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Abstract

The availability of the sequence of the Saccharomyces genome in combina-
tion with the development of chemical analytical technologies with dynamic
ranges sensitive enough to detect volatile aromatic compounds has gener-
ated a renewed interest in defining the role of yeast in the generation of
wine aroma and flavor. Genetic differences among wine strains are well doc-
umented and aroma profiles also appear to vary, implying that specific allelic
alterations may exist and impact the production of compounds associated
with flavor. Partial or complete sequencing data on several wine strains are
available and reveal underlying genetic differences across strains in key genes
implicated in flavor formation. This review discusses the current understand-
ing of the roles of Saccharomyces in wine flavor with an emphasis on positive
contributions to flavor and highlights the discoveries of the underlying en-
zymatic and metabolic mechanisms responsible for the yeast contribution to
wine quality.
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INTRODUCTION

The yeast Saccharomyces cerevisine and related species are the agents of fermentation converting
grape juice into wine and, as a consequence, have a significant influence on the sensory profile and
therefore the perceived quality of wine. Yeast activity can impact all of the sensory attributes of
a wine: aroma, taste, color, clarity, mouthfeel, oral tactile sensations such as astringency, mucosal
trigeminal nerve detection of effervescence, and chemically induced perceptions of heat or cold.
Yeast metabolites can also detract from wine quality as Saccharomyces is responsible for the pro-
duction of several off-characters in wine, such as the sulfur-containing volatiles, higher alcohols,
and aldehydes. The overall role of Saccharomyces in the development of wine flavor is complex
and only recently becoming fully appreciated. Several comprehensive reviews on the varied effects
of Saccharomyces on wine composition have appeared (Bartowsky & Pretorius 2009; Dubourdieu
et al. 2006; Hazelwood et al. 2008; Landaud et al. 2008; Marchand et al. 2000; Moreno-Arribas
& Polo 2005; Polaskova et al. 2008; Rauhut 1993, 2009; Rapp & Mandery 1986; Romano et al.
2003; Saerens et al. 2009; Swiegers et al. 2005; Swiegers & Pretorius 2007; Ugliano & Henschke
2009). Identification of the genetic bases of flavor formation in yeast will permit manipulation of
the sensory characteristics of wine and thereby allow the winemaker greater control over wine
flavor.

Flavor is an all-encompassing term used to describe the totality of the sensory attributes of a
product. The flavor-active compounds in wine can derive from the grape itself, from microbial
activity, from extraction of cooperage such as oak during fermentation or aging, or from oxygen-
dependentand -independent chemical reactions that occur during aging. Wine aroma is dependent
upon the profile of volatile compounds present in the wine. There are several classes of volatile
compounds found in wine: alcohols, aliphatics, benzene derivatives, carbonyls, esters, organic
acids, S-containing compounds, shikimic acid derivatives, polyols, isoprenoid-derived terpenes
and C13 norisoprenoids, methoxypyrazines, vinyl, and volatile phenols (Baumes 2009; Ferreira
etal. 1998; Ferreira & Cacho 2009; Guth 1997a,b; Lee et al. 2007; Mendes-Pinto 2009; Nykanen
1986; Polaskova et al. 2008; Preston et al. 2008; Rapp & Mandery 1986; Tominaga et al. 1998,
2000a,b; Vilanova et al. 2007; Zhang et al. 2007). Volatile compounds may be synthesized or
extracted directly or be present in the form of a nonvolatile precursor requiring chemical or
biochemical activity to liberate the odor-active component. An odor-active compound is a volatile
compound that contributes to the overall aroma. In contrast, an odor-impact compound is one
that possesses a distinctive aroma that can be specifically detected in the aroma profile of the
wine. Odor-active compounds can affect the ability to detect odor-impact components. Yeast
metabolites have been characterized as forming a generic wine aroma that functions as a buffer
diminishing the ability to detect odor-impact compounds (Ferreira & Cacho 2009).

The development of more sensitive technologies for the analysis and identification of aroma
compounds in wine, such as solid phase microextraction (SPME) (Ferreira et al. 2001, 2002, 2009;
Guth 1997a,b; Jelen 2006; Lopez et al. 1999; Siebert et al. 2005), has allowed researchers to more
clearly define the origins of compounds produced. Chemical mechanisms of synthesis, however,
do not entirely account for the levels of many compounds that are found in wine (Escudero et al.
2007, Ferreira et al. 1998, Kotseridis & Baumes 2000), underscoring the more important role of
biological synthesis and conversion. Deconstruction experiments, the identification of all aroma
compounds in a wine with subsequent reconstruction or recreation of a model wine containing
all of those chemical constituents at the same concentrations at which they were originally found
(Aznar etal. 2001; Escudero et al. 2004, 2007; Ferreira et al. 1998, 2002, 2009), have identified the
important enhancer role played by yeast metabolites as well as the capacity of yeast compounds
to buffer or diminish perception of specific odors.
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Strategies Used to Investigate the Genetics of Flavor Formation

Several approaches have been taken to identify genes that are important in the formation of
flavor compounds by Saccharomyces. These approaches include mutation and overexpression.
Mutation of a gene impacting a specific flavor is expected to lead to a loss of the compound
required for that flavor. Overexpression of a gene and therefore of the enzymatic activity re-
quired for a specific flavor would likewise be expected to lead to the formation of higher
levels of the specific flavor compound. The main problem with these approaches is the lack
of a selection for identifying the mutants. Screening isolates for loss of an aroma compound
can be challenging. Alternatively, genomic analyses can be utilized to identify genes or pro-
teins that increase in expression under conditions of formation of high levels of a specific
compound and that are present with reduced levels of expression when the compound is not
observed.

These approaches often require some knowledge of the compounds and pathways required
for specific flavor attributes. Defining the specific genes responsible for specific wine flavors is
challenging. Often the proteins encoded by these genes perform some other function within the
cell and may not be constitutively expressed. There is also a strong influence of grape composition
on the formation of flavor-active compounds by Saccharomyces. In many cases, the role of yeast
metabolism is in the liberation of an aromatic compound from a nonvolatile precursor molecule
(Baumes 2009; Chassagne et al. 2005; Daenen et al. 2007; Darriet et al. 1988; Dubourdieu et al.
2006; Dubourdieu & Tominaga 2009; Fernandez-Gonzalez et al. 2002; Fernandez-Gonzalez &
Di Stefano 2003; Howell et al. 2005; Huynh-Ba et al. 2003; Maicas & Mateo 2005; Marchand
et al. 2000; Murat et al. 2001a,b; Ugliano et al. 2006). For example, the release of yeast cell wall
mannoprotein components modifies both wine tannin structure and wine color through binding
of both grape tannins and pigments (Ugliano & Henschke 2009). Dissecting the myriad of possible
interactive effects on flavor is difficult, but is greatly assisted by the availability of mutants lacking
specific activities.

