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Abstract I

Abstract

The unique passion fruit-type aroma of New Zealand Sauvignon blanc wines, which

has been attributed to the varietal thiols 3-mercaptohexan-1-ol (3-MH) and

3-mercaptohexan-1-ol acetate (3-MHA), is known to diminish rapidly over a period of

just a year in the bottle. Therefore, it is important to improve the shelf-life of these

wines in order to maintain New Zealand’s position as a market leader for Sauvignon

blanc. The loss of varietal thiols has been linked to polyphenol oxidation, catalysed by

metals, a process which can be inhibited by antioxidants, such as sulfur dioxide (SO2),

ascorbic acid, and glutathione.

The evolution of 3-MH and 3-MHA has been monitored in New Zealand Sauvignon

blanc wines with regards to polyphenol content and antioxidants over time under

various storage conditions, such as closure type, temperature, and headspace

composition. Accelerated stability testing in a model white wine matrix as well as in a

Sauvignon blanc matrix was employed to study the influence of ‘pro-oxidants’ (metals

and polyphenols), ‘anti-oxidants’ (SO2, ascorbic acid, and glutathione) as well as

temperature and pH on the reaction kinetics of 3-MH and 3-MHA, thereby uncovering

the mechanism(s) responsible for the loss of the varietal New Zealand Sauvignon

blanc aroma.

3-MHA is the least stable of the varietal thiols, declining steadily with time and largely

unaffected by the presence of antioxidants, whereas 3-MH decreased more slowly

following an initial increase due to hydrolysis of 3-MHA to 3-MH. Antioxidants are

capable of attenuating the polyphenol-mediated oxidative degradation of 3-MH to a

greater extent than 3-MHA, by scavenging oxygen and/or via interacting with

polyphenol autoxidation products, namely ortho-quinones and hydrogen peroxide,

which are both detrimental to varietal thiol stability. Evidence was provided for the

role of copper as a mediator of oxidative processes.



Abstract II

This research project has been fundamental in identifying the importance of

temperature, rather than antioxidants, in maintaining high concentrations of 3-MHA

over time. 3-MHA also has a lower perception threshold than 3-MH (4 versus 60

ng/L), and can be found at particularly high concentrations in New Zealand Sauvignon

blanc wines. These results suggest that the acid-catalysed hydrolysis of 3-MHA to

3-MH is the key mechanism responsible for the disappearance of the distinctive

passion fruit-type aroma from New Zealand Sauvignon blanc wines.
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Chapter 1

Introduction and Literature Review

1.1    Introduction

1.2 Sauvignon blanc Aroma

1.3 White Wine Oxidation

1.4 Role of Antioxidants in Stabilising Sauvignon blanc Aroma

1.5 Effect of Closure Type on Sauvignon blanc Aroma Stability

1.6 Research Objectives and Overview

1.1 Introduction

Vitis vinifera L. cv. Sauvignon blanc1 is a grape variety native to Bordeaux (Graves) and

the Loire Valley (Sancerre and Pouilly Fumé). Although originally from France,

Sauvignon blanc is now widely cultivated in many other wine-growing regions,

including the United States, Chile, South Africa, Australia, and New Zealand [135]. The

grapes ripen to moderate to high levels of acidity, producing fresh, crisp, and dry

white wines with a pungent aroma and flavour [68].

Sauvignon blanc was first introduced into New Zealand in the early 1970s by ROSS

SPENCE (later co-founder of MATUA VALLEY), initially grown in Waimauku (near

Auckland), yielding New Zealand’s first Sauvignon blanc in 1974. Meanwhile,

1 The name derives from the French sauvage for ‘wild’ and blanc for ‘white’ [135].
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MONTANA (later PERNOD-RICARD New Zealand) planted the first Sauvignon blanc vines

in the pioneering viticultural region of Marlborough in 1975, leading to the first

Sauvignon blanc vintage in 1979 [67]. However, it was not until 1986 that New

Zealand Sauvignon blanc wine was recognised internationally with the success of

Hunter’s Marlborough Sauvignon blanc at the Sunday Times Wine Club Festival in

London. By the early 1990s, Sauvignon blanc was firmly established as New Zealand's

flagship varietal with an ever-increasing demand both domestically and

internationally [http://www.nzwine.com]. As a result, Sauvignon blanc is now the

most cultivated grape variety in New Zealand (Figure 1-1) and New Zealand has

gained the reputation as a producer of some of the world’s finest Sauvignon blanc

wine.

Figure 1-1: New Zealand total and Sauvignon blanc (SB) only producing vineyard area (2002 -
2011) [NEW ZEALAND WINEGROWERS Annual Report 2009]

Generally, New Zealand Sauvignon blanc wines are cold-fermented in stainless steel

tanks and not exposed to oak (in contrast to Old World winemaking) to optimise the

variety's freshness and pungent fruit flavours [68], thus reflecting explicitly the nature
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of their terroir2. Depending on the climate, New Zealand Sauvignon blanc offers

different flavours, ranging from melon, nectarine and other stone fruit notes (the

riper and richer Northern style) to passion fruit and other pungent fruit flavours as

well as capsicum, gooseberry, and other herbaceous characters (the lighter and

crisper Southern style) [http://www.nzwine.com]. The aroma intensity and

idiosyncratic distinctiveness of New Zealand Sauvignon blanc, particularly

Marlborough Sauvignon blanc [172, 222], has made this style a varietal benchmark

and high in demand throughout the world, comprising 81 % of all exported wines

from New Zealand in 2009. Not surprisingly, Sauvignon blanc dominates the

production statistics with a crop of 177,647 tonnes: a 62 % share of the total harvest

(Figure 1-2). Marlborough, New Zealand’s most acclaimed region for this variety, is

the largest wine region within New Zealand with 53.7 % of the vineyard area;

Marlborough Sauvignon blanc accounted for 57 % of the 2009 vintage with 161,000

tonnes harvested [NEW ZEALAND WINEGROWERS Annual Report 2009].

Figure 1-2: 2009 vintage by variety [NEW ZEALAND WINEGROWERS Annual Report 2009]

2 The concept of terroir (from Latin: territorium = territory) describes the unique aspects of a region
where the grapes are grown, namely the soil, topography, and climate. Some authors include
viticultural as well as oenological traditions (human input) when defining terroir [319].
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The aroma of New Zealand Sauvignon blanc is known to change dramatically over a

period of just a year in the bottle, meaning that this white wine is best drunk young to

capture the true acidity and pungent fruit aromas unique to this style. At the onset of

this research no scientific literature had assessed the contribution of the varietal

thiols 3-mercaptohexan-1-ol acetate and 3-mercaptohexan-1-ol, responsible for the

distinctive passion fruit-type notes in New Zealand Sauvignon blanc, in terms of the

aroma stability. Local winemakers are very interested in understanding the processes

by which aroma compounds are lost during storage to improve the shelf-life of their

wines. Furthermore, the ability to maintain a strong global reputation and position as

a market leader for Sauvignon blanc is crucial to the success of the New Zealand wine

industry, which nearly achieved an export value of $1 billion in 2009 [NEW ZEALAND

WINEGROWERS Annual Report 2009].

The research presented here is part of the multidisciplinary SAUVIGNON BLANC

PROGRAMME3, funded by the FOUNDATION FOR RESEARCH, SCIENCE & TECHNOLOGY

(UOAX0404) and the New Zealand wine industry (through NEW ZEALAND WINEGROWERS

and individual companies) that commenced in 2004. Individual research teams within

the programme, comprising of THE UNIVERSITY OF AUCKLAND, LINCOLN UNIVERSITY, and

PLANT AND FOOD RESEARCH, encompassing the MARLBOROUGH WINE RESEARCH CENTRE

(MWRC), are working together towards an overall goal of providing tools for the wine

industry to maintain or enhance the unique New Zealand Sauvignon blanc style, as

well as to develop new and distinctive styles of Sauvignon blanc.

The contribution of this thesis, as a component of THE SAUVIGNON BLANC PROGRAMME,

is to investigate the effects of oxidative processes upon New Zealand Sauvignon blanc

aroma stability, focussing on the key aroma compounds 3-mercaptohexan-1-ol

acetate and 3-mercaptohexan-1-ol in relation to polyphenols, the initial substrates of

wine oxidation. The role of antioxidants, such as sulfur dioxide, ascorbic acid, and

glutathione, in stabilising the distinctive passion fruit-type aroma of New Zealand

Sauvignon will also be examined.

3 http://www.sbprogramme.co.nz
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1.2 Sauvignon blanc Aroma

Wines made from Vitis vinifera L. var. Sauvignon blanc grapes have a distinctive

aroma typically described, inter alia, as capsicum, asparagus, gooseberry, box tree,

grapefruit, and passion fruit. The Sauvignon blanc aroma is dominated by relatively

few volatile compounds. The ‘green’, ‘herbaceous’, or ‘vegetative’ character of

Sauvignon blanc wines (e.g. capsicum, and asparagus) has mainly been attributed to

the presence of pyrazine derivatives [4]. The box tree and ‘tropical’ aroma notes (e.g.

passion fruit and grapefruit) have been ascribed to the presence of varietal thiols

(also referred to as volatile thiols), formed during alcoholic fermentation. These

grape-derived aroma compounds are intensely odiferous, exhibiting extremely low

perception thresholds in the parts per trillion range, and thus contribute to the

varietal aromas of the wine, which is often a reflection of its terroir.

Nonetheless, other grape-derived aroma compounds, such as monoterpenes,

C13-norisoprenoids, C6-aldehydes and C6-alcohols, as well as aroma compounds

derived from biological and chemical transformations in the course of fermentation,

maturation4, and bottle aging, inter alia ethyl and acetate esters, higher alcohols, and

fatty acids, may also contribute to the complexity of Sauvignon blanc aroma [21, 182].

1.2.1 Methoxypyrazines

Methoxypyrazines are nitrogenated heterocylces biosynthesised by plants as

secondary products of amino acid metabolism [242]. The most important 3-alkyl-2-

methoxypyrazines in wine are 3-isobutyl-2-methoxypyrazine (IBMP), its structural

isomer 3-sec-butyl-2-methoxypyrazine (SBMP), and 3-isopropyl-2-methoxypyrazine

(IPMP), as seen in Figure 1-3.

4 Maturation is the aging period after fermentation and before bottling.

http://www.sbprogramme.co.nz
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3-alkyl-2-methoxypyrazine R

3-isopropyl-2-methoxypyrazine (IPMP) isopropyl

3-isobutyl-2-methoxypyrazine (IBMP) isobutyl

3-sec-butyl-2-methoxypyrazine (SBMP) sec-butyl

Figure 1-3: Structures of 3-alkyl-2-methoxypyrazines occurring in must and wine

These highly odiferous compounds have extremely low perception thresholds5 of

1 - 2 ng/L in water [32, 202, 270]. Of these, IBMP, imparting capsicum and green

gooseberry aroma notes [2], is predominant in Sauvignon blanc wine with levels

ranging from 0.6 to 47 ng/L. SBMP is rarely detected in Sauvignon blanc wines,

whereas IPMP, imparting somewhat ‘earthy’ aromas, can occur at concentrations

above its perception threshold (up to 13.7 ng/L) [123, 153, 172]. Although IBMP is

more abundant than IPMP and SBMP, high IPMP concentrations are considered

undesirable, eliciting asparagus and pea nuances [2], which are often present in aged

New Zealand Sauvignon blanc wines. The ‘herbaceous’ notes of methoxypyrazines are

usually associated with under-ripe grapes and are not desirable for most varieties,

Sauvignon blanc being an exception. Indeed, these distinctive aroma notes are

considered important to the regional style of this variety, particularly with the

Marlborough Sauvignon blanc style. On the other hand, methoxypyrazines are

thought to work against fruitiness in wine, masking tropical fruit notes in white wines

[37].

The methoxypyrazine content of the Sauvignon blanc wines depends mostly on the

climatic conditions, the ripeness of the grapes (grape maturity) at harvest and

viticultural practices (e.g. canopy management). It is generally acknowledged that

wines from cool-climate regions, such as New Zealand, tend to exhibit a more

pronounced ‘herbaceous’ aroma as a consequence of a higher methoxypyrazine

concentration [5, 123, 153, 172]. This might be a reflection of the increased vine

vigour and canopy shading generated by better water availability and greater soil

5 The perception threshold is the minimum detectable concentration for 50 % of the tasters.
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fertility [3]. Methoxypyrazine levels decrease rapidly with increasing grape maturity,

which is enhanced at higher ripening temperatures [153]. Leaf removal in

Marlborough Sauvignon blanc (prior to véraison6) has been shown to decrease the

‘herbaceous’ character of the wine [287]. This observation is due to an increase in

sunlight exposure of the grape clusters caused by leaf thinning [5].

Methoxypyrazines are highly extractable from Sauvignon blanc grapes despite being

located in the solid parts of the grape berry, thus are only marginally affected by

winemaking techniques [254]. Skin contact time seems to have a greater impact on

the IBMP concentration in Sauvignon blanc must than the pressure applied [179].

However, must cold-settling can lower the IBMP content by approximately 50 %

[254].

Although being light sensitive [124, 128, 233], methoxypyrazines are relatively stable

throughout bottle aging when stored in the dark [21, 177, 253]. J. MARAIS (1998) [183]

demonstrated that IBMP was resistant to oxidation when subjected to hydrogen

peroxide. However, a recent study by BLAKE et al. (2009) [24] revealed that 3-alkyl-2-

methoxypyrazines will decrease in wine with time.

1.2.2 Varietal Thiols

By definition, thiols (more traditionally referred to as mercaptans) are sulfur-

containing compounds possessing a sulfhydryl group (-SH) attached to a carbon atom

in their chemical structure [321]. Although first identified in Sauvignon blanc wine

during the 1990s by the Bordeaux research group led by Professor DENIS DUBOURDIEU

(Table 1-1), the presence of these varietal thiols has also been reported in wines

made from other Vitis vinifera varieties, such as Gewürztraminer, Riesling, Pinot gris,

Pinot blanc [309], as well as Merlot and Cabernet Sauvignon [26], thereby

contributing to the varietal aroma of certain white and red grape varieties.

6 Véraison represents the transition from berry growth to berry ripening.
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Table 1-1: Selected varietal thiols involved in the Sauvignon blanc aroma
thiol structure olfactory description

4-mercapto-4-methylpentan-2-one
(4-MMP)

box tree
broom

blackcurrant bud

4-mercapto-4-methylpentan-2-ol
(4-MMPOH)

citrus zest
grapefruit

3-mercaptohexan-1-ol acetate
(3-MHA)

passion fruit
grapefruit
box tree

3-mercaptohexan-1-ol
(3-MH)

grapefruit
passion fruit

The first compound recognised to be characteristic of the varietal aroma of Sauvignon

blanc was 4-mercapto-4-methylpentan-2-one (4-MMP), evoking the odours of box

tree (Buxus L.), broom, and blackcurrant bud [73]. This mercaptoketone has an

extremely low perception threshold (0.8 ng/L in model wine), and concentrations

range from a few ng/L to around 50 ng/L in Sauvignon blanc wines [21, 306].

The organoleptic impact of 4-mercapto-4-methylpentan-2-ol (4-MMPOH), which is

reminiscent of citrus zest and grapefruit, is considered to be limited, as

concentrations rarely exceed the perception threshold of 55 ng/L [306].

The ‘tropical’ fruit nuances, which are more pronounced in New Zealand Sauvignon

blanc wines, have been linked to 3-mercaptohexan-1-ol acetate (3-MHA) and

3-mercaptohexan-1-ol (3-MH). 3-MHA imparts passion fruit, grapefruit, as well as box

tree notes [305]. The concentrations of 3-MHA in Sauvignon blanc wines ranges

generally from not detected to several hundred ng/L [189, 307]. However, Sauvignon

blanc wines from Marlborough have been shown to contain levels up to 2500 ng/L

[172] (Table 1-2). Given a perception threshold of 4 ng/L in model wine [305], the

organoleptic impact of 3-MHA may be considerable in young wines. 3-MH, which

elicits aromas of grapefruit and passion fruit, is the most abundant varietal thiol, with

levels frequently well above the perception threshold (60 ng/L) [306] (Table 1-2).
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The first compound recognised to be characteristic of the varietal aroma of Sauvignon

blanc was 4-mercapto-4-methylpentan-2-one (4-MMP), evoking the odours of box

tree (Buxus L.), broom, and blackcurrant bud [73]. This mercaptoketone has an

extremely low perception threshold (0.8 ng/L in model wine), and concentrations

range from a few ng/L to around 50 ng/L in Sauvignon blanc wines [21, 306].

The organoleptic impact of 4-mercapto-4-methylpentan-2-ol (4-MMPOH), which is

reminiscent of citrus zest and grapefruit, is considered to be limited, as

concentrations rarely exceed the perception threshold of 55 ng/L [306].

The ‘tropical’ fruit nuances, which are more pronounced in New Zealand Sauvignon

blanc wines, have been linked to 3-mercaptohexan-1-ol acetate (3-MHA) and

3-mercaptohexan-1-ol (3-MH). 3-MHA imparts passion fruit, grapefruit, as well as box

tree notes [305]. The concentrations of 3-MHA in Sauvignon blanc wines ranges

generally from not detected to several hundred ng/L [189, 307]. However, Sauvignon

blanc wines from Marlborough have been shown to contain levels up to 2500 ng/L

[172] (Table 1-2). Given a perception threshold of 4 ng/L in model wine [305], the

organoleptic impact of 3-MHA may be considerable in young wines. 3-MH, which

elicits aromas of grapefruit and passion fruit, is the most abundant varietal thiol, with

levels frequently well above the perception threshold (60 ng/L) [306] (Table 1-2).
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Table 1-2: Concentrations of 3-MH and 3-MHA in Sauvignon blanc winesa

origin 3-MH [ng/L] 3-MHA [ng/L]

New Zealand [172]

Hawke’s Bay (n = 7) 1733 (925 - 3088) 66 (22 - 125)

Wairarapa (n = 7) 4210 (1600 - 8733) 84 (28 - 212)

Marlborough (n = 17) 6604 (1477 - 18,681) 486 (41 - 2507)

France (n = 11) [307] 3836 (600 - 12,822) 286 (0 - 777)

Australia (n = 5) [172] 2379 (1051 - 5241) 72 (64 - 78)

USA (n = 5) [172] 2049 (860 - 4492) 45 (20 - 63)

South Africa (n = 6) [172] 1722 (1013 - 2955) 50 (10 - 119)

Spain (n = 4) [189] 443 ± 387 106 ± 99
a Tabular values represent average concentrations, which were either extracted from a paper or calculated from all
available values. The minimum and maximum value is presented in parentheses. In one case, only an average
value ± standard deviation (SD) was found.

The enantiomeric distribution of 3-MHA and 3-MH in dry and sweet white wines

made from Vitis vinifera L. cv. Sauvignon blanc and Semillon was investigated by

TOMINAGA et al. (2006) [310]. The two enantiomers of 3-MHA exhibit different aromas

and perception thresholds. The less odiferous R form (perception threshold of 9 ng/L)

is reminiscent of passion fruit, whereas the S form imparts a more ‘herbaceous’ odour

of box tree with a perception threshold of 2.5 ng/L. The R to S enantiomeric ratios of

3-MHA in dry white wines (Sauvignon blanc and Semillon) have been reported to be

approximately 30:70. The R and S forms of 3-MH have similar perception thresholds

(50 and 60 ng/L, respectively), but exhibit different aromas. While the R form is

reminiscent of grapefruit, the S form evokes passion fruit nuances. The R to S

enantiomeric ratio in dry white wines is approximately 50:50. On the other hand, for

sweet white wines made from Botrytis-infected grapes (noble rot) the proportion of R

to S forms was in the vicinity of 30:70.

Several other odoriferous thiols have been identified in Vitis vinifera white and red

wines [79]. Nonetheless, the most important varietal thiols for New Zealand

Sauvignon blanc are 4-MMP, 3-MHA, and 3-MH [21, 172]. At excessive concentrations
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3-MH and 3-MHA can impart sweaty aromas, while 4-MMP is reminiscent of cat’s

urine. This research project focuses on the development of the passion fruit-type

characters, which have been attributed to 3-mercaptohexan-1-ol and its acetate ester

3-mercaptohexan-1-ol acetate.

Unlike methoxypyrazines, varietal thiols are practically absent in grape juice and are

liberated during alcoholic fermentation by the wine yeast, Saccharomyces cerevisiae,

from odourless precursors via proposed biogenesis routes, illustrated in Figure 1-4.

Thus, the evolution of the distinctive Sauvignon blanc aroma does not occur until the

onset of fermentation. However, the biogenesis of varietal thiols is not fully

understood, since the main precursor has yet to be elucidated.

Figure 1-4: Proposed biogenesis of 3-MH and 3-MHA
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TOMINAGA and co-workers first identified S-cysteinyl conjugates, S-4-(4-methylpentan-

2-one)-L-cysteine [304], S-4-(4-methylpentan-2-ol)-L-cysteine, and S-3-(hexan-1-ol)-L-

cysteine (1) [308], as precursors of 4-MMP, 4-MMPOH, and 3-MH, respectively,

proposing a β-elimination reaction catalysed by a cysteine-S-conjugate β-lyase activity

[EC 4.4.1.13] of Saccharomyces cerevisiae. Recent studies have demonstrated the

stereoselectivity of 3-MH liberation from S-(R/S)-3-(hexan-1-ol)-L-cysteine by

oenological yeasts [118, 219].

In 2002, PEYROT DES GACHONS et al. [231] established the presence of

S-3-(hexan-1-ol)-glutathione in Sauvignon blanc must, postulating that this conjugate

is catabolised to S-3-(hexan-1-ol)-L-cysteine in grapes by the action of

γ-glutamyltranspeptidase and carboxypeptidase enzymatic activity (2). Moreover,

because S-cysteinyl conjugates are found alongside the metabolic pathway of the

degradation of the corresponding S-glutathionyl conjugates, S-3-(hexan-1-ol)-

glutathione was proposed to be the biogenetic precursor of S-3-(hexan-1-ol)-L-

cysteine, and subsequently 3-mercaptohexan-1-ol.

An alternative pathway for the biogenesis of 3-mercaptohexan-1-ol in wine has been

evidenced by SCHNEIDER et al. (2006) [267], starting from trans-hex-2-enal (3), which is

introduced to the must at crushing due to the oxidative breakdown of unsaturated

fatty acids. This pathway requires the addition of the sulfhydryl group of a sulfur

compound, which has yet to be elucidated (hydrogen sulfide7 - H2S - and L-cysteine

were proposed), to the conjugated carbonyl compound, leading either directly to

3-MH (in the case of H2S) or indirectly after a carbon-sulfur lyase activity by yeast (in

the case of L-cysteine) via cysteine adducts, which could be those reported by

WAKABAYASHI et al. (2004) [328].

However, a recent publication by SUBILEAU et al. (2008) [293] has ruled out

S-3-(hexan-1-ol)-L-cysteine and trans-hex-2-enal as major 3-MH precursors,

accounting only for 3 - 7 % and < 0.001 % of total amount 3-MH detected in

Sauvignon blanc wines, respectively. The deletion of the OPT1 gene, encoding for a

7 Hydrogen sulfide (odour of rotten eggs) is a by-product of the yeast sulfur metabolism.
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major glutathione transporter, led to a 50 % drop of 3-MH (and 3-MHA)

accumulation, implying that the major 3-MH precursor is most probably an

S-glutathionyl conjugate like S-3-(hexan-1-ol)-glutathione (4). More recently, a

glutathionylated precursor of 4-MMP, S-4-(methylpentan-2-one)-glutathione, has

been identified in Sauvignon blanc juice [97]. GRANT-PREECE et al. (2010) [118] showed

that S-3-(hexan-1-ol)-glutathione liberates 3-MH (though with a molar conversion

yield of only 3 %) alongside S-3-(hexan-1-ol)-L-cysteine in model fermentation media

stereospecifically. ROLAND et al. (2010) [248] gave also evidence of S-3-(hexan-1-ol)-

glutathione being an absolute precursor of 3-MH, using isotopically labelled synthetic

compounds. CAPONE et al. (2010) [40] noted that S-(R/S)-3-(hexan-1-ol)-glutathione is

more abundant in Australian Sauvignon blanc juices and wines than S-(R/S)-3-

(hexan-1-ol)-L-cysteine, with the (S)-isomer generally present in greater quantities

than the (R)-isomer for both conjugates. By contrast, ROLAND et al. (2010) [248] found

more S-3-(hexan-1-ol)-L-cysteine than the corresponding S-glutathionyl conjugate in

French Sauvignon blanc juices.

3-Mercaptohexan-1-ol acetate is produced after liberation of 3-mercaptohexan-1-ol

by alcohol acetyltransferase [EC 2.3.1.84], encoded by the ATF1 gene [297]. The final

concentration of 3-MHA (and other fermentative esters) depends on the balance of

activities of alcohol acetyltransferase (promoting esterification of the corresponding

alcohol) and esterase (promoting their hydrolysis), which is encoded by the IAH1

gene, in Saccharomyces cerevisiae (5).

1.2.2.1 Modulation of Varietal Thiols

While the wine aroma is influenced by the different elements of terroir to a large

extent, it is by no means a reflection of terroir alone. A combination of terroir,

viticultural influences and winemaking practices will determine the delicate balance

of ‘green’ and ‘tropical’ aromas that define the typicité8 of the New World Sauvignon

blanc styles [222]. While the ‘green’ characters in Sauvignon blanc (mainly due to

8 The concept of typicité (French; literally for ‘typicality’) describes the degree to which a wine is
representative of its terroir [222].
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methoxypyrazines) can be primarily manipulated through viticultural practises (e.g.

canopy management), the ‘tropical’ fruit notes can be manipulated through both

viticultural and oenological operations in order to match various consumer markets,

enhance (or even copy) regional characteristics, or allow winemakers to produce

wines with more consistent quality in their desired style [296].

Modulation of Varietal Thiols via Viticulture

Research on the impact of viticulture on the Sauvignon blanc aroma is still very

limited. Only recently, it was demonstrated that severe water stress and nitrogen

deficits limited the formation of S-cysteinyl conjugates [232]. Conversely, unlimited

nitrogen supply to the vine can enhance the Sauvignon blanc aroma potential [55].

However, excessive soil nitrogen fertilisation increases susceptibility to Botrytis. A

study by LACROUX et al. (2008) [154] showed that foliar nitrogen as well as foliar

nitrogen and sulfur applications can improve aroma expression in Sauvignon blanc

wines without a negative impact on Botrytis susceptibility.

The occurrence of powdery mildew (Uncinula necator) infection has been shown to

decrease 3-MH in Sauvignon blanc wine [35]. Vitis vinifera L. cv. Sauvignon blanc and

Semillon grapes infected by the fungus Botrytis cinerea accumulated more

S-3-(hexan-1-ol)-L-cysteine than healthy grapes (100-fold increase at the pourri plein9

stage) [302]. It appeared that Botrytis cinerea (noble rot) stimulated the synthesis of

the 3-MH precursor(s), explaining the high concentrations of 3-MH in sweet white

wines made from Botrytis-infected grapes [264, 309, 310]. The diastereoisomeric

distribution of S-3-(hexan-1-ol)-L-cysteine in botrytised grape must showed an

increased proportion of S-(RS)-3-(hexan-1-ol)-L-cysteine (RR:RS ~ 30:70) compared to

healthy grape must (RR:RS ~ 50:50) [301], which correlates with the R:S ratio of 3-MH

in the resulting wines [310].

9 entirely botrytised, but not desiccated grapes
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MARIE-LAURE MURAT (2005) [201] reported that leaf thinning resulted in an increase in

S-3-(hexan-1-ol)-L-cysteine. Nonetheless, leaf removal did not affect the fruity aromas

(including grapefruit) significantly in a study by ARNOLD and BLEDSOE (1990) [7], but led

to an increase in tropical fruit aromas in a study by SMITH et al. (1988) [287].

Modulation of Varietal Thiols via Oenology

Considering that 50 - 60 % of S-3-(hexan-1-ol)-L-cysteine is located in the grape skin

[198, 230], it is not surprising that S-3-(hexan-1-ol)-L-cysteine augmented in grape

must with increased skin contact time (favoured at higher temperatures) as well as

pressure intensity [179]. However, Marlborough Sauvignon blanc wines made from

light (0.25 bar) and heavy pressings (1.0 bar) showed considerably lower levels of

3-MH and 3-MHA compared to wines made from free run juices [223]. These findings

are likely the consequence of an increased oxidative potential in the juice (and

subsequently wine) caused by the aforementioned winemaking technique.

The liberation of varietal thiols from their respective precursor(s) depends on the

fermentation conditions such as yeast species [188] and yeast strain [131, 197, 300]

as well as temperature [131, 187, 200]. Moreover, the use of indigenous yeast can be

a reflection of terroir. In one study, the commercially available Saccharomyces

cerevisiae strains VL3 and EG8 released more varietal thiols, than strains VL1 and

522d [197]. Furthermore, Saccharomyces bayanus var. uvarum strains and hybrids of

Saccharomyces cerevisiae x Saccharomyces bayanus var. uvarum have been found to

possess a high ability to release 3-MH and 4-MMP [188]. In addition, it was

demonstrated that fermentation temperature had a significant effect on the

liberation of varietal thiols, with higher temperatures resulting in wines with more

varietal thiols [187, 200].

Although the quantity of 3-MH released into the wine is proportional to the initial

S-3-(hexan-1-ol)-L-cysteine concentration in the must [308], only a small and varying

proportion of this cysteine precursor is converted into the active aroma compound
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during alcoholic fermentation (on average 3.2 % for rosé wines made from Cabernet

Sauvignon and Merlot grapes [198]). A Sauvignon blanc wine fermented with the

genetically modified commercial wine yeast VIN13 (CLS1), which possesses a strong

cysteine-β-lyase activity, had higher ratings for passion fruit, grapefruit, box hedge

and sweaty aroma attributes, compared to the VIN13 host strain, presumably due to

an enhanced release of varietal thiols as evidenced for model ferments [298].

Nonetheless, the use of genetically modified organisms (GMO) has not been

approved in many countries, including New Zealand.

On the contrary, LEE et al. (2008) [162] found that besides strong seasonal differences

on 3-MH and 3-MHA levels, the grape juice was the major factor influencing the

varietal thiol concentration in Sauvignon blanc wine (10-fold differences), not the

commercial yeast strains (PDM, also known as EC1118, VIN7, VIN13, X5, and N96)

employed (less than 2-fold differences). The supplementation of Sauvignon blanc

must with diammonium phosphate (DAP), a nitrogen source, suppressed 3-MH

production, suggesting that the yeast uses the precursor as an exogenous nitrogen

source, controlled through nitrogen catabolite repression (NCR) [292].

Despite the fact that the concentration of 3-MH correlates with those of 3-MHA for

Saccharomyces sp. [6, 162, 187], the ability of commercial wine yeast (VIN7, VIN13,

NT116, VL3, QA23 and L2056) to convert 3-MH into 3-MHA has been shown to vary

considerably [296, 300]. Interestingly, the yeast strains with the lowest 3-MH release

capacity (QA23 and NT116) exhibited the highest 3-MH into 3-MHA conversion

capacity. Similar observations were also made by ANFANG et al. (2009) [6] for some

non-Saccharomyces yeasts (e.g. Pichia kluyveri). Therefore, the possibility to co-

ferment a potent high 3-MH releasing yeast strain (such as VIN13, VIN7, X5 or VL3)

with a high 3-MH to 3-MHA converting yeast strain, could potentially provide a tool to

manipulate the Sauvignon blanc aroma. Indeed, the co-inoculation of Sauvignon blanc

must with Saccharomyces yeasts (Vin7/QA23) [145] as well as a mix of Saccharomyces

and non-Saccharomyces yeasts (VL3/Pichia kluyveri) [6] led to elevated levels of

3-MHA compared to the single ferment.
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1.2.2.2 Stability of 3-MH and 3-MHA

Generally, wine aging results in a fading of varietal and fermentative aromas, which

are replaced by a more subtle and complex bouquet. New Zealand Sauvignon blanc is

known to lose its fruitiness, particularly the passion fruit-type characters, rapidly

within the first year of storage, which is likely due to the degradation of fermentative

esters (loss of fermentation aroma, also referred to as fermentation bouquet). While

methoxypyrazines have been reported to be stable during wine storage in the

absence of light [21, 253], only a few kinetic studies of 3-mercaptohexan-1-ol and

3-mercaptohexan-1-ol acetate degradation have been conducted, all by the group of

the UNIVERSITÉ VICTOR SEGALEN BORDEAUX 2. 3-MHA is regarded as unstable because it is

only detected in young wines, whilst 3-MH is still present above the perception

threshold after a few years of bottle aging [168, 309, 307].

MARIE-LAURE MURAT (2005) [201] observed a rapid decline of 3-MHA (by 60 %) in

French rosé wines after 3 months in the bottle, whereas 3-MH decreased on average

by 35 %. After one year of storage only half of the initial 3-MH content was left in the

wines, and 3-MHA had disappeared completely. The different degradation kinetics of

these two key aroma compounds are likely due to different loss mechanisms.

The concentration of 3-MH in red Bordeaux wines has been shown to diminish

gradually during storage, with only 25 % on average of its initial levels retained after

barrel aging. BLANCHARD et al. (2004) [25] suggested that polyphenol autoxidation

products (see section 1.3.3), namely ortho-quinones and hydrogen peroxide (H2O2),

react with varietal thiols, since the kinetics of 3-MH decline could not be linked

directly to dissolved oxygen consumption in the red wine. Model wine studies

supported the idea of a polyphenol-mediated oxidative degradation mechanism

(Figure 1-5) for this thioalcohol because of its greater decrease in the presence of the

polyphenol (+)-catechin. DANILEWICZ et al. (2008) [72] showed that the concomitant

presence of the model polyphenol 4-methylcatechol and model thiol

6-mercaptohexan-1-ol led to a greater oxygen consumption than by either compound
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on its own in a model wine matrix. The protective effect of lees10 during maturation

and the antioxidants glutathione [158], sulfur dioxide [25], as well as anthocyanins

[199] on 3-MH stability in wine is consistent with oxidative degradation mechanisms,

as proposed in Figure 1-5.

Figure 1-5: Oxidative degradation of varietal thiols (RSH) in Sauvignon blanc wines

Thiols exhibit strong antioxidative activities being able to reduce ortho-quinones (1)

and H2O2 (3), as a result being converted to the corresponding disulfide [321]. Thiols

are also known to oxidise easily to disulfides in the presence of a metal ion catalyst

(particularly cupric ions - Cu2+) along with oxygen (2). Increasing temperature is one of

the factors that favours disulfide formation [137]. As nucleophiles, thiols can react

with ortho-quinones via a 1,4-MICHAEL-type addition to form the corresponding

reduced thiol conjugate (4). The rate of these reactions will be pH-dependent, since at

wine pH the concentration of the thiolate anion (RS-), which is more reactive than its

protonated form (RSH), will be low (Figure 1-6) with pKa
11 values for thiols (RSH)

10 dead precipitated yeast cells
11 The pKa (acid dissociation constant) is defined as the pH value at which 50 % of the acid is ionised.
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typically being between 9 and 12 [321]. The greater proportion of thiolate anions at a

higher pH may explain the consistently lower levels of 3-MH at a higher pH (4.0 versus

3.5) in the study of BLANCHARD et al. (2004) [25].

Figure 1-6: Thiol-thiolate anion equilibrium

Considering that 3-MHA is not only a thiol but also an acetate ester, hydrolysis is likely

to be the predominant mechanism (Figure 1-7) rather than oxidation leading to the

degradation of this varietal thiol. Volatile acetate esters are introduced enzymatically

to the wine in excess of their equilibrium constant during fermentation by the action

of yeasts (via a combination of acetyl-CoA with an alcohol catalysed by alcohol

acetyltransferases). Like most fermentative-derived esters, acetate esters impart

fruity nuances, and therefore play an important role in the sensory composition of

young wines. However, at wine pH most acetate esters undergo hydrolysis

throughout aging. Acetate ester hydrolysis is favoured at elevated temperatures and

low pH values [135]. RAMAY and OUGH (1980) [236] clearly demonstrated that volatile

acetate esters decreased more rapidly at higher temperatures and lower pH in model

wine as well as wine. PICKERING et al. (2009) [233] confirmed a smaller loss of acetate

esters in Riesling at a lower storage temperature. FERREIRA et al. (1997) [102] also

observed a decrease of acetate esters during thirteen weeks of oxidative storage.

Consequently, the decline of acetate esters contributes to the loss of freshness and

fruitiness in white wines during bottle aging.

Given that 3-MHA has a lower perception threshold than 3-MH (4 ng/L versus 60

ng/L), the hydrolysis of 3-MHA will have consequences for the aromatic profile of

New Zealand Sauvignon blanc wines. A Spanish study [37] showed that 3-MHA, which

was related positively to tropical fruit notes in white wines, masked the floral-sweet

characters (linked to the monoterpene linalool), while methoxypyrazines, which are
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Considering that 3-MHA is not only a thiol but also an acetate ester, hydrolysis is likely

to be the predominant mechanism (Figure 1-7) rather than oxidation leading to the

degradation of this varietal thiol. Volatile acetate esters are introduced enzymatically

to the wine in excess of their equilibrium constant during fermentation by the action

of yeasts (via a combination of acetyl-CoA with an alcohol catalysed by alcohol

acetyltransferases). Like most fermentative-derived esters, acetate esters impart

fruity nuances, and therefore play an important role in the sensory composition of

young wines. However, at wine pH most acetate esters undergo hydrolysis

throughout aging. Acetate ester hydrolysis is favoured at elevated temperatures and

low pH values [135]. RAMAY and OUGH (1980) [236] clearly demonstrated that volatile

acetate esters decreased more rapidly at higher temperatures and lower pH in model

wine as well as wine. PICKERING et al. (2009) [233] confirmed a smaller loss of acetate

esters in Riesling at a lower storage temperature. FERREIRA et al. (1997) [102] also

observed a decrease of acetate esters during thirteen weeks of oxidative storage.

Consequently, the decline of acetate esters contributes to the loss of freshness and

fruitiness in white wines during bottle aging.

Given that 3-MHA has a lower perception threshold than 3-MH (4 ng/L versus 60

ng/L), the hydrolysis of 3-MHA will have consequences for the aromatic profile of

New Zealand Sauvignon blanc wines. A Spanish study [37] showed that 3-MHA, which

was related positively to tropical fruit notes in white wines, masked the floral-sweet

characters (linked to the monoterpene linalool), while methoxypyrazines, which are

1. Introduction and Literature Review 18

typically being between 9 and 12 [321]. The greater proportion of thiolate anions at a

higher pH may explain the consistently lower levels of 3-MH at a higher pH (4.0 versus

3.5) in the study of BLANCHARD et al. (2004) [25].

Figure 1-6: Thiol-thiolate anion equilibrium

Considering that 3-MHA is not only a thiol but also an acetate ester, hydrolysis is likely

to be the predominant mechanism (Figure 1-7) rather than oxidation leading to the

degradation of this varietal thiol. Volatile acetate esters are introduced enzymatically

to the wine in excess of their equilibrium constant during fermentation by the action

of yeasts (via a combination of acetyl-CoA with an alcohol catalysed by alcohol

acetyltransferases). Like most fermentative-derived esters, acetate esters impart

fruity nuances, and therefore play an important role in the sensory composition of

young wines. However, at wine pH most acetate esters undergo hydrolysis

throughout aging. Acetate ester hydrolysis is favoured at elevated temperatures and

low pH values [135]. RAMAY and OUGH (1980) [236] clearly demonstrated that volatile

acetate esters decreased more rapidly at higher temperatures and lower pH in model

wine as well as wine. PICKERING et al. (2009) [233] confirmed a smaller loss of acetate

esters in Riesling at a lower storage temperature. FERREIRA et al. (1997) [102] also

observed a decrease of acetate esters during thirteen weeks of oxidative storage.

Consequently, the decline of acetate esters contributes to the loss of freshness and

fruitiness in white wines during bottle aging.

Given that 3-MHA has a lower perception threshold than 3-MH (4 ng/L versus 60

ng/L), the hydrolysis of 3-MHA will have consequences for the aromatic profile of

New Zealand Sauvignon blanc wines. A Spanish study [37] showed that 3-MHA, which

was related positively to tropical fruit notes in white wines, masked the floral-sweet

characters (linked to the monoterpene linalool), while methoxypyrazines, which are



1. Introduction and Literature Review 19

more concentrated in wines from cool-climate regions [21, 172], exhibited a negative

effect on the tropical fruit notes in white wine matrices, despite not being perceived

themselves (peppery-earthy odours). Thus, the aroma profile of New Zealand

Sauvignon blanc is expected to alter throughout storage from the fruity, passion fruit

character to more ‘herbaceous’ notes, since acetate esters such as 3-MHA decrease in

concentration. The decline in 3-MHA is expected to be more pronounced in cool-

climate Sauvignon blanc wines, which are attributed with a higher acidity, because

grapes grown in cool-climate regions lose fewer acids (accumulated throughout berry

development) via respiration [135].

Figure 1-7: Hydrolysis of 3-mercaptohexan-1-ol acetate to 3-mercaptohexan-1-ol

Empirically, white wines fermented at lower temperatures retain and preserve fresh

and fruity characters, which have been linked to both evaporative losses and changes

in yeast metabolism [314]. Nonetheless, MURAT (2005) [200] and MASNEUF-POMARÈDE

et al. (2006) [187] found higher levels of 3-MHA in rosé and Sauvignon blanc wines

when the alcoholic fermentation was conducted at 20°C compared to 13°C,

irrespective of the yeast strain. By contrast, SWIEGERS et al. (2006) [296] observed that

in model ferments more 3-MH was converted to 3-MHA at a lower temperature

(18°C) at the end of fermentation (as opposed to 23 and 28°C ferments).

Reductive white winemaking has been shown to increase the formation of acetate

esters in white wine [192]. Since aeration of the fermentation medium has been

demonstrated to repress the ATF1 gene expression in Saccharomyces cerevisiae [105],

and consequently the activity of alcohol acetyltransferase, the authors deduced that

the enhanced anaerobic conditions favoured the production of acetate esters. On the
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other hand, high antioxidative protection of Falanghina12 must had no effect on the

degradation kinetics of the acetate esters during aging compared to low antioxidative

protection of the same must [192]. However, a protective effect of antioxidants, such

as sulfur dioxide, glutathione and various polyphenols (caffeic and gallic acid), on

acetate esters levels in Greek white wines [218, 256] as well as sur lies13 maturation in

rosé wines [200] on the 3-MHA concentration indicate the occurrence of some

oxidative losses (displayed in Figure 1-5).

The effect of closure type on the stability of 3-mercaptohexan-1-ol and

3-mercaptohexan-1-ol acetate will be highlighted in section 1.5.3.

1.3 White Wine Oxidation

Oxidation of white wines is a persistent problem for winemakers worldwide. This

process greatly affects wine quality, and is characterised mainly by chromatic

alterations (browning), loss of varietal aromas, and development of new, often

undesirable flavour compounds. While the chromatic changes during wine aging are

well documented, little is known about the aromatic deterioration in relation to white

wine oxidation, even though it seems to take place prior to discolouration [163]. The

next sections will introduce the main substrates of oxidation in white wines, namely

the polyphenols.

1.3.1 Substrates of Oxidation - Polyphenols

Polyphenols in wines originate from secondary metabolites in the grape berry derived

from phenylalanine and to a lesser extent from tyrosine (due to microbial action) via

the shikimic acid pathway [271]. Phenolic compounds are characterised by an

aromatic ring bearing one or more hydroxyl groups (-OH), including their functional

derivatives. The position and type of the substitutes on the aromatic ring determines

12 Vitis vinifera L. cv. Falanghina is a white grape variety grown in Italy.
13 French for ‘on lees’
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the reactivity of these substances (see section 1.3.4.3). Wine polyphenols can be

divided into two categories: non-flavonoids (hydroxycinnamic acids [C6 - C3],

hydroxybenzoic acids [C6 - C1], as well as stilbenes [C6 - C2 - C6]) and flavonoids, which

posses a C6 - C3 - C6 - structure. The following sections will focus mainly on polyphenols

present in unoaked14 white wines.

1.3.1.1 Non-Flavonoids

The non-flavonoids are primarily present in the pulp of white and red grapes. This

polyphenol fraction is represented by hydroxycinnamic acids, hydroxybenzoic acids,

and stilbenes. The phenylethyl alcohol derivative tyrosol is also included in this

category.

Hydroxycinnamic Acids

The hydroxycinnamic acids caffeic acid, p-coumaric acid, and ferulic acid derive from

their corresponding tartrate esters, which are located in vacuoles of pulp and skin

cells, and are consequently found in all wines. Trans-caftaric acid (trans-caffeoyl-

tartaric acid) is the predominant hydroxycinnamate ester in grape juice and wine,

together with smaller quantities of trans- and cis-p-coutaric acid (trans- and cis-p-

coumaroyl-tartaric acid) [274, 278]. Cis-caftaric acid (cis-caffeoyl-tartaric acid),

induced due to exposure to ultra violet (UV) light, has also been identified in must and

wine [13, 23]. Trans-fertaric acid (trans-feruloyl-tartaric acid) and its free acid, trans-

ferulic acid, are the least abundant hydroxycinnamates [13, 23, 327, 325]. These

polyphenols are absent in some white wine varieties, which according to SINGLETON et

al. (1978) [274] may be due to the lost ability of white grape mutants to methylate

caffeic acid. The naturally occurring tartaric esters are susceptible to hydrolysis,

liberating the corresponding free hydroxycinnamic acids (Figure 1-8), present in their

14 Polyphenols deriving from oak barrels are not discussed here, since New Zealand Sauvignon blanc is
generally fermented in stainless steel tanks.
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trans-configuration. These free acids will form ethyl esters as reported by SOMERS et

al. (1987) [289], and a range of additional hydroxycinnamic acids that have not been

fully characterised but can be seen as peaks in HPLC chromatograms by their

characteristic absorption maxima at around 320 nm. Hydroxycinnamic acids are also

progenitors of volatile phenols, which are responsible for the ‘phenol’ odour in wine.

In white wines, 4-vinyl-phenol (reminiscent of pharmaceuticals, band aid, and

gouache paint) and vinyl-4-guaiacol (carnation) are the most common volatile

phenols, arising from the decarboxylation of p-coumaric acid and ferulic acid by yeast

during fermentation and sur lies maturation [242].

hydroxycinnamic acid R

p-coumaric acid H

caffeic acid OH

ferulic acid OCH3

hydroxycinnamic acid derivative R

p-coutaric acid H

caftaric acid OH

fertaric acid OCH3

Figure 1-8: Hydroxycinnamates

Hydroxybenzoic Acids

Hydroxybenzoic acids (Figure 1-9) represent a minor class of white wine polyphenols.

Gallic acid (3,4,5-trihydroxy-benzoic acid) is found in the solid parts of berries,

particularly in the seeds [277], existing either in its free form or as a flavan-3-ol ester

(e.g. epicatechin-3-O-gallate). Nonetheless, other hydroxybenzoic acids and their

derivatives have been detected in wines including vanillic acid and syringic acid [194].
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hydroxybenzoic acid R1 R2

gallic acid OH OH

vanillic acid OCH3 H

syringic acid OCH3 OCH3

Figure 1-9: Hydroxybenzoic acids

Stilbenes

Stilbenes (two benzene cycles bonded by an ethane or ethylene chain) are

phytoalexins, synthesised by grape vines, particularly in skins, leaves, and roots, in

response to stresses such as fungal infections (e.g. by Botrytis cinerea) and UV light

exposure [194]. Trans-resveratrol (3,5,4’-trihydroxystilbene) is the principal stilbene

found in the grape skin and wine, but trans- and cis-piceid, the glucose derivatives of

trans- and cis-resveratrol, have also been identified (Figure 1-10) [329]. On exposure

to ultraviolet irradiation trans-resveratrol undergoes cis-isomerisation. The light-

sensitive cis-resveratrol is absent in grapes, but has been reported in wine alongside

the trans-isomer [311].

stilbene R

resveratrol H

piceid (resveratrol-3-O-glucoside) glu

glu = glucose

Figure 1-10: Stilbenes

Tyrosol

Tyrosol (p-hydroxyphenylethyl alcohol; Figure 1-11) is produced by the yeast during

fermentation from tyrosine, and hence is not present in grape juice [23, 277].
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Figure 1-11: Tyrosol

1.3.1.2 Flavonoids

Flavonoids are characterised by two benzene cycles bonded by an oxygenated

heterocycle (Figure 1-12). Grape and wine flavonoids exhibit hydroxyl substitutions

on the A-ring at positions 5 and 7. The oxidation state and the substitution on the

C-ring define the different classes. The major classes of flavonoids in grapes and wine

of Vitis vinifera are flavan-3-ols, flavonols and anthocyanins15, whereas flavanonols

and flavones represent minor classes. The members within each class are determined

by the substitution pattern on the B-ring. Flavonoids are almost exclusively located in

the solid parts of the grapes (skins, seeds, and stems) [329].

Figure 1-12: Flavonoid structure

Flavan-3-ols and Proanthocyanidins (Condensed Tannins)

Flavan-3-ol are encountered in the solid parts of the berry and in wine as monomers,

oligomers (mean degree of polymerisation: 2 - 5 units), and polymers (mean degree

of polymerisation: > 5 units), the latter two are also referred to as proanthocyanidins

or condensed tannins. The principal monomeric flavan-3-ols found in grapes are

(+)-catechin and its epimer (-)-epicatechin (Figure 1-13), as well as the gallate ester

15 Anthocyanins are only significant pigments in red grape varieties and are generally absent in white
wines, hence are not discussed further here.
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(-)-epicatechin-3-O-gallate [313]. (-)-Epicatechin is the major unit in condensed

tannins from grapes and wine. Proanthocyanidins are divided into two groups,

depending on the nature of the liberated anthocyanidins under acidic conditions.

Procyanidins, composed of (+)-catechin and (-)-epicatechin units, are predominantly

present in seeds, whereas prodelphinidins, composed of (+)-gallocatechin and

(-)-epigallocatechin, are dominant in skins alongside procyanidins. The oxidation of

flavan-3-ols (followed by polymerisation) during vinification represents another

source of these oligomeric and polymeric flavan-3-ols in must and wine [194, 329].

The distribution of flavan-3-ols in grape berries depends on the grape variety [277].

Figure 1-13: Flavan-3-ols

Flavonols and Flavanonols

The flavonols are present in the skin of Vitis vinifera L. grapes as glycosides

of aglycons, most commonly quercetin, kaempferol, myricetin and isorhamnetin

(Figure 1-14). In wines, these glycosides coexist with their corresponding free

aglycons. The major grape flavonols are quercetin-3-O-glucoside and quercetin-3-O-

glucuronide [1]. The presence of rutin (quercetin-3-O-rutinoside) in wine is still

questionable [136], although it has been identified in the skins of table grapes [38].

Flavonol synthesis is stimulated by UV radiation [148]. It appears that these

compounds function as a natural sunscreen in grapevines.
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Figure 1-13: Flavan-3-ols
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glucuronide [1]. The presence of rutin (quercetin-3-O-rutinoside) in wine is still

questionable [136], although it has been identified in the skins of table grapes [38].

Flavonol synthesis is stimulated by UV radiation [148]. It appears that these

compounds function as a natural sunscreen in grapevines.
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Figure 1-14: Flavonols

The dihydroflavonols (flavanonols) astilbin (2,3-dihydroquercetin-3-O-rhamnoside)

and engeletin (2,3-dihydrokaempferol-3-O-rhamnoside) were first extracted from the

skins of different white grape varieties by TROUSDALE and SINGLETON (1983) [312].

More recently, BADERSCHNEIDER and WINTERHALTER (2001) [9] identified astilbin and

engeletin as well as other dihydroflavonol derivatives in Riesling wine. The occurrence

of dihydroflavonols in Australian white and red wines has also been reported [136].

1.3.1.3 Polyphenol Levels in White Wines

The concentration of white wine phenolics reflects grape variety, cultivation

conditions (e.g. soil type and UV radiation), climate, grape maturity, winemaking

techniques (e.g. skin contact conditions, length, and temperature), as well as aging

conditions (e.g. light, temperature, time, and closure). Traditionally, white wine

vinification precludes the contact of must from pomace16. As a consequence, the

polyphenol content of white wines is substantially lower than red wines, and

comprises primarily of hydroxycinnamic acid derivatives. Table 1-3 summarises the

concentrations of selected polyphenols of traditionally produced young white wines.

Caftaric acid is by far the most abundant hydroxycinnamic acid in white varieties of

Vitis vinifera grapes [325], at about 100 mg/L on average, followed by p-coutaric acid

and fertaric acid at about 20 and 5 mg/L, respectively [210, 280]. These relative

proportions are maintained in the wine averaging the following concentrations:

caftaric acid - 20.6 mg/L; p-coutaric acid - 4.4 mg/L; fertaric acid - 1.8 mg/L [23, 48,

16 Pomace is the solid remains of grapes (skins, pulp, seeds, and stems) after pressing.
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127, 126, 277, 289, 325]. Hydroxycinnamates are naturally present in their more

stable trans-configuration [274] with exception of p-coutaric acid. Cis-isomerisation

can be catalysed by isomerases as observed during aging on lees [132]. Several

studies have demonstrated that maceration increased the levels of

hydroxycinnamates in the final wine [48, 277], and skin contact length and

temperature appear to play an important role in determining the amounts of

extracted hydroxycinnamates [126, 235]. Throughout fermentation a decrease in total

hydroxycinnamates (up to 27 %) has been observed [23, 226, 289, 326]. Small

quantities of free hydroxycinnamic acids are released during fermentation by the

yeast esterase [289]. The progressive decline in hydroxycinnamic acid esters with time

of storage [226] is accompanied by an increase in the corresponding free acids (due to

acidic hydrolysis) [138, 240] as well as ethyl esters [127, 289, 326]. In most cases,

trans-caftaric acid exhibited higher losses compared to trans- and cis-p-coutaric acid,

as well as trans-fertaric acid, mainly due to oxidation, besides hydrolysis and cis-

isomerisation [278]. This finding explains the low caftaric acid level of 1.1 mg/L in a 15

year old New Zealand Sauvignon blanc in comparison with a 1 year old wine (32 mg/L)

in one study [144]. Elevated storage temperatures (50 - 55°C) have been shown to

either lower [101], increase [191], or not affect [138] the trans-caftaric acid

concentration in white wines. RECAMALES et al. (2006) [240] found a negative influence

of light exposure on most hydroxycinnamic acid derivatives in white wine, particularly

caftaric acid.

Compared to hydroxycinnamates, hydroxybenzoates are present at much lower

concentrations in wine. For gallic acid, the major hydroxybenzoic acid, concentrations

range from 0.4 to 1.4 mg/L in white wines made without maceration [23, 127, 126,

277]. WATERHOUSE (2002) [329] determined an average level near 10 mg/L in

Californian white wines. Similar high levels of gallic acid were obtained in white wines

made with pomace contact [277], due to extraction from seeds and/or hydrolysis of

flavan-3-ol esters. KILMARTIN et al. (2002) [144] found gallic acid at 0.8 mg/L and 1.7

mg/L in a young and 15 year old New Zealand Sauvignon blanc, respectively. The gallic

acid concentration remains unchanged throughout fermentation [23], and according
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to WATERHOUSE (2002) [329] appears to be stable during aging. However, other

authors [127, 138] observed a decline of gallic acid in white wines during storage. On

the contrary, accelerated aging conditions (high temperature) led to an increase in

gallic acid concentrations [138, 191], arising from the hydrolysis of gallate esters of

flavan-3-ols and condensed tannins.

The phytoalexin trans-resveratrol is a minor constituent in white wines [249].

GOLDBERG et al. (1999) [116] reported that Sauvignon blanc wines from Australia and

New Zealand contained more trans-resveratrol (0.21 mg/L on average) compared to

other countries (e.g. USA and France), which may be a consequence of greater UV-

induced stress on the grapevines. Light exposure causes the conversion of trans-

resveratrol to cis-resveratrol [311].

The levels of the phenylethyl alcohol tyrosol, present in all fermented media (10 - 30

mg/L), have been reported to remain constant throughout aging [127, 242]. However,

RECAMALES et al. (2006) [240] observed a decrease in tyrosol after 12 months of

storage, which was accelerated in the presence of light.

(+)-Catechin is the most abundant flavan-3-ol in white wines [69] with concentrations

varying between 2.5 and 18 mg/L, followed by (-)-epicatechin (ranging from 0.7 to

19 mg/L) [23, 41, 48, 127, 126, 277]. As for Sauvignon blanc, the South African wines

of this cultivar had the highest level of both flavan-3-ols compared to other countries

[116]. The concentrations of (+)-catechin and (-)-epicatechin of a New Zealand

Sauvignon blanc were found to be 3.3 mg/L and 2.4 mg/L, respectively [144]. The

level of procyanidins, composed of (+)-catechin and (-)-epicatechin units, can reach

300 mg/L in white wines [161]. Because flavan-3-ols originate from the solid parts of

the grapes, the extraction yield during vinification largely depends on the length of

skin contact time and temperature. Generally, pomace contact wines contain higher

concentrations of monomeric and oligomeric flavan-3-ols [48, 244, 277]. While

increased skin contact temperatures improved the extraction of the flavan-3-ol

fraction in Chardonnay [235], longer maceration times and lower maceration

temperatures led to wines with higher (+)-catechin and (-)-epicatechin levels in a
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Spanish white wine [126]. The (+)-catechin and (-)-epicatechin concentrations in white

wines typically diminish during storage [101, 127, 138, 240], since flavan-3-ols are

susceptible to oxidation, polymerisation [117, 272], and condensation to produce

xanthylium cations, which are associated with white wine browning (see 1.3.3).

FERNÁNDEZ-ZURBANO et al. (1998) [101] found that the decrease of flavan-3-ols after 13

weeks was similar under accelerated storage conditions (55°C), presumably yielding

flavan-3-ol dimers as observed by MAYÉN et al. (1996) [191] after 12 weeks at 50°C.

On the other hand, KALLITHRAKA et al. (2009) [138] noted only a drop in (-)-epicatechin

after 12 days at 55°C.

Flavonol derivatives are encountered in white wines at very low levels as glycosides

alongside free aglycons, released via hydrolysis of the glycosylated bond by enzymes

or under acidic conditions in wine. Quercetin-3-O-glucuronide was the only flavonol

derivative detected in Spanish white wines with an average level of 0.25 mg/L, half

the average concentration of the free run juices [23]. The levels of three quercetin-3-

O-glycosides have been shown to increase with longer skin contact time [126].

KILMARTIN et al. (2002) [144] reported a quercetin-3-O-glycoside in several New

Zealand white wines from the 1999 vintage, including a Sauvignon blanc (6.6 mg/L).

This quercetin conjugate was absent in an older Sauvignon blanc (1984), presumably

hydrolysed during storage to quercetin, which was found to be the most abundant

flavonol in Australian white wines with levels up to 2.05 mg/L [136]. Nonetheless,

very few papers deal with flavonol stability in white wines. The quercetin-3-O-

diglycoside rutin fell below detection limit after 6 months of storage in a study by

RECAMALES et al. (2006) [240]. JEFFERY et al. (2008) [136] demonstrated that the first-

order degradation kinetics of rutin explains its absence in commercial Australian

white and red wines. UV radiation, which is higher in New Zealand than at equivalent

latitude in the Northern Hemisphere, has proven to increase the concentration of

flavonols (and to decrease hydroxycinnamates) in white grape varieties, including

New Zealand Sauvignon blanc [130, 148].

The concentrations of flavanonols ranged from 0.1 to 2.0 mg/L for astilbin and

between 0.04 and 0.2 mg/L for engeletin in white wines made from free run juice
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[312]. Both dihydroflavonols were found at higher concentrations in wines with

pomace contact [277].

Table 1-3: Levels of selected polyphenols [mg/L] in white winesa

polyphenols
Vitis vinifera white wines
(excluding Sauvignon blanc)

Sauvignon blanc

non-flavonoids
hydroxybenzoic acids

gallic acid 0.7 (0.4 - 1.4) [23, 127, 126, 277] 0.8 [144]

vanillic acid - -
syringic acid 0.4[23] -

tyrosol 20.5 (11.6 - 29.7) [23, 127, 126] -
hydroxycinnamic acids

cis/trans-caftaric acid 20.6 (7 - 36.4) [23, 48, 127, 126, 277, 289, 325] 32 [144]

cis/trans-p-coutaric acid 4.4 (0.8 - 16.5) [23, 127, 126, 277, 289, 325] 15 [144]

cis/trans-fertaric acid 1.8 (0.2 - 4.0) [23, 127, 126, 289, 325] -
caffeic acid 4.8 (0.6 -15.7) [23, 127, 126, 289, 325] 1.1 [144]

p-coumaric acid 1.5 (0.2 - 4.5) [23, 127, 126, 289, 325] -
ferulic acid 0.3 (0.1 - 0.6) [23, 127, 126, 325] -

stilbenes
trans-resveratrol 0.14 (0.01 - 0.40) [249] 0.14 (0.05 - 0.28) [249]

flavonoids
flavan-3-ols

(+)-catechin 6.4 (2.5 - 17.7) [23, 41, 48, 127, 126, 277] 3.2 [144]

(-)-epicatechin 4.7 (0.7 - 18.9) [23, 41, 48, 127, 126, 277] 2.4 [144]

procyanidins 152.5 (5 - 300) [161] -
flavonols

quercetin 1 (0 - 2.1) [23, 136] 0 [144]

quercetin-3-O-glycosides 1.1 (0.25 - 1.92) [23, 126] 3.3 (0 - 6.6) [144]

flavanonols
astilbin 0.4 [312] -
engeletin 0.07 [312] -

a Tabular values were extracted from various papers. Not all authors reported all of the polyphenol listed. The
mean concentrations were calculated from all available values or from the lowest and highest value in case of
procyanidins and quercetin. The range of contributing values is presented in parentheses. In some cases, only a
sole value was found. A dash indicates that no value was given for this compound in the aforementioned
references.
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1.3.1.4 Function of Polyphenols in White Wines

Polyphenols contribute to the sensory characteristics of wine such as colour and

flavour (including astringency and bitterness). The tactile sensation of astringency17

(more important in red than in wines whites) as well as the bitter taste have been

primarily attributed to the flavonoid fraction, particularly flavan-3-ols. Since

flavan-3-ols are extracted from the skins, stems, and seeds in the course of

vinification, the winemaking methods employed will not only alter the polyphenolic

composition but also the colour (see section 1.3.4.3) and flavour. (-)-Epicatechin was

found to be more bitter and astringent than its chiral isomer (+)-catechin, but upon

polymerisation of these flavan-3-ols astringency increased more rapidly than

bitterness. Tyrosol is a bitter non-flavonoid, but the levels in wine are generally too

low to make a contribution to bitterness [204]. Hydroxycinnamates do not directly

contribute to the taste of white wines [320].

LUND et al. (2009) [173] investigated the effect of polyphenols on the perception of

key aroma compounds from Sauvignon blanc wine. The perception of IBMP was

suppressed by the addition of the polyphenols (+)-catechin and quercetin (each at

10 mg/L) and caffeic acid (100 mg/L), whereas the addition of caffeic acid somewhat

accentuated the perception of 3-MH, suggesting an interaction between polyphenols

and aroma compounds. Polyphenol analysis revealed that quercetin could not be

detected in the wines a few hours after its addition, indicating the reactive nature of

this flavonol (see section 1.3.4.3 for more details). The aroma perception of the

esterified form, 3-MHA, was only slightly affected by (+)-catechin. ARONSON and EBELER

(2004) [8] as well as DUFOUR and BAYONOVE (1999) [81] observed that polyphenols,

such as gallic acid and (+)-catechin, decreased the headspace volatility of certain

flavour compounds. Furthermore, aroma substances are also known to interact with

proteins and polysaccharides present in wine. Interactions will depend on the nature

and concentration of macromolecules, the nature of the volatile compounds, as well

as the presence of ethanol [170, 323, 324]. Various studies have demonstrated the

17 Astringency is a drying mouthfeel sensation believed to result from decreased oral lubrication
following precipitation of salivary proteins by astringents.
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effect of mannoproteins on volatile flavour release from model wine matrices, which

are secreted into the wine by yeast during fermentation, or released during sur lies

maturation due to yeast autolysis. Aroma compounds are thought to interact with

both glycosidic and peptidic parts of these glycoproteins [46, 171].

