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ABSTRACT 

Important volatile varietal thiol compounds contribute significantly to the aroma of 

Sauvignon blanc wines. They impart pleasant tropical, passion fruit, gooseberry, and 

grape fruit notes to wine, among other aromas. The formation of these compounds 

has been the subject of much research, mainly focused on the release of varietal thiols 

from conjugated precursors. An alternative pathway was shown to have immense 

potential to form 3-mercaptohexanol (3MH) via the addition of H2S to C6 

compounds. However, both pathways have limitations to their relevance in 

oenological conditions and were not able to fully explain the high varietal thiol 

content in Sauvignon blanc wine. The practices undertaken at the early stages of 

winemaking were found to be important in modulating the level of varietal thiols in 

wine. The method of harvesting and extent of grape maceration, the addition of 

antioxidants at harvest, and the extent of grape pressing, all had a significant impact 

on the formation of varietal thiols. 

The aim of this thesis was to investigate how the conditions of grape harvesting and 

processing impact the aroma of Sauvignon blanc wines. To this end, experiments were 

undertaken to examine the effects of antioxidant additions to machine harvested 

grapes on the chemical and sensory profile of the wines.  Attention was also paid to 

the formation of C6 compounds in juice and the relationship of their levels to the 

formation of varietal thiols.  The role of elemental sulfur residues in juice in the 

formation of 3MH became a particular focus as the research developed. 

The addition of SO2 to machine-harvested Sauvignon blanc grapes in the field 

produced wines with higher levels of varietal thiols, compared to wines made with no 

antioxidant protection. Despite large differences in the chemical composition of the 

wines, the sensory profiles were generally similar between samples from a specific site. 

High levels of 3MH and 3MHA, together with some reductive sulfur compounds, were 

observed in wines with a marked flinty character. 
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Another antioxidant compound tested was chitosan. Unlike SO2, the addition of 

chitosan early in the grape processing stages was severely detrimental to the 

formation of varietal thiols. However, it was not possible to identify the exact means 

by which chitosan affected thiol formation, although some impact on enzyme systems 

was suggested. 

The investigations regarding the production of C6 compounds during grape processing 

revealed that the concentrations of these compounds were not correlated with the 

levels of varietal thiols in wine. Moreover, the addition of leaves to grapes did not 

increase the levels of C6 compounds. Further, an inconsistent effect of leaves 

additions on the formation of varietal thiols was observed and related to extrinsic 

factors rather than a direct contribution of the leaves themselves. 

Finally, the important role of elemental sulfur in the formation of varietal thiols was 

demonstrated. Varietal thiols levels were proportional to the levels of elemental sulfur 

added to the juice prior to fermentation.  Unwanted reductive sulfur compounds also 

remained in the wines if high levels of sulfur were present during fermentation. New 

insights into the mechanism of the formation of 3MH, via the reduction of elemental 

sulfur into H2S in grape juice, are proposed. 
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Chapter 1  

Introduction 

Sauvignon blanc harvesting and grape processing practices and 

how they influence wine aroma 

1.1 Introduction 

Sauvignon blanc, a white grape variety that is cultivated world-wide, has an aroma 

marked by green notes including citrus, green capsicum, grassy, and herbs, in 

addition to tropical fruits, passion fruit, guava, and gooseberries (Lund et al., 2009; 

Marais, 1994; Parr, Schlich, Theobald, & Harsch, 2013), and flinty and mineral 

characters (Parr, Valentin et al. 2016). Methoxypyrazines have been identified as 

responsible for some of the greener aromas of Sauvignon blanc, and volatile varietal 

thiols for the typical tropical, passion fruit notes (Marais 1994, Tominaga, Furrer et 

al. 1998, Benkwitz, Tominaga et al. 2012). 

The most important varietal thiols for the aroma of Sauvignon blanc wines are 3-

mercaptohexanol (3MH), its derivate ester 3-mercaptohexyl acetate (3MHA), and 4-

mercapto-4-methylpentan-2-one (4MMP). 3MH and 4MMP can be released during 

fermentation from precursors conjugated with cysteine or glutathione (Tominaga, 

Peyrot des Gachons et al. 1998, Peyrot des Gachons, Tominaga et al. 2002b, Thibon, 

Bocker et al. 2016). However, some issues have been raised that cast doubt on the 

relevance of this pathway as the main route for 3MH formation (Allen, Herbst-

Johnstone et al. 2011, Pinu, Jouanneau et al. 2012). Alternatively, 3MH can be 

formed from the reaction of H2S produced by yeasts during fermentation and (E)-2-

hexenal, a C6 compound naturally present in grape juice (Schneider, Charrier et al. 

2006, Harsch, Benkwitz et al. 2013). These pathways are presented in Figure 1.1. 

The common factor for both pathways described above leading to 3MH formation is 

the involvement of (E)-2-hexenal. This compound is part of a group named as C6  
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Figure 1.1 – Possible pathways for 3-mercaptohexanol formation (Peyrot des 
Gachons, Tominaga et al. 2002b, Schneider, Charrier et al. 2006, Thibon, Bocker et 
al. 2016). ADH – alcohol dehydrogenase. 

compounds, for their structure containing six carbon atoms. They are also known as 

green leaf volatiles, due to the green, leafy odour that they impart when some plant 

tissues, such as the leaves, are physically damaged. Other compounds from this group 

are the saturated hexanol and hexanal, and the unsaturated alcohols (E)-2-hexenol, 

(Z)-2-hexenol, (E)-3-hexenol, and (Z)-3-hexenol. They are the major volatile 

compounds of grape aroma, but only hexanol and (Z)-3-hexenol are usually quantified 

at levels above their perception threshold values in wine. The C6 compounds are part 

of what is known as the “varietal aromas”, aromas that are formed in the grapes prior 

to alcoholic fermentation. 

Much research has been focused on the factors, both viticultural and oenological, 

affecting the formation of varietal thiols and their precursors.  These include 
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harvesting operations, maceration, pressing, yeast strains and antioxidant additions 

(Coetzee and du Toit 2012).  The objective of this chapter is to present a 

comprehensive literature review on the formation of C6 compounds and varietal 

thiols, and of the harvesting and grape processing practices that directly impact on 

their levels in juice and in wine.  

1.2 C6 compounds 

The group of aldehydes, alcohols and esters with a six-carbon structure known as the 

C6 compounds, or green leaf volatiles, are ubiquitous in the green tissues of most 

plants. Their production in damaged tissues have the function of protecting the plant 

against biotic stresses (Matsui, Sugimoto et al. 2012).  

These compounds are produced by enzymatic reactions on the polyunsaturated fatty 

acids linoleic and linolenic acids (Figure 1.2). The reaction initiates with the 

stereospecific oxygenation at the 13 position of the acids having a (1Z,4Z)-pentadiene 

moiety, catalysed by the enzyme lipoxygenase (LOX), forming a hydroperoxide. 

Then, the peroxide is lysed by the action of hydroperoxide lyase (HPL), and a C6 

aldehyde is one of the products. When the initial reagent is the α-linolenic acid, the 

product is (Z)-3-hexenal. This aldehyde can be rearranged enzymatically, by the 

action of isomerase (ISO), or spontaneously converted to (E)-2-hexenal. Both 

aldehydes can be then reduced to their respective alcohols by alcohol dehydrogenase 

(ADH) or aldehyde reductase. When linoleic acid is the substrate, hexanal and 1-

hexanol are the main products (Hatanaka, Kajiwara et al. 1987, Matsui, Sugimoto et 

al. 2012). 
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Figure 2.2 – Synthesis of C6 compounds as part of the Lipoxygenase pathway in 
plant tissues. 13-LOX lipoxygenase; HPL hydroperoxide lyase; ISO isomerase; ADH 
alcohol dehydrogenase; ALR aldehyde reductase. 

 

In damaged leaves, (Z)-3-hexenal and the more stable (E)-2-hexenal, are aldehydes 

that have been shown to have insecticidal, fungicidal, and bactericidal activity, are 

quickly formed to protect the healthy tissues from biotic and abiotic stresses (Matsui, 

Sugimoto et al. 2012, Scala, Allmann et al. 2013). Matsui, Sugimoto et al. (2012) 

demonstrated that these aldehydes accumulate in wounded tissue due to insufficient 

levels of NADPH, needed to reduce them to their corresponding alcohols. In intact 

tissues, the more toxic aldehydes are converted into alcohols to minimize self-toxicity, 

but when added at high levels, the aldehydes damage the healthy tissues and 

accumulate within them.  

Despite their physiological importance in the plant tissue, the relevance of the C6 

compounds to the food and beverage industry, including the wine sector, is in their 

sensory impact. The C6 compounds are generally described as having green 
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characters (Table 1.1). They are the major compounds of fresh grape juice aroma and 

are responsible for its green nuances (Iyer, Sacks et al. 2010). In wine, the major 

compounds found are hexanol and (Z)-3-hexenol. (Z)-3-Hexenol is present in wines at 

concentrations close to its perception threshold (Benkwitz, Tominaga et al. 2012). 

Despite having a low odour activity value (concentration/sensory threshold ratio), 

(Z)-3-hexenol was shown to make an important contribution to Sauvignon blanc 

wines by positively impacting the perception of the passion fruit skin/stalk, flinty and 

grassy attributes (Benkwitz, Tominaga et al. 2012). Similarly, hexanol was also 

present at levels around its perception threshold value (Benkwitz, Tominaga et al. 

2012) and had a significant effect on Sauvignon blanc wine aroma by lowering the 

passion fruit skin/stalk character with its omission. Even at concentrations near or 

below their sensory thresholds, C6 compounds can contribute synergistically to wine 

aroma. For instance, the addition of the methoxypyrazine IBMP and of the C6 

compounds hexanol and (Z)-3-hexenol to neutral wine was shown to increase the 

perception of capsicum and herbaceous characters, whereas the addition of only the 

methoxypyrazine produced a green and earthy nuance; by contrast, the C6 

compounds by themselves did not result in any significant changes in the aroma 

(Escudero, Campo et al. 2007). 

Table 1.1 - Most common C6 compounds in grape juice and their sensory description 

Compound Description Perception threshold (µg/L) 

hexanal Intense green, fatty, grassy, fruity, aldehydic 5a 

(E)-2-hexenal Fruity green, citrus, pungent, leafy 17a 

hexanol Herbaceous, resin, woody, green fruit, bourbon 500a to 2500b  

(E)-3-hexenol Intense green, earthy, fatty 1000c 

(Z)-3-hexenol Fresh, green grass 70b to 400c 

(E)-2-hexenol Green, leafy, fruity, unripe banana 400b 

(Z)-2-hexenol Green grass, brandy nuance  unknown 
(used in food at 2 – 27 mg/L)c 

a Ferreira, Hory et al. (1995); b Iyer, Sacks et al. (2010); c Burdock (2005). 
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The C6 compounds are present both in the grapes after harvesting and in the final 

wine. The source of these compounds are the grapes and the leaves unintentionally 

added to the grape mass during the harvesting operations. The C6 compounds 

comprise most of the volatile fraction of the fresh grape juice (Joslin and Ough 1978, 

Baumes, Bayonove et al. 1989). 

Lipoxygenase and related enzymes, located in the lamella membrane of grape 

chloroplasts (Hatanaka, Kajiwara et al. 1987), and the polyunsaturated fatty acids, 

predominant in grape seeds and skin (Miele, Bouard et al. 1993)(Ferreira, Hory et al. 

1995), are exposed to each other in an oxygen rich environment when the grapes are 

mechanically harvested or during the crushing, destemming and pressing procedures.  

This leads to a rapid production of C6 compounds. 

Given that enzyme activity changes in response to intrinsic and external factors and 

that some of the C6 compounds formed are reactive, different grape processing 

parameters can impact upon their formation and fate during winemaking, including 

the physiological condition of the grapes or leaves, and how the fruit is handled. 

According to Joslin and Ough (1978), the factors affecting the formation of C6 

compounds include the degree of aerobic maceration, the concentration of precursors, 

which is changed by other conditions like grape maturity, variety and climatic 

conditions.  The enzymatic activity is also dependent on further factors such as grape 

variety and maturity, temperature, pH, presence of inhibitors, type and duration of 

maceration and by microbial metabolism. 

For instance, the levels of (E)-2-hexenal decrease significantly with storage of 

machine harvested grapes, as does (Z)-3-hexenol, but to a lesser extent. At the same 

time, concentrations of the fully reduced 1-hexanol increase (Capone, Black et al. 

2012). A similar trend was found by Joslin and Ough (1978) during the incubation of 

French Colombard must, with a rapid decrease of (E)-2-hexenal and of (E)-2-hexenol, 

after an initial increase of the later. Hexanol and (Z)-3-hexenol levels increased during 

the 48 hour incubation period. 
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Iyer, Sacks et al. (2010) observed that the levels of (E)-2-hexenal, identified as the 

most important C6 compound for Concord grape juice aroma, based on its odour 

activity, were at its highest immediately after crushing and decreased considerably 

with the juice processing (depectinization, pressing, pasteurization and cold 

stabilization), while levels of (E)-2-hexenol and hexanol increased. The authors also 

observed an inverse correlation between grape maturity, measured as total soluble 

solids, and (E)-2-hexenal in the finished juices. The same relation was described by 

Iglesias, Dabila et al. (1991), who also contrasted the drop in aldehyde production 

with an increase in lipoxygenase activity from veraison to maturity. 

Harvesting and pressing conditions also affect the levels of C6 compounds. 

Incremental additions of SO2 to Sauvignon blanc grape mechanically harvested led to 

the lowering of wine hexanol levels (Makhotkina, Herbst-Johnstone et al. 2013). 

Moreover, a higher concentration of hexanol was observed in wines produced from 

machine harvested grapes in comparison to hand-picked grapes, and in wines from 

machine harvested grapes that were pressed up to 1 bar (Herbst-Johnstone, Araujo et 

al. 2013). The higher skin contact time and the depletion of antioxidant protection 

that occurs with machine-harvesting and heavy pressing of grapes, providing 

conditions favourable for the action of lipoxygenase enzymes. Indeed, as previously 

mentioned, maceration or storage of machine harvested grapes can increase the levels 

of hexanol (Capone, Black et al. 2012).  

The effect of grape processing on the levels of the aldehyde (E)-2-hexenal have been 

related to different factors such as losses during juice clarification due to poor 

solubility in aqueous solutions, being lost with lees components (Ribéreau-Gayon, 

Dubourdieu et al. 2006, Waterhouse, Sacks et al. 2016), or even due to its reactivity 

with continued enzymatic reactions reducing the aldehyde via intermediates to 1-

hexanol (Capone, Black, and Jeffery 2012).  Other loss mechanisms include reactions 

with bisulfite resulting in sulfonic acids (Duhamel, Piano et al. 2015) and with 

glutathione and cysteine to form conjugated 3-mercaptohexanol precursors (Coetzee 

and du Toit 2012).  
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(E)-2-Hexenal can also breakdown into different species depending on the media 

solvent. Fischer and Grosch (1991) described the breakdown of the aldehyde into 

several compounds, being 3-hydroxyhexanal and 3-ethoxyhexanal proportionally the 

main products, and (Z)-3-hexenal, due to its low odour threshold, the most relevant 

odorant after 85% of (E)-2-hexenal degradation in a 20% (v/v) ethanol solution at 

pH 3.5. The determined half-life for (E)-2-hexenal in ethanol at 38°C was 7.6 days, 

the lowest rate between all the C6 and C7-aldehydes tested at this condition. Given 

that temperatures and the length of grape processing and storage are lower than the 

conditions tested by Fischer and Grosch (1991), the rate of (E)-2-hexenal breakdown 

in grape juice during processing in a winery is expected to be less relevant. In any 

way, the reactions described were also not studied at conditions close to grape juice. 

Yeast metabolism is another major factor determining the levels of some of the C6 

compounds in the wine. (E)-2-Hexenal and (E)-2-hexenol are completely metabolized 

by Saccharomyces cerevisiae as shown by different authors (Joslin and Ough 1978, 

Herraiz, Herraiz et al. 1990, Harsch, Benkwitz et al. 2013), and are usually not 

detected in wine, or are detected only at very low concentrations. Joslin and Ough 

(1978) demonstrated the fast reduction of (E)-2-hexenal and the concurrent 

production of (E)-2-hexenol and hexanol in the presence of yeast. After this initial 

increase, the levels of (E)-2-hexenol started to drop but hexanol concentrations 

continued to grow. This data shows how the aldehyde can be converted into the 

corresponding alcohol and reduced to hexanol. The full reduction to hexanol is 

probably the fate of (E)-2-hexenol as well. The other C6 compounds tested were 

stable in the presence of yeast. 

The changes in C6 compounds during the first stages of fermentation were further 

studied by Harsch, Benkwitz et al. (2013). They confirmed the fast metabolization of 

(E)-2-hexenal and (E)-2-hexenol by Saccharomyces cerevisiae, within 5 hours after 

inoculation, and their conversion to hexanol and hexyl acetate and possibly to 

hexanal. They also confirmed the interconversion of (E)-2-hexenol and (E)-2-hexenal, 

all depending upon the relative initial concentrations – higher levels of the alcohol 
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favoured the conversion to the aldehyde and vice versa – and the rate was dependent 

on temperature. 

C6 compounds are also formed by the same pathway when grape leaves are physically 

damaged. For this reason, the incorporation of damaged leaves during mechanical 

harvesting of grapes have been linked to the development of “leafy-grassy” to 

herbaceous off-odors in wine (Joslin and Ough 1978, Jackson 2014). Joslin and Ough 

(1978) studied the conditions affecting the C6 formation in grape must added with 

air-ground leaves. The compounds formed by leaves were the same as the must but 

with a higher proportion of (Z)-3-hexenol, and the addition of ground leaves to must 

increased considerably the amounts of C6 compounds. However, the addition of hand-

shredded leaves to grapes, a set-up closer to winery conditions, formed substantially 

less C6 compounds than the blend of grapes and leaves. Also, no differences were 

observed in the C6 levels of grape must between hand and mechanical harvesting, a 

result corroborated by Noble, Ough et al. (1975). These results indicate that the 

amount of leaves added during the mechanical harvesting operation, and the level of 

maceration used by both authors, were not sufficient to increase the levels of the 

major C6 compounds. 

Another effect caused by leaves addition to macerated grapes is the incorporation of 

more phenolic compounds, leading to a higher absorbance at 420 nm, indicative of 

wine browning. Despite these responses, no differences in sensory preference were 

found between wines made from grapes hand-harvested, machine-harvested or hand-

harvested with added leaves (Noble, Ough et al. 1975). 

1.3 Varietal thiols 

The most important varietal thiols for the aroma of Sauvignon blanc wines are 3-

mercaptohexanol (3MH), its derivate ester 3-mercaptohexyl acetate (3MHA), and 4-

mercapto-4-methylpentan-2-one (4MMP) (Figure 1.3) (Benkwitz, Nicolau et al. 2012). 

The term sulfanyl is also used to name the thiol functional group replacing the prefix 

mercapto. For instance, 3MH can be named 3-sulfanylhexan-1-ol (3SH). Despite their 
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very low concentrations in wine, generally at a few hundred ng/L, or below this for 

4MMP, these compounds have high odour activity values due to their very low 

perception threshold, leading to a direct impact on wine aroma. 3MH and 3MHA 

appear in wine as a mixture of R and S enantiomers, from which racemic mixtures 

have the very low sensory thresholds of 60 ng/L and 4 ng/L, respectively. The aroma 

of these varietal thiols depends on their form: 3MH in the R form has a grapefruit 

aroma and the S form smells of passion fruit, while 3MHA in the R form is less 

odoriferous and smells like passion fruit and the S form has an herbaceous aroma 

reminiscent of boxwood (Tominaga, Niclass et al. 2006). 4MMP aroma is reminiscent 

of boxtree, guava and blackcurrant, but it can also smell unpleasantly of cat urine at 

higher concentrations (Schneider, Charrier et al. 2006, Waterhouse, Sacks et al. 

2016). Like the other polyfunctional thiols, the sensory threshold of 4MMP is also 

very low, only 0.8 ng/L (Tominaga, Murat et al. 1998), making this compound a 

potent odorant, but it is usually present in white wines at levels lower than 3MH and 

3MHA (Benkwitz, Tominaga et al. 2012). 

 

Figure 1.3 – Structure of three varietal volatile thiols contributing to Sauvignon 

blanc aroma, and of two conjugates of 3-mercaptohexanol found in the grape 
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The impact that these varietal thiols have on the aroma of Sauvignon blanc has been 

described by different authors (Lund, Thompson et al. 2009, Green, Parr et al. 2011, 

Benkwitz, Tominaga et al. 2012). The concentration of these compounds correlated 

well with the descriptors associated with them, including tropical, passion fruit 

skin/stalk, sweet sweaty passion fruit, gooseberry, cats’ urine, and boxwood. The 

distinct aroma of New Zealand Sauvignon blanc wines were closely related to these 

descriptors, while wines from other countries, such as France and South Africa, or 

even from wine regions in New Zealand other than Marlborough, were characterized 

as having flinty or bourbon aromas (Lund, Thompson et al. 2009). Not surprisingly, 

New Zealand wines from the region of Marlborough had the highest levels of varietal 

thiols in comparison to wines from different regions or countries (Lund, Thompson et 

al. 2009, Benkwitz, Tominaga et al. 2012). 

1.3.1 Conjugated precursors of varietal thiols  

Given their sensory importance, the varietal thiols have been the object of much 

attention from researchers and from the wine industry. Although the influence of 

these compounds upon wine aroma is well established, their formation pathways are 

still not fully resolved. The varietal thiols were identified in Sauvignon blanc wine in 

the 1990s (Darriet, Tominaga et al. 1995, Tominaga, Darriet et al. 1996, Tominaga, 

Furrer et al. 1998), and soon after their formation was associated with the lysis 

during alcoholic fermentation of S-cysteine conjugates, namely S-3-(hexanol)-L-

cysteine (Cys-3MH) and S-4-(4-Methylpentan-2-one)-L-cysteine, present in the juice 

by the action of β-lyase enzymes (Tominaga, Peyrot des Gachons et al. 1998).  

Peyrot des Gachons, Tominaga et al. (2002b), while investigating the biosynthetic 

pathway of the S-cysteine conjugates, identified another conjugated precursor of 3MH 

in Sauvignon blanc juice, S-3-(Hexanol)-glutathione (Glut-3MH) (Figure 1.1). It was 

also demonstrated that the S-cysteine conjugate could in fact be derived from the S-

glutathione conjugate through a known detoxification pathway in living organisms.  



12 
 

In the conjugated precursors pathway, compounds toxic to the cells are conjugated 

with glutathione by S-glutathione transferase and sequentially lysed by γ-

glutamyltranspeptidase, eliminating the glutamic acid fraction of glutathione, and by 

carboxypeptidase, separating the remaining S-cysteine conjugate and glycine (Peyrot 

des Gachons, Tominaga et al. 2002b). The formation of Glut-3MH via this proposed 

pathway could be induced by the conjugation of glutathione and the toxic C6 

aldehyde (E)-2-hexenal, produced due to physical damages or infection of grape 

tissues by pathogens such as Botrytis cinerea. Indeed, Thibon, Cluzet et al. (2011) 

showed that Glut-3MH was produced from glutathione and (E)-2-hexenal in B. 

cinerea infected grape cells. S-3-(Hexanal)-glutathione (Glut-3MH-Al), the immediate 

product of the conjugation driven by S-glutathione transferase, was identified in 

Sauvignon blanc juice (Capone and Jeffery 2011, Thibon, Bocker et al. 2016) along 

with its adduct (Glut-3MH-SO3) resulting from the reaction of the conjugated 

aldehyde with bisulfite (Thibon, Bocker et al. 2016). The bisulfite adduct dissociation 

may be favored when levels of free SO2 decrease in the medium, releasing free Glut-

3MH-Al, which can be reduced to Glut-3MH by alcohol dehydrogenase or directly to 

3MH if the conjugate is lysed beforehand. 

Levels of Glut-3MH in Sauvignon blanc juice can be as high as 600 µg/L, while levels 

of Cys-3MH are usually lower, at around 7 to 60 µg/L (Thibon, Bocker et al. 2016). 

These levels represent a good pool of 3MH in juice that, if completely converted, 

would produce wines with high concentrations of varietal thiols. However, low molar 

conversion rates were determined for both conjugated precursors, limiting the 

potential for 3MH formation. Molar conversion rates for Cys-3MH were found to be 

lower than 3% and below 1% for Glut-3MH (Thibon, Bocker et al. 2016). These 

values are not found consistently, and some authors have described highly variable 

levels. For instance, Roland, Schneider et al. (2010) have reported conversion yields 

of 4.4% for deuterated Glut-3MH, and Murat, Tominaga et al. (2001) observed that 

the percentage of Cys-3MH converted into 3MH varied considerably from a minimum 

of 0.6% to a maximum of 10.2%. Moreover, the fraction of the total 3MH content in 

a wine coming from these precursors was also found to be low. For example, Subileau, 
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Schneider et al. (2008) estimated that between 3% and 7% of total 3MH in wine 

came from Cys-3MH, while Roland, Schneider et al. (2010) calculated the 

contribution of Glut-3MH to total 3MH content to be 3.3%. 

This low contribution to total 3MH was reflected on the lack of correlation between 

the varietal thiols levels in wine and the level of the conjugated precursors in juice, 

including Cys-3MH and Glut-3MH (Allen, Herbst-Johnstone et al. 2011, Capone, 

Sefton et al. 2011, Pinu, Jouanneau et al. 2012). 

1.3.2 Varietal thiols formation via direct addition of sulfur donors  

An alternative pathway for the varietal thiols formation was proposed by Schneider, 

Charrier et al. (2006). A sulfur donor such as H2S, produced by yeast during alcoholic 

fermentation, could be directly added to the double bond of the C6 aldehyde (E)-2-

hexenal by a 1,4-addition reaction (Figure 1.1). The formed aldehyde precursor would 

have to be reduced to 3MH in a subsequent step. Similarly, it was hypothesised that 

4MMP could be formed by the sulfur addition to mesityl oxide, but in this case no 

reduction step would be necessary. Schneider, Charrier et al. (2006) reported that 

about 10% of the total 3MH in the wine originated from deuterated (E)-2-hexenal 

added to grape must. 

Later, Harsch, Benkwitz et al. (2013) revealed the great potential that this pathway 

has in producing high levels of 3MH. The authors supplemented grape juices with 

progressively higher amounts of H2S and observed a proportional increase in the 

levels of 3MH and 3MHA, producing wines with up to 2121 nM of 3MH and 3MHA 

combined. While the larger H2S additions were beyond the usual range encountered 

in winemaking, the data demonstrated the great potential of this formation route, 

and even at concentrations found in normal winemaking an important increase in 

varietal thiols was observed. Harsch, Benkwitz et al. (2013) have also demonstrated 

that (E)-2-hexenol can be considered as a 3MH precursor through its conversion to 

the aldehyde form, as mentioned in section 1.2.  The main restriction to this pathway 

is the mismatch between the time when the levels of the two C6 compounds are 
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present at high concentrations and the beginning of H2S production by yeast during 

alcoholic fermentation. (E)-2-hexenal and (E)-2-hexenol are quickly metabolised by 

yeast to hexanol at the initial stages of fermentation (Joslin and Ough 1978, Harsch, 

Benkwitz et al. 2013) creating a short window where the carbonyl compound and the 

sulfur donor are present in significant amounts (Harsch, Benkwitz et al. 2013). This 

could be one of the reasons why only 10% of total 3MH originated from (E)-2-hexenal 

in the experiment performed by Schneider, Charrier et al. (2006), and why Subileau, 

Schneider et al. (2008) found a negligible (<1‰) amount of 3MH coming from the 

aldehyde. 

The formation of H2S by yeasts during alcoholic fermentation can be influenced by 

many factors including yeast strain, grape must nutrient deficiencies, levels of 

glutathione in the yeast, juice clarification level, concentration of SO2, and 

fermentation temperature (Rauhut 2009, Davis and Qian 2011). Several studies 

attested that at high levels (10-100 mg of S0/L) elemental sulfur could increase H2S 

production (Thomas, Gubler et al. 1993, Davis and Qian 2011). However, these 

values are much higher than the concentrations found with commercial harvests of 

Pinot noir and Cabernet Sauvignon grapes by Thomas, Gubler, et al. (1993) where 

residual elemental sulfur ranged from 0.9 to 2.7 µg/g of berry weight. When these 

concentrations were tested, no relationship was found between elemental sulfur 

concentration and H2S formation (Thomas, Boulton et al. 1993). Kwasniewski, Sacks 

et al. (2014) have raised doubts about the methods used by Thomas, Gubler, et al. 

(1993) to extract elemental sulfur from grapes, which could have potentially 

underestimated the concentration of sulfur.   

Kwasniewski, Sacks et al. (2014) also reported an important correlation between 

concentrations of elemental sulfur in settled must above 1 µg/g and H2S produced 

during fermentation, but no correlations were found between H2S formation and the 

levels of S0 in harvested grapes. Additionally, the authors observed that elemental 

sulfur applications undertaken within 25 days of harvest led to residues in grape 

consistently exceeding 10 µg/g. Levels below 1 µg/g were only obtained when S0 
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application was ceased over 50 days from harvest. The adoption of the control of the 

timing of elemental sulfur applications, increasing withholding periods before 

harvesting, and other practices minimizing the carryover of sulfur to fermentation, 

were responsible for a lowering in the incidence of H2S formation problems (Jiranek, 

Langridge et al. 1995). However, the formation of H2S during fermentation goes 

beyond the reduction of S0. The metabolism of the S-containing amino acids cysteine 

and methionine, involving other sulfur species such as sulfate and sulfite, and other 

intricate nitrogen related mechanisms in grape and in yeast form a complex group of 

factors influencing H2S formation (Davis and Qian 2011). Generally, any factor that 

in some way disrupts H2S formation and its incorporation to S-amino acids leading to 

an intercellular accumulation will be associated to higher levels in fermenting must 

(Waterhouse, Sacks et al. 2016). 

1.4 Harvesting and grape processing effects on wine aroma 

Many vinicultural and oenological practices have been shown to affect wine chemical 

and sensory profiles. In this section, the practices carried out before fermentation that 

impact wine aroma are reviewed with a focus on the formation of varietal thiols. 

1.4.1 Antioxidant additions  

Sulfur dioxide is by far the most widely used antioxidant in winemaking. It has been 

used for many years and its efficiency in controlling oxidation and protecting the 

juice from undesired growth of wild yeasts is well established. However, due to health 

concerns regarding its use, alternative options have been sought. The number of 

compounds allowed (OIV 2017) to be used as antioxidants in winemaking is quite 

restricted. Apart from SO2, ascorbic acid and glutathione can be used and have 

received attention as partial replacements. 

The oxidation of musts occurs mostly as a consequence of enzymatic activity rather 

than chemical or non-enzymatic processes. Polyphenol oxidase (PPO) and related 
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enzymes catalyse the oxidation of hydroxycinnamates such as caftaric acid forming 

the corresponding o-quinone. Quinones are strong reactive compounds that can 

oxidize nucleophiles in juice or in wine (Nikolantonaki and Waterhouse 2012). The 

browning of the juice results from further condensation and polymerisation reactions 

of quinones regulated by their redox properties and electronic affinities (Li, Guo et al. 

2008). For instance, during enzymatic oxidation of grape juice, the formed quinones 

of hydroxycinnamates can oxidize (+)-catechin, initiating a chain of reaction leading 

to the formation of pigmented compounds (Rigaud et al 1991, Guyot et al 1996). As 

nucleophiles, quinones react with SO2, ascorbic acid and glutathione, which in this 

case act as antioxidants preventing the oxidation of other molecules such as the 

varietal thiols (Nikolantonaki, Magiatis et al. 2014).  

Sulfur dioxide is added to grape, juice and wine as means to control the oxidation of 

many sensitive compounds, including phenolic compounds and varietal thiols. At the 

acidic conditions of juice and wine, sulfur dioxide is present mostly as bisulfite 

(HSO3-), which has multiple capacities as a nucleophile, reducing agent and enzyme 

inhibitor.  Some molecular SO2 is also present at grape and wine pH, having 

important antimicrobial activity (Waterhouse, Sacks et al. 2016).  

Bisulfite prevents juice browning by reacting with o-quinones, reducing them back to 

the o-diphenol form under wine conditions or forming sulfonate adducts (Danilewicz 

and Wallbridge 2010). It was demonstrated that bisulfite, ascorbic acid and 

glutathione react quickly with o-quinones in model wine solutions preventing the 

oxidation of 3MH, which reacted 6-times slower at the same concentration, but the 

combined use of these antioxidants had only additive effects (Nikolantonaki, Magiatis 

et al. 2014). 

Indeed, when ascorbic acid or glutathione (at 100 mg/L) were added to Sauvignon 

blanc juices in combination with only moderate levels of free SO2 (30 mg/L), an 

increase on the levels of 3MH and 3MHA was observed (Makhotkina, Araujo et al. 

2014). This additive antioxidant effect, promoting a higher accumulation of varietal 

thiols in wine, was also observed when increasing levels of SO2 were added to 
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machine-harvested Sauvignon blanc grapes. Makhotkina, Herbst-Johnstone et al. 

