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1 Summary 

Wine aroma is a fascinating research subject. There are still many interesting but unanswered 

questions. The current study investigated the molecular background of the lychee aroma in the 

berries of Muscaris grapes and the aroma difference between beer and wine.  

Lychee aroma is a highly appreciated aroma note in wine, however, it is limited to only a few 

grape varieties. Muscaris is a relatively new grape variety with a good resistance to fungi and 

an intensive aroma with a pronounced lychee note. Literature research showed that the 

odorants in Muscaris grapes have not been systematically evaluated so far. Thus, it was also 

unclear to which extent the odorants in Muscaris grapes reflect those of its father variety Gelber 

Muskateller and which odorants constitute the molecular background of the lychee note. As a 

first step to fill these gaps, a comparative aroma extract dilution analysis (cAEDA) was applied 

to Muscaris and Muskateller grapes, which revealed 39 and 35 odorants, respectively. 

Quantitation of the major odorants including all odorants with flavor dilution (FD) factors ≥32 in 

at least one of the two grape samples resulted in 16 compounds with concentrations beyond 

their respective odor threshold concentrations (OTCs). These odorants were geraniol, (2E,6Z)-

nona-2,6-dienal, (3Z)-hex-3-enal, (3R)-linalool, hexanal, (3E)-hex-3-enal, (3S)-linalool, 

3-methylnonane-2,4-dione, oct-1-en-3-one, (2S,4R)-rose oxide, (3S)-β-citronellol, (2E)-non-2-

enal, phenylacetaldehyde, 3-(methylsulfanyl)propanal, (2E)-hex-2-enal, and (E)-β-

damascenone. Data showed only minor differences between the two varieties, illustrating their 

close genetic relation. Odor reconstitution and omission experiments demonstrated that the 

lychee note in the aroma of Muscaris grapes was generated by the combination of two 

odorants, namely floral, lychee-like smelling (2S,4R)-rose oxide and floral, rose-like smelling 

geraniol. This result may be helpful in the targeted breeding of new grape varieties with distinct 

aroma properties. 

Beer and wine clearly differ in their aroma. However, which substances account for the aroma 

difference between the two has not been systematically studied yet. It is undoubtful that special 

raw materials or processing can facilitate recognition, however, we hypothesized that there is 

a basic olfactory difference between beer and wine that is reflected in the composition of more 

general odorants. Odorants constituting a basic wine aroma have already been suggested in 

the literature and included primarily compounds formed during fermentation. However, no 

quantitative data on these odorants were available and the concept of an aroma base has not 

been applied to beer yet. To fill these gaps, a comprehensive literature survey focused on 

general beer odorants and general wine odorants was performed. Odorant concentration data 

obtained by reliable methodology were extracted from 32 articles on beer covering 160 

samples and 252 articles on wine covering 904 samples. Calculation of arithmetic mean 

concentrations and odor activity values (OAVs) of the 42 basic odorants led to 29 and 32 

compounds with mean OAVs ≥1 in beer and wine, respectively. Aroma base models of beer 

and wine based on these data reflected the basic olfactory difference between beer and wine. 

Concentration leveling tests finally showed that the fruity smelling odorants played a crucial 

role in the aroma difference between the beer and wine aroma base models. When the 

concentrations of fruity odorants in the beer model were adjusted to the levels in the wine 

model, the odor of the test sample was evaluated as closer to wine than to beer.  
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2 Abbreviations and Nomenclature 

Abbreviations: 

AEDA Aroma extract dilution analysis 

AF Alcoholic fermentation 

3-AFC 3-Alternative forced choice 

aSAFE Automated solvent-assisted flavor evaporation 

ASTM American Society for Testing and Materials 

AV Acidic volatiles 

BDTB 2-[(1E)-Buta-1,3-dien-1-yl]-1,3,4-trimethylbenzene 

b.p. Boiling point 

cAEDA Comparative aroma extract dilution analysis 

cAMP Cyclic adenosine monophosphate 

CI Chemical ionization 

EI Electron ionization 

FD Flavor dilution 

FFAP Free fatty acid phase 

FID Flame ionization detector 

GC Gas chromatography 

GC×GC–MS Comprehensive two-dimensional gas chromatography–mass spectrometry 

GC–GC–HRMS Two-dimensional heart-cut gas chromatography–high resolution mass 

spectrometry 

G protein Guanine nucleotide-binding protein 

IBMP 3-Isobutyl-2-methoxypyrazine = 2-Methoxy-3-(2-methylpropyl)pyrazine  

i.d. Inner diameter 

IPMP 3-Isopropyl-2-methoxypyrazine = 2-Methoxy-3-(propan-2-yl)pyrazine  

MLF Malolactic fermentation 

MS Mass spectrometry 

4-MSP 4-Methyl-4-sulfanylpentan-2-one 

NBV Neutral and basic volatiles 

NMR Nuclear magnetic resonance 

O Olfactometry 

OAV Odor activity value 

OTC Odor threshold concentration 
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RI Retention index 

SBMP 3-Sec-butyl-2-methoxypyrazine = 2-Methoxy-3-(1-methylpropyl)pyrazine 

3-SH 3-Sulfanylhexan-1-ol 

3-SHA 3-Sulfanylhexyl acetate 

SIDA Stable isotope dilution assay 

TDN 1,1,6-Trimethyl-1,2-dihydronaphthalene 

TOF Time-of-flight 

TPB  (E)-1-(2,3,6-Trimethylphenyl)buta-1,3-diene = 2-[(1E)-Buta-1,3-dien-1-yl]-

1,3,4-trimethylbenzene  

 

Nomenclature: 

Ascorbic acid (5R)-[(1S)-1,2-Dihydroxyethyl]-3,4-dihydroxyfuran-2(5H)-one 

Caffeic acid (2E)-3-(3,4-Dihydroxyphenyl)prop-2-enoic acid 

cis-Rose oxide (2R,4S)-/(2S,4R)-4-Methyl-2-(2-methylprop-1-en-1-yl)oxane 

cis-Whisky lactone (4R,5R)/(4S,5S)-5-Butyl-4-methyloxolan-2-one 

Citric acid 2-Hydroxypropane-1,2,3-tricarboxylic acid 

β-Citronellol (3R)-/(3S)-3,7-Dimethyloct-6-en-1-ol 

(E)-β-Damascenone (2E)-1-(2,6,6-Trimethylcyclohexa-1,3-dien-1-yl)but-2-en-1-one 

Dimethyl sulfide (Methylsulfanyl)methane 

4-Ethylguaiacol 4-Ethyl-2-methoxyphenol 

Ferulic acid (2E)-3-(4-Hydroxy-3-methoxyphenyl)prop-2-enoic acid 

Geraniol (2E)-3,7-Dimethylocta-2,6-dien-1-ol 

Geranyl acetate (2E)-3,7-Dimethylocta-2,6-dien-1-yl acetate 

Glycerol Propane-1,2,3-triol 

β-Ionone (3E)-4-(2,6,6-Trimethylcyclohex-1-en-1-yl)but-3-en-2-one 

α-Ketobutyric acid 2-Oxobutanoic acid 

Linalool (3R)-/(3S)-3,7-Dimethylocta-1,6-dien-3-ol 

Myrcene 7-Methyl-3-methylideneocta-1,6-diene 

Nerol (2Z)-3,7-Dimethylocta-2,6-dien-1-ol 

p-Coumaric acid (2E)-3-(4-Hydroxyphenyl)prop-2-enoic acid 

Rose oxide 4-Methyl-2-(2-methylprop-1-en-1-yl)oxane 

Rotundone (3S,5R,8S)-3,8-Dimethyl-5-(prop-1-en-2-yl)-3,4,5,6,7,8-

hexahydroazulen-1(2H)-one 

Sinapic acid (2E)-3-(4-Hydroxy-3,5-dimethoxyphenyl)prop-2-enoic acid 
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Sotolon 3-Hydroxy-4,5-dimethylfuran-2(5H)-one 

Tartaric acid 2,3-Dihydroxybutanedioic acid 

α-Terpineol 2-(4-Methylcyclohex-3-en-1-yl)propan-2-ol 

trans-Rose oxide (2R,4R)-/(2S,4S)-4-Methyl-2-(2-methylprop-1-en-1-yl)oxane 

trans-Whisky lactone (4R,5S)/(4S,5R)-5-Butyl-4-methyloxolan-2-one 

Vanillin 4-Hydroxy-3-methoxybenzaldehyde 

4-Vinylguaiacol 4-Ethenyl-2-methoxyphenol 

4-Vinylphenol 4-Ethenylphenol 

Whisky lactone 5-Butyl-4-methyloxolan-2-one 

Wine lactone (3S,3aS,7aR)-3,6-Dimethyl-3a,4,5,7a-tetrahydro-3H-1-

benzofuran-2-one 
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3 Introduction 

3.1 Molecular Sensory Science 

Consumers’ daily selection of food is influenced by numerous factors, such as healthiness, 

freshness, good appearance, no contaminants, convenience, sustainability, price, seasonality, 

and regionality. Above all, “to be tasty” is the most important factor.1-3 That is to say, consumers 

care the most about the sensory properties of food when making a food selection. Among the 

sensory properties of food, aroma is considered the most important.4 When our sense of smell 

is impaired or lost—such as when we catch a cold or suffer from COVID-19, making it 

impossible to perceive aroma—the hedonic value of food is drastically reduced. 

3.1.1 Odor Perception 

A combination of odor-active compounds forms the aroma of food. As soon as these odor-

active compounds interact with the olfactory epithelium, the processing of aroma starts in our 

brain. There are two basic pathways by which odor-active compounds can reach the olfactory 

epithelium (Figure 1). Before consumption, the odor-active compounds evaporated from the 

food enter the nasal cavity via inhaling; this is the orthonasal pathway. During food 

consumption, odor-active compounds released in the oral cavity can enter the nasal cavity via 

the throat after swallowing and reflexive exhalation; this is the retronasal pathway.4 

 

Figure 1: Orthonasal and retronasal pathway in the olfactory system (illustration: Xingjie Wang) 

An odor-active compound reaching the olfactory epithelium can bind to an odorant receptor 

directly or to an odorant-binding protein, which carries it to the odorant receptor.5 Odorant 

receptors are located in the cilia membrane of olfactory neurons in the olfactory epithelium. 

They are seven transmembrane domain G protein-coupled receptors encoded by about 400 

functional genes within the human genome.6-9 As displayed in Figure 2, binding of an odor-

active compound to an odorant receptor starts a reaction cascade in the cell. The binding 
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changes the conformation of the odorant receptor, resulting in the increase of cAMP. cAMP-

gated ion channels open, leading to the influx of Ca2+ and Na+ into the cell. Then, the Ca2+-

gated Cl− ion channel opens, and the efflux of Cl− finally causes the depolarization of the cell, 

resulting in an action potential. Thus, the chemical signal started by the odor-active compound 

is converted into an electric signal. The electric signal is further transmitted beyond the 

cribriform plate to the olfactory bulb. In a glomerulus, the axons of the same type of odorant 

receptors converge with the primary dendrite of a mitral cell. Thus, each mitral cell only relays 

information about one type of odorant receptor. The signals from different mitral cells are 

further forwarded to higher levels of the brain. Finally, the brain generates the aroma 

impression of the food by combining the information from the different types of odorant 

receptors.5,10-14 

 

Figure 2: Odorant receptors and the organization of the olfactory system12 

In many cases, one odor-active compound is able to bind to and activate more than one type 

of odorant receptor, and one type of odorant receptor can be activated by more than one 

odorant.13,15-17 This contributes to the fact that humans are able to perceive and distinguish 

between a huge number of aromas, the exact number of which is still under discussion.18,19 

There are three necessary conditions for a compound to be odor-active: 1) sufficient volatility; 

2) basic ability to bind to at least one type of odorant receptor; 3) an amount sufficient to 
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activate the odorant receptor.4 The lowest concentration of a compound required to perceive 

an odorant is called the odor threshold concentration (OTC). The OTC varies from compound 

to compound; for example, the OTC of the beer-like, animalic smelling 3-methylbut-2-ene-1-

thiol in water is as low as 0.00076 µg/kg, while the OTC of the sweaty, cheesy smelling 

2-methylpropanoic acid is as high as 60000 µg/kg in water. Moreover, the food matrix also has 

a significant influence on the OTC. For example, the OTCs of the floral, honey-like smelling 

2-phenylethan-1-ol are 140 µg/kg in water, 470 µg/kg in starch, and 10000 µg/kg in synthetic 

wine, respectively. Besides, the conformation could affect the OTC as well; for example, (R)-

linalool has an OTC in water of 0.82 µg/kg, while (S)-linalool has an OTC in water of 8.3 

µg/kg.20 

Approximately 10000 volatile compounds have been determined in food. However, only ~230 

of them have been demonstrated to be odor-active compounds in a majority of foods.21 In 

general, a specific food typically includes 3–40 odor-active compounds that need to be present 

in to reconstitute its characteristic aroma.21 Among these, only a few have a significant 

influence on the overall aroma impression of the food; these compounds are known as key 

odorants. For example, only eight of the thirteen odor-active compounds in fresh pink guavas 

were classified as key odorants.22 To identify these key odorants in food, molecular sensory 

science provides a sophisticated approach, which is detailed below. 

3.1.2 Identification of Key Food Odorants 

The concept for the identification of key food odorants was developed by Schieberle23 and 

Grosch24 and is often divided into the seven steps displayed in Figure 3. 

