
Biotechnological production and characterization of 

natural flavors 

Cumulative Dissertation 

Presented by 

M.Sc. Svenja Sommer

 

Submitted to the Faculty of Biology and Chemistry 

Prepared at the Institute of Food Chemistry and Food Biotechnology 

For the degree of 

Doctor Rerum Naturalium (Dr. rer. nat.) 

Justus Liebig University Giessen, Germany 

2022



   | II 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This thesis is submitted as a doctoral dissertation in fulfilment of the requirements for the degree of 

Doctor Rerum Naturalium to the Faculty of Biology and Chemistry, Justus Liebig University Giessen, 

Germany. 

 

1st Referee: 

Prof. Dr. Holger Zorn 

Institute of Food Chemistry and Food Biotechnology, Justus Liebig University, Giessen, Germany 

 

2nd Referee: 

Prof. Dr. Ralf Schweiggert 

Department of Beverage Research, Geisenheim University, Geisenheim, Germany   



   | III 

 

1 Table of contents 

Acknowledgements………………………………………………………………………………….... IV 

I. Abstract……………………………………………………………………………………..…...   1 

II. Zusammenfassung……………………………………………………………………..............   2 

III. List of publications……………………………………………………………………..............   4 

IV.  List of abbreviations………………………………………………………………………..…..   6 

Chapter 1………………………………………………………………………………………………..   7 

 1.1. Sustainable food production………………………………………………………….   7 

 1.2. Currants…………………………………………………………………………….......   7 

 1.3. Basidiomycota…………………………………………………………………………. 10 

 1.4. Wolfiporia cocos…………………………………………………………………………. 10 

 1.5. Fermented beverages…………………………………………………………………. 12 

 1.6. Flavors………………………………………………………………………………….. 13 

  1.6.1. Black currant flavors………………………………………………………... 13 

  1.6.2. Fungal flavors………………………………………………………….......... 13 

  1.6.3. Aromatic flavor compounds………………………………………….......... 14 

  1.6.4. Terpenes……………………………………………………………………… 15 

  1.6.5. Non-canonical terpenes…………………………………………………….. 17 

 1.7. Flavor characterization………………………………………………………………. 18 

  1.7.1. Identification of odor active compounds…………………………………. 18 

  1.7.2. Odor threshold determination…………………………………………….. 19 

 1.8. Objective………………………………………………………………………………... 20 

 1.9. References……………………………………………………………………………… 20 

Chapter 2……………………………………………………………………………………………….. 33 

 Wild strawberry-like flavor produced by the fungus Wolfiporia cocos…………………… 34 

Chapter 3……………………………………………………………………………………………….. 43 

 Upcycling of black currant pomace for the production of a fermented beverage………. 44 

Chapter 4……………………………………………………………………………………………….. 76 

 Odor characteristics of novel non-canonical terpenes……………………………………... 77 

Declaration……………………………………………………………………………………………... 92 

 

  



   | IV 

 

2 Acknowledgements 

First of all, I would like to thank Prof. Dr. Holger Zorn for the opportunity to write my thesis in his 

working group. His trust in me and his support of my work always encouraged my aspiration for 

research. Working in the institute of food chemistry and food biotechnology was a great pleasure for 

me. Furthermore, I thank Prof. Dr. Ralf Schweiggert for his willingness to act as a co-referee for my 

thesis. I am highly thankful for his review. Also, I thank Prof Dr. Bernhard Spengler and Prof. Dr. Martin 

Rühl for being a part of my examination committee.  

Additionally, I want to thank all my co-workers at the institute of food chemistry and food 

biotechnology. Without you the years would have been less fun, less learning, and less motivating. Dr. 

Marco Fraatz you are the rock of the institute. Thanks for all your advices, your time, your kindness, 

and all your help. Carolin Mewe always motivated me to continue my work and I could never ask for 

a better colleague to share my office with. A big thank you to Jonas Sommer, Dominik Karrer and Dr. 

Andreas Hammer for proof-reading my thesis. Furthermore, I want to thank the AROMAplus crew for 

the great scientific exchange. Especially, Prof. Dr. Martin Rühl was a great inspiration and always 

motivated me to try new approaches. Additionally, a special thank goes to Julia Büttner, Nadine Sella, 

Dr. Christine Schlering, Dr. Laura Drummond, Dr. Markus Buchhaupt, Dr. Christian von Waldbrunn, 

Darya Dudko, Felix Graf, Parab Haque, Florian Kiene, Jennifer Badura, Tina Kissinger, and Lisa 

Zimmermann. A special thank goes to my students, who hopefully learned almost as much as I learned 

from you. Leon Lang, Pia Sturm, Niklas Broel, Annika Bihlmeier, Janine Hoffmann, Franziska Reis, and 

Enrico Rickert, working with you was a great pleasure. 

Besides of the scientific point of view, I made great friends and found support at every time point. 

Especially the Basidioprotect crew, namely Dominik Karrer, Nikolas Hoberg, Carolin Mewe, Janin 

Hoffmann, Axel Orban, made my PhD to a wonderful experience. Having support from Friederike 

Bürger, Miriam Sowa, Tenya Zhuk, Garima Mahashwari, Victoria Klis, Katharina Happel, Annika 

Wagner, Christopher Back, Marcus Schulze, Bianka Daubertshäuser, Peter Seum, Andreas Hammer, 

Florian Birk, Wendell Albuquerque, Suzan Yalman, Bernhard Hellmann, Joline Bergel, Stella Nagy, 

Weronika Michalik, and Darleen Münch was a great pleasure for me. Thank you for all your patience, 

your support, and your advices.  

Last, I want to thank the people who supported me before and during my PhD. I could not ask for more 

loyal friends and family. Special thanks to my mates Juliane, Hotzi, Anna-Lisa, Jonas, Bettina, and Oma, 

who always supported me. Annegret, and Michael, nothing would have been possible without you. 

Simon, you always had my back. I could never feel alone with you by my side.



Abstract  | 1 

 

I. Abstract 

Biotechnological production of flavors is economically relevant and a key to enable a tasty and diverse 

food supply. Fungi are suitable biocatalysts for the production of flavor compounds and often more 

efficient than the classical flavor extraction from plants and foods. Fungi from the department of 

Basidiomycota have a powerful enzymatic toolbox to generate flavor compounds.  

Based on a broad screening of Basidiomycota, media optimization was performed to find suitable 

conditions for an efficient biotransformation of black currant pomace. During fermentation, the scents 

were investigated on a sensory and instrumental level via gas chromatography-mass spectrometry (GC-

MS). W. cocos was grown on a solid-state medium composed of 30 g kg-1 pomace, 6.24 g kg-1 sodium 

aspartate-monohydrate and 30 g kg-1 agar-agar for 10 days. The flavor was characterized by means of a 

self-validated aroma dilution analysis (ADA), quantified, and proven with recombination experiments. 

Solid-state fermentation of pomace and aspartate led to a pleasant odor reminiscent of wild 

strawberries. Methyl anthranilate (2,206 µg kg-1, flavor dilution factor 210), (R)-linalool (1,879 µg kg-1, 

211), 2-amino benzaldehyde (771 µg kg-1, 25), and geraniol (138 µg kg-1, 25) were determined as aroma-

relevant for the wild strawberry like flavor in recombination experiments. The substrate-fungus 

combination made use of the nutrients provided by the black currant pomace leading to an appealing 

natural flavoring for food.  