(2013) tested the addition of 0, 30, 60, 120 and 300 mg/kg of SO2 to grapes at 

harvest, and the highest levels of the varietal thiols were obtained for the 120 mg/kg 

additions. The most oxidised juice among the 3 juices tested, along with the no-sulfite 

added samples from the other 2 juices, had a lower thiol-forming potential, with the 

lowest 3MH and 3MHA concentrations in wine for all treatments. The excessive 

addition of 300 mg/kg led to fermentation onset delays and affected the yeast 

acetylation efficiency, producing wines with higher residual sugars and lower 3MHA 

in proportion to the levels of 3MH. 

The addition of ascorbic acid as an alternative antioxidant, despite its efficiency in 

protecting varietal thiols by reducing formed o-quinones (Nikolantonaki, Magiatis et 

al. 2014), have raised concerns due to known risks to wine quality. The degradation 

product of ascorbic acid, L-xylosone, was found to further react in the presence of 

catechins forming an undesirable coloured xanthylium cation pigment (Barril, Clark 

et al. 2009) that could not be inactivated by the addition of SO2 (Barril, Clark et al. 

2012). Moreover, ascorbic acid is unable to react with H2O2, a secondary highly 

reactive product of quinone formation, and, for this reason, its use without SO2 can 

induce juice or wine browning (Waterhouse, Sacks et al. 2016). Ascorbic acid also 

does not exhibit antimicrobial properties as provided by SO2 (Barril, Clark et al. 

2012). 

Glutathione (GSH) is a tripeptide formed with glycine, cysteine, and glutamine units, 

and is present in most living cells, participating in the cellular oxidative control and 

in the metabolization of toxins (Waterhouse, Sacks et al. 2016). Naturally present in 

grape must, GSH acts as the primary antioxidant when no SO2 is added, promptly 

reacting with oxidised caftaric acid forming S-glutathionyl caftaric acid, also known 

as the grape reaction product (GRP).  The GRP is not a substrate for PPO, thus its 

formation prevents juice browning (Singleton, Salgues et al. 1985). 

Attempts to use GSH as a secondary antioxidant has resulted in conflicting 

outcomes. In addition to the already mentioned positive effect of GSH addition to 
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grape must on varietal thiol formation, GSH added to wine was shown to lower the 

loss of 3MH during storage, but to also increase H2S accumulation (Ugliano, 

Kwiatkowski et al. 2011). In the same way, Roland, Vialaret et al. (2010) reported a 

significant increase in the formation of 3MH and 3MHA with the supplementation of 

100 mg/L of GSH to Sauvignon blanc grapes, even though the same result was not 

found for Melon B. grapes (50 mg/L of GSH), and the effect observed with Sauvignon 

blanc grapes was more associated to the participation of GSH in the formation 

pathway of varietal thiols than to a potential antioxidant effect. The opposite effect, 

on the other hand, was observed by Patel, Herbst-Johnstone et al. (2010). The 

authors described a lowering of varietal thiols levels with the addition of 67 mg/L of 

GSH prior to fermentation. 

The protection of the juice against oxidation would permit that the varietal thiols 

formed during fermentation or even the possible sulfur donor H2S would not be 

oxidized by quinones. Along with SO2, ascorbic acid and GSH, other compounds also 

exhibiting antioxidant capacities could be used in winemaking.  One example is 

chitosan, a polysaccharide produced from the deacetylation of chitin extracted from 

crustaceans and fungi.  This biomaterial is highly versatile and has many applications 

in the chemical, medical, pharmaceutical and food industries. Its functions include 

metal chelation, lipid-lowering activity, antimicrobial, antioxidant and clarification 

capacities and film-forming properties (Spagna, Pifferi et al. 1996, Chinnici, Natali et 

al. 2014, Elmaci, Gulgor et al. 2015). Chinnici, Natali et al. (2014) studied the 

antibrowning activity of chitosan in comparison with SO2. Air-saturated model 

solutions containing (+)-catechin, metal ions, and tartaric acid were added with 

chitosan or SO2 and the oxidation process was followed for up to 21 days. Chitosan 

was able to retard the browning of wines more effectively than SO2 by the end of the 

experiment when levels of the sulfite were depleted. It also lowered the levels of Cu 

and especially Fe, which was one of the reasons for a slower oxidation of the model 

solution. Additionally, chitosan’s capacity to protect varietal thiols was demonstrated 

and linked to a probable antiradical activity of the polysaccharide, lowering the levels 
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of reactive species and lessening the production of o-quinones and the direct oxidation 

of thiols. 

1.4.2 Harvesting and maceration  

Another influential factor on varietal thiol formation is the method of harvesting and 

maceration.  Grapes can be picked by hand, in the traditional way, or using 

mechanical harvesters. Hand-picking the grapes provides an opportunity to remove 

the lowest quality fruit and other non-grape materials.  It is also a gentler process, 

avoiding problems with excessive oxidation and exposure to uncontrolled microbial 

growth, issues that are usually associated with machine-harvesting leading to lower 

quality wines (Arfelli, Sartini et al. 2010, Kilmartin 2012). However, the development 

of harvesting technologies in conjunction with postharvest treatments to remediate 

the loss of natural antioxidants have been shown to be effective in maintaining the 

quality of machine-harvested grapes (Arfelli, Sartini et al. 2010). In fact, the 

mechanical harvesting of grapes did not produce any negative sensory effects on the 

quality of wines, even with leaves intentionally added (Noble, Ough et al. 1975). 

Maceration is a process during which many compounds from the skin, pulp and seeds 

are extracted into the grape must. It can also be understood as skin contact time. In 

white winemaking, the extension of this process is short and the grapes are pressed 

before alcoholic fermentation. For red winemaking, fermentation occurs on skins, and 

maceration can occur for as long as the fermentation continues, optimizing the 

extraction of desirable compounds. Machine harvested grapes will invariably have 

some maceration, while for hand-picked grapes the maceration can be avoided by 

pressing the bunches while still intact and whole. 

It was observed that machine-harvested Sauvignon blanc grapes presented a higher 

thiol-forming potential than hand-picked grapes (Allen, Herbst-Johnstone et al. 

2011), and that the consequent higher level of varietal thiols produced wines with 

fruitier aromas, that were less acidic, with better concentration, balance and 
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persistence in the mouth when compared to hand-picked samples (Parr, Schlich et al. 

2013). 

The gentler aspect of hand-picking in combination with whole bunch pressing resulted 

in wines with the lowest levels of C6 compounds (hexanol and (Z)-3-hexenol), 

terpenes, varietal thiols and reductive sulfur compounds when compared to wines 

made from hand-picked/destemmed/crushed grapes and machine-harvested grapes 

(Jouanneau 2011). These results were largely attributed to the differences in the 

extension and intensity of the grape maceration. The conjugated precursors formation 

was also lower in hand-picked grapes compared to machine-harvested grapes (Capone 

and Jeffery 2011). The less intense berry damage of hand-picking limits the 

production of C6 compounds (Joslin and Ough 1978), what could be the reason 

limiting the formation of GSH conjugate precursor from (E)-2-hexenal (Figure 1.1). 

The maceration process can impact the formation of aroma compounds. For instance, 

the formation of C6 compounds and the extraction of monoterpenoids increase with 

prolonged maceration (Joslin and Ough 1978, Waterhouse, Sacks et al. 2016). Effects 

on varietal thiol levels in wine and on conjugated precursors in juice were also 

observed. Murat, Tominaga et al. (2001) reported a significant increase in the levels 

of Cys-3MH in juice after 24 hours of skin contact, which was intensified at higher 

temperatures (25 °C against 10 °C). The levels of 3MH and 3MHA were also higher 

for the most intense maceration. Similar increasing effects on the level of conjugated 

precursors were described by Peyrot des Gachons, Tominaga et al. (2002). This effect 

is explained by the location of most Cys-3MH in the berry skins (Peyrot des 

Gachons, Tominaga et al. 2002). 

Levels of Glut-3MH are similarly increased with maceration. Capone and Jeffery 

(2011) observed that concentration of both Cys-3MH and Glut-3MH increased after 

transportation (12 hours) of machine harvested grapes, to which different amounts of 

SO2 and ascorbic acid had been added. An inhibitory effect of very high levels of SO2 

(500 mg/L) on the formation of the conjugates was also described. This was 

attributed to the negative impact of SO2 on the formation of (E)-2-hexenal or the 
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aldehyde binding as a sulfonic acid adduct, ultimately reducing the formation of the 

conjugated precursors, and also, in the case of Cys-3MH, to the prevention of glut-

3MH enzymatic degradation. 

Cryogenic maceration, where the grapes are frozen and thawed to improve the 

extraction of grape phenolics and enhance the antioxidant activity, was found to have 

an interesting impact on the concentration of varietal thiols. Olejar, Fedrizzi et al. 

(2015) described an increase in the varietal thiol levels of hand-picked Sauvignon 

blanc grapes treated under cryogenic maceration, elevating the levels to values similar 

to those obtained with machine-harvested grapes. 

1.4.3 Pressing 

The pressing operation is somehow connected to the maceration in the sense that the 

application of pressure onto the grapes influences the extraction of certain 

compounds. For instance, Maggu, Winz et al. (2007) described an increase in Cys-

3MH concentration with longer skin contact time of up to 32 hours, which was 

enhanced with the combination with higher pressures during pressing. However, the 

more intense pressing led to further oxidation of the juice, evidenced by the 

exhaustion of GSH levels, outweighing any gains in higher precursor release. 

Roland, Schneider et al. (2011) also reported increased extraction of both Cys-3MH 

and Glut-3MH using high pressure in both Melon B. and Sauvignon blanc, and 

observed slightly higher varietal thiols levels in wines made from end of pressing 

juices. The authors also evaluated the effect of a cold (5 °C) prolonged maceration of 

Sauvignon blanc must that resulted in no differences in the levels of Cys-3MH or 

Glut-3MH, but a 55% increase in the concentration of varietal thiols was observed. 

Oxidation problems with higher pressure press fractions were observed by Patel, 

Herbst-Johnstone et al. (2010), who described a >50% lowering in the level of 

varietal thiols compared to the wines produced from free run juice. Allen, Herbst-

Johnstone et al. (2011) evaluated a series of Sauvignon blanc juices collected at 
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different points throughout the harvesting and grape processing operation to 

determine the effect of these stages on varietal thiols levels in wine and conjugated 

precursors in juice. Again, juices from press fractions that were more oxidised, 

produced the lowest levels of varietal thiols, despite the higher levels of conjugated 

precursors. 

1.5 Conclusion 

One can confidently say that Sauvignon blanc is one of the most studied grape 

varieties. This chapter focused on only a few of the many aspects of Sauvignon blanc 

grape and wine science, as investigated by many researchers worldwide. The 

formation of C6 compounds is now a well-studied and characterised event, but how 

the level of some of these compounds affect wine aroma is still not fully understood, 

with contradictory results being published in recent years. The formation of varietal 

thiols is another challenging subject. It is clear now that more than just one pathway 

is responsible for the formation of these sought-after compounds in Sauvignon blanc 

wines. However, the alternatives described so far have many restrictions, and were 

found to be only minor contributors to the totality of varietal thiols formed. On the 

other hand, the factors influencing the concentration of both precursors and varietal 

thiols have been well studied, the most important being the oxidation of juice and 

wine. Data on quinone coupling reactions with thiols and the important effect of 

antioxidant additions is now well described.  

Nevertheless, some questions remain to be answered, mainly regarding the formation 

pathways of the varietal thiol 3MH. Other issues include the participation of C6 

compounds in varietal thiol formation and their sources in grape juice.  The use of 

antioxidants to enhance varietal thiols production and their impacts upon the sensory 

profile of wines also needs to be clarified. Further outstanding issues include an 

evaluation of alternative antioxidants and how they perform in guaranteeing the full 

aromatic expression of juices. These subjects are evaluated within this thesis. 
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Chapter 2 

Optimization of a method for C6 compounds quantification in grape juice 

and exploration of the relationship between the abundance of C6 and 

varietal thiols 

2.1 Introduction 

Even though many studies have acknowledged the participation of the C6 compounds 

(E)-2-hexenal and (E)-2-hexenol in the formation of varietal thiols, it is still not clear 

if their levels in grape juice, particularly in Sauvignon blanc juice, is directly 

connected to the amounts of the varietal thiols 3MH and 3MHA formed during 

winemaking. For instance, spiking grape juice with high levels of labelled (E)-2-

hexenal did not result in proportional amounts of labelled 3MH (Subileau, Schneider 

et al. 2008), however, different authors have observed an increase in varietal thiols 

levels with the addition of (E)-2-hexenal to juice before fermentation (Schneider, 

Charrier et al. 2006, Roland, Vialaret et al. 2010). Even though these authors 

concluded that these results indicated a negligible direct participation of (E)-2-

hexenal in 3MH formation, the lack of a readily available sulfur donor such as H2S 

could have contributed to this effect, as pointed out by Harsch, Benkwitz et al. 

(2013). In the presence of excessive H2S, (E)-2-hexenal and (E)-2-hexenol were 

confirmed as precursors of 3MH, and consequently of 3MHA formed by yeast activity 

(Harsch, Benkwitz et al. 2013). 

The C6 compounds are formed quickly after physical damage of the grapes as the 

product of a series of reactions through the lipoxygenase pathway (Joslin and Ough 

1978, Gigot, Ongena et al. 2010). They are also quickly metabolized by yeast during 

alcoholic fermentation and are usually not detected in wines, being converted mainly 

into hexanol (Joslin and Ough 1978, Harsch, Benkwitz et al. 2013). 

The experiments reported in this chapter were undertaken to determine the level of 

the C6 alcohols and aldehydes during grape processing under different conditions, and 
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to correlate this data to the wine varietal thiol content. Also, to this end, a SPE-GC-

MS method was developed for the analysis of C6 compounds in grape juice. 

2.2 Method development 

2.2.1 C6 analysis in juice by SPE-GC-MS 

This analytical method was developed using a solid phase extraction step, and was 

based on different published methods (Sanchez-Palomo, Alanon et al. 2009, Genovese, 

Gambuti et al. 2013, Herbst-Johnstone, Piano et al. 2013). 

Chemical standards 

The deuterated internal standards d11-n-hexanol and d12-n-hexanal were purchased 

from CDN Isotopes (Pointe-Claire, Canada). The C6 compound analytical standards 

hexanal (98.0%), (E)-2-hexenal (98%), (E)-2-hexenol (96%), (Z)-2-hexenol (95%) and 

(Z)-3-hexenol (98%) were purchased from Aldrich (Castle Hill, Australia), 1-hexanol 

(99.5%) was from Fluka (Castle Hill, Australia), and (E)-3-hexenol (97.0%) was from 

Lancaster (Morecambe, England). 

Extraction 

The selected column was a Supelclean™  ENVI-18 (C18, 1 g tube bed weight, 6 mL 

volume, Supelco, Castle Hill, Australia) due to its performance in the analysis 

conditions compared to other tested products. The main issue associated with 

different cartridges was clogging of the resin, even with diluted juices. The selected 

cartridge performed satisfactorily with diluted juice in a 1:1 ratio with water, and 

produced a clean extract attested by good resolution and low contamination of the 

compounds of interest (Figure 1). 

The extraction procedure used 25 mL of juice that was previously centrifuged (10,000 

rpm, 10 min) and filtered (paper filter Whatman n. 2) and was then diluted with the 

same volume of type 1 water (BarnsteadNANOpure® DIamond™,Thermo Scientific, 

Waltham, USA). The internal standards d11-n-hexyl alcohol (984 µg/L) and d12-n-



25 
 

hexanal (267 µg/L) were added as ethanolic solutions. The diluted samples were 

stirred for 5 min at 500 rpm before elution. 

The cartridges were preconditioned using 10 mL of methanol (LiChrosolv® Merck, 

Darmstadt, Germany) followed by 10 mL of type 1 water. A Biotage® VacMaster™  

10 manifold (Uppsala, Swesen) and a Büchi® V-500 vacuum pump (Flawil, 

Switzerland) were used to pass the solvents and samples through the cartridge at a 

flow rate of 1 drop per second. After the samples were intoduced, the cartridges were 

washed with 30 mL of type 1 water to ensure the complete removal of sugars and 

then dried for 5 min with the manifold at its highest vacuum strength. Analytes were 

eluted using 7 mL of dichloromethane (LiChrosolv® Merck, Darmstadt, Germany) 

and collected in a 15 mL conical tube. The recovered organic phase was further dried 

with sufficient anhydrous Na2SO4 (powder, extra pure, 98.5–100.5%, Scharlau, 

Barcelona, Spain) and filtered using a glass Pasteur pipette filled with silanised glass 

wool before concentration to 200 µL of final volume under gentle N2 (food fresh 

grade, BOC, New Zealand) flow.  

Gas chromatography parameters 

The GC analysis of C6 alcohols and aldehydes was carried out using an Agilent 

6890N gas chromatograph (Santa Clara, USA) equipped with a 7683B automatic 

liquid sampler, a G2614A autosampler, and an Agilent 5973 mass selective detector. 

The inlet temperature was held at 250°C. Two μL of the sample was injected in 

pulsed splitless mode, and delivered onto an Agilent HP-INNOWax capillary column 

(60 m x 0.250 mm ID, 0.25 μm film) using helium (instrument grade, BOC, New 

Zealand) as carrier gas at a flow rate of 1.0 mL/min. The initial oven temperature 

(50 °C for 10 minutes) was ramped to 110 °C at a rate of 5 °C/min and held for 7 

minutes. The second ramp raised the temperature to 250 °C at a rate of 50°C/min 

and held for 10 minutes. The total run time was 40.8 min. The temperature of the 

interface line was set to 250 °C. The ion source, operating in electron impact mode at 

70 eV, was held at 250 °C. The quadrupole temperature was set at 150 °C. The C6 

compounds and internal standards were detected in SIM mode selecting the following 



26 
 

ions for identification: hexanal (44, 56, 57, 72 m/z), (E)-2-hexenal (41, 83, 69 m/z), 1-

hexanol (56, 43, 69 m/z), (E)-3-hexenol (41, 67, 82 m/z), (Z)-3-hexenol (67, 41, 82 

m/z), (E)-2-hexenol (57, 41, 82 m/z), (Z)-2-hexenol (57, 67, 82 m/z), d-12-hexanal (46, 

64, 80 m/z) and d11-n-hexanol (64, 62, 76 m/z). The samples were kept cooled at 9 °C 

while in the autosampler tray. The generated data was analysed using MSD 

ChemStation software version (E.02.02.1431) and MassHunter Workstation software 

version B.05.00 both from Agilent technologies (Santa Clara, USA). All compounds 

were identified based on the retention times and MS spectra of reference compounds. 

A typical chromatogram is shown in Figure 1. 

 
Figure 2.1 - Example chromatogram of GCMS analysis of C6 compounds. IS1 d-12-
hexanal, IS2 d11-n-hexanol, 1 hexanal, 2 (E)-2-hexenal, 3 hexanol, 4 (E)-3-hexenol, 5 
(Z)-3-hexenol, 6 (E)-2-hexenol, 7 (Z)-2-hexenol. 

Calibration/Linearity 

Calibration curves were obtained from 6 calibration points in triplicate using a 

synthetic grape juice matrix (100 g/L glucose, 100 g/L fructose, 5 g/L tartaric acid, 

pH 3.2) in a typical range of the compounds investigated in grape juice [hexanal (10 – 

1200 µg/L), (E)-2-hexenal (10 – 1300 µg/L), hexanol (100- 10,000 µg/L), (E)-3-

hexenol (10 – 1200 µg/L), (Z)-3-hexenol (40 – 4,000 µg/L), (E)-2-hexenol (100 – 

10,000 µg/L), (Z)-2-hexenol (1 - 800 µg/L)] by adding increasing quantities of the 

reference standards. For each calibration solution, the C6 compounds were extracted 

from the model grape juice according to the method described above. The data was 
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plotted using Excel 2016 (Microsoft, Redmond, USA) and the equations with the 

corresponding coefficient of determination were calculated using linear regression. 

Limit of detection (LoD) and limit of quantification (LoQ) were calculated using the 

average signal to noise ratio of the lowest calibration points and blank runs (Canuti, 

Conversano et al. 2009, Saadat, Abdullah et al. 2013) 

The precision was calculated as % recovery from multiple extractions of a juice 

sample spiked with a mix of all the compounds in concentration inside the calibration 

range. The method repeatability was assessed by calculating the coefficient of 

variance of triplicate sample extractions of samples spiked at two levels (N=6). These 

parameters are shown in Table 1. 

Table 2.1 - Calibration parameters of the C6 compounds in juice SPE-GC-MS 
method. 

Compound 
Coefficient of 
determination 
(r2) 

LOD 
(µg/L) 

LOQ 
(µg/L) 

% Recovery %CV
a 

Hexanal 0.9996 0.28 0.93 125.3±1.9 
129.8±1.4 

2.6% 

(E)-2-hexenal 0.9981 0.36 1.19 122.4±6.5 
133.2±4.1 

3.4% 

Hexanol 0.9972 1.80 6.01 100.8±3.0 
101.9±1.9 

2.2% 

(E)-3-hexenol 0.9999 0.23 0.78 107.3±3.1 
108.6±1.3 

2.2% 

(Z)-3-hexenol 0.9991 0.64 2.14 97.5±2.8 
96.1±1.1 

2.2% 

(E)-2-hexenol 0.9989 2.21 7.38 101.1±2.9 
100.3±2.0 

2.3% 

(Z)-2-hexenol 0.9997 0.13 0.43 111.3±1.0 
115.6±2.9 

2.1% 

  a %CV (%RSD), N = 6;   
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2.3 Evolution of C6 compounds during harvesting and grape processing 

2.3.1 Methods 

2.3.1.1 Addition of antioxidants to machine-harvested grapes at different intervals 

Two commercial blocks of Sauvignon blanc grapes in Marlborough, New Zealand, 

were sampled during the 2013 harvest. 100 kg of machine-harvested grapes were 

collected at each site and divided into 10 kg subsamples. Sulfur dioxide at 50 mg/kg, 

or a mixture of SO2 (50 mg/kg) and ascorbic acid (100 mg/kg), were added at 

different times to each bucket until two hours after sample collection. For site 1, the 

additions were made at 0, 45, 60, 75 and 120 minutes while, for site 2, the addition 

times were 0, 15, 45, 75 and 120 minutes. Due to the logistical aspects of the 

sampling, the first addition or time zero (0), was actually made about 20 min after 

the harvesting of the grapes. The antioxidants were added diluted in a small amount 

of water and adequately mixed throughout the grapes and juices. The containers were 

then sealed and transported to Auckland under refrigeration.  

After arriving at Auckland, the grapes were stored at -4 °C, and were then pressed, 5 

days after harvesting, using an 80 L hydraulic press (Zambelli Enotech, Camisano, 

Italy).  The juice was cold settled overnight at -4 °C, and the clarified juice was 

racked to 750 mL (700 mL juice) green glass bottles capped with a rubber bung and a 

glass wool filled pipette tip. Samples of juice were taken at the moment of 

antioxidant addition and after pressing. Fermentation was carried out in triplicates at 

15 °C using Saccharomyces cerevisiae Lalvin EC1118 (Lallemand, Ontario, Canada) 

added at 250 mg/L and rehydrated according to manufacturer instructions. 

Fermentation was monitored by daily weighing the bottles and was finished when 

weights were stable over two days and residual sugars, measured with a Clinitest™  

(Bayer Healthcare LLC, Tarrytown, USA) tablet, were below 3 g/L. The wines were 

then cold settled at -4 °C for several days, racked and frozen at -20 °C until analyses. 
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2.3.1.2 Maturity and Press conditions 

Samples of juices from machine-harvested Sauvignon blanc grapes from one 

block located in Marlborough, New Zealand, were collected at two different stages 

during the 2014 harvest. The first harvesting occurred while the grapes were still not 

fully ripe. This early harvest was made with the goal of producing Sauvignon blanc 

wines with a lower ethanol content, as the level of sugars was not high enough to 

produce a higher level of ethanol after fermentation. The second harvesting of the 

same block occurred a few weeks later with the grapes fully mature as per 

conventional procedures. For both stages, 5 L of juice were collected from commercial 

pressing operations as free run juice (FrRun), light press (0.1 – 0.15 bar of pressure, 

LiPr), medium press (0.4 bar, MePr) and heavy press (1 bar, HePr). The juices were 

transported by airplane to Auckland and cold settled overnight at -4 °C. From this 

point onwards, the same winemaking protocol as in 3.1.1 was used. SO2 at 60 mg/L 

and ascorbic acid at 100 mg/L were added to the machine harvested grapes in the 

field. 

2.3.1.3 Sauvignon blanc juices from commercial operations 

Samples of Sauvignon blanc juice were collected from different wineries in Blenheim, 

Marlborough, New Zealand. In total, seven 5 L samples from 3 wineries were 

collected during the 2014 harvest. The juices were stored under refrigeration and 

transported back to Auckland where they were cold settled overnight at -4 °C. The 

same winemaking protocol was followed as indicated above. 

2.3.1.4 Analysis 

The juices C6 analysis was performed using the SPE-GC-MS previously described. 

The varietal thiols concentrations were quantified using the SPE-GC-MS method 

described by Herbst-Johnstone, Piano et al. (2013). 
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2.3.1.5 Data analysis 

Excel 2016 (Microsoft, Redmond, USA) was used to tabulate the data and run 

descriptive statistical analysis. Additionally, One-way ANOVA and regression 

analysis was performed for the chemical data using SAS 9.4 (SAS Institute, Cary, 

USA) with significance level set at 5%. Tukey HSD test was used to compare the 

means when appropriate. The same software was used to calculate the correlation 

coefficients between the levels of (E)-2-hexenal or (E)-2-hexenol, and the levels of the 

varietal thiols 3MH and 3MHA. For this last analysis, a database was created 

including values obtained from other experiments described in this thesis where there 

were no confounding variables present. 

2.4 Results and Discussion 

2.4.1 Addition of antioxidants to machine-harvested grapes at different intervals 

Throughout the 2 hour period from harvesting to antioxidant addition (Figure 2.2), 

the concentration of (E)-2-hexenal in the grapes from site 1 dropped by 36%, while 

levels of (E)-2-hexenol and hexanol increased considerably, by 116% and 244% 

respectively. Levels of (Z)-3-hexenol were stable during this time. The trends for site 

2 were subtler than for site 1 and were contradictory at some points. Levels of (E)-2-

hexenal in the grapes were higher after 2 hours, after a small decrease until 45 min. 

Levels of (E)-2-hexenol and hexanol increased until 75 minutes, but decreased in the 

end. Levels of (Z)-3-hexenol steadily increased during the analysis time. The 

concentrations of the minor compounds (E)-3-hexenol and (Z)-2-hexenol  had a 

significant but discrete increase for both sites, however, they are much lower for these 

compounds than for the other C6.  
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Figure 2.2 - Evolution of C6 compounds in machine-harvested Sauvignon blanc over 
time in the absence of antioxidant (time zero). Averages of samples with standard 
deviations of triplicate analyses are shown as error bars. Asterisk indicate significant 
regression model (F test, p<0.05). 

Levels of the major C6 compounds were higher for site 1 than from site 2 grapes at 

time zero, and the rates by which they changed were also higher for site 1. 

Differences in enzymatic activity, substrate concentration, intensity of berry damage, 

and endogenous antioxidant levels could have led to this outcome. Large differences 

were previously observed in the grape potential to produce C6 compounds. Iyer, 

Sacks et al. (2010), for instance, observed a 5-fold difference in the levels of C6 

compounds between Concord grape blocks. 

The levels of C6 compounds were also measured in the juice after pressing (Table 2). 

Here, a distinction was made for the samples that received only SO2 or a combination 

of SO2 and ascorbic acid. The levels of (E)-2-hexenal in juices from both sites and 

independently of the antioxidant addition lowered significantly after pressing five 

days after harvest. The loss of this aldehyde was the more remarkable and were up to 

a 96% lowering. The trends for (E)-2-hexenol, on the other hand, were different for 

each site. For site 1, the levels of (E)-2-hexenol continued to increase independent of 

the antioxidant added or the time of addition. Juices from site 2 showed lower levels 

of (E)-2-hexenol depending on the time of addition – the later the antioxidant was 
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added the greater was the decline in levels of this alcohol. Diversely, the 

concentrations of hexanol did not consistently change between the time of addition 

and pressing, remaining mostly at similar levels. However, in the juice from site 1, the 

levels of hexanol increased for the earliest addition times. The levels of (Z)-3-hexenol 

were lower in the pressed juice than in the grapes for both sites and both 

antioxidants, with some exceptions. 

Joslin and Ough (1978) described the changes in C6 compounds during the storage of 

grape juice under different conditions. In general, the authors observed a fast 

lowering of (E)-2-hexanal over 48 hours and an increase in hexanol; (E)-2-hexanol 

levels increased at first but declined after 24 hours. The same authors also described 

the inhibitory effect of SO2 on the formation of C6 compounds and a lowering on the 

(E)-2-hexanal consumption rate. The results shown in Figure 2 had a much shorter 

time frame, but corroborates this data. The exception was an unexpected increase of 

(E)-2-hexanal in the grapes from site 2. Nonetheless, the levels of this aldehyde after 

5 days, when the grapes were pressed, were much lower. Heat processing pre-

treatment of grape juice was shown to be able to inactivate enzymes leading to the 

lower levels of (E)-2-hexanal (Iyer, Sacks et al. 2010). 
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Table 2.2 – Evolution of C6 compounds concentration (µg/L) over time quantified 
at the moment of antioxidant addition to grapes (Zero) and in juice after pressing 
(Pressed). Time in minutes and averages with standard deviations. 

Site Antioxidant Time Sample (E)-2-hexenal hexanol (E)-2-hexenol (Z)-3-hexenol 

1 

AA + SO2 

0 
Zero 539±57* 398±8* 727±124* 761±19* 
Pressed 55.5±0.7 711±18 2700±70 682±15 

45 
Zero 433±56* 769±13* 1105±66* 791±64* 
Pressed 60.9±1.4 874±21 3256±76 657±16 

60 
Zero 311±35* 1118±50 1509±78* 924±38* 
Pressed 36.9±1.4 1207±38 3331±101 790±23 

75 
Zero 380±61* 1246±75 1320±38* 708±14* 
Pressed 29.9±0.3 1204±7 3769±40 633±9 

120 
Zero 344±24* 1370±99 1569±69* 751±10* 
Pressed 22.7±2.2 1269±11 4106±62 658±11 

SO2 

0 
Zero 642±14* 406±20* 630±30* 628±23* 
Pressed 72.3±2.1 716±15 2721±62 760±18 

45 
Zero 349±38* 801±28 1054±56* 683±20* 
Pressed 74.9±1.7 847±9 3035±26 620±7 

60 
Zero 318±10* 1151±34 1320±24* 788±18* 
Pressed 44.4±1.5 1130±20 3530±56 691±10 

75 
Zero 344±5* 1144±87 1381±134* 643±11 
Pressed 38.5±2.9 1264±43 3874±140 641±23 

120 
Zero 284±15* 1341±53 1540±43* 707±6* 
Pressed 36.2±0.3 1315±14 3876±19 631±3 

2 

AA + SO2 

0 
Zero 279±3* 510±1* 569±16* 373±32* 
Pressed 31.4±0.4 494±5 610±5 310±2 

15 
Zero 225±14* 672±40* 759±44* 404±21 
Pressed 63.9±2.0 813±21 513±17 374±12 

45 
Zero 221±13* 748±54* 797±52* 475±32* 
Pressed 55.6±1.4 644±20 384±13 375±11 

75 
Zero 350±18* 725±30 857±35* 592±22* 
Pressed 37.9±0.8 684±8 287±2 362±1 

120 
Zero 398±21* 718±18* 775±25* 628±14* 
Pressed 17.8±0.2 779±7 116±1 388±3 

SO2 

0 
Zero 221±2* 482±22 602±98* 402±21* 
Pressed 28.8±0.8 498±10 1012±21 348±8 

15 
Zero 319±72* 565±33 745±46* 462±18* 
Pressed 43.3±0.8 529±1 955±6 402±13 

45 
Zero 221±13* 680±45 823±51* 528±36* 
Pressed 80±11 703±41 228±13 348±3 

75 
Zero 225±13* 840±41* 936±49* 511±27* 
Pressed 83.7±1.5 1136±10 284±8 347±13 

120 
Zero 517±14* 753±20* 699±31* 607±8* 
Pressed 21.1±0.7 858±28 82±5 336±2 

Asterisk indicate significant difference (F test, p<0.05) between samples concentration at time of 
antioxidant addition (Zero) and at pressed juice. 
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2.4.2 Maturity and Press conditions 

Levels of C6 compounds were quantified in machine-harvested grape juice from the 

same block but at different maturation levels and at different stages during the 

commercial pressing operation (Figure 2.3). Both maturation stage and press fraction 

were important in determining the levels of C6 compounds in the juices. The 

differences observed with maturation were more relevant for the heavier press 

fractions than for the free run juices.  Early-picked grape juices had considerably 

higher levels of (Z)-3-hexenol and (E)-2-hexenol for the medium and heavy press 

fractions, while the opposite was observed for (E)-2-hexenal concentrations, where the 

fully-mature grape juice had higher levels. The levels of hexanol were more similar 

between maturation stages. All C6 compounds were present at higher levels with the 

increase in pressure at the press. 

