3-Mercaptohexan-1-ol 18 Passionfruit, grapefruit 60 (36) 

3-Mercaptohexyl acetate 19 Grapefruit, passionfruit, box tree 4 (35) 

4-Mercapto-4-methylpentan-2-one 20 Blackcurrant, boxwood, broom 0.8 (34) 

4-Mercapto-4-methylpentan-2-ol 21 Citrus zest, passionfruit, box tree, 
boom 55 (1,38) 

3-Mercapto-3-methylbutan-1-ol 22 Cooked leaks 1500 (1,11,36) 
3-methylthiopropan-1-ol 23

(Methionol)
Sweet potato, cauliflower, soup, 

meat like 1 x 106 (1,11,39) 

2-Furanmethanethiol 24 Roasted Coffee, meat, bread, 
popcorn 0.4 (40,41) 

2-Methyl-3-furanthiol 25 Meaty, savoury, fried 5 (1,11,22,39) 

Bezenemethanethiol 26 Empyreumatic, burnt, match 0.3 (42) 

Methional 27 Baked potatoes 500 (43) 

* Thresholds determined in hydoalcoholic solutions
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3-MH 18, 4-MMP 20 and 3-MHA 19 are not only varietal impact aroma compounds of 

Sauvignon blanc but also other wine varieties. They have been isolated from wines 

made from many different cultivars of Vitis vinifera, such as Scheurebe, 

Gewurztraminer, Riesling, Colombard, Petit Manseng, Semillon, Cabernet 

Sauvignon, and Merlot (19,36,38,44-46).
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Figure 5. Chemical structures of various organo-sulfur compounds 

found in wine. The stars in structures 18, 19 and 21 indicate the position 

of the chiral centres of the compound.

In Sauvignon blanc wines from the Bordeaux and Sancerre region, the amount of 4-

MMP 20 ranged from 4 to 24 ng/L, the amount of 3-MH 18 ranged from 733 to12,822 

ng/L and the amount of 3-MHA 19 ranged from 212 to 724 ng/ L (47). As can be seen 

from the values obtained in these wines relative to their aroma detection threshold, 

these compounds are important to wine aroma. [Values found in the literature have 

been updated in Chapter 4 and 8].

Stereochemistry is another key feature of wine thiol characteristics. For example, 3-

MH 18 exists as two possible enantiomers, as does its O-acetate derivative 3-MHA. 

Chirality is important as it results in different interactions with biological aroma 

receptors and therefore both enantiomers can often have different aroma descriptors 

- 9 -

Chapter 1 Literature review  & summary of research aims

 

3-MH 18, 4-MMP 20 and 3-MHA 19 are not only varietal impact aroma compounds of 

Sauvignon blanc but also other wine varieties. They have been isolated from wines 

made from many different cultivars of Vitis vinifera, such as Scheurebe, 

Gewurztraminer, Riesling, Colombard, Petit Manseng, Semillon, Cabernet 

Sauvignon, and Merlot (19,36,38,44-46).

O
SH

SH OSH

OH

SH

O

O

4-Mercapto-4-methylpentan-2-one
20

SH

3-Mercaptohexyl acetate
19

3-Mercaptohexan-1-ol
18

4-Mercapto-4-methylpentan-2-ol
21

3-Mercapto-3-methylbutan-1-ol
22

3-Methylthiopropan-1-ol
23

2-Furanmethanethiol
24

Benzenemethanethiol
26

SH OH

O

SH

2-Methyl-3-furanthiol
25

S OH

* *

*

S O

Methional
27

OHHS

 

Figure 5. Chemical structures of various organo-sulfur compounds 

found in wine. The stars in structures 18, 19 and 21 indicate the position 

of the chiral centres of the compound.

In Sauvignon blanc wines from the Bordeaux and Sancerre region, the amount of 4-

MMP 20 ranged from 4 to 24 ng/L, the amount of 3-MH 18 ranged from 733 to12,822 

ng/L and the amount of 3-MHA 19 ranged from 212 to 724 ng/ L (47). As can be seen 

from the values obtained in these wines relative to their aroma detection threshold, 

these compounds are important to wine aroma. [Values found in the literature have 

been updated in Chapter 4 and 8].

Stereochemistry is another key feature of wine thiol characteristics. For example, 3-

MH 18 exists as two possible enantiomers, as does its O-acetate derivative 3-MHA. 

Chirality is important as it results in different interactions with biological aroma 

receptors and therefore both enantiomers can often have different aroma descriptors 

- 9 -

Chapter 1 Literature review  & summary of research aims



 

3-MH 18, 4-MMP 20 and 3-MHA 19 are not only varietal impact aroma compounds of 

Sauvignon blanc but also other wine varieties. They have been isolated from wines 

made from many different cultivars of Vitis vinifera, such as Scheurebe, 

Gewurztraminer, Riesling, Colombard, Petit Manseng, Semillon, Cabernet 

Sauvignon, and Merlot (19,36,38,44-46).

O
SH

SH OSH

OH

SH

O

O

4-Mercapto-4-methylpentan-2-one
20

SH

3-Mercaptohexyl acetate
19

3-Mercaptohexan-1-ol
18

4-Mercapto-4-methylpentan-2-ol
21

3-Mercapto-3-methylbutan-1-ol
22

3-Methylthiopropan-1-ol
23

2-Furanmethanethiol
24

Benzenemethanethiol
26

SH OH

O

SH

2-Methyl-3-furanthiol
25

S OH

* *

*

S O

Methional
27

OHHS

 

Figure 5. Chemical structures of various organo-sulfur compounds 

found in wine. The stars in structures 18, 19 and 21 indicate the position 

of the chiral centres of the compound.

In Sauvignon blanc wines from the Bordeaux and Sancerre region, the amount of 4-

MMP 20 ranged from 4 to 24 ng/L, the amount of 3-MH 18 ranged from 733 to12,822 

ng/L and the amount of 3-MHA 19 ranged from 212 to 724 ng/ L (47). As can be seen 

from the values obtained in these wines relative to their aroma detection threshold, 

these compounds are important to wine aroma. [Values found in the literature have 

been updated in Chapter 4 and 8].

Stereochemistry is another key feature of wine thiol characteristics. For example, 3-

MH 18 exists as two possible enantiomers, as does its O-acetate derivative 3-MHA. 

Chirality is important as it results in different interactions with biological aroma 

receptors and therefore both enantiomers can often have different aroma descriptors 

- 9 -

Chapter 1 Literature review  & summary of research aims

 

and thresholds (8). The chiral centres are indicated with stars on the structures in 

Figure 5. Both enantiomers of 3-MH 18 and 3-MHA 19 are present in Sauvignon 

blanc and Semillon wines. The aroma detection thresholds for (R)- and (S)-forms of 

3-MH 18 were similar (50 and 60 ng/L, respectively, in model wine) while there is a 

larger disparity in the detection thresholds for the acetates; the (R)-form being higher 

(9 ng/L) than the (S)-form (2.5 ng/L) (48). Furthermore, the aroma descriptors vary, 

as summarised in Table 2 along with their thresholds (adapted from 8):

Table 2. Odour threshold and quality for different enantiomers of 3-MH and 3-MHA

Compound Chirality Odour 
threshold

(ng/L)

Odour description

3-Mercaptohexan-1-ol R 50 Grapefruit, citrus peels
S 60 Passionfruit

3-Mercaptohexyl acetate R 9 Passionfruit
S 2.5 Boxwood

For wines with 3-MH 18 present, the amounts of each of the enantiomers were 

quantified in order to evaluate the contribution of the compound to the sensory 

properties of the wine assessed. The (3R)-3-MH:(3S)-3-MH ratios in dry white wines 

which included Sauvignon blanc and Semillon, were compared to those in sweet 

wines made from grapes of the same variety affected by Botrytis cinerea and these 

were approximately 1:1 and 3:7, respectively (48). This difference in the ratios of the 

3-MH 18 enantiomers may help explain why the aromas of the dry white wines are 

equally linked with ‘passionfruit’ and ‘grapefruit’, whereas sweet wines have a much 

stronger ‘passionfruit’ aroma. 

Varietal thiols 3-MH and 4-MMP are considered to be formed from odourless grape 

derived precursors. Putative precursors to these compounds were first identified as 

S-cysteinyl conjugates of 3-MH 28, 29, 4-MMP 32 and 4-MMPOH in a Sauvignon 

blanc juice (49), then subsequently as the glutathione conjugate of 3-MH 30, 31 in 

Sauvignon blanc juice (50) and most recently the glutathione conjugate of 4-MMP 32
(51) (Figure 6). The non-volatile cysteine precursors are released as the 

corresponding volatile thiol by yeasts during fermentation (49), by putative sulfur

lyases (52). No direct precursor has been identified for 3-MHA 19 in grapes and 
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Figure 5. Chemical structures of various organo-sulfur compounds 

found in wine. The stars in structures 18, 19 and 21 indicate the position 

of the chiral centres of the compound.
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grape must but it has been shown that 3-MH 18 is converted into 3-MHA by 

Saccharomyces cerevisiae, probably via the ATF1 enzyme (53).
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Figure 6. Chemical structures of the diastereoisomers of various known 

thiol precursors found in grape juice. 

Investigations of grape berry constituents found that the S-cysteine conjugates of 4-

MMP 32 and 4-MMPOH precursors (Cys-4MMP 33 and Cys-4MMPOH) were found 

in equal amounts in the grape juice and skin, whereas the amount of 3-

mercaptohexan-1-ol precursor (Cys-3MH 28, 29) was present in almost eight times 

higher concentrations in the skin (54). It was also reported that minimal skin contact 

could increase the concentration of cys-4MMP 33 and cys-4MMPOH and increase to 

an even greater extent the Cys-3MH 28, 29 in the must (45). The Cys-3MH 28, 29  
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concentration continued to increase with extended juice-skin contact in the grape 

musts, and this was more apparent at higher temperatures (45).

It has been shown that the glutathione present in grapes rapidly decreases after 

crushing, because of the start of redox and enzymatic processes (55). It has been 

reported that S-cysteinyl conjugates are found along the metabolic pathway of the 

degradation of the relevant S-glutathionyl conjugates, and for this reason the 

glutathione derivatives are considered the real precursors to a variety of important 

wine aroma compounds (51). This was also implied from the work on the biogenesis 

of 3-MH 28, 29 in Sauvignon blanc wines (56).

Semi-quantitative methods for measuring the cysteine and glutathione conjugates in 

must have been used to assess the impact on the aromatic potential of these 

compounds in Merlot and Cabernet Sauvignon grape varieties used to produce rosé 

wines in Bordeaux (31). Various winemaking parameters, including the preparation of 

the juice, the yeast strain selected and fermentation temperature are all factors that 

can affect the concentrations of the thiols produced in the wine (55).

[Updated literature for this section can be found in the Introductions of Chapters 5, 6, 

7, 8 & 9].

Important fermentation-derived flavour compounds
During yeast fermentation many volatile compounds are formed but many of these 

compounds do not greatly impact on the overall wine flavour. The concentrations of 

compounds formed are often present below their aroma detection thresholds. The 

compound types that are usually produced during fermentation are:

• Ethanol (produced from catabolism of hexoses – glucose and fructose), 

• Higher chain length alcohols, also known as fusel alcohols which are formed 

from decarboxylation and deamination of amino acids, in addition to sugar 

catabolism (57), 

• Volatile acids,

• Acetate esters and the ethyl esters of fatty acids and

• Low molecular weight sulfur compounds.
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Fermentation usually occurs in two stages; firstly a primary yeast alcoholic 

fermentation (AF), followed by a secondary microbial, or malolactic fermentation 

(MLF). The main purpose of the secondary fermentation is to convert malic acid to 

lactic acid, which decreases the acidity in the wine. Of the volatiles produced through 

fermentation, the esters are reported to be of greatest importance, primarily 

impacting on young wine aroma (6). Esters are formed via enzymatic reactions within 

the yeast cell (58). The enzymatic reactions for ester synthesis take place between 

higher alcohols and acetyl-CoA (acetate esters) and ethanol and short-chain fatty 

acyl-CoA compounds (fatty acid ethyl esters) during alcoholic fermentation (58-60). 

Similarly to the thiols, the amount of esters found in wine is dependent on the yeast 

species and strains selected (61). The characteristic aromas of the esters are ‘fruity’ 

and described as ‘apple’, ‘banana’, ‘perfume’ and ‘rose’ (58). It has been shown that 

esters are present in all wines and they are considered to impart a positive influence 

on wine aroma (58-60). Other important compounds released during fermentation are 

the varietal thiols mentioned earlier.

Flavour compounds of inconclusive origin – 1,8-cineole
The characteristic aroma of 1,8-cineole 34, commonly known as eucalyptol, is 

‘eucalyptus’, ‘fresh’, ‘cool’, ‘medicinal’ and ‘camphoraceous’. A study by Herve et al. 

has shown that 1,8-cineole 34 plays an important role in the occurrence of 

‘eucalyptus’ character in wine (62). They also determined the detection and 

recognition thresholds of 1,8-cineole 34 in a California Merlot to be 1.1 μg/L and 3.2 

μg/L respectively (62).

O

1,8-Cineole
34  

 
Figure 7. Chemical structure of 1,8-cineole.

The origin of 1,8-cineole 34 in wine is unclear, but several theories have been 

reported. Herve et al. (62) proposed that the ‘eucalyptus’ character in wines occurs 

when vineyards are surrounded by Eucalyptus trees, whereas Farina et al. (63)
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proposed that terpene compounds such as α-terpineol 5 and limonene are possible 

precursors of 1,8-cineole 34. Farina et al. postulated that the pathway to the 

formation of 1,8-cineole is by the hydration of limonene, forming α-terpineol 5, which 

is then followed by the cyclisation of trans-1,8-terpine, but not cis-1,8-terpine to 1,8-

cineole 34. They also suggest other pathways involving epoxidation of the double 

bonds of limonene and α-terpineol 5, which may have lead to a complex mixture of 

minor compounds (α-terpineol 5, 1,4-cineole, 1-terpineol) (63). Their studies with 

model wine showed that 1,8-cineole can be produced from limonene and α-terpineol 

under conditions related to those of red wine aging but did not give quantitative data 

for the products (63). Finally, they found that 1,8-cineole 34 concentrations in grapes 

at the beginning of the ripening were very low, then showed an important increase 

throughout the ripeness. 

Another study by Kalua and Boss (64) suggested that Cabernet Sauvignon grapes 

have the ability to form 1,8-cineole 34, which was the major monoterpene found early 

in berry development but decreased during ripening. This is in direct contrast to the 

observations of Farina et al. (63). Kalua and Boss also found that 1,8-cineole 34 was 

detected at similar levels in berries situated immediately next to Eucalyptus trees or 

at some distance from the trees (64) which is in contrast to the suggestion of Herve 

et al. (62). Kalua and Boss also suggested that the existence of 1,8-cineole 34 in 

berries may be attributable to the persistence of the compound from floral tissues or 

alternatively, the production of 1,8-cineole 34 may be promoted by herbivore 

predation, as reported for other plant species (64 and ref. therein).

It is would be advantageous to clarify how this character arises in wine. If it is due to 

the presence of Eucalyptus trees, as proposed by Herve et al. (62), it would give 

winemakers and viticulturalists a choice of retaining or removing these trees within

their vineyards, depending on whether they wish to maintain or reduce this character 

in their wines. 

Off flavours in wine
It has been suggested that any flavour compound present at very high concentrations 

might convey an undesirable aroma in a wine. Many compounds have caused off-

flavours in wine and these have resulted from different grape varieties, wine 

processing and wine storage conditions. Compounds such as furaneol 35  
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in their wines. 

Off flavours in wine
It has been suggested that any flavour compound present at very high concentrations 

might convey an undesirable aroma in a wine. Many compounds have caused off-

flavours in wine and these have resulted from different grape varieties, wine 

processing and wine storage conditions. Compounds such as furaneol 35  
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(undesirable ‘strawberry-like’ flavour), sulfur-containing compounds like hydrogen 

sulphide 36, ethyl mercaptan 37, dimethyl sulfide 38, diethyl sulfide 39 (‘rotten egg’, 

‘garlic’, ‘cooked vegetable’ and ‘onion-like’ aromas), have been found as undesirable 

compounds depending on the grape variety and wine processing. Compounds such 

as 2,4,6-trichloroanisole (TCA) 40, known as ‘cork taint’, has a ‘musty’, ‘earthy’ or 

‘mouldy’ aroma (2) and 2-methoxy-3,5-dimethylpyrazine 41, which also has a ‘musty’ 

aroma is too derived from wine corks (65) and is associated with wine storage in wine 

bottles. Other compounds such as, 4-ethylphenol 42 and 4-ethylguaiacol 43, which 

have ‘barnyard’, ‘horse’ and ‘wet leather’ aromas, are associated with spoilage by 

Brettanomyces (66). More recently other compounds such as 6-chloro-ortho-cresol 

44, 2,6-dichlorophenol 45 and indole 46 have been identified in wine as causing 

‘plastic’ or ‘chlorine’ aromas, the first two have been shown to occur from 

contaminated processing aids, whereas indole was linked to stuck or sluggish 

fermentations (67).
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Figure 8. Chemical structures of various off flavours that have been 

found in wine.
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Techniques for wine analysis
Early wine analytical methods only focussed on measuring ethanol, organic acids

and sugars which are the major components of wine. Chromatographic techniques 

such as gas chromatography (GC), enabled a new era in scientific discovery for 

analytical chemistry (2).

The same general techniques for analysing volatile compounds are used by both 

wine chemists and flavour chemists in general. The main difference and 

disadvantage for wine chemists is that they have to deal with the presence of ethanol 

which causes complications in compound extractions and GC chromatograms. The 

other challenge is the numerous compound interferences such as sugars, acids and 

polyphenols which can contaminate GC columns (2).

Wine chemists have access to many isolation techniques but need to be aware that 

they can cause biases in flavour profiles. Therefore, it is crucial for the chemist to 

understand the advantages and disadvantages of each specific isolation technique 

and how the choice of technique could affect the results (68-70). 

Different isolations techniques include, but are not limited to, the following:

• Distillation: common for ethanol and fusel alcohols in wine (9).

• Extractions:

o Solvent extractions were the most common technique used because it 

has the ability to remove ‘contaminants’, isolate specific volatiles and in 

some cases be able to concentrate the analytes (71). Solvents with a 

low affinity for ethanol are most often chosen e.g. Freon (less common 

now) or pentane/ethyl acetate (2:1) (17). The recent decrease in the 

use of solvent extracts is mainly due to the high costs of disposal of 

solvents, environmental and safety concerns. 

o Supercritical fluid extraction (SFE), “supercritical fluid is a substance 

that is above its critical temperature and pressure and has diffusivity 

properties that are gas-like and solvating properties that are liquid-like. 

Carbon dioxide is usually the extracting solvent used as it is available in 

pure form, is non-toxic and has a convenient critical temperature” (72). 

The main advantage of SFE is that it requires minimal use of organic 
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solvents but is better suited for the extraction of solid materials such as 

corks or grapes.

o Solid phase extraction (SPE) involves the absorption of analytes on a 

solid phase support. It is commonly used for sample preparation 

(concentrating) and cleanup. C18 columns and XAD-2 resins have been 

the most common for isolation of glycosidically bound aroma precursors 

from grapes and wines (71). LiChrolut EN resins have been used for a 

cleanup step for the removal of fatty acids and various interfering 

compounds prior to performing an extraction with p-hydroxymercury-

benzoate for the analysis of potent thiols (73).

• Headspace analysis:

o Static (equilibrium) headspace sampling (HS) is most frequently used 

for volatiles in solid and liquid samples. A sample of the headspace is 

injected into the GC and this technique relies on the analyte partitioning 

between the sample and headspace. The main disadvantage of this 

type of method is that the detection limits of the higher molecular 

weight, higher boiling analytes and polar analytes in aqueous samples 

are reduced (74).

o  Dynamic headspace/purge and trap (DHS-PT) was developed to 

overcome the sample size limitation that is found with static headspace. 

With dynamic headspace, an unrestricted amount of gas can be purged 

over the sample surface. Although the concentration of analytes in the 

gas is low the samples can be concentrated on cold traps, solvent traps 

or solid adsorbents (74). The most common trapping material used for 

the analysis of wine samples is Tenax. Tenax is chosen due to its low 

affinity for water and ethanol. Volatiles are first trapped onto the Tenax 

and then thermally desorbed into a GC injector. This technique has now 

become automated with the use of equipment such as a Gerstel 

automatic sampler with the dynamic headspace attachment.

o Solid phase microextraction (SPME) is a solventless sampling 

technique; the sample is extracted from a liquid or gas on to a fibre 

coated with a stationary phase. This stationary phase is then inserted 

into an inlet and then thermally desorbed (75). This technique was 

developed by Arthur and Pawliszyn in 1990 where they used it in 
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headspace mode (HS-SPME) and coupled with (GC) (75). SPME is 

now easily automated and combines both sample extraction and 

concentration into one step. There are many advantages of SPME 

including the speed and that it is a lot easier than solvent extractions 

and distillation procedures. Sampling and analysis times usually vary 

from 10 to 60 minutes. Many applications utilising this technique for 

wine analysis have been developed e.g. (27,76,77). Since a single fibre 

type will not extract all classes of compounds identically, caution must 

be taken when using this technique for quantification of compounds 

(77,78). Method optimisations using SPME should include examinations 

of varying sample temperature and varying matrix effects such as 

ethanol, salt concentration and pH (79).

o Solid-phase dynamic extraction (SPDE), is a relatively new technique 

recently used to analyse fermentation profiles in a fermenting grape 

must (80). It comprises an internally coated steel needle (81,82) which 

is used for the extraction and preconcentration from the solution 

headspace. A dynamic extraction occurs by repeated aspiration and 

dispersion of the syringe volume and as a result the analytes present in 

the sample are adsorbed onto the sorbent inside the needle, and then 

thermally desorbed into a GC injector port followed by MS analysis. 

SPDE is generally not as widely applied as SPME, and reference to the 

use of this technique for wine is limited (80 and ref. therein).

Quantitation and identification
Important odorants of foods and beverages have been identified and quantified at 

low levels due to the development of numerous analytical techniques which include: 

fourier transform nuclear magnetic resonance (FT-NMR), infra-red spectroscopy (IR) 

and most importantly gas chromatography (GC), mass spectrometry (MS) and the 

so-called hyphenated techniques such as GC-MS and GC/Olfactometry (GC/O). GC-

MS with the use of SPME has enabled the quantification of compounds at levels from 

parts per billion (μg/L) to parts per trillion (ng/L) in wine (72).

For quantification of analytes, internal standards are most often used in order to 

check analyte recoveries and to reduce variability that can occur during sample 
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preparation and injection. The choice of standard is important as it must not interfere 

with the chromatographic separation and ultimately needs to respond in a similar way 

to the analyte. The best type of analytical standards are stable isotope labelled 

analogues of analytes as they have near-identical and physical properties to the 

analyte of interest. In theory, no matter what happens during sample preparation and 

analysis, the ratio of the isotopically-labelled standard to the non-labelled analyte 

remains the same. Ideally a stable, isotopically-labelled standard is needed for each 

analyte, but these standards are not commonly commercially available and need to 

be synthesised (83). Isotopically-labelled standards do not usually resolve from the 

analyte during GC separation (although the greater the extent of labelling the greater 

the separation), but by using MS, individual mass ions of the analyte and its standard 

can be monitored and quantified separately. There are now many examples in the 

literature that employ labelled standards for quantification of many different flavour 

and taint compounds such as monoterpenes (17), norisoprenoids (27), 

sesquiterpenes (84), cork taint (65,85), thiols (86) and fermentation products (76).

GC/O is the most common technique used for the identification of compounds that 

exhibit a particular aroma. It involves an individual sniffing the effluent eluting off the 

end of a GC column and recording the aroma descriptors and timing of detecting the 

odorants. In 1997 (19) and 1998 (87) Guth conducted comprehensive studies using 

GC/O and static headspace in wine to identify and quantify using SIDA, important 

odour impact compounds in Scheurebe and Gewurtztraminer wine. This study led to 

the first identification of compounds 42 (19) and 43 (87) in wine. In more recent 

studies, GC/O was used to identify TPB 13 (26), rotundone (21), and a cork taint 

compound (2-methoxy-3,5-dimethylpyrazine 41) (65) in wine for the first time. 

Additional considerations with thiol analysis:
The analytical determination of thiol compounds at near-threshold concentrations in 

wine is difficult, since very low levels need to be reliably measured (low ng/L to µg/L 

range). A number of difficulties encountered with 3-MH analysis included poor 

sensitivity and poor chromatography and intense tailing of peaks which was most 

likely due to the thiol functionality on the stationary phase or residual active sites 

which can occur in some chromatographic systems (73). Additional problems 

encountered with the analysis of these compounds is due to their instability and 

capacity to react with oxygen and other oxidants, and thiols can form complexes and 
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which can occur in some chromatographic systems (73). Additional problems 

encountered with the analysis of these compounds is due to their instability and 

capacity to react with oxygen and other oxidants, and thiols can form complexes and 
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precipitates with many different metal ions (88). Therefore there are not many 

analytical methods described for the quantitative analysis of these compounds at 

trace level. 

The most common method applied to the varietal thiol compounds uses p-

hydroxymercurybenzoate (p-HMB) solution to promote thiol extraction (34). p-HMB is 

highly toxic, and the methods employed are expensive, use large volumes of wine 

and involve tedious or complicated extractions (34,36,38). Despite these limitations, 

further modifications of this method have been published (40,73). These methods 

improve the quality of the extracts containing the thiols, but still did not solve the 

difficulties with sensitivity and compound instability. Such analytical methods have 

been enhanced by using stable isotope dilution analysis (86). Unfortunately, these 

methods are still time consuming, the procedures are complicated and the use of 

mercury complexes yet to be eliminated. 

Researchers have investigated the use of derivatising agents such as 2,3,4,5,6-

pentafluorobenzyl bromide (PFBBr), with on-fibre derivatisation (89) or in-cartridge 

(SPE) derivatisation (90). These alternative methods have not been taken up, 

possibly due to limitations with the linear range, along with reactivity, repeatability 

and sensitivity issues. These various methods also use negative chemical ionisation 

mass spectrometry which is not available in many laboratories. A new method for 

analysing these compounds is required so that they can be done in most laboratories 

using conventional electronic impact ionisation (EI) mass spectrometry and 

eliminating the use of mercury complexes.
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Summary of research aims

The aim of this work was to develop novel analytical methods using stable isotope 

dilution analysis (SIDA) for two important wine aroma compounds and to then apply 

these in studies to improve understanding of the formation and fate of these

compounds. Such novel analytical methods will advance understanding of the effects 

of viticultural practices, winemaking practices, storage and ageing conditions on 

overall wine flavour. This will in turn improve decision making capabilities of 

winemakers and viticulturalists to control these aromas in wine. 

Specific objectives

Develop SIDA methods using GC-MS for:   

 1,8-Cineole 34 and 

 Varietal thiol 3-MH 18  

Develop a SIDA method using HPLC-MS/MS for:

 Cysteine (28, 29) and glutathione conjugates (30, 31) of 3-MH and

 Apply these new analytical methods to research and commercial scale 

vineyard and winery studies to elucidate aspects of the compounds origin, 

formation and fate in wine.

1,8-cineole (eucalyptol)

A method was required for measuring 1,8-cineole in grapes and wine. With a suitable 

method in hand it was necessary to verify how the ‘eucalyptus’ character is 

transferred / formed in wine, as there have been conflicting views reported. It was 

necessary to determine the prevalence of 1,8-cineole in Australian wine and this 

would be achieved by carrying out a survey of commercial red and white wines. 

Following this it would be advantageous to investigate factors affecting 1,8-cineole 

evolution during wine making or whether 1,8-cineole can be easily formed from 

precursors or degraded. It would be especially useful to determine the influence of 

Eucalyptus trees in the vineyard on 1,8-cineole concentrations in wine. Determination 

of its stability in wine along with investigations of various closures types affecting 1,8-

cineole concentration in wine would also provide useful insight to this research area. 

Detailed results of these studies can be found in Chapters 2 and 3.
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3-MH

Sensitive and specialised methods are paramount to understanding thiol compounds 

due to their reactivity and low concentrations. A new method for measuring 3-MH 

would enable grapes and juices to be assessed, which was something that has not 

been achieved up to now. The current, routine method for selective isolation of thiols 

from wine employs mercury complexes in the extraction, which are extremely toxic. 

The important thiol to be targeted for development of a new method which eliminates 

the use of mercury was 3-mercaptohexanol 18. To enable the ultimate in accuracy, 

deuterium labelled standards will be employed for the analysis. An optimised method 

would then be used in various applications such as examination of 3-MH during 

ripening, the effect of freezing and its prevalence in other grape varieties. A GC-MS 

method for measuring 3-MH will be used in conjunction with a 3-MH precursor 

method to gain a greater insight into 3-MH formation. Details of these studies can be 

found in Chapters 4 and 5.

3-MH Precursors

Knowledge of thiol precursors is important to understanding the formation of the free 

thiols. Some thiols arise from grape components and others from yeast biosynthesis.

A HPLC-MS/MS method for both diastereoisomers of the thiol precursors Cys-3-MH 

(27, 28) and Glut-3-MH (29, 30) needed to be developed. Various factors that may 

affect 3-MH precursor concentration would be studied and these include: freezing 

grapes and wines, grape ripeness, grape processing operations and transportation. 

These studies will be essential in continuing to improve understanding of 3-MH 

formation and how this compound might be manipulated in wine. Further details of 

thiol precursor studies can be found in Chapters 4 to 9.
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A new method has been developed for the quantitation of 1,8-cineole in red and white wines using

headspace solid-phase microextraction (SPME) combined with stable isotope dilution analysis

(SIDA) and gas chromatography-mass spectrometry (GC-MS). An extensive survey of Australian

wines (44 white and 146 red) highlighted that only red wines contained significant amounts of 1,8-

cineole (up to 20 μg/L). Hydrolytic studies with limonene and R-terpineol, putative precursors to 1,8-

cineole, showed a very low conversion into 1,8-cineole (<0.6%) over a 2 year period, which does not

account for the difference between white and red wines. 1,8-Cineole was chemically stable in model

wine solution over 2 years, and absorption from a Shiraz wine by bottle closures was most evident

for a synthetic closure only (14% absorption after 1 year). Two commercial ferments at two different

locations were monitored daily to investigate the evolution of 1,8-cineole throughout fermentation.

Both ferments showed daily increases in 1,8-cineole concentration while in contact with grape

solids, but this accumulation ceased immediately after pressing. This observation is consistent with

the extraction of 1,8-cineole into the ferment from the solid portions of the grape berries.

KEYWORDS: Wine aroma; 1,8-cineole; eucalyptol; SPME; SIDA; GC-MS

INTRODUCTION

1,8-Cineole, correctly identified by Jahns in 1884 (1), was
initially recognized as the major constituent of the essential oil
from leaves of Eucalyptus globulus by Cloëz, who labeled it
eucalyptol (2). Eucalyptus essential oil (containing up to 90%
1,8-cineole) has since been used at low concentrations as a
flavoring agent in a diverse range of foods and beverages (3, 4),
as a constituent in fragrances, cosmetics, and aromatherapy (3),
and as a therapeutic ingredient with a range of applications (see
refs 5-7 and citations therein). In fact, the medicinal use of
eucalyptus leaves by indigenous Australians dates back many
millennia (7). 1,8-Cineole is generally recognized as safe (GRAS)
and has been used as an additive in cigarettes (see ref 8 and
citations therein), evidently to improve flavor properties, reduce
throat irritation, or enhance the cooling effects of menthol.

