
Technische Universität München 

TUM School of Natural Sciences 

 

 

Odor-Active Compounds in Malt Extracts 
for the Baking Industry – Identification, 
Sources, and Impact on Bread Aroma 

 

Nadine Sarah Rögner 

 

 

Vollständiger Abdruck der von der TUM School of Natural Sciences  
der Technischen Universität München zur Erlangung des akademischen 
Grades einer 
 

Doktorin der Naturwissenschaften (Dr. rer. nat.) 
 
genehmigten Dissertation.  
 
 
Vorsitz:  Prof. Dr. Corinna Dawid 

Prüfer der Dissertation: 1. Priv.-Doz. Dr. Martin Steinhaus 

 2. Prof. Dr. Michael Rychlik 

 
 

Die Dissertation wurde am 14.04.2022 bei der Technischen Universität  
München eingereicht und durch die TUM School of Natural Sciences am  
13.06.2022 angenommen. 



 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Danksagung 

 

Meinem Doktorvater, Herrn Priv.-Doz. Dr. Martin Steinhaus, danke ich ganz herzlich für die 
Überlassung dieses Promotionsthemas, für die hervorragende Betreuung, für die 
Unterstützung, für die Gespräche, Anregungen und Diskussionen sowie für das mir stets 
entgegengebrachte Vertrauen. Vielen Dank auch für die weiteren spannenden Projekte, die 
Korrektur der Publikationen, Abstracts, Poster, Vorträge und Berichte sowie ganz besonders 
auch für die Ermöglichung der Teilnahme an Konferenzen und des Forschungsaufenthaltes in 
Thailand.  

Herrn Prof. Dr. Michael Rychlik danke ich für die Übernahme des Zweitprüfers und Frau Prof. 
Dr. Corinna Dawid für die Übernahme des Prüfungsvorsitzes bei der mündlichen Prüfung.  

Die vorliegende Arbeit wurde im Rahmen eines IGF-Vorhabens des Forschungskreises der 
Ernährungsindustrie e.V. (FEI) über die AiF im Rahmen des Programms zur Förderung der 
Industriellen Gemeinschaftsforschung (IGF) vom Bundesministerium für Wirtschaft und 
Klimaschutz aufgrund eines Beschlusses des Deutschen Bundestages gefördert. Hierfür mein 
herzlicher Dank. 

Bei allen Mitarbeitern der Deutschen Forschungsanstalt für Lebensmittelchemie bzw. des 
Leibniz-Instituts für Lebensmittel-Systembiologie an der Technischen Universität München 
möchte ich mich für ihre Hilfsbereitschaft, die gute Zusammenarbeit und die Teilnahme an den 
Sensoriken bedanken. 

Meinen Laborkollegen aus E.44, Dr. Mario Flaig, Dr. Johanna Grimm, Dr. Michaela Jonas, Dr. 
Johanna Kreißl, Dr. Silva Neiens, Dr. Luca Nicolotti, Philipp Schlumpberger, Dr. Christina 
Schmid, Julia Schweiger, Jin-rui Shi, Tatsu Sotaro und Dr. Johanna Sprenger sowie Julia 
Bock, Dr. Daniela Füllemann, Inge Kirchmann und Christine Stübner danke ich sehr für eure 
Hilfsbereitschaft, für eure Ratschläge, für das sehr gute Arbeitsklima, für die schönen 
Mittagspausen und für die vielen gemeinsamen Erlebnisse auch außerhalb der Arbeit. 

Ein besonderer Dank gilt auch den technischen Assistenten, die mich während meiner Arbeit 
unterstützt haben. Vielen Dank an Julia Bock, Inge Kirchmann und Jörg Stein für eure Hilfe im 
Labor und die vielen wertvollen Ratschläge. Außerdem möchte ich mich bei Ines Otte und 
Sami Kaviani-Nejad für die Aufnahme zahlreicher Massenspektren und bei Katharina 
Schiesser für ihre Hilfe im Backlabor bedanken.  

Dr. Johanna Kreißl, Dr. Veronika Mall, Dr. Silva Neiens, Dr. Klaas Reglitz, Dr. Stephanie Frank 
und Dr. Petra Steinhaus danke ich ganz herzlich für eurer Fachwissen und eure wertvollen 
Ratschläge. Silva dir danke ich besonders, dass ich mit allen Fragen zu dir kommen konnte 
und für die tolle Zeit im Labor, als Büronachbarin und auch außerhalb der Arbeit. Vroni, dir 
danke ich besonders für deine Hilfe im Projekt, die vielen Telefonate und deine wertvollen 
Verbesserungsvorschläge. Johanna, dir danke ich besonders für deine Hilfe bei den GC-MS 
Geräten und für deine Betreuung schon während der Abschlussarbeit, wodurch ich überhaupt 
erst eine Promotion in Erwägung gezogen habe. 

 



 

Mein größter Dank gilt meinen Mädels aus meinem privaten Umfeld und meiner ganzen 
Familie, insbesondere meiner Schwester Vanessa, meinen Eltern Petra und Karl und meinem 
Mann Christoph. Danke für eure Unterstützung, euer Vertrauen in mich, eure Aufmunterungen 
und die nötigen Ablenkungen an den Wochenenden. Liebe Mama, lieber Papa, danke dass 
ihr mir die Ausbildung ermöglicht habt und mir immer den nötigen Rückhalt gegeben habt. 
Ohne euch hätte ich das alles nicht geschafft. Lieber Christoph, vielen Dank für deine 
Unterstützung, deine endlose Geduld und deine Liebe. Unserem kleinen Simon danke ich, 
dass er mich beim Lernen auf die mündliche Prüfung immer durch ein Lächeln aufgemuntert 
und unterstützt hat. 

Vielen Dank euch allen! 

 



 

The experimental part of the present work was performed between May 2016 and December 
2019 at the Leibniz Institute for Food Systems Biology at the Technical University of Munich 
(before September 7, 2017: German Research Centre for Food Chemistry), Freising, 
Germany, under the supervision of Priv.-Doz. Dr. rer. nat. habil. Martin Steinhaus. 



 

  



 

Contents 

1  Summary ........................................................................................................................... 1 

2  Zusammenfassung ............................................................................................................ 3 

3  Abbreviations and Nomenclature ...................................................................................... 5 

4  Introduction ........................................................................................................................ 7 

4.1  Molecular Sensory Science ....................................................................................... 7 

4.1.1  Odor-Active Compounds and Aroma Perception ................................................ 7 

4.1.2  The Sensomics Concept for Key Odorant Identification ..................................... 9 

4.2  Malt, Malt Extract, and Bread ................................................................................... 14 

4.2.1  Barley ................................................................................................................ 14 

4.2.2  Malt and Malt Extract Production ...................................................................... 16 

4.2.3  Malt and Malt Extract Volatiles ......................................................................... 18 

4.2.4  Use of Malts and Malt Extracts in Bakery Products .......................................... 21 

4.2.5  Bread Making .................................................................................................... 22 

4.2.6  Wheat Bread Volatiles ...................................................................................... 23 

5  Objectives ........................................................................................................................ 29 

6  Results and Discussion ................................................................................................... 30 

6.1  Odor-Active Compounds in Malt Extracts ................................................................ 30 

6.2  Sources of Malt Extract Odorants ............................................................................ 34 

6.3  Impact of Malt Extract Addition on Bread Aroma ..................................................... 36 

6.4  The Role of Odorant Precursors in Bread Crust and Crumb ................................... 42 

7  References ...................................................................................................................... 46 

8  Appendix ......................................................................................................................... 55 

8.1  Publication 1: Odour-Active Compounds in Liquid Malt Extracts for the Baking 
Industry .................................................................................................................... 55 

8.1.1  Bibliographic Data ............................................................................................. 55 

8.1.2  Publication Reprint ............................................................................................ 55 

8.1.3  Summary and Individual Contributions ............................................................. 69 

8.1.4  Reprint Permission ........................................................................................... 70 

8.2  Publication 2: Impact of Malt Extract Addition on Odorants in Wheat Bread Crust 
and Crumb ............................................................................................................... 71 

8.2.1  Bibliographic Data ............................................................................................. 71 

8.2.2  Publication Reprint ............................................................................................ 71 

8.2.3  Summary and Individual Contributions ............................................................. 82 

8.2.4  Reprint Permission ........................................................................................... 83 

8.3  List of Publications, Talks, and Poster Presentations .............................................. 85
 



 

 



Summary  1 

1 Summary 

In the recent years, malts and malt extracts have gained importance as quality improving 
ingredients in the baking industry. Liquid malt extracts (LMEs) are used as all-natural 
ingredients to enhance enzyme activity, color, and aroma of bakery products. The current 
study focused on a light and a dark LME and their use in bread making. 

In addition to a strong malty odor note, the aroma of the light and the dark LME showed 
pronounced honey-like, caramel-like, soup seasoning-like, roasty, and smoky notes, the 
intensities of which strongly dependent on the malt extract type. To clarify the molecular 
background of the aroma differences, the volatiles from both LMEs were isolated by solvent 
extraction and solvent-assisted flavor evaporation (SAFE) and subjected to aroma extract 
dilution analysis (AEDA). To substantiate the screening results, major odorants were 
quantitated using gas chromatography-mass spectrometry (GC-MS) and isotopically 
substituted odorants as internal standards. Odor activity values (OAVs) were calculated to 
evaluate the contribution of the individual compounds to the overall aroma. Important odorants 
in the light LME were 3-(methylsulfanyl)propanal, (E)-β-damascenone, and 4-ethenyl-2-
methoxyphenol. In the dark LME, high OAVs were calculated for sotolon, 3-(methylsulfa-
nyl)propanal, (E)-β-damascenone, acetic acid, and maltol. The pronounced honey-like odor 
note in the profile of the light LME was reflected by a high OAV of phenylacetaldehyde. Sotolon, 
maltol, and 2-methoxyphenol, known to be formed by thermal reactions, showed higher OAVs 
in the dark LME, corresponding to the more intense soup seasoning-like, caramel-like, and 
smoky odor notes. To investigate the aroma changes during processing from malt to extract, 
the odorants were additionally quantitated in the Pilsner malt that served as starting material 
for both LMEs. Comparing the concentrations in the malt and the LMEs revealed seven 
odorants mainly formed by malt extract processing. In the light LME, (E)-β-damascenone and 
4-ethenyl-2-methoxyphenol and in the dark LME, maltol, sotolon, (E)-β-damascenone, and 
2-methoxyphenol were identified as important process-induced odorants.  

To investigate the impact of LME addition on the aroma of bread, first the volatile isolates of 
crust and crumb of breads made without and with the addition of the dark LME were subjected 
to AEDA. Results revealed only minor differences between the bread crust samples and 
slightly larger differences between the bread crumb samples. In the volatile isolate of the crumb 
of the bread made with the dark LME, higher FD factors were determined for maltol and 
sotolon. Quantitations and OAV calculations carried out for the reference bread and the breads 
made with the light and the dark LME resulted in high OAVs for roasty, popcorn-like smelling 
2-acteyl-1-pyrroline in all bread crust samples. For most of the bread crust odorants, only 
slightly higher OAVs were found after adding LME to the bread recipe. Clearly higher OAVs, 
however, were obtained for 3-(methylsulfanyl)propanal, 4-hydroxy-2,5-dimethylfuran-3(2H)-
one (HDMF), and phenylacetaldehyde in the crust of the bread made with the light LME, and 
for sotolon in the crust of the bread made with the dark LME. Larger differences in the OAVs 
were observed between the bread crumbs. Slightly higher OAVs in the crumb of the bread 
made with the light LME were found for phenylacetaldehyde, phenylacetic acid, and 
3-(methylsulfanyl)propanal. Clearly higher OAVs in the crumb of the bread made with the dark 
LME were obtained for the Maillard reaction products sotolon, maltol, and HDMF.  

To get a deeper understanding of the impact of the LME addition on the bread aroma, the 
concentrations in the breads were compared to the amounts added with the LMEs. The 
differences between the reference bread and the bread made with the light LME could mainly 
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be explained by the formation of odorants from precursors during bread making, the impact on 
the bread aroma, however, was low. In contrast, adding dark LME to the dough resulted in a 
significant impact on the bread aroma, with the impact on the crumb aroma being higher than 
the impact on the crust aroma. The higher concentration of sotolon in bread crust and crumb 
and of maltol in bread crumb was primarily explainable by a direct transfer from the dark LME 
to the bread. In contrast, the additional amount of HDMF in the crumb of the bread made with 
the dark LME must have been newly formed from LME-derived precursors during bread 
making. In summary, the results showed that the addition of LME to the dough had a particular 
impact on the molecular basis of the bread aroma, with the impact of the dark LME addition 
being greater than that of the light LME addition. Moreover, the data showed that the 
compounds responsible for this effect are sotolon, maltol, and HDMF. To further intensify the 
aroma of bread crust and crumb, the production of the dark LME should be optimized for a 
targeted formation of sotolon, maltol, and HDMF.
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2 Zusammenfassung 

Malze und Malzextrakte haben in den letzten Jahren als qualitätsverbessernde Zutaten in der 
Backindustrie immer mehr an Bedeutung gewonnen. Flüssige Malzextrakte (Liquid Malt 
Extracts, LMEs) werden als natürliche Zutat zur Verbesserung der Enzymaktivität, der Farbe 
und des Aromas von Backwaren verwendet. Die vorliegende Arbeit befasste sich mit einem 
hellem und einem dunklem LME und deren Verwendung bei der Brotherstellung. 

Das Aroma von hellem und dunklem LME zeigte neben einer starken malzigen Aromanote 
auch ausgeprägte honigartige, karamellartige, suppenwürzeartige, röstige und rauchige 
Noten, deren Intensität stark von der Malzextraktsorte abhing. Um den molekularen Hinter-
grund der Aromaunterschiede zu klären, wurden die flüchtigen Bestandteile aus beiden LMEs 
durch Lösungsmittelextraktion und Solvent-Assisted Flavor Evaporation (SAFE) isoliert und 
einer Aromaextraktverdünnungsanalyse (AEVA) unterzogen. Um die Ergebnisse des 
Screenings zu objektivieren, wurden wichtige Geruchstoffe mit Hilfe der Gaschromatographie-
Massenspektrometrie (GC-MS) und mit isotopensubstituierten Geruchsstoffen als interne 
Standards quantifiziert. Odor Activity Values (OAVs) wurden berechnet, um den Beitrag der 
einzelnen Verbindungen zum Gesamtaroma zu bewerten. Wichtige Geruchstoffe im hellem 
LME waren 3-(Methylsulfanyl)propanal, (E)-β-Damascenon und 4-Ethenyl-2-methoxyphenol. 
Im dunklem LME wurden für Sotolon, 3-(Methylsulfanyl)propanal, (E)-β-Damascenon, Essig-
säure und Maltol hohe OAVs berechnet. Die ausgeprägte honigartige Note im Profil des hellen 
LME spiegelte sich im hohen OAV von Phenylacetaldehyd wider. Sotolon, Maltol und 
2-Methoxyphenol, die bekanntermaßen durch thermische Reaktionen gebildet werden, wiesen 
im dunklen LME höhere OAVs auf, was mit den intensiven suppenwürzeartigen, karamell-
artigen und rauchigen Noten korrespondierte. Um die Aromaveränderungen während der 
Verarbeitung von Malz zu Extrakt zu untersuchen, wurden die geruchsaktiven Verbindungen 
zusätzlich im Pilsner Malz quantifiziert, das als Ausgangsmaterial für beide LMEs diente. Ein 
Vergleich der Konzentrationen im Malz und in den LMEs ergab sieben Verbindungen, die 
hauptsächlich bei der Malzextraktherstellung entstehen. Im hellen LME wurden (E)-β-Damas-
cenon und 4-Ethenyl-2-methoxyphenol und im dunklen LME Maltol, Sotolon, (E)-β-Damas-
cenon und 2-Methoxyphenol als wichtige prozessinduzierte Geruchsstoffe identifiziert. 

Um die Auswirkungen des LME-Zusatzes auf das Brotaroma zu untersuchen, wurden die 
flüchtigen Verbindungen von Brotkruste und Brotkrume, die ohne und mit Zusatz von dunklem 
LME hergestellt worden waren, einer AEDA unterzogen. Die Ergebnisse zeigten nur geringe 
Unterschiede zwischen den beiden Krusten, aber etwas größere Unterschiede zwischen den 
beiden Krumen. In der mit Zusatz von dunklem LME hergestellten Krume wurden höhere 
FD-Faktoren für Maltol und Sotolon ermittelt. Quantifizierungen und OAV-Berechnungen, die 
für das Referenzbrot und die mit hellem und dunklem LME hergestellten Brote durchgeführt 
wurden, ergaben in allen Krusten den höchsten OAV für das röstig, popcornartig riechende 
2-Acteyl-1-pyrrolin. Für die meisten Verbindungen der Brotkruste wurden nur geringfügig 
höhere Konzentrationen nach Zugabe von LME zur Brotrezeptur festgestellt. Deutlich höhere 
OAVs wurden jedoch für 3-(Methylsulfanyl)propanal, 4-Hydroxy-2,5-dimethylfuran-3(2H)-on 
(HDMF) und Phenylacetaldehyd in der Kruste des mit hellem LME hergestellten Brotes und 
für Sotolon in der Kruste des mit dunklem LME hergestellten Brotes ermittelt. Größere 
Unterschiede in den OAVs zeigten sich zwischen den Krumen der Brote. Für Phenylacet-
aldehyd, Phenylessigsäure und 3-(Methylsulfanyl)propanal wurden leicht höhere OAVs in der 
Krume des mit hellem LME hergestellten Brotes festgestellt. Deutlich höhere OAVs wurden 
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jedoch in der Krume des Brotes mit Zusatz von dunklem LME für die Maillard-
Reaktionsprodukte Sotolon, Maltol und HDMF gefunden.  

Um die Auswirkungen des LME-Zusatzes auf das Brotaroma besser zu verstehen, wurden die 
Konzentrationen in den Broten mit den mit den LMEs zugesetzten Mengen verglichen. Die 
Unterschiede zwischen dem Referenzbrot und dem mit hellem LME hergestellten Brot ließen 
sich hauptsächlich durch die Bildung von geruchsaktiven Verbindungen aus Vorläufern 
während der Brotherstellung erklären. Die Auswirkungen auf das Brotaroma waren jedoch 
gering. Im Gegensatz dazu führte die Zugabe von dunklem LME zum Teig zu einer 
signifikanten Beeinflussung des Brotaromas, wobei die Auswirkung auf das Aroma der Krume 
größer war als die auf das Aroma der Kruste. Der Konzentrationsanstieg von Sotolon in 
Brotkruste und -krume und von Maltol in der Brotkrume war in erster Linie durch einen direkten 
Transfer der Verbindungen aus dem dunklen LME in das Brot erklärbar. Im Gegensatz dazu 
musste die zusätzliche Menge an HDMF in der Krume des Brotes, das mit dunklem LME 
hergestellt wurde, während der Brotherstellung aus Vorläufern im LME neu gebildet worden 
sein. Zusammenfassend zeigten die Ergebnisse, dass der Zusatz von LME zum Teig einen 
wesentlichen Einfluss auf die molekulare Grundlage des Brotaromas hatte, wobei der Einfluss 
von dunklem LME größer war als der von hellem LME. Darüber hinaus wurde gezeigt, dass 
die für diesen Effekt verantwortlichen Verbindungen Sotolon, Maltol und HDMF sind. Um das 
Aroma der Kruste und Krume des mit dunklen LME hergestellten Brotes zu intensivieren, sollte 
die Herstellung des dunklen LME auf eine gezielte Bildung von Sotolon, Maltol und HDMF 
optimiert werden. 
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3 Abbreviations and Nomenclature 

Abbreviations 

AEDA  Aroma extract dilution analysis 

ASTM  American Society for Testing and Materials 

ATP  Adenosine triphosphate 

3-AFC  3-Alternative forced-choice 

b.p.  Boiling point 

cAMP  Cyclic adenosine monophosphate 

CI  Chemical ionization 

Diff.  Difference 

DME  Dry malt extract 

EI  Electron ionization 

FD  Flavor dilution 

FFAP  Free fatty acid phase 

FID  Flame ionization detector 

GC  Gas chromatography 

GC×GC Comprehensive two-dimensional gas chromatography 

GC-O  Gas chromatography-olfactometry 

LME  Liquid malt extract 

MS  Mass spectrometry 

NAD  Nicotinamide adenine dinucleotide  

NMR  Nuclear magnetic resonance 

OAV  Odor activity value 

OTV  Odor threshold value 

RI  Retention index 

SAFE  Solvent-assisted flavor evaporation 

SDE  Simultaneous distillation/extraction 

SIDA  Stable isotope dilution assay 

SPME  Solid phase microextraction 

TOF  Time of flight  
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Nomenclature 

2-Acetyl-1-pyrroline  1-(3,4-Dihydro-2H-pyrrol-5-yl)ethan-1-one 

2-Acetyl-2-thiazoline  1-(4,5-Dihydro-1,3-thiazol-2-yl)ethan-1-one 

2’-Aminoacetophenone 1-(2-Aminophenyl)ethanone  

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

Dihydromaltol   5-Hydroxy-6-methyl-2,3-dihydro-4H-pyran-4-one 

Maltol    3-Hydroxy-2-methyl-4H-pyran-4-one 

HDMF    4-Hydroxy-2,5-dimethylfuran-3(2H)-one (Furaneol®) 

Sotolon   3-Hydroxy-4,5-dimethylfuran-2(5H)-one 

Vanillin    4-Hydroxy-3-methoxybenzaldehyde



Introduction  7 

4 Introduction 

4.1 Molecular Sensory Science 

4.1.1 Odor-Active Compounds and Aroma Perception 

The customers’ decision to purchase foods is influenced by various aspects. Next to 
healthiness, factors such as regionality, seasonality, freshness, sustainability, and food safety 
have gained importance in the recent years. Different diets, such as vegetarian, vegan, gluten-
free, and lactose-free diets, are also playing an increasingly important role. Nevertheless, 
sensory impressions, such as aroma and taste, are the most important decision drivers.1 The 
aroma of a food is evoked by the combination of various odor-active compounds, which are 
thus all-important for food quality and consumer acceptance.  

To be an odor-active compound, a food constituent must be volatile. Sufficient volatility of the 
compound is necessary for its release from the food matrix into the air and thus its ability to 
enter the nose. The volatility depends on the molecular weight and the polarity of the 
compound. Odorants are rather low molecular weight compounds.2 

In addition, odorants must be able to bind to and activate one of the ~400 different olfactory 
receptor proteins. The odorants released from the food matrix before consumption reach the 
olfactory epithelium in the nasal cavity with the inhaled air through the nostrils (orthonasally). 
Odorants released during chewing of the food enter the nasal cavity mainly directly after 
swallowing with the exhaled air from behind (retronasally).2  

The odorants bind to G protein-coupled receptor proteins located in the membrane of the 
olfactory receptor cells’ cilia. This leads to the activation of the G protein mediated intracellular 
reaction cascade. First, the adenylyl cyclase is activated which produces cyclic adenosine 
monophosphate (cAMP) from adenosine triphosphate (ATP). The secondary messenger 
cAMP then binds to cation channels, thereby opening them. This allows cations (e.g., Ca2+) to 
pass through the ion channels, which in turn activates the chloride ion channels and finally 
leads to a depolarization of the cell membrane. The action potential generated by the 
depolarization is then transmitted via the axon to the olfactory bulb of the brain. There, the 
axons of olfactory receptor cells with the same type of receptor protein are grouped together 
in glomeruli. The qualitative and quantitative combination of different odorants activates a 
defined set of glomeruli and thus results in a specific activation pattern. Via the mitral cells, this 
pattern is transmitted to higher regions of the brain, where it is processed and finally results in 
the perception of a specific aroma (Figure 1).3-9 

 

 



Introduction  8 

 

Figure 1: Odorant receptors and organization of the olfactory system9 

To be perceived as an odor, the concentration of the odorant has to exceed its individual odor 
threshold value (OTV) in air. The OTV in a food is dependent on the chemical properties of the 
odorant and the specific release characteristics from the food matrix. The OTVs of the odorants 
cover a wide range of concentrations, in detail, more than ten decimal powers. For example, 
alcoholic smelling ethanol has an OTV of 990000 µg/kg10 in water whereas for sulfury, burnt 
smelling (1S)-1-phenylethane-1-thiol an OTV as low as 0.00021 µg/kg11 has been determined 
in the same matrix. In addition, OTVs can be extremely divergent in different matrices. For 
example, malty smelling 2-methylpropanal shows an OTV of 0.49 µg/kg10 in water and an OTV 
of 56 µg/kg12 in starch, which is over 100 times higher.  

In summary, if a food compound is volatile, is able to bind to an olfactory receptor protein, and 
is present in a concentration above its specific OTV, the compound is odor-active and thus has 
the potential to contribute to the overall aroma of the food. The specific aroma of a food is 
evoked only by a few of these odor-active compounds, the so-called key odorants. The key 
odorants which have been found in many types of food are named generalists, whereas the 
so-called specialists and individualists are key odorants only in a small number of foods or a 
single food, respectively.13 In order to identify the key odorants in a specific food, a well-
established approach is available. 
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4.1.2 The Sensomics Concept for Key Odorant Identification 

The concept for the identification of the key odorants includes seven major steps (Figure 2). 
The first step is the isolation of the volatile compounds. Organic solvents with low boiling points 
(b.p.), like diethyl ether (b.p. 35 °C) or dichloromethane (b.p. 40 °C) are used for solvent 
extraction. The volatiles are separated from the nonvolatile components in the solvent extract 
by solvent-assisted flavor evaporation (SAFE)14 (Figure 3). The application of high vacuum 
allows to maintain the temperature ≤ 40 °C, thus avoiding temperature-induced compound 
degradation and artifact formation. This is a major advantage of SAFE over other methods 
such as the simultaneous distillation/extraction (SDE).2, 15, 16 The SAFE distillate is concen-
trated to volumes of approximately 100 µL to 1 mL, e.g., using a Vigreux column and a 
Bemelmans microdistillation device.17 

 

Figure 2: The Sensomics concept for key odorant identification (modified according to 
Schieberle, 199518 and Grosch, 200119) 
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Figure 3: SAFE equipment (illustration: Martin Steinhaus, modified from Engel et al., 199914) 

The concentrated SAFE distillate containing the volatiles is subjected to gas chromatography-
olfactometry (GC-O). Coupling the human nose with a gas chromatograph allows for the 
detection of the odor-active compounds among the volatiles, the major part of which is 
odorless. Approximately 1 µL of the volatile isolate is applied onto the column using an in-oven 
cold on-column injection technique. After chromatographic separation of the volatiles on the 
column, the effluent is splitted by a Y-shaped splitting device. Two deactivated capillaries direct 
the effluent halves simultaneously to a flame ionization detector (FID) and a heated exit serving 
as sniffing port. The FID signal is recorded by a computer software or an analogue recorder. 
Trained sniffers place their noses above the sniffing port to mark the odorous regions with their 
odor qualities in the FID chromatogram (Figure 4).  

 

Figure 4: GC-O system (illustration and photo: Martin Steinhaus) 
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The ranking of the odorants detected during GC-O screening is best performed by applying a 
dilution to threshold approach. In an aroma extract dilution analysis (AEDA),20 the initial volatile 
isolate is diluted stepwise with organic solvent, usually by a factor of two. Subsequently, the 
dilution series (1:2, 1:4, 1:8, 1:16, etc.) is subjected to GC-O analysis until not a single odorous 
region can be detected at the sniffing port during the entire GC run. A flavor dilution factor (FD 
factor) is assigned to each odorant representing the dilution factor of the sample with the 
highest dilution in which the odorant was detected during GC-O analysis (Figure 5). 

 

Figure 5: AEDA: stepwise dilution of the volatile isolate and calculation of FD factors after 
GC-O analysis of the diluted samples (illustration: Martin Steinhaus) 

The next step is to elucidate the structures of the odorants detected during odorant screening 
by GC-O and AEDA. Structural assignments of the odorants are achieved by comparing the 
retention indices (RIs) on two columns of different polarities (e.g. DB-FFAP, DB-5), the odor 
quality perceived at the sniffing port, the odor intensities at adequate concentration levels, as 
well as the mass spectra generated by gas chromatography-mass spectrometry (GC-MS) in 
electron ionization (EI) and chemical ionization (CI) mode to data obtained from authentic 
reference compounds analyzed under the same conditions. To reduce co-elution problems in 
GC-MS, different separation techniques are applied. For example, the volatile isolates can be 
fractionated by acid-base extraction,21, 22 silica gel chromatography,21-23 or mercurated agarose 
gel for selective thiol isolation.22-25 The odorants in the individual fractions are localized by 
GC-O before the fractions are subjected to GC-MS analysis. On the other hand, improved 
separation can also be achieved by using two-dimensional GC, such as GC×GC-TOFMS25, 26 
or GC-GC-MS with heart-cutting.22, 27 If a reference substance is not commercially available, it 
needs to be synthesized to allow for the unequivocal identification of the unknown compound. 
The structure of the synthezised compound is confirmed by nuclear magnetic resonance 
(NMR) spectrometry. Then the compound is analyzed under the same conditions as the 
volatile isolate or a fraction by GC-O and GC-MS. 

