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“We live in a world of stunning complexity. Molecules of all varieties join in a metabolic
dance to make cells. Cells interact with cells to form organisms; organisms interact with
organisms to form ecosystems, economies, societies.
The past three centuries of science have been predominantly reductionist, attempting to
break complex systems into simpler parts. The reductionist program has been spectacularly
successful, and will continue to be so. But it has often left a vacuum: How do we use the
information gleaned about the parts to be build a theory of a whole? The deep difficulty
here lies in the fact that the complex whole may exhibit properties that are not readily
explained by understanding the parts. The complex whole, in a completely nonmystical
sense, can often exhibit collective properties, “emergent” features that are lawful in their
own right.”

Stuart Kauffman
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1.1

Background

For ancient civilizations, wine was a spontaneous gift of nature produced from grapes.
Fermentation of grape juice converted it into a non‐perishable magical drink, thus avoiding
spoilage and allowing prolonged storage (Pretorius and Høj, 2005). Winemaking ‐ the
production of an aromatic drink from mostly non‐aromatic grapes ‐ is today not only a
science, but it is also considered as one of the greatest art of all times. Sauvignon blanc
(SB) is a classical grape variety (Vitis vinifera), which originated in Bordeaux and the Loire
valley of France. This varietal white wine is in the list of favourite wines due to its
characteristic and distinctive aroma. The aroma of SB wines has been described as
vegetative, grassy, capsicum‐like and fruity (grapefruit and passionfruit) because of the
presence of a wide variety of aroma compounds such as methoxypyrazines, volatile thiols
and esters.
New Zealand Sauvignon blanc, specifically Marlborough SB, has become recognized and
appreciated internationally by wine consumers and critics. Marlborough SB style was
referred as varietal benchmark for its pungent aromatic flavour combined with tropical
fruity aromas (Gregutt, 2007). The British wine critic, Oz Clarke, credited New Zealand SB
wines as world’s best and he also described this wine style as unique and full of unexpected
flavours of gooseberries, passion fruit and lime, or crunchy green asparagus spears that are
new to the rest of the world (Clarke, 2002). What makes the aroma of New Zealand SB so
distinctive? More generally, what determines the variation in wine quality from region to
region? In New Zealand, a major research programme (Sauvignon blanc programme) is
underway with the aim of producing different novel wine styles according to consumers’
preference. This is an integrated programme to develop new methodologies and
knowledge for the manipulation of SB flavour. As part of this programme, a “Juice Index”
will be created to predict the quality of wine before undergoing the fermentation process
in the winery. To do this, it is important to know the biochemical reasons behind the
variations in important wine aroma compounds as well as the juice metabolites responsible
for the variation.
Volatile thiols play the major role in SB aroma and three volatile thiols are particularly
important for New Zealand SB wines (Table 1.1): 3‐mercaptohexyl acetate (3MHA), 3‐
mercaptohexan‐1‐ol (3MH) and 4‐mercapto‐4‐methylpentan‐2‐one (4MMP), which account
Sauvignon blanc metabolomics
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for the passionfruit, grapefruit and box tree (cat’s pee) aromas respectively (Benkwitz et al.,
2012b; Nicolau et al., 2006; Tominaga et al., 1998b).
Table 1.1: Structure and sensory characteristics of volatile thiols n SB wine
Volatile thiol

Structure

3‐mercaptohexan‐
1‐ol (3MH)1,2,4

Aroma
threshold
(ng/L)
60

Concentration in
SB wine
(ng/L)
50‐5000

SH

4

1‐100

Box tree,
passionfruit

O

0.8

0‐30

Box tree,
broom, cat’s
pee

SH

Olfactory
description
Grapefruit,
passionfruit

HO
3‐mercaptohexyl
acetate (3MHA)1,2,4

O
O

4‐mercapto‐4‐
methylpentan‐2‐one
(4MMP)3,4
1

HS

Tominaga et al., 1996; 2 Tominaga et al., 1998a; 3 Darriet P., 1995; 4Dubourdieu et al., 2006

It is believed that these volatile thiols are initially not present in grape juice and develop
during fermentation by the action of yeasts on juice precursors (Peña‐Gallego et al., 2012;
Tominaga et al., 1998a; Tominaga et al., 1998b). However, recently very small amounts of
3MH (100 ng/L) have been detected in grape juice by Capone et al. (2011b), which might be
produced in the grape juice during juice production by the action of natural yeasts or other
microbes. In different literature, some putative precursors have been reported for these
three volatile thiols (Darriet et al., 1993; Des Gachons et al., 2000; Tominaga et al., 1998a;
Tominaga et al., 1995), but the biogenesis of these thiol compounds from these precursors
is still an open question. Cysteinylated and glutathionylated precursors have been
extensively studied (Capone et al., 2011b; Darriet et al., 1993; Des Gachons et al., 2000;
Fedrizzi et al., 2009; Peña‐Gallego et al., 2012; Roland et al., 2012; Roland et al., 2010a;
Roland et al., 2010b; Tominaga et al., 1995). Recently, another potential precursor, Cys‐gly‐
3MH, has been detected in the SB grape juices (Capone et al., 2011a). Moreover, E‐2‐
hexenal is also noted to be one of the contributing precursors when it combines with H2S or
other reductive sulfur compounds (Schneider et al., 2006). Mesityl oxide was also reported
as one of the putative precursors of 4MMP (Schneider et al., 2006). However, their total
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conversion to wine thiols is also very low (Fedrizzi et al., 2009; Roland et al., 2010b;
Schneider et al., 2006; Winter et al., 2011). These observations give rise to a question about
the actual contribution of these possible precursors in the formation of volatile thiols. It can
be assumed that there might be other juice precursors for these volatile thiols or other
juice metabolites could also be contributing to the production of the volatile thiols through
the regulation of yeast metabolism.
To address the above issues, a relatively new and unbiased approach, metabolomics, was
used in this project to obtain comprehensive metabolite profiles of grape juices and wines.
The initial goal was to correlate all juice metabolites with the concentrations of volatile
thiols in wine to determine the metabolites that show higher correlation with volatile
thiols. Detailed chemical analysis of grape juices is going to be an important tool for
winemakers in near future in order to decide which juices should be used for making
premium wines before starting fermentations in the winery. Therefore, this project aimed
at adapting metabolomics methods for the analysis of SB grape juice and using these
methods to determine the variations in the biochemical composition of grape juices, which
are responsible for the production of different amount of volatile thiols affecting wine
quality and aroma.

1.2 The economic importance of Sauvignon blanc to the New Zealand wine
industry
New Zealand is considered part of the “New world” in wine due to its contemporary history
of wine production. However, within a very short time, the wine industry of New Zealand
has grown up. Historical changes of wine making started from 1960, which reached its peak
during the 1970’s. Now wine is one of New Zealand’s most important economic products
with an export value over a billion dollars per year since 2009. The major varieties being
grown (vineyard area in Hectares) in 2011 are Sauvignon Blanc (69%), Pinot Noir (10%),
Chardonnay (8%), Pinot Gris (5%) and Merlot (3%) (New Zealand Wine Growers’ Annual
Report, 2011). NZ has wine earned a very good reputation with growth records in
international markets. The rise of NZ wine industry is mainly dominated by the
Marlborough Sauvignon blanc. SB is the predominant grape varietal for New Zealand. The
famous region for NZ wine, Marlborough, started the cultivation of SB in 1973 and it took

Sauvignon blanc metabolomics

Chapter 1

Page |4

another 7 years to produce SB wine at commercial scale. The vintage of SB increased
rapidly with 38% of total vintage in 2002 and 70% in 2011 (Figure 1.1).

Figure 1.1: Production and export of New Zealand Sauvignon blanc wine from 2003 to 2011. (Source: New
Zealand wine growers’ annual report, 2011)

In 2005, NZ exported 36 million litres of SB, which increased to 132 million litres in 2011.
This dramatic increase in exports shows the economic importance of this varietal for the NZ
wine industry as well as for the NZ economy.

1.3 Biochemical composition of grape juices and wines
1.3.1 Chemical composition of grape juice:
Grape juice composition is very important in winemaking because it forms the nutrient
base for the yeasts to grow during fermentation and it contributes to the final wine
properties. Differences between grape juices are responsible for the development of
different concentrations of volatile thiols in SB wines (Lee et al., 2008). The composition of
grape juice depends on many factors such as season, vineyard practice, region, maturation
and ripening, and others. In general, grape juice contains sugars, organic acids, amino acids
and other nitrogenous compounds, vitamins, minerals and many grape secondary
metabolites.
1.3.1.1 Sugars:
In grapes, a large portion of the soluble solids are sugars. Glucose and fructose are the main
sugars in the juice, and are also the sugars that yeast can use best during the fermentation.
The sugar content of ripe grape juices varies between 150 to 250 g/L (Dharmadhikari,
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2001). The amount of alcohol produced is related to the amount of sugar initially present
in the juice. Thus, by controlling the amount of sugar in the juice, the alcohol production
can also be controlled in the resulting wine (Buescher et al., 2001). However, the
relationship between sugar content and alcohol formation is not precise. The sugar content
of the juice is often expressed in terms of °Brix. The unit °Brix represents grams of sugar per
100 grams of juice. Commonly, it is interpreted as grams of sugar per 100 mL of juice
(Dharmadhikari, 2001). Sucrose is rarely found in Vitis vinifera grapes. Cultivars of V.
vinifera generally reach a sugar concentration of 20% w/v or more at maturity. Pectins and
gums (polymeric mixtures of arabinose, galactose, xylose, and fructose) are also present in
grape juices and mainly released during the crushing of grapes (Jackson, 2000).
1.3.1.2 Organic acids:
After sugars, organic acids are the most abundant solids present in grape juice. The main
organic acids found in grapes are tartaric, malic, and to a lesser extent, citric acid. Grape is
one of the few fruits in which tartaric acid is found in appreciable amounts, which ranges
from 4.98–7.48 g/L (Soyer et al., 2003). During the early period of berry growth,
concentration of both tartaric and malic acids increases in the fruit. With the onset of
ripening, when the sugar accumulates in the fruit, the acid concentration decreases.
Generally the reduction in malic acid is greater, and consequently at maturity, the fruit
contains more tartaric acid than malic acid. The acid composition of grapes is influenced by
many factors such as variety, climatic region, and cultural practices (Dharmadhikari, 2001).
1.3.1.3 Nitrogenous compounds:
Among all the nutrients, nitrogen‐containing compounds play the most vital role for yeast
growth because grape juice fermentation can be considered a nitrogen‐limited
fermentation. There is >20%w/v of fermentable carbons in grape juices to a total of only
0.006‐0.24%w/v of nitrogen, of which only 0.0021‐0.008% is biologically available for yeasts
growing on fermenting must (Zoecklein, 1995). For this reason, nitrogen is an important
growth‐limiting nutrient for wine yeasts (Bell and Henschke, 2005). There are proteins and
non‐protein fractions available as part of the total nitrogen content of grape juices. Protein
constitutes 1‐13% of total N (Zoecklein, 2001; Correa, 1988) and polypeptides comprise
more than 21% (Zoecklein, 2001). Metabolically available nitrogenous components in grape
juice are present as ammonium salts (NH4+) and as amino acids that are collectively named
Sauvignon blanc metabolomics

Chapter 1

Page |6

as Yeast asssimilable nitrogenous (YAN) compounds (Dukes, 1998). All the natural (20)
amino acids and derivatives are found in grape juices and their concentration range from
0.4 to 6.5 g/L. Among them, arginine, serine, threonine, aspartic acid and glutamic acids are
directly available to yeasts (Mauricio et al., 2001; Valero et al., 2003) and they comprise 35‐
40% of total N and 75‐85% of the total amino acids (Wurdig, 1989). Arginine is the most
abundant amino acid, which represents 30‐50% of total amino acid in white grape juice
(Hensche and Jiranek, 1993). Yeast cannot directly use all amino acids due to the absence
of several enzymes that cause metabolic blocks. The best example is proline, which is
present in grape juice at high concentration (700‐800 mg/L), but it is not biologically
available to yeasts during the fermentation, because of the nitrogen catabolite inhibition of
proline permease and also due to the presence of limited molecular oxygen required for
proline oxidase activity (Duteurtre et al., 1971; Horak and Rihova, 1982; Mauricio and
Ortega, 1997; Ough, 1968; Valero et al., 2003). Some other amino acids, such as glycine,
lysine, histidine and cysteine are also not directly utilizable by wine yeasts (Cooper, 1982;
Large, 1986; Watson, 1976). Besides amino acids, several small peptides are also found in
grape juices, e.g, glutathione, which is synthesized during ripening of grapes (Adams, 1993).
1.3.1.4 Other compounds:
Phenolic compounds are important constituents of grape juices and wines that are located
in the seeds and skins of the berry (Pereira et al., 2005). The juice contains a very small
amount (3 to 5%) of total phenols. Minerals that are taken up by the vine from the soil
make up approximately 0.2 to 0.6% of the fresh weight of the fruit. The most important
mineral compounds include potassium, sodium, iron, phosphates, sulphates, magnesium,
zinc, calcium and chlorides. Among them, potassium is the most important mineral because
it accounts for 50 to 70% of all cations in the juice (Dharmadhikari, 2001). Very small
amount of vitamins required for yeast growth are also present in grape juice such as biotin,
nicotinic acid and ascorbic acid (La Fourcade and Peynaud, 1956).

1.3.2

Chemical composition of wine:

Wine is a complex mixture of more than a thousand organic and inorganic compounds,
including volatile metabolites that are responsible for the characteristic flavour and texture
of this beverage (Ebeler and Thorngate, 2009; Roland et al., 2012). Chemical analysis during
winemaking allows predictions regarding the evolution of vinification process, so that
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interventions can be made to eliminate or reduce unfavourable chemicals (Ramos, 1999).
With the developments of advanced analytical techniques, many new compounds have
been identified in wines (Hayasaka, 2005). Water and alcohol are the major components of
wines (Figure 1.2).

Figure 1.2: Chemical composition of wine. The amount of major components varies according to the wine
variety. This figure is adapted from Sumby et al. (2010) and the data were taken from Rocha et al. (2004),
Koundouras et al. (2006) and Ferreira et al. (2000)

Wines generally contain about 0.8–1.2 g of aromatic compounds/litre. More than a
thousand aromatic compounds have been detected and identified in different varieties of
wines, including over 160 esters that are present in wine below the limit of human
detection (Sumby et al., 2010). Again, carbonyls, phenols, lactones, terpenes, acetals,
hydrocarbons, and sulphur‐and nitrogen‐containing volatile compounds are present in very
low concentrations, but play important roles in the sensory profiles of wine.
Water, ethanol, organic acids (tartaric, malic and lactic acids), sugars (glucose and fructose),
tannins, phenols and glycerol are responsible for the taste and mouth feel sensations of
wine (Jackson, 2000). Besides small amounts of glucose and fructose, residual sugar may
contain arabinose, rhamnose and xylose (Dittrich, 1992). Some sugars may be synthesized
and released by yeast cells. Polysaccharides are mostly absent in the final wine, but a
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complex of mannan and protein was found in wine that seems to be released during yeast
autolysis and can affect the wine quality (Charpentier, 2000). Amines are the simplest form
of nitrogenous compounds present in wine which are produced by yeasts during early
phase of fermentation. Wine also contains some biogenic amines such as histamine and
tyramine, which are able to induce headaches, hypertension, and allergic reactions in
sensitive individuals (Radler, 1991). Amino acids are predominant nitrogenous compounds
(approximately 100 mg/L) and proline is the most abundant one (almost 70%) in both red
and white wines, because it is not used by the yeast during anaerobic fermentation (Ramos,
1999; Valero et al., 2003). Nonetheless, the concentrations of amino acids can be increased
in the wine due to the autolysis of yeast cells (Mauricio et al., 2001).
Wine aroma compounds can derive from the grape or from yeast metabolism during
fermentation. These aroma compounds are divided into six main groups: organic acids,
higher alcohols, carbonyl compounds, sulphur‐containing molecules, phenolic compounds
and volatile esters (Saerens et al., 2010). Major organic acids in wines include tartaric,
malic, succinic, acetic and citric acid, but tartaric acid is the most abundant (1.5‐4.0 g/L) and
citric acid is a minor component (Linskens and Jackson, 1988). A small amount of lactic acid,
produced by yeast cells and malolactic bacteria, is also found in wine. Besides ethanol,
higher alcohols such as 1‐propanol, 2‐methyl‐1‐propanol (isobutyl alcohol), 2‐methyl‐1‐
butanol, and others; are found in wines and are influenced by winery practices (Sponholz,
1988). Moreover, polyols (glycerol) and other sugar alcohols (alditol, arabitol, erythritol,
mannitol, myo‐inositol, and sorbitol) are also commonly found in very small amount. Some
aldehydes and ketones such as benzaldehyde (bitter almond) and methional (baked potato)
are also present in the wine (Ferreira et al., 2000) as well as phenolic acids, which are
derived from grapes or yeast cells (synthesized via the shikimic acid pathway). For example,
readily soluble non‐flavonoids (hydroxycinnamates), such as caftaric acid (caffeoyl tartaric
acid) and the related derivatives, p‐coumaric acid and ferulic acid (Lee, 1987) are usually
found in trace amounts in wines. Other than these compounds, some wines may contain
very small amounts of 4‐ethylguaiacol and 4‐ethylphenol that are responsible for unwanted
smoky and phenolic aromas in wine (Escudero et al., 2007; Rocha et al., 2004).
Esters are very important for wine aroma because these compounds contribute to the
fruity and floral notes in wines. Although present in trace amounts, a very small change in
ester concentration can cause a significant alteration in overall wine aroma (Saerens et al.,
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2010). There are two different types of esters in wines, ethyl esters (esterification between
medium chain fatty acids and alcohol) and acetate esters (derive from esterification
between acetic acid and alcohol). Isoamyl acetate is the most predominant ester
compound responsible for banana flavour in the red and white wines (Ferreira et al., 1995).
Table 1.2 summarises the influence of different esters and other major aroma compounds
in wines. Details about volatile thiols and methoxypyrazines are given in the Sections 1.4.1
and 1.4.2.
Table 1.2: Esters, higher alcohols and other major aroma and flavour compounds usually
present in wines.
Compound

Concentration
in wine (mg/L)

Aroma threshold
(mg/L)

Aroma descriptor

Acetate esters
Ethyl acetate
Isoamyl acetate
Isobutyl acetate
2‐Phenyl ethyl acetate
Hexyl acetate
Ethyl‐2‐phenylacetate

22.5‐63.5
0.1‐3.4
Trace‐0.17
0‐18.5
0‐4.8
Trace‐0.26

7.5 in 10% ethanol
0.03 in 10% ethanol
1.6 in water
0.25 in 10% ethanol
0.7 in wine
0.25 in 10% ethanol

Nail polish, fruity
Banana, pear
Fruity, apple
Flowery, rose, fruity
Sweet, perfume
Flowery, rose

Ethyl esters
Ethyl hexanoate
Ethyl butanoate
Ethyl octanoate
Ethyl decanoate
Ethyl isobutyrate
Ethyl 2‐methylbutanoate

0.03‐3.4
0.01‐1.8
0.05‐3.8
0.01–0.70
0.01–0.48
Trace‐0.03

0.05 in 10% ethanol
0.02 in 10% ethanol
0.02 in 10% ethanol
0.012 in water
0.015 in 10% ethanol
0.001 in 10% ethanol

Ethyl isovalerate

Trace‐0.07

0.003 in 10% ethanol

Ethyl lactate

3.05–297.5

150 in wine

Diethyl succinate
Diethyl malate

1.21–61.11
Trace‐0.81

200 in 10% ethanol
100 in 10% ethanol

Green apple
Floral, fruity
Sweet soap
Oily, fruity (grape), floral
Fruity, strawberry, lemon
Apple, strawberry, berry,
sweet, cider, anise
Sweet fruit, pineapple,
lemon, anise, floral
Milk, soapy, buttery,
fruity
Fruity, fermented, floral
Brown sugar, sweet

9.0‐174
0.5‐8.5
6.0‐490
9.0‐68
0‐5000
4.0‐197

40 in 10% ethanol
150 in 10% ethanol
30 in 10% ethanol
500 in wine
1 in 10% ethanol
10 in 10% ethanol
200 in 10% ethanol
100 in wine
0.35 in 10% ethanol
nk

Fusel, spirit
Fusel, spirit
Harsh, nail polish
Pungent, harsh
Cooked cabbage
Floral, rose
Flowery‐sweet
Nutty
Bitter almond
Baked potato

Alcohols and aldehydes
Isobutanol
Butanol
Isoamyl alcohol
Propanol
Methionol
2‐Phenyl ethyl alcohol
Benzyl alcohol
Acetaldehyde
Benzaldehyde
Methional
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C6 alcohols and aldehydes
Hexanol
Trans‐3‐hexen‐1‐ol
Cis‐3‐hexen‐1‐ol
Trans‐2‐hexen‐1‐ol
Cis‐2‐hexen‐1‐ol

0.3‐12.0
0.07‐0.175
0‐0.199
0‐0.005
0.01‐0.022

4 in wine
1 in 10% ethanol
0.4 in 10% ethanol
0.4 in 10% ethanol
0.4 in 10% ethanol

Green, grass
Green, grass
Green, grass
Green, grass
Green, grass

Fatty acids
Isobutyric acid
Isovaleric acid

0‐1.798
0‐0.898

Unpleasant
Sweet, cheese

Hexanoic acid
Octanoic acid
Decanoic acid

3.59‐7.86
3.49‐12.44
0.1‐1.78

2.3 in 10% ethanol
0.0034 in 10%
ethanol
0.42 in 10% ethanol
0.22 in 10% ethanol
1 in 10% ethanol

Cinnamates/anthranilates
Ethyl dihydrocinnamate

Trace‐0.003

Flower, sweet, dried fruit

Ethyl trans cinnamate

Trace‐0.01

Ethyl 2‐aminobenzoate

0‐0.003

0.002 in synthetic
wine (11% ethanol)
0.0011 in in synthetic
wine (11% ethanol)
0.0003 in water

Terpenes andnorisoprenoids
Linalool
α‐terpineol
β‐citronellol
Cis‐geraniol
β‐damascenone

0.005‐0.017
0.0025‐0.112
0‐0.0026
0‐0.0029
0‐0.000036

Fruity, floral, lavender
Rose
Rose, geranium
Fruity, floral, sweet
Floral

α‐ionone

0‐0.000028

β‐ionone

0‐0.000059

0.0025 in wine
0.25 in wine
0.1 in wine
0.3 in wine
0.00005 in 10%
ethanol
0.0026 in 10%
ethanol
0.00007 in 10%
ethanol

Reductive sulphur
compounds
Hydrogen sulfide
Methanethiol
Diethyl sulfide

0 – 0.37
0‐ 16
0‐0.001

0.15 in wine
0.0003 in wine
0.0018 in wine

Rotten eggs
Cooked cabbage
Garlic

Carbon disulphide

0‐0.0018

0.0038 in wine

Cabbage, rubber

Acetic acid

100‐1150

280 in 10% ethanol

Vinegar

Sweet, cheese, spicy
Fatty acid, dry, dairy
Fatty acid, dry, woody

Fruity, honey, cinnamon
Sweet, fruity

Floral
Floral

Information collated from: (Escudero et al., 2007; Etiévant, 1991; Ferreira et al., 2000; Ferreira et al., 2002;
Fleet, 1993; Gómez‐Míguez et al., 2007; Kotseridis et al., 2000a; Lambrechts, 2000; López et al., 1999;
Martineau, 1995; Mestres et al., 1999; Peinado et al., 2004; Rocha et al., 2004; Saerens et al., 2010; Siebert et
al., 2005; Smyth, 2005; Soles, 1982; Sumby et al., 2010; Swiegers et al., 2005). nk denotes not known.
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1.4

Aroma compounds of Sauvignon blanc wines

Sauvignon blanc is the classic and most popular white wine in New Zealand. More than
several hundred compounds are known to be responsible for the characteristic aroma of SB
wine, but not all of them have definitive roles as their concentration in SB wine range from
mg/L to ng/L. The impact of these aroma compounds to the final aroma in SB wines
depends on whether their concentration is above the perception threshold or not. Odour
activity value (OAV) is mostly used to determine the odour activity of the aroma
compounds (Benkwitz et al., 2012a; Ferreira et al., 2002; Li et al., 2008; Tao and Peng, 2012;
Tao and Zhang, 2010). OAV is the ratio of the concentration of an aroma compound to its
perception threshold (Guth, 1997). Only the aroma compounds with OAV >1 can be
perceived by the majority of the population and these compounds contribute to the final
aroma of the wines (Ferreira et al., 2000; Guth, 1997; Kotseridis et al., 2000b). About a
thousand compounds are reported to be present in wine, but not all of them have the
higher OAV required to be key odorants. In SB wines, some compounds contribute to the
tropical (grapefruit, gooseberry and passionfruit) and green (capsicum, tomato leaf and
asparagus) aromas (Swiegers et al., 2009). Three groups of aroma compounds are
responsible for these characteristic aromas, volatile thiols, methoxypyrazines and C6
compounds. Even though methoxypyrazines (responsible for grassy aroma) and some C6
compounds are present in non‐fermented grape juices at very small amounts, volatile thiols
are usually absent in the juices, developing only during winemaking process (Tominaga et
al., 1998a).
1.4.1 Volatile thiols:
Volatile thiols are sulphur‐containing and strong odoriferous compounds with thiol (S‐H)
functional groups. They play vital roles as flavour and aroma components of many fruits
(Defilippi et al., 2009), foods, beverages and plants (Tominaga et al., 2003). Sulphur‐
containing compounds are considered as “double edged sword” for wine due to their
contribution in the production of desirable aromas as well as off‐flavour compounds
(Swiegers et al., 2007). Thus, it is a big challenge for winemakers to suppress the production
of undesirable odour‐producing thiols and to enhance the development of favourable
volatile thiols. Five volatile thiols were reported as contributor to the distinctive aroma of
SB wine: 3‐mercaptohexan‐1‐ol (3MH), 3‐mercaptohexyl acetate (3MHA), 4‐mercapto‐4‐
methylpentan‐2‐one

(4MMP),
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methylbutan‐1‐ol (Tominaga et al., 1998a). Nevertheless, 4‐mercapto‐4‐methylpentan‐2‐ol
(citrus zest flavour) and 3‐mercapto‐3‐methylbutan‐1‐ol (cooked leeks flavour) rarely
exceed the perception threshold (55 mg/L and 1500 mg/L respectively) (Tominaga, 2004).
Therefore, these are not considered as important in the aroma of SB wine. In this project,
three volatile thiols, 3MH, 3MHA and 4MMP, have been studied extensively (Table 1.1). In
different studies, it has been reported that these volatile thiols develop by the action of
yeasts from odourless precursors in the grape juice (Figure 1.3 and Figure 1.4) (Des
Gachons et al., 2000; Roland et al., 2010b; Tominaga et al., 1998a). However, as discussed
above, there is still an on‐going debate about the contribution of these precursors to the
formation of volatile thiols in wines.
1.4.1.1

3‐mercaptohexan‐ 1‐ol (3MH) and 3‐mercaptohexyl acetate (3MHA)

3MH and its acetylated counterpart (3MHA) are known to be responsible for grapefruit and
passionfruit aroma in SB wine with perception threshold of 60 ng/L and 4 ng/L respectively
(Darriet P., 1995; Murat et al., 2001; Tominaga et al., 2000; Tominaga et al., 1998a). It was
found in a comparative study of SB wine from different countries that Marlborough wines
have higher concentrations of 3MH and 3MHA and they contribute to the popular
Marlborough style of New Zealand Sauvignon blanc (Nicolau et al., 2006). The first
precursor identified for 3MH was an S‐cysteine‐conjugate (Cys‐3MH) by the laboratory of
Prof. Dubourdieu. They showed by model ferments that the addition of chemically
synthesized Cys‐3MH produced 3MHA and the concentration of the precursor decreased at
the same time (Tominaga et al., 2000; Tominaga et al., 1998a). Besides the presence of
cysteine conjugates, there is evidence of the presence of S‐glutathione conjugates of 3MH
in grape juice, which suggests the formation of cystinylated conjugates from glutathione
conjugates (Figure 1.3) (Des Gachons et al., 2002; Subileau et al., 2008). There is no
precursor identified for the production of 3MHA, but it has been reported that 3MH is
acetylated to 3MHA in yeast by the ATF1 gene (Lilly et al., 2006; Swiegers et al., 2007;
Swiegers et al., 2009).
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Figure 1.3: Putative precursors of 3MH found in SB grape juices. Cys‐3MH= of S‐3‐(hexan‐1‐ol)‐cysteine, GSH‐
3MH= S‐3‐(hexan‐1‐ol)‐glutathione and Cys‐gly‐3MH= S‐3‐(hexan‐1‐ol)‐cysteinylglycine.

1.4.1.2

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

4MMP was the first volatile thiol identified in SB wine and it has a box tree‐like odour
(Darriet et al., 1993) with a very low perception threshold of 0.8 ng/L (Dubourdieu et al.,
2006). When concentrated, this thiol smells like cat urine (Darriet P., 1995). It has not been
found in grape juice and S‐4‐(4‐methylpentan‐2‐one)‐L‐cysteine (Cys‐4MMP) was the first
identified precursor for 4MMP (Figure 1.4). It is also produced by the action of yeast carbon
lyases during fermentation (Tominaga et al., 1998b; Tominaga et al., 1998c).
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Figure 1.4: Odourless precursors of 4MMP found in SB grape juices. Cys‐4MMP= S‐4‐(4‐methylpentan‐2‐one)‐
L‐cysteine and GSH‐4MMP= S‐4‐(4‐methylpentan‐2‐one)‐glutathione.

A glutathionlylated precursor (GSH‐4MMP) is also found in grape juice (Fedrizzi et al.,
2009). Schneider et al. (2006) suggested a metabolic pathway for its conversion and
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showed that the addition of isotope‐labelled mesityl oxide in the presence of sulphur
compounds can produce 4MMP in synthetic must (Figure 1.4). Researchers at the
Australian Wine Research Institute (AWRI) investigated wine yeast strains for their ability to
release 4MMP from the cysteine conjugate and found that the release of 4MMP probably
involves multiple enzymes (Howell et al., 2005). The deletion of the identified carbon–
sulphur lyase genes led to a decrease in the amount of 4MMP released during fermentation
(Howell and Pretorius, 2004). Thibon et al. (2008) and Roncoroni et al. (2011) disproved this
observation and provided strong evidence that the yeast IRC7 gene (encoding a ß‐lyase
enzyme) was responsible for 4MMP production in SB wine. The overexpression of this gene
led to production of elevated concentration of 4MMP during fermentation. However,
production of 4MMP is highly dependent on the yeast strain used during fermentation
(Howell et al., 2004; Swiegers et al., 2007).
1.4.1.3

Volatile thiols and their biosynthesis

Three biosynthetic pathways have been suggested in different studies for the production of
3MH and 4MMP in the wines (Figure 1.5). Cysteinylated precursors, such as 3‐S‐
cysteinylhexan‐1‐ol (Cys‐3MH) and S‐3‐(4‐mercapto‐4‐methylpentan‐2‐one)‐cysteine (Cys‐
4MMP) are involved in the first biosynthetic pathway (Tominaga et al., 2000; Tominaga et
al., 1998a). It has been established that the yeast IRC7 gene encodes a β‐lyase enzyme that
is involved in the release of 4MMP during the fermentation (Roncoroni et al., 2011). The
second pathway involves glutathionylated precursors, such as 3‐S‐glutathionylhexan‐1‐ol
(GSH‐3MH) (Roland et al., 2010a) and S‐3‐(4‐mercapto‐4‐methylpentan‐2‐one)‐glutathione
(GSH‐4MMP) (Fedrezzi et al., 2009). The mechanism of thiol release from GSH‐4MMP has
not been studied properly yet. It has been reported that, GSH‐3MH might be cleaved to
Cys‐3MH by the removal of glutamic acid via ɣ‐glutamyltranspeptidase and glycine via
carboxypeptidase actions (Des Gachons et al., 2002; Wünschmann et al., 2010). Another
possible precursor, 3‐S‐cysteineglycine‐3MH (Cys‐gly‐3MH) has also been reported by
Peyrot des Gachons et al. (2002), but it was not detected in grape juices until the recent
development of sensitive method that enabled its detection in the grape juices (Capone et
al., 2011a). The third biogenesis pathway for 3MH explains the role of (E)‐2‐hexenal that
can convert to 3MH in the presence of sulphur compounds, such as H2S and glutathione,
present during fermentation (Roland et al., 2010c). Moreover, mesityl oxide was also
suggested as another possible precursor for 4MMP and 4MMP production found to be
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increased when isotope‐labelled mesityl oxide was added to the must (Schneider et al.,
2006).

Figure 1.5: Biosynthesis and transformation of volatile thiols. This figure summarises the findings of different
studies related to the biosynthesis of volatile thiols (Capone et al., 2011a; Coetzee and du Toit, 2012; Des
Gachons et al., 2000; Dubourdieu et al., 2006; Peña‐Gallego et al., 2012; Roland et al., 2012; Roland et al.,
2010b; Schneider et al., 2006; Tominaga, 2004).

No direct correlation of these precursors with their respective volatile thiol products have
been established yet (Allen et al., 2011; Patel et al., 2010) and conversion efficiency for
3MH precursors was found to be very low in different studies (from 0.1% to 12%)
(Dubourdieu et al., 2006; Roland et al., 2010b; Subileau et al., 2008). From the isotopic
labelling study with GSH‐4MMP, the conversion efficiency was also poor (0.3%), sufficient
to explain only 20% of total 4MMP production (Roland et al., 2010b). Due to their
inefficient conversion efficiencies, there are some questions about whether they are real
precursors or if there are any other precursors yet to be identified. In addition, there may
be other metabolites that could be limiting the biosynthesis of volatile thiols during
fermentation.
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1.4.2 Methoxypyrazines:
Unlike volatile thiols, methoxypyrazines are present in grape juice. These compounds are
nitrogenated heterocycles produced by the metabolism of amino acids (Ribereau‐Gayons et
al., 2000). Methoxypyrazines are responsible for vegetative, grassy and green aromas in SB
wine (Allen and Lacey, 1998; Lacey et al., 1991; Maga, 1982; Murray et al., 1970; Murray
and Whitfield, 1975). Due to their very low concentrations in wine, it was very challenging
to have these compounds quantified until the development of an analytical method based
on capillary GC‐MS (Harris et al., 1987). Three different methoxypyrazines were identified
in SB wine: 2‐methoxy‐3‐isobutylpyrazine (MIBP), 2‐methoxy‐3‐isopropylpyrazine (MIPP)
and 2‐sec‐butyl‐3‐methoxypyrazine (MSBP) (Figure 1.6).

N
N

O

N
N

O

N
N

O

2-methoxy-3-isobutylpyrazine 2-methoxy-3-isopropylpyrazine

2-sec-butyl-3methoxypyrazine

Figure 1.6: Chemical structures of three major methoxypyrazines in SB wines.

They have very low perception threshold, 1 to 2 ng/L in water (Lacey et al., 1991). NZ
Sauvignon blanc has more methoxypyrazines than wines from other countries (Benkwitz et
al., 2012b; Lacey et al., 1991; Lund et al., 2009; Parr et al., 2007). However, it was reported
recently that methoxypyrazines have lesser impact on for New Zealand SB aroma compared
to volatile thiols, higher alcohols and esters (Benkwitz et al., 2012a).

1.4.3 C6 compounds
Hexanols and hexenols are C6 compounds naturally present in grapes during ripening and
they are also developed by enzymatic oxidation of fatty acids during fermentation (Sabon
et al., 2002). They contribute to the green and grassy aromas of many fruits (Ribereau‐
Gayons et al., 2000). They have relatively high perception threshold (1‐2 mg/L) in wines
(Peinado et al., 2004). C6 compounds, such as trans‐3‐hexenol, cis‐3‐hexenol, trans‐2‐
hexenol, cis‐2‐hexenol and hexanol play a very significant role in the distinctive aroma of
New Zealand SB wines (Benkwitz et al., 2012b) (Figure 1.7).
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Figure 1.7: Chemical structures of major C6compounds in SB wines.

1.5

Fermentation: Role of yeasts on Sauvignon blanc aroma

In winemaking, yeasts use sugars and other grape juice components to produce alcohols
and different odour active compounds. Yeasts always have a synergistic relationship with
grapes for the enhancement of aroma compounds in wine and their role in this case is well
recognized and extensively studied (Lambrechts, 2000; Pretorius, 2003; Pretorius and
Bauer, 2002; Pretorius et al., 2003). The role of wine yeasts, especially Saccahromyces
cerevisiae, in the production of distinctive aroma of SB wines has been studied widely
(Dubourdieu et al., 2006; Murat et al., 2001; Swiegers, 2005). The ideal wine yeast strain
must use the grape juice sugars rapidly and efficiently to produce ethanol and carbon
dioxide (Figure 1.8), and also provide important aroma compounds without producing
undesirable flavours (Pretorius, 2003). The activities of yeasts not only have impact on wine
aroma, but also on other sensory attributes such as taste, colour, clarity, mouth feel and
astringency (Li et al., 2013).
Yeasts, particularly, Saccharomyces cerevisiae and related species, are the major
contributor to the development of different aroma compounds as they transform the grape
derived compounds (e.g. precursors) into yeast derived metabolites (Pretorius and Høj,
2005). Table 1.3 lists the contribution of yeasts to the development of different wine aroma
compounds during the fermentation. The formation of volatile thiols during the
fermentation is also dependant on yeast strains (Dubourdieu et al., 2006; Howell et al.,
2004; Swiegers et al., 2007).
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Figure 1.8: Biochemistry of alcohol fermentation. The enzymes are shown in red and the end products are
presented in brown.

Recently, research has been focused on increasing aroma compounds, mainly volatile
thiols, in SB wines by using different yeast strains, as well as by inoculating the juices with
different yeast species (i.e. co‐inoculation). In co‐inoculation, yeasts carry out fermentation
together and some results have shown that wine aroma can be enhanced by co‐inoculating
the juices with multiple yeast species (Anfang et al., 2009; Ciani et al., 2006; King et al.,
2008; Swiegers et al., 2009; Swiegers and Pretorius, 2007). Yeast species interact and also
may exchange metabolites during a co‐fermentation (Swiegers et al., 2007). Moreover, in
some studies, modulation of wine yeasts had been done by genetic engineering to enhance
the intensity of aroma compounds (Swiegers et al., 2005; Swiegers et al., 2007). Lately,
yeast selection has been a topic of interest that involves the development of techniques to
detect the yeast strains with high potential to improve wine aroma and quality. The
preference of yeast strain is also a vital point for winemakers for the production of SB wines
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with high intensity of volatile thiols and other aroma compounds in order to produce
premium wines.
Table 1.3: Role of yeasts on the formation of key aroma compounds in wine
Pathway/reaction/precursor

Yeast action

Aroma compounds

Nitrogen catabolism

De novo biosynthesis

Esters, fusel acids, fusel alcohols,
aldehydes and volatile thiols*

Sugar catabolism

De novo biosynthesis

Ethanol, acetaldehydes, organic
acids and diacetals

Sulphur catabolism

De novo biosynthesis

S‐containing volatiles and volatile
thiols*

Fatty acids biosynthesis

De novo biosynthesis

Esters, free fatty acids, fatty acid
aldehydes

Cysteinyl/glutathionyl
conjugates

ß‐glucosidase activity

Volatile thiols

Bound glycosides

Carbon sulphur lyase activity

Terpenes, norisoprenoids,
alcohols, phenolic acids

Phenolic acids

Oxidation/reduction

Modified phenolics

The table is adapted from Li et al. (2013). *refers to information taken from Harsch and Gardner
(2012).

1.6 Effect of seasons, regions and vineyard on the aroma of Sauvignon blanc
The climate of New Zealand is temperate with humid air, cooler summers and warmer
winters in comparison to its antipode in the northern hemisphere (Cooper, 2002). There
are eleven wine growing regions in NZ, of which Marlborough region is famous for the
production of premium quality SB wine with a unique aromatic identity recognised by
consumers as well as by industry (Parr et al., 2004; Parr et al., 2007). Extensive research is
going on to find out the factors that facilitate the formation of characteristic aroma in SB
wines. Previous research have shown that there is a strong “terroir” effect on wine aroma
(Carey et al., 2008; Sharpe, 2005). There is also a strong seasonal effect on grape juice
composition and flavour content of derived wines (Caven‐Quantrill and Buglass, 2008). In
addition, vineyard management and practice also play a major role in wine characteristics.
For example, where a higher proportion of gravelly soils is present, vineyard produces riper
fruits that can cause the production of more tropical‐style SB wines (Trought et al., 2006;
Trought et al., 2008). In the Marlborough region, sandy soils over slates shingle allow good
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drainage and poor fertility, which cause the vine to concentrate its flavour by lowering the
grape yield (Choné et al., 2006; Clarke, 2001). Vineyard management, especially addition of
nitrogen and sulphur in the vine, play another major role on the quality of wine (Bell and
Henschke, 2005; Choné et al., 2006; Lacroux et al., 2008). Leaf removal and canopy height
are also responsible for the variation of grape juice composition (Petrie et al., 2003; Petrie
et al., 2009). Moreover, crop load and shedding also appear to affect grape quality and
aroma of SB wines.

1.7 Metabolomics and its potential in wine research
Metabolomics is one of the most recently introduced ‘‐omic’ technologies, which was
originally proposed as a method in functional genomics (Oliver, 1998). The other ‘omics’,
technologies: genomics, transcriptomics and proteomics are focused on genes, RNA and
proteins respectively whereas metabolomics is the study of the most downstream products
of cells called metabolites (Figure 1.9). Metabolomics is based on an unbiased, non‐
targeted and holistic analysis of cell metabolites (Villas‐Bôas et al., 2005d). It is a rapidly
developing area with application in different fields including functional genomics and
system biology (Bino et al., 2004; Fiehn et al., 2000; Nielsen and Jewett, 2007; Oliver, 1998;
Sumner et al., 2003; Trethewey, 2001). The term ‘metabolomics’ has been widely used and
also misused by the scientific community (Villas‐Bôas et al., 2005d). The word
‘metabolome’ was first introduced by Stephen Oliver in 1998 to indicate the set of all low
molecular weight compounds (<1500 Da) synthesised by an organism (Oliver, 1998). In
2002, Oliver Feihn published a review on metabolome analysis and used the term
‘metabolomics’ to specify a comprehensive analysis of all metabolites produced by the a
cell (Fiehn, 2002). Due to the complex nature of metabolome and chemical diversity, the
complete analysis of metabolome is not possible yet (Villas‐Bôas et al., 2005d). Now,
metabolomics is recognised as a new area of science that is the link between metabolic
phenotypes to corresponding genotypes (Villas‐Bôas et al., 2005d).
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Figure 1.9: The hierarchy of “omics” technologies. The post‐genomics approaches like transcriptomics,
proteomics, and metabolomics together can provide comprehensive information and better understanding
about the biological system.

