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Abstract: Wine is an ancient beverage and has been prized throughout time for its unique and
pleasing flavor. Wine flavor arises from a mixture of hundreds of chemical components
interacting with our sense organs, producing a neural response that is processed in the brain, and
resulting in a psychophysical percept that we readily describe as “wine.” The chemical
components of wine are derived from multiple sources; during fermentation grape flavor
components are extracted into the wine and new compounds are formed by numerous chemical
and biochemical processes. In this review we discuss the various classes of chemical compounds
in grapes and wines and the chemical and biochemical processes that influence their formation
and concentrations. The overall aim is to highlight the current state of knowledge in the area of

grape and wine aroma chemistry.

Key words: monoterpenes, norisoprenoids, alcohols and esters, phenylpropanoids,

methoxypyrazines, volatile sulfur compounds
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Introduction

Chemists have isolated and analyzed the composition of foods and beverages for centuries in
an attempt to identify and quantify those chemicals responsible for the human experience of
smell and taste. An early pioneer was the Swedish chemist Carl Wilhelm Scheele (1742—1786),
who isolated organic acids including citric, lactic, malic, and tartaric acids from lemon, milk,
apple, and unripe grape, respectively (Scheele and De Morveau 2009). Grapes and wine have
been important products for such compositional studies due not only to their contribution to the
world economy and culture but also to their complexity, which has inspired scientists.

Although compositional studies can provide information about the compounds contributing
to the sensory perception of wines, they cannot replace humans in their ability to translate the
complex interactions of sight, smell, and taste that define the sensory experience of consuming
wine. That is because flavor is an interaction of consumer and product (Piggott 1990). It is the
culmination of multiple volatile and nonvolatile compounds present in the product (Rapp and
Mandery 1986, Rapp 1998b, Ebeler 2001, Polaskova et al. 2008) and an equally complex
receptor and perception system that is closely linked to neural systems in the brain used for
learning, memory, emotion, and language (Buck and Axel 1991, Mori et al. 1999, Swiegers et al.
2005b, Shepherd 2006, Auvray and Spence 2008).

The goal of this review is to present a summary of literature relevant to the field of wine
aroma research highlighting, in Part 1, the current state of our knowledge concerning grape and
wine composition. In Part 2 we review the analytical and sensory techniques used in this research
field. While we have attempted to be as comprehensive as possible, we focus largely on research
from the past ~15 years. The reader is also referred to other excellent reviews on grape and wine
flavor for emphasis in areas not covered here (e.g., Lund and Bohlman 2006, Styger et al. 2011,
Qian and Shellhammer 2012, Sdenz-Navajas et al. 2012, Gonzalez-Barreiro et al. 2013, Villamor
and Ross 2013).

Origins of Wine Aroma
The origins of wine aroma and bouquet (here referred to collectively as aroma) have been of
major interest over the last century with advances made through the development and use of
modern analytical techniques coupled to hybrid analytical/sensory methods (Guth 1997b, Lopez

et al. 1999, Ferreira et al. 2000, Francis and Newton 2005, Polaskova et al. 2008, Ebeler and
2
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Thorngate 2009) and through multivariate statistical comparisons with descriptive sensory
analysis (Noble and Ebeler 2002, Lee and Noble 2003, 2006, Escudero et al. 2007, Saenz-
Navajas et al. 2010). The combination of analytical and sensory methodologies has been
particularly important in resolving effects of interactions of aroma compounds with the
nonvolatile matrix (Pineau et al. 2007, Robinson et al. 2009, Sdenz-Navajas et al. 2010) as well
as with other volatile compounds (Atanasova et al. 2005, Escudero et al. 2007, Pineau et al.
2009). These interactions may result in variations in the sensory character of the mixture due to
perceptual enhancement and suppression effects as well as to physicochemical effects on
volatility and release of the aroma compounds.

The sensation of flavor occurs when odor-active molecules stimulate sensors in the mouth
and nose, which the brain collates to produce a flavor perception (Taylor 1998). The current
understanding is that multiple sensory interactions occur in the perception of flavor, including
olfactory, gustatory, and trigeminal sensations (Auvray and Spence 2008, ISO 1985), where
smell plays a particularly important role in the overall perception of the product (Shepherd 2006,
2007).

Smell is a biological and electrophysiological process that converts the molecular
information of an odorant into a perceptual response (Hasin-Brumshtein et al. 2009). The human
olfactory epithelium accommodates millions of olfactory sensory neurons that are attached to
olfactory receptors, each capable of detecting multiple compounds with common functional
groups. At the same time, multiple different receptors can recognize the same odor compound if
multiple functional groups are present (Firestein 2001, Hasin-Brumshtein et al. 2009). Currently,
347 potentially functional olfactory receptor genes have been identified (Zozulya et al. 2001,
Gaillard et al. 2004), allowing humans to detect the thousands of odor compounds found in
nature.

Wine aroma is derived from multiple sources and process, including:

o The direct contribution of grape-derived aroma compounds, including monoterpenes,
norisoprenoids, aliphatics, phenylpropanoids, methoxypyrazines, and volatile sulfur
compounds (Ebeler and Thorngate 2009, Gonzalez-Barreiro et al. 2013).

o Microbially derived secondary metabolites formed from metabolism of sugar, fatty acids,
organic nitrogen compounds (pyrimidines, proteins. and nucleic acids), and cinnamic

3
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acids found in grape (Chatonnet et al. 1992, Herraiz and Ough 1993, Guitart et al. 1999,
Hernandez-Orte et al. 2002, Swiegers et al. 2005a, Bartowsky and Pretorius 2009).

o The contribution of oak-derived aroma compounds that are extracted during fermentation
and storage of wine and that vary depending on the origin, seasoning, and heating of the
wood (Sefton et al. 1990, Francis et al. 1992, Cadahia et al. 2003, Gomez-Plaza et al.
2004, Garde-Cerdan and Ancin-Azpilicueta 2006, Fernandez de Simon et al. 2010a,
Garde-Cerdan et al. 2010).

J Chemical changes associated with acid (Skouroumounis and Sefton 2002, Versini et al.
2002) and enzyme-catalyzed (Giinata et al. 1985, Sefton and Williams 1991, Ugliano
2009) modification of both nonaroma active and aroma active (e.g., terpenes; Rapp
1998a) grape constituents.

o Chemical modifications associated with oxidative processes in wine (Simpson 1978,
Escudero et al. 2002, Silva Ferreira et al. 2002), which are related to oxygen uptake from
winery operations, storage, and packaging materials (Karbowiak et al. 2009, Ghidossi et
al. 2012).

While a number of aroma compounds have been identified, an understanding of the role
viticulture plays in their evolution remains limited. This may be attributed to time and cost
limitations in conducting viticultural studies and to great emphasis in the past on analytical
method development and compound discovery as well as difficulty in identifying and

quantifying trace grape components that contribute to final wine aroma.

Volatile Compound Classes Found in Wine

The advent of gas chromatography and gas chromatography coupled to mass spectrometry
has resulted in the identification of hundreds of aroma compounds in many foods, including wine
(Ohloff 1978). The major groups of aroma compounds found in wine are monoterpenes,
norisoprenoids, aliphatics, higher alcohols, esters, phenylpropanoids, methoxypyrazines, and
volatile sulfur (Francis and Newton 2005, Ebeler and Thorngate 2009). Numerous studies have
investigated the composition of specific grape cultivars in an effort to better understand the
origins of varietal aroma (Sefton et al. 1993, 1994, 1996, Schneider et al. 2002). In some

instances these studies have been successful in distinguishing cultivars according to key
4



121
122
123
124
125
126
127

128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2013.12070
AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes.

compounds or dominant groups of aroma-active compounds (Noble et al. 1980, Giinata et al.
1985, Rosillo et al. 1999, Sefton et al. 1993). However, few studies have been able to identify a
defining compound responsible for varietal character. It is apparent that varietal character is
dependent, therefore, not on a particular compound but on the overall profile of odor-active
compounds present in the grape and corresponding wine. The following sections provide a
survey of the compounds found in grapes and wines grouped according to their functional

groups.

Terpenes. Monoterpenes and sesquiterpenes are biologically synthesized from isopentyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate (DMAPP). These precursors are formed
through either through the cytosolic mevalonic-acid (MVA) pathway from three molecules of
acetyl-CoA (Newman and Chappell 1999) or through the plastidial 2-C-methylerythritol-4-
phosphate (MEP) pathway from pyruvate and glyceraldehyde-3-phosphate (Rohmer 1999).
Monoterpenes are subsequently formed from 2E-geranyl diphosphate (GPP) and sesquiterpenes
are formed from 6E-farnesyl diphosphate (FPP) through the action of terpene synthases (7PS)
(Liicker et al. 2004, Martin et al. 2010). The Vitis vinifera terpene synthase (VvTPS) gene family
contains the largest number of functionally characterized TPS for any species reported to date
(Martin et al. 2010). Overall, 39 V'WTPS gene products have been functionally characterized,
demonstrating that this gene family is capable of synthesizing upward of 21 different
monoterpenes and 47 sesquiterpenes (Martin et al. 2010).