The screening for odorants with GC-O in combination with AEDA is a useful tool to distingush 
between odor-active and odorless volatiles and to get a first idea on the importance of 
individual compounds. However, GC-O results cannot provide a clear assessment of the 
contribution of individual odorants to the overall aroma of the analyzed food sample. To 
substantiate the screening results, exact concentrations of the identified compounds are 
required. Odorant quantiation is preferentially performed by stable isotope dilution assays 
(SIDA) (Figure 6).28 In SIDA, stable isotopically substituted analogues of the target 
compounds, commonly deuterated or 13C-substitiuted compounds, are employed as internal 
standards. The standards are added to the sample at the beginning of the workup. The mixture 
is homogenzied until an equilibrium is reached between the target compounds and the added 
internal standards. Since the target analyte and the corresponding isotopically substituted 
standard possess almost identical chemical and physical properties, losses of the analyte 
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during sample workup, such as during SAFE, fractionation, and concentration, are 
compensated by the same loss of the internal standard. Accordingly, the ratio of the analyte to 
its isotopically substituted standard remains constant. Subsequently, the peak area ratio of 
analyte and standard is monitored by GC-MS. Bearing the different molecular weights of the 
analyte and its isotopologue in mind, molecule ions or fragments including the isotopical 
substitution are used to distinguish between analyte and standard. The odorant concentration 
is finally calculated from the area ratio associated with the target analyte and the isotopically 
substituted standard, the amount of sample used, and the amount of standard added, by 
employing a calibration line equation obtained from the analysis of analyte/standard mixtures 
in different concentration ratios. 

 

Figure 6: Workup procedure for odorant quantitation by application of SIDA (illustration: Martin 
Steinhaus, photo: Nadine Rögner) 

In the next step, the odorant concentration is related to the OTV to approximate the relevance 
of the individual compound to the overall aroma of the food. The OTV should be determined in 
a matrix as similar as possible to the foodstuff. For example, in case of bread, OTVs in starch 
were used.12, 29, 30 OTVs are determined orthonasally according to the American Society for 
Testing and Materials (ASTM) procedure for determination of odor and taste thresholds by a 
forced-choice ascending concentration series method of limits.31 The odor activity value (OAV) 
is defined as the ratio of the odorant concentration to the OTV (Formula 1).32, 33 The OAV 
indicates the factor by which concentration of an odorant exceeds its OTV. Odorants showing 
an OAV ≥ 1 may contribute to the overall aroma, while compounds with an OAV < 1 normally 
do not play a role in the perception of the overall aroma of the investigated food. 

Formula 1: Calculation of the OAV 

OAV  
Odorant concentration 

µg
kg

Odor threshold value 
µg
kg

  

During food consumption, odorants are not perceived as single substances but as a mixture 
of odorants imbedded in a matrix. For the verification of the identification and quantitation 
experiments, an aroma reconstitution model is prepared from a model matrix mimicking the 
investigated food and the odorants with OAVs ≥ 1 at their respective concentrations. The model 
matrix should at least represent the main composition of the original food, including the water 
content, the lipid content, and the pH value. The aroma reconstitution model is then 
orthonasally compared to the original food by a trained sensory panel in a quantitative olfactory 
profile analysis. If the profiles show a good agreement, it can be assumed that all important 
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odorants have been correctly identified and quantitated. The aroma reconstitution was thus 
successful.2  

The final step in the concept are omission tests. An individual odorant or a group of odorants 
with similar odor properties is/are omitted from the aroma reconstitution model. In a 
3-alternative forced-choice (3-AFC) test, the incomplete model is compared to the complete 
reconstitution model. If a significant difference is found between the incomplete and the 
complete model in the 3-AFC test, the omitted odorant is obviously important for the overall 
odor profile of the complete aroma reconstitution model and can thus be classified as a key 
odorant of the food.34, 35 Finally, the application of the Sensomics concept for key odorant 
identification has reduced the huge number of volatiles to typically 10–20 key odorants which 
evoke the specific aroma of the analyzed food.2 As of 2014, a total of 226 key odorants in 227 
food samples were identified.13 
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4.2 Malt, Malt Extract, and Bread 

Cereal products are among the most important stable foods. For at least 30000 years, mankind 
has been feeding on cereal porridge. It has been baked for ~22000 years as flatbread.36 Today, 
in particular bread as a baked cereal product is of utmost importance. Rich in carbohydrates it 
is a significant source of energy for humans in many countries. In 2020, German households 
purchased a total of ~1.7 million tons of bread which corresponded to ~37.9 kg of bread per 
household.37 The importance of bread is also shown by the large number of over 3200 different 
bread types in the German market.38 Adding different ingredients to the basic recipes leads to 
variations in the baking properties, the color, and particularly in the aroma of the breads. 
Among the commonly used all-natural ingredients for bread making are malt flours and malt 
extracts obtained from barley.39-42  

 

4.2.1 Barley 

Barley (Hordeum vulgare L.) is mainly used as animal feed and as a raw material for malts to 
be used for making alcoholic beverages, such as beer. The versatility and adaptability to 
unfavorable climatic and soil conditions of barley are important factors in cultivation and 
application.43  

Among the worldwide production of cereals, barley ranks fourth behind corn, wheat, and rice. 
Approximately 60% of the world`s barley production occurs in Europe. In 2020, the leading 
barley-producing country was the Russian Federation (Table 1). This was followed by Spain, 
Germany, Canada, France, and Australia.44 

Table 1: Barley production in the leading producer countries in 202044 

Country 
Production 

(million tons) 
Country 

Production 

(million tons) 

Russian Federation 20.94 Australia 10.13 

Spain 11.47 Turkey 8.30 

Germany 10.77 United Kingdom  8.12 

Canada 10.74 Ukraine 7.64 

France 10.27 Others 58.66 

  Total 157.03 

 

Barley is a member of the grass family Poaceae. The barley kernel consists of three main 
components: the embryo (germ), the endosperm, and the grain coverings (Figure 7). The 
embryo, which represents ~2.5% of the barley grain weight, contains mainly storage proteins, 
lipids, sugars, minerals, and enzymes. The main part, with ~75% of the barley grain weight, is 
the endosperm, a starchy mass embedded in a protein matrix and the main source of nutrients 
for the embryo. The endosperm is surrounded by the aleurone layer, rich in proteins and lipids. 
This layer also contains enzymes important for the germination during the malting process. 
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The grain coverings consist mainly of cellulose and are divided from the inside to the outside 
into testa, pericarp, and two protecting husks.43, 45 

 

Figure 7: Longitudinal cross section of a barley kernel (modified from Arendt and Zannini, 
201343) 

Barley without husks consist basically of 63% carbohydrates, 12% water, 10% proteins, 9.8% 
dietary fiber, 2.3% minerals, and 2.1% fat (Table 2).46 The starch is the most abundant 
carbohydrate (~60–68% of the dry matter), followed by non-starch polysaccharides (cellulose 
and hemicellulose), and sugars (glucose, fructose, sucrose, and maltose).43 

Table 2: Composition of barley without husks46  

Component Amount (g/100 g) 

Available carbohydrates 63 

Water 12 

Proteins 10 

Total dietary fiber 9.8 

Minerals 2.3 

Fat 2.1 

Total nitrogen 1.8 

 

The content of active enzymes in unprocessed barley is rather low. Enzymes are mostly 
present in a bound form. The enzymes are important for producing soluble nutrients from 
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insoluble substances in the endosperm for the growing embryo during germination. A major 
aim of the malting of barley and other cereal grains is the activation of these enzymes in order 
to modify the grain composition with respect to the further use.43, 45, 47 

  

4.2.2 Malt and Malt Extract Production  

Malt is in general germinated and re-dried cereal grains. The major part is produced from 
barley. The production of malt is divided into three basic steps: steeping, germination, and 
kilning (Figure 8). In the first step, water is added to the cleaned cereal grains at 12–15 °C. 
The moisture content increases from ~12% to ~43–48%. This initiates the germination step, 
during which the kernels begin to grow. Under controlled conditions, such as sufficient 
humidity, oxygen, and temperature (14–18 °C), enzymes start to degrade high molecular 
weight compounds. The enzymes of particular interest are the starch degrading amylases. 
Further enzymes include cytolytic, proteolytic, fat degrading, and phosphate ester splitting 
enzymes. α-Amylase, formed during germination, and β-amylase, activated during 
germination, degrade starch to reducing sugars, in particular maltose. The sugar content 
increases from ~2% in barley to ~8% in barley malt. The cell walls, consisting mainly of 
β-glucans and pentosans, are degraded and solubilized by cytolytic enzymes. This softens the 
kernel and enables the enzymes to reach the endosperm. Endo- and exopeptidases degrade 
~38–42% of the protein into peptides and amino acids. After a total of 4–6 days of germination, 
the so-called green malt is obtained. In the final stage of the malting process, the green malt 
is kilned to stop the germination, to reduce the moisture content, and to form characteristic 
color and aroma. Initial drying to a moisture content of ~10% is performed by slowly increasing 
the temperature to 40–55 °C, depending on the desired malt type. The final kilning temperature 
for pale malt is 80–85 °C leading to a residual moisture content of 3.5–4%. Dark malt is kilned 
at 102–105 °C resulting in a residual moisture content of 1.5–2%.43, 45, 47, 48 

Specialty malts such as caramel malts and roasted malts as well as malt extracts are created 
by modifying the kilning process or by further processing the kilned malt (Figure 8). These malt 
products differ in color, aroma, taste, and enzyme activity.  

Caramel malt is produced from green malt with a water content of up to 48%. Slightly 
increasing the temperature at the end of germination to 45–50 °C results in further enzymatic 
degradation and consequently in an extended formation of sugars and amino acids. In a 
roasting drum, the malt is saccharified at 60–70 °C for 1–1.5 h or at 60–75 °C for 3 h. 
Subsequently, the malt is heated, depending on the caramel malt type, up to 170 °C. During 
drying, thermal reactions such as the Maillard reaction and the Strecker degradation provide 
colorants and odorants from the previously formed degradation products. Caramel malts are 
characterized by their predominant caramel-like odor note.45, 47 

For the production of roasted malt, moistened pale malt is heated in a roasting drum at         
180–220 °C under uniform rotation. During the roasting process, a strong increase in color and 
a deactivation of enzymes is observed. The aroma of roasted malt is influenced by the 
formation of caramel-like, malty, roasty, and smoky odor notes.45, 47, 49 
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Figure 8: Schematic diagram of malt and malt extract production (photos: Martin Steinhaus 
and Nadine Rögner) 

Malts can be further processed to malt extracts (Figure 8). The kilned malt is milled, mashed 
with warm water, and the mixture is heated to temperatures between 50 and 70 °C for several 
hours. This process results in a substantial enzymatic degradation of biopolymers such as 
starch and proteins. Starch is almost completely degraded to maltose and other reducing 
sugars. The contents of maltose and glucose are finally ~50% and ~10% of the total carbo-
hydrates, respectively. In the lautering step, the insoluble grain particles, the malt draff, is 
removed resulting in a sugar-rich aqueous liquid. This phase is gently concentrated under 
vacuum to a water content of no more than ~28%. This approach finally yields a liquid malt 
extract (LME) with a syrup-like consistency. Properties such as aroma and color of the 
individual LMEs can be influenced by specific temperature programs. Basically, LMEs are 
divided into light and dark LMEs. An LME can be further processed into a dried malt extract 
(DME). The drying to a crystalline powder with a low water content of ~4% is carried out, e.g., 
by means of spray drying.39, 47, 48, 50 
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4.2.3 Malt and Malt Extract Volatiles 

Around 250 volatiles have been identified in malts (Table 3). The substance classes with the 
largest number of identified volatiles are aldehydes, pyrazines, alcohols, and furans.51 

Table 3: Classes of volatile compounds in malt51 

 

 

In an early investigation on volatile compounds in malt, Brand52 isolated a compound which he 
called maltol from an “empyreumatic and pungent-smelling condensate” obtained from malt. 
Some years later, the structure of maltol was correctly determined as 3-hydroxy-2-methyl-4H-
pyran-4-one.53, 54  

Extensive experiments on the identification of volatile compounds in peated malt were carried 
out by Deki et al.55-57 After steam distillation, they identified several compounds by comparison 
of RIs and mass spectra with data obtained from authentic reference compounds analyzed 
under the same conditions. In the group of phenolic compounds, 17 volatiles were detected, 
including for example phenol, 2-, 3-, and 4-methylphenol, as well as 2-methoxyphenol.55 
Furthermore, a large number of alcohols, such as 2-phenylethan-1-ol, aldehydes, such as 
acetaldehyde and 3-methylbutanal, pyrazines, such as 2,5-dimethylpyrazine and 2-methyl-5-
aceteylpyrazine, and acids, such as acetic acid and propanoic acid were identified.55-57  

Substance class Number of compounds 

Aldehydes 39 

Pyrazines 36 

Alcohols 31 

Furans 28 

Sulfur compounds 19 

Further nitrogen compounds 14 

Ketones 13 

Acids 13 

Phenols 12 

Pyrroles 10 

Pyridines 8 

Amines 6 

Oxazol(in)es 6 

Esters 3 

Lactones 2 

Hydrocarbons 2 

(Ep)oxides, pyrans, coumarins 2 
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Other studies focused on the influence of various parameters, such as the roasting time and 
the roasting temperature on the volatiles. Furthermore, the differences between various malt 
types were evaluated.49, 58-64  

By application of SPME-GC-MS, Dong et al.60 analyzed the volatile compounds in barley, 
green malts at different malting stages, and of the final product malt. A total of 47 volatile 
compounds were identified. The main groups of volatiles were aldehydes, ketones, alcohols, 
carboxylic acids, and furans. The amount of Strecker aldehydes, such as 2- and 3-methyl-
butanal and 2-methylpropanal, and the amount of lipid oxidation products, such as hexanal, 
increased continuously during the germination process. The Strecker aldehydes reached their 
maximum during roasting, whereas the aldehydes derived from lipid oxidation decreased at 
this stage.  

Woffenden et al.58 produced malts at five different roasting temperatures. The contents of 
pyrazines, such as 2-methylpyrazine and aldehydes, such as furan-2-carbaldehyde, increased 
with increasing temperatures during roasting. Up to a roasting temperature of 130 °C, the 
contents of the highly volatile compounds 2-methylbutanal, 3-methylbutanal, and 2-methyl-
propanal increased. However, a decrease of these compounds was observed at higher 
roasting temperatures. 

Parr et al.61 investigated the course of formation of 20 compounds during roasting of barley, 
green malt, and pale malt at different roasting times and temperatures. They assumed that the 
initial moisture content of the samples, along with the roasting time and the roasting 
temperature, played an important role in volatile compound formation. Compounds such as 
maltol and phenylacetaldehyde showed the highest concentrations during roasting of green 
malt which had a higher initial moisture content than barley and pale malt. During roasting of 
barley and pale malt, predominantly pyrazines, pyridines, 2-methylfuran, 2-pentylfuran, and 
2-acteyl-5-methylfuran were formed.  

The influence of different roasting temperatures (100–180 °C) on 14 compounds was 
evaluated by Vandecan et al.62 The compound selection was based on literature data of 
odorants in malt, chocolate, other roasted foods, and wort. Each sample was first held at 60 °C 
for 60 min before the temperature was raised to the final value. The caramel-like smelling 
compounds 4-hydroxy-2,5-dimethylfuran-3(2H)-one (HDMF), 4-hydroxy-5-methylfuran-3(2H)-
one, and maltol were found in the highest concentrations in the malt roasted at 100 °C. In 
contrast, the pyrazines 2,3,5-trimethylpyrazine, 2-ethyl-3,5-dimethylpyrazine, and 2,3-diethyl-
5-methylpyrazine showed the highest concentrations after roasting at 180 °C.  

The differences between malt types, such as kilned malts, caramel malts, roasted malts, and 
other specialty malts, were also investigated.49, 63, 64 The concentrations of volatiles were 
typically higher when the applied temperature was higher. Extraordinary concentration 
differences were found for caramel-like smelling maltol and earthy smelling 2,3-diethyl-5-
methylpyrazine. The concentration of cooked potato-like smelling 3-(methylsulfanyl)propanal 
was highest in the caramel malt and lowest in the roasted malt.64 Vandecan et al.63 and Yahya 
et al.49 also showed that various pyrazines were highest in the roasted malts. The authors thus 
assumed that pyrazines were important for the aroma of the roasted malts. 

All the studies mentioned above focused mainly on the identification of major volatile 
compounds. However, most volatile compounds have no or only little impact on the overall 
aroma. To characterize the odor-active compounds in malts and malt extracts and to assess 
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the contribution of the individual compounds to the overall aroma, an odorant screening by 
GC-O and AEDA followed by odorant quantitation and OAV calculation is the method of choice 
(cf. Figure 2).  

In 1980, Farley and Nursten65 obtained a volatile isolate from a malt extract by SDE. 
Application of GC-O and GC-MS resulted in ~47 odor-active compounds and 38 structure 
proposals. Among others, 3-methylbutan-1-ol, 2-phenylethan-1-ol, phenylacetaldehyde, 
damascenone, 4-ethenyl-2-methoxyphenol, and 3-(methylsulfanyl)propanal were identified. 
The two malty smelling odorants 2- and 3-methylbutanal were highlighted as important contri-
butors to the organoleptic properties of the LME.  

By using liquid-liquid extraction, Przybylski and Kamiński,66 obtained an isolate from a rye malt 
extract. After gas chromatographic separation of the volatiles, the odor of the fractions was 
orthonasally evaluated. GC-MS analysis revealed 32 structure proposals including, for 
example, acetic acid, propanoic acid, 2,5-dimethylpyrazine, 2-methylphenol, and maltol. The 
role of the identified compounds for the odor of the fractions and the malt extract was not 
further evaluated. 

In comparison to the odorants in malt extracts, the odorants in different malt types have been 
studied more extensively. Beal et al.67 applied GC-O in combination with dilution techniques to 
evaluate the odor-active regions in the chromatogram of a malted barley extract previously 
obtained by steam distillation. The two malty smelling aldehydes 2- and 3-methylbutanal were 
assigned the highest dilution factors. Other odor-active compounds included 2-acetylfuran, 
2-ethyl-6-methylpyrazine, maltol, and 2-phenylethan-1-ol.  

Application of GC-O and a comparative AEDA to volatile isolates obtained from barley, green 
malt, and dark malt elucidated the formation of odorants during the malting process. Important 
malt odorants were already present in the barley, but with low FD factors (≤ 16). In the green 
malt, high FD factors were found for lipid oxidation products, such as (2E,6Z)-nona-2,6-dienal 
(FD factor 512), (2E)-non-2-enal (FD factor 256), and trans-4,5-epoxy-(2E)-dec-2-enal (FD 
factor 256). During kilning, the aldehydes decreased significantly. On the other hand, new 
compounds were formed, mainly in the course of thermal reactions like the Maillard reaction. 
High FD factors in the dark malt with significant differences to the other samples were revealed 
for HDMF (FD factor 2048), 3-methylbutanal (FD factor 256), 4-ethenyl-2-methoxyphenol (FD 
factor 128), sotolon, maltol, and (E)-β-damascenone (each FD factor 64).68  

Application of GC-O in combination with AEDA to a volatile isolate obtained from a caramel 
malt by solvent extraction and SAFE revealed high FD factors for malty smelling 3-methyl-
butanal as well as for mushroom-like smelling oct-1-en-3-one, cooked potato-like smelling 
3-(methylsulfanyl)propanal, fatty smelling (2E,4E)-deca-2,4-dienal, cheesy smelling 2- and 
3-methylbutanoic acid, caramel-like smelling HDMF, and vanilla-like smelling vanillin. Precise 
odorant quantitation using SIDA, calculation of OAVs, aroma reconstitution, and omission tests 
finally showed that the malty smelling aldehydes 3-methylbutanal (OAV 235) and 2-methyl-
propanal (OAV 70) were the key odorants that contributed most the aroma of the caramel 
malt.68, 69 
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4.2.4 Use of Malts and Malt Extracts in Bakery Products 

Along with water, hops, and yeast, malt is one of the main raw materials used in the production 
of alcoholic and non-alcoholic beverages by fermentation, such as malt drinks, whisky, and 
beer. A major part of the malt produced worldwide is used for brewing beer. Using malt extracts 
instead of malts for brewing allows craft brewers to skip the mashing and lautering steps of the 
traditional brewing process. In addition to the beverage sector, malt flours and malt extracts 
are used as an ingredient in bakery products, breakfast cereals, and confectionery. In the 
baking industry, malt products are used to enhance enzyme activity, color, aroma, sweetness, 
and nutritional value.39-41, 43, 47, 70  

Malt flours and malt extracts for bakery products are distinguished according to their different 
enzyme activities. While diastatic malt products contain active enzymes, the enzymes are 
inactivated by high temperatures in non-diastatic malt products. Diastatic malt flours are added 
during dough making. The enzymes convert starch into sugars and reduce the fermentation 
time. Due to a very low amount of < 1% of the flour weight, most diastatic malt flours have little 
to no effect on the bread aroma and color. In contrast, diastatic specialty malt flours, in which 
only a small proportion of the enzymes are still active, are added in higher amounts (~3%) and 
therefore also can enhance the bread aroma and color. Non-diastatic specialty malt flours, 
e.g., caramel and roasted malt flours do not show enzyme activity. Depending on the applied 
amount, which is usually between 1 and 5% in the dough, an impact on the color and the aroma 
of the bakery product is possible.39  

Diastatic malt extracts are produced under milder conditions than non-diastatic malt extracts. 
Rather thermostable enzymes such as α-amylase thus remain active.39 α-Amylase is only 
slowly degraded at temperatures above 80 °C.71 Malt extracts replace up to 5% of the flour in 
bread recipes. Malt extracts provide sugars such as maltose and glucose, thus increasing the 
germination power of the yeast. The fermentation time is shorter, the bread volume increases, 
and the crumb porosity improves.39-41 Diastatic malt extracts act as dough conditioners. Their 
active malt enzymes produce even more digestible sugars during dough preparation. This is 
beneficial, especially when flours with low baking values are used. Malt extracts also play a 
significant role for the color of crust and crumb. Malt extract derived reducing sugars promote 
the browning of the crust during baking via the Maillard reaction.72 Intrinsic malt extract 
colorants tint the crumb from golden brown to dark brown. This darker color can be more 
appealing to consumers. Moreover, malt extracts contain high amounts of sugars and thus 
increase the sweet taste of crust and crumb. Last but not least, malt extracts and specialty 
malt flours can significantly enhance the aroma of bakery products.39   
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4.2.5 Bread Making  

Only a few ingredients are needed to make leavened bread. The minimum recipe consists of 
only four ingredients: flour, water, yeast, and salt. Non-essential ingredients can be added 
during bread making to improve the physical and sensory properties of the bread, e.g., towards 
softer texture, longer shelf-life, more intensive color, and improved aroma. The bread making 
process can be divided into three main steps: dough formulation, dough processing, and 
baking. First, all ingredients are mixed together. After a first fermentation period, the dough is 
kneaded and formed. The dough piece is further fermented until the volume has increased to 
the desired value. Baking finally turns the dough into bread.73  

Depending on the bread type, the baking temperature, and the baking time, the crumb to crust 
ratio is between 70/30 and 85/15.74 A whole bread basically consists of carbohydrates (48%) 
and water (39%), followed by proteins and dietary fiber (Table 4).46  

Table 4: Composition of a standard bread46 

Component Amount (g/100 g) 

Available carbohydrates 48 

Water 39 

Proteins 6.2 

Total dietary fiber 4.6 

Minerals 1.5 

Fat 1.1 

Total nitrogen 1.1 

 

To assess the quality of breads, nutritional properties as well as physical attributes such as 
loaf volume, crumb softness, crust crunchiness, crust and crumb color, porosity, and elasticity, 
are evaluated. Additionally, the bread aroma is of particular importance for bread quality and 
consumer acceptance.  
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4.2.6 Wheat Bread Volatiles  

More than 300 volatiles have been reported in wheat bread, including aldehydes, ketones, 
esters, furans, and pyrazines (Table 5).51 

Table 5: Classes of volatile compounds in wheat bread51 

Substance class Number of compounds 

Aldehydes 50 

Ketones 36 

Esters 30 

Furans 28 

Pyrazines 25 

Acids 22 

Alcohols 23 

Amines 22 

Sulfur compounds 20 

Hydrocarbons 11 

Pyridines 11 

Pyrroles 9 

Further nitrogen compounds 7 

Lactones 6 

Acetals 4 

Phenols 4 

(Ep)oxides, pyrans, coumarins 2 

Ethers 1 

 

The formation of volatiles is significantly influenced by different chemical and enzymatic 
reactions that take place during the individual steps of wheat bread making. In the bread 
crumb, the volatiles are mainly formed by lipid oxidation and yeast metabolism during 
fermentation. In contrast, the crust is exposed to higher temperatures during the baking 
process. Hence, the crust volatiles are mainly formed by the Maillard reaction.75 

Oxidation of the unsaturated fatty acids of the wheat flour occurs mainly during kneading of 
the dough in the presence of oxygen. Both, enzymatic reactions catalyzed by lipoxygenases 
and autoxidation reactions lead to hydroperoxides as first intermediates. These primary 
products are odorless and unstable. In the further process of bread making, the hydro-
peroxides are degraded enzymatically by hydroperoxide lyases or by non-enzymatic reactions 
to numerous volatile compounds, in particular aldehydes and ketones.75, 76 The most abundant 
polyunsaturated fatty acid in wheat is linoleic acid, which accounts for over 50% of the total 
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fatty acid content.73 It has been shown in model reactions that aldehydes, such as hexanal, 
(2Z)-oct-2-enal, (2E)-non-2-enal, and (2E,4E)-deca-2,4-dienal are formed during the 
autoxidation of linoleic acid.77 

During fermentation, the yeast metabolizes mono- and disaccharides to ethanol and carbon 
dioxide. The carbon dioxide produced during alcoholic fermentation loosens the dough and 
raises it to the desired volume. In parallel, numerous volatiles are formed as side products of 
yeast metabolism including alcohols, aldehydes, acids, ketones, esters, and lactones. The 
degradation of amino acids to the corresponding aldehydes, alcohols, and acids via the Ehrlich 
pathway is one of the most important sources of volatiles. In Figure 9, the degradation of 
leucine via the Ehrlich pathway is illustrated. Transamination and decarboxylation of the amino 
acid leucine leads to the corresponding aldehyde 3-methylbutanal, which is subsequently 
reduced to the alcohol 3-methylbutan-1-ol.75, 76 Spiking of (13C6)leucine to yeast doughs 
showed an efficient conversion of 84% to the corresponding alcohol, (13C5)-3-methylbutan-1-
ol.78 

 

Figure 9: Formation of 3-methylbutanal and 3-methylbutan-1-ol from leucine via the Ehrlich 
pathway76 
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In the last step of bread making, the baking process, thermal reactions predominate. They 
mainly take place on the surface, the part that will become the bread crust. The Maillard 
reaction between reducing sugars and amino acids results in pyrroles, pyrrolines, furans, and 
pyranones and generates intermediates for further thermal reactions. The Strecker 
degradation describes the reaction of Maillard reaction derived α-dicarbonyl compounds with 
amino acids. Oxidative decarboxylation of the amino acids results in the Strecker aldehydes, 
which are important for the bread aroma. Furthermore, the second products of Strecker 
degradation are aminoketones and aminoaldehydes. These are precursors of pyrazines.72, 74, 

75, 79 Figure 10 shows the formation of 2-acteyl-1-pyrroline, an important odorant in the bread 
crust. The Strecker degradation of ornithine, an abundant amino acid in yeast, and subsequent 
cyclization of the resulting aldehyde leads to 1-pyrroline. This heterocyclic compound is an 
intermediate in the formation of 2-acetyl-1-pyrroline.80, 81 

 

Figure 10: Formation of 2-acetyl-1-pyrroline from ornithine via 1-pyrroline81 

Most of the volatiles formed by various reactions during bread making are odorless and have 
thus no impact on the overall wheat bread aroma. Therefore, the characterization of the odor-
active compounds is crucial (cf. section 4.1.2).  

Application of GC-O in combination with AEDA on the volatile isolates obtained from wheat 
bread crumb revealed high FD factors for 2-phenylethan-1-ol, (2E)-non-2-enal, (2E,4E)-deca-
2,4-dienal, 3-methylbutan-1-ol, trans-4,5-epoxy-(2E)-dec-2-enal, 2- and 3-methylbutanoic 
acid, 3-(methylsulfanyl)propanal, ethyl octanoate, vanillin, phenylacetic acid, sotolon, and 
4-ethenyl-2-methoxyphenol.76, 82-86 Quantitation experiments showed that mainly odorants 
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derived from lipid oxidation and yeast metabolism, like 2- and 3-methylbutanoic acid, 
3-methylbutan-1-ol, phenylacetic acid, 2-phenylethan-1-ol, 1-octen-3-one, acetic acid, 
hexanal, (2E)-non-2-enal, (2E,4E)-deca-2,4-dienal, and 4-ethenyl-2-methoxyphenol were 
present in concentrations above their individual OTVs.29 Studies on the odorants in a steamed 
yeast dough made from wheat flour with a similar aroma profile to that of wheat bread crumb 
confirmed these findings but revealed further odorants with OAVs ≥ 1. The latter group included 
trans-4,5-epoxy-(2E)-dec-2-enal, γ-nonalactone, 2-acetyl-1-pyrroline, butane-2,3-dione, 
vanillin, (2E,6Z)-deca-2,6-dienal, 3-methylbutanal, butanoic acid, phenylacetaldehyde, and 
HDMF.85 

GC-O and AEDA of volatile isolates obtained from wheat bread crust resulted in high FD 
factors for 2-acetyl-1-pyrroline, 3-methylbutanal, 2-ethyl-3,5-dimethylpyrazine, maltol, vanillin, 
sotolon, 3-(methylsulfanyl)propanal, HDMF, 4-ethenyl-2-methoxyphenol, (2E,4E)-deca-2,4-
dienal, and phenylacetic acid.20, 30, 75, 82, 87-89 Quantitation and OAV calculation revealed the 
roasty and popcorn-like smelling 2-acetyl-1-pyrroline as a key odorant in the wheat bread crust. 
With an exceptionally low OTV of 0.0073 µg/kg in starch,12 it reached by far the highest OAV 
in the wheat bread crust.30, 87, 90 In addition, high OAVs were calculated for 3-methylbutanal, 
3-(methylsulfanyl)propanal, 2-ethyl-3,5-dimethylpyrazine, HDMF, and (2E)-non-2-enal.30, 86, 90 
A similar profile to that of the wheat bread crust is obtained when wheat bread slices are 
toasted. Studies on toasted wheat bread odorants showed high OAVs for 2-acetyl-1-pyrroline, 
HDMF, (2E)-non-2-enal, 3-(methylsulfanyl)propanal, butane-2,3-dione, and 3-methylbutanoic 
acid.12  

Further studies focused on the influence of processing parameters and recipe on wheat bread 
crust and crumb aroma.  