In a second approach, 80 g L-1 pomace and 60 g L-1 sucrose (pH 4.4) were fermented in a submerged 

culture until the medium reached a pH-value of 3.5. Supernatants of the fermented product were 

evaluated for a potential use as a beverage. Submerged fermentation of black currant pomace and 

sucrose led to a pleasant flowery and honey-like odor and a fruity, slightly sour taste. The produced 

fruit acids and flavor compounds were characterized and quantified. The scaled-up fermentation 

product was processed and carbonized in cooperation with the Geisenheim University. A panel 

evaluated the carbonated fermented beverage on a hedonic scale, ranging from 0 to 10, with 8.0 ± 1.4, 

whereas the value for the non-inoculated medium was 2.5 ± 2.5. A rise of the oxalic acid concentration 

was detected, which led to the characteristic fruity taste in combination with citric acid (935 mg L-1 citric 

acid and 192 mg L-1 oxalic acid). Linalool (23 µg L-1), geraniol (42 µg L-1), phenylacetic acid (950 µg L-1), 

eugenol (23 µg L-1) and methyl phenylacetate (94 µg L-1) were detected with odor activity values above 

one, which imparted fruity and honey-like odors. Fermentation of black currant pomace led to a tasty 

beverage, which suits the current beverage trends. Upcycling of pomace with its physiologically 

valuable nutrients as a fermented beverage could contribute to a healthy human nutrition.  

In a third study, 28 potentially aroma active non-canonical terpenes were investigated in cooperation 

with the Dechema Research Institute. For twelve especially potent compounds, the odor thresholds (OT) 

were determined in comparison to their non-methylated equivalents. In addition to the classical 

approach according to Ullrich and Grosch (1987), a novel method including the individual OT 

determination of the internal standards was established. The odors of several non-canonical terpenes 

were described for the first time. Twelve compounds were identified as highly intense flavors, e.g., the 

flowery smelling 2-methyllinalool with an OT of 1.8 ng L-1 air, the earthy smelling 2-methyl-α-fenchol 

(3.6 ng L-1 air), and the flowery scent 2-methylgeraniol (5.4 ng L-1 air). The newly developed method for 

the OT determination appeared as an improvement compared to the method used so far. Methylated 

derivatives of linalool, citronellol, and geraniol were highly attractive due to their flowery and citrus-

like scents, which are highly interesting for the cosmetic industry.   
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II. Zusammenfassung 

Die biotechnologische Herstellung von Aromen spielt sowohl wirtschaftlich, als auch für die 

Sicherstellung einer wohlschmeckenden und abwechslungsreichen Ernährung eine entscheidende 

Rolle. Durch die Verwendung von Speisepilzen ist die Herstellung im Vergleich zur klassischen 

Extraktion aus Lebensmitteln effizient und nachhaltig. Pilze der Abteilung der Basidiomycota bieten 

durch ihre enzymatischen Werkzeugkoffer vielfältige Möglichkeiten für die Aromenproduktion.  

Basierend auf einem umfangreichen Screening von Basidiomycota wurden die Kulturbedingungen für 

die Biotransformation von Johannisbeertrester optimiert. Die Kulturen wurden während der 

Fermentation sensorisch und mittels Gaschromatographie-Massenspektrometrie (GC-MS) untersucht. 

Im ersten Ansatz wurden 30 g kg-1 Johannisbeertrester mit 6,24 g kg-1 Natriumaspartat-Monohydrat und 

30 g kg-1 Agar-Agar emers für 10 Tage fermentiert. Der Geruch wurde durch eine eigens validierte 

Aroma-Verdünnungsanalyse (AVA) charakterisiert, die Aromen quantifiziert und durch 

Rekombinationsexperimente bestätigt. Die Emers-Fermentation führte zu einem intensiven, an 

Walderdbeeren erinnerndes Aroma. Als Schlüsselaromastoffe wurden Methylanthranilat (2.206 µg kg-1, 

Aromaverdünnungsfaktor 210), (R)-Linalool (1.879 µg kg-1, 211), 2-Aminobenzaldehyd (771 µg kg-1, 25) 

und Geraniol (138 µg kg-1, 25) identifiziert und durch Rekombinationsexperimente bestätigt. In der 

Substrat-Pilz-Kombination wurden die Nährstoffe des Johannisbeertresters genutzt, um ein Aroma zu 

erzeugen, das für die natürliche Aromatisierung von Lebensmitteln eingesetzt werden kann.  

In einem zweiten Ansatz wurden 80 g L-1 Johannisbeertrester und 60 g L-1 Saccharose (pH 4,4) submers 

fermentiert bis ein pH-Wert von 3,5 erreicht wurde. Der Kulturüberstand wurde auf dessen Eignung 

als Getränk untersucht und gebildete Fruchtsäuren und Aromen wurden identifiziert und quantifiziert. 

Die Submers-Fermentation zeigte einen blumigen, an Honig erinnernden Geruch und einen fruchtigen, 

säuerlichen Geschmack. Nach dem Up-Scaling wurde das Getränk in Kooperation mit der Hochschule 

Geisenheim filtriert und karbonisiert. Von einem Panel wurde das karbonisierte Getränk auf einer Skala 

von 0 bis 10 mit einer Gesamtakzeptanz von 8,0 ± 1,4 bewertet, während das nicht prozessierte Medium 

lediglich eine Gesamtakzeptanz von 2,5 ± 2,5 erzielte. Bei der Fermentation wurde ein Anstieg der 

Oxalsäure-Konzentration nachgewiesen, die zusammen mit Zitronensäure charaktergebend für den 

fruchtigen Geschmack war (935 mg L-1 Zitronensäure und 192 mg L-1 Oxalsäure). Außerdem wurden 

die Aromen Linalool (23 µg L-1), Geraniol (42 µg L-1), Phenylessigsäure (950 µg L-1), Eugenol (23 µg L-1) 

und Phenylessigsäuremethylester (94 µg L-1) mit Aromawerten größer eins gebildet. Diese haben 

fruchtige, an Honig erinnernde Gerüche. Durch die Fermentation des Johannisbeertresters mit W. cocos 

konnte ein wohlschmeckendes Getränk hergestellt werden, das den aktuellen Trends des 

Getränkemarkts entspricht. Durch das Upcycling besteht die Möglichkeit, die physiologisch wertvollen 

Nährstoffe in Johannisbeertrester direkt für die menschliche Ernährung zu nutzen. 

