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Sensory properties of four important volatile sulfur compounds, dimethyl disulfide

(DMDS), diethyl disulfide (DEDS), methanethiol (MeSH) and ethanethiol (EtSH),

were determined in base Oregon Pinot noir wine in order to understand their

impacts on wine aroma. Detection thresholds of these four compounds in base

wine were determined first. All four compounds were found to have very low

detection thresholds (in ppb) in base wine. Group thresholds of DMDS ranged

from 11.18 to 23.57 ppb, those of DEDS ranged from 1.45 to 2.16 ppb, those of

MeSH ranged from 1.72 to 1.82 ppb and those of EtSH ranged from 0.19 to 0.23

ppb. Subjects' abilities to detect these compounds in Pinot noir wine were very

different. Aroma characteristics of the four compounds as well as their interactions

in base wine were profiled via descriptive analysis. Aroma of DMDS in base wine

was mainly described as old cabbage and rotten cabbage. DEDS aroma in wine

was perceived as skunky, sweaty, and tire-like. Aroma of MeSH in wine was
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associated with stale vegetables, animal, rubbery, and slop. EtSH aroma in base

wine was mainly described as durian, garlic, stale eggs, and natural gas. Odor

suppression was observed when two or four sulfur compounds were mixed together

in base wine. Perceiving off-odors in base wine was driven by MeSH and EtSH

when both MeSH and DMDS or both EtSH and DEDS were present. EtSH

affected wine aromas more when both MeSH and EtSH were present in base wine;

however, MeSH governed wine off-odors more than EtSH under the influence of

subthreshold levels of two disulfides. Mercaptans can significantly affect aroma

quality of Oregon Pinot noir wine at very low concentrations (in ppb level); they

have a stronger effect than disulfides. Regarding the impacts ofbase wine aromas

caused by the four sulfur compounds, base wine lost its fruity and floral character

and increased overall intensity, overall stinky, nose burn and sulfur-related odors

while concentrations of the four volatile sulfur compounds in base wine increased.

Aroma changes of fruity, floral and nose burn can be used by winemakers to

diagnose the early presence of volatile sulfur compounds in Oregon Pinot noir wine

during winemaking and wine storage.
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UNDERSTANDING AROMA IMPACTS OF FOUR IMPORTANT
VOLATILE SULFUR COMPOUNDS IN OREGON PINOT NOIR WINES

1. INTRODUCTION

Oregon Pinot noir wine is considered as one of the best Pinot noir wines in

the world since the climate of Willamette Valley, Oregon is similar to Burgundy,

France where the Pinot noir wine enjoys an ongoing success (LaMer 2005). Piriot

noir wine is the largest share of wine production in Oregon and brings profits to the

Oregon wineries (OASS 2005). However, in recent years, some commercial

Oregon Pinot noir wines have suffered aroma defects. Volatile sulfur compounds

are believed to be one of the major causes of these off-aromas. Many volatile

sulfur compounds naturally exist in wine, and a few of them contribute to

complexity of wine aromas and flavors at very low concentrations (Shooter 1994).

But most of them have unpleasant aromas such as rotten egg and rubbery (Mestres

et al. 2000; Rauhut and Sponholz 1992). In addition, these compounds often have

very low sensory thresholds (in ppb levels); therefore, they can significantly and

negatively influence odor quality of wine.

This study focused on four important volatile sulfur compounds: dimethyl

disulfide (T)MflS, diethyl disulfide (DEDS), methanethiol (MeSH), and
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ethanethiol (EtSH). DMDS smells like onions or cabbage, DEDS smells like garlic,

onion and burnt rubber, MeSH is often described as having a smell of cooked

cabbage or putrefaction, and EtSH smells like fecal, rubber or burnt matches (ETS

Laboratories 2002; Goniak and Noble 1987; Mestres et al. 2000; Rauhut and

Sponholz 1992; Rauhut 1993). Once MeSH and EtSH are present in wine, they are

rapidly oxidized to produce DMDS and DEDS (Rauhut 1993; Shooter 1994;

Zoecklein et al. 1999). Wine quality can become further deteriorated as additional

sulfur compounds and off-odors are generated. At wine pH and in the presence of

sulfite ion, DMDS and DEDS can be slowly converted back to MeSH and EtSH

during wine aging and storage (Bobet et al. 1990). MeSH and EtSH have lower

sensory thresholds than DMDS and DEDS in various media (Mestres et al. 2000;

Rauhut and Sponholz 1992). Sometimes new wines without any sulfur off-odors

can go stinky after aging and storage because subthreshold levels of DMDS and/or

DEDS can be converted to suprathreshold levels of MeSH and/or EtSH in wine.

Overall, these interconversions can greatly impact wine quality.

The objective of this research is to understand how DMDS, DEDS, MeSH

and EtSH can impact aroma characteristics of Oregon Pinot noir wine in order to

help Oregon winemakers successfully diagnose contaminations caused by these

compounds at an early stage of winemaking. The sub-objectives are 1) to

determine detection thresholds of the four volatile sulfur compounds in base

Oregon Pinot noir wine, 2) to examine the influences of the four compounds on
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aroma properties of base wine, and 3) to understand how interactions between these

compounds can affect base wine aromas and their own aroma properties. The first

study was the determination of detection thresholds of the four volatile sulfur

compounds in base wine (objective 1). The threshold values were used as the basis

of the second study, where descriptive analysis was employed to profile aroma

characteristics of the four compounds as well as their interactions in base wine and

examine how these characteristics affect base wine aromas (objective 2 and 3).



2. LITERATURE REVIEW

2.1. VOLATILE SULFUR COMPOUNDS IN WINE

Sulfur compounds are abundant in the natural environment. They contribute

to both flavor and off-flavor characteristics of foods (Mussinan and Keelan 1994).

In wine, volatile sulfur compounds occur naturally and are associated with

determination of many aromas and flavors (Shooter 1994). Five types have been

classified based on their structure: 1) mercaptans, 2) sulfides, 3) polysulfides, 4)

thioesters generated from condensations of mercpatans and fatty acids, and 5)

heterocycles derived from thiophene, thiazole or thiamin. Some of them have

positive effects on varietal aromas (Beloqui and Bertrand 1995; Etiévant 1991;

Mestres et al. 2000). For example, volatile thiols such as 4-mercapto-4-methyl-

pentan-2-one and 3-mercaptohexanol were found to contribute the varietal aroma of

Sauvignon blanc (Dubourdieu et al. 2000). However, many of them often

negatively affect wine aromas and flavors. Concentrations of some common

volatile sulfur compounds and their sensory thresholds and aroma descriptions are

shown in Tables 2.1 and 2.2. Their aromas are often described as rubber, cabbage,

onion, garlic, and are nothing like typical wine aromas. Their concentrations,

except methionol, in normal and even off-flavored wines are very low (ppb level).

Nevertheless, most of them have extremely low sensory threshold values. Thus,
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they can be critical to the wine aroma and flavor (Etiévant 1991; Fang and Qian

2005; Goniak and Noble 1987; Mestres et al. 2000; Rauhut 1993; Rauhut and

Sponholz 1992).

2.1.1. Origin of volatile sulfur compounds in wine

The origins of volatile sulfur compounds in wine include elemental sulfur

used as fungicides in vineyards, sulfur-containing pesticides, inorganic sulfur such

as sulfate and sulfite, and organic sulfur such as sulfur-containing amino acids and

vitamins (Acree 1976; Henschke 1996; Jiranek and Henschke 199l; Metres et al.

2000; Rauhut 1993; Rauhut et al. 1993; Shooter 1994; Zoecklein et al. 1999). They

are found in grapes, musts and yeast cells. Their formation involves enzymatic and

non-enzymatic reactions. Enzymatic formations include intercellularprocesses,

reactions after destroying plant tissue, breakdown of sulfur-containing amino acids,

production of yeast metabolites, and metabolism of sulfur-containing pesticides by

yeasts and juice enzymes. The formations associated with light, temperature,

chemical transformation, enological practices, hydrolysis and degradation of

pesticides, and reactions involving highly reactive compounds (i.e. hydrogen

sulfide and methanethiol) with wine ingredients are non-enzymatic (Rauhut and

Sportholz 1992; Rauhut 1993).



2.1.1.1. Elemental sulfur and sulfur-containing pesticides

A typical fungicide to control powdery mildew sprayed in a vineyard is

elemental sulfur (Henschke 1996; Zoecklein et al. 1999). Residue elemental sulfur

is often found in musts and normally its level ranges from 0.3 to 8.9 ppm (Wenzel

et al. 1980). Elemental sulfur was found to relate to the production of hydrogen

sulfide (H2S) (Henschke 1996; Zoecklein et al. 1999; Wenzel et al. 1980). The

range of sulfur concentrations which can create sufficient H2S to cause off-odors

was found to be from ito 5 ppm prior to fermentation (Thoukis and Stem 1962;

Wenzel et al. 1980). In addition, the bigger the particle size of elemental sulfur, the

less H25 is formed (Rankine 1963; Schutz and Kunkee 1977). Residues of sulfur-

containing pesticides in musts and bottled wine can result in formation of several

volatile sulfur compounds such as mercaptans and carbon disulfide (CS2). For

example, Schmitt (1987) found that hydrolysis of a fungicide,

tetramethylthiuramdisulfide, can occur at wine pH during fermentation and produce

CS2, carbonyl sulfide (COS), dimethyldithiocarbamate and dimethyithiocarbamate.

Acephate (O,S-dimethyl-N-acetyl-amido-thiosphate) is the active ingredient of an

insecticide; depending on wine pH, residue concentration and storage temperature,

its residue in bottled wine can be hydrolyzed to methanethiol (MeSH) and dimethyl

disulfide (DMDS) (Rauhut 1993).
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2.1.1.2. Sulfate and sulfite

Sulfate and sulfite are believed to be the precursors of H2S under some

enological conditions such as juice composition, nitrogen supplementation and

concentration of free sulfur dioxide (SO2) (Guidici and Kunkee 1994; Spiropoulos

et al. 2000). Sulfate is the major inorganic sulfur compound naturally found in

grape. It is the most common sulfur source for yeasts. Almost all yeasts use sulfate;

therefore, it is necessary for yeast growth (Rauhut 1993). About 100-700 ppm

sulfate was found in Californian wine grapes (Amerine and Ough 1980). From 5 to

10 ppm of sulfate in must was reported to be sufficient to support growth of yeast

cells (Eshenbruch 1974; Maw 1960). There are about 50-200 ppm sulfite found in

must and wine (Rauhut 1993). Sulfite comes from the dissociation of SO2 at wine

pH. Adding SO2 is very important for winemaking. Usually 35 ppm is the

maximum level of free SO2 present in the finished wines. About 0.5 to 0.8 ppm of

molecular SO2 can inhibit growth of undesired microorganisms. From 15 to 30

ppm of free SO2 is required to inhibit oxidative enzymes such as polyphenol

oxidase, suppress non-enzymatic oxidations, and extract and stabilize red wine

color (Henschke and Jiranek 1991; Zoecklein et al. 1999). Sulfite is also produced

by yeasts as an intermediate in the assimilatory sulfate reduction pathway (Rauhut

1993; Spiropoulos et al. 2000; Thomas and Surdin-Kerjan 1997; Zoecklein et al.

1999).



Saccharomyces cerevisiae utilizes sulfate to synthesize organic sulfur

compounds, mainly cysteine, metbionine, and S-adenosylmethionine, via the

assimilatory sulfate reduction pathway shown in Figure 2.1. Sulfate is taken in by

the yeast and reduced to sulfite. Sulfite is further reduced to sulfide; in addition, it

can be converted to molecular SO2. Sulfide reacts with some precursors such as 0-

acetyl homoserine and señne to synthesize cysteine and methionine. Sulfide also

reacts with hydrogen ions and produces H2S (Rauhut 1993; Spiropoulos et al. 2000;

Thomas and Surdin-Kerjan 1997; Zoecklein et al. 1999). The pathway is catalyzed

by many enzymes. STiLl, STJL2, MET3, MET14, MET16, MET17/25/15 are

strongly inhibited by methionine and S-adenosylmethionine. MET5/10, known as

sulfite reductase, is not only repressed by methionine and S-adenosylmethionine

but also regulated by the general amino acid control system (Mountain et al. 1991).

This regulation system is induced when one of several essential amino acids are

limited and when nitrogen is abundant (Hinnebusch 1992). Under the

circumstances of a very low amount of methionine and a high level of ammonium

ion (supplementation of diammonium phosphate) in must, full induction of the

assimilatory sulfate reduction pathway is carried out by yeasts and thus sulfate is

the source of H2S (Guidici and Kunkee 1994). When sulfur-containing amino acids

are relatively abundant but other nitrogen compounds are deficient in must,

degradation of sulfur-containing amino acids may occur and result in production of

sulfite (Spiropoulos et al. 2000; Thomas and Surdin-Kerjan 1997). Sulfite is toxic

to yeasts and sulfite reductase is activated to convert sulfite to sulfide. Since



MET 17/25/15 is inhibited by the presence of methionine, interconversion of sulfur-

containing amino acids is blocked. As a result, sulfide can only react with

hydrogen ions and form H2S. Sulfite is the source ofH2S under this circumstance.

There are other enological conditions in which either sulfate or sulfite (or both) can

be the sources of H2S in wine (Spiropoulos et al. 2000).

2.1.1.3. Organic sulfur compounds

In S. cerevisiae, cysteine and methionine are the most plentiful sulfur-

containing amino acids. They are found in proteins, peptides, and glutathione, a

trip eptide (Hartnell and Spedding 1979). Methionine-sulfur and cysteine/cystine-

sulfur account for about 40% of total sulfur in yeast. Glutathione-sulfur is about

20% of total sulfur in yeast (Maw 1965). In terms of content of the sulfur-

containing amino acids in must, methionine is the most abundant and ranges from

5-76 ppm (Rauhut 1993; Spayd and Andersen-Bagge 1996). Eschenbruch (1974)

found only traces amount of cysteine in must. Spayd and Andersen-Bagge (1996)

could not detect cysteine in the juices from Sauvignon blanc, Semillon, Cabernet

sauvignon, Lamberger and Merlot grapes grown in Washington. Also, less than 2

ppm cysteine was found in the juices from Chenin blanc, Chardonnay,

Gewiirztraminer, Muscat Canelli, White Riesling, Grenache, and Pinot noir.

Glutathione ranges from 14-102 ppm in must (Cheynier et al. 1989). There are

very small amounts of sulfur-containing vitamins such as thiamine and biotin found
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in S. cerevisiae. Content of thiamin ranges from 29 to 90 jtg/g and biotin ranges

from 0.5 to 4.5 tg/g dry weight of cells (Maw 1965). In must, the concentration of

thiamin is at 160-330 ppb (Radler 1989) and biotin is at 9-11 ppb (Lemperle and

Lay 1989).

Methionine, cysteine and glutathione were found to be the precursors of many

volatile sulfur compounds such as H2S, MeSH, and dimethyl sulfide (DMS) in

wine (De Mora et al. 1986; Guidici and Kundee 1994; Hallinan et al. 1999; Rauhut

1993; Schreier 1979; Shooter 1994). The formation of these volatile sulfur

compounds will be discussed in the next section.

2.1.2. Common volatile sulfur compounds found in wine

This section focuses on some common volatile sulfur compounds which cause

wine aroma defects. Their formations and aroma characteristics are discussed.

2.1.2.1. Hydrogen sulfide (H2S)

H2S is produced via the assimilatory sulfate reduction pathway during yeast

fermentation (Henschke and Jiranek 1991; Rauhut 1993; Spiropoulos et al. 2000).

Its concentration in normal wine is less than 10 ppb, ranges from 20-30 ppb in

young wines, and more than 80 ppb in wines with off-flavor (Table 2.1). Sensory
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thresholds of H2S in wine range from 0.00 1 to 150 ppb depending on the wine

variety. Once its concentration is above its threshold, distinct and unpleasant

aromas such as rotten egg, decaying seaweed and rubbery appear in wine (Table 2.2)

(Mestres et al. 2000; Rauhut and Sponholz 1992; Rauhut 1993). While H2S is

formed during fermentation, most of it can be released with carbon dioxide which

is also a yeast metabolite (Rauhut 1993; Shooter 1994). If excessive amounts of

H2S remain in wine, it can react with other wine ingredients and other volatile

sulfur compounds are produced. As a result, quality of wine aroma is decreased.

For example, ethanethiol, which smells like onion, rubber, fecal and burnt match

(Table 2.2), can be formed after H2S reacts with acetylaldehyde (Rauhut et al. 1993;

Zoecklein et al. 1999). Excessive H2S can be removed by purging additional SO2

(2H2S+S02 -* 2HO+3S), adding copper sulfate (H2S+CuSO4 -+ CuS+H2SO4),

and aeration (2H2S+02 -+ 2H20+S) (Rauhut 1993; Rauhut and Sponholz 1992).

Several factors influence the levels of H2S in wine. High levels of H2S

produced in wine are influenced by a combination of these factors. First, some S.

cerevisiae strains are capable of producing excessive amounts of H2S under the

influences of enologica! factors such as must composition and fermentation

conditions (Guidici and Kunkee 1994; Haflinan et al. 1999; Rauhut 1993; Rauhut

and Sponholz 1992). For example, the AWRI 767 and 835 strains produced larger

amounts of H2S, 6.2 and 8.8 j.tmollg, than strain EC 1118 (4.7 tmolIg) in a media

containing both sulfate and sulfite (Hallinan et al. 1999). Second, the level of
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sulfate and sulfite in must can affect H2S production. They are the components in

the assimilatory sulfate reduction pathway (Hallinan et al. 1999; Rauhut and

Sporiholz 1992; Spiropoulos et aL 2000). Third, elemental sulfur residues in must

and relates to H2S production. H2S is generated via the non-enzymatic reaction

between elemental sulfur and the compounds with suithydryl group such as

glutathione. The level of H2S produced depends on the amount and type of

elemental sulfur, fermentation temperature, alcohol level, state of oxidation-

reduction in must and yeast's physiological condition (Maw 1965; Rankine 1963;

Schutz and Kunkee 1977; Zoecklein et al. 1999).

Fourth, conditions during winemaking influence H2S formationin wine. Tall-

form fermenters (height to diameter) can cause a rapid drop of the oxidation-

reduction potential into reduced conditions. Since a high level of H2S can be

formed under reducing conditions, using tall-form tanks to ferment wine results in

higher levels of H2S. Less H2S is formed at low fermentation temperatures. High

pH in must is also associated with higher concentration of H2S produced. Other

conditions including high levels of suspended solids (turbidity), alcohol and metal

ions, and depth and time of lees contact also promote H2S production (Eschenbrush

and Bonish 1976; ETS Laboratories 2002; Rankine 1963; Wenzel and Dittrich 1978;

Zoecklein et al. 1999).
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Finally, nutrient imbalance with excess of organic sulfur compounds in must

are associated with level of H2S formation. A lack of assimilable nitrogen in must

is an important factor in H2S formation. In 1979, Vos and Gray established a theory

that yeasts break down the extracellular protein in juice and must during

fermentation when assimilable nitrogen is deficient. The sulfide residuals from

released sulfur-containing amino acids in protein degradation significantly

increased the formation of H2S. However, Henschke and Jiranek (1991) proposed

alternate theory to the theory of protein degradation. They found that sulfites from

non-protein sources (i.e. SO2 added during grape crushing) are reduced to sulfide

and result in H2S liberation. Several studies have focused on H2S formation in

wine when the assimilable nitrogen in juice and must is deficient. Reduction of

sulfate and sulfite and utilization of elemental sulfur are sources of H2S as a low

amount of assimilable nitrogen occurs in must (Guidici and Kundee 1993, 1994;

Hallinan et al. 1999; Henschke and Jiranek 1991). While organic sulfur

compounds are relatively abundant and the assimilable nitrogen is low in must,

sulfur-containing amino acids and glutathione can be degraded to generate other

essential amino acids and ammonia, and H25 is one of the byproducts. Cysteine

can be degraded under the catalysis of cysteine desuithydrase to produce 2-amino-

propenoic acid (further converts to 2-keto-propanoic acid and ammonia) and H2S

and under serine suithydrase to generate serine and H2S (Henschke 1996; Maw

1965; Dott and Truper 1978). Glutathione undergoes rapid hydrolysis to generate

amino acids when assimilable nitrogen is deficient. 40% of H2S produced in the
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medium containing sulfate are derived from glutathione (Hallinan et al. 1999). An

abundance of methionine and S-adenosylmethionine and a lack of some essential

amino acids in must may cause high levels of H2S production (see 2.1.1.2 for

explanation).

A lack of vitamin B6 and pantothenic acid in must stimulates a greater amount

of H2S liberation (Henschke 1996; Rauhut 1993). VitaminB6 is essential to the

reactions related to methionine synthesis in the assimilatory sulfate reduction

pathway (Figure 2.1). The lack of pantothenic acid results in the deficiency of

coenzyme A and thus decreases formation of 0-acetythomoserine and blocks

biosynthesis of methionine and cysteine (Figure 2.1). Ajoint effect of assimilable

nitrogen and pantothenic acid on H2S production by S. cerevisae in synthetic media

during fermentation was demonstrated by Wang et al. (2003). While pantothenic

acid is abundant (250 ppb) and assimilable nitrogen is increased from 60 to 250

ppm, production of H2S decreases. However, when pantothenic acid becomes

deficient (10 and 50 ppb) and assimilable nitrogen is increased from 60 to 250 ppm,

production of H2S increases. Therefore, assimilable nitrogen, pantothenic acid, and

their interaction influence the level of H2S formation by S. cerevisae.

2.1.2.2. Mercaptans
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Methanethiol (MeSH) and etbanethiol (EtSH) are two mercaptans which

commonly result in aroma defects in wine. Both of them are highly reactive and

are quickly oxidized to disulfides. They can be removed by treating with copper

ions (Rauhut 1993; Zoecklein et al. 1999). Level of MeSH in normal wine is up to

5 ppb and in wines with off-flavor, it can go as high as 16 ppb (Table 2.1). Aroma

of MeSH is described as rotten cabbage, cooked cabbage, burnt rubber, pungent,

and putrefied. No sensory threshold of MeSH has been determined in wine but it is

expected to be very low since threshold of MeSH in beer ranges from 2 to 12 ppb

and in ethanol water (12% v/v), it is 0.3 ppb (Table 2.2) (Fang and Qian 2005;

Metres et al. 2000; Rauhut 1993). MeSH is formed when yeasts metabolize

methionine during fermentation (De Mora et al. 1986). Wainwright et al. (1972)

proposed a model to relate MeSH formation to methionine during storage.

Methionine could be decomposed to methional upon exposure to light. Then

methional converts to MeSH at pH 3.0. Another model showed that methionine

converts to MeSH and a-aminobutyric acid during wine storage (De Mora et al.

1987; Thoukis and Stem 1962). Methionine can also be metabolized by

Oenococcus oeni isolated from wine to produce MeSH in the synthetic medium

(Pripis-Nicolau et al. 2004). Hydrolyzing sulfur-containing pesticides such as

acephate and methomyl in wine under light exposure during storage can cause

MeSH production (Rauhut and Sponholz 1992; Rauhut 1993).
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The aroma of EtSH is potent and distinct and described as onion, rubber, fecal,

burnt match, and earthy. Its sensory threshold in white wine is 1.1 ppb and in

ethanol water (12% v/v) is 0.1 ppb (Table 2.2) (Metres et al. 2000; Rauhut 1993;

Rauhut and Sponholz 1992). In the 1960's trace amounts of EtSH were suspected

in normal wine because EtSH was detected from a condensate that was

concentrated from 3 liters of wine by a gas chromatograph (Rankine 1963). Tn the

most recent GC-PFPD study on volatile sulfur compounds in normal and

commercially available wines, no EtSH was detected (Fang and Qian 2005).

However, its concentration can reach to 50 ppb in wines with off-flavor (Table 2.1)

(Metres et al. 2000). EtSH is the end-product of the reaction between H2S and

acetaldehyde in wine (Rauhut et al. 1993; Zoecklein et al. 1999). Tn addition, H2S

can react with ethanol to produce EtSH in wine (Rauhut 1993).

2,1.2.3. Polymercaptans

Dimethyl sulfide (DMS), diethyl sulfide (DES), dimethyl disulfide (DMDS)

and diethyl disulfide (DEDS) are common polymercaptans in wine. Depending on

the DMS level and wine variety, DMS can have both positive and negative effects

on wine aroma (De Mora et al. 1987; Segurel et al. 2004; Spedding and Raut 1982).

Its sensory threshold ranges from 10 to 160 ppb in wine and ranges from 5 to 10

ppb in ethanol water (12% v/v) (Mestres et al. 2000). The aroma of DMS at high

concentrations is repulsive and associated with cabbage. At a low level it smells
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like asparagus, cooked corn, truffles, vegetables, molasses, and black olive (Table

2.2). Concentration of DMS in wine ranges from 0 to 474 ppb (Table 2.1) (Etiévant

1991; Rauhut 1993). In some New Zealand wines, it was measured to be as high as

946 ppb (De Mora et al. 1993). Factors causing the high variability of this

concentration range include vintage, viticulture practice and region, yeast strain,

precursor availability, and storage time and temperature (Shooter 1994). High

levels of DMS help the development of "boutique" aroma in bottled white wines

and level of DMS has found increasing with storage time and temperature

(Loubster and Du Plessis 1976; Marais 1979; Marais and Pool 1980; Simpson

1979). DMS also helps the aroma of wine from late harvested grapes (Du Plessis

and Loubster 1974). Segruel et al. (2005) found that Syrah and Grenache Noir

wines with 100 and 200 ppb DMS have significantly more fruity (i.e. strawberry

and jam), black olive and truffle aromas. Low levels of DMS could increase

fruitiness and were found to influence wine flavor positively (De Mora et al. 1987;

Spedding and Raut 1982). Formation of DMS in wine is believed to be from yeast

metabolism of cysteine, cystine, and glutathione (Schreier 1979). De Mora et al.

(1986) confirmed that DMS is produced from cysteine byyeasts. During wine

aging, it is highly possible that DMS could come from the decomposition of S-

methylmethionine (Segurel et al. 2005).

DES aroma descriptors include garlic, onion, cooked vegetables, rubbery, and

fecal. Its sensory threshold in wine ranges from 0.92 to 18 ppb and in ethanol
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water (12% v/v) is 6 ppb (Table 2.2) (Etiévant 1991; Mestres et al. 2000). Its

concentration in normal wine is reported to be less than 0.5 ppb and up to 10 ppb in

wines with off-flavor (Table 2.1) (Fang and Qian 2005; Mestres et al. 2000). No

research reports were found regarding its formation in wine.

Concentration of DMDS in normal wine is usually less than 1.6 ppb but it can

reach up to 22 ppb in wine with an off-flavor (Table 2.1). Its sensory threshold

ranges from 20 to 45 ppb in wine and is 2.5 ppb in ethanol water (12% vlv). Its

aroma description includes cabbage, cooked cabbage and onion-like (Mestres et al.

2000; Rauhut 1993; Rauhut and Sponholz 1992). Its formation is mainly

associated to the rapid oxidation of MeSH in wine (Rauhut 1993; Thoukis and

Stem 1962). In addition, degradation of acephate, a sulfur-containing pesticide,

causes the formation of DMDS during wine storage (Rauhut 1993). Methionine

metabolism by 0. oeni isolated from wine can produce DMDS in the synthetic

medium (Pripis-Nicolau et al. 2004). Unlike MeSH, DMDS cannot be removed by

copper ion. Ascorbic acid and SO2 can be first applied to reduce DMDS back to

MeSH; then copper ion can be added to remove MeSH in wine (Zoecklein et al.

1999).

Less than 3 ppb DEDS is found in normal wine. There was no DEDS

detected in normal wine by the most recent GC-PFPD method developed by Fang

and Qian (2005). Up to 85 ppb DEDS has been observed in off-flavored wine
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(Table 2.1). Sensory threshold of DEDS ranges from 4.3 to 40 ppb in wine and is

20 ppb in ethanol water (12% v/v). It is described as garlic, onion, and burnt

rubber (Table 2.2) (Mestres et al. 2000; Rauhut 1993). DEDS is formed from the

rapid oxidation of EtSH in wine (Rauhut 1993; Thoukis and Stern 1962). Adding

SO2 can reduce DEDS to EtSH, which then can be removed by adding copper ion

(Bobet et al. 1990; Zoecklein et al. 1999). Interconversion of EtSH to DEDS

during wine aging and storage is important to the quality of bottled wine. During

wine aging, reduction of DEDS to EtSH can occur under the presence of sulfite ion

at wine pH. This phenomenon causes a wine with a undetectable (subthreshold)

level of DEDS to become stinky during aging. Bobet et al. (1990) predicted that in

700 days a recognizable (suprathreshold) level of EtSH can be produced from 50

ppb of DEDS and 30 ppm of free SO2 at wine pH and 20°C; this has not been

observed. Majcenovic et al. (2002) studied the effects of aeration and enological

tannin on eliminating EtSH and DEDS during wine aging. They found that both

treatments could reduce EtSH and DEDS in wine after 60-day aging. A much

higher decrease of DEDS can be obtained from the aeration treatment than from the

addition of tannins.