1,8-Cineole has a characteristic aroma described as “eucalyp-
tus”, “fresh”, “cool”, “medicinal”, and “camphoraceous” and
was first reported in wine by Herve et al. (9). That study showed
that 1,8-cineole played an important role in the occurrence of
“eucalyptus” character in wine. They also determined the differ-
ence and recognition thresholds of 1,8-cineole in a California
Merlot as 1.1 μg/L and 3.2 μg/L, respectively (9). Herve et al.
proposed that the “eucalyptus” character in wines occurs due to
vineyards being in the vicinity of eucalyptus trees (9), but the
origin of 1,8-cineole in wine is still unclear.

To explain the presence of 1,8-cineole in Tannat grapes and
wines from Uruguay, Farina et al. suggested that terpene com-
pounds such as R-terpineol and limonene were possible precur-
sors (10). Their postulated pathway to the formation of 1,8-
cineole involved the hydration of limonene, forming R-terpineol,
which was further hydrated to give amixture of 1,8-terpines, with
cyclization of trans-1,8-terpine leading to 1,8-cineole. They also
put forward other theories involving double-bond epoxidation to
explain the formation of minor components arising under their
experimental conditions (10). Their studies with model wine
showed that 1,8-cineole can be produced from limonene and R-
terpineol under accelerated aging conditions at wine pH, but they
gave only semiquantitative data for the products.Moreover, they
found that 1,8-cineole concentrations in their Tannat grape
samples at the beginning of ripening were very low, but showed
a significant increase throughout ripening, and they determined
an odor threshold for 1,8-cineole in the Tannat wine similar to
that reported for Merlot (10).

Further confounding matters, the results from Farina et al.
contrast with the work of Kalua and Boss, who found that 1,8-
cineole levels decrease during ripening of Australian Cabernet
Sauvignon and Riesling grapes (11), whereas other Tannat wines
from Uruguay were shown to contain terpenoids but not 1,8-
cineole (12). It is interesting to note that both Tannat studies
involved vineyards in southern Uruguay, which also happens to
be an area where eucalyptus plantations are readily encoun-
tered (13). Nonetheless, the studies relating to 1,8-cineole indi-
cated there are a number of possible explanations for its presence

*Corresponding author (phone þ61 8 8303 6600; fax þ61 8 8303
6601; e-mail dimitra.capone@awri.com.au).

- 34 -

Chapter 2 Evolution & occurrence of 1,8-cineole in Australian wine

- 33 -

Chapter 2 Evolution & occurrence of 1,8-cineole in Australian wine

pubs.acs.org/JAFCPublished on Web 01/04/2011© 2011 American Chemical Society

J. Agric. Food Chem. 2011, 59, 953–959 953

DOI:10.1021/jf1038212

Evolution and Occurrence of 1,8-Cineole (Eucalyptol) in
Australian Wine

DIMITRA L. CAPONE,*,†,‡ KATRYNA VAN LEEUWEN,† DENNIS K. TAYLOR,‡

DAVIDW. JEFFERY,†,§KEVINH. PARDON,†GORDONM.ELSEY,†,§ ANDMARKA. SEFTON†,§

†The Australian Wine Research Institute, P.O. Box 197, Glen Osmond, South Australia 5064, Australia,
and ‡School of Agriculture, Food and Wine, Waite Campus, The University of Adelaide, PMB 1, Glen

Osmond, South Australia, 5064, Australia. § Present address: The University of Adelaide.

A new method has been developed for the quantitation of 1,8-cineole in red and white wines using

headspace solid-phase microextraction (SPME) combined with stable isotope dilution analysis

(SIDA) and gas chromatography-mass spectrometry (GC-MS). An extensive survey of Australian

wines (44 white and 146 red) highlighted that only red wines contained significant amounts of 1,8-

cineole (up to 20 μg/L). Hydrolytic studies with limonene and R-terpineol, putative precursors to 1,8-

cineole, showed a very low conversion into 1,8-cineole (<0.6%) over a 2 year period, which does not

account for the difference between white and red wines. 1,8-Cineole was chemically stable in model

wine solution over 2 years, and absorption from a Shiraz wine by bottle closures was most evident

for a synthetic closure only (14% absorption after 1 year). Two commercial ferments at two different

locations were monitored daily to investigate the evolution of 1,8-cineole throughout fermentation.

Both ferments showed daily increases in 1,8-cineole concentration while in contact with grape

solids, but this accumulation ceased immediately after pressing. This observation is consistent with

the extraction of 1,8-cineole into the ferment from the solid portions of the grape berries.

KEYWORDS: Wine aroma; 1,8-cineole; eucalyptol; SPME; SIDA; GC-MS

INTRODUCTION

1,8-Cineole, correctly identified by Jahns in 1884 (1), was
initially recognized as the major constituent of the essential oil
from leaves of Eucalyptus globulus by Cloëz, who labeled it
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ABSTRACT: Preliminary investigations revealed that the proximity of Eucalyptus trees to grapevines can directly influence the
concentration of the aroma compound 1,8-cineole present in the corresponding red wines. For two different vineyards, the closer
the grapevines were to the trees, the greater was the amount of 1,8-cineole in the wines elaborated from those grapes. This led us
to carry out further studies to quantify the levels of 1,8-cineole found in grape berries, leaves, and stems at set distances from
Eucalyptus trees over multiple vintages. Generally, the highest concentration of 1,8-cineole was found in the grapevine leaves,
followed by grape stems and then grapes. In each sample type, we observed greater concentrations of 1,8-cineole in samples
closer to the trees. Various fermentation treatments carried out with Shiraz grapes showed that matter other than grapes (MOG,
e.g., Eucalyptus or grape leaves) could contribute significant amounts of 1,8-cineole to the finished wines. These studies
confirmed that vineyard position and winemaking conditions can determine the 1,8-cineole concentration in red wine. The
fermentation study also showed for the first time that the concentration of rotundone in red wine can be strongly influenced by
grapevine leaves and stems in the ferment.

KEYWORDS: 1,8-cineole, GC−MS, Eucalyptus trees, rotundone, wine aroma, red wine

■ INTRODUCTION
Australia is the native habitat of the Eucalyptus genus, but its
home has expanded to many countries around the world,
including China, India, and Brazil. Every continent apart from
Antarctica has been populated by Eucalyptus trees.1 There are
over 850 species of Eucalyptus grown around the world, and
they can prosper in diverse climates.1 Eucalyptus trees have a
multitude of uses in industries including cultivation of timber
for construction, pulp, fuel, and essential oil production.1 Most
species of Eucalyptus contain volatile essential oils in their
leaves, although the bulk of the world’s Eucalyptus oil
production comes from only six species.2 Depending on the
species, the main component (60−90%) of the oil from most of
these Eucalyptus trees is 1,8-cineole, commonly known as
eucalyptol.2 Eucalyptus oils are present in numerous consumer
goods, and 1,8-cineole has also been found as a component of
red wine, where it has been described as “fresh”, “cool”,
“medicinal”, and “camphoraceous”.3

The origin of 1,8-cineole in wine has not been verified, but
several theories have been reported. Herve et al. proposed that
the “eucalyptus” character in wines occurs when vineyards are
adjacent to Eucalyptus trees,3 whereas Farina et al. used
hydrolytic studies to propose that terpene compounds such as
α-terpineol and limonene were precursors of 1,8-cineole.4 More
recently, we showed that hydrolysis of limonene and α-
terpineol at wine pH gave very low molar conversions into 1,8-
cineole (<0.6%) over a 2-year period, which does not account
for the concentration of 1,8-cineole in many young red wines.5

A study by Kalua and Boss6 suggested that Cabernet
Sauvignon grapes have a tendency to form 1,8-cineole, which
was the major monoterpene found early in berry development

but which decreased during ripening. This was contrary to the
observations of Farina et al., who reported an increase in 1,8-
cineole toward the end of berry ripening.4 Kalua and Boss also
found that 1,8-cineole was detected at similar levels in berries
situated adjacent to Eucalyptus trees as at some distance from
the trees,7 which is in contrast with the proposal of Herve et al.3

Kalua and Boss suggested that the existence of 1,8-cineole in
berries may be attributable to the persistence of the compound
from floral tissues, or, alternatively, the production of 1,8-
cineole may be promoted by herbivore predation, as reported
for other plant species (ref 7 and refs therein).
We recently conducted a survey of 190 commercially

available Australian wines of mixed varieties, highlighting that
1,8-cineole was found in significant concentrations in red wines
only.5 We also showed that a continuous increase in the
concentration of 1,8-cineole occurred during red wine
fermentation but ceased once the wine was drained from the
skins, indicating that the compound was extracted from the
grape skins and/or matter other than grapes (MOG).5 It was
reasoned that the differences in winemaking techniques
between red and white wines explained the absence of 1,8-
cineole in the latter.5

A study by Saliba et al. indicated a consumer rejection
threshold of 27.5 μg/L for 1,8-cineole in a red wine, and levels
below this were deemed to be acceptable to consumers.8

Another survey of consumers showed that on average the
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closer to the trees. Various fermentation treatments carried out with Shiraz grapes showed that matter other than grapes (MOG,
e.g., Eucalyptus or grape leaves) could contribute significant amounts of 1,8-cineole to the finished wines. These studies
confirmed that vineyard position and winemaking conditions can determine the 1,8-cineole concentration in red wine. The
fermentation study also showed for the first time that the concentration of rotundone in red wine can be strongly influenced by
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ABSTRACT: A method has been developed for determining 3-mercaptohexan-1-ol (3-MH) in wine and grape juice using gas
chromatography with conventional electron ionization (EI) mass spectrometry. The limit of quantitation of 40 ng/L was achieved
with excellent precision using stable isotope dilution analysis (SIDA) combined with headspace solid-phase microextraction
(SPME) of derivatized 3-MH. Thismethod was used in combination withHPLC-MS/MS analysis of the individual diastereomers of
3-S-cysteinylhexan-1-ol (Cys-3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH), which are known precursors of the volatile thiol
3-MH. Commercial and small-lot winemaking trials were evaluated to determine the concentrations of precursors and free 3-MH at
various stages of grape processing and winemaking. Five Sauvignon blanc clones were also assessed for precursors and free thiol
during ripening, revealing the presence of 3-MH in the unfermented juices and a stark increase in precursor concentrations in the
latter stage of ripening. Additionally, differences due to sample freezing and mode of juice preparation were revealed for the
precursors, and a set of commercially available wines was analyzed to investigate the amounts of precursors and free 3-MH in
Sauvignon blanc and other white wine varieties. There was seemingly no relationship between precursor concentrations in juice and
3-MH concentrations in wine. This was somewhat understandable, because the formation of precursors appears to be a dynamic
process affected by a multitude of factors, beginning with grape ripening and continuing during vinification.
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’ INTRODUCTION

Thiol-containing compounds, in particular 3-mercaptohexan-
1-ol (3-MH), have been shown to be important varietal aroma
impact compounds of Sauvignon blanc.1 The aroma of 3-MH is
described as “grapefruit” or “passionfruit”, and its potency can be
demonstrated by its low aroma detection threshold of 60 ng/L
determined in a hydroalcoholic solution.1 In Sauvignon blanc the
amount of 3-MH varies widely; it has been found to range from
26 ng/L2 to almost 13000 ng/L.3 Although the presence of
3-MH is commonly associated with Sauvignon blanc, it has also
been documented for other varieties including Gewurztraminer,
Riesling, Colombard, Petit Manseng, Semillon, Pinot gris, Riesl-
ing, Muscat, Pinot blanc, Sylvaner, Cabernet Sauvignon, and
Merlot.1,4�7 The alcohol functionality of 3-MH may be acylated
during fermentation of grape juice to form 3-mercaptohexyl
acetate (3-MHA),8 which is also a potent aroma compound and
typically amounts to up to 10% of the concentration of 3-MH.3,7

3-MHA is not detected in all wine varieties and does not have a
direct precursor in grape berries. As such, we have focused on the
more abundant 3-MH along with its known precursors, the
odorless cysteine and glutathione conjugates.

The analytical determination of wine thiols such as 3-MH at
near-threshold concentrations in wine is particularly difficult,
because extremely low levels need to be reliably determined (low
ng/L to μg/L range). Some of the difficulties experienced with
3-MH analysis are poor sensitivity and poor chromatography,

where intense tailing of peaks may arise from adsorption due to
the thiol functionality on stationary phases or residual active sites
that can occur in gas chromatographic (GC) systems.9 Accurate
analysis of thiols can also be compromised by their instability and
capacity to react with oxygen or other oxidants, and thiols may
form complexes and precipitates with different metal ions.10

The most common methods applied to the analysis of varietal
thiols use p-hydroxymercuribenzoate (p-HMB) solutions to
facilitate thiol extraction.11 Although quite specific for thiols, p-
HMB is highly toxic, and the methods employed are expensive,
use large volumes of wine, and involve tedious or complicated
extractions.1,4,11 Despite these limitations, further modifications
of this method have been published.9,12 These modified methods
improved the quality of the extracts containing the thiols, but still
did not solve the difficulties associated with analytical sensitivity
and compound stability. Such analytical methods have also been
enhanced by employing stable isotope dilution analysis.13 Un-
fortunately, these methods are still lengthy, the procedures are
intricate, and the use of mercury complexes has not been
eliminated.

Researchers have also employed derivatizing agents such as
2,3,4,5,6-pentafluorobenzyl bromide (PFBBr)10 with on-fiber
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precursors, and a set of commercially available wines was analyzed to investigate the amounts of precursors and free 3-MH in
Sauvignon blanc and other white wine varieties. There was seemingly no relationship between precursor concentrations in juice and
3-MH concentrations in wine. This was somewhat understandable, because the formation of precursors appears to be a dynamic
process affected by a multitude of factors, beginning with grape ripening and continuing during vinification.
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’ INTRODUCTION

Thiol-containing compounds, in particular 3-mercaptohexan-
1-ol (3-MH), have been shown to be important varietal aroma
impact compounds of Sauvignon blanc.1 The aroma of 3-MH is
described as “grapefruit” or “passionfruit”, and its potency can be
demonstrated by its low aroma detection threshold of 60 ng/L
determined in a hydroalcoholic solution.1 In Sauvignon blanc the
amount of 3-MH varies widely; it has been found to range from
26 ng/L2 to almost 13000 ng/L.3 Although the presence of
3-MH is commonly associated with Sauvignon blanc, it has also
been documented for other varieties including Gewurztraminer,
Riesling, Colombard, Petit Manseng, Semillon, Pinot gris, Riesl-
ing, Muscat, Pinot blanc, Sylvaner, Cabernet Sauvignon, and
Merlot.1,4�7 The alcohol functionality of 3-MH may be acylated
during fermentation of grape juice to form 3-mercaptohexyl
acetate (3-MHA),8 which is also a potent aroma compound and
typically amounts to up to 10% of the concentration of 3-MH.3,7

3-MHA is not detected in all wine varieties and does not have a
direct precursor in grape berries. As such, we have focused on the
more abundant 3-MH along with its known precursors, the
odorless cysteine and glutathione conjugates.

The analytical determination of wine thiols such as 3-MH at
near-threshold concentrations in wine is particularly difficult,
because extremely low levels need to be reliably determined (low
ng/L to μg/L range). Some of the difficulties experienced with
3-MH analysis are poor sensitivity and poor chromatography,

where intense tailing of peaks may arise from adsorption due to
the thiol functionality on stationary phases or residual active sites
that can occur in gas chromatographic (GC) systems.9 Accurate
analysis of thiols can also be compromised by their instability and
capacity to react with oxygen or other oxidants, and thiols may
form complexes and precipitates with different metal ions.10

The most common methods applied to the analysis of varietal
thiols use p-hydroxymercuribenzoate (p-HMB) solutions to
facilitate thiol extraction.11 Although quite specific for thiols, p-
HMB is highly toxic, and the methods employed are expensive,
use large volumes of wine, and involve tedious or complicated
extractions.1,4,11 Despite these limitations, further modifications
of this method have been published.9,12 These modified methods
improved the quality of the extracts containing the thiols, but still
did not solve the difficulties associated with analytical sensitivity
and compound stability. Such analytical methods have also been
enhanced by employing stable isotope dilution analysis.13 Un-
fortunately, these methods are still lengthy, the procedures are
intricate, and the use of mercury complexes has not been
eliminated.

Researchers have also employed derivatizing agents such as
2,3,4,5,6-pentafluorobenzyl bromide (PFBBr)10 with on-fiber
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A method has been developed and validated for the analysis of the individual diastereomers of 3-S-

cysteinylhexan-1-ol (Cys-3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH) extracted from grape

juice and wine. The method uses stable isotope dilution analysis (SIDA) combined with solid-phase

extraction (SPE) and reversed-phase high-performance liquid chromatography-tandem mass

spectrometry (HPLC-MS/MS) for quantitation. These compounds have been considered as potential

precursors to the important wine odorant 3-mercaptohexan-1-ol (3-MH). This constitutes the first

analytical method where (1) Glut-3-MH has been accurately quantified in grape juice and wine and

(2) the individual Cys- and Glut-3-MH diastereomers were separated and quantified by a single

HPLC-MS/MS method. The use of deuterium-labeled internal standards has resulted in an accurate

and precise method that can achieve quantitation limits of <0.5 μg/L for the individual Cys- and Glut-

3-MH diastereomers in grape juice and white wine. The method has been applied to the deter-

mination of 3-MH precursor diastereomers in various white juice and wine samples. Overall, Glut-

3-MH was always more abundant than Cys-3-MH in the juices and wines examined, regardless of

grape variety. Stereochemically, (S)-Glut-3-MH generally dominated over the (R)-diastereomer in

the juices and wines, but there was not such a marked difference between the distribution of Cys-

3-MH diastereomers. These results have important implications for understanding the formation of

wine flavor, and the application of this method will allow further exploration of precursors to the

varietal thiol 3-MH.

KEYWORDS: Wine aroma; varietal thiols; wine thiol precursors; analysis; SIDA; HPLC-MS/MS

INTRODUCTION

Since their discovery in wine, the volatile thiols 4-mercapto-
4-methylpentan-2-one (4-MMP) and3-mercaptohexan-1-ol (3-MH)
have been the focus of a considerable amount of research regar-
ding their contribution to wine aroma. These particular thiols are
characterized by extremely low odor detection thresholds; repor-
ted thresholds for 4-MMP and racemic 3-MH are 3 ng/L in white
and red wines (1) and 60 ng/L in aqueous ethanol solution (2),
respectively. Furthermore, the enantiomers of 3-MH have differ-
ent reported odor qualities; the (R)-form is described as being
reminiscent of “grapefruit” and “citrus peel”, whereas the (S)-
form has a characteristic aroma of “passion fruit” (3). However,
the odor descriptors attributed to 3-MH enantiomers may also
relate to the concentration of the solutions used for sensory
evaluation, as reported by Fretz et al. for racemic 3-MH (4). This
may explain why no sensory difference between the enantiomers
of 3-MH has also been reported (5).

As impact odorants in several wine varieties, especially Sau-
vignon Blanc, these thiols exist in grape juices/musts as odorless,
nonvolatile conjugates, which are cleaved by the action of yeasts
and/or enzymes. Previously, we prepared the two individual dia-
stereomers of 3-S-cysteinylhexan-1-ol (Cys-3-MH) and showed
that theywere cleaved in a stereospecificmanner byboth apotryp-
tophanase enzyme and Saccharomyces cerevisiae yeast (6). More
recently, we prepared the diastereomerically pure (R)-glutathione
conjugate and showed that it was converted to (R)-Cys-3-MH
and (R)-3-MH stereospecifically (7).

Various methods have been developed to measure the cysteine
conjugates of 3-MH in grape juice or must, with the first method
developed by Peyrot des Gachons et al. (8). This study attempted
to measure Cys-3-MH, 4-S-cysteinyl-4-methylpentan-2-one (Cys-
4-MMP), and 4-S-cysteinyl-4-methylpentan-2-ol (Cys-4-MMPOH)
indirectly by enzymatic cleavage using a tryptophanase column to
yield the free thiols. The samples were subsequently analyzed by
gas chromatography-mass spectrometry (GC-MS) using mono-
deuterated internal standards (8). However, this approach was
not necessarily specific to cysteine conjugates, as other precursors

*Author towhomcorrespondence should be addressed (telephoneþ61
8 8303 6600; fax þ61 8 8303 6601; e-mail david.jeffery@awri.com.au).
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relate to the concentration of the solutions used for sensory
evaluation, as reported by Fretz et al. for racemic 3-MH (4). This
may explain why no sensory difference between the enantiomers
of 3-MH has also been reported (5).

As impact odorants in several wine varieties, especially Sau-
vignon Blanc, these thiols exist in grape juices/musts as odorless,
nonvolatile conjugates, which are cleaved by the action of yeasts
and/or enzymes. Previously, we prepared the two individual dia-
stereomers of 3-S-cysteinylhexan-1-ol (Cys-3-MH) and showed
that theywere cleaved in a stereospecificmanner byboth apotryp-
tophanase enzyme and Saccharomyces cerevisiae yeast (6). More
recently, we prepared the diastereomerically pure (R)-glutathione
conjugate and showed that it was converted to (R)-Cys-3-MH
and (R)-3-MH stereospecifically (7).

Various methods have been developed to measure the cysteine
conjugates of 3-MH in grape juice or must, with the first method
developed by Peyrot des Gachons et al. (8). This study attempted
to measure Cys-3-MH, 4-S-cysteinyl-4-methylpentan-2-one (Cys-
4-MMP), and 4-S-cysteinyl-4-methylpentan-2-ol (Cys-4-MMPOH)
indirectly by enzymatic cleavage using a tryptophanase column to
yield the free thiols. The samples were subsequently analyzed by
gas chromatography-mass spectrometry (GC-MS) using mono-
deuterated internal standards (8). However, this approach was
not necessarily specific to cysteine conjugates, as other precursors
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A method has been developed and validated for the analysis of the individual diastereomers of 3-S-

cysteinylhexan-1-ol (Cys-3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH) extracted from grape

juice and wine. The method uses stable isotope dilution analysis (SIDA) combined with solid-phase

extraction (SPE) and reversed-phase high-performance liquid chromatography-tandem mass

spectrometry (HPLC-MS/MS) for quantitation. These compounds have been considered as potential

precursors to the important wine odorant 3-mercaptohexan-1-ol (3-MH). This constitutes the first

analytical method where (1) Glut-3-MH has been accurately quantified in grape juice and wine and

(2) the individual Cys- and Glut-3-MH diastereomers were separated and quantified by a single

HPLC-MS/MS method. The use of deuterium-labeled internal standards has resulted in an accurate

and precise method that can achieve quantitation limits of <0.5 μg/L for the individual Cys- and Glut-

3-MH diastereomers in grape juice and white wine. The method has been applied to the deter-

mination of 3-MH precursor diastereomers in various white juice and wine samples. Overall, Glut-

3-MH was always more abundant than Cys-3-MH in the juices and wines examined, regardless of

grape variety. Stereochemically, (S)-Glut-3-MH generally dominated over the (R)-diastereomer in

the juices and wines, but there was not such a marked difference between the distribution of Cys-

3-MH diastereomers. These results have important implications for understanding the formation of

wine flavor, and the application of this method will allow further exploration of precursors to the

varietal thiol 3-MH.
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INTRODUCTION

Since their discovery in wine, the volatile thiols 4-mercapto-
4-methylpentan-2-one (4-MMP) and3-mercaptohexan-1-ol (3-MH)
have been the focus of a considerable amount of research regar-
ding their contribution to wine aroma. These particular thiols are
characterized by extremely low odor detection thresholds; repor-
ted thresholds for 4-MMP and racemic 3-MH are 3 ng/L in white
and red wines (1) and 60 ng/L in aqueous ethanol solution (2),
respectively. Furthermore, the enantiomers of 3-MH have differ-
ent reported odor qualities; the (R)-form is described as being
reminiscent of “grapefruit” and “citrus peel”, whereas the (S)-
form has a characteristic aroma of “passion fruit” (3). However,
the odor descriptors attributed to 3-MH enantiomers may also
relate to the concentration of the solutions used for sensory
evaluation, as reported by Fretz et al. for racemic 3-MH (4). This
may explain why no sensory difference between the enantiomers
of 3-MH has also been reported (5).

As impact odorants in several wine varieties, especially Sau-
vignon Blanc, these thiols exist in grape juices/musts as odorless,
nonvolatile conjugates, which are cleaved by the action of yeasts
and/or enzymes. Previously, we prepared the two individual dia-
stereomers of 3-S-cysteinylhexan-1-ol (Cys-3-MH) and showed
that theywere cleaved in a stereospecificmanner byboth apotryp-
tophanase enzyme and Saccharomyces cerevisiae yeast (6). More
recently, we prepared the diastereomerically pure (R)-glutathione
conjugate and showed that it was converted to (R)-Cys-3-MH
and (R)-3-MH stereospecifically (7).

Various methods have been developed to measure the cysteine
conjugates of 3-MH in grape juice or must, with the first method
developed by Peyrot des Gachons et al. (8). This study attempted
to measure Cys-3-MH, 4-S-cysteinyl-4-methylpentan-2-one (Cys-
4-MMP), and 4-S-cysteinyl-4-methylpentan-2-ol (Cys-4-MMPOH)
indirectly by enzymatic cleavage using a tryptophanase column to
yield the free thiols. The samples were subsequently analyzed by
gas chromatography-mass spectrometry (GC-MS) using mono-
deuterated internal standards (8). However, this approach was
not necessarily specific to cysteine conjugates, as other precursors
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and the respective enantiomers of important wine thiol 3-MH.
The localization of precursor types within the grape berry and the
impact of vineyard and winery practices on precursor concentra-
tions could also be further explored. Furthermore, an evaluation
of the contribution of Glut-3-MH to the formation of 3-MH
during fermentation could lead to the selection of yeast strains
that are better able to utilize glutathione precursors, in a similar
manner to the yeasts engineered to release enhanced amounts of
varietal thiols from their cysteine conjugates. Ultimately, know-
ledge about these thiol precursors could lead tomodulation of the
aroma profile of wine varieties, including those not necessarily
dominated by tropical and citrus notes.

ABBREVIATIONS USED

Cys-3-MH, 3-S-cysteinylhexan-1-ol; Glut-3-MH, 3-S-glutathio-
nylhexan-1-ol; SIDA, stable isotope dilution analysis; SPE, solid-
phase extraction; HPLC-MS/MS, high-performance liquid
chromatography-tandem mass spectrometry; 3-MH, 3-mercap-
tohexan-1-ol; 4-MMP, 4-mercapto-4-methylpentan-2-one; Cys-
4-MMP, 4-S-cysteinyl-4-methylpentan-2-one; Cys-4-MMPOH,
4-S-cysteinyl-4-methylpentan-2-ol; GC-MS, gas chromatography-
mass spectrometry; TMS, trimethylsilyl; GC-MS/MS, gas chro-
matography-tandem mass spectrometry; MRM, multiple reac-
tion monitoring; LOD, limit of detection; LOQ, limit of
quantitation; SEM, standard error of the mean; CID, collision-
induced dissociation.
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and the respective enantiomers of important wine thiol 3-MH.
The localization of precursor types within the grape berry and the
impact of vineyard and winery practices on precursor concentra-
tions could also be further explored. Furthermore, an evaluation
of the contribution of Glut-3-MH to the formation of 3-MH
during fermentation could lead to the selection of yeast strains
that are better able to utilize glutathione precursors, in a similar
manner to the yeasts engineered to release enhanced amounts of
varietal thiols from their cysteine conjugates. Ultimately, know-
ledge about these thiol precursors could lead tomodulation of the
aroma profile of wine varieties, including those not necessarily
dominated by tropical and citrus notes.

ABBREVIATIONS USED

Cys-3-MH, 3-S-cysteinylhexan-1-ol; Glut-3-MH, 3-S-glutathio-
nylhexan-1-ol; SIDA, stable isotope dilution analysis; SPE, solid-
phase extraction; HPLC-MS/MS, high-performance liquid
chromatography-tandem mass spectrometry; 3-MH, 3-mercap-
tohexan-1-ol; 4-MMP, 4-mercapto-4-methylpentan-2-one; Cys-
4-MMP, 4-S-cysteinyl-4-methylpentan-2-one; Cys-4-MMPOH,
4-S-cysteinyl-4-methylpentan-2-ol; GC-MS, gas chromatography-
mass spectrometry; TMS, trimethylsilyl; GC-MS/MS, gas chro-
matography-tandem mass spectrometry; MRM, multiple reac-
tion monitoring; LOD, limit of detection; LOQ, limit of
quantitation; SEM, standard error of the mean; CID, collision-
induced dissociation.
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ABSTRACT: The effects of different processing treatments on thiol precursor concentrations have been investigated through
studies involving transportation of machine-harvested Sauvignon blanc fruit and assessment of different applications of antioxidants,
along with juice preparation and enzyme inhibition experiments. The influence these trials had on 3-S-cysteinylhexan-1-ol (Cys-3-
MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH) concentrations in juices is discussed. Very interesting findings included the large
increase in precursor concentrations after transportation, particularly for Cys-3-MH, and the limited formation of Glut-3-MHwhen
grape proteins were precipitated during processing. The various results provided information about the ability to modulate
precursor concentrations depending on the processing technique employed. Additionally, a conjugated aldehyde, which is the
obvious missing link between the reaction of (E)-2-hexenal and glutathione in the formation of Glut-3-MH, has been tentatively
identified for the first time. Deuterium-labeled 3-S-glutathionylhexanal (Glut-3-MHAl) was produced through the addition of
labeled (E)-2-hexenal to grapes, followed by grape crushing, and detected in the juice by HPLC-MS/MS, along with the
corresponding labeled Glut-3-MH.

KEYWORDS: wine aroma, varietal thiols, 3-mercaptohexan-1-ol, wine thiol precursors, HPLC-MS/MS

’ INTRODUCTION

Due to the importance of potent, volatile thiols to the
characteristic varietal aromas of Sauvignon blanc, a range of
studies relating to thiol precursors have been undertaken in
recent years. These included the discovery of cysteinylated and
glutathionylated precursors to 3-mercapothexan-1-ol (3-MH)
and 4-mercapto-4-methylpentan-2-one (4-MMP) in Sauvignon
blanc juices.1�3 Because 3-MH and 4-MMP are released from the
precursors during fermentation,1,4�8 one avenue of investigation
focuses on the effects of winemaking processes on precursor
concentrations in must or juice.

