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Over the past century, advances in analytical chemistry have played a significant role in under-

standing wine chemistry and flavor. Whereas the focus in the 19th and early 20th centuries was on

determining major components (ethanol, organic acids, sugars) and detecting fraud, more recently

the emphasis has been on quantifying trace compounds including those that may be related to

varietal flavors. In addition, over the past 15 years, applications of combined analytical and sensory

techniques (e.g., gas chromatography-olfactometry) have improved the ability to relate chemical

composition to sensory properties, whether identifying impact compounds or elucidating matrix effects.

Many challenges remain, however. This paper discusses some of the recent research aimed at

understanding how viticultural and enological practices influence grape and wine volatiles. In addition,

the challenges in linking composition to sensory properties will also be reviewed. Finally, future

advances in linking grape, yeast, and human genomics to wine chemistry and flavor will be briefly

discussed.
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“When the chemist looked for employment in the wine
industry, he was naturally asked what he could do for the benefit
of the industry. On replying that he could make an analysis of the
wine, he was met with this answer: “Well, after I know the
composition of the wine, what good does it do me? Can you tell
me whether the wine is good, bad or indifferent? An expert taster
can tell all these things” (1).

It is appropriate that wine chemistry be included as a topic in
the Division of Agricultural and Food Chemistry’s 100th anni-
versary symposium, as the development of this sub-branch of
food chemistry has paralleled that of the Division itself. The
Division dates from 1908 (2, 3); seven years later Charles Ash
published an article in the Journal of Engineering and Industrial
Chemistry titled “Contributions of the Chemist to the Wine
Industry” (1). Ash notes that trying to introduce chemistry proper
to the wine industry 15 years earlier was an “entirely thankless
task,” although the importance of chemistry to characterizing
wines had already been recognized (4). What follows is a brief
history of wine and wine chemistry and an attempt to gaze into
the “crystal glass” at what challenges and opportunities wine
chemists will encounter in the future.

Divining the paleohistory of wine has been a task highly

dependent upon the analytical chemist; traditional archeological

evidence in the form of pottery and written or pictographic

evidence has traced winemaking to the Neolithic period (8500-
4000 B.C.) in the Trans-Caucasus and ancient Near East (5).

More direct evidence, however, has been acquired by analyzing

for tartaric acid residues (6, 7); few fruits other than grapes

accumulate appreciable concentrations of this organic acid (8).

Fromwhat is modern Iran wine production technology spread
throughout the Fertile Crescent and was further developed and
refined by the ancient Mesopotamian, Egyptian, Greek, and
Roman civilizations. However, once the basic technology was
developed, there was little progress in wine processing and
certainly none in understanding the underlying chemistry. Inter-
estingly, the distillation of wine following the creation of the
alembic still (attributed to Jabir ibn Hayyan) proved to be
essential to alchemical investigations (9); nevertheless, it would
take alchemy’s own transmutation into modern chemistry under
Dalton and the subsequent investigations of Pasteur tomoldwine
chemistry into a recognizable discipline.

Thus, in the late 1800s with the discovery of the role of
microorganisms in fermentation and improved understanding
of organic chemistry pioneered by Pasteur, the focus began to
shift to the analysis of themajor components known to contribute
to wine quality, including ethanol, sugars, and organic acids. An
early instrument used to measure ethanol concentrations, the
ebulliometer, is based on the boiling point depression of aqueous
solutions as the percent ethanol in the solution increases, an effect
discovered by the Abbé Brossard-Vidal (10). Ebulliometers can
still be found in many wineries today due to their low cost and
relative ease of use.Methods of analysis for ethanol and the other
components, including the “odoriferous constituents”, were out-
lined by Mulder in his 1857 text, one of the earliest treatises to
specifically focus on wine chemistry as opposed to wine produc-
tion. It is fascinating that, with respect to the aroma compounds,
Mulder despairingly noted that “The attempt has often been
made to separate the actual peculiar odoriferous ingredient out
of aromatic wine. Since, however, we know that of the most
important by weight of these odoriferous ingredients 1/40000th

only appears in wine, this plan may be given up ...” (11).
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Much of this early interest in, and development of, wine
chemistry and compositional analysis was actually driven by
issues of adulteration and fraud. Such issues have existed since
the earliest days of food commerce; ensuring authenticity and
safety was dependent upon the development of “modern” analy-
tical tools and techniques (12). C. R. Fresenius, who many
consider a “father” of analytical chemistry, devoted much of
the analyses in his laboratory to wine analysis, and many of the
first written food/beverage analysis procedures authored by
Fresenius and his co-workers were for the analysis of wine
components (13).