2.1.2.4. Thioesters and miscellaneous volatile sulfur compounds

Concentration of S-methyl thioacetate (MeSOAc) and S-ethyl thioacetate

(EtSOAc) varies from traces to 56 ppb (MeSOAc) and to 115 ppb (EtSOAc) in



normal wine. In wine with off-flavor, their concentrations can reach 85 and 180

ppb, respectively (Table 2.1) (Mestres et al. 2000). There is no sensory threshold

reported in wine. In beer, sensory thresholds of MeSOAc and EtSOAc are 300 and

40 ppb, respectively (Rauhut 1993). Both thioesters smell like cheese, onion and

burnt; in addition, MeSOAc has an aroma of rotten vegetables (Table 2.2). Their

aromas might not contribute to the off-odors in wine since they are believed to have

relatively high sensory thresholds (Mestres et al. 2000; Rauhut 1993). However, at

wine pH they can be hydrolyzed to produce mercaptans and create aroma detects

(Leppanen et al. 1980).

Carbon disulfide (CS2) is found from traces to 10 ppb in normal wine and up

to 18 ppb in wine with off-flavor (Table 2.1). Its sensory threshold in white wine is

30 ppb. It has a choking repulsive aroma and is often described as rubber and

cabbage (Table 2.2) (Etiévant 1991; Mestres et al. 2000; Rauhut 1993). It can be

formed immediately after grape crushing but decreases during yeast fermentation

(Eschenbrush et al. 1986). It is also produced from the hydrolysis of

tetramethylthiuramdisulfide, a fungicide added in the vineyard, during fermentation

(Schmitt 1987). Because its concentration is far below its sensory threshold in

wine, it may not have a significant influence on sensory quality of wine (Rauhut

1993).
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Methionol (3-(methylthio)-1 -prop anol) and its precursor, methional (3-

(methylthio)- 1 -propanal) are two volatile sulfur compounds that commonly exist in

wine. Methionol concentration in normal wine ranges from 0.1 to 3.5 ppm and in

wine with off-flavor can reach 5.6 ppm (Table 2.1). Thus, it could affect wine

quality. Its aroma descriptors include raw potato, soup-like, and meat-like. The

sensory threshold in wine ranges from 1.2 to 4.5 ppm (Etiévant 1991; Mestres et al.

2000; Rauhut 1993; Rauhut and Sponholz 1992). It is produced from methionine

by yeasts during fermentation (Rauhut 1993; Mestres et al. 2000). Aroma of

methional is associated with onion, meat, mashed potato, soup and bouillon (Table

2.2). Methional is oniy found in wine as traces and up to 57.5 ppb (Table 2.1)

(Etiévant 1991; Mestres et al. 2000; Rauhut 1993; Rauhut and Sponholz 1992).

This range is much lower than its sensory threshold which is believed to be similar

to methionol in wine. Therefore, methional is not believed to significantly affect

wine aroma (Rauhut 1993).

2.2, PINOT NOIR WINE AND ITS AROMA AND FLAVOR
CHARACTERISTICS

Pinot noir wine is regarded as the most sophisticated and delicate wine in the

world. Its origin can be traced as early as the 1st century, B.C., when either the

Romans or Greeks brought Pinot noir grapes to the region of France to make wine.

Now Pinot noir grapes have been planted in many countries including Algeria,
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Argentina, Australia, Austria (called Blauburgunder or Spatburgunder), Brazil,

Canada, Czechoslovakia, England, France, Germany (Spatburgunder), Greece,

Hungary, Italy (Pinot Nero), Mexico, New Zealand, Switzerland (Clevner, labeled

"Dole" when blended with Gamay Noir), the United States, and Yugoslavia

(Burgundac). Pinot noir vines are not as vigorous as other grape varieties, have

relatively slimmer trunks and branches, are less resistant to diseases such as mildew

and botrytis, and are sensitive to over-cropping. The berries are more sensitive to

heavy rain and sudden changes of temperature. Many grape growers admit that

Pinot noir grapes are very difficult to grow (Haeger 2004; LaMar 2005). In

addition, winemakers believe that making premium Pinot noir wine is one of the

greatest challenges. Quality of Pinot noir wine is unstable and unpredictable. It

can suffer damages from heat and rough transportation more easily than wines

made with other grape varieties. Vines that can produce a high quality Pinot noir

wine one year may not produce the same wine quality the following year. In order

to make premium Pinot noir wine with maximal richness and complexity, it is

essential to carefully select the appropriate mix of clones, monitor vine vigor and

grape yields, and modify treatments of fermentation and post-fermentation.

Therefore, it is almost impossible to find an entry-level, inexpensive Pinot noir

wine on the market (Coeham and Hum 2001; Ewart and Gawel 1993; Haeger 2004).

Varietal aroma or flavor characteristics of Pinot noir wine include fruity, floral,

spicy, vegetal and herbaceous. Fruity notes are associated with berries (strawberry,
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raspberry and blackberry), cherry, currant (black and red), dried fruits (raisin, fig,

plum and prune) and tropical fruit (banana). Floral aromas are associated with

rose-petal and violet. Spicy aromas are described as black pepper, clove, cinnamon,

anise and licorice. Green bean, green tea, green tomato, black olive, bell pepper,

asparagus, cut grass and hay are related to vegetal aroma. Mint (peppermint),

eucalyptus, rosemary, caraway, oregano, and rhubarb are herbaceous notes

(Amerine and Roessler 1980; Aubry et al. 1999a, 1999b; Cliff and Dever 1996;

Girard et al. 1997, 2001; Moio and Etiévant 1995; Guinard and Cliff 1987; LaMer

2005; McDaniel 1987; Miranda-Lopez et al. 1992; Reynolds et al. 1996, 2004;

Sauvageot and Feuillat 1999; Sauvageot and Vivier 1997; Young 1986). Broadbent

(1977) suggested that boiled beetroot, which is earthy or geosmin-like, is a

characteristic of Pinot noir.

Aroma or flavor characteristics due to wine processing are earthy (mushroom,

beets, potato and truffle), musty (humus, underwood, and undergrowth), musk,

yeasty, fresh bread, leather, meaty, animal (barnyard, sweaty and dirty socks), sweet

(caramel, cotton candy, candy, bubblegum, honey, butterscotch and chocolate),

roasted coffee, ethanol, astringency, and pungency. Aroma or flavor associated

with malolactic fermentation includes buttery and lactic. Aromas and flavors

related to oak aging are oaky, woody, toasty, smoky, tar, grilled burnt, coconut, and

vanilla. Aromas such as cedar and cigar box are associated with bottle aging

(Aubry et al. 1999a, 1999b; Cliff and Dever 1996; Girard et al. 1997, 2001; Moio
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and Etiévant 1995; Guinard and Cliff 1987; LaMer 2005; McDaniel 1987;

Reynolds et al. 1996, 2004; Sauvageot and Feuillat 1999; Sauvageot and Vivier

1997).

Pinot noir grapes have to be grown in a suitable environment and climate in

order to produce premium quality wine (Bulleid 2001). Pinot noir wine made in

the region of "Côte d'Or", located in Burgundy, France, has achieved an ongoing

success (Haeger 2004; LaMar 2005). The climate of Burgundy is classified in

Region I, in which the heat summation as Celsius degree-days is less than 1390

degrees, and indicates a cool summer climate. In the United States, Santa Cruz,

Anderson Valley, Carneros, and Santa Maria, California, as well as the Willamette

Valley, Oregon, have a similar climate to Burgundy. Pinot noir wine produced from

these regions is considered to have premium quality. Carneros Pinot noir wines

have more fresh and jammy berry, cherry and spicy notes but less green bean, green

tea, leather, and smoky aromas than those which are produced from Napa and

Sonoma (Guinard and Cliff 1987). In comparison, Oregon Pinot noir wines (1990

and 1991 vintages) and the British Columbia wines (1992 vintage) have aroma and

flavor notes closely related to berry, cherry, and vegetal (Reynolds et al. 1996).

Robinson (1986) observed sensory characteristics of Pinot noir wines produced

from different regions. Young wines made in Côte de Beaune hadmore freshly

crushed strawberry notes, and those made in Côte de Nuit had more sum-warmed

strawberry characteristics. Inkier aroma was found in young wines produced in the
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Chalonnais and more plum and jammy notes were found in young Californian

wines.

2.3. THRESHOLDS AND THRESHOLD DETERMINATION

Threshold (limen) is "a sharp transition point between sensation and no

sensation" (Bi and Ennis 1998). Its concept is a center concern in the field of

psychophysics (Gescheider 1985; Stevens 1986). The idea of threshold came from

S.F. Herbart, a philosopher, in 1824. He assumed that the intensity of mental events

must be larger than certain critical amounts and thus they can be consciously

perceived. After that, some scientists adapted this concept for psychophysical

measurement (Gescheider 1985). For example, GT. Fechner invented the method

of limits, the method of constant stimuli, and the method of adjustments to measure

sensory thresholds (Schifthlan 1996).

There are four types of thresholds: detection/absolute threshold, difference

threshold, recognition threshold and terminal threshold. Detection/absolute

threshold is the lowest level of stimulus which can create a perceptual awareness.

Conceptually similar to detection threshold, difference threshold is the minimum

amount of intensity change of a stimulus that is essential to produce a just

noticeable difference (IND) in sensation (SchiffhTlan 1996). The detection

threshold is a special case of difference threshold because a JND is produced from



zero to the minimum required stimulus level (Lawless and Heymann 1999).

Theories behind difference threshold are described in Weber's fraction and

Fechner's Law. Weber's fraction states that the JND () is a constant fraction (c)

of the initial stimulus intensity (), A I cf c, when the level of a stimulus is

above its detection threshold. Fechner absorbed Weber's concept and expanded it

further. He found that in order to produce one IND, a greater amount of change of

a stimulus at high intensity level is necessary than at low intensity level

(Gescheider 1985). The recognition threshold is the lowest level of stimulus which

can be correctly identified. The level of recognition threshold is often higher than

the detection threshold. The difference between these two thresholds depends on

the stimulus tested. The terminal threshold is the lowest level of stimulus where

there is no change of perception. At this level other sensations such as irritation

and pain may also be elicited, which adds more difficulty for subjects to perform

the threshold test (Cain and Murphy 1980; Lawless and Heymann 1999).

The sensory threshold is a concept of statistics. Human sensitivity usually

varies depending on occasion. Two different threshold values of a stimulus can be

found from the same person in two days. Therefore, psychologists use repeated

trials on each subject and the results are analyzed statistically to estimate the

sensory threshold (Schiffman 1996; Stevens 1986). There are hypothetical and

empirical definitions for threshold measurements. Researchers must know what

definition, hypothetical or empirical, they want to adopt for a test. Hypothetical
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definitions of these four types of thresholds have been described above. The

implication of hypothetical definitions is that a sensation never occurs below and

always occurs above the threshold level of a stimulus (Figure 2.2). In the real

world this situation rarely happens. No solid value or point can clearly separate a

0% and a 100% sensation. As a result, the sensory threshold is determined

empirically from a psychometric function, in which the frequency of correct

responses is plotted against the intensity level of a stimulus (Figure 2.3). Many

empirical definitions are developed and applied to different determination methods.

The popular empirical definition for threshold measurement is the probability of

detecting (or correctly identifying) a stimulus under the test condition 50% of the

time (ASTM 1999a, 1999b; Lawless and Heymann 1999; Schiffman 1996).

The classical and simplest method for determining a sensory threshold is the

method of limits originally developed by Fechner. Subjects participate in several

trials and each trial contains a series of stimuli in either ascending or descending

intensity order. The range of stimulus intensity covers from undetectable

(unidentifiable) to detectable (identifiable) levels. Each subject's threshold in one

trial is the average of the two adjunct intensity levels where the subject's response

is from undetected to detected, from unidentified to identified. . . etc. However, this

method has potential problems such as sensory adaptation, fatigue, expectation and

habituation (Schiffman 1996). Thus, several modifications have been developed to

deal with these problems. Using forced-choice test is a common modification to



address the problem associated with response biases from subjects. Often subjects'

discrimination criteria between an undetectable (unidentifiable) and detectable

(identifiable) stimulus change from moment to moment since there are many

replications tested by each subject. The forced-choice test is a directional method,

in which subjects are forced to use the same criteria to discriminate samples

(ASTM 1999a; Rousseau 2003). For example, all subjects are instructed to find the

"sweeter" sample while determining the detection threshold ofsucrose in water.

The standard method published in the ASTM combines the method of limits and

forced-choice test. A series of sample sets is given to a subject in ascending

intensity order. Each set may contains two (2-AFC) or three (3-AFC), or

depending on the presentation scheme. For example, a three-sample set contains

two blank samples and one sample mixed with the test stimulus. After evaluating

one sample set, a subject has to choose the sample which contains the test stimulus

based on a specific criterion (i.e. sweeter) (ASTM 1999a).

Statistical analysis on threshold measurements is based on which definition

and test method are employed by the researchers. If the researchers adopt the

hypothetical definition, individual thresholds can be determined in several ways,

such as the lowest correct stimulus level, the first correct stimulus concentration,

and the mean (or geometric mean) of the two adjacent stimulus concentration steps

to which a subject gives a correct response at the ending stimulus level and an

incorrect response at the previous (one step lower or higher than the ending
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concentration) level (ASTM 1999b; Lawless and Heymann 1999; Scbiffrnan 1996).

If the empirical definition is employed, the ASTM E-1432-91 is the most popular

method. It assumes that the probability of detecting (or correctly identifying) a

stimulus under the test condition is 0.5. Individual thresholds can be estimated

from the relationship between percent of correct responses above chance and the

logarithm of stimulus concentrations created by the graphical probit and logistic

methods. Both of them are parametric models. The probit model was invented by

Bliss (1934, 1395a, 1935b, 1938) and was further established by Finney (1971). It

uses the maximum likelihood procedure and assumes that the hypothetical

distribution of tolerance (threshold distribution) is normal. The percent of correct

response above chance obtained from each substance concentration level is first

coverted to probit. Then probits and their corresponding logarithm of concentration

levels are used to fit a linear regression model to estimated individual threshold.

The logistic model was developed by Berkson (1944, 1955). The hypothetical

distribution of tolerance is under the assumption of logistic distribution. In

comparison with normal distribution, logistic distribution has the similar bell-

shaped curve but is thicker at the tails. Therefore, both distributions can fit data

almost identically except at the lower and upper 10% of the distributions. The

logistic model transforms the percent of correct responses to logit. The logit values

and their corresponding logarithm of concentration levels are used to fit a linear

regression by either the maximum likelihood or the minimum chi-square curve-
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fitting technique in order to estimate individual threshold. The computation used in

the logistic model is simpler than the probit model (Bi and Ennis 1998).

The group threshold can be defined as the geometric mean of the individual

thresholds. Under this definition, individual thresholds are required for group

threshold determination (ASTM 1 999a, 1 999b). However, calculating individual

thresholds is time-consuming if a large group of subjects (i.e. more than 500) are

tested. In addition, the individual threshold is not the question of interest under

many practical circumstances. For example, a company which produces air

fresheners wants to know how long their products could last. Measuring the

group/population recognition threshold of the potential consumers on odor of the

air freshener is important. Therefore, test methods which can directly measure

group/population threshold are required. Group threshold estimated by the beta-

binominal (EB) model is proposed by Ennis and Bi (1998). This method, not only

directly estimates the group threshold but it also models different sources of

variation in the target population.

Traditional methods of group threshold estimation (i.e. geometric mean of

individual thresholds) assume that there is no variability among subjects. Therefore,

subjects' responses (correct or incorrect) on a stimulus level are binomially

distributed. In fact, not only intra- but also inter-subject variations should exist in a

pooled population data. The inter-subject variation is called "overdispersion". If
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the pooled data is overdispersed, the confidence limits estimated by the traditional

probit or logistic method are too narrow. The BB model assumes the existence of

overdispersion and thus can better fit the overdispersed data. The inter-subject

responses follow the beta distribution and responses within a subject still follow the

binomial distribution. The BB model takes more sources of variation into account

and better estimates the probability of correct responses on each dosage step of a

stimulus and its confidence limits (Bi and Ennis 1998; Ennis and Bi 1998). The

details of estimation procedures and theories behind the BB model are described in

Bi et al. (2000), Bi and Ennis (1998, 1999, and 2001), Ennis and Bi (1998).

2.4. DESCRIPTIVE ANALYSIS

Descriptive analysis involves using a group of qualified and trained subjects

to detect and discriminate sensory descriptions among products qualitatively or

quantitatively. "Product" used here represents an idea, a concept, an ingredient, or

a finished product commercially available to consumers. Sensory characteristics

which can be determined by descriptive analysis cover all types of human

sensations such as visual, auditory, olfactory, and skinfeel attributes. In comparison

with the other sensory techniques such as discrimination and acceptance tests,

descriptive analysis is the most powerful tool for sensory scientists. Testing

products via a descriptive analysis can get complete sensory descriptions, to

understand and then map their similarities and differences, to associate their
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sensory changes with the specific ingredients or process variables and to determine

their sensory attributes which are crucial to consumer acceptance. Descriptive

analysis is often used to monitor competitors' products, determine product shelf-life,

control quality, and develop new products (Lawless and Heymann 1999; Mailgaard

et al. 1999; Stone and Sidel 2004).

The procedures of descriptive analysis include subject selection and training,

development of a descriptive language, formal test (evaluation) sessions, and data

analysis and interpretation. Subject screening is the first important step to result in

a successful descriptive analysis test. Usually a trained descriptive panel consists

of ten to twenty panelists, which is a relatively small number. It is necessary to use

subjects who have good detection and discrimination abilities on target substances,

chemicals, or products in order to generate good quality data. Screening subjects

can exclude insensitive non-discriminators, identify the most reliable and sensitive

people, and ensure subjects are familiar with the products which will be used in test

(Piggot and Hunter 1999; Stone and Side! 2004). The popular method is to use the

basic tastes (sweet, sour, bitter and salty stimuli) or the odor stimuli which are

targets in the test to screen subjects' discrimination ability. Subjects are told to rank

a set of samples which contain four or five concentrations of one stimulus based on

their aroma or flavor intensity. They are qualified once they rank the samples

correctly (Meilgaard et al. 1999). Stone and Side! (2004) suggested using more

than one actual product to screen subjects
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Panel training is the core of descriptive analysis. The purpose of training is to

develop a descriptive language and definitions for the target products, and let

panelists become familiar with the products. Panelists practice with the descriptive

language to discriminate products via a scaling technique. Most descriptive panels

developed scientific and common language to describe differences among products.

Scientific language consists of the descriptors which are well and clearly defined

with multiple reference standards. Descriptors are generated first, then refined and

finally selected for the formal test. Panelists should be trained to a common

understanding of the meaning of each descriptor. Descriptors should be understood

easily by panelists and should not be redundant and not correlate to each other.

They should have a single meaning (i.e. sweet) and should not combine meanings

of several attributes (i.e. creamy and fresh). Terms with multiple meaning make

panelists conftised easily. It is also important not to include hedonic attributes,

which can lead to personal biases (Lawless and Heymann 1999; Stone and Sidel

2004).

Depending on the test methods, the length of training and scaling technique

used by panelists are different. Length of training can vary from few hours to six

months or longer. Common scales used in descriptive analysis are categorical

scales, line scales and magnitude estimation. Categorical scales are one of the

oldest scaling methods. Limited sets of words or numbers are placed in equal
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intervals between categories. An example is the 16-point intensity scale used in the

Spectmm Descriptive Analysis method. The points on the scale are labeled by

intensity descriptions: 0= none, 3= slight, 7= moderate, 11= large and 15= extreme

(Lawless and Heymarm 1999; Meilgaard et al. 1999). Panelists are told to rate the

intensity of a term (i.e. sweet) by giving a number/value (i.e. 3) which reflects the

intensity description (slightly intense). Line scales use a 6-inch or 15-cm line.

"None" is often labeled at the left end and "strong" or "very strong" is anchored at

the right end of the line. Panelists are instructed to mark their intensity rating of a

descriptor on the line. The distance between "none" and the marked point is

measured as panelist's response. This scale is used in the Quantitative Descriptive

Analysis (QDA) method (Meilgaard et al. 1999; Stone and Sidel 2004). Magnitude

estimation was invented by S.S. Stevens for determining the relationship between

levels of stimulus and perceived intensities by human (Stevens 1986). This scaling

method allows subjects to freely assign numbers to the perceived intensity of a

sensory descriptor. Usually the first sample can be assigned a number either by

each panelist or by the researcher. Then, the intensity rating that a panelist gives to

the following samples has to relate to the intensity of first sample. For example, a

panelist assigns "50" to indicate intensity of fruitiness of product A. After tasting

product B, he/she feels that fruitiness of B is three times more intense than A. As a

result, he/she gives "150" to fruitiness of B. The data produced from this method

are often normalized via calculating the geometric means of individual and entire

group data, computing the ratio (rescaling factor) between the two geometric means
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and multiplying the rescaling factor to each point of individual data in order to

reduce panelist variances (Lawless and Heymann 1999; Meilgaard et al. 1999).

Monitoring panelist performance is crucial during training. Since human

senses are considered as an instrument in sensory evaluation, it is necessary to

verify their accuracy and precision. However, human senses can be influenced by

physiological, psychological, and cultural factors, which add more variations to

product evaluation (Merritt 1997). Even afler training, variation from panelists

may not be totally eliminated (Arnold and Wiliams 1986). Panelists who cannot

repeat their evaluations and who are not consistent with other panelists need to be

excluded from the panel. Researchers have to develop a systematic program to

track panelist performance. One simple method is to examine the variation of

panelists by treatment (product) interaction to investigate panelist inconsistency

(Lundahl and McDaniel 1990). Multivariate statistics such as principle

components analysis, generalized Procrustes analysis, and partial least regression

analysis are often employed to analyze data for panelist performance (Cliff and

King 1999; Delarue and Sieffermarm 2004; Marshall and Kirby 1988; MeEwan and

Hallett 1990; Sinesio and Rodbotten 1990).

Five methods of descriptive analysis are briefly introduced below. They are

the Flavor Profile, Texture Profile, Quantitative Descriptive Analysis (QDA®),

SpectrumTM Descriptive Analysis, and Free-choice Profiling.



2.4.1. Flavor Profile

The Flavor Profile can be viewed as the first formal descriptive analysis

method. It was developed in the late 1940's by the Arthur D. Little Company (Caul

1957). Only four to six qualified subjects participate in training and testing

sessions and they are selected under a very restricted screening process. During

training, a broad selection of reference standards which can represent sensory

characteristics of all tested products is provided to subjects. Then panelists are

introduced to all test products. Aroma, flavor, and aftertaste descriptors are created

and defined, and their reference standards are chosen and decided. All descriptors

have to be agreed upon by every panelist. Panelists also choose the reference

standards to anchor the points on the intensity scale. They used an intensity scale

which )(= threshold (barely perceptible), 1=slight, 2=moderate, and 3=strong, to

rate sensory descriptors. The overall intensity was rated by another intensity scale,

which )(= very low, 1= low, 2= medium, and 3=high. Both scales can be further

expanded by using V2 unit or plus and minus symbols (ASTM 1996). Therefore, a

seven point Flavor Profile scale was developed. The points (or numerical values)

on the scale were anchored by words indicating different intensities: 0= none, )(

threshold (just detectable), Y2= very slight, 1 =slight, 1 V2= slight-moderate, 2=

moderate, 2'/2= moderate-strong, and 3=strong (Meilgaard et al. 1999). The panel

leader serves as a facilitator during training. After the formal tests are finished, the
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panel leader obtains the consensus profiles from the responses of panelists and then

draws a conclusion. In the Flavor Profile method, it is important for the panel

leader to work closely with panelists as a team in order to reach consensus

agreements. This process did not involve using conventional statistical procedures

and thus Flavor Profile is considered as a qualitative descriptive analysis (Lawless

and Heymann 1999; Meilgaard et al. 1999).

2.4.2. Texture Profile

Szczesniak (1963) classified food texture into mechanical, geometrical and

other (fat and moisture content) characteristics in order to link consumer language

to the rheological properties. Based on this classification system, the Texture

Profile method was developed to describe food texture properties. It was

established in the 1960's by the General Foods Corporation based on the principles

of the Flavor Profile. It is a timedependent method; panelists evaluate texture

descriptors first on "first bite", then on mastication, and finally on residuals (after

expectoration or swallowing) (Brandt et al. 1963). Most texture descriptors have

been already clearly defined and are closely tied with pre-determined reference

standards. Therefore, it is necessary for panelists to be uniformly trained with the

same evaluation techniques including appropriate bite, chewing and swallowing

(Lawless and Heymann 1999). The training for the Texture Profile is very time-

consuming. The initial orientation can take two to three hours a day for two weeks.



Then panelists are trained four or five times a week, and each time for an hour, this

for six months (Civille and Szczesniak 1973).

The Texture Profile has been modified and expanded since the original

method. Specific descriptors were developed for various food and non-food

products such as semi-solid foods (Szczesniak and Civille 1973), cookies and rice

(Civille and Liska 1975), sponge cake (Civille 1977), fruits and vegetables (Diehi

and Hamann 1979), yam and cassava (Onayemi 1985), baked products (Bramesco

and Sester 1990), Asian noodles (Pipatsattayanuwong 1998), skin care products

(Schwarz 1975) and fabric and paper goods (Civille and Dus 1990). Szczesniak et

al. (1963) also developed standard rating scales for the texture profile method, in

which various scales (e.g. the 9-point intensity scale for hardness and 5-point scale

for gumminess) were used and specific food products were used to anchor each

scale point. Other scales such as the 14-point intensity scale (Szczesniak and

Civille 1973), free-modulus magnitude estimation (Cardello et al. 1982) and 15-cm

line scale (Mufloz 1986) were later applied to texture profile panels. Similar to the

data analysis of the Flavor Profile, consensus values obtained from all panelists can

be determined. When categorical and line scales are used in data collection,

statistical analyses can be executed on the data. Due to unavailability and

reformulation of the products used to anchor standard rating scales through time,

new products were selected to replace the old ones; in addition, several attribute

definitions were modified and improved (Mufioz 1986).
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2.4.3. Quantitative Descriptive Analysis (QDA®)

The Quantitative Descriptive Analysis (QDA®) method was established by

the Tragon Corporation with partial contribution of the Department of Food

Science and Technology at the University of California, Davis in the 1970's. This

method is derived from the Flavor Profile method. Since the major drawback of

the Flavor Profile is the lack of statistical data analysis, the QDA method

emphasizes the usage of statistics to determine the number of panelists, proper

descriptors, procedures and data analysis. Usually ten to twelve qualified panelists

are used in the QDA method. Similar to the Flavor Profile, all descriptors are

generated by panelists and have to reach the group consensus. The panel leader is

also a facilitator, who does not influence but only assists panelists discussion during

training. The QDA method employs a 15-cm or 6-inch line scale to evaluate the

intensity of each descriptor in order to prevent limitations and biases from panelists.

In a formal testing session, each panelist sits in an individual booth to avoid

environmental distractions and evaluates one sample a time. Panelists' responses

are analyzed by analysis of variances (ANOVA), multivariate analysis of variances

(MANOVA) and multiple comparisons for mean separation. Results are usually

presented by a spider plot, in which a point, the zero score, is located in the center

of the plot, and the branches, each representing a descriptor and its intensity score,



are originated from this central point (Lawless and Heymann 1999; Stone and Sidel

2004).

2.4.4. Spectrum Descriptive Analysis

The Spectrum Descriptive Analysis method was developed by GV. Civille

in the 1970's at the Sensory Spectrum, Inc. The aim of this method is to be

practical and overcome the pitfalls from the previous descriptive analysis methods.

This method is derived primarily from the Flavor Profile and the Texture Profile. It

contains very restricted guidelines to conduct a descriptive study. The uniqueness

of this method is to use the pre-determined universal standardized lexicon of

descriptors and their reference standards. In addition, this method uses a

standardized 1 6-point intensity scale. It is a categorical scale and (intensity) points

on the scale are labeled with reference standards. Because the scale is standardized,

it is thought of as absolute scale. For example, intensities of saltiness and

sweetness are considered equal when they are given the same score (i.e. 5) on this

scale. The panel leader takes a more active role and guides the panelist discussion

during training. An intensive training period, which requires three to four hours a

week for 14 weeks, is involved. Panelists are trained with standardized descriptors,

reference standards, and scale. All the procedures and instructions are restricted

and standardized; therefore, it is believed that results produced from different

trained panels which target the same products and use this standardized technique
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can be directly compared, in theory (Lawless and Heymann 1999; Meilgaard et al.

1999).

2.4.5. Free-choice Profiling

The concept of Free-choice Profiling was established by Williams and his

coworkers in 1981. The uniqueness of this method is to allow each panelist to

freely create their own sensory terms to describe target products during training.

Since panelists do not need to be trained to understand and utilize the descriptors,

time for panelist training is much shorter than the one required for the conventional

descriptive analysis methods described above. In addition, untrained panelists can

be used in this method (Williams and Arnold 1984; Williams and Langron 1984).