In Kooperation mit dem Dechema Forschungsinstitut wurden 28 neuartige nicht-kanonische Terpene 

auf ihre Eignung als Aromastoffe untersucht. Zwölf besonders interessante aromaaktive Vertreter 

wurden für die Bestimmung von Geruchsschwellen (GS) im Vergleich mit den nicht-methylierten 

Äquivalenten ausgewählt. Die klassische Methode zur GS-Bestimmung nach Ullrich und Grosch (1987) 

wurde mit einer eigens entwickelten Technik, bei der die GS des internen Standards individuell von 

den Probanden bestimmt wurden, verglichen. Die Gerüche zahlreicher nicht-kanonischer Terpene 

wurden erstmals beschrieben. 2-Methyllinalool mit einem blumigen Geruch und einer GS von 1,8 ng L-1 

Luft, das erdig riechende 2-Methyl-α-fenchol (3,6 ng L-1), 2-Methylgeraniol (5,4 ng L-1) mit blumigen 
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Geruchseindrücken und neun weitere Substanzen zeigten niedrige GS. Die neu entwickelte Methode 

zur Ermittlung der GS stellt eine Verbesserung des bisher verwendeten Verfahrens dar. Die 

methylierten Derivate von Linalool, Geraniol und Citronellol zeichneten sich durch ihr angenehmes 

blumiges, Citrus-artiges Aroma aus, das im Speziellen interessant für den Einsatz in der 

Kosmetikindustrie sein könnte.  
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3 Chapter 1 

1.1. Sustainable food production 

In a world of declining resources and a rising population, efficient and sustainable food production gets 

more and more important. The world population has increased from 2.5 billion in 1950 to 7.8 billion in 

2022 and is estimated to rise to 8.5 billion in 2030.3 Worldwide, nearly 690 million people suffered 

hunger in 2019.4 According to the recent trend, this number could even rise up to 840 million in 2030.4 

Especially nutrients such as proteins, fiber, vitamins, and secondary metabolites are lacking.4 The 

United Nations (UN) published “Sustainable Development Goals” to tackle the biggest problems the 

present population is facing. Especially the fight against poverty and hunger, the demand for good 

health, responsible production and consumption, as well as efficient and sustainable crop growing on 

minimal spaces are necessary to improve the well-being of the world’s population.5,6 More efficient and 

fairer distribution of high-quality food is one tool to fight hunger.4,6 Conservation of food is a key to less 

supply shortages. Examples for value-adding processes are well described; fermentation of cabbage 

saved thousands from scurvy and was the first example to conserve vitamins.7 Canning is an example 

of thermic and physical conservation of a broad variety of food and enables save food supply over 

years.8 Upcycling of side streams to produce a flavoring agent offers great potential. For example, Liebig 

developed a meat extract out of meat, bones, and cooking water and revolutionized the cooking of soups 

and sauces.9 Finding new solutions to improve the efficiency of food production is challenging but 

necessary to allow a sustainable and healthy food supply.10 

1.2. Currants 

Currants are highly tasty small fruits with over 150 species differing in color or taste.11 Red, white 

currants (both Ribes rubrum L., R. sativum, or R. vulgare Jancz.), and black currants (Ribes nigrum) are 

highly popular in Europe.11 European countries produce currants almost exclusively, with Poland being 

the biggest exporter while Germany imports the highest amounts (Figure 1).  

 

Figure 1: Development of traded currants, with A import and B export, worldwide (dark-blue), in Europe (light blue), Poland 

(orange) and Germany (red) from 1961 to 2020. The data were obtained from the FAOSTAT.12 

Overall, the traded amounts increased over the past 60 years. People eat them as fresh fruit and as 

ingredients in jams, desserts, liquor, baked goods, and dairy products.11,13 The berries are highly 

sensitive and need to be harvested by hand if they are traded as fresh fruits. This is very time-consuming 

and labor-intensive, but leads to a highly delicate product.11 
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Economically, black currants are most interesting. Poland is the biggest producer of black currents with 

a yearly total production of 80,000 t. This excels the production of Germany (5,200 t), Latvia (3,900 t) 

and France (3,500 t) by far.14 Black currents have a very thick skin, big kernels, an intense odor and a 

characteristic sour taste. Most consumers do not like the pure taste of the fruits and prefer only low 

doses of black currant.15 The famous French liquor Crème de cassis as well a wide variety of spritzers and 

candies include its juice, which is obtained by berry pressing.13 After harvesting, the berries are crushed, 

and treated with enzymes (maceration) (Figure 2).16,17 Due to their high pectin concentration (1.7 g kg-1) 

the output would otherwise be low with emerging gelation.17,18 The use of commercially available 

enzyme mixtures including pectin lyase, pectin esterase, pectinase, cellulase, and hemi-cellulase 

overcomes this problem.16,17 After maceration, mashed berries are pressed.16,17 The pressing procedure 

is optimized to improve yields and phenol extraction, and to warrant an intense odor and taste.16 The 

so-called mother juice is normally not consumed pure but as a nectar. Commercially available black 

currant nectar has a juice concentration of 25 to 30% and is produced by adding water and sugar.19–21  

 

 Figure 2: Black currant processing starting with the berries on the bush (A), berries after maceration (B), pressing (C), pomace 

(D) and produced mother juice (E). Pictures were provided by Tina Kissinger and Christine Schlering (Geisenheim University).  

This procedure leads to high amounts of solid leftovers, the so-called pomace, making up to 

approximately 20 to 30% of the fruit.22 Comparing the ingredients of the whole berry, juice and pomace, 

elucidates the presence of high-value nutrients in this side-stream (Table 1). Pomace is rich in protein, 

fat, and fiber and contains high amounts of anthocyanins and vitamin C. The fatty acid profile is 

particularly valuable. The kernels contain high amounts of unsaturated fatty acids, approximately 79% 

polyunsaturated, 13 % monounsaturated, and 8% saturated fatty acids.23,24 Furthermore, the skin is rich 

in anthocyanins (1150 mg (100 g)-1).25 The comparison of juice and pomace shows that a high portion of 

the health-beneficial compounds remains in the pomace and does thus not contribute to human 

nutrition. Maceration is one tool to optimize the extraction of secondary metabolites and leads to 

varying concentrations in the mother juice. Nevertheless, not all high quality nutrients can be extracted 

with the juice.16,17 
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Table 1: Comparison of the nutrients of fresh black currant berries, black currant mother juice, and black currant pomace, with * 

= calculated of Glc, Fru, and Sac content, # = related to 100 mL, + = calculated with a water content of 60 g (100 g)-1. 

  Whole berry Mother juice Pomace 

Water  g (100 g)-1 74–83  11,26,27 86–89 26,27 52–63 27,28 

Protein g (100 g)-1 1.4  11 ≤ 0.5# 29,30 7.5 28 

Fat  g (100 g)-1 0.4 11 ≤ 0.5# 29,30 9.7 28 

Carbohydrate g (100 g)-1 6.3*–15.4 11,18,27 7.2#–13.5*       27,29,30 1.0–2.4* 27,28 