This was essentially the state of the discipline in the second half
of the 19th century; however, different pressures were being
brought to bear on wine science in the United States. Using Vitis
vinifera grape varieties and winemaking techniques developed in
Europe, the rapidly growing American industry was faced with
adapting these varieties and processes to the very different
conditions that often existed in the United States, particularly
in California. In 1879 Eugene Hilgard, the second Professor of
Agriculture in the University of California, reported to the State
Legislature on the problems facing the grape and wine industries.
This led to an 1880 act mandating that the University establish
instructional programs in viticulture and enology; originally
located in Berkeley, the programs were shifted to the University
Farm in Davis, eventually evolving into the Department of
Viticulture and Enology (14). Hilgard’s vision ushered in a new
age in the United States for the scientific understanding of wine.

Much of the early focus was on matching varieties to the
unique growing conditions within a particular region with an
analytical focus on optimizing sugar and acid levels in the grapes
as parameters for determining ripeness/quality. Early pioneers,
includingHilgard andFrederic Bioletti, published seminal papers
focused on maximizing sugar and acid ratios in the grapes to
achieve optimal wine acidities after fermentation. In an extensive
comparison of 67 varieties over a period of five years in Vineland,
NJ, Caldwell (15) was one of the first to show a clear linkage
between environmental conditions (temperature, sun exposure,
and annual rainfall) on chemical composition of the grapes
(sugars, acids, tannins). In particular, “the amount of sunlight
received by the plant during the formation of the crop” was
positively correlated with the amount of sugar and negatively
correlatedwith acid and astringent constituents. Interestingly, the
author also observed that the “soil and cultural conditions appear
to affect varietal composition more profoundly than do varia-
tions in environmental conditions encountered over a series of
years in one location”. Early forays into grape flavor chemistry
were made by Frederick Power at the Phytochemical Laboratory
of the USDA’s Bureau of Chemistry; Power and his associate
Victor Chestnut studied the occurrence of methyl anthranilate in
grape juices (16-18).

During the period of Prohibition in the United States (1920-
1933)much of the nascent scientific knowledge learned during the
previous years was lost or forgotten; with the repeal of prohibi-
tion a renaissance of wine science began. Analytical chemistry
was still focused, of necessity, onmajor components, but now the
focus was on those compounds associated with defects, largely
acetic acid, and on identifying winemaking conditions that could
prevent oxidative spoilage. The scientific study of winemaking
conditions was enhanced by a plethora of studies at University of
California;Davis using small-scale fermentations with con-
trolled conditions to evaluate individual winemaking variables
(cataloged by ref 19). Dissemination of this scientific knowledge
obtained a boost with the establishment of the Fermentation
Subdivision of the American Chemical Society in 1946 (3) and
the subsequent formation of the American Society of Enologists

(the current American Society for Enology and Viticulture)
in 1950.

As these major defects became less prevalent, the focus again
began to shift toward those analytes that contributed to the
positive quality attributes of grapes and wines, particularly those
components contributing to flavors and aromas.Advances in two
scientific areas, (1) chromatography (20, 21), which allowed
complex mixtures of compounds, including those present at trace
levels, to be separated, identified, and quantified in wines and
other alcoholic beverages; and (2) analytical sensory analysis (22),
which allowed the perceptual impact of these compounds to be
objectively determined, greatly advanced enological knowledge.
These advances inaugurated the “revolution” in linking composi-
tional analyses to quantitative assessments of sensory attributes
determined using robust statistical analyses.

The components contributing to wine flavor arise from the
grapes and the Saccharomyces fermentation; other microbes
(Brettanomyces, lactic acid bacteria) and other processes (oak
barrels and oak adjuncts, bottle aging) also contribute but, due to
space considerations, will not be addressed here. Furthermore,
although wine flavor perception involves all of the senses
(reviewed by ref 23) the following sections will focus largely on
the volatile aroma compounds that can be sensed by the olfactory
receptors either orthonasally or retronasally.

VOLATILE AROMAS AND IMPACT COMPOUNDS

Alcohols and Esters. In the 1950s, the newly available commer-
cial gas chromatographs (GC) became indispensable tools for
aroma analysis, making it possible to begin to identify the trace
“odiferous components” described by Mulder nearly 100 years
earlier (24,25). The focus of early GC studies was typically on the
analysis of esters and alcohols, formed during fermentation, and
which quantitatively constituted the majority of the volatile
components in wines (typically present in approximately mg/L
concentrations inwines). In addition, much of the early analytical
chemistry focus was on identifying stationary phase ma-
terials suitable for separating the complex mixtures in alcoholic
beverages;one report even used Tide detergent for separation of
amyl alcohols (26). Sample preparation and potential for artifact
formation during the analysis were also the focus of much
research. For example, water as a major “contaminant” ham-
pered many early analyses (27, 28) often requiring distillation,
solvent extraction, concentration, and/or other cleanup steps
such as passage through Celite or calcium sulfate columns.