 

Figure 3: Identification of key odorants (illustration: Martin Steinhaus) 

The first step is the isolation of volatiles (Figure 3, Step 1, and Figure 4). The volatiles are 

typically extracted from food using a rather non-polar organic solvent with a low boiling point, 

such as diethyl ether (b.p. 35 °C) or dichloromethane (b.p. 40 °C). However, not only organic 



 Introduction 8 

volatiles but also many nonvolatiles are extracted by the solvent used. Therefore, solvent-

assisted flavor evaporation (SAFE) is applied to separate the volatiles from the nonvolatiles at 

high-vacuum and mild temperature (≤40 °C) and the volatiles are finally re-condensed using 

liquid nitrogen.25 This method minimizes the risk of compound degradation and artifact 

formation. Recently, an automated solvent-assisted flavor evaporation (aSAFE) was 

developed that saves manpower, improves yields, and reduces the risk of nonvolatiles being 

transferred to the volatile isolate.26 

 

Figure 4: Preparation of volatile isolates from food samples (illustration: Xingjie Wang) 

To facilitate further analysis, the volatile isolate can be further fractionated by acid-base 

extraction.27 Via preparing a fraction containing acidic volatiles (AV) and a fraction containing 

neutral and basic volatiles (NBV), the amount of volatiles in each fraction is reduced. In addition, 

if necessary, the NBV can be further fractionated using silica gel chromatography.28,29 For the 

selective isolation of thiols, a method using mercurated agarose gel is available.28 

Subsequently, the volatile isolates (and, in case, the respective fractions thereof) are 

concentrated to a volume of typically 0.1 to 1 mL using a Vigreux column and a Bemelmans 

microdistillation device.30 

The concentrated volatile isolate contains both odor-active compounds and odorless 

compounds. The second step is thus the screening of the volatiles for odor-active compounds 

by application of gas chromatography–olfactometry (GC–O).4 A GC–O system is equipped 

with a cold on-column injector, a flame ionization detector (FID), and a sniffing port (Figure 3, 

Step 2, and Figure 5). The FID is connected to a recorder. After introducing a specific volume 

of the volatile isolate into the GC–O system, the volatiles are separated according to boiling 

point and polarity on a GC fused silica capillary column using a linear temperature program. A 

Y-shaped glass splitter connects the end of the column with two uncoated but deactivated 

fused silica capillaries, which delivers the column effluent in two equal parts to the FID and the 

sniffing port, respectively. A trained assessor places the nose directly above the sniffing port 

and evaluates the effluent. Whenever an odor is detected, the position and odor quality are 

marked in the FID chromatogram. For each odorant, a retention index (RI) is calculated by 

linear interpolation from its retention time and the retention times of adjacent n-alkanes. Odor-

active compounds are often minor or trace constituents in the volatile isolate so that no signal 

is detected by the FID; however, the activity-guided screening using GC–O avoids overlooking 

important odorants independent of their concentration.4 
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Figure 5: Scheme of a GC–O/FID system (illustration: Martin Steinhaus, modified by Xingjie 

Wang) 

Aroma extract dilution analysis (AEDA)31 is applied to estimate the odor potency of the odor-

active compounds detected during GC–O analysis (Figure 6). The volatile isolate is stepwise 

diluted 1:2 with the organic solvent used for volatile extraction to obtain dilutions of 1:2, 1:4, 

1:8, 1:16, etc. The undiluted sample, as well as each diluted sample, are subjected to GC–O 

analysis. The sequential analysis starts from the undiluted sample to the most diluted sample. 

The assessor continues dilution and analysis until no odorous region is detected during the 

whole GC–O run. Each odorant is then assigned a flavor dilution (FD) factor, representing the 

dilution factor of the highest diluted sample in which the odorant was detected at the sniffing 

port during GC–O analysis. Due to the genetic variance of odorant receptors between 

individuals,32,33 GC–O analysis must always be conducted by at least two assessors with 

complementary olfactory abilities, i.e., a specific anosmia present in one assessor must not be 

present in the other, and vice versa.4 A comparative AEDA (cAEDA)23 is useful for comparing 

the odor-active compounds from two or more samples. It has, for example, been applied to the 

fruits of six different mango cultivars,34 infusions made from two different types of roasted 

barley,29 fresh and roasted gingers,35 fermented cocoa seeds with and without an off-flavor, 

bottom-fermented beers made from three different barley malts,36 and berries of two different 

grape varieties with close genetic relationships.37 

 

Figure 6: AEDA: stepwise dilution of the extract and FD factor assignment (illustration: Martin 

Steinhaus) 

The third step is the structure elucidation4 of the odor-active compounds detected during  

GC–O analysis (Figure 3, Step 3). Structure elucidation is achieved by comparing several 

parameters of the target odorants with those obtained from authentic reference compounds 

under identical conditions. These parameters include retention indices (RIs) on two GC 

columns with different polarity (often DB-FFAP and DB-5), odor quality and odor intensity 

perceived during GC–O analysis at similar concentration, and the mass spectra obtained from 

gas chromatography–mass spectrometry (GC–MS) in both chemical ionization (CI) mode and 

Recorder 
Cold on-column 

injector 
FID 

Sniffing 
port 
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electron ionization (EI) mode. In case there are co-elution problems in GC–MS analysis, two-

dimensional GC approaches, e.g., GC×GC–TOFMS38 and heart-cut GC–GC–HRMS39 are 

helpful options. 

The enantiomeric ratio must be determined for chiral odor-active compounds, as the 

enantiomers may differ significantly in odor quality and/or OTC.4 If a reference compound is 

not commercially available, synthesis is required and the structure of the synthesized 

compound needs to be confirmed by nuclear magnetic resonance (NMR) spectroscopy. 

GC–O, in combination with AEDA, is useful to screen for odor-active compounds and assess 

their odor potency. However, it cannot clarify the contribution of a single odorant to the overall 

aroma of the analyzed food sample. This is because the odor-active compounds are fully 

evaporated during GC–O thus not considering their release behavior from the real food, and 

because interactions between odor-active compounds and matrix components as well as 

interactions between odor-active compounds during perception are not considered. In addition, 

losses during workup are not compensated. To substantiate the screening results from GC–O 

analyses, further experiments are required. 

The fourth step is the quantitation of the odor-active compounds, preferentially by using stable 

isotope dilution assays (SIDA)40 (Figure 3, Step 4, and Figure 7). In SIDA, stable isotopically 

substituted analogues of the target analytes, typically deuterated or 13C-substituted 

compounds, are used as internal standards. The standards are added to the food sample at 

the beginning of sample preparation. As the target analytes and their internal standards have 

almost the same chemical and physical properties, any loss of the target analytes during 

workup is compensated by the loss of their respective internal standards, leading to a constant 

concentration ratio of the target analytes and their internal standards. However, sufficient 

homogenization of the food sample and the internal standards until equilibrium is reached is 

required before the start of the workup. GC–MS is applied to determine the ratio of target 

analytes and their internal standards via collecting the peak areas of the analytes and the 

respective internal standards from the extracted ion chromatograms using appropriate 

quantifier ions in either CI mode or EI mode. CI mode is usually preferred because of the more 

intense signals of the molecular ions. Finally, the concentration of each odorant in the food 

sample is calculated from the peak area counts of the analyte, the peak area counts of the 

internal standard, the amount of food sample used in the workup, and the amount of internal 

standard added, by employing a calibration line equation. To obtain the calibration line 

equation, solutions of the analyte and the respective internal standard are mixed in different 

concentration ratios and analyzed under the same conditions followed by linear regression. 

 

Figure 7: SIDA (illustration: Martin Steinhaus, modified by Xingjie Wang) 
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The fifth step is the calculation of the odor activity value (OAV)41 (Figure 3, Step 5). For each 

odorant, an OAV is calculated as the ratio of the determined concentration in the food sample 

to the OTC determined in a matrix close to the food sample. OTCs are typically determined 

according to the American Society for Testing and Materials (ASTM) standard practice for 

determination of odor and taste thresholds by a forced-choice ascending concentration series 

method of limits.42 In general, odorants with an OAV ≥1 are potential contributors to the overall 

aroma of the food, while odorants with an OAV <1 normally do not contribute. 

The sixth step is aroma reconstitution (Figure 3, Step 6, and Figure 8). This experiment is 

conducted to verify that all odorants crucial for the overall aroma of the food sample are 

correctly identified and quantitated. The odor reconstitution model is prepared by adding all 

the odorants with an OAV ≥1 at their determined concentrations to an appropriate matrix. To 

adjust the model to the food sample, matrix components like water, oil, ethanol, and starch, as 

well as pH are typically considered. The odor reconstitution model is then orthonasally 

compared with the authentic food sample by trained assessors in a quantitative olfactory profile 

analysis. The odor reconstitution is considered successful if the odor profiles of the 

reconstitution model and the authentic food are in good agreement. 

 

Figure 8: Odor reconstitution (illustration: Xingjie Wang) 

The seventh and last step is the omission tests24 (Figure 3, Step 7). After successful odor 

reconstitution, this experiment is performed to eventually identify the key odorants in food. An 

incomplete odor reconstitution model with a single odorant omitted,43,44 or alternatively a group 

of odorants within a specific OAV range,29,43 or a group of odorants with close odor qualities,29,43 

is compared to the complete odor reconstitution model in a 3-alternative forced choice (3-AFC) 

test. If there is a significant difference between the incomplete model and the complete model, 

which is mathematically derived from a p-value <5%, the importance of the omitted odorant to 

the overall aroma is considered proven and the compound is regarded a key odorant in this 

food.  
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3.2 Wine Odorants 

Wine is a popular alcoholic beverage made from grape berries. According to the data from the 

International Organisation of Vine and Wine, the annual production volume of wine ranged 

from 248 to 295 million hectoliters between 2000 and 2022 (Figure 9), with an average of ~270 

million hectoliters. France, Italy, and Spain are the top three wine-producing countries in the 

world.45 Wines can be classified based on various factors such as color, sweetness (residual 

sugar content), carbonation level, and grape variety. 

 

Figure 9: The world production volume of wine from 2000 to 202245 

Aroma is one of the major drivers for the popularity of wine. Wine aroma is caused by volatile 

wine components. Over 1000 volatiles have been identified in wine;46-48 however, only a 

minority of them are odor-active and thus potentially important for wine aroma. The odorant 

composition can vary widely in different wines and additionally show substantial changes 

during storage and aging. Sometimes, even a minor change in an odorant’s concentration can 

substantially alter the wine’s aroma quality.49 The odorant composition of a wine depends on 

factors such as grape variety, grapevine age, ripeness of the grape berries, weather, vineyard 

condition, viticulture management, winemaking strategy as well as storage and aging 

conditions.50-53 The primary sources of wine odorants are the grape berries, the microbial 

metabolism during fermentation, and the aging processes. 

3.2.1 Odorants Originating from Grape Berries 

Grape berries do not have such a strong and complex aroma as wine. Nonetheless, many 

wine odorants and/or their precursors are already present in the grape berries and in the 

winemaking process are transferred to the must during crushing and maceration. Their 

concentrations are usually rather low; however, their impact on the overall aroma of wine must 

not be underestimated. Many of them contribute to the characteristic olfactory profile. Grape 

odorants important in wine include terpenoids, C13-norisoprenoids, thiols, and 

methoxypyrazines54 (Table 1, Figure 10). 

Terpenoids are biosynthesized in grapes from dimethyl allyl diphosphate and isopentenyl 

diphosphate, both of which originate in the mevalonic acid pathway and/or the methylerythritol 

phosphate pathway.55,56 Terpenoids are present in grapes in both, the free form and the 

glycosidically bound form.56,57 Terpenoid glycosides are common in grapes and usually show 

higher concentrations than the corresponding free forms.54,57,58 During winemaking, an 

additional portion of free terpenes are released from the glycosidically bound precursors by 

glycosidases of grape, yeast, or bacterial origin,49 or by acid-catalysis.54,59  
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Terpenoids crucial to wine aroma include monoterpenoids49,50,59,60 and sesquiterpenoids.50,61,62 

The most common monoterpenoid odorants in wine are the monoterpene alcohols linalool and 

geraniol (Table 1, Figure 10). The concentrations of linalool and geraniol in wines, especially 

in wines made from Muscat63,64 and other aromatic grapes,65-67 often exceed their OTCs of 

25.2 µg/L68 and 36 µg/L69, respectively. Cis-rose oxide is another important monoterpenoid 

odorant often present in wines made from aromatic grape varieties.70 Particularly in 

Gewürztraminer wine, it significantly contributes to the overall aroma.65,66 Wine lactone is an 

odorant reported in both Gewürztraminer and Scheurebe wines with a concentration of 0.10 

mg/L,65 and in Riesling wine with a concentration of 4.6 µg/L71; however, quantitative data in 

other wines are scarcely available.60 Other typical monoterpenoids like nerol (OTC 500 µg/L)72, 

β-citronellol (OTC 100 µg/L)65, and α-terpineol (OTC 250 µg/L)68 are also frequently detected 

in wine; however, their concentrations are often below their respective OTCs,63,64,67 indicating 

minor importance to wine aroma. Likewise, sesquiterpenes usually appear below the OTC.56 

Nearly 100 sesquiterpenes have been reported in grapes and wines. However, only rotundone 

has clearly demonstrated to contribute to wine aroma.73 This compound was first identified in 

Australian Shiraz wines to which it imparts the characteristic peppery aroma.61,62 

C13-norisoprenoids are degradation products of tetraterpenoid carotenoids.50,55,74 C13-

norisoprenoids have a megastigmane skeleton. They can be divided into two groups according 

to the presence or absence of an oxygen function in the lateral chain.74,75 Like with terpenoids, 

both free and glycosidically bound forms of C13-norisoprenoids have been found in grapes.54,76 

During fermentation, the glycosides are hydrolyzed by enzymes and acids, thus releasing the 

free C13-norisoprenoids.54,74 C13-norisoprenoid odorants appear in wine only in trace amounts, 

however, some of them show a substantial impact on wine aroma due to their comparably low 

OTCs54 (Table 1, Figure 10). β-Damascenone has been reported in wines of most grape 

varieties with concentrations exceeding its OTC.49,60,77 Even though its concentration 

substantially differs between different wines, there is no particular correlation with specific 

grape varieties.60,77 β-Ionone is an outstanding odorant given that nearly half of the population 

is unable to smell it.78,79 This compound seems to be more important to the aroma of red wine 

than to the aroma of white wine.60 Compared to β-damascenone and β-ionone, 1,1,6-trimethyl-

1,2-dihydronaphthalene (TDN) is not a widely detected odorant in wines. High concentrations 

are limited to Riesling wines and evoke the characteristic petrol-like note of such wines.80 TDN 

concentrations are usually higher in aged wines than in young wines.81,82 2-[(1E)-Buta-1,3-

dien-1-yl]-1,3,4-trimethylbenzene (TPB) is another odorant rather rarely detected in wine. It 

was first reported in several aged white wines made from Semillon, Chardonnay, and Riesling 

grapes. In these wines, it showed concentrations beyond its OTC of 40 ng/L as determined in 

a neutral white wine.83 A later study showed that it is characteristic for white wines, especially 

Semillon wines, and formed during aging.84 Its absence in red wine can be attributed to the 

presence of polyphenols.83,84 More C13-norisoprenoids have been reported in wine, however, 

their impact on wine aroma is yet unclear due to their low detection frequency and the lack of 

OTC data.  
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Table 1: Odor and OTC of important wine odorants originating from grape berries 

odorant CAS no. odora OTCb (µg/L) referencec 

linalool 78-70-6 citrusy, floral 25.2 68 

geraniol 106-24-1 rose-like, citrusy 36 69 

cis-rose oxide 16409-43-1 floral, rose-like 0.2 65 

wine lactone 182699-77-0 
coconut-like, dill-

like 
0.01 65 

rotundone 18374-76-0 
pepper-like, 

musty 
16 61 

β-damascenone 23726-93-4 cooked apple-like 0.05 65 

β-ionone 79-77-6 floral, violet-like 0.09 68 

TDN 30364-38-6 petrol-like 1.5 (model wine) 85 

   2.3 (Riesling wine) 85 

TPB 5732-00-3 
green, cut-grass-

like 
0.430 (model wine) 83 

   0.040 (white wine) 83 

4-methyl-4-
sulfanylpentan-2-

one (4-MSP) 
19872-52-7 blackcurrant-like 0.0008 86 

3-sulfanylhexan-1-
ol (3-SH) 