In addition, polyphenols exhibit antioxidative properties. ROUSSIS et al. (2007) [256]

showed that caffeic acid (60 mg/L) alone and in combination with glutathione

(10 mg/L + 30 mg/L) slowed down the decrease of several esters and monoterpenes

in white wine with low sulfur dioxide levels. Similar effects were seen for selected

aroma volatiles with mixtures of glutathione with either caffeic acid or gallic acid in

model wine [257]. The beneficial effect of wine consumption on human health has

been associated with the ‘French Paradox’ [241]. It has been hypothesised that the

low mortality of coronary heart disease in the French population, despite having a

diet high in saturated fats, is due to the consumption of red wine. The

cardioprotective effect has been linked to red wine polyphenols, largely flavonoids

along with trans-resveratrol, which are present in higher concentrations in red than in

white wines. However, polyphenols in white wine (including Sauvignon blanc) have

been shown to exhibit a stronger antioxidative capacity in inhibiting in vitro

Cu2+-induced low-density lipoprotein (LDL) oxidation than red wine phenolics [322]. In

a study by FENECH et al. (1997) [98], both red and white wines from Australia inhibited

the frequency of hydrogen peroxide-induced DNA-damage one hour after wine

consumption. One possible explanation could be the protection of nuclear material

from hydrogen peroxide-derived reactive oxygen species (ROS) by

hydroxycinnamates, which are present at equal concentrations in red and white

wines, together with ethanol, glycerol and ascorbic acid. DUDLEY et al. (2008) [80]

suggested tyrosol and hydroxytyrosol, present in both white and red wines, as

principal cardioprotective wine constituents. The antioxidative activity of polyphenols

can be ascribed to their ability to act as reducing agents and to quenching ROS. In

addition, flavonoids have been demonstrated to chelate metal ions, a major catalyst

of oxidation reactions (see section 1.3.4.2) [271].
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In the scope of wine oxidation chemistry, polyphenols as antioxidants are somewhat

of an oxymoron, given that they do not delay, retard, or prevent the oxidation of

other substrates, but rather participate actively in this process as the major initial

substrate of oxidation, and often require protection from the addition of small

molecule antioxidants in the form of sulfur dioxide or ascorbic acid. Such oxidation

reactions may be either enzymatic or non-enzymatic, but both involve oxygen.

1.3.2 Enzymatic Oxidation

The enzymatic oxidation of phenolic compounds takes place immediately after the

grapes are crushed. Cellular break-down is accompanied by liberation of polyphenols

and polyphenol oxidases from subcellular organelles (e.g. vacuoles and chloroplasts)

[176, 247]. The copper-containing grape polyphenol oxidase (PPO) is the main

enzyme responsible for oxidative browning in must and is present in excess [263]. The

PPO catalyses the oxidation of monohydroxyphenols (cresolase activity

[EC 1.14.18.1]) and ortho-dihydroxyphenols (catecholase activity [EC 1.10.3.1]) to

ortho-quinones in must, whereas laccase [EC 1.10.3.2], another copper-containing

enzyme excreted by the fungus Botrytis cinerea of infected grapes, is capable of

oxidising a wider range of substrates.

Trans-caftaric acid and trans-p-coutaric acid, the predominant polyphenols in white

grape must, are the main substrates for PPO [120]. In the presence of oxygen, both

hydroxycinnamic acid derivatives are converted to caftaric acid quinones

(Figure 1-15). These very reactive quinones will then take part in further reactions,

namely coupled oxidation with phenolic as well as non-phenolic species and

condensations, resulting in the formation of brown pigments. However, in both cases

a hydroquinone structure is regenerated. These secondary reactions are of a non-

enzymatic nature and will be described in detail in section 1.3.3.
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Figure 1-15: Enzymatic polyphenol oxidation

Glutathione, a natural grape antioxidant, intervenes in the process of must oxidation

by trapping these ortho-quinones, forming 2-S-glutathionyl caftaric acid, generally

referred to as the ‘Grape Reaction Product’ (GRP) [279, 278]. This observation was

considered to limit reactions of ortho-quinones with other must constituents (thus

preventing discolouration, since the GRP is neither coloured nor a substrate for grape

polyphenol oxidase despite its ortho-dihydoxyphenolic structure). However, SALGUES

et al. (1986) [260] gave evidence that GRP is oxidised to the corresponding quinone

by the Botrytis cinerea enzyme laccase, leading to increased browning of the juice,

unless sufficient glutathione is available to form 2,5-di-S-glutathionyl caftaric acid

(GRP2). Moreover, the oxidation of GRP by means of caftaric acid quinones after

glutathione depletion has also been demonstrated [54, 246]. Therefore, CHEYNIER and

collaborators (1989) [49] proposed the use of the hydroxycinnamic acid to

glutathione ratio as an indicator for the browning potential of grape must.

Although colour alteration in musts is related to hydroxycinnamic acid esters [51],

little correlation has been observed between these non-flavonoids and the browning

susceptibility of various grape varieties [250]. Instead, enzymatic browning is

promoted most strongly by flavan-3-ols [50, 47, 246], preferably via a coupled

oxidation with caftaric acid quinones rather than via direct oxidation considering their

low concentrations in white grape must and poor affinity towards polyphenol

oxidases compared to caftaric acid. As a result, winemaking practices which increase

the flavonoid content, such as pomace contact, can significantly affect oxidation in

musts and wines [48, 212, 276].
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low concentrations in white grape must and poor affinity towards polyphenol

oxidases compared to caftaric acid. As a result, winemaking practices which increase

the flavonoid content, such as pomace contact, can significantly affect oxidation in

musts and wines [48, 212, 276].
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Currently, the enzymatic oxidation process is well documented, giving winemakers

the tools to prevent oxidative spoilage in the early stages of vinification. On the other

hand, non-enzymatic oxidation chemistry in white wines is less well understood.

1.3.3 Non-Enzymatic Chemical Oxidation

Non-enzymatic chemical oxidation is the predominant reaction in wine because grape

polyphenol oxidase activity diminishes during alcoholic fermentation [176]. Although

polyphenol oxidation in wine (autoxidation) is extremely slow [211], it affects a wider

range of polyphenols [135], depending on their individual redox potentials18 [143].

The non-enzymatic uptake of oxygen in polyphenol autoxidation is believed to lead to

similar oxidation products as with PPO with the additional formation of hydrogen

peroxide (H2O2). Catechol derivatives (1,2-dihydroxyphenols), mainly caffeic acid and

its tartrate ester, (+)-catechin, (-)-epicatechin and quercetin, as well as pyrogallol

derivatives (1,2,3-trihydoxyphenol), such as gallic acid, are considered to be the

polyphenols most susceptible to oxidation.

Transition metals, particularly iron (Fe3+) and copper (Cu2+) are believed to catalyse

the non-enzymatic oxidation of polyphenols, since molecular oxygen does not interact

directly with polyphenols under wine conditions [70, 281]. It has been demonstrated

by GEE and DAVISON (1984) [111] that the presence of catalase [EC 1.11.1.6],

superoxide dismutase [EC 1.15.1.1], and the metal chelator

diethylenetriaminepentaacetate (DTPA) inhibits the autoxidation of the catechol

6-hydroxydopamine. The supporting role of ROS and catalytic metals in wine

oxidation processes (Figure 1-16) will be discussed in the sections 1.3.4.1 and 1.3.4.2.

The cascade of oxidation is initiated by the oxidation of ortho-dihydroxyphenols

(ortho-trihydroxyphenols are oxidised in a similar manner), proceeding sequentially

either by the transfer of one electron (1) via the formation of a semiquinone

intermediate (phenoxyl radical) or by the transfer of two electrons (2) via the

18 The redox potential (also called oxidation-reduction potential) is the tendency of a chemical species
(in this case polyphenols) to be oxidised, thereby acting as reducing agents (see section 1.3.4.3).
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formation of an ortho-quinone intermediate [110, 281]. Simultaneously, oxygen is

reduced to hydrogen peroxide (H2O2) [70, 332] via a hydroperoxyl radical (HO2·) [281,

330]. Semiquinones of polyphenols are unstable and undergo disproportionation,

yielding an ortho-quinone and an ortho-phenol, or dimerisation to new polyphenol

products. The ortho-quinone itself is relatively unstable due to its electrophilic

character and will undergo further reactions.

Figure 1-16: Oxidative processes in wine

Ortho-quinones may condense with the corresponding hydroquinone. Moreover, the

produced dimers appear to be more susceptible to oxidation, and thus accelerate

phenol polymerisation and autocatalytic oxidation in wine [281]. Ultimately, these

condensation reactions bring about the formation of more intensively coloured

compounds (a first browning pathway). The autoxidation of caffeic acid was shown to

lead to the formation of dimers and trimers [59] either via nucleophilic MICHAEL-type

addition or via radical coupling of two semiquinones [106], depending on the pH.
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Furthermore, CILLIERS and SINGLETON (1989 and 1999) [56, 57] found that caffeic acid

oxidation correlated with browning (spectrophotometrically measured at 420 nm).

As electrophiles, ortho-quinones suffer nucleophilic attack by water [252], amino

acids, peptides and proteins [247], thiols (e.g. glutathione [279], cysteine [16, 58], and

varietal thiols [25]) or polyphenols. The reaction of ortho-quinones with glutathione

and varietal thiols is of particular interest for this research project. BLANCHARD et al.

(2004) [25] suggested that ortho-quinones react with 3-mercaptohexan-1-ol, one of

the key aroma compounds in Sauvignon blanc. This study also demonstrated the

contribution of hydrogen peroxide, a by-product of polyphenol autoxidation, to the

disappearance of 3-MH in model wine (see section 1.2.2.2). The function of

glutathione in the polyphenol autoxidation process and subsequently its contribution

to aroma stability of New Zealand Sauvignon blanc will be discussed in depth later on.

As an oxidant, ortho-quinones are able to oxidise molecules with lower redox

potentials such as ascorbic acid [52, 246, 252], sulfur dioxide [72, 246], and further

polyphenols [50, 47, 246].

A by-product of polyphenol autoxidation is hydrogen peroxide, which is reduced in

the presence of ferrous ions (Fe2+) to the hydroxyl radical (HO·), a far more powerful

oxidant [70, 330]. Consequently, the regeneration of ferric ions (Fe3+) via the FENTON

reaction (3) enables the oxidation cycle to continue (4). The hydroxyl radical is capable

of oxidising other wine constituents (e.g. alcohols, organic acids, and sugars) in

proportion to their concentration, bringing about the formation of aldehydes and

ketones. Therefore, ethanol is primarily oxidised (5) to yield acetaldehyde (6) [332].

Although acetaldehyde also derives from the yeast metabolism during alcoholic

fermentation, its concentration (ranging from 11 to 494 mg/L in white wines) can be

regarded as an indicator of wine oxidation. Acetaldehyde enhances colour intensity

and stability in red wines and is responsible for the typical aroma of sherry. However,

in most white wines the ‘sherry-like’ aroma note (perception threshold

100 - 125 mg/L) is undesirable [164]. The ability of acetaldehyde to mediate
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condensation reactions with flavonoids in red wines and model wine is well

established [87, 107, 265, 266, 299, 303].

Nevertheless, other carbonyl compounds such as the glycerol oxidation products

glyceraldehydes and dihydroxyacetone [157, 156], furfural and its derivatives [92],

pyruvic acid [109], and the tartaric acid oxidation product glyoxylic acid are also

reactive towards flavonoids. The oxidative degradation of tartaric acid has been

linked to the formation of yellow pigments, first observed by OSZMIANSKI et al. (1996)

[213] in an oxygenated model wine medium containing the flavan-3-ol (+)-catechin,

tartaric acid and ferrous ions (Fe2+). FULCRAND et al. (1997) [108] demonstrated that

glyoxylic acid, a tartaric acid degradation product [99] with an aldehyde moiety,

reacts with flavan-3-ol units (via a carboxymethine bridge) generating colourless and

yellow compounds in model wine. The yellow pigments have been identified as

esterified and non-esterified xanthylium salts deriving from dehydration and

oxidation of the colourless carboxymethine linked dimer with absorption maxima at

440 and 460 nm, respectively [91, 88, 90, 89]. The absorbance maxima of xanthylium

cations (Figure 1-17) are very close to 420 nm, the standard wavelength to measure

browning in white wine (A420). Consequently, it is believed that condensation of

flavan-3-ols, mediated by carbonyl substances, such as acetaldehyde and glyoxylic

acid, potentially contributes to browning in white wines (a second browning

pathway). Cupric ions (Cu2+) are also capable of mediating the formation of

xanthylium cations in model white wine solutions [60, 61, 93]. DRINKINE et al. (2005)

[76] investigated the effect of both acetaldehyde and glyoxylic acid on (+)-catechin

condensation reactions. Glyoxylic acid was found to accelerate (+)-catechin

disappearance from the model wine medium more so than acetaldehyde. The

synergistic effect of aldehydes on (+)-catechin stability and co-polymer formation may

have important consequences for the colour and taste of white wines.

Dihydroxyfumaric acid, another oxidation product of tartaric acid, has been shown to

enhance the production of xanthylium cations from (+)-catechin [65]. Nevertheless,

xanthylium cation pigments had not been detected in white wine until recently [190].

This was explained by the dominant presence of the hydroxycinnamic derivatives
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such as caffeic acid, which have been shown to inhibit the accumulation of

xanthylium cations in wine-like solutions. However, caffeic acid also induced an

increased absorbance at higher wavelengths (i.e. 500 nm) corresponding to a red

colour [112], which has been demonstrated to contribute to discolouration in some

white wines [284]. In a study by GONZALES CARTAGENA et al. (1994) [117] p-coumaric

acid inhibited browning in an aqueous alcoholic solution containing (+)-catechin.

LUTTER et al. (2007) [175] generated dihydroxybenzaldehyde from the iron-mediated

oxidation of the non-flavonoid caffeic acid in model white wine. The reaction of this

aldehyde with (+)-catechin brought about the production of yellow/red-coloured

pigments. The affinity of (+)-catechin and (-)-epicatechin towards benzaldehyde had

already been noted by DUFOUR and BAYONOVE (1999) [81] in another context (see

section 1.3.1.4).

Figure 1-17: Structure of a xanthylium cation

1.3.4 Factors Affecting White Wine Oxidation

The polyphenol oxidation process in wine depends upon a number of factors and of

these the availability of oxygen and metals as well as the nature and composition of

polyphenols are the most important ones. Nevertheless, other parameters, such as

pH, temperature, ethanol content, light exposure, the presence of antioxidants (sulfur
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dioxide, ascorbic acid, and glutathione) and choice of closure type are also of

significance.

1.3.4.1 Oxygen

Oxygen saturation in wine exposed to air at room temperature (20°C) and

atmospheric pressure is reached at approximately 6 mL/L (or 8 mg/L) [281]. The

solubility of oxygen in wine is influenced by the wine composition (e.g. ethanol), but

depends primarily on the temperature and the partial pressure of the gas, with

greater solubility at lower temperatures and when pure oxygen is used instead of air

[330]. Wine is capable of consuming a considerable amount of dissolved oxygen.

ROSSIS and SINGLETON (1966) [251] observed that the oxygen uptake of wine was

related to its total phenol content, which explains why red wine can consume more

oxygen (over 600 mL/L) than white wine (about 60 mL/L) [281].

LOUIS PASTEUR already recognised in 1873 that “l’oxygène est le pire ennemi du vin”

(oxygen is the worst enemy of the wine), but he also realised that, “c’est l’oxygène qui

fait le vin, c’est par son influence qu’il vieillit” (oxygen makes the wine which ages

under its influence) [cited by 166]. Nowadays, it is accepted that some degree of

oxygenation may be beneficial for red wine maturation (through barrel aging or

micro-oxygenation), since polyphenol oxidation improves colour stability and lowers

astringency. By contrast, oxygen exposure in white wines is nearly always detrimental

for sensory quality, causing undesirable colour and flavour. Once a wine is oxidised,

its quality is permanently impaired. SINGLETON et al. (1979) [275] reported that white

wines, including Sauvignon blanc, become defective (‘sherry-like’) from oxidation by

60 mL oxygen/L. However, lower oxygen additions caused already a decrease in the

fruitiness of these wines.

The uptake of oxygen by polyphenols under normal wine conditions is slow. The

reaction of oxygen in its triplet state, a biradical with two unpaired electrons in

different orbitals, with singlet state molecules, such as polyphenols, is a spin

forbidden process (PAULI exclusion principle) [70, 281]. For that reason oxygen needs
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to be activated, most likely with the involvement of transition metal catalysts such as

iron and copper [70, 330]. The sequential reduction of oxygen (O2) to water (H2O),

shown in Figure 1-18, generates reactive oxygen species along this pathway. Oxygen

is initially reduced by the transfer of one electron to the superoxide ion (O2
-·), which

exists as a hydroperoxyl radical (HO2·) at wine pH. It is proposed that iron catalyses,

presumably with the assistance of copper, this first step in order to overcome the

associated energy barrier. The hydroperoxyl radical can be reduced by polyphenols.

The transfer of a second electron leads to the formation of the peroxide anion (O2
2-),

present as hydrogen peroxide (H2O2) in wine. Hydrogen peroxide is reduced via the

FENTON reaction to the hydroxyl radical (HO·), which is capable of rapidly oxidising

most organic wine constituents in proportion to their concentration (see section

1.3.3). In the last reduction step, the hydroxyl radical is reduced to water.

Figure 1-18: 4-Electron reduction of oxygen in wine

At the end of fermentation, wine is exposed to various oenological treatments which

can increase the level of dissolved oxygen, e.g. racking (median of 0.37 mg/L at 15 -

20°C), centrifugation (median of 1.2 mg/L at 15 - 20°C), pumping (median  0.1 mg/L

at 15 - 20°C), blending (median of 1.75 mg/L), and filtration (median  0.3 mg/L at 15 -

20°C) [44]. Different filling procedures and bottling technologies led to a median

enrichment of oxygen between 0.5 and 1.0 mg/L at 15 - 20°C. Bottling under vacuum

or nitrogen decreased the concentration of dissolved oxygen. However, the storage

temperature of the wine had a remarkable impact on the solubility of oxygen in the

study by CASTELLARI et al. (2004) [44]. When the wine was racked at a temperature

lower than 10°C, the dissolved oxygen increased 3-fold compared to 15 - 20°C with a

median value of 1.29 mg/L. The oxygen introduced at bottling to the headspace is

consumed within days or weeks.
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The influence of the closure type on the oxygen ingress into the bottle will be

reviewed in section 1.5.3.

1.3.4.2 Metals - Iron and Copper

Transition metals, such as iron (Fe) and copper (Cu), are generally present in wine and

their role as catalysts in oxidation reactions has been well studied, though with

different outcomes. BERG and AKIYOSHI (1956) [22] noted that copper, iron, and their

mixture accelerated white wine browning (at 45°C and 600 mL/L of available oxygen),

while SIMPSON (1982) [272] on the other hand, did not obtain a correlation between

copper and browning at 15°C and 50°C. CACHO et al. (1995) [33] found that iron,

copper and manganese intervened in the oxidative processes in red wine. However,

BENÍTEZ et al. (2002) [20] observed no influence of iron, copper, and manganese on

browning in a ‘fino’ sherry wine19 at concentrations typically present in Spanish wines.

It is believed that metals, essentially iron and copper, are involved in the activation of

oxygen (section 1.3.4.1). In 2003, DANILEWICZ [71] proposed that copper has a

‘mediator’ role along with the Fe3+/Fe2+ redox couple in the wine oxidation process.

Four years later, he and his collaborators [71] suggested that copper, by interacting

with oxygen, facilitates the redox cycling of iron, based on a synergistic effect when

these two metals are combined on the rate of catechol oxidation, displayed in

Figure 1-19, which extends parts of the oxidation mechanism outlined in Figure 1-16

above. Similar observations were made by BERG and AKIYOSHI already in 1956 [22].

Furthermore, in the presence of hydrogen peroxide, a by-product of polyphenol

autoxidation, the FENTON reaction (see Figure 1-16 (3) in section 1.3.3) takes place,

producing the powerful hydroxyl radical (HO·). Copper is also able to react with H2O2

to yield hydroxyl radicals [163].

Other potential deleterious effects of iron and copper on oxidative wine stability are

discussed below.

19 Fino is a style of sherry produced by film-forming yeasts (flor) which protect the wine from oxidation.
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Figure 1-19: Proposed involvement of iron and copper in the oxidation of ortho-
dihydroxyphenols (adapted from DANILEWICZ et al. (2007) [71])

Iron

Wine contains a few mg/L of iron, contributed by the grapes, soil, and winery

equipment. When present in excess (> 5 mg/L), iron may cause ‘ferric casse’ in white

wines. This unstable colloid, resulting from the interaction of ferric ion (Fe3+) with

phosphoric acid, flocculates and later precipitates. The risk of excess iron, and

consequently of ferric casse, has been lowered through the widespread use of

stainless steel equipment [242].

OSZMIANSKI et al. (1996) [213] reported that iron controlled the rate of (+)-catechin

oxidation and the extent of browning in model wine containing tartaric acid. As

previously mentioned, FULCRAND et al. (1997) [108] postulated that glyoxylic acid,

produced via iron-catalysed oxidation of tartaric acid with its aldehyde moiety, linked

flavan-3-ol units to form colourless and yellow compounds in model wine. The iron-

catalysed combination of acetaldehyde with red wine phenolics observed elsewhere

[33] supported this view. The yellow pigments have been identified as xanthylium

cations by ES-SAFI et al. (1999) [88], thus demonstrating the potential contribution of

iron to the second browning pathway.
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Copper

Grape must and young wines normally contain small amounts of copper

(0.1 - 0.4 mg/L [214, 242]), originating from vines, grapes, and the environment.

Elevated copper accumulation in wine may be attributed to the following sources:

vineyard sprays, copper or brass winery equipment, and copper fining [113].

Copper-containing fungicides are used to control downy mildew (Plasmopara viticola)

and powdery mildew (Uncinula necator) in the vineyard. DARRIET et al. (2001) [74]

observed a drastic decrease in varietal thiol levels, particularly 3-MH, in Sauvignon

blanc wines from grapes sprayed with Folpet20. Copper fining is employed in order to

remove undesirable mercaptans (also referred to as ‘reductive’ sulfur compounds),

mainly hydrogen sulfide (H2S). The addition of copper sulfate (CuSO4) to wine leads to

the formation of odourless, insoluble copper sulfide. This common winemaking

practice is permitted by the Australia New Zealand Food Standard code in Standards

1.3.3 (Processing Aids) and 4.5.1 [Wine Production Requirements (Australia only)], but

no legal maximum copper concentration exists. However, New Zealand and Australian

wines exported to the United States and the European Union require a residual

copper level below 0.5 mg/L and 1.0 mg/L, respectively. Additions up to about 1 mg/L

of copper (this equals 4 mg/L of copper sulfate) are adequate, depending on the

content of ‘reductive’ sulfur compounds [239]. Nonetheless, for varietals like

Sauvignon blanc, the desirable thiols 3-MHA and 3-MH contribute to the distinctive

passion fruit-type character and can potentially react with added copper. An MSc

project by NAOMI ELLETT (2006) [84] at THE UNIVERSITY OF AUCKLAND has found that

copper fining removed ‘reductive’ sulfur compounds to a higher degree than other

thiols (varietal thiols and glutathione), depending on the timing of copper addition

during winemaking. UGLIANO et al. (2009) [315] showed that copper addition at

bottling can severely lower 3-MH concentrations (but not 3-MHA) in Sauvignon blanc

wines with high SO2 levels (60 mg/L). Copper fining at the end of fermentation makes

use of the yeast lees’ ability to absorb copper and the possible reoccurrence of off-

20 Folpet (commercial formulation FOLPAN® 80WDG) is a fungicide containing 80 % of active ingredient
N-(trichloromethylthio)phthalimide.
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odours. A sequential addition of smaller amounts of copper might be more effective

for this varietal (MATT THOMSON21, personal communication), since residual copper can

promote the oxidation of these key aroma compounds (to disulfides) and

polyphenols, ultimately resulting in the loss of 3-MHA and 3-MH.

Additionally, in the absence of oxygen, excess copper and free sulfur dioxide may

cause ‘copper casse’ in bottled white wines. This turbidity, likely to appear at copper

levels above 0.5 mg/L in wine [239], gradually precipitates to form a brownish-red

deposit containing colloidal copper sulfide, copper, and proteins [242].

The role of copper in the formation of brown pigments is similar to iron and has been

briefly outlined in section 1.3.3. Cu2+ possibly functions as a catalyst in the

degradation of tartaric acid to glyoxylic acid. At concentrations of 0.3 mg/L and above,

copper accelerated the production of xanthylium cations [60]. ES-SAFI et al. (2003)

[93] demonstrated that the rate of (+)-catechin degradation and the extent of

browning was copper concentration-dependent. Furthermore, studies by CLARK et al.

in 2003 and 2008 [65, 62] suggested that copper accelerated the reaction between

glyoxylic acid and (+)-catechin due to the acid moiety of glyoxylic acid, because no

copper enhancement was observed when glyoxylic acid was replaced by

acetaldehyde.

The introduction of stainless steel equipment generally lowered the contamination of

wine with metals. Historically, German winemakers used potassium ferrocyanide (or

potassium hexacyanoferrate(II); K4[Fe(CN)6]·3H2O) in order to remove excess metals,

mainly iron and copper. However, this technique, known as Blauschönung or ‘blue

fining’, can induce the formation of toxic hydrocyanic acid (HCN). The use of

potassium ferrocyanide is approved by Food Standards Australia New Zealand, but

Standards 1.3.3 (Processing Aids) and 4.5.1 [Wine Production Requirements (Australia

only)] require “If potassium ferrocyanide has been used as a processing aid in the

manufacture of a wine, sparkling wine or fortified wine, the final product must have

residual iron present” and “Wine, sparkling wine and fortified wine must contain no

21 MATT THOMSON is a winemaker and consultant winemaker in Marlborough (including Saint Clair),
Italy, and France.
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more than 0.1 mg/L of cyanides and complex cyanides expressed as hydrocyanic acid”.

Blue fining is prohibited in the United States [336]. Alternatively, ion-exchange

techniques, using chelating resins with functional groups of the iminodiacetate type

or the acidic cation exchange resin DOWEX®, have been shown to remove metals

effectively [19, 215]. However, BENÍTEZ et al. (2002) [19] noted also significant losses in

organoleptic characteristics.

1.3.4.3 Nature and Composition of Polyphenols

SINGLETON et al. [275] stated in 1979 that “Not all phenols of wine are equally

autoxidizable nor do they contribute equally to browning or other quality effects”.

Why? The tendency of different polyphenols to oxidise, thereby acting as reducing

agents, depends on their oxidation-reduction potential (redox potential). The

reducing strength of polyphenols can be measured by cyclic voltammetry. KILMARTIN

et al. (2001) [143] demonstrated that ortho-trihydroxyphenols (pyrogallol

derivatives), such as gallic acid, and ortho-dihydroxyphenols (catechol derivatives),

including caffeic acid, (+)-catechin, (-)-epicatechin and quercetin are most susceptible

to oxidation. Consequently, these polyphenols are considered to be strong reducing

agents, a property associated with antioxidants. The stability of quinone formed by

the polyphenol oxidation is another important aspect, as some quinones are more

stable (e.g. (+)-catechin and trans-caffeic acid) and can be reduced back to the

original polyphenol by antioxidants, such as SO2 and glutathione, present in the wine,

whereas other quinone products break down rapidly to form further species in an

irreversible manner, with quercetin being an example [180]. This observation,

combined with a lower oxidation-reduction potential, may explain the greater

proportional loss of this flavonol in red wine after oxygen exposure compared to

trans-caffeic acid or (+)-catechin [43]. The precipitation of quercetin due to its poor

solubility in wine may also contribute to quercetin degradation. Higher potentials are

needed to oxidise phenols with an isolated phenolic group, such as trans-p-coumaric

acid, tyrosol, and trans-resveratrol, which are expected to be less active as

antioxidants in a dietary context. Table 1-4 shows the reducing strength of selected
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white wine polyphenols; a lower oxidation-reduction potential corresponds to a more

easily oxidisable polyphenol.

Table 1-4: Reducing strength given by the oxidation-reduction potential (versus a Ag/AgCl
reference electrode) of selected white wine polyphenols at 0.5 mM (adapted from KILMARTIN
et al. (2001) [143])

polyphenol E [mV]

quercetin 355

(-)-epicatechin 388

gallic acid 395

caffeic acid 409

(+)-catechin 419

p-coumaric acid 627

trans-resveratrol 748

As already mentioned in section 1.3.1.3, the composition of polyphenols in white

wine depends on the grape variety, cultivation conditions, climate, grape maturity,

the vinification procedures employed as well as the chemical reactions (e.g. oxidation

and hydrolysis) that take place during the aging of the wine [176, 271]. The

polyphenol content is an indication of the wine’s capacity to take up oxygen, thus it

diminishes during oxidation. Winemaking practices, such as skin contact and hard

pressing, result in higher polyphenolic content in white wines, particularly for the

flavonoids [48, 77, 212, 276]. White wine browning has been closely linked to levels of

flavan-3-ols [48, 273] rather than to hydroxycinnamates [101, 100] or total phenols

[259]. CHEYNIER et al. (1988) [47] observed that in the presence of caftaric acid,

flavan-3-ols degraded faster, due to coupled oxidation and condensation. Particularly,

(-)-epicatechin, has shown a strong positive relationship towards browning in studies

conducted by SIMPSON (1982) [272] (r = 0.513; p  0.001), SIOUMIS et al. (2006) [283]

(r2 = 0.803; p  0.01), and KALLITHRAKA et al. (2009) [138] (r = 0.577; p  0.01).

LABROUCHE et al. (2005) [152] found that (-)-epicatechin decreased more rapidly than
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(+)-catechin and produced xanthylium pigments with a higher 440 nm absorbance

than its epimer, thus possibly explaining the positive correlation of this flavan-3-ol

with white wine browning. Furthermore, (-)-epicatechin quinones have been shown

to be less stable than (+)-catechin quinones [245]. In agreement with these results are

the observations made by GONZALES CARTAGENA et al. [117] in 1994, who recorded that

the browning index (defined as relative increase in colour intensity) of (-)-epicatechin

was nearly twice as high as that of (+)-catechin. Furthermore, (-)-epicatechin reacts

faster with acetaldehyde than (+)-catechin to generate ethyl bridge dimers [87]. The

faster reaction rate of (-)-epicatechin with aldehydes may explain the greater loss

compared to (+)-catechin in a model white wine medium observed recently by CLARK

et al. (2010) [66]

1.3.4.4 pH

It is well known that wines made from grapes with a low acidity (from hot vineyards)

do not age well. This phenomenon has been attributed to the greater involvement of

the phenolate anion form in wine oxidation [281] and was already observed back in

1956 by BERG and AKIYOSHI [22], who found a positive correlation between pH and

browning in white wines. Polyphenols are weak acids with a pKa value ranging

between 9 and 10, allowing them to exist as phenolate anions (Figure 1-20), which

are capable of reacting directly with molecular oxygen [281], thus explaining the fast

autoxidation of polyphenols under alkaline conditions [56, 251] and the production of

acetaldehyde [83].

Figure 1-20: Phenol-phenolate anion equilibrium
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Under higher pH conditions, oxygen uptake in wine is much faster, due to a greater

conversion of phenols to quinones with limited regenerative polymerisation. Between

pH 7 and 9, polyphenols with pyrogalloyl groups such as gallic acid oxidise more

readily than catechol derivatives [330]. However, at wine pH only a small proportion

of polyphenols will be deprotonated, but these can still autoxidise through to a

semiquinone and ultimately to a quinone, although at a slower rate.

The pH of the wine not only affects the kinetics of polyphenol oxidation, but in

addition the quantity and quality of polyphenol oxidation products, originally

observed for caffeic acid [56, 106]. GUYOT et al. (1995, 1996) [121, 122] demonstrated

that the enzymatic oxidation of (+)-catechin resulted in colourless and yellow-

coloured dimers with biphenyl ether linkages (C-O-C) and biphenyl linkages (C-C) at

pH 3, indicating that semiquinone and quinone formation were in competition. Low

pH values favoured the coupling of semiquinone radicals, generated by reverse

disproportionation, yielding biphenyl ether linked catechin dimers, whereas

nucleophilic addition of the 1,4-MICHAEL-type was predominant at higher pH values,

forming biphenyl linked catechin dimers. The colour of these condensation products

differed, with more yellow coloured pigments occurring at a higher pH.

Adjusting the pH of white wines is a common wine making practice. RANKINE (1998)

[239] suggested a desirable pH range of 3.0 - 3.3 for white wines. Grapes grown in

warmer climates tend to have low acidity (high pH) compared to grapes grown in cool

climate countries, such as New Zealand. The addition of tartaric acid or metatartaric

acid to white wines in order to lower the pH (acidification) is permitted by Food

Standards Australia New Zealand in Standards 1.3.1 (Food Additives) and 4.5.1 [Wine

Production Requirements (Australia only)]. However, commercially available tartaric

acid can contain traces of glyoxylic acid, which is able to link flavan-3-ols, and thus

may contribute to white wine browning (see section 1.3.3). Deacidification is

sometimes required for cool climate wines made from insufficiently matured grapes,

and is therefore more frequently carried out in New Zealand. The potassium

carbonates, approved by Food Standards Australia New Zealand, are used preferably

to lower acidity by forming insoluble salts with tartaric acid [239].
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1.3.4.5 Temperature

Polyphenol oxidation under wine conditions is extremely slow. The quinone

formation increases with rising temperatures, as demonstrated for caffeic acid by

CILLIERS and SINGLETON (1989) [56].

BERG and AKIYOSHI (1956) [22] achieved increased browning for different white wine

varieties, depending on their phenolic predisposition, in a reasonable length of time

by raising the storage temperature. In 1976, SINGLETON and KRAMLING [273] developed

an accelerated test using elevated temperatures in order to study the browning

capacity of white wines. In this test the wines underwent treatment with bentonite to

remove proteins, which interfere with browning measurements (A420) by precipitating

brown pigments. Various authors [259, 283, 282] modified this method, so that the

wines received no bentonite treatment, in order to maintain their original

composition, since white wines with bentonite additions showed a higher absorbance

at 420 nm in the study of SINGLETON and KRAMLING (1976) [273]. The increased

temperatures (50 - 55°C) only shortened the storage time during which oxidation

occurs, followed by browning. The contribution of the MAILLARD reaction, a chemical

reaction between amino acids and proteins with reducing sugars, to browning in wine

can be disregarded [117].

Nevertheless, the accelerated test does tend to exhaust the entire pool of oxidisable

polyphenols more rapidly than slow oxidation, due to less regenerative

polymerisation and coupled oxidation (and subsequently lower oxygen uptake) as

observed under alkaline conditions (see section 1.3.4.4). GONZALES CARTAGENA et al.

(1994) [117] demonstrated the importance of temperature-pH interactions on the

colour stability of white wines, as wines with high pH stored at a high temperature

(45°C) for 40 days were less resistant to browning. According to RANKINE (1998) [239],

an increase in temperature by 10°C doubles the oxidation rate. Consequently, it is not

surprising that white wines produced in warmer climates like Australia tend to be

more susceptible to oxidation, thus rapidly losing their fruity aroma characters. Since

New Zealand is a cool-climate winegrowing country oxidation is less of a problem, but

it still occurs.
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In addition, temperature markedly affects the levels of dissolved oxygen in wine, with

greater solubility of oxygen at lower temperatures. CASTELLARI et al. (2004) [44]

pointed out that the storage temperature of wines, besides oenological treatments,

should be taken into account to avoid undesirable oxygen accumulation (see section

1.3.4.1). Moreover, temperature fluctuations are expected to intensify the oxidation

process (loss of polyphenols), as observed by RECAMALAS et al. (2006) [240].

1.3.4.6 Ethanol

Ethanol is a yeast metabolite produced during the fermentation of sugar, but it is not

attacked directly by oxygen in the absence of other wine components such as the

polyphenols and catalytic metals. It has been recognised that oxidation of ethanol to

acetaldehyde is dependent on hydrogen peroxide (H2O2) formed during autoxidation

of polyphenols [332]. A recent publication by DANILEWICZ (2003) [70] hypothesised

that H2O2 instead of reacting directly as an oxidant, is reduced to the hydroxyl radical

(HO·) via the FENTON reaction. Because of the reactive nature of this radical, it will

oxidise most organic compounds in wine, in proportion to their concentration [330],

the most important being ethanol (~ 2 M), glycerol (~ 0.2 M) and tartaric acid

(~ 0.02 M) [65]. The proposed mechanism for the oxidation of ethanol by the hydroxyl

radical (with and without oxygen) is shown in Figure 1-21. The protective effect of

ethanol against the oxidation of other wine substrates has been demonstrated to be

due to its relatively large proportion in wine. LAURIE and WATERHOUSE (2006) [156]

indicated that ethanol suppressed, but did not preclude the oxidation of glycerol to

glyceraldehyde and dihydroxyacetone in model wine as well as in wine.

Glyceraldehyde is capable of linking flavonoids [157], and thus may potentially alter

the colour and taste of white wines. The omission of ethanol in a model solution

containing (+)-catechin, copper (Cu2+) and tartaric acid led to an increase in browning

[60], implying that ethanol inhibits oxidation of tartaric acid to glyoxylic acid and

yellow-coloured xanthylium cations (see 1.3.3) via scavenging hydroxyl radicals [63].

On the other hand, ethanol can promote polyphenol autoxidation, since it increases

the solubility of oxygen in wine.
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Figure 1-21: Oxidation of ethanol by the hydroxyl radical (adapted from DANILEWICZ (2003)
[70])

According to the Australia New Zealand Food Standard code in Standards 2.7.4 (Wine

and Wine Products) and 4.5.1 [Wine Production Requirements (Australia only)] “Wine

and sparkling wine must contain no less than 80 mL/L of ethanol at 20°C” and

“Fortified wine must contain no less than 150 mL/L and no more than 220 mL/L of

ethanol at 20°C”.

1.3.4.7 Light Exposure

Exposure to light is commonly considered detrimental to wine quality. Light has been

shown to catalyse the consumption of oxygen in bottled wine [251, 281]. This

observation may be a result of accelerated polyphenol autoxidation caused by light-

induced heat production (see section 1.3.4.5). GONZALES CARTAGENA et al. (1994) [117]

noted that the colour stability was more dependent upon light than oxygen

concentration at low temperature (20°C). Another possible explanation for the

catalytic effect of light on oxidative processes in wine may be the generation of

singlet oxygen22 (with no unpaired electrons), which is more reactive towards organic

substances (including polyphenols) than triplet oxygen [281]. However, wine is usually

stored in the absence of light, thus the activation of oxygen is more likely to be due to

the involvement of transition metals (see section 1.3.4.1).

22 Singlet oxygen can be generated chemically, enzymatically, or by photosensitive molecules.
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In a wine-like medium, sunlight stimulated the oxidative degradation of tartaric acid

and consequently the formation of glyoxylic acid, a known precursor of the yellow-

coloured xanthylium cation pigments. CLARK and collaborators [63, 61] also observed

a link between glyoxylic acid and H2O2, which may have been a consequence of the

sunlight-induced production of hydroxyl radicals (see section 1.3.3).

Nonetheless, light not only catalyses oxidative processes in wine, it also affects the

polyphenol composition in grapes and wine as already pointed out (see section 1.3.1).

UV light exposure stimulates the production of the phytoalexin trans-resveratrol in

the grape berry. KOLB et al. (2003) [148] found that natural UV radiation significantly

stimulated flavonol synthesis in grape berries, whereas it decreased the level of

hydroxycinnamic acids. Flavonols, such as quercetin glycosides, absorb UV radiation,

and subsequently provide protection against UV damage [135]. The occurrence of cis-

isomers of hydroxycinnamate and cis-resveratrol in wine can be ascribed to exposure

to light (besides the action of enzymes during fermentation). RECAMALES et al. (2006)

[240] demonstrated that illumination affected mainly trans-caftaric acid and tyrosol.

The effect of antioxidants and closure type on the chemical transformation of

polyphenols, and consequently on wine colour and aroma, will be investigated in the

following sections.

1.4 Role of Antioxidants in Stabilising Sauvignon blanc Aroma

The most common antioxidants23 present in wine are sulfur dioxide, ascorbic acid,

and glutathione. These antioxidants interfere in the process of polyphenol oxidation,

either by removing oxygen from wine or by reversing/altering the oxidation process,

thus preventing discolouration as well as loss of varietal aromas in wine. In the

following paragraphs the role of antioxidants in stabilising white wine aromas (with

the main focus on Sauvignon blanc) will be discussed based on latest research

findings.

23 In this context polyphenols are not considered antioxidants, but rather as the main initial substrate
of wine oxidation (see section 1.3.1).
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1.4.1 Sulfur Dioxide

Sulfur dioxide (SO2) is the oldest preservative employed in winemaking, used

nowadays by winemakers worldwide due to its antimicrobial and antioxidative

properties. The application of SO2 as a wine additive can be traced back to 1487,

when the royal decree of Emperor Maximilian I permitted the burning of sulfur in

wine barrels [288].

Even though SO2 occurs naturally in all wines as a by-product of yeast metabolism

during alcoholic fermentation [237], it is added at several stages in the process of

conventional vinification (from crushing through to bottling). Sulfur dioxide is

commercially available as liquefied gas, sulfurous acid solution (H2SO3), or in salt

form, either as potassium metabisulfite (K2S2O5), also known as PMS, or as sodium

metabisulfite (Na2S2O5) [239], all of which form the same species in aqueous

solutions.

The equilibrium established upon dissociation of SO2 in wine, pictured in Figure 1-22,

is pH-dependent and affected by the presence of wine constituents that bind to

bisulfite (HSO3
-) as well as by wine temperature [317]. Sulfur dioxide exists in wine in

both free and bound forms, their sum equalling total SO2. Free sulfur dioxide is

present as molecular SO2, bisulfite (HSO3
-) and sulfite (SO3

2-), the latter being the form

that can react directly with oxygen, but is present at extremely low concentrations at

wine pH. Only the molecular form exhibits antimicrobial activity, because it is able to

penetrate the cellular membranes of microorganisms [18]. Bisulfite is the

predominant form of free SO2 at wine pH and binds a wide range of wine substances

(particularly acetaldehyde, as well as sugars, keto acids and anthocyanins in red

wine), consequently producing bound sulfur dioxide [335].
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Figure 1-22: Distribution of SO2 species at different pH values (adapted from SNEYD et al.
(1993) [288])

Historically, sulfur dioxide was used to restrict the growth of bacteria and indigenous

yeast, explaining its widespread use in the food and beverage industries. Research

undertaken by BEECH et al. [18] in 1979 indicated that 0.825 mg/L of molecular SO2 is

required to ensure microbial stability of wine.

Sulfur dioxide’s antioxidative role was initially assumed to be that of an oxygen

scavenger. However, it has now been established that under wine conditions the

reaction of oxygen with SO2 (with low levels of SO3
2-) is very slow [27] and requires

metal ions, such as iron and copper [71, 72]. The ability of SO2 to act as an antioxidant

can be summarised as following (Figure 1-23):
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2-) is very slow [27] and requires
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can be summarised as following (Figure 1-23):
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1. SO2 (molecular and HSO3
-) inhibits the enzymatic activity of polyphenol oxidase

[279] and to a lesser extent Botrytis cinerea laccase [335] by destabilising their

disulfide bridges, hence preventing the must from undergoing oxidative browning.

2. SO2 (HSO3
-) converts ortho-quinones back to ortho-dihydroxyphenols (1) and

reacts directly with ortho-quinones (2) [71, 180].

JOHN C. DANILEWICZ (2007) [71] argued that nucleophiles, such as the varietal

thiols, can compete for ortho-quinones with bisulfite. This theory may explain the

protective effect of SO2 on 3-MH in red wine as well as in model wine containing

(+)-catechin observed by BLANCHARD et al. (2004) [25].

3. SO2 (molecular, but mainly HSO3
-) scavenges hydrogen peroxide (3) [70], a by-

product of polyphenol oxidation, as a result limiting the oxidation of ethanol and

other wine compounds [332].

This reaction could be another reason for the antioxidative effect of SO2 towards

3-MH already mentioned above, since hydrogen peroxide catalyses the oxidation

of thiols to disulfides [137].

In addition, sulfur dioxide (as HSO3
-) binds acetaldehyde (4), known to be able to link

flavonoids (thus contributing to discolouration in white wines) [76, 87]. Acetaldehyde

is believed to contribute to the flat (oxidised) character in wines [242].
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Figure 1-23: Antioxidative effect of sulfur dioxide (as HSO3
-) in white wine

Excessive use of SO2 can be not only detrimental to the organoleptic quality of a wine

but also harmful to human health, particularly for asthmatics [147]. Even though

sulfites are considered relatively nontoxic, they have been linked to allergy-like

reactions, defined as ‘sulfite intolerance’24 [294], with symptoms ranging from

nausea, headaches, eczema, diarrhoea, asthma to anaphylactic shock [291]. While

labelling of wines exceeding 10 mg/L of sulfites (measured as total SO2) is compulsory

in the United States and the European Union [174], it is still optional in New Zealand.

The Australia New Zealand Food Standard code in Standards 2.7.4 (Wine and Wine

Products) and 4.5.1 [Wine Production Requirements (Australia only)] states that

“Wine, sparkling wine and fortified wine must contain no more than 250 mg/L in total

of sulfur dioxide in the case of products containing less than 35 g/L of sugars, or

300 mg/L in total of sulfur dioxide in the case of other products”. A free SO2 level of

20 - 50 mg/L at bottling has been recommended for white wines, depending on pH

[239, 335].

24 Unlike allergies, the sulfite intolerance is a non-IgE-mediated reaction, meaning that it does not
involve the immune system.
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Nevertheless, there is a general trend in the wine industry towards minimising SO2

use based on better wine quality and public health concerns. Therefore, it is crucial to

find appropriate substitutes or supplements for SO2.

1.4.2 Ascorbic Acid

Ascorbic acid, commonly known as vitamin C, is naturally present in grapes (50 mg/L

in juice [242]), but disappears rapidly following crushing. It has been widely used as

antioxidant in white wine production for many decades in an attempt to lower SO2

additions. While ascorbic acid and its optical isomer erythorbic acid are still

extensively used in Australia, their application in Europe and the USA is noticeably

declining [28]; although in Germany ascorbic acid is increasingly employed to inhibit

the incidence of ‘untypical aging’ (UTA)25 [129]. In New Zealand, most wineries do not

use ascorbic acid which is in contrast to a decade ago when its application was

widespread, particularly with aromatic white wines [169]. However, some

winemakers (MATT THOMSON, personal communication) add ascorbic acid to the wine

before copper fining in order to reduce disulfides (RSSR) back to sulfides (RSH) [135].

Ascorbic acid is mostly added just prior to bottling at a concentration of 100 mg/L due

to its ability to rapidly scavenge molecular oxygen [139], thereby preventing the onset

of oxidative browning and prolonging the shelf-life of white wines. The potential of

ascorbic acid to recycle ortho-quinones back to ortho-dihydroxyphenols has also been

suggested by various authors [58, 70, 134, 224, 281] (Figure 1-24), but this

mechanism remains to be confirmed, considering the latest findings by MAKHOTKINA

and KILMARTIN (2009) [180]. In their study, no indication of a rapid interaction

between ascorbic acid and ortho-quinones were seen on the cyclic voltammograms of

wine polyphenols together with ascorbic acid.

25 Untypical aging (UTA) off-flavour, often described as acacia blossom, naphthalene, furniture polish,
wet wool, and fusel alcohol, occurs within a few months of storage in Vitis vinifera L. white wines, and
has been associated with the formation of 2-aminoacetophenone (AAP).
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However, under oxygen-rich conditions, ascorbic acid readily oxidises, stimulated by

iron (Fe3+) and copper (Cu2+) metals [70], leading to the formation of dehydroascorbic

acid and hydrogen peroxide [224], a strong oxidising agent (Figure 1-24). The

hydrogen peroxide, activated by metals, is able to oxidise other wine constituents,

e.g. carbonyl compounds and varietal thiols. Therefore ascorbic acid could potentially

contribute to discolouration and aroma loss in Sauvignon blanc wines if added.

Consequently, the complete replacement of SO2 with ascorbic acid as an antioxidant

in white wine is not recommended. Since SO2 is capable of quenching hydrogen

peroxide [224, 239, 335] and binding acetaldehyde, ascorbic acid is used in a

supplementary role to SO2 as a direct scavenger of oxygen. However, a potential

disadvantage of a combined sulfur dioxide-ascorbic acid antioxidant system is the

diminishing availability of the antimicrobial activity of SO2.

Figure 1-24: Suggested anti-oxidative activity of ascorbic acid through quinone reduction
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Ascorbic acid’s optical isomer, erythorbic acid, also acts as an antioxidant [14, 103].

Both wine additives, ascorbic acid and erythorbic acid, are approved by Food

Standards Australia New Zealand in Standards 1.3.1 (Food Additives) and 4.5.1 [Wine

Production Requirements (Australia only)]. Neither exhibits antimicrobial activity nor

inhibits oxidative enzymes [335]. Even though erythorbic acid has very little vitamin C

activity, it is frequently used because of its lower production costs [94].

The beneficial role of ascorbic acid in preventing oxidative spoilage is controversial at

present. Early German literature [139, 140, 141, 142] questioned the function of

ascorbic acid as an antioxidant in wine. KIELHÖFER and WÜRDIG observed that ascorbic

acid did not act as an antioxidant, but rather catalysed the oxidation of other wine

constituents, leading to increased browning during storage and an accelerated

consumption of free SO2.

Other authors, like FESSLER (1961) [103] as well as BAUERNFEIND and PINKERT (1970)

[17], encouraged the use of ascorbic acid to lower the amount of SO2 required when a

combination of both preservatives are used in wine. As long as sufficient free sulfur

dioxide is available to react with hydrogen peroxide, ascorbic acid’s use against

oxidative browning was considered to be appropriate.

Literature published in the early 1990s [185, 216] indicated that wines treated with

ascorbic acid exhibited an increased rate of colouration during subsequent storage

compared to wines containing SO2 as the only preservative. A few years later PENG et

al. (1998) [224] confirmed these findings and raised the question of whether ascorbic

acid exhibits pro-oxidative activity in white wines under certain conditions. The

Australian study showed that while ascorbic acid initially functioned as an antioxidant

in white wine and model wine, with time and high oxygen exposure SO2 consumption

and oxidative browning were enhanced by its presence. The Australian research

group led by Professor GEOFFREY R. SCOLLARY has provided evidence of an ascorbic acid

‘cross-over’ from anti-oxidant to pro-oxidant activity after its depletion in a model

wine matrix containing (+)-catechin. Furthermore, they demonstrated that hydrogen

peroxide alone could not account for the enhanced colouration in these matrices,
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subsequently implying that degradation products of ascorbic acid are capable of

promoting discolouration by generating yellow-coloured xanthylium cations [15, 29,

28, 30, 64]. Erythorbic acid has been shown to be more efficient at minimising

oxidative colour development in a model white wine than ascorbic acid despite

degrading at a faster rate [66].

On the contrary, a recent study by SKOUROUMOUNIS et al. (2005) [284] found that

additions of ascorbic acid before bottling to Riesling (100 mg/L) and Chardonnay

(75 mg/L) resulted in fruitier aromas and less visual browning. A comparable

observation was made for South African Sauvignon blanc wines when 100 mg/L

ascorbic acid was added to the must [295].

Some of the perceived discrepancies between these studies might be due to the

analytical method used to determine browning. The absorbance at 420 nm, which

actually measure yellow colour but usually correlate quite well with browning, are

widely used to estimate the brown (mixture of red + yellow + blue) colour of wines.

However, in the study by SKOUROUMOUNIS et al. (2005) [284] the A420 measurements

did not always appear to correlate with the brown scores (obtained by visual

assessment) or colour measures by CIELAB26 when white wines either with and

without ascorbic acid addition were compared together. Thus, a longer wavelength

(i.e. 500 nm) was suggested to assess the brown colour of white wines.

1.4.3 Glutathione

Similar to ascorbic acid, glutathione occurs naturally in grape must (up to 100 mg/L

[49]), existing either in its reduced (GSH) or oxidised form (GSSG), as shown in

Figure 1-25. The level of this non-protein thiol in must is influenced by the nitrogen

uptake of the vine [55, 158]. Glutathione accumulates in grape berries at the onset of

véraison [1, 209], but diminishes rapidly during crushing due to its reactions with

26 CIE L*a*b* (CIELAB) is a colour measurement system adopted by the CIE (Commission
Internationale de l'Eclairage) in 1976 based on a three-dimensional colour space defined by L*, a* and
b* values, which represent lightness, red to green, and yellow to blue characteristics, respectively.
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ortho-quinones [279] and/or oxidation to the disulfide [42]. The extent of glutathione

loss is affected by pressing conditions (e.g. skin contact, pressure, and oxygen

exposure), with higher concentrations seen for reductive juice treatments [78, 179].

This tripeptide (L-γ-glutamyl-L-cysteinyl-glycine) is the most abundant low molecular

weight thiol in yeast, accounting for about 1 % of the dry weight of Saccharomyces

cerevisiae [227]. Glutathione is an essential endogenous [86] and exogenous sulfur

[119, 150] source for Saccharomyces cerevisiae. This function explains the

disappearance of glutathione during the initial stages of alcoholic fermentation [158].

Towards the end of fermentation the yeast liberates glutathione. Consequently, the

concentration of glutathione in wine is determined by the yeast strain [160, 220].

Figure 1-25: Structure of (a) reduced and (b) oxidised glutathione

As discussed previously (section 1.3.2), glutathione combines with ortho-quinones,

produced during polyphenol oxidation, to generate the thioether 2-S-glutathionyl

caftaric acid. Nevertheless, the glutathione conjugate can be oxidised to the

corresponding quinone by the Botrytis cinerea enzyme laccase [260] and by excess

caftaric acid quinones after glutathione depletion [54, 246]. CILLIERS and SINGLETON

(1990) [58] argued that glutathione not only combines with ortho-quinones, but also
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reduces them, and as a result forming oxidised glutathione (GSSG). This may explain

the increasing caftaric and p-coutaric acid levels in must after a glutathione addition

of 40 and 120 mg/L reported by PENNA et al. (2001) [225] as well as the increase in

total phenols following glutathione addition to a Lebanese white wine observed by EL

HOSRY et al. (2009) [82]. The decline in glutathione available to trap ortho-quinones is

accelerated in the presence of copper. RIGAUD et al. (1991) [246] demonstrated that

cupric ion (Cu2+) addition lowered the concentration of glutathione, consequently

enhancing must browning. Copper fining, just to name one source of copper

contamination in wine (see section 1.3.4.2), is a common winemaking practice

undertaken to remove ‘reductive’ sulfur compounds. However, it has been shown

that additions of CuSO4 to Sauvignon blanc wines not only removed ‘reductive’ sulfur

compounds but also glutathione and varietal thiols, though to a lesser extent [84].

The pool of available must glutathione is positively affected by additions of SO2 and

ascorbic acid [52, 78, 246].

In addition, glutathione also functions in an indirect manner as an antioxidant by

maintaining ascorbic acid in its reduced form in plant cells [206]. However, under

must pH the activity of enzymes involved in the ascorbate - glutathione - cycle (see

Appendix 1-1) is thought to be insufficient [209].

Furthermore, glutathione has been linked to the aroma potential of Sauvignon blanc

grapes (see section 1.2.2). The identification of S-3-(hexan-1-ol)-glutathione [40, 118,

231, 248] and S-4-(methylpentan-2-one)-glutathione [97] in Sauvignon blanc must

indicates that these S-glutathionyl conjugates might be the main precursors,

rather than S-3-(hexan-1-ol)-L-cysteine and S-4-(4-methylpentan-2-one)-L-cysteine,

for 3-MH and 4-MMP, respectively. The concomitant presence of S-cysteinyl

conjugates and the corresponding S-glutathionyl conjugates [40, 248] supports the

role of glutathione S-transferases [EC 2.5.1.18] in detoxification processes. SUBILEAU et



1. Introduction and Literature Review 64

al. (2008) [293] speculated on glutathione’s role as an activator for 3-MH release from

its main precursor27.

The levels of glutathione in young wines are usually around 10 mg/L, therefore lower

compared to the must [78]. During wine storage, glutathione diminishes relatively

rapidly [82, 160, 225], whereas 2-S-glutathionyl caftaric acid is much more stable, but

does decrease with time due to hydrolysis to 2-S-glutathionyl caffeic acid and

2-S-cysteinenyl caffeic acid [53] and non-enzymatic autoxidation [326].

Research undertaken over the last decade has demonstrated the protective role of

glutathione in preventing oxidative browning as well as stabilising white wine aromas.

MOLNAR-PERL and FRIEDMAN (1990) [193] tested the ability of six different antioxidants

to prevent browning in fruit juices. The results revealed that N-acetyl-cysteine and

reduced glutathione were as effective as sodium bisulfite in inhibiting both enzymatic

and non-enzymatic browning in fruit juices. The sulfur-containing amino acid

homocysteine has also been shown to inhibit oxidative browning in dry white wines

(Debina and Sauvignon blanc) [255].

PAPADOPOULOU and ROUSSIS [217] reported in 2001 that glutathione and

N-acetyl-cysteine (each at 20 mg/L) inhibited the decline in linalool and -terpineol,

two monoterpene alcohols which contribute to floral notes in Muscat wines. In 2008

[218], they demonstrated the protective role of these two SH-containing compounds

on monoterpenes as well as volatile esters in wine and model wine. Moreover,

ROUSSIS et al. (2007) [256] investigated the preservative effect of glutathione and

caffeic acid in combination with low free SO2 levels (35 mg/L) on wine volatile (esters,

monoterpenes, fatty acids and higher alcohols). While SO2 only exhibited limited

protection of wine volatiles, glutathione (20 mg/L), caffeic acid (60 mg/L) or their

mixture (10 mg/L + 30 mg/L) slowed down the decrease of several esters and

monoterpenes. In a further trial carried out in a model wine medium [257], SO2

inhibited the decrease of selected aroma volatiles. Similar effects were seen for

27 Results from a study undertaken by our research team at THE UNIVERSITY OF AUCKLAND disproved this
hypothesis. When glutathione (50 mg/L) was added to Sauvignon blanc musts, some decrease in the
concentration of the varietal thiols 3-MHA and 3-MH was instead observed [223].
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mixtures of glutathione with either caffeic acid or gallic acid. These studies indicate an

antioxidative effect of polyphenols towards some aroma compounds presumably via

the consumption of oxygen.

It is a fact that aroma losses in wine are a result of oxidation or other chemical

reactions (e.g. hydrolysis). As already mentioned above, the antioxidative activity of

glutathione, pictured in Figure 1-26, has been ascribed to its nucleophilic 1,4-MICHAEL-

addition to ortho-quinones to form a reduced glutathione conjugate (1). As a thiol,

glutathione is able to reduce ortho-quinones (2) and H2O2 (3). Therefore, it can be

hypothesised that glutathione competes in these reactions with varietal thiols, thus

preventing the loss of the unique passion fruit-type aroma of New Zealand Sauvignon

blanc wines. LAVIGNE-CRUÈGE and DUBOURDIEU (2003) [158] reported that an addition

of 10 mg/L glutathione at bottling to a Sauvignon blanc wine limited the decline of

3-MH and 4-MMP. Moreover, keeping the wine on lees before bottling preserved

both glutathione and varietal thiols. The uptake of oxygen by lees may explain this

phenomenon [262, 261].

Figure 1-26: Antioxidative activity of glutathione in wine
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The addition of glutathione to must or wines is not legally permitted. However, yeast

extracts, containing glutathione, are commercially available, inter alia OptiWHITE®

(LALLEMAND), which claims to preserve the freshness and increase the mouthfeel as

well as aromatic complexity of white wines.

1.4.4 Interactions of Antioxidants, Polyphenols, and Varietal Thiols

Based on the research that has been undertaken to date, it can be concluded that no

single replacement for SO2 has yet been found, combining antimicrobial and

antioxidative characteristics. The potential of ascorbic acid to supplement SO2 as an

antioxidant in white wines is limited due to its pro-oxidative activity. The natural

grape antioxidant glutathione is a more promising alternative (which was confirmed

by MAKHOTKINA and KILMARTIN (2009) [180]) without the disadvantages that have been

associated with ascorbic acid. However, due to its strong reactivity, the pool of

reduced glutathione is depleted relatively quickly throughout the winemaking

process. To my knowledge, no research has been carried out to investigate the

interaction of antioxidants in preserving the passion fruit-type aroma of Sauvignon

blanc wines. All three antioxidants could potentially play a role in preventing the loss

of varietal thiols (Figure 1-27). The hypothesis is that SO2, ascorbic acid, and

glutathione interfere in the polyphenol oxidation process, e.g. via scavenging oxygen

(thus inhibiting polyphenol autoxidation) and/or interacting with the polyphenol

oxidation products, namely ortho-quinones and hydrogen peroxide (H2O2), in

preference to 3-mercaptohexan-1-ol acetate and 3-mercaptohexan-1-ol, and as a

consequence prevent the oxidative degradation of the passion fruit-type aroma notes

in Sauvignon blanc wine.

Additional approaches are available to complement the action of antioxidants in

stabilising white wine aromas. Hyperoxidation is a technique that deliberately

oxidises must to precipitate polyphenols as insoluble brown pigments and eliminates

them before fermentation, therefore enhancing the oxidative stability of white wines

[268]. The downside of this procedure is that it not only lowers the concentration of
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the antioxidant glutathione, but also affects the Sauvignon blanc aroma negatively

[243]. However, white wine (Debina) made from oxygenated must retained its

varietal aroma when glutathione (200 mg/L) was added before hyperoxidation [318].

A further option to remove the main substrate of wine oxidation is the application of

polyvinyl polypyrrolidone (PVPP), a fining agent, which adsorbs polyphenols [289,

326]. Chelating agents are capable of removing iron and copper metals, the catalysts

of oxidative processes in wine [27]. Moreover, leaving the wine in contact with their

lees is a traditional oenological practice that has been shown to improve the aroma

stability of Sauvignon blanc due to oxygen consumption by wine lees. On the other

hand, the use of lees might have the opposite effect, since as they are known to

eliminate thiols via the formation of disulfide bonds with yeast mannoproteins [159].

Figure 1-27: Proposed model for the prevention of polyphenol-mediated aroma losses by SO2,
ascorbic acid, and glutathione

The impact of closure type on the aroma stability of white wines (including Sauvignon

blanc) will be discussed in the next section.
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1.5 Effect of Closure Type on Sauvignon blanc Aroma Stability

The contact between oxygen and wine is not only critical during winemaking, but also

for bottle aging processes. Thus, the type of closure plays one of the most important

roles in wine evolution post-bottling, besides other parameters such as level of

antioxidants, temperature, humidity, and position of storage, as well as the

composition of the wine. It is widely accepted that white wine development does not

benefit from oxygen exposure. According to EMILE PEYNAUD (1984) [229], “It is the

opposite of oxidation, a process of reduction or asphyxia, by which wine develops in

the bottle.”. Traditionally, cork has been the choice of wine closure for centuries, and

still is in most of the Old World winemaking countries. Over the past decade,

winemakers, particularly in New World wine regions, have shifted away from the

taint-prone cork to screw caps, with New Zealand and Australia leading the move.

1.5.1 Cork

Cork has been used as a wine closure since ancient times when the Greeks and

Romans employed cork to seal wine amphoras. Cork is the stripped bark from the

cork oak tree Quercus suber, native to Mediterranean countries with Portugal

accounting for 50 % of the total cork production in the world. Cylindrical cork

stoppers are suited as closures for wine bottles due to their compressibility,

resilience, chemical inertia, and imperviousness to liquids and gases. Besides these

remarkable features, cork represents also a natural, renewable, environmentally

friendly, and sustainable resource. The standard 24 mm wide cork is available in

different lengths, the most common being 38 and 45 mm [135].

However, problems associated with the use of cork as wine bottle closure, namely

‘cork taint’ and ‘random oxidation’, have been the predominant drivers for

winemakers to seek alternative closures. Cork taint is an organoleptic defect

perceived as musty, mouldy, earthy odour in wine, causing economical losses in the

wine industry. 2,4,6-Trichloroanisole (TCA) is regarded as the prime cause of this

problem, producing a musty, mouldy odour in wine at a few parts per trillion.
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Nevertheless, several other chemical compounds identified in wine have been

implicated in cork taint, including 1-octen-3-one and 1-octen-3-ol (mushroom,

metallic), guaiacol (burnt, smoky, and medical), geosmin and 2-methylisoborneol

(earthy, musty, and muddy), as well as 2-methoxy-3,5-dimethylpyrazine (fungal must)

[178, 269]. A further widely recognised problem encountered with natural cork

stoppers is the random bottle oxidation [34, 331] leading to premature browning and

loss of fruitiness in white wines due to oxygen ingress through the heterogeneous

structure of this closure. In addition, other drawbacks associated with cork stoppers

are leakage, deposits, and ‘flavour scalping’ (absorption of aroma compounds) [135].