A complicating factor in these analyses is the sequence diversity of wine strains of Saccha-
romyces. S. cerevisiae and S. bayanus display roughly 80% identity of coding and 74% identity of
noncoding sequences (Cliften et al. 2003). Significant genetic diversity exists among wine strains
of S. cerevisine (Ambrona et al. 2005; Baleiras Couto et al. 1996; Briones et al. 1996; Cavalieri
et al. 2000; Dunn et al. 2005; Gallego et al. 2005; Gresham et al. 2006; Infante et al. 2003;
Izquierdo Canas et al. 1997; Johnston et al. 2000; Khan et al. 2000; Legras et al. 2007; Lid et al.
2006, 2009; Lopes et al. 2002; Sabate et al. 1998; Schuller et al. 2005; Schutz & Gafner 1993;
Valero et al. 2006; Van Der Westhuizen et al. 2000a,b; Versavaud et al. 1995; Winzeler et al.
2003). The greatest numbers of genotypes in these studies are generally represented by a single
isolate, indicating that the true extent of the diversity present in the wild is extensive. Analy-
ses of the presence of single nucleotide polymorphisms (SNPs) suggest that they exist across
populations of Saccharomyces with a frequency of approximately 2.8 SNPs per kilobase of DNA
(Schacherer et al. 2007, 2009) to 7 SNPs per kilobase of DNA (Borneman et al. 2008). Deletions
of genetic material also occur (Schacherer et al. 2009) but are found at a very low frequency
in the essential genes. In addition to the demonstration of allelic differences in coding regions,
the genetic diversity of wine yeasts has also been documented by analysis of transcript profiles
under identical growth conditions (Fay et al. 2004, Townsend et al. 2003). There is the poten-
tial for significant variation in gene expression profiles as a consequence of underlying genetic
differences across strains, making comparisons of strains grown under different conditions chal-
lenging, but also enabling identification of naturally arising genetic changes impacting flavor
formation.
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Other Factors Important in Flavor Production

The genetic profile of Saccharomyces is of obvious importance in the formation of metabolites
that confer specific flavors to wine. However, several other factors also impact the spectrum of
compounds formed. Many of the Saccharomyces metabolites derive from nitrogen metabolism so
the nature and level of nitrogen sources present will affect the spectrum of compounds produced.
The activity of some of the pathways involved in flavor formation, such as the sulfur-containing
volatiles, is regulated by stress factors and the level of stress of the culture will influence the
spectrum of compounds produced. The level of stress is impacted by the composition of the
grapes at harvest. Other factors, such as the rate of fermentation and temperature released will
impact flavor compound retention during the fermentation. Rapid, warm fermentations will lose
more aromatic volatiles than cooler, slow fermentations. Yeast may also produce enzymes such as
esterases that will hydrolyze aromatic compounds leading to their loss.

In addition to Saccharomyces, several other yeast genera can be found in wine that can also
contribute to the flavor profile of the wine. The non-Saccharomyces yeasts found on the surface of
the grape, members of the Hanseniaspora, Metschnikowia, Candida, and Pichia genera, often make
higher levels of esters and other aroma components than does Saccharomyces (Fleet 1993b, Fleet
& Heard 1993, Fleet et al. 2002, Gil et al. 1996, Howell et al. 2006, Kunkee & Bisson 1993,
Swiegers et al. 2005). Saccharomyces can indirectly impact the activities of these microbes via direct
competition for nutrients or via creation of conditions not conducive to the growth of these other
species. Spoilage organisms are also important and to the extent that Saccharomyces metabolism
reduces their ability to grow, yeast can impact the stability of wine. This review presents a summary
of our current understanding of the role of Saccharomyces in wine flavor and focuses on the genetic
determinants underlying the production of flavor-active compounds in this yeast.

ROLES OF SACCHAROMYCES IN WINE FLAVOR

There are multiple ways in which the biological activity of Saccharomyces can impact wine flavor.
Yeast biochemical activity may lead to the de novo biosynthesis of flavor-active compounds and
yeast enzymatic activity may convert grape components into volatile odor-active forms. Yeast
cellular components, such as breakdown products of cell wall mannoproteins, may modify flavor
of wine and impact wine clarity (Pozo-Bayon & Reineccius 2009, Ugliano & Henschke 2009).
Metabolites produced by yeast can partake in the chemical reactions that occur in wine during
aging (Cullere et al. 2007, Cutzach et al. 2009, Jarauta et al. 2005, Spillman et al. 1998). Such
modification may either create novel flavor-active components or lead to the loss of flavors de-
rived from other sources. In addition, yeast metabolites may act in a more complex fashion in the
enhancement of the perception of existing flavors or in the masking or buffering of odor-active
components (Escudero et al. 2007; Ferreira et al. 1998, 2009; Ferreira & Cacho 2009). If the wine
is aged on the yeast sediment or lees, the release of enzymatic activities during cell lysis or autoly-
sis can impact wine flavor, especially mouthfeel (Alexandre & Guilloux-Benatier 2008; Feuillat &
Charpentier 1982; Francioli et al. 1999, 2003; Leroy et al. 1990). Yeast enzymatic activities have
been shown to be active for years during sparkling wine aging (Alexandre & Guilloux-Benatier
2008, Feuillat & Charpentier 1982, Leroy et al. 1990). These activities can modify grape compo-
nents releasing bound volatile compounds or may hydrolyze existing volatile compounds or their
precursors. These effects have been best studied in Champagne production, where the contribu-
tion of lees aging has a major effect on wine composition (Alexandre & Guilloux-Benatier 2008,
Feuillat & Charpentier 1982, Leroy et al. 1990). Finally, yeast may impact flavor dramatically
via biological inhibition of the growth of other microbes that would themselves otherwise impact
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wine characteristics (Bisson & Joseph 2009, Boulton et al. 1996, Fleet 1993b, Fleet et al. 2002,
Howell et al. 2006, Romano et al. 2003).

A common myth in wine production is that autochthonous yeast coevolved with grapes in
vineyards to generate strains with optimized flavor production from the fruit of that vineyard
(Thorngate 1998). Flavor-active compounds are generally yeast end products, side products, or
coproducts of metabolism or alternately serve to detoxify compounds in the environment to
which the cell is permeable. Some aromatic compounds are insect attractants, and it is likely that
selection for production was also driven by the selective spread of specific genomes via insect
vectors. Aroma compound production therefore evolved to assure optimal metabolic activities
of the yeast to allow survival, persistence, and dominance of their native environment. In many
instances, the biochemical modification of flavor components is generally conducted by metabolic
enzymes engaged in fundamental cellular processes not dedicated to flavor compound formation.