Monoterpenes are important contributors to the aroma of white wines made from Muscat
varieties (e.g., Muscat of Alexandria, Muscat de Frontignan) and aromatic non-Muscat varieties
(e.g., Gewlirztraminer, Riesling) (Ribéreau-Gayon et al. 1975, Rapp 1998b, Mateo and Jimenez
2000). For example, correlations between floral sensory attributes and high levels of free linalool
and o-terpineol in these varieties have been well documented (Williams et al. 1981, Giinata et al.
1985, Wilson et al. 1986, De La Presa-Owens and Noble 1997, Lee and Noble 2003, 2006,
Campo et al. 2005). In addition, (Z)-rose oxide has been identified as an important impact aroma
compound in Gewiirztraminer wines (Guth 1997a) and is associated with the lychee aroma
attribute common to this variety (Ong and Acree 1999). Finally, the monoterpene “wine lactone”
is an important aroma component in Gewlirztraminer wines (Guth 1997a, 1997b). Other aromatic

cultivars or non-Muscat cultivars, of which the most common example is Riesling, contain lower
5
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levels of free monoterpenes compared to the Muscat varieties (Dimitriadis and Williams 1984,
Giinata et al. 1985, Razungles et al. 1993). Biosynthesis of monoterpenes in these varieties was
associated with a gene called V'vDXS (Battilana et al. 2009, 2011). This gene codes for a key
enzyme early in the terpene synthesis pathway (1-deoxy-D-xylulose 5-phospate synthase) and
has been shown to be associated with production of terpenes in Muscat varieties and Muscat-like
aromatic mutants (Emanuelli et al. 2010).

Red varieties are not phenotypically characterized by high levels of terpenes, although low
levels of some terpenes are usually present (e.g., <1.5 pg/kg linalool, citronellol, nerol, and
geranyl/neryl acetone in Cabernet Sauvignon grapes; Canuti et al. 2009). However, numerous
genes involved in isoprene/terpene metabolism have been identified in grapes, which may point
to an important evolutionary role of terpenes in grape development and/or pest and disease
resistance (Jaillon et al. 2007, Martin et al. 2010, Stitt et al. 2010).

Twenty previously unidentified monoterpenes were recently identified in Fernao-Pires grapes
from Portugal (Rocha et al. 2007), suggesting that yet undiscovered terpenes may occur in
grapes. In addition, a number of monoterpenes are subject to transformations under the pH and
temperature conditions found in juice and wine (Rapp 1998a, Raguso and Pichersky 1999), and
thus grape biosynthesis may not explain all terpene metabolites found in wine. For example,
under acidic conditions, degradation of geraniol and linalool results in formation of linalool
oxides and a-terpineol (Baxter et al. 1978, Haleva-Toledo et al. 1999, Skouroumounis and
Sefton 2000, Silva Ferreira et al. 2002, Varming et al. 2004, 2006). The reactions are greater at
higher temperatures such as those that may occur during transport or storage and may contribute
to aged characters in wines (Silva Ferreira et al. 2002).

Finally, monoterpenes in wine may also arise from nongrape materials in and around
vineyards (Rocha et al. 2007). For example, evidence suggests that 1,8-cineole (eucalyptol),
while probably synthesized in Cabernet Sauvignon berries soon after set (Kalua and Boss 2009,
2010), can also originate from matter other than grape, especially material from eucalyptus trees
in and around vineyards (Capone et al. 2012).

Sesquiterpenes have gained little attention with respect to grape and wine analysis with only
three major studies reporting multiple sesquiterpenes in Riesling, Traminer, Rulédnder, Miiller-
Thurgau, Scheurebe, Optima, Rieslaner, Baga, and Shiraz grape varieties (Schreier et al. 1976,

6
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Coelho et al. 2006, Parker et al. 2007). The sesquiterpene a-ylangene was identified as a
candidate marker of pepper character in Australian Shiraz wines, but its aroma contribution to
wine could not be confirmed (Parker et al. 2007). The sesquiterpene rotundone was subsequently
identified as the potent aroma-impact compound responsible for the black pepper aroma in wines
produced from Vitis vinifera cv. Shiraz (Siebert et al. 2008, Wood et al. 2008) as well as in a
number of other plants including black pepper (Piper nigrum), marjoram (Origanum majorana),
oregano (Origanum vulgare), geranium (Pelargonium alchemilloides), nut grass (Cyperus
rotundus), rosemary (Rosmarinus officinalis), saltbush (Atriplex cinerea), basil (Ocimum
basilicum), and thyme (Thymus vulgaris) (Wood et al. 2008).

Clearly, terpenes and sesquiterpenes play important roles in a number of different winegrape
varieties. With continuing discoveries of important new compounds, such as rotundone, it is
clear that this group of compounds will continue to be a focus of wine aroma research into the

future.

Norisoprenoids. Norisoprenoids (or apocarotenoids) are derived from carotenoids, are
found commonly in nature, and have attracted considerable attention as odorants in many food
and fragrance products (Baumes et al. 2002, Winterhalter and Rouseff 2002, Winterhalter and
Ebeler 2013). They consist of a megastigmane carbon skeleton and differ in the position of the
oxygen functional group, being either absent (megastigmanes), attached to carbon 7
(damascones), or attached to carbon 9 (ionones) (Winterhalter and Rouseff 2002).
Norisoprenoids are ubiquitous among grape cultivars, although they are most abundant in
aromatic cultivars (Strauss et al. 1987, Winterhalter et al. 1990a, Marais et al. 1992, Schneider et
al. 2001), and they are thought to play an important role in the aroma of many wine varieties
including Semillon, Sauvignon blanc, Chardonnay, Merlot, Syrah, and Cabernet Sauvignon
(Razungles et al. 1993, Sefton et al. 1993, 1994, 1996, Sefton 1998).

Grape carotenoid precursors. Since norisoprenoids are derived from carotenoids, it follows
that the abundance of norisoprenoids can be influenced by the carotenoid profiles of berries.
Carotenoids fill an important photoprotective role in plant tissue by either scavenging singlet
oxygen or by quenching the triplet state chlorophyll, thereby preventing the formation of singlet
oxygen, a powerful oxidant that can damage cell membranes and proteins (Demmig-Adams

1990, Young 1991, Demmig-Adams and Adams 1996). Additionally, carotenoids are found to
7
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improve photosynthetic efficiency in higher plants as accessory light harvesters. In grapes,
carotenoids and xanthophylls are generated in chloroplasts (Baumes et al. 2002). During grape
maturation, when chloroplasts are lost (Hardie et al. 1996), levels of carotenoids, along with
chlorophyll, decrease (Razungles et al. 1988, 1993).

More than 600 carotenoids and xanthophylls, with a diverse range of structures, have been
isolated from natural sources (Britton 1995). Only a few of these, however, have been identified
in grapes and wines. -Carotene and lutein constitute 85% of the total, with neochrome,
neoxanthin, violaxanthin, luteoxanthin, flavoxanthin, lutein-5,6-epoxide and zeaxanthin, and cis
isomers of lutein and -carotene the next most abundant (Mendes-Pinto 2009). Carotenoids
accumulate prior to veraison in the grape exocarp (skin) (Razungles et al. 1988, De Pinho et al.
2001). Although carotenoids and xanthophylls are concentrated in the skins of grapes, there is
some dispute as to whether they are extracted into juice during winemaking. It was thought that
carotenoids were too lipophilic to be extracted (Razungles et al. 1988), but more recent research
has shown that they are present in Port musts and wines from the Douro Valley (De Pinho et al.
2001, Mendes-Pinto et al. 2005). This may be a function of the winemaking process where
ethanol is added during the fermentation (with the exocarp present), potentially increasing the
solubility of these compounds early in fermentation (Mendes-Pinto 2009).

Norisoprenoid formation from carotenoids. In 1970, the discovery of f-damascenone and [3-
damascone from Bulgarian rose oil (Rosa damascene) (Demole et al. 1970) initiated further
investigation into norisoprenoid rose ketones. Rose ketones are a diverse group of aroma
compounds possessing complex characters described as honey-like, flowery, and ionone-like
depending on the concentration (Skouroumounis and Sefton 2002, Sefton et al. 2011). Of
particular importance are the remarkably potent norisoprenoids, B-ionone (odor threshold in
model wine, 0.09 pg/L; Kotseridis et al. 1999) and B-damascenone (odor threshold in 10%
ethanol, 0.05 pg/L; Guth 1997b). Additional important aroma active norisoprenoids in wine
include 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN), associated with the kerosene bottle-aged
character of Riesling wines (Simpson 1979, Winterhalter et al. 1990b), and (E)-1-(2,3,6-
trimethylphenyl)buta-1,3-diene (TPB), which may be associated with the floral, geranium, and

tobacco characters of aged Semillon wines (Janusz et al. 2003, Cox et al. 2005).
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The formation of norisoprenoids is thought to occur from the biodegradation of the parent
carotenoid, followed by enzymatic conversion to the aroma precursor (e.g., a glycosylated or
other polar intermediate), and finally the acid-catalyzed conversion to the aroma-active
compound (Winterhalter and Rouseff 2002). Once formed, these compounds are then subject to
further acid reaction during wine aging (Skouroumounis and Sefton 2000). The specific enzyme
systems involved in the initial biodegradation and oxidative cleavage of carotenoids to form
norisoprenoids in grapes were hypothesized in the 1990s and later (Razungles et al. 1993,
Baumes et al. 2002, Winterhalter and Rouseff 2002) but have only recently been described in V.
vinifera (Mathieu et al. 2005). These carotenoid cleavage dioxygenase (CCD) enzymes cleave
the C49 carotenoids mainly at the 9,10 and 9°10” double bonds. Four subfamilies have been
identified—CCD1, CCD4, CCD7, and CCD—and cleavage may be symmetric or asymmetric
depending on the enzyme and carotenoid substrate (Auldridge et al. 2006, Walter et al. 2010,
Young et al. 2012). Recently, studies in Crocus sativa, rice, and mycorrhizal roots of Medicago
truncatula indicate that CCD4 and CCD7 may be localized in the plastid and the C,3- and Cy7-
apocarotenoids obtained from carotenoid cleavage are exported to the cytosol where further
cleavage by CCD1 occurs, yielding C;3- and Cj4-apocarotenoid products (Floss et al. 2008,
Rubio et al. 2008, Ilg et al. 2010). CCD7 and CCD8 are thought to be involved in formation of
strigolactone, a plant hormone that inhibits shoot branching (Ruyter-Spira et al. 2013). The
reported increase in expression of a CCD4 gene after veraison is suggestive of a role for this
enzyme late in berry ripening (Guillaumie et al. 2011, Young et al. 2012).