Glucose  g (100 g)-1 2.4–5.6 18,27 6.0  27 1.2 27 

Fructose g (100 g)-1 3.2–4.1 18,27 4.2 27 1.0 27 

Sucrose g (100 g)-1 0.7–0.9 18,27 3.3 27 0.2 27 

Fiber g (100 g)-1 6.8 18 < 0.5# 29 28.7 28 

Citric acid g (100 g)-1 2.4–3.0  18,26,27,31 2.6–3.7# 32 0.5 27 

Anthocyanins mg (100 g)-1 410  27 66 27 1500 27 

Flavonol glycosides  mg (100 g)-1 10 27 4 27 29 27 

Flavonol aglycons  mg (100 g)-1 3.0 27 1.3 27 8.3 27 

Hydroxycinnamic acids  mg (100 g)-1 6.0  27 2.6 27 16.7 27 

Vitamin C mg (100 g)-1 177 18 80# -250#  29,32 210+ 33 

Extracts of black currant were reported to have strong antioxidant, anti-inflammatory, antimicrobial, 

and other health-beneficial effects.34,35 These are attributed to the phenolic compounds.35 To enable a 

direct comparison of anthocyanins, flavonols, and hydroxycinnamic acids between juice, fruit, and 

pomace, the values from a single publication were used, wherein the concentrations were determined 

by HPLC-DAD after extraction with acidic methanol and ethyl acetate, respectively (Table 1).27 

Anthocyanins and flavonoids belong to the group of polyphenols, which are associated with health 

benefits.36 Anthocyanins 1 of black currant have an intense red to purple color, depending on the pH 

(Figure 3).37 Delphinidin (R1 = OH, R2 = OH) and cyanidin (R1 = OH, R2 = H) are the most prominent 

anthocyanins in black currant, which are present as aglycons (R3 = OH) or as glycosides with R3 bearing 

glucose or rutinose moieties.38–40 Characteristic flavonols 2 in black currant are myricetin (R4 = OH, R5 = 

OH, R6 = OH, R7 = OH or bond to sugars) and quercetin (R4 = OH, R5 = H, R6 = OH, R7 = OH or bond to 

sugars) typically bond to sugars.39,41,42 Examples for derivatives of hydroxycinnamic acids 3 in black 

currant are caffeic acid (R8 = H, R9 = H) and ferulic acid (R8 = OCH3, R9 = H).  

 

Figure 3: Basic structures of anthocyanins 1, flavonols 2, and hydroxycinnamic acids 3.  

Flavonols and hydroxycinnamic acids are potent antioxidants having a bitter taste, which is associated 

with the pleasant taste of currants.39,43 The concentrations of phenolic compounds in the pomace are 

higher in comparison to those juice and berries (Table 1). 

Until now, most companies do not see pomace as a valuable substrate and dispose it.44 Therefore, a huge 

source of healthy nutrients is not supplied to human nutrition.38,43 Therefore, different approaches for 
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the upcycling of pomace are conceivable.45 Due to the low pH (2.6–2.8), usage for production of biogas, 

composting or animal feed is barely possible.16 Pomace has a high water content and nutrient density. 

Therefore, it needs to be quickly processed, mostly dried or frozen.22,28 One method to reuse pomace is 

extracting polyphenols and using them as a supplement or coloring agent.38,46 Apart from that, it is used 

as an ingredient for cereal-based products and shortbread cookies.33,45 Alonso González et al. (2019) 

showed that black currant pomace can be a decent substrate for Saccharomyces cerevisiae to produce a 

distilled alcoholic beverage.47 Nevertheless, the present upcycling methods are economically not 

profitable.44 

Effective treatment of food and its side products enables us to have a lower ecological footprint, save 

resources and money.44,48 Therefore, it is necessary to search for high quality methods to use as many 

nutrients from the side streams as possible to redirect them to human nutrition. Fungal fermentation is 

an option to also use low value nutrients or to bio-transform valuable nutrients and bring them back to 

human nutrition.49  

1.3. Basidiomycota 

Basidiomycota is one of the two departments of Dikarya. Most medicinal and edible mushrooms, but 

also pathogenic strains, belong to the department of Basidiomycota.50,51 Shiitake (Lentinula edodes), 

champignon (Agaricus bisporus), wood-ear (Auricularia auricula), and oyster mushroom (Pleurotus 

ostreatus) represent some of the famous examples of Basidiomycota.51,52 The production of cultivated 

mushrooms increased more than 30-fold to 34 billion kg from 1978 to 2013.52 Besides their pleasant 

aroma and taste, mushrooms are popular because of their texture, low calorie density, high amounts of 

dietary fiber, protein, and secondary metabolites.53,54 Furthermore, fungi are very important for a 

healthy environment and biotechnological approaches. Fungi are the only organisms capable of 

degrading lignin, cellulose, and hemi-cellulose.55,49 Successful approaches for upcycling of side streams 

with fungi are manifold. They can decay wood, produce valuable fruiting bodies on straw, express 

enzymes for biotechnological use, biosynthesize flavor compounds, and produce protein-rich mycelium 

in submerged cultures.56–63  

1.4. Wolfiporia cocos 

A fungus with great potential to upcycle side streams is Wolfiporia cocos. Other names for this brown rot 

fungus are Fu Ling, Fuling, Hoelen, China rot, Pachyma, Wolfiporia extensa, or Poria cocos.64–68 It belongs to 

the department of Basidiomycota, the class of Agaricomycetes, the order of Polyporales, and the family 

of Polyporaceae.69 W. cocos does normally not form fruiting bodies, but large sclerotia, which resemble 

a coconut (Figure 4).69  

 

Figure 4: Sclerotium (A) and mycelium (B) on malt extract medium of W. cocos (picture A from Trappem, English Wikipedia, 

picture B from Svenja Sommer).70
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W. cocos lives on pine wood. Due to the high demand, indoor cultivation in culture bottles was also 

established.71 After rotting, brown-rot fungi, such as W. cocos, leave behind brown organic material 

consisting mainly of lignin.72 Wood decaying fungi have a toolbox of enzymes to degrade cellulose and 

hemi-cellulose.72 Cellulose is hydrolyzed by several hydrolases, such as cellobiohydrolases, β-1,4-

endoglucanases, and β-1,4-glucosidases.72 Furthermore, oxidoreductases like lytic polysaccharide 

monooxygenases and cellobiose dehydrogenases oxidize the substrate thus forming acids, lactones, free 

electrons and hydroxyl radicals. The degradation products are mainly glucose monomers, which serve 

as carbon source for the fungus.72–74 For degradation of heterogeneous hemicelluloses, different enzymes 

are necessary. For xylose-rich structures, hydrolysis with β-1,4-endoxylanases, β-1,4-xylosidases, and 

xylobiohydrolases are crucial. For mannose-rich hemicelluloses, debranching enzymes like α-, β-1,4-

galactosidases, β-1,4-endomannanases, and galactomannan acetyl esterases are required. Additionally, 

β-1,4-endoglucanases, cellobiohydrolases, and β-1,4-endoglucanases also hydrolyze cellulose 

backbones of hemicelluloses. In the genome of W. cocos, several of these enzymes have been tentatively 

identified.75,76  

Whereas white-rot fungi are also able to degrade lignin biochemically, brown-rot fungi cleave lignin via 

a non-enzymatic Fenton reaction. This reaction involves the oxidation of Fe2+ by H2O2 leading to the 

formation of Fe3+ and hydroxyl radicals as well as hydroxyl ions. These hydroxyl radicals and other low 

molecular mass radicals attack wood struts, which introduces degradation products fitting into the 

substrate portfolio of fungal enzymes, thus enabling an enzymatic degradation of (hemi)cellulose.72 