Several studies have examined the impact of different strains of Saccharomyces on wine flavor
(Carrau et al. 2008, Chatonnet et al. 1993, Clemente-Jimenez et al. 2004, Daenen et al. 2007,
Howell et al. 2004, Lee et al. 2004, Miller et al. 2007, Nykanen & Nykanen 1997, Rossouw et al.
2008, Swiegers et al. 2005, Swiegers & Pretorious 2007, Ugliano etal. 2006, Valero etal. 2006). In
general, differences can be observed in the production of aromatic compounds, but these variations
often do not necessarily lead to detectable changes in the sensory profile of the wine (Thorngate
1998). There are two main reasons likely explaining the lack of a dramatic impact of yeast on
wine aroma. First, the characters made by yeast tend to be described sensorially as generic or
nondescript fruity or floral aromas but not as specific odor-impact compounds, with the notable
exception of the S-containing off-odors (Bartowsky & Pretorius 2009, Ferreira etal. 2009, Ugliano
& Henschke 2009). Therefore, the impact of different concentrations of these positive compounds
may be masked by the more dominant varietal characters. Secondly, the flavor-active compounds
obtained, whether as a consequence of direct synthesis or indirect liberation or conversion, are
largely dependent upon the starting concentrations in the grape juice and on processing decisions
employed, such as the use of nutrient additions, juice treatments to remove the sources of precursor
compounds, fermentation temperature, and pH adjustment, which serve to mitigate the effect of
yeast metabolism (Godard et al. 2007, Jimenez-Marti et al. 2007, Jimenez-Marti & del Olmo
2008, Lee et al. 2004, Masneuf-Pomarede et al. 2006, Mendes-Ferreira et al. 2007, Miller et al.
2007, Molina et al. 2007, Moreira et al. 2002, Plata et al. 2004, Saerens et al. 2008, Subileau
et al. 2008, Thibon et al. 2008, Thurston et al. 1982, Younis & Stewart 1998). Finally, many
of the yeast components continue to undergo chemical reactions during aging so that although
significant differences may be detectable immediately following fermentation, as the wine ages the
fermentation bouquet becomes less important (Cullere et al. 2007, Cutzach et al. 2009, Jarauta
etal. 2005). The various impacts of Saccharomyces on wine flavor are summarized in Table 1.

A FLAVOR-ACTIVE COMPOUNDS PRODUCED BY SACCHAROMYCES

Saccharomyces is capable of producing a wide array of aromatic compounds that have been detected
in wine (Bardi et al. 1998; Bartowsky & Pretorius 2009; Dickinson et al. 2003; Dubourdieu et al.
2006; Fernandez-Gonzalez & Di Stefano 2003; Ferreira et al. 2009; Ferreira & Cacho 2009;
Hazelwood et al. 2008; Howell et al. 2005, 2006; Landaud et al. 2008; Kotseridis & Baumes
2000; Marchand et al. 2000; Mason & Dufour 2000; Miller et al. 2007; Molina et al. 2007;
Moreira et al. 2002; Murat et al. 2001a; Nykanen 1986; Parkkinen & Suomalainen 1982; Rahut
1993, 2009; Romano et al. 2003; Rossouw et al. 2008; Saerens et al. 2009; Schoondermark-
Stolk et al. 2006a,b; Spiropoulos et al. 2000; Suomalainen 1981; Swiegers et al. 2005; Swiegers
& Pretorius 2007; Thorngate 1998; Thurston et al. 1982; Tominaga et al. 2000a,b; Ugliano
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Table 1 Effects of Saccharomyces on wine flavor

Precursor Yeast action Flavor-active component

Sugar catabolism De novo biosynthesis Ethanol, acetaldehyde, organic acids, diacetyl
Nitrogen catabolism De novo biosynthesis Esters, fusel alcohols, fusel acids, fusel aldehydes
Sulfur catabolism De novo biosynthesis S-containing volatiles

Fatty acid biosynthesis De novo biosynthesis Esters, free fatty acids, fatty acid aldehydes

Bound glycosides -glucosidase activity Terpenes, norisoprenoids, alcohols, phenolic acids
Cysteinyl/glutathiyl conjugates Carbon sulfur lyase activity Volatile thiols

Phenolic acids Oxidation/reduction Modified phenolics

Macromolecular components Hydrolysis/degradation Lees aging/autolysis characters

144

et al. 2006; Ugliano & Henschke 2009; Verstrepen et al. 2003; Vilanova et al. 2007; Yoshimoto
et al. 2002). The major classes of compounds formed are acids, alcohols, carbonyl compounds,
esters, and S-containing volatiles (Table 2). These compounds are often found in levels above the
threshold of detection (Ferreira et al. 2009). Table 2 also includes the common descriptive terms
given to these compounds. Many are classified simply as fruity, meaning there is a perception of
fruit character but not of a distinctive type of fruit. The fruity yeast esters serve an important role
in amplifying the perception of the fruit identifier compounds of the specific wine variety.

In addition to analysis of the volatile compounds produced during fermentation, research
to identify the genes underlying the synthesis of these compounds has also been undertaken
(Alexander et al. 2003; Borneman et al. 2008; Cordente et al. 2007; Daenen et al. 2007; Darriet
et al. 1988; Dickinson & Norte 1993; Eden et al. 2001; Fujii et al. 1994, 1996; Fujiwara et al.
1999; Howell et al. 2005; Larroy et al. 2002; Rossouw et al. 2008; Saerens et al. 2006; Saint-Prix
etal. 2004; Schoondermark-Stolk et al. 2006b; Spiropoulos & Bisson 2000; Verstrepen et al. 2003;
Vuralhan et al. 2003). Several different approaches have been taken to identify the flavor-impact
genes. Where the biosynthetic pathways have been well characterized, the known members of
the pathway have been investigated for roles in aroma production. In most cases, the role of the
known pathway in production of target volatiles has been confirmed, both by showing the absence
of the compound in null mutants not expressing the pathway and by showing higher levels of
the compound in strains overexpressing the activity (Alexander et al. 2003; Cordente et al. 2007;
Delneri et al. 1999; Dickinson et al. 2003; Howell et al. 2005; Iraqui et al. 1999; Larroy et al. 2002;
Lilly et al. 2006a,b; Saerens et al. 2006; Saint-Prix et al. 2004; Subileau et al. 2008; Thibon et al.
2008; Verstrepen et al. 2003; Vuralhan et al. 2003).

Genomic analyses have also been employed to identify the genes impacting volatile formation.
Two types of analyses have been performed, taking advantage of genomic tools. In the first type
of analysis, changes in expression patterns of a single strain are investigated for conditions under
which the aroma compounds are produced. These transcript profiles are then compared with those
of growth conditions under which these compounds are not found (Jimenez-Marti et al. 2007,
Schoondermark-Stolk et al. 2006a). The second type of transcriptome analyses compares mRNA
profiles of strains with differing levels of aroma compound production under the same growth
condition. Rossouw et al. (2008) investigated the correlation between the transcriptome and the
exo-metabolome, the pattern of metabolites, of five different wine strains in synthetic juice media.
These researchers used multivariate statistical analyses and selected five genes that showed changes
in expression consistent with the levels of aromatic compounds produced by the different strains,
AAD10,AAD14, ACS1, BATI,and YMR201W to assess the impact of overexpression of their gene
products. Overexpression of all but YMR210W showed an impact on the aroma profile. Thus,
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Table 2 Common flavor-active compounds produced by Saccharomyces

Compound class Compound? Aroma descriptor?