As a result, this method can be utilized in consumer research (Guy et al. 1989). In

a formal test, each panelist uses his/her unique ballot to evaluate products; therefore,

panelist responses cannot be analyzed by ANOVA and MANOVA. They are

measured by a multivariate technique, the Generalized Procrustes Analysis (GPA).

This technique was developed by J.C. Gower in 1975 in order to blend each

panelist's configuration to a common space. GPA was first employed by Williams

and Langron (1984) to analyze data on commercial ports generated from the Free-

choice Profiling method. Three steps are included in GPA. The first step is to

translate each panelist's configuration to a common centroid to eliminate the effect

that panelists use different parts of scale (translation). Isotopic scaling is used to
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stretch or shrink panelists' configurations to similar size to remove the different

scoring ranges used by different panelists (normalization). Finally these

configurations are adjusted by rotating and reflecting axes in order to match them

as closely as possible (rotation and reflection) (Arnold and Williams 1986;

McEwan and Hallett 1990). Therefore, individual differences are allowed in GPA;

moreover, GPA can provide information regarding these differences (Gower 1975).
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Table 2.1. Concentration (in ppb) of conmTlon volatile sulfur compounds in normal
and off-flavor wine.

Compound Concentration in wine (ppb)
Normal wine Off-flavor wine

Hydrogen sulfide <1.5 >80
20-30 (young)

Methanethiol 0-5
16 0-16

Ethanethiol 0-traces 0-5
0-50 (Merlot)

Carbon disulfide traces-i 0 (white) 0-18
traces-2. 1 (red)
0.7-1.4 (rose)

Dimethyl sulfide 0-946
0-474 (Riesling)
5-44 (white)
10-32 (red)
5-20 (rose)

Diethyl sulfide 0-0.5 0-10
Dimethyl disulfide traces-i.1 0-22

0.3-1.6 (red) 0.8-8.2
traces-0.5 (rose)

Diethyl disulfide 0-3 0-85 (Cabernet sauvignon)

-
0-82 (Merlot)

Dimethyl trisulfide 0-traces
Methyl thioacetate 2-13 (white) 5.1-85

7-16 (red)
10-15 (rose)
0-115 (Pinotnoir)
0.3-9.2

Ethyl thioacetate traces-2 (white) 3.2-180
traces-4 (red)
0-traces (rose)
0-56 (Pinot noir)
0.1-22

Methionol 145-2000 224-5655
410-2060 500-3266
2330-3500 (Chardonnay)

Methional 0-traces 0-42
0-57.5

Benzothiazole 0.4-7 0-13
0-6 0.7-13.8

2-mercaptoethanol <0.01 0-400
113-179

4-methyithiol- 1 -butanol 9-50 0-181
50-200 (white 35-66

Sources: Etiévant 1991; Fang and Qian 2005; Mestres et al. 2000; Rauhut 1993; Rauhut
and Sponholz 1992.



Table 2.2. Sensory thresholds in various mediums and aroma description of
common volatile sulfur compounds.

Compound Threshold value (ppb) Aroma description

Wine Beer Ethanol
water**

0.001-Hydrogen sulfide 5*
150 0.8 Rotten egg, decaying

40l00* 20* seaweed, rubbery

Rotten cabbage, cooked
Methanethiol 212* 0.3 cabbage, burnt rubber,

pungent, putrefaction

Ethanethiol 1.1 (white) 0.1
Onion, rubber, fecal, burnt
match, earthy

Carbon disulfide 30 (white) Rubber, choking repulsive,
cabbage, sulfidy

Dimethyl sulfide 10-160 5-10 Cabbage, asparagus, cooked

25 (white) corn, truffles, vegetal,

60 (red) molasses, black olive

Diethyl sulfide 0.92-18 1-30 6
Garlic, onion, cooked
vegetables, rubbery, fecal

0.92 (white)
Dimethyl disulfide 20-45 2-50 2.5 Cabbage, cooked cabbage,

29 (white) onion-like
Diethyl disulfide 4.3-40 0.4 20 Garlic, onion, burnt rubber

4.3 (white)
Dimethyl trisulfide 0.15 Beany

Methyl thioacetate 300* Sulfurous, rotten vegetables,
cheesy, onion, burnt

Ethyl thioacetate 40* Sulfurous, cheesy, onion,
burnt

Methionol 1200- 2000* Raw potato, soup-like,
4500 meat-like

Metbional 250* 50
Onion, meat, mashed potato,
soup, bouillon

Benzothiazole 24 50 Rubber
50-350
130- 1000- "Boxer", poultry, farmyard,2-mercaptoethanol
10000 10000 alliaceous

4-methylthiol- 1- Chive, garlic, onion, earthy,100 80-1000butanol alliaceous
* Flavor threshold
**The percentage of ethanol in water is 12% v/v.

Sources: Etiévant 1991; Mestres et al. 2000; Rauhut 1993; Rauhut and Sponholz 1992.
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3.1. ABSTRACT

Detection thresholds of four important volatile sulfur compounds which often

caused aroma defects in wine, dimethyl disulfide (DMDS), diethyl disulfide

(DEDS), methanethiol (MeSH), and ethanethiol (EtSH) were determined in an

Oregon Pinot noir wine. Sixteen panelists participated in this study and their

individual and group thresholds were determined. Individual detection thresholds

of DMDS ranged from 0.29 to 114.57 ppb, those of DEDS ranged from 0.14 to

4.58 ppb, those of MeSH ranged from 1.10 to 3.37 ppb and those of EtSH ranged

from 0.028 to 0.879 ppb. Subjects' abilities to detect these compounds in Pinot

noir wine were very different. Group thresholds of DMDS ranged from 11.18 to

23.57 ppb, those of DEDS ranged from 1.45 to 2.16 ppb, those of MeSH ranged

from 1.72 to 1.82 ppb and those of EtSH ranged from 0.19 to 0.23 ppb. After

cross-referencing the threshold results with sulfur contents in the normal and

defected Pinot noir wines, MeSH and EtSH can significantly impact the aroma of

Oregon Pinot noir wine at very low concentrations (from ppt to ppb levels).

KEY WORDS: volatile sulfur compounds, detection thresholds, difference

thresholds, Oregon Pinot noir
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3.2. INTRODUCTION

Oregon Pinot noir has been considered one of the best quality Pinot noir wines

in the world since the 1980's. This information was obtained from the OWAB

website (http://www.oregonwine.org/press/index.php). Pinot noir wines are the

highest on wine produced and in profits to wineries as compared with wines made

by other grape varieties in Oregon. In 2004, 9,730 tons of Pinot noir grapes were

harvested, which accounted for 48% of total wine grape production. The price of

Pinot noir grapes rose to $2,090 per ton and the value of production was

$19,583,000, which accounted for 61% of total production (OASS 2005). However,

aroma defects are sometimes observed in commercial Oregon Pinot noir wines and

volatile sulfur compounds were one of the major causes. It is necessary to examine

how those compounds impact aroma quality of Pinot noir wines to help Oregon

winemakers diagnose the defects early during winemaking and prevent further

quality degradation. This research focused on the four important volatile sulfur

compounds: dimethyl disulfide (DMDS), diethyl disulfide (DEDS), methanethiol

(MeSH), and ethanethiol (EtSH). Their chemical properties and aroma descriptions

are listed in Table 3.1. DMDS, DEDS, and EtSH are liquid but MeSH is gas at

room temperature. DM.DS smells like onions or cabbage, DEDS smells like garlic,

onion and burnt rubber, MeSH is often described as having a smell of cooked

cabbage or putrefaction, and EtSH smells like fecal, rubber or burnt match (ETS
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Laboratories 2002; Goniak and Noble 1987; Mestres et al. 2000; Rauhut and

Sponholz 1992; Rauhut 1993).

Volatile sulfur compounds exist naturally in wine and contribute to the

complexity of wine aromas and flavors when their concentrations in wine are

below sensory thresholds (Shooter 1994). However, they often have negative

influences on wine quality because at above threshold levels they create off-odor

and off-flavor in wine. They have been found to have very low sensory thresholds

in various mediums (Bobet et al. 1990; de Mora et al. 1986, 1993; Goniak and

Noble 1987; Karagiannis and Lanaridis 1999, 2000; Mestres et al. 2000; Rapp et al.

1985; Rauhut 1993; Rauhut and Sponholz 1992), especially thiols and disulfides

(Bobet et al. 1990). For instance, hydrogen sulfide (H2S) smells like rotten egg and

its odor threshold ranged from 1 ppt to 150 ppb depending on the medium (Mestres

et al. 2000; Rauhut and Sponholz 1992; Wenzel et al. 1980). Since the late 90's

more and more wine quality defects associated with these compounds were

observed worldwide; for example, sulfide spoilage was found in 20% of

Californian wines produced in 1999 (Park 2002).

Formation of volatile sulfur compounds in wine occurs during yeast alcoholic

fermentation (Beloqui and Bertrand 1995) and wine storage (De Mora et aT. 1993).

The mechanisms of formation of these compounds in wine are poorly understood.

The sources of sulfur are believed from elemental sulfur, used in the field as
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fungicide and pesticides (Acree 1976; Rauhut et al. 1993), inorganic sulfur such as

sulfate and sulfur dioxide used in the winemaking process (Rauhut 1993; Shooter

1994), and organic sulfur such as sulfur-containing amino acids (i.e. cysteine) and

vitamins naturally present in the winegrapes (Mestres et al. 2000; Rauhut 1993).

H2S was considered one important factor causing formation of other volatile sulfur

compounds. During fermentation, yeasts utilize sulfate and convert it to sulfite and

sulfide to synthesize methionine and cysteine (Rauhut 1993; Spiropoulos et at.

2000). H2S usually forms at the early stage of fermentation but most of it is soon

taken away by another fermentation by-product, carbon dioxide. There are other

factors associated with H25 formation in wine, such as yeast strains, nutrient

deficiency (assimilable nitrogen, amino acids, and vitamins) in juice and must, high

fermentation temperature, inadequate aeration during fermentation, high redox

potential, high turbidity of wine, and presence of metal ions (ETS Laboratories

2002; Giudici and Kunkee 1994; Giudici et al. 1993; Hallinan et al. 1999;

Henschke and Jiranek 1991; Jiranek and Henscbke 1991; Jiranek et al. 1995, 1996;

Spiropoulos et al. 2000; Wang et al. 2003). Once H2S is present in wine, it quickly

reacts with wine components to form mercaptans (methanethiol and ethanethiol),

Mercaptans can be further oxidized into polymercaptans (dimethyl disulfide and

diethyl disulfide) (Rauhut 1992; Shooter 1994; Zoecklein et al. 1999). If a

significant amount of H2S is produced and stays in wine, wine aroma is seriously

contaminated not only by H2S but also other volatile sulfur compounds.

Fortunately H2S and mercaptans can be removed by adding copper sulfate
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(Zoecklein et al. 1999); however, polymercaptans are difficult to remove. Adding

ascorbic acid can reduce dimethyl disulfide back to methanethiol but it does not

affect diethyl disulfide. Thus, the presence of mercaptans and polymercaptans

needs to be diagnosed early and their aroma interactions need to be understood in

wine. A lot of past research focused on H2S formation during the winemaking

process; however, literature on the sensory analysis of mercaptans and

polymercaptans in wine (i.e. Goniak and Noble 1987) is limited.

Threshold is "the point at which a physiological or psychological effect begins

to be produced", which was defined by the Webster's Illustrated Dictionary (1994).

In this study detection thresholds of the four volatile sulfur compounds were

measured. Detection threshold is the lowest level of stimulus which can create a

perceptual awareness. A common empirical definition is that the probability of

detecting a stimulus under the test condition (i.e. 3-AFC test) is 0.5 (ASTM 1999a,

1999b; Lawless and Heymann 1999). If the empirical definition is adopted, one of

the popular measuring methods is using forced-choice tests. Subjects are instructed

to find the specified difference (sweeter or less sweet, for example) between a test

and a reference sample (ASTM 1999a, 1999b). Common methods of estimating

individual thresholds use probit and logistic models. They are the standard

methods recognized by the ASTM (1999a). Both models are parametric. The

probit model was invented by Bliss (1934, 1395a, 1935b, 1938) and was further

established by Finney (1971). It uses the maximum likelihood procedure to
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estimate individual threshold and assumes that the psychometric function or the

dose-response curve follows the cumulative normal distribution. The logistic

model was developed by Berkson (1944, 1955). It uses either maximum likelihood

or minimum chi-square curve-fitting technique to estimate individual threshold and

the hypothetical tolerance (threshold) distribution is assumed to be logistic

distributed (Bi and Ennis 1998).

Group threshold can be estimated by taking a geometric mean of individual

thresholds (ASTM 1 999a). This method was under the assumption that there was

no variability among subjects and subjects' responses on a stimulus concentration

(correct or incorrect response) were binomially distributed. However, sometimes a

larger variation is observed because not only intra- but also inter-subject variations

exist in the pooled data. The inter-subject variation is called "overdispersion". The

beta-binomial model assumes that subjects' sensitivity on a stimulus is different.

The inter-subject responses follow the beta distribution and responses within a

subject still follow the binomial distribution. The beta-binomial model takes more

sources of variation into account and better estimates probability of correct

responses on each dosage step of a stimulus (Bi and Enriis 1998; lEnnis and Bi

1998).

Threshold of MeSH has been determined in water, hydro alcoholic solution

(ethanol water) and air but not in wine (Mestres et al. 2000). Threshold of DMDS,
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DEDS and EtSH were determined in wine but not specifically in Pinot noir (Goniak

and Noble 1987; Mestres et al. 2000; Rauhut 1993; Rauhut and Sponholz 1992).

The major objective of this study was to determine detection thresholds of DMDS,

DEDS, MeSH and EtSH in Oregon Pinot noir. In addition, results obtained from

different methods of threshold determination were compared and threshold

differences of subjects were discussed.

3.3. MATERIALS AND METHODS

3.3.1. Winemaking

Base Pinot noir wine was made from Pinot noir grapes grown in the

Willamette Valley, Oregon and made at the Oregon State University (OSU)

experimental winery. The must contained 24 25.5° Brix of sugar and 149 189.5

mgIL of assimilable nitrogen. Then it was inoculated with the RC 212 Bourgovin

wine yeast. The new wine finished primary fermentation but not malolactic

fermentation. It was cold stabilized for one month at 3°C and then filtered with a

pressure leaf filtration system (Veto, Italy). Finally it was stored bulk at 3°C in two

500-liter tanks. The chemical properties of base wine were 14% alcohol, pH= 3.6,

titratible acidity= 5.7 mgIL, and free S02= 37 ppm. There was no off-odor in the

new wine as perceived by two wine experts at OSU. The sulfide contents of base

wine were analyzed by the GC-PFPD method developed in the OSU flavor lab



(Fang and Qian 2005) and the results are shown in Table 3.2. MeSH (1.025 ppb)

and DMDS (21.5 ppt) were found in the base wine but not EtSH and DEDS.

3.3.2. Spiking volatile sulfur compounds into base Pinot noir wine

The four volatile sulfur compounds, MeSH, EtSH, DMDS and DEDS, were

spiked into the base Pinot noir wine. They were purchased from VWR (West

Chester, PA) and Sigma-Aldrich (Milwaukee, WI) and the purity was more than

99%. First a 10,000 ppm (w/w) stock solution was made by mixing them with -5°C

methanol with the presence of argon in a deactivated 20 mL glass vial (1-Chem

Brand) to prevent further degradation. The MeSH stock solution was made by

bubbling MeSH gas in methanol under argon; it ranged from 40,000 to 50,000 ppm

depending on the bubbling time (usually around 10 seconds). Then a series of

dilution of stock solution in -5°C methanol under argon was performed. Equal

amounts of base wine (3°C) from Tank 1 and Tank 2 were mixed prior to spiking

each time. The 30 mL base wine in a 120 mL wide mouth glass bottle (1-Chem

Brand) was spiked with no more than 0.1 mL of each dilution to make the final

concentration. The dilution and spiking were done at least two hours prior to test

sessions. The sample bottles were sealed with a cap and stored at 15°C for no more

than 12 hours. Reproducibility of dilution and spiking procedures was confirmed

by the GC-PFPD analysis (Fang and Qian 2005) on sulfur contents of base wine

samples. Because DMDS and DEDS were found to be stable in the base wine at
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least 24 hours from the GC-PFPD analysis, the sample bottles spiked with these

two compounds were not filled with argon. Bottles spiked with MeSH and EtSH

were filled with argon prior to pouring base wine in order to prevent oxidation of

MeSH and EtSH to DMDS and DEDS. Stability of mercaptans in sample bottles

was also examined by the GC-PFPD methods. The results showed that argon in the

headspace inhibited conversion of mercaptans to disulfides at least for 12 hours in

sample bottles.

3.3.3. Threshold determination procedures

Sixteen panelists (9 females and 7 males), 25 to 40 years old, participated in

this study. 13 out of 16 panelists are students and graduate students. There were

three female panelists (Panelists 8, 9 and 12) who had never participated in any

sensory test before. Panelists 1, 2, 4 and 14 had at least 3-year experience in aroma

sniffing (i.e. GCO). Panelists 1, 2, 3, 4, 7, 10, 13, 15 and 16 either studied or

worked in wine-related fields. Difference or detection thresholds of each

compound were determined independently and thus four separate experiments were

conducted. The test method was adapted from the ASTM E679-71 and E1432-91

(1999a and 1999b) as well as a warm-up procedure developed by O'Mahony and

Goldstein (1987) and O'Mahony et al. (1988). Because a complex background

medium (base Pinot noir) was used, it was impossible to predict if spiked samples

would increase or decrease in floral, fruity, or vegetative intensities . . . etc. Using
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the difference between the stimuli" increase their discrimination sensitivity

(O'Mahony et al. 1988). There were at least six spiked concentrations prepared for

each experiment. The spiked concentrations of each compound were

predetermined by reviewing the threshold values in the literatures (ETS

Laboratories 2002; Goniak and Noble 1987; Mestres et al. 2000; Rauhut and

Sponholz 1992). Most spiked concentrations of each compound were increased by

a constant factor (CF), between 2.1 and 2.8 (Table 3.3).

Because most subjects were experienced panelists, only a brief individual

training was conducted except for Panelist 8, 9 and 12. These three panelists were

trained six times prior to experiments starting from introducing standard wine

aromas. In each experiment, all panelists attended one pre-test session to become

familiar with the aroma of the wine samples, to practice evaluation procedures and

to make decisions on the final spiked concentrations. The procedures of the pre-

test session were the same as the test session. Some panelists were provided

additional sessions (up to three per compound) when difficulties occurred. After

that, five test sessions were conducted and each session was a replication. One test

session was divided into two parts: warm-up and test. Panelists received three pairs

of warm-up samples and each pair contained one base wine (A) and one spiked

wine (B). There was just a sufficient difference between A and B that subjects

could detect it perceptually. The concentration of B was determined during the pre-
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test session. They were told to smell each pair until they could confidently

discriminate the difference between A and B. They could ask for more pairs if

necessary. They did not have to write down the character of the difference as long

as they could remember it. The warm-up instruction and ballot were shown on

Appendix 3.1. Most panelists were presented with the same concentration of B;

however, panelists who potentially had either very low or high thresholds revealed

during the pre-determination or pre-test session received different concentrations of

B (Table 3.3).

The three alternative forced-choice (3-AFC) test was applied to the actual test

part. Immediately after the warm-up session, panelists generally received five

sample sets in order of ascending spiked concentrations. Each set contained one

spiked and two base wines in random presentation order. Subjects smelled the

three samples in one set and were told to search for the sample based on the

difference they perceived from the previous warm-up pairs. Subjects were

instructed to sniff and make decisions as quickly as possible to avoid sensory

fatigue and to minimize the influence of wine aroma change once the sample bottle

was opened. They took a 5-minute break (or longer if necessary) after smelling the

first three sets. They were allowed to smell the new warm-up pairs only after the

break and before smelling the last two sets if necessary. The test instruction and

ballot are shown in Appendix 3.2. Subjects who potentially have either very low or

high thresholds smelled additional sets containing the spiked samples in higher or



lower concentrations. All sessions were conducted in isolated booths at 17-20°C.

Panelists evaluated oniy one compound at each session. The total evaluation time

including the break was no longer than 30 minutes.

Up to a total of nine spiked concentrations per compound were tested. The

spiked concentrations of each compound are listed in Table 3.3. All panelists tested

the five concentrations in the upper block. Outside of the upper block there were

additional concentrations for panelists who potentially had either very high or very

low thresholds. For example, Panelist 15 received an additional 3-sample set

which contained two base wines and one sample spiked with 168.57 ppb of DMDS.

The lower block contained the spiked concentration of B in the warm-up pairs

which was used by most panelists. Outside of the lower block there were other

concentrations of B for panelists who potentially had either very higher or very low

thresholds. For instance, each warm-up pair Panelist 15 received contained one

base wine and one wine spiked with 94.64 ppb of DMDS.

3.3.4. Data analysis

The 16 individual detection thresholds of each compound in base Pinot noir

wine were determined by graphic (probit) and logistic methods suggested by the
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ASTM E-1432-91 (1999a). The empirical definition of detection thresholds was

that the probability subjects could detect or discriminate a stimulus is 0.5.

3.3.4.1. Graphic (probit) method for individual threshold determination

First, the percent of correct above chance on each spiked concentration across

five replications within a subject was calculated by the formula:

% correct above chance 1OO*(3CN)/2N, where

N= # of sets panelists received in an actual test and # of spiked concentrations, and
C= # of correct choices.

The probit method assumes that the psychometric function or dose-response curve

follows the cumulative normal distribution. The percents of correct responses

above chance and the corresponded logarithm of spiked concentrations were plotted

on a normal probability graph paper and their relationship was assumed to be

approximately linear (Amoore and Hautala 1983; Bi and Ennis 1998). Therefore, a

straight line was drawn and fitted through the coordinates by eye on the graph

(ASTM 1999a). The individual threshold was the logarithm of the spiked

concentration corresponding to 50% correct above chance (proportion of correct

response= 2/3) on the fitted straight line (ASTM 1 999a).

3.3.4.2. Logistic method for individual threshold determination



In addition to graphic (probit) method, a logistic model was used for

individual threshold determination. The proportion of correct response (C/N)

across five replications of each spiked concentration within each subject was

calculated. Instead of using traditional logit transformation, the ASTM (1 999a)

suggested an iterative curve-fitting procedure and weighting the data by probability

by a computer package. The formula of the logistic regression was

P [(1/3 +exp(k)]/[1 +exp('k,}]

k= b[t-log(x)], where

P proportion of correct responses (C/N),
b= slope,
x= spiked concentration, and
t log(threshold).

Each subject's five proportions of correct responses and the corresponded

logarithm of spiked concentrations were used to create the fitted logistic regression.

After the iterative steps, the logarithm of individual threshold (t) was generated. t

was also the logarithm of concentration corresponded to P=2/3 on the regression

curve.

Because trace amounts of DMDS (21.5 ppt) and MeSH (1.025 ppb) were

found in the base wine (Table 3.2), the final individual thresholds of DMDS and

MeSH were made by the estimated threshold values plus the trace amounts found

in base wine.
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The group thresholds were determined in two ways. First, the geometric

means were calculated from the 16 individual detection thresholds determined by

the graphic @robit) and logistic methods separately (AS TM 1 999a). Second, the

group thresholds were determined after the probabilities of correct answers on each

spiked concentration were estimated by either binomial or beta-binomial models.

This method did not involve determining individual threshold.

3.3.4.3. Binomial and beta-binomial models for group threshold determination

Five spiked concentrations tested by every subject (upper block, Table 3.3)

were used to determine the group threshold of each volatile sulfur compound. First,

the proportion of correct responses (PB) of each spiked concentration, sum of the

correct choices collected from all subjects divided by total numbers of tests (5

reps* 16 subjects=90), and its standard error were calculated. This probability

estimation was under the assumption of the binomial distribution. Then, the

probability of correct answers of each spiked concentration pooled from all subjects

(PBB) and its standard error were also estimated by the beta-binomial model. The

overdispersion (inter-subject variability, denoted by y) was measured. ' is ranged

from 0 to 1. When y is equal to 0, there is no overdispersion and distribution of

subjects' responses is reduced from beta-binomial to binomial (Ennis and Bi 1998).

y=l means that high subject variability is found. The gamma value was tested on

whether it was significantly different from zero. The level of significance was 0.1.



If the gamma value was significantly different from zero (p< 0.1) was found,

subject variability was existed. Therefore, PBB replaced PB and was used for the

group threshold determination. Finally, the logistic regression from ASTM E-1432-

91 (1999a) was applied to fit the five estimated probabilities. The estimated group

threshold was the corresponding logarithm of spiked concentration when the

probability was equal 2/3 on the fitted curve. The final group thresholds for DMDS

and MeSH were sum of the estimated threshold values and the trace amounts, 21.5

ppt DMDS and 1.025 ppb MeSH, found in base wine.

SPSS for windows (version 13.0; SPSS Inc., Chicago, IL) was used to perform

logistic analyses. IFProgramsTM (The Institute of Perception, Richmond, VA) and

the SAS macro for Beta-Binomial Model Fitting developed by Wakeling (version

2.2; Qi Statistics, Reading, UK) were used to perform the binomial and beta-

binomial model. All graphical displays were made using the Microsoft® Excel

(version 2002; Microsoft Corporation, Seattle, WA).

3.4. RESULTS AND DISCUSSION

3.4.1. Aroma descriptions regarding difference between base and spiked wine
during warm-up
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Most subjects reported an aroma difference between A (base wine) and B

(spiked wine) during warm-up (Table 3.4). Once the concentrations of these

compounds reached subjects' detection thresholds, changes of aroma characteristics

associated with the base wine occurred. In general, loss of overall intensity,

fruitiness and floral and increasing pungency were usually observed among

subjects. Aroma descriptions of the four volatile sulfur compounds are somewhat

associated with vegetables, i.e. cabbage, onion, and garlic (ETS Laboratories 2002;

Goniak and Noble 1987; Mestres et al. 2000; Rauhut and Sponholz 1992; Rauhut

1993). Change of vegetal aromas was observed by some subjects. Panelist 2, 7, 11,

and 16 perceived the DMDS-spiked wine, Panelist 10 and 15 perceived DEDS-

spiked wine, Panelist 3, 6, and 16 perceived MeSH-spiked wine more vegetal than

base wine although difference of other aromas were also perceived by them.

Panelist 9, 13, and 14 used similar aroma descriptions to describe difference

between A and B for every volatile sulfur compound. Decreasing or increasing

intensity of aroma characteristics was highly dependent on subjects. For example,

Panelist 6, 9, 14, and 16 received 3.48 ppb of DEDS as B during warm-up. Panelist

14 reported that B was less sweet in aroma but Panelist 16 reported that B was

sweeter than A.

3.4.2. Individual thresholds



The individual thresholds of four volatile sulfur compounds are summarized

from Table 3.5 to Table 3.7. Each subject's plots from both graphic @robit) and

logistic data on each compound are shown in Appendix 3.3. There was no

correlation between subjects' gender and their thresholds and between their age and

thresholds, although women usually are more sensitive to odors than men and

younger people usually have lower odor thresholds than older people (Powers

2004). Subjects' sensitivity often increases after continuing exposed to the test

stimuli (Engen 1960; Lawless Ct al. 1995). However, sensitivities ofmost subjects

in this study did not increase by repeating their evaluations ofone compound.

Subjects who had low thresholds to one particular compound were not found to be

particularly sensitive to the other three compounds.

3.4.2.1. Result comparison between graphic (probit) and logistic models

From Tables 3.5 to 3.7, most subjects' individual threshold values estimated

by graphic (probit) and logistic models were similar. However, estimated

differences between both models were found on some subjects including Panelist 6

on DMDS and Panelist 1, 4, 5 and 14 on DEDS. A high proportion of correct

responses which was 40% correct above chance (=60% correct responses) or more

was observed from the two lowest spiked concentrations. In addition, poor data

fitting by the logistic model was often observed (r2< 0.3) from these subjects'

evaluations. For example, Panelist 5 was totally correct on the second lowest
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spiked concentration of DEDS but only 40% correct above chance (60% correct

responses) on the next higher spiked concentration (Figure 3.1). This resulted in

poor data fitting by the logistic regression (r2= 0.298). After reviewing the results

with Panelist 5, this person was very surprised and mentioned that he purely

guessed the answer while evaluating the second set in each DEDS session. The

total correctness found here was a result of chance. While fitting his data on

normal probability paper, the effect of the second lowest spiked concentration was

minimized. As a result, the estimated threshold value from the graphic (probit)

method (2.40 ppb) was higher than the one from the logistic method (0.88 ppb).

Although data fitting was biased, the graphic (probit) method could yield a

detection threshold closer to reality for Panelist 5. In all, graphic (probit) and

logistic methods yield very similar results generally. Using logistic method via a

computer package can avoid subjective visual data fitting on normal probability

paper. However, when poor data fitting on logistic regression occurs and a high

probability of correctness is not found at the middle but at the lowest levels of a

stimulus, results should be discussed with the subjects to examine the effect of

guessing correctly. If correct guessing exists, minimize its effect and refit the data

points via the graphic (probit) method.