Birch et al.91 investigated the influence of different commercial baker's yeasts of the species 
Saccharomyces cerevisiae on wheat bread crumb volatiles. Significantly different concentra-
tions were obtained for 3-methylbutanal, phenylacetaldehyde, butane-2,3-dione, propan-1-ol, 
2-methylpropan-1-ol, ethyl acetate, and 2-phenylethan-1-ol. The results suggested that the 
commercial products differed in the yeast strain. 

Further studies focused on the influence of the amount of yeast in the recipe. Frasse et al.92 
compared doughs prepared without and with the addition of yeast. Application of GC-O and 
AEDA proved that typical bread crumb odorants, such as 3-methylbutanal, butane-2,3-dione, 
3-methylbutan-1-ol, and 2-phenylethan-1-ol were present in significantly higher amounts in the 
dough prepared with yeast. In the dough sample without yeast addition, higher FD factors were 
found for lipid oxidation products, such as (2E,4E)-deca-2,4-dienal. Birch et al.93 baked three 
breads with different yeast levels. The dough prepared with the highest amount of yeast 
resulted in a bread crumb with higher concentrations of compounds known to be formed by 
yeast metabolism, such as phenylacetaldehyde and butane-2,3-dione. Gassenmeier et al.83 
prepared doughs with liquid and soft pre-ferments and yeast concentrations in the final dough 
of 1.5% and 4.6%, respectively. The pre-ferments were prepared in advance and contained 
different amounts of water, flour, and yeast. In the bread crumbs with 1.5% and 4.6% yeast, 
12 and 19 odorants were identified with FD factors ≥ 8, respectively. The alcohols 3-methyl-
butan-1-ol and 2-phenylethan-1-ol showed significantly higher concentrations in the bread 
crumb prepared with the liquid pre-ferment and the lower yeast concentration in the dough. 
The two alcohols were formed in higher concentrations in the liquid pre-ferment than in the soft 
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pre-ferment. Preparing the dough with a liquid pre-ferment was thus more efficient for the 
formation of important bread crumb odorants.  

Dough fermentation is the processing step in bread making with the greatest influence on the 
formation of important crumb odorants. Due to economic reasons, however, the reduction of 
fermentation temperature and fermentation time is of great advantage for the baking industry.75  

Increasing the temperature from 25 °C to 35 °C in a liquid pre-ferment enhanced the formation 
of 3-methylbutan-1-ol and 2-phenylethan-1-ol by factors of 3.3 and 1.7, respectively. A higher 
temperature of 40 °C led to lower concentrations.83 Birch et al.93 investigated the influence of 
fermentation temperature on bread volatiles. The dough was fermented at 5 °C, 15 °C, and 
35 °C, respectively. Fermentation was stopped after different periods when a specific dough 
height was reached. Higher fermentation temperatures were associated with higher 
concentrations of some lipid oxidation products, such as hexanal and heptanal, in the bread 
crumb.  

The influence of different fermentation times on the bread crumb odorants was investigated by 
Schieberle and Grosch.84 The odorants in bread crumb prepared with a standard protocol were 
compared with the odorants in a bread crumb made from a longer fermented dough. In the 
bread crumb of the longer fermented dough, six odorants showed slightly higher FD factors 
and two odorants, namely 3-methylbutan-1-ol and 2-phenylethan-1-ol, showed significantly 
higher FD factors. Gassenmeier et al.83 also showed that the formation of the two alcohols 
depends on the fermentation procedure. In the first 8 h of fermentation, the concentrations of 
3-methylbutan-1-ol and 2-phenylethan-1-ol increased continuously. A further extension of the 
fermentation time up to 16 h did not lead to a significant further increase. 

Zehentbauer et al.94 focused on the influence of yeast amount and fermentation parameters 
on the bread crust aroma. A higher amount of yeast resulted in higher concentrations of the 
odorants 2-acetyl-1-pyrroline and 3-(methylsulfanyl)propanal in the crust. A significantly longer 
fermentation time at a lower temperature led to higher concentrations of Strecker aldehydes, 
such as 2- and 3-methylbutanal, 2-methylpropanal, and 3-(methylsulfanyl)propanal.  

One of the main ingredients of any bread recipe is flour. Its contribution to the final bread aroma 
was the objective of a study by Moskowitz et al.89 They compared odorants in a crust of a 
bread made with whole wheat flour with those in a crust of a bread made with refined wheat 
flour. In the latter, higher concentrations of 2-acetyl-1-pyrroline, HDMF, 2-phenylethan-1-ol, 
2-acetyl-2-thiazoline, and 2,4-dihyroxy-2,5-dimethyl-3(2H)-furanone but lower concentrations 
of 2-ethyl-3,5-dimethylpyrazine, (2E,4E)-deca-2,4-dienal, and (2E)-non-2-enal were found. 
The concentrations of important roasty and caramel-like smelling bread crust odorants were 
thus lower in the bread baked with whole wheat flour. It was assumed that the release of ferulic 
acid from the whole meal flour during the baking process led to this lower amount of crust 
odorants. The authors suggested that ferulic acid reacts with 2-oxopropanal and hence inhibits 
the Maillard reaction related formation of 2-acetyl-1-pyrroline.89, 95  

Rychlik et al.12 investigated the odorants formed by toasting of wheat bread slices in relation 
to the intensity of browning, ranging from unroasted to burnt. The concentration of 2-acetyl-1-
pyrroline increased continuously with the browning grade of the wheat bread slices. The 
concentration of HDMF was high especially in toasts with a medium brown color. The 
concentration of the pyrazine 2-ethyl-3,5-dimethylpyrazine increased continuously until the 
weak toasted stage and showed a strong increase from the medium toasted to the burnt stage. 
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3-(Methylsulfanyl)propanal showed a maximum concentration in toasted slices with a medium 
brown color and lower concentrations with a higher roasting degree of the bread slices.  

The storage of bread also leads to changes in the aroma. The concentrations of important 
bread crust odorants, such as roasty, popcorn-like smelling 2-acetyl-1-pyrroline and malty 
smelling 3-methylbutanal decreased rapidly during storage of wheat bread. After 96 h of 
storage, only 90% and 66% of the initial odorant concentrations remained, respectively.96 The 
losses of roasty and malty smelling bread crust odorants and the higher stability of fatty 
smelling lipid oxidation products, e.g., (2E)-non-2-enal, were considered to be responsible for 
the stale odor after bread storage.30, 96, 97 

By application of GC-O and AEDA, Roth et al.86 analyzed the crust and the crumb of breads 
made without and with the addition of distiller`s grain. A major key odorant in wheat bread 
crust, namely 2-acetyl-1-pyrroline, was not found during GC-O screening of the bread sample 
in which 20% of the wheat flour was substituted by distiller`s grain. Ferulic acid was assumed 
to be the reason for the low amount of 2-acetyl-1-pyrroline and the resulting stale odor of the 
crust, as it was the case when using whole meal flour.89 In the crumb of the bread with distiller`s 
grain, higher FD factors of sotolon, HDMF, 2-ethyl-3,5-dimethylpyrazine, and phenylacetic acid 
were determined than in the reference crumb.86 Sotolon was found with the highest FD factor 
of all odorants in the distiller`s grain,98 therefore a transfer from distiller`s grain to the bread 
crumb was assumed.  
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5 Objectives 

Previous studies on malt aroma were mainly focused on the identification of volatile 
compounds and the impact of roasting on the volatile composition. So far, only the key 
odorants in a caramel malt have been comprehensively studied. Data on odorants in malt 
extracts are scarcely available and only little is known about the odorant changes during 
processing of malt to LME. While malts and malt extracts have a long tradition in beer making, 
they have just recently gained importance as quality improving ingredients in the baking 
industry. Both are added to bakery products in order to enhance enzyme activity and to 
improve color and aroma. Lately, there has been an increasing demand for specialty malts and 
malt extracts in the baking industry with the aim of providing the consumers a wider range of 
products with improved aroma. However, the impact of malt or malt extract addition on the 
odorants in wheat bread crust and crumb had not been systematically investigated on the 
molecular level. In particular, it was unclear whether the malt products are a direct source of 
bread odorants or rather provide precursors from which bread odorants are formed during the 
bread making. 

The fist aim of the current study was the identification of major odorants in a light and a dark 
LME for the baking industry, both produced from the same Pilsner malt. In order to get an 
insight into the sources of the LME odorants, selected odorants were quantitated in both, the 
raw material and the LMEs. This answered the question, whether the LME odorants mainly 
originated from a transfer of malt odorants or from the de novo formation during LME 
production. The second part of the study was dedicated to the impact of LME addition on the 
aroma of wheat bread crust and crumb. On the basis of quantitative data, the role of a direct 
odorant transfer from the LMEs to the bread and the role of odorant formation from precursors 
provided by the LMEs during bread making were finally evaluated. 
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6 Results and Discussion 

This thesis is a publication-based dissertation. The data was summarized in two peer-reviewed 
papers published in international scientific journals. The appendix contains reprints of both 
publications, summaries including the individual authors` contributions, and the reprint 
permissions obtained from the publishers. 

 

6.1 Odor-Active Compounds in Malt Extracts 

For the odorant screening, a light and a dark LME to be used in the baking industry were 
selected. Both had been produced from the same batch of Pilsner malt. The light LME was 
obtained after milling and mashing of the Pilsner malt followed by vacuum concentration of the 
aqueous extract. To produce the dark LME, the light LME was additionally heated followed by 
dilution with water.  

To get a first insight into the aroma differences between the light and the dark LME, the extracts 
were orthonasally compared in a quantitative olfactory profile analysis (Figure 11).99 The profile 
of the dark LME showed higher intensities in smoky, earthy, roasty, soup seasoning-like, malty, 
caramel-like, and clove-like odor notes, while the light LME was characterized as more honey-
like. The differences between the olfactory profiles could be attributed to the additional heating 
step in the dark LME production, which presumably lead to an increased formation of Maillard 
reaction products.72, 100  

 

Figure 11: Quantitative olfactory profiles of the light and the dark LME.99 Panelists rated the 
intensity of each descriptor on a scale from 0 to 3 in 0.5 increments with 0 = not detectable, 
1 = weak, 2 = moderate, and 3 = strong 

To elucidate the odorants responsible for the olfactory differences, as a first step, volatile 
isolates obtained from the light and the dark LME were prepared by solvent extraction, SAFE, 
and concentration. The isolates were subsequently subjected to GC-O and a rough AEDA 
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using 1:10 dilutions. The screening revealed 28 odorants with an FD factor ≥ 1 in at least one 
sample (cf. 8.1.2, Paper 1, Table 1).99 Comparing gas chromatographic and odor charac-
teristics of the odorants with data in the Leibniz-LSB@TUM odorant database101 and published 
data on malt odorants68, 69 led to preliminary structure proposals. The structure assignments 
were confirmed by comparing the RIs on two columns of different polarity, the odor quality 
perceived at the sniffing port, and the mass spectra to data obtained by the analysis of 
authentic reference substances under the same conditions. Following this approach, 24 out of 
the 28 LME odorants could be unequivocally identified. All of them had already been reported 
as odorants in malts or malt extracts.65, 66, 68, 69  

In both LMEs, the odorants with the highest FD factor of 1000 were honey-like smelling 
phenylacetic acid and vanilla-like smelling vanillin. Higher FD factors in the light LME than in 
the dark LME were determined for caramel-like smelling HDMF (FD factors 1000 vs. 10), 
metallic smelling trans-4,5-epoxy-(2E)-dec-2-enal (FD factors 100 vs. 1), clove-like smelling 
4-ethenyl-2-methoxyphenol (FD factors 100 vs. < 1), and honey-like smelling phenylacet-
aldehyde (FD factors 100 vs. 10). The set of odorants with higher FD factors in the dark LME 
than in the light LME included the two caramel-like smelling compounds maltol (FD factors 
1000 vs. 100) and dihydromaltol (FD factors 100 vs. 1), soup seasoning-like smelling sotolon 
(FD factors 1000 vs. 10), smoky smelling 2-methoxyphenol (FD factors 100 vs. 10), and the 
carboxylic acids acetic acid (FD 100 vs. 10) and 2- and 3-methylbutanoic acid (FD factors 100 
vs. 10).99 

To substantiate the results of the screening experiments, 15 important LME odorants were 
quantitated in the light and the dark LME by means of SIDA. Additionally, eight important bread 
odorants were included in the quantitation assays (cf. section 6.3). The concentration data 
were later needed to assess the impact of LME addition on the bread aroma (cf. section 6.4). 
Precise odorant concentrations were determined using stable isotopically substituted odorants 
as internal standards to compensate for losses during the sample workup. After solvent 
extraction, SAFE distillation, fractionation, and concentration, the volatile isolates were 
analyzed by GC-MS (CI), GC-GC-MS (CI), or GC×GC-TOFMS (EI).  

The quantitation assays revealed concentrations between 0.0266 µ/kg and 869000 µg/kg 
(Table 6).99, 102 In order to estimate the odor potencies of the LME odorants, OAVs were 
calculated by dividing the concentrations by the orthonasal OTVs in water. As a result, 15 and 
14 of the 23 quantitated compounds in the light and the dark LME, respectively, exhibited 
OAVs ≥ 1. In the light LME, high OAVs were calculated for cooked potato-like smelling 
3-(methylsulfanyl)propanal (1; OAV 1500), cooked apple-like smelling (E)-β-damascenone (3; 
OAV 430), clove-like smelling 4-ethenyl-2-methoxyphenol (6; OAV 91), and honey-like 
smelling phenylacetaldehyde (7; OAV 70). Important odorants in the dark LME were soup 
seasoning-like smelling sotolon (2; OAV 780), cooked potato-like smelling 3-(methylsulfa-
nyl)propanal (1; OAV 550), cooked apple-like smelling (E)-β-damascenone (3; OAV 410), 
vinegar-like smelling acetic acid (4; OAV 160), and caramel-like smelling maltol (5; OAV 120). 

Major differences between the quantitative olfactory profiles of the light and the dark LME could 
be substantiated by the OAV calculations. For example, in the light LME, the stronger honey-
like odor note corresponded to the higher OAV of phenylacetaldehyde (7; OAVs 70 vs. 20). In 
the dark LME, higher OAVs were calculated for soup seasoning-like smelling sotolon (2; OAVs 
780 vs. 7.4), caramel-like smelling maltol (5; OAVs 120 vs. 1.8), roasty, popcorn-like smelling 
2-acetyl-1-pyrroline (9; OAVs 60 vs. 26), and smoky smelling 2-methoxyphenol (12; OAVs 26 
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vs. 2.6). The differences between the OAVs of the Maillard reaction products72, 100 sotolon, 
maltol, and 2-acetyl-1-pyrroline, as well as in the OAVs of 2-methoxyphenol corresponded to 
the higher intensities of the soup seasoning-like, the caramel-like, the roasty, and the smoky 
odor note in the olfactory profile of the dark LME. However, the OAV data could not provide an 
explanation for the higher intensities of the malty and the earthy odor notes in the dark LME. 
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6.2 Sources of Malt Extract Odorants 

Next to the general characterization of important odorants in the light and in the dark LME, the 
source of these odorants was of great interest. Comparing the concentrations of important 
odorants in both LMEs (cf. Table 6) already led to the assumption that the processing steps 
from malt to extract had a major impact on the odorant concentrations, at least for the dark 
LME that was exposed to a higher thermal impact. However, it was still unclear, to which extent 
malt odorants were directly transferred from malt to LME and to which extent odorants were 
newly formed during malt extract production. To elucidate this, the 15 LME odorants were also 
quantitated in the Pilsner malt that served as starting material for the production of both LMEs. 

It has been reported that products with low moisture content such as chocolate, cornflakes, 
crackers, oat flour, oat products, rye bread crust, and also malt, not only contain odor-active 
compounds in a free form, but also in a bound form from which odorants are released by water 
contact.68, 110-115 During the mashing step included in the LME production, the malt also comes 
into contact with water and a release of odorants from their bound form was assumed. In order 
to confirm this water-related odorant release, preliminary quantitation experiments in malt were 
carried out with three selected odorants, namely vanillin, phenylacetaldehyde, and 
phenylacetic acid. To quantitate only the free odorants, the volatiles were extracted with pure 
diethyl ether. To cover the sum of free and bound odorants, diethyl ether and a minor amount 
of water were added simultaneously before extraction.68, 69 An increase in concentration was 
observed for all three compounds when water was added together with the extraction solvent 
(Figure 12). Water addition resulted in a 33-fold increase in the concentration of the Strecker 
aldehyde phenylacetaldehyde and 14-fold and 9-fold increases in the concentrations of 
phenylacetic acid and vanillin, respectively.99  

 

Figure 12: Concentrations of phenylacetaldehyde, phenylacetic acid, and vanillin in malt 
determined without and with water addition before solvent extraction99 

While the general water-induced release of odorant concentrations in foods with low moisture 
content has been interpreted as cleavage of starch complexes in the literature,111-113 
3-oxazolines were additionally suggested as hydrolabile precursors of Strecker aldehydes.114 
Hence, the excessive higher concentration of phenylacetaldehyde after water contact could be 
explained by an ensemble of both mechanisms. In order to clarify if the extraction protocol 
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including the addition of a minor amount of water led to an exhaustive extraction of bound 
odorants, further experiments were carried out. For this purpose, the water treatment and the 
solvent extraction step were temporally separated and the water contact time was varied. 
Results revealed a very quick release of the bound odorants. Already after one minute the 
plateau of the maximum odorant concentrations were reached and these concentrations were 
equivalent to the odorant concentrations found by simultaneous addition of a minor amount of 
water and diethyl ether (cf. 8.1.2, Paper 1, Figure 3).99 Thus, the latter approach was 
considered to be suitable to quantify the sum of free and bound odorants in malt.  

The approach was then applied for odorant quantitation experiments in the Pilsner malt. 
Results revealed concentrations between 0.135 µg/kg for (E)-β-damascenone and 
404000 µg/kg for acetic acid (cf. 8.1.2, Paper 1, Table 3).99 Finally, the percentages of change 
were calculated from the odorant concentrations in the malt, the odorant concentrations in the 
LMEs, and the process yields associated with the production of light and dark LME from the 
Pilsner malt. Percentages between 1.8% and 90000% were obtained (cf. 8.1.2, Paper 1, 
Table 3).99 Most of the odorants featured recoveries below 100%, indicating losses during LME 
production. Potential causes include thermal reactions and evaporation during vacuum 
concentration. 

Seven compounds exhibited percentages above 100% in at least one of the LMEs, indicating 
a formation during LME production (cf. 8.1.2, Paper 1, Table 3).99 An increase was observed 
for vinegar-like smelling acetic acid, smoky smelling 2-methoxyphenol, clove-like smelling 
4-ethenyl-2-methoxy-phenol, vanilla-like smelling vanillin, cooked apple-like smelling 
(E)-β-damascenone, soup seasoning-like smelling sotolon, and caramel-like smelling maltol. 
While acetic acid showed a loss during the production of the light LME (43%), its high 
percentage after the production of the dark LME (260%) indicated a formation, possibly via 
sugar degradation and Strecker degradation of alanine.116-119 The phenolic compound vanillin 
showed similar percentages in the light LME (150%) and in the dark LME (270%). 4-Ethenyl-
2-methoxyphenol showed an increase from malt to the light LME (+300%), but a decrease 
from malt to the dark LME (–96%). 2-Methoxyphenol showed a moderate (140%) and a 
pronounced (1800%) higher amount in the light LME and in the dark LME, respectively. The 
higher amounts of these phenolic compounds could be explained by the thermal decom-
position of ferulic acid.120-123 The different percentages of 4-ethenyl-2-methoxyphenol and 
2-methoxyphenol could be associated with the additional heating step during the production of 
the dark LME. 4-Ethenyl-2-methoxyphenol is formed first. Further thermal impact then induces 
the conversion of 4-ethenyl-2-methoxyphenol to 2-methoxyphenol,120, 121 explaining the lower 
amount of 4-ethenyl-2-methoxyphenol and the higher amount of 2-methoxyphenol in the dark 
LME. (E)-β-Damascenone showed a vast higher amount in the light and the dark LME (1800% 
and 2200%) than in the malt. Probably, this odorant was formed thermally or released from 
glycoside precursors during mashing.124-131 While the Maillard reaction products maltol and 
sotolon already showed clearly higher amounts in the light LME (1100% and 290%) than in the 
malt, the amounts in the dark LME were even higher, with percentages of 90000% and 
39000%, respectively. The additional heating step in the production protocol of the dark LME 
obviously boosted the formation of Maillard reaction products. Sotolon could be formed from 
butane-2,3-dione and hydroxyacetaldehyde,132 and maltol from the disaccharide maltose.68, 133 
In summary, for the aroma of the light and the dark LME, the formation of process-induced 
odorants was shown to be more important than a transfer of malt odorants. 
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6.3 Impact of Malt Extract Addition on Bread Aroma  

To get a first insight into the impact of malt extract addition on the aroma of wheat bread, crusts 
and crumbs of breads made with the previously analyzed light and dark LMEs (cf. section 6.1) 
were orthonasally characterized in a quantitative olfactory profile analysis. A bread without 
LME addition served as reference (Figure 13). All breads were made using a standardized 
recipe and a standardized production protocol.102 The olfactory profile of the reference bread 
crust showed strong roasty, malty, and caramel-like odor notes (Figure 13, left). The olfactory 
profile of the crust of the bread made with the light LME was evaluated very similar to the 
reference crust, only the smoky odor note was rated slightly more intensive. The differences 
between the crust of the bread made with the dark LME and the reference bread crust were 
slightly larger, but still small. The malty, honey-like, caramel-like, smoky, and clove-like notes 
were rated slightly more intensive in the crust of the bread made with the dark LME. The 
reference bread crumb exhibited a strong malty note followed by roasty, fatty, cheesy, and 
cooked potato-like notes (Figure 13, right). Again, the differences in the aroma between the 
two LME breads and the reference bread were small. Adding the dark LME to the bread recipe 
resulted in slightly more changes in the olfactory profile of the bread crumb than adding the 
light LME. In the crumb of the bread made with the light LME, only smoky and honey-like notes 
were rated higher, whereas in the crumb of the bread made with the dark LME, smoky, earthy, 
roasty, soup seasoning-like, malty, and caramel-like notes were rated more intensive.  

 

Figure 13: Quantitative olfactory profiles of crust and crumb of breads made without LME, with 
the light LME, or with the dark LME. Panelists rated the intensity of each descriptor on a scale 
from 0 to 3 in 0.5 increments with 0 = not detectable, 1 = weak, 2 = moderate, and 3 = strong 

The rather minor differences in the olfactory profiles between the bread made with the light 
LME and the reference bread were confirmed in 3-AFC tests. The crust and the crumb of the 
bread made with the light LME showed no significant difference to the reference bread crust 
and crumb (p > 10%). On the other hand, the crust and the crumb of the bread made with the 
dark LME were significantly distinguishable from the reference bread crust and crumb, 
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indicating a clear impact of dark LME addition on the bread aroma (crust: p 0.19%, crumb: 
p 0.0061%).  

To elucidate the odorants responsible for the aroma impact of LME addition, the volatiles were 
isolated from bread crusts and crumbs by solvent extraction and SAFE. Since a water-induced 
release of bound odorants by saliva during the consumption of bread had to be considered, 
the extraction step included the simultaneous addition of water and solvent, as performed in 
the analysis of the Pilsner malt (cf. section 6.2). The influence of water addition on bread crust 
and crumb odorants had been investigated in preliminary experiments (cf. 8.2.2, Paper 2, 
Figure 2).102 In the bread crust, the concentrations of phenylacetaldehyde and phenylacetic 
acid increased ~8-fold and ~5-fold, respectively, when water was added before solvent 
extraction. This was in accordance with the findings obtained from foods with low moisture 
contents68, 110-115 including malt (cf. Figure 12). No significant differences were observed 
between the concentrations of bread crumb odorants.102 This observation corresponded to the 
higher moisture content in the bread crumb. 

