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Foreword
The ACS Symposium Series was first published in 1974 to provide a

mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface
The complexity of wine provides numerous avenues of discovery for food and

analytical chemists. The American Chemical Society (ACS) has a long tradition
of bringing together international experts to present the latest research findings
focused on understanding the complexity of wine chemistry. This Proceedings,
based on a symposium at the 248th ACS National Meeting 2014 in San Francisco,
continues that tradition with a broad overview of recent advances in wine research
from new analytical approaches, to flavor and oxidation chemistry, to sustainable
grape and wine production practices. The San Francisco symposium generated
numerous lively discussions and cross-disciplinary interactions and we hope that
this Proceedings volume will also contribute to continued discussions and research
in these areas.

This volume begins with an overview of advances in the analytical
techniques used for grape and wine research, including chromatographic and
mass spectrometric tools for understanding chemistry of volatiles, nonvolatiles
and inorganic components of grapes and wines (Chapter 1). Non-targeted, high
resolution mass spectrometry is a powerful approach for studying metabolite
profiles in a variety of sample types and Chapters 2 and 3 describe applications
for studying changes in wine chemistry during aging and storage. A simple
approach for measuring sulfur dioxide in wine without disrupting key equilibria
using colorimetric gas detection tubes is described in Chapter 4. The final two
chapters in this section describe NMR techniques for monitoring diffusion of
carbon dioxide bubbles in sparkling wines (Chapter 5) and for authentication of
wine and alcoholic beverages (Chapter 6).

Recent advances in flavor chemistry are highlighted in the second section of
this book. Regional differences in chemical and sensory profiles of Malbec and
Cabernet Sauvignon wines are discussed in Chapter 7, followed by new studies
on the key odorants in oak chips used in wine production (Chapter 8). Subsequent
chapters consider the effects of the vineyard on grape and wine odorants, including
the effects of site characteristics (i.e. terroir, Chapter 9) canopy management
practices (Chapter 10) and under-vine management (Chapter 11). Finally, effects
of the plant hormone, methyl jasmonate, on the biosynthesis of grape terpenoids
are discussed in Chapter 12.

Oxidation chemistry during wine processing and storage provides the focus
for the third section of this Proceedings. The effects of oxygen and antioxidants
on aroma, color, and chemical composition of wine are described in Chapters 13,
14, 15, and16. This is followed by recent mechanistic insights into wine oxidation
or reduction, including the roles of carbonyl-bisulfite adducts and copper-thiol
complexes as precursors of off-aromas (Chapter 17), the potential reaction

xi
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pathways involving quinones (Chapter 18), and the fate of organic acids during
photo-oxidation (Chapter 19). A novel approach for rapid monitoring of the
extent of phenolic oxidation in wines using voltammetry and carbon electrodes is
described in the final chapter of this section (Chapter 20).

The last section of this volume focuses on the intersection of grape and wine
chemistry with sustainable production practices, reflecting the increasing scientific
interest in byproduct utilization and global and environmental stewardship.
Chapters 21 and 22 present studies on the isolation and characterization of
high-value bioactive phenolics from pomace, grape seed extracts, and grapevine
canes or cuttings. In Chapter 23, chemical measurements are described that
can be used in an industrial viticulture and winemaking program to monitor
and optimize effects of sustainable practices (e.g., deficit irrigation) on grape
composition and quality. Finally, the section closes with an overview of green
chemistry approaches for cleaning and sanitizing winery equipment (Chapter 24).

We thank the contributors, reviewers, and the following organizations that
financially contributed to making the symposium and proceedings a success:
Nomacorc, E. & J. Gallo Winery, Constellation Brands, ETS Laboratories,
Symrise AG, and the ACS Division of Agricultural and Food Chemistry.

Susan E. Ebeler
Department of Viticulture & Enology, University of California, Davis
One Shields Avenue, Davis, California 95616

Gavin L. Sacks
Department of Food Science, Cornell University
Stocking Hall, Ithaca, New York 14853

Stéphane Vidal
Wine Quality Solutions Center, Nomacorc
Rodilhan, 30230, France

Peter Winterhalter
Institute of Food Chemistry, Technische Universität Braunschweig
Schleinitzstraße 20, DE 38106 Braunschweig, Germany
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Chapter 1

Analysis of Grapes and Wines: An Overview of
New Approaches and Analytical Tools

Susan E. Ebeler*

Department of Viticulture and Enology,
University of California, Davis, California

*E-mail: seebeler@ucdavis.edu.

A variety of new analytical tools are increasingly used to profile
the volatile, nonvolatile, and elemental composition of grapes
and wines in order to characterize components contributing to
flavor (aroma, taste, color, mouthfeel) and for authentication
purposes. Gas chromatography combined with tandem mass
spectrometry (MS/MS) offers significant advantages for trace
quantification of important aroma-active volatiles and taint
compounds. Sorptive sample preparation techniques (e.g.,
SPME, Headspace Sorptive Extraction and Stir-bar Sorptive
Extraction) also can enhance throughput and/or sensitivity for
GC-MS analyses. UHPLC-qTOF MS is a powerful approach
for profiling nonvolatiles and when combined with multivariate
statistical tools the compositional profiles may be used for
varietal, geographic, and vintage authentication. ICP-MS
can be used to comprehensively profile metals, including
those that affect chemical stability and oxidative reactions.
Finally, new approaches for gas chromatography combined
with olfactometry (GC-O) can allow characterization of aroma
qualities of complex mixtures. Each of these tools, alone and
in combination are providing significant new insights into
variables influencing grape and wine composition and flavor.

© 2015 American Chemical Society
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Introduction

Analytical tools for determining grape and wine composition are critical for a
variety of experimental studies. Since the development of new chromatographic
and spectrometric approaches at the beginning of the 20th century, commercial
development of analytical instruments that are relatively cheap, easy to use
and maintain, and that provide high levels of performance have made it easier
to routinely identify and quantify components in complex mixtures such as
grapes and wines. For example, improved separations using GC x GC and
targeted trace analysis using tandem MS approaches have led to identification
of new compounds and quantification of trace compounds in grapes and wines.
Metabolomic approaches using both mass spectrometry (including high resolution
mass spectrometry such as time-of-flight (TOF) and ion cyclotron resonance
(ICR)) and nuclear magnetic resonance spectroscopy (NMR) have become
increasingly popular for characterization and profiling of primary and secondary
metabolites in a variety of biological systems. Finally, atomic spectroscopy,
including Inductively Coupled Mass Spectrometry (ICP-MS) is a powerful tool
for identifying the elemental composition of grapes and wines.

This Chapter will provide a brief overview of recent applications of these
analytical tools for identifying and quantifying compounds and elements in
grapes and wine samples. We will use examples that demonstrate how these
tools have been used to understand the effects of viticulture and winemaking
practices on grape and wine composition. We will further give examples
of analytical approaches being used to understand how composition impacts
‘quality’ attributes, particularly assessment of sensory properties of individual
components and complex mixtures. These examples are not intended to provide
a comprehensive review, however, they provide an overview of techniques and
applications that are increasingly used for characterization of grape and wine
composition.

Targeted Analysis of Compounds

Selected ion monitoring and tandem mass spectrometric (MS/MS or MSn)
analyses are increasingly used for targeted analysis of trace analytes, particularly
those compounds with important sensory properties (see also recent reviews
(1–3)). In the tandem MS/MS experiment a series of mass filters in conjunction
with a collision cell are used to filter specific target ions of interest, fragment the
selected ions, and then filter the fragment ions in a final mass filter. As a result,
background noise/ions are significantly reduced and trace level analytes can be
detected and quantified.

Methods for analysis of 2,4,6-trichloroanisole (TCA) in wine provide a
useful example of the role that advances in analytical instrumentation have played
in improving sensitivity and overall throughput for trace analytes. TCA is the
compound most widely associated with the musty off-aroma of wines described

4
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as ‘cork-taint’, however other haloanisoles have also been implicated (e.g., 2, 4-
dichloranisole, 2,6-dichloroanisole, 2,3,4,6-tetrachloroanisole, pentachloranisole,
and 2,4,6 tribromoanisole). TCA has a sensory threshold in wine of ~2-4 ng/L
(see also review (4)) necessitating analytical methods with limits of detection
and quantitation in this range. Early analyses for TCA required extensive
and time-consuming solvent extraction and concentration steps combined with
GC-MS or GC-Electron Capture Detectors to obtain the necessary sensitivity.
However, in the late 1990’s, GC-MS using a single quadrupole instrument in
the selected ion monitoring mode and combined with sample preparation using
solid phase microextraction (SPME) allowed for the trace analysis of TCA with
a solvent-less extraction of ~ 25 min (TCA) (5, 6). Using a deuterated TCA
internal standard (2[H]5TCA), TCA in wines could be quantified with a limit
of quantitation of 5 ng/L and relative standard deviation of 5-13% (measured
at 10 and 250 ng/L) (5). Subsequently, with the development of ion-trap mass
spectrometers and more recently the wide availability of linear quadrupole
GC-MS/MS (tandem mass spectrometer) instruments, the analysis of TCA as
well as a several related haloanisoles has been accomplished with a faster analysis
time (10 min extraction, 11 min GC analysis time) and ~10 times lower limits of
quantitation ((7); reviewed by (4)). The advantages of tandemMS instruments are
that the sequential mass detectors (in the case of transmission quadrupole mass
analyzers or in the case of ion traps manipulation of ions in time in the Paul ion
traps) allow for the ‘removal’ of interfering ions so that the specific compounds of
interest can be monitored with a high degree of selectivity and sensitivity (1, 3).

HPLC-MS/MS has also proven to be a valuable tool for identification
of nonvolatile grape and wine components with an elegant series of studies
identifying the smoke-derived volatile phenols (e.g., guaiacol and their glycoside
precursors in grapes and wines) (8–10). Kennison and co-workers hypothesized
that exposure of grapes to volatile phenols formed in bush fires resulted in
formation of conjugated glycosidemetabolites since acid and enzyme hydrolyzates
of affected juices had higher concentrations of the free volatile phenols compared
to the non-hydrolyzed juices. After synthesizing a β-D-glucopyranoside of
guaiacol, the authors were able to identify the glycoside in smoke-affected
grapes using LC-MS/MS where product ion spectra of the acetic acid adduct
ion [M-H+CH3COOH]- with m/z 345 were recorded and selected ion reaction
mode (SRM) was used to monitor the mass transitions 345 → m/z 285, 161,
123, corresponding to [M-H]-, dehydrated glucose, and deprotonated guaiacol,
respectively.

In a subsequent experiment, the authors exposed grape berries and leaves to
a mixture of unlabeled d0-guaiacol and stable isotope labeled d3-guaiacol (11).
Using LC-MS/MS, the isotopic doublet pattern (separated by 3 Da) of seven
different mono- and diglycosides and rutinosides of guaiacol were identified in
the leaves and berries (Figure 1). Although isobaric conjugates could not be
distinguished (e.g., glucose and galactose conjugates), this study was the first to
show that exogenous compounds in the atmosphere could be taken up by grape
berries and leaves and biochemically converted to glycoside conjugates. Further,
the study provided preliminary evidence that translocation of volatiles between
leaf and berry occurred to a limited extent.

5
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Figure 1. HPLC-Selected Reaction Monitoring (SRM) chromatograms of
d0- and d3-guaiacol conjugates present in (A) the berry exposed to ~5 mg/L
guaiacol sample (LGu), (B) skin and (C) pulp portions of the berry exposed to
~ 5 mg/L guaiacol sample, and (D) berries exposed to bushfire smoke. GG:
Glucosylglucoside; MG: Glucoside; DG: 4 Diglycosides: RG: Rutinoside.

Reproduced with permission from Ref. (11). (2010) ( Elsevier).

Nontargeted Analysis and Profiling of Metabolites
Non-targeted profiling is becoming increasingly valuable for characterizing

and classifying differences and similarities in the chemical composition of groups
of samples. In many cases chromatographic separation is combined with mass
spectrometry using high resolution mass spectrometers that allow for high mass
accuracy measurements (e.g., mass accuracy < 1 ppm). Time-of-flight (TOF) and
ion cyclotron resonance (ICR) mass spectrometric instruments have been used in
a range of studies for varietal and regional classification of wines. The high mass
accuracy and the ability to do MS/MS experiments with some instruments allows
for further identification of unknown compounds.

In a recent study, Vaclavik et al. (12) demonstrated that UHPLC combined
with quadrupole time-of-flight mass spectrometry (qTOF) could be a powerful
approach for varietal classification of wines. In this study, both positive and
negative ion mode profiles were monitored, however, the positive ion data were
most useful in characterizing the three wine varieties evaluated (Pinot noir,
Cabernet Sauvignon, and Merlot). Using the accurate mass MS/MS capability of
the instrument, selected marker compounds for the different varieties could be

6
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identified. For example, the compound cyanidin 3-O-glucoside was identified
based on accurate mass MS/MS and was found to be higher in Pinot noir wines
compared to Cabernet and Merlot. These results point to the potential for
UHPLC-qTOF-MS as a tool for metabolomics applications for authentication of
wine varieties. Caution is required however, because while accurate mass and
MS/MS information can reduce the number of potential molecular formulas and
structures possible for a given entity, isomers and isobars are still possible and
identification of unknown compounds is still difficult without confirmation using
authentic standards (13).

Ion cyclotron resonance mass spectrometry (ICR-MS) may offer greater
resolution and mass accuracy compared to the TOF instruments (particularly
when samples are introduced by direct infusion with long sample averaging
times), thereby increasing the number of putative entities detected and reducing
even further the potential number of molecular formulas possible for a given
entity (3). Gougeon and co-workers (14) used ICR-MS to characterize wines
based on the oak used for barrel-aging and tentatively identified a unique
compound associated with a specific lichen metabolite from oaks grown in the
Bitche, France forest. More recently, ICR-MS has been used to characterize Pinot
noir grapes and wines from four vineyards, two each in the Côte de Nuits and
Côte de Beaune (Burgundy) region of France (15, 16). The wines were studied
across multiple vintages. The results showed that for grapes and wines analyzed
immediately after fermentation the chemical composition of the villages could be
differentiated within a vintage, but variability across vintages was significant (15).
However, after bottle aging, wines from even closely spaced vineyards could be
differentiated across the three vintages (16). More than 5000 chemical features
were observed in this study and accurate identification and quantification of these
putative compounds is limited in many cases by the lack of authentic standards.
However, the ability to distinguish such large numbers of components combined
with ability to putatively identify components based on unique masses that can
be discerned as a result of the high mass accuracy of the ICR-MS method, makes
this a particularly powerful approach for characterization of wine composition
and discovery of unique compounds. An overview of this work is provided in a
later chapter of this volume.

While high resolution mass spectrometers have increased the ability to
identify thousands of compounds in grapes and wines based on the accurate
mass of the analytes, multi-dimensional or comprehensive chromatographic
approaches such as GC x GC, that allow hundreds of volatile compounds to
be separated, quantified, and identified, have also been increasingly used to
characterize wine composition (1, 3). In GC x GC analysis, the column effluent
from the first analytical column is cryo-trapped and quantitatively transferred to a
second column for additional separation. As observed in the 2-D chromatogram
(Figure 2), peaks that may appear to be composed of a single compound in the
first separation dimension, often consist of multiple peaks when separated on a
second column of differing polarity.

In a recent series of studies, Robinson et al. (17–19) used GC x GC
combined with TOF-MS detection to tentatively identify over 350 volatile
compounds in Australian Cabernet Sauvignon wines. Of these, 123 compounds

7
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were statistically different among the samples and could be related to a range of
sensory attributes. Chemical composition and sensory properties were different
for two different Western Australia growing regions studied, indicating that
environmental factors and viticultural practices (including canopy management),
can impact both composition and sensory properties. Interestingly, the different
vineyard site effects were greater than those for wines made from different yeasts.
These studies provide one of the most comprehensive profiles of the volatile and
semi-volatile composition of wines and while many relationships with sensory
properties were observed, interactions among compounds and sensory effects
that may occur at sub- and perithreshold levels make it difficult to fully predict
sensory properties from composition alone. These interactions are discussed
further in the section below. In addition, the work of Robinson et al. is further
discussed in a later chapter of this volume.

Figure 2. Typical contour plot of a HS-SPME/GC x GC-TOFMS chromatogram
(TIC) demonstrating the separation of volatile compounds isolated from the
headspace of a Cabernet Sauvignon wine. The color gradient reflects the
intensity of the TOFMS signal (Z-axis) from low (blue) to high (red). Note
that a substantial number of trace volatile compounds are not visible in this
chromatogram due to the abundant esters dominating the Z-axis of the plot.

Reproduced with permission from Ref. (17). (2011) (Elsevier).

Nuclear Magnetic Resonance (NMR) has also been used for rapid profiling
grape and wine composition. For example, Skogerson et al. (20) used 1H NMR
metabolite profiles to relate composition to sensory perception of body and
mouthfeel of white wines. Although only about half the number of metabolites
that had been identified in the wines by GC-TOF-MS analysis could be identified
by the 1H NMR analysis, NMR profiling was still able to explain about 79% of
the variation in sensory mouthfeel of the wines. Proline, lactate, and trigonelline

8
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were correlated with the viscous mouthfeel. The NMR analysis was rapid with a
total acquisition time of approximately 5 min and yielded valuable information
on chemical factors influencing wine mouthfeel and viscosity. Additional
applications of NMR profiling for grape and wine authentication studies are
presented by Wittkowski in a later chapter of this volume.

Elemental Analysis

The trace element composition of grapes and wines can provide important
information on the geographical origin of a food or beverage (21, 22) as well as
wine processing and storage conditions (23, 24). Many trace elements are required
for vine nutrition and growth and they may be taken up from the soil by the plant
and/or used in agrochemicals. Elements such as copper and iron can influence the
chemical stability of the wine (e.g., see also chapters by Boulton, Ferriera, and
others in this volume). The International Organization of Vine and Wine (OIV)
has established maximum legal limits for many elements (25).

ICP-MS is rapidly gaining in popularity as a rapid and sensitive approach
for simultaneous screening of a large number of elements and the principles and
applications of ICP-MS have recently been reviewed (26). In a series of recent
studies, Hopfer et al. (21, 24) have shown that the elemental composition of
wines can be related to the vineyard that the grapes were grown in, however,
during winemaking and storage the elemental composition changes significantly
and individual wineries can yield wines with unique elemental profiles (24).
Changes in elemental composition of the wines can further occur during storage,
for example, leaching of metals from stainless steel containers and from closures
(23). These studies point to the need for much further work on the changes in
elemental composition in grapes and wines as a result of vineyard and winemaking
practices.

Relating Chemical Composition and Sensory Attributes

In the above sections, several studies were described where chemical
composition was related to sensory properties. In the case of the haloanisole,
TCA, the musty character of wine can frequently be directly correlated with the
concentration of this single impact compound. However, masking effects of
TCA on fruity perception of wines and interactions of other haloanisoles can also
influence overall sensory properties (27).

In the case of metabolite profiles (volatiles and nonvolatiles), complex
mixtures of compounds can be related to sensory properties using multivariate
statistical approaches such as PCA and PLS. In these cases it is common to have
one or more compounds that correlate with specific aroma or flavor attributes,
however the compounds may not directly cause the perceived aromas. Examples
of these types of correlations for relating chemical and sensory properties have
been recently shown with US Cabernet Sauvignons and Malbecs from Argentina
(28, 29).
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In an interesting example of the complex interactions that arise from mixtures
of aroma compounds, Hopfer et al. (30) observed that monovarietal wines
(Cabernet Sauvignon, Merlot, Cabernet franc) had unique sensory properties.
However, when blended together, blends with similar sensory attributes could
be obtained with a number of different blend mixtures. This is in contrast to the
chemical composition, which represents the mathematical sum of the individual
component wines in the blend. Additive, masking and synergistic effects all
occur, while matrix interactions can also influence release and volatility of aroma
compounds (3, 31).

In an attempt to begin to develop analytical tools that can allow these
perceptual interactions to be studied more fully, Johnson et al. (32) described a
new approach called in-instrument GC-Recomposition Olfactometry that allows
a chromatogram to be ‘cut apart’ and the components recombined in unique ways
in order to evaluate their aroma qualities. This technique does not require that
GC peaks be identified or quantified prior to the analysis of the aroma qualities of
the recombination mixture. When used to evaluate components contributing to
aroma of fresh lavender, unique additive, masking, and synergistic effects were
observed. This work provides a valuable new analytic tool for developing a more
holistic understanding of the way that aroma mixtures are perceived.

Summary

We have described selected applications to demonstrate the diversity and
potential of new analytical tools for understanding the effects of viticultural and
enological process on grape and wine composition and for relating composition
to sensory properties. These tools can allow hundreds of volatile and nonvolatile
compounds and trace elements in grapes and wines to be rapidly and sensitively
quantified. However, to reach the full potential for throughput and discovery
of novel components, the analytical instrument will require improved databases
for compound identification as well as advanced data processing algorithms for
rapidly and accurately deconvoluting and annotating complex chromatographic
profiles. This work is further restricted by the limited availability of authentic
standards, although promising new approaches for isolation of natural products,
such as counter current chromatography, are improving the availability of novel
polyphenol and other bioactives as described byWinterhalter et al. in this volume.
As a result analytical advances will continue to provide new insights into grape
and wine chemistry.
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Chapter 2

Combined Nontargeted Analytical
Methodologies for the Characterization

of the Chemical Evolution of Bottled Wines

C. Roullier-Gall,1,2 M. Witting,2 D. Tziotis,2 A. Ruf,2 M. Lucio,2
P. Schmitt-Kopplin,*,2,3 and R. D. Gougeon*,1

1UMR PAM Université de Bourgogne/AgroSup Dijon, Institut Universitaire
de la Vigne et du Vin, Jules Guyot, 21000 Dijon, France

2Research Unit Analytical BioGeoChemistry, Department of Environmental
Sciences, Helmholtz Zentrum München, 85764 Neuherberg, Germany

3Chair of Analytical Food Chemistry, Technische Universität München,
85354 Freising-Weihenstephan, Germany
*E-mail: regis.gougeon@u-bourgogne.fr.

Various non-targeted approaches have already shed light
on the thousands of compounds that are present at various
concentrations in grape and wine. Among them, direct
injection Ion Cyclotron Resonance Fourier Transform Mass
Spectrometry (FTICR-MS) undoubtedly provides the most
comprehensive chemical fingerprints, based on unrivalled
resolution on mass measurement, but limited to structural
assumptions. Here, we show that the combination of
FTICR-MS and Ultra-Performance Liquid Chromatography
Mass Spectrometry (UPLC-QTOF-MS), which increases
the scope of detectable unknown metabolites and allows
the separation between isomers, provides an unprecedented
synoptic characterization of the chemical complexity of wines,
where results obtained with one platform can directly be
validated with data from the other. To that respect, wine
ageing appears to be particularly interesting when related to
the oeno-diagenesis processes that operate in bottle, and which
depend on the actual initial composition of the wine. Applied
to Pinot noir red wines from three different appellations in

© 2015 American Chemical Society
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Burgundy, and over three vintages (1979, 1989, 1999), this
approach revealed that the ageing chemistry is fundamentally
driven by the metabolic baggage at bottling, characterized here
by thousands of compounds from various chemical families
including carbohydrates, amino acids, or polyphenols, but with
a remarkably high distribution of nitrogen and sulfur-containing
compounds.

Introduction

Because it addresses both scientists and non-scientists concerns, the diversity
of knowledge about wine is valued by a range of audiences. Among these
knowledges, wine chemical composition and its evolution throughout the entire
winemaking process have become well-documented fields of chemistry, where
the most advanced analytical tools can actually find numerous applications (1–3).

Among these tools, FTICR-MS with electrospray ionization (ESI) has now
become a powerful technique for studying wine, in particular when employed in
direct infusion experiments (1, 3, 4). However, if a chromatographic separation is
not applied prior to the MS detection, a large number of molecules are subjected
simultaneously to the ionization process, which can cause ion suppression for
numerous analytes and the inability to separate isobaric and isomeric substances
(5, 6). Chromatographic separation prior to MS-analysis is therefore important
for both targeted and non-targeted metabolomics, and it has already been used for
untargetedmetabolomics analysis of grape to differentiate grape berry ripening and
post-harvest withering (7), for wine authentication (8), or for the understanding of
the terroir impact in wine (9). The combination of UHPLC with time-of-fight
mass spectrometry (TOF-MS) has preferentially been applied for many targeted
wine studies such as the separation and detection of resveratrol (10), of phenolic
compounds (11–15) or toxins (16). In contrast, so far very few studies have used
such combination of highest chromatographic resolution, excellent sensitivity, fast
data acquisition and high mass accuracy, for untargeted metabolomics analyses of
grapes and wines (17, 18).

A likely reason for this is that exact mass measurement can be obtained
through the highest resolution achieved by FTICR-MS, which typically requires
higher acquisition times by combining multiple narrow-range spectra into one
wide range spectrum and thus do not fully exploit the potential of fast UPLC
(3) or CE (19). Resolution of 400.000 around mass 400 and 800.000 around
mass 200 in full scan mode (mass range 120 to 2000) are routinely obtained
with the FT-ICR-MS, along with calibration with internal signals with 0.1 ppm
precision. Neither this mass accuracy, nor this resolution can be obtained with
QTOF systems. As a consequence, the combination of exact mass measurement
by FTICR-MS, versatile UPLC-Q-ToF-MS and multivariate statistics appears to
be at the forefront of non-targeted metabolomics of wines. Here, the versatility
of LC-MS techniques definitely adds to the identification of unknowns through
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the covering of the widest range of compounds, which can be separated either by
reversed phase or hydrophilic interaction chromatography (5, 20). Reversed-phase
(RP) liquid chromatography has been highlighted as the mostly used separation
mode for the metabolome analysis (6, 18, 20, 21). RP separation covers a large
part of the metabolome, and at the same time provides the most reliable and
robust LC stationary phases. Hydrophilic interaction chromatography (HILIC)
provides separations complementary to those obtained by RPLC–MS in that early
eluting analytes in the RP mode are often well retained by HILIC (5, 6, 22).

In this paper, we show that such combination of FTICR-MS, UPLC-Q-ToF-
MS and multivariate statistics can provide unprecedented chemical description of
the chemistry associated with bottle ageing of Pinot noir red wines, during which
the composition changes through a complex array of chemical reactions that are
still only partly understood (23–29).

Materials and Methods

Chemicals

Methanol, acetonitrile and water (LC-MS grade) were purchased from Fluka
Analytical (Sigma-Aldrich, St. Louis, USA). Low concentration ESI Tuning Mix
for Q-ToF calibration was obtained from Agilent (Agilent, Waldbronn, Germany).

Wines

All measurements were done on Pinot noir wines from three different
appellations in Burgundy (Richebourg (R), Grand Echezeaux (GE) and Beaune
(B)) and from three vintages (1979, 1989 and 1999), sampled directly from the
bottles in 2 ml vials under argon to protect them from oxygen. 50 µl of wine were
diluted into 950µl methanol for FTICR-MS analysis and 40 µl of acetonitrile was
added to 960 µl of wine with for both RP and HILIC LC-MS analysis.

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry Analysis
(FTICR-MS)

Ultra high-resolution mass spectra were acquired using a FTICR-MS
instrument (solariX, Bruker Daltonik, Bremen, Germany) equipped with a 12
Tesla superconducting magnet and an Apollo II electrospray ionization source
operated in the negative ionization mode. Samples were introduced at a flow rate
of 120 µL.h-1 using a syringe pump. The MS was externally calibrated on clusters
of arginine (10 mg.L-1) in methanol. Spectra were acquired with a time domain of
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4 mega-words per second with a mass range from m/z 100 to 1000 to guarantee
a high accuracy in elemental formula assignments in this proof-of-principle
study. Up to 500 scans per sample were accumulated. A resolving power (R),
greater than 500,000 at mass 400 was achieved. Fourier Transform Ion Cyclotron
Resonance (FTICR) spectra were internally recalibrated on a list composed by
fatty acids and recurrent compounds in wine, linear up to m/z 600, with mass
errors below 0.05 ppm (expressed using the formula (mass error/exact mass).106
where mass error is the difference between the exact mass and the measured mass)
and peak with a signal-to-noise ratio (S/N) of 4 and higher were exported to peak
lists. In conjunction with an automated theoretical isotope pattern comparison,
the generated formulas were validated by setting sensible chemical constraints (n
rule; O/C ratio ≤ 1; H/C ratio ≤ 2n+2; element counts: C ≤ 100, H ≤ 200, O ≤ 80,
N ≤ 3, S ≤ 3 and P ≤ 1).

Ultraperformance Liquid Chromatography Coupled to Quadrupole Time of
Flight Mass Spectrometry Analysis (UPLC/Q-ToF-MS)

Analyses were performed on a Waters Acquity UPLC (Waters, Milford,
USA) coupled to a maXisTM UHR-ToF-MS (Bruker Daltonik, Bremen,
Germany) system using reversed phase (RP) and hydrophilic interaction liquid
chromatography (HILIC) separation (3). Sample analyses were carried out in (-)
ESI.

RP separation was performed using a Waters ACQUITY UPLC BEH C18
column (1.7 µm; 1.0x150 mm) using gradient elution with an initial isocratic hold
of 100%A for 0.5 min, followed by a linear increase to 100% solvent B in 4.9 min,
isocratic conditions for 3 min and return to initial conditions in 1.6 min (solvent
A: 10% ACN, 1 mM ammonium formate; solvent B: 100% ACN).

HILIC separations were performed on a Waters ACQUITY UPLC BEH
Amide column (1.7 µm; 2.1x150 mm) using a two-step gradient elution program
from 100% A to 100% solvent B (solvent A: 95% ACN, 5% water, 1 mM
ammonium formate; solvent B: 50% ACN, 50% water, 1 mM ammonium
formate).

The flow rate for both separation modes was set to 0.25 ml/min with a column
temperature of 40 °C and a full loop injection of 10 µl.

UHR-ToF-MS acquisitions were carried out in profile spectra mode with 1
Hz accumulation time. Instrument tuning focused on detection and resolution of
molecular weight compounds in the mass range of 50-2000 Da. Mass calibration
was carried with Low Concentration ESI Tuning Mix (Agilent, Waldbronn,
Germany) (Table 1).
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Table 1. Composition of the Low Concentration ESI Tuning Mix Used for the Mass Calibration of Ultraperformance Liquid
Chromatography Coupled to Quadrupole Time of Flight Mass Spectrometry

Name CAS Formula Molecular weight

Trifluoroqcetic acid ammonium salt 3336-58-1 C2H4NO3F3 131.05

Betaine 107-43-7 C5H12NO2 151.61

Tris(trifluoromethyl)-1, 3, 5-triazine 368-66-1 C6F9N3 285.07

Hexamethoxyphosphazine 957-13-1 C6H18N3O6P3 321.14

Tris(heptafluoropropyl)-1, 3, 5-triazine 915-76-4 C12F21N3 585.11

Hexakis(2,2-difluoroethoxy)phosphazine 186817-57-2 C12H18F12N3O6P3 621.19

Hexakis(1H, 1H, 3H-tetrafluoropropoxy)phosphazine 58943-98-9 C18H18F24N3O6P3 921.2317
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Network Analysis

To obtain chemical formulas for subsequent use in querying chemical
databases, exact masses were subjected to mass difference network analysis
using the Netcalc algorithm and in-house software tool (30). In a mass difference
network, nodes represent m/z values (metabolite candidates) and edges represent
chemical reactions. Netcalc enables network reconstruction by comparing the
mass differences of all experimental masses of a mass spectrum to a list of
user-defined theoretical mass differences (selected according to atomic units, e.g.
C, H, N, O, S, P, or common functionality groups, e.g. homologous series of CH2,
H2, or OH. The mass difference list used in this example was optimized to detect
chemical differences between all annotatable nodes in the experimental data in
order to reveal patterns in compositional or functional chemical spaces. The
purpose of mass difference network analysis is the visualization of the sample’s
compositional structure and the calculation of elemental formulae of experimental
masses. In such a scale-free network, highly inter-connected nodes tend to cluster
together while sparsely connected ones are peripherally dispersed. Netcalc
increases the percentage of m/z peaks, which can be assigned to a preliminary
formula up to a 40-60% per dataset including isotope peaks 13C (5). The goal
of this model is the visual and mathematical evaluation of organic molecular
complexity in terms of elemental composition, an approach that permits explicitly
defined relationships between different samples (30).

Statistical Analysis

Filtering of masses was performed in MS Excel 2010 (Microsoft, Redmond,
USA). All further statistical analyses were performed with Genedata Expressionist
for MS 8.0 (Genedata, Basel, Switzerland) and Simca-P 9.0 software (Umetrics,
Sweden) (3).

Results and Discussion

FTICR-MS

Samples were analyzed by direct injection ESI (-) FTICR-MS (1, 4, 31).
Negative ionization was used as it provides a higher number of different resolved
ion signals in the selected mass range than the positive ionization mode (32).
As illustrated for the 1999 wine, the ultra-high resolution power of FTICR-MS
spectra enabled the detection of more than 18000 distinct mass signals with a
signal-to-noise ratio ≥ 4 in the negative-ion mode in the 100-1000 Da mass range
(Figure 1). Only singly charged peaks were detected as shown in the enlargement
(Figure 1A-C).
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Figure 1. Progressive detailed visualization of the ESI(-) FTICR/MS spectra
of the three red wines in the 100-1000Da mass range (A), 200-230Da (B) and
223.00-223.10Da with credible elemental formula assignments (C). OPLS score
plot analysis of the three wines from the three vintages. Q²(cum)=0.995 and
R²(Y)=0.967(D). Visualisation of the regions specific to chemical families and
the FTICR/MS data of 1979 and 1999 wines as van Krevelen diagrams, (H/C
vs. O/C atomic ratios) (E). Relative frequency histograms of average elemental
compositions for the three wines (GE, R and B) for each vintages (F). Color code
for van Krevelen diagrams and formula: CHO (blue), CHOS (green), CHON
(yellow), CHONS (red.) The bubble sizes correspond to the relative intensity of
peaks annotated with elemental formulas associated with these O/C and H/C

ratio. (see color insert)
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An OPLS supervised statistical analysis satisafactorily discriminated
wines according to vintages along the first axis, regardless of the appellation,
consistently with many previous reports on FTICR-MS analyses of wines (31,
33). van Krevelen diagrams provided a striking representation of the chemical
diversity of these red wines, with abundance of carbohydrates, polyphenols
and amino acids in particular (Figure 1E). Furthermore, as illustrated by the
counts of CHONS formulas averaged over the three appellations for a given
vintage, these wines exhibited only low variability in terms of composition,
and appeard to be relatively rich in nitrogen and sulfur-containing compounds,
compared to recent wines (31) (Figure 1F). Sulfur-containing compounds were
significantly associated with polyphenols (region centered around O/C=0.6 and
H/C=1) in agreement with the sulfites/polyphenols chemistry, and the more
than 400 CHOS elemental formulas provided a snapshot of the extent of the
yet-unknown sulfur-related chemistry associated with bottle ageing of wines.
Most interestingly, the counts in Figure 1F also revealed that over the 20 years
period investigated here the overall chemical diversity did not decrease with
ageing, and the older 1979 wines could still exhibit the highest number of CHON
compounds, thus providing an unsual representation of the acknowledged ageing
ability of great red wines.

Mass difference network analyses were set to determine elementary
compositions and thus faciltate metabolite annotations as well as visualize
functional connectivities within the data (Figure 2). Using common structural
functional-group (Figure 2), which may be seen in highly complex data,
a mass difference network was created. For these wine samples, several
regions showed a local high density of masses with mostly CHO compounds.
Sulphur-containing compounds (CHOS and CHONS corresponding to green
and red links, respectively) seemed to be distributed over the entire network
showing an unspecific reactivity of sulphur within the structural domain. As
an illustration, the enlargement of a small portion of the network around m/z
458.22566 ([C19H32N5O8]-) showed a functional connectivity to m/z 490.19778
([C19H32N5O8S]-) by an accurate 31.97212 mass difference, which corresponds
to a S functional difference. Such network-based approach theoretically enables
the calculation of the elemental formulas of multiple metabolites in a sample,
starting from a small number of known metabolites. Some sub networks appeared
to be disconnected from the main graph, showing that the functional mass
differences list may be incomplete; ongoing work implies the mass difference
networking based on more than hundred biological transformations derived
from databases and literature to set up a more comprehensive metabolic picture
(3). Frequencies of some individual modifications can be observed (Figure 2),
with highest frequencies found for H2, H2O, CO, CO2 and CH2O functional
differences. Here again, no clear age-related trend could be observed, and it
is actually the older wine which exhibited the highest number of functional
differences (including differences involving N and S), whereas the intermediate
1989 wine showed the lowest number. Remebering that all of these wines were
analysed at the same time, thus with the 1989 and the 1979 wines being 10 and
20 years older, respectively, than the 1999 wine, this non-regular distribution
of functional differences remarkably illustrated the predominant vintage-related
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chemistry, which actually drives the evolution of the chemical diversity over
ageing in bottle. In other words, at bottling, wines were not equipped with the
same metabolic baggage, which could be the result of distinct initial compositions
of grapes, and our non-targeted FTICR-MS analyses are able to provide snapshots
of the corresponding instantaneous chemical signatures, which could still appear
independent of the appellation, even after more than 30 years of bottle ageing
(which is the case of the 1979 wines).

Figure 2. Overview on Netcalc networks drawn from R wines data. Counts of
selected mass differences observed in the main network (Top) and main network
from negative ionization mode (bottom left), and enlargement of this network
centered on few masses (bottom right). Color code: CHO (blue), CHOS (green),
CHON (yellow), CHONS (red) of red wine and an older red wine (grey). (see

color insert)

Combination of FTICR-MS, Reverse Phase, and HILIC UPLC/Q-ToF MS

To increase the scope of detectable metabolites and get structural information,
in particular through the separation of isobaric and isomeric compounds, data
obtained by direct infusion FTICR-MS can be combined with data obtained by
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on-line UPLC/Q-ToF-MS techniques. Since FTICR-MS combines excellent
mass accuracy and ultra-high resolution, it offers high sensitivity and dynamic
range, which allows the detection of analytes on a wide range of concentrations
(34). The combination with two orthogonal UPLC/Q-ToF-MS methods increases
the scope of detectable metabolites, decreases putative ion suppression effects
and achieves a separation between isobaric substances (5, 22). To enable good
sensitivity in FTICR-MS an accumulation of several hundreds of scans (>3s per
scan) is needed in the instrumental setup leading to the highest resolution in full
scan. As a consequence, coupling of FTICR-MS to liquid chromatography, with
a necessary reduction of the acquisition time, is definitely detrimental to both
sensitivity and spectral resolution (5). As a consequence, our combined approach
definitely provide the best of both chromatography and mass spectrometry worlds.

This approach, which depends both on column characteristics and
chromatographic methods, thus brings two additional criteria for the structure
determination. Reversed phase (RP) chromatography mostly separates mid- to
non-polar metabolites and molecules elute according to their hydrophobicities,
starting with the most hydrophilic substance in the mixture while HILIC is used
for polar metabolites like amino acids. The coupling of a chromatographic
technique and mass spectrometry extends the investigation of the widest range
of compound classes and helps in the characterization of important compounds.
Limitations of MS-based separation such as the inability to differentiate isobars
or isomers and the suppression effect caused by the molecules competing for
ionization, can be overcome by UPLC separation prior to MS injection (5, 22).
As examples, Table 2 reports the possible number of isomers (retention times)
that could be detected by RP UPLC/Q-ToF-MS for 8 mass peaks observed in
FTICR-MS throughout the observed mass range. For instance, m/z 149.00916
([C4H5O6]-) actually corresponded to three different isomers with retention times
of 3.4, 4.9 and 16.1 min, whereas m/z 153.05585 ([C8H7NO2]-) could be related to
one isomer with a retention time of 2.7 min (Table 2). The former example clearly
illustrated the input of our combined approach, where based on FTICR-MS
alone, a pertinent metabolite structure can be hypothetically associated with an
elemental formula – here tartaric acid – and where chromatographic dimensions –
here only RP – reveal that at least two other metabolites may actually contribute
to the FTICR-MS peak, but not consistently over vintages. However, Table 2
also shows that many FTICR-MS features can have unique correspondances in
LC-MS features. Altogether, these examples show that there are situations where
multiple FT-ICR peaks exist within the envelope of a single QTOF peak, and
alternatively, there are situations where only one FT-ICR peak exist within the
envelope of a single QTOF peak. Furthermore, as shown below there are also
situations where masses detected by FT/MS are not detected by LC-MS, because
of ion selection by LC.

Although the mass resolution of the Q-ToF instrument is clearly not sufficient
to separate all the m/z features observed in FTICR-MS, mass profiles exhibited
similarities among the techniques (Figure 3A). An enlargement of the m/z
227.00-227.20 region of the mass spectrum illustrates the limitation of the
resolving power of the ToF. The mass error for the 227.07136 peak, corresponding
to the [C14H11O3]- [M-H]- ion which can tentatively be assigned to resveratrol
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isomers, was 0.04 ppm for FTICR-MS, whereas the error was higher by a factor
of about 100 for RP UPLC/Q-ToF-MS (3.03 ppm). No peaks were detected at that
mass using HILIC/Q-ToF-MS. Similarly, the mass error of the 227.10335 peak
(corresponding to the [M-H]- ion [C10H13N2O4]-) was 1.62 ppm for FTICR-MS
and approximately ten times higher for HILIC/Q-ToF-MS (19.8 ppm) (Figure
3A). Five major peaks were present in the FTICR-MS for this mass range, and
two of them could also be found using RP UPLC/Q-ToF-MS, while a third
metabolite was confirmed with HILIC/Q-ToF-MS. The Venn diagram (Figure
3B) showed the overlap of masses found by the three applied techniques, when
all 9 wine samples were considered. A total of 14,405 masses were detected
using (-) FTICR-MS, including 10,476 specific to this method and 1,553 common
to RP UPLC/Q-ToF-MS (but not to HILIC/Q-ToF-MS); 5,920 were detected
by (-) RP UPLC/Q-ToF-MS, with only 2,230 specific to this method, whereas
only 4,915 were detected with (-) HILIC/Q-ToF-MS with 1,518 specific to this
separation. Up to 15 percent of all of the annotations were detected in at least two
analytical procedures and masses common to all instruments (1,116) represented
only 3.4 percent of the detected masses. It must be noted that the apparent
lower number for both LC-based methods compared to FTICR-MS is due to the
fact that only m/z features were considered in Figure 3B. As mentioned before
through Table 2, the consideration of retention times (thus isomers) associated
with each of LC-based m/z features would clearly increase the actual number of
detected compounds. Therefore, as shown by the survey view, which corresponds
to the two-dimensional chromatogram plot (Figure 3C), the advantage of the
UPLC separation prior to MS injection is that it allows for the separation and
identification of isomeric compounds, for example, the detection of two different
isomers, at two close though distinct retention times (4.1 and 4.3 min), for the
m/z 227.07136. Within an error of 0.1 ppm, the corresponding [M-H]- ions with
mass formula [C14H11O3]- could be associated with up to 2011 substances (from
the SciFinder search facility: https://scifinder.cas.org) but only two of them, i.e.
resveratrol (1) and benzilic acid (35), actually appeared to be consistent with
compounds that are known to be present in red wine. Conversely, only one
isomer was detected for the 227.09921 mass using HILIC/Q-ToF-MS (Figure 3).
Consequently, our results show that both methods are working orthogonal and
complementary, rather than being redundant. Although being out of the scope of
this study, it should be noted that some of the LC-based detected peaks may still
be composite peaks resulting from the coalescence of isobaric ions, which would
not be distinguished with the achievable Q-ToF-MS resolution. If hyphenated
LC separations would be ideally suited to handle such question, the search for
isotopologues within LC- Q-ToF specra also provides a validation of the unicity
of the LC peak. The complementarity of FTICR-MS is again illustrated here,
because only its mass accuracy allows for an accurate isotopologues search.
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Table 2. Example of Isomers, Which Were Detected by RP UPLC-MS for
the Individual Masses Measured by FTICR-MS

Retention time (min) RP
UPLC-MS

m/z FTICR-MS Molecular ion formula 1979 1989 1999

- - 3.4

4.9 4.9 4.9149.00968 [C4H5O6]-

16.1 - -

2.9 2.9 2.9
153.01931 [C7H6O4]-

5.1 5.1 -

153.05585 [C8H7NO2]- 2.7 2.7 2.7

215.00199 [C8H6O5S]- 5.2 5.2 -

341.03334 [C14H12O8S]- 1.8 1.8 1.8

16.7 16.7 -
451.17443 [C26H28O7]-

- - 17.6

17.1 17.1 -
528.18239 [C20H34NO15]-

- - 17.8

533.17633 [C19H34O17]- 18.3 18.3 -

Figure 3. Enlargement of combined visualizations of the ESI(-) FTICR-MS
spectrum, (-) RP UPLC- and HILIC- MS spectra in the 227.00-227.20Da mass
range (A). Venn diagram showing the comparison of masses recovery according
to applied techniques (B) Given numbers represent the count of unique or

common detected masses. Zoom into the survey view of m/z 226.90-227.20 in RP
LC-MS (C).
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Identification and Annotation

Although 14,405 masses (10,476 + 1,260 + 1,116 + 1,153) were detected
using FTICR-MS (Figure 3), only 1,421 masses could be detected and annotated
using MassTRIX, a webserver for direct annotation of FTICR-MS data to
metabolic pathways (36, 37) questioning different databases and especially
the KEGG (38) and HMDB (39) databases. MassTRIX provides hypothetical
structural identifications and enables the visualization of compounds annotation
on pathways of a chosen organism, Vitis vinifera in case of wines samples.
MassTRIX also enabled the assignment of 816 masses from the 5,920 masses
provided by the RP UPLC/Q-ToF-MS data and 855 from the 4,915 masses
provided by the HILIC/Q-ToF-MS data of which 563 annotations were found
in both FTICR-MS and RP UPLC/Q-ToF-MS for example. Thus, our results
also showed that whatever the method used, a considerable part of the chemical
composition of wines remains unknown from actual accessible databases. One
also has to be bear in mind that the number of UPLC/Q-ToF-MS detected
metabolites might tend to be over-represented due to the different tolerated mass
errors used for the annotation (3).

Conclusion

Amethodology based on the combination of ultra-high resolution FTICR-MS
and both RP UPLC/Q-ToF-MS and HILIC UPLC/Q-ToF- MS for non-targeted
metabolomics has been adapted for the analysis of wines. A major problem
in metabolomics using mass spectrometry is the structural identification of
the detected masses. The attribution of correct elemental compositions needs
high accuracy in the mass calculation, which requires to consider all of the
elements which might be present, not only carbon, hydrogen, oxygen, nitrogen,
sulphur and phosphorous, but also isotopes. There are thus several advantages
in combining different non-targeted approaches: FTICR-MS data allow for the
precise determination of exact masses and their correlation with UPLC/Q-ToF-MS
signals obtained at lower resolution, while UPLC/Q-ToF-MS when based on
multiple separation criteria, enables the validation of annotations of important
compounds, along with distinguishing between isomers. The current capacity to
describe complex samples, in this case wine samples, by means of FTICR-MS
and UPLC/Q-ToF-MS is thus greatly expanded and our results indicated that up
to 10,000 accurate masses could be detected by FTICR-MS for wines from three
different appellations and over three vintages. Considering a low average value
of only two possible isomers, as detected by UPLC/Q-ToF-MS per exact masses
measured by FTICR-MS, the latter method would extend the current count of
chemical compounds in wine far beyond the known and identified volatile and
non-volatile metabolites in wine so far (about 3,000 altogether). When applied
to the comparison of three wines from the same grape variety but from three
different vintages, the methodology presented here revealed that, even after more
than thirty years of ageing, Pinot noir red wines from Burgundy could still exhibit
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remarkable chemical diversity compared to younger wines, and thus provide an
unprecedented picture of the oenodiagenesis operating in the bottle during the
ageing of great wines.
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Chapter 3

Influence of Storage Conditions on the
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Knowledge of the influence of temperature on the chemical
composition of red wines should be useful, given that
inappropriate storage is likely to shorten shelf life while
decreasing wine quality. Putative markers of ageing for red
wines stored for two years at two different storage temperatures
(cellar vs. domestic) were investigated using MS-based
untargeted metabolomics, and further confirmed by additional
metabolite profiling. Of the 10k features extracted from
the metabolomic dataset, those significant in terms of their
ability to distinguish between the two storage conditions were
mostly pigments and other phenolics, several of which were
annotated with 1st level identification. Tentative identification
of the remaining chromatographic peaks was made by using
spectral features, literature information about chromatographic
properties and mass spectra records from databases and an
internal database for the wine metabolome based on the
bibliography. The results of multivariate analysis clearly
showed that wines stored in the cellar changed little even after
two years of storage, while wines stored in typical domestic
conditions developed approximately 3-4 times faster. Ageing

© 2015 American Chemical Society
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in domestic conditions appeared to induce an accelerated
decrease in native anthocyanins, while specifically promoting
the formation of pinotin A-like pigments. Interestingly,
we observed a temperature-dependent pathway involving
the addition of bisulfite to the flavanols and leading to the
formation of several catechin and proanthocyanidin sulfonates,
along with hydrolysis reactions involving various phenolics,
including flavonols. The temperature-dependent sulfonation
process of flavanols was reproduced in a model wine system,
making it possible to isolate the main reaction products. Two
main metabolites were structurally elucidated using NMR
measurements and confirmed to correspond to the products
found in wines aged in domestic conditions. Epicatechin
4β-sulfonate and procyanidin B2 4β-sulfonate are suggested
as promising markers present in wines stored at elevated
temperature.

Introduction

The quality of any wine produced by a winery should fulfil certain legal
requirements and comply with winemakers’ standards. From the winery to the
consumer many factors can influence wine quality, especially storage conditions
and duration. Exposure to high temperature during transport is not uncommon,
damaging the quality of wine, given that wines are distributed from the production
area to destinations all over the world (1). Heat shock can last up to several days
when wines are distributed via unrefrigerated trucks in warm weather, and even
weeks when wines are transported by ship across the equator. Billions of bottles
are indeed sent between the Southern and Northern Hemispheres every year. It
has been observed that most wines are shipped in worse conditions than a pint of
ice cream or a head of lettuce, for various reasons including producers’, shippers’
and consumers’ ignorance of the issue (1). This is, incidentally, a long-standing
issue, considering that the depreciation of wine during transport from France to
England led Louis Pasteur to carry out investigations for several years, resulting
in the discovery of some of the most severe cases of microbial wine instability (2).

Once wines reach their final destination, they are expected to have a
different shelf life. Cheap wines are usually consumed within a short time, while
premium quality wines are expected to last and even improve with age, and are
frequently stored for up to several years. Consumers consider ageing as a positive
characteristic for wine, and not without reason. Many high quality red wines
are aggressive and difficult to drink when young, but with ageing their quality
improves, meaning that consumers prefer them and pay more to purchase them.
Unfortunately, ageing is not a one-way route for high quality wines. Optimum
temperature and humidity conditions may improve wine quality through ageing,
while incorrect or excessively long storage leads to negative results. The
metabolic changes which improve wine quality are slow, and accelerated ageing
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does not lead to the same positive results. High temperatures,which increase the
rate of chemical processes, can facilitate and accelerate unwanted reactions thus
leading to a decay of the wine sensorial quality.

During wine tasting, the oenologist analyses each sample holistically without
focusing on only one specific characteristic. This unconventional ‘analytical
method’ is fast, practical and functional, but not so robust, difficult to generalise
and requires extensive experience. On the basis of wine tasting it is widely
accepted that fine wines are at risk of depreciation during prolonged storage at
elevated temperatures. Nevertheless, there is a limited knowledge about which
temperature-induced chemical changes are produced during prolonged storage. It
is expected that improved mechanistic knowledge of this process would provide
essential information to wine producers, wine professionals and consumers,
leading to better awareness.

Targeted analytical methods have helped to tackle this problem by providing
selectivity, sensitivity, robustness, velocity and a common language, but they lack
the holistic view. Chemists use many different analytical methods to cover a small
part of the metabolic space of a sample. According to some calculations, the plant
metabolome is estimated to cover 200K metabolites, most of them unknown.
Wine is definitely one of the most complex foods as far as the metabolomic profile
is concerned, since grapes, yeasts, bacteria, fungi, exogenous antioxidants, fining
agents and other oenological materials and ageing are involved in its preparation.
Over the last few years, with the advent of untargeted techniques, analytical
chemists have tried to approach various biological and chemical studies in a
holistic manner.

Untargeted metabolomics deals with the study of changes in the metabolic
content (organic molecules with a molecular mass smaller than 2000 Daltons) of
a biological sample in response to a stimulus or modification. The idea works and
offers very interesting results, mainly in the medical and pharmaceutical sectors
but less commonly in food research, since it is an expensive technique and requires
the collaboration of scientists from different fields.

In the last few years, different metabolomics approaches have also appeared
in literature focusing on wine, providing interesting information about various
oenological issues and offering new hypotheses for further experiments (3–11).

In general, analytical chemistry studies dealing with wine storage use
targeted methods for the analysis of volatiles, amino acids, amines, organic acids
and phenolics. Most of these studies were carried out using accelerated storage
conditions and for short time periods, trying to predict the results of real storage
conditions (12–24).

The object of this study was to evaluate the effect of storage on 20 red wines,
comparing optimum storage with typical domestic conditions for a period of 24
months. With the further scope of obtaining the clearest possible chemical image
of the non-volatile fraction and finding new tentative markers for sub-optimal
storage, untargeted metabolomics was used as the key analytical approach.
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Materials and Methods

Wine Storage Experiment

Experimental Design

The wine storage project focused on the analysis of 400 bottles of 20 different
red Sangiovese wines. The bottles of each wine were divided and stored for
24 months in the following conditions: a) half were stored in optimum storage
conditions 15–17 °C (59-63°F), 70% humidity, horizontally and inside wine boxes,
while the other half b) were stored in such a way as to mimic typical modern
apartment storage, with a temperature of 20–27 °C (68-81°F), fluctuating with the
seasons, and variable humidity during the year, away from any heating systems
or bad smells, horizontally and inside boxes. Every 6 months 2 bottles from each
wine/storage system were sampled up to the 24 month time point (3).

LC-MS Analysis

Sample preparation and UPLC-QTOF MS untargeted analysis were
performed within two months of the end of the ageing experiment and during
this period the wines were kept at 4 °C to slow down possible reactions. Wines
were uncorked under nitrogen atmosphere and an aliquot was transferred into a
15 mL amber vial (filled to capacity). 1 mL of each wine was then diluted with 1
mL Milli-Q water (1:1 dilution) and 20 μL of the internal standard mix was then
added. Finally, each sample was filtrated with 0.2 μm PTFE filters into a 2 mL
amber vial (MS certificated) prior to LC/MS analysis. The internal standard mix
was 10 mg 3-indol propionic acid and 17 mg 2,6-dihydroxy benzoic acid in 10
mL of MeOH:H2O (1:1) (3).

A Waters Acquity UPLC was used, coupled via an electrospray ionization
(ESI) interface to a Synapt HDMS QTOF MS (Waters, Manchester, U.K.)
operating inW-mode and controlled byMassLynx 4.1. All samples were analyzed
on a reversed phase (RP) ACQUITY UPLC 1.8 µm 2.1 x 150 mm HSS T3
column (Waters) protected with an Acquity UPLC® BEH HSS T3 1.8 µm, 2.1 x
5 mm precolumn (Waters), at 40 °C and under a mobile phase flow rate of 0.28
mL/min. Water was used as weak eluting solvent (A) and methanol as strong
eluting solvent (B); formic acid 0.1% v/v was used as the additive in both eluents.
The multistep linear gradient used was as follows: 0-1 min, 100% A isocratic;
1-3 min, 100-90% A; 3-18 min, 90-60 % A; 18-21 min, 60-0% A; 21-25.5 min,
0% A isocratic; 25.5-25.6 min, 0-100% A; 25.6-28 min 100% isocratic. Injection
volume was 10 µL, unless otherwise stated, and the samples were kept at 4 ºC
throughout the analysis. Mass spectrometric data were collected by separate runs
in positive and negative ESI mode over a mass range of 50 to 2000 amu, with scan
duration of 0.3 s in centroid mode. The transfer collision energy and trap collision
energy were set at 6 V and 4 V. The source parameters were set as follows:
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capillary 3 kV for positive scan and 2.5 kV for negative scan, sampling cone 25 V,
extraction cone 3V, source temperature 150 ºC, desolvation temperature 500 ºC,
desolvation gas flow 1000 L/h and nebulizer gas 50 L/h. External calibration of
the instrument was performed at the beginning of each batch of analysis by direct
infusion of a sodium formate solution (10% formic acid/0.1 M NaOH/Acetonitrile
at a ratio of 1/1/8), controlling the mass accuracy from 40 to 2000 m/z (less
than 5 ppm) and mass resolution (over 14000 FWHM). LockMass calibration
was applied using a solution of leucine encephalin (0.5 mg/L, m/z 556.2771 for
positive and 554.2620 for negative ion mode) at 0.1 mL/min3.

Tannins Reaction with Bisulfite

Reactions

60 g of a commercial apple tannin with title in polyphenols 75% (PFANNEN
SCHMIDT, Hamburg, Germany. Art-Nr: 11278112; Batch: 1005013-21) and 20
g of Na2S2O5 were dissolved in 6 L of a model wine solution (10% ethanol, 5 g of
tartaric acid, pH 3.6) and then divided in 250ml dark glass bottles: a) 2 bottles were
stored at 20 °C, b) 10 bottles at 40 °C and c) 10 bottles at 60 °C. After 22, 27, 35,
43, 51, 63, 95 and 182 days, 1 mL of each reaction was sampled, diluted with water
(1/10) and analyzed using LC-MS/MS. Assuming an average molecular weight of
290 g/mol and taking into account the titles, the SO2 was in slight molar excess,
(ca. 1.25). The concentration of the compounds of interest in the apple extract
were 12 mg/g of catechin, 29 mg/g of epicatechin, 53 mg/g of type B procyanidins
(evaluated by UHPLC-MS/MS) plus ca. 600 mg/g of oligomeric procyanidins
(evaluated by phloroglucinolysis).

LC-MS Analysis

All LC–MS/MS analyses were performed with an ACQUITY Ultra
Performance Liquid Chromatographic System (Waters, MA, U.S.A.) coupled to
a Xevo TQ MS System (Waters, U.K.) operating using MassLynxTM Software.
The column was an Acquity UPLC HSS T3 1.7 μm, 2.1 x 150 mm column
(Waters) and pure commercial compounds or the pure standard isolated in this
experiment were used for quantification, with the external standard method. The
injection volume was 2 µL. For the TQMS, capillary voltage was 3.5 kV in
positive mode and −2.5 kV in negative mode; the source was kept at 150 °C;
desolvation temperature was 500 °C; cone gas flow, 50 L/h; and desolvation gas
flow, 800 L/h. Unit resolution was applied to each quadrupole. The detailed
LC-MS parameters for the commercial chemical references are reported in
Ehrhardt et al.; the sulfonated derivatives were analyzed under selected ion
monitoring (SIM) ESI- scanning mode (25). The retention times of the sulfonated
epicatechin 3 (SIR 369 m/z), the open sulfonated forms 1-2 (SIR 371 m/z)
and sulfonated procyanidin B2 4 (SIR 371 m/z) were 1.74, 2.19 and 2.17 min
respectively (Figures 1 and 2).
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Figure 1. Structures of the open sulfonated flavanols 1-2 and sulfonated
epicatechin 3.

Sulfonated Flavanols Isolation

Isolation of sulfonated epicatechin and sulfonated procyanidin Bwas achieved
with a Waters 2695 HPLC equipped with a Waters 996 DAD detector (Waters
Corp., Milford, MA, U.S.A.). The column used was Supelco Discovery C18, 5
μm, 4.6 × 250 mm, the flow rate was 1.5 mL/min, the eluents were water (A) and
methanol (B), the injection volume was 20 μL, and the column oven temperature
was 40 °C. The gradient was isocratic (100% A) for the first 6 min, from 6 to 11
min isocratic with 100% B, and finally isocratic again with 100% A from 11 to
16 min. Automatic fractionation was carried out using a Fraction Collector III
(Waters).

With this set up, two major peaks were isolated and later categorised as
epicatechin 4β-sulfonate 3 and procyanidin B2 4β-sulfonate 4 (Figures 1 and 2).
A similar procedure was used for the isolation of the open structures produced
by monomeric flavanols at high temperature (90 °C). The purity of each isolated
standard was established by 1H-NMR.

For the calculation the average experimental molar absorptivity (ε) of each
pure sulfonated compound, two methanolic solutions were prepared, one twice the
other, ca. 25 and 50 mg/L, to obtain an absorbance value in the range of 0.3-0.7
UA. The spectral characteristics of the known solutions were recorded on a Hitachi
U-2000 UV−vis spectrophotometer using quartz cells with a 10 mm optical path.

Sulfonated Flavanols Identification

1H (400 MHz), 13C (100 MHz) and 2D-NMR spectra were recorded in
CD3COCD3 (99.90%) or in CD3OD (99.9%) or in D2O (99.5%) at 300 K on
a Bruker-Avance 400 MHz NMR spectrometer, by using a 5 mm BBI probe
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equipped with pulsed-gradient field utility. The chemical shift scale (δ) was
calibrated on the residual proton signal of deuterated acetone (δH 2.050 ppm and
δC 29.80 ppm), or tetradeuterated methanol (δH 3.310 ppm and δC 49.00 ppm) or
deuterated water (δH 4.75 ppm). Molecular mechanics (MM) calculations were
carried out using the MM2 force fields as implemented in PCMODEL 8.5 (Serena
Software, Bloomington, U.S.A.). The LC-MS instrument used for the extact mass
was the Synapt HDMS QTOF MS (Waters, Manchester, U.K.) described in the
earlier section.

1-R-(3,4-dihydroxyphenyl)-2S-hydroxy-3-(2,4,6-trihydroxyphenyl)-
propane-1-sulfonate (1 in Figure 1):

This was by far the most significant product of the reaction performed either
in methanol or in the model wine at 90 °C.

1H-NMR (D2O, 300K): 6.89 (d, J=1.5, H-2′); 6.83 (dd, 8.1Hz, H-5′); 6.79
(brd, J=8.1 Hz, H5′); 5.94 (s, H-3″ and H-5″); 4.64 (ddd, 4.4, 8.8, 9.5 Hz, H-2);
3.94 (d, 9.5 Hz, H-1); 2.56 (dd, J 4.4, 14.8, Ha-C(3)); 2.61 (dd, J 8.8, 14.8, Hb-
C(3)).

13C-NMR (CD3OD, 300 K): 156.6 (C-2″ and C-6″); 155.8 (C-4″); 144.5 (C-3′
or C-4′); 144.1 (C-4′ or C-3′); 127.2 (C-1′); 123.1 (C-6′), 117.8 (C-5′); 116.4 (C-2′);
105.2 (C-1″); 95.9 (C-3″ and C-5″); 72.0 (C-2); 71.3 (C-1); 29.9 (C-3).

HRMS (ESI) calcd for C15H16O9S [M–H]- 371.0442, found 371.0435.

1-S-(3,4-dihydroxyphenyl)-2S-hydroxy-3-(2,4,6-trihydroxyphenyl)-
propane-1-sulfonate (2 in Figure 1):

This was a minor product of the reaction performed either in methanol or in
the model wine at 90 °C.

Only signals different to those attributed to the main epimer are reported here.
1H-NMR (D2O, 300K): 7.09 (d, J=1.5, H-2′); 6.93 (d, J=8.5, H6′); 6.87 (brd,

J=8.5, H5′); 6.01 (s, H-3 and H-5); 4.31 (br s, H-1); 2.80 (dd, J 5.5, 14.3, Ha-C(3));
2.62 (dd, J =7.2, 14.3, Hb-C(3)).

HRMS (ESI) calcd for C15H16O9S [M–H]- 371.0442, found 371.0435.

Epicatechin-4β-sulfonate (3 in Figure 1)
1H-NMR (CD3COCD3, 300K): 7.04 (d, J=1.9, 1H, H-2’); 6.89 (dd,

J=1.9,8.1Hz, 1H, H-6′); 6.77 (d, J=8.1 Hz, 1H, H5′); 5.98 (m. 2H, H-6+H-8);
5.48 (br s, W1/2 =3 Hz, 1H, H-2); 4.54 (br s, W1/2 =4.5 Hz, 1H, H-3); 4.03 (br
s, W1/2 =3Hz, 1H, H-4).

1H-NMR (CD3OD, 300K): 7.02 (brs, 1H, H-2′); 6.87 (brd, J=8.1Hz, 1H, H-
6′); 6.80 (d, J=8.1 Hz, 1H, H5′); 6.05 (m. 2H, H-6+H-8); 5.45 (br s, W1/2 =3.5
Hz, 1H, H-2); 4.54 (br s, W1/2 =4.3 Hz, 1H, H-3); 4.17 (br s, W1/2 =4.0 Hz, 1H,
H-4).

13C-NMR (CD3OD, 300 K): 159.5 (C-8a); 159.0 (C-5 or C-7); 157.9 (C-7 or
C-5); 145.7 (C-3′ + C-4′); 145.6 (C-4′ or C-3′); 131.8 (C-1′); 119.5 (C-6′); 116.0
(C-5′); 115.4 (C-2′); 97.7 (C-4a); 97.4 (C-6 or C-8); 97.3 (C-8 or C-6), 76.4 (C-2);
67.4 (C-3); 61.4 (C-4).

HRMS (ESI) calcd for C15H14O9S [M–H]- 369.0285, found 369.0278. The
experimental molar absorptivity in methanol ε was 4070 (278 nm).
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Procyanidin B2-4β-sulfonate (4 in Figure 2):
1H-NMR (CD3COCD3, 300K, t = terminal unit) : 7.04 (brs, 2H, H-2′+H2′t);

6.84 (brd, J=8.1Hz, 2H, H-6′+H6′t); 6.79 (d, J=8.1 Hz, 2H, H5+H5′t′); 6.02 and
5.99 (m, 3H, H-6+H-8+H6t); 5.45 (br s, 1H, H-2t); 5.10 (m, 1H, H-2); 4.68
(brs, 1H, H-4), 4.53 (br s, 1H, H-3t); 4.23 (br s, 1H, H-4t); 4.01 (br s, 1H, H-3).
13C-NMR (CD3COCD3, 300 K, t = terminal unit): 159.5-157.0 (C-5+C-5t,C-7+C-
7t,C-8a+C-8at); 145.7-145.2 (C-3′+C3′t, C-4′+C-4′t); 131.7 (C-1′); 119.5-115.4
(C-2′+C-2′t, C-5′+C-5′t, C-6′+C-6′t);107.8 (C-4); 98.4-96.5 (C-4at, C-6 +C-6t,
C-8+C-8t)); 76.6 (C-2); 76.4 (C-2t); 72.9 (C-3); 67.4 (C-3); 67.1 (C-3t); 62.1
(C-4t); 37.1 (C-4).

HRMS (ESI) calcd for C30H26O15S [M–H]- 657.0920, found 657.0927. The
experimental molar absorptivity in methanol ε was 6732 (278 nm).

Figure 2. Sulfonation of wine procyanidins occurring in wine stored in
temperatures higher than the optimum.

Wine Precipitate

Two bottles of defective Sangiovese wine of the year 2011 were provided
by a commercial winery in Tuscany. The wine belonging to this lot number was
considered unmarketable since after bottling it developed floating flakes in all their
volume of unknown cause. Each bottle was filtrated with a 0.22 µm filter and the
filtrate was dried under vacuum for 24 hours. The flakes formed were weighted,
then solubilised in methanol and directly analyzed without preliminary hydrolysis
(25). The images of the dry precipitate were obtained with a Nikon Digital Sight
DS-Fi1 camera mounted on a stereomicroscope Nikon SMZ800 with zoom range
from 1x to 6.3x.

36

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

00
3

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1203.ch003&iName=master.img-001.jpg&w=323&h=155


Results and Discussion

Wine Storage Experiment

Metabolomics follows a similar workflow to targeted analysis, but is
definitely more complicated. In Figure 3 we try to show a simplified workflow
for a metabolomics experiment. In metabolomics method development is usually
minimal and requires little time; method validation does not typically take place,
but the data analysis step requires a very long time (several months if not a few
years). In contrast, in targeted analysis method development and validation are
very important steps and typically need long investigation periods, while data
analysis is definitely much faster. Other essential steps requiring attention in
metabolomics are experimental design, the various quality controls (during and
after analysis) and marker discovery, identification and validation (which are part
of the data analysis step). Since a metabolomics sequence can last from days to
weeks, the first quality control (Figure 3) step is fast, but essential to evaluate
instrument performance during the analysis, the second is more detailed and
carried out at the end of analysis to ensure the quality of the dataset, while the last
focuses more on tentative bio-markers in order to avoid false positives (Figure
3). For example, a fast and visual evaluation of the data quality is the strong
clustering of the QC (a pooled sample) injections in the PCA plot (Figure 4). The
last step, hypothesis validation, refers to additional analysis that could be carried
out with a targeted method for the measurement of a specific tentative marker
or group of tentatives markers, or using a different sample set analyzed with the
same untargeted method.

Figure 3. General metabolomics workflow.
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Figure 4. PCA plot of the LC-MS in ESI+ experiment, comparing the evolution of
5 different red wines stored under cellar and domestic conditions for 24 months.
The numbers indicate the storage duration in months. In the upper part are shown
the trajectories indicating how the metabolic fingerprint of one of the wines was
changing under the two conditions from time zero to 24 months. It is apparent
that the direction of the change is the same for all wines (from left to right) and
that the distance from the reference increases greatly under domestic conditions.

Researchers in metabolomics are used to working with a large amount of data.
A typical LC-MS dataset can easily have 2-20K variables, the so-called features
which are molecular entities with a uniquem/z and retention time. Each metabolite
can have more than one feature, such as isotopes, adducts or fragments. Most
of the time, only a small number of these features make a significant difference
in a metabolomics experiment and supervised multivariate statistical analysis is
often applied to find significant differences, while unsupervised PCA plots are
used mainly to judge the quality of the data. We observed (data not shown) that
most of these features were not affected during this storage experiment. Wine
is after all considered to be a stable commodity, and this relative stability was
expected. However, hundreds of the measured compositional features still showed
variations during storage. Despite the high number of features (~10.000) (3) and
the biological variability, from the PCA plot (Figure 4) it was already possible to
arrive at some considerations, not only as regards the quality of the data but also
about the effect of storage on different wines. The wine samples all develop in
the same direction, suggesting that most of the reactions are qualitatively much
the same for the different lots of wine and different storage conditions. However,
the path clearly has a different length. The metabolic profile of bottles of wine
stored under optimum conditions remained more stable as compared to samples
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stored in domestic conditions. This is not surprising given that these condition
were within the range suggested by HKQAA certification for optimal storage of
fine wines (26). Wines stored for 6 months in optimal conditions had a metabolic
fingerprint similar to wines stored in domestic conditions for 18/24 months, so we
can observe that the average speed of the overall metabolic changes was much
faster in domestic conditions. It is worth emphasising that such a big difference
was not observed by comparing optimum conditions with extreme or accelerated
conditions, but rather with domestic storage parameters which could be perceived
as a viable possibility. In detail, in domestic conditions wines were kept in
amber glass bottles, horizontally, in the dark, away from any heating systems
or bad smells, at a temperature varying over the seasons and typical for human
wellbeing (3). It can be assumed that the parameters chosen were both realistic
and common since most consumers live in houses without an underground cellar
or any specialised climate-controlled environment, such as a wine-fridge.

The situation is not expected to be any better also in several professional
conditions, if we consider that HKQAA certification for commercial wine storage
(26) can be awarded for storage temperature of 22 °C with allowed a daily and
annual fluctuation range of, respectively, 5 and 10% (27). These conditions nicely
overlap with the domestic conditions in our experiment.

Figure 5. Typical domestic conditions of wine storage favored the production of
vinylphenol-pyranoanthocyanins (e.g. Pinotin A 6) from the grape anthocyanins

(e.g. malvidin 3-glucoside 5).

The first practical indication which can be deduced from this figure is that the
“chemical age” of a red wine stored in domestic conditions could differ from the
age written on the label of the bottle: home storage leads to a sort of unwanted
“accelerated ageing”.

The experiment started in spring 2010 and finished in spring 2012, so the
12th and 24th month sampling points were after a winter period, whereas the 6th
and 18th month sampling points were after a summer period. In Figure 2 it is also
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possible to see the result of this fluctuation, showing how the summer/hot period
increases the distance between domestic sampling conditions by accelerating
metabolic profile changes.

Figure 6. Pigments (directed linked flavanol-anthocyanins 7, pyranoanthocyanins
8 and ethyl bridge flavanol-anthocyanins 9) which formation was favored by the

optimum wine storage.
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Supervised multivariate analysis in both the ESI- and ESI+ LC-MS
experiments, showed various metabolites with a significant concentration
difference between the two storage conditions (3). The significance of these
tentative markers for red wine storage increased over time, as can already be seen
in the PCA plot of Figure 4. As expected, a group of markers for this experiment
(which we suggest as tentative markers for high temperature wine storage), was
the group of pigments. Grape pigments (i.e. glucosides of malvidin, peonidin,
petunidin, cyanidin and delphinidin and their corresponding acetyl, p-coumaroyl
and caffeoyl esters) decreased much faster in domestic conditions, while the
group of vinylphenol-pyranoanthocyanins (e.g. pinotin A 6 in Figure 5) were
the only pigments showing a positive correlation with domestic storage over
time, since their concentration increased much faster in domestic conditions (3).
Vinylphenol-pyranoanthocyanins are known for their orange colour (28), whereas
red pigments formed during wine ageing, such as pyranoanthocyanins and
flavanol-anthocyanins (Figure 6), had a higher concentration in the wines stored
in optimum conditions. As a result, the wines stored in the cellar maintained
their red colour, an important quality parameter, while the home-stored wines
shifted from red towards orange tones, which are a negative characteristic
associated with the browning of red wines (3). This is not the first time that
vinylphenol-pyranoanthocyanins have been correlated with the length of ageing
and oxygen management enological practices (4, 29–32).

The second group of tentative markers for wine storage was made up
of various hydrolysis products of phenolic metabolites (3). Prolonged and
sub-optimal wine storage induced substantial hydrolysis of flavonols from their
glucosides, and hydroxycinnamic acids from their tartaric acid esters (Figure 7).

Figure 7. Two major hydrolysis reaction favored by the domestic storage
conditions. The first one refers to the hydrolysis of hydroxycinnamic acid esters
with tartaric acid (10 to 11); and the second to the hydrolysis of glycosidic

flavonoids to their aglycons (12 to 13).
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The increase in free flavonols during the storage of Sangiovese wines should
be considered as a serious negative trait, given that the formation of precipitates
rich in quercetin during the storage of Sangiovese wines in the bottle is reported
relatively frequently by producers. These unwanted, floating precipitates, to
date not described in the literature, are a serious concern for producers, since
their formation makes the wine unmarketable (Figure 8). In defective wine we
observed that the flakes, shown in Figure 8, consisted mainly of quercetin (c.
57% of dry weight) and also contained other flavonols (kaempferol, myricetin
and isorhamnetin) in minor amounts. No evidences that this precipitate could be
associated with any metal were found. So probably these disk-shaped, floating
flakes appear to be mainly made up of flavonol aglycones, compounds naturally
present in wine but at insufficient concentrations to adversely affect it, which
could cause wine defects in the case of an excessive concentration. This could be
the case with quercetin, which as we observed increased its concentration in wine
by >300% during the 24 months of storage, with a faster trend in wines stored in
domestic conditions (3).