Previously published data indicate that unripe grapes have higher levels of C6 

compounds than ripe fruit, particularly (E)-2-hexenal (Cordonnier and Bayonove 

1981, Iyer, Sacks et al. 2010). However, other authors observed a less uniform 

evolution of the C6 compounds concentration with maturation stage of grapes, with 

an initial increasing during earlier stages followed by a decrease close to harvest 

ripeness (García, Chacón et al. 2002, Coelho, Rocha et al. 2007, Canuti, Conversano 

et al. 2009). For instance, Coelho, Rocha et al. (2007) observed a peak in C6 levels at 

20 days after veraison with a sharp decrease after this stage.   

The effect of the pressing conditions on the formation of C6 compounds have long 

been established (Cordonnier and Bayonove 1981). The more intense mechanical 

damage, the exposure to oxygen, and the depletion of SO2 with higher pressure are 

conditions favourable to the fast development of the C6 compounds.  Higher levels of 

hexanol were observed in Sauvignon blanc wines produced with machine harvested 

heavy pressed (1 bar) grapes when compared to hand-picked grapes (Herbst-

Johnstone, Araujo et al. 2013). The more intense effect observed for the early pick 

grapes in this work could be related to the possible higher skin to pulp ratio of the 
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unripe berries. It has been observed that C6 compounds are more abundant in skins 

than in grape must (García, Chacón et al 2002). 

 
Figure 2.3 - Level of C6 compounds in juice at two levels of maturity - conventional 
(Conv in blue) and early pick (EP in dark red) - and at four pressing stages. 
Asterisks indicate significant difference (F test, p<0.05) between maturation stages. 
Significant differences (Tukey, p<0.05) between press fractions are indicated by 
different capital letters for conventional picking and by small letters for early pick 
samples. 

 

2.4.3 Sauvignon blanc juices from commercial operations 

The composition in C6 compounds of the juices collected in Marlborough is shown in 

Figure 4. As expected, the major C6 compounds present were (E)-2-hexenol, hexanol, 

and (Z)-3-hexenol, followed by hexanal and (E)-2-hexenal. The average concentration 
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of (E)-2-hexenol was approximately 1700 µg/L, but with a large variation (1000 to 

2600 µg/L). Hexanol was present at concentrations varying from 600 to 1800 µg/L 

and (Z)-3-hexenol from 300 to 1300 µg/L. The aldehydes variation among the 

collected juices was not as great as the mentioned alcohols. Levels of (E)-2-hexenal 

were on average 140 µg/L, closer to the levels of hexanal, at an average of 115 µg/L. 

These levels are comparable or higher to other Sauvignon blanc juices analysed 

previously at the University of Auckland (Makhotkina, Araujo et al. 2014) and much 

higher compared to the levels described by Capone, Black et al. (2012) for machine-

harvested Sauvignon blanc grapes. The levels observed here were also higher than 

what is usually reported for other grapes varieties (Cordonnier and Bayonove 1981, 

Herraiz, Herraiz et al. 1990, Iyer, Sacks et al. 2010). 

The data from these juices were used to correlate the levels of (E)-2-hexenal and (E)-

2-hexenol with the levels of the varietal thiols 3MH and 3MHA in the finished wines. 

 
Figure 2.4 – Box plot of the concentration of C6 compounds in Sauvignon blanc 
juices from Marlborough (n=7). 
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2.4.4 Correlation of initial (E)-2-hexenal and (E)-2-hexenol concentrations and varietal 

thiols levels 

For this analysis, only the wines obtained from juices free from confounding factors, 

including the intense oxidation status and the addition of elemental sulfur or 

chitosan, were used. Dispersion plots (Figure 5) were made correlating the initial 

levels of (E)-2-hexenal and (E)-2-hexenol with the summed levels of the varietal 

thiols 3MH and 3MHA in wine. Additionally, other plots were created using the levels 

in the clarified juice, the ratio (E)-2-hexenal/(E)-2-hexenol, the sum of these two 

compounds concentration, and the difference between the levels of (E)-2-hexenal after 

pressing and after clarification. None of these correlations showed a strong 

relationship of the two C6 compounds, previously found to be precursors of the 

varietal thiols, with the levels of 3MH and 3MHA in wine. In fact, the dispersion 

plots showed that higher levels of (E)-2-hexenol are usually correlated with lower 

levels of varietal thiols, most probably due to the oxidation status affecting both 

pathways. Higher (E)-2-hexenol levels were observed for heavier pressed juices 

(Figure 2.3), a condition that favours juice oxidation (Allen, Herbst-Johnstone et al. 

2011). 

The conclusion drawn from this exercise is that, even though (E)-2-hexenal was 

shown to be one of the 3MH precursors, its concentration in the juice was not the 

limiting factor dictating the formation of the varietal thiols 3MH and 3MHA. This 

fact also implies that the sulfur donor, or the conditions leading to the formation of 

the sulfur donor, might be most responsible in limiting the formation of varietal 

thiols, and of any immediate thiol precursors in juice. 

Indeed, when a sulfur donor such as H2S was supplied in excess in the presence of 

(E)-2-hexenal, very high levels of 3MH were formed (Harsch, Benkwitz et al. 2013). 

However, without a proper sulfur donor present, only marginal levels of 3MH were 

formed from (E)-2-hexenal (Subileau, Schneider et al. 2008). 
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Figure 2.5 – Correlation test between the levels of (E)-2-hexenal and (E)-2-hexenol 
(µM) in Sauvignon blanc juices (N=48) and the levels of varietal thiols as a sum of 
3MH and 3MHA (nM) in the corresponding wine. Clarified juices samples (N=21) 
after cold settling are identified as ACS. ρ Pearson’s correlation coefficient. 

2.5 Conclusion 

The developed method for the analysis of C6 compounds has adequate performance 

parameters within the levels typically found in grape juice. This method was 

successfully used to quantify C6 compounds formed during the harvesting and 

processing of Sauvignon blanc grapes under different conditions. 

Maturation level of the grapes, time of addition of antioxidants, and the intensity of 

pressing operations were shown to impact the formation of C6 compounds. Hexanol 
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and (E)-2-hexenol were the major compounds present in Sauvignon blanc juice. (E)-2-

hexenal was unstable and its levels decreased over time, while levels of hexanol and 

(E)-2-hexenol increased. However, grapes from different sites had different chemical 

profiles and sometimes the trends for each C6 compound was contradictory. 

Despite the involvement of (E)-2-hexenal and (E)-2-hexenol in the formation of 

varietal thiols, their concentrations in grape juice were not correlated to the levels of 

3MH and 3MHA in the finished wine. Thus, they are not expected to be the limiting 

factor in the formation of 3MH and its immediate precursor(s). 
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3.1 Introduction 

Hydrogen sulfide (H2S) is a highly volatile and unpleasant compound with a detection 

threshold value in wine in the range of 1.1 to 1.6 µg/L (Siebert, Bramley, & Solomon, 

2009). Its presence is considered detrimental to wine quality; however, some authors 

have studied its role in the formation of the sought-after varietal thiols 3-

mercaptohexanol (3MH) and 4-mercapto-4-methylpentan-2-one (4MMP). This 

pathway was first considered by Schneider, Charrier, Razungles, and Baumes (2006), 

who hypothesized that these varietal thiols could be directly formed through a 1,4-

Michael addition of H2S, produced by yeast, to mesityl oxide to form 4MMP or to E-

2-hexenal, followed by a reduction step by yeast enzymes, to produce 3MH. Indeed, 

the supplementation of excessive H2S to Sauvignon blanc juice prior to fermentation 

produced unprecedented high levels of 3MH (Harsch et al., 2013). 

The formation of H2S can be influenced by many factors including yeast strain, grape 

must nutrient deficiencies, levels of glutathione in the yeast, juice clarification level, 

concentration of SO2, fermentation temperature, residues of copper and storage on 

lees (Davis & Qian, 2011; Rauhut, 2009). Several studies attested that in high levels 

(10-100 mg of S0/L) elemental sulfur could increase H2S production (Davis & Qian, 

2011; Thomas, Gubler, Silacci, & Miller, 1993). However, these values are much 

higher than the concentrations found with commercial harvests of Pinot noir and 

Cabernet Sauvignon grapes by Thomas, Gubler, et al. (1993) where residual 

elemental sulfur ranged from 0.9 to 2.7 µg/g of berry weight. When these more 

realistic levels were tested, no relationship was found between elemental sulfur 

concentration and H2S formation (Thomas, Boulton, Silacci, & Gubler, 1993). 

Elemental sulfur is commonly applied to grapes as a fungicide, even within the 

context of organic winemaking, and is available in different forms, such as a wettable 

powder or as a micronized formulation. 

Processing of grapes is one factor that influences residual levels of S0 in the juice. 

Juice clarification, for instance, can lower the sulfur residues by over 95%, while 

fermentation of grapes on the skins after a long maceration led to a two to three-fold 
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increase in H2S production (Kwasniewski, Sacks, & Wilcox, 2014). Longer 

withholding periods between fungicide applications and the grape harvest also led to 

a drop in residual sulfur levels and values below a critical limit of 10 µg/g were 

achieved when the spraying ceased over 35 days from harvest (Kwasniewski et al., 

2014). These results showed that for conventional white wine vinification, residual 

levels of S0 most likely do not represent a threat to aroma quality. At the same time, 

the application of elemental sulfur in combination with urea to grapes in the field, as 

a foliar fertilization, to Sauvignon blanc (Lacroux et al., 2008) and to other varieties 

(Dufourcq et al., 2010) was shown to significantly increase the levels of varietal thiols 

in the finished wines. The application of sulfur was seen as improving vine nitrogen 

assimilation, and was found to increase the glutathione content of the wines. 

The sulfur applied in the field to the plants covers not only berries but also the bark, 

cane and especially the leaves, which compose most of the exposed surface of the vine 

at the spraying period. Some of this non-grape material is included with the grapes 

when mechanical harvesting methods are used, which have been linked to the 

development of certain off-flavors in wines (Morris, 2000). The presence of leaves in 

crushed grape must can, for instance, increase the concentration of flavonols in the 

wine (Somers & Ziemelis, 1985). Leaves have also been mentioned as a source of C6 

compounds (Joslin & Ough, 1978; Ugliano, 2008), including E-2-hexenal and E-2-

hexenol, identified as 3MH precursors (Harsch et al., 2013). Hypothetically, the leaves 

added to the machine-harvested grapes could be the source of both the carbon (C6 

compound) and sulfur moieties for 3MH formation, considering that the S0 present on 

the leaf surface gets washed into the grape mash. 

The formation of 3MH is still to be fully understood. Cysteine and glutathione 

conjugate precursors (Peña-Gallego, Hernández-Orte, Cacho, & Ferreira, 2012; Peyrot 

des Gachons, Tominaga, & Dubourdieu, 2002; Tominaga, Peyrot des Gachons, & 

Dubourdieu, 1998) were extensively studied. However, their small conversion rates to 

3MH (Coetzee & du Toit, 2012) and a lack of correlation between precursors 

concentrations in juice and varietal thiols in wine (Pinu, Jouanneau, Nicolau, 
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Gardner, & Villas-Boas, 2012) indicate that this pathway is most probably not the 

main one and cannot explain the occurrence of high levels (> 18,000 ng/L) of the 

thiol found in some New Zealand Sauvignon blanc wines (Benkwitz et al., 2011; Lund 

et al., 2009). Despite the addition of H2S directly to the media in levels above its 

natural occurrence, the amounts of 3MH formed with the experiment conducted by 

Harsch et al. (2013), suggests that the direct addition of H2S to E-2-hexenal can be a 

very important pathway to obtain high thiol wines. However, there is a gap between 

the aldehyde consumption, which occurs in the first hours of alcoholic fermentation, 

and H2S formation by yeast, providing a narrow window for the precursor formation. 

In this context, a study was conducted to evaluate the role of elemental sulfur in the 

formation of 3MH during vinification of Sauvignon blanc juice.  It involves four trials, 

with two each undertaken in South Africa and in New Zealand.  

3.2 Materials and methods 

3.2.1 Chemicals 

Potassium metabisulfite (PMS) was purchased from Enartis (Trecate, Italy), the 

commercial formulation of elemental sulfur Sulgran (80% w/w, water dispersible 

granule) was supplied by Fruitfed Supplies (Auckland, New Zealand) or by VillaCrop 

Protection (South Africa). Saccharomyces cerevisiae Lalvin EC1118™  was purchased 

from Lallemand (Ontario, Canada) or VIN7 (Anchor Yeast Biotechnologies, Cape 

Town, South Africa) and Clinitest™  tablets were from Bayer Healthcare LLC 

(Tarrytown, NY).  

Glutathione (≥98.0%), L-ascorbic acid (>99.0%), magnesium sulfate heptahydrate 

(≥98.0%) were sourced from Sigma-Aldrich (Castle Hill, Australia). L-(+)-tartaric 

acid (>99.5%) and sodium sulfate anhydrous (powder, extra pure, 98.5–100.5%) were 

from Scharlau (Barcelona, Spain). D-(+)-glucose (99.5%), D-(-)-fructose (≥99.0%) 

and L-cysteine (≥98.5%) were from Sigma (Castle Hill, Australia). The C6 
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compounds hexanal (98.0%), E-2-hexenal (98%), E-2-hexenol (96%), Z-2-hexenol 

(95%) and Z-3-hexenol (98%) were purchased from Aldrich (Castle Hill, Australia), 1-

hexanol (99.5%) was from Fluka (Castle Hill, Australia) and E-3-hexenol (97.0%) was 

from Lancaster (Morecambe, England). The varietal thiols 3-mercaptohexyl acetate 

(98%) and 3-mercaptohexanol (98%) were supplied by Oxford Chemicals (Hartlepool, 

UK) and Acros Organics (Geel, Belgium). The sulfur compounds sodium sulfide, 

methanethiol, dimethyl sulfide, diethyl sulfide, carbon disulfide had a purity of 98% 

and were all supplied by Sigma-Aldrich (Castle Hill, Australia).  

The deuterated internal standards d11-n-hexyl alcohol and d12-n-hexanal were 

synthesized by CDN Isotopes (Pointe-Claire, Canada), d2-3-mercaptohexanol and d2-

3-mercaptohexyl acetate were synthesized at the University of Auckland (Hebditch, 

Nicolau, & Brimble, 2007; Kotseridis, Ray, Augier, & Baumes, 2000) and dimethyl 

sulphide-d6 was from Sigma-Aldrich (Castle Hill, Australia). 

Ethyl propiolate (ETP) and butylated hydroxyanisole (BHA) were purchased from 

Aldrich (CastleHill, Australia) and the SPE cartridges Supelclean™  ENVI-18 were 

supplied by Supelco (Castle Hill, Australia). 

Solutions were prepared with Type 1 water (Barnstead NANOpure® DIamond™ , 

Thermo Scientific, Waltham, USA) or absolute ethanol (99.7%, ECP, Auckland, New 

Zealand). Methanol and dichloromethane (LiChrosolv® Merck, Darmstadt, Germany) 

were used as solvents. Carbon dioxide (food grade), Nitrogen (food grade), and 

Helium (instrument grade) were supplied by BOC (New Zealand). 
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3.2.2 Trials 

3.3.2.1 First trial (Juices 1 and 2) 

Sauvignon blanc grapes were collected from two different commercial farms in 

Stellenbosch and Durbanville, South Africa. The grapes were stored overnight at 4°C 

and destemmed and crushed and 50 mg/L SO2 was added. After a period of 6 hours 

of skin contact, the grapes were pressed using a pneumatic press and the juice was 

settled overnight at 15°C. The clarified juice was racked and divided into 25 L plastic 

containers and frozen at -20°C until required. The frozen juice was then thawed and 

divided into 750 mL (700 mL of juice) green glass bottles capped with a rubber bung 

and fermentation lock. Elemental sulfur was added at 0, 1.5 and 3 mg/L of equivalent 

elemental sulfur using an 80% w/w wettable powder. Saccharomyces cerevisiae (Vin 

7) was rehydrated using the manufacturer’s specifications and added at 30 g/hL. 

Fermentation was carried at 15°C and bottles weighed daily. The fermentation was 

completed when the accumulated weight loss was stable and residual sugars were 

below 5 g/L. The wines received 30 mg/L SO2 and were cold settled for 4 weeks at 

4°C. The settled wines were racked off and frozen until analysis. 

3.3.2.2 Second trial (Juice 3) 

Sauvignon blanc grapes were collected from a commercial vine farm in Stellenbosch, 

South Africa and stored overnight at 4°C. The grape bunches were first mixed 

thoroughly to ensure homogeneity, crushed and destemmed and 50 mg/L SO2 was 

added to the crushed grapes. After homogenizing, the crushed grapes were divided 

into 5 kg batches. Elemental sulfur was added after crushing at concentrations of 0 

and 3 mg/L of equivalent elemental sulfur using an 80% w/w wettable powder. The 

crushed grapes were then pressed using a basket press and the juice was transferred 

to 2 L clear glass bottles. 
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The juice was cold settled overnight at 15°C and inoculated the next day with active 

dry wine yeast (Saccharomyces cerevisiae, Vin 7) that was rehydrated following the 

manufacturer’s instructions and added at 30 g/hL. Fermentation was carried out at 

15°C and monitored by weighing the bottles daily. The fermentation was completed 

when the accumulated weight loss was stable and residual sugars were below 5 g/L. 

The wines received 30 mg/L SO2 and cold settled for 4 weeks. The settled wines were 

racked off and frozen until analysis. 

3.3.2.3 Third and fourth trials (Juices 4 to 6; 7 to 9) 

Sauvignon blanc juices were collected from commercial operations in Marlborough, 

New Zealand. The juices were then transported to Auckland and cold settled at -4°C 

overnight. The clarified juice was racked and divided into 750 mL (700 mL of juice) 

glass green bottles capped with a rubber bung and a glass wool filled pipette tip. The 

yeast was rehydrated following manufacturer instructions and added at 25 g/hL. 

Fermentation was carried at 15°C and monitored by weighing the bottles daily. 

Fermentation was finished when the accumulated weight loss was stable and residual 

sugars were below 3 g/L, measured using a Clinitest™  tablet. Wines were added with 

25 mg/L of SO2 and cold settled for 3 weeks at -4°C. The clarified wines were racked 

and frozen at -20°C until analysis.  

For the third trial, Juices 5 and 6 were collected as free run juice from the winery 

press, while Juice 4 was collected as machine-harvested grapes at the receival bin and 

then pressed using an 80 L hydraulic press (Zambelli Enotech, Camisano, Italy). 

Elemental sulfur was added to the cold settled (clarified) juice at 0, 2, 10 and 50 

mg/L of equivalent elemental sulfur using an 80% w/w wettable sulfur formulation. 

The same elemental sulfur levels were used at the fourth trial, but the addition was 

made after pressing. The juices were all collected during commercial pressing 

operations as free run (Juices 7 and 9) or as light press juice (0.1 bar – Juice 8). The 

juices were transported to Auckland and the same winemaking procedures were used 

as for the third trial. 
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3.2.3 Juice analysis 

All juices were analyzed for Total soluble solids (Brix), titratable acidity as tartaric 

acid, pH, Yeast Assimilable Nitrogen (YAN) and free sulfur dioxide using a FOSS 

WineScan™  SO2 (FOSS, Denmark). Juices 4 to 9 were centrifuged (5 min at 6,000 

rpm) and filtered through 0.45 µm RC-membrane syringe filters (Phenomenex) and 

the absorbance at 420 nm was measured using a Helios Alpha UV-Vis 

Spectrophotometer (Thermo Fisher Scientific Inc., USA) with a 10 mm path-length 

cell, using water as blank. 

Analyses of C6 alcohols and aldehydes were carried out for Juices 4 to 9 after 

pressing (3rd and 4th Trials) and after cold settling (3rd trial) using solid phase 

extraction (SPE) followed by a GC-MS method according to Makhotkina et al. 

(2014) with small modifications on the GC temperature program. The initial oven 

temperature (50°C for 10 min) was ramped to 110°C at a rate of 5°C/min and held 

for 7 min. The second ramp raised the temperature to 250°C at a rate of 50°C/min 

and held for 10 min. The total run time was 40.8 minutes. 

3.2.4 Wine analysis 

3.2.4.1 Analysis of wine varietal thiols and C6 compounds 

The varietal thiols 3MH and 3MHA in Juices 1 to 3 were analyzed using a UPLC-

MS/MS method according to Piano et al. (2015). 

The varietal thiols 3MH and 3MHA and C6 compounds analyses for Juices 4 to 9 

were performed using an SPE and GC-MS method according to Herbst-Johnstone, 

Piano, Duhamel, Barker, and Fedrizzi (2013) with some modifications. In addition to 

the varietal thiols deuterated internal standards, n-hexyl alcohol-d11 and hexanal-d12 

were added to 50 mL of wine. After extraction, a 500 µL aliquot of the eluted 

dichloromethane solution was taken and concentrated under a gentle nitrogen flow to 

a final volume of 50 µL for the C6 compound analysis. The GC-MS program used was 
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the same described for juice analysis. The remaining eluted solution was concentrated 

under nitrogen flow to 20 µL and analyzed using the method described at Herbst-

Johnstone et al. (2013). 

3.2.4.2 Analysis of wine reductive sulfur compounds 

The analysis of different reductive volatile sulfur compounds was done by headspace 

solid phase microextraction coupled with gas chromatography-mass spectrometry 

using a method described elsewhere (Kinzurik, Herbst-Johnstone, Gardner, & 

Fedrizzi, 2015, 2016; Nguyen, Nicolau, & Kilmartin, 2012). 

3.2.5 Statistical analyses 

The data from the different juices (1 to 9) were treated separately inside each 

experiment. This approach was the most appropriate considering the differences 

between them. Descriptive analyses were performed using Excel 2016 (Microsoft, 

Redmond, USA). Linear regressions, with elemental sulfur levels as independent 

variable and significance level set at 5%, was carried out using the PROC REG 

procedure of SAS 9.4 (SAS Institute, Cary, USA). The level of the varietal thiols 

3MH and 3MHA in nM were summed for modeling purposes. The other compounds 

were analyzed independently. 

Additionally, One-way ANOVA was performed for the chemical data using the 

elemental sulfur level as single fixed factor and significance level set at 5%. Fisher’s 

Least Significant Difference test was used to compared the means when appropriate.  
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3.3 Results and Discussion 

3.3.1 First trial: Addition of elemental sulfur to previously frozen juices 

The varietal thiol concentrations of wines made from juices 1 and 2 can be found in 

Table 3.1. The thiol forming potential of the two juices differed as juice 1 produced a 

wine with an average concentration of 442 ng/L 3MH and 65 ng/L 3MHA (control). 

Wines made from juice 2 showed significantly higher varietal thiol levels with 

concentrations of 1270 ng/L for 3MH and 124 ng/L for 3MHA in the control. For 

both juices, an increase in thiol concentration was observed when S0 was added. 

Wines made from juice 1 reached a 3MH concentration of 563 ng/L, the equivalent of 

a 25% increase compared to the control, and 3MHA concentrations increased to 69 

ng/L 3MHA (8% increase) at the highest elemental sulfur treatment of 3 mg/L. 

Wines made from juice 2 had an increase of 19%, up to 1509 ng/L, and 73%, up to 

214 ng/L, for 3MH and 3MHA respectively, compared to the control at the 3 mg/L 

sulfur treatment. 

3.3.2 Second trial: Elemental sulfur additions to fresh juice 

Table 3.1 shows that the concentrations of 3MH and 3MHA in wines made from juice 

3.  The additions of 3 mg/L sulfur led to a more than 3-fold increase in 3MH 

concentrations and more than 16-fold increase in the case of 3MHA concentrations. 

The higher increase observed when elemental sulfur was added to fresh grape juice 

(Juice 3) instead of frozen/thawed (Juices 1 and 2) indicates that the mechanism 

driving the thiol formation was negatively affected by the freezing process. More work 

is required to elucidate these reactions. 

 

 

 



50 
 

Table 3.1 - Levels of varietal thiols for the four elemental sulfur addition trials. 

Trial Juice 
Sulfur added 
(mg/L) 

Skin contact 
(hours) 

3MH 
(ng/L) 

3MHA 
(ng/L) 

1 

1 0 6 442a (28) 65b (1.6) 
1 1.5 6 472ab (41) 54a (7.8) 
1 3 6 563b (71) 69b (1.7) 
2 0 6 1270a (78) 124a (15) 
2 1.5 6 1362ab (29) 163ab (22) 
2 3 6 1509b (114) 214b (35) 

2 
3 0 0 1140a (900) 46a (34) 
3 3 0 4099b (1718) 764b (530) 

3 

4 

0 
2 
10 
50 

 

6626a (577) 2444a (215) 
9414b (1013) 3190b (328) 
13,140c (497) 3657b (118) 
17,673d (633) 4638c (305) 

5 

0 
2 
10 
50 

 

nd nd 
nd nd 
nd nd 
3671 (247) 652 (79) 

6 

0  534a (43) 187a (20) 
2 
10 
50 

 
990a (209) 289a (44) 
2219b (836) 525b (50) 
11,183c (545) 2999c (173) 

4 

7 

0 
2 
10 
50 

 

515a (10) 126a (3.9) 
607b (33) 154b (4.6) 
633b (21) 161b (11) 
1249c (55) 296c (6.7) 

8 

0 
2 
10 
50 

 

2127a (108) 446a (23) 
2127a (118) 536b (33) 
2862b (98) 657c (47) 
9548c (388) 2020d (63) 

9 

0 
2 
10 
50 

 

1126a (71) 329a (13) 
1361b (30) 395b (5.0) 
1733c (34) 519c (25) 
2577d (87) 773d (20) 

nd not detected; means followed by the same letter in the same column for each juice separately are 
not significantly different (LSD, p≥0.05)  
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3.3.3 Third and Fourth trials: Elemental sulfur impact on varietal thiols formation 

3.3.3.1 Juice analysis 

For the third trial, Juice 4, obtained by pressing grapes collected from the receival 

bin, was visibly lighter in color than the ones obtained from the commercial pressing 

operation, juices 5 and 6, and had a low 420 nm absorbance (A420 = 0.06 units). Juice 

5 had a dark brown color, pointing to more advanced oxidation (A420 = 0.87), while 

Juice 6 also had a brown color, however, lighter than Juice 5, and an intermediate 

420 nm absorbance (A420 = 0.26). A depletion of free SO2 was also observed in the 

last two samples, consistent with more advanced oxidation. In the fourth trial, all 

juices were well protected against oxidation. Complete juice chemical parameters are 

presented in Supplementary Table 3.1. 

The levels of C6 aldehydes and alcohols in the juice (Table 3.2) were quantified after 

pressing and after cold settling in trial 3 and after pressing only with trial 4. In trial 

3, the concentrations of the C6 aldehydes E-2-hexenal and hexanal decreased 

considerably with clarification, having an average decrease of 83% and 57%, 

respectively. This trend for E-2-hexenal was also observed by other authors (Capone, 

Black, & Jeffery, 2012; Iyer, Sacks, & Padilla-Zakour, 2010) and can be related to 

multiple factors, from losses during juice clarification due to poor solubility in 

aqueous solutions (Ribéreau-Gayon, Dubourdieu, Donèche, & Lonvaud, 2006), to 

continued enzymatic reactions reducing the aldehyde via intermediates to 1-hexanol 

(Capone et al., 2012) and chemical reactions with bisulfite resulting in sulfonic acids 

(Duhamel et al., 2015). Hypothetically, this decrease could also be a result of 

indigenous yeast metabolism. It has been shown that Saccharomyces cerevisiae 

rapidly converts E-2-hexenol and E-2-hexenal into 1-hexanol and possibly hexanal 

(Harsch et al., 2013). This loss could mean that there is less E-2-hexenal available for 

reaction with H2S, minimizing the thiol forming potential of the juice. However, as 

the levels of E-2-hexenol did not have the same large decrease, with an average loss of 

36% of initial concentrations, and as it can be converted into the aldehyde in the 
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presence of yeast (Harsch et al., 2013), some of the thiol-forming potential was 

presumably preserved. 

Table 3.2 - C6 compound concentrations in the juices (in µg/L). Averages of 
duplicates, the standard deviation in parentheses. 

Trial Juices Hexanal 
E-2-
hexenal 

1-
hexanol 

E-3-
hexenol 

Z-3-
hexenol 

E-2-
hexenol Z-2-hexenol 

3 

4 
Pressed 66.7 (1.4) 182 (25) 834 (24) 24.1 (0.5) 464 (35) 1474 (53) 29.7 (3.0) 

Clarified 33.6 (0.1) 24.9 (1.3) 751 (20) 18.0 (0.3) 339 (6) 1108 (43) 25.9 (1.6) 

5 
Pressed 177.3 (3.3) 98 (3) 980 (24) 25.2 (0.4) 637 (6) 1102 (21) 36.1 (0.5) 

Clarified 82.3 (4.5) 13.6 (1.4) 1453 (72) 34.5 (1.2) 542 (21) 722 (37) 35.5 (0.8) 

6 
Pressed 136.0 (1.3) 267 (14) 908 (3) 27.9 (0.5) 326 (7) 851 (21) 31.8 (0.8) 

Clarified 45.4 (2.3) 63.7 (3.0) 955 (9) 23.0 (0.2) 251 (1) 437 (3) 20.7 (0.5) 

4 

7 Pressed 77.0 (2.7) 822 (40) 1500 (83) 20.8 (0.6) 432 (21) 2538 (148) 16.8 (1.3) 

8 Pressed 76.8 (4.3) 997 (6) 2353 (21) 30.5 (0.2) 650 (5) 3014 (72) 25.8 (2.6) 

9 Pressed 56.3 (4.7) 743 (16) 2602 (24) 33.4 (0.1) 557 (8) 3386 (44) 29.3 (1.1) 
*not performed in juices 1 to 3. 

3.3.3.2 Wine analyses 

The levels of C6 compounds in the final wines for all three juices in trial 3 were 

similar independent of the level of elemental sulfur (Supplementary Table 3.2).   

Juice 5, with a high degree of oxidation, did not produce detectable amounts of the 

varietal thiols (Table 3.1). The exception was with the highest addition of 50 mg/L of 

elemental sulfur, producing 3671 ng/L of 3MH and 652 ng/L of 3MHA. Such a high 

level of sulfur residues has only been observed in grape bunches directly after the 

application of the sulfur fungicide and would not be likely to occur in pressed and 

clarified grape juice (Kwasniewski et al., 2014). Considering these findings, further 

data analysis for juice 5 were not made. 

Juice 4 without any additional S0 produced wines with quite high levels of 3MH and 

3MHA, typical of many Marlborough Sauvignon blanc wines (Benkwitz et al., 2011; 

Lund et al., 2009). The addition of S0 proportionally increased these levels in the final 

wines, reaching the very high concentrations of 17,673 ng/L for 3MH and 4638 ng/L 

for 3MHA when 50 mg/L of sulfur was added.  A plateau effect could be observed for 
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higher S0 additions, possibly indicating that one of the reagents or a specific condition 

for the thiol formation was close to its limit. 

On the other hand, Juice 6 did not have initially a high thiol-forming potential, 

producing wines with around 534 ng/L of 3MH. The addition of elemental sulfur 

progressively increased the varietal thiols concentrations up to over 11,000 ng/L for 

the highest elemental sulfur level. 

Adjusted linear models describing the relation between added elemental sulfur and 

final concentrations of 3MH and 3MHA in wines from Juice 4 to 6 are shown in 

Figure 1 and Table 3.3. A more directly linear model was obtained for the wines from 

juice 6, where lower levels of thiols were produced compared to those from juice 4. 

The model, in this case, was almost perfectly linear for both 3MH and 3MHA (Table 

3.3) without the plateau effect observed for wine from juice 4. Thus, for juice 6, the 

model could be used to predict the final thiol concentration in the wine. 

 
Figure 3.1 - Linear regression fit between the addition of elemental sulfur to 
Sauvignon blanc juice and wine varietal thiol (3MH and 3MHA combined) for trial 3 
(Juices 4 and 6). Fit and 95% confidence and prediction limits by Juice. Single results 
of triplicate fermentations are shown at each level. 
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Table 3.3 - Regression analysis for thiol concentrations (sum of 3MH and 3mHA) in 
nM as a function of S0 concentration 

Trial Juice Slope Intercept R-square Model p-value 
3 4 1.598 82.233 0.8222 <0.0001 
3 6 1.920 3.717 0.9905 <0.0001 
4 7 0.125 4.711 0.9806 <0.0001 
4 8 1.322 15.736 0.9890 <0.0001 
4 9 0.243 11.744 0.9437 <0.0001 
 

Comparable trends were described by Harsch et al. (2013) with the direct addition of 

H2S (NaSH.𝑥𝑥H2O) to non-inoculated Sauvignon blanc juice. The authors found that 

the addition of around 42 mg/L of H2S (100 mg/L NaSH.𝑥𝑥H2O) produced a 135-fold 

increase in 3MH, reaching a concentration as high as 257 µg/L. Unlike the addition of 

sodium sulfide, the conversion rate of elemental sulfur to H2S is not known in a grape 

juice medium, or the exact pathway of this reaction. This conversion, although 

believed to be a biological event, could also be achieved non-enzymatically by the 

reduction of S0 to H2S with glutathione (GSH) as the reducing agent (Kwasniewski, 

Allison, Wilcox, & Sacks, 2011; Sluiter, 1930), or by the action of an enzymatic 

system. Past studies have reported that such system is present in Archaea, 

prokaryotes, and eukaryotes cells (Searcy and Lee, 1998), even though, to the extent 

of our knowledge, no reports have been published concerning grape or vine tissues. 