3.4.2.2. Threshold results and sensitivity difference among subjects



Individual detection thresholds of DMDS in base Pinot noir wine ranged from

0.29 to 114.57 ppb (Table 3.5). The estimated threshold values ranged from 0.27 to

114.55 ppb before adding the 21.5 ppt DMDS naturally existing in base wine. The

lowest estimated threshold value (0.27 ppb) was 13-fold higher than the DMDS

content in wine. The DMDS content in base wine was far below its detection

threshold. Measuring the detection threshold requires a "zero" or undetectable

level of the determined stimulus (Lawless and Heymann 1999); therefore, the

DMDS threshold values obtained in this study were considered as detection

thresholds. There were huge differences among subjects regarding their sensitivity

to DMDS. The difference of the estimated threshold value between the most

(Panelist 12) and least (Panelist 15) sensitive subjects were 424-fold. Two panelists

(1 and 12) had unusually low thresholds, which were below 1 ppb. Four panelists'

(2, 6, 10, and 16) thresholds were between ito 12 ppb. A majority of nine

panelists' (3, 4, 5, 7, 8, 9, 11, 13 and 14) detection thresholds ranged from 23 to 48

ppb. This threshold range was similar to those which were reported in the other

wines (Goniak and Noble 1987; Mestres et al. 2000). For example, Goniak and

Noble (1987) reported that detection threshold of DMDS in blended white wine

was 29 ppb. Panelist 15 had an unusually high threshold for DMDS, which was

more than 100 ppb.

The estimated threshold values of MeSH in base wine ranged from 0.08 to

2.34 ppb (Table 3.6) before adding the MeSH content naturally existing in base



wine (1.025 ppb). Eleven subjects' estimated threshold values were found to be

less than 1.025 ppb. This raised a concern that MeSH concentration naturally

found in base wine might already exceed these subjects' detection thresholds.

However, the concern was not demonstrated. As a result, an undetectable level of

MeSH content in base wine was assumed. After adding the 1.025 ppb, range of

subjects' detection thresholds of MeSH in base wine became from 1.10 to 3.37 ppb.

This was the first time that the detection threshold of MeSH was determined in

wine. Sensitivity difference among subjects was found; the estimated threshold

value of Panelist 5 was 31-fold higher than that of Panelist 10. Panelist 2 and 10

were found to be most sensitive and Panelist 5 was the least sensitive to MeSH. A

majority of nine subjects' (1, 3, 6, 9, 12, 13, 14, 15, and 16) estimated threshold

values were between 0.3 and 1 ppb and four subjects' (4, 7, 8, and 11) estimated

thresholds ranged from 1 to 1.6 ppb.

The range of individual detection thresholds of DEDS was from 0.15 to 4.58

ppb (Table 3.7). Subjects' sensitivity difference was found but was much smaller

than DMDS. Difference between the lowest and the highest detection thresholds

was 31-fold. Panelist 8's and 16's detection thresholds were below 1 ppb. Three

panelists (4, 10 and 11) detected DEDS in wine between 1 to 2 ppb. 8 out of 16

subjects' (1, 2, 3, 5, 9, 13, 14, and 15) thresholds ranged from 2 to 3 ppb. Panelists

6, 7, and 12 were the least sensitive to DEDS in base wine and their thresholds

ranged from 3 to 4.6 ppb. In comparison to the results that the detection threshold
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of DEDS determined in blended white wine was 4.3 ppb (Goniak and Noble 1987),

almost all panelists' threshold values were lower than 4.3 ppb except Panelist 7 in

the present study. Therefore, the detection threshold determined in the base Pinot

noir wine was found to be lower than the one determined in the blended white wine.

Individual detection thresholds of EtSH in base Pinot noir wine ranged from

0.028 to 0.879 ppb (Table 3.7). Difference of subjects' sensitivity was similar to

DEDS. Panelist 4's detection threshold was 31.3 fold higher than Panelist 8's.

Four subjects' (2, 8, 10 and 16) were the most sensitive to EtSH in base wine and

their thresholds were below 0.1 ppb. Thresholds found for Panelists 3, 6, 12, 13

and 14 were between 0.1 and 0.3 ppb. Four subjects' (1, 11, 9 and 15) thresholds

ranged from 0.4 and 0.6 ppb. Thresholds of Panelists 4, 5, and 7 were more than

0.68 ppb. Comparing the results of the present study to those of Goniak and Noble

(1987), the detection threshold of EtSH in base Pinot noir wine was lower than in

the blended white wine (1.1 ppb).

From the results, subjects were not at all equally sensitive to volatile sulfur

compounds in base wine. Although a lot of subjects were students, they had been

often exposed to wine sniffing and tasting. This phenomenon implies that

winemakers may have very different detection abilities on volatile sulfur

compounds; in addition, many might not be as sensitive as they should be. For

example, Panelist 7, who is currently a winemaker, was insensitive to all four
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volatile sulfur compounds in comparison with the other subjects (Table 3.5 to 3.7).

Panelist 15 is also a winemaker and is extremely insensitive to DMDS (Table 3.5).

Winemakers should understand their own detection abilities towards volatile sulfur

compounds in order not to mis-diagnose sulfur-contaminated wine at an early

winemaking stage.

3.4.3. Group thresholds

Two methods were used to estimate group thresholds of the four volatile

sulfur compounds in base Pinot noir wine. The first method was the geometric

means taken from the sixteen individual thresholds estimated by the graphic (probit)

and logistic methods. Group thresholds of DMDS were 15.63 and 11.18 ppb (Table

3.5), DEDS were 1.93 and 1.45 ppb (Table 3.7), MeSH were 1.82 and 1.73 ppb

(Table 3.6) and EtSH were 0.21 and 0.19 ppb (Table 3.6) in base Pinot noir wine.

The second method involved using either the binomial or beta-binomial

model to estimate probability of correct responses of each spiked concentration.

Then the group threshold was determined by the logistic regression fitted from the

five probabilities.

3.4.3.1. Estimating probability of correct responses
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Table 3.8 shows the probabilities of correct responses and their standard

errors estimated by the binomial and beta-binomial (BB) models at five spiked

concentrations of each volatile compound. The gamma values in the BB model

estimated from some spiked concentrations, including 61.05 ppb of DMDS, 0.21

and 0.50 ppb of DEDS, and 0.11, 0.25, and 0.54 ppb of EtSH, were significantly

different from zero (p< 0.1). The values were between 0.1 and 0.2. Note that

gamma ('y) indicates the degree of inter-subject variation (overdispersion). When '

is equal to 0, there is no overdispersion and distribution of subjects' responses is

reduced from BB to binomial (Ennis and Bi 1998). y=1 means that high subject

variability is found. The standard errors estimated by the BB model were found

larger than those estimated by the binomial model at these spiked concentrations.

Therefore, in the present study panelists' responses were slightly overdispersed at

these spiked concentrations. By observing each panelist's probability of correct

responses, subjects behaved differently. Table 3.9 shows the number of subjects

who have the same probability value at the spiked concentrations where the

overdispersion was observed. At 61.05 ppb of DMDS, one subject (Panelist 15)

had an unusually low probability of correct responses, 0.2. Other subjects' had

similar probability values, 0.8 and 1.0. At 0.21 ppb of DEDS and 0.54 ppb of EtSH,

the majority of panelists responded similarly; however, six panelists had different

probability values. At 0.50 ppb of DEDS and 0.11 and 0.25 ppb of EtSH, subjects

even behaved more diversely. Five out of six probability values at each

concentration were generated from two to five subjects. Therefore, not only intra-
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but inter-subject variations have to be taken into account in order not to

underestimate the data variance at these spiked concentrations. However, PB and

PBB at all spiked concentrations were virtually identical (Table 3.8). Therefore, PB

of each spiked concentration was used for constructing the logistic regression.

3.4.3.2. Group threshold determination by the logistic method

Figures 3.2 to 3.5 contain the logistic regression curve of fitting the five PB vs.

the logarithm of spiked concentrations of each sulfur compound. After the curve-

fitting iterations, the group threshold of DEDS was 2.16 ppb and EtSH was 0.23

ppb. The estimated threshold value for DMDS was 23.55 ppb and for MeSH was

0.69 ppb. After adding the DMDS and MeSH contents in base wine, the final

group threshold of DMDS was 23.57 ppb and MeSH was 1.72 ppb. Group

thresholds calculated from this method, which did not involve individual threshold

determination gave higher values for DMDS but not for DEDS, MeSH and EtSH in

comparison to the geometric means taken from the individual thresholds. This

phenomenon could result from Panelists 1 and 12 having unusually low individual

thresholds.

3.4.4. Implication of threshold results to Oregon Pinot noir wine



The threshold results were cross-referenced with the sulfide contents of three

normal (Fang and Qian 2005) and three sulfur-defected (Yu Fang 2005,

unpublished data) Oregon Pinot noir wines (Table 3.10). The sensory descriptions

of the three defect wines are summarized in Table 3.10. MeSH and EtSH can

significantly impact the aroma quality of Oregon Pinot noir wine. Levels of MeSH

and EtSH in the three defected wines were higher than the detection thresholds. All

three wines were found to have very unpleasant aromas such as natural gas,

garbage, rubber, rotten egg and rotten cabbage. Two of the defected wines

containing excessive amounts of MeSH and EtSH were perceived stinkier than the

one only containing a high level of MeSH. There was no EtSH found in the three

normal wines. Interestingly, the MeSH content in the three normal wines was

within the range of detection thresholds. MeSH might be detected in normal wine

by people who have a low detection threshold. The sulfide contents of DMDS in

normal and defected wine were far below its detection threshold. There was no

DEDS found in the three normal wines. Even though it was found in one defected

wine, its content was 9-fold below the lowest detection threshold. Aroma quality of

these Pinot noir wines was less likely influenced by the concentration of DMDS

and DEDS. However, interconversion between mercaptans and disulfides can

occur under the presence of sulfite ion at wine pH during wine aging and storage

(Bobet et al. 1990). If concentrations of DMDS and DEDS in wine were below

their detection thresholds but were enough to be converted to suprathreshold levels

of mercaptans, wine quality could be significantly deteriorated.
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3.5. CONCLUSION

Individual and group detection thresholds of DMDS, DEDS, MeSH and EtSH

were determined in base Oregon Pinot noir wine. Thresholds of MeSH were

reported for the first time in wine. Subjects' detection thresholds of each

compound were widely spread, which indicates that subjects have very different

sensitivities to these volatile sulfur compounds. Threshold values determined in the

base Pinot noir wine in the present study were lower than those reported in the

blended white wine (Goniak and Noble 1987) in literature. MeSH and EtSH can

significantly damage Pinot noir wine aroma at a very low level (from ppt to ppb

level). DMDS and DEDS may not impact wine quality at the same concentration

level as the two mercaptans; however, they could play an important role by being

converting into suprathreshold amounts of mercaptans and thus cause wine quality

deterioration.



Table 3.1. Chemical properties and aroma descriptions of dimethyl disulfide (DMDS), diethyl disulfide (DEDS),
methanethiol (MeSH) and ethanethiol (EtSH).

Compound Dimethyl disulfide Diethyl disulfide Methanethiol Ethanethiol
Structure H3C-S-S-CH3 H3C-CH2-S-S-CH2-CH3 H3C-S-H H3C-CH2-S-H

Molecularweight 94.20 122.25 48.11 62.14

Vapor pressure at
28.70 4.17 1900.00 537.0025°C (Torr)

Boiling point at
109.7±0.0 154.0±0.0 -1.4±3.0 34.7±3.0760 Torr(°C)

Melting point (°C) -98.25 -103.91 -123.00 -147.80

Density at 2 0°C,

760 Torr (g/cm3)
1.052±0.06 0.997±0.06 0.814±0.06 0.821±0.06

Aroma Cabbage, cooked cabbage, Rotten cabbage, cooked
Onion, rubber, fecal, burnt

descriptions onion-like Garlic, onion, burnt rubber cabagge, burnt rubber,
match, earthypungent, putrefaction

References ETS Laboratories 2002; Goniak and Noble 1987; Mestres et al. 2000; Rauhut and Sponholz 1992; Rauhut 1993

Chemical properties are obtained from the SciFinder Scholar Software (version 2002; ACS, Washington DC)
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Table 3.2. Sulfide composition of base Pinot noir wine as determined by the GC-
PFPD method.

Sulfur compound Tank 1 Tank 2
H2S (ppb) 0.91 ± 0.22 1.02 ± 0.27
MeSH(ppb) 1.01±0.11 1.04±0.11
EtSH (ppb) nd nd
DMS(ppb) 1.71±0.07 1.81±0.01
DES (ppb) nd nd
Methyl thioacetate @pb) 16.39 ± 0.80 18.10 ± 0.82
DMDS(ppt) 21±2 22±2
Ethyl thioacetate (ppb) 2.33 ± 0.16 2.78 ± 0.28
DEDS (ppt) nd nd
DMTS (ppt) 38 ± 0 39±2
Methionol(ppm) 1.30±0.13 1.55±0.17

nd: not detected



Table 3.3. Spiked concentrations (ppb) of the four volatile sulfur compounds in
wine. The upper block indicates the five concentrations tested by all panelists. The
lower block covers the spiked concentrations of B in warm-up pair used by most
panelists. Concentrations outside of the blocks were tested by particular subj ects
who potentially had very low or high thresholds.

DMDS DEDS MeSH EtSH
CF 2.8 2.1 2.7 2.2

Test 0.021 Pan 12

0.105 Pan 1,12
c\ -, ' I ( j c I\-s
V.'J. Panl,12 V..UJ.) PanS U.ULL

0.982 0.210 0.038 0.050
2.79 0.504 0.107 0.111
7.79 1.11 0.291 0.245

21.59 2.32 0.778 0.536
61.05 4.95 2.12 1.19

Pan 8

168.57 Panl5 5.73 i'ani,s

B 1.58 Panl,12 0.421 PanS 0.081 PanS
30.00 3.48 1.14 0.653

- - 94.64 Pan 15 2.85 Pan 1.5
CF: constant factor
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Table 3.4. Panelists' descriptions regarding aroma difference between A (base wine)
and B (spiked wine) during warm-up.

DMDS
Panelist B is less... B is more...

2 Fruity Sour, vegetative
3 Alcohol, yeasty Old
4 Pungent, floral Dusty, sweaty, flat
5 Pungent, intense Clean, fruity, alcohol
6 Copper, hot acid, plum, fruity
7 Fruity, spicy Vegetal, stale, smoky
9 Sharp Sweet, licorice, raisin, spicy, musty

10
Intense, alcohol, fruity, floral,

Dull, mustyspicy, vegetal
11 Fruity, sweet, sour Ripened, pungent, vegetative
12 Sweet, heavy, intense
13 Intense Floral, oxidized
14 Fruity, floral, sweet Smoky, meaty, pungent, spicy
15 Fruity, green Alcohol, clean
16 Fruity, floral Pungent, vegetative

DEDS

Panelist B is less... B is more...
3 Fruity, yeasty, alcohol Intense
4 Pungent, floral, acidic Dusty, plastic, flat
5 Fruity

6

7 Pickle
9 Bold

10

11 Fruity, fresh
12

13

14 Fruity, sweet, pungent, floral
15 Fruity
16 Floral

Oaky, rubbing alcohol, plum, bubble
gum, sherry, sweet

Burnt wood, smoky
Sweet, sharp, licorice, plain
Vegetal
Flat
Dull, intense, fruity
Pungent
Meaty, smoky, woody
Vegetal
Sweet



Table 3.4. Panelists' descriptions regarding aroma difference between A (base wine)
and B (spiked wine) during warm-up. The difference between A and B was only
enough for detection (continued).

MeSH
Panelist B is less... B is more...

3 Alcohol, pugent, intense, fruity Green pepper
4 Floral, pungent Flat
5 Fruity
6

7 Fruity, floral, fresh
9

10 Sweet, floral
11 Intense
12 Floral
13

14 Sweet
15 Fruity

Green vegetable, sweet, cardboard
Fuel
Dry sweet, sharp, mellow, fruity

Smoky, dull
Pungent
Meaty, smoky, woody, pungent
Dull

16 Intense Vegetative

EtSH
Panelist B is less... B is more...

3 Fruity, intense, alcohol Oxidized, earthy, carbonated
4 Pungent, oxidized, metallic Creamy, soft, sweet
5 Fruity
7 Floral
9 Sharp, raisin, dull

11 Earthy
13 Pungent
14 Fruity, sweet Smoky, pungent
15 Fruity
16 Floral, intense Sweet, pungent
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Table 3.5. Sixteen individual detection thresholds and their group detection
thresholds (in ppb level) of DMDS in base Pinot noir wine estimated by the graphic
(probit) and logistic methods (number of replication 5).
Note that 21.5 ppt DMDS existed in base wine. They were summed with the
estimated threshold values from both methods to make final threshold values.

DMDS

Final individual threshold Estimated threshold value
Panelist Graphic Logistic Panelist Graphic Logistic

12 0.539 0.291 12 0.518 0.269
1 0.947 0.586 1 0.925 0.565
6 11.270 1.408 6 3.082 1.387
2 3.104 2.101 2 11.249 2.080
10 11.270 4.830 10 11.249 4.808
16 11.922 6.089 16 11.900 6.067
4 27.705 23.845 4 24.111 23.823
9 24.133 23.955 9 27.684 23.933
3 30.532 25.373 3 27.684 25.35 1

11 27.705 27.061 11 30.510 27.040
5 30.532 29.807 5 30.510 29.785

13 30.532 29.944 13 30.510 29.923
8 45.497 45.207 8 45.476 45.186
7 45.497 46.580 7 45.476 46.559
14 45.497 47.228 14 45.476 47.206
15 106.614 114.573 15 106.592 114.551

GeoMean 15.631 11.175
Final individual threshold (ppb)= Estimated threshold value+0.0215



Table 3.6. Sixteen individual detection thresholds and their group detection
thresholds (in ppb level) of MeSH in base Pinot noir wine estimated by the graphic
(probit) and logistic methods (number of replication= 5).
Note that 1.025 ppb MeSH existed in base wine. Theywere summed with the
estimated threshold values from both methods to make final threshold values.

MeSH

Final individual threshold
Panelist Graphic Logistic

10 1.101 1.135
2 1.176 1.161
1 1.805 1.343

16 1.347 1.346
6 1.823 1.430
14 1.920 1.505
3 1.823 1.507

13 1.614 1.621
12 1.572 1.625
9 1.572 1.731

15 1.920 1.775
8 2.121 2.157
4 2.227 2.233
7 2.157 2.474

11 2.625 2.617
5 3.360 3.369

GeoMean 1.815 1.732

Estimated threshold value
Panelist Graphic Logistic

10 0.076 0.110
2 0.151 0.136
16 0.322 0.321
12 0.547 0.600
9 0.547 0.706

13 0.589 0.596
1 0.780 0.318

6 0.798 0.405
3 0.798 0.482
14 0.895 0.480
15 0.895 0.750
8 1.096 1.132

7 1.132 1.449

4 1.202 1.208
11 1.600 1.592

5 2.335 2.344

Final individual threshold (ppb)= Estimated threshold value+1 .025



Table 3.7. Sixteen individual detection thresholds and their group detection
thresholds (in ppb level) of DEDS and EtSH in base Pinot noir wine estimated by
the graphic (probit) and logistic methods (number of replication 5).

DEDS

Panelist Graphic Logistic
8 0.188 0.147
4 1.191 0.267
14 2.429 0.817
5 2.402 0.881

16 0.888 0.897
1 2.402 0.948

11 1.273 1.419
10 1.846 1.905
15 2.531 2.427
13 2.531 2.432
2 2.484 2.500
3 2.484 2.500
9 2.484 2.500
12 3.457 3.614
6 3.981 4.055
7 4.163 4.581

GeoMean 1.929 1.455

EtSH

Panelist Graphic Logistic
8 0.028 0.03 7

16 0.056 0.052
12 0.263 0.061

2 0.065 0.066
10 0.090 0.089
13 0.133 0.103
14 0.133 0.116
6 0.145 0.165
3 0.187 0.177

11 0.407 0.407
1 0.421 0.437
9 0.42 1 0.437
15 0.577 0.515
5 0.698 0.679
7 0.698 0.700
4 0.824 0.879

GeoMean 0.214 0.194
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Table 3.8. Probabilities of correct responses and the standard errors at the five spiked concentrations of each volatile
sulfur compound in base wine estimated by the binomial and beta-binomial model.

Binomial model Beta-binomial (BB) model
Spiked Log(Spiked .

.Porportion of correct Estimated probability of Estimatedconc conc)
response (PB)

SE
correct responses (PBB)

SE
gamma

pva1ue*

DMDS 0.98 -0.01 0.4750 0.05580 0.4749 0.05832 0.0226 0.3877
2.79 0.45 0.4875 0.05590 0.4875 0.06370 0.0744 0.1733
7.79 0.89 0.4750 0.05580 0.4750 0.06097 0.0476 0.2735
21.59 1.33 0.5875 0.05500 0.5875 0.05504 0.0000 0.5293
61.05 1.79 0.8625 0.03850 0.8607 0.04632 0.1568 0.0237

DEDS 0.21 -0.68 0.3625 0.05370 0.3638 0.06307 0.1075 0.0869
0.50 -0.30 0.4500 0.05560 0.4497 0.06973 0.1414 0.0368
1.11 0.04 0.4750 0.05580 0.4750 0.05583 0.0000 0.8371
2.32 0.36 0.6375 0.05370 0.6375 0.05375 0.0000 0.6371
4.95 0.69 0.9500 0.02440 0.9500 0.02437 0.0000 0.7472

MeSH 0.04 -1.42 0.4000 0.05480 0.4000 0.05589 0.0104 0.4476
0.11 -0.97 0.3375 0.05290 0.3375 0.05509 0.0217 0.3920
0.29 -0.54 0.5500 0.05560 0.5497 0.06247 0.0657 0.203 1
0.78 -0.11 0.6375 0.05370 0.6375 0.05375 0.0000 0.7558
2.12 0.33 0.9125 0.03160 0.9125 0.03159 0.0000 0.5881

EtSH 0.05 -1.30 0.4875 0.05590 0.4875 0.05588 0.0000 0.6272
0.11 -0.96 0.5375 0.05570 0.5380 0.06813 0.1201 0.0644
0.25 -0.61 0.6500 0.05330 0.6506 0.06485 0.1209 0.0631
0.54 -0.27 0.7750 0.04670 0.7745 0.06004 0.1756 0.0132
1.19 0.07 0.9750 0.01750 0.9750 0.01745 0.0000 0.6272

*Testing whether the gamma value is significantly different from zero (alpha 0.1).



Table 3.9. The number of subjects who have the same probability value at the spiked concentrations where the
overdispersion was observed.

Compound Cone/Probability of correct response 0.0 0.2 0.4 0.6 0.8 1.0
DMDS 61.05 0 1 0 0 7 8
DEDS 0.21 1 9 1 2 3 0
DEDS 0.50 2 3 4 4 2 1

EtSH 0.11 1 2 4 5 2 2
EtSH 0.25 0 2 3 3 5 3

EtSH 0.54 0 1 2 1 6 6
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Table 3.10. Cross-reference of detection thresholds (ppb) determined in the present study with the contents (ppb) of
the four volatile sulfur compounds in three normal and three sulfur-defected Oregon Pinot noir wine. Aroma
descriptions of the three defected wines are also summarized.

Compound DMDS DEDS MeSH EtSH Aroma description
Detection threshold 0.29-114.57 0.14-4.58 1.10-3.37 0.028-0.879

Normal 1 nd nd 1.56 nd No off-odor
Normal 2 0.031 nd 2.17 nd No off-odor
Normal 3 0.00123 nd 1.19 nd No off-odor

Some sulfur off-odors hiding under
Defect 1 0.07 6 nd 17.9 nd strong fruity aroma but hard to

describe. Natural gas notes

Sulfurous off-odor, mercaptan-like

Defect 2 0.009 nd 5.34 1.52 odor, garbage, rubber, rotten egg,
rotten cabbage, and durian-like
odor

Sulfurous off-odor, mercaptan-like

Defect 3 0.0 11 0.0 19 6.43 4.96 odor, garbage, rubber, rotten egg,
rotten cabbage, and durian-like
odor

nd: not detected
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4.1. ABSTRACT

Aroma characteristics of four volatile sulfur compounds, dimethyl disulfide

(DMDS), diethyl disulfide (DEDS), methanethiol (MeSH) and ethanethiol (EtSH),

and their interactions on base Oregon Pinot noir wine were determined via

descriptive analysis to understand their impacts on base wine aromas. Aroma of

DMDS in base wine was mainly described as old cabbage, rotten cabbage, and old

egg. DEDS aroma in wine was perceived as skunky, sweaty, and tire-like. Aroma

of MeSH in wine was associated with stale vegetables, stale eggs, animal, rubbery,

slop and natural gas. EtSH aroma in base wine was mainly described as durian,

garlic, animal, stale eggs, sulfur, natural gas and rubbery. Odor suppression was

observed in wine mixtures. MeSH and EtSH governed perceptions of off-odors in

base wine when both MeSH and DMDS or both EtSH and DEDS were present in

base wine. EtSH was more detrimental on wine aromas when both MeSH and

EtSH were present in base wine; however, MeSH dominated wine off-aroma more

than EtSH under the influence of subthreshold levels of two disulfides. Therefore,

MeSH and EtSH can significantly affect the aroma quality of Oregon Pinot noir

wine at very low concentrations (in ppb level) more than disulfides. Wines may

start to be aroma-defected when the level of MeSH was more than 3.5 ppb and/or

EtSH was more than 2 ppb. They became definitely aroma-defected when the

MeSH level reached 14.5 ppb and/or EtSH level reached 7.5 ppb. Although

panelist variability was observed, generally base wine lost its fruity and floral notes



and increased overall intensity, overall stinky, nose bum and sulfur-related odors

while concentrations of the four volatile sulfur compounds in base wine increased.

Aroma changes of fruity, floral and nose bum can be used by winemakers to

diagnose the early presence of volatile sulfur compounds in Oregon Pinot noir wine

during winemaking and wine storage.

Key words: Volatile sulfur compounds, aroma, descriptive analysis, Oregon Pinot

noir wine
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4.2. iNTRODUCTION

The Pinot noir grape was planted as early as in the first century B.C. by the

Romans or Greeks for winemaking purposes. Red wine made by this grape variety

in Burgundy, France has achieved an ongoing success (Haeger 2004). The climate

of the Willamette Valley, Oregon is similar to Burgundy and thus Oregon Pinot noir

is recognized as one of the best quality Pinot noir wines (http://www.oregon-

wine.org!press/index.php). Varietal aroma characteristics of Pinot noir wine

included cherry, strawberry, raspberry, plum, herbal, cinnamon, roses, and violet

(Young 1986). Table 4.1 contains the aroma descriptions of Oregon Pinot noir

wine determined from past descriptive sensory studies, including effects of

viticulture practices (Hjorth 2002; Reynolds et al. 1996; Tsai and McDaniel 2003),

wine processing (Goldberg 1998; McDaniel et al. 1987) and prediction of wine and

juice quality (Ludwig-Williams 1987). The wines used in these studies finished

primary fermentation and did not go through oak aging. The secondary malolactic

fermentation was conducted on some wines depending on the study objectives.

Fruity, floral, vegetative, sweet, spicy, herbal, earthy/musty and other descriptors

such as grassy and stenimy were important aroma lexicons.

Aroma defects associated with volatile sulfur compounds have been observed

in Oregon Pinot noir wines in recent years. These compounds have unpleasant

aromas such as burnt rubber, fecal, and rotten cabbage and often cause off-odors
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and off-flavors in wine. Thiols and disulfides, in particular they exist in wine

naturally and contribute to the complexity of some wines at very low

concentrations (Bobet et al. 1990; de Mora et al. 1986, 1993; Du Plessis and

Loubser 1974; Goniak and Noble 1987; Karagiannis and Lanaridis 1999, 2000;

Mestres et al. 2000; Rapp et al. 1985; Rauhut 1993; Rauhut and Sponholz 1992;

Shooter 1994; Spedding and Raut 1982). The main reason volatile sulfur

compounds could significantly impact wine aroma and flavor is that they usually

have very low sensory threshold in wine, from ppt to ppb level. For example,

Goniak and Noble (1987) reported odor thresholds of dimethyl sulfide (DMS),

dimethyl disulfide (DMDS), diethyl sulfide (DES), diethyl disulfide (DEDS), and

ethanethiol (EtSH) in white wine were to be 25, 29, 0.92, 4.3 and 1.1 ppb,

respectively in white wine. The threshold of hydrogen sulfide (H2S)was reported

to range from 0.001 to 150 ppb in wine (Mestres et al. 2000). A previous study in

this laboratory found that the group detection thresholds of DMDS ranged from

11.18 to 23.57 ppb, those of DEDS ranged from 1.45 to 2.16 ppb, those of

methanethiol (MeSH) ranged from 1.72 to 1.82 ppb and those of EtSH ranged from

0.19 to 0.23 ppb in base Oregon Pinot noir wine (Chapter 3). Once aroma defects

resulting from these sulfur compounds are found in wine, H2S and mercaptans can

be removed by adding copper ions. Disulfides have to be reduced to mercaptans

via reducing agents such as ascorbic acid and then are removed by copper treatment.