Figure 8. Floating flakes isolated from a Sangiovese wine, and consisted mainly
of quercetin and other flavonols in minor amounts. (see color insert)
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A third group of markers was made up of flavanols. The concentration of
dimeric B type procyanidins was more stable in cellar conditions, while their
sulfonated derivatives were strong markers in our study, positively correlated
with domestic storage (Figure 2). This is the first experiment in which sulfonate
flavanols have been reported in wine, pointing out the power of untargeted
metabolomics, capable of measuring the presence of unexpected compounds.
According to the literature, since these metabolites are not commercially
available, sulfonation could occur at C-6′ of the B-ring or at C-4′ of the C-ring of
the flavanic (33, 34),. In order to identify the structure of these high temperature
storage markers, we tried to reproduce the sulfonation reaction in the laboratory.

Tannins Reaction with Bisulfite

1-(3,4-Dihydroxyphenyl)-2-hydroxy-3-(2,4,6-trihydroxyphenyl)-propane-1-
sulfonates (1 and 2)

Preliminary synthesis starting from pure monomeric flavanols either in
methanol or in model wine, under reflux and at 90 °C for 24 hours, under molar
ratio 1:1, resulted in a single main peak in reversed-phase chromatography
from both epicatechin and catechin, which was easily isolated using preparative
chromatography. In particular, the NMR spectra of the peak obtained by
sulfonation of catechin showed the presence of two distinct sets of signals in a
molar ratio of 5:1. Both compounds showed that the aromatic carbon atoms and
corresponding protons at C(6) and C(8) on ring A gave single NMR resonances
(δH 5.94 ppm and δC 95.9 ppm for 1R,2S whilst δH ppm for the 1S, 2R epimer),
thus indicating their symmetrical relationship as compared to the alkyl-chain at
C4a; this implies that we are dealing with structures where the pyran C cycle is
open, affording 1-(3,4-dihydroxyphenyl)-2-hydroxy-3-(2,4,6-trihydroxyphenyl)-
propane-1-sulfonates. This skeleton was also confirmed by long range 1H-13C
NMR spectra. Since racemization at C-2(worth of note this is C-3 in the catechin
numbering system) can be ruled out in the mild working conditions of our
sulfonation process, and the coupling pattern of NMR proton resonance on
ring B is conserved, we can safely conclude that the two sets of resonances
should belong to the expected C(1) epimers, due to sulfite attack on the opposite
side. According to our MM calculations, carried out on 1R,2S (compound 1
in Figure 1) and 1S,2R (compound 2 in Figure 1) epimeric sulfonates, in the
most stable conformation of the 1R,2S epimer, H-1 and H-2 have an almost
trans-relationship, whilst in the minimum conformation of the 1S,2S epimer
these protons have a gauche-relationship. In both cases, these conformations
were found to be significantly more stable than other conformers deriving
from rotations around C(1)-C(2)-C(3) single bonds. These conformational
preferences are imposed by the need to maintain an overall trans-relationship
in the C(1′)-C(1)-C(2)-C(3)-C(1″) propane-diaryl system. Since the vicinal
coupling constant J(1,2) was found to be 9.4 Hz in the main epimer, the average
H(1)-H(2) torsional angle can be expected to be almost 180°, in agreement with
1R, 2S absolute stereochemistry. On the other hand, the signal attributable to
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H-C(1) in the 1S,2R stereoisomer was found to be a broad singlet at δH 4.31
ppm, thus suggesting that the average H(1)-H(2) torsional angle can be expected
to be around 90°, in turn in agreement with the extensive prevalence of gauche
rotamers. These structures are produced by opening the pyran C ring of catechins
and sulfonation at C-2, as already discussed by Foo et al. (35) No trace of the
compounds 1 and 2 were found in our wine samples, leading to the conclusion
that this is not the sulfonation mechanism relevant for wine storage. We therefore
decided to reproduce the reaction in the temperature range relevant for wine
storage.

Epicatechin-4β-sulfonate (3) and Procyanidin B2-4β-sulfonate (4)

In a successful experiment described in this study, the slow reaction of a
mixture of monomeric and polymeric apple flavanols with sulfonic acid and
temperature in the range 20- 60 °C proved that the reaction is favoured by
temperature and takes place in the C ring, specifically at the C-4 position of the
epicatechin flavanic structure. Two peaks, corresponding to the mono-sulfonated
epicatechin (3 in Figure 1) and the main epicatechin-dimer sulfonated 4, were
purified and subjected to NMR characterisation.

The 1H-NMR spectrum of our epicatechin-sulfonate showed that the –SO3H
group should be attached to C-4, since the diastereotopics protons at δH around 2.8
ppm (2H-C4) were lacking and substituted by a broad singlet signal at δH 4.03 in
acetone d6 (δH 4.18 in CD3OD). HSQC and HMBC-measurements and reference
to literature data (35) allowed us to firmly establish that this sulfonyl group was
attached to C-4. Finally, molecular mechanics calculations indicated that only a
cis-trans relationship between substituents at C(2)-C(3)-C(4) was compatible with
the J coupling patterns of the corresponding protons linked to these Carbon atoms.
As further support, only a β-substituent at C(4) would be able to impose a strong
shielding γ-gauche effect (about 5 ppm) on the C(2) of epicatechin ( δC of C-2 is
in fact 81.1 ppm with respect to δC 76.4 ppm in 3) .

It is interesting to observe that while both epicatechin and catechin were
present in the apple extract, in a molar ratio of c. 4:1, both of which were expected
to react with bisulfite, only the product corresponding to epicatechin 4β-sulfonate
was produced. This highlights the importance of sterical constraint of the
cis-configuration at the C2-C3 position of flavanols for the reaction mechanism.

The main dimeric compound produced by the same apple polyphenol reaction
was found to be procyanidin B2 4β-sulfonate (4), with sulfonation on the terminal
unit, thus retaining the same β stereochemistry as in 3.

The structure of 4 (Figure 2) was established by NMR measurements,
in particular by 1H-13C multiple bonds correlation (HMBC). The analysis of
the 1H-NMR spectrum of 4 is strongly hindered by the presence of a slow
conformational process due to restricted rotation around the C4(extending
unit)-C8 (terminal unit) interflavanol bond. This process implies that several
1H resonances appear in the spectrum as very broad peaks in particular protons
bonded to both pyran rings. This difficulty is partially overcome in HSQC and
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HMBC experiments which allow to establish the overall atoms connectivity. Our
data are in good agreement with partial 13C-NMR assignments of 4 as reported by
Foo et al. (35) and allow to establish the relative stereochemistry of all its chiral
centers.

Figure 9. Evolution of the concentration of epicatechin (○), epicatechin
4-sulfonate (●) and catechin (□), of a commercial apple extract in the presence
of SO2, in model wine solution (10% ethanol, 5 g of tartaric acid, pH 3.6) and

at 3 temperatures (20, 40 and 60 °C).
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By spiking the wines aged under domestic conditions with the isolated
standard, it was finally confirmed that these structures are the main sulfonated
flavanols formed in wine.

Figure 10. Evolution of the concentration of procyanidin type B sum (◊) and
sulfonated procyanidin B2 4 of a commercial apple extract in the presence of
SO2, in model wine solution (10% ethanol, 5 g of tartaric acid, pH 3.6) and

at 3 temperatures (20, 40 and 60 °C).
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The reaction of the apple extract in a model wine solution gave some
interesting results in terms of the behaviour of flavanol sulfonation. The use of
a polyphenolic mixture containing catechin, epicatechin, B type procyanidins
and other polymeric flavanols made it possible to evaluate the reactivity of more
than one compound at the same time. The model wine with the addition of a
mixture of apple tannins provided conditions more similar to wine composition.
Catechin and epicatechin concentrations were relatively stable at 20 °C and
increased at 40 °C and 60 °C during the 95 days of the experiment (except for
epicatechin at 60 °C, which started to decrease after 60 days). At 40 °C, and even
more clearly at 60°C, there was clear evidence of new formation of epicatechin,
via depolymerization of apple procyanidins. In these conditions, where the
availability of bisulfite was not a limiting factor (in contrast to wine), the amount
of epicatechin 4β-sulfonate 3 produced was greatly enhanced by temperature, and
at 40-60 °C, the absolute amount produced was considerably higher as compared
to the amount of epicatechin present at the beginning of the experiment. This
leads to the conclusion that condensed tannins are the main precursors (Figure 9).

The sum of B type procyanidins was stable at 20 °C, increased for the first
days and then decreased at 40 °C, continuing to decrease throughout the whole
experiment at 60 °C. The main B type sulfonated procyanidin, which was also
isolated and identified by MS and NMR, was the procyanidin B2. Absolute
quantification of the two isolated sulfonated derivatives in the reaction mixture
showed that epicatechin 4β-sulfonate concentration increased at all temperatures
during the 95 days (at 60 °C its concentration was stable after 43 days), and
sulfonated procyanidin increased for the first ~30 days at all three temperatures
and then stabilised (20 °C) or decreased (40 and 60 °C) (Figure 10). In conclusion,
the features of this reaction can be summarised as i) a fast initial reaction rate at
40-60 °C; ii) max reaction yield at 40-60 °C, iii) evidence of new formation of
procyanidins at 40 °C, further enhanced at 60 °C, when the sulfonated product
was also rapidly consumed.

Conclusions

Wine sulfonated flavanols are hydrophilic compounds with increased
solubility as compared to free flavanols. They can be produced in part via
cleavage of larger oligomers. These sulfonated products cannot be involved in
inter-flavanic linkages at their C4 terminal, possibly leading to reduced mDP of
wine tannins if this reaction occurs. Most importantly, both from the scientific and
practical point of view, they can be considered as new markers of inappropriate
storage, induced by storage at elevated temperature. Their formation reaction
is relatively slow, and on the basis of our experiments we can suggest that their
presence in wine could be induced either by long storage at a moderately high
temperature or by relatively short storage at extreme temperatures. Further
studies are required to validate their use, but we expect that in the future they
could be used to prove the inappropriate storage of wine, an important objective
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(1), thus providing wine producers with information on post-winery handling of
their wines and giving them a new analytical tool to check whether the wine is
reaching the consumer as they intended.
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Chapter 4

Gas Detection Tubes for Measurement of
Molecular and Free SO2 in Wine

Patricia A. Howe,1 Jussara M. Coelho,2 and Gavin L. Sacks*,1

1Department of Food Science, Cornell University, Ithaca, New York, U.S.A.
2Department of Food Technology, Federal University of Viçosa,

Viçosa, MG, Brazil
*E-mail: gls9@cornell.edu.

curate measurements of the major active sulfur dioxide species
in wine (HSO3- and SO2) are important to studies of wine
oxidation chemistry and microbial stability. These so-called
“free SO2” forms are traditionally measured by iodometric
titration, aeration-oxidation (A-O) or by comparable modern
variants. These standard approaches require sample dilution
and/or pH shifts. We describe a simple headspace method
for quantifying either molecular or free SO2 in wine utilizing
colorimetric gas detection tubes (HS-GDT) that avoids
perturbation of equilibria. Henry’s coefficients were constant
over ethanol concentrations of 0-17% v/v. The HS-GDT
method limit of detection in a model wine (pH 3.56, 12%
v/v ethanol) was 0.21 mg/L molecular SO2, and was linear
over 0.29-1.13 mg/L. Good agreement was observed between
HS-GDT and A-O for white and blush wines, but molecular
SO2 in red wines averaged 2-fold lower by HS-GDT, likely
because the standard A-O approach results in dissolution of
weakly bound bisulfite-anthocyanin adducts.

© 2015 American Chemical Society

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

00
4

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Introduction

The first written description of using sulfur dioxide (SO2) as a wine
preservative dates to 1670 (1), in which it is suggested to add wine or other
alcoholic beverages to a container filled with fumes from burnt sulfur. In modern
winemaking, SO2 is a near ubiquitous addition for prevention of wine oxidation
and microbial spoilage (2). While low levels of SO2 are formed endogenously by
yeast metabolism during fermentation, typically <10 mg/L (3), larger amounts of
SO2 are typically added following alcoholic and/or malolactic fermentation and
then at regular intervals throughout storage, in the form of compressed SO2 gas,
liquid SO2 solutions, or potassium metabisulfite (2).

SO2 Species in Solution

In wine and other food systems, SO2 exists as multiple species with different
activities, sensory effects, and regulatory requirements. The roles and typical
targets or constraints for these species are summarized in Table 1.

Table 1. Properties of Different Species of SO2 in Wine

SO2 Fraction Major Role Typical target or constraint (as SO2
equivalents)

Molecular SO2 (free
acid form) Antimicrobial Microbial stability: typically, 0.5-0.8 mg/L.

Irritation threshold: 2 mg/L

Bisulfite (HSO3-) Antioxidant, accounts for >95% of free SO2 (see below)

Sulfite (SO32-) Negligible (<0.01% of bisulfite at wine pH)

Free SO2: Sum of
Molecular, HSO3-,

SO32-
Antioxidant Preventing wine oxidation: typically,

20-40 mg/L

Bound Bisulfite
Adducts

Contribute to total SO2. May have minor antimicrobial
activity. Weakly bound adducts can dissociate and add to

free SO2 pool following loss of free bisulfite

Total: Free +
Bound SO2 Regulatory Regulated in most countries: In US, must

be < 350 mg/L for all wines

Because SO2 is a weak acid (pKa1 in water at 20 °C = 1.81), the predominant
species at wine pH (3-4) is bisulfite (HSO3-), with minor concentrations of the free
acid SO2 species (<5%) and negligible concentrations of sulfite (SO32-, pKa2 = 7.2)
(Figure 1). The sum of these species (molecular, bisulfite, sulfite) is referred to as
“free SO2”, and as described later, free SO2 (mostly bisulfite) is the primary species
involved in wine redox chemistry.
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Figure 1. Equilibrium relationships among SO2 species in wine. Ka1, Ka2:
First and second acid-dissociation constants; KH: Henry’s Coefficient; KD:

Dissociation constant of a sulfonate adduct (“bound SO2” species).

HSO3- may covalently bind with electrophiles to form the fraction referred
to as “bound SO2”. In most wines, the major contributor to bound SO2 is
acetaldehyde, which will form a strongly bound α-hydroxysulfonic acid adduct
with bisulfite. Because of the low dissociation constant (Kd = 1×10-6) of the
acetaldehyde-bisulfite adduct, >99% of acetaldehyde will be bound in a wine
with a typical free SO2 concentrations of 20-40 mg/L (2). Other carbonyl species,
particularly α-keto acids from fermentation (e.g. pyruvate, α-ketoglutarate) or
oxo-acids from spoilage organisms (e.g. glucuronic acid) may form weakly bound
adducts, (Kd > 1×10-5) (4). In sweet wines, binding by glucose may represent a
significant pool of bound SO2, in spite of its relatively low affinity for bisulfite (Kd
= 0.6) (4). In red wines, anthocyanins can also represent a major sink of bound
SO2 due to their relatively high binding constants (Kd = 1×10-5) (5). Over a range
of free SO2 concentrations (30 - 90 mg/L – on the high end for commercial wines)
and pH values (3.0-3.8) approximately 70-85% of monomeric anthocyanins are
reported to be bound (6). Finally, total SO2, refers to the sum of free and bound
forms of SO2 species and is regulated in many countries due to health concerns
(7).

Activity of SO2 Species - Antimicrobial and Antioxidant

SO2 may be added to grapes or must prior to fermentation to inhibit spoilage
micro-organism activity, favor S. cerevesiae growth, or inhibit polyphenol oxidase
and slow enzymatic browning (2). However, SO2 is more widely used as an
antimicrobial and antioxidant after fermentation. In spite of its low concentration
(<1% of free SO2), the molecular SO2 species has been demonstrated to be
the species responsible for antimicrobial activity in juices and wine (8). The
mechanism of action is believed to involve the passive diffusion of neutral
molecular SO2 across the cell membrane, followed by formation of HSO3- at
intracellular pH (9). Several mechanisms for toxicity are then available to
HSO3-, including nucleophilic addition to key metabolites, damage to DNA, and
reduction of protein disulfide bridges. Typical recommendations for preventing
microbial spoilage are in the range of 0.5-0.8 mg/L molecular SO2 for dry wines,
with higher concentrations sometimes recommended for sweet wines (2, 10).
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As mentioned previously, free HSO3- is the major species involved in redox
reactions. The primary pathway by which O2 is consumed in wine under abiotic
conditions involves initial activation of triplet O2 to a reactive oxygen species
(ROS, singlet O2) by transition metal catalysts (particularly Fe2+) (11). The ROS
can then react with 1,2-diphenol moieties in wine to yield 1,2-quinones and H2O2,
which can participate in further oxidative reactions with wine components, e.g.
by coupling with nucleophiles or oxidizing alcohols to aldehydes (12). HSO3-

can exert its antioxidant influence by rapidly reacting with 1,2-quinones and H2O2
(12), although it may also accelerate the rate of O2 consumption by facilitating
regeneration of transition metal catalysts and reacting with quinones (13). The
many potential roles of HSO3- in wine oxidation are summarized in Figure 2.

Figure 2. Overview of role of HSO3- during wine oxidation.

The bound SO2 fraction is thought to have weaker anti-microbial and anti-
oxidant activity than free SO2, but some forms (particularly acetaldehyde-bisulfite
adducts) appear to have a weak inhibitory effect against lactic acid bacteria (14).
Weakly bound bisulfite adducts do not appear to directly participate in oxidation
reactions, but may dissociate to partially replenish free SO2 following loss of the
latter.

Current Methods for Measurement of Molecular and Free SO2

As compared to other SO2 species, winemakers are generally most concerned
with measurement of free and molecular SO2 (10), as bisulfite is the major
species responsible for preventing wine oxidation and molecular SO2 is the
main species responsible for preventing microbial growth. If the pH is known,
the free SO2 can be used to calculate the molecular SO2 concentration via the
Henderson-Hasselbalch equation (2). Common methods for measuring free SO2
in wines can be classified into two categories:
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Approach 1. Direct Colorimetric or Titrimetric Measurement

These methods utilize an oxidizing reagent, e.g. iodine in the “Ripper”
titration of an acidified wine sample (15) and p-rosaniline in the “fuschin”
colorimetric assay (16). While these assays are relatively straightforward to
perform, the absence of a separation step results in interferences from other
reducing compounds and suspect interlaboratory reproducibility (16–18).

Approach 2. Isolation of Molecular SO2 Following Sample Acidification and
Prior to Quantification

Improved selectivity and reproducibility for free SO2 measurements can be
achieved by initially acidifying the sample and then separating molecular SO2. In
many wineries, a modified version of the classic Monier-Williams method is used,
often referred to as ‘aeration-oxidation’ or A-O (19, 20). Using an aspirator, SO2
is swept from the acidified sample by a gas stream into a receiving flask containing
H2O2. Reaction of H2O2 and SO2 yields H2SO4 which can then be titrated to
calculate the original concentration of SO2. A similar but more readily automated
approach to distillation is to use a gas-permeable membrane to separate SO2 from
the acidified wine sample prior to quantification of SO2 by some means, e.g.
colorimetric (21) or electrochemical (22). More recently, the use of colorimetric
gas detection tubes for quantification of SO2 has been described, and is reported
to yield near-identical results with lesser requirements in time and cost (23).

Problems with Classic Approaches and Alternate Approaches to
Artifact-Free Measurements of Free and Molecular SO2

As has been pointed out by multiple authors, the acidification and dilution
steps inherent to the approaches described above can result in the dissolution of
sulfonate adducts and overestimation of free and molecular SO2 (2, 19, 24). This
is less of a concern for more stable sulfonate adducts like acetaldehyde-bisulfite,
but is of greater concern for less stable bound forms such as anthocyanin-bisulfite
adducts with dissociation rate constants on the order of a 0.2 min-1 under acidic
conditions (25) and thus may dissociate over the time frame of classical SO2
analyses. The degree to which the standard approaches overestimate HSO3- is not
well established, but has been reported to be up to an order of magnitude too high
for red wines (26).

Despite this recognized shortcoming of classic approaches, few papers
report using techniques which would avoid disturbance of SO2 wine equilibria.
Capillary electrophoresis (CE) can be used to measure bisulfite without
artifactual dissolution of bound SO2 forms (26), but this approach has not
been widely adopted, likely due to the technical complexity of the analysis.
Ion chromatography (IC) has been used for measurement of total SO2 in wine
following pH adjustment to 7.5 or greater (27), but it is unclear if this approach
would be appropriate for free SO2, i.e. measurement of HSO3- without pH
adjustment. Alternatively, the molecular SO2 concentration can be calculated
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from the headspace SO2 concentration of an equilibrated sample, assuming the
Henry’s coefficient is known (see Figure 1). HSO3- and free SO2 can then be
calculated from molecular SO2 via the Henderson-Hasselbalch equation. Good
agreement was observed between A-O and a headspace gas chromatography
(HS-GC) method for white wines (28) but A-O yielded two-fold higher values
for a red wine, presumably due to less dissolution of weak anthocyanin-bisulfite
adducts. Infrared spectroscopy (29), inductively-coupled plasma optical-emission
spectrometry (ICP-OES) (30) and flame molecular absorption spectrometry (31)
can also be used for measurement of vapor-phase SO2 from wine. However, to
our knowledge, artifact-free approaches to measurement of SO2 (e.g. headspace
methods, CE) have not been widely adopted in either wineries or research labs,
possibly due to the cost and complexity of the techniques. This will be a constraint
on future studies intending to define minimal SO2 concentrations necessary to
inhibit microbial spoilage in real wines, or in understanding wine oxidation
mechanisms.

Gas detection tubes (GDT) were originally developed for the mining industry
and consist of a glass tube packed with color-sensitive reagent that stains
following exposure to a target analyte. GDT have been used for several wine
applications including quantification of H2S during fermentation (32) and more
recently for measurement of free SO2 in a modified A-O protocol (23). This latter
application involved initial acidification and dilution of the sample, and thus
would be expected to suffer from similar artifacts as reported for other standard
approaches. We chose here to evaluate the use of GDT for quantifying headspace
SO2 above an unaltered wine sample, and using this information to calculate
molecular and free SO2 in the wine.

Materials and Methods
Chemicals

Potassium metabisulfite (97% w/w) and ethanol (95% v/v) were obtained
from Acros Organics (Geel, Germany). Potassium bitartrate (99% w/v), hydrogen
peroxide (30% w/v), sodium hydroxide (0.01 N) and o-phosphoric acid (85%
w/w) were obtained from Fisher Scientific (Waltham, MA). A nominally 25%
phosphoric acid solution was prepared as a 2.38:1 dilution of 294 mL phosphoric
acid (85%) with 700 mL DI water. Hydrochloric acid (36.5% w/w) was obtained
from BDH Merck (Poole Dorset, United Kingdom).

SO2 Working Standards

SO2 stock solutions at nominal concentrations of 1000 and 10000 mg/L as
SO2 were prepared weekly by dissolution of potassium metabisulfite in a solution
of methanol in water (10% v/v) to avoid SO2 auto-oxidation. Working standards
for analysis were prepared as needed by addition of an appropriate volume of
a stock solution to 100 mL of a saturated potassium bitartrate buffer (pH 3.56).
Iodometric titrations of the Ripper method were used to determine the actual SO2
concentration of the stock and working solutions.
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SO2 Measurements by Aeration-Oxidation (A-O)

A-O was performed according to established protocols to determine free SO2
(15). Molecular SO2 concentration was then determined by rearrangement of the
Henderson-Hasselbalch equation (Equation 1) using ethanol-, ionic strength-, and
temperature- corrected pKa1 values from the literature (33). Ionic strength was
estimated to be constant at 0.50M based on typical literature values (34).

Protocol for SO2 Measurement by Headspace Gas Detection Tube (HS GDT)

The HS-GDT protocol is summarized in Figure 3. The apparatus consists
of a 60 mL Becton Dickinson polypropylene syringe with a Luer tip, and a
polypropylene plunger with a polyisoprene latex-free plunger tip. A customized
dispensing stop was constructed from an additional syringe body. The Luer tip
was fitting to a two- way polycarbonate male Luer stopcock, and a short piece
of silicone tubing connected the other end of the stopcock to a Gastec 5Lb GDT
(Gastec Corporation; Fukayanaka, Japan). If the GDT had been previously used,
the “start” point of color transition was marked on the tube with a fine point
permanent marker. If the tube had not been used, the beginning of the packing
material indicated the run “start”.

Figure 3. Schematic of HS-GDT measurement. Step A: Prepare syringe and
sample; B: Sample 10 mL of wine into syringe; C: Invert syringe; D: Create 50
mL of headspace; E: Place valve on syringe; F: Close valve and equilibrate
syringe for 5 min; G: Connect Gas Detection Tube (GDT) with stain location
marked; H: Open valve; I: Quickly (10 sec) depress syringe to expel headspace;
J: Remove GDT, mark new stain location; K, L: Repeat starting with Step D.
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For each analysis, the syringe was used to sample 10 mL of a wine or working
standard and the syringe barrel then withdrawn further to create an additional 50
mL of headspace. Once the stopcock was closed and the syringe stop set at 10
mL, the syringe was placed nose-up and allowed to equilibrate for 5 min. A GDT
was then connected, the stopcock was opened, and the syringe was depressed at a
constant rate to the stop over a 10 sec period. Following expulsion of headspace
through the GDT, the colorimetric reaction was allowed to stabilize for 1 min. This
action was performed four times, such that a total volume of 200 mL was sampled
through the tube. The distance from the stain startpoint to endpoint were measured
in millimeters using a ruler.

Determination of PSO2, Molecular SO2, and Free SO2 from Raw GDT
Measurements

The commercial GDT have printed scales in units of SO2 partial pressure
(PSO2) in ppm (μL/L). To overcome the poor resolution of the scale, a best fit
cubic interpolation function, f(x) was determined for each lot of tubes. To achieve
this, the distance from the origin (in mm) of each printed PSO2 value (in μL/L) was
recorded, and the best fit function, f(x), was calculated usingMicrosoft Excel 2010
(Redmond, WA).

Following a sample analysis, PSO2 was calculated from the locations of
the startpoint (xstart) and the endpoint (xend) measurements in mm using the
aforementioned cubic interpolation function, f(x).

The molar concentration of molecular SO2 can then be calculated by dividing
PSO2 by either an experimentally determined or literature Henry’s coefficient. In
practice, we achieved better results by utilizing calibration curves to relate PSO2 to
molecular SO2, due to a consistent non-zero intercept associated with the HS-GDT.

Ethanol Dependence of Henry’s Coefficient for SO2

SO2 solutions (1 mg/L) were prepared from a 100 mg/L SO2 stock solution
in 10 mL of 1M HCl (pH 0) to favor the molecular SO2 form and isolate the
effect of ethanol on SO2 volatility. These solutions were prepared with varying
ethanol concentration (0, 8, 11, 14 and 17% v/v) by addition of the stock solution
directly to syringes containing the hydroalcoholic solutions to minimize losses due
to volatization. The samples were analyzed by the HS-GDT method (n=8 for each
ethanol concentration). The Henry’s coefficient (KH) of SO2 was determined from
PSO2 and the molecular SO2 concentration.
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Calibration Curve and Figures of Merit for HS-GDT Method

Standards solutions at nominal concentrations of 5, 10, 15, 20, 30
and 40 mg/L as free SO2 were made in a potassium bitartrate buffer with
ethanol 12% v/v. Molecular SO2 concentration was then determined from the
Henderson-Hasselbalch equation using ethanol-, ionic strength-, and temperature-
corrected pKa1 values from the literature (33).

Standards were then analyzed by the HS-GDT method in replicate (n=12
per standard, total of 72 analyses). The coefficient of variation for each standard
concentration was calculated as the standard deviation divided by the mean.
Linearity was evaluated by linear regression of measured PSO2 vs. expected PSO2.
The concentration independent noise (σ) was estimated by Pallesen’s method
(35), and the detection limit (LOD) was calculated as 3 × σ.

pKa of SO2 as a Function of Ethanol Concentration:

SO2 solutions (50 mg/L) were prepared in a potassium bitartate buffer with
varying ethanol concentrations (0, 7, 14 or 20% v/v) and pH values (3.1, 3.3,
3.5, and 3.7). The HS-GDT protocol was then used to determine PSO2 which
was then converted to molecular SO2. The apparent pKa for each solution was
calculated from the measured molecular SO2 and known free SO2 concentration
using the Henderson-Hasselbalch equation. The room temperature at the time of
the experiment was 21.9°C.

A-O versus HS-GDT: Comparison with Commercial Wines

Commercial wines (10 red, 12 white, 5 blush) from the 2009-2013 vintages
and representing multiple countries of origin (US, Australia, Argentina) were
purchased at local stores. Molecular SO2 was determined for each wine by both
A-O and HS-GDT approaches. Additional wine parameters were analyzed by
ETS Laboratories (St Helena, CA): pH (by meter), alcohol (FTIR), volatile acidity
(as acetic acid, measured by enzymatic assay), malic acid (enzymatic) and glucose
plus fructose (enzymatic) were measured by accredited methods; quercetin
glucosides, catechin, tannins, polymeric anthocyanins and total anthocyanins
were measured by HPLC (36). Monomeric anthocyanins were calculated as the
difference in concentration between total and polymeric anthocyanins.

Statistical Analyses

SAS 9.0 was used for statistical analysis.
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Results and Discussion
Effects of Ethanol on Henry’s Coefficient (KH) of SO2

Using the HS-GDT assay, PSO2 was measured for 1 mg/L SO2 solutions (pH
0, 21 °C) over a range of ethanol concentrations. Samples were acidified to well
below the pKa1 of SO2 to eliminate any confounding effects from ethanol-induced
changes to pKa1. The mean value for PSO2 based on the manufacturer markings
was 5.92 μL/L, which equates to a KH = 0.38 Atm/M at 21 °C. This is highly
comparable to a recent previous report of 0.28 Atm/M for SO2 in water at 25 °C
(37). Furthermore, PSO2 (and thus KH) were ethanol independent over the range
0-17% v/v ethanol (Table 2).

Table 2. Effects of Ethanol on SO2 Partial Pressures (PSO2) in a pH 0 Matrix
(>95%Molecular SO2 form). Lack of Significant Differences Indicates That
Henry’s Coefficient Is Ethanol-Independent over the Range 0-17% Abv.

Ethanol (%v/v) PSO2 (µL/L) Standard error

0 5.98 0.19

8 5.99 0.18

11 5.91 0.14

14 5.75 0.17

17 5.96 0.27

The independence of KH from ethanol concentration is somewhat surprising,
since the volatility of wine components such as esters and higher alcohols are well
known to decrease in real or model wines as compared to 100% aqueous systems
(38). This lesser effect may arise from the greater polarity of SO2 as compared
to other wine volatiles, which diminishes its ability to participate in hydrophobic
interactions with ethanol.

Effects of Ethanol Concentration on pKa1 of SO2

PSO2was determined by HS-GDT for standard solutions containing a range of
ethanol and SO2. pKa values were then calculated for each ethanol concentration,
and these values then used to determine a best-fit line (r2 = 0.97) for pKa as a
function of ethanol concentration

Eq 4 yields predicted acid-dissociation constants of pKa = 1.83 at 0% ethanol
and pKa = 1.96 at 10% alcohol, comparable to pKa values determined elsewhere
by titrimetry: 1.81 and 2.00, respectively (33). Some wine texts recommend using
the pKa of SO2 in water at 20 °C (1.81) for calculations of molecular SO2 from free
SO2 in wine regardless of the ethanol concentration (7, 39), which would lead to
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a non-trivial underestimation of the actual molecular SO2 concentration in typical
wines: A wine with an alcohol content of 14.6% v/v and analyzed at 23.5 °C,
as was done in our experiments, has a predicted pKa value of 2.15, which would
lead to over a 2-fold error in calculated molecular SO2. In any case, our ability to
match values observed with other methods suggests that HS-GDT is an appropriate
method for measurement of molecular SO2 and further estimates of molecular SO2
in this paper are based on ethanol-, temperature-, and ionic strength- corrected pKa
values.

Figures of Merit for the HS-GDT Method

Figures of merit were determined for the HS-GDT method using SO2
standards (0.14 to 1.13 mg/L molecular SO2) in a model wine containing 12% v/v
ethanol. Results are shown below in Table 3. Linearity (r2 = .97) was satisfactory,
and reproducibility was good (coefficient of variation < 10%) for concentrations
at or above typical target values for molecular SO2 in wine, 0.5 mg/L. The limit
of detection was determined to be PSO2 = 0.74 μL/L, which equates to a molecular
SO2 of 0.21 mg/L at pH 3.56. Predicted molecular SO2 concentrations were within
±0.06 mg/L of the expected values. Since the pKa1 of SO2 in wine is typically
around 2.1 following corrections for temperature, ionic strength, and ethanol (33),
this equates to free SO2 within ±2 mg/L of expected values – comparable to the
reproducibility expected for conventional methods like A-O (23).

Table 3. SO2 Partial Pressures, (PSO2), Calculated Molecular SO2, and
Coefficients of Variation (%CV) for Calibration Standards in Model Wine

Using the HS-GDT Approach

Molecular So2 Of
Standard (Mg/L) a

PSo2 By Hs-Gdt
(µL/L)

Molecular So2 By
Hs-Gdt (Mg/L) b

Molecular So2 By
Hs-Gdt, Cv (%)

0.14 0.45 <Lod <Lod

0.29 0.84 0.23 30%

0.46 1.91 0.41 14%

0.55 2.94 0.58 6%

0.84 4.85 0.90 8%

1.13 6.15 1.12 3%
a Standards prepared in potassium bitartrate buffer, 12% ethanol, pH = 3.56, T = 21 °C.
Molecular SO2 calculated from Henderson-Hasselbalch equation using pKa = 1.99. b

Molecular SO2 concentration predicted from PSO2 by inversion of calibration curve, PSO2
= 5.99 [Molecular SO2] + 0.55. c Abbreviations: CV = coefficient of variance, LOD =
Limit of detection.
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Interestingly, the y-intercept was negative, and negligible signal could be
observed for standards with PSO2 < 0.25 μL/L (~.07 mg/L molecular SO2 for the
system tested). This reason for this effect is unknown, but higher vapor-phase
concentrations yielded a linear response, and the method is still useful.

The detection limit of the HS-GDT method in model wine (0.21 mg/L as
molecular SO2) is above what is typically reported for the A-O method. However,
it is below typical target molecular SO2 levels for wine. These targets vary
among source and wine type, but typical values recommended to inhibit microbial
spoilage range from 0.5 to 0.8 mg/L molecular SO2 (2).

A-O versus HS-GDT: Comparison with Commercial Wines

Twenty seven commercial wines were evaluated for molecular SO2 by both
HS-GDT and A-O methods. The wines covered a wide range of styles as well as
free SO2 concentrations (4-51 mg/L by A-O). A good correlation was observed
between the two methods in white and blush wines (r2 = 0.89, plot not shown),
and on average HS-GDT values were 85% that of A-O values. However, a much
weaker correlation was observed for red wines (r2 = 0.46, plot not shown), and
HS-GDT values averaged 50% lower than A-O values (Figure 4).

Figure 4. Ratio of ‘Molecular SO2 measured by HS-GDT’ to ‘Molecular SO2 by
A-O’, grouped by wine type. Plots depict individual wine values (circles), mean
values (center lines), overlap regions among wine types (p<0.05), and 95%

confidence intervals (diamond tips).
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Regression analysis was then performed to determine which wine components
were correlated with a lower ratio of HS-GDT / A-O measurements. As shown
in Table 4, most wine components were uncorrelated with this ratio, with the
exception of total anthocyanins (range = 36-221 mg/L; median = 146), and to
lesser extent monomeric anthocyanins. Thus, the large discrepancy between the
two methods for red wines is likely due to artifactual dissolution of weakly bound
anthocyanin-bisulfite adducts during A-O sample preparation steps (acidification,
dilution) and the long subsequent sampling time (15 minutes) (19). A similar
overestimation would be expected with other “standard” approaches such as the
Ripper iodometric titration. A limited number of previous studies that have used
non-perturbing methods to quantify SO2 in red wines, and have observed similar
results. A group using a non-perturbing headspace GC method reported a 45%
higher free SO2 value in a single red wine as compared to A-O (28). Thesis
work by Bogren reported free SO2 values up to an order of magnitude higher by
Ripper and A-O as compared to the non-perturbing CE method (26), and another
report using a colorimetric method observed similar degree of over-estimation
(24). Interestingly, in our work, polymeric anthocyanins (defined by HPLC elution
time) did not correlate with the HS-GDT / A-O ratio, likely because components
of this late eluting peak are known to be less susceptible to SO2 bleaching (40).

Table 4. Correlation Coefficients between Wine GDT/AO Ratios and Wine
Chemical Parameters

Correlation Correlation coeff., R P value

GDT/AO Ratio . . .
× Ethanol (red or white wines)
× Malic acid (red or white)
× residual sugars (red or white)
× volatile acidity (red or white)
× catechin (red)
× quercetin glycosides (red)
× tannin (red)
× polymeric anthocyanins (red)

n.s.a n.s.

GDT/AO Ratio × monomeric anthocyanins
(red) 0.67 0.047

GDT/AO Ratio × total anthocyanins (red) 0.80 0.011
a n.s. = not significant.

The slightly lower values (85%) in white and blush wines by HS-GDT as
compared to A-O are likely due to dissolution of other weakly bound adducts,
such as those formed by pyruvate, diacetyl, or α-ketoglutarate (4). Several sweet
wines were included in the study (up to 220 g/L fructose + glucose; median for all
wines = 19 g/L). The lack of correlation of betweenmethodological differences and
residual sugars was somewhat surprising, since glucose can act as important sink
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of bound SO2 in sweet wines and the dissolution of glucose-bisulfite complexes
has been suggested as a potential cause of free SO2 overestimation (2). However,
the first order rate constant for the dissolution of the glucose-bisulfite complex is
reportedly 3.7 × 10-4 min-1 at pH~1 (41), and thus this complex is expected to
be stable during the time of an A-O analysis. By comparison, the first order rate
constant for the dissolution of anthocyanin-bisulfite adducts is approximately 2 ×
10-1 min-1 (25).

While additional validation of the HS-GDT method would be desirable,
traditional approaches to method validation, e.g. standard addition, are not
appropriate for free and molecular SO2 in wine matrices. SO2 additions result in
variable increases in free or molecular SO2 because of varying concentrations
of SO2 binders across wines. Further validation of the HS-GDT method could
be done by comparison with free (or molecular) SO2 values determined by other
techniques that preserve equilibria, such as headspace GC or CE.

These preliminary results appear to confirm the occasionally noted (and
often overlooked) observation that standard approaches for measurement of free
and molecular SO2 result in overestimation of both due to dissolution of weakly
bound bisulfite adducts. This issue is of particular concern in red wines due to the
high concentration of labile anthocyanin-bisulfite adducts. Additionally, common
estimates for pKa used in wine analysis are often incorrectly low because of the
significant and frequently overlooked effects of temperature, ionic strength, and
ethanol on this value. However, accurate measurements of both molecular and
free SO2 are expected to be critical for future work on the mechanisms of wine
oxidation or detailed investigations of microbiological tolerance to SO2. The
HS-GDT approach described here may be a useful, inexpensive tool for these
investigations, by providing a rapid measurement of the accurate molecular and
free SO2 concentration of a wine.
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Chapter 5

Temperature Dependence of CO2 and Ethanol
Diffusion in Champagne Wines: A Joint
Molecular Dynamics and 13C NMR Study
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The diffusion of carbon dioxide (CO2) is the main physical
process responsible for the formation and growth of CO2
bubbles in sparkling beverages and thus contributes to account
for CO2 outgassing that may affect tasting sensations. An
extensive comparison of CO2 diffusion coefficients deduced
from classical molecular dynamics simulations and measured
by 13C NMR spectroscopy in carbonated hydroalcoholic
solutions and in common brut champagnes reveals that ethanol
is probably the main species, apart from water, responsible for
the value of the CO2 diffusion coefficient in these beverages.
Bulk viscosities deduced from ethanol or CO2 diffusion
coefficients are also found to be properly estimated by applying
the Stokes–Einstein relationship.

How Molecular Diffusion Impacts Champagne Tasting

Since the end of the 17th century, champagne has been a world-renowned
French sparklingwine. Nevertheless, only since the past decade hasmuch research
been devoted to depict each and every parameter involved in its bubbling process
(the highly sought-after and so-called effervescence process) (1, 2). From a strictly
chemical point of view, champagne wines are multicomponent hydroalcoholic

© 2015 American Chemical Society
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systems, with a density close to unity, a surface tension γ ≈ 50 mN/m, and a
viscosity about 50 % larger than that of pure water, partly due to the presence of
12.5 % v/v ethanol. Champagne wines are supersaturated with dissolved CO2,
formed together with ethanol during a second fermentation process, called prise
de mousse (promoted by adding yeasts and sugar inside bottles filled with a base
wine and sealed with a cap). Champagnes, or sparkling wines elaborated through
the same traditional method, therefore hold a concentration of dissolved CO2
proportional to the level of sugar added to promote this second fermentation.
Actually, a standard 75 centiliters champagne bottle typically holds about 9 grams
of dissolved CO2, which correspond to a volume close to 5 liters of gaseous CO2
under standard conditions for temperature and pressure (3).

When champagne is poured into a glass, there are indeed two pathways
for progressive CO2 and volatile organic compounds (VOC) losses. CO2 and
VOCs escape (i) into the form of heterogeneously nucleated bubbles (through
effervescence), and (ii) by “invisible” diffusion through the free surface of
the glass (3). Generally speaking, a link has been recently evidenced between
carbonation and the release of some aroma compounds in carbonated waters
(4, 5). Sensory analysis results indeed revealed for example that the presence
of CO2 increased aroma perception in mint-flavored carbonated beverages (5).
More recently, experiments conducted under standard tasting conditions revealed
that the concentration of gaseous ethanol above champagne glasses was highly
enhanced if the glass showed effervescence, thus pointing out the crucial role
of bursting bubbles in champagne tasting (6). Moreover, by use of ultrahigh
resolution mass spectrometry, it was demonstrated that ascending bubbles
radiate a cloud of tiny champagne droplets overconcentrated (compared to their
concentration in the bulk liquid) with compounds known to be aromatic or the
precursors of aromas (7).

Molecular diffusion is actually the mechanism behind the progressive
desorption of dissolved gas species or VOCs from the free surface area of a
supersaturated liquid medium. Generally speaking, the mobility of species in a
liquid phase is ruled by molecular diffusion (Brownian motion driven by thermal
agitation). It mainly depends on the size of the diffusing molecules, and on the
viscosity of the liquid phase itself. The higher the mobility of a given molecular
species in a liquid phase, the better it diffuses to reach a gas phase (as dissolved
CO2 and ethanol continuously do from the free air/champagne interface, once
the bottle is uncorked). The parameter which reflects the mobility of species
in a liquid phase is the so-called diffusion coefficient. Under standard tasting
conditions, the growth rate of ascending bubbles, and the rate at which VOCs
progressively invade bubbles are therefore definitely under the influence of the
diffusion coefficients of molecules in play (namely the dissolved CO2 and the
various VOCs typically found in Champagne wines). Among all the numerous
VOCs found in wines, ethanol is obviously the most concentrated one. Ethanol
is an effective gustatory, olfactory and trigeminal stimulus (8). In recent studies,
it has also been shown that variation of wine ethanol content significantly
contributes to the partitioning of odorants molecules in the wine headspace, by
modification of their solubility (9–11).

70

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

00
5

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Following these recent highlights, no wonder a very strong coupling finally
exists in champagne and sparkling wines tasting, between dissolved CO2, the
presence of ascending CO2 bubbles, CO2 discharge and VOCs release. Moreover,
the diffusion coefficient of molecules dispersed in a liquid phase is indeed
strongly temperature-dependent, which therefore directly impacts the rate at
which species escape the liquid phase through molecular diffusion. This chapter
reports a thorough temperature dependence study of CO2 and ethanol (EtOH)
diffusion coefficients in a carbonated water/EtOH mixture, and in a standard
Champagne wine, through classical force field molecular dynamics and 13C NMR
spectroscopy measurements.

Molecular Diffusion in Champagnes

Theoretical Evaluation Based on Classical Molecular Dynamics Simulations

Molecular Model for Champagne Wines

As emphasized in the previous section, Champagne wines are
multicomponent systems composed of a number of species, from monoatomic
ions to macromolecules such as proteins. Although most of the champagne
ingredients may have an influence on tasting sensations, CO2 diffusion should
mainly depend on the more abundant species, namely water (H2O) and ethanol
(EtOH) molecules. Sugars might also play a non-negligible role in sweet
champagnes (c ≈ 50 g/L) but, nowadays, brut champagnes (c ≈ 10 g/L) are the
most common commercial sparkling wines and we will focus our discussion on
these beverages, for which sugars should have minor effects on CO2 diffusion.
Brut champagnes will therefore be modeled, in first approximation, as a ternary
mixture composed of H2O, EtOH, and CO2. However, a typical flute poured with
100 mL of champagne contains more than NA molecules (NA is the Avogadro
number) which makes the exact modeling of this system impossible. We then
consider a subunit of the real system that reflects the molecular proportions of
H2O, EtOH, and CO2 in standard brut champagnes. The simulation container in
our molecular dynamics simulations will thus contain 50 CO2, 440 EtOH, and
104 H2O, as illustrated in Figure 1 (12).

In our simulations, water molecules are described within two models, the
three-site SPC/E model (13) and the five-site TIP5P model (14). In the SPC/E
model, a positive charge qH = +04238e is assigned to each hydrogen atom and a
negative charge qO = -0.8476e is assigned to the oxygen atom. The OH distance is
fixed to rOH = 0.1 nm and the HOH angle to θHOH = 109.47°. In the TIP5P model,
charges are distributed over 4 sites, the two hydrogen atoms with qH = +0.241e
and two virtual atoms with qL = -0.241e. The virtual atoms, commonly denoted
L, represent water lone pairs. The oxygen atom does not carry any charge in this
model where rOH = 0.09572 nm, θHOH = 104.52°, rOL = 0.070 nm, and θLOL =
109.47°.
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Figure 1. Simulation box containing 50 CO2 (oxygen atoms in red and carbon
atoms in green), 440 EtOH molecules (orange), and 104 H2O molecules (fluid
colored in cyan). (Adapted with permission from Ref. (12). Copyright 2014

American Chemical Society). (see color insert)

Classical Molecular Dynamics Simulations

Transport properties such as diffusion cannot be properly evaluated in
finite-sized containers (eg, V ≈ 350 nm3 in our simulations) because of possible
molecule bounces at the container walls. The addition of periodic boundary
conditions is required to avoid these artifacts by mimicking the existence of an
infinite-sized system. The CHARMM27 force field (15), a set of parameters
(atomic distances, bond angles, dihedrals, partial charges, Lennard-Jones pair
diameter and well depth, etc.) to model chemical bonding in a number of
species (alcohols, acids, peptides, etc.), is used to model the intermolecular and
intramolecular interactions of ethanol and partial charges on the carbon, and
oxygen atoms of CO2 are taken from the literature (16). Initial structures for
independent trajectories at five temperatures of interest, namely 277 K (fridge
temperature), 281 K and 285 K (cellar temperature), 289 K, and 293 K (room
temperature), are produced by replica exchange molecular dynamics (REMD)
and subsequent standard MD (non-REMD) simulations in the isothermal-isobaric
(NPT) ensemble. Ten trajectories are then run for 2 ns at each temperature (1 ns
for equilibration and 1 ns for accumulation) in the NPT ensemble. The final data
are collected and used for evaluating CO2 and EtOH diffusion coefficients as well
as the mixture viscosity (12).
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Generalized Fick’s Law and Its Simplification

Molecular diffusion is an irreversible phenomenon that makes species highly
concentrated in some regions of a liquid to migrate toward lower concentration
regions. This transport property was rationalized on binary mixtures as early as
1855 by Adolf Fick (17) who considered that the flux J1 of species of type 1 was
proportional to the gradient of its mole fraction x1 in solution as

where D12 is the diffusion coefficient of species 1 in the mixture (D12 = D21),
and ct is the total molar concentration. In multicomponent systems composed of
n species, the law expressed in Equation (1), also called the Fick’s first law of
diffusion, can be generalized to a system of n-1 equations providing Ji fluxes of
species i.

The flux Jn of species n (the solvent) is deduced from the n-1 other fluxes by
noting that the sum of fluxes vanishes. It is also worth noting that Dij ≠ Dji since
Dij are not representative of i-j interactions as in Fick’s first law of diffusion.

In the case of Champagne wines, we already pointed out that a carbonated
hydroalcoholic solution could be used, in first approximation, as model mixture
in MD simulations. This solution is a ternary mixture and the generalized Fick’s
equation then writes

where indices 1, 2, and 3 refer to CO2, EtOH, and H2O molecules, respectively.
Evaluating the diffusion coefficients from this set of equations remains challenging
and we might need to simplify it. The crudest approximation would consist in
assuming that EtOH and CO2 are infinitely diluted in water. Although water
roughly represents 90 % of the mass and 95 % of the quantity of matter in this
mixture, this approximation is not valid since it is well known that a small fraction
of ethanol in water increases the mixture viscosity. However, we will show that
the theory behind this approximation may prove useful.

Within the infinite dilution approximation all the species other than solvent
molecules are considered to be present in trace amounts and concentration
gradients of side species j do not influence the diffusion of species i (ie, D12=0
and D21=0 in the ternary system considered here). After simplifying Equations
(3a) and (3b) and discarding useless indices, the typical flux of CO2 molecules in
a water-ethanol mixture and that of EtOH molecules in carbonated water would
become
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where the respective diffusion coefficients would take obviously different values.
Equation (4) looks like the expression of the flux of particles self-diffusing in
simple fluids such as liquid argon or, equivalently, the flux of one species in
a binary mixture. In other words, although the infinite dilution is not valid in
champagnes, we can use Equation (4) with an effective diffusion coefficient
different fromDii (i = 1 or 2) provided that we check that the subsequent probability
density of diffusing particle positions is in agreement with experimental findings.
The suitability of the effective diffusion coefficient is therefore hard to predict in
advance without any theoretical or experimental reference data. However, we can
expect that this approach will remain reliable when the standard requirements of
simple fluids are fulfilled on average, namely homogeneity (that ensures spatial
translation and rotational invariance), absence of chemical reaction (that prevents
drastic composition changes in the mixture that would alter molar factions), and
presence of one prevailing molecule (solvent).

When using Equation (4) for fluxes, the time-dependent evolution of CO2 (or
EtOH) concentrations should follow the same kind of equation as binary mixtures
(18)

where Nt = ctu is the total molar flux and u is the molar average velocity. In MD
simulations on champagnes, the total concentration ct can be considered constant
since no chemical reaction occurs between the mixture components and no loss
of matter is allowed when imposing periodic boundary conditions. Champagne
can also be regarded as a stationary liquid (u = 0) whose properties are invariant
by spatial translation (on average any molecule can occupy any position in the
simulation box which should make the system globally homogeneous). Under
these conditions Equation (5) becomes

whose solution c(r-r0,t) is proportional to a Gaussian probability densityG(r-r0,t).

The diffusion coefficient D of CO2 (or EtOH) can then be evaluated by
pointing out that it is related to the mean-squared displacement (MSD) of
diffusing molecules.
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Practically speaking, the MSD can be calculated by averaging the squared
displacements of each atom belonging to the diffusing molecule, or by simply
taking into account the motion of the molecule center of mass, which removes
the vibrational noise. However, some statistical noise, due to the small number of
trajectories and the short MD simulations length of time, may persist and MSD(t)
curves are therefore replaced by MSD(Δt) curves where Δt is the time between
two printed out steps of the dynamics (12, 19). The reliability of MSD values at
short time is therefore increased since, for instance, MSD(Δt =1 ps) is averaged
over 1000 values in the case of a 1 ns dynamics where data are printed out every
picosecond.

The diffusion coefficients obtained for ethanol can also be compared to
empirical formulae such as the correlations proposed by Siddiqi and coworkers
(20) to represent the infinite dilution of a liquid labelled 1 (eg, EtOH), in another
liquid labelled 2 (eg, water).

The presence of CO2 in our model mixture combined to the fact that EtOH
cannot be considered as infinitely diluted in water, should yield some deviations
compared to Equation (9) but it can be interesting to evaluate the magnitude of
these deviations.

Experimental Evaluation Based on 13C NMR Spectroscopy Measurements

Although the CO2 diffusion coefficients in champagnes might be evaluated
by focusing on CO2 diffusion in carbonated hydroalcoholic solutions due to
the molecular composition of these beverages, comparisons with experimental
diffusion coefficients would remove all doubt on the validity of the model.

Translational diffusion coefficients measurements by 13C NMR spectroscopy
have thus been achieved in a model hydroalcoholic mixture (87.5:12.5 (v/v)
H2O:EtOH) and in a standard brut Champagne wine sample. The amount of
dissolved CO2 and the low natural abundance of 13C in the mixture do not allow
the recording of useful data within a reasonable amount of time. Therefore,
solutions (600 μL) were supplemented with 2 mg of 99% 13C NaHCO3. NMR
spectrometer field stabilization by the deuterium lock required the addition of
60 μL of a 87.5:12.5 (v/v) D2O:EtOH mixture to the solutions and NMR sample
tubes were closed by a standard plastic stopper tightened with a stretchable
polymer film. Diffusion coefficients were measured using the BPPLED (BiPolar
Pulses, Longitudinal Eddy Currents) pulse sequence (21). Basically, the sample
is submitted to two identical static field gradient pulses of intensity G during a
preparatory stimulated echo period; the efficiency of the magnetization refocusing
at the end of the echo is the lowest for the most rapidly moving molecules, thus
leading to the lowest signal intensity. The signal I(G) is scaled according to the
Stejskal-Tanner equation, in which D, the gradient intensity G, the pulse duration
δ, the delay between the field gradient pulses Δ and the gyromagnetic ratio γ of
nuclei intervene.
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Diffusion coefficients can be determined from a series of signal intensities
obtained from various values of G, keeping all other parameters constant. The
recording of two singlet signals for EtOH, one for each NMR 13C chemical shift
required the application of a decoupling 1H radio-frequency field during signal
acquisition.

Semiempirical Evaluation Based on the Stokes−Einstein Relationship

Beside theoretical and experimental evaluation of diffusion coefficients, some
simple semiempirical relationships, chief among which is the Stokes−Einstein
formula, remain valuable. The Stokes−Einstein formula relates the viscosity η
(Pa.s) of a fluid at temperature T (K) to the diffusion coefficient D (m2/s) and the
hydrodynamic radius R (m) of diffusing particles assumed spherical.

This relationship could therefore be used to evaluate theoretically the
viscosity of a fluid from the knowledge of the diffusion coefficient and of the
hydrodynamic radius of any diffusing particle. Reciprocally, diffusion coefficients
can be evaluated if an expression for the viscosity of the fluid is known. As an
example, the viscosity of typical brut champagnes is sometimes considered to
follow an Arrhenius-like law (2).

Comparison between Results from MD Simulations and 13C
NMR Spectroscopy Measurements

Influence of Ethanol on CO2 Diffusion

Diffusion coefficients can be safely evaluated from Eq. (8) by standard fitting
procedures based on general least-squares solvers, provided that MSD curves
derived from MD simulations are linear with respect to time. As illustrated in
Figure 2a for CO2 diffusion coefficients, MSD curves obtained at temperatures
ranging from 277 K to 293 K with different water models (ie, the three-site
SPC/E model and the five-site TIP5P model) are indeed perfectly linear and the
evaluation of CO2 diffusion coefficients is thus straightforward.
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Figure 2. (a) Mean squared displacements (MSDs) of CO2 centers of mass in a
carbonated TIP5P water/ethanol mixture at different temperatures. (b) 13C NMR
spectra of CO2 measured in a champagne sample. Experimental data points are
reported as crosses, the curves represent the non-linear fit of the 32 data points.
(c) CO2 diffusion coefficients in carbonated hydroalcoholic solutions deduced
from TIP5P MD runs (black squares), SPC/E MD runs (black circles), and 13C
NMR spectroscopy measurements (black downward triangles). (d) CO2 diffusion
coefficients in common Champagne wines deduced from 13C NMR spectroscopy
measurements (red downward triangles), NMR spectroscopy measurements
from the literature (22, 23) (red upward triangles), and the Stokes-Einstein

relationship of Eq. (1) (red crosses). The dashed curves refer to the TIP5P and
SPC/E diffusion coefficients plotted in (c). (Adapted with permission from Ref.

(24). Copyright 2014 American Chemical Society). (see color insert)

The comparative diffusion coefficients deduced from 13C NMR spectroscopy
measurements come from an average over the results from two independent
experiments performed on different samples of carbonated hydroalcoholic
solutions and Champagne wines at five temperatures (see Figure 2b), where
diffusion coefficients of each sample at a given temperature are obtained by
fitting the intensity of a set of 32 13CO2 peaks (see Figure 2b). For carbonated
hydroalcoholic solutions (see Figure 2c), the CO2 diffusion coefficients are
superimposed with theoretical coefficients based on the SPC/E water model
at temperatures above 285 K. The poor agreement obtained at 277 K is not
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surprising since the SPC/E model is a reparameterization of the older SPC
model (13) at temperatures around 300-310 K. It is therefore not expected to
perfectly reproduce water properties at much lower temperatures, such as the
peak of water density at 277 K. In contrast, the TIP5P water model yields a
slight overestimation of CO2 diffusion coefficients although the increase of these
coefficients is qualitatively closer to the experimental trend. The comparison
with CO2 diffusion coefficients in champagnes reported in Figure 2d reveals that
the other molecules present in champagne have little effect on the value of CO2
diffusion coefficients although their influence on tasting sensations is essential.
The diffusion coefficients obtained for carbonated hydroalcoholic solutions,
both theoretically and experimentally, are indeed very close to CO2 diffusion
coefficients deduced from NMR measurements on typical brut champagnes or
estimated from the Arrhenius–like law in Equation (12). This emphasizes the
fact that ethanol is the main molecule, apart from water, responsible for the value
of the CO2 diffusion coefficient in typical Champagne wines; a result that can
probably be extended to most sparkling wines with similar concentrations of
ethanol. To the best of our knowledge, the only additional molecules that might
have a significant effect on CO2 diffusion in sparkling wines, and especially
sweet ones, are sugars. In brut champagnes, the concentration of sugars is about
10 g/L (that would correspond to roughly adding 5 saccharose molecules in our
simulation box) but it can rise to 50 g/L for sweet champagnes. Despite the lesser
commercial relevance of sweet champagnes, the investigation of CO2 diffusion in
these liquids could confirm whether some ingredients of Champagne wines have
a direct effect on both the value CO2 diffusion coefficients and tasting sensations.

The underlying question behind the prevailing role of EtOH in explaining
the value of CO2 diffusion coefficients in champagnes concerns the origin of the
interplay between CO2 and EtOH molecules. According to generalized Fick’s
equations (see Equations (3a) and (3b) for instance), the flux of EtOH should
depend on the gradient of concentrations of EtOH and CO2 even if CO2molecules
represent less than 0.5% of the total number of molecules andmight have a limited
influence on the diffusion of EtOH molecules. The diffusion coefficients deduced
from the fitting of EtOH MSD curves (see Figure 3a) and those derived from 13C
NMR spectroscopy measurements of the CH3- or -CH2- EtOH groups (see Figure
3b), increase steadily with temperature and lie 0.1-0.2×0-9 m2/s below the upper
limit obtained for the infinite dilution of EtOH in water (see Equation (9) and
Figure 3c).

The reduced diffusivity of EtOH molecules, compared with nonpolar CO2
molecules (factor of 1.5-2 over the whole temperature range investigated here),
can be attributed to its larger size and the H-bonding network they form with water
molecules (24). The diffusion coefficients of EtOH in typical champagne wines
and carbonated hydroalcoholic solutions (see Figure 3d) only differ by about 0.5
× 10-10 m2/s which suggests that glycerol, sugars, and other macromolecules are
probably too rare to have any significant effect on the value of EtOH diffusion
coefficients.

On the contrary, nonpolar CO2 molecules can be mostly considered as
spectator in the water-ethanol mixture since the number of H bonds formed
with water molecules (based on a purely geometric criterion (25)) is negligible
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(24). This different interplay between EtOH, CO2, and water molecules can also
certainly account for the greater similarity between TIP5P and SPC/E results
when evaluating EtOH diffusion coefficients (see Figures 2c and 3c).

Figure 3. (a) Mean squared displacements (MSDs) of EtOH centers of mass in a
carbonated SPC/E water/ethanol mixture at different temperatures. (b) 13C NMR
spectra of the EtOH methylene group (CH2) measured in a champagne sample.
Experimental data points are reported as crosses, the curves represent the

non-linear fit of the 32 data points. (c) EtOH diffusion coefficients in carbonated
hydroalcoholic solutions deduced from TIP5P MD runs (black squares), SPC/E
MD runs (black circles), and 13C NMR spectroscopy measurements (black
downward triangles). (d) EtOH diffusion coefficients in common Champagne
wines deduced from 13C NMR spectroscopy measurements (red downward

triangles), NMR spectroscopy measurements from the literature (23) (red upward
triangles), and the Stokes-Einstein relationship of Eq. (1) (red crosses). The
dashed curves refer to the TIP5P and SPC/E diffusion coefficients plotted in (c).
(Adapted with permission from Ref. (24). Copyright 2014 American Chemical

Society). (see color insert)

Viscosities from the Stokes-Einstein Relationship

According to the Stokes-Einstein formula presented in Equation (11),
an estimation of viscosity at a given temperature can be obtained from the
hydrodynamic radius and diffusion coefficient of diffusing molecules. In the
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previous section we presented CO2 and EtOH diffusion coefficients in carbonated
hydroalcoholic solutions and brut champagnes as a function of temperature. In
MD simulations, the hydrodynamic radius of a molecule can be identified roughly
with the root-mean-squared distance of its atoms to the center of mass of the
molecule. This definition might not be perfectly suitable for any molecule but it
has the significant advantage to be simple and universal (12), and its deviation to
more sophisticated theoretical or experimental definitions does not exceed 20 %
for CO2 and EtOH molecules (24). The hydrodynamic radii of CO2 and EtOH
would be worth ~0.95 Å and ~1.6 Å, respectively.

Figure 4. (a) Theoretical viscosities derived from the Stokes-Einstein relationship
in Equation (1) by using MD-based CO2 diffusion coefficients (open black

symbols) and MD-based EtOH diffusion coefficients (filled black symbols) with
TIP5P water molecules (squares) and SPC/E water molecules (circles). (b)
Viscosities of Champagne wines based on an Arrhenius-like law (red crosses)
and deduced from viscometry measurements (23) (red upward triangle). Dashed

curves refer to theoretical viscosities plotted in (a). (see color insert)

Viscosities of model carbonated hydroalcoholic solutions and Champagne
wines are reported in Figures 4a and 4b. The overall trend of the curve, namely
a decrease when temperature increases, is well reproduced by TIP5P and SPC/E
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water models despite an expected glitch at T = 277 K with the SPC/E model, that
only reflects the relatively poor reliability of this model at low temperature in our
MD simulations (see also Figures 2c and 3c). The Stokes-Einstein relationship
can therefore be regarded as a valuable formula for evaluating viscosities, at least
in first approximation.

Conclusion

In this chapter, we discussed the close interplay between CO2 and EtOH
molecules in standard brut champagnes. To achieve this goal, classical MD
simulations were performed on a model carbonated hydroalcoholic solution in
the NPT ensemble and the CO2 diffusion coefficients were compared to results
deduced from 13CNMR spectroscopymeasurements of carbonated hydroalcoholic
solution and champagne samples. The very close agreement between theoretical
and experimental CO2 diffusion coefficients suggested that macromolecules
commonly present in brut champagnes (eg, sugars, peptides, etc.) should have a
much smaller effect on CO2 diffusion coefficients than EtOH and water molecules,
although they may affect tasting sensations. Even if this conclusion should hold
for most sparkling wines with alike ethanol and sugar concentrations, it raises
several questions on the relevance of sugars to account for CO2 diffusion in
sweet beverages, a problem that could be tackled by similar approaches as those
developed in the present chapter, and on the possible use of such method to model
CO2 diffusion through the walls of cellulose fibers, nucleation sites of bubbles. In
particular, unraveling the mysteries behind the latter issue would enable a precise
evaluation of the frequency of bubble formation, and therefore shed some light
on the whole mechanism responsible for CO2 outgassing. It is also worth noting
that some indirect experimental approaches are currently under development to
evaluate the CO2 diffusion coefficient in champagnes by measuring the increase
of bubble radii (and therefore the bubble growth rate) as a function of time in
the bulk. This promising method is expected to provide results compatible with
MD simulations and NMR spectroscopy measurements, provided that the proper
model is considered to describe the dynamics of bubbles.
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Chapter 6

Authentication of Wine by 1H-NMR
Spectroscopy: Opportunities and Challenges

Susanne Esslinger, Carsten Fauhl-Hassek, and Reiner Wittkowski*

BfR Federal Institute for Risk Assessment, Department of Safety in the Food
Chain - Max-Dohrn-Str. 8-10, D-10589 Berlin, Germany

*E-mail: reiner.wittkowski@bfr.bund.de. Phone: +493018412-3376.

The verification of wine identity and authenticity is of
urgent importance in the current context of a growing
market globalization. As a result, wine authentication is an
indispensable as well as essential aspect in today’s consumer
protection. Regarding its chemical analysis the matrix wine
is challenging, whereas its valuable characteristics are based
on different factors, such as different types of tastes, the
geographical origin associated with the growing conditions,
vintage and grape variety. Accordingly, the range of analytical
methods to enable a comprehensive characterization of these
products is highly diversified. In this context, 1H-NMR
spectroscopy is currently employed to characterize wine in
terms of targeted as well as nontargeted analysis in only a few
minutes and therefore allows the simultaneous investigation
of diverse parameters. As the targeted approach enables an
identification and quantification of different key ingredients
in wine, the nontargeted, also called fingerprinting analysis,
with subsequent statistical data evaluation investigates the
whole spectrum of the matrix. Therefore, the capability
to detect known adulterants, but also the ability to detect
further abnormalities, and the assessment of challenging
authentication parameters (grape variety, origin, vintage)
appoint this technique of utmost interest for quality control,
research and control institutions. Particularly concerning the
nontargeted approaches, current relevant scientific literature is
typically based on feasibility, demonstration or research studies
within one laboratory on one instrument exclusively, which

© 2015 American Chemical Society
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restricts validation possibilities and degrees. Validation of the
whole analytical procedure including statistical data evaluation
and consistency of the measurement over time, instruments
and laboratories is, however, essential for routine application
and in official control. Therefore, the use of nontargeted
fingerprinting approaches is due to actual missing validation
strategies still restricted for official control purposes, thereby
offering complex challenges for the scientific community.

Introduction

Usually, appearance, aroma, taste and mouth feeling are attributes, defining
the value of a wine or respective products and effecting the consumer’s
acceptance, even if only unconsciously. In addition to these sensory properties,
there are other product criteria, including brand, labeling of ingredients and
their quantitative data, as well as the geographical origin, which are crucial in
terms of the consumer’s decision to buy. Not at least because of the increasing
globalization of supply chains, the consumers are aware on the authenticity of
a product in an increasing degree. Therefore, the requirements on food, the
appropriate ingredients and their labeling are strictly regulated in the European
Union (EU). In this context, the term authentication describes the confirmation
of all requirements regarding the legal product description or the detection of the
fraudulent statements (1, 2) particularly in view of:

(i) the substitution by cheaper but similar ingredients,
(ii) extension of food using adulterants (e.g. water, starch including

exogenous material) or blending and/or undeclared processes (e.g.
irradiation, extraction),

(iii) the origin, e.g. geographic, species or method of production.

The increasing requirements on wine authentication (not at least because of
the complex composition of such products), result in the need for reliable strategies
in the wine control.

Actually official wine control in Europe consists of the:

• control of wine quality/fair merchantable quality: sensory and
“off-flavors”,

• control of statements on the label, e.g. alcohol content, quality, grape
variety (blending), geographical origin, vintage,

• chemical adulterations, e.g. illegal acidification, addition of water,
glycerol, alcohol, sugar, dyes, sweeteners, preservatives, flavors.

In view of these aims, the classical authenticity assessment of wine is usually
based on the analysis of specific marker compounds, which are indicative for
a certain property of the product. Wine authentication is therefore performed
routinely (in official food control) by targeted analysis using the classic
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wet-chemical approaches, e.g. stable isotope analysis by isotope ratio mass
spectrometry (IRMS), site-specific natural isotopic fractionation (SNIF)- NMR®
spectroscopy, Fourier-transform infrared spectroscopy (FT-IR, e.g. (3)), high
performance liquid chromatography as well as gas chromatography (4).

In the last few years the nontargeted analysis, also called food fingerprinting,
obtained increasingly importance (5), but is not yet established in official
wine control. These applications are usually based on spectroscopic and
spectrometric data providing the capability for a comprehensive characterization
of the investigated matrices, the differentiation of the samples due to their
botanical or geographical origin, the production process (e.g. organic versus
conventional), the identification of adulterations etc. This strategy is based on the
principle of metabonomics, describing the scientific study of small molecules, the
metabolites, of a biological system based on comprehensive chemical analysis
(omics technologies) with the aim to detect as many substances as possible (6).
Because of its up-coming importance in wine authentication the general steps of
nontargeted analysis are highlighted in Figure 1.

Figure 1. Schematic overview on the general steps and their applicability of
nontargeted analysis.

In principle, this approach in food and wine analysis is characterized by
a nontargeted, fast and easy spectroscopic or spectrometric analysis, acquiring
sample specific fingerprints. These profiles are compared to a large database
of authentic or typical samples using a univariate and/or multivariate statistical
approach. Essential part of the statistical evaluation procedure is the data
pre-processing, whereby data are often prepared, in order to transform them into
a suitable form for statistical analysis. Generally, the choice for the different
possibilities in data pre-processing depends strongly on the used analytical
technique as well as the objective (1). The objectives which are pursued in the
subsequent multivariate data analysis divide the respective applications in three
main categories (7):
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• data description (explorative data structure modeling),
• discrimination and classification,
• regression and prediction.

Afterwards, in dependence of the used analytical method and the statistical
evaluation, it might be possible to identify compounds responsible e.g. for the
differentiation or classification. Therefore, the nontargeted approach is also called
a bottom-up strategy.

Within a comprehensive literature review by Esslinger et al., where food
fingerprinting studies of the last five years were analyzed, it was stated that the
spectroscopic methods Near Infrared (NIR), Fourier-transform (Mid) Infrared
(FT-(M)IR) and Nuclear Magnetic Resonance (NMR) spectroscopy were the
most common techniques used in food fingerprinting (1). Compared to this, mass
spectrometry (MS)-based methods were less often used, thereby applying various
kinds of techniques such as direct MS (Fourier-transform ion cyclotron resonance,
time-of-flight, secondary electrospray ionization and proton-transfer-reaction
mass spectrometry) or MS coupled to different chromatographic separation
techniques (Gas Chromatography (GC), Liquid Chromatography (LC)) as well
as the direct injection (1).

As the following article focuses on the authentication of wine using 1H-NMR
spectroscopy, the topic will be discussed accordingly and from the perspective
of the official wine control, illustrating the possibilities and challenges of the
technique.

NMR Spectroscopy

Typically, NMR spectroscopy is used as tool for structure elucidation in
organic chemistry. Super conducting magnets with very stable high magnetic
fields are indispensable tools in structure elucidation since decades. The strength
of the magnetic field is either expressed in Tesla (T) or by the corresponding
resonance frequency of the protons in Megahertz (MHz). Apart from its function
as structural elucidator NMR spectroscopy became and becomes a more and more
interesting tool in metabolomics (e.g. (8, 9)), nutritional (e.g. (10, 11)) and food
science (e.g. (12)) also due to its unique quantitative properties.

In relation to wine analysis the so-called SNIF-NMR® spectroscopy is
well established for the detection of illegal sugar addition to must and wine
(chaptalization) for more than 25 years. In fact this measurement consists in the
site-specific quantification of deuterium (D) in ethanol, which is indicative for the
type of the initially fermented sugar (13, 14). 13C-NMR spectroscopy was used
by the working group of Professor A. Rapp in Germany for the quantification
of wine ingredients by NMR in the 1980’s (15–17). However, this methodology
never found application in the routine analysis of wine.

Recently - during the last 10 years – quantitative 1H-NMR spectroscopy
for fruit juice and even more recently for wine became of interest in research
but also in routine applications. Instrumental developments enable the fast and
reliable quantification in combination with easy to handle NMR spectrometers
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(“push button”) of wine ingredients as well as authentication of wine by the
application of chemometrics/statistics to 1H-NMR data. 1H-NMR spectroscopy
has a number of advantages in comparison to 13C-NMR spectroscopy and other
techniques but also some limitations. 1H-NMR is more sensitive – based on its
higher gyromagnetic ratio, higher natural abundance, compared to 13C-NMR (18).
However, due to its low spectral resolution, signal overlap occurs in 1H-NMR
spectroscopy and needs to be considered carefully in the spectra evaluation. In
addition, it must be clearly noted as general remark that 1H-NMR is not and will
not be a tool for trace analysis, but the limits of detection for quantification go
down to the low mg/L range for routinely used NMR instruments of the newest
generation. The sensitivity depends of course on the field strength and the type of
probe used (19). Typically in case of food and wine analysis instruments of 400
MHz up to 600 MHz are established (20–22). NMR spectroscopy is characterized
by an excellent linearity; the generated signals are proportional to the underlying
concentrations over orders of magnitudes (19). NMR data contain also structural
information as it is used for structure elucidation, meaning that unknown signals
for example might be assigned to certain compounds. Data acquisition is done
in a few minutes with a reasonable signal to noise ratio including the detection
of minor components. As general drawback the costs of instrumentation needs
to be mentioned.

Wine Authentication by 1H-NMR – Status Quo
Sample Preparation

As result of the mentioned advantages and technical progress a lot of scientific
literature was published investigating the applicability of 1H-NMR spectroscopy
for wine authentication (23–26). Starting with the sample preparation of the
wine matrix, several approaches have been described. Most studies investigating
this topic, take typically a certain amount of the wine sample as it is (e.g. (24)),
eventually filtration was performed. Apart from the simple addition of deuterium
oxide (D2O), which is necessary as “lock substance”, buffer systems containing
D2O and often phosphate have been used for the 1H-NMR analysis of wine,
resulting in more stable and reproducible spectra. This application of phosphate
buffer systems is already known and common practice in the metabolite profiling
analysis of biofluids, e.g. urine (19) aiming the reduction of the pH-dependent
chemical shift variation in 1H-NMR spectroscopy. Son et al. report lyophilization
as sample preparation with the benefit of getting rid of the water and ethanol
signals but on the expense of a more laborious sample preparation (26). In order to
adjust the chemical shift scale the addition of trimethylsilyl propionic acid (TSP),
the water soluble correspondent to tetramethylsilane, is very often used. For
quantification purposes – this is a different aim than the chemical shift adjustment
– also other internal standards, e.g. anthracene (27, 28) or nicotinamide (29) have
been described.