Further research into this area is clearly required to better understand how the complement of
CCD enzymes works in vivo. In addition, a recent study has also observed that grape cell
cultures were able to metabolize the C,3- norisoprenoids B-ionone and dehydrovomifoliol to
secondary norisoprenoid volatiles, indicating that hydroxylases, oxidoreductases, and
glycosyltransferases, yet to be identified, may also be critical in the biotransformation of these

carotenoid cleavage products (Mathieu et al. 2009).
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Phenylpropanoids. The biosynthesis of volatile phenylpropanoids has not been studied
extensively in grapes, although a number of organ and species specific dehydrogenases,
reductases, methyltransferases, and acetyltransferases that are involved in the biosynthesis of
volatile phenylpropanoids have been identified in other plant systems (Dudareva et al. 2004,
Dudareva and Pichersky 2006, Vogt 2010, Qualley et al. 2012). Still, little is known about the
complete biosynthetic pathways leading to their formation in plants (Dudareva and Pichersky
2006). For example, while volatile phenylpropanoids, such as phenylethanol, phenylacetaldehde,
benzaldehyde, and benzylacetate, are generally thought to be derived from L-phenylalanine,
which is formed through the shikimic acid pathway in plastids, an alternative pathway through
phenyl pyruvate has recently been suggested (Orlova et al. 2006). The phenylpropanoid pathway
also leads to the formation of other important secondary metabolites in grapes including
hydroxycinnamates, stilbenes, lignin, lignan, aurones, flavones, isoflavonoids, as well as
flavonoids, which include flavonols, tannins, and anthocyanins (Downey et al. 2006, Singh et al.
2010). The flavonoids are particularly important to the mouthfeel properties of red wines (Gawel
1998).

The phenolic content of wine is dependent, first, on grape phenolic content, which is
influenced by a number of factors including variety (Harbertson et al. 2008), grape maturity
(Kennedy et al. 2002), variations in water and nutrient availability, light and temperature
environment, and changes in predation and disease pressures (Downey et al. 2006, Cohen and
Kennedy 2010). Second, it is based on the extractability of grape phenolics, which is influenced
by interactions with cell wall material (Bindon et al. 2010) and numerous red winemaking
practices (Sacchi et al. 2005). It is likely that similar variables will influence the volatile
phenylpropanoid content of wines.

Volatile phenylpropanoids deserve significant consideration because of their observed
abundance in hydrolyzates of glycoside isolates from juices and wines; for example, they can
constitute 10 to 20% of the total hydrolyzed volatile fraction in Chardonnay juice (Sefton et al.
1993) and 51% total hydrolyzed fraction from Tannat wine (Boido et al. 2003). They have been
shown to contribute significantly to the dried fig, tobacco, and chocolate aromas in Cabernet
Sauvignon and Merlot musts (Francis et al. 1998). One of the more interesting grape-derived

volatile phenylpropanoids is methyl anthranilate, which is considered to be responsible for the

10
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distinctive “foxy” aroma and flavor of the Washington Concord grape (Vitis labrusca) (Wang
and De Luca 2005) and may also contribute to the aroma of Pinot noir (Moio and Etievant 1995).
First identified in grape juice in 1921 (Power and Chesnut 1921) methyl anthranilate has become
a major compound used in the fragrance of perfumes and cosmetics and it is the chief grape
flavor compound in food, used extensively in the flavoring of soft drinks and of powder drinks
(Wang and De Luca 2005).

It is also understood that volatile phenylpropanoids exist in wines through contact with other
external sources. The most commonly recognized source is from oak (Quercus sp.) barrels used
for fermentation and wine aging/storage (Spillman et al. 2004a, 2004b, Prida and Chatonnet
2010). Over 50 volatile phenylpropanoids have been identified in the smoke from pyrolyzed
(toasted) oak (Guillén and Manzanos 2002). More recently it has been established that various
phenylpropanoids can be passed onto grapes through exposure to smoke events in the field
(Kennison et al. 2007, 2008, Hayasaka et al. 2010), and these phenylpropanoids can also be
released from nonvolatile complexes in grape juices and wines (Kennison et al. 2008, Hayasaka
et al. 2010).

Saccharomyces cerevisiae metabolize aromatic amino acids, including phenylalanine and
tyrosine, to produce substituted phenylpropanoids such as phenylethyl alcohol and 2-phenylethyl
acetate (Rossouw et al. 2008, 2009). These compounds, with roselike, floral, and honey aromas,
are considered to play an important role in white wine aroma, as they are typically found at
concentrations above odor threshold (Guth 1997a, Lopez et al. 2003). Brettanomyces sp. and its
ascosporogenous form Dekkera are well recognized for contributing to the volatile
phenylpropanoid content of wines by breaking down hydroxycinammic acids to vinyl phenols
and subsequently to ethyl phenols; the ethyl phenols are considered detrimental to consumer
acceptability of wine, contributing leather and barnyard characters to the wine (Chatonnet et al.
1992, Lattey et al. 2010, Wedral et al. 2010). Brettanomyces and Dekkera yeast have a phenolic
acid decarboxylase enzyme that converts hydroxycinnamic acids to their vinyl derivatives, which
are the substrates of a second enzyme, vinylphenol reductase, whose activity results in the
formation of ethylphenols (Harris et al. 2008). Many bacteria, fungi, and yeast have vinylphenol
reductase activity, but under enological conditions it is predominantly Brettanomyces and

Dekkera yeast that produce ethylphenols (Chatonnet et al. 1993, Sudrez et al. 2007). Other
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studies have identified a number of lactic acid bacteria that are capable of decarboxylating
phenolic acids to vinyl phenols while very few contain enzymes that are capable of forming ethyl
phenols (Chatonnet et al. 1995, Couto et al. 2006).

Collectively, volatile phenylpropanoids and benzoids are a diverse group of volatile
compounds contributed from a range of sources and they can make significant contributions to

wine aroma.

Furan Derivatives and Furanones. Furan derivatives, including furfural and 5-
methylfurfural, are formed from pyrolysis of carbohydrates during oak wood toasting (and thus
extracted into wines during barrel storage) (Guillén and Manzanos 2002) or from Maillard
reactions during heating of grapes and wines (Cutzach et al. 1997, 1999). The furfurals
contribute toasty and caramel aromas to wine, increasing the overall perception of oak intensity,
irrespective of their low odor-activity values (Prida and Chatonnet 2010). The concentration of
furans in wine, originating from oak, is dependent on the degree of toasting and oak surface area;
oak species and seasoning also have varied and limited influence (Chatonnet et al. 1999, Cadahia
et al. 2003, Garde-Cerdan and Ancin-Azpilicueta 2006, Fernandez de Simoén et al. 2010a,
2010b).

Sotolon (3-hydroxy-4,5-dimethylfuran-2(5H)-one), a chiral furanone, is responsible for the
premature aging flavor in dry white wines (Pons et al. 2010). It is formed via oxidative
degradation of ascorbic acid that may be added as an antioxidant to some wines prior to aging.
The intermediate in this reaction, 2-ketobutyric acid, is also produced during alcoholic
fermentation, and reaction of the keto acid with acetaldehyde may explain the presence of
sotolon in wines even when ascorbic acid is not added (Pons et al. 2010).

Furan derivatives have also been observed to play important roles in the aroma of a number
of fruits, including strawberry (Fragaria % ananassa) (Schieberle and Hofmann 1997),
blackberry (Rubus L. subgenus Rubus and Rubus laciniatus) (Klesk and Qian 2003, Du et al.
2010), raspberry (Rubus idaeus) (Klesk et al. 2004), guava (Psidium guajava) (Steinhaus et al.
2009), and pineapple (Ananas comosus) (Tokitomo et al. 2005). One of the more important
compounds in these studies, furaneol, was first identified in wines by Rapp and colleagues (Rapp
et al. 1980) and has been identified in Vitis hybrid varieties (e.g., Baco and Villard noir), V.

lambrusca varieties (e.g., Noah and Isabella), and V. vinifera varieites (e.g., Carignan and
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Gewilirztraminer) (De Pinho and Bertrand 1995, Ong and Acree 1999). A recent study of Italian
V. vinifera varieties (Genovese et al. 2005) has also suggested that furaneol is important to the
aroma of Refosco and Primitivo (also known as Zinfandel in the United States and Crljenak
kastelanski or Pribidrag in Croatia; Maleti¢ et al. 2004). Both furaneol and homofuraneol have
low odor thresholds, 5 and 125 pg/L, respectively, and have an additive and or synergistic role in
conveying the fruity and caramel character of rosé¢ wines (Ferreira et al. 2002, Masson and
Schneider 2009). Furaneol biosynthesis has been studied in strawberry and key enzymes have
been identified (Raab et al. 2006, Schiefner et al. 2013); however, formation mechanisms in
grapes and wine are unknown.

The furanones are clearly important contributors to wine aroma and have origins from both
oak and fruit. However, further research on the chemical and biochemical origins of these
compounds is necessary in order to better understand the factors that influence the concentrations

and the diversity of these compounds in wine.