Alcohols Ethanol Alcohol, hot
Propanol Solvent, pungent
Butanol Alcohol, solvent
2-Methylpropanol Solvent, pungent
2-Methylbutanol Solvent, pungent
3-Methylbutanol Solvent, pungent
Hexanol Cut grass
Phenylethanol Floral, rose

Acids Acetate Pungent
Propanoate Vinegar
Butyrate Cheese, rancid
2-Methylpropanoate Cheese, rancid
2-Methylbutanoate Cheese, sweaty, pungent
3-Methylbutanoate Strong cheese
Hexanoate Cheese, sweaty
Octanoate Rancid
Decanoate Rancid fat

Esters Ethyl butyrate Floral

Ethyl Ethyl hydroxybutyrate Burnt marshmallow
Ethyl hexanoate Green apple
Ethyl octanoate Soap
Ethyl decanoate Soap
Ethyl propanoate Fruity
Ethyl 2-methylpropanoate Fruity, pineapple
Ethyl 2-methylbutyrate Fruity
Ethyl 3-methylbutytrate Berry

Acetate Ethyl acetate Fruity, vinegar, solvent
Hexylacetate Perfume
2-Methylpropylacetate Fruity, banana
2-Methylbutylacetate Fruity, banana
3-Methylbutylacetate Banana
Phenethylacetate Floral, rose

Carbonyls Acetaldehyde Oxidized apple, sherry
Diacetyl Butter, rancid
Acetoin Butter

S-containing volatiles Hydrogen sulfide Rotten egg
Methanethiol Cooked cabbage
Ethanethiol Onion, rubber
Dimethylsulfide Cabbage, cooked corn
Dimethyldisulfide Cabbage, onion

(Continued)
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Table 2 (Continued)

Compound class Compound? Aroma descriptor”
Dimethyltrisulfide Cabbage
Diethylsulfide Garlic
Diethyldisulfide Strong onion
Methionol Cooked cabbage, garlic
Methional Cereal, potato

Thiols 4-Mercapto-4-methylpentan 2-one Citrus zest, cat urine, box tree
3-mercaptohexan-1-ol Box tree, passion fruit
3-mercaptohexylaceate Box tree, passion fruit
Fururylthiol Roasted coffee, meat

*Taken from Ferreira et al. 2009; compounds in bold are found near or above their sensory limits of detection.
bDescriptors from Bartowsky & Pretorius 2009, Ferreira et al. 2009, Ugliano & Henschke 2009.

it may be possible to genetically manipulate aroma production in wine strains to tailor the flavor
profile of the wine to match the composition desired by the winemaker. In general, the genomic
analyses have identified some of the known pathway components as altering in expression under
conditions in which the aromatic compound is observed, but more often changes in the expression
patterns of genes known to be required for synthesis given the mutational analyses are not altered.
These observations suggest that the simple presence or absence of the catalytic activity is not the
driving force behind aroma production.

Although multiple compounds with aromatic or flavor impacts have been detected in wine
(Bartowsky & Pretorius 2009, Ugliano & Henschke 2009), there are three classes of flavor-impact
compounds produced by yeast that are commonly found at levels above their thresholds of detec-
tion: fusel alcohols, esters, and S-containing volatiles (Ferreira et al. 2009). These compounds have
an impact on the flavor of wine and manipulation of their levels may allow microbial enhancement
of wine composition.

Alcohols. Saccharomyces produces several alcohols that can impact wine aroma and flavor. Ethanol,
the principal end product of sugar catabolism, plays several roles in flavor (Escudero et al. 2007,
Ferreira & Cacho 2009). Ethanol itself can have an aroma, and it can be perceived chemically as
hot in high enough concentrations (Bartowsky & Pretorius 2009). Ethanol serves to balance the
acidity of wine, thereby playing an important role in taste perception. Another effect of ethanol is
in the buffering of the detection of other aromatic compounds (Escudero et al. 2007). In this case,
the ability to detect compounds present in concentrations above their thresholds of detection is
diminished. Several mechanisms by which ethanol may diminish detection of other compounds
have been proposed (Escudero et al. 2007, Pozo-Bayon & Reineccius 2009).

In addition to ethanol, other aromatic alcohols are also commonly found in wines. These
alcohols are commonly referred to as the higher alcohols to denote that they contain more than two
carbon atoms. The higher alcohols produced from amino acid catabolism have been termed fusel
oils because of the objectionable aromas attributed to these compounds in distillates (Dickinson
et al. 2003, Hazelwood et al. 2008). There are three classes of amino acid-derived fusel alcohols:
branched chain, sulfur containing, and aromatic (Figure 1). Fusel alcohols are formed via the well-
characterized Ehrlich pathway. Amino acids are first deaminated by specific transaminases to form
an a-keto acid, which is then decarboxylated to form an aldehyde. The aldehyde can then be either
reduced to form the fusel alcohol or oxidized to form a fusel acid. Both the fusel alcohols and acids
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Transaminase Decarboxylase Alcohol dehydrogenase

v

Amino » 0-Keto acid ——— > Aldehyde

Acid
Aldehyde dehydrogenase
Acid

Branched Chain:
Leucine a-Ketoisocaproate 3-methylbutanal 3-methylbutanoate
Isoleucine o-Ketomethylvalerate 2-methylbutanal 2-methylbutanoate
Valine o-ketoisovalerate 2-methylpropanal 2-methylpropanoate
S-Containing:
Methionine o-keto(methylthio)butyrate ~ methional 3-(methylthio)propanoate
Aromatic:
Phenylalanine 3-phenylpyrvate 2-phenylacetaldehyde 2-phenethanoate
Tryptophan 3-indolpyrvate 3-indoleacetaldehyde 2-indolethanoate
Tyrosine hydroxyphenylpyruvate hydroxyphenylacetaldehyde hydroxyphenylethanoate
Figure 1

Alcohol

3-methylbutanol
2-methylbutanol
2-methypropanol

methionol

phenylethanol
tryptophol
tyrosol

Fusel compound synthesis in Saccharomyces cerevisine. The intermediates in the production of fusel alcohols can also be found in wines.

The compounds listed in bold have been detected in wine.

can be found in wines (Bartowsky & Pretorius 2009, Ferreira et al. 2009, Ugliano & Henschke
2009). Fusel aldehydes can be found in aged wines as a result of the reoxidation of the alcohols
during aging (Cullere et al. 2007). The ratio of fusel acids to fusel alcohols is largely dictated
by the redox status of the cell and whether reduced or oxidized cofactors are in short supply.
The intermediate keto acids can play another important role in wine quality. These compounds
have been shown to bind to the anthocyanins, red wine pigments, forming pyranoanthocyanins, a
colored form more stable against oxidative loss (Ugliano & Henschke 2009). Leucine, isoleucine,
and valine degradation lead to the branched chain fusel compounds. All three aromatic amino acids,
phenylalanine, tyrosine, and tryptophan, are also catabolized via the Ehrlich pathway (Hazelwood
et al. 2008).