Murat et al. investigated the localization in grapes and the
effect of skin contact in musts on 3-S-cysteinylhexan-1-ol (Cys-3-
MH) concentrations in Merlot and Cabernet Sauvignon
varieties.9 They found that skin contained much higher amounts
of precursor per gram of material and that around 55�65% of
Cys-3-MH resided in the skins when accounting for the different
proportions from juice and skin. This work also showed that
extended skin contact time and higher contact temperatures led
to increases in precursor extraction into musts of around 50% or
more,9 which is in accord with the higher proportion of Cys-
3MH found in the skins. Peyrot des Gachons et al. undertook a
similar study with Sauvignon blanc grapes but included addi-
tional cysteine conjugates along with Cys-3-MH and assessed
changes during ripening.10 At maturity, 4-S-cysteinyl-4-methyl-
pentan-2-one (Cys-4-MMP) and related 4-methylpentan-2-ol
precursors weremainly localized in the juice (around 80% of total
based on respective contributions from juice and skin). On the
other hand, they found Cys-3-MH was fairly evenly distributed
between juice and skin. On a per gram basis of material, Cys-4-

MMP-related conjugates were essentially equal between juice
and skin, whereas Cys-3-MH was predominantly found in the
skins.10 As with the work of Murat et al., increased skin contact
time and temperature for the Sauvignon blanc musts showed
improved extraction of precursors. However, differences were
noted for Cys-4-MMP-related and Cys-3-MH precursor con-
centrations based on their localization in the berry. Skin contact
time and temperature had a more marked effect on Cys-3-MH
concentrations due to the greater abundance of this precursor in
the skins.10 Roland et al. expanded on this localization work by
including glutathione conjugates in an assessment of Melon B.
and Sauvignon blanc from different regions.11 The results for
Cys-3-MH in Sauvignon blanc were consistent with the earlier
work,10 whereas the glutathione conjugate of 3-MH (Glut-3-
MH) was fairly evenly distributed between skin and pulp.
Variations in precursor distribution were apparent when Sau-
vignon blanc samples from different origins were compared,
although the skins always contained the greatest amounts.
Compared to the pulp, there was up to twice as much Glut-3-
MH and around 10 times as much Cys-3-MH in the skin in some
instances.11

Maggu et al. evaluated the effects of different stages of a winery
pressing cycle on Cys-3-MH concentrations (along with other
compounds) in press fractions of several Sauvignon blanc juices,
as well as the impact of laboratory-scale pressing trials using
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ABSTRACT: The effects of different processing treatments on thiol precursor concentrations have been investigated through
studies involving transportation of machine-harvested Sauvignon blanc fruit and assessment of different applications of antioxidants,
along with juice preparation and enzyme inhibition experiments. The influence these trials had on 3-S-cysteinylhexan-1-ol (Cys-3-
MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH) concentrations in juices is discussed. Very interesting findings included the large
increase in precursor concentrations after transportation, particularly for Cys-3-MH, and the limited formation of Glut-3-MHwhen
grape proteins were precipitated during processing. The various results provided information about the ability to modulate
precursor concentrations depending on the processing technique employed. Additionally, a conjugated aldehyde, which is the
obvious missing link between the reaction of (E)-2-hexenal and glutathione in the formation of Glut-3-MH, has been tentatively
identified for the first time. Deuterium-labeled 3-S-glutathionylhexanal (Glut-3-MHAl) was produced through the addition of
labeled (E)-2-hexenal to grapes, followed by grape crushing, and detected in the juice by HPLC-MS/MS, along with the
corresponding labeled Glut-3-MH.
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’ INTRODUCTION

Due to the importance of potent, volatile thiols to the
characteristic varietal aromas of Sauvignon blanc, a range of
studies relating to thiol precursors have been undertaken in
recent years. These included the discovery of cysteinylated and
glutathionylated precursors to 3-mercapothexan-1-ol (3-MH)
and 4-mercapto-4-methylpentan-2-one (4-MMP) in Sauvignon
blanc juices.1�3 Because 3-MH and 4-MMP are released from the
precursors during fermentation,1,4�8 one avenue of investigation
focuses on the effects of winemaking processes on precursor
concentrations in must or juice.

Murat et al. investigated the localization in grapes and the
effect of skin contact in musts on 3-S-cysteinylhexan-1-ol (Cys-3-
MH) concentrations in Merlot and Cabernet Sauvignon
varieties.9 They found that skin contained much higher amounts
of precursor per gram of material and that around 55�65% of
Cys-3-MH resided in the skins when accounting for the different
proportions from juice and skin. This work also showed that
extended skin contact time and higher contact temperatures led
to increases in precursor extraction into musts of around 50% or
more,9 which is in accord with the higher proportion of Cys-
3MH found in the skins. Peyrot des Gachons et al. undertook a
similar study with Sauvignon blanc grapes but included addi-
tional cysteine conjugates along with Cys-3-MH and assessed
changes during ripening.10 At maturity, 4-S-cysteinyl-4-methyl-
pentan-2-one (Cys-4-MMP) and related 4-methylpentan-2-ol
precursors weremainly localized in the juice (around 80% of total
based on respective contributions from juice and skin). On the
other hand, they found Cys-3-MH was fairly evenly distributed
between juice and skin. On a per gram basis of material, Cys-4-

MMP-related conjugates were essentially equal between juice
and skin, whereas Cys-3-MH was predominantly found in the
skins.10 As with the work of Murat et al., increased skin contact
time and temperature for the Sauvignon blanc musts showed
improved extraction of precursors. However, differences were
noted for Cys-4-MMP-related and Cys-3-MH precursor con-
centrations based on their localization in the berry. Skin contact
time and temperature had a more marked effect on Cys-3-MH
concentrations due to the greater abundance of this precursor in
the skins.10 Roland et al. expanded on this localization work by
including glutathione conjugates in an assessment of Melon B.
and Sauvignon blanc from different regions.11 The results for
Cys-3-MH in Sauvignon blanc were consistent with the earlier
work,10 whereas the glutathione conjugate of 3-MH (Glut-3-
MH) was fairly evenly distributed between skin and pulp.
Variations in precursor distribution were apparent when Sau-
vignon blanc samples from different origins were compared,
although the skins always contained the greatest amounts.
Compared to the pulp, there was up to twice as much Glut-3-
MH and around 10 times as much Cys-3-MH in the skin in some
instances.11

Maggu et al. evaluated the effects of different stages of a winery
pressing cycle on Cys-3-MH concentrations (along with other
compounds) in press fractions of several Sauvignon blanc juices,
as well as the impact of laboratory-scale pressing trials using
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ABSTRACT: Precursors to varietal wine thiols are a key area of grape and wine research. Several such precursors, in the form of
odorless conjugates, have been closely studied in recent years. A new conjugate has now been identified as 3-S-cysteinylglycinehex-
an-1-ol (Cysgly-3-MH), being the dipeptide intermediate between cysteine and glutathione precursors of tropical thiol
3-mercaptohexan-1-ol (3-MH). Authentic Cysgly-3-MH was produced via enzymatic transformation of the glutathione conjugate
and used to verify the presence of both diastereomers of Cysgly-3-MH in Sauvignon blanc juice extracts. Cysgly-3-MH was added
into our HPLC-MS/MS precursor method, and the validated method was used to quantify this new analyte in a selection of
Sauvignon blanc juice extracts. Cysgly-3-MHwas found in the highest concentrations (10�28.5 μg/L combined diastereomer total)
in extracts from berries that had beenmachine-harvested and transported for 800 km in 12 h. This dipeptide conjugate wasmuch less
abundant than the glutathione and cysteine conjugates in the samples studied. On the basis of the results, the new cysteinylglycine
conjugate of 3-MH seemingly has a short existence as an intermediate precursor, which may explain why it has not been identified as
a natural juice component until now.
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’ INTRODUCTION

Varietal thiols such as 3-mercaptohexan-1-ol (3-MH) and
4-mercapto-4-methylpentan-2-one are undoubtedly important
to the characteristic aromas of wines such as Sauvignon blanc.
These compounds are found as odorless precursors (Figure 1) in
grape juices and musts, bound to cysteine or glutathione (GSH),
with release of the volatile thiols requiring enzymatic reactions
such as those which occur during fermentation. Because of the
biological role of GSH in plants,1�4 it is understandable that
incorporation of volatile thiol structures in the form of S-
conjugates is a phenomenon that is not limited to grape products.
Cysteine conjugates that lead to volatile thiols have been
reported in passion fruit juice,5 bell pepper,6,7 and native fruit
related to citrus,8 and new conjugates have continued to be
identified in grape musts such as those derived from botrytized
fruit.9

Naturally, the presence of the precursors should relate in some
way to wine thiol concentrations,10,11 but there appears to be a
large disparity between the amount of 3-MH determined in wine
and the disappearance of precursors present in the juice.12 Ideally
we would like to account for the evolution of these sulfur-
containing molecules between juice and wine to reconcile
precursor and volatile thiol concentrations, so viticultural and
winemaking effects can be fully examined and exploited. To do
this, however, there needs to be the continued identification of
new compounds in grape juices and wines. For instance, the
presence of dipeptide intermediates was proffered in Grant-
Preece et al. to account for the loss of material during fermenta-
tion of 3-S-glutathionylhexan-1-ol (Glut-3-MH 3) to release 3-S-
cysteinylhexan-1-ol (Cys-3-MH 1) and 3-MH, but their natural
existence was not verified.13

The breakdown of GSH into its cysteine counterpart in
biological systems is well-known,14 and a number of authors
have concluded, quite rightly it seems, that the 3-S-cysteinylgly-
cinehexan-1-ol (Cysgly-3-MH 2, Figure 1) intermediate should
also feature in this pathway in grapes.4,11,15 Research by Peyrot
des Gachons et al. indicated the presence of Cysgly-3-MH 2 only
when a must was passed down a column containing γ-glutamyl-
transpeptidase (GGT), an enzyme responsible for cleaving the
glutamate from GSH to yield cysteinylglycine, yet they could not
determine the presence of 2 in the must without enzyme
treatment.16 Kobayashi et al. also examined aspects related to
thiol conjugates as well as grapevine enzymes including GGT,
but were unable to verify the natural presence of 2 on two
occasions.4,11

We undertook experiments to address the proposition
that Cysgly-3-MH 2 was indeed present in Sauvignon blanc
juice and extended our precursor method17 to include this
analyte. Results from the evaluation of an array of Sauvignon
blanc juice samples by HPLC-MS/MS are also presented,
highlighting the fleeting nature of this newly identified
conjugate.

’MATERIALS AND METHODS

Materials. Isotopically labeled and unlabeled compounds were pre-
viously synthesized according to the procedures of Grant-Preece et al.13
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Abstract

We have developed and applied methods for the analysis of wine 

odorant 3-mercaptohexan-1-ol (3-MH) and its precursors 

(including the newly identified cysteinylglycine conjugate) in 

grape juice and wine. Studies which assessed the effects of grape 

ripening and processing operations highlighted some important 

findings. We identified the presence of 3-MH in unfermented juice 

for the first time and found a dramatic increase in precursor 

concentrations in the later stages of ripening. We also revealed the 

effects on precursors from freezing, transportation, fining and 

inhibiting grape enzymes. Additionally, using labeled (E)-2-
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ABSTRACT: Formation of wine thiol precursors is a dynamic process, which can be influenced by vineyard and winery
processing operations. With the aim of increasing thiol precursor concentrations, a study of the effects of storing machine-
harvested Sauvignon blanc grapes prior to crushing and pressing was undertaken on a commercial scale. 3-Mercaptohexan-1-ol
(3-MH) precursors, 2-S-glutathionylcaftaric acid (grape reaction product, GRP), glutathione (GSH) and a number of C6
compounds were assessed at several time points during the experiment. The concentration of the cysteine precursor to 3-MH
doubled within 8 h and tripled after 30 h while the GSH and cysteinylglycine precursors increased in concentration roughly 1.5
times. (E)-2-Hexenal and GSH levels decreased as thiol precursors, GRP and C6 alcohols increased during storage. Principal
component analysis revealed that precursors contributed to most of the variation within the samples over the storage period, with
additional influence, primarily from GSH and GRP, as well as (E)-2-hexenal and (Z)-3-hexen-1-ol. Early storage time points were
associated with higher concentrations of GSH and some unsaturated C6 compounds while longer storage times were most
closely associated with higher thiol precursor and GRP concentrations. This study provides a detailed overview of interactions
related to thiol precursor formation on a commercial scale and highlights the ability to manipulate precursor concentrations prior
to grape crushing.

KEYWORDS: wine aroma, 3-mercaptohexan-1-ol, wine thiol precursors, storage, C6 volatiles, grape reaction product, analysis,
synthesis

■ INTRODUCTION
Polyfunctional thiols such as 3-mercaptohexan-1-ol (3-MH) are
aroma impact compounds which impart characteristic “trop-
ical”, “citrus” and “passionfruit” aromas to wine. The term
“varietal thiols” may be used to describe such compounds, since
they are frequently associated with the Sauvignon blanc grape
cultivar. As such, it is not surprising that varietal thiols are of
particular importance to the quality of Sauvignon blanc wines
and can influence consumer appreciation of certain wine
styles.1,2 Notwithstanding the large body of work associated
with understanding the free forms of varietal thiols which
provide the aromas in wine,3 it is of great interest that varietal
thiols arise from odorless, grape-derived precursors.4

Studies continue to shed light on the formation and fate of
the thiol precursors, which include the cysteine5 and
glutathione6 conjugates of 3-mercaptohexan-1-ol (Cys−3-MH
and Glut−3-MH, respectively) (Figure 1). Most recently, the
cysteinylglycine conjugate of 3-MH (Cysgly−3-MH, Figure 1)
was identified, providing a logical fit with the other thiol
precursors considering its biological relationship to them.7 As
seems to be the case with Glut−3-MH,8 it may turn out that
Cysgly−3-MH acts as a pro-precursor, whereby it is first
metabolized to Cys−3-MH, with the free thiol 3-MH being
liberated by yeast enzyme activity on the cysteine con-
jugate.7,9,10 Additionally, a role has been proposed for a
conjugated aldehyde intermediate (Glut−3-MHAl, Figure 1),

being the product formed from grape components (E)-2-
hexenal (an oxidation product) and glutathione (GSH, a
natural antioxidant), which must necessarily be reduced
(enzymatically) to give Glut−3-MH ordinarily found in grape
juices.9 The contributions that Cysgly−3-MH and Glut−3-
MHAl make to wine 3-MH concentrations remained
undetermined, but their identification has provided new insight
into precursor formation and degradation.
The ability to have control over wine aroma profiles would

be highly desirable, and this has led to various undertakings to
improve varietal thiol concentrations in wine. One avenue for
maximizing wine thiol concentrations involves evaluating the
impact that yeasts have on thiol release from grape-derived
precursors during winemaking.3 Indeed, yeasts have been
genetically engineered to release larger quantities of thiols
during fermentation,11,12 although these were not commercially
available strains. As an alternative, researchers have considered
the grapes and their juices or musts, examining the localization
of precursors within the berry and effects of skin contact and
pressing13−16 in order to make more effective use of what is
derived from the raw material.
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Concluding remarks and future perspectives

The research discussed in this thesis was undertaken to provide a greater 

understanding of two wine aroma compounds. Aroma compounds are important 

contributors to wine quality and they can impact consumer impressions and level of 

enjoyment of different wine styles. This greater awareness of wine aroma 

composition can be achieved by the development of novel analytical methods for 

volatiles and precursor compounds. These methods can be used to embark on 

advancing our knowledge of the formation and fate of a diverse range of chosen 

compounds. The analytical methods developed in the scope of this research used

stable isotope dilution analysis (SIDA). SIDA was chosen as stable isotope labelled

standards have near-identical chemical and physical properties to the analyte of 

interest.

The aroma compound 1,8-cineole, commonly known as eucalyptol, was chosen as its 

origin in wine was unresolved and Eucalyptus trees are found throughout Australia.

There are many species of Eucalyptus trees and most contain volatile essential oils 

in their leaves, with up to 60 – 90% of the composition of the oil being 1,8-cineole. 

Several theories had been reported prior to this work including that the ‘eucalypt’ 

character in wines occurs when vineyards are surrounded by Eucalyptus trees, 

whereas other research pointed to terpene compounds such as α-terpineol and 

limonene acting as precursors to 1,8-cineole. A SIDA/SPME/GC-MS method was 

developed for accurately determining the concentration of 1,8-cineole in wine 

(Chapter 2). This method was applied to an extensive survey of 190 commercially 

available Australian wines of mixed varieties revealing 1,8-cineole in significant 

concentrations in red wines only (Chapter 2). Of more than 150 commercially 

available Australian red wines which were analysed, 40% were found to contain 1,8-

cineole above its reported aroma detection threshold. 

Following this survey, it was shown that a continuous increase in the concentration of 

1,8-cineole occurred during red wine fermentation but ceased at pressing off the 

skins. This indicated that the compound was extracted from the grape skins and/or 

matter other than grapes (MOG) (Chapter 2). This result also explained why 1,8-

cineole was not found in white wines, as white wines are made with limited skin 

contact. Hydrolysis studies of limonene and α-terpineol at wine pH demonstrated that

these compounds cannot be significant precursors to 1,8-cineole, since very low 
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whereas other research pointed to terpene compounds such as α-terpineol and 

limonene acting as precursors to 1,8-cineole. A SIDA/SPME/GC-MS method was 

developed for accurately determining the concentration of 1,8-cineole in wine 

(Chapter 2). This method was applied to an extensive survey of 190 commercially 

available Australian wines of mixed varieties revealing 1,8-cineole in significant 

concentrations in red wines only (Chapter 2). Of more than 150 commercially 

available Australian red wines which were analysed, 40% were found to contain 1,8-

cineole above its reported aroma detection threshold. 

Following this survey, it was shown that a continuous increase in the concentration of 

1,8-cineole occurred during red wine fermentation but ceased at pressing off the 

skins. This indicated that the compound was extracted from the grape skins and/or 

matter other than grapes (MOG) (Chapter 2). This result also explained why 1,8-

cineole was not found in white wines, as white wines are made with limited skin 

contact. Hydrolysis studies of limonene and α-terpineol at wine pH demonstrated that

these compounds cannot be significant precursors to 1,8-cineole, since very low 
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molar conversions (<0.6%) were achieved over a two year period. The results of 

these studies are described in detail in Chapter 2.

1,8-Cineole was found to be stable in wine and barely affected by closures (Chapter

2) so it was desirable to determine how this character arose in wine to enable the 

adaptation of 1,8-cineole concentrations to meet consumer demands. Therefore 

further studies including vineyard and fermentation treatments were carried out to

provide evidence that it was vineyard position and winemaking conditions that had 

the most noticeable influence on the 1,8-cineole concentration in red wine (Chapter

3). The levels of 1,8-cineole in grape berries, leaves and stems were also quantified

at set distances from the Eucalyptus trees over multiple vintages and showed that the 

greatest concentrations of 1,8-cineole in each sample type was found closer to the 

trees.  

The concluding experiment in Chapter 3 demonstrated the profound effects that

matter other than grapes (MOG, e.g. Eucalyptus or grape leaves) had on 1,8-cineole 

concentration in wine. It revealed that the presence of Eucalyptus leaves and to a 

lesser extent grape vine leaves and stems in the harvested grapes could be the main 

contributor to 1,8-cineole concentrations in wine. An additional and fortuitous 

outcome from the fermentation study was a demonstration for the first time that the 

concentration of rotundone in red wine can be strongly influenced by grapevine 

leaves and stems in the ferment. Measurements of grape stem and grape leaf soaks 

showed that the concentration of rotundone was three times greater in the stems 

compared to the leaves. This was an important finding since it gives wine producers 

unprecedented control over the ‘peppery’ characteristic of their wine.

Polyfunctional thiols are other important flavour compounds found in wine that require 

further investigation. Sensitive and specialised methods are vital to understanding 

thiol compounds due to their reactivity and low abundance in grapes and wine. The 

most widely used method for quantitating these compounds was developed some 

time ago and employs toxic mercury complexes. Therefore a novel method was 

developed for the analysis of 3-MH which eliminated the use of mercury and 

employed conventional electron ionisation GC-MS. The development of this sensitive 

method and its application to wines and grape juices is detailed in Chapter 4. This 

new method was applied to a number of studies including the assessment of 3-MH 

evolution during ripening of five Sauvignon blanc clones (Chapters 4 and 8). This was 
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the first time that natural 3-MH was measured during grape ripening; 3-MH was 

barely detectable at veraison and increased to approximately 100 ng/L at mid-

ripening, before remaining relatively static until harvest. The concentrations 

measured were above the aroma detection threshold of 3-MH and the tropical fruit 

characters associated with varietal thiols were clearly evident around the mid-

ripening time point when tasting these berries in the vineyard. 3-MH was also 

determined in the finished wines and as expected, after fermentation the

concentration of 3-MH significantly increased.

Complementing the studies of 3-MH, a SIDA method was developed for the analysis 

of individual diastereomers of known 3-MH precursors: 3-S-cysteinylhexan-1-ol (Cys-

3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH). HPLC-MS/MS was chosen in this 

case as the most appropriate method to analyse these water soluble, non-volatile 

compounds as opposed to derivatisation and GC-MS as previously employed for 

Cys-3-MH. This provided the first method for the analysis of both diastereomers of 

Cys- and Glut-3-MH in one analysis (Chapter 5). 

The concentrations of both 3-MH and its precursors were measured in a survey of 

commercial white wine varieties, revealing that, while Sauvignon blanc contained the 

greatest concentration of these compounds, other varietals also contained significant 

quantities (Chapters 4 and 8). This indicated that 3-MH may be an important aroma 

compound in a range of grape varieties, especially when present well above its 

aroma threshold. Interesting results were also obtained in another study where 

precursor concentrations were measured during ripening; stark increases in 

precursor levels were found in the latter stages of ripening (Chapter 5). In another 

ripening study (Chapter 8) the 3-MH precursor concentrations generally increased 

during ripening in accord with the initial observations, up to a sugar level of 

approximately 24 °Brix (around ordinary commercial maturity), and then declined 

beyond this time. The increase in the lead up to harvest can most likely be explained 

in terms of loss of membrane integrity combined with an increase in available

precursor constituents.

Applying the precursor method to an array of precursor studies has provided some 

new insights into the relationship between Cys- and Glut-3-MH. Freezing studies 

highlighted the difference between frozen storage of juice and grape samples, where 

large amounts of Glut-3-MH were only formed when grapes were frozen, yet Cys-3-

- 141 -

Chapter 10 Concluding remarks and future perspectivesmolar conversions (<0.6%) were achieved over a two year period. The results of 

these studies are described in detail in Chapter 2.

1,8-Cineole was found to be stable in wine and barely affected by closures (Chapter

2) so it was desirable to determine how this character arose in wine to enable the 

adaptation of 1,8-cineole concentrations to meet consumer demands. Therefore 

further studies including vineyard and fermentation treatments were carried out to

provide evidence that it was vineyard position and winemaking conditions that had 

the most noticeable influence on the 1,8-cineole concentration in red wine (Chapter

3). The levels of 1,8-cineole in grape berries, leaves and stems were also quantified

at set distances from the Eucalyptus trees over multiple vintages and showed that the 

greatest concentrations of 1,8-cineole in each sample type was found closer to the 

trees.  

The concluding experiment in Chapter 3 demonstrated the profound effects that

matter other than grapes (MOG, e.g. Eucalyptus or grape leaves) had on 1,8-cineole 

concentration in wine. It revealed that the presence of Eucalyptus leaves and to a 

lesser extent grape vine leaves and stems in the harvested grapes could be the main 

contributor to 1,8-cineole concentrations in wine. An additional and fortuitous 

outcome from the fermentation study was a demonstration for the first time that the 

concentration of rotundone in red wine can be strongly influenced by grapevine 

leaves and stems in the ferment. Measurements of grape stem and grape leaf soaks 

showed that the concentration of rotundone was three times greater in the stems 

compared to the leaves. This was an important finding since it gives wine producers 

unprecedented control over the ‘peppery’ characteristic of their wine.

Polyfunctional thiols are other important flavour compounds found in wine that require 

further investigation. Sensitive and specialised methods are vital to understanding 

thiol compounds due to their reactivity and low abundance in grapes and wine. The 

most widely used method for quantitating these compounds was developed some 

time ago and employs toxic mercury complexes. Therefore a novel method was 

developed for the analysis of 3-MH which eliminated the use of mercury and 

employed conventional electron ionisation GC-MS. The development of this sensitive 

method and its application to wines and grape juices is detailed in Chapter 4. This 

new method was applied to a number of studies including the assessment of 3-MH 

evolution during ripening of five Sauvignon blanc clones (Chapters 4 and 8). This was 

- 140 -

Chapter 10 Concluding remarks and future perspectives

the first time that natural 3-MH was measured during grape ripening; 3-MH was 

barely detectable at veraison and increased to approximately 100 ng/L at mid-

ripening, before remaining relatively static until harvest. The concentrations 

measured were above the aroma detection threshold of 3-MH and the tropical fruit 

characters associated with varietal thiols were clearly evident around the mid-

ripening time point when tasting these berries in the vineyard. 3-MH was also 

determined in the finished wines and as expected, after fermentation the

concentration of 3-MH significantly increased.

Complementing the studies of 3-MH, a SIDA method was developed for the analysis 

of individual diastereomers of known 3-MH precursors: 3-S-cysteinylhexan-1-ol (Cys-

3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH). HPLC-MS/MS was chosen in this 

case as the most appropriate method to analyse these water soluble, non-volatile 

compounds as opposed to derivatisation and GC-MS as previously employed for 

Cys-3-MH. This provided the first method for the analysis of both diastereomers of 

Cys- and Glut-3-MH in one analysis (Chapter 5). 

The concentrations of both 3-MH and its precursors were measured in a survey of 

commercial white wine varieties, revealing that, while Sauvignon blanc contained the 

greatest concentration of these compounds, other varietals also contained significant 

quantities (Chapters 4 and 8). This indicated that 3-MH may be an important aroma 

compound in a range of grape varieties, especially when present well above its 

aroma threshold. Interesting results were also obtained in another study where 

precursor concentrations were measured during ripening; stark increases in 

precursor levels were found in the latter stages of ripening (Chapter 5). In another 

ripening study (Chapter 8) the 3-MH precursor concentrations generally increased 

during ripening in accord with the initial observations, up to a sugar level of 

approximately 24 °Brix (around ordinary commercial maturity), and then declined 

beyond this time. The increase in the lead up to harvest can most likely be explained 

in terms of loss of membrane integrity combined with an increase in available

precursor constituents.

Applying the precursor method to an array of precursor studies has provided some 

new insights into the relationship between Cys- and Glut-3-MH. Freezing studies 

highlighted the difference between frozen storage of juice and grape samples, where 

large amounts of Glut-3-MH were only formed when grapes were frozen, yet Cys-3-

- 141 -

Chapter 10 Concluding remarks and future perspectives



molar conversions (<0.6%) were achieved over a two year period. The results of 

these studies are described in detail in Chapter 2.

1,8-Cineole was found to be stable in wine and barely affected by closures (Chapter

2) so it was desirable to determine how this character arose in wine to enable the 

adaptation of 1,8-cineole concentrations to meet consumer demands. Therefore 

further studies including vineyard and fermentation treatments were carried out to

provide evidence that it was vineyard position and winemaking conditions that had 

the most noticeable influence on the 1,8-cineole concentration in red wine (Chapter

3). The levels of 1,8-cineole in grape berries, leaves and stems were also quantified

at set distances from the Eucalyptus trees over multiple vintages and showed that the 

greatest concentrations of 1,8-cineole in each sample type was found closer to the 

trees.  

The concluding experiment in Chapter 3 demonstrated the profound effects that

matter other than grapes (MOG, e.g. Eucalyptus or grape leaves) had on 1,8-cineole 

concentration in wine. It revealed that the presence of Eucalyptus leaves and to a 

lesser extent grape vine leaves and stems in the harvested grapes could be the main 

contributor to 1,8-cineole concentrations in wine. An additional and fortuitous 

outcome from the fermentation study was a demonstration for the first time that the 

concentration of rotundone in red wine can be strongly influenced by grapevine 

leaves and stems in the ferment. Measurements of grape stem and grape leaf soaks 

showed that the concentration of rotundone was three times greater in the stems 

compared to the leaves. This was an important finding since it gives wine producers 

unprecedented control over the ‘peppery’ characteristic of their wine.

Polyfunctional thiols are other important flavour compounds found in wine that require 

further investigation. Sensitive and specialised methods are vital to understanding 

thiol compounds due to their reactivity and low abundance in grapes and wine. The 

most widely used method for quantitating these compounds was developed some 

time ago and employs toxic mercury complexes. Therefore a novel method was 

developed for the analysis of 3-MH which eliminated the use of mercury and 

employed conventional electron ionisation GC-MS. The development of this sensitive 

method and its application to wines and grape juices is detailed in Chapter 4. This 

new method was applied to a number of studies including the assessment of 3-MH 

evolution during ripening of five Sauvignon blanc clones (Chapters 4 and 8). This was 

- 140 -

Chapter 10 Concluding remarks and future perspectives

the first time that natural 3-MH was measured during grape ripening; 3-MH was 

barely detectable at veraison and increased to approximately 100 ng/L at mid-

ripening, before remaining relatively static until harvest. The concentrations 

measured were above the aroma detection threshold of 3-MH and the tropical fruit 

characters associated with varietal thiols were clearly evident around the mid-

ripening time point when tasting these berries in the vineyard. 3-MH was also 

determined in the finished wines and as expected, after fermentation the

concentration of 3-MH significantly increased.

Complementing the studies of 3-MH, a SIDA method was developed for the analysis 

of individual diastereomers of known 3-MH precursors: 3-S-cysteinylhexan-1-ol (Cys-

3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH). HPLC-MS/MS was chosen in this 

case as the most appropriate method to analyse these water soluble, non-volatile 

compounds as opposed to derivatisation and GC-MS as previously employed for 

Cys-3-MH. This provided the first method for the analysis of both diastereomers of 

Cys- and Glut-3-MH in one analysis (Chapter 5). 

The concentrations of both 3-MH and its precursors were measured in a survey of 

commercial white wine varieties, revealing that, while Sauvignon blanc contained the 

greatest concentration of these compounds, other varietals also contained significant 

quantities (Chapters 4 and 8). This indicated that 3-MH may be an important aroma 

compound in a range of grape varieties, especially when present well above its 

aroma threshold. Interesting results were also obtained in another study where 

precursor concentrations were measured during ripening; stark increases in 

precursor levels were found in the latter stages of ripening (Chapter 5). In another 

ripening study (Chapter 8) the 3-MH precursor concentrations generally increased 

during ripening in accord with the initial observations, up to a sugar level of 

approximately 24 °Brix (around ordinary commercial maturity), and then declined 

beyond this time. The increase in the lead up to harvest can most likely be explained 

in terms of loss of membrane integrity combined with an increase in available

precursor constituents.

Applying the precursor method to an array of precursor studies has provided some 

new insights into the relationship between Cys- and Glut-3-MH. Freezing studies 

highlighted the difference between frozen storage of juice and grape samples, where 

large amounts of Glut-3-MH were only formed when grapes were frozen, yet Cys-3-

- 141 -

Chapter 10 Concluding remarks and future perspectivesmolar conversions (<0.6%) were achieved over a two year period. The results of 

these studies are described in detail in Chapter 2.

1,8-Cineole was found to be stable in wine and barely affected by closures (Chapter

2) so it was desirable to determine how this character arose in wine to enable the 

adaptation of 1,8-cineole concentrations to meet consumer demands. Therefore 

further studies including vineyard and fermentation treatments were carried out to

provide evidence that it was vineyard position and winemaking conditions that had 

the most noticeable influence on the 1,8-cineole concentration in red wine (Chapter

3). The levels of 1,8-cineole in grape berries, leaves and stems were also quantified

at set distances from the Eucalyptus trees over multiple vintages and showed that the 

greatest concentrations of 1,8-cineole in each sample type was found closer to the 

trees.  