51755-83-0 grapefruit-like 0.060 86 

3-sulfanylhexyl 
acetate (3-SHA) 

136954-20-6 blackcurrant-like 0.0042 86 

2-methoxy-3-(2-
methylpropyl)pyrazi

ne (IBMP) 
24683-00-9 

earthy,  
bell pepper-like 

0.002 87 

2-methoxy-3-
(propan-2-

yl)pyrazine (IPMP) 
25773-40-4 earthy, pea-like 0.000318 (white wine) 88 

   0.001563 (aromatic wine) 88 

   0.001031 (red wine) 88 

2-methoxy-3-(1-
methylpropyl)pyrazi

ne (SBMP) 
24168-70-5 

bell pepper-like, 
earthy 

not found  

aThe odor of each odorant is taken from the Leibniz-LSB@TUM Odorant Database,20 except that of TPB, 
which was taken from reference (83). bOrthonasal odor threshold concentration. An OTC of SBMP 
determined in wine or model wine was not found in the literature. cReference from which the OTC value 
has been taken. The OTCs from the references were determined in different matrices, including 
synthetic wine (11% ethanol, v/v, 7 g/L glycerol, 5 g/L tartaric acid, pH adjusted to 3.4 with 1 M NaOH),68 
synthetic wine (10% ethanol, v/v, 5 g/L tartaric acid, pH 3.2),69 water/ethanol (90 + 10, w/w),65 a young 
(<12 months old) red wine,61 model wine (12.0% ethanol, v/v, 10 g/L tartaric acid, pH adjusted to 3.0 
using 1 N NaOH) and one-year-old Riesling wine (12.0% ethanol, 1.6 g/L residual sugar, 7.8 g/L 
titratable acidity, pH 3.1),85 model wine (unbuffered 10% aqueous ethanol) and a neutral dry white wine 
(Chenin Blanc, 11.5% ethanol, pH 3.5),83 synthetic wine (12% ethanol, v/v, 5 g/L tartaric acid, pH 
adjusted to 3.5),86 Australian white blended wine,87 and neutral white wine (Chardonnary wine), aromatic 
white wine (Gewürztraminar wine), and red wine blend.88  
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Figure 10: Chemical structures of important wine odorants originating from grape berries 

Thiols are another group of varietal volatiles originating from grape berries. Although many 

thiols have been detected in grapes and wines, the most widely reported and most potent 

odorants in this group are 4-MSP, 3-SH, and 3-SHA49,56,89-93 (Table 1, Figure 10). Their OTCs 

determined in synthetic wine amount to 0.8 ng/L, 60 ng/L, and 4.2 ng/L, respectively.86 4-MSP, 

3-SH, and 3-SHA play a vital role in shaping the aroma of wine from many grape varieties, 

particularly Sauvignon Blanc49,91 and Scheurebe wines.65 All three odorants were first reported 

in Sauvignon Blanc wines.94-96 Although the free form of 3-SH has been found in Sauvignon 

Blanc grape juices,97 4-MSP and 3-SH appear predominantly in the form of odorless precursors 

in grapes.49,54,91 In the winemaking process, free 4-MSP and 3-SH are released from their 

precursors, mainly by the yeast.49,56,91,93 The odorless precursors of 4-MSP and 3-SH are 

glutathione conjugates and cysteine conjugates, but also cysteinyl-glycine and γ-glutamyl-

cysteine conjugates.54,76,91,98,99 No such precursor has been reported for 3-SHA; it may thus be 

formed from 3-SH during fermentation by yeast.90 
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Methoxypyrazines also form an important group of odorants in grapes and wines. They are 

present in the free form in grape berries.100 Among the identified methoxypyrazines, IBMP, 

IPMP and SBMP are of particular importance to wine aroma54,56,92,100-102 (Table 1, Figure 10). 

For example, they are responsible for the green, vegetative, bell pepper-like notes of some 

Cabernet Sauvignon wines.50,103,104 Their OTCs determined in synthetic wine or real wine are 

very low. Even though present only in trace amounts in wine, their concentrations are 

frequently above the OTCs. Leucine, valine, and isoleucine are supposed to be the precursors 

of IBMP, IPMP, and SBMP, respectively. However, the related biosynthetic pathways in grapes 

have not been fully clarified. During winemaking, they directly enter into the must and wine.105 

It has been reported that the concentrations of IBMP and IPMP in the final wines were roughly 

at the same level as in the grapes and the grape juice.106,107 IBMP is the most abundant and 

thus shows the highest impact on wine aromas.88,93,102,104,108 Because its concentration 

decreases during grape ripening,103 its quantitation is used in the wine industry to decide the 

harvest time.109 As shown in Table 1, IPMP exhibits an even lower OTC in wine than IBMP. 

Even though its concentration is often lower than that of IBMP, it can play an important role in 

wine aroma. SBMP is less investigated, particularly no OTC in wine matrix is currently available 

in the literature. 

3.2.2 Odorants Originating from Microbial Metabolism during Fermentation 

Grape juice and wine largely differ in aroma, primarily due to the involvement of 

microorganisms during fermentation. The fermentation typically comprises alcoholic 

fermentation (AF) and malolactic fermentation (MLF). AF is essential to convert grapes into 

wine and predominated by Saccharomyces strains. The most widely used Saccharomyces 

species in the wine industry is S. cerevisiae.49,110,111 During AF, yeast does not only convert 

sugar into ethanol and carbon dioxide but also produces numerous fermentation by-products, 

including a wide variety of volatiles.49 MLF is optional and conducted by lactic acid bacteria, 

among which the most widely applied species is Oenococcus oeni.49,111-113 The aims of MLF 

are deacidification via converting dicarboxylic L-malic acid to monocarboxylic L-lactic acid and 

carbon dioxide,49,110,111,114,115 and further modification of the wine flavor beyond sour taste 

reduction.49,110,113-115 MLF can lead to the formation of odor-active volatiles, but also to the 

decrease of odorants previously formed during AF.49,114 In particular, MLF can reduce the 

green, vegetative aroma and enhance fruity and buttery aroma characters.111,114 Both AF and 

MLF involve the formation of odorants by hydrolysis of precursors.49,113-115 In general, the 

volatiles formed during fermentation constitute the largest percentage of the total volatile 

content in wine and also a majority of wine odorants originate in fermentation,48,116 among 

which are particularly carbonyl compounds, alcohols, acids, and esters (Table 2, Figure 11). 

Important odor-active carbonyl compounds originating in fermentation include acetaldehyde, 

butane-2,3-dione, and 3-hydroxybutan-2-one (Table 2, Figure 11). Acetaldehyde is mainly 

produced during AF as an intermediate of ethanol formation. Minor amounts can also be 

formed by lactic acid bacteria during MLF. Acetaldehyde can be further oxidized to acetic 

acid.49 Butane-2,3-dione is produced in both AF and MLF. However, the major portion 

originates in MLF as a metabolite of citric acid.49,113,114 It plays an important role in the buttery 

note of wine aroma.49,110,112-114 It can also act as an intermediate compound in the formation of 

3-hydroxybutan-2-one and subsequently butane-2,3-diol.49,113,114 3-Hydroxybutan-2-one is 
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another buttery smelling odorant; however, its OTC (155000 µg/L) is much higher than that of 

butane-2,3-dione (100 µg/L). 

Table 2: Odor and OTC of important wine odorants originating from microbial metabolism 

during fermentation 

odorant CAS no. odora OTCb (µg/L) referencec 

acetaldehyde 75-07-0 fresh, green 500 65 

butane-2,3-dione 431-03-8 buttery 100 65 

3-hydroxybutan-2-one 513-86-0 butter-like, carrot-like 155000 72 

2-methylpropan-1-ol 78-83-1 malty 40000 65 

2-methylbutan-1-ol 137-32-6 malty not found  

3-methylbutan-1-ol 123-51-3 malty 30000 65 

2-phenylethan-1-ol 60-12-8 floral, honey-like 14000 68 

3-(methylsulfanyl)propan-1-ol 505-10-2 cooked potato-like 1000 68 

acetic acid 64-19-7 vinegar-like 300000 69 

butanoic acid 107-92-6 sweaty 173 68 

2-methylpropanoic acid 79-31-2 sweaty, cheesy 2300 68 

3-methylbutanoic acid 503-74-2 sweaty 33.4 68 

hexanoic acid 142-62-1 sweaty 420 68 

octanoic acid 124-07-2 carrot-like, musty 500 68 

decanoic acid 334-48-5 soapy, musty 1000 68 

ethyl acetate 141-78-6 solvent-like 12300 69 

ethyl butanoate 105-54-4 fruity 125 117 

ethyl 2-methylpropanoate 97-62-1 fruity 15 68 

ethyl 2-methylbutanoate 7452-79-1 fruity 18 68 

ethyl 3-methylbutanoate 108-64-5 fruity, blueberry-like 3 68 

ethyl hexanoate 123-66-0 fruity, pineapple-like 14 68 

ethyl octanoate 106-32-1 fruity, green 5 68 

ethyl decanoate 110-38-3 soapy, pear-like 200 68 

2-methylpropyl acetate 110-19-0 fruity 1605 118 

3-methylbutyl acetate 123-92-2 banana-like, fruity 30 65 

2-phenylethyl acetate 103-45-7 honey-like, floral 250 65 

aThe odor of each odorant is taken from the Leibniz-LSB@TUM Odorant Database.20 bOrthonasal odor 
threshold concentration. An OTC of 2-methylbutan-1-ol determined in wine or model wine was not found 
in the literature. cReference from which the OTC value has been taken. The OTCs from the references 
were determined in different matrices, including water/ethanol (90 + 10, w/w),65 14% (v/v) ethanol 
solution adjusted to pH 3.5 with tartaric acid,72 synthetic wine (11% ethanol, v/v, 7 g/L glycerol, 5 g/L 
tartaric acid, pH adjusted to 3.4 with 1 M NaOH),68 synthetic wine (10% ethanol, v/v, 5 g/L tartaric acid, 
pH 3.2),69 10% water/ethanol mixture containing 5 g/L of tartaric acid at pH 3.2,117 and 10% 
hydroalcoholic solution at pH 3.2.118 
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Figure 11: Chemical structures of important wine odorants originating from microbial 

metabolism during fermentation 

Important odor-active alcohols originating in fermentation include 2-methylpropan-1-ol, 

2-methylbutan-1-ol, 3-methylbutan-1-ol, 2-phenylethan-1-ol, and 3-(methylsulfanyl)propan-1-

ol (Table 2 and Figure 11). These compounds are formed through the Ehrlich pathway from 

the respective amino acids valine, isoleucine, leucine, phenylalanine, and methionine during 
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AF.119 2-Phenylethan-1-ol is also formed from its glycoside precursor, but only in minor 

quantities.57,120-122 All of these alcohols are present in wine in comparably high concentrations, 

i.e., the mg/L level; especially 3-methylbutan-1-ol is often the most abundant odorant. Despite 

their role as being odorants themselves, these alcohols are also important precursors of the 

corresponding highly odor-active ethyl esters. Formally, also ethanol is to be mentioned here 

as it is the Ehrlich product of alanine; however, it is often considered a matrix component rather 

than a wine odorant. 

Important odor-active carboxylic acids originating in fermentation include acetic acid, butanoic 

acid, 2-methylpropanoic acid, 3-methylbutanoic acid, hexanoic acid, octanoic acid, and 

decanoic acid (Table 2 and Figure 11). Among them, the vinegar-like smelling acetic acid is 

the most abundant volatile acid in wine.49,50,104,123 The branched-chain carboxylic acids 

2-methylpropanoic acid and 3-methylbutanoic acid are the oxidation products of the respective 

Ehrlich aldehydes.114,119 Butanoic acid, hexanoic acid, octanoic acid, and decanoic acid are 

primarily produced in the fatty acid metabolism of yeast during AF.124 They directly contribute 

to wine aroma, but also serve as precursors in the formation of ethyl esters.111 

Esters are one of the most important odorant groups in wine, vitally contributing to the fruity 

and floral notes of wine aroma.49,51,114,116,123 The majority of wine esters are produced by yeast 

during AF.49,51,110 They are often divided into two subgroups, namely (1) ethyl esters of 

carboxylic acids and (2) acetates of higher alcohols. As detailed in Table 2 and Figure 11, 

important odor-active ethyl esters are ethyl butanoate, ethyl 2-methylpropanoate, ethyl 

2-methylbutanoate, ethyl 3-methylbutanoate, ethyl hexanoate, ethyl octanoate, and ethyl 

decanoate, and typical acetate esters in wine include 2-methylpropyl acetate, 3-methylbutyl 

acetate, and 2-phenylethyl acetate. Ethyl acetate is often also grouped into the acetate 

esters.59 It usually shows the highest concentration among the esters, thus corresponding to 

the high concentrations of its precursors ethanol and acetic acid.123 Banana-like, fruity smelling 

3-methylbutyl acetate is another ester with a particularly high concentration in wine.116 In 

general, the concentrations of acetate esters are typically higher than those of ethyl esters,51 

while the OTCs of the ethyl esters are substantially lower than those of the corresponding 

acetate esters (Table 2). 

3.2.3 Odorants Originating from Storage and Aging 

When the fermentation is completed, the wine is still not suitable for consumption. It needs 

storage and aging to improve the overall quality, including physical, chemical, and sensory 

qualities.125,126 During this period, the wine composition continuously changes due to ongoing 

chemical and biochemical reactions within this complex system.125,126 Depending on the 

aspired wine style, the selection of storage and aging conditions differ. Usually, there are two 

steps, namely an initial aging in a stainless steel tank or a wooden barrel (storage or maturation) 

and a final aging in the bottle.125,127 For producing high-quality wine, aging in oak barrels is still 

the most popular option,125 however, alternatives exist and include non-oak wood barrels like 

cherry and chestnut barrels,128-130 the use of stainless steel tanks with oak chips,131-133 and 

others.126,134  

During aging in oak barrels, the quality of wine is modified by two main mechanisms: (1) the 

permeability of the wood material allows oxygen to enter into the wine, resulting in a slow 

oxidation of wine components;125,126,135 (2) components of the oak barrel migrate into the 
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wine.125 Migration depends on oak species and origin (American or French oak),136-139 barrel 

production method including cooperage, seasoning,135,137 and toasting degree (light, medium 

or heavy),135,140,141 volume of the barrel,136 age of the barrel,135,136 wine aging time,135,138 etc. 

Important odorants originating in oak barrel aging include 4-ethylphenol, 4-vinylphenol, 

4-ethylguaiacol, 4-vinylguaiacol, 2-methoxyphenol, 2-methoxy-4-(prop-2-en-1-yl)phenol, 

4-hydroxy-3-methoxybenzaldehyde, 4-hydroxy-2,5-dimethylfuran-3(2H)-one, and whisky 

lactone (Table 3, Figure 12). These compounds are mainly formed during the production of the 

barrels. Whisky lactone, which shows a coconut-like smell, is one of the most important 

odorants extracted from oak barrels, especially the cis-isomer.48,104,125,135,136,142-144 It is derived 

from oak lipids,139 and mainly formed from the galloylglucoside, glucoside, or rutinoside of its 

open-ring form 3-methyl-4-hydroxyoctanoic acid142,144,145 via acid hydrolysis or pyrolysis. 