Formation of oxalic acid was postulated to support the Fenton reaction, as the fungus is able to stabilize 

and solve Fe3+ from plant material. Studies suggested that oxalic acid is a transporter for iron between 

hyphae and plant cell wall. The hydroxyl radicals oxidize cellulose and hemicellulose structures non-

selectively. One-electron-transfer reactions lead to degradation and depolymerization and enable the 

attack of the selective enzymes.72 Hydroxyl radicals attack lignin by several modes of action, leading to 

oxidation, demethylation, depolymerization, and hydroxylation events of e.g. aromatic rings. This 

results in extensively modified lignin structures.72,77 

W. cocos is a rich source of pharmaceutical compounds. The white, inner part of the sclerotium has been 

used as a supplement and as a crude drug in Chinese, Japanese and Korean medicine for thousands of 

years.64,68,78 It is often mixed with other ingredients like herbs and plants, prepared as tea or consumed 

in capsules. For example, Yi-jin is a combination with Ginseng, cactus, and another rhizomes to lower 

blood glucose.65. In Europe, W. cocos is barely used and considered as a novel food.79 Nevertheless, the 

fungus is on the mushroom list of the federal office for consumer protection and food safety Germany 

as a food, supplement, and tea.80 It is not a registered drug in Germany or Europe, but pharmacies sell 

it as a supplement.81–83 In the USA, the fungus is known as a supplement without described side effects.84 

For 18 g d-1 of the mycelium, no chronic or acute toxicity has been detected.64 Overall, the data are 

insufficient to evaluate the efficiency and the safety of W. cocos as a drug or as a supplement. 

Nevertheless, no severe side effects have been described.64,84,85 

W. cocos contains approximately 70 (100 g)-1 dry matter in the sclerotium. It is rich in triterpenes and 

polysaccharides and poor in other nutrients.68 Several β-D-glycans with high glucose portions of 90–95% 

have been identified as healthy food ingredients.86,87 The most prominent representative is pachyman 

with (1→3)-β-D-glucose strains, which are (1→6) branched.68 According to several studies, W. cocos 

reduced blood glucose levels, has hypoglycemic effects and is anti-diabetic.85,88 It was also tested to treat 

COVID-19.89,90 Anti-inflammatory, anti-cancer, and anti-leukemia effects were also shown.86 
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For instance, dehydrotumulosic acid 4 and pachymic acid 5 show anti-diabetic and anti-cancer 

activity.88,91,92 Overall, 35 different triterpenes have so far been described in W. cocos (Figure 5).68 

 

Figure 5: Dehydrotumulosic acid 4 and pachymic acid 5 structures according to Fu et al. (2018).92 

Several studies described bioconversion reactions catalyzed by W. cocos. The fungus is able to reduce 

the beany off-flavor of okara, a side product of soy milk production and to improve the scent of vine tea 

(Ampelopsis grossedentata).93,94 While the sclerotium has a neutral odor and taste, submerged 

fermentations showed intense flavors. Depending on the culture conditions, W. cocos has been described 

to be a suitable biocatalyst for flavor production.95 

1.5. Fermented beverages 

The popularity of sugar-reduced fermented beverages and black currant spritzers is constantly growing 

due to their association with a healthy lifestyle.96 Traditionally, beverages were fermented to enhance 

shelf life and improve taste, texture, and nutrients.97 Well-known examples for fermented refreshing 

drinks are Kombucha, water kefir, Bionade, and Kvass.96,97 Kvass is a drink from Russia and a 

fermentation product of bread, rye, and lactic acid bacteria. Water kefir is fermented sugar water using 

different Lactobacillus and yeast species. Traditionally from Mexico, water kefir is popular worldwide 

now.96 Bionade is a German beverage, which is produced by fermentation of malt. A mixture of yeasts, 

e.g., Saccharomyces cerevisiae and Pichia species, and bacteria like Acetobacter, Lactobacillus, and 

Gluconacetobacter ferments the drink and produces an alcohol-free beverage.96 Similar microorganisms 

ferment brewed tea to Kombucha.97 Kombucha is often fermented at home with a so-called SCOBY, a 

symbiotic consortium of bacteria and yeast.96,98 Commercially, beverages have so far not been fermented 

with higher fungi. 

Nevertheless, scientists made several approaches to use fungi from the department of Basidiomycota to 

bio-convert tea or other drinks. Ganoderma lucidum, Naematelia aurantialba, and Lycoperdon pyriforme were 

used to remove off-flavors from soymilk.99–101 Furthermore, different fungi fermented wort to produce 

a non-alcoholic drink. Shiitake (Lentinula edodes) was used to produce a tasty beverage, which resembled 

of plum and was fruity, sweet, fresh and slightly sour.102,103 Zhang et al. (2014) screened 31 strains for 

their suitability to produce a pleasant aroma in combination with wort. Whereas some candidates did 

not change the flavor or deteriorated the odor, some fermented products showed highly pleasant odor 

impressions. The product from Polyporus umbellatus reminded of kiwi and raspberry and the product 

from Panellus seretinous had a fresh, honey-like, and sweetish smell.104,105 Trametes versicolor is an 

interesting fungus for the fermentation of wort. The odor changed to sweetish, fruity and flowery. 

Notably, the use of T. versicolor showed neither cytotoxic nor mutagenic activity.103 Green tea was 
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fermented with the edible mushroom Flammulina velutipes. It produced a highly pleasant chocolate and 

nutty scent.106  

Recent studies investigated W. cocos as a biocatalyst to produce fermented beverages. The flavor of vine 

tea was enhanced without destroying polyphenols and flavonoids, which are responsible for the health-

beneficial effect of traditional Chinese tea. Whereas the unfermented tea is not tasty, the fermented 

product was perceived as fruity.94 Rigling et al. (2021) also fermented brewed green tea infusion with W. 

cocos . They produced a highly interesting flavor, which was associated with jasmine, flowers and 

citrus.107  

1.6. Flavors 

Flavor changes are major reasons for value-adding fermentation. Producing flavors with fungi has 

several benefits. Firstly, they are seen as natural and have a high consumer acceptance.108 Furthermore, 

flavors aromatize food, cosmetics, cleaning agents, beverages, and several other products thus 

enhancing the overall assessment of consumables and foods. Adding pure flavors or flavor extracts to 

food is very common. Raspberry or vanilla flavors are very popular and mostly attributed to 

biotechnologically or synthetically produced flavors.109 The raw materials are too rare to allow everyone 

the taste of real vanilla or raspberries. Due to the significant improvement of food by adding aroma 

compounds, a sustainable solution for the production of such aroma compounds is mandatory. Thus, 

healthy and tasty nutrition can be available for everyone.108 

1.6.1. Black currant flavors 

An intense and highly remarkable flavor is associated with black currants. 4-Methoxy-2-methyl-2-

butanethiol 6 is the character impact compound, which has a very low odor threshold (0.001 µg L-1 

water). In low concentrations, its scent is highly characteristic for black currant, but in high 

concentrations it reminds of cat urine.110 Further odor active compounds are (3Z)-hexenal 7 with a grassy 

odor, the pineapple-like smelling ethyl butanoate 8, champignon-like 1-octen-3-one 9, and 1,8-cineol 10 

with a coniferous scent (Figure 6). Furthermore, aldehydes with a green and cucumber-like flavor are 

present e.g., hexanal and (2E)-nonenal. The musty smelling pyrazines 2-isopropyl-3-methoxypyrazine, 