Furthermore, a practical application using 1H-NMR spectroscopy (400 MHz)
in the field of wine analysis and authentication was developed and is commercially
available. Joint efforts of Bruker BioSpin GmbH and SGF International e.V.
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resulted in a NMR-based screening method, so-called FoodScreener™ for wine
(WineScreener™) as well as for fruit juices (JuiceScreener™), combined with
the Profiling™ technique (30–33). Within this concept, it is possible to compare
actual nontargeted spectral 1H-NMR data with the corresponding group of
reference spectra (e.g. database of several thousands of reference juices, obtained
from production sites all over the world) using verification models. The aim of
the classification or verification analysis in the case of the WineScreener™ is the
determination of the grape variety, geographical origin and vintage. Furthermore,
the models enable the detection of any deviation from authentic reference data in
the nontargeted approach. Besides a nontargeted analysis of matrix, this screening
method also provides targeted results in a single measurement. Especially in
wine analysis, the targeted evaluation for varieties and origins provides automatic
quantification of about 30 parameters per sample. By the way for fruit juice
(JuiceScreener™), currently the quantification of about 60 parameters is offered
in the commercial tool.

In case of the analysis of wine, the sample preparation of the Bruker
WineScreener™ protocol consists of the addition of special buffer solution
containing D2O and afterwards the pH of the wine buffer solution is carefully
and very precisely adjusted by the addition of hydrochloric acid (HCl) or sodium
hydroxide solution (NaOH) against a reference solution (Bruker). After the
adjustment an aliquot of the solution is transferred into a NMR tube and submitted
to the 1H-NMR data acquisition.

A general aspect of the sophisticated NMR application (WineScreener™) is
that this system shows a very high sensitivity, so that e.g. the filling height of the
solution in the tube as well as the quality of the tubes play an important role. Here,
e.g. the wall thickness is affecting the amount of sample in the NMRmeasurement
coil. On the deuterium channel of the NMR instrument the magnetic field is locked
and homogenized (“shimmed”). The proton channel is used for data acquisition.

1H-NMR Measurement

The next step in the analysis of wine by 1H-NMR spectroscopy is the actual
acquisition of the NMR spectrum. Due to the composition of wine its 1H-NMR
spectrum is predominated by the water signal (~4.8 ppm) followed by the ethanol
signals, the quartet of the methylene group and the triplet of the methyl group at
3.6 ppm and 1.2 ppm, whereas further signals are not visible at first glance in a
simple 1H-NMR spectrum. In NMR spectroscopy water suppression is applied in
routine and in an excellent reproducible matter but in wine apart from water the
ethanol is present. Thus multiple signal suppression was introduced in which the
water signal plus the ethanol methylene and methyl group signals are suppressed
by a so-called eightfold suppression ((34, 35), Figure 2).

This routine has been perfectly integrated into the automation of spectra
acquisition and results in the significant signal enhancement of the minor
components. This development has been also integrated in the WineScreener™
measurement procedure. The distortion of the spectrum sections, close to the
suppressed areas, remains minimal, thus signals very close to the suppressed
range can be evaluated and quantified as well.
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Figure 2. Presentation of the effect of eightfold suppression of water and ethanol
signals in a wine sample (according to (34)), showing that the signal intensities

of remaining minor wine ingredients are increased.

Particularly, in case of 1H-NMR analysis of wine, pH effects for some signals,
mainly for organic acids but also for other signals, were observed. As already
mentioned in the previous chapter “Sample preparation”, the chemical shift of
certain signals varies with the pH value of the wine sample, but this phenomenon
is unpredictable so far. The pH value of wine typically varies between 2.8 and 3.4
and in fact wine itself must be considered as buffer system, due to its high content
of minerals and acids.

These described signal shifts cause difficulties in the subsequently performed
statistical spectrum analysis, either in quantification or in multivariate statistics.
For quantification particularly in automation the integration routine is often
fixed to particular limits of the signal and any shift could cause miss-integration.
Multivariate statistics also depend on stable chemical shifts in the NMR data,
otherwise these evaluations might end up in erroneous classifications led by
the wine’s pH value instead of the actual considered attribute for example.
The physical pH adjustment by adding acid or base is not the only way to
accommodate these shifts; it can also be done mathematically by application of
certain algorithms, e.g. Interval-Correlation-Shifting (ICOSHIFT (36);).

A further major breakthrough in NMR analysis of food and here wine was the
improvement of the repeatability/reproducibility of the acquisition. In Figure 3
the overlay of 21 spectra of different preparations of one “quality control sample”
(white wine) is shown.

Developments in the hardware, such as improved stability control of
temperature, improvements in the phase and baseline stability and their
adjustments in automation contributed to such a prominent repeatability
achievable on modern NMR instruments. This data consistency and stability – in
longer term view – is “the prerequisite” for further developments in the field of
authentication e.g. for the creation of one common spectral database which goes
behind the requirements of typical “metabonomics” application. In metabonomics
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studies usually differences in the metabolites composition between samples are
considered at a certain stage of time – when the measurement is performed –
whereas authentication requires essentially data consistency and measurements
over longer periods of time. As recently shown by Minoja and Napoli excellent
reproducibility is achieved with the Bruker WineScreener™ also at different sites
employing different instruments of the same type and vendor (37).

Figure 3. Overlaid 1H-NMR spectra of 21 replicates of a “quality control
sample” (white wine), showing the good reproducibility of the technique.

Targeted Data Evaluation

Subsequent to the sample preparation and analysis by 1H-NMR, the evaluation
of the acquired data takes place, whereas the quantification of ingredients is the
next step, in case of targeted analysis. Very different procedures are applied
for the quantification of wine ingredients by 1H-NMR spectroscopy: use of
internal standards, external/matrix calibration and standard addition are known
and established quantification methodologies in classical analytical chemistry.

Further, multivariate regression models, e.g. partial least square analysis
(PLS) with reference data can be used. Herein, an external matrix or parameter –
typically the concentration of the wine ingredient in question – which has been
determined by an external procedure, e.g. the reference method, is correlated with
the NMR spectra. Signals or areas of signals which correlate will be identified
and used to calibrate the multivariate model.

There are also further and more NMR specific quantification procedures
described, for example the so-called PULCON (pulse length based concentration
determination) method (38). Due to the excellent measurement stability of
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modern NMR instrumentation, it is possible to determine the area per µmol proton
using externally measured chemical standards (in an extra tube). A quantification
of the analytes in the actual sample is then conducted by using this constant
response factor and enables even the quantification of wine ingredients without
any respective standard available.

However, quantification of wine ingredients by 1H-NMR spectroscopy
requires deep understanding of the underlying molecular structure and great care
during the integration. Therefore,

1) relevant signals need to be assigned properly,
2) integration of the signal areas needs to be done with great care including

the reflection of possibly overlapping signals, which might require a
curve fitting procedure (e.g. deconvolution) for integration, and finally,

3) over- or underestimation effects by e.g. pulsation transfer or incomplete
relaxation of certain signals of particular analytes need to be proven by
extensive spiking experiments.

Nontargeted Data Evaluation

The nontargeted evaluation of the acquired spectral data needs, in most cases,
dedicated statistical data pre-processing to compensate differences, e.g. slight
signal shifts, unequal baselines etc.. The most widely used mathematical approach
to reduce the acquired data size and to minimize peak shift effects in NMR
spectroscopy for multivariate statistics is the so-called bucketing (or binning)
(1). Bucketing is based on segmenting a spectrum into small areas (buckets/bins)
and taking the area of the spectrum for each segment for further evaluation. This
procedure results in a new spectrum, containing a significantly reduced number
of data points. Experiments investigating the authenticity of international wines
(Esslinger, Strassberger, Blaas, Fauhl-Hassek, 2013, unpublished, data not shown)
showed that a major drawback of bucketing might be the loss of a considerable
amount of information compared to the original spectra. Additionally, in some
cases, the borders of the buckets are fixed and applied rigorously in automation,
irrespective of potential deviations. By that, a non-correct alignment can lead to
erroneous bucket loads. Larger signal shifts between different spectra, e.g. due to
instrumental variations in the analysis, pH value dependent variations or changes
of the salt concentration in the matrix, may lead to a larger variation in the
resulting data set/matrix and obscure the identification of patterns in the data set.

Subsequent to the sample pre-processing, e.g. bucketing, statistical data
evaluation is performed. For sample verification within the commercial
application WineScreener™ the whole NMR profile of a specific sample is
compared with the corresponding group of reference spectra (database (39),) at
first hand explorative and univariate. For this, quantile plots are generated to
visualize the respective results. By visual and/or mathematical inspection of the
“fitting”, this approach enables to determine deviations from the “reference data”.

The inspection of the quantile plot, an example is given in Figure 4, is similar
to the classical authentication process considering single parameters transposed to
the whole spectral information.
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Figure 4. Quantile plot of 353 white wine samples (presented in Table 1),
analyzed by 1H-NMR (1.2 - 3.7 ppm); red line represents the median value;
further colors are the distribution of the sample’s variation. Quantile plot was

generated using a MATLAB (MathWorks®) code.

In case of classical single parameter assessment, the approach consists
in determining the concentration of selected natural components which are
characteristic for the specific type of wine. The comparison of the data obtained
with the previously established normal concentration ranges of the substance is
the particular decisive factor of this assessment. The point to start with is the
collection of data of authentic or unsuspicious samples. Here, authentication
data of “unsuspicious samples” are collected. From these data a calculation
of the authenticity range is performed usually by employing the student factor,
which is a tabulated value for a certain probability and number of observations
(40). This factor is multiplied by the standard deviation observed giving a
so-called confidence interval which represents the “authenticity range”. This
authenticity range for single parameters is in principle similar to the quantile
limits in the spectral evaluation. The next step is the comparison of the actual
measurement value with the authenticity ranges. If the value fits into this range,
it is unsuspicious and the sample or at least the parameter investigated is assessed
to be compliant. On the other hand if the value lies outside, it is a clear indication
for fraud and further investigations or actions should be carried out (41).

After the NMR measurement, followed by the statistical data pre-processing,
the resulting data matrices comprise partially (in dependence of the chosen data
pre-processing procedure) of several thousands of variables including analytical
results as well as meta data (e.g. variety, geographical origin, vintage). Figure 5
shows a respective example of a data matrix after the analysis of wine by 1H-NMR
spectroscopy.
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Figure 5. The exemplary presentation of a data matrix after NMR analysis,
including metadata, where the samples are listed line-by-line and the variables

(analytical results and meta data) are mentioned column-wise.

In this case, the observations (samples) are listed line-by-line. The first
columns on the left side of the table describe the respective metadata, followed
by the columns including the analytical results. This matrix is fundamental for
the subsequently performed multivariate data evaluation. Multivariate statistics
can generally be divided in unsupervised and supervised classification methods
as well as in regression methods (for quantification).

Unsupervised methods aim to identify patterns in the data that could not be
derived from a priori available knowledge of the data. Several tools for exploring
the data are available. Principal component analysis (PCA), factor analysis (FA)
and hierarchical cluster analysis (HCA) are variable reduction techniques defining
a number of latent variables by making linear combinations of the original
variables following a given criterion. For all methods, the projections of the n
objects from the original data space on a latent variable are called the scores on
this latent variable (42).

In contrast, supervised methods use calibration or training sets with a priori
known information (e.g. about variety or vintage) to build a classification model.
Then, the model is tested using an independent sample set also with a priori known
information to validate the predictive properties of the model before using it on
unknown samples (43).

The most popular supervised techniques for the classification include
linear discriminant analysis (LDA), soft independent modeling of class
analogy (SIMCA), partial least squares–discriminant analysis (PLS-DA) and
orthogonal projections to latent structures–discriminant analysis (OPLS-DA). As
already mentioned, regression methods are used for multivariate calibration to
quantify/predict properties of interest such as total flavonoid content, anti-oxidant
activity, etc.
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Excellent and very promising results have been reported by applying 1H-NMR
spectroscopy for some of the classical challenges in wine analysis: the proof of the
grape variety and vintage. Apart from the assignment of the geographical origin
these attributes are still of utmost interest in the official control of wines. Excellent
differentiation between different white wine varieties was achieved by 1H-NMR
analysis (31).

Referring to the variety authentication, two examples of targeted approaches
to demonstrate what currently is done and possible in official wine control should
be mentioned.

a) Anthocyanin pattern
Although similar types of anthocyanins are found in different grape
varieties, the relative amounts of the individual compounds differ.
For example, it has been noted that Pinot Noir grapes contain no
acylated anthocyanins. These compounds have proven to be particularly
characteristic for certain grape varieties, with considerable practical
significance (44, 45). This feature of Pinot noir wines is successfully
applied for their variety control in Germany, and the differentiation of
Merlot wine would be straight forward.

b) Content of shikimic acid
In addition, for some questions the shikimic acid gives interesting
information on the authenticity of the wine variety, here again the
Burgundy wines including the white wine varieties show specific
concentrations. For example Riesling wines are characterized by a
high content in contrast to the Burgundy wines, which show a low
concentration of shikimic acid. Therefore, shikimic acid is an indicator
for certain varieties and can also be indicative for some others. According
to the information of the German wine control the number of objections
dropped down drastically after the consideration of the confidence limits
for the Burgundy wines.

However, these are the only forensic applications in the targeted variety
authentication of wine. Certainly there are many further open questions
– concerning this topic – including red wine varieties, differentiation of
Merlot/Cabernet Sauvignon, Syrah etc. and white wine varieties, e.g. Sauvignon
Blanc/Chardonnay/Riesling/Silvaner/Müller-Thurgau. These questions regarding
the variety proof actually can not be answered by targeted analysis.

In addition, the indication of the vintage, of very specific geographic origins
and a single variety was demonstrated by using 1H-NMR spectroscopy by
Godelmann et al. (31). It should be noted that there is no forensic methodology
for the proof of the vintage, and therefore these results are very interesting for
official wine control.

It may be mentioned in this context that the measurement of the 14C in ethanol
has a resolution of about five years only and the activity after the extended nuclear
tests in the mid sixties dropped down to the original natural level, which means
that no effect can be measured nowadays. Particular the “reserva” attributes -
with different obligations of storage - are of interest. Sometimes doubts about the
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history of certain wines occur, by suspicious sensory analysis and/or anthocyanins
pattern analysis (decreasing with ageing, polymerization), but no forensic method
of analysis for vintage verification could be established in routine/control so far
(46).

Further Research Using 1H-NMR Spectroscopy for the Variety
Authentication of Wine

Experimental Design

In order to tackle the variety authentication, further research was conducted
(Esslinger, Strassberger, Blaas, Fauhl-Hassek, 2013, unpublished). The aim of this
study was the development of a 1H-NMR based method for a nontargeted analysis
of wine to investigate the matrices with regard to authenticity. For this a set of 495
commercial wine samples was investigated. Four different red wine varieties and
four different white wine varieties were considered: Merlot, Tempranillo, Pinot
Noir and Syrah for the red wines and Riesling, Chardonnay, Sauvignon Blanc and
Silvaner for the white wines (Table 1). The study was conducted intentionally with
commercial wines.

Table 1. Overview on the Investigated Wine Samples and Respective
Number of Samples (n) within the Presented Study Investigating the Variety
Authentication ofWine by 1H-NMR Spectroscopy andMultivariate Statistics

Red wine variety n White wine variety n

Merlot 46 Riesling 206

Tempranillo 45 Chardonnay 49

Pinot Noir 22 Sauvignon Blanc 48

Syrah 29 Silvaner 50

In this context, it should be mentioned, that one of the main criticism
of authenticity testing in general is that the data used as reference are not
covering the natural diversity and that possibly some effects – biological or
oenological – on the parameter in question have not been adequately investigated.
Authentic samples or experimental samples (e.g. from the stable isotope databank
according to Regulation (EC) 555/2008; European Union, 2008 (13)) of which
the authenticity is “guaranteed” provide the risk that their production might differ
– even only slightly – from commercial samples, and therefore may not reflect
the reality sufficiently. A strong argument for using commercial samples is that
all possible effects and variations are covered already and the data are therefore
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fairly robust. One the other hand natural differences may be caused by authorized
oenological practices, which may result in variances in the acquired spectral data,
that make the statistical evaluation more difficult.

However, within the presented study, commercial wine samples were used
to establish a respective sample preparation including a pre-processing of the
acquired data. The samples were analyzed using a NMR spectrometer (400
MHz). The sample preparation was performed according to the WineScreener™
protocol but with slight deviations (47, 48): The set of samples was prepared
after the addition of a laboratory internally developed phosphate buffer including
the additional pH adjustment to a value of 3.00 ± 0.04. The achieved data set was
used to investigate different pre-processing methods:

→ bucketing (including different techniques as well as different bucket
widths),

→ identification and elimination of outliers using PCA,
→ classification according to grape variety using PLS-DA.

Outlier Identification

Since themultivariate data analysis is based on the variance in the data space, a
check with respect to the identification of outliers must be carried out in a first step.
The visual inspection of all acquired spectra was performed, but only hard outliers
can be detected easily as shown in Figure 6A. All spectra are overlaid (black lines),
whereas the red line spectrum deviates. In this case the water suppression during
the acquisition did not perform perfectly, thus this sample was re-measured. Other
reasons for outlying spectra have been identified, e.g. erroneous pH adjustment
or the spoilage of a sample. These types of outliers are also easily detected by
applying PCA, which is typically performed to obtain an overview on the acquired
data as exploratory analysis. In Figure 6B a PCA scores plot is shown, visualizing
the observed outliers (red dot).

Figure 6. Two examples of determining outliers after NMR analysis. A: Overlaid
1H-NMR spectra, indicating one outlier (red line). B: Outlier identification by

the use of exploratory PCA analysis. The outlier is highlighted in red.
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Quality Assurance

Quality assurance measures e.g. the inclusion of quality control samples
are very important also in nontargeted analysis and should become standard.
The implementation of quality control samples serves as control of the whole
performance of the approach (including the sample preparation and NMR
measurement) with regard to its repeatability and variance.

Moreover, the quality control (QC) sample should have a certain shelf life
and thus be stable over the observation period. Compared to targeted analysis,
where only the analyte or a group of compounds of interest has to be free of
decomposition or degradation, in nontargeted analysis, the stability of the matrix
itself has to be ensured. This is difficult becausemost foods are subject to alteration
and spoilage over a certain period of time (1).

In general, it must be noted that the basic prerequisite for any reliable
mathematical model is that the variance of the QC sample replicates (sample
preparation and measurement) must be smaller than the natural variance of the
“authentic” samples, as demonstrated in this PCA scores plot in Figure 7.

Figure 7. Exemplary presentation of a PCA scores plot of investigated wine
samples, including the quality control (QC) samples, showing their small

variance compared to the other “authentic” samples.

Furthermore, using a QC sample, which should be of a similar composition as
the investigated authentic samples, and exploratory analysis (e.g. PCA) a possible
time dependent drift might also be detectable. As an example, Nietner et al.
investigated feed material using nontargeted FT-IR spectroscopy and used starch,
which is a main component of the investigated matrix, as QC sample (49).

Within the presented investigations of wine samples, a commercial white
wine was used as QC sample, which was prepared and analyzed twice a day. The
subsequent evaluation of the acquired spectral data focused on the performance
of the technical equipment (NMR), e.g. with regard to the performed water
suppression and the used shim quality as well as the sample preparation, e.g.
imprecise pH value adjustment. For this, several parameters (integral of malic
acid and glucose signal, chemical shift of tartaric acid and TSP, as well as the
peak width at half-height of the TSP signal) were used to create Shewhart control
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charts. As an example the “Upper Control Limit - Lower Control Limit”-range
of the chemical shift of tartaric acid was calculated at 4.625 ppm ± 0.008 ppm.
In case of exceeding these ranges, the causes have to be found and removed. In
a second step, the multivariate evaluation of the analyzed control samples (as
mentioned in this chapter) took place.

Data Evaluation

After identification of outliers and monitoring the QC sample, a further PCA
was performed to get an overview on the present data set. The respective scores
plot (Figure 8) representing the explained variance of the data, shows the entire
data set in multivariate space.

Figure 8. PCA scores plot (over the first two principal components), calculated
with all analyzed wine samples, colored by variety, showing a grouping of red

wines (right side) and white wine (left side).

Within this model, the data points have been colored according to the variety
of the respective wine samples showing a clear separation of red wine (right group)
varieties and white wine varieties (left group). Therefore, the main variance of the
data set is based on the differences between red andwhite wine. The differentiation
between these two groups is already of high interest due to notifications about
the illegal addition of white wine to red wine as well as decolorized red wine to
white wine in dependence to the market/consumer preference. Particularly, the
addition of small proportions of white wines to red wine is challenging for the
analytical chemist. Perceptively, the development of a decision cascade/tree might
be of interest, e.g. the differentiation between red and white wine, followed by
the possibility to distinguish between several varieties. Thereafter, objectives like
geographical origin and vintage might be of interest.
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Subsequent to the exploratory analysis of the data set (by PCA), in many
cases, a classification/regression model was developed. In order to avoid
over-fitted models, the appropriate validation of the mathematical models is
essential in the application of multivariate statistics. Only the validation enables
the reliable and sustainable development of models to be used in control. One fair
option for doing so is the creation of two data sets, one training set, comprising
of e.g. 2/3 of the analyzed samples which is used to generate the classification
model and one independent test set of e.g. 1/3 of the data to proof the prediction
ability of the model. This approach is called “external validation”. Within the
presented study, the total data set, consisting of about 500 wine samples, was
divided into two separate models of white wine varieties and red wine varieties,
respectively. Afterwards, PLS-DA was applied as classification method to the
training data set. Due to the fact, that PLS-DA is a supervised method, different
classes were generated in each model, each for one variety. The application of
these models to the test set resulted in correct classification rates between about
70% and 98%. Although the commercial application WineScreenerTM reports
better classification results on the similar varieties, our results appear encouraging
for further investigations.

Future Challenges
Validation Procedures

The validation of an analytical method serves the “confirmation by
examination and the provision of objective evidence that the particular
requirements for a specific intended use are fulfilled” (European Standard EN
ISO / IEC 17025: 2005; International Organization for Standardization, 2005
(50)). This allows preparing the operational readiness of the developed method
in routine analysis as well as its ensuring by statistically based quality assurance
measures.

With regard to the preventive consumer protection, it is necessary/essential
for laboratories of official food control that non-standardized or in-house
developed analytical methods are validated to confirm that the methods are
suitable for the intended use. The validation of these methods comprises the
complete analytical procedure from e.g. the sampling or sample extraction to
statistical evaluation of acquired data. Its extend should be set according to the
need to fulfill the requirements of the intended use or the relevant application
area. Common validation parameters are e.g. the determination of the linearity
range, the limits of detection and quantification, accuracy, precision, trueness,
robustness as well as the calculation of the measurement uncertainty. In few
areas, e.g. pesticides or pharmacological drugs, requirements and parameters to
validate respective analytical methods are precisely defined.

Validation of nontargeted approaches is neither defined nor scientifically
agreed, classical terms such as: limit of detection, limit of quantification,
accuracy, trueness, precision, measurement uncertainty do not fit. Therefore, new
validation strategies are needed for nontargeted fingerprinting, completely new
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concepts required, including the definition of the relevant questions. So-called
“good practice” procedures for the model validation of nontargeted methods
are needed, on the conduction itself but also for the publication of such studies.
With special regard to this latter point, parameters and indicators need to be
determined and stated when published, e.g. the principal mention of the analyzed
number of samples, the used validation procedure or the size of the final matrix,
which was used for the development of the mathematical model. The scientific
community has realized these needs and certain activities e.g. in the similar field
of metabolomics started (51, 52).

Detection of the Unknown

A general point of discussion is the ability to detect known but also unknown
adulterations using the respectively established mathematical model. Typical
multivariate statistics (e.g. DA, LDA, PLS-DA, SIMCA) perform better with a
previous training (by internal or external validation) of the adulteration of interest.
That implies that the respective deviation from the product is already known.
Using these trained models to detect currently unknown adulterations that have
not been trained, one may run into danger to get false-positive or false-negative
results. Further investigations are needed to identify and establish mathematical
models which enable the reliable detection of known and unknown deviations
from a typical food product.

Some approaches try to resolve this particular problem – detecting the
unknown – by univariate data evaluation, e.g. quantile plot, z-score, or by
single parameters derived from the multivariate statistical process control, e.g.
Mahalanobis distance, Distance to the model of X-space (DModX). Zhang and
Nie exclusively used the Mahalanobis distance to classify the adulterated samples
of Radix Astragali (Chinese medicine) as acceptable or unacceptable for the
known data set (53). This tool is similar to the Euclidean distance, but takes into
account that some variables may be correlated and therefore, measure more or
less the same properties (54).

A further technique to detect adulterations (moderate outliers) is by
consideration of the model residuals (DModX). DModX describes the distance
of the observation to the X model plane ore hyper plane and is also known as
the residual error or the residual standard deviation (7, 55). The evaluation
of the results is similar to the Mahalanobis distance approaches. For this,
evaluation criteria are to be defined, e.g. the maximum value of DModX for the
unadulterated/authentic samples is to be considered as threshold above which
a test sample could be considered as suspect. The investigations of chemical
contaminations in carbonated soft drinks (by NMR spectroscopy (55);) as well
as of melamine adulterations of soya bean meal (by NIR (56);) showed that
the identification of moderate outliers using DModX parameter from a SIMCA
model is particularly suitable for the detection of contaminations without previous
knowledge of their identity.
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In general, multivariate data analysis of fingerprints has some advantages
compared to univariate statistics of e.g. single components of the fingerprints (57,
58). Advantageous in first instance is the fact that the whole spectra information
detected with the nontargeted approach is used. Nonetheless, also univariate
statistical approaches were used to evaluate the data sets.

Despite these alternatives, further investigations are needed to identify and
establish mathematical models which enable the reliable detection of known and
unknown deviations from a typical food product including wine.

Data Consistency and Exchangeability

Data consistency is a very important issue in nontargeted authenticity studies,
including NMR methodologies. The typical procedure in case of nontargeted
NMR studies as well as in other nontargeted studies consists of several steps:
the method development (including sample preparation, measurement protocol,
standardized data processing) and evaluation takes place in one laboratory (the
usual situation is that only one high-tech e.g. NMR instrument is present), ending
up in a “measurement procedure”. By this kind of procedure a defined set of
samples is analyzed and evaluated. As mentioned earlier the validation of the
procedure should be conducted according to the “good practice” which is to be
defined. In this relation only in some studies quality control samples are analyzed
with the set of samples and considered in the process to monitor the consistency
and stability of the whole procedure over the measurement period. Also only in
some occasions the model is extended by the later measurement of further samples
(e.g. in a second batch at different point of time), sometimes this important fact in
view of data consistency is simply not stated.

Considering the “one laboratory” approach, from a more global point of view
it should be mentioned that many research studies and publications end with the
measurement of one series of samples, often obtained within a project. Although
very interesting results are obtained, only a few studies include the measurement
of more batches.

However, what was introduced with Bruker WineScreener™, is a proprietary
measurement procedure, what means that a second laboratory and also further
laboratories, equipped with the same instrument, can use the data together. This
fact must be acknowledged and according to the author’s present knowledge this
is very unique in the area of nontargeted analysis.

Although considerable efforts and results in this field, this theme needs to
be further strengthened and further investigations should be conducted, especially
in view of the application of the nontargeted analysis and its comparability after
using analytical instruments e.g. from different vendors. Especially with regard
to the establishment of these approaches in the official wine control, it is to be
considered that standard setting organizations such as Codex Alimentarius and
the International Organisation of Vine and Wine (OIV) adapt proprietary methods
only, if specified prerequisites are given.
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Conclusion

1H-NMR has a lot of very interesting capabilities. It is fast, the quantification
of many wine ingredients is possible within one analytical run resulting in a cost
efficient analysis, substituting other methods of analysis (HPLC/GC etc.). These
advantages are overshadowed by the high investment costs for the analytical
instrumentation.

Besides the high linearity range of this method, it should be mentioned that
the NMR spectroscopy is not able to detect compounds in lower concentrations
(trace analysis). But the classical wine analysis/control is focused only partially
on trace compounds. In addition, the quantitative NMR analysis is a so-called
primary reference measurement procedure, enabling the quantification of
compounds without relation to (similar) standards.

The nontargeted analysis by 1H-NMR can potentially serve the authentication
of wine samples with regard to the discrimination between e.g. varieties,
vintages or geographical origin, in complementation of established targeted
methods. Furthermore, there are indications that the NMR analysis may allow the
accomplishment of so far open challenges in wine control, e.g. the investigation
of the labeled vintage.

Nevertheless, the forensic application in official control requires the
appropriate validation of such a nontargeted methodology. Standard procedures
have to be identified and agreed scientifically as discussed in this contribution. In
addition, further concepts for the use of common data bases need to be developed.
Particularly the data sharing/ownership/maintenance between different users,
including official control, requires further discussions.
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Chapter 7

Effect of Region on the Volatile
Composition and Sensory Profiles of

Malbec and Cabernet Sauvignon Wines

H. Heymann,* A. L. Robinson, F. Buscema, M. E. Stoumen,
E. S. King, H. Hopfer, R. B. Boulton, and S. E. Ebeler

Department of Viticulture and Enology, University of California-Davis,
One Shields Avenue, Davis, California 95616

*E-mail: hheymann@ucdavis.edu.

Regionality, frequently called terroir, is often used as a way
to market wines from different locations. In this chapter we
will discuss the chemical and sensory effects of regionality
using thirty commercially made Australian Cabernet Sauvignon
wines as well as forty one research lots of Californian and
Argentinean Malbec wines. In both studies the volatile profiles
of the wines separated the regions from one another. The
separations based solely on sensory descriptive analysis data
was less clear cut for the Cabernet wines and more so for the
Malbec wines. When the volatile chemical and sensory data
were combined separating regions was possible for both sets of
wines. These studies showed that for both very well controlled
research fermentations and for less controlled commercial
fermentations it is possible to determine sensory and chemical
regional differences for wines.

© 2015 American Chemical Society
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The effect of region on the quality of wine is a very old concept as seen by
the writings of Pliny and Columella (1). Around 1825 James Busby stated “… we
sometimes see, under the same climate, very different qualities of wine, because
the differences of soil, exposure, or culture, modify the immediate influence of this
grand agent” (2). In the more modern era the concept of terroir has received a great
deal of popular press and there are numerous scientific publications on terroir. The
listed references are a selection of recent publications (3–6). We prefer the word
‘regionality’ to the more emotionally charged ‘terroir’ and will use that in this
manuscript. We include growing conditions, microbial differences in vineyrads
and wineries as well as common regional winemaking practices in our concept of
regionality. We also believe that distinguishing regions by sensory and/or chemical
means are useful in the elucidation of regionailty. We will describe the sensory
descriptive analysis and volatile profile analyses used to describe the differences
among Cabernet Sauvignon wines from different regions in Australia and among
Malbec wines from different regions in Argentina and California.

Australian Cabernet Sauvignon Wines

Australian wine regions are divided into Geographical Indications (GIs) and
in this study thirty 2009 Australian Cabernet Sauvignon wines were selected
(7, 8). Three wines were selected from each of the following ten GIs: Western
Australia: Margaret River (MR), Frankland River (FR) and Mount Barker (MB);
South Australia: Clare Valley (CV), Barossa Valley (BV), McLaren Vale (MV),
Langhorne Creek (LC), Padthaway (PA), Coonawarra (CW) and Wrattonbully
(WR). We asked the winemakers from each GI to select a wine (after 3 to 4
months) that in the winemaker’s opinion represented the best regional reflection
of Cabernet Sauvignon from that specific GI. The wines were then immediately
racked, and bottled (without fining or filtration) in 750 ml screw cap bottles. The
volatile profile analyses were performed within four months of bottling and the
sensory descriptive analyses were performed approximately ten months after the
2009 harvest. In this study we had no control over the viticultural practices and
except for asking for a ‘best representation of the GI’ essentially no control over
the winemaking.

A sensory panel (18 subjects) was trained using the consensus method (9)
and they used sixteen aroma terms (bell pepper, black berry, black pepper, butter,
canned vegetable, chocolate, dried fruit, earthy, eucalyptus, floral, leather, mint,
oak, red berry, smoky and vanilla) and four taste and mouthfeel terms (alcohol,
astringent, bitter and sour) to describe the wines. See Robinson et al. (7) for the
composition of the reference standards. The wines were evaluated in individual
sensory booths (temperature 20 °C) equipped with a computer screen and mouse
for data collection using FIZZ (Biosystèmes, Couternon, France) and a continuous
unstructured line scale (10 cm). Clear glasses (ISO 3591:1977), containing twenty
five mL aliquots of wine, covered with a plastic lid were labelled with three-digit
random codes. Wines were served in triplicate over eighteen sessions with five
wines per session using a modified Williams Latin Square design. All samples
were expectorated and panelists had an enforced 30 sec break between samples
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during which time they rinsed their mouths with water and an unsalted water
cracker.

The volatile profiles of the wines were analyzed using a sensitive non-targeted
HS-SPME GCxGC-TOFMS methodology previously described in Robinson et
al. (10). Briefly, a CTC CombiPAL autosampler (CTC Analytics, Zwingen,
Switzerland) with an agitator and SPME fiber conditioning station was coupled
to a LECO Pegasus™ 4D GCxGC-TOFMS (LECO, St Joseph, MI, U.S.A.)
was used for volatile aroma compound analysis. Samples were prepared in 20
mL amber glass headspace vials with 300 g/L sodium chloride added to 10 mL
wine. Methyl nonanoate (an internal standard) and retention index probes were
loaded onto the SPME fiber coating (Setkova et al, 2007a, 2007b). The sample
headspace was sampled using a 2 cm DVB/CAR/PDMS 50/30 μm SPME fiber
(Supelco, Bellefonte, PA, U.S.A.) for 120 min at 30 °C and desorbed in the GC
inlet at 260 °C for 1 min. The primary column was a 30 m Varian FactorFour
VF-5MS capillary column, 0.25 mm i.d. and 0.25 μm film thickness, with a
10 m EZ-guard column (Varian, Walnut Creek, CA, U.S.A.). This column was
joined to the second column (in a secondary oven) by a SilTite mini-union
(SGE, Ringwood, Vic., Australia). The second column was a 1.65 m Varian
FactorFour VF-17MS capillary column, 0.10 mm i.d. and 0.20 μm film thickness
of which 1.44 m was coiled in the secondary oven. TOFMS data was acquired
at 100 scans/s and the TOFMS detector collected masses between 35 and 350
amu at 1800 V. ChromaTOF™ (LECO, St Joseph, MI, U.S.A.) optimized for
the Pegasus™ 4D software Version 4.24 was used for interrogation and spectral
deconvolution. Compound mass spectral data were compared against the NIST
2008 and Wiley 9th edition Mass Spectral Libraries. The retention index (RI)
for each identified compound was compared to published RI for 5% phenyl
polysilphenylene-siloxane capillary GC columns or equivalent (11, 12). The
minimum similarity match was set at 600 and the first and second dimension RI
deviation was set at 6 and 0.25, respectively. Peak areas were normalized against
the in-fiber internal standard and exported for statistical analyses.

Unless otherwise indicated all analyses were conducted using JMP (ver.
8.0.2, SAS Institute, Cary, NC, USA). Some multivariate analyses were conducted
in either XLSTAT (Addinsoft, New York, NY, U.S.A.) or R-Studio ver. 0.98.507
(http://www.rstudio.com/). One-way (main effect: Product) analysis of variance
(ANOVA) of the normalized peak areas was used to analyze the standard wine
analyses and the volatile profile data. Significant volatile compounds were used
as dependent variables in a PCA with panellipse (SensomineR, R-Studio) to
determine the locations of the 10 GIs in multivariate space. A three-way ANOVA
(Product, Judge and Replication) with all two-way interactions was performed
for the sensory attributes using REML and a pseudo-mixed model with the mean
square for Judge by Product as the denominator. An overall canonical variate
analysis (CVA) was conducted using all 10 GI as the categorical factor and all
significant sensory attributes from the analyses above. Additional CVAs were
conducted for subsets of GIs. For these subsets the number of significant sensory
attributes were determined via three-way ANOVA suing only products from the
specified GIs in the subset. Multifactor analysis (MFA) using XLSTAT was used
to compare the sensory and chemical data.
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Figure 1. Principal component analysis score plot for PC1 and PC2 of the
volatile compounds for the Cabernet Sauvignon wines from the ten Geographical
Indications. Ellipses indicate 95% confidence intervals. MR=Margeret River,
FR=Frankland River, MB=Mount Barker, CV=Clare Valley, BV=Barossa Valley,
MV=MacLaren Vale, LC=Langhorne Creek, PA=Padthaway, CW=Coonawarra,

Wrattonbully=WR.

The one-wayANOVA showed that 303 of the 420 volatile compounds differed
significantly (p<0.05) across the products. These significant compounds were used
to create the PCA score plot with 95% confidence intervals shown in Figure 1.
The loadings plot with 303 compounds was cluttered and is not shown. The first
two dimensions of the PCA explained 68% of the variance in the data set. The
score plot shows that the Western Australian GIs (MR, MB and FR) were clearly
separated from all South Australian GIs. The South Australian GIs are apparently
divided into two groupings with CW, WR, CV and PA in one group and BV, MV
and LC in a second. However, CV is closer geographically to the BV, MC and LC
group but based on its volatile profile the wines are more similar to the GIs from
further south-east.
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Figure 2. Canonical variate analysis score plot for CV1 and CV2 of the
sensory attributes for the Cabernet Sauvignon wines from the 10 Geographical
Indications. Circles indicate 95% confidence intervals. MR=Margeret River,

FR=Frankland River, MB=Mount Barker, CV=Clare Valley, BV=Barossa Valley,
MV=MacLaren Vale, LC=Langhorne Creek, PA=Padthaway, CW=Coonawarra,
Wrattonbully=WR. (Modified, with permission from Reference (8). AJEV, 2012)

The three-way ANOVA showed that fifteen of the sensory attributes
significantly discriminated among the GIs namely bell pepper, butter, canned
vegetable, dried fruit, earthy, eucalyptus, floral, leather, mint, oak, red berry,
smoky, vanilla, alcohol, astringent and sour. The CVA of the significant sensory
terms using all ten GIs as the grouping factor is shown in Figure 2. The first
two dimensions of this CVA explained 74.3% of the variance ratio. In this plot
95% confidence circles indicate that FR is separated from all the other GIs. The
CV, MB and MR GIs are separated from the BV, LC, and MV GIs. Additionally
the WR, CW, PA and MR GIs differed significantly from the MB GI. However,
the differences were not huge (unlike the separations due to the volatile data)
and we were interested in determining whether subsets of GIs would be better
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separated. We therefore performed CVA analyses on the sensory data of the GIs
as they were clustered by the volatile data in Figure 1. The CVA of the Western
Australian subset was based on ten significant sensory attributes and the first two
dimensions, as expected, explain 100% of the variance ratio (Figure 3). Despite
the relatively close proximity of the three GIs there was no overlap among these
GIs. The MR wines were more floral and astringent than the wines from the other
two GIs, while the FR wines were higher in canned vegetable, smoky and earthy
characteristics. The MB wines were more sour and had more bell pepper aromas
than the FR and MR wines. As shown in Figure 4 the first two dimensions CVA
of the BV, LC and MV GIs again explains 100% of the variance ratio and the
three regions are well separated with the BV GI wines higher in red berry and
dried fruit aromas, the MV wines higher in oak aromas and more bitter, and the
LC GI wines had more eucalyptus and mint aromas than the wines from the other
two GIs. The first two dimensions of the last subset of GIs (Figure 5) explained
79% of the variance ratio and here, despite in some cases being further apart,
the separation among the GIs were not as clear. The wines from the CW GI
overlapped those of the other three GIs but those three GIs were well separated
from one another. In this subset the wines from Wrattonbully were highest in
eucalyptus, smoky and butter aromas while those from CV were earthier, higher
in bell pepper and mintier. Wines from the PA GI had more red berry and oak
aromas and were more sour and astringent. The wines from CW were balanced
in terms of their sensory attributes.

Figure 3. Canonical variate analysis score and loadings plots for CV1 and
CV2 of the sensory attributes for the Cabernet Sauvignon wines from the three
Western Australian Geographical Indications (Margaret River, Frankland River

and Mount Barker). Circles indicate 95% confidence intervals.
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Figure 4. Canonical variate analysis score and loadings plots for CV1 and CV2
of the sensory attributes for the Cabernet Sauvignon wines from the three South
Australian Geographical Indications clustered together based on the volatile

data in Figure 1. Circles indicate 95% confidence intervals.

Figure 5. Canonical variate analysis score and loadings plots for CV1 and CV2
of the sensory attributes for the Cabernet Sauvignon wines from the four South
Australian Geographical Indications clustered together based on the volatile

data in Figure 1. Circles indicate 95% confidence intervals.

Figure 6 shows the MFA score plot for the ten GIs and is based on the 303
volatile compounds and the fifteen sensory attributes that significantly differed
across the products. The RV coefficient shows similarities between the two
configurations and can be viewed as a ‘goodness of fit’ measure (13). The RV
coefficient of the relationship between the chemical and sensory data was 0.795.
An RV coefficient of 0.700 is generally viewed as a good level of agreement (14,
15) but one should keep in mind that the value is also dependent on the number
of products and variables in the data set as well as the underlying structure of the
data (16). The first two dimensions of the MFA explained 47% of the variance
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with the third dimension added an additional 12% (data not shown). The partial
axes for each GI shows the discrepancy between the two data sets relative to the
consensus position. For example in the first two dimensions the two data sets
were somewhat different for FR and BV but the data sets were very similar for
CV and WB. In a plot (data not shown) of the 1st and 3rd dimensions all of the
partial axes were small – of a similar length to the partial axes of PA and MB
in Figure 5. Similar to Figure 1 the Western Australian GIs are separated from
the other GIs on the right side of the graph while BV, MV, and LC are grouped
together on the left side.

Figure 6. Multiple Factor analysis score plot with partial axes for PC1 and PC2
of mean volatile and sensory profiles for the Cabernet Sauvignon wines from the

10 Australian Geographical Indications.

Argentinian and Californian Malbec Wines

In this study we had no control over the viticultural practices but the wines
were made in experimental wineries in Argentina (Catena Institute of Wine) and
in California (UC Davis winery) by the same winemaker (Fernando Buscema)
using the same protocols (17). Wines were made in duplicate lots in Argentina
and in triplicate lots in California. Prior to sensory analysis we randomly
picked one fermentation replicate for the sensory evaluation but all fermentation
replicates were chemically analyzed, at the time of the sensory analyses. Wines
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from Argentina were air freighted to Davis, CA after bottling. The grapes were
hand harvested at 24 to 25 °Brix in 454 kg uniform lots. In Mendoza, Argentina
we selected grapes from twenty six vineyards located in four departments
namely Maipù (two), Luján (four), Tupungato (nine) and San Carlos (eleven). In
California we received grapes from fifteen vineyards from five counties namely
Napa (four), Sonoma (four, where one vineyard was actually located in Lake
county on the Sonoma county border and this vineyard is included in the Sonoma
county tally), Yolo (three), Lodi (two) and Monterey (two).

The profiles of sixty volatile compounds in the wines were analyzed in
triplicate, approximately two months after bottling, using a semi-quantitaive
automated HS-SPME GC-MS method combined with synchronous Selected Ion
Monitoring (SIM)/scan detection (18). Briefly, 10 mL wine, 300 g/L sodium
chloride and 50 μg/L 2-undecanone (internal standards) were placed in glass vials
with metal crimp caps (Supelco, Bellefonte, PA, U.S.A.). A SPME fiber (2 cm
DVB/CAR/PDMS, Supelco) was exposed to the wine headspace for 30 min at 40
°C with agitation. The MSD interface and the inlet temperature was set at 240
°C and the SPME fiber was desorbed with a 20:1 split ratio. The GC column
was coated with DB-Wax (polyethylene glycol, 30 m, 0.25 μm I.D., 0.25 μm
film thickness, J&W Scientific, Folsom, CA U.S.A.) and a SPME inlet liner (0.7
mm I.D., Supelco) was also used. The oven temperature gradient was 40 °C for
5 min, increased at 3 °C/min to 180 °C, then 30 °C/min to 240 °C which was
then held for 10 min. An electronic ionization source was used and the source
temperature was 230 °C with an electron energy of -70 eV. A 6890 GC coupled to
a 5975 MSD (Agilent Technologies, Santa Clara, CA, U.S.A.) equipped with an
MPS2 autosampler (Gerstel, Linthicum, MD, U.S.A.) was used. The instrument
was controlled using Maestro (ver. 1.2.3.1, Gerstel) and data was captured using
ChemStation software (E.01.01.335, Agilent Technologies).

Sensory descriptive analyses were performed approximately three months
after bottling with the twenty six Mendozan wines evaluated in October 2011
and the fifteen Californian wines in March 2012. In Fall 2011 a sensory panel
(fifteen subjects) was trained using the consensus method (9) and they used
sixteen aroma terms (dark fruit, red fruit, dried fruit, floral, fresh green, cooked
vegetal, earthy/mushroom, soy, chocolate, wood, sweet spice, black pepper,
VA/oxidized, hot, herbal, and anise) and seven taste and mouthfeel (MF) terms
(sweet, bitter, acidic, salty, astringent, viscous, and hotMF) to describe the wines.
In Winter 2012 a second sensory panel (fourteen subjects) was trained using
the consensus method (7) and they used seventeen aroma terms (dark fruit, red
fruit, dried fruit/oxidized, floral, fresh green, cooked vegetal/cabbage, earthy,
soy/meaty/yeasty, chocolate, wood, spice, black pepper, VA/ethyl actate/sulfur
dioxide, ethanol, artificial fruit, grapefruit/citrus, and smoke) and six taste and
mouthfeel terms (sweet, bitter, sour, salty, astringent and viscous) to describe
the wines. See King and coworkers (17) for the composition of the reference
standards. The wines were evaluated in individual sensory booths (temperature
20 °C) equipped with a computer screen and mouse for data collection using FIZZ
(Biosystèmes, Couternon, France) and a continuous unstructured line scale (10
cm). Black tasting glasses (ISO 3591:1977), containing 30 mL aliquots of wine,
covered with a plastic lid were labelled with three-digit random codes. Wines
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were served in triplicate over twelve sessions with six or seven wines per session
using a randomized complete block design. All samples were expectorated and
panelists had an enforced thirty sec break between samples during which time
they rinsed their mouths with water and an unsalted water cracker.

Unless otherwise indicated, all analyses were conducted using JMP (ver.
8.0.2, SAS Institute, Cary, NC, U.S.A.). Some multivariate analyses were
conducted in either XLSTAT (Addinsoft, New York, NY, U.S.A.) or R-Studio ver.
0.98.507 (http://www.rstudio.com/). Chemical data were analyzed by two-way
ANOVA (main effects: region, fermentation replicate) and peaks were quantified
relative to the internal standard (2-undecanone) using the peak area of an extracted
ion. Significant volatile compounds were used as dependent variables in a PCA
with panellipse (SensoMineR, R-Studio) to determine the locations of the regions
in multivariate space. The sensory data from the two descriptive analyses were
combined using synonymous or shared attributes. The data were standardized
to mean zero for each sensory attribute within each descriptive analysis. The
combined sensory data were used as dependent variables in a PCA with panellipse
(SensoMineR, R-Studio) to determine the locations of the regions in multivariate
space. Generalized Procrustes analysis (GPA) using the Gower method was used
to compare the means of the combined standardized sensory data to the means of
the chemical data.

Figure 7. Principal component analysis score plot for PC1 and PC2 of the
volatile compounds for the Malbec wines from four departments in Mendoza,
Argentina and 5 counties in California, U.S.A.. Ellipses indicate 95% confidence

intervals.
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Of the sixty volatile compounds measured by the HS-SPME-GC-MS method
forty eight differed significantly across regions. Only one compound (β-ionone)
differed across the fermentation replicates indicating that the fermentation
replicates did not differ substantially in their composition allowing us to randomly
select one fermentation replicate for the sensory descriptive analyses. Figure 7
shows the PCA with 95% confidence ellipses for the Californian counties and
the Mendozan departments. The first two dimensions of the PCA explained 75%
of the variance. The Argentinean and the Californian regions are very clearly
separated from each other and the regions within each country are also clearly
separated.

Figure 8. Canonical variate analysis score plots for CV1 and CV2 and for CV1
and CV3 of the sensory attributes for the Malbec wines from four departments
in Mendoza, Argentina and five counties in California, U.S.A.. Ellipses indicate

95% confidence intervals.

Based on the ANOVA for regions, fourteen sensory attributes were included
in the PCA shown in Figure 8. The first two dimensions explained 60% of the
variance and the third dimension an additional 19%. All the regions were clearly
separated in the three dimensional space but unlike the volatile data there was not
a clear separation by country of origin. The GPA of the chemical and sensory
data (Figure 9) explains 76% of the variance and clearly separates not only the
Malbec wines from the two countries but also the regions within the countries.
The floral sensory attribute was co-located with linalool, β-damascenone, cis-
linalool oxide and phenethyl alcohol. The sensory attribute ethanol aroma was
located relatively closely to the actual ethanol concentration in the chemical data
set. Additionally, the sensory red fruit attribute was collocated to the esters ethyl
isovalerate, ethyl butyrate and ethyl 2-methylbutyrate as well as limonene, p-
cymene and α-terpinene. On the other hand, the sensory attribute volatile acidity
(upper left quadrant) was nowhere near the location of the ethyl acetate compound
(lower right quadrant). There were no chemical compounds in close proximity
to the astringent attribute, this is not surprising since the chemical profile lacked
non-volatile compounds.
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Figure 9. Generalized Procrustes analysis bi-plot of the volatile profiles and
sensory attributes for dimensions 1 and 2 for the Malbec wines from four
departments in Mendoza, Argentina and five counties in California, U.S.A.

(Modified, with permission from Reference (17). Elsevier, 2014)

Conclusions
From these two studies it is clear that regionality is a measureable concept

both chemically through the measurement of wine volatile profiles, as well as
sensorially through the determination of the sensory attributes that discriminate
among the wines. In general, the separation by region is clearer when one either
only uses the volatile profile or both the volatile and sensory profiles in the
multivariate data analyses. There is still a great deal unknown about regionality
and thus this area clearly warrants further study.
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Chapter 8

Model Study on Changes in Key Aroma
Compounds of Dornfelder Red Wine Induced
by Treatment with Toasted French Oak Chips

(Q. robur)

Stephanie Frank, Thomas Koppmann, and Peter Schieberle*

Deutsche Forschungsanstalt für Lebensmittelchemie,
Lise-Meitner-Strasse 34, 85354 Freising, Germany

*E-mail Peter.Schieberle@ch.tum.de. Phone +49 8161 71 2932.
Fax +49 8161 71 2970.

A young Dornfelder wine was treated for 15 days with French
oak chips, and changes in the overall aroma were evaluated by
aroma profiling, the application of an aroma extract dilution
analysis followed by quantitative measurements based on
stable isotope dilution assays. In particular trans- and cis- oak
lactone, 4-ethyl-2-methoxyphenol and 2, 6-dimethoxyphenol
were not detectable in the untreated wine, while, e.g., vanillin
or 2-methoxyphenol were increased. Among the 17 odorants
quantitated, vanillin, but also 2,6-dimethoxyphenol, iso-eugenol
and both oak lactones increased significantly in the oak treated
wine. A sensory experiment, in which the untreated young
wine was administered with 13 odorants in the concentrations
present in the oaked wine revealed a good agreement of both
aroma profiles.

Among color and taste, aroma is an important quality attribute of wine, and
thus, in numerous previous studies over 800 volatiles have been considered to
contribute to the aroma of different red and white wines (1). It is well-accepted
in the literature that especially storage in oak barrels has a significant influence
on the overall wine aroma (barrique-type). But, storage in oak barrels is a time-

© 2015 American Chemical Society
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consuming and expensive process, and thus, alternative aging systems have been
proposed. One alternative is the use of oak chips leading to the desired barrique-
type flavor in a faster and cheaper way, and since this practice was approved and
allowed by the European Community in 2006, attempts were done to increase
knowledge on the differences between aroma compounds present in barrel vs. oak
chip aged wines.

The many studies on the influence of barrel aging on wine aroma were
previously summarized in a review by Garde-Cerdán and Ancín-Azpilicueta (2)
also taking storage with oak chips into consideration. However, it becomes clear
from a literature survey that only a few studies characterized the odor-active
volatiles among the tremendous set of odorless compounds, for example in a study
by Díaz-Maroto et al. (3), who compared odor-active compounds in untoasted
and toasted oak wood by GC-Olfactometry or Culleré et al. (4), who reported on
the odorants in six different types of wood. However, up to now, no systematic
investigation on the key aroma compounds in raw and toasted oak chips has been
performed using the Sensomics approach (5), except in our recent publication (6)
in which the key aroma compounds in hydro-alcoholic extracts of oak chips of
different toasting degree were compared. In total 39 odorants could be identified,
and in the heavily toasted oak chips 14 aroma compounds, particularly vanillin,
trans-isoeugenol, and 2-methoxyphenol showed very high odor activity values
(ratio of concentration to odor threshold). The same concept was previously used
by us to characterize the key aroma compounds in a Dornfelder red wine (7), and
a total of 27 key odorants was quantitated by means of stable isotope dilution
assays.

Knowing the key aroma compounds in oak chips as well as in an untreated
young Dornfelder red wine, the aim of the present study was to characterize the
influence of a treatment with oak chips on the aroma compounds of this wine
variety. For this purpose, a young, non-aged Dornfelder wine was stored for 15
days in the presence of French oak chips, and changes in the key odorants were
followed by aroma extract dilution analyses and quantitative measurements.

Experimental Part

Wine and Oak Chips

A young Dornfelder red wine (vintage 2012; not stored in a barrel) was
obtained from a winegrower in Saulheim (Rheinhessen, Germany), and was
directly used after fermentation for two weeks. Heavily toasted French oak chips
(Quercus robur) were purchased from a German wine distributor.

Wine Treatment

Oak chips were ground and soaked in the wine (40 g per liter of wine). The
sample was shaken daily and kept for 15 days at room temperature in the dark.
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Aroma Profile Analysis

Aroma profile analyses of the wine samples were performed by a trained
sensory panel consisting of at least 15 panelists as previously described (6).
The following aroma descriptors, represented by the compound given in
parentheses, were chosen for sensory evaluation, and their intensities were ranked
on a seven-point scale from 0 (not perceivable) to 3 (strongly perceivable):
flowery, honey-like (2-phenylethanol), smoky (2-methoxyphenol), clove-like
(4-allyl-2-methoxyphenol), malty (3-methyl-1-butanol), vanilla-like (vanillin),
vinegar-like (acetic acid), cooked apple-like (β-damascenone), coconut-like
(cis-oak lactone), fruity (ethyl 3-methylbutanoate), and woody (powdered oak
chips). The judgments of each panelist were averaged.

Aroma Extract Dilution Analysis and Quantitation by Stable Isotope
Dilution Assays

Aroma extract dilution analyses on a distillate isolated by SAFE distillation
from the two wine samples, and quantitation of the key odorants by stable isotope
dilution assays were carried out as previously described (6). In the AEDA
experiments, the undiluted sample was evaluated by four panellists to eliminate
potential gaps in detecting odor-active areas. The detailed FD-factors were
then determined by one panellist. The quantitation was done in three different
work-ups of the same sample.

Spiking Experiment

The young Dornfelder wine without added oak chips was spiked with
the following 13 odorants: 4-allyl-2-methoxyphenol, 2,6-dimethoxyphenol,
4-ethyl-2-methoxyphenol, 3-ethylphenol, cis-isoeugenol, trans-isoeugenol,
2-methoxy-phenol, 4-methyl-2-methoxyphenol, cis-oak lactone, trans-oak
lactone, 4-propyl-2-methoxyphenol, sotolon, and vanillin. The amounts of the
odorants were adjusted to get identical concentrations to those in the wine stored
with oak chips.

Results

Aroma Profile Analysis

First of all aroma profile analyses of both wine samples were performed, and
distinct differences in the aroma profiles between the wine stored without chips
and with chips were observed (Figure 1). The aroma qualities smoky, clove-like,
vanilla-like, coconut-like, and woodywere rated higher in the wine stored with oak
chips, while smaller changes were noticed for flowery, malty, and cooked apple-
like odors. On the other hand, in particular the intensity of the odor impression
“fruity” decreased in the oak stored wine.
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Figure 1. Aroma profile analysis of the young Dornfelder wine stored without
(black) and with oak chips (gray).

To elucidate the reasons for these differences on a molecular basis, first a
comparative aroma extract dilution analysis ( cAEDA) was performed.

Comparative Aroma Extract Dilution Analysis

The cAEDA showed clear differences in the FD-factors for some compounds
listed in Table 1. A few odorants were only present in the oak treated wine, e.g.,
trans- and cis-oak lactone, 4-ethyl-2-methoxyphenol, and 2, 6-dimethoxyphenol.
Further aroma compounds such as vanillin, 4-ally-2-methoxyphenol, and
2-methoxyphenol were increased by the chip treatment and thus, showed higher
FD-factors in the wine stored with oak chips. On the other hand, in particular
β-damascenone was lowered by the oak chip treatment.

Quantitative Measurements

To confirm the results indicated by the aroma extract dilution
analyses, 17 odorants, namely 4-allyl-2-methoxyphenol, β-damascenone,
2,6-dimethoxyphenol, 4-ethyl-2-methoxyphenol, 2-methoxyphenol, cis-oak
lactone, trans-oak lactone, sotolone, and vanillin) and the further oak related
odorants (3-ethylphenol, 4-ethylphenol, cis-isoeugenol, trans-isoeugenol,
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4-methyl-2-methoxyphenol, 3-methylphenol, 4-methylphenol, and
4-propyl-2-methoxyphenol) were quantitated in both wines by means of stable
isotope dilution assays (Table 2).

Table 1. FD-Factors of Selected Odorants in Dornfelder Young Wine Stored
without and with Oak Chips

FD-factor
aroma compound

without oak chips with oak chips

4-allyl-2-methoxyphenol 128 512

β-damascenone 512 64

2,6-dimethoxyphenol < 1 128

4-ethyl-2-methoxyphenol < 1 32

2-methoxyphenol 32 256

cis-oak lactone < 1 32

trans-oak lactone < 1 32

sotolon 1024 4096

vanillin 1024 8192

The concentrations of most compounds were significantly increased in the
wine treated with oak chips, in particular vanillin, 2, 6-dimethoxyphenol, cis-oak
lactone, 4-ethyl-2-methoxyphenol, trans-isoeugenol, 4-methyl-2-methoxyphenol,
cis-isoeugenol, and 4-propyl-2-methoxyphenol. 2-Methoxyphenol, trans-oak
lactone, 4-allyl-2-methoxyphenol, sotolon, and 3-ethylphenol showed a moderate
increase in their concentrations, while 4-methylphenol and 3-methylphenol
remained nearly constant. The next step was to confirm that all oak related
odorants do contribute to the change in the overall aroma observed for the oaked
red wine

Spiking Experiment

For the spiking experiment, the young Dornfelder wine was spiked with 13
odorants showing an increase concentration in the wine treated with oak chips.
The added amounts of odorants were chosen in the way that the concentrations in
the resulting wine were the same as in the Dornfelder stored with oak chips. To see
the change in the overall aroma, aroma profile analyses were performed (Figure
2).
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Table 2. Concentrations of 17 Odorants in the Young Dornfelder Red Wine
Stored without and with Oak Chips. Selection Was Done in Particular for
Compounds Showing Increased/Decreased FD Factors during the AEDA

concna [µg/L] in Dornfelder wine stored
aroma compound

without with oak chips

vanillin 50.0 701.0

2,6-dimethoxyphenol 2.95 104.0

cis-oak lactone n.d.b 27.9

2-methoxyphenol 1.80 16.8

trans-oak lactone n.d.b 6.88

4-ethyl-2-methoxyphenol 0.04 3.06

4-allyl-2-methoxyphenol 5.72 16.5

sotolon 0.99 2.59

β-damascenone 2.14 2.33

trans-isoeugenol 0.40 26.0

4-methyl-2-methoxyphenol 0.23 16.0

cis-isoeugenol 0.11 3.00

4-propyl-2-methoxyphenol 0.02 1.00

3-ethylphenol 0.66 3.15

4-methylphenol 0.47 0.96

3-methylphenol 0.44 0.85

4-ethylphenol 0.26 0.28
a calculated as the mean value of at least three different workups; standard deviation ≤ 20
% b not detected.

The aroma profiles of the spiked wine and the wine stored with oak chips
stored wine were in quite good agreement. Almost all odor impressions were
rated very similar in both samples except the smoky and woody odors, which
were perceived more intensely in the spiked wine. The compounds causing these
odor attributes are currently under investigation, because these are also present
in Whisky and Cognac stored in oak barrels (unpublished results). The results,
however, indicate that compounds, such as such as furfural, 5-methylfurfural, and
syringaldehyde, which were proposed as important odorants in oak stored wines in
the literature, do not contribute to the overall aroma of the spiked Dornfelder wine.
On the other hand, cis-isoeugenol and trans-isoeugenol, which to our knowledge
have not been discussed in the literature as being relevant for the oak aroma of
wine, clearly contributed to the overall aroma. The data confirm our previous
results on the influence of a smaller set of odorants in generating a barrique-type
aroma (8).
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Figure 2. Aroma profile analysis of the spiked Dornfelder wine (grey) and the
young wine stored with oak chips (black).

Conclusion

The application of the Sensomics concept on a Dornfelder red wine spiked
with oak chips with the respective non-spiked wine of the same batch clearly
revealed 13 odorants which were transferred from the oak into the red wine during
a 15 days storage. Although all odorants, except the two eugenol isomers, have
previously been reported as volatiles in oak wood, this is the first study confirming
the contribution of the identified compounds to the aroma differences by sensory
experiments. The data are a good basis for further studies on the influence of the
signature of the considered set of key odorants on the aroma profiles of different
red wines with a pronounced barrique-type aroma.
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Chapter 9

Terroir Effects on Grape and
Wine Aroma Compounds

M. Herderich,1,* S. Barter,1 C. A. Black,1 R. Bramley,2 D. Capone,1
P. Dry,1 T. Siebert,1 and P. Zhang3

1The Australian Wine Research Institute, Hartley Grove cnr Paratoo Road,
Urrbrae, SA 5064, Australia

2CSIRO, Waite Campus, PMB 2, Glen Osmond, SA 5064, Australia
3Department of Agriculture & Food Systems, University of Melbourne,

Parkville, Vic 3010, Australia
E-mail: markus.herderich@awri.com.au.

Terroir is a concept based on the assumption that key wine
characteristics can be attributed to a delimited geographical
area where grapes and wine have been produced. To explore
the concept of terroir, and how terroir may influence wine
composition and sensory attributes, we summarise recent
studies of the spatial and temporal variability of key wine
aroma compounds, 3-mercaptohexanol (‘tropical’, ‘grapefruit’
notes), 1,8-cineole (‘minty’, ‘eucalypt’ aromas), and rotundone
(‘peppery’, ‘spicy’ notes). Taken together, these and other
studies suggest that environmental and biological interactions
together with biotic factors, ie vintage and winemaking
procedures, have key roles in shaping wine composition and
sensory attributes.

Introduction

According to the International Organisation of Vine and Wine (OIV)
vitivinicultural terroir is a holistic concept which refers to an area in which
collective knowledge of the interactions between the identifiable physical and
biological environment and applied vitivinicultural practices develops, providing
distinctive characteristics for the products originating from this area. From a
linguistic perspective terroir stems from the word terra, or land, in Latin. Hence

© 2015 American Chemical Society
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it is understandable that at a conceptual level an understanding of terroir may
be sought from characterising distinctive geologies, soils and specific minerals
present in individual vineyards. However, in the popular wine press and in
wine marketing efforts, discussions of the term terroir are further simplified and
commonly limited to defining a delimited geographical area with distinct soils
as it is thought that soils are responsible for the unique sensory characteristics of
wine and provide a key point of differentiation when comparing a wine from a
certain terroir to wine from other regions of origin.

All Vineyards Are Located in Unique Sites

All vineyards occupy unique sites, such that substantial differences may exist
between vineyards in terms of their geology and soil properties, geomorphology
including slope, aspect, and climatic and microclimatic situation. Additional
factors that influence terroir are linked to human decisions such as varietal and
clonal selection, row orientation, irrigation scheduling and water availability,
viticultural practices that influence sun exposure, and harvesting and winemaking
practices. With this in mind it is difficult, if not impossible, to explain terroir in
terms of a single factor such as geology, soil properties or climate. Scientifically
we have a very limited understanding of the relationships between terroir, grape
composition and wine sensory properties and have yet to identify many key
factors (or combinations of factors) that are responsible for unique sensory
characteristics and diversity of styles observed in wine of the same variety.

Minerality

The term ‘minerality’ is quite commonly used as a taste descriptor for wine;
it appears to imply that individual minerals or their water soluble ions can be
transported by a vine from its roots to the grape berries where they confer a sensory
impact on grapes and/or wine. While wine experts appear to use consistent verbal
definitions for ‘minerality’ a recent study in Chardonnay has demonstrated that
‘minerality’ is an ill-defined concept from a sensory perspective (1).

Indeed there are some inorganic compounds that can have a significant impact
on wine flavour; these include sodium and potassium cations (responsible for
salty taste) and nitrogen-compounds (as precursors to yeast derived fermentation
volatiles). However these are typically linked to viticultural management
practices such as irrigation, the salinity of irrigation water and fertiliser use,
and their concentrations are further influenced by winemaking practices such
as stabilization and ion exchange processes, additives such as diammonium
phosphate and processing aids.

In general, the inorganic chemical profile of a grape berry has only a distant
and indirect relationship with vineyard geochemistry, concentrations of minerals
in wine bear little relationship with geological minerals in vineyard, and so far no
evidence supports a direct link between geology, soil composition and presence
of soil-derived inorganic compounds and wine flavour (2). Instead, the aroma
compound benzene methane thiol (3), and malic acid, tartaric acid, and titratable
acidity (4) have been associated with ‘minerality’ in separate studies.
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Environmental and Management Influences on Grape and Wine
Composition

A significant amount of research over many years has aimed at characterizing
the links between climate, soil and cultivar, grape composition, and sometimes
wine composition and sensory. For, example in a study of the influence of
climate, soil, and cultivar on terroir (5), it was found that the impacts of climate
and soil were greater than that of cultivar (Merlot, Cabernet Franc, Cabernet
Sauvignon) and that the effects of climate and soil on fruit composition were likely
mediated through their influence on vine water status, i.e. a reflection of vine
water stress in an un-irrigated vineyard. In another very detailed study, Cortell
and Kennedy (6) investigated the variations in Pinot Noir growth and resulting
fruit and wine phenolic composition. The Pinot Noir study was conducted in a
vineyard with vines of the same clone, rootstock and age that had been managed
consistently. Again, the authors observed a strong association between soil depth
and corresponding water-holding capacity and vine vigor. This was thought to
have an indirect effect on bunch sunlight exposure and vine microclimate, leading
to the observed variations in grape and wine anthocyanins and tannins. With
respect to the variability in key green aromas from 3-isobutyl-2-methoxypyrazine
and C6 compounds, a field study over four years in sixty nine Merlot vineyards
in three distinctly different wine grape growing regions within the Central Valley
of California demonstrated that seasonal variation was more important than
regional variation, and that temperature during spring was related to ‘green fruit’
aroma compounds at harvest, likely due to its interactions with vine vigor and
fruit shading (7). Taken together, the studies point out that vine water status and
stress, which may vary according to seasonal weather conditions and irrigation
practices, are more likely to influence grape and wine composition than soils
per se. While all soils are distinct and we in no way suggest that soil physical
properties are unimportant, it is much more likely that it is the diversity in weather
and climatic conditions, soil fertility and the availability of nutrients, and changes
to vineyard management practices that lead to a broad range of wine styles,
flavours and unique wines of distinction, rather than the diversity of soils as such.
Of course, it is also generally the case that vineyard boundaries do not align with
the boundaries between soil types which may create difficulties in the attribution
of cause and effect between soil properties and wines.

In an empirical study on the effect of winemaking practices on wine quality
in the Bordeaux region, it was shown that technological choices (such as grape
varieties, harvesting, and processing) affect wine quality (measured as price at
auction) much more than land characteristics and exposure of vineyards (8).
Similarly, a study of typicality, terroir and sensory properties of red wine from
the Loire Valley, demonstrated a disconnect between conceptual typicality (from
a wine producers’ viewpoint) and perceptual typicality established by sensory
testing. In particular, sensory profiles were related to visual descriptors and the
influences of oenological factors (i.e. harvest date, winemaking practices) were
prevalent, while no direct influence of bed rock type could be observed (9).

Finally, results from very detailed research in a Cabernet Sauvignon vineyard
in the Murray Valley region into variation in vine vigour, grape yield, vineyard
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soils and topography, grape and wine composition and wine sensory attributes
demonstrate that it is possible to establish robust relationships between the sites
where grapes are grown and the sensory and chemical characteristics of the wines
derived from them (10). Again, these relationships appear to be based on specific
manageable biophysical vineyard attributes which are spatially variable at the
within-vineyard scale. The results also pose the question at what scale terroir can
be defined in a meaningful way; they further support the view that investigations
aiming to establish terroir based on delimited geographical areas at a regional
scale are unlikely to provide meaningful explanations for terroir effects; and they
identify the need for additional research that goes beyond the presumption (11,
12) that terroir-related wine sensory attributes are predominantly the result of soil
physical properties that control wine quality.

Due to this background we have commenced a number of research
projects aiming to explore the concept of terroir, and the way terroir may
influence wine composition and sensory attributes, through characterising the
origin and the spatial and temporal variability of key wine aroma compounds,
3-mercaptohexanol (3-MH; ‘tropical’, ‘grapefruit’ notes), 1,8-cineole (‘minty’,
‘eucalypt’ aromas), and rotundone (‘peppery’, ‘spicy’ notes).

Materials and Methods

Experimental details about grape samples, analysis of 3-MH and its
precursors, and experiments studying the effects of transporting and processing
have been summarized in (13–15). The vineyard and fermentation studies to
elucidate the origin of 1,8-cineole in red wine have been summarized in (16, 17).

Experimental details about grape samples, sensory evaluation of
‘peppery’aromas in grape homogenates, GC-MS analysis of sesquiterpenes and
the untargeted GC-MS metabolomics strategy that led to the identification of the
Shiraz grape sesquiterpene, α-ylangene, as marker for ‘pepper’ aroma have been
described in (18). The GC-MS-O experiments and sensory studies to identify
rotundone as an important impact compound with a strong ‘spicy’, ‘pepper’
aroma have been summarised in (19) , and the analytical method used to quantify
rotundone has been described in (20).

Experimental details about the Mount Langi Ghiran vineyard used for the
‘pepper-map’ study in 2012 and 2013, sampling from 177 georeferenced ‘target
vines’, and GC-MS analysis of rotundone have been described in (21). Additional
sesquiterpenes and aroma compounds, α-ylangene, α-guaiene, theaspirance,
geraniol and β-damascenone were quantified in grape samples from the 2012
vintage as described in (18). Three replicate samples were randomly selected
from vines within each low, medium and high rotundone zone (21). Grape berry
subsamples (100 g each) were allowed to partially thaw and then were blended,
as described previously (18). Aliquots of berry homogenate (5.0 g) and internal
standard (α-copaene, 0.1 µg in ethanol, 500 µL) were placed into 20 mL screw cap
SPME vials and shaken (22 °C; 24 hr). Then saturated solution of sodium chloride
(2.0 mL) was added to each vial and they were analysed by HS-SPME-GC-MS as
described for α-ylangene analysis in (18) with some adjustments: Each vial and
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its contents were heated to 45°C and then a polydimethyl-siloxane/divinylbenzene
(PDMS/DVB) 65μm SPME fibre was exposed to the headspace for 60 min, with
agitation. The MS was operated with simultaneous selected ion monitoring (SIM)
and scanning over a mass acquisition range of 35-280 m/z. The method was
validated by a series of standard additions of α-copaene (0 to 100 µg/kg; n = 9
× 2) to aliquots of the same blended grapes. The identification of sesquiterpenes
was achieved by comparing the mass spectra and retention indicies with the
terpenoids library in the MassFinder software (version 4.1). α-Guaiene was the
only compound quantified by SIM. The target and qualifier ions were typically
m/z 105, 147, 189 and 204 for α-guaiene and 105, 119, 161 and 204 for α-copaene.
All compounds were quantified as α-copaene equivalents. Within-vine and
within-bunch variability of rotundone was determined as described by Zhang and
co-workers (22).

Results and Discussion

Factors Influencing Concentrations of 3-Mercaptohexanol

Varietal thiols such as 3-mercaptohexanol (3-MH) are key odorants in white
wine, and together with methoxypyrazines are especially important to the flavour
of Sauvignon Blanc. 3-MH has one of the lowest aroma thresholds of any food
odorant in the low nanogram per litre range and contributes distinctive ‘tropical’,
‘passion-fruit’ flavour to many white wines. However, 3-MH is found only at very
low levels in grapes and must (14). This is because most 3-MH is formed from
odourless, non-volatile precursors (23) by the action of C-S-lyases present in yeast
or enzyme additions during fermentation. Precursors to 3-MH include the cysteine
conjugate Cys-3-MH, and the glutathione analogue Glut-3-MH.

By direct HPLC-MS/MS analysis of both precursors of 3-MH the effect
of ripening on the concentration of these compounds in Sauvignon Blanc fruit
have been investigated recently. Grapes from five different clones of Sauvignon
Blanc vines, all from the same vineyard in the Adelaide Hills, were sampled and
analysed for 3-MH precursor levels at approximately 14-day intervals through-out
the growing season. The results demonstrated that 3-MH precursor levels were
very small at veraison to mid-ripening, then slightly increased pre-harvest, and
there was a large increase just prior to commercial harvest with an approximately
10-fold increase in the concentration of both precursors in as little as 14 days.
From these results, we can see the importance of fruit ripeness for achieving
optimum favour potential while the influence of clone type was relatively small
(14).

In addition to grape maturity and harvesting decisions, the mode of
transportation of machine harvested fruit from the vineyard to the winery has
been noticed by some winemakers to result in wines with more tropical aroma
compared to fruit processed soon after harvest. To investigate this further, a
commercial-scale study was conducted using replicated lots of machine harvested
fruit with different additions of sulfur dioxide and ascorbic acid added at the time
of harvest. Concentrations of 3-MH precursors were analysed in samples taken
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from each of the grape bins at harvest and then again approximately 12 hours later
after transportation over approximately 800 km to the winery.

As expected, the antioxidant treatments had a clear visual effect on the must.
Regarding the Cys-3-MH concentration there was a very large difference due
to the transport, with an approximately 10-fold increase in the concentration of
the precursor in the transported fruit. The samples with the lowest precursor
concentration within each set were those with the highest addition of sulfur
dioxide, likely due to either the SO2 preventing conjugate formation or interfering
with the formation of (E)-2-hexenal which is required for the generation of the
3-MH precursor. At concentrations of antioxidants likely to be used in industry,
the addition of SO2 or ascorbate had only a small effect. The precursor Glut-3-MH
behaved similarly to the Cys-3-MH, with an approximately two-fold increase
observed after transportation (15).

In the above examples there are two main factors that have a very large
influence on 3-MH precursor concentrations and consequently on the amount of
this tropical aroma compound which can be released during winemaking: One is
grape ripening and harvest timing; while this could be considered a terroir effect
which may reflect impacts of seasonal weather conditions and microclimate on
ripening behaviour, the dominant influence of management decisions is quite
obvious. Secondly, harvesting choices (hand harvesting vs. machine harvesting),
and the way in which grapes are handled prior to fermentation can also have
a major effect on 3-MH aroma precursors as berry rupture and length of time
through transport of machine harvested fruit gives rise to large increases in thiol
precursors. With everything being equal, the distance between a winery and its
vineyards could also be seen by some as a spatial effect, although the effects of
contact time can be easily modulated through must chilling and/or additions of
antioxidants, or increased through extending the standing time of crushed grapes
prior to inoculation with yeast and fermentation.