The main difference between, genome, transcriptome, proteome and metabolome is their
chemical diversity. Both transcriptome and genome consist of polymeric molecules formed
by only four different bases, whereas proteome is focused on proteins that are formed by
20 different amino acids. In comparison, metabolome is extremely chemically diverse
consisting of 1000 to 200,000 different chemical structures (Hall et al., 2002; Wishart et al.,
2009). As the downstream products of cell metabolism, metabolites have very significant
roles in linking many diverse pathways that occur within a cell. Large numbers of
metabolites are often synthesised concurrently and the same metabolite can contribute to
the multiple pathways (Stitt et al., 2010). Furthermore, the production of metabolites
depends on the developmental, physiological and pathological condition of the organisms.
Overall, the level of metabolites produced by the cells provides phenotypic information of
the cells in response to different environmental and genetic changes (Villas‐Bôas et al.,
2005b). Therefore metabolite analysis is very important to get an integrative overview of
cellular metabolism and phenotypic characteristics of the cells.
In metabolomics, metabolite profiling is the established and most powerful approach for
metabolite analysis. A metabolite profile is the set of all metabolites or their derivative
products that are detected and quantified by a specific analytical technique in a biological
sample (Villas‐Bôas et al., 2005d). Metabolite profile usually contains information about
both identified and unknown compounds (Shulaev, 2006). Moreover, targeted analyses of
metabolites can also be combined to metabolomics data. A comparison between
metabolite profiling and targeted analysis is given in Table 1.4. Metabolite profiling and
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targeted analyses are widely used for the metabolite analysis of complex samples such
blood, urine and beverages. In this project, I used both metabolite profiling and target
analysis to analyse grape juices and wines in order to obtain information about the level of
as many metabolites as possible. I mostly followed an unbiased metabolomics approach to
obtain my goals that will be discussed in Section 1.9.

Table 1.4: Different approaches of metabolite analysis
Approach
Targeted analysis

Advantages



Low limit of detection
Usually quantitative

Disadvantages




Limited number of compounds
can be targeted
Non‐targeted compounds are
not considered
Purified standards of targeted
compounds are required for
quantification
Semi‐quantitative
Larger number of false positives
and false negatives
Many unknowns


Unbiased

High‐throughput
Allows the discovery of
new compounds not

expected to be in the
sample or not expected
to be associated with the
biological question
These information are collated from Villas‐Bôas et al. (2005d) and Shulaev (2006).
Metabolite profiling




1.7.1 Metabolomics and classical metabolite analysis
Over 14 years have passed since the word “metabolome” was first used to refer to the
group of low molecular mass compounds (<1500 Daltons) synthesized or modified by a
living cell or organism (Oliver, 1998). Consequently, metabolomics appeared as a new field
of research focused on the analysis of cell metabolites, which has gained increased
popularity in recent years (Villas‐Bôas et al., 2005d). Many would say that metabolomics is
a new word to describe an old science because it revives many biochemical concepts and
approaches that run “out‐of‐fashion” during the genomic revolution. Metabolomics also
makes use of analytical techniques developed much earlier than the massive genome
sequencing programs were initiated. However, in reality metabolomics represents a
paradigm shift in the way we analyse cell metabolites, because it focuses on the
development of robust analytical techniques capable of analysing as many metabolites as
possible in a non‐targeted manner (Hall et al., 2011; Nielsen and Oliver, 2005; Wishart,
2011). This feature makes metabolomics an unbiased question‐driven analytical approach,
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which distinguishes it from classical analytical methods. Contrary to classical targeted
analysis of metabolites, metabolomics compromise its accuracy in favour of sensitivity and
broadness (Fernie et al., 2011). Therefore, metabolomics is a hypothesis‐generating tool
rather than a simple analytical approach for metabolite analysis. This way, the application
of metabolomics combined with the available genome sequencing information and any
other system‐wide analytical approaches (e.g.; trascriptomics, proteomics, fluxomics) make
it a unique tool in modern biology (Hall et al., 2011; Saito and Matsuda, 2010; Shulaev,
2006).

1.7.2 Challenges and limitations of metabolomics
In the last decade, a large and significant amount of data has been generated using
metabolomics approach that resulted in the better understanding of a biological system
(Dunn, 2008). Even though metabolomics has many advantages over classical analytical
chemistry, there are still some limitations and challenges that need to be addressed
properly for the further improvement of this comparatively new omics technology.
Impossibility of analysing the complete metabolome:
In metabolome, the chemical diversity of metabolites is really broad. The concentration of
metabolites also varies widely within a cell from g/L to less than ng/L and only very
powerful detectors are able to detect metabolites in very low concentrations. Moreover,
metabolites are also different in terms of their stability and they also have very high
turnover rates inside cells (Villas‐Bôas et al., 2005c). Many metabolites are unstable in the
presence of oxygen or light or under other analytical conditions, which cause a significant
problem regarding their instrumental analysis. Thus, due to the extensive chemical diversity
and variable nature of the metabolites, no single analytical technique is capable of
detecting, identifying and quantifying large number of metabolites in biological samples
(Wishart, 2011). The combined use of Nuclear Magnetic Resonance (NMR) and Mass
Spectrometry (MS) technologies are widely used these days to obtain data about as many
metabolites as possible (Chan et al., 2009; Durand et al., 2010; Jung et al., 2011; Kim et al.,
2011; Zhang et al., 2012b). Hyphenation of different analytical platforms such as e.g. LC‐
NMR‐MS, has also been developed for global metabolite profiling that allows identification
of novel compounds (Dai et al., 2009; Stülten et al., 2008; Yang, 2006). Analytical
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instruments need to be improved robustly so that at least several hundreds of metabolites
can be analysed in a single run.
Identification of metabolites:
The identification of metabolites is a very important task in metabolomics both for targeted
and non‐targeted analysis. Because without identification, the interpretation of the
metabolomics data is not complete and sometimes meaningless (Wishart, 2011). In the last
10 years, different research groups attempted to enhance the number of metabolite
identification by developing computational method and spectral databases. Sumner et al.
(2007) proposed four levels of metabolite identification:


Positively identified metabolites



Putatively identified metabolites



Metabolites putatively identified in a class



Unknown compounds

However, the chance of false positive and false negative identification of metabolites
cannot be avoided. There are commercial libraries available for MS and NMR analysis. To
avoid the false identification of metabolites, appropriate user friendly representation of the
commercial databases is essential by mentioning the primary recognizable identifier (Dunn,
2008). By building one’s own MS library using reliable chemical standards also can reduce
the chance of false positives and false negatives. But not all natural metabolites are
currently available commercially, which poses a serious limitation in building MS libraries
for metabolomics.
Quantification of metabolites:
In metabolomics, most of the data generated by the different analytical instruments
(mainly mass spectrometry generated data) are based on relative quantification , which is
obtained by normalizing the abundance of the metabolite signal to that of an internal
standard (Lei et al., 2011). Relative quantification can be a limitation for global metabolite
analysis, because one cannot compare the level of one metabolite to another within the
same sample. With relative quantification, one can only compare the level of the same
metabolite across samples. This happens because different chemical compounds present
different response factors to the different analytical detectors (with exception to nuclear
magnet resonance). Therefore, the absolute quantification of a given compound requires a
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calibration curve obtained with different concentrations of a standard, which is only
feasible during targeted analysis of metabolites. Nonetheless, different research groups are
trying to develop new methods for absolute quantification of metabolites whilst still using
an unbiased metabolite profiling approach. Some of these methods are already available
(Bennett et al., 2008; Hu et al., 2011; Kvitvang et al., 2011; Lien et al., 2012; Martineau et
al., 2012; Vielhauer et al., 2011). For instance, Bennett et al. (2008) reported an isotope
ratio‐based method for absolute quantitation of intracellular metabolites using MS
technique. Moreover, an improved and simplified gas chromatography‐isotope dilution
mass spectrometry (GC‐IDMS) method was also published by Vielhauer et al. (2011) that
allowed quantification of both intra‐ and extracellular metabolites using commercially
available 13C‐labeled algal cells as internal standards. In addition, Kvitvang et al. (2011) also
adapted a methyl chloroformate (MCF) derivatization method for absolute quantification of
primary metabolites by gas chromatography/tandem mass spectrometry (GC/MS/MS).
On the other hand, the inaccuracy of metabolite quantification (relative or absolute) is also
a challenge for current metabolomics. Accurate quantification depends on the reliability of
sample preparation along with the repeatability of analytical instruments. Therefore,
quality control of the metabolomic protocol needs to be maintained to avoid the inaccurate
quantification of metabolites and misleading biological interpretation. Different
standardization steps have been proposed to be followed throughout the experimental and
data analysis procedure (Fernie et al., 2011; Fiehn et al., 2007; Sumner et al., 2007; Villas‐
Bôas et al., 2005b), such as:
I.

The stability of biological samples should be preserved by storing the samples
appropriately along with chemically defined repeatable standard mixture to avoid
changes and destruction of the metabolites prior to analysis, while volatile and
semi‐volatile compounds need to be analysed as soon as possible (Fernie et al.,
2011).

II.

At least three or preferably more biological and technical replicates need to be
maintained throughout the experiments to minimise the influence of uncontrolled
variables (Shulaev, 2006; Sumner et al., 2007; Villas‐Bôas et al., 2005b).
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III.

At least three or preferably more biological and technical replicates need to be
maintained throughout the experiments to minimise the influence of uncontrolled
variables (Shulaev, 2006; Sumner et al., 2007; Villas‐Bôas et al., 2005b).

IV.

Appropriate and routine quality control procedures of the analytical instruments
must be maintained and reported using global positive control samples to ensure
the adequate performance and also to obtain good quality of data (Dunn and Ellis,
2005; Fernie et al., 2011; Griffin and Steinbeck, 2010; Villas‐Bôas et al., 2005b).

V.

The use of both internal and external standards is also recommended for data
normalisation to minimise the variation in sample preparation (Sumner et al., 2007).

VI.

Metabolite identification and data analysis steps must also be monitored regularly.

The Metabolomics Society also has an oversight committee named “Metabolomics
Standards Initiative (MSI)” to monitor and review the standardization of metabolomics
workflow (Sansone et al., 2007).

1.7.3 Analytical approaches in metabolomics
Metabolome is very complex in nature and contains thousands of metabolites that are
largely variable in terms of polarity and molecular weight (Shulaev, 2006). The
concentrations of metabolites also differ largely in a biological system, which poses a
severe challenge in the development of analytical tools to detect as many metabolites as
possible within a single analysis (Kueger et al., 2012). For the better understanding of the
metabolome by analysing as many metabolites as possible, the use of multiple analytical
technologies are suggested by many scientists (Dunn and Ellis, 2005; Hall et al., 2002; Hall
and Hardy, 2012; Sumner, 2010; Villas‐Bôas et al., 2007a). In metabolomics, powerful
detectors are essential for the analysis of metabolites. Two technologies, NMR and MS
have been employed widely (Kueger et al., 2012; Shulaev, 2006; Villas‐Bôas et al., 2007a;
Zhang et al., 2012a). Fourier transform infra‐red spectroscopy (FTIR) is another analytical
technique that is extensively applied in the food industry because it is rapid, highly
automated, reproducible, non‐destructive and cost‐effective (Bauer et al., 2008; Versari et
al., 2010). Nonetheless FTIR is insensitive for complex liquid samples and often water in the
samples increases the background noise, increasing the limit of detection and reducing
linearity (Achá et al., 1998). The data obtained from FTIR is also very complex and there is
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not many databases available for assisting with identification of metabolites (Berthomieu
and Hienerwadel, 2009). On the other hand, mass spectrometry is often used in
combination with some powerful separation techniques to enhance its identification
power. Gas chromatography (GC), liquid chromatography (LC) and capillary electrophoresis
(CE) are the most common separating techniques used in combination with mass
spectrometry (Ramautar et al., 2011; Theodoridis et al., 2012; Villas‐Bôas et al., 2003).
1.7.3.1 Powerful detectors in metabolome analysis
a) Mass spectrometry:
Mass spectrometry (MS) has been used by the scientific community for more than a
hundred years and in the beginning it was mostly used for basic physical research. The
chemical and biological applications of MS started before Second World War (Vestal, 2011).
In the last 20 years, MS technique has gone through remarkable developments and it is
now an important instrument for many researchers (El‐Aneed et al., 2009). MS is the most
extensively used instrumental approach in metabolomics (Dunn, 2011; Kueger et al., 2012;
Vestal, 2011; Villas‐Bôas et al., 2005b). It is also considered the technique of choice in
metabolite profiling mainly due to its high sensitivity and also due to its ability to profile a
wide range of metabolites in a mixture and within a single analysis (Glinski and Weckwerth,
2006).
Basic principle and configuration of MS:
As the name infers, mass spectrometry is focused on the measurement of masses in the
form of mass to charge (m/z) ratio of electrically charged molecules. In the mass spectrum,
m/z values are coordinated in the x‐axis, whereas the y‐axis represents the total ion counts
(El‐Aneed et al., 2009). Mass spectrometer provides the information about the structure,
purity and composition of the metabolites. There are four basic components in a mass
spectrometer as shown in Figure 1.10: the sample introduction system, ion source, mass
analyser and detection system. Powerful computers are used to control all the electronic
and physical components of a MS system. These computers are also required to obtain and
process complex MS data (Dunn, 2011).
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Figure 1.10: Schematic configuration of a mass spectrometer. The mass analyser and detection system
operate under vacuum. The sample introduction system and ionisation source can be operated by either
atmospheric pressure or under vacuum. These four components are connected to a computer in order to
control the whole MS system and also to collect the MS data.

The mass spectrometer works in four basic steps after sample introduction: ionisation,
acceleration, deflection and detection. After the metabolites are ionised in the ionising
source, they are accelerated to achieve the same kinetic energy. In the third step, the ions
are deflected by a magnetic field based on their masses. These ions are then detected
electrically in the detectors. In mass spectrometry, samples can be introduced in different
ways and sometimes chromatographic separation (e.g. GC, LC and CE) is a preferred
method to allow maximum separation of metabolites in a complex biological sample.
However, direct infusion (DI) is also widely used for metabolite profiling, which is usually
referred to as metabolic footprinting or fingerprinting depending on whether the analysis is
of extra‐ or intracellular metabolites (Han et al., 2009; Villas‐Bôas et al., 2005b). Due to the
development of interfacing system like atmospheric pressure ionisation (API), DI‐MS can be
used to analyse a sample to obtain mass spectra of metabolites within a few seconds
(Villas‐Bôas et al., 2005b). The requirement for a small amount of sample is the major
advantage of using DI‐MS. Moreover, no derivatisation is required for this analysis and
more metabolites are detected by DI‐MS compared to GC‐MS, making this technique best
suited for high throughput non‐targeted metabolite profiling (Mas et al., 2007). However,
DI‐MS shows poor reproducibility when analysing complex mixtures due to matrix effect.
The identification of metabolites by DI‐MS is also very troublesome and stereoisomers
cannot be resolved using this technique (Glinski and Weckwerth, 2006; Pope et al., 2007;
Villas‐Bôas et al., 2005b).
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Ionisation sources:
The ionisation sources convert each metabolite into charged species by either removing a
single electron to produce a radical cation or by adding a cation to produce a positively
charged adduct ion so that these ions can be analysed by the mass analyser. A variety of
ion sources are available these days: electrospray ionisation (ESI), electron impact
ionisation (EI), chemical impact ionisation (EI), matrix assisted desorption ionisation
(MALDI), thermospray ionisation, atmospheric pressure chemical ionisation (APCI), fast
atom bombardment (FAB) ionisation, field desorption ionisation, etc. Among these, EI and
ESI are the most commonly used in metabolomics (Dunn, 2011). EI is the traditional
ionisation method that utilises the beams of electrons during the ionisation process. The
operation of EI only occurs under vacuum pressure and it analyses the analytes in the gas
phase. EI along with GC is still a method of choice for the analysis of biological samples
even though large molecules cannot be ionised by EI (Kitson et al., 1996). The operation of
ESI occurs at atmospheric pressure and it is a much softer ionisation technique compared
to EI (El‐Aneed et al., 2009). The development of nanospray technology (operating at a very
low flow rate) allowed the ESI technique to be used in the analysis of wide range of
metabolites by reducing the background ions (Karas et al., 2000).
Mass analysers:
The mass analyser is the compartment of an MS instrument where ions are separated on
the basis of their m/z values. The separation of ions can occur by both electrical and
magnetic forces. The mass analysers vary according to their size, price, mass range,
resolution and also their ability to accomplish tandem mass spectrometry (MS/MS)
experiments (El‐Aneed et al., 2009). Mass resolution (denotes as R) is a very important
parameter for choosing a mass analyser and it is the ability of a mass analyser to distinguish
two marginally different mass spectral peaks. The mass analysers widely used by the
scientific community are: quadrupole (Q), quadrupole ion‐trap (QIT), time of flight (ToF),
orbitrap, ion mobility spectrometry (IMS) and Fourier transform ion cyclotron resonance
(FT‐ICR). Quadrupole mass analysers are very robust, low cost and simple to use, but they
offer lower mass resolution and accuracy compared to other mass analysers (Villas‐Bôas et
al., 2005b). On the other hand, ToF, FTICR and orbitrap, are considered extraordinary
instruments that offer the highest mass resolution among all other mass analysers.
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b) Nuclear magnetic resonance:
NMR spectroscopy was first developed by research groups at Stanford and MIT, USA in
1946. This technology is based on the fact that nuclei of atoms have magnetic properties
that can be used to get information about their chemical structure from the spinning of
subatomic particles (protons, neutrons and electrons) (Alberti et al., 2002; Robosky et al.,
2007). NMR measures the spin and magnetic moment properties of the nuclei in a
molecule and these properties can be measured in complex mixtures, using suitable
conditions (Figure 1.11). NMR spectrum is created by radiating the sample with a short
pulse of high energy radio frequencies (usually 100‐1000 MHz, depends on field strength)
required to excite all nuclei (Villas‐Boas et al., 2007a). In 1H NMR, efficient suppression of
solvent peaks (water and ethanol) is very important. Good quality 1H NMR spectra can be
obtained by using significant technological advancement and appropriate software.

Figure

1.11:

Basic

arrangement

of

an

NMR

spectrometer

(reproduced

from

http://www.chem.ucalgary.ca/courses/351/Carey/Ch13/ch13‐nmr‐1.html)

Several experiments such as 1D and 2D NMR (i.e. Correlation Spectroscopy (COSY),
Heteronuclear Single‐Quantum Coherence (HSQC)) are combined to get comprehensive
peak assignment in the 1H NMR spectra (Duarte and Gil, 2012). But there are some serious
drawbacks of using NMR for metabolome analysis. Different parameters of the sample, e.g.
salinity, pH and concentrations of metal ions can affect the sensitivity of NMR
spectrometers that can cause difficulty in bioinformatics based resonance assignments
(Lewis et al., 2012). To avoid these problems, consistency in sample preparation is required.
Moreover, NMR spectrometer cannot detect the metabolites with low concentrations and
samples need to be concentrated before analysing. To dissolve the dried samples, high
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concentration of deuterated solvents are required and these solvents also cause
complications into sample preparation and data analysis (Lewis et al., 2012).
Despite of the potential problems related to NMR analysis of biological samples, it has been
broadly used for untargeted metabolite profiling of complex mixtures (i.e. fruit juices,
wines, spirits, urine and blood) (Duarte and Gil, 2012; Ogrinc et al., 2003). The efficacy of
NMR spectroscopy has been increasingly renowned for its non‐invasiveness (non‐
destructive), throughput and linearity (Gil et al., 2003). Moreover, NMR spectroscopy also
provides structural, chemical‐kinetics and other information in multidimensional
applications (Dieterle et al., 2011). Thus, high resolution NMR spectroscopy along with
multivariate data analysis has been used for direct characterisation of fruit juices, wine
(Košir and Kidrič, 2002; Košir et al., 2001; Lee et al., 2009; Ramos, 1999), grape berry
(Pereira et al., 2006), olive oil (Ogrinc et al., 2003; Pereira et al., 2005) and beer (Almeida et
al., 2006; Duarte et al., 2003). Direct analysis of wine by NMR was introduced in 1980 to
avoid lengthy separation and concentration steps before analysis by other instruments. 13C
NMR was used to determine diethylene glycol (Rapp et al., 1986), sugars, sugar alcohols
and sugar acids (Rapp et al., 1989) and amino acids (Rapp et al., 1991) in wines. To obtain a
global metabolite profile of a complex samples, NMR needs to be coupled with another
non‐targeted analytical approach (e.g. MS).
1.7.3.2 Separation of metabolites:
a) Gas chromatography (GC):
Gas chromatography is one of most efficient separation techniques in metabolomics that
allows the separation of hundreds of metabolites within a single analysis and requires a
very small sample volume (1‐2 L). In GC, the mobile phase is an inert gas, usually
hydrogen, helium, or nitrogen. The stationary phase in a GC column mostly consists of
polysiloxanes with various substituent groups to change the polarity of the phase. Early
wide bore columns for GC have been replaced by the hollow capillary columns that
increased tremendously the resolving power and sensitivity of this chromatography. The GC
capillary columns range in length from 10 to 60 m with internal diameter ranging from 100
to 500 µm. These columns are externally covered with an imide layer (to reduce column
fragility) and there is also an internal cover of a liquid stationary phase (thickness 10‐50 µm)
(Dunn, 2008). The separation in GC columns occurs at high temperatures, with analytes in
the gas phase (volatile analytes). The coupling of GC with MS is a perfect match because
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metabolites in an inert gas phase can be ionised much easier at the MS ion source, making
GC‐MS the best combination of separation technique with mass spectrometry detection
(Figure 1.12). The application of GC with ToF MS was first reported in 1950s and 1960s
(Gohlke, 1959, 1962). The instrumentation has been developed considerably during the last
50 years.

Figure 1.12: Schematic diagram of GC‐MS. The sample is injected into heated injection port (inlet) and, then,
the analytes condense in the beginning of the capillary GC‐column, where separation occurs according to the
volatility of the compounds and their interactions with the stationary phase.

In general, the sensitivity of GC‐MS instrumentation depends mainly on two parameters:
sample injection mode and data acquisition mode (scan or SIM). There are mainly three
types of sample injection modes available for GC‐MS: split, splitless and on‐column
injection. For non‐quantitative purposes, split injection method is mostly used. There are
some reports about highly sensitive split injection methods that introduce sample to the GC
using a hot‐needle technique after chemical derivatisation (Grob, 1994; Grob and
Biedermann, 2002). On the other hand, the splitless injection is mostly preferred for the
quantitative analysis of metabolites as it is suitable for use with solute concentration
between 0.1 and 50 ppm (Birkemeyer et al., 2003; Kopka et al., 1995; Villas‐Bôas et al.,
2005b). However, this injection mode has some undesirable effects on low volatility
compounds, which may be thermally degraded (Zrostlíková et al., 2001). To avoid these
adverse effects, pulsed splitless injection has been developed that involve an increase of
column head pressure for a short time period (1 or 2 min) while injecting the sample to GC
(Godula et al., 1999). Pulsed splitless injection also allows rapid transportation of sample
vapours to the GC column and higher volume of samples can be injected to the column due
to the increased pressure. Alternatively, on column injection is also used in metabolomics
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that involves the introduction of samples directly to the column. However, there is no
chance of separation of metabolites from sample matrix, which can cause significant
damage to the GC column if the samples contain non‐volatile matrices. On column injection
is mostly use for the analysis of samples with no or limited matrix effect, such as drinking
water (Zrostlíková et al., 2001). The data acquisition mode is also important to achieve
satisfactory sensitivity of GC‐MS instrumentation. A GC‐MS system with single ion
monitoring (SIM) mode allows detection of pre‐selected masses, while scan mode monitors
continuous series of masses without any pre‐selection. The SIM mode is the most sensitive
method for quantification of metabolites by GC‐MS (Birkemeyer et al., 2003). But scan
mode is essential to obtain a global metabolite profiling (Villas‐Bôas et al., 2005b).
In addition to sensitivity, reproducibility is another important issue to consider for any
analytical approach and GC‐MS provides an excellent instrument repeatability, which is
around 5% or below (Villas‐Bôas et al., 2005b). To minimize the sample to sample variation,
internal standards (IS) (e.g. isotopically labelled or synthetic metabolites) are often used in
GC‐MS analysis of biological samples (Birkemeyer et al., 2003; Roessner et al., 2000; Villas‐
Bôas et al., 2003). There are some considerations about what internal standards need to be
used during sample preparation. For instance, an IS should be derivatised just like other
metabolites, should not have higher and lower boiling points compared to other analytes,
should not react with the metabolites and should not be found in the samples (Roessner et
al., 2001; Roessner et al., 2000; Villas‐Bôas et al., 2005b).
GC‐MS is used to analyse volatile compounds (boiling point < 300°C) directly in a biological
sample, e.g. ketones, aldehydes, alcohols, esters, some fatty acids and hydrocarbons with
1‐12 carbons, etc. These, volatile compounds need to be extracted from the sample with an
organic solvent prior to the GC‐MS analysis (Villas‐Bôas et al., 2005b). Sometimes, volatile
metabolites are also collected from the sample headspace before injecting to the GC inlet
(Vikram et al., 2004) or they can be trapped on an appropriate absorbent such as through
solid‐phase microextraction (Yassaa et al., 2001). Comparatively longer capillary column
(30‐60 m) with thicker films is normally used for GC‐MS analysis of volatile compounds and
the samples are injected at relatively higher temperature (200‐280°C) (Villas‐Bôas et al.,
2005b). Solid phase micro‐extraction (SPME) provides higher sensitivity and, sometimes,
better reproducibility in the GC‐MS analysis of volatile compounds (Mallouchos et al.,
2002).
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GC‐MS analysis of semi‐volatile and non‐volatile metabolites, on the other hand, requires
chemical derivatisation. This is the major drawback of GC‐MS analysis that adds up more
sample preparation steps, and thereby variability (Dunn and Ellis, 2005; Scalbert et al.,
2009; Villas‐Bôas et al., 2005b). An ideal derivatisation method for metabolomics should be
simple with few steps, using low cost reagents and mild reaction conditions (Koek et al.,
2011; Roessner et al., 2000; Villas‐Bôas et al., 2005b). Faster reaction time is also another
consideration for a suitable derivatisation process. Two derivatisation methods are widely
used in metabolomics: silylation and alkylation (Dunn and Ellis, 2005; Söderholm et al.,
2010; Villas‐Bôas et al., 2005a).
Silylation is the classical and mostly used derivatisation method in metabolomics. This
method introduces a silyl group [‐Si(CH3)3] to the metabolite by replacing the active
hydrogen (e.g –OH, –SH, –NH4+, –COOH, etc.). As a result stable, more volatile and less
polar derivatives of parent metabolites are produced after silylation. Silylation is
comparatively safe, easy to use and mostly one single reaction step is required (Söderholm
et al., 2010). The efficiency of silylation depends on the silylation reagents and these
reagents are derivatives of trimethylsilane. Sugars, sugar alcohols, amino sugars and their
derivatives are the group of compounds found to be derivatized effectively by silylation
(Villas‐Bôas et al., 2007a; Villas‐Bôas et al., 2006). There are some major disadvantages of
using silylation as a derivatisation method in metabolomics. Some primary metabolites, e.g.
amino acids and some organic acids, form comparatively unstable silylated derivatives
(Kanani and Klapa, 2007; Koek et al., 2006; Noctor et al., 2007; Villas‐Bôas et al., 2011). The
reagents for silylation are very sensitive to moisture, thus anhydrous condition is required
and some samples with high sugar concentration such as grape juices pose a problem due
to difficulty in achieving complete dryness. Again, the reaction mixture is not separated
from the derivatives and the sample injected into the GC column consists of derivatives and
residual reagents, which may cause damage to the GC column (Villas‐Bôas et al., 2011).
Moreover, the time of this derivatisation process is longer than 1 hour and the heating
process to ensure the optimum reaction condition can be destructive to some thermo labile
compounds. The derivatised samples are injected to the GC without removal of residual
reagents that substantially decrease the lifetime of the GC‐column (Villas‐Bôas et al.,
2005b). However, microwave assisted method of silylation is available that reduces the
reaction time from 1 hour to 3‐5 minutes (Söderholm et al., 2010; Villas‐Bôas et al., 2006;
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Villas‐Bôas

et

al.,

2007b).

The

bis(trimethylsilyl)trifluroacetamide

most

common
(BSTFA)

silylation
and

reagents

are

N,O‐

N‐Methyl‐N‐

(trimethylsilyl)trifluoroacetamide (MSTFA) (Söderholm et al., 2010). Pyridine is the most
widely used solvent for silylation. The displacement of N‐methyltrifluoroacetamide leaving
group by the analyte results in the formation of N‐methyl‐N‐(trimethylsilyl)trifluoroamide
(MSTFA) derivatives, as illustrated in Figure 1.13.

Figure 1.13: General mechanism of trimethyl silyl (TMS) derivatisation. This figure is adapted from Villas‐Boas
et al. (2011).

Alkylation, on the other hand, works by replacing active hydrogen from a molecule by an
alkyl group and mostly the primary and secondary amines, amides, sulphomides, thiols,
phenols, carboxylic acids and alcohols are the target compounds (Söderholm et al., 2010).
The reagents are mainly chloroformate (CF) derivatives, specially methylchloroformate
(MCF) and MCF method is widely used in metabolomics (Aggio et al., 2012; Carneiro et al.,
2011; Dhami et al., 2011; Kvitvang et al., 2011; Smart et al., 2010; Sue et al., 2011; Villas‐
Bôas et al., 2003; Villas‐Bôas et al., 2005a). MCF derivatisation has several advantages for
analysis of amino and non‐amino organic acids (Villas‐Bôas et al., 2011), such as
i.

No heating and water exclusion is required;

ii.

Lower reagent costs;

iii.

Easy separation of the derivatives from reagent mixture thus less damage to GC‐
capillary column;

iv.

High throughput (reaction time: 2‐3min)

v.

Can be easily automated using robotic systems
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Figure 1.14 illustrates how MCF reagents react with different organic acids, amines and
alcohols.

Figure 1.14: MCF derivatization reaction of different class of metabolites. This figure is adapted from Villas‐
Boas et al. (2011).

Diazomethanes are also used for alkylation derivatisation and have been used for
methylation of carboxylic acids, acidic herbicides and fatty acids (Patnaik et al., 2008; Ranz
et al., 2008; Vijaya Saradhi et al., 2007). Minimum by‐products are produced by this
reaction and it is rapid and simple. However these reagents are highly toxic and have a
limited storage time (Wells, 1999). There are some other microwave assisted derivatisation
methods such as acylation. This is a method that adds an acyl (‐COR) group to the molecule
by replacing reactive hydrogen. The acylated derivatives are hydrolytically stable, but the
reagents are hazardous (Söderholm et al., 2010).
One of the biggest advantages of using GC‐MS in metabolomics is the ability to identify
compounds using reliable MS libraries (Koek et al., 2011; Villas‐Bôas et al., 2005b). The
software “Automated mass spectral deconvolution and identification system (AMDIS)” is
widely used to deconvulate the overlapping chromatographic peaks to enhance the
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identification of metabolites by GC‐MS. Many research groups have developed their own
algorithm using AMDIS to improve the identification and data mining process (Aggio et al.,
2011; Behrends et al., 2011; Lu et al., 2008; Zhang et al., 2006). Besides that, there are
many in‐house MS libraries to assist in the identification of chemically derivatised
metabolites. The availability of commercial and public MS libraries (mass spectral/retention
index libraries) has also made the identification an easier task (Johnson and Gonzalez, 2012;
Villas‐Bôas and Bruheim, 2007).
b) Liquid chromatography (LC):
Liquid chromatography (LC) is another powerful separation technique that allows rapid
analysis of small amounts of sample. The separation of metabolites in LC is dependent on
the type of chromatographic column (Moco et al., 2007), but its resolution is still much
inferior when compared to GC. The main advantage of this separation technique over GC is
no previous derivatisation of the sample is required to analyse the non‐volatile compounds
(Scalbert et al., 2009). This technique is often coupled with MS and sometimes also with
NMR (Shulaev, 2006; Zhou et al., 2012). For LC‐MS, a wide range of different detectors are
used ranging from ultra‐high resolution MS such as FTICR or Orbitrap to low resolution MS
such as ion traps and triple quads and hybrid systems. Most recent addition is ion‐mobility
TOF‐MS systems (Rojo et al., 2012). The development of methods depends on the nature of
metabolites to be analysed. LC‐MS has been applied widely in metabolite profiling (both
targeted and non‐targeted) of complex biological samples (Kind and Fiehn, 2010; Rojo et
al., 2012; Theodoridis et al., 2012b). The coupling of LC with MS has some difficulties due to
the incompatibility between the liquid‐vacuum interfaces, which also limits substantially
the range of mobile phases that can be used with LC‐MS systems. Quantification of
metabolites via LC‐MS can be achieved by using isotope‐labelled reference metabolites.
However, there is not many isotope‐labelled metabolites commercially available and due to
their high cost, they are mostly used in targeted analysis (Guo et al., 2007). In addition, the
lower reproducibility of LC systems combined with the higher matrix effect imposed on the
MS through injection of liquid samples make the downstream data analysis step very
laborious and time consuming. Therefore, LC‐MS systems are better suited for targeted
metabolites analysis rather than global metabolite profiling.
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c) Capillary electrophoresis (CE):
CE is an efficient and rapid technique that is able to separate a wide range of charged
metabolites within single analytical run (Villas‐Bôas et al., 2005b). CE separates ions
according to their electrophoretic mobility with the use of an applied voltage. The rate of
mobility of ions is directly proportional to the applied electric field. Thus the ions with
greater charge move faster than the others. CE is often coupled to MS and it is considered a
promising analytical instrument in metabolomics (Shulaev, 2006). A specific interface with a
coaxial liquid sheath flow is required for the CE‐MS coupling (Villas‐Bôas et al., 2005b). CE‐
MS has high resolving power and requires very small volume of samples (1 to 20 nL). Thus,
it has been used for both targeted and non‐targeted high‐throughput analysis of
metabolites (Nevedomskaya et al., 2010; Ramautar et al., 2011; Sato and Yanagisawa,
2010). The major drawback for CE‐MS is its poor sensitivity, thus the detection limit is
several magnitudes higher than the chromatographic methods. The introduction of a small
volume of sample is inadequate for the detection of many metabolites (Cai and Henion,
1995). Many buffers used in CE‐MS analysis also show incompatibility with MS interface,
which reduces its separation power. Poor analytical reproducibility is also another problem
for CE‐MS because of the solute adsorption to the capillary wall that results in band‐
broadening and non‐reproducible migration time (Villas‐Bôas et al., 2005b). Moreover, low
recovery and irreversible adsorption of analytes onto the capillary wall also can occur in CE.
For these reasons, CE‐MS is mostly used in metabolomics as a combination of different
protocols targeting different groups of metabolites combined with sample preparation
steps to concentrate the metabolites in the samples, making it a lower‐throughput
technology in metabolomics and certainly more suitable for targeted analysis.

1.8 Metabolomics of grape juice and wines
Chemical analysis of grape juice and wine is not new. It has been carried out for long time,
mainly as targeted analysis of a limited number of compounds. Specifically, after the
development of GC‐MS, many studies have been carried out to determine the aroma
composition of wines (Webb, 1964). Most of these studies were performed mainly to
characterise the wine variety based on its aroma profile (Cobb and Bursey, 1978; Guth,
1997; Joslyn and Dunn, 1938; Kwan and Kowalski, 1980; Mestres et al., 1998; Nelson et al.,
1978; Noble et al., 1980). Some studies have also been carried out on grape juice
composition, mainly to determine the content of sugars, amino acids and some important
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carboxylic acids using enzymatic methods or HPLC (Caldwell, 1925; Lafon‐Lafourcade, 1978;
Mayer and Busch, 1963; Webster and Cross, 1936). Classical chemical analysis of both grape
juices and wines only allowed the analysis of specific groups of compounds that were
present in high concentration. This was mainly due to the unavailability of appropriate
analytical instruments and suitable methods to determine the concentrations of lower
abundant metabolites. Thus the roles of many important but less concentrated metabolites
on wine making process are still not known. Conversely, global and unbiased approaches of
metabolomics can provide detailed information about many different compounds in grape
juices and wines and are therefore more useful than traditional target analysis.
To analyse grape juice or wine samples, the first challenge a scientist needs to overcome is
the complex sample matrix. Matrix effect (ME) can create problems in the detection of
compounds that are present at very low concentrations in the grape juices and wines. ME is
also responsible for poor and unreliable data that can affect the reproducibility, linearity
and accuracy of the methods used by various analytical instruments (Trufelli et al., 2011).
ME is a major issue for the analysis of complex samples by LC‐MS and many studies have
been carried out to address this problem (Cappiello et al., 2010; Jiang et al., 2012; Klapková
et al., 2011; Patel, 2011; Peters and Remane, 2012; Wang et al., 2012; Ye et al., 2011). To
avoid and reduce the matrix effect, a sample clean up step using SPE or SPME or liquid
extraction is usually necessary prior to analyse by other methods (Jiang et al., 2012). More
efficient chromatographic separation is also suggested by Trufelli et al. (2011). However,
these pre‐analytical steps are time‐consuming, arduous and often can cause loss of
analytes, which is not appropriate for an unbiased profiling approach (Cappiello et al.,
2010; Trufelli et al., 2011; Villas‐Bôas et al., 2007a).
Even though complex sample matrix is a big hindrance for the analysis of grape juices and
wines, the approach of comprehensive metabolite profiling is becoming an important tool
these days. It has been successfully used to characterize white wines (Ali et al., 2011), to
observe vintage effects on juices (Lee et al., 2009) and also to get information about grape
chemical composition, wine typicity and quality (Atanassov et al., 2009). Howell et al.
(2006) also used metabolite profiling by GC‐MS to reveal the interactions of different
Saccharomyces species during the fermentation. Therefore untargeted metabolite profiling
is a promising tool in grape and wine research. Table 1.6 represents the comparisons
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between commonly used analytical instruments and also their use in grape and wine
research.
Table 1.6: Comparisons among different analytical instruments used in metabolome
analysis
Analytical
technique
GC‐MS

Advantages





LC‐MS





High chromatographic
resolution
Sensitive and robust
Simultaneous analysis of
different groups of
metabolites
Large linear range,
availability of
commercial and in‐house
MS libraries
High sensitivity,
Derivatisation not
usually required
Large sample capacity
Thermo stable
compounds can be
analysed

Disadvantages








NMR






DI‐MS



CE‐MS







Rapid analysis
Non‐destructive
Minimal sample
preparation
Quantitative
High
resolution
depending on the mass
analyser
Sensitive
Rapid analysis
High resolution, small
volume
of
sample
required
Rapid analysis
Usually no derivatisation
required
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Use in grape and wine
research

Derivatisation is
required for non‐
volatile metabolites
Unable to analyse
thermolabile
compounds

Howell et al. (2006),
Skogerson et al. (2009),
Zott et al. (2011), King
et al. (2011)

Average to poor
chromatographic
resolution
De‐salting may be
required
Limited commercial
libraries
Tough restrictions on
LC eluents
Matrix effects
Low sensitivity
More than one peak
per component
Identification is
laborious due to
complex matrix
Interference of salts
and strong ions
Limited identification
power
Poor reproducibility
Poor reproducibility
Poor sensitivity
Buffer incompatibility
with MS
Difficulty in
interfacing with MS
Limited commercial
libraries

Theodoridis et al.
(2012), Capone et al.
(2011a), Capone et al.
(2012)

Son et al. (2009),
Rochfort et al. (2010),
Ali et al. (2011)

No study on grapes
and wines was found

Simó et al. (2008),
Vanhoenacker et al.
(2001)
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In SB wines, many factors are responsible for the development of key aroma compounds,
such as volatile thiols. These factors are grape juice composition, seasonal variation,
vineyard management, and others. Current knowledge is limited about the physiological
and biochemical basis for the variation between juice composition from different vineyards
and seasons. Therefore, an unbiased global metabolite profiling of grape juice before and
after fermentation may help to determine unknown factors in juice composition directly
affecting SB wine properties such as the level of volatile thiols (Figure 1.15).

Figure 1.15: The possible outcome of metabolomics in Sauvignon blanc research. Metabolite profiling of
grape juices before and after fermentation would be an ideal approach to generate large data sets of SB grape
juices and wines, which could be used to understand the biochemical variation in the development of volatile
thiols in wine.
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1.9 Aims and objectives
Volatile thiols are an important group of aroma compounds that play a significant role in NZ
SB wines. But the relationship between proposed precursors and volatile thiols is poorly
understood. To date there is no clear evidence of a direct correlation between these
putative precursors and respective volatile thiols. It can be assumed that there may be
some other juice metabolites that influence the production of volatile thiols directly or
indirectly. The overall goal of this research was to identify as many metabolites as possible
in SB grape juices and determine their correlation and influence on the production of
volatile thiols during SB fermentation.
To achieve these goals, this PhD project had three specific objectives:
1. The establishment of reproducible analytical methods for the analysis of as many
metabolites as possible in grape juices and wines
2. The identification of metabolites present in a wide range of Sauvignon blanc juices
harvested in different seasons and from different geographical location in New
Zealand; and the correlation of these metabolite levels with the production of
volatile thiols in Sauvignon blanc wines made from the same juices.
3. The validation of metabolomics findings by undertaking juice manipulation
experiments through the addition of different short‐listed metabolites showing high
correlation with volatile thiols to confirm their influence on volatile thiol production.
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Good laboratory practice (OECD, 2007) was maintained while working with chemicals,
solutions and yeasts.

2.1 Collection of Sauvignon blanc juice samples
A total of 63 Sauvignon blanc grape juices were collected from different wine growing areas
of New Zealand in different harvesting seasons following the protocol described in Pinu et
al., 2012. In summary, samples of 2 L were collected in clean soft drink bottles after
standard commercial harvesting practices at each winery, after pressing and cold settling
(after adding SO2) and just prior to the point where yeast would have been inoculated.
Juices were frozen as soon as possible and transported for analysis and laboratory‐scale
fermentations. The juices are described below and a complete list is given in Appendix 1.

2.1.1 SB juice from 2006‐2008:
One commercial 2006 SB juice from Pernod Ricard provided by Andy Frost was used initially
to optimize the methods of analysis by different analytical techniques. There were 7 juices
from 2007 and 12 juices from 2008 harvesting seasons (provided by Hamish Clark, Saint
Clair Wineries and collected by Soon Lee, School of Biological Sciences, UoA, NZ). All of
them were commercial juices from Saint Clair Winery which were collected from different
vineyards in Marlborough region.