A screening for odorants was applied to the volatile isolates obtained from the crust and the 
crumb of the bread made with the dark LME in comparison to the volatile isolates obtained 
from the reference bread crust and crumb. No screening was applied to the bread made with 
the light LME. Given that the light LME showed the same set of odorants,99 its impact on bread 
aroma was low (cf. Figure 13), and the result was primarily used to select the odorants to be 
quantitated in the following step, odorant screening in the light LME bread was considered 
unnecessary. Application of GC-O, AEDA, and identification experiments finally resulted in 48 
odorants with FD factors ≥ 10 in at least one of the two breads without and the with dark LME 
(cf. 8.2.2, Paper 2, Table 1).102 The identified odorants were consistent with previously 
characterized wheat bread crust and crumb odorants.12, 20, 30, 75, 76, 82-84, 87 

In both bread crust samples, without and with the dark LME, high FD factors were obtained for 
roasty, popcorn-like smelling 2-acetyl-1-pyrroline, cooked potato-like smelling 3-(methylsulfa-
nyl)propanal, cheesy smelling 2- and 3-methylbutanoic acid, caramel-like smelling compounds 
maltol and HDMF, soup seasoning-like smelling sotolon, honey-like smelling phenylacetic acid, 
and vanilla-like smelling vanillin. In both bread crumb samples, high FD factors were obtained 
for cooked potato-like smelling 3-(methylsulfanyl)propanal, cheesy smelling 2- and 3-methyl-
butanoic acid, honey-like smelling 2-phenylethan-1-ol, and vanilla-like smelling vanillin. No 
significant differences were found between the two crust samples based on the FD factors. 
However, significant differences in the FD factors were found between the bread crumb 
samples. Important odorants in the dark LME (cf. section 6.1), such as caramel-like smelling 
maltol (FD factors 1000 vs. 10) and soup seasoning-like smelling sotolon (FD factors 1000 vs. 
10) showed clearly higher FD factors in the crumb of the bread made with the dark LME.102 

To get a deeper insight in the role of malt extract addition on the bread aroma, odorant 
quantitations were carried out in the crust and the crumb of breads made without and with the 
addition of the light and the dark LME, respectivley.102 Based on the outcomes of the odorant 
screening in the reference bread and the bread made with the dark LME, 23 important odorants 
were selected for the quantitation experiments. The concentrations in the bread crusts ranged 
from 0.224 µg/kg to 269000 µg/kg (Table 7). For 18 odorants in the reference bread crust, 18 
odorants in the crust of the bread made with the light LME, and 20 odorants in the crust of the 
bread made with the dark LME, respectively, concentrations above the OTVs in starch were 
found, i.e., OAVs were ≥ 1. The OAVs verified the importance of roasty, popcorn-like smelling 
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2-acetyl-1-pyrroline (9) as a major wheat bread crust odorant.12, 30, 75 Ranging from 1800 to 
3600, the compound exhibited by far the highest OAVs of all bread crust odorants. High OAVs 
in the bread crust samples were additionally determined for cooked potato-like smelling 
3-(methylsulfanyl)propanal (1; OAVs 160–1200), caramel-like smelling HDMF (16; OAVs   
160–360), clove-like smelling 4-ethenyl-2-methoxyphenol (6; OAVs 130–190), and honey-like 
smelling phenylacetaldehyde (7; OAVs 37–180). For most of the bread crust odorants, only 
minor differences in the OAVs were detected between the reference bread and the breads 
made with the light LME and the dark LME. Odorants with clearly higher OAVs in the crust of 
the bread made with the light LME than in the crust of the bread made with the dark LME and 
the reference bread crust were found for cooked potato-like smelling 3-(methylsulfa-
nyl)propanal (1; OAVs 1200 vs. 230 vs. 160), caramel-like smelling HDMF (16; OAVs 360 vs. 
180 vs. 160), and honey-like smelling phenylacetaldehyde (7; OAVs 180 vs. 59 vs. 37). 
However, these differences were not reflected in the sensory data (cf. Figure 13). 2-Acetyl-1-
pyrroline with its extraordinarily high OAV may have masked the aroma notes evoked by the 
latter three odorants. In the crust of the bread made with the dark LME, a higher OAV was 
calculated for soup seasoning-like smelling sotolon (2; OAV 15) than in the other bread crusts 
(OAVs 3.4–6.4). In summary, only slight differences were detected between the crust samples 
of the breads made without and with LME addition. This corresponded very well with the AEDA 
data (cf. 8.2.2, Paper 2, Table 1)102 and may be assigned to the fact that bread crust odorants 
are mainly generated by thermal reactions during bread baking in the course of the Maillard 
reaction.72, 75, 79, 100 
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The concentrations in the bread crumbs ranged from 0.169 µg/kg to 240000 µg/kg (Table 8). 
OAV calculation revealed 15, 16 and 19 odorants with an OAV ≥ 1 in the crumb of the breads 
made without LME, with the light LME, and with the dark LME, respectively. High OAVs in the 
bread crumbs were assigned to cheesy smelling 3-methylbutanoic acid (15; OAVs 67–110), 
cooked potato-like smelling 3-(methylsulfanyl)propanal (1; OAVs 50–110), roasty, popcorn-like 
smelling 2-acetyl-1-pyrroline (9; OAVs 62–90), and malty smelling 3-methylbutan-1-ol (22; 
OAV 35–42). Most of the odorants showed OAVs that were in the same range in all crumb 
samples, suggesting little influence of malt extract addition. Formation of these compounds 
could be predominantly assigned to yeast metabolism during fermentation (4, 6, 15, 17, 18, 
19, 20, 22, 23) and to lipid oxidation (3, 11, 14).75, 76, 87 Nevertheless, for three odorants slight 
differences were found between the reference crumb and the crumb of the bread made with 
the light LME. These odorants included the two honey-like smelling compounds phenyl-
acetaldehyde (7) and phenylacetic acid (8), and cooked potato-like smelling 3-(methylsulfa-
nyl)propanal (1), which increased 2.8-fold, 2.4-fold, and 2.2-fold, respectively, when the light 
LME was added to the dough. More pronounced differences were present between the crumb 
of the bread made with the dark LME and the reference bread crumb. Soup seasoning-like 
smelling sotolon (2) and the two caramel-like smelling compounds maltol (5) and HDMF (16) 
exhibited 57-fold, 114-fold, and 6-fold higher OAVs, respectively, in the crumb of the bread 
made with the dark LME. While these odorants did not exceed their OTVs in the reference 
crumb, they reached OAVs clearly above 1 in the crumb of the bread made with the dark LME, 
namely 11, 7.1, and 4.8, respectively, implying a contribution to the overall aroma in the latter. 
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6.4 The Role of Odorant Precursors in Bread Crust and Crumb  

Malt extract addition can influence the final bread crust and crumb aroma either by a simple 
transfer of important LME odorants into the bread or by a formation of odorants from LME-
derived precursors during the bread making. To assess the origin of the bread odorants, the 
odorant concentrations in the breads were compared to the amounts of the odorants added 
with the LME. In order to compare the data from the LMEs (Table 6) and the bread crusts 
(Table 7) and crumbs (Table 8), the concentrations of all important bread odorants (OAV ≥ 1) 
were converted to µg per kg dough (Table 9 and Table 10).102  

In a portion of the crust of the bread made with the dark LME originating from 1 kg dough, 
sotolon (2) was present at a level of 4.92 µg/kg when no dark LME was added and of 
22.5 µg/kg when dark LME was added, corresponding to an increase of 360% (Table 9). Since 
23.9 µg/kg sotolon were introduced to the dough by adding dark LME, 100 % of the higher 
concentration in the crust could be explained by a direct transfer from the dark LME to the 
bread crust, with a transfer efficiency of 74%. The higher amounts of maltol (5), (E)-β-damas-
cenone (3), and phenylacetic acid (8) were also explainable by a direct transfer (98–100%), 
but with lower relative increases of 21–39%. For other compounds, the higher concentrations 
in the crust of the bread made with the dark LME could not be fully explained by a direct 
transfer. Hence, a formation of these compounds during the bread making from precursors 
provided by the LME played a major role. For 3-(methylsulfanyl)propanal (1), 2-methoxyphenol 
(12), and phenylacetaldehyde (7), the concentrations in the dark LME could explain only 32%, 
19%, and 2.2% of the higher amounts in the bread made with the dark LME, respectively. In 
the case of the comparison of the reference bread crust and the crust of the bread made with 
the light LME, no higher odorant concentration could be fully explained by a direct transfer 
from light LME to the bread crust. This indicated that the light LME provided higher amounts 
of odorant precursors than the dark LME. Regarding the high relative concentration increases 
of 3-(methylsulfanyl)propanal (1; +690%), phenylacetaldehyde (7; +370%), HDMF (16; 
+120%), (E)-β-damascenone (3; +98%), and sotolon (2; +89%), only small percentages 
between <1% (16; HDMF) and 30% (3; (E)-β-damascenone) could be explained by a direct 
transfer. The two Strecker aldehydes phenylacetaldehyde (7) and 3-(methylsulfanyl)propanal 
(1), which showed the highest relative increases of 370% and 690%, respectively, after adding 
the light LME to the bread recipe, might have been formed by Strecker degradation from light 
LME-derived precursors during baking. At high temperatures, such as on the surface of the 
bread, the Strecker aldehydes are formed by oxidative decarboxylation of amino acids.75, 87, 116 
In both crusts of breads made with LME addition, rather small relative differences were found 
between the other compounds, indicating that the crust aroma was mainly affected by the key 
odorant 2-acetyl-1-pyrroline, typically formed in the course of the Maillard reaction.72, 79, 100 
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In the bread crumb (Table 10), the concentrations of thermally formed odorants, e.g., maltol, 
sotolon, and HDMF, were lower than in the crust, corresponding to the lower temperatures 
reached in the crumb during baking. Due to these lower initial concentrations, LME addition to the 
bread recipe showed a greater impact on the final amount of Maillard reaction-related compounds. 
The addition of the dark LME resulted in 114-fold and 57-fold higher concentrations of maltol (5; 
from 86.8 to 9860 µg/kg dough) and of sotolon (2; from 0.416 to 23.8 µg/kg dough) in the bread 
crumb, respectively. The differences between the reference bread and the bread made with the 
dark LME were fully explainable by a direct transfer of these odorants from the dark LME with 
efficacies of 89% and 98%, respectively. Significantly lower relative increases of ~40% were 
calculated for 2-methoxyphenol (12) and phenylacetic acid (8). A direct transfer of the latter 
compounds from the dark LME to the bread crumb could explain 91% and 84% of the higher 
concentrations in the crumb of the bread made with the dark LME. However, the concentration of 
smoky smelling 2-methoxyphenol remained below its OTV in both crumbs, without and with dark 
LME addition, indicating that this odorant does not contribute to the overall bread crumb aroma. 
Regarding HDMF (16), only 1% of its concentration increase of 500% could be explained by a 
direct transfer from the dark LME to the bread crumb. Thus, the major part of HDMF must have 
been formed from LME-derived precursors during bread making. Presumably, these precursors 
were reducing sugars or reactive C3-intermediates of the Maillard reaction formed during dark 
LME production.135, 136 As in the case of the crust of the bread made with the light LME (cf. 
Table 9), none of the concentration increases of bread crumb odorants could be fully explained 
by a direct transfer from the light LME to the bread crumb. Up to 68% of the more than doubled 
concentration of (E)-β-damascenone (3; +110%) and 3-(methylsulfanyl)propanal (1; +120%) in 
the crumb of the bread made with the light LME could be ascribed to a direct transfer from the 
light LME to the bread crumb. Adding light LME to the bread recipe had the greatest impact on 
the concentration of maltol (5), resulting in a relative increase of 500%. However, only 38% could 
be explained by a direct transfer from the light LME to the bread crumb, thus a major part of the 
maltol was formed from light LME-derived precursors during bread making. 

In summary, differences between the reference bread and both LME breads were demonstrated 
on the molecular level. The addition of the dark LME had a greater impact on the final odorant 
concentrations than the addition of the light LME. Adding light LME to the dough caused only 
small increases in the odorant concentrations. The differences could mainly be explained by the 
formation of odorants from precursors during bread making, but the final amounts were not 
sufficient to have a significant influence on the bread aroma. However, adding dark LME to the 
dough resulted in a significant impact on the bread aroma, with the impact on the crumb aroma 
being higher than on the crust aroma. The higher concentrations were primarily explainable by a 
direct transfer of odorants from the dark LME to the bread, but also partly by the formation of 
odorants from LME-derived precursors during bread making. Due to the differences in LME 
production, malt-derived precursors were possibly already reacted in case of the dark LME, 
resulting in higher odorant concentrations that could be directly transferred to the bread. On a 
molecular level, sotolon, maltol, and HDMF were responsible for the aroma differences between 
the reference bread and the bread made with the dark LME. To further improve the aroma of 
bread crust and crumb, the production of the dark LME should be optimized for a targeted 
formation of these three compounds.



R
es

ul
ts

 a
nd

 D
is

cu
ss

io
n 

 
45

 

T
ab

le
 1

0:
 A

m
ou

nt
s 

of
 o

do
ra

nt
s 

in
 th

e 
br

ea
d 

cr
um

bs
 in

 r
el

at
io

n 
to

 th
e 

am
ou

nt
s 

ad
de

d 
w

ith
 th

e 
lig

ht
 a

nd
 th

e 
da

rk
 L

M
E

10
2  

a
N

um
be

rs
 r

ef
er

 to
 T

ab
le

 6
. b

µ
g

 o
f t

he
 o

d
or

a
nt

 in
 a

 p
or

tio
n 

of
 th

e 
br

ea
d 

cr
um

b 
or

ig
in

at
in

g 
fr

om
 1

 k
g 

of
 d

ou
gh

; c
a

lc
ul

at
e

d 
by

 m
ul

tip
ly

in
g 

th
e 

o
do

ra
nt

 c
on

ce
nt

ra
tio

ns
 in

 c
ru

m
b 

(T
ab

le
 

8)
 b

y 
co

nv
er

si
on

 f
ac

to
rs

 o
f 

0.
99

7;
 t

he
 c

on
ve

rs
io

n 
fa

ct
or

 f
or

 t
he

 c
ru

m
b 

w
a

s 
ap

pr
ox

im
at

e
d 

as
 (

dr
y 

w
ei

g
ht

 c
ru

st
 ×

 a
m

ou
nt

 c
ru

st
 +

 d
ry

 w
ei

gh
t 

cr
um

b 
×

 a
m

ou
nt

 c
ru

m
b)

 /
 (

am
ou

nt
 

do
u

gh
 ×

 d
ry

 w
ei

g
ht

 c
ru

m
b)

.1
02

 c O
do

ra
nt

 c
on

ce
nt

ra
tio

n 
in

 t
h

e 
do

u
gh

 d
er

iv
e

d 
fr

om
 t

he
 a

dd
iti

on
 o

f 
th

e 
LM

E
; 

ca
lc

ul
at

e
d 

by
 m

ul
tip

ly
in

g 
th

e 
od

or
an

t 
co

nc
e

nt
ra

tio
n 

in
 t

he
 L

M
E

 (
T

ab
le

 
6)

 w
ith

 th
e 

LM
E

 c
on

te
nt

 in
 th

e 
do

u
gh

 (
1

5 
g/

83
5 

g)
. 

N
o

.a  
O

d
o

ra
n

t 

C
o

n
ce

n
tr

at
io

n
 in

 c
ru

m
b

 
(µ

g
/k

g
 d

o
u

g
h

)b
 

 
D

if
f.

 l
ig

h
t 

L
M

E
 

b
re

ad
 v

s.
 

re
fe

re
n

ce
 b

re
ad

 

D
if

f.
 d

ar
k 

L
M

E
 

b
re

ad
 v

s.
 

re
fe

re
n

ce
 b

re
ad

 
 

A
m

o
u

n
t 

ad
d

ed
 w

it
h

 
li

g
h

t 
L

M
E

 
A

m
o

u
n

t 
ad

d
ed

 w
it

h
 

d
ar

k 
L

M
E

 

R
ef

er
en

ce
 

b
re

ad
 

L
ig

h
t 

L
M

E
 

b
re

ad
 

D
ar

k 
L

M
E

 
b

re
ad

 
 

µ
g

/k
g

 d
o

u
g

h
 

 
µ

g
/k

g
 d

o
u

g
h

 
 

 
µ

g
/k

g
 

d
o

u
g

h
c 

E
xp

la
in

s 
%

 d
if

f.
 

b
et

w
ee

n
 

b
re

ad
s

 

µ
g

/k
g

 
d

o
u

g
h

c 

E
xp

la
in

s 
%

 d
if

f.
 

b
et

w
ee

n
 

b
re

ad
s

 

5 
M

al
to

l 
86

.8
 

52
0

 
98

6
0

 
 

+
43

3 
(+

50
0

%
) 

+
97

70
 (

+
11

00
0

%
) 

 
16

5
 

38
 

11
0

00
 

10
0

 

2 
S

ot
ol

o
n

 
0.

41
6

 
1.

12
 

23
.8

 
 

+
0.

70
8 

(+
17

0
%

) 
+

23
.4

 (
+

56
00

%
) 

 
0.

22
7

 
32

 
23

.9
 

10
0

 

16
 

H
D

M
F

 
10

.3
 

25
.7

 
61

.9
 

 
+

15
.4

 (
+

15
0%

) 
+

51
.6

 (
+

50
0%

) 
 

3.
97

 
26

 
0.

64
5

 
1.

2
 

7 
P

he
ny

la
ce

ta
ld

eh
yd

e
 

34
.5

 
96

.0
 

72
.2

 
 

+
61

.5
 (

+
18

0%
) 

+
37

.7
 (

+
11

0%
) 

 
6.

50
 

11
 

1.
92

 
5.

1
 

3 
(E

)-
-

D
am

as
ce

no
n

e
 

0.
06

8
0

 
0.

14
2

 
0.

17
7

 
 

+
0.

07
36

 (
+

11
0

%
) 

+
0.

10
9 

(+
16

0
%

) 
 

0.
46

5
 

63
 

0.
04

4
0

 
41

 

8 
P

he
ny

la
ce

tic
 a

ci
d

 
21

0
 

50
5

 
30

0
 

 
+

29
6 

(+
14

0
%

) 
+

90
.1

 (
+

43
%

) 
 

71
.3

 
24

 
75

.8
 

84
 

1 
3-

(M
et

hy
ls

ul
fa

ny
l)p

ro
pa

na
l 

13
.7

 
30

.5
 

13
.5

 
 

+
16

.8
 (

+
12

0%
) 

−
0.

20
0 

(−
1.

5%
) 

 
11

.3
 

68
 

4.
22

 
−

 

4 
A

ce
tic

 a
ci

d
 

11
8

00
0

 
23

9
00

0
 

16
0

00
0

 
 

+
12

20
00

 (
+

10
0

%
) 

+
41

90
0 

(+
36

%
) 

 
33

4
0

 
2.

7
 

15
6

00
 

37
 

12
 

2-
M

et
ho

xy
ph

e
no

l 
0.

96
0

 
1.

44
 

1.
40

 
 

+
0.

47
9 

(+
50

%
) 

+
0.

43
3 

(+
45

%
) 

 
0.

03
9

1
 

8.
2

 
0.

39
3

 
91

 

11
 

(2
E

,4
E

)-
D

ec
a-

2,
4-

di
en

a
l 

29
.8

 
43

.6
 

42
.9

 
 

+
13

.8
 (

+
46

%
) 

+
13

.1
 (

+
44

%
) 

 
0.

01
5

5
 

<
 1

 
0.

00
9

32
 

<
 1

  

22
 

3-
M

et
hy

lb
ut

an
-1

-o
l 

33
8

0
 

35
7

0
 

41
4

0
 

 
+

18
9 

(+
5.

6%
) 

+
75

7 
(+

22
%

) 
 

0.
52

9
 

<
 1

 
0.

05
7

1
 

<
 1

 

9 
2-

A
ce

ty
l-1

-p
yr

ro
lin

e 
0.

54
2

 
0.

65
5

 
0.

45
2

 
 

0.
11

3 
(+

21
%

) 
−

0.
09

03
 (
−

17
%

) 
 

0.
02

5
1

 
22

 
0.

05
7

3
 

−
 

19
 

2-
M

et
hy

lp
ro

p
a

no
ic

 a
ci

d
 

39
5

0
 

33
5

0
 

46
0

0
 

 
−

58
9 

(−
15

%
) 

+
64

8 
(+

16
%

) 
 

2.
72

 
−

 
10

.8
 

1.
7

 

23
 

2-
M

et
hy

b
ut

an
-1

-o
l 

11
3

0
 

12
6

0
 

13
0

0
 

 
+

12
9 

(+
11

%
) 

+
17

3 
(+

15
%

) 
 

0.
20

3
 

<
 1

 
0.

01
1

1
 

<
 1

 

18
 

2-
P

he
ny

le
th

an
-1

-o
l 

21
1

0
 

24
2

0
 

18
7

0
 

 
+

30
9 

(+
15

%
) 

−
23

9 
(−

11
%

) 
 

2.
04

 
<

 1
 

2.
07

 
−

 

20
 

B
ut

an
o

ic
 a

ci
d

 
18

2
0

 
16

0
0

 
18

7
0

 
 

−
22

9 
(−

13
%

) 
+

49
.8

 (
+

2.
7%

) 
 

13
.5

 
−

 
4.

11
 

8.
3

 

6 
4-

E
th

en
yl

-2
-m

et
ho

xy
p

he
no

l 
13

6
 

13
2

 
12

6
 

 
−

3.
84

 (
−

2.
8%

) 
−

9.
37

 (
−

6.
9%

) 
 

34
.3

 
−

 
0.

25
2

 
−

 

15
 

3-
M

et
hy

lb
ut

an
oi

c 
ac

id
 

14
1

0
 

86
2

 
12

1
0

 
 

−
54

4 
(−

39
%

) 
−

19
9 

(−
14

%
) 

 
6.

01
 

−
 

28
.4

 
−

 

14
 

(2
E

)-
N

on
-2

-e
n

al
 

50
.6

 
34

.0
 

38
.8

 
 

−
16

.6
 (
−

33
%

) 
−

11
.9

 (
−

23
%

) 
 

0.
02

4
9

 
−

 
0.

01
9

8
 

−
 

15
 

2-
M

et
hy

lb
ut

an
oi

c 
ac

id
 

83
4

 
43

5
 

57
6

 
 

−
39

9 
(−

48
%

) 
−

25
8 

(−
31

%
) 

 
1.

61
 

−
 

5.
55

 
−

 



References  46 

7 References 

1. Bundesministerium für Ernährung und Landwirtschaft. Deutschland, wie es isst. Berlin, 
2021; 
https://www.bmel.de/SharedDocs/Downloads/DE/Broschueren/ernaehrungsreport-
2021.html (accessed November 28, 2021). 

2. Steinhaus, M. Gas chromatography–olfactometry: principles, ractical aspects and 
applications in food analysis. In Advanced Gas Chromatography in Food Analysis; 
Tranchida, P.Q., Ed.; The Royal Society of Chemistry: Cambridge, UK, 2020; pp 337–
399.  

3. Buck, L.; Axel, R. A novel multigene family may encode odorant receptors: a molecular 
basis for odor recognition. Cell 1991, 65, 175–187. 

4. Malnic, B.; Hirono, J.; Sato, T.; Buck, L. B. Combinatorial receptor codes for odors. Cell 
1999, 96, 713–723. 

5. Krautwurst, D. Human olfactory receptor families and their odorants. Chem. Biodiversity 
2008, 5, 842–852. 

6. Mori, K.; Sakano, H. How is the olfactory map formed and interpreted in the mammalian 
brain? Annu. Rev. Neurosci. 2011, 34, 467–499. 

7. Olender, T.; Wazak, S. M.; Viavant, M.; Khen, M.; Ben-Asher, E.; Reyes, A.; Nativ, N.; 
Wysocki, C. J.; Ge, D. L.; Lancet, D. Personal receptor repertoires: olfaction as a model. 
Bmc Genomics 2012, 13, 414–414. 

8. Prinz zu Waldeck, C.; Frings, S. Wie wir riechen, was wir riechen: Die molekularen 
Grundlagen der Geruchswahrnehmung. Bio. Unserer Zeit 2005, 35, 302–310. 

9. The Nobel Foundation. The Nobel Prize in Physiology or Medicine 2004; 
https://www.nobelprize.org/prizes/medicine/2004/press-release/ (accessed November 
28, 2021). 

10. Czerny, M., et al. Re-investigation on odour thresholds of key food aroma compounds 
and development of an aroma language based on odour qualities of defined aqueous 
odorant solutions. Eur. Food Res. Technol. 2008, 228, 265–273. 

11. Steinhaus, M. Confirmation of 1-phenylethane-1-thiol as the character impact aroma 
compound in curry leaves and its behavior during tissue disruption, drying, and frying. J. 
Agric. Food Chem. 2017, 65, 2141–2146. 

12. Rychlik, M.; Grosch, W. Identification and quantification of potent odorants formed by 
toasting of wheat bread. Lebensm.-Wiss. Technol. 1996, 29, 515–525. 

13. Dunkel, A., et al. Nature’s chemical cignatures in human olfaction: a foodborne 
perspective for future biotechnology. Angew. Chem., Int. Ed. 2014, 53, 7124–7143. 

14. Engel, W.; Bahr, W.; Schieberle, P. Solvent assisted flavour evaporation – a new and 
versatile technique for the careful and direct isolation of aroma compounds from complex 
food matrices. Eur. Food Res. Technol. 1999, 209, 237–241. 

15. Derail, C.; Hofmann, T.; Schieberle, P. Differences in key odorants of handmade juice of 
yellow-flesh peaches (Prunus persica L.) induced by the workup procedure. J. Agric. 
Food Chem. 1999, 47, 4742–4745. 



References  47 

16. Werkhoff, P.; Güntert, M.; Krammer, G.; Sommer, H.; Kaulen, J. Vacuum headspace 
method in aroma research:  flavor chemistry of yellow passion fruits. J. Agric. Food 
Chem. 1998, 46, 1076–1093. 

17. Bemelmans, J. M. H. Review of isolation and concentration techniques. In Progress in 
Flavour Research; Land, G. G.; Nursten, H. E., Eds.; Applied Science: London, UK, 
1979; pp 79–98. 

18. Schieberle, P. Chapter 17 - New developments in methods for analysis of volatile flavor 
compounds and their precursors. In Characterization of Food; Gaonkar, A. G., Ed.; 
Elsevier Science B.V.: Amsterdam, 1995; pp 403–431. 

19. Grosch, W. Evaluation of the key odorants of foods by dilution experiments, aroma 
models and omission. Chem. Senses 2001, 26, 533–545. 

20. Schieberle, P.; Grosch, W. Evaluation of the flavor of wheat and rye bread crusts by 
aroma extract dilution analysis. Z. Lebensm.-Unters. Forsch. 1987, 185, 111–113. 

21. Steinhaus, M.; Sinuco, D.; Polster, J.; Osorio, C.; Schieberle, P. Characterization of the 
aroma-active compounds in pink guava (Psidium guajava, L.) by application of the aroma 
extract dilution analysis. J. Agric. Food Chem. 2008, 56, 4120–4127. 

22. Li, J.-X.; Schieberle, P.; Steinhaus, M. Characterization of the major odor-active 
compounds in thai durian (Durio zibethinus L. ‘Monthong’) by aroma extract dilution 
analysis and headspace gas chromatography–olfactometry. J. Agric. Food Chem. 2012, 
60, 11253–11262. 

23. Steinhaus, M. Characterization of the major odor-active compounds in the leaves of the 
curry tree Bergera koenigii L. by aroma extract dilution analysis. J. Agric. Food Chem. 
2015, 63, 4060–4067. 

24. Pavez, C.; Agosin, E.; Steinhaus, M. Odorant screening and quantitation of thiols in 
carmenere red wine by gas chromatography–olfactometry and stable isotope dilution 
assays. J. Agric. Food Chem. 2016, 64, 3417–3421. 

25. Schoenauer, S.; Schieberle, P. Screening for novel mercaptans in 26 fruits and 20 wines 
using a thiol-selective isolation procedure in combination with three detection methods. 
J. Agric. Food Chem. 2019, 67, 4553–4559. 

26. Kiefl, J.; Pollner, G.; Schieberle, P. Sensomics analysis of key hazelnut odorants 
(Corylus avellana L. ‘Tonda Gentile’) using comprehensive two-dimensional gas 
chromatography in combination with time-of-flight mass spectrometry (GC×GC-TOF-
MS). J. Agric. Food Chem. 2013, 61, 5226–5235. 

27. Füllemann, D.; Steinhaus, M. Characterization of odorants causing smoky off-flavors in 
cocoa. J. Agric. Food Chem. 2020, 68, 10833–10841. 

28. Schieberle, P.; Grosch, W. Quantitative analysis of aroma compounds in wheat and rye 
bread crusts using a stable isotope dilution assay. J. Agric. Food Chem. 1987, 35, 252–
257. 

29. Rohleder, A. R.; Scherf, K. A.; Schieberle, P.; Koehler, P. Quantitative analyses of key 
odorants and their precursors reveal differences in the aroma of gluten-free rice bread 
and wheat bread. J. Agric. Food Chem. 2019, 67, 11179–11186. 



References  48 

30. Zehentbauer, G.; Grosch, W. Crust aroma of baguettes I. Key odorants of baguettes 
prepared in two different ways. J. Cereal Sci. 1998, 28, 81–92. 

31. ASTM International. E679-19 Standard Practice for Determination of Odor and Taste 
Thresholds by a Forced-choice Ascending Concentration Series Method of Limits. West 
Conshohocken, PA, 2019, DOI: 10.1520/E0679-19. 

32. Grosch, W. Determination of potent odourants in foods by aroma extract dilution analysis 
(AEDA) and calculation of odour activity values (OAVs). Flavour Fragrance J. 1994, 9, 
147–158. 

33. Rothe, M.; Thomas, B. Aromastoffe des Brotes. Z. Lebensm.-Unters. Forsch. 1963, 119, 
302–310. 

34. Steinhaus, M.; Sinuco, D.; Polster, J.; Osorio, C.; Schieberle, P. Characterization of the 
key aroma compounds in pink guava (Psidium guajava L.) by means of aroma re-
engineering experiments and omission tests. J. Agric. Food Chem. 2009, 57, 2882–
2888. 

35. Li, J.-X.; Schieberle, P.; Steinhaus, M. Insights into the key compounds of durian (Durio 
zibethinus L. ‘Monthong’) pulp odor by odorant quantitation and aroma simulation 
experiments. J. Agric. Food Chem. 2017, 65, 639–647. 

36. Deutsches Brotinsitut e. V., Welttag des Brotes - Fünf Fakten zu Brot. 2019; 
https://www.brotinstitut.de/presse (accessed November 28, 2021).  

37. Zentralverband des Deutschen Bäckerhandwerks e. V. Brotverbrauch und Brotkorb der 
Deutschen; https://www.baeckerhandwerk.de/baeckerhandwerk/zahlen-
fakten/brotverbrauch-und-brotkorb-der-deutschen/ (accessed November 28, 2021). 

38. Deutsches Brotinsitut e. V. 10 aktuelle Brottrends aus Sicht des Deutschen Brotinstituts. 
2020; https://www.brotinstitut.de/fileadmin/editorial-
content/dokumente/pressemeldungen/Aktuelle-Brottrends-zum-Welttag-des-Brotes-
2020.pdf (accessed November 28, 2021). 

39. Hansen, B.; Wasdovitch, B. Malt ingredients in baked goods. Cereal Foods World 2005, 
50, 18–22. 

40. Poiana, M. A.; Dogaru, D.; Mateescu, C.; Mucete, D.; Parvulescu, L. Researches 
regarding the influence of malt extract addition on the bread quality. Bull. Univ. Agric. 
Sci. Vet. Med. Cluj-Napoca, Agric. 2008, 62, 332–337. 

41. Man, S.; Paucean, A.; Muste, S.; Damian, M. Preliminary study of the malt extract 
addition on the wholemeal bread quality. Bull. Univ. Agric. Sci. Vet. Med. Cluj-Napoca, 
Agric. 2012, 69, 505–507. 

42. Jadhav, S. J.; Lutz, S. E.; Ghorpade, V. M.; Salunkhe, D. K. Barley: chemistry and value-
added processing. Crit. Rev. Food Sci. Nutr. 1998, 38, 123–171. 

43. Arendt, E. K.; Zannini, E. 4 - Barley. In Cereal Grains for the Food and Beverage 
Industries; Arendt, E. K.; Zannini, E., Eds.; Woodhead Publishing: Cambridge, UK, 2013; 
pp 155–201. 

44. Food Agriculture Organization of the United Nations. FAOSTAT statistical database. 
Rome, 2020; https://www.fao.org/faostat/en/#home (accessed January 06, 2022). 



References  49 

45. Narziß, L.; Back, W.; Gastl, M.; Zarnkow, M. Die Technologie der Malzbereitung. In 
Abriss der Bierbrauerei; Wiley-VCH: Weinheim, Germany, 2017; pp 1–100. 

46. Souci, S. W. F., W.; Kraut, H. Die Zusammensetzung der Lebensmittel. 
Nährwerttabellen. 8th Ed. WVG-Verlag: Stuttgart, Germany, 2016. 

47. Kunze, W. Technologie Brauer und Mälzer. 11th Ed. Versuchs- u. Lehranstalt f. Brauerei: 
Berlin, Germany, 2016. 

48. Narziß, L. Malz. In Lebensmitteltechnologie: Biotechnologische, chemische, 
mechanische und thermische Verfahren der Lebensmittelverarbeitung; Heiss, R., Ed.; 
Springer Berlin Heidelberg: Berlin, Heidelberg, Germany, 2004; pp 360–368. 