A range of alternative wine closures are currently commercially available, including

agglomerated and technical cork stoppers (natural cork with a synthetic component),

synthetic closures, as well as metal screw caps. Although the synthetic closures (e.g.

Nomacorc® and Supreme Corq®) eliminate the occurrence of cork taint (unlike

agglomerated and technical cork stoppers), they possess a higher oxygen permeability

[166] (thus leading to premature aging), and show a greater absorbance capacity for

non-polar aroma compounds [24, 39, 233]. On the other hand, screw caps offer a cost

effective, recyclable, and reliable alternative to the traditional cork stopper.

1.5.2 Screw Cap

The screw cap, also known as roll-on tamper-evident (ROTE), as a wine closure was

developed in 1959 by the French manufacturer Le Bouchage Mécanique. Compared to

cork closures, screw caps seal around the rim of the wine bottle rather than along the

internal surface of the bottle neck. A diameter of 30 mm and a length of 60 mm are

the current standard dimensions in the wine industry for screw caps, which are

composed of two components.
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1. The outer, made of malleable aluminium alloy, represents the cap that screws

onto threads on the bottle neck, generally attached to a long printable skirt,

resembling the traditional wine capsule covering the cork.

2. The liner, a multilayered wad, provides the seal between the closure and the

bottle.

 A 19 μm inert film of polyvinylidene chloride (PVDC), also known as Saran®, is

in contact with the wine and the bottle rim.

 The PVDC film is backed with a 20 μm thick tin foil layer, acting as a gas

barrier.

 The final layer (approximately 2 mm) is made of food-grade, expanded

polyethylene, imparting elastic resilience in order to maintain compression.

Two types of liners enable the winemaker to control the oxygen transmission

through the screw cap closure. The Saranex® liner is made of expanded

polyethylene covered on both sides with a polyethylene-PVDC-polyethylene film,

whereas the Saran®-tin liner contains a layer of tin between PVDC, white kraft

paper and expanded polyethylene, thus lowering the oxygen permeability [290].

Screw caps are generally superior to cork stoppers in retaining antioxidants (e.g.

sulfur dioxide and ascorbic acid) and minimising oxidation (browning) [104, 114, 168]

due to lower oxygen permeability through this closure [166], thus preserving the

aromatic freshness of the wines for a longer period of time. Screw caps also eliminate

the incidence of cork taint [104, 114] and flavour scalping [39]; although one study

suggested that the Saranex® liner in screw caps may absorb aroma compounds, such

as varietal thiols [168]. In addition, wine bottles sealed with ROTE closures are easily

opened and resealed (recapped). Nonetheless, the anaerobic environment in the

wine bottle created by a close to airtight seal like the screw cap may lead to the

development of ‘reductive’ characters (rubber and struck flint) in wine. Considering
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that this problem is not exclusively observed for screw-capped wines [104, 114, 285]

and that traditional winemaking processes are based on the cork closure, alternative

approaches such as copper fining should eliminate the risk of ‘reductive’ odours.

The resistance of the consumer towards screw caps, which historically have been

associated with inexpensive wines, was responsible for the limited commercial use of

this wine closure. It was not until 2000, when a pioneering group of South Australian

winemakers in the Clare Valley, led by JEFFREY GROSSET, decided to bottle their

Rieslings under screw cap. Today, more than 90 % of wines produced in New Zealand

are sealed with screw caps [203]. This achievement can largely be attributed to the

NEW ZEALAND SCREWCAP WINE SEAL INITIATIVE, established in 2001 [290].

1.5.3 Cork versus Screw Cap

Wine closures are used to exclude oxygen from entering the bottle. The oxygen

uptake during storage is largely affected by the oxygen permeability of the wine

closure. The initial oxygen level depends on the headspace (volume, pressure, and gas

composition) between closure and wine, as well as the bottling conditions. Bottle

orientation might also affect oxygen ingress into the wine, and subsequently wine

evolution. The closure debate between Old and New World winemakers is ongoing

and fundamentally deals with the question whether oxygen is required for wine

development in the bottle or not. The impact of oxygen on the post-bottling wine

chemistry has already been pointed out previously. Nowadays, it is generally

recognised that natural cork is permeable to oxygen, but quantities entering the wine

can be quite variable. Considering that wine development is a result of reduction

phenomena [242], the screw cap with its airtight seal is the closure of choice offering

consistent aging.

Several studies have investigated the influence of closure type on wine development

post-bottling. Trials conducted during the 1970s in Australia under the direction of

Dr. BRYCE RANKINE demonstrated the superiority of screw caps (Stelvin®) over cork in

maturing wines [238]. Two decades later, WATERS et al. (1996) [331] and CALOGHIRIS et
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al. (1997) [34] found evidence that corks are responsible for oxidative spoilage of

white wines due to oxygen permeation, causing random oxidation.

In 2001, GODDEN et al. [114] published a paper about the performance of various wine

bottle closures, including natural corks, technical corks, synthetic closures, and one

ROTE, on a 1999 Clare Valley Semillon up to 20 months post-bottling. Wine bottled

under screw cap displayed the highest retention of free and total SO2 as well as

ascorbic acid, the lowest incidence of browning (A420), and the least variation

between bottles for all compositional variables. In general, SO2 loss was highly

correlated with wine browning. The sensory evaluation of these wines revealed that

the ROTE closure was rated highest in fruity attributes and lowest in oxidised as well

as developed characters, although it scored the highest reduced aroma notes after 18

months of storage. The authors suggested that this negative aroma attribute

developed as a result of an anaerobic environment caused by the small filling height

(32 mm, instead of the recommended 53 mm) of the ROTE bottles applied. These

results agree with those reported by KWIATKOWSKI et al. (2007) [151] who showed that

Cabernet Sauvignon scored highest in reduced characters under screw cap with the

smallest ullage volume (4 mL = filling height of 16 mm). Furthermore, the level of SO2

was closely related to the sensory score for fruity characters.

SKOUROUMOUNIS et al. (2005) [285] showed that Riesling and Chardonnay stored under

ROTE resulted in the least oxidised wines compared to natural cork and synthetic

closures. Once again, a struck flint/rubber aroma developed during storage in the

wines sealed under screw cap or in glass ampoules.

BRAJKOVICH et al. (2005) [31] investigated the effect of cork and screw cap on the

development of a Marlborough Sauvignon blanc wine, employing different initial SO2

concentrations (20, 25, and 30 mg/L) and filling heights (10 mm for cork; 20, 25, and

30 mm for screw caps). Over the first four months, the decline of free SO2 in the

bottle was greatest under cork with 48 ± 5 % (versus 28 ± 5 %), corresponding to the

initial dissolved oxygen levels, which were lower one day after bottling in screw-

capped wines (0.5 - 0.9 mg/L) than cork-sealed wines (0.8 - 1.6 mg/L). From that time
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onwards the oxygen ingress rate seemed to be comparable for both closure types,

since free SO2 losses were similar under cork and screw cap, which was confirmed by

BLAKE et al. (2009) [24]. LOPES et al. (2009) [168] recently demonstrated that the

amount of dissolved oxygen in Sauvignon blanc wine introduced at bottling was

responsible for the greater loss of the antioxidants ascorbic acid and SO2 during the

first two months of storage. Afterwards the levels of antioxidants have been linked to

the oxygen transfer rate of the different wine closures tested. The filling height had

only a marginal effect on the SO2 levels of the screw-capped wines in the study by

BRAJKOVICH et al. (2005) [31], but in general SO2 values were lower with larger

headspace volumes. KWIATKOWSKI et al. (2007) [151] found that screw-capped

Cabernet Sauvignon with the largest headspace volume (64 mL = filling height of 104

mm) had lower free and total SO2 levels after bottling and exhibited the greatest SO2

loss over a period of six weeks post-bottling, presumably related to the amount of

oxygen present in the headspace at bottling. The initial SO2 levels had no statistical

significance on varietal thiol concentration retained in the Marlborough Sauvignon

blanc wines after 23 months of storage. However, the concentration of 3-MH and

3-MHA were 18 and 24 % higher in screw-capped wines (same initial SO2 levels of 30

mg/L), respectively, although the wines were not perceived as different by a sensory

panel. The authors assumed that the greater loss under cork was mainly due to the

absorption of these aroma compounds into the cork stopper, since SO2 concentration,

polyphenol levels and A420 (browning) did not indicate an oxidative degradation of

these varietal thiols. LOPES et al. (2009) [168] also detected higher levels of 3-MH in

Bordeaux Sauvignon blanc wine sealed under screw cap (with Saran®-tin liner) and

bottle ampoule compared to natural cork and other wine bottle closures (including

screw cap with Saranex® liner). A recent the AWRI (AUSTRALIAN WINE RESEARCH

INSTITUTE) report [315] highlighted the detrimental effect of copper fining on the

varietal Sauvignon blanc aroma alongside a higher oxygen transfer rate observed for

the cork closure after 8 months of bottling. Interestingly, the copper addition at

bottling had no significant effect on the struck-flint character (which was rated higher

in wines sealed with screw cap) after 13 months in the bottle.
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The lower rate of antioxidant losses under screw cap reported above has been related

to the lower oxygen permeability of the ROTE closure. LOPES et al. (2007) [166]

showed that oxygen ingress into wine bottles through closures is important during

bottling and in the first month of storage rather than in the following time thereafter.

The oxygen ingress through natural corks declined gradually (0.5 - 4.4 μL/day in

vertical storage and 1.7 - 6.1 μL/day in horizontal storage) for the remainder of the

first year, followed by a low rate of oxygenation throughout a further 12 months in

vertical storage (0.1 - 2.7 μL/day) and 24 months in horizontal storage (0.1 - 2.3

μL/day). Screw caps and technical cork stoppers (Neutrocork® and Twin Top®)

exhibited consistently low levels of oxygen permeation (< 1 μL/day) during storage,

which is similar to observations made by GODDEN et al. (2005) [115], displayed in

Table 1-5. However, the oxygen permeability of the natural cork stopper varied

widely (more than 1000-fold) in the AWRI closure performance trial.

Table 1-5: Oxygen permeability (μL of oxygen per day) of screw cap, technical, and natural
cork measured approximately 36 months post-bottling [115]

closure mean range

screw cap 0.5 0.2 - 0.8

technical cork 1.0 0.7 - 1.3

natural cork 17.9 0.1 - 122.7

The oxygen ingress rate was independent of the bottle storage position (vertical or

horizontal) for most closures tested in this study by LOPES et al. (2007).

SKOUROUMOUNIS et al. (2005) [285] recently reported that bottle orientation (upright

or inverted) during 5 years of storage had little effect on the composition and sensory

properties of white wines. By contrast, MAS et al. (2002) [186], found that wine

evolved better when the bottles were stored horizontally rather than vertically, and

that natural cork was the most suitable closure for wine evolution.

The routes by which oxygen enters the bottle through different stoppers (uncovered,

closure-glass interface-covered, and fully covered with impermeable polyurethane
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varnish) has been investigated also by LOPES et al. (2007) [167]. In natural and

technical cork (Neutrocork®) the air contained within the stopper was the major

source for oxygen ingress into the wine bottle during the initial 12 and 24 months of

storage, respectively. One year after storage, oxygen also entered the bottle through

the closure-glass interface of the natural cork stopper due to the diminishing internal

pressure. The synthetic closures (e.g. Nomacorc®) exhibited high oxygen permeability,

which indicates that atmospheric oxygen diffuses throughout the stopper, mainly

after the first month in the bottle.

Nonetheless, not only the oxygen permeability should be taken into consideration

when selecting the closure, but also the effect of the closure type on the initial

oxygen entry into the headspace at bottling. KONTOUDAKIS et al. (2008) [149] found

that the closure type significantly affected oxygen levels in the headspace during the

bottling process due to the fact that different closures generated different headspace

volumes and internal overpressures. Bottles sealed with natural corks had the lowest

headspace oxygen concentrations ranging from 1.31 to 2.12 mg/L, while screw-

capped bottles had 3.29 mg/L oxygen in the headspace, probably because of the

greater headspace volume generated by this type of closure. This study demonstrates

that headspace volume is also a crucial factor for the wine development post-bottling,

if it is not controlled by a vacuum or inert gas system (using nitrogen, carbon dioxide

or argon) during bottling.

Considering the findings of the studies presented here, the closure plays a

fundamental role in the evolution of wine during bottling aging. Despite the scientific

evidence of the efficiency of the ROTE closure, the historical problem with screw caps

remains in most Old World winemaking countries – acceptance by the consumer.
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1.6 Research Objectives and Overview

The scope of this thesis is concerned with the aroma stability of New Zealand

Sauvignon blanc wine. The varietal thiols 3-mercaptohexan-1-ol acetate and

3-mercaptohexan-1-ol along with methoxypyrazines are key aroma compounds for

this white wine variety. Methoxypyrazines, responsible for the ‘herbaceous’

characters, are very stable against oxidation, while varietal thiols, responsible for the

‘tropical’ fruit notes, degrade relative quickly with time. Hence, improving the stability

of the varietal thiols is crucial in order to preserve the fresh, fruity characters of New

Zealand Sauvignon blanc wines for a longer period of time. The loss of 3-MH seems to

be linked to polyphenol oxidation [25, 72], a process which can be inhibited by

antioxidants, such as sulfur dioxide, ascorbic acid, and glutathione. The latter

antioxidant was of particular interest due to its preservative effect on varietal thiols in

a recent French study [158]. At the onset of the project, only one French paper [201]

dealt with 3-MHA stability, which was likely due to very low levels of this varietal thiol

in Sauvignon blanc wines from France. However, the pungent passion fruit-type

aroma (‘sweet-sweaty passion fruit’), typical of the New Zealand Sauvignon blanc

style, has been correlated with 3-MHA [31, 172], which is present in uniquely high

concentrations in many New Zealand Sauvignon blanc wines, particularly from the

Marlborough region [21]. To date, no scientific literature has focussed on the

evolution of 3-mercaptohexan-1-ol acetate and 3-mercaptohexan-1-ol in white wines

(including Sauvignon blanc), and their contribution to the aroma changes (loss of

fruitiness) generally observed for New Zealand Sauvignon blanc within the first year

of bottle aging.
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Consequently, the objectives of my research project were:

 To monitor the stability of 3-MHA and 3-MH in New Zealand Sauvignon blanc in

relation to the polyphenol and antioxidant content, with a focus on glutathione,

in order to understand the processes by which these key aroma compounds are

lost.

 To gain information about regional differences in glutathione and polyphenol

levels of Sauvignon blanc wines, and their relation to the aroma changes seen in

New Zealand Sauvignon blanc wines.

 To examine the reaction kinetics of varietal thiol changes in order to uncover the

mechanism(s) leading to the decline of 3-MHA and 3-MH.

 To develop a reversed-phase high-performance liquid chromatography (RP-HPLC)

procedure (see Chapter 3) using an electrochemical detector to measure levels of

glutathione alongside diode-array detection of white wine polyphenols.

In order to determine the effects of oxidative processes upon 3-MHA and 3-MH

stability in relation to polyphenol and antioxidant content of Sauvignon blanc wines, a

trial involving screw cap versus cork closure was undertaken over a period of 2 years.

Although most wines in New Zealand are bottled under screw cap, it was decided to

include the cork closure, since the closure debate is ongoing and the persistent lack of

consumer acceptance of alternative closures in the Old World. The evolution of

polyphenols, free and total sulfur dioxide as well as glutathione was followed over

time. The progress of white wine oxidation was additionally monitored by measuring

the absorbance at 420 nm which corresponds to browning. The data accumulated

from this comprehensive study have been used to investigate the relationships

between all of the measured parameters.
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To elucidate the contribution of varietal thiol to the noticeable loss of fruitiness (and

predominance of ‘herbaceous’ characters) in an resealed Sauvignon blanc bottle after

several days of storage, half-emptied bottles were subjected to two different

headspace compositions (oxygen or nitrogen) and temperature regimes (4 and 16°C)

during 5 days of storage.

A screening of Sauvignon blanc wines from different origins (New Zealand and

overseas) of consecutive vintages for glutathione and polyphenol using a newly

developed RP-HPLC method was carried out in order to explain aroma changes in

Sauvignon blanc wines throughout bottle aging, assuming that the degradation of

varietal thiols is a polyphenol-mediated process.

A range of accelerated storage trials (applying elevated temperatures), conducted in a

model white wine matrix as well as a white wine matrix (Sauvignon blanc), allowed an

insight into the reaction kinetics of varietal thiols by studying the influence of ‘pro-

oxidants’ (metals and polyphenols), ‘anti-oxidants’ (sulfur dioxide, ascorbic acid, and

glutathione), as well as temperature and pH; thereby uncovering the mechanism(s)

leading to the disappearance of the passion fruit-type aromas in Sauvignon blanc.

The ultimate goal of this research project has been to help winemakers to better

understand the aroma changes occurring in Sauvignon blanc wines with time and to

extend the shelf-life of their wines.
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Chapter 2

Materials and Methods

2.1 Instrumentation

2.2 Experimental Set-Up

2.3 Methods

2.4 Data Analysis

2.1 Instrumentation

Flow Injection Analysis (FIA)

The analysis of free and total sulfur dioxide in Sauvignon blanc wines and model white

wines was undertaken with a FIAstarTM 5000 Analyzer in 2-channel configuration with

Sampler 5027 (FOSS, Denmark) controlled by SoFIA software at the PERNOD RICARD

winery (Auckland, New Zealand).

Gas Chromatograph (GC) coupled to a Mass Selective Detector (MSD)

An AGILENT 6890N gas chromatograph equipped with a 7683B automatic liquid

sampler, a G2614A autosampler, and a 5973 mass selective detector, all provided by

AGILENT TECHNOLOGIES (USA), was used to analyse varietal thiols, which were separated
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on an AGILENT HP-INNOWax capillary column (60 m x 0.252 mm ID, 0.25 μm film

thickness), whose stationary phase consisted of polyethylene glycol. Helium

(instrument grade), supplied by BOC (Auckland, New Zealand), was used as carrier gas.

The system was operated using the AGILENT MSD ChemStation D.01.02.16 software.

High-Performance Liquid Chromatography (HPLC)

The separation of white wine polyphenols, ascorbic acid and glutathione took place

using a PHENOMENEX Luna C18 column (250 x 4.6 mm ID, 5 μm particle size; USA) on an

AGILENT 1100 series instrument (AGILENT TECHNOLOGIES, Germany), equipped with a

G1379A degasser, a G1311A quaternary pump, a G1313A autosampler, a G1316A

column compartment, and a G1315B diode-array detector for polyphenol and

ascorbic acid detection, and coupled to a Model 5340 COULOCHEM® III

electrochemical detector (ECD) with Model 5010 Standard Analytical Cell (ESA, USA)

for glutathione detection (Appendix 2-2). The AGILENT ChemStation software for LC

Rev. B.01.03 was used for data processing and control of the complete system.

Incubator

All treatments of the accelerated storage trials were kept in a CONTHERM digital series

incubator (Lower Hutt, New Zealand) at elevated temperatures (30 and 45°C) during

the trial period.

Magnet Stirrer

All prepared solutions (> 10 mL) were stirred on the VELP® SCIENTIFICA MULTISTIRRER 15

(Italy). A VARIOMAG® Multipoint 6 Stirrer (THERMO SCIENTIFIC, USA) was used for the

preparation of the model white wine base in 2 L SCHOTT bottles and the

homogenisation of all treatments used for accelerated storage trials in 1 L volumetric

flasks.
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Oven

A CONTHERM Thermotec 2000 oven (Model 2050) was used to dry all the analytical

glassware (at 90°C).

pH Meter

All pH measurements were performed on a THERMO ORION 420A plus benchtop pH-

meter (THERMO SCIENTIFIC, USA), calibrated at pH 4.00 and 7.00, using a JANKE & KUNKEL

magnetic stir plate (RH basic 2 IKAMAG®, IKA®-Werke, Germany).

Spectrophotometer

A THERMO Spectronic GENESYSTM 10 UV spectrophotometer (THERMO SCIENTIFIC, USA)

was used to measure the absorbance at 420 nm (A420) of Sauvignon blanc wines and

model white wines, as well as for the determination of the concentration of 3-MH and

3-MHA standards at 412 nm (A412).

Vortex Mixer

Solutions ≤ 10 mL were mixed using a VELP® Vortex Mixer (Model ZX3, VELP®

SCIENTIFICA, Italy).

Water Purification System

A BARNSTEAD® NANOpure DIamondTM Water Purification System (THERMO SCIENTIFIC,

USA) supplied Type I water with resistivity of 18.2 MΩ/cm at 25оC for aqueous

solutions needed for analytical procedures. Distilled water was only used for the final

rinse of the analytical glassware, which were initially cleaned in a dishwasher and

rinsed with absolute ethanol (AR; ECP).
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2.2 Experimental Set-Up

2.2.1 Manually Bottled Sauvignon blanc Stability Trial

The Sauvignon blanc wines used for the 2-year storage trial were produced during the

2005 vintage from grapes sourced right across Marlborough (Figure 2-28) by the

MARLBOROUGH WINE RESEARCH CENTRE (n = 10), VILLA MARIA (n = 3) and MATUA VALLEY

(n = 3). It is important to note that the wines were considered to be prematurely aged

upon arrival at the Wine Hall (TAMAKI CAMPUS, THE UNIVERSITY OF AUCKLAND), as

assessed by the low levels of free SO2 (see Table 2-6), determined using FIA (see

2.3.3).

Figure 2-28: Location of the Marlborough vineyards used in the manually bottled Sauvignon
blanc stability trial
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Table 2-6: Chemical parameters of manually bottled Sauvignon blanc wines upon arrival in
Auckland, and the yeast used for fermentation in Marlborough

wine yeast pH free / total SO2 [mg/L]

Booker 4 cane EC1118 3.02 4.8 / 27.4
Booker 2 cane EC1118 3.02 3.2 / 30.4
Oyster Bay 4 cane EC1118 3.08 4.0 / 22.4
Oyster Bay 2 cane EC1118 3.07 2.4 / 21.6
Sea View 4 cane EC1118 3.12 4.8 / 18.4
Sea View 2 cane EC1118 3.16 4.8 / 24.2
Squire 4 cane EC1118 3.05 3.2 / 18.4
Squire 2 cane EC1118 3.10 1.6 / 19.2
Villa Maria 4 cane EC1118 3.03 1.6 / 14.4
Villa Maria 2 cane EC1118 3.06 4.0 / 19.2
Jackson control VL3 3.47 8.0 / 25.6
Jackson skina VL3 3.37 8.0 / 25.6
Taylor Pass EC1118 3.50 4.0 / 20.0
Chaytor EC1118 3.21 3.2 / 17.6
Ponder Shop EC1118 3.41 1.6 / 19.2
Shingle Peak Cottage EC1118 3.45 3.2 / 22.4

a 3 hours skin contact

After adjustment of SO2 levels (addition of 20 mg/L) with potassium metabisulfite

(REDOX CHEMICALS) in order to make up for losses which had occurred during transport

of the wine to Auckland, the wines were fined with bentonite (C.A.L, Auckland, New

Zealand) and cold stabilised for 14 days at -4°C, then racked and allowed to warm to

room temperature prior to bottling. At bottling a further addition of PMS (10 mg/L) to

each wine was made to bring the free SO2 level up to above 20 mg/L. All wines were

passed through a 0.45 μm filter before reaching the 2 head bottle filling machine

(MARCHISIO, Italy), pictured in Figure 2-29. The 350 mL Antique Green coloured bottles

were initially filled with CO2 (food grade; BOC, Auckland, New Zealand) to displace the

air. The wines were bottled in triplicate at a fill height of 75 mm (the distance from

the rim of the bottle to the liquid level) under both cork (24 x 38 mm; ESVIN, New

Zealand), using a corking machine (Model PLATINA, ZANGROSSI, Italy), and screw cap (30

x 60 mm; GLOBALCAP NZ, New Zealand), using a bench-mounted, semi-automatic

screw capping machine (M85, MAUCERI BORGHETTO, Italy).
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Figure 2-29: Manual bottling procedure employed at THE UNIVERSITY OF AUCKLAND

Table 2-7: Identification codes for manually bottled Sauvignon blanc wines
parameter description abbreviation

vineyard Booker B
Oyster Bay OB
Sea View SV
Squire S
Villa Maria VM
Jackson control JC
Jackson skin JS
Taylor’s Pass TP
Chaytor C
Ponder Shop PS
Shingle Peak Cottage SPC

pruninga 4 cane 4c
2 cane 2c

a The code for pruning only applies to the Sauvignon blanc wines obtained from the MWRC.
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All wine bottles were stored upright in the dark in a temperature-controlled room at

15°C for a period of two years. Evaluation of the wines, whose nomenclature is

provided in Table 2-7, took place prior to bottling and after 3, 728, 12, and 24 months

for varietal thiols, polyphenols, SO2, glutathione, and colour.

2.2.2 Commercially Bottled Sauvignon blanc Stability Trial

It was recognised that more oxygen would have entered the wines because of the

manual bottling procedure at THE UNIVERSITY OF AUCKLAND Wine Hall (Figure 2-29)

compared to a commercial bottling line. Thus, Sauvignon blanc wines predominantly

made from grapes from the Marlborough region were obtained from PERNOD RICARD

(n = 4) and VILLA MARIA (n = 3) directly after commercial bottling (all under screw cap)

in 2007 (Table 2-8).

Upon arrival (PERNOD RICARD wines - 16/10/07, VILLA MARIA wines - 09/10/07), two

bottles of each wine were frozen at -20°C (0 months - control), while the other bottles

were kept in the dark in a temperature-controlled room at 15°C until analysis of

varietal thiols, polyphenols, SO2, glutathione, and colour at the 3- and 7-month

sampling point (duplicate bottles). The identification code for each sample is listed in

Table 2-9.

Table 2-8: Commercially bottled Sauvignon blanc wines
wine bottling date pH

Brancott Estate B Sauvignon blanc 06/08/2007 2.99
Brancott Sauvignon blanc 12/10/2007 3.17
Stoneleigh Rapaura Series Sauvignon blanc 10/08/2007 3.21
Triplebank Awatere Valley Sauvignon blanc 13/07/2007 3.16
Esk Valley Hawkes Bay Sauvignon blanc 28/09/2007 3.25
Villa Maria Cellar Selection Sauvignon blanc 27/09/2007 3.30
Villa Maria Private Bin Sauvignon blanc 08/10/2007 3.29

28 no data available for Jackson control and skin (VILLA MARIA)
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Table 2-9: Identification codes for commercially bottled Sauvignon blanc wines
parameter description abbreviation

company Pernod Ricard PR
Villa Maria VM

label Brancott Estate B B
Brancott (Marlborough) M
Stoneleigh Rapaura Series SR
Triplebank Awatere Valley TAW
Esk Valley Hawkes Bay EV
Villa Maria Cellar Selection CS
Villa Maria Private Bin PB

2.2.3 Headspace Trial

VILLA MARIA’s Cellar Selection 2007Sauvignon blanc wines (eight 750 mL bottles) were

used to carry out this trial. A rubber septum (Suba-Seal™, 37 - fits neck ID 19 mm,

SIGMA-ALDRICH) was inserted into half of the bottles and fastened with a copper wire.

350 mL of wine was removed through a disposable needle (0.8 x 80 mm) using

nitrogen gas (food grade; BOC, Auckland, New Zealand), which entered the bottles via

another needle, as displayed in Figure 2-30 (a). The rubber septum was covered

afterwards with PARAFILM® “M” (see Figure 2-30 (b)). 350 mL of wine was poured

out of the other four bottles the conventional way, which were resealed with the

screw cap after allowing oxygen to enter (Figure 2-30 (c)). Two bottles of each

treatment were then kept in the dark at either 4°C (refrigerator) or 16°C

(temperature-controlled room) for 5 days. Bottles under nitrogen atmosphere

(control of day 0 plus treatments) were evaluated for varietal thiols, polyphenols, SO2,

glutathione, and colour.
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Figure 2-30: Experimental set-up of the headspace trial

2.2.4 Glutathione and Polyphenol Screening of Sauvignon blanc Wines

Commercially available Sauvignon blanc wines from different countries of two

consecutive vintages were screened for levels of polyphenols and glutathione (single

injection). The first set consisted of fifty-two wines (Appendix 2-3), mostly from the

2004 vintage, which originated from New Zealand (n = 32), France (n = 5), South

Africa (n = 6), the USA (n = 4), Chile (n = 1), and Australia (n = 5). New Zealand was

represented by the following regions: Gisborne (n = 1), Hawke’s Bay (n = 7),

Wairarapa (n = 7), and Marlborough (n = 17). The twenty-seven wines of the second

set (Appendix 2-4), mainly from the 2005 vintage, came from New Zealand (n = 16),

France (n = 2), the USA (n = 3), Chile (n = 2), and Australia (n = 4). New Zealand wines

were selected from Martinborough (n = 1), Hawke’s Bay (n = 3), Wairarapa (n = 2),

and Marlborough (n = 10).

(a) Removal of wine under N2

(c) Wines under O2 atmosphere

(b) Wines under N2 atmosphere
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2.2.5 Accelerated Storage Trials

Increasing the temperature is a common tool to accelerate the aging process (see

section 1.3.4.5). Given the complexity of the wine matrix, it was decided to conduct

kinetic studies of 3-mercaptohexan-1-ol acetate and 3-mercaptohexan-1-ol under

various conditions in a model white wine matrix to ensure better control of variables

in the system. In order to validate the results obtained from the model white wine

trials, some of treatments were repeated under similar conditions in a white wine

matrix.

Additions of varietal thiols, pro-oxidants (metals and polyphenols), and anti-oxidants

were made depending on the trial conducted. Generally, 3-MH and 3-MHA were

added at concentrations of approximately 5000 ng/L and 1000 ng/L, respectively;

levels often found in New Zealand Sauvignon blanc wines [21]. Iron (Fe3+) and copper

(Cu2+) were initially present in excess at similar concentrations (~ 10 mg/L) to

accelerate the oxidation process, but the levels were lowered in later trials, to give

concentrations similar to those found in wine. The antioxidants sulfur dioxide (SO2),

glutathione (GSH), and ascorbic acid (AA) were supplemented into the matrix at

100 mg/L each in order to compare their antioxidative activity. With regards to

polyphenols, caffeic acid (ca) was chosen to represent the hydroxycinnamates as

major polyphenol fraction in white wines (100 mg/L), while (+)-catechin (cat) and in

some cases (-)-epicatechin (epi) were used to represent the flavonoids (20 or 100

mg/L, depending on the trial).

2.2.5.1 Accelerated Model White Wine Storage Trials

Reagents

Solutions were prepared using Grade 1 water (BARNSTEAD® NANOpure DIamondTM Water

Purification System) or absolute ethanol (≥ 99.5 %, UNIVAR, AJAX FINECHEM). L-(+)-Tartaric acid

(≥ 99 %), hydrochloric acid (37 %) and sodium hydroxide (pellets, ≥ 99 %) were reagent grade
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and were purchased from SCHARLAU. Iron(III) was added as iron(III) chloride hexahydrate

(reagent grade, ≥ 98 %, SIGMA-ALDRICH) and copper(II) as copper(II) sulfate pentahydrate (AR

grade, 99 - 100.5 %, PRONALYS). Potassium metabisulfite (PMS) was purchased from REDOX

CHEMICALS, and L-glutathione reduced (≥ 98 %) was from SIGMA-ALDRICH. L-ascorbic acid

(≥ 99 %), catechin hydrate (≥ 98 %), epicatechin (≥ 90 %), and caffeic acid (≥ 98 %) were

products from SIGMA. 3-Mercaptohexan-1-ol (≥ 98 %) was provided by INTERCHIM, while

3-mercaptohexan-1-ol acetate (≥ 98 %) came from OXFORD CHEMICALS. Nitrogen (food grade)

and argon were supplied by BOC (Auckland, New Zealand). All reagents were used without

further purification.

Model White Wine Base

The model wine (mw) was prepared in 2 L SCHOTT bottles by dissolving 5 g/L of

L-(+)-tartaric acid in an ultrapure water/ethanol (88:12 v/v) solution. After adjustment

of the pH to 3.20, using sodium hydroxide (10 N, 1 N) and hydrochloric acid (1 N), the

medium was purged with N2 for 15 min in order to lower the dissolved oxygen

content.

Model White Wine Trials

The 1st trial studied the influence of metals and antioxidants on varietal thiol stability.

3-MH (at ~ 5000 ng/L) and 3-MHA (at ~ 700 ng/L) were prepared according to the

method described in section 2.3.1.1.1, and aliquots were added into 1 L volumetric

flasks (containing approximately 900 mL model white wine medium each), followed

by the supplementation with iron (as iron(III) chloride hexahydrate), copper (as

copper(II) sulfate pentahydrate), SO2 (as PMS29), glutathione, or ascorbic acid at the

required concentrations (all in solid form), displayed in Table 2-10.

29 When potassium metabisulfite (PMS) is dissolved in an aqueous solution only 57 % by weight is
theoretically present as SO2. But in practice it is assumed to be 50 % due to the possible loss of SO2.
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Table 2-10: Experimental design of the 1st model white wine triala

sample
(triplicate)

3-MH
[ng/L]

3-MHA
[ng/L]

Fe3+

[mg/L]
Cu2+

[mg/L]
SO2

[mg/L]
GSH

[mg/L]
AA

[mg/L]

1mw 1 5068 750

1mw 2 5068 750 10.2

1mw 3 5068 750 10.1

1mw 4 5068 750 100.0

1mw 5 5068 750 100.1

1mw 6 5068 750 99.9
a analysis points: day 0 (onset of experiment), 14, and 42

The 2nd trial examined the influence of metal and antioxidant interactions (as seen

Table 2-11) on the varietal thiol stability. The experiment was conducted as outlined

above.

Table 2-11: Experimental design of the 2nd model white wine triala

sample
(triplicate)

3-MH
[ng/L]

3-MHA
[ng/L]

Fe3+

[mg/L]
Cu2+

[mg/L]
SO2

[mg/L]
GSH

[mg/L]
AA

[mg/L]

2mw 1 5202

2mw 2 997

2mw 3 5202 997

2mw 4 15°Cb 5202 997

2mw 5 5202 997 10.1

2mw 6 5202 997 10.1

2mw 7 5202 997 10.1 10.1

2mw 8 5202 997 10.1 10.1 100.2
2mw 9 5202 997 10.0 10.1 100.1
2mw 10 5202 997 10.0 10.1 100.2
2mw 11 5202 997 10.1 10.1 100.0 100.4
2mw 12 5202 997 10.1 10.0 100.1 100.0
2mw 13 5202 997 10.1 10.1 100.3 100.4
2mw 14 5202 997 10.1 10.0 100.0 100.1 100.2

a analysis points: day 0 (onset of experiment), 14, and 28
b control (2mw 3) at 15°C
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The 3rd varietal thiol stability trial included polyphenols, besides metals and

antioxidants, to create a medium with a similar composition to wine. It was found

equally acceptable and more convenient (for this and the following experiments) to

dissolve metals as well as antioxidants in water, and polyphenols in absolute ethanol

prior to addition to the model white wine base. Table 2-12 displays the experimental

design of this trial.

Table 2-12: Experimental design of the 3rd model white wine triala

sample
(triplicate)

3-MH
[ng/L]

3-MHA
[ng/L]

Fe3+

[mg/L]
Cu2+

[mg/L]
SO2

[mg/L]
GSH

[mg/L]
AA

[mg/L]
cat

[mg/L]
epi

[mg/L]
ca

[mg/L]

3mw 1 5803 1063 8.5 12.0

3mw 2 5803 1063 8.5 12.0 100.3

3mw 3 5803 1063 8.5 12.0 96.0

3mw 4 5803 1063 8.5 12.0 100.3
3mw 5b 5803 1063 8.5 12.0 20.1 100.1

3mw 6 5803 1063 8.5 12.0 100.1 20.1 100.2

3mw 7 5803 1063 8.5 12.0 100.9 20.1 100.7

3mw 8 5803 1063 8.5 12.0 100.0 20.1 100.6

3mw 9 5803 1063 8.5 12.0 100.1 100.4 20.1 100.3

3mw 10 5803 1063 8.5 12.0 100.1 100.0 20.1 100.0

3mw 11 5803 1063 8.5 12.0 100.5 100.0 20.1 99.7

3mw 12 5803 1063 8.5 12.0 100.1 100.0 100.0 20.1 100.1
a analysis points: day 0 (onset of experiment), 14, and 28
b in duplicate only

A 4th trial was conducted to complement the 3rd with focus on glutathione as

stabiliser of the passion fruit-type characters. The treatments (Table 2-13) without

added glutathione were identical to the 3rd trial. A lower copper content (0.1 mg/L)

was applied in the glutathione treatments with each polyphenol present at 100 mg/L,

since glutathione oxidises in the presence of copper, hence would not be available as

an antioxidant.
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Table 2-13: Experimental design of the 4th model white wine triala

sample
(duplicate)

3-MH
[ng/L]

3-MHA
[ng/L]

Fe3+

[mg/L]
Cu2+

[mg/L]
GSH

[mg/L]
cat

[mg/L]
epi

[mg/L]
ca

[mg/L]

4mw 1 5498 1260 8.5 12.0 100.1

4mw 2 5498 1260 8.5 12.0 100.4

4mw 3 5498 1260 8.5 12.0 99.9

4mw 4 5498 1260 8.5 0.1 100.3 100.4

4mw 5 5498 1260 8.5 0.1 100.0 100.5

4mw 6 5498 1260 8.5 0.1 100.3 100.2 100.5
a analysis points: day 0 (onset of experiment), 3, 6, and 12

For the 5th trial, the most relevant antioxidant combinations, with and without

polyphenol additions, from previous model white wine studies were chosen

(Table 2-14) and examined employing a copper content (0.2 mg/L) closer to that

expected to be found in commercial Sauvignon blanc wines.

Table 2-14: Experimental design of the 5th model white wine triala

Sample
(triplicate)

3-MH
[ng/L]

3-MHA
[ng/L]

Fe3+

[mg/L]
Cu2+

[mg/L]
SO2

[mg/L]
GSH

[mg/L]
AA

[mg/L]
cat

[mg/L]
ca

[mg/L]

5mw 1 5557 1054 8.4 0.2

5mw 2 5557 1054 8.4 0.2 100.0

5mw 3 5557 1054 8.4 0.2 100.1

5mw 4 5557 1054 8.4 0.2 100.1

5mw 5 5557 1054 8.4 0.2 100.0 100.1

5mw 6 5557 1054 8.4 0.2 100.0 100.1 100.1

5mw 7 5557 1054 8.4 0.2 20.1 100.7

5mw 8 5557 1054 8.4 0.2 100.0 20.1 100.0

5mw 9 5557 1054 8.4 0.2 100.1 20.1 100.0

5mw 10 5557 1054 8.4 0.2 100.1 20.1 100.0

5mw 11 5557 1054 8.4 0.2 100.0 100.1 20.1 100.2

5mw 12 5557 1054 8.4 0.2 100.0 100.0 100.1 20.1 100.3

5mw 13 5557 1054 20.1 99.5

5mw 14 5557 1054 100.0 100.2 100.1 20.1 100.3
a analysis points: day 0 (onset of experiment), 14, and 28
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After homogenisation (15 min), the solutions were placed into 100 mL ERLENMEYER

flasks (SCHOTT), which were modified in order to minimise the headspace volume (see

Figure 2-31). The headspace (< 5 mm) of each flask was sparged with argon for a few

seconds prior to sealing with a DURAN® hexagonal glass stopper (10/19).

Figure 2-31: 100 mL ERLENMEYER flask used for the accelerated storage

The flasks were held in the dark at a constant temperature of 45°C in an incubator

(CONTHERM), except for the 1st model white wine experiment which was conducted at

30°C. The changes in varietal thiols were monitored throughout the trial period

alongside SO2, glutathione, ascorbic acid as well as polyphenols and colour

(depending on the trial). Figure 2-32 provides an overview of the set-up of these

experiments.
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Figure 2-32: Experimental set-up of the model white wine trials

2.2.5.2 Accelerated Sauvignon blanc Storage Trial

A total of twenty-two commercial Sauvignon blanc wines (eleven bottles each of

Stoneleigh Rapaura Series Sauvignon blanc 2007 and Brancott Estate B Sauvignon

blanc 2007, provided by PERNOD RICARD) were combined in a 20 L bottle. Similar to the

model white wine set-up, metals, polyphenols and antioxidants were added to the

wine (w) matrix; their concentrations are listed in Table 2-15. OptiWHITE®

(LALLEMAND), a natural yeast derivative rich in glutathione (see 1.4.3), was trialled in

this experiment at a concentration equalling a glutathione addition of 10 mg/L, which

has been shown to preserve varietal thiols in Sauvignon blanc [158].

(1) Model white wines (4th trial) in 1 L volumetric flasks

(2) Model white wines (5th trial) in 100 mL flasks

(3) Model white wines (2nd trial) in oven
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Table 2-15: Experimental design of the accelerated Sauvignon blanc stability trial
sample
(triplicate)

Fe3+

[mg/L]
Cu2+

[mg/L]
SO2

[mg/L]
GSH

[mg/L]
AA

[mg/L]
cat

[mg/L]
ca

[mg/L]
OptiWHITE®

[mg/L]

w 1

w 2 15°Ca

w 3 501.7b

w 4 7.8

w 5 0.1

w 6 20.3 100.4

w 7 7.8 0.1 20.2 100.7

w 8 100.0

w 9 100.0

w 10 100.0

w 11 100.0 100.2

w 12 100.0 100.0

w 13 99.9 100.0

w 14 100.0 100.4 100.0
a control (w 1) at 15°C
b According to the manufacturer, 500 mg/L of OptiWHITE® contains > 2 % glutathione (~ 10 mg/L).

The 100 mL ERLENMEYER flasks were stored in the dark at 45°C, apart from one

treatment (w 2), which was kept at 15°C in a temperature-controlled room.

Evaluation of these wines for varietal thiols, polyphenols, SO2, glutathione, and colour

occurred at the onset of the experiment (day 0), and after 14 as well as 28 days.

2.2.5.3 pH Trials

The pH trial in a model white wine medium was conducted in duplicate, while the pH

trial in a white wine matrix was carried out in triplicate with the exception of both

extreme pH values (duplicates only).

2.2.5.3.1 pH Trial in a Model White Wine Matrix

For the model white wine base, 5 g of L-(+)-tartaric acid was dissolved in each of the

three 1 L SCHOTT bottles containing 12 % (v/v) aqueous ethanol. The pH was adjusted

to 2.00, 3.20, or 7.00 (10 N, 1 N NaOH; 4 N, 1 N HCl). Iron(III) chloride hexahydrate
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and copper(II) sulfate pentahydrate (freshly made up in ultrapure water) were added

into 1 L volumetric flasks to give the required Fe3+ and Cu2+ concentrations of

8.4 mg/L and 0.1 mg/L, respectively, followed by 3-MHA additions at a concentration

of ~ 5000 ng/L. The 100 mL ERLENMEYER flasks were maintained in the dark at 45°C

during the 14-day storage period. Analysis of varietal thiols was conducted at day 0, 7,

and 14.

2.2.5.3.2 pH Trial in a White Wine Matrix

For the wine base, seven bottles of Brancott Sauvignon blanc 2007 (PERNOD RICARD)

were combined in a 5 L bottle. The adjustment of the different pH values (2.00, 3.00,

3.25, 3.50, and 7.00) was carried out in 1 L Schott bottles (10 N, 1 N NaOH; 4 N, 1 N

HCl). An aliquot of 3-MHA at a concentration of ~ 5000 ng/L was then added to each

treatment in a 1 L volumetric flask; no metals were supplemented in the wine. Prior

to analysis of varietal thiols, polyphenols, SO2, glutathione, and colour, the 100 mL

ERLENMEYER flasks were held in the dark at 45°C. The evaluations of these wines took

place at day 0, 14, and 28. Figure 2-33 shows the Sauvignon blanc wine at different

pH values before accelerated storage.

Figure 2-33: Sauvignon blanc wine at different pH values

Samples of all the experiments described above were kept frozen at -20°C from the

date of sampling until instrumental analysis could be undertaken.

pH 2.00 pH 3.00 pH 3.25 pH 3.50 pH 7.00
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2.3 Analytical procedures

2.3.1 Gas Chromatography-Mass Spectrometry (GC/MS) Analysis of

Varietal Thiols

Extraction of the varietal thiols 3-MHA and 3-MH was carried out according to the

method developed by TOMINAGA et al. (1998) [307], which was modified by TAKATOSHI

TOMINAGA himself (oral communication, June 2004) and our research laboratory. This

selective enrichment technique is based on the reversible combination of varietal

thiols with p-hydroxymercuribenzoate (p-HMB), shown in Figure 2-34. The resulting

complex is then fixed onto an anion exchange column, followed by the elution of

thiols with cysteine (cys), and extraction with dichloromethane prior to concentrating.

Figure 2-34: Reversible combination of varietal thiols with p-HMB

Reagents

Solutions were prepared using Grade 1 water (BARNSTEAD® NANOpure DIamondTM Water

Purification System) or absolute ethanol (≥ 99.5 %, UNIVAR, AJAX FINECHEM). Hydrochloric acid

(37 %, reagent grade) and sodium hydroxide (pellets, ≥ 99 %, reagent grade), di-sodium

hydrogen phosphate dihydrate (≥ 99.5 %), sodium acetate trihydrate (99.5 - 100.5 %), and

sodium sulfate anhydrous (powder, extra pure, 98.5 - 100.5 %) were obtained from SCHARLAU.

4-Hydroxymercuribenzoic acid sodium salt (≥ 95.0 % Hg) came from SIGMA, L-cysteine

hydrochloride hydrate (99 %) and butylated hydroxyanisole (BHA) were purchased from

ALDRICH. TRIS (ultrapure, ≥ 99.9 %) was provided by APPLICHEM and DOWEX® (1x2, Cl--form,

strongly basic, 50 - 100 mesh) was a product of SIGMA-ALDRICH. 5,5′-Dithio-bis-(2-nitrobenzoic
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acid) or DTNB (99 %) was from ACROS ORGANICS. Ethyl acetate (≥ 99.7%, LC-MS

CHROMASOLV®, FLUKA) and dichloromethane (for gas chromatography, SupraSolv®, MERCK)

were used as solvents. 3-Mercaptohexan-1-ol (≥ 98 %) was supplied by INTERCHIM, while

3-mercaptohexan-1-ol acetate (≥ 98 %) came from OXFORD CHEMICALS. As internal standards,

3-mercapto[1-2H2]hexan-1-ol ([1-2H2]3-MH) and 3-mercapto[1-2H2]hexan-1-ol acetate

([1-2H2]3-MHA) were synthesised by HEBDITCH et al. (2007) [125]. Hexane (95 %, BURDICK &

JACKSON) and isopropanol (UNICHROM, AJAX FINECHEM) were needed to wash the syringe.

Nitrogen (food grade) and helium (instrument grade) were sourced from BOC (Auckland, New

Zealand). All reagents were used without further purification.

Procedure

5 mL of p-HMB (2 mM in a 0.1 M TRIS solution) was added to 50 mL of wine or model

white wine, followed by further additions: 0.5 mL of a 2 mM BHA solution, 50 μL of a

isotopically labelled 22 μM 3-MH ([1-2H2]3-MH) and 2.8 μM 3-MHA ([1-2H2]3-MHA)

mix, used as internal standards for 3-MH and 3-MHA, respectively. The sample was

stirred magnetically for 10 minutes prior to pH adjustment to 7.00 ± 0.05 (10 N, 1 N

NaOH; 1 N HCl), then loaded onto a strongly basic anion exchange column (DOWEX®),

which had been previously activated using 0.1 M HCl, and then rinsed with ultrapure

water. After percolation of the sample at 1 drop every 5 seconds, the column was

washed with 50 mL of a 0.1 M sodium acetate buffer (pH 6.00) to eliminate residual

contaminants. The varietal thiols were released from the thiol-p-HMB-complex fixed

onto the column by percolating 50 mL of a 50 mM L-cysteine solution (in 0.1 M

sodium acetate buffer), adjusted to pH 6.00, at 1 drop every 7 seconds. The eluate

containing the varietal thiols was extracted twice for 5 minutes each with

dichloromethane (4 and 2 mL) after addition of 0.5 mL ethyl acetate. The collected

organic phase was dried over sodium sulfate anhydrous, filtered through silanised

glass wool (SUPELCO), then concentrated under nitrogen flow to ~ 25 μL in an amber

crimp top vial with bottom spring insert (ALLTECH), sealed with ALLTECH aluminium cap

(PTFE/silicone septum) for immediate (single) injection into the GC/MSD system.
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GC/MS Conditions

The gas chromatographic analysis of varietal thiols was carried out using an AGILENT

6890/5973 inert GC/MSD system. The inlet temperature was held at 240°C. 5 μL of

the sample was injected in split mode with a split ratio of 5:1 and split flow of

5 mL/min, and delivered onto a HP-INNOWax capillary column (60 m x 0.252 mm ID,

0.25 μm film) using helium as carrier gas (112 kPa) at an initial flow rate of 1 mL/min

(for 38.30 minutes), raised to 2.4 mL/min after separation of the compounds of

interest. The initial oven temperature (50°C for 5 minutes) was ramped up to a

maximum temperature of 250°C (Table 2-16) for a run time of 64.31 minutes. The

temperature of the interface line was 230°C. The ion source, operating in electron

impact mode at 70 eV, was held at 230°C. The quadrupole temperature was set at

150°C.

Table 2-16: Temperature program of the gas chromatographic oven

ramp rate [°C/min] final temperature [°C] final time [min]

1 3 115 0
2 40 150 3
3 4 173 0
4 70 250 17
5 40 50 3

Thiol analysis was performed in selective ion monitoring (SIM) mode. Ions selected for

identification (besides the retention time [tR] given by a standard solution) and

quantification of analytes and internal standards are displayed in Table 2-17.

Table 2-17: Selected ions used for identification and quantification of thiols

thiols tR [min] qualifier ions [m/z] quantifier ion [m/z]

[1-2H2]3-MHA 34.29 118, 103 118
3-MHA 34.34 116, 101 116
[1-2H2]3-MH 37.45 136, 102 136
3-MH 37.52 134, 100 134
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2.3.1.1 Method Evaluation

2.3.1.1.1 Quantitative Determination of Thiol Standards Using ELLMAN’s Reagent

A colourimetric test, originally developed by ELLMAN (1959) [85], was employed to

assay the concentration of 3-MH and 3-MHA standards. This method is based on the

rapid and stoichiometric reaction of one mole of thiol with 5,5′-dithio-bis-

(2-nitrobenzoic acid) (DTNB, also known as ‘ELLMAN’s reagent’), bringing about the

formation of one mole of the yellow-coloured dianion of 5-thio-2-nitrobenzoate

(TNB), which is spectrophotometrically quantified by measuring the absorbance at

412 nm.

Procedure

The DTNB solution was prepared by dissolving 36 mg of 5,5′-dithio-bis-(2-nitrobenzoic

acid) in 10 mL 0.1 M sodium phosphate buffer (pH 8.00). The thiol solutions were

prepared by diluting 25 μL of prior diluted 3-MH and 3-MHA standards (10 μL pure

standards added to 500 μL absolute ethanol, referred to as S1) in 500 μL absolute

ethanol (S2). All reactions (one blank plus two thiol standards in triplicates) were

carried out in 10 mm optical path length cuvettes (KARTELL), containing 975 µL

ultrapure water, 500 µL sodium phosphate buffer (0.1 M), 500 µL DTNB solution, and

25 µL absolute ethanol (for blank), 3-MH or 3-MHA solution. The absorbance was

recorded for each thiol standard against the blank at 412 nm with the Thermo

Spectronic GENESYSTM 10 UV spectrophotometer. The A412 values obtained were

divided by 13600 M-1 cm-1 (the molar absorption coefficient of the reagent30) and

multiplied by the dilution factors of the solution to get the molarity of the 3-MH and

3-MHA standard solutions (S2), needed for calibrations (see following section) and

accelerated storage trials (see section 2.2.5).

30 The universally used molar absorption coefficient (13600 M-1 cm-1 ), originally published by ELLMAN
[85], was applied here although recent literature [95] reassessed and corrected this value to 14150 M-1

cm-1 (at 25°C).
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2.3.1.1.2 Calibration, Recovery, and Repeatability

Individual standard solutions for varietal thiols were prepared in absolute ethanol.

This solution was used for accelerated stability trials (section 2.2.5) and for the

preparation of a working solution containing both thiols in absolute ethanol required

for calibration purposes.

Calibration curves were obtained with generally nine and ten calibration points for

wine and model white wines, respectively, in a typical range of the compounds

investigated by adding increasing quantities of the reference standards to either

50 mL Sauvignon blanc wine or model white wine base. For each calibration solution,

the varietal thiols were extracted from the wine or model white wine matrix

according to the method described above. The area of each peak corresponding to

the selected ion was calculated by manual integration. Since both varietal thiols were

naturally present in the wine sample, the calibration was corrected by subtracting the

blank ratios [peak area of analyte/peak area of internal standard]. The ratios of the

peak area of analyte to peak area of internal standard were plotted against the

corresponding thiol concentration (linear regression). Figure 2-35 shows the

calibration curve for both varietal thiols extracted from a model white wine matrix.

The regression equation and coefficient of determination r2 as an example of a

calibration (including calibration range) conducted in a model white wine matrix (used

for accelerated stability trials) and wine matrix (used for the manually and

commercially bottled Sauvignon blanc stability trials as well as the headspace trial)

can be found for both varietal thiols in Table 2-18. A new calibration was conducted

when the instrument performance changed, although each time similar results

(regression equation and coefficient of determination r2) were obtained.
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Figure 2-35: Calibration curves for 3-MHA and 3-MH in model white wine

Table 2-18: Regression equations with r2 (including calibration range) of varietal thiols

matrix 3-MHA/[1-2H2]3-MHA 3-MH/[1-2H2]3-MH

model white wine y = 499.49x + 4.0177, r2 = 0.9996
(40 - 1200 ng/L)

y = 3784.6x + 49.659, r2= 0.9998
(200 - 8000 ng/L)

white wine y = 557.81x - 44.759, r2 = 0.9982
(100 - 2000 ng/L)

y = 3417.2x + 134.09, r2 = 0.9960
(1000 - 16,000 ng/L)

y = 499.49x + 4.0177
r² = 0.9996
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The percentage recovery (100 x [concentration recovered/concentration added]) for

3-MHA and 3-MH is shown in Table 2-19 using the same model white wine calibration

displayed above. Similar percentage recovery values were obtained for the other

calibrations. Generally, the recovery was found to be very good for both thiols.

Table 2-19: % Recovery for 3-MHA and 3-MH in model white wine

3-MHA [ng/L]

recovered 37.7 72.3 113.6 143.9 290.2 452.7 580.4 717.5 862.1 1323.7

added 36.5 72.9 109.4 145.8 291.7 437.5 583.4 729.2 875.1 1312.6

% recovery 103.4 99.1 103.9 98.7 99.5 103.5 99.5 98.4 98.5 100.8

3-MH [ng/L]

recovered 253.8 460.5 675.7 896.5 1761.3 2751.1 3633.1 4568.0 5377.7 8175.8

added 226.6 453.2 679.9 906.5 1812.9 2719.4 3625.9 4532.4 5438.8 8158.2

% recovery 112.0 101.6 99.4 98.9 97.2 101.2 100.2 100.8 98.9 100.2

The repeatability of this method was evaluated by repeating the analysis of the same

sample six times under constant operating conditions. The mean μ, standard

deviation σ, coefficient of variation CV (ratio of σ to μ), as well as the relative standard

deviation RSD (absolute value of the coefficient of variation) obtained for 3-MHA and

3-MH in a white wine-like matrix are displayed in Table 2-20.

Table 2-20: Repeatability of the varietal thiol analysis in model white wine

sample 3-MHA [ng/L] 3-MH [ng/L]

mw 1 1003 5629
mw 2 997 5647
mw 3 983 5724
mw 4 1002 5778
mw 5 1014 5727
mw 6 991 5632
μ 998 5690
σ 10 62
CV 0.011 0.011
RSD [%] 1.1 1.1
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2.3.2 Reversed-Phase High-Performance Liquid Chromatography Analysis

of Polyphenols, Ascorbic Acid, and Glutathione

Wine polyphenols were determined using the reversed-phase high-performance

liquid chromatography (RP-HPLC) method described previously [144]. This method

was adapted for white wines and modified (described in detail in Chapter 3) in order

to separate and detect ascorbic acid as well as glutathione (with inclusion of an

electrochemical detector) simultaneously with polyphenols in a single run.

Reagents

Solutions were prepared using Grade 1 water (BARNSTEAD® NANOpure DIamondTM Water

Purification System) or absolute ethanol (≥ 99.5 %, UNIVAR, AJAX FINECHEM). Gallic acid

monohydrate (≥ 98 %), catechin hydrate (≥ 98 %), epicatechin (≥ 90 %), caffeic acid (≥ 98 %),

trans-p-coumaric acid (≥ 98 %), trans-ferulic aid, trans-resveratrol (> 99 %), quercetin-3-β-D-

glucoside (≥ 90 %), rutin hydrate (≥ 94 %), quercetin dihydrate (≥ 98 %), and L-ascorbic acid

(≥ 99 %) were purchased from SIGMA. Tyrosol (> 99.5 %) was sourced from FLUKA and

L-glutathione reduced (≥ 98 %) was a product of SIGMA-ALDRICH. EDTA disodium salt, dihydrate

(reagent grade, 99.4 - 100.6 %), acetic acid glacial (HPLC-grade, ≥ 99.8 %), and methanol

(HPLC grade, ≥ 99.9 %) were obtained from SCHARLAU, acetonitrile (gradient grade) came from

MERCK. Argon was provided by BOC (Auckland, New Zealand). All reagents were used without

further purification.

Procedure

About 2 mL of the sample (wine or model white wine) was filtered through a 0.45 μm

membrane filter (Minisart RC 15, SARTORIUS) into an amber screw top vial (AGILENT)

using a syringe (Luer Lock Tip, TERUMO®). The headspace was flushed with argon for a

few seconds; the vial was then sealed with a polypropylene screw cap (PTFE/silicone

septum; AGILENT) for direct (single) injection into the HPLC system. EDTA was added in
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excess to samples containing metals in order to bind copper and iron prior to

filtration.

HPLC/DAD/ECD conditions

20 L of the sample was injected into an AGILENT 1100 series instrument, equipped

with a G1315B diode-array detector (DAD) and coupled to a Model 5340 ESA

COULOCHEM® III electrochemical detector (ECD). The DAD was set at 260 nm (for

ascorbic acid), 280 nm (for hydroxybenzoic acids, tyrosol, and flavan-3-ols), 320 nm

(for hydroxycinnamates, the GRP, and stilbenes), and 365 nm (for flavonols); the ECD

(for glutathione) was kept at a potential (E1) of +750 mV, operating in DC mode. The

mobile phase consisted of a ternary solvent mixture: (A) ultrapure water, (B)

ultrapure water/acetic acid (CH3COOH) solution (95:5 v/v), and (C) acetonitrile

(CH3CN), delivered at a constant flow rate of 0.8 mL/min onto a PHENOMENEX Luna C18

column (250 x 4.6 mm ID, 5 μm particle size), which operated at 25°C. The solvent

gradient of the RP-HPLC analysis can be found in Table 2-21. These parameters were

kept constant for each sample analysed with a total run time of 90 minutes. A blank

run was carried out after every four samples.

Table 2-21: RP-HPLC elution program for white wines

time [min]
A [%]
(H2O)

B [%]
(5 % CH3COOH)

C [%]
(CH3CN)

0 45 55 0
10 25 75 0
20 0 100 0
30 0 100 0
50 0 90 10
60 0 85 15
70 0 55 45
80 45 55 0
90 45 55 0
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Since little is known about the polyphenol composition of Sauvignon blanc wines, it

was decided to monitor a wide range of compound: hydroxycinnamates - trans-

caftaric acid (including the GRP), cis- and trans-p-coutaric acid, trans-fertaric acid31, as

well as their respective hydrolysed forms (trans-caffeic acid, trans-p-coumaric acid,

and trans-ferulic acid); tyrosol; gallic acid represents the hydroxybenzoic acids; trans-

resveratrol was chosen as representative stilbene; flavonoids - (+)-catechin,

(-)-epicatechin, quercetin and its glycosidic form, quercetin-3-O-glucoside.

Polyphenols and ascorbic acid were identified using retention times (tR) and

absorption wavelength maxima (λmax), given by the respective reference standard or

published in the literature if no standard was commercially available, while

glutathione was identified using the retention time only (Table 2-22). Quantification

of all of these compounds was carried out by external standard calibration curves.

2.3.2.1 Method Evaluation

External standard calibrations were obtained for each compound investigated by

dissolving standards of polyphenols in absolute ethanol (except for quercetin32) and

of ascorbic acid as well as glutathione in ultrapure water. Serial dilutions of these

stock solutions were made with model white wine (12 % [v/v] aqueous ethanol, 5 g/L

tartaric acid, pH 3.20), encompassing a typical concentration range for the compound

of interest. The calibration solutions were filtered and injected onto the HPLC system,

employing the same conditions as previously discussed. A five-point calibration curve

was generated for each compound by plotting the peak area (obtained via auto

integration) versus the analyte concentration. Standard calibration curves were linear

in the range of concentrations typically found for these compounds in white wines.

Table 2-22 illustrates the tools applied for quantification of all analytes investigated.

Recoveries close to 100 % were obtained for all standards except for quercetin.

31 Part-way through the project it was concluded, that what were originally assumed to be cis-/trans-p-
coutaric acid co-eluting and trans-fertaric acid turn out to be actually cis- and trans-p-coutaric acid,
respectively, based on further inspection of their spectra and λmax.
32 The quercetin standard solution was solely prepared in methanol due to quercetin’s poor solubility in
other media containing ascorbic acid as an antioxidant at 20 mg/L (to limit quercetin oxidation).
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Table 2-22: Parameters used to quantify glutathione, ascorbic acid, and polyphenols

compound reference
tR

[min]
λmax

[nm]
regression equation
(calibration range)

r2

+750 mV

glutathione reduced standard 5.6 - y = 0.00004x + 0.2383
(0.8 - 15 mg/L)

0.9997

260 nm

ascorbic acid standard 4.1 242 y = 0.0356x + 8.0329
(10 - 200 mg/L)

0.9999

280 nm

gallic acid standard 8.9 270 y = 0.0159x - 0.0077
(1 - 20 mg/L)

1

(+)-catechin standard 35.4 278 y = 0.0656x + 0.0517
(1 - 20 mg/L)

1

tyrosol standard 36.7 274 y = 0.0814x + 0.8591
(1 - 20 mg/L)

0.9990

(-)-epicatechin standard 53.3 278 y = 0.0662x + 0.2554
(0.5 - 10 mg/L)

0.9998

320 nm

trans-caftaric acid literature 22.2 326 a a

GRP literature 25.2 326 a a

cis-p-coutaric acid literature 32.4 310 b b

trans-p-coutaric acid literature 33.8 314 b b

trans-fertaric acid literature - 328 c c

trans-caffeic acid standard 45.3 322 y = 0.0082x + 0.026
(1.5 - 60 mg/L)

0.9999

trans-p-coumaric acid standard 59.4 310 y = 0.0071x - 0.001
(0.5 - 20 mg/L)

0.9999

trans-ferulic acid standard 65.8 322 y = 0.0084x + 0.007
(0.5 - 20 mg/L)

0.9999

trans-resveratrol standard 71.7 306 y = 0.0084x + 0.552
(0.5 - 20 mg/L)

0.9977

365 nm

rutin standard 67.5 354 y = 0.0344x + 0.1801
(0.5 - 10 mg/L)

0.9997

quercetin-3-O-glucoside standard 68.0 354 d d

quercetin standard 73.0 374 d d

a trans-caftaric acid and GRP were quantified as trans-caffeic acid
b cis- and trans-p-coutaric acid were quantified as trans-p-coumaric acid
c trans-fertaric acid was quantified as trans-ferulic acid
d quercetin-3-O-glucoside and quercetin were quantified as rutin due to a low r2 obtained for quercetin
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2.3.3 Flow Injection Analysis (FIA) of Sulfur Dioxide

The standard method for determining free and total sulfur dioxide is the aeration-

oxidation method (also known as aspiration method) [133]. This widely recognised

technique involves removing SO2 from an acidified wine sample via aspiration into a

hydrogen peroxide solution (containing an acid-base indicator), where sulfur dioxide

is oxidised to sulfuric acid. The sulfuric acid is then titrated with standardised sodium

hydroxide (NaOH). While this method permits the determination of free and bound

sulfur dioxide by varying the temperature, it is a laborious and time-consuming

procedure for routine analysis (approximately 30 minutes per sample), thus not

suited to cope with the vast sample quantities of this research project.