Although aroma defects can be eliminated, wine quality is already degraded by

these treatments (Zoecklein et al. 1999). Understanding how volatile sulfur
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compounds could impact the aroma of Oregon Pinot noir wine is important to help

Oregon winemakers diagnose aroma defects as early as possible during

winemaking and storage. Many studies (Fang and Qian 2005 and Mestres et al.

2000, for example) focused on identification and quantification of volatile sulfur

compounds in wine or wine-like medias by analytical analyses such as gas

chromatographic methods. Very few studies researched sensory properties of these

compounds in wine. For instance, Goniak and Noble (1987) determined aroma

characteristics of DMS and EtSH in white wine via descriptive analysis.

Followed by the previous threshold determination of DMDS, DEDS, MeSH

and EtSH (Chapter 3), the present study targeted aroma properties of these four

compounds in base Pinot noir wine. Aroma of MeSH is described as rotten

cabbage, cooked cabbage, burnt rubber, pungent, putrefaction (ETS Laboratories

2002; Mestres et al. 2000; Rauhut and Sponholz 1992). Formation ofMeSH in

wine is associated with the degradation of methionine during fermentation by yeast

metabolism and during storage (De Mora et al. 1986; 1987). Tn addition,

hydrolysis of sulfur-containing pesticides such as acephate and methomyl in wine

under light exposure during storage results in MeSH production (Rauhut and

Sponholz 1992; Rauhut 1993). EtSH has an aroma of onion, rubber, fecal, burnt

match, and earthy (ETS Laboratories 2002; Goniak and Noble 1987; Mestres et al.

2000; Rauhut and Sponholz 1992). It can be formed by reactions between H2S and

acetaldehyde and between H2S and ethanol or ethanal in wine. Both MeSH and
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EtSH (mercaptans) are highly reactive and can be rapidly oxidized to form DMDS

and DEDS (disulfides) in wine (Rauhut 1993; Zoecklein et al. 1999). Aroma

description of DMDS includes cabbage, cooked cabbage and onion-like and those

of DEDS are garlic, onion, and burnt rubber (ETS Laboratories 2002; Goniak and

Noble 1987; Mestres et al. 2000; Rauhut and Sponholz 1992). During storage at

wine pH and under presence of free SO2, disulfides can be slowly converted back

to mercpatans in wine (Bobet et al. 1990). The interconversions between

mercaptans and disulfides can greatly influence wine aroma quality.

The objectives of the present study were to determine the aroma

characteristics of DMDS, DEDS, MeSH, and EtSH in base Pinot noir wine via a

descriptive sensory analysis to understand 1) the impacts of these compounds as

well as their interactions on aromas of Oregon Pinot noir wine and 2) which

volatile sulfur compound dominated aroma of the wine mixture when combining

more than two compounds in base wine.

4.3. MATERIALS AND METHODS

This study contained two parts: Part 1 focused on aroma properties and

impacts of each volatile sulfur compound in base wine, and Part 2 focused on the

aroma characteristic and influences of interactions of the four compounds. Each

part included four experiments as shows on Table 4.2. Thirteen subjects (six males



104

and seven females) who participated in the previous threshold study (Chapter 3)

continued with the descriptive panel. They were represented by the numbers

(Panelists 1, 2, 3, 4, 5, 6, 8, 9, 10, 11, 12, 14 and 16) which were used in the

previous study for consistency purposes. Unfortunately Panelist 2 participated in

the first part but not the second part; therefore, 12 panelists (six males and six

females) stayed throughout the whole study.

The base Oregon Pinot noir wine, the four sulfur compounds, wine spiking

procedures and sample preparations were the same as in the previous threshold

study with an exception of sample preparation in Part 2. Because both MeSH and

EtSH (or both) were susceptible to oxidation, all samples bottles were filled with

argon prior to pouring base wine and spiking with sulfur compounds. The wine

samples in the second part are mixtures of either two or four compounds.

Disulfides are more stable than mercaptans. Therefore, while spiking these four

compounds into a wine sample bottle, disulfide(s) was added first and then

mercaptan(s) was added. EtSH is slightly more stable than MeSH and thus it was

added first when mixing MeSH and EtSH in base wine. Reproducibility of spiking

procedures and stability of volatile sulfur compounds in wine mixtures were

confirmed by the GC-PFPD analysis (Fang and Qian 2005) on sulfur contents of

base wine samples. The base wine contained 1.025 ppb of MeSH and 21.5 ppt of

DMDS. Therefore, the concentrations of MeSH and DMDS in wine samples were

the sum of original and spiked concentrations.
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4.3.1. Concentration selection of volatile sulfur compounds

The concentrations (Table 4.2) employed in this study were based on the

results of the previous threshold study and descriptive panel training and analytical

data from GC-PFPD sulfur analyses (Fang and Qian 2005) of 39 Pinot noir wines

which were produced from nine Oregon wineries and had aroma defects associated

with sulfur compounds (Yu Fang 2005, unpublished data). These wines typically

had suprathreshold levels of MeSH and/or EtSH. Experiments in Part 1 used seven

concentrations of each compound from subthreshold to suprathreshold levels. The

lowest level was below all subjects' individual detection thresholds determined in

the previous study. Three criteria were used to select the highest concentration.

First, the highest level was above all subjects' individual detection thresholds.

Second, every panelist can firmly recognize the sulfur odor at this level in wine

during training. Third, this level was the highest content of each compound

measured from the 39 sulfur-defected Pinot noir wines by the GC-PFPD method.

In Part 2, three levels (low, middle, and high) of each compound were chosen. The

low level (1) was equal to the lowest concentration in Part 1. The high level (h) for

disulfides was the highest concentration and for mercaptans was the second highest

level in Part 1. Since a wide individual threshold range of the four compounds was

found among subjects in the previous study, the basis of selecting the middle level

(m) was to use a level that was detectable by most subjects, but not at the
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recognition level. Each combination of concentrations in Part 2 experiments is

noted in Table 4.2.

There were eight samples, seven concentrations plus one base wine, used in

each experiment in Part 1. The wine samples were noted by their concentration

values and base wine was noted "base". Aroma characteristics and influences ofa

volatile sulfur compound were examined in one experiment. In Part 2, ten samples,

which contain the 9 samples combining three levels of two sulfur compounds plus

one base wine, were used. The first two experiments targeted the interactions

between DMDS and MeSH and between DEDS and EtSH due to their

interconversions in wine. The third experiment focused on the presence of MeSH

and EtSH in wine because both of them were commonly found in aroma-defected

wines. According to the GC-PFPD results of the 39 defected commercial Oregon

Pinot noir wines, various levels (from sub- to supra-threshold levels) of mercaptans

and only subthreshold levels of disulfides (in ppt) were found when all four

compounds were present in defected wines (Yu Fang 2005, unpublished data).

Therefore, in the last experiment the subthreshold levels of DMDS (0.27 ppb) and

DEDS (0.11 ppb) were added into the nine samples combining three levels of

MeSH and EtSH to understand the impacts on base wine aromas and influences

between MeSH and EtSH. In addition, the subthreshold effect of DMDS and

DEDS was examined.
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4.3.2. Sensory evaluation

The modified SpectrumTM descriptive analysis method (Meilgaard et al. 1999)

combined with free-choice profiling (Williams and Arnold 1984; Williams and

Langron 1984) was used for panel training and testing. There were thirty training

sessions in total. Each session lasted one hour and was conducted in the afternoon.

Panelists received four or six wine samples in a session. The first five sessions

focused on aroma characteristics of base Pinot noir wine. Eight terms (overall

intensity, pungent, fruity, floral, spicy, sweet, vegetative and earthy) were pre-

determined based on Table 4.1 to describe base wine. Their definitions and

standards were shown on Table 4.3. Standards were placed in 120 mL wide-mouth

glass bottles (1-Chem Brand, Rockwood, TN) with sealed caps. Because the base

wine did not go through malolactic fermentation, sweet descriptors such as buttery

were not included in the standards. Panelists were trained to understand these eight

pre-determined aroma descriptors with the standards and practiced with evaluation

procedures and the 16-point intensity scale (0=none and 15= extreme). Panelists

changed "pungent" to "nose burn" to be more meaningful to actual perception.

They also added "papery" to the descriptor list. Some reference standards were

either removed or added by panelists' suggestion. Five sessions were conducted for

each compound spiked into base wine. In the final five sessions panelists practiced

with the wine samples with either two or four spiked volatile sulfur compounds.

"Overall stinky" was added for panelists to evaluate overall off-flavor created by



the volatile sulfur compound in base wine. Panelists could not reach consensus to

describe aromas after base wine was spiked with sulfur compounds. Therefore,

they were allowed to generate their own sulfur-related descriptors (Table 4.4).

Some references of sulfur-related descriptors were suggested and provided (Table

4.5). Panelists were asked to write down the definitions of these aroma terms for

which no standard was provided or the meaning was different from the standard

(Table 4.6). As a result, each panelist evaluated wine samples by rating intensities

of 10 descriptors (called conmion terms, CT) plus their own terms (called free-

choice terms, FT).

There were twenty-four 1-hour test sessions, twelve sessions for Part 1 and

twelve for Part 2. Three sessions were conducted for each experiment and each

session was a replication. In one session of Part 1 experiment, panelists received

eight wine samples which contained one base wine (is notated as "base") and seven

spiked wines. They received ten samples, one base wine (notated as BASE) and

nine spiked wines, in a session of Part 2 experiment. All samples were coded with

a three-digit random number and served in random order. Panelists also received

an additional two base wines and all aroma standards. Before starting a session,

they smelled all aroma standards and base wine to refresh their memories. After a

5-minute break, subjects were told to smell wine samples no more than three times

waluate them as quick as possible to minimize aroma changes once the

bottle was opened. Swirling sample bottles was not allowed because it
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helped release too much "nose burn", which interfered with the perceptionof other

aromas and increased olfactory fatigue. Panelists could always go back to aroma

standards and two base wine bottles if necessary However, to avoid fatigue they

were told not to go back to them too often. They could always take a break

between samples. Example test ballots from panelist 10 for evaluating MeSH in

base wine and combination of DMDS and MeSH in base wine as well as the

evaluation instruction are shown on Appendix 4.1.

4.3.3. Experimental design and statistical analyses

A complete randomized block design was used in this study. Panelist (PAN)

was treated as a block and thus it was a random effect. Replication (REP) was a

fixed effect. In the experiments of Part 1, spiked concentration (CONC1) was a

fixed effect and had eight levels (from base wine to the highest concentration). In

the experiments of Part 2, spiked concentration mixtures and base wine (ten levels)

were treated as a fixed effect, CONC2. Data collected from each experiment were

analyzed separately Data obtained from the last two experiments in Part 2 were

also combined and analyzed together. Panelist repeatability ofeach experiment

was first examined via the Generalized Procrustes analysis (GPA). GPA has been

used to monitor discrepancies between replications and between panelists

(Siversten and Risvik 1994; McEwan and Hallett 1990; Rubico andMcDaniel 1992;

Williams and Langron 1984). Results showed that all panelist replications were
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closely grouped; moreover, the three replications had similar residuals and weights

within each panelist. Therefore, panelists were able to repeat their evaluations.

Figure 4.1 and Table 4.7 are examples of GPA results obtained from the EtSH

evaluation (the 4 experiment in Part 1). The GPA results of all eight experiments

for panelist repeatability are included in Appendix 4.2.

Amultivariate analysis of variance (MANOVA) was performed on data

obtained from each experiment. In Part 1, it was used to examine whether the eight

wine samples at various concentrations could be distinguished using only the CT

descriptors. It was also used to investigate whether a significant difference existed

among the ten wine samples on a combination of the CT descriptors in Part 2. A

two-way analysis of variance (ANOVA) was performed on each CT descriptor in

each experiment. In Part 1, PAN and CONC1 were main effects and PAN, CONC1,

and PAN*CONC1 interaction were included in the MANOVA and ANOVA model.

In Part 2, main effects were PAN and CONC2. They and their interaction,

pAN*CONC2, were included in the MANOVA and ANOVA model. The level of

significance was 0.05. The three replications by each panelist were averaged.

Then principle components analysis (PCA) was performed on the averaged data to

determine how the eight or ten wine samples were differentiated after all CT

descriptors were taken into account. The number of PCs selected was based on an

eigenvalue above 1. The minimum of 0.6 for the correlation of original CT

descriptors with the new factor generated was used as a selection criterion.
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The replicate-averaged intensity scores given to CT and FT descriptors from

every panelist were analyzed by GPAin each experiment. Before GPA was

performed, one-way ANOVA was conducted on each descriptor within every

panelist to examine whether this term was used to differentiate wine samples by

this particular panelist. The level of significance was 0.05. If the descriptor did not

significantly differentiate the wine sample (p>0.05), it was excluded from the GPA

in order to reduce noise. The minimum of 0.5 of descriptor loading coefficient was

chosen as a selection criterion with an exception that 0.4 was chosen for the

DMDS+MeSH experiment because loading scores of 10% and 40% of FT

descriptors extracted to dimension 1 and 2 respectively were between 0.4 and 0.5.

The sample scores across panelists on each extracted dimension were averaged and

plotted to provide a consensus configuration. One-way ANOVA followed by the

Tukey-HSD multiple comparisons were performed on sample scores to examine

sample difference on each dimension. Each panelist's scores on wine samples and

aroma descriptors were also plotted to show panelist variability. Because the three

replications were averaged before performing GPA, one-way ANOVA and multiple

comparisons cannot be performed on individual GPA results. Therefore, individual

GPA results only provide a qualitative approach regarding panelist variability.

4.4. RESULTS AND DISCUSSION
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4.4.1. MANOVA/ANOVA and PCA results

Results from MANOVA (Table 4.8) and 2-way ANOVA (Table 4.9 and 4.10)

revealed that sigthficant panelist by sample interactions (PAN*CONC1 and

PAN*CONC2) were found on all eight experiments (p<0.05). The intensity

ratings of CT descriptors depended on the combination of panelists and

concentrations. There were three or four PCs generated. PCA did not result in the

reduction of the number of the CT descriptors (n=10) to a small number of PCs.

Low percentage of data variance (primarily less than 30%) was extracted to each

PC in every experiment (Table 4.11). The PC was poorly defined by the CT

descriptors. Several reasons caused these results. First, with a complex system like

wine and with the substances such as volatile sulfur compounds at very low

concentrations, aromas of wine samples were similar. Panelists tried to find very

small difference among samples. In addition, some concentrations of the four

volatile sulfur compounds were lower than panelists' detection thresholds because a

wide range of thresholds was found among panelists. At the same concentration

some panelists can detect the compound but others cannot. Therefore, panelists

performed differently on sample evaluations. In each test session, they had to smell

ten or twelve wine samples (eight or ten samples plus two practice base wines).

They might have become fatigued and could not perform consistently later in a

session. Finally, they were found not to use all the CT descriptors to discriminate

wine samples (Table 4.12). For example, Panelist 1 used four out of the ten
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descriptors, overall stinky, overall intensity, fruity and floral to discriminate

samples with various concentrations of DMDS. Panelist 5 was a non-discriminator

and did not employ most CT descriptors to differentiate samples in every

experiment. Panelist 3 failed to use any CT descriptors in DMDS experiment and

neither did Panelist 14 in DEDS experiments. In all, results of MANOVA/ANOVA

and PCA were determined but not helpful for data interpretation.

4.4.2. Generalized Procrustes Analysis (GPA) results

GPA was further used to examine the aroma characteristics of each volatile

sulfur compound and their interactions in base wine. GPA translates each panelist's

configuration to a conmion centroid, shrinks or stretches panelists' configurations

to a similar size (isotopic scaling), and finally adjusts these configurations to fit

together by rotation or reflection (McEwan and Hallett 1990). Because CT

descriptors were not all used to discriminate samples by all the panelists, using one-

way ANOVA on CT descriptors helped filter out those descriptors which were not

significant in order to reduce noise in further GPA. The GPA results after only

significant CT and FT descriptors from all panelists were taken into account for

each experiment are summarized below.

4.4.2.1. Aroma characteristics of each volatile sulfur compound in base wine
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4.4.2.1.1. DMDS

The consensus configuration of averaged GPA scores of eight wine samples

with various levels of DMDS as well as the ratings of significant aroma descriptors

after the first two dimensions were accounted for is shown in Figures 4.2 and 4.3.

58.94%, of total variance was extracted and dimension 1 and 2 accounted for

33.42% and 7.7% of the total variances, respectively (Figure 4.2). The descriptors

which were used by more than three panelists show on dimension 1 and by more

than two panelists show on dimension 2. Wine samples bearing different

superscripts are significantly different at p<ZO.05 by one-way ANOVA and Tukey-

HSD multiple comparisons. On dimension 1, the wine samples with 50.56 and

68.43 ppb of DMDS were rated significantly higher in overall stinky, overall

intensity, vegetative, and the FT terms including rotten cabbage, old cabbage, old

egg, car smoke, rubber stopper and latex but lower in floral and fruity than the wine

samples with 21.09, 13.19, 4.75, and 0.27 ppb of DMDS and base wine (Figure

4.2). Rotten cabbage and old cabbage were the terms used by the majority of

panelists (6 out of 13) to separate wine samples this dimension. They are

associated with the aroma description of DMDS, cabbage and cooked cabbage,

reported by the literature (Fors 1983; Mestres et al. 2000; Rauhut and Sponholz

1992). It was clear that as DMDS increases in base Pinot noir wine, the wine

tended to lose its typical characteristics (fruity and floral) and acquired more non-

wine aromas such as rotten and old cabbage.
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However, not all panelists' descriptors were extracted to dimension 1. The FT

descriptors extracted to this dimension were not generated by Panelists 2, 8, and 9.

Therefore, dimension 2 was examined and it was mainly driven by Panelist 1, 2, 9

and 12's evaluations (Figure 4.3). More than half of descriptors obtained from

these four panelists showed significant loading scores on this dimension. Wine

with 36.85 ppb of DM1DS were rated higher in latex, balloon, rotten cabbage, and

caramel but lower in overall intensity and rubber stopper than the other wines.

From the consensus results on dimension 1 and 2, there was panelist variability and

thus individual GPA results were further examined.

Strong variability by panelist was observed on the individual GPA results. All

panelists except Panelists 2, 8 and 9 showed that higher concentrations of DMDS in

base wine tended to be higher in overall intensity, overall stinky, and the FT

descriptors. However, low concentrations of DMDS may or may not have low

intensity of stinkiness and FT descriptors. Panelists 3, 5, 14, and 16 rated base

wine and wine with 0.27 ppb of DMDS the least intense on FT descriptors and

overall stinky. Panelist 16's GPA plot is used as an example to represent these four

people's behaviors (Figure 4.4a). Panelists 1,4,6, 10, 11 and 12 rated either base

wine or 0.25 ppb of DMDS in base wine somewhat middle intensity in terms of

overall intensity and FT descriptors. Perceived by these people, midlevel DMDS

made base wine become more floral, fruiter, sweeter, earthier, more papery, and
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more caramel. Panelist 10's GPA plot is used as an example to illustrate these

panelists' behaviors (Figure 4.4b).

Panelists 2, 8, and 9 behaved very differently while evaluating DMDS in base

wine. Unlike the other panelists, most of their aroma descriptors were not extracted

to dimension 1 but the dimensions 2 and 3. Wine samples were more separated on

the dimensions 2 or 3 than on dimension 1 (Figures 4.5a, 4.5b, and 4.5c). Panelist

2 perceived 36.85 ppb of DMDS as the highest but 50.56 and 68.43 ppb of DMDS

as the lowest in overall stinky, rotten cabbage, rubber stopper, balloon and

sugarcane sweet on dimension 2 (Figure 4.5a). Panelist 9 rated 21.09 and 13.19

ppb the highest for overall stinky and old cabbage on dimension 3 (Figure 4.5b).

Panelist 8 almost had a totally opposite behavior to most panelists. This person

rated the base wine as the highest in overall stinky, rotten cabbage, and car smoke

descriptors, and the wine with 0.27 ppb DMDS in base wine as the highest in

rubber stopper on dimension 3. The four highest concentrations were perceived

with low intensity of these descriptors (Figure 4. 5c).

4.4.2.1.2. DEDS

The averaged GPA scores of eight wine samples across panelists and loading

scores of significant CT and FT descriptors on the first two dimensions were

plotted (Figure 4.6). 59.21% of the total variance was explained by GPA.
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Dimension 1 accounted for 3 9.05% of the total variance. The descriptors which

were used by more than two panelists show on this dimension. The base wine

spiked with the four highest concentrations of DIEDS, 4.57, 7.37, 10.54, and 15.80

ppb were rated higher in overall stinky, overall intensity, nose burn, spicy and the

FT descriptors including old cabbage, skunky, sweaty, pine, and tire but lower in

fruity and floral than the two lowest concentrations, 0.11 and 0.47 ppb and base

wine. The FT terms were close to the aroma descriptions of DEDS reported in the

literature, which also mentions onion, garlic and burnt rubber (ETS Laboratories

2002; Mestres et al. 2000; Rauhut 1993). Similar to the phenomenon found in the

base wine spiked with various concentrations of DMDS, the base wine gradually

lost its own aroma characteristics and had more non-wine aromas.

However, panelist variability was also observed on the consensus data

because aroma descriptors generated by Panelist 12 were not extracted to

dimension 1. In addition, Panelist 2 seemed to have a different behavior from the

other panelists. This person rated the wines with two lowest concentrations and

base wine higher in overall intensity and sweaty (data are not shown). Therefore,

individual GPA results were investigated. Evaluation trends of most panelists

except were similar to the consensus configurations with minor variations.

Panelists 2 and 12 had different performances in comparison to the other panelists.

Panelist 2 rated base wine and the wine spiked with 0.47 ppb of DEDS higher in

overall intensity and sweaty than the other spiked concentrations on dimension 1



118

(Figure 4.7a). Descriptors used by Panelist 12 were extracted to dimension 2. This

person perceived lower spiked concentrations (except 0.11 ppb) of DEDS higher in

overall intensity, overall stinky, nose burn, vegetative, spicy, sweet, and FT

descriptors including tire, fresh spice, sweaty and skunky and lower in fruity and

floral than the two highest spiked concentrations, 10.54 and 15.80 ppb (Figure

4.7b).

4.4.2.1.3. MeSH

The consensus plot after the first two dimensions is shown on Figure 4.8.

75 .29% of the total variance was extracted and dimension 1 explained 68 .46% of

total variance. Because panelists used more than 24 FT terms to describe MeSH

aromas in base wine, those which shared similar characteristics were collapsed and

renamed. Old cabbage, rotten cabbage, cabbage, cooked vegetables, and rotten

vegetables were grouped together and named "stale vegetables". Rotten egg and

old egg were combined and named "stale eggs", Rubber stopper, hot rubber belt

and latex were called "rubbery". Fecal, flatulence, sweaty, skunky, urine were

called "animal". The descriptors which can not be grouped and were used by more

than three panelists were shown on dimension 1. On this dimension, corresponding

to increasing concentrations of MeSH in base wine, wine aromas changed from

fruitier, more floral and sweeter descriptors on the positive side, with the negative

side showing more intensity, stinkiness and nose burn,. In addition, base wine
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spiked with the three highest concentrations ofMeSH, 10.914, 14.384, and 21.166

ppb, had the most non-wine aromas freely chosen by panelists including stale

vegetables, stale eggs, animal, rubbery, slop and natural gas, followed by the two

samples with 3.25 1 and 6.267 ppb of MeSH. The two lowest concentrations of

MeSH (1.082, and 1.650 ppb) and base wine were found to have the least non-wine

aromas. Literature reported aroma descriptions of MeSH including putrefied,

cooked cabbage, rotten cabbage, rotten eggs, burnt rubber and pungent (ETS

Laboratories 2002; Mestres et al. 2000; Rauhut 1993; Rauhut and Sponholz 1992).

Findings from this study were consistent with the literature.

A minor panelist difference was found in the MeSH results. In the consensus

configuration, most aroma descriptors obtained from each panelist except Panelist 3

were extracted to the dimension 1, and there was no obviously different behavior

observed among panelists on this dimension. Overall, most panelists except

Panelists 3 and 8 showed the pattern similar to the consensus configuration with

minor variations. Panelist 3's aroma descriptors were mainly extracted to the

dimension 2 (Figure 4.9a). The mid-five spiked concentrations in base wine, from

1.650 to 14.384 ppb, were higher in overall stinky, overall intensity, sweet, earthy,

caramel, rotten cabbage, cooked vegetables, and rubber stopper aromas than base

wine and two wine samples with 1.082 and 2 1.166 ppb of MeSH. Panelist 8 rated

14.384 ppb of MeSH with the most overall stinky, overall intensity, floral, sweet,

rotten cabbage and flatulence descriptors, followed by 10.914 and 1.650, and 6.267



120

ppb. Wines with 3.251 and 21.166 ppb of MeSH smelled somewhat intense, rotten

cabbage and flatulence (Figure 4.9b).

4.4.2.1.4. EtSH

The consensus configuration of averaged GPA scores of wine samples spiked

with eight concentrations of EtSH across panelists on dimensions 1 and 2 is

presented in Figure 4.10. 88.79% of the total variance was extracted. Dimension 1

accounted for 82.84% of total variances. Thirty-two FT descriptors were employed

to describe EtSH aromas in base wine. The descriptors having similar

characteristics were grouped together and renamed. Sweaty, skunky, and fecal

were renamed "animal". Balloon, latex, rubber stopper, burnt rubber, and tire were

grouped and called "rubbery". Old egg, raw rotten egg, and rotten egg were called

"stale eggs". Rotten cabbage, old cabbage, sauerkraut, green onion and cooked

vegetables were called "stale vegetables". Garlic and roasted garlic were called

"garlic". Suiftir, suiftiry, burnt match and smoked wood were called "sulfur". The

other descriptors which were used by more than three panelists were kept on

dimension 1.

The highest two levels of EtSH (7.525 and 10.094 ppb) in base wine resulted

in more overall stinky, overall intensity, nose burn, and vegetative characters, and

the FT descriptors including animal, rubbery, stale eggs, stale vegetables, garlic,
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sulfur, natural gas and durian. Lower concentrations of EtSH (0.02 1 and 0.203 ppb)

and base wine gave fruitier, more floral and sweeter descriptors. The most

common FT descriptors chosen by panelists were durian and natural gas. Durian is

a big, green thorny fruit grown in Southeast Asia. It is known to have a very strong

odor resulting from volatile sulfur compounds (thiols and thioesters)

(Subhadrabandhu and Ketsa 2001). The aroma of EtSH in wine was described as

onion, rubber, burnt match, fecal, leek, and garlic (ETS Laboratories 2002; Goniak

and Noble 1987; Mestres et al. 2000). The FT descriptors used in this study were

similar to those reported in the literature; furthermore, durian was used for the first

time to describe EtSH in wine. Panelist variability was small after examining the

GPA results. Most descriptors obtained from each panelist were extracted to

dimension 1 and there was no opposite or dissimilar evaluation behavior found

among panelists in the consensus configurations. Therefore, individual GPA results

are not further summarized.

4.4.2.2. Aroma characteristics and effects of volatile sulfur compounds'
interactions in base wine

4.4.2.2.1. DMDS and MeSH mixture

The consensus configurations of wine mixtures ofthree levels of DMDS and

MeSH and base wine are shown in Figures 4.11 and 4.12. There was 67% of total
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data variance extracted. Dimension 1 accounted for 45.87% of total variance. No

new aroma description was generated for these wine mixtures. Twenty-four FT

descriptors were used to significantly discriminate wine samples. More FT

descriptors were originally used to describe MeSH (n=19) more than DMDS

(n=1O). For illustration purposes, the FT descriptors used by more than two

panelists were included on this dimension. Three levels of MeSH were separated

regardless of the DMDS levels on dimension 1. Three wine samples with the high

level of MeSH (DhMh, DmMh, and DlMh) were rated the highest in overall stinky,

overall intensity, nose burn, vegetative and FT descriptors including rubber stopper

old cabbage, old egg, rotten cabbage, sweaty, flatulence, and slop. No significant

differences were found among the rest of wine samples, DhMm, DhM1, DmMm,

DmM1, DIMm, D1MI, and base wine on this dimension. These seven wines were

rated high in fruity, floral, spicy and sweet. In spite of the insignificance of aromas

among the seven wines, three samples with middle level of MeSH (upper right

quadrant) were slightly separated from the other four wines. They were slightly

less intense in fruity, floral, spicy and sweet characters but more intense in non-

wine (FT) aromas.

Dimension 2 only accounted for 7.03% of the total variances (Figure 4.12).