The specific enzymes required for the conversion of different amino acid species to the cor-
responding fusel alcohols have been identified (Table 3). BAT1 and BAT2 encode the amino
transaminases for the branched chain amino acids, and AROS8 and AROY are the transaminases
utilized for the aromatic amino acids and methionine (Dickinson & Norte 1993; Eden et al. 2001;
Hazelwood et al. 2008; Lilly et al. 2006a,b; Ugliano & Henschke 2009).

Five decarboxylases participate in the Ehrlich pathway: PDCI1, PDCS5, PDC6, ARO10, and THI3
(Dickinson et al. 2003, Hazelwood et al. 2008, Vuralhan et al. 2003). PDC1, PDCS, and PDC6 en-
code pyruvate decarboxylase enzymes used in carbon catabolism. Interestingly, the decarboxylases
display some substrate specificity (Hazelwood et al. 2008). The main decarboxylase for the leucine
pathway is Thi3p. (Dickinson et al. 1997). However, Thi3p plays a regulatory role in thiamine
biosynthesis, so it is not clear if the requirement of this gene for the leucine pathway reflects a
catalytic or regulatory role (Hazelwood et al. 2008, Nosaka et al. 2005). Any one of the three
pyruvate decarboxylases is required for the valine pathway, and each of the five decarboxylases can
be used in isoleucine degradation. With the exception of THI3, any of the other decarboxylases
can function in the aromatic amino acid degradation pathway. ARO10 encodes a broad specificity
decarboxylase expressed during stationary phase (Hazelwood et al. 2008).

Any of the seven alcohol dehydrogenases (ADHI1, ADH2, ADH3, ADH4, ADHS5, ADH6, and
ADHY7) or SFAI can serve as the final reductase in fusel oil formation regardless of the amino
acid (Delneri et al. 1999, Hazelwood et al. 2008). The aldehyde dehydrogenases (ALDI1, ALD2,
ALD3, ALD4, ALDS, and ALDG6) similarly have been shown to play a role in fusel acid formation
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Table 3 Genes implicated in flavor-active compound formation

Class of compound

Fusel oil (higher alcohol)

Enzymatic activity Genes identified
Branched chain amino acid transferase BATI, BAT2
Aromatic amino acid transferase AROS, AROY

Decarboxylase AROI10, PDC1, PDCS, PDC6, THI3
Alcohol dehydrogenase ADHI1, ADH2, ADH3, ADH4, ADHS, ADH6, ADH?,
SFA1
Volatile organic acids Aldehyde dehydrogenase ALD2, ALD3, ALD4, ALDS, ALD6
Fusel acid transport PDRI2
Esters Alcohol acetyl transferase ATFI1, ATF2

Acyl transferase

EEBI, EHT1, YMR210W

Esterase

1AH?2, EEBI, EHT1

Sulfur-containing volatiles

Sulfur amino acid biosynthesis

CYS3, CYS4, METS, MET6, METS, MET10, MET17,
STR2, STR3

Cysteine degradation

CYsSs3

Glutathione degradation

DUGI, DUG2, DUG3, ECM38

Carbonyl compounds

Aryl alcohol dehydrogenase

Acetolactate synthesase

AAD3, AAD4, AAD6, AAD10, AAD14, AADIS, AAD16
ILV2
BDHI, BDH?

Butanediol dehydrogenase

Volatile aglycones

B-glucosidase BGL2, EXGI, EXG2

Cys-conjugates

Cyseinyl lyase BNA3, CYS3, GLOI1, STR3, ICR7

Transcriptome analysis

ACSI

(Hazelwood et al. 2008). The alcohol and aldehyde dehydrogenases catalyze reversible reactions,
which may also serve to further balance the NAD*/NADH ratio within the cell.

The fusel alcohols are thought to simply diffuse from the cell to the surrounding medium.
Export of the fusel acids requires a specific transporter encoded by the PDR12 gene (Hazelwood
et al. 2006, 2008). The fusel alcohols are also less toxic than the fusel acids, and their formation is
favored under anaerobic fermentation conditions (Hazelwood et al. 2008). Analysis of the source
of the fusel oils in wine production suggests that they derive from internally synthesized amino
acids rather than via the degradation of the amino acids present in the juice (Hazelwood et al.
2008). It is likely that the initial amino acids are consumed in protein synthesis during growth as
that amino acid and other more preferred nitrogen sources are catabolized early on. As cells enter
stationary phase and there is enhanced amino acid turnover, it is of the newly synthesized amino
acids.

Analysis of the factors enabling the morphogenic switch from single cells to pseudohyphae
in Saccharomyces demonstrated a novel role of two of the aromatic fusel oils, phenylethanol and
tryptophol, as signaling molecules (Chen & Fink 2006). When added externally, both of these
compounds induce the expression of FLO11, a key gene required for filamentous growth. The
presence of both fusel oils simultaneously leads to an even greater increase than either one alone,
implying an additive effect and two, at least partially independent, mechanisms for induction. The
aromatic amino acids are generally present in low concentrations within the cell and are not readily
interconverted into other nitrogen compounds. Therefore, the degradation of these compounds
as nitrogen sources would indeed be a signal of severe nitrogen limitation. The combination of
externally added fusel oils and the ability to produce the compounds internally results in the
highest level of induction of FLOI11 (Chen & Fink 2006). This observation suggests that these
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Alcohol Acetyl Transferase
Acetyl-CoA + Ethanol > Acetate Ester
Fusel Alcohol

Esterase

Acyl Transferase
Fusel acyl-CoA + Ethanol ~  Ethyl Ester
Fatty acyl-CoA <

Esterase

Figure 2

Synthesis of esters in Saccharomyces cerevisine. Two classes of esters are formed by Saccharomyces: those that
contain acetate as the acyl compound and those that contain ethanol as the alcohol moiety.

compounds could additionally play a role in quorum sensing and allow a biphasic response to both
external and internal signals of nitrogen limitation.

A transcriptome analysis of actively growing cells following aromatic fusel oil addition indicated
that approximately 150 genes were upregulated with approximately 70% of these genes associated
with entry into stationary phase (Chen & Fink 2006). The nonaromatic fusel oils had no effect on
the transition to filamentous growth. However, they may play important roles in other signaling
processes. Isoamyl alcohol was also shown to induce molecular changes in yeast cells (Kern et al.
2004), consistent with a signaling role for these molecules in general.

Esters. Esters are formed from the condensation reaction between an alcohol and an acyl group
carried by coenzyme A (Figure 2). There are two major classes of ester compounds produced
by Saccharomyces: the ethyl esters and the acetate esters (Bartowsky & Pretorius 2009; Fujii et al.
1994, 1996; Mason & Dufour 2000; Nykanen 1986; Parkkinen & Suomalainenn 1982; Saerens
etal. 2009; Suomalainen 1981; Ugliano & Henschke 2009; Verstrepen et al. 2003). Ethanol serves
as the alcohol coreactant for the ethyl esters. The acyl moiety of the ethyl esters can derive from
carbon or nitrogen metabolism, but the sensorially important ethyl esters are generated during
fatty acid biosynthesis (Table 2). Factors that stimulate fatty acid biosynthesis also stimulate fatty
acid ester formation (Bardi et al. 1998; Lilly et al. 2006a,b; Saerens et al. 2008, 2009). Mutations
that block fatty acid biosynthesis also block ester formation. This suggests that esters derive from
fatty acid biosynthesis, not degradation (Saerens et al. 2009, Thurston et al. 1982).