Flow injection analysis, using the FIAstarTM 5000 Analyzer in 2-channel configuration,

is a fast and reliable method (approximately 2 minutes per sample), allowing the

simultaneous analysis of free and total sulfur dioxide in Sauvignon blanc wines and

model white wines.

Principle

Free SO2 - The sample is first acidified with hydrochloric acid solution (1N HCl). The

liberated SO2(gas) diffuses through a membrane into a phosphate buffer solution,

where it is combined with DTNB (at 35°C) to form a yellow-coloured complex which is

measured at 420 nm.

Total SO2 - The sample is directly mixed with the phosphate buffer solution and

merged with DTNB, reacting with all sulfur dioxide present (at 50°C). The yellow-

coloured complex formed is separated from interferrants via dialysis before the

absorbance is recorded.



2. Materials and Methods 109

2.3.4 Spectrophotometric Colour Analysis

The absorbance at 420 nm (A420) is commonly used in the wine industry as an

indicator of the degree of white wine browning, and subsequently white wine

oxidation during storage (see section 1.3) [133, 273, 334]. BRADSHAW et al. (2001) [28]

determined 440 nm as the wavelength corresponding to the maximum absorbance of

coloured pigments in a model wine containing the (+)-catechin, whereas by GEORGE et

al. (2006) [112] found that caffeic acid induced an increased absorbance at higher

wavelengths corresponding to red colour as observed by SKOUROUMOUNIS et al. (2005)

[284] for white wines. However, the measurement of A420, based on the procedure

described by ILAND (2004) [133], as additional marker of oxidation progress was

considered adequate for this research project.

Procedure

4 mL of the sample was filtered through a 0.45 μm membrane filter (Minisart RC 15,

SARTORIUS) into a 10 mm optical path length cuvette (KARTELL). The colour of

Sauvignon blanc wines and model white wine solutions containing polyphenols were

measured at 420 nm against the blank (model white wine base) using a Thermo

Spectronic GENESYSTM 10 UV spectrophotometer.
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2.4 Data Analysis

The mean (μ), standard deviation33 (σ), as well as relative standard deviation (RSD) of

all analytical results obtained throughout this project were calculated using Microsoft

Excel 2007. Statistical analysis was performed using SPSS® Statistics 17.0. All data

were submitted for One-Way analysis of variance (ANOVA). Statistical significance

was set at the conventional 5 % level. The TUKEY honestly significant difference (HSD)

test (p < 0.05) was used as the means separation test. Differences between two

variables were tested using STUDENT’s t-test (p < 0.05). Two-Way analysis of variance

was conducted if applicable in order to evaluate the existence of significant

interaction (p < 0.05) between two independent factors on all investigated

parameters. Furthermore, the accumulated data have been used to investigate

relationships (* = significant at p < 0.05; ** = significant at p < 0.01; *** = significant

at p < 0.001) between all parameters using PEARSON’s correlation coefficient (r).

33 The standard deviation was abbreviated as SD in all captions throughout this thesis, whereas the
Greek letter sigma (σ) was used as symbol for the standard deviation in all tables alongside the Greek
letter mu (μ), the symbol for mean (average).
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Chapter 3

HPLC Methodology for Polyphenols, Glutathione, and Ascorbic

Acid

3.1 Polyphenols

3.2 Glutathione

3.3 Ascorbic acid

3.1 Polyphenols

At the onset of this research project, two methods were routinely used to measure

polyphenols in must and wine at THE UNIVERSITY OF AUCKLAND. The eluents for both

methods were (A) ultrapure water, (B) 5 % acetic acid, and (C) acetonitrile. The

original method was developed by KILMARTIN et al. (2002) [144] with a run time of 125

minutes. This method is more suited to red wines, allowing good separation of the

large number of polyphenols present. It was adapted for white must and wine

analysis with a shorter run time of 70 minutes by MSc student MANU MAGGU [179]

and was found to be adequate for the analysis of Sauvignon blanc wines, enabling the

HPLC to be used more efficiently. Moreover, samples are also likely to oxidise less

prior to injection. Unfortunately, during the course of this project it became apparent

that co-elution of (+)-catechin and trans-p-coutaric acid occurred between 27 and 28

minutes using the white wine method (70 minutes). Hence, the method needed to be

modified in order to improve the separation of these peaks, while at the same time
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keeping the HPLC analysis time to a minimum. Samples were prepared in the same

way as described in section 2.3.2.

3.1.1 Methodology

3.1.1.1 Modification of Solvent Gradient

In order to confirm the co-elution of (+)-catechin and trans-p-coutaric acid, a

Sauvignon blanc (SB) wine spiked with and without 20 mg/L (+)-catechin34 was run on

an AGILENT 1100 series instrument, applying the red and white wine methods; their

solvent gradients are displayed in Table 3-23 and Table 3-24, respectively. For both

methods, 20 L of the filtrate was injected onto a PHENOMENEX Luna C18 column (250

x 4.6 mm ID, 5 μm particle size) at a constant flow rate of 0.8 mL/min at 25°C. The

DAD was set at 280, 320, and 365 nm.

The resolution (separation of two peaks in terms of their average peak width at the

base) of the (+)-catechin peak (~ 35.05 minutes) and trans-p-coutaric acid peak

(~ 33.5 minutes) was superior for the red wine method, as seen in Table 3-23. The

position of the peaks was also observed to shift by several seconds between runs.

Since a longer run time (and subsequently a modified mobile phase composition) was

an important factor in peak resolution of polyphenols, it was decided to simply

shorten the red wine method. Consequently, the same solvent gradient was

maintained for the initial fifty minutes (within this period most of the major white

wine polyphenols were eluted). 15 % Acetonitrile was now introduced at 60 minutes

and raised to 45 % at 70 minutes for 10 minutes. Acetonitrile then dropped to 0 %

and 5 % acetic acid remained constant at 55 % for a further twenty minutes, giving a

total run time of 90 minutes. The complete solvent gradient can found in Table 2-21

under section 2.3.2.

34 The addition of (+)-catechin to a Sauvignon blanc wine was necessary, since the peak area was too
small to satisfactorily evaluate the methods when the same wine was run without added catechin.
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Table 3-23: RP-HPLC elution program of the 125 minute run [144]
time
[min]

B
[%]

C
[%]

chromatogram

0 55 0

10 75 0

20 100 0

30 100 0

50 90 10

70 85 15

80 80 20

95 60 40

105 55 45

115 55 0

125 55 0
1 = cis-p-coutaric acid
2 = trans-p-coutaric acid
3 = (+)-catechin

Table 3-24: RP-HPLC elution program of the 70 minute run [179]
time
[min]

B
[%]

C
[%]

chromatogram

0 55 0

5 75 0

10 100 0

15 100 0

40 80 20

50 55 45

60 55 0

70 55 0
1 = cis-p-coutaric acid
2 = trans-p-coutaric acid
3 = (+)-catechin

A Sauvignon blanc wine sample was successfully separated from interfering

compounds applying this new elution method. The resolution of all of the other

monitored polyphenols was also satisfactory. The same Sauvignon blanc wine was

then spiked with all available reference standards in order to confirm polyphenol

identification. Figure 3-36 shows a chromatogram of a Sauvignon blanc wine
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(including all identified polyphenols) obtained with the newly developed 90 minutes

run.

Figure 3-36: HPLC chromatogram of a Sauvignon blanc wine
(peaks were identified as: 1 = gallic acid, 2 = (+)-catechin, 3 = tyrosol, 4 = (-)-epicatechin, 5 = trans-caftaric acid,

6 = GRP, 7 = cis-p-coutaric acid, 8 = trans-p-coutaric acid, 9 = trans-caffeic acid, 10 = trans-p-coumaric acid)
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3.1.1.2 Polyphenol Identification and Quantification

Identification of polyphenols was achieved by comparing their retention times and

spectra with those of their respective standards or published in the literature

[13, 155, 195, 258, 279, 274, 289, 327], as summarised in Table 2-22 (section 2.3.2.1).

Figure 3-37 displays the absorption spectra of all polyphenols investigated given by

the respective reference standard or a tentatively identified peak obtained from a

Sauvignon blanc wine when no commercial standard was available. The polyphenols

were quantified using external standard calibration curves (see Table 2-22 in section

2.3.2.1) and expressed as mg/L. Since no commercial standards were available for the

tartrate esters, they were quantified and expressed as mg/L of their corresponding

free hydroxycinnamic acids. Quercetin and its glucoside were rarely seen in the

Sauvignon blanc wines, but have been found in significant concentrations in pressed

juice fractions [179]. When present, the quercetin flavonols were quantified as mg/L

of rutin, due to the poor linear regression obtained for quercetin.

Figure 3-37: Absorption spectra of white wine polyphenols
(*spectra given by a tentatively identified peak from a Sauvignon blanc wine as opposed to a reference standard)
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Figure 3-37: Continued
(*spectra given by a tentatively identified peak from a Sauvignon blanc wine as opposed to a reference standard)
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Figure 3-37: Continued
(*spectra given by a tentatively identified peak from a Sauvignon blanc wine as opposed to a reference standard)
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Figure 3-37: Continued
(*spectra given by a tentatively identified peak from a Sauvignon blanc wine as opposed to a reference standard)

3.1.2 Method Evaluation

The method was validated for linearity and recovery (see section 2.3.2.1). Standard

calibration curves were linear within the calibration range (see Table 2-22). Good

results were achieved for all of the polyphenols monitored with respect to recovery

(close to 100 %). Employing this method enabled the separation and quantification of

up to sixteen phenolic compounds (including GRP) with a single, direct injection.

3.2 Glutathione

3.2.1 Electrochemical Detection

Thiols are inherently electroactive, and are thus suitable for electrochemical

detection (EC). Part of this project was to develop a RP-HPLC method that enabled

simultaneous analysis of glutathione with an electrochemical detector (ECD) and

polyphenols (applying a DAD). In order to electrochemically determine glutathione at

the highest sensitivity and specificity, its electrochemical behaviour on the analytical

electrode needed to be investigated at first by reviewing the hydrodynamic

voltammetry plot (graph of response versus potential), using the approach described

by SMITH et al. (1995) [286].
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3.2.1.1 Methodology

3.2.1.1.1 Hydrodynamic Voltammogram

The hydrodynamic voltammogram (Figure 3-38), often referred to as a current-

voltage curve, was obtained by making repetitive injections (20 L) of filtered

glutathione (in model white wine at two different concentrations) at increasing

potentials (by 100 mV) applied to the first electrode (E1).

HPLC/ECD conditions

HPLC was performed using an AGILENT 1100 series instrument. The separation was

carried out on a PHENOMENEX Luna C18 column (250 x 4.6 mm ID, 5 μm particle size),

which was maintained at 25°C. Glutathione was eluted at a flow rate of 0.8 mL/min,

using the RP-HPLC elution program displayed in Table 2-21 (section 2.3.2).

Glutathione was detected with a Model 5340 COULOCHEM® III electrochemical

detector (ESA) operating in DC mode, equipped with a guard cell (Model 5020) and a

dual-electrode analytical cell (Model 5010). The guard cell was located before the

injector, set at a potential (EGC) of +1050 mV to eliminate oxidisable impurities in the

mobile phase that may interfere with the baseline stability. The second electrode (E2)

was kept at +1000 mV (to avoid interference of compounds that oxidise at higher

potentials).

The retention time of glutathione was found to be 5.6 minutes. The selection of the

optimal voltage for both analytical electrodes and the guard cell was made as follows:

E1 corresponded to 50 mV beyond the start of the plateau (optimal signal-to-noise

ratio) = +750 mV; E2 corresponded to the beginning of the plateau = +800 mV; EGC was

set at +850 mV (+50 mV higher than the highest analytical electrode).
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Figure 3-38: Hydrodynamic voltammogram of glutathione

3.2.1.1.2 Peak Identification

A good peak shape for the glutathione reference standard in model white wine was

obtained using the parameters mentioned before. However, additional peaks were

detected in Sauvignon blanc wines (Figure 3-39) in close proximity to the glutathione

peak, which can contribute to an error in the concentration measurement. It was

noted that an unknown peak was located at the tail of the glutathione peak, which

made identification and quantification of the low amounts of glutathione difficult in a

white wine matrix.
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Figure 3-39: Electrochemical detection of glutathione in a Sauvignon blanc wine

3.2.1.2 Method Evaluation

The method was validated for linearity, recovery, and limit of detection (LOD). A

linear calibration curve consisting of five points was generated by serial dilution using

model white wine (12 % [v/v] ethanol, 5 g/L tartaric acid, pH 3.20) of a glutathione

stock solution prepared in ultrapure water. The linearity of the standard curve was

expressed as a square of the correlation coefficient (r2) by plotting the standard peak

area versus the concentration of the standard (mg/L); the following equation was

obtained: y = 0.000006x - 0.4887, with r2 = 0.9985 over a concentration range of 0.1 -

50 mg/L. A specific amount of glutathione (10 mg/L) was added to a Sauvignon blanc

wine for estimation of the recovery, which was over 95 %. The LOD, obtained by

injecting serial dilutions of glutathione in a model white wine solution at a signal-to-

noise ratio (S/N) of 3, was 0.1 mg/L. Taking the matrix effect into account (see section

3.2.1.1.2), the LOD in white wine was found to be 0.5 mg/L.
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Despite the linear calibration curve, particularly over a concentration range found in

wine (y = 0.000006x + 0.0875; r2 = 1 [0.1 - 11 mg/L]), further attempts were

undertaken in an effort to improve glutathione separation (Figure 3-39), including

changing the composition as well as the flow rate of the mobile phase. An additional

problem occurring with simultaneous analysis of glutathione and polyphenols is the

length of an RP-HPLC run (90 minutes). Since glutathione is readily oxidised in must

and wine, rapid analysis is essential.

3.2.1.3 Modification of the RP-HPLC Method

3.2.1.3.1 Composition of Mobile Phase

Upon reviewing the literature [36], it became apparent that the solvents employed to

separate glutathione were not the most suitable for the PHENOMENEX Luna C18

column (250 x 4.6 mm ID, 5 μm particle size) available during the trial. Phosphate

buffer in combination with methanol [286], trifluoroacetic acid in a water-acetonitrile

solution [181], as well as trifluoroacetic acid and methanol [234] as mobile phase

have been successfully applied to determine glutathione using HPLC with

electrochemical detection. A formic acid - methanol mixture, used by NORRIS et al.

(2001) [207], was one of the few options that could be tested, even though it was not

used in combination with electrochemical detection.

The polyphenol method (see Table 2-21) was shortened for the trials involving

glutathione determination (retaining the initial ten minutes of the previous HPLC

method); the elution profile is shown in Table 3-25, giving a total run time of

30 minutes. This method was adopted to analyse glutathione solely in must and wine

at the WINE SCIENCE lab at THE UNIVERSITY OF AUCKLAND. All other parameters remained

constant.
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Table 3-25: RP-HPLC elution program applied for electrochemical detection of glutathione
time
[min]

A [%]
(H2O)

B [%]
(5 % CH3COOH)

C [%]
(CH3CN)

flow rate
[mL/min]

0 45 55 0 0.8
5 25 75 0 0.8

10 0 100 0 0.8
15 0 70 30 0.8
20 0 55 45 0.8
25 45 55 0 1.0
30 45 55 0 0.8

Methanol as Organic Phase

Methanol is often the preferred organic phase in terms of peak resolution. Thus, the

first change made to the glutathione method was to replace acetonitrile (solvent C)

with methanol using the gradient outlined in Table 3-25. Following an initial run, the

organic phase (solvent C) was introduced at the onset of the analysis, since

glutathione elutes within the first five minutes. Subsequently, the solvent gradient

started (and ended) with methanol concentrations of 1, 5, 10, and 15 %; these levels

were held constant for the first five minutes and raised a further 5 % for five minutes

(the remainder of the elution program was consistent with the one in Table 3-25).

A Sauvignon blanc wine with and without added glutathione (25 mg/L) was separated

applying increasing methanol concentrations. Figure 3-40 shows the peak areas of

both samples obtained for each methanol concentration35.

An initial concentration of 1 % methanol appeared to the best choice in terms of

sensitivity. However, no improvement was seen regarding the resolution of the GSH

peak following the introduction of methanol as an eluent.

35 Results for 10 % methanol are not presented because of co-elution.



3. HPLC Methodology for Polyphenols, Glutathione, and Ascorbic Acid 124

Figure 3-40: Electrochemical glutathione response to varying methanol concentrations in the
mobile phase

Methanol/Acetonitrile (2:98 v/v) as Organic Phase

A Sauvignon blanc wine was separated employing 2 % methanol in acetonitrile as

solvent C at initial concentrations of 1, 2, and 15 % using the elution programs

described before. Again, the peak area increased with rising methanol concentration,

more so for interfering peaks which eluted immediately after glutathione, as a

consequence causing co-elution.

Formic acid as Mobile Phase

Formic acid (5 %) was also tested in place of 5 % acetic acid as solvent B of the mobile

phase together with 100 % methanol as solvent C using the method recorded in

Table 3-25. However, the results were not encouraging; peaks were small with a lot of

co-elution. Hence, it was decided to proceed with 5 % acetic acid.

In summary, changes in the composition of the mobile phase did not improve the

original method, displayed in Table 3-25.
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Figure 3-40: Electrochemical glutathione response to varying methanol concentrations in the
mobile phase

Methanol/Acetonitrile (2:98 v/v) as Organic Phase

A Sauvignon blanc wine was separated employing 2 % methanol in acetonitrile as

solvent C at initial concentrations of 1, 2, and 15 % using the elution programs

described before. Again, the peak area increased with rising methanol concentration,

more so for interfering peaks which eluted immediately after glutathione, as a

consequence causing co-elution.

Formic acid as Mobile Phase

Formic acid (5 %) was also tested in place of 5 % acetic acid as solvent B of the mobile

phase together with 100 % methanol as solvent C using the method recorded in

Table 3-25. However, the results were not encouraging; peaks were small with a lot of

co-elution. Hence, it was decided to proceed with 5 % acetic acid.

In summary, changes in the composition of the mobile phase did not improve the

original method, displayed in Table 3-25.
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Figure 3-40: Electrochemical glutathione response to varying methanol concentrations in the
mobile phase

Methanol/Acetonitrile (2:98 v/v) as Organic Phase

A Sauvignon blanc wine was separated employing 2 % methanol in acetonitrile as

solvent C at initial concentrations of 1, 2, and 15 % using the elution programs

described before. Again, the peak area increased with rising methanol concentration,

more so for interfering peaks which eluted immediately after glutathione, as a

consequence causing co-elution.

Formic acid as Mobile Phase

Formic acid (5 %) was also tested in place of 5 % acetic acid as solvent B of the mobile

phase together with 100 % methanol as solvent C using the method recorded in

Table 3-25. However, the results were not encouraging; peaks were small with a lot of

co-elution. Hence, it was decided to proceed with 5 % acetic acid.

In summary, changes in the composition of the mobile phase did not improve the

original method, displayed in Table 3-25.
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3.2.1.3.2 Flow Rate

Modifying the flow rate of the mobile phase is another option to improve peak

resolution, and subsequently prevent co-elution. With methanol/acetonitrile

(2:98 v/v) as solvent C, set at an initial concentration of 5 %, a Sauvignon blanc wine

was run using the aforementioned method (Table 3-25) applying a lower (0.5 mL/min)

and a higher flow rate (1.0 mL/min) for the initial ten minutes. The same sample was

then spiked with glutathione to confirm the new retention times and rerun at the

three different flow rates. The chromatograms obtained at different flow rates are

presented in Figure 3-41.

Figure 3-41: Electrochemical glutathione response to varying flow rates of the mobile phase
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Dropping the flow rate seemed to improve resolution of the GSH peak. However,

despite further experiments with different solvent profiles at the slower flow rate, the

effects on peak resolution were minor. The detection of glutathione using a

fluorescence detector to improve resolution and sensitivity will be discussed in the

following section.

3.2.2 Fluorescence Detection

Organic thiols (including glutathione) are converted to highly fluorescent isoindole

derivatives when reacted with ortho-phthalaldehyde (OPA) and 2-aminoethanol in

aqueous, slightly basic solutions [196]. PARK et al. (2000) [221] have successfully used

automatic pre-column derivatisation, followed by RP-HPLC separation and

fluorescence detection (FLD) for thiol determination in grape juice and wine. An

attempt was undertaken to reproduce this method at THE UNIVERSITY OF AUCKLAND in

order to improve glutathione detection.

3.2.2.1 Methodology

The solutions were freshly prepared in accordance to PARK et al. (2000) [221]: 2 mg of

OPA (≥ 98 %, SIGMA-ALDRICH) was dissolved in 1 mL methanol; 2 mL of 2-aminoethanol

(≥ 98 %, SIGMA-ALDRICH) was dissolved in 0.08 M sodium borate36 (reagent grade,

SCHARLAU) at pH 7.40. Filtered (0.45 μm) model white wine (12 % [v/v] absolute

ethanol, 5 g/L tartaric acid, pH 3.20), Sauvignon blanc must and wine, with and

without glutathione addition (50 mg/L), was used to identify the retention time of the

glutathione derivative, which was confirmed to be at 14 minutes (Figure 3-42).

36 A 0.08 M sodium borate solution was used because sodium borate at a concentration of 304.8 g/L
(0.8 M) did not dissolve.
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HPLC/FLD conditions

An AGILENT 1100 series instrument (including a G1315B DAD) was coupled to a

SHIMADZU RF-10AXL fluorescence detector. The AGILENT G1313A autosampler

permitted automatic pre-column derivatisation of each sample prior to injection and

was set up as follows: 2 μL OPA, 5 μL sample (wine or model white wine) and 2 μL

2-aminoethanol were withdrawn from the respective vials (the needle was washed

with ultrapure water after the withdrawal of each solution) and agitated for exactly

one minute in the seat. The derivatised sample (9 μL) was separated at a flow rate of

0.5 mL/min on a PHENOMENEX Luna 3 μm C18(2) 100 A column (150 x 4.6 mm ID),

which was kept at 25°C37. The mobile phase consisted of (A) 50 mM sodium acetate

(pH 5.70) and (B) 100 % methanol; the solvent gradient (according to PARK et al.

(2000) [221]) is shown in Table 3-26. The excitation and emission wavelength

employed on the fluorescence detector were 340 nm and 450 nm, respectively. The

total run time was 40 minutes.

Table 3-26: RP-HPLC elution program applied for fluorescence detection of glutathione [221]
time
[min]

A [%]
50 mM CH3COONa (pH 5.70)

B [%]
CH3OH

1 90 10
2 85 15
6 72 28
7 68 32
9 64 36

10 56 44
12 52 48
19 50 50
21 40 60
25 32 68
26 0 100
31 90 10

37 The paper by PARK et al. (2000) [221] did not include any information about the operating
temperature or flow rate of this method.
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Figure 3-42: Fluorescence detection of glutathione in a Sauvignon blanc wine
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Table 3-27: Recovered glutathione concentration [mg/L] in Sauvignon blanc must and wine
samples control control + 50 mg/L GSH % recovery

Sauvignon blanc must 20.2 42.8 61.0
Sauvignon blanc wine 1 2.4 23.5 44.8
Sauvignon blanc wine 2 2.1 36.6 70.4

Besides the fact that this method is not designed to measure high glutathione levels,

contamination prevented further testing. A contamination peak at 14 minutes (same

retention time as the glutathione derivative) in blank samples could not be eliminated

by preparing all solutions freshly or by making changes to the injector program, which

included additional wash steps for needle and seat, ejection of seat content into a

waste vial, as well as replacement of water as wash liquid with methanol.

Consequently, it was decided to proceed with the RP-HPLC method as described in

section 2.3.2 for the quantification of glutathione in the wines.

3.3 Ascorbic acid

Ascorbic acid has a strong UV peak and is electroactive at modest oxidation

potentials. The most commonly used HPLC detection technique to assay this

antioxidants is UV detection within an absorption range of 244 - 265 nm, followed by

the highly sensitive electrochemical detection [208]. Since the HPLC-system at

THE UNIVERSITY OF AUCKLAND is equipped with both detectors (see Appendix 2-2), the

diode-array detector (normally used for polyphenol detection - see section 3.1) was

coupled in series with the electrochemical detector (required to monitor glutathione).

Subsequently, the separated ascorbic acid streamed first through the DAD (set at

260 nm) and then through the ECD (set at +750 mV38), enabling dual measurements

of the analyte by UV absorbance and oxidative response at the electrochemical

(coulometric) detector.

38 Generally, a lower potential is applied to oxidise ascorbic acid [208, 316, 333], but a higher oxidation
potential was needed to detect glutathione, the antioxidant of interest for this project.
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3.3.1 Methodology

In order to test which HPLC detection technique is most effective, ascorbic acid was

dissolved in a model white wine solution (containing 12 % [v/v] absolute ethanol,

5 g/L tartaric acid, adjusted to pH 3.20) at a concentration of 50 mg/L. The sample

was filtered through a 0.45 μm membrane filter (Minisart RC 15, SARTORIUS) and

immediately injected (20 μL) into an AGILENT 1100 series instrument, equipped with a

G1315B diode-array detector and coupled to an electrochemical detector

(COULOCHEM® III, ESA Laboratories). The white wine polyphenol method was used for

ascorbic acid separation (see Table 2-21 in section 2.3.2 for the RP-HPLC elution

program) on a PHENOMENEX Luna C18 column (250 x 4.6 mm ID, 5 μm particle size),

which operated at 25°C. The flow rate was kept at 0.8 mL/min. The DAD was set at

260 nm additionally to 280, 320, and 365 nm (for polyphenol detection), and the ECD

was maintained at a potential (E1) of +750 mV.

The retention time of ascorbic acid obtained with an external reference standard in

model white wine using both detection methods (Figure 3-43) was confirmed for a

Sauvignon blanc wine spiked with ascorbic acid (50 mg/L). The absorption maximum

of ascorbic acid for the method employed here was 242 nm (Figure 3-44), which is in

agreement with LOPES et al. (2006) [165].
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Figure 3-43: UV and electrochemical detection of ascorbic acid in model white wine

Figure 3-44: Absorption spectrum of ascorbic acid
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3.3.2 Method Evaluation

An external standard calibration consisting of five calibration points corresponding to

the recommended quantity for addition to wines was made by dissolving ascorbic

acid standard in ultrapure water and diluting this stock solution to the desired

concentrations with model white wine. The calibration curve of ascorbic acid was

linear over a concentration range of 10 - 200 mg/L for UV detection (r2 = 0.9999) and

10 - 100 mg/L for electrochemical detection (r2 = 0.9992). Table 3-28 illustrates the

evaluation of both methods tested. Since HPLC with electrochemical detection

provides higher sensitivity for ascorbic acid detection, it would be advisable to either

lower the injection volume or the applied ECD potential, since the calibration curve of

ascorbic acid over a concentration range between 10 and 200 mg/L resulted in a

lower linear correlation (r2 = 0.9931). Nonetheless, ascorbic acid was not the focus of

this research project, thus the HPLC-UV detection (DAD set at 260 nm) was

considered sensitive enough to monitor ascorbic acid levels in Sauvignon blanc wines

and model white wines. The recovery was over 90 % (in model white wine) for both

detection methods.

Table 3-28: Comparison between UV and electrochemical detection of ascorbic acid

parameters DAD (260 nm) ECD (+750 mV)

tR [min] 4.1 4.3

regression equation
(calibration range)

y = 0.0356x + 8.0329
(10 - 200 mg/L)

y = 0.00008x + 8.8856
(10 - 100 mg/L)

r2 0.9999 0.9992

% recovery 90.6 - 100.4 91.0 - 109.9
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Chapter 4

Results and Discussion

4.1 Stability of Varietal Thiols in New Zealand Sauvignon blanc

4.2 Effect of Headspace Composition on Sauvignon blanc Aroma

4.3 Glutathione and Polyphenol Levels in Sauvignon blanc Wines

4.4 Factors Affecting the Reaction Kinetics of 3-MHA and 3-MH

4.1 Stability of Varietal Thiols in New Zealand Sauvignon blanc

The unique pungent passion fruit-type aroma of New Zealand Sauvignon blanc wines,

which has been attributed to the presence of 3-mercaptohexan-1-ol acetate (3-MHA)

and 3-mercaptohexan-1-ol (3-MH), is known to disappear rapidly over a period of just

a year in the bottle. In order to examine the contribution of varietal thiols to this

phenomenon (with regards to antioxidant and polyphenol levels), sixteen

Marlborough Sauvignon blanc wines from the 2005 vintage were bottled both under

cork and screw cap at THE UNIVERSITY OF AUCKLAND Wine Hall and stored in the dark at

15°C for two years. Since the manual bottling procedure was thought to allow a

significant amount of oxygen to enter the wines, seven New Zealand Sauvignon blanc

wines, obtained straight after commercial bottling in 2007, were stored under

identical conditions and analysed for the same parameters (up to 7 months of

storage) in order to validate the findings from the manually bottled Sauvignon blanc

wines. All of the analytical results were submitted for One-Way ANOVA. When

significant differences (p < 0.05) were indicated, the TUKEY HSD test (p < 0.05) was



4. Results and Discussion 134

used to evaluate differences between means over time for each Sauvignon blanc

wine. Differences between the closure types were tested by applying STUDENT’s t-test

(p < 0.05). Two-Way ANOVA (p < 0.05) was performed in order to evaluate the

existence of significant interactions between the effect of storage time and the effect

of closure for all of the investigated compositional variables. Linear relationships

between variables were measured using the PEARSON’s correlation coefficient.

4.1.1 Effect of Closure Type on the Aroma Stability of Manually Bottled

New Zealand Sauvignon blanc

Varietal Thiols

At the time of bottling, the concentration of 3-MHA in the sixteen Marlborough

Sauvignon blanc wines ranged from 66 to 435 ng/L (μ = 194 ± 94 ng/L). This varietal

thiol has a very low perception threshold of just 4 ng/L [305] and has been given the

sensory descriptor of ‘sweet-sweaty passion fruit’, an attribute which has been rated

high in intensity for wines from the Marlborough region by LUND et al. (2009) [172].

The concentration of 3-MH, on the other hand, ranged from 495 to 1953 ng/L

(μ = 939 ± 389 ng/L) in these same wines. The sensory descriptor ‘passion fruit

skin/stalk’ has been applied to this thioalcohol [172], which exhibits a higher sensory

threshold of 60 ng/L [305]. The 3-MHA values were highly correlated with those for

3-MH (r = 0.968*** [n = 16]). Figure 4-45 displays the evolution of both varietal thiols

determined under cork and screw cap closure for one representative Sauvignon blanc

wine from each of the MWRC (SV2c), VILLA MARIA (TP), and MATUA VALLEY (SPC).
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Figure 4-45: Evolution of 3-MHA and 3-MH in manually bottled Sauvignon blanc wines under
cork and screw cap

(Data are displayed as average values of single measurements of triplicate bottles ± SD.)
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Figure 4-45: Evolution of 3-MHA and 3-MH in manually bottled Sauvignon blanc wines under
cork and screw cap

(Data are displayed as average values of single measurements of triplicate bottles ± SD.)
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Figure 4-45: Evolution of 3-MHA and 3-MH in manually bottled Sauvignon blanc wines under
cork and screw cap

(Data are displayed as average values of single measurements of triplicate bottles ± SD.)
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After 3 months in the bottle, the 3-MHA concentrations had declined significantly

(p < 0.001) by 30 - 67 % (50 ± 10 % on average). Throughout further storage, 3-MHA

continued to decrease with total losses averaging at 79 ± 6 % (68 - 89 %) after

7 months and 87 ± 4 % (79 - 94 %) 12 months post-bottling. After two years in the

bottle, this acetate ester could not be detected in any of the wines analysed (see

Table 4-30). MARIE-LAURE MURAT (2005) [201] observed a 60 % loss of 3-MHA in

French rosé wines within 3 months of storage; after one year in the bottle this varietal

thiol had disappeared completely. Further studies on varietal thiol stability in New

Zealand Sauvignon blanc by LEE et al. (2008) [162] found that 3-MHA declined

between 47 and 76 % over 5 months in stainless steel fermentation vessels in one

trial, and by 47 - 75 % after 12 months in the bottle (under screw cap) in a second

trial. Given that 3-MHA is an acetate ester, hydrolysis is expected to be the

predominant loss mechanism for this varietal thiol. The acid-hydrolysis of an acetate

ester such as 3-MHA can be regarded as a pseudo-first-order reaction, where the rate

of the reaction depends on the concentration of only one reactant [A], and is

proportional to the initial concentration of the reactant [A0]. Thus, the reaction rate

follows first-order kinetics and is expressed as:

= − [ ] = [ ]
The first-order rate constant k [time-1] for the 3-MHA hydrolysis was calculated by

using the integrated first-order rate differential equation shown above39:

= ln [ ][ ]
39 Another approach to obtain the pseudo-first-order rate constant is to re-express the equation in the
linear form: ln[ ] = − + ln [ ]
The value for k is given by the negative of the slope of a plot of ln[A] against time.
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Because the half-life of a first-order reaction does not depend on the initial

concentration reaction, the time required for 50 % of 3-MHA to hydrolyse can be

given by the following equation:

/ = ln(2)
Table 4-29 displays the pseudo-first-order rate constants for each Sauvignon blanc

wine under cork and screw cap. The rate of 3-MHA loss was similar regardless of the

closure employed (average 3-month losses of 53 ± 9 % under cork and 48 ± 11 %

under screw cap). Higher rate constants were seen for the first half of a year, which

can be related to the high oxygen exposure at bottling, indicating some oxidative

3-MHA losses besides the hydrolysis mechanism. At no time point did the closure type

have a significant impact (applying STUDENT’s t-test at p < 0.05) on the 3-MHA stability.

On the contrary, BRAJKOVICH et al. (2005) [31] noted for a single Sauvignon blanc wine

a 24 % higher concentration of 3-MHA under screw cap storage after 23 months of

bottling, whereas in Bordeaux Sauvignon blanc [168] this acetate ester was absent

after two years of bottle aging. Across the 24-month trial period, the time effect

(p < 0.001) predominated over the closure type (p = 0.392). The Two-Way ANOVA

revealed no interaction between the effect of time and the effect of closure

(p = 0.959) on the 3-MHA stability.
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Table 4-29: Pseudo-first-order rate constants for 3-MHA hydrolysis (including its half-time
using k0-3) in manually bottled Sauvignon blanc wines under cork and screw cap

k0-3 [month-1] k3-7 [month-1] k7-12 [month-1] t½ [months]

B4c_C 0.37 0.25 0.14 2.0
B4c_S 0.37 0.18 0.14 2.6
B2c_C 0.25 0.30 0.06 2.2
B2c_S 0.25 0.25 0.07 3.7
OB4c_C 0.25 0.24 0.06 1.9
OB4c_S 0.17 0.29 0.05 1.9
OB2c_C 0.19 0.24 0.03 2.8
OB2c_S 0.17 0.26 0.02 2.8
SV4c_C 0.34 0.19 0.17 2.3
SV4c_S 0.27 0.14 0.21 2.5
SV2c_C 0.31 0.25 0.04 3.9
SV2c_S 0.19 0.23 0.17 5.8
S4c_C 0.30 0.30 0.04 2.7
S4c_S 0.27 0.21 0.05 4.0
S2c_C 0.18 0.26 0.07 3.6
S2c_S 0.12 0.27 0.09 4.1
VM4c_C 0.36 0.28 0.08 1.9
VM4c_S 0.33 0.21 0.20 2.1
VM2c_C 0.28 0.10 0.29 2.5
VM2c_S 0.27 0.25 0.14 2.6
JC_C 0.27 - - 2.7
JC_S 0.25 - - 3.0
JS_C 0.26 - - 2.5
JS_S 0.23 - - 2.8
TP_C 0.26 0.20 0.09 2.7
TP_S 0.23 0.18 0.10 3.1
C_C 0.15 0.24 0.09 4.0
C_S 0.13 0.20 0.09 5.0
PS_C 0.19 0.29 0.05 4.6
PS_S 0.17 0.16 0.10 5.3
SPC_C 0.17 0.17 0.13 3.7
SPC_S 0.14 0.18 0.09 4.0

μcork 0.26 0.24 0.10 2.9
μscrew cap 0.22 0.21 0.11 3.5
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3-MH showed a very different pattern of change with aging. In all cases, 3-MH levels

were seen to increase (between 1 and 63 %) during the first three months in the

bottle independent of the closure type (average 3-month increase of 19 ± 17 % under

cork and 24 ± 15 % under screw cap), as shown for the representative examples in

Figure 4-45. This increase is likely due to the hydrolysis of 3-MHA to 3-MH. On the

contrary, MARIE-LAURE MURAT (2005) [201] observed an average 35 % loss of 3-MH in

the bottle of French rosé wines after 3 months of storage. Over the following nine

months, 3-MH concentrations declined steadily (39 ± 9 % on average), and remained

rather stable and well above the perception threshold in all Sauvignon blanc wines

between 12 and 24 months post-bottling. Across the 24-month trial period, the 3-MH

concentration subsequently declined from an average initial value of 939 (± 389) ng/L

to 612 (± 231) ng/L under the cork, a 32 % average decrease, and to 714 (± 276) ng/L

under the screw cap closures, a 21 % average decrease. In 15 out of 16 cases, the

concentration was lower in wines sealed under cork, suggesting greater exposure to

oxygen generally observed under this closure type [115, 167]. However, applying a

STUDENT’s t-test with a 95 % confidence interval, 3-MH levels between wines under

cork (n = 48) and screw cap (n = 48) did not differ in statistically significant manner

(p = 0.050). Furthermore, it is not likely that consumers or a sensory panel could

discriminate between such similar values for the 3-MH concentration [31] (average

16 % difference after 24 months between the closure types). BRAJKOVICH et al. (2005)

[31] and LOPES et al. (2009) [168] both found higher levels of 3-MH in Sauvignon blanc

wines sealed under screw cap (with Saran®-tin liner) compared to cork. Nonetheless,

the storage period had the largest effect on 3-MH stability (p < 0.001) in this study,

which has also been confirmed by other researchers. After one year of storage in the

bottle, only half of the initial 3-MH content was left in French rosé wines [201, 199],

while concentrations in red Bordeaux wines have been shown to diminish gradually

during barrel aging, with only 25 % on average of initial levels remaining after about

12 months [25]. These values are higher than the losses observed in the present trial

for New Zealand Sauvignon blanc, which can be partly explained by the higher

contribution of 3-MHA hydrolysis to 3-MH in these white wines.
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Table 4-30: Evolution of varietal thiols [ng/L] in manually bottled Sauvignon blanc wines
under cork and screw cap throughout 2 years of storage (Data represent average values of single
measurements of triplicate bottles ± SD. Means of each wine in a column sharing the same letter(s) do not differ
significantly across time t [in months] by TUKEY’s HSD test [p < 0.05].)

3-MHA 3-MH total thiols

cork screw cap cork screw cap cork screw cap

t μ σ μ σ μ σ μ σ μ σ μ σ

B4c 0 258 5 a 258 5 a 947 36 a 947 36 a 1205 42 a 1205 42 a

3 84 2 b 85 0 b 1173 56 b 1125 41 b 1257 59 a 1211 41 a

7 32 1 c 41 2 c 803 44 c 1250 6 c 835 45 b 1291 8 b

12 16 1 d 20 1 d 640 12 d 663 15 d 656 13 c 683 16 c

24 0 0 e 0 0 e 637 21 d 786 14 e 637 21 c 786 14 d

B2c 0 136 2 a 136 2 a 678 1 a 678 1 a 813 3 a 813 3 a

3 65 3 b 65 2 b 938 126 b 922 8 b 1003 129 b 987 10 b

7 20 2 c 24 1 c 695 55 a 754 9 c 714 57 ac 778 10 a

12 15 1 c 16 1 d 583 13 a 534 24 d 598 14 cd 550 26 c

24 0 0 d 0 0 e 541 2 a 623 71 ad 541 2 d 623 71 c

OB4c 0 118 3 a 118 3 a 634 17 a 634 17 a 752 19 a 752 19 a

3 55 3 b 70 3 b 827 12 b 853 1 b 882 15 b 923 4 b

7 21 1 c 22 2 c 612 18 a 590 11 ac 633 19 c 613 13 c

12 16 2 c 18 3 c 464 25 c 469 6 d 480 28 d 487 9 d

24 0 0 d 0 0 d 437 6 c 472 47 d 437 6 d 472 47 d

OB2c 0 66 5 a 66 5 a 495 26 a 495 26 a 561 31 a 561 31 a

3 37 5 b 39 1 b 630 41 b 634 33 b 666 46 b 674 34 b

7 14 1 c 14 1 c 472 2 a 485 13 a 486 3 c 499 14 c

12 12 1 c 12 1 c 462 15 a 479 9 a 474 16 c 492 10 c

24 0 0 d 0 0 d 363 14 c 461 9 a 363 14 d 461 9 c

SV4c 0 154 6 a 154 6 a 721 49 a 721 49 a 876 55 a 876 55 a

3 55 3 b 68 1 b 800 20 a 852 39 a 855 22 a 920 40 a

7 26 1 c 40 3 c 689 21 ab 620 20 c 715 21 b 659 22 b

12 11 1 d 14 1 d 605 49 b 460 22 d 617 50 b 473 23 c

24 0 0 e 0 0 e 598 58 b 636 46 ac 598 58 b 636 46 b

SV2c 0 170 3 a 170 3 a 880 85 a 880 85 a 1051 88 a 1051 88 a

3 67 2 b 97 3 b 894 31 a 1070 23 b 961 33 a 1168 26 a

7 25 1 c 39 1 c 639 29 b 766 36 a 663 30 b 805 38 b

12 20 3 c 17 1 d 620 61 b 609 27 c 640 64 bc 626 28 c

24 0 0 d 0 0 e 510 34 b 530 4 c 510 34 c 530 4 c

S4c 0 142 4 a 142 4 a 679 29 a 679 29 a 821 33 a 821 33 a

3 58 1 b 63 4 b 748 16 b 738 62 a 806 17 a 801 66 a

7 18 1 c 28 2 c 528 16 c 541 8 b 546 17 b 569 10 b

12 14 1 c 21 1 c 478 6 c 497 21 b 493 6 bc 518 22 b

24 0 0 d 0 0 d 469 34 c 510 11 b 469 34 c 510 11 b

S2c 0 96 14 a 96 14 a 511 68 ab 511 68 a 606 82 ab 606 82 a

3 56 3 b 67 8 b 614 52 a 709 28 b 670 55 a 776 37 b

7 20 0 c 23 1 c 467 23 b 457 23 a 486 24 bc 479 24 c

12 14 2 cd 14 1 cd 419 14 bc 327 10 c 433 16 cd 341 11 d

24 0 0 d 0 0 d 334 24 c 468 9 a 334 24 d 468 9 c

VM4c 0 267 3 a 267 3 a 1087 22 a 1087 22 a 1354 24 a 1354 24 a

3 92 6 b 99 5 b 1118 53 a 1178 56 a 1209 59 b 1277 61 a

7 30 0 c 42 2 c 726 43 b 762 32 b 755 43 c 804 35 b

12 20 1 d 16 1 d 589 42 c 518 22 c 609 43 d 534 23 c

24 0 0 e 0 0 e 476 17 d 633 49 d 476 17 e 633 49 c

VM2c 0 288 6 a 288 6 a 1385 34 a 1385 34 a 1674 39 a 1674 39 a

3 124 6 b 130 4 b 1535 100 b 1670 81 b 1658 105 a 1800 85 a

7 84 3 c 48 2 c 928 46 c 957 47 c 1012 49 b 1005 50 b

12 19 0 d 24 1 d 761 7 d 743 14 d 781 8 c 766 14 c

24 0 0 e 0 0 e 644 41 d 847 33 cd 644 41 c 847 33 c
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Table 4-30: Continued

3-MHA 3-MH total thiols

cork screw cap cork screw cap cork screw cap

t μ σ μ σ μ σ μ σ μ σ μ σ

JC 0 158 3 a 158 3 a 925 7 a 925 7 a 1083 10 a 1083 10 a

3 70 3 b 75 5 b 930 39 a 1005 24 b 1000 42 b 1080 30 a

7 - - - - - - - - - - - -
12 17 0 c 21 1 c 611 5 b 550 9 c 628 5 c 570 9 b

24 0 0 d 0 0 d 563 37 b 562 30 c 563 37 c 562 30 b

JS 0 101 4 a 101 4 a 560 10 a 560 10 a 661 14 a 661 14 ab

3 46 4 b 50 4 b 729 29 b 689 11 b 776 33 b 739 14 b

7 - - - - - - - - - - - -
12 14 1 c 15 1 c 574 27 a 526 88 a 588 29 c 541 89 bc

24 0 0 d 0 0 d 428 13 c 450 24 a 428 13 d 450 24 c

TP 0 265 1 a 265 1 a 1375 16 a 1375 16 a 1640 17 a 1640 17 a

3 122 2 b 134 1 b 1420 21 a 1401 28 a 1541 22 b 1535 29 a

7 55 3 c 65 3 c 1196 24 b 1144 24 b 1251 28 c 1209 26 b

12 35 2 d 40 5 d 866 32 c 821 28 c 901 34 d 861 33 c

24 0 0 e 0 0 e 735 27 d 867 25 c 735 27 e 867 25 c

C 0 258 61 a 258 61 a 1248 513 ac 1248 513 a 1507 575 abc 1507 575 ab

3 164 2 b 174 2 b 1980 19 b 2029 28 b 2144 20 b 2203 30 b

7 64 2 c 77 4 c 1746 25 bc 1680 93 ab 1810 28 bc 1758 97 ab

12 41 2 c 50 5 cd 1164 74 ac 1100 32 a 1205 76 ac 1150 37 a

24 0 0 c 0 0 d 1020 82 a 1233 46 a 1020 82 a 1233 46 a

PS 0 198 1 a 198 1 a 938 34 a 938 34 a 1136 35 a 1136 35 a

3 113 2 b 118 3 b 1286 39 b 1276 28 b 1399 40 b 1394 31 b

7 36 0 c 62 1 c 967 25 a 1224 43 b 1002 26 c 1286 44 c

12 28 2 d 38 1 d 862 9 a 869 5 a 890 11 d 906 6 d

24 0 0 e 0 0 e 916 69 a 1043 61 c 916 69 cd 1043 61 a

SPC 0 435 60 a 435 60 a 1953 420 a 1953 420 a 2388 481 a 2388 481 ab

3 258 5 b 288 11 b 2011 200 a 2224 22 a 2269 205 a 2512 34 b

7 129 6 c 141 2 c 1717 56 a 1757 49 ab 1845 63 a 1898 50 ac

12 66 2 cd 91 1 c 1128 21 b 1293 77 b 1194 23 b 1384 78 cd

24 0 0 d 0 0 d 1123 70 b 1303 23 b 1123 70 b 1303 23 cd

Interestingly, in some cases the total thiol levels exceeded the initial thiol content

(see Table 4-30) throughout the trial, mainly after the initial three months in the

bottle. Other potential sources of 3-MH (besides 3-MHA) may include unconverted

3-MH precursor(s) present in the wine [40] or the reduction (e.g. by antioxidants) of

any 3-MHA disulfide or 3-MH disulfide present; the latter disulfide has recently been

identified in botrytised Sauternes wines by SARRAZIN et al. (2008) cited by BAILLY et al.

(2009) [12].
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Antioxidants

The antioxidants SO2 (free and total SO2) and glutathione were monitored at each

sampling step, and the changes in concentration are summarised in Table 4-31.

The level of free SO2 was found to have declined by 73 ± 8 % on average (ranging from

57 to 88 %) 3 months after bottling. The initial drop in free SO2 has been related to

oxygen introduced at bottling. Given the fact that the free SO2 losses in this study

were higher during the first few months of storage than those observed by BRAJKOVICH

et al. (2005) [31] and LOPES et al. (2009) [168], clearly indicates a high oxygen

exposure at bottling due to the manual bottling procedure. In this sense, this study

can be regarded as an accelerated aging trial. Free SO2 continued to decline in the

nine months thereafter (at a higher rate than normally seen with commercially

bottled wines), averaging just 1.1 ± 0.9 mg/L after 12 months of storage. Figure 4-46

shows changes in free SO2 in three representative Marlborough Sauvignon blanc

wines sealed under cork and screw cap. The high rate of free SO2 loss was not

affected by the closure type during the first seven month of storage (as demonstrated

in previous publications [31, 114, 168]), which can be ascribed to high oxygen levels at

bottling. However, the concentration of free SO2 was significantly higher in bottles

sealed under screw cap than cork after 12 (μ = 1.3 ± 1.0 mg/L versus μ = 0.8 ± 0.8

mg/L; p < 0.05) and 24 months (μ = 0.6 ± 0.9 mg/L versus μ = 0.2 ± 0.4 mg/L; p < 0.01)

of storage, which is agreement with findings by GODDEN et al. (2001) [114]. On the

other hand, other authors like BRAJKOVICH et al. (2005) [31] and LOPES et al. (2009)

[168] noted that free SO2 was lost throughout aging at a similar rate under both cork

and screw cap after the initial drop, suggesting comparable oxygen transfer rates

through both closure types. Across the 24-month trial period, the storage duration

had a significant (p < 0.001) impact on free SO2 levels, which correlated strongly with

thiols such as 3-MHA (r = 0.759*** [n = 156]) and glutathione (r = 0.788*** [n = 156]),

but not 3-MH (r = 0.223** [n = 156]). The average total SO2 content of the wines

declined from 95 ± 14 mg/L across the 24-month trial to 36 ± 15 mg/L under cork, a

63 % drop, and to 51 ± 13 mg/L under screw cap, a 46 % drop, Similar to free SO2,

there was no difference in total SO2 levels between the two closure types during the
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first seven months of storage, whereas the time thereafter losses in total SO2 were

significantly larger for wines stored under cork at the 12- (p < 0.05) and 24-month

(p < 0.001) sampling point. Throughout the study, total SO2 levels correlated highly

with free SO2 levels (r = 0.838*** [n = 156]).

Figure 4-46: Evolution of free SO2 in manually bottled Sauvignon blanc wines under cork and
screw cap

(Data are displayed as average values of single measurements of triplicate bottles ± SD.)
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Table 4-31: Evolution of antioxidants [mg/L] in manually bottled Sauvignon blanc wines under
cork and screw cap throughout 2 years of storage (Data represent average values of single
measurements of triplicate bottles ± SD. Means of each wine in a column sharing the same letter(s) do not differ
significantly across time t [in months] by TUKEY’s HSD test [p < 0.05].)

free SO2 total SO2 glutathione

cork screw cap cork screw cap cork screw cap

t μ σ μ σ μ σ μ σ μ σ μ σ

B4c 0 19.1 0.2 a 19.1 0.2 a 93.5 1.5 a 93.5 1.5 a 5.7 0.2 a 5.7 0.2 a

3 5.0 0.4 b 5.7 0.3 a 70.1 1.7 b 73.3 2.0 b 3.1 0.2 b 3.3 0.1 b

7 1.3 0.3 c 2.0 0.1 b 59.9 1.1 c 61.6 0.7 c 1.0 0.1 c 1.0 0.0 c

12 1.3 0.3 c 1.2 0.0 c 54.7 2.1 c 54.2 0.2 d 0 0 d 0 0 d

24 0 0 d 0 0 d 38.1 3.3 d 50.1 2.8 d 0 0 d 0 0 d

B2c 0 15.0 0.1 a 15.0 0.1 a 91.3 0.5 ab 91.3 0.5 a 5.6 0.0 a 5.6 0.0 a

3 4.1 1.7 b 3.7 0.3 b 81.3 8.1 ab 84.1 2.5 ab 2.4 0.1 b 2.4 0.1 b

7 1.3 1.1 c 1.1 0.0 c 72.4 6.0 bc 74.7 1.0 bc 0.9 0.1 c 0.9 0.1 c

12 0.8 0.0 c 1.0 0.1 c 64.0 0.7 c 68.8 0.5 cd 0 0 d 0 0 d

24 0 0 c 0 0 d 49.5 2.5 d 60.6 7.5 d 0 0 d 0 0 d

OB4c 0 10.8 0.1 a 10.8 0.1 a 91.5 0.8 a 91.5 0.8 a 6.2 0.1 a 6.2 0.1 a

3 3.0 0.4 b 2.9 0.3 b 66.3 3.3 b 67.4 3.7 b 2.5 0.2 b 2.6 0.1 b

7 0.7 0.1 cd 1.1 0.2 c 55.5 2.1 c 58.3 1.2 c 0 0 c 0 0 c

12 1.3 0.4 c 0.8 0.0 c 57.1 2.5 c 52.6 1.0 cd 0 0 c 0 0 c

24 0 0 d 0.1 0.1 d 35.1 4.6 d 47.7 5.3 d 0 0 c 0 0 c

OB2c 0 24.5 0.2 a 24.5 0.2 a 124.0 2.4 a 124.0 2.4 a 6.6 0.1 a 6.6 0.1 a

3 10.6 2.4 b 10.2 0.7 b 96.1 6.1 b 93.4 3.3 b 2.4 0.1 b 2.3 0.0 b

7 5.9 1.9 c 5.5 0.2 c 84.4 5.0 bc 86.1 1.9 bc 0 0 c 0 0 c

12 3.0 1.1 cd 4.4 1.1 cd 71.9 4.3 c 75.2 3.2 cd 0 0 c 0 0 c

24 0.8 0.8 d 3.3 0.7 d 64.5 13.4 c 80.0 5.0 d 0 0 c 0 0 c

SV4c 0 10.9 0.1 a 10.9 0.1 a 69.4 0.1 a 69.4 0.1 a 2.2 0.2 a 2.2 0.2 a

3 1.4 0.1 b 1.4 0.1 b 46.6 3.0 b 46.0 1.2 a 0 0 b 0 0 b

7 0.2 0.1 c 0.3 0.1 c 38.1 1.0 bc 38.8 0.3 b 0 0 b 0 0 b

12 0.2 0.1 c 0.2 0.1 c 28.3 9.4 c 34.4 0.5 c 0 0 b 0 0 b

24 0 0 c 0 0 d 7.0 8.6 d 28.9 2.2 d 0 0 b 0 0 b

SV2c 0 11.2 0.1 a 11.2 0.1 a 76.3 1.3 a 76.3 1.3 a 1.9 0.2 a 1.9 0.2 a

3 2.2 0.5 b 3.7 0.2 b 50.6 3.2 b 57.5 0.8 b 0 0 b 0 0 b

7 0.3 0.3 c 1.2 0.1 c 40.8 5.2 bc 51.6 1.5 c 0 0 b 0 0 b

12 0.3 0.2 c 0.5 0.1 d 36.1 4.9 bc 39.6 2.0 d 0 0 b 0 0 b

24 0 0 c 0 0 e 24.0 10.3 c 32.4 3.2 e 0 0 b 0 0 b

S4c 0 19.9 0.2 a 19.9 0.2 a 108.3 1.4 a 108.3 1.4 a 2.2 0.0 a 2.2 0.0 a

3 5.0 0.1 b 6.2 0.6 b 64.8 2.1 b 71.3 1.4 b 0 0 b 0 0 b

7 2.0 0.9 c 3.2 1.7 c 59.2 4.6 bc 64.7 3.2 b 0 0 b 0 0 b

12 0.4 0.4 d 2.0 0.2 cd 43.1 4.4 c 57.0 1.1 c 0 0 b 0 0 b

24 0.1 0.1 d 0.4 0.1 d 41.6 12.3 c 52.7 4.1 c 0 0 b 0 0 b

S2c 0 14.2 0.2 a 14.2 0.2 a 88.5 1.7 ab 88.5 1.7 a 2.1 0.1 a 2.1 0.1 a

3 2.8 0.6 b 3.1 0.2 b 61.8 0.9 ab 62.3 0.4 b 0 0 b 0 0 b

7 0.8 0.4 c 0.8 0.2 c 54.7 3.9 bc 57.3 1.7 b 0 0 b 0 0 b

12 0.4 0.2 c 0.7 0.1 c 44.5 1.7 bc 50.1 1.3 c 0 0 b 0 0 b

24 0.1 0.1 c 0 0 d 29.1 20.1 c 48.8 4.4 c 0 0 b 0 0 b

VM4c 0 17.1 0.2 a 17.1 0.2 a 88.0 2.0 a 88.0 2.0 a 2.1 0.0 a 2.1 0.0 a

3 4.8 0.4 b 4.7 1.2 b 62.6 1.4 b 60.9 6.0 b 0 0 b 0 0 b

7 0.6 0.3 c 0.7 0.2 c 45.5 6.6 b 51.4 1.4 bc 0 0 b 0 0 b

12 1.2 1.3 c 0.8 0.4 c 45.9 8.1 b 44.2 3.1 c 0 0 b 0 0 b

24 0.1 0.1 c 0.2 0.1 c 24.8 7.7 c 41.8 2.6 c 0 0 b 0 0 b

VM2c 0 18.0 0.4 a 18.0 0.4 a 85.8 1.3 a 85.8 1.3 a 7.7 0.2 a 7.7 0.2 a

3 6.3 2.4 b 6.0 0.7 b 64.1 5.7 b 65.8 0.6 b 3.3 0.3 b 3.0 0.1 b

7 3.0 1.0 bc 2.0 0.4 c 58.5 3.1 b 54.6 1.2 c 0 0 c 0 0 c

12 0.8 0.5 c 1.9 0.4 cd 43.6 4.5 c 50.1 2.0 c 0 0 c 0 0 c

24 0 0 c 0.6 0.5 d 35.3 5.2 c 50.1 4.3 c 0 0 c 0 0 c
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Table 4-31: Continued

free SO2 total SO2 glutathione

cork screw cap cork screw cap cork screw cap

t μ σ μ σ μ σ μ σ μ σ μ σ

JC 0 13.8 0.1 a 13.8 0.1 a 95.7 0.8 a 95.7 0.8 a 1.7 0.1 a 1.7 0.1 a

3 2.2 0.1 b 2.1 0.1 b 70.5 3.0 b 65.7 1.3 b 0 0 b 0 0 b

7 - - - - - - - - - - - -
12 0.2 0.1 c 0.4 0.1 c 40.9 2.5 c 48.5 0.9 c 0 0 b 0 0 b

24 0 0 d 0.4 0.2 c 33.7 3.8 c 49.3 1.8 c 0 0 b 0 0 b

JS 0 11.2 0.7 a 11.2 0.7 a 82.3 0.6 a 82.3 0.6 a 1.8 0.0 a 1.8 0.0 a

3 1.8 0.2 b 1.9 0.1 b 62.2 1.7 b 61.7 1.9 b 0 0 b 0 0 b

7 - - - - - - - - - - - -
12 0.3 0.1 c 0.4 0.1 c 36.4 7.9 c 41.9 2.9 c 0 0 b 0 0 b

24 0.1 0.2 c 0.1 0.2 c 28.4 4.1 c 43.6 1.3 c 0 0 b 0 0 b

TP 0 20.2 0.1 a 20.2 0.1 a 102.7 1.5 ab 102.7 1.5 a 6.1 0.2 a 6.1 0.2 a

3 6.9 0.1 b 7.2 0.2 b 83.9 3.4 ab 89.3 1.6 b 2.5 0.1 b 2.4 0.1 b

7 1.2 0.2 c 1.3 0.2 c 61.6 4.3 bc 68.7 1.2 c 0.9 0.0 c 0 0 c

12 1.0 0.6 c 1.8 0.1 d 45.4 8.0 cd 54.9 0.9 d 0 0 d 0 0 c

24 0.3 0.5 c 1.3 0.1 c 31.2 19.3 d 55.6 1.3 d 0 0 d 0 0 c

C 0 15.8 0.2 a 15.8 0.2 a 91.0 0.8 a 91.0 0.8 a 8.7 0.1 a 8.7 0.1 a

3 5.5 0.7 b 6.0 0.1 b 69.3 3.2 b 70.1 1.4 b 3.8 0.0 b 3.7 0.3 b

7 0.6 0.3 c 1.0 0.1 cd 50.4 2.8 c 54.5 2.1 c 1.5 0.0 c 1.6 0.0 c

12 0.8 0.1 c 1.4 0.1 cd 42.6 0.4 c 49.1 0.8 d 0 0 d 0 0 d

24 0.1 0.2 c 0.9 0.3 d 20.4 7.0 d 46.9 1.3 d 0 0 d 0 0 d

PS 0 12.6 0.2 a 12.6 0.2 a 103.2 0.7 a 103.2 0.7 a 8.9 0.1 a 8.9 0.1 a

3 3.4 0.9 b 4.0 0.3 b 69.8 4.6 b 78.0 2.8 b 3.1 0.1 b 3.4 0.1 b

7 0.8 0.2 c 1.0 0.1 c 66.1 3.0 b 66.3 1.7 c 1.3 0.1 c 1.3 0.0 c

12 0.9 0.2 c 1.0 0.1 c 58.6 3.1 bc 60.2 1.8 d 0 0 d 0 0 d

24 0.6 0.5 c 1.2 0.1 c 48.0 8.2 c 58.7 0.8 d 0 0 d 0 0 d

SPC 0 16.1 0.1 a 16.1 0.1 a 121.2 1.7 a 121.2 1.7 a 11.6 0.1 a 11.6 0.1 a

3 4.0 0.1 b 5.2 0.5 b 81.2 0.8 b 87.5 1.6 b 2.8 0.1 b 2.9 0.1 b

7 0.5 0.1 c 1.1 0.3 c 73.4 3.4 b 80.2 1.2 c 1.2 0.0 c 1.3 0.0 c

12 0.6 0.1 c 1.7 0.3 c 58.7 2.1 c 72.8 2.2 cd 0 0 d 0 0 d

24 1.0 0.4 c 1.7 0.2 c 63.5 4.6 c 76.5 2.3 d 0 0 d 0 0 d

The concentrations of glutathione initially ranged from 1.7 to 11.6 mg/L (7.7 -

17.4 mg/L; μ = 13.0 ± 2.8 mg/L with the inclusion of the GRP) in the Sauvignon blanc

wines. Glutathione followed a similar trend to free SO2 across the trial period

(r = 0.788*** [n = 156]). After 3 months of storage, the natural antioxidant lost 43 -

100 % (77 ± 22 % on average) of its initial concentration (μ = 5.1 ± 3.1 mg/L). After one

year in the bottle glutathione could not be detected in any of the wines. The storage

period had a large effect (p < 0.001), whereas the closure type had no impact on

glutathione levels (p = 0.938). Despite the higher oxygen exposure in this trial, similar

high losses were observed by other authors [160, 225]. Across the trial period,

glutathione levels correlated strongly with 3-MHA levels (r = 0.826*** [n = 156]),

whereas 3-MH concentrations related better to glutathione at the individual sampling
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point of 3 and 7 months (r = 0.626** [n = 32] and r = 0.792** [n = 28], respectively). A

positive effect of glutathione on varietal thiols has also been observed by LAVIGNE-

CRUÈGE and DUBOURDIEU (2003) [158].

Colour

A steady increase in A420 was recorded in all of the wines (the representative trend for

three Sauvignon blanc wines is given in Figure 4-47), related to the development of a

yellow-brown colour which became more pronounced over time (p < 0.001).

Figure 4-47: Evolution of colour (absorbance at 420 nm) in manually bottled Sauvignon blanc
wines under cork and screw cap

(Data are displayed as average values of single measurements of triplicate bottles ± SD.)
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Table 4-32: Progress of oxidation in manually bottled Sauvignon blanc wines under cork and
screw cap throughout 2 years of storage as measured by absorbance at 420 nm (Data represent
average values of single measurements of triplicate bottles ± SD. Means followed by the same letter(s) in a row do
not differ significantly across time t [in months] by TUKEY’s HSD test [p < 0.05].)