Whisky lactone has four stereoisomers. However, only two of them occur naturally in oak, 

namely the (4S,5S)-isomer (a cis-isomer) and the (4S,5R)-isomer (a trans-isomer).143,146 The 

phenolic odorants 4-ethylphenol, 4-vinylphenol, 4-ethylguaiacol, 4-vinylguaiacol, 

2-methoxyphenol, 2-methoxy-4-(prop-2-en-1-yl)phenol, and 4-hydroxy-3-methoxy-

benzaldehyde are derived from lignin and polyphenols during toasting.135,139,147,148 Furanone 

compounds, including the caramel-like smelling 4-hydroxy-2,5-dimethylfuran-3(2H)-one, are 

formed through the thermal degradation of carbohydrates.135,139,147  

If the wine has a pronounced horse stable-like, medicinal, or phenolic off-flavor, it may be 

caused by elevated concentrations of 4-ethylphenol (OTC 620 µg/L) and 4-ethylguaiacol (OTC 

140 µg/L) formed in the course of a microbiological contamination with Dekkera (formerly 

Brettanomyces) yeast. This species is able to produce substantial amounts of 4-ethylphenol 

and 4-ethylguaiacol from hydroxycinnamic acids (ferulic, p-coumaric, caffeic, and sinapic 

acids).149,150 

The second stage of wine aging happens in the bottle. Bottle aging is also influenced by many 

factors, such as temperature,127,151 bottle orientation (vertical or horizontal),127,151,152 

closure,127,152-154 humidity,127 and aging time.151 In contrast to the oak barrels, glass bottles are 

chemically inert, thus migration of vessel components into the wine is not an issue. However, 

minor amounts of oxygen can still reach the wine through the closure,127 leaving the 

microenvironment in wine, however, basically reductive. The oxygen transfer through the 

closure varies considerably depending on the material the stoppers are made of.127,155 

Important odor-active compounds originating in bottle aging of wine include strecker aldehydes 

such as 2-methylpropanal, 2-methylbutanal, 3-methylbutanal, phenylacetaldehyde, and 

3-(methylsulfanyl)propanal (Table 3, Figure 12). They are formed via the degradation of the 

respective amino acids valine, isoleucine, leucine, phenylalanine, and methionine, or via 

oxidation of the respective alcohols, which are generally present in a high concentrations in 

wine (cf. Table 2).155,156 The concentration of the aldehydes may increase with aging time.157 

Compared to the alcohols, the aldehydes have much lower OTCs, thus even a minor change 

in their concentrations can have a substantial effect on the aroma of wine. Among them, 

phenylacetaldehyde and 3-(methylsulfanyl)propanal are the most potent odorants owing to 

their low OTCs138,157-160 (Table 3). Sotolon is another frequently detected odorant related to 

oxidation; it is a product of the degradation of ascorbic acid and α-ketobutyric acid.161 
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Table 3: Odor and OTC of important wine odorants originating from oak barrel and bottle aging 

odorant CAS no. odora OTCb (µg/L) referencec 

4-ethylphenol 123-07-9 phenolic 620 149 

4-vinylphenol 2628-17-3 phenolic, earthy 770 162 

4-ethylguaiacol 2785-89-9 smoky, gammon-like 140 149 

4-vinylguaiacol 7786-61-0 smoky, clove-like 440 162 

2-methoxyphenol 90-05-1 smoky, gammon-like 9.5 68 

2-methoxy-4- 
(prop-2-en-1-yl)phenol 

97-53-0 clove-like 6 68 

4-hydroxy-3-
methoxybenzaldehyde 

121-33-5 vanilla-like, sweet 60 163 

4-hydroxy-2,5-
dimethylfuran-3(2H)-one 

3658-77-3 caramel-like 5 118 

cis-whisky lactone 147254-32-8 coconut-like 35 164 

trans-whisky lactone 39638-67-0 coconut-like 122 164 

2-methylpropanal 78-84-2 malty 6.0 157 

2-methylbutanal 96-17-3 malty 16 157 

3-methylbutanal 590-86-3 malty 4.6 157 

phenylacetaldehyde 122-78-1 floral, honey-like 1 157 

3-(methylsulfanyl)propanal 3268-49-3 cooked potato-like 0.5 165 

sotolon 28664-35-9 
fenugreek-like, lovage-

like 
15 166 

hydrogen sulfide 7783-06-4 rotten egg-like 1.1–1.6 167 

dimethyl sulfide 75-18-3 cooked asparagus-like 25 168 

(furan-2-yl)methanethiol 98-02-2 sulfuric, cabbage-like 0.0004 169 

phenylmethanethiol 100-53-8 sulfuric, burned 0.0003 170 

aThe odor of each odorant is taken from the Leibniz-LSB@TUM Odorant Database.20 bOrthonasal odor 
threshold concentration. cReference from which the OTC value has been taken. The OTCs from the 
references were determined in different matrices, including red wine,149 white wine,162 synthetic wine 
(11% ethanol, v/v, 7 g/L glycerol, 5 g/L tartaric acid, pH adjusted to 3.4 with 1 M NaOH),68 10% 
water/ethanol mixture containing 5 g/L of tartaric acid at pH 3.2,163 10% hydroalcoholic solution at pH 
3.2,118 14% (v/v) ethanol/water,164 10% water/ethanol solution containing 5 g/L tartaric acid and pH 
adjusted to 3.2,157 synthetic wine (11% ethanol, v/v, 5 g/L tartaric acid, 7 g/L glycerin, pH 3.4),165 white 
wine,166 red wine and white wine,167 white wine,168 synthetic wine (12% ethanol, v/v, 8 g/L glycerol, and 
different salts),169 and model hydroalcoholic solution with 12% (v/v) ethanol, 5 g/L tartaric acid, pH 3.5.170 

Wine after bottle aging may have an unpleasant “reductive” aroma for which rotten egg-like 

smelling hydrogen sulfide (H2S) is held responsible.127,171 The production of H2S may relate to 

the SO2 addition during winemaking and storage or to specific precursors in wine.155 H2S can 

also act as an intermediate in the generation of other odorants. For example, the roasted 

coffee-like smelling 2-furanmethanethiol can be formed through the reaction between H2S and 

furan-2-carbaldehyde.172 Furan-2-carbaldehyde originates in oak wood,147 however, its 

concentration is usually below its OTC.68 Similarly, smoky smelling phenylmethanethiol is 

supposed to be formed from the reaction between H2S and benzaldehyde.170 Another crucial 

sulfury odorant in aged wine is dimethyl sulfide. It may be generated from the precursor 

dimethyl sulfoxide by reduction.173 
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Figure 12: Chemical structures of important wine odorants originating from oak barrel and 

bottle aging 

Although the inert bottle material does not provide a source of odorants in wine, the stopper 

material may do so. Wines may show the cork taint off-flavor when using contaminated 

stoppers. 1,3,5-Trichloro-2-methoxybenzene has been identified as the odorant responsible 

for this unpleasant aroma note.174 Its formation can occur at any time during stopper processing, 

from the forest to shipping. Finally, the compound can migrate from natural cork stoppers into 

the wine during bottle aging.175 

3.2.4 Molecular Background of Lychee Aroma in Wine 

The descriptors used for drawing a picture of wine aroma can be roughly divided into two 

groups: rather general ones, like fruity, floral, and woody; and more specific terms, like rosy, 

apple-like, and coffee-like. The latter require that the specific aroma can be clearly recognized. 

Lychee (or litchi) is a specific term used in the description of wine aroma. Until now, a lychee 

note has only been reported in wines made from a few grape varieties, particularly those made 

from Gewürztraminer grapes.66,67,176,177 A previous study investigated the similarity of 

Gewürztraminer wine, fresh lychees, and canned lychees by comparative GC–O analysis.66 

Twelve odorants (cis-rose oxide, ethyl hexanoate/isohexanoate, β-damascenone, linalool, 

ethyl 2-methylpropanoate, geraniol, ethyl 2-methylbutanoate, 2-phenylethan-1-ol, 4-hydroxy-

2,5-dimethylfuran-3(2H)-one, 4-hydroxy-3-methoxybenzaldehyde, citronellol, and 
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2-phenylethyl acetate) were common to all the three samples. The authors concluded that 

these twelve odorants contributed to the lychee note of the Gewürztraminer wine. Quantitation 

and OAV calculation revealed that the concentrations of cis-rose oxide, β-damascenone, ethyl 

2-methylpropanoate, linalool, and geraniol were beyond their OTCs in the three samples. Thus, 

among the twelve odorants, these five compounds were considered to be particularly important 

for the lychee note.66 In any case, it seemed obvious that the lychee note in Gewürztraminer 

wines is not due to a single compound but generated by the combination of odorants. Four of 

the five odorants typically originate from grapes, as detailed before. Among them, cis-rose 

oxide showed the highest OAV. Another study investigated the impact of individual odorants 

in Gewürztraminer wine by omission experiments. Data revealed that the absence of cis-rose 

oxide most significantly decreased the similarity between the odor reconstitution model and 

the original Gewürztraminer wine.65 Thus, its importance to Gewürztraminer wine was evident. 

In fact, cis-rose oxide is commonly detected in various lychee cultivars;178 even though the 

concentration is not high, its OAV is consistently among the highest, not only in fresh lychee 

juice,179-182 but also in heat-sterilized lychee juice182 and modified lychee juice (with adjustment 

of sugar, acid, pH, amino acid or SO2 levels) for fermentation,183-188 indicating its importance to 

lychee flavor. 

Actually, cis-rose oxide appeared to be the only odorant commonly associated with a lychee 

aroma note in wine.59,60,92,93,189 At harvest, its concentration in Gewürztraminer grape berries is 

already beyond the OTC,190 however, it also depends on the harvest time. A study found that 

its concentration in the final wine significantly increased from normal to late harvest and 

furthermore from late to ice harvest.189 

The metabolic pathway leading to cis-rose oxide in grape berries was investigated by in vivo-

feeding experiments. Results showed that deuterated geraniol spiked into the mesocarp of 

ripening grape berries of Vitis vinifera L. Scheurebe generated deuterated cis- and trans-rose 

oxides via a series of transformations. The stereoselective reduction of geraniol produced (S)-

citronellol, the key intermediate product, and further cyclization of (S)-citronellol finally 

generated the rose oxides.55,191 

The rose oxide structure includes two stereocenters resulting in four stereoisomers, among 

which the (2R,4S)- and (2S,4R)-isomers are the cis-rose oxides and the (2S,4S)- and (2R,4R)-

isomers are the trans-rose oxides (Table 4, Figure 13). Cis-rose oxides have been more 

frequently mentioned as grape and wine constituents than the trans-isomers, especially in 

Muscat and aromatic grape varieties and wines made thereof.60,70,192-194 Currently, OTCs of 

cis-rose oxide of unknown enantiomeric composition are available and amount to 0.1 µg/L in 

water66 and 0.2 µg/L in wine matrix.65 However, individual OTCs of the four stereoisomers in 

grape or wine matrix have not been published. Nevertheless, information in the literature 

indicates that the odor potencies of the stereoisomers substantially differ. The odor potency of 

the (2S,4R)-isomer is reported to be the highest, followed by that of the (2R,4S)-isomer, 

whereas the two trans-rose oxides are less potent.195 In line with this, a recent publication 

reported OTCs in hydroalcoholic solution of 0.5 µg/L for the most potent (2S,4R)-isomer, 50 

µg/L for the second most potent, but already 100 times less potent (2R,4S)-isomer, and OTCs 

of 80 µg/L and 160 µg/L for the least potent (2S,4S)- and (2R,4R)-isomers, respectively.196 The 

odor descriptions of the four stereoisomers, however, are very similar. All of them were 

assigned green, geranium-type odors by Wüst and Mosandl.195 In another study, the odor of 
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the (2S,4R)-isomer was described as floral and green, the odor of the (2R,4S)-isomer as herbal, 

green, and floral, the odor of the (2S,4S)-isomer as herbal, green, and floral, and the odor of 

the (2R,4R)-isomer as floral and green.196 

Table 4: Odors and OTCs of rose oxide stereoisomers 

stereoisomer CAS no. odor OTCa (µg/L) referenceb 

2R,4R 876-18-6 floral, green 160 196 

2R,4S 4610-11-1 herbal, green, floral 50 196 

2S,4R 876-17-5 floral, green 0.5 196 

2S,4S 5258-10-6 herbal, green, floral 80 196 

aOrthonasal odor threshold concentration. bThe OTCs from the reference were determined in a 
hydroalcoholic solution (10 µL of ethanol and 20 mL water).196 

Given the differences in the OTCs, the enantiomeric distribution of the cis-rose oxides is vitally 

important to assess their odor impact, e.g., in wine. Helmut Guth reported an enantiomeric 

distribution of 70% (2S,4R)-isomer and 30% (2R,4S)-isomer in Gewürztraminer wine.197 

Further studies found different ratios among wines with percentages of the (2S,4R)-isomer of 

58–76% in Gewürztraminer wine, 43–70% in Muscat wines, and 38–41% in Silvaner wines.70 

It is, however, yet unknown, how the different enantiomeric ratios of cis-rose oxide impact the 

typical lychee note in wine. 

    

(2R,4R)-Rose oxide (2R,4S)-Rose oxide (2S,4R)-Rose oxide (2S,4S)-Rose oxide 

Figure 13: Chemical structures of rose oxide stereoisomers 

A booklet published by the State Institute of Viticulture Freiburg, Germany, assigns a lychee 

aroma also to wine made from Vitis vinifera L. ‘Muscaris’ grapes. Muscaris is a relatively new 

fungus-resistant grape variety with an intensive aroma and good resistance to downy mildew, 

powdery mildew, and botrytis. It was bred at the State Institute of Viticulture Freiburg in 1987 

from the mother variety Solaris and the father variety Gelber Muskateller, also known as 

Muscat à petits grains blancs.198,199 The breeding aim was to combine the advantages of both 

grape varieties, i.e., the disease tolerance and environmental adaptability of Solaris and the 

intense aroma of Gelber Muskateller. Muscaris is early-ripening with green berries even at high 

must weights. It is particularly suitable for producing dessert wine due to its high sugar level, 

but it can also be used for dry wine as long as the grape berries are harvested at a certain 

controlled sugar level.199 As a promising variety, the cultivation area of the Muscaris grape 

increased in recent years, reaching 117 ha in Germany in 2022.200 

To date, there are only a few studies on the aroma of this new grape variety. In wine from 

Muscaris grapes numerous volatiles have been reported, including four of the five important 

lychee-related odorants, i.e., cis-rose oxide, β-damascenone, ethyl 2-methylpropanoate, and 

linalool. The exception is geraniol. Its concentration might have been too low to be detected in 
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the studied Muscaris wine.201,202 Nevertheless, there is no information available about the 

crucial aroma components of Muscaris grape berries. Only some phenolic volatiles, including 

4-vinylphenol, 4-vinylguaiacol, 4-hydroxy-3-methoxybenzaldehyde, 4-hydroxy-3,5-dimethoxy-

benzaldehyde, and 4-hydroxy-3-ethoxybenzaldehyde, have been identified in Muscaris grape; 

their aroma impact, however, is unclear.203 

3.2.5 Comparison of Odorants between Wine and Beer 

In addition to wine, beer is another popular alcoholic drink worldwide. Between 2000 and 2022, 

its average annual production volume was 1.78 billion hectoliters, with 1.89 billion hectoliters 

in 2022 (Figure 14).204 Thus, the production volume of beer is ~7 times higher than that of wine. 