2-isobutyl-3-methoxypyrazine and 2-sec-butyl-3-methoxypyrazine also contribute to the characteristic 

black currant odor.111 

 

Figure 6: Structures of odor active compounds in black currants (OAV > 20), 4-methoxy-2-methyl-2-butanthiol 6, (3Z)-hexenal 7, 

ethyl butanoate 8, 1-octen-3-one 9, and 1,8-cineol 10.111 

1.6.2. Fungal flavors 

The flavor spectrum of fungi is manifold and a rich source for research. Fraatz et al. (2011) divided fungi 

into three flavor groups. The first group mainly produces C8-compounds like 1-octen-3-one, 1-octen-

3-ol, or 2-octanone, which have an intense fungal flavor. Examples for this group are champignons 

(Agaricus bisporus) and gray shag (Coprinopsis cinerea).112–114 The second group is characterized by sulfur-

containing compounds, e.g., garlic parachute (Marasmius alliaceus) and shitake (Lentinula edodes). 
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Characteristic flavors of the sulfur group are dimethyl trisulfide and 3,5-dimethyl-1,2,4-trithiolane with 

sulfurous, savory, and garlic-like odors.112,115,116 The third group of fungi forms terpenes, which often 

release citrus-like, flowery, or coniferous scents.112 The huge variety of the fungal flavors also includes 

anise-like smelling fungi, e.g., oyster mushroom (Pleurotus sapidus) or sweet odors as described for 

Hebeloma sacchariolens.57,117  

The flavor of fungi does not only depend on the species, but also on the culture substrate. Especially 

submerged fermentation is a highly promising method to produce flavors. It is fast, easy to breed, and 

relatively easy to scale up.118 An especially interesting species for biotransformation is Pleurotus sapidus, 

which shows an immense biosynthetic toolbox. While this fungus forms an intense anise-like odor when 

grown on citrus side-streams, it is also able to produce high-value protein when cultured on apple 

pomace as a carbon and nitrogen source.56,57 Submerged cultures grown on molasses bio-synthesized a 

broad variety of wine lactones and dill ethers.60 For growth and flavor production, supply of nutrients 

is necessary and the composition of the medium needs to be optimized for the respective purpose.119  

Cultures of W. cocos produced a mixture of different flavors depending on the culture substrate while 

the sclerotium does not exhibit a special odor or taste (Table 2).66,120 Overall, different flavor groups 

have been reported. Besides the typical fungal odor 1-octen-3-ol, alcohols, aldehydes, terpenes and 

aromatic compounds are described in the literature.  

Table 2. Selected aroma-active compounds produced by W. cocos on different culture media, with MM = minimal medium, 

* = medium composed of glucose, asparagine, and yeast extract; flavor description according to TGSC Information System.121  
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Odor description 

β-Cyclocitral X        tropical, saffron 

Geraniol X X  X X X X  flowery, citrus 

Hexanal       X  fresh, green 

Hexanol       X  Alcoholic 

β-Ionone    X     raspberry, flowery 

Linalool X  X X X X X  (R) flowery, (S) citrus 

Limonene      X   (R) lemon, (S) resinous 

Methyl anthranilate X    X    jasmine, wild strawberry 

2-Methylbutanoic acid  X       pungent, cheesy 

Methyl 2-methylvalerate        X apple, fruity 

Methyl phenylacetate X     X X  Honey 

1-Nonanol       X  fresh, fatty 

1-Octen-3-ol  X   X  X  Mushroom 

2-Phenylethanol X X X X X  X  Rose 

Phenylacetic acid   X      honey, beeswax 

Phenyl methanol   X   X X X floral, rose 

2-Undecanone       X  waxy, flowery 

2-Undecanol X        fresh, waxy 
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1.6.3. Aromatic flavor compounds 

Many fungi have been reported to produce a variety of aromatic flavors (Figure 7). Vanillin 11, a product 

of lignin degradation, is the best-known flavor compound and has an intense vanilla-like odor.109,127 A 

co-fermentation of Aspergillus niger and Pycnoporus cinnabarinus can produce vanillin from ferulic acid.128 

Benzaldehyde 12 is a famous odorant, which has a marzipan and bitter almond-like flavor. Biosynthesis 

of 12 was investigated for Bjerkandera adusta starting from phenylalanine and is de novo synthesized by 

Ischnoderma benzoium.109,129,130 2-Phenylethanol 13 is a product from phenylalanine and lignin 

biotransformation and can also be synthesized de novo.109,131 Production of the rose-like smelling 2-

phenylethanol 13 by W. cocos was increased by supplementation of glucose and phenylalanine.107 The 

de novo synthesis of methyl phenylacetate 14 was described for several fungi, e.g., Sarcodontia setosa. It 

has an intense odor reminiscent of honey and beeswax.131 The rather uncommon flavor 

2-aminobenzaldehyde 15 has a jasmine-like odor and was shown to be produced from the precursor 

anthranilic acid by Hebeloma sacchariolens.132 Methyl anthranilate 16 is known for its intense odor 

reminiscent of jasmine and wild strawberries. A putative pathway for 16 suggests a direct methylation 

of the carboxyl group from anthranilic acid. A correlation of anthranilic acid supplementation and 

methyl anthranilate formation was shown by feeding experiments with Pycnoporus cinnabarinus and W. 

cocos.107,133  

 

Figure 7: Structures of vanillin 11, benzaldehyde 12, 2-phenyl ethanol 13, methyl phenylacetate 14, 2-aminobenzaldehyde 15, 

methyl anthranilate 16, and phenylacetic acid 17. 

Black currant pomace is rich in proteins and hydroxycinnamic acids, like ferulic, p-coumaric, and caffeic 

acid, which are known precursors for the formation of aromatic flavor compounds.27,109 Anthranilic acid 

is an intermediate of the shikimate pathway, which transforms pyruvate to aromatic amino acids in 

fungi.134 Furthermore, several aromatic compounds have been described to be necessary for the Fenton 

reaction as a reduction agent for Fe3+ in W. cocos.76 One example is the odor-active phenylacetic acid 17. 

Additionally, benzoic, amino benzoic, 4-hydroxyphenylacetic, and 4-hydroxy cinnamic acid have been 

described in W. cocos.76 W. cocos produces several enzymes such as cytochrome P450 monooxygenases, 

tyrosinases or hydroxylases putatively involved in the biotransformation of several aromatic 

precursors.135 Nevertheless, further analysis would be necessary to proof biosynthetic pathways of 

aromatic compounds in W. cocos.  