The concluding experiment in Chapter 3 demonstrated the profound effects that

matter other than grapes (MOG, e.g. Eucalyptus or grape leaves) had on 1,8-cineole 

concentration in wine. It revealed that the presence of Eucalyptus leaves and to a 

lesser extent grape vine leaves and stems in the harvested grapes could be the main 

contributor to 1,8-cineole concentrations in wine. An additional and fortuitous 

outcome from the fermentation study was a demonstration for the first time that the 

concentration of rotundone in red wine can be strongly influenced by grapevine 

leaves and stems in the ferment. Measurements of grape stem and grape leaf soaks 

showed that the concentration of rotundone was three times greater in the stems 

compared to the leaves. This was an important finding since it gives wine producers 

unprecedented control over the ‘peppery’ characteristic of their wine.

Polyfunctional thiols are other important flavour compounds found in wine that require 

further investigation. Sensitive and specialised methods are vital to understanding 

thiol compounds due to their reactivity and low abundance in grapes and wine. The 

most widely used method for quantitating these compounds was developed some 

time ago and employs toxic mercury complexes. Therefore a novel method was 

developed for the analysis of 3-MH which eliminated the use of mercury and 

employed conventional electron ionisation GC-MS. The development of this sensitive 

method and its application to wines and grape juices is detailed in Chapter 4. This 

new method was applied to a number of studies including the assessment of 3-MH 

evolution during ripening of five Sauvignon blanc clones (Chapters 4 and 8). This was 

- 140 -

Chapter 10 Concluding remarks and future perspectives

the first time that natural 3-MH was measured during grape ripening; 3-MH was 

barely detectable at veraison and increased to approximately 100 ng/L at mid-

ripening, before remaining relatively static until harvest. The concentrations 

measured were above the aroma detection threshold of 3-MH and the tropical fruit 

characters associated with varietal thiols were clearly evident around the mid-

ripening time point when tasting these berries in the vineyard. 3-MH was also 

determined in the finished wines and as expected, after fermentation the

concentration of 3-MH significantly increased.

Complementing the studies of 3-MH, a SIDA method was developed for the analysis 

of individual diastereomers of known 3-MH precursors: 3-S-cysteinylhexan-1-ol (Cys-

3-MH) and 3-S-glutathionylhexan-1-ol (Glut-3-MH). HPLC-MS/MS was chosen in this 

case as the most appropriate method to analyse these water soluble, non-volatile 

compounds as opposed to derivatisation and GC-MS as previously employed for 

Cys-3-MH. This provided the first method for the analysis of both diastereomers of 

Cys- and Glut-3-MH in one analysis (Chapter 5). 

The concentrations of both 3-MH and its precursors were measured in a survey of 

commercial white wine varieties, revealing that, while Sauvignon blanc contained the 

greatest concentration of these compounds, other varietals also contained significant 

quantities (Chapters 4 and 8). This indicated that 3-MH may be an important aroma 
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during ripening in accord with the initial observations, up to a sugar level of 

approximately 24 °Brix (around ordinary commercial maturity), and then declined 

beyond this time. The increase in the lead up to harvest can most likely be explained 

in terms of loss of membrane integrity combined with an increase in available

precursor constituents.
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highlighted the difference between frozen storage of juice and grape samples, where 

large amounts of Glut-3-MH were only formed when grapes were frozen, yet Cys-3-
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MH levels were not similarly affected. This indicated that Glut-3-MH formation could 

be attributed to loss of berry integrity and provided results that showed that juices 

could be frozen for later precursor analysis but not grapes (Chapter 4). Fining a juice 

with gelatin had minimal effect on precursor concentrations, while the effects of 

machine-harvesting and transportation of fruit were quite significant (Chapter 8).  

Fruit transported after being commercially harvested had up to 10 times as much 

Cys-3-MH and around twice as much Glut-3-MH compared to the non-transported 

samples (Chapter 6), revealing the ability to form precursors during processing. This 

was particularly important since Cys-3-MH is more easily utilised by yeast during 

fermentation, and the levels found in this experiment were the highest we have found

for healthy fruit. These results confirmed that Glut-3-MH could be further formed post-

harvest, but it was most surprising to find it could be converted to substantial

amounts of Cys-3-MH given an adequate amount of time. The formation and 

degradation of Glut-3-MH in this case, either partially or totally under the control of 

various enzymes, highlights the dynamic nature of these precursors indicating that 

processing methodology can play an important role (Chapter 6). Similar results to the 

transport study were achieved by holding fruit bins in a cold room prior to crushing, 

demonstrating that higher precursor levels could be achieved without the use of 

transportation (Chapter 9).

An experiment conducted to inhibit the enzymes usually active during berry crushing 

showed that concentrations of Glut-3-MH could be significantly reduced while Cys-3-

MH levels remained unaffected. This result led to the assumption that the Cys-3-MH, 

arising from the breakdown of Glut-3-MH, is present in the grape berry and relatively 

resistant to short term grape processing effects while the larger proportion of Glut-3-

MH forms post-harvest so processing conditions can have major influence on 

concentrations.

As a follow on from these experiments, additional objectives were completed with the 

identification of a new conjugated aldehyde which was the obvious missing link 

between the reaction of (E)-2-hexenal and glutathione in the formation of Glut-3-MH.

This identification is detailed in Chapter 6 and was the first evidence of the presence 

of such an intermediate aldehyde. Also success was achieved with the identification 

and quantitation of 3-S-cysteinylglycinehexan-1-ol (Cysgly-3-MH), which is the 

dipeptide intermediate between cysteine and glutathione precursors of 3-MH 

(Chapter 7). The results from these studies (Chapters 5, 6, 7, 8 and 9) have provided 
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an understanding into the formation and fate of precursors to 3-MH and emphasised

their dynamic nature, which continue beyond berry development and into the 

winemaking process.

Although a much greater understanding of the varietal thiol compound 3-MH was 

achieved, future work should focus on extending the new 3-MH method to include 3-

mercaptohexyl acetate (3-MHA) and 4-mercapto-4-methylpentan-2-one (4-MMP).

These thiols, along with 3-MH are important impact odorants in wine and are 

especially potent, having some of the lowest aroma thresholds of any volatile food 

compound. Due to these extremely low thresholds and the concentrations of a few 

ng/L to low μg/L found in wine, the analytical methods developed will need to 

continue to be extremely sensitive. It would also be beneficial to develop chiral 

methods for the analysis of both 3-MH and 3-MHA to determine their importance to 

wine sensory characteristics. The ratios of these compounds have been shown to 

vary in wines, and they are directly related to the precursor diasteromers of 3-MH

which can now be measured. Thiol precursors should continue to be studied with the 

addition of other precursors such as Glut and Cys-4-MMP in particular, as they are 

also important for understanding the formation of the corresponding varietal aroma 

compounds.  

Additional outcomes from the fermentation studies with varying MOG showed not 

only that 1,8-cineole concentration could be strongly influenced by grapevine leaves 

and stems in the ferment but surprisingly so too could the ‘peppery’ impact 

compound rotundone (Chapter 3). This result paves the way for future research to 

determine if any additional compounds may be influenced by MOG and to what 

extent. These results clearly demonstrate that there is more to consider than just 

grape composition and yeast biochemistry when investigating wine aroma. 
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an understanding into the formation and fate of precursors to 3-MH and emphasised

their dynamic nature, which continue beyond berry development and into the 

winemaking process.

Although a much greater understanding of the varietal thiol compound 3-MH was 

achieved, future work should focus on extending the new 3-MH method to include 3-

mercaptohexyl acetate (3-MHA) and 4-mercapto-4-methylpentan-2-one (4-MMP).

These thiols, along with 3-MH are important impact odorants in wine and are 

especially potent, having some of the lowest aroma thresholds of any volatile food 

compound. Due to these extremely low thresholds and the concentrations of a few 

ng/L to low μg/L found in wine, the analytical methods developed will need to 

continue to be extremely sensitive. It would also be beneficial to develop chiral 

methods for the analysis of both 3-MH and 3-MHA to determine their importance to 

wine sensory characteristics. The ratios of these compounds have been shown to 

vary in wines, and they are directly related to the precursor diasteromers of 3-MH

which can now be measured. Thiol precursors should continue to be studied with the 

addition of other precursors such as Glut and Cys-4-MMP in particular, as they are 

also important for understanding the formation of the corresponding varietal aroma 

compounds.  

Additional outcomes from the fermentation studies with varying MOG showed not 

only that 1,8-cineole concentration could be strongly influenced by grapevine leaves 

and stems in the ferment but surprisingly so too could the ‘peppery’ impact 

compound rotundone (Chapter 3). This result paves the way for future research to 

determine if any additional compounds may be influenced by MOG and to what 

extent. These results clearly demonstrate that there is more to consider than just 

grape composition and yeast biochemistry when investigating wine aroma. 
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MH levels were not similarly affected. This indicated that Glut-3-MH formation could 

be attributed to loss of berry integrity and provided results that showed that juices 

could be frozen for later precursor analysis but not grapes (Chapter 4). Fining a juice 

with gelatin had minimal effect on precursor concentrations, while the effects of 

machine-harvesting and transportation of fruit were quite significant (Chapter 8).  

Fruit transported after being commercially harvested had up to 10 times as much 

Cys-3-MH and around twice as much Glut-3-MH compared to the non-transported 

samples (Chapter 6), revealing the ability to form precursors during processing. This 

was particularly important since Cys-3-MH is more easily utilised by yeast during 

fermentation, and the levels found in this experiment were the highest we have found

for healthy fruit. These results confirmed that Glut-3-MH could be further formed post-

harvest, but it was most surprising to find it could be converted to substantial

amounts of Cys-3-MH given an adequate amount of time. The formation and 

degradation of Glut-3-MH in this case, either partially or totally under the control of 

various enzymes, highlights the dynamic nature of these precursors indicating that 

processing methodology can play an important role (Chapter 6). Similar results to the 

transport study were achieved by holding fruit bins in a cold room prior to crushing, 

demonstrating that higher precursor levels could be achieved without the use of 

transportation (Chapter 9).

An experiment conducted to inhibit the enzymes usually active during berry crushing 

showed that concentrations of Glut-3-MH could be significantly reduced while Cys-3-

MH levels remained unaffected. This result led to the assumption that the Cys-3-MH, 

arising from the breakdown of Glut-3-MH, is present in the grape berry and relatively 

resistant to short term grape processing effects while the larger proportion of Glut-3-

MH forms post-harvest so processing conditions can have major influence on 

concentrations.

As a follow on from these experiments, additional objectives were completed with the 

identification of a new conjugated aldehyde which was the obvious missing link 

between the reaction of (E)-2-hexenal and glutathione in the formation of Glut-3-MH.

This identification is detailed in Chapter 6 and was the first evidence of the presence 

of such an intermediate aldehyde. Also success was achieved with the identification 

and quantitation of 3-S-cysteinylglycinehexan-1-ol (Cysgly-3-MH), which is the 

dipeptide intermediate between cysteine and glutathione precursors of 3-MH 

(Chapter 7). The results from these studies (Chapters 5, 6, 7, 8 and 9) have provided 
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an understanding into the formation and fate of precursors to 3-MH and emphasised

their dynamic nature, which continue beyond berry development and into the 

winemaking process.

Although a much greater understanding of the varietal thiol compound 3-MH was 

achieved, future work should focus on extending the new 3-MH method to include 3-

mercaptohexyl acetate (3-MHA) and 4-mercapto-4-methylpentan-2-one (4-MMP).

These thiols, along with 3-MH are important impact odorants in wine and are 

especially potent, having some of the lowest aroma thresholds of any volatile food 

compound. Due to these extremely low thresholds and the concentrations of a few 

ng/L to low μg/L found in wine, the analytical methods developed will need to 

continue to be extremely sensitive. It would also be beneficial to develop chiral 

methods for the analysis of both 3-MH and 3-MHA to determine their importance to 

wine sensory characteristics. The ratios of these compounds have been shown to 

vary in wines, and they are directly related to the precursor diasteromers of 3-MH

which can now be measured. Thiol precursors should continue to be studied with the 

addition of other precursors such as Glut and Cys-4-MMP in particular, as they are 

also important for understanding the formation of the corresponding varietal aroma 

compounds.  

Additional outcomes from the fermentation studies with varying MOG showed not 
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Appendices

These are additional peer reviewed papers generated during candidature, which I have 

co-authored.

They were not a central part of my thesis work but some of the publications have 

included applications of the analytical methods developed as described in this thesis

(Appendix 1 to 4).  

The additional manuscripts included applications of other analytical methods developed 

(Appendix 6 to 12) or supervised (Appendix 13 and 14) by the candidate during 

candidature.  
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corresponding thiols in a Sauvignon Blanc juice (11). Subse-
quently, the S-glutathione conjugate of 3 (i.e., (R/S)-5) was
discovered in Sauvignon Blanc juice (12), and more recently,
the glutathione conjugate of 1 (i.e., 7) was described (13).

Recently, the individual diastereomers of 4 were prepared for
the first time and were shown to undergo cleavage to their
respective enantiomers of 3 by the action of apotryptophanase
enzyme (14). When (R)-4 and (S)-4 were added to ferments
conductedwith thewine yeastSaccharomyces cerevisiae, the same
conversions were observed. Subsequently, however, Subileau
et al. (15) have shown that these S-cysteinyl conjugates are only
minor precursors of 3 in wine. They inferred that glutathione
derivatives might be more significant precursors of the volatile
thiols important to wine aroma. Therefore, biochemical glu-
tathione conjugation requires careful consideration. It is known
that glutathione present in grapes rapidly decreases in concentra-
tion after crushing because of the onset of redox and enzymatic
processes (16). Also, plants utilize glutathione conjugation as a
protective mechanism to detoxify cells and as an antioxi-
dant (17-20), and cysteine conjugates arise from the degradation
of the corresponding glutathione conjugates. This might help to
explain the presence of glutathione and cysteine conjugates of
varietal thiols in grape juices/musts.

In order to understand further the relationship between thiol
precursors in juice and varietal thiols in wine, studies requiring
compound synthesis, fermentation, and analytical method devel-
opmentwere carried out. This workwas undertaken to provide the
diastereomers ofS-glutathionyl conjugate 5, the pure diastereomer

(R)-5, and the various labeled conjugates for use as internal
standards in the development of analytical methods. The fate of
the synthetic glutathione conjugate of 3-MH during fermentation
was also investigated. The following paper in this issue (21)
describes the development of methods for the quantitation of
3-MH conjugates and their application to grape andwine samples.

MATERIALS AND METHODS

Materials. All chromatographic solvents were high performance
liquid chromatography (HPLC) grade and reaction solvents were of the
highest commercial grade available (Rowe Scientific, Lonsdale, South
Australia, Australia). All chemicals were analytical reagent grade unless
otherwise stated, and octadecyl-functionalized silica gel (200-400 mesh,
16-18% carbon loading) was used for low-pressure C18 chromatography
(Sigma-Aldrich, Castle Hill, New South Wales, Australia). Water was
obtained from aMilli-Q purification system (Millipore, North Ryde, New
South Wales, Australia). Diethyl ether and THF were distilled from
sodium/benzophenone immediately prior to use. Stock solutions of
standards were prepared volumetrically in Milli-Q water and stored at
-20 �C until required. All prepared solutions were% v/v with the balance
made up with Milli-Q water, unless otherwise specified. The d8-ethyl
hexenoate previously reported (14) was reduced to either d8-hexenol or d10-
hexenol by use of lithium aluminum hydride and lithium aluminum
deuteride, respectively. The corresponding d8-hexenal and d9-hexenal were
obtained by Swern oxidation (22). d10-Mesityl oxide was prepared as
described previously (23).

NMR Analysis. Proton (1H) and carbon (13C) nuclear magnetic
resonance (NMR) spectra were recorded with a Varian Gemini 300
spectrometer operating at 300 MHz for proton and 75.5 MHz for carbon
nuclei. Chemical shifts were recorded as δ values in parts per million
(ppm). Spectrawere acquired in chloroform-dordeuteriumoxide (D2O) at
ambient temperature, and resonances were assigned by routine 2D
correlation experiments.

High Resolution Mass Spectrometry (HRMS). Spectra were
obtained on a Bruker micrOTOF-Q II with electrospray ionization
(ESI) in positive mode. Samples dissolved in water at concentrations of
approximately 2-10 mg/L were analyzed by flow injection.

Optical Rotations. Specific rotations were recorded with a PolAAr 21
polarimeter, referenced to the sodium D line (589 nm) at 20 �C, using the
spectroscopic grade solvents specified and at the concentrations (c, g/100mL)
indicated. The measurements were carried out in a cell with a 1 dm path
length.

γ-L-Glutamyl-S-[(1R/S)-1-(2-hydroxyethyl)butyl]-L-cysteinyl-
glycine (3-S-Glutathionylhexan-1-ol or Glut-3-MH) (5). Gluta-
thione (2.0 g, 6.5 mmol) in 70% aqueous acetonitrile (19.2 mL) was trea-
ted with pyridine (1.03 g, 13 mmol) and (E)-2-hexenal (0.64 g, 6.5 mmol).
After stirring for 45 h at room temperature, the reaction was dilu-
ted with water (40 mL) and the mixture was washed with dichloro-
methane. The aqueous layer was concentrated under reduced pressure
at 50 �C to give a colorless solid (2.49 g, 85%). A portion of this product
(1.42 g, 3.5 mmol) in ice water (16 mL) was treated with NaBH4 (0.26 g,
7.0mmol) and stirred at 0 �C for 3 h before being acidifiedwith 1MHCl to
pH 3.1. The mixture was loaded onto a C18 reversed-phase low-pressure
column (45 g, 15 cm� 2 cm bed) and eluted successively with 1%aqueous
ethanol, 5% aqueous ethanol, 15% aqueous ethanol, and 40% aqueous
ethanol. Fractions from the first two eluents were concentrated under
reduced pressure to provide the title compound 5 as a white powder
(0.488 g, 34%; 58% based on recovered aldehyde); mp 106-108 �C.

1H NMR (δ ppm, D2O): 4.52 (1H, m*, H5); 3.93 (2H, s‡, H2); 3.78 (1H,
t‡, J=6.5 Hz, H10); 3.75-3.60 (2H, m*, H20 0); 2.93 (1H, dd‡, J=13.8, 5.0
Hz, H12a); 2.91-2.71 (2H, m*, H10,12b); 2.51 (2H, app t‡, J ∼ 6.7 Hz, H8);
2.12 (2H, app q‡, J∼ 6.7 Hz, H9); 1.90-1.31 (6H, m*, H20,30,10 0); 0.85, 0.84
(3H, 2 � t*, J=7.1 Hz, H40).

13C NMR (δ ppm, D2O): 174.8‡, 173.7‡, 172.8‡, 172.7‡ (C1,4,7,11); 59.4,
59.3 (C20 0); 53.9

‡ (C10); 53.7, 53.6 (C5); 42.5, 42.4 (C10); 41.7
‡ (C2); 36.7,

36.6, 36.5, 36.4 (C20,10 0); 31.4
‡ (C8); 31.16, 31.15 (C12); 26.2

‡ (C9); 19.5, 19.4
(C30); 13.32, 13.29 (C40).

ESI-HRMS (m/z). Calcd for C16H29N3NaO7S
þ [MþNa]þ, 430.1618;

found, 430.1585.

Figure 1. Structures of thiols important to the varietal aroma of some wine
styles.

Figure 2. Structures of potential precursors to important wine thiols,
including the numbering scheme employed for 5 and 6.
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Synthesis of the putative wine thiol precursor 3-S-glutathionylhexan-1-ol (Glut-3-MH) has been

undertaken to provide pure reference materials for the development of HPLC-MS/MS methods for

precursor quantitation in grape juice and wine, and for use in fermentation experiments. Labeled

thiol conjugates were also prepared for use as internal standards. Purification and fermentation of a

single diastereomer of Glut-3-MH with VIN13 (CSL1) yielded not only the (R)-enantiomer of the wine

impact odorant 3-mercaptohexan-1-ol (3-MH) but also the cysteine conjugate intermediate as a

single (R)-diastereomer, as determined by HPLC-MS/MS. Chiral GC-MS was used to quantify the

total amount of (R)-3-MH released from the ferments, resulting in a molar conversion yield of the

glutathione conjugate of about 3%. Enzymatic degradation of the single (R)-Glut-3-MH diastereomer

with a γ-glutamyltranspeptidase confirmed the stereochemical relationship to the related cysteine

conjugate. This is the first demonstration that Glut-3-MH can liberate 3-MH under model fermenta-

tion conditions, where the cysteine conjugate is also formed in the process. This furthers our

understanding of the nature of wine thiol precursors and opens avenues for additional studies into

formation and interchange of wine thiols and their precursors.

KEYWORDS: Synthesis; fermentation; diastereoisomers; wine thiol precursors; varietal thiols; elution
order; HPLC-MS/MS; chiral analysis; GC-MS

INTRODUCTION

Volatile, polyfunctional thiols are compounds which can
impart pleasant, varietal aromas to wine. The compounds respon-
sible for these varietal aromaswere first identified in various fruits,
such as black currant, grapefruit, passion fruit, or guava, and
described in Sauvignon Blanc wine for the first time in 1995 (1,2).
Figure 1 shows thiols which exhibit a typical SauvignonBlanc aroma
in wine, namely: 4-mercapto-4-methylpentan-2-one (4-MMP, 1),
with a characteristic aroma described as “black currant”, “box-
wood”, and “broom” (2); 3-mercaptohexyl acetate (3-MHA, 2),
with an aroma described as “grapefruit”, “passion fruit”, and “box
tree” (3); and 3-mercaptohexan-1-ol (3-MH, 3), described similarly
to 2 with an aroma of “passion fruit” or “grapefruit” (4). These
important wine thiols are extremely potent and have some of the
lowest odor detection thresholds of any compound found in foods
or beverages. The odor detection thresholds of 1, racemic 2, and
racemic 3 were determined to be 3 ng/L in white and red wine (2),

4 ng/L in 12% aqueous ethanol (3), and 60 ng/L in 12% aqueous
ethanol (4), respectively.

Stereochemistry canbe important to the sensory characteristics
of wine thiols. Both enantiomers of 3-MHA (2) and 3-MH (3)
(Figure 1) are present in Sauvignon Blanc and Semillon wines (5).
The odor detection thresholds for the (R)- and (S)-enantiomers of
3were reported to be 50 and 60 ng/L, respectively, inmodel wine,
while the reported detection thresholds for (R)-2 and (S)-2were 9
and 2.5 ng/L, respectively (5). Furthermore, the odor qualities of
the 3-MH enantiomers differed, with descriptions of “grapefruit”
and “citrus peel” for (R)-3 and “passion fruit” for (S)-3 (5).

The thiols 1-3 are not only varietal impact aroma compounds
of Sauvignon Blanc; they have also been identified in wines made
frommany different cultivars ofVitis vinifera, such as Scheurebe,
Gew€urztraminer, Riesling, Colombard, PetitManseng, Semillon,
Cabernet Sauvignon, and Merlot (4, 6-10).

The varietal thiols 3 and 1 are not present in grape juice to any
appreciable extent but are conjugated as odorless precursors
(Figure 2). Initially, S-cysteinyl conjugates of 3 (i.e., (R/S)-4)
and 1 (i.e., 6) were identified as putative precursors to the

*Corresponding author. Telephone: þ61 8 8313 6600. Fax: þ61 8
8313 6601. E-mail: david.jeffery@awri.com.au.
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corresponding thiols in a Sauvignon Blanc juice (11). Subse-
quently, the S-glutathione conjugate of 3 (i.e., (R/S)-5) was
discovered in Sauvignon Blanc juice (12), and more recently,
the glutathione conjugate of 1 (i.e., 7) was described (13).

Recently, the individual diastereomers of 4 were prepared for
the first time and were shown to undergo cleavage to their
respective enantiomers of 3 by the action of apotryptophanase
enzyme (14). When (R)-4 and (S)-4 were added to ferments
conductedwith thewine yeastSaccharomyces cerevisiae, the same
conversions were observed. Subsequently, however, Subileau
et al. (15) have shown that these S-cysteinyl conjugates are only
minor precursors of 3 in wine. They inferred that glutathione
derivatives might be more significant precursors of the volatile
thiols important to wine aroma. Therefore, biochemical glu-
tathione conjugation requires careful consideration. It is known
that glutathione present in grapes rapidly decreases in concentra-
tion after crushing because of the onset of redox and enzymatic
processes (16). Also, plants utilize glutathione conjugation as a
protective mechanism to detoxify cells and as an antioxi-
dant (17-20), and cysteine conjugates arise from the degradation
of the corresponding glutathione conjugates. This might help to
explain the presence of glutathione and cysteine conjugates of
varietal thiols in grape juices/musts.

In order to understand further the relationship between thiol
precursors in juice and varietal thiols in wine, studies requiring
compound synthesis, fermentation, and analytical method devel-
opmentwere carried out. This workwas undertaken to provide the
diastereomers ofS-glutathionyl conjugate 5, the pure diastereomer

(R)-5, and the various labeled conjugates for use as internal
standards in the development of analytical methods. The fate of
the synthetic glutathione conjugate of 3-MH during fermentation
was also investigated. The following paper in this issue (21)
describes the development of methods for the quantitation of
3-MH conjugates and their application to grape andwine samples.

MATERIALS AND METHODS

Materials. All chromatographic solvents were high performance
liquid chromatography (HPLC) grade and reaction solvents were of the
highest commercial grade available (Rowe Scientific, Lonsdale, South
Australia, Australia). All chemicals were analytical reagent grade unless
otherwise stated, and octadecyl-functionalized silica gel (200-400 mesh,
16-18% carbon loading) was used for low-pressure C18 chromatography
(Sigma-Aldrich, Castle Hill, New South Wales, Australia). Water was
obtained from aMilli-Q purification system (Millipore, North Ryde, New
South Wales, Australia). Diethyl ether and THF were distilled from
sodium/benzophenone immediately prior to use. Stock solutions of
standards were prepared volumetrically in Milli-Q water and stored at
-20 �C until required. All prepared solutions were% v/v with the balance
made up with Milli-Q water, unless otherwise specified. The d8-ethyl
hexenoate previously reported (14) was reduced to either d8-hexenol or d10-
hexenol by use of lithium aluminum hydride and lithium aluminum
deuteride, respectively. The corresponding d8-hexenal and d9-hexenal were
obtained by Swern oxidation (22). d10-Mesityl oxide was prepared as
described previously (23).

NMR Analysis. Proton (1H) and carbon (13C) nuclear magnetic
resonance (NMR) spectra were recorded with a Varian Gemini 300
spectrometer operating at 300 MHz for proton and 75.5 MHz for carbon
nuclei. Chemical shifts were recorded as δ values in parts per million
(ppm). Spectrawere acquired in chloroform-dordeuteriumoxide (D2O) at
ambient temperature, and resonances were assigned by routine 2D
correlation experiments.

High Resolution Mass Spectrometry (HRMS). Spectra were
obtained on a Bruker micrOTOF-Q II with electrospray ionization
(ESI) in positive mode. Samples dissolved in water at concentrations of
approximately 2-10 mg/L were analyzed by flow injection.

Optical Rotations. Specific rotations were recorded with a PolAAr 21
polarimeter, referenced to the sodium D line (589 nm) at 20 �C, using the
spectroscopic grade solvents specified and at the concentrations (c, g/100mL)
indicated. The measurements were carried out in a cell with a 1 dm path
length.

γ-L-Glutamyl-S-[(1R/S)-1-(2-hydroxyethyl)butyl]-L-cysteinyl-
glycine (3-S-Glutathionylhexan-1-ol or Glut-3-MH) (5). Gluta-
thione (2.0 g, 6.5 mmol) in 70% aqueous acetonitrile (19.2 mL) was trea-
ted with pyridine (1.03 g, 13 mmol) and (E)-2-hexenal (0.64 g, 6.5 mmol).
After stirring for 45 h at room temperature, the reaction was dilu-
ted with water (40 mL) and the mixture was washed with dichloro-
methane. The aqueous layer was concentrated under reduced pressure
at 50 �C to give a colorless solid (2.49 g, 85%). A portion of this product
(1.42 g, 3.5 mmol) in ice water (16 mL) was treated with NaBH4 (0.26 g,
7.0mmol) and stirred at 0 �C for 3 h before being acidifiedwith 1MHCl to
pH 3.1. The mixture was loaded onto a C18 reversed-phase low-pressure
column (45 g, 15 cm� 2 cm bed) and eluted successively with 1%aqueous
ethanol, 5% aqueous ethanol, 15% aqueous ethanol, and 40% aqueous
ethanol. Fractions from the first two eluents were concentrated under
reduced pressure to provide the title compound 5 as a white powder
(0.488 g, 34%; 58% based on recovered aldehyde); mp 106-108 �C.

1H NMR (δ ppm, D2O): 4.52 (1H, m*, H5); 3.93 (2H, s‡, H2); 3.78 (1H,
t‡, J=6.5 Hz, H10); 3.75-3.60 (2H, m*, H20 0); 2.93 (1H, dd‡, J=13.8, 5.0
Hz, H12a); 2.91-2.71 (2H, m*, H10,12b); 2.51 (2H, app t‡, J ∼ 6.7 Hz, H8);
2.12 (2H, app q‡, J∼ 6.7 Hz, H9); 1.90-1.31 (6H, m*, H20,30,10 0); 0.85, 0.84
(3H, 2 � t*, J=7.1 Hz, H40).

13C NMR (δ ppm, D2O): 174.8‡, 173.7‡, 172.8‡, 172.7‡ (C1,4,7,11); 59.4,
59.3 (C20 0); 53.9

‡ (C10); 53.7, 53.6 (C5); 42.5, 42.4 (C10); 41.7
‡ (C2); 36.7,

36.6, 36.5, 36.4 (C20,10 0); 31.4
‡ (C8); 31.16, 31.15 (C12); 26.2

‡ (C9); 19.5, 19.4
(C30); 13.32, 13.29 (C40).

ESI-HRMS (m/z). Calcd for C16H29N3NaO7S
þ [MþNa]þ, 430.1618;

found, 430.1585.

Figure 1. Structures of thiols important to the varietal aroma of some wine
styles.

Figure 2. Structures of potential precursors to important wine thiols,
including the numbering scheme employed for 5 and 6.

- 156 -

Appendix 2 

A 
Grant-Preece, P.A., Pardon, K.H., Capone, D.L., Cordente, A.G., Sefton, M.A., Jeffery, D.W. & Elsey, 
G.M. (2010). Synthesis of wine thiol conjugates and labeled analogues: fermentation of the glutathione 
conjugate of 3- mercaptohexan-1-ol yields the corresponding cysteine conjugate and free thiol.  
Journal of Agricultural and Food Chemistry, v. 58 (3), pp. 1383-1389. 

  
NOTE:   

This publication is included on pages 155-161 in the print copy  
of the thesis held in the University of Adelaide Library. 

  
It is also available online to authorised users at: 

  
http://dx.doi.org/10.1021/jf9037198 

  



Article J. Agric. Food Chem., Vol. 58, No. 3, 2010 1389

as determined by chiral GC-MS, along with the related Cys-3-
MH intermediate. In the model fermentation media used in this
study, we have shown that Glut-3-MH can liberate 3-MH during
fermentation and that the cysteine conjugate is formed in the
process, which suggests thismight also occur during fermentation
of a grape juice/must. This furthers our understanding of the
nature ofwine thiol precursors and allows additional studies to be
undertaken.