2.1.2 SB juice from 2009:
Twenty 2009 juices were collected from seven sub‐ regions (Awatere, Waihopai, Rapaura,
Southern valleys, Lower Wairau Valley and central Wairau valley) of Marlborough by Sara
Jouanneau, a PhD student of Wine Science, UoA and they were from Saint Clair and
Constellation New Zealand. These juices were collected from the end of the press and were
mixtures of free run and the pressings juice. At the beginning of the pressing cycle, oxidized
juices were removed. After collection, juices were frozen at ‐20°C prior to analysis.

2.1.3 SB juice from 2010:
The collection and shipment of total 23 juices have been arranged to Auckland from
different SB growing regions in NZ. One was from Central Otago (provided by Jody Hasty,
Vinpro), 8 from Hawkes Bay and 14 juices were from Marlborough sub regions. All the
juices from Marlborough juices (from Saint Clair Wineries and Constellation New Zealand)
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were collected out of the press and these were cold stabilized and clear juice was
transferred to a 2‐L bottle. Juices from Hawkes Bay were from three different wineries.
Among them, one was organic SB juice from Vidal, two were from Trinity Hills and five were
from CJ Pask Wineries.

2.2 Fermentation (Microvinification) of grape juices
2.2.1 Chemical sterilization of grape juices:
Stored juices were transferred from the ‐20°C freezer and kept at 4°C overnight to defrost.
To eliminate wild yeasts and other microorganisms, dimethyl dicarbonate (DMDC) obtained
from Sigma‐Aldrich (St. Louis, MO, USA) was used to sterilize the juices. Addition of DMDC
was performed in the fume hood and all the safety measurements were followed carefully.
Four hundred L DMDC was added to 1 L of juice in a 1‐L Schott bottle (to limit the
headspace area and avoid oxidation) and shaken vigorously for at least 1 min to dissolve
the water‐immiscible DMDC properly. Juices were then incubated at 25°C overnight with
shaking at 100 rpm. In aqueous conditions, DMDC reacts rapidly with proteins to inactivate
cells, and any unreacted DMDC then breaks down into methanol and carbon dioxide. Next
morning, 1 mL of juice was spread onto an YPD agar plate and incubated at 28°C for 1‐2 d
to see if there was any microbial growth. The juices were then used for fermentation.

2.2.2 Inoculum preparation of commercial yeast strain (EC1118):
Commercial yeast strains were grown in YPD broth (1% bacto‐yeast extract, 2% bacto‐yeast
peptone and 2% D‐glucose). Solid YPD medium was supplemented with 2% bacto‐agar.
Commercial yeast strain EC1118 was used to ferment Sauvignon Blanc grape juices. EC1118
was streaked on YPD agar from the ‐80°C freezer culture collection and incubated at 28°C
for 2 d. A single colony was inoculated into 30 mL of YPD broth in a 150‐mL conical flask and
this pre‐inoculum was incubated at 28 °C, with shaking at 150 rpm for 24 h. Good aeration
of the pre‐inoculum provides molecular oxygen that is essential for the development of
components of yeast membranes, such as ergosterol, which helps yeast cells to tolerate
high concentrations of ethanol under anaerobic conditions. The number of yeast cells in the
pre‐culture was determined using a Neubauer hemocytometer. A 1/20 dilution of pre‐
culture was made and transferred to hemocytometer for counting cell number per
milliliter; the dilution was needed so that cell numbers of ten squares ranged between 30‐
400. A cover slip was placed on the hemocytometer and yeast cells were counted in five of
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the large squares in two separate counting chambers under a 40x objective (Figure 2.1).
Budding yeast cells were counted as one cell unless they were same size as the parent cell.
Yeast cells on the top and left edges of the squares were counted, but cells on bottom and
right edges were not counted. The formula used for calculation of yeast cell numbers per
mL was:
(cells in 10 squares) X dilution factor
X (1.105)

Cells per mL=
4

From this cell count data, the volume of pre‐culture required to inoculate 1x106 to 5x106
yeast cells per mL of the final fermentation was determined.

Figure 2.1: Counting yeast cells in a Neubauer homocytometer. Red colored squares of two separate counting
chambers were used to calculate the number of cells per mL.

Methylene blue (0.1%) was used to assess the number of viable yeast cells. A 1:1 dilution of
pre‐culture was mixed with methylene blue and incubated for 5 min at room temperature
and cells were counted as described before. Viable cells appeared as colorless as they were
able to reduce methylene blue and dead cells were stained blue. Pre‐inoculum was
centrifuged at 3000 rpm for 5 min and the YPD supernatant was discarded. The cell pellet
was resuspended with sterilized miliQ distilled water so that all pre‐cultures had same
number of cells per mL.
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2.2.3 Microferment set up and Inoculation of grape juice with EC1118:
Fermentation of grape juice was carried out in sterilized 250‐mL conical flasks. To set up the
microferments, home brew lock and rubber stoppers were cleaned thoroughly and wiped
with ethanol. To seal the 250‐mL conical flasks, 1 drop of autoclaved glycerol was added on
a side of rubber stopper (to lubricate), which were then put onto conical flasks carefully. An
aliquot of 2‐3 mL sterilized distilled water was added to each fermentation lock to ensure
anaerobic conditions inside the microferments. Chemically sterilized SB grape juice (200
mL) was transferred into the flasks and yeast cells at a concentration of 2.5x106 cells/mL
were added. All the flakes were weighed to get “Time zero” flask weights and then
incubated at 15°C with 100 rpm shaking. For each juice, triplicate ferments were carried
out.

2.2.4 Observation of weight loss of flasks:
The progress of fermentation was monitored by measuring the weights of flasks every 24 h.
There is a correlation between rate of conversion of glucose to ethanol and production of
CO2 during fermentation, which could be monitored by weighing microferments (Bely et al.,
1990). For example, if fermentation used a juice with 20˚ Brix, a 100‐mL microferment lost
about 20 g of weight when all the sugar was converted to ethanol. Fermentation was
assessed as complete when daily weight loss was less than 0.2 g for three or more
consecutive days.

2.2.5 Harvesting wines
To harvest the wines, flasks were emptied into clean 250‐mL centrifuge bottles and these
were centrifuged at 6000 g for 10 min to remove all the yeast cells and solids. Supernatants
(clear wines) were transferred into sterilized 50‐mL sample containers and stored at ‐20˚C
until they were analyzed.

2.3 Metabolite profiling of grape juices and wines
2.3.1 Analysis of grape juices and wines by GC‐MS
Three different GC‐MS methods were used to analyse the grape juices and wines to obtain
their metabolite profiles. Among them, two methods were based on chemical
derivatisation of metabolites using methyl chloroformate (MCF) and trimethylsilyl (TMS)
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reagents. The third method involved an extraction and analysis of volatile compounds using
dimethyl ether as extracting solvent. Internal standards (L‐alanine‐2,3,3,3‐d4, D‐ribitol and
12‐bromo‐1‐dodecanol) and all metabolite standards were obtained from Sigma‐Aldrich (St.
Louis, MO, USA). The complete list of chemicals used for GC‐MS analysis of grape juices and
wines are given in Table 2.1.
Table 2.1: List of chemicals used for GC‐MS analysis
Chemicals
Methoxyamine hydrochloride
N‐methyl‐N‐(trimethylsilyl)trifluoroamide
(MSTFA)‐
Pyridine
Methanol
Sodium hydroxide
Sodium sulfate anhydrous
Sodium bicarbonate
Acetone
Diethyl ether

Concentration
≥ 98 %,
Derivatisation grade

Supplier
Fluka, Switzerland
Sigma‐Aldrich, USA

99 %
Sigma‐Aldrich, USA
≥ 99.9 %
Merck, Germany
99 %
Merck, Germany
powder, extra pure, BDH chemicals, UK
98.5 ‐ 100.5 %
≥ 99.7‐100.3%
Merck, Germany
99 %
Biolab, Australia
≥ 99.7 %
Sigma‐Aldrich, USA

a) Methyl chloroformate (MCF) derivatisation:
Sample preparation and derivatisation:
MCF derivatisation was optimized and carried out according to Villas‐Boas et al (2003).
Prior to derivatisation, 500 µL of grape juice and wine sample were mixed with 20 µL of
internal standard, L‐alanine‐2,3,3,3‐d4 (10mM) and lyophilised. After lyophilisation, the
dried samples were resuspended into 200 µL of 1M NaOH and, then, transferred to
silanised glass tubes. Thereafter, 67 µL of methanol and 34 µL of pyridine were added to
the samples. The chemical derivatisation process was initiated by adding 20 µL of MCF
followed by vigorous mixing for 30 s. A further 20 µL of MCF was added to each sample
with another mixing time of 30 s. Without any delay, 400 μL of chloroform was added to
the reaction mixture and vigorously mixed for 10 s. Afterwards, 400 μL of 50 mM NaHCO3
was added to the reaction tubes and mixed for 10 s. After derivatisation, all the samples
were centrifuged for 2 min at 2000 rpm to get a better separation of aqueous and organic
layers. The upper layer, which contained water and proteins, was discarded and about 10
mg of anhydrous Na2SO4 was added to the lower organic layer to remove the residual
water. The organic phase was transferred to a GC vial for GC‐MS analysis.
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GC‐MS parameters for the analysis of MCF derivatised samples:
GC‐MS analysis of MCF derivatised grape juice and wine samples were carried out
according to the protocol established by Villas‐Bôas & Bruheim (2007). All the samples
were injected to the GC‐MS system, which consisted of a gas chromatograph GC7890
(Agilent Technologies) coupled to quadruple mass spectrometer MSD5975 (Agilent
Technologies). The injection volume was 1 µL. The general settings and specifications of the
system are listed in Table 2.2.
Table 2.2: The general settings and specifications of the GC‐MS system for MCF method
GC‐capillary column

Inlet

General settings of MS

Type: Zebron ZB‐1701 (Phenomenex) Carrier gas: Helium
Flow: 1 mL/min
Dimension: 30 m × 250 µm (id) ×
Injection mode:
0.15 µm (film thickness)
Pulsed splitless (1.8
Carrier gas: Helium
Flow: 1.0007 mL/min
bars for 1 min, 20 ml
Operation: Pressure at 1.8 bars for 1 min− 1 split flow after
min after injection followed by split
1.01 min)
flow at 20 mL/min
Temperature: 290 °C
EMV=Electron multiplier voltage, EI= Electron ionization

Solvent delay: 5.5 min
EMV mode: Relative
Relative voltage: 0
Resulting EMV: 2047V
Ion source: EI mode, 70eV, 230°C
Interface temperature: 300 °C
Quadruple temperature: 200 °C

The temperature program of the GC oven is given in Table 2.3. Total run time for the MCF
method was 43 min, where post run time was 1 min and the post run temperature was set
to 45⁰C. The equilibration time for the GC column was 0.5 min.
Table 2.3: GC oven settings for the analysis of MCF derivatised samples
Oven stage

°C/min

Initial
1
2
3
4

‐
9
40
40
40

Rise of temperature
(°C)
45
180
220
240
280

Hold (min)
2
5
5
11.5
2

The mass spectrometer was operated in scan mode; where scanning started after 5
minutes and proceeded through mass range 38 to 550 atomic mass unit (a.m.u) at 1.47
scans/second.
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b) Trimethyl silyl (TMS) derivatisation:
Sample preparation and derivatisation:
This method was optimized by following the protocol published by Roessner et al. (2000).
Grape juice and wine sample (20 µL) was mixed with 60 µL of methanol and 20 µL of D‐
ribitol (internal standard). Samples were dried completely to eliminate water by using a
rotary vacuum dryer (Thermo Fischer, Holbrock, NY, USA). Dried samples were
resuspended in 80 µL methoxyamine hydrochloride solution in pyridine (2 mg/100 mL) and
mixed vigorously for 1 min by vortexing. The mixtures were transferred to a GC vial and
incubated for 90 min at 30°C and 80 µL of MSTFA was added to the samples and incubated
for 30 min at 37°C and subjected to analyse by GC‐MS.
GC‐MS parameters for the analysis of TMS derivatised samples:
Analysis of TMS derivatised grape juice and wine samples were conducted in accordance
with the protocol established by Villas‐Boas et al (2006). Total run time for this method was
57 min and post run was set to 70⁰C for 1 min. The general settings and specifications of
the GC‐MS system for this method are given in Table 2.4.
Table 2.4: The general settings and specifications of the GC‐MS system for TMS method
GC‐capillary column

Inlet

Type: Zebron ZB‐1701 (Phenomenex) Carrier gas: Helium
Flow: 1 mL/min
Dimension: 30 m × 250 µm (id) ×
Injection mode: Split
0.15 µm (film thickness)
Split ratio: 25:1
Carrier gas: Helium
Flow: 1.3174 mL/min
Split flow: 32.934
Operation: Pressure at 1.8 bars for 1 mL/min
min after injection followed by split
Temperature: 230 °C
flow at 20 mL/min
EMV=Electron multiplier voltage, EI= Electron ionization

General settings of MS
Solvent delay: 4.5 min
EMV mode: Relative
Relative voltage: 400
EM voltage: 2471V
Ion source: EI mode, 70eV, 230°C
Interface temperature: 300 °C
Quadruple temperature: 200 °C

The GC oven temperature settings for the analysis were different to allow the detection
and analysis of more polar compounds and these are listed in the Table 2.5. The mass
spectrometer was also operated in scan mode; where scanning started after 5 minutes and
proceeded through mass range 40 to 650 a.m.u at 1.47 scans/second.
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Table 2.5: GC oven settings for the analysis of TMS derivatised samples
Oven stage

°C/min

Initial
1
2
3
4
5
6

‐
10
0.5
10
2.5
10
1

Rise of temperature
(°C)
70
179
180
220
265
280
290

Hold (min)
5
‐
2
1
1
1
0.6

c) Extraction and analysis of volatile compounds:
Many compounds in grape juices and wines are already volatile and no chemical
derivatisation was required for their analysis by GC‐MS. These compounds were extracted
using dimethyl ether as described below.
Extraction of volatile compounds:
Two mL of grape juice or wine sample were mixed with 1 mL of diethyl ether. Internal
standard, 12‐bromo‐1‐dodecanol (1 mM, 5 µL) was added to the samples and vigorously
mixed for 2 min using a vortex mixer. Samples were sonicated for 30 s to improve the
extraction of volatile compounds and centrifuged for 2 min at 2000 rpm to separate the
organic and aqueous layers. Approximately 1500 µL of diethyl ether layer was transferred
to a silanised glass tube. All the samples were concentrated to about 200 µL by using N2
gas, transferred to a GC‐vial for the analysis by GC‐MS.
GC‐MS parameters for the analysis of volatile compounds:
Total runtime for the analysis of volatile compounds was 20.33 min. The general settings
and specifications of the GC‐MS system for this method are as provided in Table 2.6 and
the oven temperature program is listed in Table 2.7.
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Table 2.6: The general settings and specifications of the GC‐MS system for the analysis of volatile
compounds
GC‐capillary column

Inlet

Type: Zebron ZB‐1701 (Phenomenex) Carrier gas: Helium
Flow: 1 mL/min
Dimension: 30 m × 250 µm (id) ×
Injection mode:
0.15 µm (film thickness)
Pulsed splitless (1.8
Carrier gas: Helium
Flow: 1.1614 mL/min
bars for 1 min, 20 ml
Operation: Pressure at 1.8 bars for 1 min− 1 split flow after
min after injection followed by split
1.01 min)
flow at 20 mL/min
Temperature: 250 °C
EMV=Electron multiplier voltage, EI= Electron ionization

General settings of MS
Solvent delay: 3.8 min
EMV mode: Gain factor
Gain factor: 1.00
Resulting EM voltage: 1612V
Ion source: EI mode, 70eV, 230°C
Interface temperature: 250 °C
Quadruple temperature: 200 °C

Table 2.7: Temperature settings in GC‐oven for the analysis of volatile compounds
Oven stage
°C/min
Rise of temperature
Hold (min)
(°C)
Initial
‐
25
2
1
15
280
2

2.3.2 Analysis of grape juices and wines by FTIR WineScan:
A WineScan FT 120 (FOSS electric, Denmark) instrument was used to analyse grape juices
and wines. This instrument has a Michelson interferometer to obtain the FTIR spectra. It
was equipped with a model 5027 autosampler that contains 64 trays and 40‐mL cups.
Analysis of the samples is very simple because there is no sample preparation and no
reagent required.
Samples were positioned in the autosampler rack and entered in to the system. A sample
volume of about 30 mL was pumped through the cuvette which was located at the heater
unit of the instrument. The WineScan was set to pre‐flush the lines with each sample and it
took two intakes of sample and provided readings for each intake along with mean value.
The instrument heated each intake of sample to 40°C before passing it though the cuvette
where the transmittance of the sample was measured over a scan of wavelength from 240
nm to 1300 nm. The time of analysis was 30 s per sample. The cleaning of the instrument
was programmed automatically every 5 min. Before starting any set of analyses, the
instrument was zeroed with the zeroing solution (S‐6060, Foss Electric, Denmark).
Moreover, FTIR equalizer solution (Foss Electric) was used to calibrate the instrument once
in a month. The spectra were compared with a calibration set of spectra with known
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reference values for pH, Titratble acidity (TA), ethanol, acetic acid, malic acid and residual
sugars, and the WineScan calculated values for the sample based on its calibration curves.

2.3.3 NMR analysis of juices and wines:
The NMR spectra were acquired by Bruker Avance 700 MHz NMR spectrometer (Bruker,
Germany), equipped with a 5 mm cryoprobe, operating at 700.25 MHz for 1H.
Sample preparation:
To analyse juice and wine samples by NMR, the following sample preparation steps were
undertaken. Oxalate buffer (0.2 M) made up in deuterium oxide was used for preparing
samples so that the pH of each sample was 4 (±0.1). Sodium azide (0.02%) was added to
each sample to control microbial contamination. Internal standard, 3‐(Trimethylsilyl)
propionic acid‐d4 sodium salt (TSP‐d4) solution, was prepared in D2O and was mixed with
buffer to a final concentration of 0.04%. Juice and wine samples were centrifuged at 2000
rpm for 1 min and 500 µL of each of them was mixed with 50 µL oxalate buffer and then
transferred to a 5 mm NMR tube filled to a depth of 40 mm.
1D NMR:
All the 1D NMR experiments were performed at 298K using a gradient enhanced Nuclear
Overhauser Effect Spectroscopy (NOESY) pulse sequence. Presaturation was used to
suppress the water signal of juice samples by selective low power irradiation at the offset
frequency during the relaxation delay. For wine samples, WET suppression using shaped
pulses was employed to simultaneously suppress both the water and ethanol signals. The
experimental parameters for these experiments are shown in Table 2.8.
Table 2.8: Parameters of 1D NOESY experiments for juice and wine
Parameters
Number of scans
Spectral width
Points
Relaxation delay
NOESY mixing time
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16 ppm
32k
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Wine
128
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32k
4s
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2D NMR:
Two dimensional J‐resolved (JRES) NMR experiments were performed for the analysis of
grape juice and wine. The experiments were recorded in magnitude mode. Presaturation of
the water signal was used for juice and WET suppression of both water and ethanol was
used for juice and wine samples respectively. The parameters are listed in the Table 2.9.
Table 2.9: Parameters of 2D JRES experiments for juice and wine
Parameters
Number of scans
Spectral width
Points
Relaxation delay

Juice
8
F2=16.7ppm, F1= 40 Hz
F2=16k F1=32
2s

Wine
8
F2=16.7 ppm, F1= 60 Hz
F2=16kF1=40
2s

2.3.4 Quantification of putative volatile thiol precursors in juices:
Analysis of putative precursors was performed in the Department of Chemistry, University
of Auckland, New Zealand and Australian Wine Research Institute (AWRI, Adelaide,
Australia), following a modified protocol published by Capone et al (2010). In this method,
solid phase extraction (SPE) and reverse‐phase high performance liquid chromatography
mass spectrometry (HPLC‐MS) were used to separate and quantify Cys‐3MH, Cys‐gly‐3MH
and GSH‐3MH from the juice. Two isotopically labeled compounds, S‐[(1R/ S)‐1‐(2‐
hydroxyethyl)butyl‐1,2,2,3,3,4,4,4‐d8]‐L‐cysteine (d8‐(R/S)‐Cys‐3MH) and γ‐L‐glutamyl‐S‐
[(1R/ S)‐1‐(2‐hydroxyethyl‐2‐d1)butyl‐1,2,2,3,3,4,4,4‐d8]‐L‐cysteinylglycine (d9‐(R/S)‐GSH‐
3MH) were synthesized (Grant‐Preece et al., 2010) and used as internal standards. The
cysteine conjugates of precursor molecules, (R/S)‐Cys‐3MH were synthesized following
Pardon et al. (2008) and glutathione conjugates, (R/S)‐GSH‐3MH, were synthesized
according to the procedure described by Grant‐Preece et al. (2010). S‐[(1R/S)‐1‐(2‐
Hydroxyethyl)‐1‐butyl]‐L‐cysteinylglycine (Cys‐gly‐3‐MH 2) was prepared by enzymatic
treatment of (R/S)‐GSH‐3MH) (Capone et al. 2011a).
Sample preparation:
As mentioned before, sample preparation was slightly modified from Capone et al (2010)
mainly in drying and reconstitution steps. The volume of juice samples required for this
method was 9.9 mL. The internal standards (d8‐(R/S)‐Cys‐3MH and d9‐(R/S)‐Glut‐3MH; 100
µL, 50 µg of each diasteromer) were added to the juice and mixed thoroughly. The SPE
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cartridge (6 mL, 500 mg Strata SDB‐L from Phenomenex, Lane Cove, NSW, and Australia)
was conditioned with 6 mL of methanol prior to adding the juice samples in the cartridge.
Juice samples mixed with internal standard were passed through the SPE cartridge and
washed with 6 mL of Milli‐Q water to remove impurities. The cartridge was dried under
compressed air flow for 5 min and 2 mL methanol was used to elute the bound precursors.
After collection, the eluent was evaporated to dryness under nitrogen at 25°C. The sample
was reconstituted with 500 µL of methanol and 200 µL of Milli‐Q water was added. The
sample was vortexed for 10 s and filtered through a syringe filter (0.45 μm, 13 mm, Pall
Gelman Life Sciences, Cheltenham, VIC, Australia) prior to analyse by HPLC‐MS/MS. To
quantify the precursors in juices, calibration curve was performed for each of them, Cys‐
3MH (0‐250 µg/L), Cys‐gly‐3MH (0‐250 µg/L) and Glut‐3MH (0‐600 µg/L).
HPLC‐MS/MS instrumentation:
An Agilent 1200 instrument (Agilent, Forest Hill, VIC, Australia), equipped with a binary
pump and connected to a 4000 Q Trap hybrid tandem mass spectrometer with a Turbo V
source and a TurboIon‐Spray probe (Applied Biosystems/MDS Sciex, Concord, ON, Canada)
was used to analyse precursors in grape juices, and an Applied Biosystems/MDS Sciex
Analyst software (version 1.5) was used for data acquisition and processing.
The HPLC column was 250X2.1 mm (5 µm, 100 Å Alltime C18 from Grace Davison Discovery
Sciences, Baulkham Hills, NSW, Australia) was protected by a 4x2 mm C18 guard column
and operated at 25°C. Solvent A was 0.5% aqueous formic acid and solvent B was 0.5%
formic acid in acetonitrile and the flow rate of solvents was 0.3 mL/min. Prior to an
injection, the column was equilibrated with 5% solvent B for 10 min. The injection volume
of each sample was 10 µL. Positive ion mode was used to obtain all the MS data. Nitrogen
(103.4 kPa) was used for the curtain gas; the nebulizing and drying gas was set at 344.7 kPa
and the collision gas was at high. For Multiple Reaction Monitoring (MRM), Q1 and Q3 had
unit resolution and each of them had transitions of 100 ms dwell time. The MS parameters
are listed in Table 2.10.
Table 2.10: The MS parameters for analysis of precursors
Spray voltage
Declustering potential
Collision energy
Source temperature
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2.4 Quantification of Volatile Thiols in Wine
The method used for the quantification of volatile thiols, (such as 3MH, 3MHA and 4MMP)
was originally described by Tominaga et al (1998, 2000) using 500 mL of wine. But this
method was further modified by T. Tominaga (oral communication, June 2004) and
updated by Laura Nicolau and colleagues in the Wine Science Department, University of
Auckland and only 50 mL of wine was used to quantify the thiol levels in wine. An outline of
the method has been published previously (Lund et al., 2009). The principle of this method
was based on the reversible combination of volatile thiols with p‐hydroxymercuribenzoate
(pHMB), which formed a complex (Figure 2.2) that was bound onto an anion exchange
column. The complex then was eluted with cysteine and extracted with dichloromethane.

Figure 2.2: Formation of chemical complex among volatile thiols and pHMB by reversible combination.

2.4.1 Chemicals required for thiol quantification:
All the solutions required for thiol analysis were prepared by using Grade 1 water
(Barnstead®Nanopure DiamomndTM Water Purification System, Thermo Scientific,
Waltham, MA). Food grade nitrogen from BOC, Auckland, New Zealand was used to
concentrate the samples. All the chemicals, reagents and internal standards required for
this method are listed in Table 2.11.
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Table 2.11: Chemical reagents used for volatile thiol analysis
Chemicals
Ethanol
Hydrochloric acid
Sodium hydroxide
Di‐sodium
hydrogen phosphate dihydrate
Sodium acetate trihydrate
Sodium sulfate anhydrous
4‐Hydroxymercuribenzoic acid
sodium salt (pHMB)
L‐cysteine
hydrochloride hydrate
Butylated hydroxyanisole (BHA)
TRIS ultrapure
5,5′‐Dithio‐bis‐(2‐nitrobenzoic
acid) or DTNB
DOWEX® (1x2, Cl‐‐form,
strongly basic, 50 ‐ 100 mesh)
Dichloromethane: SupraSolv for
GC
Ethyl acetate
Hexane
Isopropanol
3MH = 3‐mercaptohexan‐1‐ol
3MHA = 3‐mercaptohexyl acetate
4MMP= 4‐mercapto‐4‐
methylpentan‐2‐one
4M2M2MB = 4‐methoxy‐2‐
methyl‐2‐mercaptobutane

Concentration
≥ 99.5 %,
37%, reagent grade
pellets, ≥ 99 %, reagent
grade
≥ 99.5 %

Supplier
Univar, AjaxFinechem, Australia
Scharlau, Spain
Scharlau, Spain
Scharlau, Spain

99.5 ‐ 100.5 %
powder, 98.5 ‐ 100.5 %
≥ 95.0 % Hg

Scharlau, Spain
Scharlau, Spain
Sigma‐Aldrich, Germany

99 %

Sigma‐Aldrich, Germany

≥ 98.5 %
≥ 99.9 %
99 %

Sigma‐Aldrich, Germany
AppliChem, Germany
Acros Organics, USA

NA

Sigma‐Aldrich, Germany

≥ 99.8 %

Merck, Germany

≥ 99.7%,
95%
98 %
98 %
1 % in PEG

Fluka
Burdick and Jackson
Unichrom, AjaxFinechem, Australia
Interchim, France
Oxford Chemicals Ltd, UK
Interchim, France

98 %

Acros Organics, USA

2.4.2 Conditioning of DOWEX 1x2 resin and column preparation:
About 500 mL of 0.1 M HCl was added to 200 mL of DOWEX resin in a 2‐L Erlenmeyer flask,
mixed well and allowed to settle. The supernatant was discarded and the resin was washed
several times with 500‐700 mL of MQ dH2O until the pH of the resin was around 5‐6. If the
DOWEX had been previously prepared, it was freshly activated by adding 2‐3 mL of HCl on
the day of use. An amount of 13.5 mL conditioned DOWEX resin was added into a vertical
glass column which was loosely plugged with small amount of silanised glass wool. If the
glass wool was packed too tightly, the column would drain too slowly. Resin sticked on the
side of column was washed with MQ dH2O. To release any air bubbles trapped in the resin
bed, the bottom of the column was stirred gently with a Pasteur pipette without disturbing
the column. A small filter paper disk was put onto the column and 2‐3 mL of MQdH2O was
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added. A glass reservoir was placed on the top of the column and 100 mL of MQdH2O was
added to wash the column using a flow rate of 1 drop about every 3 s.

2.4.3

Sample

preparation

and

extraction

of

thiols

using

liquid

chromatography:
Five mL of pHMB and 0.5 mL of 2 mM BHA were added to 50 mL of wine, which was stirred
for 1 min at 500 rpm to ensure proper mixing. Fifty µL of deuterated standards mix (22 μM
[1‐2H2]3‐MH and 2.8 μM [1‐2H2]3‐MHA) and 25 µL of 4M2M2MB (non‐wine thiol = 4‐
methoxy‐2‐methyl‐2‐mercaptobutane; 1 nmol) were added to the wine and mixed for 10
min at 500 rpm. Afterwards, the pH of the wine was adjusted to 7.00 ± 0.05 using 10 N
NaOH. An aliquot of 2‐3 mL of this wine was added to the column and the remainder was
poured onto the reservoir. The flow rate was adjusted to 1 drop every 5 s. When the
sample level was even with the resin, 50 mL of 0.1 M Na‐acetate wash buffer (pH 6.0) and
0.5 mL BHA was flushed through the column at previous flow rate. The pHMB thiol complex
was eluted with 50 mL of cysteine elution buffer (pH 6) (0.5mL of BHA was also added to
reduce oxidation as much as possible) at flow rate of 1 drop every 7 s. The eluted thiols
were collected into a 100‐mL volumetric flask.

2.4.4 Extraction of thiols into dichloromethane and sample concentration:
The thiols were then concentrated by two extractions with the organic solvent
dichloromethane (CH2Cl2). To increase the extraction yield, 0.5 mL of ethyl acetate was
added to the eluted thiols (about 50 mL). Then CH2Cl2 was added twice (4 mL and 2 mL) and
stirred at 1000 rpm for 5 min each time. This mixture was transferred to a separating funnel
and the organic phase was collected into a 10‐mL 20 mm crimp vial. Anhydrous Na2SO4 was
added to the extracted thiol sample to remove any water and Na2SO4 particles were
removed by filtration filtered through silanised glass wool to avoid clogging of GC column.
The thiol sample (about 3 mL) was concentrated under slow N2 flow to 50 µL and
transferred into a GC vial. It was then further concentrated to about 25 µL and capped
properly to avoid sample evaporation.

2.4.5 Analysis of volatile thiols by GC‐MS:
An Agilent 6890N gas chromatograph (Santa Clara, CA) equipped with a 7683B automatic
liquid sampler, a G2614A autosampler, and a 5973 mass selective detector was used to
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analyse the extracted thiol samples. For automated injection, samples were kept into a tray
cooled to 9°C. The inlet temperature was held at 240°C and 1 μL of thiol extract was
injected in pulsed splitless mode, which was delivered onto a Agilent HP‐INNOWax capillary
column (60 m x 0.252 mm ID, 0.25 μm film) using helium (BOC, Auckland, NZ) as carrier gas
(112 kPa) at an initial flow rate of 1 mL/min (for 43.60 min), raised to 2.4 mL/min for 7 min
after the separation of compounds of interest, dropping back to 1 mL/min for 2 min. The
temperature program for the GC oven is given in the Table 2.12.
Table 2.12: Temperature program for GC oven during volatile thiol analysis
Ramp
Initial
1
2
3
4
5
6

Rate (°C/min)
‐
3
40
3
70
40
0

Next temperature (°C)
50
115
150
173
250
50
‐

Hold (min)
5
0
3
0
30
3
‐

The interface line temperature was set to 250°C. The ion source was operating in electron
impact mode at 70 eV and the temperature was also held at 250°C. The temperature of
quadrupole was fixed to 150°C. Selective ion monitoring (SIM) mode was used to detect the
thiols and internal standards (on the basis of retention time given by a standard solution).
The ions (m/z) used for identification of these target compounds are listed in Table 2.13
and the bold ions were used for quantitation of thiols.
Table 2.13: The ions used for identification and quantification of volatile thiols by GC‐MS
Thiols and internal standards
Retention time (min)
4M2M2MB
19.48
4MMP
27.40
41.21
[1‐2H2]3MHA
3MHA
41.28
44.00
[1‐2H2]3MH
3MH
44.04
The bold ions were used for quantification of thiols

Ions (m/z)
134, 75
132, 75, 99
118, 103
116, 101
136, 102
134, 100

2.4.6 Standard curves for thiol quantification:
Fifty mL of base wine samples (Corban Sauvignon blanc 2009) were used to construct a
calibration curve spiked with 4MMP (5‐100 ng/L), 3MH (350‐12000 ng/L), and 3MHA (50‐
1750 ng/L). Volatile thiols from these samples were extracted as described in section 2.5.1‐
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2.5.5 and peak areas were quantified. The calibration of these compounds was determined
by dividing peak area of these compounds by peak area of internal standards. Standard
curve used in this study had a blank and nine calibration samples (Appendix 2).

2.5 Juice manipulation experiment
All the metabolites that had positive correlations with three volatile thiols were quantified
by GC‐MS in the SB 2011 juice, which was collected from Pernod Ricard’s Squire Vineyard in
Marlborough. Yeast assimilable nitrogen (YAN) was determined by using enzymatic
methods (by two kits from Megazyme, Wicklow, Ireland). One kit, K‐LARGE, was used to
determine the concentration of ammonia, urea and arginine, while another kit, K‐PANOPA,
was used to determine the concentration of primary nitrogen in grape juices. To calculate
the final YAN of the juices, the concentrations found from both kits were added together. A
juice manipulation experiment was, then, designed and carried out according to details
summarized in Figure 2.3.
All these compounds were quantified in the 2011 SB juice by GC‐MS and the actual amount
of addition of different metabolites is given in the supplementary Table 2.14.
Microvinification was carried out as mentioned in the previous section after adding the
compounds (as single and subsets).

All the wines were analysed by GC‐MS, FTIR WineScan to determine their properties
(Section 2.4). Also concentration of thiols was being determined (Section 2.5). Analysis of
ester, higher alcohols, aldehyde and fatty acids was done by following the protocol
described in Section 2.5.1.
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Figure 2.3: The juice manipulation plan. YAN= Yeast available nitrogen, GABA=Gamma‐amino butyric acid,
Cys‐3MH= of S‐3‐(hexan‐1‐ol)‐cysteine, GSH‐3MH= S‐3‐(hexan‐1‐ol)‐glutathione, Cys‐4MMP= S‐4‐(4‐
methylpentan‐2‐one)‐L‐cysteine, DAP= Di‐ammonium phosphate.
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Table 2.14: The amount of metabolites added in different manipulation plans
Metabolites

Initial
concentration
in 2011 SB
juice (mg/L)

Nitrogen
contribution
to 2011 SB
juice
(mg/L)

Type of addition

Amount of addition
(mg/L)

Amino acids and derivative
GABA

200.5

27.22

Single and group

Glutamic acid

106.2

10.11

Single and group

Glutamine

171.2

32.79

Single and group

Glutathione
137.9
Aspartic acid
137.1
Methionine
117.6
Alanine
216.6
Leucine
87.5
Isoleucine
94.35
Pyroglutamic acid
88.33
Glycine
67.76
Valine
50.76
Threonine
29.83
2‐aminobutyric acid 28.71
Norvaline
6.87
Carboxylic acids and derivatives

18.83
14.42
11.03
34.03
9.34
10.07
9.58
12.64
6.07
3.51
3.90
0.82

Group
Group
Group
Group
Group
Group
Group
Group
Group
Group
Group
Group

1x= 200.53, 2x=
401.06, 4x= 802.12
1x=106.2, 2x=212.40,
4x=424.80
1x=171.16, 2x=342.32,
4x=684.64
1x= 137.9, 2x= 275.78
1x= 137.09, 2x=274.18
1x= 117.6, 2x=274.18
1x=216.6, 2x= 433.16
1x=87.5, 2x= 175.00
1x=94.35, 2x= 188.70
1x=88.33, 2x= 176.66
1x=67.76, 2x= 135.52
1x=50.76, 2x= 101.52
1x=29.83, 2x= 59.66
1x=28.71, 2x= 57.42
1x=6.87, 2x= 13.74

Malic acid
Citric acid
Isocitric acid
Fumaric acid
Cis‐Aconitic acid
Malonic acid
Succinic acid
p‐coumaraic acid
Fatty acid

‐‐
‐‐
‐‐
‐‐
‐‐
‐‐
‐‐
‐‐

Group
Single and group
Group
Group
Group
Group
Single and group
Group

2x=8118, 4x=16236
2x=1473.3, 4x=2946.6
2x=482.26, 4x=964.52
2x=114.24, 4x=228.48
2x=75.5, 4x=151
2x=58.32, 4x=116.64
2x=55.34, 4x=110.68
2x=39.72, 4x=79.44

Linoleic acid
32.81
Putative precursors and others

‐‐

Single and group

2x=65.62, 4x=131.24

GSH‐3MH
nd
Cys‐3MH
nd
Cys‐4MMP
nd
S‐ethyl‐cysteine
nd
nd denotes not determined

nd
nd
nd
nd

4059
736.7
241.1
57.12
37.75
29.16
27.67
19.86
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2.5.1 Ester, higher alcohols, aldehyde and fatty acids analysis:
This method was developed by Mandy Herbst‐Johnstone in the Wine Science department,
University of Auckland by using Head Space‐Solid Phase Microextration (HS‐SPME) ‐ GC/MS.
The list of internal standards used in this analysis is given in the Table 2.15. The complete
list of compounds analysed by this method is given in the Appendix 3.
Sample preparation:
To prepare samples, about 3.5 g sodium chloride and 10mL wine samples were transferred
to an Agilent 20‐mL amber headspace screwcap vial. A standard solution mixture (50 μL)
that contained 10 deuterated internal standards along with a 25 μL of second standard mix
solution containing DL‐3‐octanol (499 μg/L), 4‐decanol (1005 μg/L), and 3,4‐dimethylphenol
(114 μg/L), was spiked into each vial and mixed well. The vial was purged with argon and
sealed with an Agilent screw cap, which was ready for the analysis.
Table 2.15: List of internal standards used in HS‐SPME‐GC‐MS analysis of wines
Internal standard

Supplier

Purity

Ethyl butanoate‐d5

Lincoln University, New Zealand

100%

Ethyl hexanoate‐d5

Lincoln University, New Zealand

100%

Ethyl octanoate‐d5

Lincoln University, New Zealand

100%

3‐methylbutyl acetate‐d3

CDN Isotopes, Canada

98.6%

n‐hexyl acetate‐d3

CDN Isotopes, Canada

99.2%

2‐phenylethyl acetate‐d3

CDN Isotopes, Canada

99.4%

(±)‐linalool‐d3

CDN Isotopes, Canada

98.8%

3‐methyl‐1‐butyl‐1,1‐d2‐alcohol

CDN Isotopes, Canada

99.2%

n‐hexyl‐2,2,3,3,4,4,5,5,6,6,6‐d11 alcohol

CDN Isotopes, Canada

99.1%

2‐phenyl‐d5‐alcohol

CDN Isotopes, Canada

99.5%

4‐decanol

Lancaster, USA

98%

DL‐3‐octanol

Acros Organics, USA

99%

3,4 dimethylphenol

Aldrich, USA

99%

Instrumentation and description of method:
Samples were placed onto the Gerstel MultiPurpose sampler MPS2 tray (VT32‐20). Each
sample was incubated for 10 min in the Gerstel Agitator/Stirrer AS at 45°C while agitated at
700 rpm prior to extraction. A 2 cm, 23‐Gauge, 50/30 m, DVB/CAR/PDMS fibre for
automated holder (SUPELCO, Bellefonte, Pennsylvania, USA), which had been pre‐baked for
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5 min (54 mm bakeout penetration) at 250°C (pressure at 50 kPa, total flow rate of 14.022
mL/min, and a septum purge flow of 2 mL/min) in the front injection port (FrontS/S), was
exposed to the headspace of the 20‐mL capped vial (30 mm vial penetration) for 60 min at
45°C. During this exposure period, the quantity of analyte extracted by the fibre is
proportional to its concentration in the sample, as long as equilibrium is reached. After
extraction, the fibre was transferred to the injection port (Back PTV Inlet) of an Agilent
7890A GC System coupled to a mass selective detector model 5975C inert XL (Santa Clara,
CA, USA), where desorption of the analyte in splitless mode (pressure 27.881 kPa, total flow
rate of 15 mL/min, and a septum purge flow of 2 mL/min) took place for 10 min (600 s) at
250°C (54 mm injection penetration). Helium was used as the carrier gas (27.881 kPa) at a
flow rate of 1 mL/min. Volatiles were separated on a tandem column composed of a HP‐
1ms (30 m, 0.320 mm ID, 0.25 µm film) and HP‐INNOWax (30 m, 0.320 mm ID, 0.25 µm
film) (Agilent, Santa Clara, CA, USA). The oven program was as follows: the initial oven
temperature of 40°C was held for 5 min, then ramped to 200°C at a rate of 2°C/min and
held for 5 min, raised to 240°C at 80°C/min and held for 5 min before dropping down to
40°C at 80°C/min and held for 2 min, giving a total run time of 100 min. The temperature of
the interface line was set to 250°C. The ion source, operating in electron impact mode at 70
eV, was held at 230°C. The quadrupole temperature was set at 150°C.
Quantification of aroma compounds:
All the peak integration of the compounds and internal standards was carried out
automatically by software MassHunter (Version B.05.00) from Agilent Technologies (Santa
Clara, CA, USA). To check the accuracy of peak integration, random peaks were manually
integrated by Agilent software MSD Chemstation (version E.02.00.493). The quantification
of all the aroma compounds was performed using calibration curves. Peak areas of both the
compound and respective internal standard were integrated. Then, peak area of the
compound was divided by the peak area of internal standard. To achieve the linearity, the
ratio from the blank wine was subtracted from the ratio of the samples containing
increasing concentrations of a compound. As a result, a linear regression equation was
obtained to calculate the concentration of that analyte, which was used to calculate the
concentration of that aroma compound in the wines.
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2.6 Data analysis
2.6.1 Data mining of GC‐MS metabolite profiles:
GC‐MS raw data:
An R package Metab (Aggio et al., 2011) was used to generate the GC‐MS profiles of juices
and wines. R is free software for statistical analysis (www.r‐project.org) and the version
R.13.2 was used for data analysis. This package is based on the functions provided by XCMS
(Smith et al., 2006) and uses the free software Automated Mass Spectral Deconvolution
and Identification System (AMDIS) to deconvolute the chromatograms generated by GC‐
MS. Metab is able to process mass fragments in any biological samples like grape juices and
suitable for non‐targeted metabolomics data analysis. I used four functions of this package
to generate the GC‐MS metabolite profiles of juices and wines. The function “raw.peaks”
was used to generate GC‐MS mass fragments with the help of reports generated by AMDIS
and false positive mass fragments (if that mass fragment was present in less than 50% of
replicates) were deleted. Then, all the mass fragments were normalized by internal
standards and the function “norm.internal” was used for this purpose. The normalized
mass fragments were log transformed when necessary. The next function, “htest”, uses
either t‐test or Analysis of Variance (ANOVA) to find the p‐values and mass fragments with
p‐value < 0.05 were not considered for further data analysis. The details about all these
functions are described in Aggio et al., 2011.
GC‐MS identified metabolites:
A function in Metab, named “clean.fix” was used to generate the identified or targeted
metabolite profile. All the compounds were identified using our in house MS library that
contains information about retention time and mass fragments of about 150 compounds
derivatized by MCF method and over 110 compounds derivatized by TMS method.
Moreover, this library also has the information about over 50 volatile compounds. The
commercial library from National Institute of Standards and Technology (NIST) was also
used to identify the volatile compounds not identified by our in‐house library. After
cleaning up the identified GC‐MS profiles, the missing values were manually integrated
using the software ChemStation (Agilent Technologies, Santa Clara, CA).
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2.6.2 NMR data processing and reduction:
Topspin v. 2.1 (Bruker BioSpin, Germany) was used to process all spectra. Phasing and
baseline correction of all NMR spectra was checked manually. Statistical analysis was
performed using AMIX v. 3.8.4 (Bruker BioSpin, Germany). The NMR spectral data was
reduced into 0.05 ppm spectral buckets. For grape juice spectra, the regions corresponding
to water (4.74–4.82 ppm) and sugars (3.208‐5.375 ppm) were excluded. In wine spectra,
the regions corresponding to ethanol (3.6‐3.7 ppm and 1.11‐1.23 ppm) and water (4.7‐4.87
ppm) were removed. All the spectra were normalized by total intensity.