Absorbance at 420 nm

t 0 3 7 12 24
B4c cork μ 0.031 a 0.040 ab 0.047 b 0.049 b 0.084 c

σ 0.004 0.003 0.002 0.005 0.010
screw cap μ 0.031 a 0.029 a 0.046 b 0.047 b 0.062 c

σ 0.004 0.001 0.001 0.001 0.002

B2c cork μ 0.024 a 0.036 b 0.044 bc 0.050 c 0.083 d

σ 0.001 0.003 0.002 0.002 0.007
screw cap μ 0.024 a 0.025 a 0.044 b 0.042 b 0.058 c

σ 0.001 0.002 0.001 0.002 0.002

OB4c cork μ 0.034 a 0.042 ab 0.053 b 0.054 b 0.105 c

σ 0.004 0.002 0.005 0.004 0.006
screw cap μ 0.034 a 0.034 a 0.052 b 0.059 b 0.095 c

σ 0.004 0.001 0.002 0.005 0.009

OB2c cork μ 0.031 a 0.034 a 0.041 ab 0.050 b 0.075 c

σ 0.004 0.003 0.002 0.005 0.008
screw cap μ 0.031 a 0.026 ab 0.038 ab 0.046 b 0.062 c

σ 0.004 0.001 0.002 0.004 0.010

SV4c cork μ 0.041 a 0.045 a 0.063 ab 0.077 b 0.120 c

σ 0.013 0.003 0.011 0.012 0.003
screw cap μ 0.041 ab 0.039 a 0.064 c 0.062 bc 0.092 d

σ 0.013 0.002 0.003 0.001 0.012

SV2c cork μ 0.031 a 0.046 ab 0.062 bc 0.066 c 0.124 d

σ 0.002 0.006 0.005 0.003 0.012
screw cap μ 0.031 a 0.037 a 0.061 b 0.065 b 0.093 c

σ 0.002 0.002 0.002 0.006 0.008

S4c cork μ 0.027 a 0.033 ab 0.044 ab 0.054 c 0.080 d

σ 0.001 0.001 0.004 0.009 0.012
screw cap μ 0.027 a 0.027 a 0.040 ab 0.043 b 0.067 c

σ 0.001 0.002 0.002 0.001 0.011

S2c cork μ 0.028 a 0.039 ab 0.048 ab 0.065 b 0.098 c

σ 0.001 0.003 0.004 0.004 0.020
screw cap μ 0.028 a 0.030 b 0.049 b 0.052 b 0.076 c

σ 0.001 0.001 0.004 0.003 0.006

VM4c cork μ 0.028 a 0.036 ab 0.046 ab 0.052 b 0.094 c

σ 0.000 0.003 0.004 0.004 0.015
screw cap μ 0.028 a 0.028 a 0.044 b 0.052 b 0.066 c

σ 0.000 0.002 0.002 0.006 0.003

VM2c cork μ 0.025 a 0.031 ab 0.043 bc 0.052 c 0.082 d

σ 0.000 0.003 0.003 0.004 0.008
screw cap μ 0.025 a 0.031 b 0.044 c 0.049 c 0.060 d

σ 0.000 0.002 0.002 0.003 0.002
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Table 4-32: Continued

Absorbance at 420 nm

t 0 3 7 12 24
JC cork μ 0.038 a 0.046 a - 0.098 b 0.165 c

σ 0.001 0.001 0.006 0.011
screw cap μ 0.038 a 0.050 b - 0.086 c 0.116 d

σ 0.001 0.004 0.000 0.002

JS cork μ 0.034 a 0.045 a - 0.087 b 0.158 c

σ 0.001 0.003 0.011 0.011
screw cap μ 0.034 a 0.046 a - 0.087 b 0.110 c

σ 0.001 0.001 0.009 0.002

TP cork μ 0.047 a 0.059 a 0.061 a 0.089 a 0.180 b

σ 0.001 0.001 0.001 0.013 0.054
screw cap μ 0.047 a 0.055 ab 0.063 b 0.084 c 0.112 d

σ 0.001 0.002 0.006 0.005 0.003

C cork μ 0.030 a 0.041 ab 0.058 bc 0.068 c 0.140 d

σ 0.001 0.002 0.002 0.001 0.014
screw cap μ 0.030 a 0.039 b 0.053 c 0.063 d 0.079 e

σ 0.001 0.001 0.001 0.002 0.003

PS cork μ 0.036 a 0.049 a 0.065 ab 0.085 b 0.152 c

σ 0.000 0.004 0.003 0.005 0.025
screw cap μ 0.036 a 0.051 b 0.067 c 0.081 d 0.110 e

σ 0.000 0.002 0.004 0.003 0.006

SPC cork μ 0.041 a 0.057 b 0.075 c 0.094 d 0.141 e

σ 0.004 0.001 0.002 0.004 0.010
screw cap μ 0.041 a 0.054 b 0.075 c 0.087 d 0.108 e

σ 0.004 0.002 0.002 0.004 0.001

Throughout the first year of storage, wines sealed under cork and screw cap scored

similar A420 values (see Table 4-32), which can be ascribed to a high level of dissolved

oxygen at bottling. Across the 24-month trial, the average 420 nm absorbance

increased from 0.033 ± 0.006 initially, to 0.117 ± 0.035 under cork and to 0.085 ±

0.021 under screw cap, thus being significantly (p < 0.001) lower in screw cap-sealed

bottles (the final A420 value was higher under cork in all 16 cases), which is in

agreement with findings by GODDEN et al. (2001) [114] and LOPES et al. (2009) [168].

This observation suggests a higher oxygen transfer rate through the cork closure,

which has been established by LOPES et al. (2007) [166]. Wines bottled under cork

displayed also a higher variation between bottles due to a widely varying oxygen

permeability of the natural cork stopper as seen in the AWRI closure performance

trial [115], causing random oxidation [34, 331]. On the other hand, BRAJKOVICH et al.

(2005) [31] obtained similar A420 values for both closure types. The Two-Way analysis
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of variance showed a significant interaction (p < 0.001) between storage period and

closure on the colour of Sauvignon blanc wines.

Polyphenols

Up to ten polyphenols were identified in the Marlborough Sauvignon blanc wines at

bottling and after 3, 7, 12, and 24 months of storage. These included gallic acid, the

flavan-3-ols (+)-catechin and (-)-epicatechin, as well as hydroxycinnamates (trans-

caftaric acid, GRP, cis- and trans-p-coutaric acid, and their respective hydrolysed

forms, trans-caffeic acid and trans-p-coumaric acid). Trans-resveratrol and any

flavonols were not detected in these wines. Gallic acid could not be quantified

because it co-eluted with an unknown compound, which was reflected in an

abnormal absorption spectra when compared with the one obtained from a reference

standard.

At bottling, the total phenol content (sum of all individual polyphenols quantified)

varied from 15.6 to 41.1 mg/L, averaging at 25.5 ± 9.5 mg/L. The total flavan-3-ol level

ranged from 1.7 to 10.8 mg/L (μ = 4.1 ± 3.1 mg/L), with (-)-epicatechin not being

present in any of the wines from the MWRC (see Table 4-33). (+)-Catechin was the

most abundant flavan-3-ol with concentrations ranging from 1.7 to 6.4 mg/L (μ = 3.2 ±

1.7 mg/L), which correlated with A420 values at bottling (r = 0.700*** [n = 16]). The

initial (+)-catechin values of all wines were highly correlated with those for

(-)-epicatechin (r = 0.946*** [n = 16]). The total hydroxycinnamic acid (HCA) content

averaged at 21.4 ± 6.9 mg/L (16.9 - 35.7 mg/L). The predominant hydroxycinnamate

was trans-caftaric acid with an average concentration of 9.1 ± 6.3 mg/L (3.6 - 21.7

mg/L) – 16.9 ± 4.8 mg/L (11.4 - 27.3 mg/L) including the GRP – followed by trans- (0.8

- 4.9 mg/L; μ = 2.0 ± 1.3 mg/L) and cis-p-coutaric acid (0.7 - 2.5 mg/L; μ = 1.3 ± 0.6

mg/L), as well as trans-caffeic acid (0.7 - 1.8 mg/L; μ = 1.0 ± 0.3 mg/L) and trans-p-

coumaric acid (0.06 - 0.37 mg/L; μ = 0.12 ± 0.07 mg/L), all displayed in Table 4-34. In

general, the commercially produced Marlborough Sauvignon blanc wines from VILLA

MARIA and MATUA VALLEY were found to be richer in polyphenols (μ = 37.0 ± 4.1 mg/L)
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compared to the small-scale produced wines from the MWRC (μ = 18.6 ± 1.6 mg/L),

suggesting that the different winemaking techniques (e.g. skin contact conditions,

length, and temperature) had an impact on polyphenol extraction. The values

obtained for individual polyphenols are within the ranges reported by other authors

for white wines, summarised in Table 1-3, but are on average a little lower.

Throughout the 24-month trial period, the closure type had no significant (p < 0.05)

effect on any of the polyphenols studied. The total phenol content declined

significantly (p < 0.001) during two years of aging (mainly after the initial three

months in the bottle) from an average of 25.5 ± 9.5 mg/L to 19.7 ± 8.9 mg/L, a

25 ± 9 % (9 - 47 %) drop. This trend has also been seen (though for other white wine

varieties) by RECAMALES et al. (2006) [240] after one year of storage, whereas

KALLITHRANKA et al. (2009) [138] found no difference in phenolic levels after 9 months

of storage. The evolution of individual phenolic compounds for each wine is

summarised in Table 4-33 and Table 4-34 with the corresponding standard deviations

displayed in Appendix 4-5. Some wines might not follow the general trends described

below, thus explaining the higher standard deviations.

(+)-Catechin diminished significantly (p < 0.001) with time, losing a total of 86 ± 19 %

(36 - 100 %) of its initial content after two years in the bottle, whereas (-)-epicatechin

had completely disappeared by this time. These results are in accordance with other

reports [127, 138, 240], and demonstrate the greater susceptibility of flavan-3-ols to

oxidation and polymerisation reactions than the hydroxycinnamic acids, as indicated

in other studies [117, 272], as well as condensation reactions to produce xanthylium

cations, which have been associated with white wine browning [190]. By contrast, the

tartrate esters trans-caftaric acid and trans-p-coutaric acid were not significantly

(p > 0.05) affected by the storage time (average total losses of 6 ± 6 % and 8 ± 21 % at

the end of the trial period, respectively). Similar observations were made by VRHOVŠEK

et al. (1998) [326] for another white wine variety after almost one year of storage (up

to 5 % losses), whereas other authors found a more pronounced decline of trans-

caftaric acid [127, 138, 240] or increase in trans-p-coutaric acid [127, 240] in other

white wines during a similar storage period. The cis-configuration of coutaric acid
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appeared to be less stable, dropping significantly (p < 0.05) by 19 ± 13 % across two

years of storage. VRHOVŠEK et al. (1998) [326] noticed only a small decline after 325

days of storage (up to 4.2 % versus 15 ± 15 % after 12 months). 2-S-glutathionyl

caftaric acid (GRP) also suffered significant (p < 0.001) losses 24 months post-bottling

(28 ± 11 %) as seen (to a greater extent) by VRHOVŠEK et al. (1998) [326], which

presumably is due to hydrolysis to 2-S-glutathionyl caffeic acid and other hydrolysis

products [53] and non-enzymatic autoxidation [58]. The small, but progressive decline

in hydroxycinnamic acid esters with time was accompanied by significant increases in

the corresponding free acids due to acid-catalysed hydrolysis. While trans-p-coumaric

acid increased (p < 0.001) gradually throughout storage to 0.5 ± 0.1 mg/L, trans-

caffeic acid (p < 0.05) decreased, after an initial increase of 13 ± 6 % within 3 months,

in most of the wines by 7 ± 9 % until 12 months of storage (due to oxidation),

followed by an average increase of 14 ± 20 % in the 12 months thereafter. These

observations are in agreement with other authors [127, 138, 240, 326]. Overall, the

total hydroxycinnamic levels remained unaffected (p = 0.178) by the storage time.

Interestingly, a positive relationship was seen after 7 and 12 months of storage

between trans-caftaric acid and both 3-MHA (r = 0.754*** [n = 28] and r = 0.776***

[n = 32], respectively) and 3-MH (r = 0.801*** [n = 28] and r = 0.750** [n = 32],

respectively), as well as for trans-caffeic acid and 3-MHA (r = 0.717*** [n = 28] and

r = 0.871*** [n = 32], respectively) and 3-MH (r = 0.671*** [n = 28] and r = 0.714***

[n = 32], respectively).
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Table 4-33: Evolution of flavan-3-ols, total hydroxycinnamates and total polyphenols [mg/L] in manually bottled Sauvignon blanc wines under cork (C) and
screw cap (S) throughout 2 years of storage (Data represent average values of single measurements of triplicate bottles. Means of each wine in a column followed by the same
letter(s) do not differ significantly across time t [in months] by TUKEY’s HSD test [p < 0.05].)

(+)-catechin (-)-epicatechin total flavan-3-ols total HCA total phenols

t C S C S C S C S C S
B4c 0 1.96 a 1.96 a 0 0 2.0 a 2.0 a 16.8 a 16.8 a 18.7 a 18.7 a

3 1.58 b 1.62 b 0 0 1.6 b 1.6 b 15.8 a 16.0 a 17.4 ab 17.6 a
12 1.19 c 1.31 c 0 0 1.2 c 1.3 c 14.8 a 15.1 a 16.0 ab 16.5 a
24 0 d 0 d 0 0 0 d 0 d 14.3 a 15.8 a 14.3 b 15.8 a

B2c 0 1.69 a 1.69 a 0 0 1.7 a 1.7 a 14.7 a 14.7 a 16.4 a 16.4 a
3 1.66 a 1.59 a 0 0 1.7 a 1.6 a 14.4 a 15.1 a 16.1 a 16.6 a

12 1.13 b 1.16 b 0 0 1.1 b 1.2 b 12.6 a 12.8 b 13.7 ab 14.0 b

24 0 c 0 c 0 0 0 c 0 c 12.2 a 10.2 c 12.2 b 10.2 c

OB4c 0 2.19 a 2.19 a 0 0 2.2 a 2.2 a 17.6 a 17.6 a 19.8 a 19.8 a
3 1.97 b 1.93 b 0 0 2.0 b 1.9 b 16.5 ab 15.9 ab 18.4 ab 17.8 b

12 1.18 c 1.26 c 0 0 1.2 c 1.3 c 15.5 ab 16.9 a 16.7 b 18.1 ab
24 0 d 0 d 0 0 0 d 0 d 14.1 ab 14.6 b 14.1 c 14.6 c

OB2c 0 2.21 a 2.21 a 0 0 2.2 a 2.2 a 17.8 a 17.8 a 20.0 a 20.0 a
3 2.06 a 2.02 b 0 0 2.1 a 2.0 b 17.4 a 17.8 a 19.4 a 19.9 ab

12 1.35 b 1.38 c 0 0 1.4 b 1.4 c 15.4 b 16.4 ab 16.7 b 17.8 b
24 0 c 0 d 0 0 0 c 0 d 14.5 c 15.4 b 14.5 c 15.4 c

SV4c 0 2.14 a 2.14 a 0 0 2.1 a 2.1 a 17.3 a 17.3 a 19.4 a 19.4 a
3 1.51 b 1.59 b 0 0 1.5 b 1.6 b 14.0 b 13.8 b 15.5 b 15.4 b

12 1.03 c 1.11 c 0 0 1.0 c 1.1 c 12.4 b 14.1 b 13.4 bc 15.2 b
24 0 d 0 d 0 0 0 d 0 d 12.3 b 11.9 b 12.3 c 11.9 c

SV2c 0 2.27 a 2.27 a 0 0 2.3 a 2.3 a 17.3 a 17.3 a 19.5 a 19.5 a
3 1.68 b 1.63 b 0 0 1.7 b 1.6 b 15.7 b 15.6 a 17.3 b 17.3 b

12 1.24 c 1.12 c 0 0 1.2 c 1.1 c 12.8 c 13.3 b 14.0 c 14.5 c
24 0 d 0 d 0 0 0 d 0 d 13.9 d 10.4 c 13.9 c 10.4 d

S4c 0 1.91 a 1.91 a 0 0 1.9 a 1.9 a 15.8 ab 15.8 a 17.8 a 17.8 a
3 1.62 b 1.68 a 0 0 1.6 b 1.7 a 15.9 a 15.6 a 17.5 a 17.3 a

12 0.97 c 1.27 b 0 0 1.0 c 1.3 b 11.9 c 15.4 a 12.8 b 16.6 a
24 0 d 0 c 0 0 0 d 0 c 11.9 bc 11.8 b 11.9 b 11.8 b

S2c 0 1.93 a 1.93 ab 0 0 1.9 a 1.9 a 13.6 a 13.6 a 15.6 a 15.6 a
3 1.43 b 1.43 b 0 0 1.4 b 1.4 b 13.7 a 14.1 a 15.2 a 15.5 a

12 1.04 c 1.08 c 0 0 1.0 c 1.1 c 13.4 a 13.0 a 14.4 ab 14.0 b
24 0 d 0 d 0 0 0 d 0 d 12.8 a 10.7 b 12.8 b 10.7 c
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Table 4-33: Continued
(+)-catechin (-)-epicatechin total flavan-3-ols total HCA total phenols

t C S C S C S C S C S
VM4c 0 2.30 a 2.30 a 0 0 2.3 a 2.3 a 18.1 a 18.1 a 20.4 a 20.4 a

3 1.75 b 1.78 b 0 0 1.8 b 1.8 b 17.1 a 17.2 ab 18.8 a 19.0 a
12 1.04 c 1.19 c 0 0 1.0 c 1.2 c 15.5 b 15.0 bc 16.5 b 16.2 b
24 0 d 0 d 0 0 0 d 0 d 14.3 b 13.9 c 14.3 c 13.9 b

VM2c 0 1.81 a 1.81 a 0 0 1.8 a 1.8 a 16.5 a 16.5 a 18.3 a 18.3 a
3 1.91 a 1.81 a 0 0 1.9 a 1.8 a 16.5 a 15.9 ab 18.4 a 17.7 ab

12 0.99 b 1.21 b 0 0 1.0 b 1.2 b 14.2 b 14.4 b 15.2 b 15.6 bc
24 0 b 0.93 b 0 0 0 c 0.9 b 14.6 b 14.0 b 14.6 b 15.0 c

JC 0 6.39 a 6.39 a 4.37 a 4.37 a 10.8 a 10.8 a 27.9 a 27.9 a 38.7 a 38.7 a
3 5.56 a 5.71 a 3.15 b 3.14 b 8.7 b 8.9 b 28.5 a 28.4 a 37.2 a 37.3 a

12 2.36 b 2.84 b 0.90 c 1.15 c 3.3 c 4.0 c 23.1 b 24.6 a 26.4 b 28.6 b
24 1.73 b 2.44 b 0 d 0 d 1.7 d 2.4 d 26.9 a 27.6 a 28.6 b 30.0 b

JS 0 5.42 a 5.42 a 3.80 a 3.80 a 9.2 a 9.2 a 28.1 a 28.1 a 37.3 a 37.3 a
3 5.03 a 5.08 a 2.67 b 2.71 b 7.7 b 7.8 b 29.0 a 28.5 a 36.7 a 36.3 a

12 2.75 b 3.08 b 1.05 c 1.24 c 3.8 c 4.3 c 25.4 a 22.9 b 29.2 b 27.2 b
24 1.22 c 1.77 c 0 d 0 d 1.2 d 1.8 d 28.0 a 29.1 a 29.2 b 30.8 b

TP 0 6.23 a 6.23 a 2.82 a 2.82 a 9.0 a 9.0 a 23.7 a 23.7 a 32.8 a 32.8 a
3 5.33 a 5.40 b 2.19 ab 2.28 b 7.5 a 7.7 b 22.2 a 23.6 a 29.7 a 31.3 a

12 4.52 ab 5.09 b 1.68 b 2.03 b 6.2 a 7.1 b 20.3 a 22.1 b 26.5 a 29.2 b
24 3.04 b 3.99 c 0 c 0 c 3.0 b 4.0 c 22.1 a 22.5 b 25.2 a 26.4 c

C 0 3.53 a 3.53 a 1.17 a 1.17 a 4.7 a 4.7 a 26.3 ab 26.3 a 31.0 a 31.0 a
3 3.15 b 3.05 b 0.90 b 0.79 b 4.1 b 3.8 b 28.7 ab 26.4 a 32.7 a 30.3 a

12 1.73 c 2.20 c 0 c 0 c 1.7 c 2.2 c 24.9 b 27.3 a 26.6 b 29.5 a
24 0.89 d 1.47 d 0 c 0 c 0.9 d 1.5 d 25.6 b 26.9 a 26.5 b 28.4 a

PS 0 5.03 a 5.03 a 1.46 a 1.46 a 6.5 a 6.5 a 34.6 a 34.6 a 41.1 a 41.1 a
3 3.50 b 3.79 b 0.95 b 1.05 b 4.5 b 4.8 b 32.5 a 34.7 a 36.9 ab 39.5 ab

12 2.19 c 2.21 c 0 c 0 c 2.2 c 2.2 c 31.2 a 33.6 a 33.4 b 35.9 bc
24 1.05 d 1.36 d 0 c 0 c 1.0 d 1.4 d 33.0 a 32.7 34.0 b 34.0 d

SPC 0 4.23 a 4.23 a 1.25 a 1.25 a 5.5 a 5.5 a 35.7 a 35.7 a 41.1 a 41.1 a
3 3.33 b 3.55 b 0.92 b 0.97 b 4.2 b 4.5 b 35.8 a 36.6 a 40.0 ab 41.1 a

12 2.13 c 2.56 c 0 c 0 c 2.1 c 2.6 c 35.5 a 41.0 b 37.7 bc 43.6 a
24 1.06 d 1.36 d 0 c 0 c 1.1 d 1.4 d 35.4 a 34.9 a 36.5 c 36.3 b
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Table 4-34: Evolution of hydroxycinnamates [mg/L] in manually bottled Sauvignon blanc wines under cork (C) and screw cap (S) throughout 2 years of
storage (Data represent average values of single measurements of triplicate bottles. Means of each wine in a column followed by the same letter(s) do not differ significantly across time t
[in months] by TUKEY’s HSD test [p < 0.05].)

trans-caftaric acid GRP cis-p-coutaric acid trans-p-coutaric acid trans-caffeic acid trans-p-coumaric acid

t C S C S C S C S C S C S
B4c 0 5.00 a 5.00 a 8.82 a 8.82 a 0.97 a 0.97 a 1.06 a 1.06 a 0.82 a 0.82 a 0.10 a 0.10 a

3 5.19 a 5.32 a 7.58 a 7.56 a 0.81 ab 0.82 b 1.02 a 1.05 a 0.93 ab 0.96 b 0.27 b 0.29 b

12 4.93 a 5.03 a 6.84 a 6.97 a 0.69 b 0.68 c 0.96 a 0.98 a 0.97 b 1.03 b 0.45 c 0.45 c

24 4.73 a 4.71 a 6.54 a 7.99 a 0.68 b 0.67 c 0.88 a 0.95 a 0.94 b 0.95 b 0.55 c 0.51 c

B2c 0 3.79 a 3.79 ab 8.52 a 8.52 a 0.78 a 0.78 a 0.87 ab 0.87 a 0.71 a 0.71 a 0.06 a 0.06 a

3 3.97 a 4.08 a 7.66 ab 8.10 a 0.74 a 0.77 a 0.98 a 1.01 a 0.85 b 0.87 b 0.21 b 0.22 b

12 3.48 a 3.54 ab 6.65 b 6.76 b 0.57 b 0.55 b 0.85 ab 0.87 a 0.79 ab 0.82 b 0.27 c 0.29 c

24 3.52 a 3.33 b 6.20 b 4.56 b 0.62 b 0.57 b 0.81 b 0.68 b 0.76 ab 0.72 a 0.32 d 0.32 c

OB4c 0 5.02 ab 5.02 a 8.99 a 8.99 a 1.08 a 1.08 a 1.61 a 1.61 a 0.81 a 0.81 a 0.14 a 0.14 a

3 5.22 a 5.00 a 7.42 b 7.19 bc 1.01 a 0.96 b 1.63 a 1.57 a 0.89 ab 0.87 ab 0.29 b 0.28 b

12 4.87 ab 4.96 a 6.86 bc 8.13 ab 0.94 a 0.95 b 1.48 a 1.49 a 0.87 ab 0.90 ab 0.48 c 0.45 c

24 4.51 b 4.64 a 6.15 c 6.37 c 0.74 b 0.77 c 1.23 b 1.30 b 0.93 b 0.95 b 0.53 c 0.54 d

OB2c 0 6.17 a 6.17 a 7.73 a 7.73 a 1.08 a 1.08 a 1.69 a 1.69 a 0.93 a 0.93 a 0.16 a 0.16 a

3 6.62 b 6.79 b 6.56 b 6.71 ab 0.97 b 1.00 a 1.86 b 1.92 b 1.02 a 1.04 a 0.36 b 0.37 b

12 5.84 c 6.00 ac 5.51 c 6.37 ab 0.84 c 0.83 b 1.67 a 1.70 a 0.96 a 1.01 a 0.54 c 0.54 c

24 5.58 c 5.46 c 4.88 d 5.98 b 0.72 d 0.72 b 1.35 c 1.39 c 1.30 b 1.20 a 0.66 d 0.64 d

SV4c 0 3.64 a 3.64 a 10.97 a 10.97 a 0.78 a 0.78 a 1.03 a 1.03 a 0.76 ab 0.76 a 0.09 a 0.09 a

3 3.72 a 3.69 a 7.61 b 7.55 b 0.66 b 0.65 b 1.01 a 0.98 a 0.80 a 0.78 a 0.20 b 0.19 b

12 3.15 b 3.41 ab 6.84 b 8.12 b 0.62 bc 0.64 b 0.86 b 0.96 a 0.67 c 0.71 ab 0.27 c 0.29 c

24 3.14 b 2.97 b 6.83 b 6.70 b 0.52 c 0.47 c 0.74 b 0.72 b 0.70 bc 0.68 b 0.35 d 0.35 d

SV2c 0 3.64 a 3.64 a 10.98 a 10.98 a 0.82 a 0.82 a 1.03 a 1.03 a 0.72 a 0.72 a 0.08 a 0.08 a

3 3.95 b 4.10 b 8.98 b 8.76 b 0.78 a 0.80 a 0.95 b 0.89 a 0.79 c 0.85 b 0.21 b 0.23 b

12 3.40 c 3.45 a 6.79 c 7.54 b 0.69 b 0.61 a 0.82 c 0.66 b 0.73 ab 0.74 a 0.32 c 0.34 c

24 3.54 a 3.09 c 7.80 d 5.16 c 0.64 c 0.53 a 0.74 d 0.51 c 0.77 bc 0.68 a 0.46 d 0.38 d

S4c 0 4.80 ab 4.80 a 8.35 a 8.35 a 0.84 a 0.84 a 0.93 ab 0.93 a 0.83 ab 0.83 a 0.10 a 0.10 a

3 6.01 a 5.83 b 6.86 ab 6.77 a 0.80 ab 0.77 a 1.04 a 1.01 a 0.95 a 0.94 b 0.26 b 0.26 b

12 4.46 b 5.47 b 4.97 bc 6.90 a 0.58 b 0.73 a 0.76 ab 0.94 a 0.78 b 0.93 b 0.32 b 0.39 c

24 4.70 ab 4.77 a 4.56 c 4.46 b 0.61 b 0.58 b 0.70 b 0.67 b 0.90 ab 0.89 ab 0.45 c 0.44 d

S2c 0 4.02 ab 4.02 a 7.33 a 7.33 a 0.68 a 0.68 a 0.83 a 0.83 a 0.70 a 0.70 a 0.07 a 0.07 a

3 4.28 a 4.42 b 7.01 a 7.07 a 0.64 ab 0.65 ab 0.78 a 0.83 a 0.83 b 0.87 b 0.21 b 0.24 b

12 4.05 ab 3.85 ac 6.82 a 6.78 a 0.59 b 0.49 b 0.69 b 0.64 b 0.84 bc 0.84 b 0.36 c 0.36 c

24 3.71 b 3.69 c 6.50 a 4.53 b 0.65 ab 0.65 ab 0.58 c 0.52 c 0.95 c 0.90 b 0.41 c 0.45 d
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Table 4-34: Continued
trans-caftaric acid GRP cis-p-coutaric acid trans-p-coutaric acid trans-caffeic acid trans-p-coumaric acid

t C S C S C S C S C S C S
VM4c 0 6.23 a 6.23 a 8.70 a 8.70 a 1.00 a 1.00 a 1.34 a 1.34 a 0.74 a 0.74 a 0.09 a 0.09 a

3 6.22 a 6.19 a 7.68 b 7.77 ab 0.91 b 0.93 a 1.23 ab 1.23 ab 0.85 b 0.86 a 0.19 b 0.19 b

12 5.60 b 5.52 b 6.75 c 6.54 b 0.92 b 0.84 a 1.18 b 1.11 b 0.70 a 0.75 a 0.31 c 0.29 c

24 5.37 b 4.86 c 6.02 d 6.47 b 0.73 c 0.63 b 1.01 c 0.92 c 0.82 b 0.72 a 0.38 c 0.34 d

VM2c 0 4.26 a 4.26 a 9.67 a 9.67 a 0.89 a 0.89 a 0.94 a 0.94 a 0.68 a 0.68 a 0.07 a 0.07 a

3 5.04 b 4.85 a 8.42 ab 8.09 b 0.89 a 0.87 a 1.13 b 1.10 a 0.80 b 0.79 ab 0.23 b 0.23 b

12 4.23 a 4.41 a 7.17 bc 7.12 bc 0.84 a 0.81 a 1.00 a 1.03 a 0.64 a 0.67 a 0.31 c 0.34 c

24 4.41 a 4.23 a 6.90 c 6.72 c 0.80 a 0.75 a 1.02 a 0.99 a 1.04 c 0.91 b 0.42 d 0.42 d

JC 0 13.85 a 13.85 a 7.11 a 7.11 a 2.41 a 2.41 a 3.36 ab 3.36 ab 1.07 a 1.07 a 0.11 a 0.11 a

3 14.53 a 14.41 a 6.63 a 6.69 ab 2.44 a 2.43 a 3.54 a 3.52 ab 1.20 b 1.20 ab 0.20 b 0.19 b

12 13.82 a 15.61 a 3.34 b 3.26 c 1.74 b 1.52 b 3.08 b 3.06 a 0.97 a 1.02 a 0.19 b 0.19 b

24 13.41 a 13.66 a 5.73 a 6.08 b 2.30 ab 2.30 a 3.81 a 3.88 b 1.38 c 1.39 b 0.28 c 0.27 c

JS 0 16.59 a 16.59 a 5.89 a 5.89 a 1.66 a 1.66 a 2.85 a 2.85 a 1.00 a 1.00 a 0.10 a 0.10 a

3 18.34 a 18.25 a 4.28 b 3.89 b 1.66 a 1.64 a 3.36 a 3.34 a 1.19 ab 1.17 ab 0.18 b 0.18 b

12 13.03 b 12.96 b 5.05 ab 3.78 b 2.39 b 1.84 a 3.60 a 3.08 a 1.08 a 1.02 a 0.23 bc 0.19 b

24 16.95 a 17.20 a 4.17 b 5.01 ab 1.67 a 1.71 a 3.46 a 3.46 a 1.45 b 1.42 b 0.27 c 0.27 c

TP 0 9.55 a 9.55 a 7.95 a 7.95 a 2.12 a 2.12 a 2.42 a 2.42 a 1.35 a 1.35 a 0.37 a 0.37 a

3 9.90 a 10.22 b 5.87 ab 6.77 b 2.04 a 2.12 a 2.42 a 2.49 a 1.40 a 1.43 a 0.54 ab 0.55 b

12 8.95 a 9.93 b 4.93 b 5.34 c 1.93 a 1.96 a 2.63 a 2.78 b 1.28 a 1.47 a 0.55 ab 0.60 b

24 9.31 a 9.55 a 6.06 ab 6.24 b 2.02 a 1.96 a 2.87 a 2.91 b 1.21 a 1.13 b 0.67 b 0.66 c

C 0 15.98 a 15.98 a 4.89 a 4.89 a 1.60 a 1.60 a 2.77 a 2.77 a 0.95 a 0.95 a 0.12 a 0.12 a
3 17.81 b 16.37 a 4.57 ab 4.22 ab 1.46 b 1.33 b 3.44 b 3.21 b 1.13 b 1.07 a 0.26 b 0.24 b

12 14.98 a 16.86 a 4.06 ab 3.93 ab 1.34 b 1.42 ab 3.22 b 3.58 b 0.97 a 1.08 a 0.34 b 0.40 c
24 15.41 a 16.32 a 3.79 b 3.87 b 1.37 b 1.46 ab 3.29 b 3.39 b 1.31 c 1.38 b 0.47 c 0.49 d

PS 0 20.59 a 20.59 ab 4.91 a 4.91 a 2.53 a 2.53 a 4.91 a 4.91 a 1.53 ab 1.53 ab 0.14 a 0.14 a

3 19.52 a 20.96 b 3.97 b 4.10 a 2.06 b 2.22 b 5.10 a 5.49 b 1.55 ab 1.65 ab 0.27 b 0.29 b

12 18.69 a 19.47 ab 3.44 b 4.80 a 2.09 ab 2.13 b 5.22 a 5.35 ab 1.32 b 1.44 a 0.45 c 0.45 c

24 19.18 a 18.98 a 3.97 b 3.86 a 2.20 ab 2.24 b 5.32 a 5.30 ab 1.69 a 1.69 b 0.63 d 0.62 d

SPC 0 21.73 a 21.73 ab 5.53 a 5.53 ab 2.19 a 2.19 a 4.25 a 4.25 a 1.79 a 1.79 a 0.17 a 0.17 a

3 22.16 a 22.76 b 4.72 ab 4.69 a 2.04 ab 2.09 ab 4.62 ab 4.75 b 1.91 ab 1.98 b 0.31 b 0.34 b

12 22.07 a 24.06 bc 3.79 b 6.65 b 2.11 ab 2.20 a 4.98 b 5.23 c 2.06 b 2.30 c 0.54 c 0.56 c

24 20.75 a 20.70 a 4.98 a 4.57 a 1.93 b 1.93 b 4.66 ab 4.63 ab 2.45 c 2.47 c 0.62 d 0.63 d
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4.1.2 Aroma Stability of Commercially Bottled New Zealand Sauvignon

blanc

Varietal Thiols

The initial concentration of 3-MHA in seven New Zealand Sauvignon blanc wines from

the 2007 vintage ranged from 359 to 2358 ng/L (μ = 906 ± 701 ng/L). The levels of

3-MH, which highly correlated with those for 3-MHA (r = 0.948*** [n = 14]), varied

between 2450 and 10,993 ng/L (μ = 5049 ± 3410 ng/L). These values (see Table 4-36)

fall into the range observed by FRANK BENKWITZ [21] for 15-month old New Zealand

Sauvignon blanc wines, and are higher for both thiols than those obtained for the

manually bottled Sauvignon blanc, thus confirming the assumption of premature

aging in those wines (see section 2.2.1). The quantitative changes in varietal thiols up

to 7 months post-bottling are displayed in Figure 4-48.

After 3 months of storage at 15°C in the dark, between 29 and 46 % (40 ± 6 % on

average) of 3-MHA was lost, and only 31 ± 7 % of the initial concentration was present

7 months after bottling. The pseudo-first-order rate constants for commercially

bottled Sauvignon blanc wines, seen in Table 4-35, were similar for the two time

periods tested (0 to 3 months, averaging at k0-3 = 0.17 ± 0.03 month-1; 3 to 7 months,

averaging at k3-7 = 0.17 ± 0.03 month-1) and lower than those for Sauvignon blanc

wines bottled manually under screw cap (k0-3 = 0.22 ± 0.07 month-1; k3-7 = 0.21 ± 0.04

month-1 on average), consistent with a minimal role of oxidative 3-MHA degradation.

Should oxidative degradation be important, a greater loss would be expected during

the first three months in the bottle, when the oxygen present at bottling is consumed.

There seemed to be no link between the rate of 3-MHA loss and pH, when plotting k

versus pH (graph not shown). While a higher rate constant is expected at a lower pH,

as the acetate ester hydrolysis is an acid-catalysed mechanism, the pH range might

not have been wide enough in this study to overcome further wine composition

factors. By contrast, 3-MH levels barely declined after the first three months (5 ± 8 %

on average), but increased in all cases after a further four months of storage.
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Figure 4-48: Evolution of 3-MHA and 3-MH in commercially bottled Sauvignon blanc wines
(Data are displayed as average values of duplicate measurements of duplicate bottles ± SD.)
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Figure 4-48: Evolution of 3-MHA and 3-MH in commercially bottled Sauvignon blanc wines
(Data are displayed as average values of duplicate measurements of duplicate bottles ± SD.)
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Figure 4-48: Evolution of 3-MHA and 3-MH in commercially bottled Sauvignon blanc wines
(Data are displayed as average values of duplicate measurements of duplicate bottles ± SD.)

VMCS VMPB

VMCS VMPB

7 months



4. Results and Discussion 158

Table 4-35: Pseudo-first-order rate constants for 3-MHA hydrolysis (including its half-time
using k0-3) in commercially bottled Sauvignon blanc wines

k0-3 [month-1] k3-7 [month-1] t½ [months]

PRB 0.18 0.19 3.9
PRM 0.20 0.20 3.4
PRSR 0.11 0.12 6.1
PRTAW 0.14 0.17 4.9
VMEV 0.19 0.17 3.6
VMCS 0.20 0.20 3.5
VMPB 0.17 0.16 4.0

μ 0.17 0.17 4.2

Across the 7-month trial period, time had a large influence on the 3-MHA levels

(p < 0.05), while the 3-MH content remained unaffected (p = 0.991) during this

storage period. These results are in agreement with LEE et al. (2008) [162] who found

that 3-MH levels did not change over 5 months in stainless steel fermentation vessels

in one trial, and after 12 months in the bottle (under screw cap) in a second trial. The

total varietal thiol content dropped by 10 ± 7 % on average after 3 months in the

bottle (presumably due to the presence of oxygen introduced at bottling), and

remained stable over the following four months.

Antioxidants

The evolution of free SO2 and glutathione in the commercial wines is presented in

Figure 4-49. As seen in previous publications by BRAJKOVICH et al. (2005) [31] and

LOPES et al. (2009) [168], the free SO2 content dropped over the first three months by

32 ± 9 % on average (ranging from 18 to 44 %), but remained relatively stable in the

four months thereafter. On the other hand, the storage time had no effect (p = 0.097)

on the total SO2 concentration in all of the commercially bottled Sauvignon blanc

wines up to the 7-month time point. These results are in contrast to those obtained

for the accelerated aging trial, where high oxygen exposure at bottling led to a

continuous decline in free and total SO2 throughout the first year in wines sealed

under screw cap (with Saran®-tin liner).
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Figure 4-49: Evolution of free SO2 and glutathione in commercially bottled Sauvignon blanc
wines

(Data are displayed as average values of single measurements of duplicate bottles ± SD.)
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Figure 4-49: Evolution of free SO2 and glutathione in commercially bottled Sauvignon blanc
wines

(Data are displayed as average values of single measurements of duplicate bottles ± SD.)
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Figure 4-49: Evolution of free SO2 and glutathione in commercially bottled Sauvignon blanc
wines

(Data are displayed as average values of single measurements of duplicate bottles ± SD.)
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Glutathione, which is known to diminish relatively rapidly during storage [160, 225],

followed a similar trend to 3-MHA throughout the 7-month trial period (r = 0.655**

[n = 21]) with levels declining between 49 and 77 % (64 ± 9 % on average) within 3

months of bottling. After 7 months, only 19 ± 4 % on average of the initial

concentration (averaging at 10.2 ± 3.2 mg/L) was found in the bottle. The rate of

glutathione degradation in commercially bottled wines was lower (as expected) due

to lower oxygen exposure at bottling. Glutathione showed a positive relationship with

both 3-MHA and 3-MH at bottling (r = 0.662** and r = 0.703** [n = 14], respectively),

as well as at the 3- (r = 0.685** and r = 0.688** [n = 14], respectively) and 7-month

(r = 0.778** and r = 0.769** [n = 14], respectively) time points. Interestingly, free SO2

correlated negatively with glutathione at the 3- (r = -0.773** [n = 14]) and 7-month

(r = -0.413 [n = 14]) time point, suggesting a very potent antioxidative role for this

aminothiol in the wine oxidation processes. This trend was also observed to a lesser

extent for 3-MH, thus possibly explaining the initial total varietal thiol losses.

Colour

The A420 values differed significantly (p < 0.05) across the trial period. In contrast to

the manually bottled Sauvignon blanc wines, the A420 values decreased 3 months

after bottling from 0.052 ± 0.007 to 0.049 ± 0.006, an average 7 % drop, in

commercially bottled wines, followed by an absorbance increase of 13 % over the

next four months of storage (see Table 4-36). This trend has also been seen for

accelerated white wine storage tests [228, 283, 282], revealing that browning

exhibited a biphasic course which is characterised by an initial increase followed by a

decline in A420 and a linear increase with time thereafter, which was observed for the

manually bottled Sauvignon blanc wines from the onset of the trial. It was

hypothesised that the initial increase was caused by polyphenol autoxidation,

bringing about the formation of quinones, which will then take part in further

reactions such as coupled oxidation with phenolic and non-phenolic species (e.g.

antioxidant such as SO2 and glutathione), thus being reduced back to the less
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coloured hydroquinone forms (see section 1.3.3), resulting in a temporary drop in

browning. Polymerisation reactions will then lead to the augmentation of more

intensely coloured products, responsible for the browning observed thereafter.

KALLITHRANKA et al. (2009) [138] did not observe a change in A420 values in Greek white

wines throughout 9 months of storage.

Polyphenols

The initial total phenol levels in the commercially bottled Sauvignon blanc wines

ranged from 26.1 to 41.1 mg/L, averaging at 32.3 ± 6.7 mg/L. The total flavon-3-ol

content varied from 4.1 to 7.0 mg/L (μ = 5.3 ± 1.1 mg/L), with (+)-catechin being

predominant (μ = 3.6 ± 0.8 mg/L) over (-)-epicatechin (μ = 1.7 ± 0.3 mg/L). The

average total hydroxycinnamic acid concentration was found to be 27.1 ± 5.8 mg/L

(22.0 - 35.8 mg/L), with trans-caftaric acid being most abundant with 8.5 ± 4.2 mg/L

(4.8 - 16.0 mg/L) – 21.2 ± 5.0 mg/L (16.2 - 29.0 mg/L) including the GRP – followed by

smaller quantities of cis- (1.6 - 2.4 mg/L; μ = 1.9 ± 0.3 mg/L) and trans-p-coutaric acid

(0.8 - 2.9 mg/L; μ = 1.6 ± 0.8 mg/L). The free hydroxycinnamic acid trans-caffeic acid

and trans-p-coumaric acid varied between 1.1 - 2.7 mg/L (μ = 1.7 ± 0.5 mg/L) and 0.2 -

0.7 mg/L (μ = 0.4 ± 0.1 mg/L), respectively. The quantitative changes in polyphenols

up to 7 months of storage can be obtained from Table 4-37.

A storage time of seven months had already a significant effect on both (+)-catechin

(p < 0.05) and (-)-epicatechin (p < 0.001), with greater losses occurring after 3 months

in the bottle (which is in agreement with the manually bottled wines) leading to a

total decline of 25 ± 7 % in (+)-catechin and 37 ± 11 % in (-)-epicatechin. The greater

decrease in flavan-3-ols between the 3- and 7-month time point was probably caused

by coupled oxidation with trans-caftaric acid quinones [47], since free SO2 (which also

interacts with ortho-quinones as summarised in Figure 1-23) remained unchanged

during this period (see Figure 4-49). The higher total loss of (-)-epicatechin observed

for both stability trials might be explained by the slightly lower oxidation potential for

this flavan-3-ol (see Table 1-4), the greater instability of the (-)-epicatechin quinones
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[245], and/or faster reaction rate of (-)-epicatechin with aldehydes [66, 87, 152] to

form xanthylium cations, recently identified in a Sauvignon blanc wine [190]. A good

inverse correlation was obtained at bottling, 3 and 7 months of storage between

(+)-catechin and 3-MH with a PEARSON’s correlation coefficient [n = 14] of -0.661*,

-0.685**, and -0.677**, respectively, suggesting that this flavan-3-ol theoretically

could have reduced 3-MH disulfides back to 3-MH (as proposed by DANILEWICZ et al.

(2008) [72]) and/or that (+)-catechin reacted with trans-caftaric acid quinones via

coupled oxidation [47] in place of 3-MH. Yet again, trans-caftaric acid and trans-p-

coutaric acid levels were not significantly (p > 0.05 [n = 42]) affected by the storage

time, although most individual wines showed a significant decrease in trans-caftaric

acid with time (average total losses of 10 ± 7 %). Cis-p-coutaric had declined

significantly (p < 0.05) after 7 months in the bottle by 13 ± 5 % on average. Even

higher losses (45 ± 9 %) could be seen for the GRP (p < 0.001), which is in accordance

with VRHOVŠEK et al. (1998) [326]. At the 3-month sampling point, the GRP values

correlated inversely with those of trans-caftaric acid (r = -0.744** [n = 14]). As

opposed to the observed initial increase in trans-caffeic acid in the manually bottled

Sauvignon blanc wines, this free hydroxycinnamic acid decreased significantly

(p < 0.05) throughout the 7-month trial period. A negative correlation was noticed

after 3 and 7 months between trans-caffeic acid and the GRP (r = -0.614* [n = 14])

and r = -0.711** [n = 14]). One explanation could be that trans-caftaric acid reacted

with glutathione, still present in this trial, to form the GRP, which in turn correlated

inversely with glutathione after 3 (r = -0.625* [n = 14]) and 7 months (r = -0.754**

[n = 14]) in the bottle, rather than hydrolysed to trans-caffeic acid, which underwent

oxidation. A strong positive correlation at bottling, 3 and 7 months was found

between trans-caffeic acid and 3-MHA (r = 0.773** [n = 14], r = 0.719** [n = 14], and

r = 0.878*** [n = 14], respectively) and glutathione (r = 0.769** [n = 14], r = 0.756**

[n = 14], and r = 0.895*** [n = 14], respectively), as well as to a lesser extent with

3-MH (r = 0.675** [n = 14], r = 0.666** [n = 14], and r = 0.757** [n = 14],

respectively). On the other hand, trans-p-coumaric acid increased continuously by 35

± 20 % (p < 0.05) during storage. Overall, the total phenol content declined

significantly (p < 0.001) by 27 ± 5 % over seven months of bottle storage.
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Table 4-36: Evolution of varietal thiols [ng/L], antioxidants [mg/L], and colour in commercially bottled Sauvignon blanc wines throughout 7 months of
storage (Data represent average values of single or duplicate measurements of duplicate bottles ± SD. Means of analyte in a column sharing the same letter(s) do not differ significantly
across time t [in months] by TUKEY’s HSD test [p < 0.05].)

PRB PRM PRSR PRTAW VMEV VMCS VMPB
t μ σ μ σ μ σ μ σ μ σ μ σ μ σ

3-MHA 0 1194 14 a 359 9 a 2358 16 a 399 7 a 506 4 a 785 9 a 739 5 a

3 701 6 b 195 3 b 1677 17 b 261 6 b 283 17 b 437 9 b 440 8 b

7 334 6 c 88 9 c 1054 14 c 132 2 c 141 3 c 192 1 c 232 3 c

3-MH 0 8731 50 a 2495 53 a 10993 440 a 2450 42 a 2926 172 a 4290 198 a 3455 146 a

3 8352 102 b 2295 41 a 12082 132 b 2450 46 a 2570 160 a 3786 86 a 3076 39 b

7 8841 199 a 2573 102 a 12251 88 b 2590 46 a 2636 52 a 3879 64 a 3100 37 b

total thiols 0 9925 64 a 2854 62 a 13351 455 a 2850 48 a 3432 176 a 5075 207 a 4194 151 a

3 9053 109 b 2490 45 b 13760 149 a 2711 52 a 2852 177 a 4222 94 b 3516 48 b

7 9175 205 b 2661 111 ab 13305 102 a 2722 48 a 2777 55 a 4072 65 b 3332 40 b

free SO2 0 14.6 0.1 a 22.0 0.8 a 15.5 0.1 a 13.5 0.4 a 22.9 0.0 a 19.6 0.6 a 22.7 0.1 a

3 10.7 0.9 b 13.1 0.0 b 11.8 0.2 b 11.0 0.0 b 14.8 0.3 b 12.8 0.6 b 12.7 0.2 b

7 10.5 0.3 b 14.3 1.7 b 11.9 0.7 b 10.7 0.0 b 13.7 0.4 b 12.2 0.6 b 12.5 0.6 b

total SO2 0 121.8 0.4 a 132.9 1.9 a 123.9 3.7 a 114.4 1.4 a 116.1 0.3 a 122.5 2.5 a 136.6 145.8 a

3 124.1 7.6 a 123.5 4.5 a 124.0 2.1 a 117.5 1.1 a 111.0 3.4 a 115.8 1.5 a 122.9 39.4 a

7 113.8 0.2 a 130.9 5.0 a 123.8 1.0 a 113.8 3.1 a 107.9 2.8 a 113.9 4.0 a 122.2 37.2 a

glutathione 0 12.4 0.1 a 11.0 0.2 a 14.3 0.1 a 9.9 1.2 a 4.3 0.0 a 11.0 0.4 a 8.7 150.6 a

3 4.2 0.1 b 2.5 0.0 b 5.7 0.1 b 5.0 0.1 b 1.8 0.1 b 3.8 0.3 b 2.8 47.8 b

7 2.2 0.0 c 2.0 0.1 c 3.6 0.0 c 2.3 0.0 b 0.7 0.2 c 2.1 0.1 c 1.3 40.4 c

A420 0 0.038 0.001 a 0.056 0.001 ab 0.053 0.001 ab 0.056 0.001 a 0.053 0.001 a 0.054 0.000 a 0.057 0.001 a

3 0.036 0.001 a 0.051 0.001 a 0.049 0.001 a 0.051 0.000 b 0.056 0.001 a 0.050 0.002 a 0.048 0.002 b

7 0.041 0.002 a 0.057 0.001 b 0.057 0.003 b 0.056 0.001 a 0.057 0.000 a 0.057 0.003 a 0.057 0.001 a
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Table 4-37: Evolution of polyphenols [mg/L] in commercially bottled Sauvignon blanc wines throughout 7 months of storage (Data represent average values of
single measurements of duplicate bottles ± SD. Means of analyte in a column sharing the same letter(s) do not differ significantly across time t [in months] by TUKEY’s HSD test [p < 0.05].)

PRB PRM PRSR PRTAW VMEV VMCS VMPB
t μ σ μ σ μ σ μ σ μ σ μ σ μ σ

(+)-catechin 0 3.90 0.17 a 4.33 0.18 a 2.48 0.77 a 4.86 0.05 a 3.67 0.19 a 3.04 0.12 a 2.95 0.01 a

3 3.27 0.03 ab 4.11 0.36 ab 2.28 0.02 a 4.49 0.33 ab 3.71 0.25 a 3.07 0.03 a 2.43 0.17 b

7 2.74 0.33 b 3.28 0.03 b 1.81 0.23 a 3.72 0.06 b 2.72 0.18 b 2.76 0.06 a 2.01 0.04 c

(-)-epicatechin 0 1.46 0.03 a 1.76 0.10 a 1.62 0.09 a 2.10 0.12 a 2.01 0.15 a 1.43 0.05 a 1.26 0.05 a

3 1.56 0.07 a 1.63 0.05 ab 1.31 0.12 a 1.70 0.01 b 1.81 0.01 a 1.51 0.01 a 1.22 0.08 a

7 1.08 0.09 b 1.43 0.06 b 0.85 0.02 b 1.27 0.00 c 1.17 0.01 b 0.88 0.02 b 0.67 0.02 b

trans-caftaric acid 0 9.95 0.06 a 11.30 0.43 a 7.47 0.08 a 16.04 0.69 a 4.77 0.12 a 5.04 0.11 a 4.93 0.09 a

3 9.36 0.12 b 10.36 0.22 a 7.07 0.09 a 14.90 0.05 ab 4.92 0.08 a 4.87 0.01 a 5.36 0.00 ab

7 7.69 0.05 c 10.58 0.08 a 6.46 0.14 b 13.94 0.14 b 4.71 0.04 a 4.54 0.04 b 4.80 0.16 b

GRP 0 15.69 0.46 a 12.88 0.21 a 8.76 0.99 a 12.96 4.87 a 13.97 0.17 a 12.85 0.61 a 11.83 0.36 a

3 9.56 0.86 b 7.22 1.20 b 7.31 0.46 ab 6.57 0.15 a 12.82 1.80 a 10.75 1.69 ab 10.91 0.02 a

7 6.45 0.16 c 6.68 1.45 b 4.83 0.14 b 6.34 0.91 a 9.43 1.37 a 8.05 0.63 b 6.71 0.31 b

cis-p-coutaric acid 0 1.76 0.14 a 2.39 0.12 a 1.57 0.04 a 1.86 0.15 a 2.11 0.04 a 2.05 0.04 a 2.22 0.00 a

3 1.84 0.05 a 2.13 0.02 ab 1.52 0.02 a 1.86 0.06 a 2.02 0.08 a 2.02 0.03 a 2.21 0.12 a

7 1.47 0.01 a 2.04 0.01 b 1.37 0.04 b 1.79 0.04 a 1.70 0.04 b 1.82 0.01 b 1.90 0.03 b

trans-p-coutaric acid 0 2.49 0.25 a 2.26 0.18 a 0.96 0.03 a 2.88 0.28 a 1.33 0.04 a 0.81 0.01 a 0.87 0.03 a

3 2.86 0.06 a 2.42 0.08 a 1.44 0.02 b 3.11 0.06 a 1.44 0.12 a 1.28 0.02 a 1.41 0.11 b

7 2.31 0.03 a 2.52 0.09 a 1.21 0.04 c 2.95 0.03 a 1.31 0.07 a 0.97 0.33 a 1.22 0.05 b

trans-caffeic acid 0 1.73 0.00 a 1.71 0.04 a 2.74 0.67 a 1.80 0.08 a 1.11 0.08 a 1.64 0.05 a 1.71 0.12 a

3 1.65 0.00 b 1.56 0.01 ab 2.06 0.00 a 1.65 0.01 a 1.09 0.07 a 1.52 0.02 a 1.77 0.06 a

7 1.25 0.02 c 1.45 0.07 b 2.09 0.05 a 1.29 0.03 b 1.03 0.03 a 1.21 0.01 b 1.18 0.03 b



4. Results and Discussion 165

Table 4-37: Continued
PRB PRM PRSR PRTAW VMEV VMCS VMPB

t μ σ μ σ μ σ μ σ μ σ μ σ μ σ
trans-p-coumaric acid 0 0.68 0.00 a 0.42 0.01 a 0.52 0.02 a 0.24 0.01 a 0.40 0.02 a 0.31 0.00 a 0.43 0.00 a

3 0.80 0.03 b 0.51 0.01 ab 0.62 0.01 b 0.36 0.00 b 0.44 0.07 a 0.42 0.01 b 0.56 0.02 b

7 0.68 0.01 a 0.61 0.05 b 0.69 0.01 c 0.38 0.00 c 0.48 0.01 a 0.46 0.01 c 0.60 0.02 b

total flavan-3-ols 0 5.4 0.2 a 6.1 0.3 a 4.1 0.9 a 7.0 0.2 a 5.7 0.3 a 4.5 0.2 a 4.2 0.1 a

3 4.8 0.1 ab 5.7 0.4 ab 3.6 0.1 a 6.2 0.3 a 5.5 0.3 a 4.6 0.0 a 3.7 0.2 a

7 3.8 0.4 b 4.7 0.1 b 2.7 0.2 a 5.0 0.1 b 3.9 0.2 b 3.6 0.1 b 2.7 0.1 b

total HCA 0 32.3 0.9 a 31.0 1.0 a 22.0 1.8 a 35.8 6.1 a 23.7 0.5 a 22.7 0.8 a 22.0 0.6 a

3 26.1 1.1 b 24.2 1.5 b 20.0 0.6 b 28.4 0.3 a 22.7 2.2 ab 20.9 1.8 ab 22.2 0.3 a

7 19.8 0.3 c 23.9 1.7 b 16.6 0.4 c 26.7 1.2 a 18.7 1.6 b 17.0 1.0 b 16.4 0.6 b

total phenols 0 37.7 1.1 a 37.0 1.3 a 26.1 2.7 a 42.7 6.2 a 29.4 0.8 a 27.2 1.0 a 26.2 0.7 a

3 30.9 1.2 b 29.9 1.9 b 23.6 0.7 a 34.6 0.7 a 28.2 2.5 a 25.4 1.8 ab 25.9 0.6 a

7 23.7 0.7 c 28.6 1.8 b 19.3 0.7 b 31.7 1.2 a 22.6 1.7 b 20.7 1.1 b 19.1 0.7 b
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4.1.3 Summary

In both New Zealand Sauvignon blanc stability trials the acetate ester 3-MHA was

found to be the least stable of the varietal thiols investigated. The higher initial

pseudo-first-order rate constants for manually bottled wines can be related to the

higher oxygen exposure at bottling under the conditions of THE UNIVERSITY OF

AUCKLAND Wine Hall, causing additional oxidative losses besides the acid-catalysed

hydrolysis [236]. In this sense, the results of the manually bottled Sauvignon blanc

wines can be regarded as an accelerated aging trial. FERREIRA et al. (1997) [102] also

noted a significant decline in acetate esters (isoamyl acetate, hexyl acetate,

phenylethyl acetate) after 13 weeks of oxidative storage. The decline of 3-MHA

coincided with losses of free SO2 and glutathione. The strong positive correlation seen

between 3-MHA and both antioxidants for the manually bottled wines suggests that

this varietal thiol suffered some oxidative losses, presumably mediated by

polyphenols. This theory was strengthened by the positive relationship between

trans-caftaric acid40, the principal substrate of wine oxidation, and 3-MHA after 7 and

12 months. A similar observation was made for trans-caffeic (including for the

commercially bottled wines at bottling, 3 and 7 months after storage), but this

polyphenol has also been shown to exhibit a protective effect alongside other

antioxidants (including glutathione) towards white wine aroma compounds, though

the added antioxidants only slowed down the decrease in fruity acetate esters such as

isoamyl acetate, hexyl acetate, phenylethyl acetate [218, 256, 257]. However, MOIO et

al. (2004) [192] demonstrated that despite high antioxidative protection of Falanghina

must (with more antioxidants present) the degradation kinetics of acetate esters

were similar compared to low antioxidative must protection throughout 14 months of

storage. These findings agree with the observation that most fruity fermentative

acetate esters decline at a rate that is not affected by oxygen, as seen for 3-MHA in

both of the present trials. While other wine compounds may have an influence on

3-MHA degradation, no link was found between pH values and pseudo-first-order rate

40 Theoretically, the positive relationship between trans-caftaric acid and 3-MHA could also be result of
similar reaction kinetics, since trans-caftaric acid can be lost due to oxidation and hydrolysis (to trans-
caffeic acid).



4. Results and Discussion 167

constants (when plotting k versus pH) for manually and commercially bottled

Sauvignon blanc wines (graphs not shown). Nonetheless, the pseudo-first-order rate

constants obtained for 3-MHA loss in commercially bottled wines (in this case at 15°C)

could be used to predict 3-MHA concentration (and thus its sensory impact) after a

certain period of storage, as k remained constant throughout storage. Future studies

need to investigate the effect of the wine matrix on the pseudo-first-order rate

constants and their transferability across other Sauvignon blanc wines.

3-MH was the most abundant varietal thiol in all New Zealand Sauvignon blanc wines

analysed. As opposed to its acetate ester, the concentration of 3-MH increased during

the initial months in the bottle, expected to be due to the hydrolysis of 3-MHA to

3-MH. The reduction of 3-MH disulfides back to 3-MH by antioxidants or even

polyphenols, as proposed by DANILEWICZ et al. (2008) [72], is another possible

explanation for the 3-MH increase besides the presence of unconverted 3-MH

precursor(s) [40]. The corresponding alcohols from the hydrolysis of other acetate

esters, such as isoamyl alcohol, hexanol, and phenyl ethanol, have been shown to

remain relative stable during wine aging [24, 102, 127, 256]. However, the sulfhydryl

function of 3-MH will be susceptible to oxidation (involving polyphenols directly or

indirectly as displayed in Figure 1-5), thus explaining the decline in 3-MH with time

(and total varietal thiols) after its initial increase. This assumption was supported by

the positive relationship found between 3-MH and trans-caftaric acid after 7 and 12

months of storage in the manually bottled Sauvignon blanc wine, which were already

deprived of antioxidants. Nonetheless, the losses observed in New Zealand Sauvignon

blanc wines were lower than these seen in other wine varieties reported in the

literature to date [25, 201, 199]. Glutathione appeared to have not only a positive

effect on 3-MH, supported by the positive correlation obtained for this thioalcohol

and glutathione in both trials41, but also on free SO2 in commercially bottled wines

presumably by interfering in the polyphenol oxidation process in preference to SO2

and 3-MH.

41 Because the 3-MH concentration depends on other compounds (e.g. 3-MHA and 3-MH disulfide) it
was impossible to obtain good correlations with most parameters investigated across the trial period.
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The effect of time predominated over the effect of closure type for all of the thiols

(including glutathione), as well as the polyphenols, which probably is a consequence

of the high oxygen exposure at bottling. The largest influence of the closure type

could be seen with wine colour measured at an absorbance of 420 nm, with higher

A420 values scored for wines manually sealed with cork, indicating a higher oxygen

transfer rate through this closure type used in this study. These observations were

confirmed visually with less browning in screw-capped wines.

The rapid decline of 3-MHA, combined with the greater stability of 3-MH, may well

explain some of the changes in aroma profiles of New Zealand Sauvignon blanc wines

during bottle storage. The removal of 3-MHA at the expense of 3-MH (due to

hydrolysis) is expected to lower the intensity of the sweet-sweaty passion fruit aroma,

while leaving a more passion fruit skin/stalk character. Any masking or synergistic

effects that 3-MHA undergoes in conjunction with other aroma compounds (e.g.

methoxypyrazines and esters) would also modify the aroma profile of the wines

during bottle storage. Polyphenols have been observed to lower headspace volatility

of certain flavour compounds [8, 81]. LUND et al. (2008) [173] found that the addition

of (+)-catechin (10 mg/L) lowered the perception of 3-MHA, but increased the

perception of 3-MH in diluted base wine. Consequently, the observed decline of this

flavan-3-ol in both trials would lessen the sweet-sweaty passion fruit aroma, and

increase the passion fruit skin/stalk character in New Zealand Sauvignon blanc wines

throughout storage. In the same study, trans-caffeic acid addition (100 mg/L) to

diluted base wine lowered the perception of 3-MH, which could be due to the

reduction of a 3-MH disulfide, since this polyphenol has exhibited antioxidative

properties towards other white wine aroma compounds [218, 256, 257]. This point

can be considered alongside the suggestion made of a possible suppression of other

aroma compounds by trans-caffeic acid that initially masked the passion fruit

skin/stalk aroma. Furthermore, the ‘green’ characters will become more prevalent

with time, because methoxypyrazines are relatively stable during bottle aging and

both (+)-catechin and trans-caffeic acid have been demonstrated to suppress the

perception of IBMP, which imparts capsicum and green gooseberry aroma notes [2].
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Methoxypyrazines are likely to influence the perception of the passion fruit-type

characters in young New Zealand Sauvignon blanc wines already, since they have

been shown to exhibit a negative effect on the tropical fruit notes (related positively

to 3-MHA) in white wine matrices, even if they are not being perceived directly

themselves (peppery-earthy odours) [37].

4.2 Effect of Headspace Composition on the New Zealand Sauvignon

blanc Aroma

It is common knowledge that an opened and resealed New Zealand Sauvignon blanc

wine loses its fresh and fruity characters within a few days of storage in the

refrigerator (and not only after a year in the bottle), and becomes dominated by

‘herbaceous’ aroma notes (associated with methoxypyrazines). In order to elucidate

the contribution of 3-MHA and 3-MH to this phenomenon, wine bottles were half-

emptied, either under an oxygen or a nitrogen atmosphere, resealed, and then stored

in the dark at 4°C (refrigerator) or 16°C (temperature-controlled room) for 5 days.