49. Yahya, H.; Linforth, R. S. T.; Cook, D. J. Flavour generation during commercial barley 
and malt roasting operations: a time course study. Food Chem. 2014, 145, 378–387.  

50. Gräber, S. Malzextrakt. In Römpp Online, Thieme Gruppe: Stuttgart, 2003; 
https://roempp.thieme.de/lexicon/RD-13-00400 (accessed November 28, 2021). 

51. VCF volatile compounds in food: database, version 16.7; Van Dongen, W. D.; Donders, 
J. J. H., Eds.; BeWiDo B. V.: Reeuwijk, The Netherlands, 1963−2013; http://www.vcf-
online.nl (accessed November 28, 2021). 

52. Brand, J. Über Maltol. Berichte der Deutschen chemischen Gesellschaft 1894, 27, 806–
810. 

53. Peratoner, A.; Tamburello, A. Maltol. Chem. Zentralbl. 1905, 76, 680. 

54. Merl, T. Über Maltol und seine colorimetrische Bestimmung im Malzkaffee. Z. Unters. 
Lebensm. 1930, 60, 216–227. 

55. Deki, M.; Yoshimura, M. Volatile components of peated malt. I. Identification of phenolic 
compounds. Chem. Pharm. Bull. 1974, 22, 1748–1753. 

56. Deki, M.; Yoshimura, M. Volatile components of peated malt. II. Identification of neutral 
components. Chem. Pharm. Bull. 1974, 22, 1754–1759. 

57. Deki, M.; Yoshimura, M. Volatile components of peated malt. III. Identification of acidic 
and basic components. Chem. Pharm. Bull. 1974, 22, 1760–1764. 

58. Woffenden, H. M.; Ames, J. M.; Chandra, S. Relationships between antioxidant activity, 
color, and flavor compounds of crystal malt extracts. J. Agric. Food Chem. 2001, 49, 
5524–5530. 

59. Channell, G.; Yahya, H.; Cook, D. Thermal volatile generation in barley malt: on-line MS 
studies. J. Am. Soc. Brew. Chem. 2010, 68, 175–182. 

60. Dong, L., et al. Analysis of volatile compounds from a malting process using headspace 
solid-phase micro-extraction and GC–MS. Food Res. Int. 2013, 51, 783–789. 

61. Parr, H.; Bolat, I.; Cook, D. Modelling flavour formation in roasted malt substrates under 
controlled conditions of time and temperature. Food Chem. 2021, 337, 127641. 

62. Vandecan, S. M. G.; Daems, N.; Schouppe, N.; Saison, D.; Delvaux, F. R. Formation of 
flavor, color, and reducing power during the production process of dark specialty malts. 
J. Am. Soc. Brew. Chem. 2011, 69, 150–157. 



References  50 

63. Vandecan, S. M. G.; Saison, D.; Schouppe, N.; Delvaux, F.; Delvaux, F. R. Optimisation 
of specialty malt volatile analysis by headspace solid-phase microextraction in 
combination with gas chromatography and mass spectrometry. Anal. Chim. Acta 2010, 
671, 55–60. 

64. Féchir, M.; Reglitz, K.; Mall, V.; Voigt, J.; Steinhaus, M. Molecular Insights into the 
Contribution of Specialty Barley Malts to the Aroma of Bottom-Fermented Lager Beers. 
J. Agric. Food Chem. 2021, 69, 8190–8199. 

65. Farley, D. R.; Nursten, H. E. Volatile flavor components of malt extract. J. Sci. Food 
Agric. 1980, 31, 386–396. 

66. Przybylski, R.; Kamiński, E. Thermal degradation of precursors and formation of flavour 
compounds during heating of cereal products. Part II. The formation and changes of 
volatile flavour compounds in thermally treated malt extracts at different temperature and 
pH. Nahrung 1983, 27, 487–496. 

67. Beal, A. D.; Mottram, D. S. Compounds contributing to the characteristic aroma of malted 
barley. J. Agric. Food Chem. 1994, 42, 2880–2884. 

68. Fickert, B. Untersuchungen zur Bildung von Aromastoffen bei der Mälzung von Getreide. 
Ph.D. Thesis, Verlag Dr. Hut: München, Germany, 1999. 

69. Fickert, B.; Schieberle, P. Identification of the key odorants in barley malt (caramalt) 
using GC/MS techniques and odour dilution analyses. Nahrung 1998, 42, 371–375. 

70. Guido, L.; Moreira, M. 3 Malting. In Engineering Aspects of Cereal and Cereal-Based 
Products; Guiné, R. P. F.; Correia, P. M. R., Eds.; CRC Press: Florida, USA, 2013; pp 
51–70. 

71. Narziß, L.; Back, W.; Gastl, M.; Zarnkow, M. Die Technologie der Würzebereitung. In 
Abriss der Bierbrauerei; Narziß, L.; Back, W.; Gastl, M.; Zarnkow, M., Eds.; Wiley-VCH: 
Weinheim, Germany, 2017; pp 101–230. 

72. Starowicz, M.; Zieliński, H. How Maillard reaction influences sensorial properties (color, 
flavor and texture) of food products? Food Rev. Int. 2019, 35, 707–725. 

73. Arendt, E. K.; Zannini, E. 1 - Wheat and other Triticum grains. In: Cereal Grains for the 
Food and Beverage Industries; Arendt, E. K.; Zannini, E., Eds.; Woodhead Publishing: 
Cambridge , UK, 2013; pp 1–67. 

74. Belitz, H. D.; Grosch, W.; Schieberle, P. Lehrbuch der Lebensmittelchemie. 6th Ed. 
Springer Verlag: Berlin Heidelberg, Germany, 2008. 

75. Pico, J.; Bernal, J.; Gómez, M. Wheat bread aroma compounds in crumb and crust: a 
review. Food Res. Int. 2015, 75, 200–215. 

76. Birch, A. N.; Petersen, M. A.; Hansen, A. S. Aroma of wheat bread crumb. Cereal Chem. 
2014, 91, 105–114. 

77. Ullrich, F.; Grosch, W. Identification of the most intense volatile flavour compounds 
formed during autoxidation of linoleic acid. Z. Lebensm.-Unters. Forsch. 1987, 184, 277–
282. 

78. Czerny, M.; Schieberle, P. Labelling studies on pathways of amino acid related odorant 
generation by saccharomyces cerevisiae in wheat bread dough. Dev. Food Sci. 2006, 
43, 89–92. 



References  51 

79. van Boekel, M. A. J. S. Formation of flavour compounds in the Maillard reaction. 
Biotechnol. Adv. 2006, 24, 230–233. 

80. Schieberle, P. The role of free amino-acids present in yeast as precursors of the odorants 
2-acetyl-1-pyrroline and 2-acetyltetrahydropyridine in wheat bread crust. Z. Lebensm.-
Unters. Forsch. 1990, 191, 206–209. 

81. Hofmann, T.; Schieberle, P. 2-Oxopropanal, hydroxy-2-propanone, and 1-pyrroline –
important intermediates in the generation of the roast-smelling food flavor compounds 
2-acetyl-1-pyrroline and 2-acetyltetrahydropyridine. J. Agric. Food Chem. 1998, 46, 
2270–2277. 

82. Boeswetter, A. R.; Scherf, K. A.; Schieberle, P.; Koehler, P. Identification of the key 
aroma compounds in gluten-free rice bread. J. Agric. Food Chem. 2019, 67, 2963–2972. 

83. Gassenmeier, K.; Schieberle, P. Potent aromatic-compounds in the crumb of wheat 
bread (french-type) - influence of pre-ferments and studies on the formation of key 
odorants during dough processing. Z. Lebensm. Unters. Forsch. 1995, 201, 241–248. 

84. Schieberle, P.; Grosch, W. Potent odorants of the wheat bread crumb - differences to 
the crust and effect of a longer dough fermentation. Z. Lebensm. Unters. Forsch. 1991, 
192, 130–135. 

85. Sahin, B.; Schieberle, P. Characterization of the key aroma compounds in yeast 
dumplings by means of the sensomics concept. J. Agric. Food Chem. 2019, 67, 2973–
2979. 

86. Roth, M.; Schuster, H.; Kollmannsberger, H.; Jekle, M.; Becker, T. Changes in aroma 
composition and sensory properties provided by distiller’s grains addition to bakery 
products. J. Cereal Sci. 2016, 72, 75–83. 

87. Cho, I. H.; Peterson, D. G. Chemistry of bread aroma: a review. Food Sci. Biotechnol. 
2010, 19, 575–582. 

88. Grosch, W.; Schieberle, P. Flavor of cereal products - a review. Cereal Chem. 1997, 74, 
91–97. 

89. Moskowitz, M. R.; Bin, Q.; Elias, R. J.; Peterson, D. G. Influence of endogenous ferulic 
acid in whole wheat flour on bread crust aroma. J. Agric. Food Chem. 2012, 60, 11245–
11252. 

90. Schieberle, P.; Grosch, W. Potent odorants of rye bread crust - differences from the 
crumb and from wheat bread crust. Z. Lebensm.-Unters. Forsch. 1994, 198, 292–296. 

91. Birch, A. N.; Petersen, M. A.; Arneborg, N.; Hansen, Å. S. Influence of commercial 
baker's yeasts on bread aroma profiles. Food Res. Int. 2013, 52, 160–166. 

92. Frasse, P.; Lambert, S.; Richard-Molard, D.; Chiron, H. The influence of fermentation on 
volatile compounds in french bread dough. LWT–Food Sci. Technol. 1993, 26, 126–132. 

93. Birch, A. N.; Petersen, M. A.; Hansen, Å. S. The aroma profile of wheat bread crumb 
influenced by yeast concentration and fermentation temperature. LWT–Food Sci. 
Technol. 2013, 50, 480–488. 

94. Zehentbauer, G.; Grosch, W. Crust aroma of baguettes II. Dependence of the 
concentrations of key odorants on yeast level and dough processing. J. Cereal Sci 1998, 
28, 93–96. 



References  52 

95. Moskowitz, M. R.; Peterson, D. G. Hydroxycinnamic acid – Maillard reactions in simple 
aqueous model systems. In ACS Symposium Series: Controlling Maillard Pathways To 
Generate Flavors; D. S. Mottram; A. J. Taylo, Eds; American Chemical Society: 
Washington, DC, USA, 2010; Vol. 1042, pp 53–62. 

96. Schieberle, P.; Grosch, W. Changes in the concentrations of potent crust odourants 
during storage of white bread. Flavour Fragrance J. 1992, 7, 213–218. 

97. Zehentbauer, G.; Grosch, W. Apparatus for quantitative headspace analysis of the 
characteristic odorants of baguettes. Z. Lebensm.-Unters. Forsch. 1997, 205, 262–267. 

98. Roth, M.; Meiringer, M.; Kollmannsberger, H.; Zarnkow, M.; Jekle, M.; Becker, T. 
Characterization of key aroma compounds in distiller’s grains from wheat as a basis for 
utilization in the food industry. J. Agric. Food Chem. 2014, 62, 10873–10880. 

99. Rögner, N. S.; Mall, V.; Steinhaus, M. Odour-active compounds in liquid malt extracts for 
the baking industry. Eur. Food Res. Technol. 2021, 247, 1263–1275. 

100. Cerny, C. The aroma side of the Maillard reaction. Ann. N. Y. Acad. Sci. 2008, 1126, 66–
71. 

101. Kreissl, J.; Mall, V.; Steinhaus, P.; Steinhaus, M., Leibniz-LSB@TUM odorant database, 
version 1.2. Leibniz Institute for Food Systems Biology at the Technical University of 
Munich, Freising, Germany, 2022; https://www.leibniz-lsb.de/en/databases/leibniz-
lsbtum-odorant-database/odorantdb/ (accessed April 09, 2022). 

102. Rögner, N. S.; Mall, V.; Steinhaus, M. Impact of malt extract addition on odorants in 
wheat bread crust and crumb. J. Agric. Food Chem. 2021, 69, 13586–13595. 

103. Tatsu, S.; Matsuo, Y.; Nakahara, K.; Hofmann, T.; Steinhaus, M. Key odorants in 
japanese roasted barley tea (Mugi-Cha) – differences between roasted barley tea 
prepared from naked barley and roasted barley tea prepared from hulled barley. J. Agric. 
Food Chem. 2020, 68, 2728–2737. 

104. Wagner, J.; Schieberle, P.; Granvogl, M. Characterization of the key aroma compounds 
in heat-processed licorice (succus liquiritiae) by means of molecular sensory science. J. 
Agric. Food Chem. 2017, 65, 132–138. 

105. Sellami, I.; Mall, V.; Schieberle, P. Changes in the key odorants and aroma profiles of 
hamlin and valencia orange juices not from concentrate (NFC) during chilled storage. J. 
Agric. Food Chem. 2018, 66, 7428–7440. 

106. Grosshauser, S.; Schieberle, P. Characterization of the key odorants in pan-fried white 
mushrooms (Agaricus bisporus L.) by means of molecular sensory science: comparison 
with the raw mushroom tissue. J. Agric. Food Chem. 2013, 61, 3804–3813. 

107. Wagner, J.; Granvogl, M.; Schieberle, P. Characterization of the key aroma compounds 
in raw licorice (Glycyrrhiza glabra L.) by means of molecular sensory science. J. Agric. 
Food Chem. 2016, 64, 8388–8396. 

108. Munafo, J. P.; Didzbalis, J.; Schnell, R. J.; Steinhaus, M. Insights into the key aroma 
compounds in mango (Mangifera indica L. ‘Haden’) fruits by stable isotope dilution 
quantitation and aroma simulation experiments. J. Agric. Food Chem. 2016, 64, 4312–
4318. 



References  53 

109. Mall, V.; Schieberle, P. Evaluation of key aroma compounds in processed prawns 
(whiteleg shrimp) by quantitation and aroma recombination experiments. J. Agric. Food 
Chem. 2017, 65, 2776–2783. 

110. Buhr, K.; Pammer, C.; Schieberle, P. Influence of water on the generation of Strecker 
aldehydes from dry processed foods. Eur. Food Res. Technol. 2010, 230, 375–381. 

111. Klensporf, D.; Jelen, H. H. Analysis of volatile aldehydes in oat flakes by SPME-GC/MS. 
Pol. J. Food Nutr. Sci. 2005, 14, 389–395. 

112. Guth, H.; Grosch, W. Odorants of extrusion products of oat meal - changes during 
storage. Z. Lebensm. Unters. Forsch. 1993, 196, 22–28. 

113. Dach, A. M. Characterization of key aroma compounds in oat pastry and their generation 
during processing. Ph.D. Thesis, Verlag Deutsche Forschungsanstalt für 
Lebensmittelchemie: Freising, Germany, 2015. 

114. Granvogl, M.; Beksan, E.; Schieberle, P. New insights into the formation of aroma-active 
Strecker aldehydes from 3-oxazolines as transient intermediates. J. Agric. Food Chem. 
2012, 60, 6312–6322. 

115. Ullrich, L.; Neiens, S.; Hühn, T.; Steinhaus, M.; Chetschik, I. Impact of water on odor-
active compounds in fermented and dried cocoa beans and chocolates made thereof. J. 
Agric. Food Chem. 2021, 69, 8504-8510. 

116. Hofmann, T.; Münch, P.; Schieberle, P. Quantitative model studies on the formation of 
aroma-active aldehydes and acids by Strecker-type reactions. J. Agric. Food Chem. 
2000, 48, 434–440. 

117. Smuda, M.; Glomb, M. A. Fragmentation pathways during Maillard-induced carbohydrate 
degradation. J. Agric. Food Chem. 2013, 61, 10198–10208. 

118. Davídek, T.; Devaud, S.; Robert, F.; Blank, I. Sugar fragmentation in the Maillard reaction 
cascade:  isotope labeling studies on the formation of ccetic acid by a hydrolytic 
β-dicarbonyl cleavage mechanism. J. Agric. Food Chem. 2006, 54, 6667–6676. 

119. Davídek, T.; Robert, F.; Devaud, S.; Vera, F. A.; Blank, I. Sugar fragmentation in the 
Maillard reaction cascade:  formation of short-chain carboxylic acids by a new oxidative 
α-dicarbonyl cleavage pathway. J. Agric. Food Chem. 2006, 54, 6677–6684. 

120. Tressl, R.; Kossa, T.; Renner, R.; Koeppler, H. Gas chromatographic-mass 
spectrometric investigations on the formation of phenolic and aromatic hydrocarbons in 
food. Z. Lebensm.-Unters. Forsch. 1976, 162, 123–130. 

121. Fiddler, W.; Parker, W. E.; Wasserman, A. E.; Doerr, R. C. Thermal decomposition of 
ferulic acid. J. Agric. Food Chem. 1967, 15, 757–761. 

122. Langos, D.; Granvogl, M. Studies on the simultaneous formation of aroma-active and 
toxicologically relevant vinyl aromatics from free phenolic acids during wheat beer 
brewing. J. Agric. Food Chem. 2016, 64, 2325–2332. 

123. Coghe, S.; Benoot, K.; Delvaux, F.; Vanderhaegen, B.; Delvaux, F. R. Ferulic acid 
release and 4-vinylguaiacol formation during brewing and fermentation:  indications for 
feruloyl esterase activity in saccharomyces cerevisiae. J. Agric. Food Chem. 2004, 52, 
602–608. 



References  54 

124. Averbeck, M.; Schieberle, P. H. Characterisation of the key aroma compounds in a 
freshly reconstituted orange juice from concentrate. Eur. Food Res. Technol. 2009, 229, 
611–622. 

125. Sefton, M. A.; Skouroumounis, G. K.; Elsey, G. M.; Taylor, D. K. Occurrence, sensory 
ompact, formation, and fate of damascenone in grapes, wines, and other foods and 
beverages. J. Agric. Food Chem. 2011, 59, 9717–9746. 

126. Czerny, M.; Grosch, W. Potent odorants of raw arabica coffee. Their changes during 
roasting. J. Agric. Food Chem. 2000, 48, 868–872. 

127. Isoe, S.; Katsumura, S.; Sakan, T. The synthesis of damascenone and β-damascone 
and the possible mechanism of their formation from carotenoids. Helv. Chim. Acta 1973, 
56, 1514–1516. 

128. Bezman, Y.; Bilkis, I.; Winterhalter, P.; Fleischmann, P.; Rouseff, R. L.; Baldermann, S.; 
Naim, M. Thermal oxidation of 9‘-cis-neoxanthin in a model system containing 
peroxyacetic acid leads to the potent odorant β-damascenone. J. Agric. Food Chem. 
2005, 53, 9199–9206. 

129. Roberts, D. D.; Mordehai, A. P.; Acree, T. E. Detection and partial characterization of 
eight β-damascenone precursors in apples (Malus domestica Borkh. Cv. Empire). J. 
Agric. Food Chem. 1994, 42, 345–349. 

130. Liang, Z., et al. Glycosidically bound aroma precursors in fruits: a comprehensive review. 
Crit. Rev. Food Sci. Nutr. 2020, 1–29. 

131. Jin, H.; Rogers, P. Novel recovery of malt flavours from their glycosidically bound 
precursors. Tech. Q. - Master Brew. Assoc. Am. 2000, 37, 79–83. 

132. Hofmann, T.; Schieberle, P. Studies on intermediates generating the flavour compounds 
2-methyl-3-furanthiol, 2-acetyl-2-thiazoline and sotolon by Maillard-type reactions. In 
Flavour Science; Taylor, A. J.; Mottram, D. S., Eds.; Woodhead Publishing: UK, 1996; 
pp 182–187. 

133. Yaylayan, V. A.; Mandeville, S. Stereochemical control of maltol formation in Maillard 
reaction. J. Agric. Food Chem. 1994, 42, 771–775. 

134. Schoenauer, S.; Schieberle, P. Characterization of the key aroma compounds in the 
crust of soft pretzels by application of the sensomics concept. J. Agric. Food Chem. 
2019, 67, 7110–7119. 

135. Schieberle, P. The carbon module labeling (CAMOLA) technique: a useful tool for 
identifying transient intermediates in the formation of Maillard-type target molecules. 
Ann. N. Y. Acad. Sci. 2005, 1043, 236–248. 

136. Xiao, Q.; Huang, Q.; Ho, C.-T. Occurrence, formation, stability, and interaction of 
4-hydroxy-2,5-dimethyl-3(2H)-furanone. ACS Food Sci. Technol. 2021, 1, 292–303. 

 

  



Appendix  55 

8 Appendix 

8.1 Publication 1: Odour-Active Compounds in Liquid Malt Extracts for 
the Baking Industry 

8.1.1 Bibliographic Data 

Title: Odour-active compounds in liquid malt extracts for the baking industry 

Authors: Nadine S. Rögner, Veronika Mall, and Martin Steinhaus 

Journal: European Food Research and Technology 

Publisher: Springer Nature 

Publication date:  March 11, 2021 (online) 

Issue date: May 2021 

Volume: 247 

Issue: 5 

Pages: 1263–1275 

DOI: 10.1007/s00217-021-03707-z 

Hyperlink: https://link.springer.com/article/10.1007/s00217-021-03707-z 

 

8.1.2 Publication Reprint 

A reprint of publication 1 follows on the next pages. 

 

Reprinted from 

European Food Research and Technology, 2021, 247, 5, 1263–1275 

Copyright 2021, The Authors



Vol.:(0123456789)1 3

European Food Research and Technology (2021) 247:1263–1275 
https://doi.org/10.1007/s00217-021-03707-z

ORIGINAL PAPER

Odour-active compounds in liquid malt extracts for the baking 
industry

Nadine S. Rögner1  · Veronika Mall1  · Martin Steinhaus1 

Received: 16 December 2020 / Revised: 19 February 2021 / Accepted: 20 February 2021 / Published online: 11 March 2021 
© The Author(s) 2021

Abstract
An odorant screening by gas chromatography–olfactometry (GC–O) and a crude aroma extract dilution analysis (AEDA) 

applied to the volatiles isolated from a light and a dark liquid malt extract (LME) by solvent extraction and solvent-assisted 

flavour evaporation (SAFE) identified 28 odorants. Fifteen major odorants were subsequently quantitated and odour activ-

ity values (OAVs) were calculated as ratio of the concentration to the respective odour threshold value (OTV). Important 

odorants in the light LME included 3-(methylsulfanyl)propanal (OAV 1500), (E)-β-damascenone (OAV 430), and 4-ethe-

nyl-2-methoxyphenol (OAV 91). In the dark LME, sotolon (OAV 780), 3-(methylsulfanyl)propanal (OAV 550), (E)-β-

damascenone (OAV 410), acetic acid (OAV 160), and maltol (OAV 120) were of particular importance. To get an insight 

into the changes during malt extract production, the quantitations were extended to the malt used as the starting material 

for both LMEs. Addition of a minor amount of water to malt before volatile extraction was shown to be effective to cover 

the free as well as the bound malt odorants. Results showed that some LME odorants originated from the starting material 

whereas others were formed during processing. Important process-induced LME odorants included (E)-β-damascenone and 

4-ethenyl-2-methoxyphenol in the light LME as well as maltol, sotolon, (E)-β-damascenone, and 2-methoxyphenol in the 

dark LME. In summary, the odorant formation during LME production was shown to be more important than the transfer 

of odorants from the malt.

Keywords Liquid malt extract · Pilsner malt · Aroma extract dilution analysis (AEDA) · Odour activity value (OAV) · 

Stable isotopically substituted odorant · Free and bound odorants

Abbreviations
AEDA  Aroma extract dilution analysis

AV  Acidic volatiles

CI  Chemical ionisation

DME  Dry malt extract

EI  Electron ionisation

FD factor  Flavour dilution factor

FFAP  Free fatty acid phase

FID  Flame ionisation detector

GC  Gas chromatography

GC × GC  Comprehensive two-dimensional 

gas chromatography

GC–O  Gas chromatography–olfactometry

HDMF  4-Hydroxy-2,5-dimethylfuran-

3(2H)-one

i.d.  Inner diameter

LME  Liquid malt extract

MCSS  Moving column stream switching

MS  Mass spectrometry

NBV  Neutral and basic volatiles

TOF  Time of flight

OAV  Odour activity value

OTV  Odour threshold value

RI  Retention index

SAFE  Solvent-assisted flavour evaporation

SDE  Simultaneous distillation/extraction

Nomenclature
Cyclotene  2-Hydroxy-3-methylcyclopent-

2-en-1-one

(E)-β-Damascenone  (2E)-1-(2,6,6-Trimethylcyclohexa-

1,3-dien-1-yl)but-2-en-1-one

Dihydromaltol  5-Hydroxy-6-methyl-2,3-dihydro-

4H-pyran-4-one
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Maltol  3-Hydroxy-2-methyl-4H-pyran-4-

one

γ-Nonalactone  5-Pentyloxolan-2-one

Sotolon  3-Hydroxy-4,5-dimethylfuran-

2(5H)-one

Vanillin  4-Hydroxy-3-methoxybenzaldehyde

Introduction

Malts are germinated and re-dried grains, primarily of bar-

ley, but also of wheat, rye, and other cereals. The grains are 

first treated with water until the moisture content increases 

from ~ 12% to 43–48%. This initiates germination, during 

which enzymes start to break down starch to reducing sug-

ars. After 4–6 days, the so-called green malt is dried in a 

kiln to obtain pale malt with a residual moisture content 

of 3.5–4% or dark malt with a residual moisture content 

of 1.5–2% [1, 2]. Malts can be further processed to malt 

extracts. For this purpose, the malt grains are milled and 

mashed with warm water. Application of a specific tempera-

ture program results in a substantial enzymatic degradation 

of biopolymers such as starch and proteins. After separation 

from the solid grain particles (malt draff), the aqueous phase 

is concentrated to yield a liquid malt extract (LME) with a 

syrup-like consistency. The LME can be further dried, e.g. 

by spray drying, to obtain a crystalline material marketed as 

dried malt extract (DME) [2, 3].

Malt extracts are mainly used in the baking industry. 

There is also a significant use of malt extracts for the pro-

duction of confectionery, breakfast cereals, and other food 

products as well as for home brewing. In the baking industry, 

malt extracts are added to flours with low diastatic activity to 

provide fermentable sugars [4, 5], but also to enhance colour 

and aroma of bakery products. Particularly the contribution 

of malt extracts to the aroma of bakery products is yet poorly 

understood. The olfactory profile of malt extracts is charac-

terized by malty, caramel-like, and honey-like odour notes. 

However, little is known on their molecular background.

In 1980, Farley and Nursten [6] applied gas chromatog-

raphy–olfactometry (GC–O) and gas chromatography–mass 

spectrometry (GC–MS) to a volatile isolate obtained from 

an LME by simultaneous distillation/extraction (SDE) [7]. 

Forty-seven odour-active compounds were detected. GC–MS 

resulted in 38 structure proposals. However, structure assign-

ments were not confirmed by GC–O of reference substances. 

Furthermore, the fact that SDE leads to extensive artefact 

formation [8] was not addressed. The compounds 2- and 

3-methylbutanal were highlighted as odorants with malty 

characteristics and a high importance for the organoleptic 

properties of the LME. Przybylski and Kamiński [9] used 

GC to separate the volatiles isolated from a rye malt extract 

by liquid–liquid extraction into 39 fractions and evaluated 

their odour. GC–MS analysis led to 32 structure proposals, 

but no attempt was made to assess the role of the identified 

compounds for the odour of the fractions.

Unlike the scarce scientific literature on malt extract 

volatiles, numerous papers have been published on the 

volatiles in different malts, including green malt [10, 11], 

peated malt [12–14], dark malt [10, 15], crystal malt [11, 

15, 16], caramel malt [10, 17–19], and roasted malt [15, 

18, 20]. In summary, ~ 250 volatiles have been identified 

[21]. The odour contribution of individual malt volatiles 

was assessed in a study on caramel malt [10, 17]. Applica-

tion of GC–O in combination with an aroma extract dilu-

tion analysis (AEDA) [22] to a volatile isolate obtained by 

solvent extraction and solvent-assisted flavour evaporation 

(SAFE) [23] revealed high flavour dilution (FD) factors for 

3-methylbutanal, oct-1-en-3-one, 3-(methylsulfanyl)pro-

panal, (2E,4E)-deca-2,4-dienal, 2- and 3-methylbutanoic 

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

vanillin. Quantitation experiments, the calculation of odour 

activity values (OAVs), aroma reconstitution, and omis-

sion tests finally showed that the malty smelling aldehydes 

3-methylbutanal (OAV 235) and 2-methylpropanal (OAV 

70) were key compounds in the aroma of the caramel malt.

In summary of the literature overview, a comprehensive 

study on the key odorants in malt extracts for the baking 

industry was still lacking. In particular, it was unknown, 

whether malt extract odorants mainly originate from a trans-

fer of malt odorants or whether a de novo formation during 

the processing of the malt to the malt extract also makes 

a contribution. This knowledge, however, is crucial for a 

targeted optimization of the aroma of malt extracts. The 

objective of the present study was to elucidate the major 

odour-active compounds in a light LME and in a dark LME 

for the baking industry, both produced from the same malt, 

and relate their concentrations to the concentrations that 

were initially present in the malt.