2.6.3 Correlation and other statistical analysis:
The Principal Component Analysis (PCA), correlation analysis, ANOVA, t‐tests and
hierarchical clustering analysis were performed using five different in‐house scripts
(provided in Appendix 11) written in R platform (Version 2.13.2). Moreover, a web
interface of University of Queensland (http://mixomics.qfab.org) was also used to carry out
some correlation analysis and graphical representation of data using sparse‐partial least
squares (sPLS) that concurrently integrated and select variables with the help of lasso
penalization (Lê Cao et al.,2009). For other data analysis (e.g. standard deviation between
biological and technical replicates), Microsoft Excel 2007 was used. SigmaPlot 12.0 was also
used for generating bar diagrams and boxplots. It is well understood that, determination of
statistical significance often cannot be related to a biological and practical significance.
Moreover, statistical significance is widely misinterpreted and misused that may impede
the progress of scientific understanding (Armstrong, 2007). Hence in addition to calculating
the p‐value by t‐tests, effect size (d) is also widely used to determine the practical
significance of different treatments or conditions. For this reason, I also calculated
standardised bias corrected effect size (d) with a confidence interval of 95% for different
juice manipulation treatments to find out biological significance according to Nakagawa
and Cuthill (2007). All the equations are given in Appendix 4. Cohen et al (1988) suggested
the standards for small (d < 0.2), medium (d = 0.2‐0.5) and large (d > 0.8) biological effects
and it was mainly specified to use in social science. I applied the cut‐off point of d ≥|5| or d
≤|5| to decide the biological and practical importance of juice manipulations (Section 3.5).
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3.1 Metabolite profiles of grape juices and wines
3.1.1 Metabolite profiling of grape juices:
More than 1800 mass fragments were detected in grape juice samples by the three GC‐MS
methods. As mentioned in Section 2.6.1, the raw metabolite profiles from these methods
were generated by the R package Metab (a snapshot of sample metabolite profile is given
in Appendix 5). These metabolite profiles contained mass fragments with the information
about their retention time and m/z ratio. About 500 mass fragments were found at
significantly different levels when comparing juices (p‐ value less than 0.05 by ANOVA).
Over 120 metabolites were accurately identified in the grape juice samples using our in‐
house MS library. Table 3.1.1 lists the major compounds identified in the grape juices,
which only shows the compounds that were found in at least 20% of all juice samples
(Appendix 6 provides a comprehensive list of all compounds identified in all juice samples).
On the other hand, about 100 spectral buckets (0.05 ppm width) were extracted from 1D
NOESY NMR profiles of all 63 juices. Thirteen spectral buckets were identified using
reference spectra and values published by different researchers (Ali et al., 2011; Cui et al.,
2008; Košir and Kidrič, 2002; Lee et al., 2009; Pereira et al., 2006; Son et al., 2008). Among
them, 11 metabolites (7 amino acids and 4 carboxylic acids) were commonly found
between GC‐MS and NMR metabolite profiles. Two amino acids, cysteine and arginine,
which were not detected by the GC‐MS methods, were identified by NMR. A comparative
overview between NMR and GC‐MS identified metabolites is provided in Appendix 7.
Principal component analysis (PCA) is a statistical approach that is widely used to elucidate
the variation and similarity between different variables and it also helps to reduce the
dimension of multidimensional metabolomics data (Yamamoto et al., 2009). To determine
the variation and relationship between different grape juices based on their origin and
harvesting years, PCA was performed based on 50 variables that showed statistical
significant differences between juices (p<0.05), including identified metabolites by GC‐MS
and NMR as well as WineScan parameters (e.g. °Brix, pH, glucose‐fructose levels, malic acid
content and total acidity) (Figure 3.1.1).
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Table 3.1.1: List of major juice metabolites identified by GC‐MS methods
Group of metabolites
Name of metabolites
Amino acids, peptides and proline , alanine, valine, aspartic acid, leucine, isoleucine, glycine,
their derivatives
threonine, phenylalanine, glutamic acid, lysine, α‐amino‐butyric
acid (AABA), ߛ‐amino butyric acid (GABA), tryptophan,
methionine, norvaline, norleucine, pyroglutamic acid, serine,
glutamine, asparagine, histidine, tyrosine, ornithine, E‐
hydroxyproline, glutathione
Carboxylic acids and
derivatives

Fatty acids
compounds

and

their 2‐methoxysuccinnic acid, malonic acid, malic acid, succinic acid,
itaconic acid, fumaric acid, cis‐aconitic acid, glyceric acid, 2‐
oxoglutaric acid, oxalic acid, citric acid, isocitric acid, p‐coumaric
acid, citraconic acid, nicotinic acid, oxaloacetic acid, citramalic
acid, lactic acid, glutaric acid

related 10,13‐dimethyltetradecanoic acid, linoleic acid, linolenic acid,
stearic acid, palmitic acid, oleic acid, arachidic acid

Sugars and sugar alcohols

Volatile
compounds
volatile fatty acids

D‐fructose, D‐sorbose, D‐mannose, arabinose, D‐ribose, D‐
galactose, D‐allose, D‐glucose, glucose‐6‐phosphate, D‐sorbitol,
meso‐inositol
and hexyl acetate, 1‐hexenol, E‐3‐hexenol, isovaleric acid, valeric acid,
isobutyric acid, hexanoic acid, 2‐phenylethanol, octanoic acid

Based on the PCA analysis, there were some discreet influences of harvesting season on
juice profiles; however, there were no clear trends except for a small clustering involving
21BE, 22BA, 24RS, 26HE, 27ME (2007 seasons) and 19MW (2008) and all of other juices.
There were two outliers, AW1 (2009) and WU1 (2009). AW1 had the highest °Brix, glucose‐
fructose content and malic acid levels and thus it was separated from all other juices. In
WU1, the relative concentration of most of the amino acids and carboxylic acids were very
low, which justify its separation from the other juice samples. These observations show
that whist SB juice profiles were considerably variable between harvesting seasons, there
was no detectable trend that separated juices produced in a specific vineyard or geographic
location (terroir).
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Figure 3.1.1: Two dimensional projections
of principal component analysis (PCA)
using 50 statistically significant identified
metabolites and oenological parameters
obtained from a combination of three GC‐
MS methods, NMR and WineScan analysis
of 63 Sauvignon blanc grape juices. PC1
and PC2 explained 75% and 20% of total
variance respectively. Data classes were
divided into 5 2006, 2007 SB juices (red,
n=11), 2008 juices (black, n=9), 2009
(blue, n=20), 2010 Marlborough region
(purple, n=14) and 2010 juices from other
regions (green, n=9). The names and
abbreviations of the juices are provided in
Appendix 1.

3.1.2 Metabolite profiles of wines:
The 63 juices were fermented under controlled laboratory conditions using a single
commercial yeast strain, EC1118 (see Section 2.2). The fermentation kinetics of most of the
juices was similar, with most completing fermentation within 21 days. However, five 2010
juices (2HVD, 5HCP1, 6HCP2, 8HCP4 and 16MHB) showed a longer lag phase and took 23
days to complete the fermentation (fermentation rate of these ferments are shown in
Appendix 8). Over 2000 mass fragments were detected in wine samples by the three
different GC‐MS methods and more than 150 compounds were accurately identified using
our in‐house MS library and commercial library from National Institute of Standard and
Technology (NIST, Gaithersburg, MD, USA). Table 3.1.2 lists the major compounds
identified in the 63 wines. This list only shows the compounds that were found in at least
20% of the samples (Appendix 7 provides a comprehensive list of all identified compounds
in wine samples).
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Table 3.1.2: List of major wine metabolites identified by GC‐MS methods
Group of metabolites
Name of metabolites
Amino acids, tripeptides and proline , alanine, valine, aspartic acid, leucine, isoleucine, glycine,
their derivatives
threonine, phenylalanine, glutamic acid, ߛ‐amino butyric acid,
lysine, tryptophan, methionine, norvaline, norleucine,
pyroglutamic acid, serine, glutamine, asparagine, histidine,
tyrosine, ornithine, E‐hydroxyproline, glutathione, cysteine, N‐
acetyl‐gluatamic acid, cystathionine, O‐acetyl‐serine
Carboxylic acids and
derivatives

Fatty acids
compounds

and

their 2‐methoxysuccinnic acid, malonic acid, malic acid, succinic acid,
itaconic acid, fumaric acid, cis‐aconitic acid, glyceric acid, 2‐
oxoglutaric acid, oxalic acid, citric acid, isocitric acid, p‐coumaric
acid, citraconic acid, nicotinic acid, oxaloacetic acid, citraconic
acid, citramalic acid, lactic acid, glutaric acid, 2‐isopropylmalic
acid, pyruvic acid, cinnamic acid, vannilic acid

related 10,13‐dimethyltetradecanoic acid, linoleic acid, stearic acid,
palmitic acid, levulinic acid, 2‐oxovaleric acid, 3‐methyl‐2‐
oxopentanoic acid, docosanoic acid, 3‐hydroxyoctanoic acid, 2‐
hydroxybutyric acid, caprinoic acid
D‐fructose, D‐mannose, D‐galactose, D‐glucose, glucose‐6‐
phosphate, D‐sorbitol, glycerol

Sugars and sugar alcohols
Volatile
compounds
volatile fatty acids

and hexyl acetate, 1‐hexenol, E‐3‐hexenol, isovaleric acid, valeric acid,
isobutyric acid, hexanoic acid, 2‐phenylethanol, octanoic acid,
isoamyl alcohol, isoamyl acetate, acetic acid, ethyl hexanoate,
phenethyl acetate, ethyl octanoate, n‐decanoic acid, ethyl
decanoate, propanoic acid, isobutyric acid, ethyl isovalerate, n‐
hexadecanoic acid, ethyl hexadecanoate, benzoic acid, furfural, 2‐
furan methanol, formic acid, 2‐propenoic acid, valeric acid, benzyl
alcohol, n‐amyl acetate, iso‐butanol, dodecanoic acid, 12‐
benzenediol, tyrosol, dithyl succinate, ethyl‐L‐lactate, butyric
acid, tryptophol, diethyl malate, benzaldehyde

As expected, the number of volatile compounds increased in the wines compared to grape
juices, with an additional of 33 volatile compounds (including three volatile thiols)
developed during the fermentation. Based on the NMR analysis, only 45 spectral buckets
were detected in wine samples and 11 of them were identified. All metabolites identified in
wine samples after NMR analysis were also detected and identified by the GC‐MS methods.
PCA was performed using 69 statistically significant different wine parameters (p < 0.05)
including metabolites and oenological parameters of wine (e.g.; residual sugars, ethanol,
malic acid, total acidity and volatile acidity).
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Figure

3.1.2:

Two

dimensional

projection of principle component
analysis of 63 wine samples based on
69 statistically significant different
parameters (metabolites + oenological
variables). The variation explained by
PC1 and PC2 was 75% and 15%
respectively. Data classes were divided
into: wine derived from 2006, 2007 SB
juices (red, n=11), wine derived from
2008 SB juices (black, n=9), wine
derived from 2009 SB juices (blue,
n=20),

wine

derived

from

2010

Marlborough SB juices (purple, n=14)
and wine derived from 2010 SB juices
harvested from other New Zealand
regions (green, n=9).

The PCA analysis shows that wines obtained from 2010 juices harvested from Marlborough
region clearly stood out from wines derived from juices collected in other regions in the
same season or from previous seasons (see purple colour in Figure 3.1.2). This separation
could be mainly attributed to the lower levels of carboxylic acids (citric acid, succinic acid,
malonic acid, 2‐oxoglutaric acid, itaconic acid and isocitric acid) and some amino acids
(aspartic acid, glutamic acid and GABA) found in all 2010 Marlborough SB wines and higher
levels of 3MH, 3MHA and other volatile compounds found in the wines 17MTN, 18MKY,
15MBF and 16MHB. The wines derived from SC14 (2009) and 24RS and 27TE (2007) juices
showed very low levels of residual sugars and some volatile compounds (hexyl acetate,
diethylsuccinate and hexanoic acid), which may explain why they clustered significantly
apart from other wine samples. Therefore, a seasonal “terroir” effect on the wines was
slightly more obvious in the PCA of wine samples when compared to juice samples, mainly
regarding to wines derived from 2010 Marlborough SB juices.
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3.1.3 Target analysis of putative volatile thiol precursors by LC‐MS:
The concentration of three putative precursors of 3MH was measured in 55 SB juices
collected through five different seasons (2006 to 2010) and from different vineyards of
New Zealand. Figure 3.1.3 shows the concentrations of these putative thiol precursors in
the different juice samples. The concentration of GSH‐3MH in the juice varied over an
almost 20‐fold range, from 34 µg/L (6HCP2, 2010 Hawkes Bay) to 629 µg/L (19MW, 2008
Marlborough). Cys‐3MH ranged from 1 µg/L (WP1, 2009 Marlborough) to 126 µg/L (1OTG,
Central Otago, 2010). The amount of GSH‐3MH was generally much higher than the
amount of Cys‐3MH in grape juices, which is in accordance to what was found in other
studies (Capone et al., 2011a; Capone et al., 2010; Kobayashi et al., 2010). For the third
precursor, Cys‐gly‐3MH, the concentration varied from below the detection limit (0.5 µg/L)
in 17 of the 55 juices, up to 9 µg/L (1OTG, Central Otago, 2010). Differences in the
precursor content were compared between juices from different seasons and regions. Most
of the juices harvested in 2006, 2007 and 2008 had higher concentrations of GSH‐3MH and
Cys‐3MH, with all the potential precursors of 3MH comparatively lower in most of the 2009
SB juice samples. Juices from Hawkes Bay (2HVD, 4HTE, 6HCP2, 8HCP4, 9HCP5) generally
had lower concentrations of these potential precursors than other 2010 samples from
Marlborough region. Two individual SB juices, 19MW (2008 Marlborough) and 1OTG (2010
Central Otago) had the highest concentration of all the putative precursors (Figure 3.1.3).
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Figure 3.1.3: The concentration of putative precursors in 55 commercial SB grape juices. The concentrations of 3‐S‐cysteine‐hexan‐1‐ol (Cys‐3MH) and 3‐S‐cysteinylglycine
hexan‐1‐ol (Cys‐gly‐3MH) were much lower than those of S‐3‐(hexan‐1‐ol)‐glutathione (GSH‐3MH), and are scaled up 5 times and 20 times respectively, to permit easier visual
comparisons. The error bars in each juice represents the standard deviation between two technical replicates.
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3.1.4 Target analysis of volatile thiols by GC‐MS:
Concentration and variation of volatile thiols in New Zealand SB wines:
The concentrations of three main volatile thiols were quantified by GC‐MS. 3MH varied
more than 30‐fold in the wines, from 157 to 5561 ng/L (Figure 3.1.4). The concentrations of
3MHA were lower than 3MH, but also varied over a wide range from 157 ng/L (4HTE) to
5561 ng/L (17MTN). Since the same yeast strain and identical fermentation conditions were
used for production of all wines, this dataset confirms previous observations that major
differences in 3MH and 3MHA content between wines occur as a result of the differences in
grape juice composition (Murat et al. 2001; Lee et al. 2008). Volatile thiol concentrations of
2010 Marlborough wines were mostly higher than the others for both 3MH (average
concentration 2891 ng/L, at least 2 times higher than other seasons) and 3MHA (average
concentration 320 ng/L). The wines from 2010 (other regions) had comparatively lesser
amounts of 3MH and 3MHA than the 2010 Marlborough wines. 4MMP is the varietal thiol
that has the lowest perception threshold among these three thiols. At least 4 wines (1BW,
7HW, 17BM from 2008 and, 26HE from 2007) presented 4MMP concentrations below the
detection limit. The highest concentration of 4MMP was found in a 2008 Marlborough
wine, 19MW (53 ng/L). The wines from 2008 and 2009 seasons had comparatively higher
4MMP concentrations than other seasons (average concentration 24 ng/L and 23 ng/L
respectively) with the lowest average concentration of 4MMP in 2007 wines (16 ng/L).

Sauvignon blanc metabolomics

Chapter 3

P a g e | 74

2006 and 2007 wines

2008 wines

2009 wines

2010 MB wines

2010 OR wines

Figure 3.1.4: Concentration of volatile thiols in 63 juices fermented by Saccharomyces cerevisiae EC1118. The concentration of 4‐mercapto‐4‐methylpentan‐2‐one (4MMP) and 3‐
mercaptohexyl acetate (3MHA) was scaled up 20 and 3 times respectively. 3MH refers to 3‐mercaptohexenol. The error bars in each wine denotes the standard deviation between
six technical replicates.
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Not all aroma compounds detected and measured by analytical techniques are true
contributors to final wine aroma, because these compounds need to be perceived by the
human olfactory system. Thus OAV is widely used by the wine scientists to determine the
impact of aroma compounds (Benkwitz et al., 2012a; Ferreira et al., 2000; López et al.,
1999; Rapp, 1998). In this work, the OAV of the three volatile thiols, 4MMP, 3MHA and
3MH, were calculated to assess their likely impact on New Zealand SB wines. 4MMP has the
lowest odour threshold among these thiols (0.8 ng/L) and as mentioned before, this volatile
thiol compound was under the detection limit of the analytical technique in some of the
2007 and 2008 wines. The OAV for 4MMP in all 63 wines ranged from non‐detectable to 66.
The average 4MMP OAV for 2007, 2008, 2009, 2010 and 2010 Marlborough was 20, 30, 29,
22 and 24 respectively. 3MHA has odour threshold of 4 ng/L, and the OAV in the 63 wines
varied from 6 (WP1, 2009) to 185 (SC14, 2009). The average 3MHA OAV was higher in 2008
and 2010 MB wines (91 and 85 respectively). The lowest OAV for 3MHA was found in 2010
wines not originated from the Marlborough region (38). Among these thiols, the odour
threshold is relatively higher for 3MH (60 ng/L). The range of 3MH OAV in all 63 wines
varied from 3 (4HTE, 2010) to 93 (17MTN, 2010 Marlborough). The highest average 3MH
OAV (51) was found in 2010 Marlborough wines, which were at least 4 times higher than
wine from other seasons. The lowest average 3MH OAV (11) was found in 2010 wines
originated from juices harvested from other New Zealand regions. Therefore, the
conclusion is that all three varietal thiols are likely to have a significant impact on the
aroma of these New Zealand Sauvignon blanc wines, which is in accordance with findings
from different studies (Benkwitz et al., 2012a; Benkwitz et al., 2012b; Lund et al., 2009).
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3.2 Comparison of metabolite profiles of grape juices before and after
fermentation
3.2.1 WineScan properties of grape juices and wines:
WineScan was used to measure pH, °Brix, glucose and fructose, total acidity, volatile acidity
and malic acid content of the grape juices. Table 3.2.1 summarizes the results obtained
from juices collected from different seasons. The most variability was observed in the °Brix
(p<0.0005) and glucose‐fructose (p<0.0005) levels, which are the properties that determine
the ripeness of the grapes. The average °Brix was comparatively lower in 2008 juices, thus
the glucose and fructose concentration was also lower in these juices. The concentration of
malic acid between 63 juices (and between seasons) was also significantly different
(p<0.001).
Table: 3.2.1: WineScan properties of SB grape juices
Juice classes

pH

Brix (°)

Density

Total
acidity
(g/L)

Volatile
acidity (g/L)

16.9±6

Glucose
and
fructose
(g/L)
167.0±30

2006 and 2007
(n=12)

3.3±0.3

2008 (n=8)

Malic
acid
(g/L)

1.1±0.01

6.6±1.6

0.02±0.01

4.0±3.4

3.3±0.2

17.1±4

175.8±20

1.1±0.01

6.7±0.5

0.01±0.01

4.3±0.8

2009 (n=20)

3.2±0.3

19.2±10

198.2±38

1.1±0.1

7.5±1.3

0.02±0.01

6.1±2.1

2010 OR (n=9)

3.2±0.5

21.2±5

218.8±40

1.1±0.01

7.9±2.0

0.00±0.01

6.5±2.2

2010 MB (n=14)

3.1±0.2

20.1±4

205.3±50

1.1±0.1

7.7±1.1

0.01±0.02

5.5±2.2

All the juices were divided into 5 data classes: 2006 and 2007, 2008, 2009, 2010 OR (other regions) and 2010
MB (Marlborough).

After fermentation, all wines were also analyzed by WineScan to determine key oenological
properties. The wines from 2010 seasons (both MB and OR) had comparatively lower pH
(p<0.05) and higher total acidity (Table 3.2.2). One wine from 2010 MB (4HTE) contained 11
g/L of total acidity, which was the most acidic wine in this study. The volatile acidity of 2009
wines was also higher compared to other seasons. The alcohol content varied from 10%v/v
to 16%v/v and both of these wines were from 2010 OR group. The average ethanol content
of the wines was around 13 %v/v and wines from 2010 MB had slightly higher ethanol than
others.
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Table 3.2.2: Post‐fermentative properties of SB juices by WineScan.
Juice classes

pH

2006 and 2007
(n=12)

3.1±0.8

Total
Acidity
(g/L)
7.5±1.8

Volatile
Acidity
(g/L)
0.09±0.01

Ethanol
(%v/v)

Glucose &
fructose (g/L)

Malic Acid
(g/L)

12.3±1.4

3.4±2.8

3.7±1.4

2008 (n=8)

3.1±0.2

7.8±1.1

0.08±0.01

12.9±1.0

3.6±3.0

3.9±1.0

2009 (n=20)

3.4±0.4

8.6±1.6

0.21±0.01

12.9±1.9

1.0±1.2

6.1±2.7

2010 OR (n=9)

3.1±0.8

8.6±2.6

0.03±0.01

13.1±2.5

2.7±1.0

4.6±0.9

2010 MB (n=14)

2.9±0.2

9.1±1.8

0.06±0.01

13.6±2.4

2.0±1.0

4.3±0.8

Residual sugar was relatively low in 2009 wines (1.00±1.0 g/L), with the 2006, 2007 and
2008 wines higher (Table 3.2.2). The wines from 2009 had the highest malic acid content,
while the wines from 2006, 2007 and 2008 seasons had relatively lower amount of this
carboxylic acid. Malic acid content in the wines was largely unaffected by the fermentation.

3.2.2 Comparison of amino acids in grape juices before and after
fermentation:
All grape juices had higher concentrations of amino acids and their derivatives compared to
the resulting wines. Figure 3.2.1 (a, b) shows the relative concentration of major amino
acids in the juices before and after fermentation.
Changes in amino acid consumption during the fermentation were mostly juice specific. A
season‐specific pattern was observed only for 2009 juices (Figure 3.2.1). Among 20 grape
juices harvested in 2009, 16 of them still had high concentration of most amino acids after
fermentation, which could be considered a seasonal effect.
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Figure 3.2.1 a: Relative abundance of amino acids in grape juices before and after fermentation. In the box
plots, the bottom and top of the boxes show the 25th and 75th percentiles of the data and the black band of
the box is the median. The ends of the whiskers represent the minimum and maximum of all the data. The
blue line indicates the mean concentration in a specific season and, if present, the outliers (5th/95th
percentile) are shown as black dots. Here, a and b indicate the conditions, before and after fermentation,
respectively. The name and number of samples in each data set was as follows, A (2006 and 2007), n=11; B
(2008), n=9; C (2009), n=20; D(2010 OR), n=9 and E(2010 MB), n=14. GABA=ɣ‐amino butyric acid.
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Figure 3.2.1 b: Relative abundance of amino acids in grape juices before and after fermentation. The legend
of this figure is provided in Figure 3.2.1 a.
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Figure 3.2.2 shows a hierarchical clustering analysis of the 63 juices and also of the 18
amino acids (found in all the juices), based on amino acid consumption during
fermentation. Several amino acids, e.g. glutamine, lysine, norleucine, norvaline and
pyroglutamic acid, were not detected in all the juice, thus they are not presented in Figure

3.2.2. Several juices from 2009, as well as two from 2008, formed a distinct cluster with low
amino acid consumption (Figure 3.2.2), consistent with the results shown in Figure 3.2.1.
None of the other seasons produced notable clustering. The different amino acids showed
several distinguished clusters. Some amino acids appeared to have been consumed during
fermentation following a similar trend between juices. For example, the pattern for
consumption of threonine and serine was very similar in all 63 juices studied and therefore
they formed a close cluster (Figure 3.2.2). A few amino acids such as glycine, tyrosine and
arginine seemed not to be largely consumed by the yeasts during Sauvignon blanc
fermentation (Figure 3.2.2), which is in accordance with existing knowledge (Dizy and Polo,
1996; Valero et al., 2003). However, arginine is reported as one of the most preferable
source of nitrogen for yeast (Jiranek et al., 1995), and this amino acid was also not
consumed in most of the 2009 juices and some 2008 juices. The consumption of glutamic
acid was comparatively higher in 2010 juices than the other seasons. The concentration of
GABA increased by 50‐100% in a few 2007 and 2010 juices, while it was consumed at least
80‐100% in some 2008, 2009 and 2010 juices. Therefore, GABA showed completely
different pattern among all these amino acids (Figure 3.2.2).
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Figure 3.2.2: Changes of amino acids during the fermentation. OR= other regions and MB= Marlborough region. The amino acids found in all the juices are shown here. The
column on the left shows the colour codes based on the change in amino acids (%) during the fermentation (black indicates consumption of the juice amino acids; pink indicates
net production in the wine by yeast).
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After combining all the information from this study, the amino acids in SB juices were
divided into 6 major groups (A‐F) based on their pattern of consumption in different juices
(Fig 3.2.2) and their overall average consumption by yeasts during the fermentation (Table

3.2.3).
Table 3.2.3: Classification of Sauvignon blanc juice amino acids according to their degree of
consumption during fermentation
Amino acid

# of juice
samples
detected

Average
consumption
(%)

Designated
group based
on
consumption

Threonine
Serine
Tryptophan
Valine
Alanine
Glutamic acid
Leucine
Aspartic acid
Phenylalanine
Glutamine
Pyroglutamic acid
Methionine
Histidine
Norvaline
Norleucine
Isoleucine
Cysteine
Arginine
Tyrosine
Glycine
Asparagine
Lysine
GABA
Proline

63
63
63
63
63
63
63
63
63
45
54
63
63
58
59
63
63
63
63
63
63
54
63
63

‐98
‐95
‐92
‐91
‐90
‐90
‐89
‐88
‐84
‐83
‐83
‐83
‐82
‐80
‐77
‐74
‐70
‐62
‐58
‐54
‐53
‐53
‐45
+8

A
A
B
B
B
B
B
B
C
C
C
C
C
C
C
C
D
D
D
D
D
D
E
F

Designated
group
based on
hierarchical
clustering
analysis
A
A
B
B
B
A
B
B
C
ND
ND
C
C
ND
ND
C
D
D
D
D
ND
ND
E
E

Group
designation
proposed by
Jiranek et al.
(1995)
A
A
C
B
B
B
A
A
B
A
ND
B
B
ND
ND
A
ND
A
C
C
A
ND
ND
D

A=≥95%, B=>88‐92%, C=>74‐83%, D=>53‐70%, E=>45‐50% and F=no consumption. ND indicates not
determined. GABA=ɣ‐amino butyric acid.

Threonine and serine were found to be highly preferable source of amino acids for the
yeasts as these two amino acids were consumed in almost all juices. Therefore, they were
classified as group A and this was also in agreement with Jiranek et al. (1995). Based in
hierarchical clustering analysis (Figure 3.2.2), proline and GABA formed a separate cluster
due to their completely different pattern, thereby these two amino acids were in group E
(Table 3.2.3). However, based on the percentage of consumption, only proline was
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classified as group F, which was not consumed at all. This observation again confirms the
unavailability of proline under anaerobic condition due to the lack of molecular oxygen
(Henscke and Jiranek, 1993)(Table 3.2.3). Many of these observations, however, are
conflicting with Jiranek et al. (1995) (Table 3.2.3). However, these authors reported the
classification of amino acids based on their results from experiments

performed in

synthetic grape medium using nine different wine yeast strains (Saccharomyces cerevisiae),
and this study was carried out on SB grape juices with a single yeast strain. Hence, these
results are more relevant to practical winemaking because yeast metabolism is bound to be
different in chemically defined medium compared to natural grape juice.

3.2.3 Carboxylic acids in grape juices before and after fermentation:
Carboxylic acid levels mostly increased during fermentation but the patterns of change in
concentrations depended on the juice (Figure 3.2.3). For example, the concentration of
malic acid increased in 43 wines. Moreover, the concentration of succinic acid was very low
in all the juices before fermentation, but increased in all the juices, reaching concentrations
at least 10 times higher after the fermentation. The concentration of lactic acid also
increased at least 5 times in most of the wines compared to the starting juices. Citramalic,
2‐oxoglutaric and fumaric acids have their levels also increased during the fermentation,
although the concentration of fumaric acid did not change in a few juices.
Some other carboxylic acids showed a mixed trend of both production and consumption in
many juices. For instance, citric acid had its level decreased in at least 31 samples during
fermentation. Likewise, isocitric acid was mainly consumed in some juices, whilst in other
juices its level increased during the fermentation. Moreover, the wines generally contained
higher concentration of p‐coumaric acid compared to the juices, except in some 2009 and
2010 MB juices. Some carboxylic acids (isopropyl‐malic, pyruvic, cinnamic and vannilic
acids) were not detected in the grape juices, but they were found in the wine samples.
Therefore, these compounds might be present in the grape juices at very low
concentrations or be formed only during the fermentation. The consumption of most
carboxylic acids showed no seasonal trend.
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Figure 3.2.3: The relative concentration of common carboxylic acids in the grape juices and wines (shown in
alphabetical order). The red line shows the mean concentration in a specific season and the outliers (5th/95th
percentile), if present, are shown as black dots. Small letters a and b indicate before and after fermentation,
respectively. The name and number of samples in each data set was as follows: A (2006 and 2007), n=11; B
(2008), n=9; C (2009), n=20; D (2010 OR), n=9 and E (2010 MB), n=14

3.2.4 Fatty acids in grape juices and wines:
Unlike amino acids and carboxylic acids, the changes in the fatty acid concentration
followed mainly a seasonal trend. Figure 3.2.5 shows the concentration of four common
fatty acids in grape juices and wines. Higher amount of stearic acid was found in the 2009
juices. Very small amount of stearic acid was detected in the wines, thus showing that this
fatty was most likely consumed by the yeasts during the fermentation. Higher amounts of
linoleic acid were found in 2010 MB grape juices, while the concentrations of this
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unsaturated fatty acid in 2006, 2007 and 2008 juices were much lower. Based on the data
of 2009 and 2010 seasons, it was evident that linoleic acid was consumed by the yeast
during the fermentation (>90%). Thus, very a small amount or no linoleic acid was detected
in the resulting wines. Only the concentration of 10,13‐dimethyltetradecanoate increased
significantly (p<0.001) after the fermentation.

Figure 3.2.5: The relative concentration of two common fatty acids in grape juices and wines. The green line
shows the mean concentration in a specific season and the outliers (5th/95th percentile), if present, are shown
as black dots. Here, a and b indicate the conditions before and after fermentation, respectively. The name and
number of samples in each data set was as follows: A (2006 and 2007), n=11; B (2008), n=9; C (2009), n=20; D
(2010 OR), n=9 and E(2010 MB), n=14.

Two short‐chain fatty acids, 2‐oxovaleric acid and 3‐methyl‐2‐oxopentanoic acid as well as
decosanoic acid were detected only in wine samples, suggesting they were produced
during fermentation by the yeast cells. Oleic acid, on the other hand, was detected only in
some grape juice samples (15 juices from 2009 and 2010 seasons). Linolenic and arachidic
acids were also detected only in grape juice samples, which indicate these fatty acids were
metabolised by the yeasts during fermentation.
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3.2.5 Formation of volatile compounds during the fermentation:
The number of volatile compounds increased significantly during the fermentation of grape
juices as expected. There were only nine volatile compounds commonly detected in both
juice and wine samples, whilst around 31 other volatile compounds developed during
fermentation. Figure 3.2.6 shows the changes of the nine volatile compounds that were
initially found in the grape juices.

Figure 3.2.6: Relative concentrations of common volatile compounds in grape juices and wines. The mean
concentration for a season (in a box) is shown as pink line. The outliers (5th/95th percentile), if present, are
shown as black dots. Before and after fermentation are indicated as a and b respectively. The name and
number of samples in each data set was as follows: A (2006 and 2007), n=11; B (2008), n=9; C (2009), n=20; D
(2010 OR), n=9 and E (2010 MB), n=14.

At least six of the volatile compounds (2‐phenylethyl alcohol, hexanoic acid, isobutyric acid,
isovaleric acid, valeric acid and octanoic acid) were present at very small levels in the grape
juices and their concentration increased 2‐10 times after the fermentation. The changes in
the volatile compounds observed in this study were primarily juice‐specific, with few
seasonal differences, although 2009 and 2010MB wines seemed to have relatively higher
concentrations of most of the volatile compounds.
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Profile of volatile compounds in wine:
The 39 volatile compounds identified in the wine samples belonged to different groups of
aroma compounds: esters (11), volatile fatty acids (10), other acids (4), C6‐alcohols (3),
higher alcohols (5), other alcohols (3) and also aldehydes (3). Both acetate and ethyl esters
were detected in the wines. Among them, isoamyl acetate and phenylethyl acetate
appeared to be the most abundant in all the wines, with n‐amyl acetate, diethyl succinate,
ethyl‐L‐lactate and dimethyl malate less abundant, and the remaining esters detected at
relatively lower levels. No significant difference was observed when comparing juice
seasons. Figure 3.2.7 shows the profile of volatile compounds in 63 wines. No seasonal and
region‐specific differences were observed in the concentration of these volatile compounds
in the wines. The alcohols, specially higher alcohols and C6 alcohols play important roles in
wine aroma. Isoamyl alcohol was the most abundant aroma compound in all the 63 wines
and a lower level of this higher alcohol was found in 2008 and 2010OR wines. There was no
significant difference observed in the concentration of phenylethyl alcohol in the 63 wine
samples (Figure 3.2.7). Very small levels of benzyl alcohol, 1,2‐benzenediol and 2‐
furanmethanol were detected in the wines and they may not be significant for SB aroma.
Sleep inducing compound, tryptophol was also found in the wines and the differences in
relative concentrations were not statistically significant in the wines from different seasons.
The concentration of tyrosol was lower in 2006, 2007 and 2009 wines compared to other
seasons. Only the 2010 OR wines had lower concentration of hexanol and the difference
compared to other seasons was not significant. Wines from 2009 juices presented
comparatively lower levels of cis‐3‐hexen‐1‐ol, while 2010 wines (both OR and MB)
presented the highest concentration of trans‐3‐hexen‐1‐ol. The concentration of most of
the volatile fatty acids and other acids was noticeably much lower than the concentration
of esters and other lower alcohols. Only the concentration of acetic acid, octanoic acid, n‐
decanoic acid and hexanoic acid was much higher compare to other acids. No significant
difference in acetic acid concentration was observed in the wines. Very small
concentrations of benzoic acid, 2‐propenpic acid and formic acid were found in the wines.
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Figure 3.2.7: Volatile compounds identified in 63 Sauvignon blanc wines. The column in the left shows the colour codes (0‐16) based on the relative abundance of the volatile
compounds. Clustering of juices at the top. or= other regions and mb= Marlborough region. The list of juices and wines are given in Appendix 1.
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3.3. Correlation between juice and wine metabolite profiles
3.3.1 Correlation of putative precursors with volatile thiols in wine:
Figure 3.3.1 compares the relationship between putative precursors and volatile thiols in
55 juices and wine samples. In general, the concentrations of 3MH and 3MHA in the final
wines showed good correlation between themselves (R=0.78), suggesting their production
is associated with the same metabolic pathway. Similarly, a good correlation (R ranged
from 0.71 to 0.81) was also observed between the three different putative precursors in
the 55 juices. In contrast, there was poor correlation between total volatile thiols in the
wines with the total amount of putative precursors in the juices (R=0.042). Poor correlation
of either 3MH or total thiols was also observed with Cys‐3MH, GSH‐3MH and Cys‐gly‐3MH
individually (Figure 3.3.1). In the same way, poor correlation was found between 3MHA
and Cys‐gly‐3MH (R=0.06). However, 3MHA showed some correlation with both Cys‐3MH
(R=0.27), GSH‐3MH (R=0.22) and total precursors (R=0.22).

Figure 3.3.1: Correlation of potential thiol precursors in the grape juice with 3‐mercaptohexan‐1‐ol (3MH) and
3‐mercaptohexyl acetate (3MHA) levels in the wines. Correlations are shown above the diagonal and pair
plots below the diagonal. In the pair plots, the x‐axis denotes the concentration of compound 1 and y‐axis
denotes the concentration of compound 2 (both shown as loge of µg/L).
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3.3.2 Correlation of the metabolite profile of grape juices with volatile thiols:
Since the main goal of this work was to determine the metabolites with correlation with
three varietal thiols, both the GC‐MS and NMR metabolite profiles were used for the
correlation analysis. The GC‐MS raw metabolite profile that contained the entire
statistically significant mass fragments (p < 0.05, see section 3.1.1) was initially used for the
correlation study. There were almost 100 mass fragments that showed positive correlation
(R > 0.40) with 3MH, 3MHA, 3MHA/3MH and 4MMP. Figure 3.3.2 presents the correlation
network of mass fragments with three varietal thiols. There were many mass fragments
commonly correlated with both 3MH and 3MHA, which confirmed the strong correlation
between these two volatile thiols and reinforced the hypothesis of them being formed from
the same metabolic pathway. Moreover, there were significantly fewer mass fragments
showing positive correlation with 4MMP, which formed a separate correlation network of
its own. Thus, 4MMP’s production does not appear to be related to 3MH or 3MHA
production (Figure 3.3.2).
All the correlated mass fragments were identified using AMDIS and our in house MS library.
There were many mass fragments with the same retention time, indicating that they
originated from the same compound (R= 0.98‐1). In total, 24 metabolites were identified
with the positive correlation (R>0.30) with 3MH, 3MHA, 3MHA/3MH ratio and 4MMP. To
confirm these observations, correlation analysis was also performed using identified GC‐MS
data and the results complemented each other. The majority of positive correlation with
volatile thiols was with amino and non‐amino organic acids. No correlation of volatile thiols
with sugars and derivatives was found and only one fatty acid (linoleic acid) showed
positive correlation with 3MH levels.
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Figure 3.3.2: Correlation network determined by sPLS (canonical) analysis of GC‐MS mass fragments and three
volatile thiols. In the network, the mass fragments correlated with thiols are connected to the respective
thiols by a line. The shorter the line length is, the greater is correlation between them.

All the 65 1D NMR spectral buckets were also correlated with the volatile thiols. Only 13 of
them showed R>0.30 with 3MH and 3MHA (Figure 3.3.3). 2D‐COSY (Correlation
Spectroscopy) experiments were performed, which helped to identify the NMR buckets. By
comparing with reference spectra and published values (Cui et al., 2008; Lee et al., 2009;
Pereira et al., 2006), the identification of those compounds was confirmed. There was no
compound detected by NMR that showed positive correlation with 4MMP. The identified
compounds such as GABA (2.49 ppm and 3.01 ppm), glutamic acid and glutamine (2.13 and
2.15 ppm), valine, leucine and isoleucine (0.93‐1.00 ppm), citric acid, malic acid and succinic
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acid (2.71‐2.95 ppm) and 2,3‐butanediol (1.33 ppm) were common to the GC‐MS based
analyses (Table 3.2.1). Cysteine (3.11 ppm) and arginine (1.73 ppm) levels in the juice, only
detected by NMR analysis, did not show good correlation (R<0.25) with volatile thiols.

Figure 3.3.3: Correlation network of NMR metabolite profile with volatile thiols. The correlation network
connects all the correlated spectral buckets with varietal thiols by the blue lines. NMR buckets showed no
correlation with 4MMP.

3.3.4 Correlation between grape juice and wine metabolites:
Although the main target of this work was to determine the correlation of volatile thiols
with juice metabolites, the availability of comprehensive metabolite profiles from 63 juices
and their resulting wines allowed an examination of other metabolite correlations. Firstly,
the relationship between metabolites in grape juice was examined – such relationships
depend on the grape physiology and metabolism (provided in Appendix 9). Secondly, the
correlation between metabolites in wines was also determined and it is shown in Appendix
9.
Metabolite profile analysis was also used to determine correlations between metabolites in
grape juices and those in wines. Such associations mainly depend on yeast metabolism.
Very few strong positive or negative correlations were observed when metabolite profiles
of grape juices before and after fermentation were compared. The range of correlation
coefficient (R) was in between 0.45 to 0.60 for most of the compounds. Either no or
moderate correlation was observed between levels of same metabolite before and after
fermentation. The amino acids and carboxylic acids in the grape juices were connected to
those in the wines (Figure 3.3.4).
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Figure 3.3.4: The correlation network of juice and wine metabolites. The networks of these compounds were
generated by sPLS (canonical) analysis This network only shows the connection between juice (green) and
wine (orange) metabolites. The network only shows the metabolites with R≥0.40 .