1.6.4. Terpenes 

Terpenes are a huge and diverse group of flavor compounds. They occur in nearly every organism. All 

terpenes formally consist of isoprene (2-methyl-1,3-butadien) units, but have a huge structural 

diversity.136 Precisely, terpenes have a hydrocarbon based scaffold whereas functionalized terpenes are 

collectively called terpenoids. Terpenoids occur in great structural diversity, such as linear, monocyclic, 

or polycyclic compounds with optional keto-, acid-, aldehyde- hydroxyl-, and carboxylic groups.137 The 

so-called mevalonate pathway to biosynthesize terpenes was postulated by Lynen and Bloch, which 

were awarded with a Nobel Prize in 1964.138 The proposed biosynthesis starts with isopentenyl 
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pyrophosphate (IPP) 24 and dimethylallyl pyrophosphate (DMAPP) 25 (Figure 8). While hemiterpenes 

(C5) are directly derived from IPP and/or DMAPP, terpenes with longer carbon chain lengths (C10, C15, 

C20, C30, ...) are derived from the precursors geranyl-PP (C10) 26 or farnesyl-PP (C15) 27, which are formed 

via consecutive condensation reactions of DMAPP and IPP.139  

The group of hemiterpenes is rather small and includes examples like prenol 33, isoprenol 34 and 3-

methylbutanoic acid 35. Especially 3-methyl butanoic acid has an intense cheesy scent.121 Monoterpenes 

(C10) include a wide range of ubiquitously occurring flavor compounds, e.g., linalool 29, geraniol 30, 

limonene 31, and terpinen-4-ol 32. Linalool has two enantiomers: licareol (R) with a lavender, flowery, 

and woody odor and coriandrol (S) with a sweet and citrus-like scent. Geraniol smells flowery with a 

citrus-like odor. (R)-Limonene has a fresh and citrus-like flavor, whereas the herbal odor of (S)-limonene 

reminds of coniferous forest. Terpinen-4-ol is described as earthy, musty and peppery.121 1,8-Cineol 10, 

which is present in black currants, is an example of a bicyclic monoterpene (Figure 8).111  

 

Figure 8: Biosynthetic reactions of the mevalonate pathway to form triterpenes (lanosterol 28, 4, 5), monoterpenes (linalool 29, 

geraniol 30, limonene 31, terpinen-4-ol 32), and hemiterpenes (prenol 33, isoprenol 34, 3-methylbutanoic acid 35). Intermediates 

are acetyl-CoA 18, aceto-acetyl-CoA 19, hydroxymethyl glutaryl (HMG)-CoA 20, mevalonate 21, mevalonate phosphate 22, 

mevalonate pyrophosphate (PP) 23, isopentenyl-PP 24, dimethyl allyl-PP 25, geranyl-PP 26, and farnesyl-PP 27. Enzymes in W. 

cocos are A acetyl-CoA acetyltransferase, B HMG-CoA synthase, C HMG-CoA reductase, D mevalonate kinase, E 

phosphomevalonate kinase, F mevalonate-PP decarboxylase, G farnesyl-PP synthase, H farnesyl-PP synthase, I farnesyl-PP 

farnesyltransferase, J squalene monooxygenase, K lanosterol synthase, L cytochrome P450 monooxygenase, M sterol C-24 

methyltransferase, and N O-acetyltransferase. Reaction scheme is modified from Shu et al. (2013) and Zhu et al. (2021).140,141 

Several selective enzymes have been described to bio-convert farnesyl pyrophosphate 26 to a broad 

structural diversity.139,142 Triterpenes (C30) are not volatile but can have a sweet taste like glycyrrhizin, 
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act as a precursor for provitamins, e.g., lanosterol 28 for ergosterol, or antidiabetic agents like 

dehydrotumulosic acid 4 and pachymic acid 5.140,143,144  

The biosynthesis of triterpenes in W. cocos was investigated in detail, as the described health benefits 

are associated mostly with pachymic acid and dehydrotumulosic acid. Several intermediates and 

enzymes have been characterized, which are also relevant for flavor synthesis.140,141,145–148 For W. cocos, a 

positive correlation of linalool and geraniol formation with the addition of glucose and phenylalanine 

was observed.107 

1.6.5.  Non-canonical terpenes 

Non-canonical terpenes have at least one additional methyl group and high structural similarities with 

terpenes. They are products of terpene degradation or produced by action of methyl transferases. The 

most common non-canonical terpene is 2-methyl isoborneol 36 (Figure 9). With its moldy odor and a 

low odor threshold, it is known as a contaminant in drinking water, derived from Actinomyces and 

Streptomyces species.149 Several other non-canonical terpenes have been detected in trace amounts in soil, 

e.g. 1-methyl camphene 37 or 2-methylene bornane 38.150 2-Methylgeraniol 39, 2-methyllinalool 40, and 

2-methyllimonene 41 were detected as products of the bacterium Nannocystis exedens.151  

 

Figure 9: Structures of methylated terpenes with red-labeled bonds to the additional methyl group: 2-methyl isoborneol 36, 

1-methylcamphene 37, 2-methylenbornane 38, 2-methylgeraniol 39, 2-methyllinalool 40, 2-methyllimonene 41, and 

2-methylcitronellol 42. 

Since the compounds could only be detected in trace amounts, the respective genes were cloned into 

Escherichia coli or Saccharomyces cerevisiae to selectively produce C11 terpenes.152,153 Genes encoding 

2-methylisoborneol synthase from S. griseus and S. coelicolor and 2-methylene bornane synthase from 

M. olivasterospora and P. fluorescens were cloned into E. coli. Additionally, the genes for the mevalonate 

pathway, IPP-isomerase and the geranyl-PP isomerase were included.152 This approach enabled the 

formation of several methylated monoterpenes and sesquiterpenes , e.g. of 2-methyllinalool 40, 

2-methyllimonene 41, and 2-methylcitronellol 42.152 Furthermore, methyl transferases from S. 

monomycini were heterologously expressed in E. coli and produced in combination with the native 

farnesyl-PP synthase an additional substrate spectrum including (E/Z)-4-methylisoprenol 43, (E/Z)-4-

methylprenol 44, 4-methylgeraniol 45, and 8-methylgeraniol 46 (Figure 10). 

 

Figure 10: Structures of methylated terpenes with red-labeled bonds to the additional methyl group: (E/Z)-4-methylisoprenol 43, 

(E/Z)-4-methylprenol 44, 4-methylgeraniol 45, 8-methylgeraniol 46, and iso-germacrene 47. 
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The C16-compound iso-germacrene 47 has a citrus-like flavor.154 Nevertheless, most of the known 

methylated terpenes have not been investigated as potential flavor compounds. Even if the flavor 

impressions are hard to predict, the structural similarities with highly potent aroma compounds from 

the group of monoterpenes and monoterpenoids are a promising starting point.  

1.7. Flavor characterization 

The characterization of flavors is challenging. Factors like age, hunger, genetics, and health status 

influence the perceived qualities and intensities of odors.155 The description depends on memories, 

which are associated with the scent. Whereas an odor can be highly pleasant to one person, it can be 

uncomfortable to others.156 The ability to describe scents can be trained and an experienced panel is 

necessary to investigate aroma impressions.156 Aroma extract dilution analysis (AEDA) is the most 

common tool to determine the important odor-active compounds.157 

1.7.1. Identification of odor active compounds 

During AEDA, an organic extract of the sample material is prepared.157 After extraction, the solution 

can be purified by means of solvent assisted flavor evaporation (SAFE) to remove non-volatile 

compounds.158 The purified organic extract is then dried with anhydrous Na2SO4 and concentrated. 