Numerous esters are formed during fermentation including the
fatty acid ethyl esters and the acetate esters, both of which
contribute important fruity notes to wines. Ethyl acetate (with
a solvent, nail polish aroma) and isoamyl acetate (banana-like
aroma) typically predominatewith concentrations of 50-150 and
0.5-10 mg/L, respectively (29).

In an early GC analysis of alcohols in wines and alcoholic
beverages using flame ionization detection (GC-FID),Webb and
Kepner recognized the difficulty in separating the four primary
alcohols, n-propyl, isobutyl, active amyl, and isoamyl alchols (30).
Using a 10 ft diglycerol column, they successfully separated these
compounds as well as isopropyl, ethyl, sec-butyl, n-butyl, n-amyl,
and n-hexyl alcohols. Interestingly, this paper was also among the
first to analytically demonstrate that formation of these com-
pounds was dependent on the yeast strain used to ferment the
Sauvignon blanc grape juice; previous work had relied on either
sensory analysis (see, e.g., ref 31) or analysis on model solutions
(see, e.g., ref 32).

These advances in the analysis of fermentation volatiles were
also augmented by improvedknowledge of biochemical pathways
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involved in alcohol and ester synthesis (33), reviewed by ref34. In
addition to yeast strain effects discussed above, other fermenta-
tion conditions, particularly temperature and availability of yeast
nutrients, have an important impact on the formation of alcohols
and esters during fermentation (35, 36). Currently, there is a
general understanding that genetic variations among yeast species
and strains influence the expression of the genes responsible for
ester formation and hydrolysis (see, e.g., ref37), and it is thought
that fermentation conditions such as temperature and availability
of yeast nutrients impact gene expression and ester synthesis. This
remains an active area of research (reviewed by refs 38 and 39).

Although quantitatively important to the volatile composition
of wines, there was early recognition, however, that many of the
esters and alcohols formed during fermentation did not make
significant contributions to overall flavor and aroma perception.
To quote Webb and Kepner (30): “These four (fusel) alcohols
have different odors and onewould expect the aromas of different
wines and brandies to reflect variations in the proportions of these
alcohols, even though other, trace components are of greater
importance in defining the aroma.” In addition, early chemical
and gas chromatographic analyses indicated that compositional
differences contributed to important varietal characters indepen-
dent of formation of fermentation volatiles (40-42). Therefore,
there was increasing interest in identifying “impact” compounds,
many of which were present at trace microgram or nanogram per
liter levels and most of which were derived from the grapes.
Identification and analysis of these trace impact compounds were
enabled by developments in capillary columns, new detectors
such as mass spectrometers, and improved GC electronics for
detecting the narrow peaks associated with high-resolution GC.
In the next sections we will focus on these important impact
volatiles that contribute to the overall aromas of grapes and
wines. Comprehensive treatments of each class of aroma com-
pound are beyond the scope of this paper; we have merely
attempted to provide an overview of the historically important
advances with respect to these odorants.

Terpenes. The monoterpenes are a diverse class of natural
products that contribute important floral and citrus characters to
wines. These terpenes are present in the grapes (largely in the
skins); their overall levels increase during grape maturation (43),
and they are extracted into the wine from the grapes during
fermentation. Althoughmonoterpenes are present inmost grapes
and wines, they are particularly prevalent in varietals of the
Muscat and Riesling families, as shown in early studies by
Cordonnier (44) and Usseglio-Tomasset (45, 46). Improvements
in separations obtained with high-resolution capillary GC col-
umns in the 1970s and 1980s enabled the identification of over 50
monoterpenes in grapes and wines, and the terpene composition
is widely used for varietal characterization (reviewed by refs 42
and 47-49).

In the early 1980s the presence of numerous terpene glycosides
in grapes was reported (50-53). The terpene glycosides are
hydrolyzed during fermentation by yeast glycosidase enzymes
and by the acidic fermentation conditions (pH∼3.5) to form the
free volatile terpene aroma compounds. These hydrolysis reac-
tions may be particularly important during the aging of wines,
and Williams et al. (54) proposed a simple assay that could
estimate or predict the “aroma potential” of wines from the
glycosyl-glucose (G-G) concentrations of grapes or musts. These
G-G analyses are complicated by the fact that many nonvolatile
polyphenols, including anthocyanins, are also glycoslyated in the
grape, so that the total amount of glycosylated components is
greater than just those contributing to aroma. A modified assay
that measures the “red-free” (i.e., anthocyanin-free) glycosides
was also proposed (55), and both assays have been shown in some

cases to correlate with aroma intensity of selected wine attri-
butes (56, 57). Prediction of aroma potential from grape terpene
composition is also complicated by the fact that acidic conditions
present during fermentation and storage can catalyze many
terpene rearrangements, yielding new compounds with different
aroma qualities and intensities. For example, linalool, an im-
portant floral aroma component of Muscat and Riesling vari-
eties, can be transformed to R-terpineol, hydroxylinalool,
geraniol, or nerol under aqueous, acidic conditions (42).