Even though the increase in the levels of varietal thiol could indicate a positive 

modification of the wine aroma, the higher elemental sulfur residues present during 

fermentation led to an increase in the concentrations of reductive sulfur compounds 

(Table 3.4), severely affecting the aroma of these wines. These findings are in 

accordance with other published data (Kwasniewski et al., 2014; Rankine, 1963; 

Thomas, Boulton, et al., 1993; Thomas, Gubler, et al., 1993). The final levels of H2S 

were drastically increased with sulfur addition, reaching levels well above the odor 

threshold of 1.6 µg/L in white wine (Siebert et al., 2009). 

H2S was not measured in trials 1 and 2 (wines made from juices 1 to 3). For wines in 

Trial 3, the general trend was an increase in H2S levels from control to the highest S0 

addition. Large variations were noticed between the wines and between fermentation 
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replicates. Juice 5 wines had the lowest values of H2S, ranging from not detected to 

34 µg/L, consistent with what could be expected given the high initial oxidation 

status of the juice. Juices 4 and 6 presented clearer progressive trends, reaching 

maximum values of 244 µg/L and 88 µg/L, respectively.  

For methanethiol, there was no consistent trend observed, but most of the wines from 

all trials had levels above the odor threshold of 0.03 µg/L (Nguyen et al., 2012). As 

can be seen from Table 3.4, the highest levels of methanethiol were for the wines 

produced from juice 4, with a maximum of 8.9 µg/L. 

 All measured values for dimethyl sulfide (Table 3.4) were below the odor threshold 

of 10 µg/L (Nguyen et al., 2012) and no trend was noticed for any of the trials, but 

detectable concentrations were only observed for the highest sulfur addition in Trial 

3.  

For carbon disulfide, the general trend was an increase from no sulfur addition 

(control) to the highest addition, but the increase was not consistent, in the sense 

that some of the middle S0 additions resulted in lower levels than the control. Also, 

not all differences were significant and all values were very low compared to the odor 

threshold of 38 µg/L (Nguyen et al., 2012). 

Moving onto heavier reductive sulfur compounds, which are characterized by lower 

volatility, the thioacetates, measured in the wines from trial 1 (data now shown), 

increased from the control to the highest addition treatment, but the differences were 

not always significant and the values were always below the compounds’ odor 

threshold values. Conversely, diethyl sulfide was not found in the wines from trial 1 

but was present in all the wines from trial 3, but also at values below this 

compound’s odor threshold (0.93 µg/L) with one exception (Table 3.4). 

  



56 
 

Table 3.4 - Levels of reductive sulfur compounds for the four elemental sulfur addition 
trials in µg/L 

Juice 
Sulfur 
addition 
(mg/L) 

hydrogen sulfide methanethiol dimethyl sulfide carbon disulfide diethyl sulfide 

1 
0 - 0.0a (0.0) 2.7b (1.9) 5.6a (4.7) nd 
1.5 - 0.0a (0.0) 0.4a (0.04) 6.0a (3.2) nd 
3 - 1.0a (0.9) 0.6ab (0.09) 3.7a (0.5) nd 

2 
0 - 0.1a (0.1) 1.0a (0.8) nd nd 
1.5 - 0.0a (0.0) 0.9a (0.4) nd nd 
3 - 0.3a (0.0) 1.5a (0.3) nd nd 

4 

0 14a (24) 1.5a (1.8) nd 0.26a (0.18) 0.29a (0.40) 
2 46ab (8) 4.5b (1.4) nd 0.89b (0.07) 0.55ab (0.22) 
10 89b (5) 3.9ab (0.3) nd 2.83c (0.22) 0.65ab (0.19) 
50 243c (49) 8.9b (1.3) 4.92 (1.02) 5.95d (0.58) 1.22b (0.73) 

5 

0 nd 0.02a (0.03) nd 0.09a (0.01) 0.20a (0.12) 
2 0.8a (1.4) 0.39ab (0.52) nd 0.10a (0.01) 0.19a (0.02) 
10 0.4a (0.8) 0.7b (0.37) nd 0.12a (0.02) 0.59a (0.70) 
50 34a (56) 0.02a (0.03) 1.9 (3.2) 0.55b (0.23) 0.51a (0.17) 

6 

0 7.0a (12) 2.4a (4.2) nd 0.34ab (0.24) 0.08a (0.13) 
2 18a (18) 1.3a (2.3) nd 0.29a (0.09) 0.66a (0.29) 
10 37a (33) nd nd 0.25a (0.01) 0.26a (0.20) 
50 88a (86) 1.9a (3.2) 3.9 (2.1) 0.66b (0.25) 0.65a (0.55) 

7 

0 nd 0.73a (0.72) nd nd nd 
2 nd 0.95a (0.49) nd nd nd 
10 nd 0.33a (0.42) nd nd nd 
50 nd 0.26a (0.39) nd nd nd 

8 

0 nd 0.62a (0.41) nd nd nd 
2 nd 0.39a (0.19) nd nd nd 
10 nd 0.28a (0.21) nd nd nd 
50 nd 0.23a (0.31) nd nd nd 

9 

0 nd 0.82a (0.59) nd nd nd 
2 nd 0.14a (0.09) nd nd nd 
10 nd 0.70a (0.64) nd nd nd 
50 nd 0.21a (0.12) nd nd nd 

- not measured; nd not detected; Means followed by the same letter in the same column for each juice 
separately are not significantly different (LSD, p≥0.05) 

It is difficult to estimate the overall impact that the sulfur compounds have at these 

levels, since not all authors agree even on the detection threshold values for the 

various compounds (Mestres, Busto, & Guasch, 2000). It is also possible that even if 

present at levels lower than their respective odor thresholds, some compounds still 

affect the perception of reductive odors through additive if not synergistic effects. 
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For the fourth trial, the elemental sulfur was added to the pressed juice instead of the 

clarified juice. The purpose was to evaluate whether the removal of elemental sulfur 

during clarification (Kwasniewski et al., 2014) would still allow the formation of 3MH 

and how it would impact on the formation of reductive sulfur compounds in wine. 

Unlike trial 3, all of the juices in trial 4 produced wines with quantifiable amounts of 

varietal thiols when no sulfur addition was made (Table 3.1). However, no wine had 

the very high levels of varietal thiols seen with juice 4.  Nonetheless, the addition of 

elemental sulfur had the same increasing effect in the final levels of 3MH and 3MHA 

in the wines. The influence was more accentuated for juice 8, with a 4.5-fold increase 

in 3MH concentration between the extremes. The increase for juices 7 and 9 was 

much more moderate. The adjusted linear models describing the relation between 

added elemental sulfur and final concentrations of 3MH and 3MHA in wine are 

shown in Figure 2 and Table 3.3. 

 
Figure 3.2 - Linear regression fit between the addition of elemental sulfur to 
Sauvignon blanc juice and wine varietal thiol (3MH and 3MHA combined) for trial 4 
(Juices 7,8,9). Fit and 95% confidence and prediction limits by Juice. Single results of 
triplicate fermentations are shown at each level. 

 

Although similar effects were observed for varietal thiol formation for trials 3 and 4, 

the formation of reductive sulfur compounds in trial 4 presented no trends in respect 
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to sulfur addition, with no detectable amounts of H2S in any final wine and only 

small concentrations of methanethiol (Table 3.4), even though these were above the 

perception threshold (Nguyen et al., 2012). This result suggests that the formation of 

the thiol precursors can take place before the removal of most of the elemental sulfur 

with clarification. It also indicates that this reaction does not depend on yeast 

metabolism, which would be potentially inhibited at the sulfite levels present in the 

juice at this stage. Therefore, the formation of the precursor could be due to the 

reduction of elemental sulfur into H2S by reducing agents, enzymatic of otherwise, 

present in the grape juice. 

It is important to underline the importance the grape juice had in determining the 

final varietal thiol levels. However, the levels of the C6 compounds in trials 3 and 4, 

and more specifically E-2-hexenal and E-2-hexenol, showed no correlation with the 

concentration of varietal thiols in the control wines, and do not seem to be the 

limiting in thiol formation.   

3.3.4 Mechanistic considerations 

The reduction and oxidation of sulfur compounds have long been studied in different 

fields of research. The non-enzymatic reduction of S0 was described long ago by 

Sluiter (1930) as a reaction involving a thiol group from animal tissues or pure 

glutathione. The reduction was also observed by McCallan and Wilcoxon (1931) in 

leaves of higher plants and fungi spores when in contact of elemental sulfur, but the 

data indicated an enzymatic reaction. Other earlier reports confirmed this finding 

(Searcy & Lee, 1998). This same phenomenon was also described as a first step in the 

oxidation of sulfur by chemoautotrophic bacteria such as Acidithiobacillus thiooxidans 

(Rohwerder & Sand, 2003; Suzuki, 1965a, 1965b; Suzuki & Werkman, 1959). The 

reaction starts with a nucleophilic attack of GSH on the elemental sulfur ring (S8), 

with the GSnH species formed reacting with each other or with the remaining GSH to 

form the oxidized form GSSG and H2S (Rohwerder & Sand, 2003). 
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Searcy and Lee (1998) studying the reduction of sulfur by human erythrocytes and 

demonstrated the importance of glutathione in the reaction. Centrifuged cell lysates 

free of GSH and similar size compounds were not able to reduce S0, but their 

capacity was partially reestablished with the addition of GSH and even more with 

the combined GSH and NADPH additions. Furthermore, Kwasniewski et al. (2011) 

used GSH as a putative reduction agent for the development of an elemental sulfur 

quantification method in grape and leaves, and demonstrated its capacity to reduce 

elemental sulfur under alkaline conditions. 

The formation of H2S in grape juice by similar pathways, to the best of our 

knowledge, has never been described but could be the trigger of a series of reactions 

leading to the formation of 3MH and 4MMP. Elemental sulfur, glutathione and E-2-

hexenal and E-2-hexenol are present in considerable amounts in the grape juice and a 

reaction following Scheme 1 could be one of the pathways leading to 3MH formation. 

Other –SH containing compounds, like cysteine, or compounds with a reducing 

capacity such as ascorbic acid, could also contribute to S0 reduction to form H2S.  

To test the capacity of grape juice components to reduce elemental sulfur, some 

additional trials were performed. Grape juice model solutions (100 g/L glucose, 100 

g/L fructose, 5 g/L tartaric acid, pH 3.2) were spiked with 100 mg/L of glutathione, 

cysteine (100 mg/L) or ascorbic acid (100 mg/L) and 10 mg/L of elemental sulfur 

(commercial formulation) was added. Hydrogen sulfide detection tubes (Gastec 4LL, 

Gastec, Japan) were used to detect qualitatively the formed gas, which was purged 

from solution using nitrogen. However, under these conditions, no H2S was detected 

even after several hours. The same negative results were observed when using 

frozen/thawed Sauvignon blanc juice with the same spiked compounds. It was only 

possible to detect H2S when fresh seedless table grape juice was used with and 

without GSH spiking.  
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Scheme 3.1 - Proposed pathway for 3MH formation with elemental sulfur as the 
primary sulfur donor 

This result implies that a straight forward, non-enzymatic reduction of elemental 

sulfur by the tested compounds has minimal activity under juice conditions. Indeed, 

such non-enzymic reactions were shown to account for only 1% of H2S production by 

animal cells (Searcy & Lee, 1998). Thus, an enzymatic system is probably driving the 

reduction of elemental sulfur and thus the eventual formation of the varietal thiols.  

 Harsch et al. (2013) in their experiment with H2S and E-2-hexenal additions to 

non-inoculated YPS media could not detect an intermediate precursor, suggested to 

be 3-mercaptohexenal. Also, it was then suggested that, in face of these results, the 

intermediate precursor formation was yeast-dependent and could not be driven by 

straightforward chemical reactions. However, the product of the reaction of H2S and 

E-2-hexenal, following a 1,4 Michael addition, is 3-mercaptohexanal. This could be 

the reason why no precursor was detected before yeast inoculation, although further 

experiments are needed to confirm the proposed hypothesis. Additionally, the early 

production of H2S in grape juice before fermentation and independent of yeast 
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metabolism would fill the gap described by Harsch et al. (2013) and both the sulfur 

donor and the aldehyde would be present in high amounts at the same time. 

The proposed pathway would also require a rigid control of juice oxidation, as 

glutathione is readily consumed if no additional antioxidant protection is applied 

right after physical damage to the berries. GSH is a thiol-containing peptide that has 

the ability to regenerate the o-diphenol group of oxidized phenolic compounds. The 

oxidation of these phenolic compounds is catalyzed by polyphenol oxidase (PPO) and 

occurs after physical damage to the plant tissue. The resulting product of this 

reaction is the colorless compound 2-S-glutathionylcaftaric acid, also known as grape 

reaction product (GRP), which is formed until GSH exhaustion (Cejudo-Bastante, 

Perez-Coello, & Hermosin-Gutierrez, 2010). If no other antioxidant is added, the 

formed o-quinones will not only consume the available GSH but also react with any 

H2S formed by the reduction of S0, limiting the formation of the varietal thiols. This 

is one explanation why the heavily oxidized juice 5 had no detectable levels of 

varietal thiols apart from the highest sulfur addition. The addition of sulfite to grapes 

in the field is a common practice during the mechanical harvesting of white grapes 

that prevents extensive oxidation and can reduce oxidized phenolic quinones, 

maintaining higher levels of glutathione up to the pressing operations. 

4 Conclusions 

This set of experiments demonstrates that elemental sulfur can have an important 

role as a sulfur donor in the formation of the varietal thiol 3MH. The pathway that 

starts with the reduction of elemental sulfur in the early stages of juice processing 

and has the potential to produce wines with very high levels of varietal thiols, 

contributing to a remarkable tropical aroma. This does not mean that it is the only 

pathway but could be the main one in many cases. 

Also, by measuring the initial levels of elemental sulfur in the grape, in machine-

harvested grapes or in grape juice, it could be possible to predict the final levels of 

varietal thiols to a certain extent. However, variations in juice properties have a 
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further major influence, particularly those associated with juice oxidation, and need 

to be factored into future modeling experiments. More studies are necessary to 

determine extensively all the characteristics included in the proposed mechanism, the 

conversion rates of elemental sulfur into H2S and of the intermediate precursors to 

3MH. 

These results also open up an alternative to increasing varietal thiols levels in wine 

by modifying the elemental sulfur spray regime, including the type of sulfur 

formulation, dose, and frequency. The wine industry has to decide whether sulfur 

spraying for the sake of increasing varietal thiol levels instead of disease control is an 

acceptable practice, especially in regards to sustainable production and consumer 

interests since it is an agrochemical. 
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Chapter 4  

The impact of leaves on the concentration of C6 compounds and 

the varietal thiols 3-mercaptohexanol and 3-mercaptohexyl 

acetate in Sauvignon blanc juice and wine 

4.1 Introduction 

Mechanical grape harvesting presents some advantages in comparison to handpicking 

especially because of its speed and low cost. However, there are some issues related to 

harvested grape quality due to the severity of the physical damage caused to the 

fruit. This can be aggravated by a long period of time between harvest and further 

processing, sometimes at high temperatures (Caprara and Pezzi 2011). Thus, the 

grape must be protected against oxidation early after harvesting by the addition of 

an antioxidant like SO2, ascorbic acid or a combination of different compounds, or 

even by the addition of dry ice. For instance, the addition of ascorbic acid or 

glutathione alongside a moderate (30 mg/kg) SO2 addition to Sauvignon blanc grapes 

led to greater formation of the varietal thiols 3-mercaptohexanol and 3-mercaptohexyl 

acetate, which was attributed to antioxidant effects (Makhotkina, Araujo et al. 2014). 

The sulfitation has, on the other hand, the disadvantage of intensifying the extraction 

of phenolic compounds that could be undesired in white wine winemaking (Ribéreau-

Gayon, Dubourdieu et al. 2006). 

Moreover, the machine-harvested grapes usually contain some materials other than 

grape, mainly bark, canes, leaves and petioles. These materials can impart some off-

flavours to the wine (Morris 2000). The presence of leaves in crushed grape must can, 

for instance, increase the concentration of flavonols in the wine (Somers and Ziemelis 

1985) and has been suggested to be a major source of C6 compounds (Joslin and 

Ough 1978, Ugliano 2008). The macerated leaves add mainly quercetin glycosides to 

the must, but other flavonols like kaempferol can also be present. Free quercetin, 

which has low solubility in aqueous solutions, is formed by acid hydrolysis of the 
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glycosides that, on the other hand, have a high solubility. The presence of these 

quercetin flavonols, a consequence of the excessive presence of leaves in the crushed 

grapes, represent a risk for the development of a yellow flavonol haze in white wines 

(Somers and Ziemelis 1985). 

Important C6 compounds such as (E)-2-hexenal and hexanol are formed from the 

polyunsaturated fatty acids linolenic and linoleic acid, as products of the lipoxygenase 

metabolic pathway in plants. These reactions occur in the damaged plant tissue 

exposed to atmospheric oxygen. Leaves of Cabernet Sauvignon, for instance, have 

most of the fatty acid fraction as linolenic acid (Miele, Bouard et al. 1993), which 

directly forms the unsaturated C6 aldehydes and alcohols (Gigot, Ongena et al. 

2010). 

The degree of grape processing, or how much damage and air exposure occurs, 

directly affects the formation of these compounds. Destemming and crushing, for 

example, were shown to increase the concentration of C6 compounds, while whole-

bunch pressing, a milder operation, produced lower levels (Cordonnier and Bayonove 

1981). Similarly, the levels of hexanol were higher as the level of grape processing was 

intensified from hand-picked grapes to machine-harvested free run and finally to 

heavily pressed juices (Herbst-Johnstone, Araujo et al. 2013). 

Joslin and Ough (1978) studied the formation of C6 alcohols and aldehydes in grapes 

macerated with and without leaves. They observed that the factors that had an 

impact on the development of these compounds in musts with leaves added were the 

degree of aerobic maceration, the level of polyunsaturated fatty acids, the degree of 

enzymatic activity, and time. The addition and blending of leaves into the must 

produced a great increase in the levels of all C6 compounds. Under normal conditions 

of commercial grape processing, however, the authors concluded that the addition of 

leaves to the must due to machine-harvesting were not sufficient to increase the levels 

of C6 compounds. 
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It has also been reported that the addition of up to 7% w/w of leaves to damaged 

grapes was not detrimental to the sensory preference of wines, but had a significant 

impact on the total phenolic content and wine darkness (Noble, Ough et al. 1975). 

Contrastingly, Wildenradt, Christensen et al. (1975) found that the addition of leaves 

at 2% w/v with different degrees of maceration had a negative impact on the 

perceived quality of wines. However, the leaves were ground in air, a practice that 

Joslin and Ough (1978) showed to produce a much higher response than what can be 

obtained in a real situation. 

More recently, hypotheses connecting the compounds (E)-2-hexenal (Tominaga, 

Peyrot des Gachons et al. 1998, Peyrot des Gachons, Tominaga et al. 2002, 

Schneider, Charrier et al. 2006) and (E)-2-hexenol (Harsch, Benkwitz et al. 2013) in 

the formation of the varietal thiol 3-mercaptohexanol (3MH) were described. 

Additionally, data suggested that machine-harvested grapes would have higher thiol 

producing potential than handpicked ones (Allen, Herbst-Johnstone et al. 2011). 

Moreover, is has been found that grape leaves contain high amounts of the varietal 

thiols conjugated precursors S-3-(hexanol)-glutathione and S-3-(hexanol)-L-cysteine 

(Kobayashi, Takase et al. 2010, Roman Villegas, Tonidandel et al. 2016). Considering 

that one of the consequences of mechanical harvesting is the addition of leaves into 

the must and that this can potentially increase the levels of 3MH precursors, this 

study was planned to determine if leaves macerated with crushed grapes, mimicking a 

commercial operation, could have an impact on the formation of the varietal thiols 

during Sauvignon blanc winemaking. 
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4.2 Material and Methods 

4.2.1  Chemicals 

The winemaking supplies used were potassium metabisulfite from Enartis (Trecate, 

Italy), active dried Saccharomyces cerevisiae Lalvin EC1118 from Lallemand 

(Ontario, Canada), and Clinitest™  tablets from Bayer Healthcare LLC (NY, USA). 

The standards for C6 compounds analysis hexanal (98%), (E)-2-hexenal (98%), (E)-2-

hexenol (96%), (Z)-2-hexenol (95%) and (Z)-3-hexenol (98%) were purchase from 

Aldrich (Castle Hill, Australia), 1-hexanol (99.5%) was from Fluka (Castle Hill, 

Australia), and (E)-3-hexenol (97%) was from Lancaster (Morecambe, England). 

Varietal thiol 3-mercaptohexanol (98%) was supplied by Acros Organics (Geel, 

Belgium) and 3-mercaptohexyl acetate (98%) was from Oxford Chemicals 

(Hartlepool, UK). Glutathione and the polyphenolic compounds gallic acid, caffeic 

acid, coumaric acid, catechin, epicatechin, and quercetin-glucuronide were all of high 

purity and were supplied by Sigma-Aldrich (Castle Hill, Australia). 

The deuterated internal standards d11-n-hexanol and d12-n-hexanal were purchased 

from CDN isotopes (Pointe-Claire, Canada). Varietal thiols internal standards d2-3-

mercaptohexanol and d2-3-mercaptohexyl acetate were synthesised at the University 

of Auckland (Hebditch, Nicolau et al. 2007). 

L-(+)-tartaric acid (>99.5%) and sodium sulfate anhydrous (powder, extra pure, 

98.5–100.5%) were from Scharlau (Barcelona, Spain). D-(+)-glucose (99.5%) and D-

( −)-fructose (≥99.0%) were from Sigma (Castle Hill, Australia). Ethyl propiolate and 

butylated hydroxyanisole were purchased from Aldrich (Castle Hill, Australia), SPE 

cartridges Supelclean™  ENVI-18 and SPME fibre Stableflex DVB/CAR/PDMS (23 

ga, 50/30 µm, 2cm) were from Supelco (Castle Hill, Australia). 

Solvents used were methanol and dichloromethane (LiChrosolv® Merck, Darmstadt, 

Germany), acetonitrile and acetic acid (Merck, Darmstadt, Germany). Type 1 water 

(Barnstead NANOpure® DIamond™ , Thermo Scientific, Waltham, USA) or absolute 
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ethanol (99.7%, ECP, Auckland, New Zealand) were used to prepare solutions. BOC 

(New Zealand) supplied Nitrogen (food grade), Helium (instrument grade) and Argon 

(industrial grade). 

4.2.2 Experimental 

Year 1 

Sauvignon blanc machine-harvested grapes were collected directly from the harvester 

during commercial operations in Marlborough, New Zealand, in March 2014. Three 10 

kg buckets of crushed grapes were collected from three different blocks. The leaves 

and other non-grape materials were removed from the grape mash and green leaves, 

hand-picked from the same block as the harvested grapes and manually shredded to 

large pieces, were added at nil, 1% w/w and 5% w/w level. SO2 was added at 60 ppm 

at the same time. The juices were transported to the winery and pressed using an 80 

L hydraulic press (Zambelli Enotech, Camisano, Italy) within 4 hours of harvesting. 

The juices were then transported to Auckland, New Zealand, where they were cold 

settled at –4 °C overnight. Clarified juices were racked to three 750 mL (700 mL of 

juice) green glass bottles capped with a rubber bung and a pipette tip filled with glass 

wool. Fermentation was carried out at 15 °C using Saccharomyces cerevisiae Lalvin 

EC1118 (Lallemand, Canada) added at 250 mg/L and rehydrated according to 

manufacturer instructions. 

Fermentation was controlled by daily measuring the bottles weight. Fermentation 

was finished when the weights were stable and residual sugar were at or below 3 g/L, 

measured with a Clinitest™  (Bayer Healthcare, USA) tablet. Wines were then cold 

settled at -4 °C for three weeks and finally racked and frozen at -20 °C until analysis. 

Year 2  

Sauvignon blanc grapes were handpicked from three different sites in Marlborough, 

New Zealand, in March 2015 and stored refrigerated at 4 °C. Leaves from all parts of 

the grapevine belonging to the same blocks were also picked and stored refrigerated in 
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a closed plastic bucket. The grapes and leaves were then transported to Auckland 

and destemmed, crushed, followed by the addition of 60 ppm of SO2. From harvesting 

until processing, the grapes and leaves were kept refrigerated for 2 to 3 days. The 

leaves were shredded and mixed to the crushed grapes in the proportions of nil, 1% 

w/w and 5% w/w. After two hours of maceration at room temperature the grapes 

were processed using the same protocol as for year 1. Additionally, leaves extracts 

were also prepared by macerating synthetic grape juice (glucose and fructose 200 g/L, 

tartaric acid 5 g/L, pH 3.2, 60 ppm free SO2) and 1% or 5% w/w of shredded leaves 

for two hours, followed by filtration in Whatman qualitative paper filter n.2. 

4.2.3  Juice analysis 

C6 alcohols and aldehydes were quantified in juices from year 2 and leaves extracts 

using a solid phase extraction (SPE) method according to Makhotkina, Araujo et al. 

(2014) with some modifications. In addition to d11-n-hexanol (984 µg/L), d12-n-

hexanal (267 µg/L) was added to the internal standard mix. The oven temperature 

program was modified to 50 °C for 10 min, ramped to 110 °C at a rate of 5 °C/min 

and held at this temperature for 7 min, then raised to 250 °C at a rate of 50 °C/min 

and held for 10 min. Total run time was 40.8 min. 

Polyphenols and glutathione were quantified in pressed juices and leaves extracts 

from year 2 according to Maggu, Winz et al. (2007) using an Agilent 1100 HPLC 

equipped with an UV-Vis detector (Agilent, USA) and an ESA Coulochem III 

electrochemical detector (Chelmsford, USA) with dual analytical cell (5010A). 

4.2.4  Wine analysis 

Varietal thiols 3MH and 3MHA analysis for year 1 wines were performed following 

the SPE GC-MS method described by Herbst-Johnstone, Piano et al. (2013). Wine 

C6 compounds were quantified following the method described by (Makhotkina, 

Araujo et al. 2014) with the same modifications made for the juice analysis. 
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In year 2, wine varietal thiols and C6 compounds were analysed using the method 

developed by (Herbst-Johnstone, Piano et al. 2013) with some modifications. The 

internal standards d11-n-hexyl alcohol (984 µg/L) and d12-n-hexanal (267 µg/L) were 

added in addition to the deuterated thiols. In the SPE, after final elution with 

dichloromethane, 500 µL of the total eluted volume was separated and concentrated 

under N2 flow until 50 µL. This fraction was analysed using the same GC-MS method 

for C6 compounds used in year 1. The remaining DCM elution was concentrated until 

20 µL and analysed for varietal thiols as in year 1.  

4.2.5 Data analysis 

The data from each site sampled in each year was treated separately. This approach 

was taken due to the differences between blocks that could not be controlled. 

Descriptive Analyses were made using Excel 2016 (Microsoft, Redmont, USA). One-

way ANOVA was performed using leaves addition as single fixed factor and the 

significance level was set at 5%. When appropriate, pair-wise comparison of means 

were done using Tukey HSD test. 

4.3 Results and discussion 

4.3.1  Wines - Year 1 

Analysis of the wines from year 1 revealed an inconsistent effect of the addition of 

leaves on the levels of C6 compounds and varietal thiols (Table 4.1). Wines from the 

three different blocks varied greatly in the levels of varietal thiols produced. The 

control samples of juice 1 had no detectable thiols, while juices 2 and 3 had around 

1000 ng/L, which is a low level considering typical values reported for New Zealand 

Sauvignon blanc (Benkwitz, Tominaga et al. 2012). The addition of leaves produced 

an increase on the levels of 3MH for juice 3. The 5% sample had over 60% higher 

levels than control, even though no differences were observed for 3MHA. 
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On the other hand, similar results were not observed for juice 1 and 2. The varietal 

thiols were only detected for the 1% leaves addition sample for juice 1. For juice 2, 

after an increase with the 1% leaves addition, the concentration of thiols was lower 

for the 5% leaves addition.  

The addition of leaves increased consistently the levels of (Z)-3-hexenol for juices 1 

and 3, but the same was not observed for 1-hexanol and (E)-3-hexenol. 

Given that the initial juices in year 1 contained a good amount of leaves as a result of 

the mechanical harvesting and that the level of maceration could have been different 

for each block, a new experiment was planned. In year 2, the grapes were hand-

picked from three blocks along with the separate collection of grape leaves. The 

grapes were destemmed and crushed in a timely fashion in order to provide all the 

samples with similar periods of maceration, with the leaves added or controls with no 

leaves. Additionally, leaves extracts in model grape juice were prepared in order to 

understand what could be extracted from the leaves that can impact the aroma of the 

wines.  
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Table 4.1 - Levels of varietal thiols (ng/L) and C6 compounds (µg/L) in wines from 
year 1 – averages and standard deviations from triplicate analysis. 

Juice Leaves 3MH 3MHA Hexanal Hexanol 
(E)-3-
hexenol 

(Z)-3-
hexenol 

1 
0 nd nd 8.2±1.4 1942±33 123±19 a 802±163 b 
1% 188±123 41±5 8.2±0.9 2469±444 106±14 ab 991±116 ab 
5% nd nd 6.7±1 2009±32 89±4 b 1120±36 a 

2 
0 996±270 ab 292±250 b 8.3±1 1246±55 82±4 404±20 
1% 1259±50 a 369±5 a 7.8±1 1298±164 92±24 381±129 
5% 601±12 b 210±6 c 7.8±3 1219±60 84±7 578±54 

3 
0 1115±41 c 327±11 11.3±0.9 2136±88 b 128±10 a 364±28 b 
1% 1407±29 b 369±57 14.2±5 2399±29 a 126±0.7 a 459±7 b 
5% 1813±60 a 370±11 9.2±2 1976±135 b 100±4 b 941±82 a 

For each juice means with the same letter are not considered significantly different (Tukey, p>0.05). 

4.3.2  Leaves extracts – Year 2 

The leaves extracts produced in model grape juice had low levels of the C6 alcohols 

and aldehydes, with relevant amounts only for the 5% leaves samples (Figure 4.1). 

The concentrations varied not only between sampling blocks, with lowest levels for 

Site 1, but also within repetitions. These results are in accordance with the findings 

of Joslin and Ough (1978), showing low concentrations of C6 compounds in musts 

with 7% hand-shredded leaves added. The same authors stated that dried leaves 

produced 20 times less (E)-2-hexenal and (Z)-3-hexenol than fresh ones. The leaves 

used in the present work were stored in a closed container under refrigeration and 

were not showing any signs of senescence or dryness at the moment of use.  

With the extraction of 5% added leaves, a large amount of leaves and much greater 

than what is normally found with machine-harvested grapes, had up to 20 µg/L of 

(E)-2-hexenal and 27 µg/L of (E)-2-hexenol, the two C6 compounds determined to be 

3MH precursors in H2S addition experiments (Harsch, Benkwitz et al. 2013), but 

these levels are well below what was found in New Zealand Sauvignon blanc grape 

juice (Makhotkina, Araujo et al. 2014). 
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Figure 4.1 – Box plots of the concentrations of C6 compounds in leaves extracts. 
Averages of triplicate extractions. Averages are marked as (×) and median as ( ̶ ). The 
box represents the upper and lower quartiles and whiskers the maximum and minimum 
values. 

Additionally, some polyphenolic compounds were extracted from the leaves, mainly 

quercetin-based flavonols (Table 4.2). Small amounts of caftaric acid, grape reaction 

product (GRP), and glutathione (GSH) were also detected. The concentrations of 

these compounds were always higher for the 5% additions than the 1% leaves 

additions.  
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Table 4.2 - Polyphenols and glutathione in leaves extracts (mg/L) – averages with 
standard deviations in parenthesis. 

Site Leaves Caftaric acid GRP 
Quercetin-
glucuronide 

Quercetin-
glucoside 

GSH 

1 
1% 

1.4b 

(0.08) 
0.7b 

(0.01) 
0.8b 

(0.05) 
8.2b 

(0.7) 
0.9b 

(0.07) 

5% 
4.9a 

(0.3) 
0.9a 

(0.02) 
1.8a 

(0.3) 
41.7a 

(3.2) 
2.4a 

(0.2) 

2 
1% 

1.5b 

(0.4) 
0.7b 

(0.03) 
0.7b 

(0.05) 
5.3b 

(0.6) 
0.6b 

(0.2) 

5% 
5.1a 

(1.1) 
1.0a 

(0.06) 
2.0a 

(0.7) 
41.7a 

(19.3) 
1.7a 

(0.01) 

3 
1% 

1.5b 

(0.1) 
0.7b 

(0.01) 
0.8b 

(0.04) 
8.3b 

(1.6) 
0.6b 

(0.02) 

5% 
6.0a 

(1.7) 
1.0a 

(0.01) 
2.3a 

(0.7) 
49.3a 

(16.5) 
1.7a 

(0.2) 
For each site means with the same letter are not considered significantly different (F test, p>0.05). 

4.3.3  Juices – Year 2 

Analysis of juices after pressing and after cold settling did not show a consistent 

effect of leaves addition upon the concentration of C6 compounds (Table 4.3). 