Table 4-38 summarises the evolution of all parameters investigated in the Sauvignon

blanc wines subjected to the two different headspace and temperature regimes. All

results were submitted to One-Way ANOVA (p < 0.05). The TUKEY HSD test (p < 0.05)

was used as the means separation test. Differences between the two headspace

compositions as well as both storage temperatures were tested by applying a

STUDENT’s t-test (p < 0.05). Two-Way ANOVA was conducted in order to evaluate the

existence of significant interaction (p < 0.05) between the two independent factors

(headspace composition and storage temperature) on all investigated compositional

variables after a 5-day trial period. The PEARSON correlation was used to measure

linear relationships between variables.

The GC/MS analysis of varietal thiols, shown in Figure 4-50, revealed once again that

3-MHA was the least stable thiol with small, but significant (p < 0.001) losses under

oxidative storage (5 - 9 %). A 4-fold rise in storage temperature doubled the pseudo-

first-order rate constant under these conditions (k0-5 = 0.010 day-1 at 4°C versus
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k0-5 = 0.019 day-1 at 16°C). A similar trend was seen for other acetate esters by RAMEY

and OUGH (1980) [236]. The 3-MH content increased (p < 0.05) by about 8 % on

average in bottles stored under a nitrogen atmosphere, regardless of the

temperature, even though 3-MHA remained unchanged in these same wines. Hence,

the 3-MH must have been generated from other source, presumably by the reduction

of 3-MH disulfide back to 3-MH. Oxidative storage conditions and a high storage

temperature led to the highest losses in both varietal thiols, although a lower

temperature will increase the solubility of oxygen, as demonstrated by CASTELLARI et

al. (2004) [44]. The decline of 3-MHA appeared to be linked to oxidation since a

positive correlation could be seen with the antioxidants free SO2 (r = 0.934* [n = 5])

and glutathione (r = 0.937* [n = 5]).

Figure 4-50: Concentration of 3-MHA and 3-MH in Sauvignon blanc wines after 5 days of
storage at 4 and 16°C either under an oxygen or a nitrogen atmosphere

(Data are presented as means of duplicate measurements of duplicate bottles ± SD. Lines indicate the respective
initial thiol concentration - control.)
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The concentration of free SO2 was affected under oxidative storage (p < 0.001), while

the total SO2 levels remained unaffected (p = 0.732) in this study. Exposure to oxygen

of a New Zealand Sauvignon blanc lessened the free SO2 content from an initial

14.6 mg/L to 13.0 ± 0.2 mg/L at 4°C, a 11 % drop, and to 12.4 ± 0.1 mg/L at 16°C, a

15 % drop. The differences in glutathione concentration were not significant

(p = 0.181), although lower values were found after 5 days of storage compared to

the control (except at 4°C under nitrogen).

The colour only differed (p < 0.01) from the control in bottles opened under oxygen

atmosphere and stored at 16°C. The increase in A420 seemed to be related to the

disappearance of free SO2 (r = -0.800 [n = 5]), glutathione (r = -0.884* [n = 5]) as well

as (+)-catechin (r = -0.760 [n = 5]). White wine browning has been closely linked to

levels of flavan-3-ols [48, 273]. Recently identified in a Sauvignon blanc [190], it is

believed that xanthylium cations (see Figure 1-17) derived from the condensation of

flavan-3-ols, mediated by carbonyl substances such as acetaldehyde and glyoxylic acid

(produced as a consequence of polyphenol autoxidation) can potentially contribute to

browning in white wines. The flavan-3-ols were most susceptible to oxidation in this

study, particularly (-)-epicatechin with average losses of 40 ± 3 % after 5 days of

storage, but with a very similar loss in each of the storage regimes. These

observations are in agreement with those in manually and commercially bottled

Sauvignon blanc wines and may be due to the greater instability of the (-)-epicatechin

quinones [245] and/or the faster reaction rate of (-)-epicatechin with aldehydes [66,

87, 152]. Gallic acid and all of the hydroxycinnamic acids (including the GRP) were not

affected (p > 0.05) by any of the storage conditions and remained stable throughout

the 5-day trial period.

In general, Sauvignon blanc bottles exposed to oxygen and stored at a higher

temperature displayed the highest losses of both varietal thiols, free SO2, and

glutathione, the lowest retention of polyphenols (associated with flavan-3-ols), as

well as the highest incidence of browning (A420). In refrigerated bottles only 3-MHA,

free SO2, and glutathione were significantly (p < 0.05) influenced by the headspace

composition (when applying STUDENT’s t-test), with lower values obtained under
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oxygen exposure. At 16°C, the headspace composition exhibited a significant impact

(p < 0.05) on both varietal thiols, free SO2, A420, and (+)-catechin. No significant

changes (p > 0.05) have been noted for all investigated compositional variables in

bottles stored under nitrogen atmosphere (thus indicating the absence of oxygen,

since a lower storage temperature would have increased the solubility of oxygen),

whereas oxygen introduced upon opening of the same wine affected (p < 0.05)

3-MHA, free SO2, and colour negatively. The Two-Way ANOVA found a significant

interaction between the storage temperature and headspace composition on 3-MHA

and free SO2 concentrations. Since (+)-catechin and (-)-epicatechin were the only

other compounds that differed from the control under a nitrogen atmosphere, one

could deduce that flavan-3-ols were able to reduce 3-MH disulfide back to 3-MH, as

proposed by DANILEWICZ et al. (2008) [72]. A negative relationship between

(+)-catechin and 3-MH has also been noted for commercially bottled Sauvignon blanc

wines.

In summary, this experiment highlights the detrimental (direct or indirect) effect of

oxygen, which was more pronounced at an elevated storage temperature, on the

Sauvignon blanc wine quality, including flavour and colour. However, the small

quantitative 3-MHA losses, which appeared to be due to oxidation in this study rather

than hydrolysis, are not sufficient to explain the loss of fruitiness (including the

passion fruit-type aroma) accompanied by the prevalence of ‘herbaceous’ characters

usually observed in New Zealand Sauvignon blanc wine a few days after opening of

the bottle. However, in a complex matrix such as wine other aroma compounds (not

analysed in this study) will contribute to this phenomenon. The flavan-3-ols, which

suffered the greatest losses in this 5-day trial, might contribute to the decline in

perceived fruitiness (associated with fermentative acetate esters like 3-MHA) along

with the predominating ‘herbaceous’ characters (attributed to methoxypyrazines),

since (+)-catechin has been shown to lower the perception of 3-MHA and to suppress

the perception of the methoxypyrazine IBMP in a diluted base wine [173]. The

decrease in flavan-3-ols will also alter the taste of the wine, since they have been

associated with astringency and bitterness (see section 1.3.1.3).
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Table 4-38: Effect of headspace composition on varietal thiols [ng/L], antioxidants [mg/L], colour, and polyphenols [mg/L] in half-emptied Sauvignon blanc
bottles after 5 days of storage at 4 and 16°C (Data are presented as means of or single or duplicate measurements of duplicate bottles ± SD. Means followed by the same letter(s) in
a row do not differ significantly by TUKEY’s HSD test [p < 0.05].)

control
oxygen nitrogen

4°C 16°C 4°C 16°C
μ σ μ σ μ σ μ σ μ σ

varietal thiols
3-MHA 200 2 a 190 2 b 182 1 c 197 2 a 194 5 ab

3-MH 3707 22 a 3792 224 ab 3579 168 ab 3971 109 ab 4021 154 b

total thiols 3907 24 a 3981 226 ab 3760 169 ab 4167 111 b 4215 159 b

antioxidants
free SO2 14.6 0.0 a 13.0 0.2 b 12.4 0.1 b 14.1 0.1 a 14.5 0.4 a

total SO2 118.8 3.4 a 115.3 3.3 a 117.3 2.6 a 116.2 0.3 a 116.6 4.0 a

glutathione 2.4 0.1 a 2.2 0.0 a 1.9 0.2 a 2.4 0.0 a 2.2 0.3 a

colour
A420 0.057 0.001 a 0.058 0.003 a 0.064 0.002 b 0.057 0.002 a 0.058 0.001 a

polyphenols
gallic acid 0.8 0.0 a 0.8 0.0 a 0.8 0.0 a 0.8 0.0 a 0.8 0.0 a

(+)-catechin 3.7 0.4 a 3.2 0.2 ab 2.6 0.0 b 3.1 0.0 ab 3.0 0.1 ab

(-)-epicatechin 2.4 0.1 a 1.4 0.1 b 1.5 0.0 b 1.4 0.3 b 1.4 0.2 b

trans-caftaric acid 5.1 0.1 a 5.3 0.2 a 5.2 0.0 a 5.0 0.1 a 4.9 0.2 a

GRP 8.3 0.0 a 8.6 1.0 a 7.9 0.3 a 7.8 0.8 a 7.5 0.4 a

cis-p-coutaric acid 2.0 0.0 a 2.1 0.0 a 2.0 0.1 a 1.9 0.1 a 1.9 0.1 a

trans-p-coutaric acid 1.4 0.1 a 1.4 0.1 a 1.4 0.0 a 1.4 0.1 a 1.4 0.1 a

trans-caffeic acid 1.7 0.0 a 1.7 0.0 a 1.6 0.1 a 1.7 0.0 a 1.6 0.2 a

trans-p-coumaric acid 0.6 0.0 a 0.6 0.0 a 0.5 0.0 a 0.5 0.0 a 0.5 0.0 a

total flavan-3-ols 6.1 0.5 a 4.6 0.3 b 4.1 0.0 b 4.5 0.3 b 4.3 0.3 b

total HCA 19.0 0.3 a 19.5 1.3 a 18.5 0.5 a 18.3 1.2 a 17.6 1.0 a

total phenols 25.9 0.8 a 25.0 1.7 a 23.5 0.5 a 23.6 1.5 a 22.8 1.3 a
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4.3 Glutathione and Polyphenol Levels in Sauvignon blanc Wines

RP-HPLC analysis of commercial Sauvignon blanc wines from different countries of

two consecutive vintages was performed to screen for glutathione and polyphenols in

order to understand the drastic aroma changes in New Zealand Sauvignon blanc

within the first year of storage, which have been associated with polyphenols (directly

or indirectly). The oxidative losses of both 3-MHA and 3-MH caused by polyphenols

are thought to be inhibited by glutathione, since a positive relationship between this

natural antioxidant and both passion fruit-type aroma compounds has been

established for New Zealand Sauvignon blanc wines (see section 4.1). It is important

to note that all of the wines from the Southern Hemisphere originated from the latest

vintage at the time of analysis (~ 15 months old), while the Northern Hemisphere

wines were selected from the most recent vintage (~ 8 months old) as well as the

previous vintage (~ 20 months old) due to what was available at the time of the study.

The Sauvignon blanc wines were analysed for glutathione and the following

polyphenols42: (+)-catechin and (-)-epicatechin, as well as tyrosol (DAD set at 280 nm);

trans-caftaric acid, cis- and trans-p-coutaric acid, trans-fertaric acid and their

respective hydrolysed forms (trans-caffeic acid, trans-p-coumaric acid, and trans-

ferulic acid), GRP as well as trans-resveratrol (DAD set at 320 nm); quercetin and its

glycosidic forms, quercetin-3-O-glucoside, and rutin (DAD set at 365 nm). All data

obtained for each wine (including average and standard deviation for all countries)

can be found in the following tables: Appendix 4-6 and Appendix 4-8 for wines mainly

from the 2004 vintage; Appendix 4-7 and Appendix 4-9 for wines mainly from the

2005 vintage. In order to provide information about the distribution of glutathione

and each polyphenol categorised by country, a box plot was used as an exploratory

graphic. A box plot (also known as a box-and-whisker plot) is a powerful method for

summarising distributions of data through a five-number summary (minimum, lower

quartile, median, upper quartile, maximum; see Figure 4-51) by displaying

information about the data range, median, normality and skew of the distribution.

Additionally, it can identify outliers within a data set.

42 Gallic acid could not be quantified, since the peak was contaminated at the time of analysis.
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Figure 4-51: Structure of a box plot [146]

Glutathione

Generally, average concentrations of glutathione were similar for Sauvignon blanc

wines from New Zealand (μ = 1.0 mg/L), France (μ = 0.9 mg/L), South Africa (μ = 1.2

mg/L), the USA (μ = 0.9 mg/L), and Australia (μ = 1.0 mg/L), whereas the Chilean

Sauvignon blanc contained approximately twice as much glutathione (μ = 2.4 mg/L),

which is partly due to the small sample size (n = 3). Nonetheless, the median was

similar across all countries as seen in Figure 4-52. The 20-month old French and US

Sauvignon blanc wines contained levels (see Appendix 4-6 and Appendix 4-7) close to

the limit of detection (0.5 mg/L), which is not surprising considering the findings of

the New Zealand Sauvignon blanc stability trials and the age of these wines. This

observation also explains the overall small amount of glutathione detected (μ = 1.1

mg/L [n = 77]) in bottles older than 6 months. In young white wines (like the 2006

Saint Clair Marlborough Sauvignon blanc - M27_06), levels around 10 mg/L can be

usually found [78, 184], which decline rapidly throughout storage, as demonstrated

for New Zealand Sauvignon blanc (see section 4.1) and reported in the literature [160,

225]. Interestingly, the wines with the highest glutathione concentration (2.3 and

4.9 mg/L for F2_04 and C2_05, respectively) were kept on lees for several months

before bottling. This traditional oenological practice has been shown to preserve not

only glutathione, but also the varietal thiols [158].

bar: median (50th percentile)

whisker: maximum  (greatest value, excluding outliers)

whisker: minimum (least value, excluding outliers)

outlier - more than 1.5 the interquartile range (IQR) above the box

bottom of box: 25th percentile (lower quartile)

top of box: 75th percentile (upper quartile)

extreme outlier - more than 3 interquartile range (IQR) above the box

outlier - more than 1.5 interquartile range (IQR) below the box
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Figure 4-52: Box plots of glutathione in commercial Sauvignon blanc wines
categorised by country

(New Zealand: n = 45; France: n = 7; South Africa: n = 6; USA: n = 7; Chile: n = 3; Australia: n = 9)

Moreover, ascorbic acid was also present in these wines. Despite the controversy

about its role in preventing oxidation, ascorbic acid is still used as an antioxidant and

was detected (DAD set at 260 nm43) alongside glutathione and polyphenols in several

of the Sauvignon blanc wines examined: all French wines apart from the 2003 vintage

(F1_04 - 50.7 mg/L; F2_04 - 54.7 mg/L; F6_04 - 47.2 mg/L; F7_05 - 79.0 mg/L), two

South African wines (SA2_04 - 19.5 mg/L; SA5_04 - 28.0 mg/L), two Chilean wines

(C2_05 and C3_05 at 69.9 and 62.8 mg/L, respectively), one Australian wine (A8_05 -

35.1 mg/L), and only three New Zealand Sauvignon blanc wines (M19_05 - 16.3 mg/L;

M26_05 - 24.0 mg/L; M27_05 - 22.7 mg/L). It may be possible that ascorbic acid (via

scavenging oxygen) delayed the decrease of glutathione in some of the wines.

However, in order to get a better understanding about the antioxidative status of

Sauvignon blanc wines in regards to glutathione (and subsequently the Sauvignon

blanc aroma stability), analysis right after bottling is required due to the instability of

this aminothiol.

43 The presence of ascorbic acid was confirmed with the ECD.
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Polyphenols

Figure 4-53 shows the average distribution of all polyphenols quantified for each

country.

Figure 4-53: Average distribution of polyphenols in commercial Sauvignon blanc wines from
New Zealand (n = 45), France (n = 7), South Africa (n = 6), USA (n = 7), Chile (n = 3), and

Australia (n = 9)

Trans-caftaric acid was the predominant hydroxycinnamate ester (μ = 11.3 mg/L

[n = 77]) in all of the Sauvignon blanc wines, followed by trans- and cis-p-coutaric acid

(2.6 and 1.5 mg/L [n = 77], respectively), as seen in Figure 4-53. Trans-fertaric acid

and trans-ferulic acid were absent from all of the Sauvignon blanc wines, which may

be due to a mutation specific to Sauvignon blanc according to SINGLETON et al. (1978)

[274] as all of the other hydroxycinnamic acids were detected. Trans-caftaric acid

levels varied from 3.0 (F3_03) to 37.2 mg/L (SA5_04) (Figure 4-54), with higher
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concentrations in Sauvignon blanc wines from South Africa and Chile (μ = 19.8 and

16.2 mg/L, respectively). Because trans-caftaric acid reacts with glutathione to form

the GRP (μ = 10.0 mg/L [n = 77]), the actual trans-caftaric acid concentration

(μ = 21.3 mg/L [n = 77]) was higher on average in wines from the Southern

Hemisphere (ranging from 20 to 30 mg/L). Taking the GRP into consideration (which is

much more stable than glutathione), the US (μ = 12.3 mg/L), New Zealand

(μ = 12.1 mg/L), and South African wines (μ = 10.9) exhibited a higher glutathione

concentration than Australian (μ = 9.1 mg/L), French (μ = 8.1 mg/L), and Chilean

Sauvignon blanc (μ = 6.6 mg/L). Nonetheless, 2-S-glutathionyl caftaric acid diminishes

with time [53, 326]; hence it is impossible to give accurate information about the

initial glutathione levels. While cis-p-coutaric acid levels were comparable between

countries (Figure 4-53), trans-p-coutaric acid showed more variability (Figure 4-55)

with higher concentrations in South African wines (μ = 5.0 mg/L). Since tartaric esters

are susceptible to hydrolysis throughout aging, the corresponding free

hydroxycinnamic acids (trans-caffeic acid and trans-p-coumaric acid with 2.5 and

1.1 mg/L on average [n = 77], respectively) were found in all of the Sauvignon blanc

wines analysed. The median value of trans-caffeic acid for each country was fairly

consistent (Figure 4-54), whereas the average concentration was higher in Chilean

(μ = 4.1 mg/L) and Australian (μ = 3.1 mg/L) wines, since the mean is pulled towards

the extreme values in each data set (thus skewing the distribution). Sauvignon blanc

wines from South Africa and Australia contained more trans-p-coumaric acid on

average (1.6 and 1.4 mg/L, respectively) than wines from the other countries

investigated (with a few exceptions - see outliers in Figure 4-55). GOLDBERG et al.

(1999) [116] found no regional related differences for this polyphenol.

In general, South African Sauvignon blanc wines had the highest (μ = 40.1 mg/L) and

French the lowest (μ = 23.4 mg/L) total hydroxycinnamate levels, which could be due

to terroir, oxidation, and/or the use of different winemaking techniques, e.g. skin

contact [48, 126, 235, 277].
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Figure 4-54: Box plots of trans-caftaric acid, GRP, and trans-caffeic acid in commercial
Sauvignon blanc wines categorised by country

(New Zealand: n = 45; France: n = 7; South Africa: n = 6; USA: n = 7; Chile: n = 3; Australia: n = 9)

W8_05
F2_04

0

5

10

15

20

25

30

35

40

tr
an

s-
ca

ft
ar

ic
 a

ci
d 

[m
g/

L]

HB2_04

SA5_04

0

4

8

12

16

20

24

GR
P 

[m
g/

L]

MA1_05

US4_03

A8_05

M1_04 A1_04W3_04

0

1

2

3

4

5

6

7

8

9

tr
an

s-
ca

ffe
ic

 a
ci

d 
[m

g/
L]



4. Results and Discussion 180

Figure 4-55: Box plots of cis- and trans-p-coutaric acid, as well as trans-p-coumaric acid in
commercial Sauvignon blanc wines categorised by country

(New Zealand: n = 45; France: n = 7; South Africa: n = 6; USA: n = 7; Chile: n = 3; Australia: n = 9)

W1_05

F2_04

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

ci
s-

p-
co

ut
ar

ic
 a

ci
d 

[m
g/

L]

W8_05

F1_04

A5_04

F2_04

0

1

2

3

4

5

6

7

8

tr
an

s-
p-

co
ut

ar
ic

 a
ci

d 
[m

g/
L]

M1_04

F6_04

SA3_04

US4_03

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

tr
an

s-
p-

co
um

ar
ic

 a
ci

d 
[m

g/
L]



4. Results and Discussion 181

The tyrosol content (μ = 11.6 mg/L [n = 77]) ranged from 6.3 mg/L (US_03) to

37.6 mg/L (F1_04), which is comparable to values found in the literature [23, 127,

126, 242]. On average, the French Sauvignon blanc wines contained higher levels of

this phenylethyl alcohol with 16.1 mg/L (Figure 4-53), which has been previously

linked to the ‘French Paradox’ by DUDLEY et al. (2008) [80], suggesting a

cardioprotective role for tyrosol and hydroxytyrosol. French wines also showed a

greater variability in tyrosol content compared to the other countries (see IQR) with

half of them ranging from 9.3 to 25.7 mg/L. However, the median values were similar

across all countries (Figure 4-56).

Figure 4-56: Box plots of tyrosol in commercial Sauvignon blanc wines categorised by country
(New Zealand: n = 45; France: n = 7; South Africa: n = 6; USA: n = 7; Chile: n = 3; Australia: n = 9)
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The most abundant flavan-3-ol in Sauvignon blanc wines was (+)-catechin

(μ = 2 .9 mg/L [n = 77]) with concentrations varying between 0.7 (U6_05) and

7.4 mg/L (SA4_04), as displayed in Figure 4-57. (-)-Epicatechin levels ranged from 0 to

6.4 mg/L (M18_05), averaging at 2.3 mg/L (n = 77). The South African wines were

highest in (+)-catechin and (-)-epicatechin with 5.3 and 3.2 mg/L, respectively (and

subsequently highest in total flavan-3-ols), followed by those from Chile (3.8 and

3.1 mg/L, respectively), Australia (2.6 and 3.0 mg/L, respectively), as well as New

Zealand (2.8 and 2.3 mg/L, respectively). Sauvignon blanc wines from the Northern

Hemisphere had the lowest levels, on average, of both flavan-3-ols (see Figure 4-53),

which may be ascribed to the age of some bottles (~ 20 months old) bearing in mind

that flavan-3-ol degrade with storage time as demonstrated earlier. These findings

are in agreement with GOLDBERG et al. (1999) [116]. Since flavan-3-ols originate from

the solid parts of the grapes, the higher flavan-3-ol levels in the Southern Hemisphere

wines, particularly South Africans and Chilean, may also be due to different

vinification procedures applied in these New World winemaking countries (such as

length and temperature of skin contact).
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Figure 4-57: Box plots of flavan-3-ols in commercial Sauvignon blanc wines
categorised by country

(New Zealand: n = 45; France: n = 7; South Africa: n = 6; USA: n = 7; Chile: n = 3; Australia: n = 9)

HB7_05
F2_04M18_05M19_05

0

1

2

3

4

5

6

7

8

(+
)-c

at
ec

hi
n 

[m
g/

L]

M18_05

US2_030

1

2

3

4

5

6

7

(-)
-e

pi
ca

te
ch

in
 [m

g/
L]

HB7_05

F2_04

M18_05

0

2

4

6

8

10

12

14

to
ta

l f
la

va
n-

3-
ol

s 
[m

g/
L]



4. Results and Discussion 184

The flavonol rutin was absent from all of the Sauvignon blanc wines, which is in

agreement with observations made by JEFFERY et al. (2008) [136]. Despite the high

content of quercetin glycosides generally found in pressed juices [179, 223],

quercetin-3-O-glucoside was largely absent from the commercial Sauvignon blanc

wines, with the exception of selected New Zealand wines (M14_04 - 0.28 mg/L;

M10_04 - 0.49 mg/L; HB7_05 - 1.86 mg/L ; HB8_05 - 0.54 mg/L; M19_05 - 0.49 mg/L;

M21_05 - 0.68 mg/L; M25 - 0.38 mg/L; M26_05 - 0.37 mg/L), all of the US wines (0.38

- 1.70 mg/L), two South African wines (SA1_04 - 1.24 mg/L; SA4_04 - 0.78 mg/L), two

Chilean wines (C1_04 - 1.59 mg/L; C3_05 - 1.27 mg/L), and one Australian wine

(A3_04 - 0.7 mg/L). Most of the quercetin-3-O-glycosides would have hydrolysed to

quercetin throughout aging, as indicated by KILMARTIN et al. (2002) [144]. However,

quercetin could only be detected at very low levels (~ 0.2 mg/L) in a few wines, mainly

from New Zealand, indicating the reactivity of this particular polyphenol, as discussed

in section 1.3.4.3. There appeared to be a no trend in the flavonol content (influenced

by UV exposure) with respect to country of origin.

Figure 4-58: Box plots of total phenols in commercial Sauvignon blanc wines
categorised by country

(New Zealand: n = 45; France: n = 7; South Africa: n = 6; USA: n = 7; Chile: n = 3; Australia: n = 9)

F2_04

0

10

20

30

40

50

60

70

80

90

to
ta

l p
he

no
ls

 [m
g/

L]



4. Results and Discussion 185

In summary, Sauvignon blanc wines from South Africa were richest in polyphenols,

while wines from the Northern Hemisphere exhibited the lowest phenolic levels (see

medians in Figure 4-58) in this study. It appeared that New Zealand Sauvignon blanc

wines are not different with regard to polyphenol composition compared to overseas

Sauvignon blanc wines (particularly from Australia and Chile). Hence, the aroma

changes in New Zealand Sauvignon blanc wines after one year of storage cannot

exclusively be caused by polyphenols (directly or indirectly). While some

consideration needs to be given to the changes in the polyphenol concentrations that

would have occurred between bottling and the time of analysis (15 months for the all

wines from the Southern Hemisphere, and between 8 and 20 months for the wines

from Northern Hemisphere) as well as the small sample size, the above results

provide a useful reference set, and established the continued presence of

polyphenols of interest to wine oxidation processes, such as the flavan-3-ols. On the

other hand, the low levels of glutathione that remained in the wines, with the

exception of some wines that had been previously stored on lees, indicated that

antioxidant protection from glutathione would only have been provided during the

first year or so of bottle aging with most of these wines.
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4.4 Factors Affecting the Reaction Kinetics of 3-MHA and 3-MH

In order to get a better understanding of the different reaction kinetics of 3-MHA and

3-MH, a range of accelerated aging trials in model white wine and Sauvignon blanc

wine were conducted, testing the influence of metals, polyphenols, the antioxidants

sulfur dioxide, ascorbic acid, and glutathione, as well as temperature and pH, thereby

uncovering the mechanism(s) leading to the loss of these passion fruit-type aroma

notes. Data collected for each analyte were tested for differences between

treatments at specific time points and also for the effect of time for each individual

treatment. TUKEY’s honestly significant difference test (p < 0.05) was used as the

means separation test. The PEARSON correlation was used to determine linear

relationships between all investigated variables.

4.4.1 Interactions of Pro-oxidants, Anti-oxidants, and Varietal Thiols in a

Model White Wine Matrix

Interactions between Metals/Antioxidants and Varietal Thiols - 1st Model White Wine

Trial

The stability of 3-MHA and 3-MH (expressed as nmol/L44) was first studied at 30°C

over a 42-day period (see Figure 4-59), testing the influence metals (Fe3+ and Cu2+

ions - at 10 mg/L each) and antioxidants (SO2, glutathione, and ascorbic acid - at 100

mg/L each) added separately to a model white wine medium, whose metal ion

content was not known.

44 1 nmol/L of 3-MHA is equal to 176.28 ng/L; and 1 nmol/L of 3-MH is equal to 134.24 ng/L
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time 0 days 14 days 42 days
control 40.8 ABa 41.6 Ba 38.5 Aa

Fe 39.1 Aab 39.0 Aa 36.4 Aa

Cu 36.8 Ab 31.2 Bb 23.2 Cb

SO2 37.5 Aab 40.0 ABa 42.1 Ba

GSH 39.6 Aab 39.6 Aa 34.7 Ba

AA 40.1 Aab 38.2 Aa 20.4 Bb

Figure 4-59: Effect of metals [each at 10 mg/L] and antioxidants [each at 100 mg/L] on the
varietal thiols stability in model white wine (1st trial) at 30°C

(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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3-MHA levels declined steadily over time, with and without additions of oxidants or

antioxidants, with only a few differences between treatments seen in this first model

wine solution trial. Already at the onset of this experiment, the addition of cupric ions

led to a 10 ± 2 % drop in 3-MHA (as well as 3-MH), likely due to the formation of the

corresponding disulfide catalysed by this metal [321]. After 14 days this pro-oxidative

treatment had the highest 3-MHA loss (k0-14 = 0.021 day-1) with 26 ± 1 %, followed by

ascorbic acid (21 ± 4 %; k0-14 = 0.017 day-1). The presence of ferric ions and SO2 had no

impact on the 3-MHA stability, since both treatments behaved in a similar manner to

the control, dropping on average by 17 ± 1 % after 14 days (k0-14 = 0.013 ± 0.001

day-1). On the contrary, glutathione delayed the decrease of 3-MHA during the initial

fourteen days of storage (k0-14 = 0.004 day-1) via preventing oxidative degradation of

this acetate ester (occurring besides hydrolysis, as demonstrated in manually bottled

Sauvignon blanc wines), likely caused by the presence of dissolved oxygen45. The

antioxidative effect of glutathione under those conditions might be due to its reaction

with oxygen, promoted by traces of metals from impurities, in place of 3-MHA to form

oxidised glutathione by reducing oxygen to H2O or H2O2, a process which can proceed

via a metal-aminothiol complex as demonstrated by CAVELLINI et al. (1968) [45].

PAPADOPOULOU and ROUSSIS (2008) [218] have shown the inhibitory action of

glutathione on another acetate ester (isoamyl acetate) in a dose-dependent manner

in a model wine medium during 60 days of storage at 20°C. The trends observed

during the first fourteen days were maintained until the end of this experiment, with

exception of the glutathione treatment. The drastic drop (42 ± 3 %) in 3-MHA 28 days

thereafter (k14-42 = 0.039 day-1) might be due to the accumulation of H2O2 during

glutathione autoxidation, which in turn could have oxidised 3-MHA, since the metal

will become available to catalyse the decomposition of H2O2 once the oxidation of

glutathione (as aminothiol) has been completed [10, 45]. White wine-like solutions

supplemented with ascorbic acid, cupric ions or glutathione suffered the highest total

losses across the trial period (50 ± 2 %, 48 ± 2 %, and 45 ± 3 %, respectively), whereas

model white wines containing ferric ions and SO2 had no influence on the 3-MHA

45 Dissolved oxygen was thought to be introduced to the model white wine towards the end of the
preparation process of the treatments.
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levels left in the flask after 42 days (66 ± 1 % on average; k14-42 = 0.016 day-1). The

negative effect of ascorbic acid as antioxidant on 3-MHA (k14-42 = 0.033 day-1) could be

ascribed its oxidation in the presence of dissolved oxygen bringing about the

formation of dehydroascorbic acid and the reactive H2O2 [224]. The fact that none of

the antioxidants improved the stability of 3-MHA after 42 days is consistent with

hydrolysis being the predominant loss mechanism for 3-MHA in this study.

In contrast to its acetate ester, 3-MH remained relatively stable throughout the

42-day trial period in the model white wines without additions (control) and enriched

with ferric ions, having 93 ± 1 % of the initial 3-MH concentration still left. On the

other hand, BLANCHARD et al. (2004) [25] noted a drop in 3-MH of 33 % after only 7

days at 20°C, which was accelerated in the presence of dissolved oxygen (a total loss

of 49 %). The addition of SO2 at 30 mg/L attenuated the decrease in 3-MH which had

declined by 38 % in the oxygenated model wine medium after 7 days in that study.

When SO2 was added in the present study, the 3-MH level increased continuously (at

a statistically significant level) across the trial period from 37.5 ± 0.6 nmol/L to 41.2 ±

2.7 nmol/L, presumably due to hydrolysis of 3-MHA as well as reduction of 3-MH

disulfide by SO2 (as HSO3
-) rather than scavenging of oxygen, since SO2 will not react

with oxygen without metals present [71]. The reducing ability of SO2 has already been

demonstrated for polyphenol oxidation products by other researchers [71, 180].

Glutathione provided a protective effect also on the thioalhohol stability during the

initial two weeks. The 3-MH loss following the time thereafter was lower than

observed for 3-MHA (12 ± 3 % versus 42 ± 3 %), probably because of the hydrolysis of

3-MHA to 3-MH. The addition of cupric ions or ascorbic acid caused the greatest drop

in 3-MH with 37 ± 3 % (due to the formation of 3-MH disulfide catalysed by cupric

ions [321]) and 49 ± 39 %, respectively. The rapid decline of 3-MH observed in the

presence of ascorbic acid at the end of the experiment was likely due to the depletion

of this antioxidant. BRADSHAW et al. (2003) [29] have provided evidence of an ascorbic

acid ‘cross-over’ from anti-oxidant to pro-oxidant activity after its depletion in a

model wine matrix containing (+)-catechin. The hydrogen peroxide, produced as by-

product of ascorbic acid autoxidation [224], would have oxidised thiols, including
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3-MH, as demonstrated by BLANCHARD et al. (2004) [25]. Indeed, HPLC analysis with

diode array detection revealed that ascorbic acid was still present in the model white

wine matrix after 14 days at 45 ± 8 mg/L (down from an initial 65 ± 1 mg/L), but was

absent in two of the triplicate flasks after 42 days of storage. The same two samples

contained only half of the 3-MH found in the one flask with ascorbic acid still present

at 15 mg/L (15.8 ± 0.2 nmol/L versus 29.6 nmol/L). Interestingly, the high standard

deviation observed for 3-MH could not be seen for 3-MHA for the same model white

wine, suggesting not only that hydrolysis was the predominant loss mechanism for

this acetate ester during this storage period, but also that 3-MH was more susceptible

to oxidation catalysed by H2O2 in this study.

The negative effect of copper on 3-MHA and 3-MH was expected because this metal

is known to oxides thiols (RSH) easily to the corresponding disulfides (RSSR), whereas

iron alone had no impact on the 3-MHA or 3-MH stability. BAGIYAN et al. (2003) [11]

demonstrated that copper exhibited the greatest catalytic activity in regards to

oxidation of thiol compounds (in a pH range of 2 - 13). Glutathione showed a

protective effect on both varietal thiols only during the first fourteen days,

presumably via complexing temporarily with trace metals present in the model white

wine medium [10, 45]. Throughout this period the glutathione concentration dropped

from 82 ± 1 mg/L to 59 ± 1 mg/L, a 30 % decrease (which was also seen for ascorbic

acid), followed by a further 77 % loss down to 14 ± 4 mg/L the 28 days thereafter,

which likely caused the concomitant decline of both varietal thiol due to the

accumulated H2O2, generated from the reaction of glutathione with oxygen [45]. The

addition of the antioxidant ascorbic acid led the greatest total thiol losses (49 ± 41 %)

in this trial (besides the addition of Cu2+ ions). Hence, ascorbic acid is used in

association with SO2 in practice, because SO2 is capable of the quenching hydrogen

peroxide [224, 239, 335] produced as by-product of ascorbic acid autoxidation (see

Figure 1-24). SO2
46 was the superior antioxidant in preserving the passion fruit-type

aroma under the conditions of this experiment presumably via reducing oxidised

thiols. ROUSSIS and SERGIANTITIS (2008) [257] also demonstrated the protective ability

46 SO2 levels were not monitored during this trial.



4. Results and Discussion 191

SO2 on several other wine volatiles at high levels (60 mg/L) or lower levels in

conjunction with other antioxidants like glutathione and caffeic acid.

Interactions between Metals, Antioxidants, and Varietal Thiols - 2nd Model White Wine

Trial

The following trial was conducted at 45°C (except for one treatment) to shorten the

trial period down to 28 days, and examined the influence of antioxidants in

combination with catalytic metals, since they will invariably be present in wine to

promote oxidative processes (see section 1.3.4.2).

A significant decline in 3-MHA, highlighted in Figure 4-60, was observed for all

treatments over the 28-day trial period. The concomitant presence of Fe3+ and

Cu2+ ions (each at 10 mg/L - yielding a yellow-coloured solution) markedly lowered

the initial 3-MHA concentration (by 10 ± 4 %) compared to each metal separately,

thus indicating that copper could have interacted with dissolved oxygen facilitating

the redox cycling of iron (Fe3+/Fe2+), as displayed in Figure 1-19, which then reacted

with the varietal thiols, since no polyphenols were added to the white wine-like

solution. However, after 28 days both copper treatments, with and without iron,

resulted in a total 3-MHA decline of 70 % (k0-28 = 0.043 day-1). On the other hand,

when ferric ions were present alone, a gradually loss (~ 60 % in total; k0-28 = 0.034

day-1) was observed similar to the control (as seen in the previous trial). 3-MHA alone

in the model white wine exhibited the same reaction kinetics (k0-28 = 0.033 day-1) as

the control (which contained both varietal thiols), indicating that 3-MH had no impact

on the loss kinetics of its acetate ester. It appeared that after the initial fourteen days

of storage the predominant 3-MHA loss mechanism of this treatment was hydrolysis

to 3-MH, since 3-MH increased and the total thiol content remained stable

throughout the second half of this experiment. When the control was kept at 15°C

rather than 45°C, the 3-MHA hydrolysis was delayed by 50 % after 28 days

(k0-28 = 0.008 day-1 versus k0-28 = 0.032 day-1). The supplementation of the model

white wine medium with Fe3+ and Cu2+ ions in the presence of each antioxidant
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separately led to a different outcome than in the absence of these catalytic metals

(see Figure 4-59).

time 0 days 14 days 28 days
3-MH 0.1 Ab 0.1 Bb 0.1 Bb

3-MHA 5.6 Aa 3.4 Ba 2.2 Ca

control 5.7 Aa 3.5 Ba 2.3 Ca

control 15°C 5.7 Aa 4.9 Bc 4.5 Cc

Fe 5.7 Aa 3.5 Ba 2.2 Ca

Cu 5.6 Aac 2.8 Bd 1.7 Cd

Fe + Cu 5.1 Ac 2.8 Bd 1.5 Cde

Fe + Cu + SO2 5.1 Ac 0.4 Bb 0.6 Bf

Fe + Cu + GSH 5.1 Ac 2.8 Bd 1.7 Cd

Fe + Cu + AA 5.1 Ac 0.5 Bb 0.5 Bf

Fe + Cu + SO2 + GSH 5.1 Ac 2.5 Bd 1.6 Cde

Fe + Cu + SO2 + AA 5.1 Ac 1.9 Be 1.5 Bde

Fe + Cu + GSH + AA 5.1 Ac 1.8 Bef 1.3 Cde

Fe + Cu + SO2 + GSH + AA 5.1 Ac 1.3 Bf 1.2 Be

Figure 4-60: Interactions between metals [each at 10 mg/L], antioxidants [each at 100 mg/L],
and 3-MHA in model white wine (2nd trial) at 45°C (excluding control 15°C)

(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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glutathione complex with low solubility [137], since the addition of glutathione to the

1 L volumetric flasks containing both metals at 10 mg/L each resulted immediately in

a white precipitate. RP-HPLC/EC analysis revealed that of 100 mg/L added reduced

glutathione only about 8 ± 1 mg/L on average was recovered at the onset of this

experiment with and without SO2 supplementation compared to the treatments with

ascorbic acid (33 ± 3 mg/L on average), thus indicating a protective effect of ascorbic

acid on the initial glutathione levels (in all probability by scavenging oxygen, and as a

consequence reducing ferric and cupric ions in place of glutathione47, as opposed to

reducing oxidised glutathione [GSSG] back to the reduced form [GSH]). The rapid loss

of 3-MHA in the presence of ascorbic acid was probably a consequence of H2O2,

formed via ascorbic acid autoxidation48 which was stimulated by Fe3+ and Cu2+ ions in

this experiment, as highlighted by DANILEWICZ (2003) [70]. The negative effect of SO2 in

conjunction with both metals is presumably due to SO2 autoxidation leading to the

production of radical intermediates [71], which are expected to be scavenged by

varietal thiols in place of polyphenols, since these were not added into the solutions.

ROUSSIS and SERGIANITIS (2008) [257] found that SO2 at 60 mg/L inhibited the decline of

isoamyl acetate in a model wine medium without added metals after 90 days at 20°C.

Flow injection analysis of sulfur dioxide showed an initial free SO2 level of 69 mg/L,

which was lower in the presence of ascorbic acid (37 mg/L) unless glutathione was

also added (68 ± 1 mg/L) due to the production of H2O2 from ascorbic acid’s

autoxidation. This observation points towards a protective effect of glutathione on

free SO2 levels (probably via quenching H2O2 in preference to SO2 generated by

ascorbic acid autoxidation and/or chelating copper which is has been shown to

facilitated the redox cycling of iron [71], thus promoting oxidative processes). This

trend was maintained throughout the initial fourteen days with an enhanced free SO2

consumption in the presence of ascorbic acid (total loss of 84 and 97 % without and

47 Ascorbic acid’s reducing ability was visually demonstrated when added to the 1 L flasks containing
both metals. The initially yellow-coloured solution turned clear, since ascorbic acid reduced Fe3+ to
Fe2+, and as a consequence rapidly oxidised itself (thus promoting oxidative varietal thiol losses).
48 Since metals were present alongside antioxidants, the excess EDTA (added to bind the metals before
HPLC analysis) was co-eluting with ascorbic acid, thus making it impossible to quantify this antioxidant
in the present and following trials. This can be avoided in the future by adding EDTA to the mobile
phase.
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with glutathione, respectively, which could not be detected after 14 days in all four

treatments) versus an average 74 % loss, as demonstrated by PENG et al. (1998) [224].

When SO2 and ascorbic acid were added together or each in combination with

glutathione, a 3-MHA loss of 71 ± 1 % on average was noted after 28 days (k0-28 =

0.045 ± 0.003 day-1). The protection of 3-MHA provided by glutathione in the previous

trial during the first fourteen days of storage (k0-14 = 0.052 day-1) was also observed in

the present trial when this antioxidant was in combination with SO2, which dropped

from an initial 58 mg/L down to 15 mg/L (a 74 % loss). The supplementation of the

model white wine medium with all three antioxidants caused a 3-MHA decline of 76 ±

5 % (k0-28 = 0.051 day-1). Generally, antioxidants did not delay the 3-MHA decrease

during the first fourteen days, but rather accelerated the decline of this acetate ester

(by contributing to oxidative 3-MHA degradation), which presumably is a

consequence of the autoxidation of each antioxidant promoted by dissolved oxygen

present in the solutions alongside catalytic metals. Nonetheless, the following

fourteen days of storage the pseudo-first-order rate constants were markedly lower,

suggesting hydrolysis as predominant mechanism possibly accompanied by the

reduction of 3-MHA disulfides back to 3-MHA if antioxidants were still available. After

28 days, free SO2 had completely disappeared in all four treatments.

Across the 28 day-trial period, 3-MH decreased in all treatments significantly (see

Figure 4-61). In comparison to 3-MHA, a lower storage temperature had no impact on

the 3-MH stability. The decline in 3-MH was comparable at 45°C (control) as well as

for model white wines containing ferric ions or 3-MH alone with an average loss of

18 ± 4 % after 28 days. Since 3-MHA declined at a similar rate in the control and in the

presence of ferric ions, one would expect a higher 3-MH concentration for these

treatments compared to the one with 3-MH alone (due to 3-MHA hydrolysis which

was confirmed with the 3-MHA treatment). A possible explanation is that the formed

3-MH oxidised immediately under the accelerated conditions in this study. The

addition of Cu2+ ions, with and without added iron, led to an initial 3-MH drop of 12 ±

2 %. After 28 days, 72 ± 7 % of the initially quantified 3-MH was retained in the model

white wine matrix containing both copper and iron compared to 60 ± 3 % when
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copper was present on its own. Therefore, the 33 % decrease in 3-MH observed by

BLANCHARD et al. (2004) [25] within 7 days of storage in a model wine medium without

added metals was probably due to the catalytic action of metals introduced via

contaminated chemicals.

time 0 days 14 days 28 days
3-MH 42.2 Aa 38.8 Ba 34.9 Ca

3-MHA 0.5 Ab 1.8 Bb 3.0 Cb

control 42.6 Aa 39.7 Ba 33.5 Ca

control 15°C 42.6 Aa 39.0 ABa 36.2 Ba

Fe 42.6 Aa 40.1 Ba 33.9 Ca

Cu 37.9 Ac 28.5 Bc 22.8 Ccd

Fe + Cu 36.9 Ac 31.1 Bc 26.6 Cc

Fe + Cu + SO2 36.9 Ac 5.4 Bbf 10.2 Cf

Fe + Cu + GSH 36.9 Ac 20.6 Bd 21.3 Bde

Fe + Cu + AA 36.9 Ac 4.5 Bbf 6.6 Bbf

Fe + Cu + SO2 + GSH 36.9 Ac 16.6 Bde 18.3 Bde

Fe + Cu + SO2 + AA 36.9 Ac 7.0 Bf 7.3 Bbf

Fe + Cu + GSH + AA 36.9 Ac 13.5 Be 16.6 Ce

Fe + Cu + SO2 + GSH + AA 36.9 Ac 7.8 Bf 17.1 Ce

Figure 4-61: Interactions between metals [each at 10 mg/L], antioxidants [each at 100 mg/L],
and 3-MH in model white wine (2nd trial) at 45°C (excluding control 15°C)

(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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When SO2 and ascorbic acid were added, separately and together, 3-MH losses during

the first fourteen days were accelerated (ranging between 81 and 88 %), likely caused

by the reactive intermediate species generated via ascorbic acid and SO2 autoxidation

in the presence of catalytic metals. The following fourteen days some of the oxidised

3-MH must have been reduced back and/or generated from 3-MHA hydrolysis in

these white wine-like solutions, since 3-MH levels increased over this period. In a

previous AWRI report [315], a copper-fined Sauvignon blanc wine also exhibited a

marked drop in 3-MH when high SO2 (60 mg/L) levels were added. Model white wines

that had glutathione supplemented lost between 42 and 55 % of the thioalcohol after

28 days of storage, and thus exhibited the best protection for the passion fruit

skin/stalk aroma note principally by removing copper from the medium via an

insoluble copper-glutathione complex [137].

This study demonstrated the crucial importance of the concomitant presence of iron

and copper in promoting oxidation not only of varietal thiols, but also of antioxidants.

The greater varietal thiol losses observed during the first half of this trial for all

antioxidative treatments can be ascribed to the presence of dissolved oxygen at the

onset of this experiment activated by the catalytic action of the transition metals.

These conditions promoted the autoxidation of antioxidants which affected the

varietal thiol stability negatively, since no polyphenols were present to react with the

generated reactive intermediate species in place of 3-MHA and 3-MH. The aminothiol

glutathione appeared to be more susceptible to oxidation in the presence of cupric

ions than both varietal thiols, because only ~ 10 % of the added amount (100 mg/L)

was recovered (versus ~ 90 % for each varietal thiol) in the model white wine matrix.

However, the reactivity of glutathione towards copper seemed to be the key to

prevent oxidative 3-MHA and 3-MH degradation in this study, since glutathione was

able to chelate copper, subsequently making it unavailable to promote oxidative

processes (via facilitating the redox cycling of iron) throughout the remaining trial

period, since iron alone had no impact on the passion fruit-type aroma notes.
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Interactions between Metals, Polyphenols, Antioxidants, and Varietal Thiols - 3rd

Model White Wine Trial

The next trial was conducted under the same conditions as the previous one, but

included polyphenols in order to provide a matrix with similar composition to wines.

time 0 days 14 days 28 days
control (Fe + Cu) 5.9 Aa 3.2 Ba 1.8 Ca

(+)-catechin [100 mg/L] 5.9 Aa 0.3 Bb 0.2 Cb

(-)-epicatechin [100 mg/L] 5.9 Aa 0.2 Bb 0.1 Cb

caffeic acid [100 mg/L] 5.9 Aa 0.2 Bb 0.1 Cb

cat + ca 5.9 Aa 0.2 Bb 0.1 Bb

cat + ca + SO2 5.9 Aa 1.7 Bc 1.1 Cc

cat + ca + GSH 5.9 Aa 2.4 Bac 1.4 Cac

cat + ca + AA 5.9 Aa 1.8 Bc 1.1 Cc

cat + ca + SO2 + GSH 5.9 Aa 2.6 Bac 1.4 Cac

cat + ca + SO2 + AA 5.9 Aa 2.7 Bac 1.8 Ca

cat + ca + GSH + AA 5.9 Aa 2.6 Bac 1.3 Bc

cat + ca + SO2 + GSH + AA 5.9 Aa 2.9 Bac 1.3 Cc

Figure 4-62: Interactions between metals [each at about 10 mg/L], polyphenols [(+)-catechin -
20 mg/L; caffeic acid - 100 mg/L], antioxidants [each at 100 mg/L], and 3-MHA in model white

wine (3rd trial) at 45°C
(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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The addition of (+)-catechin, (-)-epicatechin, or caffeic acid (each at 100 mg/L) as well

as (+)-catechin and caffeic acid in combination (at 20 and 100 mg/L, respectively)

accelerated the disappearance of 3-MHA when antioxidants were absent from the

model white wine medium during the first two weeks of storage at 45°C (k0-14 = 0.23 ±

0.02 day-1), as pictured in Figure 4-62. On the other hand, the supplementation of a

white wine-like matrix containing (+)-catechin and caffeic acid with antioxidants (each

at 100 mg/L in various combinations) inhibited oxidative 3-MHA losses, more so

during the first fourteen days (k0-14 = 0.065 ± 0.010 day-1) due to dissolved oxygen

present. Analogous to the previous (2nd) trial (which did not include polyphenols), SO2

and ascorbic acid, when added separately, resulted in a greater drop in 3-MHA after

14 days (70 ± 2 % on average) than all the other antioxidative treatments (50 - 60 %).

When added together, SO2 and ascorbic acid performed in a similar manner to the

control (without polyphenols), which retained the highest 3-MHA concentration after

28 days (31 ± 4 %; k0-28 = 0.042 day-1). ROUSSIS and SERGIANITIS (2008) [257] noted that

a mixture of glutathione and caffeic acid, with and without SO2, slowed down the

decrease of isoamyl acetate in a model wine medium without added metals at 20°C

for several months. In the current study, glutathione was also capable of delaying the

decrease in 3-MHA. But the final 3-MHA levels were lower in all four glutathione

treatments than in the concomitant presence of SO2 and ascorbic acid, though the

latter combination exhibited more variation between the triplicates (a total loss of 77

± 1 % versus 70 ± 24 %). Generally, the oxidative 3-MHA degradation in the presence

of antioxidants (n = 7) in model white wine solutions (containing both iron and

copper) was attenuated during the initial fourteen days of storage by (+)-catechin and

caffeic acid when compared to the results obtained for the antioxidative treatments

(containing also iron and copper) from the previous (2nd) trial (compare Figure 4-60

with Figure 4-62) with no added polyphenols (an average loss of 31 ± 17 % versus 59 ±

8 %). However, after 28 days the addition of polyphenols had no impact on the total

rate of the 3-MHA decrease in the white wine-like mediums (23 ± 4 % and 24 ± 9 %

with and without polyphenols presents, respectively).
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time 0 days 14 days 28 days
control (Fe + Cu) 42.0 Aa 31.2 Ba 26.8 Ca

(+)-catechin [100 mg/L] 42.0 Aa 3.8 Bbc 3.0 Bb

(-)-epicatechin [100 mg/L] 42.0 Aa 2.6 Bbc 2.2 Bb

caffeic acid [100 mg/L] 42.0 Aa 2.7 Bbc 2.0 Cb

cat + ca 42.0 Aa 1.8 Bb 1.2 Bb

cat + ca + SO2 42.0 Aa 6.9 Bbcd 6.6 Bbc

cat + ca + GSH 42.0 Aa 19.0 Bacd 17.6 Bd

cat + ca + AA 42.0 Aa 17.0 Babcd 12.5 Bcd

cat + ca + SO2 + GSH 42.0 Aa 21.2 Bad 17.6 CBd

cat + ca + SO2 + AA 42.0 Aa 16.9 Babcd 11.3 Bcd

cat + ca + GSH + AA 42.0 Aa 23.7 Bad 16.8 Bd

cat + ca + SO2 + GSH + AA 42.0 Aa 27.6 ABa 14.7 Bd

Figure 4-63: Interactions between metals [each at about 10 mg/L], polyphenols [(+)-catechin -
20 mg/L; caffeic acid - 100 mg/L], antioxidants [each at 100 mg/L], and 3-MH in model white

wine (3rd trial) at 45°C
(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)

3-MH followed a similar trend to 3-MHA (r = 0.974*** [n = 36]), thus indicating the

prevalence of oxidative varietal thiol losses under the condition of this experiment.

Polyphenols caused a rapid decline of 3-MH after 14 days (by 94 ± 2 %), whereas

antioxidants delayed the decrease of 3-MH in the presence of (+)-catechin and caffeic
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3-MH was even more accelerated (total of 76 %) when oxygen was present. In the

same study, SO2 was able to inhibit the 3-MH decline in the presence of (+)-catechin.

This observation is in contrast to results of the present trial, which is likely due to the

inhibition of SO2 autoxidation (promoted by added catalytic metals) by polyphenols

leading to the formation of ortho-quinones, as proposed by DANILEWICZ (2007) [71].

Model white wine solutions containing glutathione alone or alongside other

antioxidants were most effective in preserving 3-MH. In comparison to the

antioxidative treatments (n = 7) of the previous (2nd) trial (compare Figure 4-61 with

Figure 4-63), the addition of (+)-catechin and caffeic acid slowed down the initial drop

of 3-MH (45 ± 16 % versus 29 ± 17 %), but appeared to accelerate 3-MH losses

thereafter, which is in accordance with findings for 3-MHA described above. The

greater loss of both varietal thiols from day 14 onwards in the presence of

polyphenols coincided with the depletion of antioxidants.

The initially quantified glutathione concentrations (which were 70 - 89 % lower than

added) had largely disappeared after 14 days (0 - 7 mg/L). In the presence of

polyphenols, a protective effect on the initially quantified glutathione concentration

(11 mg/L) was observed in conjunction with SO2 (via interacting with ortho-quinones

instead of glutathione) and ascorbic acid (via scavenging oxygen, thus limiting not

only glutathione autoxidation but also ortho-quinone formation), added separately

(19 and 30 mg/L, respectively) or together (20 mg/L). A similar observation was made

by DU TOIT et al. (2007) [78] when SO2 and ascorbic acid was added to white grape

juice. The positive effect of glutathione on 3-MHA and 3-MH stability was possibly

due to chelating copper [137] (resulting in a white precipitate) besides interacting

with polyphenol oxidation products. The initial free SO2 levels were lower when

ascorbic acid was added to the matrix (40 mg/L versus 77 mg/L) unless glutathione

was also present (62 mg/L versus 72 mg/L without ascorbic acid), a similar trend was

seen for the 2nd trial. After 14 days, free SO2 dropped between 37 and 85 %, with

lower percentage losses in the presence of ascorbic acid, which is in contrast to the

previous (2nd) trial. Both antioxidants, glutathione and SO2, (and likely ascorbic acid)

were not detected after 28 days of storage (except for SO2 in one of the triplicate
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flasks containing also ascorbic acid). Across the 28-day trial, 3-MHA and 3-MH levels

correlated positively with free SO2 (r = 0.950*** [n = 12] and r = 0.904*** [n = 12],

respectively) and glutathione (r = 0.893*** [n = 12] and r = 0.901*** [n = 12],

respectively), confirming the predominance of oxidative varietal thiol degradation.

In the absence of antioxidants, about half of the initial concentrations of the

flavan-3-ols were lost after 14 days, while caffeic acid (in trans-configuration) had 70

± 14 % of its initial content still left when present on its own. The oxidation of added

polyphenols explains the drastic decline of both varietal thiols during the first half of

this experiment promoted by the dissolved oxygen and catalytic metals present.

DANILEWICZ et al. (2008) [72] found that the concomitant presence of the model

polyphenol 4-methylcatechol and model thiol 6-mercaptohexan-1-ol caused a greater

oxygen consumption than by either compound on their own in a model wine matrix.

Figure 1-5 displays the oxidative degradation of thiols that can occur in the presence

of polyphenols. Despite the different ways of interacting with polyphenols (directly or

indirectly), in all cases the outcome will be a loss of both varietal thiols. During the

final fourteen days of storage the concentration of the selected polyphenols

remained relative stable. The degradation of polyphenols was accompanied by a

significant (p < 0.001) increase in A420 values (mainly in the first two weeks of

storage), particularly for the flavan-3-ols, from 0.043 ± 0.004 to 0.682 ± 0.032 for

(+)-catechin, 0.640 ± 0.032 (-)-epicatechin, and 0.113 ± 0.004 for trans-caffeic acid.

The delay in 3-MHA and 3-MH loss during the first fourteen days observed in the

presence of antioxidants alongside (+)-catechin and trans-caffeic acid when compared

to the absence of polyphenols (2nd trial) supports the hypothesis that SO2, ascorbic

acid, and glutathione interfere in the polyphenol oxidation process, in place of

reactions involving 3-MHA and 3-MH (see Figure 1-27), and as a consequence prevent

oxidative losses of the passion fruit-type aroma notes. Moreover, a positive

relationship was found between (+)-catechin and free SO2 as well as glutathione

(r = 0.788** [n = 12] and r = 0.779** [n = 12], respectively), and to a lesser extent

between trans-caffeic acid and free SO2 as well as glutathione (r = 0.561 [n = 12] and

r = 0.702* [n = 12], respectively). (+)-Catechin levels in the presence of trans-caffeic
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acid were significantly higher after 14 days for all treatments containing SO2 alongside

glutathione and/or ascorbic acid (16 mg/L), whereas after 28 days no statistical

difference (p > 0.05) in (+)-catechin concentration was found between treatments

with 6 ± 3 mg/L left on average (a total drop of 33 ± 14 %), which coincided with

absence of glutathione and SO2 (and likely ascorbic acid). In the presence of

(+)-catechin and antioxidants trans-caffeic acid degraded slower (a total loss of 13 ±

6 % on average) during the first fourteen days of storage (due to coupled oxidation

with (+)-catechin [47] and interactions with antioxidants shown in Figure 1-27) unless

SO2 was added alone which caused a decrease of trans-caffeic acid by 30 ± 5 % (same

as caffeic acid on its own in the model white wine medium). The negative effect of

SO2 as a sole antioxidant on trans-caffeic acid was probably due to the ability of

polyphenols (in this case trans-caffeic acid) to scavenge intermediate radicals formed

by SO2 autoxidation [71]. This theory may explain the higher concentration of both

varietal thiols found after 14 days of storage in the current study compared to the

previous one, in which varietal thiols were expected to act as radical scavengers in the

absence of polyphenols. The concentration of trans-caffeic acid over the following

fourteen days remained relatively stable and even increased in most solutions

containing (+)-catechin, which in turn continued to decrease likely due to coupled

oxidation, since no antioxidants was available anymore to interfere in the trans-

caffeic acid autoxidation process. According to DANILEWICZ et al. (2008) [72], catechol

derivatives should be able to protect thiols from oxidation by reducing the thiyl

radical (RS·), an intermediate formed in the process of thiol oxidation involving Fe3+ or

Cu2+, back to the thiol (RSH). However, there was no direct evidence to support this

theory because neither 3-MHA nor 3-MH levels (as well as total thiols) increased

throughout the trial period. In fact, it could be argued that varietal thiols were able to

reduce trans-caffeic acid quinones back to trans-caffeic acid, since the thiol

concentration declined to a greater extent between day 14 and 28 once the

antioxidants had disappeared from the model white wine matrix. However, the

positive relationship of trans-caffeic acid with 3-MHA and 3-MH (r = 0.689*** [n = 27]

and r = 0.676*** [n = 27], respectively) would suggest that varietal thiols rather

reacted with the polyphenol autoxidation by-product H2O2. The ability of antioxidants
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to inhibit oxidative browning depended on the antioxidant combination, but in all

case the A420 values increased steadily throughout the storage period. After 28 days

the only antioxidative treatment that differed statistically significantly from the

control containing (+)-catechin and trans-caffeic acid was a combination of SO2 with

ascorbic acid (0.075 ± 0.033 versus 0.222 ± 0.017). Glutathione appeared to form a

reduced glutathione conjugate with the oxidised polyphenols (thus explaining the

positive effect on both varietal thiols besides complexing copper) present since model

white wine solution containing this antioxidant on its own scored a higher A420 value

after 14 days (0.187 ± 0.002) than in conjunction with SO2 and/or ascorbic acid (0.049

± 0.015).

Interactions between Metals, Polyphenols, Glutathione, and Varietal Thiols - 4th Model

White Wine Trial

Since most of the varietal thiols were degraded after 14 days at 45°C in the presence

of polyphenols, the next experiment followed the evolution of 3-MHA and 3-MH up to

12 days of storage under identical conditions as the previous experiment in order to

uncover the interactions between varietal thiols and polyphenols. In addition, the

protective effect of glutathione on 3-MHA and 3-MH in the presence of polyphenols

was further investigated applying lower copper levels (0.1 mg/L) to minimise the

initial glutathione loss observed in the previous two trials.

As pictured in Figure 4-64, both varietal thiols exhibited similar reaction kinetics in

this study (r = 0.994*** [n = 24]), suggesting oxidative losses for both varietal thiols.

Already after 3 days, the 3-MHA and 3-MH had diminished by 91 ± 13 % (k0-3 = 0.80

day-1) and 85 ± 4 % in the presence of caffeic acid, respectively. Additions of

(+)-catechin and (-)-epicatechin led to an average loss of 62 ± 5 % in 3-MHA

(k0-3 = 0.33 ± 0.04 day-1) and 44 ± 4 % in 3-MH. At the end of the 12-day trial, both

varietal thiols had largely disappeared from the model white wine matrix

independently of the nature of polyphenol added. The levels of (+)-catechin,

(-)-epicatechin and trans-caffeic acid also decreased at the same time in these
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solutions (but only significantly [p < 0.05] for the latter two polyphenols), dropping a

total of 21 ± 15 %, 21 ± 10 % and 23 ± 6%, respectively. Lower addition of cupric ions

had not only an immediate positive effect on glutathione (approximately 50 mg/L was

recovered at the onset of this experiment), but also on the initial 3-MHA and 3-MH

level which were about 10 % higher. The addition of glutathione to a model white

wine medium containing (+)-catechin and caffeic acid (each at 100 mg/L), separately

and together, delayed the decline of 3-MHA (k0-3 = 0.084 ± 0.017 day-1) and 3-MH

until day 3. The rate of 3-MHA and 3-MH degradation increased over the following

nine days (which concurred with the disappearance of glutathione from the white

wine-like medium) apart from the glutathione treatment containing both

polyphenols. The protective effect of glutathione on 3-MHA and 3-MH stability

(r = 0.754*** [n = 12] and r = 0.690* [n = 12], respectively) in this experiment was

probably due to its interaction with polyphenol oxidation products as well as the

formation of a temporary glutathione-metal complex during glutathione autoxidation,

as discussed for the 1st model white wine trial, rather than chelating copper to an

insoluble complex observed previously, because after 12 days there was no significant

difference in the concentration of the varietal thiols between all of the treatments

(besides the absence of a white precipitate when glutathione was added to the model

white wine solution).
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time 0 days 3 days 6 days 12 days
(+)-catechin 6.3 Aa 2.6 Ba 0.6 Ca 0.1 Da

(-)-epicatechin 6.9 Ab 2.4 Ba 0.4 Cab 0.1 Da

caffeic acid 6.4 Aa 0.6 Bb 0.2 Cb 0.1 Ca

cat + GSH 7.2 Ac 5.9 Bc 3.7 Cc 0.7 Da

ca + GSH 7.2 Ac 5.6 Bcd 3.0 Cd 1.2 Da

cat + ca + GSH 7.3 Ac 5.4 ABd 2.7 BCd 2.1 Ca

time 0 days 3 days 6 days 12 days
(+)-catechin 36.5 Aab 17.0 Ba 5.9 Ca 1.4 Da

(-)-epicatechin 38.1 Abc 15.8 Ba 4.4 Cb 1.0 Da

caffeic acid 34.4 Aa 5.1 Bb 1.9 Cc 1.2 Ca

cat + GSH 40.7 Ad 35.0 Bc 24.7 Cd 4.3 Da

ca + GSH 40.2 Acd 33.3 Bc 20.6 Ce 8.2 Da

cat + ca + GSH 40.9 Ad 34.3 Ac 19.8 Ae 16.0 Aa

Figure 4-64: Interactions of polyphenols [each at 100 mg/L], glutathione [100 mg/L], and
varietal thiols in model white wine (4th trial) at 45°C

(Data are presented as means of single measurements of duplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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Glutathione appeared to accelerated the decline of trans-caffeic acid (a total loss of

24 ± 15 % [p = 0.06]) and to a greater extent of (+)-catechin (a total of 41 ± 11 %

[p < 0.05]) possibly by forming a reduced glutathione conjugate, which in turn

affected the absorbance measured at 420 nm. While glutathione addition resulted in

a greater A420 score in the presence of trans-caffeic acid (0.156 ± 0.008 versus 0.096 ±

0.007 - 0.090 ± 0.005 after 14 days in the previous [3rd] trial), the increase in

colouration in the presence of (+)-catechin was significantly lower than in the absence

of this antioxidant (0.311 ± 0.002 versus 0.368 ± 0.011). A similar trend was seen for

the combination of both polyphenols alongside glutathione with total losses of 34 ±

14 % and 14 ± 11 for (+)-catechin and trans-caffeic acid, respectively, which yielded an

A420 score of 0.295 ± 0.095 at the end of the 12-day trial period. Flavan-3-ols have

been shown to produce yellow pigments (mediated by tartaric acid degradation

products) in model white wine solutions containing ferrous [108, 213] and cupric ions

[65, 60, 61, 93]. These yellow pigments have been identified as xanthylium cations

which exhibit absorption maxima very close to 420 nm [91, 88, 90, 89]. The presence

of xanthylium cation pigments may explain the rapid increase in A420 values in the

model white wine solutions containing (+)-catechin and (-)-epicatechin after only

3 days of storage (from 0.046 ± 0.001 to 0.186 ± 0.003 and 0.043 ± 0.001 to 0.323 ±

0.035, respectively). Interestingly, the absorbance at 420 nm was almost twice as high

for the (-)-epicatechin treatment than the (+)-catechin treatment at day 3 and 6

(despite the similar concentrations that remained), which is in agreement with

observations made by GONZALES CARTAGENA et al. (1994) [117], LABROUCHE et al. (2005)

[152], and CLARK et al. (2010) [66]. LABROUCHE et al. (2005) [152] found that the

xanthylium cation pigments generated from (-)-epicatechin had molar absorption

coefficients 1.8 times that of the xanthylium cation pigments generated from (+)-

catechin. Nonetheless, at the end of this experiment the A420 values of both

treatments did not differ significantly with 0.368 ± 0.011 for (+)-catechin and 0.450 ±

0.001 for (-)-epicatechin, which is consistent with the results from the previous (3rd)

trial (0.638 ± 0.043 and 0.639 ± 0.020 for (+)-catechin and (-)-epicatechin after 14

days, respectively). Hydroxycinnamic acids such as trans-caffeic acid have been shown

to inhibit the accumulation of xanthylium cations in wine-like solutions [112]. Thus, it
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is not surprising that the model white wine solutions containing both (+)-catechin and

trans-caffeic acid49 (with and without glutathione) exhibited significant lower values,

averaging at 0.295 ± 0.095 after 12 days. The evolution of discolouration in these

model white wine solutions is displayed in Appendix 4-10.