Terpene composition of grapes can be influenced by climate
and viticultural conditions (58-60). In general, cool climates and
shade decrease terpene concentrations by mechanisms that are
not well understood. This is partially due to the fact that the
biochemistry of terpene synthesis, although well-studied in other
plants, has not been well-characterized in grapes; only a few
enzymes and genes involved in grape terpene biosynthesis have
been identified and characterized (61-68). In an interesting
paper, Gholami and co-workers (69) grafted Muscat grape
clusters onto the vines of Shiraz or Sultana (which have only
very low terpene concentrations in the grapes) and vice versa.
High terpene levels were observed in the Muscat berries even
when grafted onto Shiraz or Sultana vines, whereas Shiraz and
Sultana clusters did not have high terpene levels when grafted
onto the Muscat vines. The results indicate that the synthesis of
these important aroma compounds is genetically determined and
occurs in the berries (as opposed to synthesis in leaves or other
parts of the vine followed by translocation). Recently, Jaillon et
al. (70) observed that a significant portion of the Pinot Noir
genome was dedicated to terpene synthesis genes (89 functional
genes and 27 pseudogenes). Although this grape variety is not
characterized by high levels of terpenes, the prevalence of these
genes may point to an important evolutionary role of terpenes in
grape development and/or pest and disease resistance. Further
information relating effects of grape variety, environmental
conditions, and grape maturity on gene expression, terpene
concentrations, and aroma properties is needed.

Methoxypyrazines. In the late 1960s Buttery and co-workers
identified 3-isobutyl-2-methoxypyrazine (IBMP) as the main
impact compound responsible for the aroma of bell peppers (71).
Using vacuum steam distillation followed by capillary GC and
mass spectrometric detection (GC-MS), Buttery identified this
compound and determined that it had a sensory threshold of 2 ng/
L in water, making it one of the most potent odorants known at
that time. On the basis of this groundbreaking work, wine flavor
chemists hypothesized that the bell pepper character associated
with Cabernet Sauvignon and Sauvignon Blanc grape varieties
could be due to IBMP (72,73); however, it was not until 1987with
developments in mass spectrometry (i.e., application of GC-MS
with selected ion monitoring and chemical ionization) and
improved extraction techniques (distillation, ion exchange at
pH 10, solvent extraction, and concentration) that Allen and
co-workers were able to identify IBMP in these grape varieties
and link the IBMP concentration to sensory perception of vegetal
characters in the final wines (74,75). Quantitation at levels of 0.3
ng/L (and detection limits as low as 0.1 ng/L) was also enabled by
the use of stable isotope labeled internal standards. In addition to
IBMP, 2-sec-butyl-3-methoxypyrazine (SBMP) and 3-isopropyl-
2-methoxypyrazine (IPMP) have also been identified in grapes
and wines; IBMP levels range from 4 to 30 ng/L (depending on
variety, maturity, and growing conditions) and are typically at
least 8 times greater than the other two pyrazines (reviewed by
ref 76). High levels (>15 ng/L in white wines, >25 ng/L in
red wines) contribute an “undesirable” herbaceous aromas to
wines (76), and each of the pyrazines has slightly different aroma
qualities; IBMP is described as bell pepper/green gooseberry,
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whereas IPMP is described as asparagus/green bean and SBMP
as pea/bell pepper (77). It is important to note, however, that not
all vegetal aromas can be related to methoxypyrazines (78).

Heymann et al. (79) reported that IBMP was readily degraded
with light exposure, and studies of Cabernet Sauvignon in the
vineyard showed that high levels of light in the fruiting zone
yielded wines with lower IBMP concentrations compared to
shaded clusters (80). IBMP levels are also thought to be influ-
enced by grape maturity (levels decrease with maturation),
temperature of the grape cluster, microclimate (cooler climates
have higher levels), pruning (i.e, manipulation of buds per vine),
and vine water potential (75, 76, 81-89).