Materials and methods

Malt and malt extract samples

Light LME (77.5–81.0% dry matter, 48.2% sugar), dark 

LME (59.0–65.0% dry matter, 22.1% sugar), and the Pilsner 

malt from which both malt extracts had been produced, were 

obtained from Ireks (Kulmbach, Germany). The light LME 

was obtained from the Pilsner malt after milling, mashing 

with water, and application of vacuum concentration to the 

aqueous extract. The dark LME was obtained from the light 

LME by an additional heating step followed by dilution 

with water. 1 kg Pilsner malt yielded 0.94 kg light LME and 

1.20 kg dark LME.
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Reference odorants

The following compounds were purchased from commercial 

sources: 1, 22 (Alfa Aesar, Karlsruhe, Germany), 2–5, 8–10, 

12, 14, 16, 17, 19, 20, 23, 24, and 26–28 (Merck, Darm-

stadt, Germany). Compound 11 was a gift from Symrise 

(Holzminden, Germany). The following compounds were 

synthesised as detailed in the literature: 6 [24] and 18 [25].

Stable isotopically substituted odorants

The following compounds were purchased from commer-

cial sources: (2H3)-4 and (13C2)-26 (Merck), (2H5)-16 (CDN 

Isotopes, Quebec, Canada), and (13C2)-20 (aromaLAB, 

Planegg, Germany). The following compounds were syn-

thesised as detailed in the literature: (2H3)-5 [26], (13C2)-8 

[27], (2H2)-9 [28], (2H6)-11 [29], (2H3)-14 [30], (13C6)-22 

[31], (13C2)-23 [32], and (2H3)-27 [33]. (13C2)-10 was pre-

pared using the approach detailed in [31], but starting from 

(2E)-oct-2-enal instead of (2E)-(1,2-13C2)oct-2-enal. (13C2)-

17 was synthesised as detailed below.

Miscellaneous chemicals

The following chemicals were purchased from commercial 

sources: (13C)ethanoic anhydride (Euriso-top, Saint-Aubin, 

France), furan, 2-methylpropan-2-ol, and sodium borohy-

dride (Merck), nitromethane, aqueous sodium hypochlorite 

solution with 5% available chlorine, and tin(II) trifluo-

romethanesulfonate (VWR, Darmstadt, Germany). Diethyl 

ether, dichloromethane (CLN, Freising, Germany), and 

pentane (VWR) were freshly distilled through a column 

(120 cm × 5 cm) packed with Raschig rings.

Synthesis of (13C2)maltol [(13C2)-17]

1-(Furan-2-yl)(13C2)ethan-1-one

Following the approach published for the isotopically 

unmodified compound [34], Friedel–Crafts acylation of 

furan (75 mg, 1.1 mmol) with (13C)ethanoic anhydride 

(250 mg, 2.4 mmol) in dichloromethane (1 mL) using tin(II) 

trifluoromethanesulfonate (23 mg, 0.055 mmol) as Lewis 

acid resulted in 1-(furan-2-yl)(13C2)ethan-1-one.

1-(Furan-2-yl)(13C2)ethan-1-ol

The 1-(furan-2-yl)(13C2)ethan-1-one obtained above was 

dissolved in methanol (5 mL) and sodium borohydride 

(60 mg, 1.6 mmol) was slowly added, while maintaining 

the temperature below 40 °C. The solvent was removed 

in vacuo, water (20 mL) was added and the product was 

extracted with diethyl ether (3 × 50 mL). After drying over 

anhydrous sodium sulphate, the solvent was removed in 

vacuo to yield 1-(furan-2-yl)(13C2)ethan-1-ol [10].

Synthesis of (13C2)maltol [(13C2)-17]

Following the approach for the synthesis of the isotopi-

cally unmodified compound [35], the 1-(furan-2-yl)(13C2)

ethan-1-ol obtained above was added to acetic acid (5 mL) 

and reacted with tert-butyl hypochlorite (1.3 g, 12 mmol) 

previously prepared as detailed in [36]. The resulting prod-

uct was purified by silica gel chromatography with a pen-

tane/diethyl ether gradient to afford 3.3 mg of 3-hydroxy-

2-(13C)methyl(2-13C)-4H-pyran-4-one, that is (13C2)

maltol, in 99.95% purity (GC–FID) equivalent to 2.4% 

overall yield. MS (EI): m/z (%) 71 (100), 128 (91), 45 (78), 

43 (50), 57 (39), 55 (38), 99 (28), 54 (27), 44 (23), 42 (23), 

56 (17), 53 (17), 41 (17), 69 (16), 58 (11), 46 (9), 39 (8), 

72 (8), 40 (7), 126 (7), 52 (6), 70 (5). The mass spectrum 

in comparison with the mass spectrum of the isotopically 

unmodified compound (Supplementary file 1, Fig. S1 and 

Fig. S2) confirmed the incorporation of two 13C atoms and 

its suitability as internal standard in quantitation assays.

GC–O

A Trace Ultra series GC (Thermo Fisher Scientific, 

Dreieich, Germany) was equipped with a cold on-column 

injector, an FID (250 °C base temperature), and a custom-

made sniffing port (230 °C base temperature) [13]. Two 

different fused silica columns were used, either a J&W 

DB-FFAP, 30 m × 0.32 mm i.d., 0.25 μm film thickness, 

or a J&W DB-5, 30 m × 0.25 mm i.d., 0.25 μm film thick-

ness (both Agilent, Waldbronn, Germany). The end of 

the column was connected to a Y-shaped quick-seal glass 

connector (CHM, Fridolfing, Germany) that directed 

the effluent via two deactivated fused silica capillaries, 

30 cm × 0.2 mm i.d. (Agilent) to the FID and the sniffing 

port, respectively. The carrier gas was helium at a constant 

pressure of 70 kPa for the DB-FFAP column and 95 kPa 

for the DB-5 column. The injection volume was 1 μL. The 

initial oven temperature of 40 °C was held for 2 min, fol-

lowed by a gradient of 6 °C/min. The final temperatures 

were 230 °C for the DB-FFAP column and 240 °C for the 

DB-5 column. During GC–O analysis, a panellist placed 

his nose above the sniffing port and evaluated the effluent. 

The panellist marked odorous regions in the FID chroma-

togram plotted by a recorder and noted the odour quality 

[8]. A linear retention index (RI) was calculated for each 

odour-active compound from its retention time and the 

retention times of adjacent n-alkanes by linear interpola-

tion [37].
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GC–MS

A 7890B GC was equipped with a GC 80 autosampler, 

a multimode injector, and a J&W DB-FFAP column, 

30 m × 0.25 mm i.d., 0.25 μm film thickness and was con-

nected to a Saturn 220 ion trap mass spectrometer (Agilent). 

The carrier gas was helium at a constant flow of 1.0 mL/

min. The injection volume was 1 μL. The injection tem-

perature was 40 °C. The initial oven temperature of 40 °C 

was held for 2 min, followed by a gradient of 6 °C/min to a 

final temperature of 230 °C. Mass spectra were generated in 

the chemical ionisation (CI) mode with methanol as reagent 

gas. For data analysis the MS Workstation 7.0.2 software 

(Agilent) was used.

Heart-cut GC–GC–MS

A Trace GC Ultra (Thermo Fisher Scientific) was equipped 

with a PAL autosampler (CTC Analytics, Zwingen, Swit-

zerland), a cold on-column injector, and a J&W DB-FFAP 

column, 30 m × 0.32 mm i.d., 0.25 μm film thickness (Agi-

lent). The carrier gas was helium at a constant pressure of 

110 kPa. The injection volume was 1–2 μL. The initial oven 

temperature of 40 °C was held for 2 min, followed by a gra-

dient of 6 °C/min to a final temperature of 230 °C. The end 

of the column was connected to a moving column stream 

switching (MCSS) device (Thermo Fisher Scientific), which 

allowed for a time-programmed transfer of the eluate via 

deactivated fused silica capillaries (0.32 mm i.d.) either 

simultaneously to an FID (250 °C base temperature) and a 

sniffing port (230 °C base temperature) or via another deacti-

vated fused silica capillary passed through a heated (250 °C) 

hose to a liquid nitrogen-cooled trap located in the oven of 

a CP 3800 GC (Agilent). Helium served as make-up gas 

for the MCSS device (50 kPa). The capillary in the second 

oven was a J&W DB-1701, 30 m × 0.25 mm i.d., 0.25 μm 

film thickness (Agilent). The initial oven temperature of 

40 °C was held for 2 min, followed by a gradient of 6 °C/

min to a final temperature of 240 °C. The end of this column 

was connected to a Saturn 2200 ion trap mass spectrometer 

(Agilent). Mass spectra were generated in the CI mode with 

methanol as reagent gas. For data analysis the MS Worksta-

tion 6.9.3 software (Agilent) was used.

Comprehensive two-dimensional gas 

chromatography–time of flight MS (GC × GC–TOFMS)

A 6890 GC (Agilent) was equipped with Combi PAL autosa-

mpler (CTC Analytics), a CIS 4 injector (Gerstel, Mülheim 

an der Ruhr, Germany), and a J&W DB-FFAP column, 

30 m × 0.25 mm i.d., 0.25 μm film thickness (Agilent) used 

as first column. The carrier gas was helium at a constant flow 

of 2.0 mL/min. The injection volume was 1 μL. The initial 

oven temperature of 40 °C was held for 2 min, followed 

by a gradient of 6 °C/min to a final temperature of 230 °C. 

The end of the column was connected to a second column, 

J&W DB-1701, 2.7 m × 0.18 mm i.d., 0.18 μm film thick-

ness (Agilent). A liquid nitrogen-cooled dual stage quad-

jet thermal modulator was installed at the beginning of the 

second column and operated with a modulation period of 

4 s. The major part of the second column was installed in a 

secondary oven mounted inside the primary GC oven. The 

initial oven temperature of the secondary oven was 45 °C 

and was held for 2 min, followed by a gradient of 6 °C/min 

to a final temperature of 240 °C. The end of the column was 

connected to a Pegasus II TOF mass spectrometer (Leco, 

Mönchengladbach, Germany) via a heated (250 °C) transfer 

line. Mass spectra were generated in the electron ionisation 

(EI) mode at 70 eV with a scan range of m/z 35 − 350 and a 

scan rate of 100 spectra/s. For data analysis, the GC Image 

(Lincoln, NE, USA) software was used.

Isolation of volatiles

LME samples (10 g) were diluted with water (20 mL) and 

stirred with diethyl ether (80 mL) at room temperature for 

2 h. The aqueous phase was separated and stirred with a sec-

ond portion of diethyl ether (80 mL). The combined organic 

phases were dried over anhydrous sodium sulphate and non-

volatile matrix components were removed by SAFE at 40 °C 

[23]. The distillate was concentrated to a final volume of 

1 mL using a Vigreux column (50 × 1 cm) and a Bemelmans 

microdistillation device [38].

AEDA

Volatile isolates prepared from light and dark LME as 

described above were repeatedly subjected to GC–O analy-

sis (FFAP column) by three trained and experienced sniffers. 

After the results had become reproducible, the volatile iso-

lates were stepwise diluted 1:10 with diethyl ether to obtain 

dilutions of 1:10, 1:100, 1:1000, and 1:10,000 of the initial 

solution. The diluted samples were also analysed by GC–O 

(three sniffers) and each odorant was assigned an FD factor 

defined as the dilution factor of the highest diluted sample 

in which the odorant was detected during GC–O analysis by 

any of the three panellists [8].

Odorant quantitation

LME samples (0.5–20 g) were diluted with water (4–40 mL). 

Diethyl ether (16–160 mL) and stable isotopically substituted 

odorants (cf. Supplementary file, Table S1; 0.03–400 μg) 

were added, and the mixture was stirred at room temperature 

overnight. The aqueous phase was separated, shaken with a 
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second portion of diethyl ether (16–160 mL), and the organic 

phases were combined.

Commercial malt powder (2 g) was either added to die-

thyl ether (20 mL), or malt powder (0.5 g) was added to 

a mixture of diethyl ether (19 mL) and water (1 mL), or 

malt powder (0.5 g) was first mixed with water (2 mL), the 

mixture was allowed to stand for 30 s, 1 min, 2 min, 5 min, 

15 min, or 180 min, and finally anhydrous sodium sulphate 

(10 g) suspended in diethyl ether (50 mL) was added. Sta-

ble isotopically substituted odorants (0.1–2 μg) were added 

and the mixture was stirred at room temperature overnight. 

The supernatant was decanted, the residue was stirred with 

a second portion of diethyl ether (20 mL), and the organic 

phases were combined.

Pilsner malt was frozen with liquid nitrogen and ground 

into a fine powder using a laboratory mill Grindomix GM 

200 (Retsch, Haan, Germany) at 4000  rpm (10  s) and 

10,000 rpm (10 s). Diethyl ether (19–190 mL) and water 

(1–10 mL) were added to the powder (0.5 − 20 g) followed 

by stable isotopically substituted odorants (0.01–20 μg), and 

the mixture was stirred at room temperature overnight. The 

supernatant was decanted, the residue was stirred with a 

second portion of diethyl ether (20–200 mL), and the organic 

phases were combined.

The ethereal extracts obtained from the different materials 

were dried over anhydrous sodium sulphate and non-vola-

tiles were removed by SAFE at 40 °C. The SAFE distillates 

were separated into neutral and basic volatiles (NBV) and 

acidic volatiles (AV) as detailed in [39]. Fractions NBV and 

AV were concentrated to final volumes between 0.2 mL and 

5 mL. Concentrates were analysed by using the GC–MS 

system (4), the heart-cut GC–GC–MS system (9), or the 

GC × GC–TOFMS system (5, 8, 10, 11, 14, 16, 17, 20, 22, 

23, 26, and 27). Odorant concentrations were finally cal-

culated from the area counts of the analyte peak and the 

internal standard peak as obtained from the extracted ion 

chromatograms of characteristic quantifier ions, the amount 

of LME or malt used, and the amount of standard added by 

employing a calibration line equation previously obtained 

from the analysis of analyte/standard mixtures in five differ-

ent concentration ratios (5:1, 2:1, 1:1, 1:2, and 1:5). Quanti-

fier ions and calibration line equations are available in the 

Supplementary file, Table S1. The individual concentrations 

of the two isomers of 9 were determined from the concen-

trations obtained for the sum of isomers and the ratios of 

isomers, which were determined by GC × GC–TOFMS using 

the approach detailed in [40].

Quantitative olfactory profiles

LME samples (5 g) were placed in cylindrical ground neck 

glasses (7 cm height, 3.5 cm i.d.) with lids (VWR, Darm-

stadt, Germany). A panel of 16–18 trained assessors (males 

and females, ages 21–49) orthonasally evaluated the intensi-

ties of pre-defined descriptors on a scale from 0 to 3 with 0.5 

increments and 0 = not detectable, 1 = weak, 2 = moderate, 

and 3 = strong. Descriptors had previously been collected 

by free-choice profiling. Each descriptor was defined by the 

odour of a reference compound dissolved in water in a con-

centration ~ 100 times above its orthonasal odour threshold 

value (OTV). Reference compounds were selected on the 

basis of their odour and their occurrence in malt and other 

thermally treated foods [41, 42]. The twelve descriptors 

and the corresponding reference compounds were “smoky” 

(2-methoxyphenol; OTV 0.84  μg/kg [43]), “earthy” 

(2,3,5-trimethylpyrazine; OTV 11 μg/kg [44]), “roasty” 

(2-acetyl-2-thiazoline; OTV 0.079 μg/kg [44]), “season-

ing-like” (sotolon; OTV 1.7 μg/kg [45]), “cooked potato-

like” (3-(methylsulfanyl)propanal; OTV 0.43 μg/kg [43]), 

“cheesy” (3-methylbutanoic acid; OTV 490 μg/kg [43]), 

“fatty” ((2E,4E)-deca-2,4-dienal; OTV 0.027 μg/kg [43]), 

“malty” (3-methylbutanal; OTV 0.5 μg/kg [43]), “honey-

like” (phenylacetic acid; OTV 68 μg/kg [46]), “caramel-like” 

(HDMF; OTV 87 μg/kg [47]), “vanilla-like” (vanillin; OTV 

53 μg/kg [43]), and “clove-like” (4-allyl-2-methoxyphenol; 

OTV 1.8 μg/kg [48]). The results of the individual panellists 

were averaged by calculating the arithmetic mean.

Results and discussion

Sensory characterization of light and dark LME

A light LME and a dark LME, both obtained from the same 

batch of malt, were orthonasally compared by a trained sen-

sory panel in a quantitative olfactory profile analysis using 

12 pre-defined descriptors. Results (Fig. 1) showed clear dif-

ferences between the samples. The aroma of the dark LME 

was characterized by stronger smoky, earthy, roasty, season-

ing-like, and malty notes and slightly more intense caramel-

like and clove-like notes compared to the light LME. The 

profile of the light LME showed a higher intensity only in 

the honey-like odour note. The differences in the olfactory 

profiles corresponded to the different production protocols. 

In particular, the processing of the dark LME included an 

additional heating step, suggesting an increased formation 

of Maillard reaction products [49, 50].

Screening for odour-active compounds in light 

and dark LME

To get a first insight into the odorants responsible for the 

different olfactory profiles of the light LME and the dark 

LME, the volatiles were isolated by solvent extraction and 

SAFE, and screened for odour-active compounds by GC–O 

and a crude AEDA using 1:10 dilutions. This resulted in a 
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total of 28 odorants (Table 1). Preliminary structural assign-

ments were achieved by comparing odour quality and RIs 

with data from literature [17] and from the Leibniz-LSB@

TUM odorant database [42]. Assignments were confirmed 

by comparing the odour quality, the RIs on two columns of 

different polarity (DB-FFAP, DB-5), and the odour intensity 

at adequate concentration levels, as well as the mass spectra 

recorded by GC × GC–TOFMS to data of authentic reference 

substances analysed under the same conditions. Using this 

approach, 21 out of the 28 LME odorants were unequivo-

cally identified. Due to low concentrations, no mass spectra 

were obtained for oct-1-en-3-one (3) and trans-4,5-epoxy-

(2E)-dec-2-enal (18). Nevertheless, their identification was 

considered unambiguous due to their highly characteristic 

odour quality. As no reference compound was available, 

caramel-like smelling odorant 13 was only tentatively iden-

tified as dihydromaltol on the basis of a comparison of the 

odour quality, the RI, and the mass spectrum with literature 

data [17]. In summary, structures could be assigned to 24 

out of the 28 malt extract odorants, all of which had already 

been reported as malt or malt extract components [6, 9, 17].

In both malt extract samples, a high FD factor of 1000 

was determined for honey-like smelling phenylacetic acid 

(26) and vanilla-like smelling vanillin (27). Higher FD fac-

tors in the light LME than in the dark LME were in particu-

lar found for caramel-like smelling HDMF (20; FD 1000 vs. 

10), metallic smelling trans-4,5-epoxy-(2E)-dec-2-enal (18; 

FD 100 vs. 1), clove-like smelling 4-ethenyl-2-methoxyphe-

nol (22; FD 100 vs. < 1), and honey-like smelling pheny-

lacetaldehyde (8; FD 100 vs. 10). Higher FD factors in the 

dark LME were obtained for the two caramel-like smelling 

compounds maltol (17; FD 1000 vs. 100) and dihydromaltol 

(13; FD 100 vs. 1), seasoning-like smelling sotolon (23; FD 

1000 vs. 10), smoky smelling 2-methoxyphenol (14; FD 100 

vs. 10), and the carboxylic acids acetic acid (4; FD 100 vs. 

10) and 2-/3-methylbutanoic acid (9; FD 100 vs. 10). In both 

LMEs, the FD factors of highly volatile compounds such 

as 2- and 3-methylbutanal (1), and oct-1-en-3-one (3) were 

considerably lower than in malt [17], indicating losses in 

the concentration step during the malt extract production. 

Similar losses of such highly volatile malt compounds have 

been reported during wort boiling [51].

Odorant quantitation in light and dark LME and OAV 

calculation

To substantiate the differences in the odorants between the 

light LME and the dark LME and lift the investigations to 

a higher level of accuracy, 15 selected odorants were quan-

titated by GC–MS. Selection was based on the FD factors 

obtained in the screening experiments and according to lit-

erature on the relevance of the compounds for bread aroma 

[42, 52, 53]. Stable isotopically substituted odorants were 

employed as internal standards to compensate for losses 

during the sample workup. Results (Table 2) revealed con-

centrations in a range between 0.519 μg/kg for (2E,4E)-deca-

2,4-dienal (11) and 869,000 μg/kg for acetic acid (4). To 

assess the odour potency of the odorants, OAVs were calcu-

lated by dividing the individual concentrations by the OTVs 

of the compounds in water.

In the light LME, 12 of 15 compounds showed OAVs ≥ 1. 

High OAVs were calculated for cooked potato-like smelling 

3-(methylsulfanyl)propanal (5; OAV 1500), cooked apple-

like smelling (E)-β-damascenone (11; OAV 430), clove-like 

smelling 4-ethenyl-2-methoxyphenol (22; OAV 91), and 

the two honey-like smelling odorants phenylacetaldehyde 

(8; OAV 70) and phenylacetic acid (26; OAV 58). In the 

dark LME, 11 of 15 compounds showed OAVs ≥ 1. High 

OAVs were calculated for seasoning-like smelling sotolon 

(23; OAV 780), cooked potato-like smelling 3-(methylsul-

fanyl)propanal (5; OAV 550), cooked apple-like smelling 

(E)-β-damascenone (11; OAV 410), vinegar-like smelling 

acetic acid (4; OAV 160), caramel-like smelling maltol (17; 

OAV 120), and honey-like smelling phenylacetic acid (26; 

OAV 62).

The differences found in the OAVs between the light 

LME and the dark LME very well corresponded to the dif-

ferences in the quantitative olfactory profiles (cf. Fig. 1). 

For example, the stronger honey-like odour note in the 

light LME reflected the higher OAV of phenylacetalde-

hyde (8; OAV 70 vs. 20). With OAVs of 58 and 62, phe-

nylacetic acid (26) did obviously not contribute to this 

sensory difference. In the dark LME, clearly higher OAVs 

Fig. 1  Quantitative olfactory profiles of light and dark LME. Panel-

lists rated the intensity of each descriptor on a scale from 0 to 3 in 

0.5 increments with 0 = not detectable, 1 = weak, 2 = moderate, and 

3 = strong
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were obtained for the well-known Maillard reaction prod-

ucts sotolon (23; OAV 780 vs. 7.4) and maltol (17; OAV 

120 vs. 1.8) [49, 50] as well as for 2-methoxyphenol (14; 

OAV 26 vs. 2.6). This corresponded well to the higher 

intensities of the seasoning-like, the caramel-like, and the 

smoky odour notes in the quantitative olfactory profile. 

However, OAV data did not provide an explanation for the 

higher ratings obtained for the earthy, roasty, and malty 

notes in the dark LME.

Sources of LME odorants

The differences in the concentrations of important odor-

ants between the light and the dark LME already indicated 

Table 1  Odorants in the SAFE 

distillates obtained from the 

light LME and the dark LME

a Each odorant was identified by comparing the RIs on two GC columns of different polarity (DB-FFAP, 

DB-5), the mass spectrum obtained by GC × GC–TOFMS, as well as the odour quality perceived at the 

sniffing port during GC–O to data obtained from authentic reference compounds analysed under equal con-

ditions
b Odour quality as perceived at the sniffing port during GC–O
c Retention index; calculated from the retention time of the compound and the retention times of adjacent 

n-alkanes by linear interpolation[37]
d Flavour dilution factor; dilution factor of the highest dilution of the volatile isolate in which the odorant 

was detected during GC–O analyses
e GC–MS analysis did not result in a clear mass spectrum, but comparison of RIs and odour quality with 

respective data of an authentic reference compound allowed for unequivocal structure assignment
f The compound was tentatively identified by comparing the odour quality, the RI, and the mass spectrum 

with data obtained from[17, 42]
g 4-Hydroxy-2,5-dimethylfuran-3(2H)-one

No Odoranta Odourb RIc FD  factord

DB-FFAP DB-5 Light LME Dark LME

1 2- and 3-Methylbutanal Malty 938 663 10 10

2 Pentane-2,3-dione Buttery 1068 706  < 1 10

3 Oct-1-en-3-onee Mushroom 1300 980 1  < 1

4 Acetic acid Vinegar, sour 1451 638 10 100

5 3-(Methylsulfanyl)propanal Cooked potato 1458 904 100 100

6 (2Z)-Non-2-enal Fatty 1505 1149  < 1 1

7 Unknown Sweet 1531  < 1 1

8 Phenylacetaldehyde Honey 1645 1043 100 10

9 2- and 3-Methylbutanoic acid Cheesy 1668 867 10 100

10 (2E,4E)-Deca-2,4-dienal Fatty 1818 1316 1 1

11 (E)-β-Damascenone Cooked apple 1819 1386 10 10

12 Cyclotene Seasoning 1839 1031  < 1 10

13 Dihydromaltolf Caramel 1868 1 100

14 2-Methoxyphenol Smoky 1868 1086 10 100

15 Unknown Fruity 1892 10  < 1

16 2-Phenylethan-1-ol Honey 1919 1117 10 10

17 Maltol Caramel 1981 1117 100 1000

18 trans-4,5-Epoxy-(2E)-dec-2-enale Metallic 2009 1374 100 1

19 γ-Nonalactone Coconut 2045 1363  < 1 10

20 HDMFg Caramel 2034 1076 1000 10

21 Unknown Seasoning 2079  < 1 10

22 4-Ethenyl-2-methoxyphenol Clove 2187 1314 100  < 1

23 Sotolon Seasoning 2218 1123 10 1000

24 2,6-Dimethoxyphenol Smoky 2288 1307 1 10

25 Unknown Sweet 2493  < 1 10

26 Phenylacetic acid Honey 2587 1278 1000 1000

27 Vanillin Vanilla 2593 1398 1000 1000

28 3-Phenylpropanoic acid Cinnamon 2625 1353  < 1 10
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a major impact of the processing steps from malt to extract, 

at least for the dark LME which faced a higher thermal 

impact. However, it was still unclear, whether a transfer of 

malt odorants or the odorant formation during malt extract 

processing is generally more important for the amount of 

odorants finally present in the LMEs. To clarify this, we 

aimed at quantifying all odorants previously quantitated in 

the light LME and the dark LME (cf. Table 2) also in the 

malt that served as starting material for both extracts.

It has been reported that in products with low moisture 

content such as chocolate, cornflakes, crackers, and malt, 

odour-active compounds are not only present in the free 

form, but to a major extent in a bound form from which the 

odorants are released by water contact [19, 54]. As during 

LME production the malt also gets into contact with water, 

we attempted to quantitate the free and bound odorants in 

the malt as sum. It was shown that in malt, the Strecker 

aldehydes 2- and 3-methylbutanal, phenylacetaldehyde, and 

3-(methylsulfanyl)propanal increase 10–140-fold after water 

treatment [19]. 3-Oxazolines formed during Strecker degra-

dation were suggested as the crucial hydrolabile precursors 

of these compounds [54]. Own preliminary experiments, 

however, showed that not only Strecker aldehydes, but also 

other odour-active compounds increase in malt upon water 

contact. Figure 2 exemplifies this for phenylacetaldehyde 

(8), phenylacetic acid (26), and vanillin (27). The substances 

were quantitated in a commercial malt powder by using sta-

ble isotopically substituted odorants as internal standards 

and two different workup procedures. To quantitate only the 

free compounds, pure diethyl ether was used as extraction 

solvent. By contrast, to cover additionally the bound com-

pounds, a minor amount of water was added together with 

Table 2  Concentrations, 

orthonasal OTVs in water, and 

OAVs of important odour-active 

compounds in the light and the 

dark LME

a Numbers refer to Table 1
b Orthonasal odour threshold values in water; OTVs were taken from the references specified and had been 

determined according to ASTM [79]
c Mean of duplicates or triplicates; standard deviations were < 20%; individual concentration values and 

standard deviations are available in Supplementary file 1, Tables S2 and S3
d Odour activity value; calculated as ratio of concentration to OTV
e 4-Hydroxy-2,5-dimethylfuran-3(2H)-one

No.a Odorant OTV (μg/kg)b Light LME Dark LME

Conc. (μg/kg)c OAVd Conc. (μg/kg)c OAVd

5 3-(Methylsulfanyl)propanal 0.43 [43] 631 1500 235 550

23 Sotolon 1.7 [45] 12.6 7.4 1330 780

11 (E)-β-Damascenone 0.0060 [39] 2.59 430 2.45 410

4 Acetic acid 5600 [41] 186,000 33 869,000 160

17 Maltol 5000 [76] 9170 1.8 613,000 120

22 4-Ethenyl-2-methoxyphenol 21 [77] 1910 91 14.0  < 1

8 Phenylacetaldehyde 5.2 [78] 362 70 107 20

26 Phenylacetic acid 68 [46] 3970 58 4220 62

27 Vanillin 53 [43] 1190 22 1710 32

10 (2E,4E)-Deca-2,4-dienal 0.027 [43] 0.862 32 0.519 19

14 2-Methoxyphenol 0.84 [43] 2.18 2.6 21.9 26

9a 3-Methylbutanoic acid 490 [43] 335  < 1 1580 3.2

20 HDMFe 87 [47] 221 2.5 35.9  < 1

9b 2-Methylbutanoic acid 3100 [46] 89.4  < 1 309  < 1

16 2-Phenylethan-1-ol 140 [43] 113  < 1 115  < 1

Fig. 2  Concentrations of phenylacetaldehyde, phenylacetic acid, and 

vanillin in malt powder determined without and with water addition 

before solvent extraction
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the diethyl ether. A similar approach had been suggested 

earlier for this purpose [10, 17].