Afterwards, the obtained extract is stepwise-diluted 1:2, and all of the dilutions are subjected to GC-O 

analysis.159 This device has a splitter plate, which divides the gas flow equally to the instrumental 

detector and an olfactory detection port (ODP). Through the ODP, a panelist smells the gas flow. The 

device enables the contemporaneous identification of the compound by retention index, mass spectrum 

and odor.160,161 In AEDA, all dilutions are measured and participants note the perceived odors. The 

compounds smelled in the highest dilutions are presumed to be most relevant.157  

Aroma dilution analysis (ADA) was developed recently as an alternative to AEDA. It uses modern 

solvent-free techniques such as Solid Phase Microextraction (SPME), Stir Bar Sorptive Extraction (SBSE), 

or Dynamic Headspace (DHS) extraction.105,162–165 For SPME, a coated fiber is used to extract volatile 

compounds from the headspace of the sample. In SBSE, a coated magnetic glass bar is used in and/or 

above liquids to extract flavor compounds.166 By dynamic headspace extraction, flavors are trapped on 

a sorbent-filled liner with a nitrogen stream, which is blown though the sample.167 Bound compounds 

are released in the injector of the GC by thermal desorption.168,169 Solvent free techniques have several 

advantages, as they are more selective for flavor compounds, represent the perceived odor better, and 

are more sensitive for highly volatile compounds.105,169 For ADA, the samples are stepwise-diluted 1:2 

by adjusting the split vents in the injector system of the GC-O device. As described for AEDA, the 

substances which are perceived in the highest dilutions are most relevant for the overall odor.164  

A method to distinguish between more and less relevant flavor compounds is the odor activity value 

(OAV). To determine the OAV, the determined concentration (c) is divided by the respective odor 

threshold (OT) (Formula 1). With a value of OAV higher than one, the human nose can perceive the 

compound while a value of smaller than one means that the odor may not be perceived.170 

𝑂𝐴𝑉 =  
𝑐

𝑂𝑇
 (1) 

After identification of the most relevant flavor compounds, it is necessary to proof whether all of the 

compounds have an influence on the overall flavor. Therefore, the identified compounds are combined 

in their respective concentrations in an aroma model. Because other ingredients like sugars, salt, and 
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other nutrients may influence the release of the odor-active compounds and the equilibrium of the 

flavors, the model system should reflect the composition of the original sample as closely as possible. If 

no significant difference of the sample and the recombinate is perceived, all compounds, which are 

responsible for the overall flavor, are defined as identified.170 

1.7.2. Odor threshold 

The odor threshold is an important parameter for the potency of a flavor compound and can be 

determined in air, water, or other media. Thresholds can barely be predicted and must be determined 

individually for each compound and stereoisomer.171 Examples for compounds with extremely low 

recognition thresholds are bis-(2-methyl-3-furyl)-disulfide (0.76 ng L-1 water) and (E,Z)-2,6-nonadienal 

(9.1 ng L-1 water).172 The composition and polarity of the medium are highly relevant for the distribution 

between the medium and the air. For instance, the odor threshold of δ-decalactone is 66 µg L-1 in pure 

water, 546 µg L-1 in a solution of 10% fat at pH 7, 294 µg L-1 in a medium with 10% fat at pH 5.5, and 

1550 µg L-1 in pure oil.173  

To determine the odor thresholds in water, the analyzed compounds are solved in water and the 

solutions are sequentially diluted, usually 1:3.172,174 In a panel, each diluted solution is presented with 

two references which do not contain the aroma compounds. The subjects name the deviant sample and 

mark the dilution steps, at which the characteristic odor is still perceived. The recognition threshold is 

defined as the concentration, at which the characteristic odor can be described, whereas the detection 

threshold is defined as the concentration, where the odor is perceived in comparison to a reference.172 

The threshold in water depends on the individual, distribution between air and water, and interaction 

with the receptors in the nose.172,175 

The odor threshold in air is independent from the medium and mostly determined by means of GC-

O.176 Other methods have been described, but are rarely used. For example, thresholds can be 

determined after preparing a gas-mix with the compound and are released with a dynamic gas 

blender.175 Ullrich and Grosch (1987) diluted the aroma compound and an internal standard in an 

organic solvent. According to AEDA, GC-O analysis is performed and the dilution steps, where the 

odors are perceived in the lowest concentrations are defined as the D-value. To determine the odor 

threshold in air OTair,X the D-value of the internal standard (IS) DIS and of the analyte DX and additional 

parameters, such as the odor threshold of IS in air OTair,IS, the concentrations of the IS cIS and of the 

analyte cX,, are used for calculations (Formula 2).176 

𝑂𝑇𝑎𝑖𝑟,𝑋 =  
𝑂𝑇𝑎𝑖𝑟,𝐼𝑆𝑐𝑋𝐷𝐼𝑆

𝑐𝐼𝑆𝐷𝑋

 (2) 

This method assumes that the OTair of the analyte is proportional to the concentration of the analyte 

divided by the D-value of the analyte. To compensate for variations of the device, the use of an IS is 

necessary. Even if Ullrich and Grosch (1987) suggested to use a compound as an internal standard which 

is similar to the analyte, (2E)-decenal is the most common internal standard.172,174,177 Its odor threshold 

OTair was determined once as 2.7 µg L-1 using the air to water partition coefficient KW and the odor 

threshold in water OTW (Formula 3).178  

𝑂𝑇𝑎𝑖𝑟 =  𝑂𝑇𝑤 ∙ 𝐾𝑊 (3) 

On the one hand, threshold determination of each compound needs to be performed with at least three 

participants because of their individual odor thresholds. On the other hand, one fixed odor threshold 
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of the internal standard is used for every participant. This leads to faults. Even if there are approaches 

to develop an electronic nose as a sensor for the detection, it is still not able to replace the determination 

with different human participants.171 Finding new solutions to determine odor thresholds in air is 

challenging, but necessary for a precise determination of odor thresholds. 

1.8. Objective 

The aim of this dissertation was to find sustainable solutions to upcycle black currant pomace and to 

characterize biotechnologically produced flavors. The remaining nutrients of black currant pomace 

should be used as substrates for fungal growth, flavor biosynthesis, and to be redirected to human 

nutrition. Therefore, a screening for suitable media-fungus combinations should be performed.  

On the one hand, the dissertation should investigate the optimal culture conditions to produce an 

intense flavor, which could be relevant as an industrial flavoring agent. Especially fruity and savory 

scents are highly requested. The produced flavor should be characterized in comparison to reference 

media, which did not contain pomace, to determine the influence of the substrate. To identify flavors, 

suitable techniques for identification and quantification of flavor compounds should be applied. 

Furthermore, additional fermentative methods to upcycle pomace should be investigated. Therefore, a 

suitable substrate-fungus combination should be evaluated and culture conditions should be optimized. 

The product should be characterized regarding its aroma profile. Besides fungal flavors, this 

dissertation aimed to investigate other novel compounds. For instance, methylated terpenes which were 

detected in genetically modified E. coli strains by the Dechema research institute should be investigated 

regarding their sensory properties, especially regarding their odor impressions and odor thresholds. 
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