Different trends were observed for (E)-2-hexenal between the controls and 1% 

additions at sites 1 and 2, but the 5% leaves addition juice had lower levels of the 

aldehyde at both sites. For site 3, the 5% extract had similar levels as the control for 

pressed juice, but higher after clarification. Values for (E)-2-hexenol were comparable 

for the pressed juices, while 5% leaves addition juices had the lowest values. These 

results indicate a small influence of leaves on the levels of C6 compounds in the juice, 

confirming once more the findings of Joslin and Ough (1978). 
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Table 4.3 - C6 compounds concentration in juices from year 2 after pressing (AFP) 
and after cold settling (ACS) – averages in µg/L with standard deviations in 
parenthesis. 

Juice Leaves hexanal 
(E)-2-
hexenal 

Hexanol 
(E)-3-
hexenol 

(Z)-3-
hexenol 

(E)-2-
hexenol 

(Z)-2-
hexenol 

1 

AFP 

Control 
67 
(3.2) 

143b 

(1.5) 
277a 

(3.6) 
9.6 
(0.1) 

321c 

(7.7) 
776a 

(14) 
8.2 
(0.3) 

1% 
64 
(0.9) 

171a 

(5.1) 
273a 

(6.0) 
10 
(0.6) 

352b 

(10) 
772a 

(21) 
9.0 
(0.6) 

5% 
62 
(1.8) 

100c 

(2.8) 
259b 

(4.7) 
10 
(0.1) 

377a 

(6.6) 
646b 

(5.8) 
8.4 
(0.2) 

ACS 

Control 
95a 

(15) 
79a 

(3.1) 
275 
(6.4) 

9.7 
(0.06) 

329 
(5.3) 

718a 

(10) 
8.4 

(0.6) 

1% 
97a 

(13) 
81a 

(3.2) 
263 
(12) 

9.8 
(0.3) 

354 
(15) 

718a 

(31) 
7.6 
(0.8) 

5% 
57b 

(1.6) 
40b 

(4.3) 
243 
(28) 

9.4 
(0.5) 

345 
(31) 

549b 

(51) 
8.2 
(0.4) 

2 

AFP 

Control 
58b 

(1.6) 
180a 

(1.4) 
204b 

(4.2) 
8.5b 

(0.4) 
367b 

(5.6) 
798 
(11) 

7.6b 

(1.0) 

1% 
62ab 

(5.9) 
161b 

(12) 
225a 

(11) 
9.0b 

(0.2) 
392b 

(17) 
818 
(34) 

9.0ab 

(0.2) 

5% 
68a 

(2.5) 
104c 

(2.6) 
240a 

(4.8) 
9.7a 

(0.1) 
454a 

(6.9) 
785 
(16) 

10a 

(0.4) 

ACS 

Control 
60b 

(5.2) 
114a 

(1.2) 
210b 

(3.5) 
8.1c 

(0.07) 
362c 

(5.2) 
755a 

(3.7) 
7.6 
(0.4) 

1% 
70b 

(3.3) 
77b 

(0.9) 
234a 

(2.5) 
9.0b 

(0.1) 
406b 

(5.3) 
780b 

(9.0) 
8.1 
(0.9) 

5% 
91a 

(8.0) 
59c 

(2.2) 
232a 

(1.7) 
9.4a 

(0.1) 
434a 

(6.0) 
711c 

(13) 
9.1 
(0.9) 

3 

AFP 

Control 
55 
(3.5) 

135ab 

(3.6) 
482 
(6.3) 

9.1b 

(0.07) 
279b 

(2.1) 
562 
(5.5) 

7.1b 

(0.5) 

1% 
65 
(5.4) 

121b 

(5.4) 
457 
(12) 

8.9b 

(0.1) 
308b 

(5.3) 
577 
(12) 

7.0b 

(0.7) 

5% 
62 
(6.0) 

146a 

(7.9) 
486 
(23) 

11a 

(0.8) 
445a 

(23) 
546 
(0.9) 

9.1a 

(0.9) 

ACS 

Control 
54 
(4.0) 

50b 

(5.9) 
506 
(29) 

9.2ab 

(0.4) 
290b 

(16) 
546a 

(35) 
6.6 
(0.4) 

1% 
55 
(2.7) 

75a 

(0.6) 
454 
(4.3) 

8.8b 

(0.04) 
301b 

(1.4) 
534a 

(9.5) 
6.7 
(0.4) 

5% 
48 
(8.9) 

63a 

(6.0) 
442 
(34) 

10a 

(0.5) 
398a 

(27) 
459b 

(1.0) 
8.2 
(1.0) 

For each site and for each juice (AFP or ACS), averages followed by the same letter are not 
significantly different (Tukey, p>0.05).  

Leaves addition also did not consistently affect the level of most polyphenols analysed 

and glutathione. The exceptions were the flavonols quercetin-3-glucuronide and 

quercetin-3-O-glucoside (Table 4.4), compounds present in high levels in leaves and 

that have been associated with the formation of yellow haze in unstable wines 

(Somers and Ziemelis 1985).  
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Table 4.4 - Polyphenols and glutathione (mg/L) measured in pressed juices from year 
2– averages with standard deviations in parenthesis. 

Juice Leaves 
Caftaric 
acid 

GRP 
Cis-
coutaric 
acid 

Trans-
coutaric 
acid 

Caffeic 
acid 

Quercetin-
glucuronide 

Quercetin-
glucoside 

GSH 

1 

0 
31.9 
(0.2) 

10.7a 

(<0.01) 
1.5 
(0.01) 

4.3 (0.09) 
1.3 
(0.1) 

 2.5b 

(0.2) 
50.8a 

(0.7) 

1% 
32.8 
(0.09) 

9.8b 

(0.01) 
1.6 
(0.02) 

4.5 
(0.05) 

1.4 
(0.03) 

 4.8ab 

(0.3) 
51.4a 

(0.04) 

5% 
32.0 
(0.6) 

9.2c 

(0.1) 
1.5 
(0.02) 

4.3 
(0.02) 

1.4 
(0.02) 

0.9 
(0.2) 

9.4a 

(2.1) 
45.5b 

(0.8) 

2 

0 
35.1ab 

(0.1) 
9.8b 

(0.02) 
1.9 

(0.01) 
5.4a 

(0.02) 
1.3 
(<0.01) 

 2.1c 

(0.1) 
51.9 
(1.7) 

1% 
34.5b 

(0.2) 
10.1a 

(0.05) 
1.9 
(0.01) 

5.2b 

(0.02) 
1.2 
(0.03) 

 3.3b 

(0.6) 
52.5 
(1.2) 

5% 
36.0a 

(0.2) 
9.3c 

(0.07) 
1.9 
(0.02) 

4.9c 

(0.04) 
1.3 
(0.04) 

1.0 
(0.1) 

9.0a 

(0.03) 
50.2 
(1.6) 

3 

0 
22.8c 

(0.4) 
6.9 
(0.1) 

1.1c 

(0.05) 
3.1 
(0.06) 

1.1b 

(<0.01) 
 1.4b 

(0.1) 
31.6a 

(0.6) 

1% 
29.5b 

(0.1) 
8.1 
(0.01) 

1.4b 

(0.01) 
4.1 
(0.09) 

1.2ab 

(0.05) 
 4.4b 

(1.4) 
40.2b 

(2.1) 

5% 
31.9a 

(0.02) 
4.6 
(4.7) 

1.6a 

(0.01) 
2.6 
(2.5) 

1.3a 

(0.06) 
0.9 
(0.03) 

13.1a 

(0.2) 
40.9b 

(0.2) 
For each juice means with the same letter are not considered significantly different (Tukey, p>0.05). 

4.3.4  Wines – Year 2 

The C6 compounds (E)-2-hexenal and (E)-2-hexenol are completely metabolised 

during alcoholic fermentation (Joslin and Ough 1978, Harsch, Benkwitz et al. 2013) 

and were not detected in the finished wines (Table 4.5). No statistically significant 

differences were observed for the remaining C6 compounds in the wines, except for a 

higher level of (E)-3-hexenol for juice 2 control treatment. In general, the addition of 

leaves to must, even at extreme degrees, did not show significant impact on C6 

compounds in the wines. 
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Table 4.5 - C6 compounds concentration in wines from year 2 – averages of triplicate 
fermentations in µg/L with standard deviations in parenthesis. 

Site Leaves 1-hexanol (E)-3-hexenol (Z)-3-hexenol 

1 

control 
1768 
(235) 

167 
(27) 

341 
(70) 

1% 
2371 
(308) 

133 
(37) 

351 
(69) 

5% 
2391 
(335) 

114 
(30) 

375 
(56) 

2 

control 
1969 
(598) 

154a 

(20) 
459 
(90) 

1% 
2600 
(145) 

104b 

(6.2) 
444 
(19) 

5% 
2397 
(140) 

90b 

(13) 
439 
(69) 

3 

control 
2493 
(77) 

79 
(4.7) 

413 
(18) 

1% 
2460 
(112) 

83 
(4.5) 

426 
(29) 

5% 
2680 
(148) 

71 
(15) 

485 
(98) 

For each juice means with the same letter are not considered significantly different (Tukey, p>0.05). 

The varietal thiols 3MH and 3MHA analysis showed conflicting trends with leaves 

additions (Figure 4.2). Juice 3 had the lowest thiol forming potential, but the 

addition of leaves caused an increment of almost 2.4-fold in 3MH levels, comparing 

control and 5% addition. On the other hand, juice 2 showed a high thiol potential, 

with average surpassing the 17,000 ng/L concentrations, but the leaves addition 

progressively led to lower 3MH formation.  

Juice 1 also presented a high thiol forming potential (>10,000 ng/L). An unusual 

variation between triplicate fermentations was found for the samples added with 1% 

and 5% leaves. This discrepancy in the data is unlikely to be caused by natural 

variation within replicated fermentations considering the results from dozens of other 

experiments following a similar winemaking protocol that never resulted in analogous 

high deviation. For instance, levels of 3MH for this particular juice varied from 13,751 

ng/L to 30,083 ng/L for the 1% addition and from 10,023 ng/L to 31,364 ng/L for 5% 

leaves addition.  

Even though it is unclear what could have produced this result, it could be linked to 

an external factor and not intrinsic to the leaves. For instance, elemental sulfur 
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residues on the surface of leaves could be introduced to the grape must, resulting in 

the observed increase on varietal thiols. Araujo, Vannevel et al. (2016) demonstrated 

that increasing levels of S0 added to Sauvignon blanc juice elevated the final 3MH 

and 3MHA wine concentration. However, more studies are necessary in order to 

understand what might have caused these abnormal readings. 

It is worth to emphasise that the juices from sites 1 and 2 without any leaves added 

had the potential to produce wines with a high level of varietal thiols, comparable to 

the highest levels found in Marlborough Sauvignon blanc wines (Benkwitz, Tominaga 

et al. 2012). This indicates that the higher varietal thiols content in the Marlborough 

wines, when compared to wines from other regions or countries, cannot be solely 

associated with the presence of leaves. 

 

Figure 4.2 - Levels of varietal thiols 3MH and 3MHA in the wines from year 2. 
Averages of triplicate fermentations, standard deviations as error bars. For each site 
averages followed by the same letter are not significantly different (Tukey, p>0.05). 

4.4 Conclusion 

The contradictory effects of leaves addition on varietal thiol concentrations, combined 

with the small contribution of leaves to C6 compounds levels in juice, suggest that 

the presence of leaves most probably does not directly contribute to 3MH and 3MHA 

formation or have a significant impact on wine aroma. On the other hand, stability 

issues can arise from the excessive presence of flavonols coming from leaves. The not 
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significant effect on aroma compounds with leaves addition across multiple juices and 

the exceptional variations observed for juice 1 are most probably connected to an 

unknown external factor carried by the leaves rather than to an intrinsic leaves 

component. 
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Chapter 5 

Harvesting methods and sulfur dioxide addition influence on key 

volatile compounds and sensory profile of Sauvignon blanc wine 

5.1  Introduction 

Sauvignon blanc is a white grape variety cultivated worldwide that originated from 

the West coast of France. Sauvignon blanc wines can be produced in different styles 

resulting in varied aroma profiles depending on the region, climate, soil, and mainly 

on the winemaking procedures used.  The typical Sauvignon blanc varietal aroma is 

marked by green or unripe notes including citrus, green capsicum, grassy, and herbs, 

in addition to tropical fruits, passion fruit, guava, and gooseberries (Marais 1994, 

Lund, Thompson et al. 2009, Parr, Schlich et al. 2013). It can also present flinty and 

mineral characters (Parr, Valentin et al. 2016). These profiles can change depending 

on the country of origin.  For instance, New Zealand wines, particularly from the 

region of Marlborough, were described as having a more intense fruity notes of 

tropical and passion fruit than French or South African wines, which were described 

as having a flinty or mineral, and bourbon-like aromas (Lund, Thompson et al. 2009). 

Key chemical compounds have been found to be responsible for the typical Sauvignon 

blanc aroma.  Methoxypyrazines contribute decisively to the greener aromas while 

varietal thiols are associated with the tropical fruits and passion fruit aromas (Marais 

1994, Tominaga, Furrer et al. 1998, Benkwitz, Tominaga et al. 2012).  

Methoxypyrazines are naturally present in grapes, mainly in the skins. They are 

secondary products of amino acids metabolism and have a higher concentration in 

under-ripe fruit, being consumed during grape maturation. Sunlight incidence and 

hotter climates also inhibit the accumulation of methoxypyrazines in grape berries 

during maturation (Ryona, Pan et al. 2008, Koch, Ebeler et al. 2012).  Hence shaded 

fruits and grapes produced in cool zones have the highest levels of pyrazines. They 

are stable compounds, not being sensitive to oxidative conditions. The main pyrazines 
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present in Sauvignon blanc wines and important to the perceived green 

characteristics are 3-isobutyl-2-methoxypyrazine (IBMP) and 3-isopropyl-2-

methoxypyrazine (IPMP) (Parr, Schlich et al. 2013). IBMP was found in levels 

varying from 0.6 to 38 ng/L (Benkwitz, Tominaga et al. 2012) and their low aroma 

perception threshold of 2 ng/L (Ribéreau-Gayon, Dubourdieu et al. 2006) make these 

compounds important odorants in Sauvignon blanc wines.  

The most important varietal thiols for the aroma of Sauvignon blanc wines are 3-

mercaptohexanol (3MH), its derivate ester 3-mercaptohexyl acetate (3MHA), and 4-

mercapto-4-methylpentan-2-one (4MMP). 3MH and 3MHA appear in wine as a 

mixture of R and S enantiomers, from which racemic mixtures have the very low 

sensory thresholds of 60 ng/L and 4 ng/L, respectively. The aroma of these varietal 

thiols depends on their form: 3MH in the R form has a grapefruit aroma and the S  

form smells of passion fruit, while 3MHA in the R form is less odoriferous and smells 

like passion fruit and the S form has a herbaceous aroma reminiscent of boxwood 

(Tominaga, Niclass et al. 2006). The impact that these varietal thiols have on the 

aroma of Sauvignon blanc has been described by different authors (Lund, Thompson 

et al. 2009, Green, Parr et al. 2011, Benkwitz, Tominaga et al. 2012). The 

concentration of these compounds correlated well with the descriptors associated with 

them, including tropical, passion fruit skin/stalk, sweet sweaty passion fruit, 

gooseberry, and cat urine/boxwood. 

The 3MH formation pathway is still not fully understood. The most studied 

hypothesis is the formation via the lysis of conjugated precursors of glutathione or 

cysteine and 3MH, formed by the reaction of the peptide and (E)-2-hexenal 

(Tominaga, Peyrot des Gachons et al. 1998, Peyrot des Gachons, Tominaga et al. 

2002, Thibon, Bocker et al. 2016). Some issues have been raised that cast doubt on 

the relevance of this pathway as the main route for 3MH formation.  These include 

the lack of correlation between concentrations of these conjugates in the juice and the 

levels of varietal thiols in the finished wine (Pinu, Jouanneau et al. 2012). Another 

hypothesis is the formation via the direct addition of H2S, formed by yeast during 
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alcoholic fermentation, to (E)-2-hexenal forming an aldehyde intermediary that is 

reduced to 3MH by yeast metabolism. This pathway was first presented by 

Schneider, Charrier et al. (2006) and had its potential to form a very high level of 

3MH assessed by Harsch, Benkwitz et al. (2013). One difficulty with this hypothesis 

is the difference in timing between the consumption of the aldehyde, fast early in the 

fermentation, and the start of H2S formation, creating a narrow window for the 

reaction to occur. More recently, it was shown that H2S can be generated via the 

reduction of elemental sulfur in grape juice, broadening the window for reaction with 

(E)-2-hexenal.  Increasing elemental sulfur residues in juice was found to 

proportionally increase the level of varietal thiols in wine (Araujo, Vannevel et al. 

2016). 

Due to their sensory importance, much research has been focused on the factors, both 

viticultural and oenological, affecting the formation of varietal thiols and their 

precursors.  These include harvesting operations, maceration intensities, pressing, 

yeast strains and antioxidant additions (Coetzee and du Toit 2012). It has been 

demonstrated that advanced oxidation with the grape juice drastically lowers its 

potential to produce the varietal thiols 3MH and 3MHA (Allen, Herbst-Johnstone et 

al. 2011, Makhotkina, Herbst-Johnstone et al. 2013). This effect is possibly related to 

the presence of reactive quinones, products of the oxidation of polyphenolic 

compounds, which remove the formed thiols or H2S. Makhotkina, Herbst-Johnstone 

et al. (2013) showed that increasing additions of SO2 to machine-harvested grapes 

produced wines with higher levels of varietal thiols, providing evidence for the 

importance of oxidation protection early in grape processing for the formation of 

these key compounds.  

Another influential factor on varietal thiol formation is the method of harvesting.  

Grapes can be picked by hand, in the traditional way, or using mechanical harvesters. 

Hand-picking the grapes provides an opportunity to remove the lowest quality fruit 

and other non-grape materials.  It is also a gentler process, avoiding problems with 

excessive oxidation and exposure to uncontrolled microbial growth, issues that are 
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usually associated with machine-harvesting leading to lower quality wines (Arfelli, 

Sartini et al. 2010, Kilmartin 2012). However, the development of harvesting 

technologies in conjunction with postharvest treatments to remediate the loss of 

natural antioxidants have been shown to be effective in maintaining the quality of 

machine-harvested grapes (Arfelli, Sartini et al. 2010). In fact, the mechanical 

harvesting of grapes did not produce any negative sensory effects on the quality of 

wines, even with leaves intentionally added (Noble, Ough et al. 1975). It was also 

observed that generally  machine-harvested Sauvignon blanc grapes presented a 

higher thiol-forming potential than hand-picked grapes (Allen, Herbst-Johnstone et 

al. 2011). Wines produced from machine-harvested grapes had higher level of varietal 

thiols and fruitier aromas, were less acidic, with better concentration, balance and 

persistence in the mouth when compared to wines from hand-picked grapes (Parr, 

Schlich et al. 2013). 

Based on this knowledge, the experiment described in this chapter was designed to 

determine whether the increase in thiols levels observed with increasing additions of 

SO2 has an impact on the sensory perception of Sauvignon blanc wines produced with 

machine-harvested grapes. Moreover, a comparison between the chemical profile of 

machine-harvested and handpicked grapes was made, when additional grape 

processing steps were performed before pressing. 
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5.2  Material and Methods 

5.2.1  Chemicals 

For the winemaking, potassium metabisulfite supplied by Enartis (Trecate, Italy) was 

used as an antioxidant both in juice and in wine. Saccharomyces cerevisiae Lalvin 

EC1118 (Lallemand, Ontario, Canada) was used for alcoholic fermentation and 

Clinitest™  tablets (Bayer Healthcare LLC, Tarrytown, USA) were used to determine 

the residual sugar levels in wine. 

Sodium hydroxide, sodium sulfate anhydrous (powder, extra pure, 98.5–100.5%) and 

sodium chloride were purchased from Scharlau (Barcelona, Spain). Magnesium sulfate 

heptahydrate (≥98.0%) was purchased from Sigma-Aldrich (Castle Hill, Australia), 

ethyl propiolate (99%) and butylated hydroxyanisole (reagent grade) were purchased 

from Aldrich (Castle Hill, Australia), SPE cartridges Supelclean™  ENVI-18 and 

SPME fibre Stableflex DVB/CAR/PDMS (23 ga, 50/30 µm, 2cm) were from Supelco 

(Castle Hill, Australia). Solvents methanol and dichloromethane were from Merck 

(LiChrosolv®, Darmstadt, Germany). Type 1 water (Barnstead NANOpure® 

DIamond™ , Thermo Scientific, Waltham, USA) or absolute ethanol (99.7%, ECP, 

Auckland, New Zealand) were used to prepare solutions. BOC (Auckland, New 

Zealand) supplied Nitrogen (food grade), Helium (instrument grade) and Argon 

(industrial grade). 

The deuterated internal standards d11-n-hexanol, d12-n-hexanal, d3-3-isobutyl-2-

methoxypyrazine, d3-2-phenylethyl acetate, d5-2-phenyl alcohol, d3-3-methylbutyl 

acetate, d3-n-hexyl acetate, d11-ethyl hexanoate, d3-ethyl butyrate, d15-ethyl 

octanoate, d2-3-methyl-1-butyl alcohol and d3-linalool were all of high purity and 

purchased from CDN isotopes (Pointe-Claire, Canada). D6-dimethyl sulfide was from 

Sigma-Aldrich (Castle Hill, Australia) and the deuterated thiols d2-3-

mercaptohexanol and d2-3-mercaptohexyl acetate were synthesised at the University 

of Auckland (Hebditch, Nicolau et al. 2007). Non-deuterated internal standards DL-3-

octanol (99%) was supplied by Acros organics (Geel, Belgium), 4-decanol (98%) was 
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from Lancaster (Morecambe, England), and 3-4,dimethylphenol (99%) was purchased 

from Aldrich (Castle Hill, Australia). 

5.2.2  Sampling and winemaking 

Grapes from four different sites located in the Wairau Valley in Marlborough, New 

Zealand, were collected during the 2015 harvest directly from the harvesters. The 

harvested grapes were tipped from the harvester into a large plastic bin without any 

prior addition and leaves and other debris were removed as much as possible. Grapes 

from the same blocks were also sampled as handpicked whole bunches. Additions of 

SO2 were made to 3 buckets containing 40 kg of the machine-harvested grapes each 

at levels of nil, 60 ppm or 120 ppm in the field. Corresponding amounts of PMS were 

weighed and diluted in 15 mL of water before addition to the grapes and grapes were 

well mixed with a stainless steel must plunger.  The sulfited grapes were transported 

to the winery and pressed using an 80 L water bladder press (Zambelli Enotech, 

Camisano, Italy). The handpicked grapes were destemmed using a manually operated 

destemmer and crusher, using a stainless steel must plunger before the addition of 60 

ppm of SO2. The hand-picked samples were pressed in the same manner the machine-

harvested samples. For each treatment, 25 L of juice was collected and stored under 

refrigeration (4 °C). For logistical reasons, only one site was processed at once. This 

approach was taken to minimize the skin contact time while crushed grapes were 

waiting to be pressed, which took up to maximum 6 hours. All juice samples were 

transported to the University of Auckland wine hall in Auckland where they were 

cold settled (-4 °C) overnight and racked into 5 L glass containers capped with a 

plastic airlock. Yeast was rehydrated following the manufacturer directions and the 

fermentation was carried out in triplicate at 15 °C. Fermentation was controlled by 

daily measuring the weight of the bottles and was stopped when the weights were 

stable and residual sugar levels were at or below 3 g/L. The wines were cold 

stabilized at -4 °C for three weeks before being bottled (750 mL, 30 ppm SO2 added), 

screw capped (Guala Closures NZ Ltd, Auckland) using a Lafert model 1110 capping 
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machine (Wine and Beverages Systems Ltd, Auckland) and were stored at -4 °C until 

evaluation. 

5.2.3  Juice analysis 

Total soluble solids (Brix), titratable acidity as tartaric acid, pH, Yeast Assimilable 

Nitrogen (YAN) and free sulfur dioxide of all juices were measured after pressing 

using a FOSS WineScan™SO2 (FOSS, Denmark). These measurements were 

performed while still in Marlborough. 

C6 alcohols and aldehydes were quantified in pressed juices using a solid phase 

extraction (SPE) method according to Makhotkina, Araujo et al. (2014) with some 

modifications. In addition to d11-n-hexanol (984 µg/L), d12-n-hexanal (267 µg/L) was 

added to the internal standard mix. The oven temperature program was modified to 

50 °C for 10 min, ramped to 110 °C at a rate of 5 °C/min and held at this 

temperature for 7 min, then raised to 250 °C at a rate of 50 °C/min and held for 10 

min. Total run time was 40.8 min. 

5.2.4  Wine analysis 

5.2.4.1 Varietal thiols and C6 compounds analysis 

The varietal thiols 3MH and 3MHA were quantified according to the method 

described by Herbst-Johnstone, Piano et al. (2013) with some modifications to include 

the analysis of C6 compounds using the same solid phase extraction (SPE) eluent.  

The internal standards d11-n-hexyl alcohol (984 µg/L) and d12-n-hexanal (267 µg/L) 

were added in addition to the deuterated thiols internal standards. In the SPE, after 

final elution with dichloromethane (DCM), 500 µL of the total eluted volume was 

separated and concentrated under N2 flow until 50 µL. This fraction was analysed 

using the GC-MS method described previously (Makhotkina, Araujo et al. 2014) with 

modifications on the GC temperature program as follows: 50 °C for 10 minutes 
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ramped to 110 °C at 5 °C/min and held for 7 min, then a second ramp until 250 °C 

at a rate of 50 °C/min and held for 10 min. The total runtime was 40.8 min. The 

remaining DCM elution was concentrated until 20 µL and analysed following the 

original reference method without prejudice to its efficiency. 

5.2.4.2  Reductive sulfur compounds analysis 

Analysis of some reductive volative sulfur compounds was performed using a 

headspace solid phase microextraction and gas chromatography-mass spectrometry 

(HS-SPME/GC-MS) method describe previously (Nguyen, Nicolau et al. 2012) 

5.2.4.3  Methoxypyrazines analysis 

IBMP was quantified following a HS-SPME/GC-MS method developed by Parr, 

Green et al. (2007) and since revised by Jouanneau, Weaver et al. (2012) and more 

recently by Parish, Herbst-Johnstone et al. (2016). 

5.2.4.4 Other aroma compounds analysis 

A range of aroma compounds including ethyl and acetate esters, higher alcohols, fatty 

acids, terpenes, norisoprenoids, cinnamates and phenols were quantified using a HS-

SPME/GC-MS method described by Herbst-Johnstone, Araujo et al. (2013) with 

modifications. The changes to the method included a lowering of the agitation speed 

to 500 rpm during sample incubation, a modification in the splitless desorption of the 

analyte to split mode at a ratio of 3.5:1 (split flow 3.5 ml/min, pressure 28.097 kPa, 

total flow rate of 6.5 mL/min, and a septum purge flow of 2 mL/min), and the 

removal of the temperature plateau after the first ramp, totalling 90.5 minutes of 

runtime. 
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5.2.5  Sensory analysis 

The aroma of the wines made from machine-harvested grapes with different SO2 

additions were evaluated by Descriptive Analysis. The sensory panel was composed of 

eight voluntary panellists, all of them students from the Postgraduate diploma in 

Wine Science of the School of Chemical Sciences at the University of Auckland. The 

panel completed 11 two-hour training sessions before data collection. Twelve standard 

solutions covering some of the most relevant attributes described by Lund, Thompson 

et al. (2009) were presented to the panel.  The panel was then asked to name each 

descriptor as a group. They were also asked to evaluate each standard regarding its 

importance in describing commercial New Zealand Sauvignon blanc wine aroma. The 

standards were then adjusted in intensity to match the panel perceptions. The 

lexicon and final standards generated from this exercise are presented in Table 5.1. 

The panellists were trained in the homogeneous rating of the 12 attributes and in the 

use of an unstructured 15 cm scale. Training sessions included ranking and triangle 

tests with commercial samples and the rating of samples spiked with different 

compounds to increase the intensity of one or more attributes. A mock evaluation 

was also performed to assess each panellist and concentrate the training in a 

particular attribute. 

Samples evaluations were performed in triplicate over three sessions of two hours. 

The wine bottles were removed from a –4 °C temperature controlled room prior to 

the session and were served at room temperature (20 °C) immediately before 

evaluation. The wines were presented monadically in standard transparent wine glass 

covered with a plastic petri-dish and labelled with a three-digit code. The panellists 

first recalibrated themselves with the reference standards before entering the 

evaluation room. Twelve wines were evaluated on each day with a mandatory 20 min 

break after every 4 samples, when the panellists were conducted to a different room 

and offered water and crackers.  
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Table 5.1 - Aroma attributes and reference standards used to evaluate the Sauvignon 
blanc wines 

Attribute Reference 
Passion 
fruit/grapefruit 

2000 ng/L 3MHA in diluted base wine1  

Sweat 2000 ng/L 3MH in diluted base wine1  

Banana 2.4 µL isoamyl acetate + 0.5 µL hexyl acetate 100 mL CuSO4-treated 
diluted base wine2  

Fruity lollies 
1.5 mL ethyl butanoate stock (4.25 µL ethyl butanoate/25 mL water) + 
15.75 µL ethyl octanoate + 1.875 mL ethyl hexanoate stock (20 µL ethyl 
hexanoate/10 mL ethanol) in 1 L CuSO4-treated diluted base wine2  

Citrus 30 g lemon + 15 g lime juice in diluted base wine1  

Butter-scotch 100 µL hexanol in 1 L diluted base wine1 + 1 L water 

Floral 300 µL phenylethyl acetate in 2 L CuSO4-treated diluted base wine1  

Capsicum/green bean 1 mL MIBP stock (6 µL MIBP/100 mL water) + 5 µL cis-3-hexen-1-ol in 
99 mL CuSO4-treated diluted base wine2  

Asparagus 
15 mL Watties canned asparagus juice + 1.5 mL cooked pea juice in 83.5 
mL diluted base wine1  

Flinty/rubber 5.5 mL benzene methane thiol (BMT) stock (28 µL/L BMT) in 1 L 
diluted base wine1 

Cats’ pee 1000 ng/L 4MMP in diluted base wine1 

Apple lolly/grass 28800 ng/L (Z)-2-hexenol in diluted base wine1 

 1 Base wine made from equal parts of Corbans White Label Sauvignon blanc and Country Dr White 
cask wine diluted 1:1 with water; 2 50 mg/L CuSO4. 

5.2.6  Statistical analysis 

The collected data from each site was analysed separately given the differences 

between them that are not controlled. Descriptive analyses were undertaken using 

Microsoft Excel 2016 (Microsoft, Redmond, USA). Statistical analysis of the chemical 

data was performed using One way-ANOVA with treatments as the only fixed factor 

and the means were pair-wise compared using Tukey HSD test at a significance level 

of 5%. Sensory data was analysed using One way-ANOVA and the means were 

compared using Duncan test at 5% significance level. To this end, the ANOVA was 

designed as randomized blocks model with treatments, panellists, and 

treatments*panellists interaction used as factors. In case the interaction was 

considered significant, the pseudomixed model using treatments*panellist as the error 



89 
 

term was used. These analyses were made using the PROC GLM procedure of SAS 

9.4 (SAS Institute, Cary, USA). 

Principal component analysis (PCA) of the correlation matrix including all the mean 

values of the sensory attributes was performed using the software The Unscrambler® 

X (CAMO Software AS, Oslo, Norway). Additionally, the same software was used to 

carry out a Partial Least Square (PLS) regression to investigate the potential 

relationship between sensory attributes and chemical data.  

5.3  Results and discussion 

5.3.1  Juices 

All juices collected showed typical level of soluble solids, titratable acidity and pH for 

Sauvignon blanc grapes at harvest (Table 5.2). As expected, higher free SO2 levels 

were observed for the highest sulfite additions. Even though the same amount of SO2 

was added to every juice set, different levels of free SO2 were recorded with the 

different juices, revealing the diverse antioxidant demand of each juice, probably 

connected to intrinsic factors of the grapes and to the severity and duration of the 

harvesting and grape processing procedures. Yeast Assimilable Nitrogen was at 

sufficient levels for most the samples, but the very high free sulfite levels for the 

highest SO2 additions samples led to major delays on the fermentation onset (Table 

5.2). The samples that did not show signs of active alcoholic fermentation after 7 

days were reinoculated. After 15 days from the first inoculation, the samples that 

were still not showing any signs of yeast activity had sufficient H2O2 added to remove 

25 ppm of free SO2 (AWRI 2007). After this correction, all samples started and 

completed alcoholic fermentation. 
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Table 5.2 - Sauvignon blanc juices parameters. 