Fatty Acid Derivatives. In plants, a number of straight-chain alcohols, aldehydes, ketones,
acids, esters, and lactones are derived from fatty acids via a- or f-oxidation or through the
lipoxygenase pathway (Schwab et al. 2008). The major aroma compounds derived from fatty
acids in grapes tend to be the Cg¢-aldehydes and alcohols (Ferreira et al. 1995, Dunlevy et al.
2009, Iyer et al. 2010), many of which are thought to be responsible for “green” aromas in grape
juice, although they may have less of an impact in wines (Kotseridis and Baumes 2000). The Ce
compounds are generally formed by the action of grape-derived lipoxygenase (LOX),
hydroperoxide lyase (HPL), 3Z, 2E enal isomerase, and alcohol dehydrogenase (ADH) enzymes
that are synthesized, activated, and/or released from compartments separate from their substrates
when the grape is crushed (Schwab et al. 2008). These Cs compounds can also act as substrates
for ester production by yeast during fermentation (Keyzers and Boss 2010, Dennis et al. 2012).

The other major grape-derived compounds with a fatty acid origin are the y-(4) and 6-(5)
lactones that are derived from the corresponding 4- or 5-hydroxy carboxylic acids. The enzymes
involved in synthesis of these compounds have not yet been determined in plants and, therefore,
little is known about their formation in grapes (Schwab et al. 2008). d-Lactones are generally

discounted in importance compared to the A-lactones, which tend to have odor thresholds an
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order of magnitude lower for compounds of a similar molecular weight (Ferreira et al. 2000).
Both y- and d-lactones have been identified in wine. However, their contribution to wine aroma
has yet to be confirmed. One recent study suggests that, although no single y-lactone was found
at concentrations above its odor threshold, the lactones in combination may contribute to the
aroma of wine through synergistic effects (Cooke et al. 2009). In contrast, a separate study
correlated y-nonalactone levels with prunelike aromas in aged red wine (Pons et al. 2008), and
numerous studies have correlated y- and 6-lactones with the aroma of botrytized wines from
Sauternes (Bailly et al. 2009), Barsac, Loupiac (Sarrazin et al. 2007a), Campania (sweet Fiano
wines) (Genovese et al. 2007), and Hungary (Tokaji Aszu) (Miklésy and Kerényi 2004). As less
is known about the origins of fatty acid derivatives, compared to other grape-derived volatile
compounds, further research is warranted to better understand their formation and contribution to

wine aroma.

Sugar and Amino Acid-Derived Volatile Acids, Esters, and Higher Alcohols. It is well
understood that yeast- and bacteria-derived volatile metabolites, which include volatile fatty
acids, esters, higher alcohols, and carbonyls, are produced through sugar and amino acid
metabolism (Swiegers et al. 2005a). Many of these compounds can be produced by plants
(Schwab et al. 2008), but wine research has focused on the contribution of microflora since the
majority of volatile fatty acids, esters, and higher alcohols are absent in grape must and are
produced during the fermentation process (Bell and Henschke 2005, Swiegers et al. 2005a,
Sumby et al. 2010, Cordente et al. 2012).

Fatty acids. Yeasts produce short-, medium-, and long-chain fatty acids, with the short- (<6
carbons) and medium- (6 to 12 carbons) chain fatty acids comprising the volatile fatty acids. The
majority of fatty acids produced by yeast are of the long-chain type (>12 carbons), such as
palmitic (C16) and stearic (C18) acids (Tehlivets et al. 2007). However, these are too large and
nonvolatile to contribute to the aroma of wine. The short-chain fatty acid acetic acid (C2)
accounts for >90% of the volatile fatty acids in wine and is formed as a metabolic intermediate in
the synthesis of acetyl-CoA from pyruvic acid (Bell and Henschke 2005).

Short-chain fatty acids that potentially contribute to wine flavor include the branched-chain

isobutyric and isovaleric and the straight-chained butyric, and propanoic acids (Francis and
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Newton 2005), but the role these compounds play in wine sensory characteristics has not been
studied extensively. Isobutyric and isovaleric acids have been noted as markers of Brettanomyces
bruxellensis spoilage and are thought to be capable of masking the ‘‘Brett character” attributed to
4-ethylphenol and 4-ethylguiacol, which is somewhat counter-intuitive (Romano et al. 2009),
since the short-chain fatty acids have sweaty, cheesy-like aromas (Francis and Newton 2005).

The medium-chain fatty acids, hexanoic (C6), octanoic (C8), and decanoic (10), also
contribute to wine aroma (Francis and Newton 2005), and their concentrations are dependent on
anaerobic growth conditions, must composition, grape cultivar, yeast strain, fermentation
temperature, and winemaking practices (Edwards et al. 1990, Bardi et al. 1999). Medium-chain
fatty acids are correlated with stuck and sluggish fermentations, as they are inhibitory to S.
cerevisiae andto some bacteria (Bisson 1999). The inhibitory effect of medium-chain fatty acids
usually occurs under conditions of low pH, low temperature, and high ethanol concentrations
(Viegas and Sa-Correia 1995, 1997). However, another study has suggested that cell growth is
arrested because fatty acid biosynthesis is prevented by the lack of oxygen and that elevated
medium-chain fatty acids are not the primary cause of stuck fermentation (Bardi et al. 1999).

Esters. Esters represent the greatest concentration of volatile compounds in alcoholic
beverages (Mason and Dufour 2000), and they contribute to, and enhance, sweet-fruity aromas in
wines. For example, in Bordeaux red wines, higher than average levels of ethyl propanoate, ethyl
2-methylpropanoate, and ethyl 2-methylbutanoate were involved in blackberry aromas, while
ethyl butanoate, ethyl hexanoate, ethyl octanoate, and ethyl 3-hydroxybutanoate conferred red
berry aromas (Pineau et al. 2009). In addition, phenylpropanoid esters, including ethyl
cinnamate, ethyl dihydrocinnamate, and 2-phenylethyl acetate in combination with linalool have
been noted to enhance ripe fruit, honey, and sweet characters in neutral red wines (Escudero et
al. 2007).

The most important esters and acetates in wine are considered to be the fatty acid ethyl esters
and acetates, including ethyl acetate, ethyl butyrate, ethyl hexanoate, ethyl octanoate, ethyl
decanoate, hexyl acetate, isoamyl acetate, isobutyl acetate, and phenylethyl acetate (Guth 1997a,
Ferreira et al. 2000, Francis and Newton 2005, Swiegers et al. 2005a). In general, most of the
ethyl esters and acetates are present at similar or higher concentrations in white wines compared

to red wines (Guth 1997b, Ferreira et al. 2000, Francis and Newton 2005). Esters are generally
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considered to be products of yeast metabolism through lipid and acetyl-CoA metabolism
(Swiegers et al. 2005a). Acetate ester formation by S. cerevisiae is catalyzed by alcohol acetyl
transferases [ and II (AATase I and II) from two substrates, an alcohol and acetyl-CoA (Saerens
et al. 2010). Although the substrate concentrations are important to acetate formation, it has been
observed that the expression levels of the alcohol acetyltransferases ATF1 and ATF2 are the most
important factor in determining the acetate ester levels during fermentation (Verstrepen et al.
2003b).

In contrast, for ethyl esters it has been observed that fatty acid precursor levels are the major
factor limiting production, rather than the activity of the biosynthetic enzymes (Saerens et al.
2008). Ethyl ester formation by S. cerevisiae is catalyzed by at least two acyl-CoA:ethanol O-
acyltransferases (AEATases), EEBI and EHTI (Saerens et al. 2006, 2010). The medium-chain
fatty acid ethyl esters are the product of an enzyme-catalyzed condensation reaction between an
acyl-CoA component and ethanol (Saerens et al. 2010). Esters can also be produced through
bacterial metabolism and chemical modifications. For example, ethyl lactate is known to be
directly linked to the concentration of lactic acid produced through malolactic fermentation (de
Revel et al. 1999, Pozo-Bayodn et al. 2005, Boido et al. 2009).

During fermentation, the formation of acetate and ethyl esters is considerably reduced by the
presence of dissolved oxygen and unsaturated fatty acids in wine (Mason and Dufour 2000,
Saerens et al. 2010). The reduced formation of acetate esters is primarily due to the nullified
induction of a low-oxygen response element (LORE) in the alcohol acetyl transferase gene ATF'/
promoter sequence (Mason and Dufour 2000, Verstrepen et al. 2003a). Conversely, reductions in
ethyl esters are primarily thought to be due to the availability of medium-chain fatty acid
precursors and not to the expression of EEBI and EHTI (Saerens et al. 2008).

A number of studies have observed changes in ester concentrations in wines during
maturation and storage. In general, the loss of fruity and floral aromas in young white wine
during storage is associated with the hydrolytic loss of acetates and esters (Marais and Pool
1980, Ramey and Ough 1980, Pérez-Coello et al. 2003), with similar results observed in red
wines (Ough 1985). Cooler storage temperatures (0 and 10°C) result in less hydrolysis and

retention of the fruity aromas of young wines (Marais and Pool 1980). In a recent study there
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477  was a decrease in concentrations of ethyl esters and acetates during uncontrolled storage

478  conditions and times (1, 2, 3, and 4 years and recently bottled wines) (Pérez-Coello et al. 2003).
479 Alcohols. Saccharomyces cerevisiae produces the majority of higher alcohols from sugar
480  metabolism, producing a-keto acid precursors from pyruvate and acetyl-CoA via the

481  tricarboxylic acid (TCA) cycle (Crowell et al. 1961, Bell and Henschke 2005, Swiegers et al.
482  2005a). Alternatively, higher alcohols are produced when the yeast catabolize amino acids via
483  the Ehrlich pathway (Bell and Henschke 2005, Swiegers et al. 2005a). Via this pathway, the
484  amino acids are completely consumed during the early yeast growth phase, resulting in

485  production of the corresponding higher alcohols later during the yeast stationary phase (Bell and
486  Henschke 2005, Lopez-Rituerto et al. 2010).