ABBREVIATIONS USED

4-MMP, 4-mercapto-4-methylpentan-2-one; 3-MHA, 3-mer-
captohexyl acetate; 3-MH, 3-mercaptohexan-1-ol; Glut-3-MH,
3-S-glutathionylhexan-1-ol; GGT, γ-glutamyltranspeptidase;
MRM, multiple reaction monitoring; Cys-3-MH, 3-S-cysteinyl-
hexan-1-ol; Cys-4-MMP, 4-S-cysteinyl-4-methylpentan-2-one;
SIDA, stable isotope dilution analysis.
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Sulfur-containing aroma compounds are key contributors to the flavor of a diverse range of foods and
beverages. The tropical fruit characters of Vitis vinifera L. cv. Sauvignon blanc wines are attributed to the
presence of the aromatic thiols 3-mercaptohexan-1-ol (3MH), 3-mercaptohexan-1-ol-acetate, and 4-mercapto-
4-methylpentan-2-one (4MMP). These volatile thiols are found in small amounts in grape juice and are formed
from nonvolatile cysteinylated precursors during fermentation. In this study, we overexpressed a Saccharomy-
ces cerevisiae gene, STR3, which led to an increase in 3MH release during fermentation of a V. vinifera L. cv.
Sauvignon blanc juice. Characterization of the enzymatic properties of Str3p confirmed it to be a pyridoxal-
5�-phosphate-dependent cystathionine �-lyase, and we demonstrated that this enzyme was able to cleave the
cysteinylated precursors of 3MH and 4MMP to release the free thiols. These data provide direct evidence for
a yeast enzyme able to release aromatic thiols in vitro that can be applied in the development of self-cloned
yeast to enhance wine flavor.

Aromatic thiols are potent aroma compounds, with a sen-
sory perception threshold range in the parts per trillion. They
are found in a wide range of foods (39), including animal
products such as yoghurt and cheese, fruits, vegetables, tea,
coffee, and alcoholic beverages (2, 4, 33, 35, 38). Of particular
interest in wine fermentation are the aromatic volatile thiols,
4-mercapto-4-methylpentan-2-one (4MMP), 3-mercaptohexan-
1-ol (3MH), and 3-mercaptohexyl acetate. These compounds
impart flavors such as “grapefruit,” “passion fruit,” and “box-
wood” and are major contributors to the varietal character of
Vitis vinifera L. cv. Sauvignon blanc white wines (17). Cysteine-
S-conjugated bound forms of these free aromatic thiols are
present in grape juice and are transformed into flavor-active
thiols during fermentation by yeast (30). The carbon-sulfur
(CS) �-lyase activity that is necessary for transformation of
cysteine-S-conjugated forms of 3MH and 4MMP into free thi-
ols was first inferred from cell extracts of Eubacterium limosum
and Allium sativum (34). Since then, the potential for enhanced
thiol release in grape juice has been demonstrated by the
constitutive expression of the Escherichia coli tnaA gene, a
tryptophanase with strong CS �-lyase activity (29). Thus far,
there is no direct evidence of such yeast-derived enzymatic
activity releasing aromatic thiols under oenological conditions
although some candidate genes have been suggested based on
a gene deletion approach (15, 31). The release of aromatic
thiols by other microorganisms has been linked to the ac-

tivity of cystathionine �- and �-lyases, for example, Lacto-
bacillus casei and Lactobacillus lactis in cheese production
(16, 20), Staphylococcus haemolyticus in the release of hu-
man body odor (37), and Streptococcus anginosus in mouth
malodor (42).

Apart from its potential role in aromatic thiol release,
cystathionine �-lyase (CBL; EC 4.4.1.8) is involved in the
biosynthesis of methionine. CBLs catalyze the conversion of
cystathionine into homocysteine in an �,�-elimination reac-
tion, which in a later step is converted to methionine (32). This
reaction is dependent on the cofactor, pyridoxal-5�-phosphate
(PLP), a derivative of vitamin B6. Some bacterial CBLs have
been extensively characterized since the methionine biosyn-
thetic pathway is absent in mammals and, thus, is an important
antibiotic target (8, 9). In contrast, the enzymatic characteriza-
tion of eukaryotic CBLs is more limited, with the exception of
two plant CBLs from Arabidopsis thaliana (23) and Spinacia
oleracea chloroplasts (28), for which the A. thaliana crystal
structure has been solved (5). In yeasts, the Schizosaccharomy-
ces pombe STR3 gene product has been shown to have activity
toward cystathionine (9). Such activity can be attributed to the
Saccharomyces cerevisiae STR3 homologue, YGL184C, as a
strain containing a null mutant was unable to grow on gluta-
thione or cystathionine as a sole sulfur source (12).

In this study, we purified the S. cerevisiae gene product,
Str3p, and confirmed its activity as a CBL. Furthermore, we
provide direct evidence that a purified form of this yeast en-
zyme has activity toward cysteine-S-conjugated precursors of
the aromatic thiols 3MH and 4MMP. When the STR3 gene is
overexpressed in a commercial wine yeast used to ferment
V. vinifera L. cv. Sauvignon blanc grape must, an increase in
3MH release is detected. These data provide the basis on
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as determined by chiral GC-MS, along with the related Cys-3-
MH intermediate. In the model fermentation media used in this
study, we have shown that Glut-3-MH can liberate 3-MH during
fermentation and that the cysteine conjugate is formed in the
process, which suggests thismight also occur during fermentation
of a grape juice/must. This furthers our understanding of the
nature ofwine thiol precursors and allows additional studies to be
undertaken.

ABBREVIATIONS USED

4-MMP, 4-mercapto-4-methylpentan-2-one; 3-MHA, 3-mer-
captohexyl acetate; 3-MH, 3-mercaptohexan-1-ol; Glut-3-MH,
3-S-glutathionylhexan-1-ol; GGT, γ-glutamyltranspeptidase;
MRM, multiple reaction monitoring; Cys-3-MH, 3-S-cysteinyl-
hexan-1-ol; Cys-4-MMP, 4-S-cysteinyl-4-methylpentan-2-one;
SIDA, stable isotope dilution analysis.
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responsible for reduced off-flavors, copper can also bind poly-
functional thiols, including 3-MH, with potentially negative
consequences on wine aroma.2,16 Increases in the average con-
centration of copper in wines have been recently reported,
probably due to the common practice of adding copper sulfate
immediately prior to bottling to prevent formation of reduced
off-flavor when low OTR closures are used.5

Addition of antioxidants prior to bottling is another wide-
spread practice aimed at preserving wine against oxidative
degradation. In view of the general interest in lowering the levels
of SO2 in the food industry, addition of the sulfur-containing
tripeptide glutathione (GSH) to reduce SO2 doses in wine has
been suggested, as GSH exhibited increased protection toward
important aroma compounds such as esters and monoterpenes
compared to SO2.

17

In this study, we have investigated the effects of copper and
GSH addition prior to bottling on the evolution of the key aroma
compounds 3-MH, H2S, and MeSH in a commercial Sauvignon
blanc wine stored under different regimens of oxygen exposure.
Different degrees of oxygen exposure were obtained by storing
wine bottles in different atmospheres, eliminating the side effects
linked to differences in closure properties (e.g., absorption of
wine compounds), closure gas content, and bottle headspace
volume. Synthetic closures were selected due to their consistent
OTR across replicate closures.4 In addition, by comparing the
behavior of wines sealed under closures stored in air with that of
wines sealed under nitrogen-conditioned closures, an assessment
of the importance of closure-derived oxygen to wine aroma
development was carried out for the first time.

’MATERIALS AND METHODS

Chemicals. Reference standards for H2S andMeSH ware prepared
from their sodium salts, sodium hydrosulfide hydrate (NaSH3 3 xH2O)
and sodium thiomethoxide (NaSMe), respectively, which were obtained
from Sigma-Aldrich (Caste Hill, NSW, Australia). The salts were
dissolved in cold water (4 �C) and used immediately. 3-MH and
d10-3-MH were synthesized as previously described.18

Wines and Bottling. Sauvignon blanc wine from the 2008 vintage
produced in the Adelaide Hills region was obtained from a local winery.
Analytical parameters of the wine were as follows: pH 3.4, 3.4 g/L
residual sugars, 13.9% (v/v) alcohol, 0.42 g/L volatile acidity (as acetic
acid), 5.6 g/L titratable acidity (as tartaric acid), 41 mg/L free SO2,
180 mg/L total SO2, 0.1 mg/L copper, GSH < 1 mg/L. Before bottling,
the wines received an addition of either no or 20 mg/L of food grade GSH
(Kirkman, LakeOswego, OR) and/or no addition of copper sulfate or an
addition of copper sulfate to result in a final concentration of 0.3mg/L of
copper. This protocol gave a total of four matrix-related combinations,
coded as follows: high GSH, low Cu (GSH 20 mg/L; Cu 0.1 mg/L);
high GSH, high Cu (GSH 20 mg/L; Cu 0.3 mg/L); low GSH, low Cu
(GSH < 1 mg/L; Cu 0.1 mg/L); and low GSH, high Cu (GSH < 1 mg/L;
Cu 0.3 mg/L).

All wines were bottled under Nomacorc Premium coextruded
synthetic closures (Nomacorc, Zebulon, NC). Before bottling, closures
were stored at 20 �C for 1 week either in air or under nitrogen to evaluate
the effects of oxygen contained in the closure on wine development.
Once bottled, the wines were stored at 20 �C either in air or under
nitrogen to study the effect of oxygen exposure. For the treatments
requiring storage under nitrogen, closures or wines were kept in steel
drums filled with nitrogen and sealed. Drums were periodically refilled
with nitrogen to maintain oxygen content below 10 hPa. In total, three
different closure/storage combinations were applied to all of the wines:
closures stored in air and wines stored in air (A/A); closures stored in air

and wines stored in nitrogen (A/N); and closures stored in nitrogen and
wines stored in nitrogen (N/N). A total of 12 experimental treatments
were generated (four matrix-related combinations � three closure/
storage treatments). For the bottling of each wine, empty 375 mL flint
glass bottles were flushed with 98%N2 gas and then filled using a Framax
FCS 4/1S automatic fillingmachine (Framax, Serravalle Pistoiese, Italy).
Closures for different treatments were then applied on a Bertolaso
Epsilon R corker (Bertolaso, Zimella, Italy) with the vacuum set at-15
kPa. A bottle fitted with two PreSens Pst3 oxygen sensors (Presens,
Regensburg, Germany), to measure dissolved and headspace oxygen,
was filled with wine and sealed after approximately every 10 bottles to
monitor performance across the whole bottling operations: 5 PreSens
bottles in total were filled for each wine and closure/storage combina-
tion. These same bottles were used to monitor dissolved oxygen during
storage of the wines under the different experimental conditions. All
oxygen measures were carried out using a PreSens Fibox 3 trace v3
oxygen meter. The limit of quantification of oxygen for this method was
0.02 mg/L. Generally, dissolved oxygen values, measured 24 h after
bottling, were never higher than 1.12 mg/L and headspace oxygen was
always below 0.95 mg/L. For each bottle, total oxygen pickup during
bottling operations was between 1.32 and 1.95 mg/L.
Oxygen Ingress Measurement. A separate experiment was

carried out to measure the amount of oxygen entering the bottles under
the three different storage conditions of this study. For this purpose,
bottles of the same type described above, fitted with PreSens Pst6
oxygen sensors for measurement of trace oxygen levels, were placed in a
corking machine and flushed with a stream of 98% N2 to obtain an
oxygen pressure lower than 0.5 hPa. Once this oxygen level was
achieved, the N2 line was removed from the bottleneck, and the bottle
was immediately sealed with Nomacorc Premium closures previously
equilibrated in either air or nitrogen, as described above. One hour after
insertion of the closure, the oxygen pressure was measured, and then the
bottles were stored in air or nitrogen, as described above. Five replicates
were used for each condition (A/A, A/N, N/N). Measures of oxygen
pressure were taken every 24 h during the first week, then once a
week for the following 4 weeks, and then at 3 and 6 months of storage.
For each condition, the measures allowed quantification of the amount
of oxygen released from the closure at bottling, as well as of the
theoretical amount of oxygen entering through the closure.
Chemical Analyses. Wines were analyzed 24 h after bottling and

then following 3 and 6months of bottle storage.Wine primary chemistry
analyses and CIELab measures were carried out as described by
Skouroumounis et al.19 GSH was measured as described by Du Toit.20

3-MH was quantified as pentafluorobenzyl derivative using a stable
isotope dilution assay, by means of headspace SPME coupled with
GC-MS. This analysis was carried out only 24 h after bottling and at
6 months. H2S and MeSH were analyzed by GC coupled with atomic
emission detection (AED) detection, using static headspace sampling
and cool on-column injection.21 In all cases identification of volatile
compounds was carried out by mass spectra with comparison and co-
injection with pure reference compounds. Triplicate samples were
analyzed at each time point.
Statistical Analyses. Analysis of variance and LSD test were

carried out using JMP 5.0.1 (SAS, Cary, NC). Principal component
analysis (PCA) was carried out using Unscrambler 9.5 (CAMO, Oslo,
Norway).

’RESULTS AND DISCUSSION

Oxygen Ingress, Evolution of Dissolved Oxygen, and
Wine Oxidation State. Figure 1 shows the data for oxygen
ingress under the different experimental conditions. In the early
stages of the experiment (days 1-50), oxygen levels inside the
bottles increased quite rapidly for all treatments. In this period,
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ABSTRACT: The effects of wine composition and postbottling oxygen exposure on 3-mercaptohexanol (3-MH), hydrogen sulfide
(H2S), andmethyl mercaptan (MeSH) were investigated. A Sauvignon blanc wine with initial copper concentration of 0.1mg/Lwas
treated with copper sulfate and/or glutathione (GSH) prior to bottling to give final concentrations of 0.3 and 20 mg/L, respectively.
The wines were bottled with a synthetic closure previously stored in either ambient air or nitrogen to study the effect of the oxygen
normally present in the closure. Bottled wines were stored for 6 months in either air or nitrogen to study the effect of oxygen ingress
through the closure. Copper addition resulted in a rapid initial decrease in 3-MH. During storage, a further decrease of 3-MH was
observed, which was lower with GSH addition and lowered oxygen exposure. H2S accumulated largely during the second 3 months
of bottle storage, with the highest concentrations attained in the wines treated with GSH and copper. Lower oxygen from and
through the closure promoted H2S accumulation. The concentration of MeSH was virtually not affected by the experimental
variables at 6 months, although differences were observed after 3 months of storage. The implications for wine quality are discussed.

KEYWORDS: sulfur compounds, wine, glutathione, copper, oxygen, closures

’ INTRODUCTION

Bottle aging is an essential component of winemaking. During
its storage in the bottle, wine undergoes complex chemical
changes that can affect color and aroma composition, mouthfeel,
and overall perceived quality.1 In several wine countries the
regulation system imposes minimum periods of bottle aging for
wines from various areas having specific regional denominations.
Oxygen exposure, in the form of oxygen diffusing through the
closure, is a major driver of the chemical changes occurring in
wine aroma composition during bottle aging.1 Depending on the
degree of oxygen ingress through the closure, determined by
closure specific oxygen transfer rate (OTR), wines can improve
their aroma characteristics, as well as develop aroma defects.1,2

Among these, the so-called “reduced” off-flavor, an aroma
character often described as rotten egg, sewage, or struck flint,
has been shown to negatively affect consumer acceptance.3

From a chemical point of view, development of reduced off-
flavors during bottle aging, particularly in conjuction with the use
of low OTR closures such as screw caps, appears to be linked to
the accumulation of certain low molecular weight sulfur com-
pounds such as hydrogen sulfide (H2S) and methyl mercaptan
(MeSH), characterized by odors of rotten egg, sewage, and
rubber.3,4 However, the link between use of low OTR closures
and occurrence of reduced aromas is not systematic, and it has
been suggested that certain wines have an intrinsic susceptibility
to develop reduced off-flavors.1,5 Moreover, although OTR
appears to be a key parameter determining closure effect on
wine composition, other aspects contribute to differences be-
tween types of closures. For example, the ability of different

closures to adsorb specific aroma compounds4,6 and the differ-
ences in bottle headspace volume and composition associated
with different closures7 could also play important roles. In
addition, closures such as natural cork and synthetic closures
are made of porous materials, and therefore they contain air and
thus oxygen. Upon insertion of the closure in the bottle, part of
this oxygen is released inside the bottle.8,9 The actual contribu-
tion of this source of oxygen to the compositional changes
occurring during bottle storage has not been described.

In addition to sulfides involved in reductive off-odors, the
sulfur compounds often referred to as polyfunctional thiols have
also been indicated as primary contributors to the aroma of many
red and white wines, in particular, Sauvignon blanc.10 3-Mercap-
tohexanol (3-MH) is the most abundant polyfunctional thiol
in wine, contributing to the tropical fruit aromas of Sauvignon
blanc wines.10,11 During aging, significant losses of 3-MH
normally occur, particularly during the first year of storage,
which can result in loss of freshness and typical tropical fruit
characters.4,12-15 However, the influence of other winemaking
variables on the evolution of this powerful aroma compound
during aging remains to be established. In particular, the im-
portance of prebottling copper addition has been previously
highlighted.2 Although divalent copper is commonly added to
wines to remove the low molecular weight sulfur compounds
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responsible for reduced off-flavors, copper can also bind poly-
functional thiols, including 3-MH, with potentially negative
consequences on wine aroma.2,16 Increases in the average con-
centration of copper in wines have been recently reported,
probably due to the common practice of adding copper sulfate
immediately prior to bottling to prevent formation of reduced
off-flavor when low OTR closures are used.5

Addition of antioxidants prior to bottling is another wide-
spread practice aimed at preserving wine against oxidative
degradation. In view of the general interest in lowering the levels
of SO2 in the food industry, addition of the sulfur-containing
tripeptide glutathione (GSH) to reduce SO2 doses in wine has
been suggested, as GSH exhibited increased protection toward
important aroma compounds such as esters and monoterpenes
compared to SO2.

17

In this study, we have investigated the effects of copper and
GSH addition prior to bottling on the evolution of the key aroma
compounds 3-MH, H2S, and MeSH in a commercial Sauvignon
blanc wine stored under different regimens of oxygen exposure.
Different degrees of oxygen exposure were obtained by storing
wine bottles in different atmospheres, eliminating the side effects
linked to differences in closure properties (e.g., absorption of
wine compounds), closure gas content, and bottle headspace
volume. Synthetic closures were selected due to their consistent
OTR across replicate closures.4 In addition, by comparing the
behavior of wines sealed under closures stored in air with that of
wines sealed under nitrogen-conditioned closures, an assessment
of the importance of closure-derived oxygen to wine aroma
development was carried out for the first time.

’MATERIALS AND METHODS

Chemicals. Reference standards for H2S andMeSH ware prepared
from their sodium salts, sodium hydrosulfide hydrate (NaSH3 3 xH2O)
and sodium thiomethoxide (NaSMe), respectively, which were obtained
from Sigma-Aldrich (Caste Hill, NSW, Australia). The salts were
dissolved in cold water (4 �C) and used immediately. 3-MH and
d10-3-MH were synthesized as previously described.18

Wines and Bottling. Sauvignon blanc wine from the 2008 vintage
produced in the Adelaide Hills region was obtained from a local winery.
Analytical parameters of the wine were as follows: pH 3.4, 3.4 g/L
residual sugars, 13.9% (v/v) alcohol, 0.42 g/L volatile acidity (as acetic
acid), 5.6 g/L titratable acidity (as tartaric acid), 41 mg/L free SO2,
180 mg/L total SO2, 0.1 mg/L copper, GSH < 1 mg/L. Before bottling,
the wines received an addition of either no or 20 mg/L of food grade GSH
(Kirkman, LakeOswego, OR) and/or no addition of copper sulfate or an
addition of copper sulfate to result in a final concentration of 0.3mg/L of
copper. This protocol gave a total of four matrix-related combinations,
coded as follows: high GSH, low Cu (GSH 20 mg/L; Cu 0.1 mg/L);
high GSH, high Cu (GSH 20 mg/L; Cu 0.3 mg/L); low GSH, low Cu
(GSH < 1 mg/L; Cu 0.1 mg/L); and low GSH, high Cu (GSH < 1 mg/L;
Cu 0.3 mg/L).

All wines were bottled under Nomacorc Premium coextruded
synthetic closures (Nomacorc, Zebulon, NC). Before bottling, closures
were stored at 20 �C for 1 week either in air or under nitrogen to evaluate
the effects of oxygen contained in the closure on wine development.
Once bottled, the wines were stored at 20 �C either in air or under
nitrogen to study the effect of oxygen exposure. For the treatments
requiring storage under nitrogen, closures or wines were kept in steel
drums filled with nitrogen and sealed. Drums were periodically refilled
with nitrogen to maintain oxygen content below 10 hPa. In total, three
different closure/storage combinations were applied to all of the wines:
closures stored in air and wines stored in air (A/A); closures stored in air

and wines stored in nitrogen (A/N); and closures stored in nitrogen and
wines stored in nitrogen (N/N). A total of 12 experimental treatments
were generated (four matrix-related combinations � three closure/
storage treatments). For the bottling of each wine, empty 375 mL flint
glass bottles were flushed with 98%N2 gas and then filled using a Framax
FCS 4/1S automatic fillingmachine (Framax, Serravalle Pistoiese, Italy).
Closures for different treatments were then applied on a Bertolaso
Epsilon R corker (Bertolaso, Zimella, Italy) with the vacuum set at-15
kPa. A bottle fitted with two PreSens Pst3 oxygen sensors (Presens,
Regensburg, Germany), to measure dissolved and headspace oxygen,
was filled with wine and sealed after approximately every 10 bottles to
monitor performance across the whole bottling operations: 5 PreSens
bottles in total were filled for each wine and closure/storage combina-
tion. These same bottles were used to monitor dissolved oxygen during
storage of the wines under the different experimental conditions. All
oxygen measures were carried out using a PreSens Fibox 3 trace v3
oxygen meter. The limit of quantification of oxygen for this method was
0.02 mg/L. Generally, dissolved oxygen values, measured 24 h after
bottling, were never higher than 1.12 mg/L and headspace oxygen was
always below 0.95 mg/L. For each bottle, total oxygen pickup during
bottling operations was between 1.32 and 1.95 mg/L.
Oxygen Ingress Measurement. A separate experiment was

carried out to measure the amount of oxygen entering the bottles under
the three different storage conditions of this study. For this purpose,
bottles of the same type described above, fitted with PreSens Pst6
oxygen sensors for measurement of trace oxygen levels, were placed in a
corking machine and flushed with a stream of 98% N2 to obtain an
oxygen pressure lower than 0.5 hPa. Once this oxygen level was
achieved, the N2 line was removed from the bottleneck, and the bottle
was immediately sealed with Nomacorc Premium closures previously
equilibrated in either air or nitrogen, as described above. One hour after
insertion of the closure, the oxygen pressure was measured, and then the
bottles were stored in air or nitrogen, as described above. Five replicates
were used for each condition (A/A, A/N, N/N). Measures of oxygen
pressure were taken every 24 h during the first week, then once a
week for the following 4 weeks, and then at 3 and 6 months of storage.
For each condition, the measures allowed quantification of the amount
of oxygen released from the closure at bottling, as well as of the
theoretical amount of oxygen entering through the closure.
Chemical Analyses. Wines were analyzed 24 h after bottling and

then following 3 and 6months of bottle storage.Wine primary chemistry
analyses and CIELab measures were carried out as described by
Skouroumounis et al.19 GSH was measured as described by Du Toit.20

3-MH was quantified as pentafluorobenzyl derivative using a stable
isotope dilution assay, by means of headspace SPME coupled with
GC-MS. This analysis was carried out only 24 h after bottling and at
6 months. H2S and MeSH were analyzed by GC coupled with atomic
emission detection (AED) detection, using static headspace sampling
and cool on-column injection.21 In all cases identification of volatile
compounds was carried out by mass spectra with comparison and co-
injection with pure reference compounds. Triplicate samples were
analyzed at each time point.
Statistical Analyses. Analysis of variance and LSD test were

carried out using JMP 5.0.1 (SAS, Cary, NC). Principal component
analysis (PCA) was carried out using Unscrambler 9.5 (CAMO, Oslo,
Norway).

’RESULTS AND DISCUSSION

Oxygen Ingress, Evolution of Dissolved Oxygen, and
Wine Oxidation State. Figure 1 shows the data for oxygen
ingress under the different experimental conditions. In the early
stages of the experiment (days 1-50), oxygen levels inside the
bottles increased quite rapidly for all treatments. In this period,
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Abstract 

Shiraz is Australia’s most important red grape variety, and is 
essential for producing a unique diversity of red wine styles, 
including some of Australia’s ‘icon’ wines. Anecdotal 
evidence suggests that a spicy, ‘pepper’ aroma is important to 
some high quality Australian Shiraz wines. Despite the 
significance of Shiraz to the Australian wine sector, little is 
known about the aroma compounds that are the key 
contributors to the perceived aroma and flavour of premium 
quality Shiraz wine, and the compound responsible for this 
distinctive ‘pepper’ aroma in Shiraz had eluded identification 
until recently. In this paper we summarise the untargeted 
metabolomics approaches and GC-MS-O experiments 
employed for the identification of key Shiraz grape and wine 

sesquiterpenes, α-ylangene (Parker et al. J. Agric. Food 
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vein, reduction of both carbonyl groups in 4 would also give 2
and, ultimately, damascenone.

This paper demonstrates that the formation of damascenone
under fermentation conditions is a general phenomenon and also
reports the synthesis of ketones 4 and 5. In the case of the former
compound, it represents the first total synthesis of this com-
pound and confirms it as a natural product. It also demonstrates
that both 4 and 5 are able to serve as precursors to damascenone
(1) under fermentation conditions.

’MATERIALS AND METHODS

Materials. Chemicals were purchased from Sigma-Aldrich. All
solvents used were of pesticide grade from OmniSolv (Darmstadt,
Germany). X4 is a mixed hydrocarbon solvent, with n-hexane as the
major component. All organic solvent solutions were dried over
anhydrous sodium sulfate before being filtered. pH measurements were
made with an EcoScan pH 5/6 meter (Eutech Instruments, Singapore),
which was calibrated before use. Column chromatography was per-
formed using silica gel 60 (230-400mesh) fromMerck. Routine 1H and
13C NMR spectra were recorded (in CDCl3) with a Bruker Ultrashield
Plus spectrometer at operating frequencies of 400 and 100 MHz,
respectively. All compounds gave spectroscopic data that were consis-
tent with the expected structures. Mass spectra were recorded on a
Hewlett-Packard (HP) 6890 gas chromatograph fitted with a Gerstel
MPS2 autosampler and coupled to a HP 5973N mass spectrometer.
Commercial wines, sampled at various stages of the vinification and
maturation processes, were produced from grapes grown either in the
Adelaide Hills (Sauvignon blanc and Pinot noir) or in the Barossa Valley
(Riesling, Chardonnay, Grenache, and Shiraz). All of the white wines
were fermented to dryness in stainless steel vats, except for the
Chardonnay, which was transferred into oak barrels 5 days after yeast
inoculation. The red wines were fermented in open fermenters with the
Pinot noir and Shiraz wines being transferred, postfermentation, into
oak barrels.
Methods. Megastigma-4,6,7-triene-3,9-dione (4). Silylated alle-

nic diol 8 (two diastereoisomers)14 (0.99 g, 3.07 mmol) in THF
(40 mL) was treated with TBAF (1.0 M in THF, 6.1 mL, 6.1 mmol) at
room temperature for 16 h (Figure 3). The reaction was quenched by
the addition of a saturated solution of sodium bicarbonate, before being
diluted with EtOAc (50 mL) and washed with brine (3� 50 mL). After

being dried, the solution was concentrated to give diol 2 as a pale yellow
oil (606 mg, 95%) having spectroscopic properties that were identical to
those reported earlier.14

DMSO (350 mg, 4.45 mmol) in CH2Cl2 (5 mL) was added to oxalyl
chloride (277 mg, 2.18 mmol) in CH2Cl2 (10 mL) at -60 �C over a
period of 15 min, and the mixture was allowed to stir at that temperature
for a further 30 min. Diol 2 (206 mg, 0.99 mmol) in CH2Cl2 (5 mL) was
added over 15 min and allowed to stir for a further 45 min. After
triethylamine (1.0 g, 9.9 mmol) was added over 15 min, the mixture was
allowed to warm to room temperature. Water (5 mL) was added, and
after 30 min of stirring, the mixture was extracted with CH2Cl2 (3 �
25 mL). The combined organic extracts were washed with, successively,
10% aqueous HCl solution, water, saturated sodium bicarbonate solu-
tion, and brine. After drying and concentration, the residue was
chromatographed (20% EtOAc/X4) to give the title compound as a
pale yellow heavily viscous oil (53 mg, 26%): 1H NMR δ 6.17 (1H, br s,
H4), 5.96 (1H, br s, H8), 2.42 (2H, s, H2), 2.24 (3H, s, H10), 2.00 (3H, br
s, H13), 1.25, 1.22 (6H, 2s, H11,12);

13C NMR δ 214.3 (C7), 197.5, 197.1
(C3,9), 148.5 (C5), 127.3 (C4), 117.0 (C6), 102.5 (C8), 50.8 (C2), 37.0
(C1), 28.7, 28.6 (C10,12), 27.2 (C11), 21.5 (C13); MSm/z (%) 204 (Mþ,
9), 162 (66), 147 (100), 133 (5), 119 (11), 91 (9), 77 (10), 43 (43).

3-Hydroxymegastigma-4,6,7-trien-9-one (5). DMSO (1.29 g, 16.58
mmol) in CH2Cl2 (20 mL) was added to oxalyl chloride (1.02 g,
8.04 mmol) in CH2Cl2 (40 mL) at -60 �C over a period of 15 min
(Figure 3). After a further 30 min of stirring, silylated allenic diol 8 (1.19 g,
3.69mmol) inCH2Cl2 (20mL) was added, and the reactionwas allowed to
stir for a further 45min. Triethylamine (3.71 g, 36.7 mmol) was added, and
themixture was allowed to warm to room temperature.Water (90mL) was
added, and after an additional 30 min of stirring, the mixture was extracted
with CH2Cl2 (3� 50mL). The combined organic extracts were washed as
described above before being dried and concentrated to give a yellow oil
(986 mg, 84%).

To this product (460 mg, 1.44 mmol) in THF (40 mL) was added
TBAF (2.87 mL of 1 M solution in THF, 2.87 mmol) before being
allowed to stir for 16 h at room temperature. The reaction was quenched
by the addition of a saturated solution of sodium bicarbonate, before
being diluted with EtOAc (25 mL) and washed with brine (3� 25 mL).
After being dried, the solution was concentrated and the residue
was chromatographed (20% EtOAc/X4) to give 5 as a pale yellow oil
(280 mg, 94%) (†, signals for the two diastereomers overlapping; *,
signals for the two diastereomers coincident): 1H NMR δ 6.09, 6.02

Figure 2. Structural analogues of allene diol 2.