Only juice linoleic acid exhibited a moderate correlation (R>0.50) with hexanol in wine. Few
volatile compounds in juice showed a significant correlation with few wine volatile
compounds. For instance, juice octanoic acid had a positive correlation with isoamyl alcohol
(R=0.68), isoamyl acetate (R=0.70), hexyl acetate (R=0.79), hexanol (R=0.55) and isovaleric
acid (R=0.55). This observation indicates that if grape juice contains high concentration of
octanoic acid, then the above mentioned volatile compounds are likely to be produced
more during the fermentation. A strong correlation (R=0.77) was also observed between
juice hexyl acetate and wine hexanol. Overall, wine volatile compounds only correlated
with few juice volatile compounds. Wine metabolites mostly derive either from the grape
juices or yeast metabolism during the fermentation. The moderate or no correlation
between most of the juice and wine metabolites may be explained by the transformation
(degradation and biosynthesis) of the grape juice metabolites by the yeasts due to the
fermentation. Both positive and negative correlations were found when juice metabolites
were compared with wine metabolites. Therefore, the results from this study can be
practically implemented to identify metabolites that have potential to increase or decrease
different wine aroma compounds.
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3.3.5 Short‐listed metabolites for juice manipulation experiment:
After combining all the information about positively correlated juice metabolites from GC‐
MS and NMR, no metabolite was found higher than 50% correlation with volatile thiols. No
negative correlation of this magnitude was found between metabolites and volatile thiols.
However, there were 24 compounds that showed some positive correlation (R > 0.30) with
3MH, 3MHA, 3MHA/3MH ratio and 4MMP; which were selected for juice manipulation
experiment (Table 3.3.1). Twelve of these selected compounds were detected by both GC‐
MS and NMR analysis. All of these except glutamic acid and glutamine showed positive
correlations for both the NMR and the GC‐MS results (Table 3.3.1).
Among 24 compounds short‐listed, only glutamine revealed positive correlation (R=0.48)
with 4MMP (based on GC‐MS data). Surprisingly, most of amino acids were positively
correlated with 3MHA and only GABA showed a moderate correlation (R=0.34‐0.43) with
3MH. Since 3MHA is the acetylated form of 3MH, the acetylation ratio was also considered
as a variable for correlation analysis, which positively correlated with 21 out of the 24
metabolites (R > 0.30). Interestingly, six carboxylic acids showed some correlation with
3MH (R ranged from 0.30‐0.48) and their levels did not correlate with 3MHA. Only p‐
coumaric acid correlated reasonably well with 3MHA (R = 0.38), but not with 3MH. Again,
these carboxylic acids also exhibited positive correlation with acetylation ratio, except malic
acid. The fatty acid, linoleic acid, which is found in trace amounts in the juice, showed some
correlation with 3MH levels (0.37), but not with 3MHA and acetylation ratio.
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Table 3.3.1: Juice metabolites presenting the highest positive correlation with varietal thiols in
Sauvignon blanc wines
Metabolite

Correlation coefficient (R) with GC‐MS Correlation coefficient (R) with NMR
metabolites
metabolites
3MHA 3MH Acetylation 4MMP 3MHA 3MH Acetylation 4MMP
ratio
ratio

Amino acids, peptides and their derivatives
Alanine
0.34
0.12
0.36
Valine
0.29
0.10
0.37
Aspartic acid
0.18
0.21
0.36
Glutamic acid
0.24
0.14
0.38

0.05
0.06
0.03
0.14

0.3
0.31
nd
0.29

0.10
0.10
nd
0.33

0.33
0.33
nd
0.14

0.04
0.02
nd
0.01

Glutamine
Norvaline
Leucine
Isoleucine
Methionine
Pyroglutamic
acid
Glycine
Threonine
GABA
AABA
Glutathione

0.21
0.33
0.29
0.29
0.33
0.27

0.11
0.13
0.09
0.08
0.19
0.11

0.37
0.35
0.35
0.31
0.27
0.39

0.48
0.05
0.04
0.02
0.05
0.09

0.29
nd
0.35
0.33
nd
nd

0.33
nd
0.13
0.11
nd
nd

0.14
nd
0.41
0.35
nd
nd

0.04
nd
0.05
0.06
nd
nd

0.25
0.34
0.24
0.31
0.18

0.12
0.14
0.34
0.11
0.13

0.38
0.37
0.47
0.32
0.30

0.07
0.05
0.09
0.06
0.05

nd
nd
0.34
nd
nd

nd
nd
0.43
nd
nd

nd
nd
0.45
nd
nd

nd
nd
0.03
nd
nd

Carboxylic acids
Malonic acid
Malic acid
Succinic acid
Cis‐aconitic acid
Citric acid
Isocitric acid
Fumaric acid
p‐Coumaric acid

0.08
0.11
0.15
0.13
0.16
0.14
0.18
0.38

0.40
0.30
0.48
0.30
0.37
0.29
0.25
0.16

0.31
0.19
0.35
0.31
0.43
0.34
0.31
0.33

0.10
0.08
0.09
0.12
0.14
0.15
0.09
0.11

nd
0.33
0.36
0.31
0.37
0.30
nd
nd

nd
0.14
0.30
0.30
0.37
0.35
nd
nd

nd
0.12
0.11
0.12
0.14
0.16
nd
nd

nd
0.04
0.12
0.09
0.09
0.08
nd
nd

Fatty acid
Linoleic acid

0.21

0.37

0.20

0.16

nd

nd

nd

nd

nd= not detected; all the R > 0.30 are shown as bold numbers. GABA=‐amino butyric acid and AABA= α‐
amino butyric acid
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3.4 Effect of juice manipulation on yeast growth and fermentation rate
The juice manipulation experiments were performed by increasing the concentration of the
24 metabolites that showed highest correlation with volatile thiols (individually or in
groups) in 2011 SB grape juice (details in Section 2.5). These modified juices were then
fermented with EC1118 yeast and the wines analysed.
As shown in Figure 3.4.1, the fermentation rate varied depending on the manipulation of
the juice. The fermentation of control juices (without manipulation) was completed within
20 days. The fermentation rate of most juices that received the addition of different amino
acids or DAP was comparatively higher than control juices, and these completed the
fermentation within 16‐18 days. The addition of carboxylic acids prolonged the
fermentation lag phase to about 5 days, resulting in the fermentation finishing much later
than the other ferments (24 days).

Figure 3.4.1: Weight loss of Sauvignon blanc ferments supplemented with different metabolites.
Fermentation took place in 250‐mL flasks containing 200‐mL of juice, incubated at 15°C under 100 rpm
agitation. Data points show average weight loss (n=3). GABA=‐amino butyric acid, GSH= S‐3‐(hexan‐1‐ol)‐
glutathione,

Cys‐3MH=3‐S‐cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐methylpentan‐2‐one)‐L‐cysteine,

DAP= Di ammonium phosphate, YAN=Yeast assimiliable nitrogen, S‐ethyl‐cys=S‐ethyl‐cysteine and R>0.40=
metabolites that had correlation coefficient (R) greater than 0.40 with volatile thiols.

Sauvignon blanc metabolomics

Chapter 3

P a g e | 97

3.5 Influence of Juice manipulation on volatile thiols
The pre‐fermentative addition of 24 metabolites in grape juices caused significant changes
in the level of the three important volatile thiols in the resulting SB wines. To determine the
effect of the manipulations, both p‐ value and effect size (d) was calculated (see Section

2.6.3). Effect size was included in attempt to assess the magnitude of the differences
between two measurements. As the p‐value from the t‐test simply reveals statistically
significant differences in a particular experimental condition, d is often used to assess the
biological and practical significance of different experimental/treatments or conditions.
Here, I used cut‐off point of d ≥|5| or d ≤|5|, which is higher than any other existing
literature to specify the biological/practical significance of juice manipulation treatments.
The use of both p and d values gave confidence in deciding which juice manipulations are
likely to be most important.

3.5.1 Influence of juice manipulation experiment on 4MMP production:
The juice manipulations had a considerable impact on 4MMP (box tree, cats pee aroma).
The addition of Cys‐4MMP (to 1000 µg/L) caused the largest increase (35‐fold, d=207.6,
giving an OAV of 526) in 4MMP concentration in the resulting wines (Figure 3.5.1). The
addition of GABA, glutamic acid, glutamine, linoleic acid and Cys‐3MH also resulted in
increases of 4MMP production in the resulting wines of more than 100%, with an effect size
greater than 12 (OAV>32). The production of 4MMP was also increased more than 2‐fold
(d>18) in the juices supplemented with all the amino acids (2x and 4x). However, increasing
the concentration of carboxylic acids, adding all 24 metabolites together to the juice, and
the addition of DAP did not show any effect on 4MMP production (Figure 3.5.1).
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OAV>10

Figure 3.5.1: The concentration of 4MMP in wines resulted from juice manipulation experiment. The p‐values
and effect size are illustrated as a = p < 0.01 and d ≥|5|, b= p < 0.001 and d ≥|7|, c = p < 0. 0001 and d ≥|12|,
d = p < 0.0000001 and d ≥|50| in this figure. The dotted red line indicates the OAV > 10. GABA=‐amino
butyric acid, GSH= S‐3‐(hexan‐1‐ol)‐glutathione, Cys‐3MH=3‐S‐cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐
methylpentan‐2‐one)‐L‐cysteine, DAP= Di ammonium phosphate, YAN=Yeast assimiliable nitrogen, S‐ethyl‐
cys=S‐ethyl‐cysteine and R>0.40= metabolites that had correlation coefficient (R) greater than 0.40 with
volatile thiols.

3.5.2 Influence of juice manipulation on 3MH and 3MHA:
Figure 3.5.2a shows the concentrations of 3MH, which is quantitatively the major thiol in
SB wines. The supplementation of glutamic acid (4x) and citric acid (4x) to the SB juice prior
to fermentation resulted in 150% increase in 3MH concentration with the maximum
biological effect among all other manipulations (effect size d>18.5, OAV>28). The addition
of DAP (YAN 300 and YAN 600), or the putative precursors Cys‐4MMP and Cys‐3MH, did not
impact on final concentration of 3MH (determined from both p‐value and effect size)
(Figure 3.5.2 a). However, the addition of carboxylic acids (2x) increased 3MH yield by 33%
(d > 12.2, OAV=25), whereas the addition of 4x carboxylic acids caused the reduction in the
concentration of this volatile thiol by 17% (d < 6.5, OAV=17).
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a

OAV>10

b

OAV>10

Figure 3.5.2: The influence of juice manipulation on 3MH (a) and 3MHA (b) production. Statistical significance
of all wine samples compared to control was determined by t‐test, whereas biological significance was
calculated as effect size. For 3MH, a = p < 0.01 and d ≥|5| or d ≤ |5|, b= p < 0.001 and d ≥|6| or d ≤ |6|, and
c= p < 0. 0001 and d ≥ |9| or d ≤ 9|. For 3MHA, a = p < 0.01 and d ≥ |5| or d ≤ |5|, b= p < 0.001 and d ≥|9| or
d ≤ |9|, and c = p < 0. 0001 and d ≥|20| or d ≤|20|. The dotted red lines indicate the OAV>10.

The rest of the compounds or mixture of compounds, such as succinic acid (d=11.2,
OAV=25), GABA (d=10.9, OAV=24), glutamine (d=10.9, OAV=24), linoleic acid (d=7.8,
OAV=23), S‐ethyl‐cys (d=10, OAV=24), GSH‐3MH (d=7.6, OAV=23), mixture of all
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compounds with high correlation with 3MH (R>0.40) (d=6.9, OAV>23) and all amino acids
together (d>6, OAV>22) also showed significant increases in the 3MH production compared
to control wines (without any addition).

On the other hand, 3MHA, the thiol that contributes to the passion fruit aroma of SB
wines, showed at least a 2‐fold increase in concentration after juice addition of five
different metabolites: glutamic acid (d=46.9, OAV=128), GSH‐3MH (d=46.1, OAV=128), S‐
ethyl‐cysteine (d=45.5, OAV=120), DAP‐YAN 400 (d=35.8, OAV=122) and GABA (d=29.5,
OAV=124) (Figure 3.5.2b). Similarly, glutamine (4x) and succinic acid (4x) also induced
higher production of 3MHA during fermentation (80% increased) as well as citric acid (4x)
(25%). Interestingly, increasing the amount of yeast available nitrogen through DAP also
resulted in increased 3MHA concentrations in the final wines. However, this increase was
not linear (Figure 3.5.2b). Three group additions, carboxylic acids and all metabolites, did
not affect the production of 3MHA in the resulting wines, and linoleic acid actually
decreased the 3MHA yield in the resulting wine by 43% (d=‐17.5, OAV=34).
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3.6 Effect of juice manipulation on the production of other aroma
compounds in Sauvignon blanc wines
3.6.1 Influence of juice manipulation on wine aroma compounds:
In addition to their effect on volatile thiol production, the influence of juice manipulation
on the development of other aroma compounds of SB wines was also tested. A total of 58
aroma compounds were assessed in the control wines and in all 20 wines resulting from
manipulated juices. Figure 3.6.1 shows the biplot of 58 aroma compounds and the 21 wines
(both control and from manipulated juices). Overall, the addition of different metabolites
to the juice prior to fermentation caused considerable variation in aroma compounds
development in the resulting wines. Most distinct wines were produced from juice
supplemented with carboxylic acids and linoleic acid. The concentrations of the different
aroma compounds are provided in Appendix 10 and only the most significant changes are
presented in this section.
The OAVs of the 52 measured aroma compounds were determined; only 17 presented an
OAV >1 (Table 3.6.1). Thus these 17 compounds are expected to contribute directly to the
sensorial properties of the resulting wines. Among them, five were ethyl esters, two
acetate esters, four fatty acids, two C6 alcohols, two higher alcohols and two
norisoprenoids. No cinnamates and terpenes showed an OAV higher than 1. Isoamyl
acetate showed the highest OAV (about 106) in the control wine. However, it was not
possible to determine the OAV for 6 measured compounds (e.g.; cis‐3‐hexenal acetate,
dodecanoic acid, trans‐2‐hexenal, methional, methyl anthranilate and trans‐geraniol)
because their odour threshold is not known yet.
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Figure 3.6.1: Aroma profile of wines originated from juice manipulation experiment. The biplot shows the
relationship of aroma compounds (red) and wine samples (black). The compounds near to specific wines have
a strong association with that wine causing separation from other wines. Highly correlated variables (aroma
compounds and wines) point in the same direction; uncorrelated variables are at right angles to each other. In
this biplot, PC1 and PC2 explain 24% and 21% of total variance respectively. Glu= glutamic acid, Gln‐
=glutamine, GABA=‐amino butyric acid, Succ= succinic acid, Cit= Citric acid, lino= linoleic acid, GSH= S‐3‐
(hexan‐1‐ol)‐glutathione, Cys‐3MH=3‐S‐cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐methylpentan‐2‐one)‐L‐
cysteine, DAP= Di ammonium phosphate, sethylcys=S‐ethyl‐cysteine. 1aa= 1x amino acids, 2aa= 2x amino
acids, 2ca= 2 carboxylic acids, 4ca= 4x carboxylic acid, wa= without addition (control wine) and R>0.40=
metabolites that had correlation coefficient (R) greater than 0.40 with volatile thiols.
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Table 3.6.1: The aroma description of 58 aroma compounds and their OAV detected in wine
samples originated from the juice manipulation experiment
Compounds

ETHYL ESTERS
Ethyl isobutyrate
Ethyl butanoate
Ethyl 2‐methyl
butanoate
Ethyl isovalerate
Ethyl hexanoate
Ethyl heptanoate
Ethyl octanoate
Ethyl decanoate
Ethyl
dodecanoate
ACETATE ESTERS
Isobutyl acetate
Isoamyl acetate
Hexylacetate
Cis‐3‐hexenyl
acetate
Ethyl
phenylacetate
β‐phenylethyl
acetate
OTHER ESTERS
Methyl
octanoate
Ethyl‐(L)‐lactate
Diethyl succinate
Diethyl malate
FATTY ACIDS
Isobutyric acid
Isovaleric acid
Hexanoic acid
Heptanoic acid
Octanoic acid
Decanoic acid
Dodecanoic acid

Aroma notea

Odour
Concentration
thresholdb
in control
wine (µg/L)

OAV in
control
winec

OAV (max and min
in wines from
manipulated juices)

Strawberry, kiwi,
fruity, solvent

15

11.50

0.77

2.82 ‐0.18

Fruity, apple
Fruity, kiwi

20
18

463.89
1.48

23.19
0.08

31.97 ‐7.12
0.25 ‐0.04

Fruity, cheese
Pineapple, apple peel,
fruity
Grape, fruity
Sweet, ripe banana,
pear
Fruity, floral
Flowery, fruity

3
45

3.25
737.62

1.08
52.69

3.30 ‐0.75
70.50 ‐23.83

220
600

0.33
731.47

0.001
1.26

0.005 ‐0.001
2.30 ‐0.63

200
1500

318.42
39.63

1.59
0.026

2.36 ‐0.65
0.09 ‐0.011

Solvent, fruity
Banana
Pear
Sharp fruity, green

1600
30
220
na

47.41
3175.57
49.82
7.62

0.03
105.85
0.07
na

0.07 ‐0.01
175.18 ‐22.50
0.08 ‐0.07
na

Flowery, rose, winy

73

4.15

0.05

0.11 ‐0.04

Flowery, fruity, olive

250

511.13

2.03

3.05 ‐0.60

Intense citrus, apple
skin, fruity
Fruity, milky
Fruity

200

1.40

0.007

0.012 ‐0.004

154000
200000

4062.82
14.70

0.03
0.000073

100000

1567.20

0.16

0.075 ‐0.012
0.00064
‐ 0.000043
0.2 (4x ca)‐0.15

2300
34
420
3000
220
1000
na

925.87
460.23
5094.66
390
680
20187.46
1657.02

0.40
13.54
12.13
0.13
3.09
20.19
na

0.71 ‐ 0.23
18.02 ‐3.82
15.48 ‐7.85
0.13
3.09
21.36 ‐8.24

na
1100

1.28
2499.60

na
2.25

na
3.91 ‐1.42

Brown sugar, fruity,
herbal
unpleasant
Sweet, cheese
Sweet, cheese, spicy
Fatty acid, dry
Fatty acid, dry, dairy
Fatty acid, dry, woody
Soapy

C6 ALCOHOLS/ALDEHYDE
Trans‐2‐hexenal
Cut grass
Hexanol
Resin, flower, green,
cut grass
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Trans‐3‐hexen‐1‐ Green, cut grass
ol
Cis‐3‐hexen‐1‐ol Green, cut grass
Trans‐2‐hexen‐1‐ Green, cut grass
ol
Cis‐2‐hexen‐1‐ol Green, cut grass
ALCOHOLS
Isobutanol
Wine, solvent, bitter
1‐butanol
Medicinal
Isoamylalcohol
Whisky, malt, burnt
Phenylethyl
Honey, spice, rose
alcohol
Methional
Baked potato
1‐heptanol
Grape, sweet
Benzaldehyde
Bitter almond
2‐ethyl‐1‐
Mushroom, sweet,
hexanol
fruity
Methionol
Cooked cabbage
Benzyl alcohol
Flowery‐sweet
CINNAMATES/ANTHRANILATES
Ethyl
Sweet, dried fruit
hydrocinnamate
Ethyl trans
Fruity
cinnamate
Methyl
Sweet, apple
anthranilate
Ethyl 2‐
Sweet, fruity
aminobenzoate
NORISOPRENOIDS
β‐damascenone
Rose
α‐ionone
Floral
β‐ionone
Floral
TERPENES
Linalool
Fruity, citrus, floral,
lavender
(+)‐terpinen‐4‐ol
α‐terpineol
Floral, sweet
β‐citronellol
Rose
Cis‐geraniol
Rose, geranium
Trans‐geraniol
Fruity, floral, sweet

1000

37.40

0.09

0.19 ‐0.08

400
400

910.42
8.27

2.27
0.021

2.74 ‐1.57
0.023 ‐0.01

400

5.37

0.013

0.03‐ 0.009

17840
583.82
112701.73
1361

0.45
0.008
3.76
0.13

0.66 ‐0.31
0.02 ‐0.004
6.55 ‐2.92
2.25 ‐0.13

98.09
5.82
0.05
8.60

na

na

0.0002
0.001

0.0005 ‐0.0001
0.002 ‐0.0004

1936.85
110.78

1.94
0.0005

8.52 ‐0.46
0.0007 ‐0.00007

1.6

0.26

0.16

0.18 ‐0.04

1.1

0.55

0.50

0.58 ‐0.44

na

11.29

na

na

3

1.50

0.50

1.49 ‐0.22

0.05
2.6
0.07

0.08
0.22
0.47

1.53
0.083
6.65

2.60 ‐0.47
0.084 ‐0.078
6.74 ‐5.53

25.2

4.01

0.16

0.23 ‐0.018

250
100
300
na

2.27
2.52
5.60
511.02

0.009
0.03
0.019
na

0.024 ‐0.003
0.04 ‐0.009
0.025 ‐0.005

40000
150000
30000
14000
na
1000
350
8000
1000
200000

na= not known. a,b: these data are collated from the references Escudero et al. (2007), López et al. (2002),
Guth (1997), Benkwitz et al. (2012b), Rocha et al. (2004), Gómez‐Míguez et al. (2007), Antalick et al. (2010),
c
Komes et al. (2006), Jiang and Zhang (2010), Li (2006), Aubry et al. (1997), Takeoka et al. (1989) . : bolding
indicates OAV>1 in the control wine.
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Addition of amino acids and the formation of wine aroma compounds:
Supplementation of amino acids caused significant changes (p<0.01) in the production of a
wide range of aroma compounds, such as esters, higher alcohols, cinnamates, terpenes and
norisoprenoids (Table 3.6.2). The group additions of all shortlisted amino acids (see Table

2.12 and Table 3.2.1) resulted in higher production of most aroma compounds, especially
esters, higher alcohols and some C6 compounds. However, amino acid addition reduced
yields of some volatile fatty acids and cinnamates.

Table 3.6.2: List of wine aroma compounds affected by juice amino acid supplementation
Juice manipulation
4x GABA

Influence on wine aroma compounds
Increase
Decrease
Decanoic acid (30%)
Diethyl succinate (66%), E‐geraniol
(51%), β‐phenylethyl acetate (50%), β‐
damascenone (48%), phenylethyl
alcohol (45%), methional (40%)

4x Glutamic acid

Phenylethyl alcohol (45%), methional
(38%)

Ethyl‐(L)‐lactate (52%), E‐geraniol
(30%)

4x Glutamine

Phenylethyl alcohol (109%), methional
(47%)

Ethyl 2‐aminobenzoate (57%),
ethyl 2‐methyl butanoate (48%),
decanoic acid (40%), dodecanoic
acid (32%), E‐geraniol (30%)

1x amino acids

Methional (700%), 1‐butanol (132%),
phenylethyl alcohol (127%), ethyl 2‐
methyl butanoate (82%), ethyl 2‐methyl
butanoate (80%), isobutyl acetate
(52%), cis‐2‐hexen‐1‐ol (43%), diethyl
succinate (40%), β‐phenylethyl acetate
(31%)

Isovaleric acid (72%), 2‐ethyl‐
hexanol (60%), ethyl
hydrocinnamate (43%), decanoic
acid (38%), E‐geraniol (34%)

2x amino acids

Methional (900%), 1‐butanol (276%),
ethyl 2‐methyl butanoate (154%),
isobutyl acetate (122%), ethyl 2‐methyl
butanoate (114%), phenylethyl alcohol
(85%), isoamyl acetate (53%), ethyl
heptanoate (50%), ethyl isobutyrate
(48%), isobutanol (48%), ethyl
isovalerate (45%), diethyl succinate
(41%), cis‐2‐hexen‐1‐ol (40%), ethyl
butanoate (38%), β‐phenylethyl acetate
(34%), ethyl dodecanoate (34%), 1‐
heptanol (32%)

Ethyl hydrocinnamate (71%), 2‐
ethyl‐hexanol (40%)

Only compounds detected at statistically different levels compared to the control (p<0.01) are listed.

Sauvignon blanc metabolomics

Chapter 3

P a g e | 106

Influence of carboxylic and fatty acids on wine aroma compounds:
The supplementation of carboxylic acids (individually or in groups) also caused noticeable
changes on the aroma compounds of the resulting wines. For instance, the addition of citric
acid showed the greatest influence on the development of different esters, aldehydes,
higher alcohols, C6 alcohol, cinnamates and anthranaliates during fermentation (Table

3.6.3). Linoleic acid, on the other hand, showed a mixed effect on the wine aroma
compounds, mostly reducing the levels of acetate esters and some ethyl esters, but
increasing the levels of terpenes, norisoprenoids, anthranilates, C6 compounds, and higher
alcohols (Table 3.6.3).

Table 3.6.3: List of wine aroma compounds affected by juice supplementation with
carboxylic and fatty acids
Juice
manipulation
4x Citric acid

Influence on wine aroma compounds
Increase
Decrease
Ethyl isobutyrate (113%), ethyl dodecanoate Benzyl alcohol (87%), 2‐ethyl‐
(112%), phenylethyl alcohol (101%), ethyl
hexanol (44%), E‐geraniol (40%),
phenylacetate (74%), ethyl phenylacetate
ethyl octanoate (35%)
(74%), ethyl isovalerate (71%), methyl
anthranilate (69%), E‐3‐hexen‐1‐ol (63%),
ethyl 2‐methyl butanoate (61%), ethyl 2‐
aminobenzoate (59%), diethyl succinate
(55%), methional (51%), benzaldehyde
(44%), ethyl‐(L)‐lactate (32%)

4x Succinic
acid

Diethyl succinate (162%), phenylethyl
alcohol (105%), ethyl phenylacetate (58%),
methyl anthranilate (47%), benzaldehyde
(41%)

Ethyl‐(L)‐lactate (53%), ethyl 2‐
methyl butanoate (48%), ethyl
isobutyrate (43%), 2‐ethyl‐hexanol
(37%), ethyl butanoate (30%)

2x Carboxylic
acids

Diethyl succinate (438%), methyl
anthranilate (380%), phenylethyl alcohol
(315%), methionol (270%), ethyl heptanoate
(197%), benzaldehyde (160%), 1‐butanol
(151%), methional (131%), 2‐aminobenzoate
(129%), ethyl 2‐methyl butanoate (120%),
ethyl‐(L)‐lactate (111%), ethyl isovalerate
(101%), isovaleric acid (78%), isobutyric acid
(70%), 2‐ethyl‐hexanol (66%), isobutyl
acetate (65%), benzyl alcohol (50%), ethyl
decanoic acid (49%), cis‐2‐hexen‐1‐ol (43%),
isobutanol (33%),

Geraniol (70%), ethyl decanoate
(59%), nerol (51%), ethyl
octanoate (53%), methyl
octanoate (31%)

4x Carboxylic
acids

Diethyl succinate (769%), ethyl heptanoate
(564%), phenylethyl alcohol (537%), methyl
anthranilate (411%), ethyl isovalerate
(197%), ethyl‐(L)‐lactate (185%),

Ethyl octanoate (91%), nerol
(67%), ethyl decanoate (56%), β‐
phenylethyl acetate (50%),
geraniol (45%), ethyl butanoate
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4x linoleic acid

benzaldehyde (174%), methional (151%),
methionol (150%), cis‐2‐hexen‐1‐ol (138%),
E‐3‐hexen‐1‐ol (91%), hexanol (81%),
isobutyric acid (76%), 2‐ethyl‐hexanol (74%),
1‐butanol (70%), isoamyl alcohol (69%), ethyl
2‐aminobenzoate (65%), ethyl 2‐methyl
butanoate (60%), decanoic acid (59%),
benzyl alcohol (56%), isobutanol (43%)

(43%), methyl octanoate (43%),
isoamyl acetate (41%), β‐
damascenone (42%), ethyl
hexanoate (40%)

Phenylethyl alcohol (489%), methyl
anthranilate (445%), benzaldehyde (238%),
α‐terpineol (168%), diethyl succinate (132%),
ethyl heptanoate (96%), 2‐ethyl‐hexanol
(84%), β‐damascenone (69%), geraniol
(69%), cis‐2‐hexen‐1‐ol (52%), citronellol
(49%), cis‐3‐hexenyl acetate (44%),

Isoamyl acetate (79%), β‐
phenylethyl acetate (71%), ethyl
butanoate (69%), benzyl alcohol
(65%), isobutyl acetate (57%),
ethyl hexanoate (55%), ethyl
decanoate (54%), isobutyric acid
(54%), decanoic acid (47%), ethyl
octanoate (44%)

Only the compounds detected at statistically different levels compared to the control (p<0.01) are listed here.

The addition of DAP in different concentrations (YAN 300, YAN 400 and YAN 600) mostly
affected ester formation (data provided in Appendix 10). In addition, DAP supplementation
increased the production of methional (40%‐128%, sweet soup and meat aroma) and 4‐
ethylguaiacol (>51%, clove, spicy, smoky aroma). Similar to the effect on 3MHA production,
no linear response in the production of these aroma compounds was observed with
increased DAP addition to the juice.
The juice addition of S‐ethyl‐cysteine impacted on the production of a few esters (e.g.
diethyl succinate, ethyl‐L‐lactate, isoamyl acetate, isobutyl acetate), methional, 4‐
ethylguaiacol, benzyl alcohol, methionol and 2‐ethyl‐hexanol. Among the putative
precursors of volatile thiols, only GSH‐3MH supplementation to the juices resulted in a
significant increase in the production of other aroma compounds such as esters and
methional (Appendix 10). The addition of GSH‐3MH to the juice, however, decreased the
level of methionol in the resulting wine. The other 2 thiol precursors (Cys‐3MH and Cys‐
4MMP) mostly reduced the yields of aroma compounds, except for the increased
production of benzaldehyde and phenylethyl alcohol.

3.6.2 Effect of juice addition on acetylation and esterification process:
Esters are very important group of aroma compounds for wine that mostly contribute to
the pleasant fruity notes. They are produced during the fermentation by the reaction
between acid and alcohol (esterification) or by the introduction of an acetyl group to
alcohol (acetylation). Both of these reactions that produce esters in wines are important
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during the fermentation. My study has clearly shown that both the acetylation and
esterification process were highly influenced by the juice manipulations. Significant changes
were observed in most of the resulting wines compared to control.

Figure 3.6.2 shows that the addition of linoleic acid and carboxylic acids mostly reduced the
acetylation ratio between acetate esters. Specially, carboxylic acids and linoleic acid
resulted in a decrease in the acetylation ratio by 50%. Similarly, citric acid and succinic acid
alone also decreased the acetylation ratio of different compounds. On the other hand,
addition of DAP and all metabolites together increased the acetylation/esterification ratio.
GSH‐3MH and 2x all amino acids also increased the acetylation of acetate esters by 22%.
Other additions did not cause any considerable effect on the acetylation process (Figure

3.6.2a).
On the other hand, the esterification process for ethyl esters showed different results,
where Cys‐3MH, succinic acid and linoleic showed a negative influence on this reaction.
Unlikely the previous observation for acetate esters, the supplementation of carboxylic
acids caused a notable increase in the formation of ethyl esters. The supplementation of
nitrogenous compounds (DAP and amino acids) also had a positive impact on this reaction
(Figure 3.6.2b).
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a

b

Figure 3.6.4: The acetylation ratio wines resulted from manipulated juices. (a) and (b) are the changes of acetylation ratio for acetate and ethyl esters respectively. GABA=‐amino
butyric acid, GSH= S‐3‐(hexan‐1‐ol)‐glutathione, Cys‐3MH=3‐S‐cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐methylpentan‐2‐one)‐L‐cysteine, DAP= Di ammonium phosphate,
YAN=Yeast assimiliable nitrogen, S‐ethyl‐cys=S‐ethyl‐cysteine and R>0.40= metabolites that had correlation coefficient (R) greater than 0.40 with volatile thiols.
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3.7 Oenological properties of the wines resulted by juice manipulation
All wines resulted from the juice manipulation experiment were analysed by WineScan and
the results are presented in the Table 3.7.1. The juice manipulation significantly affected
most WineScan parameters in at least one or more wines.
The addition of carboxylic acids (single addition and in groups) to the grape juices resulted in
wines with lower pH, higher acidity and higher malic acid concentrations compared to
control. The addition of DAP also reduced the pH of the final wines, which is in accordance
with previous works (Bell and Henschke, 2005, Ugliano et al., 2007). However, DAP juice
supplementation did not impact on the total acidity and malic acid concentration of the
wines.
Another important oenological parameter of wines is residual sugar content, which is
related to the completeness of fermentation. The total residual sugar concentration varied
from 1.8 g/L in wines resulted from supplemented with amino acids (2x) (p=0.0004) to 6.9
g/L in juice supplemented with amino acids (1x) (p=0.05), whist control wines presented a
total concentration of residual sugars of 4.5 g/L. Wines produced from juices supplemented
with succinic acid (4‐fold) and DAP (YAN 300) had sugar concentrations slightly higher than
the control wine, but these changes were not statistically significant (n=3). The remaining
wines presented total residual sugar below 4.5 g/L (Table 3.7.1).
Surprisingly, some of the juice manipulations resulted in wines with a significant reduced
ethanol content (Table 3.7.1). The wines derived from juices supplemented with linoleic
acid, cys‐3MH and cys‐4MMP presented final ethanol content of 11.3‐11.8% according to
WineScan analysis, which is equivalent to a 12‐16% reduction in ethanol production
compared to control wine samples (13.5%). The addition of all metabolites in the juice prior
to fermentation also decreased the ethanol concentration by 17% (p=0.003). On the other
hand, the addition of carboxylic acids (4x) to the juice resulted in wine with significant
higher alcohol content (15%).
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Table 3.7.1: WineScan parameters of wines originated from the juice manipulation experiment
Sample

pH

Total Acidity
(g/L)

Malic Acid
(g/L)

Glucose/Fructose
(g/L)

Ethanol
(v/v %)

Control

3.1±0.02

8.8±0.22

4.5±0.23

4.5±0.36

13.5±0.66

GABA (4x)

3.1±0.01

8.6±0.05

4.6±0.04

4.2±0.33

13.4±0.02

Glutamic acid (4x)

3.0±0.01

8.7±0.16

4.7±0.04

3.8±0.43

13.6±0.08

Glutamine (4x)

3.1±0.01

8.7±0.01

4.8±0.08

4.3±0.65

13.5±0.01

Succinic acid (4x)

3.0±0.00

8.8±0.00

4.7±0.03

4.9±0.16

13.5±0.04

Citric acid (4x)

2.8±0.01*

10.7±0.07*

5.4±0.04*

3.6±0.00*

13.1±0.01

Linoleic acid (4x)

3.0±0.00

8.5±0.03

4.3±0.01

3.1±0.00**

11.8±0.03*

All amino acids (1x)

3.1±0.00

8.8±0.13

4.7±0.08

6.8±0.57*

13.1±0.08

All amino acids (2x)

3.1±0.01

8.8±0.08

4.6±0.02

1.8±0.13***

13.3±0.06

R>0.40 (2x)

3.0±0.02

9.6±0.33

5.1±0.28

4.3±0.22

12.9±0.57

R>0.40 (4x)

2.9±0.02*

10.5±0.36*

5.4±0.21*

2.7±0.06**

12.7±0.43

Carboxylic acids (2x)

13.4±0.19**

7.9±0.15**

2.3±0.09**

14.1±0.20

13.5±0.09**

8.2±0.08**

2.9±0.45**

15.1±0.18**

All metabolites (2x)

2.7±0.01*
*
2.7±0.01*
*
3.1±0.03

8.2±0.37

4.2±0.18

2.7±0.35**

11.2±0.32**

DAP YAN 300

2.9±0.00*

8.7±0.035

4.6±0.01

5.0±0.09

13.4±0.04

DAP YAN 400

2.9±0.01*

8.7±0.06

4.4±0.01

3.0±0.27**

13.5±0.05

DAP YAN 600

2.9±0.00*

7.7±0.04*

4.2±0.09

4.2±0.30

13.1±0.15

S‐ethyl‐cys

3.1±0.01

8.4±0.15

4.4±0.09

2.9±0.02**

13.2±0.41

GSH‐3MH

3.1±0.00

8.7±0.03

4.7±0.02

3.7±0.38

13.7±0.03

Cys‐3MH

3.1±0.00

7.9±0.03*

4.0±0.02

3.6±0.63*

11.3±0.02**

Cys‐4MMP

3.1±0.00

7.8±0.09*

4.0±0.03

4.0±0.30

11.3±0.07**

Carboxylic acids (4x)

Control wine samples (n=8), Wine samples from manipulated juices (n=4). The p‐values are indicated as * =
p<0.05, **= p<0.01 and ***= p<0.005. GABA=‐amino butyric acid, GSH= S‐3‐(hexan‐1‐ol)‐glutathione, Cys‐
3MH=3‐S‐cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐methylpentan‐2‐one)‐L‐cysteine, DAP= Di ammonium
phosphate, YAN=Yeast assimiliable nitrogen, S‐ethyl‐cys=S‐ethyl‐cysteine and R>0.40= metabolites that had
correlation coefficient (R) greater than 0.40 with volatile thiols.

WineScan (FTIR instrumentation) is sensitive to matrix effects and the measurement of
compounds can be influenced by the other compounds in wines. Therefore, in order to
confirm some of the WineScan results, key chemical parameters of the wines were also
determined by other analytical approaches, such as GC‐MS and enzymatic assays. The
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concentration of residual sugars (glucose+fructose) was determined by both GC‐MS and
Megazyme kit (K‐FRUGL). The summary of the results is presented on Table 3.7.2.
Table 3.7.2: Residual sugars concentrations (g/L) in wines derived from juice manipulation
experiment
Wines

GlucFruc
(WineScan)

GluFruc
(GC‐MS)

GluFruc
(Megazyme kit)

Standard deviation of
means obtained from
three methods

Control

4.5±0.36

4.5±0.25

4.4±0.40

0.05

GABA (4x)

4.2±0.33

4.3±0.28

4.3±0.20

0.04

Glutamic acid (4x)

3.8±0.43

3.9±0.12

4.0±0.8

0.09

Glutamine (4x)

4.3±0.65

4.3±0.43

4.3±0.17

0.02

Succinic acid (4x)

4.9±0.16

4.9±0.22

4.9±0.14

0.02

Citric acid (4x)

3.6±0.00

3.8±0.06

3.6±0.01

0.13

Linoleic acid (4x)

3.1±0.00

3.2±0.07

3.1±0.01

0.20

All amino acids (1x)

6.8±0.57

6.5±0.75

6.9±0.22

0.15

All amino acids (2x)

1.8±0.13

2.0±0.02

2.1±0.06

0.03

R>0.40 (2x)

4.3±0.22

4.3±0.28

4.4±0.35

0.14

R>0.40 (4x)

2.7±0.06

2.9±0.01

2.9±0.14

0.08

Carboxylic acids (2x)

2.3±0.09

2.8±0.05

2.7±0.11

0.23

Carboxylic acids (4x)

2.9±0.45

3.1±0.24

3.0±0.24

0.11

All metabolites (2x)

2.7±0.35

3.0±0.12

3.0±0.07

DAP YAN 300

5.0±0.09

4.9±0.12

5.0±0.08

0.10

DAP YAN 400

3.0±0.27

3.2±0.02

3.1±0.11

0.19

DAP YAN 600

4.2±0.30

3.8±0.34

4.1±0.24

0.08

S‐ethyl‐cys

2.9±0.02

3.1±0.01

3.0±0.01

0.14

GSH‐3MH

3.7±0.38

3.9±0.12

3.9±0.24

0.02

Cys‐3MH

3.6±0.63

3.8±0.33

3.7±0.34

0.10

Cys‐4MMP

4.0±0.30

4.0±0.22

4.0±0.33

0.05

0.05

GluFruc= Glucose + Frucose. Control wine, n=8 and others, n=4.

Very consistent results regarding the concentration of residual sugars were obtained
between all three analytical methods used. To compare the variability of each method, t‐
test was performed to calculate the p‐value and in all cases it was higher than 0.5. Thus, the
sugar concentrations obtained from different methods were statistically identical.
The concentration of ethanol in the wine samples from juice manipulation was determined
using an enzymatic kit (K‐ETOH) from Megazyme, and the results are presented on Table
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3.7.3. Similar to residual sugar content, the ethanol concentrations determined by the
Megazyme Kit and WineScan were highly consistent, with no statistical significant
differences between the values observed between these two methods (p>0.5) for all the
samples.
Table 3.7.3: Ethanol concentrations in wines obtained from the juice manipulation experiment
Wine

Ethanol (%v/v)‐
Megazyme kit

Ethanol (%v/v)‐
WineScan

Control

13.3±0.70

13.5±0.66

GABA (4x)

13.4±0.12

13.4±0.02

Glutamic acid (4x)

13.7±0.07

13.6±0.08

Glutamine (4x)

13.6±0.02

13.5±0.01

Succinic acid (4x)

13.5±0.03

13.5±0.04

Citric acid (4x)

13.1±0.00

13.1±0.01

Linoleic acid (4x)

11.7±0.13

11.8±0.03

All amino acids (1x)

12.7±0.19

13.1±0.08

All amino acids (2x)

13.2±0.32

13.3±0.06

R>0.40 (2x)

12.7±0.65

12.9±0.57

R>0.40 (4x)

12.6±0.50

12.7±0.43

Carboxylic acids (2x)

14.2±0.17

14.1±0.20

Carboxylic acids (4x)

14.9±0.12

15.1±0.18

All metabolites (2x)

11.3±0.10

11.2±0.32

DAP YAN 300

13.7±0.05

13.4±0.04

DAP YAN 400

13.5±0.11

13.5±0.05

DAP YAN 600

13.2±0.23

13.1±0.15

S‐ethyl‐cys

13.1±0.34

13.2±0.41

GSH‐3MH

13.0±0.55

13.7±0.03

Cys‐3MH

11.4±0.01

11.3±0.02

Cys‐4MMP

11.1±0.15

11.3±0.07

Standard deviation of
values obtained from
two methods
0.17
0.04
0.03
0.05
0.03
0.01
0.29
0.08
0.12
0.08
0.09
0.06
0.13
0.03
0.05
0.26
0.01
0.15
0.17
0.06
0.06

Control wine samples, n=8 and others, n=4. GABA=‐amino butyric acid, GSH= S‐3‐(hexan‐1‐ol)‐glutathione,
Cys‐3MH=3‐S‐cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐methylpentan‐2‐one)‐L‐cysteine, DAP= Di
ammonium phosphate,
YAN=Yeast assimiliable nitrogen, S‐ethyl‐cys=S‐ethyl‐cysteine and R>0.40=
metabolites that had correlation coefficient (R) greater than 0.40 with volatile thiols.
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Wines with lower ethanol content may indicate the fermentation was not efficient or not
completed. Therefore, in addition to low residual sugar content, it is also important to
determine the concentration of alternative fermentation products to ethanol, such as
glycerol, to confirm the juice fermentation was efficiently achieved. The concentration of
glycerol was also determined by GC‐MS (Figure 3.7.1).