Acetyl-CoA serves as the acyl donor for the acetate esters (Figure 2). The alcohol coreactant can
be ethanol, an alcohol generated from amino acid catabolism or any other aldehyde detoxification
process. The main aromatic acetate esters found in wine derive from reactions either with ethanol
or with fusel oils.

The levels of esters found in wine are a consequence of synthesis, enzymatic or spontaneous
hydrolysis, and levels of substrate molecules (Fukuda et al. 1998, Spillman et al. 1998). In some
aged wine styles, esters make no contribution to the aroma profile because of the completeness of
hydrolysis, whereas in others they are important contributors to wine flavor.

Genes involved in ester formation have been identified (Table 3). Ethyl ester formation is
catalyzed by the acyl transferases encoded by EEBI, EHT1, and YMR210W, and acetate esters
are formed by the action of the alcohol transferases ATFI1 and ATF2 (Fujii et al. 1994, 1996;
Fujiwara et al. 1999; Lilly et al. 2006a,b; Saerens et al. 2006, 2008, 2009; Verstrepen et al. 2003).
Mutational analysis of these genes suggests that other unknown transferases may also be involved
in ester synthesis. Saccharomyces also possesses ester hydrolases. The principal hydrolase is encoded
by the I4H1 gene. Both EEBI and EHT1 also have esterase activity. Mutations that affect fatty acid
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biosynthesis or fusel oil formation will also negatively affect ester formation via the elimination
of coreactants (Saerens et al. 2009). Overexpression of the carnitine acetyl transferase enzymes
reduces ester formation, suggesting that ester biosynthesis may be substrate driven (Cordente et al.
2007). Carnitine acetyl transferases function to shuttle active acetyl groups to the mitochondrion.
There are three carnitine acetyltransferases in yeast, CAT2, YAT1, and YAT?2 (Table 3).

Ester formation is quite variable across yeast strains and cultivation conditions (Bardi et al.
1998; Carrau et al. 2008; Fujiwara et al. 1999; Fukuda et al. 1998; Jimenez-Marti et al. 2007,
Miller et al. 2007; Molina et al. 2007; Nykanen & Nykanen 1997; Romano et al. 2003; Saerens
etal. 2008, 2009; Thurston et al. 1982; Younis & Stewart 1998). The temperature of fermentation
has a striking impact on ester formation. Esters are formed during midfermentation. Nitrogen
levels also impact ester formation. Factors inhibiting the Ehrlich pathway decrease ester formation,
again confirmation that the process is substrate driven. Lower temperature fermentations tend to
have higher ester contents (Saerens et al. 2009). Research has shown that this effect is not simply
due to retention of volatile esters or inhibition of esterase activity but due to the gene expression
patterns under low temperature conditions (Beltran et al. 2006, Molina et al. 2007).

Several hypotheses have been proposed for the formation of esters (Saerens et al. 2009). Esters
may be formed to serve regeneration of coenzyme A from acyl-bound forms when fatty acid
biosynthesis is abruptly terminated. Ester formation may also be an important detoxification
process as esters are far less toxic than either alcohols or acids. Esters may also play an important
role in signaling similarly to the aromatic fusel oils. The formation of the fatty acid esters would
signal a termination of fatty acid biosynthesis and a lack of molecular oxygen during growth. Esters
may also serve as insect attractants, and ester production during stationary phase may have been
selected for by virtue of the fact that those yeasts releasing such compounds attracted insects and
were then spread.

Asaclass of aromatics, the esters have received much attention as potential targets for improving
the quality of wine. Esters are generally described as fruity or floral with the longer chain fatty
acid esters characterized as soapy or perfume-like. These notes are all positive in wine and are
particularly importantin white and rose wines consumed ata young age. The rate of ester hydrolysis
at low pH means they are mostly dissipated in aged red wines. Given that most esters have
what are described as generic notes they are not odor-impact compounds, meaning they do not
confer a single identifiable scent to the wine (Ferreira et al. 2009). However, the generic fruitiness
serves to boost the perception of the other fruit components of the wine, amplifying the varietal
character. Esters also comprise what has been termed a flavor family meaning that additive effects
are observed with mixtures of esters (Escudero et al. 2007). Each individual ester may be present
below its threshold of detection, but the mixture in total is above the detection threshold. There
are esters that, if present at a high enough concentration, will confer a negative component to the
wine, such as the cloying rose aroma of phenethylacetate and the solvent character of ethyl acetate.

S-containing volatiles. Several sulfur-containing volatile compounds are also produced by Sac-
charomyces during grape juice fermentation. Sulfur volatiles can be generated from the reduc-
tion of sulfate for amino acid biosynthesis, from the catabolism of the sulfur containing amino
acids, methionine, and cysteine, from the degradation of the tripeptide glutathione or its adduct,
S-adenosylmethionine, and from the degradation of the S-containing vitamins biotin and thi-
amine (Rauhut 1993, 2009). In contrast to the esters, the S-volatiles can confer distinctive and
often negative aromas to wine (Rauhut 1993, 2009). The S-volatiles are problematic because of
their low thresholds of detection, chemical reactivity, and difficulty in removal (Rauhut 1993,
2009). Several classes of sulfur compounds are formed by Saccharomyces during wine production.
Sulfides, thiols (mercaptans), thioethers, and thioacetic acid esters are the most commonly found
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compounds (Rauhut 1993). These primary metabolite compounds can react with a host of other
compounds forming a wide diversity of S-volatiles (Rauhut 1993, 2009). Several detailed reviews
of S-volatile formation have been published (Bartowsky & Pretorius 2009; Landaud et al. 2008;
Mendes-Ferreira et al. 2002; Moreira et al. 2002; Rauhut 1993, 2009; Swiegers & Pretorius 2007;
Ugliano & Henschke 2009), and only a brief summary of the most common S-volatiles will be
presented here.

The main volatile sulfur compound formed is hydrogen sulfide (H,S). H,S is formed from the
reduction of sulfate during sulfate assimilation and has an odor of rotten eggs. The sulfite reductase
enzyme complex reduces sulfite to sulfide. The reduced sulfide can be released from the enzyme
as H,S. Multiple factors including strain genetic background influence the level and timing of
production of H,S and have also been reviewed in detail (Landaud et al. 2008; Linderholm et al.
2006; Rauhut 1993, 2009; Spiropoulos et al. 2000). H,S can also be formed from cysteine via
cysteine desulthydrolase. H,S is chemically active and can react with acetaldehyde or ethanol to
form ethanedithiol, a volatile compound with a strong rubber note (Rauhut 2009). H, S can also
interact with a variety of wine components during aging. The sulfur chemistry of wine aging is
poorly understood and the impacts of sulfide formation difficult to predict (Rauhut 2009).