487 The branched-chain higher alcohols, including isoamyl alcohol and isobutyl alcohol, are
488  synthesized from the branched-chain amino acids and have whiskey/malt/burnt and

489  wine/solvent/bitter aromas, respectively (Francis and Newton 2005). The aromatic amino acids,
490 including phenylalanine and tyrosine, produce aromatic alcohols, such as phenylethyl alcohol
491  (Rossouw et al. 2008, 2009), which has a honey/spice/rose/lilac aroma (Francis and Newton
492 2005). As discussed previously, phenylethyl alcohol is considered to play an important role in
493  white wine aroma as it is typically found at concentrations above an odor threshold of 10 mg/L
494  (Guth 1997a, Lopez et al. 2003).

495 Production of fermentation-derived volatiles. Nitrogen plays an important role in the

496  formation of volatile fatty acids, esters, and higher alcohols, and both the concentration and
497  speciation of assimilable nitrogen in the must is important in defining the volatile metabolites
498  produced by yeast (Hernandez-Orte et al. 2002, 2005, Miller et al. 2007). Since these

499  nitrogenous substrates are predominantly grape-derived, the production of yeast-derived volatiles
500 is dependent on, or modulated by, the initial grape nitrogenous composition. This is consistent
501  with increased levels of higher alcohols and esters produced during fermentation of grapes with
502  high levels of available nitrogen as a result of being grown in nitrogen-supplemented vineyard
503  soils (Bell and Henschke 2005).

504 Fermentation temperature also plays an important role in the formation of yeast-derived
505  volatile compounds (Molina et al. 2007) and has an influence on the sensory characteristics of

506  both white and red wines (Reynolds et al. 2001). Finally, there have also been a number of
17
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studies that have indicated that different yeast strains (and the corresponding genetic differences)
influence the volatile composition and subsequently the aroma of wine (Miller et al. 2007,
Torrens et al. 2008, Bisson and Karpel 2010, Callejon et al. 2010, King et al. 2011, Robinson et
al. 2011, Richter et al. 2013).

Clearly this is a complex area of research that explores elements of grape composition in
defining what is available for yeast metabolism, while at the same time assessing how
fermentation conditions such as temperature, and yeast genetics, and metabolism define the
complement of fermentation volatiles. Recent studies suggest that there are pools of grape
precursors that influence the products formed by yeast metabolism and/or grape-derived
modulators of yeast biochemical activities that can influence wine volatile composition (Keyzers
and Boss 2010, Dennis et al. 2012). Future research in this field will benefit from defining not
only the factors that influence precursor levels in the grapes but also the factors that influence
yeast biochemical activity. This information will aid in understanding the critical operational

points available to manipulate wine composition in the vineyard and the winery.

Pyrazines. The 3-alkyl-2-methoxypyrazines, including 3-isobutyl-2-methoxypyrazine
(IBMP), 3-isopropyl-2-methoxypyrazine (IPMP), and sec-butyl-2-methoxypyrazine (SBMP)
impart sensory characteristics of bell pepper, asparagus, or pea (Sala et al. 2000) to wines and are
detectable at ng/L concentrations (Kotseridis et al. 1998). Initially identified in bell pepper
(Capsicum annum var. grossum) (Buttery et al. 1969), these green-flavored pyrazines also occur
in chili peppers (Capsicum annuum var. annuum) (Mazida et al. 2005), pea (Pisum sativum)
(Jakobsen et al. 1998), potato (Solanum tuberosum) (Oruna-Concha et al. 2001), and cheese
(Neta et al. 2008). Although analytical detection of these compounds at such low concentrations
has made their investigation difficult, it is now common knowledge that methoxypyrazines play
an important role in the aroma of both the juice and wine of Sauvignon blanc (Allen et al. 1991,
Lacey et al. 1991), Cabernet Sauvignon (Allen et al. 1990, 1994), Cabernet franc (Roujou de
Boubée et al. 2000), Merlot (Sala et al. 2000), and Carmenere (Belancic and Agosin 2007). Low
levels of methoxypyrazines contribute to varietal character of these wines and are desired for
some wine styles; however, high levels are generally considered undesirable. Methoxypyrazines

have been found at levels below their odor threshold in unripe Pinot noir, Chardonnay, and
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Riesling, but it is unclear if that is due to other tissues such as stems and tendrils being present
during crushing and extraction (Hashizume and Samuta 1999).

It has been suggested that that the enzymatic methylation of hydroxypyrazine precursors to
methoxypyrazines by O-methyltransferases (OMT) is an important factor in determining the
level of methoxypyrazine accumulation in grape berries (Hashizume et al. 2001, Dunlevy et al.
2010). Putative genes, including V'vOMTI and VvOMT3, that encode enzymes capable of
methylating hydroxypyrazines have been identified in Cabernet Sauvignon grape berries
(Dunlevy et al. 2010, 2013, Vallarino et al. 2011, Guillaumie et al. 2013). The V'vOMT3 gene in
particular has a high affinity for the isobutyl hydroxypyrazine substrate and has been found in
berries of other varieties known to have high levels of IBMP, including Cabernet franc,
Sauvignon blanc, Merlot, Semillon, Fer, Ruby Cabernet, and Roussane (Dunlevy et al. 2013).
Gene expression was highest between 4 and 8 weeks postflowering and declined to lower levels
postveraison (Dunlevy et al. 2010, 2013), coinciding with the accumulation of methoxypyrazines
in these berries. Although methoxypyrazines occur in other grapevine tissues, including the
rachis (bunch stem), flowers, tendrils and roots, but not the leaves (Dunlevy et al. 2010), they are
not translocated from these tissues to the fruit (Koch et al. 2010).

Research has indicated that the content of alkyl methoxypyrazines in the wine depends
primarily on grape composition (Roujou de Boubée et al. 2002). Therefore, most studies have
addressed the management of alkyl methoxypyrazines through viticultural practices (Chapman et
al. 2004, Sala et al. 2004, Falcao et al. 2007), with particular emphasis on cluster light
interception (Hashizume and Samuta 1999, Ryona et al. 2008). The exception to this proposition
has been in the study of ladybug taint, which is the contribution of 3-isopropyl-2-
methoxypyrazine (IPMP), extracted from Harmonia axyridis (Pallas) (Galvan et al. 2008), which
can increase the peanut, asparagus/bell pepper, and earthy/herbaceous aromas in red wines
(Pickering et al. 2004).

Pyrazines have been of particular interest to grape and wine researchers due to their low odor
threshold and their correlation with herbaceous aromas in Cabernet Sauvignon and Sauvignon
blanc, both abundantly planted and important grape varieties in the international market. Further
research into understanding the formation of these compounds in grapes will lead to a better

ability to manipulate their concentration in wines for specific market segments.

19



567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596

American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2013.12070
AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes.

Volatile Sulfur Compounds. Sulfur-containing volatile compounds were originally
associated with malodors mainly due to molecules such as hydrogen sulfide (H,S),
methylmercaptan (methanthiol), ethanethiol, and methionol. However, that is no longer the case
with the discovery of a number of volatile thiols that impart pleasant herbaceous, fruity, mineral,
smoky, and toasty aromas in wine (Dubourdieu and Tominaga 2009). The most abundant volatile
sulfur compounds in wines are H,S, methanthiol, dimethylmercaptans (dimethylsulfide,
dimethyldisulfide, dimethyltrisulfide), methylthioesters (S-methyl thioacetate, S-methyl
thiopropanoate, and S-methyl thiobutanoate), and liberated glutathione and cysteine
polyfunctional thiols (4-mercapto-4-methylpentan-2-one, 4MMP; 3-mercaptohexan-1-ol, 3MH;
and 3-mercaptohexyl acetate, 3MHA) (Swiegers and Pretorius 2007, Dubourdieu and Tominaga
2009, Roland et al. 2010). Amyriad of other sulfur-containing compounds have been identified in
wines, suggesting that there is still much to be discovered in this area (Mestres et al. 2000, 2002,
Bailly et al. 2006, Sarrazin et al. 2007b, Dubourdieu and Tominaga 2009).

Hydrogen sulfide can be generated by S. cerevisiae through the degradation of sulfur-
containing amino acids (cysteine and glutathione), the reduction of elemental sulfur, or the
reduction of sulfite or sulfate (Rauhut and Korbel 1994, Rauhut 2009). Hydrogen sulfide
production varies across yeast strains and with the nitrogen status of the juice (Acree et al. 1972,
Schutz and Kunkee 1977, Giudici and Kunkee 1994, Rauhut et al. 1996, Jiranek et al. 1995, Sea
et al. 1998, Bell and Henschke 2005, Linderholm et al. 2008, Kumar et al. 2010). It is generally
understood that the addition of nitrogen, in the form of amino acids, with the exception of
cysteine, or ammonium, reduces the production of H,S by yeast. That is because these sources of
nitrogen are precursors for O-acetylserine or O-acetylhomoserine synthesis, which are important
in the synthesis of cysteine, methionine, and glutathione (Giudici and Kunkee 1994, Jiranek et al.
1995, Linderholm et al. 2008). The activity of O-acetylserine/O-acetylhomoserine sulthydrylase
(the enzyme responsible for incorporating reduced sulfur into organic compounds) is not the only
factor important for reducing H,S production, but rather the activity of a complement of enzymes
involved in the synthesis of O-acetyl-L-homoserine and homocysteine can help to reduce H,S
production in S. cerevisiae (Spiropoulos and Bisson 2000, Linderholm et al. 2008). Interestingly,
a recent study indicates that the nutrients used during rehydration of yeasts for use in grape juice