Fourteen significant FT descriptors mainly from Panelists 3, 4, 14 and 16 were

extracted to this dimension. All descriptors used by Panelist 3 were extracted to

dimension 2. The majority of these descriptors (n=9) were initially used to describe
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DMDS. Only the terms which were used by more than two panelists are shown in

Figure 4.12. On this dimension, the three levels of DMDS were separated but the

separation was under the influence of MeSH levels. DhMh, DhMm, DhMl,

DmIvlm and D1Mm were not significantly different from each other on dimension 2.

They were clearly separated from the two wines with a low level of DMIDS, D1M1,

D1Mh, and base wine. Therefore, the wine samples with a high level of DMDS

were rated higher in overall stinky, overall intensity, latex, old egg, car smoke and

sweaty but lower in sweet than low level of DMDS by Panelists 3, 4, 14, and 16.

These four panelists can differentiate high level of DMDS in base wine. The

reason that only four panelists can identify high level of DMDS might be related to

the wide detection threshold range of DMDS (Chapter 3) and strong panelist

variability observed in the previous DMDS experiment.

From the consensus results on both dimensions, the majority of panelists can

discriminate high level of MeSH regardless of different levels of DMDS. Panelists

4, 14, and 16 can differentiate not only high levels of MeSH but also high levels of

DMDS in base wine. Unlike the other panelists, Panelist 3 can only discriminate

high levels of DMDS. Panelist 3 rated three wines with the middle level of MeSH

slightly higher in overall stinky, overall intensity, nose bum, spicy, earthy and the

FT descriptors including old cabbage, and rotten cabbage than those which with

low and high levels except DhMh on dimension 2 from her individual GPA results

(Figure 4.13). This person's behavior was similar when evaluating seven levels of
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MeSH in base wine. The middle level of MeSH in base wine was perceived higher

in overall stinky, overall intensity, nose burn and the four FT descriptors than the

highest and the lowest levels (Figure 4.9a).

The overall pattern found in the consensus configurations shows that most

panelists perceived the three wines with high level of MeSH lost typical base wine

aromas including fruity, floral, spicy and sweet and gained the non-wine aroma

characteristics. The non-wine aromas were very close to typical MeSH aromas:

flatulence, slop, and sweaty. Although four panelists revealed their discrimination

ability of high level of DMDS from wine samples, perceiving DMDS in base wine

was suppressed by MeSH in general. Aroma properties of DhMm, DhMl, DmMm,

DmMl, D1Mm and DlMl were not significantly different from base wine on

dimension 1 (Figure 4.11). However, when examining the previous results of

individual DMDS and MeSH in base wine, a significant difference of aroma

characteristics existed between base wine and the wines with 36.85 and 68.43 ppb

of DMDS (Figure 4.2) and between base wine and the one with 3.25 1 ppb of MeSH

(Figure 4.8) on dimension 1. These three wines were higher in non-wine aromas

but lower in fruity, floral and sweet than base wine. Therefore, mutual suppression

between any level of DMDS and low and middle levels of MeSH was speculated.

In all, when both DMDS and MeSH are present in wine, wine aromas may be

significantly affected by high level of MeSH. The middle level of both compounds

may not affect base wine aromas. The subthreshold level may play an important
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role on suppressing non-wine aromas resulted from the middle level of both

compounds and high level of DMDS.

4.4.2.2.2. DEDS and EtSH mixture

The consensus configuration of wine mixtures of three levels DEDS and

EtSH shows in Figure 4.14. 82.54% of the data variance was extracted. Because

dimension 1 (72.4 1%) accounted for over 85% of extracted variance, only results

on this dimension are summarized. There was no new aroma description generated

for these wine mixtures. There were 35 FT descriptors extracted to this dimension.

A majority of them was initially used to describe EtSH in base wine (n=29). The

descriptors having similar characteristics were grouped and renamed. Sweaty,

skunky, meaty and fecal were renamed "animal". Balloon, latex, rubber stopper,

burnt tire, and tire were grouped and called "rubbery". Old egg, raw rotten egg,

and rotten egg were called "stale eggs". Rotten cabbage, old cabbage, rubbery

cabbage, sauerkraut, green onion and cooked vegetables were called "stale

vegetables". Garlic and roasted garlic were called "garlic". The other descriptors

which used by more than three panelists were included in dimension 1.

On dimension 1, the high level of EtSH as well as DEDS was differentiated

by panelists. On the left side of this dimension, three wine samples spiked with the

high level of EtSH (DhBh, DmEh, and D1Eh) were rated the highest in overall
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stinky, overall intensity, nose burn and the FT descriptors including animal, rubbery,

stale eggs, stale vegetables, natural gas, garlic and durian; there were followed by

the two wines with high levels of DEDS, DhiEm and DhE1. Four wines with middle

and low levels of EtSH and DEDS (DmEm, DiEm, DmE1, and DiE!) and base wine

were not significantly different from each other on the right side of dimension 1.

These five samples were found to have the highest intensity of fruity, floral, spicy,

sweet, and earthy. Regardless of DEDS, wines with highs level of EtSH were

separated from those with middle and low concentrations. DhEm was separated

from DmEm and DiEm; moreover, D1E1 was more intense in base wine aromas

such as fruity and floral and less intense in FT aromas than DhE1. Therefore,

panelists were able to discriminate different levels of EtSH and DEDS in wine

mixtures. Panelists showed similar evaluation trends to consensus configuration on

dimension 1 with slight variations. The individual GPA results are not further

summarized.

From the consensus results, high level of EtSH can impact base wine aromas

the most via reducing fruity, floral, spicy, sweet and earthy aromas and increasing

non-wine aromas, followed by the high level of DEDS when both EtSH and DEDS

are present in base wine. In DhEh, both EtSH (i.e. durian arid garlic) and DEDS

(i.e. tire) aromas were perceived and odors of EtSH were more compelling and

slightly masked perception of DEDS aromas. Perception of middle and low

concentrations of DEDS can be disturbed by high EtSH level. EtSH aromas



127

masked DEDS aromas in DmEh and D1Eh. In DhEm, panelists perceived DEDS

aromas more intense than EtSH aromas. However, low level of EtSH might

suppress perception of high level of DEDS because DhIE1 was not significantly

different from DmEm, DmE1 and DiEm. Aroma characteristics of wines

combining either low or middle levels of DEDS and EtSH (DmEm, DiEm, DmE1,

and DiE!) were found not significantly different from base wine. They were

believed to be mutually suppressed because aroma properties of the two wines

spiked with 4.57 ppb of DEDS and 1.082 ppb of EtSH respectively were rated

significantly higher in overall intensity, overall stinky, nose burn and FT aromas but

lower in fruity, floral and sweet than base wine (Figures 4.6 and 4.10) on dimension

one.

4.4.2.2.3. MeSH and EtSH mixture

In addition to examination of interactions between disulfides and mercaptans,

aroma influences of both mercaptans to each other and to base wine aromas were

determined. The consensus configuration after the first two dimensions were

plotted is shown on Figure 4.15. There was 81.97% of total data variance extracted

and dimension 1 (70.79%) accounted for more than 85% of extracted data variance.

No new aroma descriptor was generated for these wine mixtures. Forty FT

descriptors were extracted to dimension 1, and 22 and 29 of them were originally

used to describe MeSH and EtSH respectively. Because of so many FT descriptors,
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some of them were grouped based on their aroma similarities. Cabbage, old

cabbage, rotten cabbage, cooked vegetables, rotten vegetables, sauerkraut, and

green onion were grouped and named "stale vegetables". Old egg, rotten egg and

raw rotten egg were combined and called "stale eggs". "Animal" represented

skunky, sweaty, fecal, and feces. Latex, balloon, rubber stopper, burn rubber, hot

rubber belt, and tire were called "rubbery". Burnt match, car smoke, smoked wood,

sulfury, and sulfur were grouped and renamed "sulfur". "Garlic" represented garlic

and roasted garlic. The descriptors used by more than three panelists were included

on dimension 1.

Panelists were able to discriminate different levels of EtSH and MeSH

respectively across dimension 1. Three wine samples with high levels of EtSH

were rated the highest in overall stinky, overall intensity, nose bum, and the FT

descriptors which included stale eggs, stale vegetables, durian, garlic, animal,

rubbery, sulfur and natural gas but the lowest in fruity, floral, sweet, earthy and

papery. MhEh contained both EtSH (i.e. durian and garlic) and MeSH (flatulence

and old cabbage) odors and EtSH aromas were more potent and slightly suppressed

MeSH aromas. EtSH odors masked EtSH aromas in MmEh and MlEh. Aroma

intensity of MhEm and MhE1 was rated at medium levels of all descriptors. Odors

of MeSH were perceived more intense than EtSH aromas in these two wines.

High levels of EtSH can impact base wine aromas more significantly than high

level of MeSH. In addition, high concentration of EtSH can interfere with
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perception of middle and low levels of MeSH in wine. Perceiving high level of

MeSH might be suppressed by low and middle concentrations of EtSH because

aromas of MhEm and MhE1 were not significantly different from MmEm. Aromas

of MmEm, MmE1, MlEm, and M1E1 were perceived similar to base wine and thus

these wines were rated the highest in base wine aromas (fruity, floral, sweet, earthy

and papery) and the least intense of non-wine aromas. Because two wines spiked

with middle levels of MeSH (3.25 1 ppb) and EtSH (1.063 ppb) respectively were

significantly different in aromas from base wine (Figures 4.8 and 4.10) in the

previous results, middle and low levels of MeSH and EtSH were suppressed by

each other. Panelists' evaluation trends were similar on dimension 1; therefore,

individual GPA results are not described.

4.4.2.2.4. MeSH and EtSH mixture under influence of subthreshold level of
DMDS and DEDS

The low level of DMDS and DEDS were added into the nine wine samples

combining three levels MeSH and EtSH to study the impact on base wine aromas

and aroma interactions between MeSH and EtSH under the influence of

subthreshold level of two disulfides. The consensus configuration shows on Figure

4.16. 76.08% of total data variance was extracted by GPA. Over 75% of extracted

data variance was accounted for by dimension 1 (5 7.04%). No new aroma

descriptor was generated for the wine mixtures. Forty-five FT descriptors were
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extracted to this dimension and 11, 15, 21 and 24 of them initially described DMDS,

DEDS, MeSH, and EtSH, respectively. The majority of terms which initially

described disulfides were also used to characterize mercaptans by most panelists.

The FT descriptors were classified based on aroma similarity. Cooked vegetables,

rotten vegetables, rotten cabbage, old cabbage, cabbage, rubbery cabbage, ginger

and green onion were grouped and called "stale vegetables". Latex, balloon, burnt

rubber, rubber stopper, tire and burnt tire were included and named "rubbery".

"Stale eggs" covered old egg, rotten egg, and raw rotten egg. "Animal" was

created to represent skunky, sweaty, meaty, flatulence and fecal. Burnt match and

car smoke were called "sulfur". "Garlic" covered garlic and roasted garlic.

"Spoiled milk" represented sour milk and rotten milk. The other terms which used

by more than three panelists were included on dimension 1.

Three wines with the high MeSH level (DDMhEIi, DDMhEm, and DDMhEI)

were rated the highest in overall intensity, overall stinky, nose burn and the FT

terms including stale vegetables, stale eggs, rubbery, animal, garlic, sulfur, spoiled

milk, durian and natural gas, but the lowest in base wine aromas including floral,

fruity, vegetative, spicy, sweet, and earthy, followed by the two wines with high

level of EtSH (DDMmEh and DDM1Bh). Both aromas of MeSH and EtSH were

perceived in DDMhEh. MeSH odors were more potent and masked EtSH aromas

slightly. EtSH odors masked MeSH aromas in DDMmEh and DDM1Eh. High

levels of MeSH can impact base wine aromas more significantly than high levels of
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EtSH. Aroma characteristics of four wines, DDMniEm, DDMmE1, DDMIEm, and

DDMJE1, were similar to base wine, which have the highest intensity of base wine-

associated aromas.

With or without the influence of disulfides in base wine (Figures 4.15 and

4.16), panelists can discriminate different levels of MeSH and EtSH in wine.

Mutual suppression between both compounds at low and middle levels was also

observed. However, one major difference was found. High level of EtSH was

more influential on suppressing base wine aromas and increasing overall stinky,

overall intensity, nose burn and FT aromas than high level of MeSH without the

presence of subthreshold level of disulfides (Figure 4.15). On the contrary, high

levels of MeSH were more effective on these aroma changes than high

concentration of EtSH when 0.27 ppb DMDS and 0.11 ppb DEDS were present in

base wine (Figure 4.16). In order to examine the subthreshold effects of the two

disulfides, the data of MeSH+EtSH and MeSH+EtSH+DMDS+DEDS were

combined. The FT terms which did not appear in both experiments within a

panelist were excluded. These terms were solely described either DMDS or DEDS

(or both). Most of the dropped FT terms (> 80%) were not statistically significant

(p> 0.05) within a panelist in the data ofMeSH+EtSH+DMDS+DEDS experiment

after performing one-way ANOVA and they were not used to discriminate the wine

samples. Exclusion of these FT terms had a very minimal effect on losing

information from the data ofMeSH+EtSH+DMDS+DEDS. Therefore, the two
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data obtained from MeSH+EtSH and MeSH+EtSH+DMDS+DEDS experiments

can be combined without a question. The intensity ratings given to two base wines

within a panelist were averaged in the combined data. Statistical analysis of the

combined data followed the same procedures as described in the section of

Materials and Methods. While performing a GPA, the minimum of 0.5 of

descriptor loading coefficient was chosen as a selection criterion.

The consensus configuration of the combined data shows on Figure 4.17.

Findings across dimension 1 are summarized because this dimension (59.49%)

accounted for 81% of extracted data variance (73.14%). The 41 FT descriptors

extracted to this dimension were very similar to those which appeared on

dimension 1 in the MeSH+EtSH experiment. Therefore, grouping FT descriptors

was the same as the one did in the MeSH+EtSH experiment with an exception that

an extra term, "spoiled milk", was added to represent sour milk and rotten milk.

The descriptors employed by more than three panelists were included and are

shown on this dimension. On the right side of dimension 1, aroma characteristics

of the eight wines which combined low and middle levels of MeSH and EtSH with

or without the two disulfides were similar to base wine. Although the overall

aroma difference was not significant among these eight wines, intensity of FT

aromas was slightly lower and base wine aromas were slightly higher in samples

containing low levels of both disulfides (i.e. DDMmEm) than in those which at the

same MeSh-EtSH combination without presence of two disulfides (i.e. MmEm).



133

Subthreshold levels of DMDS and DEDS could slightly suppress non-wine aromas

in wine samples combining low and middle levels of MeSH and EtSH.

On the left side of dimension I (Figure 4.17), DDMmEh and DDM1Eh were

significantly less stinky, intense, nose burn and the FT aromas (stale eggs, stale

vegetables, durian, garlic, animal, rubbery, sulfur, natural gas and spoiled milk) but

more base wine aromas (fruity, flora, spicy, sweet, earthy, and papery) than MmEh

and M1Eh. DDMhEm and DDMIIE1 were significantly more intense on FT aromas

but less intense on base wine aromas than MhEm and MhIE1. As a result, the

presence of a subthreshold level of disulfides in base wine may strongly diminish

the influence of high EtSH level on base wine and non-base wine aromas and the

suppression effect on perceiving high MeSH levels by low and middle levels of

EtSH in wine. Moreover, subthreshold levels of two disulfides may have very little

or no effects on suppressing the influence of high MeSH levels on base wine and

non-wine aromas.

From the results of the four experiments in Part 1, panelists showed different

abilities to discriminate wine samples at various concentrations of the four volatile

sulfur compounds. They showed more ability to separate wine samples spiked with

mercaptans (Figures 4.8 and 4.10) than disulfides (Figures 4.2 and 4.6) across

dimension 1 in GPA consensus configurations. Similarly, Goniak and Noble (1987)

used a trained panel to differentiate three concentration levels of DMS (500, 575
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abd 650 ppb) and EtSH (5.00, 5.75 and 6.50 ppb) in white wine, and they found

that panelists could discriminate EtSH more easily. Panelists' discrimination ability

which was observed in Part 1 experiments influenced their evaluation on wine

mixtures in four experiments in the second part. Mercaptans governed aroma

characteristics of base wine mixing with DMDS and MeSH and with DEDS and

EtSH. AS a result, MeSH and EtSH can significantly impact base wine aromas

more than disulfides.

Panelist variability on sample discrimination was mainly observed on the

experiments associated disulfides. Two reasons could explain panelist difference

on DMDS and DEDS evaluation. First, from the previous threshold study (Chapter

3), wide threshold ranges among panelists were found for DMDS and DEDS in

base wine. Panelists who had lower thresholds might behave differently than those

who had higher thresholds. For example, Panelist 12 had the lowest and Panelist

14 had the highest threshold of DMDS among the 13 panelists (Table 3.3), and they

behaved differently on DMDS evaluation. However, this was not always

applicable to all panelists. In addition to detection threshold, panelists' ability of

recognizing the volatile sulfur compounds in wine was also an important factor.

Some panelists mentioned that recognizing DMDS in base wine at a low

concentration levels was difficult. The aroma of DMDS in base wine was mainly

associated with cabbage. The base wine itself had a vegetative smell which was

related to cabbage and bell pepper. The similarity between aromas of low levels of
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DMDS and vegetal aromas in base wine may result in recognition difficulties

among panelists. Aroma characteristics of MeSH (i.e. flatulence and slop) and

EtSH (i.e. durian, fecal and natural gas) were more foreign in base wine; therefore,

recognizing their presence in base wine was relatively easier than DMDS.

The GPA results revealed that base wine gradually lost its aroma

characteristics mainly including fruitiness and floral and increased overall intensity,

overall stinky, nose burn and non-wine aroma components while concentrations of

the four volatile sulfur compounds increased. They echoed the findings from the

previous threshold study (Chapter 3), in which changes of base wine aromas were

observed when the concentrations of the four volatile sulfur compounds reached

pen-threshold levels (Table 3.4). As a result, a hypothesis of aroma change in base

wine could be summarized as follows. Overall intensity, fruitiness and floral

perceived in base wine was gradually reduced, and pungency/nose burn increased

while concentration of a volatile sulfur compound increased from zero (or the

lowest possible) to detection threshold. There were no non-wine aromas perceived

at this time. Afler the concentration was above the detection threshold and kept

increasing, fruitiness and floral continued decreasing, nose bum/pungency

continued increasing, and overall intensity started to increase. Non-wine aromas

appeared in base wine and became intense. Thus, the perceptual change of fruity,

floral and nose burn aromas can be an index to diagnose presence of volatile sulfur
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compounds in base Pinot noir wine at an early winemaking stage and during

storage.

Results from the four wine mixture experiments in Part 2 revealed that odor

intensity suppression was observed in wine samples. Past studies focusing on

intensity mixture reactions found that suppression often occurred in mixtures

(Derby et al. 1985). In the present study, high levels of mercaptans were more

potent and suppressed any level of disulfides in wine mixtures (Figures 4.11 and

4.14). Mercaptans not only have smaller molecular weights but also have much

lower boiling points than disulfides (Table 3.1). Mercaptan molecules may reach

olfactory receptors faster than disulfide molecules and block receptors.

Suppression of slow odorants by fast odorants was demonstrated by Laing et al.

(1994) and Pause et al. (1997). When a high level of DEDS was combined with a

high level of EtSH (DhEh), the degree of suppression by EtSH was less. This

phenomenon may relate to a strong competition between these two sulfur

compounds for common receptor sites. Increasing the concentration of DEDS can

overcome suppression caused by EtSH. This explanation was based on a theory

developed by Ache (1989). The suppression between two middle levels of two

sulfur compounds found in the present study might be a reciprocal suppression,

where both sulfur compounds could affect each other and their intensities (Laing

1989). This type of suppression may relate to specificity of the olfactory receptors

toward both compounds (Duchamp-Viret et al. 1999; Laska et al. 2000; Turin 1996;
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Wang et al. 1998). Low levels of sulfur compounds were found to suppress middle

levels (sometimes high levels) of their counterparts in binary mixtures in the three

experiments of Part 2 (Figures 4.11, 4.14, and 4.15). Subthreshold levels of two

disulfides were also found to have a suppression effect on most wine sample

combinations with exceptions of DDMhEm, MhiEm, DDMhE1, and MhE1 (Figure

4.17). These phenomena were similar to the results found by Laing (1989). This

researcher reported that lower intensity level of odorants tended to suppress

odorants with higher intensity in binary mixtures. In all, odor suppression was

found in wine mixtures in the present study. The same level (middle or high level)

of a sulfur compound in a single component wine system can impact base wine

aromas more than in a binary system with the presence of another compound at low

or middle levels. Therefore, odor suppressions occurring in a more complex wine

medium may reduce aroma defects caused by middle or even high levels of volatile

sulfur compounds.

When both MeSH and DMDS were present in base wine, the subthreshold

level (1.082 ppb) of MeSH suppressed most panelists' perception of DMDS in base

wine, even at the high level (68.43 ppb). Aroma characteristics of DIM1, DmM1,

and DhM1 were similar to base wine (Figure 4.11). If a wine contains middle or

high levels of DMDS and a subthreshold level of MeSH, it might not be perceived

as an aroma-defected wine in the begirming. However, during wine storage

middle/high levels of DMDS can be converted to suprathreshold levels of MeSH
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because the detection threshold of MeSH was less than 5 ppb (Chapter 3). As a

result, wine becomes off-flavored. A similar consequence could occur when a

middle level (4.57 ppb) of DEDS and a low level of EtSH (0.021 ppb) are present

in wine during storage since no significant difference was found on wine aromas

between DmE1 and base wine (Figure 4.14). DEDS can be converted to EtSH at

wine pH. Moreover, EtSH's detection threshold is even lower than MeSH's in wine,

which is less than 1 ppb. In all, high andlor middle concentrations of disulfides

may not result in aroma defects while subthreshold levels of mercaptans are found

in wine. However, the interconversion between mercaptans and disulfides during

storage could significantly impact base aromas under this circumstance.

Based on the GC-PFPD results of the 39 aroma-defected commercial Pinot

noir wine resulted from volatile sulfur compounds, D1M1, DlMm, and D1Mh from

the DMDS+MeSH experiment, D1E1, DiEm, and D1Eh from DEDS+EtSH

experiment, and all combinations from the last two experiments in the Part 2

imitated the practical sulfur contents of defected wines. Aromas of D1MI, DlMm,

D1E1, and DiEm were perceived similarly to base wine as well as the wines

combining low and middle levels of MeSH and EtSH. Therefore, wines may be

starting to be aroma-defected when the level of MeSH was more than 3.5 ppb

andlor EtSH was more than 2 ppb. They became definitely aroma-defected when

MeSH levels reached 14.5 ppb and/or EtSH level reached 7.5 ppb. The results

were cross-referenced to the GC-PFPD results of some commercial sulfur-defected
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Pinot noir wines where perceived off-aromas including sulfurous, mercaptan-like,

rotten cabbage, rotten egg, garbage, burnt match, rubber, and durian-like. The

concentration of MeSH and EtSH in these wines ranged from 3.31 to 17.90 ppb and

from not detected to 4.96 ppb, respectively (Yu Fang 2005, unpublished data). The

results of the present study matched the analytical results and thus provide a

complete sensory description and support aroma character predictions for sulfur-

defected Pinot noir wines.

4.5. CONCLUSION

Aroma characteristics of DMDS, DEDS, MeSH and EtSH were determined in

base Pinot noir wine as well as their interactions. Subject variability was observed

and may be caused by wide range of detection thresholds and dealing with a

complex medium (wine) and substances at very low concentrations. MeSH and

EtSH were more influential on base wine aromas than DMDS and DEDS in binary

mixtures. Subthreshold levels may play an important role in suppressing

perception of the middle (or even high) levels of the four compounds. After cross-

referencing with the results of sulfur analyses on the 39 commercial aroma-

defected Oregon Pinot noir wines, results of the present study can predict the levels

of MeSH and EtSH resulting in aroma defects in Oregon Pinot noir wine and

provide a complete sensory description. Finally, the perceptual aroma loss of fruity,

floral and nose burn can be considered as an index to diagnose presence of volatile
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sulfur compounds in base Pinot noir wine at an early winemaking stage and during

storage.
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Table 4.1. Aroma characteristics of the Oregon Pinot noir wines determined in past
studies (Goldberg 1998; Hjorth 2002; Ludwig-Williams 1987; McDaniel et al. 1987;
Reynolds et al. 1996; Tsai et al. 2003).

Aroma descriptor Aroma descriptor
Fruity Citrus Grapefruit Floral Rose/rose petal

Orange Linalool
Berry Raspberry Geranium

Blackberry
Strawberry Herbal Camphor
Cranberry Mintlmenthol

Tree fruit Cherry
Currant Microbiological Acetic
Pear Lactic
Apple juice Sauerkraut

Dried fruit Strawberry jam Sweaty
Blackberry jam
Raspberry jam Earthy/musty Mushroom
Raisin Dusty
Prune
Plum Phenolic/tannin Black tea
Fig

Labrusca Concord grape Other Stemmy
Hay/straw

Spicy Cinnamon Mulch
Anise/licorice Green
Clove Grassy
Pepper Black Meaty

White

Vegetative Fresh Bell pepper
Dried Asparagus
Canned/cooked Green bean

Cooked cabbage

Sweet Chocolate
Caramelized Honey

Buttery/diacetyl
Butterscotch
Vanilla

Chemical Sulfur Rubbery
Pungent EthanoL/alcohol
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Table 4.2. Experiments in Part 1 and Part 2 and their final concentrations (ppb) in
base Pinot noir wine. Notations of the samples used in Part 2 are shown.

PART 1: FOUR EXPERIMENTS

Experiment 1 2 3 4
Concentration DMDS DEDS MESH ETSH

Base wine 0.0215 0.00 1.025 0.00
Lowest 0.27 0.11 1.082 0.021

4.75 0.47 1.650 0.203
13.19 1.74 3.251 1.063
21.09 4.57 6.267 2.512
36.85 7.37 10.914 5.017
50.56 10.54 14.384 7.525

Highest 68.43 15.80 21.166 10.094

PART 2: FOUR EXPERIMENTS

Experiment 1: DMDS+MeSH
Notation DMDS MeSH
BASE 0.0215 1.025
D1M1 0.27 1.082
D1Mm 0.27 3.251
D1Mh 0.27 14.384
DmMI 36.85 1.082
DmMm 36.85 3.251
DmIVIh 36.85 14.384
DhMI 68.43 1.082
DhMm 68.43 3.251
DhMh 68.43 14.384

Exoeriment 2: DEDS+EtSH
Notation DEDS EtSH
BASE 0.00 0.000
D1E1 0.11 0.021
DiEm 0.11 1.063

D1Eh 0.11 7.512
DmE1 4.57 0.021
DmEm 4.57 1.063

DmEh 4.57 7.512
DhE1 10.54 0.021
DhEm 10.54 1.063

DhEh 10.54 7.512

Experiment 3: MeSH+EtSH Experiment 4: DMDS+DEDS+MeSH+EtSH
Notation MeSH EtSH Notation DMDS DEDS MeSH EtSH
BASE 1.025 0.000
MIE1 1.082 0.021
M1Em 1.082 1.063
M1Eh 1.082 7.512
MmE1 3.251 0.021
MmEm 3.251 1.063
MmEh 3.251 7.512
MhE1 14.384 0.021
MhEm 14.384 1.063
MhEh 14.384 7.512

BASE 0.0215 0.00 1.025 0.000
DDM1E1 0.27 0.11 1.082 0.021
DDM1Em 0.27 0.11 1.082 1.063

DDM1Eh 0.27 0.11 1.082 7.512
DDMmE1 0.27 0.11 3.251 0.021
DDMmEm 0.27 0.11 3.251 1.063

DDMmEh 0.27 0.11 3.251 7.512
DDMhEI 0.27 0.11 14.384 0.021

DDMhEm 0.27 0.11 14.384 1.063

DDMhE1I 0.27 0.11 14.384 7.512
Three concentration level are denoted as 1=low, m=middle, and h=high. Volatile sulfur compounds
are denoted as D= DMDS or DEDS, M= MeSH and E EtSH.
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Table 4.3. Aroma descriptors and standards used by all panelists.

Descriptor Definition

Overall intensity Intensity of total aromas perceived in wine

Nose burn* Aromatics associated with nose burning or pungency

Fruit Aromatics associated with fruits including berry, cherry,
blackcurrant, grape and plum

Floral Aromatics associated with flowers including rose, violet
and geranium

Aromatics associated with vegetables including bell pepperVegetative
and cabbage

Aromatics associated with spices including cinnamon,Spicy
black pepper and clove

Sweet Aromatics associated with sweet substances including
honey and molasses

Earthy Aromatics associated with mushroom and wet soils

Papery Aromatics associated with wet paper towel

Total off-flavor created by the volatile sulfur compounds inOverall strnky
wine

*Nose burn was changed from pungent by panelists.
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Table 4.3. Aroma descriptors and standards used by all panelists (continued).