Results showed clearly higher concentrations of all three 

odorants when water was added. Water addition increased 

the concentration of phenylacetaldehyde 33-fold from 

60.6 μg/kg to 1990 μg/kg. The concentrations of pheny-

lacetic acid and vanillin also significantly increased. With 

factors of 14 and 9, however, the increase was less pro-

nounced. These observations suggested a combination of a 

general release mechanism applicable to volatiles in general 

and an additional formation of Strecker aldehydes as sug-

gested before. Similar results were reported for oat prod-

ucts [55–57]. These authors suggested the cleavage of starch 

complexes as a general odorant release mechanism.

Although the experiments with water addition indicated 

a simultaneous quantitation of free and bound odorants in 

malt, it yet remained unclear whether the release of the 

bound odorants was exhaustive. To clarify this, we con-

ducted a series of quantitation experiments during which 

water treatment and solvent extraction were temporally sepa-

rated and the duration of the water treatment was varied. 

Experiments were again carried out with phenylacetalde-

hyde (8), phenylacetic acid (26), and vanillin (27). Results 

(Fig. 3) showed a very quick release of the bound odorants. 

The maximum value was already reached after 1 min of 

water contact and equalled the concentrations previously 

obtained after simultaneous addition of water and diethyl 

ether. Thus, the simultaneous addition of water and diethyl 

ether led to an exhaustive release of bound odorants and is 

an appropriate approach to quantitate the sum of free and 

bound volatiles in malt.

Application of this approach to the quantitation of impor-

tant LME odorants in the malt that served as starting mate-

rial for both, the light and the dark LMEs, resulted in con-

centrations ranging from 0.135 μg/kg for (E)-β-damascenone 

(11) to 404,000 μg/kg for acetic acid (4) (Table 3). High 

concentrations were additionally determined for phenylac-

etaldehyde (8; 7000 μg/kg), phenylacetic acid (26; 6250 μg/

kg), 3-methylbutanoic acid (9a; 3810 μg/kg), 2-phenylethan-

1-ol (16; 1360 μg/kg), and 3-(methylsulfanyl)propanal (5; 

1190 μg/kg). To assess odorant loss and odorant formation 

on the way from the malt to the LMEs, the percentage of 

change was calculated from the odorant concentrations in 

the malt, the odorant concentrations in the LMEs, and the 

process yields. Results revealed huge differences: percent-

ages ranged from 1.8% to 90,000% (Table 3).

Approximately half of the analysed compounds exhib-

ited recoveries below 100% in both extracts. These included 

three compounds with comparatively high OAVs, namely 

the cooked potato-like smelling 3-(methylsulfanyl)propa-

nal (5) and the honey-like smelling compounds phenylac-

etaldehyde (8) and phenylacetic acid (26). The recoveries 

for 3-(methylsulfanyl)propanal were 50% and 24% in the 

Fig. 3  Concentrations of phenylacetaldehyde (a), phenylacetic acid (b), 

and vanillin (c) in malt powder after stirring with water for different peri-

ods (dots) in comparison to the concentrations determined after simulta-

neous addition of water and diethyl ether (straight line)
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light LME and the dark LME, respectively. With 4.9% and 

1.8%, phenylacetaldehyde showed the lowest recoveries of 

all compounds analysed. Higher recoveries were calculated 

for phenylacetic acid, namely 60% and 81%. Losses might 

be associated with thermal reactions and with evaporation 

during the vacuum concentration process.

Seven compounds showed an increase in at least one of 

the two LMEs, indicating a formation during malt extract 

production. Among them were vinegar-like smelling ace-

tic acid (4), the phenolic compounds 2-methoxyphenol (14; 

smoky), 4-ethenyl-2-methoxyphenol (22; clove-like), and 

vanillin (27; vanilla-like), cooked apple-like smelling (E)-

β-damascenone (11) as well as seasoning-like smelling soto-

lon (23) and caramel-like smelling maltol (17). Acetic acid 

showed a decrease from the malt to the light LME (43%) but 

an increase to the dark LME (260%). During the produc-

tion of the dark LME, acetic acid might have been formed 

via sugar degradation and Strecker degradation of alanine 

[58–61]. Within the group of phenolic compounds, vanillin 

showed similar percentages in the light LME (150%) and 

the dark LME (270%), whereas 4-ethenyl-2-methoxyphenol 

showed an increase in the light LME (400%), but a decrease 

in the dark LME (3.8%), and 2-methoxyphenol showed a 

moderate increase in the light LME (140%), but a clearly 

higher increase in the dark LME (1800%). These observa-

tions are in line with the higher thermal impact associated 

with the additional heating step during the production of 

the dark LME. It has been demonstrated that the thermal 

decomposition of ferulic acid first results in 4-ethenyl-

2-methoxyphenol [62–65] which presumably was accumu-

lated in the light LME. A higher thermal impact converts 

4-ethenyl-2-methoxyphenol to 2-methoxyphenol [62, 63], 

explaining the lower amount of 4-ethenyl-2-methoxyphenol 

and the higher amount of 2-methoxyphenol in the dark LME. 

With percentages of 1800% and 2200%, (E)-β-damascenone 

revealed a significant gain on the way from the malt to the 

LMEs, but only a small difference between the light and the 

dark LME. Thermal formation of (E)-β-damascenone is well 

known, but the compound also might have been formed from 

glycosides during mashing [66–73]. The highest increase of 

all compounds investigated was found for the Maillard reac-

tion products maltol and sotolon in the dark LME, namely 

90,000% and 39,000%. For both compounds, the percent-

ages in the light LME were clearly lower (1100% and 290%) 

indicating that the additional heating step was crucial for 

their elevated formation in the dark LME. It has been dem-

onstrated that sotolon can be formed by an aldol-reaction 

from butane-2,3-dione and hydroxyacetaldehyde, both being 

previously generated by retro-aldol cleavage of sugars [74]. 

The precursor of maltol is the disaccharide maltose [10, 75] 

resulting from the enzymatic breakdown of starch during 

germination and mashing.

Table 3  Concentrations of 

important LME odorants in the 

Pilsner malt and changes during 

the production of the light LME 

and the dark LME from the malt

a Numbers refer to Table 1
b Mean of duplicates or triplicates; standard deviations were < 20%; individual concentration values and 

standard deviations are available in Supplementary file 1, Table S4
c Calculated as (concentration in malt extract/concentration in malt) × process yield; concentrations in malt 

extracts were taken from Table 2, process yields were 0.94 for light LME and 1.2 for dark LME
d 4-Hydroxy-2,5-dimethylfuran-3(2H)-one

No.a Odorant Conc. in malt

(μg/kg)b
Change (%)c

Malt to light 

LME

Malt to dark LME

17 Maltol 815 1100 90,000

23 Sotolon 4.07 290 39,000

11 (E)-β-Damascenone 0.135 1800 2200

14 2-Methoxyphenol 1.47 140 1800

22 4-Ethenyl-2-methoxyphenol 447 400 3.8

27 Vanillin 759 150 270

4 Acetic acid 404,000 43 260

26 Phenylacetic acid 6250 60 81

20 HDMFd 321 65 13

5 3-(Methylsulfanyl)propanal 1190 50 24

9a 3-Methylbutanoic acid 3810 8.3 50

9b 2-Methylbutanoic acid 792 11 47

16 2-Phenylethan-1-ol 1360 7.8 10

10 (2E,4E)-Deca-2,4-dienal 13.1 6.2 4.7

8 Phenylacetaldehyde 7000 4.9 1.8
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Conclusions

The odour-active compounds in LMEs clearly differ from 

the odour-active compounds in the malt used for their 

production. Whereas some malt odorants decrease during 

extract production, others show an enormous increase. Thus, 

the formation of odorants during LME production is much 

more important than the mere transfer of odorants from malt 

to LMEs.
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8.1.3 Summary and Individual Contributions 

Malts are germinated and re-dried cereal grains and can be further processed into malt 
extracts. The aims of the study were to identify the odor-active compounds in a light and a dark 
LME for the baking industry and to clarify their origin. 

The volatiles from a light and a dark LME were isolated by solvent extraction and SAFE. 
Application of AEDA on the concentrated distillates resulted in 28 odorants with FD factors 
between 1 and 1000 in at least one LME. The structures of 24 odorants could be assigned. In 
both LMEs, high FD factors were found for vanillin and phenylacetic acid. Higher FD factors in 
the light LME than in the dark LME were determined for HDMF, trans-4,5-epoxy-(2E)-dec-2-
enal, 4-ethenyl-2-methoxyphenol, and phenylacetaldehyde. In the dark LME, higher FD factors 
were obtained for maltol, dihydromaltol, sotolon, 2-methoxyphenol, acetic acid, as well as 
2- and 3-methylbutanoic acid.  

To substantiate the results of the AEDA, 15 odorants were quantitated in the light and the dark 
LME using GC-MS and stable isotopically substituted odorants as internal standards. OAVs 
were calculated by dividing the odorant concentrations by the OTVs in water. In the light and 
the dark LME, 12 and 11 odorants, respectively, showed OAVs ≥ 1. In the light LME, high 
OAVs were calculated for 3-(methylsulfanyl)propanal, (E)-β-damascenone, 4-ethenyl-2-
methoxyphenol, phenylacetaldehyde, and phenylacetic acid. In the dark LME, sotolon, 
3-(methylsulfanyl)propanal, (E)-β-damascenone, acetic acid, maltol, and phenylacetic acid 
exhibited high OAVs. The higher OAV of honey-like smelling phenylacetaldehyde in the light 
LME was in agreement with the stronger honey-like odor note in the quantitative olfactory 
profile. Clearly higher OAVs in the dark LME were found for odorants formed by thermal 
reactions, such as sotolon, maltol, and 2-methoxyphenol. This corresponded to the higher 
thermal impact during dark LME production.  

To get an insight into the odorant changes during LME production, the 15 selected odorants 
were additionally quantitated in the malt that served as starting material for the two LMEs. To 
cover both, the free and the bound malt odorants, an approach with the simultaneous addition 
of the extraction solvent and a minor amount of water was applied. For most odorants the 
amount in the extracts was clearly lower than in the malt, whereas seven odorants showed 
significantly higher amounts in at least one LME. In the light LME, (E)-β-damascenone and 
4-ethenyl-2-methoxyphenol and in the dark LME, maltol, sotolon, (E)-β-damascenone, and 
2-methoxyphenol were identified as important process-induced odorants. The odorant 
formation during malt extract production was more important than the mere odorant transfer 
from the malt to the LMEs. 

Nadine S. Rögner designed and performed the experiments including volatile isolation, GC-O 
analyses, structure assignments, sensory tests, quantitation experiments, and GC-MS 
analyses. Nadine evaluated the resulting data, designed the graphics, and prepared the 
manuscript. Veronika Mall conceived the study, performed the synthesis of (13C2)maltol, and 
revised the manuscript. Martin Steinhaus directed the study, supervised Nadine’s work, and 
revised the manuscript. Veronika and Martin participated in the GC-O analyses and the 
sensory evaluation.  
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ABSTRACT: Application of gas chromatography−olfactometry and aroma extract dilution analysis to the volatiles isolated from (1)
crust and (2) crumb of a wheat bread made with the addition of a dark liquid malt extract (LME) to the dough and (3) crust and (4)
crumb of a reference bread made without addition resulted in the identification of 23 major odorants. Their quantitation followed by
the calculation of odor activity values (OAV = ratio of concentration to odor threshold value) suggested that LME addition
influenced the aroma of the bread predominantly by increasing seasoning-like smelling sotolon in crust and crumb, and caramel-like
smelling compounds maltol and 4-hydroxy-2,5-dimethylfuran-3(2H)-one (HDMF) in the crumb. The increase in sotolon and maltol
was explainable by direct transfer from the LME to the bread, whereas HDMF must have been formed from LME-derived
precursors. This difference needs to be considered in the targeted optimization of LMEs for bread making.

KEYWORDS: liquid malt extract, wheat bread, aroma extract dilution analysis (AEVA), odor activity value (OAV)

■ INTRODUCTION

Liquid malt extracts (LMEs) are concentrated syrup-like malt
products, which are frequently used as a bread dough
ingredient in the baking industry. LMEs provide fermentable
sugars to flours with low diastatic activity, enhance the color of
bread crumb and crust, and can also influence bread aroma.
The compounds contributing to the aroma of wheat bread

have been studied in detail.1−10 The aroma of the bread crust
is mainly associated with odorants formed by thermal reactions
during baking. A key compound in wheat bread crust aroma is
roasty, popcorn-like smelling 2-acetyl-1-pyrroline, which shows
an exceptionally low odor threshold value (OTV) of 0.0073
μg/kg in starch5 and thus a high odor activity value (OAV;
ratio of concentration to OTV) in the crust. Further important
bread crust odorants are caramel-like smelling 4-hydroxy-2,5-
dimethylfuran-3(2H)-one (HDMF), malty smelling 3-methyl-
butanal, and cooked potato-like smelling 3-(methylsulfanyl)-
propanal.3,5−7 In contrast, the odorants contributing to wheat
bread crumb aroma are predominantly formed during
fermentation and include aldehydes such as (2E)-non-2-enal
and (2E,4E)-deca-2,4-dienal, alcohols such as 2- and 3-
methylbutan-1-ol and 2-phenylethan-1-ol, ketones such as
butane-2,3-dione, and acids such as 2- and 3-methylbutanoic
acid.2−4,6,11 Detailed studies elucidated the impact of yeast
level, time, and temperature during fermentation,4,12 the
addition of enzymes,3 and the addition of the distiller’s
grain13 on wheat bread odorants. However, to the best of our
knowledge, the impact of malt extract addition during dough
preparation on the odorants in the finished bread has not been
systematically studied yet. Poiana et al.14 and Man et al.15

showed that malt extract addition improved the quality of
breads in terms of porosity, bread diameter, and height, but
bread aroma was not assessed.

We recently characterized the odor-active compounds of a
light and a dark LME.16 Both LMEs showed intense malty,
caramel-like, and honey-like odor notes. Particularly in the
dark LME, also roasty, smoky, and seasoning-like odor
impressions were perceptible. The volatiles isolated by solvent
extraction and solvent-assisted flavor evaporation (SAFE) were
screened for odorants by gas chromatography−olfactometry
(GC−O) in combination with aroma extract dilution analysis
(AEDA). Results were substantiated by quantitation and OAV
calculation. In the light LME, potent odorants included cooked
potato-like smelling 3-(methylsulfanyl)propanal (OAV 1500),
cooked apple-like smelling (E)-β-damascenone (OAV 430),
clove-like smelling 4-ethenyl-2-methoxyphenol (OAV 91), and
honey-like smelling phenylacetaldehyde (OAV 70). In the dark
LME, the highest OAVs were determined for seasoning-like
smelling sotolon (OAV 780), 3-(methylsulfanyl)propanal
(OAV 550), (E)-β-damascenone (OAV 410), acetic acid
(OAV 160), and caramel-like smelling maltol (OAV 120).
The aim of the present investigation was to study the impact

of LME addition on the aroma of wheat bread on a molecular
level. The dark extract was chosen because dark LMEs are
more widely used to influence the aroma of bread than light
LMEs. We screened the volatiles isolated from crusts and
crumbs of breads with and without LME addition for odor-
active compounds by AEDA and substantiated the results by
odorant quantitation and OAV calculation. Finally, the
amounts of the odorants added with the LME were compared
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to the amounts of the odorants in the bread to assess the
potential role of direct transfer and the role of formation from
precursors during bread making.

■ MATERIALS AND METHODS
Malt Extract. A dark LME was obtained from Ireks (Kulmbach,

Germany). The malt extract was from the same batch as used in our
previous study on malt extract odorants.16

Breads. In a kneading machine (Universal, Robert Bosch
Hausgeraẗe, Munich, Germany), 500 g of wheat flour, type 550
according to the German flour classification system (Rosenmühle,
Ergolding, Germany), 20 g of fresh baker’s yeast (F. X. Wieninger,
Passau, Germany), and 10 g of sodium chloride (Merck, Darmstadt,
Germany) were mixed at speed 1 for 30 s. For the reference bread,
290 g of water was added. For the bread with LME addition, 290 g of
water and 15 g of LME were premixed and the mixture was added.
Doughs were kneaded for 1 min at speed 1 followed by 7 min at speed
3. Dough portions of 400 g were fermented in a proofing cabinet
(Heraeus, Hanau, Germany) at 30 °C and 90% relative humidity for
15 min. The doughs were placed in non-stick coated loaf pans (20 cm
× 11.5 cm × 7 cm) and further fermented for 35 min. Baking was
done in an oven (Piccolo, Winkler Wachtel, Hilden, Germany) at 230
°C for 35 min. The breads were allowed to cool at room temperature
for 2 h. The crust (5 mm) was separated from the crumb using a
bread slicing machine (Graef, Arnsberg, Germany).
Chemicals. The following reference odorants were purchased

from commercial sources: 1, 3, 41 (Alfa Aesar, Karlsruhe, Germany),
2, 4−6, 11, 12, 14, 17, 20−23, 25, 26, 28, 29, 31, 32, 35, 36, 39, 42,
43, and 45−48 (Merck, Darmstadt, Germany). Odorant 27 was a gift
from Symrise (Holzminden, Germany). Odorants 7,17 8,18 13,19 30,20

and 346 were synthesized as detailed in the literature.
The following isotopically substituted odorants were purchased

from commercial sources: (13C2)-36 (aromaLAB, Martinsried,
Germany), (2H11)-5a, (

2H7)-17, (
2H5)-31 (CDN Isotopes, Quebec,

Canada), (2H3)-11, and (13C2)-47 (Merck, Darmstadt, Germany).
Compounds (13C5)-7,

21 (2H3)-12,
22 (2H2)-14,

23 (2H2)-20,
24 (13C2)-

21,25 (2H2)-22a,
26 (2H4)-25,

27 (2H6)-27,
28 (2H3)-29,

27 (13C2)-33,
16

(13C6)-41,
21 (13C2)-42,

29 (2H3)-43,
30 and (2H3)-48

31 were synthe-
sized as detailed in the literature. (13C2)-26 was prepared according to
the approach published by Kiefl et al. for the synthesis of (13C4)-26
but using ethyl (diethoxyphosphoryl)(13C2) acetate in combination
with (2E)-oct-2-enal instead of (2E)-(1,2-13C2)oct-2-enal.

21

Diethyl ether (CLN, Freising, Germany) was freshly distilled
through a column (120 cm × 5 cm) packed with Raschig rings.
Aroma Extract Dilution Analysis (AEDA). Bread crust samples

and bread crumb samples were frozen with liquid nitrogen and
ground into fine powders using a laboratory mill Grindomix GM 200
(Retsch, Haan, Germany) at 4000 rpm (10 s) and 10,000 rpm (10 s).
Diethyl ether (285 mL) and water (15 mL) were added to the powder
(60 g) and the mixture was stirred at room temperature for 2 h. The
supernatant was decanted and the residue was stirred with a second
portion of diethyl ether (300 mL). The combined organic phases
were dried over anhydrous sodium sulfate. Non-volatiles were
removed by SAFE at 40 °C.32 The volatile fraction was concentrated
to a final volume of 1 mL using a Vigreux column (50 cm × 1 cm)
and a microdistillation device at a water bath temperature of 40 °C.33

The volatile isolates were subjected to GC−O analysis using an
FFAP column, 30 m × 0.32 mm i.d., 0.25 μm film thickness (Agilent,
Waldbronn, Germany) and the GC−O/flame ionization detector
(FID) system detailed in Rögner et al.16 The duration of each GC−O
run was 36 min. GC−O analyses were repeatedly performed by three
trained and experienced assessors until reproducible results were
obtained. Then, the volatile isolates were stepwise diluted to 1:10 with
diethyl ether to obtain dilutions of 1:10, 1:100, 1:1000, and 1:10000
of the initial solution. The diluted samples were also analyzed by
GC−O. Finally, a flavor dilution (FD) factor was assigned to each
odorant, representing the dilution factor of the highest diluted sample
in which the odorant was detected during GC−O analysis by any of
the three assessors.34

Odorant Quantitation. Bread crust and crumb powders were
prepared as detailed before. In preliminary experiments on the effect
of water addition, either pure diethyl ether (100 mL) or diethyl ether
(95 mL) plus water (5 mL) was added to the powder (10 g). For the
quantitation of major odorants in breads made without and with LME
addition, diethyl ether (19−380 mL) and water (1−20 mL) were
added to the powder (0.5−50 g). In all cases, stable isotopically
substituted odorants (0.01−100 μg; cf. Supporting Information, Table
S1) in diethyl ether (20−200 μL) were added as internal standards.
The mixture was stirred at room temperature overnight. The
supernatant was decanted and the residue was stirred with a second
portion of diethyl ether (20−400 mL). The combined organic phases
were dried over anhydrous sodium sulfate, and non-volatiles were
removed by SAFE at 40 °C.32 To reduce background during GC−
mass spectrometry (MS) analysis, the SAFE distillate was fractionated
into neutral and basic volatiles (NBV) and acidic volatiles (AV) using
aqueous sodium carbonate and the procedure detailed by Tatsu et
al.35 Fractions NBV and AV were concentrated to final volumes of
0.2−5 mL, and the concentrates were subjected to GC−MS. For the
quantitation of odorants 7, 14, 17, 20, 25, and 43 in the LME, the
workup was done as described by Rögner et al.16 Except for
compound 5, all GC−MS analyses were accomplished using the one-
dimensional GC−MS system (11, 17, and 20), the two-dimensional
heart-cut GC−GC−MS system (14 and 22), or the comprehensive
two-dimensional GC×GC−TOFMS system (7, 12, 21, 25−27, 29,
31, 33, 36, 41−43, 47, and 48), previously detailed by Rögner et al.16

For the quantitation of compound 5, the GC−GC−MS system was
equipped with a J&W DB-FFAP column, 30 m × 0.32 mm i.d. and
0.25 μm film thickness, in the first oven and a J&W DB-5 column, 30
m × 0.25 mm i.d. and 1 μm film thickness (both Agilent), in the
second oven. The temperature of the second oven was kept at 35 °C
during analysis.

Odorant concentrations were calculated from the peak area counts
of the analyte peak and the internal standard peak in the extracted ion
chromatograms of characteristic quantifier ions, the amount of bread
or LME used, and the amount of standard added, by employing a
calibration line equation obtained by linear regression after the
analysis of analyte/standard mixtures in five different concentration
ratios, namely, 5:1, 2:1, 1:1, 1:2, and 1:5. The quantifier ions and the
calibration line equations are summarized in the Supporting
Information, Table S1. Compound 22 was initially quantitated as
the sum of isomers; individual concentrations were then determined
as recently reported.16,18

Determination of the Moisture Content. Bread crust and
crumb powders obtained as detailed before were heated to 99 °C until
constant weight using an infrared Moisture Analyzer MA35
(Sartorius, Göttingen, Germany).

Sensory Tests. A specially designed, odor-free sensory room with
separated booths was kept at 22 ± 2 °C. Tests were performed
orthonasally by a trained panel of 16−19 assessors (males and
females, aged 21−49). Samples were presented in cylindrical PTFE
beakers (5.7 cm height, 4.1 cm i.d.) with lids (VWR, Darmstadt,
Germany). Quantitative olfactory profile analyses and three-
alternative forced-choice (3-AFC) tests were done with crust and
crumb samples (4 g) obtained from freshly baked breads. In the
quantitative olfactory profile analyses, the twelve pre-defined
descriptors detailed by Rögner et al.16 were used. 3-AFC tests were
performed with eyes closed to exclude visual influences. OTVs were
determined in odorless starch (Roth, Karlsruhe, Germany) according
to the American Society for Testing and Materials procedure36 and
the approach detailed by Schoenauer and Schieberle.37

■ RESULTS AND DISCUSSION
Sensory Characterization of Breads. To get a first idea

about the influence of dark LME addition on the aroma of
wheat bread, quantitative olfactory profile analyses were
applied to a wheat bread with malt extract addition and the
reference bread without malt extract addition. Both breads
were made on the basis of a standard recipe and a standardized

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c05638
J. Agric. Food Chem. 2021, 69, 13586−13595

13587



procedure. Bread crusts (Figure 1A) and bread crumbs (Figure
1B) were separately evaluated by a trained sensory panel. The
olfactory profile of the reference bread crust was dominated by
the roasty aroma note, malty and caramel-like notes were also
rated comparably high. In the olfactory profile of the bread
with LME addition, the malty, honey-like, caramel-like, smoky,
and clove-like notes were rated slightly more intense; however,
the differences to the reference bread were small. The olfactory
profile of the reference bread crumb was characterized by the
high intensity of the malty note followed by roasty, fatty,
cheesy, and cooked potato-like notes. Again, the aroma of the
LME bread showed only slight differences. Smoky, earthy,
roasty, seasoning-like, malty, and caramel-like notes were rated
higher, whereas fatty, cheesy, and cooked potato-like notes
were rated lower.
In view of the minor differences between the olfactory

profiles of the reference breads and the breads with LME
addition, we applied 3-AFC tests to verify that the samples
were distinguishable. Results indeed confirmed a difference for
both, the bread crusts and the bread crumbs (cf. Supporting
Information, Table S2). The crust of the bread with LME
addition showed a highly significant difference to the crust of
the reference bread (p value of 0.19%). The test with the
crumbs even resulted in a very high significance (p value of
0.0061%). Despite the high similarity in the olfactory profiles,
the LME addition thus had a clear impact on the aroma of the
bread crust and the aroma of the bread crumb.
Screening for Odor-Active Compounds in Breads. To

elucidate the compounds responsible for the aroma impact of
LME addition, the volatiles were isolated from the crust and
crumb of the breads without and with LME addition by solvent
extraction and SAFE. Water was added to the powdered crust
and crumb samples before solvent extraction to consider the
release of bound odorants by saliva during bread consumption.
Particularly in foods with low moisture content such as malt,
oat products, and also bread crust, a considerable increase of
the odorant concentrations after water addition has previously
been observed.16,38−42 We recently showed that the concen-
trations of phenylacetaldehyde, phenylacetic acid, and vanillin

in malt increased 9−33-fold after water addition. Furthermore,
we demonstrated that the addition of a minor amount of water
together with the extraction solvent is sufficient to achieve an
exhaustive release of the bound odorants.16 In the current
bread study, a preliminary experiment on the influence of
water addition before solvent extraction was performed using
phenylacetaldehyde and phenylacetic acid as exemplary
compounds. Results clearly indicated an effect of water
addition to the crust (Figure 2). The concentrations of
phenylacetaldehyde and phenylacetic acid increased ∼8-fold
and ∼5-fold after water addition. In the bread crumb, however,
the differences were negligible. These observations corre-
sponded well to the different water contents of the bread crust
and the bread crumb, which were ∼20 and ∼44%, respectively
(cf. Supporting Information, Table S3).
The volatile isolates obtained from the crust and crumb of

the breads without and with LME addition were subjected to
AEDA.10 A coarse approach with 1:10 dilutions was
considered sufficient at this point. On the one hand, there
was already extensive knowledge on wheat bread odorants in
general available from the literature1−10 as well as detailed
information on the key odorants in the malt extract employed
from our previous paper.16 Thus, discovery of novel important
odorants was unlikely. On the other hand, the differences
between the breads were later assessed by quantitation in a
much more detailed way than possible with AEDA.
The AEDA resulted in 48 odorants with FD factors ≥10 in

at least one of the four samples (Table 1). Structure
assignments were achieved in three steps. First, retention
indices (RIs) and odor qualities were compared to literature
data compiled in the Leibniz-LSB@TUM odorant database.43

The structure proposals were then confirmed by parallel GC−
O analyses of the bread volatile isolates and authentic reference
compounds using two columns of different polarity (DB-FFAP
and DB-5) and finally by parallel GC−MS analyses using a
GC×GC−TOFMS system. To reduce coelution problems, the
bread volatile isolates were fractionated by acid−base
extraction before GC×GC−TOFMS analysis.35

Figure 1. Quantitative olfactory profiles of crust (A) and crumb (B) of breads made without (reference bread) and with addition of LME.
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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Using the approach detailed above, the structures of 33 out
of 48 compounds could be assigned. Due to their low
concentrations, the pure mass spectra could not be obtained
for oct-1-en-3-one (6), (5Z)-octa-1,5-dien-3-one (8),
(2E,4E,6Z)-nona-2,4,6-trienal (30), and trans-4,5-epoxy-(2E)-
dec-2-enal (34). However, their characteristic odor properties
in combination with RI values matching those of authentic
reference compounds analyzed under the same conditions
allowed for an unequivocal structure assignment. In summary,
37 out of 48 odorants were identified. These 37 odorants
included all compounds with FD factors of 100 and 1000 in
any of the four samples. Compounds with FD factors of 10 and
below were considered of minor importance for the overall
aroma.
The outcome of the AEDA agreed well with previous data

on wheat bread odorants.2−7,10 In the bread crust samples,
high FD factors were obtained for the popcorn-like smelling 2-
acetyl-1-pyrroline (7), the cooked potato-like smelling 3-
(methylsulfanyl)propanal (12), the cheesy smelling 2- and 3-
methylbutanoic acids (22), the caramel-like smelling com-
pounds maltol (33) and HDMF (36), the seasoning-like
smelling sotolon (42), the honey-like smelling phenylacetic
acid (47), and the vanilla-like smelling vanillin (48). On the
level of the FD factors, no significant differences were observed
between the crust of the reference bread without LME
addition and the crust of the bread with LME addition.
In the bread crumb samples, high FD factors were obtained

for the cooked potato-like smelling 3-(methylsulfanyl)propanal
(12), the cheesy smelling 2- and 3-methylbutanoic acids (22),
the honey-like smelling 2-phenylethan-1-ol (31), and the
vanilla-like smelling vanillin (48). Different from the bread

crust samples, the FD factors revealed a clear difference
between the crumb of the reference bread without LME
addition and the crumb of the bread with LME addition,
namely, in the caramel-like smelling maltol (33; FD factors
1000 vs 10) and in the seasoning-like smelling sotolon (42; FD
factors 1000 vs 10). Both compounds are key odorants in the
LME used.16

In summary, the odorant screening experiments suggested
that LME addition led to substantial increases in maltol and
sotolon in the bread crumb, which could be a crucial factor for
the aroma difference.