Site Treatment Brix pH TA (g/L) 
YAN  
(mg N/L) 

Free SO2 
(mg/L) 

Days to 
start 
fermentation 

1 – Rapaura 

0 20.5 ± 0.5 3.14 ± 0.03 9.8 ± 0.1 285 ± 11 2.0 ± 0.2 3 

60 21.1 ± 0.0 3.13 ± 0.01 10.3 ± 0.0 288 ± 1 23.5 ± 0.4 4 

120 20.6 ± 0.1 3.17 ± 0.00 9.4 ± 0.0 269 ± 1 59.6 ± 1.8 16 

HP 21.7 ± 0.0 3.11 ± 0.01 9.8 ± 0.0 263 ± 0 55.4 ± 1.9 17 

2 – Gilford 
creek 

0 21.2 ± 0.0 2.95 ± 0.01 11.9 ± 0.0 219 ± 2 1.8 ± 0.1 3 

60 21.2 ± 0.1 2.95 ± 0.01 12.0 ± 0.1 222 ± 1 45 ± 14 15 

120 21.4 ± 0.1 3.01 ± 0.00 11.2 ± 0.1 228 ± 1 89.7 ± 0.4 28* 

HP 21.2 ± 0.3 3.07 ± 0.01 11.0 ± 0.1 270 ± 3 47.1 ±1.6 10 

3 – Waihopai 
valley 

0 22.1 ± 0.1 3.20 ± 0.00 7.9 ± 0.1 249 ± 0 1.8 ± 0.1 3 

60 20.3 ± 0.0 3.20 ± 0.01 9.0 ± 0.1 244 ± 1 44.2 ± 0.5 8 

120 22.2 ± 0.1 3.21 ± 0.01 7.8 ± 0.1 234 ± 4 41.5 ± 0.4 21* 

HP 21.4 ± 0.1 3.25 ± 0.00 9 ± 0.0 275 ± 4 19.6 ± 0.1 11 

4 – Rarangi 

0 20.3 ± 0.1 3.00 ± 0.00 11.2 ± 0.1 206 ± 3 1.9 ± 0.2 2 

60 20.4 ± 0.1 3.01 ± 0.01 11.4 ± 0.1 212 ± 1 31.9 ± 0.8 8 

120 20.0 ± 0.8 3.06 ± 0.01 10.8 ± 0.5 211 ± 5 68.7 ± 3.3 18* 

HP 20.1 ± 0.1 3.00 ± 0.01 10.7 ± 0.0 197 ± 2 54.8 ± 0.9 15 

*Samples that received H2O2 
 
The C6 compounds levels of the juices were also quantified (Table 5.3). The addition 

of SO2 to the machine-harvested juices lowered the final concentration of the C6 

alcohols and hexanal when compared to the sulfite-free samples, although with some 

exceptions. The levels of hexanol was consistently higher for the juices without added 

SO2 than their counterparts, with the highest levels for site 1 juice. The unsaturated 

alcohol (E)-2-hexenol was the most abundant C6 compound surpassing the levels of 

hexanol for most juices. The levels in juices without sulfite added were also higher 

than in the sulfited juices, but the amount of SO2 added did not have a consistent 

effect differentiating the samples with 60 and 120 ppm added SO2. (Z)-3-hexenol also 
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was present in considerable amounts, with highest levels for site 1. The effect of SO2 

addition on this compound was not clear and the concentrations tended to be similar 

for most sites. A clear SO2 effect was only observed on juices from site 1 where the 

sulfite addition lowered the concentrations of (Z)-3-hexenol. Hand-picked juices had 

consistently lower levels of hexanol, (Z)-3-hexenol, and (E)-2-hexenol. At high levels, 

it has been shown that SO2 can inhibit the formation of C6 compounds (Joslin and 

Ough 1978), a pathway dependent on the presence of O2 for its action on lipid 

membrane components. These compounds are formed quickly after physical damage 

to the grapes and the severity of the process enhances this production (Cordonnier 

and Bayonove 1981). The gentler manipulation and a shorter period of time before 

antioxidant addition explains the general lower concentrations for the hand-picked 

juices.  

The effect on (E)-2-hexenal was not consistent across all of the juices analysed. The 

levels in hand-picked and machine-harvested juices were mostly similar in sites 3, 

with the higher level for the hand-picked juice as the only difference, and site 4, with 

a lower value for the 120 ppm SO2 addition juice. For site 1, the addition of 60 ppm 

SO2 lowered the concentration of this aldehyde more so than the 120 ppm SO2 

addition and the highest concentration was for the hand-picked juice. Finally, for site 

2, the highest level was for 120 ppm SO2 addition and the lowest was the 60 ppm SO2 

addition. (E)-2-hexenal is considered a precursor of the varietal thiol 3MH along with 

(E)-2-hexenol. These compounds can be interconverted by the action of yeast and the 

balance of their concentrations determine which compound formation is favoured 

(Harsch, Benkwitz et al. 2013). Considering that to act as 3MH precursor via the 

direct addition of H2S, (E)-2-hexenol must be first converted into (E)-2-hexenal, it is 

desired that the levels of the alcohol before the fermentation onset be higher than the 

aldehyde to favour the formation of the later. The higher levels of (E)-2-hexenol 

found in most of the no-sulfite juices could then work as a reserve of (E)-2-hexenal, 

especially considering that the levels of the aldehyde are more negatively impacted by 

juice treatments like clarification than the alcohol (Araujo, Vannevel et al. 2016). 

The other juices have a lower ratio (E)-2-hexenal/ol, particularly the hand-picked 
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juices which had, in comparison, lower (E)-2-hexenol levels but not of (E)-2-hexenal. 

Nonetheless, all juices had levels of (E)-2-hexenol always higher than the levels of 

(E)-2-hexenal. 

Table 5.3 - C6 compounds of Sauvignon blanc juices after pressing (µg/L) – averages 
and standard deviations 

Site Treatment hexanal (E)-2-
hexenal 

hexanol (E)-3-
hexenol 

(Z)-3-
hexenol 

(E)-2-
hexenol 

(Z)-2-
hexenol 

1 

0 173 ± 13b 226 ± 13b 1991 ± 95a 39.1 ± 1.7a 874 ± 44a 1557 ± 57a 65.3 ± 2.5a 

60 81 ± 2c 83 ± 4d 937 ± 36b 19.8 ± 0.6b 534 ± 25b 1233 ± 23b 38.9 ± 1.0b 

120 156 ± 16b 186 ± 14c 687 ± 7c 16.5 ± 0.7c 405 ± 17c 978 ± 11c 26.1 ± 4.0c 

HP 230 ± 8a 271 ± 17a 365 ± 1d 13.0 ± 0.5d 296 ± 4d 866 ± 20d 12.1 ± 0.2d 

2 

0 362 ± 5a 255 ± 7b 888 ± 15a 12.9 ± 0.1a 350 ± 3b 854 ± 13a 17.6 ± 1.0a 

60 51 ± 3c 183 ± 7c 385 ± 15b 9.0 ± 0.4c 298 ± 23bc 659 ± 38b 10.2 ± 1.8b 

120 81 ± 16b 303 ± 14a 469 ± 19c 11.8 ± 0.1b 435 ± 32a 897 ± 32a 16.2 ± 2.2a 

HP 92 ± 10b 192 ± 29c 106 ± 25d 7.3 ± 0.5d 239 ± 45c 398 ± 101c 5.52 ± 1.2c 

3 

0 344 ± 63a 254 ± 1a 1418 ± 31a 26.0 ± 0.5a 615 ± 10a 1839 ± 31a 39.2 ± 1.0a 

60 86 ± 1c 238 ± 8a 566 ± 5b 13.9 ± 0.3b 601 ± 75a 
1157 ± 
190b 

16.6 ± 1.4b 

120 52 ± 8d 245 ± 24a 465 ± 11c 12.2 ± 0.3c 597 ± 1a 1004 ± 21b 16.6 ± 1.6b 

HP 158 ± 4b 323 ± 8b 162 ± 20d 8.2 ± 0.3d 446 ± 24b 577 ± 10c 9.0 ± 0.6c 

4 

0 138 ± 7a 276 ± 11ab 1172 ± 16a 16.5 ± 0.2a 328 ± 9b 1202 ± 23a 21.0 ± 0.9a 

60 42 ± 2b 295 ± 13a 744 ± 22b 10.5 ± 0.2b 340 ± 7ab 829 ± 15b 11.9 ± 0.2b 

120 41 ± 6b 210 ± 23c 659 ± 27c 10.2 ± 0.2b 358 ± 16a 820 ± 35b 12.3 ± 1.0b 

HP 50 ± 1b 242 ± 12bc 231 ± 7d 7.1 ± 0.4c 242 ± 9c 403 ± 9c 5.3 ± 1.0c 
For each site, means with the same letter are not considered significantly different (Tukey, p>0.05). 
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5.3.2 Wine chemical data 

5.3.2.1  Varietal thiols 

The chemical profile of wines showed great variation among sites regarding the thiol-

forming potential (Figure 5.1 and Table 5.4). Juices from site 3 produced wines with 

the highest varietal thiols concentrations, reaching values over 18,000 ng/L of 3MH, a 

level that sits on the upper quartile of Marlborough Sauvignon blanc wines typical 

concentration (Benkwitz, Tominaga et al. 2012). Sites 1 and 4 juices produced wines 

with levels typical of most Marlborough Sauvignon blanc wines and site 2, with the 

lowest concentrations, had levels typical of some Marlborough wines and of 

Sauvignon blanc wines produced worldwide (Benkwitz, Tominaga et al. 2012). 

 Samples with no sulfite added had the lowest level of thiols for all sites, with 3MHA 

not being detected for sites 3 and 4 in this case. Given the extensive oxidation of 

these juices, this result was expected and corroborates previously published data 

(Allen, Herbst-Johnstone et al. 2011, Makhotkina, Herbst-Johnstone et al. 2013, 

Araujo, Vannevel et al. 2016). Unlike the results published by Makhotkina, Herbst-

Johnstone et al. (2013), the addition of 120 ppm did not result in consistently higher 

varietal thiols. The addition of 120 ppm of SO2, in general, resulted in wines with 

similar levels of varietal thiols to the moderate 60 ppm addition and, in the case of 

juice from site 3 lower levels were observed both for 3MH and 3MHA. This lower 

than expected result could have a connection with the H2O2 added to the juice, even 

though no signs of oxidation were evident, or even related to the very long delay for 

the fermentation to start. Makhotkina, Herbst-Johnstone et al. (2013) also described 

a longer lag-phase with higher SO2 additions, but of only a short period longer for a 

120 ppm addition compared to the lower levels tested and without any impairment to 

the concentration of varietal thiols. They observed a very long lag-phase, however, 

with the addition of 300 ppm of SO2. 

The hand-picked juices produced wines with similar or higher levels of varietal thiols 

than the corresponding machine-harvested samples. For the sites 1 and 3, hand-
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picked samples were equivalent to either 60 or 120 ppm SO2 addition treatments. For 

site 2 and 4, the levels of varietal thiols for the hand-picked samples were much 

higher, up to 6-fold more in the case of site 2. This is an unexpected result, given the 

publish data that hand-picked grapes have lower thiol-producing potential (Allen, 

Herbst-Johnstone et al. 2011). The hand-picked samples in this work were destemmed 

and crushed before the immediate target addition of 60 ppm SO2. Additionally, the 

crushed grapes had a brief maceration period while they were transported and waited 

to be pressed, which took around 3.5 hours. Allen, Herbst-Johnstone et al. (2011), on 

their methods session, did not mention destemming or crushing the grapes, and added 

a lower level of SO2, 33 mg/kg. The contrasting results can then be due to the 

differences in the processing of the hand-picked grapes and highlight the importance 

of the maceration step on the formation of the varietal thiols. In fact, Jouanneau 

(2011) described the increasing effect that more intensive grape processing practices, 

from the gentler whole-bunch pressing to the harsher commercial pressing of machine-

harvested grapes, have on the level of varietal thiols in Sauvignon blanc. The more 

efficient protection against oxidation given by the PMS addition right after crushing 

in the processing of hand-picked samples compared to a more oxidative prone 

situation of a commercial mechanical harvesting could explain the differences 

observed for sites 2 and 4 (Allen, Herbst-Johnstone et al. 2011, Jouanneau 2011). 

The levels of 3MHA largely followed the same trends as 3MH, but a different ratio 

between them can be observed for the some of the juices that had high initial levels 

of free SO2. This effect was more pronounced for the 120 ppm sulfite addition juice 

from site 3 and for the hand-picked juice from site 4. Similar negative effects of sulfite 

on the acetylation efficiency of yeasts were observed by Makhotkina, Herbst-

Johnstone et al. (2013).  

The addition of 120 ppm of SO2 was unnecessary with most of the juices of this 

study, and did not provide any additional oxidation protection or relevant and 

consistent increase on varietal thiols levels than the 60 ppm SO2 additions. On the 

contrary, this high addition was detrimental to the onset of fermentation. However, it 
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must be emphasised that the demand for antioxidant protection depend on the grape 

and the harvesting conditions, which can vary considerably vide the free sulfite levels 

observed by Makhotkina, Herbst-Johnstone et al. (2013) in comparison to the ones 

observed here. In the mentioned work, free SO2 varied between 13.6 ppm and 26.4 

pmm for a similar 120 ppm SO2 addition to machine harvested grapes, showing a 

higher demand for the antioxidant.  

 

Figure 5.1 – Levels of varietal thiols 3MH and 3MHA in wines from hand-picked 
(HP) and machine harvested grapes added with different amounts of SO2. Averages 
of triplicate fermentations, standard deviations as error bars. For each site averages 

followed by the same letter are not significantly different (Tukey, p>0.05). 

5.3.2.2  C6 compounds 

The juices without added SO2, a known inhibitor to the C6 forming lipoxygenase 

pathway (Joslin and Ough 1978, Cordonnier and Bayonove 1981), produced wines 

with greater levels of hexanol and less (E)-3-hexenol. No (E)-2-hexenal or (E)-2-

hexenol were detected in the wines as these are metabolised into hexanol and possibly 

hexanal early during fermentation (Joslin and Ough 1978, Harsch, Benkwitz et al. 

2013). Inconsistent effects were observed on (Z)-3-hexenol (Table 5.1), which is 

generally stable throughout the winemaking process (Herraiz, Herraiz et al. 1990). 

(Z)-2-hexenol was only found at detectable levels for a few random samples and this 

compound was also shown to be partially reduced into hexanol during fermentation 
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(Herraiz, Herraiz et al. 1990). These results can be related to past studies showing 

higher levels of hexanol in wines produced from heavily pressed and oxidised juice 

(Coetzee, Lisjak et al. 2013, Herbst-Johnstone, Araujo et al. 2013, Makhotkina, 

Herbst-Johnstone et al. 2013). The increases in this alcohol concentration observed in 

this work were 2.1 to 3.3-fold higher in the no addition treatments than for the 120 

ppm SO2 addition, surpassing the more modest effects found by Makhotkina, Herbst-

Johnstone et al. (2013) under similar conditions.  

The wines made from hand-picked grapes had, in general, lower or similar levels of 

the C6 compounds than the machine-harvested counterparts. However, this difference 

was not always statistically significant and consistent over all sites studied. 

Comparing the wines made from machine-harvested and from hand-picked grapes 

with the same SO2 addition (60 ppm), the levels of hexanol and (Z)-3-hexenol were 

mostly lower in the hand-picked samples, apart from wines from site 2, which had 

similar levels of both alcohols, and site 4, with similar levels of (Z)-3-hexenol. 

From the compounds quantified in this work, only hexanol and (Z)-3-hexenol were 

present in concentrations higher than their respective perception threshold values of 

1100 µg/L and 400 µg/L (Jouanneau, Weaver et al. 2012). (Z)-3-hexenol has a green, 

fresh cut grass like aroma (Burdock 2005) and, despite its low odour activity value in 

Sauvignon blanc wines, its omission from aroma reconstituted wine directly impacted 

the intensity of passion fruit skin, flinty and grassy aromas, as observed by Benkwitz, 

Nicolau et al. (2012). Hexanol also has been described as having a green, grassy 

aroma but other descriptions include woody, resinous, fragrant, sweet, and 

herbaceous (Burdock 2005, Benkwitz, Nicolau et al. 2012). This compound has been 

used as a descriptor standard in sensory panels that have received the names of 

Bourbon (Lund, Thompson et al. 2009, Benkwitz, Tominaga et al. 2012), Piña 

Colada (Kilmartin, Makhotkina et al. 2015), sweet balm (data not published), and 

butter-scotch in this work. It was also important for the perception of passion fruit 

skin/stalk character, impacting negatively its intensity when omitted in an aroma 

reconstitution and omission tests (Benkwitz, Nicolau et al. 2012). 
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The acetate esters, hexyl acetate and (Z)-3-hexenyl acetate, formed in the wines, 

showed similar trends to the concentrations of the related alcohols in the juices. In 

most cases, levels of hexyl acetate were higher for the samples without any SO2 

addition and lower for the hand-picked samples. Trends for (Z)-3-hexenyl acetate 

were not as clear, but lower values were mostly observed for the hand-picked 

samples. The acetate esters are formed during alcoholic fermentation through the 

activity of the enzyme alcohol acetyltransferase (Sumby, Grbin et al. 2010) combining 

acetate with an alcohol. The concentration of these derivative esters had been shown 

to be closely correlated to their precursor concentrations (Dennis, Keyzers et al. 

2012).  

5.3.2.3  Other compounds 

The addition of SO2 at different levels and the harvesting method employed seems to 

not have a consistent effect on the level of most of the remaining aroma compounds 

quantified in this work. One exception is the norisoprenoid β-damascenone, where the 

levels were consistently higher, albeit by a small amount, for the wines obtained from 

juices without the addition of SO2, reaching concentrations of 7.3 µg/L for wines from 

site 1. It has been observed that this compound can be bound to SO2, forming a 

sulfonic acid adduct (Daniel, Elsey et al. 2004); which could explain its higher 

abundance with the no SO2 addition treatments. β-Damascenone has had its aroma 

described as flowery and fruity, reminiscent of apples (Pineau, Barbe et al. 2007, 

Benkwitz, Nicolau et al. 2012) and has a perception threshold varying from 50 ng/L 

in hydroalcoholic solutions to 7 µg/L in the more complex matrix of red wine 

(Pineau, Barbe et al. 2007). It is important to highlight that these values are relative 

to the matrix being tested. For instance, in water, β-damascenone had perception 

threshold value at only 2 ng/L (Pineau, Barbe et al. 2007), while other references 

point to a 4 µg/L value in wine (Sabon, De Revel et al. 2002).  All wines from all 

sites had levels between these values, with only the highest scoring sample, zero SO2 

addition from site 1, exceeding the 7 µg/L mark. Pineau, Barbe et al. (2007) describe 

a more indirect impact of β-damascenone in red wine, acting as an enhancer of the 



98 
 

fruity notes of ethyl cinnamate and caproate and lowering the perception of IBMP 

herbaceous aromas. It was also found to be one of the key odorants in Sauvignon 

blanc wines, however, more relevant to how the varietal thiols impact the wine 

aroma, as an enhancing factor, than to a direct effect (Benkwitz, Nicolau et al. 2012). 

Many esters and alcohols were present at levels close to or higher than their 

respective sensory threshold values. Other aroma groups were present at lower 

concentrations, but their participation in wine aroma perception can never be totally 

ruled out due to sensory additive and synergistic effects. The terpenes were all 

present at levels below their perception threshold. Linalool and α-terpineol were 

mostly present at levels lower than the range observed for Marlborough Sauvignon 

blanc wines by Jouanneau, Weaver et al. (2012), while levels of nerol and citronellol 

were higher here. These compounds when in high concentrations have been associated 

with flowery aromas in wine from aromatic varieties like Muscat and Riesling, and 

they can also indirectly enhance the aroma and complexity of wines (Jouanneau, 

Weaver et al. 2012). 

Among the compounds that exceeded their perception threshold values, some 

reductive sulfur compounds, most notably hydrogen sulfide, methanethiol and 

methionol (Table 5.4), can decisively determine the aroma quality of the wines 

produced. This group of compounds are generally associated with unpleasant aromas 

like rotten eggs for H2S, and cooked cabbage and cauliflower for methanethiol and 

methionol (Nguyen, Nicolau et al. 2012). On the other hand, these compounds have 

also been shown to contribute positively to wine aroma complexity and to increase 

the perception of red fruit aromas when in small concentrations (Mestres, Busto et al. 

2000, Landaud, Helinck et al. 2008). 

Higher production of H2S during alcoholic fermentation has been associated with 

nitrogen deficient musts or the depletion of nitrogen during fermentation (Jiranek, 

Langridge et al. 1995, Rauhut 2009). However, the supplementation of diammonium 

phosphate, a nitrogen supplementation source largely used in winemaking, before the 

onset of fermentation increased the sulfide formation (Ugliano, Fedrizzi et al. 2009). 
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Another factor contributing to the formation of sulfur compounds in wine is the 

presence of residual elemental sulfur in the must (Kwasniewski, Sacks et al. 2014, 

Araujo, Vannevel et al. 2016). Elemental sulfur residues in Sauvignon blanc juice was 

also shown to increase the production of the varietal thiols 3MH and 3MHA, 

generating high levels of reductive sulfur compound only when present during 

fermentation (Araujo, Vannevel et al. 2016). Even though the sulfur can be mostly 

completely removed from juice with clarification, our processing conditions might 

have failed in eliminating this residue to satisfactory levels to control the 

development of the reductive sulfur compounds. 
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Table 5.1 - Averages and standard deviations of aroma compounds quantified in Sauvignon blanc wines 

Site 1       2       Perception 
threshold Sample Nil 60 120 HP Nil 60 120 HP 

Varietal thiols (ng/L)                  
3MH 314±26 c 3709±89 b 5736±431 ab 6868±1689 a 234±231 c 1879±771 b 1182±145 bc 10872±790 a 60a 

3MHA 115±10 c 1040±30 b 1993±101 a 1581±486 ab 47±4 b 400±19 b 334±85 b 2150±405 a 4a 

C6 compounds (µg/L)                  
1-hexanol 4136±90 a 2686±140 b 1250±186 d 1978±95 c 2436±755 a 1547±140 ab 1149±278 b 1469±86 ab >1110a 

(E)-3-hexenol 42±0.7 b 212±43 a 182±42 a 245±33 a 78±88 144±8 123±34 178±34 1000a 

(Z)-3-hexenol 701±46 a 786±189 a 505±141 ab 361±60 b 490±95 519±66 451±55 348±63 400a 

(Z)-2hexenol 20±4 Nd nd Nd nd Nd Nd Nd - 
Higher alcohols (µg/L)                  
isobutanol 32,838±3471 a 18081±941 b 25442±7718 ab 31010±6580 ab 32515±1751 27485±6071 27445±6482 28714±4576 40-82a 

1-butanol 4414±261 a 2712±58 b 4871±645 a 3494±801 b 2637±179 2553±507 3311±1034 1933±302 150,000g 

isoamylalcohol (mg/L) 191±13 a 145±8 b 175±5 ab 175±12 a 154±4 161±19 165±2 183±26 30-65a 

benzyl alcohol 82±3 a 74±5 a 85±5 a 45±5 b 31±3 38±6 50±8 78±6 200,000g 

phenylethyl alcohol 13837±338 11336±568 12256±1194 13614±1517 14925±1236 13856±4310 15431±4008 17302±4996 14a 

Esters (µg/L)                  
ethyl isobutyrate 17±6 12±1 11±0.4 20±8 20±6 26±13 30±11 13±2 15a 

ethyl butanoate 840±99 a 538±45 b 742±12 ab 540±114 b 564±41 587±87 539±207 499±101 20a 

ethyl 2-methylbutanoate 1.8±0.5 1.7±0.1 1.8±0.4 1.9±0.6 2.1±0.5 2.6±0.6 2.3±1 1.3±<0.1 2.6h 

ethyl isovalerate 2.6±0.8 2.9±0.2 3.3±0.6 3.8±0.7 3.4±0.6 6.0±1 5.2±0.4 2.5±0.4 3a 

ethyl hexanoate 2191±236 a 1893±102 ab 1978±142 ab 1594±186 b 1714±84 1527±257 1283±353 1878±165 45a 

ethyl octanoate 4260±608 3746±261 3973±351 3080±570 2923±150 2934±442 2069±670 3663±372 580-600a 

ethyl decanoate 1301±288 1301±162 1338±30 1235±31 1216±81 1254±139 937±419 1176±170 200a 

isobutyl acetate 258±22 a 78±6 b 145±62 ab 111±55 b 151±12 111±29 81±23 97±28 1600a 

isoamyl acetate 15339±2178 a 6586±612 b 10819±1185 ab 7454±2704 b 7120±659 6454±1282 5283±1824 6572±1912 30-160a 

hexylacetate 1482±189 a 660±37 b 408±63 bc 321±55 c 712±61 a 369±101 b 266±106 b 160±65 b 400a 

(Z)-3-hexenyl acetate 85±9 a 52±3 b 48±4 b 25±5 c 31±2 a 35±0.3 a 29±10 a 14±2 b 75b 

ethyl phenylacetate 0.76±0.04 0.73±0.03 0.83±0.08 0.79±0.02 0.94±0.1 b 0.88±0.1 b 1.07±0.2 b 2.07±0.1 a 650c 

β-phenylethyl acetate 657±49 a 323±17 b 446±69 ab 341±158 b 413±27 295±63 266±53 336±135 250, 1800b 
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C13-norisoprenoids (µg/L)                  

β-damascenone 7.3±0.6 a 5.1±0.3 b 2.7±0.5 c 3.1±0.3 c 5.3±0.2 a 2.4±0.2 bc 1.5±0.3 c 3.3±0.7 b 0.05-7a 

α-ionone 0.72±<0.01 a 0.68±<0.01 b 0.68±<0.01 b 0.68±<0.01 b 0.70±<0.01 a 0.68±<0.01 b 0.68±0.01 b 0.67±<0.01 b 0.6-10c 

β-ionone 0.42±<0.01 b 0.49±0.02 a 0.29±<0.01 c 0.31±0.03 c 0.37±<0.01 0.30±0.02 0.32±0.01 0.41±0.09 0.007-205c 

cis/trans-rose-oxide 0.19±0.02 b 0.18±<0.01 b 0.22±0.01 b 0.38±0.08 a 0.14±0.01 0.27±0.1 0.41±0.01 0.24±0.03 0.5d 

Terpenes (µg/L)                  
linalool 6.9±2.2 8.4±0.6 7.7±0.2 9.0±0.1 7.2±0.5 7.4±0.4 7.0±0.7 5.8±1.5 25a 

α-terpineol 6.8±1.6 8.0±2.2 9.3±4.1 7.0±0.2 4.6±0.8 5.9±0.7 6.2±0.3 4.7±1.1 250a 

β-citronellol 5.1±0.2 5.5±0.4 6.4±1.5 5.3± 0.6 5.4±0.4 4.9±0.8 5.2±2.3 6.8±1.2 100a 

nerol 29±3 a 14±1 b 18±4 b 15±3 b 20±2 a 10±1 b 14±4 ab 14±3 ab 400a 

Fatty acids (mg/L)                  
hexanoic acid 6.3±0.3 7.1±0.9 7.5±0.8 6.6±1.1 6.9±0.7 6.5±1.2 5.4±1.9 7.7±0.7 0.42a 

octanoic acid 8.1±0.4 b 9.4±0.5 a 8.9±0.3 ab 8.6±<0.1 ab 9.0±0.2 8.2±1.2 7.3±2.6 8.7±1.3 0.5a 

decanoic acid 1.9±0.1 2.4±0.3 2.5±0.9 2.0±0.2 2.4±0.6 2.1±0.7 1.6±0.5 1.8±0.2 1.0a 

Methoxypyrazines (ng/L)                  
IBMP 1.4±0.2 1.8±0.1 1.0±0.6 1.5±0.2 2.0±0.1 1.8±0.1 1.7±0.1 0.8±0.1 2a 

Cinnamates (µg/L)                  
ethyl (di)hydrocinnamate Nd Nd 0.07±0.03 Nd Nd Nd 0.2±0.1 0.04±<0.01 1.6a 

ethyl cinnamate (trans) 0.47±0.02 b 0.44± <0.01 b 0.52±0.02 a 0.36±0.01 c 0.38±0.01 0.36±0.01 0.37±0.01 0.42±0.04 1.1a 

Phenols (µg/L)                  
4-ethylguaiacol 0.40± 0.02 b 0.44±0.02 ab 0.46±0.01 a 0.40±0.02 b 0.38±0.01 b 0.38±0.01 b 0.40±0.01 ab 0.42±0.01 ab 47e 

4-ethylphenol Nd 0.26±0.06 b 0.49±0.05 a Nd Nd Nd Nd 0.05±0.02 440e 

Reductive sulfur (µg/L)                  
hydrogen sulfide  9.9±7.4 6.0±1.1 13±3 2.0±0.6 7.0±0.1 7.8±3.4 6.1±2.1 8.4±3.6 0.001-150f; 1.6i 

methanethiol  7.3±3.0 4.1±0.1 5.6±0.2 2.8±0.8 4.9±1.2 5.0±1.1 3.3±0.6 4.8±0.9 0.3f 

dimethyl sulfide 2.4±0.7 2.6±0.2 2.5±<0.1 1.7±1.2 1.5±0.1 3.0±0.6 1.9±0.6 1.5±0.3 10-160f 

carbon disulfide 0.20±0.11 0.21±0.09 0.37±0.01 0.16±0.04 0.18±0.13 0.23±0.21 0.09±0.02 0.21±0.08 >38a, f 

diethyl sulfide 2.0±1.3 1.2±0.1 1.0±0.4 1.2±1.0 1.4±0.6 1.2±1.1 0.5±0.6 1.5±0.3 0.93-18f 

methionol 547±84 686±300 273±158 794±92 396±114 551±109 1017±581 864±461 1200f 
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Table 5.4 - continued 

Site 3       4       Perception 
threshold Sample Nil 60 120 HP Nil 60 120 HP 

Varietal thiols (ng/L)                  

3MH 765±122 c 18,959±2147a 13,892±1144 b 17,082±2411 ab 145±53 c 4013±244 b 4672±851 b 9089±455 a 60a 
3MHA nd 2885±327 a 1352±269 b 3569±971 a nd 985±14 ab 1048±32 a 911±75 b 4a 
C6 compounds (µg/L)                  
1-hexanol 5671±312 a 2962±188 b 2289±349 b 1084±13 c 3445±93 a 1734±144 b 1161±100 c 1190±294 c >1110a 
(E)-3-hexenol 46±7 b 260±21 a 246±46 a 203±38 a 29±3 b 147±31 a 115±15 a 158±31 a 1000a 

(Z)-3-hexenol 421±60 b 711±92 a 727±56 a 343±48 b 405±47 554±120 426±52 355±71 400a 
(Z)-2hexenol nd 17±<1 22±<1 nd nd nd nd 17±<1 - 
Higher alcohols (µg/L)                  
isobutanol 40,523±3738 a 31,226±4224 ab 27,050±3387 b 27,827±4403 b 34,383±1589 22,039±3455 32,875±5109 39,317±14635 40-82a 
1-butanol 1857±108 1660±151 1677±146 1829±38 1467±18 b 1842±91 a 1409±119 b 950±186 c 150,000g 

isoamylalcohol (mg/L) 164±13 182±15 197±14 177±9 151±4 ab 148±5 b 169±14 ab 171±5 a 30-65a 
benzyl alcohol 41±3 b 80±5 a 78±7 a 48±3 b 27±2 c 42±3 b 58±8 a 35±3 bc 200,000g 

phenylethyl alcohol 23,843±1236 c 32,992±2364 ab 38,436±2835 a 27,796±3993 bc 16,935±727 16,972±2749 28,043±8076 27,566±6846 14a 
Esters(µg/L)                  

ethyl isobutyrate 28±5 25±5 27±4 23±1 21±3 12±2 20±12 26±2 15a 
ethyl butanoate 331±81 b 566±13 a 569±73 a 559±71 a 381±25 bc 491±22 ab 557±32 a 274±82 c 20a 
ethyl 2-methyl butanoate 3.5±0.4 a 3.3±0.1ab 3.7±0.5 a 2.3±0.5 b 1.9±0.3 1.4±0.1 1.9±0.7 2.4±0.5 2.6h 

ethyl isovalerate 5.2±0.1 b 8.1±0.3 ab 11±1.4 a 5.7±2.0 b 2.9±0.3 3.4±0.3 5.1±1.7 5.5±1.8 3a 
ethyl hexanoate 932±220 b 1860±39 a 1847±200 a 1824±173 a 1132±81 b 1530±193 a 1847±113 a 1042±163 b 45a 

ethyl octanoate 1233±328 b 2410±148 a 2400±358 a 2546±203 a 2263±30 b 2747±131 ab 3148±235 a 2456±255 b 580-600a 
ethyl decanoate 601±144 b 1134±72 a 1007±184 a 972±68 a 764±50 978±123 807±349 623±197 200a 
isobutyl acetate 113±131 103±45 44±11 130±24 85±3 121±44 121±17 60±26 1600a 

isoamyl acetate 1176±278 c 4072±160 ab 2841±808 bc 5367±1571 a 3087168 c 5075±120 b 6196±445 a 2462±294 c 30-160a 
hexylacetate 172±46 b 431±17 a 225±41 b 238±22 b 489±19 a 400±36 ab 337±55 b 95±9 c 400a 

(Z)-3-hexenyl acetate 5.4±1.1 c 35±1 a 23±6 b 25±1 b 17±<1b 32±2 a 36±4 a 9.1±1.4 c 75b 
ethyl phenylacetate 1.4±0.2 b 1.8±0.1 ab 2.1±0.1 a 1.4±0.3 b 1.0±0.1 0.9±0.1 1.4±0.4 1.5±0.5 650c 