fermentations can influence formation of H,S (and other volatiles) (Winter et al. 2011). In this
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study, kinetics of H,S production were altered, but not expression of genes in the sulfate
assimilation pathway. The authors note that manipulations to the yeast rehydration protocols may
be a “potential approach for managing sulfur aroma compounds in wines” (Winter et al. 2011).
Methionine and cysteine are thought to be regulators of the sulfur reduction pathway.
However, it is hypothesized that under the anaerobic conditions experienced during
fermentation, cysteine concentrations may play a more important regulatory role in sulfate
reduction (Linderholm et al. 2008). It has been shown that yeast respond to the addition of
cysteine by increasing the production of H,S in preference to methionol while the addition of
methionine results in an increase in methionol in preference to H,S (Moreira et al. 2002). This
could be partly attributed to cysteine inhibiting serine O-acetyltransferase, which lowers the
cellular concentration of O-acetylserine required for induction of the sulfate reduction pathway
(Ono et al. 1996, 1999), and/or cysteine repressing the genes, which encode cystathionine f3-
synthase and cystathionine y-lyase in addition to the genes involved in the sulfate reduction
pathway (Hansen and Francke Johannesen 2000). A number of other volatile sulfur compounds
can be formed from reactions of H,S with other organic compounds; for example, H,S in
combination with ethanol or acetaldehyde forms ethanethiol (Swiegers et al. 2005a).
Dimethylsulfide (DMS) is thought to be formed from microbial degradation of methionine
and cysteine, although definitive pathways in wine fermentations have not been demonstrated
(Anness and Bamforth 1982, de Mora et al. 1986). Dimethylsulfide has been noted to increase
black olive, truffle, and undergrowth sensory attributes in Syrah wines (Segurel et al. 2004) and
can also enhance the fruit aroma of red wines as a result of complex interactions with other
volatile compounds including esters and norisoprenoids (Segurel et al. 2004, Escudero et al.
2007). However, DMS is generally not considered to contribute positively to white wine aroma
since it enhances asparagus, corn, and molasses characters, although this could be considered as
increasing the complexity of the aroma (Goniak and Noble 1987). DMS, methionol, diethyl
sulfide, and diethyl disulfide increase in wine with age and with increased temperature and may
contribute to the aroma of aged wines (Marais 1979, Simpson 1979, Fedrizzi et al. 2007).
Methionol contributes to the raw potato or cauliflower character of wines, can be found in
wines at concentrations up to 5 mg/L, and is produced by either S. cerevisiae or Oenococcus oeni

through the catabolism of methionine (Moreira et al. 2002, Ugliano and Moio 2005, Vallet et al.
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2008, 2009). Methional contributes to the cooked vegetable aroma of oxidized wines (Escudero
et al. 2000). Methional concentrations increase in white wines exposed to elevated temperatures
and oxygen. Under these conditions, the compound is produced via a Strecker degradation of
methionine to methional in the presence of a dicarbonyl compound or via direct peroxidation of
methionol (Escudero et al. 2000, Silva Ferreira et al. 2002).

Much research interest has focused more recently on a group of sulfur-containing compounds
referred to as the polyfunctional thiols, which impart pleasant fruity aromas to a range of
varieties, including Scheurebe, Sauvignon blanc, Gewlirztraminer, Riesling, Colombard, Petit
Manseng, Semillon, Cabernet Sauvignon, and Merlot (Darriet et al. 1995, Guth 1997b, Tominaga
et al. 1998, 2000a, Murat et al. 2001, Pena-Gallego et al. 2012). Polyfunctional thiols are thought
to be important to the varietal characteristics of wine aroma and are noted for low odor
thresholds, with 4AMMP, 3MH, and 3MHA detectable in wine at concentrations of ng/L
(Tominaga et al. 1998, 2000a, Francis and Newton 2005, Swiegers et al. 2005a, Swiegers and
Pretorius 2007, Dubourdieu and Tominaga 2009).

For over 10 years after they were initially identified, the thiols were thought to be formed
from the cysteine conjugates. It has been shown more recently that glutathione precursors are an
equally, if not more important, source of these pleasant smelling polyfunctional thiols (Subileau
et al. 2008, Fedrizzi et al. 2009, Capone et al. 2010, Grant-Preece et al. 2010, Roland et al. 2010,
Winter et al 2010). A recent study documented that the glutathione conjugated 3MH
diastereomers were up to 35 times more abundant than their cysteine-conjugated counterparts in
juices of Sauvignon blanc, Riesling, Chardonnay, and Pinot Grigio; Sauvignon blanc juices
generally had the highest concentrations of the varieties studied (Capone et al. 2010).

The conjugated thiol precursors are produced in the grape and concentrations are highest in
the skin (Roland et al. 2011), but little is known about the mechanisms involved in their
biosynthesis. Recent work has shown that the glutathione moiety can be conjugated to the Ce-
aldehyde, (E)-2-hexenal, which is presumably reduced enzymatically to the alcohol by alcohol
dehydrogenase (Capone and Jeffery 2011). The same group has also shown that grapes can
contain 3-S-cysteinylglycinehexan-1-ol, an intermediate in the catabolism of the glutathione
conjugate to the cysteine conjugate (Capone et al. 2011). One study assessed the cysteine-

conjugated precursors of 4MMP, 4-mercapto-4-methylpentan-2-ol (4AMMPOH), and 3MH in
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Sauvignon blanc and determined that these precursors accumulate with increasing grape maturity
(Perot des Gachons et al. 2000) and concentrations can vary with vineyard site (Perot des
Gachons et al. 2005). Interestingly, differences in thiol levels associated with vineyard sites may
contribute to the distinct regional style of New Zealand Marlborough wines (Benkwitz et al.
2012) as well as to differences in sensory styles from different sites within the Marlborough
region (Benkwitz et al. 2012). However, more viticultural research should be conducted to
improve our understanding of the formation of these conjugated polyfunctional thiols in grapes.

A main research focus has been on the release of polyfunctional thiols during fermentation,
due primarily to the fact that yeasts have limited and varied capacity to liberate the
polyfunctional thiols from their precursors (Subileau et al. 2008, Capone et al. 2010, Winter et al.
2011). For example, estimates from the literature vary from 0.1 to 12% conversion of cysteine-
3MH to 3MH (and 3MHA) (Subileau et al. 2008), representing only a small fraction of the
polyfunctional thiols present in juice and leaving significant pools of both cysteine and
glutathione precursors in finished wines (Capone et al. 2010). It has been established that yeast
strains having carbon-sulfur B-lyase activity release these polyfunctional thiols during
fermentation (Howell et al. 2005, Swiegers et al. 2007, Ugliano 2009, Holt et al. 2011). As the
level of carbon-sulfur B-lyase activity varies due to yeast strain, yeast selection can be used, in
part, to control the polyfunctional thiol content of wine (Dubourdieu et al. 2006, Swiegers and
Pretorius 2007, Roncoroni et al. 2011).

3-Mercaptohexan-1-ol decreases rapidly in red wines stored in barrel, as the compound
oxidizes easily and is highly reactive with quinones (Dubourdieu and Tominaga 2009). Further,
winemakers commonly use copper sulfate to remove H,S from wines at the conclusion of
fermentation or just before bottling, which has recently been noted to reduce 3MH in bottled
Sauvignon blanc (Ugliano et al. 2010).

Comprehensive reviews of polyfunctional thiol chemistry and biochemistry have recently
been published, focusing on viticultural, winemaking, and storage variables that influence the
levels of these compounds in wines (Coetzee and du Toit 2012, Pena-Gallego et al. 2012). Future
research into the longer-term stability of these polyfunctional thiol compounds and potential

reactivity with additives and fining agents is warranted.
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686 The sulfur-containing furans are another group of pleasant smelling thiols and include 2-
687  methyl-3-furanthiol and 2-furanmethanethiol. These are formed during oak toasting and may
688  contribute to the toasty and roast coffee aroma characteristics of oak-matured wines including
689  Sauvignon blanc, Chardonnay, Merlot, Cabernet franc, and Cabernet Sauvignon and sweet Petit
690  Manseng wines (Tominaga et al. 2000b, Tominaga and Dubourdieu 2006).

691 The volatile sulfur compounds are a diverse group of highly odor-active compounds with
692  multiple influences contributing to their presence in wine. They clearly make an important

693  contribution to wine aroma and given the number of sulfur compounds identified in wine over
694 the last decade, there is potentially still much to be discovered in this area (Dubourdieu and

695  Tominaga 2009).

696
697 Glycosylated Aroma Precursors. Glycosylated aroma precursors consist of a

698  glycopyranosyl (sugar moiety) and an aglycone (nonsugar moiety) linked by a B-glycosidic

699 linkage (Williams 1993). Glycosylated aroma precursors have been identified in almost 170

700  plants across nearly 50 families (Chassagne et al. 1998) and in a wide range of plant tissues

701  including leaves, fruit, roots, petals, needles, woody tissues, and seeds (Winterhalter and

702  Skouroumounis 1997). Plants produce a range of lipophilic secondary metabolites including

703  cannabinoids, flavonoids, diterpene sclareol, alkaloids, benzoxazinones, phenylpropanoids,

704 cyanogenic glycosides, and glucosinolates as a self-defense mechanism against pathogens and
705  herbivores (Sirikantaramas et al. 2008). The glycosylation of these lipophilic aroma compounds
706  and subsequently compartmentalization (Hardie et al. 1996) may act as a detoxification

707  mechanism in plants (Sirikantaramas et al. 2008). The glycosylation of flavor compounds is

708  thought to increase the water solubility of the aglycone to improve storage in vacuoles (Hardie et
709  al. 1996) and transport within the plant (Winterhalter and Skouroumounis 1997, Sirikantaramas
710  etal. 2008). However, terpene alcohols and phenols do not always change in solubility due to the
711  glycosylation of their hydroxyl groups (Stahl-Biskup et al. 1993).