Odorant Quantitation and OAV Calculations. To get a
more substantial insight into the influence of malt extract
addition on the aroma of the bread crust and the bread crumb,
23 odorants were selected for quantitation and OAV
calculations. The selection was based on the results of the
AEDA, reports on important bread crust and crumb odorants
in the literature, as well as on the results of our previous study
on the key odorants in the LME used.16 Quantitations were
accomplished by GC−MS using stable isotopically substituted
odorants as internal standards to compensate for any losses
during the sample work-up.
The results (Table 2) showed odorant concentrations

ranging from 0.0684 μg/kg for (E)-β-damascenone (27) in
the reference bread crumb to 160,000 μg/kg for acetic acid
(11) in the LME bread crumb. To approximate the odor
relevance of the compounds in the bread samples, OAVs were
calculated as the ratio of the individual concentrations to the
OTVs in starch. Three odorants (25, 43, 48) showed OAVs <1
in all four samples. They were therefore considered irrelevant
for the aroma and thus excluded from further experiments.
In contrast, 18 and 20 odorants revealed OAVs >1, i.e., they

showed concentrations above their OTVs in the crusts of the
reference bread and the bread with LME addition, respectively.
In both bread crusts, the highest OAV by far (2900 and 1800)
was calculated for roasty, popcorn-like smelling 2-acetyl-1-
pyrroline (7). This agreed well with previous reports on the
importance of this compound in wheat bread crust.3,5,7 Further
compounds with high OAVs in both bread crusts included
clove-like smelling 4-ethenyl-2-methoxyphenol (41; OAVs 190
and 140), cooked potato-like smelling 3-(methylsulfanyl)-
propanal (12; OAVs 160 and 230), and caramel-like smelling
HDMF (36; OAVs 160 and 180). Most odor-active
compounds showed only minor differences in the OAVs
between the reference bread crust and the crust of the bread
with LME addition. An exception was seasoning-like smelling
sotolon (42), whose OAV increased more than 4-fold from 3.4
to 15 after LME addition.
In the crumbs of the reference bread and the bread with

LME addition, 15 and 19 odorants, respectively, showed OAVs
>1. High OAVs in both bread crumbs were calculated for
cheesy smelling 3-methylbutanoic acid (22a; OAVs 110 and
93), popcorn-like smelling 2-acetyl-1-pyrroline (7; OAVs 74
and 62), cooked potato-like smelling 3-(methylsulfanyl)-
propanal (12; OAVs 51 and 50), and malty smelling 3-
methylbutan-1-ol (5a; OAVs 35 and 42). Like in the bread
crusts, also in the bread crumbs, the differences between the
reference bread and the bread with LME addition were small
for most of the odor-active compounds. This included typical
fermentation byproducts (22a, 12, 5a, 17, 41, 20, 47, 21, 22b,
11, 31, and 5b) and compounds formed by lipid oxidation (26,
14, and 27).3,4 Clear differences, however, were obtained for
seasoning-like smelling sotolon (42) and the caramel-like

Figure 2. Concentrations of phenylacetaldehyde (A) and phenylacetic
acid (B) in bread crust and crumb without and with water addition
before extraction. Individual concentration values and standard
deviations are available in the Supporting Information, Table S4.
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Table 1. Odorants in the Volatile Isolates Obtained from Crust and Crumb of Wheat Breads Made without (Reference Bread)
and with Addition of LME (LME Bread)

FD factord

RIc crust crumb

no. odoranta odorb DB-FFAP DB-5 reference bread LME bread reference bread LME bread

1 2-/3-methylbutanal malty 938 663 10 10 <1 <1
2 butane-2,3-dione buttery 992 613 10 10 <1 <1
3 pentane-2,3-dione buttery 1068 706 10 10 <1 <1
4 hexanal green 1084 802 <1 <1 10 1
5 2-/3-methylbutan-1-ol malty 1227 <600 10 10 100 100
6 oct-1-en-3-onee mushroom 1300 980 100 100 10 1
7 2-acetyl-1-pyrroline popcorn 1333 924 1000 1000 10 1
8 (5Z)-octa-1,5-dien-3-onee geranium leaf 1371 982 100 100 <1 <1
9 unknown earthy 1407 10 10 <1 <1
10 unknown roasty, earthy 1423 10 10 <1 <1
11 acetic acid vinegar 1451 638 100 100 100 100
12 3-(methylsulfanyl)propanal cooked potato 1458 904 1000 1000 1000 100
13 (2Z)-non-2-enal fatty 1505 1149 100 10 10 10
14 (2E)-non-2-enal fatty 1535 1162 100 100 100 100
15 unknown earthy 1544 10 1 <1 <1
16 unknown earthy 1556 10 10 <1 <1
17 2-methylpropanoic acid cheesy 1559 <600 10 10 10 10
18 unknown roasty 1574 10 <1 <1 <1
19 unknown fatty 1591 10 1 10 10
20 butanoic acid cheesy 1630 807 100 100 100 10
21 phenylacetaldehyde honey 1645 1042 10 10 10 10
22 2-/3-methylbutanoic acid cheesy 1668 858 1000 1000 1000 1000
23 (2E,4E)-nona-2,4-dienal fatty 1708 1216 10 100 10 1
24 unknown sweaty, fatty 1738 <1 <1 10 <1
25 2-acetyl-2-thiazoline popcorn 1770 1100 10 10 <1 <1
26 (2E,4E)-deca-2,4-dienal fatty 1818 1316 100 100 100 10
27 (E)-β-damascenone cooked apple 1819 1386 10 10 <1 <1
28 geraniol floral 1842 1245 <1 <1 10 1
29 2-methoxyphenol smoky 1868 1086 10 10 10 10
30 (2E,4E,6Z)-nona-2,4,6-trienale oat, sweet 1882 1271 10 10 10 10
31 2-phenylethan-1-ol honey 1919 1117 100 100 1000 1000
32 γ-octalactone coconut 1928 1273 10 10 10 10
33 maltol caramel 1981 1117 1000 1000 10 1000
34 trans-4,5-epoxy-(2E)-dec-2-enale metallic 2009 1374 100 100 100 100
35 γ-nonalactone coconut 2045 1363 1 10 <1 <1
36 HDMF caramel 2034 1076 1000 1000 100 1000
37 unknown coconut 2086 <1 <1 10 10
38 unknown phenolic 2109 10 1 <1 <1
39 γ-decalactone peach 2153 1475 10 1 1 10
40 unknown phenolic 2200 10 10 10 1
41 4-ethenyl-2-methoxyphenol clove 2187 1314 100 100 100 10
42 sotolon seasoning 2218 1123 100 1000 10 1000
43 2′-aminoacetophenone foxy 2228 1306 10 10 10 10
44 unknown pungent 2252 10 1 10 10
45 1H-indole fecal 2470 1293 10 10 <1 <1
46 3-methyl-1H-indole fecal 2517 1384 10 10 <1 <1
47 phenylacetic acid honey 2587 1278 1000 1000 100 100
48 vanillin vanilla 2593 1398 1000 1000 1000 1000

aEach odorant was identified by comparing the RIs on two GC columns of different polarity (DB-FFAP and DB-5), the mass spectrum obtained by
GC×GC−TOFMS, as well as the odor quality perceived at the sniffing port during GC−O to data obtained from authentic reference compounds
analyzed under equal conditions. bOdor quality as perceived at the sniffing port during GC−O. cRetention index, calculated from the retention
time of the compound and the retention times of adjacent n-alkanes by linear interpolation. dFlavor dilution factor, the dilution factor of the highest
diluted sample obtained from the volatile isolate in which the odorant was detected during GC−O analysis by any of three assessors. eGC−MS
analysis did not result in a clear mass spectrum, but a comparison of RIs and odor quality with respective data of an authentic reference compound
allowed for unequivocal structure assignment.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c05638
J. Agric. Food Chem. 2021, 69, 13586−13595

13590



smelling compounds maltol (33) and HDMF (36). These

compounds increased 57-fold, 114-fold, and 6-fold. All three

were not odor-active in the crumb of the reference bread

(OAVs <1) but showed concentrations clearly exceeding their

odor threshold values in the crumb of the bread with LME
addition, corresponding to OAVs of 11, 7.1, and 4.8.
In summary, the OAV calculations confirmed the con-

clusions drawn from the odorant screening experiments but
also provided a more detailed picture. OAV data indicated that

Table 2. Concentrations, Orthonasal OTVs in Starch, and OAVs of Important Odorants in Crust and Crumb of Wheat Breads
Made without (Reference Bread) and with Addition of LME (LME Bread)

concentration (μg/kg)b OAVd

no.a odorant reference bread LME bread OTV in starch (μg/kg)c reference bread LME bread

Crust
7 2-acetyl-1-pyrroline 20.9 12.8 0.0073e 2900 1800
12 3-(methylsulfanyl)propanal 42.2 61.4 0.27e 160 230
41 4-ethenyl-2-methoxyphenol 1200 884 6.4 190 140
36 HDMF 2110 2300 13e 160 180
22a 3-methylbutanoic acid 1030 831 13f 79 64
21 phenylacetaldehyde 216 341 5.8g 37 59
33 maltol 47,500 57,700 1400g 34 41
5a 3-methylbutan-1-ol 1820 2180 98 19 22
26 (2E,4E)-deca-2,4-dienal 45.9 47.6 2.7e 17 18
47 phenylacetic acid 287 398 23f 12 17
17 2-methylpropanoic acid 2640 3030 190g 14 16
42 sotolon 7.08 32.4 2.1h 3.4 15
20 butanoic acid 1220 1280 100e 12 13
14 (2E)-non-2-enal 98.0 89.2 12f 8.2 7.4
22b 2-methylbutanoic acid 542 362 77f 7.0 4.7
11 acetic acid 150,000 138,000 30000g 5.0 4.6
31 2-phenylethan-1-ol 1490 1380 470g 3.2 2.9
27 (E)-β-damascenone 0.224 0.271 0.15h 1.5 1.8
29 2-methoxyphenol 2.25 5.29 4.2e <1 1.3
5b 2-methylbutan-1-ol 651 761 760f <1 1.0
25 2-acetyl-2-thiazoline 1.82 1.60 2.4g <1 <1
43 2′-aminoacetophenone 0.524 0.612 2.9f <1 <1
48 vanillin 263 221 440f <1 <1
Crumb
22a 3-methylbutanoic acid 1410 1210 13f 110 93
7 2-acetyl-1-pyrroline 0.544 0.453 0.0073e 74 62
12 3-(methylsulfanyl)propanal 13.8 13.6 0.27e 51 50
5a 3-methylbutan-1-ol 3390 4150 98 35 42
17 2-methylpropanoic acid 3960 4610 190g 21 24
41 4-ethenyl-2-methoxyphenol 136 127 6.4 21 20
20 butanoic acid 1830 1880 100e 18 19
26 (2E,4E)-deca-2,4-dienal 29.9 43.0 2.7e 11 16
47 phenylacetic acid 210 301 23f 9.1 13
21 phenylacetaldehyde 34.6 72.4 5.8g 6.0 12
22b 2-methylbutanoic acid 836 577 77f 11 7.5
42 sotolon 0.417 23.9 2.1h <1 11
33 maltol 87.1 9890 1400g <1 7.1
11 acetic acid 118,000 160,000 30000g 3.9 5.3
36 HDMF 10.3 62.1 13e <1 4.8
31 2-phenylethan-1-ol 2120 1880 470g 4.5 4.0
14 (2E)-non-2-enal 50.8 38.9 12f 4.2 3.2
5b 2-methylbutan-1-ol 1130 1300 760f 1.5 1.7
27 (E)-β-damascenone 0.0684 0.177 0.15h <1 1.2
25 2-acetyl-2-thiazoline 0.229 0.169 2.4g <1 <1
29 2-methoxyphenol 0.965 1.40 4.2e <1 <1
43 2′-aminoacetophenone 0.572 0.583 2.9f <1 <1
48 vanillin 156 182 440f <1 <1

aNumbers refer to Table 1. bMean of duplicates or triplicates; standard deviations were <20%; individual concentration values and standard
deviations are available in the Supporting Information, Tables S5−S8. cOrthonasal odor threshold value in starch. dOdor activity value, calculated
as the ratio of concentration to OTV. eData taken from Rychlik and Grosch.5 fData taken from Rohleder et al.1 gData taken from Schoenauer and
Schieberle.37 hData approximated using the orthonasal OTV in cellulose taken from Czerny and Grosch.46

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.1c05638
J. Agric. Food Chem. 2021, 69, 13586−13595

13591



LME addition influenced the aroma of the bread predom-
inantly by increasing the concentration of seasoning-like
smelling sotolon in the crust and by increasing the
concentrations of sotolon and the caramel-like smelling
compounds maltol and HDMF in the crumb.
The Role of Odorant Precursors. Although sotolon,

maltol, and HDMF had been clearly identified as the
compounds being causative for the bread aroma changes
associated with LME addition and sotolon and maltol were
also major odor-active compounds in the LME employed,16 it
remained unclear whether these compounds were simply
transferred from the LME to the bread or whether their
formation from precursors provided by the LME during bread
making additionally played a role. This information, however,
is essential if a targeted optimization of LMEs is to be
achieved.
To get an insight into the role of odorant precursors, the

odorant concentrations in the breads were compared to the
amounts of the odorants added with the LME. The odorant
concentrations in the LME are depicted in Table 3. They were

determined by GC−MS using stable isotopically substituted
odorants as internal standards or were taken from our previous
paper.16 To allow for a direct comparison, all data were
converted to concentration values in μg per kg dough. To
obtain a more comprehensive picture, these calculations were
not only applied to sotolon, maltol, and HDMF but included
all compounds found to be odor-active in the breads (cf. Table
2).
The results are depicted in Table 4. The portion of the bread

crust originating from 1 kg of dough contained 4.92 μg of
sotolon when no LME was added and 22.5 μg of sotolon when
LME was added. This difference of 17.6 μg equaled to an
increase of 360% induced by the LME addition, which could

be fully explained by direct transfer of sotolon from the LME
to the bread. The efficacy of this transfer, calculated by
dividing the difference between the two breads (17.6 μg/kg
dough) by the amount added with the LME (23.9 μg/kg
dough), would then amount to 74%. Further, compounds
whose amounts in the bread crust were fully explainable by a
direct transfer from the LME included maltol (64% transfer
efficacy) and (E)-β-damascenone (75% transfer efficacy).
However, with a relative increase associated with LME
addition of only 21%, their contribution to the sensory
difference was only minor. A higher relative increase of 39%
was shown by phenylacetic acid whose concentration in the
LME was able to explain 98% of the higher amount in the
LME bread.
For other compounds showing clearly higher concentrations

in the bread with LME addition than in the reference bread,
this difference was only to a minor extent explainable by direct
transfer, thus indicating that the major part was formed during
bread making from precursors present in the LME. This was in
particular the case for 2-methoxyphenol (19% of the increase is
explainable by direct transfer), 3-(methylsulfanyl)propanal
(32% of the increase is explainable by direct transfer), and
phenylacetaldehyde (2.2% of the increase is explainable by
direct transfer). The large remainder of compounds (5a and
below in Table 4, crust) were characterized by rather small
differences between the reference bread and the bread with
LME addition in combination with negligible amounts added
with the LME.
In the crumb, the situation was somewhat different from the

crust. The concentration levels of important thermally formed
compounds in the reference bread crumb were clearly lower
than in the reference bread crust, which corresponded to the
lower temperatures during baking. This was, for example, the
case for maltol (86.8 vs 33,000 μg/kg dough), sotolon (0.416
vs 4.92 μg/kg dough), and HDMF (10.3 vs 1470 μg/kg
dough). Consequently, the additional amounts that could be
attributed to the LME addition showed a greater effect. For
example, a portion of bread crumb originating from 1 kg of
dough contained 86.8 μg of maltol when no LME was added
but 9860 μg of maltol when LME was added. This
corresponded to a 114-fold increase resulting from the LME
addition, which was fully explainable by a direct transfer of
maltol from the LME to the bread with an efficacy of 89%. An
even higher efficacy was calculated for sotolon. Addition of the
LME resulted in a 57-fold increase in sotolon in the crumb,
namely, from 0.416 to 23.8 μg/kg, which was explainable by a
direct transfer from the LME with an efficacy of 98%. Among
all other compounds, a major contribution of a direct transfer
from the LME was only possible for 2-methoxyphenol (up to
91%) and phenylacetic acid (up to 84%). 2-Methoxyphenol,
however, remained below its odor threshold value (cf. Table 2)
and the relative increase in phenylacetic acid associated with
LME addition amounted only to 1.4-fold, which was low when
compared to the data obtained for maltol (114-fold) and
sotolon (56-fold).
For HDMF, a substantial contribution of a direct transfer

could be excluded. In a portion of the bread crumb originating
from 1 kg of dough, HDMF was present at a level of 10.3 μg
when no LME was added and 61.9 μg when LME was added.
This corresponded to an increase of 500% of which only 1%
could be explained by a direct transfer of HDMF from the
LME. Thus, 99% of the additional HDMF in the crumb of the
bread with LME addition must have been formed from LME-

Table 3. Odorant Concentrations in the LME

no.a odorant concentration (μg/kg)b

11 acetic acid 869000c

33 maltol 613000c

47 phenylacetic acid 4220c

22a 3-methylbutanoic acid 1580c

42 sotolon 1330c

17 2-methylpropanoic acid 599d

22b 2-methylbutanoic acid 309c

12 3-(methylsulfanyl)propanal 235c

20 butanoic acid 229d

31 2-phenylethan-1-ol 115c

21 phenylacetaldehyde 107c

36 HDMF 35.9c

29 2-methoxyphenol 21.9c

41 4-ethenyl-2-methoxyphenol 14.0c

7 2-acetyl-1-pyrroline 3.19d

5a 3-methylbutan-1-ol 3.18d

27 (E)-β-damascenone 2.45c

14 (2E)-non-2-enal 1.10d

5b 2-methylbutan-1-ol 0.615d

26 (2E,4E)-deca-2,4-dienal 0.519c

aNumbers refer to Table 1. bMean of duplicates or triplicates;
standard deviations were <20%. cData taken from our previous paper
on malt extract odorants.16 dIndividual concentration values used for
mean calculations and standard deviations are available in the
Supporting Information, Table S9.
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derived precursors, presumably reducing sugars or reactive C3
intermediates of the Maillard reaction formed during LME
production.44,45 Similar to the crust, about half of the odorants
(5a and below in Table 4, crumb) were characterized by rather
small differences between the reference bread and the bread
with LME addition in combination with negligible amounts
added with the LME.
In conclusion, the addition of a dark LME to wheat bread

dough was able to significantly influence the aroma of the

bread, with the aroma impact on the crumb being greater than
that on the crust. Seasoning-like smelling sotolon was a key
odorant for the aroma change in the crust, whereas the aroma
change in the crumb was due to a substantial increase in the
concentrations of sotolon and the caramel-like smelling
compounds maltol and HDMF. When aiming at a targeted
optimization of LMEs for bread making, it needs to be
considered that sotolon and maltol can be directly transferred
from the LME to the bread, whereas a direct transfer plays only

Table 4. Amounts of Odorants in the Bread Crusts and Crumbs in Relation to the Amounts Added with the LME

concentration(μg/kg dough)b
difference LME bread vs

ref. bread amount added with LME

no.a odorant reference bread LME bread μg/kg dough % μg/kg doughc explains % difference between breads

Crust
42 sotolon 4.92 22.5 +17.6 +360 23.9 100
29 2-methoxyphenol 1.56 3.68 +2.11 +140 0.393 19
21 phenylacetaldehyde 150 237 +86.8 +58 1.92 2.2
12 3-(methylsulfanyl)propanal 29.3 42.6 +13.3 +45 4.22 32
47 phenylacetic acid 200 277 +76.9 +39 75.8 98
33 maltol 33,000 40,100 +7090 +21 11,000 100
27 (E)-β-damascenone 0.156 0.189 +0.0328 +21 0.0440 100
5a 3-methylbutan-1-ol 1260 1510 +250 +20 0.0571 <1
5b 2-methylbutan-1-ol 452 529 +76.7 +17 0.0111 <1
17 2-methylpropanoic acid 1830 2110 +271 +15 10.8 4.0
36 HDMF 1470 1600 +132 +9.0 0.645 <1
20 butanoic acid 848 889 +41.7 +4.9 4.11 9.9
26 (2E,4E)-deca-2,4-dienal 31.9 33.1 +1.14 +3.6 0.00932 <1
31 2-phenylethan-1-ol 1040 959 −76.6 −7.4 2.07
11 acetic acid 104,000 95,900 −8340 −8.0 15,600
14 (2E)-non-2-enal 68.1 62.0 −6.09 −8.9 0.0198
22a 3-methylbutanoic acid 716 578 −138 −19 28.4
41 4-ethenyl-2-methoxyphenol 834 614 −220 −26 0.252
22b 2-methylbutanoic acid 377 252 −125 −33 5.55
7 2-acetyl-1-pyrroline 14.5 8.91 −5.63 −39 0.0573
Crumb
33 maltol 86.8 9860 +9770 +11,000 11,000 100
42 sotolon 0.416 23.8 +23.4 +5600 23.9 100
36 HDMF 10.3 61.9 +51.6 +500 0.645 1.2
27 (E)-β-damascenone 0.0680 0.177 +0.109 +160 0.0440 41
21 phenylacetaldehyde 34.5 72.2 +37.7 +110 1.92 5.1
29 2-methoxyphenol 0.960 1.40 +0.433 +45 0.393 91
26 (2E,4E)-deca-2,4-dienal 29.8 42.9 +13.1 +44 0.00932 <1
47 phenylacetic acid 210 300 +90.1 +43 75.8 84
11 acetic acid 118,000 160,000 +41,900 +36 15,600 37
5a 3-methylbutan-1-ol 3380 4140 +757 +22 0.0571 <1
5b 2-methylbutan-1-ol 1130 1300 +173 +15 0.0111 <1
17 2-methylpropanoic acid 3950 4600 +648 +16 10.8 1.7
20 butanoic acid 1820 1870 +49.8 +2.7 4.11 8.3
12 3-(methylsulfanyl)propanal 13.7 13.5 −0.200 −1.5 4.22
41 4-ethenyl-2-methoxyphenol 136 126 −9.37 −6.9 0.252
31 2-phenylethan-1-ol 2110 1870 −239 −11 2.07
22a 3-methylbutanoic acid 1410 1210 −199 −14 28.4
7 2-acetyl-1-pyrroline 0.542 0.452 −0.0903 −17 0.0573
14 (2E)-non-2-enal 50.6 38.8 −11.9 −23 0.0198
22b 2-methylbutanoic acid 834 576 −258 −31 5.55

aNumbers refer to Table 1. bMicrogram of the odorant in a portion of the bread crust/crumb originating from 1 kg of dough, calculated by
multiplying the odorant concentrations in crust and crumb (Table 2) by conversion factors of 0.695 and 0.997, respectively; the conversion factor
for the crust was approximated from the data provided in the Supporting Information, Tables S3 and S10, as (dry weight crust × amount crust +
dry weight crumb × amount crumb)/(amount dough × dry weight crust); the conversion factor for the crumb was likewise approximated as (dry
weight crust × amount crust + dry weight crumb × amount crumb)/(amount dough × dry weight crumb). cOdorant concentration in the dough
derived from the addition of the LME, calculated by multiplying the odorant concentration in the LME (Table 3) with the LME content in the
dough (15 g/835 g).
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a negligible role for the additional HDMF in the crumb, of
which 99% were formed from precursors and a maximum of
1% could be explained by a direct transfer.
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8.2.3 Summary and Individual Contributions 

Malt extracts are used in the baking industry as an all-natural ingredient to provide fermentable 
sugars and to enhance color and aroma of bakery products. The aim of the current study was 
to investigate the impact of dark LME addition on major odor-active compounds in wheat bread 
crust and crumb. A bread made without LME addition served as reference. 

Bread crusts and crumbs were stirred with solvent and a minor amount of water and the 
extracted volatiles were separated from nonvolatile compounds by SAFE. The concentrated 
distillates obtained from the crust and the crumb of breads made without and with the addition 
of the dark LME were screened for odor-active compounds by GC-O and AEDA. Results 
showed 48 odorants with FD factors ≥ 10 in at least one of the four samples. The structures of 
37 odorants could be assigned. High FD factors in both crust samples were obtained for 
2-acetyl-1-pyrroline, 3-(methylsulfanyl)propanal, 2- and 3-methylbutanoic acid, maltol, HDMF, 
sotolon, phenylacetic acid, and vanillin. In both bread crumbs, high FD factors were found for 
3-(methylsulfanyl)propanal, 2- and 3-methylbutanoic acid, 2-phenylethan-1-ol, and vanillin. In 
the crumb of the bread made with LME addition, high FD factors were additionally determined 
for maltol and sotolon, indicating that these compounds could be responsible for the aroma 
differences. 

To substantiate the results of the AEDA, 23 odorants were quantitated in the crust and the 
crumb of breads made without and with LME addition using GC-MS and stable isotopically 
substituted odorants as internal standards. Results revealed concentrations between 
0.0684 μg/kg and 160000 μg/kg. OAVs were calculated by dividing the odorant concentrations 
by the OTVs in starch. The highest OAV in both bread crusts was determined for 2-acteyl-1-
pyrroline, followed by 4-ethenyl-2-methoxyphenol, 3-(methylsulfanyl)propanal, and HDMF. As 
in AEDA, only minor differences were found between the two crusts. However, for sotolon a 
higher OAV was calculated in the crust of the LME bread. In the reference bread crumb and 
the crumb of the bread made with LME addition, high OAVs were found for 3-methylbutanoic 
acid, 2-acetyl-1-pyrroline, 3-(methylsulfanyl)propanal, and 3-methylbutan-1-ol. Clearly higher 
OAVs in the crumb of the bread made with LME addition were found for the Maillard reaction 
products sotolon, maltol, and HDMF.  

To get a deeper understanding of the impact of the LME addition on the bread aroma, the 
odorant concentrations in the breads were compared to the amounts added with the LME. The 
bread crumb aroma was clearly more affected than the bread crust aroma. The higher 
concentration of sotolon in the crust and the crumb and of maltol in the crumb of the LME bread 
was explainable by a direct transfer from the LME to the bread. The additional amount of HDMF 
in the crumb of the bread made with LME addition must have been newly formed from LME-
derived precursors during bread making.  

Nadine S. Rögner designed and performed the experiments including bread making, volatile 
isolation, GC-O analyses, structure assignments, sensory tests, quantitation experiments, and 
GC-MS analyses. Nadine evaluated the resulting data, designed the graphics, and prepared 
the manuscript. Veronika Mall conceived the study and revised the manuscript. Martin 
Steinhaus directed the study, supervised Nadine’s work, and revised the manuscript. Veronika 
and Martin participated in the GC-O analyses and the sensory tests, such as the quantitative 
olfactory profiles and the 3-AFC tests. 
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evidence of ethionine in plants. J. Agric. Food Chem. 2020, 68, 38, 10397–10402. DOI: 
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Rögner, N. S.; Mall, V.; Steinhaus, M. Odour-active compounds in liquid malt extracts for the 
baking industry. Eur. Food Res. Technol. 2021, 247, 5, 1263–1275. DOI: 10.1007/s00217-
021-03707-z 

Rögner, N. S.; Mall, V.; Steinhaus, M. Impact of malt extract addition on odorants in wheat 
bread crust and crumb. J. Agric. Food Chem. 2021, 69, 13586–13595. DOI: 
10.1021/acs.jafc.1c05638 

 

Publications in non-peer reviewed journals 

Fischer, N.; Mall, V.; Reglitz, K.; Steinhaus, M. Malz als aromatisierende Zutat beim 
Brotbacken: Untersuchungen zu Veränderungen der Schlüsselgeruchsstoffe. Lebensmittel-
chemie. 2020, 73, S1, S114. DOI: 10.1002/lemi.201951114 

 

Talks 

Characterization of odor-active compounds in malt and their transfer into wheat bread. 
Forschungsseminar der Lebensmittelchemie, Freising, Germany, November 11, 2019. 

 

Poster presentations 

Malz als aromatisierende Zutat beim Brotbacken: Untersuchungen zu Veränderungen der 
Schlüsselgeruchstoffe. Lebensmittelchemische Gesellschaft (LChG), Fachgruppe in der 
Gesellschaft Deutscher Chemiker (GDCh), 48. Deutscher Lebensmittelchemikertag (Society 
of Food Chemistry, a division of the German Chemical Society, 48th National Meeting). 
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