Factors Responsible for Concentrations of 1,8-Cineole in Red Wine

For some time the origin of ‘eucalypt’ and ‘minty’ aromas in wine had
remained a mystery. Some researchers believed that ‘eucalypt’ characters were
associated with the proximity of vineyards to Eucalyptus trees (24) and hence
typical expressions of the terroir of some wines; others proposed that there
were monoterpenes in grape berries that acted as precursors for the ‘minty’
aroma compound 1,8-cineole (25). Further investigations revealed, however,
that grape-derived monoterpenes are unable to generate high enough levels of
1,8-cineole to reach sensory threshold concentrations (16). These results shifted
the focus onto non-grape sources of 1,8-cineole, specifically eucalypt trees that
are native to Australia, widely planted throughout the world for providing timber
for construction and paper manufacturing, and are known for their essential oils
rich in 1,8-cineole.

To find out more about the origin of ‘minty’ aromas in wine, a detailed study
investigated the relationship between grape composition and the proximity of
vines to Eucalyptus trees. The impacts of airborne essential oils, grape leaves,
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grape stems and leaves from nearby Eucalyptus trees were also included in the
investigation (17).

Indeed the results demonstrated that the greatest amount of 1,8-cineole was
found in wine made from grapes that were closest to the Eucalyptus trees. Wine
making experiments revealed a continuous increase in the concentration of 1,8-
cineole during fermentation that stopped once a wine was drained from skins.
This indicated that 1,8-cineole was extracted from the grape skins and/or matter
other than grapes (MOG). Somehow unexpectedly, it was not airborne transfer of
eucalypt essential oil volatiles that was the main source of 1,8-cineole, but the
presence of eucalypt leaves (and to a lesser extent grapevine leaves and stems) in
harvested grapes that were the key factors responsible for elevated concentrations
of 1,8-cineole in wine. Overall, the closeness of grapevines to Eucalyptus trees
has a conclusive effect on 1,8-cineole concentrations in wine, and the presence
of MOG can significantly influence 1,8-cineole levels. Enhancing or reducing
‘minty’, ‘eucalypt’ characters is no longer a case of pure chance or serendipity, as
winemakers are in a much stronger position to take greater control of 1,8-cineole
and adjust eucalyptus character to create balanced wines that express their terroir,
with proximity of vineyards to native or planted eucalypt trees, the species of
Eucalypt trees, typical wind direction and harvesting practices being key factors
responsible for the unique terroir effects from 1,8-cineole.

Variability of Rotundone in Cool Climate Shiraz Grapes

Shiraz is one of the most important grape varieties in Australia and accounts
for about 40% of all red wine made each year. It is grown across all regions and
localities recognised as distinct Australian Geographical Indications. Prominent
Australian Shiraz styles include elegant, peppery cool-climate wines (for example
from the Adelaide Hills, or the Grampians); more intensely flavoured, spicy
and sometimes minty styles of Margaret River, Coonawarra or Clare Valley;
sweet chocolaty and ripe-fruited wines (Barossa Valley, McLaren Vale), and
leathery and rich wines (Hunter Valley). Despite its importance for the wine
industry, information on key aroma compounds of wines made from Shiraz
grapes is rather limited. It is known that Shiraz wines do not contain an
appreciable concentration of methoxypyrazines yet may be described as ‘green’,
a characteristic that sets this variety apart from some other highly valued red
grape varieties, and some Shiraz wines can have sensorially important levels of
a distinctive ‘spicy’/’pepper’ flavour (26). Notably, some vineyards consistently
produce ‘peppery’ wines, especially in cooler years, and this can be predicted
from analysing the concentration of a sesquiterpene, α-ylangene, as a biomarker
in grapes (18).

Subsequent studies resulted in the isolation of an aroma fraction from Shiraz
grapes, which contained a single component that gave a strong ‘peppery’ aroma
when assessed by GC-MS-O. From the mass spectrum and retention indices
for the ‘pepper’ aroma on three different GC column phases the responsible
compound was identified as the sesquiterpene, rotundone, that is found in the
skins of Shiraz berries (19, 27). The identity and sensory properties of rotundone
could be verified with an authentic reference compound; its low sensory detection
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threshold of 16 ng/L and distinctive ‘peppery’ aroma are indicative of rotundone’s
role as an impact aroma compound in wine, and rotundone remains the sole aroma
compound identified so far with a ‘peppery’ aroma in wine (19, 28).

Rotundone typically occurs in grape berries at very low concentrations in
the ppt-range and practical, cost effective, sensitive and precise technologies for
in-field quantification of rotundone are lacking. Given the notable variability
in grape rotundone concentrations between individual vineyards and between
growing seasons for the same vineyard a recent study aimed to establish whether
rotundone was spatially variable at the within vineyard scale (21). Accordingly,
the objective was to explore whether the rotundone concentration in the Shiraz
berries of a vineyard block known to produce ‘peppery’ wines was spatially
structured or whether grape rotundone concentrations showed a random pattern
of variation. For this first study of within-vineyard spatial variability in a
grape-derived key aroma compound, grapes were sampled ca. two weeks prior
to commercial harvest from 177 georeferenced ‘target vines’ in a 6.1-ha block
planted to Shiraz on own roots at the Mount Langi Ghiran vineyard in the
Grampians region of Victoria.

The concentration of rotundone in berries sampled in 2012 from the 177 target
vines varied markedly – from 73 to 1082 ng/kg – and the mean and median values
of rotundone concentration were 399 and 379 ng/kg, respectively. The resulting
high-resolution grape rotundone data were mapped and overlain with other map
layers describing variation in soils, topography and vine vigour. Berry rotundone
concentration was found to be spatially structured, with higher berry rotundone
concentrations occurring in the south and south-eastern parts of the block, while
substantially lower values were observed in the north-western parts (Figure 1).

Figure 1. Variation in the rotundone concentration of berries in a 6.1 ha vineyard
in the Grampians region, Australia. (data of Scarlett et al. (21))
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The results further suggested that within-vineyard variation in berry
rotundone concentration is likely associated with variation in soil properties and
topography, with the influences of topography and ambient temperature likely
key drivers of rotundone variation (21). A similar spatial structure in rotundone
concentration could be observed in the 2013 growing season (unpublished data),
albeit rotundone was present at much lower concentrations from ca. 6 to 15 ng/kg.
The seasonal differences exemplify that aspect and topography may well have an
indirect and not necessarily causative effect on grape rotundone concentration.
Similarly, ambient temperature alone may not be necessarily sufficient to explain
the site-to-site variability in rotundone concentration. Overall, this first study of
spatial variability of a key grape and wine aroma compound has established that
within-vineyard variation in the concentration of rotundone is not random and is
clearly spatially structured; it suggests that the variation in the land underlying
the vineyard represents one important variable associated with the presence of
rotundone in grapes. While this observation is consistent with the concept of
terroir, the large but structured variability within a single vineyard raises questions
about the scale at which terroir can be considered a useful construct (21, 29).

In an extension of the work by Scarlett and co-workers (21) the distribution
was characterised of additional key grape metabolites and aroma compounds in
grape samples from low, medium and high rotundone zones of the Mount Langi
Ghiran vineyard. For this experiment low, medium and high rotundone zones were
identified based on (21) and grape samples were taken from randomly selected
vines within each zone.

Table 1. Sesquiterpenes and Grape Aroma Compounds in Samples from
Low, Medium, and High Rotundone Zones

concentration (ng/kg)
compound

low (n = 3) medium (n = 3) high (n = 3)

rotundone 82 ± 11 518 ± 10 1,013 ± 63

α-ylangene 5,212 ± 790 20,402 ± 2,162 29,055 ± 7,406

α-guaiene 84 ± 32 364 ± 119 514 ± 177

theaspirane 1,991 ± 71 1,737 ± 153 1,212 ± 90

β-damascenone 1,715 ± 271 2,356 ± 1,005 1,232 ± 366

geraniol 4,539 ± 2,519 3,086 ± 1,158 3,922 ± 789

mean concentration ± standard deviation

The results in Table 1 confirm the significant differences observed by Scarlett
and co-workers (21) for rotundone in grapes from 2012 across this vineyard, with
concentrations ranging from 82 ng/kg in grapes from the low rotundone zone, over
518 ng/kg in grapes from the medium rotundone, to 1013 ng/kg in grapes from
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vines located in the high zone. Not surprisingly, the sesquiterpene α-ylangene
which has been demonstrated before to represent a very good biomarker for
‘pepper’ aroma in grapes (18), shows a very similar concentration distribution
across the low to high rotundone zones. Similarly, the concentration of α-guaiene,
which is a likely biochemical precursor to rotundone based on its similar structure
and concentration profile, increases in grapes across the three zones approximately
six-fold, although only the differences between grapes from the low and high
rotundone zones are statistically significant. As expected for aroma compounds
formed by other metabolic pathways, no concentration differences but rather
large variability between grape samples from individual zones were observed for
the monoterpene alcohol geraniol and C13-norisoprenoid β-damascenone. Yet
for another C13-norisoprenoid, theaspirane, significant differences were observed
between the three zones, with the highest theaspirane concentrations in grapes
sampled from the low rotundone zone, and the lowest theaspirane concentration
in grapes from the high rotundone zone – i.e. a strikingly inverse relationship
compared to the concentration profile observed for rotundone (Table 1).

These results exemplify that the within-vineyard variation in the concentration
of a number of grape aroma compounds – not only rotundone - can be clearly
spatially structured, and that the spatial structure observed for key grape volatiles
is not necessarily limited to metabolites formed by a single biosynthetic pathway.
Even from the relatively small number of aroma compounds targeted in this
experiment it is evident that for compounds from presumably closely related
biosynthetic pathways - such as β-damascenone and theaspirane - distinctive
differences in their spatial concentration distributions can be observed.

Notably, no significant differences in commonly used grape compositional
parameters, including total soluble solids (TSS), pH, titratable acidity (TA), total
phenolics and total anthocyanins were observed among the three zones in 2012
(22), indicating that the spatially structured differences in aroma compounds
were not related to differences in maturity between grapes from the three zones.
Furthermore, this observation suggests that widely used grape quality parameters
such as TSS or colour may not necessarily represent suitable proxies for
identifying and monitoring the spatial variability in key volatile grape compounds.

To further characterize the variability of rotundone concentration within
the Mount Langi Ghiran vineyard, within-vine variability was studied through
two approaches (22): The influence of row and bunch orientation was examined
through comparing rotundone concentrations in grapes from the same vine, but
grown on the less exposed south-east or more sun exposed north-west facing side
of a vine. Significantly higher rotundone concentrations were observed in shaded
bunch sectors and grapes grown on the shaded side of a vine. For example, in
the 2013 vintage the rotundone concentrations in grapes from the less exposed
south-east facing side of a vine were ca. 50% higher compared to rotundone
in grapes grown on the opposite more exposed side. Finally, with-in-bunch
variability of rotundone concentration was characterised using grapes from
different sectors of individual bunches. In both seasons, the top-back sector at
a bunch (2011-12: 493.5 ng/kg, 2012-13: 25.9 ng/kg) had significantly higher
concentration of rotundone compared to all other sectors, with grape berries from
the bottom-front sector of a bunch consistently having the lowest concentration
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of rotundone (2011-12: 250.2 ng/kg, 2012-13: 15.3 ng/kg). In summary, in this
study large differences in rotundone concentration were observed between the two
growing seasons (2011-12 and 2012-13), among three vineyard zones, and within
individual bunches. The 18-fold variation in rotundone concentration between
the two studied seasons was higher than the differences among vineyard zones
which one could attribute to terroir effects, hence exemplifying the importance
of seasonal weather over site effects. Notably within a season, terroir related
variability between the low and medium, or medium and high zones was almost
in the same order of magnitude as the differences observed within individual
bunch sectors (22).

Key Factors Potentially Explaining the Variability of Rotundone in Grapes

As ‘high-rotundone’ vineyards are found across regions with rather diverse
and distinct geological terroirs it is unlikely that soil chemistry or geology are
playing a causative role in rotundone’s formation. In addition, the observed
seasonal and spatial variability in a key aroma compound between vineyards,
within a vineyard, and within grapes from the same vine within a single vineyard
raises questions about the scale at which terroir can be considered a useful
construct. Instead, the results obtained so far point towards combinations of
genetic and environmental factors that result in enhanced rotundone concentrations
in grapes.

Arguably, the presence of the sesquiterpene rotundone in specific varieties
such as Shiraz or Duras (30), while it is absent in other varieties that are planted
in the same region and similar iso-climates, points towards a genetic basis for
sesquiterpene biosynthesis that is specific for high-rotundone varietals. However,
at this stage we cannot fully rule out that rotundone or its putative precursor, α-
guaiene, might be formed by other species – i.e. nearby plants, insects or fungi
- before being translocated onto grapes. This is because non-vitis biotic sources
of key aroma compounds have previously been observed as being responsible for
the presence in grapes of the minty monoterpene 1,8-cineole (largely caused by
airborne transport of leaves and essential oils of Eucalypt trees (17)). Similarly, the
presence of Coccinellida species can lead to undesirable alkyl methoxypyrazines
in grapes and ‘ladybug’ taint in wine (31).

The observation that specific vineyards within cool climate regions such
as Adelaide Hills and Grampians (Australia), or Hawke’s Bay (New Zealand),
have a historical record of consistently yielding grapes high in ‘pepper’ aroma
and rotundone might also point towards the potential presence of a genetic
determinant in the original planting material used for these vineyards. Potentially,
mutations leading to SNPs in regulatory or functional elements of sesquiterpene
biosynthesis in Shiraz, and/or hitherto unknown epigenetic effects could explain
some of the variability in grape rotundone. It is conceivable that the observed
spatial structure in grape rotundone concentration within the Mt Langi vineyard
could result from epigenetic mechanisms in the vines triggered by the underlying
vineyard variability, although such a suggestion would need further investigation
to corroborate it. However, the observed differences at a grapevine scale, i.e.
the differences between rotundone concentrations of individual grapes within
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a bunch and between bunches grown on the same grapevine but on exposed
or shaded sides of a row, cannot be explained by genetic effects. Rather, the
observed within-vine variability points towards a major role for environmental
factors such as light exposure and/or temperature of the bunch zone in regulating
the formation of rotundone. Similarly the propensity of ‘high-rotundone’ Shiraz
vineyards to be located across cool-climate regions and the significant seasonal
differences in rotundone’s concentration point towards weather conditions,
especially temperature and perhaps rain or water availability, as playing key roles
in influencing the formation of rotundone.

When reconciling environmental factors that may play a key role in the
formation of rotundone in grapes and would explain the observed spatial
and temporal variability in its concentration, it is important to recognise that
biosynthesis of many volatile organic plant metabolites, including sesquiterpenes,
can be induced by a herbivore attack (32, 33). For example, herbivores such
as light brown apple moth larvae have been demonstrated to cause very high
emissions of a range of volatiles including sesquiterpenes, β-caryophyllene,
germacreneD and (E,E)-α-farnesene from infested apple seedlings (34). Similarly,
grapevine leaves were reported to release several novel compounds in response
to damage by the spider mite Tetranychus urticae, including caryophyllene and
humulene (35). With this in mind it is intriguing to speculate that the presence
of rotundone in grapes, or of one of its close precursors such as α-guaiene, could
potentially be the consequence of a herbivore attack onto a vine above or below
ground. Alternatively, the presence of rotundone could be a consequence of
the biological interactions between a grapevine and its associated soil and plant
microbiome (36) as it has been shown that regional, site-specific, and grape
variety factors shape the fungal and bacterial consortia in vineyards and on
wine-grape surfaces (37, 38).

As the final step in the formation of rotundone, an allylic oxidation of a
sesquiterpene precursor is required. While untargeted and targeted metabolite
profiling has identified α-ylangene as the most closely correlated sesquiterpene
(18), from a structural perspective α-guaiene is most likely the direct precursor
to rotundone. Indeed, the oxidation of α-guaiene to rotundone has been shown
to occur in presence of the enzyme laccase (39), or chemically in the presence of
Au/Pd/TiO2-catalysts (40) or by autoxidation in air (41).

Whether the allylic oxidation of α-guaiene to rotundone in grapes is
specifically catalysed by hitherto unknown grapevine enzymes such as
P450-oxidases, the consequence of enzymatic reactions by microorganisms on
the grape surface, or the result of α-guaiene’s chemical degradation in air remains
to be established. As higher rotundone concentrations typically can be observed
after colder growing seasons, and on the less sunexposed and colder sides of a
grapevine and bunch, a biological rather than chemical final oxidation reaction
appears to be more likely. An alternative explanation is that the interaction(s) of
the grapevine with its biological environment may lead to higher concentrations
of direct precursors such as α-guaiene in certain vineyards, vines, bunches
and grapes, and that the final concentration of rotundone is limited by the
concentration of its precursors and not by the final oxidation step.
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Conclusions

Taken together, these studies into the origin and the spatial and temporal
variability of key wine aroma compounds, 3-mercaptohexanol (‘tropical’,
‘grapefruit’ notes), 1,8-cineole (‘minty’, ‘eucalypt’ aromas), and rotundone
(‘peppery’, ‘spicy’ notes) suggest that environmental and (potentially) biological
factors together with viticultural management and winemaking practices are key
to shaping wine flavour chemistry. The large number of possible combinations
of these factors and variables would explain the myriad of wines with unique
and diverse sensory attributes. Yet it is also clear that a better understanding of
terroir, and its role in producing distinctive wines, requires a holistic rather than
reductionist approach. While characteristics of the land underlying a vineyard
remains one important variable associated with wine composition, both the large
plasticity in grape composition that can be attributed to non-land related variables
and the large but structured variability within a single vineyard raise questions
about the scale at which an area-based definition of terroir can be considered a
useful construct (10, 21, 36).
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Chapter 10

C13-Norisoprenoids in Grape andWine Affected
by Different Canopy Management

Fang Yuan, Hui Feng, and Michael C. Qian*

Department of Food Science and Technology, Oregon State University,
100 Wiegand Hall, Corvallis, Oregon 97331
*E-mail: Michael.qian@oregonstate.edu.

High canopy density is common in the cool-climate
vinegrowing region of Oregon. Excessive canopy density will
produce unbalanced musts, resulting in poor wine quality. Vine
growers commonly use vineyard canopy management strategies
to regulate vine vigor and improve grape and wine quality.
C13-norisoprenoids are found to be very important grape-derived
constitutes of many grape varieties and their corresponding
wines. This paper introduces the quantification studies on the
formation of C13-norisoprenoids during berry development,
as well as evaluates the possible impacts of different canopy
management (i.e., leaf removal, cover crop and irrigation) on
the C13-norisoprenoids and their precursors in grapes. Different
viticultural practice could alter C13-norisoprenoid level in grape
berries by changing one or more parameters, and affect the
C13-norisoprenoid level in corresponding wines.

Introduction

Norisoprenoids are a group of compounds derived from the degradation
of carotenoids—a group of tetraterpenoid pigments widely existing in plants.
C13-norisoprenoids, with 13 carbon atoms, are among many well-known scent
compounds with extremely low sensory thresholds, and are also important
sources of grape-derived flavors in wines. The most common C13-norisoprenoids
are β-damascenone, β-ionone, 1,1,6-trimethyl-1,2-dihydronaphthalene (TDN),
vitispirane, and (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB). Their
chemical structures are showed in Figure 1.

© 2015 American Chemical Society
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Figure 1. Chemical structures of some important C13-norisoprenoids in grapes.

β-Damascenone and β-ionone were first reported in wine by Schreier and
Drawert (1) in 1974. Since β-damascenone and β-ionone are commonly found
at levels above their sensory thresholds in wines, they are suggested to be
important contributors especially in nonfloral grape varieties such as Merlot,
Cabernet Sauvignon and Pinot noir (2–5). β-Damascenone smells sweet and
honey-like (6) with a very low sensory threshold of 2 ng/L in water (7) and
50 ng/L in 10% aqueous ethanol respectively (8). However, the contribution
of β-damascenone to wine aroma is still controversial. The evidence to date
indicates that it probably acts as an enhancer of aroma intensity, particularly of
fruity-type aromas (2, 9–11), and has the ability to mask the “herbaceous” aroma
associated with 2-isobutyl-3-methoxypyrazine (2). β-Ionone is often described
as violet and raspberry, with a sensory thresholds of 90 ng/L in wine (8). TDN
has a kerosene-like aromas with sensory threshold of 2 μg/L in both model
wine and natural white wines (12). Vitispirane has two chiral carbons and thus
two pairs of diastereomers (often reported as vitispirane A and vitispirane B).
The aroma of the diastereomers was found to be distinctly different; the pair
of enantiomers, (2R,5R) and (2S,5S), described as cis were fresher and more
intense than the trans pair, (2S,5R) and (2R,5S). The cis pair has an aroma that is
comparable to the green odor of chrysanthemum with an additional flowery-fruity
wine note. The trans pair were characterized by a heavy scent of exotic flowers
with an earthy-woody undertone (13). The sensory threshold of visispirane has
been reported as 800 μg/L (14). However, a sensory threshold for each of the
stereoisomers of vitispirane has not been reported as yet. Although these two
compounds have been detected in many wine varieties, their concentrations
are commonly below the sensory threshold, and consequently have no sensory
impact (15). However, as the wine undergoes bottle aging, TDN and vitispirane
concentrations increase and can reach the level above their sensory thresholds,
giving the characteristic aroma of aged wine (16, 17), but is also sometimes
considered to be detrimental to the wine quality (12). Another C13-norisoprenoid,
TPB (4-(2,3,6-trimethylphenyl)buta-1,3-diene), were found in wine by Janusz, et
al. (18) in the year of 2003. It has a pleasant floral aroma at low concentrations
but a pungent or chemical odor at high concentrations (19). It has been found in
several white wine varieties such as Semillon, Chardonnay, and Riesling at levels
above its sensory threshold (0.04 μg/L in wine), but not in red wines (19).
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Formation of C13-Norisoprenoids in Grape Berries

C13-norisoprenoids are present in grape berries partially as the free form,
and partially as non-volatile precursors, which could be transformed to the
free form by enzyme or acid hydrolysis (20). The precursors appear to include
glycoconjugates involving different conjugating moieties and also non-glycosidic
compounds (carotenoids and its degradation products) (21). Several mechanisms
of carotenoid degradation into C13-norisoprenoids have been reported, including
enzymatic processes, autoxidation and thermal decomposition (22–24). In the
model system, β-damascenone can be formed directly from neoxanthin (25)
by peroxyacetic acid oxidation and two-phase thermal degradation without the
involvement of enzymatic activity, while β-ionone can be formed as a cleavage
product of β-carotene (23) and zeaxanthin (26).

However, in grapevines, the synthesis pathways are more complicated
than the model system because of the enzyme systems involved. Baumes et
al. (27) investigated the formation pathways of carotenoids to norisoprenoids.
They illustrated the formation of C13-norisoprenoids in grape berries as three
consecutive steps. The first step was carotenoid degradation catalyzed by
oxidases, the degradation product was then modified by oxidases and reductases
to form norisoprenoids. Finally, the norisoprenoids were glycosylated by
glycosyltransferases. Once formed, these compounds were then subject to
further reactions during wine aging (28). For the first step, specific tailoring
of carotenoids is brought about by enzymatic action of a family of oxidative
enzymes cleaving specific double bounds (29), which are called carotenoid
cleavage dioxygenases (CCDs) by plant researchers. Additional studies have
provided evidence supporting generation of C13-norisoprenoids by region-specific
enzyme cleavage of carotenoids rather than by non-specific oxidases and/or
chemical degradation (30, 31). Among the CCDs, CCD1 was considered to
be a prime candidate for enzymatic C13 volatile apocartenoid biogenesis. A
potential CCD gene (VvCCD1) has been identified in Vitis vinifera L. in 2005.
This gene encoded a functional CCD, which cleaves zeaxanthin symmetrically,
yielding 3-hydroxy-β-ionone and a C14-dialdehyde (30). There is also evidence
that the formation of C13-norisoprenoids is highly associated with VvCCD1
expression and the gene expression level is variety dependent (30). Since the
enzymatic systems involved have not yet been fully discovered, the current
knowledge still cannot completely explain the biosynthesis pathway of various
C13-norisoprenoids formations in grape berries.

Viticultural practices are known to influence secondary metabolites of
grape vines. Such practices include regulation of water and nutrient supply,
regulation of leaf area to crop ratio, and practices that increase sunlight exposure
of leaves and fruits. Relationships between canopy microclimate and secondary
metabolites, including aroma and flavor precursors, are not well understood. A
single viticultural practice will change several parameters not only at the time the
practice are performed but even after, which makes it difficult to determine which
factor really impact the final norisoprenoids levels.
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Effect of Canopy Management on C13-Norisoprenoids and
Their Precursors in Grape and Wine

Most of the vineyard practices manage the canopy directly or indirectly.
Direct practices such as shoot thinning, leaf removal and crop thinning are
used to modify the canopy to reach a specific level of shoot density, crop level,
or cluster exposure. Indirect vine canopy managements include irrigation,
fertilization, and cover crop practice, which can alter vine growth and canopy
size through regulation of nutrient and water availability (31). Considerable
efforts have been made in investigating how a grapevine canopy creates different
microclimates that, in turn, affect vine and fruit physiology as well as grape
chemical composition, especially the aroma compounds and aroma precursors.

Leaf Removal

Leaf removal is a canopy management practice that deliberately removes
selected leaves around the cluster zones. It has been widely used in coolclimate
viticultural regions to improve air circulation, sunlight exposure and to reduce
disease pressure (32–35). Vine growth and berry development are mainly
dependent on leaf photosynthesis, which in turn is markedly affected by sunlight
exposure. Sunlight provides energy for photosynthesis and regulates other
light-stimulated metabolic processes (36). Research has been carried out to study
the effect of sunlight exposure on grape quality. It has been reported that grapes
from vines grown under low sunlight exposure have delayed ripening, lower
soluble solids, lower pH, higher titratable acidity and higher malic acid levels
than grapes from unshaded vines (37–40).

There have been mixed results regarding leaf removal on grape and wine
quality, all confounded by varying experimental settings and other factors.
Climate plays a crucial role in affecting the outcome of leaf removal practices. In
cool climates, where sunlight and temperature are limiting factors, leaf removal
typically has a positive effect by increasing berry sunlight exposure. It has been
proposed that sunlight exposure may up-regulate the activity of flavonol synthase
(41, 42) and stimulate the activity of the deoxyxylulose-5-phosphate (DXP)
pathway that produces monoterpenes and other isoprenoid compounds (43).
However, in hot climates, berry temperature often increases with concomitant
sunlight exposure (44), which potentially leads to fruit sunburn and can be
detrimental to grape quality (45).

Few studies have been done to characterize impacts of leaf removal on
C13-norisoprenoids in grapes and wine. Lee, et al. (46) compared treatments
of no leaf removal to selected leaf removals, focusing on the levels of
C13-norisoprenoids in Cabernet Sauvignon grapes. They found that the level
of C13-norisoprenoid was not only positively correlated to the degree of leaf
removal, but also strongly associated with the number of leaf layers. In addition,
their data suggests that individual C13-norisoprenoid responds differently to leaf
removal. The highest degree of leaf removal was associated with the highest
levels of TDN and vitispirane, while no leaf removal treatment demonstrated the
highest β-damascenone level in grapes.
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Furthermore, the timing of leaf removal also affects the level of carotenoids
as well as C13-norisoprenoids in grapes. It has been shown that leaf removal at
33-day past berry set (PBS) significantly elevated levels of total (free- and bound-
form) TDN and vitispirane in mature Riesling grapes compared to the control and
other leaf removal treatments (2-day and 68-day PBS). This study also observed
an increased zeaxanthin level in Riesling grapes midseason. The lowest level of
total β-damascenone was found in grapes with 68-day PBS leaf removal treatment
(47).

In Oregon, leaf removal is normally performed between fruit set and véraison
to increase fruit-zone sunlight exposure, reduce disease incidence without causing
fruit sunburn (31). In order to better understand the impact of fruit-zone leaf
removal practice on Pinot noir grape and wine volatile composition, berry
volatile composition was investigated over three growing seasons (2010, 2011,
and 2012) in two vineyards located within the Willamette Valley of Oregon,
under different levels of leaf removal, including removing 0% (None), 50% and
100% of leaves from the cluster zone at berry pea-size stage, and a current local
industry standard treatment (IS). Results revealed that leaf removal practice did
not alter vine growth or berry ripening, but the 100% leaf removal increased
levels β-damascenone (free- and bound-form) compared to control (none) (Figure
2) and a positive correlation was found between levels of free- and bound-form
β-damascenone and sunlight exposure in cluster zone (Figure 3) (48).

The increased β-damascenone is presumed to be the result of pre-véraison
cluster light environment changes. Temperature might also have an influence
on the C13-norisoprenoid content of grapes, but this is difficult to separate from
light since sun-exposed berry temperatures will potentially differ from those in the
shade. For further understanding, we quantified carotenoid concentrations in the
grape samples in the study mentioned above. The carotenoids in Pinot noir berries
were extracted by ethyl acetate, and analyzed by HPLC. The results showed that
cluster zone leaf removal significantly decreased flavoxanthin content for all the
three experimental years (Figure 4). Conversely, increased neochrome a content
was found at the 50% and 100% leaf removal treatment in year 2011 and 2012,
but not in 2010. Decreased β-carotene content in berries was also found in 100%
leaf removal treatment in year 2012 but not in the other two years, although a
decreasing trend was also observed in 2011. No significant difference in lutein
content was observed among the treatments in any of the three years.

There could be several possible explanations for this observation. Since
pre-véraison berries are photosynthetically active, higher concentrations of
carotenoids and thus higher substrate availabilitycould potentially lead to
higher concentrations of C13-norisoprenoid precursors in sun-exposed grapes.
Secondly, post-véraison cluster exposure may accelerate carotenoid degradation
and C13-norisoprenoid precursor synthesis. A third potential explanation is that
sun exposure results in conversion of epoxyxanthophylls (e.g., violaxanthin) to
de-epoxidized xanthophylls (e.g., zeaxanthin). Since the putative starting point
for the precursors of C13-norisoprenoids may be deepoxidized xanthophylls
(49), sun exposure may alter the proportion of de-epoxidized vs. epoxidixed
forms of xanthophylls, and these different substrates could yield different
C13-norisoprenoid precursors post-véraison (27). However, a clear correlation has
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not been conclusively demonstrated between a specific carotenoid or carotenoids
in grapes and eventual concentrations of TDN or other C13-norisoprenoids in
mature fruit. More information is still needed to better understand the effect of
leaf removal, sunlight exposure and cluster zone microclimate on carotenoids and
C13-norisoprenoid synthesis in grapes.

Figure 2. Concentrations of β-damascenone in Pinot noir grape with different
vineyard leaf removal treatments from 2010 to 2012. (A) free-form and (B)

bound-form. Mean±SD are presented (n=5). Different lowercase letters indicate
statistical difference in means between treatments using Tukey HSD mean

separation at p<0.05. Leaf removal treatments include the following: None (no
leaf removal), 100% (all leaves in the cluster zone removed), 50% (half of the
leaves in the cluster zone removed) and IS (industry standard where leaves are
only removed in the cluster zone on the east side of the canopy. Reproduced with

permission from Ref (48). Copyright 2015, ELSEVIER.
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Figure 3. Concentrations of free-form β-damascenone (A) and bound-form
β-damascenone (B) in Pinot noir grapes as a function of %ambient

photosynthetically active radiation (PAR) of cluster zone from 2010 to 2012.
In (A), regression analysis indicated linear relationships demonstrated by the
equations as following, in 2010 y=0.0093x+0.4339 (r2=0.6384, p<0.0001), in
2011 y =0.0014x+0.0816 (r2=0.6712, p<0.0001), and in 2012 y =0.007x+0.0377
(r2=0.647, p<0.0001). In (B), regression analysis indicated linear relationships

demonstrated by the equations as following, in 2010 y=0.1036x+3.4753
(r2=0.8428, p<0.0001), in 2011 y =0.0218x+0.887 (r2=0.8949, p<0.0001), and
in 2012 y =0.0269x+1.1175 (r2=0.735, p<0.0001). Reproduced with permission

from Ref (48). Copyright 2015, ELSEVIER.
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Figure 4. Concentrations of β-carotene and flavoxanthin in Pinot noir grape
with different vineyard leaf removal treatments from 2010 to 2012. Mean±SD
are presented (n=5). Different lowercase letters indicate statistical difference in
means between treatments using Tukey HSD mean separation at p<0.05. Leaf
removal treatments include the following: None (no leaf removal), 50% (half of
the leaves in the cluster zone removed) and 100% (all leaves in the cluster zone

removed).

Cover Crop

Cover crop practice is the vineyard floor management strategy of planting
cover crops between vine rows. Growing cover crops in vineyard can help
decreases soil erosion (50), improves soil structure (51, 52) and suppresses weed
growth (53). In some coolclimate viticultural regions, deep soil with high soil
moisture and nutrient availability commonly leads to significant vine vegetative
growth. The use of cover crops practice to control excessive vine vigor could
become an effective agronomic tool to control canopy density.

Only a few studies have reported the effect of cover crop management on
C13-norisoprenoids compounds, but the results are inconsistent. Xi, et al. (54)
reported that permanent plantings of alfalfa as a cover crop between the rows led
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to the highest β-damascenone and α-ionone in wine compared to clean tillage,
while white clover and tall fescue did not affect the C13-norisoprenoids in wine.
In Oregon, we conducted a three year study in Pinot noir grape. The grapes were
harvested from 2008, 2009 and 2010 at a commercial vineyard located in Dayton,
Oregon (45°N, 123°W; Dundee Hills AVA). The climate was characterized as cool
with high winter and spring rainfall, which is typical for the climate of much of
the grape production region within the Willamette Valley of Oregon. The climate
and soil conditions generally resulted in high vegetative growth for vineyards
within this region. The vineyard consisted of Pinot noir clone 115 grafted to
101-14 rootstock planted in 1998 to north-south oriented rows with 1.5 m×2.1
m. Vines were cane pruned and trained to a bilateral Guyot system with vertical
shoot positioning. The treatments were applied in a completely randomized block
design with five field replicates consisting of 16 vines per plot. The areas between
vine rows (inter-rows) were managed as follows: 1) grass consisting of hard red
fescue (Festuca rubra spp.rubra), grown on both sides of the experimental vine
rows (Grass); 2) alternating inter-rows with tillage and grass on either side of the
vine rows (Alternate); and 3) tillage on both sides of the vine row (Tilled). Tilled
areas within the treatments were root-tilled in spring and summer to prevent weed
vegetation from establishing. In the Grass treatment, inter-rows were mowed until
the grass became quiescent in mid-later summer. The vineyard was managed using
regular management practices (e.g., fungicide application, in-row cultivation for
weed control, hedging, cluster-zone leaf removal, and cluster thinning). Both free
and bound form C13-norisoprenoids in the berries were measured using SBSE-
GC-MS method as well as the C13-norisoprenoid concentration in corresponding
wines. We found that permanent grass cover lead to a decreased β-damascenone
concentration in most of the years (Figure 5A&B) and also decreased levels of
β-damascenone in corresponding wines (Figure 5C).

Previous studies have reported that the competition between the cover crop
and vine for soil water and nutrients appears to be the principal mechanism behind
the reduction in vine vigor (55–57). As mentioned previously, increased vine
water stress has been reported to increase levels of positive volatile compounds
(e.g., bound-form monoterpenes and C13-norisoprenoids) and decrease negative
volatile compounds (C6 compounds and methoxypyrazine) in Cabernet Sauvignon
and Merlot grapes, leading to increased fruity aromas in wine (58–61). Among
nutrients that vines absorb from the soil, nitrogen has a key impact on vine
vigor and grape quality. Increased nitrogen stress has been shown to reduce
vine vigor, grape yield, berry size and nitrogen levels in grapes, but increase
levels of sugar, tannin and anthocyanin in grapes (62–64). There is evidence
that nitrogen level can also alter the secondary metabolites in grape berries
such as C13-norisoprenoids. However, few studies have been available so far
about the influence of vine nitrogen status on aromatic compounds or precursors
in grape. A study on soil subjected to long-term nitrogen fertilization has
revealed that the increase of vine nitrogen level improved Riesling wine quality
through the increased β-damascenone concentration (65). Besides the direct
impact of water and nitrogen on vine growth and berry development, cover crop
may also influence grape quality indirectly through the modification of canopy
microclimate.
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Figure 5. Concentrations of β-damascenone in Oregon Pinot noir grape with
different cover crop vineyard floor management from 2010 to 2012. (A) free-form
in grape, (B) bound-form in grape and (C) in wine. Mean±SD are presented

(n=5). Different lowercase letters indicate statistical difference in means between
treatments using Tukey HSD mean separation at p<0.05.

Irrigation

It is well known that adequate water is essential to obtain high quality grapes
for wine production (66, 67). Previous studies showed that, at critical phenological
stages, changes in grapevine water status have direct effects on grape composition
and quality by influencing vegetative growth, yield, canopymicroclimate, and fruit
metabolism (67, 68). These improvements are directly related to wine quality
components, such as color, flavor and wine aroma due to an increment of skin to
pulp ratio in berries (69).

Many studies have shown that water deficiency can increase the
C13-norisoprenoid concentrations in grape berries. Qian, et al. (58, 59, 70)
investigated the impact of deficit irrigation during berry development on
Merlot wine volatile composition using SBSE-GC-MS technique. The results
showed that deficit-irrigated vines had increased the amounts of vitispirane
and β-damascenone, while the increase of C13-norisoprenoids in berries were
in response to severity of the vine water stress, and an increased level of
β-damascenone were also observed in the corresponding wines (59). Bindon,
et al. (71) studied the impact of partial root-zone drying (PRD) on grape
volatile composition and showed that in Cabernet Sauvignon grape berries, PRD
consistently caused increases in the concentration of hydrolytically released

156

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

01
0

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1203.ch010&iName=master.img-004.jpg&w=301&h=225


C13-norisoprenoids in fruit at harvest. The response to PRD was not only
independent of water deficit induced changes in berry size but also independent of
altered berry surface area to volume ratio. Another research in Agiorgitiko grapes
showed a quantitative increase in levels of C13-norisoprenoids in corresponding
wines under water deficit in both years (69).

The levels of C13-norisoprenoids as a function of irrigation status are assumed
to be related to changes in the carotenoid levels. Oliveira et al. reported that
carotenoids in berries were lower from irrigated treatment than those found for the
nonirrigated treatment, when the vines were grow in low water retention capacity
soils. But there is no difference between irrigation and non-irrigation treatments
in high water retention capacity soils, indicating that soil was also an important
viticultural parameter to take into account in aroma precursor formation (72).
However, C13-norisoprenoid concentrations were not measured in the berries in
this study.

These results imply that water stress can increase C13-norisoprenoids in grape
berries, not only by changing the berry size or surface/volume ratio. It is reported
that water deficit increased the transcript abundance of CCD gene in grape during
berry development (73). Meanwhile, water deficit can also reduce shoot growth
rate and vine leaf area (74), leading to an increase in sunlight penetration to the
fruiting zone of the canopy, whichmay also influence themetabolism of carotenoid
degradation and C13-norisoprenoid formation. Since it is hard to separate the light
factor, it is still unclear if water deficit have a direct or indirect impact on grape
C13-norisoprenoids metabolism.

Summary

C13-norisoprenoids are important grape-derived aroma compounds in wine,
and it remains largely unknown whether they are generated from chemical
oxidation, photooxidation or other mechanisms. Viticultural practices could alter
C13-norisoprenoid level in grape berries by changing one or more parameters.
But there are limited data to illustrate the effect of viticultural practices on grape
C13-norisoprenoids. Our review of current research showed that the concentration
of C13-norisoprenoids in grape berries could be manipulated by altering levels
of water stress, sunlight exposure and nutrient supply by directly or indirectly
affecting the biosynthesis of C13-norisoprenoids. More studies are still needed to
further understand the mechanisms of these impacts.
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Chapter 11

Under-Vine Management To Modulate
Wine Chemical Profile

Mark Krasnow,1 Antony Mavumkal,2 Tingting Zhang,3 Petra King,3
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Damian Martin,4 Mandy Herbst-Johnstone,2 and Bruno Fedrizzi*,2
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1946 Campus Drive, Hyde Park, New York, 12538, U.S.A.
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Conventional viticulture relies on herbicides to prevent the
growth of competing vegetation under the vines. There is
a drive within the industry, particularly in New Zealand, to
increase sustainability, and therefore nonchemical options to
deal with under-vine vegetation would be of great benefit. A
very limited number of studies have considered the impact
of under-vine management practices on the aroma profiles of
wine. The effects of three different under-vine management
approaches (mowing, cultivation and herbicide) on vine
performance, soil properties and aromas of Sauvignon blanc and
Pinot noir grapes and wines were considered in a commercial
vineyard in Blenheim, and Merlot and Syrah in the Hawke’s
Bay, New Zealand. A full factorial randomised block design
was developed. Vine performance (i.e.: trunk circumference,
leaf area, point quadrat analysis (PQA), midday stem water
potential, petiole analysis, and leaf gas-exchange), basic fruit
compositional parameters (pH, TSS, TA and berry weights) and
wine aroma profile were compared in the 3 treatments.

© 2015 American Chemical Society
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There were few differences in vine physiological
parameters and canopy measurements. Yield and fruit
composition was not significantly affected by the treatments,
indicating that ripening was not impaired by the nonchemical
options. Wines made from mowed treatments showed
lower pyrazine concentrations and lower 3MH and 3MHA
concentrations in the Sauvignon blanc wines. These data show
that nonchemical methods to control under-vine vegetation are
a viable option, as they do not negatively affect the vines and
are able to affect the flavor and aroma of the resulting wines.

About 4.5% of New Zealand’s vineyards are currently certified organic, with
a goal of 20% by 2020 (1), which equates to 5000 hectares yet to be converted.
Conversion to organics presents a challenge to viticulturists, as the costs of
implementation, disease pressure, and the long-term effects on the productivity
of the vineyard have yet to be well established. One of the major challenges to
organic viticulture is the management of the space under the vines, as standard
mowers and cultivators miss this area.

Conventional viticulture relies on the use of herbicides to keep the undervine
region devoid of vegetation that might compete with vines for water or nutrients.
This method is rapid and inexpensive, but many growers would prefer to avoid
dependence on chemical inputs and grow grapes more sustainably. Additionally,
in conventional vineyards, the overuse of herbicides has led to the development
of resistance by weed species (2, 3). Recently, there has been a resurgence of
organic and biodynamic production approaches worldwide, which do not allow
for the use of synthetic herbicides, and therefore require a different strategy to
deal with undervine vegetation. There are several nonchemical means to deal
with undervine vegetation, including cultivation, mowing, mulches, and flame
weeding. Of these, the most commonly used in production vineyards worldwide
are undervine cultivation and mowing.

The management of undervine vegetation has direct effects on the vines and
the soil, which can have indirect effects on wine quality (4, 5). The growth of the
vine canopy is dependent on the availability of water and nutrients (6, 7). The
use of herbicides under the vines reduces competition, and therefore can directly
affect the growth of the canopy. Canopy characteristics have direct effects on
fruit composition and maturity. Inadequate canopy area, and its consequent low
levels of photosynthate production, can lead to sluggish ripening. It is generally
considered adequate to have 1-1.5 m2 of exposed canopy per kg of fruit (8).
Increasing the leaf area/fruit ratio beyond this led to no appreciable increase
in sugar accumulation (8). The ideal canopy, in addition to having adequate
exposed leaf area for ripening, also has 20-40 % canopy gaps allowing for enough
photosynthesis to ripen the crop, but also for some airflow and sunlight to reach
the developing fruit (9).
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Overly dense canopies can create problems for viticulturists. They require
more frequent trimming, hedging, and leaf removal, adding to vineyard
management costs. Furthermore, the fruit microclimate has effects on the
incidence and severity of fungal diseases. Fungal infection can reduce the quality
of fruit for winemaking, and in severe cases can render the fruit unusable and
valueless. The increased humidity and lack of UV light exposure in dense
canopies leads to a microclimate more conducive to the development and spread
of fungal diseases, including Botrytis cinerea (10) and Erysiphe necator, the
causal agent of powdery mildew (11). A dense canopy also reduces antifungal
spray penetration, which can exacerbate fungal incidence and severity (12, 13).
The negative effects of overly dense canopies are not only due to their promotion
of fungal diseases, but also effects on grape and wine composition. Shaded fruit
has been shown to have higher concentrations of methoxypyrazines (14–16),
which lend vegetative aromas and flavors, and at high levels are considered a fault
in many wine styles. Fruit exposure induces the synthesis of phenolic compounds
(17–20), which give red wines their color, bitterness, and astringency. Shading
also reduces the synthesis of important aroma and flavor compounds including
monoterpenes (16, 21–23) and C13 norisoprenoids (16).

Undervine cultivation involves the mounding up of the top 2-3 cm of soil
by undercutting with a plow, and then the subsequent “knocking down” of the
mound with a rotary hoe. This practice is effective against all types of vegetation,
including grasses and broadleaf species, and therefore eliminates any competition
with vines, similarly to herbicide application. Cultivation also promotes the
mineralization of the green cover and subsequent release of nutrient to soil,
making them available for the vine.Undervine mowing involves the use of
specialized mowing heads that protrude under the vines, and retract when contact
with the vine trunk is made. The vegetation is not killed, and therefore can still
compete with vines for water and/or mineral nutrients.

Given the potential effects of competition on grapevine canopy growth and its
subsequent effects on fruit, a study to investigate undervine management practices
on vine performance and fruit and wine composition is necessary. A three-year
trial was established in New Zealand investigating the effects of discontinuation
of herbicide treatments under vines and the adoption of cultivation or mowing.
The data presented here are from the first two seasons of this trial. The third year
of this trial is currently undergoing.

Experimental

Experimental Sites

The trial is being carried out in vineyards on both the North and South Islands
of New Zealand. The Sauvignon blanc (SB) and Pinot noir (PN) sites are located
in Pernod Ricard’s Renwick Vineyard in Marlborough (South Island). The Merlot
(ME) site is located in the Te Mata Bullnose Vineyard in the Bridge Pa subregion,
and the Syrah (SY) site is located in Elephant Hill’s Estate Vineyard in the Te
Awanga subregion, both in Hawke’s Bay (North Island).

163

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

01
1

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



All trial vineyards were established conventionally with the use of herbicide
under the vines. In the 2012-13 season, the experimental treatments were
imposed, to be maintained for three years. The three treatments were: continued
use of herbicide as the control, the implementation of undervine cultivation with
a Clemens weeder (FMR group, Germany), and the implementation of undervine
mowing with a DuoCut mower (DearTech Limited, New Zealand). In each
vineyard, each treatment was replicated 6 times in a randomized block design.
Each plot had buffer bays and rows between treatments from which no data were
collected (Figure 1).

Figure 1. Plot design for all experimental sites. Each column denotes 3 vineyard
rows. Each row in this figure denotes a replicate of 3-6 bays. Data was only
obtained from vines in the central row and central bays of each replicate. Each
replicate is designated by a letter (H=herbicide, C=cultivation, M=mowing)

followed by the replicate number (1-6).

For both the ME and SY sites, 4 data vines were chosen from each
treatment replicate for water potential, yield measurement, and harvesting for
microvinification of experimental wines. For SB, three data vines were chosen,
and for PN, 5 data vines were chosen.
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Midday Stem Water Potential

Water status of vines was measured using a pressure chamber (PMS
Instrument Company, Albany, OR, USA). Leaves were enclosed in custom built
opaquplate reflective aluminized mylar bags, and allowed to equilibrate on the
vines for a minimum of 30 min before being measured. Once equilibrated, the
leaves were removed from the vine, a straight cut was made with a razor blade
near the end of the petiole, and the leaf inserted into the chamber with the cut
petiole protruding through the gasket on the lid to the chamber. To obtain tension
measurements the chamber was pressurized with nitrogen gas until xylem sap just
started to emerge from the cut end of the petiole. All measurements were carried
out between 11 AM and 3 PM. Three vines per treatment rep were measured at
the Marlborough sites, and 4 vines per treatment replicate were measured in the
Hawke’s Bay sites. In 2013-14, four vines were measured in all vineyards

Leaf Area

Four shoots from each treatment replicate were randomly sampled and
carefully removed from the vines. Shoots were placed into large plastic bags for
transport to the laboratory. On occasions where leaf area measurement was not
possible on the same day as sampling, the bagged shoots were stored in a 4°C
room overnight. On the day of measurement, all leaves were carefully cut from
the shoots at the point of petiole attachment to the blade. Leaves were loaded
onto a LI-3100 Area Meter (LI-COR Inc., USA), and the total leaf area per shoot
was recorded.

Berry Sampling

At approximately two week intervals from veraison onward berries were
sampled from data vines. One-hundred forty berries were collected from each
replicate. Berries were weighed to determine berry weight for the replicate.
Forty-Sixty berries were randomly separated from the sample to be used for
analysis of juice total soluble solids (TSS), pH, titratable acidity (TA), and
organic acids. The remaining berries were frozen for later GC analysis of
methoxypyrazines for ME and SB.

Juice Analysis

The 40-60 berries from each berry samplewere crushed in a plastic bag and the
juice decanted into 50 mL tubes. The juice was then centrifuged at 4500 rpm for
10 min to pellet any cell material. The supernatant was used for all analyses. Brix
was determined using a PAL-1 Digital Hand-held Refractometer (Atago, Japan).
In the 2012-13 season TA and pH were measured on 2.5 mL of juice added to 30
mL of water using a Titrator DL50 (Mettler Toledo, USA) for the Marlborough
samples and a Metrohm 785 DMP Titrino autotitrator (Metrohm, USA) for the
Hawke’s Bay samples. In the 2013-14 season all juices were analyzed using a
Foss FT2 Winescan (Foss, Denmark).
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Yield Measurement

Data vines were harvested as close to commercial harvest as possible. For
each data vine, the number of clusters and the total weight of fruit per vine
were recorded. Fruit from the same treatment replicate were pooled together
for microvinification. For the Marlborough sites, after harvest the fruit was
immediately placed into cold storage and shipped under refrigeration to Hawke’s
Bay.

Microvinification

All experimental wines were made in the research winery of the Eastern
Institute of Technology (Napier, New Zealand).

Red wine-fruit was crushed and destemmed using a Pillan crusher-destemmer
(Pillan, Italy). Pectinase and SO2 were added at 1 g/hL and 30 mg/L respectively.
Fermentation using EC1118 yeast (Lallemand, Canada) was carried out in a room
maintained at 30 °C. Ferments were punched down twice daily until dryness, after
which they were pressed with a 20 kg Pillan water bladder press (Pillan, Italy)
and inoculated with malo-lactic culture (CHR Hansen Vinflora Oenos, Denmark).
Malo-lactic fermentation took about a month to complete for all wines, after which
the wines were cold stabilized at -2 °C for a month. After stabilization, wines were
warmed to room temperature, racked, coarse filtered, and bottled into 375mL clear
screw cap glass bottles (O-I, New Zealand).

SB-Fruit was crushed and destemmed using a Pillan crusher-destemmer
(Pillan, Italy). The crushed fruit was then immediately pressed using a 20 kg
capacity water bladder press (Pillan, Italy). Lallzyme HC pectinase (Lallemand,
France) was added at 1 g/hL. The juice was allowed to cold settle at -2 °C
overnight. The following day, the juice was racked and inoculated with QA23
yeast (Lallemand, France), and placed into a room maintained at 12 °C for
fermentation. Once dry, the wine was moved to a -2 °C room for a month for
cold stabilization, after which it was warmed to room temperature, racked, coarse
filtered, and bottled into 375 mL clear screw cap glass bottles (O-I, New Zealand).

Skin Extraction

For the red varieties at each sample the skin was removed from 20 berries and
placed into a Falcon tube with 20 mL of 50 % methanol in water (v/v). Samples
were placed on a shaker at 200 rpm overnight. The following day themethanol was
decanted off the skins and used for subsequent spectrophotometric measurements.

Skin Extract and Wine Phenolic Measurements

Skin extracts and red wines were analyzed for anthocyanins, total phenols,
and polymeric pigments by the method of Harbertson et al., 2003 (24) using a
Beckman Coulter DU730 Spectrophotometer.
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Methoxypyrazine HS-SPME and GC-MS Conditions

Approximately 30 SB or ME berries were homogenized to a smooth slurry
using a T-25 Ultra-Turrax homogenizer (IKA, USA). Slurries were centrifuged at
6000 rpm to pellet cell material. The supernatant was used for all analyses. If
it was not possible to analyze the samples immediately after centrifugation, the
supernatant was poured off and frozen at -80 °C for later analysis, which occurred
approximately 3 months later.

The method used is based on the one developed by Parr et al. (2007) (25)
using a novel automated HS-SPME (Head Space Solid-Phase Micro-Extraction)
technique for the quantification of the methoxypyrazines in both juice and wine.

For all samples 3 g of sodium chloride was placed into a Agilent 20 mL
headspace screw cap vial. For juice analysis 8 mL of the homogenate supernatant
was added to the vials. For wine analysis, the wines were diluted 1:5 and 8 mL
of this dilution was added to the vials. All samples also had 50 µL of a standard
methoxypyrazine mix added prior to analyses (2-methoxy-3-methylpyrazine [50.2
ng/L], 2-isopropyl-3-[2H3]-methoxypyrazine [40.9 ng/L] and 2-isobutyl-3-[2H3]-
methoxypyrazine [51.0 ng/L]). Finally, the samples were purgedwith argon, sealed
with an Agilent screw cap, and loaded onto the autosampler (Gerstel MultiPurpose
Sampler MPS2 tray (VT32-20).

Samples were incubated (40 °C) and agitated (Gerstel Agitator/Stirrer AS) for
5 minutes at 500 rpm. The fibre (2 cm, 23-Gauge, 50/30 μm, DVB/CAR/PDMS
fibre for Automated Holder, Gray, Notched, SUPELCO, USA;) was pre-baked out
(54mm penetration) at 250 °C (pressure at 50 kPa, total flow rate of 14.02mL/min,
and a septum purge flow of 2 mL/min) in the front injection port for 5 minutes.
Thirty mm of the fibre was exposed into the vial headspace for 40 minutes at 40
°C. The fibre was then transferred to the rear injection port (PTV inlet) of the GC
(Agilent 7890A GC System) coupled to the MS (5975C inert XL, USA) where the
analytes were injected in splitless mode at 250 °C for 10 minutes (pressure 81.585
kPa, total flow rate of 84.806 mL/min, and a septum purge flow of 3 mL/min).
The analytes were separated on a tandem column HP-1ms (30 m, 0.320 mm ID,
0.25 µm film) and HP-INNOWax (30 m, 0.320 mm ID, 0.25 µm film, Agilent,
USA), using Helium (flow rate of 1.806 mL/min) as carrier gas. To aid an efficient
separation, the analytes were held for a total run time of 38.9 minutes, this included
5 minutes at 60 °C, an increase to 170 °C at a rate of 4 °C/min, and finally 240 °C
at a rate of 50 °C/min held for 5 minutes. The interface line was set to 250 °C and
the ion source at 230 °C. The electron impact mode was 70 eV and the quadrupole
temperature was set at 150 °C. The analytes and internal standards were detected
in Selected-Ion Monitoring (SIM) mode.

Sauvignon Blanc Wine Volatile Thiol Analysis

All SB wines were analyzed for 3-mercapto-hexan-1-ol (3MH) and
3-mercapto-hexan-1-ol acetate (3MHA) using the method of Herbst-Johnstone et
al., (2013) (26).
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GC-MS Analysis of Esters, Higher Alcohols, Fatty Acids, C6 Compounds,
Terpenes, Norisoprenoids and Cinnamates

All wines were analyzed for a suite of aromatic compounds using a modified
method based on that from Jouanneau, S. et al., 2012 (27) . Ten mL of wine were
used for each analysis.

Statistical Analyses

All data were analyzed for differences among treatments using ANOVA and a
Tukey’s post hoc test using either SPSS (IBM, USA) orWinSTAT (R. Fitch, USA)
software.

Results
Midday Stem Water Potential

In the 2012-13 season there were few differences found in plant water status
between the various treatments (Table 1).

More significant differences were found in the 2013-14 season (Table 1). In
ME consistent significant differences were found, with the herbicide treated vines
being more supplied with waterthan the cultivation treatments at three of the seven
measurement dates. On two of the dates (Nov 18 and Jan 6) the mowing treatments
were intermediate between the cultivation and herbicide treatments, while on Jan
16 the mowing treatments were significantly less supplied with water than the
herbicide treatments (Table 1). In SY, on both Jan 7 and 15, the cultivated vines
were significantly drier than the herbicide vines, with mowing vines intermediate
between the two (Table 1). No significant differences were found in the PN at any
measurement date and therefore the relevant data were not reported in Table 1.

Leaf Area Per Shoot

Somewhat consistent differences were found in leaf area per shoot in both
seasons (Table 2). In ME in 2012-13 ripening season on Dec 4 the herbicide
treatment had significantly more leaf area than either of the other two treatments
(Table 2). On March 1, the cultivation vines had significantly more leaf area than
the mowing treatment, with herbicide treated vines having intermediate values
(Table 2). In SY on Dec 4, the herbicide vines had significantly more leaf area
than the mowing treatment, with the cultivation treatment intermediate between
the two (Table 2).

In 2013-14 in ME the mowing treatment vines had significantly lower leaf
area per shoot than the herbicide treatment on the first two measuring dates (Nov
13 and Dec 11). In SY and PN for 2013-2014, leaf area differences were only
found at the last measuring date (Feb 3 and Feb 5, respectively) with mowing
vines having significantly less leaf area than either of the other two treatments
(Table 2). No significant differences were found in the SB at any measurement
date and therefore the relevant data were not reported in Table 2.
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Table 1. Midday Stem Water Potential (MPa) of Vines during the 2012-13
and 2013-14 Seasons. Different Letters in a Column for Each Variety

Indicate Significant Differences at the p=0.05 Level.
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Table 2. Leaf Area Per Shoot (cm2) during the 2012-13 and 2013-14
Seasons. Different Letters in a Column for Each Variety Indicate Significant

Differences at the p=0.05 Level.

Merlot 2012-13

Treatment 11/12/2012 12/4/2012 1/3/2013 2/6/2013

Herbicide 580.5 1603.6 a 2994.1 ab 3003.4

Mowing 453.6 1036.4 b 2339.4 b 2164.4

Cultivation 501.6 1192.8 b 3244.9 a 2574.4

Syrah 2012-13

Treatment 11/14/2012 12/4/2012 12/28/2012 1/30/2013

Herbicide 888.6 1903.3 a 3201.6 2708.9

Mowing 694.9 1395.5 b 2409.3 2607.9

Cultivation 848.2 1595.1 ab 2747.2 2659.6

Merlot 2013-14

Treatment 11/13/2013 12/11/2013 1/9/2014 2/11/2014

Herbicide 1098.94 a 3972.01 a 4180.54 4364.18

Mowing 739.04 b 2725.53 b 3448.72 3857.56

Cultivation 939.55 ab 3856.72 a 4011.96 4689.48

Syrah 2013-14

Treatment 11/8/2013 12/3/2013 1/7/2014 2/3/2014

Herbicide 1009.25 2275.72 3383.22 4233.86 ab

Mowing 877.1 1778.99 2949.41 3165.40 b

Cultivation 943.14 2398.29 3739.82 4304.72 a

Pinot Noir 2013-14

Treatment 12/4/2013 1/8/2014 2/5/2014

Herbicide 929.28 1073.67 1856.91 a

Mowing 879.78 950.62 983.75 b

Cultivation 974.84 1196.7 1553.24 a

Berry Weight

Very consistent differences were found in berry weight inME in 2012-13, with
the mowing treatment always having significantly lower berry weight than either
of the other two treatments (Table 3). There were no other significant differences
in 2012-13 in any of the other varieties (data not shown).
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Table 3. Berry Weight (g) during the 2012-13 and 2013-14 Seasons. Different
Letters in a Column for Each Variety Indicate Significant Differences at

the p=0.05 Level.

Merlot 2012-13

Treatment 2/13/2013 2/26/2013 3/11/2013 3/18/2013

Herbicide 0.97 a 1.30 a 1.39 a 1.44 a

Mowing 0.87 b 1.15 b 1.21 b 1.28 b

Cultivation 0.97 a 1.31 a 1.40 a 1.41 a

Merlot 2013-14

Treatment 1/30/2014 2/11/2014 2/24/2014 4/03/2014

Herbicide 0.93 a 1.29 ab 1.38 a 1.34 a

Mowing 0.82 b 1.18 b 1.15 b 1.18 b

Cultivation 0.94 a 1.32 a 1.34 a 1.24 ab

Syrah 2013-14

Treatment 1/28/2014 2/12/2014 2/25/2014 3/10/2014 3/20/2014

Herbicide 1.04 a 1.51 ab 1.80 a 1.90 1.55

Mowing 0.90 b 1.35 b 1.58 b 1.76 1.39

Cultivation 1.02 a 1.53 a 1.73 ab 1.88 1.50

Sauvignon Blanc 2013-14

Treatment 2/7/2014 2/19/2014 3/4/2014 3/20/2014 4/4/2014

Herbicide 1.07 b 1.60 1.92 b 2.03 2.02

Mowing 1.09 ab 1.60 1.89 b 2.08 1.99

Cultivation 1.17 a 1.68 2.02 a 2.11 2.13

Pinot Noir 2013-14

Treatment 1/29/2014 2/11/2014 2/25/2014 3/10/2014 3/27/2014

Herbicide 0.95 1.47 a 1.74 1.82 1.57

Mowing 0.83 1.30 b 1.56 1.71 1.47

Cultivation 0.91 1.44 a 1.65 1.83 1.54

There were more significant differences in berry weights in 2013-14. ME
showed the same trend as in the previous season, with mowing always having
the smallest berries (Table 3). In SY the same trend was seen for the first three
measuring dates, with berries from the mowing vines having the lightest berries.
The trend held for the remainder of the season, but the differences were not
statistically significant at the last two measuring dates (Table 3). In SB, the
cultivated treatment produced significantly larger berries early in ripening (Table
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3). In PN, differences were only found on a single sampling date (Feb 11), with
the mowing treatment berries being significantly smaller than berries from the
other two treatments (Table 3). Thereafter this trend held, but differences were
not statistically significant (Table 3).

Table 4. Grape Soluble Solids (°Brix) during the 2012-13 and 2013-14
Seasons. Different Letters in a Column for Each Variety Indicate Significant

Differences at the p=0.05 Level.

Merlot 2013-14

Treatment 1/30/2014 2/11/2014 2/24/2014 5/03/2014

Herbicide 9.6 b 14.2 19.5 21.4

Mowing 10.0 ab 14.3 19.2 21.0

Cultivation 10.7 a 14.7 19.9 20.8

Sauvignon Blanc 2013-14

Treatment 2/7/2014 2/19/2014 3/4/2014 3/20/2014 4/4/2014

Herbicide 8.1 13.1 16.5 19.3 21.63 a

Mowing 8.3 12.8 16.0 19.6 21.37 a

Cultivation 8.6 13.2 16.3 18.7 20.3 b

Pinot Noir 2013-14

Treatment 1/29/2014 2/11/2014 2/25/2014 3/10/2014 3/27/2014

Herbicide 10.6 a 14.5 a 18.4 a 19.9 22.8

Mowing 10.1 b 13.7 b 17.6 b 19.4 22.4

Cultivation 11.0 a 14.6 a 18.4 a 19.7 22.3

Soluble Solids

In the 2012-13 season there were no differences in soluble solids at any point
in the season in any of the varieties (data not shown). In the 2013-14 season there
were more significant differences in this parameter. At the first sampling date in
ME the cultivation treatment had the highest TSS the herbicide the lowest, and
the mowing treatment had intermediate values (Table 4). In SB there was only a
difference at harvest, with the cultivation treatment having significantly lower TSS
than either of the other two treatments. In PN, the TSS of the mowing treatment
was lower than the other treatments for the first three sampling dates, but thereafter
there were no differences between any of the treatments through harvest (Table
4). No significant differences were found in the SY at any measurement date and
therefore the relevant data were not reported in Table 4.
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Table 5. Juice pH during the 2012-13 and 2013-14 Seasons. Different Letters
in a Column for Each Variety Indicate Significant Differences at the p=0.05

Level.

Juice pH and TA

In the 2012-13 season there were only differences in pH in the first ME
ripening sample (2/13/13) and a mid-ripening PN sample (3/20/13). However, in
the ME, the mowing treatment had the highest pH, whereas in the PN the mowing
treatment had the lowest pH (Table 5). There were more, and more consistent,
differences in the 2013-14 season. In ME for every ripening sample, but not at
harvest, the mowing treatment had significantly lower pH than the other two
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treatments (Table 5). In SY, there was a difference near harvest (3/10/14) with
the herbicide treatment having higher pH than either of the other two treatments
(Table 5). At two sampling dates (2/11/14 and 2/25/14), the mowing treatment in
PN had lower pH than either of the other two treatments (Table 5). There were,
however no differences in juice pH at harvest between any of the treatments in
any of the varieties in either season (Table 5).

Similarly to pH, there were fewer differences in TA in the 2012-13 season than
in the 2013-14 season. In 2012-13 the only significant difference in TAwas a single
sampling date in SB (3/20/14), where the herbicide treatment had significantly
higher TA than either of the other two treatments (Table 6). In 2013-14 in ME,
early in the season the cultivation treatment had the lowest TA, and the herbicide
had the highest. By harvest, the mowing treatment had lower TA than either of
the other two treatments, which had similar values (Table 6). In SB, there were no
differences during ripening, but at harvest the cultivation treatment had higher TA
than either of the other two treatments (Table 6).

Table 6. Juice TA (g/L) during the 2012-13 and 2013-14 Seasons. Different
Letters in a Column for Each Variety Indicate Significant Differences at

the p=0.05 Level.
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Table 7. Yeast Available Nitrogen (YAN, mgN/L) for the 2013-14 Growing
Season. Different Lower Case Letters in a Column for Each Variety Indicate

Significant Differences at the p=0.05 Level.

Merlot

Treatment 2/11/2014 2/24/2014 3/5/2014

Herbicide 167 a 174 a 151 a

Mowing 133 b 124 b 109 b

Cultivation 154 ab 166 a 126 ab

Syrah

Treatment 2/12/2014 2/25/2014 3/10/2014 3/21/2014

Herbicide 176 a 191 a 172 a 177 a

Mowing 112 b 121 b 114 b 133 b

Cultivation 140 ab 159 ab 136 ab 174 a

Sauvignon Blanc

Treatment 2/7/2014 2/19/2014 3/4/2014 3/20/2014 4/4/2014

Herbicide 278 ab 187 b 181 150 180

Mowing 261 b 164 b 164 141 150

Cultivation 312 a 222 a 200 172 176

Pinot Noir

Treatment 1/29/2014 2/11/2014 2/25/2014 3/10/2014 3/27/2014

Herbicide 339 a 262 a 253 a 223 242 a

Mowing 282 b 208 b 189 b 197 168 b

Cultivation 334 a 262 a 243 a 242 210 ab

Yeast Available Nitrogen

This parameter was only measured in the 2013-14 season, but showed
consistent differences across all varieties. In ME and SY at every sampling date
(including harvest), the mowing treatment had the lowest YAN compared with
the other two treatments (Table 7). This trend was also seen in PN, with the
exception of the sampling date on 3/10/14, where no significant differences were
seen (Table 7). In SB, this trend was seen at the first two sampling dates, but
thereafter all treatments had similar values (Table 7).

175

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

01
1

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Table 8. Skin Extract Phenolic Measurements for SY in the 2012-13 Season and ME in the 2013-14 Season. Different Letters in a
Column for Each Variety Indicate Significant Differences at the p=0.05 Level.

Syrah 2012-13 Berry skins

3/5/2013 3/25/2013 03/28/2013 (Harvest)

Treatment

Anthocyanins
(mg/berry

Malvidin-3-gluc
Equivalents)

Anthocyanins
(mg/berry

Malvidin-3-gluc
Equivalents)

Anthocyanins
(mg/berry

Malvidin-3-gluc
Equivalents)

Tannins
(mg/berry
Catechin

Equivalents)

Total Phenolics
(mg/berry
Catechin

Equivalents)

Herbicide 1.6 a 1.5 1.8 0.3 1.6

Mowing 1.1 b 1.5 1.6 0.3 1.4

Cultivation 1.2 ab 1.3 1.6 0.2 1.4

Merlot 2013-14 Berry skins

1/30/2014 2/11/2014 2/24/2014 3/5/2014 (Harvest)

Treatment

Anthocyanins
(mg/berry

Malvidin-3-gluc
Equivalents)

Anthocyanins
(mg/berry

Malvidin-3-gluc
Equivalents)

Anthocyanins
(mg/berry

Malvidin-3-gluc
Equivalents)

Anthocyanins
(mg/berry

Malvidin-3-gluc
Equivalents)

Tannins
(mg/berry
Catechin

Equivalents)

Total Phenolics
(mg/berry
Catechin

Equivalents)

Herbicide 0.1 b 0.5 b 0.9 1.6 0.6 2.2

Mowing 0.1 b 0.6 ab 0.9 1.7 0.6 2.4

Cultivation 0.2 a 0.7 a 0.9 1.7 0.6 2.4
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Table 9. Bunch Number and Yield Per Vine in 2012-13 and 2013-14 Seasons. Different Letters in a Column for Each Variety
Indicate Significant Differences at the p=0.05 Level.

2012-13 Merlot Syrah Sauvignon Blanc Pinot Noir

Treatment

Bunch
number per

vine
Harvest yield
(kg/vine)

Bunch
number per

vine
Harvest yield
(kg/vine)

Bunch
number per

vine
Harvest yield
(kg/vine)

Bunch
number per

vine
Harvest yield
(kg/vine)

Herbicide 33 4.90 a 26 4.07 52 5.56 30 2.86

Mowing 32 3.91 b 25 3.88 55 5.76 28 2.44

Cultivation 32 4.49 ab 26 4.1 50 5.4 29 2.77

2013-14 Merlot Syrah Sauvignon Blanc Pinot Noir

Treatment

Bunch
number per

vine
Harvest yield
(kg/vine)

Bunch
number per

vine
Harvest yield
(kg/vine)

Bunch
number per

vine
Harvest yield
(kg/vine)

Bunch
number per

vine
Harvest yield
(kg/vine)

Herbicide 44 7.02 a 26 4.20 69 9.30 b 38 3.76

Mowing 42 5.56 b 25 3.86 70 9.37 b 35 3.30

Cultivation 44 6.54 ab 25 3.97 73 11.16 a 41 3.70
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Skin Anthocyanins

In the three red varieties in the 2012-13 season, there was only a difference in
total anthocyanins at the first sampling date (3/5/13) in SY (Table 8). In the 2013-
14 season, there were differences early in the season in ME, with the Cultivation
treatment having more anthocyanins. Throughout the rest of ripening, there were
no differences (Table 8). There were no significant differences at any point for
either SY or PN in 2013-14 (data not shown).

Bunch Number and Yield Per Vine

There were no significant differences in the number of bunches in any of the
varieties in either season (Table 9). In both seasons therewas a consistent reduction
in yield in ME, with the mowing treatment having the lowest yield, the herbicide
having the highest, and the cultivation treatment having intermediate values (Table
9). In the 2013-14 season in SB, the cultivation treatment had higher yield than
either of the other two treatments (Table 9).

Wine pH, TA, Tartaric Acid, and Malic Acid

The only difference in basic wine chemistry in the 2012-13 season was that the
SY wines from the cultivation treatment had the highest malic acid, the mowing
wine showing the lowest, and the herbicide wines having intermediate values
(Table 10). In the 2013-14 season differences were only seen in the PNwines, with
the mowing treatment having the highest TA and lowest pH, the herbicide wines
having the lowest TA and the highest pH, and the cultivation wines intermediate
between the two (Table 10).

Wine Total Phenolics, Anthocyanins, Tannins, and Polymeric Pigments

In the 2012-13 season the only significant difference in phenolic profile
of the wines was found in ME. The mowing treatment had significantly more
total phenolics than either the herbicide or cultivation treatments (Table 11). No
significant differences were found for phenolics in any of the red wines from the
2013-14 season (data not shown).

Berry and Wine Methoxypyrazine Content

In the 2012-13 season IBMPwas measured in SB berries throughout ripening.
Berry IBMP showed the expected decreasing trend from postveraison to harvest
(Figure 2). No significant differences were found at any time point. In the same
season two sampling dates of ME berries were also tested for IBMP content. No
significant differences were found between treatments on either date (data not
shown).
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Table 10. Wine pH, TA, Tartaric Acid, and Malic Acid for SY in the 2012-13
Season and PN for the 2013-14 Season. Different Letters in a Column for

Each Variety Indicate Significant Differences at the p=0.05 Level.

Syrah 2012-13

Treatment pH TA (g/L) Tartaric acid (g/L) Malic acid (g/L)

Herbicide 3.49 6.28 2.3 0.9 ab

Mowing 3.45 6.28 2.2 0.8 b

Cultivation 3.40 6.51 2.6 1.1 a

Pinot Noir 2013-14

Treatment pH TA (g/L) Tartaric acid (g/L) Malic acid (g/L)

Herbicide 3.65 a 5.27 b 1.00 nd

Mowing 3.46 b 5.72 a 1.36 nd

Cultivation 3.50 ab 5.62 ab 1.32 nd

Table 11. Wine Phenolics for ME from the 2012-13 Season. Different Letters
in a Column Indicate Significant Differences at the p=0.05 Level.

Merlot 2012-13

Treatment

Total phenols
(mg/L
Catechin

Equivalents)

Anthocyanins
(mg/L

Malvidin-3-gluc
Equivalents)

Large
polymeric

pigment (LPP)

Small
polymeric

pigment (SPP)

Herbicide 1276 b 200 0.37 0.43

Mowing 1527 a 244 0.34 0.47

Cultivation 1329 b 238 0.36 0.47

In the 2013-14 season both ME and SB berries were tested for IBMP at two
sampling dates. There were no significant differences in either berry or wine for
Merlot (data not ahown). In SB, berries from the mowing treatment always had
the lowest amount of IBMP, but these differences were not statistically significant
(data not shown).

For SB, wines from the mowing treatment had the lowest amount of IBMP in
both seasons. In 2012-13 wines from the herbicide treatment had the highest levels
of IBMP, whereas in the 2013-14 the wines from the cultivation treatment had the
highest levels of IBMP (Table 12). IPMP was only detected in the 2012-13 SB
wines, and no significant differences between treatments were found (Table 12).
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Figure 2. IBMP ripening evolution for Sauvignon blanc in the 2012-13 season.