Figure 3.7.1: The concentration of glycerol in wines obtained from juice manipulation. *=p <0.01, **=p <0.001
and ***=p<0.0001. GABA=‐amino butyric acid,

GSH= S‐3‐(hexan‐1‐ol)‐glutathione, Cys‐3MH=3‐S‐

cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐methylpentan‐2‐one)‐L‐cysteine, DAP= Di ammonium phosphate,
YAN=Yeast assimiliable nitrogen, S‐ethyl‐cys=S‐ethyl‐cysteine and R>0.40= metabolites that had correlation
coefficient (R) greater than 0.40 with volatile thiols.

Indeed, the wines with lower ethanol content presented higher glycerol concentrations. For
instance, the juice addition of linoleic acid, Cys‐4MMP and Cys‐3MH increased the glycerol
production in the respective wines by 41% ‐47% (p<0.0001). With the addition of 2x all
metabolites, 27% more glycerol was produced as well (p<0.001). The juice addition of
glutamic acid also caused increase glycerol production in the wines (p<0.01), without
affecting ethanol content. Therefore, these results confirm that the juice manipulations did
not reduce the fermentation efficiency, but just changed the ratio of yeast fermentation
products.
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The ultimate goal of metabolomics is to detect, identify and quantify every single
metabolite produced or modified by a living cell. That has not come into reality yet mainly
due to the high chemical diversity of metabolites and their wide dynamic range in biological
samples (Jansen and Westerhuis, 2012). But metabolomics has advanced rapidly in the last
decade. The development of highly sensitive and high‐throughput analytical instruments
combined with advanced data analysis tools have allowed the detailed metabolome study
of different biological systems. In metabolomics, as in any omics, the focus is on first
generating data to create hypotheses to answer a specific biological question, which is
contrary to the classical reductionist approach, where hypotheses are created first and
experiments are designed to generate data to prove or disprove those specific hypotheses.
Therefore, metabolomics is considered a more unbiased approach that enhances our ability
to make new discoveries.
In order to apply unbiased metabolomics principles to grape juice and wine samples, my
first challenge was to overcome the sample matrix effect. Each method used in this study
was optimised to ensure reproducibility and linearity to analyse complex grape juice and
wine samples (data not shown). Grape juice contains high amount of sugars that poses an
enormous problem during sample preparation and analysis by limiting the detection of
considerably less concentrated metabolites (Long et al., 2012). Similarly, the ethanol
concentrations in wine can also interfere with some analyses (Câmara et al., 2006).
However, wine samples present less matrix effect than juice samples because ethanol, the
major component of wines, can be easily removed from the samples. Indeed, there were
many metabolites expected to be present in the grape juices, but were only detected in
wine samples. For instance, cysteine was not detected in the grape juices by GC‐MS, but it
was successfully identified in wines using the same method (Table 3.1.2). Hence, during
data analysis and interpretation, it could not be assumed that metabolites not detected in
the sample were not actually present. They could just have not been detected in juice
and/or wine samples due to the matrix interference. Nonetheless, it can be assumed that
most compounds not detected in the samples were likely to be present at very low
concentrations and, therefore, below the detection limit of the method.
There were some considerations behind the choice of analytical platforms to analyse
metabolites in grape juices and wines. Sample matrices severely interfere with the
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reproducibility of LC‐MS methods during untargeted analysis (Cappiello et al., 2008;
Smeraglia et al., 2002). Therefore, LC‐MS was not used for the untargeted metabolite
profiling. It was only used for the targeted analysis of putative precursors by using
expensive isotope‐labelled internal standards. GC‐MS was chosen as the main analytical
technique for this project because it is able to analyse hundreds of metabolites in a single
analysis. However, some metabolites (e.g. cysteine) are somewhat unstable and others
(e.g. arginine) are not volatile enough or derivatisable to be analysed by GC‐MS (Psychogios
et al., 2011). These metabolites (if present above their detection limit) could be detected by
NMR. The complementary use of multiple instrumental technologies, therefore, allowed
the detection of a larger number of compounds. Nevertheless, I am aware that I did not
detect and identified every single metabolite present in the grape juice and wine samples.

4.1 Metabolite profiling of grape juices and wines
It was evident from my results that GC‐MS methods provided far more comprehensive
metabolite profiles than NMR analysis. A similar observation was also reported about
American white wine by Skogerson et al. (2009), which can be explained by the poor
sensitivity of NMR detector compared to mass spectrometry (Dieterle et al., 2011; Shulaev,
2006; Villas‐Bôas et al., 2005a). The identification of metabolites by GC‐MS was also easier
to achieve compared to NMR due to the availability of in‐house and commercial MS
libraries. While comparing these two instrumental platforms, a moderate correlation was
observed between commonly identified metabolites from both GC‐MS and NMR (Appendix
7, Table A3), which was in agreement with the data published by Tredwell et al. (2011). This
magnitude of correlation can be explained by the existing limitations (e.g. sensitivity and
linearity) of these two analytical platforms. NMR is less sensitive but more quantitative
than GC‐MS (Shulaev, 2006). On the other hand, the derivatization efficiency is variable for
different metabolites; therefore, the response factors of metabolites (i.e. ratio between
signal produced by a metabolite and the quantity of that metabolite) analysed by GC‐MS
are also different (Koek et al., 2006). Thus, the relative abundance of a metabolite could be
really high in GC‐MS data, whereas the same metabolite also could have much lower
abundance in NMR data due to the linear and quantitative nature of NMR analysis. As a
result, it was not unexpected to observe moderate correlation between the same
metabolite identified by NMR and GC‐MS. NMR has been used to analyse metabolites in
grape juice and wine samples in order to determine vintage and soil effect on wine
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properties as well as to determine sensory attributes of wines affected by berry shading
and grape variety (Lee et al., 2009; Pereira et al., 2006; Rochfort et al., 2010). But these
studies were mostly targeted analysis. In this study, the main contribution from the NMR
analysis of grape juices was the detection and identification of the two natural amino acids
(cysteine and arginine) not detected by GC‐MS, confirming that the best way to obtain a
comprehensive metabolite profile of biological samples is indeed by combining different
analytical techniques (Dunn, 2010; Hall and Hardy, 2012; Sumner, 2010; Wishart, 2011).
An important goal of obtaining metabolite profiles of juices and wines was to understand if
there was a seasonal and geographical influence on juice composition and how that
impacts on wine chemical properties. Whilst the comprehensive juice metabolite profile
(GC‐MS, NMR and WineScan parameters) showed a significant seasonal variation,
geographical variation was not prominent in juices (Figure 3.1.1). For instance, the GC‐MS
metabolite profile data from juice samples showed great seasonal variation in juice
composition, but very little geographical influence could be observed (Appendix 7, Figure
A3), suggesting an absence of regional terroir effect on Sauvignon blanc grape juices within
New Zealand. However, the wines derived from the same juices also showed a much
stronger seasonal effect on their chemical properties than geographical effect (Figure
3.1.2), which again indicates the absence of terroir on SB wines within New Zealand. Terroir
is an important factor in wine quality and style mostly for European countries, but it has
been often disregarded by New World wine producing countries such as New Zealand
(Smart, 2002). The history of New Zealand winemaking is comparatively new and there are
many large vineyards where the vines have been growing only for less than 25 years. On
the other hand, the old world (European) wine producing countries have been growing
grapes in comparatively small vineyards that are at least hundred years old. Therefore, the
wines from many European countries (e.g. France, Italy and Spain) have their own terroir
attributes that are either absent or not known in New World wines. Moreover, machine
harvesting is the preferred method of grape harvesting in New Zealand, which usually
blends grapes from different locations of large vineyards (Smart, 2002). Therefore, it is
difficult to determine the actual terroir effect on grape and wine quality. This study also
demonstrated the lack of regional terroir on New Zealand SB grape juices and wines.

Sauvignon blanc metabolomics

Chapter 4

P a g e | 118

The variation of grape juice composition according to seasons was neither an unexpected
result nor a new finding. Grape juice composition varies due to the differences in climatic
conditions, such as water deficit (Des Gachons et al., 2005; Sadras and Petrie, 2011), rainfall
and exposure to sunshine (Kobayashi et al., 2011). The mechanisms behind this variation
are complex and related to physiology and metabolism of the grapevines and their
interaction with the environment where they grow. Kobayashi et al. (2011) studied the
correlation of climatic conditions with the berry composition of ‘Koshu’ grape in three
grape growing regions in Japan and stated that solar radiation had the stronger correlation
with ‘Koshu’ grape composition compared to other climatic conditions, such as rainfall,
average temperature and difference between maximum and minimum temperature.
Kwasniewski et al. (2010) also showed that sunlight exposure of grape clusters elevated the
concentrations of C(13)‐norisoprenoids and carotenoids in Riesling grapes. Soil
geochemistry is also known to influence the aroma quality of wines and both
environmental factors (e.g. slope, elevation, aspect, growing degree days and sunshine
hours) and viticultural management (e.g. fruit exposure, trellis design and bunches per
shoot) significantly affect the quality of grapes and wines (Imre et al., 2012). Due to the
variation in grape juice composition, the wine chemical properties are also diverse, which
was also demonstrated in this study.

4.2 Comparison of metabolite profiles before and after fermentation
Metabolite profiling of grape juice before and after fermentation enabled the
determination of changes in, and transformations of, metabolites due to the fermentation
process. For instance, amino acids were consumed by the yeasts to different degrees
during the fermentation. Grape juice is a nitrogen‐limited media and yeast needs nitrogen
for its cellular growth. Thus, the consumption of amino acids by yeasts was expected. It was
reported 60 years ago by Peynaud (1939) that organic nitrogen can be reduced by yeasts
during fermentation and it was demonstrated by other scientists as well (Ayestarán et al.,
1998; Castor, 1953; Goñi and Azpilicueta, 1999; Mauricio et al., 2001; Salmon and Barre,
1998). Different patterns of consumption of amino acids by the yeasts were observed,
which was mostly juice specific (Figure 3.2.2). Some amino acids were consumed more
efficiently by the yeasts than others. Only one season (2009) showed slight season‐specific
trend. The seasonal changes in the amino acid composition of the juices have been
reported before (Caldwell, 1925; Spayd and Andersen‐Bagge, 1996; Treeby et al., 1998).
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Yeasts can change their amino acid consumption based on which amino acids are available
in the media. It has been shown that yeasts use two regulatory mechanisms to assimilate
nitrogen sources: nitrogen catabolite repression (NCR) and Ssy‐Ptr3‐Ssy5 (SPS) (Cooper,
1982). Depending on the availability of amino acids and other nitrogen sources, S.
cerevisiae regulates the production of specific amino acid permeases at the gene‐
expression level. Therefore, the different patterns of amino acid consumption during the
fermentation reflect the outcome of the yeast regulatory networks for nitrogen
assimilation under different grape juice compositions. That is the likely reason why the
amino acid consumption was juice specific.
The patterns of amino acid consumption revealed by my study were in agreement with
previously published data. Castor (1953) also reported the fate of 14 amino acids in
Colombard grape juice during the fermentation, and showed that 11 of them (arginine,
glutamic acid, valine, isoleucine, histidine, aspartic acid, tryptophan, tyrosine,
phenylalanine and methionine) were mostly removed (75‐90%) by the yeasts during the
fermentation. My results also showed similar degree of removal of these amino acids,
except tyrosine (58%) and arginine (62%). Castor (1953) also stated that cysteine, glycine
and lysine were just marginally consumed, which was also evident in my results. Even
though Crépin et al. (2012) reported that lysine is a suitable source of nitrogen for yeasts,
usually consumed within few hours of yeast growth, my results showed that lysine was not
efficiently consumed by the yeasts during SB grape juice fermentation, because at least
47% of the initial lysine level measured in the juices was still present in the final wines.
However, I cannot rule out the possibility of matrix effect masking the actual level of lysine
in the original juices, similar to what was observed with cysteine. The high sugar levels in
the grape juice could have interfered with lysine derivatization yields to a better extent
than it interfered with the MCF derivatization of the internal standard 2,3,3,3‐d4‐alanine,
used to correct the matrix effect. Thus, the initial levels of lysine in the juices could have
been much higher than what was measured, and the yeast assimilation of this amino acid
could have been greater than the estimated 53%. However, my results also showed some
disagreement with the published data by Jiranek et al. (1995). My work was carried out
using natural grape juices, which reflects the natural winemaking condition; whereas
Jiranek et al. (1995) used synthetic grape juice. Moreover, the yeast strain I used for
fermentation was also different from the strain used by Jiranek et al. (1995). Different yeast
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strains can also contribute to different amino acid consumption patterns (Crépin et al.,
2012; Goñi and Azpilicueta, 1999). However, threonine and serine seemed to be the most
preferred source of nitrogen for the yeast, which was in accordance with Jiranek et al.
(1995). Like all other authors, I also found that proline was not used by the yeasts due to
the absence of molecular oxygen required for proline metabolism during anaerobic
fermentation (Henscke and Jiranek, 1993). Previously, different researchers reported that
the lack of proline permease was the cause behind the inability of S. cerevisiae to utilize
proline under anaerobic condition (Duteurtre et al., 1971; Horak and Rihova, 1982). Later
some authors revealed that proline permease can be activated in the late phase of
fermentation when all other nitrogen sources are depleted (Deed et al., 2011; Rossignol et
al., 2003). My results showed that the proline levels in some wines were actually higher
than that found in the juices (Figure 3.2.2). This could be an artifact from the matrix effect
as discussed above, or could result from arginine degradation during fermentation (Valero
et al., 2003). Furthermore, GABA also showed different patterns that included both
consumption in some juices and production in others (Figure 3.2.2). It has been reported
that the addition of SO2 can reduce the consumption of GABA by low‐SO2‐producing wine
yeasts. Intracellular SO2 induces a change in the 3D conformation of enzymes by depleting
cellular ATP contents because of its action on glycolysis and respiratory chain
phosphorylation (Maier et al., 1986). Consequently, the yeast cells need to modify some of
their metabolic pathways by consuming suitable nitrogen sources (e.g. ammonia instead of
GABA) to reduce energy utilization. Moreover, the entry of SO2 into the yeast cells also
reduces the intracellular pH and therefore, lowers the trans‐membrane pH gradient and
reduces the proton‐motive force across the membrane (Pilkington and Rose, 1988). As a
result, the efficiency of active transport of solutes and some amino acids, which require
proton‐motive force, can be diminished. Due to these reasons mentioned above, yeasts
modify their metabolic behaviours, such as amino acid consumption, in the presence of
SO2. EC1118 did not produce excessive SO2 during white wine fermentation (Eglinton and
Henschke, 1996). Thus, the differences in GABA and some other amino acid consumption in
different juices maybe explained in part by the different amount of SO2 added in grape
juices by the different wineries from where the juices were collected.
Furthermore, my work added important new information regarding the yeast assimilation
of several amino acids not normally studied in SB grape juices (e.g.; cysteine, norleucine,
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norvaline, and pyroglutamic acid). The yeast assimilation patterns of these amino acids
during wine fermentation have not been reported before and some of them are
uncommon sources of nitrogen (e.g.; norleucine, norvaline, and pyroglutamic acid).
Cysteine can be cytotoxic to yeast cells (above 20 mg/L) and yeasts always up‐regulate the
genes involved in the metabolism to reduce the intracellular concentration of cysteine
(Kumar et al., 2006; Maw, 1963; Nishiuch et al., 1976). However, my results showed that
the concentration of cysteine was about 70% lower in wines than in the grape juices (Table
3.2.3). This suggests that S. cerevisiae might consume cysteine even though it is not a
preferred source of nitrogen and may be used as a source of sulphur (Maw, 1963).
Moreover, the concentration of cysteine in New Zealand SB grape juices is usually about 1‐2
mg/L (Harsch and Gardner, 2012), which is below the toxic levels to yeast cells (Maw,
1963). Norleucine and norvaline were also consumed by the yeasts (Table 3.2.3). It could
be speculated that these two uncommon amino acids were transported to the yeast cells,
along with leucine and valine respectively, because of their structural similarities. Even
though there is no evidence in the literature showing that S. cereviase use norleucine and
norvaline as nitrogen sources, my results suggest that both of them can be assimilated by
the yeasts during fermentation. In addition, more than 80% of pyroglutamic acid (also
called as 5‐oxo‐proline) was used by the yeast cells (Table 3.2.3). Pyroglutamic acid is likely
to be transported to the intracellular medium by glutamine/glutamic acid transporters or
by proline transporters, which are regulated by NCR. Pyroglutamate is an intermediate of
glutathione biosynthesis and catabolism, and it is considered a reservoir of glutamic acid in
mammal cells (Kumar and Bachhawat, 2012). The required enzyme for the conversion of
pyroglutamic acid to glutamic acid, 5‐oxoprolinase, was thought to be absent in S.
cerevisiae, but recently Kumar and Bachhawat (2010) demonstrated that this enzyme can
be found in S. cerevisiae cells. Thus, if S. cerevisae is unable to use pyroglutamic acid
directly, it can be converted into glutamic acid, which is a preferred source of nitrogen for
yeasts.
The fatty acids detected in the grape juice samples were also mostly consumed by the
yeasts (Figure 3.2.5). However, only few fatty acids were detected in the grape juices. It can
be assumed that there might be other fatty acids in grape juice, but their concentration
must be too low to be detected by GC‐MS or NMR, without using targeted analysis and
specific extraction protocols. It is also well understood that unsaturated and saturated fatty
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acids in grape juices can be incorporated into the yeast cell wall and that these compounds
play an important role in the maintenance of membrane integrity in yeast cells under
anaerobic conditions (Torija et al., 2003a). Moreover, increased ethanol concentrations
during the fermentation also pose a severe chemical stress on the yeast cells mostly by
altering the membrane permeability. In order to maintain their membrane fluidity, yeasts
are known to change the fatty acid composition of the cell membrane, altering the ratio
between saturated and unsaturated fatty acids (Alexandre et al., 1994a, b). Interestingly,
some fatty acids were found only in wine samples, which could again be due to matrix
effect precluding their detection in the juice matrices, or because they were produced and
secreted by the yeast cells during fermentation, as has been shown to occur when yeast
grow on minimal mineral medium and anaerobic conditions (Villas‐Bôas et al., 2005b).
Nonetheless, the wine, with up to 13% ethanol content, is a much more suitable medium to
solubilise fatty acids and also poses less matrix interference than the grape juice.
The production of carboxylic acids during juice fermentation was also evident and it is well
known that yeasts can secrete different carboxylic acid to the extracellular medium where
they grow. For example, the concentrations of succinic and lactic acids were higher in wines
compared to grape juice. Grape juice contains trace amount of succinic acid because the
concentration of succinic acid and even other organic acids decrease during grape maturity
(Johnson and Carroll, 1973; Lamikanra et al., 1995). On the other hand, succinic acid is the
major acid in wine and it plays a very significant role on its organoleptic properties
(saltiness and bitterness) (Volschenk et al., 2006). Succinic acid is produced by yeasts during
fermentation in the TCA cycle by either oxidising α‐ketoglutarate or reducing fumarate. It
can also be produced through the GABA shunt, which bypasses 2 steps of TCA cycle
(Arikawa et al., 1999; Bach et al., 2009). In S. cerevisiae, this bypass pathway requires three
enzymes: a glutamate decarboxylase to catalyse the decarboxylation of glutamate to GABA,
a GABA transaminase to convert GABA into succinate semialdehyde (SSA) and a SSA
dehydrogenase to oxidize SSA into succinate (Ramos et al., 1985). Therefore, the
concentration of succinic acid is higher in wines than in the grape juice. In addition to
succinic acid, the higher concentration of lactic acid in wines compared to grape juices can
be explained by the conversion of methylglyoxal to lactic acid by S. cerevisiae (Villas‐Boas et
al., 2005c). The production of organic acids can also be affected by the sugar and nitrogen
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metabolism of the yeasts (Bell and Henschke, 2005). Carboxylic acids are very important for
wines not only to confer acidity, but also to prevent microbial spoilage after fermentation.
Metabolites in the grape juices and in the wines showed different correlation patterns
(Appendix 9, Figure A5 and A6). In the juice, glutamic acid, glutamine, glycine, serine and
aspartic acid appeared as hub amino acids, connecting all other amino acids and forming a
network of amino and non‐amino organic acids (Figure A5). Sugar, fatty acids and some
volatile compounds appeared in separate networks due to their lack of correlations with
most of the amino acids and carboxylic acids. In wine samples, on the contrary, amino acids
were in the centre of a main network, functioning as hub for all identified metabolites
(Figure A6). This difference in correlation network pattern can be explained by the fact that
juice composition is a result of grapevine and grape berry metabolism, whilst wine
composition reflects the outputs of yeast metabolism on a grape juice matrix. Therefore, it
is not a surprise that the correlation networks between metabolites in these two set of
samples is different, because they represent the metabolism of two very distinct organisms.
Guitart et al. (1999) also found different clustering pattern of amino acids in grape juice and
wines. They found four different groups for amino acids in juices and wines. The results
from my study were mostly in accordance with their groupings. The only exception was the
presence of correlation between arginine, glutamic acid and aspartic acid, which was not
observed in my work. In plants, glutamic acid is the central amino acid, which is directly
involved in the assimilation and catabolism of ammonia and 2‐oxoglutarate. As a result, it
contributes to the biosynthesis of other amino acids (Forde and Lea, 2007). It is not clear
why this relationship was not evident in my grape juice data.

4.3 Poor correlation between putative precursors and thiols
The concentration of putative precursors of 3MH varied considerably when comparing 55
SB grape juices. Large differences between individual juices have also been observed
previously. For example, Allen et al. (2011) showed 7‐fold differences in both Cys‐3MH and
GSH‐3MH in juices that had been subject to the same harvesting treatments, while
Kobayashi et al. (2010) previously noted up to 4‐fold increases in precursors in Koshu
grapes of similar ripeness. Differences resulting from post‐harvest treatments have also
been observed (Allen et al., 2011; Capone et al., 2011b) and are likely contributing to the
variation seen here between samples from different wineries. There is no report about
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seasonal variation yet, although thiol precursor concentrations can be affected by disease
status of the fruit (Thibon et al., 2009), addition of nitrogen and sulphur (Choné et al., 2006;
Des Gachons et al., 2005; Lacroux et al., 2008), water deficit (Des Gachons et al., 2005) and
soil composition (Kobayashi et al., 2010). The moderate negative correlation with TA is
consistent with Capone et al. (2011b). However, lack of correlation with both sugar
concentration and Brix in my data does not fit with the conclusions drawn by Capone et al.
(2011b), or with the developmental series of Roland et al. (2010b).
Data from this study confirmed previous findings that Marlborough juices are more likely to
produce wines with higher varietal thiols. There appeared to be seasonal differences, since
the total amount of 3MH and 3MHA was comparatively higher in the 2010 Marlborough
juices (with the exception of 19MMN) than any other seasons (p<0.001) (Figure 3.1.4).
Although poorly understood, the basis for differences in thiol production between seasons,
regions or individual vineyards, are thought to be a result of nitrogen addition in the
vineyard (Bell and Henschke, 2005) and post‐harvest handling techniques (Allen et al. 2011;
Capone et al. 2011b). Moreover, the concentration of free SO2 at the end of fermentation
was not measured, thus, the possibility cannot be excluded that there were some thiol
losses after fermentation due to oxidation (Nikolantonaki et al., 2010). However, since the
samples were all treated at the same way, the losses (if any) should have been the same for
all samples. In addition, it is unlikely that this scenario was widespread, because the juices
were all commercially harvested with SO2 addition, there was no visible browning of any of
the juices or wines, and wine samples were rapidly frozen at the end of fermentation.
In general, the concentrations of 3MH and 3MHA in the final wines showed good
correlation between themselves. Similarly, a good correlation was also observed between
the three different precursors in the 55 juices. However, no correlation of either 3MH or
total thiols was also observed with Cys‐3MH, GSH‐3MH and Cys‐gly‐3MH individually,
although a poor correlation was observed between the putative precursors and 3MHA
(Figure 3.3.1). The reason for the no or low correlation found here is not clear. The
production of 3MHA occurs during and after fermentation from esterification of 3MH and
acetic acid by the action of the enzyme alcohol acetyltransferase, particularly that encoded
by the ATF1 gene (Swiegers et al. 2007), and different yeasts have different ability to
perform this esterification reaction (Swiegers et al. 2005). Winter et al. (2011) have noted
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that a proportionately higher yield of 3MHA was obtained from the use of GSH‐3MH rather
than Cys‐3MH in synthetic media, which was also evident in this study (see section 4.7).
This is the first large scale study involving multiple seasons and vineyard to examine the
correlation between concentrations of thiol precursors in Sauvignon blanc juice and final
thiols in the wine. I found an almost complete lack of correlation between the two. This
result contrasts with previous research from Kobayashi et al. (2010), who found positive
correlations between precursors (R2=0.578 with GSH‐3MH, and R2=0.702 with Cys‐3MH)
and total 3MH+3MHA concentrations in 15 Koshu wines made from grapes at different
stages of maturity. However, more recently, Capone et al. (2011b) found no correlation
between precursor levels and final thiols among nine wines from four different grape
varieties, and Allen et al. (2011) also found no correlation for 25 wines (five Sauvignon
blanc juices with five different post‐harvest treatments). In addition, no direct relationship
of these precursors was observed with 3MH and 3MHA by Roland et al. (2010c). Both Patel
et al. (2010) and Allen et al (2011) noted that higher precursors were found in heavy press
fractions but that these juice fractions gave lower thiol production in finished wines.
The lack of correlation leads me to conclude that the availability of precursors in the SB
juice is not limiting thiol production in the wine. Labeled precursors studies have
conclusively demonstrated that both Cys‐3MH and GSH‐3MH can be converted to volatile
thiols in wine (Dubourdieu et al., 2006; Roland et al., 2010a; Subileau et al., 2008).
However, it is also well‐established that all of these precursors show relatively poor
conversion rates to 3MH/3MHA (Dubourdieu et al., 2006; Thibon et al., 2009). An
extremely wide range of estimates have been produced for conversion rates by different
workers, ranging from less than 0.1% (Dubourdieu et al. 2006) up to 7% (Subileau et al.
2008). Data from this study are consistent with similarly low estimates of the maximal
conversion rate. For example, for the 10MRD juice, if all of the final thiols (3MH+3MHA)
were completely derived from the three precursors GSH‐3MH, Cys‐3MH and Cys‐gly‐3MH,
this would represent a conversion efficiency of 9.57%. At the other end of the scale, for
juice 4HTE, the maximum possible conversion of the precursors would be 0.39%. Given this
25‐fold range, it is possible that different conversion efficiencies in different juices
contribute to different thiol yields in the wine. This hypothesis could be tested by
comparing precursor conversion efficiencies in different juices using labelled precursors.
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An alternative hypothesis is that the precursors measured here contribute very little to final
thiol yields in wine, and that a different pathway could be a major player. The limited
precursor labelling studies available to date in fact are consistent with this hypothesis.
Subileau et al. (2008) reported that only 3‐7% of 3MH was produced from Sauvignon blanc
must with isotopically labelled Cys‐3MH and Ronald et al. (2010a) noted that only 4.5% of
3MH in wines was derived from [2H2,3]‐G3MH added to must. These low estimates,
combined with the lack of correlation with precursors seen here, are consistent with idea
that that there is one or more additional biosynthetic pathways that contribute the
majority of 3MH biosynthesis in yeast. The pathway from (E)‐2‐hexenal, oultined by
Schneider et al. (2006), provides an obvious candidate, but their precursor study suggested
that it also makes a minor contribution to total thiols (<1%). Nevertheless, the biosynthesis
of secondary metabolites in microorganisms is tightly connected and regulated by the
distribution of metabolic fluxes within the central carbon metabolism (primary
metabolism). Therefore, it could be expected that the production of a secondary
metabolite such as volatile thiols must depend on the physiological state of the yeast cell,
which will be affected by different juice components.

4.4 Unrelated juice metabolites showed better correlation with volatile
thiols than their putative precursors
The correlation between grape juice metabolites and wine volatile thiols revealed 24
compounds with comparatively higher correlation to volatile thiols (R>0.30) than their
putative precursors. This higher correlation suggests that multiple juice metabolites may
contribute to the thiol biosynthesis pathways during grape juice fermentation. However,
none of the detected juice metabolites showed very high correlation (R>0.70) to volatile
thiols. The exact reasons behind the lack of strong correlation, however, are not clear.
Metabolic pathways for the production of different groups of metabolites in S. cerevisiae
are tightly connected to each other. Thus, it is very difficult to determine metabolic flux
through all metabolic networks when yeast cells are growing in a complex medium such as
grape juice. Moreover, the production of different products and by‐products (e.g. alcohol
and aroma compounds) during the fermentation completely depends on what type of
nutrients (i.e. metabolites) is available for the yeast cells at a given time. Therefore, due to
the different metabolite composition of grape juices, the production of volatile thiols and
other aroma compounds are also dependent on this variable mixture of compounds.
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The contribution of different amino acids as the precursors for different esters in wines is
well known (Ferrari, 2002). There were some studies reporting the contribution of grape
juice amino acids on wine volatile compounds (Hernández‐Orte et al., 2002; Hernández‐
Orte et al., 2005). But their contribution to the development of volatile thiols has never
been reported. My study demonstrated that at least 12 amino acids and one tripeptide
(glutathione) showed some positive correlation (R ranged 0.32‐0.48) with acetylation ratio
(3MHA/3MH) (Table 3.3.1). Moreover, five of them (norvaline, alanine, threonine,
methionine and AABA) also showed correlation with 3MHA, while only GABA exhibited a
positive correlation with 3MH and only glutamine showed a positive correlation with
4MMP (Table 3.3.1). No negative correlation of this magnitude was observed in this study.
All these amino acids also had strong correlation between themselves, which can be
explained by their close relationship with each other. Glutamic acid, glutamine and
ammonia regulate the biosynthesis of all other amino acids in most organisms. As a result,
they constitute the central nitrogen metabolism (Ter Schure et al., 2000). Some amino acids
(e.g. asparagine and proline) are either degraded to one of these three nitrogenous
compounds or they are produced from glutamic acid such as alanine and GABA (Ter Schure
et al., 2000). In this way, the biosynthesis of most of the amino acids (except aromatic
amino acids such as phenylalanine, tyrosine, tryptophan and histidine) is, however, related
to each other. Nevertheless, the correlation between these amino acids and tripeptide in
juices with the volatile thiols in wines was not known yet. It can be speculated that the
biosynthetic pathways of these volatile thiols are somehow linked with the nitrogen/amino
acid metabolism of yeasts.
One of the most surprising findings of this study was, however, the positive correlation
between seven carboxylic acids with 3MH (Table 3.3.1). Most of these carboxylic acids,
except p‐coumaric acid, exhibited a positive correlation with either 3MH or acetylation
ratio (Table 3.3.1). Among these carboxylic acids, only malic acid is found in grape juices at
high. Others such as succinic acid, citric acid, cis‐aconitic acid, isocitric acid, malonic acid,
and p‐coumaric acid are present in juice in very small amounts (Soyer et al., 2003). The
main organic acid of grape juice, tartaric acid, was not detected in the grape juices by GC‐
MS, which could be related to losses by precipitation as potassium and calcium salts during
freezing‐thawing (Torija et al., 2003b). Moreover, the identification of tartrate by GC‐MS
can be hindered by the polarity of this compound (McGovern et al., 2009). In addition, the
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NMR spectral bucket that corresponded to tartaric acid (4.35 ppm) showed no correlation
with volatile thiols, which could be explained by the tartrate precipitation. As a result,
actual relative abundance of tartaric acid was not known. Thus, the exact correlation of
volatile thiols with tartaric acid could not have been established. The buffering capacity of
organic acids helps to control the pH of the grape juice that is very useful to maintain
cytosolic pH of the yeasts during the fermentation (Torija et al., 2003b). While these
organic acids are only known for their contribution to the organoleptic properties and
acidity of wines, the correlation between different carboxylic acids and volatile thiols was
an unexpected observation because. The possible cause of the correlation between TCA
cycle intermediates and volatile thiols could be speculated by the link between TCA cycle
and proposed biosynthetic pathways of thiols, mainly through the production of α‐
ketoglutarate, which is an essential precursor for glutamate (Figure 4.1). p‐Coumaric acid,
which derives from phenylalanine, is a precursor for production of other cinnamates and
ethylphenols in wine (Hixson et al., 2012). Therefore this phenolic acid has a connection
with phenylalanine and also it contributes to the production of other aroma compounds
(Figure 4.1). Moreover, malonic acid can be converted to malonyl‐CoA that is major
precursor for fatty acid biosynthesis in S. cerevisiae (Bessoule et al., 1987). The correlation
of malonic acid with 3MH can only be speculated as being a result of its involvement with
other metabolic pathways that indirectly influences the biosynthesis of 3MH (Figure 4.1).
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Figure 4.1: The linkages between volatile thiols (3MH and 3MHA) with seven carboxylic acids. The red arrows
(dashed) show the possible connection of positively correlated metabolites in grape juice with 3MH, 3MHA
and the acetylation process. The grape juice metabolic pathways are shown in black and the thiol biosynthetic
pathway is shown in red.

Linoleic acid, a polyunsaturated fatty acid, showed positive correlation with 3MH, but not
with 3MHA and 4MMP (Table 3.3.1). In grape juice, unsaturated fatty acids (predominantly
linoleic acid followed by oleic acid, linolenic acid) constitute the major portion of grape
membrane lipids (Kotseridis et al., 2000b). In this study, these unsaturated fatty acids were
not detected in all the grape juice samples because of their poor solubility in water. Only
two saturated fatty acids (palmitic acid and stearic acid) were found in all the 63 analysed
grape juices. None of these fatty acids correlated with wine volatile thiols except linoleic
acid. S. cerevisiae cannot synthesise any polyunsaturated fatty acid under anaerobic
conditions and therefore, they depend on media supplementation of these compounds for
the maintenance of their cell membrane (Moonjai et al., 2003). Thus, linoleic acid has an
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important role in yeast metabolism. Moreover, fatty acid biosynthesis is linked with the
sugar metabolism via acetyl‐coA. However, the reason behind the positive correlation
between 3MH and linoleic acid is yet to be explained (see Section 4.6).
Interestingly, most of the amino acids showed a positive correlation with 3MHA, while the
carboxylic acids and fatty acid exhibited a positive correlation with 3MH. Therefore, it can
also be speculated that the nitrogen metabolism of yeasts has a yet unknown connection
with the biosynthesis of 3MHA. Similarly, the pathway of 3MH formation might be highly
influenced by the TCA cycle and fatty acid metabolism of yeasts. At least 20 juice
metabolites showed positive correlation with acetylation ratio. As 3MH and 3MHA are
closely related to each other, therefore, it can be expected that these 20 metabolites could
have some effect on both of these thiols. On the other hand, 4MMP is chemically different
than 3MH and 3MHA and no correlation of 4MMP was found with other two volatile thiols,
which was in accordance with Lee et al. (2008). However, only glutamine showed a
moderate positive correlation with 4MMP. The rationale behind the correlation and
influence of other juice metabolites on 4MMP production will be discussed in Section 4.6.

4.5 Juice manipulation affected wine fermentation pattern
The results from juice manipulation demonstrated that the pre‐fermentative addition of
different juice metabolites had a considerable impact on yeast growth and fermentation
time. The anaerobic condition in winemaking is stressful for yeast growth. Yeasts cannot
develop their cell wall lipids in the absence of molecular oxygen (Alexandre et al., 1994a).
During inoculum preparation, the yeast cells are aerated properly which allows them to
develop the cell wall ergosterol and other lipids. Yeast metabolism also can be influenced
by the complexity of the fermentation medium that can alter fermentation performance of
the yeasts. In New Zealand, low temperature fermentation is a common practice to
preserve the aromatic profile of wines. But the low temperature is also another cause of
stress for the yeasts during the fermentation that can prolong fermentation time (Beltran
et al., 2007). The average time of finishing temperature was 21 days for the control wine
(Figure 3.4.1). The addition of some compounds, such as putative precursors and s‐ethyl‐
cysteine did not cause any change in the fermentation rate and they also finished the
fermentation process within 21 days but other additions such as amino acids and carboxylic
acids did alter the fermentation rate significantly (Figure 3.4.1).
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Since grape juice is a nitrogen‐limited medium for yeast growth, it was not surprising that
the addition of nitrogenous compounds (amino acids and DAP) increased the grape juice
fermentation rate (Figure 3.4.1). Similar observation was found in previous works
investigating the influence of nitrogen sources on wine fermentation (Arias‐Gil et al., 2007;
Beltran et al., 2005; Ferrari, 2002; Garde‐Cerdán and Ancín‐Azpilicueta, 2008; Goñi and
Azpilicueta, 1999; González‐Marco et al., 2010; Gutiérrez et al., 2012; Jiménez‐Martí et al.,
2007; Mendes‐Ferreira et al., 2010; Miller et al., 2007; Monteiro and Bisson, 1992; Rapp
and Versini, 1995). A supplementation of amino acids significantly influences yeast
metabolism as they are precursors for the synthesis of cellular protein and as a result,
affect the biomass production and fermentation rate (Albers, 2000; Salmon and Barre,
1998). The consumption rate and metabolism of nitrogenous compounds also depend on
the yeast strain and the physiochemical properties of grape juice and wine (Cooper, 1982).
S. cerevisiae can use amino acids directly to synthesise protein or they can use them as a
source of nitrogen by oxidative deamination (except lysine and histidine). According to
Cooper (1982), under nitrogen‐limiting conditions, an amino acid is usually deaminated and
the nitrogen group is used for the biosynthesis of other nitrogenous cell constituents, whist
the carbon structure is incorporated into the central carbon metabolism. Therefore,
nitrogen metabolism is the centre of cellular growth and it is linked to all other pathways,
including sugar metabolism in yeasts (Bell and Henschke, 2005). When a preferred source
of nitrogen (e.g. some amino acids and DAP) is already supplied to the growth media,
yeasts are able to grow and ferment more rapidly.
The supplementation of carboxylic acids to grape juice, on the other hand, considerably
prolonged the fermentation lag phase (Figure 3.4.1). Presumably, the high concentration of
citric acid and other organic acids to the grape juices had initial inhibitory effects on yeast
growth. It has been reported previously that increased concentration of citric acid can
inhibit growth of S. cerevisiae, reducing the fermentation rate (Lawrence et al., 2004; Ough
and Kunkee, 1967). Citric acid is able to hinder the metabolism of glucose by impeding the
production of phosphofructokinase, which cause the inhibition of glycolysis and decrease
the concentration of intracellular pyruvic acid (Hozler, 1961; Salas et al., 1965).
Consequently, biosynthesis of cellular material would also be impeded. Other organic acids
present in grape juice, such as malic acid and tartaric acid, also have similar, but
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considerably lower effects than citric acid on yeast growth (Ough and Kunkee, 1967). As a
result, in the beginning of fermentation, the yeast cells needed comparatively longer time
for adaption to the high concentrations of organic acids. However, the yeast overcame the
inhibitory effects within few days of inoculation probably by activating different molecular
mechanisms such as: intracellular acidification and pH recovery, detoxification through
multidrug resistance transporters and remodelling of cellular envelope (Psychogios et al.,
2011). In addition, Lawrence et al. (2004) described an enzyme, high‐osmolarity glycerol
(HOG) mitogen‐activated protein kinase (MAPK), which is capable of regulating the
adaptation to citric acid stress in S. cereviase.