Many of the sulfur volatiles derive from the biosynthesis of sulfur-containing amino acids or
from their degradation (Table 3). Mutations of genes encoding components of sulfite reductase
and other enzymes in the pathway have been shown to impact levels of hydrogen sulfide (reviewed
in Ugliano & Henschke 2009). Methionine degradation leads to the formation of methional and
methionol, using the same enzymes, Aro8p and Aro9p, implicated in fusel compound formation
(Rauhut 2009).

Ethanethiol and methanethiol are also yeast metabolites thought to be derived from the degra-
dation of methionine found in wine that are highly reactive, forming diethylsulfide, diethyldisul-
fide, and dimethydisulfide. These two thiols can also lead to the formation of the thioacetates,
S-methylthioacetate and S-ethylthioacetate (Bartowsky & Pretorius 2009; Rauhut 1993, 2009).
Methanethiol esters can be found in wine, such as S-methylthioacetate, S-methylproonanoate,
and S-methylthiobutanoate (Bartowsky & Pretorius 2009; Rauhut 1993, 2009).

The degradation of cysteine and of the cysteine-containing tripeptide also leads to the formation
of sulfur volatiles, but the pathways and enzymes involved have not been fully elucidated (Rauhut
2009). At low concentrations, below the recognition threshold, dimethyl sulfide has been shown to
have a positive impact on wine aroma (Segurel etal. 2004). Glutathione is required for maintenance
of the cellular redox status and is a tripeptide composed of cysteine, glutamate, and glycine.
Glutathione is reactive and can form bonds via the sulfur moiety to a variety of compounds that
are then subsequently degraded in the yeast cell, generating again a wide spectrum of volatile
compounds. There are two pathways for the degradation of glutathione, the DUGI, DUG?2, and
DUG3 complex and ECM3§ (Table 3). Although rare, volatile degradation products of biotin,
thiamine, and S-adenosylmethionine have also been found in wine, generally at levels below the
threshold of detection (Rauhut 1993, 2009).

Modification of Grape Flavor Components by Saccharomyces

Saccharomyces also plays an important role in the generation of wine aroma compounds from
precursors present in the grape juice. The spectrum of compounds formed is dependent upon
the variety of grape and the composition of the juice at harvest (Baumes 2009). Most juices
have faint aromas that become stronger during fermentation. There are four major types of
modifications of grape components that are catalyzed by yeast bioactivity. Yeast glucosidases
are capable of releasing the aromatic moiety from nonvolatile glycoside precursors. Similarly,

www.annualreviews.org o Yeast Genetics of Wine Flavor

151



Annu. Rev. Food Sci. Technol. 2010.1:139-162. Downloaded from www.annual reviews.org

by Rowan University on 01/02/12. For personal use only.

152

yeast cysteinyl lyases can release volatile thiol compounds from cysteinyl, and glutathyl-bound
precursor molecules are also importantin varietal aroma. Yeast oxidases and reductases can convert
volatile grape aroma compounds into different species. Yeast can modify aromatic compounds in
other ways not involving oxidation or reduction, changing the volatility and nature of the aroma
associated with the compound (Bartowsky & Pretorius 2009, Ugliano & Henschke 2009). The
genes associated with these activities are listed in Table 3. A variety of other types of grape
volatile compound modifications have been described in yeast and previously reviewed (Ugliano
& Henschke 2009). In some cases, the specific enzymes involved in each of these processes have
been identified, but in others the mechanism of modification remains unknown.

Four classes of glycoconjugates have been found in wine (Maicas & Mateo 2005). The simplest
class is the monosaccharide glycosides that contain a 3-D-glucose unit. There are three types
of disaccharide glycosides that contain in addition to the 3-D-glucose unit either an arabinose,
rhamnose, or apiose sugar (Maicas & Mateo 2005). Several types of aromatic compounds are
present as gylcosides: terpenes, Cy3-norisoprenoids, alcohols, volatile phenols (Bartowsky & Pre-
torius 2009, Maicas & Mateo 2005, Ugliano et al. 2006, Ugliano & Henschke 2009). Research
has shown that Saccharomyces possesses broad spectrum -glucosidase activity capable of cleaving
a variety of glycoconjugates (Ugliano et al. 2006). The disaccharide precursors are degraded in a
two-step process. First, the terminal sugar is released. This is followed by removal of the glucose
unit. Saccharomyces seems to not possess enzymes capable of cleaving the terminal sugar groups but
does contain B-glucosidase activity (Mateo & Di Stefano 1998, Ugliano et al. 2006). However,
the precise enzyme(s) involved has not yet been identified.

Non-volatile S-(L-cysteine) conjugates are found in wines that upon hydrolysis release aro-
matic thiols (Dubourdieu et al. 2006; Tominaga et al. 1998, 2000a,b). Three such thiols have
been identified as important for the varietal character of Sauvignon Blanc wines: 4-mercapto-4-
methylpentan-2-one, 4-mercapto-4-methylpentan-2-ol and 3-mercaptohexanol (Dubourdieu &
Tominaga 2009). Other thiols have also been identified in both red and white wines (Dubourdieu
& Tominaga 2009). A genetic analysis of thiol release identified four genes impacting cysteine-
conjugate cleavage: YJLO60W (BNA3), YAL012W (CYS3), YFRO55W (ICR7), and YML004C
(GLOI) (Howell et al. 2005). Volatile thiol release is repressed in the presence of ammonia and is
under general nitrogen repression control (Subileau et al. 2008, Thibon et al. 2008), suggesting
that the lyase activity is expressed under poor nitrogen conditions.

GENETIC ANALYSIS OF FLAVOR FORMATION

A summary of the known genes involved in either de novo flavor-impact compound formation
or modification of grape precursor molecules is presented in Table 3. Partial or complete ge-
nomic sequence information is available for nine wine strains: commercial isolate AWRI1631
(Borneman et al. 2008), native vineyard isolate RM11-1a (Brem et al. 2002), and seven strains
(Y55, L1374, L1528, BC187, DBVPG1106, DBVPG6040, Yllc17-ES) that were sequenced as
part of a comprehensive analysis of diversity across S. cerevisine (Liti et al. 2009). Analysis of
nonconservative allele variation for a subset of genes involved in aroma formation as compared
with the laboratory strain S288C is presented in Table 4. Four genes representative of fusel
oil synthesis, AR08, AROY, ARO10, and BAT]I, four genes from ester formation, ATF2, EEBI,
EHTI, and IAH]I, and four genes involved in volatile thiol release, BNA3, CYS3, GLOI, and
STR3, were selected for analysis of allele variation across the population of nine wine strains.
The AROS, EEBI, and IAH]I genes were conserved across all strains. Only one strain displayed
a nonconservative allele change for three additional genes, BATI (Y55), CYS3 (Y55), and STR3
(RM11-1a) suggesting these genes are also highly conserved. The ARO10 gene showed a single
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Table 4 Allele variation in flavor-impact genes