Interactions between Polyphenols, Antioxidants, and Varietal Thiols in the Presence

and Absence of Metals - 5th Model White Wine Trial

Because of the different antioxidative effect of glutathione exhibited when lowering

the Cu2+ levels, the most relevant antioxidant combinations, with and without

polyphenol present, from the previous model white wine studies were tested at 45°C

over a period of 28 days adding cupric ions at 0.2 mg/L, which is closer to the levels

expected to be found in Sauvignon blanc wines.

A significant decrease in 3-MHA was observed for all treatments over the 28-day trial

period, as seen in Figure 4-65. Lowering the copper levels had a positive effect on

3-MHA when SO2 and glutathione were added separately, having on average 36 ± 1 %

of the initial 3-MHA left after 28 days (k0-28 = 0.037 ± 0.001 day-1). Therefore, it

appeared that copper acted as a ‘mediator’ with the Fe3+/Fe2+ redox couple when

oxidising SO2, thus explaining the drastic drop in 3-MHA in the presence of SO2 and

catalytic metals (each at 10 mg/L) in the 2nd trial. The antioxidative effect of

glutathione (initially quantified at 60 mg/L) was probably due to its interaction with

copper via a temporary glutathione-metal-complex as mentioned earlier. The addition

of ascorbic acid to the model white wine medium lowered the 3-MHA level by 85 ± 6

% after 28 days (k0-28 = 0.067 day-1), and thus accelerated the decline of this acetate

ester likely due to the production of H2O2 during ascorbic acid autoxidation catalysed

by Fe3+ ions [70]. SO2 alone did not seem to be able to quench the generated H2O2,

but alongside glutathione the oxidative 3-MHA loss was delayed (k0-28 = 0.044 day-1),

mainly over the first fourteen days, presumably due to glutathione reacting with

49 Model white wine solutions containing caffeic acid, with and without glutathione, developed a fine
black precipitate throughout storage, which has been reported to be due to the ability of caffeic acid
oxidation products to interact with iron to form insoluble complexes [75].
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H2O2. Flow injection analysis of SO2 revealed that free SO2 could still be detected in

model white wine mediums containing all three antioxidants after 28 days, whereas

in the absence of glutathione it had disappeared completely from the media already

after 14 days. On the other hand, glutathione was not found after 28 days in the

presence of SO2 and ascorbic acid (initially quantified at 96 ± 0 mg/L). When

(+)-catechin and caffeic acid (at 20 and 100 mg/L, respectively) were added to the

control medium, 3-MHA levels had largely disappeared after 14 days (k0-14 = 0.22

day-1), as observed in the 3rd and 4th trial. The exclusion of metals slowed down the

3-MHA decrease in the presence of both polyphenols (k0-14 = 0.076 day-1). The

concomitant presence of polyphenols, metals, and each antioxidant on its own also

had a negative impact on 3-MHA stability, resulting in a 3-MHA loss between 89 and

93 % after 28 days (k0-28 = 0.089 ± 0.009 day-1), likely due to the depletion of each

antioxidant. However, ascorbic acid was able to attenuate the 3-MHA decline during

the first fourteen days of storage to a greater extent than SO2 or glutathione (k0-14 =

0.061 day-1 versus k0-14 = 0.128 ± 0.003 day-1). While glutathione (with an initial

concentration of 63 mg/L) had disappeared from the white wine-like medium after 14

days (the same trend was seen in the absence of polyphenols), free SO2 was still

detected after 28 days at an average concentration of 26 ± 21 mg/L. The negative

influence of SO2 was also seen for the 3rd trial and has been ascribed to the inhibition

of SO2 autoxidation by polyphenols leading to the generation of ortho-quinones [71],

which in turn can interact with thiol compounds (see Figure 1-5). The addition of all

three antioxidants provided the best protection for the sweet-sweaty passion fruit

aroma note in the presence of polyphenols and metals, but still retained only ~ 25 %

of 3-MHA in the model white wine medium at the end of the trial, which was

completely deprived of SO2, glutathione, and presumably ascorbic acid. All of the

antioxidants were detected at the end of the trial when Fe3+ and Cu2+ ions were

omitted from the model white wine solution (SO2 - 13 ± 1 mg/L; glutathione - 1.3 ± 0.1

mg/L; ascorbic acid - 7 ± 0 mg/L), thus leading to higher 3-MHA levels after 28 days

(k0-28 = 0.037 day-1 versus k0-28 = 0.051 day-1).
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time 0 days 14 days 28 days
control (Fe + Cu) 6.5 Aa 4.0 Ba 2.5 Ca

SO2 6.5 Aa 3.8 Ba 2.3 Cab

GSH 6.5 Aa 3.9 Ba 2.4 Ca

AA 6.5 Aa 1.6 Bbdf 1.0 Cef

SO2 + AA 6.5 Aa 1.3 Bbd 1.0 Bef

SO2 + GSH + AA 6.5 Aa 3.8 Ba 1.9 Cbc

cat + ca 6.5 Aa 0.3 Bc 0.1 Ch

cat + ca + SO2 6.5 Aa 1.1 Bbd 0.5 Cgh

cat + ca + GSH 6.5 Aa 1.0 Bb 0.4 Cgh

cat + ca + AA 6.5 Aa 2.8 Be 0.7 Cfg

cat + ca + SO2 + AA 6.5 Aa 1.6 Bdf 1.2 Cde

cat + ca + SO2 + GSH + AA 6.5 Aa 4.2 Ba 1.5 Ccd

control (cat + ca) 6.0 Ab 2.1 Bf 0.8 Cfg

cat + ca + SO2 + GSH + AA 6.0 Ab 4.3 Ba 2.2 Cab

Figure 4-65: Effect of antioxidants [each at 100 mg/L] and polyphenols [(+)-catechin - 20
mg/L; caffeic acid - 100 mg/L] on the 3-MHA stability in model white wine (5th trial) with and

without metals [Fe - 8 mg/L; Cu - 0.2mg/L] at 45°C
(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)

The supplementation of the model white wine medium (containing Fe3+ and Cu2+ ions)

with antioxidants and/or polyphenols had a similar impact on 3-MH stability

(r = 889*** [n = 42]), pictured in Figure 4-66, thus confirming the occurrence of

oxidative losses of 3-MHA under the conditions of this study.
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time 0 days 14 days 28 days
control (Fe + Cu) 43.9 Aab 42.1 Bab 42.4 Ba

SO2 43.9 Aab 40.1 Bac 37.3 Cab

GSH 43.9 Aab 34.0 Bcd 31.0 Cbc

AA 43.9 Aab 18.2 Bf 14.5 Cde

SO2 + AA 43.9 Aab 8.5 Bg 13.4 Bde

SO2 + GSH + AA 43.9 Aab 40.5 Aa 27.2 Bc

cat + ca 44.5 Ab 2.9 Bg 1.3 Cf

cat + ca + SO2 44.5 Ab 7.0 Bg 5.4 Bfg

cat + ca + GSH 44.5 Ab 8.4 Bg 5.8 Bfg

cat + ca + AA 44.5 Ab 28.9 Bde 8.7 Cef

cat + ca + SO2 + AA 44.5 Ab 8.6 Bg 10.2 Cef

cat + ca + SO2 + GSH + AA 44.5 Ab 47.5 Ab 17.0 Cd

control (cat + ca) 42.6 Ac 26.9 Be 18.0 Cd

cat + ca + SO2 + GSH + AA 42.6 ABc 45.5 Aab 36.8 BCab

Figure 4-66: Effect of antioxidants [each at 100 mg/L] and polyphenols [(+)-catechin - 20
mg/L; caffeic acid - 100 mg/L] on the 3-MH stability in model white wine (5th trial) with and

without metals [Fe - 8 mg/L; Cu - 0.2mg/L] at 45°C
(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)

Ascorbic acid treatments exhibited a negative effect on 3-MH stability in the absence

of polyphenols (a total loss of 68 ± 2 %) unless glutathione was added to inhibit the

loss of free SO, enhanced in the presence of ascorbic acid as observed in the 2nd trial

(a total loss of 38 ± 5 %), whereas SO2 and glutathione were capable of preserving the

passion fruit skin/stalk aroma (a total average 3-MH decrease of 22 ± 10 %). When

polyphenols were added, the concomitant presence of all three antioxidants

attenuated the drop in 3-MH to a greater extent compared to the other antioxidative
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combinations, having about 40 % of its initial content still left after 28 days, which

was close to the amount of 3-MH found in a model white wine medium when the

metals and antioxidants were omitted but contained (+)-catechin and trans-caffeic

acid. By contrast, 3-MH had largely disappeared after 14 days (with a 94 ± 5 % loss)

when metals were present alongside (+)-catechin and caffeic acid. This observation

highlighted once more the importance of metals as catalysts in the oxidative

processes, thus explaining the higher 3-MH (and 3-MHA) levels in a model white wine

medium with antioxidants and polyphenols but without metals. Both 3-MHA and

3-MH levels have been associated with (+)-catechin (r = 0.724*** [n = 24] and

r = 0.748*** [n = 24], respectively) and trans-caffeic acid (r = 0.725*** [n = 24] and

r = 0.746 [n = 24], respectively).

Across the trial period, free SO2 and glutathione correlated positively with 3-MHA

(r = 0.806*** [n = 21] and r = 0.894*** [n = 15], respectively) and to a lesser extent

with 3-MH (r = 0.538* [n = 21] and r = 0.622* [n = 15], respectively). Furthermore,

free SO2 and glutathione also had a positive relationship with (+)-catechin

(r = 0.850*** [n = 12] and r = 0.692* [n = 9], respectively) and trans-caffeic acid

(r = 0.651* [n = 12] and r = 0.598 [n = 9], respectively). In the absence of antioxidants

but with the metals present, (+)-catechin was not detected after 28 days, while trans-

caffeic acid still had 82 ± 9 % of its initial concentration left. The decrease in

polyphenols (which occurred mainly during the first fourteen days) was accompanied

by a rapid increase in absorbance at 420 nm (from 0.047 ± 0.001 to 0.223 ± 0.038

within 28 days). Polyphenol autoxidation still occurred when the metals were omitted

from the model white wine medium (more so between days 14 and 28), and

(+)-catechin decreased by 21 ± 7 % (p < 0.05) and trans-caffeic acid by 14 ± 8 %

(p = 0.173), while colouration also increased from 0.009 ± 0.000 to 0.061 ± 0.013

(p < 0.01) throughout the trial period. Since oxygen needs to be activated to react

with polyphenols [70, 281], it is likely that traces of iron and copper were present in

the solution catalysing oxidative processes. With the exception of glutathione on its

own, the presence of antioxidants delayed the decrease of (+)-catechin for the first

fourteen days (25 ± 11 % on average versus 82 ± 4 % when the antioxidants were
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omitted), whereas the trans-caffeic acid concentrations were similar (no significant

difference) in the same metal containing solutions (87 ± 9 mg/L), though lower levels

were found in the presence of each antioxidant on its own, a trend also noted for

(+)-catechin. These findings suggest that SO2, glutathione and ascorbic acid interfere

in the polyphenol autoxidation process. The concentration of trans-caffeic acid and

(+)-catechin remained relatively stable during the next fourteen days only for the SO2

treatments, with and without ascorbic acid (both treatments still had high free SO2

levels left - 39 ± 1 mg/L and 26 ± 21 mg/L, respectively), but not when ascorbic acid

was present on its own (causing a gradual decline in both polyphenols and an increase

in A420 to 0.126 ± 0.007). Hence, the initial positive effect of ascorbic acid on varietal

thiol stability was presumably due to scavenging oxygen rather than reducing ortho-

quinones (which is in agreement with observations made by MAKHOTKINA and

KILMARTIN (2009) [180]), thus delaying polyphenol oxidation and ultimately oxidative

varietal thiol degradation. Another possible explanation could be that ascorbic acid

was depleted from the medium after 14 days, since it is susceptible to oxidation in the

presence of oxygen and metals. However, the autoxidation of both antioxidants,

catalysed by metals, brought about the formation of reactive intermediates which

were detrimental to the varietal thiols stability when each antioxidant was present on

its own. The preserving effect of glutathione on the passion fruit-type aroma in the

presence of (+)-catechin and caffeic acid in this study appeared to be via reacting with

the corresponding ortho-quinone to form a reduced glutathione conjugate in

preference to the varietal thiols (besides interacting with copper), thus explaining the

low (+)-catechin and trans-caffeic acid levels after 14 days (6 ± 0 mg/L, a 71 % drop,

and 71 ± 5 mg/L, a 27 % drop, respectively) compared to the other antioxidative

treatments. Both polyphenols continued to decline in this solution until the end of

this study (as did the varietal thiols, since glutathione was not detectable after

14 days of storage), scoring the second highest A420 value with 0.176 ± 0.018. SO2

(with and without ascorbic acid) was able to prevent discolouration after 28 days of

storage (0.031 ± 0.002 and 0.017 ± 0.002, respectively) presumably due to its ability

to reduce ortho-quinones, as demonstrated by DANILEWICZ et al. (2008) [72]) unless

glutathione was supplemented as well (0.061 ± 0.013). The absorbance at 420 nm
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correlated negatively with (+)-catechin and trans-caffeic acid (r = -0.935*** [n = 24]

and r = -0.739*** [n = 24], respectively), as well as free SO2 and glutathione

(r = -0.583** [n = 21] and r = -0.458 [n = 15], respectively).

Summary

These model white wine studies have not only established a link between the 3-MHA

as well as 3-MH stability, antioxidants and polyphenols (and thus confirming the

proposed oxidative degradation of varietal thiols displayed in Figure 1-5), but also

have highlighted the importance of catalytic metals, namely iron and copper, in

promoting oxidative processes in white wine-like solutions. Moreover, further

evidence was provided about a ‘mediator’ role for copper in a dose-dependent

manner with the Fe3+/Fe2+ redox couple based on the synergistic effect observed on

oxidative processes in the model white wine matrix containing both metals. The

autoxidation of antioxidants and polyphenols, mediated by iron and copper, led to

the formation of reactive intermediates, such as H2O2 and ortho-quinones, which

were detrimental to the varietal thiol stability. Thiols exhibit a strong antioxidative

activity, hence they are able to reduce, for example, the generated ortho-quinones

and H2O2, as a result being converted to the corresponding disulfide. Furthermore, as

nucleophiles, thiols can react with ortho-quinones via a 1,4-MICHAEL-type addition to

form the corresponding reduced thiol conjugate. Antioxidants were capable of

attenuating the decline in 3-MHA and 3-MH in the presence of (+)-catechin and

caffeic acid depending on the antioxidant combination, either by scavenging oxygen

(and thus preventing polyphenol autoxidation) in case of ascorbic acid and

glutathione, or via interacting directly with polyphenol autoxidation products in the

case of SO2 and glutathione. This observation supports the hypothesis that these

antioxidants interfere in the polyphenol oxidation process in different ways in

preference to 3-MHA and 3-MH, as proposed in Figure 1-27. The best protection of

the passion fruit-type characters were obtained for antioxidant combinations

expected to be found in Sauvignon blanc wine and other white wine varieties, namely
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SO2 alongside glutathione and possibly ascorbic acid, if added. Under the accelerated

conditions applied in these studies (elevated temperature, oxygen exposure,

catalytical metals) it became apparent that the loss of 3-MHA was not only a

consequence of the hydrolysis to 3-MH but also due to oxidation, confirming the

observations made in the manually bottled Sauvignon blanc wines. Lowering the

storage temperature of the model white wine solution caused the greatest

improvement in 3-MHA stability via slowing down the hydrolysis mechanism, as

demonstrated for several other acetate esters by RAMEY and OUGH (1980) [236].

4.4.2 Interactions of Pro-oxidants, Anti-oxidants, and Varietal Thiols in a

White Wine Matrix

The influence of pro-oxidants (metals and polyphenols) and anti-oxidants (SO2,

glutathione, and ascorbic acid) on 3-MHA and 3-MH stability was examined in a white

wine matrix (Sauvignon blanc) at 45°C over a 28-day period in order to confirm the

results of the model white wine studies. Sulfur dioxide, glutathione, and ascorbic acid,

colour as well as polyphenols were monitored, in addition to changes in the

concentrations of the varietal thiols.

In this study, the stability of 3-MHA at 45°C after 28 days was largely unaffected by

additions of antioxidants, metals or polyphenols, declining on average by 63 ± 3 %, as

shown in Figure 4-67. At the same time, the pseudo-first-order rate constants were

lower, to a statistically significant extent, for all antioxidative treatments compared to

the pro-oxidative treatments (k0-28 = 0.033 day-1 versus k0-28 = 0.038 day-1), indicating

the occurrence of some oxidative degradation of 3-MHA (mainly during the first half

of this trial due to the presence of dissolved oxygen). FERREIRA et al. (1997) [102] also

noted a decrease in acetate esters (isoamyl acetate, hexyl acetate, phenylethyl

acetate) after only 3 weeks of oxidative white wine storage. Glutathione (alone and

together with SO2) has been shown to inhibit the decrease of the same acetate esters

in Greek white wines after 90 days, whereas SO2 alone did not improve their stability

[218, 256]. In the current study, the antioxidants were successful in providing some
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protection against oxidative 3-MHA losses. By contrast, a lower storage temperature

(15°C) delayed the decrease of 3-MHA by a much larger 51 % (k0-28 = 0.011 day-1),

which is in agreement with an observation made in the 2nd model white wine trial

(see Figure 4-60) as well as findings for other acetate esters [233, 236].

time 0 days 14 days 28 days

control 6.5 Aa 3.7 Bac 2.3 Ca

control 15°C 6.5 Aa 5.5 Bb 4.8 Cb

OptiWHITE® 6.5 Aa 3.8 Bacf 2.4 Ca

Fe 6.4 Aba 3.7 Bac 2.3 Ca

Cu 6.3 Aba 3.3 Bd 2.1 Cc

cat + ca 6.5 Aa 3.6 Bae 2.4 Ca

Fe + Cu + cat + ca 6.2 Ab 3.3 Bde 2.0 Cc

SO2 6.5 Aa 4.0 Bcfg 2.5 Cd

GSH 6.5 Aa 3.9 Bacfg 2.5 Cd

AA 6.5 Aa 3.9 Bacfg 2.5 Cd

SO2 + AA 6.5 Aa 4.1 Bfg 2.6 Ce

SO2 + GSH 6.5 Aa 4.1 Bfg 2.6 Cde

GSH + AA 6.5 Aa 4.1 Bfg 2.6 Cde

SO2 + GSH + AA 6.5 Aa 4.2 Bg 2.6 Ce

Figure 4-67: Evolution of 3-MHA in Sauvignon blanc wines at 45°C (excluding control 15°C) in
the presence of metals [Fe - 8 mg/L; Cu - 0.1 mg/L], polyphenols [(+)-catechin - 20 mg/L;

caffeic acid - 100 mg/L], and antioxidants [each at 100 mg/L]
(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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The addition of cupric ions (0.1 mg/L), alone or together with other pro-oxidants, led

to greatest losses in 3-MHA after 28 days, retaining only a third of the initial

concentration in the white wine matrix. Ferric ions (8 mg/L) or polyphenols -

(+)-catechin and caffeic acid (20 and 100 mg/L, respectively) - had no impact on the

3-MHA levels. Alternatively, ROUSSIS et al. (2007) [256] noted a positive effect of

caffeic acid on acetate esters in Greek white wines during 90 days of storage.

time 0 days 14 days 28 days

control 85.9 Aa 76.0 Bac 74.2 Bac

control 15°C 85.9 Aa 77.3 Bac 68.9 Cb

OptiWHITE® 85.9 Aa 77.7 Bac 76.3 Bc

Fe 84.2 Aa 76.2 Bac 74.6 Bac

Cu 82.7 Aa 64.1 Bb 64.3 Bd

cat + ca 85.9 Aa 71.7 Bab 70.4 Bab

Fe + Cu + cat + ca 80.2 Aa 63.3 Bb 61.5 Bd

SO2 85.9 Aa 83.5 Acde 84.4 Aef

GSH 85.9 Aa 82.9 Acde 81.5 Ae

AA 85.9 Aa 82.2 Acd 83.5 Ae

SO2 + AA 85.9 Aa 87.4 Ade 89.8 Ag

SO2 + GSH 85.9 Aa 88.3 Ade 88.4 Afg

GSH + AA 85.9 Aa 88.0 Ade 84.1 Aef

SO2 + GSH + AA 85.9 Aa 91.5 Be 89.2 ABg

Figure 4-68: Evolution of 3-MH in Sauvignon blanc wines at 45°C (excluding control 15°C) in
the presence of metals [Fe - 8 mg/L; Cu - 0.1 mg/L], polyphenols [(+)-catechin - 20 mg/L;

caffeic acid - 100 mg/L], and antioxidants [each at 100 mg/L]
(Data are presented as means of single measurements of triplicate flasks. Means sharing the same letter do not
differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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3-MH levels hardly changed during the 28 days of storage in the presence of

antioxidants (at 100 mg/L each). On the other hand, the supplementation of the

white wine matrix with pro-oxidants lowered the 3-MH content (more so during the

first fourteen days) by 19 ± 4 % on average. Analogous to 3-MHA, solutions with

added Cu2+ ions exhibited the lowest 3-MH concentrations at the end of this trial with

only 77 ± 1 % on average of the initial content remaining. Subsequently, (+)-catechin

and caffeic acid accelerated the 3-MH disappearance to a greater extent in the

presence of both metals compared to the absence of a catalyst (a loss of 23 ± 4 %

versus 18 ± 1 %), confirming the significance of metals in the wine oxidation

processes. A lower storage temperature did not improve the 3-MH stability in

Sauvignon blanc which is in accordance with findings from the 2nd model white wine

trial (see Figure 4-61). OptiWHITE® (LALLEMAND) had no influence on the 3-MH (and

3-MHA) levels in this study. This natural yeast derivative was added at a concentration

which equals a glutathione addition of 10 mg/L (according to the manufacturer),

shown to preserve the varietal thiols in Sauvignon blanc [158]. Combinations of SO2

along with glutathione and/or ascorbic acid were superior in preserving the passion

fruit-type aroma compounds (Appendix 4-11), reflected in a positive correlation

obtained for free SO2 and 3-MH (r = 0.576*** [n = 42]).

Free SO2 diminished significantly throughout storage in all treatments (Table 4-39).

The percentage loss of free SO2 (which was higher in the first half of this experiment)

was inhibited by the addition of antioxidants (including more SO2) unless ascorbic acid

was added as the only antioxidant. In the presence of ascorbic acid the consumption

of free SO2 was enhanced, as demonstrated by PENG et al. (1998) [224], except when

glutathione was also added to the white wine matrix, which prevented the loss of free

SO2, presumably by reacting with H2O2 (in preference to SO2) produced by ascorbic

acid autoxidation. The total SO2 level dropped between 9 and 32 % after 14 days and

remained relatively stable thereafter (see Appendix 4-12). The positive influence of

glutathione on free SO2 levels has also been observed in commercially bottled

Sauvignon blanc wines, thus explaining the lower glutathione concentration in the

presence of SO2 (Table 4-39). On the other hand, ascorbic acid had a positive impact
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on the glutathione content in a white wine matrix, presumably by either scavenging

the dissolved oxygen (thus preventing glutathione autoxidation) and/or reacting with

the polyphenol oxidation products in place of glutathione. A similar trend was seen by

DU TOIT et al. (2007) [78] when ascorbic acid was added to white grape juice.

Glutathione had disappeared from the pro-oxidative treatments as well as the control

after 28 days at 45°C, and thus was the least stable of the antioxidants tested. EL

HOSRY et al. (2009) [82] also noted a rapid decline of glutathione in a Chardonnay

stored at 55°C for 8 days. Copper in particular appeared to be very reactive toward

the thiols, since the supplementation of Sauvignon blanc wine with Cu2+ ions (at 0.1

mg/L) caused an immediate drop in reduced glutathione of ~ 40 % (and to a lesser

extent in varietal thiols). The fact that ascorbic acid’s concentration was hardly

influenced by SO2 and glutathione after 28 days (an average loss of ~ 40 % as shown

in Table 4-39) indicates an antioxidative role of ascorbic acid via scavenging oxygen

rather than reducing ortho-quinones, taking also into consideration the latest finding

of MAKHOTKINA and KILMARTIN (2009) [180]. In general, antioxidants behaved in a

similar manner throughout storage in both a white wine matrix and a model white

wine matrix at 45°C, being capable of delaying the loss of passion fruit-type aroma

notes via interfering with the catalysts for the oxidative processes and polyphenol

oxidation products in place of varietal thiols, as highlighted in Figure 1-27.
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Table 4-39: Evolution of antioxidants [mg/L] in Sauvignon blanc wines at 45°C (excluding
control 15°C) in the presence of metals [Fe - 8 mg/L; Cu - 0.1 mg/L], polyphenols [(+)-catechin
- 20 mg/L; caffeic acid - 100 mg/L], and antioxidants [each at 100 mg/L] (Data are presented as
means of single measurements of triplicate flasks ± SD. Means sharing the same letter do not differ significantly [p
< 0.05] between treatments at a specific time point [lower case] or within the treatment across time [upper case]
by TUKEY’s HSD test.)

time [days] 0 14 28

μ σ μ σ μ σ

free SO2

control 10.7 0.1 A 2.9 0.5 Ba 1.3 0.2 Ca

control 15°C 10.7 0.1 A 6.4 0.3 Bb 4.5 0.4 Bb

OptiWHITE® 9.9 0.2 A 2.4 0.1 Ba 1.4 0.2 Ba

Fe 9.0 0.0 A 1.8 0.3 Ba 1.0 0.1 Ca

Cu 9.3 0.0 A 2.3 0.2 Ba 1.3 0.2 Ca

cat + ca 9.9 0.0 A 3.0 0.1 Ba 1.6 0.2 Ca

Fe + Cu + cat + ca 8.3 0.1 A 1.8 0.0 Ba 0.9 0.1 Ca

SO2 61.0 0.1 A 42.5 1.3 Bc 37.6 1.0 Cc

GSH 9.6 0.2 A 3.7 0.3 Ba 3.0 0.2 Cab

AA 8.5 0.2 A 2.0 1.7 Ba 1.9 0.1 Ba

SO2 + GSH 59.8 1.7 A 43.9 1.0 Bc 42.6 1.4 Be

SO2 + AA 59.3 1.0 A 38.7 0.2 Bd 34.4 0.8 Cd

GSH + AA 8.4 0.1 A 3.8 0.2 Bab 2.7 0.3 Cab

SO2 + GSH + AA 58.0 0.5 A 44.3 2.1 Bc 40.6 1.8 Be

glutathione
control 6.2 0.0 A 2.2 0.1 Bad 0 0 Ca

control 15°C 6.2 0.0 A 3.5 0.1 Bb 2.3 0.0 Cb

OptiWHITE® 6.6 0.0 A 2.8 0.1 Bbd 0 0 Ca

Fe 4.6 0.0 A 1.1 0.4 Bac 0 0 Ba

Cu 3.7 0.0 A 0.8 0.0 Bc 0 0 Ca

cat + ca 6.0 0.0 A 1.8 0.1 Bacd 0 0 Ca

Fe + Cu + cat + ca 3.4 0.0 A 0.7 0.2 Bc 0 0 Ca

SO2 6.3 0.0 A 1.8 0.1 Bacd 1.1 0.0 Cc

GSH 69.0 0.0 A 22.5 0.1 Be 7.2 0.0 Cd

AA 6.0 0.0 A 2.9 0.1 Bbd 2.0 0.2 Ce

SO2 + GSH 67.7 0.0 A 23.3 0.5 Be 5.7 0.2 Cf

SO2 + AA 5.3 0.0 A 1.9 0.2 Bacd 0.3 0.0 Ca

GSH + AA 76.4 0.0 A 26.6 0.7 Bf 7.4 0.2 Cd

SO2 + GSH + AA 70.2 0.0 A 23.7 1.1 Be 6.1 0.1 Cg

ascorbic acid
control - - -
control 15°C - - -
OptiWHITE® - - -
Fe - - -
Cu - - -
cat + ca - - -
Fe + Cu + cat + ca - - -
SO2 - - -
GSH - - -
AA 101.1 0.0 A 43.8 30.2 Ba 59.1 1.1 ABa

SO2 + GSH - - -
SO2 + AA 98.5 0.0 A 68.4 0.9 Bab 59.3 1.8 Ca

GSH + AA 102.6 0.0 A 70.1 1.7 Bb 61.2 3.1 Ca

SO2 + GSH + AA 103.3 0.0 A 70.5 1.7 Bb 69.1 0.6 Bb
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The disappearance of the antioxidants was accompanied by a steady increase in the

absorbance measured at 420 nm (Appendix 4-13). Pro-oxidative additions led to the

highest A420 values at the end of the trial, ranging from 0.098 to 0.136, whereas the

presence of antioxidants slowed down discolouration with the exception of ascorbic

acid. When this antioxidant was present on its own, the colouration of the Sauvignon

blanc matrix was enhanced, scoring an A420 value of 0.114 ± 0.010 after 28 days,

which is in agreement with an observation made in a model white wine matrix (0.126

± 0.007 after 28 days in the 5th trial). This phenomenon has been linked to ascorbic

acid degradation products, most probably of an aldehydic character, which are

capable of generating yellow-coloured xanthylium cations [15, 29, 28, 30, 64, 66],

recently detected in a Sauvignon blanc wine [190], thus explaining the negative

correlation between A420 values and (-)-epicatechin (r = -0.570*** [n = 42]). SO2 (with

and without ascorbic acid and/or glutathione) was superior in preventing oxidative

browning in a white wine matrix (and model white wine matrix as discussed earlier),

likely by reducing ortho-quinones back to ortho-dihydroxyphenols (thus preventing

oxidation of flavan-3-ols) and binding acetaldehyde (formed via ethanol oxidation),

known to be able to link flavan-3-ols [76, 87] which have been associated with white

wine browning [48, 273]. This may explain the positive relationship seen between

(-)-epicatechin and free SO2 (r = 0.778*** [n = 42]) as well as 3-MH (r = 0.651***

[n = 42]). Glutathione was also capable of delaying white wine discolouration.

The changes in selected polyphenols under accelerated conditions can be found in

Table 4-40. In contrast to previous observations made in Sauvignon blanc wine as well

as model white wine, the (-)-epicatechin remained relatively stable throughout 28

days of storage, which is in accordance with MAYÉN et al. (1996) [191]. Other

researchers [101, 138] noted a drastic drop of this flavan-3-ol in other white wine

varieties under accelerated storage conditions. A possible explanation for the stability

of (-)-epicatechin in the current trial might be the hydrolysis of a gallate ester, such as

(-)-epicatechin-3-O-gallate, or oligomeric derivatives [191], to release (-)-epicatechin,

favoured by the elevated temperature, which could have occurred alongside

oxidation. The highest levels of (-)-epicatechin were seen for Sauvignon blanc wines
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with added SO2 after 28 days, thus supporting previous observations about the

reducing ability of this antioxidant, which in turn prevents oxidation of flavan-3-ols.

Since (+)-catechin50 behaved in a similar manner as (-)-epicatechin in previous

experiments, one could expect it to follow a similar trend. Trans-caftaric acid was

largely unaffected by pro-oxidants and antioxidants as well as by the storage period,

which is in agreement with MAYÉN et al. (1996) [191] and KALLITHRANKA et al. (2009)

[138]. Hence, it not surprising that the GRP as well as trans-caffeic acid remained also

relatively stable. These observations are in contrast to FERNÁNDEZ-ZURBANO et al.

(1998) [101], who noted a decrease in most hydroxycinnamates, except for trans-p-

coutaric acid, under accelerated storage conditions (55°C). Interestingly, the

concentration of the GRP was not significantly higher in white wine matrices

supplemented with reduced glutathione. Cis-p-coutaric acid gradually declined during

the 28 days at 45°C unaffected by pro-oxidants and the antioxidants glutathione

and/or ascorbic acid (with a total loss of 27 ± 2), whereas SO2 caused a decline of 62 ±

6 %. Since cis-p-coutaric acid correlated inversely with trans-p-coutaric acid

(r = -0.903*** [n = 42]), it was expected to be converted to the more stable trans-

configuration. Indeed, trans-p-coutaric acid increased throughout storage, as noted

by KALLITHRANKA et al. (2009) [138], mainly over the initial fourteen days, which must

be partially ascribed to hydrolysis of a coutaric acid glycoside (as observed by

RECAMALES et al. (2006) [240] for another white wine variety) in the presence of SO2,

since the total coutaric acid levels (sum of cis- and trans-p-coutaric acid) were higher

in these solutions at the end of the trial than the initially quantified content.

Furthermore, SO2 also catalysed the cis-trans isomerisation of coutaric acid as well as

the hydrolysis of trans-p-coutaric acid to trans-p-coumaric acid, which increased

steadily during the experiment. Both mechanisms appeared to follow first-order

reaction kinetics, hence the positive relationship between 3-MHA and cis-p-coutaric

acid (r = 0.775*** [n = 42]) and the negative relationship of 3-MHA with trans-p-

coumaric acid (r = -0.751*** [n = 42]). Since the total hydroxycinnamates levels

remained fairly stable during this experiment, the changes observed for individual

50 (+)-Catechin could not be quantified in this study, since the peak was contaminated at time of
analysis.
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polyphenols are mainly due to hydrolysis and isomerisation, favoured at elevated

temperatures. It appeared that oxidative polyphenol losses were inhibited by the

presence of antioxidants and presumably varietal thiols in this study, as a

consequence preventing the loss of flavan-3-ols.

In summary, 3-MHA was the least stable varietal thiols and largely unaffected by

additions of pro-oxidants and anti-oxidants, suggesting hydrolysis (to 3-MH) as

predominant mechanism causing the decline of this acetate ester, favoured at an

elevated temperature. However, some oxidative 3-MHA losses occurred under the

accelerated conditions applied in this study, which is in accordance to observations

made in manually bottled Sauvignon blanc wines as well as in model white wines. The

stability of 3-MH was positively affected by the presence of antioxidants and

negatively by pro-oxidants, indicating significant oxidative degradation of this

thioalcohol. Copper had a particularly negative impact on the stability of all of the

thiols investigated. These observations are in agreement with BAGIYAN et al. (2003)

[11], who found that copper exhibited the greatest catalytic activity in regards to

oxidation of thiol compounds (within a pH range of 2 to 13). Taking all of the results

into account, it appeared that ascorbic acid prevented thiol (and subsequently

polyphenol) oxidation in Sauvignon blanc wine via rapidly scavenging oxygen. The

generated H2O2 was then reduced to H2O by glutathione in preference to SO2, which

in turn was available to reduce ortho-quinones back to ortho-dihydroxyphenols, thus

inhibiting the formation of the GRP as well as coupled oxidation with flavan-3-ols (and

subsequent browning). The drawback of using ascorbic acid as antioxidant is that it

can contribute to discolouration in Sauvignon blanc wine (as well as model white

wine). OptiWHITE® (LALLEMAND), which was used to simulate a glutathione addition of

10 mg/L (since the supplementation of wine with glutathione is not legally permitted),

did not improve the stability of the passion fruit-type aroma notes. A lower storage

temperature slowed down chemical reactions such as oxidation, hydrolysis and

isomerisation. Generally, the results observed in a white wine matrix were in

agreement with those obtained in a model white wine matrix (see section 4.4.1) as

well as in New Zealand Sauvignon blanc (see section 4.1).
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Table 4-40: Evolution of polyphenols [mg/L] in Sauvignon blanc wines at 45°C (excluding
control 15°C) in the presence of metals [Fe - 8 mg/L; Cu - 0.1 mg/L], polyphenols [(+)-catechin
- 20 mg/L; caffeic acid - 100 mg/L], and antioxidants [each at 100 mg/L] (Data are presented as
means of single measurements of triplicate flasks ± SD. Means sharing the same letter do not differ significantly [p
< 0.05] between treatments at a specific time point [lower case] or within the treatment across time [upper case]
by TUKEY’s HSD test.)

time [days] 0 14 28

μ σ μ σ μ σ

(-)-epicatechin
control 1.19 0.00 A 1.11 0.03 Aabc 1.07 0.05 Aab

control 15°C 1.19 0.00 A 1.09 0.05 Aab 1.12 0.03 Aab

OptiWHITE® 1.20 0.00 A 1.04 0.01 Ba 1.01 0.01 Ca

Fe 1.15 0.00 A 1.16 0.02 Abcd 1.14 0.02 Abc

Cu 1.25 0.00 A 1.25 0.03 Adeg 1.15 0.03 Bbc

cat + ca 1.09 0.00 A 1.21 0.04 Bcde 1.08 0.05 Aab

Fe + Cu + cat + ca 1.17 0.00 A 1.10 0.02 Bab 1.13 0.03 ABb

SO2 1.46 0.00 A 1.36 0.02 ABfh 1.28 0.05 Bde

GSH 1.17 0.00 A 1.16 0.02 Abcd 1.12 0.06 Aab

AA 1.26 0.00 A 1.13 0.02 Babc 1.14 0.02 Bbc

SO2 + GSH 1.26 0.00 A 1.27 0.01 Aefg 1.28 0.02 Ade

SO2 + AA 1.40 0.00 A 1.33 0.09 Afgh 1.32 0.08 Ade

GSH + AA 1.34 0.00 A 1.25 0.02 Bdefg 1.26 0.02 Bcd

SO2 + GSH + AA 1.32 0.00 A 1.39 0.03 Bh 1.39 0.02 Be

trans-caftaric acid
control 8.5 0.0 A 8.3 0.2 ABa 7.9 0.1 Bab

control 15°C 8.5 0.0 A 8.2 0.5 Aa 8.6 0.1 Ac

OptiWHITE® 7.7 0.0 A 7.8 0.2 Aa 8.2 0.3 Aabc

Fe 8.1 0.0 A 7.9 0.3 Aa 7.8 0.3 Aa

Cu 8.0 0.0 A 8.4 0.2 Ba 8.0 0.1 Aabc

cat + ca 8.2 0.0 A 8.3 0.5 Aa 7.9 0.2 Aab

Fe + Cu + cat + ca 8.2 0.0 A 8.0 0.9 Aa 8.0 0.2 Aabc

SO2 7.2 0.0 A 8.5 0.0 Ba 8.3 0.1 Babc

GSH 7.9 0.0 A 8.1 0.0 Aa 8.1 0.2 Aabc

AA 8.2 0.0 A 8.4 0.2 Aa 8.3 0.3 Aabc

SO2 + GSH 8.1 0.0 A 8.8 0.1 Ba 8.3 0.1 Aabc

SO2 + AA 8.2 0.0 A 8.7 0.2 Aa 8.2 0.4 Aabc

GSH + AA 8.3 0.0 A 8.9 0.0 Ba 8.3 0.1 Aabc

SO2 + GSH + AA 8.4 0.0 A 8.7 0.2 Aa 8.4 0.1 Abc

GRP
control 9.6 0.0 A 7.2 0.5 Bab 6.5 0.9 Ba

control 15°C 9.6 0.0 A 8.6 1.3 Aab 9.1 0.2 Abc

OptiWHITE® 6.0 0.0 A 8.2 0.5 ABab 10.6 1.6 Bb

Fe 9.1 0.0 A 5.6 0.7 Ba 5.9 0.1 Ba

Cu 8.2 0.0 A 7.1 0.5 Bab 5.9 0.3 Ca

cat + ca 6.2 0.0 A 6.8 0.9 Aa 6.2 0.4 Aa

Fe + Cu + cat + ca 7.8 0.0 A 6.1 1.9 Aab 6.1 0.6 Aa

SO2 5.8 0.0 A 7.0 0.8 Aab 6.4 0.4 Aa

GSH 6.4 0.0 A 6.9 0.5 Aab 6.8 0.3 Aa

AA 6.1 0.0 A 7.6 0.2 ABab 9.0 1.0 Bbc

SO2 + GSH 6.3 0.0 A 6.9 0.5 Aab 7.3 0.6 Aac

SO2 + AA 6.1 0.0 A 7.6 1.1 Aab 7.0 1.1 Aac

GSH + AA 6.5 0.0 A 8.3 0.1 Bab 7.8 0.2 Cac

SO2 + GSH + AA 6.9 0.0 A 9.9 2.3 Ab 7.6 0.8 Aac
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Table 4-40: Continued

time [days] 0 14 28

μ σ μ σ μ σ

cis-p-coutaric acid
control 1.85 0.00 A 1.45 0.03 Bab 1.27 0.01 Cac

control 15°C 1.85 0.00 A 1.69 0.10 Ac 1.82 0.02 Ab

OptiWHITE® 1.69 0.00 A 1.43 0.01 Bab 1.30 0.02 Cc

Fe 1.66 0.00 A 1.37 0.05 Ba 1.18 0.05 Ca

Cu 1.64 0.00 A 1.45 0.03 Bab 1.22 0.01 Cac

cat + ca 1.76 0.00 A 1.49 0.07 Bab 1.29 0.04 Cc

Fe + Cu + cat + ca 1.70 0.00 A 1.41 0.13 Bab 1.30 0.06 Bc

SO2 1.57 0.00 A 1.04 0.02 Bd 0.67 0.01 Cd

GSH 1.77 0.00 A 1.42 0.01 Bab 1.27 0.03 Cc

AA 1.76 0.00 A 1.52 0.05 Babc 1.27 0.03 Cc

SO2 + GSH 1.78 0.00 A 1.07 0.00 Bd 0.66 0.01 Cd

SO2 + AA 1.78 0.00 A 1.06 0.02 Bd 0.67 0.04 Cd

GSH + AA 1.80 0.00 A 1.54 0.01 Bbc 1.27 0.01 Cc

SO2 + GSH + AA 1.80 0.00 A 1.03 0.01 Bd 0.65 0.01 Cd

trans-p-coutaric acid
control 2.18 0.00 A 2.34 0.07 Bab 2.46 0.04 Bacde

control 15°C 2.18 0.00 A 2.06 0.14 Aa 2.20 0.01 Abde

OptiWHITE® 1.90 0.00 A 2.25 0.05 Bab 2.61 0.10 Cc

Fe 2.00 0.00 A 2.11 0.07 ABab 2.29 0.10 Bab

Cu 1.98 0.00 A 2.31 0.07 Ba 2.37 0.04 Babc

cat + ca 2.01 0.00 A 2.32 0.14 Bab 2.42 0.09 Babcd

Fe + Cu + cat + ca 1.95 0.00 A 2.13 0.29 Aa 2.44 0.09 Aabcd

SO2 1.80 0.00 A 3.36 0.04 Bc 3.98 0.06 Cf

GSH 2.04 0.00 A 2.31 0.01 Bab 2.59 0.06 Ccde

AA 2.02 0.00 A 2.37 0.08 Bab 2.67 0.11 Cde

SO2 + GSH 2.05 0.00 A 3.46 0.02 Bc 4.01 0.08 Cf

SO2 + AA 2.04 0.00 A 3.46 0.03 Bc 3.90 0.19 Cf

GSH + AA 2.06 0.00 A 2.57 0.01 Bb 2.71 0.03 Ce

SO2 + GSH + AA 2.12 0.00 A 3.48 0.09 Bc 4.09 0.05 Cf

trans-caffeic acid
control 1.97 0.00 A 1.95 0.02 Aa 1.96 0.11 Aa

control 15°C 1.97 0.00 A 1.85 0.07 Aa 1.86 0.04 Aa

OptiWHITE® 1.94 0.00 A 1.95 0.16 Aa 1.89 0.04 Aa

Fe 1.82 0.00 A 1.93 0.06 ABa 2.00 0.07 Ba

Cu 1.84 0.00 A 2.04 0.03 Ba 2.05 0.02 Ba

cat + ca 97.58 0.00 A 90.71 7.38 ABb 82.06 2.84 Bb

Fe + Cu + cat + ca 87.89 0.00 A 82.80 6.52 Ab 82.54 2.44 Ab

SO2 1.95 0.00 A 2.17 0.08 Ba 1.93 0.04 Aa

GSH 1.86 0.00 A 2.03 0.01 Ba 1.96 0.03 Ca

AA 2.07 0.00 A 2.02 0.09 Aa 2.01 0.18 Aa

SO2 + GSH 1.95 0.00 A 2.15 0.12 Aa 1.99 0.04 Aa

SO2 + AA 2.13 0.00 A 2.05 0.03 ABa 1.92 0.07 Ba

GSH + AA 2.06 0.00 A 2.13 0.03 ABa 2.23 0.06 Ba

SO2 + GSH + AA 2.07 0.00 A 2.19 0.09 Aa 2.08 0.10 Aa
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Table 4-40: Continued

time [days] 0 14 28

μ σ μ σ μ σ

trans-p-coumaric acid
control 0.82 0.00 A 1.02 0.01 Bab 1.16 0.00 Cac

control 15°C 0.82 0.00 A 0.83 0.05 Aa 0.86 0.01 Ab

OptiWHITE® 0.83 0.00 A 0.96 0.02 Bab 1.15 0.02 Cac

Fe 0.75 0.00 A 1.01 0.03 Bab 1.18 0.04 Cac

Cu 0.75 0.00 A 1.04 0.02 Bab 1.21 0.02 Ccd

cat + ca 0.84 0.00 A 1.03 0.06 Bab 1.11 0.02 Ba

Fe + Cu + cat + ca 0.78 0.00 A 1.02 0.08 Bab 1.28 0.03 Cd

SO2 0.76 0.00 A 1.71 0.61 Ac 1.54 0.02 Aef

GSH 0.83 0.00 A 1.05 0.01 Bab 1.21 0.05 Ccd

AA 0.86 0.00 A 1.02 0.06 Bab 1.19 0.03 Cacd

SO2 + GSH 0.84 0.00 A 1.43 0.04 Bcb 1.56 0.01 Cef

SO2 + AA 0.83 0.00 A 1.41 0.01 Bcb 1.47 0.07 Be

GSH + AA 0.85 0.00 A 1.16 0.02 Bab 1.28 0.02 Cd

SO2 + GSH + AA 0.85 0.00 A 1.42 0.03 Bcb 1.62 0.01 Cf

total HCA
control 24.9 0.0 A 22.3 0.8 Ba 21.3 1.2 Bab

control 15°C 24.9 0.0 A 23.1 2.2 Aa 24.4 0.3 Aab

OptiWHITE® 20.1 0.0 A 22.6 0.9 ABa 25.8 2.1 Bb

Fe 23.5 0.0 A 19.9 1.2 Ba 20.3 0.7 Ba

Cu 22.5 0.0 A 22.4 0.8 Aa 20.8 0.4 Ba

cat + ca 116.6 0.0 A 110.7 9.1 Ab 100.9 3.6 Ac

Fe + Cu + cat + ca 108.4 0.0 A 101.5 9.9 Ab 101.7 3.4 Ac

SO2 19.0 0.0 A 23.8 1.6 Ba 22.7 0.7 Bab

GSH 20.9 0.0 A 21.8 0.5 Aa 22.0 0.6 Aab

AA 21.1 0.0 A 22.9 0.8 ABa 24.5 1.6 Bab

SO2 + GSH 21.0 0.0 A 23.8 0.8 Ba 23.8 0.9 Bab

SO2 + AA 21.0 0.0 A 24.2 1.4 Aa 23.1 1.9 Aab

GSH + AA 21.5 0.0 A 24.6 0.2 Ba 23.6 0.4 Cab

SO2 + GSH + AA 22.0 0.0 A 26.7 2.7 Aa 24.4 1.0 Aab

total phenols
control 26.1 0.0 A 23.4 0.8 Ba 22.4 1.2 Bab

control 15°C 26.1 0.0 A 24.2 2.3 Aa 25.5 0.4 Aab

OptiWHITE® 21.3 0.0 A 23.6 0.9 ABa 26.8 2.1 Bb

Fe 24.6 0.0 A 21.1 1.2 Ba 21.4 0.7 Ba

Cu 23.7 0.0 A 23.6 0.8 Aa 21.9 0.5 Ba

cat + ca 117.7 0.0 A 111.9 9.1 Ab 102.0 3.6 Ac

Fe + Cu + cat + ca 109.6 0.0 A 102.6 9.9 Ab 102.8 3.4 Ac

SO2 20.5 0.0 A 25.1 1.7 Ba 24.0 0.7 Bab

GSH 22.0 0.0 A 22.9 0.5 Aa 23.1 0.7 Aab

AA 22.3 0.0 A 24.0 0.8 ABa 25.6 1.6 Bab

SO2 + AA 22.4 0.0 A 25.6 1.5 Aa 24.4 1.9 Aab

SO2 + GSH 22.3 0.0 A 25.1 0.8 Ba 25.0 0.9 Bab

SO2 + AA 22.4 0.0 A 25.6 1.5 Aa 24.4 1.9 Aab

GSH + AA 22.9 0.0 A 25.9 0.2 Ba 24.9 0.4 Cab

SO2 + GSH + AA 23.4 0.0 A 28.1 2.7 Aa 25.8 1.1 Aab



4. Results and Discussion 226

4.4.3 Effect of pH on Sauvignon blanc Aroma

Since 3-MHA has been identified as one of the key aroma compounds for New

Zealand Sauvignon blanc wines [21, 172], imparting a sweet-sweaty passion fruit

aroma note, it is important to understand the reaction kinetics of this varietal thiol

which is also an acetate ester, thus making it susceptible not only to oxidation but

also hydrolysis. 3-MHA has been shown to diminish rapidly throughout bottle storage,

predominantly via hydrolysis. New Zealand Sauvignon blanc wines exhibit high

quantities of this acetate ester [21, 172], but are also known to be relatively acidic,

which theoretically can favour the hydrolysis of 3-MHA to 3-MH. In order to examine

the effect of pH on the 3-MHA stability, the pH of a model white wine matrix and a

white wine matrix (New Zealand Sauvignon blanc) spiked with 3-MHA (~ 5000 ng/L)

was altered using hydrochloric acid and sodium hydroxide, and stored in the dark at

45°C for 14 and 28 days, respectively.

Effect of pH on the Sauvignon blanc Aroma Stability in a Model White Wine Matrix

Figure 4-69 displays the influence of pH on varietal thiols in a model white wine

medium containing catalytic metals (Fe3+ - 8 mg/L; Cu2+ - 0.1 mg/L] and 3-MHA only.

This experiment confirmed the theory that 3-MHA hydrolyses to 3-MH at white wine

pH (which has also been proven in the 2nd model white wine trial), since 3-MH was

detected in the same solutions. Hydrolysis was the exclusive 3-MHA loss mechanism

at pH 2.0 and 3.2, since the total thiol levels remained unchanged, thus implying that

3-MH was stable in this model white wine matrix. A higher hydrolysis rate was seen at

a low pH. After 14 days, nearly all of the added 3-MHA had been hydrolysed to 3-MH

at pH 2.0 (k0-14 = 0.33 day-1), whereas at white wine pH only 25 ± 2 % of the initial

3-MHA was converted to 3-MH (k0-14 = 0.020 day-1). RAMEY and OUGH (1980) [236] also

noted that acetate esters, such as isoamyl acetate, hexyl acetate, and phenylethyl

acetate, hydrolysed more rapidly at a lower pH in model solutions. Interestingly, at

neutral pH conditions hardly any 3-MH was detected throughout the trial period, but

3-MHA levels had declined by about 50 % after 7 days, and remained stable from this
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time onwards until the end of this experiment (k0-14 = 0.049 day-1). It appeared that

the 3-MHA hydrolysis was inhibited at pH 7 and that the autoxidation of 3-MHA to

3-MHA disulfide, catalysed by copper and iron as well as dissolved oxygen present,

caused the loss of this varietal thiol.

Figure 4-69: Effect of pH on varietal thiol stability [nmol/L] in a model white wine matrix
under accelerated storage conditions (45°C)

(Data are presented as means of single measurements of duplicate flasks ± SD. Means sharing the same letter do
not differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment

across time [upper case] by TUKEY’s HSD test.)
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These observations are in agreement with BAGIYAN et al. (2003) [11], who found that

in acidic media (pH 2 - 5) thiol compounds were virtually equally resistant to oxygen

both in the presence and absence of metals in solution, whereas the oxidation rate in

neutral and weak alkaline media (pH 6 - 12) increased drastically in the presence of

metals.

Effect of pH on the Sauvignon blanc Aroma Stability in a White Wine Matrix

The aforementioned experiment was repeated in a white wine matrix (Sauvignon

blanc) without added catalytic metals (since they will invariably be present) over a

period of 28 days, focussing on a pH range observed for New Zealand Sauvignon blanc

wines throughout this research project (pH 3.0 - 3.5).

The changes in varietal thiols in dependence on the pH values are summarised in

Figure 4-70. Generally, 3-MHA declined significantly during storage within the tested

pH range (pH 2.0 - 7.0). After 14 days at pH 2.0, 3-MHA had largely disappeared from

the white wine matrix (k0-14 = 0.38 day-1), whereas at wine pH values the decline of

this acetate ester was delayed. Even within the wine pH range there were significant

differences in the rate of 3-MHA loss with 50 ± 1 % (k0-14 = 0.049 day-1), 45 ± 4 % (k0-14

= 0.043 day-1), and 37 ± 7 % (k0-14 = 0.033 day-1) at pH 3.0, 3.25, and 3.5, respectively.

Neutral pH conditions led to a similar decrease in 3-MHA in a white wine matrix

(~ 50 %) as seen for a model wine matrix (k0-14 = 0.052 day-1), thus indicating the

occurrence of oxidative 3-MHA losses alongside hydrolysis under acidic conditions,

since the pseudo-first-order rate constants in the present trial are higher compared to

the previous one. 3-MHA levels continued to decline until the end of this experiment

under acidic and neutral conditions. At pH 3.25 almost twice as much 3-MHA was left

after 28 days (28 ± 9 %) compared to pH 3.0 (15 ± 8 %), whereas at pH 3.5, 40 ± 7 % of

the initial 3-MHA concentration was still detected. A strong positive correlation was

seen under acidic conditions (pH 2.0 - 3.5) between pH and 3-MHA levels after 14

(r = 0.877 [n = 4]) and 28 days (r = 0.998** [n = 4]), demonstrating that 3-MHA
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hydrolysis is favoured at lower pH, while at neutral pH oxidation prevailed as cause of

the decline in 3-MHA51.

Figure 4-70: Effect of pH on varietal thiol stability [nmol/L] in a white wine matrix (Sauvignon
blanc) under accelerated storage conditions (45°C)

(Data are presented as means of single measurements of duplicate or triplicate flasks ± SD. Means sharing the
same letter do not differ significantly [p < 0.05] between treatments at a specific time point [lower case] or within

the treatment across time [upper case] by TUKEY’s HSD test.)
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to 3-MH followed by rapid 3-MH autoxidation under neutral conditions cannot be ruled out.
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FEDRIZZI et al. (2007) [96] noted a lowering of 3-MHA hydrolysis at pH values higher

than 4.5 when optimising the GC/MS analyses for varietal thiols. 3-MHA levels

correlated inversely with 3-MH after 14 (r = -0.815 [n = 4]) and 28 days (r = -0.956*

[n = 4]) in acidic Sauvignon blanc media (pH 2.0 - 3.5). Subsequently, a negative

relationship was found between pH and 3-MH after 14 (r = -0.978* [n = 4]) and 28

days (r = -0.941 [n = 4]). The hydrolysis of 3-MHA to 3-MH caused a significant

increase in 3-MH only at pH 2.0 and 3.0 (by 77 ± 3 %) during the initial fourteen days

which then continued to decrease thereafter. However, the final 3-MH levels were

still significantly higher than initially. On the other hand, at pH 3.25 and 3.5

concentrations of 3-MH remained relatively unchanged throughout the 28-day trial

period. 3-MH suffered the greatest losses at neutral pH conditions with only ~ 50 % of

the initially quantified 3-MH concentration left after 14 days, which is in accordance

with the 3-MHA trends. A further drop by about 30 % was observed the following

fourteen days, resulting in a total decline of 3-MH by 65 ± 14 % in a neutral Sauvignon

blanc medium. Unlike 3-MHA, a strong positive correlation between pH and 3-MH

after 14 (r = -0.976** [n = 5]) and 28 days (r = -0.923* [n = 5]) was seen over the

entire pH range investigated (pH 2.0 - 7.0), confirming only one loss mechanism,

namely oxidation. As a consequence, the rate of oxidation was increased at higher pH

due to a greater proportion of the thiolate anions (RS-) which are more reactive than

the protonated form (RSH), and thus may also explain the consistently lower 3-MH

levels in red wine at a higher pH (4.0 versus 3.5) in the study by BLANCHARD et al.

(2004) [25]. Nonetheless, no significant difference was found after 28 days in the total

thiol content in acidic white wine media ranging between pH 2.0 and 3.5. Therefore,

the pH had only an effect on the 3-MHA to 3-MH ratio in Sauvignon blanc wines in

this study.

The changes in antioxidants, colour, and polyphenols at different pH values are

provided in Table 4-41.
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Table 4-41: Effect of pH on SO2 [mg/L], colour, and polyphenols [mg/L] in Sauvignon blanc
wines at 45°C (Data are presented as means of single measurements of duplicate or triplicate flasks ± SD.
Means sharing the same letter do not differ significantly [p < 0.05] between treatments at a specific time point
[lower case] or within the treatment across time [upper case] by TUKEY’s HSD test.)

time [days] 0 14 28

μ σ μ σ μ σ

free SO2
pH 2.0 12.2 0.6 A 1.5 1.6 Ba 0.0 0.0 Ba

pH 3.0 12.2 0.6 A 3.4 0.4 Bab 0.0 0.0 Ca

pH 3.25 12.2 0.6 A 0.5 0.9 Ba 0.0 0.0 Ba

pH 3.5 12.2 0.6 A 2.0 2.5 Ba 0.9 1.5 Ba

pH 7.0 12.2 0.6 A 7.2 0.9 Bb 0.9 1.3 Ca

total SO2
pH 2.0 113.9 4.0 A 74.5 2.7 Aa 41.3 42.3 Aa

pH 3.0 113.9 4.0 A 88.0 1.1 Ba 57.6 10.9 Ca

pH 3.25 113.9 4.0 A 66.4 8.8 Ba 61.9 1.6 Ba

pH 3.5 113.9 4.0 A 80.0 11.0 ABa 56.8 23.7 Ba

pH 7.0 113.9 4.0 A 73.4 1.1 Ba 39.4 10.9 Ca

A420
pH 2.0 0.068 0.000 A 0.111 0.005 ABa 0.157 0.028 Ba

pH 3.0 0.077 0.000 A 0.087 0.005 Ba 0.132 0.011 Ba

pH 3.25 0.069 0.000 A 0.106 0.013 Ba 0.141 0.006 Ca

pH 3.5 0.069 0.000 A 0.111 0.012 ABa 0.155 0.032 Ba

pH 7.0 0.519 0.000 A 0.418 0.011 Bb 0.417 0.027 Bb

gallic acid
pH 2.0 0.90 0.00 A 0.72 0.05 Aa 0.89 0.07 Aa

pH 3.0 0.92 0.00 A 0.90 0.03 Ab 0.84 0.03 Aa

pH 3.25 0.95 0.00 A 0.86 0.05 Ab 0.86 0.08 Aa

pH 3.5 1.04 0.00 A 0.91 0.03 Bb 0.82 0.04 Ba

pH 7.0 0.75 0.00 A 0.66 0.01 Ba 0.52 0.02 Cb

(+)-catechin
pH 2.0 4.73 0.00 A 4.22 0.21 Aab 2.47 1.08 Aab

pH 3.0 4.37 0.00 A 4.60 0.18 Ab 4.41 0.13 Ac

pH 3.25 4.41 0.00 A 3.87 0.15 Ba 4.11 0.10 ABbc

pH 3.5 3.74 0.00 A 4.07 0.20 Aab 3.91 0.45 Aabc

pH 7.0 3.94 0.00 A 3.18 0.25 Ba 2.05 0.14 Ca

trans-caftaric acid
pH 2.0 11.4 0.0 A 9.8 0.7 ABa 8.5 0.3 Ba

pH 3.0 10.6 0.0 A 10.6 0.5 Aa 9.8 0.4 Aab

pH 3.25 11.0 0.0 A 10.3 0.5 Aa 10.9 0.5 Ab

pH 3.5 10.2 0.0 A 10.9 0.3 Aa 10.9 0.4 Ab

pH 7.0 10.6 0.0 A 9.6 0.3 Ba 10.1 0.0 ABb

GRP
pH 2.0 9.1 0.0 A 6.9 0.5 Ba 5.4 0.3 Ca

pH 3.0 7.2 0.0 A 6.7 0.2 Ba 6.6 0.0 Bb

pH 3.25 6.3 0.0 AB 6.0 0.4 Bab 6.9 0.0 Ab

pH 3.5 6.0 0.0 A 5.6 0.3 Ab 7.0 0.4 Bb

pH 7.0 8.2 0.0 A 6.6 0.2 Ba 6.4 0.2 Bb
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Table 4-41: Continued

time [days] 0 14 28

μ σ μ σ μ σ

cis-p-coutaric acid
pH 2.0 2.24 0.00 A 1.81 0.09 Ba 1.31 0.14 Ca

pH 3.0 2.20 0.00 A 1.82 0.16 ABa 1.45 0.01 Ba

pH 3.25 2.19 0.00 A 1.61 0.02 Ba 1.54 0.07 Ba

pH 3.5 1.84 0.00 A 1.71 0.06 ABa 1.56 0.11 Ba

pH 7.0 1.92 0.00 A 1.74 0.21 Aa 1.65 0.11 Aa

trans-p-coutaric acid
pH 2.0 2.90 0.00 A 3.07 0.26 Aa 2.86 0.20 Aa

pH 3.0 2.73 0.00 A 3.22 0.21 Aa 3.29 0.39 Aa

pH 3.25 2.80 0.00 A 2.96 0.10 Aa 3.34 0.07 Ba

pH 3.5 2.63 0.00 A 3.18 0.07 Ba 3.42 0.11 Ba

pH 7.0 2.85 0.00 A 2.87 0.12 Aa 3.26 0.01 Ba

trans-caffeic acid
pH 2.0 2.25 0.00 A 2.72 0.30 Aa 2.35 0.02 Aa

pH 3.0 2.11 0.00 A 2.41 0.31 Aab 2.14 0.03 Aab

pH 3.25 2.10 0.00 A 1.95 0.07 Abc 2.12 0.14 Aab

pH 3.5 1.78 0.00 A 1.97 0.08 ABbc 2.08 0.07 Bb

pH 7.0 1.65 0.00 A 1.65 0.16 Ac 1.57 0.04 Ac

trans-p-coumaric acid
pH 2.0 0.79 0.00 A 1.01 0.09 ABa 1.09 0.05 Ba

pH 3.0 0.73 0.00 A 0.96 0.04 Ba 1.01 0.06 Ba

pH 3.25 0.74 0.00 A 0.86 0.02 Ba 1.02 0.04 Ca

pH 3.5 0.68 0.00 A 0.93 0.05 Ba 1.05 0.07 Ba

pH 7.0 0.68 0.00 A 0.85 0.07 ABa 0.94 0.01 Ba

total HCA
pH 2.0 28.7 0.0 A 25.2 1.9 ABa 21.5 1.0 Ba

pH 3.0 25.6 0.0 A 25.7 1.4 Aa 24.3 0.9 Aab

pH 3.25 25.1 0.0 A 23.7 1.1 Aa 25.8 0.8 Ab

pH 3.5 23.1 0.0 A 24.3 0.8 ABa 26.0 1.2 Bb

pH 7.0 25.8 0.0 A 23.3 1.1 Aa 24.0 0.4 Aab

total phenols
pH 2.0 34.3 0.0 A 30.2 2.2 ABab 24.9 2.1 Ca

pH 3.0 30.9 0.0 A 31.2 1.6 Ab 29.6 1.1 Ab

pH 3.25 30.5 0.0 A 28.4 1.3 Aab 30.8 1.0 Ab

pH 3.5 27.9 0.0 A 29.3 1.1 ABab 30.8 1.7 Bb

pH 7.0 30.5 0.0 A 27.1 1.3 Ba 26.5 0.5 Bab
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Free SO2 declined steadily during storage, dropping between 72 and 96 % after 14

days in an acidic white wine medium, while in a neutral white wine matrix ~ 60 % of

the initial free SO2 was still present, mainly as bisulfite (HSO3
-) and sulfite (SO3

2-), as

seen in Figure 1-22; the latter form is able to react directly with oxygen. Free SO2

exhibited a negative relationship with 3-MH after 14 (r = -0.670 [n = 5]) and 28 days

(r = -0.769 [n = 5]), suggesting a protective effect of free SO2 on the passion fruit

skin/stalk aroma in Sauvignon blanc probably via interacting with polyphenol

oxidation products in preference to 3-MH. At the end of this experiment, free SO2 had

largely disappeared from the Sauvignon blanc solutions with only trace left at higher

pH (3.5 and 7.0). Total SO2 levels degraded gradually throughout storage except at pH

3.25 with levels remaining stable during the final fourteen days. After 28 days, 48 ±

2 % on average of total SO2 was lost at wine pH (3.0 - 3.5). Glutathione and ascorbic

acid were not detected in the Sauvignon blanc wine used for this experiment.