Beer and wine are both fermentative products. However, the basic raw materials used are 

different, i.e., malt, hop, and water for beer, and grape for wine. Moreover, the whole production 

chains in beer and wine making are substantially different. In addition, beer usually requires 

less maturation time. Consequently, it is not surprising that the aroma of beer is different from 

the aroma of wine. 

Comparable to wine, the raw material has a major impact on the aroma of the final product. 

Next to the raw material, i.e., malt205 and hops,206 also brewing parameters such as top 

fermentation or bottom fermentation,207 and hopping time208 lead to beers with different aroma 

styles. Moreover, odorant concentrations also differ between fresh and aged beer.209 In 

summary, beer odorants mainly originate from the malt, the hops, the microbial metabolism 

during fermentation, and the aging processes. 

 

Figure 14: The world production volume of beer from 2000 to 2022204(citation) 

Even though there is a large number of publications on beer aroma, the malt-derived odorants 

in beer are barely clarified.36 However, it has been shown that different malts lead to different 

concentrations of some odorants in beer. For example, the concentration of 4-hydroxy-2,5-

dimethylfuran-3(2H)-one in dark larger beer produced with roasted malt was much higher than 

in pale lager beer; the result suggested that part of this odorant was directly transferred from 

the malt used.205 Phenolic compounds 4-vinylphenol210 and 4-vinylguaiacol,205,210 were 

identified as odorants responsible for the characteristic clove-like aroma211 of beer made with 

Bavarian wheat malt (≥50%). Moreover, 4-vinylguaiacol was also proposed to contribute to the 

clove-like aroma of Tsingtao wheat beers.212 4-Ethylphenol, 4-vinylphenol, 4-ethylguaiacol, 

4-vinylguaiacol, and 4-hydroxy-3-methoxybenzaldehyde were found to play an important role 

in the aroma of fresh Belgian specialty beers produced with different roasted malts.213 Phenolic 

odorants can also influence wine aroma if wood materials are involved in aging, while their 

concentrations originating from grapes are small. 
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Beer odorants derived from hops include terpenoids, thiols, and esters. The most 

representative odorants are the monoterpene alcohols linalool206,208,214-217 and 

geraniol,206,208,215-217 and the thiol 4-MSP.216,218 Other terpenes and terpenoids like 

myrcene,208,217 nerol, geranyl acetate, and α-terpineol,215,216,219 and esters of branched-chain 

carboxylic acids like methyl 2-methylbutanoate, propyl 2-methylbutanoate,208 ethyl 

3-methylbutanoate,206 ethyl 2-methylpropanoate, and ethyl 2-methylbutanoate206,208 were also 

identified as odorants in some beers. In wine, odorant terpenoids and thiols also originate from 

the raw material, the grape berries, while the ethyl esters are produced mainly during 

fermentation; nevertheless, methyl and propyl esters known in beer are scarcely reported as 

wine odorants. 

Beer odorants originating from yeast metabolism during fermentation are similar to those 

produced during wine fermentation. They also contribute most to the total number of odorants 

in beer. Crucial beer odorants formed in the fermentation step include acetic acid, phenylacetic 

acid, 3-methylbutan-1-ol, 2-phenylethan-1-ol, 3-(methylsulfanyl)propan-1-ol, ethyl hexanoate, 

ethyl 2-methylbutanoate,36,220 ethyl octanoate, ethyl butanoate, and acetaldehyde.221 

Similar to wine, in beer strecker aldehydes (2-methylpropanal, 2-methylbutanal, 

3-methylbutanal, phenylacetaldehyde, and 3-(methylsulfanyl)propanal) constitute an important 

group of odorants related to aging. They can contribute to the stale character of beer.222-224 

During storage or on the shelf, beer may generate a skunky aroma, predominantly caused by 

the light-induced formation of 3-methylbut-2-ene-1-thiol.222,225 It is noteworthy that this 

compound is not a common odorant in wine.226 

Given that in both beer and wine the majority of important odorants are formed during 

fermentation from microbial metabolism, the question arises, which compounds actually 

account for the aroma difference between beer and wine. The fact that substantial aroma 

differences are also present within beers of different styles and within wines of different styles, 

makes this question even more difficult to answer. To simplify the task, an option could be to 

only consider odorants that are commonly found in either beer or wine. Odorants typically 

related to highly specific raw materials or very special processing methods could be excluded. 

For example, the petrol-like smelling TDN is a grape-derived odorant in wine71,80 made with 

Riesling grapes, but generally absent in beer. A petrol-like note would thus push the aroma 

recognition to wine-like, despite the fact that this note is also absent from all non-Riesling wines. 

Likewise, the coconut-like smelling cis-whisky lactone is a characteristic odorant in wine aged 

in the oak barrel,163,227 but also absent from beer and all wines not aged in oak barrels.  

In 2010, Vicente Ferreira characterized 27 wine volatiles present in odor-active amounts in 

more or less all different kinds of wine as “the base of wine aroma”. All of them are products 

of the fermentation and were subdivided into fusel alcohols (2-methylpropan-1-ol, 

3-methylbutan-1-ol, hexan-1-ol, 2-phenylethan-1-ol, 3-(methylsulfanyl)propan-1-ol), straight-

chain acids (acetic acid, butanoic acid, hexanoic acid, octanoic acid, decanoic acid), isoacids 

(2-methylpropanoic acid, 2-methylbutanoic acid, 3-methylbutanoic acid), straight-chain acid 

ethyl esters (ethyl acetate, ethyl butanoate, ethyl hexanoate, ethyl octanoate, ethyl decanoate), 

fusel alcohol acetates (2-methylpropyl acetate, 3-methylbutyl acetate, 2-phenylethyl acetate), 

isoacid ethyl esters (ethyl 2-methylpropanoate, ethyl 2-methylbutanoate, ethyl 

3-methylbutanoate), and miscellaneous compounds (ethanol, butane-2,3-dione, 

acetaldehyde).228 Later, “aroma base” was coined for these group of compounds.229-233 By 
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spiking the aroma base with additional odorants, any type of specialty wine aroma can be 

created. For example, to create a red wine model with a woody aroma, whisky lactone, 

2-methoxyphenol, 2-methoxy-4-(prop-2-en-1-yl)phenol, 4-hydroxy-3-methoxybenzaldehyde, 

and 4-hydroxy-2,5-dimethylfuran-3(2H)-one need to be added.229,231,232 

The sensory impression of the wine aroma base created with 27 crucial odorants was 

described as “vinous,” “slightly sweet, pungent, alcoholic and a little bit fruity.”228 Unfortunately, 

the concentrations of the individual compounds were not provided, making it impossible to 

double-check the aroma profile of the wine aroma base. Moreover, as far as we know, there 

is currently no report on a comparable set of odorants that would define the aroma base of 

beer.  
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4 Objectives 

A pleasant aroma is a major quality attribute of wines. A lychee aroma note in wine is 

particularly appreciated, but limited to a few grape varieties. Among these is the relatively new 

and promising fungus-resistant Muscaris variety bred from Solaris as the mother and Gelber 

Muskateller as the father. Given the lack of information in the literature, the first part of the 

study aimed to 1) investigate the major odorants in Muscaris grapes, 2) compare them with 

the odorants in Muskateller grapes, and 3) decipher the molecular background of the lychee 

note in the aroma of the Muscaris grapes. 

The second part of the study was focused on the aroma difference between beer and wine. In 

wine, a certain set of odorants has been suggested to form what was called the aroma base. 

However, no concentration data on individual compounds were available to allow sensory 

verification and the concept had not been applied to beer at all. Thus, the aims of this part 

were to 1) perform a literature-based meta-analysis on the occurrence and concentrations of 

odorants in both beer and wine, 2) establish beer and wine aroma base models based on the 

literature data that reflect their basic olfactory difference, and 3) identify the odorant group(s) 

responsible for the aroma differences between the beer and wine aroma base models through 

sensory analyses using concentration leveling tests. 
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5 Results and Discussion 

This thesis is a publication-based dissertation. Data were summarized in two articles published 

in an international scientific peer-reviewed journal. For each article, a copy of the original 

publication, a summary including the individual contributions of the authors, and the reprint 

permission of the publisher are included in the appendix. 

5.1 Characterization of Odorants Responsible for the Lychee Aroma of 

Vitis vinifera L. ‘Muscaris’ 

5.1.1 Odorant Screening 

Odorant screening was in parallel applied to Muscaris grapes and grapes of its father variety, 

Muskateller. Fresh, ripe, and uninjured grape berries were crushed by hand using a spoon and 

a kitchen sieve without breaking the seeds. The volatiles were isolated by extraction with 

dichloromethane followed by aSAFE26 at 40 °C and concentrated to a final volume of 1 mL 

using a Vigreux column and a Bemelmans microdistillation device.30 The concentrates were 

subjected to GC–O analysis in combination with cAEDA.  

The screening results showed 39 odor-active compounds in Muscaris grapes, 35 of which were 

also present in Muskateller grapes. The FD factors of the 39 Muscaris grape odorants ranged 

from 1 to 32768 and the FD factors of the 35 Muskateller grape odorants ranged from 1 to 

8192 (Table 5). Preliminary structure assignments were achieved by comparing the RIs of the 

grape odorants on two GC columns with different polarity (DB-FFAP and DB-5) together with 

the associated odor descriptions to data compiled in the Leibniz-LSB@TUM Odorant 

Database.20 The structure proposals were confirmed by GC–O and GC–MS analysis of 

authentic reference compounds. To minimize coelution problems, a comprehensive two-

dimensional GC×GC–MS instrument was employed. For enantiomeric assignments of chiral 

odorants, two chiral GC columns (BGB-174E and BGB-176) with differently substituted 

β-cyclodextrins were used. To clarify the elution order, an enantiomeric mixture and at least 

one individual enantiomer were analyzed under equal conditions. 

Ultimately, the structures of 38 odorants were successfully assigned using this approach, only 

compound 33 remained unknown. Among the odorants identified in Muscaris grapes, only 

vanilla-like smelling 4-hydroxy-3-methoxybenzaldehyde (vanillin; 39) had previously been 

reported;203 all other compounds were reported for the first time in this grape variety.  
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Table 5: Odorants in the volatile isolates obtained from Muscaris and Muskateller grapes 

no. odoranta odorb 
RIc  FD factord  

FFAP DB-5  Muscaris Muskateller  

1 butane-2,3-dione butter 969 591  8 16  

2 hexanal green, grassy 1079 800  16 64  

3 (3E)-hex-3-enal green, grassy 1134 800  4 4  

4 (3Z)-hex-3-enal grassy, green 1139 802  128 256  

5 heptanal fatty, green 1180 900  32 16  

6 2-/3-methylbutan-1-olg malty 1200 735/738  1 2  

7 (2E)-hex-2-enal green apple 1214 848  4 16  

8 oct-1-en-3-one mushroom 1295 981  16 32  

9 2-acetyl-1-pyrrolinee popcorn, roasted 1331 918  32 16  

10 (2S,4R)-rose oxidef floral, lychee 1343 1111  64 64  

11 2,4,5-trimethyl-1,3-thiazolee roasted, earthy 1371 1000  64 64  

12 acetic acid vinegar 1447 613  8 2  

13 3-(methylsulfanyl)propanale cooked potato 1453 904  512 2048  

14 (3R)-citronellalf citrusy, soapy 1469 1151  16 16  

15 decanal citrusy, soapy 1492 1210  8 16  

16 2-methoxy-3-(2-methylpropyl)pyrazinee bell pepper 1517 1180  8 <1  

17 (2E)-non-2-enal  fatty 1528 1159  32 8  

18 (3R)-/(3S)-linaloolf,g citrusy, floral 1542 1100  64 512  

19 (2E,6Z)-nona-2,6-dienal cucumber 1579 1152  32 32  

20 undecanal citrusy, soapy 1598 1308  4 2  

21 phenylacetaldehyde floral, honey 1640 1038  128 256  

22 2-/3-methylbutanoic acidg sweaty 1662 855/866  8 4  

23 3-methylnonane-2,4-dionee hay, anise, fishy 1700 1243  32 16  

24 (3S)-β-citronellolf soapy, rose 1760 1233  64 8  

25 (E)-β-damascenonee cooked apple 1813 1390  16 32  

26 geraniol floral, rose 1844 1262  32768 8192  

27 2-methoxyphenole smoky 1860 1088  8 8  

28 2-phenylethan-1-ol honey, floral 1908 1117  4 2  

29 β-ionone floral, violet 1932 1488  8 16  

30 trans-4,5-epoxy-(2E)-dec-2-enale metallic 2006 1380  32 16  

31 4-hydroxy-2,5-dimethylfuran-3(2H)-onee  caramel 2035 1072  2 1  

32 octanoic acid sour, musty 2058 1185  4 4  

33 unknown fresh, herb, licorice 2139 1368  4 1  

34 2-methoxy-4-(prop-2-en-1-yl)phenol clove 2162 1358  128 <1  

35 4-ethylphenol phenolic 2175 1169  4 <1  

36 sotolone fenugreek 2198 1110  32 16  

37 undecanoic acid soapy, oily 2371 1471  16 4  

38 phenylacetic acide floral, honey 2567 1261  1 <1  

39 4-hydroxy-3-methoxybenzaldehyde  vanilla 2576 1400  4 4  

aOdorants showing an FD factor of ≥1 in either of the two samples; odorants were identified by comparing the 
retention indices on two columns of different polarity (DB-FFAP, DB-5), the mass spectra obtained by GC–MS as 
well as the odor quality as perceived at the sniffing port during GC–O to data obtained from authentic reference 
compounds analyzed under equal conditions. bOdor as perceived at the sniffing port during GC–O. cRetention index; 
calculated from the retention time of the odorant and the retention times of adjacent n-alkanes by linear interpolation. 
dFlavor dilution factor; dilution factor of the highest diluted grape volatile isolate in which the odorant was detected 
during GC–O by any of three assessors. eAn unequivocal mass spectrum of the compound could not be obtained; 
identification was based on the remaining criteria detailed in footnote a and by spiking experiments using GC–
O/FID. fOdor-active enantiomers as identified by analysis of the volatile isolates using GC–O/FID in combination 
with a chiral column. gThe compounds were not separated on the column used for AEDA; the FD factor refers to 
the mixture.  
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Among the odorants identified in Muscaris grapes, floral, rose-like smelling geraniol (26) 

showed the highest FD factor of 32768. With 8192, geraniol also showed the highest FD factor 

among the Muskateller grape odorants. Nineteen odorants were detected with FD factors ≥32 

in at least one of the two samples. Twelve of them showed rather similar FD factors in both 

grape varieties, including green, grassy smelling (3Z)-hex-3-enal (4; FD factors 128 and 256), 

floral, honey-like smelling phenylacetaldehyde (21; FD factors 128 and 256), floral, lychee-like 

smelling (2S,4R)-rose oxide (10; FD factors 64 and 64), roasted, earthy smelling 2,4,5-

trimethyl-1,3-thiazole (11; FD factors 64 and 64), cucumber-like smelling (2E,6Z)-nona-2,6-

dienal (19; FD factors 32 and 32), fatty, green smelling heptanal (5; FD factors 32 and 16), 

popcorn-like, roasted smelling 2-acetyl-1-pyrroline (9; FD factors 32 and 16), hay-, anise-like, 

and fishy smelling 3-methylnonane-2,4-dione (23; FD factors 32 and 16), metallic smelling 

trans-4,5-epoxy-(2E)-dec-2-enal (30; FD factors 32 and 16), fenugreek-like smelling sotolon 