Table 12. SBWine IBMP from 2013 and 2014. Different Letters in a Column
Indicate Significant Differences at the p=0.05 Level

Sauvignon blanc 2013

Treatment IBMP (ng/L) IPMP (ng/L)

Herbicide 1.2 a 0.7

Mowing 0.8 b 0.7

Cultivation 0.8 ab 0.9

Sauvignon blanc 2014

Treatment IBMP (ng/L) IPMP (ng/L)

Herbicide 1.9 ab nd

Mowing 1.7 b nd

Cultivation 2.3 a nd

Sauvignon Blanc Wine Varietal Thiols

In the SB wines from the 2012-13 season there were no significant differences
in 3MH or 3MHA, though there was a trend for the wines from the herbicide vines
to have the highest amounts of these varietal compounds (Table 13). There were
no thiols detected in the wines from the 2013-14 season (data not shown).
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Table 13. Sauvignon Blanc Wine Thiols from 2013 ± SD

Treatment 3MH (ng/L) 3MHA (ng/L)

Herbicide 920 ± 491 139 ± 74

Mowing 658 ± 173 101 ± 77

Cultivation 540 ± 158 58 ± 46

Wine Esters, Higher Alcohols, Fatty Acids, C6 Compounds, Terpenes,
Norisoprenoids, and Cinnamates

In PN wines, significant differences were found in isoamyl acetate and cis-3-
hexyl acetate, with the cultivation treatment having higher levels of these esters
than either of the other two treatments (Table 14). The only significant difference
found in ME wines in 2012-13 was that the herbicide wines had higher amounts of
benzyl alcohol than the mowing wines (Table 14). No significant difference in any
of the measured cmpounds were found in the SY wines from the 2012-13 season
(data not shown).

Table 14. Aroma Compounds Significantly Different at p=0.05 Level in
Wines from the 2012-13 Season

2013 Pinot Noir wine

Treatment

Compound Herbicide Mowing Cultivation

Ethyl hexanoate (µg/L) 243.6 b 252.0 ab 290.1 a

Isoamyl acetate (µg/L) 207.2 b 210.8 b 255.8 a

Hexylacetate (µg/L) 14.9 b 16.0 b 26.5 a

Cis-3-hexenyl acetate (µg/L) 2.1 b 2.1 b 2.2 a

2013 Merlot wine

Treatment

Compound Herbicide Mowing Cultivation

Benzyl alcohol (µg/L) 327.5 a 243.7 b 315.0 ab

More differences were found in the aromatic profile of wines from the 2013-14
season. SB wines from the herbicide treatment had higer levels of ethyl acetate
than the other two treatments. Mowing wines had higher levels of isobutanol and
ethyl dihydrocinnamate than the other two treatments. Cultvation wines had the
highest levels of α-terpineol (Table 15).
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Table 15. Aroma Compounds Found to Be Significantly Different at the
p=0.05 Level in Wines from the 2013-14 Season

2014 Sauvignon Blanc wine

Treatment

Compound Herbicide Mowing Cultivation

Ethyl acetate (mg/L) 24.0 a 19.7 b 19.0 b

Isobutanol (mg/L) 38.5 b 54.3 a 37.4 b

α-Terpineol (µg/L) 7.6 b 8.1 b 13.1 a

Ethyl dihydrocinnamate (µg/L) 0.6 b 0.8 a 0.7 b

2014 Pinot Noir wine

Treatment

Compound Herbicide Mowing Cultivation

Ethyl isobutyrate (µg/L) 50.8 b 85.4 a 65.7 ab

Ethyl phenylacetate (µg/L) 2.6 b 3.2 a 3.1 ab

β-Phenethyl acetate (µg/L) 7.9 b 10.3 a 9.4 ab

Isobutanol (mg/L) 41.5 b 59.8 a 53.9 ab

Isoamylalcohol (mg/L) 160.7 b 192.6 a 182.1 ab

Phenylethyl alcohol (µg/L) 22.4 b 31.8 a 29.1 b

β-Damascenone (µg/L) 1.5 b 1.8 ab 2.3 a

α-Ionone (µg/L) 0.2 b 0.2 ab 0.3 a

Linalool (µg/L) 3.0 b 4.1 a 3.9 ab

Trans ethyl cinnamate (µg/L) 0.6 a 0.4 b 0.5 ab

2014 Syrah wine

Treatment

Compound Herbicide Mowing Cultivation

Ethyl 2-methyl butanoate (µg/L) 10.6 ab 13.6 a 10.1 b

Isobutyl acetate (µg/L) 71.8 a 65.0 ab 57.9 b

Isoamylalcohol (mg/L) 209.2 ab 232.5 a 197.5 b

Linalool (µg/L) 7.0 ab 7.8 a 6.3 b

β-Citronellol (µg/L) 17.3 ab 19.4 a 15.8 b
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In PN, the mowing treatment led to wines with the highest levels of ethyl
isobutyrate, ethyl phenylacetate, β-phenethyl acetate, isobutanol, isoamyl alcohol,
phenethyl alcohol, and linalool (Table 15). Wines from the cultivation treatment
had the highest amounts of the two norisoprenoids, β-damascenone and α-ionone.
Herbicide wines had the highest level of trans ethyl cinnamate (Table 15).

In SY wines, the mowing treatment led to higher amounts of ethyl 2-methyl
butanoate, isoamylalcohol, linalool, and β-citronellol (Table 15). Herbicide wines
were highest in isobutyl acetate (Table 15).

No significant differences were found in any of the compounds measured by
GC-MS in ME wines from 2013-14 (data not shown).

Discussion

The push to move to more sustainable means of farming grapevines is a stated
and noble desire of the New Zealand wine industry. This move to nonchemical
means for vineyard operations, however, will only truly gain momentum if it can
be shown that switching to themwill not negatively affect the health and long-term
productivity of the vines. Quality of the fruit must also not suffer due to treatments.
It is possible that allowing continued competition from weeds, such as in the
mowing treatment in this study, will deplete vine reserves and that differences
in canopy growth will become more and more apparent over time. The results
from the second year of the study (2013-14) show more significant differences,
suggesting that there are carryover effects from year to year. This study was set up
to look into the long-term effects of changing management underneath grapevines,
and will continue for at least another season. It is possible that over a long period
allowing competition underneath the vine may devigorate them to the point where
the vineyard is not economically sustainable. While unlikely, this possibility needs
to be investigated with multi-season studies such as this one.

The most consistent and significant trends from the different management
strategies were in vine physiological performance between the three treatments.
Specifically, the vines from the mowing treatments tended to show signs of
devigoration in comparison with the other two treatments. Leaf area was generally
reduced in mowing treatments (Table 2). Even when differences were not
statistically significant the trend for mowed vines to have the smallest canopies
still held true in most sites and varieties (data not shown). It has been shown
that leaf expansion is one of the first things to be negatively affected by water
stress in grapevines (7). While the mowing treatment vines vines tended to have
the most negative water potentials (Table 1), the observed difference in leaf area
cannot easily be explained by water stress because the SWP values obtained in
this study generally do not indicate heavily stressed vines, except for some for the
measurements near harvest from the ME and SY sites.

In addition to water affecting leaf growth, deficiencies in nitrogen can also
reduce canopy growth (6). The YAN data obtained in 2013-14 suggests that
vines from the mowing treatment were more nitrogen deficient during ripening,
as juice from the mowing treatment had consistently lower YAN than the other
two treatments (Table 7). When petioles were measured to assess nutrient status
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at veraison, however, no significant differences were found (data not shown),
suggesting that, at least at veraison, there was not significant nutrient stress
induced by any of the treatments. As the leaf area measurements were done prior
to and at veraison, it is unlikely that the differences are explained by nitrogen
deficiencies.

In ME, there was a consistent trend in both seasons for the berries from the
mowing treatment to be smaller than those from either of the other two treatments
(Table 3). Again, there is no one variable that can be singled out as having led
to this differences, though it must be noted that differences in SWP were found
more often in ME than in any of the other varieties (Table 1). Water stress has
been shown to lead to smaller berries (Matthews et al., 1987), and even the slight
and often non significant differences in SWP might have been enough to have led
to the observed differences. It is also possible that there are varietal differences
in the response to undervine management, with ME being particularly responsive
to undervine competition in terms of both reduced leaf area, and possibly due to
this, reduced berry weight. SY berries were also significantly smaller through
early ripening in 2013-14, which persisted, though not significantly so, through to
harvest (Table 3). A similar trend was seen in PN, with berries from the mowed
treatment in the 2012-13 season being similar in weight (data not shown), whereas
in the 2013-14 season the mowing berries were lightest at every sampling date,
though this difference was only significant on one day (Table 3).

Yield was only negatively affected by mowing in ME. This was the case
in both seasons, and was due entirely to smaller berries, as bunch number per
vine (Table 9) and berry number per vine (data not shown) were not negatively
affected. However, in this vineyard, crop reduction by manually thinning bunches
is a normal production practice. It is possible that adoption of mowing in this
vineyard could make this expensive and slow pass unnecessary.

In light of some of the physiological and vine performance differences
observed in the study, it is important to stress that sugar accumulation was not
negatively affected by either of the nonchemical treatments, as evidenced by the
similarity in Brix between all treatments. The only exception to this was the
cultivation treatment in SB in the 2013-14 season (Table 4), which showed lowest
Brix, though this could also be due to the increased yield in this treatment in that
season, as the cultivated vines had about 20% more crop than either of the other
two treatments (Table 9). No differences were found in Brix between mowing and
herbicide treated vines at harvest in either year in any of the varieties, suggesting
that while mowing may bring about some physiological and canopy architecture
differences in the vines, it does not significantly slow ripening.

There were very few other differences in basic berry chemistry at harvest
among the treatments, suggesting that switching from herbicides to mowing or
cultivation doesn’t negatively affect the basic quality of the fruit produced (Tables
4, 5, 6) although the case may not be the same for wine style. This is good news
for organic growers, or those looking to move to organics, as a vineyard wanting
to move away from chemical inputs can do so safe in the knowledge that the fruit
will likely still come into the winery with similar basic composition to what it had
before conversion. The exception to this is the lower YAN induced by mowing
(Table 7), though the prefermentation supplementation of juice with nitrogen (such
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as adding diammonium phosphate) is quite common in New Zealand, therefore the
risk of stuck or sluggish fermentations is less likely to be an issue.

The finding of significant differences in canopy architecture with no
consistent and major significant differences in ripening due to mowing is an
important one. Canopies with less leaf area and more canopy gaps (such as in
the mowing treatments in this study) have been shown to reduce the incidence of
powdery mildew (12) and Botrytis cinerea infection (10). Both seasons of this
study have been exceptionally dry, with very little incidence of Botrytis, and thus
no significant differences in rot incidence or severity have been found (data not
shown). However, in a more challenging season with rains near harvest, the more
open canopy of the mowing treatment could reduce the negative effect of bunch
rot on yield and wine quality. Thus, mowing could be a safety strategy employed
by growers against a wet season. Having competing vegetation serves a dual
benefit of intercepting some of the rain before it induces excessive vigor in the
vines, as well as leading to a canopy more conducive to fruit health and quality. It
might also be that canopies from vineyards with undervine mowing, being more
open and less conducive to fungal growth, would allow a vineyard manager to
get away with fewer, or softer, fungicide sprays during the season, which would
further increase the environmental and economic sustainability of the vineyard.

Methoxypyrazines are important impact aroma compounds synthesized in
berries of ME and SB (and other related varieties) early in ripening, and degraded
after veraison (28). They impart distinctive vegetal notes to wines, and especially
in red wines, are considered a negative in high concentrations (29). The most
important member of this family of compounds is 3-isobutyl-2-methoxypyrazine
(IBMP), which imparts bell pepper aroma to the wines. In Marlborough
SB, however, reasonably high levels of IBMP, as well as the varietal thiols
3-mercapto-hexan-1-ol (3MH), 3-mercapto-hexan-1-ol acetate (3MHA) are part
of the preferred style (25).

In the 2012-13 season, samples of SB berries were analyzed throughout
ripening to quantify the amount of IBMP present. The concentration of IBMP,
regardless of treatment, showed the expected trend over ripening, with the
concentration of this compound getting lower and lower, especially shortly after
veraison (Figure 2). No significant differences were found in IBMP during
ripening or at harvest in ME in either season or SB in the 2013-14 season, though
there is a trend for the herbicide fruit to have the highest amount of this compound
(data not shown). Given the extremely low threshold of these molecules (29),
these small differences could still be translated into significative sensory changes.

ME wines from 2012-13 mowing treatment had a higher concentration of
total phenolics, generally considered positive in red winemaking. Differences in
pH, TA, tartaric and malic acids were generally small and nonsignificant (Table
10). There was a difference in malate in 2012-13 in SY wines (Table 10), though
there was no difference in malic acid in the fruit at harvest (data not shown),
suggesting the differences came about due to differences in the extent of malolactic
fermentation, and not due to the fruit itself. There were also differences in PN pH
and TA, with the herbicide fruit having higher pH and lower TA (Table 10). While
these differences were significant, none of the fruit had composition that would be
a worry to winemakers as far as completion of a healthy fermentation.
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Considering the very small effect of treatments on berry ripening and the
similarity in basic wine composition parameters, any differences in wine quality
brought about by changing undervine management will be in the effect they have
on the concentration of aroma and flavor compounds and precursors in the fruit
which are subsequently extracted into the wines. The idea that a grower can change
the flavor of the wines as the fruit develops bymaking changes to cultural practices
carried out in the vineyard is an attractive one to the industry, and one that would
allow more control over the final quality of the product.

The data from this study shows a clear and consistent trend that SB wines
from the mowing treatment had the lowest levels of IBMP compared with the other
two treatments (Table 12). Interestingly, this trend was not seen in ME (data not
shown), despite the fact that ME vines, at least in terms of canopy measurements,
were more affected by the treatments than SB (Table 2). This suggests varietal
and/or site differences in response to undervine vegetation, even between these
related cultivars.

In any case, the suggestion of the data, at least for SB from New Zealand,
whose style is predicated on high levels of both IBMP and thiols, is that wine from
vineyards that practice undervine mowing will be less typical. That said, there are
some growers in New Zealand, especially in regions outside of Marlborough, who
would like to differentiate themselves from the “typical” Marlborough SB style
(25), and the findings of this study show it can be done with a simple change to
management. In addition, SB is grown throughout the world, with varied styles
and flavor profiles, and therefore a way of reducing IBMP levels in the fruit as
it develops can be an important strategy in other growing regions striving for a
different flavor spectrum in the wines than those from Marlborough. There were
also differences in varietal thiols, though not statistically significant, in the SB
wines from the 2012-13 season (Table 13). The repeatability of this difference
could not be assessed, as the concentration of thiols in the 2013-14 wines were
below the level of detection (data not shown).

In PN wines there were also some difference in ester composition, with wines
from the cultivation treatment having higher levels of isoamyl acetate and cis-3-
hexenyl acetate (Table 14), which could lend ripe banana and green banana aromas,
respectively, to the wines (30–32).

More significant differences were found in wine aromatic profile for both
SB and PN in the 2013-14 season. Herbicide wines had the highest amount of
ethyl acetate, which can impart a general fruit character to the wines. Cultivation
wine had higher level of α-terpineol, which lends floral notes to wines. The
mowing wines had the highest amounts of isobutanol and ethyl dihydrocinnamate
which can impart generic fruity and solvent aromas (Table 15). PN wines showed
the most, and most consistent, differences in aroma profile. Wines from the
mowing treatment were highest in many compounds, including ethyl isobutyrate,
ethyl phenylacetate, β-phenethyl acetate, isobutanol, isoamyl alcohol, phenethyl
alcohol, and linalool. These differences suggest that the mowing treatment
in 2014 lead to a wine that could potentially be more fruity and floral (33).
The wines from the cultivation treatment had the highest levels of the two
C13 norisoprenoids (β-damascenone and α-ionone), which have been shown to
enhance fruity aromas and supress vegetative ones (34) and therefore could lead
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to fruitier wines. The mowing treatment in SY led to wines with higher amounts
of ethyl 2-methyl butanoate, isoamylalcohol, linalool, and β-citronellol (Table
15), suggesting this trteatment leads to fruitier and more floral wines. However,
sensory analysis would need to be carried out on the wines to show if observable
aroma and flavor dfferences were brought about by the differential vineyard
management.

Conclusion

Some of the major findings of this study thus far are that very minor
differences in water or nutrient status can lead to significant observable differences
in vine growth. However, these differences do not greatly affect basic fruit
ripening parameters in terms of sugars, acids, and phenolics. The study also clearly
shows that there are site and/or variety differences in the response of the vines to
undervine manipulations, as no one treatment had the same effect regardless of
site and variety. The yield reduction seen in ME could be a positive or a negative
depending on the aims of the vineyard. Most interestingly of all, despite only
very subtle differences in vine performance and basic fruit composition, there
were significant differences in wine aromatic profile, especially for SB. This is
exciting news for winegrowers, as undervine management provides additional
tools to modify the aromatic composition of the wine as the grapes ripen.
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Chapter 12

Induction of de Novo Mono- and Sesquiterpene
Biosynthesis by Methyl Jasmonate in

Grape Berry Exocarp

B. May and M. Wüst*

Institute of Nutrition and Food Sciences, Chair of Bioanalytics/Food
Chemistry, Rheinische Friedrich-Wilhelms-Universität Bonn,

Endenicher Allee 11-13, 53115 Bonn, Germany
*E-mail: matthias.wuest@uni-bonn.de.

Methyl jasmonate (MeJ) induced biosynthesis of volatile
organic compounds (VOCs) was observed in a time-course
experiment with grape berries of Vitis vinifera cv. Lemberger.
A rapid emission of linalool within 2-6 hours after application
of the elicitor was observed, followed by the emission
of additional monoterpenes, indole and homo- as well as
sesquiterpenes within 36 hours. The parallel application of
[5,5-2H2]-1-deoxy-D-xylulose (d2-DOX) confirmed the rapid
de novo synthesis of the induced terpenes, especially linalool.
Indole and the dehydroterpene cosmene were detected for the
first time as defense related volatiles in grape berries.

Methyl jasmonate (MeJ) is frequently used as an elicitor to study plant
defense mechanisms. Even though the jasmonate (JA)-amino acid conjugate
jasmonoyl-L-isoleucine (JA-Ile) is the underlying phytohormone (1), the
application of the exogenous methyl ester induces defense mechanisms already
known from plant-pathogen-interactions. Both, plant-pathogen-interaction as
well as the use of exogenous elicitors can provoke a multitude of responses.
Direct defense strategies include the synthesis of antimicrobial phytoalexins,
such as stilbenes, or the synthesis of pathogenesis related proteins, e.g. defensin.
Indirect defense strategies include the emission of volatile organic compounds
(VOCs) (2). As VOCs they facilitate the short and long distance plant interaction

© 2015 American Chemical Society
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(3) or the ability to attract carnivorous insects (4). These VOCs include mono-,
homo- and sesquiterpenes, as well as green leaf volatiles (GLVs) and compounds
of the shikimate pathway (e.g. indole, methyl salicylate) (2). The induced
mechanism is aligned to the pathogen but depends also on the affected plant
species (5, 6). Normally, the response to an attack is a complex interaction
of different phytohormones or hormone-like compounds with synergistic or
antagonistic effects (7). Furthermore, a plant is often exposed to several vermin
and the induced mechanism due to this multiple attack may differ (8). The use of
exogenous elicitors like MeJ, but also benzothiadiazole or abscisic acid provides
a simplified model to study these complex interactions in plants. The emission
of different VOCs had been shown for pest infested grape vine leaves (9), MeJ
treated leaves (10) and grape cell cultures (11). An increased resistance of Vitis
vinifera against different pathogens, e.g. Botrytis cinerea, Plasmopara viticola or
Erysiphe necator, was observed for several elicitors (12–14), associated with an
accumulation of bioactive phytochemicals, e.g. stilbenes and proanthocyanidins
in grape berry skins (15). Beside these effects, the influence on primary wine
aroma compounds is of particular interest. A change in volatile composition, in
particular terpenes, norisoprenoids, acetals, alcohols and esters, in wine made
from elicitor treated grapes was already demonstrated (16, 17).

In this study we investigated the time-course of the emission of VOCs
from detached grape berries after induction by methyl jasmonate. The parallel
application of [5,5-2H2]-1-deoxy-D-xylulose (d2-DOX) allowed us to verify
whether the emitted terpenes were synthesized de novo or released from bound,
constitutively formed and stored precursors, e.g. from glycosidically bound
terpenols. d2-DOX was used as a probe to detect a de novo-terpene biosynthesis,
because previous studies demonstrated the incorporation of d2-DOX into mono-,
sesqui- and diterpenes via the methylerythritol phosphate (MEP) pathway in
grape berry exocarp (18).

Experimental
Material

Berries of the variety Lemberger were collected at two stages of ripening (t1:
August 30, 2012, 10.2 brix and t2 September 29, 2012, 17.1 brix). Thematerial was
obtained from the Institute of Crop Science and Resource Conservation (INRES)
of the University of Bonn.

Experimental Setting

10 µL of an aqueous solution of MeJA (0.1 %) was injected through the
receptacle into the pulp of intact grape berries. The injected solution at sampling
stage t1 contained also 1 % d2-DOX (synthesized according to Meyer et al., 2004
(19)). After injection, four berries were immediately transferred into a 20 mL
headspace vial and the volatiles were sampled as described below by HS-SPME-
GC-MS. All measurements at the two described sampling stages were performed
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in duplicate (total measurements: n=4). For Figures 2 and 4 the time course for
typical experiments are shown (n=1) for clarity reasons. In Figure 3 the mean
value for each data point is displayed together with its standard deviation for all
measurements (n=4; see above) for selected volatiles. Absolute emission in this
case was normalized to 1 to illustrate the average temporal development. In a
parallel setting, water was administered as control at each sampling stage. The
time-course measurements were performed using an autosampler over a period of
65 hours after injection of the elicitor. Each sample was measured every 2-3 hours,
while the control sample was measured every 5 hours. Samples were kept at room
temperature during the whole time-course study.

Analysis

VOCs analysis was performed by HS-SPME-GC-MS. A 85 µm polyacrylate
fiber, from Supelco (Bellefonte, PA, USA) was used for solid phase
microextraction (SPME). The extraction was performed at room temperature
for 20 minutes. Subsequently, the analytes were thermally desorbed in the
GC-injection port. GC-MS-analysis was performed using a Varian 450 GC
coupled to a Varian 240 MS ion trap mass spectrometer (Palo Alto, CA, United
States). The injection port was set to 220 °C. Splitless injection was used and
the split valve was opened after 3 min. Separation was achieved using a DB5
column (Varian, length 30 m, 0.25 mm i.d., film thickness = 0.25 µm). The
carrier gas (helium, 5.0) was set to 1 mL/min (constant flow). The column
temperature program started at 35°C for 3 min, and was increased to 250°C
at a rate of 5°C/min. The transfer line temperature was set to 260°C, the ion
source to 150°C. An internal EI-ionization (70 eV) was performed and mass
spectra were recorded in the range of m/z 35-350 (full scan), at a scan rate of
0.64 sec/scan. Compounds were identified by comparison of the retention times
and mass spectra with standard substances or by comparing their mass spectra
and Kovats retention indices using the Massfinder® library (Hochmuth Scientific
Consulting, Hamburg, Germany). Incorporation rates were calculated by dividing
the peak area of the labeled compound by the peak area of the genuine compound
multiplied by 100%.

Results and Discussion

The application of MeJ enhanced the emission of several terpenes, namely
monoterpenes (e.g. linalool, (E)-β-ocimene), the homoterpene 4,8-dimethylnona-
1,3,7-triene (DMNT) and sesquiterpenes (e.g. (E,E)-α-farnesene, nerolidol) as
well as indole and (E,E)-2,6-dimethyl-1,3,5,7-octatetraen (cosmene) (Figure 1).
Most of the induced volatiles were previously reported as herbivore induced plant
volatiles emitted by green leaves. Their release was demonstrated for MeJ treated
grapevine leaves (10), beetle-damaged grapevine leaves (9), as well as for several
other plant-pathogen combinations (6, 20).
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Figure 1. Total ion chromatogram of volatiles of grape berries measured by HS-SPME-GC-MS, 36 hours after application of
methyljasmonate (A) and water as control (B); chemical structures of most abundant compounds are given below (C).
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Figure 2. Time-course of VOC emission after methyl jasmonate application
(August 30, 2012) shown for a typical experiment (n=1). The peak areas are

based on the ion traces given in Table 1 for the genuine compounds.

The applied experimental setting allowed us to obtain a detailed insight in
the temporal dynamics of VOC release (Figure 2). The depicted data belong to
the early stage of berry development (August 30, 2012). All four time-course
studies showed comparable temporal pattern in volatile release (Figure 3) after
MeJ application, even though the absolute amount of induced volatiles varied
within the four measurements (e.g. twofold observed for (E)-β-ocimene and up
to 35-fold observed for nerolidol). Volatile emission was 10-100 times higher
after MeJ application compared to the control samples (water application). Some
induced volatiles (e.g. linalool, nerolidol, DMNT) were not observed in the
control samples. Linalool was the first VOC whose emission from grape berry
exocarp was enhanced after MeJ application. Its release started 2-6 hours after
application and reached its maximum after 12 hours. Afterwards, the emission
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declined slowly and ceased between 45-60 hours after application. In contrast, the
induced emission of the monoterpene (E)-β-ocimene was slower and reached its
maximum about 24 hours after application of MeJ. The clearly different emission
pattern of the two monoterpenes raises the question whether the hydroxylated
terpene linalool is quickly released from stored precursors, e.g. glycosides,
or whether its enhanced emission is a result of the quick up-regulation of the
corresponding linalool synthase. The simultaneous application of d2-DOX results
in a clearly detectable deuterium incorporation already 5 hours after elicitation
(Figure 4A), which demonstrates a rapid activation of a de novo synthesis of
linalool. However, a participation of stored precursors cannot be excluded. Ion
traces used for the calculation of the incorporation rates are given in Table 1.
The extreme velocity of plant defense reactions was already demonstrated for
Arabidopsis thaliana, where 5 minutes after wounding the JA-Ile level increased
in the affected tissues (21).

Figure 3. Variability of the time dependent VOC emission after methyl jasmonate
application (n=4). Absolute emission was normalized to 1 to illustrate the

average temporal development.

Only limited data is available for the induced emission of the dehydroterpene
cosmene. Although it has been detected in essential oils (22) as well as in a few
studies as volatile after pest infestation (23), it is reported to be highly unstable
(24) and its origin remained unknown. Some studies suggest that it might be
a degradation product from (E)-β-ocimene formed during sample preparation
(5). However, a HS-SPME-GC-MS measurement of an aqueous solution of
(E)-β-ocimene yielded in no detectable amounts of cosmene (data not shown).
Furthermore, in our time course study cosmene showed an emission profile that
was clearly different from the emission profile of ocimene, which demonstrates
that cosmene is indeed an inducible monoterpene.
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Indole, which belongs to the phenylpropanoid aromatic compounds, showed
an emission profile similar to (E)-β-ocimene. Amongst others, indole is detected
in the volatile blend of beetle infested grapevine leaves (9). However, to the
best of our knowledge, this is the first time that the induced emission of indole
is demonstrated in grape berries. In maize, for example, indole is generated by the
degradation of indole-3-glycerol phosphate. Studies demonstrated that the enzyme
indole-3-glycerol phosphate lyase (IGL), which catalyzes its formation, can be
activated by volicitin, a fatty acid derivate from regurgitates of the armyworm
(25).

Table 1. Ion Traces (m/z) Used for Data Evaluation and Calculation of the
Incorporation Rates

Quantifier ionsNo. Name

Genuine (d0) Labelled (dx)

Deuterium
incorporation (x)

1 (E)-β-ocimenea 136 140 d4

2 linaloola 121 124c d4

3 DMNTb 69 71 d2/d3d

4 cosmeneb 134 137 d3

5 germacrene Da 161 163/165/167 d2/d4/d6

6 nerolidola 161 163 d2

7 (E,E)-α-farnesenea 93e - -

8 indoleb 117f - -

a Identified using standard substances. b Identified by mass spectrum and kovats index. c

Loss of deuterium due to fragmentation. d Exact degree of deuterium labeling cannot be
determined. e Deuterium incorporation was not calculated for (E,E)-α-farnesene due to its
non-characteristic fragmentation pattern. f Not of isoprenoid origin.

While the emission of all monoterpenes, DMNT, cosmene and indole declined
after 36 hours after elicitation, the emission rates of the sesquiterpenes remained
elevated during the entire observation period, except for the sesquiterpene
nerolidol, which also declined after 36 hours (Figure 2B). The increased emission
of all sesquiterpenes may be caused by a general up- regulation of specific genes
of the MEP- and MVA-pathway.

Surprisingly, only up to 4% of d2-nerolidol was detectable, after application
of d2-DOX (Figure 4B) even though our previous studies revealed that both,
the MEP- and MVA-pathway, can be utilized for sesquiterpene biosynthesis
(18). The incorporation of two deuterium atoms into nerolidol results from the
incorporation of only one C5-isoprenoid building block generated from d2-DOX
and two genuine, nonlabelled, isoprenoid building blocks.

197

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

01
2

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Figure 4. Incorporation rates during the time-course studies after application of
d2-DOX and MeJ at time zero. Table 1 informs about corresponding ion traces
used for the calculation of the deuterium labeling degree. For clarity reasons

volatiles were grouped in sections A-C.

A poor incorporation was detected for germacrene D, too (Figure
4C). The highest incorporation rate of labelled d2-DOX into germacrene
D was detected between 5-15 hours after application. At this time, the
emission rate of sesquiterpenes was still low, and increased later on.
Hence, an enhanced supply of genuine isoprenoid intermediates via the
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MVA-pathway might be the reason for the low incorporation of d2-DOX into
sesquiterpenes. Onofrio et al. (2009) already demonstrated the up-regulation
of 3-hydroxy-3-methylglutaryl-CoA synthase, mevalonate-5-pyrophosphate
decarboxylase and 3-hydroxy-3-methylglutaryl-CoA reductase of the
MVA-pathway after incubation of grape cell cultures with MeJ and JA (11).

The deuterium labelling degree of DMNT, which is generated in a cytochrome
P450-mediated oxidative degradation reaction of the sesquiterpene nerolidol (26),
should correspond to the labelling degree of its precursor nerolidol. The lower
incorporation rate of DMNT compared to nerolidol in the time range from 20-50
hours can be explained by the loss of deuterium due to the oxidative cleavage
reaction. However, the considerably higher labelling of DMNT between 5-15
hours after application of labeled d2-DOX might be explained by the oxidative
degradation of de novo synthesized, labelled nerolidol. The similar time-course
of the incorporation rates of germacrene D and the sesquiterpene derived DMNT
support this assumption.

Conclusions

The results demonstrate a rapid activation of the de novo synthesis of
terpenes in the grape berry exocarp by MeJ. The distinct emission profiles of
linalool and nerolidol underline the special role of both compounds. Recently, the
induced synthesis and the antimicrobial activity of nerolidol were demonstrated
for callus and grape cell cultures inoculated with Phaecremonium parasiticum
(27). Studies using Arabidopsis thaliana confirmed the repellent effect of
linalool on aphids (28). However, an investigation of gene expression levels or
inhibition experiments could provide further information about the involvement
of the constitutive and induced biosynthesis of VOCs in grape berry defense
mechanisms.

The VOCs analyzed in this study belong to so called airborne signals. Until
now, much less is known about the effect of elicitors on the increased accumulation
of wine aroma compounds. The investigation of wines and grapes, treated with
MeJ during ripening, already demonstrated an enhanced accumulation of volatile
compounds (16). MeJA caused a significant increase of monoterpenes, such as
linalool, and sesquiterpenes (nerolidol and farnesol) in the final wine. These results
compare well with ours and demonstrate that defense related reactions of the grape
berry might influence the final wine flavor in a perceivable manner.
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Chapter 13

Critical Oxygen Levels Affecting Wine Aroma:
Relevant Sensory Attributes, Related Aroma

Compounds, and Possible Mechanisms

Maurizio Ugliano,* Stéphanie Bégrand, Jean-Baptiste Diéval, and
Stéphane Vidal

Nomacorc France, Av. Yves Cazeaux, Rodilhan 30230, France
*E-mail: m.ugliano@nomacorc.be.

The importance of post-bottling oxygen to wine aroma
development has been demonstrated. However, from a practical
point of view, the degrees of oxygen exposures needed to
induce significant aroma modification remain to be established.
In addition, certain styles of wine are more responsive to
oxygen than others, possibly reflecting the key role of specific
aroma compounds with lower/higher oxygen sensitivity in their
sensory profile. In this study, 36 wines from different grape
varieties were submitted to sensory descriptive analyses. The
wines were in an age bracket of 9-19 months (whites), 5-11
months (rosé), 12-48 months (reds). Each wine had received
at least two different oxygen exposure levels by means of
different closures, with some wines tasted at different time
points. In total, 96 wines were tasted. When considering only
the contribution of closure-derived oxygen, aroma intensity,
fruity attributes, and reduction were in white wines the sensory
descriptors mostly affected by oxygen. In the case of rosé wines,
oxygen appeared to influence mainly aroma intensity and red
fruit attributes, whereas for red wines red fruits, cooked fruits,
spices and gamey were mostly affected. Analyses conducted
on selected wines indicated that esters, largely associated with
wine fruity aromas were not affected by oxygen. Conversely,
the fruit-enhancer ß-damascenone increased with higher oxygen
exposure, while fruity thiols such as 3-sulfanylhexanol (3SH)
decreased. H2S and methyl mercaptan were mostly implicated
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with reduction attribute, and they might negatively affect
expression of fruity attributes. The possible mechanisms
implicated in the response of these compounds to oxygen are
discussed.

Introduction

In recent years, a number of different studies have shown that the type of
closure, in particular its ability to allow a certain degree of oxygen exposure
in the bottle, plays a crucial role in the chemical and sensory evolution of the
wine during bottle maturation (reviewed in (1)). Overall, the conclusions of
these studies support the anecdotal observation that, in order for bottle aging
to contribute positively to wine quality, a certain degree of oxygen exposure is
required. Nevertheless, several aspects remain to be clarified. First, in view of the
great variety of wine styles produced in different parts of the world, the type of
aroma attributes that can be effectively modulated by oxygen needs to be better
characterized. This appears crucial in order to provide practical information as
to which wine styles can be more effectively modulated by informed closure
selection. Second, while extreme oxygen exposure levels (e.g. too little or too
much) during bottle maturation can result in oxidative off-odors such as reduction
or oxidation, the outcomes of intermediate oxygen levels, which are most common
in today industry, are not well described. Among these, some studies indicate that
the fruity attributes of wine can be affected by closure-derived oxygen, but the
trends observed seem to be inconsistent. In fact, while some authors indicated
increased fruit expression at lower oxygen, other data show the opposite (2–4). In
addition, the chemical compounds and transformations implicated in the sensory
changes associated with the mild levels of oxygen exposure found during bottle
maturation need to be clarified.

In this study, the sensory changes associated with bottle maturation under
closures allowing different oxygen exposure levels have been studied for 126
wines. The purpose was to evaluate which aroma attributes were more frequently
associated with changes in oxygen exposure, as well as to characterize the oxygen
levels at which these changes might occur. The mechanisms underlying oxygen
interactions with different wine aroma compounds potentially implicated in these
changes are also discussed.

Materials and Methods

Wines were collected in the period 2011-2014 from different commercial
and experimental cellars located in various European winemaking regions.
Preliminary assessments were carried out to ensure adequate bottling conditions
at each cellar. Thirty-six wine types from different grape varieties were bottled,
using at least two different Nomacorc Select series closures allowing defined
oxygen ingress values (Table 1). Oxygen ingres values of individual closure types
were measured as described by Dieval et al. (5). At the moment of tasting, the
wines were in an age bracket of 9-19 months (whites), 5-11 months (rosé), 12-48
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months (reds). Within single wines, the difference in oxygen exposure created by
the different closures was in the range of 0.5-1.2 mg (whites), 0.4-1.2 mg (rosé),
and 0.6-1.4 mg (reds). A total of 126 wines were submitted to sensory analysis,
including 28 white wines, 47 rose’ wines and 51 red wines.

Table 1. Oxygeningress (mg of O2) of the Different Closures Used in the
Study at Different Times of Bottle Aging

Sensory analysis was carried out at In Senso Veritas (Beaune, France), by a
panel of 16 trained panelists. Evaluations were performed under white light, at
room temperature, at isolated tables. The wines were evaluated on pre-defined
attributes (11 for white wines, 12 for rose wines and 10 for red wines), rating each
attribute on a 7 points continuous scale (from 0 to 6). Reference standards were
provided for each one of the aroma attributes tested as indicated in Table 2. Wines
were served in blind, with a random 3 digit code. Each panelist had a randomized
order of presentation in order to avoid effects of order. Panelist performance was
assessed using FIZZ software.

For the sensory analysis data, analysis of variance (ANOVA) was carried
out to assess the effect of oxygen exposure on individual aroma descriptors.
Within each wine type, the number of times a single descriptor showed significant
differences at p<0.05 was divided by the number of total tastings conducted, in
order to obtain the percentage of tastings in which that specific descriptor was
significantly affected by oxygen exposure.

Analyses of volatile compounds were carried out as described elsewhere.
Fermentation esters, 3SH, H2S and MeSH were measured following the
procedures described by Ugliano et al. (6). Analysis of phenylacetaldehyde was
carried out as described by Culleré et al. (7). ß-Damascenone was analyzed by a
stable isotope dilution assay, as described by Kotseridis et al (8). Measurement
of oxygen ingress for the different closures used was carried out as described by
Dieval et al. (5). Not in all cases chemical analyses were done at the same time
as sensory evaluation of the wines. Statistical analyses were carried out using
XLStat (AddinSoft, Paris, France).
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Table 2. Reference Standards Used for Sensory Analysis

Results and Discussion

Influence of Oxygen Exposure on Wine Sensory Characteristics and
Contribution of Individual Sensory Attributes

Figure 1a-c summarizes the results concerning the influence of oxygen
exposure on the 3 set of wines tested, expressed as percentage rate of statistically
significant differences observed across the entire number of tastings.

In the case of white wines, the descriptor white fruit was most frequently
associated with statistically differences (67 %) followed by aromatic intensity,
citrus, and reductive, all showing a 42% rate of statistically significant differences.
The attributes exotic fruits, dry fruits, floral, and vegetal contributed less to the
differences observed (33 %). Finally, the rate of significant differences of the
attributes empyreumatic, mineral, and oxidized was in no case greater than 25
%. It is important to emphasize that the type of wines tested can greatly influence
the type of descriptors that are mostly contributing to the observed differences.
In this sense, the results in Figure 1 should be regarded as a global overview
of the potential of oxygen to influence wine aroma attributes, which could be
different for another set of wines. Nevertheless, the range of attributes used in
this study was sufficiently broad to cover the aroma characteristics more often
used in wine sensory assessment, the only exclusion being oak-related attributes,
which were not used here. Also worth mentioning that the differences in oxygen
exposures created by the different closures were relatively small, with a maximum
of 1.4 mg of oxygen for the wines submitted to longer aging. Such range of
oxygen exposures is fairly common in commercial bottled wines, for example it
was recently reported that natural cork closures from the same batch can deliver
between 0.8 mg and 3.5 mg of oxygen during one year of bottle storage (9, 10).

Common aroma attributes related to fruity descriptors were among the most
responsive to oxygen, in particular white fruit and citrus. Other authors have also
observed an influence of closure type on citrus attributes of white wine (11), as
well as for pear and peach attributes (12). The observation of a relatively high
contribution of reductive to the differences induced in white wine by post-bottling
oxygen is also in agreement with previous observations (13).
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Figure 1. a-c. Contribution of individual sensory attributes to the differences
observed, expressed as the percentage of times that the attribute was found

significantly different across all the tasting for that wine category (white, left top;
red, left bottom, rosé, right). Black bars highlight the most frequent attributes

for each category.

The results obtained for rosé wines are also shown in Figure 1, indicating a
predominant contribution of aroma intensity, red fruit, and exotic fruit, all at least
at 39% of rate of significant differences. Given that rosé wines from Provencewere
mostly used in the study, it is not surprising to see a high incidence of attributes
such as red fruit and exotic fruit, which are typical of rosé wines from this region
(14). The observation that these attributes can be modulated by post-bottling
oxygen exposure suggest that closure selection could be an important packaging
decision for this type of wine.
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In the case of red wines, a broader range of aroma attributes contributed to
the aroma differences observed, including aroma intensity, red fruit, cooked fruit,
spicy, animal, all with rates higher than 40%, with empyreumatic and reduction
also contributing with rates of 33 %. The influence of post-bottling oxygen on
animal and red fruit attribute have been previously reported in a study on Grenache
wines, but the data provided herein indicate that this trend is likely to occur in
other wines too. In particular, we observed here a high rate of contribution for
the attribute cooked fruit, which has been indicated as primary sensory attribute of
certain wine styles such as Californian Cabernet Sauvignon, Spanish Tempranillo
or Australian Shiraz (15, 16).

Key Compounds and Related Chemical Pathways Contributing to Oxygen
Influence on Wine Aroma Characteristics

Among the sensory attributes that were mostly related to oxygen exposure,
fruit aromas were in all cases contributing to a large extent to the differences
observed. However, the data in Figure 1 do not allow to specifically describe the
influence of oxygen on wine fruity attributes, namely the possibility of increasing
or decreasing the expression of fruity aroma characteristic in a given wine. As an
example, further detail on this is provided in Figure 2, highlighting the complex
relationship between wine oxygen exposure and wine fruity attributes. Indeed,
while in Wine 1 increased exposure to oxygen resulted in more intense red fruit
and exotic fruit attributes, in the case of Wine 2 increased oxygen gave less intense
exotic fruit attributes. Throughout the course of this survey, such differences
in response have been observed often, suggesting that the outcomes of oxygen
exposure on wine fruity attributes are strongly wine dependent.

Previous work indicated that fruity attributes of wine are primarily linked
to a relatively small range of aroma compounds including fermentation-derived
esters, norisoprenoids such as ß-damascenone, and volatile sulfur compounds
such as 3-sulfanylhexanol (3SH), 4-sulfanyl-4-mercaptopentanone (4SMP), and
dimethyl sulfide (DMS), the latter when present in concentrations around 20-60
μg/L. Analysis of fermentation derived esters in wines stored under closures
allowing different degrees of oxygen exposure showed that these compounds are
not influenced by oxygen (Figure 3), at least over the range of mild oxidative
conditions that can be obtained by the use of different wine closures. Likewise,
DMS was not affected by closure derived oxygen (Figure 4). Conversely, losses
of thiol compounds such as 3SH were observed when wine was exposed to
increasing concentrations of oxygen, as it can be observed in Figure 4. Loss of
volatile thiols under conditions of increased oxygen exposure is essentially due to
the nucleophilic addition of thiols on the quinones arising from the oxidation of
wine ortho-diphenol compounds (Figure 4) (17, 18). Additional mechanisms such
as quenching by hydroxyethyl radical is also possible, although recent studies
indicated a secondary contribution of this to wine thiol loss in the presence of
oxygen (19). The observations collected on esters and thiols indicate that the loss
of fruity attributes observed in certain wines upon exposure to oxygen should be
primarily due to degradation of volatile thiols but not of fermentation-derived
esters.
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Figure 2. Response of two different rosé wines to two closures allowing different
degrees of oxygen exposure. Asterisks denote, within each wine, statistically

significant difference at * 10 % and ** 5 %.

On the opposite end, we did observe wines where increased in-bottle
exposure to oxygen resulted in improved expression of fruity attributes, as
previously shown in Figure 2. During a study on rosé wines, analysis of the
potent fruity aroma compound β-damascenone provided some interesting insights
in this phenomenon. It was indeed observed that increased oxygen exposure
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resulted in increased ß-damascenone concentrations, with an extra 1.2 mg of
oxygen during 12 months roughly doubling β-damascenone concentration (Figure
5). ß-damascenone is known to be derived from the acid catalyzed hydrolysis of
different free and glycosylated norisoprenoid precursors, a process that should not
be directly affected by oxygen. Some authors have shown that ß-damascenone
can react with different wine nucleophiles, including SO2 and thiols, accounting
for significant losses of ß-damascenone in the first months of bottle storage
(20). This could explain the higher ß-damascenone concentrations observed in
wines stored with closures allowing more oxygen in the bottle, given that both
thiols and SO2 would be consumed to a greater extent under conditions of higher
oxygen exposure. In addition, because of its carbonyl moiety, ß-damascenone
can also form reversible adducts with SO2. Increased loss of free SO2 due to
higher oxygen exposure could then result in increased release of ß-damascenone
from such sulfite adducts. The latter hypothesis would imply that, in addition
to the well-known pool of free and glycosylated norisoprenoidic precursors,
another type of precursors, namely sulfite adducts, exists in wine, which could
be harnessed though oxygen exposure. This hypothesis would certainly deserve
further investigation.

Figure 3. Influence of oxygen on ester concentrations in red wine after 12 months
of bottle storage.
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Figure 4. 3SH concentration in red wine after 12 months of bottle storage with
closures allowing different degrees of oxygen exposure, with related chemical

mechanism.

Oxygen-driven variations in ß-damascenone concentrations could also
contribute to relatively high rate of significance for the attribute cooked fruit/jam
in red wines, especially in combination with variations in phenyl-acetaldehyde
content (7, 21). We observed increased concentrations of phenylacetaldehyde in
conjunction with closures allowing higher oxygen exposure (data not shown).

Reduction was another sensory attribute displaying relatively high
contribution to significant differences. In all cases where a significant difference
in reductive attributes was observed, wines exposed to increased oxygen were
characterized by less intense reductive notes. Factors affecting occurrence of
reductive attributes in bottle aged wines have been recently reviewed (1). The

213

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

01
3

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1203.ch013&iName=master.img-005.jpg&w=323&h=303


compounds H2S and methyl mercaptan (MeSH) have been identified as primary
contributors to reductive attributes in wine (22, 23). In our assessment of the
influence of closure-derived oxygen on the accumulation of these compounds
during wine bottle aging, we have seen a clear influence of oxygen on their
post-bottling evolution, as it can be seen in Figure 6 for MeSH. Similar to the
case of 3SH, H2S and MeSH can act as nucleophiles and therefore react with
the quinones arising from the oxidation of wine catechols (Figure 6). Because
of its low steric hindrance, reaction of H2S with quinones has been shown to be
faster than in the case of 3SH (18). These observations suggest that removal of
reductive compounds by means of closure selection can he achieved with minor
consequences for ‘positive’ aroma compounds such as 3SH, as recently discussed
(10).

Figure 5. ß-Damascenone concentration in two rosé wines after 20 months of
bottle storage with closures allowing different degrees of oxygen exposure.

In conclusion, this study confirmed the primary influence of closure-derived
oxygen on the aroma characteristics of wine, allowing to characterize the main
sensory attributes responsible for significant differences in wines stored under
closures with different oxygen ingress properties. Fruit attributes were the main
contributors to the differences existing, including white fruit, exotic fruit, dry fruit
and citrus (white wine), red fruit, exotic fruit and citrus (rosé wine), red fruit and
cooked fruit (red wine). Reductive aroma attribute also contributed significantly
to the differences observed.
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Figure 6. Evolution of MeSH during bottle aging with two different degrees of
oxygen exposure and quinone trapping effect accounting for lower MeSH levels

with higher oxygen exposure.

Different aroma compounds and chemical mechanism potentially implicated
in these differences were discussed. No change in fermentation-derived esters was
observed in response to varying levels of oxygen exposure. On the contrary, loss
of varietal polyfunctional thiols associated with nucleophilic attack on oxidized
ortho-diphenols may be responsible for the decrease of fruity attributes observed
in certain wines upon exposure to oxygen. The case of wines where increased
oxygen exposure resulted in improved expression of fruit attributes appears more
complex. A positive influence of oxygen exposure on wine ß-damascenone
content has been observed, potentially contributing to increased intensity of
fruit attributes. We speculate that this effect is mediated by SO2 which can
either degrade ß-damascenone through nucleophilic attack or reversibly bind
it. As for reductive attributes, the reductive sulfur compounds H2S and MeSH
were shown to be highly responsive to oxygen exposure, typically decreasing at
increased oxygen levels. Nucleophilic attack on oxidized ortho-diphenols may be
responsible for this behavior, with a mechanism similar to the one occurring for
polyfunctional thiols.
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Chapter 14

Influence of Antioxidant Additions at Harvest
on Sauvignon Blanc Wine Aroma

P. A. Kilmartin,* O. Makhotkina, L. D. Araujo, and J. A. Homer

Wine Science Programme, School of Chemical Sciences,
The University of Auckland, Private Bag 92019, Auckland, New Zealand

*E-mail: p.kilmartin@auckland.ac.nz.

The varietal thiols 3-mercaptohexanol (3MH) and 3-
mercaptohexyl acetate (3MHA) contribute tropical fruit aromas
to Sauvignon blanc wines. These thiols increase in levels
following machine harvesting, whereas other aroma compounds
are less affected by harvesting procedures. In a series of
harvesting trials, grapes from Marlborough, New Zealand were
fermented in triplicate 750 mL bottles at 15 °C. In one trial,
different SO2 additions were made at harvest, and the highest
concentrations of 3MH and 3MHA were found in wines for
a 120 ppm SO2 addition. Increases in 3MH and 3MHA were
also seen when a 30 ppm SO2 addition was supplemented with
100 ppm of ascorbic acid or glutathione. Finally, 50 ppm SO2
additions were made at different times up to two hours after
harvest, and there was a gradual lowering in wine 3MH and
3MHA for a later sulfite application. Antioxidant additions at
harvest can be used to lessen the effects of juice oxidation and
maximise levels of thiols in the wine, to suit the requirements
of the target wine style.

Introduction

Sauvignon blanc is the main wine variety for the New Zealand industry
and constitutes over 70% of exported wines, with the majority coming from the
Marlborough grape-growing region. A number of styles of Sauvignon blanc
wine are produced in New Zealand, and the major Marlborough style combines
intense passionfruit/ tropical aromas with prominent fresh-green characters (1).

© 2015 American Chemical Society
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Aroma compounds that contribute to the fruity aromas include the varietal thiols,
particularly 3-mercaptohexanol (3MH) and 3-mercaptohexyl acetate (3MHA)
(2), along with several esters. Green and grassy aromas have their origin in
various compounds, including methoxypyrazines, C6-alcohols and the varietal
thiols themselves (3, 4). Many of these compounds are found at levels well above
their perception thresholds in Marlborough wines (5).

The importance of 3MHA, the acetate ester of 3MH, and other fruity esters
in defining Sauvignon blanc wine styles, has been illustrated through changes
in commercial wines with time and in temperature storage trials (6, 7). The
hydrolysis of these esters (8), is the major factor in changes in the aroma profiles
of the New Zealand wines during the first 1-2 years in the bottle, ahead of issues
to do with wine oxidation and closure type, which affect 3MH levels and wine
aroma profiles in the longer term. The importance of 3MHA to the wine aroma
profile will be illustrated in this report through sensory panel descriptive analysis
and associated aroma compound concentrations for two typical Marlborough
Sauvignon blanc wines of different ages.

The wide-spread use of machine harvesting in Marlborough has been
identified as a factor leading to increased levels of C6 alcohols, 3MH and 3MHA
in Sauvignon blanc wines from the region (9). At the same time, juices more
advanced in oxidation, leading to a higher 420 nm absorbance, were associated
with lower 3MH and 3MHA concentrations in the finished wines (10). The
importance of oxidative and antioxidant elements in the juice were further
highlighted by the recent demonstration of the role for H2S during the early stages
of fermentation in the formation of 3MH from C6 compound precursors (11). In
this context the influence of antioxidant additions at harvest has been pursued
through a series of harvesting trials undertaken in Marlborough, and key findings
from these trials in relation to impacts upon 3MH and 3MHA formation, and
levels of C6 compounds in the finished wines, are reported here.

Experimental

Sensory Panel

The sensory panel consisted of thirteen postgraduate Wine Science students
who completed training in descriptive anlaysis for the aromas of Sauvignon blanc
wines during 11 two hour sessions over a three week period in August 2013.
The reference standards were based upon those developed at the Plant and Food
Sensory and Consumer Science facility and used to profile Sauvignon blanc wines
in earlier trials (3, 7, 12). The naming of reference standards was established
by the panelists themselves (Table 1), and this produced similar terms to those
reported in previous publications, but differed in some instances. For example, the
present panel named the reference containing hexanol as “Pina colada”, whereas
“Bourbon” has been used previously. The “Floral” descriptor was based upon
phenylethyl acetate, while the “Fruit salad + cream” was based upon three ethyl
esters. The panelists were trained to rank the aroma descriptors by smell only on
an unstructured 150 mm line scale ranging from “absent” (0) to “extreme” (150).
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Table 1. Sensory Descriptors and Their Associated Reference Standards

Descriptor Reference standard

Tropical Passionfruit 2,000 ng/L 3MHA in diluted base wine

Stalky 2,000 ng/L 3MH in diluted base wine

Apple lolly Banana 2.4 μL isoamyl acetate, 0.5 μL hexyl acetate in 100 mL
CuSO4 treated based wine

Fruit salad + cream

402 μL ethyl butanoate stock (1.7 μL ethyl butanoate/10
mL water) + 1.2 mL ethyl octanoate stock (1.73 μL ethyl
octanoate/10 mL water) + 7.56 μL ethyl hexanoate stock
(15.74 g ethyl hexanoate/1 L ethanol) in 99 mL CuSO4
treated diluted base wine

Floral 36.6 μL phenylethyl acetate in 100 mL CuSO4 treated
diluted base wine

Capsicum
1 mL MIBP (2-methoxy-3-isobutylpyrazine) stock (6 μL
MIBP/100 mL water) in 99 mL CuSO4 treated diluted
base wine + 5 μL (Z)-3-hexenol

Asparagus 2.5 mL Watties® canned asparagus juice + 2.5 mL
cooked pea juice in 95 mL diluted base wine

Musty flinty 12.4 μL BMT stock (8 μL BMT (benzene methane thiol)/
1 L water) in 100 mL diluted base wine

Cat’s pee 1000 ng/L 4MMP (4-mercapto-4-methylpentan-2-one)
in diluted base wine

Grass 28,800 ng/L (Z)-2-hexenol in diluted base wine

Spicy citrus 30 g ‘Yen Ben’ lemon plus 15 g “bear’ lime soaked in
diluted base wine for 30 min

Pina Colada 50 mL hexanol stock (10 μL hexanol/ 300 mL water)
in 50 mL diluted base wine

Fruity flowers 40 mL Golden Circle® Mango juice plus 40 mL Golden
Circle Golden Pash drink

Apple 70 g ‘Sciros’/Pacific Rose™ apple peeled soaked in
diluted base wine for 30 min

For data collection, 20mLwine samples were presented in standard XL5wine
glasses with lids to the panelists in triplicate. The glasses were labelled with three
digit codes and served at room temperature (c. 20 °C). A total of 16 Sauvignon
blanc wines of different ages and geographic origin were presented to the panel
across five days of data collection. The results for two Marlborough wines from
the same company are presented here, one from the 2010 vintage and thus three
years old at the time of sensory profiling, and the other just released from the 2013
vintage.
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Aroma Chemical Analyses

The wines presented to the sensory panel, and the wines obtained from the
harvesting trials described below, were analysed for concentrations of varietal
thiols, C6 compounds, wine esters, higher alcohols and terpenes, using GC-MS
procedures outlined in recent publications (5, 9, 13, 14).

Harvesting Trials

Sauvignon blanc grapes were sourced from vineyards in the Marlborough
grape growing region in April in each of three years. The trials were undertaken
in 2011 at three sites (13), in 2012 at three sites (14), and at two further sites in
the Wairau Valley area of Marlborough in 2013. In each case 50 to 100 kg of the
mix of grapes and juice that come from machine harvesting were collected in a
large picking bin. The grapes and juices were well mixed and then 10.0 kg lots
were transferred using a 2 L scoop into a series of plastic buckets. At this point the
antioxidant additions were made, consisting of sufite additions at 0, 30, 60, 120
and 300 mg/kg (ppm) of SO2 in the first 2011 trial; 30 ppm of SO2 on its own or
in conjunction with either 100 ppm ascorbic acid or 100 ppm glutathione in the
2012 trial. In the final 2013 trial, additions of either 50 ppm SO2 alone or with
100 ppm ascorbic acid, were made at the following time points after the buckets
were filled: 0, 15, 45, 75 and 120 min. At the time of antioxidant additions the
grapes and juices were stirred and lids applied to the buckets before transfer for
pressing for 10 min at 1 to 3 bar using an 80 L hydro press into 5 L plastic bottles
(13, 14), either after refrigerated transport to Auckland (2011), or at a local winery
in Marlborough (2012 and 2013), after which the pressed juices were transported
to Auckland.

After cold settling 700 mL of juice was transferred to 750 mL green wine
bottles in triplicate, and inoculated with 0.2 g/L EC1118 yeast (Lalvin, Lallemand,
Montreal, Canada). A 100 µL plastic pipette tip filled with glass wool was inserted
into a rubber stopper on each bottle to released CO2 during fermentation in a 15 °C
temperature controlled room. The fermentations were considered complete once
the weight remained unchanged for five days, and at this point samples were frozen
at -18 °C for later analyses for aroma compounds by GC-MS.

Results and Discussion
Aroma Chemistry and Sensory Profiling of Two Wines

The sensory profile and selected results of chemical analyses for two
Marborough Sauvignon blanc wines are presented to illustrate the importance
of certain compounds, including the varietal thiols, to the aroma profile. The
2013 wine was marked by high concentrations of 3MH, 3MHA and other acetate
esters, along with levels of phenylethyl alcohol and β-damascenone that were
well above their respective preception thresholds (Table 2), typical of many
young Marlborough Sauvignon blanc wines (3, 5). The presence of these aroma
compounds matches the high scores given to this wine of 55 for the sensory
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attribute “Tropical Passionfruit” (Figure 1), for which 3MHA was the reference
standard (Table 1), and 38 for “Stalky”, where 3MH was the reference. The
moderate score of 26 for “Apple lolly Banana”, based upon a mixed hexyl acetate
and isoamyl acetate standard, “Floral” at 21, and “Fruity flowers” at 35, can be
linked to the esters, phenylethyl alcohol and β-damascenone present.

Table 2. Aroma Compound Concentrations in Two Marlborough Sauvignon
Blanc Wines from the Same Company

Aroma compound 2010 wine 2013 wine Perception
Threholda

3MHA (ng/L) 22 954 4

3MH (ng/L) 3,480 3,914 60

Isoamyl acetate (μg/L 346 6,044 160

Hexyl acetate (μg/L) 68 647 400

Ethyl hexanoate (μg/L) 837 899 45

Phenylethyl alcohol (μg/L) 7,555 71,259 14,000

Hexanol (μg/L) 2,515 2,478 1,100

Dimethyl sulfide (μg/L) 170 39 25

β-damascenone (μg/L) 0.5 3.3 0.14

Linaool (μg/L) 2.8 11.5 25
a Perception threshold values from (3, 5) and references cited therein.

By contrast, the 2010 wine contained a similar high level of 3MH, and
about the same amounts of hexanol and ethyl hexanoate (Table 2), but much
lower concentrations of 3MHA and the other acetate esters, which are known to
hydrolyse with time (6, 8). The level of dimethyl sulfide was over 4 times higher
in the 2010 wine compared to the 2013 wine. Both β-damascenone and linalool
were present at lower levels in the older wine, although the latter compound was
present below perception threshold in both wines. These trends were reflected in
the similar sensory scores given to the two wines for the descriptors “Stalky” and
“Pina Colada”, the latter based upon a hexanol reference standard (Figure 1). It
can be noted here that other wines profiled in the trial, including those from made
from hand-picked grapes or produced overseas, had lower 3MH concentrations
and a lower “stalky” sensory rating.
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Figure 1. Spider plot for two Marlborough Sauvignon blanc wines profiled by a
sensory panel trained in descriptive analysis in 2013.

A much higher value of 58 for “Musty Flinty” with the 2010 wine matches
the higher content of dimethyl sulfide and a lowering of some fruity esters that
may otherwise mask this attribute. The ester-related descriptors of “Tropical
Passionfruit” and “Apple lolly Banana” were both lower with the 2010 wine,
which can be linked to the lower concentrations of the acetate esters, including
3MHA. In the case of 3MHA, the data presented in an earlier survey of 50
Sauvignon blanc wines showed a high correlation of 3MHA with tropical and
passionfruit descriptors (12), and it was found that when 3MHA was present
at levels above 200 ng/L, the “sweet-sweaty-passionfruit” descriptor was
consistently above 60, and when the concentration of 3MHA exceeded 500 ng/L,
the panel rated this descriptor with a value greater than 65. This behavior is typical
of a compound that acts as a genuine impact compound at higher concentrations,
and as a “major contributor” to the aroma profile at moderate concentrations (15).
These sensory results underscore the importance of the varietal thiols 3MH and
3MHA to the aroma profile of young Sauvignon blanc wines.
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2011 Harvesting Trial

Particular attention was paid to levels of 3MH and 3MHA in the harvesting
trials with antioxidant additions, owing to effects that juice oxidative conditions
can have on their formation indicated previously (9, 10), and their important
contribution to wine sensory profiles. There was a major impact of SO2 on the
formation of 3MH and 3MHA in the wines, and maximum levels were seen with
120 ppm sulfite additions (Figure 2). It was only at this level of sulfting that
measurable free SO2 was maintained in all of the juices during transport and
pressing prior to fermentation, matched by 420 nm absorbance values less than
0.1 units (13). By contrast juices to which either 0 or 30 ppm SO2 had been added
at harvest had no measurable free SO2, and the concentration of the polyphenol
caftaric acid declined to a low level; the 420 nm absorbance ranged from 0.16 to
0.63 units, and the juices were evidently browner and more oxidized in character.
At the other extreme, a 300 ppm SO2 addition maintained the same high level
of 3MH in the wines from all three vineyard sites, even though the fermentation
was delayed by 12-13 days and some residual sugar remained at the end of
fermentation (13). However, for 3MHA, the concentration with a 300 ppm SO2
addition was not so high, and a similar decline was seen with the other acetate
esters, pointing to some adverse effects on yeast acetylation processes.

Figure 2. Relative concentrations of the varietal thiols 3MH and 3MHA and
selected C6 compounds following different sulfite additions at harvest. The data

presented are the averages for three vineyard sites.

The C6 compounds in the wines were also monitored, being the other group
of compounds that were particularly affected by the method of harvesting in a
previous trial, with lower levels seen in wines made from hand-picked grapes
(9, 10). With no added sulfites, the level of hexanol was at a maximum, and
then declined by up to 30% as the higher SO2 applications were made (Figure 2).
The initial C6 compound formation could be greater when fewer antioxidants are
present allowing lipoxygenase enzymes act more readily on unsaturated fatty acid
substrates (16). By constrast the formation of hexyl acetate was up to 30% higher
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as more SO2was added, with the exception of the high 300 ppm SO2 addition. The
concentration of the grassy (Z)-3-hexenol was largely independent of added SO2,
as were the concentrations of most other aroma compounds.

2012 Harvesting Trial

A common winemaking practice in countries such as New Zealand is to
include ascorbic acid alongside SO2, for protection of grape juice and wine
against oxidation. There is also growing interest in the antioxidant properties of
glutathione, naturally present in the grape but not yet an allowed wine additive.
Given the delays in fermentations that can arise with higher sulfite applications,
and to avoid excessive levels for health reasons, a second trial was conducted
in which 100 ppm ascorbic acid or glutathione was added to machine harvested
grapes at harvest, alongside a moderate 30 ppm SO2 application (14).

A number of effects on the wine aroma compounds were noted, with a near
doubling in both 3MH and 3MHA when either ascorbic acid or glutathione was
added as a supplement to SO2 (Figure 3). With the inclusion of extra glutathione,
more of a further varietal thiol, 4-mercapto-4-methylpentan-2-one (4MMP), was
generated, suggesting the formation of a glutathione-conjugate precursor for this
thiol. Most other aroma compounds were unaffected, except a small decrease in
some C6 compounds and acetate esters when ascorbic acid was included (14).

Amongst the roles that the antioxidant additives can play in the juices
are direct scavenging of oxygen with ascorbic acid, and enzyme inhibition of
polyphenol oxidases to lessen quinone formation, at least in the case of SO2 (13).
All three antioxidant compounds could remove oxidized polyphenol quinones
that would otherwise react with H2S and limit its availability to react with C6
compounds to form 3MH and 3MHA (11, 17). Removal of quinones also lessens
their reaction with 3MH (18) once it is formed during fermentation.

Figure 3. Relative concentrations of the varietal thiols 3MH and 3MHA and
selected C6 compounds following a sulfite addition of 30 ppm in each case, and
with a further 100 ppm ascrobic acid or glutathione in certain treatments. The

data presented are the averages for three vineyard sites.
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2013 Harvesting Trial

The timing of the antioxidant addtions in the period following mechanical
harvesting was also examined in a trial undertaken in 2013. There was some
suggestion that a delay in the application of the antioxidants could provide
more time for lipoxygenase activity and the formation of C6 compounds that
could ultimately be transformed into 3MH and 3MHA during fermentation
(11). However, a gradual decease in wine 3MH and 3MHA content was instead
observed as the additions were made between 0 and 120 minutes after the grapes
and juice were collected in the trial buckets, and little change to the wine C6
compounds (Figure 4). There was thus benefits in the earlier application of the
antioxidants to achieve a higher thiol wine. It remains unclear how much C6
compound formation could be affected by added antioxidants in the 10-15 min
directly following mechanical harvesting and before the buckets could be filled.

With these two juices, there was no consistent increase in 3MH when 100
ppm ascorbic acid was included alongside 50 ppm of SO2, which likely provided
adequate antioxidant protection on its own. Included in this trial were some further
hand-picked samples for comparison purposes, and lower levels of 3MH, 3MHA
and the C6 alcohols were again observed (Figure 4), with particularly low levels
of the grassy compound (Z)-3-hexenol.

Figure 4. Relative concentrations of the varietal thiols 3MH and 3MHA and
selected C6 compounds following a sulfite addition of 50 ppm, with and without
ascorbic acid at 100 ppm, at various time points. The data presented are the

averages for two vineyard sites and the two antioxidant treatments.
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Concluding Remarks

As a result of a series of harvesting trails undertaken with Sauvignon blanc
in Marlborough, we now have a greater appreciation of the impact that adequate
and timely sulfite and ascorbic acid additions can have on ultimate wine aroma
composition. The findings provide tools to winemakers as they make decisions
regarding the style of wine they would like to produce.

The variable thiol potential of Sauvignon blanc juices, and their oxidative
status, raises the need for more immediate monitoring of sulfite levels and juice
browning during harvesting, the transport of juice and juice pressing. This could
lead to a “precision harvesting” approach (13), where sulfite and ascorbic acid
additions are made tailored to the needs of a particular juice, to ensure adequate
antioxidant protection but avoid excessive applications.
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Chapter 15

New Insights into Intrinsic and
Extrinsic Factors Triggering Premature

Aging in White Wines
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Institut Universitaire de la Vigne et du Vin, Jules Guyot,

UMR A 02.102 PAM AgroSup Dijon/, F-21078 Dijon France
*E-mail: alexandre.pons@u-bordeaux.fr.

Two grape antioxidants, ascorbic acid and glutathione,
and a flavan-3-ol, catechin, were analyzed and related
to the production or depletion of volatile compounds
(phenylacetaldehyde, methional, and sotolon) that act as
markers of premature aging in dry white wines. This research
assessed the impact of adding ascorbic acid (AA, 80 mg/L) and
glutathione (GSH, 10 mg/L) to a Sauvignon Blanc wine sealed
with two closures with different permeability to oxygen on wine
flavor development over 10 years’ bottle storage. A decrease
in AA was correlated with the closure’s oxygen permeability,
while GSH depletion (90 % in 12 months) was associated with
the dissolved oxygen content at bottling. Sensory analysis
revealed significant differences in the development of wine
oxidation flavors, correlated with the closure, as well as AA
and GSH content. Wines spiked with AA and GSH at bottling
were preferred by panelists to controls, without GSH. The
sensory data were in complete agreement with analytical results,
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showing that these wines had the lowest sotolon content. We
also demonstrated that, on the basis of analyzing the oxidation
markers (sotolon, methional, and phenylacetaldehyde), high
catechin levels in white wines contributed to their formation in
a temperature-dependent manner.

Introduction

Aging potential is one of the important features for high quality white wines.
One particularity of these wines is that they conserve the flavor nuances of young
wines while developing specific varietal aromas. However, this ideal aging does
not occur in every wine. Premature aging is a well-known phenomenon in white
wines (1–3), revealed by oxidative aroma degradation, leading to a rapid loss of
their varietal qualities (4): both the formation of off-flavors and the loss of floral
and fruity notes (5, 6).

Prematurely-aged white wines develop several aromatic nuances reminiscent
of honey, beeswax, and cooked vegetables and the volatile compounds associated
with these odors have now been identified. Two of them, methional and
phenylacetaldehyde, reminiscent of boiled potatoes and old rose, have detection
thresholds of 0.5 and 1 µg/L, respectively, in wine model solution (7). These
compounds, known as Strecker aldehydes, are formed by several pathways. The
first involves the degradation of amino acids with dicarbonyl compounds (8).
Generally, in wine chemistry, all dicarbonyls are potential substrates for this
reaction. Indeed, phenolic compounds that have oxidized to ortho-quinones may
be involved in the reactions that form these volatile compounds, via the Strecker
reaction (9). This suggested mechanism has been demonstrated in synthetic
solutions (10) but its contribution in wine was downplayed in a recent publication
(11). Nikolantonaki and Waterhouse (12) explained this result by determining low
first-order reaction rates between ortho-quinones and amino acids in a wine-like
solution, thus suggesting the secondary importance of this pathway in Strecker
aldehyde formation.

These carbonyls have been found to be related to the wine content in combined
SO2, suggesting that a significant part of the aldehydes could be present in wine
under the form of SO2 adduct (13). So, these carbonyls might be released from
trapped forms upon depletion of SO2 during oxidation phenomenon. The last
potential precursors are alcohols, methionol and phenylethanol, who are able to
be converted in there aldehydes forms via Fenton reactions during wine oxidation
(13, 14).

Sotolon (4,5-dimethyl-3-hydroxy-2(5)H-furanone) is a chiral volatile lactone
with an intense curry odor (15). The chemical mechanism responsible for sotolon
formation in wine involves oxygen, which explains the high sotolon content
(100-1000 µg/L) found in wine aged under oxidation conditions, e.g.: vin jaune
from the Jura (16), port, and vins doux naturels (French fortified wines) (17),
which contributes to their quality and typicality. On the contrary, its presence in
wines made traditionally under reductive conditions is considered an off-flavor.
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The presence of yeast lees and sulfur dioxide during barrel aging minimize the
attenuation of Sauvignon Blanc varietal aromas, as well as preventing sotolon
formation (15).

More recently, several authors determined the contribution of sotolon to the
oxidation aromas of prematurely-aged dry white wines (1, 2). The highest level
measured in these dry wines was 15-20 µg/L. Chemical deamination of threonine
to 2-ketobutyric acid, followed by aldol condensation with acetaldehyde, led to the
formation of racemic sotolon. 2-ketobutyric acid was also identified as a product
of the oxidative degradation of ascorbic acid (18).

Ascorbic acid is a natural antioxidant found in small quantities in grapes. It
disappears rapidly when the must first comes into contact with oxygen and during
alcoholic fermentation. Wine generally does not contain any (19). Ascorbic acid
was authorized many years ago as an antioxidant for wine in most countries.
Its use does not raise any health-related objections. It is now used in most
winegrowing countries at a maximum concentration of 150 mg/l, always in
association with sulfur dioxide. The recommended concentrations are between 50
and 100 mg/l, as higher concentrations may affect wine flavor (20). The addition
of ascorbic acid to prevent or delay the development of oxidative flavor in white
wine continues to be a matter of debate in the literature. The advantages and
disadvantages of this enological practice have been reviewed many times in the
past (21, 22). Indeed, ascorbic acid is considered a powerful antioxidant which
may also act as a pro-oxidant in specific cases, depending on its concentration
and some physicochemical parameters (i.e. dissolved oxygen and temperature).

According to several studies, the major advantage of using ascorbic acid was
its rapid elimination of oxygen dissolved at bottling (23, 24) and its capacity to
decrease the redox potential of wines (25). According to a study by Bauereinfeind
(26), ascorbic acid addition may be favorable to wine aroma, taste, and clarity.
Many years later, Peng (21), cited no protection from browning in wines
containing ascorbic acid and sulfur dioxide during bottle storage. More recently,
Skouroumounis (27) used sensory analysis to determine that adding ascorbic
acid to Chardonnay and Riesling wines was never detrimental but could, in some
cases, protect them from oxidative spoilage.

As early as 1966, Ribéreau-Gayon emphasized in the Handbook of Enology
that “ascorbic acid, associated with sulfur dioxide, is able to protect the wine
from gentle aeration but it does not work against strong oxidation” (19). This
observation was in agreement with Bradshaw (28) study, who demonstrated that
ascorbic acid had a concentration-dependent pro-oxidant effect in model solution.
According to our recent study, ascorbic acid under oxidative conditions was
associated with sotolon formation via the formation of 2-ketobutyric acid and its
reaction with acetaldehyde (18).

Another natural antioxidant found in grapes but also in wines has drawn
attention to researchers since the role of glutathione (GSH) has been considered
in preventing must browning (29). More recently, it has been reported that this
compound exerts a protective effect on certain wine aromas in Sauvignon Blanc
wines (1). In this study, Lavigne showed that spiking with GSH (10 mg/L) at
bottling had positive effects on wine color and varietal aroma; by preventing
the degradation of varietal thiols, and sotolon formation, as well as decreasing
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the intensity of yellow color after 3 years’ bottle storage. Very recently, Herbst
(30) showed that adding sulfur dioxide and glutathione slowed the decrease in
3-mercaptohexan-1-ol and 3-mercaptohexyl acetate over a 4-week period. This
phenomenon was more pronounced in the case of low oxygen exposure during
bottling and bottle aging (31). This behavior of thiols was recently explained in a
study on the reactivity of these compounds with (+) catechin and (-) epicatechin,
naturally found in white wines (32). GSH is found at high levels in young white
wines compared to volatile thiols (mg/L vs. ng/L) and may act as a radical or
quinone trap, thus protecting the volatile thiols.

Over the past fifteen years, the influence of closures on the color and flavor
of white wines has been explored in several studies, using a variety of closures
and storage conditions (33–36). It is well known that the rate of ingress of oxygen
into the bottle through the closure and closure-bottle interface affect the quality
of aging. As recently discussed, high oxygen permeability of closures is probably
responsible for the high levels of dissolved oxygen found in prematurely-aged
white wines (15). The choice of wine closure type is therefore likely to have
a considerable impact on the extent of wine oxidation (36). For example,
Brajkovich (37), corroborated this observation, concluding that the use of screw
caps stabilized the varietal flavor of Sauvignon wines (3-SH, 4-MSP) over a
two-year period. Moreover, based on these results and for the reasons cited
previously, we hypothesized that the ability of ascorbic acid to prevent white
wine from oxidative mechanisms was associated with the closure oxygen transfer
rate (OTR).

The aim of this study was to investigate the effect of adding ascorbic acid,
alone or with glutathione, on a Sauvignon Blanc wine, according to the oxygen
permeability of two closures, based on analytical and sensory approaches. The
goal of the first part of our investigation was a better understanding of the
organoleptic impact of adding ascorbic acid and GSH and their influence on
sotolon formation according to closure OTR. The second section focused on the
impact of (+)-catechin on the oxidative evolution of white wines.