4.6 The production of volatile thiols was highly influenced by juice
manipulation
4.6.1 The influence of amino acids on the development of volatile thiols:
The results from juice manipulation experiment mostly validated the conclusions obtained
from metabolomics data and a comparison is given in Table 4.1. For instance, GABA had a
positive correlation with 3MH (R=0.34) and acetylation ratio (R=0.47). Juice manipulation
results showed that indeed higher levels of GABA in the juice induced higher production of
3MH and 3MHA, with a stronger impact on the acetylated form (Table 3.3.1). Therefore,
the juice manipulation experiment confirmed the metabolomics hypothesis in this case. On
the other hand, in metabolomics data, glutamic acid showed positive correlation only with
acetylation ratio (Table 3.3.1); therefore, it was likely to see the influence of glutamic acid
on both 3MH and 3MHA. In addition, the results from juice manipulation revealed that this
amino acid also have influence on 4MMP production, which was not predicted by
metabolomics (Table 4.1). In correlation analysis, citric acid and succinic acid, exhibited
positive correlation to 3MH and acetylation ratio. However, the juice manipulation revealed
that both of these organic acids made a significant contribution to 4MMP production in
wine as well, which was also not predicted by metabolomics data. Glutamine was the only
metabolite that presented a positive correlation with 4MMP and the addition of glutamine
to the grape juice confirmed this by causing an increased production of 4MMP compared to
control wine (Figure 3.5.1). However, the addition of GABA, glutamic acid, linoleic acid,
succinic acid, all amino acids and Cys‐3MH also caused similar magnitude of increase in
4MMP concentrations, even though metabolomics data showed no correlation of these
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compounds with 4MMP. It could be possible that, the putative precursor of 4MMP, Cys‐
4MMP was transported inside the cells along with GABA, glutamic acid and Cys‐3MH.
Table 4.1: Comparison between metabolomics correlation data with results from the juice
manipulation experiment using single compounds
Metabolite/s
Glutamic acid

Correlation from metabolomics data
3MH
3MHA
3MHA/3MH 4MMP
‐‐
‐‐
+
‐‐

Glutamine

‐‐

‐‐

+

+

GABA

+

‐‐

+

‐‐

Citric acid

+

‐‐

+

‐‐

Succinic acid

+

‐‐

+

‐‐

Linoleic acid

+

‐‐

‐‐

‐‐

Juice manipulation
results
3MH= +53%
3MHA= +116%
3MH=+29%
3MHA= +79%
3MH= +29%
3MHA= +105%
3MH= +50%
3MHA= +25%
3MH= +31%
3MHA= +78%
3MH= +22%

Other finding/s
4MMP=+53%
4MMP=+116%
4MMP=+115%
4MMP=+87%
4MMP=+148%
4MMP=+135%
3MHA= ‐43%

‐‐denotes either no or poor correlation.
In addition, linoleic acid may have altered membrane composition and somehow played a
role in the secretion of 4MMP outside the cells. However, these assumptions can be further
tested using their isotopically labelled counterparts of these metabolites to unravel the
mechanism of the contribution of these juice metabolites on 4MMP production. It was
clear from both the correlation analysis and juice manipulation experiment that glutamic
acid, glutamine and GABA had a substantial impact on the production of all three volatile
thiols in SB wine. It is interesting to note that glutamic acid is one of the amino acid of the
tripeptide glutathione. Therefore, it could be speculated that GSH‐3MH was somehow
better transported into the yeast cells through glutamic acid transporters overexpressed by
higher levels of this amino acid (Figure 4.2).
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Figure 4.2: The anticipated metabolic network related to thiol pathways in Saccharomyces cerevisiae. This
figure shows the transport mechanisms of different metabolites into the yeast cells. The amino acid
transporters regulated by Ssy‐Ptr3‐Ssy5 (SPS) genes are shown in purple and the transporters regulated by
nitrogen catabolite repression (NCR) are shown in blue colours. It also presents the major pathways of yeast
metabolism and how they are connected to the formation of volatile thiols. The red (solid) arrows indicate the
suggested ways for the transportation of putative precursors to the yeast cells, while the dashed red arrows
indicate which metabolites (e.g.; nitrogenous compounds, organic acids and fatty acids) influence the
production of varietal thiols in Sauvignon blanc wines. The information for this figure is collated from
Aliverdieva et al. (2008), Aliverdieva et al. (2006), Crépin et al. (2012), Cooper (1982), Hofman‐Bang (1999),
Henscke and Jiranek (1993).
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Interestingly, the supplementation of amino acids individually appeared to be more
effective in influencing volatile thiol production than adding them all together (Figure
3.5.2). Some of the amino acids could have contributed to the increase of volatile thiols,
while others could inhibit their production during the fermentation, explaining why there
was no significant effect on volatile thiols when all 12 amino acids and glutathione were
added together to the grape juice. On the other hand, the pre‐fermentative addition of
ammonium as DAP and three amino acids (glutamic acid, glutamine and GABA) in the grape
juice obviously favoured the fermentation rate. Therefore, it is possible that the thiol
production in the wine increased due to the higher fermentation rate. Under winemaking
conditions, yeast cells go through multiple stresses simultaneously and they employ
different adaptation mechanisms to overcome the stressful condition. On the other hand,
when ammonia and amino acids are already supplemented to the grape juice, yeasts use
those nitrogen sources to synthesize their cell proteins, and in turn, increase the biomass
and fermentation rate (Salmon and Barre, 1998). At the same time, the metabolic activity
of the yeast cells also increases considerably due to the availability of many preferred
substrates required for cell growth (Albers et al., 1996). Therefore, the outcomes from the
juice manipulation experiments indicate that the enhanced metabolic activities of yeasts
due to the supplementation of ammonia and amino acids could accelerate the production
of thiols by promoting yeast growth. However, I did not monitor yeast biomass in my
ferments. Nonetheless, the biosynthetic pathways of secondary metabolites (e.g. thiols) are
expected to be highly interconnected to primary central carbon metabolic pathways and, as
a result, changes in one or more of these primary metabolic pathways are likely to impact
on the biosynthetic rates of secondary metabolites (Figure 4.2). Therefore, the
supplementation of different metabolites and intermediates of the yeast central carbon
metabolism may alter the flux distribution through the yeast metabolic network, affecting
the production of metabolic products such as aroma compounds.

4.6.2 Carboxylic acids and their contribution to the production of volatile
thiols:
The effect of a number of carboxylic acids on the production of volatile thiols during wine
fermentation was surprising and unprecedented. Carboxylic acids are the least studied
group of compounds in the area of wine aroma chemistry. These compounds are believed
to contribute primarily to the acidity and bitterness of the wines. From the juice
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manipulation experiment, citric acid was found to be effective in increasing both 3MH and
3MHA, in agreement with the findings from correlation analysis (Figure 3.5.2 and Table
4.1). Moreover, succinic acid also showed a great influence on the production of all three
thiols, even though metabolomics data showed only the correlation of succinic acid with
3MH and acetylation ratio (Table 4.1). The impact of succinic acid on 3MH and 3MHA could
be explained by the high correlation between these two volatile thiols, however, the
increase production of 4MMP by this carboxylic acid was unpredicted.
Carboxylic acids at high concentrations or supplemented in groups negatively affected the
production of volatile thiols (Figure 3.5.2). The reason behind this observation is not clear.
However, the decrease in fermentation rate due to the addition of high concentrations of
organic acids might cause a negative impact on the production of volatile thiols. Contrary to
this observation, my results also suggest that the single addition of citric acid and succinic
acid increased the concentration of volatile thiols, even though the addition of citric acid
also decreased fermentation rate. However, S. cerevisiae can use a wide range of
compounds as carbon sources (Casal et al., 2008). Besides, organic acids such as citric and
succinic acid play important roles in yeast metabolism and maintain the intracellular pH of
the yeast cells (Torija et al., 2003b). Therefore, it is necessary for yeasts to develop several
mechanisms for taking up organic acids (Casal et al., 2008). It was thought previously that
yeast cannot uptake citric acid and succinic acid efficiently due to the compartmentalisation
of yeast metabolism, but recent reports proved that both of these organic acids can be
transported into the yeast cells by different transport mechanisms (Aliverdieva and
Mamaev, 2011; Aliverdieva et al., 2008; Aluvila et al., 2010). The preferable carbon sources
for S. cerevisiae are hexoses, but they are also able to co‐metabolise citrate and other
organic acids during hexose metabolism (Chen et al., 2010). Therefore, the pre‐
fermentative supplementation of these organic acids may have resulted in the availability
of more carbon sources, thus changed the usual flux of the TCA cycle. As a result, more α‐
ketoglutarate would be produced, which could be converted to glutamic acid. Thereby, the
contribution of different organic acids in volatile thiol production could be explained by the
connection of TCA cycle to the nitrogen metabolism and fatty acid biosynthesis (via acetyl‐
CoA). Moreover, some of these carboxylic acids (e.g. citric acid) can reduce the glycolytic
flux by diverting it towards the pentose phosphate pathway, which would result in a
shortage of NADH (Chen et al., 2010). It has been reported already that the changes in
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NADH availability can alter the production of fermentative products including aroma
compounds (Celton et al., 2012b). In this study, the alteration in metabolic state of yeasts
may have also affected the production of volatile thiols due to the pre‐fermentative
addition of these two carboxylic acids.

4.6.3 Linoleic acid affects the formation of volatile thiols:
Grape juice supplementation with trace amounts of linoleic acid increased the production
of 3MH, while decreasing the concentration of 3MHA. This result confirmed metabolomics
hypothesis and showed that this polyunsaturated fatty acid affects the acetylation of the
3MH molecule. Interestingly, Thurston et al. (1981) also reported that the supplementation
of linoleic acid reduces the production of acetate esters during beer fermentation. Moonjai
et al. (2002) showed that the active uptake of linoleic acid by S. cerevisiae using coenzyme
A increased the production of phospholipids, which in turn repressed the acetyltransferase
encoding gene, ATF1. Coincidently, the ATF1 gene is also responsible for the esterification
of 3MH to 3MHA (Swiegers et al., 2007). Therefore, linoleic acid may indirectly suppress the
ATF1 gene, reducing the acetylation of 3MH into 3MHA. While the suppression of ATF1
gene explains the reduction in 3MHA production due to higher availability of linoleic acid to
yeast cells, it does not explain why linoleic acid increases the production of 3MH and
4MMP. Linoleic acid has been reported to be involved in peroxidation reactions in the cells
under aerobic condition, resulting in the production of toxic reactive oxygen species (ROS)
such as peroxide ion (Edwards and O’Flaherty, 2008). Peroxidation can directly alter the
membrane integrity and membrane functions in Saccharomyces cerevisiae, which may
result in cell cycle delays to repair the membrane (Alic et al., 2003). During wine
fermentation, production of ethanol also induces lipid peroxidation by triggering the
generation of free radicals inside yeast cells. Therefore, yeast cells are expected to use
antioxidant compounds such as thiols (e.g. glutathione and perhaps volatile thiol
precursors) to neutralise the damaging effect of ROS, which cause intracellular thiol
oxidation (Saharan et al., 2010). Polyunsaturated fatty acids (PUFA) such as linoleic acid are
also known to have antioxidant properties (Uemura, 2012) and therefore, it is possible that
the supplementation of linoleic acid reduces the degree of thiol oxidation during oxidative
stress induced by ethanol. If that is true, other PUFA’s should have similar properties as
linoleic acid.
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4.6.4 The role of DAP and other positively correlated juice metabolites to the
development of volatile thiols:
The increase availability of nitrogen through DAP to yeast cells during wine fermentation
had a noticeable and non‐linear effect on the production of 3MH and 3MHA, but not of
4MMP (Figure 3.5.1 and Figure 3.5.2). This non‐linear effect of DAP supplementation on
the development of 3MH and 3MHA could be related to a sigmoidal effect of DAP on yeast
metabolism, where after reaching its optimal affect at a given concentration, higher
concentrations can be deleterious. Subileau et al. (2008) reported that the
supplementation of DAP to the grape juice decreased the production of 3MH, which they
explained by the effect of NCR on thiol production. Similar observations were also reported
by (Deed et al., 2011; Thibon et al., 2008). However, my results were in agreement with
Harsh et al. (2012) report who also showed that the addition of DAP increased the 3MH and
3MHA concentrations. Nitrogen supplementation as ammonium and free amino acids in
grape juices before fermentation have been studied widely (Hernandez‐Orte et al., 2006a;
Hernández‐Orte et al., 2006b; Miller et al., 2007). There is a general practice in wineries to
add DAP in low YAN grape juices to avoid stuck fermentation. In this study, YAN 400 was
found to be an optimum nitrogen concentration to enhance thiol production. Therefore,
the use of DAP not only can prevent stuck fermentations, but also can increase the
production of aroma compounds such as volatile thiols, which could again be explained by
the increased rate of fermentation and up‐regulation of yeast metabolic activities.
As observed for the juice supplementation with all 12 amino acids all together, the pre‐
fermentative supplementation of all 24 metabolites did not have any significant effect on
the production of volatile thiols (Figure 3.5.1 and Figure 3.5.2). Volatile thiols are very
sensitive to oxidation and are also able to react with other metabolites quickly inside the
yeast cells (Thibon et al., 2008). The protection of highly sensitive thiol molecules against
oxidation inside and outside the yeast cells is considered a major challenge for the
improved production of thiols (Thibon et al., 2008). As a result, it is possible that several
metabolites would increase the concentration of volatile thiols, while some other
metabolites would inhibit the production or enhance degradation of these thiols.
Therefore, no change in the thiol concentration could have been observed.
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4.7 Determination of practical contribution of putative precursors on volatile
thiols by juice manipulation
Besides determining the influence of the 24 short‐listed juice metabolites on volatile thiol
production, another objective of the juice manipulation experiment was also to determine
the influence of putative precursors on the production of volatile thiols. The initial
concentrations of these putative precursors in SB 2011 juice were not determined, but
excess amount of these precursors were added to the juice in order to determine if some of
these compounds would influence volatile thiol production (Pinu et al., 2012; Roland et al.,
2011; Schneider et al., 2006). Interestingly, Cys‐3MH did not have any influence on 3MH
production, but GSH‐3MH showed a significant effect on both 3MH and 3MHA production
(Figure 3.5.2), which was in agreement with the findings of Winter et al., 2011. Cys‐3MH
has been proposed as a direct precursor for 3MH (Tominaga et al., 1998), and GSH‐3MH
would apparently break down into Cys‐gly‐3MH or Cys‐3MH before yielding 3MH (Des
Gachons et al., 2000). If Cys‐3MH was a direct precursor for 3MH, then it was expected to
influence the production of 3MH, but it did not. One could blame the higher amount of
GSH‐3MH (2500 µg/L) supplemented to the juice when compared to Cys‐3MH (1000 µg/L),
but this does not justify the complete lack of Cys‐3MH effect on 3MH formation,
considering that GSH‐3MH is naturally found at much higher amounts in grape juice than
Cys‐3MH (Allen et al., 2011; Pinu et al., 2012). Nevertheless, the conversion efficiency of
GSH‐3MH into 3MH was very low. I estimated that only about 0.009% of 3MH was
produced from the 2500 µg/L of GSH‐3MH supplemented to the juice, not considering the
natural amount of this compound already present in the juice. Similarly, very low
conversion ratios of GSH‐3MH and Cys‐3MH into 3MHA were observed (0.0115 and 0.06%
respectively). Contrary to the effect of the putative 3MH and 3MHA precursors on the
production of these volatile thiols, juice supplementation with Cys‐4MMP showed a
marked effect on 4MMP production (Figure 3.5.1). The conversion ratio of Cys‐4MMP into
4MMP, however, can also only explain about 0.04% of total 4MMP production. These
findings are in agreement with previous works (Capone et al., 2011a; Roland et al., 2010b;
Roland et al., 2010d; Schneider et al., 2006; Subileau et al., 2008; Thibon et al., 2008), and
highlight the fact that if these are the precursors for volatile thiols, they are certainly not
the limiting factor in volatile thiol production during wine fermentation.

Sauvignon blanc metabolomics

Chapter 4

P a g e | 140

The hypothesis behind the low conversion efficiency of these precursors into their
correspondent volatile thiol could be attributed to either the inefficiency of thiol secretion
by the yeast cells (considering their biosynthesis takes place intracellularly) or to cleavage
or modification of the precursors to give other molecules within the yeast cell as illustrated
in Figure 4.3. S. cerevisiae might have been able to efficiently convert the supplemented or
naturally present precursors into volatile thiols, but for some reasons the yeast cells could
not secret those volatile thiols efficiently. In this case, other unrelated metabolites such as
fatty acids and lipids could influence the secretion process by changing the membrane
fluidity. For instance, there is evidence that palmitic acid can impair the secretion of insulin
in pancreatic islets (Kato et al., 2008) and grape juice naturally contains this fatty acid,
which also might cause such impairment in yeast cells. Moreover, Dixon et al. (2010)
showed that glutathione conjugates can be converted into related thiols in the vacuole of
plants, but when these compounds are released into the cytosol, they are methylated or
converted to thiazolidine. Therefore, a similar process could be taking place in S. cerevisiae,
and other unrelated juice components capable of interfering with this process may have an
impact on volatile thiol production (Figure 4.3).
Post‐production loss of volatile thiols outside the yeast cells and in the wine cannot be
completely ruled out either. The instability of 3MH by a polyphenol‐mediated oxidation
processes has been reported and the oxidation process are shown to be enhanced by the
catalytic activity of iron and reduced by the SO2 (Nikolantonaki et al., 2010). However,
Herbst‐Johnstone et al. (2011) demonstrated that 3MHA was considerably susceptible to
hydrolysis and converted to 3MH within three months of storage of commercial SB wines.
The authors also showed that 3MH concentration was stable for the first 3 months
followed by an increase after 4 months due to the hydrolysis of 3MHA. I quantified volatile
thiol concentrations in all the wine samples within 3 months of their production and,
therefore, I don’t expect these chemical degradation reactions in the wine be the cause of
low conversion of putative precursors into volatile thiols.
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Figure 4.3: Two possible ways of thiol (e.g. 3MH) loss inside the yeast cell. In this figure, one possible
mechanism of thiol loss is due to change in membrane fluidity that impairs passive secretion of compounds
(1). Another possible way is thiol methylation or conjugation with other compounds (2) (see texts for details).

4.8 The production of other wine aroma compounds was also influenced by
juice manipulation
Juice manipulations not only affected the production of volatile thiols, but they also
influenced the development of other wine aroma compounds (Table 3.6.1 and Figure
3.6.1). Studies on Sauvignon blanc aroma have been focused mainly on volatile thiols and
methoxypyrazines because these compounds are the most responsible for the
characteristics aroma of this wine (Lund et al., 2009). The aroma profile of New Zealand SB
wines that includes ester, higher alcohols, C6 alcohols and aldehydes, terpernes,
cinnamates, norisopreonoids and phenols, has not been studied extensively. The
quantification of 58 aroma compounds also revealed the identity of at least 18 compounds
that are likely to have significant contribution (OAV>1) to the aroma of New Zealand SB
wines. A few of those aroma compounds, such as β‐damascenone (rose note) and β‐ionone
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(floral note), are known to contribute mostly to the aroma of red wines (Aznar et al., 2003;
Ferreira et al., 2000), but results from this study indicate that these compounds also have
considerable influence on New Zealand SB wines.
The outcomes from juice manipulation for other wine aroma compounds were different
than that of volatile thiols. While the supplementation of individual amino acids was more
effective in the production of volatile thiols, group addition (e.g. amino acids together)
showed better results for the development of other wine aroma compounds. For example,
the single addition of glutamic acid, glutamine and GABA increased thiols, but did not
increase the production of other wine aroma compounds. In contrast, the addition all
amino acids together increased the production of many esters and higher alcohols, but did
not affect volatile thiols. However, the results from juice manipulation once again
confirmed the hypothesis that nitrogenous compounds contribute to the formation of
volatile thiols and other wine aroma compounds. Even though the contribution of different
amino acids to the formation of volatile thiols was not studied before, the direct
involvement of different amino acids in the production of wide range of wine volatile
compounds has been reported previously (Arias‐Gil et al., 2007; Garde‐Cerdán and Ancín‐
Azpilicueta, 2008; Garde‐Cerdán et al., 2009; Jiménez‐Martí et al., 2007; Rapp and Versini,
1995). Moreover, the addition of DAP also showed a non‐linear influence on few groups of
wine aroma compounds (e.g.; esters and volatile fatty acids) that was also evident for
volatile thiols. The supplementation of DAP, in general, increased the concentrations of
different esters compared to amino acids, which was in agreement with published evidence
by Miller et al. (2007). Overall, the addition of both organic (e.g. amino acids) and inorganic
(e.g. DAP) nitrogenous compounds led to the development of more esters, higher alcohols,
and C6 compounds in both red and white wines. Despite some contradictory reports about
the contribution of nitrogenous compounds on the formation of volatile compounds in
wine, many authors agree that the production of esters is highly influenced by the nitrogen
status of must (Martínez‐Gil et al., 2012). Nevertheless, based on my results and other
literature evidence, it is also clear that nitrogenous compounds play a great role for volatile
thiols as well as other wine aroma compounds. Nitrogenous compounds, especially amino
acids (e.g. leucine, isoleucine, valine, phenylalanine and tyrosine) are direct precursors for
higher alcohol, and as a result they should play also important role on the development of
esters during the fermentation (Rapp and Versini, 1995).
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The pre‐fermentative supplementation of carboxylic acids, both individually and in groups,
also showed a significant influence on wine aroma compounds. However, the trend was
different from that observed for the volatile thiols. For instance, both individual and group
addition of carboxylic acids increased the production of different groups of aroma
compounds, whilst only individual organic acid (e.g. citric and succinic acid) addition
increased the production of thiols. On the other hand, the supplementation of all carboxylic
acids together caused both increase and decrease of different aroma compounds. It is still
not clear how these carboxylic acids influence the formation of aroma compounds and
volatile thiols. Due to lack of previous studies, one can only relate that to the changes the
distribution of metabolic fluxes throughout the central carbon metabolism of yeast due to
the supplementation of these organic acids.
The supplementation of linoleic acid also affected the production of different wine aroma
compounds. Similar to the effect on 3MHA production, linoleic acid also showed a negative
effect on the production of acetylated esters. As discussed in Section 4.6, linoleic acid can
reduce the formation of acetate esters by producing the metabolic intermediate linoleoyl‐
CoA, which represses the ATF1 gene (Moonjai et al., 2002; Thurston et al., 1981). ATF1 gene
plays a very important role in esterification. The influence of linoleic acid in winemaking has
not previously noted, even though the supplementation of linoleic acid is often suggested
in breweries to reduce the need for energetically expensive aeration processes to yeast
cells during inoculum preparation (Moonjai et al., 2003). Besides the negative effect on the
production of acetate esters, linoleic acid also caused remarkable changes in the
concentration of other aroma compounds. As a PUFA, linoleic acid may help the yeast cells
to regulate membrane fluidity, which in turn could facilitate passive excretion of aroma
metabolites.
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4.9 Juice manipulation using some metabolites can reduce the ethanol
contents in wine
Although ethanol content in the fermented wines had not been part of my initial
correlation studies using metabolomics, some juice manipulations induced the production
of wines with significantly lower ethanol content (Table 3.7.1). Moreover, the glycerol
concentrations were also increased significantly in those low‐ethanol wines (Figure 3.7.1).
It could be assumed that the supplementation of linoleic acid, Cys‐3MH and Cys‐4MMP
caused the alteration of carbon flux by rerouting sugar metabolism towards the pentose
phosphate (PP) pathway. As a result, one of the carbon atoms of glucose that enter into
pentose phosphate pathway were released as CO2 (Cadière et al., 2011), which resulted in
the reduction of ethanol concentration in those manipulated wines. It has been reported
that the diversion of carbon flux towards glycerol production by overexpressing GPD1 or
GPD2 encoding glycerol‐3‐phosphate dehydrogenase was able to reduce ethanol
production during yeast fermentation (Remize et al., 1999). Glycerol is a major by‐product
of wine fermentation, which is involved in osmotic cell regulation and it is dependent on
pentose phosphate pathway activity. Many growth and environmental factors (e.g.
temperature, nitrogen source, grape variety and fruit ripeness) are known to have an effect
on glycerol production by yeasts (Albers, 2000; Albers et al., 1996; Remize et al., 1999;
Swiegers et al., 2005). A major role of glycerol formation during fermentation is to
equilibrate the intracellular redox balance by converting excess NADH to NAD+ (Albers,
2000; Nordström, 1966). Linoleic acid is broadly known for increasing the activity of NADPH
oxidase in mammal cells (Cui and Douglas, 1997; Serezani et al., 2005). It also has been
reported that yeasts cells can easily incorporate linoleic acid into microsomal phospholipids
(Bossie and Martin, 1989). Thereby, linoleic acid should increase lipid biosynthesis in S.
cerevisiae (Moonjai et al., 2002; Moonjai et al., 2003), which increases NADPH oxidation.
Celton et al. (2012a) already demonstrated that the upturn of NADPH oxidation in S.
cerevisiae can lead to increased carbon flux towards the PP pathway. Therefore, it could be
speculated that the supplementation of linoleic acid might increase NADPH oxidation,
which in turn up‐regulated the PP pathway. As a result, glycerol concentrations increased in
those wines while reducing the ethanol concentrations. However, further investigation
need to be carried out to understand why linoleic acid, Cys‐4MMP and Cys‐3MH should
have such effect on ethanol production during wine fermentation.
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The demand for lower‐ethanol wines in the world market is growing because of the
negative impact of high ethanol consumption on human health (McKenzie et al., 2011).
Both pre‐ and post‐fermentative technologies have been used to produce wines with
reduced alcohols (Schmidtke et al., 2012). For instance, juices from unripe fruits have been
shown to lead to the production of wines with significantly lower ethanol content
(Kontoudakis et al., 2011), but the aroma properties of those wines are usually poor. The
addition of the enzyme glucose oxidase to grape juices have also been proposed (Biyela et
al., 2009; Pickering et al., 1999b), but the resulting wine presented very high acidity and
required deacidification prior to consumption (Pickering et al., 1999a). Fermentation using
aerobic yeasts has been also carried out in order to reduce the ethanol content of wines
(Erten and Campbell, 2001), however that resulted in the increased production of off‐
flavours in wine. Genetically modified yeasts that produce less ethanol during wine
fermentation have also been developed (Eglington et al., 2002; Ehsani et al., 2009),
however the use of GM yeasts in wine production is not welcome in most wine‐producing
countries. Some post‐fermentative approaches, such as, reverse osmosis, solvent
extraction, pervaporation and the use of ion‐exchange columns, have been also proposed
to dealcoholize wines (Labanda et al., 2009; Schmidtke et al., 2012; Takács et al., 2007), but
these technologies are expensive and some of them result in the production of unbalanced
and denatured wines. Therefore, juice supplementation with trace amounts of specific
metabolites could be an approach to produce wines with reduced alcohol content.
However, further research need to be undertaken to confirm this possibility. For instance,
by using metabolomics other juice metabolites that show high or low correlation with
ethanol contents in wine could be identified. Therefore, it may be possible to produce
wines with lower ethanol content by supplementing metabolites that show negative
correlation with ethanol, and these metabolites could be obtained (extracted) from low
quality grape juices.
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5.1. Main conclusions
The main research question of my study was related to the development of volatile thiols,
key aroma compounds of New Zealand Sauvignon blanc wines. The biogenesis of the
volatile thiols in wines still remains an open question. Even though different research
groups have proposed the existence of possible precursors for these thiol molecules, very
low conversion efficiencies of these precursors to final volatile thiols in wines have been
reported.
My PhD project generated an enormous amount of data that represents an inexhaustible
source of hypothesis‐generating information related to the complexity of grape juice
composition and wine chemical properties. I would be too pretentious if I believe I have
completely explored my dataset. This is a task that would take many years. Therefore,
comparing this PhD work to a description of an iceberg by exploring its most accessible
features that are visible outside the water, the following were the main findings:
No correlation was found between putative precursors and 3MH, while a poor
correlation of the possible precursors was observed with 3MHA. These findings
emphasizes that these putative precursors are not the limiting factors for 3MH and
3MHA production in wines.
The correlation analysis between juice metabolite profiles and volatile thiols in 63
samples revealed the identity of at least 24 juice metabolites that showed positive and
better correlation with the volatile thiols than the possible precursors.
Nitrogenous compounds (both ammonia and amino acids) showed a significant role in
the production of volatile thiol and other wine aromas.
Glutamic acid, glutamine and GABA increased all three volatile thiols. The
contribution of these three inter‐related amino acids suggests that the
volatile thiol biosynthetic pathways could be linked to the nitrogen
metabolism of yeasts.
Group addition of amino acids was more effective on the development of
esters, higher alcohols and C6 compounds compared to single addition of
amino acids probably because many of these amino acids are direct
precursors for several aroma compounds.
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The pre‐fermentative supplementation of ammonium (DAP) showed a non‐
linear effect on volatile thiols and other wine aroma compounds, which
indicates that the formation of these compounds is not linearly dependent
on increasing concentration of nitrogen. Rather, YAN 400 was found to be
the optimum nitrogen concentration that increases the concentration of
volatile thiols in wines.
Nitrogen supplementation to the grape juice could have increased yeast
growth rate, which could explain wine DAP and group of amino acid
supplementations impact in the production of some volatile thiols and other
aroma compounds.
The results of juice manipulation experiments revealed unprecedented information
regarding the contribution of carboxylic acids to the development of volatile thiols and
other wine aroma compounds.
Both citric acid and succinic acid increased production of volatile thiols that
confirms the prediction of metabolomics data about the involvement of
these TCA cycle intermediate in thiol biosynthetic pathways. These two acids
also contributed to the formation of wide range of aroma compounds, which
might be related to the change in the metabolic flux in yeast cells.
Group addition of carboxylic acids showed negative influence on volatile
thiol production. In addition, the supplementation of carboxylic acids
combined also reduced the development of other wine aroma compounds.
Linoleic acid increased the production of 3MH, while decreasing the 3MHA
concentration, indicating a negative impact on the acetylation process. A similar
influence was also observed for the other acetate esters, however, linoleic acid also
increased the concentration of many other wine aroma compounds.
The pre‐fermentative supplementation of linoleic acid, Cys‐3MH and Cys‐4MMP
reduced the ethanol concentration in the manipulated wines, while increasing the
amount of glycerol.
The comparison between metabolite profiles of grape juices with the resulting wines
after fermentation also revealed different consumption patterns of amino acids, which
was mainly juice specific.
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Therefore, my results show that the production of volatile thiols and other aroma
compounds in SB wines is not dependent only on nitrogenous and sulphur compounds.
Other juice metabolites, such as carboxylic acids (some of them are TCA cycle
intermediates) and fatty acids, have also an impact on the production of wine volatile thiols
and other aroma compounds. The involvement of many of the primary metabolites with
the aroma compounds is certainly related to change in yeast metabolism. Therefore, results
from my project reinforce the concept that the thiol biosynthetic pathways are inserted
into a complex metabolic network and that the changes in metabolic flux to one pathway
also affect the production of intermediates of another pathway. All the metabolic pathways
(such as the TCA cycle, glycolysis, pentose phosphate pathway, pathways for amino acid
and fatty acid biosynthesis and volatile thiol pathways) are linked to each other in the yeast
metabolic network. Therefore, the supplementation of different juice metabolite (primary
metabolites) indeed caused alterations in the metabolic fluxes involved in yeast central
metabolism. The availability of these primary metabolites (e.g glutamic acid, glutamine,
GABA, citric acid, succinic acid and others) could also change the regulation of genes
associated with the biosynthesis of volatile thiols or these metabolites may improve the
secretion of volatile thiols to the extracellular medium. Harsch and Gardner (2012) already
showed that multiple genes related to nitrogen and sulphur metabolism can influence the
development of volatile thiols in SB wines. This study extended their observation by
showing the influence of carboxylic acids and fatty acids on the formation of volatile thiols.
Thus, it was also clearly demonstrated here that, the concentrations of volatile thiols and
other wine aroma compounds can be modulated by pre‐fermentative supplementation of
multiple juice metabolites.
One of the main aims of the Sauvignon blanc research programme is to develop different
styles of SB wines according to consumers’ choice. My results undoubtedly revealed that by
changing the concentration of different juice metabolites, wine aroma compounds can be
manipulated. Therefore, these findings have important implications for the wine industry to
allow the winemakers to produce different styles of SB wines based on the juice metabolite
profile. To reduce and increase some undesirable or desirable aroma compounds as well as
other wine chemical properties, juice manipulation or selection might be a feasible
approach.
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5.2. Future directions:
5.2.1. The metabolic state of yeast during juice manipulation experiment:
My study was mainly focused on development and optimization of methods for juice and
wine analysis to determine the correlation between juice metabolite profiles and wine
volatile thiols. The metabolic state of the yeast cells (biomass, growth rate and intracellular
metabolites) during the fermentation was not investigated. Based on my results, it is clear
that juice metabolites have a strong effect on yeast metabolism during wine fermentation.
Different hypotheses were proposed here (See Chapter 4). Thus, intracellular
metabolomics perhaps combined with gene expression and proteome analyses of yeast
cells during juice manipulation would be fundamental to confirm many of those
hypotheses.
5.2.2. Determining flux distribution through yeast metabolism:
My results demonstrated that metabolites that are chemically unrelated to volatile thiols
can influence their production during wine fermentation; one of my hypotheses to explain
this effect is the change of carbon flux throughout yeast central carbon metabolism
induced by these molecules. Therefore, metabolic flux analysis of S. cerevisiae growing in
minimal medium supplemented by the different compounds tested here, can determine
how these compounds affect metabolic flux distribution in the yeast cells. Knowing the
changes in the yeast metabolic flux distribution induced by the different juice metabolites
would certainly help in defining a mechanism behind the effect of these metabolites on the
production of aroma compounds, including volatile thiols.
5.2.3. Identification of low abundant juice metabolites:
Some important metabolite groups were not profiled by the techniques I used in my
project. These included phosphorylated compounds such as sugar phosphates and
nucleotides. These compounds are difficult to analyse without using targeted analysis
protocols because they are very labile compounds probably found at very low
concentrations in the grape juice. Nevertheless, these compounds should have the
potential to influence yeast metabolism strongly because they are closely associated with
energy metabolism of cells. Therefore, efforts to profile them in future research are
worthwhile.
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5.2.4. Comparison of nitrogen consumption by different yeasts in grape juice and
synthetic must:
Currently different groups are reporting different patterns of amino acid consumption by
the yeasts. My results are somehow different than many other results in the literature. I
believe that this difference was due to the difference in the media used in the different
studies. Thus, further experimentation needs to be carried out using both grape juice and
synthetic must to see the difference in nitrogen consumption by yeasts. This will obviously
help to determine which nitrogen source is more suitable for yeast growth and optimal
fermentation performances. This approach will also determine the influence of highly
preferable nitrogen sources on the formation of wine aroma compounds.
5.2.5. Further investigation to produce low‐ethanol wines
Results from this study clearly demonstrated the possibility of producing low‐ethanol wines
using a juice manipulation approach. To explore this, further unbiased metabolomics
research need to be undertaken to determine if there are other juice metabolites that
might have influence on ethanol production by yeasts during fermentation. Further juice
manipulation experiments using the juice metabolites may lead to the production of wines
with even lower ethanol content without altering the wine aroma compounds.
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Appendix 1
Sauvignon blanc grape juices

Table A1: List of 63 Sauvignon blanc juices
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Juice name
BLANW
HOGMSW
FAINWSW
RAP
BRINESE
SIMMSW
BAIMU
BENM
GLA
MCGEMW
M1016
ROWNE
BLASEW
MLTE
ROWNES
BLANE
HOGMSWE
THONE
MCBW
M527, Rapaura
Awatere 1
Awatere 2b
Awatere 4b
Awatere 9
Southern Valleys 4
Southern Valleys 7
Lower Wairau 1
Lower Wairau 2
Waihopai Valley 1
Waihopai Valley 2

Abbreviation
1BW
7HW
8FW
10RP
12BR
15SM
16BU
17BM
18GA
19MW
20M1016
21RE
22BA
23ME
23RS
25BE
26HE
27TE
28MW
29M527
AW1
AW2b
AW4b
AW9
SV4
SV7
WL1
WlL2
WP1
WP2

31

Wairau valley upper 1

WU1

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

Wairau valley upper 2
Wairau valley upper 3
Lower Wairau 9
Rapaura 6
Lower Wairau 8
Rapaura 4
Rapaura 5
Central Wairau 5
Central Wairau 6
Juice from Central Otago
Organic juice Vidal
Trinity hill Awarua
Trinity hill ESPME
CJ Pask‐1
CJ Pask‐2
CJ Pask‐3
CJ Pask‐4

WU2
WU3
SC2
SC12
SC14
RC4
RC5
WC5
WC6
1OTG
2HVD
3HTA
4HTE
5HCP1
6HCP2
7HCP3
8HCP4
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Winery
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Pernod Ricard
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Pernod Ricard
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ

Region
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough

Year
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2007
2007

Marlborough

2009

Constellation NZ
Constellation NZ
Saint Clair Family Estate
Saint Clair Family Estate
Saint Clair Family Estate
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Vin Pro
Vidal Winery Estate
Trnity Hill
Trnity Hill
CJ Pask Winery
CJ Pask Winery
CJ Pask Winery
CJ Pask Winery

Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Central Otago
Hawkes Bay
Hawkes Bay
Hawkes Bay
Hawkes Bay
Hawkes Bay
Hawkes Bay
Hawkes Bay

2009
2009
2009
2009
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2010
2010

2007
2007
2007
2007
2007
2006
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009

Appendices

P a g e | 152
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

CJ Pask‐5
Rapaura 2
Rapaura 5
Central Wairau 5
Boniffield
GANE
BLUF
HAYBLOCK
TRUMAN
KENNEDY
MCCLEAN
PRATT
DWSB
CAMPBELL
BASB6
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9HCP5
10MRD
11MSF
12MSA
13MBD
14MCE
15MBF
16MHB
17MTN
18MKY
19MMN
20MPT
21MDB
22MCL
23MDA

CJ Pask Winery
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ
Constellation NZ

Hawkes Bay
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough
Marlborough

2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
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Appendix 2
Calibration curves for the quantification of volatile thiols
To quantify the concentrations of volatile thiols by GC‐MS (Section 2.4), calibration curves
were performed to derive a correlation between the ratio of the integrated peak areas
(thiol/internal standard) and the amount of volatile thiols added to a base wine. Figure A1
presents the examples of calibration curves used for the quantification of 3MH, 3MHA and
4MMP.

a

b

c

Figure A1: The calibration curves to quantify 3MH (a), 3MHA (b) and 4MMP (c) in the wines
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Appendix 3:
Analysis of wine aroma compounds

Table A2: List of chemical standards of 58 aroma compounds
Compounds
ETHYL ESTERS
Ethyl
isobutyrate
Ethyl butanoate
Ethyl 2‐methyl
butanoate
Ethyl
isovalerate
Ethyl hexanoate
Ethyl
heptanoate
Ethyl octanoate
Ethyl decanoate

Source
Aldrich, Milwaukee,
WI, USA
Acros Organics,Geel,
Belgium
Aldrich, Milwaukee,
WI, USA
Fluka, Steinheim,
Switzerland
Fluka, Steinheim,
Switzerland
Aldrich, Milwaukee,
WI, USA
Aldrich, Milwaukee,
WI, USA
Aldrich, Milwaukee,
WI, USA
Fluka, Steinheim,
Switzerland

Ethyl
dodecanoate
ACETATE ESTERS
Isobutyl acetate Fluka, Steinheim,
Switzerland
Isoamyl acetate Univar, AjaxFinechem,
Australia
Hexylacetate
Acros Organics,Geel,
Belgium
Cis‐3‐hexenyl
SAFC ,Milwaukee, WI,
acetate
USA
Ethyl
Acros Organics, Geel,
phenylacetate
Belgium
β‐phenylethyl
Aldrich, Milwaukee,
acetate
WI, USA
OTHER ESTERS
Methyl
Aldrich, Milwaukee,
octanoate
WI, USA
Ethyl‐(L)‐lactate Acros Organics, Geel,
Belgium
Diethyl
Fluka, Steinheim,
succinate
Switzerland
Diethyl malate
Aldrich, Milwaukee,
WI, USA
FATTY ACIDS
Isobutyric acid
Acros Organics, Geel,
Belgium
Isovaleric acid
Acros Organics, Geel,
Belgium
Hexanoic acid
Fluka, Steinheim,
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Purity

Ions

RT (Min)

Internal standard

0.99

43, 71, 116, 88

9.9

ethyl butanoate‐d5

0.99

71, 88, 101

12.1

ethyl butanoate‐d5

0.99

57, 102, 85

14.6

ethyl butanoate‐d5

0.997

88, 85, 115

15.0

ethyl butanoate‐d5

0.98

88, 99, 101

25.3

ethyl hexanoate‐d5

0.99

88, 101, 113

32.5

ethyl hexanoate‐d5

0.99

88, 101,127

39.9

ethyl octanoate‐d5

0.99

88, 101, 155

52.8

ethyl octanoate‐d5

0.98

88, 101, 183

64.5

ethyl octanoate‐d5

0.998

43, 56, 73

10.9

1

70, 55, 87

16.9

0.99

56, 61, 84

26.8

3‐methylbutyl acetate‐
d3
3‐methylbutyl acetate‐
d3
n‐hexyl acetate‐d3

0.98

43, 67, 82

27.3

n‐hexyl acetate‐d3

0.99

91, 164

49.9

0.99

104, 43, 91

51.1

2‐phenylethyl acetate‐
d3
2‐phenylethyl acetate‐
d3

0.99

74, 87, 127

34.9

ethyl octanoate‐d5

0.95

45, 43, 75

22.9

ethyl butanoate‐d5

0.99

101, 129, 73

44.6

ethyl hexanoate‐d5

0.97

71, 117, 89

60.4

ethyl hexanoate‐d5

0.99

43, 73, 88

35.3

DL‐3‐octanol

0.99

60, 87

40.9

DL‐3‐octanol

0.98

60, 73, 87

50.4

4‐decanol
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Switzerland
Lancaster, Pelham,
NH, USA
Octanoic acid
Acros Organics, Geel,
Belgium
Decanoic acid
Acros Organics, Geel,
Belgium
Dodecanoic acid Acros Organics, Geel,
Belgium
C6 ALCOHOLS/ALDEHYDE
Trans‐2‐hexenal Merck‐Schuchardt
Hexanol
Fluka, Steinheim,
Switzerland
Trans‐3‐hexen‐
Lancaster, Pelham,
1‐ol
NH, USA
Cis‐3‐hexen‐1‐ol Aldrich, Milwaukee,
WI, USA
Trans‐2‐hexen‐
Lancaster, Pelham,
1‐ol
NH, USA
Cis‐2‐hexen‐1‐ol Aldrich, Milwaukee,
WI, USA
ALCOHOLS
Isobutanol
Scharlau, Sentmenat,
Spain
1‐butanol
Scharlau, Sentmenat,
Spain
Isoamylalcohol
Panreac, Barce¬lona,
Spain
Phenylethyl
Acros Organics, Geel,
alcohol
Belgium
Methional
Aldrich, Milwaukee,
WI, USA
1‐heptanol
Fluka, Steinheim,
Switzerland
Benzaldehyde
Fluka, Steinheim,
Switzerland
2‐ethyl‐1‐
Fluka, Steinheim,
hexanol
Switzerland
Methionol
Aldrich, Milwaukee,
WI, USA
Benzyl alcohol
Riedel‐de Haën,
Hanover, Germany
CINNAMATES/ANTHRANILATES
Ethyl
Aldrich, Milwaukee,
hydrocinnamate WI, USA
Ethyl trans
Aldrich, Milwaukee,
cinnamate
WI, USA
Methyl
Aldrich, Milwaukee,
anthranilate
WI, USA
Ethyl 2‐
Aldrich, Milwaukee,
aminobenzoate WI, USA
NORISOPRENOIDS
β‐damascenone Aldrich, Milwaukee,
WI, USA
α‐ionone
Aldrich, Milwaukee,
WI, USA
β‐ionone
Aldrich, Milwaukee,
Heptanoic acid

Sauvignon blanc metabolomics

0.98

60, 73, 87

56.5

4‐decanol

0.99

60, 73, 101

61.1

4‐decanol

0.99

60, 73, 129

71.4

4‐decanol

0.995

60, 73, 200

80.3

4‐decanol

0.96
0.98

41, 83, 69
56, 43, 69

18.1
24.2

n‐hexyl‐d11 alcohol
n‐hexyl‐d11 alcohol

0.97

41, 67, 82

24.5

n‐hexyl‐d11 alcohol

0.98

67, 41, 82

25.4

n‐hexyl‐d11 alcohol

0.97

57, 41, 82

26.7

n‐hexyl‐d11 alcohol

0.95

57, 67, 82

27.2

n‐hexyl‐d11 alcohol

0.995

43, 41, 74

10.3

0.995

56, 31, 41

12.6

0.985

55, 42, 70

15.6

0.990

91, 92, 122

53.2

3‐methyl‐1‐butyl‐1,1‐
d2‐alcohol
3‐methyl‐1‐butyl‐1,1‐
d2‐alcohol
3‐methyl‐1‐butyl‐1,1‐
d2‐alcohol
2‐phenyl‐d5‐alcohol