(36; FD factors 32 and 16), mushroom-like smelling oct-1-en-3-one (8; FD factors 16 and 32), 

and cooked apple-like smelling (E)-β-damascenone (25; FD factors 16 and 32). Four of the 

odorants with FD factors ≥32 in at least one of the two samples had higher FD factors in 

Muscaris grapes, namely geraniol (26; floral, rose-like; FD factors 32768 and 8192), 

2-methoxy-4-(prop-2-en-1-yl)phenol (34; clove-like; FD factors 128 and <1), (3S)-β-citronellol 

(24; soapy, rose-like; FD factors 64 and 8), and (2E)-non-2-enal (17; fatty; FD factors 32 and 

8). The remaining three odorants of the nineteen odor-active compounds with FD factors ≥32 

in at least one of the two samples showed higher FD factors in Muskateller grapes. These 

compounds were cooked potato-like smelling 3-(methylsulfanyl)propanal (13; FD factors 512 

and 2048), citrusy, floral smelling (3R)-linalool and (3S)-linalool (18; FD factors 64 and 512) 

and green, grassy smelling hexanal (2; FD factors 16 and 64). In summary, the odorant 

compositions and their assigned FD factors were quite similar in both grape varieties, reflecting 

the close genetic relation of Muscaris and Muskateller grapes. Among these odorants, the 

monoterpenoids cis-rose oxide, linalool, and geraniol are considered highly characteristic for 

Muskateller grapes. Their biosynthetic formation pathways in grapes have previously been 

published.55 

5.1.2 Quantitation and OAV Calculation 

The odorants selected for quantitation included those with FD factors ≥32 in at least one of the 

two grape samples (c.f. Table 5). Odorants with green and grassy notes were additionally 

included even if their FD factors were lower. In total, twenty odorants were quantitated in both 

grape varieties by GC–MS using stable isotopically substituted analogues of the target 

odorants as internal standards. Isotopologues were not available for (3E)-hex-3-enal (3) and 

2-methoxy-4-(prop-2-en-1-yl)phenol (34), thus, the deuterated isotopologues of (3Z)-hex-3-

enal (4) and 2-methoxy-4-[(1E)-prop-1-en-1-yl]phenol were used as internal standards. Since 

the screening and structure assignment steps required a considerable amount of time, fresh 

grapes were not available anymore when carrying out the quantitations. Instead, grape berries 

of the same batch which had been shock-frozen with liquid nitrogen and stored in vacuum-

sealed bags at −20 °C were used for most of the odorant quantitations. However, two crucial 

odorants originating from the lipoxygenase pathway,234 namely (3Z)-hex-3-enal (4) and (3E)-

hex-3-enal (3), were quantitated beforehand in the fresh grape berries, because it had been 

reported that their concentrations can substantially differ between fresh and frozen-thawed 

plant material.235,236  
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The workup for quantitation was roughly the same as detailed for odorant screening. However, 

the stable isotopically substituted internal standards were added to the dichloromethane used 

for extraction. Depending on the expected concentrations of the target odorants, the amount 

of grape berries, the amount of the stable isotopically substituted odorants added, and the final 

concentrate volume differed between workups. Finally, the concentrates were analyzed using 

either a one-dimensional GC–MS system, a two-dimensional heart-cut GC–GC–HRMS system, 

or a comprehensive two-dimensional GC×GC–MS system. 

The individual enantiomer concentrations of the crucial chiral odorants were obtained from the 

sum of enantiomers as determined by achiral GC–MS via stable isotopically substituted 

internal standards in the quantitation assays and the enantiomeric distribution as determined 

by chiral GC–MS. The separation of the enantiomers of cis-rose oxide was achieved on the 

BGB-176 column, i.e., 30% 2,3-dimethyl-6-tert-butyldimethylsilyl-β-cyclodextrin dissolved in  

15% phenyl-, 85% methylpolysiloxane, while the separation of the enantiomers of linalool and 

β-citronellol was realized on the BGB-174E column, i.e., 30% 2,3-diacetyl-6-tert-

butyldimethylsilyl-β-cyclodextrin dissolved in 6% cyanopropylphenyl-, 94% methylpolysiloxane. 

The relevant chromatograms are depicted in the Supporting Information file of Publication 1.37 

The enantiomeric distributions of cis-rose oxide, linalool, and β-citronellol are shown in Table 

6. With 71% and 75% in Muscaris and Muskateller grapes, respectively, the odor-active 

(2S,4R)-isomer was the major enantiomer of cis-rose oxide. This was in line with previous 

studies which reported (2S,4R)-rose oxide as the predominant enantiomer in six Muscat grape 

varieties and percentages of 88–97%.192 In linalool and β-citronellol, the (S)-isomers 

dominated with more than 90%. (3S)-Linalool was previously reported as the major enantiomer 

in two other Muscat grape samples with 94% and 99.8%, respectively, the percentages 

reported were similar to our findings.237 As far as we know, there is currently no report on the 

enantiomeric distribution of β-citronellol in Muscat grapes. In total, the results showed 

comparable enantiomeric distributions of cis-rose oxide, linalool, and β-citronellol in Muscaris 

and Muskateller grapes, once more reflecting their close genetic relation. 

Table 6: Enantiomeric distribution of important chiral odorants in Muscaris and Muskateller 

grapes 

odorant enantiomer odor 
enantiomeric distributiona (%) in  

Muscaris Muskateller  

cis-rose oxide 
2R,4S floral, lychee (weak) 29 25  

2S,4R floral, lychee (strong) 71 75  

linalool 
3R citrusy, floral 9 2  

3S citrusy, floral 91 98  

β-citronellol 
3R soapy, rose 2 3  

3S soapy, rose 98 97  

aMean of triplicates. 

The quantitation results of the 20 odorants (Table 7) showed a wide range of concentrations 

covering over six orders of magnitude. The lowest concentrations were below 0.01 μg/kg and 

were obtained for 2-acetyl-1-pyrroline (9) in both grapes, while the highest concentrations were 

1160 μg/kg for geraniol (26) in Muscaris grapes and 700 μg/kg for (2E)-hex-2-enal (7) in 

Muskateller grapes, respectively. Further odorants with high concentrations (>100 μg/kg) 

included (2E)-hex-2-enal (7; 325 μg/kg), hexanal (2; 294 μg/kg), and (3S)-linalool (18b; 113 

μg/kg) in Muscaris grapes, and hexanal (2; 548 μg/kg), (3S)-linalool (18b; 518 μg/kg), and 
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geraniol (26; 442 μg/kg) in Muskateller grapes. In general, the concentrations of most odorants 

differed only slightly between both grape varieties. 

Table 7: Concentrations and OAVs of important odorants in Muscaris and Muskateller grapes 

no.a odorantb 
concentrationc (µg/kg) OTCd  

(μg/kg) 

OAVe  

Muscaris Muskateller Muscaris Muskateller  

26 geraniol 1160 442 1.1f 1100 400  

19 (2E,6Z)-nona-2,6-dienal 1.35 0.464 0.0045f 300 100  

4 (3Z)-hex-3-enal 21.8 26.6 0.12f 180 220  

18a (3R)-linaloolg 11.2 10.3 0.087f 130 120  

2 hexanal 294 548 2.4f 120 230  

3 (3E)-hex-3-enal 13.7 22.0 0.23h 59 95  

18b (3S)-linaloolg 113 518 2.7f 42 190  

23 3-methylnonane-2,4-dione 1.23 0.724 0.046f 27 16  

8 oct-1-en-3-one 0.413 0.293 0.016f 26 18  

10 (2S,4R)-rose oxideg 0.873 1.19 0.045h 19 26  

24 (3S)-β-citronellolg 56.0 28.7 4.9i 11 5.9  

17 (2E)-non-2-enal 2.00 1.75 0.19f 11 9.2  

21 phenylacetaldehyde 53.2 38.0 5.2f 10 7.3  

13 3-(methylsulfanyl)propanal 3.66 4.55 0.43f 8.5 11  

7 (2E)-hex-2-enal 325 700 110f 3.0 6.4  

25 (E)-β-damascenone 0.0106 0.0157 0.0060f 1.8 2.6  

34 2-methoxy-4-(prop-2-en-1-yl)phenol 0.886 0.116 1.8f <1 <1  

5 heptanal 1.86 1.51 6.1h <1 <1  

36 sotolon 0.0563 0.0728 1.7f <1 <1  

9 2-acetyl-1-pyrroline <0.01 <0.01 0.053f <1 <1  

aNumbering according to Table 5. bOdorants in order of decreasing OAVs in Muscaris grapes. cMean of duplicates 
or triplicates; individual values and standard deviations are available in the Supporting Information file of Publication 
1.37 dOrthonasal odor threshold concentration in water. eOdor activity value; calculated as ratio of concentration to 
odor threshold concentration. fData taken from the Leibniz-LSB@TUM Odorant Database.20 gConcentrations of 
individual enantiomers were calculated from the concentration of the sum of enantiomers as obtained in the 
quantitation assays and the enantiomeric distribution depicted in Table 6. hData obtained in the current study.42 
iData from literature.238 

To assess the odor contribution potential of each odorant, its OAV was calculated as the ratio 

of the concentration determined in the grapes and the OTC determined in water. The results 

(Table 7) showed OAVs ≥1 in both grape varieties for 16 of the 20 quantitated odorants. The 

highest OAV was determined for geraniol (26) in both Muscaris (OAV 1100) and Muskateller 

(OAV 400) grapes. Geraniol has not been reported in Muscaris grapes; however, a huge 

dataset of geraniol concentrations in Muskateller grapes was available, most of them being in 

the range of ~70 µg/kg239 to ~300 µg/kg,240 corresponding to OAVs of ~60 to ~300. 

Four odorants showed OAVs ≥100 in both grapes, namely (2E,6Z)-nona-2,6-dienal (19; OAVs 

300 and 100), (3Z)-hex-3-enal (4; OAVs 180 and 220), (3R)-linalool (18a; OAVs 130 and 120), 

and hexanal (2; OAVs 120 and 230). These odorants have also not been reported in Muscaris 

grapes; however, linalool was frequently reported in Muskateller grapes, with concentrations 

mainly in the range of ~300 µg/kg190 to ~600 µg/kg.241 Nevertheless, the lack of enantiospecific 

concentration data in combination with the huge difference in the OTCs of (R)- and (S)-linalool 

(cf. Table 7) made it impossible to translate the concentrations into OAVs. 

Five further odorants showed OAVs in the range of <100, but >10 in both grape varieties, 

namely (3E)-hex-3-enal (3; OAVs 59 and 95), (3S)-linalool (18b; OAVs 42 and 190), 

3-methylnonane-2,4-dione (23; OAVs 27 and 16), oct-1-en-3-one (8; OAVs 26 and 18), and 
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(2S,4R)-rose oxide (10; OAV 19 and 26). There were no data available for comparison in 

Muscaris grapes; however, data were particularly available for cis-rose oxide in Muskateller 

grapes. The concentrations of this compound in Muskateller grapes primarily ranged between 

~0.6 µg/kg190 and ~4 µg/kg.242 With the enantiomeric distribution of 25% (2R,4S)- and 75% 

(2S,4R)-isomer determined by us (cf. Table 6), this would correspond to OAVs of the odor-

active (2S,4R)-isomer in the range of ~10 to ~70. 

To better compare the two grape varieties, the OAV ratio of each odorant with an OAV ≥1 was 

determined by dividing the higher OAV by the lower one. The majority of the sixteen odorants 

showed factors ≤2. However, the two odorants with the highest OAVs in Muscaris grapes, 

geraniol (26) and (2E,6Z)-nona-2,6-dienal (19), showed factors of ~3. An even higher factor 

was calculated for (3S)-linalool (18b). Interestingly, although the OAV of (3S)-linalool (18b) in 

Muskateller grapes was about five times that in Muscaris grapes, the OAV sum of both citrusy, 

floral smelling linalool enantiomers (18a, 18b) in Muskateller grapes was only about twice that 

in Muscaris grapes (cf. Table 7). In summary, the results of quantitation and OAV calculation 

of the major odorants showed only minor differences between the two grape varieties. The 

analytical data thus suggested that paternal Muskateller genes strongly influenced the aroma 

of the Muscaris grapes. 

5.1.3 Sensory Analysis 

To verify the analytical data and identify the odorants responsible for the distinct lychee note, 

odor reconstitution and omission experiments were performed. In a preliminary experiment, 

the concentrations of tartaric acid and the pH were determined in the juices of both Muscaris 

and Muskateller grapes. Results were 3.57 g/L tartaric acid in Muscaris grapes, 4.23 g/L 

tartaric acid in Muskateller grapes, and a pH of 3.8 in both. An individual ethanolic stock 

solution was prepared for each odorant with an OAV ≥1. The odor reconstitution models were 

then prepared by adding distinct volumes of the stock solutions corresponding to the target 

concentrations (cf. Table 7) to the respective aqueous tartaric acid solutions. Final pH 

adjustment was achieved with aqueous potassium hydroxide. 

The results obtained with a trained sensory panel revealed olfactory profiles of the odor 

reconstitution models of Muscaris and Muskateller grapes that were pretty close. Green-grassy, 

floral, lychee and green apple-like notes were balanced in the profiles of both models (Figure 

15). The lychee note, which was distinct in the aroma of fresh Muscaris grape berries, was well 

reproduced in the odor reconstitution model. Unfortunately, a direct comparison of the odor 

reconstitution models with the corresponding fresh materials was not possible due to the short 

shelf-life of the grapes. Given a generally huge influence of the vintage,50 fresh grapes 

harvested a year later were not considered an alternative. A direct comparison, however, was 

possible between the frozen-thawed grapes and an adjusted odor reconstitution model.  