β-phenylethyl acetate 91±10 c 418±5 a 268±49 b 397±16 a 229±11 b 307±29 b 470±81 a 182±46 b 250, 1800b 
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C13-norisoprenoids (µg/L)                  
β-damascenone 5.2±0.2 a 2.82±0.03 b 1.1±0.1 c 2.5±0.5 b 5.1±0.4 a 3.2±0.1 b 1.5±0.1 c 1.6±0.1 c 0.05-7a 

α-ionone 0.70±0.01 a 0.68±<0.01 b 0.67±<0.01 b 0.67±<0.01 b 0.69±<0.01 a 0.67±<0.01 b 0.67±<0.01 b 0.67±<0.01 b 0.6-10c 
β-ionone 0.40±<0.01 0.32±0.03 0.32±0.02 0.35±0.05 0.39±0.01 a 0.29±<0.01 b 0.30±<0.01 b 0.33±0.06 ab 0.007-205c 

rose-oxide 0.26±0.02 b 0.27±0.01 b 0.46±0.04 a 0.20±0.03 b 0.14±<0.01 0.18±0.02 0.19±0.03 0.18±0.02 0.5d 
Terpenes (µg/L)                  
linalool 9.9±0.8 b 12±0.5 a 13±1.1 a 8.2±0.4 b 7.5±0.3 b 7.2±0.4b 9.2±0.5 a 6.5±0.7 b 25a 

α-terpineol 7.1±0.4 bc 8.9±0.4 ab 10±0.7 a 5.8±1.0 c 5.0±1.2 4.4±0.3 6.4±0.3 4.6±0.9 250a 
β-citronellol 8.7±0.3 a 5.7±0.4 b 6.1±0.4 b 5.5±1.2 b 7.8±0.6 a 4.5±0.4 b 5.9±0.9 b 5.1±0.3 b 100a 

nerol (cis-geraniol) 10±2 11±2 7.0±2.3 10±4 17±2 a 8.6±0.3 b 7.1±1.4 bc 4.0±0.4 c 400a 
Fatty acids (mg/L)                  
hexanoic acid 4.5±1.1 b 9.1±0.9 a 8.4±0.3 a 9.0±0.7 a 4.9±0.9 c 7.7±1.6 ab 8.5±0.2 a 5.3±0.2 bc 0.42a 

octanoic acid 4.8±1.2 b 11±0.5 a 9.7±0.6 a 11±0.5 a 6.3±0.4 b 10.6±0.03 a 9.9±1.3 a 6.9±0.4 b 0.5a 
decanoic acid 1.3±0.5 b 2.7±0.3 a 2.4±0.4 a 2.3±0.1 a 1.6±0.2 2.8±0.4  2.5±1.2 1.5±0.1 1.0a 
Methoxypyrazines (ng/L)                  
IBMP 1.4±0.1c 1.87±0.05 b 2.16±0.03 a 2.08±0.04 a 3.5±0.3 a 3.61±0.03 a 3.8±0.1 a 2.4±0.1 b 2a 
Cinnamates (µg/L)                  
ethyl (di)hydrocinnamate 0.17±0.01 b 0.08±0.02 c 0.26±0.05 a 0.07±<0.01 c nd nd 0.08±0.05 nd 1.6a 
ethyl cinnamate (trans) 0.42±0.01 0.40±0.04 0.37±0.01 0.36±<0.01 0.40±0.05 0.37±0.01 0.39±0.02 0.35±0.01 1.1a 
Phenols (µg/L)                  
4-ethylguaiacol 0.35±0.02 b 0.42±0.03 a 0.44±0.01 a 0.43±<0.01 a 0.35±0.02 0.36±0.01 0.39±0.01 0.36±0.02 47e 

4-ethylphenol nd nd 0.05±0.05 nd nd nd nd nd 440e 
Reductive sulfur (µg/L)                  
hydrogen sulfide  7.6±2.9 13±6.4 13±1.5 7.0±3.5 5.0±2.8 6.8±2.3 8.9±1.3 8.5±4.8 0.001-150f 

methanethiol  4.3±0.3 a 2.7±0.2 b 2.6±0.1 b 4.7±0.5 a 5.4±0.8 4.2±0.7 4.2±0.9 4.1±0.6 0.3f 
dimethyl sulfide 1.8±0.4 1.9±0.2 2.1±0.3 1.7±0.2 1.6±0.1 1.8±0.1 1.9±0.2 1.9±0.2 10-160f 

carbon disulfide 0.3±0.1 0.30±0.05 0.6±0.2 0.3±0.1 0.2±0.1 b 0.4±0.1 a 0.3±0.1 ab 0.3±0.1 ab >38a, f 
diethyl sulfide 0.8±0.6 1.34±0.03 1.3±0.1 1.6±0.8 1.4±0.7 1.1±0.4 1.2±0.1 1.4±0.2 0.93-18f 

methionol 896±255 1211±485 1674±417 1061±253 1289±471 ab 458±209 b 860±218 b 1809±371 a 1200f 
a Jouanneau, Weaver et al. (2012); b Benkwitz, Nicolau et al. (2012); c Burdock (2005); d Zhao, Xue et al. (2016); e Chatonnet, Dubourdieu et al. (1992); 
f Nguyen, Nicolau et al. (2012); g Jiang and Zhang (2010); h Lytra, Tempere et al. (2014); i Siebert, Bramley et al. (2009). Small letters indicate significant 
difference (Tukey, p<0.05) for juices from the same site. 
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5.3.3  Sensory evaluation 

Results of the Descriptive Analysis revealing the sensory profile of the wines produced 

from machine-harvested grapes with different SO2 additions are shown in Figure 5.2. 

Despite the differences observed in the chemical profile, wines from site 2 and 4 did 

not present any significant differences (p>0.05, F test) for all the descriptors 

evaluated.  

For the samples from site 1, the juices with no added SO2 produced wines with higher 

values (p<0.05, Duncan) for the descriptors banana, fruit lollies, butter-scotch and 

floral than the other treatments with SO2 added. Also, the treatment with 120 ppm 

addition had the highest value (p<0.05, Duncan) for the flinty/rubber attribute 

among these wines. 

Differences were also found for the butter-scotch and flinty/rubber descriptors for 

wines from site 3. Again, the sample without SO2 added had the highest value for 

butter-scotch and the sample with 120 ppm SO2 had the highest flinty/rubber 

character (p<0.05, Duncan). 

These are intriguing results.  The expected outcome from wines with contrasting 

levels of varietal thiols is that they would also present remarkable differences on the 

perception of attributes like passion fruit/grapefruit (3MHA) and sweat (3MH) 

(Lund, Thompson et al. 2009). However, the results show little differences with the 

sensory profiles, despite of the great variations in the varietal thiols levels. This result 

could be connected to other compounds interfering on the expression of the varietal 

thiols aroma or, in some cases, the different perception of these compounds at high 

concentrations, when they were associated with sweaty, box hedge, or sulfur-like 

aromas (King, Osidacz et al. 2011). The complexity of wine aroma compound 

interactions, including synergistic, suppressant and enhancing effects, makes the 

prediction of the sensory profile in respective to only one component concentration a 

very challenging task. 
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The varietal thiols have also been associated with green aromas, for instance, thiols 

contributed to the perceived cooked green vegetable and fresh green attributes of 

spiked white wine along with IBMP (King, Osidacz et al. 2011). The more fruity, 

tropical, sweet-sweaty passion fruit characters associated with varietal thiols are 

dependent on the presence of other compounds in the matrix, such as fruity esters. 

Benkwitz, Nicolau et al. (2012) observed that these attributes, among others, 

decreased with the omission of esters in a reconstitution and omission test, revealing 

the importance of the esters for the typical aroma of Sauvignon blanc wines. 

Moreover, the same authors described a negative effect on passion fruit skin-stalk 

with the omission of hexanol and the important role of β-damascenone to the varietal 

thiol aroma perception, already discussed above. Even non-volatile compounds have a 

direct effect on the sensory perception of varietal thiols, such as in the case of 

catechin, quercetin and caffeic acid, where enhancing and suppression effects on 3MH 

and 3MHA were observed (Lund, Nicolau et al. 2009). 

The higher intensity of the butter-scotch attribute in the wines made without SO2 

addition from sites 1 and 3 could be related to the higher levels of hexanol, which is 

also the standard compound used to train the panel for this descriptor. Other 

compounds that could impair a butter-scotch like aroma and that could be promoted 

by low SO2 conditions, such as sotolon (Ferreira, Barbe et al 2003), could also have 

influenced the sensory profile of these wines. Unfortunately, these compounds were 

not quantified by the analytical methods used in this work. These samples from site 1 

and 3 are also the ones with the highest levels of hexanol among all of the samples. 

This finding answers the expectation revealed by Makhotkina, Herbst-Johnstone et 

al. (2013) when describing the higher levels of hexanol in wines made from similar 

unsulfited, oxidised juices and a possible sensory consequence.  

The sensory profile of wines from site 1 also showed differences in the fruity 

attributes banana and fruity lollies, both composed by mixes of different esters, again 

with the no sulfite sample with the highest intensity. Indeed, this sample was 

consistently higher in esters, including hexyl acetate and isoamyl acetate, both used 
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as the reference standard for the descriptor banana, than the samples with SO2 

added. Additionally, the descriptor floral was also significantly higher for the no 

sulfite sample of site 1. Interestingly, the sample had the highest levels of β-

damascenone and β-phenylethyl acetate, above their respective threshold values. Both 

these compounds are described as having a flowery aroma (Benkwitz, Nicolau et al. 

2012). 

The samples with 120 ppm SO2 additions from sites 1 and 3 had a more intense 

flinty/rubber attribute among their own group. The sample from site 3 had, on 

average, a higher score for this attribute than the wines from site 1. This attribute 

has been related to other descriptors like mineral, stony, wet rock, and chalky 

(Starkenmann, Chappuis et al. 2016) and is more related to European style 

Sauvignon blanc (Lund, Thompson et al. 2009, Green, Parr et al. 2011) in contrast 

with an aroma heavier in fruity characters like the Marlborough Sauvignon blanc 

wines (Lund, Thompson et al. 2009). Flinty character was also associated to wines 

that have been stored at high temperatures and that, as consequence of the storage 

conditions, have lost their fresh and fruity aromas (Makhotkina, Pineau et al. 2012). 

Some compounds have been associated with the development of this aroma in wines, 

including benzene methanethiol and 4MMP (Tominaga, Guimbertau et al. 2003) and 

polysulfanes like hydrogen disulfane (Starkenmann, Chappuis et al. 2016). These 

compounds have been identified in white wines, but, unfortunately, were not 

quantified by the methods used in this work. Given the high level of varietal thiols 

and the above threshold concentration of different reductive sulfur compounds, it is 

possible that an interaction between these sulfur compounds occurs leading to the 

development of a flinty/rubber character instead of a typical tropical fruit or passion 

fruit aroma. In fact, the wines described as having the most intense flinty/rubber 

descriptor also were the ones with higher H2S levels. In the industry, it is common 

practice to add Cu(II) to bind reductive sulfur compounds such as H2S and 

methanethiol, reducing their negative sensory effects. It has been recently shown that 

these Cu complexes are still present at relevant amounts in bottled wine and are 

reversible, causing the accumulation of H2S during storage (Franco-Luesma and 



107 
 

Ferreira 2016). Higher alcohols, fatty acids and ethyl hexanoate can also impact on 

the flinty aroma of wines, once their omission was shown to lower the intensity of 

this descriptor (Benkwitz, Nicolau et al. 2012). 

Figure 5.2 – Sensory profile of wines from the four sites. Asterisks show significant 
difference (F test, p<0.05) between samples for a given descriptor. 

The PC analysis of the sensory data was performed using the average values of all 

descriptors. The first two components retained 84% of the total variation, with the 

PC1 responsible for 73% of the total variance (Figure 5.3). The more fruity and 

fragrant descriptors, including banana, fruity lollies, floral and passion fruit, were 

positively correlated to PC1, while the vegetative and sulphurous characters, like 

capsicum, asparagus, sweat and flinty/rubber were negatively correlated. PC2, 

retaining only 11% of total variation, was more correlated with flinty and Cat’s pee 
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positively and negatively with capsicum. The correlation loadings are shown in Figure 

5.4. 

From the samples scores it can be observed that the wines from sites 2 and 4, which 

showed no significant differences within each site, were well grouped towards the 

middle of the bi-dimensional space. Site 2 samples were concentrated to the right of 

PC1 towards the fruitier attributes like passion fruit, while samples from site 4 were 

positioned to the left of PC1 and more spread vertically along PC2. These samples 

had passion fruit, sweat, capsicum and citrus as most prominent attributes. Higher 

asparagus and lower cat’s pee intensity for the no-sulfite sample, even though these 

attributes were not significantly different, might have moved this sample downwards 

on PC2.  

Samples of sites 3 and 4 were more disperse in the plot, with a clear separation of the 

samples from site 1, positioned to the right of PC1, and site 3, located to the left of 

PC1.  These samples differed in terms of the fruity intensity and possibly due to the 

pronounced flinty character of samples with 60 and 120 ppm from site 3. 

The effects of the increasing addition of SO2 to Sauvignon blanc grapes early in the 

process on the sensory profile of the wines were not consistent in this trial. Even 

though such a high addition is necessary to ensure the maximum varietal thiol 

forming potential in the wine, the presence of these compounds alone was not 

sufficient to produce wines with higher intensities of the typical tropical, passion fruit 

aroma of New Zealand Sauvignon blanc wines. Indeed, samples that had no sulfite 

added, despite the differences in chemical composition, had sensory profiles close to 

their counterparts.  

The relationship between the chemical data (X matrix) and the sensory profile (Y 

matrix) was assessed using partial least square regression (Figure 5.5). The first two 

components of the PLSR explained 60% of the variance in X and 61% of the variance 

in Y. The chemical and sensory spaces with the samples projected onto it are 

presented in Figure 5.6.  
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Figure 5.3 - Bi-plot of PCA for descriptive sensory analyses data. Attributes 
loadings and samples scores. Samples are identified as Site_SO2 addition. ButterS – 

butter scotch. 

 

Figure 5.4 – Correlation loadings of sensory attributes with the two first principal 
components with correlation circle at 0.7 and 1. 
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Figure 5.5 – PLSR correlation loadings between chemical data (X) and sensory 
attributes (Y) with correlation circle at 0.7 and 1.  

 

Figure 5.6 – PLSR scores of samples of each site 
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The descriptors fruity lollies, banana, passion fruit, grass and citrus were positioned 

on the upper right quadrant, close to most of the acetate and ethyl esters, including 

hexyl acetate, and the sample without SO2 added from site 1. The floral attribute 

was close to fruity lollies and banana, to the far right, but on the lower quadrant 

together with butter-scotch. The green descriptors capsicum and asparagus were 

positioned on the opposite side, on the left lower quadrant correlating with IBMP 

among others. Finally, the descriptors sweat, cat’s pee and flinty were closely 

positioned on the upper left quadrant associated with the thiols 3MH and 3MHA, 

some reductive sulfur compounds and branched chain esters and alcohols. The 

samples from site 3 added with SO2 were grouped in direction of the thiols in this 

quadrant. 

5.4  Conclusion 

The results obtained in this work largely confirmed the previously published data on 

SO2 addition effects on Sauvignon blanc aromas and further emphasise the 

importance of the oxidation control during harvesting and grape processing 

operations to the production of wines with high concentrations of varietal thiols. 

Moreover, the enhancing effects that machine harvesting have on varietal thiols 

formation were achieved with the destemming and crushing of hand-picked grapes 

followed by short maceration, a procedure in which the efficiency of the antioxidant 

addition is higher, evidenced by the lower C6 compounds formation and, in some 

cases, a marked increase in varietal thiols levels. Despite the impairment on the levels 

of varietal thiols, the complete removal of SO2 from grape processing steps had a 

limited effect on the sensory profile of most attributes suggesting that other 

compounds also have a part in determining the typical sensory characteristic of New 

Zealand Sauvignon blanc wines. In effect, samples with the highest level of varietal 

thiols were characterised as flinty and not as passion fruit or sweat as could be 

expected. This might be connected with sensory interactions of the thiols and other 

compounds, including some reductive sulfur volatiles, but more research is necessary 

to fully understand the nature of such interactions.  
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Chapter 6 

 

Use of chitosan as secondary antioxidant in Sauvignon blanc 

winemaking 

6.1  Introduction 

Volatile varietal thiols are key compounds of Sauvignon blanc wines aroma giving 

them aroma notes of tropical fruit, passion fruit, grapefruit and others (Lund, Wohler 

et al. 2009). These sensory characteristics are most relevant to the distinct flavour of 

Sauvignon blanc wines produced in New Zealand.  Since their identification in the 

1990s (Darriet, Tominaga et al. 1995, Tominaga, Furrer et al. 1998) an examination 

of the factors influencing the formation and stability of this class of aroma 

compounds has been the subject of many studies. The alcohol 3-mercaptohexanol 

(3MH) and its derivative ester 3-mercaptohexyl acetate (3MHA) are the most 

important compounds for many New Zealand Sauvignon blanc wines, based on their 

odour activity values (Benkwitz, Nicolau et al. 2012).  

The formation of 3MH can take place by different proposed pathways, which to date 

all involve the participation of the C6 aldehyde (E)-2-hexenal, but have different 

sources of the sulfhydryl moiety. The sulfur donor can be either glutathione, with the 

formation of conjugate precursors (Tominaga, Peyrot des Gachons et al. 1998, Peyrot 

des Gachons, Tominaga et al. 2002, Thibon, Bocker et al. 2016), or the direct 

addition of hydrogen sulfide (Schneider, Charrier et al. 2006, Harsch, Benkwitz et al. 

2013, Araujo, Vannevel et al. 2016), with the formation of 3-mercaptohexanal (3-MH-

al) as a tentative precursor. In either case, both sulfur donors are sensitive to 

oxidation, which can occur rapidly after the start of grape processing, potentially 

impairing the precursors and thiol formation, even though the glutathione conjugate 

precursor is not itself sensitive to oxidation (Roland, Vialaret et al. 2010). Indeed, the 

addition of SO2 to machine-harvested Sauvignon blanc grapes was shown to 
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significantly increase final levels of the varietal thiols in wine (Makhotkina, Herbst-

Johnstone et al. 2013). 

The use of SO2 in winemaking is ancient and widespread. It has important roles 

besides its antioxidant activity, but excessive use can raise health concerns and have 

a detrimental effect on wine sensory quality (Makhotkina, Araujo et al. 2014). Other 

compounds could be used as secondary antioxidants allowing for a lowering of the 

SO2 application, while still maintaining the positive effects on thiol formation, but 

without the problems caused by high sulfite, including delays in the onset of 

fermentation. Ascorbic acid and glutathione are examples of additives allowed by the 

OIV that can be added to the grape must. These have antioxidant properties and 

were shown to have a beneficial effect on the varietal thiol formation (Makhotkina, 

Araujo et al. 2014). Another interesting compound, with an antioxidant capacity, and 

which is allowed to be used in grape must for winemaking, is chitosan.  

Chitosan (Figure 6.1) is a polysaccharide produced from the deacetylation of chitin 

extracted from crustaceous and fungi.  This biomaterial is highly versatile and has 

many applications in the chemical, medical, pharmaceutical and food industries. Its 

functions include metal chelation, antimicrobial, antioxidant and clarification 

capacities and film-forming properties (Spagna, Pifferi et al. 1996, Chinnici, Natali et 

al. 2014, Elmaci, Gulgor et al. 2015), making this product a valuable resource for food 

and beverage applications. In winemaking, chitosan is mainly used in the clarification 

of grape juice and wine, stabilization of white wines, removal of metals (Bornet and 

Teissedre 2007) and to prevent wine spoilage by undesired microorganisms (Elmaci, 

Gulgor et al. 2015).  
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Figure 6.1 – Chitosan structure. 

The action of chitosan against wine contaminants, such as Brettanomyces and 

Zygosaccharomyces species, have been well studied and a number of publication 

attest to its effectiveness (Zuehlke, Petrova et al. 2013, Elmaci, Gulgor et al. 2015, 

Taillandier, Joannis-Cassan et al. 2015). It is recommended to be used after 

malolactic fermentation when it can also control certain bacterial strains 

(Worontschak 2014). 

The polyelectrolyte behaviour of chitosan structure makes it an effective chelating 

agent. This property allows chitosan to be used for the clarification of fruit juices and 

wine and the removal of undesired compounds such as polyphenols from white wines, 

and as a chelating agent of metal ions that can catalyse oxidation reactions. 

The chelating capacity of chitosan resides with its amine group and is pH dependent. 

At high pH, the amine nitrogen is deprotonated and its electron pair available for 

donation, facilitating the binding of positively charged ions, such as metal ions like 

Fe, Cu and Ag, while at low pH , the amine group is protonated and anions can be 

bound (Lasko and Hurst 1999). 

The capacity of chitosan to remove polyphenols is comparable to potassium caseinate, 

but chitosan can be regenerated lowering costs and environmental impacts (Spagna, 

Barbagallo et al. 2000). Chitosan was also effective in removing polyphenol oxidase 

(PPO) bound suspended solids, controlling the enzymatic browning of apple and pear 

juice (Sapers 1992).  Moreover, chitosan has a superior capacity for lowering the 
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turbidity of fruit juices, including grape juice, when compared to bentonite and 

gelatine (Chatterjee, Chatterjee et al. 2004). 

Chinnici, Natali et al. (2014) studied the antibrowning activity of chitosan in 

comparison with SO2. Air-saturated model solutions containing (+)-catechin, metal 

ions, and tartaric acid were added with chitosan or SO2 and the oxidation process 

was followed for up to 21 days. Chitosan was able to retard the browning of wines 

more effectively than SO2 by the end of the experiment when levels of the sulfite were 

depleted. It also lowered the levels of Cu and especially Fe, which was one of the 

reasons for a slower oxidation of the model solution. Additionally, chitosan’s capacity 

to protect varietal thiols was demonstrated and linked to a probable antiradical 

activity of the polysaccharide, lowering the levels of reactive species and lessening the 

production of o-quinones and the direct oxidation of thiols. 

In this study, the use of chitosan as a secondary antioxidant is evaluated at different 

stages of Sauvignon blanc winemaking prior to bottling. The interest resides in how 

chitosan affects the levels of the varietal thiols 3MH and 3MHA if used during 

winemaking as a protective resource against oxidation, and as a supplement to sulfite 

applications. Considering chitosan’s properties, the influence on wine varietal thiol 

concentrations could be linked to a lowering of PPO activity during grape processing 

by its removal during clarification along with already formed quinones. Furthermore, 

the lowering of levels of metal ions could inhibit non-enzymatic oxidation of phenolic 

compounds, protecting the varietal thiols from oxidation. 

6.2  Material and methods 

6.2.1 Chemicals 

Chitosan (low molecular weight, 75 – 85% deacetylated) was supplied by Aldrich 

(Castle Hill, Australia). The winemaking additive potassium metabisulfite (PMS) was 

purchased from Enartis (Trecate, Italy), Saccharomyces cerevisiae Lalvin EC1118 
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was obtained from Lallemand (Ontario, Canada) and Clinitest™  tablets were from 

Bayer Healthcare LLC (Tarrytown, NY). Glutathione, various polyphenol and 

reductive sulfur compound standards were of high purity and were supplied by 

Sigma-Aldrich (Castle Hill, Australia). The aroma compounds hexanal (98%), (E)-2-

hexenal (98%), (E)-2-hexenol (96%), (Z)-2-hexenol (95%) and (Z)-3-hexenol (98%) 

were obtained from Aldrich (Castle Hill, Australia), hexanol (99.5%) was from Fluka 

(Castle Hill, Australia), (E)-3-hexenol (97.0%) was from Lancaster (Morecambe, 

England), the varietal thiol 3-mercaptohexanol was supplied by Acros Organics (Geel, 

Belgium) and 3-mercaptohexyl acetate (98%) by Oxford Chemicals (Hartle-pool, 

UK). 

Deuterated internal standards were used for the volatiles quantification. d11-n-hexyl 

alcohol and d12-n-hexanal were supplied by CDN isotopes (Pointe-Claire, Canada), 

d6-dimethyl sulfide was from Sigma-Aldrich (Castle Hill, Australia), d3-Glut-3MH was 

purchased from Buchem (Apeldoorn, Netherlands) and d2-3-mercaptohexanol and d2-

3-mercaptohexyl acetate were synthesised at the University of Auckland (Hebditch, 

Nicolau et al. 2007). 

The materials used for the solid phase extraction were ethyl propiolate (ETP) and 

butylated hydroxyanisole (BHA), supplied by Aldrich (Castle Hill, Australia), and 

the cartridge Supelclean™  ENVI-18 (6 mL, 1 g) from Supelco (Castle Hill, Australia). 

Methanol and dichloromethane (LiChrosolv® Merck, Darmstadt, Germany), acetic 

acid and acetonitrile (Merck, Darmstadt, Germany) were used as solvents. Solutions 

were prepared using Type 1 water (Barnstead NANOpure® DIamond™ , Thermo 

Scientific, Waltham, USA) or absolute ethanol (99.7%, ECP, Auckland, New 

Zealand). Nitrogen (food grade), Helium (instrument grade) and Argon (industrial 

grade) were supplied by BOC (New Zealand). 

6.2.2  Juice collection and winemaking 

Sauvignon blanc juice was collected at a commercial winery in Marlborough, New 

Zealand. One sample (A) was collected as machine-harvested fruit from the receival 
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bin and the juice was obtained using an 80 L water bladder press (Zambelli Enotech, 

Camisano, Italy). The other juice samples (B and C) were collected from the 

commercial pressing operation as free run juice. Samples were collected from different 

blocks. 25 L of juice for each sample were collected and divided into five 5 L 

containers. Each sub-sample was used to investigate the addition of chitosan in a 

different stage of winemaking - after pressing (AFP), after cold settling (ACS) and 

after alcoholic fermentation (AFM), in addition to control (no chitosan addition), and 

to an experimental where chitosan was added at all three stages (ALL). The chitosan 

was added at 1 g/L and the juice was carefully agitated in order to distribute the 

powder homogeneously. The additions to wine (AFM and ALL treatments) were 

made at the same rate. The juices were transported to Auckland and cold settled at – 

4°C overnight before being racked into three 750 mL green glass bottles (700 mL of 

juice). Yeast was then inoculated according to the manufacturer instructions. The 

fermentation was carried out in triplicates at 15°C and was monitored by weighing 

the bottles daily until weight loss was stable and the level of residual sugars were 

below 2 g/L, measured using a Clinitest® tablet. The finished wines were added with 

25 mg/L of SO2 and cold stabilised at – 4°C for 3 weeks, when the final samples were 

collected and frozen at – 20 °C until analysis. 

6.2.3  Juice and wine analysis 

The juices were analysed post pressing for total soluble solids (Brix), titratable 

acidity as tartaric acid, pH, Yeast Assimilable Nitrogen (YAN) and free SO2 using a 

FOSS WineScan™  SO2 (FOSS, Denmark). 

Analyses of C6 alcohols and aldehydes were carried out for juices after pressing and 

after cold settling using solid phase extraction (SPE) followed by a GC-MS method 

according to Makhotkina, Araujo et al. (2014) with small modifications on the GC 

temperature program and using an Agilent 6890N gas chromatograph coupled with a 

Agilent 5973 mass selective detector. The initial oven temperature (50°C for 10 min) 

was ramped to 110°C at a rate of 5°C/min and held for 7 min. The second ramp 
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raised the temperature to 250°C at a rate of 50°C/min where it was held for 10 min. 

The total runtime was 40.8 minutes. 

Polyphenols and glutathione in the juices were quantified according to Maggu, Winz 

et al. (2007) using an Agilent 1100 HPLC equipped with a quaternary pump, 

autosampler, and column heater. UV-Vis detector (Agilent, Santa Clara, USA) and 

ESA Coulochem III electrochemical detector (Chelmsford, USA) equipped with a dual 

analytical cell (5010A) were used for the analysis.  

The concentration of the conjugated precursor S-3-(hexan-1-ol)-L-glutathione was 

quantified using a method developed by Capone, Sefton et al. (2010). In brief, juice 

samples were filtered through a 0.45 µm membrane filter (Phenomenex) and 40 µL of 

an internal standard solution containing d3-S-3-(hexan-1-ol)-L-glutathione (69 µg/L) 

was added to 1.5 mL of juice. An Agilent 1290 Infinity LC (Santa Clara, USA) 

coupled to an Agilent 6400 Triple Quadrupole MS (Santa Clara, USA) and a 

Phenomenex (Torrance, CA) Kinetex C18 column (100 x 3.00 mm, 100 Å, 2.6 µm 

particle size) were used. The solvents used were 0.1% formic acid and acetonitrile. 

The varietal thiols 3MH and 3MHA and C6 compounds analyses in wine was 

performed using a SPE and GC-MS method according to Herbst-Johnstone, Piano et 

al. (2013) with modifications. In addition to the varietal thiols deuterated internal 

standards, d11-n-hexyl alcohol and d12-hexanal were added to 50 mL wine. After 

extraction, a 500 µL aliquot of the eluted dichloromethane solution was taken and 

concentrated under a gentle nitrogen flow to a final volume of 50 µL for the C6 

compound analysis. The GC-MS method used was the same described for juice 

analysis. The remaining eluted solution was concentrated under nitrogen flow to 20 

µL and analysed using a GC-MS method (Herbst-Johnstone, Piano et al. 2013). 

The evolution of H2S formation in grape juice with and without chitosan was also 

studied. Seedless table grapes were crushed and 60 ppm of SO2 was added. To the 

juice was added 10 or 100 mg/L of S0 using a commercial wettable S0 formulation 

(80% w/w, Sulgran) or the same levels of elemental sulfur and 1 g/L of chitosan. A 
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sealed 100 mL serum vial was used to sparge N2 through the juice carrying the 

formed H2S to a Kitagawa 120SF detection tube (silver nitrate, 50 −1000 ppm , 

Japan). Formed H2S was quantified based on methods described by Araujo, Vannevel 

et al. (2016) and Chen, Jastrzembski et al. (2017). To construct a calibration curve 

Na2S.9H2O was dissolved in degassed cold water to produce a stock solution of ~12.5 

mM, which was further diluted in water daily to a 1 mM working solution (equivalent 

to 34050 µg/L of H2S). Six calibration points over the range of 5-80 µg H2S were 

obtained adding the working solution in triplicate to 60 mL of model juice (100 g/L 

glucose, 100 g/L fructose, 5 g/L tartaric acid, pH 3.2) previously sparged with N2. 

After the addition, the sealed vial was sparged with N2 for around 15 minutes at a 

flow rate of ~100 cm3 min-1, and the coloured fraction was measured in mm. 

The generated data was analysed using the software SAS 9.3 (SAS Institute Inc., NC, 

USA). One-way ANOVA was performed for each juice separately using the addition 

stage (Control, After Press, After Cold Settling, After Fermentation, All) as a single 

fixed factor. Averages were compared using Tukey’s test (p<0.05). 

6.3  Results and Discussion 

6.3.1  Chitosan influence on juice composition 

Juices chemical parameters are presented in Table 6.1. The juices had similar 

composition, within the range expected for Sauvignon blanc grapes. The yeast-

available nitrogen levels were adequate for fermentation completion and no 

supplementation was necessary. The juice obtained by pressing grapes collected from 

the receival bin (Juice A) had a lighter colour than the ones obtained from the 

commercial pressing operation. Juice B had a dark brown colour and high 420 nm 

absorbance, showing the effects of advanced oxidation, while Juice C had a brown 

colour, however lighter than B. The lack of free SO2 in juices B and C, but 

particularly high level in juice A (Table 6.1), matched the juice colour and extent of 

oxidation. 
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Table 6.1 - Juice sample parameters 

Juices Brix 
TA 
(g/L) 

pH 
YAN 
(mg N/L) 

Free SO2 

(mg/L) 
A420* 

A 20.6 (0.0) 8.5 (0.1) 3.14 (0.01) 237 (3) 44.8 (0.5) 0.062 
B 21.9 (0.3) 7.8 (0.0) 3.28 (0.01) 210 (1) 2.8 (0.1) 0.869 
C 21.6 (0.2) 9.9 (0.0) 3.15 (0.02) 262 (4) 4.0 (0.1) 0.257 

*Measured in clarified juice 

Juice A, the least oxidised juice, also had higher amounts of polyphenols, 

hydroxycinnamic acids in particular, than juices B and C (Table 6.2). For juice C, 

the depletion of free SO2 levels lead to further oxidation during juice transportation 

and clarification, and the consequent lowering in the polyphenol levels in cold settled 

juice when compared to the pressed one. Juice B, even though it was heavily 

oxidised, had similar levels of polyphenols as juice C. Juice B also had the highest 

level of the flavonols quercetin-3-glucuronide and quercetin-3-O-glucoside probably 

related to an extended maceration period. No flavan-3-ols were detected in any of the 

juices. Another indication of the extent of juice oxidation is the concentration of 

GSH. Juice A still had usual GSH levels after clarification, while juice B had none 

left. For juice C, only the pressed sample still had some GSH still present, which was 

completely consumed after clarification for all treatments. 

Oxidation of grape juice is mainly driven by PPO acting on hydroxycinnamates, such 

as caftaric acid, producing the corresponding quinone (Waterhouse, Sacks et al. 