0.960

48, 104, 76, 61

29.1

DL‐3‐octanol

0.999

70, 56, 55

31.0

DL‐3‐octanol

0.995

77, 106, 105

33.0

2‐phenyl‐d5‐alcohol

0.990

57, 70

33.9

DL‐3‐octanol

0.980

106, 61, 58

43.7

DL‐3‐octanol

0.998

79, 108, 107

51.3

2‐phenyl‐d5‐alcohol

0.99

104, 91, 107

55.9

3,4‐dimethylphenol

0.99

131, 103, 176

66.0

3,4‐dimethylphenol

0.99

119, 151, 92

68.2

3,4‐dimethylphenol

0.99

119, 165, 92

70.2

3,4‐dimethylphenol

1.00

69, 121, 190

55.2

(±)‐linalool‐d3

0.90

121, 136, 192

57.5

(±)‐linalool‐d3

0.96

177, 178, 192

61.4

(±)‐linalool‐d3
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WI, USA
TERPENES
Linalool
(+)‐terpinen‐4‐
ol
α‐terpineol
β‐citronellol
Cis‐geraniol
Trans‐geraniol
PHENOLS
4‐ethylguaiacol
4‐ethylphenol

Acros Organics, Geel,
Belgium
Fluka, Steinheim,
Switzerland
Acros Organics, Geel,
Belgium
Aldrich, Milwaukee,
WI, USA
Aldrich, Milwaukee,
WI, USA
Acros Organics, Geel,
Belgium

0.97

71, 93, 121

37.1

(±)‐linalool‐d3

0.99

71, 93, 111

42.1

(±)‐linalool‐d3

0.99

59, 93, 121

45.6

(±)‐linalool‐d3

0.95

41, 69, 82, 123

49.2

(±)‐linalool‐d3

0.97

69, 41, 93, 121

50.3

(±)‐linalool‐d3

0.99

69, 41, 93, 123

52.6

(±)‐linalool‐d3

Aldrich, Milwaukee,
WI, USA
Lancaster, Pelham,
NH, USA

0.98

137, 152

59.8

3,4‐dimethylphenol

0.98

107, 122, 77

65.7

3,4‐dimethylphenol

All the bold ions were used to integrate the compound peaks. RT is retention time.
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Appendix 4
Calculation of effect size
The following formulae (1‐5) were used to calculate the standardized bias‐corrected effect
size d according to Cohen et al (1988).
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Appendix 5:
Sample metabolite profile of grape juices by GC‐MS

Figure A2: The snapshot of metabolite profile of grape juices generated by R package Metab. The juice samples are shown in the first row, while the mass
fragments and retention time are shown in first column.
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Appendix 6
Comprehensive list of all compounds identified in juice and wine samples by
GC‐MS
Many metabolites were either detected in the grape juices or in the wines. However, the
metabolites highlighted in green were only present in the grape juices, not in the wines. On
the other hand, metabolites shown in red were only detected in wines, not in the grape
juices
List of compounds identified from MCF derivatised grape juices and wines:

Glycine, valine, alanine, leucine, isoleucine, proline, threonine, serine, aspartic acid,
asparagine, glutamic acid, methionine, cysteine, histidine, lysine, tyrosine, tryptophan,
phenylalanine, pyroglutamic acid, ornithine, O‐acetyl‐L‐serine, adenosyl‐L‐methionine, S‐
adenosyl‐L‐homocysteine,

trans‐4‐hydroxyproline,

L‐2‐amino‐adipic

acid,

2‐

phenylaminoacetic acid, N‐acetyl‐L‐glutamate, D‐2‐amino adipic acid, α‐aminobutyric acid,
4‐aminobenzoic acid, 2,4‐diaminobutyric acid, norleucine, norvaline, tert‐leucine,
creatinine, cystathione, glutathione, oxaloacetic acid, citric acid, cis‐aconitic acid, pyruvic
acid, isocitric acid, malonic acid, citraconic acid, succinic acid, malic acid, itaconic acid,
fumaric acid, lactic acid, glyceric acid, adipic acid, glutaric acid, 2‐hydroxyisobutyric acid, 2‐
isopropylmalic acid, 2‐hydroxybutyric acid, phosphoenolpyruvic acid, 2‐phosphoenolpyruvic
acid, Pimelic acid, 2‐oxoglutaric acid, 2‐oxoadipic adipic, 2‐phosphoglyceric acid, p‐coumaric
acid, citramalic acid, 2‐oxobutyric acid, ferulic acid, benzoate, hydroxybenzoate, vannilate,
cinnamate, oxalic acid, 2‐methoxysuccinate, methylglyoxal, thiamine, nicotinic acid,
dehydroascorbic

acid,

myristic

acid,

(3S)‐3‐methyl‐2‐oxopentanoic

acid,

3‐

hydroxyoctanoate, 10,13‐dimethyltetradecanoate (methyl myristate), dehydroabietic acid,
eichosanoic acid, docosanoic acid, oleic acid, decanedioic acid, stearic acid, arachidic acid,
plamitic acid, linoleic acid, linolenic acid
Compounds identified from TMS derivatised grape juices and wines

D‐galactose, cellobiose, D‐fructose, D‐glucose, D‐glucuronic acid, glycerol, meso‐inositol, D‐
maltose, D‐mannose, rhamnose, D‐ribose, D‐sorbose, D‐allose, arabinose, sucrose,
trehalose, D‐glucosamine, D‐glucose‐6‐phosphate, D‐mannitol, D‐sorbitol, Urea, butane‐
2,3‐diol,

2,3,4trihydroxybutanal,
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aminopentanoic acid, L‐ascorbic acid, glucaric acid, D‐gluconic acid, D‐meso‐inositol
phosphate, 2‐aminoethanol

Volatile compounds extracted by diethyl ether:

Hexyl acetate, 1‐hexenol, E‐3‐hexenol, isovaleric acid, valeric acid, isobutyric acid, hexanoic
acid, 2‐phenylethanol, octanoic acid, isoamyl alcohol, isoamyl acetate, acetic acid, ethyl
hexanoate, phenethyl acetate, ethyl octanoate, n‐decanoic acid, ethyl decanoate,
propanoic

acid,

isobutyric

acid,

ethyl

isovalerate,

n‐hexadecanoic

acid,

ethyl

hexadecanoate, benzoic acid, furfural, 2‐furan methanol, formic acid, 2‐propenoic acid,
valeric acid, benzyl alcohol, n‐amyl acetate, iso‐butanol, dodecanoic acid, 12‐benzenediol,
tyrosol, dithyl succinate, ethyl‐L‐lactate, butyric acid, tryptophol, diethyl malate,
benzaldehyde, 4‐methyl‐2‐pentanol, indole‐3‐acetic acid, tryptamine, 3‐indoleacetamide,
indole‐3‐acetaldehyde, indole‐3‐butyric acid, Cis‐farnesol, trans‐farnesol, 2‐pentanol
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Appendix 7
Comparison between GC‐MS and NMR analysis of grape juices and wines
Metabolite profiles of grape juices obtained by GC‐MS and NMR
In Figure A3a, a PCA using 100 statistically different (p‐value<0.005) mass fragments) shows
the variation of 63 juices. A clear seasonal variation was found between the metabolite
profiles of the juices. The juices from 2007 and 2009 (except WU1 and AW2b) were in the
negative part of the PCA because these juices contained comparatively less amount of
volatile compounds. Moreover, the juices from 2010 seasons were found in the positive
part of the PCA due to their high volatile compounds and some carboxylic acids content.
The 2010 juices from Marlborough and other regions showed no geographic variation.
Overall, the GC‐MS metabolites profiles of grape juices showed a greater seasonal
difference than a geographic variation. On the other hand, the PCA using 45 NMR spectral
buckets (p‐value<0.005) showed no seasonal or geographic variation, that could be related
to the detection of lesser number of compounds compared to GC‐MS analysis (Figure A3b).

a

b

Figure A3: Two dimensional projection of Principal component analysis (PCA) of statistically significant mass
fragments obtained from GC‐MS (a) and NMR (b) analysis of 63 grape juices. There were five data classes,
such as 2006, 2007 SB juices (black), 2008 juices (red), 2009 (blue), 2010 Marlborough (purple) and 2010
juices from other regions (green).

Sauvignon blanc metabolomics

Appendices

P a g e | 162

Metabolite profiles of wines obtained by GC‐MS and NMR
The GC‐MS metabolite profiles of 63 wines also showed a seasonal variation. The wines
from 2006, 2007 and 2008 (except 17BM) formed a cluster due to their higher
concentration of few carboxylic acids (malic acid, lactic acid and succinic acid etc). The
concentration of several amino acids (e.g. proline) was higher in these juices compared to
2009 and 2010 seasons. However, 2010 wines showed no geographic difference in their
profiles. Similarly as juice profile, the wine metabolites profile of GC‐MS showed a strong
seasonal difference, while there was no evidence of geographic variation.

a

b

C

Figure A4: Two dimensional projection of Principal component analysis (PCA) of statistically significant mass
fragments obtained from GC‐MS (a) and NMR (b) analysis of 63 wines. There were five data classes, such as
2006, 2007 SB juices (black), 2008 juices (red), 2009 (blue), 2010 Marlborough (purple) and 2010 juices from
other regions (green).

The NMR metabolite profiles of wines were completely different than GC‐MS. Limited
extent of seasonal variation was observed for most of the 2009 juices (except AW4b and
WL1) which were grouped together along with one 2006 (29M527) and one 2007 (28MM)
juice. Similarly to NMR juice profile, no geographic variation was found in the NMR wine
profiles.
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Correlation between common metabolites identified in GC‐MS and NMR profiles of grape
juices and wines

GC‐MS and NMR are completely different analytical approaches with different resolutions.
A correlation between some common metabolites identified in the 63 juices by both
instruments was performed. Table A3 shows the correlation coefficient (R) of the 11
metabolites (7 amino acids and 4 carboxylic acids) analyzed by both GC‐MS and NMR.
Extremely strong correlation was not observed and this observation is not unexpected due
to the difference between these two instruments in terms of sensitivity and resolution. As
shown in Table A3, the correlation coefficient for the same amino acid identified by GC‐MS
and NMR ranged from 0.51 ( proline) to 0.65 (valine). Moreover, valine, leucine and
isoleucine showed a strong correlation with each other using both methods as did citric
acid and isocitric acid. On the other hand, a comparatively poor correlation between amino
acids and carboxylic acids was observed. For wine analysis, only three compounds were
common: malic acid, succinic acid and proline. These three compounds identified by both
GC‐MS and NMR also had similar range of correlation coefficient as juice (R>0.55).
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Table A3: Correlation between common identified metabolites of GC‐MS and NMR in grape juices

Proline

Alanine

Leucine

Isoleucine

Valine

GABA

Tryptophan

Citric

Isocitric

Malic acid

Succinic

NMR

NMR

NMR

NMR

NMR

NMR

NMR

acid

acid NMR

NMR

acid NMR

NMR
Proline GCMS

0.51

0.42

0.44

0.39

0.44

0.4

0.35

0.22

0.25

0.21

0.22

Alanine GCMS

0.47

0.55

0.45

0.40

0.43

0.42

0.38

0.32

0.30

0.31

0.25

Leucine GCMS

0.45

0.52

0.60

0.51

0.47

0.38

0.45

0.22

0.21

0.20

0.18

Isoleucine GCMS

0.43

0.50

0.57

0.62

0.45

0.4

0.42

0.32

0.23

0.27

0.22

Valine GCMS

0.41

0.57

0.52

0.51

0.65

0.45

0.43

0.22

0.21

0.26

0.19

GABA GCMS

0.35

0.43

0.45

0.43

0.42

0.55

0.43

0.32

0.37

0.12

0.28

Tryptophan GCMS

0.31

0.34

0.41

0.44

0.54

0.33

0.53

0.34

0. 32

0.24

0.21

Citric acid GCMS

0.32

0.34

0.36

0.31

0.21

0.22

0.30

0.59

0.54

0.34

0.43

Isocitric acid GCMS

0.30

0.31

0.33

0.32

0.20

0.22

0.34

0.52

0.61

0.45

0.32

Malic acid GCMS

0.23

0.34

0.33

0.34

0.37

0.35

0.33

0.45

0.44

0.57

0.44

Succinic acid GCMS

0.28

0.22

0.34

0.32

0.31

0.33

0.30

0.44

0.46

0.43

0.60

The numbers are the correlation coefficient (R) of between compounds for 63 juices determined using two different analytical methods. All the R>0.40 are highlighted in
blue. Comparatively strong correlation (R>0.50) are shown in brown rectangles.
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Appendix 8
Variation in fermentation rate of different juices

Figure A4: Fermentation rate of 10 juices from 2010. Fermentation was in 200 mL juice in 250‐mL flasks held at
15°C with 100 rpm shaking. Data points show average weight loss, n=3. The arrow indicates the five juices with
a longer lag phase.
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Appendix 9
Correlation between grape juice and wine metabolites
Correlation between grape juice metabolites:
The relationship between metabolites in grape depends on the grape physiology and
metabolism. Metabolite profile analysis was also useful to determine their relationship and
Figure A5 shows the correlation between metabolites in the grape juices. Different groups of
metabolites appeared in different networks. For instance, sugars, some volatile compounds,
fatty acids and two carboxylic acids formed separate networks. Only one volatile compound,
2‐phenylethanol, had a strong correlation (R>0.70) with phenylalanine. As expected, I also
found a good correlation between most of the amino acids, thus they form a close‐fitting
network along with some other highly correlated carboxylic acids.

Figure A5: The resemblance networks of metabolites in the grape juices. The networks of these compounds
were generated by sPLS (canonical) analysis. Amino acids and derivatives, carboxylic acids, sugars, volatile
compounds and fatty acids are shown in red, blue, purple, pink and brown colours respectively.

The cysteinylated putative precursors only seemed to have a moderate correlation (R<0.60)
with cysteine, while GSH‐3MH also showed a similar degree of correlation with glutathione.
Moreover, many carboxylic acids also showed a strong correlation (R>0.70) with most of the
amino acids and I also found an inter‐relationship between the carboxylic acids.
Furthermore, linoleic acid showed poor correlation (R<0.30) with amino acids and carboxylic
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acids, but it exhibited extremely strong correlation with linolenic acid (R=0.94) and palmitic
acid (R=0.90) (Figure A5).
In addition to positive correlation, a moderate negative correlation (R between ‐0.46 to ‐
0.61) was found between some grape juice metabolites. Linoleic acid negatively correlated
with some carboxylic acids (malonic acid, malic acid, succinic acid, itaconic acid and glyceric
acid, R= ‐0.48 to ‐0.61), 2‐phenylethanol (R=‐0.57) and Cys‐3MH (R=‐0.50). Moreover,
glyceric acid had a moderate negative correlation with octanoic acid, hexyl acetate, 1‐
hexanol and E‐2‐hexanol (R=‐0.46 to ‐0.48).
Correlation among wine metabolites:

Different classes of wine metabolites showed different trends and formed a big correlation
network (Figure A6). Once again, wine amino acids showed strong correlation (R>0.70)
between themselves and most of them were in the centre of the network, except norvaline.
Only GABA was connected to volatile thiol 3MH. Among, 38 volatile compounds, 14 of them
showed a moderate correlation (R>0.50) with few amino acids and carboxylic acids. Among
wine fatty acids, linoleic acid was linked to some amino acids and 2 other fatty acids, 2‐
hydroxyoctanoate and 3‐hydroxyoctanoate, were showed good correlation with a few
carboxylic acids. The relationship patterns between amino acids and carboxylic acids were
also quite different than that of grape juice metabolites.
Besides positive correlation, negative correlation was also observed between metabolites.
For example, norvaline showed strong negative correlation (R>‐0.8) with histidine,
phenylalanine, valine, methionine, glutamine, norleucine and citraconate and a moderate
negative correlation (R>‐0.60) with proline, glycine, leucine, serine, threonine, citric acid,
itaconic acid and benzyl alcohol. Methionine also had a moderate negative correlation with
GABA and p‐coumaric acid. Moreover, cis‐aconitic was also negatively correlated (moderate,
R=‐0.47 to‐0.66) with glycine, leucine, lysine, asparagine, pyroglutamic acid, histidine,
phenylalanine, aspartic acid, isoleucine, tyrosine, alanine, norleucine, o‐acetyl serine, citric
acid and itaconic acid.
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Figure A6: The correlation network of metabolites in wine samples. The networks of these compounds were
generated by sPLS analysis. Amino acids, carboxylic acids, volatile compounds and fatty acids are shown in red,
blue, pink and brown colours respectively.

The reason for the existence of positive and negative correlation between many wine
metabolites can be explained by the biochemical changes that occurred in the grape juice by
the activity of yeasts during the fermentation.
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Appendix 10
The concentrations of different group of aroma compounds in control and
manipulated wines
Fatty acids:
Table A4: The concentrations of fatty acids in control and manipulated wines
Fatty acids
(mg/L)
Without
addition
4xGABA
4xGlutamine
4xGlutamic
acid
4xCitric acid
4xSuccinic
acid
4xLinoleic
acid
1xall amino
acids
2x all amino
acids
2xr>0.40
4xr>0.40
2xcarboxylic
acids
4xcarboxylic
acids
2x all
metabolites
DAPYAN300
DAPYAN400
DAPYAN600
s‐ethyl‐
cysteine
GSH‐3MH
Cys‐3MH

Isobutyric
acid
0.93

Isovaleric
acid
0.46

Hexanoic Heptanoic Octanoic Decanoic
acid
acid
acid
acid
5.09
0.39
0.68
20.19

Dodecanoic
acid
1.66

1.04
1.05
1.19

0.50
0.43
0.43

5.45
4.53
4.51

0.39
0.39
0.39

0.68
0.68
0.68

14.40
12.39
14.92

2.06
1.14
1.32

0.91
0.91

0.47
0.38

4.56
4.30

0.39
0.39

0.68
0.68

21.36
14.72

1.85
1.42

1.43

0.52

5.03

0.39

0.68

10.73

1.23

0.80

0.13

4.33

0.39

0.68

12.58

1.22

0.98

0.35

5.75

0.39

0.68

15.31

1.43

0.99
1.19
1.58

0.37
0.44
0.30

4.05
4.71
4.66

0.39
0.39
0.39

0.68
0.68
0.68

11.56
15.40
10.32

1.14
1.60
1.14

1.64

0.49

3.30

0.39

0.68

8.25

1.08

0.54

0.33

5.61

0.39

0.68

13.48

1.57

1.36
1.28
1.15
1.04

0.52
0.55
0.61
0.45

4.91
6.50
6.24
4.76

0.39
0.39
0.39
0.40

0.68
0.68
0.68
0.68

12.64
15.72
15.55
14.55

1.18
1.43
1.43
1.37

1.27
1.53

0.53
0.15

5.83
4.45

0.40
0.39

0.68
0.68

17.48
9.07

1.48
1.10

Cys‐4MMP
0.54
0.14
4.63
0.39
0.68
8.97
1.13
Statistically significant (p‐value<0.05) changes are shown in bold numbers. GABA=‐amino butyric
acid, GSH= S‐3‐(hexan‐1‐ol)‐glutathione, Cys‐3MH=3‐S‐cysteinylglycine hexan‐1‐ol, Cys‐4MMP=4‐(4‐
methylpentan‐2‐one)‐L‐cysteine, DAP= Di ammonium phosphate, YAN=Yeast assimiliable nitrogen, S‐
ethyl‐cys=S‐ethyl‐cysteine and R>0.40= metabolites that had correlation coefficient (R) greater than
0.40 with volatile thiols.
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C6 compounds:
Table A5: The concentrations of C6 alcohols and aldehydes in control and manipulated wines
C6 alcohols and
aldehydes (µg/L)

Trans‐2‐
hexenal

Cis‐3‐
hexen‐1‐
ol
Without addition
1.28
2499.60
37.40
910.42
4xGABA
1.25
2256.00
34.99
1096.40
4xGlutamine
1.35
2372.64
40.97
1084.82
4xGlutamic acid
1.33
2232.62
40.24
996.15
4xCitric acid
1.56
2404.45
44.71
949.08
4xSuccinic acid
1.43
2495.94
59.79
1007.69
4xLinoleic acid
1.50
2469.59
38.55
656.53
1xall amino acids
1.06
2071.47
37.88
1072.08
2x all amino acids
1.36
1947.15
37.86
1075.41
2xr>0.40
1.43
2148.02
41.73
1027.00
4xr>0.40
1.44
2146.85
43.78
1011.70
2xcarboxylic acids
1.58
2837.63
47.44
825.28
4xcarboxylic acids
2.39
4340.81
71.53
876.39
2x all metabolites
1.18
2129.40
47.21
713.34
DAPYAN300
2.27
2165.94
78.34
993.47
DAPYAN400
1.43
2039.91
45.19
962.42
DAPYAN600
1.52
1897.55
39.71
911.79
s‐ethyl‐cysteine
1.29
1810.82
50.64
875.23
GSH‐3MH
1.82
1962.18
64.64
919.88
Cys‐4MMP
1.09
1969.81
35.39
806.36
Cys‐3MH
1.19
1578.10
36.92
626.37
Statistically significant (p‐value<0.05) changes are shown in bold numbers
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Hexanol

Trans‐3‐
hexen‐1‐ol

Trans‐2‐
hexen‐1‐ol
8.27
9.07
8.73
8.41
8.26
7.65
4.56
7.65
7.80
8.37
7.31
5.60
5.95
4.65
7.49
7.56
7.58
6.16
6.77
6.40
4.04

Cis‐2‐
hexen‐
1‐ol
5.38
6.83
6.28
6.39
6.50
4.82
8.16
7.69
7.55
6.94
6.72
7.70
12.78
9.03
6.50
6.79
6.49
5.46
5.58
4.53
3.82
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Cinnamates, anthranilates and phenols:
Table A6: The concentrations of cinnamates, anthranilates and phenols in control and manipulated
wines
Other aroma
compounds

Ethyl 2‐
Ethyl
Ethyl
Methyl
4‐
4‐
aminobenzoate hydrocinnamate trans
anthranilate ethylguaiacol ethylphenol
cinnamate
1.50
0.26
0.55
11.29
1.73
0.47

Without
addition
4xGABA
1.45
0.27
0.56
11.43
4xGlutamic
1.32
0.23
0.58
14.88
acid
4xGlutamine 0.65
0.17
0.58
13.71
4xSuccinate
1.01
0.29
0.57
16.54
4xCitrate
2.38
0.27
0.57
19.07
4xLinolate
1.61
0.29
0.48
61.53
1xamino
2.70
0.15
0.60
11.42
acids
2xamino
3.81
0.08
0.59
9.30
acids
2xr>0.40
1.27
0.17
0.60
14.62
4xr>0.40
1.45
0.13
0.59
22.51
2xcarboxylic 3.43
0.17
0.59
54.24
acids
4xcarboxylic 2.47
0.21
0.59
57.67
acids
2x all
2.31
0.15
0.55
51.46
metabolites
DAPYAN300 4.48
0.06
0.64
51.70
DAPYAN400 2.65
0.17
0.61
60.90
DAPYAN600 2.17
0.18
0.61
71.42
s‐ethyl‐
1.60
0.15
0.62
31.41
cysteine
GSH‐3MH
3.31
0.28
0.59
44.29
Cys‐4MMP
1.04
0.14
0.50
28.28
Cys‐3MH
1.12
0.15
0.51
34.31
Statistically significant (p‐value<0.05) changes are shown in bold numbers
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1.72
1.74

0.39
0.34

1.72
1.74
1.73
1.71
1.73

0.34
0.36
0.36
0.46
0.38

1.73

0.48

1.72
1.70
1.77

0.35
0.33
0.34

1.75

0.35

1.71

0.48

2.60
2.71
2.61
2.66

0.30
0.34
0.33
0.47

1.75
1.71
2.70

0.44
0.48
0.55
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Norsioprenoids and terpenes:
Table A7: The concentrations of norisoprenoids and terpenes in control and manipulated wines
Other aroma compounds α‐terpineol α‐ionone ß‐citronellol
ß‐damascenone
Without addition
2.27
0.22
2.52
76.67
4xGABA
2.46
0.22
3.14
113.34
4xGlutamic acid
2.12
0.21
1.93
85.49
4xGlutamine
2.04
0.22
2.64
78.77
4xSuccinate
2.19
0.21
2.03
77.69
4xCitrate
2.06
0.21
1.92
66.22
4xLinolate
6.09
0.21
3.76
129.49
1xamino acids
2.12
0.21
2.54
82.07
2xamino acids
2.27
0.21
2.82
84.10
2xr>0.40
2.24
0.21
1.91
83.88
4xr>0.40
2.27
0.22
2.05
109.49
2xcarboxylic acids
3.54
0.21
1.53
53.29
4xcarboxylic acids
2.81
0.21
1.77
44.82
2x all metabolites
2.62
0.21
2.19
96.79
DAPYAN300
2.74
0.21
1.38
93.40
DAPYAN400
2.23
0.21
1.63
75.28
DAPYAN600
2.18
0.21
1.80
94.29
s‐ethyl‐cysteine
0.63
0.20
0.90
9.55
GSH‐3MH
2.17
0.21
1.44
72.38
Cys‐4MMP
2.34
0.21
2.41
83.24
Cys‐3MH
2.21
0.21
2.11
82.08
Statistically significant (p‐value<0.05) changes are shown in bold numbers
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ß‐ionone
0.47
0.47
0.44
0.45
0.45
0.44
0.43
0.46
0.46
0.45
0.46
0.41
0.41
0.44
0.43
0.43
0.44
0.39
0.43
0.43
0.42

Trans‐geraniol
511.02
771.22
356.12
315.27
458.49
305.03
868.46
362.90
461.86
456.53
437.82
153.71
280.76
198.91
236.89
244.14
269.56
159.04
245.29
236.67
202.22

Linalool
4.01
5.37
4.74
4.79
4.84
4.38
4.11
4.72
4.70
4.79
4.54
5.67
5.03
3.32
4.84
4.46
4.43
0.46
4.69
3.18
3.08

Nerol
5.60
7.43
4.31
5.41
4.30
3.82
3.49
5.50
6.23
4.02
4.89
2.73
1.85
4.13
3.26
3.58
4.41
1.35
3.25
4.84
4.41
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(+)‐terpinen‐4‐ol
0.68
0.70
0.64
0.68
0.67
0.66
0.54
0.69
0.69
0.64
0.82
0.78
0.73
0.78
0.76
0.68
0.66
0.46
0.67
0.70
0.69
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Ethyl esters:
Table A8: The concentrations of ethyl esters in control and manipulated wines
Ethyl esters (μg/L)

Without addition
4xGABA
4xGlutamic acid
4xGlutamine
4xSuccinate
4xCitrate
4xLinolate
1xamino acids
2xamino acids
2xr>0.40
4xr>0.40
2xcarboxylic acids
4xcarboxylic acids
2x all metabolites
DAPYAN300
DAPYAN400
DAPYAN600
s‐ethyl‐cysteine
GSH‐3MH
Cys‐4MMP
Cys‐3MH

Ethyl 2‐
methyl
butanoate
1.48
1.39
1.54
0.77
1.01
2.38
1.16
2.70
3.74
2.35
4.44
3.50
2.62
2.31
4.48
2.65
2.17
1.60
3.39
1.10
1.13

Ethyl
butanoate

Ethyl
decanoate

Ethyl
dodecanoate

Ethyl
heptanoate

Ethyl hexanoate

Ethyl
isobutyrate

Ethyl
isovalerate

Ethyl
octanoate

463.89
528.20
468.80
441.22
326.26
391.16
142.36
447.28
639.50
441.95
551.17
397.50
264.19
323.74
517.79
551.82
530.44
496.59
567.87
271.97
232.03

318.42
308.09
314.66
214.75
252.57
251.06
173.78
270.37
364.06
161.35
266.99
129.14
139.14
471.39
285.12
369.38
294.63
272.32
409.09
177.41
178.51

39.63
52.11
44.83
36.05
45.03
84.16
39.91
32.12
53.14
23.99
79.87
33.64
46.44
141.08
37.08
80.74
64.14
61.22
62.26
18.59
17.34

0.33
0.35
0.33
0.36
0.31
0.40
0.34
0.38
0.49
0.40
0.45
0.98
1.19
0.89
0.51
0.46
0.40
0.42
0.47
0.46
0.61

737.62
789.97
816.77
651.35
612.11
724.85
333.64
743.17
909.79
788.91
858.94
656.96
449.79
663.32
986.98
983.86
886.20
758.61
903.78
671.93
453.40

11.50
13.64
18.50
8.49
6.50
24.47
14.40
11.60
17.01
11.66
14.53
13.32
13.28
5.82
42.23
21.25
14.68
8.98
25.62
2.68
6.57

3.24
3.18
3.66
3.06
2.61
5.54
3.28
3.35
4.71
3.70
4.86
5.51
9.61
3.41
9.90
6.30
5.13
4.54
7.23
2.25
2.39

731.47
657.07
680.87
669.17
522.28
472.55
409.58
645.19
683.53
580.67
591.86
441.47
365.02
1333.11
879.48
855.85
873.79
828.63
970.04
1161.46
553.65

Statistically significant (p‐value<0.05) changes are shown in bold numbers
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Acetate esters:
Table A9: The concentrations of acetate and other esters in control and manipulated wines
Esters
(μg/L)
Without addition
4xGABA
4xGlutamic acid
4xGlutamine

ß‐phenylethyl
acetate
511.13
761.72
691.04
532.56

Cis‐3‐hexenyl
acetate
7.02
7.62
7.45
7.68

Ethyl
phenylacetate
4.15
5.40
5.52
4.87

Hexyl
acetate
49.82
49.84
49.53
49.76

Isoamyl
acetate
3175.57
4129.81
3886.37
3824.09

Isobutyl
acetate
47.41
61.51
60.58
52.09

Diethyl
malate
1567.20
1554.83
1580.60
1566.34

Diethyl
succinate
14.70
24.36
18.94
18.70

Ethyl‐(L)‐
lactate
4062.82
3463.36
1950.39
3337.89

Methyl
octanoate
1.40
1.35
1.29
1.38

4xSuccinate
4xCitrate
4xLinolate
1xamino acids
2xamino acids

643.98
465.70
149.46
669.14
684.51

6.90
7.08
10.08
7.62
7.51

6.57
7.24
4.63
4.80
5.35

49.84
49.75
49.27
49.81
49.99

3454.22
2665.19
674.87
3494.16
4843.91

53.29
42.52
20.53
71.99
105.42

1565.07
1613.08
1569.01
1563.59
1589.92

22.76
38.48
34.16
8.85
20.65

1916.39
5350.92
4713.13
2877.07
3926.95

1.16
1.42
1.14
1.38
1.44

2xr>0.40
4xr>0.40
2xcarboxylic acids
4xcarboxylic acids

553.94
628.76
538.31
261.73

7.18
7.53
6.02
6.07

4.11
3.44
4.30
4.64

50.15
50.19
50.00
49.00

4038.85
4811.64
4072.23
1863.40

51.67
104.98
78.27
44.29

1585.68
1604.62
2037.87
2043.35

16.48
20.30
79.08
127.68

3458.00
4838.89
8566.01
11576.36

1.28
1.57
0.96
0.79

2x all metabolites
DAPYAN300
DAPYAN400
DAPYAN600
s‐ethyl‐cysteine

250.73
732.10
754.15
741.18
467.12

6.65
7.56
7.47
8.08
7.90

2.93
8.22
7.25
5.38
2.80

50.44
50.48
50.53
50.33
50.29

2877.02
4761.87
5255.28
4853.81
4650.42

65.06
76.64
83.12
66.64
72.81

1614.48
1731.86
1632.75
1613.24
1648.02

70.90
31.27
16.40
13.97
34.46

7219.30
9163.99
9246.15
7185.71
6577.11

2.31
1.57
1.67
1.58
1.82

GSH‐3MH
cys‐4MMP
cys‐3MH

685.72
431.36
357.88

7.43
6.95
7.72

7.36
5.42
4.58

50.61
50.72
50.38

4880.94
2349.00
1930.79

71.60
35.63
36.53

1709.27
1569.34
1552.28

44.67
15.59
16.19

7029.86
4049.61
3435.75

1.62
2.42
1.63

Statistically significant (p‐value<0.05) changes are shown in bold numbers
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Appendix 11:
The in‐house R scripts used for different statistical analysis
R code for t‐test:
file <‐ read.csv(choose.files(), colClasses = "character")
htest_batch <‐ function (data = read.csv(choose.files(default = "Select the CSV file containing the input
data",
multi = FALSE, caption = "Select the CSV file containing the input data"),
colClasses = "character"), signif.level = 0.05, log.transform = TRUE,
save = TRUE, folder = choose.dir(caption = "Select the folder where the output file will be saved."),
output = "htest")
{ if (is.data.frame(data) == TRUE) {
data <‐ data } else {data = read.csv(data, colClasses = "character" }
if (save == TRUE) {
folder <‐ folder }
if (data[1, 1] %in% c("Replicates", "Replicate", "replicates","replicate")) {
replicates <‐ as.character(data[1, ])
#data <‐ data[‐1, ]
rep <‐ 1
reps <‐ factor(replicates[‐1]) } else {stop("There is no information about replicates in the data. The first
row of data should contain the information about replicates.") }
if (length(levels(reps)) == 1) { stop("You defined only 1 condition in the first row of data. We need at least
2 conditions to run t‐test or ANOVA.")}
cat(paste("t‐test is in progress..", "\n"))
combinations <‐ combn(levels(reps), 2)
for (k in 1:ncol(combinations)){
n <‐ c(combinations[,k])
###
columns <‐ which(data[1,] == n[1])
columns <‐ c(columns, which(data[1,] == n[2]))
###
htest <‐ data[,c(columns)]
reps2 <‐ factor(c(as.character(htest[1,])))
htest <‐ htest[‐1,]
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#missing <‐ t(apply(htest, 1, function(y) tapply(as.numeric(y),
#reps, function(x) sum(!is.na(x)))))
#missing2 <‐ apply(t(apply(missing, 1, function(x) x < 2)), 1, sum)
#htest2 <‐ htest[missing2 == 0, ]
#rest <‐ htest[missing2 == 1, ]
#if (nrow(rest) != 0) {
#rest$pvalues <‐ 0
if (log.transform == TRUE) {
negative <‐ htest
negative[is.na(negative)] = 0
negative <‐ data.frame(apply(negative, 1, function(x) sum(x < 0)))
negative <‐ apply(negative, 2, function(x) sum(x > 0))
if (negative > 0) { print("log.transform was set to TRUE. However, you have negative
values in your input data and it is not possible to calculate the log of a negative value. Thus, the test will be
performed with no log transformation.")
} else {htest[is.na(htest)] <‐ 0
htest <‐ data.matrix(htest)
htest <‐ log10(htest)
htest[!is.finite(htest)] <‐ NA} }
list.p <‐ apply(htest, 1, function(x) t.test(as.numeric(x) ~ reps2))
list.p <‐ unlist(list.p)
t <‐ 3
htest <‐ data.frame(htest)
for (i in 1:nrow(htest)) {
htest$pvalues[i] <‐ list.p[t]
t <‐ t + 11}
htest.final <‐ merge(data[1], htest, by = 0)
#data <‐ subset(data, as.numeric(data$pvalues) < signif.level)
htest.final[1] <‐ NULL
cat("Done.\n")
if (save == TRUE) {sheet <‐ paste(n[1], n[2], sep = "_Vs_")
store <‐ paste(folder, "\\", sheet, ".csv", sep = "")
write.csv(htest.final, file = store, row.names = FALSE) }}}
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R‐code for correlation analysis:
mData <‐ choose.files()
mData <‐ read.csv(mData, colClass = "character")
#mData <‐ read.csv("C:/Users/fpin005/Documents/My SBS stuff/Projects/Farhana Pinu/Sauvignon Blanc
AAs/Data/mean_amino acids.csv")
#backup <‐ mData
#mData <‐ backup
mData[mData==0]<‐NA
mData[mData=="N/A"]<‐NA
aamData <‐ t(data.matrix(mData[‐1]))
colnames(aamData) <‐ mData$Name

panel.cor <‐ function(x, y, digits=2, prefix="", cex.cor, ...)
{usr <‐ par("usr"); on.exit(par(usr))
par(usr = c(0, 1, 0, 1))
r <‐ abs(cor(x, y, use="pairwise.complete.obs"))
txt <‐ format(c(r, 0.123456789), digits=digits)[1]
txt <‐ paste(prefix, txt, sep="")
if(missing(cex.cor)) cex.cor <‐ 0.8/strwidth(txt)
text(0.5, 0.5, txt, cex = cex.cor * r)}
cor(log(aamData))

R‐code for PCA:
data.df<‐read.csv(choose.files())
## Check the names conditions ##
names(data.df)
## place NA by 0 ##
data.df[is.na(data.df)]<‐0
## PCA analysis ##
pc1<‐prcomp(data.df[,c(2:12,13:21,22:41,42:50,51:64)])
PC<‐pc1$r
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summary(pc1)
screeplot(pc1)
#loading (rotation)#
round(PC*10)
head(round(x*10),n=10)
# Indicate colour #
colour<‐c(rep("black",11),rep("red",9),rep("blue",20),rep("green",9),rep("purple",14)) # (Need modified) #
## 2D PCA plot ##
## colored 2D pca
c(rep("black",11),rep("red",9),rep("blue",20),rep("green",9),rep("purple",14))
plotchar = c(rep(1,6),rep(2,6),rep(3,6),rep(4,6),rep(5,6),rep(6,6))
par(mfrow=c(1,3))
plot(PC[,1],PC[,2],pch="")
abline(h=0,v=0)
text(PC[,1],PC[,2], label=rownames(PC),pch=plotchar,col=colour)
plot(PC[,2],PC[,3],pch="")
abline(h=0,v=0)
text(PC[,2],PC[,3], label=rownames(PC), pch=plotchar,col=colour)
plot(PC[,3],PC[,4],pch="")
abline(h=0,v=0)
text(PC[,3],PC[,4], label=rownames(PC),pch=plotchar,col=colour)
# Setup space #
par(mfrow=c(1,3))
plot(PC[,1],PC[,2],pch="")
abline(h=0,v=0)
text(PC[,1],PC[,2], label=rownames(PC),pch=16)
plot(PC[,2],PC[,3],pch="")
abline(h=0,v=0)
text(PC[,2],PC[,3], label=rownames(PC), pch=16)
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plot(PC[,3],PC[,4],pch="")
abline(h=0,v=0)
text(PC[,3],PC[,4], label=rownames(PC),pch=16)
## 3D PCA plot ##
library(rgl)
rgl.open()
offset <‐50
par3d(windowRect=c(offset, offset, 640+offset, 640+offset))
rm(offset)
rgl.clear()
rgl.viewpoint(theta=45, phi=30, fov=60, zoom=1)
spheres3d(PC[,1],PC[,2],PC[,3], radius=0.03, color=colour, alpha=1, shininess=20)
aspect3d(1, 1, 1)
axes3d(col='black')
title3d("", "", "PC1", "PC2", "PC3", col='white')
bg3d("white")
text3d(PC[,1],PC[,2],PC[,3]+0.1, text=rownames(PC)) # Add names #
library(rgl)
rgl.open()
offset <‐50
par3d(windowRect=c(offset, offset, 640+offset, 640+offset))
rm(offset)
rgl.clear()
rgl.viewpoint(theta=60, phi=30, fov=60, zoom=1)
spheres3d(PC[,1],PC[,2],PC[,3], radius=0.03, color=colour, alpha=1, shininess=20)
aspect3d(1, 1, 1)
axes3d(col='black')
title3d("", "", "PC1", "PC2", "PC3", col='white')
bg3d("white")
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text3d(PC[,1],PC[,2],PC[,3]+0.1, text=rownames(PC)) # Add names #

R‐code for Hierarchical Cluster analysis:
dd.row <‐ as.dendrogram(hclust(dist(Y.auto)))
row.ord <‐ order.dendrogram(dd.row)
dd.col <‐ as.dendrogram(hclust(dist(t(X.auto))))
col.ord <‐ order.dendrogram(dd.col)
library(lattice)
levelplot(X.auto[row.ord, col.ord],col.regions =Color.reg,
aspect = "fill",
scales = list(x = list(rot = 90)),
colorkey = list(space = "left"),
legend =
list(right =
list(fun = dendrogramGrob,
args =
list(x = dd.col, ord = col.ord,
side = "right",
size = 10)),
top =
list(fun = dendrogramGrob,
args =
list(x = dd.row,
side = "top"))))

R‐code for Partial Least Square analysis:
library(pls)
library(lattice)
DataHome<‐"C:/Marlon/DataAnalysis/Farhana‐Metabolomics/gcms identified all 3years"
setwd(DataHome)
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X<‐as.matrix(read.csv("aa ca pls.csv",header=TRUE,row.names=1))
Y<‐read.csv("thiols.csv",header=TRUE,row.names=1)
Treat<‐NULL
for (i in 1:length(row.names(Y))){
Treat<‐rbind(Treat, strsplit(row.names(Y)[i],'‐')[[1]])}
Treat<‐data.frame(Treat)
X.auto<‐scale(X) # Auto‐scale the varaible
Y.auto<‐scale(Y) # Auto‐scale Y
X.pls <‐ simpls.fit(X.auto, Y.auto, 8)
n<‐8
op<‐par(mfrow=c(1,3))
plot(X.pls$fitted.values[,1,n],Y.auto[,1],xlab='Predicted‐PLS',ylab='Measured',main=names(Y)[1])
plot(X.pls$fitted.values[,2,n],Y.auto[,2],xlab='Predicted‐PLS',ylab='Measured',main=names(Y)[2])
plot(X.pls$fitted.values[,3,n],Y.auto[,3],xlab='Predicted‐PLS',ylab='Measured',main=names(Y)[3])
par(op)
op<‐par(mfrow=c(3,1),las=3)
barplot(X.pls$coefficients[,1,n],main=names(Y)[1])
barplot(X.pls$coefficients[,2,n],main=names(Y)[2])
barplot(X.pls$coefficients[,3,n],main=names(Y)[3])
par(op)
prop<‐2
xyplot(Y.auto[,prop]~X.pls$fitted.values[,prop,n]|Treat[,3],groups=paste(Treat[,2],Treat[,3]),
layout=c(5,1),scales=list(relation='free'))

Sauvignon blanc metabolomics

Appendices

P a g e | 182

R‐code for Sparse Partial Least Square (sPLS):
## PLS
data(wine)
X <‐ wine$gene
Y <‐ wine$clinic
result <‐ pls(X, Y, ncomp = 3) # where ncomp is the number of dimensions
# or components to choose

## sPLS mode can be "regression" or "canonical"
## keepX and keepY are the number of variable to select on each component
result <‐ spls(X, Y, ncomp = 3, mode = "regression",
keepX = c(50, 50, 50), keepY = c(10, 10, 10))

## Using spls with 10‐fold CV
error.spls <‐ valid(X, Y, mode = "regression", method = 'spls', ncomp = 3,
M = 10, validation = 'Mfold', criterion = "MSEP")
## Where methods can be 'pls' or 'spls' and validation "loo" or "Mfold" and M is the
## number of folds when using Mfold
error.spls$MSEP
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