Adjustment affected the concentrations of (3E)-hex-3-enal (3) and (3Z)-hex-3-enal (4), for 

which quantitative data had been obtained in both, the fresh grapes as well as the frozen-

thawed grapes. The concentrations in the frozen-thawed Muscaris grapes were 6.02 μg/kg (3) 

and 145 μg/kg (4) and in the frozen-thawed Muskateller grapes were 14.8 μg/kg (3) and 78.0 

μg/kg (4).37 
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Figure 15: Quantitative olfactory profiles of the odor reconstitution models of Muscaris (A) and 

Muskateller (B) grapes. Assessors rated the intensity of each descriptor on a scale from 0 to 

3 with 0.5 increments and 0 = not detectable, 1 = weak, 2 = moderate, and 3 = strong. 

Quantitative olfactory profile analyses revealed good agreement between model and frozen-

thawed grapes for both varieties as detailed in Figure 16.37 This result proved that the major 

odorants contributing to the aroma of both Muscaris and Muskateller grapes were correctly 

identified and quantitated. 

 

Figure 16: Quantitative olfactory profiles of the frozen-thawed Muscaris (A) and Muskateller (B) 

grapes in comparison to the quantitative olfactory profiles of the respective odor reconstitution 

models. Assessors rated the intensity of each descriptor on a scale from 0 to 3 with 0.5 

increments and 0 = not detectable, 1 = weak, 2 = moderate, and 3 = strong. 

To decipher the molecular background of the lychee note, omission experiments were 

performed based on the odor reconstitution models depicted in Figure 15. Incomplete odor 

reconstitution models from which odorants had been omitted were compared with the 

corresponding complete models in quantitative olfactory profile analyses performed by trained 

assessors. 
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Surprisingly, the omission of (2S,4R)-rose oxide (10), the only odorant with a specific lychee-

like odor in both Muscaris and Muskateller grapes, did not result in a significant change of the 

intensity rating of the lychee note in the models (Figure 17). The p-values calculated by paired 

t-tests were 0.8 and 0.1 for the Muscaris model and the Muskateller model, respectively. The 

results indicated that (2S,4R)-rose oxide (10) alone did not play a significant role in the lychee 

note. Floral, rose-like smelling geraniol (26) was chosen for further omission experiments due 

to its high OAVs in the Muscaris and Muskateller grapes (cf. Table 7). However, the omission 

of geraniol in both models resulted only in a minor difference in the intensity rating of the lychee 

note. Thus, the effect was similar to that observed after omission of (2S,4R)-rose oxide. 

p-Values calculated from paired t-tests were 1 in the Muscaris models and 0.2 in the 

Muskateller models, suggesting that geraniol (26) alone was also not responsible for the lychee 

note. However, after omitting both (2S,4R)-rose oxide (10) and geraniol (26), the intensity of 

the lychee note substantially decreased, namely by 0.6 and 0.7, for the models of Muscaris 

and Muskateller grapes, respectively. Paired t-tests suggested a significant difference between 

the complete and incomplete odor reconstitution models with respect to the lychee note, as 

the p-values were 0.03 and 0.01 for the Muscaris models and the Muskateller models, 

respectively. Thus, it is obviously the combination of (2S,4R)-rose oxide and geraniol that is 

responsible for the distinct lychee note in Muscaris grapes as well as in Muskateller grapes. 

As far as we know, the combination of the two odorants has not been reported as the molecular 

basis for the lychee note. 

 

Figure 17: Quantitative olfactory profiles of the odor reconstitution models of Muscaris (A) and 

Muskateller (B) grapes from which (2S,4R)-rose oxide, geraniol, or both were omitted. The 

complete models depicted in Figure 15 are additionally included for comparison. Assessors 

rated the intensity of each descriptor on a scale from 0 to 3 with 0.5 increments and 0 = not 

detectable, 1 = weak, 2 = moderate, and 3 = strong. 
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5.2 Investigation of the Aroma Difference between Beer and Wine 

5.2.1 Literature Survey and Meta-Analysis 

To define the aroma bases of beer and wine, a comprehensive literature survey was performed. 

The search was based on the collection of Web of Science and Google Scholar and focused 

on research articles written in English and published between 2000 and 2021. The keywords 

used for searching were “aroma”, “volatile”, “odor-active compound”, and “odorant” in 

combination with “beer” and “wine”. This search procedure resulted in ~950 and ~6650 articles 

for beer and wine, respectively. The article collection was filtered with the aim to concentrate 

on general beer and wine samples and sort out specialty beers and wines. The remaining 

literature was further concentrated by removing articles which lacked reliable methodology in 

the identification and quantitation of odorants. 

At the compound level, we concentrated on odorants that are commonly present in beer or 

wine. Thus, we did not consider odorants limited to specific raw materials such as certain grape 

or hop varieties, or specific processing such as dry-hopping of beer or barrel-aging of wine. 

For example, TDN and 4-MSP in wine,80,94 hop-derived linalool and geraniol in beer208 as well 

as oak barrel-derived cis-whisky lactone in wine227 were excluded. However, hop-derived 

3-methylbut-2-ene-1-thiol was included as beer odorant, as it is formed from the nonvolatile 

hop bitter acids generally present in beer.222 Among the volatiles finally classified as basic 

odorants in beer and wine were mainly compounds generated during alcoholic 

fermentation.49,114,223,243-246 In total, the numbers of compounds regarded as basic odorants 

were 42 for beer and 42 for wine, respectively. These compounds are listed in Table 8 for beer 

and Table 9 for wine, respectively. Forty of the compounds were common to beer and wine. 

As a next step, the concentration values of the basic beer and wine odorants were extracted 

from 32 articles covering 160 beer samples and 252 articles covering 904 wine samples. The 

individual concentration values are provided in the Supporting Information file of Publication 

2.247 The arithmetic mean concentrations of each odorant in beer and wine are included in 

Tables 8 and 9. In total, the odorant concentrations covered a wide range. In beer, 

concentrations ranged from 0.00645 µg/L for 3-methylbut-2-ene-1-thiol to 311000 µg/L for 

acetic acid. In wine, the low end was 14.1 µg/L for dimethyl sulfide and the highest 

concentration was 219000 µg/L for acetic acid. High concentrations of ≥10000 µg/L were also 

obtained for 3-methylbutan-1-ol (30000 µg/L), 2-phenylethan-1-ol (25700 µg/L), ethyl acetate 

(23700 µg/L), and 2-methylbutan-1-ol (10300 µg/L) in beer, and 3-methylbutan-1-ol (172000 

µg/L), 2-methylbutan-1-ol (70100 µg/L), ethyl acetate (69100 µg/L), acetaldehyde (49100 µg/L), 

2-methylpropan-1-ol (33000 µg/L), 2-phenylethan-1-ol (28700 µg/L), and 3-hydroxybutan-2-

one (16600 µg/L) in wine. Moreover, seven and thirteen compounds showed concentrations 

of ≥1000 µg/L, but <10000 µg/L in beer and wine, respectively. Among the 40 odorants shared, 

32 showed higher concentrations in wine than in beer.  
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Table 8: Mean concentrations of beer odorants based on published data and the 

corresponding OAVs 

compounda concentrationb (µg/L) OTCc (µg/kg) OAVd dataset sizee 

ethyl acetate 23700 5f 4700 81 

3-methylbutyl acetate 2070 7.2g 290 96 

ethyl hexanoate 239 1.2g 200 74 

2-phenylethan-1-ol 25700 140g 180 92 

3-methylbutan-1-ol 30000 220g 140 73 

acetaldehyde 1800 16g 110 10 

ethyl 3-methylbutanoate 2.41 0.023g 100 22 

dimethyl sulfide 31.0 0.30g 100 3 

ethyl butanoate 70.6 0.76g 93 69 

3-methylbutanal 35.0 0.50g 70 52 

ethyl octanoate 581 8.7g 67 68 

2-methylpropanal 28.4 0.49g 58 42 

acetic acid 311000 5600g 55 3 

ethyl 2-methylpropanoate 3.37 0.089g 38 7 

octanoic acid 5930 190g 31 56 

butane-2,3-dione 16.6 1.0g 17 53 

phenylacetic acid 821 68g 12 4 

3-(methylsulfanyl)propan-1-ol 421 36g 12 6 

ethyl 2-methylbutanoate 1.30 0.13g 10 19 

3-(methylsulfanyl)propanal 3.94 0.43g 9.2 24 

2-methylbutan-1-ol 10300 1200g 8.6 64 

ethyl propanoate 85.8 10f 8.6 19 

3-methylbut-2-ene-1-thiol 0.00645 0.00076g 8.5 2 

2-methylbutanal 8.22 1.5g 5.5 48 

decanoic acid 2360 500f 4.7 41 

2-methylpropyl acetate 205 66f 3.1 40 

phenylacetaldehyde 13.8 5.2g 2.7 30 

2-phenylethyl acetate 788 360g 2.2 59 

1,1-diethoxyethane 50 25g 2.0 1 

ethyl decanoate 84.8 122f <1 57 

butanoic acid 1380 2400g <1 16 

2-methylpropan-1-ol 9600 19000g <1 78 

3-methylbutanoic acid 245 490g <1 15 

hexanoic acid 1780 4800g <1 55 

octan-1-ol 35.2 110f <1 5 

2-methylbutanoic acid 561 3100g <1 3 

hexan-1-ol 35.1 590g <1 14 

benzaldehyde 8.37 150g <1 50 

ethyl dodecanoate 35.0 3500f <1 4 

2-methylpropanoic acid 448 60000g <1 4 

ethyl 2-phenylacetate 0.66 155.55f <1 1 

butan-1-ol 1.54 1900g <1 9 

aCompounds in order of decreasing OAVs. bArithmetic mean of individual values resulting from the literature survey; 
individual values are available in the Supporting Information file of Publication 2.247 cOrthonasal odor threshold 
concentration in water. dOdor activity value; approximated as ratio of the mean concentration in beer to the odor 
threshold concentration. eNumber of concentration values used to calculate the mean. fData from literature.248-253 
gData taken from the Leibniz-LSB@TUM Odorant Database.20  
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Table 9: Mean concentrations of wine odorants based on published data and the 

corresponding OAVs 

compounda concentrationb (µg/L) OTCc (µg/kg) OAVd dataset sizee 

ethyl acetate 69100 5f 14000 464 

acetaldehyde 49100 16g 3100 144 

butane-2,3-dione 1400 1.0g 1400 85 

ethyl hexanoate 1570 1.2g 1300 658 

ethyl 3-methylbutanoate 27.5 0.023g 1200 320 

ethyl 2-methylpropanoate 93.5 0.089g 1100 264 

3-methylbutan-1-ol 172000 220g 780 555 

3-methylbutyl acetate 3650 7.2g 510 719 

ethyl butanoate 374 0.76g 490 596 

ethyl 2-methylbutanoate 42.7 0.13g 330 270 

ethyl octanoate 2460 8.7g 280 687 

3-methylbutanal 119 0.50g 240 104 

2-phenylethan-1-ol 28700 140g 200 684 

2-methylpropanal 36.5 0.49g 74 112 

2-methylbutan-1-ol 70100 1200g 58 128 

dimethyl sulfide 14.1 0.30g 47 82 

acetic acid 219000 5600g 39 229 

3-(methylsulfanyl)propan-1-ol 1360 36g 38 311 

3-(methylsulfanyl)propanal 14.6 0.43g 34 122 

ethyl propanoate 295 10f 30 150 

octanoic acid 5580 190g 29 582 

3-hydroxybutan-2-one 16600 590g 28 164 

2-methylbutanal 40.2 1.5g 27 31 

phenylacetic acid 452 68g 6.6 48 

ethyl decanoate 741 122f 6.1 595 

decanoic acid 2460 500f 4.9 489 

hexan-1-ol 2710 590g 4.6 657 

phenylacetaldehyde 21.5 5.2g 4.1 185 2-phenylethyl acetate 682 360g 1.9 607 

2-methylpropan-1-ol 33000 19000g 1.7 486 

3-methylbutanoic acid 814 490g 1.7 264 

2-methylpropyl acetate 101 66f 1.5 241 

hexanoic acid 4060 4800g <1 533 

benzaldehyde 108 150g <1 323 

butan-1-ol 1120 1900g <1 259 

butanoic acid 1180 2400g <1 241 

octan-1-ol 44.7 110f <1 169 

ethyl 2-phenylacetate 53.8 155.55f <1 208 

2-methylbutanoic acid 545 3100g <1 64 

ethyl dodecanoate 269 3500f <1 247 

propanoic acid 1490 20000g <1 64 

2-methylpropanoic acid 2180 60000g <1 235 

aCompounds in order of decreasing OAVs. bArithmetic mean of individual values resulting from the literature survey; 
individual values are available in the Supporting Information file of Publication 2.247 cOrthonasal odor threshold 
concentration in water. dOdor activity value; approximated as ratio of the mean concentration in wine to the odor 
threshold concentration. eNumber of concentration values used to calculate the mean. fData from literature.248-253 
gData taken from the Leibniz-LSB@TUM Odorant Database.20  
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To gain information on the individual odor activity of the odorants, the OAV of each odorant 

was calculated as the ratio of the mean concentration and the respective OTC in water. The 

results revealed 29 and 32 compounds with OAVs ≥1 in beer (Table 8) and wine (Table 9), 

respectively. These compounds were thus considered important for the aroma bases of beer 

and wine. Among them, 27 odorants were common in the aroma bases of beer and wine. The 

OAVs of nine of these odorants were quite similar in beer and wine; they did not differ by more 

than a factor of two. Two odorants, namely dimethyl sulfide and 2-methylpropyl acetate, 

showed higher OAVs in beer, whereas the remaining 16 odorants showed higher OAVs in 

wine. Large OAV differences (>10-fold) were obtained for butan-2,3-dione, ethyl 

2-methylbutanoate, ethyl 2-methylpropanoate, acetaldehyde, and ethyl 3-methylbutanoate. 

The highest OAVs were calculated for ethyl acetate in both beer (OAV 4700) and wine (OAV 

14000). Except for ethyl acetate, no odorant showed an OAV ≥1000 in beer, while additional 

five odorants showed OAVs ≥1000 in wine, namely acetaldehyde (OAV 3100), butane-2,3-

dione (1400), ethyl hexanoate (OAV 1300), ethyl 3-methylbutanoate (OAV 1200), and ethyl 

2-methylpropanoate (OAV 1000). The OAV range of ≥100 but <1000 included seven odorants 

in both beer and wine. These odorants were 3-methylbutyl acetate (OAV 290), ethyl hexanoate 

(OAV 200), 2-phenylethan-1-ol (OAV 180), 3-methylbutan-1-ol (OAV 140), acetaldehyde (OAV 

110), ethyl 3-methylbutanoate (OAV 100), and dimethyl sulfide (OAV 100) in beer, and 

3-methylbutan-1-ol (OAV 780), 3-methylbutyl acetate (OAV 510), ethyl butanoate (OAV 490), 

ethyl 2-methylbutanoate (OAV 330), ethyl octanoate (OAV 280), 3-methylbutanal (OAV 240), 

and 2-phenylethan-1-ol (OAV 200) in wine. Moreover, eleven and ten odorants showed OAVs 

≥10, but <100 and ten and nine odorants showed OAVs ≥1 but <10 in beer and wine, 

respectively. 