Materials and Methods
Ascorbic Acid and GSH Spike in Trials

In cooperation with a winery, ascorbic acid was added to a Sauvignon Blanc
wine bottled on a large scale under commercial conditions at the CVBG bottling
facility, using two closures with very different oxygen permeabilities. Wines
were produced from Sauvignon Blanc grapes in the Bordeaux appellation during
the 2003 vintage. Standard winemaking procedure for white wines was applied,
avoiding all contact with wood (38). A single batch was divided between two 50
HL stainless steel vats. Free sulfur dioxide was adjusted (30 mg/L) and ascorbic
acid was added (80 mg/L) to the wines in vat, two days prior to bottling. GSH was
added manually to each bottle, just before filling. The overall experimental design
is presented in Table 1. 750 mL green bottles were from Saint-Gobain Emballage
(Cognac, France). The head space of the bottles was saturated with CO2 before
sealing. Bottles were inverted for one hour after bottling. The main oenological
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parameters of the white wine are presented in Table 2. The wines were bottled
at a single fill height of 10 mm, using either natural cork (Amorim, 44x24 mm,
super grade) with on average, a lower oxygen permeability or a synthetic stopper
(supremcorq, 36x21 mm) with tenfold higher oxygen permeability.

Table 1. Experimental Design

Type of closure
AA addition
(80 mg/L)

GSH addition
(10 mg/L) Cork

(Low OTR)
Synthetic
(High OTR)

No No Lw-O2 Hi-O2

No Lw-O2 AA Hi-O2 AA
2003
dry
white
Bordeaux

Yes
Yes Lw-O2 AA

GSH Hi-O2 AA GSH

Flavan-3-ols Spike in Trials

The experiment was carried out using a Sauvignon Blanc wine from the
Bordeaux area (Entre DeuxMers, 2009 vintage). The wine’s analytical parameters
were as follows: pH 3.4, 12.4% alcohol (v/v), 0.3 g/L volatile acidity (eq.
sulfuric acid), 3.4 g/L titratable acidity (eq. sulfuric acid), 21.0 mg/L free sulfur
dioxide, 48.0 mg/L total sulfur dioxide, 7 mg/L reduced glutathione, 6.1 mg/L
(+)-catechin, and 3.4 mg/L (-)-epicatechin. Wines were spiked with 50 mg/L
catechin. All wines were transferred to inert vials closed with silicone septum
and crimped with aluminum caps. Wines were stored in a thermostat-controlled
room at 20°C or 37°C for 12 months.

Oxygen Permeability Assay

This assay was performed in collaboration with LNE laboratory (Trappe,
France). The methodology was consistent with ASTM D 3985 and ISO
15105-2:2003 standard applied to oxygen permeability of plastic films. Oxygen
transmission rates were tested using an Oxtran 100 coulometer (Modem Controls
Inc., Mineapolis). The samples were conditioned for one month to remove
residual oxygen in cork cells prior to testing.

Dissolved Oxygen Assay

DOwas measured in 10 bottles of each condition a few minutes after bottling,
using an Orbisphere 31120, according to (15). Each measurement was performed
in duplicate.
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Table 2. Main Enological Parameters of the Dry Bordeaux White Wine
Studied Just after Bottling

Enological Parameters Value (SD)

Ethanol (% vol.) 12.8

AV (g/L H2SO4) 0.24

pH 3.3 (0.02)

AT (g/L H2SO4) 3.2 (0.2)

free SO2 (mg/L) * 27 (1)

total SO2 (mg/L) * 50 (2)

Ascorbic acid (mg/L) * Without nd

With 79.8 (6.2)

Glutathione (mg/L) * Without 1.9 (0.3)

With 11.2 (0.9)

Sotolon (µg/L) nd

Dissolved oxygen Without AA 1.28 (0.13)

(mg/L)** With AA 1.35 (0.18)

SD: standard deviation; nd: not detected; * average of 3 samples; ** average of 15
samples.

Sotolon, Phenylacetaldehyde, and Methional Analysis

The content of the wines was determined, using 3-octanol as an internal
standard, as previously described (15).

HPLC-FLP Flavan-3-ols Analysis

A Dionex Ultimate 3000 with a ternary pump (RS) and an autosampler
(WPS-3000RS) were coupled to a fluorimetric detector (FLD-3100). A
Chromeleon was used for acquisition, solvent delivery, and detection.
Chromatograms corresponding to excitation at 275 nm and emission at 320
nm in the fluorescence detector were used to detect and quantify the various
compounds (39). Separation was performed on a reversed-phase Beckman
Coulter Ultrasphere ODS C18 (250 mm × 4.6 mm, 5 μm). A binary solvent
was run at a flow rate of 0.7 mL/min employing (A) 5% aqueous trifluoroacetic
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acid (0.1%) and (B) acetonitrile (65%) trifluoroacetic acid (0.1%). Elution was
performed with a gradient: 0-30 min from 15 to 35% solvent B, 30-35 min from
35 to 100% B. The wine injection volume was 10 µL. Each sample was injected
three times.

Glutathione and Ascorbic Acid Analysis

The reduced glutathione was quantified as described by Lavigne (40) whereas
the ascorbic acid assay was performed as described previously by Pons (18).

Sensory Analysis

Approximately 30 mL wine was presented in black glasses corresponding
to AFNOR (Association Française des Normes) standards. Indeed, the glasses
were chosen to avoid any potential bias among the panel due to visual cues, due
to the risk that wines presented in standard, clear glasses would score higher on
attributes such as "oxidized". The sensory panel, which was similar throughout
the experiment, consisted of 15 tasters from ISVV staff with extensive experience
in white wine tasting, aged from 25 to 50. Before each session, wines from three
replicates of each treatment were blended. Basic analyses (free SO2, DO) were
carried out to ensure that the white wines were in a similar oxidation state.

The impact of adding ascorbic acid and glutathione on wine aroma was
evaluated by triangular tests in individual booths at controlled room temperature
(20°C). Sensory analysis consisted of presenting three samples, two identical and
one different, to a large number of judges (forced-choice method). The sensory
recognition test was accompanied by a question regarding the taster’s preference.
Once the tasters had determined which sample was different, they were asked
to give their preference. Results of tasters who failed in the triangular test were
not included in the preference test results. In our experiment, we considered that
the sample was preferred when at least 80 % of the panel preferred the sample
identified during the triangular test.

Moreover, after 120 months, during the last sensory analysis session, the
intensity of oxidized flavors in the six conditions was also assessed. Panelists
scored the “oxidized” attribute on a scale of 0 to 5, where 0 indicated the wine was
not oxidized and 5 corresponded to an intense oxidized flavor. Wines presenting
trichloroanisole (TCA) taint were not analyzed.

Results
Oxygen Permeability Assay

For many years in the wine industry, closure quality was mainly assessed by
its mechanical properties. Nowadays, closure oxygen permeability is considered
a key factor in wine quality during storage. Many studies have investigated this
process in recent years, producing different oxygen permeability data, leading to
contrasting conclusions. Indeed, the oxygen permeability of a stopper is linked
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to its macroporous structure (41, 42) or the existence of a preferential cork-glass
interface route for cork stoppers (43), and probably both. Direct measurements of
oxygen permeability of the stopper using various methods are presented in Table 3.
Several studies have determined that the steady state of diffusion is reached after 1
month storage, when the air trapped in the cork cells has been completely expulsed
and consumed by the wine (44, 45). For this reason, the oxygen permeability assay
was performed one month after bottling. The oxygen permeability measurements
obtained in this study were similar to those found elsewhere: the synthetic stopper
used was 10 times more permeable than natural cork, which had a value close to
the coulometer detection limit. Consequently, oxygen permeability was probably
over-estimated at 30 µL/month.

Table 3. Examples of Oxygen Permeability of Natural and Synthetic Corks
from Several Studies

OTR (µL/months)
References Natural Cork

(min-max)1
Synthetic stopper
(min-max)1

Personal results 30 < 300

(45) 52 - 200 400

(46) 15 - 240 60 - 1150

(47) 3.8 - 2600 /

(44) < 70 /
1 if data available.

It is interesting to note that oxygen permeability is not a recent concern.
Ribéreau-Gayon was the first to measure the oxygen ingress in wine bottles in
1933. This colorimetric method over 75 years’ old, based on the oxidation of
sodium hydrosulfate by oxygen in the presence of indigo carmine, was recently
successfully adapted by Lopes (48) to measure oxygen ingress with several
different stoppers. This study revealed that the oxygen permeability of synthetic
closures was systematically higher than that of natural cork. More generally, the
results obtained several authors (46, 47) highlighted the large oxygen permeability
range of natural cork.

Average dissolved oxygen concentrations assayed in wines during the two
days of bottling were low and similar. Indeed, according to Vidal (49), it is
not unusual to input up to 4 mg/L oxygen during industrial bottling. Samples
corresponding to each treatment were analyzed in a steady state.
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Figure 1. Evolution of dissolved oxygen in a dry, white Bordeaux wine spiked
or not with ascorbic acid (80 mg/L) at bottling (condition ♦ without ascorbic

acid; ▴with ascorbic acid). n=3.

Dissolved Oxygen

Dissolved oxygen concentrationsweremonitored by an electrochemical probe
during the first few days after bottling. Figure 1 shows that the consumption of
approximately 1.3 mg/L dissolved oxygen took 6 days in the presence of 80 mg/L
ascorbic acid, whereas, in the absence of ascorbic acid, 16 days were required
for concentrations to drop below 30 µg/L. Under our experimental conditions,
this dissolved oxygen level reached in a few days corresponded to the average
dissolved oxygen concentrations found in certain wines after 6months’ aging. One
month later (T0), the dissolved oxygen level in the wines was very low; almost 98
% of the dissolved oxygen at bottling had been consumed. The average dissolved
oxygen concentration was 20 µg/L and no differences were observed according to
the treatments or the type of closure.

Ascorbic Acid and GSH Evolution

Ascorbic acid is not very stable in wine and easily oxidizes into
dehydroascorbate. This instability is well known to be influenced by the
synergistic effect of molecular oxygen and catalytic metal ions (such as iron and
copper), inducing radical chain oxidation reactions. The effect of closure OTR
and GSH supplementation on ascorbic acid concentrations in dry white wines
during 10 years’ storage is shown in Figure 2. Half of the samples spiked with
ascorbic acid were also spiked with GSH (10 mg/L).
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Figure 2. Changes in ascorbic acid concentration (AA) in a dry white wine
during aging in bottles sealed with low-OTR (Lw-O2) and high-OTR (Hi-O2)
closures, with or without GSH supplementation (10 mg/L) at bottling. (n=3).

Six months after bottling, the ascorbic acid concentrations were significantly
different between the two sealing systems. Indeed, the concentration was
stable with the Lw-O2 closure (Lw-O2), but had dropped to 43 mg/l with
the Hi-O2 closure (50 % loss). Surprisingly, when GSH was added in the
Hi-O2-AA condition, ascorbic acid levels remained approximately stable over
the same period. However, beyond six months, a slow decrease in ascorbic acid
concentrations was observed in all conditions.

After 24 months’ storage, the decrease in ascorbic acid content was similar
for low- and high-OTR closures spiked with GSH, reaching more than 20 % for
theses modalities, whereas a 59% loss was measured for the high OTR closure
(Hi-O2 AA) non-spiked with GSH. These results illustrated that ascorbic acid loss
was strongly linked to the oxygen permeability of the closures. As ascorbic acid is
well known as a strong oxygen scavenger, its decrease during aging was associated
with different molecular oxygen levels in bottled dry white wines. Moreover, it
was observed for the first time that GSH addition apparently protected ascorbic
acid during bottle-aging. This finding was confirmed at 70 months. According to
several tests, GSH and AA have similar antioxidant properties (50), so it is not
surprising to observe that GSH addition protect AA during bottle aging. At the
end of the experiment (120 months), a 25 % loss was observed for the Lw-O2
AA+GSH condition, 45 % for Lw-O2 AA, 57 % for Hi-O2 AA+GSH, and, finally,
a 100 % loss for the Hi-O2 condition.
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Figure 3. Changes in GSH evolution in a bottled dry white wine according to
closure permeability (n=3).

Figure 3 shows variations in GSH concentrations in wines sealed with natural
and synthetic stoppers during 120 months’ bottle storage. GSH was more unstable
than ascorbic acid in dry white wines during bottle-aging. Indeed, six and 11
months after bottling, GSH loss reached 75 % and 85 % respectively. Beyond two
years’ storage, only traces of GSHwere detected in all wine samples. Surprisingly,
this evolution was similar for both closures independently of their OTR level. This
finding may be explained by the similar oxygen levels (~1.3 mg/L) introduced at
bottling for both closures.

Sotolon Evolution

Ascorbic Addition Effect

It was recently demonstrated that the oxidation of ascorbic acid in model
wine solution was likely to produce non-negligible amounts of sotolon (18).
Consequently, in this experiment, it was hypothesized that the concomitant
presence of dissolved oxygen and ascorbic acid was likely to promote sotolon
formation during aging in bottles sealed with a high-OTR closure.

Sotolon was not detected in the young dry white wine just after bottling or
during the first year of storage with natural cork or synthetic closures (Figure 4).
At 18 and 24 months, bottles supplemented with ascorbic acid and sealed with
synthetic closures (Hi-O2) had the highest sotolon content, Bottles with synthetic
closures non-spiked with ascorbic acid contained the second highest levels. Wine
in bottles sealed with natural corks tended to be protected from sotolon formation
compared to synthetic closures. This effect was particularly marked at 24 months,
when the sotolon content of the wine supplemented with AA and sealed with
a synthetic closure exceeded its perception threshold (2 µg/L). Of course, the
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concentrations were low, but this rapid sotolon production in a wine with a
permeable closure (300 µL O2/month), in the presence of ascorbic acid spiked at
80 mg/L, was a significant finding. However, it is noteworthy that, at 24 and 70
months, the sotolon increase was always similar in the both conditions (Hi-O2 /
Hi-O2 AA), i.e. sotolon formation was not exacerbated in the wine spiked with
ascorbic acid.

Figure 4. Sotolon evolution during bottle aging with or without ascorbic acid
supplementation, according to oxygen permeability of cork stoppers. (n=3)

Figure 5. Sotolon evolution during bottle aging with ascorbic acid or ascorbic
acid and glutathione supplementation, according to the oxygen permeability of

cork stoppers. (n=3)
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At 10 years, average sotolon concentrations in wines sealed with cork closure
were low (≤ 1.5 µg/L) but with considerable variability, probably due to the
heterogeneous permeability of cork stoppers (45, 47). Surprisingly, the highest
level (7.5 µg/L) in bottles with synthetic closure was found in non-spiked wines
(Hi-O2). This analysis indicated a clear impact on the non-protected wine (i.e.
by adding ascorbic acid) in the Hi-O2 sample. Finally, two trends were observed
in wine sealed with synthetic closures: a late, exponential evolution of sotolon
when no ascorbic acid was added at bottling (Hi-O2), contrasted with a premature
formation of sotolon, with a slow, linear evolution when the wine was spiked with
ascorbic acid at bottling (Hi-O2 AA).

GSH Addition

Figure 5 shows sotolon evolution in wines supplemented with ascorbic acid
(80 mg/L) and spiked or not with GSH (10 mg/L). The trends exhibited by these
data were similar to those obtained previously for wines spiked or not with ascorbic
acid (Figure 4): a slow increase in sotolon formation during aging in all conditions.
However, while sotolon was detected at 18 months in the Hi-O2 AA condition, 70
months were necessary to reach a similar level in the same condition spiked with
GSH (Hi-O2 AA+GSH). This phenomenon was also observed in the dry white
wine sealed with cork (Lw-O2), where concentrations below 1 µg/L were assayed
in the Lw-O2AA+GSH condition at 120 months. Generally, at 120 months, wines
supplemented with ascorbic acid and spiked with GSH at bottling had a lower
sotolon content than those supplemented with ascorbic acid alone. These results
are consistent with those of Lavigne (51), who demonstrated that adding 10 mg/
L GSH at bottling delayed sotolon formation in a Sauvignon Blanc white wine
after 3 years’ aging. These new data revealed that that, even though the wine was
protected from oxidation at bottling by adding ascorbic acid, supplementation with
GSH delayed the formation of sotolon during bottle aging.

Sensory Analysis

Effect of Ascorbic Acid Supplementation

During the experiment, wine samples were evaluated by a trained panel of 15
subjects. First, the flavors of the wines sealed with natural cork and synthetic
closure with or without added ascorbic acid were assessed by a triangular test
(Table 4). After six months’ storage, data analysis did not reveal any significant
differences between conditions supplemented with ascorbic acid or not, or those
with low- (cork) or high-OTR (synthetic) closures.

After 12 months’ storage, no difference was observed between the wines
sealed with natural corks and spiked or not with ascorbic acid at bottling. On the
contrary, a marked difference (p<0.05) was already observed between the wines
spiked or not with ascorbic acid, sealed with synthetic closures. After two years’
storage, significant differences (p<0.01) emerged between natural cork and the
synthetic closures. The stability of these perceived differences was confirmed
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during the rest of the experiment. Results of the preference test revealed that the
wines spiked with ascorbic acid were systematically preferred by the panel (when
they were able to differentiate between the control wine and the one spiked with
ascorbic acid). The choice of wine closure type is, therefore, likely to have a
considerable impact on the extent of wine oxidation. Moreover, sensory effects
related to ascorbic acid addition were detected earlier when wines were aged in
bottles with a high rather than low-OTR closures.

Table 4. Results of Triangular and Preference Tests for Ascorbic Acid
Addition (AA, 80 mg/L) for High- (Hi O2) and Low-Oxygen (Lw O2)

Permeability Closures during Aging1

Aging time (months)

6 11 18 24 40 70 120

Hi O2 Ns2 AA** AA* AA* AA* AA* AA*

Lw O2 Ns Ns Ns AA* AA* AA* AA*

1 three bottles were blended and used for the assessment. 2 for triangular test, ns: not
significant; * significant at p<0.05; ** significant at p<0.01.

Effect of GSH Supplementation

The sensory impact of adding GSH to wines spiked with ascorbic acid at
bottling was evaluated (Table 5). In the high-OTR condition (Hi-O2), significant
differences (p<0.01) were observed between wines spiked or not with GSH 18
months after bottling: the wine spiked with GSHwas preferred by the jury. Thirty-
two months later, significant differences were observed for low-OTR closures (Lw
O2). As in the case of ascorbic acid (Table 4), the jury’s preference also remained
stable throughout bottle aging. Similar, delayed trends were observed when wines
spiked with ascorbic acid and supplemented with GSH were compared to those
spiked with ascorbic acid only.

Finally, after 120 months’ aging, to conclude on the impact of these two
antioxidants on wine aging, the intensity of oxidation flavor was compared for
all the conditions (Table 6). The Friedman test used for statistical analysis was
significant at 0.1 %, which meant that tasters were able to differentiate between
wines according to the intensity of their oxidation flavors. The highest score was
obtained for Hi-O2, followed by Hi-O2 AA, Hi-O2 AA+GSH, Lw-O2, Lw-O2 AA,
and Lw-O2 AA+GSH. The wine spiked with ascorbic acid and GSH at bottling
and sealed with a low-OTR closure was perceived as the least oxidized, with very
little aging flavor, 120 months after bottling.
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Table 5. Results of Triangular and Preference Tests for GSH Addition (10
mg/L) to Wines Spiked with Ascorbic Acid (AA, 80 mg/L) for High- (Hi O2)

and Low-Oxygen (Lw O2) Permeability Closures during Aging1

Aging time (months)

6 11 18 24 40 70 120

Hi O2 AA ns2 ns GSH* GSH* GSH* GSH** GSH**

Lw O2 AA ns ns ns ns GSH* GSH* GSH**

1 three bottles were blended and used for the assessment. 2 for triangular test, ns: not
significant; * significant at p<0.05; ** significant at p<0.01

Table 6. Intensity of Oxidation Flavors Following GSH (10 mg/L) and
Ascorbic Acid (80 mg/L) Supplementation in Wines Sealed with High- (Hi
O2) and Low-Oxygen (Lw O2) Permeability Closures, 120 Months after

Bottling1

Hi O2 Lw O2

Control AA AA+G-
SH Control AA AA+GSH

Sum of
oxidation
scores1

75 a 56 b 41 c 33 d 13 e 8 f

1 Values with the same letter (a-f) were not significantly different by Friedman rank sum for
analysis of ranked data at p < 0.01

Impact of Flavan-3-ols on Strecker Aldehyde and Sotolon Formation

In 1974, Wildenradt & Singleton were the first to explore the chemical
oxidation mechanism leading to the formation of volatile compounds in wine.
More precisely, they demonstrated that the oxidation of ethanol to acetaldehyde
required the presence of polyphenols and further proposed two specific steps
(5) . Sotolon and acetaldehyde formation has also been reported in wine stored
under oxidation conditions. The identification of an aldol reaction between
acetaldehyde and α-ketobutyric acid as a possible sotolon formation pathway (18)
led us to hypothesize that the oxidation of phenolic compounds also contributed
to sotolon formation during bottle aging, via the production of acetaldehyde. The
major aim of this study was to investigate the impact of phenolic compounds on
the acceleration of negative wine aroma development particularly focusing on the
role played by Strecker aldehydes and sotolon.
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Study of Volatile Oxidation Markers and Flavan-3-ols during Bottle Aging

In order to assess the impact of flavan-3-ols (catechin and epicatechin) on
phenylacetaldehyde, methional, and sotolon formation, 54 Sauvignon Blanc wine
samples from three wineries in the Bordeaux area (two from the Pessac-Leognan
appellation (PLI, PLII) and one from the Medoc appellation (M)) were analyzed
over 18 consecutive vintages (1992 to 2009) in 2010.

The pattern of phenylacetaldehyde, methional, and sotolon production and
flavan-ol evolution related to wine oxidation during bottle aging was revealed in
the principal component analysis shown in Figure 6 and Figure 7. The results
indicated that the carbonyl compounds, sotolon, and flavan-3-ols assessed had
positive loadings on the PC1, which assesses wines according to their capacity
to produce these aroma compounds upon oxidation. Moreover, estimation of the
Pearson Kendall correlation coefficient, sotolon (r = 0.578, p <0.01) and methional
(r = 0.209, p <0.05) were also shown to be positively correlated with the wines’
flavan-3-ol content. Also, methional (r = 0, 440, p <0.01) and sotolon (r = 0.517, p
<0.01) were significantly correlated with wine age. However, phenylacetaldehyde
content was not correlated, indicating that it had a different formation pattern in
wine under oxidation conditions, dependent on its in situ precursor content.

Figure 6. PCA showing the projection of variables.
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Figure 7. Plot of PCA scores derived from analyses of phenylacetaldehyde,
methional, sotolon, flavan-3-ols, and vintage data from 54 Sauvignon Blanc wine
samples [Wine samples from three wineries in the Bordeaux area (PLI, PLII, M)

over 18 consecutive vintages (1992 to 2009)].

The second component of the PCA separated wines from different wineries
according to their vintage. Taking into account the presence of two clearly
identified groups of samples, the plot reveals that the wines on the left, under
10 years’ old, had retained their freshness, while wines over 10 years’ old had
already developed oxidative aromas, which undoubtedly caused them to lose
their varietal character. It was possible to discriminate among the wine samples
over 10 years’ old by distribution according their origin (winery). Indeed, PL II
wines containing less than 3 mg/L flavan-3-ols (data not shown) had undergone
prolonged oxidative bottling-aging without any noticeable formation of aldehydes
or sotolon. However, samples on the right of the diagram, such as M and PLI,
rapidly developed oxidation-related aroma compounds.

Impact of Catechin Supplementation on the Formation of Phenylacetaldehyde,
Methional, and Sotolon According to Temperature

The wine used for this experiment was a dry Sauvignon Blanc from Bordeaux
(France, 2009 vintage), kept under high oxygen exposure conditions (4 mg/L
dissolved oxygen) at two different temperatures (20°C and 37°C) for 12 months.
Catechin (C) (50 mg/L) was added to assess its impact on the production of
these aroma compounds. Phenylacetaldehyde, methional and sotolon, as well as
(+)-catechin were assayed in each wine. The change in 420 nm absorbance was
also monitored to measure oxidative color change during the experiment.
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Figure 8. Concentrations of phenylacetaldehyde, methional, and sotolon in white
wine, spiked or not with 50mg/L catechin (C) after 12 months’ storage at 20°C.

Figure 9. Concentrations of phenylacetaldehyde, methional, and sotolon in dry
white wine, spiked with 50 mg/L catechin (C) after 12 months’ storage at 37°C.

Within 8 months’ storage, C concentrations decreased to 15 mg/L and 6
mg/L in samples stored at 20°C and 37°C, respectively (data not shown). At
20°C, after 12 months’ storage, phenylacetaldehyde and methional were highest
in the C sample (Figure 8) and lowest in the control, albeit with a non-significant
difference for sotolon. In the equivalent samples stored at 37°C (Figure 9) the
concentrations of all tested aroma compounds in all samples were higher than at
20°C, reaching levels above their perception thresholds. At 37°C, C contained
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the highest concentrations of phenylacetaldehyde, methional, and exhibited a
dominant effect on increasing DO420 absorbance units compare to control (Figure
10). These results showed that, in oxygenated white wine at high temperatures,
phenylacetaldehyde, methional, and sotolon could be generated in excess from the
presence of C. In this case, it is likely that depletion of C promoted the formation
of some oxidation products (such as acetaldehyde and quinones) that induced the
formation of aldehydes and sotolon in a temperature-dependant manner.

Figure 10. Absorbance units at 420 nm of dry white wine, spiked with 50 mg/L
catechin (C) after 12 months’ storage at 20 and 37 °C.

Conclusion

Oxidative spoilage of white wines during aging in bottle is influenced by
their intrinsic composition, known as “aging potential” i.e. the occurrence of
antioxidant, and triggered by oxygen ingress, dependent on closure permeability.
The results obtained in this study demonstrated that, under the aging conditions
tested, similar to those found in a cellar, simultaneous addition at bottling of the
natural antioxidants ascorbic acid and glutathione provides effective protection
from flavor deterioration and sotolon formation. Not only was glutathione able
to delay the degradation of ascorbic acid but also the formation of sotolon and
oxidation flavors throughout 10 years℉ aging. This effect was independent of
closure permeability. This study emphasized once again that the choice of closure
is a crucial parameter in managing the bottle aging of white wine. It was also
demonstrated that under the experimental conditions of the study, an initial average
OTR, estimate at 30 µL/month, lower than the OTR of the synthetic closure (300
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µL/month) induced a one year delay in the oxidation of a Sauvignon Blanc wine.
We also demonstrated that, based on the analysis of oxidation markers, high (+)-
catechin concentration in dry white wines promoted their premature aging in a
storage-temperature dependent manner.

Ascorbic acid addition is permitted in wines but GSH supplementation is not
legal. Consequently, the overall results highlight the fact that preservation of the
GSH potential of grapes during winemaking is a crucial parameter for ensuring
the aging potential of a white wine.
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Chapter 16

Evolution of Anthocyanin-Derived Compounds
during Micro-Oxygenation of Red Wines with

Different Anthocyanin-Flavanol Ratios

Dominik Durner,*,1,2 Patrick Nickolaus,1 Fabian Weber,3
Hai-Linh Trieu,1 and Ulrich Fischer1

1Dienstleistungszentrum Ländlicher Raum Rheinpfalz, Competence Center
for Wine Research, Breitenweg 71, D-67435 Neustadt/Weinstrasse, Germany
2Hochschule Kaiserslautern, Department of Applied Logistics and Polymer

Sciences, Carl-Schurz-Strasse 10, D-66953 Pirmasens, Germany
3Institute of Nutritional and Food Sciences,

Chair of Food Technology and Food Biotechnology, University of Bonn,
Römerstrasse 164, D-53117 Bonn, Germany

*E-mail: dominik.durner@dlr.rlp.de.

The continuous addition of oxygen, referred to as micro-
oxygenation (MOX), is a technique mimicking the slow
oxygen ingress taking place in barrel ageing. The objective
of this study was to monitor the concentration changes
in anthocyanin-derived compounds during MOX and to
draw conclusions on the polymerization processes of
anthocyanins and flavanols in red wine. A 2013 Pinot noir was
treated with MOX applying different oxygen dosages. The
flavanol-to-anthocyanin ratio was changed prior to MOX by the
addition of a commercial tannin preparation. Color intensity,
acetaldehyde, and polymeric pigments were monitored
during MOX and compared with concentration changes of
ethylidene-bridged anthocyanin-flavanol adducts and vitisin B.
Photometric analysis revealed a continuous increase in color
intensity. More oxygen and a higher flavanol-to-anthocyanin
ratio synergistically amplified the increase in color. MOX
was also associated with an accumulation of acetaldehyde.
While acetaldehyde was noticeably affected by the amount
of oxygen applied, an altered flavanol-to-anthocyanin ratio
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had no significant influence on its accumulation. Anthocyanin
and flavanol concentrations decreased due to MOX. This
observation was accompanied by an increase in polymeric
pigments, explaining the enhanced color intensity. Higher
flavanol-to-anthocyanin ratio amplified the formation of
large polymeric pigments in particular. MOX increased
concentrations in vitisin B (+4 mg/L), ethylidene-bridged
malvidin-3-glucoside-(epi)catechin dimer (+10 mg/L), and
double ethylidene-bridged (epi)catechin-malvidin-3-glucoside-
(epi)catechin trimer (+6mg/L). Different to color and polymeric
pigments, vitisin B and ethylidene-bridged dimers reached
a constant concentration and decreased after turning off
MOX suggesting that these compounds are intermediates
in polymerization reactions. In contrast, the concentration
of the double ethylidene-bridged trimers increased linearly
showing that trimers are formed out of dimers. While
higher flavanol-to-anthocyanin ratio amplified the increase
in ethylidene-bridged trimers, vitisin B and dimers were
not affected. Hence, a higher flavanol-to-anthocyanin ratio
is thought to particularly promote the formation of large(r)
polymeric pigments.

Introduction

Many studies examining oxygen-induced changes in red wines have claimed
that small amounts of oxygen promoted balanced tannicity (1–4), enhanced fruit
aroma (4, 5), and improved color (6–9). On the other hand, oxygen can also cause
detrimental changes in red wines such as browning, lighter color, oxidized aroma,
and dry tannins (2, 4, 10, 11). Reactions triggered by oxygen in red wine include
the oxidation of phenolics with vicinal hydroxyl groups yielding highly reactive
quinones and hydrogen peroxide (12–14), the oxidation of ethanol to acetaldehyde
(12, 15), and the formation of anthocyanin derivatives, polymeric pigments, and
other polymerized polyphenols (16–19). Knowledge of these compounds, their
reactions, and their sensory impact on red wine has increased over the last decades.
It is therefore feasible to monitor reaction processes that allow controlling oxygen-
induced reactions during red winemaking.

Since its commercial release in 1996, micro-oxygenation (MOX) has become
a common practice and is now used worldwide. Although many articles have
been written on reaction products occurring upon MOX, only a few scientific
studies addressed the necessity to monitor and to control the oxygen-induced
changes during the MOX process or proposed analytical parameters for that
purpose. Carlton, et al. (20) suggested to monitor the acetaldehyde concentration
by means of a HS-SPME-GC technique as an effective method for determining
the endpoint for the MOX process. More recently, several researchers focused on
the monitoring of dissolved oxygen (DO) concentrations during MOX (21–25)
because DO indicates the balance between the consumption and dissolution of
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oxygen in wine. There is no doubt that acetaldehyde and DO recordings are
useful to control the MOX process. However, the limitations of these methods
should be considered as well. Both DO and acetaldehyde only consider initial
reactants of oxidation reactions in red wine. The objectives of MOX to improve
color and/or to soften green astringency are not regarded by these measures.

Color and astringency of red wines are driven by phenolic substances,
which are extracted during winemaking and modified during wine elaboration
and aging. Among these phenolic substances, anthocyanins and the flavanols
(+)-catechin and (-)-epicatechin are of special interest, because these are the
most abundant in red wines, can be easily evaluated by HPLC-DAD analysis,
and are highly reactive upon exposure to oxygen. Via the oxygen-induced
formation of acetaldehyde, anthocyanins and flavanols can react to compounds
such as ethylidene-bridged anthocyanin-flavanol-adducts (26–28) and – without
the participation of flavanols – to ethylidene-bridged anthocyanin dimers (29)
or vitisin B (30, 31) and – without the contribution of anthocyanins – to
ethylidene-bridged flavanol dimers (32, 33). As a result, the concentrations of
anthocyanins and flavanols decrease during MOX (6, 8, 9). Fulcrand, et al. (34)
emphasized that the ratio of flavanols to anthocyanins is of prime importance for
phenolic composition changes, because both compounds compete as nucleophilic
species in acetaldehyde-induced reactions. It would therefore be conceivable that
a relatively high concentration in anthocyanins (A >> F) entails a vast increase in
anthocyanin derivatives such as ethylidene-bridged anthocyanin dimers or vitisin
B (Figure 1). A more balanced ratio between anthocyanins and flavanols (A ≈ F)
should yield more ethylidene-bridged anthocyanin-flavanol dimers. An excess in
flavanols (F >> A) could lead to the formation of ethylidene-bridged oligomers
with a higher proportion of flavanols incorporated.

Ethylidene-bridged anthocyanin-flavanol adducts are known to shift wine
color to purple hue, enhance color intensity, and increase the resistance to sulphite
bleaching and pH changes. However, experiments in model solutions showed
that these pigments are not stable over time (35, 36). Interestingly, the color of
micro-oxygenated wines was reported to be stable for at least 20 months (37),
raising the question whether ethylidene-bridged anthocyanin-flavanol dimers can
be responsible for oxygen-induced color changes or not.

Vitisin B is generally described as a highly stable pigment although results
from Morata, et al. (38) suggest that concentrations may decrease over time.
The pyranoanthocyanin is an orange pigment (34) and may cause browning in
red wines (39). Other compounds responsible for unpleasant color changes due to
MOX have not been described yet. However, it is feasible that MOX can also lead
to less-colored compounds.

The oro-sensory characteristics of polymeric pigments and proanthocyanidins
have been thoroughly investigated by different authors. The astringency is
reported to increase with the degree of polymerization of proanthocyanidins
(40–42). The bitterness decreases with an increasing molecular weight of
proanthocyanidins (43). More recent findings showed that astringency does not
only depend on the degree of polymerization but also on the composition of the
polymers. Vidal et al. (44) assumed that adducts between proanthocyanidins
and anthocyanins are less astringent than pure proanthocyanidins. Accordingly,
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the authors concluded that the attenuation and smoothing of the mouth-feel
may be explained by polymerization processes between proanthocyanidins and
anthocyanins. More recently Weber, et al. (45) showed that a high degree of
anthocyanins incorporated in polymeric pigments is responsible for a balanced
mouth-feel and less unripe astringency perception.

Figure 1. Acetaldehyd induced formation of anthocyanin derivatives depending
on the relative proportion of anthocyanins (A) and flavanols (F).

From a winemaker’s perspective, it is desirable to promote deeply colored
and palatable anthocyanin-flavanol adducts instead of vitisin B or other weakly
colored pigments or harsh tannins. Besides aforementioned chemical theory
(34) there is only few empirical knowledge about the relation between the
flavanol-to-anthocyanin ratio, the amount of oxygen, and the formation of
pigments contributing to a stable color and a soft mouth-feel. In this study, a
2013 Pinot noir wine was treated with 10 or 20 mg O2/L/month for 12 weeks
after malolactic fermentation or elaborated without MOX becoming the control
wine. Before alcoholic fermentation, an aliquot of the Pinot noir must was
supplemented with commercial grape seed tannins approaching a different
flavanol-to-anthocyanin ratio. The tannin wine was also treated with 10 mg
O2/L/month for 12 weeks after malolactic fermentation or left untreated becoming
the tannin control wine. Process-related analysis of color, acetaldehyde, and
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polymeric pigments was used to control the efficacy of MOX. Monitoring
of different anthocyanin-derived compounds allowed to identify primary and
secondary reaction products, to make considerations about the stability of
anthocyan-flavanol adducts and vitisin B, and to understand polymerization
processes resulting in anthocyan-flavanol adducts with multiple ethylidene
bridges.

Materials and Methods

Winemaking

Vitis vinifera L. cv. Pinot noir, clone Mariafeld, grapes were harvested from
a vineyard in Oberderdingen (Württemberg, Germany) on 12 Oct in 2013. Prior
to alcoholic fermentation, de-stemmed and crushed grapes were heated to 82 °C
for 2 min and cooled down to 40°C for depectinization using 30 µL/L pectinase
(Trenolin Frio DF, Erbsloeh, Geisenheim, Germany). After 13.5 h, grapes were
pressed and the juice was clarified using a separator. An aliquot of the clarified
juice was supplemented with 200 mg/L grape seed tannins (UVATANN ST,
Ever Intec, Pramaggiore, Italy). Both, tannin supplemented and regular musts
were inoculated with 200 mg/L of the hydrated Mycoferm Cru 05 yeast strain
according to manufacturer’s instructions (Ever Intec, Pramaggiore, Italy). After
two days, the two batches were inoculated with the Extremo IT14 strain (Ever
Intec, Pramaggiore, Italy) to initiate malolactic fermentation (MLF). During
alcoholic fermentation and simultaneous MLF, tannin supplemented and regular
wines were kept at 20 °C.

Micro-Oxygenation

Fourteen days after completion of MLF, the two wines were racked off the
solids omitting sulphite addition, were subdivided into portions of 100 L, and
transferred to sealable stainless steel tanks with a diameter of 200 mm and a height
of 3200 mm for MOX experiments. Reception tanks and pipelines were flushed
with nitrogen before filling to remove atmospheric oxygen. Two different MOX
treatments with oxygen dosages of 10 and 20 mg O2/L/month were started for
a period of 12 weeks at a constant temperature of 15 °C in duplicate. Oxygen
delivery was conducted using food grade oxygen (BIOGON O E948, Linde Gas,
Pullach, Germany), a VinO2 MOX system (Ever Intec, Pramaggiore, Italy), and
ceramic diffusers with a pore size of 0.4 µm (Thonhauser, Perchtolsdorf, Austria).
The diffusers were suspended approximately 200 mm above the bottom of the
tanks. Besides MOX treatments, control batches of the same two wines were
stored without oxygen addition for the same time period at the same temperature in
duplicate (→ “control” and “tannin control”). Regardless of the treatment applied,
all batches were elaborated in identical tanks. Upon completion of MOX, all
experimental batches were sulphited by consecutive additions of SO2 in order to
achieve a stable level of 35 mg/L free SO2.
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Chemicals

Acetaldehyde (99.5 %), (+)-catechin hydrate (98 %), (-)-epicatechin (90
%), formic acid (LC-MS grade), glyoxal (40 %, w/v) phosphoric acid (85
%) and potassium dihydrogen phosphate (HPLC grade) were purchased from
Sigma-Aldrich (Taufkirchen, Germany). Acetonitrile (gradient grade), ethanol
(p.a.), potassium iodide (p.a.), sodium hydroxide pellets (p.a.) and sulfuric acid
(95-98 %) were purchased from Applichem (Darmstadt, Germany). Iodide/Iodate
concentrate for 1L standard solution (1/128 M) was purchased from Merck
Chemicals (Darmstadt, Germany). Malvidin-3-glucoside chloride (85 %)
and cyanidin-3-rutinoside chloride (97 %) were purchased from Phytoplan
(Heidelberg, Germany). The ethylidene-bridged cyanidin-3-glucoside-catechin
dimer and the double ethylidene-bridged catechin-cyanidin-3-glucoside-catechin
trimer were synthesized by the Institute of Food Chemistry, Technische Universität
Braunschweig as previously described (35). Deionized water was purified to
HPLC grade using a Millipore Milli-Q water purification system (Bedford, MA).

Chemical Analyses

Titratable acidity (TA), malic acid, pH, volatile acidity (VA), reducing sugar,
and ethanol were determined using Fourier transform mid-infrared (FT-MIR)
spectroscopy including the appropriate calibration method for red wine (Foss
WineScan FT120 Basic, Hillerød, Denmark). Free and total SO2 were analyzed
by redox titration with iodide/iodate using an automatic titrator T50 with
voltammetric indication (Mettler Toledo, Gießen, Germany). For measuring
free SO2, 2.5 mL of potassium iodide (10 %, w/v) and 5 mL sulfuric acid (5 N)
were added to 25 mL of the sample and titrated with iodide/iodate solution (3.91
mmol/L). Total SO2 content was determined by adding 10 mL sodium hydroxide
solution (2 N) to 25 mL of the sample. After 10 min incubation time, the sample
was neutralized with 5 mL of sulfuric acid and titrated as described above.
Reductone content was analyzed as described for free SO2 after addition of 5 mL
glyoxal to 25 mL sample and after incubation for 5 min. Reductone content was
subtracted from free and total SO2 values.

Acetaldehyde was analyzed by means of HS-GC/FID using a CE Instruments
GC 8000 Top (Wigan, UK). The carrier gas was supplied through the headspace
(HS) sampler by connecting the PerkinElmer TurboMatrix HS 40 Trap (Waltham,
MA) directly to the GC. To obtain vapor-liquid phase equilibrium, 10 ml of the
sample was filled in a 22.5 ml vial pre-flushed with argon and heated to 45 °C
for 50 min. The needle and the transfer line temperature of the HS sampler were
set to 115 °C. The injection time was 1.2 s. The separation was carried out by
using serially coupled columns: 10 m polar phase CP-Sil-19 CB with 0.53 mm ID
and 2.00 μm FT and 30 m apolar phase DB-1 with 0.53 mm ID and 3.00 μm FT
(both Agilent Technologies, Santa Clara, CA). Nitrogen was used as carrier gas
at a pressure of 25 kPa. The injector temperature was set to 150 °C and the FID
to 220 °C. The following GC oven temperature program was used: 32 °C for 5
min, 40 °C/min to 200 °C, hold for 5 min. The calibration curve was established
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by adding different amounts of acetaldehyde to one random sample per sampling
series. The obtained standard addition plot was applied to the rest of the samples.

Color density, calculated as the sum of absorbance at 620, 520, and 420 nm
(46), was measured by a Cary 100 double-beam spectrophotometer (Varian, Palo
Alto, CA). Large polymeric pigments (LPP), small polymeric pigments (SPP), and
tannin concentrations were analyzed by means of the Harbertson-Adams Assay as
described by Harbertson, et al. (47) and Harbertson, et al. (48).

Anthocyanins and the flavanols (+)-catechin and (-)-epicatechin (in the
following referred to as flavanols) were quantified by HPLC-DAD using a
PU-2080 Plus Intelligent HPLC Pump, a DG-2080-53 3-Line Degasser, a
LG-2080-02 Ternary Gradient Unit, a AS-2057 Plus Intelligent Sampler, a
CO-2060 Plus Intelligent Column Oven, and a MD-2010 Plus Multiwavelength
Detector (Jasco, Groß-Umstadt, Germany). The column was a Gemini NX-C18,
250 x 4.6 mm, 5 µm, 110 Å (Phenomenex, Aschaffenburg, Germany) equipped
with a guard column of the same material and kept at 40 °C. For preparation
of eluents phosphate buffer was used: 1.36 g (10 mmol) KH2PO4 in Milli-Q
water, pH adjusted to 1.5 by phosphoric acid. The two eluents were composed
as follows: Eluent A: 95 % phosphate buffer, 5 % acetonitrile; Eluent B: 50 %
phosphate buffer, 50 % acetonitrile. The following binary gradient was used with
a flow rate of 1.2 mL/min: 0 min: 100 % A; 12 min: 88 % A; 12-18 min: 88 % A;
37.5 min: 49 % A; 38 min: 25 % A; 38-41 min: 25 % A; 42 min: 100 % A; 42-43
min: 100 % A. The injection volume was 20 µL. The detection wavelengths
were 520 nm for anthocyanins and 280 nm for the flavanols (+)-catechin and
(-)-epicatechin. Anthocyanins were quantified using malvidin-3-glucoside,
flavanols were quantified using (+)-catechin and (-)-epicatechin as external
standards prepared in ethanol/water (12/88, v/v). Five working standards per
compound were prepared by diluting primary standards using the same solvent.

LC-Q-ToF-MS Analyses

A 6530 Accurate-Mass QToF LC/MS (Agilent, Santa Clara, CA) with
electrospray ionization (ESI) was connected to a 1260 UHPLC station (Agilent,
Waldbronn, Germany). The column was a Kinetex RP-18 endcapped 150 ×
2.1 mm, 2.6 µm, 100 Å (Phenomenex, Aschaffenburg, Germany) which was
kept at 40 °C. The following binary gradient was used with a flow rate of 0.4
mL/min: 0-2 min: 100 % A; 18 min: 30 % A; 22 min: 0 % A; 22-23 min:
0 % A; 24-31 min: 100 % A, with eluent A being water/acetonitrile/formic
acid (93/5/2, v/v/v) and eluent B being water/acetonitrile/formic acid (5/93/2,
v/v/v). Mass spectrometry data was acquired in the positive ionization mode.
The nebulizer was set to 35 psig. The gas temperature was 320 °C, the gas
flow was adjusted to 8 L/min. The sheath gas temperature was kept at 380
°C, the sheath gas flow was 11 L/min. The capillary and fragmentor voltage
were maintained at 3000 and 170 V, respectively. Before injection, each sample
was spiked with 1 ppb cyanidin-3-rutinoside (IStd). Vitisin B was quantified
using malvidin-3-glucoside as an external standard. Four isomers of the
ethylidene-bridged malvidin-3-glucoside-(epi)catechin dimer were quantified
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using the ethylidene-bridged cyanidin-3-glucoside-catechin dimer. Four
isomers of the double ethylidene-bridged (epi)catechin-malvidin-3-glucoside-
(epi)catechin trimer were quantified using the double ethylidene-bridged
catechin-cyanidin-3-glucoside-catechin trimer. All standards were prepared in
ethanol/water (12/88, v/v). Five working standards per compound were used
to establish calibration curves. The quantification was conducted using the
quasi molecular ions [M+H+] in MS mode. All compounds named above were
identified using exact masses of molecular ions and fragmentation patterns. As
an example for the identification procedure, the fragmentation spectrum of the
trimer is shown in Figure 2. The quasi molecular ion at m/z=1125.3196 [M+H+]
is cleaved into three fragment ions. The first at m/z=835.2432 [M+H+-290]
results from the elimination of a (epi)catechin unit; the second at m/z=545.1656
[M+H+-290-290] from both (epi)catechin units; and the third at m/z=383.1114
[M+H+-290-290-162] from both (epi)catechin units and the glucose moiety from
the malvidin-3-glucoside.

Figure 2. Fragmentation pattern of the double ethylidene-bridged
(epi)catechin-malvidin-3-glucosid-(epi)catechin trimer in wine treated with 20

mg O2/L/months.
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Statistical Analyses

Data was processed using one-way ANOVA. The least significant difference
(LSD) test was used to determine statistically different values at a significance
level of p < 0.05. Statistical analyses were performed using XLSTAT (version
2011.4.04, Addinsoft, Paris, France).

Results and Discussion

Chemical Composition of the Wine before and after MOX

Prior to MOX, the wine composition was ethanol, 12.5 % vol.; reducing
sugar, < 1 g/L; pH, 3.7; titratable acidity, 4.8 g tartaric acid equivalents/L; malic
acid, < 0.1 g/L; and volatile acidity, 0.55 g/L. The anthocyanin concentration
was 135 g/L (Table 1). The addition of 200 mg/L condensed tannins caused a
significant increase of 43 mg/L in tannin concentration and 15 mg/L in flavanol
concentration. Accordingly, the flavanol-to-anthocyanin ratio was 25 % higher
in the tannin supplemented wine.

After 12 weeks MOX, anthocyanin concentration decreased 13 % in the
control wine, 21 % in the wine treated with 10 mg O2/L/months, and 40 % in the
wine treated with 20 mg O2/L/months (Table 1). Flavanols showed a decrease
of 17 % in the control wine, 24 % in the wine treated with 10 mg O2/L/months,
and 36 % in the wine treated with 20 mg O2/L/months. In tannin supplemented
wines, anthocyanins decreased 15 % in tannin control wine and 28 % in wine
treated with 10 mg O2/L/months. The flavanols (+)-catechin and (-)-epicatechin
declined 22 % in the tannin control wine and 26 % in the wine treated with 10
mg O2/L/months. The decrease in anthocyanins and flavanols is well described in
literature and indicates polymerization and derivatization reactions of polyphenols
(6, 8, 9). In fact, the formation of polymeric pigments was significantly amplified
by MOX. While the control wine showed 41 % higher readings in polymeric
pigments after 12 weeks, the MOX treated wines showed an increase of 76 %
and 157 % for the oxygen dosages 10 mg O2/L/months and 20 mg O2/L/months.
The tannin supplemented wine yielded 87 % more polymeric pigments after 12
weeks MOX with 10 mg O2/L/months. Thus, tannin supplementation may be
regarded as an accelerating factor for the MOX induced formation of polymeric
pigments. A similar observation has been recently made by Oberholster, et al.
(49) who concluded that the synergistic effect between MOX and tannin addition
is a result of an increased acetaldehyde formation. Similar to polymeric pigments,
tannin concentrations were higher in MOX treated wines suggesting that oxygen
promoted the formation of tannic structures from lowmolecular weight flavonoids
which was also observed by Del Carmen Llaudy, Canals, Gonzalez-Manzano,
Canals, Santos-Buelga and Zamora (3). As MOX is often discussed in the context
of a higher SO2 demand in wines, the SO2 concentrations were determined after
bottling. Free SO2 concentrations were similar in all treatments ranging from 34
to 38 mg/L. Total SO2 showed no significant differences either, except for the
wine treated with 20 mg O2/L/month (Table 1). However, 109 mg/L total SO2
may be still tolerable as the value is not atypical for commercial red wines.
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Table 1. Impact of Tannin Addition and Oxygen Dosage on the Chemical Composition of the Wine before and after MOX

Tannin
additionb
(mg/L)

Oxygen
dosagec

(mg/L/month)

Anthocya-
nins (mg/L
Mv-3-gl eq.)

Flavanolsd
(mg/L

Catechin eq.)

Flavanol/
anthocyanin-
ratio (w/w)

Polymeric
Pigments
(AU)

Tannins
(mg/L

Catechin eq.)
Free SO2e
(mg/L)

Total SO2e
(mg/L)

Pre
MOX 0 135 a 78 b 0.58 0.49 de 131 f

200 130 a 93 a 0.71 0.53 d 174 c

Post
MOX 0 0 117 b 65 cde 0.55 0.69 c 136 f 34 a 84 b

0 10 107 c 59 ef 0.55 0.84 b 143 e 34 a 81 b

0 20 81 e 50 fg 0.62 1.26 a 161 d 37 a 109 a

200 0 111 bc 73 bc 0.66 0.76 bc 189 b 38 a 79 b

200 10 94 d 69 cd 0.74 1.00 ab 203 a 34 a 86 b

p valuea 0.0074 0.0381 0.0244 0.0002 0.7301 0.0347
a One-way ANOVA to compare data; n = 2: values sharing the same letter within a column are not significantly different at p ≥ 0.05. b Tannin addition
before alcoholic fermentation. c MOX treatment for 12 weeks. d Sum of (+)-catechin and (-)-epicatechin. e Free and total SO2 were analyzed 4 weeks
after completion of MOX.
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Figure 3. Evolution of color density (A) and acetaldehyde (B) during MOX with
different oxygen dosage rates for wines with and without tannin supplementation.

Monitoring Acetaldehyde and Wine Color during MOX

As an intermediate product, acetaldehyde plays a major role during MOX as
it is able to link certain flavanoid structures with each other. Liu and Pilone (50)
reported that red wines contain 30mg/L acetaldehyde on average. It can contribute
to fruity aromas in red wine at low levels. At higher concentrations the wine aroma
is considered a defect and is reminiscent of rotten apples. The sensory threshold of
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acetaldehyde in wine ranges between 100-125 mg/L (50) and therefore any strong
accumulation of acetaldehyde is supposed to determine the endpoint of MOX (20).
Monitoring acetaldehyde in our study revealed increasing concentrations during
12 weeks MOX for the wine which was treated with 20 mg O2/L/month (Figure 3
A). After 10 weeks, the concentration leveled off at 65 mg/L suggesting a state
of equilibrium between formation and consumption of acetaldehyde. The low
MOX dosage caused a slower and later increase in acetaldehyde finally reaching
a concentration of 45 mg/L. After turning off MOX, acetaldehyde concentrations
began to decrease. This observation suggests that the wine was capable to utilize
excessive acetaldehyde. Therefore, the application ofMOXmust be regarded with
a follow-up time which should be kept to reduce the acetaldehyde before SO2
addition. Tannin addition caused slightly higher acetaldehyde concentrations for
both, control and MOX treated wine. However, no synergistic effect was found
between tannin addition and MOX treatment (Figure 3 A).

Monitoring color intensity revealed a steady increase throughout 12 weeks
MOX for wines with and without tannin addition (Figure 3 B). While the color
intensity in the control wine remained unchanged during the first six weeks, wines
treated withMOX immediately inclined in color. At completion ofMOX, the color
intensity was increased by 10 % in the control wine, by 23 % in the wine which
was treated with 10 mg O2/L/month, and by 36 % in the wine which received
twice the amount of oxygen. Accordingly, the color gain was 13 % per 10 mg
O2/L/month for three months. Tannin addition caused higher color intensity for
both, control andmicro-oxygenated wine. Particularly the micro-oxygenated wine
showed a strong color increase: In fact, MOX with 10 mg O2/L/month in tannin
supplemented wines yielded similar color intensity as 20 mg O2/L/month without
tannin addition.

The amplification effect in color, observed for wines supplemented
with tannins, is most likely due to a better utilization of the oxygen
provided. Hypothetically, a higher tannin concentration could increase the
formation of acetaldehyde via the Fenton reaction. And eventually, a higher
acetaldehyde concentration may increase the yield of ethylidene-bridged
anthocyanin-flavanol-adducts. However, tannin supplementation plus MOX
yielded no higher acetaldehyde concentrations and can therefore not explain the
observed amplification in wine color.

Evolution of Polymeric Pigments, Ethylidene-Bridged Anthocyanin-
Flavanol-Adducts, and Vitisin B

The evolution of polymeric pigments is shown in Figure 4 A and B. Both,
SPP and LPP increased throughout the observation period for treated and untreated
wines. The formation of polymeric pigments was faster when MOX was applied,
which has been indicated several times before (6, 51, 52). In the last third of
the experiment, different oxygen dosages could be distinguished from each other
by means of SPP and LPP demonstrating that the method is capable to control
oxygen-induced changes. Tannin addition caused higher values for both, SPP and
LPP. While SPP were only slightly influenced, LPP readings were much higher
upon MOX. Since polymeric tannins may be regarded as direct educts in reactions
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with anthocyanins such as monomeric flavanols, a higher tannin concentration in
thewinemay have directely accelerated the oxygen-induced formation of LPP. The
delayed increase of LPP may also allow the presumption that LPP were formed
out of SPP in an ongoing polymerization process. Monomeric flavanols, which are
increased by 20% in the wine after adding the tannin preparation (Table 1), would,
therefore, be responsible for a step-by-step growth of SPP eventually turing into
LPP.

Figure 4. Evolution of Small Polymeric Pigments (A) and Large Polymeric
Pigments (B) during MOX with different oxygen dosage rates for wines with

and without tannin supplementation.
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Monitoring vitsin B during the 14 weeks of observation revealed no changes
for the untreated wine; the concentration was stable at 1.5 mg/L (Figure 5 A).
The application of 10 mg O2/L/months caused a continuous incline in vitisin B
concentration finally reaching 4.5 mg/L. In contrast, an oxygen dosage of 20
mg O2/L/months induced a steeper increase in vitisin B until week 4 reaching
a concentration of 6.5 mg/L. From this point of time, vitisin B remained stable
until the end of MOX after 12 weeks. After termination of oxygen supply, MOX
treated wines showed decreasing vitisin B concentrations indicating that this
compound is not stable, which is in good accordance with the findings of Morata,
Calderón, González, Gómez-Cordovés and Suárez (38). Assuming that vitisin B
is not subject to cleavage, the observed decrease in vitisin B concentration after
MOX is attributed to polymerization reactions. Possible reaction products are
directly linked vitisin B-flavanol adducts possessing the identical structure of
vinylflavanol-pyranoanthocyanins (53) but formed by different reaction pathway.
Furthermore it might be assumed that vitisin B acts as the anthocyanin moiety
in ethylidene-bridged anthocyanin-flavanol adducts. Tannin addition showed,
as expected, no effect on vitisin B concentration, neither in control nor in MOX
treated wines.

The evolution of the ethylidene-bridged malvidin-3-glucoside-(epi)catechin
dimer, which was quantified by the use of the isolated analytical standard, is
shown in Figure 5 B. The control wine exhibited constant concentrations of
around 7 mg/L during the 14 weeks of observation. MOX increased dimer
concentrations within the first 4 weeks. Subsequently, the ethylidene-bridged
dimer remained nearly stable exhibiting a steady state. The application of 10 mg
O2/L/months led to a maximum dimer concentration of 14 mg/L, the application
of 20 mg O2/L/months to 17 mg/L. After termination of MOX, the concentration
of the ethylidene-bridged dimer started to decrease. The formation rate of the
dimer was much faster compared to vitisin B, as well as the degradation rate
after termination of oxygen supply. This suggests that the ethylidene-bridged
dimer is (1) favored in oxygenation regimes and is (2) less stable (in the sense of
consecutive reactions/further polymerization) than vitisin B. The dimer can be
regarded as an intermediate because of the above described steady state and the
degradation after MOX.

Tannin addition before alcoholic fermentation caused higher concentrations
of the dimer prior to MOX ranging around 11 mg/L (Figure 5 B). The
higher flavanol content due to tannin addition (Table 1) may have enhanced
the production of ethylidene-bridged compounds already during alcoholic
fermentation where acetaldehyde is released by the yeast. Interestingly, the MOX
effect was quite similar for wines with and without tannin supplementation: the
difference between “tannins control” and “tannins + 10 mg O2/L/month” was
not higher than the difference between “control” and “10 mg O2/L/month”. This
means that the initial concentration of flavanols (+)-catechin and (-)-epicatechin
had no impact on the oxygen-induced formation of the ethylidene-bridged
malvidin-3-glucoside-(epi)catechin dimer. At first sight, a higher educt
concentration may be expected to increase product concentration. However,
the assumption made above, describing the dimer as an intermediate in a
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polymerization process, may explain why an altered educt concentration has no
(or only minor) impact on product concentration.

Figure 5. Evolution of vitisin B (A), ethylidene-bridged malvidin-
3-glucoside-flavanol dimer (B), and double ethylidene-bridged

flavanol-malvidin-3-glucoside-flavanol trimer (C) during MOX with different
oxygen dosage rates for wines with and without tannin supplementation.
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The concentration of the trimer, consisting of two (epi)catechin units, two
ethylidene bridges and one anthocyanin unit, is shown in Figure 5 C. While the
trimer was not found in the control wine during the 14 weeks of observation,
its concentration started to increase linearly after 4 weeks MOX in the wine
treated with 20 mg O2/L/month and after 8 weeks in the wine treated with 10 mg
O2/L/month. At termination of oxygen supply, the concentrations of the double
ethylidene-bridged (epi)catechin-malvidin-3-glucoside-(epi)catechin trimer were
7 mg/L and 2 mg/L for the high and low oxygen dosage. Within the observation
period of 13 weeks, the formation rate of the trimer was not decelerated indicating
a high stability compared to the dimer. As this trimer can only be formed in a
subsequent reaction out of the ethylidene-bridged malvidin-3-glucoside-flavanol
dimer, the increase of the trimer (1) explains the instability of dimer and (2)
demonstrates on a molecular level that the formation of polymeric pigments from
monomeric anthocyanins is a polymerization process in the sense of repetitive
reactions.

A higher flavanol concentration due to the addition of tannins resulted in a
faster increase of the trimer, which is again different to what was observed for
the dimer earlier. Weber (54) recently made similar observations in a model wine
with acetaldehyde, where higher initial flavanol concentrations did not change
concentrations in ethylidene-bridged anthocyanin-flavanol dimers, but eventually
increased the concentrations of trimers, tetramers, and pentamers with multiple
ethylidene bridges. The observations made by Weber (54) and the findings
presented in this study indicate that ethylidene-bridged anthocyanin-flavanol
adducts can increase in size by means of the formation of further ethylidene
bridges, but these are apparently not as favored as the formation of the first
ethylidene bridge between two flavanoid molecules.

Figure 6A shows the molar loss in malvidin-3-glucoside and flavanols (sum
of (+)-catechin and (-)-catechin) after 12 weeks MOX for all five treatments.
The control wine exhibited a decline of 24 µM malvidin-3-glucoside and 42
µM flavanols. This finding indicates a higher reactivity of flavanols compared
to malvidin-3-glucoside under non-oxidative conditions. The application
of MOX caused a greater loss in both compounds, which has already been
shown in Table 1 for total anthocyanins and flavanols on the basis of mass
concentrations. Interestingly, with an increasing amount of oxygen, the molar
loss of malvidin-3-glucoside and flavanols came into line, finally accounting
for almost the same value when 20 mg O2/L/month were applied. This can be
explained by the vitisin B formation, which only occurred whenMOXwas applied
(Figure 6 B). Of course, vitisin B may not be the only reason; oxygen could
have also triggered the formation of polymeric species with a higher proportion
of anthocyanins incorporated. The addition of tannins caused a larger drop in
malvidin-3-glucoside and flavanols compared to the control wine (Figure 6 A).
Again, the loss in flavanols was twice as much compared to malvidin-3-glucoside
after 12 weeks. Ethylidene-bridged compounds (Figure 6 B) were slightly
increased in the tannin control wine, which may be explained by the slightly higher
acetaldehyde concentrations (Figure 3 A). This observation is also associated with
higher readings in SPP and LPP (Figure 4 A and B). Analogous to the non-tannin
wine, MOX caused a greater loss in malvidin-3-glucoside and flavanols (Figure
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6 A); malvidin-3-glucoside was again disproportionally affected. The data in
Figure 6 B reveals that vitisin B formation was not influenced by tannin addition.
Looking at the ethylidene-bridged compounds, MOX in tannin wines caused a
similar molar increase compared to non-tannin wines when 10 mg O2/L/month
were applied. However, trimer formation was greater at the expense of dimer
formation suggesting that tannin addition promoted the -induced polymerization
process. This observation is consistent with the findings earlier showing higher
LPP readings in tannin wines upon MOX.

Figure 6. Molar loss of malvidin-3-glucoside and flavanols (A) and molar
increase of vitisin B, ethylidenebridged malvidin-3-glucoside-flavanol dimer, and
double ethylidene-bridged flavanol-malvidin-3-glucosideflavanol trimer (B) after
12 weeks MOX with different oxygen dosage rates for wines with and without

tannin supplementation.
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Table 2. Influence of MOX, Tannin Addition, and a Combined Application on Color, Educts, and Products Resulting from
Oxygen Induced Reactions

Micro-oxygenation Tannin addition Synergistic effect

Color ++ + ++

SPP ++ 0 +

LPP ++ + ++

Acetaldehyde +++ + 0

Anthocyanins --- - 0

Flavanols -- - 0

Ethylidene-bridged
anthocyanin-flavanol dimer ++ ++ 0

Double ethylidene-bridged
anthocyanin-flavanol trimer ++ + +

Vitisin B + 0 0

+++ strong increase; ++ increase; + slight increase; 0 no effect;--- strong decrease; -- decrease; -slight decrease.
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Conclusions
The application of MOX significantly increased the color intensity of the

treated Pinot noir wine. This increase was strongly dependent on the oxygen
dosage applied. Although tannin addition without MOX had little impact on wine
color, the combination of MOX and tannin addition revealed a strong synergistic
effect (Table 2). Besides color increase, polymeric pigments were formed upon
MOX. Compared to SPP, LPP formation was delayed suggesting that LPP are
formed out of SPP. A changed flavanol-to-anthocyanin ratio due to tannin addition
amplified the oxygen-induced formation of polymeric pigments, in particular the
formation of LPP.

MOX was also accompanied with an alarming increase in acetaldehyde
concentrations. However, after turning off MOX, acetaldehyde began to decrease
immediately, recommending a follow-up time to be kept after MOX in order
to reduce the SO2 demand. Although tannin addition caused slightly higher
acetaldehyde levels, tannin supplementation plus MOX did not amplify the
acetaldehyde content in the wine (Table 2).

Anthocyanin and flavanol concentrations were decreased upon MOX
treatment; anthocyanins were affected stronger than flavanols. Vice versa,
MOX triggered the formation of ethylidene-bridged anthocyanin-flavanol
oligomers as well as the formation of vitisin B (Table 2). The ethylidene-bridged
malvidin-3-glucoside-(epi)catechin dimer and vitisin B quickly reached a
constant concentration during MOX and decreased after stopping MOX. These
findings clearly indicate that the ethylidene-bridged dimer and vitisin B are only
intermediates in an ongoing polymerization process. In contrast, the concentration
of the double ethylidene-bridged trimer increased linearly suggesting that trimers
are formed in a subsequent reaction out of dimers. The oxygen-induced formation
of the ethylidene-bridge dimer and vitisin B was quite similar for wines with
and without tannin supplementation. However, the trimer formation in tannin
wines was greater compared to non-tannin wines (Table 2) suggesting that
tannin addition, and accordingly a higher flavanol-to-anthocyanin ratio, promotes
oxygen-induced polymerization processes leading to adducts of high molecular
weight.
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Chapter 17

New Insights into the Chemistry
Involved in Aroma Development during

Wine Bottle Aging: Slow Redox Processes and
Chemical Equilibrium Shifts

V. Ferreira,* M. Bueno, and E. Franco-Luesma

Laboratory for Flavor Analysis and Enology,
Aragón Institute of Engineering Research (I3A)

Analytical Chemistry, Faculty of Sciences, University of Zaragoza,
50009, Zaragoza, Spain

*E-mail: vferre@unizar.es.

This chapter summarizes some recent findings about the
occurrence and formation of oxidation and reduction related
off-odors during wine aging in the bottle. Concerning oxidation,
different wines are able to produce -per the same amount of
consumed oxygen-, quite different amounts of oxygen-related
carbonyls. Those diverse carbonyl formation rates are related to
wine metal content (iron, copper and manganese) and also to the
wine content of precursor amino acids. With a new analytical
strategy for measuring bonded and free forms of carbonyls, it
is demonstrated that part of the oxidation-related aldehydes are
already present in the wine in the form of bisulfite-complexes,
so that part of the increase in carbonyl levels noted upon
wine aging in the bottle, is just the simple consequence of the
reversion of the bisulfite complex upon oxidation of sulfite
to sulfate. A similar analytical strategy for measuring free
and bonded forms of hydrogen sulfide and small mercaptans
has revealed that the storage of wine under strict anaerobic
conditions creates eventually the conditions –lowering wine
redox potential- under which odorless mercaptan species are
transformed into odor-active forms. Only in some whites and
rosé wines, a slight “de novo” formation of mercaptans has been

© 2015 American Chemical Society
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observed, suggesting that in reds, formation of mercaptans is
more the consequence of the reduction of some unknown form
of metal cation complexed to the previously existent mercaptan
than the direct reduction of sulfur itself.

Introduction

The best wines require time for being ready to be consumed. Time is
basically required for stabilizing the color and the wine macromolecular structure,
and also for lowering astringency and for general flavor development. The
second essential component in many of those changes is oxygen, whose presence
may be crucial for color stabilization, for lowering astringency and for limiting
the production of reduced off-flavors (1, 2). But oxygen can also have nasty
consequences on wine quality by oxidizing polyfunctional mercaptans (3, 4), by
producing oxidation related aldehydes (5, 6) and by forming brown pigments (7).
Therefore, a crucial question in winemaking is to predict the best combination
of time and oxygen for reaching the best results for each specific wine. Even if
science has significantly progressed in recent years, this question does not have
today a straightforward answer because of the many open questions regarding the
chemical basis of astringency, the chemical definition of wine aroma development
and maturation and the chemical processes involved in the formation of oxidation
and reduction related aroma compounds.

Nevertheless, even if defining the chemical composition of the perfect
wine is today not possible, it seems feasible to define in chemical terms the
problems that limit what can be acceptable; i.e., to define the problems linked
to aroma reduction and to aroma oxidation which most likely will demark the
points of too much or too less oxygen points from which the wine will be no
longer valuable (8). Since our main concern is about wines which most often
are not rich in polyfunctional mercaptans, we have exclusively focused on the
production of reductive aroma, particularly SH2, dimethyl sulfide (DMS) and
Methanethiol (MeSH) and of oxidation-related aldehydes. Our main aims have
been to establish the links between the wine chemical composition and its natural
tendency to form oxidation-related aldehydes upon wine oxidation, to form or to
eliminate reductive aroma compounds and to understand the equilibria in which
both aldehydes and reduction related compounds are involved and which could
have relevance in aroma maturation.

Experimental Setup

In order to gain knowledge on these issues, three independent aging
experiments have been carried out and two new analytical strategies have been
developed. The two analytical strategies have been published recently and details
can be found in the corresponding references (9, 10).

In the first experiment 16 different Spanish red wines were stored at 25ºC
for 6 months under different oxygen regimes, ranging from 0 to 56 mg/L. The
levels of oxygen exposure were just indirectly controlled by bottling the wine in
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special vials with three barriers (internal and external septa plus and additional
plastic film with certified oxygen permeability), of which the most internal one
(internal septa) was pierced at different levels, as detailed in reference (11). For
each one of the wines, 17 different specimens were therefore produced, and these
were characterized in terms of oxidation and reduction related aroma compounds.
Original samples were characterized in terms of mineral content, polyphenols,
amino acids, antioxidant and aroma composition.

The second experiment was an accelerated oxidation experiment in which
24 previously well chemically characterized wines were subjected to a forced
oxidation procedure. Wines were saturated with oxygen, kept in clear bottles with
oxygen sensors provided by Nomacorc, and when the dissolved oxygen level of
the wine dropped to 1 ppm, or after 7 days, a sample was taken to analyze free
aldehydes, SO2 and color parameters, and the wine was resaturated with air again,
repeating the whole process along 5 cycles.

In the third experiment, the same 24 wines were stored in complete anoxia for
3 weeks at 50ºC. Samples were taken after 1.5, 5, 10 and 21 days, for the analysis
of free and total VSCs, redox potential and color parameters.

Results and Discussion

Aldehyde Formation Rates (AFRs)

The same wine stored 6 months at 25ºC under different levels of oxygen
became oxidized to different extents and produced different levels of oxidation
related aldehydes. When the amount of aldehydes, formed by each one of the 17
specimens derived from a particular wine after the 6 months of storage are plotted
versus the amount of oxygen taken by that specimen, what we observe are plots
like the one for methional shown in Figure 1.

The Figure reveal that the amount of aldehyde found in the wine is directly
related to the oxygen consumed by the wine and that the proportionality constants
are strongly dependent on the wine. In the examples given in the Figure, one of
the wines formed in average 1.2 ppb of methional for each mg/L of oxygen taken,
while the second one, formed just 0.028 ppb of the aldehyde per mg/L of oxygen
consumed.

The slopes of the least square regression lines, as shown in the figure, are the
average methional formation rates. As the linear pattern was observed in most
wines and for most aldehydes, it was possible to use linear regression analysis
to calculate those slopes which represent the average amount of aldehyde that
a wine forms per mg/L of oxygen consumed or “aldehyde formation rate” AFR
(11). Mimimum and maxima AFRs for all of the determined carbonyls and for
the 16 different wines considered in the study are summarized in Table 1. The
table reveals the existence of important differences in AFRs between samples. For
instance, in the case of methional, the sample forming the most formed 1.57 ppb
per mg/L of O2 consumed, while the sample forming the least just formed 0.028
ppb per mg/L of O2 consumed, i.e., the methional AFR of the former is 57 times
faster than that of the latter.
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Figure 1. Determination of methional formation rates in two different wines.

Another relevant observation is about the potential sensory effect of the
aldehyde formed upon oxidation on wine aroma. This can be estimated with the
help of the last column in Table 1, which gives the increase in Odor Activity
Value of the carbonyl for the wine which formed it fastest after consumption
of 25 mg/L of Oxygen. As seen in the table, methional, phenylacetaldehyde,
2- methylpropanal and 3 -methylbutanal are potentially the most important
carbonyls formed upon wine oxidation, in agreement with previous reports (12,
13). 1-octen-3-one can also be formed in aromatically relevant amounts, but that
happened only in a single wine, which formed this molecule 600 times faster than
the slowest wine.

In the particular case of Strecker aldehydes, AFRs were found to be
significantly and positively correlated to some wine components:

1. The corresponding amino acids and not the corresponding alcohols
2. The wine level of combined SO2 and of Zn

And negatively correlated to the wine content in:

1. The wine level of Free SO2
2. Wine levels of pyranoanthocyanin pigments and total flavonols

In some of the cases good PLS models could be built relating the AFR with
the wine initial composition. The Correlation Loadings of the best model found
for the particular case of methional are given in Figure 2. The model has a
satisfactory prediction power, with a Mean Root Square prediction Error (MRSE)
for methional AFR of 0.15 ppb per mg/L of Oxygen measured by cross-validation.
The model confirms what the univariated correlations had shown about the major
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importance of combined SO2 and methionine levels on the methional formation
rate, but also suggests that the AFR is the consequence of complex interactions
between wine cations and wine phenolics.

Table 1. Formation of Aldehydes upon Wine Storage under Different
Oxygen Regimes. Maxima and Minima AFRs and Potential Sensory

Significance of the Maxima AFR.

Aldehyde formation rate
(ppb per mg/L O2)

Max OAV prod. rate
(per 25 mg/L O2)

minimum maximum

methional 0.028 1.57 78.5

phenylacetaldehyde 0.34 2.49 62.3

2-methylpropanal 0.13 2.72 11.3

2-methylbutanal 0.14 1.58 2.5

3-methylbutanal 0.14 3.88 21.1

E-2-hexenal 0.000 0.004 0.0

E-2-heptenal 0.000 0.002 0.0

E-2-octenal 0.000 0.007 0.1

E-2-nonenal 0.000 0.019 0.8

1-octen-3-one 0.000 0.009 15.1

benzaldehyde 0.19 8.56 0.1

vanillin 0.51 17.6 2.2

Figure 2. Correlation Loadings of the best PLS model explaining the methional
formation rate of red wines from the wine.
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Release of Aldehydes from SO2 Complexes or De Novo Formation?

The observed correlations between AFCs and the wine level in combined
SO2, which extended to nearly all the studied aldehydes, made us think that part
of the measured increments in aldehydes were the simple consequence of the
previous existence of aldehyde-bisulfite combinations (hydroxyalquilsulphonic
acids or colloquially bisulfite adducts) from which the aldehydes were released
after the SO2 was depleted by oxidation, as recently suggested by Grant-Preece
et al. (14). In order to address this question, a novel analytical method able
to measure free forms of wine carbonyls and to provide an estimation of the
total amounts of aldehyde (total=free + bonded forms), has been developed
(10). With such a new analytical tool we have been able to estimate the
apparent aldehyde-bisulfite adduct formation constants, finding values that
confirm that the most important oxidation related aldehydes, such as methional,
phenylacetaldehyde and 3-methylbutanal are strongly complexed with SO2 (more
than 90%) at the normal free SO2 levels found in wine.

In fact, results obtained with such a method applied to the study of 24 different
wines (16 reds, 8 whites or rosés) have shown that some wines contain large
amounts of oxidation-related aldehydes in bonded non-volatile and odorless forms.
Table 2 gives an example of those findings, showing the free and total amounts of
relevant wine aldehydes found in the wines with maximum proportions of bonded
forms.