Under acidic conditions the absorbance at 420 nm increased steadily with time,

whereas in a neutral Sauvignon blanc wine (which had the highest initial A420 value -

0.519 versus 0.071 ± 0.004 at pH 2.0 - 3.5) the intensity of browning decreased during

the first fourteen days and remained stable the time thereafter. A similar trend has

been noted for commercially bottled New Zealand Sauvignon blanc wines (see section

4.1.2). Already in 1956, BERG and AKIYOSHI [22] observed a positive correlation

between pH and browning in white wines. After 28 days the absorbance at 420 nm

showed a negative relationship with gallic acid (r = -0.942* [n = 5]), along with

(+)-catechin (r = -0.750 [n = 5]), trans-caffeic acid (r = -0.923* [n = 5]), and

trans-p-coumaric acid (r = -0.756 [n = 5]).

Gallic acid was significant lower after 28 days at pH 7 (a total decrease of ~ 30 %),

while this hydroxybenzoic acid was relative stable in acidic media. (+)-Catechin lost

about half of its initial concentration at pH 2.052 and 7.0, but remained unchanged in

the wine pH range. (-)-Epicatechin was not detected in this Sauvignon blanc wine. The

hydroxycinnamates were largely unaffected by the storage time except at pH 2. The

52 The variation after 28 days at pH 2 is likely due to a higher oxygen transmission rate into one of the
duplicate flasks. The same flask contained lower (+)-catechin and 3-MH levels, whereas the
concentrations of the other quantified polyphenols were similar for the duplicates.
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lower trans-caftaric acid concentration, which dropped a total of 25 ± 3 %, was likely a

result of its hydrolysis to trans-caffeic acid, since both polyphenols correlated

negatively in acidic Sauvignon blanc media (pH 2.0 - 3.5) after 28 days (r = -0.891

[n = 4]). The GRP followed a similar trend to trans-caftaric acid. Since the oxidation

rate increases at higher pH (due to a greater percentage of phenolate anions reacting

directly with oxygen [281]), it was not surprising that the lowest trans-caffeic acid

concentration was detected at pH 7 at the end of this experiment, which is consistent

with observations made by CILLIERS and SINGLETON (1989) [56], thus explaining the

negative correlation between pH and this free hydroxycinnamic acid across the trial

period (r = -0.870** [n = 15]). Cis-p-coutaric acid, which correlated positively with

3-MHA (r = -0.799*** [n = 15]), diminished during storage favoured at low pH,

whereas trans-p-coutaric acid increased concurrently, indicating cis-trans-

isomerisation of p-coutaric acid besides hydrolysis of a glycosidic precursor, similar to

the one detected by RECAMALES et al. (2006) [240] in another white wine variety.

Trans-p-coutaric acid hydrolysed to trans-p-coumaric acid throughout storage

(r = 0.747** [n = 15]). Generally, the highest polyphenol losses were observed at pH

2.0 and 7.0, while within the wine pH range the total phenol concentrations remained

unchanged.

These studies confirmed hydrolysis as the predominant cause for the disappearance

of 3-MHA from New Zealand Sauvignon blanc wines. The hydrolysis of this acetate

ester was favoured at low pH values, which are typically found in cool climate wines

such as those from New Zealand. It appeared that the pH in a range between 3.0 and

3.5 had the greatest impact on chemical reactions such as hydrolysis rather than

oxidation, thus influencing the 3-MHA to 3-MH ratio and ultimately the perception of

the passion fruit-type aroma notes which are unique for New Zealand Sauvignon

blanc wines, particularly from the Marlborough region. Nonetheless, other wine

constituents will also affect the rate of 3-MHA loss, since the different acidity levels

did not seem to be large enough to separate the New Zealand Sauvignon blanc wines

used for the stability trials (see section 4.1).
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Chapter 5

Conclusion

5.1 Stability of Varietal Thiols in New Zealand Sauvignon blanc Wines

5.2     Factors Affecting the New Zealand Sauvignon blanc Aroma

5.3     Practical Implications

5.4 Future Perspectives

5.1 Stability of Varietal Thiols in New Zealand Sauvignon blanc Wines

The idiosyncratic distinctiveness of the passion fruit-type aroma notes in New Zealand

Sauvignon blanc wines, particularly from Marlborough (which is New Zealand's most

acclaimed region for this variety), has made this style a varietal benchmark and in

high demand throughout the world. However, the unique passion fruit-type aroma

notes, which have been associated with the varietal thiols 3-mercaptohexan-1-ol

acetate, the ‘sweet-sweaty passion fruit’ attribute, and 3-mercaptohexan-1-ol, the

‘passion fruit skin/stalk’ attribute [172], are known to diminish over a period of just a

year in the bottle. Therefore, it is important to understand the processes by which

these key aroma compounds are lost during storage and to improve the shelf-life of

New Zealand Sauvignon blanc wines in order to maintain New Zealand’s position as a

market leader for Sauvignon blanc.



5. Conclusion 236

This research project revealed that the disappearance of the passion fruit-type aroma

notes from New Zealand Sauvignon blanc wines during bottle aging is a consequence

of the degradation of 3-mercaptohexan-1-ol acetate and 3-mercaptohexan-1-ol.

While 3-MHA diminished rapidly throughout storage, regardless of the closure type,

3-MH declined more slowly following an increase during the initial months in the

bottle with higher levels retained under screw cap compared to cork. The different

reaction kinetics of these two key aroma compounds are a reflection of their chemical

structure. Both compounds have in common the possession a sulfhydryl group (-SH)

attached to a carbon atom, which is inevitably susceptible to oxidation. However,

3-MHA is the corresponding acetate ester of the thioalcohol 3-MH, thus is introduced

enzymatically to the wine matrix in excess of its equilibrium constant during

fermentation by the action of yeast, and undergoes hydrolysis throughout aging. The

acid-catalysed hydrolysis of 3-MHA was uncovered to be the predominant cause for

the gradual decline of this acetate ester (which follows first-order kinetics) in New

Zealand Sauvignon blanc wines, and as a consequence was responsible for the initial

increase in 3-MH in these same wines, which as a thioalcohol is lost via oxidation

throughout bottle aging. The contribution of oxidative 3-MHA degradation in screw-

capped Sauvignon blanc wine is negligible when bottled commercially, but plays a

major role under oxidative storage conditions.

The oxidative varietal thiol degradation appears to be linked to polyphenols, since

thiols are able to intact with polyphenol autoxidation products via reducing ortho-

quinones (back to ortho-dihydroxyphenols or to a thiol conjugate) and H2O2 (to H2O).

Flavan-3-ols exhibit a greater susceptibility to oxidation and polymerisation reactions

than hydroxycinnamic acids as well as condensation reactions to produce xanthylium

cations, which have been associated with white wine browning. The process of

polyphenol autoxidation can be inhibited by antioxidants such as sulfur dioxide,

glutathione, and ascorbic acid. It was hypothesised that these antioxidants interfere

in the polyphenol autoxidation process via scavenging oxygen (thus inhibiting

polyphenol autoxidation) and/or by interacting with the polyphenol oxidation

products in preference to 3-MHA and 3-MH, and as a consequence prevent the loss of
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the passion fruit-type aroma notes in Sauvignon blanc wine. Glutathione provides

protection from oxidative 3-MHA and 3-MH losses only during the first year or so of

bottle aging, since it was found to disappear rapidly with time, whereas free SO2

remained relatively stable in commercially bottled New Zealand Sauvignon blanc

wines after an initial drop in concentration due to oxygen introduced at bottling.

Bearing in mind that polyphenols have been shown to alter the perception of New

Zealand Sauvignon blanc key aroma compounds, namely varietals thiols and

methoxypyrazines, in a study by LUND et al. (2008) [173], the disappearance of flavan-

3-ols will result in a decrease in the perception of the sweet-sweaty passion fruit

aroma, and an increase in the intensity of the passion fruit skin/stalk character in New

Zealand Sauvignon blanc wines throughout storage. Moreover, the ‘green’ characters

will become more pronounced with time, since (+)-catechin (besides trans-caffeic

acid) is capable to suppressing the perception of IBMP, which imparts capsicum and

green gooseberry aroma notes. In addition, methoxypyrazines, which are relatively

stable during bottle aging, are likely to influence the perception of the passion fruit-

type characters in New Zealand Sauvignon blanc negatively despite not being

perceived directly themselves, taking the results of CAMPO et al. (2005) [37] into

consideration. These findings may explain the phenomenon of the disappearance of

perceived fruitiness (including the passion fruit-type aroma) accompanied by the

predominance of ‘herbaceous’ characters (associated with methoxypyrazines) in a

resealed bottle of New Zealand Sauvignon blanc stored for few days in the

refrigerator after opening. Nonetheless, the polyphenol composition as well as

glutathione levels of New Zealand Sauvignon blanc wines were found not to be

different from overseas Sauvignon blanc wines. These results imply that the

disappearance of the passion fruit-type aroma is not exclusively caused by

polyphenols (directly or indirectly), and thus supports the hypothesis that hydrolysis

of 3-MHA, which is present in uniquely high concentrations in many New Zealand

Sauvignon blanc wines (particularly from the Marlborough region), is essentially

responsible for the loss of the distinctive passion fruit-type character (sweet-sweaty

passion fruit) in these wines. However, oxygen management at bottling and post-

bottling will affect the aging potential of New Zealand Sauvignon blanc.
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5.2 Factors Affecting the New Zealand Sauvignon blanc Aroma

In order to preserve the passion fruit-type aroma for a longer period of time, it is

necessary to uncover the mechanism(s) causing the different reaction kinetics of

3-MHA and 3-MH observed during bottle aging in New Zealand Sauvignon blanc

wines. Thus, accelerated storage testing in a model white wine matrix, as well as a

white wine matrix (Sauvignon blanc), was employed to study the influence of ‘pro-

oxidants’ (metals and polyphenols), ‘anti-oxidants’ (SO2, ascorbic acid and

glutathione) as well as temperature and pH on the stability of 3-MHA and 3-MH.

These accelerated storage trials have highlighted the importance of catalytic metals,

namely iron and copper, in promoting oxidative processes in white wine-like solutions

as well as in Sauvignon blanc wine. Copper exhibits the greatest catalytic activity in

regards to oxidation of thiol compounds, particularly of the aminothiol glutathione.

Furthermore, evidence was provided concerning copper’s role as a mediator of

oxidative processes presumably via facilitating the redox cycling of iron, since iron

alone did not negatively affect varietal thiol stability. Studying the interactions

between pro-oxidants, antioxidants, and varietal thiols is necessary to understand the

oxidative degradation of both 3-MH and 3-MHA. It is important to point out that

under the accelerated conditions (elevated temperature, presence of dissolved

oxygen, and catalytic metals) applied in these studies, oxidative 3-MHA losses

occurred alongside the acid-catalysed hydrolysis mechanism, as seen in manually

bottled New Zealand Sauvignon blanc wine. The antioxidants SO2, glutathione, and

ascorbic acid were capable of preventing the rapid polyphenol-mediated degradation

of 3-MHA and 3-MH. Based on the findings of these accelerated aging trials, obtained

in a model white wine matrix and a Sauvignon blanc matrix, it can be concluded that

ascorbic acid prevents oxidative thiol degradation in Sauvignon blanc wine via rapidly

scavenging oxygen, thus inhibiting polyphenol autoxidation. The generated H2O2

(which is detrimental to the stability of varietal thiols) is then quenched by

glutathione in preference to SO2. In addition, glutathione and SO2 are also capable of

interacting directly with ortho-quinones via reducing ortho-quinones back to ortho-

dihydroxyphenols and/or reacting directly with ortho-quinones, thus inhibiting
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coupled oxidation with varietal thiols (and subsequently the loss of the passion fruit-

type aroma notes) as well as flavan-3-ols (and subsequent browning). These

observations confirmed the hypothesis that SO2, ascorbic acid and glutathione

interfere in the polyphenol oxidation process (as displayed in Figure 1-27) in place of

varietal thiols, and as a consequence prevent the oxidative degradation of the passion

fruit-type aroma notes in Sauvignon blanc wine. Nonetheless, a single replacement

for SO2, which has been associated with health risks (particularly for asthmatics), has

yet to be found combining both antimicrobial and antioxidative characteristics,

because ascorbic acid oxidation products are not only detrimental to the varietal

Sauvignon blanc aroma but can also contribute to discolouration in wine. The natural

grape antioxidant glutathione has proven to be a better alternative to ascorbic acid,

but the pool of reduced glutathione in wine, which depends on the yeast used for

fermentation, is exhausted rapidly throughout storage due to its strong antioxidative

activity. Since the addition of glutathione to wines is not legally permitted and

OptiWHITE® (LALLEMAND) has not been found to be rich in glutathione, selecting a

yeast that liberates high concentrations of glutathione towards the end of

fermentation is an option to preserve the passion fruit-type aromas in New Zealand

Sauvignon blanc for a longer period of time, besides minimising oxidative losses of

this aminothiol thereafter. Hence, the best protection of the varietal Sauvignon blanc

aroma can be provided in the presence of SO2 alongside glutathione and ascorbic acid

if added.

Generally, 3-MHA was the least stable of the varietal thiols in these accelerated aging

trials. Lowering the storage temperature of the matrix caused the greatest

improvement in 3-MHA stability (while 3-MH levels were hardly affected) via slowing

down the hydrolysis mechanism, which is favoured at low pH values. Thus, the decline

in 3-MHA is expected to be more pronounced in cool-climate Sauvignon blanc wines,

which are attributed with a higher acidity. Given the fact that 3-MHA declines

regardless of the presence of antioxidants, as opposed to 3-MH which is better

protected by the added antioxidants, the only other option available to improve the

aging potential of New Zealand Sauvignon blanc wines, besides lowering the storage
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temperature or increasing the pH, is to increase the production of 3-MHA. This can be

achieved inter alia via modifying the fermentation conditions, such as temperature or

oxygen exposure, as well as the choice of yeast used for fermentation. While the

effect of fermentation temperature on the 3-MHA production is inconclusive to date

[187, 200, 296], enhanced anaerobic fermentation conditions have been shown to

favour the production of acetate esters [105, 192]. Since the yield of 3-MHA produced

after liberation of 3-MH by alcohol acetyltransferase [EC 2.3.1.84] depends on the

yeast, the co-fermentation of Sauvignon blanc wine with a potent high 3-MH

releasing yeast strain with a high 3-MH to 3-MHA converting yeast strain, can provide

a tool to increase the sweet-sweaty passion fruit aroma in Sauvignon blanc aroma, as

demonstrated recently [6, 145]. Nonetheless, to gain a better insight into the

biogenesis of 3-MHA, and subsequently 3-MH, it is essential to identify the main

3-MH precursor which has yet to be elucidated.

Taking into consideration all of the findings of this research project, it can be

concluded that the rapid disappearance of the sweet-sweaty passion fruit aroma in

New Zealand Sauvignon blanc wines is a consequence of the hydrolysis of 3-MHA to

3-MH, imparting passion fruit skin/stalk nuances, with further contributions expected

from the loss of other fruity acetate esters that are subjected to hydrolysis. Given that

3-MHA has a lower perception threshold than 3-MH (4 ng/L versus 60 ng/L), the

hydrolysis of 3-MHA, favoured at high temperature and low pH, will have

consequences for the aromatic profile of New Zealand Sauvignon blanc wines. This

aroma profile is expected to change throughout storage from a dominant sweet-

sweaty passion fruit aroma to a more passion fruit skin/stalk and ‘herbaceous’ aroma

notes (associated with methoxypyrazines), and subsequently leading to the loss of

typicité of New Zealand Sauvignon blanc.
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5.3 Practical Implications

In order to maintain the unique passion fruit-type characters in New Zealand

Sauvignon blanc wine for a longer period of time (and thus extend the shelf-life of the

wine), the winemaker has several options available based on the findings of this

research project.

 Storage of New Zealand Sauvignon blanc wine at a lower temperature, either in

tanks or in bottles, will retain more 3-MHA (as well as other fruity acetate esters

via slowing down the acid-catalysed hydrolysis mechanism), and thus prolong the

impact of the sweet-sweaty passion fruit aroma note53. It is important to note that

a low storage temperature will increase the solubility of oxygen. Hence, care

needs to be taken to avoid undesirable dissolved oxygen accumulation during cold

storage.

 Reducing oxygen exposure of New Zealand Sauvignon blanc wine (e.g. by using

screw cap closure rather than cork) will minimise the oxidative degradation of

3-MH (and 3-MHA) as well as the loss of antioxidants, particularly glutathione, and

thus sustain the typicité of New Zealand Sauvignon blanc. However, one needs to

keep in mind those anaerobic conditions may well favour the accumulation of

unwanted ‘reductive’ sulfur compounds.

 Cautious use of copper fining (which is applied to lower ‘reductive’ characters). As

copper will catalyse the oxidation of thiols, copper fining can be not only

detrimental to the stability of varietal thiols, but also cause remarkable losses of

the aminothiol glutathione, a natural occurring antioxidant capable of preserving

the passion fruit-type characters in New Zealand Sauvignon blanc wine.

Furthermore, residual copper in wines will promote oxidative processes (via

facilitating the redox cycling of iron [Fe3+/Fe2+]) which ultimately leads to the

oxidative degradation of 3-MH (and 3-MHA).

53 To my knowledge, several wine companies in New Zealand (e.g. PERNOD RICARD New Zealand) are
already keeping their Sauvignon blanc at a lower temperatures in tanks until bottling.
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 Deacidification of Sauvignon blanc wines made from insufficiently matured grapes

will keep 3-MHA concentrations higher (via delaying 3-MHA hydrolysis favoured at

low pH), and thus decrease the perception of ‘herbaceous’ aroma notes,

associated with methoxypyrazines, which are more pronounced in cool-climate

wines such as those from New Zealand. Any deacidification strategy needs to be

balanced by a consideration of the increase in polyphenol oxidation processes

that occur under higher pH conditions.

 Minimise the use of ascorbic acid as an antioxidant, since its oxidation by-product

H2O2 enhances the consumption of free SO2 unless glutathione is available in

Sauvignon blanc wines, and as a consequence promotes oxidative losses of the

varietal thiols. Moreover, ascorbic acid degradation products can potentially

contribute to discolouration in Sauvignon blanc wines.

5.4 Future Perspectives

These results may prompt others to further investigate the effect of temperature on

changes in aroma profile of commercial New Zealand Sauvignon wines with regards

to other key aroma compounds besides varietal thiols, particularly fruity esters,

which are expected to decline with time in an oxygen-independent way. Chemical

analysis throughout storage should be accompanied by sensory evaluation of these

wines, thus enabling correlations between the chemical composition and sensory

properties to be made. Bearing in mind that anaerobic conditions, favourable to

prevent oxidative aroma degradation, promote the development of ‘reductive’

characters, it may be worthwhile to include quantification of reductive sulfur

compounds in these studies. Moreover, the quantification of metals (which are

inevitably present in wine), particularly copper and iron, needs to be considered

when studying the aroma stability of New Zealand Sauvignon blanc, seeing as metals

will promote oxidative degradation of wine flavour and colour, and thus may explain

the different aging potential of these wines.
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Since copper fining is currently the preferred method to remove reductive sulfur

compounds from the Sauvignon blanc matrix in New Zealand, the effect, dose, and

timing of copper addition on stripping of varietal aroma characters and the potent

antioxidant glutathione would be advisable to explore, as excess copper in wines will

accelerate oxidative processes.

Furthermore, the identification and quantification of 3-MH as well as 3-MHA

oxidation products (e.g. disulfides) will be essential in order to uncover the reaction

mechanism(s) responsible for the oxidative loss of these passion fruit-type characters,

and consequently to optimise their antioxidative protection, thus improve the aging

potential of New Zealand Sauvignon blanc wines.
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Appendix 2-2: HPLC system coupled to an electrochemical detector (and a
fluorescence detector)
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Appendix 2-3: Identification of 2004 Sauvignon blanc wines

label vintage abbreviation

New Zealand
Gisborne

Amor-Bendall 2004 G1
Hawke’s Bay

Ngatarawa Glazebrook 2004 HB1
Gunn Estate 2004 HB2
Matua Valley 2004 HB3
Esk Valley Black Label 2004 HB4
Ngatarawa Stables 2004 HB5
Esk River 2004 HB6

Wairarapa
Mebus Estate 2004 W1
Gladstone 2004 W2
Borthwick Vineyard 2004 W3
Capricorn One Tree 2004 W4
Capricorn White Rock 2004 W5
Fairmont Estate 2004 W6
Three Terraces 2004 W7

Marlborough
Highfield 2004 M1
Jackson Estate 2004 M2
Matua Valley Shingle Peak 2004 M3
Sacred Hill Whitecliff 2004 M4
Saint Clair Marlborough 2004 M5
Saint Clair Wairau Reserve 2004 M6
Tohu Mugwi 2004 M7
Villa Maria Private Bin 2004 M8
Whitehaven 2004 M9
Clifford Bay Estate 2004 M10
Omaka Springs Estates 2004 M11
Lake Chalice “The Raptor” 2004 M12
Lake Chalice 2004 M13
Grove Mill Estate 2004 M14
Cairnbrae “The Stones” 2004 M15
Goldridge Estate Premium Reserve 2004 M16
Giesen Estate Brothers Land 2004 M17

France
Sancerre La Vigne Blanche 2004 F1
Château Reynon 2004 F2
Domaine Herve Seguin Pouilly Fume 2003 F3
Sancerre Chavignol 2003 F4
Château Tertre de Launay 2003 F5
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Appendix 2-3: Continued

label vintage abbreviation

South Africa
Wildekrans 2004 SA1
Langelberg 2004 SA2
Nitida 2004 SA3
Two Oceans 2004 SA4
Fleur du Cap 2004 SA5
Nederburg Private Bin 2004 SA6

USA
Sterling Vineyards Napa Valley 2003 US1
Waterbrook Columbia Valley 2003 US2
Voss Vineyard Napa Valley 2003 US3
Dry Creek Vineyards Fumé Blanc Sonoma County 2003 US4

Chile
Pasa Del Sol 2004 C1

Australia
Banrock Station 2004 A1
Lindemans Cawarra 2004 A2
McGuigan Black Label 2004 A3
Coldstream Hills 2004 A4
Leeuwin Estate 2004 A5



Appendices 248

Appendix 2-4: Identification of 2005 Sauvignon blanc wines

label vintage abbreviation

New Zealand
Martinborough

Palliser Estate 2005 MA1
Hawke’s Bay

Gunn Estate 2005 HB7
Ngatarawa Stables 2005 HB8
Lime Rock 2005 HB9

Wairarapa
Paddy Borthwick 2005 W8
Gladstone 2005 W9

Marlborough
Lake Chalice "The Raptor" 2005 M18
Lake Chalice 2005 M19
Lake Chalice 2006 M20
Whiteheaven 2005 M21
Astrolabe Beacon Hill 2005 M22
Jackson Estate 2005 M23
Wild South Reserve 2005 M24
Wild South 2005 M25
Saint Clair Marlborough 2005 M26
Saint Clair Marlborough 2006 M27

France
Sancerre Daniel Chotard “Vigneron” 2004 F6
Sancerre Henri Bourgeois Chavignol Grande Réserve 2005 F7

USA
Hanna “Slusser Road Vineyard” Russian River Valley 2005 US5
St. Supéry Napa Valley 2005 US6
J. Christopher Croft Vineyard 2005 US7

Chile
Santa Rita Medalla Real 2005 C2
Casa Lapostolle 2005 C3

Australia
Tamar Ridge 2005 A6
Banrock Station 2005 A7
Katnook Estate 2005 A8
Geoff Weaver Lenswood 2005 A9
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Appendix 4-5: Standard deviation [mg/L] of polyphenols in manually bottled Sauvignon blanc under cork (C) and screw cap (S) throughout 2 years of
storage

(+)-
catechin

(-)-
epicatechin

trans-
caftaric acid

GRP
cis-p-

coutaric acid
trans-p-

coutaric acid
trans-

caffeic acid
trans-p-

coumaric acid
total

flavan-3-ols
total HCA total phenols

t C S C S C S C S C S C S C S C S C S C S C S

B4c 0 0.06 0.06 0 0 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.1 0.1 0.1 0.1 0.1 0.1
3 0.04 0.08 0 0 0.38 0.28 0.58 0.29 0.07 0.05 0.08 0.06 0.05 0.05 0.03 0.02 0.0 0.1 1.2 0.8 1.2 0.8

12 0.20 0.10 0 0 0.51 0.24 0.70 0.13 0.08 0.05 0.11 0.03 0.05 0.01 0.08 0.02 0.2 0.1 1.5 0.5 1.7 0.6
24 0 0 0 0 0.11 0.38 1.20 1.29 0.02 0.06 0.04 0.09 0.02 0.06 0.04 0.05 0 0 1.4 1.9 1.4 1.9

B2c 0 0.01 0.01 0 0 0.05 0.05 0.11 0.11 0.02 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.0 0.0 0.2 0.2 0.2 0.2
3 0.10 0.07 0 0 0.29 0.23 0.69 0.64 0.06 0.06 0.07 0.06 0.05 0.03 0.02 0.01 0.1 0.1 1.2 1.0 1.3 1.1

12 0.11 0.07 0 0 0.20 0.06 0.34 0.43 0.04 0.04 0.06 0.01 0.03 0.02 0.02 0.01 0.1 0.1 0.7 0.6 0.8 0.6
24 0 0 0 0 0.04 0.29 0.89 0.25 0.01 0.06 0.04 0.07 0.02 0.03 0.00 0.03 0 0 1.0 0.7 1.0 0.7

OB4c 0 0.12 0.12 0 0 0.27 0.27 0.48 0.48 0.06 0.06 0.09 0.09 0.03 0.03 0.01 0.01 0.1 0.1 0.9 0.9 1.1 1.1
3 0.04 0.05 0 0 0.03 0.16 0.07 0.21 0.01 0.03 0.00 0.05 0.01 0.02 0.01 0.01 0.0 0.1 0.1 0.5 0.2 0.5

12 0.06 0.04 0 0 0.37 0.16 0.71 0.55 0.09 0.02 0.12 0.01 0.06 0.02 0.04 0.00 0.1 0.0 1.4 0.8 1.4 0.8
24 0 0 0 0 0.04 0.20 0.02 0.23 0.04 0.04 0.04 0.08 0.02 0.08 0.02 0.03 0 0 0.2 0.7 0.2 0.7

OB2c 0 0.04 0.04 0 0 0.08 0.08 0.07 0.07 0.01 0.01 0.03 0.03 0.03 0.03 0.00 0.00 0.0 0.0 0.2 0.2 0.3 0.3
3 0.02 0.10 0 0 0.14 0.03 0.13 0.12 0.03 0.01 0.04 0.01 0.02 0.01 0.00 0.00 0.0 0.1 0.4 0.2 0.4 0.3

12 0.12 0.06 0 0 0.14 0.32 0.11 0.33 0.02 0.08 0.04 0.09 0.03 0.03 0.03 0.04 0.1 0.1 0.4 0.9 0.5 0.9
24 0 0 0 0 0.05 0.19 0.30 1.00 0.02 0.05 0.04 0.09 0.04 0.20 0.04 0.01 0 0 0.5 1.5 0.5 1.5

SV4c 0 0.01 0.01 0 0 0.08 0.08 0.04 0.04 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.0 0.0 0.1 0.1 0.2 0.2
3 0.06 0.07 0 0 0.08 0.02 0.50 0.09 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.1 0.1 0.6 0.1 0.7 0.2

12 0.04 0.05 0 0 0.30 0.32 0.67 1.27 0.06 0.05 0.09 0.13 0.03 0.04 0.03 0.02 0.0 0.0 1.2 1.8 1.2 1.9
24 0 0 0 0 0.04 0.12 0.67 0.55 0.01 0.02 0.02 0.05 0.01 0.02 0.02 0.01 0 0 0.8 0.8 0.8 0.8

SV2c 0 0.04 0.04 0 0 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.0 0.0 0.0 0.0 0.1 0.1
3 0.02 0.08 0 0 0.08 0.08 0.28 0.42 0.02 0.01 0.02 0.04 0.00 0.01 0.00 0.01 0.0 0.1 0.4 0.5 0.4 0.6

12 0.23 0.06 0 0 0.02 0.03 0.37 0.27 0.01 0.21 0.02 0.07 0.00 0.04 0.01 0.02 0.2 0.1 0.4 0.6 0.7 0.7
24 0 0 0 0 0.03 0.19 0.40 0.85 0.02 0.05 0.04 0.06 0.03 0.03 0.03 0.01 0 0 0.5 1.2 0.5 1.2

S4c 0 0.00 0.00 0 0 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.0 0.0 0.0 0.0 0.0 0.0
3 0.09 0.11 0 0 0.01 0.33 0.38 0.69 0.00 0.06 0.01 0.06 0.00 0.05 0.01 0.02 0.1 0.1 0.4 1.2 0.5 1.3

12 0.08 0.13 0 0 0.88 0.08 1.18 0.29 0.14 0.07 0.19 0.05 0.10 0.01 0.08 0.01 0.1 0.1 2.6 0.5 2.7 0.6
24 0 0 0 0 0.06 0.16 0.47 0.77 0.02 0.02 0.02 0.03 0.03 0.03 0.02 0.02 0 0 0.6 1.0 0.6 1.0

S2c 0 0.03 0.03 0 0 0.03 0.03 0.08 0.08 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.0 0.0 0.1 0.1 0.2 0.2
3 0.05 0.00 0 0 0.13 0.09 0.44 0.38 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.0 0.0 0.7 0.5 0.7 0.5

12 0.14 0.03 0 0 0.16 0.12 0.28 0.27 0.03 0.07 0.02 0.02 0.04 0.01 0.02 0.01 0.1 0.0 0.5 0.5 0.7 0.5
24 0 0 0 0 0.20 0.12 0.84 0.37 0.03 0.07 0.04 0.04 0.06 0.05 0.04 0.01 0 0 1.2 0.7 1.2 0.7
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Appendix 4-5: Continued
(+)-

catechin
(-)-

epicatechin
trans-caftaric

acid
GRP

cis-p-
coutaric acid

trans-p-
coutaric acid

trans-
caffeic acid

trans-p-
coumaric acid

total
flavan-3-ols

total HCA total phenols

t C S C S C S C S C S C S C S C S C S C S C S

VM4c 0 0.06 0.06 0 0 0.09 0.09 0.10 0.10 0.01 0.01 0.02 0.02 0.01 0.01 0.00 0.00 0.1 0.1 0.2 0.2 0.3 0.3
3 0.04 0.02 0 0 0.24 0.06 0.27 0.10 0.02 0.02 0.04 0.02 0.02 0.02 0.01 0.00 0.0 0.0 0.6 0.2 0.7 0.2

12 0.10 0.04 0 0 0.27 0.23 0.24 0.38 0.01 0.10 0.06 0.05 0.02 0.03 0.05 0.01 0.1 0.0 0.7 0.8 0.8 0.8
24 0 0 0 0 0.07 0.24 0.14 0.91 0.01 0.05 0.03 0.09 0.02 0.11 0.01 0.02 0 0 0.3 1.4 0.3 1.4

VM2c 0 0.01 0.01 0 0 0.06 0.06 0.10 0.10 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.0 0.0 0.2 0.2 0.2 0.2
3 0.08 0.07 0 0 0.05 0.16 0.23 0.20 0.02 0.04 0.00 0.04 0.01 0.02 0.02 0.01 0.1 0.1 0.3 0.5 0.4 0.5

12 0.06 0.17 0 0 0.21 0.30 0.56 0.68 0.06 0.11 0.07 0.10 0.02 0.02 0.02 0.03 0.1 0.2 0.9 1.2 1.0 1.4
24 0 0.11 0 0 0.11 0.30 0.77 0.28 0.02 0.06 0.02 0.05 0.04 0.12 0.03 0.05 0 0.1 1.0 0.9 1.0 1.0

JC 0 0.06 0.06 0.05 0.05 0.03 0.03 0.01 0.01 0.00 0.00 0.04 0.04 0.02 0.02 0.01 0.01 0.1 0.1 0.1 0.1 0.2 0.2
3 0.03 0.21 0.06 0.13 0.18 0.30 0.26 0.47 0.03 0.04 0.04 0.06 0.02 0.00 0.02 0.00 0.1 0.3 0.6 0.9 0.6 1.2

12 0.61 0.65 0.12 0.20 1.50 1.87 0.86 0.14 0.41 0.29 0.29 0.48 0.07 0.13 0.02 0.03 0.7 0.9 3.1 2.9 3.9 3.8
24 0.17 0.19 0 0 0.03 0.07 0.32 0.27 0.01 0.05 0.02 0.06 0.03 0.04 0.01 0.01 0.2 0.2 0.4 0.5 0.6 0.7

JS 0 0.08 0.08 0.02 0.02 0.08 0.08 0.03 0.03 0.00 0.00 0.01 0.01 0.02 0.02 0.00 0.00 0.1 0.1 0.1 0.1 0.2 0.2
3 0.10 0.08 0.08 0.02 0.21 0.12 0.14 0.17 0.01 0.02 0.03 0.02 0.01 0.02 0.00 0.00 0.2 0.1 0.4 0.4 0.6 0.5

12 0.39 0.48 0.09 0.21 1.64 1.53 0.47 0.84 0.31 0.49 0.50 0.44 0.18 0.20 0.04 0.04 0.5 0.7 3.1 3.5 3.6 4.2
24 0.21 0.26 0 0 0.19 0.16 0.33 0.44 0.02 0.01 0.09 0.06 0.02 0.02 0.01 0.02 0.2 0.3 0.7 0.7 0.9 1.0

TP 0 0.09 0.09 0.06 0.06 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.03 0.03 0.01 0.01 0.1 0.1 0.1 0.1 0.2 0.2
3 0.07 0.09 0.10 0.04 0.57 0.01 1.05 0.19 0.10 0.00 0.13 0.02 0.03 0.02 0.02 0.01 0.2 0.1 1.9 0.3 2.1 0.4

12 1.24 0.38 0.59 0.19 1.74 0.17 1.13 0.38 0.40 0.06 0.52 0.11 0.30 0.05 0.12 0.03 1.8 0.6 4.2 0.8 6.1 1.4
24 0.80 0.24 0 0 0.11 0.12 0.30 0.13 0.05 0.17 0.02 0.01 0.07 0.08 0.03 0.02 0.8 0.2 0.6 0.5 1.4 0.8

C 0 0.04 0.04 0.01 0.01 0.04 0.04 0.02 0.02 0.00 0.00 0.00 0.00 0.03 0.03 0.00 0.00 0.0 0.0 0.1 0.1 0.1 0.1
3 0.13 0.22 0.06 0.08 0.67 1.20 0.07 0.29 0.04 0.10 0.12 0.24 0.05 0.06 0.01 0.02 0.2 0.3 1.0 1.9 1.2 2.2

12 0.11 0.20 0 0 0.67 0.21 0.57 0.50 0.06 0.08 0.15 0.06 0.06 0.07 0.01 0.01 0.1 0.2 1.5 0.9 1.6 1.1
24 0.01 0.10 0 0 0.54 0.52 0.28 0.27 0.05 0.09 0.12 0.09 0.01 0.03 0.01 0.04 0.0 0.1 1.0 1.0 1.0 1.1

PS 0 0.00 0.00 0.00 0.00 0.09 0.09 0.00 0.00 0.01 0.01 0.01 0.01 0.02 0.02 0.00 0.00 0.0 0.0 0.1 0.1 0.1 0.1
3 0.43 0.05 0.06 0.03 1.53 0.20 0.33 0.26 0.15 0.03 0.40 0.04 0.12 0.02 0.03 0.00 0.5 0.1 2.6 0.6 3.1 0.6

12 0.15 0.34 0 0 1.46 1.06 0.31 0.78 0.23 0.14 0.48 0.31 0.16 0.15 0.04 0.02 0.2 0.3 2.7 2.5 2.8 2.8
24 0.21 0.12 0 0 0.36 0.28 0.12 0.10 0.08 0.06 0.04 0.15 0.07 0.03 0.01 0.03 0.2 0.1 0.7 0.6 0.9 0.8

SPC 0 0.05 0.05 0.00 0.00 0.08 0.08 0.00 0.00 0.01 0.01 0.02 0.02 0.04 0.04 0.00 0.00 0.1 0.1 0.2 0.2 0.2 0.2
3 0.08 0.07 0.02 0.04 0.28 0.85 0.24 0.05 0.04 0.08 0.06 0.20 0.02 0.09 0.00 0.02 0.1 0.1 0.6 1.3 0.7 1.4

12 0.08 0.24 0 0 1.06 0.25 0.41 0.93 0.10 0.06 0.25 0.12 0.12 0.06 0.03 0.02 0.1 0.2 2.0 1.4 2.1 1.7
24 0.14 0.09 0 0 0.09 0.12 0.42 0.44 0.06 0.07 0.08 0.11 0.04 0.03 0.01 0.01 0.1 0.1 0.7 0.8 0.8 0.9
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Appendix 4-6: Levels of glutathione, total flavan-3-ols, total hydroxycinnamates, and total
phenols [mg/L] in commercial Sauvignon blanc wines, mainly from the 2004 vintagea

GSH total flavan-3-ols total HCA total phenols

New Zealand
G1_04 0.9 3.6 21.6 32.4
HB1_04 0.9 2.9 28.7 46.5
HB2_04 1.4 5.3 45.6 62.8d

HB3_04 0.7 6.3 31.8 50.7d

HB4_04 0.6 4.3 26.5 39.0
HB5_04 1.0 2.7 24.4 36.8
HB6_04 0.8 2.6 23.0 37.5
W1_04 1.2 4.0 22.7 38.8d

W2_04 1.8 4.3 20.3 33.1
W3_04 1.4 4.6 21.5 35.7d

W4_04 0.6 3.9 28.7 52.8
W5_04 0.6 3.7 25.3 46.8
W6_04 1.3 3.5 31.0 43.8d

W7_04 1.5 3.7 24.1 38.3
M1_04 1.0 1.1 35.6 44.9
M2_04 1.0 5.8 32.8 49.2
M3_04 0.8 4.9 30.0 46.2
M4_04 0.7 5.5 20.9 40.4
M5_04 1.3 4.3 27.5 41.1
M6_04 1.0 3.7 29.6 42.8
M7_04 1.2 6.3 43.4 59.9
M8_04 0.8 6.2 30.6 48.3
M9_04 1.0 4.6 34.4 48.9
M10_04 1.5 4.8 30.8 47.4cd

M11_04 1.1 2.8 23.9 35.6d

M12_04 0.8 5.7 38.0 52.8
M13_04 1.1 4.9 34.6 53.6
M14_04 0.8 3.8 40.7 53.2c

M15_04 1.2 4.6 33.7 57.8
M16_04 0.8 2.3 19.3 32.0
M17_04 0.8 7.2 36.6 58.8d

μ ± σ 1.0 ± 0.3 4.3 ± 1.4 29.6 ± 6.9 45.4 ± 8.5
France
F1_04 0.9b 3.4 17.8 58.7
F2_04 2.3b 8.1 55.0 88.8
F3_03 0.8 1.7 27.0 37.6
F4_03 0.4 1.0 13.8 23.2
F5_03 0.4 4.0 16.9 35.4

μ ± σ 1.0 ± 0.8 3.6 ± 2.8 26.1 ± 16.9 48.8 ± 25.8
South Africa
SA1_04 1.8 6.6 43.5 58.9c

SA2_04 1.3b 4.2 21.2 40.6
SA3_04 1.3 8.3 52.0 68.6
SA4_04 0.6 11.4 34.9 53.3c

SA5_04 1.5b 7.4 51.6 69.2
SA6_04 0.8 13.3 37.1 58.1

μ ± σ 1.2 ± 0.4 8.5 ± 3.3 40.1 ± 11.7 58.1 ± 10.6
USA
US1_03 0.6 6.7 36.1 49.9c

US2_03 0.6 1.9 38.0 58.2c

US3_03 0.9 3.8 25.9 36.1c

US4_03 0.6 4.6 35.6 50.8c

μ ± σ 0.7 ± 0.2 4.2 ± 2.0 33.9 ± 5.4 48.7 ± 9.2
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Appendix 4-6: Continueda

GSH total flavan-3-ols total HCA total phenols

Chile
C1_04 1.1 6.5 31.3 48.2c

Australia
A1_04 0.9 5.2 29.3 43.2
A2_04 0.9 6.4 24.8 40.3
A3_04 0.7 5.5 20.5 34.5c

A4_04 0.8 4.1 19.3 32.9
A5_04 0.8 6.4 34.3 51.3

μ ± σ 0.8 ± 0.1 5.5 ± 1.0 25.6 ± 6.3 40.2 ± 7.4
a Data were obtained from a single measurement of each bottle.
b ascorbic acid detected
c quercetin-3-O-glucoside detected
d quercetin detected
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Appendix 4-7: Levels of glutathione, total flavan-3-ols, total hydroxycinnamates, and total
phenols [mg/L] in commercial Sauvignon blanc wines, mainly from the 2005 vintagea

GSH total flavan-3-ols total HCA total phenols

New Zealand
HB7_05 0.7 10.1 38.7 60.4c

HB8_05 0.6 4.5 18.8 35.8c

HB9_05 0.7 3.9 15.6 26.6
MA1_05 1.0 6.1 28.7 43.9
W8_05 1.0 6.1 44.2 61.5
W9_05 0.8 4.5 23.1 40.4
M18_05 1.5 11.3 26.9 47.4

M19_05 1.8b 9.0 35.1 55.2c

M20_06 3.3 10.2 24.5 58.6

M21_05 0.9 6.7 32.0 48.4c

M22_05 0.9 4.5 23.1 36.8
M23_05 1.0 7.0 22.7 41.6
M24_05 1.8 6.9 33.0 51.1

M25_05 1.0 5.4 29.9 50.5c

M26_05 1.7b 5.4 33.7 49.7c

M27_06 15.7b 5.8 27.7 42.6

μ ± σe 1.1 ± 0.4 6.5 ± 2.2 29.0 ± 7.9 46.4 ± 9.7
France
F6_04 0.4b 3.8 16.7 29.8d

F7_05 1.2b 2.5 16.9 27.9

μ ± σ 0.8 ± 0.5 3.2 ± 0.9 16.8 ± 0.2 28.8 ± 1.4
USA
U5_05 1.1 2.8 17.3 29.4c

U6_05 1.3 2.0 14.6 24.6c

U7_05 1.5 3.0 27.3 40.8c

μ ± σ 1.3 ± 0.1 2.6 ± 0.5 19.7 ± 6.4 31.6 ± 8.1
Chile
C2_05 4.9b 7.6 35.4 54.8
C3_05 1.1b 6.4 20.9 40.0c

μ ± σ 3.0 ± 2.7 7.0 ± 0.9 28.1 ± 10.3 47.4 ± 10.5
Australia
A6_05 1.4 5.7 32.1 46.8
A7_05 0.7 5.5 16.4 48.9
A8_05 1.8b 7.2 23.9 42.7
A9_05 1.2 4.6 25.9 44.9

μ ± σ 1.2 ± 0.4 5.7 ± 0.9 24.6 ± 5.6 45.8 ± 2.3
a Data were obtained from a single measurement of each bottle.
b ascorbic acid detected
c quercetin-3-O-glucoside detected
d quercetin detected
e Mean and standard deviation were calculated excluding 2006 Sauvignon blanc wines
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Appendix 4-8: Levels of polyphenols [mg/L] in commercial Sauvignon blanc wines, mainly from the 2004 vintagea

(+)-catechin tyrosol (-)-epicatechin trans-
caftaric acid GRP cis-p-

coutaric acid
trans-p-

coutaric acid
trans-

caffeic acid
trans-p-

coumaric acid
New Zealand
G1_04 2.4 7.1 1.2 9.3 8.8 0.8 1.3 1.1 0.3
HB1_04 1.9 14.8 1.0 4.5 18.2 1.8 1.6 1.6 1.0
HB2_04 3.2 11.8 2.1 13.6 22.9 2.1 3.5 2.4 1.0
HB3_04 3.8 12.7 2.5 14.2 8.5 2.4 3.7 2.1 0.8
HB4_04 2.7 8.2 1.7 4.3 17.2 1.4 1.9 1.2 0.5
HB5_04 1.5 9.8 1.2 4.2 13.8 1.7 2.3 1.6 0.9
HB6_04 1.7 12.0 0.9 6.5 10.1 1.5 1.9 2.2 0.7
W1_04 2.3 12.1 1.7 7.6 9.7 1.0 1.0 2.6 0.9
W2_04 2.6 8.6 1.7 7.5 7.6 1.0 1.1 1.8 1.2
W3_04 2.5 9.6 2.2 4.7 8.6 1.1 0.7 5.4 1.1
W4_04 2.4 20.3 1.5 7.7 14.3 1.8 2.4 1.7 0.8
W5_04 2.3 17.8 1.4 7.2 12.7 1.6 1.9 1.4 0.6
W6_04 2.0 9.3 1.5 8.3 17.2 1.5 2.2 1.2 0.7
W7_04 2.2 10.5 1.5 4.8 14.9 0.9 1.9 0.8 0.8
M1_04 1.1 8.2 0.0 4.5 20.9 1.4 1.3 5.4 2.1
M2_04 3.0 10.6 2.8 12.0 13.9 1.7 2.4 2.2 0.6
M3_04 2.9 11.3 2.0 9.8 11.5 1.7 2.0 3.9 1.2
M4_04 2.6 14.0 2.9 5.4 10.9 0.7 1.4 1.8 0.6
M5_04 2.5 9.2 1.8 13.1 8.0 1.4 2.7 1.5 0.8
M6_04 2.2 9.5 1.6 16.8 5.6 1.5 3.2 1.7 0.9
M7_04 3.4 10.1 2.9 16.4 19.4 1.6 3.9 1.5 0.6
M8_04 3.5 11.4 2.8 6.5 16.0 2.0 2.6 2.2 1.3
M9_04 2.6 9.9 2.0 14.4 12.4 1.4 3.2 1.8 1.1
M10_04 3.0 11.8 1.8 12.9 10.8 1.6 3.1 1.6 0.9
M11_04 1.6 8.9 1.2 6.3 12.2 0.9 1.7 2.1 0.6
M12_04 3.0 9.0 2.7 9.1 20.8 1.8 3.1 1.8 1.4
M13_04 2.7 14.1 2.2 12.3 13.8 1.9 3.4 2.2 1.1
M14_04 2.4 8.7 1.4 14.4 17.3 2.3 3.7 2.3 0.8
M15_04 2.5 19.5 2.1 12.7 13.5 1.5 2.9 2.3 0.9
M16_04 1.3 10.4 1.1 4.6 10.3 1.2 1.3 1.1 0.8
M17_04 4.4 15.0 2.9 15.0 9.4 2.5 3.9 4.0 1.8

μ ± σ 2.5 ± 0.7 11.5 ± 3.3 1.8 ± 0.7 9.4 ± 4.1 13.3 ± 4.4 1.5 ± 0.5 2.4 ± 0.9 2.2 ± 1.1 0.9 ± 0.4
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Appendix 4-8: Continueda

(+)-catechin tyrosol (-)-epicatechin trans-
caftaric acid GRP cis-p-

coutaric acid
trans-p-

coutaric acid
trans-

caffeic acid
trans-p-

coumaric acid
France
F1_04 2.1 37.6 1.3 7.9 3.6 1.0 0.9 3.3 1.0
F2_04 4.9 25.7 3.2 30.9 11.9 2.2 6.2 3.2 0.7
F3_03 1.7 9.0 0.0 3.0 18.8 1.1 1.4 1.6 1.1
F4_03 1.0 8.3 0.0 3.6 5.7 0.9 1.4 1.1 1.1
F5_03 2.6 14.5 1.4 5.7 7.5 0.8 1.4 1.1 0.5

μ ± σ 2.5 ± 1.5 19.0 ± 12.5 1.2 ± 1.3 10.2 ± 11.7 9.5 ± 6.0 1.2 ± 0.6 2.3 ± 2.2 2.1 ± 1.1 0.9 ± 0.3
South Africa
SA1_04 4.1 8.7 2.5 23.5 8.5 1.7 6.5 2.2 1.1
SA2_04 2.6 15.2 1.6 5.2 9.2 1.1 1.6 2.5 1.7
SA3_04 6.0 8.2 2.3 26.8 8.4 2.4 7.4 3.9 3.1
SA4_04 7.4 6.9 4.0 9.5 16.6 1.6 4.0 1.8 1.4
SA5_04 4.5 10.2 3.0 37.2 2.5 1.0 5.8 4.0 1.1
SA6_04 7.4 7.6 5.9 16.4 12.0 1.2 4.6 1.8 1.2

μ ± σ 5.3 ± 1.9 9.5 ± 3.0 3.2 ± 1.5 19.8 ± 11.8 9.5 ± 4.7 1.5 ± 0.5 5.0 ± 2.1 2.7 ± 1.0 1.6 ± 0.8
USA
US1_03 5.0 7.2 1.7 9.7 17.2 1.8 3.9 2.3 1.2
US2_03 1.9 18.3 0.0 19.7 9.0 2.1 4.7 2.1 0.5
US3_03 2.8 6.3 1.0 6.1 14.1 1.1 2.2 1.9 0.4
US4_03 3.1 10.6 1.5 6.1 17.4 3.0 3.0 3.7 2.4

μ ± σ 3.2 ± 1.3 10.6 ± 5.4 1.0 ± 0.7 10.4 ± 6.4 14.4 ± 3.9 2.0 ± 0.8 3.4 ± 1.1 2.5 ± 0.8 1.1 ± 0.9
Chile
C1_04 4.3 10.3 2.3 19.5 5.0 1.0 3.2 1.9 0.6
Australia
A1_04 2.9 8.7 2.3 4.4 13.9 1.4 1.8 5.3 2.5
A2_04 3.6 9.1 2.8 4.9 12.0 1.6 2.3 2.5 1.6
A3_04 3.0 8.6 2.5 4.0 7.7 1.4 2.6 2.8 2.1
A4_04 2.0 9.5 2.0 5.3 8.1 1.0 1.7 2.1 1.0
A5_04 2.5 10.6 4.0 14.1 11.6 1.6 3.9 2.1 1.1

μ ± σ 2.8 ± 0.6 9.3 ± 0.8 2.7 ± 0.8 6.5 ± 4.2 10.7 ± 2.7 1.4 ± 0.2 2.4 ± 0.9 2.9 ± 1.3 1.7 ± 0.6
a Data were obtained from a single measurement of each bottle.
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Appendix 4-9: Levels of polyphenols [mg/L] in commercial Sauvignon blanc wines, mainly from the 2005 vintagea

(+)-catechin tyrosol (-)-epicatechin trans-
caftaric acid GRP cis-p-

coutaric acid
trans-p-

coutaric acid
trans-

caffeic acid
trans-p-

coumaric acid
New Zealand
HB7_05 5.5 11.6 4.6 17.9 10.3 2.5 4.0 3.0 1.0
HB8_05 2.1 12.5 2.4 6.4 4.3 1.9 2.3 2.2 1.6
HB9_05 2.5 7.1 1.3 4.1 8.0 0.8 1.1 1.1 0.4
MA1_05 3.4 9.1 2.6 15.0 2.7 1.3 2.7 5.4 1.6
W8_05 3.0 11.2 3.1 27.9 3.9 2.9 6.0 2.9 0.6
W9_05 2.5 12.9 2.0 10.8 3.7 1.8 1.1 3.9 1.7
M18_05 5.0 9.2 6.4 12.0 6.9 1.7 2.5 2.4 1.2
M19_05 4.9 11.0 4.2 17.9 7.3 2.5 3.8 2.8 0.9
M20_06 4.5 23.9 5.7 10.6 7.7 2.3 2.4 1.1 0.4
M21_05 3.2 9.6 3.6 14.7 8.1 2.0 2.7 3.2 1.4
M22_05 2.1 9.2 2.4 13.6 3.1 1.8 2.2 1.8 0.6
M23_05 3.3 11.9 3.7 10.2 5.6 1.7 2.1 2.4 0.6
M24_05 3.5 11.3 3.3 17.2 8.1 1.8 2.4 2.7 0.7
M25_05 2.6 15.1 2.8 16.3 5.7 1.7 2.7 2.7 0.9
M26_05 2.2 10.6 3.2 16.3 8.5 2.1 2.7 2.6 1.5
M27_06 3.0 9.0 2.8 15.2 6.2 1.9 2.6 1.4 0.4

μ ± σ 3.2 ± 1.1 10.9 ± 2.0 3.3 ± 1.2 14.3 ± 5.7 6.2 ± 2.3 1.9 ± 0.5 2.7 ± 1.2 2.8 ± 1.0 1.1 ± 0.4
France
F6_04 1.6 9.3 2.3 6.1 0.7 1.0 1.2 5.2 2.5
F7_05 1.1 8.5 1.5 9.6 2.2 1.3 1.5 1.5 0.8

μ ± σ 1.3 ± 0.4 8.9 ± 0.6 1.9 ± 0.6 7.8 ± 2.5 1.5 ± 1.1 1.1 ± 0.2 1.3 ± 0.3 3.4 ± 2.6 1.7 ± 1.2
USA
U5_05 1.2 9.3 1.6 4.8 7.8 1.5 0.9 1.8 0.5
U6_05 0.7 8.0 1.4 3.4 7.4 1.2 0.8 1.0 0.7
U7_05 1.4 10.5 1.7 16.4 6.6 1.0 1.6 1.3 0.3

μ ± σ 1.1 ± 0.4 9.3 ± 1.2 1.5 ± 0.2 8.2 ± 6.6 7.3 ± 0.4 1.2 ± 0.1 1.1 ± 0.4 1.4 ± 0.2 0.5 ± 0.2
Chile
C2_05 3.5 11.9 4.1 21.0 1.7 1.1 1.8 8.6 1.3
C3_05 3.6 12.8 2.8 8.2 6.1 1.4 2.3 2.0 0.8

μ ± σ 3.5 ± 0.1 12.3 ± 0.6 3.4 ± 1.0 14.6 ± 9.0 3.9 ± 3.1 1.2 ± 0.2 2.0 ± 0.4 5.3 ± 4.6 1.1 ± 0.3
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Appendix 4-9: Continueda

(+)-catechin tyrosol (-)-epicatechin trans-
caftaric acid GRP cis-p-

coutaric acid
trans-p-

coutaric acid
trans-

caffeic acid
trans-p-

coumaric acid
Australia
A6_05 3.1 8.9 2.6 20.5 4.5 1.2 3.3 1.8 0.8
A7_05 1.5 27.1 4.0 4.1 4.7 1.3 1.6 3.0 1.7
A8_05 2.0 11.5 5.2 9.9 3.9 1.0 1.2 6.8 1.2
A9_05 2.5 14.5 2.1 14.4 6.6 1.2 2.2 1.3 0.2

μ ± σ 2.3 ± 0.6 15.5 ± 7.0 3.5 ± 1.2 12.2 ± 6.0 4.9 ± 1.0 1.2 ± 0.1 2.0 ± 0.8 3.2 ± 2.1 1.0 ± 0.5
a Data were obtained from a single measurement of each bottle.
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Appendix 4-10: Colour changes in white wine-like solutions (4th trial) containing selected
polyphenols throughout 12 days of storage at 45°C
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Appendix 4-11: Evolution of total thiols [nmol/L] in Sauvignon blanc wines at 45°C (excluding
control 15°C) in the presence of metals [Fe - 8 mg/L; Cu - 0.1 mg/L], polyphenols [(+)-catechin
- 20 mg/L; caffeic acid - 100 mg/L], and antioxidants [each at 100 mg/L] (Data are presented as
means of single measurements of triplicate flasks ± SD. Means sharing the same letter do not differ significantly
[p < 0.05] between treatments at a specific time point [lower case] or within the treatment across time [upper
case] by TUKEY’s HSD test.)

time [days] 0 14 28

μ σ μ σ μ σ

control 92.4 1.2 Aa 79.8 0.3 Bac 76.5 1.0 Cab

control 15°C 92.4 1.2 Aa 82.8 2.6 Bacd 73.7 0.9 Ca

OptiWHITE® 92.4 1.2 Aa 81.5 2.3 Bac 78.7 1.0 Bb

Fe 90.6 2.4 Aa 79.9 2.1 Bac 77.0 1.5 Bab

Cu 89.0 2.5 Aa 67.4 1.6 Bb 66.3 1.1 Bc

cat + ca 92.4 1.2 Aa 75.4 0.8 Bab 72.7 0.9 Ca

Fe + Cu + cat + ca 86.4 3.2 Aa 66.6 3.2 Bb 63.5 2.6 Bc

SO2 92.4 1.2 Aa 87.5 0.8 Bcdef 86.9 2.1 Bdf

GSH 92.4 1.2 Aa 86.8 2.4 ABcdef 84.1 2.3 Bd

AA 92.4 1.2 Aa 86.1 8.5 Acde 86.0 0.9 Ad

SO2 + GSH 92.4 1.2 Aa 92.3 1.2 Aef 91.0 1.4 Aef

SO2 + AA 92.4 1.2 Aa 91.6 2.1 Adef 92.4 2.2 Ae

GSH + AA 92.4 1.2 Aa 92.1 2.2 Aef 86.7 1.5 Bdf

SO2 + GSH + AA 92.4 1.2 Aa 95.7 2.4 Af 91.8 1.4 Ae

Appendix 4-12: Evolution of total SO2 in Sauvignon blanc wines at 45°C (excluding control
15°C) in the presence of metals [Fe - 8 mg/L; Cu - 0.1 mg/L], polyphenols [(+)-catechin - 20
mg/L; caffeic acid - 100 mg/L], and antioxidants [each at 100 mg/L] (Data are presented as means of
single measurements of triplicate flasks ± SD. Means sharing the same letter do not differ significantly [p < 0.05]
between treatments at a specific time point [lower case] or within the treatment across time [upper case] by
TUKEY’s HSD test.)

time [days] 0 14 28

μ σ μ σ μ σ

control 124.0 1.2 A 97.3 1.8 Bab 89.9 3.6 Ba

control 15°C 124.0 1.2 A 111.8 2.3 Bb 98.2 5.6 Ca

OptiWHITE® 125.9 1.8 A 92.2 2.1 Bab 87.4 1.2 Ba

Fe 122.2 6.3 A 93.0 5.2 Bab 87.4 1.3 Ba

Cu 123.4 3.6 A 94.7 2.8 Bab 86.6 1.3 Ca

cat + ca 125.7 1.9 A 97.6 3.0 Bab 89.1 2.7 Ca

Fe + Cu + cat + ca 121.0 4.7 A 90.6 2.3 Bab 90.5 9.2 Ba

SO2 212.8 2.4 A 193.5 1.2 Bc 191.7 6.9 Bb

GSH 150.5 0.2 A 104.8 3.3 Bab 97.8 5.6 Ba

AA 124.9 0.2 A 85.5 25.1 Aa 89.7 2.6 Aa

SO2 + GSH 236.5 2.4 A 201.3 1.1 Bc 199.5 10.5 Bb

SO2 + AA 214.9 5.0 A 194.3 3.3 Bc 187.2 7.2 Bb

GSH + AA 152.1 1.6 A 108.4 4.3 Bab 97.9 4.0 Ba

SO2 + GSH + AA 236.0 5.2 A 207.0 9.0 Bc 189.5 6.5 Bb
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Appendix 4-13: Evolution of colour measured at 420 nm in Sauvignon blanc wines at 45°C
(excluding control 15°C) in the presence of metals [Fe - 8 mg/L; Cu - 0.1 mg/L], polyphenols
[(+)-catechin - 20 mg/L; caffeic acid - 100 mg/L], and antioxidants [each at 100 mg/L] (Data are
presented as means of single measurements of triplicate flasks ± SD. Means sharing the same letter do not differ
significantly [p < 0.05] between treatments at a specific time point [lower case] or within the treatment across
time [upper case] by TUKEY’s HSD test.)

time [days] 0 14 28

μ σ μ σ μ σ

control 0.052 0.000 Aa 0.076 0.001 Bace 0.090 0.001 Cace

control 15°C 0.052 0.000 Aa 0.053 0.001 Abg 0.053 0.001 Ab

OptiWHITE® 0.055 0.001 Ab 0.065 0.003 Bafg 0.080 0.001 Cai

Fe 0.068 0.001 Ac 0.087 0.004 Bcd 0.102 0.004 Ccf

Cu 0.051 0.001 Aa 0.074 0.002 Bae 0.098 0.008 Ccef

cat + ca 0.059 0.000 Ad 0.084 0.001 Bcde 0.101 0.004 Bcf

Fe + Cu + cat + ca 0.070 0.001 Ac 0.089 0.001 Ad 0.136 0.013 Bd

SO2 0.043 0.000 Ae 0.059 0.007 Bbfg 0.059 0.003 Bbg

GSH 0.047 0.001 Af 0.066 0.003 Baf 0.077 0.001 Cahi

AA 0.047 0.000 Af 0.092 0.010 Bd 0.114 0.010 Bf

SO2 + GSH 0.043 0.000 Ae 0.050 0.002 Bb 0.057 0.002 Cbg

SO2 + AA 0.045 0.000 Aef 0.057 0.002 Bbfg 0.073 0.004 Cghi

GSH + AA 0.047 0.001 Af 0.073 0.003 Bae 0.084 0.001 Caei

SO2 + GSH + AA 0.043 0.000 Ae 0.055 0.004 Bbfg 0.063 0.004 Bbgh
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