Vicente Ferreira identified 27 compounds that form the base of wine aroma.228 Except for 

ethanol, which we regarded as a matrix component, the other 26 odorants were all included in 

the initial selection of basic wine odorants. Twenty-two of them showed mean concentrations 

beyond their OTCs in water and, thus, were included in the current wine aroma base. However, 

the remaining four, all of which were carboxylic acids (2-methylpropanoic, 2-methylbutanoic, 

butanoic, and hexanoic acids) were excluded as their OAVs were <1. Besides, our wine aroma 

base included ten additional odorants which were not included in Vicente Ferreira's selection 

(Table 9). These compounds were 3-methylbutanal (OAV 240), 2-methylpropanal (OAV 74), 

2-methylbutan-1-ol (OAV 58), dimethyl sulfide (OAV 47), 3-(methylsulfanyl)propanal (OAV 34), 

ethyl propanoate (OAV 30), 3-hydroxybutan-2-one (OAV 28), 2-methylbutanal (OAV 27), 

2-phenylacetic acid (OAV 6.6), and phenylacetaldehyde (OAV 4.1). Five of them were Strecker 

aldehydes formed by the degradation of the respective amino acids.223,254 

5.2.2 Aroma Base Models of Beer and Wine 

The 29 and 32 odorants with OAVs ≥1 and their corresponding mean concentrations, all 

resulting from our comprehensive literature survey and the subsequent meta-analysis, were 

the data basis for the aroma base models of beer and wine, respectively. The concentrations 

of ethanol, major acids, and glycerol as well as pH and carbonation were additionally 

considered when preparing the aroma base models (Supporting Information file of Publication 

2247). A trained sensory panel was able to reliably assign the two models in a blind test to beer 

and wine, respectively. The aroma of the two base models was considered to well reflect the 

basic olfactory difference between beer and wine. 
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5.2.3 Concentration Leveling Tests 

To finally elucidate the odorants responsible for the aroma difference between the aroma base 

models of beer and wine, concentration leveling tests were performed. Thus, the concentration 

levels of selected odorants in the one model were adjusted to the concentration levels in the 

other model, and the effect on the overall odor was evaluated in a sensory test. For this 

purpose, the odorants in the aroma base models of beer and wine were grouped into “buttery”, 

“fruity”, “malty”, “honey”, “sweaty”, “sulfury”, or “miscellaneous” according to their predominant 

odor qualities20 as shown in Table 10.  

Table 10: OAV sums of odorant groups in the aroma base models of beer and wine 

groupa odorant 
OAV sumb OAV sum ratio  

wine/beerc beer wine 

“buttery” 
butane-2,3-dione 

17 1400 86 
3-hydroxybutan-2-one 

“fruity” 

1,1-diethoxyethane 

810 5200 6.4 

ethyl butanoate 

ethyl decanoate 

ethyl hexanoate 

ethyl 2-methylbutanoate 

ethyl 3-methylbutanoate 

ethyl 2-methylpropanoate 

ethyl octanoate 

ethyl propanoate 

3-methylbutyl acetate 

2-methylpropyl acetate 

“malty” 

2-methylbutanal 

280 1200 4.2 

3-methylbutanal 

2-methylbutan-1-ol 

3-methylbutan-1-ol 

2-methylpropanal 

2-methylpropan-1-ol 

“miscellaneous” 

acetaldehyde 

4900 17000 3.5 
acetic acid 

ethyl acetate 

hexan-1-ol 

“honey” 

phenylacetaldehyde 

200 220 1.1 
phenylacetic acid 

2-phenylethan-1-ol 

2-phenylethyl acetate 

“sweaty” 

decanoic acid 

36 36 1.0 3-methylbutanoic acid 

octanoic acid 

“sulfury” 

dimethyl sulfide 

130 120 0.89 
3-methylbut-2-ene-1-thiol 

3-(methylsulfanyl)propanal 

3-(methylsulfanyl)propan-1-ol 

aOdorants were grouped into “buttery”, “fruity”, “malty”, “honey”, “sweaty”, “sulfury” or “miscellaneous” according to 
their predominant odor qualities.20 bSum of the OAVs of the individual odorants within the group. cFor each group, 
a ratio was calculated by dividing the OAV sum in wine by the OAV sum in beer. 

The OAV sum of individual odorants within each odorant group was calculated (Table 10). 

Results showed that the miscellaneous odorants group had the highest OAV sum in both 

aroma base models, followed by the fruity odorants group. To better visualize the differences 
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in the OAV sums, for each group of odorants a ratio was calculated by dividing the OAV sum 

in wine by the OAV sum in beer. The highest ratio of 86 was calculated for the buttery odorant 

group with an OAV sum of 1400 in the wine aroma base model and an OAV sum of only 17 in 

the beer aroma base model. The ratios calculated for the fruity, malty, and miscellaneous 

odorant groups amounted to 6.4, 4.2, and 3.5, respectively, corresponding to OAV sums in the 

wine aroma base model of 5200, 1200, and 17000, and OAV sums in the beer aroma base 

model of 810, 280, and 4900. For the groups of honey, sweaty, and sulfury odorants, the 

differences between the beer and wine models were small resulting in OAV sum ratios close 

to 1. 

In the sensory tests, the assessors were provided with the test samples that had odorant 

concentrations adjusted, as well as with the two aroma base models as references. The 

assessors were asked to evaluate the odor similarity of each test sample to the references by 

positioning a mark on a 20 cm ruler, of which the leftmost position was defined as 100% beer-

like and 0% wine-like, represented by the beer aroma base model, and the rightmost position 

was defined as 100% wine-like and 0% beer-like, represented by the wine aroma base model. 

The mark on the ruler was converted to the percentages of both beer-like and wine-like. For 

each test sample, the arithmetic mean percentages of both beer-like and wine-like were 

calculated from the individual results of the assessors. 

The results of the concentration leveling tests are depicted in Figure 18. As detailed in Figure 

18A, when the concentration levels of the malty, miscellaneous, sweaty, and sulfury odorant 

groups in the beer aroma base model were adjusted to the concentration levels in the wine 

aroma base model, respectively, the test samples were still evaluated as more beer-like 

corresponding to percentages on the unstructured scale of 61–76% beer-like. When the 

buttery odorant group was adjusted in the same way, the test sample was not clearly 

attributable with 53% beer-like and 47% wine-like, although this odorant group showed the 

largest difference in the OAV sum between the beer and wine aroma base models. In the 

honey odorant group, even though the OAV sums in the aroma base models of beer and wine 

were quite close, the adjustment of the concentrations in the beer model to the levels in the 

wine model made it difficult to clearly assign the test sample to beer-like or wine-like. 

Interestingly, when the concentrations of the fruity odorants in the beer aroma base model 

were adjusted to the concentration levels of the wine aroma base model, i.e., the OAV sum of 

the fruity odorant group increased by ~5.4 times, the test sample was evaluated as more wine-

like (70%). This result suggested that higher concentrations of esters in the wine model were 

crucial for the aroma difference to the beer model. 

As shown in Figure 18B, the odorant concentration adjustment had a generally smaller effect 

on the evaluation of the wine aroma base model than was the case with the beer aroma base 

model. Six of the seven test samples were still rated as more wine-like with percentages of 

62–78%. Although adjustment of the concentrations of the fruity odorants was able to switch 

the odor impression of the beer aroma base model from beer-like to wine-like, no such effect 

was observed when the concentrations of the fruity odorants in the wine aroma base model 

were adjusted to the levels in the beer aroma base model. Interestingly, when the 

concentrations of the honey odorants in the wine aroma base model were adjusted to the 

concentrations in the beer aroma base model, the test sample was evaluated as slightly more 

beer-like.  
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Figure 18: Results of the concentration leveling tests based on the beer (A) and the wine (B) 

aroma base models. Assessors rated the odor similarity of test samples to the beer and wine 

aroma base models. 

Additionally, the influence of the matrix composition on the beer- and wine-like ratings was 

investigated by concentration leveling test (data not shown). The test sample with the odorant 

concentrations of the beer base model in combination with the wine matrix composition was 

evaluated as more beer-like (65%) and the test sample with the odorant concentrations of the 

wine base model in combination with the beer matrix composition was rated more wine-like 

(66%). The percentages obtained for these two models were lower than those obtained for the 

full beer aroma base model (88%) and the full wine aroma base model (83%), respectively. 

The results thus suggested an influence of the matrix composition on the overall odor 

impression of the models, however, the influence of the odorants dominated. As far as we 

know, the influence of the matrix composition has so far only been investigated in studies 

focused on specific odor notes of beer255 and wine104,256,257 but not on the overall beer-like and 

wine-like odor impression. 
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7.1.3 Summary and Individual Contributions 

Lychee aroma is a highly appreciated aroma note in wine, however, it is limited to only a few 

grape varieties among which are Gewürztraminer and Muscaris. The Muscaris grape variety 

was bred by the State Institute of Viticulture Freiburg, Germany with the aim to combine the 

disease tolerance and environmental adaptability of the mother variety, Solaris, with the 

intense aroma of the father variety, Gelber Muskateller. Given that Muscaris was a relatively 

new white grape variety, little was known about the compounds responsible for its aroma 

including the characteristic lychee note and the relation to the compounds aroma-active in 

Muskateller. 

A comparative aroma extract dilution analysis (cAEDA) applied to volatile isolates of both 

Muscaris and Muskateller grapes resulted in 39 and 35 odorants, respectively. Among them, 

only 4-hydroxy-3-methoxybenzaldehyde had earlier been reported in Muscaris grapes. The 

flavor dilution (FD) factors of the odorants ranged from 1 to 32768 in Muscaris grapes and from 

1 to 8192 in Muskateller grapes. The highest FD factor was assigned to geraniol in both grape 

varieties. Enantioselective analyses revealed that the (2S,4R)-cis-rose oxide and the (S)-β-

citronellol were the odor-active isomers in the grape samples, while in linalool, both the (R)- 

and (S)-isomers were odor-active, however, the (S)-isomer predominated. Quantitative data 

revealed relatively high concentrations for geraniol (1160 μg/kg and 442 μg/kg), (2E)-hex-2-

enal (325 μg/kg and 700 μg/kg), hexanal (294 μg/kg and 548 μg/kg) and (3S)-linalool (113 

μg/kg and 518 μg/kg) in Muscaris and Muskateller grapes, respectively. The concentrations of 

16 odorants exceeded their odor threshold concentrations (OTCs). Geraniol had the highest 

odor activity value (OAV) in both grape varieties (1100 and 400). (2E,6Z)-Nona-2,6-dienal 

(OAVs 300 and 100), (3Z)-hex-3-enal (OAVs 180 and 220), (3R)-linalool (OAVs 130 and 120), 

and hexanal (OAVs 120 and 230) also showed relatively high OAVs. The results demonstrated 

a huge similarity in the odorants of both grape varieties, thus reflecting their close genetic 

relation. Odor reconstitution models based on odorants with OAVs ≥1 were orthonasally in 

good agreement with the grape samples, thus illustrating that the major odorants had been 

correctly identified and quantitated. Omission experiments showed that the combination of 

(2S,4R)-rose oxide and geraniol was responsible for the distinct lychee note in the aroma of 

the Muscaris grapes. 

Xingjie Wang, Stephanie Frank, and Martin Steinhaus jointly designed the research. Xingjie 

Wang performed the practical work, including volatile isolation, GC–O screening, structural 

identification and quantitation of odorants, calculation of OAVs, and preparation of the sensory 

tests. Xingjie Wang processed the data and drafted the manuscript. Stephanie Frank and 

Martin Steinhaus conceived and directed the study, supervised Xingjie Wang’s work, 

participated in the sensory tests, and revised the manuscript.  
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Beer and Wine: A Meta-Analysis-Based Sensory Study Using 
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7.2.3 Summary and Individual Contributions 

Beer and wine clearly differ in their aroma. However, which substances account for the aroma 

difference between the two has not been systematically studied yet. It is undoubtful that special 

raw materials or processing can facilitate recognition, however, we hypothesized that there is 

a basic olfactory difference between beer and wine that is reflected in the composition of more 

general odorants. Odorants constituting a basic wine aroma have already been suggested in 

the literature and included primarily compounds formed during fermentation. However, no 

quantitative data on these odorants were available and the concept of an aroma base has not 

been applied to beer yet. 

As a first step towards elucidating the aroma difference between beer and wine on the 

molecular level, a comprehensive literature survey of beer and wine was performed. By 

focusing on general beer and wine odorants and on data based on reliable identification and 

quantitation methodology, the number of articles was considerably reduced. Finally, mean 

concentrations of 42 basic odorants generally present in beer and wine were calculated from 

data of 160 beer samples extracted from 32 articles and data of 904 wine samples extracted 

from 252 articles. The mean concentrations of 32 of the 40 shared odorants were higher in 

wine than in beer. The highest concentrations were calculated for acetic acid in both beer (311 

mg/L) and wine (219 mg/L). The calculation of odor activity values (OAVs) resulted in 29 and 

32 compounds with OAVs ≥1 in beer and wine, respectively. Ethyl acetate showed the highest 

OAVs in both beer (OAV 4700) and wine (OAV 14000). Big differences in the OAVs (>10-fold) 

were obtained for butan-2,3-dione, ethyl 2-methylbutanoate, ethyl 2-methylpropanoate, 

acetaldehyde, and ethyl 3-methylbutanoate. Aroma base models based on the mean 

concentration data reflected the basic olfactory difference between beer and wine. Finally, 

concentration leveling tests were performed to elucidate the odorants responsible for the 

aroma difference between the two models by sensory evaluation. For this purpose, the 

odorants in the two models were classified according to their predominant odor qualities into 

seven groups, namely “buttery”, “fruity”, “malty”, “honey”, “sweaty”, “sulfury”, or 

“miscellaneous”. The test samples for the leveling tests were prepared by adjusting the 

concentrations of the individual odorants in each odorant group in the beer model to the 

concentration in the wine model or vice versa. The results showed that the fruity smelling 

odorants played a crucial role in the aroma difference between the beer and wine aroma base 

models. 

Xingjie Wang, Stephanie Frank, and Martin Steinhaus jointly designed the research. Xingjie 

Wang performed the literature research, the data extraction and analysis, he conducted the 

sensory tests, analyzed the experimental data, and drafted the manuscript. Stephanie Frank 

and Martin Steinhaus conceived and directed the study, supervised Xingjie Wang’s work, 

participated in the sensory tests, and revised the manuscript. 
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