Descriptor Aroma Standard
Fruity Strawberry Five sliced fresh California-grown strawberries

Raspberry Five defrosted frozen raspberries (Albertson's)
Raspberry 30 mL Oregon red raspberry wine (Honeywood)
Blackberry 30 mL Oregon blackberry wine (Honeywood)

Cherry Five defrosted frozen dark sweet cherry
(Albertson's)

Grape 30 mL Concord grape wine (Manischewitz)
Grape Twenty defrosted frozen Pinot noir grapes

Blackcurrant
0.75 ppm Natural blackcurrant flavors 140097
and 140109 (Melcher s and Co.)

Plum Two premium pitted dried plums (Mariani)

Nose burn Alcohol 30 mL 100% ethanol

Floral Rose 0.5 ppm 99% phenethyl alcohol (Sigma-Aldrich)
in distilled water

Violet
0.25 ppm 95% beta-ionone (Sigma-Aldrich) in
distilled water

Geranium
0.5 ppm 97% geraniol (Sigma-Aldrich) in
distilled water

Vegetative Bell pepper Diced fresh bell pepper
Bell pepper Diced fresh bell pepper soaked in base wine
Cabbage Shredded fresh cabbage
Cabbage Shredded fresh cabbage soaked in base wine

Spicy Cinnamon 1 teaspoon ground cinnamon (McCormick)
Black pepper 1 teaspoon ground black pepper (McCormick)

Clove
1 teaspoon gourmet collection ground cloves
(McCormick)

Sweet Honey 30 mL grade A clover honey (Albertson's)

Molasses
30 mL unsuiphured molasses (Grandma's

.

Onginal)
Earthy Mushroom 10 sliced fresh mushroom

Mushroom 10 sliced fresh mushroom soaked in base wine
Soil Wet potting soil

Papery Paper towel One piece wet paper towel
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Table 4.4. Free-choice terms used by each panelist to desribe sulfur-related aromas
in spiked wine samples.

DMDS
Panelist 1 Panelist 2 Panelist 3 Panelist 4 Panelist 5
Balloon Rubber stopper Rubber stopper Rubber stopper Balloon/latex
Latex Balloon Balloon Balloon Old cabbage
Old cabbage Old cabbage Latex Latex Rotten Cabbage
Rotten Cabbage Rotten Cabbage Old cabbage Old cabbage Car smoke
Old egg Car smoke Rotten Cabbage Rotten Cabbage Burnt match
Caramel Burnt match Car smoke Car smoke Old egg

Old egg Burnt match Burnt match
Caramel Caramel Old egg
Sugar cane sweet Caramel

Panelist 6 Panelist 8 Panelist 9 Panelist 10 Panelist 11

Rubber stopper Rubber stopper Rubber stopper Rubber stopper Balloon
Balloon Latex Balloon Balloon Latex
Latex Rotten Cabbage Latex Latex Old cabbage
Old cabbage Car smoke Old cabbage Old cabbage Old egg
Rotten Cabbage Old egg Rotten Cabbage Rotten Cabbage Caramel
Car smoke Caramel Caramel Car smoke
Burnt match Fingernail polish Old egg
Old egg Caramel
Caramel
Panelist 12 Panelist 14 Panelist 16
Balloon Rubber stopper Rubber stopper
Rotten Cabbage Latex Balloon
Burnt match Cabbage Latex
Caramel Car smoke Old cabbage
Cigarette smoke Burnt match Rotten Cabbage
Special sweet Caramel Car smoke

Burnt match
Caramel
Sweaty
Fermented sweet
Overripened fruity
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Table 4.4. Free-choice terms used by each panelist to desribe sulfur-related aromas
in spiked wine samples (continued).

DEDS
Panelist I Panelist 2 Panelist 3 Panelist 4 Panelist 5

Tire Tire Tire Tire LatexlBalloon

Sweaty Sweaty Sweaty Sweaty Rubbery cabbage

Skunky Skunky Skunky Skunky Sulfury

Caramel Cooked vegetables Mushroom Latex
Cabbage Black pepper Old cabbage Pine
Rotten cabbage Pine Pine Car smoke

Balloon/latex
Panelist 6 Panelist 8 Panelist 9 Panelist 10 Panelist 11

Tire Tire Tire Tire Tire

Sweaty Sweaty Sauerkraut Sweaty Sweaty

Skunky Rotten cabbage Skunky Skunky

Copper Balloon Pine Pine
Wood alcohol Old cabbage Old cabbage
Caramel Match Latex
Candy/anise Caramel

Panelist 12 Panelist 14 Panelist 16
Tire Tire Burnt tire
Sweaty Sweaty Sweaty
Skunky Skunky Skunky
Cigarette smoke Cooked vegetables Balloon
Caramel Meaty Black licorice sweet
Fresh spice Caramel
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Table 4.4. Free-choice terms used by each panelist to desribe sulfur-related aromas
in spiked wine samples (continued).

MeSH
Panelist 1 Panelist 2 Panelist 3 Panelist 4 Panelist 5

Latex Rubber stopper Rubber stopper Rubber stopper Sulfury

Caramel Skunky Rotten cabbage Burnt match Old cabbage

Rotten cabbage Flatulence Cooked vegetables Latex Old eggs

Rotten egg Slop Caramel Metallic Fecal
Cooked vegetables
Sour milk
Skunky
Fecal

Panelist 6 Panelist 8 Panelist 9 Panelist 10 Panelist 11

Old cabbage Latex Rubber stopper Rubber stopper Old cabbage
Latex Flatulence Slop Car smoke Slop/animal

Old tire
Animal

. Solvent Latex
urme/feces

Rotten milk Sweaty Caramel sweet Tire

Sweaty Car smoke Sweaty
Caramel Caramel Seaweed
Urine/ammonia Rotten cabbage Cooked vegetables
Skunky Rotten vegetables

Old cabbage
Green grass/cut
Pumpkin
Balloon

Panelist 12 Panelist 14 Panelist 16
Rotten cabbage Cabbage Hot rubber belt (car)
Old eggs Latex Balloon
Caramel Rubber stopper Green
Tire Natural gas
Car smoke Flatulence
Natural gas



Table 4.4. Free-choice terms used by each panelist to desribe sulfur-related aromas
in spiked wine samples (continued).

EtSH
Panelist 1 Panelist 2 Panelist 3 Panelist 4 Panelist 5

Latex Durian Balloon Durian Sulfury

Garlic
Spoiled

Tire Latex Cheesy
sauerkraut

Caramel Rubber stopper Durian Rubber stopper Ranch dressing

Rotten egg Natural gas Skunky Smoked wood
Natural gas Green onion Pine

Garlic Fermented sour
Ginger
Garlic
Tropical fruit

Panelist 6 Panelist 8 Panelist 9 Panelist 10 Panelist 11

Durian Latex Natural gas
Musty/cantaloupe Old cabbage
seed

Old cabbage Durian Rubber stopper Sulfur Green onion

Old/burnt
Caramel Sauerkraut Durian Balloon

butter smoky
Caramel Garlic Skuriky Sweaty

Natural gas Ginger Sweaty
Solvent
Burnt rubber
Garlic
Green onion

Panelist 12 Panelist 14 Panelist 16
Cigarette

Latex Balloon
smoke

Rubber stopper
Durian/Tropical Rubber stopper
fruit

Caramel Cantaloupe seed Natural gas
Rotten cabbage Tire Durian
Natural gas Burnt match Old eggs
Durian Roasted garlic Medicinal bitter

Raw rotten egg
Cooked
vegetables

Fecal

Sauerkraut
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Table 4.5. Standards for some free-choice descriptors.

Descriptor Standard

Rubber stopper Black rubber stopper

Balloon sliced balloon

Latex Latex lab glove

Tire A piece of used truck tire

Car smoke Wet paper towel absorbed car smoke from muffler

Burnt match Burnt paper match

Nail polish Revlon nail polish

Cooked vegetables Salad mix boiled in water for 3 minutes

Old cabbage One-week-old cabbage at room temperature

Rotten cabbage
Blackened dry cabbage rotted at room temperature
at least a month

Old egg Two-day-old diced egg white

Sauerkraut Home style sauerkraut (Steinfeld)

Green onion Fresh chopped green onion

Ginger Fresh chopped ginger

Pine Fresh pine needles

Skunky Carona beer exposed to sunlight around 8 hours

Durian Fresh durian

Durian Fresh durian soaked in base wine

Cantaloupe seed Fresh cantaloupe seed

Caramel
3.3 ppm natural and artificial caramel flavors
(528103, 610449, 528098; Givaudan) in base wine
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Table 4.6. Definitions of panelists' free-choice terms which differed from or were
not included in the aroma standards.

Panelist Attribute Definition
2 Sugar cane sweet Sweet aromatics associated with sugar cane

Candy-like Very sweet; Artificial flavor in candy3 Caramel
or snacks

4 Car smoke Pollution, smog
4 Burnt match Sulfury, sharp
4 Caramel Sweet; cooked sugar
5 Old cabbage Cabbage that is past its prime (spoiled)
5 Rotten cabbage Terrible awful smell of rotting cabbage
5 Car smoke Non-diesel car exhaust
5 Burnt match The sulfurous smell of a burning match
5 Old egg The sulfurous smell of a cooked egg
10 Balloon Rubber balloon
10 Old cabbage Mild sulfur chopped, old cabbage
10 Rotten cabbage Stronger sulfur, rotten vegetable/cabbage
10 Old egg Sulfur ofchopped egg in jar
12 Balloon Aromatics associated with while blowing a balloon
12 Rotten cabbage Rotten vegetables/cabbages
12 Burnt match Smoke of burnt match previously lighted
12 Caramel Burnt sugar smell
12 Cigarette smoke Ash tray full of burnt cigarettes

12 Special sweet Sweet feeling in nose and throat after eating many
sugars/candies

14 Rubber stopper Pungent plastic-like smell from either rubber
stopper or tire

14 Latex Plastic sweet-like smell of latex gloves and certain
kinds of balloons

14 Cabbage Fresh-cut cabbage in wine
14 Car smoke Pollution-like, smoky smell
14 Burnt match Wooden match previously lighted
14 Caramel Sweet smell of candy in wine
16 Sweaty Human sweat

16 Fermented sweet Sweet smell associated with microbiological
reaction on foods or grass

16 Overripened fruity Fruits that are too mature and close to rotten
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Table 4.6. Definitions of panelists' free-choice terms which differed from or were
not included in the aroma standards (continued).

DEDS
Panelist Attribute Definition

3 Tire Old tire; black rubber stopper
3 Sweaty Old shoes smell; people sweat after running
4 Tire Rubbery; like a tire
4 Sweaty Body odor
4 Car smoke Pollution; smog

5 Sul1
A pungent aroma of Yellowstone's geothermal
features

5 Rubbery cabbage The smell of rubber with a cabbage-like aroma
8 Sweaty Old unwashed socks; wet, sour and stinky
9 Caramel Sweet caramel candy/chews
10 Pine Pungent solventlpiney

11 Sweaty Sweaty human skin, such as the under-neck smell
of a breast-fed baby

12 Tire Rubber smell from car tire
12 Sweaty Foxy
12 Skunky Oxidized beer smell
12 Cigarette smoke Ash tray full of burnt cigarettes
12 Caramel Burnt sugar smell
12 Fresh spice Freshly cut green onion and ginger
14 Tire Rubber smell of tire
14 Sweaty Clothes moistened with fresh sweat
14 Skunky Aroma coming from skunk's gland
14 Cooked vegetables Vegetables mix cooked using steam
14 Meaty Dry meat aroma, like jerky or salami
16 Burnt tire Burnt rubbery smell from an over-heated tire
16 Sweaty Human sweat
16 Black licorice sweet Sweet smell of black licorice
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Table 4.6. Definitions of panelists' free-choice terms which differed from or were
not included in the aroma standards (continued).

MeSH
Panelist Attribute Definition

3 Caramel Overripened fruit
3 Ripened fruit Tropical fruit like, ripened papaya and pineapple
4 Burnt match Sulfury; like a match that was just struck
4 Metallic Smell of stainless steel
4 Cooked vegetables Cooked cabbage or green beans; any cooked green veggie
4 Sour milk Fermented milk; slightly rotten milk
4 Skunky Like skunk spray
4 Fecal Fecal; flatulence (aka flatulence)
5 Sulfury Reminiscence of Yellowstone geothermal features
5 Old cabbage Smell of cabbage that is getting old and degrading
5 Old eggs Hard boiled eggs that are going bad
5 Fecal Dog poop

6 Rotten milk Bad whole milk in refrigerator; garbage can smell; sweat
smell

6 Sweaty Gym socks human sweat; someone who doesn't take a bath
very often

6 Urme/ammoma Smell found around garbage cans where drunks urinates;
cat pee

9 Rubber stopper Chocked, stale rubber smell
9 Slop Sharp rotten food smell
10 Sweaty Animal sweaty
10 Seaweed Rotten seaweed on shore

10 Cut grass Grass that has been cut and piled up decomposing; straw-
like smell

10 Pumpkin The inside of a pumpkin
11 Tire Bumttire
11 Animallslop Rotten left-over foods
12 Rotten cabbage Rotten vegetables/cabbages
12 Old eggs Rotten cooked eggs
12 Caramel Burnt sugar
12 Tire Rubbery smell from a car tire
12 Car smoke Smell from a car muffler
12 Natural gas Gas
12 Skunky Oxidized beer smell
14 Cabbage Sulfury; fecal smell of a cabbage in wine
14 Latex Plastic smell of a laboratory glove
14 Rubber stopper Plastic smell of a rubber stopper or a piece of tire
16 Hot rubber belt Burnt rubber smell from a tire at high temperature
16 Green Freshly cut grass; green stem; nail polish
16 Flatulence Gas from animals
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Table 4.6. Definitions of panelists' free-choice terms which differed from or were
not included in the aroma standards (continued).

EtSH
Panelist Attribute Definition

4 Smoked wood Associated with smell of wood that is burning, but not like
campfire, more from a meat smoker

4 Fermented wur Rotten/sour garbage; similar to sour milk but is not necessary
related to dairy aromas, bready sour

4 Garlic Fresh clove of garlic being chopped or cut

4 Tropical it Like pineapple, banana, coconut; durian aroma minus the
sulfur

5 Sulfury Reminiscence of Yellowstone geothermal features
5 Cheesy Aromatics associated with cheese
5 Ranch dressing Smell like ranch dressing, maybe old ranch dressing

6 Old/burnt butter As you heat butter in a sauce pan if you don't watch the heat
smoky the butter will burn in the pan.

9 Natural gas Sharp, whatever people put in gas to make it smell
9 Rubber stopper Dull, dense stuff, like a tire store
9 Sauerkraut Pickled cabbage

10 Musty/cantaloupe
Center/seedy flesh of a musty melon; sulfur

10 Sulfur Elemental sulfur, sulfur dust- metabisulfite but not as burning
10 Skunky Sweet, skunk must smell
10 Sweaty Animal sweaty, musty
10 Solvent Chlorinated solvent
10 Burnt rubber Smell of highway cars/trucks
10 Garlic/green onion Sharp and spicy
11 Sweaty Animal sweat
12 Cigarette smoke Ash tray full of burnt cigarettes
12 Rubber stopper Rubbery smell of a black rubber stopper
12 Caramel Burnt sugar
12 Rotten cabbage Rotten vegetables/cabbages
12 Natural gas Gas
12 Durian Stinky smell from a durian
12 Raw rotten egg Uncooked egg goes rotten
14 Latex Rubbery smell of lab gloves
14 Durian Smell of durian or overriped tropical fruit
14 Cantaloupe seeds Melony smell of cantaloupe seeds
14 Tire Plastic smell of a tire
14 Burnt match Ignited wooden match
14 Roasted garlic Chinese cuisine smell, like deep fried garlic
14 Cooked vegetables Steamed vegetables
16 Medicinal bitter Retronasal aroma when swallowing a very bitter pill
16 Fecal Dog poop or smell from a toilet
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Table 4.7. Residuals and weights of each replicate within each panelist obtained
from the GPA for panelist performance in EtSH evaluation.

Weights repi rep2 rep3
Pani 0.92 0.90 0.81

Pan2 1.14 1.21 1.06

Pan3 1.51 1.35 1.52

Pan4 0.89 0.86 0.83

Pan5 1.54 1.56 1.41

Pan6 1.30 1.24 1.26

Pan8 1.16 1.00 1.09

Pan9 1.15 1.08 1.18

PanlO 1.04 1.16 0.97
Panli 1.68 1.36 1.92

Panl2 0.79 0.73 0.81

Panl4 0.97 0.81 0.92
Panl6 0.74 0.69 0.77

Residuals repi rep2 rep3
Pani 0.17 0.25 0.18
Pan2 0.19 0.16 0.13

Pan3 0.22 0.47 0.30
Pan4 0.11 0.12 0.08
PanS 0.35 0.16 0.26
Pan6 0.18 0.18 0.10
Pan8 0.56 0.52 0.48
Pan9 0.38 0.19 0.35

PanlO 0.21 0.18 0.13

Panil 0.20 0.28 0.39

Panl2 0.14 0.19 0.13

Panl4 0.21 0.43 0.40

Panl6 0.08 0.11 0.20
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Table 4.8. MANOVAon CT descriptors. A significant PAN*CONC1 interaction
was found on volatile sulfur compounds and a significant PAN*CONC2 was
observed on their mixtures.

Part 1
Compound Effect Wilk's ?. F Hypothesis df Error df Sig.
DMDS PAN 0.000 31.856 120.000 1559.184 0.000

CONC1 0.286 3.995 70.000 1167.176 0.000
PAN*CONC1 0.001 2.230 840.000 2009.698 0.000

DEDS PAN 0.000 51.914 120.000 1559.184 0.000
CONC1 0.210 5.117 70.000 1167.176 0.000
PAN*CONC1 0.000 2.750 840.000 2009.698 0.000

MeSH PAN 0.000 44.852 120.000 1559.184 0.000
CONC1 0.077 9.218 70.000 1167.176 0.000
PAN*CONCI 0.000 2.797 840.000 2009.698 0.000

EtSH PAN 0.000 70.377 120.000 1559.184 0.000
CONCI 0.032 13.350 70.000 1167.176 0.000
PAN*CONC1 0.000 3.479 840.000 2009.698 0.000

Design: PAN+CONC 1+PAN*CONC 1.

Part 2
Compound Effect Wilk's X F Hypothesis df Error df Sig.

DMDS+ PAN 0.000 74.264 110.000 1741.996 0.000
MeSH CONC2 0.121 6.399 90.000 1576.977 0.000

PAN*CONC2 0.000 3.039 990.000 2332.330 0.000

DEDS+ PAN 0.000 72.943 110.000 1741.996 0.000
EtSH CONC2 0.080 7.908 90.000 1576.977 0.000

PAN*CONC2 0.000 2.757 990.000 2332.330 0.000

MeSH+ PAN 0.000 83.280 110.000 1741.996 0.000
EtSH CONC2 0.073 8.277 90.000 1576.977 0.000

PAN*CONC2 0.000 3.023 990.000 2332.330 0.000

DMDS-'-DEDS+ PAN 0.000 67.860 110.000 1741.996 0.000
MeSH+EtSH CONC1 0.079 7.930 90.000 1576.977 0.000

PAN*CONC2 0.001 2.384 990.000 2332.330 0.000
Design: PAN+CONC2+PAN*CONC2.
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Table 4.9. Two-way ANOVA on each CT descriptor in the Part 1 experiments. A
significant CONC1*PAN interaction was found on each descriptor for each volatile
sulfur compound.

Variable Effect DMDS DEDS MeSH EtSH
F Sig. F Sig. F Sig. F Sig.

Overall CONCI 2.184 0.044 6.222 0.000 27.858 0.000 105.903 0.000
Stinky PAN 4.991 0.000 9.670 0.000 6.793 0.000 17.811 0.000

CONC1*PAN 5.278 0.000 4.685 0.000 6.830 0.000 3.855 0.000

Overall CONC 1

intensity PAN

CONC 1 *PAN

Nose burn CONCI
PAN
CONC1*PAN

Fruity CONC1
PAN
CONC1*PAN

Floral CONCI
PAN
CONC I *p

Vegetative CONC I
PAN
CONC1 *PAN

Spicy CONCI
PAN
CONC1*PAN

Sweet CONC1
PAN

CONC1 *PAN

Earthy

Papery

4.880 0.000 3.589 0.002 9.685 0.000 16.702 0.000
10.837 0.000 13.457 0.000 11.170 0.000 14.059 0.000
3.042 0.000 4.369 0.000 4.775 0.000 5.585 0.000

3.088 0.006 2.744 0.013 2.693 0.014 1.239 0.291
33.984 0.000 29.596 0.000 33.986 0.000 26.220 0.000

1.814 0.000 2.300 0.000 3.405 0.000 3.915 0.000

3.183 0.005 1.320 0.251 6.518 0.000 6.069 0.000
17.225 0.000 12.477 0.000 17.424 0.000 21.165 0.000
2.349 0.000 4.024 0.000 2.444 0.000 3.996 0.000

3.060 0.006 1.030 0.417 4.282 0.000 4.567 0.000
24.379 0.000 13.506 0.000 23.095 0.000 20.046 0.000

2.065 0.000 3.987 0.000 3.172 0.000 5.286 0.000

1.597 0.147 1.706 0.118 0.656 0.708 0.462 0.859
9.557 0.000 9.966 0.000 9.314 0.000 18.216 0.000
2.130 0.000 3.963 0.000 4.440 0.000 4.211 0.000

1.293 0.264 0.573 0.776 0.758 0.624 0.787 0.600
12.065 0.000 30.995 0.000 18.400 0.000 17.559 0.000
2.476 0.000 2.932 0.000 2.303 0.000 6.133 0.000

0.644 0.718 1.387 0.222 3.311 0.004 1.862 0.086
13.377 0.000 33.799 0.000 11.909 0.000 11.260 0.000

1.777 0.001 2.232 0.000 4.254 0.000 3.931 0.000

CONCI 0.452 0.866 1.451 0.196 0.414 0.891
PAN 9.532 0.000 14.899 0.000 21.406 0.000
CONCI*PAN 2.309 0.000 2.316 0.000 2.082 0.000

CONC1 0.517 0.819 0.711 0.663 0.556 0.789
PAN 20.248 0.000 28.138 0.000 21.934 0.000
CONCI*PAN 1.604 0.004 1.341 0.049 1.907 0.000

DF of CONC1= 7; DF of PAN= 12; DF 0fCONC1*PAN 84
Design: PAN+CONC 1 +PAN*CONC1

2.154 0.047
15.197 0.000
3.787 0.000

2.701 0.014
11.620 0.000
2.932 0.000
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Table 4.10. Two-way ANOVA on each CT descriptor in the Part 2 experiments. A
significant CONC2*PAN interaction was found on each descriptor for each volatile
sulfur compound.

Variable Effect DMDS+MeSFI DEDS+EtSH MeSH+EtSH DMDS+DEDS+
MeSH+EtSH

F Sig. F Sig. F Sig. F Sig.
Overall CONC2 11.799 0.000 48.230 0.000 32.974 0.000 25.215 0.000
Stinky PAN 11.228 0.000 23.527 0.000 17.223 0.000 19.574 0.000

CONC2*PAN 5.764 0.000 2.583 0.000 4.329 0.000 5.332 0.000

Overall CONC2 5.280 0.000 13.037 0.000 13.885 0.000 13.967 0.000
intensity PAN 19.573 0.000 24.168 0.000 17.038 0.000 28.050 0.000

CONC2*PAN 4.008 0.000 5.008 0.000 4.189 0.000 3.405 0.000

Nose burn CONC2 2.419 0.016 3.354 0.001 3.996 0.000 4.3 18 0.000
PAN 36.102 0.000 37.384 0.000 38.747 0.000 54.027 0.000
CONC2*PAN 2.771 0.000 4.8 11 0.000 4.309 0.000 2.347 0.000

Fruity CONC2 3.904 0.000 6.614 0.000 9.882 0.000 4.514 0.000
PAN 24.557 0.000 29.801 0.000 34.792 0.000 29.239 0.000
CONC2*PAN 4.889 0.000 4.263 0.000 2.737 0.000 3.117 0.000

Floral CONC2 4.211 0.000 2.661 0.008 6.112 0.000 2.856 0.005
PAN 41.755 0.000 23.173 0.000 26.500 0.000 20.680 0.000
CONC2*PAN 3.582 0.000 4.665 0.000 3.172 0.000 2.058 0.000

Vegetative CONC2 1.078 0.385 0.706 0.702 0.170 0.997 0.305 0.972
PAN 25.246 0.000 42.556 0.000 24.126 0.000 26.277 0.000
CONC2*PAN 4.542 0.000 2.637 0.000 6.053 0.000 3.674 0.000

Spicy CONC2 0.876 0.549 0.976 0.464 1.067 0.394 1.624 0.119
PAN 52.199 0.000 42.209 0.000 29.389 0.000 35.502 0.000
CONC2*PAN 2.662 0.000 3.009 0.000 5.007 0.000 2.841 0.000

Sweet CONC2 1.841 0.070 1.262 0.267 3.333 0.001 4.018 0.000
PAN 24.025 0.000 12.199 0.000 12.037 0.000 17.560 0.000
CONC2*PAN 2.102 0.000 4.532 0.000 2.738 0.000 1.865 0.000

Earthy CONC2 0.533 0.848 2.248 0.025 2.536 0.012 2.456 0.014
PAN 22.470 0.000 22.695 0.000 35.501 0.000 28.333 0.000
CONC2*PAN 2.357 0.000 2.066 0.000 2.380 0.000 2.129 0.000

Papery CONC2 0.626 0.772 2.655 0.008 0.943 0.492 1.636 0.115
PAN 15.609 0.000 23.877 0.000 23.997 0.000 22.169 0.000
CONC2*PAN 2.238 0.000 2.185 0.000 2.849 0.000 1.931 0.000

DF of CONC2= 9; DF of PAN= 11; DF of CONC*PAN 99
Design: PAN+CONC2+PAN*CONC2
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Table 4.11. The number of extracted PC and the percentage of extracted variance
to each PC in the eight experiments.

Experiment & Total extracted variance (%) PC # % Extracted variance
DMDS (71.7) 1 20.9

2 19.1

3 18.5

4 13.2
DEDS (72.4%) 1 19.6

2 19.4

3 17.4

4 16.0
MeSH (7 1.5%) 1 31.4

2 26.2

3 13.9
EtSH(78.3%) 1 26.5

2 19.7

3 16.7

4 15.4
DMDS+MeSH (72.4%) 1 36.7

2 22.1

3 13.6
DEDS+EtSH (73.4%) 1 28.6

2 24.1

3 20.7
MeSH+EtSH (73.2%) 1 40.7

2 20.9

3 11.6

DMDS+DEDS+MeSH+EtSH (739%) 1 29.2

2 27.3

3 17.4



Table 4.12. The CT descriptors which were used by panelists to significantly
discriminate wine samples in the eight experiments.
s=significant difference was found (p<0.05) among the eight wine samples after one-way
ANOVA.

DMDS
Paxielist# 1 2 3 4 5 6 8 9 10 11 12 14 16
Overall stinky S S S S S S S 5 S

Overall intensity S S S 5 S S S S S S

Noseburn S S S S

Fruity S S S S S S

Floral S 5 S S S

Vegetative S S 5 S

Spicy 5 S S S 5

Sweet S S S 5 S

Earthy S S S S S

Papery 5 5 S

DEDS
Panelist# 1 2 3 4 5 6 8 9 10 11 12 14 16
Overall stinky 5 5 S 5 5 5 S S S S S

Overall intensity S S S S S S S S S S

Noseburn S S S S S S

Fruity S S S S S S S

Floral S S S S S S

Vegetative 5 5 5 S S

Spicy S S S 5 S

Sweet s S S

Earthy S S S S

Papery

MeSH
Panelist # 1 2 3 4 5 6 8 9 10 11 12 14 16
Overallstinky S S S S S S S 5 S S S S S

Overall intensity S 5 s S S S S S S S

Noseburn 5 S S S S S

Fruity S S S 5 5 S S

Floral S S 5 5 S S S

Vegetative S 5 5 5 S S

Spicy S S S S S

Sweet 5 s S S S S

Earthy S

Papery
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Table 4.12. The CT descriptors which were used by panelists to significantly
discriminate wine samples in the eight experiments (continued).
s=significant difference was found (p<O.OS) among the eight wine samples after one-way
ANOVA.

EtSH
Panelist # 1 2 3 4 5 6 8 9 10 11 12 14 16
Overallstinky S S S 5 S S S S S S 5 S S

Overall intensity S S S S S S S S S S S

Noseburn S S S S S S S S S

Fruity S S S S 5 S

Floral S 5 5 S S S S S

Vegetative S S S S S 5 5 S

Spicy S S S S S S S

Sweet S S S S 5 S S S S

Earthy 5 S S 5 S

Papery S S S

DMDS+MeSH
Panelist # 1 3 4 5 6 8 9 10 11 12 14 16
Overalistinky S S S 5 S S S S S S S S

Overall intensity S S S S S S S S S

Noseburn S S 5 S S

Fruity S S S S 5 5 S S S

Floral S S S S S S S S

Vegetative S S 5 5 S 5 5

Spicy S S S S S S S

Sweet S S S S S

Earthy S S S S S

Papery S S S S

DEDS+EtSH
Panelist# 1 3 4 5 6 8 9 10 11 12 14 16
Overalistinky S S S S S S 5 S S S S S

Overall intensity S S S S S S S S

Noseburn S S S S S S

Fruity S S S 5 S 5 5 5

Floral S S S S S S S

Vegetative S S S S

Spicy S S S S S

Sweet s s s s s s
Earthy S S S S

Papery S S S
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Table 4.12. The CT descriptors which were used by panelists to significantly
discriminate wine samples in the eight experiments (continued).
s=significant difference was found (p<O.O5) among the eight wine samples after one-way
ANOVA.