Gene Allele Wine strains with allele
BATI T681 Y55
AROS N/A All match S288C
AROY T12A BC187, DBVPG6040, RM11-1a, YIIc17-ES, Y55
N79D BC187, DBVPG6040, YIIcl7-ES5, Y55
S374C Y55
ARO10 1374T L1528, RM11-1a
ATF2 G6S BC187, DBVPG1106, L1374, 1.1528, RM11-1a, YIIc17-E5
K214Q Y55
S320G Y55
E406K Y55
E435Q All strains
G530S AWRI1631
EEBI N/A All match S288C
EHTI E117K AWRI1631, BC187, DBVPG1106, L1374, L1528, RM11-1a,
Y55
R384Q AWRI1631, BC187, DBVPG1106, DBVPG6040, 11374,
L1528, RM11-1a
IAH1 N/A All match S288C
BNA3 M84l AWRI1631, BC187, DBVPG1106, L1374, 1528, RM11-1a
N318K AWRI1631
CYs3 N2661 Y55
GLOI T36A AWRI1631, BC187, DBVPG1106, DBVPG6040, 11374,
L1528, RM11-1a, YIIcl17-E5
G156D AWRI1631
H322Y AWRI1631, BC187, DBVPG1106, L1374, L1528, RM11-1a,
YIlcl17-ES
STR3 C362G RMl11-1a
L.373S RMl11-1a

allele difference shared by two unrelated strains, L1528 and RM11-1a. The other genes dis-
play multiple nonconservative changes across several of the strains. Thus, some of the genes
that underlie flavor formation show high conservation across the population of wine strains that
have been analyzed. Other genes are much less conserved, consistent with previous observa-
tions for genes of the sulfate reduction pathway (Linderholm et al. 2006). Three of the strains,
AWRI1631, RM11-1a, and Y55, show several unique alleles compared with the rest of the set
of wine strains. This is also consistent with previous analyses of the differences in strains with
respect to alleles of the sulfate reduction pathway (Linderholm et al. 2006). It is interesting that
the end products of these pathways have been implicated in signaling processes. One can imagine
environments under which the generation of a false signal and the inhibition of other mem-
bers of the population would be genetically advantageous. Alternatively, in other environments
hyper-responsiveness to population signals may be more beneficial to survival. The impact of
these differences on enzymatic activity and flavor formation is unknown, but this analysis in-
dicates that sequence divergence in these key genes involved in flavor formation exists in the
wild.
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USE OF GENETIC MANIPULATION TO ENHANCE FLAVOR

Given the growing importance of Succharomyces metabolites to wine flavor, it is not surprising that
researchers are exploring the feasibility of genetic manipulation of flavor production. There are two
approaches to the manipulation of flavor formation, the alteration of existing genes in Saccharonzyces
and the introduction of novel pathways and activities. The former approach can involve classical
breeding or genetic engineering. The introduction of foreign genes would require designation of
the strains as a genetically modified organism (GMO). Currently neither consumers nor producers
are interested in wines made with GMO organisms. However, that may change in the future.

Genetic modification of existing traits may involve the in vitro creation of a targeted allele
change or the isolation of a naturally occurring specific allele from another strain or different
species of Saccharomyces followed by allele replacement in the intended strain. Alternately, alter-
ation of promoter or terminator sequences to change the pattern of expression or regulation of
the gene or protein can be utilized to manipulate flavor compound formation. The construction
of a novel hybrid protein that will display an altered activity or post-translational regulation may
also be used to manipulate metabolite production. In some cases, a null allele may be desired to
eliminate an unwanted activity. However, null alleles may impose a strong selective pressure for
suppression or other compensating alterations of the genome and may lead to a strain that is not
competitive against the wild strains of Saccharomyces that will be present in the winery. Many of
these approaches have been discussed above.

Yeast strains that express enzymatic activities enhancing grape flavor and aroma characters are
also being developed and tested. These strains express higher levels of innate activities impact-
ing flavor compound production or contain mutations of native genes leading to the release of
metabolic intermediates that possess an aromatic character (Bardi et al. 1998, 1999; Cebollero
et al. 2005; Fukuda et al. 1998; Ganga et al. 1999; Lilly et al. 2000, 2006a, 2006b). For exam-
ple, mutation of the ERG20 gene, which is involved in sterol biosynthesis, leads to the release of
terpenes by yeast (Javelot et al. 1991). Terpenes are responsible for the characteristic odors of
Muscat grapes.

In addition to manipulation of native genes, there are several enzymatic activities that may
enhance flavor if expressed in wine yeast. There are three goals of the creation of more flavorful
yeast: the use of yeast to enhance the natural grape flavors via the expression of grape genes, the
creation of strains that produce novel flavors not currently found in the grape, and the construction
of yeast strains that will carry out some of the important reactions associated with the malolac-
tic fermentation. Yeast strains expressing a fungal (1-4) endoglucanase have been generated
(Perez-Gonzalez et al. 1993; Van Rensburg et al. 1996, 1997, 1998). These strains result in the re-
lease of more intense fruity aglycone characters in the wine. However, the use of these strains may
impact the long-term aging potential of the wine and lead to the loss of too many characters too
quickly. The expression of foreign genes in Saccharonzyces with the express purpose of flavor manip-
ulationisinitsinfancy. Itis clear that this yeast may indeed be modified to produce novel flavors and
aroma, but what is not clear is whether or not these yeasts will be accepted as tools for winemaking.

CONCLUSIONS

The yeast Saccharomyces plays an integral and varied role in the evolution of wine flavor. Genes
known to be involved in the synthesis of aromatic compounds by this yeast show nonconservative
changes in sequence across a population of wine strains suggesting that naturally arising variation
in sequence of flavor-impact genes may underlie the observed differences in volatile formation of
wine strains. Further, the presence of naturally arising allele variation suggests that the wine yeast
genome may be exploited to generate novel strains with enhanced flavor abilities.
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SUMMARY POINTS

1. Saccharomyces has an important influence on wine composition and flavor and therefore
perceived quality.

2. Several yeast derived flavor compounds are typically found at levels higher than their
thresholds of detection.

3. Compounds produced by Saccharomyces tend to enhance or detract from grape flavor
components and the effects of yeast metabolism are difficult to predict.

4. Several flavor-impact genes in Saccharomyces have been identified.

5. Analysis of the sequences of nine wine or wine-associated strains indicates the existence
of allele variation among the flavor-impact genes.

FUTURE ISSUES

1. The continued analysis of flavor-impact compounds and the role of yeast metabolism in
the evolution of wine flavor will reveal novel roles for this yeast in flavor evolution.

2. The identification of yeast flavor-impact gene allele diversity in Saccharomyces suggests
that gene manipulation can be used to enhance desired flavors without resorting to
genetically modified organism (GMO) technology.

3. In the future, the genetic basis of differences in flavor compound formation across wine
strains of Saccharomyces will be elucidated.
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