No biosynthetic pathways for IBMP have been identified,
although leucine has been proposed as a precursor and source
for the isobutyl side chain (90), similar to biosynthesis of
isopropylmethoxypyrazine by bacteria (76, 91, 92). IBMP has
been identified in only a few varieties, mainly Cabernet
Sauvignon, Sauvignon Blanc, Cabernet Franc, Merlot, and
Carmenere (93-96). Interestingly, Bowers and Meredith (97)
showed that Cabernet Sauvignon grapes are derived from a cross
between Sauvignon Blanc and Cabernet Franc, indicating that
there may be a yet unidentified genetic basis for methoxypyrazine
formation in these varieties.

C13-Norisoprenoids.C13-Norisoprenoids are a diverse group of
aroma compounds derived from grape carotenoids. Although
present at only trace levels, sensory thresholds of most noriso-
prenoids are very low (e.g., 700 ng/L for β-ionone and 200 ng/L
for β-damascenone) (98); therefore, these compounds can con-
tribute important aroma properties to many red and white wine
varietals, including Chardonnay, Chenin Blanc, Semillon,
Sauvignon Blanc, Cabernet Sauvignon, and Syrah (reviewed by
refs 57 and 99). As with other volatile compounds, many new
norisoprenoids were identified in grapes and wines during the
1970s and 1980s concomitant with advances in gas chromato-
graphic analyses (98). Climate, sunlight exposure, and grape
maturity have significant effects on levels of norisoprenoids in
grapes (99-108).

Similar to the monoterpenes, many norisoprenoids occur in
grapes as nonvolatile glycoside precursors. Hydrolysis during
fermentationand storage releases the free aroma compounds (57),
which thenmake important contributions to the wine aroma. For
example, acid hydrolysis of glycoside precursors during storage
leads to the formation of 1,1,6-trimethyl-1,2-dihydronaphthalene
(TDN), which gives a kerosene aroma to aged Riesling
wines (109-111). Recently, Janusz et al. (112) observed that
the potent odorant (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene
(TPB) is derived from a glycoside precursor andmay contribute a
strong green or cut-grass aroma to white wines, particularly
Semillon. In addition, Sefton et al. (113) and Francis et al. (57)
have shown that glycosidic precursors of norisoprenoids can
contribute to the honey, tea, and lime attributes of Chardonnay
and Cabernet Sauvignon wines.

Photochemical and thermally induced degradation of carote-
noids is known to produce many norisoprenoids (114-116).
However, there is growing evidence that enzymes are involved
in the regioselective cleavage of the carotenoid chain. The exact
reaction mechanism through which these enzymes operate (i.e.,
via a mono- or a dioxygenase mechanism) has still not entirely
been clarified, although experiments inArabidopsis strongly point
to a dioxygenase mechanism (117). These so-called “carotenoid
cleavage dioxygenase” (CCD) enzymes cleave carotenoids at the
9, 10 (and 90, 100), and other positions (118). cDNAs encoding
CCDs have been isolated and characterized fromnumerous plant
species including grapes, and their involvement in the biosynth-
esis of various norisoprenoids has been suggested (119-124). This

is currently an active area of research, and much remains to be
discovered with respect to the genetic and environmental factors
influencing norisoprenoid production in grapes.

Volatile Sulfur Compounds (VSC). The study of VSC in wines
originally focused on their contributions to “off-odors” as simple
sulfides (e.g., dimethyl sulfide), disulfides (e.g., dimethyl di-
sulfide), and thiols (e.g., hydrogen sulfide, benzyl mercaptan)
are responsible for alliaceous and rubbery aromas (125, 126). In
certain cases specific yeast strains are known to overproduce
H2S (127), and thus controlling yeasts’ formation of VSC is a
highly desired outcome (128). In other cases there is actually
formation of VSC through light activation;the so-called “sun-
struck” phenomenon (129). There is extensive literature in the
beer and dairy industries on these light-activated flavors (see, e.g.,
refs130-132). In each case there are three necessary components:
(1) light at wavelengths <450 nm, (2) sulfur-containing amino
acids or isohumulones, and (3) riboflavin (133, 134).

However, not all sulfur-containing compounds are deleterious
to wine quality; a number of organic VSC have been found to
make important contributions to wine aroma (135-137).
Dubourdieu and co-workers extracted aromatic thiols from
Sauvignon Blanc using p-hydroxymercuribenzoic acid and iden-
tified 4-mercapto-4-methylpentan-2-one as an impact odorant in
this cultivar (138). The same group then identified 3-mercapto-
hexyl acetate (139) and 3-mercaptohexan-1-ol (140) as other
important impact volatiles in Sauvignon Blanc. VSC have
also been found in red cultivars; 3-mercapto-2-methylpropanol,
3-mercaptohexan-1-ol, and 3-mercaptohexyl acetate were iso-
lated from Merlot and Cabernet Sauvignon wines (141).