Figure 3. Synthesis of diketone 4 and ketone 5.

- 192 -

Appendix 6

Published: January 21, 2011

r 2011 American Chemical Society 1338 dx.doi.org/10.1021/jf103741n | J. Agric. Food Chem. 2011, 59, 1338–1343

ARTICLE

pubs.acs.org/JAFC

Formation of Damascenone under both Commercial and Model
Fermentation Conditions
Natoiya D. R. Lloyd,†,‡,§ Dimitra L. Capone,§ Maurizio Ugliano,§ Dennis K. Taylor,†

George K. Skouroumounis,† Mark A. Sefton,† and Gordon M. Elsey*,†,‡

†School of Agriculture, Food and Wine, The University of Adelaide, Waite Campus, PMB 1, Glen Osmond, SA 5064, Australia
‡School of Chemistry, Physics and Earth Sciences, Flinders University, P.O. Box 2100, Adelaide 5001, Australia
§The Australian Wine Research Institute, P.O. Box 197, Glen Osmond, Adelaide 5064, Australia

ABSTRACT: The fermentations, at a commercial winery, of six different grape musts encompassing the varieties Riesling,
Chardonnay, Sauvignon blanc, Shiraz, Grenache, and Pinot noir were monitored for damascenone concentration. In every case, the
concentration of damascenone increased during fermentation from low or undetectable levels to concentrations of several parts per
billion. Further increases in damascenone concentration were observed during barrel aging of three of these wines. Two ketones,
megastigma-4,6,7-triene-3,9-dione (4) and 3-hydroxymegastigma-4,6,7-trien-9-one (5), were synthesized and subjected to
fermentation conditions using two yeasts, AWRI 796, and AWRI 1537. In the case of the former compound, 4, synthesis confirmed
the original, tentative assignment of the structure and confirmed 4 as a natural product, isolated from honey. Both compounds,
under the action of both yeasts, produced appreciable amounts of damascenone (1), with ketone 5 and AWRI 796 yeast yielding the
highest concentration of 1.

KEYWORDS: Damascenone, Saccharomyces cerevisiae, grasshopper ketone, reductase, norisoprenoids, commercial fermentations,
honey

’ INTRODUCTION

Damascenone (often referred to in the chemical literature as
β-damascenone, 1) is one of the most important natural aroma
compounds known and is one of the mainstays of the interna-
tional perfume industry.1 Previous research has shown that this
compound forms by hydrolysis of certain hydroxylated pre-
cursors2 and their glycoconjugates.3 The end of the sequence
producing 1 is shown in Figure 1; the allenic diol 2 produces
damascenone in high yield (>60%) by more than one route, with
the dienyne species 3 an intermediate in only one of these.3

Guth quantified 1 during production of a Gewurtztraminer
wine and observed a significant increase in the concentration of
damascenone at the end of alcoholic fermentation.4 He also
found that the concentration of this compound then decreased,
by approximately 75% over the first few months of wine
maturation.4 Daniel et al. accounted for this diminution in
damascenone content by the action of certain nucleophilic
components in wine, especially sulfur dioxide.5 However, the
reason for the rapid formation of damascenone by the end of
fermentation remains unclear and is the focus of this paper.

It has long been known that a particular form of Saccharomyces
cerevisiae, baker’s yeast, is able to perform chemical transforma-
tions when used as a reagent in chemical synthesis.6 Onemode of
action displayed by yeasts concerns the reduction of carbonyl
compounds by reductase enzymes.7 Given that the hydrolysis of
diol 2 is likely to account for the formation of damascenone (1)
itself, the question arises as to whether this precursor compound
could be formed under fermentation conditions by reduction of
more oxidized species. Two compounds present themselves as

possible candidates: the diketone 4 and the hydroxyketone 5
(Figure 2). The former (4) has previously been tentatively
observed as a component of honey8,9 as well as being tentatively
identified in hydrolysates of extracts of several white wine
varieties.10,11 The latter (5) is, as best we can tell, unknown,
but its relationship to the known grape component grasshopper
ketone (6) is obvious. Both Ohloff et al.12 and Isoe et al.13

proposed that damascenone could be formed in vivo from 6, via
the allenic triol 7. Hydrolyses conducted on 7 have shown that it
produces damascenone as only a minor component (<1%).2

However, should dehydration of the C5 alcohol in 6 produce the
9-keto compound 5, this might then undergo reduction by yeast
reductase enzymes to give 2. Rapid conversion of this compound
quantitatively into damascenone (1) would then be expected due
to the acidic nature of the fermentation environment. In a similar

Figure 1. Formation of damascenone (1) from allenic diol 2.
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vein, reduction of both carbonyl groups in 4 would also give 2
and, ultimately, damascenone.

This paper demonstrates that the formation of damascenone
under fermentation conditions is a general phenomenon and also
reports the synthesis of ketones 4 and 5. In the case of the former
compound, it represents the first total synthesis of this com-
pound and confirms it as a natural product. It also demonstrates
that both 4 and 5 are able to serve as precursors to damascenone
(1) under fermentation conditions.

’MATERIALS AND METHODS

Materials. Chemicals were purchased from Sigma-Aldrich. All
solvents used were of pesticide grade from OmniSolv (Darmstadt,
Germany). X4 is a mixed hydrocarbon solvent, with n-hexane as the
major component. All organic solvent solutions were dried over
anhydrous sodium sulfate before being filtered. pH measurements were
made with an EcoScan pH 5/6 meter (Eutech Instruments, Singapore),
which was calibrated before use. Column chromatography was per-
formed using silica gel 60 (230-400mesh) fromMerck. Routine 1H and
13C NMR spectra were recorded (in CDCl3) with a Bruker Ultrashield
Plus spectrometer at operating frequencies of 400 and 100 MHz,
respectively. All compounds gave spectroscopic data that were consis-
tent with the expected structures. Mass spectra were recorded on a
Hewlett-Packard (HP) 6890 gas chromatograph fitted with a Gerstel
MPS2 autosampler and coupled to a HP 5973N mass spectrometer.
Commercial wines, sampled at various stages of the vinification and
maturation processes, were produced from grapes grown either in the
Adelaide Hills (Sauvignon blanc and Pinot noir) or in the Barossa Valley
(Riesling, Chardonnay, Grenache, and Shiraz). All of the white wines
were fermented to dryness in stainless steel vats, except for the
Chardonnay, which was transferred into oak barrels 5 days after yeast
inoculation. The red wines were fermented in open fermenters with the
Pinot noir and Shiraz wines being transferred, postfermentation, into
oak barrels.
Methods. Megastigma-4,6,7-triene-3,9-dione (4). Silylated alle-

nic diol 8 (two diastereoisomers)14 (0.99 g, 3.07 mmol) in THF
(40 mL) was treated with TBAF (1.0 M in THF, 6.1 mL, 6.1 mmol) at
room temperature for 16 h (Figure 3). The reaction was quenched by
the addition of a saturated solution of sodium bicarbonate, before being
diluted with EtOAc (50 mL) and washed with brine (3� 50 mL). After

being dried, the solution was concentrated to give diol 2 as a pale yellow
oil (606 mg, 95%) having spectroscopic properties that were identical to
those reported earlier.14

DMSO (350 mg, 4.45 mmol) in CH2Cl2 (5 mL) was added to oxalyl
chloride (277 mg, 2.18 mmol) in CH2Cl2 (10 mL) at -60 �C over a
period of 15 min, and the mixture was allowed to stir at that temperature
for a further 30 min. Diol 2 (206 mg, 0.99 mmol) in CH2Cl2 (5 mL) was
added over 15 min and allowed to stir for a further 45 min. After
triethylamine (1.0 g, 9.9 mmol) was added over 15 min, the mixture was
allowed to warm to room temperature. Water (5 mL) was added, and
after 30 min of stirring, the mixture was extracted with CH2Cl2 (3 �
25 mL). The combined organic extracts were washed with, successively,
10% aqueous HCl solution, water, saturated sodium bicarbonate solu-
tion, and brine. After drying and concentration, the residue was
chromatographed (20% EtOAc/X4) to give the title compound as a
pale yellow heavily viscous oil (53 mg, 26%): 1H NMR δ 6.17 (1H, br s,
H4), 5.96 (1H, br s, H8), 2.42 (2H, s, H2), 2.24 (3H, s, H10), 2.00 (3H, br
s, H13), 1.25, 1.22 (6H, 2s, H11,12);

13C NMR δ 214.3 (C7), 197.5, 197.1
(C3,9), 148.5 (C5), 127.3 (C4), 117.0 (C6), 102.5 (C8), 50.8 (C2), 37.0
(C1), 28.7, 28.6 (C10,12), 27.2 (C11), 21.5 (C13); MSm/z (%) 204 (Mþ,
9), 162 (66), 147 (100), 133 (5), 119 (11), 91 (9), 77 (10), 43 (43).

3-Hydroxymegastigma-4,6,7-trien-9-one (5). DMSO (1.29 g, 16.58
mmol) in CH2Cl2 (20 mL) was added to oxalyl chloride (1.02 g,
8.04 mmol) in CH2Cl2 (40 mL) at -60 �C over a period of 15 min
(Figure 3). After a further 30 min of stirring, silylated allenic diol 8 (1.19 g,
3.69mmol) inCH2Cl2 (20mL) was added, and the reactionwas allowed to
stir for a further 45min. Triethylamine (3.71 g, 36.7 mmol) was added, and
themixture was allowed to warm to room temperature.Water (90mL) was
added, and after an additional 30 min of stirring, the mixture was extracted
with CH2Cl2 (3� 50mL). The combined organic extracts were washed as
described above before being dried and concentrated to give a yellow oil
(986 mg, 84%).

To this product (460 mg, 1.44 mmol) in THF (40 mL) was added
TBAF (2.87 mL of 1 M solution in THF, 2.87 mmol) before being
allowed to stir for 16 h at room temperature. The reaction was quenched
by the addition of a saturated solution of sodium bicarbonate, before
being diluted with EtOAc (25 mL) and washed with brine (3� 25 mL).
After being dried, the solution was concentrated and the residue
was chromatographed (20% EtOAc/X4) to give 5 as a pale yellow oil
(280 mg, 94%) (†, signals for the two diastereomers overlapping; *,
signals for the two diastereomers coincident): 1H NMR δ 6.09, 6.02

Figure 2. Structural analogues of allene diol 2.

Figure 3. Synthesis of diketone 4 and ketone 5.
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Wine lactone (i.e., 3a,4,5,7a-tetrahydro-3,6-dimethylbenzofuran-2(3H)-one, 1a/1b) was formed hydro-

lytically at wine pH from both racemic (E)-2,6-dimethyl-6-hydroxyocta-2,7-dienoic acid (3) and the

corresponding glucose ester 2a at 45 �C but at room temperature was only formed from the acid 3.

The glucose ester does not appear to be a significant precursor for the formation of wine lactone in

wine. The slow formation of wine lactone from the free acid 3 indicates that the acid is not likely to be

an important precursor to wine lactone in young wines unless present in high concentration (.1 mg/L),

but could be a significant precursor to wine lactone in wine that is several years old. The wine lactone

formed in hydrolysates of the (6R)-enantiomer of 3 was partially enriched in the (3S,3aS,7aR)-

enantiomer 1a when the hydrolysis was conducted at pH 3.2 and 100 �C in a closed vessel or under

simultaneous distillation-extraction (SDE) conditions, and the enantiomeric excess (ee) varied from

5 to 22%. Hydrolysis of (6R)-3 in sealed ampules at 45 �C and at pH 3.0, 3.2, or 3.4 gave near-racemic

wine lactone, but when the hydrolyses were conducted at room temperature, the product was enriched in

the (3S,3aS,7aR)-enantiomer 1a and the ee was greater at higher pH (up to 60% at pH 3.4).

KEYWORDS: Wine lactone; wine; precursor; hydrolysis; chiral analysis; aroma; flavor

INTRODUCTION

Themonoterpene lactone, 3a,4,5,7a-tetrahydro-3,6-dimethylben-
zofuran-2(3H)-one (1, Figure 1) was first identified as a constituent
of koalaurinebySouthwell in 1975 (1).More than twentyyears later
1 was found among the volatile constituents of white wine and was
implicated as a potentially important contributor to wine aroma
(2, 3). Of the eight possible stereoisomers of this so-called “wine
lactone” (1), only one isomer, (3S,3aS,7aR)-1a, was observed in
white wines (4). The orthonasal detection threshold of 1a was the
lowest of all eight possible stereoisomers of 1, at 1 � 10-5 ng/L in
air (4) and 10 ng/L inmodel wine (3), while the retronasal detection
threshold for aqueous solutions has been reported as 8 ng/L (5).
Wine lactone was subsequently described as a constituent of young
red wines (6), black pepper (7), orange juice (5) and grapefruit
juice (8).

Some volatile compounds, formed from the acid-catalyzed
transformation of odorless glycoconjugates present in grapes, are
known for their important contribution to the aroma of wine
(9-12). In his pioneering study ofwine lactone,Guth observed an
increase in wine lactone concentration during bottle conserva-
tion of a Gew€urztraminer wine (13), suggesting that this com-
pound might also be formed from grape-derived precursors.

Winterhalter et al. isolated the tetraacetate of the glucose ester
of (E)-2,6-dimethyl-6-hydroxyocta-2,7-dienoic acid (2b) from a
commercial Riesling wine by multilayer coil countercurrent
chromatography (MLCCC) followed by derivatization and flash
chromatography (14). They suggested that the corresponding
acid 3 might be a precursor to wine lactone, by analogy with the
conversion of the diol 4 to the ether 5 (Figure 2a) (9). They
hydrolyzed the acid 3 at pH 3.2, 2.5, and 2.0 using simultaneous
distillation-extraction (SDE) conditions (15) and found wine
lactone (1) as a major conversion product (Figure 2b). Sub-
sequently, the acid 3 was reported as a constituent of Riesling
wine (16 ) and has also been tentatively identified in enzyme

Figure 1. Wine lactone species 1a-c and precursors 2 and 3 used
in this study.

*Corresponding author. Tel: þ61-8-8303 7239. Fax: þ61-8-8303 7117.
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Abstract
Background and Aims: The aim of this study was to determine the cause of taints and off-flavours in
a number of commercial wines and to develop methods for quantitative analysis of the compounds
responsible.
Methods and Results: Three compounds, 2-chloro-6-methylphenol (i.e. 6-chloro-ortho-cresol), 2,6-
dichlorophenol and indole, were identified by gas chromatography (GC)/mass spectrometry (MS)/
olfactometry as causes of taints or off-flavours in the wines. New methods for quantitative analysis of
these three compounds, as well as some other chloro- and bromophenols were developed. The methods
employed GC/MS and stable isotope dilution analysis, and confirmed the presence of 2-chloro-6-
methylphenol, 2,6-dichlorophenol and indole in some wines at concentrations well above their odour
and taste detection thresholds.
Conclusions: 2-Chloro-6-methylphenol, 2,6-dichlorophenol and indole were confirmed as causes of
taints and off-flavours in commercial wines.
Significance of the Study: The development of new analytical methods will make it possible to
determine whether chlorophenol (and perhaps also bromophenol) taint in wine is more widespread than
previously recognised. Similarly, the simple, rapid and accurate method for quantifying indole in wine
will allow large numbers of wine and ferment samples to be studied to determine those factors that can
result in unacceptably high concentrations in commercial wines.

Abbreviations
2,6-DCP 2,6-dichlorophenol; 6-CC 6-chloro-ortho-cresol; GC/MS/O gas chromatography/mass

spectrometry/olfactometry; ID internal diameter; SIDA stable isotope dilution analysis;
SIM selected ion monitoring; SPME solid phase microextraction

Keywords: analysis, bromophenol, chlorocresol, chlorophenol, indole, off-flavour, taint, wine

Introduction_65 210..217

Taints and off-flavours are an occasional problem for the
food and beverage industry worldwide (e.g. Patterson
1972, Griffiths and Land 1973, Whitfield 1983, Strauss
et al. 1985, Reineccius 1991, Mottram 1998, Adams et al.
1999, Siegmund and Pollinger-Zierler 2006). Taints in
foods or beverages are undesirable aromas and flavours
caused by the presence of substances derived from exter-
nal sources (contaminants). Off-flavours are unacceptable
flavours that result from product components formed by
chemical or biological processes (e.g. oxidation, bacterial

growth) within the product. Compounds causing off-
flavours in wine are often present in sound wines at low
concentration but when present at much higher concen-
trations can lead to sensory characteristics considered to
be undesirable.

Contamination of a wine by the musty-smelling com-
pound 2,4,6-trichloroanisole (TCA) extracted from cork
closures is perhaps the best known form of wine taint, a
phenomenon commonly known as ‘cork-taint’ (Sefton
and Simpson 2005). However, TCA in wine can also be
derived from other sources, and other musty-smelling

210 Analysis of chlorophenols and indole in wine Australian Journal of Grape and Wine Research 16, 210–217, 2010

doi: 10.1111/j.1755-0238.2009.00065.x
© 2009 The Australian Wine Research Institute

- 207 -

Appendix 9

compounds such as 2,4,6-tribromoanisole and 2,3,4,6-
tetrachloroanisole also occasionally taint wine (Sefton
and Simpson 2005). Ethylphenols, formed by the spon-
taneous growth of Brettanomyces yeasts in wine, are con-
sidered to be an example of off-flavour in wine when
present in high concentration (Swiegers et al. 2005).

This paper describes the identification of the causative
agents of recently observed wine taint and off-flavour
problems. One of the tainting compounds, 2-chloro-6-
methylphenol was found in wine for the first time.
Sensitive analytical methods for determining these com-
pounds in wine using gas chromatography/mass spec-
trometry (GC/MS) and stable isotope dilution analysis
(SIDA) were developed and used to quantify these com-
pounds in various wine samples.

Materials and methods

Materials
Wine samples were obtained from retail outlets for the
indole survey or were supplied by local producers. All
solvents were Mallinckrodt nanopure grade from Rowe
Scientific (Lonsdale, South Australia, Australia), and veri-
fied for purity by GC/MS prior to use. 2H6-phenol (p/n
176060), 13C6-phenol (p/n 490504), non-isotope-labelled
standards (all with a purity of �95%) and other reagents
were purchased from Sigma-Aldrich Pty Ltd (Castle Hill,
New South Wales, Australia). 2-Chloro-6-methylphenol
(6-CC) (purity 99%) was purchased from Dr Ehrenstorfer
Laboratories (Augsburg, Germany). 2H8 ortho-cresol and
2H7-indole were purchased from SciVac Pty Ltd (Hornsby,
New South Wales, Australia). The following mixtures
of stable isotope-labelled halophenols were prepared:
2H4-2-chlorophenol plus 2H4-4-chlorophenol, 2H3-2,4-
dichlorophenol and 2H3-2,6-dichlorophenol, by treatment
of an alkaline aqueous solution of 2H6-phenol with 1.6
equiv. aqueous sodium hypochlorite under nitrogen at
room temperature overnight; 13C6-2-bromophenol plus
13C6-2,6-dibromophenol, by reacting 13C6-phenol with
N-bromosuccinimide (1.25 equiv) and diisopropylamine
(0.5 equiv) in dichloromethane for 1 h at room tempera-
ture; and 13C6-4-bromophenol plus 13C6-2,4-
dibromophenol, by reacting 13C6-phenol with bromine
(1.5 equiv) in carbon tetrachloride at room temperature
overnight. 2H8-2-chloro-6-methylphenol (i.e. 2H8-6-
chloro-ortho-cresol was prepared by bubbling chlorine
gas—generated from the reaction between concentrated
HCl and KMnO4 and desiccated by passage through a
concentrated solution of H2SO4—into a solution of 2H8-
ortho-cresol in dichloromethane. Each product mixture
was recovered with dichloromethane and used directly in
the analytical method. Yeast hulls and other wine pro-
cessing aids and additives (including activated dried wine
yeast, yeast and bacteria nutrients, polyvinylpolypyrroli-
done, potassium metabisulfite, lactic acid bacteria, tartaric
acid, calcium carbonate and an enzyme) were commer-
cial products obtained either from wineries or directly
from suppliers. Wine samples analysed for taint (130 in
total), were commercial products obtained from several
wineries. Wines used for development of standard curves

were commercial bag-in-box products obtained from
commercial outlets.

Methods
Extraction of yeast hulls. Yeast hulls (1 g) were left to
soak in dichloromethane (10 mL) at room temperature
for 1 week. The extract was then filtered through glass
wool and concentrated under a stream of nitrogen, for
investigation by GC/MS/olfactometry (O). For quantifica-
tion of 6-CC in yeast hulls, samples (5 g) were soaked in
redistilled ethanol (50 mL) with shaking at room tem-
perature for 3 days. The ethanol suspensions were clari-
fied by centrifugation and 10-mL samples of the ethanol
extract were diluted with Milli-Q-water (90 mL) prior to
analysis as described below.

Preparation of wine extracts for analysis for chlorophe-
nols. An aliquot (200 mL) of an ethanol solution con-
taining 2H4-2-chlorophenol, 2H4-4-chlorophenol, 2H3-2,4-
dichlorophenol and 2H3-2,6-dichlorophenol (36.3 ng
total); 13C6-2-bromophenol and 13C6-2,6-dibromophenol
(40.0 ng total); 13C6-4-bromophenol and 13C6-2,4-
dibromophenol (39.4 ng total) and 2H8-2-chloro-6-
methylphenol (40.8 ng) was added to 100 mL of wine or
aqueous ethanolic yeast hull extract. The sample was
then passed through a 6-mL, 500-mg Bond Elut C18
cartridge (Varian, Mulgrave, Victoria, Australia, part
#12102052), previously conditioned with 6 mL of metha-
nol, followed by 6 mL of Milli-Q-water. The C18 cartridge
was then washed with 2 mL of water and dried under air
for 5 min. The cartridge was eluted with aqueous sodium
hydroxide solution (2%, 7 mL) and the eluent was col-
lected directly into a 20-mL glass solid phase microextrac-
tion (SPME) vial. The vial was then placed into an ice
bath and the contents acidified with concentrated hydro-
chloric acid (32%) to a pH of approximately 6. Solid
sodium chloride (2 g) was added prior to analysis by
SPME/GC/MS. Wine extracts in which indole and chlo-
rophenols other than 6-CC were detected by GC/MS/O
were prepared as described above but without the addi-
tion of internal standards.

Preparation of wines for analysis for indole. A solution
(10 mL) of 2H6-indole in ethanol (50 mg/mL) was added to
white wine samples (10 mL). Solid sodium chloride (2 g)
was then added and the samples were capped for analysis.
Red wine samples were prepared in the same way except
that a portion of the wine (5 mL) was diluted with water
(5 mL) following addition of the internal standard but
prior to salting.

GC/MS/O. GC/MS was carried out with a Hewlett-
Packard (HP) 6890N gas chromatograph fitted with a
Gerstel MPS2 autosampler. The GC was coupled to a
HP 5973N mass spectrometer. GC/MS/O of the dichlo-
romethane extracts of yeast hulls and co-injection experi-
ments with authentic 6-CC were conducted as described
by Janusz et al. (2003) with the following modifications:
the Gerstel MPS2 was operated in automated fast liquid
injection mode with a 10-mL syringe (SGE, Melbourne,
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Significance of the Study: The development of new analytical methods will make it possible to
determine whether chlorophenol (and perhaps also bromophenol) taint in wine is more widespread than
previously recognised. Similarly, the simple, rapid and accurate method for quantifying indole in wine
will allow large numbers of wine and ferment samples to be studied to determine those factors that can
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Taints and off-flavours are an occasional problem for the
food and beverage industry worldwide (e.g. Patterson
1972, Griffiths and Land 1973, Whitfield 1983, Strauss
et al. 1985, Reineccius 1991, Mottram 1998, Adams et al.
1999, Siegmund and Pollinger-Zierler 2006). Taints in
foods or beverages are undesirable aromas and flavours
caused by the presence of substances derived from exter-
nal sources (contaminants). Off-flavours are unacceptable
flavours that result from product components formed by
chemical or biological processes (e.g. oxidation, bacterial

growth) within the product. Compounds causing off-
flavours in wine are often present in sound wines at low
concentration but when present at much higher concen-
trations can lead to sensory characteristics considered to
be undesirable.

Contamination of a wine by the musty-smelling com-
pound 2,4,6-trichloroanisole (TCA) extracted from cork
closures is perhaps the best known form of wine taint, a
phenomenon commonly known as ‘cork-taint’ (Sefton
and Simpson 2005). However, TCA in wine can also be
derived from other sources, and other musty-smelling

210 Analysis of chlorophenols and indole in wine Australian Journal of Grape and Wine Research 16, 210–217, 2010

doi: 10.1111/j.1755-0238.2009.00065.x
© 2009 The Australian Wine Research Institute

- 207 -

Appendix 9

compounds such as 2,4,6-tribromoanisole and 2,3,4,6-
tetrachloroanisole also occasionally taint wine (Sefton
and Simpson 2005). Ethylphenols, formed by the spon-
taneous growth of Brettanomyces yeasts in wine, are con-
sidered to be an example of off-flavour in wine when
present in high concentration (Swiegers et al. 2005).

This paper describes the identification of the causative
agents of recently observed wine taint and off-flavour
problems. One of the tainting compounds, 2-chloro-6-
methylphenol was found in wine for the first time.
Sensitive analytical methods for determining these com-
pounds in wine using gas chromatography/mass spec-
trometry (GC/MS) and stable isotope dilution analysis
(SIDA) were developed and used to quantify these com-
pounds in various wine samples.

Materials and methods

Materials
Wine samples were obtained from retail outlets for the
indole survey or were supplied by local producers. All
solvents were Mallinckrodt nanopure grade from Rowe
Scientific (Lonsdale, South Australia, Australia), and veri-
fied for purity by GC/MS prior to use. 2H6-phenol (p/n
176060), 13C6-phenol (p/n 490504), non-isotope-labelled
standards (all with a purity of �95%) and other reagents
were purchased from Sigma-Aldrich Pty Ltd (Castle Hill,
New South Wales, Australia). 2-Chloro-6-methylphenol
(6-CC) (purity 99%) was purchased from Dr Ehrenstorfer
Laboratories (Augsburg, Germany). 2H8 ortho-cresol and
2H7-indole were purchased from SciVac Pty Ltd (Hornsby,
New South Wales, Australia). The following mixtures
of stable isotope-labelled halophenols were prepared:
2H4-2-chlorophenol plus 2H4-4-chlorophenol, 2H3-2,4-
dichlorophenol and 2H3-2,6-dichlorophenol, by treatment
of an alkaline aqueous solution of 2H6-phenol with 1.6
equiv. aqueous sodium hypochlorite under nitrogen at
room temperature overnight; 13C6-2-bromophenol plus
13C6-2,6-dibromophenol, by reacting 13C6-phenol with
N-bromosuccinimide (1.25 equiv) and diisopropylamine
(0.5 equiv) in dichloromethane for 1 h at room tempera-
ture; and 13C6-4-bromophenol plus 13C6-2,4-
dibromophenol, by reacting 13C6-phenol with bromine
(1.5 equiv) in carbon tetrachloride at room temperature
overnight. 2H8-2-chloro-6-methylphenol (i.e. 2H8-6-
chloro-ortho-cresol was prepared by bubbling chlorine
gas—generated from the reaction between concentrated
HCl and KMnO4 and desiccated by passage through a
concentrated solution of H2SO4—into a solution of 2H8-
ortho-cresol in dichloromethane. Each product mixture
was recovered with dichloromethane and used directly in
the analytical method. Yeast hulls and other wine pro-
cessing aids and additives (including activated dried wine
yeast, yeast and bacteria nutrients, polyvinylpolypyrroli-
done, potassium metabisulfite, lactic acid bacteria, tartaric
acid, calcium carbonate and an enzyme) were commer-
cial products obtained either from wineries or directly
from suppliers. Wine samples analysed for taint (130 in
total), were commercial products obtained from several
wineries. Wines used for development of standard curves

were commercial bag-in-box products obtained from
commercial outlets.

Methods
Extraction of yeast hulls. Yeast hulls (1 g) were left to
soak in dichloromethane (10 mL) at room temperature
for 1 week. The extract was then filtered through glass
wool and concentrated under a stream of nitrogen, for
investigation by GC/MS/olfactometry (O). For quantifica-
tion of 6-CC in yeast hulls, samples (5 g) were soaked in
redistilled ethanol (50 mL) with shaking at room tem-
perature for 3 days. The ethanol suspensions were clari-
fied by centrifugation and 10-mL samples of the ethanol
extract were diluted with Milli-Q-water (90 mL) prior to
analysis as described below.

Preparation of wine extracts for analysis for chlorophe-
nols. An aliquot (200 mL) of an ethanol solution con-
taining 2H4-2-chlorophenol, 2H4-4-chlorophenol, 2H3-2,4-
dichlorophenol and 2H3-2,6-dichlorophenol (36.3 ng
total); 13C6-2-bromophenol and 13C6-2,6-dibromophenol
(40.0 ng total); 13C6-4-bromophenol and 13C6-2,4-
dibromophenol (39.4 ng total) and 2H8-2-chloro-6-
methylphenol (40.8 ng) was added to 100 mL of wine or
aqueous ethanolic yeast hull extract. The sample was
then passed through a 6-mL, 500-mg Bond Elut C18
cartridge (Varian, Mulgrave, Victoria, Australia, part
#12102052), previously conditioned with 6 mL of metha-
nol, followed by 6 mL of Milli-Q-water. The C18 cartridge
was then washed with 2 mL of water and dried under air
for 5 min. The cartridge was eluted with aqueous sodium
hydroxide solution (2%, 7 mL) and the eluent was col-
lected directly into a 20-mL glass solid phase microextrac-
tion (SPME) vial. The vial was then placed into an ice
bath and the contents acidified with concentrated hydro-
chloric acid (32%) to a pH of approximately 6. Solid
sodium chloride (2 g) was added prior to analysis by
SPME/GC/MS. Wine extracts in which indole and chlo-
rophenols other than 6-CC were detected by GC/MS/O
were prepared as described above but without the addi-
tion of internal standards.

Preparation of wines for analysis for indole. A solution
(10 mL) of 2H6-indole in ethanol (50 mg/mL) was added to
white wine samples (10 mL). Solid sodium chloride (2 g)
was then added and the samples were capped for analysis.
Red wine samples were prepared in the same way except
that a portion of the wine (5 mL) was diluted with water
(5 mL) following addition of the internal standard but
prior to salting.

GC/MS/O. GC/MS was carried out with a Hewlett-
Packard (HP) 6890N gas chromatograph fitted with a
Gerstel MPS2 autosampler. The GC was coupled to a
HP 5973N mass spectrometer. GC/MS/O of the dichlo-
romethane extracts of yeast hulls and co-injection experi-
ments with authentic 6-CC were conducted as described
by Janusz et al. (2003) with the following modifications:
the Gerstel MPS2 was operated in automated fast liquid
injection mode with a 10-mL syringe (SGE, Melbourne,
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food and beverage industry worldwide (e.g. Patterson
1972, Griffiths and Land 1973, Whitfield 1983, Strauss
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1999, Siegmund and Pollinger-Zierler 2006). Taints in
foods or beverages are undesirable aromas and flavours
caused by the presence of substances derived from exter-
nal sources (contaminants). Off-flavours are unacceptable
flavours that result from product components formed by
chemical or biological processes (e.g. oxidation, bacterial

growth) within the product. Compounds causing off-
flavours in wine are often present in sound wines at low
concentration but when present at much higher concen-
trations can lead to sensory characteristics considered to
be undesirable.