MeSH+EtSH
Panelist # 1 3 4 5 6 8 9 10 11 12 14 16
Overalistinky S S S 5 5 S 5 5 S S S S

Overall intensity S 5 S S S 5 5

Noseburn S S S S S S

Fruity S S S S S S S S

Floral S S S S S S 5 S

Vegetative S S S S S S

Spicy S S S s s
Sweet S S 5 S S S S

Earthy 5 S 5

Papery 5 S S S S

DMDS+DEDS+MeSH+EtSH
Panelist # 1 3 4 5 6 8 9 10 11 12 14 16

Overalistinky S 5 S S S S S S S S S 5

Overall intensity S S S S S S S S S S S

Noseburn S S S 5 S S

Fruity S S 5 5 S S S

Floral S 5 5 5 5

Vegetative S S 5 5 S S

Spicy S S S S

Sweet 5 S S S S

Earthy S S S

Papery S S S
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Figure 4.2. Averaged GPA scores of eight wine samples with various concentrations of DMDS (from base wine to 68.43
ppb) across all panelists after the first two dimensions were plotted. This figure only shows aroma descriptors which
were significant on dimension 1.
Samples bearing different superscripts are significantly different at p<0.O5 by ANOVA and Tukey-HSD multiple comparisons.
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Figure 4.3. Averaged GPA scores of eight wine samples with various concentrations of DMDS (from base wine to 68.43
ppb) across all panelists after the first two dimensions were plotted. This figure only shows aroma descriptors which
were significant on dimension 2.
Samples bearing different superscripts are significantly different at p<O.O5 by ANOVA and Tukey-FISD multiple comparisons.
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Figure 4.4. Individual GPA results of Panelists 16 (a) and 10 (b) on DMDS in base
wine.
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Figure 4.5. Individual GPA results of Panelists 2 (a), 9 (b), and 8 (c) on DMDS in,base wine.
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Figure 4.6. Averaged GPA scores of eight wine samples with various concentrations of DEDS (from base wine to 15.80
ppb) across all panelists after the first two dimensions were plotted. This figure only shows aroma descriptors which
were significant on dimension 1.
Samples bearing different superscripts are significantly different at p<O.O5 by ANOVA and Tukey-HSD multiple comparisons. -
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Figure 4.7. Individual GPA results of Panelists 2 (a) and 12 (b) on DEDS in base
wine.
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Figure 4.8. Averaged GPA scores of eight wine samples with various concentrations of MeSH (from base wine to 21.166
ppb) across all panelists after the first two dimensions were plotted. This figure only shows aroma descriptors which
were significant on dimension 1.
Samples bearing different superscripts are significantly different at p<0.05 by ANOVA and Tukey-HSD multiple comparisons.
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Figure 4.9. Individual GPA results of Panelists 3 (a) and 8 (b) on MeSH in base
wine.
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Figure 4.10. Averaged GPA scores of eight wine samples with various concentrations of EtSH (from base wine to
10.094 ppb) across all panelists afler the first two dimensions were plotted. This figure only shows aroma descriptors
which were significant on dimension 1.
Samples bearing different superscripts are significantly different at p<O.O5 by ANOVA and Tukey-HSD multiple comparisons.
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Figure 4.11. Averaged GPA scores of nine wine samples combining with three levels (low, middle, and high) of DMDS
and MeSH as well as a base wine sample across all panelists after the first two dimensions were plotted. This figure only
shows aroma descriptors which were significant on dimension 1.
The wines are denoted by D=DMDS, M=MeSH, l=Iow, m= middle, h high and BASE= base wine. Samples bearing different superscripts are significantly
different at p<0.05 by ANOVA and Tukey-HSD multiple comparisons.
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Figure 4.12. Averaged GPA scores of nine wine samples combining with three levels (low, middle, and high) of DMDS
and MeSH as well as a base wine sample across all panelists after the first two dimensions were plotted. This figure only
shows aroma descriptors which were significant on dimension 2.
The wines are denoted by D=DMDS, MMeSH, F1ow, m middle, h= high and BASE= base wine. Samples bearing different superscripts are significantly
different at p<O.05 by ANOVA and Tukey-HSD multiple comparisons.
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Figure 4.13. Individual GPA results of Panelists 3 on DMDS and MeSH mixture in
base wine.
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Figure 4.14. Averaged GPA scores of nine wine samples combining with three levels (low, middle, and high) of DEDS
and EtSH as well as a base wine sample across all panelists after the first two dimensions were plotted. This figure only
shows aroma descriptors which were significant on dimension 1.
The wines are denoted by D=DEDS, EEtSFI, llow, m middle, h= high and BASE= base wine. Samples bearing different superscripts are significantly
different at p<O.O5 by ANOVA and Tukey-HSD multiple comparisons. 1
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Figure 4.15. Averaged GPA scores of nine wine samples combining with three levels (low, middle, and high) of MeSH
and EtSH as well as a base wine sample across all panelists after the first two dimensions were plotted. This figure only
shows aroma descriptors which were significant on dimension 1.
The wines are denoted by M=MeSH, E=EtSH, l=low, m middle, h= high and BASE= base wine. Samples bearing different superscripts are significantly
different at p<O.05 by ANOVA and Tukey-HSD multiple comparisons.
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Figure 4.16. Averaged GPA scores of nine wine samples combining with three levels (low, middle, and high) of MeSH
and EtSH as well as a base wine sample across all panelists after the first two dimensions were plotted. Low levels of
DMDS and DEDS were added into the nine wines. This figure only shows aroma descriptors which were significant on
dimension 1.
The wines are denoted by DD= DMDS and DEDS, M=MeSH, E=EtSH, l=low, m= middle, h high and BASE= base wine. Samples bearing different
superscripts are significantly different at p<O.05 by ANOVA and Tukey-HSD multiple comparisons.
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Figure 4.17. Averaged GPA scores of the combined data which wine samples were obtained from MeSH+EtSH and
DMDS+DEDS+MeSH+EtSH experiments across all panelists after the first two dimensions were plotted. This figure
only shows aroma descriptors which were significant on dimension 1.
The wines are denoted by DD= DMDS and DEDS, M=MeSH, E=EtSH, llow, m= middle, h= high and BASE= base wine. Samples bearing different
superscripts are significantly different at p<0.O5 by ANOVA and Tukey-HSD multiple comparisons.
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5. THESIS SUMMARY

In recent years, aroma defects caused by volatile sulfur compounds have been

observed in commercial Oregon Pinot noir wines. The objective of this research

was to understand how the four important volatile sulfur compounds, dimethyl

disulfide (DMDS), diethyl disulfide (DEDS), methanethiol (MeSH) and ethanethiol

(EtSH) impact aroma characteristics of Oregon Pinot noir wine in order to help

Oregon winemakers successfully diagnose contaminations caused by these

compounds at an early stage of winemaking. The detection thresholds of the four

compounds were first determined in a base Oregon Pinot noir wine. Then

descriptive analysis was employed to determine aroma characteristics of the four

sulfur compounds and their interactions in base wine.

The ASTM E679-91 and E1432-91 as well as a warm-up procedure

developed by O'Mahony and Goldstein (1987) and O'Mahoney et al. (1988) were

adapted as test methods for determining detection thresholds of the four volatile

sulfur compounds in base wine. Sixteen panelists participated in this study and

their individual and group thresholds were determined. The results revealed that

the abilities of panelists to detect these compounds in base wine were very different.

Individual thresholds were estimated by graphic (probit) and logistic methods

(ASTM 1999a). Individual detection thresholds of DMDS ranged from 0.29 to



114.57 ppb, those of DEDS ranged from 0.14 to 4.58 ppb, those of MeSH ranged

from 1.10 to 3.37 ppb and those of EtSH ranged from 0.028 to 0.879 ppb. Most

subjects' threshold estimations from logistic and graphic (probit) methods were

similar.

The group thresholds of the four volatile sulfur compounds were determined

via geometric means of individual thresholds (ASTM 1 999a) and the logistic

regression constructed by the probabilities of correct responses estimated by the

beta-binomial model (Bi and Ennis 1998). Group thresholds of DMDS ranged

from 11.18 to 23.57 ppb, those of DEDS ranged from 1.45 to 2.16 ppb, those of

MeSH ranged from 1.72 to 1.82 ppb and those of EtSH ranged from 0.19 to 0.23

ppb. All four compounds were found to have very low detection thresholds (at ppb

level) in base Pinot noir wine. This was the first time that detection thresholds of

MeSH were determined in wine.

Two descriptive analysis techniques, the modified Spectrum descriptive

analysis method (Meilgaard et al. 1999) and the free-choice profiling method

(Williams and Arnold 1984; Williams and Langron 1984) were used to determine

aroma characteristics of four volatile sulfur compounds and their interactions in

base wine. Thirteen subjects who participated in the threshold study continued

with the descriptive panel. After extensive training and testing, panelists' ratings

were analyzed by Generalized Procrustes Analysis (GPA). Aromas of DMDS in



base wine were associated with old cabbage, rotten cabbage, and old egg. DEDS in

base wine was described as skunky, sweaty, and tire-like. MeSH aromas were

related to stale vegetables, stale eggs, animal, rubbery, slop and natural gas. Durian,

garlic, animal, stale eggs, sulfur, natural gas and rubbery were used to describe

EtSH aromas. Subjects were able to discriminate different levels ofa sulfur

compound in base wine. However, strong subject variability was observed in the

GPA results associated with DMDS and DEDS.

Wine mixtures of three levels (low, middle and high) of DMDS and MeSH,

DEDS and MeSH, and MeSH and EtSH were evaluated by panelists to examine

aroma characteristics of interaction effects. Subthreshold levels of two disulfides

were added into the wine samples with three levels of MeSH and EtSH to examine

their effects on wine aromas. Panelists were able to discriminate the three levels of

mercaptans more clearly than the three levels of disulfides. MeSH and EtSH can

significantly affect aroma quality of Oregon Pinot noir wine at very low

concentrations, more than the effect of disulfides. Levels of EtSH were

differentiated more easily than MeSH without the subthreshold levels of the two

disulfides. However, under the influence of two low levels of disulfides, levels of

MeSH were differentiated more easily than EtSH in base wine.

Odor suppression was observed in all wine mixture results. High levels of

MeSH and EtSH suppressed any level of disulfides in binary mixtures. Low levels
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of the four compounds were found to suppress middle (even high) levels of their

counterparts in base wine. Two middle levels of sulfur compounds mutually

suppressed each other. The odor suppression occurring in a more complex wine

system may reduce the risk of aroma defects by middle (even high) levels of

volatile sulfur compounds. After cross-referencing the GPA results in the

descriptive study with results of analytical analyses on sulfur contents in the 39

commercial sulfur-defected Pinot noir wines (Yu Fang 2005, unpublished data), the

descriptive results were consistent with the chemical analyses. Therefore, they can

provide a complete sensory description and support aroma character predictions for

sulfur-defected Pinot noir wines.

The GPA results from all experiments revealed that base wine gradually lost

its own aroma characteristics such as fruity and floral and increased overall

intensity, overall stinky, nose burn, and sulfur-related aromas when concentrations

of the four compounds increased in base wine. After combining with the

qualitative findings in the previous threshold study, a hypothesis was proposed to

describe aroma changes from subthreshold to suprathreshold levels of volatile

sulfur compounds in base wine. Based on this hypothesis, the perceptual change of

fruity, floral and nose burn aromas can be used as an index to diagnose presence of

volatile sulfur compounds in base Pinot noir wine at an early winemaking stage and

during storage.
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Appendix 3.1. Warm-up instruction and ballot.

Name:

Warm-up session

Date:

Please smell the sample pairs one is labeled A and the other is labeled B.
Please describe their aroma differences.

Note:
Please hold upper bottle (avoid to hold wine directly and thus
increase wine temperature). Sniff each bottle no more than twice. If
you need more pairs, please let me know.
Please practice with two samples pairs. Then do the first three
samples sets. Take 5 minutes break. Use the last pair to practice and
then do the last two sample sets if needed.

Bis

than A.
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Appendix 3.2. Test instruction and ballot.

Name: Date:

Difference Test Ballot (Disulfides)

In total there are five sample sets for this test session. You need to rest 5
seconds between sets.

There are three wine samples within a set. Two samples are A and the
other one is similar to B. Please write down the set number and sample
number from left to right. Based on the aroma difference you perceived
in previous warm-up session between A and B, smell the 3 samples
from left to right and find out the sample which is similar to B by circling the
3-digit number.

Note:

Always prepare yourself before opening sample bottles. You can re-
smell the sample. But re-sniffing more than three times is not
recommended.
If you smelled all 3 bottles at the first time and could not make your
decision: open the bottle cap, wait for3 seconds, and then sniff the

bottle (swirl the bottle is Ok).
Please hold upper bottle (avoid to hold wine directly and thus
increase wine temperature).
Please take 5-minute break (or longer if necessary) after you finish
three sets. Leave booth, take a short walk on hallway and smell
yourself to recover your sense of smell. When you come back from
break, practice with warm-up samples again and do the last two sets.

Set

Left Middle Right

Sample #



Difference Test Ballot (Thiols)

Date:

In total there are five sample sets for this test session. You need to rest 5
seconds between sets.

There are three wine samples within a set. Two samples are A and the
other one is similar to B. Please write down the set number and sample
number from left to right. Based on the aroma difference you perceived
in previous warm-up session between A and B, smell the 3 samples
from left to right and find out the sample which is similar to B by circling the
3-digit number.

Note:
While smelling, please do not inhale deeply. Place your nose above
the bottle and do slight sniffing. After finishing sniffing a sample bottle,
please breath normally for 5 seconds and then go to another bottle.
First, you need to swirl the bottle 5 seconds while keeping cap tightly
closed. Then open cap and sniff quickly. It is highly recommended
that you smell each bottle only ONCE (please sniff no more than
three times). So always prepare yourself before opening sample
bottles. Please close the cap tightly and immediately after sniffing.
Please hold upper bottle (avoid to hold wine directly and thus
increase wine temperature).
Please take 5-minute break (or longer if necessary) after you finish
three sets. Leave booth, take a short walk on hallway and smell
yourself to recover your sense of smell. When you come back from
break, practice with warm-up samples again and do the last two sets.

Set

Left Middle Right

Sample #
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Appendix 3.3. Individual detection thresholds of 16 panelists determined by logistic and
graphical probit methods on four volatile sulfur compounds in base wine.

Figure 3.1. Individual detection thresholds of 16 panelists determined by logistic and graphical
probit methods on DMI)S in base wine.
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Figure 3.2. Individual detection thresholds of 16 panelists determined by logistic and graphical
probit methods on DEDS in base wine.
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Figure 3.3. Individual detection thresholds of 16 panelists determined by logistic and graphical
probit methods on MeSH in base wine.
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Figure 3.4. Individual detection thresholds of 16 panelists determined by logistic and graphical
probit methods on EtSH in base wine.
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Name: Pan 10 MeSH Fist session Date:

Sample# 668 682 51 396 175 128 55

Overall intensity

Nose burn

Vegetative

Papery/cardboard

Rubber stopper MeSH

Car smoke MeSH

Solvent MeSH

Caramel sweet MeSH

Sweaty MeSH

Seaweed MeSH

Cooked vegetables MeSH

Rotten vegetables MeSH

Old cabbage MeSH

Green grass/cut MeSH

OVERALL STINKINESS
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a- CD
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o i-i-i

CD

p
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Name: Pan 10

Sample #

Overall intensity
Nose burn
Fruity
Floral

Vegetative
Spicy
Sweet
Earthy
Paperyfcardboard

Rubber stopper BOTH
Old cabbage BOTH
Car smoke BOTH
Caramel (sweet) BOTH

Balloon DMDS
Latex DM DS
Rotten Cabbage DMDS
Old eggs DMDS
Solvent MeSH
Sweaty MeSH
Seaweed MeSH
Cooked vegetables MeSH
Rotten vegetables MeSH
Green orass/cut MeSH

DMDS+MESH Replication 1

650 015 390 380 590 408

Date:

275 669 168 531

0
____ 0

CD

OVERALL STINKINESS
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Instruction of evaluating sulfide-spiked wine samples

1. You cannot swirl the sample bottles.
2. You will have 8 (or 10) samples in total for this session. Additional 2 base

wine samples are provided as well as all aroma standards. Use another base
wine sample if needed. Before session starts, please smell all aroma
standards to refresh your memory. Take a 5-minute break and then start to
sniff your samples. Take a break between samples is essential for
maintaining your sensitivity and avoiding fatigue. Always prepare yourself
before any sniffing.

3. Please evaluate as many as descriptors during the first sniffing. The
following sniffing(s) (maybe the 2 and/or 3' sniffing) could help you to
determine and/or confirm the sulfide-related terms. Please not sniff more
than three times and please evaluate wine samples as quickly as possible.

4. There are 9 descriptors associated with base wine (upper descriptors). While
sniffing samples, you rate the intensity of the upper 9 descriptors only if
they are associated with base wine characteristics. For example, evaluation
of "fruity" is not associated with tropical fruits but berries, blackcurrants,
plums, cherry, and grapes. If you feel tropical fruity, you can list it in the
lower descriptors. You need to rate "overall stinky" on the bottom as well.

5. The rest descriptors (lower descriptors) are which you created to be
associated with sulfide notes. In the beginning of the first session of each
test, you can modify, add and/or delete these terms ifnecessary. Please write
down the definitions of your descriptors in a separate sheet. However, you
cam-iot make changes on descriptors in the second and the third sessions.
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Appendix 4.2. GPA results (assessor plot, assessor weight and assessor residual)
regarding panelist repeatability on the eight experiments.

Experiment 1: DMDS

DMDS: Assessor Plot
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Figure 4.1. Assessor plot of DMDS evaluation in base wine.

Table 4.1. Assessor weights and residuals of DMDS evaluation in base wine.

Weight Residual
repi rep2 rep3 repi rep2 rep3

PanI 0.88 0.87 0.89 Pani 0.44 0.61 0.60
Pan2 0.94 1.17 1.20 Pan2 0.37 0.38 0.26
Pan3 1.20 1.07 1.12 Pan3 0.34 0.43 0.67
Pan4 0.83 0.80 0.81 Pan4 0.41 0.16 0.29
Pan5 1.17 1.63 2.27 Pan5 0.60 0.54 0.56
Pan6 1.17 1.35 1.46 Pan6 0.29 0.33 0.41
Pan8 1.01 1.04 0.96 Pan8 0.59 0.57 0.54
Pan9 1.03 1.02 0.99 Pan9 0.59 0.65 0.77
PanlO 1.09 0.98 1.11 PanlO 0.44 0.53 0.44
PanIl 1.47 1.18 1.35 PanhI 0.25 0.34 0.22
Panl2 1.19 1.46 1.26 Panl2 0.54 0.50 0.28
Panl4 1.16 1.07 1.00 Panl4 0.38 0.55 0.48
Panl6 0.68 0.65 0.66 Panl6 0.50 0.47 0.39
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Experiment 2: DEDS

DEDS: Assessor Plot
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Figure 4.2. Assessor plot of DEDS evaluation in base wine.

Table 4.2. Assessor weights and residuals of DEDS evaluation in base wine.

Weight Residual
Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

Pani 0.74 0.86 0.93 PanI 0.64 0.62 0.57
Pan2 1.34 1.29 1.54 Pan2 0.36 0.42 0.33
Pan3 1.06 0.71 0.95 Pan3 0.60 0.70 0.67
Pan4 0.95 0.81 0.82 Part4 0.30 0.62 0.39
Pan5 1.29 1.21 1.11 Pan5 0.65 0.67 0.64
Pan6 1.53 1.58 1.97 Pan6 0.50 0.39 0.36
Pan8 0.73 1.09 1.02 Pan8 0.67 0.52 0.58
Pan9 0.74 0.86 0.95 Pan9 0.62 0.42 0.58
PanlO 1.05 1.24 1.24 PanlO 0.41 0.55 0.58
Panil 1.39 1.69 1.35 Panil 0.39 0.41 0.55
Panl2 1.00 0.81 1.04 Panl2 0.73 0.84 0.74
Panl4 1.92 1.02 1.78 Panl4 0.58 0.68 0.16
Panl6 0.78 0.61 0.69 Panl6 0.51 0.77 0.65
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Experiment 3: MeSH

MESH: Assessor Plot
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Figure 4.3. Assessor plot of MeSH evaluation in base wine.

Table 4.3. Assessor weights and residuals of MeSH evaluation in base wine.

Weight Residual

Rep I Rep 2 Rep 3 Rep 1 Rep 2 Rep 3
PanI 0.75 1.27 1.04 PanI 0.78 0.57 0.54
Pan2 1.09 1.34 1.26 Pan2 0.26 0.28 0.35
Pan3 0.87 0.85 1.12 Pan3 1.16 1.29 1.09
Pan4 0.80 0.82 0.82 Pan4 0.25 0.3 0.33
Pan5 2.03 1.68 2.18 Pan5 0.42 0.53 0.41
Pan6 1.51 1.25 1.30 Pan6 0.31 0.6 0.45
Pan8 1.01 1.16 1.03 Pan8 0.72 0.51 1.02
Pan9 1.28 1.03 0.90 Pan9 0.29 0.45 0.5
PanlO 0.83 0.98 0.96 PanlO 0.32 0.3 0.29
Panhl 1.28 1.78 1.70 PanlI 0.38 0.33 0.23
Panl2 0.99 0.93 1.13 Panl2 0.76 0.69 0.57
Panl4 0.91 0.96 0.81 Panl4 0.4 0.44 0.52
Panl6 0.69 0.74 0.71 Panl6 0.34 0.33 0.33



Experiment 4: EtSH
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Figure 4.4. Assessor plot of EtSH evaluation in base wine.

Table 4.4. Assessor weights and residuals of EtSH evaluation in base wine.

1.0
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Weight Residual
Rep 1 Rep 2 Rep 3 Rep I Rep 2 Rep 3

PanI 0.92 0.90 0.81 PanI 0.17 0.25 0.18
Pan2 1.14 1.21 1.06 Pan2 0.19 0.16 0.13
Pan3 1.51 1.35 1.52 Pan3 0.22 0.47 0.30
Pan4 0.89 0.86 0.83 Pan4 0.11 0.12 0.08
Pan5 1.54 1.56 1.41 Par5 0.35 0.16 0.26
Pan6 1.30 1.24 1.26 Pan6 0.18 0.18 0.10
Pan8 1.16 1.00 1.09 Pan8 0.56 0.52 0.48
Pan9 1.15 1.08 1.18 Pan9 0.38 0.19 0.35
PanlO 1.04 1.16 0.97 PanlO 0.21 0.18 0.13
PanIl 1.68 1.36 1.92 PanlI 0.20 0.28 0.39
Panl2 0.79 0.73 0.81 Pan12 0.14 0.19 0.13
Panl4 0.97 0.81 0.92 Panl4 0.21 0.43 0.40
Panl6 0.74 0.69 0.77 Panl6 0.08 0.11 0.20
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Experiment 5: DMDS+MeSH mixture

DMDS&MESH Mixture: Assessor Plot
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Figure 4.5. Assessor plot of DMDS+MeSH mixture evaluation in base wine.

Table 4.5. Assessor weights and residuals of DMDS+MeSH mixture evaluation in base wine.

Weight Residual

Repi Rep2 Rep3 Repi Rep2 Rep3
Pani 1.00 1.04 1.01 Pani 0.23 0.44 0.46
Pan3 1.40 1.36 1.43 Pan3 0.79 0.86 0.68
Pan4 0.84 0.82 0.85 Pan4 0.30 0.48 0.45
Pan5 1.52 2.19 2.65 Pan5 0.47 0.53 0.54
Pan6 1.16 1.06 1.24 Pan6 0.44 0.60 0.63
Pan8 1.19 1.23 1.23 Pan8 0.70 0.50 0.45
Pan9 1.46 1.41 1.39 Pan9 0.50 0.61 0.72
PanlO 0.66 0.88 0.90 PanlO 0.52 0.34 0.44
Panil 1.28 1.39 1.59 PanlI 0.44 0.43 0.36
Panl2 1.64 1,18 1.03 Panl2 0.71 0.75 0.89
Panl4 1.45 0.80 1.22 Panl4 0.49 0.83 0.54
Panl6 0.61 0.67 0.58 Panl6 0.38 0.43 0.48



245

Experiment 6: DEDS+EtSH mixture

DEDS&ETSII Mixture: Assessor Plot
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Figure 4.6. Assessor plot of DEDS+EtSH mixture evaluation in base wine.

Table 4.6. Assessor weights and residuals of DEDS+EtSH mixture evaluation in base wine

Weight Residual
Rep 1 Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

PanI 0.94 1.03 0.92 PanI 0.38 0.28 0.43
Pan3 1.27 1.22 1.36 Pan3 0.71 0.66 0.43
Pan4 0.89 1.00 0.97 Pan4 0.51 0.38 0.50
Pan5 1.66 1.97 1.84 Pan5 0.38 0.33 0.29
Pan6 1.62 1.70 1.63 Pan6 0.36 0.21 0,45
PanS 1.37 1.48 1.15 Pan8 0.48 0.44 0.70
Pan9 1.64 1.26 2.07 Pan9 0.52 0.55 0.29
PanlO 0.90 0.74 0.81 PanlO 0.35 0.58 0.36
Panil 1.51 1.87 1.64 PanIl 0.33 0.37 0.44
Panl2 1.15 1.08 1.04 Pan12 0.45 0.54 0.33
Panl4 0.76 0.71 0.76 Panl4 0.40 0.52 0.39
Panl6 0.58 0.62 0.63 Panl6 0.39 0.29 0.40
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Experiment 7: MeSH+EtSH mixture

MESH&ETSH Mixture: Assessor P'ot
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Figure 4.7. Assessor plot of MeSH+EtSH mixture evaluation in base wine.

Table 4.7. Assessor weights and residuals of MeSH+EtSH mixture evaluation in base wine

Weight Residual
Rep I Rep 2 Rep 3 Rep 1 Rep 2 Rep 3

Pani 1.03 1.27 1.07 Pani 0.40 0.42 0.38
Pan3 1.32 1.40 1.29 Pan3 0.42 0.28 0.65
Pan4 1.09 0.90 1.12 Pan4 0.58 0.69 0.86
Pan5 1.94 1.93 2.45 Pan5 0.36 0.53 0.39
Pan6 1.64 1.55 1.44 Pan6 0.31 0.31 0.31
Pan8 1.58 1.50 1.43 Pan8 0.44 0.34 0.50
Pan9 2.18 2.33 2.25 Pan9 0.47 0.40 0.54
PanlO 0.79 0.72 0.79 PanlO 0.40 0.45 0.34
PanlI 1.93 1.74 1.77 Panil 0.30 0.27 0.50
Panl2 0.97 0.93 1.18 Panl2 0.82 0.51 0.49
Panl4 0.66 0.71 0.76 Panl4 0.34 0.30 0.29
Panl6 0.56 0.54 0.56 Panl6 0.54 0.61 0.47
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Experiment 8: DMDS+DEDS+MeSH+EtSH mixture

DMDS&DEDS&M ESH&ETSH Mixture: Assessor Plot
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Figure 4.8. Assessor plot of DMDS+DEDS+MeSH+EtSH mixture evaluation in base wine.

Table 4.8. Assessor weights and residuals ofDMDS+DEDS+MeSH+EtSH mixture evaluation in
base wine.

Weight Residua'
Rep 1 Rep 2 Rep 3 Rep I Rep 2 Rep 3

Pani 1.08 1.16 1.11 PanI 0.39 0.35 0.31
Pan3 1.45 1.33 1.42 Pan3 0.37 0.52 0.47
Pan4 0.95 0.93 1.08 Pan4 0.42 0.35 0.23
Pan5 2.14 2.15 2.17 Pan5 0.72 0.87 0.93
Pan6 0.96 1.35 1.70 Pan6 0_li 0.36 0.20
Pan8 1.35 1.24 1.18 Pan8 0.40 0.58 0.48
Pan9 2.10 2.26 2.38 Pan9 1.08 0.59 0.88
PanlO 0.84 0.80 0.79 PanlO 0.24 0.29 0.29
Panil 1.72 1.67 1.60 PanIl 0.35 0.35 0.39
Panl2 1.04 1.14 1.17 Panl2 0.44 0.36 0.46
Panl4 0.54 0.56 0.67 Panl4 0.47 0.60 0.51
Panl6 0.76 0.78 0.68 Panl6 0.45 0.50 0.56