Interestingly, these compounds also have nonvolatile precur-
sors, but as opposed to the monoterpenes and norisoprenoids,
these particular VSC are bound as their cysteine conjugates (142).
Indeed, the volatile thiols are almost devoid in must (143) and
were supposed to be released during fermentation by the C-S
β-lyase activity of Saccharomyces cerevisiae, leading to the crea-
tion of a method to assess grapes for their VSC aroma poten-
tial (143). The cysteine conjugates themselves were postu-
lated to be breakdown products of glutathionyl congugates,
commonly formed as detoxification products (144), and indeed
Dubourdieu’s group identified S-3-(hexan-1-ol)-glutathione in
Sauvignon Blanc musts (145). Recently Subileau and co-workers
demonstrated that it was the glutathionyl conjugate, and not the
cysteine conjugate, which was the major precursor for 3-mercap-
tohexan-1-ol formation (146).

The instrumental analysis of VSC in wines was comprehen-
sively reviewed by Mestres et al. (147).

LINKING VOLATILE CHEMISTRY TO HUMAN PERCEPTION

Although advances in gas chromatography and its correspond-
ing detectors led to the identification and quantification of an
increasing number of volatile compounds, it soon became clear
that many of the compounds that could be identified analytically
(and therefore were present in relatively high concentrations) had
little impact on the overall sensory properties.

Gas Chromatography-Olfactometry (GC-O). Following the
development of GC by James and Martin (148), it was hardly
unexpected that flavor researchers would sniff the column efflu-
ent in an effort to sensorially characterize the separated volatiles.
However, such efforts, although routine, remained informal and
outside the scientific literature. In 1964, though, Fuller and co-
workers published an article describing such an approach (149).
Their original apparatus resembled a rather Dali-esque space
helmet; as the authors rather wryly stated “several disadvantages
appearedwith this system. Itwas inconvenient for the perfumer in
that he had to maintain a continuously stationary position to
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prevent burning his nose on the heated tubing, and while in this
position, he could not conveniently write or dictate his odor
impressions.” Their next design, the so-called “bird cage” was a
marked improvement, and, with the exception of a humidified air
source (as described by ref150), is similar to modern designs (see,
e.g., ref 151). As GC-O techniques have recently been exhaus-
tively reviewed (152) this section will be limited to notable wine
flavor applications.

In some of the first applications of GC-O to wines, Nelson and
Acree studied the aroma profiles of Concord and Catawba wines
and identified the major volatile components (153,154). Noble et
al. (155) were able to distinguish aroma profiles of Riesling,
Chardonnay, and French Colombard by multivariate classifica-
tion methods utilizing only those headspace volatiles ascertained
to be of perceptual importance by GC-O. McDaniel’s group
studied the aroma profiles of Pinot Noir wines produced from
grapes harvested at different degrees Brix (156).

Seminal work by Guth utilizing GC-O focused on the aroma
profiles of Scheurebe and Gew

::
urztraminer wines. He first identi-

fied some ∼40 odor-active compounds in extracts of those
wines (157). He then performed reconstitution and omission
studies in which he found that six compounds with high odor
activity values could be differentially combined to closely repro-
duce the aromas of those wines (158). The impact of compounds
with low odor activity values has also been recognized; Ferreira’s
group has demonstrated this in an elegant series of wine studies
(see, e.g., refs159-161). ClearlyGC-O techniques are nowwidely
used to identify important odor active compounds;most re-
cently identificationof rotundone inSyrahgrapesandwines (162).
GC-O is also a powerful tool for identifying those compounds
contributing to deleterious odors (42, 49).

Matrix Effects. Understanding volatile composition alone is
not enough to fully understand or predict grape and wine aroma.
This is due to the interactions that can occur between the odorants
and other nonvolatile matrix components, including proteins,
polysaccharides, lipids, and polyphenols. Beginning in the 1980s
flavor chemists became increasingly interested in how interac-
tions with matrix components affect odorant release, volatility,
and overall sensory perception of many foods and beverages,
including wines. For example, as reviewed by Voilley and
Lubbers (163), volatile aroma compounds in juice and wine can
interact (or bind) with yeast polysaccharides, proteins, and lipids,
changing the headspace concentration of the aroma compound
during fermentation and processing. In general, the extent of the
interaction increases with increasing odorant hydrophobicity
(particularly for protein-odorant and lipid-odorant inter-
actions); however, the interaction is complex and dependent on
the structural properties of both the odorant and the macro-
molecule.