Contamination of a wine by the musty-smelling com-
pound 2,4,6-trichloroanisole (TCA) extracted from cork
closures is perhaps the best known form of wine taint, a
phenomenon commonly known as ‘cork-taint’ (Sefton
and Simpson 2005). However, TCA in wine can also be
derived from other sources, and other musty-smelling
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compounds such as 2,4,6-tribromoanisole and 2,3,4,6-
tetrachloroanisole also occasionally taint wine (Sefton
and Simpson 2005). Ethylphenols, formed by the spon-
taneous growth of Brettanomyces yeasts in wine, are con-
sidered to be an example of off-flavour in wine when
present in high concentration (Swiegers et al. 2005).

This paper describes the identification of the causative
agents of recently observed wine taint and off-flavour
problems. One of the tainting compounds, 2-chloro-6-
methylphenol was found in wine for the first time.
Sensitive analytical methods for determining these com-
pounds in wine using gas chromatography/mass spec-
trometry (GC/MS) and stable isotope dilution analysis
(SIDA) were developed and used to quantify these com-
pounds in various wine samples.

Materials and methods

Materials
Wine samples were obtained from retail outlets for the
indole survey or were supplied by local producers. All
solvents were Mallinckrodt nanopure grade from Rowe
Scientific (Lonsdale, South Australia, Australia), and veri-
fied for purity by GC/MS prior to use. 2H6-phenol (p/n
176060), 13C6-phenol (p/n 490504), non-isotope-labelled
standards (all with a purity of �95%) and other reagents
were purchased from Sigma-Aldrich Pty Ltd (Castle Hill,
New South Wales, Australia). 2-Chloro-6-methylphenol
(6-CC) (purity 99%) was purchased from Dr Ehrenstorfer
Laboratories (Augsburg, Germany). 2H8 ortho-cresol and
2H7-indole were purchased from SciVac Pty Ltd (Hornsby,
New South Wales, Australia). The following mixtures
of stable isotope-labelled halophenols were prepared:
2H4-2-chlorophenol plus 2H4-4-chlorophenol, 2H3-2,4-
dichlorophenol and 2H3-2,6-dichlorophenol, by treatment
of an alkaline aqueous solution of 2H6-phenol with 1.6
equiv. aqueous sodium hypochlorite under nitrogen at
room temperature overnight; 13C6-2-bromophenol plus
13C6-2,6-dibromophenol, by reacting 13C6-phenol with
N-bromosuccinimide (1.25 equiv) and diisopropylamine
(0.5 equiv) in dichloromethane for 1 h at room tempera-
ture; and 13C6-4-bromophenol plus 13C6-2,4-
dibromophenol, by reacting 13C6-phenol with bromine
(1.5 equiv) in carbon tetrachloride at room temperature
overnight. 2H8-2-chloro-6-methylphenol (i.e. 2H8-6-
chloro-ortho-cresol was prepared by bubbling chlorine
gas—generated from the reaction between concentrated
HCl and KMnO4 and desiccated by passage through a
concentrated solution of H2SO4—into a solution of 2H8-
ortho-cresol in dichloromethane. Each product mixture
was recovered with dichloromethane and used directly in
the analytical method. Yeast hulls and other wine pro-
cessing aids and additives (including activated dried wine
yeast, yeast and bacteria nutrients, polyvinylpolypyrroli-
done, potassium metabisulfite, lactic acid bacteria, tartaric
acid, calcium carbonate and an enzyme) were commer-
cial products obtained either from wineries or directly
from suppliers. Wine samples analysed for taint (130 in
total), were commercial products obtained from several
wineries. Wines used for development of standard curves

were commercial bag-in-box products obtained from
commercial outlets.

Methods
Extraction of yeast hulls. Yeast hulls (1 g) were left to
soak in dichloromethane (10 mL) at room temperature
for 1 week. The extract was then filtered through glass
wool and concentrated under a stream of nitrogen, for
investigation by GC/MS/olfactometry (O). For quantifica-
tion of 6-CC in yeast hulls, samples (5 g) were soaked in
redistilled ethanol (50 mL) with shaking at room tem-
perature for 3 days. The ethanol suspensions were clari-
fied by centrifugation and 10-mL samples of the ethanol
extract were diluted with Milli-Q-water (90 mL) prior to
analysis as described below.

Preparation of wine extracts for analysis for chlorophe-
nols. An aliquot (200 mL) of an ethanol solution con-
taining 2H4-2-chlorophenol, 2H4-4-chlorophenol, 2H3-2,4-
dichlorophenol and 2H3-2,6-dichlorophenol (36.3 ng
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(40.0 ng total); 13C6-4-bromophenol and 13C6-2,4-
dibromophenol (39.4 ng total) and 2H8-2-chloro-6-
methylphenol (40.8 ng) was added to 100 mL of wine or
aqueous ethanolic yeast hull extract. The sample was
then passed through a 6-mL, 500-mg Bond Elut C18
cartridge (Varian, Mulgrave, Victoria, Australia, part
#12102052), previously conditioned with 6 mL of metha-
nol, followed by 6 mL of Milli-Q-water. The C18 cartridge
was then washed with 2 mL of water and dried under air
for 5 min. The cartridge was eluted with aqueous sodium
hydroxide solution (2%, 7 mL) and the eluent was col-
lected directly into a 20-mL glass solid phase microextrac-
tion (SPME) vial. The vial was then placed into an ice
bath and the contents acidified with concentrated hydro-
chloric acid (32%) to a pH of approximately 6. Solid
sodium chloride (2 g) was added prior to analysis by
SPME/GC/MS. Wine extracts in which indole and chlo-
rophenols other than 6-CC were detected by GC/MS/O
were prepared as described above but without the addi-
tion of internal standards.

Preparation of wines for analysis for indole. A solution
(10 mL) of 2H6-indole in ethanol (50 mg/mL) was added to
white wine samples (10 mL). Solid sodium chloride (2 g)
was then added and the samples were capped for analysis.
Red wine samples were prepared in the same way except
that a portion of the wine (5 mL) was diluted with water
(5 mL) following addition of the internal standard but
prior to salting.

GC/MS/O. GC/MS was carried out with a Hewlett-
Packard (HP) 6890N gas chromatograph fitted with a
Gerstel MPS2 autosampler. The GC was coupled to a
HP 5973N mass spectrometer. GC/MS/O of the dichlo-
romethane extracts of yeast hulls and co-injection experi-
ments with authentic 6-CC were conducted as described
by Janusz et al. (2003) with the following modifications:
the Gerstel MPS2 was operated in automated fast liquid
injection mode with a 10-mL syringe (SGE, Melbourne,
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a ubiquitous molecule which is able to induce changes in gene and
protein expression leading to different physiological alterations, is
a phytohormone regulating many plant developmental and cellular
processes (Kende and Zeevaart, 1997), and has recently been
demonstrated to improve Escherichia coli defences to stress (Bianco
et al., 2006). In cheese manufacture the catabolism of tryptophan
by Lactobacillus casei promotes the formation of aromatic
compounds, including indole related compounds that impart
putrid, faecal, unclean flavours to cheese (Gummalla and
Broadbent, 1999; Smit et al., 2005; Tavaria et al., 2002). The
fungus Colletotrichum acutatum has also been demonstrated to
synthesise indole derivatives (Chung et al., 2003). Decarboxylation
of tryptophan by lactic acid bacteria results in the formation of the
biogenic amine tryptamine which can cause various physiological
symptoms upon consumption (Lonvaud-Funel, 2001).

Recently indole was identified as the cause of a ‘plastic-like’ off-
flavour in numerous wines (Capone et al., 2010). At least some of
these wines were known to have become ‘stuck’ during fermen-
tation, suggesting a microbiological origin for this off-flavour.
Indole has an aroma detection threshold of 23 mg/L in white wine
(Coulter et al., 2008; Capone et al., 2010).

The formation of indole and ‘plastic/chemical-like’ off-flavours
in wine during fermentation was of interest to us. We therefore
decided to investigate the capacity of different wine microorgan-
isms to form indole during malolactic or alcoholic fermentations. A
selection of wine microorganisms: lactic acid bacteria, Saccharo-
myces and non-Saccharomyces yeasts, were tested for their ability to
form indole during fermentation in a model medium and a Char-
donnay grape juice under various fermentation conditions. This
was conducted in the presence and absence of tryptophan to
determine whether tryptophan was essential for the formation of
indole.

2. Material and methods

2.1. Yeast and bacterial strains

Ten wine-associated yeast and eight lactic acid bacteria strains
were used in this study (Table 1). Strains were cultivated on YPD
medium for yeast (containing 1% yeast extract, 2% peptone, 2%
glucose and 2% biological agar for solid medium) and MRSA
medium for bacteria (MRS medium [Amyl Australia] supplemented

with 20% preservative-free apple juice and 2% biological agar for
solid medium) (Kelly et al., 1989). All strains were obtained from
the Australian Wine Research Institute Wine Microorganism
Culture Collection (Adelaide, Australia).

2.2. Alcoholic fermentation

2.2.1. Fermentation in chemically defined grape juice medium
Chemically defined grape juice medium (CDGJM) was prepared

essentially as previously described (Costello et al., 2003) with some
modifications (Table 2), and sterilized by filtration through 0.2 mm
sterile membrane. The yeast starter cultures were preadapted to
CDGJM by first propagating in YPD broth with shaking at 28 �C,
before inoculating at 0.5% into CDGJM:water (1:1) and grown at
28 �C with shaking. Total cell numbers were determined micro-
scopically using a haemocytometer (Weber Scientific International,
England). Yeast cultures were inoculated at 2�106 cells/mL into
CDGJM supplemented with 0 or 100 mg/L tryptophan.

Duplicate fermentations were conducted at 18 �C in 250 mL
Erlenmeyer flasks sealed with fermentationwater locks and shaken
at 180 oscillations per minute. Samples were taken under sterile
conditions throughout the fermentation for determining the
concentration of reducing sugars (glucose and fructose) and indole.
The reducing sugar concentration was determined enzymatically
(Roche Boehringer Mannheim enzyme kit obtained from Arrow
Scientific) using an automated Cobas FARA centrifugal analyser.

2.2.2. Fermentation in Chardonnay grape juice
Chardonnay grape juice with 215 g/L of reducing sugar (glucose

and fructose) and pH 3.3 was used for this experiment. The grape
juice was stored at �20 �C until required. The amino acid concen-
tration of the grape juice was quantified by FMOC (9-fluo-
renylmethylchloroformate) pre column derivatisation and
separated by HPLC with fluorescent detector (Table 3) (Melucci
et al., 1999).

The yeast starter cultures were prepared by first propagating in
YPD broth with shaking at 28 �C, before inoculating at 0.5% into
Chardonnay grape juice:water (1:1) and grown at 28 �C with
shaking. Total cell numbers were determined microscopically using
a haemocytometer.

The Chardonnay grape juice was sterilized by filtration through
0.2 mm sterile membrane. Triplicate fermentations were conducted

Table 1
Wine microorganisms used in this study.

Identification number Genus Species Origin

Yeast
AWRI 838 Saccharomyces cerevisiae Isolate of commercial strain EC1118
AWRI 796 Saccharomyces cerevisiae Commercial strain
AWRI 1375 Saccharomyces bayanus Isolated from Chardonnay grape juice
AWRI 1176 Saccharomyces bayanus Isolated from Chardonnay grape juice
AWRI 1159 Candida stellata “ ex grape juice, France; E. Peynaud”
AWRI 1531 Candida stellata Isolated from grape juice
AWRI 861 Kluyveromyces thermotolerans Isolated from grape juice
AWRI 318 Kluyveromyces thermotolerans Isolated from grape juice
AWRI 863 Hanseniaspora uvarum Isolated from grape juice
AWRI 1158 Hanseniaspora uvarum Isolated from grape juice

Bacteria
AWRI B419 Oenococcus oeni Isolate of commercial strain
AWRI B423 Oenococcus oeni Isolate of commercial strain
AWRI B429 Oenococcus oeni Isolate of commercial strain
AWRI B391 Oenococcus oeni Isolated from Shiraz wine
AWRI B396 Oenococcus oeni Isolated from red wine
AWRI B530 Lactobacillus lindneri Isolated from damaged Shiraz grapes
AWRI B162 Pediococcus cerevisiae Isolated from Pinot Noir wine
AWRI B166 Pediococcus parvulus Isolated from Shiraz wine
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a b s t r a c t

A high concentration of indole has been linked to ‘plastic-like’ off-flavour in wines, predominantly in
wines produced under sluggish fermentation conditions. The purpose of this study was to determine the
ability of yeast and bacteria to form indole and whether tryptophan was required for indole accumu-
lation during winemaking. Wine-associated yeast and bacteria species (Saccharomyces cerevisiae,
Saccharomyces bayanus, Candida stellata, Hanseniaspora uvarum, Kluyveromyces thermoloterans, Oeno-
coccus oeni, Lactobacillus lindneri, Pediococcus cerevisiae and Pediococcus parvulus) were screened for their
potential to generate indole during alcoholic or malolactic fermentation. Tryptophanwas required for the
accumulation of indole in chemically defined medium, and all yeast and bacteria fermentations were
able to accumulate indole. C. stellata showed the greatest potential for indole formation (1033 mg/L) and
among the bacteria, the highest concentration was generated by L. lindneri (370 mg/L). Whether primary
fermentation is the principle cause of indole formation remains to be determined. We hypothesise that
during an efficient fermentation, indole is removed through catabolic metabolism, but, when a sluggish
fermentation arises, non-Saccharomyces species might produce excess indole that is still present by end
of fermentation.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The majority of studies of the microbiological aspects of wine-
making have focused on yeasts of the genus Saccharomyces,
particularly Saccharomyces cerevisiae, the main species used to
conduct alcoholic fermentation. However, during the early stages of
winemaking there can be a substantial growth of non-Saccharo-
myces yeast, including species from yeast genera such as Debar-
yomyces, Mestchnikowia, Rhodotorula, Kluyveromyces, Pichia,
Candida, Hanseniaspora, and Torulaspora (Fernandez et al., 2000;
Fleet and Heard, 1993; Pretorius, 2000). In addition, lactic acid
bacteria (LAB) encompassing three genera, Lactobacillus, Oeno-
coccus and Pediococcus, are able to further modify wine composi-
tion and influence wine sensory characteristics (Lonvaud-Funel,
1999; Swiegers et al., 2005). Oenococcus oeni is the main species
associated with malolactic fermentation (MLF). All of these
microorganisms need to be taken into account when considering
microbiological aspects of wine.

Nitrogen content of grape must ranges from 60 to 2400 mgN/L
and can be growth limiting for yeast. Problems linked to grapemust
nitrogen composition include sluggish or stuck fermentations
during the vinification process (Bell and Henschke, 2005; Bisson,
1999; Bisson and Butzke 2000; Henschke and Jiranek, 1993). In
some cases, even when the fermentation process is completed,
changes in yeast metabolism produced by stress conditions can
modify biochemical processes resulting in off-flavour formation
(Henschke and Jiranek, 1993; Mauricio et al., 2001; Rauhut et al.,
1999; Swiegers and Pretorius, 2005).

Free amino acids and ammonium ions are the principal nitrogen
sources used by yeasts for growth during alcoholic fermentation.
However, selective accumulation of various amino acids and ammo-
nium ion occurs in S. cerevisiae during fermentation of grape must.
Even though tryptophan appears to be an important amino acid to
yeast, as evidenced by its uptake by the cell early during fermentation,
it is released back into the medium in the later stages of fermentation
and it is a poor source of nitrogen (Henschke and Jiranek, 1993).

Tryptophan is an aromatic amino acid and its metabolism has
been linked to off-flavours such as “untypical aging off-flavour” in
wine (Hoenicke et al., 2002). Catabolism of tryptophan by different
microorganisms has been observed, often resulting in the forma-
tion of indole-3-acetic acid (IAA), skatole, tryptophanol, and indole.
In prokaryotic and eukaryotic organisms indole-3-acetic acid is
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a ubiquitous molecule which is able to induce changes in gene and
protein expression leading to different physiological alterations, is
a phytohormone regulating many plant developmental and cellular
processes (Kende and Zeevaart, 1997), and has recently been
demonstrated to improve Escherichia coli defences to stress (Bianco
et al., 2006). In cheese manufacture the catabolism of tryptophan
by Lactobacillus casei promotes the formation of aromatic
compounds, including indole related compounds that impart
putrid, faecal, unclean flavours to cheese (Gummalla and
Broadbent, 1999; Smit et al., 2005; Tavaria et al., 2002). The
fungus Colletotrichum acutatum has also been demonstrated to
synthesise indole derivatives (Chung et al., 2003). Decarboxylation
of tryptophan by lactic acid bacteria results in the formation of the
biogenic amine tryptamine which can cause various physiological
symptoms upon consumption (Lonvaud-Funel, 2001).

Recently indole was identified as the cause of a ‘plastic-like’ off-
flavour in numerous wines (Capone et al., 2010). At least some of
these wines were known to have become ‘stuck’ during fermen-
tation, suggesting a microbiological origin for this off-flavour.
Indole has an aroma detection threshold of 23 mg/L in white wine
(Coulter et al., 2008; Capone et al., 2010).

The formation of indole and ‘plastic/chemical-like’ off-flavours
in wine during fermentation was of interest to us. We therefore
decided to investigate the capacity of different wine microorgan-
isms to form indole during malolactic or alcoholic fermentations. A
selection of wine microorganisms: lactic acid bacteria, Saccharo-
myces and non-Saccharomyces yeasts, were tested for their ability to
form indole during fermentation in a model medium and a Char-
donnay grape juice under various fermentation conditions. This
was conducted in the presence and absence of tryptophan to
determine whether tryptophan was essential for the formation of
indole.

2. Material and methods

2.1. Yeast and bacterial strains

Ten wine-associated yeast and eight lactic acid bacteria strains
were used in this study (Table 1). Strains were cultivated on YPD
medium for yeast (containing 1% yeast extract, 2% peptone, 2%
glucose and 2% biological agar for solid medium) and MRSA
medium for bacteria (MRS medium [Amyl Australia] supplemented

with 20% preservative-free apple juice and 2% biological agar for
solid medium) (Kelly et al., 1989). All strains were obtained from
the Australian Wine Research Institute Wine Microorganism
Culture Collection (Adelaide, Australia).

2.2. Alcoholic fermentation

2.2.1. Fermentation in chemically defined grape juice medium
Chemically defined grape juice medium (CDGJM) was prepared

essentially as previously described (Costello et al., 2003) with some
modifications (Table 2), and sterilized by filtration through 0.2 mm
sterile membrane. The yeast starter cultures were preadapted to
CDGJM by first propagating in YPD broth with shaking at 28 �C,
before inoculating at 0.5% into CDGJM:water (1:1) and grown at
28 �C with shaking. Total cell numbers were determined micro-
scopically using a haemocytometer (Weber Scientific International,
England). Yeast cultures were inoculated at 2�106 cells/mL into
CDGJM supplemented with 0 or 100 mg/L tryptophan.

Duplicate fermentations were conducted at 18 �C in 250 mL
Erlenmeyer flasks sealed with fermentationwater locks and shaken
at 180 oscillations per minute. Samples were taken under sterile
conditions throughout the fermentation for determining the
concentration of reducing sugars (glucose and fructose) and indole.
The reducing sugar concentration was determined enzymatically
(Roche Boehringer Mannheim enzyme kit obtained from Arrow
Scientific) using an automated Cobas FARA centrifugal analyser.

2.2.2. Fermentation in Chardonnay grape juice
Chardonnay grape juice with 215 g/L of reducing sugar (glucose

and fructose) and pH 3.3 was used for this experiment. The grape
juice was stored at �20 �C until required. The amino acid concen-
tration of the grape juice was quantified by FMOC (9-fluo-
renylmethylchloroformate) pre column derivatisation and
separated by HPLC with fluorescent detector (Table 3) (Melucci
et al., 1999).

The yeast starter cultures were prepared by first propagating in
YPD broth with shaking at 28 �C, before inoculating at 0.5% into
Chardonnay grape juice:water (1:1) and grown at 28 �C with
shaking. Total cell numbers were determined microscopically using
a haemocytometer.

The Chardonnay grape juice was sterilized by filtration through
0.2 mm sterile membrane. Triplicate fermentations were conducted

Table 1
Wine microorganisms used in this study.

Identification number Genus Species Origin

Yeast
AWRI 838 Saccharomyces cerevisiae Isolate of commercial strain EC1118
AWRI 796 Saccharomyces cerevisiae Commercial strain
AWRI 1375 Saccharomyces bayanus Isolated from Chardonnay grape juice
AWRI 1176 Saccharomyces bayanus Isolated from Chardonnay grape juice
AWRI 1159 Candida stellata “ ex grape juice, France; E. Peynaud”
AWRI 1531 Candida stellata Isolated from grape juice
AWRI 861 Kluyveromyces thermotolerans Isolated from grape juice
AWRI 318 Kluyveromyces thermotolerans Isolated from grape juice
AWRI 863 Hanseniaspora uvarum Isolated from grape juice
AWRI 1158 Hanseniaspora uvarum Isolated from grape juice

Bacteria
AWRI B419 Oenococcus oeni Isolate of commercial strain
AWRI B423 Oenococcus oeni Isolate of commercial strain
AWRI B429 Oenococcus oeni Isolate of commercial strain
AWRI B391 Oenococcus oeni Isolated from Shiraz wine
AWRI B396 Oenococcus oeni Isolated from red wine
AWRI B530 Lactobacillus lindneri Isolated from damaged Shiraz grapes
AWRI B162 Pediococcus cerevisiae Isolated from Pinot Noir wine
AWRI B166 Pediococcus parvulus Isolated from Shiraz wine
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Molecular Fingerprinting by PCR-Denaturing Gradient Gel
Electrophoresis Reveals Differences in the Levels of
Microbial Diversity for Musty-Earthy Tainted Corks�
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The microbial community structure of cork with marked musty-earthy aromas was analyzed using dena-
turing gradient gel electrophoresis of amplified ribosomal DNA. Cork stoppers and discs were used for DNA
extraction and were analyzed by using selective primers for bacteria and fungi. Stoppers clearly differed from
discs harboring a different fungal community. Moreover, musty-earthy samples of both types were shown to
have a specific microbiota. The fungi Penicillium glabrum and Neurospora spp. were present in all samples and
were assumed to make only a small contribution to off-odor development. In contrast, Penicillium islandicum
and Penicillium variabile were found almost exclusively in 2,4,6-trichloroanisole (TCA) tainted discs. Con-
versely, Rhodotorula minuta and Rhodotorula sloofiae were most common in cork stoppers, where only small
amounts of TCA were detected. Alpha- and gammaproteobacteria were the most commonly found bacteria in
either control or tainted cork stoppers. Specific Pseudomonas and Actinobacteria were detected in stoppers with
low amounts of TCA and 2-methoxy-3,5-dimethylpyrazine. These results are discussed in terms of biological
degradation of taint compounds by specific microorganisms. Reliable and straightforward microbial identifi-
cation methods based on a molecular approach provided useful data to determine and evaluate the risk of taint
formation in cork.

Cork stoppers provide the desired level of elasticity and
strength to ensure an effective and safe closure of bottles of
most wine types and are used as the preferred material for
bottling of high-quality wines (45). However, the natural origin
of cork and the long manufacturing process of stoppers facil-
itate a continuous contact of the raw material with different
types of microorganisms, which may lead to the development
of unpleasant off-odors as a consequence of their metabolism.
The origins of undesirable sensory characteristics in wine are
varied and may include contaminated grapes and wine cellars
in addition to cork stoppers. Some musty-earthy (ME) aromas,
such as must taint or mold taint, can occur for 0.5 to 6% of
bottled wine (46), thus seriously affecting the reputation of
cellars and causing significant economic losses. Such taints are
often referred to as “cork-taint” regardless of whether or not
the cork is the source.

The chemical analysis of tainted wines has revealed the
presence of a variety of taint compounds. In an early work,
Amon et al. (4) made a full list of chemical compounds de-
tected both in wine and in cork stoppers that could be respon-
sible for ME aromas. This list included 2,4,6-trichloroanisole
(TCA), geosmin (GSM), 2-methyl-isoborneol (MIB), 1-octen-

3-one, and 1-octen-3-ol, as the most relevant compounds.
More recently, different methoxypyrazines, such as 2-methoxy-
3-isopropylpyrazine (IPMP) and 2-methoxy-3,5-dimethylpyr-
azine (MDMP), together with 2,3,4,6-tetrachloroanisole or
2,4,6-tribromanisole, have also been described as causative
agents of musty, earthy, or moldy aromas in wine and cork (9,
43). The main contributors to cork taint are considered to be
TCA, MDMP, and TBA (43, 48, 49).

The biological synthesis and accumulation of chloroanisoles
by the biomethylation of the corresponding chlorophenols is a
well-documented process, which has been proven experimen-
tally in cork spiked with 2,4,6-trichlorophenol as a substrate
(14, 25, 31, 36, 39). Methylating reactions have been confirmed
with a partially purified chlorophenol O-methyltransferase
from Trichoderma longibrachiatum isolated from cork (3, 13).
In addition, the participation of bacteria, mainly Streptomyces
spp. and Bacillus spp., in the production of guaiacol (GUA) or
GSM has been proven experimentally in cork (2, 46). In con-
trast, scientific knowledge about the biological synthesis and
accumulation of methoxypyrazines is scarce and has been de-
tected in only a few food and package products (6, 10, 16,
20, 42).

Cork is shown to constitute a true ecosystem, with a fairly
complex and changing microbial community, as determined by
cultivation-dependent methods (3, 15, 30, 37). Most authors
have found a rather low richness at the final stages of the
stopper manufacturing process, with Chrysonilia sytophila and
Penicillium glabrum as the dominant species. The identification
of Penicillium spp. isolates by using multilocus DNA sequence
comparison revealed the presence of a high number of unusual
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Riesling acetal is a precursor to
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Abstract
Background and Aims: Knowledge of the formation and fate of aroma compounds is important to an
understanding of the processes that affect wine composition and flavour. This study aimed to investigate the
competitive formation and degradation of 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) and 2,2,6,8-
tetramethyl-7,11-dioxatricyclo[6.2.1.01,6]undec-4-ene (Riesling acetal) under wine storage conditions.
Methods and Results: 1,1,5-trimethyl-3,6-dihydroxy-9,9-ethylenedioxymegastigm-4-ene was syn-
thesised in the laboratory by using standard organic chemistry transformation methodology and was
subsequently used to prepare both Riesling acetal and TDN. At 45°C in model wine, approximately 40%
of Riesling acetal was converted to TDN after 60 days at pH 3.2, whereas 80% was converted after 60 days
at pH 3.0, as established by GC/MS analysis. Under more vigorous conditions, this conversion was
complete and the TDN thus formed was completely stable.
Conclusion: Riesling acetal is a precursor to TDN at wine pH, rather than a competing end-product
formed by the acid-catalysed hydrolysis of precursors common to both compounds. TDN is chemically
stable to wine acid.
Significance of the Study: The findings provide a clearer understanding of the factors affecting the
concentration of TDN (kerosene, bottle-age aroma) in older wines and thereby have the potential to
indicate strategies for modulating the formation of TDN.

Abbreviations
FTIR Fourier transform infrared spectroscopy; GC gas chromatography; MS mass spectrometry;

NMR nuclear magnetic resonance spectroscopy; TBAF tetrabutylammonium fluoride;
THF tetrahydrofuran; TMSCI trimethylsilyl chloride

Keywords: aroma, aroma precursors, flavour, hydrolysis, TDN

Introduction
1,1,6-Trimethyl-1,2-dihydronaphthalene (TDN) is found
in a variety of wines. When present at an elevated con-
centration (up to 200 mg/L) as is sometimes observed in
bottle-aged Riesling wines, TDN (1) can impart a ‘petro-
leum’ or ‘kerosene’ note to the beverage (Simpson 1978;
Simpson and Miller 1983; Winterhalter 1991).

Like TDN (1), Riesling acetal (2) is thought to form in
wine by acid hydrolysis of grape-derived glycoconjugated
precursors (Winterhalter et al. 1990a,b). Winterhalter
isolated the hemiacetal (3) from an enzyme hydrolysate
of a fraction obtained from a Riesling wine. Acid hydroly-
sis of this hemiacetal, which is the stable form of the diol
(4) in solution, gave both TDN and Riesling acetal as the
major products. In addition to these major products, the
hydrolysate contained small amounts of several other
products, one of which was tentatively assigned the struc-
ture 5. This assignment was based on the mass spectrum

and an IR spectrum obtained by (GC)/FTIR (Figure 1).
Finally, this compound was reported to dehydrate upon
standing at -18°C over several days.

Subsequently, Humpf et al. (1991) isolated compound
6 from red currant (Ribes rubrum L.) leaves and showed
that it produced, inter alia, TDN and Riesling acetal
when heated at pH 2.5 under simultaneous distillation–
extraction (SDE) conditions. The distribution of products
formed from the hydrolysis of 6 was broadly the same
as that formed from the hydrolysis of the hemiacetal
(3), suggesting that the hemiacetal and compound 7 (the
aglycone form of 6) were readily interconverted during
hydrolysis (Humpf et al. 1991).

As part of our ongoing research programme into the
fate of aroma compounds and their precursors in wine,
we wished to investigate hydrolysis of the acetal (10) as a
simple means of preparing TDN and/or Riesling acetal.
This paper describes the formation of TDN and Riesling

Daniel et al. Hydrolysis of Riesling acetal 93
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acetal from acetal (10) and the consequent observation
that Riesling acetal is an intermediate in the formation
of TDN under wine storage conditions, rather than a
separate end product.

Materials and methods

Materials
The chemicals used were the highest purity commercially
available. Solvents were distilled prior to use as described
(Armarego et al. 1996). X4 solvent is a fraction obtained
by distillation of petroleum, containing n-hexane as the
major component. NMR spectra were run on a Varian
Gemini Spectrometer operating at either 300 MHz (1H) or
75.5 MHz (13C). Unless otherwise indicated, all spectra
were of CDCl3 solutions. Model wine solutions were
made by saturating a 10% (v/v) aqueous solution of
ethanol with potassium hydrogen tartrate and adjusting
to the required pH (3.0 or 3.2) by the addition of tartaric
acid. Brine refers to a saturated aqueous solution of
sodium chloride.

Methods
2,2-Ethylenedioxy-4-bromobutane. HBr (20 mL 45%
w/v in acetic acid, 0.113 mol) was added to a solution of
methyl vinyl ketone (23.75 mL, 0.285 mol) in benzene
(200 mL) at 0°C. After stirring for 30 min, ethylene glycol
(47.7 mL, 0.855 mol) and trimethyl orthoformate
(62.4 mL, 0.57 mol) were added. The mixture was stirred
for a further 2 h at 0°C and then washed with water
(3 ¥ 50 mL), saturated NaHCO3 solution (50 mL) and
brine (50 mL) before being dried (Na2SO4) and the
solvent removed. The compound was purified by column
chromatography on silica (20% ether/X4) yielding 2,2-
ethylenedioxy-4-bromobutane (13.1 g, 24%) as a colour-
less oil. Spectroscopic data: 1H NMR d: 3.93 (4H, m,
OCH2CH2O); 3.42 (2H, t J = 8.1 Hz, H4); 2.27 (2H, t
J = 8.1 Hz, H3); 1.33 (3H, s, H1). 13C NMR d: 109.0 (C2);
64.7 (C5); 42.8 (C4); 26.8 (C3); 24.0 (C1).