2016). Quinones are reactive electrophilic compounds and can impair wine aroma by 

oxidising varietal thiols (Nikolantonaki and Waterhouse 2012), however, the addition 

of antioxidants such as SO2, ascorbic acid, and glutathione can avoid the formation 

and, in some cases, revert the quinone to its original state (Danilewicz and 

Wallbridge 2010). Indeed, higher levels of SO2 added to Sauvignon blanc grapes 

resulted in juices with greater amounts of polyphenolic compounds (Makhotkina, 

Herbst-Johnstone et al. 2013). 

Quinones can react with chitosan yielding Schiff bases or Michael-type adducts 

(Kumar, Smith et al. 1999), but, in the acidic conditions of juice, most the amine 

groups are protonated, casting doubt on the effectiveness of this process. Takahashi, 
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Imai et al. (2004), for instance, could successfully remove p-quinones from aqueous 

phase using chitosan, with a reaction rate constant of the order of 10-3 s-1. 

Contrastingly, higher o-quinone reaction rate constants were observed for various 

compounds including 3MH, SO2, GSH and H2S, which had the highest rate constant 

(Nikolantonaki and Waterhouse 2012). 

Chitosan, at the concentration used, was not effective in retarding the oxidation of 

Juice C, already presenting low levels of free SO2 and GSH at the moment of 

collection. The effect of chitosan on the levels of polyphenols seems to be small, 

without a consistent trend within the juices. Rao, Hayat et al. (2011), testing 

chitosan as a fining agent to clarify green tea, also did not observe differences in the 

levels of polyphenols after clarification. 

Table 6.2 - Levels of polyphenols and glutathione in the juices – averages in mg/L, 
standard deviations in parenthesis. 

Juice Treatment 
Caftaric 
acid 

GRP 
Cis-
coutaric 
acid 

Trans-
coutaric 
acid 

Caffeic 
acid 

Quercetin-
glucuronide 

Quercetin-
glucoside 

GSH 

A 

Press 
27.4a  
(0.1) 

9.6  
(0.02) 

2.0a  
(0.02) 

5.1a  
(0.01) 

1.1a  
(0.01) 

- 
1.7a  
(0.06) 

40.3a  
(0.5) 

Ctrl 
26.5a 
(0.05) 

8.2  
(0.04) 

1.9ab 
(0.04) 

4.8b  
(0.05) 

1.1a  
(0.02) 

- 
1.4b  
(0.08) 

38.6ab 
(0.8) 

AFP 
24.2b  
(0.6) 

9.5  
(2.5) 

1.8ab 
(0.04) 

4.5c  
(0.09) 

0.9b  
(0.10) 

- 
1.6ab  
(0.06) 

34.2b  
(2.8) 

ALL 
24.0b 
(0.11) 

8.0  
(0.01) 

1.7b  
(0.03) 

4.4c  
(0.01) 

1.1a  
(0.01) 

- 
0.7c  
(0.10) 

45.6a  
(0.6) 

B 

Press 
8.4c  
(0.2) 

3.2bc  
(0.2) 

4.2c  
(0.00) 

2.3b  
(0.15) 

2.0a  
(0.01) 

1.5a  
(0.01) 

48.1a  
(1.4) 

- 

Ctrl 
15.6a  
(0.6) 

5.6a  
(0.5) 

5.6b  
(0.01) 

3.3a  
(0.3) 

1.0b  
(0.04) 

0.8b  
(0.04) 

40.0b 
(0.68) 

- 

AFP 
12.7b 
(0.01) 

3.8b  
(0.2) 

5.6b  
(0.09) 

2.3b  
(0.14) 

0.9bc 
(0.00) 

0.7b  
(0.01) 

36.2bc  
(1.2) 

- 

ALL 
11.5b 
(0.02) 

2.7c  
(0.00) 

6.2a  
(0.00) 

1.8b  
(0.05) 

0.9c  
(0.01) 

0.6c  
(0.00) 

32.9c  
(1.1) 

- 

C 

Press 
9.2a  
(0.01) 

13.3a 
(0.02) 

1.6  
(0.01) 

2.2a  
(0.01) 

1.1ab 
(0.05) 

- 
3.0a  
(0.07) 

16.2  
(0.2) 

Ctrl 
2.9b  
(1.6) 

8.9ab  
(5.1) 

1.2  
(0.4) 

0.5b  
(0.8) 

1.1a  
(0.33) 

- 
2.1bc  
(0.06) 

- 

AFP 
0.5b  
(0.01) 

2.3b  
(0.01) 

0.9  
(0.03) 

- 
0.6ab 
(0.07) 

- 
2.2b  
(0.15) 

- 

ALL 
0.5b 
(0.02) 

1.3b  
(0.02) 

0.8  
(0.02) 

- 
0.4b  
(0.01) 

- 
1.8c  
(0.01) 

- 

For each juice means with the same letter are not considered significantly different (Tukey, p>0.05). 
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The levels of C6 aldehydes and alcohols in the juices were quantified after pressing 

and after cold settling for the treatments that received chitosan right after pressing 

(AFP and ALL).  The compounds were also measured for the control treatment in 

order to determine if the addition of chitosan had any influence on these important 

compounds and thus the formation of the varietal thiols. 

A clear lowering of the levels of hexanal, (E)-2-hexenal and (E)-2-hexenol over time 

was observed for all juices. The largest decline was for (E)-2-hexenal, which declined 

by up to 86% after cold settling (Table 6.3). This observation has also been made by 

other authors (Iyer, Sacks et al. 2010, Capone, Black et al. 2012) and can be related 

to multiple factors, from losses during juice clarification due to poor solubility in 

aqueous solutions (Ribéreau-Gayon, Dubourdieu et al. 2006), to continued enzymatic 

reactions (Capone, Black et al. 2012, Duhamel, Piano et al. 2015) and yeast 

metabolism (Joslin and Ough 1978, Harsch, Benkwitz et al. 2013). 

When the C6 compounds levels were compared only after cold settling, consistent 

differences were observed for the aldehydes hexanal and (E)-2-hexenal (Table 6.3). 

The juices with added chitosan showed a lower loss than the controls, with only one 

exception (hexanal, juice B). However, the higher retention of the C6 aldehydes was 

not even for both chitosan addition treatments (AFP and ALL). This effect was most 

noticeable for juice C, where the addition of chitosan lowered (E)-2-hexenal loss from 

65% in the control to only 11% in AFP. The exact mechanism affected by the 

addition of the polysaccharide is not clear, but it could be related to a retardation of 

the enzymatic reactions taking place during juice storage, such as the reduction of 

(E)-2-hexenal to hexanol, to the immobilization of one or more reactants necessary to 

the formation of an aldehyde adduct or even to an antimicrobial effect of chitosan, 

inhibiting yeast metabolism. 

Since (E)-2-hexenal is considered to be one of the compounds participating in the 

formation of a precursor of 3MH together with H2S (Schneider, Charrier et al. 2006, 

Harsch, Benkwitz et al. 2013) or glutathione (Roland, Vialaret et al. 2010), a higher 

concentration of this aldehyde could represent a better chance for the production of 
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the potential 3MH precursor. On the other hand, higher levels of (E)-2-hexenal could 

also mean an inhibitory effect of chitosan on the formation of the multitude of 

possible aldehyde adducts, including the varietal thiol precursors Glut-3MH-al and 

the putative 3MH-al, at the first stages of grape processing. 

The levels of the C6 alcohols, on the other hand, remained the same for most the 

juices.  

Table 6.3 – C6 levels in juices after cold settling in µg/L.  Averages with standard 
deviations in parenthesis.  

Juice Treatment Hexanal (E)-2-hexenal (E)-2-hexenol Hexanol 

A 

Press 67 (1) 182 (24) 1474 (53) 834 (24) 
CTRL 33.6c (0.1) 25c (1) 1108b (42) 751 (20) 
AFP 51b (7) 33b (2) 1182ab (4) 778 (14) 
ALL 75a (5) 38a (0.7) 1230a (36) 780 (28) 

B 

Press 177 (3) 98 (3) 1102 (21) 980 (24) 
CTRL 82b (4) 14c (1) 722 (37) 1453 (72) 
AFP 99a (8) 23a (2) 765 (40) 1403 (68) 
ALL 80b (2) 18b (1) 753 (32) 1484 (66) 

C 

Press 136 (1) 267 (14) 850 (21) 908 (3) 
CTRL 45c (2) 64c (3) 437b (3) 955b (9) 
AFP 115a (3) 162a (10) 495a (16) 1093a (47) 
ALL 80.2b (0.5) 115b (8) 417b (23) 804c (34) 

For each juice means with the same letter are not considered significantly different (Tukey, p>0.05). 

6.3.2  Chitosan influence on wine varietal thiols concentration 

The wine C6 compounds and varietal thiols 3MH and 3MHA were subsequently 

quantified. No clear influence of chitosan on final C6 compound concentrations could 

be observed (Table 6.4).  
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Table 6.4 - Levels of C6 compounds in wine in µg/L. Averages of triplicate 
fermentations with standard deviations in parenthesis. 

Juice Treatment Hexanol (E)-3-hexenol (Z)-3-hexenol 

A 

CTRL 2125 (68) 158ab (3) 508 (63) 
AFP 2499 (405) 119b (24) 545 (52) 
ACS 1963 (272) 162ab (19) 519 (72) 
AFM 2236 (152) 166a (21) 525 (52) 
ALL 2345 (176) 117b (11) 450 (91) 

B 

CTRL 3735a (87) 76 (17) 871 (184) 
AFP 3197bc (193) 59 (3) 793 (50) 
ACS 2857c (236) 75 (14) 762 (134) 
AFM 3465ab (93) 73 (4) 850 (78) 
ALL 2869c (143) 59 (17) 734 (6) 

C 

CTRL 2933 (143) 49 (2) 356 (6) 
AFP 2909 (123) 53 (7) 372 (45) 
ACS 2588 (166) 60 (5) 400 (39) 
AFM 2549 (158) 62 (4) 419 (25) 
ALL 2654 (324) 57 (8) 408 (63) 

For each juice means with the same letter are not considered significantly different (Tukey, p>0.05) 

 

The initial juice condition played a great role in determining the final level of thiols 

(Figure 6.2). The most oxidised juice, B, had no detectable 3MH or 3MHA for all 

treatments, corroborating data from previous work where more oxidised juices 

produced wines with lower varietal thiols (Allen, Herbst-Johnstone et al. 2011). Juice 

C, even though it had low free SO2 at the time of collection and already presented a 

brown colour, still produced wine with a measurable level of thiols. Juice A produced 

a high thiol wine with values typical of many of the Sauvignon blanc wines produced 

in Marlborough, New Zealand (Benkwitz, Tominaga et al. 2011). 

Instead of showing a promotion or protection effect, the addition of chitosan prior to 

cold settling (AFP and ALL) caused a considerable decrease in thiol formation. Juice 

C had a lowering of 64% (AFP) and 68% (ALL), while juice A, which had the highest 

control levels, had 76% (AFP) and 85% (ALL) less varietal thiols than control 

(Figure 6.2).  

It is clear that chitosan interfered directly on the main formation pathway of the 

3MH precursor, either glut-3MH or H2S addition to (E)-2-hexenal or (E)-2-hexenol, 

and that this interference occurs at the very early stages of grape processing. The 
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addition of chitosan was made earlier for juice A than juice C, given the stage of 

grape processing they were when samples were taken and this could be the cause of a 

lower decrease for juice C.  

Even though juices with chitosan added early on juice processing had higher levels of 

(E)-2-hexenal, this was not reflected as higher concentrations of thiols in the wine. 

On the other hand, this could have been caused by the lack of precursor formation. 

Also, considering that chitosan addition did not affect the levels of thiols if added 

after cold settling onwards, it is safe to assume that the interaction applies to the 

thiol formation pathway and not to the fully formed aroma molecules. Despite 

chitosan’s antioxidant and radical scavenging activities against hydroxyl and 

superoxide radicals (Chinnici, Natali, and Riponi 2014), its addition was not sufficient 

to counteract the detrimental effect of oxidation upon thiol formation. 

The addition of chitosan after cold settling or after fermentation did not produce 

incremental protection to the thiols, and these treatments did not differ from the 

control wines. However, protection of the thiols in the longer term was not evaluated. 

A higher longevity of thiols could be achieved in a wine with lower oxidative 

pressure, which could be obtained by the removal of oxidised polyphenol compounds 

and metals by treatment with chitosan (Spagna, Pifferi et al. 1996, Spagna, 

Barbagallo et al. 2000, Bornet and Teissedre 2007, Chinnici, Natali et al. 2014). 
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Figure 6.2 – Sum of varietal thiols 3MH and 3MHA levels (nM) in wine. Averages 
from triplicate fermentations and standard deviations as error bars. For each juice 
means with the same letter are not considered significantly different (Tukey, p>0.05) 

6.3.3  Chitosan effect on 3MH precursors 

To evaluate the nature of the interaction that led to the considerable lowering in the 

concentration of 3MH and 3MHA, the levels of the conjugate precursor S-3-(hexan-1-

ol)-L-glutathione (Glut-3MH) were analysed in juice before and after clarification 

(Figure 6.3). 

The levels of the conjugate precursor were quite similar within the juice samples, in 

the range of 120 µg/L to 170 µg/L, despite the great variation in varietal thiols in the 

finished wine. The lack of correlation between the concentration of this precursor and 

the levels of 3MH and 3MHA was observed by different authors (Allen, Herbst-

Johnstone et al. 2011, Pinu, Jouanneau et al. 2012).  Significant differences were 

observed for juice C, with a higher level for the pressed control juice. The clarified 

control juice had a similar level to one of the samples with added chitosan, while the 

last sample had the lowest concentration. For the other two juices, A and B, no 

differences were observed even between the pressed and clarified control juice. 
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Figure 6.3 – Levels of S-3-(hexan-1-ol)-L-glutathione in juices before and after cold 
settling. For each juice means with the same letter are not considered significantly 
different (Tukey, p>0.05). 

It has been shown that the conjugated precursor concentration can be affected by 

different winemaking processes (Allen et al 2011, Mattivi et al 2012). In the case of 

clarification, the nature of the fining agent used determines the effect. Precursor 

levels were lowered through the use of charcoal, but remained stable with the 

application of bentonite or PVPP, for instance (Román et al, 2016). The data 

produced here suggests that chitosan does not interact with the formed glutathione 

conjugate, and, in the particular case of juice C, the difference in the conjugated 

precursor levels between the control juice and juice added with chitosan is 

proportionally much lower than the difference observed in varietal thiols in the wine. 

6.3.4 H2S production in juice with chitosan addition 

Recently, a new proposal involving the formation of 3MH from the direct addition of 

H2S to (E)-2-hexenal via the reduction of elemental sulfur was presented by Araujo, 

Vannevel et al. (2016). It hypothesises the formation of the thiol precursor 3MH-al 

having H2S as the sulfur donor formed by the action of grape enzymes released after 

grape crushing, which reduces residual elemental sulfur. This enzymatic system could 

be related to the natural reducing agent glutathione and to the enzymes regulating its 
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activity (Searcy and Lee 1998). In this way, the early production of H2S during the 

first stages of grape processing removes the doubt stated by Harsch, Benkwitz et al. 

(2013) where there is a window between the apex of (E)-2-hexenal levels and the 

start of H2S production by yeast metabolism during alcoholic fermentation, 

minimizing the chances of the coexistence of both molecules and the formation of 

3MH-al. 

Chitosan could interfere with the elemental sulfur reduction and, in consequence, 

impair the thiol precursor formation. This interference could be the direct absorption 

of the formed H2S onto chitosan, or an interaction with the reducing agent or the 

enzymatic system triggering the elemental sulfur reduction. Moreover, one last 

possibility would be the direct interference in the H2S addition to (E)-2-hexenal.  It is 

also possible that chitosan affects more than just one party in this reaction or even 

an unknown one.  

For instance, chitosan was tested as a putative wastewater treatment agent by Yep 

(2016). Pure chitosan was able to absorb hydrosulfide ions (HS-) on its surface but at 

a very slow rate. This fact makes the use of chitosan as a wastewater treatment 

unfeasible, but, in a winemaking condition, this absorption rate might have a 

significant impact on the varietal thiol formation. 

Also, chitosan-glutathione conjugates are produced as a way of increasing the 

glutathione stability to be used as a functional food ingredient. The conjugate can be 

formed by the direct immobilization of GSH on chitosan (Koo, Lee et al. 2011), but it 

is not clear how this could impact the reduction of elemental sulfur in juice once the 

active thiol site of GSH remains free. 

The enzymes associated with GSH regulation in plant tissues can also be considered, 

such as glutathione-reductase, which is responsible for recovering oxidised glutathione 

back to its reduced form consuming a NAPH molecule (Noctor and Foyer 1998).  

This enzyme might also be complexed with chitosan. For instance, Timur, Odaci et 

al. (2008) demonstrated how the immobilization of GSH-reductase on a chitosan 
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membrane can be used as a biosensor for GSH analysis. Chitosan enzyme 

immobilization has also been studied for other applications (Shahidi, Arachchi et al. 

1999). Again, it is difficult to predict if the occurrence of this event would have an 

impact on S0 reduction once the enzymatic activity in the examples presented 

remains intact. 

To investigate some of these implications, a similar approach described by Araujo, 

Vannevel et al. (2016) was used to detect and quantify the evolution of H2S 

formation in grape juice with and without the addition of chitosan (Figure 6.4). The 

rate of the production of H2S was similar for all the conditions tested. The samples to 

which chitosan was added produced higher amounts of H2S, at least initially. When 

10 mg/L of sulfur was added in the presence of chitosan, H2S was detected after 2 

hours of reaction (first sampling point), but nothing was found for the control 

samples. Additionally, when 100 mg/L of sulfur was added, a statistically significant 

lowering of H2S formation was observed with the addition of chitosan.  However, 

throughout and by the end of the experiment, similar levels of H2S had been 

produced regardless of chitosan addition. 

It is clear that the addition of chitosan was not able to block the formation of 

hydrogen sulfide in this experiment. The effect on the formation of thiols could then 

be related, directly or not, to the precursor formation, i.e., the direct addition of H2S 

to (E)-2-hexenal, and its stability. The delay observed for the beginning of H2S 

detection when no chitosan was added could be an indication of its binding to the 

aldehyde. Also, the lower lowering of (E)-2-hexenal levels in juice (Table 6.2) could 

also be attributed to this phenomenon. However, more research is necessary to 

understand completely the reactions occurring under these conditions. 

It was observed that the generation of H2S was not greatly dependent on the two 

levels of elemental sulfur applied. The 10-fold increase in S0 concentration did not 

lead to major differences in H2S production after 7 days. However, after 2 hours, 

considering the control samples, only the highest S0 addition produced a surplus of 

H2S that could be detected. Considering normal white winemaking practices, the 
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grapes would not be stored without being processed for periods as long as 7 days, and 

the first few hours after harvest would actually be the most important for 3MH-al 

formation. In this case, a faster initial H2S production could mean higher levels of 

3MH, corroborating the results found by Araujo, Vannevel et al. (2016) that observed 

a proportional increase in the level of varietal thiols with higher S0 additions to juice. 

Additionally, Kilmartin, Makhotkina et al. (2015) showed that postponing the 

addition of antioxidant by as little as 45 minutes almost halved the concentration of 

3MH and 3MHA in Sauvignon blanc wines. The H2S formed during this unprotected 

period could have been rapidly oxidised, restraining the formation of the thiol 

precursor. 
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Figure 6.4 – Evolution of H2S formation in grape juice. A – overview of reaction 
evolution over 7 days. B – cut out of first day to show significant differences (Tukey, 
p<0.05) in H2S formation ocurring only at the first sampling time. 

6.4  Conclusion 

The use of chitosan at different steps of winemaking did not increase the levels of the 

varietal thiols 3MH and 3MHA in Sauvignon blanc wine. On the contrary, the 

addition of the polysaccharide at the first steps of the juice processing had a 

detrimental effect on the 3MH formation, which consequently affected the production 
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of 3MHA. Therefore, the addition of low molecular weight chitosan to juice as an 

antioxidant or clarifying agent is not recommended if the production of high varietal 

thiol wines is the main purpose. Different chitosan structures can, however, produce 

different results depending on deacetylation levels, molecular weight, and 

derivatization. The exact mechanism affected is not clear at this stage, but it is not 

related to the formation of conjugated precursors or the reduction of elemental sulfur 

into H2S. 
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Chapter 7 

CONCLUSIONS AND FUTURE WORK 

7.1  Conclusions 

The work developed in this project was designed to understand the factors connected 

to the harvesting and grape processing that have an important impact on the aroma 

of Sauvignon blanc wines.  The findings have been passed on to the local wine 

industry (Araujo, Callerot et al. 2016) and have provided means to better control of 

the outcome of grape harvesting and pressing practices, with regards to the thiol 

character in Sauvignon blanc wines. 

The control of juice oxidation as a critical determinant of the concentration of the 

varietal thiols 3MH and 3MHA was confirmed. The lack of antioxidant addition to 

grapes after mechanical harvesting led to the extensive oxidation of the juice and to a 

drastic lowering in the production of varietal thiols (Figure 5.1). However, the gains 

in varietal thiols formation with 120 ppm of SO2 reported previously were not 

consistently observed here. SO2 added at this level delayed fermentation by many 

days with some juices (Table 5.2), showing the need for care in the levels of sulfite 

applied. The addition of 60 ppm of SO2 provided adequate antioxidant protection to 

the formation of varietal thiols in this study, and no problems were observed for the 

onset of fermentation.  

The large differences observed in the levels of varietal thiols and of other compounds, 

including hexanol, were not reflected as differences in sensory profiles. The high levels 

of 3MH and 3MHA in samples with levels of reductive sulfur compounds above 

threshold were found in wines with flinty/rubber attributes (Figure 5.2). Moreover, 

hand-picked grapes were sampled and processed by destemming, crushing, and 

maceration. This treatment, with 60 ppm of SO2 added immediately after crushing, 
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resulted in wines with similar or higher levels of varietal thiols, than for machine 

harvested fruit. In previous studies with hand-picked grapes, a much gentler whole 

bunch pressing had been applied with lower varietal thiol formation (Jouanneau 

2011).  This result once more confirmed the importance of effective control of juice 

oxidation, and the role of a certain degree of fruit maceration for the formation of 

greater quantities of 3MH. The grape process with destemming/crushing and 

maceration stages, under controlled oxidation conditions, can enable the production 

of higher concentrations of C6 compounds and allow time for the formation of the 

varietal thiol precursor. In the case of the formation of 3MH-al from the reduction of 

elemental sulfur, maceration would extend the contact time between grape material 

containing elemental sulfur (grape skins, leaves) and the enzymes possibly responsible 

for the its reduction to H2S. 

Leaves are known to contribute to the development of green aromas and bitter tastes 

if added to grapes during their processing, even though it has been shown that they 

do not add significant amounts of C6 compounds to juice. Sauvignon blanc wines 

produced in New Zealand are made almost entirely from machine-harvested grapes, a 

process known to incorporate a good quantity of leaves in the grape must.  It had 

been suggested that very high levels of varietal thiols in New Zealand wines could 

arise from the inclusion of leaves at harvest as a source of precursors for varietal thiol 

formation. The results shown here demonstrated that the levels of C6 compounds 

added by the leaves into the juice are very low (Table 4.3). The major contribution of 

leaf addition was with the flavonol quercetin-3-glucoside (Table 4.4). The effect on 

the level of varietal thiols was not consistent with levels increasing for some and 

decreasing or not changing for others (Table 4.1 and Figure 4.2). The different trends 

could be related to some external factor being carried by the leaves rather than being 

caused by the leaves themselves. Importantly, it was possible to obtain wines with 

very high varietal thiols levels from grapes that had been hand-picked, then well 

macerated and with adequate (SO2) antioxidant protection, but completely free of 

leaves.   
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One factor that can be introduced with the leaves is elemental sulfur sprayed onto 

the grapevines as a fungicide. It was demonstrated by multiple experiments carried 

out both in New Zealand and in South Africa, that the levels of elemental sulfur in 

juice were positively correlated with the levels of 3MH and 3MHA in Sauvignon blanc 

wine, whether the sulfur was added before clarification of just before fermentation 

(Table 3.1). The presence of sulfur during fermentation caused the production of 

reductive sulfur compounds, but this was not observed when the sulfur was added to 

pressed juice prior to clarification (Table 3.4). A new mechanism for the thiol 

formation via the reduction of elemental sulfur in the juice was proposed (Scheme 

3.1). The novelty resides in the production of H2S from sulfur by grape enzymes with 

a possible involvement of glutathione as a reducing agent. In this case, the sulfur 

donor (H2S) and the carbonyl compound [(E)-2-hexenal] are present simultaneously 

in grape juice, solving the issue with the mismatch of these compounds reported 

previously. The capacity to reduce sulfur into H2S is a characteristic of many cells 

and was shown here to occur in grape juice. 

The applicability of chitosan as an antioxidant throughout the winemaking process 

was evaluated, based upon a report that indicated its capacity to protect thiols in 

wines against oxidation. The intention was to add a compound not susceptible to 

degradation/binding like SO2 to increase the antioxidant protection in the juice. 

Contrary to the initial expectations, the addition of chitosan significantly lowered the 

level of varietal thiols (Figure 6.1). The investigations of the mechanism affected by 

chitosan involved both the conjugated precursors, that were largely unchanged, and 

the reduction of elemental sulfur. Chitosan could not completely inhibit the reduction 

of sulfur to H2S, but a small time difference on the initial detection of sulfide for the 

lower sulfur concentration tested could be an indication that, at lower S0 

concentrations, chitosan can have a detrimental effect. 
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The formation of H2S during alcoholic fermentation varies largely, depending on 

different factors, such as yeast strain and nitrogen levels, and can reach 

concentrations from dozens to 1000 µg/L (Park, Boulton et al. 2000, Ugliano, 

Kolouchova et al. 2011). The levels generated from the reduction of elemental sulfur 

in table grape juice (Figure 6.4) are comparable to these values. In theory, if all of 

the H2S formed would react to produce 3MH, every 1 µg/L of sulfide could 

potentially generate 29.4 nM of 3MH (or 3946 ng/L), assuming no limitation in 

available (E)-2-hexenal. 

Considering the difference in H2S formed between the treatments with and without 

chitosan (Figure 6.4 B) as the amount of H2S that reacts with (E)-2-hexenal to form 

3MH-al, the potential varietal thiol formation can be theoretically calculated. For 

instance, when 10 mg/L S0 was added (Figure 6.4), after 2 hours of reaction, a 

difference of 36.6 µg/L (1.08 µM, 2.2 µg in 60 mL of juice) of H2S produced was 

observed, what could result in a wine with 145 µg/L of 3MH (1078 nM). Obviously, 

the conversion rates are not 100%, even for the addition of H2S to the aldehyde and 

for the reduction of the formed precursor to the final alcohol. Harsch, Benkwitz et al. 

(2013) obtained an increase of 19.3 pmol of 3MH/A per nmol of H2S added in the 

range of 0.12 to 12.36 µM H2S addition. Considering this rate, the potential 3MH 

generated would be of 20.8 nM or 2784 ng/L, which is a good amount of varietal 

thiols that could make a key difference in the wine aroma given the low aroma 

threshold of this compound. More research is needed to have a definite picture of the 

reactions and the associated conversion rates. What is clear is that the higher the 

amount of H2S in the media in the presence of sufficient (E)-2-hexenal, the higher will 

be the final levels of 3MH (Harsch, Benkwitz et al. 2013, Araujo, Vannevel et al. 

2016).  
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7.2  Future work 

Many aspects of this new mechanism for 3MH formation still need to be studied and 

include both plant physiology and wine chemistry. The enzyme system possibly 

responsible for the reduction of elemental sulfur is unknown as are the factors 

regulating its activity. The reduction of elemental sulfur has been demonstrated in 

different organisms and the enzymes regulating glutathione activity, like glutathione 

reductase, a NADH dependent enzyme, or glutathione-S-transferases, can be involved 

in this process. The purification and testing of these enzymes from grape and the 

study of factors influencing elemental sulfur reduction need to be studied. The role of 

glutathione reducing elemental sulfur non-enzymatically has also to be determined. 

This information could help explain why different grape lots vary so much in their 

thiol-forming potential.  

Analytical methods to measure elemental sulfur in grape and grape material have 

been published but are not broadly used in research or by the industry. Validated 

methods should be implemented to monitor the typical values of elemental sulfur 

residues occurring in grapes each harvest, overcoming the current lack of data.  

The putative intermediary precursor, proposed here as being 3-mercaptohexanal, 

remains to be identified in grape juice and evaluated as a source of 3MH after 

fermentation in systems that have added elemental sulfur. Also, the ability of yeasts 

or even grape enzymes to reduce 3MH-al to 3MH must be determined and the 

conversion rate calculated. Experiments with labelled sulfur can produce more 

definitive evidence for the occurrence of this phenomenon. This data can confirm the 

relevance of this pathway in real situations. This knowledge can also be used to 

develop a set of tools allowing the prediction and adjustment of the levels of varietal 

thiols in wine. 

Moreover, as (E)-2-hexenal is ubiquitous to all grape varieties and the application of 

sulfur is a common practice in viticulture, the occurrence of this mechanism in grape 
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varieties other than Sauvignon blanc is to be expected and can also be used for the 

production of different wine styles. 

The sensory interactions of varietal thiols and other compounds in wine such as the 

reductive sulfur and C6 compounds are another area that can be further studied.  

This is especially important in the light of the results showing the development of 

flinty character in wines with high levels of varietal thiols. 
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Chapter 8 

APPENDICES 

Appendix A – Chapter 3 supplementary tables 

Supplementary Table 1 - Juice chemical parameters. Averages of duplicates, the 
standard deviation in parentheses. 

Trial Juices Brix TA  
(g/L) 

pH YAN 
(mg N/L) 

Free SO2 
(mg/L) 

A420* 

1 1 22.8 6.3 3.31 190 10 - 
2 23.1 6.1 3.35 210 13 - 

2 3 22.5 6.2 3.34 205 12 - 
3 4 20.6 (0.0) 8.5 (0.1) 3.14 (0.01) 237 (3) 44.8 (0.5) 0.062 

5 21.9 (0.3) 7.8 (0.0) 3.28 (0.01) 210 (1) 2.8 (0.1) 0.869 
6 21.6 (0.2) 9.9 (0.0) 3.15 (0.02) 262 (4) 4.0 (0.1) 0.257 

4 7 23.0 (0.0) 8.0 (0.0) 3.1 (0.01) 208 (5) 10.1 (0.8) 0.053 
8 23.1 (0.1) 7.2 (0.1) 3.16 (0.02) 231 (2) 15.8 (0.9) 0.070 
9 22.4 (0.1) 7.5 (0.0) 3.17 (0.01) 224 (1) 27.7 (1.4) 0.061 

*Measured in clarified juice 
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Supplementary Table 2 - C6 compounds in wines from Trials 3 and 4 in µg/L. 

Juice S0 (mg/L) hexanal hexanol E-3-hexenol Z-3-hexenol Z-2-hexenol 

4 

0 130a (14) 2048a (483) 157a (8.1) 482ab (49) nd 
2 206a (81) 2338ab (42) 157a (18) 504ab (82) nd 
10 169a (44) 2621b (119) 174a (28) 544b (75) nd 
50 121a (27) 2507ab (186) 144a (7.3) 413a (38) nd 

5 

0 254a (84) 3625a (153) 95a (7.0) 1050a (105) 21a (2.5) 
2 214a (68) 3467a (181) 91a (5.8) 987a (77) 21a (4.3) 
10 200a (36) 3427a (61) 81a (7.2) 941a (26) 19a (2.0) 
50 219a (93) 4030b (84) 88a (18) 975a (214) 21a (3.9) 

6 

0 238a (40) 3226bc (145) 51a (8.0) 392ab (58) nd 
2 269a (164) 2875a (170) 47a (7.6) 320a (44) nd 
10 403a (169) 3098b (32) 61a (8.5) 421b (61) nd 
50 275a (147) 3353c (42) 53a (5.3) 373ab (25) nd 

7 

0 103a (10) 2358a (109) 33b (0.46) 174ab (3.5) 6.3ab (0.26) 

2 121a (13) 2577b (124) 32ab (1.2) 172ab (10) 6.3ab (0.45) 

10 146a (76) 2361a (126) 34b (2.8) 182b (18) 6.5b (0.54) 

50 81a (14) 2443ab (48) 29a (0.28) 158a (2.8) 5.7a (0.12) 

8 

0 126a (27) 3307b (85) 59a (3.7) 275a (28) 12ab (1.9) 

2 129a (14) 3048a (131) 56a (5.1) 282a (27) 11ab (1.1) 

10 132a (19) 2972a (43) 59a (1.7) 311a (15) 13b (0.75) 

50 182a (50) 3110a (55) 56a (0.74) 279a (2.4) 10a (0.19) 

9 

0 174a (74) 2996a (33) 46a (1.6) 262a (18) 9.7a (0.85) 

2 162a (34) 3059a (118) 48a (0.89) 264a (1.0) 9.7a (0.51) 

10 221a (64) 3002a (28) 49a (2.6) 276a (13) 10a (1.0) 

50 141a (25) 3069a (121) 46a (7.6) 261a (44) 9.8a (2.2) 
nd not detected 
Means followed by the same letter in the same column for each juice separately are not significantly 
different (LSD, p≥0.05) 
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Appendix B – Sensory Descriptive Analysis data collection sheets 
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Appendix C – Sensory Descriptive Analysis training sheets 
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