Table 2. Measured Free and Estimated Total Amounts of Oxidation-Related
Aldehydes Found in the Wines Showing Maxima Proportions of Bonded

Forms

Free (ppb) total (ppb estimated) % bonded

methional 4.8 53 91%

phenylacetaldehyde 8 130 94%

2-methylbutanal 1.5 8.5 82%

isovaleraldehyde 4 116 97%

isobutyraldehyde 6 30 80%

diacetyl (ppm) 4.0 14.7 73%

As can be seen and taking methional as example, one of the red wines
contained 4.8 ppb of free methional, which is a reasonable amount for a red wine.
However, the same wine contained 53 ppb of methional in bonded form. From
the sensory point of view, this is more than enough to make the aroma of that wine
to become oxidized if such a pool would be released into free forms. The aroma
perception would shift from a fresh fruit note (at low levels of free methional) to
raisin notes (at high levels of methional) typically found in oxidized wines (15).
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Figure 3. Percent of added methylthiobuthional in bonded forms as a function of
wine free SO2 content.

The next key question is whether such bonded forms could be effectively
released during wine oxidation. This has been studied in an accelerated oxidation
experiment in which 24 Spanish wines were subjected to 5 cycles of oxygen
saturation/consumption. At the beginning of the experiment, the wines were
spiked with the surrogates used in the analytical method. Such surrogates are
aldehydes non-naturally occurring in wine with SO2 bonding properties very
similar to those of wine natural aldehydes. For instance, for methional (methyl-
thio-propanal), the surrogated used was methylthio-butanal or buthional (10).
The plot shown in Figure 3 shows the proportion of bonded buthional of the 120
wines (24 different wines x 5 different oxidation states) as a function of the wine
content of free SO2. The plot confirms that buthional is effectively released from
the SO2 complex (the % in bonded forms decrease) as the wine is oxidized, and
that the proportion of bonded forms can be closely predicted from the buthional-
SO2 adduct apparent formation constant and the wine level in free SO2.

The amount of total aldehyde present in the original wine before the oxidation,
information that the developed procedure can provide, makes it possible to
interpret what is really happening to aldehydes in wine during oxidation. This
is shown with the help of Figure 4. The figure shows the evolution of free
methional of one particular wine during the oxidation experiment as a function of
the measured free SO2 level of the wine (main solid line). As can be seen in the
figure, the free methional levels increase continuously as the oxidation progresses
(as the level of free SO2 becomes smaller), in accordance with previous results
(see for instance Figure 1). The level of total methional estimated in the original
wine is represented by the large dot and the dotted straight line at 48 ppb. With
such a total value and the apparent formation constant of the methional-SO2
adduct it is possible to calculate the expected level of free methional associated to
a particular free SO2 concentration. Such expected levels, labeled as “estimated”
in the Figure, were totally coincident to measured levels until a free SO2 level
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of around 3 ppm. Below that point, the measured free levels of methional are
consistently above those estimated, strongly suggesting that at those low levels
of free SO2, de novo formation of methional from methionine or methionol is
actively taking place.

Figure 4. Evolution of free methional levels of a red wine along its accelerated
oxidation as a function of its free SO2 content. The dotted line labeled as

“estimated” corresponds to the calculated release of methional from the SO2-
methional adduct originally present in the wine.

In other words, this result demonstrates that wine can contain a large pool
of oxidation-related aldehydes under non-volatile odorless forms which could
eventually explain the development of oxidation-related aroma nuances without
the need for a “de novo” formation of the aldehydes.

Formation and Degradation of Mercaptans

Coming back to the first experiment, the levels of the three measured VSCs
(SH2, MeSH and DMS) in each one of the 17 specimens produced from each wine
sample were plotted versus the level of oxygen consumed by the specimen along
its storage under a specific oxygen regime, as exemplified in Figure 5 for the case
of SH2. The plot reveals the existence of a negative linear correlation between
the levels of VSC (SH2 in the figure) and the levels of oxygen consumed by the
specimen. The slopes define in these cases the depletion rates of each one of the
VSCs in each one of the 16 studied red wines (11). In the case shown in the figure,
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the slope of the regression line indicates that the SH2 degradation rate of such wine
was 0.53 ppb of SH2 per each mg/L of oxygen consumed. It should be remarked
that the method used for the analysis of VSCs was specifically designed to avoid
matrix effects by weakening intermolecular interactions between the analytes and
the matrix elements (16), so that it gives an estimation of both free and bonded
forms of VSCs (9).

Two different types of patterns emerge out of the data. In the case of hydrogen
sulfide, in all the cases there was a clear decrement in the levels of this molecule
with respect to the levels of the original wines. Such decrements were proportional
to the level of oxygen taken by the wine. In the cases of methanethiol and DMS,
in some wines the levels of these molecules in the specimens exposed to very little
amounts of oxygen in the 6 month storage period were higher than those of the
original wines.

Figure 5. Determination of SH2 depletion rate in one red wine.

Hydrogen sulfide degradation rates ranged from 0.23 to 2.3 µg/L per mg/L
O2 consumed, and such degradation rates were strongly correlated to the initial
level of hydrogen sulfide (r = -0.99), as shown in Figure 6. Such strong linear
dependence basically suggests that the oxidation kinetics of this molecule follow
a second order kinetic model, according to which oxidation rate would be
proportional to both the concentration of initial product (SH2) and of a reactant
(a wine quinone, hydrogen peroxide or other reactive oxygen species), being the
kinetic constant very similar in all the wines. This finding is consistent with the
highest reaction rates between SH2 and quinones as recently measured (17).
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Degradation rates are also correlated to Copper (r = -0.85, p < 0.0001) and
Iron (r = -0.60; p < 0.05) levels. This observation could be, however, biased by
the fact that the three wines with highest levels of Cu, contained also highest levels
of SH2. The inexistence of SH2 accumulationmay suggest that there are no specific
precursors for this molecule able to increase the total levels of SH2 in red wine,
which is what we measured in the present work.

Figure 6. Relationship between the SH2 degradation rates measured in 16 wines
and their initial content of (total) SH2.

In the cases of MeSH and DMS significant accumulations of these molecules,
with respect to the levels measured in the original wines, were found in the
specimens stored 6 months under very little contact with oxygen. The effect of
oxidation in these two cases was similar to that observed for SH2, and the levels
of both molecules decreased proportionally to the amount of oxygen taken.

In the case of MeSH a tiny but neat and significant increment on the levels
of this molecule was measured in 12 out of the 16 wines. The highest increment
measured was 6.9 ppb after 6 months of storage. Remarkably, MeSH increments
were positively correlated to the wine levels in Methionine (r = 0.53, p < 0.05),
which could be a specific precursor for MeSH, as recently demonstrated for soy
proteins (18). Formation rates were also related to total proanthocyanidin levels
(r = 0.60, p < 0.05) and negatively correlated to the wine content in resveratrol
(-0.58, p < 0.05) and Aluminium (r = -0.59, p < 0.05).

Methanethiol levels also decreased with oxidation. As no disulfide was
detected in this study, the main degradation route should be the reaction of the
mercaptan with a quinone produced through oxidation (17). As MeSH levels
were very low, degradation rates were also low and difficult to measure with
sufficient precision to extract clear conclusions. However, a trend similar to
that observed for SH2 showing a linear relationship between MeSH degradation
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rates and MeSH initial level was observed in this case. Notwithstanding this,
degradation rates are related to wine content in Copper (r = -0.59, p < 0.05), Iron
(r = -0.67, p < 0.01) and Manganese (r = -0.67, p < 0.01).

Mercaptans Also Form Stable Complexes in Wine

The fact that we could not observe any increase in SH2 in the wines stored
without contact with oxygen was unexpected and in clear contrast with published
data and with our own personal experience. This made us think that maybe the
apparent contradiction was caused by the nature of the analytical method used in
such study, which as previously explained, was designed to avoid matrix effects.
The hypothesis is that mercaptans in wine are present under the form of stable
complexes mostly with metals cations, and that those complexes could be broken
or reverted in anoxic conditions which would lead to the development of reductive
character. If the analytical method breaks such complexes, what it measures is total
forms and hence, such a method is unable to see changes affecting the distribution
of mercaptans between free and complexed forms.

Then a simple gentle headspace method has been developed in order to be
sure to measure just free forms (9). The method is fairly sensitive, linear and
repetitive, but as expected suffers from matrix effects, which simply shows that
these compounds exert strong interactions with some wine components.

As an example Table 3 shows the recoveries of different VSCs added to two
different wines, showing quite different patterns with regards to the ability of each
wine to trap mercaptans. While the first wine does not seem to have much ability
to trap them, the second one had a huge ability. Significantly, none of them was
able to trap tioethers, suggesting that the interaction was specific to the SH group.

Table 3. Recoveries of VSCs Added to Two Different Wines Using a
Headspace Analytical Method (9). Recovery of 100 Means That the
Headspace Signal Is the Same than That Found on a Synthetic Wine.

Recovery (%) SH2 MeSH EtSH DMS DES PrSH Tiophene

Wine 2 108 101 105 128 119 94.6 109

Wine 3 0.00 61.7 69.3 94.2 125 73.9 115

Table 4 gives the native content of free and complexed SH2 of the two
previous wines. The free level of SH2 was measured with the headspace method
(9), while the total level was determined with the old method involving a strong
sample pretreatment (16). The results confirm that both wines contain important
amounts of “trapped or concealed” SH2. As seen in the table, wine 3 which
was previously identified in Table 3 as the one having a strong ability to trap
mercaptans, already contains a large pool of concealed SH2, more than enough
to cause a strong reduction off-odor, but the concentration of this SH2 in the
headspace is so tiny, that no smell is being perceived.
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Table 4. Free and Total Levels of SH2 Measured in Two Wines by Using Two
Independent Analytical Methods (9, 16)

free total % Complexed

Wine 2 1.16 37.9 96.9

Wine 3 0.34 105 99.7

Three major questions remain then to be answered: First, under what forms
are SH2 and the other mercaptans trapped in the wines; second, whether those
trapped forms could somehow be released back into the headspace as free odorous
forms; and third, when and why this may happen.

Different experiments have been carried out in order to get some clues
about these questions. In a first experiment, synthetic hydroalcoholic solutions
containing VSCs and small amounts (0.5 ppm) of different metal cations
were analyzed by both analytical methods. Results for the free forms of SH2
are summarized in figure 7, which gives the headspace concentrations of
hydroalcoholic solutions containing different metal cations and 30 ppb of SH2
monitored along different days. As can be seen, SH2 is completely absent from
the beginning in the headspace of solutions containing Cu2+, decreases slowly in
those solutions containing Fe2+ and Zn2+, and remains stable in the headspaces of
solutions containing Fe3+ or Mn2+. These results clearly indicate that these two
last cations cannot bind SH2 under those conditions, while Cu2+ is particularly
effective. This is not surprising, and it is the reason why this cation is often
used in winemaking to remove the excesses of SH2 eventually produced in some
fermentations.

However, the generally accepted thinking that Cu2+ removes completely SH2
by forming a stable solid precipitate is strongly questioned by the results obtained
when the Copper-SH2 solutions were analyzed with the method for total forms,
since the method recovered most of the signal of SH2 (9).

Even in the samples that were analyzed 6 days after the SH2 was added to
the synthetic wine containing Copper, the recovery of SH2 with the method for
total forms was above 75%. What this result strongly indicates, is that SH2 is not
forming a stable irreversible precipitate with Cu2+, but rather a soluble complex
that remains in the solution and that can be relatively easily broken, suggesting that
there is a reversible chemical process. In fact, in the method for total forms the
sample is just strongly diluted in a brine and the headspace further preconcentrated
in a SPME fiber. Such dilution seems to be enough to revert the equilibrium from
the complex to the free volatile form of SH2. In other words, these results strongly
suggest that SH2 (and the other mercaptans) can be present as nonvolatile complex
forms with Cu2+ and secondarily with Fe2+ and Zn2+, and that those complex forms
are reversible.
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Figure 7. SH2 headspace levels contained in hydroalcoholic solutions containing
0.5 ppm of one cation and 30 ppb of SH2. 100% is the signal measured in a

solution without metals.

Figure 8. Evolution of free and total SH2 levels of one red wine during an
accelerated reductive storage in complete anoxia at 50ºC.

Finally, and in order to get an initial answer about the possibility that SH2 can
be formed back from complexed forms during reductive storage of wine, different
red wines have been stored for a period under strict anoxia at 50ºC. Results are
illustrated for one of the wines in Figure 8. The figure shows the evolution of free
and total forms of SH2 during the storage of the wine in reductive conditions. As
can be seen, while the level of total SH2 increased just slightly, the levels of free
SH2 increased to a point in which the levels of free forms equaled the levels of
total forms, suggesting that most of the observed increase of free SH2 is in fact a
simple release of bonded forms.
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During the storage in an anoxic environment, the redox potential (measured
only after wine O2 level dropped to 0) of that particular wine decreased by
-38mV, becoming more reductive. This was a general trend, and redox potential
of red wines decreased on average -25 mV. Moreover, the increases in free SH2
observed during the reductive storage were proportional to the decrease of the
redox potential, which may support the hypothesis that the increases of SH2 and
other mercaptans during reductive aging are at least in part caused by the release
of complexed forms by the chemical reduction of Cu2+ to Cuº producing complex
cleavage. These results do not support the current belief that reduction problems
related to the use of Cu2+ are primarily caused by the reduction of disulfides
previously formed by the oxidation of mercaptans catalyzed by the Cu2+ added
during copper finning. While such a possibility cannot be excluded, the results
presented here would support that the small amounts of Cu2+ naturally present or
further added to wine may in fact act as SH2 and mercaptan “containers” from
which these molecules could be released during reduction.
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Chapter 18

Quinone Reactions in Wine Oxidation
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Wine oxidation chemistry involves two major steps as first
described by Singleton. The formation of quinones from
phenolics followed by the creation of acetaldehyde from
ethanol. Quinones react with several wine nucleophiles
including thiols and the tannin phloroglucinol group. The
quinones can also react with SO2 and ascorbic acid as
antioxidants. Reactions with aromatic varietal thiols results
in the loss of fruity aromas, and phenolics can produce brown
products, both oxidative degradation of the wine. However,
SO2, ascorbic acid and glutathione all react very quickly
with quinones and thus can be protective antioxidants by
intercepting the quinone, avoiding oxidative degradation
reactions. Competitive reaction kinetics may provide predictive
tools for managing wine oxidation.

Introduction

The preservation of wine, as with most foods, is limited largely by its
oxidation. The earliest specific report on this question was by Pasteur, who
showed, comparing the addition of inert gas and oxygen to wine in hermetically
sealed glass ampules, that the oxygen-treated wine aged much more quickly, and
that the control showed no noticeable changes Figure 1. In fact, Pasteur attributed
all aging to oxidation (1), although it is now clear that other non-oxidation related
reactions do occur on aging, such as ester equilibration and glycoside hydrolysis.
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Figure 1. Image from Pasteur’s experiment. See Reference (1).

Others have commented on the effect of oxidation as well. In the first US
published book on wine, Rixford states, “In a few instances, where the wines
are strong enough to bear it, aging may be hastened by some exposure to the air,
but great care must be taken that they are not left too long under its influence or
disorganization many ensue (2).” In an important technology reference text from
the 1970’s Amerine et al stated that “The principal changes in flavor and bouquet
during aging in the wood are generally believed to be due to slow oxidation (3).”
Numerous other sources comment on the significance of oxidation to the stability,
flavor and color of wine. It would be of great value to winemakers to be able
to more precisely predict the wine’s capacity to resist oxidation and/or to benefit
from it. Such predictions will be based on understanding the oxidation pathways
as well as the relative reaction rates of the key reactions. This report describes our
understanding of one of those pathways as well as how that understanding arose.

Early Studies

Perhaps the first mechanistic pathway of the chemical reactions involved
in wine oxidation was defined by Vernon Singleton, Figure 2. In a paper that
linked the production of the well known oxidation product, acetaldehyde to the
oxidation of phenolic substances, Wildenradt and Singleton proposed that the
first reaction of oxygen was with phenolic substrates, and these initial products
lead to the subsequent reactions. Specifically they suggest that it is catechols
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that are oxidized to quinones, with hydrogen peroxide being the other product
of the reaction. They then show hydrogen peroxide reacting with ethanol to
yield acetaldehyde. Their data was strengthened by conducting reactions with
propanol, with the corresponding 3-carbon aldehyde, propanal, as the product (4).

Figure 2. Formation of quinone in wine oxidation as proposed by Wildenradt
and Singleton, 1974 (4). Reprinted by permission of AJEV.

One very important step in the Singleton mechanism was the identification of
the phenolic oxidation product, the quinone. Singleton referred to this as coupled
oxidation, and in subsequent papers recognized that the quinone was a reactive
species. There were two proposed fates for the quinone that appeared in these
later reports. The first expectation was that the quinone would be the precursor
to browning, as it was pigmented, and the second was reaction with an abundant
sulfur nucleophile, glutathione (GSH).

Browning was and continues to be a major issue in wine and food preservation
with entire symposia devoted to the subject (5). The extent of white wine oxidation
can be quantified by measuring the “darkening” of the wine, and the amount of
brown color can be directly related to chemical measures of oxidation as well as
the appearance of oxidized flavors as observed by a sensory panel (6). The specific
chemical reactions that lead to browning have been linked to quinones, but the
pathway and products are complex (7) and only some of the brown pigments are
known (8). The latter are derived not directly from quinone products but from
electrophilic oxidation products of organic acids.

Singleton first reported that caftaric acid was susceptible to oxidation during
juice processing, and that a product was being formed in proportion to the
losses of caftaric acid (9). He subsequently reported the first specific product
of oxidation catalyzed quinone reaction in a 1985 report that showed reaction
with GSH (10). The pathway was proposed to involve enzymatic polyphenol
oxidase (PPO) oxidation of the caftaric acid, followed by reaction with the
sulfur nucleophile, Figure 4. This product is found in most commercial wines,
a consequence of must oxidation during crushing, and reaction with naturally
occurring GSH. The observation of this product is not surprising in light of the
fact that GSH is the most abundant thiol in grape juice, and is thus most readily
available to react with the quinone. Its concentration in juices is reported in the
range of 50-320 μM (11), much higher than cysteine, reported at 8-60 μM (12),
and orders of magnitude higher than the volatile thiols, at about 2-20 nM.
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Figure 3. Quinone product with GSH, from Singleton et al 1985 (10). Reprinted
by permission of AJEV.

As a consequence of these reactions, the presence of thiols prevents
the formation of brown products. Juice browning appears to involve
hydroxycinnamates, as these are major substrates of enzymatic oxidation via PPO
and related enzymes. However, the formation of the hydroxycinnamate quinones
leads to dimeric products (Figure 4), and these products are not colored (13).

Figure 4. Quinone dimerization as reported by Fulcrand et al (13).

Instead, browning is correlated to flavan-3-ol content (14), which under
enzymatic oxidation conditions are oxidized by the hydroxycinnamate quinones
in a coupled redox reaction. The coupled oxidation leads to quinones of the
flavan-3-ols, such as catechin, epicatechin and other monomers, as well as
oligomers and condensed tannins. Some specific reactions of flavan-3-ol quinones
have been shown to yield products which have color and potentially contribute
to browning of wine and the many other flavanol-containing products that turn
brown, such as apples, tea, cocoa, etc. The mechanism of product formation
involves coupling between a quinone and the nucleophilic A-ring of another
flavanol, followed by repeated re-oxidation of the product to an electrophilic
quinone and new bond formation and re-oxidation. The product shown (Figure 5)
has color due to the large number of conjugated double bonds.
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Figure 5. Pigmented products of flavan-3-ols as described by Cheynier et al (14).

Browning is also suppressed by sulfur dioxide, with early studies reporting
that sulfite reacted with the quinone and reduced the production of melanins (15).
Chemical studies of p-quinone demonstrated early on that at low pH sulfite both
reduces and adds to quinones, leading largely to the hydroquinone, but also 20-
30% of the sulfonate addition products depending on the concentration of the
sulfite, while at higher pH, only the addition reaction is observed (16). Recent
studies with an o-quinone, more relevant to food and wine, showed largely the
same results, with the majority of the o-quinone being reduced to the catechol,
and a fraction being converted to the sulfonate (Figure 6). (17).

Figure 6. Competitive reactions of o-quinone with sulfite, from (17).

Later Studies
Quinones also react quickly with ascorbic acid, and this can be a very

protective antioxidant reaction under circumstances where ascorbate is added
to wine. The small amount found in grapes is lost during the fermentation
process. Some winemakers add ascorbate at bottling as a preservative. The first
demonstration of ascorbate reacting with ortho-quinones under wine conditions
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was reported recently (18). The only product of the reaction is the formation of
the reduced quinone, or hydroquinone. In the example from Nikolantonaki (18),
the quinone was reduced to the catechol (Figure 7).

Figure 7. Reduction of ortho-quinone to catechol.

The relative effectiveness of any particular antioxidant must be evaluated in
comparison with a reference reaction. In the case of quinone reactions in wine,
a key effect of oxidation on flavor is the loss of the desirable aromatic thiols that
provide some wines with distinctive varietal character. For instance, Sauvignon
blanc and related varieties rely on the presence of 3-mercaptohexanol (3-MH) as
an impact compounds that provides a grapefruit/citrus aroma. This compound is
of particular importance to cool-climate Sauvignon blanc such as the wines from
New Zealand (19). So, in evaluating the protective effect of antioxidants, it would
be useful to evaluate the relative reaction rates of candidate nucleophiles/reducing
agents. Possible reactions based on the known nucleophiles discussed above are
shown in Figure 8.

Figure 8. Alternate pathways for reactions of quinones with known nucleophilic
functional groups and reactants.
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A study of the reactions of the quinone of 4-methyl catechol showed the
reaction rates of a few key nucleophile and reducing agents (18). After normalizing
the rates in of the reactions, all conducted at equimolar concentrations, in terms of
3-mercaptohexanol (3-MH), it is notable that the antioxidants, SO2, ascorbate and
GSH, have much higher rates, approximately 6+ times greater. Phloroglucinol has
a much slower rate, and the amino acids do not appear to react with the quinone.
The consequence of these differing rates is that the antioxidants should all provide
excellent protection against oxidation, even with relatively low concentrations.
This would be expected as the actual concentration of 3-MH is typically a few
μg/L, compared to several to many mg/L for any of the antioxidants. Thus, with
a much lower concentration and a slower rate of reaction, 3-MH should be well
protected even with “low” levels of antioxidants.

Table 1. Relative Reaction Rates of Nucleophiles and Reducing Agents with
4-Methylcatechol (18)

Compound Relative Rate

Methionine 0.003

Phenyl alanine 0.009

Phloroglucinol 0.110

4-methyl-4-sulfanylpentan-2-one 0.100

3 Mercaptohexanol 1.000

2-furanmethanethiol 1.440

Sulfur Dioxide 5.800

Ascorbic Acid 6.000

Glutathione 6.600

Hydrogen Sulfide 7.200

Winemakers often oxygenate fermenting wines when a “reduced” aroma is
detected. Most likely this reduced aroma is the result of the yeast producing
hydrogen sulfide. As can be seen from the table, in the presence of quinones
produced by oxidation, hydrogen sulfide will react with the quinone very quickly,
possibly explaining the effectiveness of oxygen entrainment during fermentation
at removing this off-aroma.

To confirm these rates under competitive conditions, Nikolantonaki et al
looked at reactions between the ortho-quinone of 4-methycatechol using multiple
nucleophiles (20). The reactions were conducted with iso-molar concentrations
of each nucleophile, and then the product ratios were determined by LC analysis
of the products. In addition, all the products with each nucleophile were identified
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by isolation and NMR spectral analysis of each component. Thus it was possible
to determine the outcome of the reactions, comparing the product ratios against
the relative reaction rates measured previously. In both cases, approximately 1
mM quinone reacted with 4 mM of each nucleophile.

Viewing the data in Figure 9, one notes that when SO2 and ascorbic acid are
combined, the fraction of the sulfonate is very small. This suggests that ascorbic
acid might react somewhat more quickly than SO2, and that the difference is likely
to bemore than the 3%observed in the ratemeasurement experiment listed in Table
1. Comparing SO2 and GSH, it appears that the GSHmight react more slowly than
SO2, though by a small difference, and not more quickly as reported in Table 1.
Also, comparing ascorbic acid and GSH, it appears that the ascorbate is the faster
reactant. The competition reactions suggest a reactivity ranking of ascorbate > SO2
>GSH. However, the rate differences between them are fairly small and perhaps of
minor significance compared to the differences in concentration that are typically
encountered.

Figure 9. Products obtained with nucleophile pairs. AA = ascorbic acid, GSH =
glutathione, PHL = phloroglucinol, 3MH = 3 mercaptohexanol. Data from (20).

As phloroglucinol has a slow reaction rate, its fractional amount in any
of the competition reactions is expected to be fairly small, especially when
compared with ascorbate, SO2 or GSH. The ratio of the reaction rates between
these antioxidants and phloroglucinol is about 60-1; for instance phloroglucinol’s
rate is 1.5% of ascorbic acid. In the competitive reaction scenarios, the amount of
phloroglucinol observed is about 3% of those antioxidants, exceptionally close
to a prediction based on relative rates. When compared to 3-MH, the amount
of phlorglucinol is also about 3%, lower than would be expected with the lower
reaction rate of 3-MH.
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Due to this low reaction rate of phloroglucinol, it would appear that condensed
tannins and related flavan-3-ols would not be suitable substances to prevent the
loss of thiol aroma substances from reactions with quinone. Phloroglucinol is
a model for the A-ring functional group of the flavan-3-ols. However, despite
the low reaction rate, tannins may still be protective because the concentration of
tannin is very high in red wines. With amounts over 2 grams per liter in some
wines, the concentration of phloroglucinol functional groups is in the range of 5-7
mM. The concentration of 3-MH is highly variable but a level of 1.4 μg/L would
be a quite noticable level, and that would equate to 10 nM. Thus in red wine,
the effective concentration of the tannins would be about 500,000 times that of
the thiols. So, even with a reaction rate that is only one tenth that of 3-MH, the
very high concentration of tannin should make these compounds very effective
at scavenging quinone electrophiles, and preventing the loss of thiols. And, of
course, red wines are well known to be much more resistant to oxidative change
compared to white wines.

The relative product rations of 3-MH compared to the antioxidants is small,
perhaps smaller than might be expected, especially with ascorbate, where there is
only about 3.5% of the 3-MH product. This is a favorable result if ascorbate is
expected to react quickly with quinones under oxidative conditions, preventing
the reaction of 3-MH, thus preserving the citrus aroma of the 3-MH from
oxidative degradation. Similarly, GSH and SO2 competitive reactions were quite
fast by comparison with 3-MH, also suggesting these would be very effective
preservatives for thiol based aromas.

The reactions in model systems therefore predict that the substances
traditionally used for the protection of wines from oxidation appear to be very
protective. The next step is to study these reactions in actual wines in order to test
whether or not the protective effects might be compromised by anything present
in wine. It is known that sulfur dioxide binds to carbonyl compounds, but it is not
known how much this might diminish it protective effect.

To conclude, the first stage of wine oxidation involves the formation of
quinones from wine phenolics. These reactive ortho-quinones are one means
by which oxidation reactions affect wine flavor by forming covalent products
with varietal aromatic thiols, reducing fruity character. Other nucleophiles and
reducing agents can protects against this loss by reacting with the quinones instead
of the varietal thiols. In the near future it may be possible to predict the capacity
of these antioxidants to protect the wine based on known reaction kinetics and
factors that may alter the effective reaction rates.
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Chapter 19

Photodegradation of Organic Acids in a Model
Wine System Containing Iron

P. Grant-Preece,1,* C. Barril,1 L. M. Schmidtke,1 G. R. Scollary,1,2
and A. C. Clark1

1National Wine and Grape Industry Centre,
School of Agricultural and Wine Sciences, Charles Sturt University,

Locked Bag 588, Wagga Wagga, 2678, NSW, Australia
2School of Chemistry, The University of Melbourne, 3010, VIC, Australia

*E-mail: pgrant-preece@csu.edu.au.

UV-visible light has previously been shown to greatly accelerate
the degradation of tartaric acid in model wine solutions
containing iron, resulting in the production of glyoxylic acid. In
this study, model wine solutions containing tartaric acid, malic
acid, succinic acid, citric acid or lactic acid, as well as iron,
were exposed to light at wavelengths above 300 nm or stored in
darkness. All the organic acids were partially degraded in the
samples exposed to light, but were stable in the samples stored
in darkness. The photodegradation products identified using
ion-exclusion liquid chromatography with diode array and
mass spectrometry detection included a number of aldehydes
and ketones. Glyoxylic acid and 2,3-dioxopropanoic acid were
derived from tartaric acid, 3-oxopropanoic acid from malic acid
and succinic acid, 1,3-acetonedicarboxylic acid and acetoacetic
acid from citric acid and acetaldehyde from lactic acid. Possible
pathways for the formation of these compounds are discussed.
In addition, the potential implications of these reactions in
white wine are described.
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Introduction

Oxidation processes allowed to occur under controlled conditions can improve
the sensory properties of red wines (1); however, these reactions generally do
not improve white wines (2). On the contrary, in white wines, they can cause
detrimental changes such as off-odor production and brown coloration. Oxygen
has a triplet ground state, while organic compounds have singlet ground states, and
the direct reaction between oxygen and organic compounds in their ground states
is therefore spin-forbidden. Hence, triplet oxygen must be activated in order to
react with organic compounds, and in wine, this is achieved by transition metal
ions such as iron and copper. The reduced metal can activate oxygen by donating
a single electron. The oxygen radical intermediate, possibly in the form of a metal
complex (3), is further reduced to hydrogen peroxide, which is itself reduced by
iron(II) or copper(I) in the Fenton reaction (4). Tartaric acid and other organic acids
in wine have an important role in this process. At wine pH, these acids exist as a
mixture of the carboxylic acid and carboxylate anion forms. Carboxylate anions
have a high charge density and generally bind more strongly to iron(III) than to
iron(II). Polycarboxylate anions can act as polydentate ligands and therefore may
form more stable complexes with iron(III) than monocarboxylate anions. The
formation of iron(III) complexes in wine is thought to shift the iron(III)/iron(II)
equilibrium to favor the iron(III) form, which in turn promotes the reduction of
oxygen and its derivatives by iron(II) (3). Furthermore, studies in model wine
solutions suggest that the rate of oxidation is dependent on the relative proportions
of iron(II) and iron(III) (3). When iron(II) (10 mg/L) and copper(II) (0.6 mg/L)
were added to an air-saturatedmodel wine solution containing tartaric acid, oxygen
was initially consumed at a relatively rapid rate, with the simultaneous oxidation
of iron(II) to iron(III). The rate of oxygen consumption decreased and appeared to
become insignificant when about 2 mg/L of oxygen had been consumed, and the
iron(II):iron(III) ratio was close to 1:5. The addition of iron(II) to the model wine
solution without copper(II) resulted in a slower rate of oxygen consumption (3).

The Fenton reaction plays a key role in the oxidation of the major organic
compounds in wine. The hydroxyl radical has been suggested to react with wine
components at rates that are almost proportional to their concentrations (5) and
to react with organic compounds primarily via hydrogen atom abstraction and
addition to unsaturated carbon-carbon bonds (6). Ethanol in wine is oxidized
by the hydroxyl radical to the 1-hydroxyethyl radical (7), which is further
oxidized to acetaldehyde (8). Tartaric acid is degraded in model wine solutions
containing iron, resulting in the production of glyoxylic acid, which can then
react with flavan-3-ols, phenolic compounds derived from grape skins and seeds,
to form yellow-colored xanthylium cations (9, 10). There is evidence that this
is initiated via the oxidation of tartaric acid by the hydroxyl radical, leading to
the formation of hydroxyoxaloacetic acid, which would be in equilibrium with
dihydroxyfumaric acid (11) (Figure 1). It is possible that tartaric acid could be
oxidized to the extent observed in model wine solutions despite the large excess
of ethanol because tartrate anions can interact with iron(II). Sulfur dioxide, the
main preservative added to wine, reacts irreversibly with hydrogen peroxide
to form sulfuric acid, and thus can limit the Fenton reaction (12). However,
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hydrogen sulfite, the dominant form of sulfur dioxide in wine, reacts reversibly
with carbonyl compounds to form addition products (13) and this decreases the
amount of free sulfur dioxide able to scavenge hydrogen peroxide.

Figure 1. Pathways for the degradation of tartaric acid in wine, resulting in the
production of glyoxylic acid (11, 14).

Bottled white wine is exposed to UV-visible light in different situations. For
example, in the retail industry, bottles are often chilled in fridges in close proximity
to artificial light sources such as fluorescent tubes, or stored at room temperature
under these light sources. All glass wine bottles absorb wavelengths below 300 nm
and the light that reaches thewine depends on the properties of the glass (15). Light
has been found to induce a number of changes in white wine that are associated
with a decrease in wine quality. Light can induce off-odors in bottled white wine in
a relatively short period of time (16) and there is evidence that in manywhite wines
(17), this is a consequence of the photosensitized oxidation of wine components
such as sulfur-containing amino acids by riboflavin (18). Furthermore, light has
been shown to bleach the color of white wine (19) and promote brown coloration
(20) under different conditions, and to accelerate the uptake of oxygen by different
wines (2, 21) as well as the loss of sulfur dioxide (22).
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Light has also been shown to greatly accelerate the oxidation of tartaric acid
in model wine solutions containing iron. Tartaric acid was partially degraded
in a model wine solution containing iron (10 ± 5 μg/L) exposed to sunlight,
resulting in the formation of glyoxylic acid and formic acid, while it was stable
in samples stored in darkness (14). Model wine solutions containing tartaric acid
and iron have an absorption peak with a maximum around 340 nm, tailing into the
visible region, associated with iron(III) tartrate (3, 15). Studies on light-induced
degradation of iron(III) carboxylate complexes suggest that this peak most
likely corresponds to the ligand-to-metal charge transfer (LMCT) transition of
iron(III) tartrate (23). The absorption of wavelengths within the LMCT band
elicits partial electron transfer from the carboxylate ligand to iron(III), and in the
resulting excited state, the complex can degrade to form iron(II) and an oxidized
carboxylate radical. For α-hydroxy carboxylic acids, the carboxylate radical is
further degraded via decarboxylation and oxidation to form an aldehyde or a
ketone (24).

In the model wine solutions exposed to light, the authors proposed that tartaric
acid was degraded to form glyoxylic acid as a result of the photodegradation of
iron(III) tartrate and the Fenton reaction (14) (Figure 1). While the Fenton reaction
alone would appear to favor the oxidation of ethanol in preference to tartaric acid,
the evidence suggests that the light-induced degradation of iron(III) tartrate will
considerably increase the oxidation of the organic acid. Iron and exposure to
wavelengths below 520 nm were critical for the production of glyoxylic acid in
the model wine system during short-term storage, suggesting that the degradation
of tartaric acid was initiated by the photodegradation of iron(III) tartrate (15). It
was also shown that the production of glyoxylic acid under these conditions was
dependent on the oxygen concentration, with less of the compound being formed
in samples that received limited exposure to air or had a low initial oxygen
concentration (14, 15). Furthermore, acetaldehyde was detected in model wine
samples exposed to sunlight, but not in samples stored in darkness or in samples
without tartaric acid exposed to light (14). Acetaldehyde was suggested to arise
as a result of the oxidation of ethanol by the hydroxyl radical, implying that the
photodegradation of iron(III) tartrate could accelerate the production of hydrogen
peroxide from oxygen as well as the Fenton reaction, by increasing the proportion
of iron in the form of iron(II) (Figure 1). The light-induced degradation of
iron(III) complexes including iron(III) carboxylate complexes and the associated
thermal reactions that occur in the presence of oxygen have been studied in detail
in natural water (25) and wastewater (26) systems. However, it appears that with
the exception of the model wine studies described here, very little work has been
done to assess their role in the light-induced deterioration of foods and beverages.

The aim of this study was to determine whether some of the other major
organic acids in wine, namely malic acid, succinic acid, citric acid and lactic
acid, are degraded in a model wine system containing iron upon exposure to
UV-visible light above 300 nm, and to identify the products using ion-exclusion
liquid chromatography with diode array and mass spectrometry detection. In
acidic aqueous solutions, these organic acids and/or structurally related acids are
known to form iron(III) complexes that absorb light in the region above 300 nm
(23, 27). In addition, numerous studies have demonstrated that carboxylic acids
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are degraded in aqueous systems containing iron and oxygen upon exposure to
light (24). In the work described here, 12% (v/v) aqueous ethanol solutions of the
individual acids at 18 mmol/L and at wine-like concentrations were prepared. The
pH was adjusted to 3.2 and iron(II) was added at 5 mg/L, a concentration within
the range typically observed in white wines (28). The solutions were bubbled
with oxygen to promote the oxidation process, and then exposed to wavelengths
above 300 nm or left in darkness at 15 °C.

Materials and Methods
General

Glass and plastic items were soaked in 10% (v/v) nitric acid for at least
12 hours and then rinsed thoroughly with Milli-Q water. All of the solutions
were prepared using Milli-Q water. L-Tartaric acid (99.5%), glyoxylic acid
monohydrate (98%), fumaric acid (neat), pyruvic acid (98%), 3-hydroxypropanoic
acid (30%) and 1,3-acetonedicarboxylic acid (98.7%) were obtained from
Sigma-Aldrich (USA). Malonic acid (neat) was obtained from Supelco (USA).
L-(–)-Malic acid (≥ 99%), succinic acid (≥ 99.5%), anhydrous citric acid (≥
99.5%), formic acid (98%), ethyl acetoacetate (≥ 99.0%) and acetaldehyde (≥
99.5%) were obtained from Fluka (Switzerland). Tartronic acid (98%) was
obtained from ABCR GmbH & Co (Germany). Lactic acid (88% w/w) and
sodium hydroxide (1 mol/L) were obtained from Chem-supply (Australia).
Oxalic acid (≥ 99.5%), sulfuric acid (98%) and orthophosphoric acid (85%) were
obtained from Ajax Chemicals (Australia). Nitric acid (67 – 70%) was obtained
from BDH Chemicals (Australia). Iron(II) sulfate heptahydrate (≥ 99.0%) was
obtained from Biolab (Australia).

Model Wine Solutions

Solutions of the individual organic acids at 18 mmol/L, corresponding to 2.70
g/L tartaric acid, 2.41 g/L malic acid, 2.13 g/L succinic acid, 3.46 g/L citric acid
and 1.62 g/L lactic acid, were prepared in 12% (v/v) aqueous ethanol. In wine,
tartaric acid andmalic acid are typically present at similar concentrations, however
the concentrations of succinic acid, citric acid and lactic acid are generally closer to
0.8 g/L, 0.5 g/L and 0.2 g/L respectively (29), hence, additional solutions of these
acids at the wine-like concentrations were also prepared. The pH was adjusted
to 3.2 ± 0.1 through the addition of 1 mol/L sodium hydroxide or 0.5% (v/v)
sulfuric acid. Aliquots (10 mL) of each solution were added to three separate
20 mL scintillation vials. An iron(II) stock solution was prepared by dissolving
iron(II) sulfate heptahydrate in water acidified to pH 3.1 ± 0.1 and then purged
with nitrogen gas. The 10 mL samples were treated one at a time, in a randomized
order, as described below. Immediately before storage, 100 μL of the iron(II) stock
solution was added to give an iron concentration equal to 5 mg/L (0.090 mmol/L)
and then oxygen gas was bubbled through the solution for 5 min. Based on trial
experiments conducted using the tartaric acid-based model wine solution, in which
the oxygen concentration was measured using a PreSens Fibox 3 LCD trace v7
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oxygen meter and pre-calibrated PSt3 oxygen sensor, the oxygen concentration
was 33 ± 2mg/L. The trial experiments showed that the photodegradation products
were formed at higher concentrations in samples bubbled with oxygen than in air-
saturated samples, and the former was thus adopted in order to generate sufficient
amounts of the products for direct detection. Sulfur dioxide was not added to the
solutions as it most likely would have supressed the oxidation process and also
complicated the identification of any carbonyl compounds by reacting with these
species to form adducts.

Storage Conditions

After preparation of a model wine solution as outlined above, 3 mL aliquots of
the solution were added to two standard 3 mL quartz cuvettes, which were sealed
with Teflon stoppers to prevent the escape and/or ingress of oxygen during the
storage time. The sample to be exposed to light was placed in a temperature-
controlled cuvette holder, with a 2.1 cm2 elliptical window, which was positioned
28.8 cm from a 300W xenon arc lamp (Cermax LX300F, Perkin Elmer). The light
emitted by the lamp was passed through a heat-absorbing glass filter (FSQ-KG5,
Newport). The lamp had a spectral distribution similar to that of sunlight and
the filter transmitted wavelengths between approximately 300 and 860 nm. The
average intensity of the light in the range 400 – 700 nm that reached the cuvette was
16200 μmol/m2/s. The cuvette holder, lamp and filter were assembled in a custom-
made box with a lid and a shutter, which allowed samples to be initially stored
without exposure to light. The sample to be stored in darkness was wrapped in
aluminum foil and placed in an incubator (see below). Both samples were initially
left in darkness for 30 min to allow the temperature to equilibrate. At the end of
this time, the sample in the irradiation set-up was exposed to light for one hour,
while the other sample remained in darkness for the same period of time. The
temperature of the sample in the irradiation set-up was 13 ± 0.5 °C at the end of
the temperature equilibration time. It increased to 15 ± 0.5 °C within the first 10
min of exposure to the lamp and remained at this temperature for the rest of the
storage time. The temperature of the dark sample was 15 ± 0.5 °C at the end of
the temperature equilibration time and remained at this value for the duration of
the experiment.

Liquid Chromatography with Diode Array Detection (LC-DAD)

LC-DAD analysis was conducted using a Waters 2690 Separation Module
and a Waters 2996 diode array detector, run by Empower 3 software (Waters).
The method was similar to that used previously to quantify the major organic
acids and sugars in wine and must (30). Two 300 × 7.8 mm Aminex HPX-87H
cation exchange columns (Bio-Rad Laboratories, Australia), with a guard column
of the same material, were connected in series. The columns were maintained at
60 °C, the injection volume was 10 μL, the isocratic mobile phase was 0.065%
(v/v) phosphoric acid in water and the flow rate was 0.7 mL/min. The organic
acids were detected at 210 nm and all of the photodegradation products were
also detected at 210 nm, except for acetaldehyde, which was detected at 278
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nm. Tartaric acid, malic acid, succinic acid, citric acid, fumaric acid, pyruvic
acid, glyoxylic acid and acetaldehyde were quantified using external calibration
graphs. All of the photodegradation products were identified by comparison with
commercial standards, except for 2,3-dioxopropanoic acid and 3-oxopropanoic
acid, which were identified by LC-DAD-MS and accurate mass LC-MS (see
below). Acetoacetic acid was prepared from ethyl acetoacetate as described
previously (31).

Liquid Chromatography with Diode Array and Mass Spectrometry
Detection (LC-DAD-MS)

LC-DAD-MS analysis was performed using an Agilent 6410 Triple
Quadrupole LC-MS instrument with an electrospray ionization (ESI) source and
an Agilent 1200 Series LC system equipped with a diode array detector, run
by MassHunter Workstation software for Triple Quad B.03.01 (Agilent). The
conditions were the same as above, except the mobile phase was 10 mmol/L
formic acid in water and the 0.7 mL/min flow was split after the diode array
detector at a ratio of 1:3 (MS:waste), such that the flow to the MS detector was
about 0.18 mL/min. The MS detector was operated in both the negative and
positive ion modes, scanning in the region m/z 55 – 400, with a fragmentor
voltage of 30 V. The gas temperature was 325 °C, the gas flow was 8 L/min, the
nebulizer pressure was 40 psi and the capillary voltage was 4000 V.

Accurate Mass LC-MS

Accurate mass LC-MS analysis was performed using an Agilent 6530
Quadrupole-Time of Flight (Q-TOF) Accurate Mass LC-MS instrument with
an ESI source and an Agilent 1290 Infinity LC system, run by MassHunter
Workstation software for 6500 series Q-TOF B.05.01 (Agilent). The LC
conditions were the same as those used in the LC-DAD-MS method, except the
injection volume was 3 μL. The MS detector was operated in extended dynamic
range (2 GHz) mode and in both the negative and positive ion modes, scanning
in the range m/z 70 – 1700. The nozzle voltage was 1000 V, the fragmentor
voltage was 30 V, the skimmer 1 voltage was 65 V and the octopole RF peak
voltage was 750 V. The gas temperature, gas flow, nebulizer pressure and
capillary voltage were the same as those used in the LC-DAD-MS method. The
sheath gas temperature was 350 °C and the sheath gas flow was 11 L/min. The
internal reference ions for mass calibration in the negative ion mode were m/z
112.985587 and 1033.988109, and in the positive ion mode were m/z 121.050873
and 922.009798.

Results and Discussion
Degradation of the Organic Acids

Upon exposure to light at wavelengths above 300 nm, all of the organic
acids were partially degraded in the model wine system; however, they were
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stable in the samples stored in darkness. In the equimolar solutions (18 mmol/L),
the concentration of tartaric acid, malic acid, succinic acid and citric acid
decreased by 5 – 6%. Interestingly, the concentration of succinic acid decreased
by around the same absolute amount in the wine-like concentration and the 18
mmol/L solutions exposed to light, and this was also the case for the citric acid
solutions exposed to light (Table 1). Although malic acid co-eluted with one of
its photodegradation products using the 0.065% (v/v) phosphoric acid in water
mobile phase, the compounds were separated using 10 mmol/L formic acid in
water. In the 210 nm chromatogram obtained using the LC-DAD-MS method, the
peak area of malonic acid was about 0.5% that of malic acid. Hence, the error in
the measured concentration of malic acid in the irradiated samples associated with
the co-elution of malic acid and malonic acid was considered to be negligible.

Table 1. Concentrations of Tartaric Acid, Malic Acid, Succinic Acid and
Citric Acid, and Lactic Acid Monomer Peak Areas, before Storage and after

Irradiation or Storage in Darkness

Solution Initial Irradiated2 Dark3

Tartaric acid (18 mmol/L) 2.76 ± 0.05 2.60 ± 0.09 2.78 ± 0.06

Malic acid (18 mmol/L) 2.46 ± 0.02 2.32 ± 0.05 2.48 ± 0.05

Succinic acid (18 mmol/L) 2.20 ± 0.02 2.08 ± 0.07 2.19 ± 0.01

Citric acid (18 mmol/L) 3.51 ± 0.07 3.31 ± 0.02 3.53 ± 0.03

Lactic acid (18 mmol/L)1 7.5 ± 0.1 6.8 ± 0.2 7.48 ± 0.03

Succinic acid (6.8 mmol/L) 0.84 ± 0.03 0.73 ± 0.02 0.84 ± 0.01

Citric (2.6 mmol/L) 0.51 ± 0.02 0.27 ± 0.01 0.51 ± 0.01

Lactic acid (2.2 mmol/L)1 0.9 ± 0.1 0.18 ± 0.07 0.18 ± 0.07

Values are the average of three replicates ± 95% confidence limits. For all of the organic
acids except lactic acid (see below), values are concentrations in g/L. 1 The concentration
of lactic acid was not determined and reasons for this are given in the text. Values are lactic
acid monomer peak areas (× 105). 2 In all cases, the value for the solution exposed to light
was significantly lower than the initial value. 3 In all cases, the value for the solution stored
in darkness was not significantly different from the initial value.

Lactic acid was present as a mixture of the acid and various oligomers
derived through the intermolecular esterification of the acid. The peak attributed
to the lactic acid monomer and those attributed to the oligomers were identified
by LC-DAD-MS (data not shown). The different lactic acid species were only
partially separated using the methods described herein and it is possible that their
distribution may have changed during the course of the experiment due to ester
hydrolysis. Nevertheless, a comparison between the total ion and the 210 nm
chromatograms of the lactic acid solutions stored under the different conditions,
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obtained using the LC-DAD-MS method, indicated that the lactic acid oligomers
were present at similar levels in these solutions, while the amount of the lactic
acid monomer was lower in the irradiated samples than in the dark samples. The
area of the lactic acid monomer peak in the LC-DAD chromatograms extracted
at 210 nm decreased significantly in both the wine-like concentration and the 18
mmol/L lactic acid solutions upon exposure to light, while it remained unchanged
during storage in darkness (Table 1). The peak area values suggest that the
lactic acid monomer decreased by the same absolute amount in the wine-like
concentration and the 18 mmol/L lactic acid samples exposed to light.

The organic acids were degraded in the model wine solutions exposed to light
as a result of photochemical reactions. Previous studies in model wine solutions
(14, 15) and in aqueous solutions containing an organic acid and iron (24) suggest
that the organic acids were degraded largely due to the light-induced degradation
of the corresponding iron(III) carboxylate complexes. In the present study, some
of the iron(II) added to the solutions may have been oxidized to iron(III), with the
amount of iron(III) generated depending on the concentration of the organic acid,
its ability to deprotonate and the affinity of the carboxylate anions for iron(III) (3).
It should be noted that the iron(III) monohydroxy complex (Fe(III)(OH)(H2O)52+),
the main monomeric iron(III) complex in aqueous solutions at pH 2.5 – 5, has an
absorption maximum at 300 nm and can degrade upon exposure to UV radiation
to form iron(II) and a hydroxyl radical (32). Hence, this reaction may have
contributed to the degradation of the organic acids in the solutions exposed to
light. However, it is expected that in the model wine solutions the majority of the
iron(III) present would be coordinated by carboxylate anions. Furthermore, it has
been shown that glyoxylic acid was formed in a model wine solution containing
tartaric acid and iron exposed to wavelengths between 400 and 520 nm, and
under these conditions only iron(III) tartrate could have degraded, leading to the
formation of glyoxylic acid (15).

Contaminant organic acids were identified in some of the model wine
solutions. Fumaric acid (11.5 μmol/L) was detected in the 18 mmol/L malic acid
solution, and pyruvic acid (4.9 and 50.0 μmol/L, respectively) was detected in the
wine-like concentration and the 18 mmol/L lactic acid solutions. Interestingly,
pyruvic acid was completely degraded in the lactic acid solutions exposed to
light, and fumaric acid was almost completely degraded in the malic acid solution
exposed to light, while both acids were stable in the solutions stored in darkness.
Malonic acid was detected in the 18 mmol/L citric acid solution, however it was
stable under both storage conditions and possible reasons for this difference are
discussed below.

Photodegradation Products

Glyoxylic acid, oxalic acid, formic acid and tartronic acid were detected in
the irradiated tartaric acid solution, in agreement with previous studies (14, 15).
The 210 nm chromatogram of this solution also had a peak immediately before
the peak corresponding to tartaric acid (peak 2, Figure 2). The mass spectrum of
this compound, acquired in the negative ion mode, showed the most intense peak
at m/z 101, and a peak indicative of the decarboxylation of the m/z 101 ion. It also
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exhibited peaks corresponding to the hydrate and dihydrate of them/z 101 ion, and
the adducts of the species and its hydrated forms (Figure 3). The mass spectrum is
similar to that of glyoxylic acid (33), the main differences being the ability of the
unknown compound to undergo hydration at two positions, and the apparent mass
of the unknown compound, which was 28 mass units greater than that of glyoxylic
acid, suggesting that it had additional carbon and oxygen atoms. The proposed
molecular formula was confirmed by accurate mass LC-MS analysis (Table 2).
The data are consistent with 2,3-dioxopropanoic acid (Figure 4). This compound
is a reported product of the oxidation of succinic acid in an aqueous system (34).

Figure 2. LC-DAD chromatograms extracted at 210 nm of the wine-like
concentration tartaric acid, malic acid, succinic acid and citric acid solutions
exposed to light. The peaks were assigned as follows; 1 oxalic acid; 2
2,3-dioxopropanoic acid; 3 tartaric acid; 4 glyoxylic acid; 5 formic acid;
6 malic acid; 7 3-oxopropanoic acid; 8 succinic acid; 9 citric acid; 10

1,3-acetonedicarboxylic acid.

The photodegradation of iron(III) tartrate would lead to the generation
of a carboxylate radical, which can undergo decarboxylation and oxidation
to form 2-hydroxy-3-oxopropanoic acid (Figure 4). Carboxylic acids that
have a β carbonyl group can undergo thermal decarboxylation. Hence,
2-hydroxy-3-oxopropanoic acid could degrade in this manner to form
glycolaldehyde, which could then be oxidized to form a variety of two carbon
products including glyoxylic acid. Alternatively, 2-hydroxy-3-oxopropanoic acid
could be oxidized, thereby generating 2,3-dioxopropanoic acid via the oxidation
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of the alcohol group, while the oxidation of the aldehyde would give tartronic
acid (Figure 4). 2,3-Dioxopropanoic acid could then degrade via decarboxylation
and oxidation to form glyoxylic acid (Figure 4), which could in turn be oxidized
to form oxalic acid. The concentration of glyoxylic acid in the tartaric acid
solution exposed to light was 1.45 ± 0.30 mmol/L. This was more than four
times greater than the amount detected in a similar model wine solution that was
exposed to light emitted by a xenon arc lamp, filtered using glass that transmitted
300 – 400 nm or 400 – 520 nm radiation, for 30 min (15). It has been shown
that the production of glyoxylic acid in model wine solutions containing tartaric
acid and iron exposed to light is limited by the amount of oxygen present (14,
15), therefore, in this experiment, it is likely that the high oxygen concentration
contributed to the greater yield of glyoxylic acid.

Figure 3. Mass spectrum of the compound corresponding to peak 2 in Figure 2.
The spectrum was obtained using the LC-DAD-MS method, in the negative ion

mode. The compound was identified as 2,3-dioxopropanoic acid.

Oxalic acid was detected in the tartaric acid solution stored in darkness,
and the area of the oxalic acid peak was about 15% of the area of this peak in
the irradiated solution. In the solution stored in darkness, glyoxylic acid was
not detected using the LC-DAD method, however it was detected using the
LC-DAD-MS method. These compounds were not observed in an air-saturated
model wine solution containing tartaric acid and a trace amount of iron stored in
darkness for 10 days (14), or in samples with 5 mg/L iron stored in darkness for 30
min (15). Factors that may have contributed to the oxidation of tartaric acid in the
dark samples in the present study include the presence of iron, initially in the form
of iron(II), at 5 mg/L, the higher oxygen concentration, and the one-hour storage
time, which was preceded by a 30 min temperature equilibration time. Initially,
oxygen would have been reduced by iron(II) at a moderate rate, resulting in the
production of hydrogen peroxide, and oxygen consumption would have slowed as
iron(III) accumulated (3). Hydroxyl radicals generated by the Fenton reaction can
oxidize tartaric acid, leading to the formation of hydroxyoxaloacetic acid and/or
its tautomers (11). Hydroxyoxaloacetic acid could degrade via decarboxylation
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to form hydroxypyruvic acid, a tautomer of 2-hydroxy-3-oxopropanoic acid
(Figure 4). The presence of oxalic acid and glyoxylic acid in the tartaric acid
samples stored in darkness suggests that the Fenton reaction also contributed to
the degradation of tartaric acid in the samples exposed to light. This mechanism
would have occurred in both the samples exposed to light and those stored in
darkness, however the associated loss of tartaric acid may have been greater in the
samples exposed to light due to the continual conversion of iron(III) to iron(II)
via iron(III) complex photodegradation (Figure 1).

Figure 4. Proposed pathways for the degradation of tartaric acid in the model
wine system. Compounds identified in the samples exposed to light are in dashed

boxes.
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Table 2. Photodegradation Products of the Organic Acids Identified by LC-DAD and MS

Proposed compound Formula MS polarity Selected ions (m/z)1 Exact mass (m/z)2 UV maxima (nm)3

Oxalic acid C2H2O4 Negative 89 ND ND

Tartronic acid C3H4O5 Negative 75, 119 ND ND

2,3-Dioxopropanoic acid C3H2O4 Negative 57, 101, 119, 1374 100.9884 ND

Glyoxylic acid C2H2O3 Negative 73, 91, 147, 165 72.9938 207

Malonic acid C3H4O4 Negative 59, 103 103.0038 ND

3-Oxopropanoic acid C3H4O3 Negative 87, 105 87.0093 231

3-Hydroxypropanoic acid C3H6O3 Negative 89 89.0248 ND

1,3-Acetonedicarboxylic acid C5H6O5 Positive 129, 147 147.0287 242

Acetoacetic acid C4H6O3 Positive 85, 103 103.0397 ND

NDNot determined. All of the compounds, except for 2,3-dioxopropanoic acid and 3-oxopropanoic acid, were also identified by comparison with commercial
standards. 1 Ions in the mass spectrum obtained using the LC-DAD-MSmethod relevant to the assignment. 2 For all of the compounds for which an accurate
mass was obtained, the mass was within ± 10 ppm of the theoretical mass of the proposed compound. 3 UV absorption maxima were only recorded for
compounds that had a maximum absorbance > 0.002. 4 Refer to Figure 3 for the mass spectrum of the compound identified as 2,3-dioxopropanoic acid.
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Acetaldehyde was detected in most of the irradiated samples using the LC-
DAD method, though in many of these samples it was only marginally above the
limit of quantification (0.16 mmol/L). The absence of acetaldehyde in some of the
irradiated samples may have been due to the loss of the compound before analysis,
as it is relatively volatile. Acetaldehyde was not detected in any of the samples
stored in darkness. The light-induced production of acetaldehyde was previously
observed in a model wine solution containing tartaric acid and iron, and in this
system, acetaldehyde was suggested to arise from ethanol as a consequence of
the Fenton reaction. In addition, the formation of acetaldehyde was shown to be
dependent on the presence of tartaric acid, as it was not detected in a tartrate-free
aqueous ethanol solution at pH 3.2 exposed to sunlight (14). This suggests that
the light-induced degradation of iron(III) carboxylate complexes to form iron(II)
and an oxidized carboxylate radical, could in turn accelerate oxygen consumption,
as well as the Fenton reaction, resulting in the more rapid oxidation of ethanol to
acetaldehyde.

Malic acid was degraded in the model wine solution exposed to light to form
malonic acid and a second compound, corresponding to peak 7 in Figure 2. The
mass spectrum of this compound, acquired in the negative ion mode, showed ions
with m/z 87 and 105, the latter ion consistent with the hydration of the m/z 87
ion. The exact mass indicated that the molecular formula was C3H4O3 (Table 2).
This suggested that the compound could be 3-oxopropanoic acid or pyruvic acid
(2-oxopropanoic acid), although pyruvic acid had a different retention time to that
of peak 7, and it was thus concluded that the compound was 3-oxopropanoic acid.
This compound is the product of the light-induced degradation of iron(III) malate,
followed by the decarboxylation and oxidation of the oxidized malate radical
(Figure 5). The compound corresponding to peak 7 had an absorption maximum
at around 230 nm, consistent with the conjugated enol form of 3-oxopropanoic
acid. Malonic acid could then be derived from 3-oxopropanoic acid through the
oxidation of the aldehyde group (Figure 5).

3-Oxopropanoic acid was also identified as the major initial product of the
photodegradation of malic acid in an aqueous solution using titanium dioxide as
an oxidation catalyst (35). Malonic acid was observed in this system (35) and
was also shown to be the major primary product of the degradation of malic acid
in an acidic aqueous solution containing iron exposed to wavelengths above 290
nm (36). These studies also provided evidence for a minor pathway involving
the reaction of malic acid with the hydroxyl radical, resulting in the production of
tartaric acid, which then degraded to form glyoxylic acid. In the present study,
tartaric acid was not detected in the irradiated malic acid samples. Glyoxylic
acid co-eluted with malic acid (Figure 2) in both mobile phases used here, and
thus evidence for its formation could not be obtained. This limitation could be
overcome in future studies by using a method involving the derivatisation of the
carbonyl compounds prior to analysis.

316

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

01
9

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Figure 5. Proposed pathways for the photodegradation of malic acid, citric acid
and lactic acid in the model wine system. Compounds identified in the samples

exposed to light are in dashed boxes.

3-Oxopropanoic acid was also detected in the irradiated succinic acid
solutions (Figure 2), along with 3-hydroxypropanoic acid. Similar amounts of
these compounds were detected in the solutions at the wine-like concentration
and at 18 mmol/L after exposure to light, consistent with the equivalent loss of
succinic acid in these solutions. Succinic acid differs from the other organic acids
in that it does not have an α-hydroxyl group that can be converted to a carbonyl
group following the photochemical oxidation of the carboxylate anion by iron(III)
(37). 3-Oxopropanoic acid was tentatively identified as the major initial product
of the oxidation of succinic acid in an aqueous system containing titanium dioxide
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exposed to near UV radiation (38). The authors proposed that succinic acid was
degraded through the oxidation of the carboxylate anion and the loss of carbon
dioxide to form an alkyl radical, which then reacted with oxygen to generate
an alkylperoxyl radical. This pathway may have occurred in the model wine
solutions exposed to light as a result of the light-induced degradation of iron(III)
succinate (Figure 6). Primary alkylperoxyl radicals may undergo intermolecular
reactions to form an aldehyde and an alcohol (39) or two molar equivalents of
the aldehyde (40) (reactions 1 and 2, Figure 7). Primary alkylperoxyl radicals
can also give rise to alkoxyl radicals (reactions 3 – 5, Figure 7), which can then
be oxidized or reduced to generate the same compounds (34, 38) (reactions 6
and 7, Figure 7). These reactions may have contributed to the formation of
3-oxopropanoic acid and 3-hydroxypropanoic acid in the succinic acid model
wine solutions exposed to light (Figure 6).

Citric acid was degraded in the model wine solutions exposed to light to form
1,3-acetonedicarboxylic acid and acetoacetic acid. As was the case for succinic
acid, approximately the same amounts of the citric acid degradation products were
detected in the wine-like concentration and the 18 mmol/L solutions exposed to
light. 1,3-Acetonedicarboxylic acid and acetoacetic acid, in addition to acetone,
are the major reported products of the degradation of citric acid in aqueous
solutions containing iron and oxygen exposed to light (31, 37). The proposed
pathway for the degradation of citric acid under these conditions involves
light-induced charge transfer from the central carboxylate group to iron(III)
resulting in the production of 1,3-acetonedicarboxylic acid. This compound is
unstable and degrades via decarboxylation to form acetoacetic acid (Figure 5) and
acetone. However, acetone was not detected in the irradiated citric acid-based
model wine solutions using the methods described.

The concentration of acetaldehyde in the irradiated wine-like concentration
lactic acid sample was 1.4 ± 0.1 mmol/L and the concentration in the irradiated 18
mmol/L lactic acid sample did not differ significantly, while the greatest amount
of acetaldehyde observed in the samples of the other organic acids exposed to light
was 0.36mmol/L. Acetaldehyde is the expected product of the photodegradation of
iron(III) lactate, and the further degradation of the oxidized lactate radical (Figure
5), and has been reported to be a product of the photodegradation of lactic acid
in aqueous solutions containing iron (24). Given that the area of the acetaldehyde
peak in the lactic acid solutions was four times greater than that of the largest
acetaldehyde peak observed in the samples of the other organic acids exposed to
light, it appears that only a small proportion of the acetaldehyde detected in the
lactic acid solutions was derived from ethanol.

For succinic acid, citric acid and the lactic acid monomer, the equivalent
loss of the acid in the wine-like concentration and 18 mmol/L solutions exposed
to light suggests that the concentration of the acid only had a minor impact on
the processes that resulted in its degradation. Another possibility is that the
degradation of the acid may have been limited by the amount of oxygen present,
since if oxygen was depleted this could affect the oxidation of iron(II) to iron(III)
and therefore the amount of iron(III) available to form carboxylate complexes.
The photodegradation of iron(III) carboxylate complexes could increase the
proportion of iron(II) in solution and thus overcome the observed inhibitory
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effect of iron(III) accumulation on oxygen consumption in model wine systems
(3). Furthermore, the radicals generated as a result of the photodegradation of
these complexes could also contribute to the reduction of oxygen. If the oxygen
in these samples was largely consumed before the end of the storage time, this
would have limited the oxidation of iron(II) to iron(III) and therefore limited
the formation of iron(III) carboxylate complexes. This could be investigated by
monitoring the organic acid, iron(II)/iron(III) and oxygen concentrations during
exposure to light.

Figure 6. Proposed pathways for the photodegradation of succinic acid in the
model wine system. Compounds identified in the samples exposed to light are
in dashed boxes. Reactions of alkylperoxyl radicals that could contribute to the

formation of the products are listed in Figure 7.
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Figure 7. Reactions of primary alkylperoxyl radicals (RCH2COO·) and alkoxyl
radicals (RCH2CO·) resulting in the formation of aldehyde and alcohol products

(34, 38–40).

Fumaric acid, an impurity in the malic acid solution, and pyruvic acid, an
impurity in the lactic acid solutions, were extensively degraded in the samples
exposed to light, whereas malonic acid, an impurity in the 18 mmol/L citric acid
solution, was stable under these conditions. Fumaric acid has a carbon-carbon
double bond while pyruvic acid is known to exist in its enol form in wine
conditions (41). Studies in model wine solutions containing hydroxycinammic
acids, phenolic compounds that have an unsaturated carboxylic acid substituent,
have provided evidence that the double bond is attacked by various radicals that
could be generated as a result of oxidation processes in wine. The radicals that
attacked the double bond included the carbon-centered 1-hydroxyethyl radical
(42) and the sulfur-centered glutathiyl radical (43). Hence, in the present study,
the reaction of radicals such as the 1-hydroxyethyl radical with unsaturated
organic acids such as fumaric acid and the enol form of pyruvic acid may have
contributed to their degradation.

Possible Implications in White Wine

It is important to note the similarities and differences between the light
exposure conditions used in this study and the conditions under which bottled
wine is commonly exposed to light in the wine industry. In this work, the
samples were exposed to UV-visible light at wavelengths that are known to pass
through glass wine bottles (> 300 nm). In addition the samples were stored at a
temperature (15 °C) that is within the range typically used for wine storage. On
the other hand, the samples had a much higher initial oxygen concentration than
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would be expected in bottled wine (i.e. 33 ± 2 mg/L in comparison to less than a
few mg/L). Furthermore, the measured intensity of the light (400 – 700 nm) that
reached the samples was on average 16200 μmol/m2/s. In contrast, the intensity
of two 36 W Phillips cool daylight fluorescent tubes measured at a distance equal
to 5 cm from the tubes was 150 μmol/m2/s, and it is expected that this would be
close to the light intensity inside illuminated fridges used in bottle shops. Other
major differences include the small volume of sample that was exposed to light
and the absence of sulfur dioxide, phenolic compounds and other compounds that
could influence the outcome in wine. The light exposure conditions used in the
present study were chosen as they allowed the organic acids to be degraded to
such an extent that the products could be directly detected and identified.

The results of this study suggest that exposing bottled white wine to light
could induce the degradation of tartaric acid, malic acid, succinic acid, citric acid
and lactic acid, resulting in the production of a variety of aldehydes and ketones,
though further work is required under more typical wine storage conditions.
Glyoxylic acid can induce the polymerization of flavan-3-ols, leading to the
formation of yellow pigments (9, 10), and both glyoxylic acid and acetaldehyde
can bind sulfur dioxide, thereby decreasing the amount of sulfur dioxide available
to protect the wine from spoilage. The other carbonyl compounds identified in this
study could also potentially react with sulfur dioxide and flavan-3-ols. It appears
that the organic acids in white wine could be degraded upon exposure to light
due to the photodegradation of the corresponding iron(III) carboxylate complexes
to form iron(II) and an oxidized carboxylate radical. As well as initiating the
degradation of organic acids, this reaction could accelerate oxygen consumption,
leading to the production of hydrogen peroxide and the loss of sulfur dioxide, and
therefore could influence the shelf life of the wine.

Conclusion

UV-visible light at wavelengths above 300 nm induced the partial degradation
of tartaric acid, malic acid, succinic acid, citric acid and lactic acid in a model
wine system containing iron and oxygen, while the organic acids were stable
in samples stored in darkness. The photodegradation products identified using
LC-DAD, LC-DAD-MS and/or accurate mass LC-MS included a number of
aldehydes and ketones. Glyoxylic acid and 2,3-dioxopropanoic acid were
derived from tartaric acid, 3-oxopropanoic acid from malic acid and succinic
acid, 1,3-acetonedicarboxylic acid and acetoacetic acid from citric acid and
acetaldehyde from lactic acid. Acetaldehyde was also detected in most of the
other organic acid samples exposed to light, though at lower levels than those
observed in the irradiated lactic acid solutions, but was not detected in any of the
samples stored in darkness. It is probable that the organic acids were degraded in
the irradiated solutions as a result of the photodegradation of the corresponding
iron(III) carboxylate complexes. This reaction could potentially contribute to the
consumption of oxygen and sulfur dioxide, as well as the sensory changes, in
bottled white wine exposed to light.
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Chapter 20

Oxidation Signature of Grape Must and
Wine by Linear Sweep Voltammetry Using

Disposable Carbon Electrodes

Maurizio Ugliano,* Jérémie Wirth, Stéphanie Bégrand,
Jean-Baptiste Dieval, and Stéphane Vidal

Nomacorc France, Av. Yves Cazeaux, Rodilhan, 30230, France
*E-mail: m.ugliano@nomacorc.be.

Linear sweep voltammetry (LSV) coupled with antioxidant
sensing carbon paste disposable electrodes was used for the
characterization of grape and wine oxidation. Four white grapes
musts were submitted to controlled oxidation (eg. con-sumption
of sequential oxygen saturations), and their oxida-tion patterns
obtained by voltammetric analysis. Musts exhibiting higher
current in the 0-600 mV region of the voltammograms were
characterized by higher oxygen con-sumption rates, indicating
greater ability to combine oxygen. Various changes in the
voltammograms were observed with oxidation, in particular
in the regions around 580 and 850 mV, allowing to obtain for
each must a specific oxidation signature. In one case, in spite
of oxygen being consumed, no change in must voltammetric
profile occurred. Oxidation signatures of different white wines
were also obtained, showing characteristics which were in
some cases similar to the oxidation signature of reference wine
phenolic com-pounds. The LSV setup developed allowed rapid
monitoring of the changes in grape and wine phenolics during
oxidation.

© 2015 American Chemical Society
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Introduction
During the last two decades, a number of studies have demonstrated that, at

different steps of the winemaking process, oxygen exposure can result in chemical
modifications that are of primary importance to composition, sensory quality and
shelf-life of the finished wine (1–6).

The mechanisms by which oxygen can impact wine composition and quality
revolve around the oxidation of phenolic compounds (1–3). In grape must, this
is taking place primarily through an enzymatic mechanism involving the action
of grape polyphenol oxidase (1, 2), while in finished wines phenolic oxidation
is purely chemical, with oxygen being ‘activated’ by the catalytic action of
copper and iron (7–9). In addition to the direct consequences for wine phenolic
composition, these oxidation reactions can have a number of implications for wine
aroma composition and perceived quality. For example, under certain (hitherto
unclarified) circumstances, oxidation of grape must can result in increased content
of precursors to volatile thiols that could then be liberated during winemaking (10,
11). Exposure to small doses of oxygen during wine cellar and bottle storage can
also prevent excessive accumulation of low molecular weight sulfur compounds
responsible for wine reductive off-odors (5, 6).

While all these possibilities have been thoroughly documented by a number
of studies, today’s wineries have limited tools to characterize grapes and wines
with regard to their ability to react with oxygen and the potential consequences
of these reactions. The work of Kilmartin indicated that cyclic voltammetry at
a glassy carbon electrode can be used to generate reactive oxidized phenolics
(eg. quinones) and study their interactions with the wine environment (12–14).
Martins et al. (15) also suggested that this technique can be used in the practical
management of wine oxidation. Nevertheless, electrode fouling by wine phenolics
requires tedious electrode cleaning procedures, limiting practical application of
voltammetric techniques in the wine industry. This limitation can be by-passed by
the use of disposable screen printed electrodes which are becoming available on
the market. The antioxidant sensing capacity of carbon paste electrodes has been
recently demonstrated (16, 17), although they have not been thoroughly applied to
the study of must and wine properties.

In this study, we have used a simple voltammetric approach such as linear
sweep voltammetry combined with antioxidant sensing screen printed electrodes
for the study of white grape must and wine oxidation.

Materials and Methods
Voltammetry: Electrode strips were prepared by screen-printing. Working

and counter electrodes were made with carbon ink (Electra Polymer & Chemicals
Ltd., Roughway Mill, Dunk Green, UK) while the reference electrode was made
using an Ag/AgCl ink (Ercon, Wareham, MA, USA). The electrode area was
defined by printing an insulating layer. Electrochemical measurements were
performed using a commercial potentiostat (Nomacorc, Zebulon, NC). For each
measurements, one drop of sample (50 µL) was deposited on the electrode strip.
Linear sweep voltammograms were recorded from 0 V to 1.2 V with a scan rate
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of 100 mV/s under ambient conditions. For each measurement a fresh electrode
was employed. All measurements were performed in duplicate, with no prior
dilution of the sample. Preliminary experimetns indicated that sample dilution
did not improve quality of the results, as reported by others for glassy carbon
electrodes (12).

Must oxidation experiment: Grape samples of Viognier, Chardonnay,
Riesling, and Grenache blanc were obtained in the 2013 vintage. Grapes were
crushed using a small fruit crusher, and the juice obtained was used for the
oxidation experiments. Three mL of juice were placed in a 5 mL vial fitted with
an oxygen sensor (Pst5, Presens, Regensburg, Germany) and rapidly brought
to a dissolved oxygen content of 8 mg/L by vigorous shaking. The vials were
then placed on a SDR sensor dish reader (Presens, Regensburg, Germany) for
continuous measurement of oxygen consumption. When the first dose of oxygen
was consumed, a small volume was taken for chemical and voltammetric analyses,
and then the dissolved oxygen was brought up again to 8 mg/L. This sequence
of operations was repeated for a total of three consecutive oxygen consumptions,
after which the experiment was stopped. Four experimental replicates were
carried out for each grape variety, with analyses carried out in duplicate.

Wine oxidation experiment: Commercial wines were purchased at local
outlets. The set of wines studied included Picpoul, Viognier, Cotes du Rhone
(a blend of Grenache blanc, Marsanne, and Roussanne) Pinot Gris, Vermentino,
Muscadet. One sample per wine type was studied. All wines were from 2012
vintage, and were made with a single grape variety, excluding the Cots du Rhone,
which was a blend including Grenache, Roussanne and Viognier. Wines were
added with 5 mg/L of oxygen and stored for 3 months along with a reference
sample that had not received any oxygen. At the end of the storage period,
dissolved oxygen was measured (< 0.2 mg/L in all cases), and both wine and
controls where submitted to voltammetric analyses after pH adjustment to 3.4.
Additional samples were prepared by adding to the Cotes du Rhone catechin,
SO2, phloroglucinol, caffeic acid or ascorbic acid to a final concen-tration of 0.4
mM or commercial enological tannins to a final concentration of 200 mg/L.These
samples were oxidized and analyzed in the same conditions as the wines.

Results and Discussion
Oxygen Consumption by Different Musts

Must obtained from the four different grapes were saturated with air and
oxygen evolution was constantly monitored during three consecutive oxidation
cycles. Figure 1 show a summary of oxygen consumption speed for the four musts,
calculated for the first 3 minutes of each saturation. Looking at consumption of
the first oxygen saturation, Riesling was the fastest consuming grape, followed by
Chardonnay and Grenache. In comparison, consumption of oxygen by Viognier
was much slower. While this overall picture did not change with the following
saturations, differences were observed within each grape with regard to changes in
oxygen consumption speed following each oxygen saturation. Indeed, in the case
of Riesling and Grenache, there was virtually no difference between the speed of
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consumption observed for the first two oxygen saturations, probably indicating
the fact that in these grapes the initial concentration of oxidizable substrates was
not a limiting factor. Conversely, in the case of both Chardonnay and Viognier,
upon the second oxygen saturation a noteworthy decrease in oxygen consumption
speed was already observed, probably reflecting limited substrate availability.