712 Several reviews have dealt with the field of glycosylated aroma precursors in grapevine

713 (Glinata et al. 1993, Stahl-Biskup et al. 1993, Williams 1993, Winterhalter and Skouroumounis
714 1997). Commonly in grapes, a disaccharide forms with either a-L-arabinofuranosyl, o-L-

715  rhamnopyranosyl, B-D-xylopyranosyl, B-D-apiofuranosyl, or B-D-glucopyranosyl linked to
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position 6 of the glucose (Williams 1993). This is of particular interest since all anthocyanin
glycosides are found as monoglycosides in V. vinifera (Ribéreau-Gayon 1974), suggesting that
aroma compound glycosylation occurs via specific pathways separate from those which
glycosylate anthocyanins. In addition, glycoconjugated terpenes and norisoprenoids in the grape
are synthesized independently of those produced in the leaves in Shiraz and Muscat of
Alexandria (Gholami et al. 1995, Giinata et al. 2002), indicating that glycosylated aroma
precursors are synthesized de novo and not translocated to the fruit from other plant tissues.

These previous studies point to the importance of future research aimed at a functional
characterization of glycosyltransferases responsible for the biosynthesis of aroma precursors. A
diverse array of glycosyltransferases has already been identified in other plant species (Lairson et
al. 2008). For example, glycosyltransferases in Medicago truncatula have been shown to be
capable of glycosylating both flavonoids and triterpenes (Shao et al. 2005), those of Arabidopsis
thaliana have been shown to have activity toward mono-, sesqui-, and diterpenes in vitro (Caputi
et al. 2008), and, recently, those identified in Valencia orange (Citrus sinensis L. Osbeck) were
shown to be capable of glucosylating terpenoids in leaf, flower, and fruit tissues (Fan et al.
2010). It is probable that grape glycosyltransferases are likely to have similar properties and
various enzymes have been identified that appear to be involved in the production of grape
flavonoid glycosides (Offen et al. 2006, Ono et al. 2010). However, to date, there is no
information regarding enzymes involved in the synthesis of glycosylated aroma precursors in
grape (Baumes et al. 2002, Mathieu et al. 2009).

Glycosidically bound aroma compounds are an important reserve of aroma in wine (Williams
1993). This flavor reserve either evolves over time because of slow acid hydrolysis
(Skouroumounis and Sefton 2002) or can be released by the application of exogenous fungal
glycosidases (Giinata et al. 1993). For example, the norisoprenoids 1,1,6-trimethyl-1,2-
dihydronaphthalene (TDN) and vitispirane isomers derive from glycosidic precursors
(Winterhalter et al. 1990b, Winterhalter 1991, Full and Winterhalter 1994) and are typically
found in Riesling wines that have been bottle aged (Simpson 1979) and/or heated (Simpson
1978, Silva Ferreira and Guedes De Pinho 2004). Endogenous grape-derived glycosidases
(Aryan et al. 1987, Giinata et al. 1990), exogenous yeast-derived glycosidases (Giinata et al.
1986, Zoecklein et al. 1997, Ugliano et al. 2006), and bacterial glucosidases (Grimaldi et al.

25



746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775

American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2013.12070
AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes.

2005a, 2005b) are also considered to play an important role in the release of these aroma
precursors in wine but not in the fruit, presumably due to glucose inhibition (Giinata et al. 1993)
or compartmentation.

Grape-derived glycosidase enzymes are located in the pulp and juice fraction (Aryan et al.
1987) and they have characteristics similar to those of S. cerevisiae. The activity of
Saccharomyces-derived B-glucosidases, a-rhamnosidases, and a-arabinosidases increases during
the exponential yeast growth phase (first 24 hours of fermentation) and rapidly decreases over
the following three days (Delcroix et al. 1994). Glycosidase activity is subject to the influence of
pH, temperature, and the presence of ethanol, glucose, phenols, polyphenols, and cations (Giinata
et al. 1993). Consequently, the impact of glycosidases on the release of aroma molecules from
precursors is dependent on the stability and activity of these enzymes in the juice or wine
medium. The yeast intracellular pH (5.0 to 6.0) is highly favorable to yeast glycosidase stability
(Delcroix et al. 1994). In contrast the activity of S. cerevisiae B-glycosidase is reduced by 90% at
pH 3.0 (similar to juice or wine pH) after 90 minutes (Gtinata et al. 1993). This reduced activity
has also been observed in grape-derived B-glycosidase (Aryan et al. 1987). In contrast, -
glucosidase found in Debaryomyces hansenii has been observed to have a similar activity to that
of Saccharomyces glycosidase except it is stable at wine pH (Yanai and Sato 1999). Further, 3-
glycosidases derived from Aspergillus niger, commonly associated with Botrytis cinerea bunch
rot (Nair 1985, Zahavi et al. 2000, Hocking et al. 2007), lose only ~20% of their activity under
similar conditions, suggesting they too are relatively stable at juice and wine pH (Giinata et al.
1993).

Temperature plays an important role in the activity of enzymes due to reaction kinetics and
enzyme stability. The maximum activity of S. cerevisiae-derived B-glycosidases occurs at
temperatures of 40 to 50°C (Delcroix et al. 1994), which is similar to the results reported for the
A. niger enzymes (Glinata et al. 1993). Importantly, the activity of these enzymes is relatively
low at 30°C (~10 to 15% of maximum) and rapidly increases as temperatures approach 60°C
(Delcroix et al. 1994). Consequently, hydrolysis of glycosides by B-glycosides is likely to be
slow during fermentation and wine storage due to the low temperatures (10 to 20°C).

Ethanol has been observed to significantly reduce the activity of B-glycosidase derived from

grape leaves, grapes, and almond emulsin (Aryan et al. 1987). However, B-glycosidases derived
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from S. cerevisiae (Delcroix et al. 1994) and 4. niger (Aryan et al. 1987) have shown losses of
only 10% and 20% activity, respectively, at concentrations of 15% ethanol.

The activity of B-glycosidase is usually competitively inhibited by the presence of glucose. It
is interesting to note that the activity of S. cerevisiae-derived B-glucosidase is only reduced ~20
to 30% at glucose concentrations typically found in juice (Giinata et al. 1993, Delcroix et al.
1994). The variation in reported activity is likely to due to variations in experimental conditions
such as glucose concentration (90 g/L and 100 g/L respectively). In contrast, 4. niger-derived -
glycosidase is inhibited significantly by glucose, with ~38% reduction in activity at glucose
concentrations considered “dry” in winemaking (Giinata et al. 1993).

In summary, endogenous glycosidases have poor stability in juice and wine due to the low
pH, and their ability to liberate conjugated aroma compounds is significantly inhibited by ethanol
concentrations found in wine. In contrast, exogenous glycosidase are more stable at juice pH and
are barely inhibited by ethanol but are strongly inhibited by glucose. Consequently, a large
proportion of glycosidically bound compounds initially present in the grape remain after
winemaking. Thus, application of commercial enzyme preparations to dry wines or slow acid
hydrolysis during wine maturation (Williams 1993) can have important consequences on the
final aroma profile of the wine. Further information about the activity of glucosidases can be

found in a review (Maicas and Mateo 2005).

Environmental Influences on Grape Aroma Compound Formation

A recent study has indicated that ~18% of genes in grapevine can be impacted by
environmental conditions and that climate has the biggest effect on gene expression at veraison
(Dal Santo et al. 2013). In particular, phenylpropanoid-related genes involved in the formation of
aroma compounds and polyphenols were strongly impacted by seasonally specific climate
conditions. The study provides a basic framework for future work aimed at integrating genomic
information with studies of environmental and viticultural effects on grape and wine composition
and flavor (Heymann and Cantu 2013).

Understanding these interrelationships may become even more important as the impacts of
climate change on grapevine metabolism, water quality and availability, grape berry maturation,
and other parameters become more apparent (Schultz 2000, de Orduna 2010). In an interesting
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806  recent study, grape sensory properties (e.g., fruity and herbaceous aromas and juiciness) were
807  influenced by elevated temperatures during the growing season even when all grapes were

808  harvested at the same maturity as measured by Brix (Sadras et al. 2013). This study is unique in
809  the use of a heating system to manipulate temperatures in the field, mimicking actual climate
810  changes as closely as possible. Clearly, future well-controlled studies aimed at understanding the
811  impact of climate changes on grape and wine composition and quality will be critical to ensure
812  sustainable worldwide production of grapes and wines with desirable flavor attributes.

813 Studies on the role of climate on grape composition may be difficult to interpret because
814  climate encompasses all the environmental conditions of sunlight, temperature, humidity, and
815  rainfall within a region, all of which play important roles in the growth and development of the
816  vine and berry. In addition, the levels of aroma and aroma precursor compounds vary both

817  between and within climates (Marais et al. 1991, Schneider et al. 2002). For example, levels of
818 lutein, B-carotene (Marais et al. 1991), and 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN)

819  (Marais et al. 1992) have been found at higher concentrations in wines from warmer climates
820  (South Africa) compared to cooler climates (Germany). On the other hand, the reverse

821  relationship is observed with higher levels of methoxypyrazines in Sauvignon blanc from cool
822  climates (New Zealand) compared to warm climates (Australia) (Lacey et al. 1991).

823 Whether these effects are due to temperature, sunlight exposure, or other variables associated
824  with the different climates is unclear and this lack of clarity points to the difficulties in

825  distinguishing effects of these interrelated variables. In the remainder of this section, we briefly
826  review selected studies on the roles of vintage, sunlight, grape maturity, water and canopy

827  management, and disease pressures on grape and wine aroma composition.