Polyphenols and tannins comprise a significant portion of the
nonvolatile matrix components of grapes and wines. The poly-
phenols and tannins contribute important taste (bitter), mouth-
feel (astringent), and color properties to wines. However, several
studies have also shown that polyphenols can interact with
odorant compounds in solution, altering the odorant volatility
and aroma perception (164-169). As recently reviewed (23),
hydrophobic interactions again play a significant role in mod-
ulating the extent of the interactions; however, hydrogen bonding
interactions can also stabilize the odorant-polyphenol complex
that is formed in solution. Studies at the molecular level (e.g.,
using NMR) can be used to understand the mechanisms of the
interactions and predict effects on odorant volatility that are
observed by GC-headspace analysis and sensory analysis.

Ethanol also has a significant effect on altering the volatility
of other aroma components in solution. In general, ethanol

increasesodorant solubilityanddecreasesodorantvolatility (170).
In model systems, Guth (171) showed that increasing amounts of
ethanol decreased the overall fruity perception of a mixture of
odorants, consistent with studies by Fischer et al. (172) and
reviewed by Ebeler (173) and Escudero et al. (174). In recent
studies Tsachaki et al. (175,176) have shown that under dynamic
conditions (as opposed to the equilibrium systems typically
evaluated) the presence of ethanol (>50 mL/L) increased the
absolute concentration of a range of volatile compounds in the
headspace above the solution. This effect was attributed to
increased mass transfer in the presence of ethanol and may have
impacts on aroma perception under nonequilibrium situations
such as those that occur during sniffing and tasting of alcoholic
beverages.

Finally, odorant-odorant interactions also occur and can
affect perception; Escudero et al. (174), for instance, found that
norisoprenoids and dimethyl sulfide enhanced perception of
fruitiness. These interactions may be based on physical/chemical
interaction mechanisms but are also perceptual in nature. For
example, Buttery (177) has shown an additive effect on the
perception of a mixture of compounds in which each compound
is present in subthreshold concentrations. Hein et al. (178) has
shown that masking effects may be important in influencing the
perception of fruity and vegetal flavors in wines. In addition,
qualitative changes in aromas can also occur when odorants are
presented in mixtures (e.g., a distinct butterscotch aroma arises
when ethyl butyrate, which by itself has a bubble-gum/fruity
character, is combined with diacetyl, which has a buttery aroma;
mixtures of eugenol with a clove aroma and 2-phenylethyl alcohol
with a rose-like aroma yield a unique carnation-like aroma).
Current developments in neurobiology and increased knowledge
of taste and olfactory receptor processes are leading to an
improved understanding of how these additive, masking, and
perceptual changes may occur (179-183) and may in the future
make is easier to predict aroma properties of complex mixtures
from compositional information.

NEW ANALYTICAL TECHNOLOGIES

As discussed previously, developments in analytical methods
have been closely linked to improved understanding of grape and
wine flavor chemistry. Currently, there is much interest in rapid,
high-throughput methods for quantifying volatile components
and monitoring qualitative changes in volatile composition as a
result of viticultural practices, winemaking techniques, or storage
processes. A promising approach combines GC with a time-of-
flight (TOF) mass spectrometric detector for rapid analysis of
complex matrices such as wines. In recent studies, Setkova et
al. (184, 185) used GC-TOF to identify and quantify ∼201
components in ice wine samples with a GC run time of <5
min. The method was highly reproducible (RSD<9.0%).When
combined with multivariate statistical analysis, the GC-TOF
volatile profile was able to classify over 130 Canadian and Czech
ice wines according to their origin, grape variety, and fermenta-
tion/aging conditions (oak or stainless steel storage).

Two-dimensional techniques, especially the development of
comprehensive GC�GC (reviewed by ref186), have also greatly
improved the analysis of wine volatiles. Heartcut techniques were
used by Darriet et al. (187) to identify impact odorants from
grapes contaminated by powdery mildew. Ferreira and co-work-
ers have used similar techniques to identify three strawberry-
smelling esters, 2-, 3-, and 4-methylpentanoate (188), and the
cooked meat-smelling 2-methyl-3-(methyldithio)furan (189) in
wine. Comprehensive GC � GC-TOF has been applied to
methoxypyrazine analysis in grapes (190, 191).
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In addition, the role of improved chemometric software cannot
be understated. It hasmade a definitive difference in the success of
comprehensive GC � GC (reviewed by ref 192) and is critical to
wine aroma classification and discrimination (see, e.g., refs 193-
195). The central role of chemometrics in food chromatographic
analysis has recently been discussed (196).