1,1,5-trimethyl-3,6-dihydroxy-9,9-
ethylenedioxymegastigm-4-ene (10). Commercially
available 4-oxoisophorone (8) was regiospecifically
reduced according to the method of Ishihara et al.
(1986). After chromatography, the product (45% yield)

was silylated with TMSCl/pyridine. 2,2-Ethylenedioxy-
4-bromobutane (0.33 g) was added to lithium metal
(0.04 g) in THF (3 mL) and to this was added the sily-
lated ketone (9, 0.5 g). After stirring overnight, the reac-
tion was quenched with saturated ammonium chloride
solution. The reaction mixture was diluted with ether
and washed successively with water, saturated bicarbon-
ate solution and brine. After drying, the solution was
concentrated and the product subjected to column chro-
matography on silica (15% EtOAc/X4) to give the sily-
lated analogue of 10 as a viscous oil (237 mg, 29%).
Spectroscopic data: 1H NMR d: 5.35 (1H, m, H4); 4.26–
4.16 (1H, m, H3); 3.94 (4H, m, OCH2CH2O); 1.83–1.55
(6H, m, H2,7,8); 1.72 (3H, dd J = 1.4, 0.6 Hz, H13) 1.29
(3H, s, H10); 0.97, 0.96 (6H, 2s, H11,12); 0.11 (9H, s,
TMS). 13C NMR d: 140.2; 127.3; 110.1; 76.8; 66.2; 64.6;
64.5; 44.9; 40.1; 34.4; 30.8; 25.0; 23.8; 23.5; 18.6; 0.3.
The silyl group was then removed by treatment with
tetrabutylammonium fluoride (1.0 mol solution in THF)
to give the acetal (10) (54%). Spectroscopic data: 1H
NMR d: 5.45 (1H, m, H4); 4.22–4.12 (1H, m, H3); 3.93
(4H, m, OCH2CH2O); 1.82–1.51 (6H, m, H2,7,8); 1.72 (3H,
m, H13); 1.28 (3H, s, H10); 0.97, 0.94 (6H, s, H11,12). 13C
NMR d: 140.7 (C5); 126.8 (C4); 109.9 (C9); 76.9 (C6);
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(54 mg) in aqueous pH 3.0 buffer (60 mL) was heated in
an SDE apparatus with ether/pentane (30 mL each) for
90 min, as described in Winterhalter et al. (1991). After
this time, the organic extracts were concentrated and
chromatographed on silica (230–400 mesh, 25% EtOAc/
X4) to give pure fractions of TDN (22 mg, Rf 0.78) and
Riesling acetal (15 mg, Rf 0.58). The spectral properties
of both TDN (Stevens et al. 1975) and Riesling acetal
(Winterhalter et al. 1990b) thus obtained were in accord
with those previously reported. NMR and GC analysis
indicated the purity of the Riesling acetal thus obtained
to be >99%.

Hydrolysis of acetal (10) in model wine. Acetal 10
(2.5 mg) was dissolved in 50 mL of aqueous 12% EtOH,
buffered to pH 3.0. Portions (1 mL) of the solution were
sealed in glass ampoules and heated at the temperatures
and times indicated in Table 1. The reactions were
quenched by immersion in ice-water, and the hydroly-

Figure 1. Structures of 1,1,6-trimethyl-1,2-dihydronaphthalene (1),
Riesling acetal (2) and compounds 3–7.

Table 1. Relative peak areas of TDN, Riesling acetal and
tentative structure 5 from gas chromatograms of hydroly-
sates of acetal (10).

Temp (°C) Time (hr) TDN Riesling
acetal

Tentative
structure 5

50 48 23 65 12

50 96 67 1 32

100 24 >99 n.d. <1

Trace hydrolysis products not included.
TDN, 1,1,6-trimethyl-1,2-dihydronaphthalene; n.d., not detected.

94 Hydrolysis of Riesling acetal Australian Journal of Grape and Wine Research 15, 93–96, 2009

© 2008 Australian Society of Viticulture and Oenology Inc.

- 232 -

Appendix 12

S h o r t R e s e a r c h P a p e r

Riesling acetal is a precursor to
1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) in wine

MERRAN A. DANIEL1,2, DIMITRA L. CAPONE2, MARK A. SEFTON2,* and GORDON M. ELSEY1,2,*
1 School of Chemistry, Physics and Earth Sciences, Flinders University, PO Box 2100,Adelaide, SA 5001,Australia

2 The Australian Wine Research Institute, PO Box 197, Glen Osmond, SA 5064,Australia
*Present address: School of Agriculture, Food and Wine,The University of Adelaide,Waite Campus, PMB 1,

Glen Osmond, SA 5064,Australia.
Corresponding author: Dr Gordon M. Elsey, fax +61 8 8303 7116, email gordon.elsey@adelaide.edu.au

Abstract
Background and Aims: Knowledge of the formation and fate of aroma compounds is important to an
understanding of the processes that affect wine composition and flavour. This study aimed to investigate the
competitive formation and degradation of 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) and 2,2,6,8-
tetramethyl-7,11-dioxatricyclo[6.2.1.01,6]undec-4-ene (Riesling acetal) under wine storage conditions.
Methods and Results: 1,1,5-trimethyl-3,6-dihydroxy-9,9-ethylenedioxymegastigm-4-ene was syn-
thesised in the laboratory by using standard organic chemistry transformation methodology and was
subsequently used to prepare both Riesling acetal and TDN. At 45°C in model wine, approximately 40%
of Riesling acetal was converted to TDN after 60 days at pH 3.2, whereas 80% was converted after 60 days
at pH 3.0, as established by GC/MS analysis. Under more vigorous conditions, this conversion was
complete and the TDN thus formed was completely stable.
Conclusion: Riesling acetal is a precursor to TDN at wine pH, rather than a competing end-product
formed by the acid-catalysed hydrolysis of precursors common to both compounds. TDN is chemically
stable to wine acid.
Significance of the Study: The findings provide a clearer understanding of the factors affecting the
concentration of TDN (kerosene, bottle-age aroma) in older wines and thereby have the potential to
indicate strategies for modulating the formation of TDN.

Abbreviations
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Introduction
1,1,6-Trimethyl-1,2-dihydronaphthalene (TDN) is found
in a variety of wines. When present at an elevated con-
centration (up to 200 mg/L) as is sometimes observed in
bottle-aged Riesling wines, TDN (1) can impart a ‘petro-
leum’ or ‘kerosene’ note to the beverage (Simpson 1978;
Simpson and Miller 1983; Winterhalter 1991).

Like TDN (1), Riesling acetal (2) is thought to form in
wine by acid hydrolysis of grape-derived glycoconjugated
precursors (Winterhalter et al. 1990a,b). Winterhalter
isolated the hemiacetal (3) from an enzyme hydrolysate
of a fraction obtained from a Riesling wine. Acid hydroly-
sis of this hemiacetal, which is the stable form of the diol
(4) in solution, gave both TDN and Riesling acetal as the
major products. In addition to these major products, the
hydrolysate contained small amounts of several other
products, one of which was tentatively assigned the struc-
ture 5. This assignment was based on the mass spectrum

and an IR spectrum obtained by (GC)/FTIR (Figure 1).
Finally, this compound was reported to dehydrate upon
standing at -18°C over several days.

Subsequently, Humpf et al. (1991) isolated compound
6 from red currant (Ribes rubrum L.) leaves and showed
that it produced, inter alia, TDN and Riesling acetal
when heated at pH 2.5 under simultaneous distillation–
extraction (SDE) conditions. The distribution of products
formed from the hydrolysis of 6 was broadly the same
as that formed from the hydrolysis of the hemiacetal
(3), suggesting that the hemiacetal and compound 7 (the
aglycone form of 6) were readily interconverted during
hydrolysis (Humpf et al. 1991).

As part of our ongoing research programme into the
fate of aroma compounds and their precursors in wine,
we wished to investigate hydrolysis of the acetal (10) as a
simple means of preparing TDN and/or Riesling acetal.
This paper describes the formation of TDN and Riesling
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acetal from acetal (10) and the consequent observation
that Riesling acetal is an intermediate in the formation
of TDN under wine storage conditions, rather than a
separate end product.

Materials and methods

Materials
The chemicals used were the highest purity commercially
available. Solvents were distilled prior to use as described
(Armarego et al. 1996). X4 solvent is a fraction obtained
by distillation of petroleum, containing n-hexane as the
major component. NMR spectra were run on a Varian
Gemini Spectrometer operating at either 300 MHz (1H) or
75.5 MHz (13C). Unless otherwise indicated, all spectra
were of CDCl3 solutions. Model wine solutions were
made by saturating a 10% (v/v) aqueous solution of
ethanol with potassium hydrogen tartrate and adjusting
to the required pH (3.0 or 3.2) by the addition of tartaric
acid. Brine refers to a saturated aqueous solution of
sodium chloride.

Methods
2,2-Ethylenedioxy-4-bromobutane. HBr (20 mL 45%
w/v in acetic acid, 0.113 mol) was added to a solution of
methyl vinyl ketone (23.75 mL, 0.285 mol) in benzene
(200 mL) at 0°C. After stirring for 30 min, ethylene glycol
(47.7 mL, 0.855 mol) and trimethyl orthoformate
(62.4 mL, 0.57 mol) were added. The mixture was stirred
for a further 2 h at 0°C and then washed with water
(3 ¥ 50 mL), saturated NaHCO3 solution (50 mL) and
brine (50 mL) before being dried (Na2SO4) and the
solvent removed. The compound was purified by column
chromatography on silica (20% ether/X4) yielding 2,2-
ethylenedioxy-4-bromobutane (13.1 g, 24%) as a colour-
less oil. Spectroscopic data: 1H NMR d: 3.93 (4H, m,
OCH2CH2O); 3.42 (2H, t J = 8.1 Hz, H4); 2.27 (2H, t
J = 8.1 Hz, H3); 1.33 (3H, s, H1). 13C NMR d: 109.0 (C2);
64.7 (C5); 42.8 (C4); 26.8 (C3); 24.0 (C1).

1,1,5-trimethyl-3,6-dihydroxy-9,9-
ethylenedioxymegastigm-4-ene (10). Commercially
available 4-oxoisophorone (8) was regiospecifically
reduced according to the method of Ishihara et al.
(1986). After chromatography, the product (45% yield)

was silylated with TMSCl/pyridine. 2,2-Ethylenedioxy-
4-bromobutane (0.33 g) was added to lithium metal
(0.04 g) in THF (3 mL) and to this was added the sily-
lated ketone (9, 0.5 g). After stirring overnight, the reac-
tion was quenched with saturated ammonium chloride
solution. The reaction mixture was diluted with ether
and washed successively with water, saturated bicarbon-
ate solution and brine. After drying, the solution was
concentrated and the product subjected to column chro-
matography on silica (15% EtOAc/X4) to give the sily-
lated analogue of 10 as a viscous oil (237 mg, 29%).
Spectroscopic data: 1H NMR d: 5.35 (1H, m, H4); 4.26–
4.16 (1H, m, H3); 3.94 (4H, m, OCH2CH2O); 1.83–1.55
(6H, m, H2,7,8); 1.72 (3H, dd J = 1.4, 0.6 Hz, H13) 1.29
(3H, s, H10); 0.97, 0.96 (6H, 2s, H11,12); 0.11 (9H, s,
TMS). 13C NMR d: 140.2; 127.3; 110.1; 76.8; 66.2; 64.6;
64.5; 44.9; 40.1; 34.4; 30.8; 25.0; 23.8; 23.5; 18.6; 0.3.
The silyl group was then removed by treatment with
tetrabutylammonium fluoride (1.0 mol solution in THF)
to give the acetal (10) (54%). Spectroscopic data: 1H
NMR d: 5.45 (1H, m, H4); 4.22–4.12 (1H, m, H3); 3.93
(4H, m, OCH2CH2O); 1.82–1.51 (6H, m, H2,7,8); 1.72 (3H,
m, H13); 1.28 (3H, s, H10); 0.97, 0.94 (6H, s, H11,12). 13C
NMR d: 140.7 (C5); 126.8 (C4); 109.9 (C9); 76.9 (C6);
65.6 (C3); 64.6, 64.5 (OCH2CH2O); 44.6 (C2); 40.1 (C1);
34.7, 30.8 (C7,8); 24.8, 23.7, 23.4, 18.5 (C10,11,12,13).

Hydrolysis of 10 under SDE conditions. Acetal (10)
(54 mg) in aqueous pH 3.0 buffer (60 mL) was heated in
an SDE apparatus with ether/pentane (30 mL each) for
90 min, as described in Winterhalter et al. (1991). After
this time, the organic extracts were concentrated and
chromatographed on silica (230–400 mesh, 25% EtOAc/
X4) to give pure fractions of TDN (22 mg, Rf 0.78) and
Riesling acetal (15 mg, Rf 0.58). The spectral properties
of both TDN (Stevens et al. 1975) and Riesling acetal
(Winterhalter et al. 1990b) thus obtained were in accord
with those previously reported. NMR and GC analysis
indicated the purity of the Riesling acetal thus obtained
to be >99%.

Hydrolysis of acetal (10) in model wine. Acetal 10
(2.5 mg) was dissolved in 50 mL of aqueous 12% EtOH,
buffered to pH 3.0. Portions (1 mL) of the solution were
sealed in glass ampoules and heated at the temperatures
and times indicated in Table 1. The reactions were
quenched by immersion in ice-water, and the hydroly-

Figure 1. Structures of 1,1,6-trimethyl-1,2-dihydronaphthalene (1),
Riesling acetal (2) and compounds 3–7.

Table 1. Relative peak areas of TDN, Riesling acetal and
tentative structure 5 from gas chromatograms of hydroly-
sates of acetal (10).

Temp (°C) Time (hr) TDN Riesling
acetal

Tentative
structure 5

50 48 23 65 12

50 96 67 1 32

100 24 >99 n.d. <1

Trace hydrolysis products not included.
TDN, 1,1,6-trimethyl-1,2-dihydronaphthalene; n.d., not detected.
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The silyl group was then removed by treatment with
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(54 mg) in aqueous pH 3.0 buffer (60 mL) was heated in
an SDE apparatus with ether/pentane (30 mL each) for
90 min, as described in Winterhalter et al. (1991). After
this time, the organic extracts were concentrated and
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X4) to give pure fractions of TDN (22 mg, Rf 0.78) and
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(Winterhalter et al. 1990b) thus obtained were in accord
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indicated the purity of the Riesling acetal thus obtained
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(2.5 mg) was dissolved in 50 mL of aqueous 12% EtOH,
buffered to pH 3.0. Portions (1 mL) of the solution were
sealed in glass ampoules and heated at the temperatures
and times indicated in Table 1. The reactions were
quenched by immersion in ice-water, and the hydroly-
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Tentative
structure 5
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Abstract
Background and Aims: Knowledge of the formation and fate of aroma compounds is important to an
understanding of the processes that affect wine composition and flavour. This study aimed to investigate the
competitive formation and degradation of 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN) and 2,2,6,8-
tetramethyl-7,11-dioxatricyclo[6.2.1.01,6]undec-4-ene (Riesling acetal) under wine storage conditions.
Methods and Results: 1,1,5-trimethyl-3,6-dihydroxy-9,9-ethylenedioxymegastigm-4-ene was syn-
thesised in the laboratory by using standard organic chemistry transformation methodology and was
subsequently used to prepare both Riesling acetal and TDN. At 45°C in model wine, approximately 40%
of Riesling acetal was converted to TDN after 60 days at pH 3.2, whereas 80% was converted after 60 days
at pH 3.0, as established by GC/MS analysis. Under more vigorous conditions, this conversion was
complete and the TDN thus formed was completely stable.
Conclusion: Riesling acetal is a precursor to TDN at wine pH, rather than a competing end-product
formed by the acid-catalysed hydrolysis of precursors common to both compounds. TDN is chemically
stable to wine acid.
Significance of the Study: The findings provide a clearer understanding of the factors affecting the
concentration of TDN (kerosene, bottle-age aroma) in older wines and thereby have the potential to
indicate strategies for modulating the formation of TDN.
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FTIR Fourier transform infrared spectroscopy; GC gas chromatography; MS mass spectrometry;
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Introduction
1,1,6-Trimethyl-1,2-dihydronaphthalene (TDN) is found
in a variety of wines. When present at an elevated con-
centration (up to 200 mg/L) as is sometimes observed in
bottle-aged Riesling wines, TDN (1) can impart a ‘petro-
leum’ or ‘kerosene’ note to the beverage (Simpson 1978;
Simpson and Miller 1983; Winterhalter 1991).

Like TDN (1), Riesling acetal (2) is thought to form in
wine by acid hydrolysis of grape-derived glycoconjugated
precursors (Winterhalter et al. 1990a,b). Winterhalter
isolated the hemiacetal (3) from an enzyme hydrolysate
of a fraction obtained from a Riesling wine. Acid hydroly-
sis of this hemiacetal, which is the stable form of the diol
(4) in solution, gave both TDN and Riesling acetal as the
major products. In addition to these major products, the
hydrolysate contained small amounts of several other
products, one of which was tentatively assigned the struc-
ture 5. This assignment was based on the mass spectrum

and an IR spectrum obtained by (GC)/FTIR (Figure 1).
Finally, this compound was reported to dehydrate upon
standing at -18°C over several days.

Subsequently, Humpf et al. (1991) isolated compound
6 from red currant (Ribes rubrum L.) leaves and showed
that it produced, inter alia, TDN and Riesling acetal
when heated at pH 2.5 under simultaneous distillation–
extraction (SDE) conditions. The distribution of products
formed from the hydrolysis of 6 was broadly the same
as that formed from the hydrolysis of the hemiacetal
(3), suggesting that the hemiacetal and compound 7 (the
aglycone form of 6) were readily interconverted during
hydrolysis (Humpf et al. 1991).

As part of our ongoing research programme into the
fate of aroma compounds and their precursors in wine,
we wished to investigate hydrolysis of the acetal (10) as a
simple means of preparing TDN and/or Riesling acetal.
This paper describes the formation of TDN and Riesling
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acetal from acetal (10) and the consequent observation
that Riesling acetal is an intermediate in the formation
of TDN under wine storage conditions, rather than a
separate end product.

Materials and methods

Materials
The chemicals used were the highest purity commercially
available. Solvents were distilled prior to use as described
(Armarego et al. 1996). X4 solvent is a fraction obtained
by distillation of petroleum, containing n-hexane as the
major component. NMR spectra were run on a Varian
Gemini Spectrometer operating at either 300 MHz (1H) or
75.5 MHz (13C). Unless otherwise indicated, all spectra
were of CDCl3 solutions. Model wine solutions were
made by saturating a 10% (v/v) aqueous solution of
ethanol with potassium hydrogen tartrate and adjusting
to the required pH (3.0 or 3.2) by the addition of tartaric
acid. Brine refers to a saturated aqueous solution of
sodium chloride.

Methods
2,2-Ethylenedioxy-4-bromobutane. HBr (20 mL 45%
w/v in acetic acid, 0.113 mol) was added to a solution of
methyl vinyl ketone (23.75 mL, 0.285 mol) in benzene
(200 mL) at 0°C. After stirring for 30 min, ethylene glycol
(47.7 mL, 0.855 mol) and trimethyl orthoformate
(62.4 mL, 0.57 mol) were added. The mixture was stirred
for a further 2 h at 0°C and then washed with water
(3 ¥ 50 mL), saturated NaHCO3 solution (50 mL) and
brine (50 mL) before being dried (Na2SO4) and the
solvent removed. The compound was purified by column
chromatography on silica (20% ether/X4) yielding 2,2-
ethylenedioxy-4-bromobutane (13.1 g, 24%) as a colour-
less oil. Spectroscopic data: 1H NMR d: 3.93 (4H, m,
OCH2CH2O); 3.42 (2H, t J = 8.1 Hz, H4); 2.27 (2H, t
J = 8.1 Hz, H3); 1.33 (3H, s, H1). 13C NMR d: 109.0 (C2);
64.7 (C5); 42.8 (C4); 26.8 (C3); 24.0 (C1).

1,1,5-trimethyl-3,6-dihydroxy-9,9-
ethylenedioxymegastigm-4-ene (10). Commercially
available 4-oxoisophorone (8) was regiospecifically
reduced according to the method of Ishihara et al.
(1986). After chromatography, the product (45% yield)

was silylated with TMSCl/pyridine. 2,2-Ethylenedioxy-
4-bromobutane (0.33 g) was added to lithium metal
(0.04 g) in THF (3 mL) and to this was added the sily-
lated ketone (9, 0.5 g). After stirring overnight, the reac-
tion was quenched with saturated ammonium chloride
solution. The reaction mixture was diluted with ether
and washed successively with water, saturated bicarbon-
ate solution and brine. After drying, the solution was
concentrated and the product subjected to column chro-
matography on silica (15% EtOAc/X4) to give the sily-
lated analogue of 10 as a viscous oil (237 mg, 29%).
Spectroscopic data: 1H NMR d: 5.35 (1H, m, H4); 4.26–
4.16 (1H, m, H3); 3.94 (4H, m, OCH2CH2O); 1.83–1.55
(6H, m, H2,7,8); 1.72 (3H, dd J = 1.4, 0.6 Hz, H13) 1.29
(3H, s, H10); 0.97, 0.96 (6H, 2s, H11,12); 0.11 (9H, s,
TMS). 13C NMR d: 140.2; 127.3; 110.1; 76.8; 66.2; 64.6;
64.5; 44.9; 40.1; 34.4; 30.8; 25.0; 23.8; 23.5; 18.6; 0.3.
The silyl group was then removed by treatment with
tetrabutylammonium fluoride (1.0 mol solution in THF)
to give the acetal (10) (54%). Spectroscopic data: 1H
NMR d: 5.45 (1H, m, H4); 4.22–4.12 (1H, m, H3); 3.93
(4H, m, OCH2CH2O); 1.82–1.51 (6H, m, H2,7,8); 1.72 (3H,
m, H13); 1.28 (3H, s, H10); 0.97, 0.94 (6H, s, H11,12). 13C
NMR d: 140.7 (C5); 126.8 (C4); 109.9 (C9); 76.9 (C6);
65.6 (C3); 64.6, 64.5 (OCH2CH2O); 44.6 (C2); 40.1 (C1);
34.7, 30.8 (C7,8); 24.8, 23.7, 23.4, 18.5 (C10,11,12,13).

Hydrolysis of 10 under SDE conditions. Acetal (10)
(54 mg) in aqueous pH 3.0 buffer (60 mL) was heated in
an SDE apparatus with ether/pentane (30 mL each) for
90 min, as described in Winterhalter et al. (1991). After
this time, the organic extracts were concentrated and
chromatographed on silica (230–400 mesh, 25% EtOAc/
X4) to give pure fractions of TDN (22 mg, Rf 0.78) and
Riesling acetal (15 mg, Rf 0.58). The spectral properties
of both TDN (Stevens et al. 1975) and Riesling acetal
(Winterhalter et al. 1990b) thus obtained were in accord
with those previously reported. NMR and GC analysis
indicated the purity of the Riesling acetal thus obtained
to be >99%.

Hydrolysis of acetal (10) in model wine. Acetal 10
(2.5 mg) was dissolved in 50 mL of aqueous 12% EtOH,
buffered to pH 3.0. Portions (1 mL) of the solution were
sealed in glass ampoules and heated at the temperatures
and times indicated in Table 1. The reactions were
quenched by immersion in ice-water, and the hydroly-

Figure 1. Structures of 1,1,6-trimethyl-1,2-dihydronaphthalene (1),
Riesling acetal (2) and compounds 3–7.

Table 1. Relative peak areas of TDN, Riesling acetal and
tentative structure 5 from gas chromatograms of hydroly-
sates of acetal (10).

Temp (°C) Time (hr) TDN Riesling
acetal

Tentative
structure 5

50 48 23 65 12

50 96 67 1 32

100 24 >99 n.d. <1

Trace hydrolysis products not included.
TDN, 1,1,6-trimethyl-1,2-dihydronaphthalene; n.d., not detected.

94 Hydrolysis of Riesling acetal Australian Journal of Grape and Wine Research 15, 93–96, 2009
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The individual enantiomers of γ-octalactone (1), γ-nonalactone (2), γ-decalactone (3) and γ-dode-
calactone (4) have been synthesized. The (R) series of enantiomers was prepared from L-glutamic
acid by a strategy involving deamination and reduction to (S)-5-oxo-2-tetrahydrofurancarboxaldehyde
(S)-7. The different length side chains were introduced by a series of Wittig reactions, varying in the
choice of phosphorane used. Hydrogenation then gave the final γ-lactones 1-4. The (S) series of
enantiomers was prepared in an analogous fashion beginning with D-glutamic acid. Aroma detection
thresholds for all eight enantiomers were determined in a “bag in a box” dry red wine by the application
of ASTM method E 679, employing a panel of 25 members. The lowest threshold determined was 8
µg/L for (R)-dodecalactone (4) while the highest threshold was 285 µg/L for (R)-nonalactone (2).
With the exception of γ-decalactone (3) there were statistically significant differences (at the 5%
level) in aroma detection thresholds between the two enantiomers of the same lactone. A stable
isotope method developed for quantification of the lactones 1-4 has been extended for use with
chiral phase GC (Rt-�DEXcst capillary column) allowing quantification of the individual enantiomers.
The enantiomeric distribution of γ-octalactone (1) and γ-nonalactone (2) in seven botrytized wines
and of 2 in a total of 34 red wines were thus determined; with few exceptions, the (R) enantiomer of
γ-nonalactone (2) was found to be more prevalent than its (S) counterpart in the dry red and botrytized
white wines analyzed. The same was true for γ-octalactone (1) in the botrytized white wines.

KEYWORDS: γ-Lactones; aroma thresholds; Australian wine; enantiomeric distribution; GC-olfaction

INTRODUCTION

γ-Lactones are compounds containing a five-membered cyclic
ester, and are common components of many fruits and fruit
products, including grapes and wine. Four of the γ-lactones
reported as components in grapes and wine, and the focus of
this study, are the 4-alkyl substituted lactones shown in Figure
1. Kahn et al. first identified γ-nonalactone (2) in distilled spirits
(1). It was later found in wine by Schreier et al. (2), who also
identified γ-decalactone (3) in wine (3). The first report of
γ-octalactone (1) in fortified wines was by Fagan et al. in sherry

(4), followed later by the earliest report in wine (5). The final
member of the four, γ-dodecalactone (4), was reported by Barbe
et al. (6).

Mosandl and Günther (7) prepared samples of each of the
individual enantiomers of, among other compounds, lactones
1-4, and conducted qualitative sensory assessments of each.
They were prepared from racemic samples of the γ-lactones
via ring opening of the lactones and attachment of a chiral
resolving agent, either (R)-2-phenylpropionic acid or (1S,4R)-
camphanic acid. Base hydrolysis and relactonization gave the
individual enantiomers of the γ-lactones in a high state of
optical purity. An informal sensory study was undertaken
on the enantiomers; a 1% solution of each compound in
propylene glycol was prepared and tested by smelling on
strips. The odor descriptors reported are collected in Table
1. It was observed that an increase in alkyl chain length led
to a decrease in coconut aroma and an increase in fruity-
sweet notes. Also, it was suggested that the (R)-enantiomers

* Corresponding author. Tel: +61 8 8313 0096. Fax: +61 8 8303
7116. E-mail: Gordon.Elsey@adelaide.edu.au.

† Flinders University.
‡ Cooperative Research Centre for Viticulture.
§ The Australian Wine Research Institute.
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Stable isotope dilution assays have been developed for γ-octalactone (1), γ-nonalactone (2),
γ-decalactone (3) and γ-dodecalactone (4) in both white and red wines for the first time. 2H7-analogues
of each lactone were prepared for use as internal standards via a strategy employing ring-opening,
esterification and oxidation of the respective starting lactones. The methods were shown to be highly
accurate and reproducible (R2 g 0.999; SD e 1%). A large selection of Australian wines (n ) 178)
were analyzed for the presence of lactones 1-4. Fifty-eight white wines covering the varieties
Chardonnay, Riesling, Sauvignon Blanc, Semillon and Viognier, as well as Botrytis style wines, were
analyzed and showed broadly that γ-octalactone (1) was the most common lactone, being observed
above its limit of detection in 28 of the wines, followed by γ-nonalactone (2) in 23 wines. The Botrytis
style white wines had the highest concentrations of 1 and 2 (maximum concentrations 8.5 and 59
µg/L respectively). A total of 120 red wines covering the varieties Cabernet Sauvignon, Durif, Merlot,
Pinot Noir and Shiraz were also studied and showed γ-octalactone (1) and γ-nonalactone (2) to be
the most common lactones present, in 56 and 57 of the wines, respectively. γ-Decalactone (3) was
observed in only a small number (13) of red wine samples and not at all in the white varieties.
γ-Dodecalactone (4) was absent from all 178 samples studied. The highest concentrations of lactones
1, 2 and 3 in the red wines were 4.2, 39.7 and 4.0 µg/L respectively.

KEYWORDS: γ-Lactones; SIDA; Australian wine; SPE; Botrytis; 2H7-analogues

INTRODUCTION

The structural class of lactones, characterized by the posses-
sion of a cyclic ester group, are generally pleasant odorants that
contribute a variety of aromas (1). They can contain rings of
various sizes, but the most common are five- or six-membered
rings. The former of these (γ-lactones) are common components
of many fruits, including grapes. Four γ-lactones that have been
reported in grapes and wine, and which form the focus of this
study, are the 4-alkyl substituted lactones shown in Figure 1.
γ-Nonalactone (2) was first identified in distilled beverages by
Kahn et al. (2) and then later in wine by Schreier et al. (3),
who also identified γ-decalactone (3) in wine (4). γ-Octalactone
(1) was first identified in sherry by Fagan et al. (5) with the

earliest report in wine following a decade later (6). γ-Lactones
in wine continue to be described; γ-dodecalactone (4) was first
reported by Barbe et al. (7).

Several methods are described in the literature for the
quantification of γ-lactones in wine. Two decades ago, γ-nona-
lactone was quantified in six white wines and 32 red wines,
using a continuous extraction procedure with Freon 11 and
employing iso-butyl benzoate as the internal standard (8). More
recently, a study of 52 red wines (comprising the varieties
Grenache (17), Tempranillo (11), Cabernet Sauvignon (12) and
Merlot (12)) was completed and included the quantification of
γ-nonalactone (2) using 2-octanol as internal standard and
γ-decalactone (3) using 4-methyl-2-pentanol (9). This study
reported average concentrations of 16.2 µg/L and 1 µg/L, for 2
and 3 respectively. In a similar sized study of 57 Spanish red
wines (unspecified varieties), γ-nonalactone was quantified using
solid-phase extraction as the method of sample cleanup (10).
Recently, a study of C8 to C12 aliphatic lactones was published
by Ferreira et al. and included the γ-lactones 1-4 (11). The
method utilized solid-phase extraction for sample preparation
and GC-MS for analysis with 2-octanol again used as the
internal standard.
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