828
829 Vintage. The unique conditions of climate vary from year to year and it is commonly

830  accepted worldwide that vintage has a major influence on fruit composition. Studies of aroma
831  composition of Chardonnay (Sefton et al. 1993), Sauvignon blanc (Sefton et al. 1994), Semillon
832  (Sefton et al. 1996), Merlot noir (Kotseridis et al. 1998), and Melon B (Schneider et al. 2001)
833  have confirmed this observation on an analytical level. Global climate change may exacerbate
834  the year-to-year variations making understanding of this issue of great relevance to viticulturists

835  (Schultz 2000).
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Sunlight. The levels of numerous grape aroma compounds are influenced by light exposure.
For example, exposure of fruit to sunlight favors accumulation of free norisoprenoids as well as
glycosylated norisoprenoids, monoterpenes, and other non-terpene aglycones (Reynolds and
Wardle 1989, Gerdes et al. 2002, Schneider et al. 2002, Lee et al. 2007, Skinkis et al. 2010). This
increased accumulation of glycosides in grapes may be a factor of temperature as well as light
exposure on enzyme activity within the fruit (Gerdes et al. 2002). On the other hand, light
exposure has been observed to reduce the concentration of methoxypyrazines, although the
timing of light exposure (pre- or postveraison) influences methoxypyrazine levels at harvest
(Hashizume and Samuta 1999, Koch et al. 2012). Early season leaf removal also reduced
methoxypyrazine levels in Cabernet franc and Merlot grapes; whether the findings were due to
alterations in light exposure at the cluster is not known, since light measurements were not
reported (Scheiner et al. 2010).

It has been suggested that quality and not intensity of light regulates the accumulation of
norisoprenoid compounds (Bureau et al. 1998, Schultz 2000). These studies indicate that
exposure to blue-green light (and potentially far-red wavelengths) results in synthesis of
carotenoids (Bureau et al. 1998) as a photoprotective defense in vines (Young 1991, Baumes et
al. 2002). In addition, degradation of these carotenoids is enhanced by exposure to these same
wavelengths of light (Bureau et al. 1998). The subsequent loss of carotenoids in grapes is
observed once chloroplasts are lost or modified and carotenoid synthesis ceases (Baumes et al.

2002).

Water and canopy management. Vineyard practices, including canopy management and
imposed water stress, are recommended ways of manipulating fruit light interception to attain the
desired varietal aroma composition. In general, reduced vine water status is thought to alter
carotenoid composition and norisoprenoid composition (Oliveira et al. 2003). In grapes, water
deficits increased levels of carotenoids and selected C;3-norisoprenoids produced from
carotenoid degradation in some studies (Bindon et al. 2007, Grimplet et al. 2007), although the
effect may depend on the norisoprenoid measured (Ou et al. 2010). These results are consistent
with a recent study that indicates that regulation of carotenoid metabolism/degradation is highly

complex and may occur at multiple levels (Young et al. 2012). Water deficits have had variable

29



866
867
868
869
870
871
872
873
874
875
876
877
878
879

880
881

882
883
884
885
886
887
888
889
890
891
892
893
894
895

American Journal of Enology and Viticulture (AJEV). doi: 10.5344/ajev.2013.12070
AJEV Papers in Press are peer-reviewed, accepted articles that have not yet been published in a print issue of the journal
or edited or formatted, but may be cited by DOI. The final version may contain substantive or nonsubstantive changes.

effects on monoterpene levels, with either no effect or elevating the concentrations of some
compounds (Grimplet et al. 2007, Ou et al. 2010). Water deficits were not well correlated with
levels of 3-isobutyl-2-methoxypyrazine in Cabernet Sauvignon wines (Chapman et al. 2005).
Because water deficits accelerate the onset of ripening in field-grown vines there appears to be
an interrelationship between maturation and effects of water stress that may complicate the
interpretation of these studies if not controlled or accounted for (Castellarin et al. 2007). In
addition, water status can also influence canopy density (Hardie and Martin 2000) and
consequently fruit light exposure as discussed previously.

Crop thinning (a common practice in vineyards) has been observed to increase levels of
glycosylated terpenes and aliphatics, but no effect has been observed on the concentration of
glycosylated norisoprenoids (Bureau et al. 2000). That may be explained by the independent
biosynthesis of norisoprenoids in berries rather than their translocation from leaves (Giinata et al.
2002). On the other hand, when crop yields were manipulated by winter pruning, a negative

correlation was observed between crop yield and methoxypyrazine levels (Chapman et al. 2004).

Grape maturity. The ripening of grapes involves many processes including translocation,
accumulation, and metabolism of principal components within the berry. These changes include:
(1) the uptake of sucrose from leaves via the phloem followed by its cleavage and storage as
D(+)-glucose and D(-)-fructose (Coombe 1992, Davies and Robinson 1996); (2) phloem dilution
of L-(+)-tartaric acid, synthesized from ascorbic acid preveraison (DeBolt et al. 2006), and
metabolism of L-(-)-malic acid (Ruftner 1982a, 1982b, Sweetman et al. 2009); (3) accumulation
of amino acids, particularly arginine and proline, coupled to a decline in ammonium (Kliewer
1968, Stines et al. 2000, Bell and Henschke 2005); (4) decreased synthesis of phenols and
accumulation of condensed tannins in the skin and seeds (Downey et al. 2003a, 2006); (5)
accumulation of flavanols, anthocyanins (in red cultivars), and leuco-anthocyanins (in white
cultivars) in the skins (Boss et al. 1996, Dokoozlian and Kliewer 1996, Downey et al. 2003b);
and (6) changes in concentration and diversity of aroma precursors and volatile compounds
(Reynolds and Wardle 1989, Lacey et al. 1991, Razungles et al. 1993, Dunlevy et al. 2009).
These components collectively characterize the abundant organic compounds found in grapes

that are used in wine production. In many cases these components are subject to further
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biological and chemical modifications through the course of vinification and maturation.
However, they essentially establish the basis of wine composition.

Several studies have monitored effects of maturation on levels of flavor compounds and their
precursors, including carotenoids and norisoprenoid, monoterpenes, and methoxypyrazines.
These studies indicate that carotenoids that accumulate before veraison degrade rapidly
postveraison (Razungles et al. 1988, 1993, Marais et al. 1991). This rapid degradation occurs for
B-carotene, lutein, and violaxanthin while neoxanthin levels decrease steadily (Razungles et al.
1996). The subsequent accumulation of norisoprenoids is inversely proportional to the
degradation of these carotenoids and positively correlated with sugar accumulation (Strauss et al.
1987, Razungles et al. 1993). This relationship also exists for monoterpenes and is consistent
with up-regulation of numerous genes involved in the early stages of terpene synthesis during
maturation (Wilson et al. 1984, Martin et al. 2012). Studies of Sauvignon blanc, Cabernet
Sauvignon, Cabernet franc, Carmenere, and Merlot have noted a decrease in methoxypyrazines
with maturity (Allen et al. 1990, Lacey et al. 1991, Sala et al. 2000, Belancic and Agosin 2007).

It has been suggested that although changes in concentration of aroma compounds and sugar
accumulation occur simultaneously, they may not be mutually dependent (Reynolds and Wardle
1989). Finally, while grape maturation is genetically controlled, it is also significantly influenced
by environmental conditions, as noted above. Therefore, it can often be difficult to distinguish

environmental influences on aroma composition from effects on grape maturation.

Fungal infections. Climate (e.g., temperature and humidity) as well as genetic variables
(e.g., tightness of the berries in the cluster) can influence the susceptibility of grape clusters to
fungal infections. As regional temperatures are altered as a result of global climate change, the
susceptibility of grapes to fungal growth (e.g., Botrytis cinerea and Aspergillus niger) may also
be affected with corresponding effects on grape flavor. For example, the common fungus B.
cinerea causes gray bunch rot of grapes and has been observed to transform monoterpenes (Bock
et al. 1988) and norisoprenoids (Schoch et al. 1991) in grape juice. Novel polyfunctional thiol
cysteine conjugates were identified in botrytis-infected Sauvignon blanc and Semillon grapes
that may contribute to the unique flavor of botrytized sweet wines (Thibon et al. 2010).

Additionally, glycosidases derived from A. niger, although used commonly in analysis of grape
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glycosides (Winterhalter and Skouroumounis 1997), are known to generate oxidative artifacts of
aromas when present at high concentrations (Sefton and Williams 1991). Although A4. niger
glycosidase is inactive at high concentrations of glucose (Giinata et al. 1993), it does suggest that
the associated infection of 4. niger with B. cinerea (Nair 1985) could have compounding effects
on the varietal aroma composition of infected grapes.

In summary, these studies point to the complexities involved in understanding the
interrelationships among viticultural practices and fruit and wine composition and quality.
Because multiple compounds are involved in flavor, practices that up-regulate selected metabolic
pathways may also alter other pathways and metabolic products, making it difficult to predict the
final outcome with respect to fruit composition. In most cases, mechanisms for the effects at the
molecular level are also unknown, further complicating efforts to model and extrapolate results
from one study to those of another in a different climate or region. Rather than examining effects
on only one compound at a time, analytical profiling methods that measure concentrations of
multiple compounds, combined with multivariate statistical analyses to relate genomic and
sensory information, may provide valuable tools for future studies in this area and will be

discussed in Part 2.

Summary

It is apparent that the aroma of wine is dependent not on a particular compound but on
the profile and interactions of the multiple odor-active compounds that are present. The potential
aroma of wine is also dependent on the release of aroma compounds from their odorless
precursors during wine maturation and the modification of volatiles due to chemical changes.
Despite the great volume of research on wine composition, summarized in this review, there is
still much to be learned about the biochemical and chemical origins of wine volatiles and the
effects of climate and viticultural practices on the concentrations of these compounds.
Understanding the source of wine volatile compounds and the mechanisms that influence their
formation through grapegrowing, winemaking, and storage is essential to developing strategies

for production of wines with specific sensory attributes that appeal to target markets.
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