Chemometrics also underpins nonspecific sensor systems (so-
called “electronic noses” or “electronic tongues”). As extensively
reviewed by R

::
ock et al. (197) these systems typically rely on

pattern recognition and chemometrics to distinguish subtle dif-
ferences in complex spectra or instrument responses produced by
different samples. For example, Moreneno i Codinachs et
al. (198) recently demonstrated a promising multisensor array
system that was able to classify wines by the grape variety and
vintage year. Berna et al. (199) compared two different electronic
nose designs to predict Brettanomyces spoilage in red wines. An
inexpensive vapor-sensing array composed of chemoresponsive
dyes has been used by Suslick and co-workers (200-202) to
classify commercial beverages including lager and ale beers.
Adulteration of the beers by watering could also be identified.
While not applied to grape orwine analyses, the chemoresponsive
dye sensors may provide a rapid and simple tool for monitoring
changes in volatile composition in the vineyard and during
processing.

Most sensor systems developed to date, however, have limited
sensitivity for themany aroma-active compounds that are present
in grape and wine samples at low concentrations. In addition,
specificity of a particular instrument’s response is limited by the
physical and chemical properties of the sensors used.Many of the
sensor arrays are influenced by humidity (moisture content), pH,
or other matrix variables independent of the analytes of interest,
and therefore application of these systems requires large sample
sets for training and validation to ensure statistical robustness.
The high concentration of ethanol in particular has limited the
applicability of most electronic noses to alcoholic beverage
analysis (203). R

::
ock et al. (197) have provided a more detailed

review of the limitations, advantages, and applications of sensor
systems in current use.

LOOKING INTO THE CRYSTAL GLASS

Although Charles Ash, in 1915, lamented the fact that the
contributions of chemists to understanding wine flavor were not
fully appreciated, it is clear that over the past 100þ years,
chemists, and analytical chemists in particular, have played
critical roles in increasing our knowledge of the many variables
that affect grape andwine flavor.Aswe look to the next 100 years,
it is clear that chemistry and analytical chemists will continue to
be integral to any future advances that occur in our under-
standing of grape and wine flavor. These advances will come in
many areas, but exciting opportunities exist particularly for the
development of novel analytical approaches that can be used to
link metabolic profiles to gene and protein expression in plants,
microorganisms, and animals. To date, many of these metabo-
lomic studies have focused on obtaining broad chemical profiles
of the nonvolatiles involved in primary metabolism, for example,
sugars, amino acids, and organic acids (204-206). Few studies
have focused on the secondary metabolites, particularly the
volatile components, that affect fruit flavor; however, a recent
GC-MS-based metabolomic profiling study of over 322 different
volatiles in tomatoes (207) demonstrates the exciting potential for
these comprehensive analytical tools. Although not yet widely
applied to grapes, it is clear that these novel “-omics” approaches
can yield valuablemetabolic information and increase our under-
standing of the regulatory mechanisms involved in the biochem-
ical production of volatiles, both in grapes during berry

development and by yeast during fermentation. As a result of
these many advances, the contributions of the wine chemist are
clear, and when combined with improved understanding of
human perception of odorants and odorant mixtures, it will
become increasingly possible to control viticultural and wine-
making practices to optimize grape and wine flavor.

ABBREVIATIONS USED

CCD, carotenoid cleavage dioxygenase; DMS, dimethyl sul-
fide; DMDS, dimethyl disulfide; GC, gas chromatography; GD-
FID, gas chromatography-flame ionization detector; GC-O,
gas chromatography-olfactometry; GC-TOF, gas chromato-
graphy-time of flight; G-G, glycosyl-glucose; IBMP, 3-isobutyl-
2-methoxypyrazine; IPMP, 3-isopropyl-2-methoxypyrazine;
NMR, nuclear magnetic resonance; SBMP, 2-s-butyl-3-methox-
ypyrazine; TDN, 1,1,6-trimethyl-1,2-dihydronaphthalene; TPB,
(E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene; TOF, time of flight;
VSC, volatile sulfur compounds.
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(186) Górecki, T.; Harynuk, J.; Pani�c, O. The evolution of comprehensive
two-dimensional gas chromatography (GC � GC). J. Sep. Sci.
2004, 27, 359–379.

(187) Darriet, P.; Pons, M.; Henry, R.; Dumont, O.; Findeling, V.;
Cartolaro, P.; Calonnec, A.; Dubourdieu, D. Impact odorants
contributing to the fungus type aroma from grape berries con-
taminated by powdery mildew (Uncinula necator); incidence of
enzymatic activities of the yeast Saccharomyces cerevisiae. J. Agric.
Food Chem. 2002, 50, 3277–3282.

(188) Campo, E.; Ferreira, V.; López, R.; Escudero, A.; Cacho, J.
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