Figure 1. Speed of oxygen consumption of the four must during three consecutive
oxygen consumption cycles (sat1-3).

Must Voltammetric Analyses

The voltammograms of the four grape musts during the oxidation experiment
are shown in Figure 2. Electrochemical profiles before oxygen consumption were
characterized by a first broad wave at approximately 520 mV, corresponding to the
most readily oxidizable compounds, including catechins and hydroxycinnamic
acids (12). Riesling must exhibited higher current in this region, followed by
Grenache. Chardonnay and Viognier showed similar current values in this region,
which were much lower than those observed for the other two grapes. A second
wave was observed around 780 mV, which according to reported oxidation
potentials should be linked to the oxidation of vanillic and coumaric acids, as
well as to catechin A ring. Again, higher current was observed in this region for
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Riesling, followed by Grenache. Peak current was lower and similar for Viognier
and Chardonnay, although for Viognier this wave was less pronounced and not
immediately followed by a trough, as was the case for the other grapes.

Figure 2. Linear sweep voltammograms of the four grape musts.

Various modifications were observed in the voltammetric profiles when
the four musts were submitted to oxidation, and these were generally must
dependent. With the exception of Viognier, a major drop in the charge passed
across the entire potential range was observed (Figure 3), in line with the fact that
oxygen consumption results in the oxidation of different phenolic compounds,
in particular catechins and hydroxycinnamic acids. The progressive depletion of
oxidizable substrates induced by sequential must oxidation was clearly visible in
the voltammetric profiles obtained after each oxidation step. The wave around
520 mV progressively disappeared, while the one around 780 mV not only
decreased in intensity, but was shifted towards less positive potentials. The latter
observation is indicating probably oxidation-induced modifications in the pool
of compound accounting for the initial wave. The only exception to this general
trend was seen for Viognier, for which the voltammetric profiles appeared to be
only marginally influenced by the three consecutive oxidation steps.
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Figure 3. Linear sweep voltammograms of the four different musts at the
beginning of the oxidation experiment and after consumption of three sequential

oxygen saturations (Sat 1-3).

The plots in Figure 4, obtained by subtraction of the initial voltammograms
minus the one obtained after the first and third saturation (and therefore accounting
for a total consumed oxygen of 8 and 24 mg/L respectively), provide an effective
representation of modifications induced by the sequential oxidation steps. This
can be considered a sort of ‘oxidation signature’ of the different musts. In the case
of Riesling, first saturation resulted in significant current loss around 580 mV, with
a second major loss observed around 850 mV. Further oxygen supplementation
up to third saturation increased in particular signal loss around 580 mV. When
Grenache and Chardonnay were submitted to sequential oxidations, peaks of
current loss were observed again around 580 mV and 850 mV, resulting in a
characteristic two peaks profile with the two peaks showing similar extent of
signal loss. The case of Viognier was substantially different, as oxidation did
not bring major changes in the voltammograms. Interestingly, Viognier was
also the grape exhibiting the slowest oxygen consumption rates. Slow oxygen
consumption by grape must might be linked to an imbalance in glutathione (GSH)
and caftaric acid concentrations, two main substrates involved in must oxidative
reactions. For example, when excess GSH is present, all caftaric is converted to
grape reaction product, and this will be not oxidized further, with stalling oxygen
consumption and little additional oxidation of must phenolics (2, 17). Caftaric
acid and grape reaction products have been reported to have similar oxidation
potentials (14), which might explain why in the case of Viognier we did not
observe any change of voltammetric profile after the various oxidation steps.
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Figure 4. Oxidation signatures of the four grape musts for consumption of one
(Initial – Sat1) or three (Initial – Sat3) oxygen saturations.

Wine Oxidation Study

The evolution of commercial wines and reference wine antioxidants during
consumption of 5 mg/L of dissolved oxygen was studied by voltammetry using
carbon paste electrodes. Figure 5 shows an example of the oxidation signature
obtained by subtraction of the voltammogram of the control wine minus the one
obtained after oxidation, for three of the wines studied and for the reference
wine spiked with caffeic acid. Generally speaking, these oxidation sigantures are
reporesentative of the different changes taking place in winr composition upond
consumption of oxygen. Further studies are needed to better characterize these
changes, although they are expected to include loss of strong nucleophiles such
as free SO2 and ascorbic acid (if present). Nevertheless, the variations observed
across the set of wines studies indicate that other modifications are also captured
by these fingerprints, and that they are to some extent wine specific. For example,
oxidation of the Vermentino sample resulted in lower charge passed across the
entire scan range. Differences were detectable since about 250 mV, indicating
substantial presence of readily oxidizable substrates which were depleted with
oxidation. A different profile was observed for the Pinot Gris, for which
signal loss in the region 200-500 mV was less than half then for Vermentino,
suggesting lower content of readily oxidizable substrates. The Muscadet wine
was characterized by a different oxidation signature, with a virtually flat signal
until 550 mV, followed by substantial signal loss peaking around 900 mV. After
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1000 mV, negative values were obtained for Muscadet, indicating that compounds
with oxidation potentials in this region were actually formed during oxidative
storage of this wine. Similar features were observed for the oxidation of the
reference wine added with caffeic acid, suggesting that the oxidation fingerprint
of this wine was strongly influenced by caffeic acid.

Figure 5. Oxidation signatures of three commercial white wines and of reference
wine added with caffeic acid.

To further explore the contribution of individual wine constituents to the
oxidation fingerprints observed, a Principal component analysis (PCA) of the
oxidation signatures of the different wines and reference compounds was carried
out. The results are shown in Figure 6. Similarities were observed in the
signatures of original wines and those of the reference white wine spiked with
different compounds. For example Vermentino displayed a signature similar to
that of ascorbic acid, while Pinot Gris’ signature had features similar to those of
catechin. Muscadet grouped with SO2 and caffeic acid. However, for wines such
as Cotes du Rhone, Picpoul and Viognier no grouping with reference compounds
was observed, probably indicating complex modifications that could not be
related to the oxidation of single molecules as reference. In spite of the fact that
oxidation of reference compounds was carried out in a real wine matrix, this
observation suggests the need for further work on the oxidation of mixtures of
different molecules, in order to effectively characterize and classify a broader
range of wine oxidation fingerprints.
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Figure 6. Principal component analysis of the oxidation signatures of different
commercial white wines and reference wine antioxidants.

In conclusion, linear sweep voltammetry with disposable screen printed
electrodes provided a useful mean to characterize oxidation patterns of musts,
wines and reference wine components. Unique oxidation signatures were obtained
for each matrix, reflecting the different transformations induced in the wine by
oxidation. The simplicity of the technique allows for use in the winery to monitor
antioxidants evolution during winemaking. The possibility of classifying wines
against reference wine antioxidants was also shown, opening up new possibilities
with respect to classification and prediction of wine response to oxygen.
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Chapter 21

Bioactives from Side Streams of
Wine Processing
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Schleinitzstrasse 20, 38106 Braunschweig, Germany

*E-mail: p.winterhalter@tu-bs.de.

Large amounts of waste streams are produced in viticulture
and vinification. They consist inter alia of vine prunings,
grape stalks, pomace, grape seeds and yeast lees. All of
these side streams contain important functional polyphenols
with diverse biological activities (e.g. antioxidant, anticancer,
antimutagenic). This chapter will present novel approaches
for the exploitation of under-utilized processing wastes and
by-products of the wine industry by converting them into
value-added products relevant to market demands. Examples
will include the use of membrane technologies for the recovery
of pure anthocyanin fractions, a novel rapid characterization of
grape seed extracts on a diol HPLC phase, depolymerization
of polymeric proanthocyanidins in order to enhance their
bioavailability, and the search for bioactive oligomeric
stilbenoids in vine prunings.

The world grape production in 2011 was 69 million tons including
approximately 22 million tons of table grapes (1). Of the remaining 47 million
tons used in wine making, one can estimate that roughly 9 million tons of grape
pomace are obtained as by-product (2). Grape pomace consists mainly of skins,
seeds and stalks and is used for the production of ethanol, tartaric and citric acid,
grape seed oil, protein, dietary fiber, and polyphenols (3–5). Whereas red grape
skins mainly contain anthocyanins which can be used as natural food colorants,
grape seeds are rich in proanthocyanidins. The latter are increasingly used in
functional food, dietary supplements and cosmetics due to their strong antioxidant
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effects. In the following strategies for the fractionation of the complex mixture
of polyphenols in grape pomace will be presented. Moreover, the use of vine
prunings as a rich source of resveratrol and oligomeric resveratrol derivatives
will be demonstrated.

Fractionation of Polyphenols From Grape Pomace

Solvent extraction is frequently used to recover polyphenols from the solid
matrix grape pomace. As solvents water and ethanol are widely applied often
in combination with acids (e.g. citric acid) and SO2 ((6) and refs cited therein).
Alternatively, extraction with subcritical water or subcritical sulfured water
has been described (7). In order to enhance extraction yield, enzyme-treatment
(pectinolytic and cellulytic enzymes) and pulsed-electric field treatment or high
hydrostatic pressure have been applied (8, 9). After the extraction process crude
phenolic extracts are obtained which are commercialized as food colorants or
due to their antioxidant activities as nutraceuticals (red and white grape extracts).
Our attempt was a further fractionation of these crude extracts by application of
membrane technology (membrane adsorber Sartobind S) in combination with
liquid-liquid extraction (ethyl acetate). This approach allows the separation of
the crude extracts into the following three groups of polyphenols: anthocyanins,
color-less copigments (e.g. flavonols, flavanols, cinnamates, stilbenes) and
polymers.

In a first step the crude phenolic extracts are applied onto an Amberlite
XAD-7 resin (Sigma, St. Louis, MO). The column is washed with water and
the polyphenols are eluted with methanol/acetic acid (19:1, v/v) (10, 11). After
evaporation of the solvents and freeze-drying, the phenolic mixture is redissolved
in ethanol/acetic acid (19:1, v/v) and pumped through the membrane adsorber
Sartobind S 75 (Sartorius Stedim Biotech, Göttingen, Germany). The adsorber
consists of a stabilized cellulose membrane with negatively charged sulfonic acid
groups. Under acidic conditions only the positively charged flavylium cations
are retarded (retentate fraction) on the membrane surface and the other phenolic
compounds pass the adsorber unretained (permeate fraction). After rinsing
of the adsorber with ethanol/acetic acid (19:1, v/v), elution of anthocyanins is
performed with a mixture of 1 M aqueous NaCl solution/methanol (50:50, v/v).
In this way, a pure anthocyanin fraction free of copigments can be obtained. This
method has first been developed for bilberry anthocyanins and later been adapted
to anthocyanins from grape pomace (12). Depending on the size of the membrane
adsorber cartridge, separation in the 10 g to one kg-scale can be carried out.

From the permeate fraction which contains the copigments and polymeric
phenolics, the low-molecular phenolic constituents are easily liquid-liquid
extracted with ethyl acetate. In this way, three clearly separated fractions, i.e.
anthocyanins, copigments, and polymers, are obtained. Whereas anthocyanins
and copigments can be directly used for nutraceutical or pharmaceutical purposes,
the polymer fraction may require a further treatment, e.g. an acid-catalyzed
depolymerization (see below) in order to increase its bioavailability (13). In
case an isolation of individual phenolic constituents of the different fractions
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is required, application of the support-free technique of countercurrent
chromatography (CCC) is recommended. This all-liquid chromatographic
technique is especially suited for polar constituents and its versatility and
preparative capabilities are well documented (14). First separations of
anthocyanins have already been reported in the year 2000 (10, 15). In the
meantime novel instrumentation has been developed enabling separations in the
100 g to kg scale (16). Whereas anthocyanins and copigments are easily separated
by CCC, fractionation of the intact polymers requires alternative techniques, such
as size-exclusion chromatography or centrifugal precipitation chromatography
(for details cf. (17)).

Rapid Characterization of Proanthocyanidins in Grape Seed
Extracts

A large proportion of grape pomace consists of grape seeds (approx. 200 kg
per ton of pomace). Grape seeds contain a valuable vegetable oil (approx.15-20%)
rich in linoleic acid which is widely used for cosmetics and culinary applications.
In addition grape seeds contain high amounts of proanthocyanidins (4-6%).
Phenolic grape seed extracts (GSE) are important dietary supplements with an
average market share of 150 tons per year.

So far characterization of GSE is mainly made by spectrophotometric assays,
namely the vanillin (18) as well as the acid butanol assay (19). Although widely
applied, both methods are not considered to be appropriate for the determination
of the content of oligmeric proanthocyanidins, for details cf. (20, 21). For
this reason we attempted to establish a more reliable determination of the
proanthocyanidin (PA) content of GSE and developed a novel HPLC method for
PA analysis using a diol stationary phase (MonoChrom diol column, Agilent,
Waldbronn, Germany). As can be seen from Figure 1 the analysis is completed
within 32 min and allows a differentiation of bioavailable short chain PA and
non-bioavailable polymeric forms. The latter elute together in a quantifiable
peak at the end of the chromatographic run. Authentic references are used for
the the quantification of the individual groups of oligomers (dimers, galloylated
dimers, trimers, tetramers, and pentamers). The newly developed HPLC method
enables a verification of the labeling of the PA content in nutraceuticals (Figure
2). In several cases considerable deviations from the labeled PA value have been
detected.

Depolymerization of Polymeric Proanthocyanidins
Bioavailability of proanthocyanidins is restricted to oligomers with up to three

flavan-3-ol units. In order to convert the polymeric PA into bioavailable ones, an
acid-catalyzed depolymerization process has to be applied. Generally, there are
two possibilities. The first one uses a random cleavage of the flavan-3-ol chain
under acidic conditions and gives rise to short chain cleavage products. The second
approach uses a more controlled degradation, the so-called semisynthesis (13) (cf.
Figure 3).
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Figure 1. Chromatogram of the HPLC separation of a grape seed extract on a
diol stationary phase.

Figure 2. Results of the analysis of commercial nutraceuticals and comparison of
the newly developed HPLC method with spectrophotometric assays, i.e. vanillin

assay (18) and the acid butanol (Bate-Smith) assay (19).
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Figure 3. Mechanism of the directed depolymerization of polymeric PA.

For this purpose the GSE polymers are enriched by a simple cleanup step
using solvent precipitation. The PA extract is dissolved in ethanol and increasing
amounts of n-hexane as a nonpolar solvent are added. The precipitate obtained
(polymeric PA) is then treated with 1 N methanolic HCl. During this process the
interflavanoid linkage of polymeric PA is cleaved by releasing the flavan-3-ol
moieties of the extension unit as carbocation together with an uncharged terminal
unit. The liberated carbocation can immediately react with in excess added
nucleophiles, such as (+)-catechin or (−)-epicatechin, giving rise to the formation
of dimeric procyanidins. During this process the polymeric procyanidins are
depolymerized and bioavailable dimeric procyanidins are formed. Depending
on the nucleophiles chosen, the reaction products can be tailored in a simple
way. Isolation of the dimeric reaction products is then performed by preparative
countercurrent chromatography (13, 22).

Oligomeric Resveratrol Derivatives from Vine Prunings

Vine pruning production is up to 5 tons per hectare and year. Traditional use
is for compost or charcoal production, only in recent years vine shoots have been
recognized as an important source of resveratrol derivatives (23). Resveratrol as a
phytoalexin is known to occur in free and glycosidically bound form in the skins of
grapes in amounts up to 50 mg/kg. The same is true for grape pomace. Resveratrol
is known to exhibit a broad range of biological effects that include antioxidant and
anticancer activity and it apparently also increases stress resistance and lifespan
(24).

Vine shoots or canes which are obtained during the annual pruning of
grape vine contain in addition to trans-resveratrol also high levels of resveratrol
oligomers consisting of two to eight stilbene units. The main oligomer is the
dimer trans-ε-viniferin (cf. Figure 4) .
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Figure 4. HPLC chromatogram of the stilbenes in vine shoots. Example:
Spätburgunder (Column: Kromasil 100-5; C18; 5 µm; 250 mm × 4,6 mm i.d.).

The yield of resveratrol derivatives extracted from vine prunings can be
as high as 7 g/kg dry weight and it has been estimated that the commercial
value of these stilbene derivatives is around 2000-3000 US$ per kg (25, 26).
In contrast to resveratrol, the biological effects of the oligomers have hardly
been studied. We therefore performed an activity-guided isolation of stilbenes
from the commercially available vine shoot extract Vineatrol®30. This is a
standardized product with a total stilbene content of >30%. For the fractionation
the preparative all-liquid chromatographic technique of low-speed rotary
countercurrent chromatography has been applied and the separated fractions
were submitted to in-vitro testing using the following cell lines: A-431 (human
epidermoid carcinoma), LNCaP (human prostatic adenocarcinoma), SW 480 and
HT-29 (colorectal adenocarcinoma), MCF-7 (human breast adenocarcinoma),
HepG2 (human liver hepatocellular carcinoma) (27, 28). The chemical structures
of some of the active compounds identified are depicted in Figure 5.

In Table 1 the IC50-values for trans-resveratrol, hopeaphenol and r-2-viniferin
are shown. Importantly, hopeaphenol and r-2-viniferin inhibited the growth of
human tumor cell lines more strongly than resveratrol itself. In a recent study,
hopeaphenol and r-2-viniferin were furthermore found to inhibit the growth of a
canine glioblastoma cell line and a canine histiocytic sarcoma cell line (29).

Today there are quite a few data available concerning the stilbene content of
vine prunings throughout the world. Recent publications indicated that the stilbene
levels in vine prunings strongly depend on postharvest storage conditions. After
a storage period of approximately 6 months highest stilbene concentrations were
observed (30, 31). Interestingly there was so far no information about stilbene
levels in vine shoots from Germany available. We therefore analyzed the stilbene
profile of eight grape vine varieties. The shoots were obtained during pruning
season 2013 and stored for 6 months at room temperature protected from light
exposure. Prior to analysis the vine shoots were lyophilized, ground and extracted
with ethanol/water (80:20, v/v) with the assistance of ultrasonication as described
in (26). HPLC analysis was performed on a Kromasil 100-5; C18; 5 µm column
(250 mm × 4.6 mm i.d.; Eka Chemicals AB, Bohus, Sweden). We found trans-
resveratrol and trans-ε-viniferin to be the major stilbenes beside minor amounts
of e.g. ampelopsin A, hopeaphenol, r-viniferin, r-2-viniferin and miyabenol C
(Figure 6).
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Figure 5. Chemical structures of stilbene derivatives from vine prunings
exhibiting anti-proliferative effects.

Table 1. IC50-values for trans-Resveratrol, Hopeaphenol and r-2-Viniferin
in Human Tumor Cell Lines

IC50-Values (µM)

A431 LNCaP SW480 HT-29 MCF7 HepG2

Resveratrol 20 5 25 20 27 10

Hopeaphenol 4.3 2 4.5 0.8 4.3 3.8

r-2-Viniferin 4.7 4 5 2.7 2 1.4
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Figure 6. trans-Resveratrol and trans-ε-viniferin content in prunings from
Germany 2013.

The content of trans-resveratrol ranged between approx. 1500 and 3300 mg/
kg dw. While the lowest content was observed for the variety “Regent” which is
known to exhibit resistance against fungal diseases, the highest content was found
in the variety “Weißburgunder”. The content of trans-ε-viniferin was in a similar
range (approx. 1000 – 3100 mg/kg dw). Again, the variety “Regent” was found to
possess the lowest amount, whereas the variety “Sauvignon Blanc” exhibited the
largest amount of the dimeric stilbene.
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Chapter 22

Evaluation of the Potential of Grape Canes as a
Source of Bioactive Stilbenoids
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The health-promoting properties of stilbenoids have been
widely documented. In plants, stilbenoids form part of a
complex defense mechanism, playing an important role in
the response to biotic and abiotic stress in grape vines. The
health benefits of (E)-resveratrol have been used to promote
moderate wine consumption. However, wine contains only
0.4–8.1 mg·L−1 of (E)-resveratrol. Approaches to increase
these levels in grape vines involved subjecting the vines to
different growing conditions, and irradiating grapes with UV-C
light. These methods increased the stilbenoid levels in grapes;
however, the levels were still much lower compared to grape
canes obtained after pruning the vineyard. In grape canes, the
(E)-resveratrol concentration can reach up to 5959 mg·kg−1
DW. In Vitis vinifera canes stored for some months after
pruning, the concentration of (E)-resveratrol increased five-fold
(based on dry matter). The mechanism of this increase is still
unknown, but indeed it has a significant impact on the potential
of grape canes as a source of stilbenoids. Cane-management
after pruning has a greater influence on this potential than the
grape variety or other factors.

© 2015 American Chemical Society
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Introduction
The grape is a crop widely distributed in different areas of the world,

occupying approximately 7.5 million hectares (ha). To optimize the quality
of grapes, certain viticultural practices must be utilized, such as pruning some
months after grape harvest. This process influences the shape and size of the vine
and the balance between vegetative growth and the yield and the quality of grape
production (1). The grape canes, which are the lignified material generated by
pruning, represent a mass of more than 1 ton·ha−1·year−1. Usually, grape canes are
chopped and incorporated into the soil as fertilizer or are burned. However, such
agricultural waste has great economic potential as a source of phytochemicals
(especially stilbenoids) with high added value.

In several studies of grape canes, the presence of phenylpropanoids that
include hydroxycinnamic acid derivatives (coumaric, caffeic, and ferulic),
flavonoids such as catechin and epicatechin, and stilbenoids such as (E)-resveratrol
and its derivatives (i.e., (E)-ε-viniferin, (E)-piceatannol, (E)-piceid), and
other dimers, trimers, and tetramers (2–5) have been reported. Furthermore,
carbohydrates and minerals such as K, P, Ca, Fe, Mg, and Zn have been detected
in grape cane (6).

Stilbenoids in Vitis vinifera
Stilbenoids are phenolic compounds derived from the phenylpropanoid

pathway, present in a large number of plant families (7–9), including Vitaceae.
The biosynthesis of (E)-resveratrol involves four main enzymes: phenylalanine
ammonia lyase (PAL), cinnamate 4-hydroxylase (C4H), 4-coumarate:CoA ligase
(4CL), and resveratrol synthase, also known as stilbene synthase (STS). Only the
plants with the STS enzyme can synthesize resveratrol, for which p-coumaryl
CoA and malonyl CoA are required. In the grape vine, different stilbenoids
are formed from (E)-resveratrol. The (E)-resveratrol molecule may undergo
a number of modifications, including photoisomerization, glycosylation, and
oligomerization to form compounds such as (Z)-resveratrol, (E)- and (Z)-piceids,
and (E)-ε-viniferin, respectively (7).

Stilbenoids play an essential role in the plant defense mechanism. In the
case of Vitis, stilbenoid synthesis is differentiated, depending on the organ
of production (10, 11). Stilbenoids can act as primary or secondary action
barriers against pathogen attack and against different types of stress to which the
plant may be exposed. Wang et al. (10) reported that stilbenoids in Vitis spp.
accumulate in branches, canes, auxiliary buds, and roots, whereas leaves, which
are more exposed to environmental stress, have a low concentration of these
compounds; the highest concentration of (E)-resveratrol was found in branches,
specifically in phloem tissue, and the lowest concentration was found in leaves
(10). However, the concentration of the STS enzyme was highest in the leaves
(almost twice that in the stem). These findings suggest a differential response
of the plant to stress. The stilbenoid induction capacity is higher in leaves to
provide enhanced protection, given their higher exposure to the environment and
resulting susceptibility to attack by pests and diseases. Furthermore, Keller et al.
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(12) showed that secondary metabolite formation is decreased by leaf removal. A
similar event occurs in the inflorescence, where the stilbenoid concentration can
be significantly low in whole berries while being high in the skin, but disappearing
in the pulp and seeds (13, 14).

Table 1. Resveratrol Levels in Vitis vinifera

Source Concentration (E)-resveratrola Reference

Grapes 0.06–33.5 mg kg-1 FW (15–17)

Wine 0.1–14.3 mg L-1 (18–21)

Grape Skin 0.24–366 mg kg-1 DW (22–25)

Pomace 6.00–53.21 mg kg-1 DW (22, 26)

Grape seeds 14.2–588 mg kg-1 DW (23, 27, 27)

Leaves 0.12–71.5 mg kg-1 FW (25, 28, 29)

Grape Cane 190–6533 mg kg-1 DW (2–5, 30)
a FW: fresh weight; DW: dry weight.

As shown in Table 1 (15–30), grape canes are an important source of
(E)-resveratrol. The concentration of (E)-resveratrol in this underexploited
residue obtained during annual vine pruning is 50–100 times greater than in
grapes and wine. High levels of other phenolic compounds have been detected in
other winemaking byproducts, whereas the stilbenoid content was lower.

In grape vines, several factors induce response-mediated stilbenoid
accumulation in different plant organs. The factors affecting the metabolite
contents in berries have been extensively studied. Agronomic factors such as
irrigation (31) and nitrogen fertilization can increase the concentration of these
compounds (13). Pathogens (32, 33), short-wave ultraviolet light (34–38), ozone,
ethylene (39), and storage time (13) may also have a similar effect.

In grape berries, resveratrol is stored primarily in the skin and to aminor extent
in the seeds. Accumulation of resveratrol in red cultivars is higher than in white
congeners (34). Genetic factors that codify aspects such as the number of enzymes
related to the synthesis and degradation of these metabolites (7) can influence the
contents of this secondary metabolite in the plant. During ripening, a negative
correlation between the maturity of grapes and the ability to induce resveratrol
synthesis has been observed (37).

The resveratrol content in wines depends primarily on the grape variety and
winemaking practices employed (34). In order to improve the concentration of
these compounds in wine andmethyl jasmonate, grape berries have been irradiated
with short wavelength UV light (36–38).
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The presence of resveratrol in lignified grape tissue is well established (40).
However, there is little information about what influences the accumulation of
stilbenoids in grape canes. Recent studies show that grape canes from Vitis
vinifera are a promising source of (E)-resveratrol and other stilbenoids (41)
and have significant economic potential because of their high concentration of
phytochemicals (4, 6). Stilbenoids have generated increasing interest because of
their diverse beneficial effects on human health, which have been extensively
studied (32, 42–45). In parallel, other authors have evaluated the potential of
stilbenoids as a part of the defense mechanism of the plant (46–48). Furthermore,
stilbenoids in conjunction with other phenolic compounds present in grape cane
have more recently been evaluated as grape biostimulants and/or foliar fertilizers
(49).

Stilbenoids in Grape Cane

Eleven stilbenoids were detected in canes of Vitis vinifera cv. Pinot Noir
collected in southern Chile, 8 of which were identified (5). The structures of these
compounds are shown in Figure 1. The unidentified compounds correspond to
two dimers and one trimer. In most of the samples collected in the aforementioned
study, the predominant stilbenoid was (E)-resveratrol, followed by (E)-ε-viniferin,
while (E)-piceatannol, hopeaphenol, and vitisin A were only detected in some
samples. In most cases, (E)-piceid, vitisin B, dimers, and trimers were only present
at concentrations below the limit of quantification.

Factors that Induce Accumulation of Stilbenoids in Vitis

The stilbenoid concentration in Vitis vinifera canes varies by cultivar (5, 30,
41) and the phytosanitary conditions of the grape vines (50, 51). Furthermore,
stilbenoids play an important role in the defense mechanism of plants, particularly
in the complex response against various biotic or abiotic stress (15, 20, 52); thus,
environmental factors (byway of elicitors) may also induce stilbenoid biosynthesis
(15).

The evaluation of elicitors of stilbenoids in grape canes conducted by Tang
et al. (11) demonstrated an increase in the concentration of resveratrol in roots,
stems, leaves, and ribs of young plants irradiated with short-wavelength UV light.
Two points of maximal (E)-resveratrol concentrations were thus induced in stems
at 16 and at 24 h post irradiation, with a return to the basal concentration at 64
h post irradiation. They also observed an increase in the concentration of the
STS enzyme, which is distributed mainly in the cell wall, and is found in lower
concentrations in the cytoplasm, chloroplast, and nucleus of cells in the stem.
Amalfitano et al. (51) studied the stilbenoid profiles in wood naturally infected
by a fungal complex and found an increase in the level of stilbenoids (mainly
viniferins) in attacked wood that was thought to enhance the resistance to fungal
invasion.
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Figure 1. HPLC–DAD chromatogram of Pinot Noir cane extract (λ = 306
nm) and structures of detected stilbenoids: 1: (E)-piceid; 2: ampelopsin A;
3: (E)-piceatannol; 5: (E)-resveratrol; 6: hopeaphenol; 7: (E)-ε-viniferin; 9:
vitisin A; 11: vitisin B; 4 and 10: unidentified dimers; 8: unidentified trimer.

(Reproduced with permission from Reference (41). Copyright 2014 Elsevier Ltd.)

Effect of Cultivar on Stilbenoid Levels
Different stilbenoid levels have been reported in Vitis vinifera canes. Vergara

et al. (5) were the first to evaluate the stilbenoid concentration in grape canes of the
main wine cultivars of southern Chile Subsequently, Lambert et al. (30) evaluated
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different cultivars of Vitis vinifera canes of economic importance in France.
Recently, Gorena et al. (41) studied the stilbenoid concentration in cultivars
found in Central-South Chile. The stilbenoid level in grape canes depends on the
cultivar. In all of these publications, Pinot Noir and Gewürztraminer canes were
consistently found to be the cultivars with the highest stilbenoid concentration.

Table 2 summarizes the stilbenoid concentration in different Vitis vinifera
cultivars from the main publications over the last 8 years. (E)-resveratrol
concentrations of 4250 mg kg-1 dry weight (DW) were reported for the Pinot
Noir cultivar in Canada (2), very similar to the levels reported by Vergara et
al. (5) for the same cultivar in southern Chile, with 5590–868 mg·kg−1 DW
(E)-resveratrol and (E)-ε-viniferin, respectively. Concentrations of up to 6533
mg·kg−1 DW of (E)-resveratrol were also obtained for Gewürztraminer canes in
the aforementioned study. The lowest levels of (E)-resveratrol in grape canes
were reported in different species of Vitis from China by Zhang et al. (53), with
concentrations between 570 and 1751 mg·kg−1 fresh weight (FW). Piñero et al.
(54) found low levels of (E)-resveratrol in the red grape stem stripping residue,
ranging from undetected levels in Cabernet Sauvignon, Merlot, and Petit Verdot
to 135 mg·kg−1 DW (DW) in Tintorera after irradiation with UV light. In hybrid
cultivars from Estonia, Püssa et al. (3) reported levels in the range of 1100–3200
mg·kg−1 DW of (E)-resveratrol and between 700 and 1700 mg·kg−1 DW of
(E)-ε-viniferin.

The effect of latitude in the extensive wine growing area of Chile (between
the Limarí and Bio-Bio valleys) on the stilbenoid content of Pinot Noir canes was
evaluated (55) for grape canes after post-pruning storage for 3 months. No clear
increasing or decreasing trend in the stilbenoid content was observed as a function
of latitude.

Worldwide, grapes occupy 7.5 million hectares of agricultural land.
Considering a grape cane yield of at least one ton·ha−1·year−1, the potential
worldwide production of grape canes is 7.5 million tons grape canes per year.
Considering only the surface planted with grapes for winemaking and not
including table grapes, on the basis of at least 1 kg·ton−1, the potential annual
production of stilbenoids in the world could reach 7500 tons per year and that of
Chile 128 tons.

Various analytical factors can also contribute to differences in the stilbenoid
concentration of grape canes. These include the extraction conditions, such as
different solvents and proportions (4), in addition to the quantification method.
Quantitation has been conducted by external calibration using (E)-resveratrol as
described by several authors (2, 3, 5, 41–46, 56), where all concentrations were
expressed as (E)-resveratrol equivalents. Quantitation may also be performed with
respect to purified non-commercial standards, as described by Pawlus et al. (57)
and Lambert et al. (30) Another important factor to consider during extraction
is the photochemical isomerization of (E)-resveratrol to the (Z)-isomer. Vian et
al. (58) showed that 80–90% of (E)-resveratrol in solution is transformed to (Z)-
resveratrol upon exposure to daylight for 1 h.
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Table 2. Stilbenoid Levels in Lignified Material of Grape Vines

Plant
Material

Cultivar
(cv)

Stilbene Concentrationa Reference

Terminal
parts of
lignified
stems

Different
Vitis from
Estonia

(E)-resveratrol 1100–3200 mg kg-1 DW
(E)-ε-viniferin 700–1700 mg kg-1 DW

(3)

Grape canes Pinot Noir (E)-resveratrol 3320 mg kg-1 DW
(E)-ε-viniferin 1300 mg kg-1 DW

(4)

Grape canes Pinot Noir (E)-resveratrol 4060 mg kg-1 DW
(E)-ε-viniferin 1087 mg kg-1 DW

(2)

Stem Cabernet
Sauvignon

(E)-resveratrol 16.5 mg kg-1 FW (10)

Grape canes
(pruning
waste)

Different cv
V. vinifera,
V. labrusca
and hybrids
(118 cv)

In cultivars of V. vinifera:
(E)-resveratrol 570 to 1751 mg kg-1 FW

(53)

Grape canes
(pruning
waste)

10 cv of
table grapes
(white and
red)

(E)-resveratrol 0.95 – 3.94 µg 100 g-1
DW

(6)

Grape canes
(pruning
waste)

Pinot Noir (E)-resveratrol 3400 mg kg-1 DW
(E)-ε-viniferin 1650 mg kg-1 DW

(59)

Grape canes
(pruning
waste)

Pinot Noir (E)-resveratrol 446–6533 mg kg-1 DW
(E)-ε-viniferin 75–868 mg kg-1 MS

(5)

Grape canes Cabernet
Sauvignon

(E)-resveratrol 1621 mg kg-1 DW;
(E)-ε-viniferin 2585 mg kg-1 DW

(57)

Grape canes Different cv
V. vinifera
(8 red and 8
white)

(E)-resveratrol 190–1526 mg kg-1 DW
(E)-ε-viniferin 967–3737 mg kg-1 DW

(30)

Grape canes
(pruning
waste)

Different cv
V. vinifera

(E)-resveratrol 1360–5959 mg kg-1 DW;
(E)-ε-viniferin 94–656 mg kg-1 DW

(41)

a FW: fresh weight; DW: dry weight.

Effect of Post-Pruning Storage on Stilbenoid Levels
The period of storage of the grape canes seems to be themost important trigger

for increasing the stilbenoid levels, particularly that of (E)-resveratrol. Aaviksaar
et al. (56) first reported augmentation of the stilbenoid concentration in canes of
hybrid Vitis vinifera cultivars from Estonia based on comparison of samples stored
for durations of one and two months.
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The presence of resveratrol in lignified grape tissue (40) is well established.
However, there is little available information regarding stilbenoids in fresh canes
collected directly from grape vines. Studies by Gorena et al. (41) showed that (E)-
ε-viniferin was the predominant stilbenoid in fresh canes collected successively
from Pinot Noir grape vines between 20 and 120 days after grape harvest and
processed immediately after collection. The concentrations of (E)-resveratrol and
(E)-ε-viniferin were 87–223 mg·kg−1DW and 430–611 mg·kg−1DW, respectively.

In a similar experiment with fresh Cabernet Sauvignon canes (Figure 2),
collected directly from grape vines at different time periods before and after
commercial pruning and processed immediately after collection, the concentration
of (E)-ε-viniferin was 284–345 mg·kg−1 DW and that of (E)-resveratrol was
53–129 mg·kg−1 DW (56). The concentrations of minor stilbenoids such as
(E)-piceid, (E)-piceatannol, vitisin A, and vitisin B were below the limit of
quantification and hopeaphenol was found only in low concentrations (39–50
mg·kg−1 DW) in all samples analyzed. As in the case of Pinot Noir canes, the
major stilbenoid in fresh canes was (E)-ε-viniferin.

Figure 2. Concentration of the main stilbenoids in canes freshly cut from intact
Cabernet Sauvignon vines. The samples were immediately processed without

storage.

The concentrations of (E)-resveratrol in freshly cut and immediately
processed Pinot Noir and Cabernet Sauvignon canes were significantly lower than
that of canes stored for some months before analysis (5, 41, 55). This observation
indicates that cutting and/or loss of water are prerequisites for increasing the
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stilbenoid content of grape canes, mainly the E-resveratrol levels. These factors
either trigger the biosynthesis of stilbenoids or promote their liberation during
wood ageing, as discussed in the context of the following experiments.

Post-pruning storage is the major factor influencing the stilbenoid levels
(mainly (E)-resveratrol) in grape canes. Vergara et al. (5) reported a 35% increase
of the (E)-resveratrol level of pruned canes after 2-month storage. In subsequent
studies, Gorena et al. (41) evaluated the stilbenoid concentrations in Pinot Noir
canes stored at room temperature for a period of up to 8 months after pruning.
Figure 3 highlights the different trends observed for both major stilbenoids during
storage. The concentration of (E)-resveratrol increased significantly up to the
second month, declined to some extent in the third month, and then remained
nearly constant. In contrast, the level of (E)-ε-viniferin did not vary significantly
during the entire period. At the end of the assay, the concentrations of other
minor stilbenoids such as (E)-piceatannol, hopeaphenol, vitisin A, and vitisin B
increased slightly (55). The total stilbenoid concentration increased significantly
after 2 months, reaching 4777 mg·kg−1 DW, and subsequently decreased up to the
fifth month. This was followed by another increase, reaching a concentration of
4443 mg·kg−1 DW after the eighth month.

Figure 3. Concentration of the main stilbenoids in Pinot Noir canes collected
after commercial pruning and storage at room temperature. (Reproduced with

permission from Reference (41). Copyright 2014 Elsevier Ltd.)
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A similar trend was observed for Cabernet Sauvignon canes collected during
commercial pruning in 2012 and analyzed after different periods of post-pruning
storage at room temperature for a period of up to 7 months (55), as shown in Figure
4. With increasing storage time, the concentration of stilbenoids in the grape cane
increased. Peak concentrations were observed after 2 and 7 months storage, where
respective total stilbenoid concentrations of 4402 mg·kg−1 DW and 4456 mg·kg−1
DW were observed.

Similar to the trend observed for Pinot Noir canes, the increase in the total
stilbenoid concentration of Cabernet Sauvignon canes during storage was derived
primarily from augmented (E)-resveratrol levels, where (E)-resveratrol became the
major stilbenoid after the first month, reaching a concentration of 3642 mg·kg−1
after 2 months.

A non-significant increase in the concentration of (E)-ε-viniferin (from 278
to 356 mg·kg−1) was observed in these samples during the storage period. (E)-
Piceatannol and hopeaphenol were found in low concentrations in all analyzed
samples. Only traces of the minor stilbenoids (i.e., (E)-piceid, vitisin A, and vitisin
B) were detected.

Figure 4. Concentration of the main stilbenoids of Cabernet Sauvignon canes
collected after commercial pruning and storage at room temperature.

These results indicate that post-pruning storage is a key requirement for
further increasing the concentration of stilbenoids in grape canes, especially the
concentration of (E)-resveratrol. The large increase in the stilbenoid levels of

356

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

02
2

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1203.ch022&iName=master.img-003.jpg&w=323&h=243


intact grape canes during storage, which did not occur in milled canes, indicates
clearly that this increase requires the presence of intact cells and also does not
occur if the canes are kept frozen or are freeze-dried (41).

Gorena et al. (41) compared the stilbenoid levels of Pinot Noir cane samples
obtained from vineyards in different areas of the Bio-Bio Region in South Chile
after 2 and 6 months of storage subsequent to commercial pruning (Figure 5).
Significant increases in the total stilbenoid levels of four- to seven-fold were
observed for all Pinot Noir samples. Differences in the stilbenoid profiles of
samples stored for 2 and 6 months were also observed, given that traces of
(E)-vitisin B were only detected in the 6-month samples, again demonstrating
that post-pruning storage significantly influences the stilbenoid concentration in
grape canes.

Figure 5. Total stilbenoid concentration in Pinot Noir canes 2 and 6 months after
post-pruning storage at room temperature. (Reproduced with permission from

Reference (41). Copyright 2014 Elsevier Ltd.)

Hart (60) observed that the increase in the stilbenoid content was primarily
observed in dying wood, and that the stilbenoid concentration in healthy wood
was much lower. However, as alluded to earlier, an increase in the viniferins
was thought to enhance the resistance to fungal invasion in wood (51), whereas
in healthy canes stored after pruning at room temperature over some months,
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the (E)-resveratrol levels increased significantly and the level of (E)-viniferin
was not significantly affected (41, 55). This can be attributed to activation of
the biosynthesis of stilbenoids in the canes during storage, probably induced
by the loss of water during cane storage. Another possible alternative is that
(E)-resveratrol remains bound to other components in the fresh cane, and is
thus less easily extracted. During cane ageing, stilbenoids may be gradually
released thereby becoming more extractable. For determination of whether
either or both of these mechanisms causes the significant increase of stilbenoids
(mainly (E)-resveratrol) during cane storage, additional research and experimental
evidence is required.

However, it is evident that cane storage over some months at room
temperature enhances the stilbenoid levels in grape canes to a great extent,
improving their potential as a source of these bioactive compounds.

Conclusions

Grape canes stored at room temperature for a few months after pruning are a
promising source of (E)-resveratrol and other bioactive stilbenoids. The stilbenoid
concentrations in this underexploited viticulture residue are 50–100-fold higher
than in grapes and wine and are also higher than in other winemaking byproducts.
Considering the area of agricultural land occupied by grapes worldwide, the global
potential of stilbenoids that can be obtained from grape canes could reach 7500
tons and 128 tons per year worldwide and in Chile, respectively.

The canes of certain grape cultivars, like Pinot Noir andGewürztraminer, have
higher stilbenoid levels than other varieties. However, these levels are mainly
influenced by post-pruning storage at room temperature. The observed 5–7-fold
increase of stilbenoids, and (E)-resveratrol in particular, is triggered by pruning.
This is not observed if canes are cut fresh from the vine or if the pruned grape
canes are stored frozen, powdered, or lyophilized. These observations indicate
that intact cells and certain temperatures are necessary for increasing the stilbenoid
content of grape canes. However, the mechanism by which the increase in the
stilbenoid levels occurs still remains unknown. It is proposed that the increase in
the stilbenoid level may be derived from biosynthesis during storage of pruned
canes or to stilbenoid liberation during ageing of canes, where stilbenoids in fresh
canes remain bound to other cane components. Irrespective of the mechanism, it
is evident that cane storage over a few months at room temperature enhances the
stilbenoid levels in grape canes to a great extent, improving their potential as a
source of these bioactive compounds.
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Chapter 23

Objective Chemical Measures of Grape Quality
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*E-mail: Mike.cleary@ejgallo.com.

Nine classes of molecules have been identified in dark grape
varieties to measure chemical quality; total anthocyanins,
Yeast Assimilable Nitrogen (YAN) compounds, 3-isobutyl-
2-methoxypyrazine, C6 alcohols/aldehydes, hydrolytically-
released β-damascenone, malic acid, pH, polymeric tannins,
and skin tannins. These attributes can be used to identify
regional differences within a single variety of grapes. In
addition, different grape varieties exhibit unique chemical
distributions among these nine classes of molecules.

Introduction

Historically, the value of California wine grapes has been determined by the
region in which they are grown. However, research in grape composition and
wine sensory indicate that differences in grape quality and resulting wines can
sometimes vary as much within a region as across regions, raising the need to
elucidate grape quality irrespective of regional biases. Cultural vineyard practices,
soil types, micro-climates, and harvest timing, are just a few examples of factors
that can influence the chemical make-up and thus the quality of the grapes and
respective wines. The use of objective measures of grape quality is the first step
in building a foundation to better understand the relationships between vineyard
environment, grape, and ultimately, wine quality.

© 2015 American Chemical Society
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A universal definition of grape chemical quality has always been elusive. It
is known that many grape components contribute to wine quality. One logical
place to begin to develop a definition of grape chemical quality is to consider the
components that constitute wine consumption. The process of experiencing wine
can be divided into four steps of evaluation and description:

• Sight
• Smell
• Taste
• Touch

Sight is the first impression one obtains from a wine. One observes the color
and clarity of the wine. The second impression is smell. One is taught to swirl the
wine in a glass to release the aromas, hold the glass up to one’s nose, and inhale.
Next, one takes the wine into their mouth and tastes. At the same time as one
tastes the wine, there is the sensation of how it “feels” in the mouth. From this
wine consumption process, a classification of the components of Chemical Grape
and Wine Quality can be defined by the following:

• Color
• Aroma
• Taste
• Mouthfeel

These proposed attributes of Chemical Grape and Wine Quality can be traced
to certain classes of molecules intrinsic to grapes. This is shown in the following
Table 1.

Several studies have been conducted to evaluate relationships between single
chemical attributes and wine scores in Australian Shiraz. Francis et al. (1)
conducted studies that demonstrated the positive relationship between high berry
color and high wine score for Shiraz vineyards in the Riverland region. Ristic et
al. (2) conducted a study that showed a positive relationship between wine quality
score and bound β-damascenone in the berries. In the same study, Ristic et al.
demonstrated a positive relationship with skin tannins and wine quality scores.

In a study by Ugliano et al. (3), the YAN concentration in grape juice
significantly affected the aroma of the resulting wine. YAN is identified as
the concentration of primary amino acids and ammonia. High juice YAN
concentrations (>350 mg/L) led to increased formation of ethyl acetate and
acetic acid in the resulting wine. Methoxypyrazines, compounds with the odor
of “bell pepper”, can negatively impact aroma for many red wines, such as
Cabernet Sauvignon and Merlot. Maga (4) reported that Methoxypyrazine
contributed leafy aroma to red wine at 2 ng/L. Chapman et al. (5) demonstrated
a significant correlation between Methoxypyrazine concentrations, in the range
0 to 10 ng/L, and sensory ratings of bell pepper aroma in Cabernet Sauvignon
wine. Degradation of polyunsaturated fatty acids occurs when the cell structure
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of grape berries are disrupted, leading to the formation of C6 compounds (6),
which augment “green” and “grassy” perception in grapes. Malic acid, beyond
contributing acidity to grapes, serves as a marker of grape maturity as it has been
demonstrated to decreases as berries ripen (7).

Table 1. Classes of Molecules Responsible for Grape Quality Attributes

Grape Quality Attribute Class of Molecules

Color Anthocyanins, Pigmented Polymers

Aroma Alcohols, Aldehydes, Esters, Ketones, Terpenes,
Norisoprenoids, Nitrogen Heterocyclics

Sweet - Sugars

Sour - Acids

Bitter Amino Acids

Taste

Salty Potassium, Sodium

Mouthfeel
Polymeric Tannins, Skin Tannins, Polysaccharides, Organic
Acids

Analytical Methodologies

Twenty clusters of grapes were completely homogenized to prepare
total anthocyanins, 3-isobutyl-2-methoxypyrazine, C6 alcohols/aldehydes,
hydrolytically-released β-damascenone, polymeric tannins, and skin tannins
samples for instrumental analysis. Whole grape homogenization was chosen as
the sample preparation technique to accommodate the high sample throughput
requirements of the laboratory. Juice from twenty clusters of grapes was used to
prepare samples for YAN compounds, malic acid, and pH measurements.

Total Anthocyanins were measured using the visible spectroscopy method
published by Iland et al. (8). Hydrolytically released β-damascenone,
3-isobutyl-2-methoxypyrazine, and C6 alcohols/aldehydes were analyzed using
the Headspace Gas Chromatography/Mass Spectrometry method proposed by
Lee and Noble (9). Polymeric Tannins and Skin Tannins were characterized
using High Performance Liquid Chromatography employing a method described
by Peng et al. with slight variations (10). The chromatography peaks from
Flavonols were employed as markers for Skin Tannins. YAN compounds, malic
acid, and pH concentrations were determined using Fourier Transform Infrared
Spectroscopy. FTIR calibration curves were developed for each of these attributes
using standard primary analytical methodologies.

Analytical methods validation format employed two analysts using two
different instruments on two separate days. The precision for each attribute,
presented as % Relative Standard Deviation, is shown in Table 2.
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Table 2. Analytical Method Precision for Each Chemical Attribute

Chemical Attribute Precision (% RSD)

Total Anthocyanins 2.9

3-Isobutyl-2-methoxypyrazine 3.2

C6 alcohols/aldehydes 11

Hydrolytically-released β-damascenone 2.1

Polymeric Tannins 5.0

Skin Tannins 4.9

YAN 7.2

Malic Acid 4.5

pH 1.2

Validation of Important Grape Attributes for Wine Quality

How grape chemical quality is measured objectively to assist streaming and
harvest decisions requires a careful assessment of grape maturity on a yearly
basis. It is not unusual for a single vineyard to be streamed to different wine
programs in different years. Ideally, each vineyard should be monitored several
times between veraison and harvest. These multiple analyses per vineyard will
support the winemakers’ harvest date decisions as they observe the chemical
changes during fruit maturation. A final analysis taken close to harvest can
support the winemakers wine program streaming decisions. This harvest analysis
can also be used to establish chemical grape composition targets for various
wine programs. Meaningful data requires proper vineyard sampling techniques
(Krstic (11)), prompt sample transportation to the laboratory, consistent analytical
sample preparation, precise, rapid instrumentation, and timely reporting of results
to the viticulturalists and winemakers. In order for the Chemistry data to have
credibility with the viticulturalists and winemakers, small scale fermentations at
each sampling time need to be produced and sensorally evaluated. The logistics to
coordinate all of these activities and the staff required to successfully accomplish
a grape assessment program should not be overlooked. Grape chemical quality
from a single vineyard is greatly influenced by unique weather conditions every
season. Therefore, several years of analyses are required to establish growing
region averages.

From 2008 – 2013, grapes from thirty Merlot vineyards and forty Cabernet
Sauvignon vineyards from all of the major California winegrowing regions were
chemically characterized weekly from 19° Brix until two weeks post commercial
harvest. From this data, varietal and regional trends could be identified. At or
near the date of commercial harvest, sufficient grapes were collected to conduct
10 gallon fermentations. These fermentations employed identical, standard
winemaking practices. No oak was added and no Malolactic fermentation was
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conducted such that each fermentation represented only the attributes provided
by the grapes. The resulting wines from these fermentations were evaluated
by winemakers. The winemakers evaluated the wines for aroma, color, and
mouthfeel on a 5 point scale. In addition, they were asked to rank each wine
based on a price point scale.

Figure 1 below shows the correlation between grape color and winemakers
evaluation of color for nine Central Valley Cabernet Sauvignon wines. Color
was measured as Total Anthocyanins. In general wines with higher color, both
chemically and visually, were ranked into higher price points. It is accepted that
color is not the only criteria for quality when winemakers evaluate wines.

Figure 1. Grape total anthocyanins (mg/g berry) color compared to wine color
evaluation.

Figure 2 shows the comparison between grape C6 aldehydes and alcohols
content andwinemakers’ evaluation of “green” aroma for 15North Coast Cabernet
Sauvignon wines. The wines with lower levels of C6 aldehydes and alcohols in
their grapes are more preferred than those wines with higher levels of C6 aldehydes
and alcohols. As with color, the lack of “green” aroma is not the only measure of
winemaker quality.
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Figure 2. Grape C6 aldehydes and alcohols content compared to wine “green”
aroma evaluation.

In Figure 3, malic acid and 3-isobutyl-2-methoxypyrazine contents in the
grapes were combined with the C6 aldehydes and alcohols contents in the grapes
for comparisonwithwinemakers’ evaluation of “green” aroma in 11Central Valley
Merlot wines. The wines with lower levels of C6 aldehydes/alcohols, malic acid
and 3-isobutyl-2-methoxypyrazine in their grapes are more preferred than those
wines with higher levels of these compounds. Combining multiple attributes gave
a stronger correlation than using individual attributes.
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Figure 3. Grape C6 aldehydes/alcohols, malic acid, and 3-isobutyl-2-
methoxypyrazine content compared to wine “green” aroma evaluation.

Figure 4 shows the comparison between grape Polymeric Tannins, Skin
Tannins, Total Anthocyanins, and Brix content with winemakers’ evaluation of
mouthfeel for 16 North Coast Cabernet Sauvignon wines. The wines with higher
levels of these grape components are more preferred than those wines with lower
levels. Again the combination of multiple attributes gave a stronger correlation
than single attributes.
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Figure 4. Grape Skin Tannins, Polymeric Tannins, Total Anthocyanins, and Brix
content, compared to wine mouthfeel evaluation.

Combining the previous work from the researchers outlined above with the
grape chemistry versus winemaker tastings data presented here, nine classes of
molecules have been identified in dark grape varieties to measure chemical quality;
total anthocyanins, YAN, 3-isobutyl-2-methoxypyrazine, C6 alcohols/aldehydes,
hydrolytically-released β-damascenone, malic acid, pH, polymeric tannins, and
skin tannins.

Growing Region Variation in Chemical Quality Attributes for
California Cabernet Sauvignon Grapes

Grapes from a total of 1,949 Cabernet Sauvignon vineyards from the major
wine growing regions of California were chemically characterized at commercial
harvest during the years 2008 to 2013. The nine classes of molecules which
have been identified in dark grape varieties to measure chemical quality; total
anthocyanins, YAN, 3-isobutyl-2-methoxypyrazine, C6 alcohols/aldehydes,
hydrolytically-released β-damascenone, malic acid, pH, polymeric tannins, and
skin tannins were quantified. The results of this study are shown in the PCA plot
in Figure 5.
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Figure 5. Chemical characterizations of Cabernet Sauvignon grapes from
vineyards across California’s major wine growing regions.

The PC1 axis is essentially an axis of quality. The positive chemical attributes
consisting of total anthocyanins, hydrolytically-released β-damascenone,
polymeric tannins, and skin tannins appear farther to the right of the origin
than the negative chemical attributes YAN, 3-isobutyl-2-methoxypyrazine, C6
alcohols/aldehydes, and malic acid. There is also a trend between chemical
attributes and vineyard location. In general, the vineyards in the Napa and
Sonoma regions have higher concentrations of the positive attributes and the
vineyards in the Fresno and Modesto regions have higher amounts of the negative
attributes. This chemical relationship is consistent with the generally accepted
wine industry judgment that better wines are produced from grapes in the Napa
and Sonoma regions than are produced from grapes in the Fresno and Modesto
regions. However, it is very apparent from the PCA plot that location by itself
is not a measure of grape quality. There are Lodi vineyards that have similar
chemical quality attributes to vineyards in Napa and Sonoma. In addition, there
are Napa and Sonoma vineyards that have chemical quality attributes that are
more similar to those in the Modesto and Lodi regions.

These objective chemical measures of grape quality provide a means to
establish regional differences. Additionally, year to year variations within a
region and a single vineyard can be monitored. Three hundred eighty-nine
Cabernet Sauvignon vineyards in 2013 from the major winegrowing regions of
California were chemical characterized at commercial harvest. Table 3 shows the
average values of the nine chemical attributes by region.
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Table 3. 2013 California Cabernet Sauvignon Vineyards Average Chemical Quality Attributes by Growing Region

Color Positive
Aroma

Negative Aroma Positive Mouthfeel TasteGrowing
Region

Total
Anthocyanins
(mg/g Berry)

Beta-
Damascenone

(ɥɥɥg/L)

Methoxy
Pyrazine
(ng/L)

C6
Compounds
(ɥɥɥg/L)

YAN
(mg/L)

Polymeric
Tannins
(mg/L)

Skin
Tannins
(mg/L)

Malic
Acid
(mg/L)

pH

Mendocino 1.69 38 4 3,102 77 3,223 103 1,447 3.57

Napa 1.88 55 1 3,217 112 3,309 142 1,108 3.60

Sonoma 1.80 53 4 2,371 111 3,378 130 1,653 3.68

Central
Coast

1.39 52 1 2,622 140 3,420 133 1,195 3.66

Lodi 1.05 47 2 3,597 165 2,342 100 1,600 3.63

Modesto 0.87 46 2 3,364 168 2,418 87 1,867 3.73

Fresno 0.74 44 2 3,445 143 1,755 57 1,868 3.94
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Color as measured by Total Anthocyanins shows clear increasing trend
from Fresno to Napa. This trend is consistent with established viticulture
practices and typical weather conditions. Similar, although not as consistent
trends are observed for the positive mouthfeel chemical attributes Polymeric
Tannins and Skin Tannins. Additionally, the data discloses that Central Coast,
Napa, and Sonoma vineyards on average contain grapes with higher amounts of
hydrolytically-released β-damascenone than grapes from vineyards in the Central
Valley (Fresno, Modesto, and Lodi). The negative chemical attributes YAN, C6
alcohols/aldehydes, and malic acid are in general lower in grapes from Central
Coast, Napa and Sonoma vineyards than grapes from vineyards in the Central
Valley. As shown in the above PCA plot, the data in Table 3 is consistent with
the generally accepted wine industry judgment that better wines are produced
from grapes in the Napa and Sonoma regions than are produced from grapes in
the Central Valley regions.

Table 4. Number of 2013 Central Valley Vineyards within a Variety
Characterized for Chemical Quality Attributes

Grape Variety Number of Vineyards

Alicante Bouschet 7

Cabernet Sauvignon 153

Malbec 21

Merlot 105

Petit Verdot 16

Petite Sirah 39

Pinot Noir 60

Ruby Cabernet 18

Syrah 34

Tannat 2

Tempranillo 5

Zinfandel 143
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Table 5. 2013 Central Valley Vineyards Average Chemical Quality Attributes by Variety

Color Positive
Aroma

Negative Aroma Positive Mouthfeel TasteVariety

Total
Anthocyanins
(mg/g Berry)

Beta-
Damascenone

(ɥɥɥg/L)

Methoxy
Pyrazine
(ng/L)

C6
Compounds
(ɥɥɥg/L)

YAN
(mg/L)

Polymeric
Tannins
(mg/L)

Skin
Tannins
(mg/L)

Malic
Acid
(mg/L)

pH

Alicante
Bouschet

2.18 24 0 3,521 216 2,194 60 1,817 3.74

Cabernet
Sauvignon

0.97 47 2 3,334 163 2,366 63 1,699 3.70

Malbec 1.57 43 0 4,452 184 2,978 38 1,799 3.98

Merlot 0.84 28 7 2,642 143 2,482 70 1,065 3.75

Petit Verdot 1.51 41 1 3,069 173 2,609 31 2,351 3.66

Petite Sirah 2.01 51 1 6,322 234 2,712 42 1,575 3.73

Pinot Noir 0.66 42 0 4,722 252 2,600 67 1,821 3.53

Ruby
Cabernet

1.20 64 6 2,998 186 2,306 50 2,557 3.86

Syrah 1.12 41 0 5,977 169 2,407 86 1,362 3.95

Tannat 2.03 43 0 4,290 153 3,946 24 1,973 3.57

Tempranillo 0.85 41 0 4,253 182 2,602 48 1,391 3.83

Zinfandel 1.01 34 0 3,165 227 1,947 40 2,070 3.64
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Varietal Variation in Chemical Quality Attributes for Central
Valley Grapes

The literature cited in this chapter and the data presented have focused on
Cabernet Sauvignon, Merlot, and Shiraz varieties. The same chemical quality
attributes characterized for these varieties of grapes can be applicable to other red
grape varieties. Therefore in 2013, Central Valley vineyards including 12 different
varieties of grapes were characterized for chemical quality attributes. Table 4 lists
the number of vineyards from each variety that was characterized.

Table 5 shows the average results of the chemical quality attributes analyses
for the 12 Central Valley grape varieties identified in Table 4.

The different grape varieties have unique chemical fingerprints using the
nine classes of molecules as shown in Table 5. These chemical fingerprints are
consistent with the established varietal tasting differences associated with wines
made from the various grape varieties. Alicante Bouschet, Petite Sirah, and
Tannat are known to have high color. Pinot Noir has low color compared to the
other varieties. Ruby Cabernet and Petite Sirah wines are known for having dark
fruit aroma. Unfortunately, Ruby Cabernet wine is also known for high vegetal
aroma. As presented in Figure 3, this can be correlated with high concentrations
of 3-isobutyl-2-methoxypyrazine and malic acid. Table 5 shows Ruby Cabernet
grapes to have high levels of both of these classes of molecules. Merlot wine
can have a serious issue with bell pepper or vegetal aroma and Merlot grapes
have the highest average concentration of 3-isobutyl-2-methoxypyrazine among
the varieties shown in Table 5. Tannat grapes have been given their name due
to a high level of tannins. Of all the grape varieties characterized, Tannat has a
significantly higher level of Polymeric Tannins than the other varieties. Many
wine experts will state the mouthfeel of Syrah in such terms as velvety, silky,
weighty, or chewy. Hufnagel and Hofmann (12, 13) have published two papers
identifying Flavonols as tannin compounds that have velvety/silky astringent
mouthfeel and Table 5 shows Syrah to have the highest level of Skin Tannins.

Conclusions
Nine classes of molecules have been identified in dark grape varieties

to measure chemical quality; total anthocyanins, YAN, 3-isobutyl-2-
methoxypyrazine, C6 alcohols/aldehydes, hydrolytically-released β-damascenone,
malic acid, pH, polymeric tannins, and skin tannins. These attributes can be used
to identify regional differences within a single variety of grapes. In addition,
different grape varieties have unique chemical fingerprints using the nine classes
of molecules. These measures of grape chemical attributes will permit the
objective comparison of regional and varietal grape quality from year to year
at the individual vineyard level. Vintage to vintage variations can be observed
in these nine attributes. However, the overall regional and varietal trends are
maintained. These objective chemical measures of grape quality will permit the
monitoring of grape quality improvements through the use of advanced viticulture
practices such as deficit irrigation and mechanical pruning. In the future it could
augment weight and Brix as the measures to pay growers.
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Chapter 24

Paired Potassium-Based Buffers for Sanitizing
Winery Equipment and the Carbon, Nitrogen,
Sodium, and Phosphorus Footprints of Winery

Cleaning Practices

Roger Boulton*

Department of Viticulture and Enology, University of California,
One Shields Ave, Davis, California 95616, U.S.A.

*E-mail: rbboulton@ucdavis.edu.

There is a need for the adoption of green chemistries for the
sanitizing solutions in food, pharmaceutical and fermented
beverage facilities such as breweries and wineries. One
approach is the application of equimolar, potassium-based,
inorganic buffers that separately keep the pH outside of the
range in which known pathogens can survive but when mixed
for discharge they provide a neutral, dilute solution of potassium
monohydrogen sulfate. This buffer system, coupled with 10
g/L hydrogen peroxide, provides the same reduction in viable
bacteria as 10 mg/L free chlorine. The solutions have no
biological or chemical oxygen demands to be treated before
discharge. The choice of monovalent salts enables the recovery
and reuse of both buffers using nanofiltration membranes
and eliminates the carbon, nitrogen, sodium and phosphorus
footprints associated with existing cleaning solutions.

The selection of sanitizing buffers needs to consider the effectiveness of
the solutions in disinfection, possible worker exposure, compatibility with the
materials with which it will be in contact and the environmental impact of all
components when discharged.

© 2015 American Chemical Society
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Historically, wine fermentors and storage vessels were made from either
wood, stone, clay or cement. Cleaning practices ranged from a water rinse, the
burning of sulfur wicks for the generation of sulfur dioxide to simply refilling
with the vessel with another wine. The introduction of stainless steel vessels into
the dairy, brewing and wine industries occurred at about the same time as the
introduction of sodium hydroxide and hypochlorite solutions for sanitation, often
with trisodium phosphate as a detergent and citric acid for the low pH finishing
solution. The awareness of stress-corrosion cracking in some types of stainless
steel in contact with chloride ions at neutral pH led to the practice of using a
mildly acidic solution for the final rinse. The use of either 2 or 3 sanitizing
solutions based on these chemistries continued to be a widespread practice in
clean-in-place systems. The main alternative application of steam and/or high
temperature water for sanitation but can have other undesirable outcomes due to
protein denaturation and surface fouling due to colloidal matter.

As information about the occurrence of chloramines in food related facilities
began to accumulate and with the discovery of chlorinated phenols (1), in
particular the identification trichloroanisole (TCA), a phase out of chlorinated
cleaning chemistry, especially in wineries, occurred. The movement away from
hypochlorite has led to the adoption of ozone, chlorine dioxide and other halide
derivatives each with their advantages and disadvantages. While the disinfection
power was often equivalent or superior to hypochlorite in terms of contact time
required, they were also more hazardous and in the case of ozone and chlorine
dioxide needing safety clothing and masks and considerable training of the
production teams using them. The discovery of bromine analogs of TCA and
their related odor contributions made the use the bromides limited and short lived.

Today many facilities have moved to non-halide cleaning methods using a
high pH NaOH solution with trisodium phosphate (TSP), and a low pH finishing
rinse with peroxyacetate or peroxycarbonate. Other approaches use ozonated
water at ambient temperatures, while significant use of hot water in conjunction
with one of these regiments remains. The use of steam and hot water while it
remains the most widely practiced method of sanitizing bottling lines, in most
milk and beverage facilities, is energy intensive and carries a carbon footprint
when hydrocarbon fuels are employed.

Sustainable Sanitation Practice Considerations

With the evolving awareness of carbon, energy and water footprints in the
food and beverage industries and the extensive use of water for cleaning process
equipment, it is reasonable to reconsider the chemical footprints of the cleaning
and sanitation solutions, the temperature and time basis for their use, their
contribution to the chemical and biological oxygen demand of spent solutions
and the sodium, nitrate, phosphate and chloride released into the soil and surface
and groundwater environments due to these practices. Ideally, disinfection agents
and buffer solutions will have no hazardous vapors and will be effective in dilute
rather than concentrated solutions. The choice of inorganic chemistries would
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be favored so that there are not added contributions to the biological oxygen
demand (BOD) and the chemical oxygen demand (COD) of treatment systems
and not contribute further to carbon dioxide or methane (GHG) emissions. The
inorganic components should also be compatible with soil and groundwater
environments and not contribute to the nitrate levels of ground water. An
additional consideration might be for the solutions to be captured, recovered and
reused, requiring the buffers to be chosen for their suitability for separation on
membrane systems, either so that the water is recovered or that both the water
and the buffer components are recovered and reused.

The Reference Organism

Choosing a rigorous cleaning approach will begin by choosing a reference
organism. In drinking water standards throughout the world this has been
Escherichia coli, while in food toxicity is considered it is often Staphylococcus
aureus. In the wine domain where no known pathogens survive, the yeast families
of Saccharomyces and Brettanomyces, and the bacteria families of Oenococcus,
Acetobacter, Pediococcus and Lactobacillus would be of particular interest.
Unfortunately there is virtually no useful information regarding disinfection
models and related survival data for these organisms. In order to investigate the
potential of some alternative green cleaning chemistries we have chosen E. coli
as the reference organism.

The Disinfection Time Course

The FDA criterion for the destruction of pathogens such as Listeria and
Clostridium species evaluates conditions that lead to a 6-decade reduction in
cooked food. Both the ASTM and AOAC standard methods for disinfection
assessment use a 5-decade reduction in the viable counts as the basis for
comparisons. While there are a number of agencies that regulate microbial
inactivation practices in the food and pharmaceutical industries, the US wine
industry is regulated by the TTB, and at present no official standards and no
reference organisms for equipment sanitization exist. The green chemistry
cleaning solutions presented have been chosen to be applicable for brewery and
dairy sanitizing purposes as well. The 5-decade reduction in viable cells has
been used as the standard performance when comparing alternative disinfection
conditions. This basis enables various combinations of composition, temperature,
pH and contact time to be evaluated. As a reference for disinfection with time,
water containing 5 mg/L of free chlorine would cause a 5-decade reduction in
viable cells of in approximately 20 minutes. In terms of cleaning cycles, solutions
contact times of 20, 30 and 60 minutes, corresponding to 1,200, 1,800 and 3,600
seconds are of particular interest since they represent acceptable contact times in
automated recirculation cleaning systems.

381

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

24
, 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

3.
ch

02
4

In Advances in Wine Research; Ebeler, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



The Hot Water Option

The simplest disinfection can be obtained using water at various temperatures.
The equations developed by others (2) enable the survival of E. coli to be estimated
at various temperatures. The time required for a 5-decade reduction in viable cells
ranges from 10 seconds at 70º C (158º F) to 3,000 seconds at 50º C (122º F) as
shown in Figure 1.

Figure 1. Survival of E. coli at temperatures between 30 and 70º C at pH = 7.0.

Hot Water and pH of 2.0 and 12.0

The hot water example can be extended by considering the survival curves for
acidified water at pH=2.0, where the times range from 7 seconds at 70º C (158º
F) to 1,800 seconds at 50º C (122º F) as shown in Figure 2, typically providing
the same disinfection in 30% less time. The advantage of using a low pH buffer
is that no pathogen can survive at this pH, even at ambient temperatures. This can
be extended to pH of 12 where the effect is even greater and at another solution
condition at which no known pathogen can survive. At this pH, only 2 seconds
at 70º C (158º F) or 400 seconds at 50º C (122º F) is required for the 5 decade
reduction as shown in Figure 3.
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Figure 2. Survival of E. coli at temperatures between 30 and 70º C, pH = 2.0
(●) and 7.0 (○).

Figure 3. Survival of E. coli at temperatures between 30 and 70º C, pH = 7.0
(○) and 12.0 (●).

The hot water option is undermined by the decline in solution temperature
due to heat losses during the cleaning cycle and while this can be compensated for
on a site specific basis, the performance of alternative buffer solutions at ambient
temperature will result in a more general and reproducible cleaning regime.
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Low pH Hydrogen Peroxide Solutions

The disinfection power of various hydrogen peroxide solutions at pH 7.0 and
20º C can be evaluated using the modified series model (3) and the survival curves
are shown in Figure 4. Concentrations of 1, 10 and 100 g/L require times of
4,200, 9,000 and 18,000 seconds to achieve the 5-decade reduction in viable cells.
However, the application of hydrogen peroxide in a buffered solution at pH 2.3
has been shown to result in 5-decade reduction of E. coli in 2000 seconds (4), with
the disinfection curve, based on their reported data is shown in Figure 5. This
study also reported similar disinfection rates for Staphylococcus aureus, Bacillus
subtilis and a number of other bacteria in acidified hydrogen peroxide solutions at
pH values of 2.3 and 3.3. This has been summarized using the same disinfection
model and the data is replotted as the 5 decade reduction times in Figure 6.

Figure 4. Survival of E. coli at concentrations between 1 g/L and 10 g/L
Hydrogen Peroxide in 20º C Water, pH = 7.0.
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Figure 5. Survival of E. coli at 10 g/L Hydrogen Peroxide at 20º C and pH = 2.3.

Figure 6. Survival of several organisms at 10 g/L Hydrogen Peroxide at 20º C at
pH = 2.3, shortest times and pH = 3.3, longest times.

The challenge is now to develop a pair of buffer solutions that support
acceptable sanitizing pH ranges for hydrogen peroxide, be capable of providing a
defined reduction in viable cells and ideally be used at ambient temperatures.
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The Potassium Buffer Solutions with Hydrogen Peroxide
If the high pH solution is made from 20 mMKOH, pH=11.5, (1.1g/L) and the

low pH solution from 20 mM KHSO4, pH=2.5, (2.7g/L), these matched buffers
would become 20 mM K2SO4 at pH 7.0 on mixing. The interest in using buffered
hydrogen peroxide solutions stems from the H2O2 entity being available at both
pH conditions (completely at pH=2.5 and approximately 50% at pH=11.5) and
the possibility of achieving similar disinfection rates to free chlorine at ambient
temperatures.

An additional consideration was development of more sustainable practices
in terms of their water and chemistry footprints. The possibility of choosing
solutions which could be recovered to a significant extent by membranes was
included and the elimination of buffers which contained sodium (from sodium
hydroxide and trisodium phosphate), nitrogen as nitrate (from aerobic degradation
of organic nitrogen) and phosphate (from trisodium phosphate). The recovery
and reuse approach has the potential to reduce the discharge to only potassium
sulfate at levels commonly found in natural ground waters. The elimination of the
contributions to the sodium, nitrogen and phosphate footprints is driven by their
negative impact when released onto soils or into groundwater. The elimination of
organic buffers ensures no contribution to either the BOD or the COD of the spent
cleaning solutions streams or to the carbon footprint due the release of carbon
dioxide from aerobic degradation.

Buffer Requirements, Cation and Anion Choices
The pH range for the growth and survival of known pathogens is 4.0 to 10.0

and while there are a number of inorganic salts that could be used to achieve pH
conditions outside of this range, the consideration of not using nitrate, phosphate
or chloride for environmental discharge reasons and the wish to have only
monovalent anions led to the choice of a monohydrogen sulfate anion buffer for
the low pH (2.5) and an equimolar hydroxide anion buffer for the high pH (11.5).

The preferred cations should also be monovalent so that recovery of both
cations and anions can be performed using a nanofilter that provides rejection of
multivalent ions and neutral molecular species with a molecular weight of more
than 150. This leads to either sodium or potassium salt buffers. The further
consideration of cation exchange preference in clay soils suggests that potassium
is a less impactful choice since it leads to significantly less swelling and fracturing
when compared to sodium and even calcium and magnesium (5).

The Clean-In-Place and Cleaning Solution Recovery
The movement towards more sustainable practices must address both

water usage and discharge chemistry onto sites due to processes. The adoption
of clean-in-place technologies while aimed at more consistent cleaning and
automated operations, often after the workday ends, will now be an essential part
of the adoption of a solution recovery and re-use program. This approach will lead
to immediate reduction in both the water and chemical footprints of the facility.
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The choice of a matched pair of monovalent inorganic buffers, based on
potassium rather than sodium, is aimed at being able to recover as much as 90% of
each solution on nanofilter membranes with a MWCO of 150. At the same time,
the major organic solutes from the juice or wine on the equipment surface (tartaric
and malic acids, sugars and all phenolics and proteins) will be concentrated into
the 10% retentate stream, making it more suitable for anaerobic digestion in a
biodigestor. The long-term accumulation of smaller molecules such as glycerol,
lactic and ethanol in the recovered solutions can be managed by capturing most
of them in the initial water rinse and using reverse osmosis rather than nanofilter
membranes to recover the rinse water.

Next Steps

The path forward calls for the development of disinfection models for the
survival of wine organisms and the adoption of an n-decade reduction standard
for winery equipment cleaning practices. With this information the effectiveness
of various composition-temperature-contact time schemes can be compared and
more optimal conditions established. The performance of alternative nanofilter
and reverse osmosis membranes under these conditions, their cleaning and
economic lifetime need to be investigated. In the sustainability world, the
effective footprints of water, energy and major chemical components will need to
be verified and a life-cycle analysis performed.

Closure

The development of paired potassium-based cleaning solutions that can
perform effective sanitation at ambient temperature is presented. Using E. coli
as the reference organism, the application of 300 mM hydrogen peroxide, at pH
2.5, can provide a 5-decade reduction in viable cells. The selected equimolar
potassium-based buffers at pH 2.5 and 11.5 are designed to permit recovery of as
much as 90% of both cleaning solutions by nanofilter membranes. The selected
buffers eliminate any contribution to the BOD and COD of the spent solutions
and the discharge of sodium, nitrates, chlorides and phosphates onto soils and
into surface or ground waters.
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